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Summary. Circoviruses are a diverse group of animal and plant pathogens with
undefined relationships to one another but for their non-geminate, non-enveloped
capsids and circular, single-stranded DNA genomes. The sequences of the beak
and feather disease virus and porcine circovirus genomic DNAs are presented
and analyzed in the context of the other members of the family. Sequence com-
parisons, inferred phylogenies, and geographic occurrence suggest that the am-
bisense circoviruses, particularly the beak and feather disease virus, represent
an evolutionary link between the geminiviruses and the plant circoviruses. We
propose that the family members be reclassified into three groups: The family
Circoviridaeconsists of the animal pathogens (beak and feather disease virus and
porcine circovirus) that possess ambisense genomes with striking similarities to
the geminiviruses. The BBTV-like viruses include the plant pathogens (coconut
foliar decay virus, banana bunchy top virus, subterranean clover stunt virus) with
a geminivirus-like stem-loop element in their DNAs, and single to multiple com-
ponent genomes. The chicken anemia virus is an unassigned virus possessing
unique characteristics bearing little similarity to the other sSDNA viruses.

Introduction

The Sixth Report of the International Committee for the Taxonomy of Viruses
identified six viruses as members of tB&coviridae [35]. The animal viruses
included chicken anemia virus (CAV; the type species), beak and feather disease
virus (BFDV), and porcine circovirus (PCV). Three plant pathogens included as
unclassified members of the family were the coconut foliar decay virus (CFDV),
banana bunchy top virus (BBTV), and subterranean clover stunt virus (SCSV).
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Table 1. Characteristics of circoviruses

Virus Host Vector Virion size (nm) Virion associated proteins
CAV [60] chicken Na 23.5 50 kDa capsid/Rep (VP1)
BFDV [60] psittaciformes NA 17 26 kDa (VP 1)

23 kDa (VP 2)
16 kDa (VP 3)

PCV[60] swine NA 17 36 kDa

CFDV [52] coconut planthopper 20 not reported
BBTV [17] banana aphid 18-22 21 kDa coat
SCSV [12] clover, broad bean aphid 17-19 19 kDa coat

These plant viruses have been described as having properties similar to the gemi-
niviruses. Recent discussions have suggested that one or more of them should be
grouped in the “nanavirus” genus [5, 10, 55, 64].

The members of th€ircoviridaeexist as round, non-enveloped virions with
mean diameters from 17 to 23.5 nm (Table 1). All members have restricted host
ranges. The plant pathogens, like the geminiviruses, require specific insect vectors
for transmission. All circoviruses possess circular, single-stranded DNAs that
represent the smallest viral DNA replicons known (Table 2). Two of the plant
circoviruses possess multipartite genomes, with most components required for
infectivity.

DNA sequences have previously been published for the plant circoviruses and
CAV. A partial sequence for BFDV has previously been determined and used in
the development of DNA based diagnostic tests [16, 23, 33, 51]. In the course
of determining the BFDV genomic sequence, the PCV genomic sequence was
also completed in this laboratory. Both sequences are presented in this report,
although the sequence of the PCV DNA has also recently been reported by two
other laboratories [9, 40]. In this paper we report the nucleotide sequence of the
beak and feather disease virus and a porcine circovirus isolate with an analysis of
the genome organizations and sequence similarities. A discussion of the possible
phylogenetic relationships among the circoviruses and geminiviruses is presented
to review the family members and to suggest a refined taxonomy. We propose
that the BFDV and PCV are members of thecoviridae (with PCV as the type
species) and that the chicken anemia virus and the plant circoviruses belong to
new separate families.

Materials and methods

BFDV DNA sequence

Animals used in this study were humanely euthanized, diseased birds submitted to the Uni-
versity of Georgia College of Veterinary Medicine for psittacine disease research. Virus
was purified from the skin of diseased birds according to published procedures [53]. Virus
suspensions were extracted sequentially with equal volumes of Tris-saturated phenol and
chloroform-isoamyl alcohol (24:1), and precipitated with ethanol. Viral DNA was digested
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Table 2. Characteristics of the circovirus genomes

Virus Genome component Size (bp) OrganizatioPutative gene products
(Accession no.) (ORF in Fig. 2)
CAV[45] 1 (M55918) 2319 +strand 51.7 kDa Rep/capsid (V1)

24.1 kDa (V2)
13.3 kDa (V3)

CFDV[55] 1 (M29963) 1291 +strand 33.5 kDa Rep (V1)
17.2 kDa (V2)
6.7 kDa (V3)
6.4 kDa (V)
BBTV[10] 1 (S56276) 1111 +strand 33.6 kDa Rep (V1)
2 (L41576) 1060 +strand none
3 (L41574) 1075 +strand 20.1 kDa coat protein (V1)
4 (L41575) 1043 +strand 13.7 kDa (V1)
5 (L41578) 1018 +strand 19 kDa (V1)
6 (L41577) 1089 +strand 17.4 kDa (V1)
SCSV[5] 1 (U16730) 1001 +strand 12.7 kDa (V1)
2 (U16731) 1022 +strand 32.5 kDa Rep (V1)
3 (U16732) 991 +strand 19.1 kDa (V1)
4 (U16733) 1002 +strand 17.7 kDa (V1)
5 (U16734) 998 +strand 18.7 kDa coat protein (V1)
6 (U16735) 1017 +strand 33.5 kDa Rep (V1)
7 (U16736) 988 +strand 16.9 kDa (V1)
PCV 1 (AF071879) 1758 ambisense 35.7 kDa Rep (V1)

27.5 kDa capsid (C1)
23.2. kDa (C2)
9.8 kDa (V2)

BFDV 1 (AF071878) 1993 ambisense 34.5 kDa Rep (V1)
28.7 kDa capsid (C1)
17 kDa (V2)

a Pytative coding capacity of the genome, with respect to the encapsidated strand. Putative
gene products are estimated from the inferred amino acid sequences of major ORFs (25 or
more amino acids)

with restriction endonuclease Hha-1. The digestion products were separated by electrophore-
sis. Bands were excised from the gel and the DNA fragments extracted using a crush and
soak method. Individual eluted DNA fragments were end labeled and sequenced by the
chemical cleavage method [2]. The sequence from one Hha-I fragment was used to design a
pair of oppositely oriented primers for amplification of the remainder of the viral DNA by
inverse PCR. Primers FN1(&CTCTAGATGATCCTCCGGAGATTACG-3 AND FN2
(5-GCTCTAGAGGGAACCATGCCGTCCAA-3 were designed with restriction endonu-
clease Xba-| cleavage sites at theirehds, for subsequent cloning of the amplimer into
pUC-19. The full sequence was determined by a deletional subcloning and by sequencing of
PCR products from several virus isolates. Sequence runs were assembled into the consensus
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sequence using manual methods and the fragment assembly programs in the GCG suite of
programs [19].

PCV DNA sequence

The PCV-infected porcine cell line PK-15 (ATCC CCL-33) was obtained from the American
Type Culture Collection. Cells were grown in Earle’s minimal essential medium with 10%
fetal bovine serum at 3T in 5% CGQ. DNA from cultured cells and tissues was purified
using two rounds of proteinase K digestion and salt precipitation. PCR was performed to
amplify viral DNA which might be similar to the BFDV genome. Primers were designed
based on amino acid sequence conservation among the reported plant circovirus and the beak
and feather disease virus sequences. Using primers FNAC&EGCTCTTTACTGCAGTA-

3) and FN119 (5TGTCGCCGTTGGTGTTTC-3, designed from the reverse-translation

of conserved amino acid sequences, an arbitary primer thermal cycling profile was used to
amplify PCV DNA corresponding to the potentially conserved region of sequence. A 900
base pair fragment was labeled with digoxigenin and used to probe unamplified DNA isolated
from PK-15 cells and from the uninfected control ESK-4 cells (American Type Culture Col-
lection, Rockville, MD, USA, CL 184). The probe was also used in an in situ hybridization
experiment on PCV infected PK-15 cells and a line of PK-15 cells developed at the Na-
tional Animal Disease Laboratory, Ames, IA, USA, which were identified as PCV negative.
The results of that experiment suggested that a small percentage of PK-15 infected (ATCC)
cells contained nucleic acid complementary to the 900 base pair probe. This corresponded
to the small percentage of cells previously demonstrated to exhibit PCV antigen, using im-
munocytochemical techniques [26]. The 900 base pair fragment was sequenced and several
oligonucleotides were synthesized for use as PCR primers. Amplified DNA fragments were
sequenced by dye terminator cycle sequencing. Complementary sequencing runs from PCR
generated PCR fragments were aligned using the ALIGN program. Sequence runs were man-
ually assembled into the complete contiguous sequence. PCR primers were chosen with the
help of the GENE RUNNER program (Hastings Software, Hastings, NY).

Sequence analyses

Published sequences for circoviruses were obtained from the GenBank sequence database
through the WWW server at the NCBI (http://www.ncbi.nlm.nih.gov). Sequence alignments
were performed using either the ALIGN program [42] or the PILEUP program in the GCG
suite [19]. Sequence similarity searches were performed using the BLAST e-mail server atthe
NCBI (blast@ncbi.nim.nih.gov [1]). Inferred phylogenies were constructed using programs

in the Phylogeny Inference Package [21].

Genome maps and sequence comparisons

The analysis of the genomes for the circoviruses is based on a descriptive analysis of the
published sequences. For comparative purposes, the numbering systems have been changed
fromthose previously published for the viral strand nucleic acid sequences. Numbering begins
with the first nucleotide base in the conserved loop sequence for all viral DNA strands. In
the convention used for the geminiviruses [7], the encapsidated DNA strand is referred to as
the viral strand, encoded ORFs and inferred gene product protein sequences are indentified
as V1, V2, etc. Conversely, the complementary (unencapsidated) DNA strand ORFs as C1,
C2, etc.
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1  TTAGTATTAC CCGCCGCCTG GGGCACCGGG GCACCGCAGC TATTGGCTGC CTTGCGGAGG TGCCCGCCCC TAGGGAGGAG TAAATGGCGC CGTTAGGCGC
101 CCGTTAATCT CCGGAGGATC ACACTCGTCC GGGAACCATC CCGTCCAAGG AGGGCTCTGG CTGTCGCCGT TGGTGTTTCA CTCTTAACAA CCCTACAGAC
201 GGCGAAATCG AATTCGTCCG TTCTCTCGGG CCTGACGAAT TCTACTATGC CATCGTTGGA CGGGAAAAGG GTGAGCAAGG CACTCCCCAT TTGCAAGGCT
301 ACTTTCATTT TAAAAATAAG AAGCGACTGA GCGCGCTTAA GAAAATGCTG CCGCGAGGTC ATTTTGAGCG CGCTAAAGGG AGCGACGCGG ATARCGAGAA
401 GTATTGCAGT AAAGAGGGGG ACGTCATACT TACCCTGGGC ATTGTGGCGA GAGACGGTCA CCGCGCTTTC GATGGAGCTG TTGCTGCCGT GATGTCCGGA
501 CCCAAAATGA AGGAAGTCGC GCGAGAGTTC CCAGATATCT ACGTCAGGCA TGGGCGGGGC TTGCATAGCC TCTCGCTATT GGTTGGTTCC CGCCCGCGTG
601 ATTTTAAGAC TGAGGTTGAC GTCATTTACG GGCCACCGGG GTGTGGCARG AGTCGATGGG CCAATGAGCA GCCTGGGACC AAATATTATA ARATGCGCGG
701 TGAATGGTGG GATGGATATG ATGGGGAAGA TGTCGTCATC TTGGACGACT TTTATGGGTG GCTACCTTAT TGCGAGATGC TCCGCCTCTG CGACCGTTAC
801 CCACATAAAG TGCCAGTTAA GGGCGCTTTT GTGGAGTTTA CGAGCAAGAG GATCATTATC ACGAGCAATA AGGCCCCGGA GACCTGGTAC ARGGAGGACT
901 GTGACCCGAA GCCACTGTTC CGGAGATTCA CTCGTGTTTG GTGGTACAAC ATTGACAAGT TGGARCARGT CCGGCCTGAT TTCCTCGCCC ACCCCATCAA

1001 TTTTTGATAG TCTCGGTGAT GTTTAATAAA GTTAGGCGTC GGGCCGAAGG CCCGATGCCG CAGGGGGGGA CCCCCTGCCG GAGGGTTCGC AGGGCCGTCA
1101 GGCCCGAGAA CCCGACCAGC CCGGAGGGCC TAGTCTGTAT CGGGGGGGGGE GCCCCGGGGG GTCCCCCCGA CACGACGAAC ACGGTAGCGA CGAAGGCGCC
1201 AATAAACACT CAAAAAGGTA TTTGCTGCTT GAGTCTTTAT TAAGTACTGG GATTGTTAGG GGCAAACTGA CGGAATTGAA CATATATAGT GAGCTTGGTT
1301 ACATAAGTGA TCGTTTGTTC TGGCTGAGGG AAGCTGAAGC CAATGCCGTA GTGCCTGACT TTCGCTCCTG CTGCGTTGGG TCCTCCTTGT AGTGGGATCC
1401 AGCCGGTTCT GGCGCTGTTT AGCCACAATG CTGCAGACTG GTTCGCTGTG GTGAGGTCGT TTATCGTTAT TTGTGGTTTT GGTCTGAGGA GACGTTTGAA
1501 TCCCCTGCTA ACATACCATT TTCTGGCACC GTCGAARAGGT GCCAGTGGGT CTTGTGTTTG GTCTGCAACA GTTTTAAATT TACTTATCCT GGAGTCTTGG
1601 ATTACGGCCG TGTGGCCGAA TCCGTCTCCT TGTATGGTGT AGTGTCCCCA TGTGGGCCTC ATTTCCATTT TAGCTAACTT AATCCGGTAG TTTTCGAAAT
1701 TCAGTGTTTG TGGGTTTGGT GTGTTTGTTA TGAAGTCTGA CAATGCAAAG GTTACAAAGT CGGAGCTAAA AATTAGGTTG CCAGTACTGG TGGTTTGTTT
1801 TTGAATTTGG AATTTGAATT GGCGTGTGAG TCTGAGAGTG TARACCCTAT TGGTTGAGAA ACGGCGTCTG CGGAAGTGTC TACGTCGCCG GCGGTATCGC
1901 CTGATGTGAC GTCTGCGGTA GTATGGGCGG GCATACCGTC GTCTAACCTG AAATATAGCG CATGCGTAGT TAGAGGTGCC CCATAGGCGG CGG

1 GTAGTATTAC CAGCGCACTT CGGCAGCGGC AGCACCTCGG CAGCGTCAGT GAARATGCCA AGCAAGAAAR GCGGCCCGCA ACCCCATAAG AGGTGGGTGT
101 TCACCCTTAA TAATCCTTCC GAGGAGGAGA AAAACAAAAT ACGGGAGCTT CCAATCTCCC TTTTTGATTA TTTTGTTTGC GGAGAGGAAG GTTTGGAAGA
201 GGGTAGAACT CCTCACCTCC AGGGGTTTGC GAATTTTGCT AAGAAGCAGA CTTTTAACAA GGTGAAGTGG TATTTTGGTG CCCGCTGCCA CATCGAGAAA
301 GCGAAAGGAA CCGACCAGCA GAATAAAGAA TACTGCAGTA AAGAAGGTCA CATACTTATC GAGTGTGGAG CTCCGCGGAA CCAGGGGAAG CGCAGCGACC
401 TGTCTACTGC TGTGAGTACC CTTTTGGAGA CGGGGTCTTT GGTGACTGTA GCCGAGCAGT TCCCTGTAAC GTATGTGAGA AATTTCCGCG GGCTGGCTGA
501 ACTTTTGAAA GTGAGCGGGA AGATGCAGCA GCGTGATTGG AAGACAGCTG TACACGTCAT AGTGGGCCCG CCCGGTTGTG GGAAGAGCCA GTGGGCCCGT
601 AATTTTACTG AGCCTAGCGA CACCTACTGG AAGCCTAGTA GAAATAAGTG GTGGGATGGA TATCATGGAG AAGAAGTTGT TGTTTTGGAT GATTTTTATG
701 GCTGGTTACC TTGGGATGAT CTACTGAGAC TGTGTGACCG GTATCCATTG ACTGTAGAGA CTAAAGGCGG TACTGTTCCT TTTTTGGCCC GCAGTATTTT
801 GATTACCAGC AATCAGGCCC CCCAGGAATG GTACTCCTCA ACTGCTGTCC CAGCTGTAGA AGCTCTCTAT CGGAGGATTA CTACTTTGCA ATTTTGGAAG
901 ACTGCTGGAG AACAATCCAC GGAGGTACCC GAAGGCCGAT TTGAAGCAGT GGACCCACCC TGTGCCCTTT TCCCATATAA AATAAATTAC TGAGTCTTTT

1001 TTGTTATCAC ATCGTAATGG TTTTTATTTT TATTTATTTA GAGGTCTTTT AGGATAAATT CTCTGAATTG TACATAAATA GTCAGCCTTA CCACATAATT
1101 TTGGGCTGTG GCTGCATTTT GGAGCGCATA GCCGAGGCCT GTGTGCTCGA CATTGGTGTG GGTATTTAAA TGGAGCCACA GCTGGTTTCT TTTATTATTT
1201 GGGTGGAACC AATCAATTGT TTGGTCCAGC TCAGGTTTGG GGGTGAAGTA CCTGGAGTGG TAGGTAAAGG GCTGCCTTAT GGTGTGGCGG GAGGAGTAGT
1301 TAATATAGGG GTCATAGGCC AAGTTGGTGG AGGGGGTTAC AARAGTTGGCA TCCAAGATAA CAACAGTGGA CCCAACACCT CTTTGATTAG AGGTGATGGG
1401 GTCTCTGGGG TAAAATTCAT ATTTAGCCTT TCTAATACGG TAGTATTGGA AAGGTAGGGG TAGGGGGTTG GTGCCGCCTG AGGGGGGGAG GAACTGGCCG
1501 ATGTTGAATT TGAGGTAGTT AACATTCCAA GATGGCTGCG AGTATCCTCC TTTTATGGTG AGTACCAATT CTGTAGAAAG GCGGGAATTG AAGATACCCG
1601 TCTTTCGGCG CCATCTGTAA CGGTTTCTGA AGGCGGGGTG TGCCARATAT GGTCTTCTCC GGAGGATGTT TCCAAGATGG CTGCGGGGGC GGGTCCTTCT
1701 TCTGCGGTAA CGCCTCCTTG GCCACGTCAT CCTATAAAAG TGAAAGAAGT GCGCTGCT

Fig. 1. Complete nucleotide sequence of BFDV and PCV virus strand DNAs. Numbering

begins with the first base in the TTAGTATTA loop sequence. The loop sequence in the

putative replication origin (underlined and bold) and complementary strand TATA sequence

(bold) are highlighteda BFDV sequence contains amino terminal TCT codons (underlined)

for both the V1 and C1 ORF&.PCV sequence contains ATG codons (underlined) for both

the V1 and C1 ORFs. Sequence lacks the third nucleotide of a GGG triplet at base number
1045, as compared with sequences reported previously [9, 40]

Results
BFDV and PCV sequences

The sequences of the virus-encapsidated DNA strands for BFDV and PCV are
presented in Fig. 1. The BFDV and PCV sequences consist of 1993 and 1758
bases, respectively. This PCV sequence differs slightly from those previously
reported [9, 40].

The genome of the porcine circovirus appears to possess an ambisense orga-
nization (Table 2; Fig. 2a). This analysis is supported by other recently published
studies [37, 40]. The viral strand encodes a putative Rep protein (ORF V1) with all
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b

PCV BFDV
1758 bases 1993 bases

e

CFDV
1291 bases

BBTV 1
1111 bases

SCSV 2

CAV
1022 bases 2319 bases

Fig. 2 (continued
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BCTV
2994 bases

&

Fig. 2. Physical maps of the circoviruses and a representative geminivirus. Accessions num-
bers are indicated in Table 2. Maps represent the reported viral (encapsidated) DNA strand.
Nucleotides may be renumbered for this comparison (see Materials and methods) and base
number one is at the twelve o’clock position. ORFs on the viral strand are labeled as V1, V2,
etc.; those on the inferred complementary strand are labeled as C1, C2, etc. The stem-loop
structures (or structurally conserved elements) are represented by the box at the top of each
circle.aPorcine circovirus (PCV) Beak and feather disease virus (BFD¥Loconut foliar
decay virus (CFDV)d Component 1 of banana bunchy top virus (BBT¥Component 2
of subterranean clover stunt virus (SCSVLhicken anemia virus (CAV)Y Beet curly top

virus (BCTV), a geminivirus

three sequence motifs found in molecules involved in rolling circle DNA repli-
cation and it possesses the P-loop motif (Fig. 3). The inferred complementary
strand encodes a putative viral capsid protein from ORF C1. This ORF is flanked
by eukaryotic transcription control and polyadenylation signals. The inferred se-
guence of this putative capsid protein possesses a high percentage of arginine
and lysine residues near the amino terminus, and has a high degree of similar-
ity to the protamine block sequence (Fig. 4a). The non-coding region separating
the beginnings of both oppositely oriented ORFs contains features suggestive of
replication and transcription control functions. Two additional major ORFs are
present (one on each strand). Neither is flanked by the appropriate signals for
expression, however, evidence for RNA splicing has been reported [36].

The beak and feather disease virus (BFDV) DNA also has an ambisense orga-
nization (Table 2; Fig. 2b). Northern blot analyses, using strand-specific oligonu-
cleotides to probe polyadenylated RNA from BFDV infected feather pulp, support
this conclusion [44]. The viral strand possesses a major ORF which encodes a
putative Rep protein, possessing all rolling circle replication sequence motifs
and the P-loop motif (Fig. 3). The inferred amino acid sequence also contains
a potential pyrophosphatase domain (Fig. 8 [6]). A second major ORF (V2) is
encoded in a different reading frame on the viral strand (Fig. 2b; Table 2). This
ORF could encode the 16 kDa virion associated protein (Table 1). The BFDV
complementary strand encodes a putative capsid protein with striking similarities
to the PCV capsid protein. An alignment of the PCV and BFDV inferred capsid
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protein amino acid sequences reveals a highly conserved sequence of 14 amino
acids (YVtKLTIYVQFRgF) near the carboxyl terminus of both proteins as well

as adjacent corresponding myristylation sites (Fig. 4b). The strict conservation of
these two motifs suggests their necessity for protein function.

Discussion
The other viruses in the family

The genome of the coconut foliar decay virus (CFDV) possesses transcriptional
start and polyadenylation signals flanking major open reading frames (ORF) on
only the virion-packaged DNA strand (Table 2; Fig. 2c). The protein composition
of the virion has not been reported (Table 1). However, the major ORF (V1)
encodes a putative Rep protein, possessing the three sequence motifs found in
rolling circle replication associated proteins (Fig. 3). This putative Rep protein
possesses the consensus ATP/GTP binding motif I(P-loop) found in numerous
proteins, including those with helicase activity [27]. Open reading frame V4
encodes a putative 6.4 kDa protein with 23% arginine residues (Fig. 4a). Rohde
et al. [55] suggested that this is the putative capsid protein, based on sequence
similarities with theAutographa californicanuclear polyhedrosis virus (AcNPV)
core protein and to the amino terminus of several luteovirus coat proteins [61].
Six different DNA components have been found associated with an Australian
isolate of the banana bunchy top virus (BBTV [10]). Five of the six components
each have one major ORF associated with transcription control signals on the
virion-packaged DNA strand (Table 2; Fig. 2d). Component 1 encodes a puta-
tive Rep protein that possesses all three consensus motifs and a P-loop sequence
(Fig. 3). Both components three and five encode putative proteins of the approxi-
mate size of the 21 kDa coat protein (Table 2). However, the sequence encoded by

ag. 3. Alignment of the inferred amino acid sequences of the putative replication associated

proteins (Rep protein) of the circoviruses (BFDV, PCV, SCSV, CFDV, BBTV) with those

of several of the geminiviruses. Only the regions which encompass the three Rep protein

motifs and the P-loop sequence are shown. Above the aligned sequences are the consensus

sequences unique to the circoviruses (Consensus) with the three (1, 2, 3) conserved sequence

motifs reported for the initiator and movement proteins involved in rolling circle replication

[28]. The putative active site tyrosine (*) is identified. The conserved ATP/GTP binding motif

(P-loop [27]) is indicated above the aligned sequences. Viruses and GenBank accession num-

bers BFDVbeak and feather disease virus (AFO718P&)Yporcine circovirus (AF071879);

SCS\kubterranean clover stunt virus (U16732FDV coconut foliar decay virus (M29963);

BBTVbanana bunchy top virus (S5627&SMVAuchloris striate mosaic virus Australian

isolate (JU0043)ToLCVAutomato leaf curl virus-Australian isolate (P27298FMV in-

dian cassava mosaic virus (JQ2323).CVsquash leaf curl virus (M38183);MoVtomato

mottle virus (M90495).TYDVtobacco yellow dwarf virus (M81103AbMV abutilon mo-

saic virus (A36214)WWDVwheat dwarf virus (B24356). Dots in aligned sequences represent

bases which are identical to those in the aligned BFDV sequence. Numbers indicate amino

acid position in sequence. Dashes represent gaps introduced to optimize the alignment. “u”
represents bulky hydrophobic residue [28]
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the ORF on component two possesses an arginine/lysine-rich region at the amino
terminus like the CFDV. Sequences have also been reported for one or more com-
ponents of BBTV isolates from Taiwan and Hawaii. Sequence analyses suggest
that at least two different groups exist: a South Pacific group and an Asian group
[17, 29, 63, 64]. The sequence of the Hawaiian isolate is like those in the South
Pacific group.

a

Japanese Quail 4 YRRRTRTRSRSRRRRRSRRRRSSRRRRY 30

Equine 17 RRRRRRCRRRRRRRSVRQRRVCCRRYTVLRCRRR 49

Rainbow Trout 3 RRASRPVRRRRRPRVSRRRRRGGRRRR 30

Opossum 21 RRRSRYRSRRRRYRRSRRRRRRGRRRRGYSRRRYSRRGRRR 61

Cuttlefish 15 RRRSRSPYRRRYRRRRRRRRRRSRRRRYRRRRSYSRRRYRR 55

BFDV SNYACAIFQVRRRYARPYYRRRHIRRYRRRRRHFRRRRFSTNRVYTLRLTRQ-FKFQIQKQTTSTGN LIFSS.....
PCV MTWPRRRYRRRRTRPRSHLGNILRRRPYLAHPAFRNRYRWR-RKTGIFNSRLSTEL VLTIK.....
CAvV MARRARRPRGRFYSFRRGRWHHLKRLRRRYKFRHRRRQRYRRRAFRKAFHNPRPGTYS VRLPN.....
SCsv MVAVRWGRKGLRSQRRKYSRIAYKPPSSKVVSHVESVLNKRDVTGAEVK PFADG.....
BBTV MFRQEMARYPKKSIKKRRVGRRKYGSKAATSHDYSSSGSIL----VPENTVK VFRIE.....
CFDV MRTRRRRREVRVCQISRTQARLVLHMWWNQKGRIVPVHRGPKTKF - - - - - NPRCTQV

BCTV MRKYTRNTYTMSQKRKVNPQSAWPKKRRTSTTSRKYQWRRPVTKNRTLKLKMYDDM LGAG
CSMV-Au MSPASSWKRRPSSSSAQASKKRRVYRPAVSRSLARREPL QVQDF.....
ToLCV-Au MSKRPADIVISTPASKVRRKLNFNSPFKSAAAVPTVRVTRRRTWVNRPMYRKPMMYRLFRSPDVPRGCEG PCKVQ.....
ACNPV 6.9 MVYRRRRRSSTGTTYGSTRRRRSSGYRRRPGRPRTYRRSRSRSSTGRRSY RTRYY.....
BWYV MNTVVGRRTINGRRRPRRQTRRPQRNQPVVVVQTSRRTQRRPRRRRRGNNRAGRT. . . ..

SBMV ATRLTKKQLAQAIQONTLPNPPRRKRRAKRRAAQVPKPTQA........

BFDV 1 SNYACAIFQVRRRYARPYYRRRHIRRYRRRRRHFRRRRFSTNRVYTLRLTRQFKFQIQKQ 60
pcv 1 ocmme- MTWP....R.RRT.P.SHLGNIL...PYLAHPAFR. .YRWR.K.GI .NSRLSTE 54
BFDV 61 TTSTGNLIFSSDFVTFALSDFITNTP------- NPQTLNFENYRIKLAKMEMRPTWGHYT 113
PCV 55 LVL.IKGGY.QPSWNVNYLK.NIGQFLPPSGGT..LP.P.QY...RK..Y.FY.-RDPI. 113
BFDV 114 IQGDGFGHTAVIQD- - =---===mcmcmmmmmmammammmmmeen SRISKFKTVADQTQD 142
PCV 114 SNQR.V.S.V..L.ANFVTPSTNLAYDPYINYSSRHTIRQPFTYH..YFTP.PEL...I. 173
BFDV 143 PLAPFDGARKWYVSRGFKRLLRPKPQITINDLTTANQSAALWLNSARTGWIPLQGGPNAA 202
pcv BT N.KRNQL.LH.NTHT.-- 193
ErnEak YVEKLTIYVOFRQF
BFDV 203 GAKVRHYGIGFSFPQPEQTITYVTKLTIYVQFRQFAPNNPST 244

PCV 194 ---.E.T.L.YALQNAATAQN..VR........E.--ILKDL 230
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The legumes of Australia are afflicted by a stunt caused by another multi-
component circovirus. Seven genome component DNAs have been sequenced
from an isolate of SCSV [5]. Each component of the SCSV encodes a single
putative protein from a major ORF on the virion-packaged DNA strand (Table
2; Fig. 2e). Putative Rep proteins are encoded on both components two and six,
although the sequence of motif three on the inferred component six protein differs
considerably from that of the consensus. Both inferred sequences possess P-loop
motifs (Fig. 3). The sequence of the ORF on component five has been identified
as the coat protein based on a previous comparison with the amino terminal pep-
tide sequence obtained from purified viral coat protein [13]. The amino terminus
of this protein also contains a high percentage of arginine and lysine residues
(Fig. 4a).

Unlike the other animal circoviruses, the chicken anemia virus (CAV) does
not possess an ambisense DNA. The existence of all three putative major gene
products (Table 2) have been confirmed and matched to proteins found in the
virion or infected cells through transcription analysis [49]. The proteins are trans-
lated from a single, 2.0 kbp polycistronic message with nested open reading
frames from only one strand of the replicative form DNA (Fig. 2f). The largest
ORF encodes a 52 kDa protein, VP1, which is the capsid protein and which also
possesses the 3 amino acid sequence motifs found in the replication associated
proteins involved in rolling circle replication. The amino terminal region of that
protein possesses an arginine-rich region with significant amino acid identity to
the consensus protamine block sequence [39]. The 24 kDa protein (VP2) has
been expressed in vitro and is believed to perform a scaffolding function during
virion assembly [20]. The 13 kDa protein (VP3), also rich in arginine and lysine
residues, has been expressed in vitro and has been demonstrated to induce apop-
tosis in chicken lymphoblastoid T cells and myeloid cells [46]. Mixtures of in
vitro expressed (baculovirus) viral proteins have been used to inoculate chickens

ag. 4. Alignment of the putative coat protein sequencealignment of the amino termi-

nal sequences of the putative coat proteins of the circoviruses (SCSV, BBTV, BFDV, PCYV,

CAV, and CFDV), three representative geminiviruses (BCTV, CSMV-Au, ToLCV-Au), and

the 6.9 kDa core protein of thutographa californicanuclear ployhedrosis virus (AcNPV)

to representative protamine block sequences (Japanese quail, P14402; equine, P15341; rain-

bow trout, P02331; opossum, P35305; and cuttlefish, S14085). Alignment was performed

using PILEUP (GCG version 8) for all complete sequences, although only the amino ter-

minal amino acids are shown for most. Dashes represent gaps introduced to optimize the

alignment. Basic residues (arginine and lysine) are highlighted. Below the aligned sequences

are the amino terminal sequences of a luteovirus coat protein (beet western yellows virus;

BWYV X14600) and the sobemovirus, southern bean mosaic V8B, A04218) for

which the coat protein structure has been solbedllignment of the amino acid sequences

of the putative coat proteins of the beak and feather disease BRB\) and the porcine cir-

covirus PCV). The conserved myristylation sites (EDRKHPFYW}-x(2)-[STAGCN]{P};

asterisks) and highly conserved 14 amino acid sequence at the carboxyl termini (underlined)
are indicated. Numbers indicate amino acid position in sequence
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for the production of antibody responses. Mixtures containing both VP1 and
VP2 or mixtures containing all 3 proteins are required for the elicitation of virus
neutralizing antibodies and for protection from challenge by live CAV [32].

Similarities
The non-coding regions on the DNA components of all circoviruses except the
CAV display features strikingly similar to those found in the geminiviruses. All
geminivirus DNASs possess a so-called structurally conserved element (SCE). This
stem-loop structureis involved in both DNA replication and in control of viral gene
expression. The most striking similarity is found in a comparison of the PCV and
BFDV non-coding regions to those of the geminiviruses (Fig. 5). This comparison
reveals that the stem-loop structure (SCE) is flanked by iterated sequences like the
so-called iterons described in geminivirus genomes [3]. Another recent analysis
has described three copies of a hexanucleotide repeat within the region flanking
the stem-loop, with similarity to a geminivirus replication protein binding site
[37].

The apparentinverse genome orientation is further supported by a comparison
of the BFDV and PCV genome organizations (Fig. 2a and 2b) to that of a repre-
sentative geminivirus, the beet curly top virus (BCTV), which is shown in Fig.
2g. In the case of the geminiviruses, the major viral strand ORF (V1) encodes the
virus coat protein, while the major ORF found on the complementary strand (C1)
encodes the replication associated protein (Rep). For the ambisense circoviruses,
the opposite istrue. The BFDV genome is organized like the PCV genome, except
that the putative TATA sequence for the capsid protein gene (ORF C1; Fig. 1a) is
located within the ORF, downstream of the putative initiation codon. This strik-
ing similarity between the PCV and BFDV non-coding regions (Fig. 5) suggests
that a serine codon (TCT) may be used by the psittacine host protein synthesis
machinery for initiation of translation, however, this possibility has yet to be con-
firmed. The presence of serine codons immediately downstream from the distal
iterated sequences flanking both sides of the stem-loop region strongly supports
this hypothesis. In terms of the organization of the ambisense genome and the
non-coding region associated with the stem-loop structure, both the PCV and the
BFDV resemble the geminiviruses more than the other circoviruses.

Eg. 5. Comparison of the stem-loop structures of the structurally conserved elements (SCE)
found in the ambisense circovirus and representative monocomponent geminivirus genomic
DNAs. The viral DNA strand sequences are presented together with the aligned loop se-
guences. The SLCV loop sequence is highlighted (*). ORF initiation codons are underlined.
Iterated sequences (iterons) are underlined according to their polarityand—> repre-
sent different iterated sequences in the same genome). For comparison, numbering of the
circovirus DNA sequences begins with the first base in the (G/T)TAGTATTA loop sequence.
This differs from the PCV loop sequence numbering systems reported previously [9, 40].
The inferred sequences of the first few amino acids encoded by the C1 and V1 ORFs are
shown below the DNA sequences. Termination codons (#) are indicated
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The plant circovirus and CAV genomes are organized such that proteins are
encoded on only the encapsidated DNA strands. Analyses of RNA transcripts for
the CAV, CFDV and BBTYV confirm the production of messenger RNA from only
the viral DNA strand [4, 41, 49].

The alignment of the putative circovirus replication associated protein (Rep)
sequences (Fig. 3) presents a high degree of similarity among the three plant
circoviruses and the two ambisense animal circoviruses (BFDV and PCV). In-
ferred phylogenetic relationships among the circoviruses and other viruses which
replicate via a rolling circle mechanism (representative geminiviruses and bac-
teriophagebX-174) suggest that this group of five viruses (BFDV, PCV, BBTV,
CFDV and SCSV) encode Rep proteins originating from a common ancestor [48,
58]. Figure 6 portrays the relationships among the various Rep protein molecules,
resulting from a parsimony-based (SEQBOOT, PROTPARS, CONSENSE) anal-
ysis, although an essentially identical relationship is obtained using a distance ma-
trix method (SEQBOOQOT, PROTDIST, FITCH) [21]. These Rep protein sequences
differ from those of the geminiviruses, which group into the monocot-infecting
and dicot-infecting species as previously reported [48, 58].

An interesting feature of these circovirus Rep protein sequences is their vari-
ation from the gemniviruses and the reported consensus for all such proteins [28]
in the sequence of motif 2 (see Fig. 3). This histidine pair is strictly conserved
in motif 2 across the archebacteria, eubacteria, geminiviruses, and parvoviruses.
This pair of histidine residues, with the first immediately following a proline
residue, has been implicated in the binding of divalent metal ion cofactors for a
number of proteins [11] and is present in that motif in the CAV Rep protein (Fig.
8). However, the remaining circoviruses have diverged and have a substituted
glutamime in place of the second histidine in this motif (Fig. 3). It remains to be
seen what significance this substitution has on the mechanism of DNA replication
in this group of eukaryotic replicons.

Recently, the essential role of the ATP/GTP binding motif (P-loop) in gemi-
nivirus DNA replication has been described [18]. Since this P-loop motif is con-
served among the circoviruses whose Rep proteins possess it, this virally encoded
enzymatic activity is presumably essential for virus replication. The geminivirus
Rep protein is known to mediate the cleavage and joining reactions through the
three motifs in the amino half of the molecule and is believed to require an ATP-
dependent bending of the double stranded replication form of the viral DNA
[25, 34]. Thus the ATP binding domain is postulated to act as a topoisomerase
or helicase in this bending and local unwinding reaction.

The amino termini of the circovirus capsid proteins possess a high percent-
age of the basic amino acids arginine and lysine, like the coat proteins of the
luteoviruses (Fig. 4a). This suggests that the amino terminal regions of these
coat/capsid proteins have DNA binding activity and are in contact with the pack-
aged viral DNA in the native virion. This has been demonstrated in a sobemovirus,
the southern bean mosaic virus, for which the structure and relationship of the
coat protein to the encapsidated viral nucleic acid have been determined by elec-
tron density mapping [24]. This DNA binding activity is also suggested by the
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TYLCV—-Sr1
TYLCV=Sr2

TYLCV~Is

TolLCV—Au

AbMV
TMoV

BCTV

SCsv

Phi-=X 174

CSMV—Au
MSV WDV

Fig. 6. Unrooted tree depicting the relationships among the Rep proteins for various viruses.

Tree is based on parsimony method and was generated using the PHYLIP version 3.5 pack-

age (SEQBOOT, PROTPARS, CONSENSE; outgrouped to bacteriophXgt74) from

an alignment performed with PILEUP [6pbMV abutilon mosaic virusBBTV1banana

bunchy top virus component BBTV2banana bunchy top virus componenBL TV beet

curly top virus;BFDV beak and feather disease vir@AV chicken anemia viruSCFDV co-

conut foliar decay virusCSMV-AuAustralian isolate of chloris striate mosaic virlGMV

Indian cassava mosaic virustSV maize streak virusPCV porcine circovirusPhi-X 174

bacteriophag@X 174; SCS\subterranean clover stunt viru8t.CVsquash leaf curl virus;

TmoVtomato mottle virusToLCV-AuAustralian isolate of tomato leaf curl virug)YDV

tobacco yellow dwarf virusTYLCV-SRSpanish isolates of tomato yellow leaf curl virus;
TYLCV-ISIsraeli isolate of tomato yellow leaf curl virugyDVwheat dwarf virus

high sequence identity between this region of the putative BFDV capsid protein
and the highly conserved sequences of the protamines (Fig. 4a [47]).

Differences

The CAV Rep protein is quite different from the other circovirus and geminivirus
Rep proteins. It possesses all three sequence motifs found in proteins involved
in rolling circle replication. However, unlike the Rep proteins from the other
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BFDV PCV

CAV scsy  Fig. 7. Unrooted tree depicting the

relationships among the coat pro-

teins for the various circoviruses

and representative geminiviruses.

Tree was constructed as described

Tol.CVau for Fig. 6 and was outgrouped to
CFDV the CAV

CSMVau BBTV

BCTV

circoviruses and the geminiviruses it does not have the ATG/GTP binding mo-
tif (P-loop; Fig. 8). This protein is quite unique in that it is also the viral capsid
protein, possessing the protamine-like basic amino acid sequence at its amino ter-
minus (Fig. 4). This suggests that it has originated quite differently from the other
circoviruses, whose Rep proteins share significant sequence identity, and that the
CAV falls outside of the inferred circovirus and geminivirus phylogenetic groups
(Fig. 6). It also suggests that the CAV replication process relies on a host cell
topoisomerase or helicase to provide the local bending and/or unwinding func-
tion in the replication mechanism. This use of a host cell topoisomerase/helicase
in a rolling circle DNA replication mechanism is known to occur in the case of
bacteriophag@X-174 and other viruses [28].

With the exception of the basic amino acid residues located at their amino
termini, the putative capsid protein sequences are quite divergent. Inferred phylo-
genetic relationships among these capsid proteins (Fig. 8) group the ambisense-
organized circoviruses (BFDV and PCV) together. The two multicomponent plant
circovirus capsid proteins (BBTV and SCSV; both aphid-transmitted) also group
together. However, the CAV and CFDV capsid proteins may be as different from
the other circoviruses as from those of the geminiviruses.

The most obvious differences among these viruses is the coding strategy of the
various genomes and the multicomponent nature of two of them. The CAV, CFDV,
BBTV, and SCSV appear to have positive strand genomes, encoding proteins
from only the encapsidated viral DNA strands (Table 2). Like the geminiviruses,
BFDV and PCV possess ambisense genomes, encoding proteins from both the
viral DNA strand and a complementary DNA strand that is necessarily present
during DNA replication. But they differ from the geminiviruses (Fig. 2g) in that
the DNA strand that is packaged in the virion is the strand, which would serve as
the transcriptional template for the capsid protein (ORF C1; Fig. 2a and 2b).

Finally, all of the circoviruses except the CAV possess a stem-loop struc-
ture like those found in the geminivirus DNAs. No comparable structure can be
identified in the CAV noncoding region either based on the near-consensus loop
sequence or on the presence of iterated motifs adjacent to any stem-loop structure
within this region.

The analysis presented here suggests that the beak and feather disease virus
and the porcine circovirus share characteristics of both the plant circoviruses and



Beak and feather disease virus genome 1739
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PCV.  ----- Y
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Fig. 8. Alignment of CAV VP1 with the putative Rep proteins of the other animal cir-
coviruses. The three conserved maotifs for rolling circle replication proteins are shown above
the aligned sequences for the BFDV and PCV sequences, and below the aligned sequences
for the CAV protein (1, 2, 3; underlined). The P-loop sequence and putative pyrophosphatase
domain are highlighted in bold. Letter “u” represents bulky hydrophobic residue [28]
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the geminiviruses. The organization of the encapsidated DNA is essentially the
complement to that encapsidated by the geminiviruses. The sequence similarity
to the plant circovirus Rep proteins suggests a common origin and places the
two ambisense circoviruses in an intermediate position. The sequence numbering
system used for this analysis was adopted from that used for the geminiviruses
[7]. Such a standardized system (see Materials and methods) should be adopted
as a convention for the circoviruses.

The evidence presented here also suggests that the plant circoviruses and the
ambisense circoviruses belong in different genera withinGineoviridae The
recently described faba bean necrotic yellows virus (FBNYV) and milk vetch
dwarf virus (MVDV) have also been included in the proposed nanavirus genus
[8]. The strikingly different characteristics of the chicken anemia virus genome
place it within a more distant category. This division is also supported by the
morphological data [60]. Since it is the type species for the family, however, it
probably should occupy a genus separate from the other animal circoviruses.

The relationship of the beak and feather disease virus to the plant members
presents another interesting facet. The geographic distribution of these viruses
reveals that a common ancestor might have existed in the South Pacific. The
coconut foliar decay virus is found in Vanuatu [55]. The subterranean clover stunt
virus is found in Australia [12]. The banana bunchy top virus is believed to have
originated in Fiji (it now has an almost worldwide tropical distribution) [17, 29,

63, 64]. The beak and feather disease virus was described primarily as a problem
for aviculture and companion bird owners. Interestingly, the highest reported
incidence of disease was in psittacine birds native to the South Pacific islands
and Australia [54] and has only recently been demonstrated to infect the New
World Psittaciformes [23]. This disease is endemic in free-ranging populations
of cockatoos and other psittacines in the South Pacific, and descriptive reports of
the disease date to the turn of the centruy [50, 54].

Although serological evidence has suggested the widespread presence of the
porcine circovirus in herds in Europe, Canada, and the United States, only recently
has the virus been linked to disease states in pigs [14, 15, 26, 43]. Other reports
suggest the presence of circoviruses in pigeons, finches, mice, cattle, and perhaps
even man [56, 57, 59, 62].

Based on this analysis we propose the following taxonomy for these viruses.
First, the familyCircoviridaewith PCV as the type species and including BFDV.
These viruses possess non-geminate, non-enveloped virions of 14—20 nm diame-
ter; circular, ssSDNA nucleic acids with nonsegmented, ambisense genome orga-
nizations and characteristic geminivirus-like stem-loop and repeated sequences
in the intergenic region. Second, a new fmily including the BBTV-like viruses
(BBTV, SCSV, FBNYV, CFDV) with BBTV as the type species. These viruses
possess non-enveloped virions of 17—-20 nm diameter; circular, sSDNA nucleic
acids with segmented or non-segmented genomes with characteristic geminivirus-
like stem-loop in the non-coding regions. Third, the CAV is designated an unas-
signed virus with circular, sSDNA.
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