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1. INTRODUCTION 

Gill-associated virus (GA V) is a rod-shaped, enveloped virus that infects 
Penaeus monodon (black tiger prawns) in Australia (Spann et al 1997). The 
morphology and pathology of GA V closely resemble that of yellow head virus 
(YHV) which has caused significant production losses to prawn aquaculture 
industry in Thailand (Chantanachookin et alI993). We have recently shown 
that theses viruses share a high level of sequence identity and can be 
considered as geographic topotypes (Cowley et al 1999). 

YHV has been shown to possess a long >22 kb ssRNA genome and four 
major structural proteins (~170, 135, 67 and 22 kDa) of which the 135 kDa 
protein is glycosylated (Wongteerasupaya et al 1995, Nadala et al 1997). 
There is conflicting evidence for the polarity of the ssRNA genome of YHV 
(Nadala et al1997, Tang and Lightner et al 1999) and speculation that it may 
be related to rhabdoviruses or coronaviruses. In order to establish an 
appropriate taxonomic classification of these viruses, we are investigating the 
genome sequence, organisation and replication strategy of GA V. 

Sequence analysis of the GAV genome has identified a ~20 kb gene that 
encodes two long overlapping open reading frames (ORFs) equivalent to the 
ORFI a and ORFI b coding regions of corona-, toro- and arteriviruses 
(Cowley et al2000). Although ORF I b translation is reliant on a -1 ribosomal 
frameshift site quite distinct from those employed in mammalian nidoviruses, 
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sequence relationships of ORFI motifs and the overall genome organisation 
indicate that GA V, and the closely related YHV, represent the first 
invertebrate viruses of the Order Nidovirales. However, the number, order 
and sequence of the structural genes, and the nature of putative transcription 
initiation sites, do not conform with either of the established families, 
Coronaviridae or Arteriviridae. 

2. MORPHOLOGY AND MORPHOGENESIS 

GA V replication occurs in the cell cytoplasm, primarily in the prawn 
lymphoid organ, gills, haemocytes and connective tissues (Spann et al 1997, 
unpubl). The tubular helical nucleocapsids (~16 nm dia.) of GA V can vary 
considerably in length (166-435 nm) and its rod-shaped enveloped virions 
(~34 nm x 192 nm) appear to mature primarily by budding at the endoplasmic 
reticulum, often forming arrays in cytoplasmic vesicles (Fig I). GAV virions 
also possess regularly-spaced surface projections ~8 nm in length. YHV 
virions possess similar morphology and purified particles appear to be highly 
flexible (Nadala et al 1997) 

Figure 1. Electron micrograph of tubular helical nucleocapsids (arrow, left) and rod-shaped 
enveloped virions within a cytoplasmic vesicle in a lymphoid organ cell (right) (Spann et at 

1997, Reproduced with the permission oflnter-Research Science Publisher). 

3. GENOME ORGANISATION 

The majority of the sequence of the GAV genome was obtained from 
cDNA clones generated from a >22 kbp dsRNA purified from lymphoid 
organ tissue of infected P. monodon. It is likely that this dsRNA represents a 
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replicative intermediate. Gaps in the sequence were filled using clones 
generated by R T -PCR with specific primers and putative 5' - and 3' -terminal 
sequences were determined using clones generated by 5'-RACE and RT-PCR 
with an anchored oligo-dT primer, respectively (Cowley et al 2000). A 
schematic diagram of the 26.2 kb ssRNA GAV genome is shown in Fig 2. 
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Figure 2, Putative gene organisation in the 26.2 kb (+)ssRNA genome ofGAV 

The 5' -terminal 20 kb of the genome comprises a 68 nucleotide (nt) non
coding region proceeded by two long ORFs of 4060 amino acids (aa) and 
2646 aa. These contain functional motifs indicating they are equivalent to the 
ORFla and ORFI b coding regions of nidoviruses (de Vries et al 1997, Lai 
and Cavanagh 1997, Snijder and Spaan 1995). The C-terminus of GAV 
ORFla overlaps the N-terminus of OR FIb by 33 codons (99 nt). ORFla 
contains four significant hydrophobic domains comprising multiple putative 
transmembrane sequences. The region encompassed by the two C-terminal 
hydrophobic domains encodes a 3C-like cysteine protease (3CLP). 
Interestingly, database searches indicated a closer relationship to plant 
potyvirus rather than to coronavirus 3CLPs. Moreover, although the GA V 
3CLP contains a cysteine as the catalytic nucleophile as in coronaviruses, 
alignment of upstream aspartic acid and threonine and downstream histidine 
and glycine residues believed to be important to formation of the substrate
binding site suggests some structural similarity to the 3C-like serine proteases 
of arteriviruses (Snijder et al 1996). Characterisation of the cleavage site 
specificity of the GAV 3CLP should help define the evolutionary links among 
these viruses. 

GA V ORF 1 b contains homologues of the polymerase, metal ion binding 
(MIB), he1icase and Motif 1 and 3 domains conserved among toro- and 
coronaviruses (Cowley et al 2000). The motifs are ordered similarly but their 
spatial distribution is distinct. Significantly, all absolutely conserved amino 
acids in the 8 domains of Supergroup 1 (+)ssRNA virus polymerases, 
including the 'SOD' core motif, are preserved in GAV (Koonin, 1991). The 
three MIB domains are defined by conservation of potentially active cysteine 
and histidine residues, and by positioning of aromatic residues in common 
with numerous RNA/DNA binding proteins (Gorbalenya et al 1989). The 
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helicase contains the conserved purine NTP-binding motifs A (QPPQTGKT) 
and B (DE) (Gorbalenya and Koonin 1989). Phylogenetic relationships 
determined for the helicase placed GAV on a branch marginally more closely 
related to coronaviruses than the Berne equine torovirus. Similar analyses 
with the polymerase, however, placed GA V on a separate branch from 
corona-, toro- or arteriviruses. 

Only three long ORFs, ORF2 (144 aa), ORF3 (1640 aa) and ORF4 (83 
aa) reside between GAV ORFla-lb and a 3'-poly(A) sequence. ORF2 
possesses a high proportion of proline residues (13%), is highly hydrophilic 
and, in size and structure, shows some resemblance to the nucleocapsid (N) 
protein of toroviruses (Snijder et at 1989). ORF3 possesses 15 potential N
linked glycosylation sites and six probable transmembrane domains. A stretch 
of basic amino acids (KVHARHHK) representing a potential trypsin-like 
cleavage site resides between the two central transmembrane domains. ORF3 
appears functionally equivalent to the S glycoprotein of corona- and 
toroviruses. Its predicted molecular weight (182 kDa) suggests processing 
into S 1 and S2 components is required to generate a product equivalent to the 
135 kDa YHV glycoprotein (Nadala et at 1997). The N-terminal 230 aa of 
the putative S 1 component contains three potential transmembrane domains. 
As there appears to be no discrete membrane (M) gene in GA V, this region 
may function similarly to the triple membrane-spanning M proteins of 
toroviruses (Den Boon et at 1991) and coronaviruses (Rottier 1995). The 0.6 
kb region between ORF3 and the putative 3' -poly(A) tail contains only one 
ORF of 83 aa for which no potential function has yet been assigned. 

Intergenic sequences upstream of ORF2 (93 nt) and ORF3 (57 nt) contain 
regions in which 29/32 nt are conserved. Sequencing of 5'-RACE clones has 
identified identical mRNA transcription start sites within these conserved 
regions. 

4. ORFIA-IB FRAME SHIFT ELEMENT 

The GA V ORF 1 a-I b overlap contains a slippery heptanucleotide 
AAAUUUU associated with -1 ribosomal frameshifting followed 3 nt 
downstream by a highly stable 131 nt complex stem-loop structure. Base
pairing of a 7 nt sequence 40 nt downstream of the stem-loop with a predicted 
single-stranded bulge in the stem would allow formation of a complex RNA 
pseudoknot (Fig 3). 
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Figure 3. Putative RNA pseudoknot affording ribosomal frameshifting and readthrough of 
the GA V ORFla-ORFI b overlap. Predicted helices I to 4 are indicated (Cowley et a12000. 

Reproduced with the permission of the Society for General Microbiology). 

Although unlike the UUUAAAC slippage sites and H-type pseudoknots of 
corona-, toro- and arteriviruses (Brierley, 1995), translational analysis of this 
GA V element indicates that -1 frameshifting occurs at a similar efficiency 
(~23%) (Cowley et aI2000). 

5. CONCLUSION 

The replication site and genome organisation of the 26235 nt ssRNA 
genome of the gill-associated virus (GAY) of penaeid shrimp indicates a 
distant relationship to coronaviruses, toroviruses and arteriviruses. Thus 
GAY represents the first nidovirus of invertebrate origin. However, unique 
features of the virion morphology, the number, order and structural similarity 
of the gene coding regions and the nature of the ORF 1 a-I b ribosomal 
frameshift element and the internal transcription initiation sites do not 
conform with either of the established families (Coronaviridae and 
Arteriviridae) of the Nidovirales. We propose GAY as the type species of a 
new taxon 'Okavirus' based on virus replication in the shrimp lymphoid or 
'Oka' organ. Although this may initially be classified as a floating genus, the 
establishment of a new nidovirus family may also be warranted. 
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