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Circular double-stranded replication intermediates were identified in low-molecular-weight DNA of cells of
the avian leukemia virus-induced lymphoblastoid cell line 1104-X-5 infected with chicken anemia virus (CAV).
To characterize the genome of CAV, we cloned linearized CAV DNA into the vector pIC20H. Transfection of
the circularized cloned insert into chicken cell lines caused a cytopathogenic effect, which was arrested when
a chicken serum with neutralizing antibodies directed against CAV was added. Chickens inoculated at 1 day
of age with CAYV collected from cell lines transfected with cloned CAV DNA developed clinical signs of CAV.
The 2,319-bp cloned CAV DNA contained all the genetic information needed for the complete replication cycle
of CAV. The CAV DNA sequence has three partially overlapping major reading frames coding for putative
peptides of 51.6, 24.0, and 13.6 kDa. The CAV genome probably contains only one promoter region and only
one poly(A) addition signal. Southern blot analysis using oligomers derived from the CAV DNA sequence
showed that infected cells contained double- and single-stranded CAV DNAs, whereas purified virus contained
only the minus strand. It is the first time that the genome of one of the three known single-stranded circular

DNA viruses has been completely analyzed.

Chicken anemia virus (CAV) was first isolated by Yuasa et
al. (51) during an investigation of Marek’s disease outbreaks.
The isolates were designated chicken anemia agent. The
clinical signs of chicken anemia are caused by an agent which
appears to be infectious and transmissible. Recently, other
investigators have characterized this agent as an encapsi-
dated virus (10, 42). In this article we describe the complete
DNA genome of CAV, and we designate the agent CAV.

CAYV causes severe anemia, subcutaneous and intramus-
cular hemorrhages, destruction of erythroblastoid cells in
the bone marrow, and depletion of certain lymphoid organs
in young chickens (46, 49, 51). Two weeks after infection of
1-day-old chickens that are specific pathogen free (SPF), the
cortex of the thymic lobules becomes depleted. At that time
the chickens are anemic. When the chickens are of 3 weeks
old, the depleted areas of the thymus cortex are repopulated
with thymocytes (18). The transient depletion of thymus may
explain why chickens with CAV infections are not immuno-
logically protected by certain vaccines, such as inactivated
Newcastle disease vaccine (3) and infectious bronchitis
vaccine (35a).

In the field, CAV infections per se seem to cause fewer
deaths. Dual infections, however, are serious. Chickens with
dual infections of CAV and Marek’s disease virus, infectious
bursal disease virus, reticuloendotheliosis virus, adenovirus,
or reovirus may develop severe signs associated with the
concurrent infection (9, 36, 47, 52). In an earlier investiga-
tion, we demonstrated that the pathogenesis of Marek’s
disease virus is enhanced by CAV (5, 6, 6a). Rosenberger
and Cloud (37) have also reported that CAV aggravates the
signs of infectious bursal disease. Exposing hens to CAV
induces abundant maternal antibodies in chickens and
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largely prevents outbreaks of CAV infections and associated
disease in the progeny of these chickens (43, 44).

CAV infections are distributed worldwide (23, 28, 37, 47,
51). We have recovered CAV, occurring in combination with
Marek’s disease virus of normal virulence, from materials
originating from the United States, Israel, Tunisia, and The
Netherlands (5, 6). CAV isolates thus far appear to have only
one serotype (28, 29).

CAV particles have an average diameter of 25 nm (10) or
23.5 nm (42). In CsCl gradients, CAV has a buoyant density
of 1.33 to 1.34 g/ml. Gelderblom et al. (10) and Todd et al.
(42) have elegantly demonstrated circular single-stranded
CAV DNA molecules. The length of the CAV genome was
estimated at 2,300 nucleotides. One major polypeptide with
an M, of 50,000 has been described elsewhere (42).

In infected cells, viruses with a circular single-stranded
DNA genome should generate a double-stranded DNA,
which is needed for the correct transcription and replication
of the virus DNA. In the present study, we isolated double-
stranded DNA, cloned it in Escherichia coli, and determined
its DNA sequence. The cloned material was characterized
for its biological properties.

MATERIALS AND METHODS

Abbreviations. c-CAV, cloned CAV; CPE, cytopathogenic
effect; ORF, open reading frame; PBFD, psittacine beak and
feather disease; t-CAV, DNA extracted from CAV-infected
1104-X-5 cells; ATF, activating transcription factor.

Virus and cells. Two chicken lymphoblastoid cell lines
were used: the B-cell line 1104-X-5 induced by avian leuke-
mia virus (15) and the chicken T-cell line MDCC-MSB1
transformed by Marek’s disease virus (48, 50). These cells
were infected with the Cuxhaven-1 isolate of CAV (45, 46).
Cells were infected with a multiplicity of infection of 0.1to 1



3132 NOTEBORN ET AL.

per cell. CAV was purified from infected MDCC-MSBI cells
as described by Gelderblom et al. (10).

Extraction of total and low-molecular-weight DNA. DNA
was extracted from virus particles and virus-infected cells.
Samples were suspended in 20 mM Tris-HCl (pH 7.5)
containing 2 mM EDTA, 0.2% sodium dodecyl sulfate, and
0.6 mg of proteinase K per ml. The suspensions were
incubated for 1 h at 37°C and subsequently extracted with
phenol-chloroform-isoamyl alcohol (25:24:1). The DNA was
precipitated with ethanol and suspended in 10 mM Tris-HCI
(pH 7.5-1 mM EDTA. Low-molecular-weight DNA was
isolated from tissue culture cells as described by Hirt (16).

Southern blot analysis of DNA. The DNA was fractionated
on agarose gels and blotted onto Biotrace RP filters (Gelman
Sciences, Ann Arbor, Mich.) as described by Southern (39).
The blots were hybridized with randomly primed ?P-labeled
CAV DNA and 3?P-end-labeled synthetic oligomers derived
from the CAV DNA sequence reported in this article. The
sequences of the synthetic oligomers were derived from
the plus-DNA strand (5'-GCAGTAGGTATACGCAAGG-3'
[positions 349 to 366]) and the minus-DNA strand (5'-TTG
CCCCTCTCGGCTAAGC-3' [positions 445 to 427]).

Cloning of CAV DNA. The complete CAV DNA genome
was cloned into the vector pIC20H, and fragments of it were
cloned into the vector pIC19R (26). All plasmid DNA
modifications were carried out as described by Maniatis et
al. (25).

Sequence analysis of CAV DNA. Plasmid DNA was purified
by centrifugation in a CsCl gradient and by column chroma-
tography in Sephacryl-S500 (Pharmacia). Double-stranded
DNA was sequenced with T7 DNA polymerase (Pharmacia),
a modification (Pharmacia) of the method described by
Sanger et al. (38). Some G/C-rich stretches of CAV DNA
were sequenced by the Maxam and Gilbert technique (27).
Oligonucleotides were 5’ labeled with [y->?P]JATP and T4
polynucleotide kinase (Pharmacia).

Circularization of c-CAV DNA. Plasmid DNAs from
pCAV/E and pCAV/P containing the complete CAV DNA
genome (10 pg each) were digested with EcoRI or PstI,
respectively. T4 DNA ligase treatment resulted in circular-
ization of the insert DNA. Ligation products were analyzed
on a 0.8% agarose gel stained with ethidium bromide.

DEAE-dextran transfection. For transfections, the DEAE-
dextran method of Luthman and Magnusson was used (24),
but the chloroquine treatment was replaced with a dimethyl
sulfoxide boost. Two micrograms of circularized CAV DNA
was used for transfection of the lymphoblastoid cell line
MDCC-MSBI1 or 1104-X-S. The transfected cells were ob-
served for CPE. Up to six serial passages were made in both
cell lines. Lysates of cells inoculated with supernatant from
passage 6 were analyzed for the presence of intracellular
CAV DNA.

Neutralization of c-CAV. MDCC-MSBI cells were infected
with supernatants of MDCC-MSB1 or 1104-X-5 cells that
had been transfected with c-CAV DNA or control DNA.
About 2 x 10° cells were infected with undiluted superna-
tants of the transfected cells. Polyclonal chicken serum with
neutralizing antibodies directed against CAV was diluted
1:100 and added to half of the infected cell cultures. The
absence of CPE in MDCC-MSBI1 cells infected with CAV
was considered positive neutralization.

Preparation of monoclonal antibody CVI-CAV-85.1. For
each immunization, antigen was prepared by freeze-thawing
and sonicating 3 X 107 MDCC-MSBI cells infected with
CAV. First, BALB/c mice were immunized intraperitoneally
with incomplete Freund’s adjuvant. Then, 4 weeks later they
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FIG. 1. Identification and cloning of 2.3-kb DNA isolated from
1104-X-5 cells infected with CAV. (A) Low-molecular-weight DNA
isolated from infected 1104-X-5 cells was digested with BamHI (lane
1), EcoRI (lane 2), Pstl (lane 3), or Xbal (lane 4); DNA from
uninfected 1104-X-5 cells was digested with EcoRI (lane 5). DNA
fragments were size fractionated on a 0.8% agarose gel and stained
with ethidium bromide. (B) Southern blot. Low-molecular-weight
DNA from infected 1104-X-5 cells digested by BamHI, EcoRI, Pstl,
or Xbal (lanes 6 through 9) and EcoRI-digested DNA from unin-
fected 1104-X-5 cells (lane 10) were hybridized with 32P-labeled
c-CAV DNA. Symbols: —, slots; ——>, 2.3-kb DNA.

were immunized again intraperitoneally with incomplete
Freund’s adjuvant. Finally, 4 weeks later they were immu-
nized intravenously without adjuvant. Four days later,
spleen cells of immunized mice were fused with P3X63-
Ag8.653 myeloma cells. Antibodies directed against CAV
were detected by three different methods: a microneutraliza-
tion test was used for the first screening, fluorescence
staining was used on CAV-infected MDCC-MSBI cells, and
immunoperoxidase staining was used for the last screening
to screen bone marrow and thymus samples of CAV-infected
chickens as described for chicken tissues by Jeurissen et al.
(17). The monoclonal antibody CVI-CAV-85.1 stained spe-
cifically CAV-infected MDCC-MSBI cells. In SPF chickens
inoculated at 1 day of age with a field strain of CAV, the
monoclonal antibody CVI-CAV-85.1 stained cells in the
thymus cortex and bone marrow at day 6 after infection.

Infection of 1-day-old SPF chickens with c-CAV. Superna-
tants of MDCC-MSB1 and 1104-X-5 cells that were trans-
fected with c-CAV DNA were intramuscularly inoculated
into 1-day-old SPF chickens. Fourteen days after infection,
the hematocrit level and total body weights were measured.
Samples of heparinized peripheral blood, bone marrow,
spleen, bursa of Fabricius, and thymus were collected.
Cryostat sections of lymphoid organs were stained by using
monoclonal antibody CVI-CAV-85.1 directed against CAV,
monoclonal antibody CVI-ChT-74.1 (18) directed against
chicken thymocytes, a general marker for chicken leuko-
cytes, monoclonal antibody HIS-C7 (17), and rabbit anti-
mouse peroxidase conjugate.
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TABLE 1. CPE of c-CAV DNA and its progeny on
lymphoblastoid cell lines MDCC-MSB1 and 1104-X-5

CPE after 2 to 3 serial passages on:

Procedure on CAV and
c-CAV DNA*“ MDCC-MSB1 1104-X-5
cells cells

Transfection

c-CAV/P + +/=*

c-CAV/E + +

t-CAV® + +/=b

Control? - _
Infection

c-CAV/P° + NAS

c-CAV/E# + NA

t-CAV + NA

c-CAV/P + antiCAV* - NA

c-CAV/E + antiCAV - NA

t-CAV + antiCAV NA

4 CAV/P and CAV/E DNAs contain complete CAV DNA. They were
cloned into the PstI (CAV/P) site and the EcoRI (CAV/E) site of pIC20H,
respectively.

® Transfected 1104-X-5 cells showed no CPE after six blind passages. The
supernatants of passage 3, however, yielded CPE 2 days after infection of
MDCC-MSBI cells.

° DNA was extracted from 1104-X-5 cells infected with CAV.

4 pIC20H plasmid DNA.

€ c-CAV progeny of the transfected DNA was added to chicken cells.

£ NA, not applicable.

£ DNA sequence of c-CAV/E is shown in Fig. 5.

# Chicken serum with neutralizing antibodies against CAV.

Computer analyses. The GCG software package (7) was
used to compare DNA sequence data. The EMBL and
GenBank data banks were screened for sequences homolo-
gous to CAV DNA by means of the FASTA and AFASTA
programs (32). ORFs and protein similarities were estab-
lished on an ATARI ST with the help of our own software
(C.K)).

Nucleotide sequence accession number. The GenBank ac-

FIG. 2. Southern blot analysis of DNA isolated from cells in-
fected with c-CAV. Cultures of MDCC-MSBI cells (lanes 1 and 2) or
1104-X-5 cells (lanes 3 and 4) were inoculated with c-CAV (lanes 1
and 3) or supernatant derived from control cells transfected with
DNA (lanes 2 and 4). MDCC-MSBI1 cells infected with CAV
(Cuxhaven-1 isolate) were used as a positive control (lane 5).
Symbols: —, slots; ——>, CAV DNA products.
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TABLE 2. Clinical signs at 14 days after chickens were infected
with virus released from lymphoblastoid cell lines
transfected with c-CAV DNA

Clinical signs of CAV in inoculated chickens?

[nqculum . Thymus atrophy and pale
virus® Hzlmato;r)lt Body wt (g) boille marro“l/) (r)llo. a.tfepct-
value (% ed/no. examined)
c-CAV/P 21, 27,19, 116, 126, 81, 10/10
26, 20, 119, 92,
14, 22, 108, 99,
30, 16, 98, 106,
27 111
c-CAV/E 19, 21, 21, 111, 133, 10/10
26, 19, 137, 132,
16, 10, 116, 73,
16, 17, 102, 83,
20 86, 85
t-CAV 17, 18, 24, 113, 103, 10/10
21, 19, 118, 116,
16, 19, 99, 114,
24, 24, 130, 128,
20 107, 104
Uninfected 33, 33, 35, 114, 124, 0/5
control 34, 34 135, 148,
186

“ ¢c-CAV/P, c-CAV/E, and t-CAV were collected after six serial passages in
MDCC-MSB1 or 1104-X-5 cells. c-CAV/P and ¢c-CAV/E were grown in cells
transfected with CAV DNA cloned in the PstI or EcoRI site of pIC20H. The
DNA sequence of c-CAV/E is given in Fig. 5. t-CAV was grown in cells
transfected with DNA isolated from CAV-infected 1104-X-5 cells.

b Hematocrit values below 27% in combination with thymus atrophy and
pale bone marrow at postinfection day 14 indicate CAV infection. Hematocrit
value and body weight of a chicken are given at the same position in the
relevant columns; e.g., a c-CAV/P-infected chicken with a hematocrit value of
21% has a body weight of 116 g.

cession number for the sequence given in this paper is
M55918.

RESULTS

Detection and cloning of double-stranded CAV DNA. We
reasoned that CAV-infected cells should contain a circular
double-stranded DNA needed for virus replication. There-
fore, we isolated low-molecular-weight DNA from 1104-X-5
cells infected with CAV (Cuxhaven-1 isolate) and from cells
left uninfected. DNA samples were separately digested with
restriction enzyme BamHI, EcoRIl, Pstl, or Xbal, all of
which recognized a unique site on CAV DNA (see below).
The DNA samples were size fractionated on a 0.8% low-
melting-point agarose—ethidium bromide gel. The DNA from
CAV-infected cells had a clearly visible DNA band of 2.3 kb
that was absent in the DNA of uninfected cells (Fig. 1A).

The DNA fragments of 2.3 kb were isolated and cloned
into the vector pIC20H, which had been cleaved with the
appropriate restriction enzyme and treated with calf intes-
tine alkaline phosphatase. The plasmids containing all four
differently integrated DNA fragments were 3?P labeled. The
labeled plasmids were hybridized to a Southern blot of
low-molecular-weight DNA either from infected 1104-X-5
cells that had been digested with BamHI, EcoRI, Pstl, or
Xbal or from uninfected cells that had been digested with
BamHI. A 2.3-kb band of low-molecular-weight DNA iso-
lated from infected cells hybridized with all four probes.
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FIG. 3. Histopathology of thymus and bone marrow of 1-day-old chickens inoculated with c-CAV/E cultured on MDCC-MSB1 cells.
Monoclonal antibodies used were CVI-CAV-85.1 against CAV, CVI-ChT-74.1 against thymocytes, and HIS-C7 against leucocytes (17).
Magnification, X250. C, cortex; M, medulla; E, erythrocytes. (a) After 6 days, many CVI-CAV-85.1-positive cells (arrow) were detected in
the cortex of the thymus. (b) After 14 days, CVI-CAV-85.1-positive cells were absent from the thymus. (c) After 6 days, CVI-ChT-74.1 stained
thymocytes in the whole cortex and scattered cells in the medulla. (d) After 14 days, CVI-ChT-74.1 could not stain thymocytes in the depleted
cortex. CVI-ChT-74.1-positive cells were still detected in the medulla. (e) After 6 days, large areas of CVI-CAV-85.1-positive cells (arrow)
were detected in the bone marrow. In addition, some endogenous peroxidase-containing granulocytes (%) could be seen. (f) After 14 days,
CVI-CAV-85.1-positive cells were absent from the bone marrow. (g) After 6 days, monoclonal antibody HIS-C7 stained leukocytes in the
bone marrow between areas of HIS-C7-negative erythrocytes. Endogenous peroxidase-containing granulocytes () could also be seen. (h)

After 14 days, bone marrow consisted only of HIS-C7-positive leukocytes.

DNA isolated from uninfected 1104-X-5 cells did not hybrid-
ize. The Southern blot hybridized with 32P-labeled DNA
derived from clone pCAV/E, which contains CAV DNA in
the EcoRI site, is shown in Fig. 1B.

Sites recognized by the four restriction enzymes were
mapped on the CAV genome at different positions (see Fig.
4). Digestions of CAV DNA with these enzymes always
yielded linear DNA fragments of equal lengths (Fig. 1).
Therefore, we concluded that the double-stranded CAV
genome is circular.

CPE of c-CAV DNA. To investigate whether the cloned
DNA contained all sequences required for virus replication,
we studied the effect of transfected cloned DNA in lympho-
blastoid cell lines. CAV DNA was excised from pCAV/E or
pCAV/P, circularized by self-ligation, and transfected into
MDCC-MSBI and 1104-X-5 cells. The circular DNA insert
derived from pCAV/E (c-CAV/E DNA) caused swelling and
granular degeneration of cells in both lymphoblastoid cell
lines after two to three serial passages. This CPE was
specific, because the alterations did not occur in those wells
to which neutralizing antibodies directed against CAV were
added. DNA from pCAV/P produced a similar CPE in
MDCC-MSBI cells but altered 1104-X-5 cells only slightly.
The latter cells, however, were also successfully trans-
fected, because the supernatants of the third blind passage
caused CPE in MDCC-MSBI cells. The virus derived from
c-CAV DNA-transfected cells will subsequently be called
c-CAV. In the negative control (cells transfected with
pIC20H plasmid DNA), no CPE was observed. t-CAV DNA
caused a CPE in MDCC-MSBI cells; its virus progeny is
designated t-CAV. Polyclonal neutralizing antibodies di-
rected against CAV prevented a CPE in MDCC-MSB]1 cells
infected with c-CAV and t-CAV (Table 1). Figure 2 shows
the presence of intracellular CAV DNA in cells infected with
c-CAV and wild-type CAV. The DNA molecules of the
c-CAV are similar to those of wild-type CAV, suggesting
that our c-CAV DNA contains all elements necessary for
replication. The double-stranded and single-stranded forms
of the CAV DNAs will be discussed below.

B I e e
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FIG. 4. Sequencing strategy. CAV DNA was sequenced in both
directions.

Pathogenic effect of c-CAV in chickens. When 1-day-old
chickens were intramuscularly inoculated with c-CAV, they
exhibited all clinical signs associated with infection with field
strains of CAV. At day 14, their bone marrow was pale and
the hematocrit values were extremely low because of de-
struction of erythroblastoid cells. The infected chickens
exhibited reduced total body weights and retarded growth
rates (Table 2).

Microscopic examination of c-CAV-infected chickens
demonstrated lesions in thymus and bone marrow identical
to those caused by infection with a CAV field strain. No
differences were seen between c-CAV/E and ¢-CAV/P or
between clones multiplied on MDCC-MSB1 or 1104-X-5
cells. At day 6 after infection, monoclonal antibody CVI-
CAV-85.1 demonstrated numerous CAV-positive cells in the
thymus cortex (Fig. 3a) and the bone marrow (Fig. 3e). At
day 14, CVI-CAV-85.1 no longer detected any CAV-positive
cells in thymus (Fig. 3b), bone marrow (Fig. 3f), or other
organs (data not shown). Thymocytes were still in evidence
in the thymus cortex 6 days after infection (Fig. 3c) but had
disappeared after 14 days (Fig. 3d), as could be demon-
strated with antibody CVI-ChT-74.1 (18). Fourteen days
after infection, bone marrow consisted only of HIS-C7-
positive leukocytes (Fig. 3h), whereas bone marrow 6 days
after infection consisted of equal numbers of HIS-C7-nega-
tive erythrocytes and HIS-C7-positive leukocytes (Fig. 3g).
Apparently, erythrocytes are severely depleted at day 14
postinfection. Uninfected chickens in the control group had
none of the clinical and histopathological signs described
above. In view of the above-mentioned observations, we
consider the CAV sequences cloned by us to represent the
complete CAV genome.

DNA sequence of CAV. CAV DNA was sequenced by the
Sanger method (38), with M13 sequencing and reverse-
sequencing primers that hybridized to the vector DNA. One
region contained a strong stop site and was therefore ana-
lyzed by the Maxam-Gilbert method (27). Both strands of the
CAV DNA genome were sequenced completely by the
strategy shown in Fig. 4.

Figure 5 shows the sequence of the strand arbitrarily
called plus-DNA strand. The numbering starts at the first
base of the EcoRI site of CAV DNA. The complete CAV
DNA genome is 2,319 nucleotides long. The CAV DNA
genome contained three major ORFs on the plus-DNA
strand (Fig. 6). A computer search with the FASTA program
(32) revealed no significant homology with sequences of
known proteins.

A search for known transcription factor-binding sites
showed that only one region in the genome had potential
promoter-enhancer properties (positions about 150 to 350)
(Table 3). A cap site was determined to lie at positions 352 to
356 (data not shown). The whole sequence contained only
one polyadenylation signal (position 2287). The poly(A)
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GAATTCCGAGTGG TTACTATTCCATCACCATTCTAGCCTG TACACAGAAAG TCAAGATG GACGAATCG CTCGACTTCGCTCGCGATTCGTC! C CCCCCCETe

. . . . . . . . . . . .

1 2 3 4
GCCCCCW“GMCAOGTACA“GGGGTACGTCATCCGTACMGGGGG'I'ACGm‘l‘CCG'I‘ACAGGGGGGTACG'I‘CACMMMGCGTI‘CCCGTACMGGGGGTACGMCGC
. . . a . a . a . . . a .

. a b . . . . c . [ . P cap----

M H 6 N G 6 Q P A AG G S E S AL S RTEGOZPGU?P S G AADOGOQUVTI
CGCAAGGCGGTCC CGGGAA GGACAACCGGCCGC AGTGAATCGGCGCTTAGCCGAGAGGGGCAACCTGGGCCCAGCGGAGCCGCGCAGGGGCAAGTAAT

M ¥ A L O ED TP P G P S TV F RPPT S S RPULTET?®PHCTZERTETIHZ RTIGTIA
8 ¥N E R 8 P R R Y 8 TRTTINGV QAT NI KT FTA AV GNP S L QOQRDUPDUWYRW
TGAACGCTCTCCAAGAAGATACTCCACCCGGACCATCAACGG TG TTCAGGCCACCAACAAGTTCACGGCCGTTGGAAACCCCTCACTGCAGAGAGATCCGGATTGGTATCGCTG

6 I T I T L 8 L C 6 C A ¥ A RAUPTTULU RS AT ADNSTES STSGGT FPFIKNUVUZPDILTU RT
N Y ¥ H 8 I A V W L RETGCSURSHAKTITCNTGCG QT EPRIKI HWUZPOQOTETCAGTLTESTD l
GAATTACAATCACTCTATCGCTG TG T6G6CT6CCGCEGAATGCTCGCGCTCCCACGCTAAGATCTGCAACTGCGGACAATTCAGAAAGCACTGGTT AGA 'CGGACT

D Q P K P P 8 K K R S CD P S E Y RV S EL KTE SL ITTTUZ®PSURUPUZ RTAIKTRR
8 T 0 A S L EE A I L RPULZERVYV QG KZRAIKT RIKTILDTYUHY S OQUPTUZPUDNTZ RIKIKAZY
ATCAACCCAAGCCTCCCTCGAAGAAGCGATCCTGCGACCCCTCCEAGTACAGEGTAAGCGAGCTAAAAGAAAGCTTGATTACCACTACTCCCAGCCGACCCCGAACCGCAAAAAGGCGTA

M A R R AR RPUZRGU RT Y 8 F RRGRWHUBHTLIKTZ ERLTU ERTRERTRYIKT PTZRUHEHTZERTE
I R L *

ITVIWODELADII:ADITPSlEDGGTTSSDlDEDIIPDIGG
TAAGACTGTA AGACG. GACCGAGA CGATTTTACTCCTTCAGAAGAGGACGGTGGCACCACCTCAAGCGACT GAA T

R O R Y R R RAF RKATPFPHNUZPZRPGT Y SV RLPNUPOQSTMTTITZ RIEUOQSGUV I
D 8 6 I VD EULULG6PRPTFPFTTZPAUZPVURTIUV?*

AGACAGCGGTATCETAGACGAGCTTTTAGGAAGGCCTTTCACAACCCCCGCCCCGGTACGTATAGTGTGAGGCTGCCGAACCCCCAATCTACTATGACTATCCGCTTCCAAGGGGTCATC
¥F L T E G L I L P KNS TAGG Y A DHMY G ARV AIKTI SV NULIKTETFPTLTULAS
TTTCTCACGGAAGGACTCATTCTGCCTAAAAACAGCACAGCGGGGGGCTATGCAGACCACATGTACGGGGCGAGAGTCGCCAAGATCTCTG TGAACCTGAAAGAGTTCCTGCTAGCCTCA

. . . . . . . . . . . .

M N L T Y V 8 K I 6 6 P I A G E L I A D G S K 8 Q A ADNWUPNGCMWILUPLDNN
ATGAACCTGACATACGTGAGCAAAATCGGAGGCCCCATCGCCGG TGAGTTGATTGCGGACGGG TCTAAATCACAAGCCGCGGACAATTGGCCTAATTGCTGGCTGCCGCTAGATAATAAC

VIIATPSA'NIHALHHHOPTDSCIl'PHHPKOHTLODHGIH
[ CGCTACACCATX CTTAATGATGATGCAGCCCACGGACTCTTGCCGG TTCTTTAATCACCCAAAGCAGATGACCCTGCAAGACATGGGTCGCATG

P 6 6 W H L P R H I ETURTFOQULIULA AT KU NTETG ST F S PV A S LL 806G E Y L TR
TTTG66666CT6GCACCTG TTCCGACACATTGAAACCCGCTTTCAGCTCCTTGCCACTAAGAATGAGGGATCCTTCAGCCCCGTGGCGAGTCTTCTCTCCC GTACCTCACGCGT

R D D'V K Y 8 S DH QU NURWOQIKGG QP MTGOG I A Y A TG KMTZPERZPDTEUGOQU QY P
CGGGACGATGTTAAGTACAGCAGCGATCACCAGAACCGGTGGCAAAAAGGCGGACAACCGATGACGGGGGGCATTGCTTATGCGACCGGGAAAATGAGACCCGACGAGCAACAGTACCCT

. . . . . . . . . . . .

A M P P D P P I I TATTAWAUOQGTQV RCMNGSTOQOA AWWS W DT Y M S FATL
GCTATGCCCCCAGACCCCCCGATCATCACCGCTACTACAGCGCAAGGCACGCAAGTCCGCTGCATGAATAGCACGCAAGCTTGGTGG ACAC, AGCTTTGCAACACTC

. . . . . . . . . . . .

T AL G A OQ W S ¥ P P 6 Q R 8 V 8 R RS F NUHUHIKA ARG AGDU?PIKSGUOQOTZ RWHTTL
ACAGCACTCGG TGCACAATGG TCTTTTCCTCCAGGGCAACGTTCAGTTTCTAGACGGTCCTTCAACCACCACAAGGCGAGAGG. C ACCCCA CAGAG. ACACGCTG

vV P L 6TETTITWD S Y M S A PA S ELDTNTEUV FTULYVAQGTNIKSOQOQZY K
GTGCCGCTCGGCACGGAGACCATCACCGACAGCTACATGTCAGCACCCGCATCAGAGCTGGACACTAATTTCTTTACGCTTTACGTAGCGCAAGGCACAAATAAGTCGCAACAGTACAAG

. . . . . . . . . . . .

F 6 T A T Y AL K E P V M K S D A W AV V RV Q 8 V W OQULGNURUOTRUPY P WDV
TTCGGCACAGCTACATACGCGCTAAAGGAGCCGGTAATGAAGAGCGATGCATGGGCAGTGGTACGCGTCCAGTCGG6TCTGGCAGCTGGGTAACAGGCAGAGGCCATACCCATGGGACGTC

N W A N 8 T M Y W G T Q P *
AACTGGGCGAACAGCACCATG TAC CGCAGCCCTGAAA TAAAGCCCCCCCCCCTTAAACCCCCCCC CCCCCCAGACCCCCCCTTTATATA

GCACTCAATAAACGCAGAAAATAGATTTATCGCACTATC 2319
e . . .
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FIG. 5. Complete nucleotide sequence of CAV DNA (2,319 bp). The first nucleotide of the EcoRI site is considered to be residue +1. The
plus-DNA strand is shown. Above the DNA sequence, the amino acid sequence of three potentially encoded polypeptides is given. 1 to 5,
direct repeats; a, ATF-binding element; b, CCAAT-F-binding element; ¢, SP1-binding element; d, TFIID-binding element; e, poly(A) signal.

addition site was located at positions 2315 to 2319 (data
not shown). Both transcription elements were located on
the plus-DNA strand. A remarkable feature of the puta-
tive promoter-enhancer region was a sequence of five

near-perfect 21-bp direct repeats situated between positions from CAV-infected cells was resistant to S1

144 and 260 with a gap of 12 bp between units 3 and 4 (Fig.

5).

Characteristics of CAV DNA. DNA from CAV-infected
cells and partially purified CAV were blotted onto nylon
filters and analyzed in a Southern assay with two synthetic

strands. The plus oligomer hybridized with two DNA prod-
ucts in the cellular DNA and one in the viral DNA. The
minus oligomer, however, hybridized only with the upper
band from cellular DNA (Fig. 7). The upper DNA band

nuclease,

whereas the lower band was sensitive to it (data not shown).

It was deduced that the lower band contained single-

oligomers derived from the CAV DNA plus and minus transcribed RNAs.

stranded CAV DNA and the upper band contained double-
stranded CAV DNA. The virus particle contained the minus-
DNA strand of CAV, which was complementary to the
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FIG. 6. Schematic representation of CAV ORFs longer than 300
nucleotides. The top three lines show the plus strand, and the
bottom three lines show the minus strand. Open boxes are ORFs.
The coding regions, whose translations are shown in Fig. 5, are
indicated by arrows.

DISCUSSION

We cloned a 2.3-kb circular DNA from CAV-infected
chicken lymphoblastoid cells. The cloned material appar-
ently represents the complete CAV DNA genome and con-
tains all the elements required for the CAV replication cycle
and pathogenicity. Transfection of c-CAV DNA into chicken
cells caused the release of infectious virus that could be
neutralized by antibodies directed against CAV. In addition,
c-CAV caused the characteristic clinical signs of CAV
infections: low hematocrit values, pale bone marrow, thy-
mus atrophy, and retarded growth. The viral spread and
histopathological changes observed in c-CAV-infected
chickens were also similar to those caused by field isolates of
CAV: depletion of erythroblastoid cells in bone marrow and
moderate to severe depletion of cortical thymocytes (11-13,
18, 23, 31, 51).

Todd et al. (42) have reported that CAV contains one
major capsid polypeptide with a molecular weight of 50,000.
Our sequence data showed that CAV DNA contained three
partially overlapping ORFs potentially encoding peptides of
51,600, 24,000, and 13,600 Da. Allowing for alternative start
codons (e.g., CUG, GUG, and ACG [1, 14, 30]), one can
construe additional coding regions from the CAV DNA
sequence. The largest ORF may encode the CAV capsid
peptide of 50 kDa described by Todd et al. (42). Since the
sequences encoded by these ORFs do not resemble those of
known viral and cellular proteins, CAV may be a unique
virus.

The three ORFs starting at AUG partially or completely
overlapped each other. We have evidence that CAV has one
major start for RNA transcription and one polyadenylation
site. These findings suggest that the use of different ORFs
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—-ds
- —SS

FIG. 7. Identification of the DNA strand in CAV particles. DNA
from CAV-infected cells (lanes 2 and 3) and CAV particles (lanes 1
and 4) was isolated and blotted onto a nylon filter. The blotted DNA
was hybridized with a 3?P-labeled synthetic DNA oligomer of the
minus-DNA strand (lanes 1 and 2) or the plus-DNA strand (lanes 3
and 4). Symbols and abbreviations: —, slots; ds, double-stranded
DNA; ss, single-stranded DNA.

may be regulated by alternative splicing, as described for
simian virus 40 (34) and polyomavirus (33), or that CAV
encodes a polycistronic mRNA, as described for the large
E1b mRNA of adenovirus (2) or the P/C mRNA of Sendai
virus (8). However, we cannot exclude the possibility that,
apart from the very obvious promoter region described in the
next paragraph, less-prominent promoters are also used for
regulating CAV transcription.

The putative CAV promoter-enhancer region contains a
TATA box considered to be the RNA polymerase II tran-
scription factor-binding sequence element. Other promoter
elements (Table 2) can also be designated. The promoter-
enhancer region of CAV contained five direct repeats, which
are unique for CAV DNA. Each repeat contained a sequence
that was homologous to the one that binds the ATF site. Lee
et al. (22) reported that some ATF sites are activated by the
E1A protein of adenovirus. Moreover, in dual infections of
chickens, adenovirus is enhanced by CAV, as is shown by
higher virus titers (47).

Preliminary data from the sequence analysis of pCAV/P
show that this clone contains four instead of five direct
repeats in the promoter-enhancer region. The missing direct

TABLE 3. Transcription factor-binding sequence elements®

Binding factor Consensus sequence

CAV sequence

Position(s) in CAV sequence

TFIIID? GTATA(A/T)A(A/T) CTATATAT 321-330
CCAAT-TF? AGCCAAT AGCCAAT 260-266
SP1® GGGCGG GGGCGG 305-310
ATF? ACGTCA ACGTCA 253-258, 232-237, 199-204, 178-183, 157-162
CREB (T/G)(T/A)CGTCA GACGTTT 291-297
PEA-I GGAAGTGACTAAC GAAAGTGACTTTC 286-298
GTII G(G/C)TGTGGAA(A/T)GT CGTTGCGAAAGT 279-290
MLTF GGCCACGTGACC TGCCACTGTCGA 274-285
CACCC-F CACCC CAGCC 259-263, 236-240
CATCC 182-186, 161-165

< Binding factors and consensus sequences of the binding sites are reviewed in references 19, 20, and 21.

b Perfect homology between CAV and consensus sequence.
¢ Polyomavirus.
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repeat may explain the difference in virulence between
c-CAV/P and c-CAV/E in infected 1104-X-5 cells, which in
our studies have been less sensitive than MDCC-MSBI cells
to CAYV infection. In such a cell line, a missing enhancer
element might be important for optimal CAV replication.

The CAV genome is made up of circular single-stranded
DNA (42). The virion contains the minus strand of the DNA.
Infected cells contain a double-stranded replicating form as
well. Until recently, CAV was thought to be a parvovirus
because the genomes of both are single stranded; this is their
sole similarity, however. The size of the CAV genome differs
from those of parvoviruses (4). In addition, parvovirus DNA
is linear, whereas CAV DNA is circular (42; see above also).
Comparing our CAV DNA sequence with all known DNA
sequences, including those of parvoviruses, we found no
significant similarities.

Besides CAV, only porcine circovirus (40, 41) and PBFD
virus (35) are reported to have small, circular single-stranded
DNA. The genomes of these viruses, however, are signifi-
cantly smaller than that of CAV. Porcine circovirus particles
contain one polypeptide of 36,000 Da; PBFD virus particles
contain three proteins of 26,300, 23,700, and 15,900 Da. At
the moment, it is unknown whether porcine circovirus and
PBFD, like CAV, encapsidate the minus strand. These
differences suggest that the three viruses do not belong to a
single taxonomic group. However, until the other two vi-
ruses are more fully characterized, a close relationship
between these viruses cannot be excluded.

CAV is the first of the viruses with circular single-stranded
DNA to be fully characterized. The next step in this line of
research will be to develop expression vectors derived from
CAV DNA in avian cell culture systems. c-CAV DNA can
now be used to develop diagnostic assays and vaccines
against CAV infections. The development of a CAV vaccine
will perhaps help to control not only CAV but also other
diseases that are aggravated by CAV.
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