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Cloning and expression of a truncated pigeon circovirus capsid protein suitable for antibody detection in infected pigeons
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Introduction

The first cases of circovirus infection in pigeons (Columba livia) have been reported in the United States [START_REF] Woods | Circovirus-like infection in a pigeon[END_REF][START_REF] Shivaprasad | A new viral disease of pigeons? Particles resembling circovirus in the bursa of fabricius[END_REF]. Ever since, the agent has been identified in diseased pigeons from South Africa [START_REF] Gerdes | Two very small viruses -a presumptive identification[END_REF], Australia, Canada [START_REF] Woods | A retrospective study of circovirus infection in pigeons: nine cases (1986-1993)[END_REF], the United Kingdom (Smyth & Caroll, 1995), Germany [START_REF] Soike | Circovirus infections in pigeons][END_REF], Italy [START_REF] Coletti | Atrophy of the primary lymphoid organs of meat pigeons in Italy associated with circoviruslike particles in the bursa of Fabricius[END_REF], France [START_REF] Abadie | Pigeon circovirus infection: pathological observations and suggested pathogenesis[END_REF] and the Czech Republic [START_REF] Taras | The first demonstration of pigeon circovirus infection in the Czech Republic based on histology and nested PCR[END_REF]. Circoviruses are the smallest animal viruses known. They are characterised by a single-stranded circular DNA genome of approximately 2000 nucleotides (nt). The genus Circovirus includes the members porcine circovirus type 1 (PCV1) and type 2 (PCV2) [START_REF] Tischer | A very small porcine virus with circular single-stranded DNA[END_REF][START_REF] Mankertz | Mapping and characterization of the origin of DNA replication of porcine circovirus[END_REF], psittacine beak and feather disease virus (BFDV) [START_REF] Bassami | Psittacine beak and feather disease virus nucleotide sequence analysis and its relationship to porcine circovirus, plant circoviruses, and chicken anaemia virus[END_REF], pigeon or columbid circovirus (PiCV / CoCV) [START_REF] Mankertz | Cloning and sequencing of columbid circovirus (CoCV), a new circovirus from pigeons[END_REF], goose circovirus (GoCV) [START_REF] Soike | A circovirus-like infection in geese related to a runting syndrome[END_REF], canary circovirus (CaCV) [START_REF] Phenix | Nucleotide sequence analysis of a novel circovirus of canaries and its relationship to other members of the genus Circovirus of the family Circoviridae[END_REF] and the tentative members duck circovirus (DuCV) [START_REF] Hattermann | Cloning and sequencing of Duck circovirus (DuCV)[END_REF], finch circovirus (FiCV) [START_REF] Shivaprasad | Circovirus infection in a Gouldian finch (Chloebia gouldiae)[END_REF] and gull circovirus (GuCV) [START_REF] Twentyman | Circovirus-like infection in a southern black-backed gull (Larus dominicanus)[END_REF] [START_REF] Todd | Family Circoviridae[END_REF]. Circoviruses have also been detected in the following avian species, but have not yet been classified as members of the genus Circovirus: ostriches (Struthio camelus) [START_REF] Eisenberg | Detection of circovirus with a polymerase chain reaction in the ostrich (Struthio camelus) on a farm in The Netherlands[END_REF], Australien ravens (Corvus coronoides) (raven circovirus, RaCV) [START_REF] Stewart | Identification of a novel circovirus in Australian ravens (Corvus coronoides) with feather disease[END_REF] starlings (Sturnus vulgaris and Sturnus unicolor) (starling circovirus, StCV) [START_REF] Johne | Genome of a novel circovirus of starlings, amplified by multiply primed rolling-circle amplification[END_REF] and mute swans (Cygnus olor) (swan circovirus, SwCV) [START_REF] Halami | Detection of a novel circovirus in mute swans (Cygnus olor) by using nested broad-spectrum PCR[END_REF].

Phylogenetic analysis of avian and mammalian circoviruses and their hosts' cytochrom b indicate a host-specific evolution of circoviruses without virus transmission from distantly related hosts [START_REF] Johne | Genome of a novel circovirus of starlings, amplified by multiply primed rolling-circle amplification[END_REF]. PiCV is characterised by a circular, single-stranded ambisense-organised DNA genome of 2037 nucleotides (nt) with five open reading frames (ORFs) (Figure 1a). The putative capsid protein (Cap) is encoded by ORF C1 on the minus strand of PiCV and has a size of 274 amino acids (aa) or 31,9 kDa (pos. 1987 -1166) [START_REF] Mankertz | Cloning and sequencing of columbid circovirus (CoCV), a new circovirus from pigeons[END_REF]. Avian circoviruses show a distinct tropism to lymphoreticular tissue [START_REF] Johne | Genome of a novel circovirus of starlings, amplified by multiply primed rolling-circle amplification[END_REF], the main signs of infection being immunosuppression and feather disorders (reviewed by [START_REF] Todd | Avian circovirus diseases: lessons for the study of PMWS[END_REF]. In pigeons, PiCV-specific pathological changes are essentially restricted to primary and secondary lymphatic tissues [START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF], ranging from mild lymphocytic depletion to cystic bursal atrophy with severe lymphoid depletion [START_REF] Woods | A retrospective study of circovirus infection in pigeons: nine cases (1986-1993)[END_REF][START_REF] Paré | Observations on pigeon circovirus infection in Ontario[END_REF][START_REF] Coletti | Atrophy of the primary lymphoid organs of meat pigeons in Italy associated with circoviruslike particles in the bursa of Fabricius[END_REF][START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF][START_REF] Raue | A disease complex associated with pigeon circovirus infection, young pigeon disease syndrome[END_REF][START_REF] Scullion | Pathologic findings in racing pigeons (Columba livia domestica) with "young bird sickness[END_REF][START_REF] Schmidt | Experimental Infection of Domestic Pigeons with Pigeon Circovirus[END_REF].

Therefore it was suggested that PiCV induces a severe immunosuppression in young pigeons, predisposing infected animals to opportunistic secondary infections that would normally be controlled by humoral or cell-mediated immunity [START_REF] Woods | Pigeon circovirus infection[END_REF]. Subsequently PiCV infection was considered a crucial factor for the development of young pigeon disease syndrome (YPDS), a multifactorial disease characterised by a broad range of unspecific clinical signs including lethargy, anorexia, poor racing performance, weight loss, respiratory distress and diarrhoea [START_REF] Raue | A disease complex associated with pigeon circovirus infection, young pigeon disease syndrome[END_REF]. However, the role of PiCV for the pathogenesis of YPDS remains uncertain as experimental PiCV infection and simultaneous paramyxovirus serotype 1 (APMV1) vaccination of young pigeons has failed to reproduce YPDS or induce suppression of APMV-1 specific antibody response [START_REF] Schmidt | Experimental Infection of Domestic Pigeons with Pigeon Circovirus[END_REF]. Although

PiCV is described to be the most frequently detected infection in young diseased pigeons [START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF], more recent studies demonstrate PiCV infection in apparently healthy adult birds, thus suggesting that many PiCV infections may be subclinical [START_REF] Paré | Observations on pigeon circovirus infection in Ontario[END_REF][START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation tests in the diagnosis of pigeon circovirus infections[END_REF][START_REF] Franciosini | Development of a polymerase chain reaction-based in vivo method in the diagnosis of subclinical pigeon circovirus infection[END_REF][START_REF] Raue | A disease complex associated with pigeon circovirus infection, young pigeon disease syndrome[END_REF][START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, young and embryonic pigeons[END_REF] and persisting, thereby creating a source of infection for younger birds. Still, little is known about the prevalence of infection, especially in adult and newly hatched pigeons [START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, young and embryonic pigeons[END_REF]. To date, diagnosis of PiCV infection relies on detection of viral DNA by polymerase chain reaction (PCR) [START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF][START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation tests in the diagnosis of pigeon circovirus infections[END_REF][START_REF] Roy | Detection of pigeon circovirus by polymerase chain reaction[END_REF][START_REF] Franciosini | Development of a polymerase chain reaction-based in vivo method in the diagnosis of subclinical pigeon circovirus infection[END_REF][START_REF] Freick | Rapid detection of pigeon herpesvirus, fowl adenovirus and pigeon circovirus in young racing pigeons by multiplex PCR[END_REF][START_REF] Todd | Sequence comparison of pigeon circoviruses[END_REF], dot blot and in situ hybridisation [START_REF] Smyth | Detection of circovirus infection in pigeons by in situ hybridization using cloned DNA probes[END_REF][START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation tests in the diagnosis of pigeon circovirus infections[END_REF] to confirm clinical and histological findings. However, intra vitam diagnosis of PiCV is difficult, as testing of blood, tracheal, pharyngeal and cloacal swabs failed to detect all birds found to be infected at necropsy [START_REF] Franciosini | Development of a polymerase chain reaction-based in vivo method in the diagnosis of subclinical pigeon circovirus infection[END_REF][START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, young and embryonic pigeons[END_REF][START_REF] Todd | Detection of pigeon circovirus in cloacal swabs: implications for diagnosis, epidemiology and control[END_REF]. Therefore, antibody detection is an invaluable tool to evaluate the seroprevalence of PiCV in live wild and captive pigeons, but studies on seroprevalence and antibody response have been hampered by the absence of a culture based virus propagation system. Expression of recombinant capsid protein represents a suitable alternative of antigen production for detection of PiCV-specific serum antibody.

In this study, recombinant expression of a truncated and His-tagged capsid protein of PiCV (rCapPiCV) in Escherichia coli (E. coli) and its applicability to serological tests is investigated. For the generation of pTriEx-6HN-cap 1870-1166 PCR fragments were amplified with high-fidelity polymerase (Roche Diagnostics, Mannheim, Germany) from a PiCV-isolate (Ger 1, GenBank accession number: AF252610), using primers F825

Material and Methods

Construction

(5'-CCGAATTCTTACTTCCGCCTACGTCGCAAGGAC-3') and B585 (5'-GTGCTCGAGTTATTCAGAATCCACAGCTGAGT-3'). These primers contained engineered EcoRI and XhoI sites (underlined) to enable insertion of the amplified PCR product into the vector (Figure 1b). PiCV-specific primers were selected on basis of a published PiCV genome (GenBank accession number AF252610; [START_REF] Mankertz | Cloning and sequencing of columbid circovirus (CoCV), a new circovirus from pigeons[END_REF] to amplify ORF C1 without the 117 N-terminal nt (pos. 1870 to 1166), due to their high share of arginine codons [START_REF] Mankertz | Cloning and sequencing of columbid circovirus (CoCV), a new circovirus from pigeons[END_REF]. The PCR product cap 1870-1166 was cloned into an EcoRI-and XhoI restricted vector pTriEx-6HN. The resulting vector was sequenced to exclude PCR-acquired misincorporations and designated pTriEx-6HN-cap 1870-1166 .

Transformation of E. coli and plasmid preparation. For multiplication, pTriEx-6HN-cap 1870-1166 was transformed into One Shot Top10 Chemically Competent E. coli (Invitrogen, Karlsruhe, Germany) in accordance to the manufacturer's protocol. Three single colonies from agar plates were each inoculated in 4 ml medium. All bacteria cultures were incubated at 37 °C, liquid cultures on a shaking platform (250 rpm), over night. Luria-Bertani (LB) medium and agar plates (AppliChem, Darmstadt, Germany) supplemented with ampicillin (50 µg/ ml) were used. Plasmids were harvested using the NucleoSpin Plasmid kit (Macherey-Nagel, Düren, Germany) Expression of rCapPiCV in E. coli. Bacteria cultures were incubated at 37 °C on a shaking platform (250 rpm) in LB medium (AppliChem, Darmstadt, Germany). 20 µl competent E. coli (RosettaBlue(DE3)LysS) (Novagen, Darmstadt, Germany) were transformed with 10 ng of purified pTriEx-6HNcap 1870-1166 according to the manufacturer's protocol. 2.5 µl transformed cells were diluted in 100 ml LB-Amp-Cam-Glc medium containing 1% Glucose, 50 µg/ ml ampicillin and 34 µg/ml chloramphenicol. The overnight culture was diluted 1:20 in 2 l LB-Amp-Cam-Glc and grown to an optical density (600 nm) of 0.6. Protein expression was induced by 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) (Novagen, Darmstadt, Germany). For analysis of protein expression 500 µl aliquots before, and every 60 minutes (min) after IPTG-induction, were centrifuged (16 100 x g, 1 min, 4 °C) and the cell pellets stored at -20 °C. After 5 hours, cells were harvested by centrifugation (3000 x g, 10 min, 4 °C). Additionally, 300 ml of transformed RosettaBlue(DE3)LysS were grown to an OD of 0.6 without induction by IPTG, lysed by sonication on ice and stored at -20 °C.

Purification of rCapPiCV.

All purification steps were performed at room temperature. The cells were lysed by incubation in 5 ml buffer B+ (100 mM Na 2 PO 4 , 10 mM TrisCl, 8 M Urea, 15 mM Imidazole, pH 8.0) per g wet cell pellet for 60 min on a rotary shaker. The lysate was cleared by centrifugation at 1000 x g for 30 min, and the supernatant used for purification of His-tagged proteins by metal affinity chromatography. Germany) and the cleared lysate (v/v 5:1) were incubated on an rotatory shaker for 60 min. The lysate-resin mixture was loaded to a 20 ml column and washed with 1 ml buffer C (100 mM Na 2 PO 4 , 10 mM TrisCl, 8 M Urea, pH 6.3) per ml lysate. Proteins were eluted in two pH steps, using 1 ml / 2 ml lysate of buffers D and E (100 mM Na 2 PO 4 , 10 mM TrisCl, 8 M Urea, pH 5.9 and 4.5 respectively, buffer E containing 250 mM imidazole). 30 µl aliquots of lysis and purification steps were stored at -20 °C. Based on sodium dodecyl sulphate-polyacrylamid gel electrophoresis (SDS-PAGE) analysis fractions of high protein concentration were pooled (E L ) and the total protein amount quantified by 2-D Quant Kit protein assay (Amersham Pharmacia, Freiburg, Germany).

SDS-PAGE and Western Blot.

Proteins were separated by 12 % SDS-PAGE under denaturating conditions, following standard procedures [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF]. As protein standards the molecular weight marker Page Ruler (Fermentas, St.Leon-Rot, Germany) for SDS-PAGE and the prestained markers Prestained Protein-Marker (Peqlab GmbH, Erlangen, Germany) and Prestained Page Ruler (Fermentas, St.Leon-Rot, Germany) for immunoblotting were used. Proteins were stained with Coomassie Brilliant Blue. For Western Blot analysis proteins were transferred to nitrocellulose membranes (Amersham Biosciences, Freiburg, Germany) by semi-dry blotting. The membranes were blocked with blocking buffer (2 % w/v skim milk powder in phosphate-buffered saline (PBS, pH 7.4) supplemented with 0.1 Tween 20 (PBS-T))

for one hour, followed by 3 washings with PBS-T. For analysis of individual sera, the membrane was cut into strips. All incubations were performed on a rocking platform and followed by 3 washings with PBS-T.The His-tag was detected using a diluted 1:2,000 in blocking buffer incubated at 4 °C over night, followed by a horseradish peroxidase (HRP)-conjugated goat anti-mouse immune globulin (Ig)specific polyclonal antibody (goat anti-mouse-IgG-HRP, Sigma, Munich, Germany) diluted 1:1,000 in blocking buffer incubated for 30 min at room temperature. Pigeon sera were diluted 1:250 in blocking buffer and incubated at 4 °C followed by a rabbitderived pigeon IgG-specific antiserum (rabbit anti-pigeon-IgG) [START_REF] Grund | Prevalence of subclinical paramyxovirus infections in parrots in Germany: investigations of droppings and sera[END_REF] diluted 1:1,000 in blocking buffer and a HRP-conjugated goat anti-rabbit IgG specific antibody (anti-rabbit-IgG-HRP) (Sigma, Munich, Germany) diluted 1:10,000 in blocking buffer. All incubations were performed on a rocking platform and followed by 3 washings with PBS-T. Antigen conjugated to HRP-labelled antibodies was visualised by autoradiography on medical X-ray film (Agfa Curix HT 1.000 G+) using a HRP-substrate (ECL Plus, Amersham Biosciences, Freiburg, Germany) according to the manufacturer's protocol. Randomly selected immune sera were incubated with the lysed uninduced host cell culture for 60 min at room temperature and then processed as described above. The reactivity of those sera was compared with and without pre-incubation with lysed host cells.

ELISA.

To determine the optimal antigen concentration and serum dilution, different rCapPiCV concentrations (5, 10, 20 and 40 µg/ ml) were tested against two-fold serial dilutions of pigeon serum tested positive for PiCV antibodies in Western Blot. Subsequently, optimal antigen concentration and sera dilution (10 µg/ml and 1:50 respectively) were used.

The ELISA was performed in Polysorb Immuno Plates (Nunc, Wiesbaden, Germany). To permit binding of the antigen, plates were incubated over night at room temperature with 50 µl/ well purified rCapPiCV diluted in bicarbonate buffer (0.05 M 10 bicarbonate in ddH2O, pH 9.6). Plates were washed 3 times in washing buffer (PBS plus 0.025 % Tween 20) and blocked for 60 min with 100 µl/ well blocking buffer (2 % w/v skim milk powder in washing buffer) followed by 3 washing steps. Sera were diluted in blocking buffer and 50 µl/ well was transferred in duplicate to the antigencoated wells. After an 30 min incubation and 3 subsequent washing steps, 50 µl of rabbit-derived pigeon IgG-specific antiserum (rabbit anti-pigeon-IgG) [START_REF] Grund | Prevalence of subclinical paramyxovirus infections in parrots in Germany: investigations of droppings and sera[END_REF] diluted 1:50 in blocking buffer was added to each well and incubated for 30 min. Plates were then washed 3 times and incubated for 30 min with a HRP-labelled goat derived anti-rabbit IgG antibody (anti-rabbit-IgG-HRP) (Sigma, Munich, Germany) diluted 1:500 in blocking buffer. Colour development was accomplished by adding 100 µl/ well o-phenylenediamine hydrochloride (1 % w/v) dissolved in citrate buffer plus hydrogen peroxide (0,05 M Na-Citrate in ddH2O, pH 4 + 0,15 % v/v H 2 O 2 ). After 10 min incubation in darkness, the reaction was stopped by adding 50 µl/ well 2 M sulphuric acid in ddH 2 O. Optical densities were measured with an automated plate spectrophotometer (MR 5000 Dynatech Laboratories) using a test filter with an absorbtion wavelength of 490 nm with a reference wave length of 650 nm. Positive reactions were defined as reactions resulting in a mean optical density higher than the mean extinction plus the three-fold standard deviation of all preimmune sera. For titration the sera were diluted in blocking buffer starting at a dilution of 1:50 followed by 2-fold serial dilution steps. To allow for background noise two wells per plate were not incubated with sera, but only blocking buffer and then processed as described above.

To express reactivity of field sera, OD values of the test sera were normalized by subtracting the OD value of the negative control serum and subsequently the ratio (Biochrom, Berlin, Germany). For further analysis 100 µl were removed and the remainder was sterile filtrated (0.45 µm) and stored at -80 °C. 50 µl of each was cultivated on chicken embryo fibroblasts (CEF) and chicken embryo liver cells (CEL). After 3 subsequent weekly passages the homogenate was determined to be free of CEF-and CEL-culturable pathogens. The source of the birds used for this trial is a pigeon herpesvirus 1 (PHV1)-free flock of pigeons housed under SPF-conditions at the Klinik für Vögel [START_REF] Messana | Studies on reactivation and transmission of pigeon herpes virus (PHV) for raising PHV-free pigeons (Columba livia dom.)[END_REF] pigeons between 4 and 8 weeks of age were selected, randomly divided in two groups and housed separately in a quarantine ward. The quarantine ward included negative pressure, air lock and personnel changing rooms. After one week of acclimatisation, one group was injected 0.5 ml PiCV-containing MEM intramuscularly (Musculus pectoralis profundus) and the control group was mock-infected with MEM. Serum samples were collected (Vena ulnaris) prior to inoculation followed by weekly sample collection. Blood samples were centrifuged and the sera stored at -20 °C. In the infected group, 5, 2 and 8 pigeons were submitted for necropsy at 3, 4 and 5 weeks respectively. All control birds were post mortemed after 5 weeks. Neither infected nor control birds showed any signs of disease. Lymphatic tissues were collected aseptically and immediately stored at -80 °C. PiCV-PCR detected PiCV-DNA in all infected but in none of the control birds. 

Results

Cloning and bacterial expression of a truncated PiCV capsid protein.

The correct construction of the plasmid was confirmed by sequencing. A plasmid expressing aa 40-274 of the PiCV Cap protein was generated. In vitro expression and purification of rCapPiCV in E. coli and subsequent SDS-PAGE revealed a highly purified protein with an apparent molecular weight of 32 kDa eluted at pH 4.5 (Figure 2A). A protein concentration of 0.506 mg/ml was determined for the pooled elution fraction E L .

Antigenicity of rCapPiCV. Since antisera against PiCV

are not yet available, an anti-His antibody, pre-immune and immune sera of experimentally infected pigeons were used to assess antigenicity of rCapPiCV. In Western Blot analysis a specific protein band of the expected size was detected by the anti-His antibody and the immune serum (Figure 2 B andC), but not by the pre-immune serum (data not shown).

Testing of bird sera using purified rCapPiCV by Western Blotting. The purified rCapPiCV (E L ) was used to detect PiCV-specific serum-antibodies by Western Blot analysis in sera of experimentally PiCV-infected pigeons. In Western Blot analysis a specific band of approximately 32 kDa was detected in sera from 12 of the 15 infected pigeons 1 week post infection (p.i.) and by sera from 14 pigeons 2 weeks p.i. By the third week p.i. all pigeons had detectable amounts of PiCV-antibodies. The anti-His were detected in pre-immune or control group sera. Pre-incubation of immune sera with lysed uninduced host cell culture did not reduce their reactivity and thereby confirms the absence of interfering E. coli proteins. Cross-reactivity with BFDVantibodies, using sera of two psittacine birds positive for BFDV-antibodies by haemagglutination inhibition test (HI), was not observed (Figure 3).

Reaction of bird sera in ELISA.We next analysed the applicability of rCapPiCV in an indirect ELISA system. Pre-immune and immune sera of 15 experimentally infected pigeons were titrated within this test system. The reactivity of the preimmune sera did not exceed the background noise of rCapPiCV-coated, but not serum-incubated wells. However, one week p.i. 12 pigeons had seroconverted and showed titres ranging from 1:50 to 1:400. Analysis of all time points revealed a rise in titres to the 3rd week p.i., (ranging from 1:200 to 1:3200) and then a slight decline on the fourth and fifth week (titres ranging from 1:100 to 1:3200 and 1:100 to 1:1600 respectively). Mean individual minimal and maximal titres at each time point are shown in Figure 4.

Field sera. In addition to sera from experimentally infected pigeons, pigeon field sera were tested in the PiCV ELISA. From 118 sera 89 tested positive for PiCV antibodies, ranging in reactivity between moderate to distinct (Fig. 5). Of the sera from pigeons collected during the years 1989 and 1991 14 of 23 sera (61 %) and 33 of 38 (87 %) respectively tested positive for PiCV antibodies. Of the sera from feral pigeons collected in 1994 12 of 20 sera (60%) tested positive. In the serum samples from tow 

Discussion

Pigeon circovirus is the most frequently detected infection in diseased young pigeons [START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF] and has been identified throughout the world in meat and racing pigeons of all ages (reviewed by [START_REF] Todd | Avian circovirus diseases: lessons for the study of PMWS[END_REF]. The control of PiCV-induced disease is challenging since (i) pigeons are regularly traded, transported and raced, (ii) wild pigeons host a virus reservoir, and (iii) reliable ante mortem diagnosis is not available.

Antibody detection is a necessary tool for disease control, especially as subclinically infected birds shed virus [START_REF] Franciosini | Development of a polymerase chain reaction-based in vivo method in the diagnosis of subclinical pigeon circovirus infection[END_REF][START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, young and embryonic pigeons[END_REF][START_REF] Todd | Detection of pigeon circovirus in cloacal swabs: implications for diagnosis, epidemiology and control[END_REF]. Detection of antibodies against PiCV indicates that, even if no viral antigen can be detected in swabs, the bird nonetheless had contact with the infectious agent.

Therefore a suitable serological test, such as the rCapPiCV based indirect ELISA can help to determine a more accurate PiCV infection rate of pigeon populations compared to use of PCR alone. This offers the possibility of systematic surveillance of flocks and wild pigeons. However, the development of diagnostic methods and vaccines is restrained by PiCV not being cultivable in conventional virus propagation systems. Therefore, a recombinant antigen presents a suitable alternative. As Cap is considered the capsid protein of PiCV, it is likely to induce measurable antibody response in circovirus infected pigeons, as has been shown for the Cap of BFDV in psittacine birds [START_REF] Johne | Recombinant expression of a truncated capsid protein of beak and feather disease virus and its application in serological tests[END_REF], GoCV in geese [START_REF] Scott | Serological diagnosis of goose circovirus infections[END_REF] and PCV2 in swine [START_REF] Nawagitgul | Modified indirect porcine circovirus (PCV) type 2-based and recombinant capsid protein (ORF2)-based enzymelinked immunosorbent assays for detection of antibodies to PCV[END_REF]. As production of recombinant proteins is a fast and efficient method to produce large amounts of antigen which does not require handling of infected tissues, this approach would present the best method to detect PiCVspecific antibodies, assessing the individual PiCV status as well as for epidemiological surveys. In this study we investigated the potential of a truncated recombinant Cap of PiCV to detect PiCV-specific serum antibodies. Due to the high proportion of the arginine codons AGG and AGA, which are rarely used in E. coli, the first 39 aa were not included into the recombinant Cap. But, if the amino-terminus is involved in packaging of viral DNA into the capsid, and thus located within the capsid, as it has been proposed for corresponding regions within the capsid proteins of chicken anaemia virus (CAV), the porcine circoviruses [START_REF] Todd | Family Circoviridae[END_REF] and BFDV [START_REF] Heath | The capsid protein of beak and feather disease virus binds to the viral DNA and is responsible for transporting the replication-associated protein into the nucleus[END_REF], the deletion of the region should not reduce the antigenic potential of rCapPiCV. The truncated Cap was expressed in sufficient amounts in E. coli and purified to a high degree using nickel affinity chromatography. A protein band was detected not only by anti-His antiserum but also by sera of experimentally PiCV-infected pigeons. Its apparent size of 32 kDa corresponded to the mass calculated for rCapPiCV. The value of rCapPiCV as antigen for detection of PiCVspecific antibodies was confirmed by ELISA and Western Blot analysis, demonstrating seroconversion in all 15 experimentally infected pigeons. Additional bands of lower molecular weight were detected by the anti-His antibody, but only by few of the pigeon sera and considered to be fragments of rCapPiCV containing the His-tag and of minor antigenic relevance. Correlation between ELISA and Western Blot results was 100%. The fact that 12 pigeons reacted with measurable antibody production to PiCV infection as early as 1 week p.i. might have been due to a crossreactivity of IgY and IgM light chain. Another possible explanation could be that the flock had been exposed to PiCV prior to the animal trial and the experimental PiCV infection acted as a booster to antibody production. However no antibodies could be detected in the pre-immune sera and no PiCV-DNA could be detected in lymphatic tissue of any of the control birds. As the PCR used is based on the ORF C1, where a certain nucleotide diversity between different PiCV isolates exists [START_REF] Todd | Sequence comparison of pigeon circoviruses[END_REF], it has to be taken into account that more distantly PiCV strains might have escaped detection. Nevertheless, the data from the infection experiment clearly demonstrate, that rCapPiCV is a suitable antigen for detection of PiCV-specific antibodies and represents epitopes of the native Cap of PiCV. Since sequence comparisons of 12 different PiCV isolates revealed aa variability within the Cap, antigenic differences may interfere with the overall ability to recognise an infection with a certain PiCV strain [START_REF] Todd | Sequence comparison of pigeon circoviruses[END_REF]. Testing of field sera in the PiCV-ELISA indicated a broad diagnostic sensitivity, detecting seropositive pigeons in all examined groups. However, putative antigenic differences of PiCV strains have to be addressed in further studies.

Regarding the serological data from field sera it was remarkable that PiCVantibodies were present in sera from the years 1989, 1991 and 1994, suggesting that the virus has circulated in German pigeon populations before it was first detected in Germany in 1997 [START_REF] Soike | Circovirus infections in pigeons][END_REF]. In addition the detection of PiCV-specific antibodies in sera from a breeding flock infected with PiCV, indicates that PiCV-serology could be useful to assess the PiCV status of pigeon flocks. But it has to be taken into account that the ELISA described here has to be validated further. Before it can be applied in routine diagnosis a larger number of defined sera from different sources has to be tested. Cross-reactivity between anti-BFDV antibody and rCapPiCV was not observed, corresponding with results of [START_REF] Woods | Circovirus-like infection in a pigeon[END_REF]. Moreover, the ability of rCapPiCV to induce a protective immune response against PiCV infection in young pigeons awaits further investigation. In swine, a vaccine containing recombinant [START_REF] Blanchard | Protection of swine against post-weaning multisystemic wasting syndrome (PMWS) by porcine circovirus type 2 (PCV2) proteins[END_REF].

The rCapPiCV presented in this study provides the opportunity to test for PiCV-specific antibody.This tool can be used in further studies to investigate whether there is a correlation between antibody titre, virus shedding and manifestation of disease. These data is necessary for a correct interpretation of serological results and the development of diagnostic strategies. For example, in BFDV-infection it is proposed that high antibody titres are an indicator for recent infection and no virus shedding, while chronically diseased birds do not have detectable titres but shed virus (Khalesie et al., 2005). Subsequently the combination of virus and antibody detection can provide useful information on the PiCV status of individuals and flocks. In addition studying antibody response in PiCV infected animals will provide an insight into PiCV pathology. (1166 -1188) 
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  of plasmid. All plasmids were constructed by cloning of PCR fragments. For the generation of pTriEx-6HN, oligonucleotides F524 (5'-TCATCATCATCACCATCACAGCAGCGGCGAGCT-3') and B525 (5'-) were hybridised and cloned into the EcoRV-and SacI restricted vector pTriEx1.1 (Novagen, Darmstadt, Germany) enabling the expression of N-terminally 6xHis-tagged proteins.

  photometrically (Eppendorf, Biophotometer, Köln, Germany).

  acid agarose beads (Ni-NTA-Agarose ) (Qiagen, Hilden,

  His mouse antibody (Penta-His Antibody, Qiagen, Hilden, Germany)

  individual serum compared to the positive control serum was calculated (S/P-ratio):PCR. DNA was prepared using DNAeasy tissue kit (Qiagen, Hilden, Germany) in accordance to the manufacturer's instructions. Isolated DNA was tested for the presence of PiCV DNA amplifying a 336 nt product within ORF C1 by nested PCR applying the protocol described by[START_REF] Soike | A diagnostic study on columbid circovirus infection[END_REF]. Amplificates were separated by gel electrophoresis (2 % agarose) and stained with ethidium bromide.Experimental infection ofPigeons with PiCV. Experiments were done according to the German animal welfare regulations and authorized by the Regierung von Oberbayern (AZ.: 209.1/211-2531-63/04). Lymphoid tissue (bursa of Fabricius, spleen, bone marrow) of two pigeons tested positive for PiCV by PCR was homogenised and diluted 1:10 in Minimum Essential Medium (Eagle) (MEM)

  (LMU Munich, Germany), which was regularly tested for PiCV, PHV1, APMV1, Salmonella spp. and Chlamydophila spp.. The flock had never tested positive for any of those pathogens. The pigeons were housed under positive pressure and fed sterilised feed. Personnel leave and enter the (OD test serum -OD negative control serum pool) (OD positive control serum -OD negative control serum pool) air lock and clothing change changing room. Of that flock, 30

Field

  sera. 118 pigeon serum samples were tested for PiCV-specific antibodies by ELISA. Pre-immune and immune sera of the experimentally PiCV-infected pigeons served as negative and positive controls. 81 sera were diagnostic samples of former patients of the Klinik für Vögel (LMU, Munich, Germany). Of those, 23 sera were collected in 1989, 38 sera in 1991 and 20 in 1994. The samples from 1989 and 1991 include sera from wild, racing and fancy pigeons, the samples from 1994 originate from wild pigeons only. The samples were stored at -20 °C. Additionally, serum samples of a breeding flock, whose offspring was tested PiCV-positive by PCR (Todd et al., 2006) 6 months before, were collected and tested for PiCV-specific serum antibody by ELISA. The flock consists of 37 meat pigeons housed in two stables with 17 and 20 pigeons each. No pigeons had been added to the flock for several years.

  been removed after the PiCV infection was diagnosed. Neither adult pigeons nor offspring had shown signs of disease.

  additional bands of lower molecular weight. This effect was rarely seen in pigeon sera and only at least 3 weeks p.i.. No PiCV-specific antibodies

  collected in 2008, PiCV-antibodies could be detected in 12 of 17 samples (71 %) and in 18 of 20 samples (90 %).

  protects against PCV2-challenge, completely inhibiting virus replication
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