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            PCR detection and characterization of type-2 porcine circovirus Andre L. Hamel, Lihua L. Lin, Cheryl Sachvie, Elsie Grudeski, and Gopi P.S. Nayar Abstract A polymerase chain reaction (PCR) assay was developed for detecting porcine circovirus (PCV). The assay readily detected type-2 PCV (PCV-2) and type-1 PCV (PCV-1). The PCR primers were designed based on DNA sequences conserved in all reported PCV genomes. Type 1 PCV and type 2 PCV both produced 438 bp amplification products, which were easily identified and dif- ferentiated from one another by restriction fragment length polymorphism (RFLP) analysis. Porcine circovirus was detected in 55% (931/1693) of randomly tested pigs with various clinical signs and lesions, most of which were difficult to differenti- ate from those associated with porcine reproductive and respiratory syndrome (PRRS). The PCR products from all positive clin- ical samples were identified by RFLP to be only PCV-2; DNA tested by PCR was extracted directly from one or more of lung, mesenteric or mediastinal lymph nodes, and tonsil. Type 2 PCV was also detected in 6% (2/34) of DNA extracted directly from semen of randomly chosen healthy boars. Positive PCR reactions from 554 diseased pigs were characterized by RFLP and categorized into 5 different profiles (A-E), of which 82.8% were PCV-2A (456/554), 3.0% were PCV-2B (17/554), 9.9% were PCV-2C (55/554), 1.1% were PCV-2D (6/554), and 3.2% were PCV-2E (18/554). The complete genomic nucleotide sequences of PCV-2A, B, C, D, and E were determined and found to have at least 95% homology compared with one another and with all other PCV-2 found in the GenBank database. All PCV-2 had less than 76% homology with PCV-1. This PCR assay will hope- fully be useful to veterinary diagnostic laboratories for routine testing and surveillance of infection with PCV-2. The RFLP pro- filing system might be useful for preliminary characterization and identification of PCV isolates and might also benefit studies on the molecular epidemiology of PCV. Resume Une epreuve par reaction d'amplification en chat^ne par la polymerase (ACP) fut de'veloppee pour detecter le circovirus porcin (CVP). L'epreuve a facilement permis de mettre en e'vidence le CVP de type-2 (CVP-2) et le CVP de type-i (CVP-1). Les amorces pour l'ACP furent 6labore'es a partir des sequences conservees d'ADN retrouvees chez tous les CVP rapportes. Un produit d'amplification de 438 paires de base fut obtenu a partir de CVP-1 et CVP-2, et une analyse du polymorphisme des segments obtenus suite au traitement avec des enzymes de restriction (RFLP) a permis de facilement identifier et distinguer les deux types de virus. Lorsque l'epreuve fut applique'e de fa,on ale6atoire chez des porcs avec des signes cliniques et des lesions varies, pour la plupart difficiles a' differencier de ceux associes au syndrome respiratoire et repro- ducteur porcin, 55 % (931/1693) se sont averes positifs pour CVP. L'analyse par RFLP a demontre que les produits d'amplification de tous les e'chantillons positifs correspondaient au CVP-2. Les e6chantillons d'ADN e'prouves par ACP furent extraits directement de un ou plusieurs des spe'cimens suivants: poumon, ganglion me'sente'rique ou mediastinal, et amygdale. Chez 6 % (2/34) des verrats en sante' choisis au hasard, le CVP-2 fut d6tecte 'a partir d'ADN extrait d'echantillon de semence. La caracterisation par RFLP des produits d'ACP obtenus de 554 porcs malades a permis de les separer a l'inte'rieur de cinq profils differents (A a E), re'partis comme suit 82,8 % CVP-2A (456/554), 3,0 % CVP-2B (17/554), 9,9 % CVP-2C (55/554), 1,1 % CVP-2D (6/554) et 3,2 % CVP-2E (18/554). Apre's e'tablissement des sequences nucle'otidiques completes des CVP-2A, B, C, D et E, il fut de'termine' qu'elles avaient au moins 95 % d'homologie entre elles ainsi qu'avec les se'quences de tous les autres CVP-2 retrouve's dans la base de donne'e de GenBank. Tous les CVP-2 presentaient moins de 76 % d'homologie avec CVP-1. Cette analyse par ACP sera utile aux laboratoires de diagnostic v'te'rinaire pour les epreuves de routine et la sur- veillance de l'infection par CVP-2. L'analyse des profils obtenus par RFLP pourrait s'ave'rer utile pour une caracte'risation preliminaire et une identification des isolats de CVP, de me^me que pour des e'tudes sur l'e'pide'miologie moleculaire des CVP. (Traduit par docteur Serge Messier) bases of DNA in a single-stranded circle (4-8). Two types of PCV have been identified and characterized, PCV-1 and PCV-2. Type 1 Porcine circovirus (PCV) is an emerging disease virus that is PCV is non-pathogenic and is found associated with the continuous widespread in swine (1-3). Porcine circovirus is the smallest known porcine kidney (PK-15) cell line (ATCC CCL31) that is persistently DNA virus, containing only between 1760 and 1770 nucleotide infected with the virus (5,9). Type 2 PCV is noticeably distinci Virology Laboratory, Veterinary Services, Manitoba Agriculture, 545 University Crescent, Winnipeg, Manitoba R3T 5S6. Address correspondence and reprint requests to Dr. Gopi Nayar, telephone: (204) 945-7643; fax: (204) 945-8062; e-mail: [email protected]. Received August 20,1999. 44 The Canadian Journal of Veterinary Research ~s y It 2000; 64: 44-52 
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PCR detection and characterization of type-2 porcine
circovirusAndre L. Hamel, Lihua L. Lin, Cheryl Sachvie, Elsie
Grudeski, and Gopi P.S. Nayar

AbstractA polymerase chain reaction (PCR) assay was developed
for detecting porcine circovirus (PCV). The assay readily
detectedtype-2 PCV (PCV-2) and type-1 PCV (PCV-1). The PCR primers
were designed based on DNA sequences conserved in all reportedPCV
genomes. Type 1 PCV and type 2 PCV both produced 438 bp
amplification products, which were easily identified and
dif-ferentiated from one another by restriction fragment length
polymorphism (RFLP) analysis. Porcine circovirus was detectedin 55%
(931/1693) of randomly tested pigs with various clinical signs and
lesions, most of which were difficult to differenti-ate from those
associated with porcine reproductive and respiratory syndrome
(PRRS). The PCR products from all positive clin-ical samples were
identified by RFLP to be only PCV-2; DNA tested by PCR was
extracted directly from one or more of lung,mesenteric or
mediastinal lymph nodes, and tonsil. Type 2 PCV was also detected
in 6% (2/34) of DNA extracted directly fromsemen of randomly chosen
healthy boars. Positive PCR reactions from 554 diseased pigs were
characterized by RFLP andcategorized into 5 different profiles
(A-E), of which 82.8% were PCV-2A (456/554), 3.0% were PCV-2B
(17/554), 9.9% werePCV-2C (55/554), 1.1% were PCV-2D (6/554), and
3.2% were PCV-2E (18/554). The complete genomic nucleotide
sequencesof PCV-2A, B, C, D, and E were determined and found to
have at least 95% homology compared with one another and with
allother PCV-2 found in the GenBank database. All PCV-2 had less
than 76% homology with PCV-1. This PCR assay will hope-fully be
useful to veterinary diagnostic laboratories for routine testing
and surveillance of infection with PCV-2. The RFLP pro-filing
system might be useful for preliminary characterization and
identification of PCV isolates and might also benefitstudies on the
molecular epidemiology of PCV.

ResumeUne epreuve par reaction d'amplification en chat^ne par la
polymerase (ACP) fut de'veloppee pour detecter le circovirus porcin
(CVP). L'epreuvea facilement permis de mettre en e'vidence le CVP
de type-2 (CVP-2) et le CVP de type-i (CVP-1). Les amorces pour
l'ACP furent 6labore'esa partir des sequences conservees d'ADN
retrouvees chez tous les CVP rapportes. Un produit d'amplification
de 438 paires de base fut obtenua partir de CVP-1 et CVP-2, et une
analyse du polymorphisme des segments obtenus suite au traitement
avec des enzymes de restriction(RFLP) a permis de facilement
identifier et distinguer les deux types de virus. Lorsque l'epreuve
fut applique'e de fa,on ale6atoire chez desporcs avec des signes
cliniques et des lesions varies, pour la plupart difficiles a'
differencier de ceux associes au syndrome respiratoire et
repro-ducteur porcin, 55 % (931/1693) se sont averes positifs pour
CVP. L'analyse par RFLP a demontre que les produits d'amplification
de tousles e'chantillons positifs correspondaient au CVP-2. Les
e6chantillons d'ADN e'prouves par ACP furent extraits directement
de un ou plusieursdes spe'cimens suivants: poumon, ganglion
me'sente'rique ou mediastinal, et amygdale. Chez 6 % (2/34) des
verrats en sante' choisis au hasard,le CVP-2 fut d6tecte'a partir
d'ADN extrait d'echantillon de semence. La caracterisation par RFLP
des produits d'ACP obtenus de 554 porcsmalades a permis de les
separer a l'inte'rieur de cinq profils differents (A a E),
re'partis comme suit 82,8 % CVP-2A (456/554), 3,0 %CVP-2B (17/554),
9,9 % CVP-2C (55/554), 1,1 % CVP-2D (6/554) et 3,2 % CVP-2E
(18/554). Apre's e'tablissement des sequencesnucle'otidiques
completes des CVP-2A, B, C, D et E, il fut de'termine' qu'elles
avaient au moins 95 % d'homologie entre elles ainsiqu'avec les
se'quences de tous les autres CVP-2 retrouve's dans la base de
donne'e de GenBank. Tous les CVP-2 presentaient moins de 76
%d'homologie avec CVP-1. Cette analyse par ACP sera utile aux
laboratoires de diagnostic v'te'rinaire pour les epreuves de
routine et la sur-veillance de l'infection par CVP-2. L'analyse des
profils obtenus par RFLP pourrait s'ave'rer utile pour une
caracte'risation preliminaireet une identification des isolats de
CVP, de me^me que pour des e'tudes sur l'e'pide'miologie
moleculaire des CVP.

(Traduit par docteur Serge Messier)

bases of DNA in a single-stranded circle (4-8). Two types of
PCVhave been identified and characterized, PCV-1 and PCV-2. Type
1

Porcine circovirus (PCV) is an emerging disease virus that is
PCV is non-pathogenic and is found associated with the
continuouswidespread in swine (1-3). Porcine circovirus is the
smallest known porcine kidney (PK-15) cell line (ATCC CCL31) that
is persistentlyDNA virus, containing only between 1760 and 1770
nucleotide infected with the virus (5,9). Type 2 PCV is noticeably
distinci

Virology Laboratory, Veterinary Services, Manitoba Agriculture,
545 University Crescent, Winnipeg, Manitoba R3T 5S6.Address
correspondence and reprint requests to Dr. Gopi Nayar, telephone:
(204) 945-7643; fax: (204) 945-8062; e-mail:
[email protected] August 20,1999.
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Figure 1. Detection of PCV by the 438 bp PCR assay. Lane 1:
PCV-1 from persistently infected PK-15 cell culture; lane 2:
negative control reaction withwater; lane 3: PCV-2 from porcine
tonsil and lung; lane 4: PCV-2 from porcine mesenteric lymph node;
lane 5: negative porcine lung and tonsil; lane 6: nestedPCR from
porcine semen. Lanes 7-12 represent HinA digests of PCR
amplification products from PCV-1, PCV-2A, B, C, D, and E,
respectively. Lanes 13-18represent Rsal digests of PCR
amplification products from PCV-1, PCV-2A, B, C, D, and E,
respectively. Lanes M represent the BRL 50-bp DNA ladder, withthe
350-bp fragment indicated by the arrow in the right margin.

from type I PCV, with less than 76% overall nucleotide
sequencehomology (4,6-8). The nucleotide sequences of PCV-2 strains
andPCV-1 are compared with one another in previous reports
(4,6-8).

Antibodies to PCV-1 have been found in high percentages ofpig
herds in Europe (3,9) and North America (1,2) and have also
beendetected in cattle, humans, and mice (10). Type-2 PCV has
recentlybeen detected by PCR in cattle and bison (11).

Porcine circovirus type 2 is found in pigs with one or more
clin-ical symptoms such as wasting, unthriftiness, anemia,
diarrhea,pneumonia and enlarged lymph nodes (7,8,12-21). Pigs that
areinflicted with post weaning multisystemic wasting syndrome(PMWS)
are found to have PCV-2 in many, if not most, tissues(7,8,12-23).
Wasting, generalized lymphadenopathy, and intersti-tial pneumonia
are the most often observed lesions during postmortem examination.
Granulomatous inflammation, multinucleategiant cells, and inclusion
bodies are often revealed by microscopicexamination of lymphoid
tissues. Porcine circovirus type 2 is oftenfound in macrophages,
monocytes, and in the inflammatory infil-trates in a variety of
organs (7,8,12,13,15-23). Furthermore, congenitaltremors appears to
be caused by in utero fetal infection withPCV-2 (24).

Pigs experimentally infected with PCV-2 display clinical signs
andlesions typically associated with this virus (16,23), and
co-infectionof piglets with PCV-2 and porcine parvovirus appears to
result inwasting disease (25). Pigs infected with PCV-2 develop a
widerange of clinical signs and lesions, many of which are
difficult to dif-ferentiate from those that are associated with
porcine reproductiveand respiratory syndrome (PRRS)
(7,8,12,13,15-23). Many of thepathologic features attributed to
PRRS may be caused by PCV-2, andit has been proposed that the PRRS
virus (PRRSV) be more appro-priately renamed to porcine arterivirus
(25,26). In light of recentapplications of powerful new molecular
biologic approaches, suchas PCR and representational difference
analysis (RDA), the guide-lines for defining a causal relationship
between a microbe and a dis-ease (Koch's postulates) may need to be
rewritten (27).Young pigs infected with PCV-2 often suffer from
depleted lym-

phoid systems and immunodeficiency, which in turn makes
themsusceptible to a variety of other disease problems
(12,13,16,22).Congenital tremors in young pigs appears to be
associated with infec-

tion by PCV-2 (24). Many of the disease problems related to
PCV-2infection in pigs occur even in "high health, high security
herds,"where the strictest possible control measures are followed
for sev-eral other diseases (14,15,23,28-31).

Using PCR, in-situ hybridization and
immunohistochemistry,workers in diagnostic and research
laboratories often detect PCV-2in a variety of organs of pigs with
various clinical signs and lesions(6-8,12-22,24-26,30). On the
other hand, there are a very limitednumber of studies regarding
PCV-1, which so far appears to bedetected by PCR in an extremely
low percentage of diseased pigs(18,19).

In the present study, a PCR assay for detecting PCV is
described,and was designed and tested for routine use in the
veterinarydiagnostic laboratory. This PCR assay was used for
detecting andcharacterizing PCV-2 in DNA extracted directly from a
variety of tis-sues taken from diseased pigs with various clinical
signs andlesions, and in DNA extracted directly from semen of
apparentlyhealthy boars.

All laboratory procedures were performed using
publishedguidelines for quality assurance of PCR in diagnostic
laboratory set-tings (32). Each stage of the PCR process was
carried out in 1 of 4 sep-arate rooms, which were designated for
specific use in order to min-imize the risk of cross contamination
(32). Separate sets of designatedgloves, lab coats, micropipettors
and filter barrier tips were used ineach room for all steps.Nucleic
acid purificationThroughout 1997, 1998 and the first half of 1999,
tissue specimens

from 1693 pigs with various clinical signs and lesions were
submitteddirectly to the PCR laboratory and were stored at -70 C
prior to use.Most clinical specimens (over 90%) were submitted from
diseasedswine herds in Manitoba and the remaining specimens were
sub-mitted from diseased swine operations in Ontario, Quebec,
andAlberta. Nucleic acids were extracted directly from one or more
ofthe following tissues: lung, mesenteric lymph node, and
tonsil,using a modification of the published guanidine thiocyanate
(GiTC)
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Table 1. List of sizes of restriction enzyme fragments for PCR
of PCV-1 and PCV-2Enzymea Virus Fragment size (bp) EnzymeAlul PCV-1
320,48,31,27,9 KpnlAGCT PCV-2A 322,79,28,9 GGTACC

PCV-2B 322,79,28,9PCV-2C 401,28,9PCV-2D 401,28,9PCV-2E
322,79,28,9

Ddel PCV-1 241,164,30 MselCTNAG PCV-2A 187,162,78,11 TTAA

PCV-2B 187,162,89PCV-2C 187,162,89PCV-2D 187,162,89PCV-2E
276,162

Hinfl PCV-1 269,166 RsalGANTC PCV-2A 198,164,38,38 GTAC

PCV-2B 274,164PCV-2C 274,164PCV-2D 236,164,38PCV-2E
181,164,38,38,17

HinPl PCV-1 299,136 XbalGCGC PCV-2A uncut TCTAGA

PCV-2B uncutPCV-2C uncutPCV-2D uncutPCV-2E uncut

a the nucleotide sequence of each enzyme's recognition site is
given underneath its name


VirusPCV-1PCV-2APCV-2BPCV-2CPCV-2DPCV-2EPCV-1PCV-2APCV-2BPCV-2CPCV-2DPCV-2EPCV-1PCV-2APCV-2BPCV-2CPCV-2DPCV-2EPCV-1PCV-2APCV-2BPCV-2CPCV-2DPCV-2E

Fragment size (bp)333, 102uncutuncutuncutuncutuncut341, 94211,
206, 15, 6211, 194,15,12, 6211,194,15,12,6211,194,15,12,
6211,206,15,6178, 146,94, 11,
6242,189,7242,159,30,7242,189,7242,189,7242,178, 11,
7uncut333,105333,105uncutuncutuncut

method (33), except that all buffered solutions were used at pH
7.5.For each extraction, 1-mm-thick slices of frozen tissue
(approximately0.5 g in total) were immediately placed in
disposable, ice-chilled50-mL polypropylene screw-cap tubes
containing 7 mL of ice-coldGiTC buffer: 4 M GiTC (VWR Scientific,
Mississauga, Ontario),0.2 M sodium acetate, 0.4% sarkosyl
detergent, 0.1 M 2-mercap-toethanol and 0.05% antifoam A (Sigma,
Mississauga, Ontario).Tubes were kept on ice and homogenized for 10
s at setting number 4(out of 10) using a 20-mm-wide probe (Polytron
Tissue Homogenizer,Brinkmann Instruments, Mississauga, Ontario). An
aliquot of crudetissue homogenate (1 mL) was immediately
transferred into 1.5-mLmicrocentrifuge tubes for storage at - 70 C.
The tissue homogenatesin GiTC buffer were extracted with phenol and
chloroform and pre-cipitated in ethanol at -20 C using a published
method (34). DNAwas extracted from semen according to published
methods (35,36).PCR amplification

Primer sequences were determined using the PRIMER
computerprogram (Primer, Cambridge, Massachusetts, USA). The
primerswere designed from sequences that were conserved among the16
isolates of PCV-2 and 4 isolates of PCV-1 that have been reportedto
date. The primer sequences were as follows: 831F
(5'-GAATG-GTACTCCTCAACTGCTGTCCCAGC-3') and 1268R
(5'-CCACTC-CCGTTAATTCACACCCAAACC-3'), which correspond tonucleotide
positions 831-859 and 1268-1242, respectively, ofPCV-2A, GenBank
accession number AF027217 (4). This PCR

yielded a 438 bp amplification product. For the nested PCR
assay,a set of outer primers was used for the first PCR, which was
per-formed prior to the 831F/1268R PCR. These outer primers were
asfollows: Circ-OUT-1 (5'-GGTGGAACTGTACCTTJTTTTGGCCCGC-3') and
Circ-OUT-2 (5'-CTCCTCCCGCCATACAATCCCCC-3'),which correspond to
nucleotide positions 771-797 and 1304-1282,respectively, of PCV-2A,
GenBank accession number AF027217(4). This outer PCR yielded a 534
bp amplification product. Allprimer sequences were analyzed using
the Basic Local AlignmentSearch Tool (BLAST [37]). The
oligonucleotide primers were pur-chased from a commercial custom
synthesis facility (Bio/CanScientific, Mississauga, Ontario,
Canada).

Reaction mixes for PCR contained the following, made up
inultrapure water (Sigma, Mississauga, Ontario): 10 mM Tris-HCl(pH
9.0 at 25 C), 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl2,0.2 mM
each of the 4 dNTPs (Boehringer Mannheim, Montreal,Quebec), 0.3 M
of each primer and 10 U/mL Taq DNA polymerase(Promega, Madison,
Wisconsin, USA). Aliquots of reaction mixture(24 iiL) were
dispensed into prelabeled, 0.5-mL polypropylenemicrocentrifuge
tubes and overlaid with 1 drop (20-30 pL) of lightmineral oil
(obtained from local grocery or pharmacy stores andstored in the
dark away from sunlight). The reaction tubes wereplaced in a
heatblock (Heatblock II model, VWR Scientific,Mississauga, Ontario)
preheated to 80 C. One microlitre of each DNAsample was added to
its PCR reaction tube and mixed 5 timeswith the reaction mixture by
up-and-down pipetting action under
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PCV-2A 1
ACGGATCGACGACCTGCGACCGACAAGCACAAGAGAGACGCCACAAAAGTPCV-2B
1............................... G....................PCV-2C
1PCV-2D 1................................A...............
.C.....PCV-2E 1PCV-1 1 ...................G--.... .TG--.
.A....A.C....G.C....G...

PCV- 2A 101
GTTCCCGAATCTCAGCACCAAATCGACCCACCCATGTATTTGTGGGAGTAPCV-2B
101............T.........................................PCV-2C 101
.......C....T.........................................PCV-2D
101.................. ............T......T .................PCV-2E
101.................. ............T......G .................PCV-1
88 . C....C.T ........G.G... .AAA. .C ........T......T
.......G..TGC. .A....A... TTG

PCV-2A 201
GGAGAGAACCCTCGGTCCATTGGAAGAATTATAGGATGATGGGCGTCAACPCV-2B
201..............................................C..PCV-2C
201.......... C. . .
...........................A.A.........A...C....PCV-2D
201.......... C.
....................A.........A............C....PCV-2E 201
........................ A................C.T.......C....PCV-1 188
.A. .G. .TA.... T.T ... .T.....T.G.....CT.....G.....C.G..G ......
T.......C....

PCV-2A 301
AAACAAGATACGAATAGAATCGAAAGCATATATATTGGTCCACCAGCAGAPCV-2B 301PCV-2C
301. . ...................C...............AC.G.......A
.........C..PCV-2D 301............................... G.G..G
.........A..........PCV-2E 301.................................. .
. G.................PCV-1 288 .... G.
C....C.C..........C.C.......C.A.C...C.G.......G. .GAAC.
.G..GA.G.C..

PCV-2A 401
TACGCATCGGGACTTGAACGATTGGCGTCGGACCCGACTTTAAATCGGGTPCV-2B 401PCV-2C
401PCV-2D 401. .......C.........C.T
...................................PCV-2E 401PCV-1 388
c..............C.T... ...C. . TC.T.....T..A..C
....TT.......A....G..........

PCV-2A 501
GTACTTAATACGAATCGACTATGAACAGAAGCTGGGCACGGGGTAACATGPCV-2B 501
..............................C......................PCV-2C 501. .
.........................G. ...................C.......PCV-2D 501.
. .........................G. ...................C.......PCV-2E
501PCV-1 488..............G....C .........AGC
.......A....C..G..C..T.G..G.G. ...CG.....

PCV-2A 601
CGTATTCGCCGACAAATGACACAAAAGGTGAGTACTGGAAGGTGTTGTATPCV-2B 601PCV-2C
601PCV-2D 601PCV-2E 601PCV-1 588 .CCG......T. .G..TAGGA....C.....G.
.TAG....T.A.......A.T....A.....T....T.G....T..

Circ-OUT-1PCV- 2A 701
TAGCGCGCTGAGTTCGGCGGGTGTTCTGCGAAATAGTGATTCTTTGCCCGPCV-2B 701PCV-2C
701 ....T...............
..........T.....T.........C............PCV-2D
701....................... G............................PCV-2E
701PCV-1 688......T.A.
.T.C.............C.G.G.............G.TT.....T..........

831F wPCV-2A 801
ATTATCACACGCCGTGAGTCCTACGTTCACGAAGTTTTGAGTATCTGTTTPCV-2B 801PCV-2C
801PCV-2D 801 ....................... .
GG............................PCV-2E 801 .....................
C...............................PCV-1 788 ... .T ....... ...G...
.CCA................................. ...CA...

KpnZ-RsaI HinfXPCV-2A 901 GGAAGAATGCTACAGAACAATCCACGGAGGAA --
-GGGGGCCAGTTCGTCACCCTTTCCCCCCCATGCCCTGAATTTCCATATGAAATAAATTACTQAGTPCV-2B
901 ..PCV-2C 901 ..PCV-2D 901...........G..................
.T..........................PCV-2E 901PCV-1 888.. ..C....
.GG..........T.CUC.AA.... GA. .T.AAG.AG.GGA... .A. .C. .TG.CCTT.
.C.. ..A.........

Usel NseI NseI RsaIPCV- 2A 998 CrTTTTT---
~ATCACTTCGTAATGGTTTTTATTTTTCATTTAGGGTTTAAGTGGGGGGTCT7TTAAGAT'TAAATTCTCTGAATTGTACATACATGGTTACAPCV-2B
998.................. . A..................................PCV-2C
998 .................. A..................................PCV-2D
998................... A..................................PCV-2E
998 ................... . A..................................PCV-1
988.....GTT....A .......... .T....-----..----.--A.....T..GA
............A..A. .C.GC

HInPl XbaI HinfIPCV-2A 1095
CGGATATTGTAGTCCTGGTCGTATATACTGTTTCGAACGCAGTGCCGAGGCCTACGTGGTCCACATTTCTAGAGGTTTGTAGCCTCAGCCAAAGCT~GGPCV-2B
1095 .............T..................................... . .
.TPCV-2C 1095..............................A....T.....C..TA
.....T.....G.T...TPCV-2D
1095..............................A....T.....C..TA
.....T.....G.T...TPCV-2E 1095 .............T.
.........................CT....G.T.... T ...C....TPCV-1 1080
.TT.CCACA. .A..... G.TGTGGTGCA.... G.G.....TA..... ..T... C.G.G.
..G.GTG... A.T..AATGG....C....GT
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1268R Circ-OUT-2119 5
TCCTTTTGTTATTTGGTTGGAAGTAATCAATAGTGGA^OTAGAACAGGTerGTGTGTGAAGTAACGGGAGTGG;TAGGAGAAGGGTTGGGGATTGTATG1195
.TT . . TCT. T.1195 T. G.G. .T. .CCCA.G.T.C...TT. ..1195 T.. G..C..
G..T..C..A.G.. T.. A. TT..G.1195 ..............................
A.... .... C.T.1180 .T. A. G. CC. . TTG .. CT..G C.T. TA. C. .CCTT.
.G. .G..


Circ-OUT-2GCGGGAGGAGTAGTTACATATGGGTCATAGGTTAGGGCTGTGGCCTTTGTTACAAAGTTATCATCTAGAATAACAGCAGTGGAGCCCACTCCCCTATCA....................................................................................................

.G. .
G..........................................G.....................
GT..................... CT GG.A. C ...T.A .G.....................
G..G.. A. G. T....C A . ..A.. G..................
.T.............CC.A.TG.... AGGGG .G... GC.AG . A.. . .A. .A.
.T.T.G.


CCCTGGGTGATGGGGGAGCAGGGCCAGAATTCAACCTTAACCTTTCTTATTCTGTAGTATTCAAAGGGTATAGAGATTTTGTTGGTCCCCCCTCCCGGGG.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
..........................

........... T . . . . . . . . . . . . . . T ...

........... T ............ . . . . . . . . . . .

........... c . . . . . . . . .. TTrAGA ....... TCT.T ....GT.A
TAT...G.... A .A.G GG..A ...GG.GT.GGGG ......G..G...GGAG


GAACAAAGTCGTCAATATTAAATCTCATCATGTCCACCGCCCAGGAGGGCGTTCTGACTGTGGTAGCCTTGACAGTATATCCGAAGGTGCGGGAGAGGCG.
. . . . . .. .. .. . ... .. G . ... .. ...

................ T .......... G ........ . ..............
T........... T.. .. G

............... G ........... T.... . G T.G.GG..C.G.C.G..G..G...
T.G.GGTA..TA..ATT....A..T... --.GC..G.A.CC.C-
.T..T.TG..GAG.A.A..TTCTGTA..A.....

..............................
.......................-G................----.

.. ...........T....G ...A...................................

.. A. .CG.C T.T. .TT.T.AA. C. .GGT.T AATAT
..TCTT.TC........G.TT.


CGGGGGCGGTGTCTTCTTCTGCGGTAACGCCTCCTTGGATACGTCATAGC-TGAAAACGAAAGAAGTGCGCTGTA-
-AGTATT 1768.--..................................................
1768

......... GTC.......... 1768

................ ................ A -.--.
1768A.................. 1768

G.. ........CC .. CCTA.A ... GT. CGT 1759

Figure 2. Alignment of the nucleotide sequences of PCV-1
(represented by GenBank accession number U49186 [5]) and PCV-2A, B,
C, D, and E (reprsentedby GenBank accession numbers AF027217 [4],
AF112862, AF109398, AF117753 and AF198399 [this study],
respectively). Dots Indicate homologoussequences, dashes Indicate
Insertions. Arrows represent the directions and locations of PCR
primers and their names beside them. Cleavage sites for
thefollowing restriction enzymes are Indicated by bold italic text:
Hinfi (GANTC), HinPl (GCGC), Kpnl (GGTAC), Msel (TTAA), Rsal
(GTAC), and Xbal (TCTAGA).

the mineral oil overlay. Reaction tubes were then promptly
trans-ferred into a programmable thermocycler (MJ Research
Inc.,Watertown, Massachusetts, USA) preheated to 80 C. For the
nestedPCR assay, 1 pL of the outer PCR reaction was added to its
appro-priate tube of the 831F/1268R PCR reaction mix (this was
carried outin the preheated thermocycler). The thermocycler program
wasperformed as follows: 95 C for 4 min, followed by 35 cycles of95
C for 1 min, 50 C for 1 min, 70 C for 1 min. The final
extensionstep was for 10 min at 70 C. The program ended with 5 min
at200C.Detection and restriction fragment lengthpolymorphism (RFLP)
analysis of amplifled products

Gel electrophoresis and photography were performed as
describedpreviously (34). Products of PCR amplification were
subjected toRFLP analysis as follows: 5 pL of each positive PCR
reaction wasdigested in separate 30-p.L (final volume) reactions
for each restric-tion endonuclease Hinfl, HinPlI, KpnI, MseI and
RsaI, according tomanufacturers recommendations (New England
Biolabs,Mississauga, Ontario). After incubation for 4 h at 37 C,
the entire30 pL was mixed with 6 pL of loading dye solution and gel
elec-trophoresed as described (34).

Nucleotide sequence determination and analysisSeveral
overlapping PCR products were sequenced essentially as

previously described (4) but with some minor modifications.
Beforesequencing, 10 pg of each PCR product was purified with a
com-mercial silica-based kit, according to manufacturers
instructions(QlAquick PCR purification kit, Qiagen Inc.,
Mississauga, Ontario).Purified PCR amplification products were
sequenced at a com-mercial facility (DNA Sequencing Laboratory,
University of Guelph,Guelph, Ontario) by the Applied Biosystems
Prism dye-terminatordideoxy system. The RFLP maps of the PCV-1 and
PCV-2 nucleotidesequences were generated using the Bachrest
computer program (38).The Clustal computer program (39) was used to
align nucleotidesequences. The RFLP patterns observed with clinical
PCR posi-tives were given an RFLP designation according to
comparisonwith the predicted RFLP maps (Figure 2, Table I).
Subsequently, theClustal generated multiple sequence alignment was
used for creatinga phylogenetic tree using the fastDNAml computer
program (40,41).

Figure 1 contains some examples of the PCR assay for PCV thatwas
performed on routine clinical specimens and on PK-15 cell
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Fr-1Fr-2PCV-2CPCV-2DPCV-2E

r Tae-1Tae-2

Can-2Can-5Can-3Can-4

Can-1

us-1PCV-2A

US-2

PCV-1Figure 3. Phyolgenetic tree of published PCV sequences. The
nucleotidesequences from the following type-2 circoviruses were
compared with oneanother (GenBank accession numbers and literature
references are givenIn parenthesis): PCV-2A (AF027217 [4]), PCV-2B
(AF112862 [this study]),PCV-2C (AF109398 [this study]), PCV-2D
(AF117753 [this study]),PCV-2E (AF109399 [this study]), Can-1
(AF055392 [6]), Can-2 (AF085695),Can-3 (AF086835), Can-4
(AF086834), Can-5 (AF086836), Fr-1 (AF055393[6]), Fr-2 (AF055394
[6]), US-1 (AF055391 [6]), US-2 (AJ223185 [7]),Tae-1 (AF154679),
Tae-2 (AF166528), and with PCV-1 (U49186 [5]).culture derived
PCV-1. All PCR-positive tests yielded amplificationproduct of the
expected size of 438 bp. Artifact bands were neverobserved in any
of the PCR tests, nor had any false positive orfalse negative PCR
tests been observed (Figure 1 and data notshown).

Both PCV-1 and PCV-2 were both readily amplified by the PCRassay
(Figure 1). The PCR amplification products were subjected toRFLP
analysis and were found to be easily identified and charac-terized
as being either PCV-2 or PCV-1 (Figure 1, Table I).

Diseased pigs were randomly tested by the PCR assay and
55%(931/1693) were found to be positive for PCV. The diseased pigs
hada wide range of clinical signs and lesions. A variety of tissues
wasfound to contain PCV, which was readily detected by PCR
usingnucleic acids extracted directly from one or more of lung,
mesentericlymph node, and tonsil. Also, semen specimens from
healthy boars

were randomly tested by the nested PCR assay for PCV, and
6%(2/34) were found to be positive. The PCR products from all
PCV-positive clinical samples were characterized by RFLP analysis
andall were determined to be only PCV-2.The use of RFLP analysis on
the PCR amplification products

enabled 5 different RFLP profiles of PCV-2 (A to E) to be
identified(Figure 1, Table I). The complete nucleotide sequences of
PCV-2A, B, C, D, and E were aligned and compared with one another
andwith PCV-1 (Figure 2). Table I contains a list of the predicted
sizesof DNA band fragments generated by RFLP analysis of PCR
prod-ucts from PCV-1 compared with those from PCV-2A, B, C, D, and
E.The band sizes observed for the RFLP analysis of PCR
amplificationproducts shown in Figure 1 agreed precisely with those
predictedfrom the nucleotide sequences given in Figure 2. The PCR
ampli-fication products from 554 different diseased pigs were
charac-terized by RFLP analysis and categorized as follows: 82.8%
werePCV-2A (456/554), 3.0% were PCV-2B (17/554), 9.9% were
PCV-2C(55/554), 1.1% were PCV-2D (6/554) and 3.2% were
PCV-2E(18/554). The 2 boar semen samples that were found to be
PCR-positive were identified by RFLP to be PCV-2A.

Based on the multiple sequence alignments, the complete
genomicnucleotide sequences of PCV-2A, B, C, D, and E were found
tohave at least 95% overall homology compared with one another
andless than 76% overall homology with PCV-1 (Table II). The
valueslisted in Table II resulted from multiple sequence alignment
(datanot shown) of the complete nucleotide sequences of all 16
reportedPCV-2 strains currently represented in the GenBank
database(which includes the 5 reported in the present study)
comparedwith one another and with PCV-1. The same multiple sequence
align-ment was subjected to phylogenetic analysis, which resulted
inthe tree diagram displayed in Figure 3. Based on simple
visualobservation of this phylogenetic tree, one can notice the
following:all PCV-2 strains are more closely related to one another
andare clearly a distinct group of viruses compared to PCV-1; the12
PCV-2 strains from North America appear to be closely relatedto
PCV-2A, B, and E (Figure 3, Table II); the 2 PCV-2 strains
fromTaiwan (GenBank accession numbers AF154679 and AF166528)appear
to be closely related to the PCV-2 strains from NorthAmerica
(Figure 3, Table II); PCV-2B, C, and D appear to be moresimilar to
the 2 PCV-2 strains from France (GenBank accessionnumbers AF055393
and AF055394, Figure 3, Table II).

Porcine circovirus type 2 was readily detected by PCR in 55%
ofrandomly tested pigs, which had a wide range of clinical signsand
lesions. All of the PCR-positive tests for clinical samples
wereidentified by RFLP analysis to be only PCV-2. The PCR assay
wasdesigned and demonstrated to readily detect both PCV-1 andPCV-2.
Therefore, the incidence of PCV-1 in diseased pigs appearedto be
extremely low, a result which agreed with recent
reports(18,19).Although most earlier studies focus on associating
PCV-2 with

PMWS in pigs (4,6-8,12,13,1S-17,22,23,25,26), the results from
thepresent study agreed with more recent studies where PCV-2
iswidely found in populations of diseased pigs that display a
wide
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Table II. Identity between nucleotide sequences of PCV-1 and
PCV-2s known to date'PCV-1 PCV-2A PCV-2B PCV-2C PCV-2D PCV-2E Can-1
Can-2 Can-3 Can-4 Can-5 Fr-1 Fr-2 US-1 US-2 Tae-1 Tae-2

PCV-1 76.1 76.1 76.1 75.2 75.7 76.2 75.5 75.6 75.5 75.4 76.1
76.2 76.1 76.0 76.3 76.1PCV-2A 423 - 99.0 96.7 96.2 97.5 99.4 98.6
98.5 98.8 98.2 95.6 95.6 99.8 99.5 97.6 97.7PCV-2B 423 18 - 96.7
96.0 97.1 99.0 98.2 98.2 98.4 97.9 95.4 95.5 99.2 99.0 97.2
97.3PCV-2C 423 58 58 97.3 96.1 96.8 95.9 95.8 95.8 95.8 95.3 95.4
96.8 96.5 96.3 96.4PCV-2D 438 67 71 48 95.6 96.2 95.4 95.3 95.3
95.1 94.6 94.7 96.3 96.0 95.2 95.4PCV-2E 429 44 51 69 78 97.4 96.5
96.4 96.7 96.3 94.9 95.0 97.6 97.4 96.9 97.0Can-1 420 11 18 56 67
46 - 99.0 98.9 98.7 98.6 95.8 95.9 99.5 99.3 97.5 97.6Can-2 433 25
32 72 81 62 18 - 99.6 99.3 99.7 94.5 95.1 98.7 98.5 96.7 96.8Can-3
432 27 32 74 83 63 19 7 - 99.3 99.3 94.9 95.0 98.6 98.5 96.6
96.8Can-4 433 21 28 74 83 58 23 12 12 - 98.9 94.7 94.9 98.9 98.7
96.8 96.9Can-5 435 32 37 74 87 65 25 5 12 19 - 94.7 94.9 98.4 98.2
97.9 97.2Fr-1 422 78 81 83 95 90 74 97 90 94 94 - 99.8 95.8 95.5
95.5 95.6Fr-2 421 78 79 81 94 88 72 87 88 90 90 4 - 95.8 95.5 95.5
95.6US-1 422 4 14 56 65 42 9 23 25 19 28 74 74 - 99.6 97.7 97.9US-2
424 9 18 62 71 46 12 27 79 23 32 79 79 7 97.6 97.7Tae-1 419 42 49
65 84 54 44 58 60 56 37 79 79 40 42 - 99.5Tae-2 423 40 47 63 81 53
42 56 56 55 49 77 77 37 40 9a The ClustalV computer program (19),
was used to perform multiple alignments of the complete viral
genome nucleotide sequences. The abovelisted percent values for
sequence homology and number of polymorphic (different) sites were
obtained from these sequence alignments.The following nucleotide
sequences were compared (GenBank accession numbers and literature
references are given in parenthesis):PCV-1 (U49186 [5]), the
following PCV-2's: PCV-2A (AF027217 [4]), PCV-2B (AF112862 [this
study]), PCV-2C (AF109398 [this study]),PCV-2D (AF117753 [this
study]), PCV-2E (AF109399 [this study]), Can-1 (AF055392 [6]),
Can-2 (AF085695), Can-3 (AF086835), Can-4(AF086834), Can-5
(AF086836), Fr-1 (AF055393 [6]), Fr-2 (AF055394 [6]), US-1
(AF055391 [6]), US-2 (AJ223185 [7]), Tae-1 (AF154679),Tae-2
(AF166528)

b Percentages of nucleotide identity are presented above the
diagonalc Number of polymorphic sites are shown below the diagonal.
Polymorphic sites include insertions

variety of clinical signs and lesions (14,17,18,20,21,25). In
the pres-ent study, PCV-2 was detected by PCR in nucleic acids
extracteddirectly from one or more of lung, mesenteric lymph node,
and ton-sil. These observations agreed with recent reports of PCV-2
beingfound in a variety of organs from diseased pigs
(7,8,12,13,15-18,21-23,25). For these reasons, since 1997 our
laboratory has been rou-tinely using the PCR assay to test pools of
at least one tissue fromeach diseased pig (4,11,14).Our
observations appeared to agree with recent reports con-

cerning the wide range of clinical signs and lesions caused
byPCV-2, many of which are difficult to differentiate from
thoseassociated with PRRS (7,8,12,13,15,16,18,19,21-23). Further
researchwill be required in order to determine whether or not PCV-2
causesor exacerbates many of the pathologic features attributed to
PRRS(23,25).

Circoviruses are very hardy and can easily survive many
harshenvironmental conditions (5,9). Based on our preliminary
survey ofsemen from healthy boars, we recommend further studies on
theprevalence of circovirus in semen. Considering the high
preva-lence of PCV-2 in diseased pigs and the wide variety of
tissuesfound to contain PCV-2, we recommend that any studies on pig
dis-eases and studies involving any pig tissues or cell culture
productswould be wise to include testing for PCV-2 by PCR assay
andpreferentially by the more sensitive nested PCR.Over 80% of the
PCV-2 strains detected by PCR in diseased pigs

were identified by RFLP analysis to be PCV-2A, and nearly 10%
of

PCV-2 strains were found to be PCV-2C. The RFLP analysis
allowslaboratories to characterize and identify virus strains and
is oftenused for tracking and monitoring the spread of the virus
and for epi-demiological studies (42-44). Further research will be
required inorder to determine whether or not there may be any
differences inbiological behavior (virulence and pathogenicity)
between differentfield isolates of PCV-2.The complete genomic DNA
sequences for all known isolates of

PCV-2 were found to have over 95% homology with one another
andless than 76% homology with PCV-1. The nucleotide sequences
ofthe North American isolates of PCV-2 found in the
GenBanknucleotide sequence database were predicted to be PCV-2A
(unpub-lished observations) and, based on multiple sequence
alignment andphylogenetic analysis, they appeared to be closely
related toPCV-2A. This was of little surprise considering our
observations thatPCV-2A was the predominant PCV found in diseased
Canadian pigs.The nucleotide sequences of the French isolates of
PCV-2 werepredicted to be PCV-2C and, based on multiple sequence
alignmentand phylogenetic analysis, they appeared to be closely
related toPCV-2C and D. The nucleotide sequences of the Taiwanese
isolatesof PCV-2 were predicted to be PCV-2A and, based on
multiplesequence alignment and phylogenetic analysis, they appeared
to beclosely related to PCV-2A. These preliminary findings may be
ofsome use for future molecular epidemiological studies.
Hopefully,the nucleotide sequences of PCV-2A, B, C, D, and E
characterized inthe present study will prove useful for further
research on this virus.
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Considering the application of powerful new molecular bio-logic
diagnostic techniques such as PCR and RDA, infection ofpigs with
PCV-2 may be merely "the tip of the iceberg" regardingemerging
infectious disease agents. The application of these andother new
techniques are likely to lead to the identification of pre-viously
non-culturable infectious disease agents (27,4547). Untilthese
previously non-culturable infectious agents are identified,further
studies will be required in order to determine the role ofPCV-2 in
diseases of pigs.The complete genomic DNA sequences of PCV-2B, C,
D, and E

from pigs were deposited in the GenBank nucleotide
sequencedatabase. Their GenBank accession numbers were as
follows:AF112862 (PCV-2B), AF109398 (PCV-2C), AF117753 (PCV-2D),
andAF109399 (PCV-2E). The complete genomic DNA sequence ofPCV-2A
(GenBank accession number AF027217) was previouslyreported by this
laboratory (4).The PCR assay described in the present study was
found to be a

rapid and sensitive technique, which might prove useful to
vet-erinary diagnostic laboratories for routine testing and
surveillanceof PCV infection in pigs. The described RFLP system, or
similar sys-tems, are very likely to prove useful for performing
preliminary char-acterization and identification of PCV isolates
and might benefitstudies on the molecular epidemiology of PCV.

We thank the veterinary pathologists, post mortem tech-nologists
and clerical staff of the Veterinary Services BranchDiagnostic
Laboratory for their valuable contributions to the
routinediagnostic clinical case reports.
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