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Abstract

Background

Haemophilus parasuigs the etiologic agent of Glasser's disease in pigs andesjaus
devastating losses to the farming industry. Whilst some hypdenir isolates have been
described, the relationship between genetics and disease outesnieeen only partially
established. In particular, there is weak correlation betwaenaeand disease phenotype.
We sequenced the genomes of 212 isolaté$ plarasuisand have used this to describe the
pan-genome and to correlate this with clinical and carrier status, as wthagrotype

Results

)

Recombination and population structure analyses identified five grotips/evy high rate
of recombination, separated into two cladesHofparasuiswith no signs of recombinatign
between them. We used genome-wide association methods includinmufiaotianalysis O
principal components (DAPC) and generalised linear modelling (gmdok for geneti¢
determinants of this population partition, serovar and pathogenicéyw¥Ye able to identifly
genes from the accessory genome that were significantigiatsd with phenotypes such|as
potential serovar specific genes including capsule genes, and 4Beuiailence factor
that were significantly different between the clinical and namea! isolates. We also shqw
that the presence of many previously suggested virulence factmtas appropriate marker
of virulence.

—

U7

Conclusions

These genes will inform the generation of new molecular diagsoatid vaccines, and
refinement of existing typing schemes and show the importartbe akccessory genome of a
diverse species when investigating the relationship between genotypes angipgsenot
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Background

Haemophilus parasuigs an important pathogen of pigs [1,2] but is also a frequent
commensal of their upper respiratory tracts. It causes poBbiier meningitis and
septicaemia (known as Glasser’s disease) as well as pneusndnadeurisy [3]. Historically

H. parasuis caused disease in recently weaned piglets, but with the intatsifi of
production it now affects a wide age-range [4H]. parasuisis the leading cause of
mortality, alongside the PRRS virus, in nursery herds in the W®BA,is the third-most
important bacterial pathogen affecting finisher herds &].parasuisalso contributes to
multi-factorial porcine respiratory disease complex, the leachnige of mortality in grower-
finisher pigs in the USA [7]H. parasuisis endemic in all pig farming countries and has a
major economic impact on the global pig industry, with costs incluitiioge for production



and stock losses, carcass disposal, and vaccination, as well asmgeapuiibiotic therapy [8-
10].

The study oH. parasuisto date has classified the bacterium, originally usingl angauno-
diffusion assay and more commonly now an indirect haemagglutinatgay,asto 15
different serovars with non-typeable isolates also frequently found [1T;h&]designation

of serovar inH. parasuisis thought to be predominantly due to the presence of a particular
polysaccharide capsule which is specific to each serovardloaisthe reference strains) [13-
16]. Some serovars, especially 4, 5 and 13, cause disease morerntgrtiman others [17-

20]. However, no absolute relationship between virulence and serovarebasfdund
[21,22]. The onset of disease has been linked to many factors, inclugisiglpgical stress

and immune status, but the current study focuses on understandingctéeab@enetic
factors that might correlate with the establishment of disease.

Several experiments have tried to associate the bactergenstype with phenotype, but
with limited success [23-29]. Experimental evidence to support deéniirulence factors in
H. parasuisis sparse and most studies have been limited to small numbeslaiés or
serovars. It is likely that the relationship between genotypevamtence phenotype is
complex [2,30-39]. The firsH. parasuisgenome to be sequenced was in 2010 [40], with
several further sequences released since then [41,42]. These hausdzkendesign several
experiments, including searches for novel immunogenic proteins [43] auldnde factors
[38,44], but these few strains may not be reflective of the vdkersity of isolates that exist
in pig populations. Previous studies show that the pan-genome of adlagecies can be
vast [45-49]. Recombination and lateral transfer are involved inimgetite pan-genome,
which can be resolved into the core and accessory genomes. The bouold#nesore
genome can be extrapolated from a small number of genomes, burteitesable to analyse a
large number of isolates for a more comprehensive definition [50-52¢xfamsive amount
of variation can often be found within the accessory genome of a s@exat is important
to investigate this source of variation to understand the adaptivetipbtd a given species
[48,53]. Reductions in cost have allowed the whole genome sequencing pfstrans of
the same species, and this can provide the necessary stapsticat required to find
associations between genotypes and phenotypes such as virulence. iBlignver now
being explored in many pathogens includi@gmpylobacter jejun{54], Escherichia coli
[48,55,56], Haemophilus influenza¢57], Staphylococcus aureys®8] and Streptococcus
pneumoniag59]. Such studies seek associations between phenotypes and genaaypes th
would inform surveillance efforts, improve diagnostics, and aid utateti®g of the
pathogen, potentially yielding new treatments of the associated diseases.

In order to disentangle the genetic and environmental bases &skdBk disease, we
undertook a pan-genome analysis of 212 isolated. gfarasuiswith high quality clinical
metadata, covering all serovars and isolates from disease- amdlisease-causing
backgrounds. We have investigated the key features of the pan-gamohessessed the
relationship between the genetics of this bacterium and collag¢aldata, using statistical
analyses of single nucleotide polymorphisms (SNPs) in thegememe, and the presence of
genes in the accessory genome. We compared our analyses tdrthetidis of previously
published virulence factors &f. parasuiswithin our collection of isolates. We found that the
composition of the accessory genome was a significant factotamdeing whether isolates
were likely to cause disease. Our findings emphasise the impertd describing the pan-
genome of a bacterial species in order to understand pathogemesi®y underpin a new
generation of vaccine and diagnostic candidates for endemic bacterial pathoge



Results and discussion

Epidemiology of the isolate collection

The 212 isolates in the collection originate from the UK (n = 121 ff@mgeographically
dispersed farms), Argentina (n = 1), Belgium (n = 1), China @),Denmark (n = 29),
Germany (n = 6), Greece (n = 1), Italy (n = 2), Japan (n = 7)n$pa 21), Sweden (n = 4),
Switzerland (n = 2) and the USA (n = 6), with nine isolates of unkmmgmn. Our analysis
included the reference strains of the 15 serovars and the published gesfdime US strain
29755, and the Chinese strains SH0165 and ZJ0906 [40,41,60]. The dates of collection
ranged between 1991-2008 for European isolates and 1955-1992 for the redtna@nse
[61]. For the UK isolates, we collected clinical metadatauiicly veterinary diagnostic
information from necropsy, the tissue of isolation and details ypb#rer signs of disease in
the pig. Clinical metadata for the other strains included tissoegh, clinical signs and, for

a subset of strains, experimental reproduction of disease. We hisethformation to
categorise the isolates into clinical and non-clinical categoA non-clinical isolate was an
isolate identified in the upper respiratory tract in the absenemyfigns of respiratory or
systemic disease typical of infection wibh parasuis.A clinical isolate was an isolate
identified from an animal displaying signslaf parasuisrelated disease and isolated from a
respiratory or a systemic site. We divided the clinical tesldurther into respiratory and
systemic, to reflect disease severity. Respiratory isolatze obtained from the lung without
signs of systemic disease elsewhere in the animal. Sysisotates were obtained from a
systemic site e.g. brain, joint or blood which are sites typgiedfected in Glasser’s disease.
Isolates that were taken from the lung of an animal that also showebgystemic disease
were first tested in the statistical analyses as rdspjrésolates and then as systemic. This
was to allow for the possibility of these isolates being fractn-anfection in the same animal
or where the same isolate caused disease elsewhere in the same animal.

One hundred and seventeen of the isolates had been previously serwigioelih§ 15 that
were deemed non-typeable) and these included examples of ah kitean serovars. For
details of the isolate collection including disease categaiet serotyping results see
Additional file 2: Table S1. Analysis of the distribution of isofatey serovar and disease
association (Figure 1) showed that the most prevalent serovar oolleistion was serovar 5,
followed by non-typeables (NT) and serovars 4 and 7, which fits wottagprevalence data
[17-19]. Our data support the previous limited studies that show thaincesgrovars,
particularly 4 and 5, were more strongly linked to disease [18,61]leV8hrovar is still
important for the formulation of vaccine strategy against thitebam, its relationship with
virulence has long been discussed but never proven [29,61]. The fathdlatare non-
clinical isolates within the same serovars highlights thetditioin and uncertainty of
serotyping as a technique for predicting disease potential. YWexethat there are isolates
amongst the non-clinical collection that will have the potentiabtgse clinical disease given
a different host or environment, and also that some of the clismaltés caused disease due
to other environmental factors or co-infections. The main reasonhi®rstudy was to
investigate the balance between the host, environment and genatypesample serovar
determining factors, predicted virulence genes and to discover neavagsnociations with
phenotypes such as virulence. We propose that molecular epidemiologita@rs that relate
to severity of disease would be more useful Korparasuissurveillance now that rapid
genome sequencing of isolates is possible. To achieve this goahaertook pan-genome
and statistical analyses with the two-fold aim of identifyiggnes that correlate with



virulence and so could be worth investigating as markers of diseasegaotential, and
with serovar to allow the design of a molecular-based serotyping technique.

Figure 1 H. parasuis isolate collection displayed by serovar and diseasEach serovar
includes those found with cross-reactions. NT denotes ‘non-typeableérotyping either
due to no reaction or due to more than three reactions to the serosypisgra. Strains
without serotyping data are excluded.

The pan-genome oH. parasuis

We use the term pan-genome to refer to the set of all of thesgaredicted from every
isolate in the collection. The pan-genome comprised homology groups encptBiggenes
from the OrthoMCL analysis of the 212 isolates. Of these, 1,049 geresfound within all
isolates and so were designated as the core genome. Thisenoreegis approximately 0.9
Mb of the 2.2 Mb average genome size with 65,137 SNPs identifiedaddessory genome
was made up of 6,382 homology groups that varied between isolates. 329 diotnesagy
groups were classed as pseudogenes (with a minimum of 18 pseudatgriged per
isolate), and 28.9% of these homology groups were identified inHassl% of the isolates
in the collection. For details of the COG functional classifbcabf the pan- genome see
Additional file 1.

Synteny of the pan-genome

The syntenic pan-genome &i. parasuisis the pan-genome reordered to reflect the
chromosomal location of each gene based on the SH0165 strain [40]. Gaeemserted
from contigs in descending size order, based on their order alohgeatig. As an iterative
process not all genes could be assigned to a location in the syma@rgenome. Therefore
the syntenic pan-genome Bif parasuisrepresents the 5,574 genes out of the total genes
where the position could be identified in the pan-genome order, atewn in Additional
file 7: Figure S1. Several regions of variation can be setgmnwAdditional file 7: Figure S1
with the location of many phage genes, highly variable regions and antibicdtames genes
denoted by colouring of the heat-map. The capsule genes did not olusterlocation in the
syntenic pan-genome, which may be due to recombination in the genomes, and so the synteny
of the capsule locus was established separately and can be geftitional file 8: Figure
S2. Several phages were identified within this collection inclutiegMu phage (regions 2,
3, 4 and 6), a siphovirus (which is predominantly found in the referencesytes well as
other phage genes throughout the pan-genome. For details of gendgdarnthin these
variable regions see Additional file 1. Briefly, within thesgions we identified many phage
genes, two conjugal transfer operons, adhesins, toxins, iron-sulphur bproieins and
many proteins of unknown function. Based on the similarity of the G eontent to the
average for this bacterium, many of the genes in region 1 appdmr fromH. parasuis
genes that have yet to be characterised and submitted ta REgbns 2, 3 and 4 contained
some genes of relatively high G + C content (40-50%) but no hits feend when BLAST
analysis was performed for these encoded proteins using the NCBéecamdant protein
database (nr). Only region 6 contained multiple proteins with tata fir to other bacterial
species includindctinobacillus, Gallibacterium, Klebsiella and Mannhaimlde average G

+ C content of the pan-genome was 39.4% G + C content (x5.4%, which ssatidard
deviation) ranging between 17.8-67.1% G + C content for all isolates, whiclsesistied
further in Additional file 1.



Population structure of H. parasuis

| dentification of two divergent clades of H. parasuis

Analyses of the population structure of this isolate collectionpea®rmed using Bayesian
analysis of population structure (BAPS) [62,63] on the core genome. RRS Bopulations
were identified from these analyses, these represented gratngs tive overall population
that share similar SNPs and indicate a common ancestry witlaisamounts of admixture.
The BAPS plot shown in Additional file 9: Figure S3 demonstrates fitilenwcluster and
between-cluster variation for the five BAPS populations based on tbgeonome. While the
partitioning of population structure in other bacteria has been egpbefore [64-66], further
analysis of the causes of the partitioning usually leads to amr@tn dependent on
ecological separation e.g. due to geographical separation acti@stto different hosts or
tissues [56,66,67H. parasuishas only been identified in pigs and wild boar, and the route of
infection is via the nose and the upper respiratory tract and sdl atde to inhabit the same
niche [3,68]. Furthermore, the global nature of the pig industry meanisnihart and export
of stock occurs worldwide and so we did not expect that geograpbaiasion would have
much influence on the population structure. We began our investigation inpophé&tion
structure by checking these potential ecological barriersobyparing our clinical metadata
(country, disease association and serovar) to the phylogenetiofttbeH. parasuiscore
genome built from the concatenated core genes (Figure 2) [69,70].opblgy of the
phylogeny shows the segregation of the tree into two clades, fitisietith the separation of
the BAPS populations with BAPS populations 3 and 5 found in clade 1 and dra2ipsid 4
in clade 2. We also investigated the correlation between the Bpapdations (level 1) and
the clinical metadata (Figure 3). When both the core genome and geye#ations (Figures
2 and 3) were compared to the metadata, some separation of the serovars can beessen bet
the two clades, with serovars 5, 12 and 13 identified predominantlyde &laSerovar 4 is
the only serovar to be found in equal proportions in both the clades. Sera/anostly
found in clade 2. For the remainder of the serovars, the number of 3sekdoo low to be
able to restrict them to one clade. In comparison, no influence easdisassociation on
population structure was observed, as the clinical isolates were ttnongjhout the tree and
the BAPS populations (Figure 2). This is contradictory to the populgtimmping predicted
by the multi-locus sequence typing (MLST) scheme [27], which shoixadan subgroups
on the MLST phylogeny; one predominantly clinical, one mostly noneelirand four mixed
clades. Analysis of the individual BAPS populations in Figure 3, shothatd BAPS
populations 4 and 5 contained very few non-clinical isolates (5.9% andr2gi¥éctively).
Some geographic structure can be seen in Figure 2, with tergpaportion of the UK
isolates (n = 121) in clade 2 which is likely to be due to the jargeortion of UK isolates in
the collection. With the global nature of the pig market it is nokpeeted that isolates from
different geographic locations or serovars would be found in each ofARS PBopulations.
Indeed, populations 2 and 5 are very mixed; indicating only limited agmarby a
geographic barrier. The BAPS populations are also very mixesduetof isolation and so
no tissue tropism can be seen based on the population structure. Oftaberiea of
metadata, only serovar shows some association with the BAPS popsiland the
differences in recombination. Therefore we conducted a secondB&®S analysis which
split the current five BAPS populations into more defined populationsevemthe second
level BAPS analysis still did not explain the population structure (Additioreal fil

Figure 2 Core genome Neighbor-joining tree (with areas of recombinatiomcluded) of
H. parasuis (500 bootstraps).Trees are overlaid with the populations from the Bayesian



analysis of population structure (BAPS), which represent isolatds similar rates of
homologous recombination. Further metadata including disease assocsationar and
country of origin are also shown. BAPS populations explain the sepacdtiba isolates on
the tree into two main clades.

Figure 3 The BAPS populations defined using Bayesian analysis of pojtibn structure
represent isolates with similar rates of homologous recombinan. The BAPS
populations have been compared to serovar, disease association and coonmgig.dbome
similarity in the BAPS populations 3 and 5 can be seen based mraséistribution. Very
little difference can be seen between BAPS population when disessiation is
considered. UK isolates are overrepresented in BAPS populations d,43 ahile 2 and 5
are of mixed geographic origin.

High rates of recombination were identified in H. parasuis

Analysis of the regions undergoing recombination in the core gem@sagerformed using
Bayesian recombination tracker (BratNextGen) [71] on the tworaepalades present in
Figure 2. We decided to perform separate analyses becausadhardnch separating clades
1 and 2 would reduce the statistical power to detect recombinatieither clade in a joint
analysis. The recombination analysis was also performed using guib8jig], which was
performed on the alignment for all isolates. We were able tuled¢ the recombination rate
relative to the mutation rate (r/m) or homologous recombinatiorfaatBe individual BAPS
populations using the output from gubbins; BAPS 1 had the highest r/m ofo@6@,ed by
BAPS 5 (395), BAPS 3 (268), BAPS 4 (144) and finally BAPS 2 (87.9). Haweaeh
BAPS population contained isolates with a range of recombination, naits multiple
isolates with a r/m of 0. When the second level BAPS populations emrsidered, some
clusters of isolates with r/m of O were identified but the niigjaf these isolates were still
separated between the 18 groups identified in the second level an&lysn with these
isolates with low estimates of recombination rates, the r/medoh BAPS population is very
high compared to published recombination rates in bacteria and igffer lthan previously
estimated foH. parasuis One previous study calculated the r/mHbiparasuisbased on the
genes involved in the MLST scheme [73], and identified higher fatebe clinical isolates
(r/m 5.5) compared with the non-clinical isolates (r/m 2.7). Otimeses for the rates of
homologous recombination iH. parasuisfar exceed the estimates based on the MLST
housekeeping genes. This may be due to purifying selection thkelis to be affecting
housekeeping genes and so the estimate based on the core genomepmthiok far more
genetic information, should give a more informative estim&teecombination across the
genome [59,73].

The values of r/m of the two clades Hf parasuisestimated using both recombination
analysis methods were within an order of magnitude. The r/m fdir¢éhelade was 663 and
707.7, while the r/m for the second clade was estimated at 892.2 and 575.1gulsbings
and BratNextGen respectively. While both methods yielded comparai@ates of
homologous recombination rates, the diversity in thiparasuispopulation is greater than is
usually included in the analysis using gubbins and so care shoulkemeviaen interpreting
the results. Gubbins was designed to identify recombinations from distarésoutitin very
clonal populations and so these r/ms may even be an under-estimatioomparison
BratNextGen identifies recombination by finding patterns ofreshe&SENPs and so should
perform better on this diverse dataset, but did require the analysis of the elaalegedy.



Search for the cause of the population partition in H. parasuis

Evidence of different restriction modification systems modulating homologoosibégation
has been associated with cladesN#isseria meningitididut evidence of recombination
between the clades was still found in this bacterium [74]. Sewethods were used to try to
elucidate the differences between the BAPS populations and thelades ofH. parasuis
using genome wide association methods (GWAS), applied to both thencbtieeaaccessory
genomes. As we have seen some separation of serovars betweatattheséFigure 2), it is
possible that differences in the expression patterns of the cdpstleen serovars may
present a recombination barrier [72]. However, recombination withincliges is still
occurring between isolates of different serovars. The difte®between the clades based on
the accessory genome and the phylogeny (Figure 4) was wveglibliscreating heat-maps of
the shared accessory genes between isolates. The heat-ndgyes tiased on the phylogeny
which was built using the SNPs from the core genome (rows), deddrogram built based
on the similarity in the accessory genome or shared genes (coluhe) separation can be
seen in the accessory genome between the two clades, shown in &iguite only an
additional 500-600 accessory genes shared between the two clades aside from the 4049 gene
from the core genome.

Figure 4 Heat-map of the shared accessory genes between straifbe plot is ordered by
the phylogeny based on the SNPs within the core genome (rfésle the columns are
ordered based on the similarity in the presence and absencen pdttaccessory genes
between isolates, which is represented by a dendrogram alongptloé the heat-map. A
clear separation can be seen between the clades, and it appebathtiibe phylogeny and
the dendrogram split the population into the two clades, suggedtiegrécombination
occurs between the two clades, but there is recombination within them both.

Additionally, the separation of two clades based on the accessory gstromgly suggests
that horizontal transfer occurs in both clades, but that transfemetig material is restricted
between these groups. This plot allowed us to identify seveeals aof high similarity
between strains, for example isolates HS0001, HS0006, HS0008, HS0009, HS043, HS047
and HSO061 share five intact phage regions that were previously idéntifiAeromonas
[GenBank: NC_01954]1] Burkholderia [Genbank:NC_005882] Mannheimia
[Genbank:NC_008201] Salmonella [Genbank:NC_010495] and Shigella
[Genbank:NC _022749] based on their hits from the PHAST database. Fumtbgeran
plasmid with similarity to one isolated frordaemophilus influenza¢lCEhin1056) was
identified in nine isolates using ICEberg. In addition, we were tabidentify an integrated
antibiotic resistance gene element with greater than 99% iémtdne identified inVibrio
cholera[GenBank: AB114188]in the two strains possessing multiple antibiotic resistance
genes (F9 and HS033).

A BLAST analysis of all knowrH. parasuisgenes involved in recombination, competence
and restriction modification genes was performed using the isobdiection, but the only
difference found was an overrepresentation of transposases inlctastepared to clade 2.
Experimental data on the natural competence of isolates in this collactieparse. We have
tested a small number of isolates to date, including strains 1d8SBR), HS061 (BAPS 3)
and HS069 (BAPS 3), which have been classed as naturally transformable, while 28355 is
transformable (BAPS 5). The presence of naturally competeatasah both clades suggests
that the partition between the two clades is not due to diffeseirt competency genes.
Therefore, to investigate this separation between the cladgeperormed a GWAS using



discriminant analysis of principal components (DAPC) on the BAPS pbpas. This
allowed us to identify genotypes (either SNPs or gene presdseste) associated with
population structure (either based on the two clades or BAPS popslatiithin our isolate
collection. We also used generalised linear modelling (glmggbit these genotypes were
significantly different between the BAPS populations (p < 0.05), whefin?-based or
based on gene presence/absence. We varied the quantities ofge@Aaues (between 60-
90%) included in the DAPC as a cross-validation technique to allowoimparison of the
candidates that correlated with population structure.

The DAPC analysis of the core genome showed a clear separatiweebethe BAPS
populations (Additional file 10: Figure S4a), and this is also evidetween the two clades
(Additional file 10: Figure S4b). Similarly, separation of the EBApopulations and clades
can be seen based on the accessory genome (Additional file 10: Figure S4ealdmmldh to
a lesser extent than from the core genome. Due to the Igvgeasen between the BAPS
populations and the clades, a large number of genes and SNPs wefeeddéom this
analysis. Even with the top 10% of the loadings from the DAPC (reqtiag the importance
of each gene or SNP in the analysis); the numbers of genotypetiedefrom the DAPC
cross-validation was greater than 30 for both SNPs and the accgsesomye. The shortlist
of 33 SNPs identified from the DAPC of the core genome is showndditidnal file 3:
Table S2. However, only 6 SNPs were identified as significattfgrent between BAPS
populations or the two clades and they did not result in a predicted aegid change in the
encoded protein (p < 0.10). Two SNPs were identified within the ddglljunction ATP-
dependent DNA helicase (RuvB) and resulted in amino acid changesinteresting to
speculate that these SNPs may explain the difference in bgtation rates between the two
clades.

The shortlist of 39 genes identified from the DAPC of the accgsgenome is shown in
Additional file 4: Table S3, with only four genes identified asidigantly different between
BAPS populations (p < 0.05). Of the genes in the shortlist, thereeaeeas genes encoding
outer membrane proteins and potential capsule polysaccharide prosginsanscriptional
regulators, and genes of unknown function (n = 10) that may potentialjyaptole in the
uptake or exchange of DNA. PFAM analysis [75] of the proteins of unknowrtidanc
(Additional file 4: Table S3) identified domains involved in transpaaseciated domains, a
helix-turn-helix domain and a lipoprotein domain, and three domains of unknmetion,
which are not obviously associated with the separation of the two clades.

Based on the heat-map (Figure 4) and the DAPC plots (Additideal®t Figure S4), we
suggest that there are a greater number of genes that aibutorgrto this separation but
they are not found exclusively in particular BAPS populations or clad@s analysis has
helped to understand some of the differences between the groups, and sheitiNPthe
Holliday junction helicase are worth investigating further. Thenpunced difference
between the two clades Bf parasuiswarrants further investigation to help us to understand
the separation of the two lineagesHnparasuisat both a genomic and functional level and
their potential involvement in the barrier to recombination between these two clades.

Genomic differences between serovars

Historically, serotyping has been the main basis of subcategpiks parasuis and the
currently available vaccines are serovar-specific. Although slarvee is not carried out
routinely in many countries, it appears that the epidemiologicailgrmiff the serovars has



been fairly stable throughout the last 30 years [17,18,76]. Multipeo$eéference strains of
H. parasuisare currently in use around the world, and so we have sequenced these strains and
confirmed that those with the same name are identical, witexiteption of D74 (serovar 9).
The two strains labelled D74 shared only 1713 genes of 2123 genes (avenager of
genes predicted per isolate) and differ by 58 SNPs in thegememe, which places them
within the same clade but they belong to different BAPS populatReference strains that
differed between sets were found to possess the same capsuldlbowsre otherwise
distantly related based on the core and accessory genome. Wielnave high association
between the capsule locus types and the serotyped isolate colleoti propose that the
capsule locus is the main determinant of serovar as has been preassismed [16] (for
details see Additional file 1). This association was also evilent capsule locus synteny
(Additional file 8: Figure S2) when the organisation of the capkdes of the reference
strains was compared by BLASTn to the remainder of the isotdliiection [16]. We have
also examined the serotyped isolate collection using DAPC andogim to identify genes
involved in serovar designation, this being detailed in Additional filerieflg, based on the
prevalent serovars in the isolate collection we were able tdifiyéwenty-three potential
serovar-specific genes, five of these candidates were previaesiiified capsule genes,
three phage genes, a transposase, a filamentous haemagglutinin and LB Kreoxen
functions. This is the first time that a GWAS method has been tosgg understand an
existing typing scheme. This analysis was based on avedlaimall subset of strains when
considering the number of isolates of each individual serovar, anitts@ greater number
of the less prevalent serovars, these methods have a higher likebhdimdling further
serovar-specific gene markers. This would allow for the refim¢mmiethe typing scheme to a
molecular based test, which could have higher turn-around time, bettsitisty and
specificity, and maximal reproducibility between laboratorieough not depending on
antibody reagents and the technical prowess of the laboratory worker.

Genomic differences in the pan-genome by diseasesasiation

Putative virulence factors are mostly found in the core genome

The majority of studies proposing virulence factors for this bartemave focused on a
subset of the most prevalent serovars or on a small number oéss@atl so we investigated
the distribution of these suggested virulence factors within our rdorerse isolate
collection. A survey of the literature produced a list of 189 putatiudence factors that
were retrievable from NCBI as either a nucleotide or protegquence (Additional file 5:
Table S4) [28-31,37,38,44,77-79]. This includediteA genes, which are some of the best
characterized virulence markers fdr parasuisidentified to date [32,33], but which were
found at low frequency in this isolate collection. This may be dubdaaédpetitive nature of
the nucleotide sequences of trimeric auto-transporters, which rtiedrtiese may not have
assembled well in our draft genome data. Instead we used thédedos and leader
sequences of these genes and identified the group 1, 2 and 3 trtanstlmeaains in all
isolates. Of these proposed virulence factors, 123 were preseaatgtrghan 80% identity in
all of our isolates and so were present in the core genome. Ehéne possibility that
variation within these genes may contribute to differences in viralbat this analysis was
beyond the scope of this study. The distribution of the putative viruli@aaters from the
accessory genome was examined with respect to disease @@sdclaical or non-clinical)
and disease phenotypes (systemic, respiratory and non-clinicéiiebgalculation of their
relative proportions. Five virulence factors were over-represemtéet non-clinical isolates
(cjrA, K756_04470, K756 _0345%feA and the leader sequence for non-virulgat) and



under-represented in the clinical isolates. Conversely, 10 viruléaders were over-
represented in the clinical isolatebioB, cirA, fimB, hicA, hicB, hhdBF357_gp34,
K756_02745, K756 06920, and leader sequencgads denoted VIR1). When considering
the disease phenotypes, no virulence factors were over-representdg theorespiratory
population and onljhsdRand F357_gp36 were over-represented in systemic isolates. We
also looked into the differences in genome size and number of gene®me¢heedisease
associated isolates, as a proxy for evidence of reductive evolution [88@Hvidence of
reductive evolution was found based on our isolate collection; detaildbedound in
Additional file 1.

A high number of genes from the accessory genome were linked to differencesin
clinical phenotype

While we were able to find some associations between existiageuvirulence factors for
H. parasuisand clinical phenotypehere is also a large amount of data from the pan-genome
that could yield new important SNPs or genes that are assoacidtiedpathogenicity.
Therefore, we used the methods of DAPC and glm to assessatenstip between the pan-
genome and virulence based on the clinical metadata. From thisianaé/have identified
both SNPs and genes that allow us to separate the isolateioolietd disease categories.
All of the candidates were added into the glm with clinicalaliseas the factor in the model,
and those that were significantly different between the cligicd non-clinical isolates (p <
0.05) were considered as potential markers for virulence. We aléwrrped analyses of
disease phenotypes for both the core and the accessory genomeryblittle difference
between the respiratory and systemic isolates was identisiedy DAPC (data not shown).
This occurred whether isolates from the lung with signs of systdisease were classed as
either respiratory or systemic strains. This suggestshbatifference between respiratory or
systemic outcome of disease may be dependent on additional host faxth as welfare and
host immune response rather than genetic differences betweasnl#tes or particular tissue
tropisms. The discriminant function of the disease association isnsimokigures 5a and b
for the core and accessory genomes respectively (with 80% oP@#e eigen-values
retained). This shows separation between the clinical and nooatlisblates to a similar
extent for both the core and the accessory genome. Some overlapemalsebveen these
categories (Figures 5a and b), but this is not unexpected as sulates may be capable of
causing disease but were not doing so at the time of isolation. Secahsidered the
influence of geography and the separation of the strains into populatidmdifferent
recombination rates (based on the BAPS populations) on the pan-genonaavahdtsboth
showed separation in the discriminant functions of the core andsacgegenomes (Figures
5¢c, d, e and f).

Figure 5 Discriminant analysis of principal components applied to clircal strains of H.
parasuis by disease categories80% eigenvalues were retained for the PCA and all
eigenvalues were retained for the discriminant analysis. Rlatelb show the first axis of
the discriminant function while, d, e andf show the first two axes. Separation along the
axes suggests that genetic differences are present betveephanotypic groups of clinical
and non-clinical isolates that are being compared; however the prestowerlap shows
that some strains are intermediates. Plots ¢ and d show tlgekeiz origin, do not show
much separation of the isolates by geography, those that havatedpae only represented
by a couple of isolates. On the other hand, the discriminant funciisedbon the BAPS
populations shows a lot of separation and so the population structure does hiafheence

on these isolates genetic content.




When we consider the candidate markers for virulence from the dBG@he gim, a greater
number of candidates were significantly different between thacali and non-clinical
isolates from the glm of the accessory genome (48 candidatesHeoaccessory genome,
which are listed in Table 1) over the core (12 SNPs in the cemenge). Of the SNPS
identified as being statistically significant, seven resuiitegredicted amino acid changes.
However, only four predicted the change of amino acid type, which infyence the
structure of the protein. For example, two SNPs identified in a éagn fatty acid CoA
ligase (1186G/T) and in a transcriptional regulatory protein (1384@&Hi¢h would result in
an A/S amino acid change and a change from hydrophobic to polar PArSal fatty acid
oxidation complex subunit alpha (1789A/G) was predicted changingntit@ aacid from
hydrophobic to polar and finally a aromatic to hydrophobic change ataleglocarrier
protein synthase (435C/A). A gene involved in fatty acid degradd@oi®)(was previously
suggested as having a role in virulencedinparasuis[34]. Furthermore, the association of
fatty acid metabolism and virulence has been previously identifietlyicobacterium
tuberculosis[82]. Of the genes vyielded from the accessory genome analysis miree w
putative virulence factors from the previous analysis of publishetewnice factors (Table 1).
From the DAPC pathogenicity candidates we identified genes enctmlingdhesins, ABC
transporters, an antirepressor, an aspartokinase, two cytoletlealdthst toxins, enoyl-CoA
hydratase/carnithine racemase-like protein, ferric uptake proggyterol uptake facilitator
protein, a hemolysin transporter, a methylase, an N-acetylmuldragnine amidase, a
nucleoside symporter, an outer membrane protein, four phage proteiRdlAahelicase, a
putative serine protease,t@nB dependent receptor, another toxin (PezT), a transcriptional
activator, two transposases, a xylose import ATP-binding protein ante@meroteins of
unknown function. The genes of unknown function were run through the PFAdbadat
(Finn et al. [75]) to try to elucidate any further details altbeir function, but only three had
any hits to known domains, one with a phage domain (evalue 7°% @fle with an ABC
transporter and membrane domains (evalue 1 %%1@nd another with a YadA adhesin
domain (evalue 1.5 x If).

Table 1 Significantly different genes identified from H. parasuis betweerlinical and
non-clinical isolates using DAPC

Predicted function of gene Number of genes  Existing virulence factor for H. parasuis
AdhesinsyadAfamily 4 Yes
antirepressor 1
AspartokinasgysC 1
ATPdependent RNA helicasepA 1
cytolethal distending toxin protein A 2 Yes
cytolethal distending toxin protein B 1 Yes
DNA binding domain, excisionase family 1
enoyl-CoA hydratase/carnithine racemase-like pnotei 1
Ferric hydroxamate uptake 1
Gene 25like lysozyme 1
glycerol uptake facilitator protein 1
Modification methylasdpall 1
MuF Haemophilus phage SuMu 1
N-acetylmuramoyl-L-alanine amidase 1
phage tail sheath family protein 1
putative 3-phenylpropionic acid transporter 1
Putative NADH flavin reductase/short chain dehyemase 1
putative outer membrane usher proteirE 1

putative serine protease 1 Yes




tonB-dependent receptor plug domain protein 1 Yes

Trans-2,3-dihydro-3-hydroxyanthranilate isomerase 1
Transcriptional activatgortR 1
transposase 1
UDP30 [3hydroxymyristoyl] glucosamine N-acyltransise 1
unknown function 19
Xylose import ATPbinding proteirylG 1

All genes were identified as significant using generalisezhl modelling of different DAPC
iterations using between 60-90% of the principal components (p < 0.05ph€&hetypic data
used in the model was whether isolates were clinical or nondallicaenpared to the presence
or absence of the genes.

These genes are in the same families as other common virdietecsinants in other better-
studied pathogens. For example, adhesins are commonly regardedeaxgifattors as they
allow adhesion to the host cell, and depending on their specificitybmagquired for the
progression of disease in particular tissues [83]. While cytoldik&nding toxins have been
previously studied id. parasuig35,84] there appear to be multiple, divergent copies within
the isolate collection. Variation in thes®lt genes has previously been found between
different strains ofE. coli at as little at 39% amino acid identity, and so the presence of
multiple copies of this family of toxins may impact the viruleéasolates ofH. parasuis

[85]. In addition, glycerol uptake facilitators have been implicatedrulence and growth in
Mycoplasma pneumonia86]; N-acetylmuramoyl-L-alanine amidases play a role in the
conversion of theStreptococcus mitisautolysin [87]; serine proteases are regarded as
virulence factors in enterohemorrhadic coli [88] andStreptococcus pneumoni&9] and

the tonB-dependent receptors are involved in iron acquisition, which is important in
pathogens such ddeisseria meningitidig90] and Vibrio cholera[91] . In summary, the
DAPC and glm analyses of the isolate collection have yieldskoa-list of new putative
virulence factors for further investigation in this pathogen and tisgras epidemiological
markers will be considered further.

Conclusion

We have investigated the composition of the pan-genome of the majmagiggenH.
parasuis with respect to detailed metadata in order to investigatecias®ns between
genotype and phenotype. We have found that this is a diverse dasgedes, comprised of
two main lineages, exhibiting very high rates of recombination, which appeaséasthcted
within one or other of the two clades. Using DAPC as the GWA®ade we were able to
identify SNPs within a Holliday junction ATP-dependent DNA helicé®evB) that may be
involved in the partitioning of this species into two clades. We have found gentienites
with regard to serovar based on the capsule loci and further posartoair-specific genes
from the accessory genome, which is the first time that a G\Wathod has been used to try
to refine an existing typing method. We have also identified gediferences in the clinical
and non-clinical isolates from 48 genes, nine of which were also igenby DAPC and glm
analyses. The discriminant power of the accessory genome ovarghgeniome provides a
better list of candidate virulence genes that will be invaluable idgestigating the
pathogenesis dfl. parasuisand how it causes Glasser’s disease. The accessory genome is
therefore an important source for understanding the pathogenesiven$edispecies of
bacteria, particularly in combination with detailed metadata. & hesthods are applicable to
any pathogen where detailed clinical metadata can be obtaineshaydgea in combination
with next generation sequencing, which could identify genotypes (botk ShlPgenes) that



may be useful in the generation of new molecular diagnostivarane candidates that can
aid surveillance and prevention of disease.

Methods

Isolate collection

The table describing the isolate collection and metadata (ingladicession numbers for the
isolates) can be found in Additional file 2: Table S1. This colkecincludes the reference
strains currently used in the serotyping scheme and three publishethege of 29755,
SH0165 and ZJ0906 in the analyses [40,41,60]. There are currently multiptessated as
reference strains for the same serovar in different sergtyploratories, and so we have
sequenced 27 reference strains from three different laborat@dgs UK isolates were
obtained from the Animal Health Veterinary Laboratories Agensi\(LA) and were
identified asH. parasuison the basis of minimum biochemical tests for differentiatihg
parasuis(haemolysis, CAMP, urease, indole and catalase) and purified Wk{62]. The
remainder of the isolate collection was provided by Centre deré@eesa Sanitat Animal
(Spain), National Veterinary Institute, Technical Universitypehmark and Patrick Blackall
(University of Queensland, Australia). Metadata for these te®lancludes: veterinary
investigation diagnostic analysis codes used in the UK (VIDAydissigin of isolate, age of
pig, ante and post-mortem findings and for a subset of isolates@agotesults (117/212
isolates). Serotyping for the UK isolates was performed rajract haemagglutination
[11,93] by Innovative Veterinary Diagnostics, Germany. Historisalaites obtained with
serotyping information, including the reference strains, wenaygeed by both gel diffusion
and indirect haemagglutination by a variety of laboratories [11,61,93].

Metadata for the strains was used to classify the isolatesclear diagnostic information (n
= 186) and were separated into clinical (n = 143) and non-clinickdtées (n = 43). The
clinical isolates were then separated further into disease ppesodf respiratory (n = 76)
and systemic (n = 49), with 18 isolates that we were not abttassify as respiratory or
systemic based on the diagnostic information and which were egchool@m the disease
phenotype analysis.

Basic descriptive epidemiological analyses of this isolatéeation were performed
including assessment of the relationship between serovar and virulenwedataset, as this
is a commonly assumed relationship. Of our dataset, 20 isolates (14i8%gn assigned
serovar also had cross-reactions; we have chosen to ignore tlsereacisons for the
statistical analysis as it reduces the number of isolateagh group, reducing the power of
the statistical analyses.

Genome sequencing and assembly

Isolates were sequenced using published methods [16]. Draft genome cesquesre
assembled using a custom-made bioinformatics pipeline, detailed irtiohadlifile 1.
Assembly statistics were checked to see if any isotatpsred repeat sequencing. The final
assemblies ranged in size between 2,192,774 and 2,254,362 bp, with 39.48-39.94% average
G + C content, which was comparable to the publicly availablé dnaf complete genomes

of H. parasuig[40,41].



Construction of the pan-genome

The pan-genome dfl. parasuiswas investigated using OrthoMCL [94], The amino acid
sequences of predicted proteins were obtained through prodigal amdlisesisolates [95],
and were used to represent the coding sequences (CDSs) ohallisdlates. The homology
groups represent the unique proteins amongst the pooled proteins praedicted isolates,
which can then be used to infer the pan-genome. The MCL parametervaried to create
the optimum core genome, using the lowest inflation parameter posgilgiet the highest
number of homology groups that can be identified in every isolateirmsitxg the core
genome. The final inflation parameter used was 2.0, and while thisdlme may produce
more false positives, we also added a series of manual chediks bamology groups after
the OrthoMCL analyses to further ensure the accuracy of the pan-genins was
necessary because of the large number of draft genome sequesgtesdsallowed us to
account for sequencing errors and pseudogenes. It also allowed ugniismithe number of
homology groups with duplicates from the same isolate. For detaitsediomology group
checks that have been performed see the Additional file 1. Autorgaterme annotation
was performed using Prokka using the rfam option [96].

Custom python scripts were used to recreate the MCL table dfdmology groups based on
the altered groups and to convert the homology groups to a presencbsandeamatrix
across the isolates. Homology groups found in every isolate veattedras the core genome
and a Fasta file of the gene sequences from all isolategreauced for each homology
group. These Fasta files were aligned to confirm the core geremabling exclusion of any
genes that aligned with less than 80% identity. The remaindéediomology groups were
regarded as the accessory genome. The alignments of the sesewgge combined to create
a concatenated alignment of the core genome. MEGA was usedte arleighbor-joining
core genome tree using 500 bootstraps [97]. A subset of individual coré¢rgenavere also
built and bootstrapped (100 times) using MEGA to facilitate the casgparof the
relationship between the isolates across the genome assvietlthe concatenated alignment
[97]. COG information for the homology groups was obtained using the pratetailed in
Additional file 1. Heat-maps of the shared accessory betweentesolaere created using R
and the R libraries vegan [98], gplots [99] and Heatplus [100].

Recombination analyses of the core genome

Recombination and population genetic analyses of the concatenated erungegwas
performed using Bayesian analysis of population structure (BA®#5$3] and Bayesian
Recombination Tracker (BratNextGen) [71]. BAPS clusters wesgémated using 10
independent runs of the stochastic optimization algorithm wittatpegori upper bound of
the number of clusters varying over the interval 50-100 across thamdnssing two levels
of hierarchical analysis. All runs converged to the same postettionage of the population
structure with 5 and 18 clusters at the nested first and second lef/ehierarchy,
respectively. All clusters in the two estimates were siganitly supported when compared
against alternative partitions (posterior probability of anyteluat least 100-fold higher than
for the alternative). The BratNextGen estimation of genomidilmts of recombination was
performed with the hidden Markov model hyperparameter alpha set tad lusang 20
iterations of the estimation algorithm, which was assessed soiffieient since changes in
the hidden Markov model parameters were already negligible ovelashe50% of the
iterations. The significance of a recombining region was detexnising a permutation test
with 100 permutations executed in parallel on a cluster with ahibice®f 5% to conclude



significance for each region. The ratio of the recombinationreddégive to the mutation rate
(r/m) was calculated using custom scripts based on the Br&@Nexoutput [56,65]. This

procedure was used for the two separate cladéek parasuis.Recombination analysis was
also performed using gubbins as detailed in [59]. As recombinatiohezvily influence the

population structure [101,102], an alignment with the areas of recombinatsket as

missing data was attempted create a recombination-freggencene. However, only 425 bp
were retained and so a recombination free core genome phylogeny could nophbéedom

Synteny analysis of the pan-genome

Synteny of the homology groups based on the published isolates was exbynirsdg the
contig numbering within the accession numbers of the genes (asciieased by prodigal
include the contig number as well as the position of the CDStlyFthe order of genes
within all of the individual contigs (largest to smallest) of igblates was established,
followed by finding the corresponding homology groups. We used the complete ggenom
SHO0165 as the reference for the syntenic pan-genome [40]. If axgenlecated next to one
already included in the pan-genome then it was inserted intoatingenome relative to this
position. This was converted to an ordered matrix of homology groups Wlihicontigs
using custom python and R scripts. The functions of the homology groupsdeetiéied by
using BLASTp searches of the individual homology groups against the NC8atabase
(updated December 2013). This process was repeated using thikejustpsule genes to
establish the synteny of the capsule loci, based on the organisatiena#psule loci of the
15 reference strains [16].

The %G + C content average of homology groups was calculated aisingtom python
script. Mobile elements were investigated using BLAST amalysthe sequences from the
ICEberg database [103] against a database of the isolate oolledtin no filters or e-values
defined and phage were investigated using the PHAST database Thieljwas then
combined with predicted Prokka functions and BLASTp hits against louitd a map of the
key features and areas of variation within the pan-genome..

Statistical analysis of the pan-genome with metadat

We used the R package adegenet to analyse the pan-gendthepafasuis[105,106].
Discriminant analysis of principal components (DAPC) allowed uantdyse both SNPs of
the core genome, and of the accessory genome, based on presenceeand abshe
homology groups throughout (with pseudogenes excluded). SNPs were exfrantethe
core genome, and rare alleles (found in <1% of the isolates) exeleded to lessen the
influence of sequencing errors on the analyses. Principal compomagsia (PCA) was
performed on both the core and the accessory genome, and cross-validetiparformed
by varying numbers of eigen-values (60-90%) in the analysispiureathe variance in the
data and all eigen-values from the discriminant analysis iweheded, after which metadata
was chosen for inclusion in the DAPC. DAPC allows the plotting hef discriminant
function, which shows the separation between the defined groups (based dmitaé
metadata). SNPs or homology groups that contribute most to thdéseeries between
groups can be identified and tested for their significance in cosqpeatd® the metadata. Step-
wise model selection (in both directions) was used to produce a bingenieralised linear
model (glm) that allowed the identification of statisticatignificant SNPs or genes (p <
0.05) in association with the clinical metadata for each round of DAPC [107].



Proportions of genes of interest in the pan-genome

The presence and absence of genes of interest were assessed LWASBTY $earches
(tBLASTn or BLASTnN) of sequences against a BLAST databasé&eoisblate collection.
Presence of the gene was defined as above using cutoffs of >80%yideatit-80% of the
length of the alignment unless otherwise stated, and the proportion séghenced isolates
which contained each individual gene was determined.

Association between capsule locus and serovar

The sequences and gene composition of the capsule loci for the 1hcefsteins oH.
parasuishave been published but no comparison to other isolates of the samer $&®Vv
been performed. Therefore we compared the capsule loci fronesolathe same serovar in
search of an association between the genotype of the capsulendbtihea phenotype of
serovar. Initial BLAST searches (BLASTn) of the capsule IdanA to iscR of each
reference strain, were performed on the BLAST database isbadtes. Isolates that had the
same serovar as the reference strain based on a blast mgtehtef than 90% of the length
of the capsule locus and greater than 80% of the identity were amusakea match. Isolates
that did not meet these criteria were compared to the capsulefltite other reference
strains using ACT [108]. The reference strain with the besthmats based on highest
visible identity in ACT across the entirety of the capsule lotuess than 80% identity at
nucleotide level was found to any of the reference capsule lotinteeconsidered there to be
no match to existing capsule loci. The isolates with the samsute loci were then aligned
using muscle [109], and the average identity across the capsule(fooAsto iscR was
calculated using alistat [110].

Accession numbers

Accession numbers of isolates included in this analysis areablaibn Genbank [Genbank:
ABKMO00000000, CP001321, CP005384].

Accession numbers of isolates included in the analysis in the Eurdpecleotide Archive:

[ENA: ERS131963-ERS131990, ERS131992-ERS132006, ERS132009-ERS132069,
ERS132072,ERS132073, ERS132075-ERS132090, ERS132095-ERS132117, ERS132119-
ERS132123, ERS132125-ER132127, ERS132129, ERS132132-ERS132147, ERS132150-
ERS132151, ERS132161, ERS132168, ERS132171, ERS13217-ERS132183, ERS132188,
ERS132189, ERS132191-ERS132199, ERS193695-ERS193698, ERS214842-ERS214848
and ERS134375].

Ethics

Isolates from the UK were obtained from the Animal Health Nedey Laboratories Agency
as part of routine diagnostic investigations upon submitted post moraéeniah The isolates
provided by CReSA were field isolates obtained from nasal swabsfram clinical
diagnostic materials provided by Department of Infectious Déseakthe Veterinary School
of the Universitat Autonoma de Barcelona (Spain). Danish isolatiginated from pigs
showing clinical signs that were submitted to the Laboratorysfine Diseases (Kjellerup,
Denmark) for post-mortem examination. Sources of isolates were anonymised.
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Additional file 1 Is the supplemental information accompanying this paper including 1) COG
functional classification of the homology groups, 2) variable regions in the gywitéme
pan-genome, 3) G + C content of the pan-genome, 4) second level BAPS analysis, 5)
correlation between the capsule loci and serotyping results, 6) identificdipmtential
serovar-specific markers from the pan-genome, 7) limited evidence of redwativgan in

H. parasuis8) genome assembly, 9) homology group checks.
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Additional file 2: Table S1Is the table describing th parasuisisolate collection
including accession numbers, country of origin, clinical data and serotyping results.
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Additional file 3: Table S2 Lists the single nucleotide polymorphisms identified as
significant from the BAPS populations and clades.
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Additional file 4: Table S3Is the table detailing the accessory genes that are significantly
different between BAPS populations and clades.
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Additional file 5: Table S4 Is the table listing the putative virulence factorsHoparasuis
that were investigated in this isolate collection.
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Additional file 6: Table S51s the table detailing the association between the capsule loci and
serotyping results.

Additional_file_7 as PDF

Additional file 7: Figure S1 Synteny of the pan-genome created based on the SH0165
complete genome, with black areas showing presence of a gene, and whiébseeas.
Areas of variation in the synteny with predicted phage genes are higtlights, areas
with high levels of genes of unknown function in green. Numbers indicate regions of
variation. Antibiotic resistance gene locations are represented by orzege |

Additional_file_8 as PDF

Additional file 8: Figure S2 Synteny of the capsule loci Baemophilus parasuifkows
represent the isolates from the collection and black diamonds represent theegpoégemes.
Each isolate was found to possess a capsule locus, isolates have been ordered by their
similarity in the pattern. The beginning and end of the locus are conserved but a lot of
variation can be seen within the locus.

Additional_file_9 as PNG

Additional file 9: Figure S3 Bayesian Analysis of Population Structure of 212 isolatés of
parasuis Each row in the figure is a strain and each column is a SNP with sites ordered to
maximize visual separation of the five distinct clusters. Horizontal blaek kre drawn to
separate the clusters obtained in the first level of clustering.

Additional_file_10 as PNG

Additional file 10: Figure S4 Discriminant analysis of principal components applied to the
BAPS populations and two cladeshkbf parasuis(80% eigenvalues retained for the PCA), all
eigenvalues were retained for the discriminant analysis. Plots a and ¢ shogt thefaxes

of the discriminant function while b and d show the first axis only. Separation aloagehe
suggests that genetic differences are present between the BAPS popatadictedes. A
large degree of separation can be seen from the both accessory genome andjémoowe
and is far more pronounced for the two claded.gbarasuis

Additional_file_11 as PNG

Additional file 11: Figure S5 Comparison of the COG functional groups found in the core
and accessory genomeldf parasuisfound at greater than 1%. Several differences in
proportions of COG groups can be seen between the core and the accessory genome. The



core genome shows a greater proportion of proteins involved in translation, coenzyme
metabolism as well as post translational modification over the accesswmyg. A greater
proportion of cell wall/membrane biogenesis transcription, replication ana esqhcell
motility, defence mechanisms as well as proteins of unknown function were etkmithe
accessory genome. CELLULAR PROCESSES AND SIGNALING] Cell cycle control,
cell division, chromosome partitioningyl] Cell wall/membrane/envelope biogenes3] [
Post-translational modification, protein turnover, and chaperphleSignal transduction
mechanismdqU] Intracellular trafficking, secretion, and vesicular transgvfit,Defense
mechanismgW] Extracellular structures. INFORMATION STORAGE AND
PROCESSING HJ] Translation, ribosomal structure and biogengKis,Transcription|[L]
Replication, recombination and repair. METABOLISN Energy production and
conversion[E] Amino acid transport and metabolisf] Nucleotide transport and
metabolism[G] Carbohydrate transport and metabolifif}, Coenzyme transport and
metabolism]l] Lipid transport and metabolisii®] Inorganic ion transport and metabolism,
[Q] Secondary metabolites biosynthesis, transport, and catabolism. POORLY
CHARACTERIZED -[R] General function prediction onl§§] Function unknown. If a gene
cannot be classified by a singular COG category then multiple categanee used, e.g.
UW represents proteins involved in intracellular trafficking [U] and exlitdlee structures
[W].

Additional _file_12 as PDF

Additional file 12: Figure S6 G+C content of thél. parasuispan-genome. Plot a) shows the
variation of the G+C content based on the syntenic order of the pan-genome, while plot b)
shows a histogram of the variation in all predicted genes.

Additional_file_13 as PNG

Additional file 13: Figure S7 BAPS populations level 2 comparison to clinical metadata
including serovar, disease association and country. Greater separation okserovar
(particularly for serovar 5), disease association and geography (fdKted Denmark) can
be seen based on these more refined populations.

Additional_file_14 as PNG

Additional file 14: Figure S8 Synteny of the capsule loci Bfaemophilus parasuifkows
represent the isolates from the collection, coloured diamonds represent thegpoé gmmes.
Each isolate was found to possess a capsule locus, isolates have been ordered by their
predicted serovar. The beginning and end of the locus are conserved but a lot ohveaiati
be seen within the locus. The pattern based on the predicted serovars does fit with the
presence and absence of the genes for the majority of isolates.

Additional_file_15 as PNG

Additional file 15: Figure S9 Discriminant Analysis of Principal Components applied to the
core genome and accessory kbrparasuisserotyped strains, retaining 80% of the PCA
eigenvalues. A) Separation of the serovars into two main groups can be seen based on the
first two axes of the discriminant function. B) Greater separation of thendisant function

of serotyped strains by serovar can be seen from the core in comparison to therncces
However these serovars have a low number of strains within these groups.

Additional_file_16 as PNG
Additional file 16: Figure S10 Comparison of genome size (based on the number of



homology groups and pseudogenes) using box and whisker plots. No difference can be seen
in either genome size or number of pseudogenes for disease association, sero¥s or BA
populations.
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