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The genome of a canine parvovirus isolate strain (CPV-N) was cloned, and the DNA sequence was
determined. The entire genome, including ends, was 5,323 nucleotides in length. The terminal repeat at the 3’
end of the genome shared similar structural characteristics but limited homology with the rodent parvoviruses.
The 5’ terminal repeat was not detected in any of the clones. Instead, a region of DNA starting near the capsid
gene stop codon and extending 248 base pairs into the coding region had been duplicated and inserted 75 base
pairs downstream from the poly(A) addition site. Consensus sequences for the 5’ donor and 3’ acceptor sites
as well as promotors and poly(A) addition sites were identified and compared with the available information on
related parvoviruses. The genomic organization of CPV-N is similar to that of feline parvovirus (FPV) in that
there are two major open reading frames (668 and 722 amino acids) in the plus strand (mRNA polarity). Both
coding domains are in the same frame, and no significant open reading frames were apparent in any of the other
frames of both minus and plus DNA strands. The nucleotide and amino acid homologies of the capsid genes
between CPV-N and FPV were 98 and 99%, respectively. In contrast, the nucleotide and amino acid
homologies of the capsid genes for CPV-N and CPV-b (S. Rhode III, J. Virol. 54:630-633, 1985) were 95 and
98%, respectively. These results indicate that very few nucleotide or amino acid changes differentiate the
antigenic and host range specificity of FPV and CPV.

Canine parvovirus (CPV) is a member of the autono-
mously replicating parvoviruses and is associated with en-
teritis and myocarditis in dogs. CPV-associated disease in
dogs became predominant in 1978 (11) and is assumed to
have arisen as a variant of feline parvovirus (FPV) (47).
Information on the virus proteins (23) as well as on the DNA
sequence (10, 41) verifies that there is a great deal of
homology between FPV and CPV. Despite the close simi-
larity, the two viruses can be distinguished on the basis of
restriction enzyme mapping (28, 49), antigen cross-reactivity
(35), and host range specificity (49). However, high passage
of CPV in feline and canine cells can induce mutations which
can be identified as variants from the parental strain (34). In
addition, since 1978, new variants seem to have arisen in
nature (35). Because these variants apparently arose so
quickly, it is of growing concern to understand more about
the mechanisms of virus replication and gene expression.

Autonomous parvoviruses have a single-stranded linear
genome of approximately 5,000 nucleotides (nt). Nucleotide
sequence (3, 10, 15, 41, 42, 46) and transcriptional mapping
data (13, 21, 24, 25, 36, 48) have revealed several common
features of parvoviruses. (i) There are two major open
reading frames (ORFs). (i) The ORF in the 3’ half of the
genome encodes the nonstructural proteins, while the ORF
in the 5’ half of the genome encodes the structural proteins.
(iii) The nonstructural and structural genes are initiated from
separate promotors. (vi) The mRNAs of the nonstructural
and structural proteins have coterminal poly(A) addition
sites (map position [mp] 94 to 96) and are spliced to allow
alternate templates for protein synthesis.

The ability of parvoviruses to replicate in specific cells is
dependent on both cellular and viral determinants. Host
range- or strain-specific tropisms for both the fibrotrophic (p)
and lymphotrophic (i) strains of the minute virus of mice
(MVM) do not seem to occur at the penetration or uncoating
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stage but involve a mechanism occurring after synthesis of
replicative form (RF) DNA (3, 43, 44). Thus, the strain-
specific DNA determinant expressed by the variant virus
dictates the host range specificity, since MVMi and MVMp
are serologically identical and can bind to receptors on both
restrictive and productive cell types (43). Strain-specific
determinants can be observed in variant virus populations
following high passage of the virus in transformed cell lines.
For example, the 5’ untranslated region of H1 parvoviruses
becomes reiterated when grown in NB cells (38, 39). A
correlation between the DNA sequence variation observed
in highly passaged parvovirus and changes in the virus DNA
replication or gene expression patterns has not been demon-
strated. Since high passage of parvoviruses induces changes
in virus specificity and antigenic characteristics (34, 38, 39),
it is of interest to compare the DNA sequence from a
high-passage CPV isolate with sequences from related par-
voviruses. We have cloned and sequenced a strain of CPV
(isolated at Norden Laboratories, Lincoln, Nebr.) from a
high-passage infection in dog kidney cells. This data and the
available data for CPV (strain b) (41) and FPV (10) are
compared. In addition, except for the terminal 5’ repeat, this
is the first report for the entire CPV genome.

MATERIALS AND METHODS

Materials. All restriction enzymes and DNA modification
enzymes were purchased from New England BioLabs, Inc.,
Beverly, Mass., or Bethesda Research Laboratories, Inc.,
Gaithersburg, Md. Isotopically labeled [a->*2P]JdATP (>3,000
Ci/mM and [a-**S]JdATP (>1,000 Ci/mM) were purchased
from Amersham Corp. Arlington Heights, Ill.

M13 vectors were obtained from Joachim Messing and
were grown and prepared as described by Messing (30).
Plasmid DN As were purified by using standard cleared-lysis
procedures and two bandings on CsCl (26). The plasmid
DNAs used for cloning were pBR322, pHC624 (7; a gift from
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FIG. 1. Transcriptional and cloning map. The CPV genome is
represented in the 3'—5’ orientation and is divided by map coordi-
nates. The major virion mRNAs and sizes are indicated on the right
in kilobases, while the proposed protein each encodes are presented
on the left. The important restriction enzymes in relation to map
positions used in this study are indicated. E, EcoRI; H, HindIII; Bn,
Banl; Ps, Pstl; Bg, BglIl; Pv, Pvull. The bottom part of the figure
depicts the regions cloned into various plasmid vectors. The cross-
hatched area indicates the region of CPV-specific DNA in recombi-
nant clones which displayed deletions or rearrangements. The
Nrul'~ site is the former Nrul site used in ligation and is no longer
a functional site. Cloned pD8 (blunt end to EcoRI of CPV RF DNA)
was inserted between the EcoRI and Pvull sites of pGEM 2 (29).
Clone pH9 (EcoRI-HindIII of CPV RF DNA) was inserted between
the EcoRI and HindlII sites of pHC624 (7).

Imre Boros, Szeged, Hungary) and pGEM-2 (29; Promega
Biotec, Madison, Wis.).

Virus and cells. The Norden dog kidney cell line NL-DK1
(9) was grown in basal medium containing Earle salts and 5%
fetal bovine serum. All virus passages were done on NL-
DK1. The serum was previously irradiated with 2.5 Mrads of
ionizing radiation to inactivate potential pathogens. CPV-N
is a high passage of an isolate of CPV which displays a
lowered virulence.

DNA isolation. RF DNA was extracted from infected cells
by scraping the cells into medium and then centrifuging
(SS34, 1,500 rpm, 1 min). The cell pellet was suspended in
proteinase K (Boehringer Mannheim Biochemicals, India-
napolis, Ind.) solution (50 mM Tris hydrochloride [pH 7.5],
1% sodium dodecyl sulfate, 10 mM EDTA, 750 ug of
proteinase K per ml) and incubated for 4 to 5 h at 37°C.
Sodium chloride was added to a final concentration of 1 M,
and the mixture was incubated overnight at 4°C. The chro-
mosomal DNA and particulate cellular debris were removed
by centrifugation (SW41, 40,000 rpm, 30 min, 4°C). Low-
molecular-weight DNA and RNA were ethanol precipitated
from the supernatant and then extracted with phenol-chloro-
form-isoamylalcohol (25:25:1). The aqueous phase was lay-
ered onto a 5 to 20% linear sucrose gradient and centrifuged
(SW28, 24,000 rpm, 16 h, 4°C). Fractions containing the RF
DNA (monitored on a 1% agarose gel by electrophoresis in
Tris borate buffer) were ethanol precipitated and suspended
in deionized H,O.

Recombinant DNA and transformation. Purified RF DNA
was digested with appropriate restriction enzymes, and the
individual bands were separated on either 1% agarose gels
(HMT SeaKem; FMC Corp., Marine Colloids Div., Rock-
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land, Maine) in TBE buffer or 0.6% agarose gels (LMT
SeaPlaque; FMC Corp.) in TAE buffer (26). Bands were
electroeluted from the high-melting-point agarose and puri-
fied by extracting twice with butanol (saturated with 0.15 M
NaCl and 10 mM Tris, pH 7.6) and twice with phenol-
chloroform-isoamyl alcohol (25:25:1). The DNA was etha-
nol precipitated and added to standard ligation reactions
(26). The ligated DNA was transformed into DHS Esche-
richia coli cultures as described by Hanahan (22). Low-
molecular-weight DNA or DNA in low concentrations was
ligated directly from the low-melting-temperature agarose
(17). DNA bands were excised from the gel and melted at
65°C for 10 min. The volume was measured, and water was
added to give a 0.1% solution of melted agarose. Better
results were obtained when the agarose did not gel during the
ligation or transformation procedures. Ligation reactions
were done in 200-pl aliquots by adding 178 ul of the melted
agarose solution, 20 pl of 10 x ligation buffer (22), and 2 pl
of DNA ligase and incubating the reaction mixtures at 14°C
for 16 h. Transformations were performed by adding 100 ul
of the ligation mixture to 200 pl of C600 competent cells
prepared as described by Crouse et al. (17). All transforma-
tion mixtures were plated onto L plates containing 100 p.g of
ampicillin per ml. Colonies were picked and screened for
CPV-specific inserts by dot blot hybridization by using
32p_labeled purified viral DNA (26).

Cloning strategy for the CPV genome. All designations for
the virus genome orientation are drawn with the 3’ end of the
minus-strand DNA to the left (2).

The strategy for cloning the entire genome required digest-
ing purified CPV RF DNA with HindIII and EcoRI (mp 35
and 47.8 for HindIll and mp 21 for EcoRlI; Fig. 1). HindIII
cleaves the RF DNA into three fragments (28). One fragment
contains the major portion of the nonstructural-protein-
coding region (NS1 and NS2) (mp 0 to 35). The central
fragment (mp 35 to 47.8) contains the proposed ATG (mp 44)
for the VP1 mRNA and the proposed major splice junctions
for VP1 and VP2 mRNAs. The third fragment contains the
major coding region of the VP1 and VP2 proteins (mp 47.8 to
100).

The 3’ end (mp 0 to 35) fragment was cleaved with EcoRI
(mp 21) to generate an additional fragment. The 3’-most
terminal fragment (mp 0 to 21) was cloned into the EcoRI-
to-Pvu 11 site of pGEM 2 (Fig. 1, pD8). The EcoRI-HindIII
fragment (mp 21 to 35) was cloned in pHC624 (6) (Fig. 1,
pH9). The central HindIll fragment (mp 35 to 47.8) was
easily cloned into the HindIIl site of pBR322 (Fig. 1,
pNCPV4-5). The S5'-end fragment was cloned into the
HindIII-to-Nrul (blunt-end site at mp 972) site of pBR322
(Fig. 1, pN67 and pNCPV17-5A).

Sequencing CPV DNA mp 21 to 100. CPV-specific DNAs
isolated from pH9, pNCPV4-5, and pNCPV5 (combination
of noncrosshatched regions of pPNCPV17-5A and pN67 (Fig.
1) were digested with restriction enzymes (HindIIl, Hincll,
Ncol, Ahal, Hpall, Rsal, and Alul) to create random sets of
cloned fragments representing the entire region. The restric-
tion fragments were then cloned into M13mp18 or M13mp19
double-stranded RF DNA by using combinations of appro-
priate restriction enzymes. Ligated DNA was transformed
into JM101 cells, and white plaques were picked for single-
stranded template preparation. The template DNAs were
then sequenced by using the dideoxy chain termination
method (45) and a universal forward primer. Template
DNAs were isolated, and the sequence was determined on a
minimum of two separate gels. Regions of overlap were
determined by computer and direct analysis. Restriction
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enzyme sites at all junctions were identified from the se-
quencing gels.

Sequencing of the CPV DNA mp 0 to 21. Plasmid pD8
contains mp 0 to 21 of CPV in a pGEM 2 plasmid. The CPV
insert plus flanking pGEM 2 DNA was isolated on a Tagl
fragment and cloned in both orientations in M13mp19. The 3’
exonuclease activity of T4 DNA polymerase was then used
to produce a series of overlapping clones from single-
stranded DNA templates by using complementary DNA
oligomers to form specific restriction enzyme sites (18). The
DNA was then transformed into JM101, and template DNA
was prepared for sequencing.

Ambiguities arising in the sequence by using the dideoxy
chain termination method on the 3’-end palindromic se-
quence were resolved by using Maxam and Gilbert sequenc-
ing (27). Complete resolution of the sequence required the
incorporation of up to 40% (final) formamide in the sequenc-
ing-gel mix.

BAL 31 digestion. Plasmid DNA was digested with single-
site restriction enzymes and then purified by phenol-chloro-
form extraction and ethanol precipitation. The DNA was
suspended in water, and 3 to 6 U of BAL 31 enzyme was
added in the appropriate buffer (26). The reactions were
terminated in 1% sodium dodecyl sulfate-10 mM EGTA
[ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetra-
acetic acid] at 67°C. The DNA was phenol-chloroform
extracted, and Xbal linkers were added in the presence of 8
U of T4 DNA ligase. After ligation, Xbal was added to digest
the linker DNA, and the ends were ligated into covalently
closed circles before transformation into E. coli.

Computer program and analysis. The DNA sequence
analysis was performed by using the Beckman Microgenie
on an IBM PC AT and the University of Wisconsin programs
with a DEC VAX computer. A sonic digitizer (Science
Accessories Associates) was used with the Microgenie soft-
ware to transfer sequences to a computer file.

RESULTS

DNA sequence of the 5’ untranslated region. By digesting
CPV RF DNA with EcoRI and HindIIl, fragments were
generated which contained the blunt end of RF DNA and an
internal cohesive restriction enzyme site. The strategy was
to directionally clone these fragments into pBR322. How-
ever, very few of these clones were stable in various strains
of E. coli by using a single vector. Three separate cloning
vectors (pBR322, pGEM 2, and pHC624) were necessary to
generate stable clones in transformation-competent E. coli.
Two plasmids, pN67 and pNCPV17-5A (cloned in pBR322),
were originally thought to contain an intact insert (mp 45.8 to
100) but in fact contained deletions or rearrangements when
analyzed by restriction enzymes (Fig. 1). The nonrearranged
or nondeleted regions of pN67 and pNCPV17-5A were
combined to form pNCPVS. Plasmid pNCPVS was then
combined with pNCPV4-5 to reconstruct the entire VP1- and
VP2-coding region in pBR322 (Fig. 1, pNCPV-2).

The region of the genome from mp 47.8 (HindlIII) to the
end of the genome was sequenced from clone pNCPVS. This
clone contained a region larger than anticipated in the 5’
untranslated region by restriction enzyme analysis. Partial
sequence data and restriction mapping confirmed that about
400 to 500 nt had been duplicated in the 5’ untranslated
region starting 51 base pairs (bp) from the Haelll site (mp
94). By using the clone pNCPV2 which contains the entire
VP1- and VP2-coding sequences, BAL 31 enzyme treatment
was used to generate a nested set of clones which contained
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progressively shorter regions of the repeated 5’ untranslated
region. An Aval site at nt 1425 of pBR322 was used to initiate
the BAL 31 digestion. The Aval site lies 453 bp downstream
from the Nrul site used as the blunt-end cloning site. Xbal
linkers were added to generate a unique restriction enzyme
site to aid in the manipulation of the pNCPV-2-coding
region. Two clones (p7-1 and p14-14) were isolated from the
transformation of BAL 31-treated DNA, which by size were
estimated to have the potential full-length, unreiterated 5’
untranslated genomic DNA (Fig. 2). DNA sequence data of
p7-1 and p14-14 revealed that they differed in size by 255 bp
(Fig. 2). Clone p7-1 contains 58 nt immediately after the
Haelll site which was not vector DNA. Clone pl4-14
contains an additional 255 bp, which begins 51 bp after the
Haelll site. This 255-bp region does not display any char-
acteristics of the 5’ palindromic sequences contained within
any of the other parvoviruses. Instead, this 255-bp region is
a repeat of part of the capsid-coding sequence upstream of
the stop codon (nt 4289 to 4543) (Fig. 2; see Fig. 4). The
255-bp region is a perfect repeat, except at nt position 4295,
where a C is inserted to give the repeat at nt 5067 one extra
base.

The untranslated region also displayed DNA sequence
reiteration observed in other parvoviruses (12). One 62-nt
repeat begins at nt 4514 and ends at nt 4574 and flanks the
stop codon at nt 4538. The second 62-nt repeat begins at nt
4575, ends at nt 4636, and contains a 1-base insertion at nt
4593 and a transition (C to T) at nt 4603 (see Fig. 4). Another
direct 62-nt repeat begins at nt 4701 and is repeated three
times, ending at nt 4886.

Sequence of the 3’ end. The 3’ end of the genome was
sequenced from clone pD8 which contains a 1.1-kilobase
insert (mp 0 to 21) between the EcoRI and Pvull site of
pGEM 2 (Fig. 1). Since no convenient restriction sites were
available to allow easy subcloning into M13 vectors, the
whole 1.1-kilobase insert plus some pGem 2-flanking regions
were cloned into M13mpl9. Nested sets of the single-
stranded M13-cloned templates were made, starting from the
EcoRI site by using the T4 DNA polymerase 3’ exonuclease
technique (18). Two regions of the DNA in the T structure of
the palindrome could not be resolved by the normal dideoxy
chain termination method (Fig. 3). These two areas were
resolved by using a combination of Maxam and Gilbert
sequencing and increased denaturing conditions of the gel.
The 3’ palindromic sequence resembles that of the rodent
parvoviruses (12). The total length was 118 nt, with 92
nucleotides making up the stem structure and 26 nt making
up the T structure (Fig. 3). Two regions of the stem structure
were conserved between rodent parvoviruses and CPV-N:
nt 1 to 12 of the rodent and nt 1 to 12 of CPV-N (11 of 12
match) and nt 38 to 48 of CPV match nt 34 to 44 of rodent
parvoviruses (10 of 10 match) (12). The T structure of
CPV-N displayed some divergence, with 18 of 26 nt match-
ing sequence and location with 18 of 27 nt in rodent parvo-
viruses (nt 51 to 62, 65 to 67, and 69 to 71 of CPV-N match
nt 49 to 60, 62 to 64, and 66 to 68 of rodent parvoviruses,
respectively) (12; Fig. 3).

Sequencing mp 21 to 94. Recombinant DNA clones pH9,
pNCPV4-5, and pNCPV2 were used to determine the se-
quence of the major body of the genome (Fig. 1). The
CPV-specific inserts were isolated from these recombinants
and digested with multiple enzymes (see Materials and Meth-
ods). The digested fragments were cloned into M13mp18 and
M13mpl9 to generate random sets of clones. Computer
analysis was used to identify regions of overlap, and all
restriction enzyme junctions were positively identified on
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FIG. 2. Detailed map of the 5’ untranslated region of genomic DNA. Clones p14-14 and p7-1 end in the 3’-terminal region. p14-14 and p7-1

were constructed by using BAL 31 as described in the text.

sequencing gel autoradiograms. Unlike the terminal regions,
the internal sequence contained a high percentage of A and
T residues, which reduced the ambiguities and problems
associated with compressions on denaturing gels. The se-
quence and single-letter amino acid translation of CPV-N
(mp 0 to 94) is shown in Fig. 4.

Genome organization and assignment of CPV genes. The
potential coding domains for both the C strand (plus polarity)
and the V strand (minus polarity) are shown in Fig. 5. There
are two predominant ORFs, both occurring in frame 2 of the
C strand (Fig. 5). The first ORF, A (668 amino acids) is
probably the coding domain for the nonstructural proteins
(NS1 and NS2; 16, 24, 46). ORF B (722 amino acids) is most
likely the coding domain for the capsid proteins (VP1 and
VP2; 16, 24, 41, 46). There are several smaller ORFs in both
the C and V strands. Whether these small ORFs are of any
significance is not known. However, one small ORF (ORF S)
in frame 1 of the C strand is the end of the 255-nt duplication
from the coding domain ORF B (described above). This
255-nt region is no longer open in frame 2 of the C strand, but
instead, 201 nt are now open in frame 1 (Fig. 4 and 5). An
ATG at nt 5110 and a TAA at nt 5311 would allow for a small
peptide 34 amino acids long. In addition, a TATA box occurs
at nt 5026, placing a potential cap site at nucleotide position
5056, 4 nt from the start of the 255-nt duplication. The TATA
at nt 5026 also has a potential E and A region (see below;
Table 1), making it a candidate for a eucaryotic promoter
sequence. By using comparative analysis of previously pub-
lished data (10, 24, 25, 40, 41) with the data described here,
a more precise assignment of the CPV-coding region was
made.

A computer search for possible promoter regions was
done by using the information on eucaryotic promoters
described by Bensimhon et al. (5). These features include a
stable enabler region (E) approximately 100 bp upstream
from the cap site, a G+ C-rich activator region (A) approx-
imately 50 to 75 bp upstream of the cap site, and the TATA
box which usually lies about 30 bp upstream from the cap
site (5). Eight possible promoter sites were characterized by
using a consensus search for the sequence TATAA (Table
1). Two promoters, one at mp 3.5 (P3.5) (Fig. 4, TATAAAA,
nt 188) and a second at mp 38 (P38) (Fig. 4, TATAAAT, nt

1990) contained all the appropriate promoter components.
The P3.5 promoter of CPV-N is analogous in map position
and sequence to other parvovirus promoters and probably
initiates transcription of the large ORF A for the CPV
nonstructural genes (15, 16, 42). The P38 promoter most
likely initiates transcription of ORF B for the structural
genes (VP1 and VP2) and is homologous to P38 promoters
described for other parvoviruses (3, 25, 36, 40, 42). The
remaining six potential promoters were also analyzed for the
presence of E and A regions. Three of these promoters (P28,
P45, and P94) contained all of the components, while three
lacked the E or A region (Table 1).

Two possible poly(A) addition sites were found by using
AATAAA as the consensus sequence. One is in the major
coding body of ORF A (nt 1580), and the other is located 448
bp downstream from the ORF B stop codon at nt 4538.

The potential 5’ donor sites (consensus sequence,
2AGGTAAGT) and the 3’ acceptor sites [consensus se-
quence, (Py)sXCAGGS] used as mRNA splice junctions (14)
are listed in Table 2 and mapped in Fig. 5. Six possible 5’
donor sites were identified. The sequence of these donor
sites represents regions with greater than 65% homology (six
of nine base pairs match) with the consensus sequence,
allowing only one mismatch. Three of the donor sites are
located in ORF A (nt 294, 306, and 508). One donor lies
immediately upstream of the proposed ATG start codon for
VP1 (nt 2277), while the remaining two (nt 2314 and 4375) are
in ORF B (Fig. 4 and Table 2).

CPV DNA
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FIG. 3. Structure of the 3’ palindromic DNA. Clone pD8 in
plasmid pGem 2 was used to determine the sequence of the 3’ end of
the genome. Shaded areas are regions which are homologous to
rodent parvovirus sequences.
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M PESENYZRTRY YV NNNDTETAYNGCNEUNALDDIT EAQTITVTT?PUVSILYV
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t T v
Hinell
D AN AV GV ¥V F N PCDVW Q LIV NTMEMSEBRLELTVYVSTPFEQETITPNYVLTIEKT
3121 .3138 168 . 3178 3190 3210 3230 3340
TGATGCAAATGCTTGCCCACTTTCGTTTAATCCAGGAGATTGGCAACTAATTGTTAATACTATGAGTGAGTTGCATTTAGTTAGTTTTGAACAAGAAATTTTTAATCTTCTTTTAAAGAC
VS EBESATQPPTTEKVYVYYNNKDLTA ASTLWMYVYALUDSNNKTHWMPTPTZPAANRRS
33241 3260 3370 3298 2310 3330 2350 3308
TGTTTCAGAATCTGCTACTCAGCCACCAACTAAACTTTATAATAATGATTTAACTGCATCATTCATCCTTGCATTACATAGTAATAATACTATGCCATTTACTCCAGCAGCTATCGAGATC
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TCATCCATCTGCTAATATCTCAAGAATTCTAACTTACTCAGATTTTTGCTCCAAACCTAAATTACTATTTAAAGCTAAACTAAGACCCTCTCATACTTCGAATCCAATTCAACAAATCAC
ATuT
1 VD NQPF NY VP S NKIGGCWMTETITVYZERTESQQLAPTRTIEKTLY
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'I‘AT‘I‘M‘I'GTAGATMCCMmMCTAmACCA:‘GTMTATTGGA:GTATGMM‘I"I'GTATATGMAAA‘I‘C‘I‘CMCTAGOACCTAQAAMTTATATTMCATAG"ACTAT“T‘H“H‘A
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L
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FIG. 4. DNA sequence of the CPV complementary strand. The single-stranded nucleotide sequence of the C strand is shown with the
one-letter amino acid translation. Below the CPV nucleotide sequence is the one-letter amino acid letter indicating the changes that occur
between FPV (10) and CPV. Overlined regions indicate the proposed mRNA 5’ donor splice junction, and the 3’ acceptor splice junctions are

underlined.

A total of 16 possible 3’ acceptor regions were identified
(Table 2); however, only S of these sites demonstrated better
than 65% homology (8 of 12 match) with the consensus
sequence (14) and retained the core CAGG region (Table 2).
Two of the five high-homology 3’ acceptor regions are in
ORF A, and three are in ORF B (Fig. 5).

Sequence homology of CPV and other parvoviruses. The
homology between CPV-N, CPV-b, FPV, and other parvo-
viruses is shown in Table 3. CPV-N by both amino acid and
nucleotide homology is more analogous to FPV than to
CPV-b. Homology with MVM and H1 is lower, and very
little homology exists between CPV-N and the human par-
vovirus B19 (46). Certain stretches of DNA sequence within
the nonstructural (NS1) coding region are highly conserved
between all parvoviruses except B19 human parvovirus

(amino acids 352 to 516 of CPV have 90% or greater
homology with amino acids 350 to 514 of H1 and amino acids
399 to 564 of MVM parvovirus). Incomplete sequence data
of the FPV genome did not allow us to compare amino acid
homologies of the nonstructural genes of CPV-N and FPV.
However, the sequence for the structural genes was avail-
able and is compared in Table 4 and Fig. 6. By hydropathy
analysis (University of Wisconsin computer programs),
CPV-N and FPV show very little difference between their
respective structural protein-coding regions.

The amino acid differences among FPV, CPV-N, and
CPV-b are shown in Table 4. Only by close analysis can any
of these changes be readily apparent in the hydropathy chart
(Fig. 6). There are only 13 amino acid changes between the
CPV-N and FPV capsid genes (Table 4 and Fig. 4), while
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FIG. 5. Genomic organization of the viral (V) (minus-polarity)
and complementary (C) (plus-polarity) strand. Each line designates
the stop codon position of each frame in the viral and complemen-
tary strands. At the top of the figure is the map of the consensus
sequence search for promoter-type elements (TATA) (upper) and
poly(A) addition signal (AATAAA) (lower). Arrowheads indicate
the major TATA and AATAAA elements proposed for CPV mRNA
synthesis. The center part of the figure shows the map for the
consensus sequence search for the 5’ donor (AAGGTAAGT) (upper)
and the 3’ acceptor [(Py)eXCAGGY) (lower) splice junctions. Ar-
rowheads indicate the proposed major mRNA splice sites.

there are 22 changes between FPV and CPV-b. A total of 10
of the amino acid changes are identical for both CPV-N and
CPV-b (Table 4, footnote c).

The nucleotide differences among these viruses are also
very limited; only 47 nucleotides differ between FPV and
CPV-N (mp 20 to 96 were compared). These results indicate
that even high-passage virus is homologous in sequence to
"FPV or CPV-b. The most prominent differences are located
in the 5’ untranslated region and are changes in reiteration of
base sequence rather than changes in the sequence itself
(Fig. 2 and 4).

DISCUSSION

The entire sequence of the CPV-N genome was deter-
mined from clones made from RF DNA. The ends of the RF

J. VIROL.

DNA were cloned by using an internal restriction enzyme
site and the blunt end of the RF DNA in a directional cloning
protocol. The 5’ half of the genome was cloned into the
HindIII and Nrul sites of pBR322, and the 3’ half was cloned
in the EcoRI and Pvull sites of pGem 2. Restriction map and
DNA sequence analysis of the 3’ end sequence indicated that
the 3'-end palindromic sequence was cloned intact and
resembles the T-stem structure of other rodent parvoviruses
(12). The 5’-end palindromic sequence was not found intact
in any of the clones sequenced. Instead, a 255-nt sequence
representing the carboxy terminus of the VP1-VP2-coding
region had been duplicated 51 nt downstream from the
Haelll site. The duplication may have arisen as an anomaly
of the cloning in E. coli, which was needed to stabilize the
clone. However, this sequence reiteration may be caused by
high passage of CPV-N in canine cells. At least two forms of
RF DNA (differing by approximately 500 bp) have been
observed in high-passage CPV-infected cells (data not
shown). The 255-nt sequence contains 201 nt open in frame
1 (Fig. 5), and an upstream TATA sequence at 5026 (40 nt
downstream of the poly(A) addition sequence (Table 1)
could serve as a promoter for this small ORF S. The
significance of the 255-bp duplication and its potential coding
capacity were not examined for this report, but it is inter-
esting that FPV also contains a similar TATA-type sequence
40 nt downstream from the poly(A) addition signal (10). By
comparison, H1 parvovirus contains a TATT sequence 34 nt
downstream of the poly(A) addition sequence, and MVM
contains a TATT sequence 37 nt downstream of the poly(A)
addition sequence (4, 42). A more striking homology is a
G-rich region which lies upstream of the poly(A) sequence.
In CPV-N the sequence GGGTGGTTGG occurs starting 49
nt upstream of the poly(A) addition sequence. The same
sequence occurs upstream of the poly(A) addition sequence
for MVM, H1, FPV, and CPV-b at a distance of 50, 48, 49,
and 49 nt, respectively (4, 10, 41, 42). This sequence is
located approximately 80 to 100 nt upstream from the
potential TATA sequence described above and is similar to
the E region for eucaryotic promotors (5). Recombinant
clone pNCPV-2 originally contained 400 to 500 additional nt
which were removed by BAL 31 treatment. Clones p7-1 and
pl4-14, generated in this manner, were chosen for examina-
tion because they approximated the expected length of the
full genome of CPV. It is now of interest to examine the
sequence of the 400- to 500-bp duplicated region to deter-
mine if any additional ORFs exist and specifically to deter-
mine if the poly(A) addition sequence is duplicated to
provide ORF S with a potential polyadenylation signal.
Although the complete genomic sequence has not been
determined for CPV-b and FPV, the available data suggest
that the coding domains for the nonstructural and structural
genes are in the same reading frame (46). Based on computer

TABLE 1. Analysis of potential CPV-N promoter sequences

Promoter® Enabling sequence® Activator? TATA®
P3.5 GGGCGGGA (145; —-73) GGCGGGCA (159; —59) TAT AAAA (188)
P28 GGACCAGC (1469; —99) GCTGTGGG (1517; —51) TATAATG (1538)
P32 TATAACA (1738)
P38 GGGGAAAA (1935; —85) GGGCGGAG (1965; —55) TATAAAT (1990)
P45 GGGGGGAG (2337; —97) GTGCCTCC (2393; —41) TATAAAT (2404)
P63 GCCACCAA (3262; —44) TAT AAT A (3278)
P91 TAT AAAA (4894)
P94 GGTGTGGG (4932; —124) GGCCTCGT (5010; —46) TATAAGG (5026)

“ The map position of the promoter is indicated.

b The first number in parentheses is the position of the sequence. The second number is the position from the cap site.
© The TATA is assumed to be 30 bp upstream from the mRNA cap site. The number in parentheses is the position of the sequence.
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TABLE 2. Location of consensus 3’ acceptor and 5’ donor sites®

5’ Donors 3’ Acceptors
Location Location

Sequence (at) Sequence (1)
AGG-AAGT ..o 294 |[GACAGCACAGGA. .. .ttt 1079
AGG-GAGT .. oo 306 || GCACAACCAGGA . ... .ottt 1224
GG-AAGT .. i e e 508 [| GCAAGTACAGGA ... .ot 1482
AAGGTACG. . ..ot 2277 || AAGCTTCCAGGA . ...ttt et 1833
AGGTAAG ..o e 2314 || AATTCACCAGGT ... .ottt i eeaaens 2001
AAGGTAAA. .. 4375 || AGAGAGCCAGGA. ... ..ttt anns 2308
GTGCCTCCAGGT ..ottt 2400

GCCGGTGCAGGA ...ttt 2754

AGAGCTACAGGA . ... et 2847

TTTAATCCAGGA ..ottt 3153

CTAAGAACAGGT .. i i 3555

TTTGCTACAGGA ..ottt 3573

ATTGCAGCAGGA . ..ot 3861

ACCACAACAGGA . .. e 3957

CAAGATACAGGA . .. e e 4002

GGTAAAACAGGA. ...t et 4104

“ The consensus sequence for the 5' donor was éAGGT(A}AGT; the consensus sequence for the 3’ acceptor was (Py)‘,XCAGG% (14). Of the nine possible
nucleotides in the 5’ donor the computer searched for a minimum of one mismatch in at least six of nine nucleotides. No loop-outs were allowed. The computer
searched for a minimum of three mismatches with no loop-outs in at least 7 of the 12 possible nucleotides in the 3’ acceptor. The regions underlined represent nu-

cleotide-matching consensus sequences.

analysis of the potential reading frames in both the C and V
strands of the virus, the coding domains do in fact lie within
the same frame of CPV-N (Fig. 5). ORF A contains a
promoter element as expected at mp 3.5 (nt 188) and a
poly(A) addition site at nt 1580 (Fig. 5). The purpose of this
poly(A) site is not known; however, there were no new
mRNA transcripts detected on Northern gels (RNA blots) by
using CPV-specific probes (data not shown). It is predicted
that all the CPV mRNAs have a coterminus at the poly(A)
site at nt 4985. ORF B (Fig. 5) contains a promoter element
at nt 1990 (mp 38). These two promoters (mp 3.5 and 38) are
analogous to those observed in other parvoviruses (3, 15, 16,
25, 36, 40, 42). The abundance of other promoter sites within
the CPV sequence was not expected, although multiple
promoter sites do exist in bovine parvovirus (15).

The consensus sequence computer search for potential 5’
donor and 3’ acceptor sites for CPV mRNA revealed sites
which are analogous to the locations mapped for MVM
mRNA splice junctions. Recent reports suggest that MVM
utilizes three separate splice junctions, using all three ORFs
of the C strand to regulate synthesis of the four main mRNAs
(24, 33). By analogy to MVM, the predicted mRNA species
for CPV-N may include an mRNA which uses a 5’ donor at

TABLE 3. Percent nucleotide and amino acid homology between
CPV-N and other parvoviruses

% Homology with CPV-N

Virus strain . N
(relevant mp and reference) Nucleotide Amino acid
NS1 and 2 VP1 and 2
CPV 780929 (mp 33-95; 41) 95 ND?¢ 98
FPV (mp 20-96; 10) 98 99 9
B19 human 22 23 20
H1 62 73% 53
MVMi 47 73% 54
MVMp 47 73t 53

2 ND, Not determined in publication.

b Specific regions between mp 20 and 30 of the NS1 protein of H1, MVMi,
MVMp, and CPV-d are highly homologous (90%). This homology is not
observed with the human strain.

nt 2314 and a 3’ receptor at nt 2400 (Table 2 and Fig. 5). This
RNA would be analogous to MVM mRNA R1, which is
translated to make the NS1 protein. The 5’ donor at nt 508
(nt 508 showed greater homology to the 5' consensus se-

TABLE 4. Comparison of amino acid charges between proposed
capsid protein sequence of FPV, CPV-N, and CPV-b

Amino acid CPV-b
no.* FPV CPV-N 780929
690 Asn Asn Lys
741 Thr Lys® Lys
807 Gln Leu® Leu
887 Asn Asn Ser
888 Tyr Tyr Glu
889 Lys Arg Lys
890 Deleted Deleted Asp
891 Deleted Deleted Arg
902 Lys Asn® Asn
910 Thr Ile© Ile
912 Val Ala“ Ala
927 Gly Gly Asp
1118 Gin Gin Pro
1122 Arg Arg Lys
1132 Asp Asn® Asn
1164 Ile Thr Ile
1165 Pro Pro Deleted
1166 Ile Ile Deleted
1176 Asp Tyr Asp
1195 Gin Gln Glu
1220 Ala Glu® Glu
1242 Thr Thr Ile
1311 Val Val Leu
1371 Leu Val© Val
1373 Asn Ser© Ser
1377 Val Gly* Gly
1389 Pro Pro Gly

“ Amino acid number is indicated in Fig. 6. The initiation codon for VP1 is
amino acid 671, and for VP2 it is amino acid 810. The nucleotide numbers for
VP1 and VP2 start codons are 2285 and 2786, respectively (Fig. 4).

b The sequence of the CPV-b capsid genes published previously was that of
strain 780929 (Cornell University) (41).

¢ Amino acid changes common to both CPV strains.
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FIG. 6. Hydropathy analysis of CPV and FPV. The amino acid sequence for CPV and the available sequence for FPV were compared for
hydrophobicity (HPhobic) and hyodrophilicity (HPhilic) by using University of Wisconsin computer programs. The available sequence for
FPV is equivalent to number 304 of the CPV NS1 gene. There is a 6-nt untranslated region between the stop codon for NS1 (amino acid 670)

and the start of VP1 (amino acid 672) (Fig. 4).

quence than did nt 532 of MVM [23]) and the 3’ acceptor at
nt 1833 for CPV-N (Table 2) are likely candidates for NS2
mRNA coordinates. Unlike MVM, these messages must
splice within the same frame since no other ORF exists on
the C strand. The splice used to generate the mRNA
expressing VP2 in CPV-N most likely utilizes the donor at nt
2277 and the acceptor at nt 2400 (41). This would be
analogous to mRNA R3 of MVM (24) and is designed to
remove the ATG of VP1 at nt 2285 (Fig. 4). VP1 mRNA for
CPV probably uses the same 3’ acceptor at nt 2400 but uses
an alternate 5’ donor at nt 2314 to allow the VP1 ATG to
remain intact (Fig. 4 and 5). The MVM VP1 mRNA (R3’)
uses splice junctions at similar map positions but also splices
across two reading frames (24). These predicted splice
junctions can be verified by S1 mapping and cDNA sequenc-
ing. The significance of additional donor and acceptor sites
(Table 2) is not known. However, since no new RNA species
have been detected by using Northern blot analysis (data not
shown), these additional donor and acceptor sites are prob-
ably not major splice sites.

The total DNA sequence data for CPV-b, CPV-N, and
FPV are translated into percent homologies in Table 3.
CPV-N displays greater than 98% homology with FPV in
both nucleotide and amino acid sequence (Table 3 and Fig.
4). The rodent parvoviruses display various degrees of
homology at the nucleotide level; however, the amino acids
match more closely (Table 1). Certain regions within the
NSI1 protein are highly conserved between FPV, CPV, and
the rodent parvoviruses. Amino acids 352 to 516 of CPV are
90% homologous with amino acids 350 to 514 of H1 parvo-
virus and amino acids 399 to 564 of the MVM strains. Human
B19 parvovirus displayed very little homology at the nucle-
otide level or in genomic organization. However, a small
consensus region in the NS1 gene of B19, MVM, and
adeno-associated virus type 2 is also partially conserved in
CPV (amino acids 346 to 373) and is postulated to be
homologous to a domain in ATPase-like proteins of other
viruses (1). Homology comparisons for bovine parvovirus
were not done, but probably bovine parvovirus is also
distantly related to CPV and FPV (15).

By using the available sequence data for FPV (11) and
CPV-N, a hydropathy chart was generated. The N-terminal
region of the FPV nonstructural gene region is not available,
but the C-terminal portion is represented by amino acids 304
to 670 (Fig. 6). Amino acid 304 is the position assigned to the
proposed NS1 protein in ORF A of CPV-N (Fig. 5) and
represents the first available amino acid position from the

available FPV sequence (10). The entire structural gene
region is represented by amino acids 672 to 1392 (Fig. 6). The
hydrophilic and hydrophobic character of the FPV and CPV
are almost identical. Within the capsid gene region of FPV
and CPV-N (Fig. 6, amino acids 672 to 1392) there are only
13 amino acid differences (Table 4). Some of these amino
acid differences could cause a charge difference, but only
close analysis will reveal any change in hydropathy (Table 4
and Fig. 6). There are 22 amino acid changes between FPV
and CPV-b in the capsid gene region (Table 4), and 10 of
these amino acids are shared with CPV-N. Four amino acid
changes occur between nt 3054 and 3783 (PstI-Pvull) of
CPV-N, which has been indicated as an important region for
determining antigen and host range specificity of the virus
(34). CPV-b has seven amino acid changes in this region,
four of which are the same as those in CPV-N. Since the
capsid genes are important for antigenic and infectivity
characteristics (31, 32), these amino acid changes may be of
great significance for determining a possible mechanism for
capsid formation and species specificity (8, 19, 20).

The homology comparison and genomic organization of
CPV-N and FPV demonstrate their close genetic identity.
However, the two viruses can be distinguished by antigenic
and host range specificity. Therefore, it is evident that only
a few amino acid differences are critical for altering the
specificity of these viruses. The only other apparent differ-
ence between CPV-N and FPV is in the reiteration of DNA
sequence within the 5’ untranslated region of the genome.
There are two separate and unrelated 62-nt repeats in the 5’
untranslated region of CPV-N. One flanks the stop codon at
nt 4538 and has been reported in other parvovirus sequences
(3, 10, 41). The other 62-nt repeat (repeated three times) is
located 65 nt downstream from the end of the first repeat
(Fig. 2) and ends 100 bp upstream from the poly(A) addition
site (nt 4986). Beginning 66 nt downstream from the end of
the poly(A) addition site (nt 5061), a 255-bp duplication (nt
4289 to 4543) occurs. The purpose of this duplication is not
known, but details of the region are described above. Reit-
eration of DNA sequence in the 5’ untranslated region has
been reported for variants of H1 parvovirus. These H1
variants were isolated by high passage of the virus in a
transformed cell line (simian virus 40-transformed human
newborn kidney cells). A reiteration of a 55-nt region up-
stream of the poly(A) addition site (12, 38, 39) is comparable
in map positions to the reiterations observed in the 5’
untranslated region of CPV-N. DNA sequence from CPV-b
(41) does not have the same reiteration as CPV-N does. This
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may be the result of repeated passage, since CPV-N was
sequenced from a high passage of a CPV isolate. As stated
above, these reiterations and duplications may have arisen
as a result of the cloning protocol. The significance of these
reiterations may be important in determining the events that
occur in the formation of altered or variant viruses. The
reiteration of the 5’ untranslated region may be utilized
differently during the packaging event. By using specific
probes from cloned DNA, it will be possible to determine if
high-passage RF DNA contains the same reiterations.

The strong homology of CPV-N with FPV supports the
hypothesis that CPV arose as a variant of FPV. If it is
considered that CPV is an FPV variant replicating in dog
cells (a semipermissive host), then the reiteration of the 5’
untranslated DNA of high-passage CPV is not unlike that
observed for variant H1 parvovirus. CPV, as a variant of
FPV, may undergo similar genomic changes after multiple
exposures to dogs in the natural population. Reports have
already been published indicating that variant forms of CPV
can be isolated from the natural dog population. Some
variants can be distinguished from previous isolates made in
1978 (35). We have evidence (unpublished) which suggests
that high-passage CPV has a unique distribution of capsid
proteins in purified virions. Our laboratory is interested in
the dependence of virus capsid processing on DNA template
determinants as a possible mechanism for inducing altered
antigenic or host range characteristics.
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