Roskilde
University

Genomic characterization, phylogenetic analysis, and identification of virulence
factors in Aerococcus sangumlcola and Aerococcus urinae strains isolated from
infection episodes

Carkaci, Derya; Hgijholt, Katrine ; Nielsen, Xiaohui Chen ; Dargis, Rimtas; Rasmussen,
Simon; Skovgaard, Ole; Fuursted, Kurt; Andersen, Paal Skytt; Stegger, Marc; Christensen,
Jens Jgrgen

Published in:
Microbial Pathogenesis

DOI:
10.1016/j.micpath.2017.09.042

Publication date:
2017

Document Version
Peer reviewed version

Citation for published version (APA):

Carkaci, D., Hgjholt, K., Nielsen, X. C., Dargis, R., Rasmussen, S., Skovgaard, O., Fuursted, K., Andersen, P.
S., Stegger, M., & Christensen, J. J. (2017). Genomic characterization, phylogenetic analysis, and identification
of virulence factors in Aerococcus sanguinicola and Aerococcus urinae strains isolated from infection episodes.
Microbial Pathogenesis, 112, 327-340. https://doi.org/10.1016/j.micpath.2017.09.042

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain.
* You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact rucforsk@ruc.dk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 26. Dec. 2021


https://doi.org/10.1016/j.micpath.2017.09.042
https://doi.org/10.1016/j.micpath.2017.09.042

25

26
27
28
29
30
31
32
33
34
35

36
37
38

TITLE

Genomic Characterization, Phylogenetic Analysis, and ldentification of Virulence Factors in Aerococcus
sanguinicola and Aerococcus urinae Strains Isolated from Infection Episodes

AUTHOR NAMES

Derya Carkaci1‘2‘3‘*, Katrine H¢jho|t1’4‘*, Xiaohui Chen Nielsen?, Rimtas Dargisl, Simon Rasmussen®, Ole Skovgaardz,
Kurt Fuursted®, Paal Skytt Andersen®®, Marc Stegger3 & Jens Jgrgen Christensen™®.

* Shared authorship.

Derya Carkaci (DC) derya.carkaci@gmail.com
Katrine Hgjholt (KH) katrine.hojholt@bioinformatics.dtu.dk
Xiaohui Chen Nielsen (XCN) xcn@regionsjaelland.dk
Rimtas Dargis (RD) rida@regionsjaelland.dk
Simon Rasmussen (SR) simon@bioinformatics.dtu.dk
Ole Skovgaard (OS) olesk@ruc.dk

Kurt Fuursted (KF) kfu@ssi.dk

Paal Skytt Andersen (PSA) psa@ssi.dk

Marc Stegger (MS) mtg@ssi.dk

Jens Jgrgen Christensen (JIC) jejc@regionsjaelland.dk
AFFILIATION

! Department of Clinical Microbiology, Slagelse Hospital, Slagelse, Denmark.

2 Department of Science and Environment, Roskilde University, Roskilde, Denmark.

3 Department of Microbiology & Infection Control, Statens Serum Institut, Copenhagen, Denmark.

* Department of Bio and Health Informatics, Technical University of Denmark, Kongens Lyngby, Denmark

> Department of Veterinary Disease Biology, Faculty of Health and Medical Sciences, University of Copenhagen,
Copenhagen, Denmark.

6 Department of Clinical Medicine, University of Copenhagen, Copenhagen, Denmark.

CORRESPONDING AUTHOR INFORMATION

Address correspondence to: Jens Jgrgen Christensen, Department of Clinical Microbiology, Slagelse Hospital,
Ingemannsvej 46, DK-4200 Slagelse, Denmark. Email: jejc@regionsjaelland.dk.



39
40
41
42

43
44

45

46
47

48

HIGHLIGHTS
Bacterial adhesion gene homologs were identified in A. sanguinicola (htpB, fbpA, Imb, and ilpA) and A. urinae

(htpB, lap, Imb, fbp54, and ilpA) genomes.

Capsular polysaccharide (CPS) gene homologs were identified in A. sanguinicola (15 genes) and A. urinae (11-
16 genes) strains, giving rise to one and five types of putative CPS loci, respectively.

Marked differences were observed within A. urinae 1984-2004 and 2010-2015 strains in regards to genome
sizes, core-genomes, proteome conservations, and phylogenetic analysis.
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ABSTRACT

Aerococcus sanguinicola and Aerococcus urinae are emerging pathogens in clinical settings mostly being
causative agents of urinary tract infections (UTls), urogenic sepsis and more seldomly complicated infective
endocarditis (IE). Limited knowledge exists concerning the pathogenicity of these two species. Eight clinical
A. sanguinicola (isolated from 2009-2015) and 40 clinical A. urinae (isolated from 1984-2015) strains from
episodes of UTls, bacteremia, and IE were whole-genome sequenced (WGS) to analyze genomic diversity and

characterization of virulence genes involved in the bacterial pathogenicity.

A. sanguinicola genome sizes were 2.06-2.12 Mb with a 47.4-47.6 % GC-contents, and 1,783-1,905 genes
were predicted whereof 1,170 were core-genes. In case of A. urinae strains, the genome sizes were 1.93-

2.44 Mb with 41.6-42.6 % GC-contents, and 1,708-2,256 genes of which 907 were core-genes.

Marked differences were observed within A. urinae strains with respect to the average genome sizes,
number and sequence identity of core-genes, proteome conservations, phylogenetic analysis, and putative
capsular polysaccharide (CPS) loci sequences. Strains of A. sanguinicola showed high degree of homology.
Phylogenetic analyses showed the 40 A. urinae strains formed two clusters according to two time periods:

1984-2004 strains and 2010-2015 strains.

Genes that were homologs to virulence genes associated with bacterial adhesion and antiphagocytosis were
identified by aligning A. sanguinicola and A. urinae pan- and core-genes against Virulence Factors of Bacterial
Pathogens (VFDB). Bacterial adherence associated gene homologs were present in genomes of A.
sanguinicola (htpB, fbpA, Imb, and ilpA) and A. urinae (htpB, lap, Imb, fbp54, and ilpA). Fifteen and 11-16
CPS gene homologs were identified in genomes of A. sanguinicola and A. urinae strains, respectively. Analysis
of these genes identified one type of putative CPS locus within all A. sanguinicola strains. In A. urinae
genomes, five different CPS loci types were identified with variations in CPS locus sizes, genetic content, and

structural organization.

In conclusion, this is the first study dealing with WGS and comparative genomics of clinical A. sanguinicola
and A. urinage strains from episodes of UTls, bacteremia, and IE. Gene homologs associated with
antiphagocytosis and bacterial adherence were identified and genetic variability was observed within A.
urinae genomes. These findings contributes with important knowledge and basis for future molecular and

experimental pathogenicity study of UTls, bacteremia, and IE causing A. sanguinicola and A. urinae strains.

KEYWORDS

Aerococcus sanguinicola; Aerococcus urinae; Infective endocarditis; Urinary tract infections; Capsular
Polysaccharide; Bacterial adherence.



82

83
84

85
86
87
88
89

90
91
92
93
94
95
96

97
98
99
100
101
102

103
104
105
106
107
108
109
110
111
112
113
114

1. INTRODUCTION

The genus Aerococcus was first described in 1953 and consists nowadays of eight species of

which Aerococcus viridans for a long time was the only species within the genus [1,2].

Aerococcus urinae was isolated in 1984 from a urine sample from a patient with verified urinary tract
infection (UTI). This strain was characterized in 1989 as an Aerococcus-like organism and reclassified into its
own species designation in 1992 [3,4]. Aerococcus sanguinicola was isolated in 1999 from an infective
endocarditis (IE) suspected patient andin 2001 designated into its own species [5]. Both species are

associated with UTIs worldwide, especially in elderly patients with predisposing conditions [6,7].

The prevalence of A. urinae in urine samples vary from 0.25 % to 4 % [7,8]. Both species were isolated from
blood of patients suffering from urogenic sepsis, in few cases from patients with complicating IE and
casuistically isolated from other foci [9]. Recognition of both species may be limited by their fastidious
growth, often requiring supplementation with CO, for optimal growth [6,10]. Aerococci share colony
morphology with a-hemolytic streptococci and have a microscopic appearance similar to staphylococci,
which adds to the risk of misinterpretation and misidentification [9]. At present, very limited knowledge

exists regarding the bacterial pathogenicity and virulence mechanisms that lead to and maintain infections.

In clinical microbiology laboratories, diagnosing A. urinae and A. sanguinicola infections have been
challenging [9]. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS), however, identifies both species rapidly and accurately, allowing clinical laboratories to correctly
identify strains with increasing frequency of detection [11,12]. The species identifications can also be
achieved with analysis of the 16S rRNA gene sequence [13] or the 165-23S rRNA Intergenic Spacer Region
[14].

Bacterial adherence and invasion to host tissue and cells increases the bacterial pathogenicity in infectious
diseases as UTI [15] and IE [16]. Several host cell surface molecules are involved in the adhesive process in
other pathogenic species, including fibronectin-binding proteins of Streptococcus pyogenes (fbp54) [17] and
Listeria monocytogenes (fbpA) [18], laminin-binding protein of Streptococcus agalactiae (Imb) [19], and the
Listeria adhesion protein (lap) [20]. A study from Shannon et al. (2010) described for the first time biofilm
formation and stimulated biofilm production of A. urinae during exposure to human plasma [21]. The same
study showed activation and aggregation of human platelets by A. urinae. Similarly, Senneby et al. (2014)

demonstrated biofilm production in A. sanguinicola strains [22].

Expression of capsular polysaccharide (CPS) facilitates bacterial protection against host immune phagocytosis
[23]. Within genus Aerococcus, CPS expression were reported in a variant of A. viridans, A. viridans var.

homari, which is a lobster pathogen causing gaffkemia [24]. The same study group showed upregulated
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expression of molecular heat shock protein 60 (Hsp60) in virulent A. viridans strains compared to an

avirulent strain [25].

A study from Christensen et al. showed genetic heterogeneity within a group of A. urinae strains. Fourteen
Danish strains from 1984 to 1994 constituted a homogeneous group compared to seven heterogeneous

non-Danish strains from 1985 to 1995 using DNA hybridization and phenotypic analysis [26].

Application of WGS has drastically expanded the understanding of the microbial world. The availability of
bacterial genome data enables comprehensive bacterial comparisons and provides a better understanding of
genome structures, evolutionary diversity, pathogenicity, and antimicrobial resistance [27]. In order to
obtain further understanding of the genetic context of genes and to have a suitable high quality reference
strain for the comparative genomics, complete and closed genomes of six Aerococcus type strains were

recently achieved [28].

No whole-genome comparisons and genomic characterizations of A. urinae and A. sanguinicola have
previously been performed. The aim of this study was to investigate the genomes of 40 A. urinae and eight A.
sanguinicola strains in order to gain insight into their pan- and core-genome content and to identify putative
virulence mechanisms that may be associated with human disease. Moreover, we compared WGS data and
inferred phylogenetic relationships of the 40 clinical A. urinae strains from two different time periods of
1984-2004 and 2010-2015, to analyze if the genomic diversity may be specific for the time period of strain

isolations and type of infections.

2. MATERIALS AND METHODS

2.1. Bacterial strain characteristics, identifications, DNA isolation, genome sequencing, and verification of

species identifications
2.1.1. Bacterial strains and species level identifications.

Eight clinical A. sanguinicola strains were collected between 2009 and 2015. Four isolates from two patients
(one urine and one blood isolate for each patient), two isolates from two patients (one urine and one blood

isolate), and two urine isolates from one patient (Supplementary material A).

Forty clinical A. urinae strains were collected from 32 patients between 1984 and 2015, twenty of these
strains from 1984-2004 and the remaining 20 strains from 2010-2015. Twenty-four strains were isolated
from 24 individual patients: From urine samples of UTI verified patients (n = 9), from positive blood cultures
of patients with bacteremia (n = 9) and with verified IE (n = 6). Fourteen strains were isolated from seven

patients, both from urine (n = 7) and blood culture (n = 7) of each patient (paired strains). Two strains were
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isolated as a pair from one patient, one blood isolate and one post mortem heart valve sample

(Supplementary material A).

All strains were received from departments of clinical microbiology in Denmark. Identification to the species
level was accomplished using MALDI-TOF MS v4.0.0.1 (5627 reference entries) (Bruker Daltonics, Germany)
with a score above 2.0 at the Department of Clinical Microbiology, Slagelse Hospital, Denmark. Clinical

strains were stored at -80 °C in bovine broth with 10 % glycerol (SSI Diagnostica, Denmark) until use.

Type strains of A. sanguinicola CCUG 43001 and A. urinae CCUG 368817 were obtained from the Culture
Collection, University of Goteborg (www.ccug.se) and used as reference strains for the comparative genomic
analyses. A. sanguinicola CCUG 43001" (isolated in 2001) and A. urinae CCUG 36881’ (isolated in 1984,
characterized in 1989, and reclassified in 1992) were isolated from a positive blood culture from a patient

having bacteremia and from urine sample of a patient having UTls, respectively [28].

The bacterial species identification and strain characteristics were denominated in a three-part identifier,
such as “Au-01-U13”. The initial two letter refers to the species identification (As for A. sanguinicola and Au
for A. urinae), followed by a strain specific number. The final three characters describe the source of
isolation (blood (B), urine (U) or heart valve (H)), and the year of strain isolation. “Au-01-U13” is a strain of A.

urinae from a positive urine sample which was isolated in 2013.

Numbering of the paired A. sanguinicola strains, pair no. 1) As-24-U13 & As-25-U14, 2) As-41-B14 & As-46-
U14, and 3) As-55-B15 & As-56-U15. Numbering of the paired A. urinae strains, pair no. 1) Au-02-B96 & Au-
03-U96, 2) Au-44-B14 & Au-47-U14, 3) Au-49-B14 & Au-50-U14, 4) Au-51-B15 & Au-52-U15, 5) Au-53-B14 &
Au-54-U14, 6) Au-57-B15 & Au-58-U15, 7) Au-59-B15 & Au-60-U15, and 8) Au-18-B93 & Au-19-H93.

Genomes of A. urinae CCUG 36881’ (CP014161), A. urinae ACS-120-V-Col10a (CP002512), and A. urinae AU3
(LUKPO0O000000.1) strains were obtained from NCBI GenBank for comparative analyses. A. urinae CCUG
368817 was isolated from a positive human urine of a UTI infected person in 1984. A. urinae ACS-120-V-
Col10a was isolated from a human vagina sample in Belgium in 2007. A. urinae AU3 was isolated from the

human blood of a patient with bacteremia in Sweden in 2010.

2.1.2. DNA isolation and extraction.

Strains were maintained by no more than three-to-four serial overnight passages at 35-37 °C in ambient air
with 5 % CO, enrichment on 5 % blood agar plates (SSI Diagnostica, Denmark). Extraction of genomic DNA
was carried out at Department of Microbiology and Infection Control, Statens Serum Institut, Denmark using
the DNeasy Blood & Tissue kit, as described by the manufacturer (Qiagen, Denmark). Extraction of genomic
DNA and WGS of A. sanguinicola CCUG 43001 and A. urinae CCUG 36881 were described in Carkaci et al.
[28].
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2.1.3. Genome sequencing and pre-processing of sequence data.

Fragment libraries were constructed using the Nextera XT DNA Sample Preparation Kit (lllumina, USA)
followed by 251-bp or 150-bp paired-end sequencing on MiSeq or NextSeq sequencers (lllumina, USA),
respectively, according to manufacturer’s instructions. The Illumina demultiplexing process removed adapter

sequences.

Quality of sequence reads were validated using FastQC v0.11.2 [29] and filtered using PRINSEQ v0.20.4 [30].
High-quality sequence reads were de novo assembled using SPAdes v3.6.0 [31] with default k-mer settings.
Enabling of the “careful” option minimized errors during genome assembly followed by Quast v3.1 quality
assessment of assemblies [32]. Sequence reads were preprocessed according to the following criteria; 1)
minimum sequence quality Q20, 2) minimum read lengths of 35 bp, and 3) removal of low quality reads from
the 5’-end (20 bp) and 3’-end (5 bp). Minimum scaffold length was set as 200 bp and scaffolds having mean

assembly coverage lower than 5x were discarded. The sequence coverage was set to 50x.

2.1.4. Verification of species identifications.

The bacterial identities were post-sequencing verified using the 16S rRNA gene sequence. The 16S rRNA
gene sequences of clinical strains were predicted using SpeciesFinder [33] and used for nucleotide BLAST
[34] against NCBI GenBank. The identifications were evaluated using BLAST percent identities, differences

between maximum score of best and second best taxon matches, and minimum E-values of 0.001.

2.2. Pan- and core-genome characterizations
2.2.1. Genome annotations and identification of pan- and core-genomes.

Pan- and core-genomes were defined using PAN-genome analysis based on FUNctional PROfiles, PanFunPro
[35]. Genes were predicted and translated into amino acid sequences using Prodigal v2.5 [36]. Each protein
sequence was scanned against three protein databases with InterProScan [37] in the following order; PfamA
[38], TIGRFAM [39], and SUPERFAMILY [40] to identify functional protein domains. Genes translated into
protein sequences with identical functional protein domains were categorized as belonging to the same
protein family. Proteins without identified functional domains were clustered using CD-hit [41] according to
at least 60 % amino acid identities. For each genome, a collection of the annotated genes and the CD-hit
clustered sequences constituted the genome profiles, and the complete collection of genome profiles from

all strains represented the pan-genome.
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The number of predicted genes for each strain was visualized in a genome plot along with the fraction of
genes with protein domains of annotated function, protein domains with unknown function, and with no

functional protein domains identified.

Genes found to be present in all of the analyzed genomes were categorized as belonging to the core-
genome using PanFunPro2apply of PanFunPro [35] and visualized in a genome plot. Each collection of
translated core-gene sequences were clustered using CD-hit [41] to ensure homology according to at least
60 % amino acid identities and 60 % coverage. Core-genes passing the clustering criteria were globally
aligned in MUSCLE v3.8.425 [42] and translated core-genes with less than 30 % conserved amino acid sites

were not taken into considerations as core-genes.

2.2.2. Pan-genomic proteome comparison.

Genomic relationships of strains were analyzed using PanFunPro predicted pan-genes. These genes were
used for construction of a presence-absence matrix of genes within all genomes using
PanGenome2Abundance of PanFunPro [35]. Genomic clustering of strains were statistically analyzed using
Pearson correlation of the matrix. The correlation was illustrated as a heatmap where the correlation

coefficient was color assigned.

2.2.3. Proteome conservations.

The level of proteome conservations within each species were analyzed by pairwise all-against-all
comparisons of protein domain annotations. For each comparison, the absolute number of shared protein
families out of the total number of protein families were shown and converted into percentages. The
genomic relatedness of two proteomes were demonstrated as a color assigned matrix plot, and the darker

coloring, the higher percent identities and the higher degree of proteome conservations.

2.3. Phylogenetic relationships
2.3.1. Core-gene phylogeny.

The phylogenetic relationships of the clinical A. urinae strains were analyzed using common core-genes
within all 40 clinical A. urinae genomes. The PanFunPro predicted and subsequent homology verified protein
sequences, encoded by the core-genes, were concatenated and multiple sequence aligned using MUSCLE
v.3.8.425 [42]. jModelTest v2.1.10 [43] predicted the Le & Gascuel amino acid substitution model as the

best-fit substitution model for the core-tree construction. PhyML v3.1 [44] generated the maximum
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likelihood phylogenetic tree and the tree robustness was evaluated using 100 bootstrap replicates. The tree

was visualized in CLC bio’s Genomics Workbench v9.0 (www.giagenbioinformatics.com).

2.3.2. SNPs phylogeny.

The phylogenetic relationships of the 40 A. urinae strains were verified using single-nucleotide
polymorphisms (SNPs). SNPs were determined using the CSl Phylogeny
(www.cge.cbs.dtu.dk/services/CSIPhylogeny) [45] by mapping of raw sequence reads against a reference
genome. Three phylogenetic trees were generated, either by using the A. urinae CCUG 36881 type strain
(complete genome), the clinical A. urinae ACS-120V-Col10a (complete genome), or the clinical A. urinae AU3
(draft genome) as reference genomes. Calling of SNPs and validations were performed according to default

settings of CSI Phylogeny.

SNPs passing the quality thresholds were concatenated to SNP sequences. Phylogenetic trees were created
using the jModelTest [43] which predicted generalized time reversible nucleotide substitution model, as the
most suitable substitution model for the dataset. The maximum likelihood trees in was generated using
PhyML v3.1 [44]. Robustness of tree topologies were evaluated using bootstrap replicates of 100 and

visualized in CLC bio’s Genomics Workbench v9.0.

2.4. Comparison of pan- and core-genes with Virulence Factors of Bacterial Pathogens

PanFunPro predicted pan- and core-genes were translated into protein sequence and aligned against the
protein dataset of Virulence Factors of Bacterial Pathogens (VFDB) [46] using BLASTP v2.2.31 [34]. The

protein dataset, only composed of experimentally verified virulence factors, was downloaded May 27" 2016.

Translated pan- and core-genes with VFDB hit bitscore values higher than 90, E-values lower than 0.001 and
BLASTP amino acid sequence identities higher than 30 % were included in the analysis. Pan-genes with
multiple VFDB hits were manually curated using at least 30 % BLASTP amino acid identities between the
qguery and subject sequence. The query sequences were the PfamA, TIGRFAM, and SUPERFAMILY annotated
and CD-hit clustered translated genes. Subject sequences were VFDB virulence protein sequences. Only
translated pan-gene homologs with the highest bitscore values against a translated VFDB virulence gene
were taken into account. Core-genes with multiple VFDB hits were sorted using an in-house Perl script, in

which only gene with the highest bitscore values were taken into account.

Grouping of A. sanguinicola and A. urinae putative virulence gene homologs were accomplished according to

VFDB assigned functional keywords for an overall genomic characterization of putative virulence genes.
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2.5. Bacterial Capsular Polysaccharide
2.5.1 Search for CPS gene homologs within genomes of A. urinae ACS-120-V-Col10a and A. urinae AU3.

CPS associated gene homologs were searched within the public available A. urinae ACS-120-V-Col10a and A.
urinae AU3 genomes. These genomes were subjected to BLASTX analysis against CPS associated genes of
VFDB [46]. The BLASTX analysis was performed in CLC bio’s Genomics Workbench v9.0 using E-values of
0.001, bitscore values higher than 90, and minimum amino acid sequence identities of 30 %. Genes with

multiple VFDB CPS gene mappings were sorted by only taking the BLAST hit with the highest bitscore value.

2.5.2. Mapping of CPS gene homologs within assembled genomes for prediction of putative CPS loci.

All the identified CPS gene homologs were plotted against the assembled A. sanguinicola and A. urinae
genomes according to gene positions. Genomic regions with high abundance of CPS associated gene

homologs were extracted and identified as putative CPS loci.

2.5.3. CPS structural organization analysis.

Mapping of gene homologs to the same VFDB CPS gene homologs were color assigned with the same color

and side-by-side visualized in Geneious v9.1.6 [47].

Protein sequences of the initial four A. urinae gene homologs of cps4A, cap8A, cap8B, and cap8C, which
constituted the common CPS loci region were subjected to four global protein sequence alignments to

determine sequence identities using the MUSCLE v.9.1.6 [42].

The common CPS regions were followed by regions of variable sizes and genetic contents, hence defined as
the variable CPS region. Genes positioned within the variable CPS loci regions and without VFDB assigned
CPS annotations were subjected to BLASTX analysis for functional characterizations against the non-
redundant protein sequence database of NCBI [34]. Only BLAST hits with E-values lower than 0.001 were

taken into considerations.

2.6. Heat shock protein 60

The PanFunPro predicted A. sanguinicola and A. urinae Hsp60 homolog protein sequences (541-542 amino
acids), encoded by the htpB gene, were compared against the Hsp60 protein sequence of the virulent A.
viridans var. homari (184 amino acid partial sequence, AAM88526.1) to calculate sequence identities. The

comparisons were made using the protein BLAST implementation in CLC bio’s Genomics Workbench v9.0.
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2.7. Adhesion associated gene homologs and cell wall signaling and anchoring

The presence of signal peptides were predicted using SignalP v4.1 (www.cbs.dtu.dk/services/SignalP/) [48]
and PSORTb v3 (www.psort.org/) [49]. The presence of cell wall anchoring protein domains were predicted

using the TMHMM Server v2.0 (www.cbs.dtu.dk/services/TMHMMY/) [50].

This study was approved by the Danish Data Protection Agency (J.nr. 2012-41-0240).

3. RESULTS
3.1. Species verification by 16S rRNA gene sequence analysis and features of genomic sequence data
3.1.1. Confirmation of species identifications.

Forty-eight Danish clinical strains of A. sanguinicola (n = 8) and A. urinae (n = 40) (Supplementary A) were
subjected to whole-genome analysis and genomic characterizations, including the corresponding type

strains.

Identification to the species level using MALDI-TOF MS (score above 2.0) were post-sequencing verified using

BLASTN sequence analysis of the 16S rRNA gene sequence against NCBI GenBank.

More than 99 % sequence identities were observed between the clinical A. sanguinicola 16S rRNA gene
sequence and the public available type strain A. sanguinicola CCUG 43001" (BLAST maximum alignment
score 2,835-2,841), and between the clinical A. urinae strains and the public available type strain A. urinae
CCUG 36881 (BLAST maximum alignment score 2,804-2,837). BLAST maximum alignment score value

differences between the best and second best taxon matches were 316-366.

3.1.2. Features of genomic sequence data.

The number of de novo assembled scaffolds ranged from 17-44 and 12-58 for the clinical A. sanguinicola and
A. urinae strains, respectively (Table 1). Genome sizes of A. sanguinicola strains were between 2.06 Mb to
2.12 Mb with GC-contents of 47.4-47.6 %. A. urinae genome sizes ranged from 1.93 Mb to 2.44 Mb with GC-
contents of 41.6-42.6 %. The 1984-2004 and 2010-2015 strains had average genome sizes of 1,947,525 bp
(range 1.93-2.01 Mb) and 2,032,841 bp (1.93-2.44 Mb), respectively, which corresponded to an average
increase of 86,000 bp genetic material in the 2010-2015 strains.

The type strains of A. sanguinicola CCUG 43001 and A. urinae CCUG 36881" had genome sizes of 2.03 Mb
(GC-content 47.6 %) and 1.97 Mb (GC-content 42.6 %), respectively (Table 1).

11
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344 %).

345
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Table 1. Clinical and genomic characteristics of all clinical and type strains belonging to the A. sanguinicola and A.

urinae species.

_ A. sanguinicola A. sanguinicola A. urinae A. urinae A. urinae A. urinae
Characteristics T : T :
CCUG 43001 (all strains) CCUG 36881 (all strains) 1984-2004 2010-2015
Clinical feature
Strain category Type strain Clinical strains Type strain Clinical strains Clinical strains
Country of isolation Denmark Denmark Denmark Denmark Denmark
Year of isolation 19991 2009 to 2015 1984 2 1984 to 2015 1984 to 2004 2010 to 2015
Strains (patients) 1 8(5) 1 40 (32) 20(18) 20(14)
Patient mean age yrs. ; 75 (62-87) . 73 (10-94) 74.8 (56-85) 70.7 (10-94)
(range)
Gender ratio
Male:Eemale:Unknown - 2:3:0 - 18:8:6 8:4:6 10:4:0
Source of isolation Blood Urine and blood Human urine Usine, Shgaahd Urine, blood and Urine and
heart valve heart valve blood
. ) ) . UTI, bacteremia, UTI, bacteremia, UTl and
Type of infection Sepsis UTI and bacteremia UTI and IE and IE bacteremia
Genomic feature
Genome size (Mb) 2.03 2.06-2.12 1.97 1.93-2.44 1.93-2.01 1.93-2.44
Average genome size i i . i 1,947,525 2,032,841
(bp)
Scaffolds 1 17-44 1 12-58 26-40 12-58
GC-content (%) 47.6 47.4-47.6 42.6 41.6-42.6 42.4-42.6 41.6-42.5
Genes 1,783°%/1,838"* 1,783-1,905° 1,739°%/1,801"° 1,708-2,256° 1,725-1,800° 1,708-2,256 >
Core-genes (amino 1,191 1,011
acid percent identity) ) 114 ) 907 (99.4-100 %) (96.6-100 %)
Unique intra-period i i ) i 504 24

core-genes

Common core-genes
(amino acid length)

987 (312,235 amino acids)

UTI, Urinary tract infection.

IE, Infective endocarditis.
! Isolated in 1999 and characterized in 2001.
? |solated in 1984, characterized in 1989, and reclassified in 1992.
*Number of genes according to genome annotation using the PanFunPro pipeline [35].

* Number of genes according to genome annotation using the NCBI Prokaryotic Genome Annotation Pipeline [51].

3.2. Pan- and core-genome characterizations, proteome conservations, and phylogeny

3.2.1. Pan-genome analysis.

The total number of genes for all strains of A. sanguinicola were 16,678 genes and for strains of A. urinae

72,930 genes, including the type strains in both cases. The total number of genes for both species was

89,608 genes, of which 2,360 unique pan-genes. These genes were used to analyze the genomic relatedness

of all strains with a presence-absence analysis of the pan-genes across all strains (Figure 1).
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Overall, high intra-species clustering was observed within both species and low clustering was observed
between both species (correlation coefficient below 0.4). The intra-species clustering was highest within
strains of A. sanguinicola (green, correlation coefficient 0.9-1) and within 1984-2004 isolated A. urinae
strains (pink, correlation coefficient 0.9-1). The 2010-2015 isolated A. urinae strains (blue) showed internal
heterogeneity (correlation coefficient 0.6-1). All the paired strains showed very high genomic clustering

(correlation coefficient 0.9-1).
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Figure 1. Clustering of A. sanguinicola and A. urinae strains using Pearson correlation of the presence-absence
matrix of the 2,360 unique pan-genes within both species. The highest correlation and genomic clustering was
observed at correlation coefficient 1 (darkest coloring) and lowest at O (brightest coloring). Strains of A.
sanguinicola showed high genomic clustering (green, correlation coefficient 0.9-1) and internal heterogeneity
within A. urinae strains (blue and pink, correlation coefficient 0.6-1). The A. urinae 1984-2004 showed high
genomic clustering (pink, correlation coefficient 0.9-1) and heterogeneity within the A. urinae 2010-2015 strains
(blue, correlation coefficient 0.6-1). Low clustering was observed between the two species (correlation coefficient

below 0.4). All the paired strains showed very high genomic clustering (correlation coefficient 0.9-1).

3.2.2 Core-genome analysis.

Highly conserved core-genomes were observed within both species as the number of core-genes decreased

slightly as more genomes were added. The core-genomes reached a plateau stage through both species.

The number of PanFunPro predicted core-genes for clinical and the type strain of A. sanguinicola started
from 1,359 core-genes and dropped to 1,260 core-genes when genomes of all A. sanguinicola strains were
included. Core-gene homology was further verified using 60 % protein sequence identity across 60 %
sequence coverage and more than 30 % sequence identities, which reduced the core-gene number to 1,170
genes for A. sanguinicola strains (Table 1). In case of the clinical and the A. urinae type strain, the number of
core-genes started from 1,314 genes and dropped to 1,023 genes when genomes of all A. urinae strains
were included. Using the same homology verification criteria as in case of A. sanguinicola core-genes, the
number was reduced to 907 core-genes (Table 1). Without the A. urinae type strain, the remaining 40 clinical
A. urinae strains shared 987 core-genes (312,235 amino acids with overall 95.7-100 % amino acid identities).
In case of the 1984-2004 and 2010-2015 A. urinae strains, the number of core-genes were determined as
1,191 core-genes (99.4-100 % amino acid identity) and 1,011 core-genes (96.6-100 % amino acid identity),
respectively. A total number of 204 core-genes were unique for only the 1984-2004 strains and 24 core-

genes for the 2010-2015 strains.

The number of common core-genes, which fulfilled the homology verification criteria using 60 % sequence

identities, were 81 genes for all A. sanguinicola and A. urinae strains.

3.2.3. A. urinae proteome conservations of 1984-2004 and 2010-2015 A. urinae strains.

Between 1,725-1,800 and 1,708-2,256 genes were predicted within the 1984-2004 and the 2010-2015
strains, respectively (Table 1). These genes were evaluated and classified into 1,208 and 1,347 protein
families for both species, respectively. Intra-period comparison of protein families showed high degree of
proteome conservations as 96.4 to 99.7 % protein families were shared within the 1984-2004 strains

(Supplementary material B). Higher proteome variations were observed within the 2010-2015 strains as
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74.3-99.8 % of the protein families were shared. Inter-period comparison of the 1984-2004 and 2010-2015
strains showed 74.7-87.8 % identities of shared protein families. Each of the paired strains exhibited 99.2-
99.8 % identities.

3.2.4. A. urinae phylogeny based on common core-genes and SNPs.

The 987 common core-genes within all 40 clinical A. urinage strains were used to demonstrate the
phylogenetic relatedness (Figure 2). These 987 core-genes corresponded to 312,234 amino acids and with
95.7-100 % sequence identities. Strains were color assigned according to type of infection: UTls (yellow),
bacteremia (red), and IE (blue). For the 1984-2004 and 2010-2015 strains, these 987 core-genes showed
99.4-100 % and 96.6-100 % amino acid sequence identities, respectively.

The phylogenetic analysis showed no clustering related to the disease entity (UTls, bacteremia, and IE). Two
major clustering were observed, one consisting of the 1984-2004 strains and the second cluster consisted of
the 2010-2015 strains, of which the main branch separating these two groups of strains was supported by
bootstrap values of 100. Sub-clusterings were shown within the 2010-2015 cluster and also supported by
bootstrap values of 100. Each of the eight paired A. urinae strains (marked with colored dots), from blood
and urine samples from seven patients and from one blood and heart valve sample from one patient,
clustered very close to each other and supported by bootstrap values of 100.

Identical clustering patterns of the 1984-2004 and 2010-2015 A. urinae strains were observed when SNPs
were used to generate the phylogenetic relationships, showing two major clusters (Supplementary material

C, Figure A, B, and C). Each of the paired A. urinae isolates were likewise clustered very close to each other.

When using the A. urinae CCUG 36881" genome (isolated in 1984) as a reference genome for SNP callings,
20,694 SNPs were predicted and this reference strain clustered within the 1984-2004 cluster with strains
from the same time period of isolation (Supplementary materials C, Figure A). A. urinae ACS-120-V-Col10a
(isolated in 2007) and A. urinae AU3 (isolated in 2010) showed 22,608 SNPs and 21,302 SNPs, respectively,
and clustered within the 2010-2015 cluster (Supplementary materials C, Figure B and C).
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Figure 2. Core-genome phylogeny of the 40 clinical A. urinae strains based on the 987 translated common core-
genes (corresponding to 312,235 amino acids). The tree showed two major clustering of strains, one with the
1984-2004 strains and the other with strains from 2010-2015. Sub-clustering was observed within the 2010-2015
cluster. Strains were color assigned according to type of infections of UTIs (yellow), bacteremia (red), and IE
(blue). The last three characters of each strain identifier represented the source of strain isolation, blood (B),
urine (U) or heart valve (H) followed by the year of strain isolations. Branching of the maximum likelihood tree
was supported by bootstrap replicates of 100 and only bootstrap values higher than 90 were shown. Branch
lengths were given as substitutions per site. Clustering of the eight paired strains (marked with colored dots and
isolated from blood and urine samples of seven patients and blood and heart valve sample of one patient) were

very close to each other and supported by bootstrap values of 100.

3.3. Comparison of pan- and core-genes with Virulence Factors of Bacterial Pathogens
3.3.1. Virulence gene homologs from the pan- and core-genomes.

The 16,678 pan-genes of A. sanguinicola and 72,930 pan-genes of A. urinae contained 12 and 20 VFDB
homolog virulence genes, respectively. Thirty-four out of 1,170 A. sanguinicola core-genes were identified as

VFDB homologs and similarly 24 genes out of 907 A. urinae core-genes. Only one common core-gene, which
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encodes a HtpB protein (around 53-56 % protein sequence identities, Table 2), was predicted as a putative
virulence gene of the 81 common core-genes of A. urinae and A. sanguinicola using at least 60 % protein

sequence identities.

VFDB assigned keywords for functional characterization were used for an overall distribution of A.
sanguinicola and A. urinae specific pan- and core-genes (Supplementary material D). The highest number of
genes within one category was observed for genes associated with antiphagocytosis (15 genes in A.
sanguinicola and between 11-16 genes in A. urinae strains). This was followed by genes associated with
adherence (four genes in A. sanguinicola and five genes in A. urinae) and endotoxins (six genes in A.
sanguinicola and five genes in A. urinae). Genes were also associated with intracellular growth/survival
(three genes in A. sanguinicola and two genes in A. urinae) and stress proteins (four genes in A. sanguinicola
and three genes in A. urinae). According to VFDB keywords, only strains of A. sanguinicola encoded gene
homologs associated with biofilm formation (one gene) and beta-hemolysin/cytolysin (three genes). The
miscellaneous group included genes related to iron and magnesium uptake/acquisition, surface protein
anchoring, secretion system, regulation, and genes with uncharacterized function according to VFDB

keyword designations (10 genes in A. sanguinicola and eight genes in A. urinae).

Antiphagocytosis, adherence, and biofilm formation associated proteins are known important virulence
factors during bacterial infections. Translated pan- and core-gene homologs associated with these three
virulence properties were selected for further characterizations. Each VFDB homolog pan- and core-gene is
represented with protein sequence identities against the respective VFDB hit along with VFDB annotations

and keyword designations (Table 2).
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Table 2. A. sanguinicola and A. urinae virulence gene homologs of pan- and core-genes (protein level), involved in

antiphagocytosis, adherence, and biofilm formation.

Reference strain

VFDB annotation

oo 1
A. sanguinicola

g 2
A. urinae

Sequence identity in % (n)

Sequence identity in % (n)

VFDB category: Antiphagocytosis

S. aureus ssp.
aureus MW?2

CPS protein Cap8A

34.3(9)

30.4-32.0 (41)

CPS protein Cap8B

36.0-36.2 (9)

37.9-39.2 (41)

CPS protein Cap8C

43.6-45.6 (41) ™

CPS protein Cap8D

48.0-48.3 (9)

46.9-47.4 (24) & 63.7 (3)©

CPS protein Cap8F

54.7 (9)

53.7-53.9 (22)

CPS protein Cap8G

50.8 (9)

50.8-51.9 (22)

CPS protein Cap8N

38.4(9)

38.9-40.7 (27)

S. pneumoniae
TIGR4

CPS protein Cps4A

35.3-36.1 (40) & 33.3-42.9 (1)*

CPS protein Cps4E

60.4 (9)

57.8-59.4 (23) & 57.3 (4)

CPS protein Cps4F

33.9-34.2 (9)

33.2-33.4 (22)

CPS protein Cps4H

30.6-31.4 (5)

CPS protein Cps4l

63.0 (2)

CPS protein Cps4)

70.6-70.9 (9)

70.6 (21) & 74.4 (1)*

E. faecalis V583

Undecaprenyl diphosphate synthase

49.8 (9)

51.4 (41)

Phosphatidate cytidylyltransferase

41.7 (9)

42.2-42.9 (41)

UDP-galactopyranose mutase

60.5 (14)

S. agalactiae
2603V/R

Glycosyl transferase CpsE

33.9(12) & 58.5-71.4 (2) ™

Glycosyl transferase Cps)J

34.9-35.3 (9)

CPS protein CpsL

32.7 (14)

Glycosyl transferase CpsO

45.7 (9)

N-acetyl neuramic acid synthetase NeuB

39.8-40.4 (41)

S. pyogenes M1

UDP-glucose 6-dehydrogenase HasB

52.3 (24)

UDP-glucose pyrophosphorylase HasC

66.2-66.6 (9)

50.7-51.9 (41)

C. jejuni ssp. jejuni
NCTC 11168

UDP-glucose 6-dehydrogenase KfiD

49.6-49.8 (9)

VFDB category: Adherence

L. pneumophila
ssp. pneumophila
str. Philadelphia 1

Hsp60, 60K heat shock protein HtpB

56.1-56.3 (9)

53.6-54.0 (41)

L. monocytogenes
EGD-e

Fibronectin-binding protein FbpA

41.5-41.8 (9)

Listeria adhesion protein LAP

54.4-54.7 (41)

S. agalactiae
2603V/R

Laminin-binding surface protein Lmb

32.4(9)

56.2-56.9 (41)

S. pyogenes M1

Fibronectin-binding protein Fbp54

42.2-43.1 (41)

V. vulnificus YJ016

Immunogenic lipoprotein A IllpA

38.0(9)

38.1-39.2 (41)

VFDB category: Biofilm formation

E. faecalis V583

Sugar-binding transcriptional regulator

CPS, Capsular polysaccharide.

' A. sanguinicola strains: Eight clinical and one type strain.

2 A. urinae strains: Forty clinical and one type strain.
32 Gene homologs of a) cap8C (Au-18-B93 and Au-19-H93) and b) cps4E (Au-02-B96, Au-03-U96, Au-12-B98, and
Au-15-B94) were predicted as shorter genes compared to the remaining cap8C and cps4E homolog genes of A.

urinae strains, respectively.

31.8-32.2(9)
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4/blc/d Gene homologs of a) cap8D (Au-06-U13, Au-49-B14, and Au-50-U14), b) cps4A (Au-06-U13), c) cps4) (Au-

45-U14), and d) cpsE (Au-43-B13 and Au-10-B10) were predicted as two partial and shorter genes instead of one
full length gene compared to the remaining A. urinae genes of the particular gene homolog.

3.3.2. Bacterial capsular polysaccharide gene homologs involved in evasion of immune phagocytosis.

The CPS gene homologs as identified in A. sanguinicola and A. urinae strains were described in six bacterial
species; Staphylococcus aureus, Streptococcus pneumoniae, Enterococcus faecalis, S. agalactiae, S. pyogenes,
and Campylobacter jejuni (Table 2). A. sanguinicola strains consisted of 15 CPS gene homologs and between
11-16 CPS gene homologs were identified in A. urinae strains. The public available A. urinae ACS-120-V-
Col10a and A. urinae AU3 consisted of 13 and 16 CPS gene homologs, respectively. The majority of the CPS
gene homologs were described in S. aureus ssp. aureus MW2 (cap8 genes) and S. pneumoniae TIGR4 (cps4
genes). The highest percent identity was observed for the S. pneumoniae TIGR4 cps4) gene homolog with

70.6-70.9 % for A. sanguinicola and 70.6-74.4 % for A. urinae strains.

Mapping of CPS gene homologs within the assembled genomes demonstrated regions with high abundance
of CPS gene homologs in all the strains, whereof identified as putative CPS loci (Figure 3). These genes were
positioned in the same orientation of translation and ordered behind each other with short distances to
neighboring genes. Four CPS gene homologs of A. sanguinicola strains (cpsA, cpsB, hasC, and kfiD) and four
of A. urinae strains (cpsA, cpsB, neuB, and hasC) were located outside of the putatively predicted CPS loci

regions and presumable not involving in CPS.

The CPS loci sizes were estimated between 12,800 to 19,500 bp, from positioning of CPS gene homologs
until flanking by non-CPS associated genes. The number of genes within the CPS loci varied from 13 to 19
genes, of which 7-12 genes were identified as CPS gene homologs. The genetic CPS loci arrangements
showed one type of CPS loci for A. sanguinicola and five different types for A. urinae strains, the latter
allocated into two major and three minor groups (Figure 3). Major group | was composed of all A. urinae
strains from 1984-2004 and the A. urinae CCUG 36881" and major group Il of 14 of the 20 strains from 2010-
2015. The three minor groups were composed of one 2014 isolate (minor group 1), two 2014 isolates (minor
group Il), and one 2013 and two 2014 isolates (minor group Ill). The A. urinae ACS-120-V-Col10a constituted
a different CPS locus type and due to contig truncation the CPS locus of A. urinae AU3 was only partially

identified.

Analysis of the CPS loci throughout all A. sanguinicola strains showed the initial two CPS gene homologs,
cap8A (100 % protein sequence identity) and cap8B (99.9-100 %) to hold annotation of transcriptionally
regulatory function. The remaining CPS gene homologs within the putative CPS loci showed higher than 97.9

% protein sequence identities within all A. sanguinicola strains. In case of A. urinae strains, the initial four CPS
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gene homolog were identified as transcriptionally regulator proteins in all strains and identified as the
common CPS region, cps4A (88.8-100 % protein sequence identity), cap8A (92.9-100 %), cap8B (94.9-100 %),
and cap8C (86.3-100 %). Higher protein identities were observed when the four common region CPS gene

were compared within strains of major group | and within major group Il (Table 3).

Table 3. Sequence identities of the four translated CPS gene homologs constituting the common CPS region of all

A. urinae strains.

CPS loci common region
CPS loci
Ccps4A cap8A cap8B cap8C
All A. urinae strains 88.8-100 % | 92.9-100 % | 94.9-100 % | 86.3-100%
Major group | - A. urinae strains from 1984-2004 (n = 20) 99.7-100 % 100 % 99.1-100 % 100 %
Major group Il - A. urinae strains from 2010-2015 (n = 14) 100 % 100 % 99.6-100 % | 99.6-100 %

The common CPS loci region of A. urinae strains were followed by a variable region with variations in size,
number of genes and genetic arrangements. This region was consisting of CPS gene homologs and genes not
matching any of the CPS genes of the VFDB database. The latter genes were classified into three categories
by evaluation of the genome annotations and further characterizations using BLASTX against the NCBI
protein database. The three categories were consisting of 1) CPS associated glycosyl transferases and
hypothetical glycosyl transferases; 1) cell surface polysaccharide biosynthesis and CPS synthesis related
proteins; and Ill) hypothetical proteins and proteins with unknown function. The cell surface polysaccharide
biosynthesis and CPS synthesis related proteins were among others epimerases and dehydrogenases.
Similarly, the A. sanguinicola CPS loci gene homologs were annotated as cell surface polysaccharide

biosynthesis and CPS synthesis related proteins, glycosyl transferases, epimerases, and dehydrogenases.

The hasB gene homolog (UDP-glucose dehydrogenase) was positioned as the terminal CPS locus gene for all
1984-2004 strains (major group 1), three 2014 strains (minor group I-1), the A. urinae CCUG 368817, and the
A. urinae ACS-120-V-Col10a strains. Search for the hasB gene homolog within genomes of major group Il and
minor group Il strains showed no hasB gene homologs. A hasB gene homolog was also identified in the A.

urinae AU3 genome, although not positioned within the same CPS locus encoding contig.
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Total no. of CPS No. of genes|No. of VFDB CPS
CPSlocus| . .
gene homologs | . b within CPS | gene homologs
in genomes size (bp) locus within CPS locus
A. inicol; 15 16,000 15 i
@) Category|l CPS associated glycosyl transferase and hypothetical glycosyl transferase Major group | 16 18,300 17 12
@ Categoryll  Cell surface polysaccharide biosynthesis and CPS synthesis related protei S L Bt L 7
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@ Category Il Hypothetical proteins and proteins with unknown function &| Minor group I 14 19,500 18 10
S| Minor group Il 12 14,700 15 8
<U| A. urinae CCUG 36881" 16 18,300 17 12
A. urinae AU3 16 12,800 13 1
A. urinae ACS-120-V-Col10a 13 17,100 19 9
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Figure 3. Genomic organization of CPS loci of clinical and type strains of A. sanguinicola and A. urinae, including
the public available A. urinae CCUG 368817, A. uringe ACS-120-V-Col10a, and A. uringe AU3 strains. All A.
sanguinicola strains were constituted of the same genomic organization of the putative predicted CPS loci. The 40
A. uringe strains and A. urinae CCUG 36881’ constituted five different CPS loci, grouped into two major and three
minor groups. * The Au-06-U13 cps4A gene homolog was predicted as two partial and shorter genes compared to
the remaining cps4A gene homolog. ** The Au-10-B10 and Au-43-B13 cpsE gene homologs were predicted as two

partial and shorter genes compared to the remaining cpst gene homologs.

3.3.3. Bacterial gene homologs involved in adhesion to host cells and biofilm formation.

Six gene homologs related to bacterial adherence were identified in A. sanguinicola and A. urinae genomes
(Table 2). Among these, four gene homologs were present in A. sanguinicola genomes and encoded the
immunogenic lipoprotein A (llpA), laminin-binding surface protein (Lmb), fibronectin-binding protein (FbpA),
and the 60K heat shock protein (HtpB). The A. urinae strains were containing five gene homologs which
encoded the fibronectin-binding protein (Fbp54), Listeria adhesion protein (LAP), and IlpA, Lmb, and HtpB as
with A. sanguinicola strains. VFDB categorized htpB of Legionella pneumophila as a bacterial adhesion

protein.

A signal peptide was only identified in lIpA and Lmb proteins of A. sanguinicola and A. urinae strains, and no
LPXTG motif containing anchoring domains were predicted in any of the identified adhesion protein

homologs.

Comparison of Hsp60 from the virulent A. viridans var. homari strain and the HtpB protein of A. sanguinicola

and A. urinae strains showed between 79.4-82.0 % protein sequence identities.

According to VFDB, only A. sanguinicola strains contained a biofilm-associated transcriptional regulator bopD

gene homolog.
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4. DISCUSSION

In the present study, WGS of eight A. sanguinicola and 40 A. urinae strains were analyzed to characterize

these genomes and to identify the potential virulence genes that cause bacterial pathogenicity.

4.1. Genomic analysis.

The varying number of pan- and core-genes are highly affected by the number of strains included, the
degree of bacterial heterogeneity and the predefined cut-off thresholds for defining core-genes [52] as also
illustrated for the strains from the two Aerococcus species examined in this study. The genetic pool of genes
were lower for A. sanguinicola strains (16,678 genes) than for the A. urinae strains (72,930 genes), whereas
the number of core-genes were higher for the A. sanguinicola strains (1,170 core-genes) than for strains of
A. urinage strains (907 core-genes). All A. sanguinicola strains showed very close relationships taken into
account of only being represented by one type strain and eight clinical strains from five patients. Marked
differences were observed within all A. urinae strains, with respect to the average genome sizes, genomic
clustering, number and sequence identity of core-genes, proteome conservations, phylogenetic analysis, and
CPS loci sequences. The 20 A. urinae 1984-2004 strains, from 18 patients, were highly homogeneous

compared to the 20 A. urinae 2010-2015 strains from 14 patients.

Evolution of bacteria is highly affected through genetic alternations during evolutionary processes which
shapes the bacterial genomes. Homologous recombination, lateral gene transfer, as well as indel and SNP
mutations are genetic events responsible for genomic diversity and shaping of bacterial populations [53,54].
These events can give rise to selective advantages in a bacterial species such as increased bacterial
pathogenicity and adaptation for a host environment under selection pressure. In our study, analysis of
unigue core-genes and the subsequent core-genome phylogeny showed high genomic conservations within
the 1984-2004 A. urinae strains compared to 2010-2015 strains with internal diversity. These findings were
interesting in the way that these strains were belonging to the same bacterial species and only being
separated by a period of six years in the strain collections. In A. urinae, a selective pressure, that might have
taken place after 2004, could potentially explain the presence of multiple sub-clusters within the short-time
span isolated 2010-2015 strains (5 years) compared to the 1984-2004 strains (20 years). Both the host-
pathogen interaction, selective pressure through the use of antibiotics, and competition between microbial
pathogens are factors that adds to the selectivity of beneficial genetic variations within a population [55].
Acquisition of genetic material could support an average gain of 86,000 bp in genomes of the 2010-2015
strains compared to the 1984-2004 strains, potentially increasing the genetic and proteomic variation as

shown in the study.

In comparison, high level of recombination and positive selection was observed within streptococcal core-

genomes. Low degree of recombination was observed in S. agalactiae core-genomes compared to S.
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pyogenes with high degree of core-genome recombination [56]. In S. aureus, low level of recombination was
observed in the core-genomes even though being a highly pathogenic species [57]. Variations within the
genomes could be dispersed across the entire genome or concentrated within specific core-genes with a
selective advantages. In case of S. aureus genomes, recombination was often taking part in genes related to
bacterial pathogenicity [57]. This kind of findings could suggest a bacterial fitness for survival and host

adaptation, as suggested for Clostridium perfringens strains in an evolutionary lineage study [58].

Another aspect was if the genetic variability only were seen in Danish A. urinae isolates (local environmental
pressure) of which we performed the SNPs based phylogenetic analysis. These showed the two foreign A.
urinae isolates, one from Belgium in 2007 and one from Sweden in 2010, clustering with the Danish 2010-
2015 isolated A. urinage strains. These findings may suggest that the genetic changes observed, within the
recently isolated Danish A. urinae genomes, might be a result of a general evolutionary event. Similarly, a
study from de Been et al. showed phylogenetic clustering of modern Enterococcus faecium with modern
clinical isolates, by analyzing adaptive recombination events in terms of SNPs within core-genomes [59].
Marvig et al. demonstrated within-host bacterial adaptation to changing host environments and
accumulation of SNPs in favor for bacterial survival and fitness of Pseudomonas aeruginosa in patients with
cystic fibrosis [60]. In the latter study, SNPs were localized within the regulatory part of the bacterial
genomes and in pathoadaptive genes among others CPS genes, demonstrating how positive selection for

mutations might have aimed in bacterial adaptation to its host [60].

A large number of UTI causing bacteria is often associated with urosepsis, in which the pathogenic strains
gets access into the bloodstream. A mortality rate of 33 % was observed in hospitalized patients with cases
of uncomplicated UTlIs causing pathogenic Escherichia coli, leading to bacteremia [61]. The transition of a
superficial site of infection to a deep site of infection is important in regards to which bacterial virulence
mechanisms the UTI pathogens are taking advantages of. McNally et al. analyzed the genomic diversity of
blood and urine isolates of E. coli from five patients with urosepsis, like we did in the current study with the
eight paired A. urinae isolates. In four of the paired set of E. coli strains, the urine and blood isolates had the
same sequence type, no variations were observed between each set of isolates, and only a minimal set of
virulence genes were needed to establish bacteremia [62]. In the fifth E. coli urosepsis patient, two different
E. coli sequence types were identified in the same urine sample and a third serotype was causing
bacteremia. Based on results from McNally et al., we were not expecting to observe genomic differences
within each set of the paired A. urinae strains and results from the current study showed highly similar set of
A. urinae isolates. This indicates that superficial site of infection causing A. urinae isolates (from urine) were

the same isolate causing a deep site of infection within the bloodstream.
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4.2. VFDB predicted putative virulence genes.

The current study attempted to characterize the clinical strains for the presence of virulence associated
genes by comparison against a database collection of virulence factors, VFDB [46]. In this way, we only
expected to identify already known virulence genes and factors as the VFDB database was consisting of. Until
now, no UTI or IE associated virulence genes were characterized within genomes of A. sanguinicola and A.

urinae strains.

4.2.1. Bacterial capsular polysaccharide genes.

Within genus Aerococcus expression of CPS has only been described in A. viridans var. homari, the causative
agent of the lobster disease gaffkemia. The study were studying the relationship between bacterial virulence
and CPS thickness in a virulent and avirulent A. viridans var. homari strain [24]. In our study, the majority of
A. sanguinicola and A. urinae CPS gene homologs were described in genomes of S. aureus ssp. aureus MW?2
(cap8 genes) and S. pneumoniae TIGR4 (cps4 genes), which are two well-known CPS expressing bacterial

species [63—65].

Skov Sgrensen et al. investigated expression of CPS of S. pneumoniae and mitis group streptococci [66].
Previously, it was assumed that CPS expression does not take place in commensal organisms as mitis group
streptococci. Surprisingly, in a high number of the commensal mitis group streptococci, both the presence of
CPS loci and subsequent CPS expression were observed [66]. Based on these results and identification of
VFDB gene homologs associated with CPS, we were analyzing how these genes were dispersed within each
of the A. urinae and A. sanguinicola genomes. Very surprisingly, we were identifying putative CPS loci in all
the WGS genomes with high certainties of being a real CPS loci due to a number of findings. First, all A.
sanguinicola and A. urinae CPS loci were divided into a highly common (regulatory part) and variable region
(CPS biosynthesis) [67,68], as seen with CPS loci of S. agalactiae [69] and S. pneumoniae strains [66]. In S.
agalactiae strains, the regulatory function of the common region was, among others, demonstrated with a
functional knock-out mutation analysis in which the common region regulated CPS expression and its fine-

tuning [70].

Secondly, CPS gene homologs of the variable region of A. sanguinicola and A. urinae CPS loci were encoding
cell surface polysaccharide biosynthesis proteins as glycosyl transferases, epimerases, and dehydrogenases,
which was in line with CPS genes of the variable region of streptococcal and staphylococcal CPS loci. Skov
Sgrensen et al. [66] and O’Riordan & Lee [71] described the structural organization of streptococcal and S.
aureus CPS locus organization, which consisted of polymerases, epimerases, flippases, dehydrogenases, and

sugar transferases such as glycosyl transferase.
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Thirdly, A. urinae CPS loci showed structural variations with different CPS locus sizes, genetic content, and
organization genetic. The observed genetic CPS loci diversity as five different CPS loci types, mainly
separated the 1984-2004 A. urinae CPS loci from the highly diverse 2010-2015 A. urinae CPS loci. This type of
structural complexity and organization of CPS genes were also shown within S. pneumoniae [68], S. aureus

[71], and Klebsiella ssp. [72] CPS loci.

4.2.2. Bacterial adherence.

In this study, the presence of core-genes that were homologs to genes linked to bacterial adherence of A.
sanguinicola (htpB, fbpA, Imb, and ilpA) and A. urinae (htpB, lap, Imb, fbp54, and ilpA) indicates adhesion as

an important virulence factor within strains causing UTls, bacteremia, and IE.

These genes were homologs to FbpA of L. monocytogenes [73] and Fbp54 of S. pyogenes [17], Lmb of S.
agalactiae [19], and IlpA of Vibrio vulnificus [74]. The importance of these genes have been demonstrated
with reduced adhesion using mutants due to no expression of fibronectin-binding proteins (L.
monocytogenes FbpA [73] and S. pyogenes Fbp54 [17]), poor adhesion to immobilized placental laminin and
subsequent reduced invasiveness (S. agalactiae Lmb) [19,75], and decreased adhesion to intestinal cells and

reduced mortality in mice models (V. vulnificus lIpA) [74,76].

The Listeria adhesion protein LAP is an essential adhesion factor [20,77], which has been demonstrated as a
cell surface protein [78,79], and binds Hsp60 [80]. A lap-deficient L. monocytogenes showed reduced
adherence and unable to translocate into intestinal cells [77,80]. Hsp60 associated cell adherence was also
described for Clostridium difficile [81]. In genus Aerococcus, upregulated Hsp60 expression was previously
described in A. viridans var. homari [25]. In the current study, both Aerococcus species were having a Hsp60
encoding htpB gene homolog, whereas only a lap gene homolog in A. urinae strains. The presence of lap
gene and htpB gene homologs within A. urinae genomes enhances the need for further enlightening of a

putative bacterial adherence interaction between these two gene products.

In Gram-positive bacteria, a cell surface exposure of bacterial adhesion proteins can be achieved through a
signal peptide sequence and a LPXTG containing cell wall anchoring protein domain [82]. A new class of
anchorless and surface exposed Gram-positive proteins lacks the signal peptide and/or the LPXTG motif [82].
In the current study, no adhesion associated gene homologs contained a LPXTG anchoring motif and only A.
sanguinicola and A. urinae Lmb and IlpA homolog protein coding genes consisted of a signal peptide
sequence, which was in line with the laminin-binding protein Lmb of S. agalactiae [19] and Lbp of S.

pyogenes [83], and with the lIpA protein of V. vulnificus [74,76].

Neither the A. sanguinicola nor A. urinae gene homologs of fibronectin-binding proteins, the LAP protein, or

the Hsp60 (HtpB) proteins contained a signal sequence nor the LPXTG motif. This was indeed in line with
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other atypical and surface exposed adhesion proteins that binds fibronectin (FbpA of L. monocytogenes [73],
FbpA of Streptococcus gordonii [84], and PavA of S. pneumoniae [85]), the Listeria adhesion protein LAP of L.
monocytogenes [79], and heat shock proteins (Hsp60 of Legionella pneumophila [86] and C. difficile [81]).
4.2.3. Biofilm formation.

Only A. sanguinicola strains contained a biofilm associated transcriptional regulator gene homolog (bopD)
with low sequence identities. The bopD gene of E. faecalis is one out of four bopABCD genes associated with
biofilm formation [87,88]. We find it questionable whether the A. sanguinicola bopD gene homolog is a
biofilm associated gene or simply a transcriptional regulator gene, since the bopABCD locus also contains
three other genes. As in vitro biofilm production previously was observed in A. sanguinicola [22] and A.
urinae strains [21], the search for gene homologs associated with biofilm production may be a key step to

increase the bacterial pathogenicity understanding.

5. Future perspectives.

With the development of sequencing technologies and the presence of genomes from pathogenic bacteria, a
broad range of analyses for a better understanding of bacterial pathogenicity are facilitated. More attention
can be subjected to A. sanguinicola and A. urinae pathogenicity in order to further step into how these

clinical strains may cause infections as UTls, bacteremia, and IE.

Experimental animal models could be one way to analyze the current pathogenic status of recent 2010-2015
A. urinae strains compared to 1984-2004 strains and how the bacterial pathogenicity and host adaptation
may have evolved after the first time period of strain collections. Inclusion of more clinical strains, from even
broader time periods, and from geographical different locations are needed to extend these analysis. This
also in regards to demonstrate if CPS expression takes place, even though both species only were considered
as low pathogenic. The functional meaning of gene homologs which were associated with bacterial adhesion
needs to be verified and to reveal if the expressed gene products were bacterial cell surface exposed to

maintain the adherence function.

Introduction of WGS in clinical laboratories will illuminate the fully genomic repertoire of these strains and
enhance the clinical importance of these strains, including identification of the natural habitat of these

bacterial species.
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6. CONCLUSIONS

This is the first study dealing with comparative WGS analysis of clinical and type strain genomes of A.
sanguinicola and A. urinae. High degree of genomic clustering was observed for strains of A. sanguinicola
and marked differences within genomes of A. urinae strains with regards to the average genome sizes,
number and sequence identity of core-genes, proteome conservations, genomic clustering, and phylogenetic

analysis.

Gene homologs associated with antiphagocytosis and bacterial adherence were identified and putative CPS

loci were identified within both species.

These findings contributes with novel genetic information of A. sanguinicola and A. urinae strains which
provides an important basis for future understanding of UTls, bacteremia, and IE pathogenicity caused by

these two Aerococcus species.
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