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vaccination with standard type I strains 
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The host-protective antigen VP2 of a variant strain of 
infectious bursal disease virus (IBDV) which emerged 
from a vaccinated flock and is able to circumvent 
vaccination with classic type | strains of IBDV, was 
cloned and its nucleotide sequence determined. Virus- 
neutralizing monoclonal antibodies (MAbs) raised 
against the Australian 002-73 strain of IBDV did not 
react or reacted only very weakly with the expression 
product of the variant virus. The deduced amino acid 
sequence of VP2 from the variant strain differed in 17 

residues from that of the Australian strain and in eight 
positions from a consensus sequence compiled from six 
type I strains of IBDV. All the amino acid changes 
mapped within the central, variable region of VP2, 
which forms the conformational epitope recognized by 
virus-neutralizing MAbs. Changes in the two hydro- 
philic regions at either end of this fragment were unique 
to the variant virus and were crucial for its ability to 
escape the virus-neutralizing antibodies induced by 
vaccination with a standard type I vaccine. 

Introduction 

Infectious bursal disease virus (IBDV) is responsible for 
a severe immunodepressive disease in young chickens 
which causes significant losses to the poultry industry 
world-wide (reviewed in Kibenge et al., 1988). Two 
distinct serotypes (I and II) of IBDV have been 
identified (McFerran et al., 1980; Jackwood et al., 1982); 
serotype II viruses are avirulent for chickens (Cummings 
et al., 1986; Ismail et al., 1988), and considerable 
variation in virulence occurs within serotype I (McFer- 
ran et al., 1980; Saif et al., 1987. 

IBDV is a member of the Birnaviridae family (Brown, 
1986) and its genome consists of two segments (A and B) 
of dsRNA (Dobos et al., 1979). Genome segment B (2-9 
kb) encodes a 90K protein, VP1 (Azad et al., 1985), 
which is believed to be adsRNA replicase (Spies et al., 
1987; Morgan et al., 1988), and the larger segment, A (3.2 
kb), encodes viral proteins VP2, VP3 and VP4 (Azad et 
al., 1985), which are produced by autoproteolysis of a 
106K precursor polyprotein (Hudson et aL, 1986; Azad et 
al., 1987; Jagadish et at., 1988). Structural protein VP2 
(approximately 494 amino acid residues long) has been 
identified as the major host-protective antigen of IBDV 
(Azad et al., 1987; Becht et al., 1988; Fahey et al., 1989); 
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the sequence is highly conserved, the only variation 
between five different standard type I strains being in 
the central AccI-SpeI  fragment (residues 206 to 350) 
(Bayliss et al., 1990; Kibenge et al., 1990). Virus- 
neutralizing monoclonal antibodies (MAbs) (MAb 17- 
82, 39A and 9-6) raised against IBDV (strain 002-73) 
recognize a conformational epitope within this variable 
central region of VP2 (Azad et al., 1987; Fahey et al., 
1991). 

Vaccination of breeder hens with an inactivated 
serotype I virus vaccine protects their offspring against 
IBDV infection (Wyeth & Cullen, 1976), but recently, 
very virulent IBDV strains (Delaware variants) have 
been isolated from vaccinated flocks on the Delmarva 
peninsula (U.S.A.) (Rosenberger et al., 1985). These 
variant strains can infect broiler chickens with relatively 
high levels of maternal antibodies and are antigenically 
different from the classic strains isolated before 1985 
(Rosenberger et al., 1985). It has been shown that 
vaccination with the variant strains of IBDV can protect 
against the variant strains as well as virulent type I 
strains (Rosenberger et al., 1987); the Delaware variants 
had lost a neutralizing epitope, defined by MAb B69 
(Snyder et al., 1988). Subsequently another antigenic 
drift in IBDV was detected in the Delmarva area (Snyder 
et al., 1989) and several outbreaks of very virulent IBDV 
have been reported from European countries (Van- 
Schaik, 1987; Stuart, 1989). To analyse the molecular 

0001-0083 © 1991 SGM 



1836 H.-G. Heine and others 

basis of the emergence of disease in vaccinated flocks, 
the host-protective antigen gene, VP2, of the Delaware 
variant strain E was cloned and its nucleotide sequence 
determined. Site-directed mutagenesis of the VP2 from 
variant strain E, and VP2 hybrids consisting of 
sequences from variant strain E and Australian type 1 
strain 002-73, were used to determine the influence of 
certain amino acid substitutions in the variant on its 
ability to bind virus-neutralizing MAbs which had been 
raised against VP2 of Australian strain 002-73. 

Methods  

Cloning o f  virus genornic RNA. DNA fragments containing the virus- 
neutralizing epitope of VP2 from IBDV variant strain E (Rosenberger 
et al., 1985) were obtained by the polymerase chain reaction (PCR) 
using cDNA of the virus genomic RNA as a template and synthetic 
oligonucleotides homologous to conserved regions at the 5' and 3" ends 
of the VP2 gene as primers (Fig. 1). Restriction sites were incorporated 
at the 5' ends of the primers to facilitate the subcloning of the amplified 
fragments into expression vectors. Briefly, the genomic RNA of 
variant strain E (obtained from Central Veterinary Laboratory, 
Weybridge, U.K.) was isolated from IBDV-infected bursae as 
described previously (Azad et al., 1985). First strand cDNA was 
synthesized using avian myeloblastosis virus reverse transcriptase 
(Pharmacia LKB Biotechnology) from virus RNA which had been 
denatured by boiling and then snap frozen, priming with either 
oligonucleotide N527 (Fig. 1 b), to give the coding strand (reaction A), 
or oligonucleotide N526 (Fig. I b), to give the non-coding strand 
(reaction B). The RNA of the RNA~cDNA hybrid molecules was 
hydrolysed and VP2-specific sequences of the cDNA were amplified 
from the first strand by PCR using Taq polymerase (Biotech 
International). Oligonucleotides N527 and M526 were used as primers 
to obtain a full-length VP2 clone. The PCR conditions used were 30 
cycles of denaturation at 95 °C for 1 min, annealing at 60 °C for 1 rain 
and extension at 72 °C for 2 min. The reaction products were phenol- 
extracted, ethanol-precipitated and analysed by agarose gel electro- 
phoresis (Sambrook et al., 1989). The amplified fragments were 
trimmed with the appropriate restriction enzymes (sites present at the 
5' ends of the primers), purified from the agarose gel by extraction with 
Geneclean (Biol01 ; BRESA) and inserted into the corresponding sites 
of vector piP41 to replace the VP2 gene fragment of Australian strain 
002-73. 

Plasmids. Plasmid piP41 (Fig. 2) contains the VP2 gene of 
Australian strain 002-73 under the control of the tac promoter. It 
was subcloned into the Sinai and XbaI sites of expression vector 
pTTQ18 (Amersham) as a 1.5 kb SmaI-Xbal fragment from plasmid 
pEX. POAXhol-PstI (Azad et al., 1987). The fragment distal to VP2, 
containing the LacZ ct fragment, was deleted and in its place the fl 
intergenic region excised from pUC-fl (Pharmacia) was inserted. 
Plasmid piP77 was derived from piP41 by oligonucleotide-directed 
mutagenesis and contains a 23 amino acid deletion spanning the second 
hydrophilic region of the AccI-SpeI fragment. 

VP2 of variant strain E was cloned (Fig. 2) by replacing the VP2 gene 
of the Australian strain in piP41 with the 1.5 kb EcoRI-Xhol fragment 
obtained from PCR of cDNA using primers N527 and N526 to give 
piP201 (Fig. la, b). 

Hybrids between IBDV variant strain E VP2 and Australian strain 
002-73 VP2 were obtained by exchanging homologous fragments 
between plasmids piP201 and piP41, as illustrated for plasmid piP207 

(a) 
N528 AccI SpeI ScaI Xhol 

N 5 2 7 @  N531~..... 

VP2 ~ - - " ,  
N533 N526 

I I- 4 p 

MAb 39A MAb 6-1 
MAb 9-6 

(b) 
N527 EcoRI Pvul Clal 

i I I I 
5 ' ATATATGAATTCGATCGCATCGATGACAAACCTGTCAGATCAAACCCAGCAG 3 ' 

> > > > > > > > * > >  > > > > > > > > > > > > > > > > > > > > > > > > > > > > > >  

N528 Smal BamHI 

5'TTAACCCGGGGATCCAACCCAGCAGATTGTTCCGTTTATACGGAGCC 3' 
>>>>@>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 

N531 BamHI Accl 

5'TTAAGGATCCGTCTACACCATAACTGCCGCAGATGATTACCAATTCTC 3' 
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 

N533 HmdlII SpeI 
f--7 g - - ]  

5'TTAAAAGCTTGGCTACTAGTGTGACGGGGCGGAGGGCACC 3' 
> > > > > > > > > > > > > > > > > > > > > > > > > > > > > >  

N526 PstI XhoI 

5 ' TTAACTGCAGGCTCGAGCAGTTCCTGAAGCGGCCTGGGCCTCATCGCCC 3 ' 
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 

Fig. 1. Primers for cDNA synthesis and PCR amplification of VP2. 
The hatched arrow represents full-length VP2 of Australian strain 002- 
73. The variable region (AccI SpeI fragment) is shown as a black bar 
and the epitopes for various MAbs are indicated below VP2 (a). The 
homology to VP2 of oligonucleotides N526 to N533 is indicated by 
their position (a) and is shown by > > > in (b). Restriction sites were 
incorporated at the non-homologous 5' ends of the primers (b). The 
homologous nucleotide sequences of primers N527, N528 and N531 are 
complementary to the non-coding strand, and those of primers N526 
and N533 are complementary to the coding strand of IBDV. In N527, 
the asterisk marks the G to T nucleotide substitution introduced to 
create the Clal site and the ATG initiation codon of native VP2, which 
forms part of the Clal site, is underlined. In N528, the * marks the A to 
C nucleotide substitution introduced to create the BamHI site, which 
changes the corresponding amino acid in position 7 from glutamine to 
proline. 

in Fig. 2; piP207 contains a hybrid VP2 gene consisting of the N- 
terminal half of variant strain E VP2 fused at the SacI site within VP2 
to the C-terminal half of strain 002-73 VP2. The configuration of all the 
VP2 hybrids (piP207 to piP210) is illustrated in Fig. 3. 

Amino acid substitutions in the VP2 of variant strain E (piP203 and 
piP204) were generated by oligonucleotide-directed mutagenesis of the 
single-stranded phagemid piP201, using the Amersham mutagenesis 
kit. 

DNA sequencing. Double-stranded DNA and ssDNA sequencing of 
recombinant piP201, or M13mpl8 and -mpl9 clones containing 
EcoRI-SpeI and Spel-XhoI inserts from piP201, was carried out 
according to the manufacturer's instructions using either T7 polymer- 
ase (Pharmacia), the Taq polymerase system (Promega) or Gene- 
ATAQ (Pharmacia). The universal sequencing primer supplied in the 
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S a d  

Sac I Sac l 
Stul 

~(hol 
Barn HI BX~:JH, 

PcuI 

KpnI 
Sacl Kpnl 

Sa~ I 

s%, ~ Xhol 
B a m ~ [  

P~ M 

I 

Fig. 2. Construction of a VP2 hybrid. Plasmid piP207 contains a 
hybrid of variant strain E and the Australian strain 002-73 VP2s and 
was constructed by replacing the small SacI fragment of piP201 with 
that of piP41. 

Seal 
AccI SacI SpeI [ XhoI 

piP41 ~ ~ ~ y  

J ~  piP201 { .~ 

i 

piP203 × 
! 

pIP204 I. - - ~ -  

f- 
piP207 [ .~___~ 

piP208 7- t - -  

piP209 

piP210 I I -~-~-~ ~ 
i 

piP77 i~_:~ ~ ~ - -  

/ \ 
MAb 9 MAb 6 

Fig. 3. Configuration of VP2 in plasmids. Genetic material from the 
Australian strain is indicated as a hatched bar and DNA from variant 
strain E as an open bar. The positions of the back-mutations in piP203 
and piP204 are indicated by X. 

kits was used for ssDNA sequencing of M13 clones and synthetic 
oligonucleotides homologous to sequences of IBDV strain 002-73 were 
used for dsDNA sequencing. 

Expression and characterization of recombinant VP2 protein. Plasmids 
were maintained in Escherichia coli DH5a (BRL) or NM522 (Pharma- 
cia) in Luria-Bertani medium containing 0-4% glucose and 100 gg/ml 
ampicillin. Expression of VP2 was induced by growth for between 1 
and 2 h in the presence of 0.5 mM-IPTG, omitting glucose. Bacteria 
were lysed by lysozyme treatment and sonication, and proteins were 
analysed by Western blotting (instruction manual, Mini Trans-Blot 
cell; Bio-Rad) of SDS polyacrylamide gels and by dot blot immuno- 
assay (DBIA) (instruction manual, Bio-Dot microfiltration apparatus; 
Bio-Rad) of nitrocellulose filters (Schleicher & Schuell). 

Results 

Cloning of  the host protective antigen o f  variant strain E 

Synthetic oligonucleotides homologous to conserved 
regions at the N and C termini of  the VP2 gene were used 
as primers for the synthesis o f c D N A  from virus genomic 
RNA,  and for amplification of the c D N A  by PCR.  Five 
different primers were synthesized (Fig. 1 b) to enable the 
P C R  amplification of either the full-length VP2 gene 
(using primers N527 and N526), or smaller fragments 
corresponding to the SmaI-XhoI  (N528 and N526), 
SmaI-SpeI  (N528 and N533), AecI-XhoI (N531 and 
N526), or AceI-SpeI (N531 and N533) regions of the VP2 
gene of Australian stain 002-73. A 1.5 kb fragment  
containing the full-length VP2 gene of  the Delaware 
variant  strain E was amplified using primers N527 and 
N526 (Fig. I a). Owing to the method of construction, the 
N termini of the recombinant  VP2 proteins expressed 
from plasmids piP41 and piP201 are slightly different. 
VP2 of the Australian strain expressed from piP41 is 
fused at the aspartic acid residue in position 6 to eight 
residues of  the vector, which replace the first five amino 
acids of  the native VP2 protein. In piP201, containing 
VP2 of the variant  strain, the methionine initiation 
codon of the native VP2 protein is preceded by six 
residues from the primer/vector.  The clones could be 
distinguished by restriction analysis because unique ClaI 
and PvuI sites were introduced into the VP2 gene of 
piP201 by pr imer N527. 

D NA sequence analysis 

The D N A  sequence of the variant  VP2 gene (Fig. 4) was 
determined from the 1.5 kb EcoRI-XhoI  fragment  of 
piP201 and by s sDNA sequencing of M13 subclones in 
both orientations; the sequence of  the central AccI-SpeI 
fragment  was confirmed by d s D N A  sequencing of 
piP201. The N and C termini of the VP2 gene sequence 
from piP201 correspond to sequences of  Australian 
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-6 1 6 18 
M N S I A S M T N L S D Q T Q Q I V P F I R S L  

ATG~CGATCGCATCGATGACAAAC~GTCAGATCAAACCCAGCAGATTGTTCCG~CATACGGAGCCTT 
1 (ECORI) 20 40 60 

. 42 
L M P T T G P A S I P D D T L E K H T - L R S E T  

CTGATGCC~C~CCGGACCGGCTTCAATTCCGGACGACACC~GGAG~GCACACT~CAGGTCAGAGACC 
80 100 120 140 

66 
S T Y N L T V G D T G S G L I V F F P G F P G S  

TCGACCTAC~TTTGACTGTGGGGGACACAGGGTCAGGGCT~TTGT~TTCCCTGGATTCC~GG~CA 
160 180 200 

90 
I V G A H Y T L Q S N G N Y K F D Q M L L T A Q  

A~GTGGGTGCTCACTACACACTGCAGAGC~TGGG~CTACAAG~CGATCAGATG~CCTGACTGCCCAG 
220 240 260 280 

114 
N L P A S Y N Y C R L V S R S L T V R S S T L P  

~C~ACCGGCCAGCTAC~CTA~GCAGG~AGTGAGTCGGAGT~CACAGT~GGTC~G~CACTCCCT 
300 320 340 360 

138 
G G V Y A L N G T I N A V T F Q G S L S E L T D  

GGTGGCGTTTATGCACTAAACGG~CCATAAACGCCGTGAC~TCCAAGG~GC~GAGTG~CTGACAGAT 
380 400 420 

162 
V S Y N G L M S A T A N I N D K I G N V L V G E  

G~AG~AC~CGGGTTGATGTCTGC~CAGCC~CATCAACGACAAAATT&GG~CGTC~AGTAGGGG~ 
440 460 480 500 

186 
G V T V L S L P T S Y D L G Y V R L G D P I p A  

GGGGT~CCGTCCTCAGCTTACCCACATCATATGATC~GGGTATGTGAGGCTTGGTGACCCCATACCCG~ 
5 2 0  5 4 0  5 6 0  

2 1 0  
I G L D P K M V A T C D S S D R P R V * Y T r T A  

ATAGGG~TGACCCAAAAATGGTAGC~CATGTGACAG~GTGACAGGCCCAGAGTCTACACCAT~GCA 
580 600 620 (AccI) 640 

234 

A D N Y Q F S S Q Y Q T G G V T I T L F S A N I  
GCCGAT~TTACC~CTCATCACAGTACCAAACAGGTGGGGT~C~TCACACTGTTCTCAGCC~CATT 

660 680 700 72O 
258 

D A I T S L S V G G E L V F K T S V Q ~ L V L G  
GATGCCATCAC~GTCTCAGCG~GGGGGAGAGCTCGTGTTCAAAAC~GCGTCCAAAGCCTTGTACTGGGC 

740 (SacI) 760 780 
282 

A T I Y L I G F D G T A V I T R A V A A N N G L  
GCCACCATCTACCTTATAGG~TTGATGGGA~GCGGT~T~CCAGAGCTGTGGCCGCAAAC~TGGGCTG 

800 820 840 860 

306 
T A G ~ D N L M P F N L V I P T N E I T Q P I T  

ACGGCCGGCATCGAC~TCTTATGCCA~C~TCTTGTGATTCC~CC~TGAGAT~CCCAGCC~TCACA 
880 900 920 

330 

S I K L E I V T S K S D G Q A G ~ Q M ' S W S A S  
TCCATCAAA~GGAGATAGTGACCTCCAAAAGTGATGGTCAGGCAGGGG~CAGATGTCATGGTCGGC~GT 

940 960 980 i000 
354 

G S L A V T I H G G N Y P G A L R P V T * * L V A Y  
GGGAGCCTAGCAGTGACGATCCATGGTGGCAACTATC~GGAGCCCTCCGTCCCGTCACACTAGTGGC~AC 

1020 (NcoI) 1040 1060 (SpeI) 1080 
378 

E R V A T G S V V T V A G V S N F E L I P N P E  
GAAAGAGTGGC~CAGGAT~GTCGTTACGGTCG~GGGGTGAGC~TCGAGCTGATCCCAAATC~G~ 

Ii00 1120 1140 
402 

L A K N L V T E Y G R F D P G A M N Y T K L I L  
CTAGCAAAG~C~GG~ACAG~TATGGCCGA~TGACCCAGGAGCCATG~CTACACGAAATTGATACTG 

1160 1180 1200 1220 
426 

S E R D R L G I K T V W p T R E Y T D F R E y F  
AGTGAGAGGGACCGCCTTGGCATC~GACCGT~GGCC~C~GGGAGTACACTGAC~TCGTGAGTACTTC 

1240 1260 1280 (Scal) 
450 

M E V A D L M S P L K I A G A F G F K D I I R A  
ATGGAGGTGGCCGACCTC~CCC~G~GA~G~GGAGCAT~GGC~CAAAGACAT~TCCGGGCC 

1300 1320 1340 1360 
474 

I R R I A V P V V S T L F P P A A P L A H A I G  
AT~GGAGGATAGCTGTACCGGTGGTCTCTACATTGTTCCCACCTGCCGCTCCTCTAGCCCATGC~TTGGG 

1380 1400 1420 144( 
494 

E G V D Y L L G D E A Q A A S G T A R A K L  
G~GGTGTAGACTACCTACTGG$CGATGAGGCCCAGGCCGCTTCAGG~CTGCTCGAGCC~GC~ 

1460 1480 (XhoI) (HindIII) 
1500 

Fig. 4. Nucleotide sequence and deduced amino acid sequence of VP2 
~om IBDV variant strain E. The N and C termini of VP2 (underlined) 
correspond to primers N527 and N526 respectively. The beginning and 
end of the variable Accl-Spe! ~agment are marked in the protein 
sequence by a single asterisk at the Accl site and a double asterisk at the 
SpeI site. The numbering of the nucleotide sequence sta~s with the first 
initiation codon preceding the native VP2 sequence, whereas the 
numbering of the amino acid sequence sta~s with the first methionine 
of the native VP2 and not that of primer N527. The amino acid residues 
which differ ~om ~ e  IBDV consensus sequence are underlined. 

strain 002-73 (underlined in Fig. 4) and were derived 
from PCR primers N527 and N526 (Fig. 1). The 
nucleotide sequence of the variant contained an NcoI 
restriction site (at nucleotide position 1029) and three 

PstI sites (at positions 238, 312 and 644) which are not 
present in the Australian strain; the StuI site (at position 
777) present in strain 002-73 had been lost. The 
nucleotide sequence contained one uninterrupted open 
reading frame from which the amino acid sequence was 
deduced. 

The amino acid sequence of VP2 from variant strain E 
(Fig. 4) was compared with the published sequences of 
five different pathogenic or non-pathogenic standard 
type I strains and a consensus sequence was compiled 
(Fig. 5). Australian strain 002-73 (Hudson et al., 1986) 
and European strain CU1 (Bayliss et aL, 1990) are of low 
pathogenicity; strain STC (Kibenge et al., 1990) is the 
pathogenic challenge strain of the U.S. Department of 
Agriculture and strain 52/70 (Bayliss et al., 1990) is a 
pathogenic European strain; strain PBG 98 (Bayliss et 
al., 1990) is a non-pathogenic European strain. Differ- 
ences in the deduced amino acid sequence clustered in 
the region encoded by the AccI-SpeI fragment (Fig. 5), 
which contains the virus-neutralizing epitope (Azad et 
al., 1987) and has been identified as a variable region in 
VP2 (Bayliss et al., 1990). Outside the AccI-SpeI o 
encoded region, there was only a single residue differ- 
ence between the sequence of the variant strain and that 
of the Australian strain 002-73 (besides the changes at 
the N terminus of VP2 introduced by primer N527), and 
none compared with the other strains; Australian strain 
002-73 contained a methionine at position 74 instead of a 
leucine residue as in all the other strains. Within the 
AccI-SpeI-encoded region, the sequence of variant strain 
E differed in nine residues from strain 57/70, in 11 
residues from strain STC, in 12 residues from strain 
CU1, in 13 residues from strain PBG98 and in 17 
residues from Australian strain 002-73 (Fig. 5); the 
variant strain differed in only eight amino acid residues 
from the consensus sequence. Two substitutions oc- 
curred in the first hydrophilic region of the variable 
fragment [residue 213, from aspartic acid to asparagine 
(D213N), and residue 222, from proline to threonine 
(P222T)], two substitutions in the second hydrophilic 
region [residue 318, from glycine to aspartic acid 
(G318D), and residue 323, from aspartic acid to glutamic 
acid (D323E)] and four amino acid substitutions in the 
region between the two hydrophilic regions [residue 249, 
from glutamine to lysine (Q249K), residue 254, from 
glycine to serine (G254S), residue 270, from threonine to 
alanine (T270A), andresidue 286, from threonine to 
isoleucine (T286I)] (Fig. 5). Changes in the two 
hydrophilic domains (Azad et al., 1987) (boxed in Fig. 5) 
of the AccI-SpeI-encoded region were unique to the 
variant strain. 

By comparing the amino acid sequences of VP2 of the 
virulent strains 52/70, STC and variant E with those of 
strains 002-73 and CU1 of low pathogenicity, and the 
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Accl 
206 

E Y T I T A A  

52/70 Y T I T A A  

STC ~ ~' I 'r ^ ^ 

002-73 Y a' x 'r ^ ^ 

CU1 y ,r i a'A ^ 

PBG98 ~ ' r  I T^  ~ 

213 222 

D~¥ Q F S S Q Y Q~G G: 

D D Y Q F S S Q Y Q P G G I  

I) I)YQFSSQYQ[*GG 

D D Y Q F S S Q Y Q P G G  

D D Y Q F S S Q Y Q P G G  

D D Y Q F S S Q Y Q P G G '  

SacI 
249 254 

V T I T LF S AN IDA ITS LSVGG E LV F~T S V Q~L 

V T I T L F S  ANI DA ITS L S ~ G G E  LV F Q T S V Q G  L 

v T I T I. F S A N I D A I T S I, :; V G t; l'.' g V F Q T ,; v Q G b 

VT I T LFS A N IDA I T~LS VGG E LV FQT S VQG 1, 

V T I T L F S A N I D A I T 5 L $ V G G E L V F Q T S V IIIIIG L 

V T I T L F S A N I D A I T S L $ V G G E L V F~T S V I~ G L 

270 286 

52/70 V L G A T I ¥ L I G F O G T(A~V I T R A V A A~N G L T A G T D N L M P F N L V I P T N E I T Q P I v  ~'t...l I g 

I. N A T G I" 1) G T T V T R A V A A N G L T A G T D N L bl I '  1" N 1, V [ 1' T 

C W l  v 1, , :  A ',' .1. Y 1, I G F 1)C,  T T V [ 'L' l, A V A A N N G [, T ~ T  G T D N L bl i '  F N l, V J L . |:;1'1'_. N I.: I T Q P I 

PBG98 v I,G AT ] "~ l,I G F DGTT V I T RA V A A N %~G LT G T D N L M P F N L V I  P T N E I T Q P I  

SpeI 
318 323 350 

E T S I K L E I VT S K S~G Q A G~QIM S W S_ K S_GG S L A V T I I{ G G N ¥ P G A L R P v'r 

5 2 / 7 0  T S I K LE I VT S K S G G Q AG D Q]M S_W S A_ S_G SLAV T I H G G N Y P g A LR P V T 

STC T S I K L E VTS KS G G Q AG DQ MS lq $ A $ G $ LAVT I fIG G N Y PGA b|{ PVT 

Fig. 5. Comparison of the amino acid sequences of the central AccI-SpeI region of VP2 of variant strain E and type I strains 002-73 
(Hudson et al., 1986), STC (Kibenge et al., 1990), CU 1, PBG 98 and 52/70 (Bayliss et al., 1990). Both hydrophilic regions are surrounded 
by a box and the residues which differ from the consensus sequence are boxed individually. A heptapeptide conserved in virulent strains 
only is underlined. The AccI, SaeI and SpeI sites indicated are present in strain 002-73 and in variant strain E. 

non-virulent strain PBG98, the heptapeptide S-W-S-A- 
S-G-S was identified, which was conserved only in 
strains of high pathogenicity. In the non-pathogenic 
strains and strains of  low pathogenicity, one or two 
serines were substituted for residues occupying more 
space in the protein structure. In the pr imary sequence 
this heptapeptide (underlined in Fig. 5) includes amino 
acid residues 326 to 332 and lies immediately after the 
second hydrophilic region encoded by the AccI -SpeI  
fragment. According to secondary structure predictions 
(Garnier  et al., 1978), it is highly probable that the 
second hydrophilic region has a random coil structure, 
whereas the adjacent heptapeptide mot i f  probably has a 
fl-sheet structure. 

Antigenic properties o f  recombinant VP2 products 

Three virus-neutralizing MAbs  and one non-neutralizing 
MAb which were raised against the Australian IBDV 

strain 002-73 have been used to analyse the antigenic 
properties of  recombinant  VP2 proteins expressed in E. 
coli. Virus-neutralizing MAbs 17-82, 39A and 9-6 (Azad 
et al., 1987; Fahey et al., 1991) bind to the central 
variable region (AccI-SpeI  fragment) in VP2 (Fig. l a); 
non-neutralizing MAb 6-1 recognizes a conserved region 
(ScaI-XhoI  fragment) at the C terminus of VP2 (Azad et 
al., 1987) and was used as an internal control to assess the 
level of  expression of VP2. This would allow specific 
effects of  mutations on MAb binding to be discriminated 
from non-specific effects of  mutations on levels of  
protein expression and/or stability. 

VP2 of  the variant strain, expressed from piP201, was 
not recognized in DBIA by the virus-neutralizing MAbs 
17-82 and 39A, and only weakly by MAb 9-6 (Table 1). 
The influence of particular amino acid residues on the 
formation of the conformational virus-neutralizing epi- 
tope was analysed in hybrids between Australian strain 
002-73 and variant  strain E VP2s, and in point mutants  
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Table 1. Reactivity of MAbs in DBIA* 

MAb 

17-82 39A 9-6 6-1 

(a) 

130K ~-- 
7 5 K ~ "  

IBDV + + +  + + +  + + +  + +  
piP41 + + + + + + + + + + + + 50K~.-  
piP201 - - + + + + 
piP203 + + + + + + + + + + + 39K~,-- 
piP204 - + + + + + + + + 
piP207 + + + + + + + + + + + + 27KD..- 
piP208 - - + + + + 
piP209 + + + + + + + + + + + 
piP210 + + + + + + + + + + + 17K~-- 

* - ,  No reaction; + ,  + +  and + +  + ,  increasing levels of  
reactivity. 

of the variant strain E VP2, which restored the consensus 
sequence at particular positions. 

The hybrid VP2 molecules from piP207 and piP210, 
which contained only the first hydrophilic region from 
the AccI-SpeI fragment of the variant strain and most of 
the virus-neutralizing epitope of the Australian strain, 
reacted with the virus-neutralizing MAbs in DBIA as 
strongly as the VP2 of the Australian strain expressed 
from piP41 (Table 1). The influence of the two changes 
in the second hydrophilic region from this fragment in 
the variant strain on the formation of the virus- 
neutralizing epitope was analysed by site-directed muta- 
genesis. In mutant piP203, both amino acid substitutions 
observed in the variant VP2 sequence (D318G and 
E323D), and in mutant piP204 only a single substitution 
(E323D), were mutated back to the sequence of the 
Australian strain, which is the same as the consensus 
sequence of all other strains in this region (Fig. 5). The 
double mutation in piP204 completely restored the 
binding activity of the three virus-neutralizing MAbs in 
DBIAs. The single E323D mutation in piP204 restored 
the binding of MAbs 39A and 9-6 in DBIAs, but not that 
of MAb 17-82 (Table 1). Of the three virus-neutralizing 
MAbs, only MAb 9-6 is reactive in Western blot 
experiments (Azad et al., 1987; Fahey et al., 1991), in 
which it reacted strongly with VP2 of the Australian 
strain but not with VP2 of the variant strain (Fig. 6). 
Surprisingly even the 'back-mutants' of the variant strain 
VP2 (piP203 and piP204), which reacted strongly in 
DBIA, did not react in Western blots. The VP2 hybrids 
(piP207 and piP210) which contained only the two 
changes of the variant strain in the first hydrophilic 
region of the variable fragment and otherwise had the 
same amino acid sequence as the Australian strain, 
reacted only very weakly in Western blots with MAb 9-6, 
although they were fully reactive in DBIA. 

1 2 3 4 5 6 7 8 9 10 11 

(b) 

130K ~'- 

75K a,-- ! ~  

50K ~ 
] 

39K ~-- 

27K ~,- ? ~  

1 2 3 4 5 6 7 8 9 10 11 

Fig. 6. Western blots of  recombinant  VP2 proteins. Lysates from 
IPTG-induced cultures of  E. coli DH5~t containing piP41 (lane 2), 
piP201 (lane 3), piP203 (lane 4), piP204 (lane 5), piP207 (lane 6), 
piP208 (lane 7), piP209 (lane 8), piP210 (lane 9), piP77 (lane 10) and 
no plasmid (lane 11), were run on 11 ~ SDS-polyacrylamide gels and 
Western-blotted with MAb 9-6 (a) and MAb 6-1 (b). Prestained 
markers  (Bio-Rad low range standards) were run in lane M and 5 Ixg of 
IBDV protein from strain 002-73 was run in lane 1. 

MAb 6-1 reacted in DBIA (Table 1) and Western 
blotting (Fig. 6b) experiments with the VP2 protein of 
Australian strain 002-73 expressed from piP41, and that 
of variant E expressed from piP201. In Western blots 
with MAb 6-1, the apparent M~ of the VP2 protein 
expressed from piP201 (approximately 44 K) was 
slightly greater than that of VP2 expressed from piP41 
(approximately 42K) (Fig. 6b, lanes 2 and 3), which can 
partly be explained by the presence of three additional 
amino acids at the N terminus of the VP2 expressed from 
piP201 ; the lower Mr products in the Western blot are 
degradation products of VP2. The reactivity in Western 
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blotting (Fig. 6 b) and dot blot hybridization experiments 
(Table 1) of MAb 6-1 with the VP2 protein of the variant 
strain appeared to be diminished compared with that of 
the VP2 protein from strain 002-73, despite the identity 
of the amino acid sequences at the C termini of both 
proteins. The hybrid VP2 proteins expressed from 
piP207 and piP208 contain the same modified N 
terminus as the VP2 gene from piP201, but did not show 
diminished reactivity with MAb 6-1. The expression 
levels of VP2 were therefore not influenced by differ- 
ences in the N terminus of the VP2 gene. The full 
reactivity with MAb 6-1 of the hybrid VP2 protein 
expressed from piP208 was restored (Table 1) by 
replacing the C-terminal ScaI -XhoI  fragment of the VP2 
gene from the variant strain with the corresponding 
sequence of the Australian strain. The cause of the 
diminished reaction of MAb 6-1 with VP2 fragments 
derived from variant strain E must therefore be encoded 
at the 3' end of the VP2 gene. This was surprising as no 
amino acid changes had been detected in this region. We 
therefore analysed the nucleotide sequence within the 
ScaI -XhoI  fragment at the C terminus of the VP2 gene in 
more detail and found a change in the codon usage of the 
tandem Arg at residues 452 and 453, which might 
explain the reduced reactivity with MAb 6-1. In the 
Australian strain the tandem Arg at positions 452 and 
453 is encoded by AGAAGG, whereas in the variant 
VP2 gene there is a single nucleotide substitution, 
producing AGGAGG, which does not result in an amino 
acid change. In E. coli the use of the AGG codon for Arg 
is avoided because there is little tRNA for this codon, 
and the use of tandem AGG codons can produce a 50~ 
translational frameshift (Spanjaard & van Duin, 1988; 
Spanjaard et al., 1990). Although we have no direct proof 
for the effect of the tandem AGG codon in the VP2 gene, 
the reduced reactivity with MAb 6-1 could be explained 
by a frameshift which decreases the level of expression of 
the relevant eiptope without affecting the level of 
expression of the virus-neutralizing epitope. 

Discussion 

The host-protective antigen VP2 of an IBDV variant 
strain (Delaware variant E), which had emerged as a 
very virulent virus in vaccinated flocks, was cloned by 
PCR using primers homologous to the N- and C-terminal 
flanking regions of Australian strain 002-73. The DNA 
sequence of VP2 from the variant virus is highly 
conserved and, in comparison with five type I strains, 
changes affecting the amino acid sequence are found 
only in the central region (AccI-SpeI  fragment) of VP2, 
which contains the host-protective conformational epi- 
tope (Azad et al., 1987). Antigenic variation between 

different strains must therefore be determined by 
residues in the variable central region of VP2, and the 
cloning procedure described here could be used to deal 
quickly with any variant strains which might arise in the 
future as it would allow the insertion of the host- 
protective epitope as a cassette into existing expression 
vectors suitable for the production of a recombinant 
vaccine (Macreadie et al., 1990; Azad et al., 1990). 

Amino acid changes in the two hydrophilic regions at 
either end of the variable fragment (AccI-SpeI)  of VP2 
are unique to variant strain E. Deletion studies have 
indicated that these hydrophilic regions may be involved 
in the formation of the virus-neutralizing epitope (Azad 
et al., 1987); although these hydrophilic regions lie in the 
variable region of VP2, they are completely conserved in 
standard type I strains (Bayliss et al., 1990). Virus- 
neutralizing antibodies cross-react with different stan- 
dard IBDV strains (Wood et al., 1988), indicating that at 
least part of the virus-neutralizing epitope is conserved 
between those strains. In contrast, VP2 from the variant 
strain contains two amino acid substitutions in each of 
these hydrophilic regions (Fig. 5) and virus-neutralizing 
MAbs 17-82, 39A and 9-6, raised against the Australian 
strain of IBDV, do not react or react very weakly with 
VP2 from variant strain E (Fig. 6 and Table 1). 

An amino acid sequence motif, S-W-S-A-S-G-S, has 
been identified which is conserved only in virulent 
strains and could therefore be involved in virulence. The 
S-W-S-A-S-G-S motif lies next to the second hydrophilic 
region in the variable region of VP2 and has a predicted 
fl-sheet secondary structure in which all four serine 
residues are exposed on one side. It is hypothesized that 
such a serine-containing surface could form hydrogen 
bonds which might be involved in intra- or intermolecu- 
lar interactions important for virulence (through involve- 
ment in the virus attachment or maturation processes). 
In the non-pathogenic strains and strains of low 
pathogenicity the substitution of one or two serines for 
residues occupying more space in the protein structure 
might prevent such an interaction and interfere with 
virulence. 

To analyse the molecular basis for the emergence of 
variants escaping vaccination with standard type I 
strains, we created hybrid proteins between the variant 
and Australian strain VP2s, as well as the variant VP2s 
containing point mutations. The involvement of particu- 
lar residues in the formation of the host-protective 
epitope was then assessed by determining their ability to 
bind to virus-neutralizing MAbs raised against Austra- 
lian strain 002-73 and cross-reacting with other standard 
type 1 strains of IBDV. 

The two substitutions (D213N and P222T) in the first 
hydrophilic region of the variable central fragment 
(present in the hybrid VP2 expressed from piP207 and 
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piP210) do not themselves cause the loss of binding 
activity in DBIAs using MAbs 17-82, 39A and 9-6, 
although their activity in Western blot experiments is 
very much reduced. We argue that the substituted 
residues in the first hydrophilic region are not involved 
directly in binding to MAbs, but play a role in stabilizing 
the conformation of the epitope; the VP2 hybrids 
expressed from piP207 and piP210 have reduced 
reactivity in Western blot experiments after SDS-PAGE 
compared to that of the VP2 protein of the Australian 
strain expressed from piP41. 

The amino acid substitutions in the second hydrophil- 
ic region of the variable fragment of VP2 appear to be 
crucial for the ability of variant strain E to escape virus- 
neutralizing antibodies; the mutation of both residues 
back to those present in the consensus sequence restores 
the binding activity. This region is also important for the 
specificity of the binding to MAbs because for two of the 
MAbs (39A and 9-6) just the single back-mutation 
E323D was sufficient to restore reactivity in DBIAs, 
whereas for MAb 17-82 both changes in the second 
hydrophilic region had to be back-mutated to restore the 
ability to bind virus-neutralizing MAbs. The failure of 
these back-mutations (VP2 expressed from piP203 and 
piP204) to restore the reactivity with MAb 9-6 in 
Western blot experiments is a clear indication of the 
importance of other regions for the stabilization of the 
conformational epitope. We therefore conclude that the 
two hydrophilic regions are part of the virus-neutralizing 
epitope, as suggested earlier (Azad et al., 1987), and 
especially that changes in the second hydrophilic region 
account for the resistance of variant strain E to 
neutralization by antibodies induced by classic vaccines. 

The binding of MAb 6-1, which recognizes the C 
terminus of VP2, with VP2 from the variant strain was 
slightly reduced, although no amino acid changes had 
occurred in this region. This decrease in reactivity was 
not due to altered levels of protein expression or reduced 
stability of the protein caused by differences in the N 
termini of VP2 from piP201 and piP41. The causes of 
the reduction in binding of MAb 6-1 remain unclear, but 
the change in the usage of codons encoding the tandem 
Arg at positions 452 and 453 from AGAAGG in the 
Australian strain to AGGAGG in the variant strain 
could explain the reduced reactivity. Although we have 
no direct proof for the effects of the tandem AGG codon 
on the expression of VP2 in E. coli, it has been reported 
that the introduction of AGG codons in tandem can lead 
to a 50~  translational frameshift in E. coli (Spanjaard & 
van Duin, 1988; Spanjaard et al., 1990). 

The data presented in this paper imply that the two 
hydrophilic regions within the variable central fragment 
of VP2 are involved in the formation of the major virus- 
neutralizing epitope; both hydrophilic regions are 

conserved in type I strains and only the variant strain 
differed in these regions. The substituted amino acids in 
the second hydrophilic region in the variant VP2 appear 
to be directly involved in binding to virus-neutralizing 
MAbs, whereas the substitutions in the first hydrophilic 
region are more likely to be involved in stabilizing the 
conformation of the epitope. The influence of other 
substitutions in the hydrophobic region lying between 
these hydrophilic regions has not been examined, and 
their involvement in the formation and stabilization of 
the conformational epitope cannot be ruled out without 
the analysis of further mutants. 
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