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Quantification of pigeon circovirus in serum, blood, semen and different tissues of naturally infected pigeons using a real-time polymerase chain reaction

Jean-Pierre Duchatel

Introduction

Pigeon circovirus (PiCV) infections occur in both young racing and meat pigeons and have been reported worldwide [START_REF] Woods | Circovirus-like infection in a pigeon[END_REF][START_REF] Woods | A retrospective study of circovirus infection in pigeons: nine cases (1986-1993)[END_REF][START_REF] Shivaprasad | Particles resembling circovirus in the bursa of Fabricius[END_REF]Smyth & Caroll, 1995;[START_REF] Gough | Circovirus-like particles in the bursae of young racing pigeons[END_REF][START_REF] Soike | Circovirus infection bei Tauben[END_REF][START_REF] Duchatel | Première mise en évidence en Belgique de particules ressemblant à des circovirus chez le pigeon voyageur[END_REF][START_REF] Coletti | Atrophy of the primary lymphoid organs of meat pigeons in Italy associated with circovirus-like particles in the bursa of Fabricius[END_REF][START_REF] Tavernier | Prevalence and pathogenic significance of circovirus-like infections in racing pigeons (Columba livia)[END_REF][START_REF] Abadie | Pigeon circovirus infection: pathological observations and suggested pathogenesis[END_REF]. The genome of PiCV has been cloned and sequenced (Mankertz et al., 2000;[START_REF] Todd | Genome sequence determinations and analyses of novel circoviruses from goose and pigeon[END_REF] and, based on genomic similarities, PiCV is classified together with psittacine beak and feather disease virus [START_REF] Woods | A retrospective study of circovirus infection in pigeons: nine cases (1986-1993)[END_REF], porcine circoviruses types 1 and 2, goose circovirus, canary circovirus and duck circovirus as a member of genus Circovirus, family Circoviridae [START_REF] Todd | Genome sequence determinations and analyses of novel circoviruses from goose and pigeon[END_REF][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][START_REF] Hattermann | Cloning and sequencing of Duck circovirus (DuCV)[END_REF]. In addition, the recent characterizations of raven (RaCV) [START_REF] Stewart | Identification of a novel circovirus in Australian ravens (Corvus coronoides) with feather disease[END_REF], starling (StCV) [START_REF] Johne | Genome of a novel circovirus of starlings, amplified by multiply primed rolling-circle amplification[END_REF], finch (FiCV) and gull (GuCV) [START_REF] Todd | Molecular characterization of novel circoviruses from finch and gull[END_REF] support the view that circoviruses have narrow host ranges. Recently, the genomes of 12 different PiCVs, ranging from 2032 to 2040 nucleotides in length, were compared and conserved nucleotide sequences within the replication associated protein (Rep) gene and 3′ intergenic region were identified and considered suitable for the design of diagnostic PCR primers [START_REF] Todd | Sequence comparison of pigeon circoviruses[END_REF].

PiCV infections have been commonly detected in pigeons between 1 day and 6 months of age [START_REF] Duchatel | Pigeon circovirus: new data on the transmission of the infection[END_REF]. These were associated with a broad range of clinical signs, including lethargy, weight loss, respiratory distress, diarrhoea, poor racing performance and mortality [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]. In racing pigeons this combination of clinical signs is commonly described by pigeon fanciers as "young pigeon sickness" (YPS), with the type and severity of the clinical signs depending on the secondary pathogens present. In most cases, the predisposition to secondary infections is suggestive of immunosuppression [START_REF] Todd | Circoviruses: immunosuppressive threats to avian species: a review[END_REF]. (Smyth et al., 2001;[START_REF] Soike | A diagnostic study on Columbid circovirus infection[END_REF][START_REF] Hattermann | A method to diagnose Pigeon circovirus infection in vivo[END_REF][START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF][START_REF] Roy | Detection of pigeon circovirus by polymerase chain reaction[END_REF], which can detect very small amounts of viral DNA. Virus DNA can been found both in healthy and sick birds [START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF] and independently of the microscopic observation of the characteristic botryoid inclusions. These pathognomonic botryoid inclusions are found in lymphoreticular tissues. In 32 bursa of Fabricius (BF) samples from normal and sick pigeons examined, these inclusions were observed in 41% of samples, whereas 84% were found positive by PCR [START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF].

Studies on the porcine circovirus type 2 (PCV2) revealed the importance of the viral load in relation with the infection and disease, and real-time PCR methods have been developed for this circovirus [START_REF] Liu | Quantitative, competitive PCR analysis of porcine circovirus DNA in serum from pigs with postweaning multisystemic wasting syndrome[END_REF][START_REF] Meehan | In vivo quantification analyses of PCV2 DNAs: correlation of virus load measurements with disease reproduction[END_REF][START_REF] Ladekjaer-Mikkelsen | Reproduction of postweaning multisystemic wasting syndrome (PMWS) in immunostimulated and non-immunostimulated 3-week-old piglets experimentally infected with porcine circovirus type 2 (PCV2)[END_REF][START_REF] Rovira | Experimental inoculation of conventional pigs with porcine reproductive and respiratory syndrome virus and porcine circovirus 2[END_REF][START_REF] Blanchard | Quantification du génome du circovirus porcin de type 2 (PCV2) par PCR en temps réel et corrélation avec la maladie d'amaigrissement du porcelet (MAP)[END_REF][START_REF] Brunborg | Quantitation of porcine circovirus type 2 isolated from serum/plasma and tissue samples of healthy pigs and pigs with postweaning multisystemic wasting syndrome using TaqMan-based real-time PCR[END_REF][START_REF] Olvera | Comparison of porcine circovirus type 2 load in serum quantified by real time PCR in postweaning multisystemic wasting syndrome and porcine dermatitis and nephropathy syndrome naturally affected pigs[END_REF]. It has been suggested that in PCR-positive pigeons, the monitoring of the circovirus load may indicate an active infection and represent a good predictive indicator for young pigeon sickness. The primary aim of the present work was to develop a real-time PCR test for quantitative detection of PiCV DNA. We also describe the preliminary application of the test to samples of BF, spleen, liver, blood serum, semen and cloacal swab that were collected from symptomatic or asymptomatic pigeons. Sample collection and extraction. All samples were obtained from racing pigeons derived from lofts with a history of PiCV infections except for serum of samples N° 18 to 22 (Table 1) which were obtained in 1991 from 9 week-old pigeons. Viral DNA was extracted from tissues, serum, blood and cloacal swab samples using the QIAmp DNA mini kit (Qiagen) according to the manufacturer's instructions. For serum and blood samples, 50 and 5 µL were used as starting material respectively, whereas approximately 50 mg tissue (10 mg for spleen) were used following homogenization. Semen samples were collected by dorsal and abdominal massage [START_REF] Owen | Artificial insemination of pigeons and doves[END_REF]. About 15 µL of semen were extracted. Samples of semen were obtained both from PCR-positive (Table 1, N° 23 to 29) and PCR-negative adult pigeons (Table 1, N° 30 to 37) [START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, embryonic and young pigeons[END_REF]. Cloacal swabs were collected from 3-week-old (Table 1, N° 38 to 42) and 5-week-old pigeons (Table 1, N° 43 to 46). Five µL of blood were collected from 9 week-old pigeons (Table 1, N° 47 to 50) by venipuncture of the medial metatarsal vein. Extracted DNA samples were eluted in 100 µL buffer and stored at -20° C until used.

Materials and methods

F

Conventional PCR. Conventional PCR assays were performed using a protocol described previously [START_REF] Todd | Detection of pigeon circovirus in cloacal swab samples: implications for diagnosis, epidemiology and control[END_REF], which was capable of detecting 4 attogram of target DNA. Briefly, the primer set (forward, 5′-GCA TAA GGT GCC CGT GAA AGG-3′ ; reverse, 5′-ATT CGC GGT CGC TCC GCT-3′) was used at 0.5 µM in 50 µL reactions mixtures, each comprising 25µL Taq Master Mix (Qiagen Taq PCR Master Mix Kit), 10 µL Q solution, 5 µL forward primer, 5 µL reverse primer and 5 µL template. An initial denaturation step (2 min at Samples with copy numbers greater than 10 8 were diluted in water so that the Ct values of the diluted samples fell within the range encompassed by the plasmid standards. The thermal profile consisted of a first step of denaturation of 95° C for 15 min and 45 cycles of 3 steps: 95° C, 64.3° C and 72° C each for 30 sec. The melting curve was performed from 45° C to 95° C in 0.5° C/10 sec increments. Each reaction was performed in triplicate. Absolute quantification of copies was carried out by comparing Ct values obtained with the standard curve using the Thermal cycler software (Bio-Rad). Each analysis included a positive control (10 3 copies) and a blank control consisting of template of distilled water. PCR efficiency (E) was calculated from standard curves using the following formula: % E = [10 -1/slope -1] x 100 that gives the percentage of template molecules that was doubled during each cycle. Only runs within the range 95-105 % and with a coefficient of determination (R 2 ) > 0.98 were analysed.

Assay precision and sensitivity of SYBR Green real time PCR. Intra-assay variability was assessed with four dilutions (1 x 10 7 , 1 x 10 5 , 1 x 10 3 , 1 x 10 2 copies /2.5 µL) of standard plasmid DNA prepared separately. Triplicates were assayed in the same plate. Three assays were carried out on different days in order to assess inter-assay variability, using six DNA dilutions (1 x 10 7 , 1 x 10 6 , 1 x 10 5 , 1 x 10 4 , 1 x 10 3 , 1 x 10 2 copies /2.5 µL). The mean standard deviation and coefficient of variation (CV) were calculated independently from the replicated values for each DNA dilution. The detection limit was estimated on the 2-fold dilutions in water of the recombinant standard plasmid tested in presence and absence of 

Results

Specificity, sensitivity and assay accuracy of the Real-time PCR performance. For each run the melting temperature value of amplified products was systematically monitored.

Standard and positive samples gave a single specific peak at 86°C +/-0.5 °C. All samples producing a non-specific peak at a different melting temperature were considered to be negative. The negative template control had a Ct value of over 39 cycles and no specific peak was obtained. For all samples, the specificity was also confirmed by detection of the 139-bp amplicons by gel (2 %) electrophoresis of the PCR products.

When diluted in water, the SYBR Green real-time PCR showed a detection limit of 5 copies of standard plasmid DNA. When the standard plasmid DNA was diluted in the presence of DNAs derived from negative bursa, liver and spleen tissues respectively the sensitivity of the assay decreased to 20, 20 and 60 plasmid copies per mg of cloacal bursa, liver and spleen respectively. For blood, sera and semen the detection limits were respectively 160, 10 and 25 copies per µL. For cloacal swab, the detection limit was 200 copies. Melting curve analysis of the standard dilutions showed a specific melting peak at 86 ° C +/-0.5 °C.

The mean intra-assay variation performed in triplicate with four serial dilutions of the plasmid DNA (1 x 10 2 , 1 x 10 3 , 1 x 10 5 , and 1 x 10 7 ) was 1.25 ± 0.23 % and the mean inter-assay variation among three runs with standard dilutions was 2.44 ± 1.51 %. Average between-runs accuracy (R 2 ) was 0.99. 1. All tissues samples from either clinically affected or unaffected healthy pigeons (N° 1 to 13, Table 1) tested positive by conventional PCR and by real-time PCR with high viral loads in the range 1.20 x 10 5 to 2.07 x 10 9 copies per mg tissue being detected. In liver samples viral loads were significantly higher in affected birds (1.05 x 10 8 +/-9.64 x 10 7 copies genomes/mg tissue) when compared to apparently healthy ones (3.55 x 10 6 +/-4.35 x 10 6 copies genome/mg tissue) when results were submitted to a permutation test (1000 runs; p=7). For sick pigeons the mean viral loads for BF (5.79 x 10 8 +/-1 x 10 9 copies genome/mg tissue) and for spleens (2.61 x 10 8 +/-2.72 x 10 8 copies genome/mg tissue) were similar to these measured for apparently healthy pigeons (BF: 7.72 x 10 7 +/-8.6 x 10 7 and spleen: 5.23 x 10 7 +/-7.04 x 10 7 copies genome/mg tissue).

Of the serum samples from four 6 to 7 month-old healthy pigeons (N°14 to 17, Table 1), only 2 samples were detected positive and the viral load was low (1.49 x 10 2 to 3.2 x 10 3 copies/µL sera). One (N° 20) of the serum samples from five healthy 9 week-old young pigeons (N° 18 to 22, Table 1), which were collected in 1991 and stored at -20°C, was found positive with a high viral load (2.4 x 10 7 copies viral genome/µL). Seven semen samples (N° 23 to 29, Table 1) of 15 tested were found positive with up to 1 x 10 7 copies of genome by ejaculate. High quantities of PiCV DNA (up to 3.6 x 10 10 copies viral genome/µL) were recorded in extracts of cloacal swabs collected from 3 to 5 week-old pigeons (N° 38 to 46, Table 1). In 9 week-old pigeons, the quantity of PiCV DNA measured by µL of blood varied from 7.4 x 10 5 to 1.6 x 10 9 (N° 47 to 50, Table 1). PiCV DNA. We also report the results of a preliminary study in which the real time test is used to quantify the amounts of PiCV in different types of samples collected from clinically affected and asymptomatic naturally infected pigeons. Until now the diagnoses of circovirus infections in pigeons were mainly performed by histology, and sometimes by electron microscopy or PCR. Earlier work showed that circovirus DNA can often be detected by PCR in pigeons, when the typical botryoid inclusions in the BF were not histologically detected.

Discussion

For example, in a comparison of 32 samples, 84% and 41% of pigeons were found to be positive by PCR and histology respectively [START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF]. Although conventional positive PCR results may have no pathological significance, it has been suggested that the quantification of viral load in infected pigeons may provide data which would be useful for the diagnosis of disease (as opposed to infection) and for the study of some epidemiological features of this infection.

The two primers (YP09 and YP10) used in the real time PCR test were based on conserved regions that were identified within the replication-associated (Rep) gene and 3' intergenic region following comparison of the genomes of 12 PiCVs that varied with respect to geographical origin and pigeon types [START_REF] Todd | Sequence comparison of pigeon circoviruses[END_REF]. In this way the developed test is likely to have widespread application. Sensitivity evaluations undertaken by testing serial 2fold dilutions of the cloned PiCV fragment genome in the presence of cellular DNA extracted from tissues and fluid samples from PCR-negative pigeons showed that the limits of detection of the target DNA were very low (20 copies/ mg liver or BF tissue to 160 copies/ µL blood fluid) and this was considered acceptable because the viral load in tissues and fluids from infected pigeons is usually much higher.

The present study encompasses preliminary work to evaluate the viral load in different type of samples. It indicated that PiCV load in sick young pigeons is particularly high in tissues such as liver (ranging from 2.65 x 10 5 to 2.88 x 10 8 copies genome/mg), spleen (6.88 x 10 5 to 5.57 x 10 8 copies genome/mg) and BF (1.25 x 10 6 to 2.07 x 10 9 copies genome/mg).

High virus loads have also been detected by semi-quantitative dot blot hybridization in BF tissues of pigeons [START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF], and similar results were recorded for duck circovirus infection by real-time PCR [START_REF] Fringuelli | Diagnosis of duck circovirus infections by conventional and real-time polymerase chain reaction tests[END_REF]. Although the numbers of birds investigated were small, a significant difference in the viral loads of liver was detected between YPS and apparently healthy infected pigeons. In this study significant differences were not detected when the viral loads of the BF and spleen were compared. However, the detection of high levels of virus may be a feature of PiCV infections that result in or that are associated with the appearance of clinical effects including mortality. A larger study involving is required to investigate this possibility.

The detection of relatively large amounts of PiCV DNA in semen of pigeons reported here has not been described before. The detection of PiCV DNA in semen samples in 7 of 15 pigeons adds further support for the view that vertical transmission may be important [START_REF] Duchatel | Pigeon circovirus: new data on the transmission of the infection[END_REF][START_REF] Duchatel | Observations on detection, excretion and transmission of pigeon circovirus in adult, embryonic and young pigeons[END_REF]. It should be pointed out that the same observation was recorded with boars infected with porcine circovirus type 2 [START_REF] Larochelle | PCR detection and evidence of shedding of porcine circovirus type 2 in boar semen[END_REF]. The examination of cloacal swabs from young pigeons showed the presence of very substantial amounts of PiCV (2.4 x 10 8 to 3.6 x 10 10 ). These results confirmed the importance of the excretion of PiCV in the droppings and explained the apparent ease with which this virus infection is propagated in the young pigeons not only within the dovecote (Duchatel et al., 2006) but also between different dovecotes at the time of the first racing competitions.

The detection of high virus DNA levels in cloacal swabs is also consistent with earlier results by [START_REF] Todd | Detection of pigeon circovirus in cloacal swab samples: implications for diagnosis, epidemiology and control[END_REF], who showed, using a conventional PCR test, that PiCV DNA could be detected in the cloacal swabs from apparently healthy pigeons for long periods (up to 31 weeks) and from a small proportion of adult (> 1 year-old) pigeons. The detection of PiCV DNA in the serum from pigeon N° 20, which was collected in 1991 in Belgium, was of interest given that PiCV infections were not diagnosed in Belgium prior to 1997 [START_REF] Duchatel | Première mise en évidence en Belgique de particules ressemblant à des circovirus chez le pigeon voyageur[END_REF]. This finding indicated that PiCV was already present in Belgium but that the infection was not diagnosed probably because BF was not routinely examined at that time.

The quantification of viral loads using real-time PCR may prove to be a valuable tool for understanding the epidemiology of PiCV infections and for diagnosing in vivo YPS outbreaks. However, a larger number of animals will need to be analyzed to determine whether there is a correlation between virus load and the occurrence of YPS. Additionally, if a potential vaccine is developed, a large proportion of the pigeons will be infected before starting the immunization program [START_REF] Todd | Evaluation of polymerase chain reaction and dot blot hybridisation testing the diagnosis of pigeon circovirus infections[END_REF]. Consequently real-time PCR could be also a valuable tool for the evaluation of the vaccine efficiency through the measurement of viral load and their potential reductions in vaccinated pigeons when compared to controls. 

  there have been no reports describing the isolation and propagation of PiCV in culture cells and in the absence of virus-specific antisera for detecting virus antigen, the diagnosis of this infection was mainly based on histology or electron microscopy. However the availability of cloned PiCV DNA and nucleotide sequence data allowed the development of in situ hybridization, dot blot hybridization and polymerase chain reaction (PCR) assays

  94° C) was followed by 45 thermocycles each comprising 45 sec at 94.0 ° C, 60 sec at 64.5° C, 60 sec at 72.0° C and a final elongation step for 7 min at 72.0° C. The PCR amplicon (331 bp; nucleotides 787 to 1117 within the sequence of the full PiCV genome clone 9030, accession number AJ298229) was visualised by electrophoresis on 2 % agarose gel containing ultraviolet transillumination. This amplicon encompassed the 3′ terminus of the gene encoding the Rep and part of the 3′ intergenic region of the PiCV genome. Design of primers for SYBR Green Real Time PCR. A primer set (forward YP09, 5'-GGT ACC CGC ATA AGG TGC CCG T-3'; reverse YP10 5'-TTG ATC CGC CGG AAG AGC GCC T-3') was designed in the conserved nucleotide sequences that were identified by comparing the genome sequences of 12 PiCV (Todd et al., 2008) and amplified a 139 bp fragment (nucleotides 780 to 918 within the sequence of the full PiCV genome clone 9030, accession number AJ298229). Construction of standard plasmids for SYBR Green Real Time PCR. A 364-bp fragment of PiCV genome (nucleotide 586 to nucleotide 949 of PiCV clone 9030) was amplified with primers YP18 and YP19 (forward YP18, 5'-CTT CAA AAC GGA AGT CAT CGTC-3' ;reverse YP19, 5'-GAA CTT GTC GTG GTT CCA GAC-3') using Qiagen Taq PCR Master Mix Kit. Cycling parameters were denaturation at 94° C for 4 min, followed by 34 cycles at 94° C, 62° C and 72° C for 45 sec, 1 min, and 1 min respectively. The final extension was done at 72° C for 10 min. The 364-bp PCR product was cloned in the linearized plasmid vector pcDNA 3.1/V5-HIS TOPO (Invitrogen) according to the instructions of the manufacturer. The recombinant plasmid vector was propagated in TOP 10 Chemically Competent E. coli (Invitrogen) and DNA plasmid was isolated with QIAprep Spin Miniprep Kit (QIAgen) according to the instructions of the manufacturer. The DNA was quantified by measuring OD 260 using spectrophotometer (NanoDrop, Thermo scientific). Ten-fold dilutions were made in order to produce 10 8 to 10 2 plasmid molecules per 2.5 µL sample for real-time PCR. The dilutions were stored at -20° C, while stock plasmid was stored at -80° C.

  Time PCR. All amplification reactions were performed in a total volume of 25 µL using a mini Opticon (Bio-Rad) with 48-microwell plates. Each well contained 2.5 µL of extracted DNA sample or positive standard control, 12.5 µL of iQ SYBRGreen Supermix (Bio-Rad), 2.5 µL of each diluted primer (2 µM) and 5 µL of distilled water.

  approximately 50 mg PCR-negative tissues (10 mg for spleen), from PCR-negative cloacal swab and from 5, 50, 15 µL of blood, sera and semen respectively .

  Application of the SYBR Green real-time PCR test to samples. All the results are summarized in Table

  first paper describing the development of a real-time PCR method for detecting

Table 1 :

 1 Results obtained for different type of samples using conventional PCR and SYBR Green real-time PCR in PiCV

	infected pigeons							
	Pig.N° Samples	Clinical	PCR Real-time PCR	Pig. N°	Samples	clinical	PCR	Real-time PCR
		status	Copy number/mg			status		Copy number/mg