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Abstract

Serovar detector is a new bioinformatic tool for determining the serovar of Actinobacillus pleuropneumoniae using whole
genome sequencing. The composition of cps genes of isolates is compared to those of the serovar reference strains, and
the outcome is determined both by the number of common genes and the similarities between the homologous genes. The
validation of the bioinformatic tool utilized a broad collection of 732 isolates, including representatives from all described
serovars. The isolates included had been characterized by conventional serotyping, PCR tests or different bioinformatic
tools. The collection also includes isolates that have been difficult to allocate to a serovar using serology to test the per-
formance of the Serovar detector when potential new varieties or combinations of cps genes are present. Out of the 732
isolates included in the investigation, only 36 isolates (4.9%) could not be allocated to the 19 recognized serovars. The vali-
dation showed that the Serovar detector is a robust method for determining the serovar of an isolate and a valuable tool
for further characterization of the genetic heterogeneity both within serovars and within the A. pleuropneumoniae species.

Impact Statement

Actinobacillus pleuropneumoniae is an important cause of pneumonia and mortality in pigs worldwide. Serotyping is important
for describing variation among strains and to indicate virulence. Serovar detector is an important contribution to the field by
describing a method for determining the serovar of an isolate based on whole genome sequencing. The investigation shows
that the Serovar detector is a robust method for allocating unknown isolates to a serovar in a quick and reproducible manner.
Additionally, the method will supply information on variation in the detected capsular polysaccharide synthesis genes that
might give rise to further investigations and possibly descriptions of additional serovars.

DATA SUMMARY

WGS data for the isolates have been deposited in the NCBI Sequence Read Archive under the BioProject PRJEB85426,
and the accession numbers can be found in a supplementary table. The collection also includes a subset of Spanish isolates
which have earlier been deposited on NCBI under the BioProjects PRINA1062770 and PRJNA781224, as well as Norwegian
and Danish isolates which have been deposited under the BioProject PRJEB47034.

Serovar detector is freely available at https://github.com/KasperThystrup/serovar_detector.
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INTRODUCTION

Actinobacillus pleuropneumoniae is a Gram-negative, encapsulated respiratory pathogen of swine and the causative
agent of porcine pleuropneumonia. The disease occurs worldwide and causes high mortality and large economic
losses to the swine industry [1, 2]. So far, 19 different serovars of A. pleuropneumoniae have been described [3, 4]. The
species can furthermore be divided into two biovars based on the requirement for NAD for growth (biovar 1 being
NAD-dependent). Differentiation between serovars is predominately based on structural differences in the capsular
polysaccharides (CPSs) and, for most serovars, also differences in lipopolysaccharides [5, 6]. In some strains, unusual
patterns of surface antigens can occur, e.g. in those having a CPS similar to that of serovar 2 and a lipopolysaccharide
structure similar to that of serovar 7, which were designated K2:07 [7]. Some of these isolates were later allocated to
the new serovars 17 and 18 [8]. Isolates with other composite serotypes such as K1:07, K2:04, K6b:03 and K12:03
have also been described [9-13].

Studies have indicated considerable differences in virulence between serovars, partly due to the different combinations of
toxins produced by each serovar [14-17]. Serotyping has been a commonly used technique for epidemiological monitoring
of the disease in swine herds and for subsequent decisions on herd health status, prevention, therapy and eradication. Many
countries have long-term programmes for targeting specific serovars of A. pleuropneumoniae. In Denmark, serological
monitoring is a central part of the health classification in the specific-pathogen-free system [18]. In a geographically
restricted area, usually a few serovars dominate. In North America, serovars 1, 5 and 7 are the most commonly isolated,
whereas in Germany, serovars 2, 7 and 9 are the most prevalent [19]. In Korea, serovars 2, 5 and 6 predominate [20],
whereas in the United Kingdom, serovar 8 predominates [21]. In Spain, serovars 9/11, 4 and 17 are the most commonly
isolated [17]. In Denmark, serovars 2, 6 and 12 account for ~94% of the strains isolated from swine with clinical diseases
[22]. However, due to the restricted numbers of serovars that tend to dominate in different regions, serotyping often fails
to provide sufficient information for tracing infections.

The ability to discriminate between serovars is nevertheless very important, as there are differences in geographical distri-
bution that are not static [1, 6], as well as differences in levels of virulence [2, 23]. Thus, accurate typing is essential for
diagnosis and for tracking the emergence of serovars rarely, or not previously, reported within a geographical region.

Although a number of serological tests are available for typing A. pleuropneumoniae isolates [6], the need for high-quality
reference antisera limits the number of laboratories able to perform diagnostics, and even then, problems with cross-
reactivity between certain serovars are unavoidable. Increasingly, laboratories are using molecular typing methods to more
accurately and reproducibly identify A. pleuropneumoniae isolates [1, 6]. During the last decades, a number of PCR assays
have been described, many of which were based on incomplete sequences of the CPS biosynthetic loci. Whole genome
sequencing (WGS) has given the opportunity for a more detailed characterization of the cps operons and a more optimal
design of serotype-specific primers. PCR assays have now been developed for the detection of specific cps genes in all the
currently recognized 19 serovars [3, 4].

With the increased availability of WGS, a number of diagnostic laboratories now utilize this technology for obtaining a
more specific identification and characterization of bacterial isolates. WGS opens up opportunities for epidemiological
tracing and comparison of isolates on both a national and global scale and offers a more detailed characterization of the
cps operon. Currently, serotyping from WGS data can be performed manually by identifying the cps genes and comparing
these to the cps operons of the serovar reference strains. This can ensure an accurate determination of the serovar, although
the process can be quite tedious and time-consuming.

In this article, we describe a reliable in silico method for performing serotyping from WGS data from an isolate. The
method which has been developed into a bioinformatic tool called Serovar detector automates the process of detecting
and comparing the composition of ¢ps genes against the serovar reference strains. It supports input from both raw read
sequencing data and WGS assemblies. The output of the Serovar detector is a summary of the detected cps genes as well as
a suggestion of the serovar for each of the included isolates. The suggestion is based on the quantity and composition of
cps genes. Finally, the tool was implemented into a Snakemake framework to support pipeline functionality for large isolate
collections. Serovar detector is freely available at https://github.com/KasperThystrup/serovar_detector.

The validation of the method utilizes a broad geographical collection of isolates, including representatives from all
described serovars. The isolates included have earlier been characterized by conventional serotyping, PCR tests or
different bioinformatic tools. It also includes isolates that have been difficult to allocate to a serovar using serology in
order to test the performance of the method when potential new varieties or combinations of ¢ps genes are present.
The validation shows that the Serovar detector represents a robust method for the determination of serovars and
also a valuable tool for further characterization of the genetic heterogeneity both within the serovars and within the
A. pleuropneumoniae species.
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METHODS
Bacterial isolates

Closed genomes were available for the reference strains of serovars 1-18 [24]. For serovar 19, genome sequences of the two
reference strains from Denmark and Canada published by Stringer et al. [4] were included - as well as two published serovar
19 sequences from Switzerland [25].

From 2021, all Danish isolates of A. pleuropneumoniae that were isolated at the Veterinary Diagnostic Laboratory in Kjellerup
(Danish Agriculture and Food Council) have been sent to Statens Serum Institut for WGS-based serotyping. In the years
2021-2023, a total of 308 isolates were serotyped based on WGS. In 2021, 119 of the isolates were also serotyped by slide
agglutination at the Danish Veterinary Institute (Technical University of Denmark).

A collection of 169 Spanish isolates was included in the validation [17]. For these Spanish isolates, the serotype had been
determined by a multiplex PCR [4] at Grup de Sanejament Porci, Lleida, Spain.

A collection of serovar 8 isolates from Norway, Denmark and the UK was also included in the project [26]. In order to obtain a
sufficient number of isolates from the different serovars, 37 isolates from the archives of DTU-VET were included, as well as 52
WGS sequences from the collection at Imperial College London.

Table 1. Strains included in validation of Serovar detector

Serovar* Closed Denmark Spain® Norway UK Other countries Total
genomes”

1 1 5 7 (3 China, 2 Cyprus, 2 Canada) 13
2 1 188 8 1 1 (Czechia) 199
3 1 2 2 (Switzerland, Germany) 5
4 1 29 30
5 2 5 18 1 2 (China, Cyprus) 28
6 1 59 3 3 66
7 1 8 1 2 3 15
8 1 28¢ 4 120¢ 19¢ 172
9t 1 2 (Germany) 3
10 1 4 2 1 1 1 (Germany) 10
111 1 3 (France, Czechia, Cyprus) 4
9/11+ 56 56
12 1 23 1 3 28
13 1 16 17
14 1 3 1 (Estonia) 5
15 1 1 2 (China) 4
16 1 4 (Hungary) 5
17 1 7 20 1 (Canada) 29
18 1 6 7
19 2 3 (2 Switzerland?, 1 Canada) 5
K2:07 9 13 1 (France) 23
NT 6 1 1 8
Total 19 354 171 126 32 30 732

*Serovar indicates the output from the pipeline. a: Dona et al., 2021 [24]; b: Vilaré et al. [17]; ¢: Cohen et al. [26].
1Strains received as serovar 9, 11 or 9/11 were all typed as serovar 11 by Serovar detector. d: Peterhans et al. [25].
NT, non-typeable
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A total of 732 WGS sequences from different serovars of A. pleuropneumoniae were included in the investigation. The distribution
of serovars and the origin of strains can be found in Table 1.

Whole genome sequencing

Genomic DNA was extracted from the Danish and Norwegian isolates using the DNeasy Blood and Tissue Kit (QIAGEN,
Germantown, MD, USA) and quantified on a Qubit 3.0 Fluorometer (Invitrogen, Waltham, MA, USA). Preparation of the DNA
sequence libraries was performed using the Illumina Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, CA,
USA) and sequenced on a NextSeq 500 platform (Illumina Inc., San Diego, CA, USA) with paired-end sequencing (2x151bp)
using a 300-cycle NextSeq Mid-Output Kit followed by quality assessment using bifrost (https://github.com/ssi-dk/bifrost). The
reads were de novo assembled using the SKESA assembler v. 2.2 [27] using default parameters.

Genomic sequences from clinical isolates from the UK and other countries (see Table 1) have been included from the archives of
Imperial College London and were determined as described in Bossé et al. [28]. Genomic sequences from Spanish strains were
obtained as described by Vilaré et al. [17].

For phylogenetic reconstruction, the sequence reads from all isolates were included. Using the closed chromosomal sequence of
serovar 2 strain S1536 (GenBank accession number CP031875) as reference, after removal of duplicated regions using NUCmer
v.3.1 [29], identification of SNPs was performed with NASP v.1.2.0 [30]. All positions with <10-fold sequencing depth and 90%
unambiguous variant calls for any isolate were excluded. The removal of high-density SNP regions, such as those caused by recom-
bination, was identified and removed using Gubbins v.2.3.4 [31] prior to phylogenetic reconstruction using FastTree v.2.1.8 [32].

Visualization of the phylogeny and metadata was performed using iTol v.6 (https://itol.embl.de).

Reference strains

Reference genomes for each of the 19 determined serovars of A. pleuropneumoniae were downloaded from National Center for
Biotechnology Information (NCBI). CPS biosynthesis gene sequences (cps genes), which are found in all Actinobacillus species
between modF and ydeN, were extracted from the reference strains [3] (Table S1, available in the online Supplementary Material)
and blasted (BLASTN) against each other to determine potential duplicate genes across multiple serovars (Table S2).

Since the composition of cps gene sequences differs between the serovars, each cps gene was named according to the serovar of
their reference strain, i.e. cpsB genes of serovar 2 were named cps2B. Some cps sequences were completely identical throughout
multiple serovars. These genes were named according to the lowest numerical serovar they were extracted from; e.g. ¢psB in
serovars 2, 6, 8, 13 and 17 are completely identical; thus, the gene was named cps2B for all serovars.

Each unique cps gene was collected and indexed using Kmer-aligner v.1.4.9 [33], hence referred to as the reference database.
The composition of cps genes for each of the reference serovar strains was recorded as serovar profiles and used downstream for
distinguishing serovars.

Gene detection and serovar designation with Serovar detector

Isolate raw read sequencing data and assembly data were mapped against the reference database using Kmer-aligner. Next, the
cps genes were compared against each serovar profile. Here, cps gene matches against each of the serovar profiles were counted,
and the serovar profile with the highest total match count was designated the serovar of the isolate. Whenever a detected cps gene
occurred throughout multiple serovar profiles, such as cps2B occurring in serovars 2, 6, 8, 13 and 17, the single cps gene resulted
in a count for each of the corresponding serovar profiles. In case of multiple serovar profiles having match counts corresponding
to the highest match count, the isolate was determined to be non-typeable.

To determine whether a composite serovar was recognizable through this approach, a serovar profile for K2:07 was added along
the profiles for the 19 described serovars (Table S1). The serovar profile was annotated according to the curated composition of
cps genes as reported by Bosse et al. [3].

Mapping quality was assessed by splitting cps gene mappings into two subcategories: full matches with a coverage and identity of
at least 98% and partial matches with a coverage and identity <98%. In order to assess the quality of the designated serovar, the
full matches to the corresponding serovar profile were compared to the total amount of cps genes in the given serovar profile. If
fewer than 50% of the isolate’s cps genes were full matches, the isolate was designated non-typeable. All these tasks were collected
into a single bioinformatic tool which we named Serovar detector.

Further characterization of non-typeable isolates

Isolates that did not yield conclusive results with the Serovar detector were further investigated by comparing the cps operons
obtained by WGS to the different serovar reference strains using CLC (CLC Genomics Workbench, v. 20.0, Qiagen) or Geneious
Prime (v. 2022.1.1).
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RESULTS
Output of Serovar detector

Out of the 732 isolates included in the investigation, only 36 isolates (4.9%) could not be allocated to one of the 19 recognized
serovars (5 isolates as 9/11, 23 isolates as K2:07 and 8 isolates as non-typeable). Out of the 696 typable isolates, 434 (62.4%)
contained all the genes found in their respective serovar profile with a similarity above 98%. The biggest difference from this was
observed within serovar 8, where 137 out of 172 isolates (79.7%) only contained full matches for seven out of the expected eight
cps genes. In all these strains, cps17D was detected instead of cps8D. However, the similarity between these two genes is 99.93%,
as there are only two mismatches between the genes. The Serovar detector output also shows which cps genes are detected with
<98% identity and coverage as well as cps genes specific to other serovars. The output indicates the identity and the coverage of
all detected genes (showing identities and coverages below 100%). The results from the Serovar detector on all 732 isolates are
summarized in Table 2.

Serovar detector allocated 23 isolates to the composite serovar K2:07 defined by having cps genes similar to both serovar 8 and
serovar 2 [3]. If a separate profile had not been added for K2:07, the Serovar detector would have suggested all these strains to
be serovar 2.

Serovar detector was unable to separate between serovars 9 and 11. The only distinguishing feature between the cps genes of
serovars 9 and 11 is the polymorphism in the cpsF genes, resulting in an early stop codon for cps9F. All typeable isolates, among
those that originally were assumed to belong to either serovar 9 or 11, were allocated to serovar 11, including the reference strain
for serovar 9. Serovar detector determined isolates to be non-typeable where the cpsF gene had an identity and coverage below
98% and could not be allocated to either serovar 9 or 11. These isolates were consequently typed as serovar 9/11. This included
five Spanish isolates which had a similarity below 98% to the cpsF gene and are listed with a gene frequency of ‘5 of 6 in Table 2.
The five Spanish isolates were closely related to the other serovar 11 or 9/11 strains by SNP analysis. This group of isolates will
be referred to as serovar 9/11 in the rest of this manuscript.

There was considerable heterogeneity in the cpsF genes among the serovar 9/11 isolates, with several polymorphisms in
addition to those found in the serovars 9 and 11 reference strains. The difference in the genomic region of the cpsF gene in
the reference strains of serovars 9 and 11 is a single deletion of adenosine at position 191 in the c¢psl11F gene, resulting in
different stop codons (the ORF for cps9F is 1,146 bp compared to that of cpsI1F being 1,242 bp long). Among the 63 isolates
investigated that supposedly should belong to serovar 9 or 11, only the reference strain of serovar 9 had the predicted ORF of
1,146 bp, although 18 isolates had an A in position 191 similar to serovar 9. Furthermore, 34 isolates had an ORF of 1,242 bp,
and 11 isolates had an ORF of 1,182 bp, whereas the remaining 19 isolates had predicted ORFs in the range between 201 and
903 bp (data not shown).

If we disregard the K2:07 group (23 isolates) and the 9/11 group, only 8 isolates (1.1%) could not be allocated to a serovar by the
Serovar detector, as in these 8 isolates <50% of the cps genes had >98% similarity to the cps genes of one of the serovar reference
strains.

Comparison to PCR

For the 169 Spanish isolates, a close correspondence between the results from the Serovar detector and PCR-based serotyping was
found. For 11 strains, the PCR predicted a strain to be serovar 2, while the Serovar detector determined these to be the composite
serovar K2:07. Three Spanish isolates were typed as serovar 6 by both methods, although an ID% and coverage% below 98%
were found for cps6A and cps2B (the cpsB gene in the serovar 6 reference strain). One Spanish isolate was typed as serovar 8 by
both methods but showed low ID% to cps8B in the Serovar detector output. One isolate was non-typeable by both methods.

Among the Spanish isolates, the PCR test allocated 55 isolates to serovar 9/11, as the PCR test was not designed to discriminate
these serovars. Among the 55 isolates, 50 were typed by the Serovar detector to be serovar 11 and 5 isolates as serovar 9/11. One
isolate, which was non-typeable by PCR, was also allocated to serovar 11 by Serovar detector.

Twenty Spanish isolates were typed as serovar 17 by both methods, although only four out of six cps genes were full matches to
the serovar reference strain.

In summary, there was a 93% concordance (157/169 isolates) between results from PCR and Serovar detector, with discrepancies
due to 11 K2:07 isolates and 1 9/11 isolate.

Comparison to serotyping by slide agglutination

In 2021, 119 Danish strains of A. pleuropneumoniae were serotyped both by WGS and slide agglutination. For 114 of the strains,
the same serovar was determined by both methods. Two non-typeable strains (due to spontaneous agglutination) were, through
WGS serotyping, determined to be serovars 6 and 7, respectively. Three strains were typed as serovars 6, 7 and 13 by agglutination,
whereas the Serovar detector determined these to be serovars 12, 6 and 18, respectively. Serovar detector results were confirmed
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Fig. 1. Phylogenetic tree of 732 isolates of A. pleuropneumoniae. Isolates containing the reference strains of serovars 2 (n=199) and 6 (n=60) were
collapsed each in one cluster, and serovar 8 was collapsed in two clusters (n=145and 32). The allocation of serovars to the isolates is shown in red
numbers 1-19. The cluster marked 9/11 contains isolates received as serovar 9 or 11. If isolates of a serovar are found in groups not containing the
serovar reference strain, the groups are marked with an asterisk. Three groups of K2:07 are marked with letters A-C. NT: non-typeable. Inner circle:
colours indicate serovar; outer circle: colour indicates geographical origin. Serovar reference strains are indicated with small, round circles.

through manual investigation of the sequences using CLC. Interestingly, serovar 18 has been isolated in Denmark [8], whereas
serovar 13 has never been reported.

Comparison to SNP grouping

To further evaluate the usefulness of the Serovar detector for investigating the genomic variation in the entire dataset, a phyloge-
netic analysis was performed on all 732 isolates (Fig. 1). To better show the SNP groups found in the collection of isolates and to
simplify the presentation, the isolates containing the reference strains of serovars 2 and 6 were collapsed each in one cluster, and
serovar 8 was collapsed in two clusters. With few exceptions, all isolates of a serovar belonged to the same phylogenetic group as
the serovar reference strains. Isolates of a serovar that were found in clusters distinct from those containing the reference strains
are indicated with an asterisk.

Eight strains of serovar 1 clustered close to serovars 9 and 11. In addition, five isolates earlier described as K1:07 were found in
a distinct cluster (1%).

All 199 isolates of serovar 2 clustered together and showed limited genetic variation.

Isolates allocated to the composite serovar K2:07 were found in three distinct phylogenetic positions (marked A-C in Fig. 1). Nine
isolates clustered together on three neighbouring branches (A), all having two cps genes similar to serovar 8 (cps8A and cps8C)
and five genes similar to serovar 2 (¢ps2B and cps2D-G), corresponding to the description of K2:07 in Bossé et al. [3, 8]. These
isolates clustered close to the serovar 7 isolates in the phylogenetic analysis. A second group consisted of 12 isolates originating
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from Spain and France (B), all having identity and coverage below 65% to the cps8C and the ¢ps2G genes, which were located
close to the serovar 13 cluster. Finally, two isolates clustered close to the serovar 2 group (C). These strains had higher homology
to cpsI7A than to cps8A and had an identity and coverage around 45% to the cps8C gene. If the pipeline had not included a
separate profile for K2:07, all 23 isolates would have been allocated to serovar 2, meaning that the three groups A-C would have
been indicated as 2* in Fig. 1.

Isolates allocated to serovars 3 and 4 were found in two distinct clusters, with the exception of a single Spanish serovar 4 isolate,
which was found on a distinct branch (4%).

Serovar 5 was found in two closely related clusters, one of the clusters containing all isolates from Spain. One non-typable strain
was also found in this group, and as cps5A and cps5C had similarities between 95 and 97% to the serovar reference strain, it was
not allocated to the serovar by Serovar detector. This isolate had been typed as serovar 5 by PCR.

Sixty of the isolates allocated to serovar 6 were found in a genetically homogeneous cluster, whereas six isolates from the UK and
Spain were located separately (6*). These six isolates contained five out of seven of the cps genes found in the serovar reference
strain, and the last two genes had an identity and coverage below 98% to cps8A and cps8B (=cps2B).

The 15 isolates of serovar 7 were found in one cluster located close to the K2:07-A group.

Serovar 8 strains were divided into two distinct but affiliated clusters containing isolates from the UK and Norway. Danish strains
were found in both these groups. This corresponds to that earlier reported by Cohen et al. [26]. In addition, a single Spanish
isolate was located on a neighbouring branch.

Serovars 9 and 11 were found in a single cluster with limited variation close to the isolates of serovar 1. There was no clear separa-
tion in the SNP analysis between isolates received as serovar 9 or 11 or the group of Spanish isolates that had been allocated to
serovar 9/11 by PCR. In addition, five Spanish isolates that were non-typeable by PCR were found in this same cluster.

Eight isolates of serovar 10 were located on two closely affiliated clusters whereas two Danish isolates were found in a more deeply
branching cluster (10*). These isolates correspond to a group of serovar 10 isolates that earlier were found to be genetically distinct
by amplified fragment length polymorphism (AFLP) typing [10].

Serovar 12 was found to be genetically quite heterogeneous. Most Danish serovar 12 strains were found in the same cluster
together with four non-typeable isolates. These four isolates had all the serovar 12-specific cps genes, but <50% were full matches
as required for typing by Serovar detector. Three serovar 12 isolates from the UK were found in a separate cluster positioned
between serovars 2 and 12. In addition, three isolates allocated to serovar 12 by Serovar detector were found in three distinct and
deeply branching leaves (12*) in the tree.

All isolates of serovars 13 and 16 were found in separate, distinct clusters.

Isolates of serovar 14 from Denmark were all found in a distinct cluster, while a single isolate from Estonia was located in a remote
position on a separate branch (14%).

Serovar 15 was found as a distinct group; however, a single Danish isolate was located on a separate branch (15%).

Serovar 17 was divided into three separate clusters containing isolates from Denmark and Spain. Two clusters, one of which
contained the serovar reference strain, were found at a position deeply branching from serovars 1/9/11. A group of Spanish strains
was found in a remotely positioned and separate cluster (17*).

Serovar 18 was only represented by Danish isolates and was a distinct cluster. One non-typeable isolate had cps genes with <98%
homology to the cps gene of the serovar reference strain.

Serovar 19 was found in two separate clusters, one containing the Danish serovar reference strain together with two isolates from
Switzerland, while the other cluster (19*) contained strains from Canada and Denmark.

Finally, two non-typeable isolates were included in the analysis, which showed no close genetic affiliation to any of the other
isolates, as the cps genes only had low homology to any group. These two isolates (NT) were located on two separate branches
in the SNP analysis.

DISCUSSION
Performance of Serovar detector

Serovar detector allocated 696 of the 732 isolates (95.1%) to one of the 19 recognized serovars. In addition, 23 were determined
to be the composite serovar K2:07, while 5 isolates were allocated to serovar 9/11. In total, only eight of all isolates (1.1%) could
not be allocated to any of the earlier described groups by the method.
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Serovar detector was unable to separate between highly similar sequences. We believe this to be an attribute of the Kmer-aligner
ConClave scoring, where the best mapping template sequences must be accepted in the best matching query sequences. As
described earlier, the cps9F gene sequence contains a stop codon earlier than cps11F. This, combined with the ConClave scoring
scheme, would result in reads mapping better to cps11F than cps9F, which likely explains the absence of cps9F and why the Serovar
detector was not able to separate between serovars 9 and 11.

For some serovars, not all expected genes were detected, for instance within serovar 8, where 137 out of 172 isolates only contained
seven out of the expected eight cps genes. In all these strains, cps17D was detected instead of cps8D, two genes differing by only two
SNPs. This is likely also an attribute of the Kmer-aligner ConClave scoring scheme, where the best mapping template is accepted.

Even despite the issues with distinguishing similar genes, Serovar detector was shown to be a robust and precise method for
determining serovars. Furthermore, the generic approach of the Serovar detector would enable the methodology to be applied
for other bacterial species, given that a suitable reference database alongside a list of gene profiles defining the different groups
would be provided.

Another method for WGS-based in silico serotyping of A. pleuropneumoniae was recently published by Li et al. [34]. Here the entire
region between the modF and ydeN genes was used for prediction and not only the cps genes. In addition to the serovar reference
strains, only 97 genome assemblies were tested, representing 13 of the serovars. This method also offers an opportunity for the manual
inspection of the results and a full list of identities and missing genes. This method does not, however, use a cut-oft limit for assigning
a gene to a serovar, and the authors state that capsular locus types will be assigned even with extremely low identities. Surprisingly,
they claim that the method will be able to distinguish serovars 9 and 11 based on the investigation of two field strains.

WGS compared to PCR

A close correspondence between the results from the Serovar detector and PCR-based serotyping was observed among the 169 Spanish
strains [17]. For 11 strains, the PCR predicted a strain to be serovar 2, whereas the Serovar detector determined the type to be K2:07.
This is as expected since the PCR test was designed to type isolates of K2:07 as serovar 2, as it targets the common cps2E gene [3].

Genetic lineages within serovars

The SNP typing was performed to assess whether the serovars determined by the Serovar detector represent genetically homogeneous
groups. Disregarding the isolates of K2:07 (n=23), 9/11 (n=63) and the 8 non-typeable isolates, 93% of the remaining 640 isolates
clustered together with the respective serovar reference strains. Divergent genetic groups were found in serovars 1, 4, 6, 12, 14, 15,
17 and 19.

In serovar 1, a distinct SNP cluster contained five isolates earlier designated K1:07 [9]; the genetic uniqueness of this has earlier been
shown by AFLP typing [10]. In serovar 4, a single isolate from Estonia was found on a separate branch. All isolates of serovar 6 were
found in a homogeneous cluster; however, six isolates were found on a separate branch. The 28 isolates of serovar 12 were found in
five distinct clusters. The majority of the isolates clustered together with the serovar reference strain; however, seven isolates were
located on four distinct branches in the tree.

In both serovars 14 and 15, a single isolate was found on distinct branches. Finally, the five isolates of serovar 19 were found in two
distinct groups. The genetic heterogeneity of this group was also indicated by Stringer et al. [4] as the Danish serovar reference strain
and a Canadian strain were reported to have different O-antigens (K19:03 and K19:04, respectively).

Among the eight isolates designated as non-typeable by Serovar detector, six were found in the clusters of the serovar reference
strains of serovars 5, 12 (n=4) and 18, respectively. All six isolates contained the expected cps genes of these serovars but at a similarity
below 98%, thus indicating that the designation non-typeable in these cases might be dependent on sequencing quality. Finally, two
non-typeable isolates were found as single isolates on distinct branches in the tree.

Discrimination between serovars 9 and 11

Serovar detector was unable to distinguish between isolates of serovars 9 and 11. Identifying these serovars has represented a challenge
by all available serologic and genetic methods, as the serovars have almost identical capsule and O-antigens as well as virulence factors
(i.e. Apx toxins). The SNP analysis could not give a clear distinction between the serovar reference strains of serovars 9 and 11, and
all investigated isolates were located in a highly affiliated cluster. This included strains originally received as serovar 9 or 11, as well as
a group of 56 Spanish isolates that had been typed as serovar 9/11 by PCR [17]. A publication has recently addressed the challenge
of developing a test to differentiate between serovars 9 and 11 [35]. This investigation included the partial or complete sequencing of
the cpsF gene in 134 isolates and genomic analysis of another 19 isolates by WGS. This investigation indicates that the main genetic
variation among isolates allocated to serovars 9 and 11 is a number of point mutations in the cpsF gene, some of which introduce new
reading frames and shorter transcriptomes compared to the OPF of 1,242bp found in serovar 11. The ORF of 1,146 bp found in the
serovar 9 reference strain was unique in the collection. The investigation hypothesizes that all OPFs shorter than 1,246 bp would lead
to a non-functional ¢psF gene, resulting in a capsular structure similar to that found in the serovar 9 reference strain. This genetic
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heterogeneity also explains why it is impossible to design a PCR test for separation of these two serovars, and the authors conclude
that for most practical purposes it will be a valid approach to characterize this group of isolates as the hybrid serotype 9/11. A precise
identification of serovars 9 and 11 could in principle be obtained by WGS provided all variants of the cpsF gene could be allocated to
one of the serovars. In the present investigation, we found that 11 isolates had a predicted cpsF ORF of 1,182 bp, and it is not possible
based on Arnal Bernal et al. [35] to unequivocally conclude which capsular phenotype this would give rise to. In this situation, we
find that a practical solution is to just refer to this group of isolates as serovar 9/11.

The methodology used in the Serovar detector is designed to detect and interpret the composition of capsular genes and not
to detect and interpret single polymorphisms. Detecting polymorphisms would require the development of a separate module,
which is outside the scope of Serovar detector.

Identification of serovar K2:07

Strains with an unusual pattern of surface antigens designated K2:07 were described by Nielsen et al. [7], characterized by having
a CPS similar to that of serovar 2 and a lipopolysaccharide structure similar to that of serovar 7. Isolates of this group were further
characterized by Bossé et al. [3], who described that the capsular operon consisted of cps genes similar to serovars 2 and 8. Some of
the isolates of this group were found to possess unique compositions of cps genes and were allocated to the new serovars 17 and 18
[8]. The present investigation shows that this group is genetically heterogeneous and might deserve further study. Inclusion of this
group in the validation of the Serovar detector shows the value of including additional groups to investigate strains showing divergent
properties. Isolates within this group might, for instance, have virulence properties that might make it relevant to separate them from
isolates of serovar 2, for instance, by only expressing ApxII and not ApxIII [8, 12].

To et al. [12] recently investigated 12 isolates previously designated as serovar 4 or non-typeable. One isolate was found
to be K2:07 and 11 isolates had a truncated cps2G gene and O4 O-antigen. Interestingly, we also found that 14 isolates of
the K2:07 group had a similar low similarity and coverage of the cps2G gene (Table 2). This also underlines the variability
found in the cps operon and, at the same time, the necessity to be cautious before drawing conclusions based on nucleotide
differences in single genes and that thorough investigations should be performed before introducing nomenclatural changes
and defining new serovars.

An example of this is the recent publication of serovar 6b:03 [13]. Here, a variant of the serotype 6 locus was published
with low similarity to the cpsA-C genes found in the serovar reference strain. As seen from Table 2, a low similarity in these
genes was also observed for strains in our collection. We question whether the addition of letters to the serovar designation
represents a practical and sustainable way of describing future variations within serovars of A. pleuropneumoniae.

CONCLUSIONS

This investigation has shown that WGS-based serotyping is a robust method for allocating unknown isolates to a serovar. In the present
investigation, isolates from 18 countries were included, representing all published serovars as well as additional aberrant groups that
might represent a challenge to a typing method. The method gives quick and exact serotyping in addition to supplying information on
variation in the detected cps genes that might give rise to further investigations and descriptions of additional serovars. The variation
existing in the cps genes also indicates that caution is required when relying only on sequence variation within this operon when
characterizing new groups within the species. The relevance of such variation should be substantiated by other factors that can support
the importance of such groups, e.g. prevalence of the varieties, distinct serological reaction in pigs, the presence of virulence genes
encoding Apx toxins, O-antigens and genetic distinctness as shown by WGS. The phylogenetic investigation showed that although
most of the isolates of a certain serovar are genetically homogeneous, there exists additional genetic variation that cannot easily be
explained by the cps genes alone. This indicates that SNP-based phylogeny or wgMLST might be valuable supplements for assessing
the variation of A. pleuropneumoniae in a given region. A possibility might be to supplement the serovar designation with a genetic
affiliation of an isolate, e.g. by determining a core genome MLST scheme.

In conclusion, the WGS serotyping performed by Serovar detector has been demonstrated both to be robust and to correlate well
with classical serotyping methods, and it has already been successfully implemented for serotyping of isolates in a diagnostic setting.
The availability of WGS data facilitates further characterization of isolates, for instance, by screening for resistance and virulence
determinants and investigating the clonality of epidemiologically related isolates.

Funding information
This work was supported by the UK Biotechnology and Biological Sciences Research Council (Grant Nos. BB/S002103/1 and BB/G018553/1).

Acknowledgement
The authors would like to thank the technicians at Statens Serum Institut for excellent technical assistance.

Conflicts of interest
The authors declare that there are no conflicts of interest.

11



Angen et al., Microbial Genomics 2025;11:001434

References

1.

Sassu EL, Bossé JT, Tobias TJ, Gottschalk M, Langford PR, et al.
Update on Actinobacillus pleuropneumoniae-knowledge, gaps and
challenges. Transbound Emerg Dis 2018;65 Suppl 1:72-90.

Soto Perezchica MM, Guerrero Barrera AL, Avelar Gonzalez FJ,
Quezada Tristan T, Macias Marin 0. Actinobacillus pleuropneu-
moniae, surface proteins and virulence: a review. Front Vet Sci
2023;10:1276712.

Bossé JT, Li Y, Fernandez Crespo R, Lacouture S, Gottschalk M,
et al. Comparative sequence analysis of the capsular polysaccha-
ride loci of Actinobacillus pleuropneumoniae serovars 1-18, and
development of two multiplex pcrs for comprehensive capsule
typing. Vet Microbiol 2018;220:83-89.

Stringer OW, Bossé JT, Lacouture S, Gottschalk M, Fodor L, et al.
Proposal of Actinobacillus pleuropneumoniae serovar 19, and refor-
mulation of previous multiplex pcrs for capsule-specific typing of
all known serovars. Vet Microbiol 2021;255:109021.

Perry MB, Altman E, Brisson JR, Beynon LM, Richards JC. Struc-
tural characteristics of the antigenic capsular polysaccharides and
lipopolysaccharides involved in the serological classification of
Actinobacillus (Haemophilus) pleuropneumoniae strains. Serodiagn
Immunother Infect Dis 1990;4:299-308.

Gottschalk M. The challenge of detecting herds sub-
clinically infected with Actinobacillus pleuropneumoniae. Vet J
2015;206:30-38.

Nielsen R, Andresen LO, Plambeck T. Serological characterization
of Actinobacillus pleuropneumoniae biotype 1 strains antigenically
related to both serotypes 2 and 7. Acta Vet Scand 1996;37:327-336.

Bossé JT, Li Y, Sarkozi R, Fodor L, Lacouture S, et al. Proposal of
serovars 17 and 18 of Actinobacillus pleuropneumoniae based on
serological and genotypic analysis. Vet Microbiol 2018;217:1-6.

Gottschalk M, Lebrun A, Lacouture S, Harel J, Forget C, et al.
Atypical Actinobacillus pleuropneumoniae isolates that share anti-
genic determinants with both serotypes 1 and 7. J Vet Diagn Invest
2000;12:444-449.

Kokotovic B, Angen @. Genetic diversity of Actinobacillus pleuro-
pneumoniae assessed by amplified fragment length polymorphism
analysis. J Clin Microbiol 2007;45:3921-3929.

. To H, Tsutsumi N, Ito S, Gottschalk M, Nagai S. Characterization of

nonencapsulated Actinobacillus pleuropneumoniae serovar K12:03
isolates. J Vet Diagn Invest 2023;35:766-771.

To H, Maldonado J, Tsutsumi N, Gottschalk M, Frey J, et al. Char-
acterization of Actinobacillus pleuropneumoniae biovar 2 isolates
reportedly reacted with the serovar 4 antiserum, and devel-
opment of a multiplex PCR for 0O-antigen typing. Vet Microbiol
2024;291:110030.

To H, Tsutsumi N, Kon M, Kawashima N, Koike F, et al. A new
subtype of serovar 6, Ké6b:03, of Actinobacillus pleuropneumoniae
based on genotypic analysis. Vet Microbiol 2024;298:110291.

Dom P, Haesebrouck F. Comparative Virulence of NAD-Dependent
and NAD-Independent Actinobacillus pleuropneumoniae Strains. J
Ved Med 1992;39:303-306.

Jacobsen MJ, Nielsen JP, Nielsen R. Comparison of virulence of
different Actinobacillus pleuropneumoniae serotypes and biotypes
using an aerosol infection model. Vet Microbiol 1996;49:159-168.

Rosendal S, Boyd DA, Gilbride KA. Comparative virulence of
porcine Haemophilus bacteria. Can J Comp Med 1985;49:68-74.

Vilaré A, Karstensen KT, Cavaco LM, Angen @, Solé E, et al. An
investigation of the transmission of Actinobacillus pleuropneumo-
niae within vertically integrated systems using whole genome
sequencing. Vet Microbiol 2024;295:110157.

Klausen J, Andresen LO, Barfod K, Sgrensen V. Evaluation of an
enzyme-linked immunosorbent assay for serological surveillance

12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

of infection with Actinobacillus pleuropneumoniae serotype 5 in pig
herds. Vet Microbiol 2002;88:223-232.

Gottschalk M, Taylor DJ. Actinobacillus pleuropneumoniae.
In: Straw BE, Zimmerman JJ, D'Allaire S and Taylor DJ (eds).
Diseases of Swine. Ames, IA: lowa University Press; 2006. pp.
563-576.

Min K, Chae C. Serotype and apx genotype profiles of Actino-
bacillus pleuropneumoniae field isolates in Korea. Vet Rec
1999;145:251-254.

O’'Neill C, Jones SCP, Bossé JT, Watson CM, Williamson SM, et al.
Prevalence of Actinobacillus pleuropneumoniae serovars in England
and Wales. Vet Rec 2010;167:661-662.

Jessing SG, Angen @, Inzana TJ. Evaluation of a multiplex PCR
test for simultaneous identification and serotyping of Actinoba-
cillus pleuropneumoniae serotypes 2, 5, and 6. J Clin Microbiol
2003;41:4095-4100.

Klitgaard K, Friis C, Angen O, Boye M. Comparative profiling of
the transcriptional response to iron restriction in six serotypes of
Actinobacillus pleuropneumoniae with different virulence potential.
BMC Genomics 2010;11:698.

Dona V, Ramette A, Perreten V. Comparative genomics of 26
complete circular genomes of 18 different serotypes of Actinoba-
cillus pleuropneumoniae Microb Genom 2022;8:000776.

Peterhans S, Stevens MJA, Cernela N, Sidler X, Stephan R, et al.
Draft Genome Sequences of two clinical Actinobacillus pleuropneu-
moniae serotype 19 strains from pigs in Switzerland. Microbiol
Resour Announc 2021;10:e0058821.

Cohen LM, Bossé JT, Stegger M, Li Y, Langford PR, et al. Compara-
tive genome sequence analysis of Actinobacillus pleuropneumo-
niae serovar 8 isolates from Norway, Denmark, and the United
Kingdom indicates distinct phylogenetic lineages and differences
in distribution of antimicrobial resistance genes. Front Microbiol
2021;12:729637.

Souvorov A, Agarwala R, Lipman DJ. SKESA: strategic k-mer
extension for scrupulous assemblies. Genome Biol 2018;19:153.

Bossé JT, Li Y, Rogers J, Fernandez Crespo R, Li Y, et al. Whole
genome sequencing for surveillance of antimicrobial resistance in
Actinobacillus pleuropneumoniae Front Microbiol 2017;8:311.

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, et al. Versa-
tile and open software for comparing large genomes. Genome Biol
2004;5:R12.

Sahl JW, Lemmer D, Travis J, Schupp JM, Gillece JD, et al. NASP:
an accurate, rapid method for the identification of SNPs in WGS
datasets that supports flexible input and output formats. Microb
Genom 2016;2:e000074.

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, et al.
Rapid phylogenetic analysis of large samples of recombinant
bacterial whole genome sequences using gubbins. Nucleic Acids
Res 2015;43:e15.

Price MN, Dehal PS, Arkin AP. FastTree 2 - approximately
maximum-likelihood trees for large alignments. PLoS One
2010;5:e9490.

Clausen P, Aarestrup FM, Lund O. Rapid and precise alignment of
raw reads against redundant databases with KMA. BMC Bioinfor-
matics 2018;19:307.

Li S-C, Huang J-F, Hung Y-T, Wu H-H, Wang J-P, et al. In silico
capsule locus typing for serovar prediction of Actinobacillus pleu-
ropneumoniae. Microb Genom 2022;8:000780.

Arnal Bernal JL, Fernandez Ros AB, Lacouture S, Bossé JT,
Fodor L, et al. The challenge of developing a test to differentiate
Actinobacillus pleuropneumoniae serotypes 9 and 11. Microorgan-
isms 2025;13:280.



	Serotyping of ﻿Actinobacillus pleuropneumoniae﻿ based on whole genome sequencing: validation of a bioinformatic tool
	Abstract
	Data Summary
	Introduction
	Methods
	Bacterial isolates
	Whole genome sequencing
	Reference strains
	Gene detection and serovar designation with Serovar ﻿﻿detector﻿﻿
	Further ﻿﻿characterization﻿﻿ of non-typeable isolates

	Results
	Output of Serovar detector
	Comparison to PCR
	Comparison to serotyping by slide agglutination
	Comparison to SNP grouping

	Discussion
	Performance of Serovar detector
	WGS compared to PCR
	Genetic lineages within serovars
	Discrimination between serovars 9 and 11
	Identification of serovar K2:O7

	Conclusions
	References


