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Abstract

Overlapping fragments of genomic RNA spanning 6963 nucleotides from 5′ end of spike (S) protein gene to 3′ end of nucleocapsid (N)
protein gene of turkey coronavirus (TCoV) were amplified by reverse-transcription-polymerase chain reaction (RT-PCR). The primers were
derived from the corresponding sequences of infectious bronchitis virus (IBV). The PCR products were cloned and sequenced and their nucleic
acid structure and similarity to published sequences of other coronaviruses were analyzed. Sequencing and subsequent analysis revealed 9
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pen reading frames (ORFs) representing the entire S protein gene, tricistronic gene 3, membrane (M) protein gene, bicistronic ge
rotein gene in the order of 5′–3′. The overall nucleic acid structures of these encoding regions of TCoV were very similar to the hom
egions of IBV. The consensus transcription-regulating sequence (TRS) of IBV, CT(T/G)AACAA, was highly conserved in TCoV
t the levels of nucleotide sequence and location in regarding to the initiation codon of individual genes. Pair-wise comparison
gene, gene 5, or N gene sequences with their counterparts of IBV revealed high levels (82.1–92.0%) of similarity. Phylogenet

ased on the deduced amino acid sequences of S, M, or N protein demonstrated that TCoV was clustered within the same gen
s the IBV strains while all the other mammalian coronaviruses were grouped into separate clusters corresponding to antigenic gr
here were substantial differences of S protein sequence between TCoV and IBV with only 33.8–33.9% of similarity.
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. Introduction

Turkey coronavirus (TCoV) was identified in the early
970s as the major causative agent of the most costly disease
f turkey encountered in Minnesota between 1951 and 1971
Nagaraja and Pomeroy, 1997). Outbreaks of turkey poult
nteritis associated with TCoV have caused severe econom-

cal losses in the turkey industry in Indiana, North Carolina,
nd other states for the last several years. Although the eco-
omical importance of this disease has been recognized for
ecades, the organization of genomic structure of TCoV is
oorly understood and reports regarding the relationships of
CoV with other coronaviruses remained controversial (Van
egenmortel et al., 2000; Gonzalez et al., 2003).
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Coronaviruses are pleomorphic, enveloped sphe
particles surrounded by a fringe of 20 nm long cl
shaped spikes. The diameter of coronaviral particles
around 140–150 nm. The coronavirus genome is a po
single-stranded capped RNA with a polyadenylated′
end. Complete genomic RNA sequences of coronavir
has been determined for infectious bronchitis virus (I
27,569 nucleotides;Boursnell et al., 1987), murine hepatiti
virus (MHV; 31,092 nucleotides;Lee et al., 1991), human
coronavirus (HCoV) strain 229E (27,277 nucleotid
Herold et al., 1993), and transmissible gastroenteritis vi
(TGEV; 28,579 nucleotides;Eleouet et al., 1995; Penz
et al., 2001). The 5′ two-thirds of the coronavirus genom
approximately 20 kb, consists of two overlapping o
reading frames (ORFs) that encode non-structural pro
including the viral RNA-dependent RNA polymerase
proteases. Another one-third nucleotide sequences
3′ end contain ORFs encode the major structural prot
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Fig. 1. (A) Schematic representation of turkey coronavirus genomic RNA, showing locations of coding regions for the spike (S) protein, gene 3, membrane (M)
protein, gene 5, and nucleocapsid (N) protein. (B) Schematic representation of the location of primers used in the polymerase chain reaction (PCR), along with
the intervening sequences (fragments I–III, or IV) amplified by the PCR. The sequences of primers: S-cor, tgaaaactgaacaaaagacagact; AS-cor, ccaaacataccaaggc-
cactt; AS-corF, aagtggccttggtatgtttgg; MIBVR, gttcacacttagcaagccactg; MIBV, taagctttcagtggcttgctaagtgtgaacc; NIBV, tggatccaccgctaccttcaaacttgggcgc; Nup,
tcttttgccatggcaag c; Ndown, tactcaaagttcattctc.

spike (S), membrane (M), and nucleocapsid (N) proteins in
the order of 5′–3′ along the genome, respectively.

Turkey coronavirus was initially determined to be anti-
genically distinct from all other coronaviruses based on anti-
genic differences revealed by immunoelectron microscopy
(Ritchie et al., 1973) and hemagglutination-inhibition (Dea
et al., 1986). This unique antigenicity was questioned when
the close relationship between TCoV and bovine coronavirus
(BCoV) was demonstrated in a series of antigenic studies
(Dea et al., 1990) and by sequence analysis of TCoV M and
N genes (Verbeek and Tijssen, 1991). In contrast, recent anti-
genic (Guy et al., 1997; Loa et al., 2000) and genomic (Breslin
et al., 1999a,b; Akin et al., 2001; Cavanagh et al., 2001, 2002;
Lin et al., 2002) analysis of TCoV, however, demonstrated
that TCoV and IBV, two avian coronaviruses, are closely re-
lated. The causes for these discrepant results regarding the
relationships of TCoV with BCoV or IBV remained unclear.
Further analysis of genomic structure of TCoV is important
to clarify this enigma. Thus, the purpose of the present study
was to determine the sequences of the 3′ end coding region
for structural protein genes of TCoV.

2. Materials and methods

2.1. Turkey coronavirus
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method using guanidinium thiocyanate and acid-phenol
(Chomczynski and Sacchi, 1987; Akin et al., 1999). Con-
version of total RNA to cDNA was essentially performed
according to a protocol supplied by the manufacturer
of the reverse transcriptase (Superscript II system, Life
Technologies, Gaithersburg, MD).

2.3. PCR amplification

Three microliters of cDNA were used in PCR ampli-
fications with the primers designed from IBV genomic
sequences. The locations and sequences of primers for the
amplification of 4 fragments I–IV for 3′ end coding region
of TCoV structural protein genes are outlined inFig. 1. PCR
was performed with a mixture (64:1, v:v) of Taq (Promega
Corp., Madison, WI) and Pfu polymerases (Stratagene,
La Jolla, CA) in a 96-well thermal cycler (GeneAmp,
Perkin–Elmer Cetus Corp., Norwalk, CT) (Barnes, 1994;
Akin et al., 1999). The cyclic parameters of the PCR was as
follows: 94◦C for 1 min for denaturation, 37◦C for 2 min for
annealing, and 72◦C for 5 min for extension for 40 cycles
followed by 72◦C for 10 min for final extension.

2.4. Molecular cloning and sequencing
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The TCoV isolate (isolate 540) used in the present s
ere recovered from fecal contents and intestines of tu
oults with acute coronaviral enteritis in Indiana, US in 19
he viruses were passaged 5 times in 22-day-old embry

ng turkey eggs. The presence of TCoV in the intestine
mbryos were confirmed by TCoV-specific immunofluo
ence antibody assays and electron microscopy at th
iana State Animal Disease Diagnostic Laboratory in W
afayette, Indiana, US.

.2. RNA isolation and reverse transcription

Total RNA was extracted from the intestines and intes
ontent of turkey embryo infected with TCoV by a modifi
One microliter of the amplification product was used
igate with pCR-II plasmid vector according to the m
facturer’s instructions (Invitrogen, San Diego, CA). D

ermination of the nucleotide sequences of the sele
lone with amplified sequences was performed by dide
ycle sequencing method with the corresponding sequ
ng primers for both strands (DAVIS Sequencing, Da
A).

.5. Sequence analysis

The nucleotide and deduced amino acid sequence
ween the TCoV and other coronaviruses were analyze
NAstar program (Lasergene Corp, Madison, WI), res

ively. Percent similarities were calculated to find nuc
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Fig. 2. Nucleotide sequence of the amplified fragments containing entire spike (S) protein gene, gene 3, membrane (M) protein gene, gene 5, and nucleocapsid
protein gene region of turkey coronavirus (TCoV) and their similarity to those of infectious bronchitis (IBV) strain Beaudette (GenBank accession number
AJ311317). The positions where nucleotide bases are missing are indicated as (-) and identical nucleotides as (.). Heavy underlines below the sequence of
TCoV indicate the putative start codons. Light lines above the sequence of TCoV indicate the stop codons. The conserved tanscription-regulating nucleotide
sequence (A/C)T(T/G)AACAA, which is located upstream from the start codons of individual genes, is boxed. The start codon of IBV M protein gene is also
underlined because it is at different position from that of TCoV M protein gene.
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Fig. 2. (Continued)
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Fig. 2. (Continued)
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Fig. 2. (Continued).

acid and amino acid pair distances. Based on the obtained
sequences of TCoV and previously published sequences
of different coronaviruses, phylogenetic trees were con-
structed according to the coding sequences for S, M, and N
genes.

3. Results

3.1. Complete nucleotide sequences of 3′ end coding
region for structural protein genes of turkey coronavirus

Cloning and sequencing of the 4 overlapping fragments re-
vealed a total of 6963 nucleotides in a region containing the
entire S protein gene, tricistronic gene 3, M protein gene, bi-
cistronic gene 5, and N protein gene of TCoV in the present
study. The primary structures of the coding sequences for
these genes of TCoV in the present study were very sim-
ilar to those found in the corresponding genomic regions
of IBV strain Beaudette as shown inFig. 2 and Table 1.
The canonical consensus transcription-regulating sequence
(TRS) of IBV, CT(T/G)AACAA, was also found in TCoV
in the present study. Both the nucleotide sequence of the
TRS and the distance between the 3′ end of the TRS and
the initiation codon of the downstream adjacent ORF were
highly conserved between TCoV in the present study and
I

Table 1
Comparison of the 3′ end encoding regions between turkey coronavirus
(TCoV) and infectious bronchitis virus (IBV) strain Beaudette (GenBank
accession number AJ311317)

Virus Gene ORFa size
(nucleotides)

TRSb

sequence
RS distancec

(nucleotides)

TCoV Spike 3612 ctgaacaa 52
Gene 3 atgaacaa 23
3a 174
3b 195
3c 318
Membrane 669 cttaacaa 74
Gene 5 cttaacaa 9
5a 198
5b 243
Nucleocapsid 1230 cttaacaa 93

IBV Spike 3489 ctgaacaa 52
Gene 3 ctgaacaa 23
3a 174
3b 195
3c 330
Membrane 678 cttaacaa 77
Gene 5 cttaacaa 9
5a 198
5b 249
Nucleocapsid 1230 cttaacaa 93

a ORF: open reading frame.
b TRS: transcription-regulating sequence.
c The distance is calculated as nucleotides between 3′ end of TRS and

the ATG start codon of the corresponding first downstream ORF.
BV (Table 1).
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Table 2
Sequence pair distances for nucleic acid and deduced amino acid sequence of the entire spike protein gene region of turkey coronavirus (TCoV) with other coronaviruses

Nucleotide identity (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 TCoVa 100 95.1 95.4 51.7 52.5 52.1 42.9 41.8 41.8 38.3 42.6 42.8 41.1 38.8 41.3 39.3
2 TCoV-Ghb 90.2 100 96.8 50.6 51.3 51.0 42.2 41.4 41.3 38.1 41.9 42.2 40.2 38.1 41.0 38.4
3 TCoV-GIc 91.1 95.1 100 50.3 51.0 50.7 42.0 41.3 41.3 37.9 41.8 42.1 40.1 38.3 41.0 38.2
4 IBV-CUd 33.9 32.8 32.7 100 85.3 85.6 41.7 39.9 39.7 38.6 41.5 41.8 40.6 38.6 40.3 39.5
5 IBV-KBe 33.8 33.1 32.7 83.2 100 94.4 42.6 40.7 40.6 38.1 42.2 42.7 41.1 39.3 41.2 40.6
6 IBV-Beauf 33.9 33.1 32.7 84.6 94.0 100 42.8 40.7 40.7 38.1 42.3 42.9 41.6 39.3 41.1 40.4
7 BCoVg 22.3 21.8 21.8 20.4 21.3 20.7 100 38.2 38.6 33.2 93.9 98.7 67.1 36.1 38.7 38.6
8 CCoVh 25.4 24.0 24.5 23.8 23.2 23.3 21.3 100 90.4 44.5 35.5 35.9 35.6 50.3 82.7 33.7
9 FECoVi 25.2 23.9 24.4 24.0 23.3 23.5 21.3 93.1 100 44.1 36.3 36.2 36.1 50.9 84.3 33.7

10 HCoV229Ej 25.9 25.2 25.6 24.7 24.8 24.5 18.4 38.8 39.1 100 38.0 38.5 37.8 57.5 55.3 36.5
11 HCoVOC43k 22.3 21.8 21.7 20.3 21.2 20.7 91.9 20.2 20.1 21.0 100 94.1 67.0 36.2 38.6 38.2
12 HECoVl 22.3 21.6 21.7 20.3 21.2 20.6 97.9 20.0 19.8 21.4 92.2 100 67.0 36.2 38.6 38.5
13 MHVm 22.3 22.1 21.7 21.1 21.8 21.2 65.7 19.5 19.5 22.1 65.4 65.9 100 35.8 38.4 37.2
14 PEDVn 26.4 25.4 25.9 25.1 25.4 25.5 19.8 42.6 43.3 49.7 20.2 20.2 20.9 100 52.6 32.8
15 TGEVo 25.0 23.6 24.2 24.1 23.5 23.6 21.3 80.5 81.5 48.0 21.6 21.4 21.2 44.8 100 33.8
16 SARSp 19.5 18.6 18.8 21.6 21.1 21.4 22.6 18.2 18.3 22.1 22.4 22.7 22.3 19.7 17.9 100

Amino acid identity (%)
a TCoV: a US, Indiana, isolate of TCoV.
b TCoV-Gh: an isolate of TCoV. GenBank accession number AY342356.
c TCoV-GI: an isolate of TCoV. GenBank accession number AY342357.
d IBV-CU: a German strain, CU-T2, of infectious bronchitis virus (IBV). GenBank accession number U49858.
e IBV-KB: a Japanese strain, KB8523, of IBV. GenBank accession number M21515.
f IBV-Beau: a US strain, Beaudette, of IBV. GenBank accession num
g BCoV: bovine coronavirus. GenBank accession number M64668.
h CCoV: canine coronavirus. GenBank accession number X77047.
i FECoV: feline enteric coronavirus. GenBank accession number X8
j HCoV229E: human coronavirus strain 229E. GenBank accession n
k HCoVOC43: human coronavirus strain OC43. GenBank accession
l HECoV: human enteric coronavirus. GenBank accession number L

m MHV: murine hepatitis coronavirus. GenBank accession number U7
n PEDV: porcine epidemic diarrhea coronavirus. GenBank accession
o TGEV: porcine transmissible gastroenteritis coronavirus. GenBank
p SARS: severe and acute respiratory syndrome coronavirus. GenBa
67

ber AJ311317.

0799.
umber AF344186.
number L14643.
07748.
2635.
number Z25483.
accession number AJ271965.
nk accession number NC004718.
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3.2. Sequence comparison and phylogenetic analysis

Pair-wise comparison of nucleotide and deduced amino
acid sequence distance between TCoV S protein gene in the
present study and the homologous gene sequences of other
known coronaviruses is summarized inTable 2. The simi-
larity score between TCoV in the present study and other
non-TCoV coronaviruses within the S protein gene region
ranged from 38.3% to 52.5% at the nucleitide level or from
19.5% to 33.9% at the amino acid level.

The similarity scores between TCoV in the present study
and IBV strains within the M or N protein gene region were
high (>80%). In contrast, the similarity score between TCoV
in the present study and other mammalian coronaviruses
within the M or N protein gene region ranged from 24.8% to
30.8% for nucleotide sequence and from 16.9% to 29.1% for
deduced amino acid sequence. The tricistronic gene 3 with 3
overlapping ORFs, 3a–c, in between S and M genes as well
as the dicistronic gene 5 with 2 overlapping ORFs, 5a and
5b, in between M and N genes of TCoV in the present study
all shared high similarity with the corresponding genomic
sequences of IBV strains.

Phylogenetic analysis according to the deduced amino
acid sequence of S, M, or N proteins indicated that TCoV in
the present study was clustered within the same genomic lin-
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The predicted proteins of ORF 3a–c, 5a and 5b were
small (about or less than 10 kd). The functions of these
gene products are not known. Several ORFs encoding non-
structural proteins have been recognized in coronavirus
genomes (Boursnell et al., 1987; Lee et al., 1991; Herold et al.,
1993; Eleouet et al., 1995). The number, nucleotide sequence,
and gene order of these ORFs varied remarkably among dif-
ferent coronaviruses. It is speculated that these genes were
inserted into different sites in the coronavirus genomes due
to the RNA recombination-prone discontinuous transcrip-
tion mechanism and were not essential for virus replication
and pathogenesis. However, sequence analysis in the present
study indicated that both nucleotide sequences and locations
of these ORFs and their consensus TRS of TCoV are highly
conserved with those of IBV. Given such a highly conserved
sequences and structures within avian coronaviruses, genes 3
and 5 may play important roles in coronavirus pathogenesis
to avian species.

One of the characteristic features for coronavirus repli-
cation is the synthesis of a 3′ coterminal nested set of
polycistronic subgenomic mRNAs by a discontinuous tran-
scription mechanism. Several conserved TRS have been
identified for different coronavirus proximal to the initi-
ation codon of the first ORF for each particular subge-
nomic mRNA. The consensus sequences of the TRS sites
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. Discussion

Total 6963 nucleotides of TCoV genome were cloned
equenced in the present study. This region is likely to inc
ll of the viral genes excluding the polymerase gene and,
rovides substantial genetic information of the virus for c
arison with other coronaviruses. The genomic structur
RFs for S protein, 3a–c, M protein, 5a–b, and N protein w

ery similar to those of IBV. The phylogenetic analysis ba
n the deduced amino acid sequences of S, M, or N pr
ll showed that the TCoV in the present study was class
ithin the same genomic lineage with IBV strains while

he other mammalian coronaviruses including BCoV w
rouped to separate clusters. The nucleotide sequen
RFs for 3a–c, M protein, 5a–b, and N protein of TC
hared high similarity (82.1–92.0%) with the correspo
ng sequences of IBV. These results clearly demonstrate
lose relationship of TCoV in the present study to avian I

The presence of tricistronic gene 3 in between 3′ end of
gene and 5′ end of M gene as well as the presence o

istronic gene 5 in between 3′ end of M gene and 5′ end of N
ene are particular features of avian coronaviruses, TCoV

BV. These particular genomic structures are not found in
ther mammalian coronaviruses as determined to date.
istinct features of genome structure implied that TC
hares a relatively close evolutionary relationship with I
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are CT(T/G)AACAA for IBV, ATC(T/C)AAAC for BCoV,
AACTAAAC for TGEV, AATC(T/C)A(A/T)AC for MHV,
and AACTAAAC for FIPV (Spaan et al., 1988; Stirrup
et al., 2000). The distance between the TRS and the first O
is different for each subgenomic mRNA of different coro
aviruses. Both the nucleotide sequence of TRS and the
tance between the TRS 3′ end and the initiation codon of firs
ORF are suggested to play important role in the transcrip
of mRNAs. As shown in the present study, the TRS seque
of TCoV were found highly conserved with those of the cor
sponding genes of IBV except one nucleotide substitutio
that of gene 3. The TRS of gene 3 is ATGAACAA for TCo
and CTGAACAA for IBV. The distances between TRS a
initiation codon of S gene, gene 3, gene 5, and N gen
TCoV were all the same as those of IBV while the distan
for TCoV or IBV M gene are 74 or 77, respectively. Th
highly conserved sequences and structures of TRS betw
TCoV and IBV provide further evidence that these two av
coronaviruses share close evolutionary relationship. Th
highly conserved TRS sequences of IBV has been show
be recombination “hot spot” and may serve as the temp
switching sites for the viral encoded RNA dependent R
polymerase (Lee and Jackwood, 2000). These recombina
tion events play important role to the emergence of new I
variants responsible for continuous outbreaks in the chic
flocks vaccinated with live attenuated viruses due to failur
cross protection. It is possible that the similar recombina
events of IBV in chicken may contribute to the origin a
evolution of TCoV in turkey and merit further investigatio

Even though the close genetic relationship between TC
and IBV was clearly demonstrated as discussed ab
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these two avian coronaviruses are dramatically different at
the S protein gene level. The similarity of S protein se-
quences between TCoV in the present study and IBV strains
(33.8–33.9%) is much lower than that among IBV strains
(83.2–94.0%). The difference of nucleotide between TCoV
in the present study and IBV seems to be randomly distributed
throughout the entire S gene except a stretch of 225 nu-
cleotides from the 3′ end that shared high similarity (88.9%)
with the corresponding sequences of IBV. These observations
suggested that cross-over homologous recombination, very
likely by a template switching mechanism, occurred around
the consensus TRS site of S gene and within the 3′ end 225
nucleotides region (involving the TRS site of gene 3) and
resulted in a whole new codon reading frame for S protein
of TCoV with conserved TRS and other genomic structure
features of IBV. Spike protein of coronaviruses has been well
known as the major structural protein responsible for attach-
ment, fusion, and penetration of virions to the target cells.
The substantial difference of S protein gene between TCoV
and IBV well explains the different host tropism and different
tissue pathogenicity of these two avian coronaviruses. Turkey
coronavirus is associated with enteric disease of turkey while
IBV is usually associated with respiratory disease in chicken.

Two group-specific monoclonal antibodies, which reacted
with a broad spectrum of homologous and heterologous IBV
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