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Summary

The natural sequence variations of the nucleocapsid genes of the Gray,
Arkansas99 (Ark99), and Holland52 (Holl52) strains of infectious bronchitis virus
(IBV) were determined. These were compared with previously published sequenc-
ing data of other IBV strains, as well as other coronaviruses, in order to correlate
the serological and evolutionary relationship of coronaviruses. IBV nucleotide
sequence alignment shows that overall the sequences are highly conserved, with
homologies from 91.1 to 96.5%. However, there are also two regions (730 to 800
and 1138 to 1166) that appear to be even more highly conserved. Overall, the
nucleocapsid protein is highly variable both in size and composition between
coronavirus major antigenic groups but is conserved within these groups. A
phylogenetic tree of the nucleocapsid protein of various coronaviruses indicates
that the coronaviruses fall into distinct groups that correspond to the three major
antigenic groups; however, a phylogenetic tree of the IBV nucleocapsid shows that
this does not hold true for the type specific antigenic groups of IBV.

Nucleocapsid gene; Infectious bronchitis; Coronavirus

Avian infectious bronchitis virus (IBV) is a highly contagious pathogen of
chickens. IBV infection is characterized by tracheal rales, coughing and sneezing,
and can also cause lesions in the reproductive tract, kidneys, and other organs
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{Darbyshire et al., 1979). IBV was the first coronavirus to be described (Schalk and
Hawn, 1931), and many strains varying widely in virulence, serotype and pathotype
have been identified (Cumming, 1963; Darbyshire et al., 1979). For example,
Beaudette is a highly attenuated strain of IBV, Holl52 is a vaccine strain, Gray and
a Japanese strain (KB8523) are both known to be nephropathogenic but have also
been associated with respiratory disease, and Ark99 and Mass41 are generally
thought to result in severe respiratory disease in the absence of gross kidney
lesions (Beaudette and Hudson, 1937; Cumming, 1963; Darbyshire et al., 1979;
Johnson and Marquardt, 1986; Jungherr et al., 1956; Sutou et al., 1988; Winterfield
and Hitchener, 1962).

IBV is the prototype of the family Coronaviridae and was the first coronavirus
to be completely sequenced. The genome is 27.6kb in length and consists of
single-stranded RNA of positive polarity with a polyA tail (Boursnell et al., 1987).
The infectious virion has at least three structural proteins (Siddell et al., 1983;
Stern et al., 1982); the glycosylated spike protein, which is responsible for the
corona-like appearance of the virions, the membrane protein, and the nucleocap-
sid protein which is associated with the genome and is encoded by a gene at the 3’
end of the genome.

Coronaviruses have been shown to fall into three antigenic groups. Human
coronavirus (HCV) —229E, transmissable gastroenteritis virus (TGEV), canine
coronavirus (CCV), feline enteric coronavirus (FECV), and feline infectious peri-
tonitis virus (FIPV) belong to group I, HCV-OC43, murine hepatitis virus (MHV),
turkey coronavirus (TCV) and bovine coronavirus (BCV) to group I, and IBV
alone to group II (Dea et al., 1990). Although serotyping is generally based on the
spike protein, the nucleocapsid and membrane proteins are also highly immuno-
genic. The nucleocapsid protein is produced in especially large quantities during
replication (Sneed et al., 1989) and has also been shown to be recognized by T-cell
hybridomas in association with the MHC II (Boots et al., 1991). As such, the
nucleocapsid protein may be a useful component of a synthetic vaccine. The
nucleocapsid protein of coronaviruses is closely associated with the RNA genome,
has been shown to be involved in transcription of MHV, and may be involved in
translation (Compton et al., 1987).

In this study, we have analyzed the overall relatedness of the nucleotide and
amino acid sequences of the nucleocapsid genes of the Gray, Ark99 and Holl52
strains of IBV, and the published sequences for Mass41, Beaudette and a Japanese
strain, KB8523 (Boursnell et al., 1985; Sutou et al., 1988). In order to understand
more about the serological and evolutionary relationship of coronaviruses and the
physical and biochemical properties of the nucleocapsid protein, we have also
compared the nucleocapsid protein of IBV with a number of coronaviruses from
the other antigenic groups.

The viral isolates used in this study, previously described by Sneed et al. (1989),
were propagated at 37°C for 36-48 h following allantoic sac inoculation into
11-day-old specific pathogen-free embryonating chicken eggs. The eggs were then
refrigerated at 4°C for 5 h, and allantoic fluid collected and clarified by centrifuga-
tion at 10K rpm for 20 min. Virus was precipitated overnight with 8% polyethy-
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lene-glycol, 2.33% NaCl, and concentrated by centrifugation at 10K rpm for 20
min. Virus pellets were reconstituted in 1/50 vol 20 mM Tris, | mM EDTA, 100
mM NaCl, pH 7.4 and banded on a 30-50% glycerol / potassium tartrate gradient
for 2 h at 28K rpm. After concentrating by ultracentrifugation at 28K rpm for 1 h,
virus pellets were resuspended in 0.1 M NaOAc, pH 5.2, and the virions were
disrupted with 1 mg/ml proteinase K and 1% SDS at 37°C for 1 h. The RNA was
extracted first with phenol and then with chloroform / isoamyl alcohol followed by
ethanol precipitation (Wang et al., 1988). Presence of IBV genomic RNA was
confirmed by electrophoresis of a sample of the RNA on a 1% agarose gel and the
remaining RNA was reprecipitated with ethanol.

Purified RNA was pelleted and dried in a Savant vacuum drier. RNA was
resuspended in 7 ul deionised H,O (dH,0) and denatured in 6 mM methyl
mercuric hydroxide for 10 min at room temperature. First strand cDNA synthesis
was carried out using 5 units of AMYV reverse transcriptase at 42°C for 2 h in the
presence of 14 mM 2-mercaptoethanol (2ME), 50 mM Tris pH 8.3, 50 mM KCl, 8
mM Mg(Cl,, 0.8 mM dNTP, 20 upg/ml of 3 end primer (5'GGATC-
CGCTCTAACT CTATACTAGCCTAT 3’) and 20 units of RNasin (Promega,
Madison, WI). Following phenol extraction and ethanol precipitation of the
RNA/cDNA hybrid, the RNA was eliminated by exposure to highly alkaline
conditions at 37°C for 3 h. The ¢cDNA was then neutralized, concentrated by
ethanol precipitation, and amplified using the polymerase chain reaction (PCR).
PCR was performed with the same 3’ end primer as above and a primer from the
upstream intergenic region (5'GAATTCCCGCGTGTACCTCTCTAGTA 3') in
the presence of 4 mM dNTP, 1 X Taq buffer (1.5 mM MgCl,, 50 mM KCI, 10 mM
Tris-HCl, pH 8) and 0.5 ul Tag polymerase (Perkin Elmer, Norwalk, CT). The
PCR was performed with a primary denaturation step at 95° for 3 min, annealing
at 50°C for 30 s, extension at 72°C for 1 min, and subsequent denaturation steps at
95°C for 1 min. A total of 30 cycles were used with a final extension step of 3 min
at 72°C. Resulting PCR products were cloned into the pCR1000 vector, utilizing
the single T overhang at the insertion site (Invitrogen, San Diego, CA) and
sequenced using Sequenase (USB, Cleveland, OH).

In order to analyze the natural variation among IBV nucleocapsid proteins and
genes, sequencing data of the nucleocapsid genes of Ark99, Gray and Holl52 were

TABLE 1

Percent homologies of the nucleic acid and amino acid sequences of six strains of IBV

Amino acids Nucleotides

Gray Ark Holl52 Beau Mass41 KB8523
Gray 96.5 92.8 92.6 93.1 93.6
Ark 98.3 93.3 92.6 93.6 94.1
Holl52 96.6 96.3 91.1 90.9 91.8
Beau 95.4 95.4 94.4 93.2 91.2
Mass41 95.9 95.9 94.6 95.4 92.0

KB8523 97.1 97.1 94.9 94.9 95.1
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obtained and compared to other coronavirus sequences. Of the IBV strains
analyzed, Beaudette, Mass41, Holl52 and KB8523 all belong to the same serotype,
whereas Gray and Ark99 each belong to different serotypes. At least two clones of
each strain were obtained and these were sequenced in both directions. Resulting
sequences were analyzed using the University of Wisconsin Genetics Computer
Group programs. Nucleotide sequences were processed using the Seqed program
and the corresponding nucleocapsid protein amino acid sequences were derived by
the Translate program. Comparisons of nucleotide and amino acid sequences were
made using Gap and Bestfit. Sequences were aligned using Pileup, with the output
being displayed either as a sequence alignment using the program Publish, or as a
phylogenetic tree using the Macintosh program PAUP version 3.0.

The sequencing data in Fig. 1 include the entire nucleocapsid genes of Gray,
A1k99 and Holl52 aligned with the published sequences of Beaudette, Mass41 and
KB8523. This alignment indicates that overall the sequences are highly conserved
with some regions showing no variation at all. Table 1 shows that the percent
similarity of the nucleotide sequences encoding the nucleocapsid protein ranges
from 90.9 between Mass41 and Holl52, to 96.5% between Ark99 and Gray.

The complete open reading frame (ORF) for the nucleocapsid gene of Gray,
Ark99 and Holl52, as well as Beaudette, Mass41 and KB8523, consists of 1227
bases, contains Kozak’s consensus sequence at the AUG start codon (Kozac, 1986)
and codes for a basic protein of 409 amino acids. Unlike many of the other
coronaviruses, the IBV nucleocapsid gene does not appear to have a large internal
ORF. The alignment of the amino acid sequences shows that there is a large
region of absolute identity between residues 238 and 293 (Fig. 2) which corre-
sponds to a highly basic region. It also appears that the protein is more conserved
in the central region than at the ends. Two-way comparisons among the nucleocap-
sid proteins of these 6 strains of IBV indicate that the similarities range from 94.4
to 98.3%, with Beaudette and Holl52 having the least similarity, and Gray and
Ark99 the most (Table 1).

We have characterized the nucleocapsid proteins of various coronaviruses in
order to locate highly conserved or highly variable regions (Cruciere and Lapporte,
1988; Kamahora et al.,, 1989; Kapke and Brian, 1986; Lapps et al., 1987; Parker
and Masters, 1990; Siddell, 1990; Vennema et al., 1991; Verbeek and Tijssen,
1991). A comparison of the amino acid sequences of these nucleocapsid proteins
indicates that they are highly conserved within their antigenic groups. The nucleo-
capsid protein varies in size as well as composition from one coronavirus group to
another. Group I viral genomes have the smallest nucleocapsid protein with 378 to
389 residues and group II genomes have the largest with 449 to 455 residues.

The phylogenetic tree in Fig. 3 shows the relationship of these viruses to each
other based on their nucleocapsid genes. Overall sequence similarities classify IBV
with the other coronaviruses but the degree of divergence indicates that IBV
clearly represents a distinct group. Serological studies have shown that corona-
viruses fall into three antigenic groups (Dea et al., 1990). These antigenic groups
are defined by cross-reactivity among the structural proteins. Corresponding coro-
navirus groups can also be distinguished in the phylogenetic tree in Fig. 3,
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Fig. 2. Amino acid comparison of the nucleocapsid proteins of six strains of IBV. Spaces indicate
positions for which the amino acids are identical to those of the Gray strain. Conserved residues are
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suggesting a co-evolution of the nucleocapsid protein with the other components
that define the antigenic groups. BCV, TCV and HCV-OC43 all appear to be
genetically closely related when looking at the nucleocapsid protein and clearly fall
into the same antigenic group as MHYV, that is group II; however, MHYV appears to
have diverged away from the other members of group II. Within group I there
appears to be a wide evolutionary distance separating HCV-229E from FIP and
TGEV.

The nucleocapsid protein of IBV is in a major antigenic group of its own, and
considering the amino acid sequence probably diverged earlier from the members
of group II and IlI. According to the phylogenetic tree of IBV, it appears that
Gray and Ark99 have diverged further away from those strains belonging to the
Mass serotype represented by Beaudette, Holl52, Mass4l and KB8523. This
suggests that Gray and Ark99 may have diverged more recently from a common
lineage. This correlates with the observation that the Gray and Ark99 strains have
both appeared more recently in the USA, and they are more closely related to
each other than to the other strains of IBV. However, the Holl52 and Beaudette
strains have the lowest similarity scores (Table 1) even though they are in the same
serotype, suggesting that recombination may be occurring within the IBV groups.
Nucleotide sequencing of the spike gene has also indicated that recombination is
occurring between serologically distinct IBV serotypes (personal observations,
E.W. Collisson and L. Wang).

Although the coronavirus spike protein is highly variable (Cavanagh, 1991), it is
often used as the basis for antigenic grouping by serological techniques (Dea et al.,
1990). The close correlation between antigenic grouping from serotyping and from
nucleocapsid sequences implies that the spike and nucleocapsid proteins are
evolving parallel to each other within distinct major antigenic groups. Thus,
classification of major coronavirus groups may actually be determined on the basis
of either spike or nucleocapsid protein and presumably, this grouping could also
apply to the other coronavirus genes. If recombination is naturally occurring as is
expected (Cavanagh and Davis, 1988), it would seem to be occurring within these
major antigenic groups, such as is seen with poliovirus (Agut et al., 1987). If this is
the case, it would appear that the viability of the progeny of coronaviruses depends
on specific interactions of more than one protein working in concert to maintain
structural or replicative integrity of the virus.

The nucleocapsid protein of coronaviruses is a highly immunogenic protein, may
be involved in stimulating cytotoxic T-lymphocytes, and is produced in large
amounts relative to the other structural proteins in the cells (Boots et al., 1991;
Sneed et al., 1989). Therefore, any highly conserved regions may be worth
considering as potential vaccine components, especially if such determinants can
be recognized by either B- or T-cells. Although the nucleocapsid protein is variable
among the different coronaviruses, it is generally highly conserved among strains
within a species, such as IBV in chickens. It also would seem that while antigenic
drift is occurring in the major antigenic groups of coronaviruses, recombination is
causing an antigenic shift in the individual IBV strains.
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