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Abstract

Objective: To analyze the 3’-end structural protein-en-
coding region of turkey coronavirus (TCoV) isolates as-
sociated with outbreaks of acute enteritis in Indiana,
North Carolina, or Minnesota. Methods: Four isolates of
TCoV were sequenced over the entire 3’-end structural
protein-encoding region and compared phylogenetically
along with the corresponding sequences of infectious
bronchitis virus (IBV) strains. Results: The sequence sim-
ilarity between TCoV and IBV was lower thanthatamong
TCoV isolates or that among IBV strains. The variation
of sequences between TCoV and IBV was mainly con-
tributed by the S protein gene. The sequence similarity
of S gene between TCoV and IBV was lower than that
among TCoV isolates or that among IBV strains. The
phylogenetic tree based on the S protein region was
similar to that based on the entire 3’-end structural pro-
tein-encoding region with TCoV isolates and IBV strains
grouped in two separate clusters. The phylogenetic tree
based on other genes had a very different topology with
TCoV isolates randomly forming groups with different
IBV strains. Conclusions: These results suggested that
TCoV probably shared the same origin with that of IBV

and acquired sequences of S gene for turkey intestine
tropism during the process of evolution in a separate
environment.

Copyright © 2006 S. Karger AG, Basel

Introduction

Turkey coronavirus (TCoV) causes an acute and high-
ly contagious enteric disease. Turkey coronaviral enteritis
is the most costly disease of turkey encountered in Min-
nesota between 1951 and 1971 and is characterized by
acute enteritis, diarrhea, decreased body weight gain, in-
appetence, ruffled feathers, and uneven flock growth. The
disease accounted for 23% of all turkey mortality and over
a half million dollars in lost income in Minnesota in 1966
[1]. Outbreaks of turkey poult enteritis associated with
TCoV have contributed to significant economic losses en-
countered by a large number of turkey producers in Indi-
ana, North Carolina, and other states for the last several
years. The disease is not easily eliminated and is frequent-
ly encountered in areas with high concentrations of tur-
keys on a year-round basis [1]. There are currently no ef-
fective vaccines or medications to prevent the disease and
treatments of the disease are often unsuccessful. In order
to develop strategies for the diagnosis, control, and pre-
vention of turkey coronaviral infection, in-depth under-
standing of the molecular biology of TCoV is essential.
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Coronaviruses are pleiomorphic, enveloped spherical
particles surrounded by a fringe of 20-nm-long club-
shaped spikes. The diameter of coronaviral particle varies
from 50 to 150 nm. The coronavirus genome is a positive
and single-stranded capped RNA with a polyadenylated
3’-end. The 5’ two thirds of the genome, roughly 20 kb,
consist of two overlapping open reading frames (ORFs)
that encode nonstructural proteins including the viral
RNA-dependent RNA polymerase and proteases. Anoth-
er one third nucleotide sequences from 3’-end contain
ORFs encoding the major structural proteins, spike (S),
membrane (M), and nucleocapsid (N) proteins, in the or-
der of 5’ to 3’ along the genome, respectively. Spike pro-
tein contains neutralizing and/or group-specific epitopes
and is highly variable among different coronaviruses. In
contrast, M and N proteins are more conserved among
coronaviruses between different antigenic groups. There
are several ORFs encoding other structural or nonstruc-
tural proteins, which varied in number, size, and order of
genes among different coronaviruses. Like many other
RNA viruses, the genome of coronavirus is very dynam-
ic due to the lack of exonuclease editing the function of
the viral RNA-dependent RNA polymerase and a discon-
tinuous transcription mechanism for coronavirus replica-
tion. Mutation rates during viral replication have been
estimated in the range of 107> to 10> substitutions per
nucleotide. Given the size of coronavirus genome at ap-
proximately 30,000 nucleotides, an average of 3 muta-
tions per template copied is anticipated.

There are more than 20 different serotypes of infec-
tious bronchitis coronavirus (IBV) recognized worldwide.
Most of these serotypes do not cross-protect and cause
outbreaks of infectious bronchitis in chicken flocks vac-
cinated with attenuated virus of different serotype. The
diversity of IBV is generated by insertions, deletions,
point mutations, and RNA recombinations. A new sero-
type of IBV is still emerging [2]. A mutation rate of 1.5%
nucleotide changes and the evolutionary rate of 2.5%
amino acid changes per year in a hypervariable region of
the S protein gene were estimated for the arising of a new
serotype GA98 from serotype DE072 [2]. In a previous
study, we demonstrated that the genomic structure of 3'-
end structural protein-encoding region of an Indiana iso-
late of TCoV is very similar to that of IBV [3]. It is spec-
ulated that a similar phenomenon of genetic diversity in
IBV genome may exist among TCoV isolates. In addition,
the evolutionary interactions between these two avian vi-
ruses with distinct species and tissue tropism are not clear
and merit further investigation. Analysis of genomic
structure of different TCoV isolates from different geo-

Sequences of Different TCoV Isolates

graphic areas is necessary to delineate the relationships
between TCoV and IBV. The objective of the present
study is to examine the sequences of the 3’-end structur-
al protein-encoding region of TCoV isolates associated
with recent outbreaks of acute enteritis of turkeys in In-
diana, North Carolina, and Minnesota as well as an iso-
late recovered from affected turkeys in Minnesota in the
early 1970s. The TCoV sequences were compared with
the corresponding published sequences of IBV strains
Beaudette [4], KB8523 [5], CU-T2 [6], DE072 [7, 8], and
D1466 [7, 8].

Materials and Methods

Viruses

The TCoV isolates used in the present study were recovered
from fecal contents and intestines of turkey poults with recent out-
breaks of acute coronaviral enteritis in Indiana in 1994 (isolate
540), Minnesota in 1996 (isolate 310), or North Carolina in 1999
(isolate 1440). The prototype isolate of TCoV recovered from tur-
key poults with outbreaks of acute coronaviral enteritis in Minne-
sota in the early 1970s was obtained from American Type Culture
Collection (ATCC, Rockville, Md., USA). The viruses were pas-
saged 5 times in 22-day-old embryonating turkey eggs. The pres-
ence of TCoV in the intestines of embryos was confirmed by TCoV-
specific immunofluorescence antibody assays and electron micros-
copy at the Indiana State Animal Disease Diagnostic Laboratory
in West Lafayette, Ind., USA [9].

The published sequences of the IBV strains Beaudette isolated
in 1937, KB8523 isolated in the 1980s, CU-T2 isolated in between
1991 and 1992, DE072 isolated in 1992, and D1466 isolated in
1979 were retrieved from GenBank. The accession numbers for
Beaudette, KB8523, and CU-T2 are AJ311317, M21515, and
U49858, respectively. The sequences for DE072 are compiled from
GenBank accession numbers: U77298, AF201930, AF202998,
AF202999, AF203000, and AF203001. The sequences for D1466
are compiled from GenBank accession numbers M21971, X58001,
AF203003, AF203004, AF203005, AF203006, and AF203007.

RNA Isolation

Total RNA was extracted from the intestines and intestinal con-
tent of turkey embryo infected with TCoV by a modified method
using guanidinium thiocyanate and acid phenol [10, 11]. The RNA
was dissolved in 150 wl of diethyl pyrocarbonate-treated sterile
double-distilled water and a portion of it was quantified by spec-
trophotometry at 260 nm wavelength.

Reverse Transcription

Conversion 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, Gaithers-
burg, Md., USA). Briefly, the total RNA (2 j.g) was heat denatured
at 100° for 3 min and slowly cooled to 22° in 15 min in reverse tran-
scription buffer (Life Technologies) containing random hexamers
(40 ng). Then, the reverse transcription was carried out at 42° for
60 min.
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Table 1. Comparison of sizes of ORF

in the 3’-end encoding regions between ORF

TCoV isolates and IBV strains spike  3a 3b 3¢ membrane Sa 5b nucleocapsid
TCoV
540 3612 174 195 318 669 198 243 1,230
ATCC 3612 174 195 312 672 198 249 1,224
310 3612 174 195 312 672 198 249 1,230
1440 3,624 NA 195 324 672 198 249 1,230
IBV
Beau 3,489 174 195 330 678 198 249 1,230
CU 3,507 174 195 282 687 198 249 1,230
KB 3,489 NA 195 330 678 198 249 1,230
DE 3483 174 195 330 678 198 249 1,230
D1466 3456 174 195 330 678 198 249 1,230

NA = Not applicable.

PCR Amplification

Three microliters of cDNA were used in PCR amplifications
with the primers designed for four overlapping fragments covering
the entire 3’-end structural protein-encoding regions as described
previously [3]. Eight microliters of the PCR products were electro-
phoresed on 1% agarose gels in TBE buffer, stained with ethidium
bromide, and observed under ultraviolet light.

Molecular Cloning and Sequencing

One microliter of the amplification product was used to ligate
with pCR-II plasmid vector according to the manufacturer’s in-
structions (Invitrogen, San Diego, Calif., USA). The ligation reac-
tions were transformed into the Escherichia coli strain TOP10F’
and the recombinants were selected by blue-white screening. De-
termination of the nucleotide sequences of the amplified products
was performed by dideoxy cycle sequencing method with the cor-
responding sequencing primers for both strands (DAVIS Sequenc-
ing, Davis, Calif., USA).

Sequence Analysis

The nucleotide and deduced amino acid sequence similarities
between the TCoV isolates and IBV strains were analyzed by the
Clustal W method in the MegAlign module of the DNAstar pro-
gram (Lasergene, Madison, Wisc., USA). Percent similarities were
calculated to find nucleic acid and amino acid pair distances. Based
on the obtained sequences of TCoV isolates and previously pub-
lished sequences of IBV strains, phylogenetic trees were construct-
ed using the neighbor-joining method [12].

Results

The primary structures of the 3’-end structural protein-
encoding regions of TCoV isolates, containing the entire S
protein gene, gene 3, M protein gene, gene 5, and N protein
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gene in the order from 5’ to 3’, were very similar to those
found in the corresponding genomic areas of IBV strains.
As shown in table 1, the size of most of the individual ORF
was similar between TCoV isolates and IBV strains except
the ORF for the S gene. The size of ORF for the S gene of
TCoV isolates was longer than that of IBV strains. The S
protein gene consisted of 3,612-3,624 nucleotides for
TCoV isolatesand 3,456-3,507 nucleotides for IBV strains.
The ORF 3a for TCoV isolate 1440 was not found in two
separate trials of cloning and sequencing of the same re-
gion. The ORF 3a for IBV strain KB8523 was also not
found in the published sequence [5]. The canonical con-
sensus transcription-regulating sequence (TRS) of IBV,
CT(T/G) AACAA, was also found in TCoV. Both the nu-
cleotide sequence of the TRS and the distance between the
3’-end of the TRS and the initiation codon of the down-
stream adjacent ORF were highly conserved between
TCoV isolates and IBV strains (table 2).

The pairwise comparison of nucleotide sequence dis-
tance for the entire 3’-end structural protein-encoding re-
gion between TCoV isolates and IBV strains is summa-
rized in table 3. The similarity score among TCoV isolates
and IBV strains ranged from 69.4 to 99.4%. The similar-
ity scores among the TCoV isolates ranged from 92.7 to
99.4% and the similarity scores among the IBV strains
ranged from 79.1 to 93.2%.

The pairwise comparison of nucleotide and deduced
amino acid sequence distance of the S protein gene be-
tween the TCoV isolates and the IBV strains is summa-
rized in table 4. The similarity score among TCoV isolates
and IBV strains ranged from 49.1 to 99.7% at the nucleo-
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Table 2. Comparison of TRS of genes
in the 3’-end encoding regions between
TCoV isolates and IBV strains

Table 3. Sequence pair distances for
nucleic acid sequence of the entire 3’-end
structural protein gene-encoding region
between TCoV isolates and IBV strains

Table 4. Sequence pair distances for
nucleic acid and deduced amino acid
sequence of the entire spike protein gene
region between TCoV isolates and IBV
strains

Sequences of Different TCoV Isolates

Genes

spike gene 3 membrane gene 5 nucleocapsid
TCoV
540 ctgaacaa (52) atgaacaa (23) cttaacaa (74) cttaacaa (9) cttaacaa (93)
ATCC  ctgaacaa (52) ctgaacaa (23) cttaacaa (77) cttaacaa (9) cttaacaa (93)
310 ctgaacaa (52) ctgaacaa (23) cttaacaa (77) cttaacaa (9) cttaacaa (93)
1440 ctgaacaa (52) atgaacaa (187)* cttaacaa (74) cttacaacaa (9) cttaacag (93)
IBV
Beau ctgaacaa (52) ctgaacaa (23) cttaacaa (77) cttaacaa (9) cttaacaa (93)
CU ctgaacaa (52) ctgaacaa (23) cttaacaa (58) cttaacaa (9) cttaacaa (93)
KB ctgaacaa (52) ctgaacaa (198)* cttaacaa (77) cttaacaa (9) cttaacaa (93)
DE NA ctgaacaa (23) cttaacaa (77) cttaacaa (9) cttagcaa (93)
D1466 NA ctgaacaa (23) cttaacaa (77) cttaacaa (9) cttaacaa (93)

The numbers in parentheses indicate the distance calculated as nucleotides between
3’-end of TRS and the ATG start codon of the corresponding first downstream ORF.
NA = Not applicable because the sequences were not available.

2 The TCV isolate 1440 and IBV strain KB do not have ORF 3a and the first down-
stream ORF is 3b.

Nucleotide identity, %

1 2 3 4 5 6 7 8 9
1 540 100 92.7 929 948 69.8 70.1 703 722 70.0
2 ATCC 100 99.4 934 700 70.6 71.1 71.5 69.4
3 310 100 93.6 70.1 70.8 71.3 71.6 69.5
4 1440 100 69.7 705 70.5 724 70.0
5 Beau 100 87.8 932 79.7 79.8
6 CU 100 88.7 80.0 79.1
7 KB 100 804 79.3
8 DE 100 85.3

9 D1466 100

Nucleotide identity, %

1 2 3 4 5 6 7 8 9
1 540 100 93.0 933 957 50.1 50.0 499 524 498
2 ATCC 92.5 100 99.7 937 500 504 50.1 52.3  50.0
3 310 93.0 99.3 100 940 50.0 505 50.1 522 499
4 1440 95.0 93.4 939 100 499 50.1 49.8 52.1  49.1
5 Beau 38.7 38.3 38.4 387 100 85.7 944 682 674
6 CU 38.8 389 39.0 39.0 83.5 100 86.0 682 68.3
7 KB 39.0 38.7 38.8 39.0 940 851 100 68.3 679
8 DE 415 414 412 413 645 650 653 100 77.0

9 D1466 389 39.0 38.8 39.0 643 642 653 76.4 100

Amino acid identity, %
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Table 5. Sequence pair distances for
nucleic acid and deduced amino acid

Nucleotide identity, %

sequence of the entire membrane protein 1 2 3 4 5 6 7 8 9

gene region between TCoV isolates and

IBV strains 1 540 100 93.4 934 939 91.3 837 91.5 90.7 919
2 ATCC 93.3 100 100.0 93.6 90.0 87.8 929 89.2 90.2
3 310 93.3 100.0 100 93.6 90.0 87.8 929 892 90.2
4 1440 95.5  95.1 95.1 100 924 899 909 91.7 926
5 Beau 93.8 933 933 951 100 89.0 94.1 96.8  95.7
6 CU 862 862 862 879 84.6 100 86.0  89.1 86.9
7 KB 924 942 942 951 95.6 850 100 94.6 950
8 DE 929 929 929 960 969 859 969 100 97.2
9 D1466 93.3 933 933 960 974 859 974 98.7 100

Amino acid identity, %

Table 6. Sequence pair distances for
nucleic acid and deduced amino acid

Nucleotide identity, %

sequence of the entire nucleocapsid 1 2 3 4 5 6 7 8 9

protein gene region between TCoV

isolates and IBV strains 1 540 100 92.1 929 93.1 91.6 925 923 937 91.0
2 ATCC 88.2 100 97.5 932 914 919 928 932 904
3 310 922 93.1 100 94.1 92,5 930 939 943 916
4 1440 920 902 942 100 91.6 93.8 940 950 925
5 Beau 90.0 88.7 929 91.5 100 91.5 91.5 91.6 90.6
6 CU 91.0 88.7 932 937 91.7 100 93.0 949 959
7 KB 925 90.7 954 939 934 946 100 939 919
8 DE 932 904 951 942 922 951 95.6 100 92.9
9 D1466 90.3 88.0 927 929 915 959 942 944 100

Amino acid identity, %

tide level or from 38.3 to 99.3% at the amino acid level.
The similarity scores among the TCoV isolates within the
S protein gene region ranged from 93.0 to 99.7% at the
nucleotide level or from 92.5 to 99.3% at the amino acid
level. The similarity scores among the examined IBV
strains within the S protein gene region ranged from 67.4
to 94.4% at the nucleotide level or from 64.2 to 94.0% at
the amino acid level.

The pairwise comparison of nucleotide and deduced
amino acid sequence distance of M protein gene between
the TCoV isolates and the IBV strains is summarized in
table 5. The similarity score among TCoV isolates and
IBV strains ranged from 86.0 to 100.0% at the nucleotide
level or from 84.6 to 100.0% at the amino acid level. The
similarity scores among the TCoV isolates within the M
protein gene region ranged from 93.4 to 100.0% at the
nucleotide level or from 93.3 to 100.0% at the amino acid
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level. The similarity scores among the examined 1BV
strains within the M protein gene region ranged from 86.0
to 97.2% at the nucleotide level or from 84.6 to 98.7% at
the amino acid level.

The pairwise comparison of nucleotide and deduced
amino acid sequence distance of N protein gene between
the TCoV isolates and the IBV strains is summarized in
table 6. The similarity score among TCoV isolates and
IBV strains ranged from 90.4 to 97.5% at the nucleotide
level or from 88.0 to 95.9% at the amino acid level. The
similarity scores among the TCoV isolates within the N
protein gene region ranged from 92.1 to 97.5% at the
nucleotide level or from 88.2 to 94.2% at the amino acid
level. The similarity scores among the examined IBV
strains within the N protein gene region ranged from 90.6
t0 95.9% at the nucleotide level or from 91.5 to 95.9% at
the amino acid level.
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Fig. 1. Phylogenetic analyses within the entire 3'-end structural protein-encoding region (a) and the deduced
amino acid sequence of spike (S) protein gene (b), membrane (M) protein gene (¢), nucleocapsid (N) protein gene
(d), ORF 3a (e), 3b (), 3¢ (g), 5a (h), and 5b (i) demonstrating relationships among TCoV isolates and IBV strains.
The similarity scores were calculated by the Lasergene program using the unweighted pair group method with
arithmetic averages. The horizontal distances are proportional to the number of nucleotide differences. The
GenBank accession numbers for each coronavirus were described in the Materials and Methods.

The similarity score among TCoV isolates and IBV
strains within the ORF 3a region ranged from 82.3 to
100.0% at the nucleotide level or from 76.3 to 100.0% at
the amino acid level. The similarity score among TCoV
isolates and IBV strains within the ORF 3b region ranged

Sequences of Different TCoV Isolates

from 83.7 to 99.5% at the nucleotide level or from 72.7
to 100.0% at the amino acid level. The similarity score
among TCoV isolates and IBV strains within the ORF 3¢
region ranged from 86.6 to 99.4% at the nucleotide level
or from 77.9 to 98.1% at the amino acid level.
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The similarity score among TCoV isolates and IBV
strains within the ORF 5a region ranged from 89.9 to
99.5% at the nucleotide level or from 88.1 to 98.5% at the
amino acid level. The similarity score among TCoV iso-
lates and IBV strains within the ORF 5b region ranged
from 91.8 to 100.0% at the nucleotide level or from 81.7
to 100.0% at the amino acid level.

Phylogenetic analysis according to the entire 3’-end
structural protein-encoding region (fig. 1a) or the deduced
amino acid sequence of S protein gene (fig. 1b) indicated
that TCoV isolates were clustered within the same ge-
nomic lineage while all the IBV strains were grouped into
another separate cluster. However, the phylogenetic trees
for the deduced amino acid sequences of M protein gene,
N protein gene, or ORF 3a, 3b, 3c, 5a, and 5b (fig. 1c—i,
respectively) had a very different topology. The TCoV
1solates randomly formed groups with the IBV strains in
the phylogenetic trees for different genes. In M protein
gene, no TCoV isolate or IBV strain clustered with IBV
strain CU (fig. 1c). In contrast, no TCoV isolate or IBV
strain clustered with TCoV isolate ATCC in the phyloge-
netic tree for N protein gene (fig. 1d).

Discussion

Since its initial recognition in the early 1970s, the re-
lationship of TCoV to other coronaviruses is still under
debate. It was speculated that the discrepant results re-
garding the relationship between TCoV and other coro-
naviruses might be caused by different isolates of TCoV
from various geographical areas at different times. In or-
der to test this possibility, the antigenicity of 18 isolates
of TCoV from various geographical areas at different
times including the prototype isolate TCoV-ATCC was
examined in one of our previous studies [13]. It was found
that all the different isolates of TCoV had the same pat-
tern of antigenic reactivity with the same panel of anti-
bodies and all of them cross-reacted with polyclonal an-
tibody to IBV or a monoclonal antibody to M protein of
IBV. In contrast, none of the examined TCoV isolates
reacted with a monoclonal antibody to S protein of IBV.
In line with these previous results of antigenic study, the
sequence analysis in the present study demonstrated that
isolates of TCoV from various geographical areas at dif-
ferent times including the prototype isolate TCoV-ATCC
had a high similarity in the 3’-end structural protein-en-
coding region. In addition, the M protein region of TCoV
isolates shared a high similarity (86.2-96.0%) with that
of IBV strains, while the S protein region of TCoV isolates
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had a relatively low similarity (38.3-41.5%) with that of
IBV strains.

In spite of the similar primary genomic structure to the
S gene, tricistronic gene 3, M gene, bicistronic gene 5, and
N gene from 5’ to 3’, the sequence similarity of the entire
3’-end structural protein-encoding region between TCoV
and IBV was low (69.4-72.4%) in comparison with that
among TCoV isolates (92.7-99.4%) or that among IBV
strains (79.1-93.2%). The differences were mainly con-
tributed by the S protein gene. The size of TCoV S gene
(3,612-3,624 nucleotides) was larger than that of IBV S
gene (3,456-3,507 nucleotides). The sequence similarity
of the S gene nucleotide sequences between TCoV and
IBV was lower (49.1-52.4%) than that among TCoV iso-
lates (93.0-99.7%) or that among IBV strains (67.4-
94.4%). In other genes, the sequence differences between
TCoV and IBV were comparable with those among TCoV
isolates or among IBV strains. The phylogenetic tree
based on the S protein region was the same as that based
on the entire 3’-end structural protein-encoding region
with TCoV isolates and IBV strains grouped in two sepa-
rate clusters. These results suggested that TCoV probably
shared the same origin with that of IBV, evolved inde-
pendently in a separate environment a long time ago, and
acquired sequences of S gene for turkey intestine tropism.
Accumulation of S gene sequence of more TCoV isolates
will further clarify the relationship between TCoV and
IBV and may lead to the understanding of origin and evo-
lution of TCoV.

The replication of coronavirus is characterized by the
synthesis of a 3’-coterminal nested set of polycistronic
subgenomic mRNAs with a discontinuous transcription
mechanism. Only the first ORF from 5’-end of each poly-
cistronic subgenomic mRNA is translated. There is a
common 5’-terminal leader sequence derived from the
5’-end of the coronavirus genome on the body sequence
of each subgenomic mRNA. The acquisition of the lead-
er sequence to each subgenomic mRNAs involves the
conserved TRS sequence present along the genomic RNA
and proximal to the initiation codon of the first ORF for
each particular subgenomic mRNA. The consensus se-
quences of the TRS sites 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 [14, 15]. The distance between the TRS and the first
ORF is different for each subgenomic mRNA of different
coronaviruses. Both the nucleotide sequence of TRS and
the distance between the TRS 3’-end and the initiation
codon of first ORF are suggested to play an important role
in the transcription of mRNAs. As shown in the present
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study, the TRS sequences and the distance between the
TRS 3’-end and the initiation codon of the first ORF of
TCoV isolates were highly conserved with those of the
corresponding genes of IBV strains. The TRS of gene 5
for the IBV strain Beaudette has 2 consensus sequences,
CTTAACAA, in a tandem repeat (CTTAACAAAAACT-
TAACAA). According to analysis with reported genes, it
was demonstrated that only one of this TRS is required
for the expression of gene 5 and either sequence can func-
tion as an acceptor site for acquisition of the leader se-
quence [15]. In contrast to this result, no similar structure
of 2 TRS sequences in a tandem repeat for gene 5 was
found in any other IBV strains or TCoV isolates. How-
ever, it is interesting to note that there are deletions of
8 nucleotides in the corresponding region of TCoV isolate
1440. These deletions resulted in a TRS sequence of CT-
TACAACAA for gene 5 of TCoV isolate 1440.

The predicted proteins of ORF 3a, 3b, 3¢, 5a, and 5b
were small (about or less than 10 kDa). The protein en-
coded by ORF 3¢ was shown to be associated with viral
envelope [16], while the functions of all the other gene
products are not clear. In general, ORFs of gene 5 are
more conserved than those of gene 3 among TCoV iso-
lates and IBV strains. The ORF 3a was not found in the
genome of TCoV isolate 1440 in two different trials of
cloning and sequencing analysis in the present study. In
comparison, the IBV strain KB8523 does not have ORF
3aeither. These results suggested that the product of ORF
3a is not important for pathogenesis and replication of
TCoV and IBV.

The highly conserved TRS sequences of IBV have been
shown to be a recombination ‘hot spot’ and may serve as
the template switching sites for the viral encoded RNA-
dependent RNA polymerase [7]. These recombination
events play an important role in the emergence of new
IBV variants responsible for continuous outbreaks in the
chicken flocks vaccinated with live attenuated viruses
due to a failure of cross-protection. For example, the
DEOQ72 strain is a recombinant with a D1466-like se-
quence in the S gene, while the CU-T2 strain is a recom-
binant between Arkansas and Massachusetts strains [7,
8]. It is possible that the similar recombination events of
IBV in chicken may contribute to the origin and evolu-
tion of TCoV in turkey. Except for the S protein gene, the
sequences of other individual genes among TCoV isolates
and IBV strain had different degrees of similarity. The
phylogenetic tree based on these individual genes had a
very different topology. These results implied that a series
of complex events including recombination occurred be-
tween TCoV and IBV in the process of their evolution.

Sequences of Different TCoV Isolates

Recently, two small fragments of sequences for a
TCoV UK isolate were reported [17]. Sequence compar-
isons of these sequences with the corresponding regions
of the TCoV isolates from the US as examined in the
present study showed a high similarity. However, the
similarity scores between the UK isolate and the US iso-
lates were apparently lower than that among the US iso-
lates. For the 844-bp fragment of the UK isolate spanning
from the 3’-end of S gene to the 5’-end of M gene, the
similarity scores between the UK isolate and the US
isolates were 90.8-91.8%, while the similarity scores
among the US isolates were 92.6-99.8%. For the other
866-bp fragment of UK isolate spanning from gene 5 to
the 5'-end of N gene, the similarity scores between the
UK isolate and the US isolates were 86.9-89.3% while
the similarity scores among the US isolates were 91.1-
99.9%. These results indicate that the UK isolate and the
US isolates of TCoV had the same origin and evolved
independently in separate geographical areas, which re-
sulted in a genetic drift.
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