Proposal of Actinobacillus pleuropneumoniae serovar 19, and reformulation of previous multiplex PCRs for capsule-specific typing of all known serovars
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Abstract.
Two serologically and molecularly non-typeable isolates of the porcine lung pathogen Actinobacillus pleuropneumoniae have been identified from diseased swine in two different continents. Genome sequencing was carried out to identify their diagnostically relevant genotypes. Both isolates are biovar 1 and encode genes for production of ApxIV and ApxII (apxIICA structural genes, and apxIBD export genes). They both possess the same novel type II capsule locus (most similar to serovar 1, but with two capsule genes not previously found in A. pleuropneumoniae) but differ in their O-Ag loci. Strain 7213384-1 from Denmark, which we propose as the reference strain for serovar 19, has a serogroup 3/6/8/15 O-Ag locus; the Canadian isolate A08-013 has a serogroup 4/7 O-Ag locus.  We have expanded the second of our two previously described A. pleuropneumoniae mPCRs to include capsule gene-specific primers for definitive detection of serovars 13-14 and 16-19.

Introduction
[bookmark: baut0005]Actinobacillus pleuropneumoniae is a highly contagious bacterial pathogen and the causative agent of porcine necrotising pleuropneumonia which is associated with significant economic loss through high mortality rates, treatment costs and reduced growth rates. Factors which limit herd susceptibility include good husbandry, strict biosecurity measures, antimicrobial treatment and vaccines. The most widely used vaccines are bacterins (whole cell killed) but these only provide protection against homologous or a limited number of cross-reacting serovars, and do not prevent colonisation (extensively reviewed elsewhere (Loera-Muro and Angulo, 2018)). Commercial Apx-based vaccines reduce the prevalence of pleuritis, pleuropneumonia and clinical signs in vaccinated pigs, although they are not fully protective, and there is a move towards live attenuated vaccines (Sassu et al., 2018).
	There are currently 18 recognised serovars of A. pleuropneumoniae, based upon their capsule synthesis (cps) genes, with some differences in geographic distribution and pathogenicity (Bossé et al., 2018a; Sassu et al., 2018). The latter is due, in part, to the serovar-dependent production of one or more different Apx toxins, displaying varying haemolytic and cytotoxic effects, which contribute to the formation of necrotic lung lesions - a hallmark of A. pleuropneumoniae infection (Frey, 2019).  In general, serovars producing both ApxI and ApxII are considered more virulent than those producing ApxII and ApxIII, or either ApxI or ApxII alone (Frey, 2019). All A. pleuropneumoniae isolates produce the species-specific toxin ApxIV, but the role it plays in virulence remains unclear (Bossé et al., 2002; Chiers et al., 2010).
The typing of isolates is important for two main reasons: to identify changes in serovar prevalence that may occur over time, indicating alterations in virulence or local host factors, and to dictate the use of the most efficacious vaccine for the given farm/region. Further typing of A. pleuropneumoniae can be done based on requirement for nicotinamide adenine dinucleotide (NAD), with NAD-independent (biovar 2) isolates possessing a full length functional nadV gene, whereas this gene has been truncated in the more prevalent NAD-dependent biovar 1 isolates (Niven and Levesque, 1988; Bossé et al., 2018b). Biovar 2 isolates of serovars 2, 4, 7, 11, 13, and 17 produce only ApxII, whereas isolates of serovar 14 produce only ApxI (Beck et al., 1994; Blackall et al., 2002; Bossé et al., 2018a; Sassu et al., 2018).
Historically, A. pleuropneumoniae typing has been performed serologically. However, this can lead to ambiguous results due to shared capsular and lipopolysaccharide O-antigen (LPS O-Ag) epitopes between serovars (Mittal et al., 1988; Mittal, 1990; Mittal and Bourdon, 1991; Gottschalk, 2015). Thus, there has been a shift towards the use of molecular serotyping of A. pleuropneumoniae (Thomson, 2010). Previously, we developed two multiplex PCR (mPCR) assays, APP-mPCR1 and APP-mPCR2, for comprehensive typing of all 18 known serovars, targeting serovar specific cps genes for each (Bossé et al., 2018b). However, the cps loci for serovars 9 and 11 are almost identical, differing by only a single base in the cpsF gene, so cannot be differentiated. As these serovars also share the same O-Ag locus and Apx toxin profile, they can be considered as a hybrid serovar 9/11. APP-mPCR1 differentiates serovars 1-12 and 15, whilst APP-mPCR2 differentiates serovars 13, 14 and 16-18. Both mPCRs share common primers for the detection of the species-specific apxIVA gene, and APP-mPCR2 can also confirm if an isolate is biovar 2 via amplification of a fragment of the nadV gene. Genetic characterisation of the cps loci has differentiated serovars into four capsule types (I-IV) based on common core cps genes (Xu et al., 2010; Bossé et al., 2017a). Infrequently, isolates either fail to amplify, or produce altered amplicons in mPCR (Turni et al., 2014; Bossé et al., 2018a). These non-typable isolates may be a result of an insertion, such as ISApl1, within the cps locus (Ito et al., 2016), or a novel serovar (Blackall et al., 2002; Bossé et al., 2018a). It is also possible that sequence variation at priming site(s) may cause lack of amplification of serovar-specific targets, though this has yet to be documented.
In this study, we describe whole genome sequence (wgs) analysis of two isolates of A. pleuropneumoniae (7213384-1 from Denmark and A08-013 from Canada), previously non-typable by APP-mPCR1 and APP-mPCR2, to determine the nature of their capsule loci and other diagnostically relevant genotypes. Both isolates were found to possess the same novel type II cps locus, therefore we propose these isolates be designated serovar 19. We have also reformulated our previously described APP-mPCR1 and APP-mPCR2 assays (Bossé et al., 2018b) for the comprehensive capsule typing of all 19 A. pleuropneumoniae serovars. 

Methods
A. pleuropneumoniae isolates 
A. pleuropneumoniae reference strains of serovars 1-18, i.e. 4074, S1536, S1421, M62, K17, L20, Femø, WF83, 405, CVJ13261, D13039, 56153, 1096, N273, 3906, HS143, A-85/14, 16287-1, and 7311555, respectively, were from our laboratory stock culture collection. Isolates 7213384-1 and A08-013 were collected from the lungs of diseased pigs in Denmark in 2000, and Canada in 2008, respectively. Unless otherwise indicated, A. pleuropneumoniae isolates were grown overnight at 37°C in 5% CO2 on Brain Heart Infusion (BHI) agar (BD, USA) supplemented with 0.01% NAD.

Genomic DNA extraction and whole genome sequencing 
	Genomic DNA (gDNA) was prepared from A. pleuropneumoniae isolates using a FastDNA SPIN kit (MP Biomedicals, USA), as described previously (Bossé et al., 2017b). For samples from isolates 7213384-1 and A08-013, draft whole genome sequencing (Illumina 2000), assembly, and Prokka annotation (Seemann, 2014) was performed by MicrobesNG (www.microbesng.com). The resulting annotated draft assemblies were examined using Artemis (Release 18.0.2) to determine the location of their capsule loci, based on identification of the highly conserved capsule export gene, cpxD (GenBank accession AIA09380). Once identified, genes of the divergently transcribed capsule synthesis locus were interrogated using BLASTn and BLASTx. Similarly, the LPS O-Ag biosynthesis locus was identified in each genome assembly in Artemis by searching for the erpA and rspU genes (GenBank accessions WP_005617946 and WP_005598703, respectively) known to flank this region. The O-Ag loci were then interrogated using BLASTn. The assemblies were also searched in Artemis for the presence/absence of the different Apx toxin genes. 

Antiserum production and serological testing
	Hyperimmune rabbit antisera were produced using formalin-killed isolates 7213384-1 (proposed reference strain of serovar 19) and A08-013, as previously described (Sárközi et al., 2015). Briefly, the isolates were grown on chocolate agar made of Tryptone Soya Agar (Biolab Ltd., Hungary) supplemented with 10% defibrinated sheep blood and 50 g/ml NAD (Biolab Ltd., Hungary). Following incubation for 24 h at 37°C with 5% CO2, bacteria from three plates were suspended in 40 ml saline containing 0.5% formaldehyde. The suspension was allowed to stand at room temperature for 1 h, and then the bacterial cells were pelleted by centrifugation, resuspended in saline and stored at 4°C until used. Two rabbits of about 3 kg each were intravenously inoculated on six occasions (3-4 days apart) with 0.5, 1, 2, 3, 3, and 3 ml of the suspension, respectively. Blood was collected one week after the last injection. Indirect hemagglutination (IHA) (Biberstein, 1978) was used to test isolates 7213384-1 and A08-013 with the new hyperimmune antisera, as well as a set previously generated for each of the 18 known serovars (Sárközi et al., 2015; Bossé et al., 2018a). Additionally, each of the 18 serovar reference strains were tested by IHA using the newly generated hyperimmune antisera. 
mPCR reactions
	Primers were designed to amplify a 977 bp fragment, spanning the last 650 bp of cps19C and the first 254 bp of cps19D, unique to A. pleuropneumoniae serovar 19. The amplicon length was chosen to allow inclusion in APP-mPCR2 without compromising the ability to discriminate the amplicons produced by other primer sets already present for specific identification of serovars 13, 14, 16, 17, and 18, as well as apxIV and nadV  (Bossé et al., 2018b). Additionally, as previously published APP-mPCR1 primers for detection of serovar 8 were found to produce a larger than expected amplicon for a few recent isolates, due to insertion of ISApl1 between cps8F and cps8G (unpublished), the serovar 8 primers were redesigned for amplification of a 1157 bp product within cps8G, rather than the original 1126 bp region spanning cps8F and cps8G (Bossé et al., 2018b). Similarly, we have identified some isolates (unpublished) with a transposon (WP_012263446) insertion in the region between the 3’ ends of apxIV and lacZ targeted by the primer pair originally used in APP-mPCR1 and APP-mPCR2 for detection of a 418 bp apxIV-specific amplicon (Bossé et al., 2018b). Therefore, in our revised APP-mPCR1 and APP-mPCR2 assays, we have chosen to replace this primer pair with the previously described alternative apxIV-specific primer pair (Tegetmeyer et al., 2008; Bossé et al., 2014), which amplifies a 423 bp within the well conserved N-terminal region of apxIV. All mPCR primers used in this study are shown in Table 1.
All mPCR reactions were prepared with the Qiagen multiplex PCR kit (Qiagen, Germany) consisting of 25 µl master-mix, 0.2 µM of each primer, 5 µl 10x CoralLoad gel tracking dye and 2 µl DNA template. Prepared reactions were run on a T100 Thermal Cycler (Bio-Rad, Switzerland) with updated cycling conditions as follows: 10 minutes at 95C, followed by 30 cycles of 95C for 15 seconds, 60C for 90 seconds, and 72C for 150 seconds. 

mPCR specificity
Specificities of newly designed primers for serovars 8 and 19 were initially determined in single-plex PCR reactions using purified DNA from the atypical serovar 8 isolate MIDG3955 (with an ISApl1 insertion between cps8F and cps8G), both proposed serovar 19 isolates, and reference strains of A. pleuropneumoniae serovars 1-18. Subsequently, revised APP-mPCR1 and APP-mPCR2 primer mixes were tested using purified DNA samples from all A. pleuropneumoniae serovar reference strains, 34 A. pleuropneumoniae clinical isolates (various serovars from Europe, Asia and North America), and 40 isolates of other bacterial species found in the respiratory tract of pigs, as well as species closely related to A. pleuropneumoniae, as described previously (Bossé et al., 2014; Bossé et al., 2017a). These species included; Actinobacillus equuli (n=4), Actinobacillus indolicus (n=4), Actinobacillus lignieresii (n=4), Actinobacillus minor (n=3), “Actinobacillus porcitonsillarum” (n=1), Actinobacillus porcinus (n=4), Actinobacillus suis (n=5), Bordetella bronchiseptica (n=2), Glaesserella parasuis (n=1), Mannheimia haemolytica (n=1), Mycoplasma hyopneumoniae (n=1), Mycoplasma hyorhinis (n=1), Mycoplasma hyosynoviae (n=1), Pasteurella multocida (n=4), Pasteurella pneumotropica (n=3), and Streptococcus suis (n=1). 

Data availability
The capsule synthesis loci of serovar 19 strains 7213384-1 and A08-013 have been deposited in GenBank under accession numbers, MT468887 and MT468888, respectively. Additionally, the LPS O-Ag loci, spanning from erpA to rspU, have been deposited in GenBank under accession numbers, MT468889 and MT468890, respectively.

Results 
Characterisation of a novel serovar 19 cps locus in A. pleuropneumoniae
Draft genome sequences of A. pleuropneumoniae isolates 7213384-1 and A08-013 consisted of 80 and 64 total contigs, respectively.  In both genomes, the capsule export locus (cpxABCD) and divergent biosynthetic locus (cps19ABCD) were found at the end of a contig, with the modF gene located upstream of cpxA, as in all A. pleuropneumoniae serovars (Bossé et al., 2018b). The ydeN gene, found downstream of the cps genes in all A. pleuropneumoniae serovars, was located at the end of a separate contig, along with the 114 bp orf and truncated lysA gene typically found downstream of type II cps loci (Bossé et al., 2018b). The reason for the lack of assembly across this region in the draft genomes was found to be the insertion of a putative 633 bp transposase gene commonly found in A. pleuropneumoniae (accession ACK77795), which was identified on a separate contig, with sequences at either end allowing assembly to the respective contigs to complete the cps locus. PCR amplification using the AP19F and AP14R primers (the latter specific for the ydeN gene) produced the 4.9 kb product predicted by insertion of the tnp gene bridging the region between the cps locus and the ydeN gene in both isolates (data not shown). 
The cps loci identified in the genomes of A. pleuropneumoniae isolates 7213384-1 and A08-013 were found to be 99% identical at the nucleotide level across the 8030 bp encoding four genes of 1113, 3744, 2325, and 741 bp (designated cps19ABCD, respectively). The first gene encodes a 370 AA protein, differing at six residues between the sequences from the two isolates. BLASTx analysis of the cps19A sequence revealed >98% AA identity with the core type II capsule protein (CpsA, a capsular polysaccharide phosphotransferase) of A. pleuropneumoniae serovars 1, 4, 12, 14, and 18 (AWG96007, AEB33795, AAS77490, AVY0371, and AVT4289, respectively), as well as 96% AA identity with the LcbA capsular polysaccharide phosphotransferase of Actinobacillus suis (WP_039195563). The 1247 AA protein, Cps19B, encoded by the second gene in the serovar 19 cps locus, is identical in the two different isolates and shares 92% identity across 1243 AA with the Cps1B glycosyltransferase of serovar 1 (WP_005598921). Similar glycosyltransferases are produced by other bacteria, including various species of Neisseria (e.g. 62% identity with the 1249 AA Neisseria chenwenguii protein; WP_089036241). At the nucleotide level, the conservation between the cpsB genes of A. pleuropneumoniae serovars 1 and 19 is greater over the first 2386 bp (99% identity), whereas the 3’ end is more divergent (only 83% identity). The cps19CD genes, which are identical in both of the sequenced isolates, are unique to the newly proposed A. pleuropneumoniae serovar 19, although the final 351 bp of the 2325 bp cps19C gene shares 99% identity with the 3’ end of the 1044 bp cps1D (Figure 1).  The 774 AA Cps19C protein shares 65% AA identity with an 1193 AA predicted maltose acetyltransferase protein from N. chenwenguii (WP_089036240), and 48% identity to an 870 AA predicted acetyltransferase found in Actinobacillus porcinus (WP_167874927). Although the 347 AA A. pleuropneumoniae serovar 1 Cps1D protein is also a predicted maltose acetyltransferase, Cps19C shares only 46% similarity and 26% identity with Cps1D, with the final 117 AAs of both proteins being identical. The 246 AA Cps19D protein is most similar (56% identity) to a 255 AA CatB-related O-acetyltransferase encoded by various species of Acinetobacter (e.g. WP_130162859). A related 236 AA protein is encoded by a gene in the O-Ag locus of A. pleuropneumoniae serovar 2 (WP_005602113) but it shares only 36% ID over 155 AAs. While no gene sharing high identity with cps19D has been reported in A. pleuropneumoniae, the first 119 bp of this 741 bp gene is identical to an intergenic sequence downstream of the final capsule gene (cps1D) gene in A. pleuropneumoniae serovar 1. 
Both 7213384-1 and A08-013 are predicted to produce ApxII, as they possess the apxIIAC and apxIBD genes that encode for active toxin, and proteins necessary for secretion, respectively. Both isolates contain the A. pleuropneumoniae species-specific apxIVA gene (encoding ApxIV), and a truncated nadV gene indicative of biovar 1, which is consistent with the lack of a nadV amplicon in APP-mPCR2 and NAD-dependent growth in culture.

Characterisation of O-Ag loci in the serovar 19 isolates 
As in other A. pleuropneumoniae genomes (Xu et al., 2010), the LPS O-Ag loci of isolates 7213384-1 and A08-013 were identified between the erpA and rpsU genes. Typically, isolates of the same serovar encode the same LPS O-Ag. However, investigation of the 7213384-1 O-Ag locus (comprised of 13 genes) revealed that it shares 99% identity over 13,599 bp, with those from serovars 3, 8 and 15 (CP000687.1, LN908249.1, and AB743837.1, respectively), and 97% with that of serovar 6 (ADOG00000000.1). In contrast, the LPS locus of A08-013 (comprised of 11 genes) shares 94-99% identity over 11,340 bp with those of serovars 7 and 4 (CP001091.1 and LS483358.1, respectively). 
Serovar 19 serology
	Isolate A08-013 produced no reactivity in IHA with any of the hyperimmune sera previously produced against reference strains of A. pleuropneumoniae serovars 1-18 (Sárközi et al., 2015; Bossé et al., 2018a), whereas isolate 7213384-1 showed strong reactivity (a titre of 1:1280) with the hyperimmune serum raised against the serovar 1 reference strain (Shope 4074) but no reactivity with any of the remaining set of reference sera.
	Results of IHA using the newly generated hyperimmune sera raised against A. pleuropneumoniae isolates 7213384-1 and A08-013 are shown in Table 2. Only isolate 7213384-1 (proposed as serovar 19 reference strain) gave strong homologous reactions (titres of 1:5120 and 1:1280) with the two replicate sera raised against this isolate. Neither of these sera reacted with the serovar 1 reference strain, or any of the other serovar reference strains. Isolate A08-013 showed no reactivity at all in IHA, even using the two replicate sera raised against this isolate, nor did either of the sera raised against this isolate react with any of the A. pleuropneumoniae serovar reference strains. Expression of capsule export and biosynthesis genes was confirmed by reverse transcription PCR (using four sets of primers designed to span sequences covering the complete export and biosynthetic loci) for both A08-013 and 7213384-1 (data not shown).  

Reformulation of APP-mPCR1 and APP-mPCR2 
The oAPXIVA-Tsp1 and oAPXIVA-Tsp2 primers, originally designed by Tegetmeyer et al. (Tegetmeyer et al., 2008) to amplify a 423 bp product within the well conserved N-terminal region of apxIVA, were validated for use in the reformulated mPCRs, replacing the primers (designed to amplify a 418 bp sequence spanning from the 3’ end of the apxIVA gene to the 3’ end of the lacZ gene) used in our original mPCRs (Bossé et al., 2018b). Although the region targeted by oAPXIVA-Tsp1 and oAPXIVA-Tsp2 has previously been shown to have an ISApl1 insertion in the serovar 7 strain AP76, no other A. pleuropneumoniae isolates have yet been identified with this insertion. This was supported by our validation of the reformulated APP-mPCR1 and APP-mPCR2 in which all of the A. pleuropneumoniae isolates tested produced the expected 423 bp amplicon, with no amplification being found in any of the other species tested (data not shown). Furthermore, amplification of this 423 bp product did not interfere with detection of any of the serovar specific amplicons in either of the reformulated mPCRs (see below).
Reformulation of APP-mPCR1 included new primers for serovar 8, as well as a change in cycling conditions to include a longer initial denaturation step enabling consistent results with colony PCR (Bossé et al., 2019). Additionally, we found that increasing the extension step from the previously reported 2 minutes (Bossé et al., 2014) to 2.5 minutes enabled a more consistent amplification of the 2105 bp product for serovar 9/11 isolates relative to the smaller amplicons produced for the other serovars detected by APP-mPCR1. Serovar 8 primers were redesigned to target the cps8G gene alone, rather than the previously published primers which amplified a sequence spanning cps8F and cps8G (Bossé et al., 2018b). This change was made to avoid mischaracterisation of some serovar 8 isolates, such as MIDG3955, which have an intergenic insertion of the 978 bp element, ISApl1, between cps8F and cps8G. For these atypical serovar 8 isolates, the resultant amplicon produced by the original serovar 8 primers was 2135 bp (Figure 2), which could be mis-interpreted as a serovar 9/11 amplicon (2105 bp) in APP-mPCR1. The redesigned serovar 8 primers, which amplify a product of 1157 bp, similar in size to the original 1126 bp amplicon (Figure 2), were successfully implemented in APP-mPCR1 (Figure 3A) with no off-target amplification detected with any A. pleuropneumoniae isolated tested, nor any species related to A. pleuropneumoniae or species commonly found in the nasopharynx of pigs (data not shown). 
The reformulated APP-mPCR2 was validated following incorporation of the new serovar 19-specific primers designed to amplify a 977 bp product and was confirmed to allow discrimination of amplicons produced by serovars 13, 14 and 16-19, as well as the species-specific apxIVA and the biovar 2-specific nadV amplicons (Figure 3B). The serovar 19 primers were found to be highly specific, only producing the expected amplicon with the 7213384-1 and A08-013 isolates (Figure 3B). There was no amplification produced from serovars 1-18 of A. pleuropneumoniae, nor from related species or other species commonly found in the porcine respiratory tract (data not shown). However, the serovar 18 primers in APP-mPCR2 did produce an amplicon of the predicted size (514 bp) with an isolate of the ruminant pathogen A. lignieresii (CCUG 22227), not previously tested during validation of the original APP-mPCR2 assay (Bossé et al., 2018b). There are currently three A. lignieresii genome sequences (NCTC 4191, NCTC 4189, and NCTC 10568) available in GenBank. Analysis of these sequences revealed that: NCTC 4191 has a type I cps locus sharing high identity (91.8% pairwise identity over 15 kb) with that of A. pleuropneumoniae serovar 8 (GenBank LN908249); NCTC 4189 encodes a gene sharing high identity with the common cpsA gene in A. pleuropneumoniae serovars having a type II cps locus (Xu et al., 2010; Ito, 2015; Bossé et al., 2018b), but otherwise has unique capsule genes, hence no cross-reaction in our mPCRs; and NCTC 10568 has a unique capsule locus with no similarity to capsule types (I-IV) described for A. pleuropneumoniae serovars.	

Discussion	
Molecular typing of A. pleuropneumoniae serovars has, for the most part, replaced traditional serological typing, due to increased accuracy and reproducibility in laboratories around the world. Previously, we described APP-mPCR1 and APP-mPCR2 for the unequivocal typing of A. pleuropneumoniae serovars 1-18 based on detection of serovar-specific capsule genes (Bossé et al., 2018b). Routine use of these two mPCRs has allowed identification of atypical reactions, including altered apxIV and serovar 8 amplicons (see below), as well as isolates not typable by either APP-mPCR1 and APP-mPCR2, i.e. those producing only apxIV amplicons. In this study, we have generated and analysed wgs data for two previously non-typable isolates, 7213384-1 and A08-013, recovered from pneumonic lungs of pigs in Denmark (in 2000), and Canada (in 2008), respectively, in order to determine their diagnostic profiles. 
For A. pleuropneumoniae, serovar specificity derives from differences in capsular polysaccharides. Both 7213384-1 and A08-013 have the same novel cps locus, comprising four genes, which we have designated cps19ABCD, with the final two genes unique to the newly proposed A. pleuropneumoniae serovar 19. The cps19A gene encodes a polysaccharide phosphotransferase, nearly identical to the CpsA proteins of A. pleuropneumoniae serovars (1, 4, 12, 14, and 18 ) producing type II capsules consisting of repeating oligosaccharide polymers with phosphate linkages (Perry et al., 1990). Further regions of homology between cps1B and cps19B, as well as between the 3’ ends of cps1D and cps19C, respectively, suggest that the serovar 19 locus may have arisen through recombination of capsule-related genes acquired from other species (though likely not in any recent horizontal transfer event) into the serovar 1 cps locus. 
In general, isolates of the same serovar encode the same LPS O-Ags, with some serovars sharing the same or highly similar O-Ags, which can result in serological cross-reactions, i.e. serogroups 3/6/8/15, 4/7, and 1/9/11 (Gottschalk, 2015). Some atypical isolates have O-Ag loci that do not match those predicted by their cps loci. These hybrid serovars are given K:O designations to describe their capsule (K-antigens) and LPS O-Ag types. BLASTn analysis of the O-Ag loci found in the serovar 19 genomes indicated that 7213384-1 possesses a serogroup 3/6/8/15 type locus (most similar to those of serovars 3 and 8 at the nucleotide level), whereas A08-013 has a serogroup 4/7 locus (most similar to that of serovar 4 at the nucleotide level).  
	We generated hyperimmune sera against each of the two serovar 19 isolates (designated K19:O3 and K19:O4, respectively, for 7213384-1 and A08-013) for serological typing by IHA. Given that they encode the same capsule, but different O-Ags, it was expected that sera raised would show cross-reactivity between these isolates, and possibly with isolates sharing similar O-Ags or capsule epitopes. High titres were detected for strain 7213384-1 when tested with two homologous antisera (1:5120 and 1:1280), as well as with hyperimmune antiserum raised against serovar 1 (1:1280), but not with sera raised against the reference strains of the other serovars, including 3, 6, 8, and 15 (Sárközi et al., 2015; Bossé et al., 2018a). However, the serovar 1 reference strain showed no reactivity when tested with the sera raised against 7213384-1, suggesting only partial cross-reactivity between serovars 1 and 19. Furthermore, the results suggest that no antibodies directed against common O-Ag epitopes were detected. We reported a similar finding previously when testing serovar 18 isolates (which encode the same O-Ag locus as serovar 7) by IHA using the same panel of antisera (Bossé et al., 2018a), though cross-reactivity might be detected using alternative serological methods. Strain A08-013 showed complete lack of IHA reactivity, not even when tested with the homologous antisera, and the antisera raised to A08-013 did not show reactivity with strain 7213384-1, or any 18 serovar reference strains. The reason for this lack of reactivity is unclear, as expression of capsule synthesis and export genes was detected by RT-PCR for both 7213384-1 and A08-013.
Apx toxin profiles tend to be conserved within serovars, though biovar 2 isolates may differ from their respective biovar 1 serovars in this regard, and some atypical biovar 1 isolates have also been reported (recently reviewed in (Sassu et al., 2018)). Both 7213384-1 and A08-013 are biovar 1, having truncated nadV genes, as indicated by the lack of a nadV amplicon in APP-mPCR2 and the requirement for NAD for growth. Along with the apxIVA gene found in all serovars of A. pleuropneumoniae, both serovar 19 isolates possess the genes required for production and secretion of ApxII, but not ApxI or ApxIII. This toxin profile is shared by isolates of biovar 1 serovars 7, 12, 17, and 18, and biovar 2 serovars 2, 4, 7, 11, 13, and 17, as well as some atypical biovar 1 serovar 1 and 2 isolates. Although it has been suggested that A. pleuropneumoniae isolates producing only ApxII may be less virulent than those producing it in combination with either ApxI or ApxIII (Dom and Haesebrouck, 1992; Beck et al., 1994; Frey, 1995), they are still capable of causing disease, and both 7213384-1 and A08-013 were isolated from the lungs of pigs with typical pleuropneumonia lesions.
In order to allow molecular detection/typing of A. pleuropneumoniae serovar 19, specific primers were incorporated into our previously reported APP-mPCR2 (Bossé et al., 2018b) such that it now allows identification of serovars 13, 14 and 16-19 as well as the species-specific apxIVA and biovar 2-specific nadV amplicons. As we were modifying APP-mPCR2, we took the opportunity to further optimise both our A. pleuropneumoniae-typing mPCRs based on our experience with clinical samples over the past two years. Modifications include increases in the initial denaturation step (now 10, rather than 5, min at 95°C) and the extension time (now 2.5, rather than 2, min to allow better amplification of longer sequences) for both mPCRs, and new serovar 8-specific primers (within cps8G) in APP-mPCR1 that are not affected by an intergenic ISApl1 insertion found between cps8F and cps8G in some isolates. Additionally, we validated the use of alternate apxIV-specific primers (Tegetmeyer et al., 2008) targeting an N-terminal conserved sequence of apxIVA, in place of the apxIV primers (spanning the 3’ ends of apxIVA and lacZ) used in our original mPCRs (Bossé et al., 2018b). Both our and Tegetmeyer’s apxIV primers produce similar sized products (418 and 423 bp, respectively) in most A. pleuropneumoniae isolates. Occasional isolates have been found to harbour transposon inserts in one or the other of these regions, resulting in amplicons of approximately 1.5 kb, which can be mistaken for a serovar 15-specific amplicon in APP-mPCR1. However, unlike the insertion disrupting the intergenic region amplified by our original apxIV primers, any isolates producing a 1.5 kb amplicon with the Tegetmeyer primers used in the reformulated mPCRs would indicate a disruption of the apxIV gene associated with failure to elicit an ApxIV serological response (Tegetmeyer et al., 2008), which has implications for herd surveillance. We recommend that any isolate producing only a 1.5 kb amplicon in both reformulated APP-mPCR1 and APP-mPCR2 be tested for serovar 15 and for the 418 bp apxIVA amplicon using the individual primer sets.
The reformulated mPCRs were validated for specificity using gDNA from the reference strains of all A. pleuropneumoniae serovars as well as a panel of clinical A. pleuropneumoniae isolates and other pig pathogens, as previously described (Bossé et al., 2014; Bossé et al., 2017a; Bossé et al., 2018b). All A. pleuropneumoniae isolates produced the expected serovar-specific and apxIVA amplicons. One non-specific reaction (faint serovar 18 amplicon) was detected with a previously un-tested A. lignieresii isolate (CCUG 22227). An apxIVA amplicon was not detected, indicating no contamination with A. pleuropneumoniae DNA. BLAST searches revealed sequences similar to other A. pleuropneumoniae capsule genes, i.e. cps8D-cps8H and the cpsA gene common to serovars producing a type II capsule, were present in the genomes of A. lignieresii NCTC 4191 and NCTC 4189, respectively. However, as A. lignieresii is commonly found in cattle (Rycroft and Garside, 2000), and has not been reported in pigs, thus are unlikely to be a source of a mis-identification as A. pleuropneumoniae in APP-mPCR1 or APP-mPCR2.

Conclusion
The whole genome sequence and serological data indicate that A. pleuropneumoniae isolate 7213384-1 expresses a novel type II capsule, and we propose it should be designated as the reference strain of serovar 19 (more specifically K19:O3). Genotypically, the A08-013 isolate appears to be a K19:O4 variant, and although there were problems serologically typing this isolate in our current study, it molecularly types as serovar 19 using our APP-mPCR2. The cross-reactivity of the serovar 19 reference strain 7213384-1 detected with serovar 1-specific antiserum in IHA suggests that other isolates of serovar 19 may have previously been mis-typed as serovar 1 serologically, or as non-typable by molecular methods. Reformulation of our previously described mPCR assays, with addition of serovar 19-specific primers to APP-mPCR2, will allow further identification tracking of this newly identified serovar of A. pleuropneumoniae.
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Table 1. Revised primer sets for A. pleuropneumoniae APP-mPCR1 and APP-mPCR2.
	 
	Primer name
	Primer sequence 5’-3’
	Target gene
	Product size (bp)
	Reference

	APP-mPCR1
	AP1F
	CTGGAGTAATTACGGCGACTATTCC
	cps1B
 
	959
	(Bossé et al., 2014)

	
	AP1R
	AGGAGAAGCTAGTAGTACTTGCATTTTC
	
	
	

	
	AP2F
	GAGTGTGATGATGATGCTCTGGTTC
	cps2E
 
	247
	(Bossé et al., 2014)

	
	AP2R
	TACCAATAACTGTTGCAACTAACGC
	
	
	

	
	AP3F
	TTGTAGAGCCCGCCAGATTTACG
	cps3F
 
	500
	(Bossé et al., 2018b)

	
	AP3R
	CATTCGCACCAGCAATCACC
	
	
	

	
	AP4F
	CAGCATGGGTTTGGTCCTGTTG
	cps4B
 
	204
	(Bossé et al., 2018b)

	
	AP4R
	GGCTTTCTCCGTGTATGAATAAAGTG
	
	
	

	
	AP5F
	AGCCACAAGACCCGAATGGTATAATG
	cps5B
 
	825
	(Bossé et al., 2014)

	
	AP5R
	CCATCAAATGCAGCTTCAAGGAGC
	
	
	

	
	AP6F
	TGACTGGCTTCGTGAAAATGAG
	cps6F
 
	718
	(Bossé et al., 2018b)

	
	AP6R
	GTCTGAAGTTTTATTCGCAGCTCC
	
	
	

	
	AP7F
	TTGGAATGGATTCATGATTGGGC
	cps7E
 
	601
	(Bossé et al., 2014)

	
	AP7R
	CGGAAATGGCCTATTGAAAAACG
	
	
	

	
	AP8FNewa
	CGTGTTATTTAGGCAGTTCTGGAG
	cps8G
 
	1157
	This study

	
	AP8RNew
	CCTACTTTCTCTCACCCAATAACTG
	
	
	

	
	AP9/11F
	GTAGGACGTGGTAACATTGAGGC
	cps9/11E
	2105
	(Bossé et al., 2018b)b

	
	AP9/11R
	ACGGGTGCAATTTCTAAAGCTG
	cps9/11F
	
	

	
	AP10F
	GGTGGTGATGGAACAAGGTTATGG
	cps10A

	183
	(Bossé et al., 2014)

	
	AP10R
	CTGTAATTGATGCGAAATAGTAGATTGGTGC
	
	
	

	
	AP12F
	TAAAGGTATTATAACGCCGGCTCT
	cps12A
 
	347
	(Bossé et al., 2014)

	
	AP12R
	CTCCCATCTGTTGTCTAAGTAGTAG
	
	
	

	
	AP15F
	GCAACTTGGAGAACATGGTTAAATCAAG
	cps15B
	1595
	(Bossé et al., 2018b)

	
	AP15R
	CAACCCTCCAATGTAAGCGAAGG
	cps15C
	
	

	
	oAPXIVA-Tsp1c
	TTTCCGTCCGGTTTATTCAG
	apxIVA
 
	423
	(Tegetmeyer et al., 2008)

	
	oAPXIVA-Tsp2
	CTTTCGCTCATGCGACTATG
	
	
	

	APP-mPCR2
	AP13F
	GTTGTGTATCGAGGTTGGCATTTC
	cps13E
 
	665
	(Bossé et al., 2018b)

	
	AP13R
	ATGTAAAGGATCTAAGCCGTGTG
	
	
	

	
	AP14F
	TGCATTACGCTTATATTCTGAATGG
	cps14G
	1911
	(Bossé et al., 2018b)

	
	AP14R
	TTGTCGATCGAGAGGGAGTAACG
	ydeN
	
	

	
	AP16F
	TTACTCACTTGGGCTAGGGATAG
	cps16C
	212
	(Bossé et al., 2017a)

	
	AP16R
	ACCAGCAATATGATTACGCCC
	cps16D
	
	

	
	AP17F
	TTGTAATGGCGGTGTAATGCTAC
	cps17F
 
	302
	(Bossé et al., 2018a)

	
	AP17R
	CATAAGTGCAGCCATCTCTTTCAG
	
	
	

	
	AP18F
	CGGAGTTTGGCAGCATAAAGG
	cps18B
 
	514
	(Bossé et al., 2018a)

	
	AP18R
	CCATAATCGGTGCTCAACTAAGAATG
	
	
	

	
	AP19F
	ATACGGCAAATAATCGAGTTACTGC
	cps19C
	977
	This study

	
	AP19R
	CTTGAATAACGACCGATAGATACTCC
	cps19D
	
	

	
	nadVF
	CTCACTAAACAAAACTCTGCGTTC
	nadV
 
	1339
	(Bossé et al., 2018b)

	
	nadVR
	TTCGGATGACAGAACTTTTACCCG
	
	
	

	
	oAPXIVA-Tsp1
	TTTCCGTCCGGTTTATTCAG
	apxIVA
 
	423
	(Tegetmeyer et al., 2008)

	
	oAPXIVA-Tsp2
	CTTTCGCTCATGCGACTATG
	
	
	


aOriginal APP-mPCR1 primers AP8F (ACATCCAAGCCGTTCTCCAG) and AP8R (CATCCATGAGCCAATGAGGG) targeted an 1126 bp region between cps8F and cps8G (Bossé et al., 2018b).
cThese primers were originally designated as AP9F and AP9R but have been renamed here to clarify the detection of the hybrid serovar 9/11.
cOriginal APP-mPCR1 and APP-mPCR2 primers apxIVA1 (TTATCCGAACTTTGGTTTAGCC) and apxIVA3 (CATATTTGATAAAACCATCCGTC) targeted a 418 bp region between the 3’ ends of apxIVA and lacZ (Bossé et al., 2018b).


Table 2. Titres obtained by IHA using hyperimmune sera raised against A. pleuropneumoniae isolates 7213384-1 and A08-013. 
	A. pleuropneumoniae strain
	Hyperimmune sera raised against

	
	A. pleuropneumoniae 7213384-1
	A. pleuropneumoniae A08-013

	
	Rabbit A
	Rabbit B
	Rabbit A
	Rabbit B

	7213384-1
	1:5120
	1:1280
	-
	-

	A08-013
	-
	-
	-
	-

	Serovars 1-18a
	-
	-
	-
	-


aReference strains of A. pleuropneumoniae serovars 1-18, i.e. 4074, S1536, S1421, M62, L20, Femø, WF83, 405, CVJ13261, D13039, 56153, 1096, N273, 3906, HS143, A-85/14, 16287-1 and 7311555, respectively.


Figure legends
Figure 1. Schematic representation of the type II cps loci of A. pleuropneumoniae serovars 1 and 19. As in all serovars of A. pleuropneumoniae, the cps locus in serovar 19 is located between the capsule export locus (cpxABCD, with only the cpxD gene shown here) and the ydeN gene (preceded by the 114 bp orf and partial lysA gene associated with type II cps loci (Bossé et al., 2018b). In serovar 19, a putative transposase (tnp) gene is inserted downstream of the cps19D gene, where it would not be predicted to interfere with capsule production. The locations of the serovar 1- and serovar 19-specific primers included in APP-mPCR1 and APP-mPCR2, respectively, are indicated by the small curved black arrows. The grey block between the two sequences indicate levels of nucleotide identity (light grey = 83%, medium grey = 93%, dark grey >98%).

Figure 2. Comparison of amplicons produced by original (OG) and redesigned (RD) serovar 8 primers with two different serovar 8 isolates. The serovar 8-specific primers originally included in APP-mPCR1 (Bossé et al., 2018b) were designed to amplify an 1126 bp product (lane 1; serovar 8 strain 405) spanning parts of cps8F and cps8G, but in some isolates which have an ISApl1 insertion between these two genes, an amplicon of 2135 bp is produced (lane 2; atypical serovar 8 isolate MIDG3955). The serovar 8 primers redesigned as part of this study amplify an 1157 bp within cps8G that is not affected by the intergenic ISApl1 insertion (lanes 3 and 4; serovar 8 strains 405 and MIDG3955, respectively).
Figure 3. Serovar-specific products amplified by APP-mPCR1 and APP-mPCR2 using purified DNA from A. pleuropneumoniae reference serovars, 1-19. In both (A) APP-mPCR1 and (B) an apxIV (423-bp) amplicon is detected in all 19 serovar reference strains. With APP-mPCR2 (B) an additional 1339 bp nadV amplicon is detected only in the biovar 2 strains (lanes 13 and 14). For both (A) and (B) lanes 1 to 19a contain PCR products from the following strains: 1, 4074T; 2, S1536; 3, S1421; 4, M62; 5a, K17; 5b, L20; 6, Femø; 7, WF83; 8, 405; 9, CVJ13261; 10, D13039; 11, 56153; 12, 8329; 13, N-273; 14, 3906; 15, HS143; 16, A-85/14; 17, 16287-1; 18, 7311555; 19, 7213384-1; and 19a, A0813. Lanes marked M contain molecular size markers (100 bp Plus DNA Ladder; GeneRuler, Fisher Scientific).
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