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ABSTRACT

Highly virulent, pathotypic and antigenic variant strains of infectious bursal
disease virus (IBDV) are emerging causing significant levels of mortality in young
chickens. Better understanding of the genome organization of IBDV, its
molecular diversity and pathogenicity is essential in developing strategies for
effective control of infectious bursal disease in poultry. At present, considerable
information is available on the coding sequences of IBDV. However, there is a
lack of information on the noncoding terminal sequences of IBDV which harbour
regulatory signals for viral replication, transcription, assembly and possibly for
virulence. A novel method of PCR amplification across ligated 3' and 5 end
junction of viral RNA strands was developed in order to determine the terminal
sequences of segmented dsRNA genome of IBDV. Genome segments A and
B of six IBDV strains OH, SKS, QC-2, IN, SK140a and GLS representing the two
serotypes were studied. PCR amplification across 3'-5’ ligated junctions was
carried out using two primers, one from available known 5’ sequence and the
other from available known 3’ sequence bracketing the unknown terminal
sequences. For segment A, a PCR product of size approximately 155 bp for
strains OH, IN and SK140a, 230 bp for strain GLS and approximately 265 bp for
strains SK9 and QC-2 were obtained. For segment B, almost identical 260 bp
PCR products were obtained for all the six IBDV strains. The PCR products
were subsequently cloned and sequenced by the dideoxy-chain termination
method using T7 DNA polymerase. Segment A of strains OH, SK140a and IN
and segment B of all six strains of IBDV are proposed to begin and end with
conserved pentanucleotide sequences GAACC- and -GGUCU, respectively. The
genome segment A of IBDV strains GLS, SK9 and QC-2 have only GAA- and -
CU of the consensus sequences. These common terminal sequences of both
segments A and B of the IBDV genome may serve as recognition signals for
viral RNA polymerase and for assembly of genome segments into progeny virus
particles. 5 and 3' terminal sequences of segment B of all six {BDV strains are
more than 97% identical indicating the significance of this region as this segment
encodes the putative viral RNA polymerase. However, in segment A of strains
SK9, QC-2 and GLS, large insertions in the 3' terminal regions were observed.
No definite sequence pattern differentiating serctype 1 and 2 strains of IBDV was
observed in the noncoding regions. However the significance of deletions and
substitutions identified among the strains has to be further characterized.
Regardless of the considerable terminal sequence divergence observed in
segment A of strains GLS, SK9 and QC-2, consensus sequence motifs were
identified between all six IBDV strains which may harbour reguiatory elements
for virus specific functions. The total lengths of segment A and B of IBDV strain
OH were established to be 3,241 bp and 2,922 bp, respectively by determining
the missing extreme terminal sequences in this virus strain. This would facilitate
reverse genetics studies on IBDV.
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1. GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1  General Introduction

Infectious bursal disease (IBD) is an acute contagious viral disease of young
chickens (reviewed by Kibenge ef al., 1988a). The eticlogical agent, IBD virus
(IBDV), has predilection for cells of the bursa of Fabricius where the virus infects
actively dividing and differentiating lymphocytes of the B cell lineage (Burkhardt
and Muller, 1987). The chickens are most susceptible at 3-6 weeks of age, and
the clinical infection results in bursal atrophy, impaired growth, skeletal muscle
hemorrhages and death. Economic losses to poultry industry result either from
high mortality rates due to an acute course of the disease or from a chronic form
of the disease due to B-cell dependent immunodeficiency resulting in
immunosuppression. The latter exacerbates infections caused by other etiologic
agents and interferes with effective vaccination of chickens against other
diseases such as Newcastle disease, Marek’s disease and infectious bronchitis.
Therefore, effective control of infectious bursal disease (IBD) is of great

economic significance to the pouliry industry.

Infectious bursal disease virus belongs to the family Birnaviridae. Members of
the family are characterized by a bisegmented double stranded (ds)RNA genome
consisting of two segments A and B within a single-shelled icosahedral capsid

of 60 nm (Dobos et al., 1979). Other members of the family include infectious



pancreatic necrosis virus (IPNV) of young salmonid fishes, Drosophila X virus
(DXV) of Culicoides sp, and tellina virus (TV), oyster virus (OV) and crab virus

of bivalve moliuscs (Bonami and Adams, 1991; Dobos, 1991).

There are two distinct serotypes of IBDV, 1 and 2 (Jackwood et al., 1982); only
serotype 1 strains cause disease. All known serotype 2 strains are naturally
avirulent for chickens (Ismail ef al., 1988). In the past few years, highly virulent
antigenic variants of serotype 1 strains of IBDV which are not neutralized by
antibodies against standard challenge strains have emarged causing significant
levels of mortality in young chickens (Heine ef al., 1991, Sharma et al.,, 1989;

Jackwood and Saif, 1987).

The nucleotide sequences of genome segment A of at least six serotype 1 IBDV
strains, PBGS8, Cu-1, 52/70 (Bayliss ef al., 1990), 002-73 (Hudson ef al., 1986),
STC (Kibenge ef al., 1990), and GLS (Vakharia et al., 1994) and one serotype
2 iBDV strain, OH (Kibenge et al., 1991), and the nucleotide sequences of
genome segment B of two IBDV strains, 002-73 (Morgan ef al.,, 1988) and OH
(Dybing, 1992), have been determined. Sequence comparisons of the coding
region of IBDV reveal amino acid differences in the VP2 region between
serotype 1 and serotype 2 strains and between the highly virulent antigenic
variants and the standard strains of IBDV. Not much information is available

about the noncoding sequences of IBDV. In fact it is not known whether the



published sequences represent the complete genomic RNA sequence of IBDV
since both 5 and 3’ ends of genome segments A and B have not been

determined.

The present study was undertaken to determine the complete terminal
sequences of IBDV. A serotype 2 IBDV strain OH has been sequenced on
genome segment A (Kibenge ef al, 1891) and B (Dybing, 1992) following
random priming and reverse transcription and subsequent cDNA cloning. Almost
the complete sequence of this virus is known except the extreme terminal
sequences. In addition to OH-IBDV, another serotype 2 strain and four serotype
1 strains were selected for terminal sequence determination so as to compare
and identify likely consensus sequences that may be involved in regulatory
functions, and possible nucleotide residues that may play a part in virus
virulence. It is considered that this would facilitate reverse genetics studies on
IBDV to understand better the molecular basis of birnavirus diversity and the

mechanism of viral pathogenicity.

1.2 Infectious Bursal Disease Virus

1.2.1 Classification

Infectious bursal disease virus (IBDV) is a member of the virus family
Birnaviridae of the genus Avibirnavirus (Dr. Peter Dobos, personal

communication, March 1995). Until now the family Birnaviridae contained only



one genus Birnavirus. The need for the possible division of the family
Birnaviridae into three different genera was realized recently; one af the reasons
being that there was no identity in the noncoding sequences between IBDV and
infectious pancreatic necrosis virus (IPNV) (Kibenge et al, 1990), another
member of the same family. This was surprising and difficult to explain since
both IBDV and IPNV belonged to the same genus and the coding regions of their
genomes showed almost perfect identity in organization and function (Kibenge
et al, 1990). In fact, one would expect fewer similarities among coding
sequences, but significant similarities among noncoding regions of the viral
genome, as has been reported for RNA viruses belonging to the families
Bunyaviridae (Clerx-Van Haaster ef al., 1982), Reoviridae (Antczak et al., 1982;
Li et al.,, 1980; Omura et al., 1988; Yan et al., 1992) and Picornaviridae (Porter
et al,, 1978). In these families, there is significant similarity in the noncoding
regions for viruses belonging to the same genus but little terminal sequence
similarity for viruses representing different genera. In 1993, the !aternational
Committee on Taxonomy of Viruses (ICTV), Birnavirus study group proposed the
subdivision of the family Birnaviridae into three genera: Avibirnavirus for IBDV,
Aquabirnavirus for IPNV, TV, OV, and Entomobirnavirus for Drosophila X virus
and the proposal has been accepted (Dr. Peter Dobos, personal communication,

March 1995),



1.2.2 Genome Organization

The larger genome segment A (approx. 3300 bp) consists of two open reading
frames (ORF), a small ORF encoding VPS5 (Kibenge et al., 1990; 1991; Dybing,
1992; Mundt et al., 1995a) and the larger ORF encoding a precursor polyprotein
that is processed into mature VP2, VP4 and VP3 (Hudson et al., 1986; Miller
and Nitschke, 1987b). Mundt ef a/. (1995a) have recently expressed VP5 of
strain P2-IBDV in infected chicken cells in tissue culture and in bursae of
infected birds and identified a 21 kDa protein. The function of VP5 is unknown.
VP4 is a viral protease involved in the processing of the precursor polyprotein
(Azad et al., 1987; Jagadish ef al., 1988). VP2 and VP3 are the major structural
proteins of the viral capsid. VP2 contains the antigenic region responsible for
eliciting neutralizing antibodies and serotype specificity, whereas VP3 contains
the group-specific antigens. Genome segment B (approx. 2800 bp) has one
ORF which encodes VP1, the dsRNA dependent RNA polymerase (Morgan ef
al ., 1988; Muller and Nitschke 1987a; Spies et al., 1987). Some virulent IBDV
strains from the United States show antigenic drift whereas some European and
Japanese isolates are highly virulent without showing changes in antigenicity.
The role of noncoding regions of the viral genome in genetic diversity and in

virulence of IBDV is not presently known.



1.2.2.1 Segment A Coding Sequence

Sequence analysis of genome segment A has helped in identification of amino
acid residues that are responsible for antigenic variation (Bayliss et al., 1990;
Heine ef al., 1991; Lin ef al., 1992, Schnitzler et al., 1993, Vakharia et al., 1994).
Two prominent symmetrically spaced hydrophilic areas are recognized in a
variable region in VP2 which harbour the exchanged amino acids (Schnitzler et
al., 1993). It has been suggested that the first hydrophilic region may be
responsible for stabilizing the conformation epitope whereas the second
hydrophilic region may be responsible for inducing virus neutralizing antibodies
(Heine et al., 1991). The hydrophilic regions and the internal sequences of VP2
are not conserved between serotype 2 and the serctvpe 1 strains. A serine rich
heptapeptide S-W-S-A-S-G-S adjacerit to the second hydrophilic region of VP2
is conserved only in the highly pathogenic serotype 1 strains of IBDV (Bayliss
ef al., 1990). It has been hypothesized that the exchange of one amino acid in
the hydrophilic areas 1 and 2 results in an antigenic drift (Schnitzler et al., 1993).
More exchanges may result in serotype 1 variant strains (Heine et al., 1991).
Replacement of four amino acids with the concomitant loss of hydrophilicity in
hydrophilic region 1, and particularly in region 2 may result in antigenic shift and
in emergence of a new serotype (Schnitzler ef al., 1983). Vakharia ef al. (1994)
compared the sequences of segment A of three variant strains of IBDV (GLS,

DS326 and Delaware E) with the STC strain and found that the sequences were



very similar to STC in the VP4 and VP3 regions; most of the nucleotide and

deduced amino acid changes occurred in the variable region of the VP2 gene.

1.2.2.2 Segment B Coding Sequence

Between the two genome segment B sequences determined so far of strains
002-73 of serotype 1 and OH of serotype 2, there is an overall nucleotide
sequence identity of 90.7% and an amino acid sequence identity of 96%
indicating very high conservation between the two serotypes (Qian and Kibenge,
1994). VP1, a 90-kDa protein (Azad ef al,, 1985), has been suggested to
circularize both segments A and B by tightly binding to their ends (Muller and
Nitschke, 1987). Calvert ef al. (1991) have demonstrated that VP1 as genomse
linked viral protein (VPg) is attached to the 5§’ ends of both genome segments
of IPNV by a serine-5'-GMP phosphodiester bond. Since IBDV behaved
similarly to IPNV during in vitro guanylylation reactions (Dobos 1993), VP1 of
IBDV is presumed to be linked to the guanine residue at the &' terminus. The

exact amino acid involved in the linkage has not yet been identified for IBDV.

1.2.2.3 Noncoding Sequences of iBDV

It is not known whether the terminal sequence information of the IBDV genome
is complete. The nucleotide sequences of the genome segments A and B
obtained so far may not represent the complete genomic RNA sequence since

both 5 and 3' terminal ends are not yet identified. The cDNAs used for



sequencing were synthesized with random hexanucleotides derived from calf
thymus DNA as primers and it is possible that the terminal sequences were not
present in these cDNA libraries. Even by direct RNA sequencing using specific
primers which primed at terminal sites in the available DNA sequence, it was not
possible to extend the sequence analysis to the terminal ends of genome
segment B of IBDV straiin 002-73 (Morgan et a/., 1988). This may have been
due to inaccessibility of the termini of the viral RNA molecules because of VPg

at the terminal ends.

Generaily, the noncoding sequences of the genomes of many RNA viruses are
of substantial interest as they contain several important regulatory elements.
These include signals for replication (Kuge et al.,, 1987; Niesters et al., 1990:;
Rohll et al., 1994), transcription (Schubert ef al., 1981; Shaad et al., 1993),
translation initiation (Jang et al., 1988; Fukushi et al., 1994; Levis et al., 1993;
Pelletier et al., 1988, Perdue et al.,1982; Svitkin et al., 1988), assembly and
encapsidation (Blumberg et al., 1983; 1991; Zou and Brown, 1992) and promoter
sites for polymerase binding and initiation of transcription (Keene et al., 1981,

Fodor et al., 1993; 1994).

In some viruses the consensus sequences in the 5'- and 3'- noncoding regions
are functionally important for the phenotype of the viruses. Of interest in this

respect are nucleotide positions 10-34 in the §' noncoding region of poliovirus



PV2. They have a potential to form a stable stem and loop structure and a
deletion of base 10 in this region destabilizes this structure resulting in a mutant
virus with the temperature sensitive phenotype (Sarnow et al, 1986). The
virulence or the attenuation of virulence has also been attributed to the
conservation of certain nucleotide residues in the non-coding region of viral
genomes (Almond, 1987; Pilipenko et al., 1989; Lipton et al., 1991; Macadam et
al., 1991, Kuhn et al., 1992, Lawrenz-Smith et al., 1994; Westrop et al., 1989).
The comparison of the nucleotide sequences of vaccine strains of poliovirus with
those of the parental strains showed that there are several base substitutions
scattered along the entire genome. Among the mutations identified as being
important, those that are located in the middle of the 5-untranslated region
surrounding nucleotide positions 472-480 were reported to be invoived in
attenuation of neurovirulence (Evans et al.,, 1985, Muzychenko ef a/., 1991;
Pilipenko et al,, 1989). Since the noncoding sequences are involved in the
regulation of a number of virus specific functions, determining the complete

genome sequence of IBDV is essential.

1.2.3 Replication

Replication of IBDV takes place within the cytoplasm. The virion associated
dsRNA dependent RNA polymerase, VP1 (Spies et al, 1987), acts as viral
replicase as well as transcriptase. Based on the observation of a template-

specific sequential addition of guanosine residues to VP1 to form VP1pGpG



complexes, it has been suggested that VP1 may also act as a primer during
initiation of viral * »ynthesis (Dobos, 1993; 1995) similarly to VPgs in other
viruses (Salas, 1= . In vitro single-stranded (ss)RNA synthesis studies using
IPNV have shown that the viral RNA polymerase synthesizes virus ssRNA by a
semi-conservative strand displacement mechanism, whereby the nascent strand
displaces one of the parental strands (Spies ef al., 1987; Mertens et al., 1982;
Bernard, 1980). Two genome length mRNA transcripts are made that are
translated into five different proteins. It has also been shown that the
transcription of birnaviruses can be initiated when the virus has penetrated the
host cell without any need for uncoating or degradation of the capsid (Spies et

al., 1987).

The reassortant IBDV isolates containing segment A from the virulent serotype
1 strain Cu-1 and segment B from the non-pathogenic serotype 2 strain 23/82
were shown to be non-lethal and exhibited only slight bursal lesions similar to
those caused by some vaccine strains. This shows that both genome segments
of a virulent strain are essential for optimal viral replication in chickens (Muller

et al., 1992).

IBDV is able to replicate and cause cytopathic effect (CPE) in primary cell
cultures of chicken origin including chicken bursal lymphoid cells, chicken

embryo kidney (CEK) and chicken embryo fibroblast (CEF) cells. The virus has
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also been adapted to grow in several mammalian continuous cell lines such as
Vero cells derived from African green monkey kidney (Lukert et al., 1975), BGM-
70 derived from baby grivet monkey kidney (Jackwood et al., 1987) and QT35,
a quail fibroblast cell line QT35 (Cowen and Braune, 1988). IBDV specific
polypeptides have been identified in chicken bursal lymphoid cells as early as
90 min after infection and mature viral polypeptides have been demonstrated in
the culture supernatant 6 h after infection. Because of a more extensive phase
of maturation and less tendency to produce defective interfering particles
(Kibenge ef al., 1988a), higher yields of virus for experimental studies were
obtained when the virus strains were grown in Vero cells than in CEK cells

(Kibenge ef al., 1988D).

1.2.4 Disease

IBDV infected chickens less than 3 weeks of age usually do not exhibit clinical
signs but are immunosuppressed whereas those between 3 and 6 weeks of age
show characteristic gross and microscopic bursal lesions. The lymphoid cells
and macrophages in the gut carry the virus to the bursa of Fabricius, which
increases in size due to inflammation followed by atrophy (Muller et al., 1979).
Some of the recent field isolates of IBOV, which are antigenic variants of
serotype 1, do not induce inflammation but bursal atrophy due to destruction of
lymphocytes (Snyder, 1990; Lukert & Saif, 1991). Vasconcelos and Lam (1994)

studied this unusual phenomenon in-vitro using IBDV infected chicken peripheral
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lymphocytes and found features typical of apoptosis (Cchen, 1991; Jeurissen et
al., 1992). These findings suggest that IBDV, in addition to causing necrosis,
can also induce apoptosis in avian lymphocytes. Recently, chickens infected
with some of the highly virulent Japanese strains have been shown to develop
not only bursal lesions but also thymic and bone marrow lesions (Tsukamoto et
al., 1992). Inoue et al. (1994) found that the depletion of cortical thymocytes is
due to apoptosis following infection with a highly virulent Japanese IBDV strain

HPS-2.

1.2.4.1 Immunosuppression

Infection with IBDV at an early age significantly affects both humoral and local
immune responses of chickens (reviewed by Saif, 1991). The virus seems to
have a predilection for actively proliferating cells such as the immature or
precursor B cells (Sivanandan and Maheswaran, 1980b). Infection causes
severe necrosis, lymphoid depletion, and subsequent immunosuppression.
Adverse effects on the local immune system of chicks 1 to 5 days of age,
following IBDV infection have also been reported with significant reduction in
plasma cells in the harderian gland of chicks (Dohms ef al., 1988). Nusbaum &t
al. (1988) observed a less severe effect on cell-mediated immune responses
such as suppression of T-cell response. No consistent effect on natural Killer
cells (NK) cell activity has been detected (Sharma and Lee, 1984). Other

mechanisms of immunosuppression such as the development of suppressor cells
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in the spleen of infected chicks have also been suggested (Sharma et al.,

1989b).

1.2.4.2 Antigenic and Virulence Characteristics

IBDV capsia proteins VP2 and VP3 contain epitopes that determine group
antigenicity (Becht et al, 1988) which can be detected by the agar gel
precipitation test and the fluorescent antibody test. In addition, VP2 contains the
serotype-specific antigens responsible for inducing virus neutralizing antibodies.
Among IBDV strains, sequence analysis of the VP2 region of genome segment
A has revealed considerable variation between amino acid residues 206 to 350
(Bayliss et al., 1990; Havarstein et al, 1990; Kibenge et al, 1990). This
hypervariable region, about 151-152 amino acid residues long (Kibenge et al.,
1991) encodes the conformation dependent epitope recognized by VN MAb
17/82 (Azad ef al., 1987) and the serotype-specific epitope of IBDV (Becht et al.,

1988).

Since 1985, antigenic shift in IBDV field populations has been recognized with
the isolation of variant strains Delaware E (E/Del) (Rosenberger ef al., 1985),
GLS and DS326 variant strains (Snyder et al,, 1988c). It has been found that
these strains are not only antigenic variants, but are also pathotypic variants and
differ from standard strains in causing an extremely rapid bursal atrophy without

severe inflammation, haemorrhage or edema of the bursa of Fabricius. Infection
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with these strains rarely cause mortality. Splenomegaly is a common feature of
infection with these virus variants (Snyder, 1990). The pathogenic viruses
isolated in the United States which cause classical Gumboro disease lesions (i.e.
mortality, haemorrhagic bursas, edematous and yellowish discolouration of bursa
of Fabricius) and all commercial vaccines derived from these standard virus
strains carry the neutralization epitope defined by MAb B69. But the "virulent
antigenic and pathotypic variants" (GLS, E/Del and DS326) do not carry the
epitope defined by MAb B69. Vakharia ef al. (1994) have shown that most of
the amino acid substitutions in the US variants (GLS, DS326 and E/Del) occur
in the central region between residues 212 to 332, especially in the two

hydrophilic regions between residues 212-223 and residues 314-324 of VP2.

Recently "very virulent™ (VV) strains of IBDV have been reported in Netherlands
(Box, 1989), Great Britain (Chettle et al., 1989), Belgium (Van Den Berg ef al.,
1991), Germany (Oppling et al., 1991), and France (Enterradossi et al., 1992).
In France, mortality rates close to 70% have been reported in broiler and pullet
flocks. These strains cause bursal lesions and inflammation typical of standard
strains of IBDV, do not show changes in antigenicity and carry the B69 epitope
found on all standard strains (Snyder, 1990), but differ from the standard strains
in causing high mortality rates. These variant strains could be referred to as
"very virulent" pathotypic and nonantigenic variants to differentiate them from the

"very virulent" pathotypic and antigenic varian.ts of the United States (strains
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GLS, E/Del and DS326). However both types are alike in causing infection even
in presence of protective maternal antibody against the standard strains (Chettle
et al., 1989). Since the latter part of 1990, acute cases of IBD with more than
50% mortality in layer flocks have been reported in Japan (Nunoya et al., 1992
Tsukamoto et al, 1992, Lin et al., 1993) caused by strains similar to the

European "very virulent" strains.

By comparing 582 bases in the VP2 coding region, Brown et al. (1994) found
that the '"very virulent" UK isolates were closely related to each other, but
differed by at ler.st four amino acids from the standard strains. On the other
hand, the UK isolates were very similar to a highly virulent Japanese isolate with
no amino acid changes in the VP2 coding region. Lin et al. (1993) has
suggested that the prevailing highly virulent strains of IBDV in Japan might have
originated from the "very virulent” European strains of IBDV, possibly in the
imported attenuated IBDV vaccines. In the highly virulent Japanese isolates, Lin
et al. (1993) identified specific amino acid exchanges at two positions (position
2 and 74) within the variable region but there were no common amino acid

substitutions associated with the virulence of the virus.

Among some American strains, a 14-amino acid segment containing 11 amino
acid mismatches between the non-pathogenic serotype 2 OH-IBDV and

pathogenic serotype 1 strains were observed in the first hydrophilic area of VP2
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that may correspond to the serotype-sperific antigenic site aséociated with
virulence (Dybing, 1992). Serotype 2 OH-IBDV also lacks the conserved amino
acid sequence motif, S-W-S-A-S-G-S (Bayliss et a/.,1990) found in the VP2
region of all virulent strains. However, mutations present in other parts of the
viral genome such as the noncoding regions may also contribute to the virulence
of IBDV especially of the recently emerging pathotypic variants but this remains

to be determined.

1.2.4.3 Control of IBDV

Traditionally a combination of live and inactivated vaccines have been used in
the parent breeder flocks to induce the production of high levels of maternal
antibody in the broiler progeny (McFerran et al., 1981, Wyeth and Chettle, 1990).
The maternal antibody prevents early infections thereby eliminating
immunosuppression. However, since 1988, highly virulent strains of IBDV have
emerged and are becoming a major praoblem in the poultry industry. Therefore,

the need for developing newer vaccines has become crucial.

With increased knowledge in the molecular structure and immunology of IBDV,
better attenuated and genetically engineered vaccines are being continuously
developed. Structural protein genes of IBDV have been expressed in fowlpox
and baculovirus-vector systems. VP2 from a virulent IBDV strain 52/70, has

been expressed as a fB-galactosidase fusion protein in a recombinant fowlpox
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virus, fpIBD 1, and shown to protect against mortality, but not against damage
to the bursa of Fabricius (Bay'iss ef al, 1991). Recombinant FPV-VP2
containing the VP2 encoding region under the control of the fowlpox early/late
promoter inserted immediately downstream of the thymidine kinase gene was
expressed in chicken embryo skin cells (CES) and a significant level of
protection was provided by FPV-VP2 when challenged with IBDV strain 002-73,
although the level was lower than the protection provided by an oil adjuvanted

inactivated whole IBDV vaccine (Heine and Boyle, 1993).

Baculovirus-derived IBDV antigens were found to confer 79% protection against
subclinical IBDV infection. The entire structural protein genes (the large ORF),
of variant strain GLS, were expressed using a recombinant baculovirus viIBD7
(Vakharia et al., 1993; 1994). A chimeric cDNA clone of the large segment A of
GLS, encading VP3, VP4 and the VP2 modified to encode the B69 epitope, has
been expressed in a recombinant baculovirus. This subunit vaccine has been
found to confer active protection to specific-pathogen free chickens against
virulent challenge with the standard IM and STC strains as well as against the

variant E/Del and GLS IBDV strains (Snyder ef al., 1994).

The ability of many of the recombinant vaccines described above to induce high
titer, long lasting VN antibody responses in hens primed by an injection of

subunit vaccine would result in the protection of their progeny for many weeks
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after hatching. Recombinant proteins used in these studies can also be
produced relatively cheaply. Yet these vaccines have to be constantly modified
for production of the VP2 of variants of IBDV since highly virulent variant field
strains are emerging. Unfortunately, some of these variant strains do not even
exhibit significant antigenic shift and the molecular basis for their variation is not

clearly understood.

Another major concern with the subunit vaccines is that the immune response
induced by them is so specific that they may exert a selective pressure on the
wild virus, resulting in even more antigenic variants (Kibenge et al., 1988a). Also
there are other limitations as to the duration and magnitude of the immune

response and the cost and convenience of administering these vaccines.

With the better understanding of the molecular basis of virulence and recent
advances in recombinant DNA technology (Chanock, 1982), it is possible to
construct modified viruses with defined mutations (Kit ef al., 1985) that are safe
and immunogenic. For developing such genetically engineered viruses for
control of IBDV infection, it is essential to identify parts of IBDV genome that are

likely to contain the virus virulence determinants and regulatory eiements.
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1.2.4.4 Diagnosis of IBDV

Despite improved vaccination programmes, outbreaks of IBD still occur. Prompt
and early diagnosis of IBD in commercial poultry operations is important for
effective control. Methods generally employed for IBDV diagnosis include
detection of antibodies by agar gel precipitation, VN, ELISA and fluorescent
antibody staining (Lukert and Saif, 1991; Rosenberger, 1989; Snyder et al.,
1988; Lee ef al, 1992). With increased knowledge of sequence data of the
IBDV genome of various isolates, more sensitive and rapid methods are
becoming available using either radiolabeled (Jackwood et al., 1989, Kibenge,
1992) or nonisotpic labeled (Jackwood et al., 1990, Lee et al, 1992) cDNA
probes. The polymerase chain reaction (PCR) also provides extremely sensitive
methods for IBDV diagnosis (Wu et al., 1992; Lee et al., 1992,1994; Stram et al.,
1994). For developing rapid and effective control strategies, it is also important
to determine the subtype specificity of IBDV. Jackwood and Jackwood (1994)
have reported that it is possible to differentiate some antigenic variant strains of
IBDV from the standard strains by PCR amplification of a relatively conserved
sequence region of VP2 followed by restriction analysis. The variant strains
(variant A, MD and 1048E) were found to have a unique pattern of restriction

sites not present in standard strains like STC, 52/70, PBGS8, Cu-1 and 002-73.
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1.3  Nucleotide Sequencing Methods Used for IBDV

Analysis of the IBDV genome in relation to gene expression and antigenic
diversity has been facilitated by the availability of improved sequencing
techniques. The dideoxy-chain termination sequencing method (Sanger et al/.,
1977b) using the modified bacteriophage T7 DNA polymerase (Tabor and
Richardson, 1987) has been most commonly used. This method is simpler and
faster than the Maxam and Gilbert chemical sequencing method (Maxam and
Gilbert, 1977). Bayliss ef al. (1990) have used Maxam and Gilbert chemical
degradation method in addition to the dideoxy-chain termination method to

determine the sequence of IBDV strain 52/70.

Regardless o the method used for sequence analysis of IBDV, the dsRNA
genome was first converted into cDNA. For this, the first strand cDNA was
initially synthesized from denatured dsRNA by extension of random primers with
reverse transcriptase. Second strand cDNA synthesis is with DNA polymerase
| (Gubler and Hoffman, 1983). Kibenge et al. (1991) ligated the ds cDNA into |
the Psti site of plasmid pUCS via GC-tailing, followed by transformation of
competent E.coli cells (Sambrook et al/, 1989). [IBDV specific cDNA clones
identified by colony blot hybridization were subsequently analyzed for plasmid
size. The sequencing was carried out on plasmid DNA isolated from selected
clones until the complete ORFs of genome segments A (Kibenge et al. 1991)

and B (Dybing, 1992) were obtained from overlapping cDNA inserts. Bayliss et
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al. (1890) also used random primers to construct the cDNA clones. The
sequences at the &' end of the coding strand of the strain 52/70 were determined
by primer extension and Maxam and Gilbert sequencing method. Yet Bayliss et
al. (1990) were unable to identify unambiguously the extreme terminal end
nucleotides. Vakharia et al. (1992) amplified the large genome segment A of the
two IBDV variant strains, DS326 and E/DEL, by PCR using specific primers that
are homologous to the conserved regions of variant strain GLS and cloned the
cDNA into a pCR 1000 vector for sequence analysis. The sequence of the
variant GLS strain was initially obtained from clones made by random priming
of reverse transcription and standard cloning procedures. None of the protocols
used to date resulted in isolation of clones containing the complete terminal

sequences of the genome segments.

Generally, it has been difficult to determine the 5" and 3’ terminal sequences.
The terminal cDNA clones are missing in the cDNA iibraries either due to
premature termination of the reverse transcriptase or due to the presence of
extended secondary structures in the terminal regions or simply because of
insufficient amounts of high quality RNA molecules to start with. Incomplete
removal of VP1, the genome-linked viral protein, from the terminal ends of IBDV

might also have resulted in viral RNA molecules with inaccessible termini.
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1.3.1 Improved Methods for Terminal Sequence Determination

Many improved methods for determining terminal sequences are becoming
available. Various modifications of RNA-PCR based primarily on reverse
transcription of RNA followed by PCR (RT-PCR or RNA-PCR) (Hultman et al.,

1989) have been employed to determine the terminal sequences of genes.

For rapid amplification of cDNA ends (RACE), anchor sequences can be added
to single-stranded cDNA either by homopolymeric tailing with terminal
transferase or by ligating oligonucleotides to the cDNA with T4 RNA ligase.
Such anchor sequences then serve as suitable primer binding sites for
subsequent PCR (Edwards ef al.,, 1991). The tailing of the 3’ ends of ssRNA
is carried out with E. coli poly(A) polymerase. It is then reverse transcribed to
cDNA with oligo (dT),, primer and reverse transcriptase. The resulting cDNA is
subsequently amplified by PCR with oligo (dT),, and a sense primer. The 3' end
can alee be tailed with poly(C) using terminal deoxynucleotide transferase and
further PCR amplification can be carried on the tailed template using gene-
specific primer from the known terminal viral sequences along with an oligo
(dG),,.4g pPrimer (Christ, 1992). For determining the §' end of Hepatitis C virus
(HCV), it was initially tailed with dATP by calf thymus terminal deoxynucleotide
transferase. It was then reverse transcribed and ampiified by PCR with oligo
(dT),, and an antisense primer deduced from the &' noncoding regions of HCV

isolates (Okomoto et al., 1991).
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It is also possible to anchor an RNA molecule to a linearized plasmid DNA and
to advance initiation of cDNA synthesis by reverse transcriptase (Musller et al.,
1993). Briefly, ssRNAs ending with 3' OH group are covalently linked to the 5'
monophosphate overhang of an EcoRlI linearized vector DNA by T4 RNA ligase.
The cDNA synthesis is then directly initiated at the 3' OH group of the restriction
site by reverse transcriptase. PCR amplification of the cDNA product is further
carried out with a specific vector plus-strand primer and a 5’ terminally labeled
primer complementary to the 3’ region of the cDNA product, using Tag DNA
polymerase. The resulting PCR product is then directly sequenced with a

nested, vector specific plus-strand primer using T7 DNA polymerase.

A protocol that is considered to be particularly useful for the analysis of terminal
sequences of RNAs that are otherwise difficult to obtain involves circularization
of RNA molecules by ligation of the 3' and &' ends of the viral genomic RNA
strands using T4 RNA ligase (Romaniuk and Uhlenoeck, 1983) followed by
cDNA synthesis. PCR amplification (Saiki ef al., 1988) across the ligated 3'-5'
end junction is then carried out using two specific primers, one from the avail_ble
5" sequence and the other from the available 3' sequence, flanking the ligated
sequences containing the unknown terminal region (Ochman et al., 1990). The
PCR products are subsequently cloned and sequenced by dideoxy-chain
termination method (Sanger et al., 1977). Termini of many closely related RNA

molecules can be determined by using the same set of primers.
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In the past few years, variations of such a protocol have been successfully used
to obtain the terminal sequences of single-stranded RNA of flavivirus (Mandl et
al., 1991), pestivirus (Brock et al., 1992) and arterivirus (Chen et al., 1994). The
genomic RNA of many of these single-stranded positive RNA viruses carry a
type 1 cap structure (m’GpppAmp) at its 5 ends. The capped end of the
genomic RNA was removed using tobacco acid pyrophosphatase (TAP), leaving
a 5 monophosphate for ligation by T4 RNA ligase to the 3' OH end. The
genomic RNA thus circularized or tandemly ligated was then heat-denatured,
reverse transcribed and amplified across the ligated ends by PCR. For PCR, a
set of primers selected from the available sequences bracketing the unknown
terminal sequences were used. Widmer (1994) also determined successfully the
terminal sequences of single segmented, double-stranded RNA genome of
Leishmania RNA virus (LRV1) by using the same protocol as above with slight
modifications. Since the genomic dsRNA is not capped, TAP was not used. To
date none of the researchers have adapted this novel protocol of 3'-5' end
ligation to obtain the terminal sequences of segmented RNA viruses containing
more than one genomic segment And particularly of double-stranded segmented
RNA viruses such as reoviruses, rotaviruses and birnaviruses. Of particular
interest in the present study are the terminal sequences of bisegmented double
stranded RNA genome of IBDV. Furthermore, the genome segment A and B of
IBDV and a closely related member of the same group IPNV are rather unique

when compared to other segmented dsRNA viruses, in having a viral protein
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VP1 attached to their terminal ends (Muller and Nitschke, 1987; Calvert et al.,

1991; Dobos, 1993). Hence, in the present study the protocol of 3'-5 end

ligation was adapted, appropriately modified and developed further to obtain the

terminal sequences of genome segments A and B of IBDV. Moreover this

method was considered to be the method of choice for determining terminal

sequences since both 5 and 3’ terminal sequences would be obtained

simultaneously.

1.4

Research Objectives

To determine the terminal sequences of genome segments A and B of six
strains of IBDV by 3'-5' end ligation; four strains of serotype 1 and two
strains of serotype 2;

To compare these nucleotide sequences and to identify their 5 and 3
ends;

To analyze the terminal sequences for blocks of conserved sequences
that may contain regulatory signals important In viral replication,
specifically to find any structures that may be associated with virus
specific functions.

To establish the complete nucleotide sequence of IBDV strain OH, for
both segments A and B by finding the missing extreme terminal

sequences.
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2. MATERIALS AND METHODS

21 Viruses

Six IBDV strains were used in the present study (Table 1). Strains SK140a, QC-
2, IN and GLS are of serotype 1 whereas OH and SK9 are of serotype 2. The
eleventh cell culture passage of the OH strain was kindly supplied by Dr. Y. Saif
of Ohio State University and the third cell culture passage of the IN strain was
kindly supplied by Dr. A. Silim, University of Montreal, St.Hyacinthe. OH-IBDV
is nonpathogenic in chickens (lsmail et al.,1988) and was originally isolated from
a turkey flock in Ohio (Jackwood ef al., 1982). The IN strain is a serotype 1
antigenic variant that was isolated from a large commercial layer flock in Indiana
(lsmail et al., 1990) which had adequate levels cof maiernal antibodies at hatch
to standard |BDV and was vaccinated with a live IBD commercial vaccine (strain
UV) at 28 and 35 days of age. Strains SK140a and SK9 were field isolates
obtained in the second egg passage from Sackville Animal Pathology
Laboratory, Sackville, New Brunswick. Strain GLS is a variant of serotype 1
which was kindly provided by Dr. J. Giambrone, Auburn University. Strain GLS
is characterized by the absence of MAb-defined neutralizing sites R63 and B69,
present on all standard IBDV strains and considerable economic losses have
been reported since its emergence (Snyder ef al., 1992). Strain QC-2 was kindly
supplied by Dr. A. Silim, University of Montreal, St. Hyacinthe. It was isolated

in Quebec from the bone marrow of commercial layer flocks showing respiratory
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Table 1. List of Selected IBDV Strains

Strain Serotype Reference

OH _—T Jackwood_et al. (1982)
SK9 2 Kibenge, (1992)
SK140a 1 Kibenge, (1992)

QC-2 1 Reddy et al. (1991b)
GLS 1 variant Snyder et al. (1988c)
IN 1 variant Ismail et al. (1990)
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symptoms. Strain QC-2 was found to induce low B89 neutralization titers

(Reddy et al., 1991b).

2.2  Virus Propagation

Monolayers of Vero cells (American Type Culture Collection, Rockville, Madison,
USA) were treated with 1 ml of 0.25% trypsin for 5 min at 37°C and the desired
number of cells were seeded into 25 ml tissue culture flasks. Growth medium
contained Eagle’'s minimum essential medium (EMEM), 10% inactivated fetal
bovine serum (FBS), 100 1.U. penicillin/ml, 100 ng streptomycin/ml| and 25 units
of mycostatin/ml. The flasks were incubated at 37°C in a humidified 5% CO,-in-
air atmosphere incubator until the monolayer was confluent. After discarding the
medium, the monolayer was inoculated with 10* median tissue culture infective
dose (TCID,,) of IBDV in 0.1 ml of EMEM. The inoculated culture was incubated
at 37°C for 1 h to adsorb the virus onto the cells. Maintenance medium (same
as growth medium with FBS reduced to 2%) was subsequently added and
incubated for approximately &-7 days. The cultures were examined
microscopically every day until complete cytopathic effect (CPE) was manifest

(Kibenge et al., 1988).

2.3 Extraction of dsRNA
The dsRNA was extracted using the method of Jackwood ef al. (1989) with

minor modifications. Briefly, the cells from infected cultures were disrupted by
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freezing and thawing three times and the cell suspension was céntrifuged at
3,200 g in Beckman rotor GH 38 for 20 minutes at 4°C to remove the cell
debris. The virus in the resulting supernatant was pelleted by ultracentrifugation
at 141,000 g using Beckman rotor SW 28 for 6 h at 4°C to yield partially purified
virus. The viral pellets were then digested with proteinase K (GIBCO BRL,
Canada) at a final concentration of 2.0 mg/ml in presence of 0.5% sodium
dodecyl sulfate (SDS) (Boehringer Mannheim, Laval, PQ) at 37°C for 2 h to
release the virus dsRNA. The dsRNA was extracted with phenol-chioroform and
ethanol precipitated in presence of 3 M sodium acetate (pH 5.2). Any
contaminating DNA was removed by treatment with RNase free DNase |
(Pharmacia, Baie d'Urfe, PQ) at a concentration of 100 units/mg of total nucleic
acid for 1 h at 37°C. It was again phenol-chloroform extracted and ethanol
precipitated. The RNA pellet was suspended in TSE buffer (50 mM Tris, 0.1 M
NaCl, 1 mM EDTA, pH 6.9) containing 35% ethanol. The dsRNA was separated
from any contaminating ssRNA by passing the solution in a CF-11 cellulose
column (Mellor et al,, 1985). For this, a 5§ ml syringe plugged with silicone-
treated glass wool was filled with sterile CF-11 cellulose powder (Whatman
Biosystems Ltd, England). The sample was loaded on top of a hydrated column
and ssRNA was eluted first by washing twice with 5 ml portions of TSE buffer
containing 15% ethanol. The dsRNA was then eluted with 4 ml of TSE buffer
without ethanol and precipitated with 2.5 vol of cold absolute ethanol and 0.1 vol

of 3 M sodium acetate (pH 5.2).
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2.4 Purification of IBDV Segments A and B

For each viral strain used, the two viral RNA segments were separated by
electrophoresis in 1.2% low melting agarose gel at 120 V for 2 h. The ethidium
bromide stainec bands (segments A and B) were cut out separately and purified
as described by Favre (1992). Briefly, the tubes containing the weighed gel
slices were placed in a 65°C water bath for 10 min after adding an equal volume
for weight of TE buffer (10 mM Tris-HCI, pH 8.0, 1mM EDTA). The melted
agarose solution was extracted twice with 1 vol of Tris-buffered phenol at room
. temperature and the aqueous phase was again extracted with 0.1 vol of 4 M
lithium chloride at 4°C. The supernatant was subsequently transferred to a new
tube and 1ul containing 20 mg/mi glycogen solution (Boehringer Mannheim) was
added as a carrier molecule in order to improve the final yield of recovered
dsRNA. The dsRNA was precipitated with 2.5 vol of cold ethanol in the
presence of 0.1 vol of 3 M sodium acetate (pH 5.2) at -70°C overnight. The

pellet was washed with 70% ethanol and dried in vacuum.

2,5 Preparation of 5’ Ends for Ligation

The proteinase K digestion was carried out as described by Muller and Nitschke
(1987a) with modifications, in attempts to remove any residual VP1 sticking to
the ends of genome segments A and B. A 100 gl reaction volume consisted of
0.1 M Tris-HCI, pH 7.5, 160 mM NaCli, 12.5 mM EDTA, 1% SDS and 20 pg of

proteinase K, and was incubated at 37°C for 30 min. The reaction mixture was
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extracted with phenol-chloroform and dsRNA was ethanol precipitated from the

aqueous phase and dried under vacuum as before.

Phosphorylation of any available 5'-OH group at the terminus cf viral RNA
(segments A and B) was carried out by polynucleotide kinase reaction according
to the manufacturer's instructions (USB, Cleveland, Ohio, USA). The enzyme
T4 polynucleotide kinase catalyzes the transfer of the phosphate group from ATP
to a §-OH group at the terminus of an RNA or DNA molecule (Richardson,
1981). A 10 gl reaction mixture containing 1-3 ug of viral RNA, 0.5 mM ATP
and 6 units of T4 polynucletide kinase was incubated at 37°C for 30 min and

then inactivated by heat at 65°C for 5 min.

2.6 Ligation of Viral RNA

Immediately following the phosphorylation reaction, the individual viral RNA
segments containing the unknown sequences at the terminal ends were ligated
using T4 RNA ligase (USB). T4 RNA ligase catalyzes the ATP dependent
formation of phoshodiester bonds between the §' phosphoryl group of a donor
molecule and the 3’ hydroxyl group of an acceptor molecule, either intra- or
intermolecularly (Romaniuk and Uhlenbeck, 1883). A 20 gl reaction mixture
consisting of 50 mM Tris-HCI, pH 7.5, 10 mM DTT, 1 mM ATP, 60 pg/mi BSA,

and 31 U of enzyme was incubated at 17°C overnight and the ligated viral RNA
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was then extracted with phenol/chloroform, ethanol precipitated and resuspended

in diethylpyrocarbonate (DEPC)-treated water prior to further use.

2.7 Primer Directed cDNA Synthesis

The segments A and B dsRNA from ligated reactions described above were
used as templates for cDNA synthesis with IBDV-specific primers. The
sequences of the oligonucleotide primers used are shown in Table 2. They were
designed from sequence information of OH-IBDV segments A (Kibenge et al.,
1991) and B (Dybing, 1992) by using the Primer Detective computer program
(Version 1.01, Clonetech Labs, USA) and were purchased from either the
Regional DNA Synthesis Lab, University of Calgary, Alberta, or from Bio/Can

Scientific Inc., Mississauga, Ontario.

The segments A and B dsRNA from the ligated reactions were separately
denatured in 90% dimethyl sulphoxide (DMSO) (Qian and Kibenge, 1994) at 65°
C for 90 min, chilled on ice immediately and the ssRNA was precipitated with 2.5
vol of cold ethanol in presence of 0.1 vol of sodium acetate. The cDNA
synthesis was carried out following the manufacturer's protocols with the
TimeSaver™ cDNA Synthesis Kit (Pharmacia) with slight modifications. Two
specific primers SA05 and SAQ06 (Table 2) for seament A, and SB02 and SB03
(Table 2) for segment B were used. Since each viral dsRNA yielded two

templates following denaturation in 90% DMSO,‘ 5" and 3' terminal ends of both
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Table 2. The Oligonucleotide Primers Used in the Viral cDNA
Synthesis

Mame and size of primer Sequence Location
SAO05 (20 mer) (sense) 5'GCCTAAAGTCCCCATCCATG | 2179-2198"
SA06 (20 mer) (antisense) 5TCTCGATTTGCATGGGCTAG 1520-1539"
SB02 (20 mer) (antisense) 5'CGAGTTGCTTGTCCCATGTA 594-6137
SBO3 (20 mer) (sense) 5'CTTCGCCATGAACATTGCCC 1454-14732

'The location refers to map positions on genomic segment A sequences of
IBDV strain OH (Kibenge et al.,1991)

’The location refers to map positions on genomic segment B sequences of
IBDV strain OH (Dybing, 1992)
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(+) and (-) strands were amplified. Briefly, the DMSO denatured RNA was
heated at 65°C for 10 min prior to cDNA synthesis and chilled immediately on
ice. For segment A, 1yl each of 20-mer oligonucleotide prirners SA05 and SA06
were used as specific reverse transcription primers at an approximate
concentration of 25 M in a 50 gl first strand reaction mixture. The reaction
mixture contained in addition deoxynuclectide triphosphates (dATP, dGTP, dCTP
and dTTP), bovine serum albumin (BSA), RNAsin, murine reverse transcriptase
and dithiothreitol (DTT) in Tris-HC! buffer and was incubated at 37°C for 1 h.
The first strand cDNA was initially synthesized from denatured IBDV dsRNA by
extension of specific primers with reverse transcriptase. At the end of the
incubation period, the contents were transferred to a second reaction mix
containing E.coli DNA polymerase |, E.coli RNase H and deoxynucleotide
triphosphates (dNTPs) and incubated at 12°C for 30 min and subsequently at
22°C for 1 h. The RNA templates were degraded by RNase H and cDNA was
synthesized with DNA polymerase | in the second strand reaction mix. Samples
of ds cDNA synthesized were extracted with phenol chioroform, precipitated with
2 vol of cold absolute ethanol in presence of 0.1 vol of 3 M sodium acetate (pH
5.2) and suspended in 100 gl of water prior to use in PCR. The same procedure
for cDNA synthesis was repeated for segment B using specific 20-mer

oligonucleotide primers SB02 and SB03 (Table 2) in the first strand reaction.
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2.8 Polymerase Chain Reaction (PCR)

A modified method of inverse PCR (Section 1.3.1) was used to generate
sufficient product of ligated terminal regions for molecular cloning. In inverse
PCR, it is possible to amplify unknown DNA sequences lying outside a pair of
primers, if one primer sequence is at the end of the known DNA sequence
(Triglia et al., 1988; Ochman et al., 1988). Instead of primers directing extension
towards each other, the primer sequences are selected in such a way that
extension takes place away from each other. In the modified method used here,
. the terminal ends containing the unknown sequences were ligated. PCR
amplification of the ligated junction was carried out using a set of primers
complementary to the known sequences bracketing the unknown target region.
A linear amplified product was obtained containing the targeted unknown
sequences flanked by known primers. This was cloned into a suitable vector

and subsequently sequenced.

2.8.1 Amplification Across 3’ and 5’ Ends of Viral RNA

The different sets of primers used for PCR amplification of the 3’ and §' ligated
junctions of segments A and B are shown in Table 3. For all the strains except
GLS segment A, two primer pairs, SA08/SA09 for segment A and SB07/SB08
for segment B were used at 0.5 yM concentration. Primers SGA08 and SA09
were selected from the published sequences of segment A of OH strain

(Kibenge ef al., 1991) and primer pairs SB07 and SB08 were designed from the
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Table 3. The Oligonucleotide Primers Used for the PCR
Amplification of IBDV Terminal Sequences

T
Name and size of primer l Sequence | Loeation

SA08 (20 mer) antisense 5'CCTGGAACAAGGCGGTGATT ' M‘m*
SAO9 (20 mer) sense 5TGACGAGGACTTGGAGTGAG 3133-3152°
SBO7 (24 mer) sense 5'CCAAAAAGAGAGCCGCCAATAGCC 2713-2736°
SBO8 (24 mer) antisense 5'CGCCCCTAGTAGCCACGTTAATTC 29-522
SAIl-03 (20 mer) sense 5TGATGAGGACCTTGAGTGAG 3133-3152°%
SAI-04 (20 mer) antisense 5CCTGGAACAAGGCCTTGACG 28-47°

'Location refers to map postions on genomic segment A sequences of IBDV
strain OH (Kibenge ef al., 1991).

%l ocation refers to map positions on genomic segment B sequences of IBDV
strain OH (Dybing, 1992).

% ocation refers to map positions on genomic segment A of IBDV strain GLS
which appear in the GenBank database with the Accession Number M97346
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published sequences of segment B of OH strain (Dybing, 1992) using the Primer
Detective computer program (Version 1.01, Clonetech Labs, USA). For strain
GLS, primer pairs SAI-03 and SAIl-04 a! equivalent positions as primers SA08
and SAQ9 were selected from the published GLS sequence of segment A

(Vakharia et al.,, 1994).

Reaction conditions for PCR were as previously described (Qian and Kibenge,
1994). Briefly, 1-5 4l of cDNA synthesized from ligated dsRNA was used as a
template. PCR was performed in a final 100 gl reaction volume containing 10
mM Tris-HCI, pH 8.8, 1.5 mM MgCl,, 0.1 mM dNTPs, 0.5 uM of each p..mer; 4
units of Tag DNA polymerase (BIO/CAN Scientific Inc., Mississauga, Ontario)
with 100 g mineral oil overlay. Mixtures were subjected in each cycle to the
following temperature parameters: template denaturation at 94°C for 1 min,
primer annealing at 55°C for 30 sec and extension at 72°C for 1 min for a total
of 35 cycles of amplification. A final extension was carried out at 72°C for 10
min to complete the amplification reaction. Ten ul of the PCR products were

loaded onto a 1.5% agarose gel and electrophoresed for 2 h at 100 V.

2.8.2 Subeloning of PCR Products
The PCR products were purified by extraction from the low melting-temperature
agarose gels as described by Qian and Kibenge (1994). They were

subsequently ligated to the pCR™II vector using the TA cloning™ Kit, Version
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2.1 (Invitrogen, San Diege, USA). Enzymatic modification cf the PCR product
to create blunt ends or the use of PCR primers which contain restriction sites is
not required with this kit. The technique is based on the principle that the
thermostable Taqg polymerase used in PCR adds a single A residue to the 3'-
ends of duplex molecules of DNA regardless of the template used. These 3" A
overhangs present in the PCR product are then used to insert the product into
pCR™II vector which contains 5' T overhangs. Complementary A’'s and T’s in the

1-base overhangs facilitate the ligation of insert to the vector (Finney, 1984).

For the ligation with the pCR™Il vector, the reaction was set up at 12°C
overnight at a 1:1-1:3 molar ratio of vector:PCR product as recommended by the
manufacturer. The ligated mixture was subsequently used to transform supplied
E.coli strain INV F' competent cells (Invitrogen). Uptake of plasmid based
recombinant DNA by chemically pre-treated competent cells was carried out by
a short heat-shock treatment at 42°C for 90 sec followed by recovery of cells in
SOC medium (2% bactotryptone, 0.5% bacto yeast extract, 10 mM NaCl, 2.5
mM KCI, 10 mM MgCl, 10 mM MgSO, and 20 mM glucose) and shaking at 225
rpm for 1 h at 37°C. The transformants were then plated on YT agar plates
(0.8% bactotryptone, 0.5% bactoyeast extract, 0.5% NaCl and 1.5% agar)
containin 50 gg/ml ampicillin and 0.005% X-gal (5-bromo-4-chloro-3-indolyi-g-D-
galactoside). Since the cloned DNA was inserted into EcoRI restriction site

within the lacZ gene of the vector, disrupting the reading frame of the lacZ gene,
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the recombinants were amp’ lacZ and formed white colonies whereas the
nonrecombinants were amp’ /acZ® and formed blue colonies by cleaving the
substr- e X-gal by the enzyme galactosidase encoded by the lacZ gene. White

colonies containing the recombinant plasmids were selected for further analysis.

2.8.3 Screening for Recombinant Plasmids

Selection of white colonies carrying the recombinant plasmids was done by
eitner one of the following two methods. In the first method, plasmid DNA
isolation was carried out from selected white colonies, followed by restriction with
EcoRl. The size of the inserts were then identified by 1.5% agarose gel
electrophoresis. In the second method, the direct PCR screening of cDNA
clones (Sandhu et al, 1989) was done. For this, specific primer pairs
SA08/SA09 for segment A and SB07/SB08 for segment B (Table 3) were used.
Briefly, the putative recombinant colonies were touched with the tip of a sterile
micropipette and resuspended in the PCR mix which was heated at 100°C for
10 min to lyse the bacterial cells and denature the DNA. They were
subsequently cocled to room temperature to allow the primers to anneal followed
by 25 cycles of PCR with Tag polymerase and the reaction products were

examined by 1.5% agarose gel electrophoresis.
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2.9 Plasmid DNA isolation

The selected recombinant plasmids containing the inserted DNA were isolated
from the host E.coli cells in sufficient quantity and purity for sequencing. For
this, the alkaline lysis method (Birnboim and Doly, 1978) as modified by Kibenge
et al. (1990) was used. Briefly, cells picked from plates streaked with single
colonies were inoculated into 50 ml of 2X YT broth (0.1% bactotryptone, 0.1%
yeast extract, 0.05% NaCl) containing 100 gg/ml ampicillin and grown overnight
with vigorous shaking at 37°C. Harvested cells were lysed by treatment with
. lysozyme-EDTA followed by SDS-NaOH treatment. RNase A (Pharmacia, Baie
d'Urfe, PQ) was subsequently added (5 mg/ml) to remove any contaminating
cellular RNA. The cellular proteins were precipitated with 7.5 M ammonium
acetate. Plasmid DNA was recovered from the supernatant by ethanol
precipitation. The pellet resuspended in TE buffer (pH 8.0) was precipitated with
0.4 vol of 30% polyethyiene glycol (PEG, MW 7,000-8,000, Fisher Scientific,
Nepean, Ontario) in 1.8 M NaCl. The PEG was removed by phenol! chioroform
extraction and the plasmid DNA was precipitated with 2.5 vol cold absolute
ethanol in presence of 3 M sodium acetate (pH 5.2). The pellet was suspended
in 200 gl TE buffer, pH 8.0. The quantity and purity of plasmid DNA was
assessed spectrophotometrically (Pharmacia, GeneQuant RNA/DNA Calculator)
by using OD 260/280 readings. The plasmid DNA was stored at -70°C until

used in sequencing reactions.
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2.9.1 Plasmid DNA Sequencing

Plasmid DNA was sequenced by a modification of the Sanger dideoxychain-
termination method (Chen and Seeburg, 1985) according to the protocols of
Sequenase™ Version 2.0 DNA Sequencing kit (Amersham Life Science,
Oakville, Ontario). For sach strain, two clones of PCR product containing the
terminally ligated region of segment B were sequenced. For segment A, three
clones were analysed by sequencing. The sequencing method basically consists
of two separate reactions; an initial reaction in which the primer is annealed to
the denatured template DNA and a termination reaction in which extension of the
labeled primer by Sequenase modified T7 DNA polymerase takes place in
presence of one of four dideoxynucleotide triphosohates (ddNTP). Once the
modified anaiog, ddNTP is incorporated into the growing chain of DNA, the chain
is unable to extend as it will not have an OH group at the 3’ position for the next
nucleotide to be joined. Hence incorporation of a dideoxynucleotide terminates
the chain. Four such sets of chain terminated fragments (one for each dideoxy
analog) are generated and electrophoresed, and the base sequence of the new

DNA is read from the autoradiogram of the four lanes.

Briefly, the double-stranded plasmid DNA template was first denatured to yield
single-stranded DNA. For this, alkaline-denaturation was carried out by
denaturing 3-5 pg of plasmid DNA in 0.1 vol of 2 M NaOH and 2 mM EDTA and

incubating at 37°C for 30 min. DNA was precipitated with 2-4 volumes of

41



ethano! at -70°C in presence of 0.1 volume 3 M sodium acetate for at least 15
min. The pelleted DNA was washed with cold 70% ethanol and dried in vacuum.
The pelleted denatured DNA was dissolved in 7 ul of distilled water and to this,
2 ul of reaction buffer and 1 ul of primer were added. Either the forward
(Universal primer M13/pUC) or reverse primer (Reverse sequencing primer
M13/pUC) (Boehringer Mannheim) was used. Additional specific primers used
to obtain terminal sequences of IBDV genome segments A and B were SA08
and SA09 and SB07 and SBO08 (Table 3), respectively. Annealing was carried
out by heating at 65°C for 2 min and cocling slowly for about 30 min to 35°C.
The annealed DNA mixture was incubated for 5 min at room temperature in
presence of Sequenase, DTT and all four dNTPs of which dATP was
radiolabeled (redivue™ [«**S] dATP, 10mCi/m!, Amersham Canada Ltd, Oakviile,
Ontario). Extension of the primer was terminated in four separate reactions,
each containing a single dideoxynucleotide triphosphate (ddNTP) in addition to
the four dNTPs. The termination reactions were incubated at 37°C for 5 min and
stopped by adding 4 pl of stop solution (xylene cyanol 0.1%, bromophenol blue
0.1%, 2ml 0.5 M EDTA in formamide) and stored at - 70°C until ready to load

onto the sequencing gel.

The sequencing gel solution containing 6% acrylamide and 8 M urea (Ansorge
and Labeit, 1984) was freshly prepared in TBE sequencing buffer (100 mM Tris,

100 mM boric acid, 2 mM EDTA, pH 8.3) and ﬂlfered. To 200 ml of the filtered
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solution, 1.6 ml of 2.5% (w/v) ammonium persulphate and 80 gl of TEMED
(N.N,N',N'-tetramethyl-1,2-diaminoethane) were quickly added and the mixture
was poured in between two sealed glass plates. The wells for loading the
samples were formed by inserting the slot former immediately into the gel
solution between the two glass plates and the gel was allowed to polymerize for
1 h. The slot former and the sealing tape from the bottom of the plates were
removed and the wells of the gel were flushed with TBE buffer to wash away any
unpolymerized acrylamide and urea. The gel plates were placed into the bottom
chamber of a vertical electrophoresis unit (GIBCO BRL, Model S2) in which both

chambers were filled with TBE buffer.

The sequence reaction products stored at -70°C were thawed on ice and heated
to 75-80°C for 2 min just before loading into the wells and the electrophoresis
was carried out at 55 W for at least 5 hours. The gel was transferred onto one
of the two glass plates at the end of electrophoresis and soaked in a solution
containing 10% methanol and 10% acetic acid for 1 h to remove urea. It was
then dried on Whatman chromatograghy paper under vacuum at 80°C for 2-3 h
in a Hoeffer Scientific SE1160 slab gel dryer and subjected to direct
autoradiograghy by exposing to Kodak X-Omat film at room temperature for

approximately 36 h.
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2.9.2 Sequence Analysis

The nucleotide sequences were read manually from the autoradiographs znd the
data were entered into a computer and analyzed either manually or by using
LaserGene software (DNASTAR, Inc., Madison, Wisconsin, U.S.A.) and the
FASTA program package for microcomputers (Pearson and Lipman, 1988).
Analysis for sequence homology with published sequences was carried out using
the FASTA program under default settings. For secondary structure prediction
in the terminal sequernces, analysis was done either manually based on
complementary base pairing between adjacent inverted repeat sequences and
inverted terminal repeat sequences (see page 70) or by using the RNA MFFold
computer program based on complementary base pairing and minimum free

energy of foding at physioliogical temperature under default settings (Zuker et

al., 1989).
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3. RESULTS

3.1 PCR Amplification Across 3’-§' End Junctions of Viral RNA
Strands

Two pairs of primers, SA05 (sense) and SAO08 (antisense) for segment A, and

SB02 (antisense) and SB03 (sense) for segment B (Table 2, Fig. 1), were used

in cDNA synthesis across the 3’ end-5' end junctions for all the six IBDV strains.

Each viral dsRNA segment vielded two templates following denaturation in 90%

. DMSO carried out just prior to cDNA synthesis. Therefore, 5’ and 3’ terminal

ends of both (+) and (-) strands were amplified. A different set of primers was
selected for PCR (Table 3, Fig. 1). The DNA analysis of the clones of the
resultant PCR products for segments A and B are shown in Figures 2 and 3,
respectively. The sizes of amplified PCR products obtained of 3’ and 5' terminal
regions for segment A and segment B of all the six strains are summarized in
Table 4. The PCR ampilification with primer pair SA08/SAQ9 yielded products
of size 155 bp long for segment A of IBDV strains OH, IN, and SK140a, and ~
265 bp long for strains SK9 and QC-2. The PCR amplification of segment A of
strain GLS with specific primer pair SAI-03/SAl-04 yielded a product 226 bp long.
For segment B, primer pair SB07/SB08 yielded an almost an identical size

product ~ 260 bp long for all the six IBDV strains.
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1 2 3
SEGMENT A 5'} I L | {3'
OH-BDV 1 < > >
SA0S SA06 SAO5 SA09
1 2 kbp
SEGMENT B &' L l 3
OH- IBDV - - > >
SBO8  SBO2 SBO3 SBo7
1 2 gkbp
SEGMENT A5'% ' ' ' 13'
GLS-1BDV | >
SAI-04 SAI03

Fig. 1: Approximate location of upstream (») and downstream (<) primer
sequences on the genomic segment A of IBDV strains OH and GLS and
segment B of strain OH. The segment specific primers are identified with the
suffix SA for segment A and suffix SB for segment B. The sequsnces and exact
map locations are given in Tables 2 and 3.
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Fig. 2: Agarose gel electrophoresis of EcoRI digested DNA from recombinant
clones of segment A of IBDV strains. Lane M is 1 kb ladder Lanes 1-6 are
recombinant ciones containing PCR products of IBDV s* ' 8K140a, IN,
SK8, QC-2 and GLS, respectively. Arrow a, indicates the .., nd of plasmid
DNA. Arrow b, indicates positions of the cloned PCR products.
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Fig. 3: Agarose gel electrophoresis of EcoRI digested DNA from recombinant
clones of segment B of IBDV strains. Lane M is 1 kb ladder. Lanes 1-6 are
recombinant clones containing PCR products of IBDV strains OH, SK140a, IN,
SK9, QC-2 arnd GLS, respectively. Arrow a, indicates the large band of plasmid
DNA. Arrow b, indicates positions of the cloned PCR products.
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3.2 Sequence Analysis of IBDV Terminal Sequences

The sizes of the PCR products determined by gel electrophoresis were similar
to those obtained by nucleotide sequencing. The terminal nucleotide sequence
analysis of 3'- §' ligated regions of genome segments A and B of all the six IBDV

strains are schematically represented in Fig. 4.

3.2.1 Segment A and B of IBDV Strains OH, IN and SK140a

By sequencing it was found that the DNA inserts of segment A clones of strains
OH, IN and SK140a were 155 nucleotides long (Fig. 5). The segment B clones
of all the strains had DNA inserts ranging from 258 to 262 nucleotides long (Fig.

8).

Sequences showing 99-100% identity were obtained for segment A of strains
OH, SK140a and IN (Fig. 5, Table 5, 6). From the published segment A
sequences of IBDV strain OH (Kibenge et al., 1991), about 46 nuclectides on the
5 end (OH &', nts 1-46) and about 39 nucleotides from the 3' end (OH 3’, nts
3133 - 3171) were 100% homologous with the sequence of the segment A
clones (Fig. 7a and 7b respectively). In further sequence analysis, it was found
that the 3' and 5’ termini of segment A were homologous to those of segment
B in a region 34 nucleotides long (Fig. 5 and Fig. 6). The location of this

consensus sequence in the segment A PCR products indicated that 14
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Strain
OH

IN

SK140a

GLS

SX9

Qc2

Fig. 4: 5 and 3’ ligated terminal regions of six selected IBDV strains. °,

SEGMENT A

3'NC 5'NC

-

105 bp 50 bp
>

105 bp 50 bp
.

105 bp 50 bp

N\ o—

177 bp 49 bp

224 bp 42 bp

225 bp 43 bp

SEGMENT B
3'NC 5'NC
&
221 bp 41 bp
220 bp 41 bp
-
218 bp 40 bp
L
221 bp 41 bp
-
220 bp 41 bp
>
221 bp 40 bp

indicates point of intramolecular junction of 3' and 5’ ends. A, indicates regions
of additional sequences of variable length present on genome segment A of
IBDV strains GLS, SK9 and QC-2.
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Table 4: PCR product sizes of 3' and 5’ ligated regions of IBDV strains

Strain Segment A Segment B
OH 155 bp 262 bp
IN 155 bp 261 bp
SK140a 155 bp 258 bp
GLS 226 bp 262 bp
SK9 266 bp 261 bp
QC-2 268 bp 261 bp

bp, denotes basepairs
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10 20 30 40 50 60
GLS :  TGATGAGGACCTTGAGTGAGTGCTTCTC - CAGGG- - TGT - CGTC-C -C - GGATGGA - CGCCGGTCCG
OH :  TGACGAGGACTTGGAGTGAG-GCTCCT- - - -GGG- -AGT-C-TC-C-C-GACACCA-C-CCGCGCAG
IN :  TGACGAGGACTTCEAGTEGAG-GCTCCT- - - -GGG~ -AGT-C-TC-C-C-GACACCA-C-CCGCGTAG
SR140a :  TOACGAGGACTTGEAGYEAG-GCTCCT- - - -GGG- -AGT-C-TC-C-C-GACACCA-C-CCGCGCAG
SK9 :  TGACGAGCACTICGAGTCAGTGCTTCTCTCAGGGCATGTACGTC - T- CAGAAATCATC -~ - - = ~ = - ~
L28bp L17bp L74bp
QCc-2 :  TGACGAGGACTIGGAGIGAGTGCTTCTCTCAAAGCATGTACGTC - T-CAGAAATCATC-<-------
L28bp L17bp ~74bp
c D E
70 80 90 100 110 120 130
GLS : GTCGTTGG-CATC-A-GAAGGCTCCGTATGAACGGAA- - CAA-TCTGTTGGATGT - - GATCCATCAG
L63bp
OH : GT-GT-GGACACC-AATTCGGC-CC-TAT~ACC--ATCCCAA- - - -ATTGGATAC- -GATC--~--- -
IN :  GT-GT-GGACACC-AATTCGGC-CC-TAT-ACC- -ATCCCAA- - - -ATTGGATAC- -GATC---- -~
SK140a : GT-GT-GGACACC-PATTCGSC-CC-TAT-ACC--ATCCCAA- - - -ATTGGATAC- -GATC--~- - -
SK9 P GGA-AGA-AATT-- ----ATAT~-----vemcmmmnnn TGTTG-ATT-GAGATGC-T--G
~16bp
Qc-2 : cee-e- GGA-AGA-AATT--~---~- ATAT---vmccmmcanncu- TGTTGGATT-GAGATGC-T--G
L16bp
F
140 150 160 170 180 190
GLS :  GTTTGTCATCGCTGCGTCGTTTGTCTGATCCCTACTCACCATCAATGGTAGCCATAGCTGAA - - -
OH T e T T GGTCTGAACCC
IN P L R GGTCTGAACCC
SK140a b T R GGTCTGAACCC
3K9 e R T T GATCAA----- GCCATACCTGAA- - -
QC-2 P L R TR IR R GATCAA-~--- GCCATACCTGAA- - -
G
200 210 220 230 240
GLS .  -GGAGGAG- TCCCAACCCGGGGACAGGCCGTCAAGGCCTTGTTCCAGS
OH :  CGLGGGAG- TC- - - ACCCGGGGACAGGCAATCACCGCCTIGTTCCAGE
IN :  CGGGGGAG- TC- - - ACCCGGGGACAGGCAATCACCGCCTTGTTCCAGC
SK140a :  CGGGGGAG-TC- - - ACCCGGGGACAGGCAATCACCGCCTTGTTCCAGT
SK9 P e GCTCTCCCTA- - - -GAAGCTTTAAATCACCGCCTTGTTCCAGC
QC-2 .  ----GCTGCTCCCTA- - - -GAAGCTTTABATCACCGCCTTGTTCCAGC

Fig. 5: IBDV segment A terminal cDNA sequences. The sequences of the
segment A of IBDY strains GLS, OH, IN, SK140a, SKS and QC-2 are shown.
(The coordinates of the PCR product sequence are given above the sequence).
Hyphens are introduced to align the sequences to maximum. The sequences
for the primers SAQ9, §A08, SAI-03 and SAI-04 (Table 3) are shaded. A stretch
of 34 nt sequence showing homology between segment A and B terminal
sequences of strains OH, IN and SK140a is underlined. Regions A, B, C, D, E,
F and G represent blocks of conserved sequences between the six IBDV strains.

|, indicates positions where there are additior. 3l sequences of variable lengths
in base pairs (bp).
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Fig. 6:

10 20 30 40 50 60

: CCAARAAGAGAGCCGCCAATAGCCATGACGGGAATCACTCAAGAAGAGGACACCAACCCCAGACCCC

. CCARABAGACAGCCGCCAATAGEC . o o v Tt it e ettt raeaesenennnenennssnns
. COARAARCAGAGOCG O AR RGO . v v vttt et et ettt eeanenaeanonsonnneeenns
. COARARRAGAGRGC OO AR ARG . « v vttt e vt enensaeeaesnenaneeneaenaenns
. CORARRACACAGCOE AR TR . « v ettt it ittt i ternsaennnneaanannenns
. COAARAAAGAGAGEC G AT ARG . o v e v et e et te s s ensnennsencnenenennnens
70 80 90 100 110 120 130
: GTATCCCCGGCCTTCGCCTGCGGEGGCCCCAGTCCGACTGGCAARGTTCCTCAGAGTGAACGGCTATA
O RN Coviiiill
c
140 150 160 170 180 190 200
: AGG'I'I"I'I‘GCAGCCGCGGTCTCTGCCCGTGAATGAGGGGTATGAGACTGACCGAATACTCCCAGACC’X‘
........................... P Y WP
....................... Dot etteties tier ittt s
R Y YR Ao,
D B P G
~210 220 230 240 250 260

: AGCATGGATGCGATGGGTCTGAACCTCTGGGAGTCACGAATTAACGTECCTACTAGEGECE

I i ieeetisiecac et eseaee st GAATTAACGIGECTACTAGGEECE
I hiieeccsacsrsssaeacetacer s ttnoans s GARTTAXCETIGGLETACTAGGHEGCG
D e eesisiec e e reaes CAXTTAACGTGECTACTAGRGGCE
T T GRATTAACGTCECTACTAGEGECO
I it etes et e st aae e GAATTAACGTGECTACTAGGGGCG

IBDV segment B terminal cDNA sequences. The sequences of the
segment B PCR products of IBDV strains GLS, OH, IN, SK140a, SK9 and QC-2
are shown. The sequence of IBDV strain GLS is written in fuil. Dots indicate

homologous sequence while gaps indicate deletions/insertions. The sequence
for primers SB0O7 and SBO8 is shaded. A stretch of 34 nt sequence showing
homology between segment A and B terminal sequences is underlined. Regions

C, D, E, F and G represent common sequences on segment A and B of all the
six IBDV strains.
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1 10 20 30 40 50

S PP =P =P=P=> PP P

OB 3’-5’JUNCTION 106-155 GAACCCCGGGEGAGTCACCCGGGGACAGGCARTCACCGCUTTGTTCCAGS

GLS 5’ - CG...ACG. . c.ueerennnn
OH 5‘ 1-46 Bttt e ieeeeeeacanacasacancasonnacananaesennsannns
STC 5 1-30 e ceCB...A.. TGeurirennn
52/70 5°¢ 14-63 | e CC.. BBt tenennnen

Fig 7a: Alignhment of the segment A & terminal sequence of IBDV strain OH with the published IBDV segment A
sequences of strains OH (Kibenge et al., 1991), STC (Kibenge et al., 1990), 52/70 (Bayliss ef al., 1990), and GLS
(Vakharia et al., 1994). The coordinates of the complete sequence of genome segment A of OH are given above the
sequence. Dots indicate homologous sequence while gaps indicate undetermined sequence. The primer sequences
are shaded. The area of sequence homology between segment A and B terminal sequences is underlined. Arrows
indicate inverted repeats present in both Figs. 7a and 7b as represented in ..e predicted secondary structure for segment
A in Fig. 13 on page 71.
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-5¢ JUNCTION 1-61 G
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Fig 7b: Alighment of the segment A 3’ terminal sequence of IBDV strain OH with the published IBDV segment A
sequences of strains OH (Kibenge ef al., 1991), STC (Kibenge et al., 1990), 52/70 (Bayliss et al., 1990), and GLS
(Vakharia et al., 1994). The coordinates of the complete sequence of genome segment A of OH are given above the
sequence. Dots indicate homolczous sequence while gaps indicate undetermined sequence. The primer sequences are
shaded. The area of sequence homology between segment A and B terminal sequences is underlined. Arrows indicate
inveried repeats present in both Figs. 7a and 7b as represented in the predicted secondary structure for segment A in
Fig. 13 on page 71.
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Fig. 8a: Alignment of the segment B 5’ terminal sequence of IBDV strain OH with the published sequence of strain 002-
73 (Morgan et al., 1988). The coordinates of the complete sequence of genome segment B of OH are given above the
sequence. Dots indicate homologous sequence while gaps indicate undetermined sequence. The primer sequences
are shaded. The area of sequence homology between segment A and B terminal sequencs is underlined. Arrows
indicate inverted repeats present in both Figs. 8a and 8b as represented in the predicted secondary structure for segment
B in Fig. 13 on page 71.
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nucleotides (nts 1-14) of the 5" end of the IBDV strain 52/70 (Bayliss ef al., 1990)

extend into the proposed 3’ consensus sequence (Fig. 7b).

By aligning the sequence of the segment A of strain OH with IBDV strains STC,
52/70,and GLS, it was established that there were additional 70 nucleotides on
segment A of IBDV strain OH (OH 3’-5' junction, nts 106-109, Fig. 7a; OH 3'-5’
junction, nts 40-105, Fig. 7b) although these nucleotides were present in the
combined published sequences of IBDV strains STC, 52/70 and GLS (Fig. 74,

7b). Therefore, the total length of the genome segment A of strain OH is 3,241

bp.

Similar to segment A of IBDV strains OH, SK140a and IN, the segment B of
these strains showed 98-89% identical sequence data (Fig. 6). Alignment of
additional sequences (about 172 nucleotides) in segment B of strain OH with
that already determined following sequencing of the OH c¢DNA library (Dybing,
1992) established the total length of genome segment B of strain OH to be 2,922
bp (Figs. 8a and 8b). Sequence comparisons of segment A and B PCR
products for the three strains revealed 85.3% homology between segment A and
B. By further analysis, a homologous sequence between segment A and B was
identified and it is 34 nucleotides long (TGG AT(A/G) CGA T(C/G)G GTC TGA
ACC (CIT)C(GIT) GG(G/-) GAG TCA C) (Fig. 5 and Fig. 6). In segment B it is

immediately upstream of primer SB08 (Fig. 6).
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5’ TERMINUS

1
M - GLS : GAA....eo..
V = GLS ¢ seeecese
3’ TERMINUS
3230 3240 3250 3260
M - GLS ¢ ceecenae ATCCATCAGGTTTGTCATCGCTGCEETCETTTGTCT
V - GLS ' cieeee
3270 3280 3290 3300
M - GLS : GATCCCTACTCACCTCAATGGTAGCCATAGCT

Fig. 9: Additional sequences found at 5’ and 3’ termini of segment A of
IBDV strain GLS (M-GLS) not present in the published sequences of V-GLS
(Vakharia et al., 1994). The terms M-GLS and V-GLS were used just to
denote sequences determined by Nagarajan M and Vakharia et al.
respectively.
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3.2.2 Segment A and B of IBDV strain GLS

Attempts at PCR amplification across 3'-5’ ligated terminals of segment A of
strain GLS using OH specific primers SA08 and SAQ9 did not vield any product.
A PCR product of 226 bp was obtained for segment A by using GLS specific
primers SAI-04 and SAI-03. Segment A clones of GLS had DNA inserts of 226
nucleotides long (Fig. 5) while those in segment B clones had inserts of 262 bp
long (Fig. 6). Segment A sequence of GLS was found to have an additional

sequence of 39 nucleotides at position 135 (Fig. 5) not present in segment A

. sequences of the strains OH, SK140a, IN, SK9 and QC-2 (Fig. 5).

By aligning the sequences of segment A of strain GLS with those of the
published sequences of GLS (Vakharia et al., 1994), 71 additional nucleotides
were identified on segment A of GLS (Fig. 9), out of which 3 nts belonged to the
5 end and 68 nts to the 3’ end. The total length of the genome segment A of
strain GLS is therefore 3,300 bp. The segment B sequence of strain GLS was
100% identical to that of strain SK9. The strains OH, QC-2 and IN had two to
four nucleotide substitutions, SK140a had four nucleotide deletions and QC-2

had one nucleotide deletion compared to segment B of GLS (Fig. 6).

3.2.3 Segment A and B of IBDV Straing SK9 and QC-2
Segment A clones of strain SK9 had a DNA insert of 266 nucleotides and those

of strain QC-2 had a DNA insert of 268 nucleotides. The sequences of segment

60



10 20 30 40

SRS : THACGAGGACTTOEAGTEAGCTCTAAGTGTCCTTGCTACCAAGAATGAT
RC-2 : e s s aeseeessesessesessesan s s eesersecesesscasnnnn .
50 60 70 80 90
SK9 : GCTTCTCTCAACTTAGACATACTAAGAGGGCATGTAGGTCT JAGAAATC
QC-2 & teeessecoesssencssceas ceseAAL. ... ceeesecsenascas

100 110 120 130 140

SKS : ATCATCTTACGAACAAGAAGGGAGAGTTTCAGTTACAAGAGAAATATTG
Qc"z: 0.-..l-l.l.l..G.ocnoc.".0.0....-Q-....-o..‘o.-o-.

150 160 170 180 190
SKS : CTGARATAAATGGAGGGARAAAAACGAAAGGGAGGAAGAAATTATATTGT

Qc-2: o.oao--o-cu.-o-..c---u-uoo-uo-Aaoo.o-u-oo....o..u

200 210 220 230 240
SK9 : TGATTGAGATGCTGGATCAAGCCATACCTGAAGCT CTCCCTAGAAGCT
QC-ZS .l.'...00-0....'...'t.l'..OIOOQOOCQG..ICOOOOOOIOO
SK9 :
Qc-z H ® 6 6 08 8 20 0 800 000008000000

Fig. 10: Terminal cDNA sequence of 3'- §' junction of segment A of strains
SK9 and QC-2. Dots indicate sequences identical to SK9. Gaps indicate
deletions or insertions. Shaded areas are primer sequences.
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A of SK9 and QC-2 were 98% identical except for few point mutations and
deletions (Fig. 10). But they differed considerably from the terminal sequences
of segment A of the other four strains (Fig. 5). Strains SK9 and QC-2 were
found to have stretches of additional sequences at four positions, 28 nts at
position 20, 17 nts at position 31, 74 nts at position 53 and 16 nts at position 128
(Fig. 5). The additional sequences had no homology with segment A sequences
of the other four strains even though they were 98% identical among themselves
(SK9 and QC-2) (Fig. 10). Segment B clones of SK9 and QC-2 had DNA inserts
of 261 nucleotides long and their sequences were 98% identical to sequences

of segment B of the other four strains OH, SK140a, IN and SK9 (Fig. 6).

3.3 Identification of the 3’-5’ junction in the viral RNA strands

The 3'-§' junction in the ligated viral strands was identified primarily on the basis
that the 5’ ends of both segments begin with a guanine base attached to VP1
(Dobos, 1993). Since genome segments A and B were homologous in a 34
nucleotide stretch TGG AT(A/G) CGA T(C/G)G GTC TGA ACC (C/T)C(G/T)
GG(G/-) GAG TCA C (Figs. 5 and 8), this was considered to contain the 3’ and
5 termini of the viral RNA strands. There are several Gs in this consensus
sequence that could serve as the 5' terminus nucleotide, including the GG at the
beginning of the consensus sequence, which are within two nucleotides to the
5' terminus of segment A in IBDV strain 52/70 (Bayliss ef al., 1990). However,

the G right in the middle (nucleotide position 17) of the consensus sequence is
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considered to be the more likely §' terminus since at this location both 3’ and &'
termini are 100% identical between genome segments A and B, a featurs of
segmented RNA viruses. As for example, all ten segments of double stranded
RNA of reoviruses {Antczak ef al., 1985; Anzola et al., 1987; Yan et al., 1992)
have conserved tetranucleotide and pentanucleotide sequences at their 5' and
3’ ends respectively. All eight negative sense ssRNA segments of influenza A
viruses (Stockle et al., 1987; Desselberger et al, 1980) have conserved
sequences of 12 and 13 nucleotides at their 3' and 5' ends. The 5' terminal
sequence of the plus strands in both segments of IBDV is proposed to begin with
GAACC- (Fig. 11). The 3’ terminal sequence in both segments is proposed to
end with -GGUCU (Fig. 12). These 5’ and 3’ terminal sequences are conserved
in both genome segments A and B of strains OH, SK140a and IN suggesting

that they are characteristic of the genus Avibimavirus.

However, the 5’ termini of segment A of the sirains GLS, SK9 and QC-2 begin
with GAA- (Fig.11) and do not have the two nucleotides CC after GAA. The 3’
termini of segment A of GLS, SK9 and QC-2 end with -UA(G/C)CU (Fig. 12)
instead of GGUCU as noted in strains OH, SK140a and IN. Segment A of strain
GLS has an additional sequence of 63 nucleotides between nucleotide residues
C and U and this additionai sequence lies within 5 nts from the 3' end (Fig. 12).
Terminal segment A of strains SK9 and QC-2 have additional sequences of 16

nts between nucleotide residues G and U and this additional sequence lies
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SEGMENT A SEGMENT B

Strain 5 ’ end 5 , end

OH
S8K140a
IN

GLS

SK9

$AK- - -GCUG- -CUE

QC-2

Fig. 11: Common features of the 5’ end sequence of IBDV genome. Regions
common to both genome segments A and B in a stretch of 15 nucleotides at the
5' termini are shaded. ---, are introduced to align the sequences to maximum.
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SEGMENT A SEGMENT B

Strain 3’ 37 end
0H UEEANGOEATGHETIN
SK140a VEEATCCHAYGEGICY
IN TEHANGLEATIGEEINY
GLS VEGATECHRIGCEUCH
SK9 UHGATHCEAIIHGCURY
Qc-2 VECATGCHERIEGCEUCTH

Fig. 12: Common features of the 3' end sequence of IBDV genome. Regions
common to both genome segments A and B in a stretch ~f 16 nucleotides at the
3’ termini are shaded. % , indicates a region where therc is an insert of variable
length in strains GLS, SK9 and QC-2.

65



within 5 nucleotides from the 3’ end (Fig. 12). However it is pertinent to note
that all the six strains of IBDV have their nucleotide sequences of segment A

begin with GAA- and end with -CU (Fig. 11 and 12).

Nucleotide sequences of segment B of IBDV strains GLS, SK9 and QC-2 ali
begin with 5° GAACC and end with GGUCU 3’ similar to strains OH, SK140a

and QC-2 (Fig 11 and 12).

3.3.1 Terminal Sequence Analysis of Segment A of Six IBDV Strains

The 5’ noncoding region of segment A of IBDV strains OH, SK140a and IN are
highly conserved with 100% sequence identity (Table 5) among them, 84%
identity with strain GLS, and 6P%. identity with strains SK9 and QC-2. IBDV
strains SK9 and QC-2 share 97.6% sequence identity in this region but only

around 60% sequence identity with the other five strains.

In the 3’ noncoding region, IBDV strains OH and SK140a are 100% identical
(Table 6) and the sequence of strain IN is almost identical with strains OH and
SK140a except for position 65, where there is a substitution (Fig. 5). IBDV strain
GLS has about 44% sequence identity with strains OH, SK140a and IN and 34%
sequence identity with strains SK9 and QC-2 (T:."= 6), and a 39-bp additional
sequence at position 128 (Fig. 5) not present in any of the other five IBDV

strains. IBDV strains SK9 and QC-2 have 98% sequence identity except for few
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Table 5. Percent Nucleotide ldentity in &' Moncoding Region

of Segment A of Six IBDV Strains

STRAIN GLS OH IN SK140a  SK9
GLS

OH 84.0

IN 84.0 100

SK140a 840 100 100

SK9 57.1 60 60 60

QC-2 571 60 60 60 97.6
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Table 6. Percent Nucleotide Identity in 3' Noncoding Region of Segment A
of Six IBDV Strains

STRAIN GLS OH IN SK140a SKe
GLS

OH 43.4

IN 43.4 99.5

SK140a 434 100 99.0

SK9 33.9 27.6 27.6 27.6

QcC-2 34.4 27.6 27.6 27.6 98.2
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nucleotide substitutions (Fig. 9) but only 34% identity with IBDV strain GLS and
27% identity with strains OH, SK140a and IN (Ta"'z 6). The low percentage
sequence identity in this region is mainly attributed to a number of additional
nucleotides present in IBDV strains SK9 and QC-2 as detailed in Section 3.2.3

(Fig. 4).

Even though considerable sequence heterogeneity was noticed in the terminal

regions of segment A of six IBDV strains, highly significant conserved sequence

. motifs were also identified among all the six IBDV strains at regions A, B, C, D,

E, Fand G (Fig. 5).

3.3.2 Terminal Sequence Analysis of Segment B of Six IBDV Strains

Highly conserved terminal sequence identity (96%-100%) was observed for
segment B of all six IBDV strains in both the 5’ and 3' noncoding regions (Fig.
1 and 6). In the 5’ noncoding region, there is nearly 100% sequence identity
except for IBDV strains QC-2 and SK140a, where there is a deletion of one
nucleotide at position 232 (Fig. 6). In the 3' noncoding region, there are
nucleotide substitutions, at positions 29, 126, 158, 162, 171 and 186 (Fig. 6)
between segment B of six IBDV strains. At positions 29, 171 and 186, strains
OH and QC-2 have a different nucleotide substitution; at position 162, strain GLS
has a different nucleotide substitution; at positions 126 and 158, strain IN has

different nucleotide substitutions that are not present in any other five strains and
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has deletion of nucleotides at positions 161 and 172 (Fig. 6). Almost identical
conserved sequence motifs as were found in regions C, D, E, F and G of

segment A existed in segment B of all the six strains of IBDV (Figs. 5 and 6).

3.4 Secondary Structures

The segment A terminal sequences of OH strain of IBDV have the potential to
forrn a stem and loop structure (or hairpin loop) (Fig. 13), in which the single
stranded RNA folds back onto itself in structures stabilized by hydrogen bonds
between complementary bases forming the stem, and the unpaired bases the
ioop. Such structure is predicted manually for terminal sequences of strain OH
(Fig. 13) by the folding of adjacent inverted repeat sequences present at the 3'
terminus of the molecule, which are continuous with inverted terminal repeéts at
the 5' terminus (Fig 7a and 7b). The published segment A sequences of {BDV
strain OH (Kibenge et al., 1991) contain some of the inverted terminal repeats
in nucleotide positions 3-22 and 3153-3170. The adjacent inveried repeat
sequences are analogous to the inverted and complementary repeat sequence

structure previously teported in seament A of IBDV strain STC (Kibenge et al.,

1990).

The segment B terminal sequences of OH strain is also proposed to have a stem
and loop structure similar to segment A (Fig. 13), that can be folded from

adjacent inverted repeat sequences spanning nucleotide positions 10-41 and 45-
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L.

Segment A (IBDV strain Oi)

CA ¢polyprotein
ATCCC  C A TGGAC\ GCCCACCACA ~ A . JTC BAGTGAGGTTCAGGAGCAGTCTCTGG--~-------~----“-“cc--mmmma
5d rraactT eled GCCCTC <1 GGG oc G
T + Abtkdbhy * ok kakkhkw & khkk hH *
» -, ARTTGGA cG CG3GAG, £, c;c
ACCATC A TACGAT GTCT3‘ 5’GAACCC feles bA AGGCAATCACCGCCTTGTTCCAGGTT-- - - - ATG------------- ATG--------
OVP5 spolyprotein
Segment B (IBDV strain OH)
eVP1l
CF CT, JCTTCTTGATGATTCTGCCACCATGAG- -~ -~~~ -~=-==---=----------o-oommm CCCAAAGT, /T LATCC-
/ cced CTAG GCCACGTTACGTGCC CTGGGGC C CCCGAGG
T dkdx Ekkd *hkkkd O HA TR R AT RN kkkkkkdkhkdkkkkdkkik
\ GCGG GATC CGGTGCAATGCACGS, S;ACCCCGG&JGCTCC
-} nT TAA TGAGTCTCCAAGS’ 3’ TCTGGGTAGCGTAGGTACGAT------~-~~=~~-----~--~-~ GTCAGCT ‘G GCTT-

Fig 13: Predicted secondary structures for terminal sequences of segments A and B of IBDV strain OH. The bolded
sequences denote PCR primers. (*) denotes H-bonding. Hyphens indicate long stretches of sequence. The proposed

3’ and 5 termini are indicated. (¢ ) denotes the polyprotein stop codon and (') denotes initiation codons of the VP5
and polyprotein ORFs on segment A (Kibenge ef al,, 1991) and the VPi ORF on segment B (Dybing, 1992).



70, terminal inverted repeat sequences in nucleotide positions 200-216 and

2793-2808 (Figs. 8a and 8b).

The 5'- and 3'- noncoding sequences of segment A of IBDV strains OH and GLS
were also analyzed for secondary structures in the noncoding region by the RNA
MFold computer program based on complementary base pairing and based on
free energy of folding ot physiological temperature 37°C (Zuker et al., 1989). For
the 5' noncoding region of segment A of strains OH and GLS and segment B of
strain OH, only one structure was generated by the RNA MFold program (Figs.
14, 15 and 16). For the 3’ noncoding region of segment A of strain OH, a total
of five structures were generated. Among them the one that was predicted with
minimum free energy of folding was selected to represent the 3’ noncoding
region of segment A of strain OH (Fig. 14). Similarly, four structures were
generated for the 3’ noncoding region of segment B of strain OH. Of these, the
one with minimum free energy prediction and therefore likely to be stable is
presented in Fig. 16. For the 3’ noncoding region of segment A of strain GLS,
a total of seven structures were generated. As before, the one which had
minimum free energy prediction for folding and therefore likely to have a
relatively stable structure is preser*ed in Fig. 15. Interestingly, this structure had
similar hairpin loop motifs as were predicted for the 3’ noncoding region of
segment A of OH strain (Figs.14 and 15). Also, the structure predicted for the

5' noncoding region of segment B RNA MFold program was very similar to th=
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OH - A 5 NONCODING REGION

10 20 30
---GAACCCC, ---  c@ - AAU
GGGGGAGUC  ACC GGGACA GGC
CCUCCUCAG_ UGG CCUUGU CCG €
GUAUCGUCUU ceu  -A U ccx
70 60 50 40

Temperature = 37.0 Energy = -19.5 kecal

OH - A 3’ NONCODING REGION

10
U C
eagecuc U
/CUCUGAG\ G
U G
20 30
CCGACA - GC
CCAC CC
GGUG, GG G
e U AC
40
50 60 70
ACACCAAUUC CUAUACC, CA,
GGCC AUCC A
(fi/ele] UAGE A
---------- -CUAGCA 1)
80
Temperature = 37.0 Energy = -19.5 kcal

Fig. 14: Secondary structure prediction for 5’ and 3’ noncoding regions of
segment A of strain OH by RNA MFold computer program (Zuker et al., 1989).
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GLS -A 5 NONCODING REGION

10 20 30
------- /A ) /c\ fAc\ 'q - /GU
GAAGG GGAGU CCA CC GGGACA GGCC \
CUUCC_CCUCA GGU GG CCUUGU CCGG £
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GUAACAU c A -A A U
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------- - G cyU cC AC ---- U e}
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140
CUACUC._ U
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160
Temperature = 37.0 Energy = -31.5 kecal

Fig. 15: Secondary structure prediction for §' and 3' nencoding regions of strain
GLS by RNA MFold computer program (Zuker et al., 1989).
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OH -B 5 NONCODING REGION
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------------- GAACCUCT, U, AAU Ua G A
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Fig 16 : Secondary structure prediction for 5 and 3’ noncoding regions of
segement B of strain OH by RNA MFold computer program (Zuker et a/., 1989).
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one predicted manually in sharing the same hairpin loop motif (Fig. 13 and

Fig.18).

The predicted secondary structures for the 5'- and 3'-noncoding regions of
segment A of OH strain of IBDV were very similar to the structures predicted for
strain GLS (Figs. 14 and 15). Similar secondary structures as were predicted
for the §'- and 3'-noncoding regions of segment B of OH strain by RNA MFold
computer program (Fig. 16) are likely to exist in the 5’- and 3’-noncoding regions
of segment B of all the other five IBDV strains because terminal sequences of

segment B are highly conserved among the strains showing more than 97%

sequence identity (Fig. 6).
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4. DiISCUSSION

4.1 Terminal Sequence Analysis of Segment A

IBDV strains OH, SK140a, IN showed 100% sequence identity in the 5' terminal
region and with the strain GLS shared a sequence identity of 84% (Table 5).
The 5’ terminal sequences of strains SK9 and QC-2 were identical but differed
from the other fouir strains by 40%. The 5' terminals of strains GLS, SK9 and
QC-2 were missing a few nuclectides, especially some Cs and Gs in this region
when compared to strains OH, SK140a and IN (Fig. 5). It is possible that these
missing nucleotides are not essential for maintaining regulatory functions in the
5' noncoding region and only the optimum length nucleotide sequences required
for virus specific functions are conserved among the strains. Interestingly,
segment B of all the strains have their 5’ ends start with an identical sequence
of GAA as was reported for segment B of IBDV strain 002-73 (Morgan et al.,
1988). This trinucleotide sequence at the 5' termini is highly conserved in
segment A and B of all the six IBDV strains (Fig. 11). Similar conservation of
a trinucleotide sequence 5 GAA- was reported for segment A and B of IPNV
strains (Duncan et al., 1991). It may function as a recognition signal for
packaging the viral genome segments as has been observed with influenza A
viruses where all the eight viral genome segments start and end with the
ccnserved sequence of 12 to 13 nucleotides at their 5 and 3 ends

(Desselberger ef al., 1980). The conserved 5’ terminal sequence GAA- in IBDV
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and IPNV genomes may act as a primer binding site for VP1, attéching to the

terminal ends to initiate replication (Dobos, 1993, 1995).

The 3’ terminal sequences of IBDV strains OH, SK140a and IN were essentially
the same except for a single base substitution of T for G at position 65 in strain
IN (Fig. 5). Other than the primer sequences, a number of conserved sequence
motifs (regions A, B, C, D, E, F and G) were identified in the noncoding
sequences among the six IBDV strains (Fig. 5). These sequences may be of
some functional importance such as recognition signal for initiating transcription
by viral RNA polymerase, as has been observed with viruses such as infectious
bronchitis virus (Sethna et al., 1989). Of particular interest are the conserved
sequence motifs identified at the 3' terminai regions D (TTGGAT), E (GATC),
and F (CT) (Fig. 5 and 6). Any one of these or some other specific conserved
sequence motifs at the 5 terminus may contain the promoter sequence for
binding of viral RNA polymerase to initiate transcription since two full length
transcripts are made from IBDV genome segments A and B (Spies ef al., 1987).
In influenza A virus, a promoter located at the 3' ends of viral RNA segmenis is
suggested to be involved in viral RNA polvmerase binding for initiating the

synthesis of full-length cRNA (Fodor ef a/., 1993, 1994).

Nonetheless considerable sequence heteiugeneity was identified in the 3'

terminal regions of segment A of some of the strains studied. An unusual
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observation was the presence of a stretch of 39 nucleotides at position 128 in
the strain GLS only (Fig. 5). The origin of this additional sequence in GLS and
its significance are presently not known. IBDV strains SK9 and QC-2 also had
a number of additional sequences at the 3' noncoding region (Fig. 5) which are
not present in the other four IBDV strains. It is also interesting to note that
serotype 1 strain QC-2 and serotype 2 strain SK9 in spite of their different
serotype specificity shared almost identicea terminal sequences. Computer
analysis of the additional sequences in strains SK9, QC-2 and GLS for identity
with the reported sequences in the GenBank database using the FASTA

program did not reveal any significant sequence identity.

It may be speculated that tliese additional sequences have originated from a
recombination event between viral RNAs of closely related IBDV strains, for
example between GLS or SKS or QC-2 and strains that have not been
sequenced yet, by a mechanism similar to that suggested for coronavirus RNA
(Banner and Lai, 1991) and Sindbis virus RNA (Weiss et al, 1991).
Recombination between the viral RNA and the host cell RNA could also account
for such sequence variability as has been obsere for infectious bronchitis virus
(Williams et al., 1993), potato leafroll virus (Mayo and Jolly, 1991), turnip mosaic

virus (Sano et al., 1992), and plumpoxvirus (Cervera et al., 1993).
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it is not uncommon for strains of the same virus to have variable 3' terminal
sequences or 5’ terminal sequences. For example in flaviviruses, some strains
of tick-borne encephalitis viruses were reported to have variable 3' terminal
sequences (Mandl ef al., 1991; Meyer et al., 1993) and some strains of hepatitis
C virus were found to have variable 5' terminal sequences (Sinimonds et al.,
1293). Extensive sequence variability were also noted in the 3' noncoding
regions of segment A of IBDV strains SK9 and SK140a (Fig. 5) which were
isolates from the same geographical region. Similar observations were reported
for the alphaviruses such as Ross River virus isolates from the same region,
having rearrangements, deletions, insertions and substitutions in the 3

untranslated region (Faragher ef al., 1986).

In infectious bronchitis virus, Williams et al. (1993) have identified in the 3
noncoding regions of US strain Beaudette and a Japanese strain, a region of
about 184 bases that was absent in the antigenically closely related strain
Massachusetts 41. In these strains, the likely site for recombination was flanked
by highly conserved sequences. Interestingly, comparable observations were
made in the terminal regions of segment A of IBDV strains GLS, SK9 and QC-2
where regions flanking the positions of additional sequences were highly
conserved and were essentially of the same sequence as in segment A of other
three strains OH, IN and SK140a (Fig. 5). Such observations seem to provide

compelling evidence that recombination events have occurred in these strains.
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Vakharia et al. (1994) have found that IBDV strain GLS is not only a distinct
variant but is also genetically distant from cther serotype 1 and serotype 2
strains. The functional importance, if anv, of additional sequence present in the
3' noncoding region of segment A of this virulent variant strain has to be further
determined. It remains to be shown if this sequence has any effect on the
virulence or pathogenesis of this strain. This would need to be further
characterized, taking into account other sequence variations present in the VP2

region of this strain.

Generally, genetic recombination in RNA viruses is supposed to play an
important role in RNA repair and in generation of diversity among virus strains.
Environmental pressures piaced on the virus contribute to genetic variability and
these include point mutations and recombination events (Wang et al., 1994).
The lack of proof-reading in viral RNA polymerases is also considered to be
responsible for the high frequencies of point mutations among the RNA viruses.
This also provides a mechanism for antigenic and pathogenic evolution (Holland
et al., 1982; Truyen ef al., 1995). More rapid modifications in the viral genome
as a result of RNA recombination have been associated with severe diseases
in chickens immunized with the related vaccine strain of infectious bronchitis
virus (Lai, 1992; Banner and Lai, 1991). In fact, some of the recently emerging
European and Japanese IBDV isolates from vaccinated broiler flocks are highly

virulent without showing changes in their antigenic characteristics (Lin ef al,,
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1993; Brown ef al, 1994). It might be speculated that in these strains the
changes in virulence may have been a consequence of mutations in the

noncoding region and this possibility needs further investigation.

It is possible that IBDV strains SK9 (serotype 2) and QC-2 (serotype 1), in spite
of their serotype differences are genetically and evolutionarily closely related.
They exhibit more than 95% sequence identity in their & and 3' noncoding
regions. Similarly, serotype 2 strain OH and the serotype 1 strains SK140a and
IN may be closely related as they exhibit close to 100% sequence identity in the

5" and 3' noncoding regions.

The significance of additional sequence present at 3’ termini of segment A of
IBDV especially in the variant strain GLS may be viewed from an entirely
different perspective, such as absence or deletion of this particular sequence in
the three strains OH, IN and SK140a. Segment A of GLS strain shares with
these strains 85% sequence identity at the 5’ terminus and only 44% sequence
identity at the 3' terminus (Tables § and 6). The relatively low percentage of
sequence identity at the 3’ terminus is mainly attributed to the presence of 60

additional nucleotides in the strain GLS.

Little is known about the effect of cell-culture adaptation and passage on the

pathogenicity and immunogenicity of IBDV. Tsai and Saif (1992) have found that
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the attenuation of IBDV variant strain IN grown in BGM-70 cell line resulted in
loss of its pathogenicity to specific pathogen iree (SPF) chicks, without changes
in its immunogenicity. Also the live IN strain vaccines prepared from attenuated
virus did not protect chickens from challenge with the wild-type IN strain. It is
likely that adaptation of IBDV strains to Vero cells may involve maintaining only
the sequences necessary for replication. Any additional sequences that may be
necessary for establishing infection by recognizing cell-type specific proteins in
the bursa might have been lost in subsequent passages in Vero cells. It is
tempting to speculate here that the variant strain GLS being more virulent than
the variant strain IN (Snyder 1990) maintained its additional 3’ terminal sequence
even after serial passages in Vero cells. Willcocks ef al. (1894) have reported
such observations with astroviruses that are adapted to grow in primary human
embryo cells by serial blind passage. These viruses had a 45-nucleotide
deletion compared to fecal virus isolates grown in a cell line derived from a
human colonic carcinoma. It has been suggested that the deletion resulted in
the loss of a few amino acids in a nonstructural protein of unknown function and
in the virus ability to grow in primary humari embryo cells. Passage of human
hepatitis A virus (HAV) in fetal rhesus monkey kidney cells has also resulted in
attenuation of the virus and it has been mapped to mutations in the 5
untranslated region at bases 152 and/or 203-207 facilitating enhanced replication

of HAV in a highly host cell-specific fashion (Day ef al., 1992).
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4.2 Terrminal Sequence Analysis of Segment B

Sequences in the noncoding regions of segment B of all six IBDV strains are
highly conserved (Fig. 6) in spite of sequence divergence identified in segment
A of some of these strains. Conservation of an optimum length sequence in this
region may be important for vital processes such as replication. It also highlights
the essential role of this region as this segment encodes the dsRNA-dependent
RNA polymerase (Spies et al.,, 1987). Any significant changes in this sequence
may result in a virus that is unable to replicate. Zou and Brown (1992) have
shown that the smallest fragments of M1 genome segment of deletion mutants
of reovirus produced by serial passage at high multiplicity of infection contained
minimum essential sequences. These sequences were from both termini of the

segment implicated in genome replication and assembly.

However, there were few nucleotide substitutions in the noncoding regions of
segraent B of some IBDV strains and a single nucleotide deletion in strain IN
(Fig. 6). Similar observations were made in the terminal regions of segment A
of all six IBDV strains (Fig. 5). Some of these point mutations and deletions
might have occurred as a result of adaptation to growth in cell lines and might

be implicated in loss of virulence but this needs to be further elucidated.

Even though many of the attenuating mutations cause amino acid substitutions

in the structural proteins of the virus thereby modulating virus entry into a
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particular population of cells, some attenuating mutations that map to control
elements in the noncoding region have also been reported. The attenuated
phenotype of Sabin 3 policvirus largely results from mutations in the genome at
nucleotide position 472 in the noncoding region and 2034 in the coding region
(Westrop et al., 1989). It has been shown further that these mutations affect the
translation efficiency of poliovirus RNA in vitro (Svitkin et al, 1990). The
attenuation of neurovirulence of Theiler's virus (TMEV) has been mapped to a
single nucleotide (C residue) deletion out of four Cs between positions 876 and

879 in the 5 noncoding region (Pritchard ef al., 1992).

4.3 5 and 3’ End Sequence identity Determining Generic Specificity

The genome segment B of all six IBDV strains begins and ends with conserved
pentanucleotide sequences GAACC and GGUCU, respectively, iden?ical to that
of genome segment A of strains OH, SK140A and IN (Fig. 11 and 12)
suggesting they are characteristics of the genus Avibirnavirus. The genome
segment A of IBDV strains GLS, SK9 and QC-2 also begins with GAA- and ends
with the same consensus sequence -CU. In reoviruses, which are similar to
birnaviruses in having a dsRNA genome, all the ten segments of reovirus
serotype 3 (strain Dearing) share a common tetranucleotide sequence at the &'
terminus and a common pentanucleotide sequence at the 3’ terminus of their
plus strands (Aniczak ef al.,, 1982). The common terminal end'sequences of

segmented genomes of RNA viruses belonging to the same genus such as
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reoviruses (Anzola ef al., 1987), La Crosse viruses (Obijeski et al.,1980) and
influenza viruses (Stockle ef al., 1987) suggest that these conserved sequences
might serve as recognition signals for viral polymerase and assembly of genome
segments into the progeny virus (Yan et al,, 1992; Zou and Brown, 1992). All
eight negative-sense single-stranded RNA segments of influenza A viruses have
conserved sequences of 12 and 13 nucleotides at their 3' and 5 ends,
respectively. These sequences are partially complementary and are capable of
forming a panhandle structure that can serve as a regulatory signal for
transcription and replication, as well as for packaging of RNA into virus particles

(Hsu et al., 1987; Fodor et al.,, 1994).

Mundt and Muller (1995) have reported the terminal sequences of segment A
and B of four European strains (P2, Cu-1, Cu-1M, 23/82) of IBDV to begin with
GGA- instead of GAA- as was observed with strains in the present study.

Interestingly, 3' termini of segment A of both the European strains and the
strains studied here end with the same dinucleotide sequence -CU 3'. This
conserved dinucleotide sequence is present not only at the 3’ termini of segment
A but also at the 3’ termini of segment B of all the six IBDV strains studied here.
However, the 3 termini of segment B of strains studied by Mundt and Muller
(1995) seem to be considerably shorter than that of segment B of strains studied
here and the significance of this observation contributing to the genetic diversity

of IBDV strains has to be further elucidated.
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It is possible that segment B of the European strains are missing the additional
sequences found on the strains studied here mainly because of the method that
was adapted by Mundt and Muiler (1995b) to obtain the 3' terminal sequences.
Homopolymeric dA-tailing method with poly (A) polymerase has been used and
it is considered to be rather a relatively inefficient and less reliable method, if
secondary structures are present at the 3' end (Mandl et al., 1991). In addition,
PCR amplification following dA-tailing requires a relatively low annealing
temperature, such as 37°C, favouring nonspecific binding of the oligo-dT primer
to other A- rich sequences rest  j in nonspecific products (Hirzman et al.,
1993; Zhiner and Gehring, 1994) 5 RACE method used by Mundt and Muller

(1995) to determine the 5' term sequences has to be modified to obtain the

terminal ends of segment A . of IBDV which have VP1 attached to their 5
ends (Dobos, 1993). There ierminal sequences of European strains have
additional 15 nucleotides 2* ends that are placed at the 3’ termini in the
present study. Here the p consideration had been given to the finding of

a stretch of conserved hc Jgous sequence between segment A and B of
IBDV strains OH, IN and SK140a and aligning the sequences of strains GLS,
SK9 and QC-2 which shar e same common &nd sequence identity with the
other three strains. The proposed 5 and 3' ends of the ligated terminal
sequences for all the strains were assigned based on the observation of reported
terminal sequences of segmented RNA viruses sharing common termini between

all the segments (Antczak et al., 1982; Obijeski ef al., 1980; Stockle et al., 1987,
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Yan et al., 1992). However the 5 RACE method could be used to confirm the
proposed 5 ends of genomic segments A and B of IBDV strains as suggested

by Hirzman et al. (1993).

Segment A of published sequence of GLS strain (Vakharia et al., 1994) is
missing the terminal three nucleotides 5 GAA- and the strain OH (Kibenge et al.
1991) the terminal two nucleotides § 'GA-. It is interesting to note here that
segment B of IBDV strair, 002-73 (Morgan et al., 1988) also begins with 5’ GAA.
The IPNV consensus sequence (Duncan et al., 1991) is similar to IBDV for the
first three nucleotides (& GAA-) at the 5 termini of segment A ad B. This
trinucleolide sequence 5 GAA- is likely to serve as a recognition signal for
primer (VP1) binding to initiate replication. However, there is no sequence
identity in the noncoding region beyond that and none at all at the 3' termini
between IBDV and IPNV. This further justifies the re-classification of the family
Birnaviridae into three different genera (Dobos, March 1995, Personal

communication).

4.4 Secondary Structures

The panhandle structures predicted manually for the 3'-5' terminal junction (Fig
13) of the prototype strain OH originate as a result of adjacent inverted repeats
in the 3’ terminus in segment A and in the 5' terminus in segment B. Segment

A hairpin loop structure becomes a mirror image of the one in segment B, which
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might be significant in facilitating the packaging of both segments A and B in the
viral capsid. These panhandles may also be responsible for the sequence in this
region being placed either at the 5’ end or the 3’ end as in IBDV strain 52/70
(Fig 7a, Fig 7b). In Sindbis virus, the first 44 nucleotides in the 5’ nontranslaied
region which are capable of forming a hairpin structure were found to be
important for virus replication. All deletions tested in this region were found to
be lethal or resulted in poor growth of the virus when compared to the parental
virus (Niesters and Strauss, 1990). In influenza virus, a terminal panhandle
structure is implicated in the initiation of viral RNA transcription (Fodor et al.,

1994).

Secondary structures were also predicted by the RNA MFold program. In the
5 noncoding regions of segment A of IBDV strains OH and GLS, there exist
similar hairpin loop motifs from bases 30 and 40 (Fig. 14 and Fig. 15). The
conservation of such a hairpin loop motif rather than the actual nucleotide
sequence in this region might be of some functional importance, possibly serving
as a recognition signal for virus specific functiors. In calicivirus genomes, the
3' terminal untranslated regions are quite variable in their length, yet they all
were suggested to form stern and loop or hairpin structures (Seal ef al., 1994).
These areas of the genome are believed to be important in providing the
replication signals for amplification of RNA molecules (Weiner ef al., 1987).

Such conserved structures seem to exist as well in the 3' noncoding regions of
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segment A of IBDV strains OH and GLS. There are two hairpin loop structural
domains between base 10 and 40 and another hairpin loop structure in strain OH
between base 70 and 80 and in strain GLS between base 140 and 150 (Fig. 14
and Fig. 15). Similar hairpin loop structures were predicted for the 5 and 3'
noncoding regions of segment B of strain OH (Fig. 16) by the RNA MFold
computef program. Such structures may presumably exiz: in segment B of all
the IBDV strains sequenced in this study as well as in segment B of IBDV strain
002-73 sequenced by Morgan et al. (1988), since the nucleotide sequences for
segment B are highly conserved (Figs. 6 and 7) (Qian and Kibenge, 1994). The
validity of the proposed stem and loop structural models for the noncoding
regions of viral genome could be assessed further by other biochemical
approaches. Single and double stranded regions of these structures could be
characterized by determining the sites at which transcripts expressed by
synthetically constructed viral RNA would be cleaved with single- and double-
stranded specific nucleases. This would allow determining the existence of any
stem and loop structure involved in viral specific functions as has been shown

for other viruses such as hepatitis C virus (Brown et al., 1892

In the enteroviruses and rhinoviruses, an RNA hairpin loop structure located at
the 5' end of the viral RNA is highly conserved and is shown to affect the
translation efficiency of poliovirus RNA in infected cells (Simoes and Sarnow,

1991). Such structures are proposed to be important for replication of RNA of
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flaviviruses (Brinton ef al., 1986, Hahn ef al., 1987) such as hepatitis C virus
(Hans et al., 1992). Similar structures were presumed to interact with the viral
polymerase during viral RNA amplification (Jacobson et ¢/, 1993) or with cell
type-specific proteins (Chang et al,, 1993). RNA secondary structures were
implicated in viral virulence also, such as the §' noncoding region u! polioviruses
playing a significant role in neurovirulence (Skinner et al., 1989). The
neurovirulence of Theiler's virus has also been shown to be attenuated by a
three nucleotide insertion at the stem and loop structure of the 5’ untransiated

region (Bandyopadhyay et al., 1993).

4.5 General Discussion and Conclusion

The genomes of several IBDV strains had been previously sequenced. But they
may not represent the complete genomic RNA sequence since 5 and 3’ ends
were not determined. Common end sequences usually characteristics of
segmented RNA viruses and consensus sequence motifs harbouring regulatory
signals were not identified. Since 1988, alterations in IBDV characteristics such
as antigenic and virulence variations have been associated with problems in
vaccination practices. Some of the recent European and Japanese isolates were
shown to alter their virulence without showing changes in their antigenicity and
overcome immunity induced by vaccines of standard strain vaccines. The
location of sites in the viral genome involved in such virulence variations and the

underlying molecular mechanism are not presently known.
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At the present time considerable attention has been focused on the coding
regions of the IBDV genome which has facilitated better understanding of the
molecular basis for antigenic variations. Not much information is available about
the noncoding regions of the IBDV genome. In order to gain a better
understanding of the recent changes of IBDV in molecular terms, this study
focused on the noncoding regions of the viral genome as they contain important
regulatory signals for viral replication, transcription, assembly and encapsidation

and possibly virus virulence determinants.

A novel method of PCR amplification across the ligated 3' and §' end junctions
of the viral RNA strand was developed to obtain the terminal sequences of
dsRNA genome segments of six selected IBDV strains. In this method an
attempt was made to remove the terminal protein before ligation of 5’ phosphoryl
end to the 3' OH end. A specific sense and a specific antisense primers were
used for the cDNA synthesis following ligation since viral dsRNA yielded two
*amplates following denaturation. 5’ and 3’ ends of both (+) and (-) strands were
amplified yielding more templates for subsequent PCR amplification of the
ligated region. By this modified method, the terminal sequences of both the
genome segments of six strains of IBDV were successfully determined and the
common consensus terminal nucleotide sequences which may be characteristics
of bisegmented genome of IBDV were identified. Even though the majority of

the 5° termini might have existed as blocked termiri due to incomplete removal
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of VPg, it is possible that there existed a small proportion of 5’ termini accessible
to phosphorylation by polynucleotide kinase, facilitating subsequent ligation of
5' end to 3' OH end by T4 RNA ligase. 5 end labeling studies with [y*2P] ATP
of both viral RNA segments of IBDYV OH strain (Kibenge and Qian, personal
communication) showed only a small fraction of the viral RNA after the end
labeling, indicating that the majority of the viral RNA 5’ ends were blocked and
inaccessible to phosphorylation. A similar observation had been made with 5’
termini of adenovirus DNA molecules which have viral protein (VPg) attached to

the 5' termini (Carusi, 1977).

Conserved terminal sequences at the 5' and 3' ends of genome segments A and
B that may be characteristics of the genus Avibirnavirus were identified. This
sequence lies in a 34-base homologous sequence between the segment A and
B of IBDV strains OH, SK140a and IN. These sequences are in regions of
inverted terminal repeats and adjacent inverted repeats which readily form
panhandle structures. The total lengths of genome segment A and B of IBDV
strain OH were determined to be 3,241 bp and 2,922 bp, respectively, after
finding the additional extreme terminal sequences. The complete nucleotide
sequence thus determined wil' facilitate reverse genetics studies on IBDV which
may allow construction of functionally active IBDV from molecularly cloned DNA

copies of genomic sequences.
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A high degree of conservation of terminal sequences of genome segment B of
all six IBDV strains reflects the essential role of this segment which encodes the
putative viral RNA polymerase. The conservation of an optimum length terminal
sequence may be essential for maintaining important functions such as viral
replication and infectivity. Substantial variations identified in the 3' noncoding
sequences of segment A of IBDV strains may contribute to the genetic diversity
of IBDV and possibly to virus virulence determination. Likely, recombination
events and cell culture adaptations were suggested to account for such
variations. Obviously, additional strains of IBDV need to be sequenced so as to
fully characterize the range of variations. No definite sequence pattern
differentiating serotype 1 strains from serotype 2 strains was observed in the
noncoding regions of genome segment A and B of the six IBDV strains.
Regardless of terminal sequence heterogeneity identified in genome segment A
of IBDV strains GLS, SK9 and QC-2, consensus sequence motifs were identified
between segment A and B of all six IBDV strains. These sequences are likely
to play a vital role in regulatory functions such as replication, genome expression
and assembly of the progeny virus and possibly harbour determinants for

virulence.

This study has provided further insights into the molecular organization of the
IBDV genome. Regions of virus-specific sequences and secondary structures

likely to be important in regulatory events and possible virulence factors have
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been identified. These findings would likely facilitate better understanding of the
replication strategy of IBDV, its evolutionary pattern, mode of generation of
diversity and its pathogenicity and the development of better and more effective

approaches for disease control.

4.6  Future Studies

This study has added new informatior, to the existing knowledge on the
molecular organization and diversity of the IBDV genome. As an outcome of the
present study, two approaches for future studies could be envisaged. Probable
regulatory sequences to be targeted for site-directed mutagenesis and deletion
studies have been identified. There is considerable challenge ahead to map the
exact nucleotide residues involved in regulatory processes such as viral
replication, viral genome expression and phenotypic changes such as virulence.
Such endeavour would be facilitated by the construction of functionally active
IBDV from molecularly cloned DNA copies of genomic sequences since direct
mutational studies on IBDV RNA are difficult. Better understanding of genome
replication and assembly of IBDV is especially important in the context of recent
emergence of highly virulent strains of IBDV. Improved recombinant viruses
could be constructed. Other aliernative therapeutic approaches such as
antisense oligonucleotides tc intervene viral regulatory processes could be

further explored. For example, if packaging signal sequences involved in
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recognition by capsid protein are identified, they may serve as potential targets

for antiviral compounds.

Another approach worth pursuing would be the study of the effect ¢ successive
cell culture passage on the pathogenicity of IBDV in reiation to covariations in
the coding and noncoding sequences of IBDV genome. ltis ev ent from the
present study that variations in the noncoding regions contribute to the genetic
diversity of IBDV isolates. In some of the variant strains studied such as GLS
and IN, additional sequences, deletions and substitutions have been observed
in the terminal region. Such studies may provide important clues as to the
mechanism involved in IBDV virulence and facilitate construction of better
recombinant and attenuated vaccine strains of IBDV for control of infectious

bursal disease.

96



REFERENCES

ALMOND JW. The attenuation of poliovirus neurovirulence. Ann Rev Microbiol
1987, 41: 153-180.

ANSORGE W, LABEIT S. Field gradients improve resolution of DNA
sequencing gels. J Biochem Biophys Methods 1984; 10:. 237-247.

ANTCZAK JB, CHEMELO R, PICKUF DJ, JOKLIK WK. Sequences in both
termini of the ten genes of reovirus serotype 3 (strain Dearing). Virol 1982; 121:
307-319.

ANZOLA JV, XU Z, ASAMIZU T, NUSS DL. Segment specific inverted repeats
found adjacent to conserved terminal sequences in wound tumor virus genome
and defective interfering RNAs. Proc Natl Acad Scien USA 1987; 84: 8301-

8305.

AZAD AA, JAGADISH MN, BROWN MA, HUDSON PJ. Deletion mapping and
expression in Escherichia coli of the large genomic segment of a birnavirus.
Virol 1987; 161. 145-152.

AZAD AA, BARRETT SA, FAHEY KJ. The characterization and molecular
cloning of the double-stranded RNA genome of an Australian strain of infectious
bursal disease virus. Virol 1985; 143; 35-44.

BANDYOPADHYAY PK, PRITCHARD A, JENSEN K, LIPTON HL. A three
nucleotide insertion in the H stem-loop of the &' untranslated region of Theiler's
virus attenuates neurovirulence. J Virol 1993; 67: 3691-3695.

BANNER LR, LAI MC. Random nature of coronavirus RNA recombination in the
absence of selection pressure. Virol 1991; 185: 441-445,

BAYLISS CD, SPIES U, SHAW K, PETERS RW, PAPAGEORGIO A, MULLER
H, BOURSNELL MEG. A comparison of the sequences of segment A of four
infectious bursal disease virus strains and identification of a variable region in
VP2. J Gen Virol 1990, 71: 1303-1312.

BECHT H, MULLER H, MULLER HK. Comparative studies on structural and
antigenic properties of two serotypes of infectious bursal disease virus. J Gen
Virol 1988; 69: 631-640.

BERNARD J. Drosophila X virus RNA pulymerase: tentative model for in vitro
replication of the double-stranded virion RNA. J Virol 1980; 33: 717-770.

97



BIRNBOIM HC, DOLY J. A rapid alkaline extraction procedure fbr screening
plasmid DNA, Nucle.c Acids Res 1979; 7: 1513-1523.

BLUMBERG BM, GIORGI C, KOLAKOFSKY D. VSV N protein of vesicular
stomatitis virus selectively encapsidates VSV leader RNA in vitro. Cell 1983;
32: 554-567.

BLUMBERG BM, CHAN J, UDEM SA. Function of paramyxovirus 3’ and 5' end
sequences in theory and practice. In'The Paramyxoviruses" (D Kingsbury, ed),
1991; pp 235-247, Plenum, Ny.

BONAMI JR, ADAMS JR. Birnaviridae. In: Adams Jr, Bonami Jr (eds) Atlas of
invertebrate viruses. CRC Press Inc, Baco Raton, 1991, pp 435-442.

BOX P. High maternal antibodies help chicks beat virulent virus. World Poultry
1989; 53: 17-19.

BRINTON MA, GAVIN E, FERNANDEZ AV. Genotypic variation among six
isolates of LDE virus (lactate dehydrogenase elevating virus). J Gen Virol 1986;
67; 2673-2681.

BROCK KV, DENG R, RIBLET SM. Nucleotide sequencing of 5’ and 3' termini
of bovine viral diarrhea virus by RNA ligation and PCR. J Virol Methods 1992;
38: 35-46.

BROWN MD, GREEN P, SKINNER MA. VP2 sequences of recent European
'very virulent' isolates of infectious bursal disease virus are closely related to
each other but are distinct from those of 'classical’ strains. J Gen Virol 1994;
75. 675-680.

BROWN AB, ZHANG H, PING L, LEMON M. Secondary structure of the 5’
nontranslated regions of hepatitis C virus and pestivirus genomic RNAs. Nucleic
Acids Res 1992; 20: 5041-5045.

BURKHARDT E, MULLER H. Susceptibility of chicken blood lymphoblasts and
monocytes to infectious bursal disease virus (IBDV). Arch Virol 1987; 94: 297-
303.

CALVERT GJ, NAGY E, SOLER M, DOBOS P. Characterization of the VPg-
dsRNA linkage of infectious pancreatic necrosis virus. J Gen Virol 1881, 72:
2563-2567.

CARUSI! EA. Evidence for blocked 5’ termini in human adenovirus DNA. Virol
1977, 76: 380-394.

o8



CERVARA MT, RIECHMAN JL, MARTIN MT, GARCIA JA. 3' terminal sequence
of the plum pox virus PS and 06 isolates: evidence for recombination within the
potyvirus group. J Gen Virol 1993; 74: 329-334.

CHANG KH, BROWNEA, LEMON SM. Cell type-specific proteins which interact
with the 5 nontranslated region of hepatitis A virus RNA. J Virol 1993, 67:

6716-6725.

CHANOCK RM. New opportunities for development of safe effective live virus
vaccines. Yale J Biol Med 1982; 55: 361-367.

CHEN Z, FAABERG KS, PLAGEMANN PGW. Determination of the 5 end of
the lactate dehydrogenase-elevating virus genome by two independent
approaches. J Gen Virol 1994. 75: 925-930.

CHEN EY, SEEBURG PH. Supercoiling sequencing: a fast and simple method
for sequencing plasmid DNA. DNA 1985; 4: 165-170.

CHETTLE N, STUART JC, WYETH PJ. Outbreak of virulent infectious bursal
disease in East Anglia. Vet Rec 1989; 125: 271-272.

CHRIST H, HIRZMAN J, COMRATHS F, ZAHNER II, STIRM S, HOBOM G.
Trans-splicing of an early embryo mRNA in Litomosoides carini, coding for the
major microfilarial sheath protein gp 22. Gene 1992; 121. 219-2286.

CLERX-VAN HAASTER CM, CLERX JPM, USHIMA H, AKASHI H, FULLER F,
BISHOP DHL. The 3’ terminai RNA sequences of bunyaviruses and
nairoviruses (3unyaviriclae). evidence of end seqguence generic differences within
the virus family. J Gen Virol 1982; 61: 289-292.

COHEN JJ. Programmed cell death in the immune system. Advances in
Immunology 1991; 50: 55-85.

COWEN BS, BRAUNE MC. The propagation of avian viruses in a continuous
cell line (QAT35) of Japanese quail origin. Avian Dis 1988; 32: 282-297.

DAY SP, MURPHY P, BROWN EA, LEMON SM. Mutations within the &’
nontranslated region of hepatitis A virus RNA which enhance replication in BS-C-
1 celis. J Virol 1992; 11. 6533-6540.

DESSELBERGER U, RACANIELLO VR, ZAZRA JJ, PALESE P. The 3 and &'

terminal sequences of influenza A, B, C virus segments are highly conserved
and show partial inverted cemplementarity. Gene 1980; 8. 315-328.

99



DOBOS P. Birnaviridae. In : Francki RIB, Facquet CM, Knudson DL, Brown F
(eds) Classification and nomenclature of viruses. Fifth Report of the
International Committee on Taxonomy of Viruses. Arch Virol 1991; Suppl 2
Springler-Verlag, New York, pp 200-202.

DOBOS P. /n vitro guanylylation of infectious pancreatic necrosis virus
polypeptide. Virol 1993; 193: 403-413.

DOBOS P. Protein primed RNA synthesis in vitro by the virion-associated RNA
polymerase of infectious pancreatic necrosis virus. Virol 1995; 208: 19-25

DOBOS P, HILL BJ, HALLET R, KELLS DTC, BECHT H, TENINGES D.
Biophysical and biochemical characterization of five animal viruses with
bisegmented double-stranded RNA genome. J Virol 1979; 32: 593-605.

DOHMS JE, LEE KP, ROSENBERGER JK, METZ AL. Plasma cell quantitation
in the gland of Harder during infectious bursal disease virus infection of 3-week-
old broiler chickens. Avian Dis 1988; 32: 624-631.

DUNCAN R, MASON CL, NAGY E, LEONG J, DOBOS P. Sequence analysis
of IPNV genome segment B and its encoded VP1 protein. A putative RNA
polymerase activity lacking the Gly-Asp-Asp motif. Virol 1991, 193: 403-413.

DYBING JK. Sequence analysis of infectious bursal disease virus of serotype
2 and expression of the VP5 cDNA. MSc. Thesis 1992; University of Prince
Edward Island. Charlottetown, Canada.

EDWARDS JBDM, DELORT J, MALLET J. Oligodeoxyribonucleotide ligation to
single-stranded cDNAs: a new tool for cloning &' ends of mRNAs and for
constructing cDNA libraries by in vitro amplification. Nucleic Acids Res 1991,
19: 5227-5232.

ENTERRADOSSI N, PICAULT JP, DROUIN P, GUITTET M, L'HOSPITALIER,
BENNEJEAN G. Pathogenicity and preliminary antigenic characterization of six
infectious bursal disease virus strains isolated in France from acute outbreaks.
J Vet Med Bulletin 1992; 39. 683-691.

EVANS DMA, DUNN G, MINOR PD, SCHILD GC, CANN AJ, STAWAY G,
ALMOND JW, CURREY K, MEIZEL JW. Increased neurovirulence associated
with a single nucleotide change in noncoding region of the Sabin type 3
poliovirus genome. Nature (London) 1985; 314: 548-550.

100



FAHEY KJ, MCWATERS P, BROWN MA, ERNY K, MURPHY VJ, HEWISH DR.
Virus-neutralizing and passively protective monoclonal antibodies to infectious
bursal disease virus of chickens. Avian Dis 1991; 35: 365-373.

FARAGHAR SG, DALGARNO L. Region of conservation and divergence in the
3’ untranslated sequences of RNA from Ross River virus isolates. J Mol Biol
1986; 190. 141-148.

FAVRE D. Improved phenol-based method for the isolation of DNA fragments
from low-melting temperature agarose gels. Biofeedback 1992; 13: 120-123.

FEINBERG AP, VOGELSTEIN B. A technique for radiolabeling DNA restriction
endonuclease fragments to high specific activity. Anal Biochem 1983; 132: 6-

13.

FINNEY M. Molecular cloning of PCR products. In: Current Protocols in
Molecular Biology, Vol. 2. Edited by Ausubel FM, Brett R, Kingston RE, Moore
DD, Seidman JG, Smith JA , Struhl K. Green Publishing Associates, Inc. and
John Wiley & Sons, Inc. Brooklyn, NY. pp. 15.7.1-15.7.6.

FODOR E, PRITLOVE DC, BROWNLEE GG. The influenza virus panhandle is
involved in initiation of transription. J Virol 1994; 68. 4092-4096.

FODOR E, SEONG BL, BROWNLEE GG. Photochemical cross-linking of
influenza A polymerase to its virion RNA promoter defines a polymerase binding
site at residues 9-12 of the promoter. J Gen Virol 1983; 74: 1327-1333.

FROHMAN MA, DUSH MK, MARTIN GR. Rapid production of full-length cDNA
from rare transcripts: amplification using a single gene-specific oligonuc’ »otide
primer. Proc Natl Acad Sci USA 1988; 85: 8998-9002

FUKUSHI S, KATAYAMA K, KURIHARA C, ISHIYAMA. Complete 5' noncoding
region is necessary for the efficient internal initiation of hepatitis C virus RNA.
Biochem Biophy Res Communications 1994; 199: 425-432.

GUBLER U, HOFFMAN BJ. A simple and very effective method for generating
cDNA libraries. Gene 1983; 25: 263-269.

HAHN CS, HAHN YS, RICE CM, LEE E, DALGARNO L, STRAUSS EG,
STRAUSS JH. Conserved elements in the 3’ untranslated regions of flavivirus
RNAs and potential cyclization sequences. J Mol Biol 1987; 198: 33-41.

101



HANS JH, HOUGHTON M. Group-specific sequences and conserved seconds'y
structures at the 3' end of HCV genome and its implication for viral replicatirn.
Nucleic Acids Res 1992; 20: 3520.

HARVEY RJ, DARLISON MG. Random-primed cDNA synthesis facilitates the
isolation of multiple 5'-cDNA ends by RACE. Nucleic Acids Res 1991; 16:
4002.

HAVARSTEIN LS, KALLAND KH, CHRISTIE KE, ENDRESEN C. Sequence
comparison of the large double-stranded RNA segment of the N1 strain of
infectious pancreatic necrosis virus: a comparison with other Birnaviridae. J
Gen Virol 1990; 71: 299-308.

HEINE HG, HARITOU M, FAILLA P, FAHEY K, AZAD A. Sequence analysis
and expression of the host-protective immunogen VP2 of a variant strain of
infectious bursal disease virus which can circumvent vaccination with standard
type 1 strains. J Gen Virol 1991; 72: 1835-1843.

HEINE HG, BOYLE DB. Infectious bursal disease virus structural protein VP2
expressed by a fowlpox virus recombinant confers protection against disease in
chickens. Arch Virol 1993; 131. 277-292.

HETZER M, MUELLER MW. PCR mediated analysis of RNA sequences.
Nucleic Acids Res 1993; 21. 5526-5527.

HIRZMAN J, LUO D, HAHNEN J, HOBOM G. Determination of messenger RNA
5’ ends by reverse transcription of the cap structure. Nucleic Acids Res 1993;
21: 3597-3598.

HOLLAND J, SPINDLER K, HORODYSKI F, GRABAU E, NICHOL 8§,
VANDEPOL S. Rapid evolution of RNA genomes. Science 1982; 215. 1577-
1585.

HUDSON PJ, McKERN NM, POWER BE, AZAD AA. Genomic structure of the
large RNA segment of infectious bursal disease virus. Nucleic Acids Res 1986;
14: 5001-5012.

HULTMAN T, STAHL S, HORNES E, UHLEN M. Direct solid phase sequencing
of genomic and plasmid DNA using magnetic beads as solid support. Nuceic
Acids Res 1989; 17: 4937-4938.

INOUE M, FUKUDA M, MIYANO K. Thymic lesions in chicken infected with
infectious bursal disease virus. Avian Dis 1994; 38:. 839-846.

102



ISMAIL NM, SAIF YM, MOOREHEAD PD. Lack of pathogenicity of five serotype
2 infectious bursal disease viruses in chickens. Avian Dis 1988; 32: 757-759.

ISMAIL NM, SAIF YM, WIGLE WL. HAVENSTEIN GB, JACKSON C. Infectious
bursal disease virus variant from commercial leghorn pullets. Avian Dis 1990;
34: 141-145.

JACKWOOD DJ, KIBENGE FSB, MERCADQ CC. THe use of biotin labeled
cDNA probes for the detection of infectious bursal disease viruses. Avian Dis
1990; 34: 129-136.

JACKWOOD DJ, SAIF YM, HUGHESJM. Characteristics and serologic studies
of two serotypes of infectious bursal disease virus in turkeys. Avian Dis 1982;
26: 871-882.

JACKWOOD DH, SAIF YM, HUGHES JH. Replication of infectious bursal
disease virus in continuous cell lines. Avian Dis 1987; 31: 370-375.

JACKWOOD DJ, JACKWOCD RJ. infectious bursal disease viruses: molecular
differentiation of antigenic subtypes among serotype 1 viruses. Avian Dis 1994;
30: 45-50.

JACKWOOD DJ, KIBENGE FSB, MERCADO CC. Detection of infectious bursal
disease viruses by using cloned cDNA probes. J Clin Microbiol 1989; 27:
2437-2443.

JACKWOOD DH, SAIF YM. Antigenic diversity of infectious bursal disease
viruses. Avian Dis 1987; 31:. 766-770.

JACOBSON SJ, KONINGS DA, SARNOW P. Biochemical and genetic evidence
from pseudoknot structure at the 3’ terminus of the poliovirus RNA genome and
its role in viral RNA amplification. J Virol 1993, 67. 2961-2971.

JAGADISH MN, STATON VJ, HUDSON PJ, AZAD AA. Birnavirus precursor
polyprotein is processed in Escherichia coli by its own virus-encoded
polypeptide. J virol 1988; 62: 1084-1087.

JANG SK, KRAUSSLICH HG, NICKLIN MJ, DUKE GM, PALMENBERG AC,
WIMMER E. A segment of the &' nontranslated region of encephalomyocarditis
virus RNA directs internal entry of ribosomes during in vitro translation. J Virol
1988; 62: 2636-2643.

103



JEURISSEN SHM, WAGNER F, POL JMA, VAN DER EB AJ, NOTEBORN
MHM. Chicken anemia virus causes apoptosis of thymocytes after in vivo
infection and of cell lines after in vitro infection. J Virol 1992; 66: 7383-7388.

KEENE JD, SCHUBERT M, LAZZARINI RA. Terminal sequences of vesicular
stomatitis virus RNA are both complementary and conserved. J Virol 1979; 32:
167-174.

KIBENGE FSB, MCKENNA PK. Isolation and propagation of infectious bursal
disease virus usirig the ovine kidney continuous cell line. Avian Dis 1992; 36:
256-261.

KIBENGE FSB. Differential detection of infectious bursal disease virus
serotypes, using cDNA probes to VP2 coding region. Amer J Vet Res 1992; 53:
1337-1342.

KIBENGE rSB, MCKENNA PK, DYBING JK. Genomic cloning and analysis of
the large RNA segment (segment A) of a naturally avirulent serotype 2 infectious
bursal disease virus. Virol 1991; 184: 437-440.

KIBENGE FSB, DHILLON AS, RUSSEL RG. Growth of serotypes | and Il and
variant strains of infectious bursal disease virus in Vero cells. Avian Dis 1988b
32: 298-303.

KIBENGE FSB, JACKWOOD DJ, MERCADO CC. Nucleotide sequence
analysis of genome segment A of infectious bursal disease virus. J Gen Virol
1990; 71: 569-577.

KIBENGE FSB, DHILLON AS, RUSSEL RG. Biochemistry and Immunology of
Infectious Bursal Disease Virus. J Gen Virol 1988a; 69: 1757-1775.

KIT S, KIT M, PIRTLE EC. Attenuated properties of thymidine kinase-negative
deletion mutant of pseudorabies virus. American J Vet Res 1985; 46: 1359-
1367.

KUGE S, NOMOTO A. Construction of viable deletion and insertion mutants of
the Sabin strain of type 1 poliovirus. Function of the 5' non-coding sequence in
viral replication. J Virol 1987; 61. 1478-1487.

KUHN RJ, HONG Z, STRAUSS JH. Mutagenesis of the 3' nontransiated region
of Sindbis virus RNA. J Virol 1990: 64: 1465-1476.

LAl MMC. RNA recombination in animal and plant viruses. Microbiol Rev 1992,
56. 61-79.

104



LAWRENCE-SMITH SC, MASSEY AC, INNES DJ, THOMAS CY. Pathogenic
determinants in the U3 region of recombinant murine leukemia viruses isolated
from CWD and HRS/J mice.

LEE LH. Characterization of nonradioactive hybridization probes for detecting
infectious bursal disease virus. J Virol Methods 1992b; 38: 81-92.

LEE LH, YU SL, SHIEH HK Detection of infectious bursal disease virus
infection using the polymerase chain reactiori. J Virol Methods 1992c; 40: 243-
254,

LEE LH. The use of monoclonal antibodies probes for the detection of infectious
bursal disease virus antigens. Avian Patho! 1992a; 21: 87-96.

LEE LH, TING LJ, SHIEN JH, SHIEH HK. Single-tube, noninterrupted reverse
transcription-PCR for detection of infectious bursal disease virus. J Clin
Microbiol 1994; 32: 1268-1272.

LI JK, KEENE JD, SCHIEBLE PP, JOKLIK WK. Nature of the 3' terminal
sequences of the plus and minus strands of reovirus serotypes 1, 2, 3. Virol
1980; 105: 41-51.

LIN Z, KATO A, OTAKI Y, NAKAMURA T, SASMA ZE, UEDA S. Sequence
comparisons of a highly virulent infectious bursal disease virus prevalent in
Japan. Avian Dis 1993; 37: 315-323.

LIPTON HL, CALENOFF M, BANDYOPADHYAY P, MILLER SD, CANTO MCD,
GERETY S, JENSEN K. The 5 noncoding sequences from a less virulent
Theiler's virus drarnatically alternates GDVII neurovirulence. J Virol 1991; 665:
4370-4377.

LUKERT PD, SAIF YM. Infectious bursal disease. In: Calnek BW, Barnes HJ,
Beard CW, Reid WM, Yoder HW, Jr, eds. Diseases of poultry. 9th ed. Ames:
lowa State University Press, 1991; 648-653.

LUKEPT PD, LEONARD J, DAVIS RB. Infectious bursal diseasevirus: antigen
production and immunity. Am J Vet Res 1975; 16: 539-540.

MACADAM AJ, POLLARD SR, FERGUSON G, DUNN G, SKUCE R, ALMOND
JW, MINOR PD. The & noncoding region of the type 2 poliovirus vaccine
contains determinants of attenuation and temperature sensitivity. Virol 1891;

181: 451-458.

105



MANDL CW, HEINZ FX, PUCHHAMMER-STOECKEL E, KUNZ C. Sequencing
the termini of capped viral RNA by 5'-3' ligation and PCR. Biotechniques 1991:
10: 484-485.

MANDL CW, KUNZ C, HEINZ FX. Presence of poly(A) in a flavivirus: significant
differences between the 3' noncoding regions of the genomic RNA of tick-borne
encephalitis virus strains. J Virol 1991b; 65: 4070-4077

MAXAM AM, GILBERT W. A new method for sequencing DNA. Proc Nat! Acad
Sci USA 1977, 74: 560-564.

MAYO MA, JOLLY CA. The 5' terminal sequence of potato leafroll virus RNA:
evidence of recombination between virus and host RNA. J Gen Virol 1991; 72:
2591-2595.

McFERRAN JB, McNULTY MS, McKILLOP, CONNER TJ, McCRACKEN,
COLLINS DS, ALLAN GM. Isolation and serological studies with infectious
bursal disease viruses from fowl, turkeys and ducks: demonstration of a second
serotype. Avian Pathol 1980; 9: 395-404.

McNULTY MS, SAIF YM. Antigenic relationships of non-serotype 1 turkey
infectious bursal disease viruses from the United States and United Kingdom.
Avian Dis 1988; 32: 374-375.

MELLOR EJC, BROWN F, HARRIS TJR. Analysis of secondary structure of the
poly(C) tract in foot-and-mouth disease virus RNAs. J Gen Virol 1985, 66:
1919-1929.

MERTENS PPC, JAMIESON PB, DOBOS P. In vitro synthesis of infectious
pancreatic necrosis virus associated RNA polymerase. J Gen Virol 1982, 59:
47-56.

MEYER BJ, SOUTHERN PJ. Concurrent sequence analysis of 5' and 3' RNA
termini by intramolecular circulariza’.on reveals 5' nontemplated bases and 3'
terminal heterogeneity for lymphocytic choriomeningitis virus mRNA. J Virol
1993; 67. 2621-2627.

MEYER BJ, SOUTHERN PJ. Sequence heterogeneity in the termini of
lymphocytic choriomeningitis virus genomic and antigenomic RNAs. J Virol
1994; 68. 7659-7664.

MORGAN MN, MACREADIE IG, HARLEY VR, HUDSON PJ, AZAD AA.

Sequence of a small dout {e stranded RNA genomic segment of infectious bursal
disease virus and its deduced 90-kDa product. Virol 1988; 163: 240-242.

106



MUEL! ER MW, HETZER M, SCHWEYEN RJ. Group Il intron RNA catalysis of
progressive nucleotic’= ~ -=rtion: a model for RNA editing. Science 1993; 261:
1035-1038.

MULLER H, LANGE r, 8ECHT H. Formation, characterization and interfering
capacity of a small plaque mutant and of incompiete virus particles of the
infectious bursal disease (IBDV). Virus Res 1986; 4. 297-309.

MULLER H, SCHOLTISSEK C, BECHT H. The genome of infectious bursal
disease virus consists of two segments of double-stranded RNA. J Virol 1979;

31: 584-588.

MULLER H, NITSCHKE R. The two segments of the infectious bursal disease
virus genome are circularized by a 90,000-Da protein. Virol 1987; 159: 174-

177.

M_DLLER H, SCHNITZLER D, BERNSTEIN F, BECHT H, CORNELISSEN D,
LUTTICKEN DH. Infectious bursal disease of poultry: antigenic structure of the
virus and controi. Vet Microbiol 1992; 33: 175-183.

MULLER H, NITSCHKE R. Molecular weight determination of the two segments
of double-stranded RNA of infectious bursal disease virus, a member of the
birnavirus group. Med Microbiol Immnol 1987b; 176: 113-121.

MUNDT E, BEYER J, MULLER H. lIdentification of a novel protein in infectious
bursal disease virus-infected cells. J Gen Virol 1995; 76: 437-443.

MUNDT E, MULLER H. Complete nucleotide sequences of 5 and 3'-noncoding
regions of both genome segments of different strains of infectious bursal disease
virus. Virol 1995; 209: 10-18.

MUZYCHENKG AR, LIPSKAYA GYU, MASLOVA SV, SVITKIN YV, PILIPENKO
EV, NOTTAT BK, KEW OM, AGOL VI. Coupled mutations in the §' untransiated
region of the Sabin poliovirus strains in vivo passages: structural and functional
implications. Virus Res 1991; 21: 111-122.

NAKHASI HL, CAC X-Q, ROUAULT TA, LIU TY. Specific binding of host cell
proteins to the 3' terminal stem-loop struciure of rubella virus negative strand
RNA. J Virol 1990; 65: 5961-5867.

NIESTERS HG, STRAUSS JH. Defined mutations in the 5 nontranclated
sequence of sindbis virus RNA. J Virol 1990; 64: 4162-4168.

107



NUNOYA TY, OTAKI M, TAJIMA M, HIRAGA M, SAITO T. Occurence of acute
infectious bursal disease with high mortality in specific-pathogen-free chickens.
Avian Dis 1992; 36: 597-609.

NUSBAUM KE, LUKERT PD, FLETCHER OJ. Experimental infection of one-
day-old poults with turkey isolates of infectious bursal disease virus. Avian
Pathol 1988; 17: 51-62.

OBIJESKI JF, McCAULEY J, SKEHEL JJ. Nucleotide sequences at the termini
of La Crosse virus RNAs. Nucleic Acids Res 1980; 8: 2431-2438.

OCHMAN H, GERBER AS, HART DL. Genetic application of an inverss
polymerase chain reaction. Genetics 1988, 120: 621-623.

OKOMOTO H, CKADA S, SUGIYAMA Y, KURAI K, HZUKA H, MACHIDA A,
MIYAKAWA Y, MAYUMI M. Nucleotide sequence of the genomic RNA of
hepatitis C virus isolated from a human carrier. comparison with reported isolates
for conserved and divergent regions. J Gen Virol 1991; 72: 2697-2704.

OMURA T, MINOBE Y, TSUCHIZAK! T. Nucleotide sequence of segment S10
of the rice dwarf virus genome. J Gen Virol 1988, 69. 227-231.

OPPLING V, MULLER H, BECHT H. Heterogeneity of the antigenic site
responsible for the induction of neutralizing antibodies in infectious bursal
disease virus. Arch Virol 1991b. 119: 211-223.

PEARSON WR, LIPMAN DJ, Improved tools for biolegic sequence comparison.
Proc Natl Acad Scien USA. 1988; 85: 2444 -2448

PELLETIER J, KAPLAN G, RACANIELLO VR, SONENBERG N. Cap-
independent translation of poliovirus mRNA is conferred by sequence elements
within the &' noncoding region. Mol Cell Biol 1988; 8. 1103-1112.

PERDUE ML, BORCHELT D, RESNICK RJ. Participation of &' terminal leader
sequences in in vitro translation of Rous Sarcoma virus RNA. J Biol Chem
1982; 257. 6551-6555.

PERSSON RH, MACDONALD . Evidence that infectious pancreatic necrosis
virus has a genome linked protein. J Virol 1982; 44: 437-443.

PILIPENKO E, BLINOV VM, ROMANOVA LI, SINYAKOV,AN, MASLOVA 8V,
AGOL VI. Conserved structural domains in the 5-untranslated region of
picornaviral genomes: An analysis of the segment controlling transiation and
neurovirulence. Virol 1989; 168: 201-208.

108



PORTER AG, FELLNER P, BLACK DN, ROWLANDS DJ, HARRIS DJR,
BROWN F. 3'- ‘erminal nucleotide sequences in the genome RNA of
picornaviruses. Nature (London) 1978; 276: 298-301.

PRITCHARD AE, CALENOFF MA, SIMPSON S, JENSEN K, LIPTON HL. A
single base deletion in the §' noncoding region of Theiler's virus attenuates
neurovirulence. J Virol 1992; 66: 1951-1958.

QIAN B, KIBENGE FSB. QObservations on polymerase chain reaction
amplification of infectious bursal disease virus dsRNA. J Virol Methods 1994;

47. 237-242.

RACANIELLO VR, MERIAM C. Poliovirus temperature sensitive mutant
containing a single nucleotide deletion in the 5-noncoding region of the viral
RNA. Virol 1986; 155. 498-507.

. REDDY SK, SILIM A. !solation of infectious bursal disease virus from turkeys
with arthritic and respiratory symptoms in commercial farms. Avian Dis 1991b;
35. 3-7.

REDDY SK, SILIM A. Comparison of neutralizing antigens of recent isolates of
infectious bursal disease virus. Arch Virol 1891a; 17: 287-296.

RICHARDSON CC. Bacteriophage T4 polynucleotide kinase. In the Enzymes,
1981; 3rd edition (ed. Boyer PD) vol. 14, p. 299. Academic Press. N.Y.

ROHLL JB, PERCY N, LEY R, EVANS DJ, ALMOND JW, BARCLAY WS. The
5'-untranslated regions of picornavirus RNAs contain independent functional
domains essential for RNA replication and translation. J Virol 1994; 68: 4384-
4391.

ROMANIUK PJ, UHLENBECK OC. Joining of RNA molecules with RNA ligase.
Methods in Enzymol 1983; 100: 52-59.

ROSENBERGER JK, CLOUD SS, GELB J, ODOR E, DOHMS JE. Sentinel bird
survey of Delmarva broiler flocks 1989; Proceedings of the 20th National
Meeting on Pouliry Health and Condemnations. Ocean City, Maryland, USA. pp.
98-202.

SAIF YM. Immunosuppression induced by infectious bursal disease virus. Vet
Immunol Immunopathol 1991; 30: 45-50.

108



SAIKI RK, GELFAND DH, STOFFEL S, SCHARF SJ, HIGUCHI R, HORN GT,
MULLIS KB, ERLICH HA. Primer-directed enzymatic arnplification of DNA with
a thermostable DNA polymerase. Science 1988; 239: 487-491.

SALAS M. Protein priming of DNA replication. Ann Rev Biochem 1991; 60:
39-71.

SAMBROOK J, FRITSCH EF, MANIATIS T. Molecular cloning: A laboratory
manual. 2nd ed. Cold Spring Harbor Laboratory Press, 1989.

SANDHU GS, PRECUP JM, KLINE BC. Rapid one-step characterization of
recombinant vectors by direct analysis of transformed Escherichia coli colonies.
Biotechniques 1989; 7: 689-690.

SANGER F, NICKLEN S, COULSON AR. DNA sequencing with chain-
terminating inhibitors. Proc Natl Acad Sci USA 1977b; 74: 5463-5467.

SARNOW P, BERNSTEIN HD, BALTIMORE D. A poliovirus temperature-
sensitive RNA synthesis mutant located in a noncoding region of the genome.
Proc Natl Acad Sci USA 1986; 8: 571-575.

SANO Y, VAN DER VLUGT R, DE HAAN P, TAKAHASHI A, KAWAKAMI M,
GOLDBACH R, KAJIMA M. On the variability of the 3' terminal seqi'ence of the
turnip mosaic virus genome. Arch Virol 1992; 126. 231-238.

SCHAAD MC, BARIC RS. Evidence for new transcriptional units encoded at the
3' end of the mouse hepatitis virus genome. Virology 1993; 196: 190-198.

SCHNITZLER D, BERNSTEIN F, MULLER H, BECHT H. The genetic basis for
the antigenicity of the VP2 protein of the infectious bursal disease virus. J Gen
Virol 1993; 74:. 1563-1571.

SCHUBERT M, LAZZARINI RA. In vitro transcription of the &' terminal
extracistronic region of vesicular stomatitis virus RNA. J Virol 1981; 38: 256-
262.

SEAL BS, NEILL JD, RIDPATH JF. Predicted stem-loop structure and variation
in nucleotide sequence of 3' noncoding regions among animal calicivirus
genomes. Virus Genes 1994; 8: 243-247.

SETHNA PB, HUNG S, BRIAN DA. Coronavirus subgenomic minus-strand

RNAs and the potential for mRNA replicons. Proc Natl Acad Sci USA 1989; 86:
5626-5630.

110



SHARMA JM, DOHMS JE, METZ AL. Comparative pathogenesis of serotype
1 and variant serotype 1 isolates of infectious bursal disease virus and their
effect on humoral and cellular immune competence of specific-pathogen-free
chickens. Avian Dis 1989b; 33:. 112-124.

SHARMA JM, LEE LF. Effect of infectious bursal disease virus on natural killer
cell activity and mitogenic response of chicken lymphoid cells: Role of adherent
cells in cellular immune suppression. Infect Immun 1984; 42: 747-754.

SIMMONDS P, McOMISH F, YAP PL, CHAN SW, LIN CK, DUSHEIKO G,
SAEED AA, HOLMES EC. Sequence variability in the 5’ noncoding region of
hepatitis C virus: identification of a new virus type and restrictions on sequence
diversity. J Gen Virol 1993; 74. 661-668.

SIMOES EA, SARNOW P. An RNA hairpin at the extreme 5 end of the
poliovirus RNA genome modulates viral translation in human celis. J Virol 1991;
65: 913-921.

SIVANANDAN V, MAHESWARAN SK. Immune profile of infectious bursal
disease virus. |. Effect of infectious bursal disease virus on peripheral blood T
and B lymphocytes of chickens. Avian Dis 1979a; 23: 95-106.

SI{INNER MA, RACANIELLO VR, DUNN G, COOPER J, MINOR PD, ALMOND
JW. New model for the secondary structure of the 5 noncoding RNA of
poliovirus is supported by biochemical and genetic data that also show that RNA
secondary structure is important in neurovirulence. J Mol Biol 1989; 207: 379-

392.

SNYDER DB, VAKHARIA VN, SAVAGE PK. Naturally occuring neutralizing
monoclonal antibody escape variants define the epidemiology of infectious bursal
disease virug ., the United States. Arch Virol 1992; 127: 89-101.

SNYDER DB, LANA DP, SAVAGE PK, YANCEY FS, MENGEL SA,
MARQUARDT WW. Differentiation of infectious bursal disease viruses directly
from infected tissues with neutralizing monoclonal antibodies: evidence of a
major antigenic shift in recent field isolates. Avian Dis 1988b; 32: 535- 539.

SNYDER DB, VAKHARIA VN, MENGEL-WHEREAT SA, EDWARDS GH,
SAVAGE PK, LUTTICKEN D, GOODWIN MA. Active cross-protection induced
by a recombinant baculovirus expressing chimeric infectious bursal disease virus
structural proteins. Avian Dis 1994; 38: 701-707.

SNYDER DB. Changes in the field status of infectious bursal disease virus.
Avian Pathol 1990; 19: 419-423.

111



SPIES U, MULLER H, BECHT H. Properties of RNA polymerase activity
associated with infectious bursal disease virus and characterization of its
reaction products. Virus Res 1987; 8. 127-140.

STOCKLE MY, SHAW MW, CHOPIN PW. Segment specific and common
nucleotide sequences in the noncoding region of influenza B virus genome RNA.
Proc Natl Acad Scien USA 1987; 84: 2703-2707.

STRAM Y, MEIR R, MOLAD T, BLUMENKRANZ R, MALKINSON M, WEISMAN
Y. Applications of the polymerase chain reaction to detect infectious bursal
disease virus in naturally infected chickens. Avian Dis 1994; 38: 879-881.

SVITKIN YV, PESTORA TV, MASTOVA SV, AGOL VI. Point mutations
modifying the response of poliovirus RNA to a translation initiation factor. A
comparison of the neurovirulent and attenuated strains. Virol 1988; 66: 394-
404.

SVITKIN YV, CAMMACK N, MINOR PD, ALMOND JW. Translation efficiency
of the Sabin type 3 polizvirus genome; association with an attenuating mutation
C-472-U. Virol 1990; 175: 103-109.

TABOR S, RICHARDSON CC. DNA sequence analysis with a modified
bacteriophage T7 DNA polymerase. Proc Natl Acad Sci USA 1987; 84 4767-
4771.

TAKEGAMI T, WASHIZU M, YSUI K. Nucleotide sequences at the 3' end of
Japanese encephalitis virus genomic RNA. Virol 1986; 152: 483-486.

TRIGLIA T, PETERSON MG, KEMP DJ. A procedure for in vitro amplification
of DNA segments that lie outside the boundaries of known sequences. Nucleic
Acids Res 1988; 16: 8186.

TRUYEN U, PARRISH CR, HARDER TC, KAADEN OR. There is nothing
permanent except change. The emergence of new virus diseases. Vet Microbiol
1985. 43: 103-122.

TSAl HJ, SAIF YM. Effect of cell-culture passage on the rathogenicity and
immunogenicity of two variant strains of infectious bursal disease virus. Avian
Dis 1992, 36: 415-422.

TSUKAMOTO K, TANIMURA N, HIHARA H, SHIRAI J, IMAI K, NAKAMURA K,

MAEDE M. Isolation of virulent infectious bursal disease virus from field
outbreaks with high mortality in Japan. J Vet Med Sci 1992; 54: 153-155.

112



UHLENBECK OC, GUMPORT RIl. T4 RNA ligas2. In: The Enzymés 1982, vol.
15B. Edited by Boyer PD; Academic Press, NY. pp. 31-60.

VAKHARIA VN, SNYDER DB, LUTTICKEN SA, MENGEL-WHEREAT. Infectious
bursal disease virus structural proteins expressed in a baculovirus recombinant
confer protection in chickens. J Gen Virol 1993, 74: 1201-1206.

VAKHARIA VN, HE J, AHAMED B, SNYDER DB. Molecular basis of antigenic
variation in infectious bursal disease virus. Virus Res 1994: 31: 265-273.

VAKHARIA VN, SNYDER DB, LUTTICKEN D, MENGEL-WHEREAT SA,
SAVAGE PK, EDWARDS GH, GOODWIN MA. Active and passive protection
against variant and classic infectious bursal disease virus strains induced by
baculovirus-expressed structural proteins. Vaccine 1994; 12: 452-458.

VAKHARIA VN, AHAMED B, HE J. Use of polymerase chain reaction for
efficient cloning of dsRNA segments of infectious bursal disease virus. Avian
Dis 1992; 36. 736-742.

VAN DER MOST RG, BREDENBEEK PJ, SPAAN WJ. A domain at the 3’ end
of the polymerase gene is essential for encapsidation of coronavirus defective
interfering RNAs. J Virol 1991; 65. 3219-3226.

VAN DEN BERG TP, GONZE M, MEULEMANS G. Acute infectious bursal
disease in poultry: isolation and characterization of a highly virulent strain.
Avian Pathol 1991; 20: 133-143.

VASCONCELOS AC, LAM KM. Apoptosis induced by infectious bursal disease
virus. J Gen Virol 1994; 75. 1803-1806.

WANG L, JUNKER D, HOCK L, EBIARY E, COLLISSON EW. Evolutionary
implications of genetic variations in the S1 gene of infectious bronchitis virus.
Virus Res 1994: 34: 327-338

WEINER AM, MAIZELS N. t-RNA - like structures tag the 3' ends of genomic
RNA molecules for replication. Proc Natl Acad Sci USA 1987; 84. 7383-7387.

WESTROP GD, WAREHAM KA, EVANS DMA, DUNN G, MINOR PD,
MARGRATH Di, TAFFS F, MARSDEN S, SKINNER MA, SCHILD GC, ALMOND
JW. Genetic basis of attenuation of the Sabin type 3 oral poliovirus vaccine. J
Virol 1989; 63: 1338-1344.

WIDMER G. RNA circularization reveals terminal sequence heterogeneity in a
double-stranded RNA virus. Virol 1993; 193: 11-15.

113



WILLCOCKS MM, ASHTON N, KURTZ JB, CUBITT WD, CARTER MJ. Cell
culture adaptation of astrovirus involves a deletion. J Viro! 1994: 68: 6057-
6058.

WILLIAMS AK, WANG i, SNEED LW, CC.LISSON EW. Analysis of
hypervariable region in the 3' noncoding end of the infectious bronchitis virus
genome. Virus Res 1993; 28: 19-27.

WU CC, LIN TL, ZHANG HG, DAVIS VS, BOYLE JA. Molecular detection of
infectious bursal disease virus by polymerase chain reaction. Avian Dis 1992:
36: 221-226.

WYETH PJ, CHETTLE NJ. Use of infectious bursal disease vaccines in chicks
with maternally derived antibodies. Vet Rec 1990; 126: 577-578.

YAN J, KUDO H, UYEDA |, LEE S-Y, SHIKATA E. Conserved terminal
sequences of rice ragged stunt virus genomic RNA. J Gen Virol 1992; 73: 785-
789.

ZEINER M, GEHRING U. Cioning of 5 cDNA regions by inverse PCR.
BioTechniques 1924; 17: 1050-1054.

Z0U S, BROWN EG. Identification of sequence elements containing signals for
replication and encapsidation of the reovirus M1 genome segment. Virol 1992;
188: 377-388.

ZUKER M. On finding all suboptimal foldings of an RNA molecule. Sciencs
1989; 244: 48-52.

114



APPENDIX
COMMONLY USED BUFFERS AND SOLUTIONS

40% Acrylamide

38 g Acrylamide
2 g Bis-acrylamide

DNase | buffer

50 mM Tris-HC! (pH 7.5)
10 mM MgCl,
50 xg/ml BSA

L.ysozyme Buffer

50 mM Glucose
10 mM EDTA

25 mM Tris base
adjusted to pH 8.0

30 % PEG 8000 in 1.8 M NaCl
make it up and autoclave

RNase solution

5 mg/ml Type 1 panceatic RNase in
0.1 x SSC in sterile DEPC water
Incubate at 90 C for 5 min just prior to use.

5X Sequenase Buffer

200 mM Tris-HCI, pH 7.5
100 mM MgCl,
250 mM NaCl

Sequencing Gel

84 g Urea

29 ml 40% acrylamide
20 ml TBE

81 ml dd H,0

Filter and add
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1.6 ml 10% ammonium persulphate
80 ul TEMED

S O C Medium

2.0% Bactotryptone
0.5% Bacto yeast Extract
10 mM NaCl

2.5 mM KCI

10 mM MgCl,

10 mM MgSO,

20 mM Giucose

Stop solution

95% Formamide

20 mM EDTA

0.05% Xylene cyanol

TBE electrophoresis buffer

89 mM Tris base adjusted to pH 8.0

89 mM Boric Acid
2 mM EDTA

TBE Sesquencing buffer

100 mM Tris adjusted to pH 8.3
83 mM Boric Acid

1 mM EDTA

TE buffer

10 mM Tris base adjusted to pH 8.0
1 mM EDTA

TSE buffer
50 mM Tris base
100 mM NaCl

1 mM EDTA
adjusted to pH 6.9
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X-gal

100 mg X-gal
5 m! dimethylformamide

2X YT broth

16% Bactc. yptone
10% Bactoyeast Extract
5% NaCl

YT agar plates

0.8% Bactotryptone
0.5% Bactoyeast Extract
0.5% NaCl

1.5% Agar
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