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Project Summary

Four real-time PCRs targeting the matrix, polymerase and fusion genes of class I Newcastle disease viruses (NDVs) and two real-time PCRs targeting the matrix and fusion genes of class II NDVs were evaluated. All real-time PCRs were evaluated on the basis of their sensitivity (limit of detection, copy number) and specificity and their ability to detect  and differentiate the 2 classes of NDVs. Candidate real-time PCRs with the best sensitivity and specificity were multiplexed and further evaluated by comparing them with the singleplex real-time PCRs. 

The best performing multiplex real-time was then used to test bird samples from both poultry and wild birds. A total of 55 poultry samples and 468 wild birds’ samples have been tested using the multiplex real-time PCR. The 468 wild birds included a variety of species roosting in the Moreton Bay. All samples were negative for NDV. 

Specific recommendations were put forward for the use of the multiplex real-time PCR for the simultaneous detection and differentiation of class I and II NDVs. In an outbreak situation the use of this multiplex real-time PCR will improve the response time bearing in mind that any of the 2 NDV classes may be responsible for outbreaks in both poultry and wild bird populations.

All real-time PCRs were sensitive, however Kim et al. L2 polymerase real-time PCR outperformed the BSL fusion and JCU matrix real-time PCRs for the detection of class I NDVs. The Wise et al. matrix real-time PCR was more sensitive than the AAHL fusion real-time PCR.

All real-time PCRs were specific and reacted only with NDV either class I or class II.

None of the real-time PCRs reacted with avian influenza A virus, infectious laryngotracheitis virus, infectious bronchitis virus, fowl poxvirus, Avibacterium paragallinarum and Pasteurella multocida.

The best performing real-time PCRs were multiplexed and the suitability of the multiplex assay for simultaneously detecting class I and class II Newcastle disease viruses was assessed. This assay would be suitable for investigation of Newcastle disease (ND) outbreaks and also ND surveys in both domestic poultry and wild bird species bearing in mind that both NDV types may be prevalent in these bird populations. 

1. Introduction

Newcastle disease is a devastating disease of poultry that causes enormous economic losses to the poultry industry worldwide (Alexander, 2001). The disease is caused by avian paramyxovirus - 1 (APMV-1) (commonly known as Newcastle disease virus – NDV), a single-stranded negative sense RNA virus belonging to the Avulavirus genus of Paramyxoviridae. There are number of classifications of NDVs based on antigenic and genotypic variations of their fusion protein and gene respectively (Alexander et al., 1986, 1992 & 1999; Ballagi-Pordany, et al. 1996; Collins et al., 1993 & 1998; Aldous et al. 2003). Of special interest is the work by Czegledi et al. (2006), where the authors describe 2 classes of NDV (class I and class II) based on genomic data and sequencing of the fusion (F) and RNA-directed RNA polymerase (L) genes. These 2 classes contain the entirety of previously described genotypes and lineages. The work of Aldous et al. (2003) grouped all avirulent APMV-1 in lineage 1 and lineage 6, which contain among other groups the H group NDVs  as defined by monoclonal antibodies. This particular group H contains mainly isolates from wild birds such as MC110/77 (isolated from a shelduck in France), NZ/1/97 and Fin/97 (isolated from mallard ducks in New Zealand and Finland respectively). Although isolates belonging to this group are usually of low pathogenicity (Alexander, 2001), this group also contains two chicken isolates (APMV-1/chicken/Ireland/34/90 and APMV-1/chicken/Ireland/48/90) that were shown to be highly virulent for poultry and that caused outbreaks in Ireland in 1990 (Alexander et al. 1992).

Wild birds are reservoirs of NDV (Alexander, 2001; Takakuwa et al., 1998). Alexander et al (1986) isolated in Western Australia 14 isolates of NDV from wild birds belonging to the orders Charadriiformes, Passeriformes and Anseriformes and showed that the isolates could be divided in two groups based on their reactivity to monoclonal antibodies: V4-like (class II NDV), similar to APMV-1/chicken/Qld/V4/66 (Simmons, 1967) and MC110-like (class I NDV), similar to APMV-1/shelduck/France/MC110/77. The V4-like isolates were found mainly in Charadriiformes and Passeriformes and the MC110–like isolates were found in Charadriiformes and Anseriformes. The authors concluded that the isolation of V4-like NDV in passerine birds was significant as they are more likely to come in contact with poultry. This contrasted with a study carried out by Garnett and Flanagan (1989) in northern Queensland, which failed to detect any haemagglutinating viruses and antibodies against NDV in 1235 birds surveyed. Similarly, the testing of 257 samples from Anseriform birds (Magpie geese) from the Kakadu National Park in 2007 (Diallo et al. 2007) failed to detect any APMV-1. However, in 2006 the testing of an ibis that died of unknown causes resulted in the isolation and identification of an NDV belonging to class I (Gordon and Field, 2006).

The virus isolated from the ibis (Qld/116603/06) is a class I NDV and is different from the more widespread and more described Queensland V4 isolated by Simmons in 1966 (Simmons, 1967), which belongs to class II NDVs. Its fusion and matrix genes were not amplified by any of the then published NDV PCRs, which were developed using sequences from poultry isolates and therefore detect only V4-like NDV. This virus belongs to the H group of NDV, which is mainly found in wild birds worldwide (Alexander, 2001; Collins et al., 1993; Collins et al, 1998; Stanislawek et al, 2002; Huovilainen et al, 2001). This finding is of interest as it highlights the lack of knowledge with regards to the prevalence of Qld/116603/06-like variants of NDV in poultry which are not detected by conventional NDV PCR.

As a result funding was secured from WEDPP in 2006-2007 to develop a real-time PCR that would detect class I NDVs. The real-time PCR developed at the time (referred to as BSL real-time PCR), was not validated. In the meantime, Kim et al. (2007) developed a real-time assay targeting the polymerase gene of class I NDVs, which was later modified (Kim et al. 2008) as it had low sensitivity. Real-time PCRs that can detect class II NDVs abound in the literature and of note is the real-time PCR developed by Wise et al. (2004), which targets the matrix gene of class II NDVs. In Australia, the Australian Animal Health Laboratory (AAHL) developed an assay (referred to as the AAHL fusion real-time PCR) targeting the fusion gene of class II NDVs and capable of detecting V4-like NDVs. 

The aim of the current project was to evaluate a range of class I and class II NDV real-time PCRs including the AAHL fusion and BSL fusion real-time PCRs and develop a multiplex real-time PCR that can detect and differentiate class I and II NDVs simultaneously. Such tool would allow the screening of samples from both wild and domesticated birds for the presence/absence of either virus. The use of the multiplex real-time PCR will help clarify the Newcastle disease picture in Australia and allow an improvement of control measures. 

The current report describes the evaluation, validation and multiplexing of 6 real-time PCRs targeting various genes of class I and class II NDVs.

2. Objectives

The aims of this project are to:

1. Evaluate and validate a range of real-time PCRs targeting various genes of class I and class II NDVs and select candidate real-time PCRs to multiplex.

2. Assess the suitability of the multiplex real-time PCR for screening samples from both poultry and wild birds for class I and class II NDV. This would help achieve a better understanding of the epidemiology of Newcastle disease (ND) and allow a better design and implementation of control measures in the case of an ND outbreak. 

4. Study design
A total of six real-time PCRs targeting various genes of class I and II NDVs were evaluated on the basis of their sensitivity, specificity and ability to detect only class I or class II.

The 4 class I NDV real-time PCRs were tested in singleplex format and also multiplexed with each of the 2 class II NDV real-time PCRs. The singleplex real-time PCRs were also compared with the multiplexed real-time PCRs to check if there was any loss of sensitivity. Of the 8 possible multiplex combinations only 6 were evaluated and validated as one of the class I singleplex real-time PCRs performed poorly and was not further evaluated. The six multiplex real-time PCRs were compared to determine the most sensitive. The most sensitive multiplex, with the less loss of sensitivity when compared to the singleplex PCRs was used to test samples from wild birds and poultry. The samples used were cloacal and tracheal samples from dead and sick poultry and healthy wild birds. These bird samples were derived from submissions to Biosecurity Sciences Laboratory (BSL) and other laboratories of the Biosecurity Veterinary Laboratory Network (Queensland) in conjunction with ongoing avian influenza surveillance activities in Queensland.

Any positive samples will be characterised. It will be inoculated into chicken embryonated eggs and the allantoic fluids will be harvested for further passages and testing by haemagglutination (HA), haemagglutination inhibition (HI) and electron microscopy (EM).

Positive samples will also be inoculated into chicken kidney cells (CK). Virus obtained from these cultures will be fully tested for HA, HI and EM. The mean death time of embryo for the positives will be determined.

5. Materials and Methods

5.1 Virus isolates and bird samples:

A total of 28 class I NDVs and 32 class II NDVs were included in this study (Table 1). RNA was extracted from all the isolates and tested in all the real-time PCRs.

A total of 55 samples from poultry and 468 samples form wild birds were included in the study.

5.2 Nucleic acid extraction and Polymerase Chain Reaction

5.2.1 Nucleic acid extraction

RNA Extraction

RNA from the 28 class I and 32 class II NDVs were extracted using the RNeasy Mini kit from Qiagen (Melbourne) as per manufacturer’s instructions. All bird samples, from poultry and wild birds were extracted using MagMax on KingFisher platform (Thermo Scientific) as recommended by the manufacturer and template added either manually or using the CAS 1200 robot (Qiagen, Australia).

DNA extraction

RNA from bacterial isolates (Avibacterium paragallinarum and Pasteurella multocida) used in this study was extracted using the RNeasy Mini kit (Qiagen, Australia) as recommended by the manufacturer.

5.2.2 Real-time Polymerase chain reaction

· Six real-time PCRs were selected and evaluated and subsequently used for the detection of class I and class II NDVs:

· NDV fusion real-time PCR for the detection of class I NDVs: this PCR was designed at BSL as a result of a WEDPP project No. 4-2006-7 (Virological and molecular characterisation of variant Newcastle disease virus (NDV) in wild bird species with specific emphasis on waders (Ardeidae) and ibises (Threskiornithidae). The PCR targets the fusion gene of class I NDVs and will be referred to as BSL fusion real-time PCR.

· NDV All Aus real-time PCR for the detection of class II NDVs: this PCR was designed at CSIRO AAHL. The PCR targets the fusion gene of class II NDVs and will be referred to as the AAHL fusion real-time PCR.

· NDV Kim et al. real-time PCR for the detection of both class I and class II NDVs. This PCR was designed by Kim et al. (2007) and targets the polymerase gene of NDVs. This real-time PCR will be referred to as the Kim et al. polymerase real-time PCR.

· A modified NDV Kim et al. real-time PCR for the detection of both class I and class II NDVs as described by Kim et al. (2008). This real-time PCR will be referred to as the Kim L2 et al. polymerase real-time PCR.

· NDV Wise et al. matrix real-time PCR for the detection of class II NDVs. This PCR was designed by Wise et al. (2004) and targets the matrix gene of class II NDVs. This real-time PCR will be referred to as the Wise et al. matrix real-time PCR.

· NDV JCU real-time PCR for the detection of class I NDVs. This PCR was designed at James Cook University and targets the matrix gene of class I NDVs. This real-time PCR will be referred to as the JCU matrix real-time PCR. At JCU the real-time PCR was not used as a probe real-time PCR, but with intercalating dye SYTO9. This of course has drawbacks such as lack of specificity as SYTO9 will bind to any double stranded DNA giving fluorescence. This requires a melting curve analysis to ascertain the specificity of the emitted fluorescence.

· Assessment of primers and probes for detection of class I strains and development of new assays. 

Potential primer and probe sequence changes were investigated for the 3 of the 4 NDV class I specific assays: BSL fusion, JCU matrix and Kim et al. L2 polymerase real-time PCRs. This work was performed at AAHL on more recent sequences available on GenBank data base (http://www.ncbi.nlm.nih.gov/).

Cycling conditions and platforms

For all real-time PCRs performed at BSL and JCU the RotorGenes RG3000 or RG 6000 (Qiagen, Australia) were used. However, real-time PCRs performed at AAHL utilised an ABI 7500 (Applied Biosystems, Australia). The cycling parameters for published real-time PCRs (Wise et al., 2004 and Kim et al., 2007 & 2008) were not modified and were used as three-step PCRs. For real-time PCRs designed at AAHL, BSL and JCU the cycling parameters were two step after reverse transcription at 50°C for 30 min. The amplification was performed by initial activation of the Taq polymerase at 95°C for 2 min, followed by a denaturation step at 95°C for 15 sec and annealing and extension at 60°C for 30 sec. Fluorescence acquisition is performed at the annealing extension stage either on the green channel (for FAM) or yellow channel (for JOE/VIC). The mastermix used for all of the real-time performed at BSL was SuperScript® III Platinum One-step qRTPCR (Invitrogen, Australia).

Optimisation of real-time PCRs

All 6 real-time PCRs were optimised by carrying out primer and probe titrations. The titration was performed using a checkerboard of various concentrations of forward and reverse primers (0.8 µM, 0.4 µM and 0.2 µM) and probe (0.4 µM, 0.2 µM and 0.1 µM). The optimum concentrations of primers and probe are the concentrations that give the highest fluorescence index (FI) and the lowest threshold value (Ct). The FI threshold line determining the Ct value of a given amplification plot is a constant value of 0.1, which corresponds to 10-1 in the log scale of the normalised fluorescence.

The primers were ordered from Sigma Aldrich (Australia) and the probes from Applied Biosystems (Australia). The primers and probe sequences are given in Table 2.

All real-time PCRs for class I NDVs were labelled with the green fluorophore (FAM) and all real-time PCRs for class II NDVs were labelled with the yellow fluorophore (VIC or JOE).

Evaluation and validation of real-time PCRs

All 6 real-time PCRs were evaluated on the basis of:

· Sensitivity: 

The sensitivity was determined in 3 ways:

· Determination of the limit of detection (LOD): 10-fold dilutions of viral suspension (class I or II NDV) with a known TCID50 in chicken kidney cells were assayed. The LOD was determined by the highest dilution that gives a significant Ct value. Amplification was confirmed by demonstrating the presence of an amplicon of the right size on a 1.5% gel visualised under UV light using the Quantity Gel Documentation System (BioRad, Australia).

· Copy number determination (CN): PCRs encompassing the real-time PCR amplicons were either designed in-house using the Premier3 (v.0.4.0) or adopted from published papers (see section Conventional PCRs). The target gene of class I and II NDVs was amplified using the abovementioned PCRs and subsequently purified using ExoSapIT (GE HealthCare) if the PCR product is a pure single band of the expected size or with PureLink Gel purification kit (Invitrogen, Australia) according to manufacturer’s recommendations. Ten-fold dilutions of the purified product were then assayed in the real-time PCR with or without the reverse transcription stage. The lowest concentration of DNA detected corresponds to the copy number detected by the real-time PCR. The calculation is made at the University of Rhodes Island Genomics & Sequencing Center website (http://www.uri.edu/research/gsc/resources/cndna.html)

· Determination of the cut-off: 10-fold dilutions of RNA from the positive control were tested in each real-time PCR. The cut-off is determined as the highest dilution at which the real-time PCR gives a Ct value as confirmed by the presence of an amplicon of the right size on a 1.5% gel visualised under UV light using the Quantity one Gel Documentation System (BioRad, Australia).

· Specificity:

The specificity of the real-time PCRs was assayed in two ways:

· Extracted nucleic acids (NA) from avian influenza A virus, infectious bronchitis virus, infectious laryngotracheitis virus, fowlpox virus, Avibacterium paragallinarum and Pasteurella multocida were tested in all the real-time PCRs being evaluated. A real-time PCR was assessed as specific if the above-listed NA did not react in the real-time PCR.

· Each real-time PCR was assayed using RNA extracted from known class I and class II NDVs as determined by conventional virological and serological methods. The real-time PCR is assessed as specific if it reacted only with the class of NDV for which it was designed.

5.2.3 Multiplex real-time PCRs

In total 3 class I NDV real-time PCRs (BSL fusion, JCU matrix and Kim et al. L2 polymerase) were multiplexed each with one of the 2 class II NDVs (AAHL fusion and Wise et al. matrix). The 4th class I NDV real-time PCR (Kim et al., 2007) was evaluated but not fully validated due to poor performance. The multiplex real-time PCRs were as follows:

· BSL fusion (class I) and AAHL fusion (class II)

· BSL fusion (class I) and Wise et al. matrix (class II)

· JCU matrix (class I) and AAHL fusion (class II)

· JCU matrix (class I) and Wise et al. matrix (Class II)

· Kim et al. L2 polymerase (class I) and AAHL fusion (class II)

· Kim et al. L2 polymerase (class I) and Wise et al. matrix (class II)

To allow multiplexing of the class I and II NDVs real-time PCRs all real-time PCRs for class I NDVs were labelled with the green fluorophore FAM and all real-time PCRs for class II NDVs were labelled with the yellow fluorophore (VIC or JOE).

All multiplex real-time PCRs were evaluated by comparing their sensitivity and specificity to the sensitivity and specificity of their singleplex components

5.2.4 Conventional PCRs (Table 3)

For each of the real-time PCRs, a conventional PCR was either designed or adopted from the literature for copy number calculation and sequencing. These PCRs were designed to encompass the amplicon of the corresponding real-time PCR to allow purification and quantification of the product for post-PCR manipulations such as copy number calculation and sequencing.

· NDV-Stan-F PCR (Stanislawek et al., 2002) – this PCR was modified and used for the copy number and sequencing of BSL fusion real-time PCR

· NDV-Duck MGB1 PCR (designed in-house) – the PCR was used for the copy number and sequencing of JCU matrix real-time PCR

· NDV-Kim L2 CN PCR (designed in-house) – the PCR was used for the copy number calculation and sequencing of Kim et al. L2 polymerase real-time PCR amplicon.

· NDV-Wise CN PCR (designed in-house) - the PCR was used for the copy number calculation and sequencing of Wise et al. matrix real-time PCR amplicon.

· NDV-Col-F Mod PCR (Modified Collins et al. 1993) – this PCR was modified and used for the copy number calculation and sequencing of AAHL fusion real-time PCR amplicon.

The mastermix used for these PCRs was the Titan One-Step RTPCR (Roche, Australia). The cycling parameters consisted of a reverse transcription step at 50(C for 30 min, followed by an initial denaturation at 94(C for 2 min. The amplification proper was carried out for 10 cycles of denaturation at 94(C for 30 sec, annealing at 55(C for 30 sec and extension at 68(C for 90 sec, followed by 25 cycles of denaturation at 94(C for 30 sec, annealing at 55(C for 30 sec and extension at 68(C for 90 sec with added 5 sec after each cycle. Final extension is performed at 68(C for 7 min.

5.2.5 Testing of clinical samples from wild birds and sick poultry

A total of 55 poultry samples received at BSL for the exclusion of avian influenza and Newcastle disease were tested in the multiplex real-time PCRs. A further 468 cloacal samples from wild birds including roosting migratory birds and resident birds in Moreton Bay (Queensland) were tested in the selected multiplex real-time PCR (Table 4).

6. Results

6.1 Optimisation of real-time PCRs

The titration of the primers and probes determined the optimum concentrations of primers and probe to be used for each real-time PCR. Full details of the primers and probes concentrations for each real-time PCR are given in Table 5.

Sensitivity of real-time PCRs:

· Determination of limit of detection (LOD) of real-time PCRs is given in Table 6. 

· Copy number determination: all CN are given in Table 6. Based on the CN values obtained for each of the evaluated real-time PCRs the less sensitive of all the real-time PCRs tested was the BSL fusion real-time PCR with a CN of at least 2,500 and utmost 10,000 fold compared to all the other real-time PCRs. Other real-time PCRs have similar sensitivity. When performing the CN test using purified DNA, there was no difference between running the real-time PCR with or without the reverse transcription stage.

· The cut-off for each of the real-time PCRs is given in Table 6. This value determines the highest Ct value for a positive, therefore any sample with a Ct value equal to zero or higher than that value is considered negative, while any sample with a Ct value equal or lower than the cut-off is considered positive.

Specificity of real-time PCRs:

· All avian pathogens assayed in the real-time were negative suggesting that all real-time PCRs assayed were specific.

· The RNA extracts from known class I and class II NDVs were detected in the corresponding real-time. However, the Kim et al. polymerase real-time PCR failed to detected all class I NDVs and detected some class II NDVs. Furthermore this particular PCR had very low normalised fluorescence. On the other hand the revised polymerase real-time PCR, Kim et al. L2 polymerase real-time PCR detected all class I NDVs with the lowest Ct values compared to other class I NDV real-time PCRs (BSL fusion and JCU matrix). It also detected some class II NDVs with higher Ct values compared to the class I NDVs. However, the class II were easily distinguished from the class I NDVs when using the multiplex real-time PCR as the Ct values for class II NDVs were higher in the class I real-time PCR compared to those in the class II real-time PCR (Table 8).

Assessment of primers and probes for detection of class I strains and development of new assays.

· BSL fusion real-time PCR: Mismatches with some strains were identified in the BSL fusion assay, but the assay was not modified as these minor sequence changes were unlikely to affect the efficiency of the assay. 
· JCU matrix real-time PCR: No mismatches were observed in the design of the JCU matrix assay.
· Kim et al. L2 polymerase real-time: A single mismatch for some strains was identified at the 3' end of the forward primer. As this change was located in the third position of the corresponding codon for the amino acid glycine, the primer was modified by shifting the design "one nucleotide to the left" so that the modified forward primer ends at a conserved nucleotide of the glycine codon. The reverse primer was also changed to include 3 degenerate nucleotides to match more sequences. The probe sequence was identical for all strains and therefore it was not changed. Primers and probe (FAM-TAMRA labelled) for the modified Kim et al. L2 polymerase assay have been ordered but they have not been evaluated at this stage due to time constraint (Table 7). Furthermore as the original design of Kim et al. L2 polymerase real-time PCR has proven to be performed well (data from BSL) it would be expected that the modified assay will perform equally well for most strains and probably better for strains that contain the critical mismatch in the 3' position of the forward primer.
6.2 Comparison of singleplex real-time PCRs

The Ct values of the samples testing in this study are shown in Table 8.
Class I NDV real-time PCRs

Of the 4 class I NDV real-time PCRs evaluated only 3 were further validated. The Kim et al. polymerase real-time PCR was meant to detect and differentiate class I and class II NDVs. However in our hands, we found that this PCR detected only some class II and class I NDVs. Furthermore, the Australian V4 was a low reactant in this PCR.

When class I real-time PCRs (BSL fusion, JCU matrix and Kim et al. L2 polymerase), were compared Kim et al. L2 polymerase real-time PCR gave lower Ct values for all class I NDVs tested. Furthermore, Kim et al. L2 polymerase real-time PCR also detected some of the class II NDVs. In this real-time PCR most class II isolates had Ct values above 30 making it easy to differentiate from class I NDVs that had Ct values ranging from 9.46 to 30. However, one class I (WA3805) and one class II (WA4317) had Ct values of 30.44 and 30.63 respectively making their classification equivocal in this real-time PCR. This problem was easily resolved when using the multiplex real-time PCR as the Ct values for class II NDVs were higher in the class I real-time PCR compared to those in the class II real-time PCR and vice-versa. On the other hand, the JCU matrix and BSL fusion real-time PCRs gave high Ct values for both these isolates. Another interesting observation was that isolate WA3406 gave a Ct value of 17.29 and 13.31 in the BSL fusion and Kim et al. L2 polymerase real-time PCRs respectively, whereas it gave a Ct value of 34.98 in the JCU matrix real-time PCR. This suggests that for at least one isolate JCU matrix real-time PCR had a low sensitivity. Of the 32 class II NDV isolates that were tested 13 gave high Ct values in the Kim et al. L2 polymerase real-time PCR. On the other hand, only 5 of those 13 gave high Ct values in the JCU matrix while 1 gave a high Ct value in BSL fusion real-time PCR. This suggests that Kim et al. L2 polymerase real-time PCR is less specific (at least for these isolates) than the JCU matrix and the BSL fusion real-time PCR with the latter being the most specific. However, the Ct values of class II NDVs were high enough to differentiate them from class I NDVs in the Kim et al. L2 polymerase  real-time PCR.

Class II NDV real-time PCRs

When class II NDV real-time PCRs (AAHL fusion and Wise et al. matrix) were compared 2 class II NDVs (ITA and Lasota) had high Ct values in the AAHL fusion real-time PCR (24.07 and 26.14 respectively) compared to lower Ct values in the Wise et al. matrix real-time PCR (14.59 and 13.34 respectively). One class II NDV (F strain) was not identified by the AAHL fusion real-time PCR (Ct = 0) compared to the Wise et al. matrix real-time PCR where F had a Ct value of 12.92.

To understand the reason for this discrepancy, the fusion gene of F strain was amplified using Col Modified PCR and then sequenced using the forward and reverse primers. When compared with the sequences of the primers and probe of the AAHL fusion real-time PCR the resulting sequence showed a 6- and 2-nucleotide substitution in the forward primer and the reverse primer respectively. The probe sequence showed a 2-nucleotide substitution as well. This may well be the explanation of non-reactivity of this particular strain in the AAHL fusion real-time PCR.

Use of JCU matrix real-time PCR with SYTO9

At JCU, the JCU matrix real-time PCR was multiplexed with the Wise et al.  matrix real-time PCR and used with intercalating flurorescent dye SYTO9.  Using this method, RNA from known class I and class II NDVs was tested (Table 1). The melt curve analysis after the amplification grouped class I NDVs in one group and class II NDVs in another group along with V4, showing therefore good sensitivity (data not shown).
Comparison of singleplex with their corresponding multiplex real-time PCRs

At least 4 class II NDV isolates (SP4, I3P2, CP2 and LP3) gave high Ct values in the Kim et al. L2 polymerase real-time PCR alone, but when tested in the Kim et al. L2 polymerase real-time PCR multiplexed with either class II NDV real-time PCR these isolates gave Ct values equal to zero, highlighting one of the advantages of multiplexing real-time PCRs. This is further supported by the fact that one of the class II isolates (WA4317) had a Ct value of 30.63 in the Kim et al. L2 polymerase real-time PCR, 37.46 in the multiplex Kim et al. L2 polymerase and Wise et al. matrix and zero in the multiplex Kim et al. L2 polymerase and AAHL fusion while reacting strongly in the class II real-time PCRs (AAHL fusion and Wise et al. matrix) in either singleplex or multiplex settings. This allowed the classification of this isolate as a class II isolate. On the other hand, multiplexing the JCU matrix did not have such outcome as a Ct value of 35.49 (WA4317) in the singleplex JCU matrix real-time PCR was only 34.59 in the multiplex setting. 

Overall NDV isolates that were low reactants in either class I or II singleplex real-time PCRs had improved Ct values in the multiplex settings. The highest increase in Ct value was 9.06 (approximately 3 logs) for class I NDV real-time PCRs (Kim et al. L2 polymerase versus multiplex Kim et al. L2 polymerase and AAHL fusion). There is at least one instance where a class I NDV isolate (WA 3406) was not detectable in class I singleplex real-time PCR (JCU matrix) as it had a Ct value of 34.98, but detectable in multiplex setting. The ΔCt in that particular instance was of 17.46. This isolate was detected by the other 2 class I real-time PCRs (BSL fusion and Kim et al. L2 polymerase) in both singleplex settings and their corresponding multiplex settings. 

The difference in the class II NDV real-time PCRs was in the same order as the difference observed with class I real-time PCRs. In the class II real-time PCRs, the highest ΔCt observed was 9.8 (Wise et al. matrix versus multiplex Wise et al. matrix and BSL fusion).

Comparison of multiplex real-time PCRs

When multiplexed with AAHL fusion real-time PCR, the Kim et al. L2 polymerase real-time PCR lost sensitivity as shown at least by one class I isolate (VIAS 10). The Ct value of VIAS 10 in the singleplex Kim et al. L2 polymerase real-time PCR was 12.92, but when multiplexed with the AAHL fusion real-time PCR it was equal to zero. However, when Kim et al. L2 polymerase real-time PCR was multiplexed with Wise et al. matrix real-time PCR the Ct value of this isolate was 15.67.

In general, Kim et al. L2 polymerase real-time PCR showed less variation when multiplexed, on the contrary it benefited from multiplexing. The Ct values of class I NDV isolates were either the same in both the singleplex and multiplex settings or slightly increased with the exception of when multiplexed with the AAHL fusion real-time PCR.  The highest increase was a ΔCt of 4.26 (approximately a log increase), while for other real-time PCRs the increase was up to 9.06 for the JCU matrix when multiplexed with either of the 2 class II real-time PCRs. Furthermore, the decrease in Ct values of class II NDVs that reacted less efficiently in the Kim et al. L2 polymerase real-time PCR was advantageous, as it allowed the correct classification of such isolates. 

6.3 Testing of clinical samples from wild birds and sick poultry

All bird samples were negative in all real-time PCRs used. Occasionally high Ct values in both class I and class II real-time PCRs were observed from cloacal samples from wild birds. However, subsequent testing of such samples using conventional RT-PCRs gave no bands or multiple non-specific bands.

7. Discussion

The 2 clades of avian paramyxoviruses 1 (APMV-1) have been isolated from wild birds as well as domestic poultry (Alexander, 2001). The general accepted knowledge of the distribution of these two classes of NDVs is that class I are predominantly isolated from wild birds and they are usually of low virulence (Alexander, 2001) and that class II are predominantly found in domestic poultry. However, virulent class I as well as avirulent class I NDVs have been isolated from domestic poultry (Collins et al., 1999). There is also increasing evidence that class I NDVs are also found in live bird market as well as in wild birds (Kim et al., 2007; Seal et al., 2005). It is also well known that avirulent class I or II NDVs have the potential to become virulent and cause outbreaks in domestic poultry with devastating consequences (Collins et al., 1993; Gould et al., 2001; Alexander, 2001).

There have been numerous attempts to develop sensitive molecular tests that can detect and differentiate these two classes of NDV (Kim et al., 2007 & 2008; Wise et al., 2004). In 2006, Diallo and co-workers isolated a class I NDV from a sacred ibis in Queensland. This particular NDV isolate was similar to the MC110 NDV isolated in France from a shelduck in 1977. The isolate, in common with other class I NDV isolates, was not detectable by any of the class II-specific PCRs including the NDV real-time PCR developed by Heine et al. at AAHL (Geelong, Victoria). In 2007 funding was secured from the Wildlife Exotic Disease Preparedness Programme to develop a real-time PCR that can detect class I NDV and also differentiate it from class II NDV e.g. V4-like NDVs. The resulting real-time PCR targeted the fusion gene of class I NDV and was shown to be highly sensitive and specific. However, that real-time PCR was used only as a stand-alone real-time. Therefore in 2009 further funding was secured to not only develop a multiplex real-time PCR that can detect and differentiate class I and class II NDV using the BSL fusion and the AAHL fusion real-time PCRs, but also evaluate other real-time PCRs developed in the United States (Kim et al., 2007, 2008; Wise et al., 2004) and at James Cook University by Burgess and co-workers for the same purpose. 

A total of 6 real-time PCRs, 2 class II NDV real-time PCRs (AAHL fusion and Wise et al. matrix) and 4 class I NDV real-time PCRs (BSL fusion, JCU matrix, Kim et al. polymerase and Kim et al. L2 polymerase) were evaluated.  After the first steps of the evaluation the Kim et al. polymerase was excluded from the study as it had very low sensitivity (it did not identify all known class I NDVs) and very low specificity (it reacted with a number of class II NDVs, although with resulting high Ct values).

Of the 2 class II NDVs real-time PCRs, the Wise et al. matrix real-time PCR outperformed the AAHL fusion real-time PCR. Notably it identified a class II NDV (F strain) while the isolate did not react in the AAHL fusion real-time PCR. Furthermore, when the AAHL fusion real-time PCR was multiplexed with class I real-time PCR it had a detrimental effect on at least one of them the Kim et al. L2 polymerase real-time. A class I Victorian NDV isolate (VIAS10) had a Ct value of 12.62 in the Kim et al. L2 polymerase real-time PCR alone and a Ct value of zero when tested in the multiplex Kim et al. L2 polymerase and AAHL fusion real-time PCR.  On the other hand, the same isolate had a Ct value of 15.67 in the multiplex Kim et al. L2 polymerase and Wise matrix real-time PCR. Even though the combination of Wise et al. matrix real-time PCR with the Kim et al. L2 polymerase real-time PCR resulted in a decrease in Ct value, the decrease was always less than 4 cycles and the isolate tested was identified in the expected class. The AAHL fusion real-time PCR targets the fusion gene, which is responsible for the virulence of NDV. This gene is often subject to mutations that result in conversion of avirulent NDVs into virulent ones (Rott, 1979). Targeting the fusion gene for real-time PCR has drawbacks and this is obvious in this particular case. The BSL fusion real-time PCR would probably have the same problem. It might not be able to detect any class I NDV that has mutated and became virulent. 

Of the 3 class I NDV real-time PCRs evaluated, the Kim et al. L2 polymerase real-time PCR outperformed the BSL fusion and the JCU matrix real-time PCR. The Kim et al. L2 polymerase real-time PCR gave the lowest Ct values for all the class I NDVs compared to the BSL fusion and the JCU matrix real-time PCR. Furthermore, the Kim et al. L2 polymerase real-time PCR adapted better to multiplexing compared to the other 2 class I NDV real-time PCRs. Overall, Kim et al. L2 polymerase real-time PCR showed the least variation when multiplexed, to the contrary it benefited from multiplexing. However, the multiplexing of Kim et al. L2 polymerase real-time PCR with AAHL fusion real-time PCR was detrimental at least one occasion when a class I isolate (VIAS 10) in the singleplex real-time PCR did not react in the multiplex real-time PCR therefore classifying the Victorian isolate as a class II NDV. Thus it was concluded that multiplexing of Kim et al. L2 polymerase real-time with the Wise et al. matrix real-time PCR is the best option, as in this configuration the Victorian isolate gave similar results as in the singleplex Kim et al. L2 polymerase real-time PCR.

 There is a need to improve the validated real-time PCRs as at least one class I isolate (WA3805) gave equivocal results in both the singleplex Kim et al. L2 polymerase real-time PCR and its multiplex with the 2 class II NDV real-time PCRs. A similar trend was observed with a class II isolate WA4317, which  gave equivocal results in the Kim et al. L2 polymerase real-time PCR. However, it gave lower Ct values in the class II NDV real-time PCRs in singleplex format as well as in multiplex format, therefore suggesting that WA4317 was indeed a class II NDV.

Even though none of the bird samples tested was positive the work has generated a highly sensitive and specific tool for the screening of class I and class II NDVs in both wild birds and also domestic poultry. Further work needs to be undertaken to confirm some of the observations reported. In particular, there is a need to screen more bird samples in order to establish the prevalence of class I NDVs in both wild birds and poultry.

8. Summary and Recommendations

1. All real-time PCRs evaluated have been shown to be sensitive and specific. However, the Kim et al. L2 polymerase real-time PCR outperformed other class I real-time PCRs and the Wise et al. matrix real-time PCR outperformed the AAHL fusion real-time PCR.

2. The evaluation of class I and II NDV real-time PCRs targeting various genes, has resulted in the adoption of a very sensitive and specific multiplex real-time PCR (Kim et al. L2 polymerase and Wise et al. matrix).

3. At least one class I NDV (WA3805) is a low reactant in all the class I real-time PCRs used in this study. There is a need to identify the causes of this low reactivity. This observation reinforces the use of a multiplex as in the multiplex the low reactant had a Ct value of zero in the class II real-time PCR, therefore confirming the identity of the isolate as a class I NDV.

4. Multiplexing class I and II NDV real-time PCRs generally resulted in improved Ct values for most samples, however certain combinations led to reduced sensitivity with some isolates. For example, the Kim et al. L2 polymerase real-time PCR lost sensitivity for at least one isolate (VIAS10) when combined to AAHL fusion real-time PCR.

5. When testing wild bird samples it is recommended to use the Kim et al. L2 polymerase and Wise et al. matrix multiplex real-time PCR. It is well known that wild birds can harbor both types of viruses. 

6. When dealing with samples from domestic poultry it is recommended to use the same multiplex real-time PCR as for wild birds. However, if the laboratory cannot meet the cost of a multiplex real-time PCR, then the use of the Wise et al. matrix real-time PCR would be appropriate, as poultry harbor mainly class II NDVs. This real-time PCR showed a better sensitivity compared to the AAHL fusion real-time PCR as indicated by the fact that the F strain was only detected by Wise et al. matrix real-time PCR.
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Table 1: List of known Newcastle disease viruses used in this study

	Sample ID
	NDV Class
	Origin
	Sample ID
	NDV Class
	Origin

	1886
	I
	WA (AAHL)
	I2
	II
	Qld (AAHL)

	1913
	I
	WA (AAHL)
	ITA
	II
	Vic (AAHL)

	2105
	I
	WA (AAHL)
	LASOTA
	II
	Vic (AAHL)

	2108
	I
	WA (AAHL)
	F
	II
	Vic (AAHL)

	2116
	I
	WA (AAHL)
	PEATS RIDGE
	II
	NSW AAHL)

	2194
	I
	WA (AAHL)
	I4P2
	II
	Qld (UQ)

	2376
	I
	WA (AAHL)
	I5P2
	II
	Qld (UQ)

	2472
	I
	WA (AAHL)
	I7P2
	II
	Qld (UQ)

	2630
	I
	WA (AAHL)
	I8P2
	II
	Qld (UQ)

	2645
	I
	WA (AAHL)
	PP4
	II
	Qld (UQ)

	2678
	I
	WA (AAHL)
	OOP2
	II
	Qld (UQ)

	2749
	I
	WA (AAHL)
	I1H1
	II
	Qld (UQ)

	3245
	I
	WA (AAHL)
	PP2
	II
	Qld (UQ)

	3406
	I
	WA (AAHL)
	WP2
	II
	Qld (UQ)

	3805
	I
	WA (AAHL)
	MMP2
	II
	Qld (UQ)

	4317
	II
	WA (AAHL)
	RRP2
	II
	Qld (UQ)

	4332
	II
	WA (AAHL)
	SP4
	II
	Qld (UQ)

	4359
	II
	WA (AAHL)
	LP3
	II
	Qld (UQ)

	4386
	II
	WA (AAHL)
	I3P2
	II
	Qld (UQ)

	4405
	II
	WA (AAHL)
	CP2
	II
	Qld (UQ)

	5760
	II
	WA (AAHL)
	D1A
	I
	WA (JCU)

	1886*
	I
	WA (AAHL)
	D1B
	I
	WA (JCU)

	Moura 1
	I
	Vic (AAHL)
	116603
	I
	Qld (BSL)

	Moura 2
	I
	Vic (AAHL)
	V4
	II
	Qld (BSL)

	2116*
	I
	Vic (AAHL)
	15703
	II
	Qld (BSL)

	Peats Ridge Avir 32
	I
	Vic (AAHL)
	V4 IC
	II
	Qld (UQ)

	VIAS 6
	I
	Vic (AAHL)
	SP3 VC
	II
	Qld (UQ)

	VIAS 7
	I
	Vic (AAHL)
	API IIC
	II
	Qld (UQ)

	VIAS 8
	I
	Vic (AAHL)
	FP1 3C
	II
	Qld (UQ)

	VIAS 9
	I
	Vic (AAHL)
	
	
	

	VIAS 10
	I
	Vic (AAHL)
	
	
	


AAHL - Australian Animal Health Laboratory (Geelong, Vic.)

BSL – Biosecurity Sciences Laboratory (Queensland Department of Primary Industries and Fisheries)

JCU – James Cook University (Qld)

NSW – New South Wales 

UQ – The University of Queensland (Courtesy of Dr Joanne Meers)

WA - Western Australia

*More recent culture of Western Australia NDV received from AAHL

Table 2: List of PCR primers and probe used in this study

	Primer/Probe ID
	Target
	NDV

Class
	Real-Time PCR
	

	
	
	
	Primer Sequence
	Reference

	NDV-AAHL-Fwd
	Fusion
	II
	5’ – GTCAATCATAATCAAGTTACTCCCAAAT -3’
	Heine & co-workers

	NDV-AAHL-Fwd
	Fusion
	II
	5’ - GTAGTCAATGTCCTGTTGTATGCCTC  - 3’
	

	NDV-AAHL-Probe
	Fusion
	II
	6FAM-TTTTGCACACGCCT-MGBNFQ
	

	NDV-BSL-Fwd
	Fusion
	I
	5’-CACCGYAGCACAGATCA-3’
	Diallo et al. (2007)

	NDV-BSL-Rev
	Fusion
	I
	5’- ATGTTCGCAGCATTCTGGTTRG-3’
	

	NDV-BSL-Probe
	Fusion
	I
	FAM-AGCGGCTTCCGCCCTCATACAAG- TAMRA
	

	NDV-Wise-Fwd
	Matrix
	II
	5’ – AGT GAT GTG CTC GGA CCT TC -3’
	Wise et al. (2004)

	NDV-Wise-Rev
	Matrix
	II
	5’ – CCT GAG GAG AGG CAT TTG CTA – 3’
	

	NDV-Wise-Probe
	Matrix
	II
	VIC-TTC TCT AGC AGT GGG ACA GCC TGC- TAMRA
	

	NDV-Kim-Fwd
	Polymerase
	I
	5’- CGT TCT GAG GAA TTT GAC AGY MT – 3’
	Kim et al. (2007)

	NDV-Kim-Rev
	Polymerase
	I
	5’- GRA GCC ATG CGA AYT TGG – 3’
	

	NDV-Kim-Probe
	Polymerase
	I
	FAM-CCG GCA TTC TGG TTT CAC TCA A -TAMRA
	

	NDV-Kim-L2-Fwd
	Polymerase
	I
	5’- TGTTGAAAAGAAGCTGCTAGGC – 3’
	Kim et al. (2008)

	NDV-Kim L2-Rev
	Polymerase
	I
	5’ – TGGACCATGAAGAGTGGAACC – 3’
	

	NDV-Kim L2-Probe
	Polymerase
	I
	FAM-TGCCTGGTCACACAAGATCCGCCG-TAMRA
	

	NDV-JCU-Fwd
	Matrix
	I
	5’-GGAACCGCATGTTATCCGATTG-3’
	Burgess & co-workers

	NDV-JCU-Rev
	Matrix
	I
	5’-GTGTGCCAGCTTGAATGATCAC-3’
	

	NDV-JCU-Probe
	Matrix
	I
	FAM-CGCAGGCTCGCTGTCTGACTCCAC-MGB
	


Table 3: List of conventional PCR primers used in this study for sequencing and copy number determination

	Primer ID
	Target
	Real-time PCR
	Gel based PCR
	Reference

	
	
	
	Primer Sequence
	

	NDV-Col-Mod-F
	Fusion
	AAHL
	5’ – TAC ACC TCA TCY CAG ACA GG – 3’
	Collins et al. (1993)

modified in-house

	NDV-Col-Mod-R
	
	
	5’ – AGY CGG AGK ATG TTG GCA GC -3’
	

	NDV-Duck MGB1-F
	Matrix
	JCU
	5’ – TCGAGICTGTACAATCTTGC – 3’
	In-house

	NDV-Duck-MGB1-R
	
	
	5’ – GTCCGAGCACATCACTGAGC – 3’
	

	NDV-Stan-F
	Fusion
	BSL
	5’ - AGGACGCTTACAACCCTCC – 3’
	Stanislawek et al (2002)

	NDV-Stan-R
	
	
	5’ – CTGCATCTTACCTACGGCAAC – 3’
	

	NDV-Wise-CN-F
	Matrix
	Wise et al.
	5’-CATTTGACAAGCTGGAAAGGA-3’
	In-house

	NDV-Wise-CN-R
	
	
	5’-CGGTTTGGCTCCAGAGTATC-3’
	

	NDV-Kim L2- CN-F


	Polymerase
	Kim et al.
	5’- CGTTTACAAGATTCCAACCGCAGC-3’
	In-house

	NDV-Kim L2-CN-R
	
	
	5’- GCGAGTGCTTAC TTC TTGAACGGG-3’
	


AAHL – Australian Animal Health Laboratory

BSL – Biosecurity Sciences Laboratory

JCU – James Cook University

Table 4: List of resident and migratory birds samples tested in this study

	Resident wild birds
	Migratory wild birds

	Red-capped plover

Pied oystercatcher

Pacific black duck

Royal spoonbill

Chestnut teal

Australian white ibis

Black swan
	Sharp-tailer

Sandpiper

Red-necked stint

Prey-tailed tattler

Curlew sandpiper

Pacific golden plover

Whimbrel

Bar-tailed godwit

Black-tailed godwit

Eastern curlew,

Whimbrel


Table 5: Primer and probe concentrations as determined by the checkerboard titration

	Real-time PCR
	Class
	Primer and Probes
	Optimum concentrations (µM)

	AAHL
	II
	Forward primer
	0.8

	
	
	Reverse primer
	0.8

	
	
	Probe
	0.1

	BSL
	I
	Forward primer
	0.8

	
	
	Reverse primer
	0.8

	
	
	Probe
	0.8

	JCU
	I
	Forward primer
	0.2

	
	
	Reverse primer
	0.2

	
	
	Probe
	0.2

	Kim et al.
	I
	Forward primer
	0.8

	
	
	Reverse primer
	0.8

	
	
	Probe
	0.1

	Wise et al.
	II
	Forward primer
	0.8

	
	
	Reverse primer
	0.8

	
	
	Probe
	0.8


 Table 6: Limit of detection (LOD) and copy number (CN) determination of real-time PCRs

	Real-time PCR
	NDV Class
	Target gene
	Limit of detection (LOD)
	Copy number (CN)
	Cut-off Ct value

	AAHL
	II
	Fusion
	10-10
	4 x 100
	36

	BSL
	I
	Fusion
	10-8
	1 x 104
	36

	JCU
	I
	Matrix
	10-5
	4.5 x 101
	35

	Kim et al.
	I
	Polymerase
	ND
	ND
	ND

	Kim et al. L2
	I
	Polymerase
	10-6
	9 x 101
	36

	Wise et al.
	II
	Matrix
	10-10
	2 x 101
	40


ND – Not done
Table 7: Modified primer and probe sequences for Kim et al. L2 polymerase real-time PCR

 

	Primers/Probe
	Target gene (Polymerase )
	Modification

	D-445-NDV fwd
	CATGTTGAAAAGAAGCTGCTAGG
	Shifted 1 nucleotide to the left

	D-446-NDV rev
	TGGACCATGWWGAGTGRAACC
	plus degeneracies (3)

	D-447-NDV probe
	TGCCTGGTCACACAAGATCCGCCG
	not modified


Table 8: Ct values of class I and class II NDV
	
	
	
	
	
	
	

	
	
	Singleplex Real-time PCRs
	Multiplex Realtime PCR

	SAMPLES
	CLASS
	AAHL
	KIM
	WISE
	BSL
	JCU
	AAHL & BSL
	BSL & Wise
	JCU & Wise
	JCU & AAHL
	Kim & Wise
	Kim & AAHL

	
	
	Class II


	Class I
	Class II
	Class I
	Class I


	AAHL
	BSL
	BSL  
	Wise
	JCU  
	Wise
	JCU  
	AAHL
	Kim  
	Wise
	Kim
	AAHL

	WA 1886
	I
	0
	16.8
	0
	19.72
	19.75
	0
	19.76
	20.76
	0
	19.62
	0
	19.62
	0
	16.15
	0
	19.7
	0

	WA 1913
	I
	0
	9.46
	0
	13.99
	13.71
	0
	14.29
	15.07
	0
	13.94
	0
	13.94
	0
	11.71
	0
	13.7
	0

	WA 2105
	I
	0
	13.05
	0
	16.84
	17.22
	0
	17.17
	18.14
	0
	17.53
	0
	17.53
	0
	14.16
	0
	17.6
	0

	WA 2108
	I
	38.68
	12.82
	36.77
	16.76
	16.76
	36.22
	17.04
	17.92
	0
	16.99
	36.22
	16.99
	36.22
	14.82
	0
	17.4
	0

	WA 2116
	I
	0
	11.13
	0
	15.51
	15.62
	0
	15.77
	16.98
	0
	15.63
	0
	15.63
	0
	12.09
	0
	15.6
	0

	WA 2194
	I
	0
	15.22
	0
	18.57
	18.61
	0
	18.74
	19.46
	0
	18.62
	0
	18.62
	0
	16.12
	0
	16.7
	0

	WA 2376
	I
	0
	13.29
	0
	17.47
	16.31
	0
	17.75
	18.56
	0
	17.84
	0
	17.84
	0
	13.92
	0
	17.5
	0

	WA 2472
	I
	42.34
	12.11
	0
	16.04
	16.27
	41.1
	16.36
	17.38
	0
	16.3
	0
	16.3
	0
	12.73
	0
	15.6
	0

	WA 2630
	I
	38.55
	12.17
	37.23
	16.13
	16.78
	36.91
	16.59
	16.83
	0
	16.14
	35.61
	16.14
	35.61
	12.65
	0
	16.5
	0

	WA 2645
	I
	43.39
	12.74
	0
	16.66
	19.25
	41.14
	16.97
	17.54
	0
	16.74
	0
	16.74
	0
	13.39
	0
	17
	0

	WA 2678
	I
	43.52
	15.67
	0
	19.63
	15.28
	42
	19.71
	20.43
	0
	19.15
	0
	19.15
	0
	16.07
	0
	20.1
	0

	WA 2749
	I
	0
	11.44
	0
	15.24
	16.82
	0
	15.64
	16.24
	0
	15.21
	0
	15.21
	0
	11.9
	0
	15.6
	0

	WA 3245
	I
	0
	13.01
	0
	16.56
	17.48
	0
	16.83
	17.62
	0
	16.69
	0
	16.69
	0
	13.58
	0
	16.6
	0

	WA 3406
	I
	41.41
	13.31
	0
	17.29
	34.98
	38.58
	17.55
	18.31
	0
	17.52
	0
	17.52
	0
	14.03
	0
	17.5
	0

	WA 3805
	I
	44.31
	30.44
	0
	40.64
	34.89
	0
	36.62
	0
	0
	34.33
	0
	34.33
	0
	32.74
	0
	36
	0

	WA 4317
	II
	21.42
	30.63
	19.08
	40.43
	35.49
	20.85
	0
	0
	19.22
	34.59
	20.4
	34.59
	20.43
	37.46
	18.54
	0
	20.73

	WA 4332
	II
	18.55
	32.04
	15.53
	0
	38.91
	18.05
	0
	0
	16.51
	38.82
	17.7
	38.82
	17.7
	0
	15.16
	0
	17.59

	WA 4359
	II
	23.41
	36.56
	21.33
	0
	37.73
	22.89
	0
	0
	21.28
	0
	22.04
	0
	22.04
	0
	20.47
	0
	22.4

	WA 4386
	II
	20.36
	36.41
	17.25
	0
	0
	19.52
	0
	0
	18.67
	0
	19.34
	0
	19.34
	0
	17.27
	0
	19.37

	WA 4405
	II
	20.61
	44.05
	17.62
	0
	0
	20.02
	0
	0
	18.61
	0
	19.32
	0
	19.32
	0
	17.2
	0
	19.51

	WA 5760
	II
	43.44
	38.87
	0
	0
	17.58
	43.62
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	WA 1886
	I
	0
	9.75
	0
	18.09
	13.07
	0
	18.09
	15.3
	0
	13.3
	0
	14.49
	0
	11.61
	0
	15.9
	0

	MOURA 1
	I
	0
	9.22
	0
	16.15
	13.12
	0
	16.15
	14.51
	0
	13.13
	0
	14.51
	0
	10.69
	0
	14.9
	0

	MOURA 2
	I
	0
	9.78
	0
	16.24
	13.81
	0
	16.24
	14.59
	0
	13.36
	38.13
	14.57
	0
	10.55
	0
	14.6
	0

	WA 2116
	I
	0
	10.78
	0
	17.58
	12.97
	0
	17.58
	15.2
	0
	12.84
	0
	14.29
	0
	11.35
	0
	15.5
	0

	AVIR 32
	I
	0
	11.49
	0
	17.76
	13.93
	0
	17.76
	15.81
	0
	13.89
	0
	15.19
	0
	12.61
	0
	16.8
	0

	VIAS 6
	I
	0
	12.11
	0
	22.45
	13.04
	0
	22.45
	16.04
	0
	12.89
	0
	14.32
	0
	15.75
	0
	21.2
	0

	VIAS 7
	I
	0
	11.26
	0
	17.5
	13.95
	0
	17.5
	13.76
	0
	13.02
	0
	15.9
	0
	13.46
	0
	19.1
	0

	VIAS 8
	I
	0
	11.42
	0
	19.93
	10.95
	0
	19.93
	14.13
	0
	11.37
	0
	12.5
	0
	13.84
	0
	18.3
	0

	VIAS 9
	I
	0
	12.38
	0
	21.46
	13.48
	0
	21.46
	15.67
	0
	12.38
	0
	14.19
	0
	15.3
	0
	20.7
	0

	VIAS 10
	I
	0
	12.62
	0
	22.85
	13.34
	0
	22.85
	16.58
	0
	13.31
	0
	14.91
	0
	15.67
	0
	0
	0

	I2
	II
	13.15
	37.3
	11.33
	0
	37.63
	13.15
	0
	0
	12.39
	0
	12.39
	0
	12.51
	0
	11.92
	0
	13.27

	ITA
	II
	24.07
	0
	14.59
	0
	0
	24.07
	0
	0
	15.74
	0
	15.74
	0
	19.25
	0
	15.63
	0
	20.54

	LASOTA
	II
	26.14
	37.12
	13.34
	0
	38.59
	26.14
	0
	0
	14.3
	0
	14.3
	0
	26.72
	0
	14.48
	0
	31.81

	F
	II
	0
	0
	12.92
	0
	35.53
	0
	0
	0
	14.19
	37.46
	14.19
	39.02
	0
	0
	14.17
	0
	0

	Peats Ridge AVIR
	II
	19.22
	39.03
	15.65
	0
	0
	19.12
	0
	0
	15.51
	0
	15.51
	0
	26.72
	0
	17.41
	0
	20.1


Table 8: Ct values of class I and class II NDV (continued) 
	
	
	
	

	
	
	Singleplex Real-time PCRs
	Multiplex real-time PCRs

	SAMPLES
	CLASS
	AAHL
	KIM
	WISE
	BSL
	 JCU
	AAHL & BSL
	JCU & Wise
	JCU & AAHL
	BSL & Wise
	Kim & Wise
	Kim & AAHL

	
	
	Class II
	Class I
	Class II
	Class I
	Class I
	AAHL
	BSL
	JCU  
	Wise
	JCU  
	AAHL
	BSL 
	Wise
	Kim  
	Wise
	Kim  
	AAHL

	D1 1A
	I
	
	17.12
	0
	14.6
	17.39
	0
	20.69
	17.39
	0
	17.66
	0
	18.91
	0
	
	ND
	ND
	ND

	D1 1B
	I
	
	15.79
	0
	21.75
	14.46
	0
	17.84
	14.46
	0
	15.02
	0
	16.47
	0
	
	ND
	ND
	ND

	V4 1C
	II
	ND
	0
	16.54
	0
	0
	16.95
	0
	0
	15.77
	0
	17.51
	0
	16.53
	
	ND
	ND
	ND

	S P3 IVC
	II
	ND
	0
	15.66
	0
	0
	14.59
	0
	0
	14.9
	0
	15.16
	0
	15.82
	
	ND
	ND
	ND

	A PI IIC
	II
	ND
	0
	16.53
	0
	0
	15.27
	0
	0
	15.94
	0
	16.12
	0
	16.69
	
	ND
	ND
	ND

	FP1 3C
	II
	ND
	0
	21.68
	0
	0
	22.37
	0
	0
	20.44
	0
	22.36
	0
	21.38
	
	ND
	ND
	ND

	I4 P2
	II
	23.99
	0
	22.32
	0
	0
	23.39
	0
	0
	14.07
	0
	16.32
	0
	15.33
	0
	14.13
	0
	17.17

	P P4
	II
	22.95
	0
	20.94
	0
	0
	21.62
	0
	0
	21.59
	0
	21.67
	0
	22.37
	0
	22.4
	0
	23.19

	OO P2
	II
	21.09
	0
	22
	0
	0
	21.2
	0
	0
	21.15
	0
	20.99
	0
	22.1
	0
	22.31
	0
	21.14

	I5 P2
	II
	19.26
	0
	16.13
	0
	0
	18.07
	0
	0
	16.46
	0
	18.52
	0
	17.47
	0
	16.52
	0
	19.14

	I6 P2
	II
	16.94
	0
	14.49
	0
	0
	16.29
	0
	0
	14.81
	0
	16.33
	0
	15.41
	0
	14.39
	0
	17.49

	I1 H1
	II
	25.09
	0
	24.26
	0
	0
	25.71
	0
	0
	23.83
	0
	26.32
	0
	24.93
	0
	25.29
	0
	27.27

	P P2
	II
	20.84
	0
	21.89
	0
	0
	20.87
	0
	0
	21.35
	0
	20.72
	0
	22.13
	0
	23.44
	0
	21.52

	W P2
	II
	20.96
	0
	19.5
	0
	0
	19.64
	0
	0
	19.65
	0
	20.67
	0
	20.41
	0
	19.97
	0
	21.1

	MM P2
	II
	22.73
	0
	22.21
	0
	0
	21.95
	0
	0
	22.61
	0
	22.31
	0
	23.35
	0
	23.6
	0
	22.64

	I8 P2 
	II
	17.05
	0
	14.16
	0
	0
	15.88
	0
	0
	23.3
	0
	23.85
	0
	23.96
	0
	24.66
	0
	24.61

	RR P2
	II
	21.26
	0
	22.49
	0
	0
	21.04
	0
	0
	22.71
	0
	21.48
	0
	24.11
	0
	25
	0
	22.15

	S P4
	II
	24.47
	34.86
	22.69
	0
	0
	24.17
	0
	0
	23.33
	0
	24.65
	0
	24.34
	0
	25.62
	0
	25.27

	I7 P2
	II
	20.02
	0
	18.86
	0
	0
	19.46
	0
	0
	18.94
	0
	19.49
	0
	19.82
	0
	18.93
	0
	19.96

	L P3
	II
	23.91
	33.49
	21.88
	0
	0
	23.34
	0
	0
	22.38
	0
	23.83
	0
	23.23
	0
	23.05
	0
	24.06

	I3 P2
	II
	18.09
	38.67
	16.2
	0
	0
	17.35
	0
	0
	15.87
	0
	18.79
	0
	16.88
	0
	15.62
	0
	18.88

	C P2
	II
	20.72
	38.69
	21.59
	0
	0
	20.41
	0
	0
	21.56
	0
	20.96
	0
	22.5
	0
	22.7
	0
	21.01


ND – Not done

