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The type-2 Streptococcus canis M
protein SCM-2 binds fibrinogen
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Streptococcus canis is a zoonotic agent that causes severe invasive diseases in
domestic animals and humans, but little is known about its pathogenesis and
virulence mechanisms so far. SCM, the M-like protein expressed by S. canis, is
considered one of the major virulence determinants. Here, we report on the two
distinct groups of SCM. SCM-1 proteins were already described to interact with
its ligands 1gG and plasminogen as well as with itself and confer antiphagocytic
capability of SCM-1expressing bacterialisolates. In contrast, the function of SCM-2
type remained unclear to date. Using whole-genome sequencing and subsequent
bioinformatics, FACS analysis, fluorescence microscopy and surface plasmon
resonance spectrometry, we demonstrate that, although different in amino acid
sequence, a selection of diverse SCM-2-type S. canis isolates, phylogenetically
representing the full breadth of SCM-2 sequences, were able to bind fibrinogen.
Using targeted mutagenesis of an SCM-2 isolate, we further demonstrated that
this strain was significantly less able to survive in canine blood. With respect to
similar studies showing a correlation between fibrinogen binding and survival in
whole blood, we hypothesize that SCM-2 has an important contribution to the
pathogenesis of S. canis in the host.

KEYWORDS

Streptococcus canis, SCM, fibrinogen-binding, anti-phagocytosis, pathogen-host
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Introduction

The group G beta-hemolytic Streptococcus canis commonly colonizes the skin and mucosal
surfaces of dogs and cats. Furthermore, S. canis was also identified in various other animal hosts,
such as cows, rats, minks, mice, rabbits and foxes (Corning et al., 1991; Iglauer et al., 1991;
Chafter et al., 2005; Verkiihlen et al., 2016; Nikolaisen et al., 2017; Timoney et al., 2017). As an
opportunistic pathogen, S. canis infections generally lead to local and self-limiting alterations
of skin and mucosa, but in some cases it can proceed to severe and life-threatening diseases,
such as streptococcal toxic shock-like syndrome (STSLS), necrotizing fasciitis (NF), meningitis
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and septicemia (Miller et al., 1996; DeWinter et al., 1999; DeWinter
and Prescott, 1999; Lamm et al., 2010). There is evidence that S. canis
displays some zoonotic potential, since it can spread among several
host species (Galpérine et al., 2007; Lam et al., 2007; Fulde and
Valentin-Weigand, 2013; Ohtaki et al., 2013; Lacave et al., 2016;
Taniyama et al., 2017). Genetic analysis has shown that the closest
relatives to S. canis are Streptococcus dysgalactiae and Streptococcus
pyogenes (the former being a growing human pathogen and the latter
being a prominent one) (Brennan-Krohn, 2021). The zoonotic
capacity of S. canis coupled with its potential to cause life-threatening
diseases renders it a worrying prospect as an emerging pathogen.

Little is known of the pathogenesis of S. canis to date. The most
relevant finding was the identification of an M-like protein comparable
to that shown by Rebecca Lancefield in S. pyogenes (group A
streptococci, GAS) (Robinson and Kehoe, 1992). The M protein of
S. pyogenes is a comprehensively studied virulence factor which is
currently used as the main tool in pathogen classification. There are
over 200 different groups of the M protein in GAS alone with a high
variability in the function of the M protein, leading to different
pathogenic proceedings. For example, plasminogen binding M
proteins encourage dissemination of streptococci due to the activation
of the bound plasminogen to plasmin by host-derived factors such as
urokinase. Fibrinogen binding serves in immune evasion by initiation
of opsonophagocytosis via masking complement protein C3b (Laabei
and Ermert, 2019).

The versatility and importance of the GAS M protein for
pathogenesis is indisputable. Given the close phylogeny of S. pyogenes
and S. canis, further studies on S. canis M-like protein (SCM) for
similar pathogenic trends are urgent. SCM was discovered more than
10years ago (Yang et al., 2010; Fulde et al., 2011). At that time, it was
asserted that not all strains of S. canis were capable of expressing
SCM. The M protein was shown to have high plasminogen and
immunoglobulin G (IgG) binding capabilities, comparable to
functions shown for GAS M proteins (Fulde et al., 2013; Bergmann
etal., 2017; Nerlich et al., 2019). Binding might facilitate conversion
of bound plasminogen to plasmin and thereby promote host
dispersion by degrading extracellular matrix molecules and
dissolving aggregated fibrin thrombi in S. canis (Fulde et al., 2011).
Alternatively, plasminogen binding has been shown to mediate
antiphagocytic activity. Binding capacity of plasminogen by SCM
alongside enolase increased SCM reassociation, which then led to
aggregation of S. canis. This aggregation could impede phagocytosis
and is assumed to be one part of the antiphagocytic activity of S. canis
(Fulde et al., 2013). IgG binding by S. canis had a similar effect:
S. canis bacterial cells aggregated in the presence of IgG, but this
IgG-derived aggregation is only feasible in SCM-expressing S. canis
(Nerlich et al., 2019). Furthermore, binding of IgG is presumed to
prevent opsonization by Clq, conferring another antiphagocytic
property (Bergmann et al., 2017). Interestingly, a previous study
indicated that S. canis is also capable of binding human fibrinogen
like GAS, although the mechanisms behind this phenomenon have
to be elucidated (Lammler et al., 1988). More recently, a study by
Pinho et al. (2019) discovered that the SCM protein is in fact
universally present in all S. canis strains and that previously identified
scm negative S. canis strains were actually proven to possess a
genetically divergent form of the SCM protein. This laid the
groundwork to assert that the SCM protein can be divided into two
groups: SCM type 1 (SCM-1), which is capable of binding
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plasminogen and IgG and SCM type 2 (SCM-2), whose function has
yet to be determined.

In this study, we demonstrate that the fibrinogen binding
capability of S. canis is linked to the presence of SCM-2 via FACS and
surface plasmon resonance spectrometry (SPR) analysis.

Materials and methods
Bacterial strains and growth conditions

The scm2 positive S. canis strains IMT40096 and IMT42870 were
isolated by routine diagnostics at Freie Universitit Berlin in 2016, as
well as scm1 positive S. canis strain IMT40165. Bacteria were routinely
grown in Brain Heart Infusion (BHI) or on Brain Heart Agar (BHA)
at 37°C without shaking. In preparation for electroporation,
IMT40096 was grown overnight in BHI and subcultured into 50 mL
of BHI the following day. The resulting culture was harvested at an OD
of 0.5 at a wavelength of 600 nm by centrifugation (10 min at 3250x g),
washed three times in 50mL 20% sterile glycerol solution, and
resuspended in 1 mL of 10% glycerol solution. Aliquots of 100 pL were
kept frozen at —80°C until needed. Escherichia coli (E. coli) EC101
were cultivated in Luria-Bertani media (LB). For chemical
competence, EC101 was subcultured into 50 mL of LB and grown at
37°C 200 rpm until an OD of 0.6 at 600 nm was reached. The resulting
suspension was put on ice for 1h, washed twice with 10mL of 0.1 M
CaCl, by centrifugation at 7000 rpm for 7 min, put on ice for 1 h to
be then resuspended in 1 mL of 0.1 M CaCl,. Aliquots of 100 pL were
produced with 10% glycerol and stored at —80°C until necessary.
Where indicated, antibiotics were supplemented as follows. E. coli:
erythromycin (Erm) 200 pg/mL; S. canis: Erm 2 pg/mL.

Whole-genome sequencing by Illumina

DNA extraction was conducted with the QIAmp DNA kit
according to manufacturer’s instructions. DNA measurements were
made with the Qubit™ 2.0 Fluorometer with the dsDNA HS.

The libraries for whole-genome sequencing (WGS) were prepared
using the Nextera XT DNA Library Preparation Kit (Illumina, Inc.,
San Diego, United States) according to the manufacturer’s
recommendations. The 2x300bp paired-end sequencing in 40-fold
multiplexes was performed on the Illumina MiSeq platform (Illumina,
Inc., San Diego, United States) with MiSeq Reagent Kit v3 (600 cycle).

Sequence assembly

The raw Illumina reads were quality checked by FastQC (Andrews,
2010) and trimmed by Trim Galore v0.6.6 (RRID:SCR_011847). De
novo assembly into contigs was carried out with Unicycler (Wick
etal., 2017).

Protein alignment and tree construction

Protein alignment was conducted with the ClustalW webtool
(Minh et al., 2020). A Maximum Likelihood tree was then constructed
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with the IQtree v2.2.0.3 software while performing 1,000 boostraps
with UFBoot2 and the best fit model selected by ModelFinder (Sievers
et al,, 2011; Kalyaanamoorthy et al., 2017; Hoang et al., 2018). Tree
visualization was performed with the iTOL: Interactive Tree of Life
webtool (Letunic and Bork, 2021).

Antibodies and reagents

Human FITC-labeled fibrinogen was purchased from Sigma.
Ethidium homodimer-1 and the secondary rabbit anti-mouse IgG
Alexa Fluor 488-conjugated antibody (Cat#: A-11059; RRID:
AB_2534106) were obtained from Life Technologies. 16%
formaldehyde without methanol and CitiFluor™ CFM3 mounting
medium were obtained from Electron Microscopy Science.

Construction of the IMT40096 scm2
targeted insertional mutant

Targeted insertional mutagenesis of scm2 was performed using
the pGh9:Ascm vector (Maguin et al., 1992) obtained by inverse PCR
of the pGh9:ISS1 vector (NCBI: txid481005) with the following primer
pair which included Ncol restriction sites: 5-GGGCCATGG
GCTCCTTGGAAGCTGTCAG-3';5-CCCCCATGGGGTACCCAA
TTCGCCCTATA-3'. The vector was then inserted into E. coli EC101
via chemical competence and grown for 2 days in erythromycin to
induce plasmid replication. The scm2 gene with 500 bp upstream and
downstream of it was amplified by PCR using the following primer
pair which also included Ncol restriction sites: 5-GGGCCATGG
GACATCGTGAATTTTGCCG-3'; 5-CCCCCATGGCACTTGGA
TAGGATGCAC-3". PCR products were cloned into the temperature-
sensitive vector pGh9: AISS1 by Ncol digestion and alkaline
phosphatase to avoid religation products. The resultant plasmid was
then amplified by inverse PCR to knock out scm2 while keeping the
500bp regions around it. This was done with the following primer pair
which included EcoRYV restriction sites at the 500 bp regions around
scm2: 3'-GGGGATATCGTGACAGGCTATCTTTAG-5"; 3’-CCCG
ATATCAGCCTCGTTACAGACTATCC-5". The plasmid was then
inserted into EC101 to produce pGh9:Ascm2 which was verified by
band size measurement after EcoRV and Ncol digestion (1 band at
3500 bp representing the vector and 2 bands at 500 bp representing the
500bp regions around scm2). One pg of the resultant knockout
plasmid was introduced into IMT strain 40096 by electroporation, and
Erm resistant transformants were identified at the permissive
temperature for plasmid replication (28°C). Single-crossover
Campbell-type chromosomal insertion was selected by shifting to the
nonpermissive temperature (37°C) while maintaining Erm selection.
SCM phenotype was determined on BHA plus Erm at
37°C. Verification of the mutagenesis was conducted via PCR using
the scm2 amplification primers described above.

Expression and purification of recombinant
SCM-2

Protein extraction was performed as described previously (Nerlich
etal, 2019). Briefly, scm fragments from different S. canis strains were
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overexpressed in E. coli via Qiagen’s pQE30 expression vector, followed
by purification of the recombinant histidine-tagged proteins as
described by the manufacturer (Qiagen ExpressionistTM System).

Whole blood assays

Survival of S. canis wild-type and the isogenic scrm2 mutant in
blood was analyzed using whole heparinized canine blood. Handling
of dogs and sampling was conducted in strict accordance with the
principles of the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes as well
as the German Animal Protection Law. Blood was retrieved due to
excess in diagnostics procedures.

Briefly, 1 mL canine whole blood was mixed with 1x 10°CFU of
wild-type or mutants. The mixture was incubated on a rotator at 37°C
for up to 6h with sampling each hour. Survival factors were
determined by dividing the number of CFU after any incubation
period at 37°C by the number of CFU at t=0min (CFU were
determined by plating of serial dilutions on BHI plates). Three blood
samples from different dogs were used.

Immunofluorescence staining and
confocal microscopy

Immunofluorescence staining and confocal microscopy was
performed as described previously (Nerlich et al., 2019). In brief,
100 pL of bacterial overnight culture was allowed to adhere to poly-L-
lysinecoated p-slide 8-well (ibidi) filled with 100 pL PBS for 30 min
and subsequently fixed with 3% PFA for 15min. After washing with
PBS samples were incubated with rabbit anti-mouse Alexa Fluor
488-conjugated IgGs in PBS/1% BSA/Tween 20 overnight at 4°C and
bacterial RNA/DNA was stained with ethidium homodimer-1.
Samples were mounted in CitiFluor™ CFM3 and examined using an
LSM 780 confocal laser-scanning microscope with a PlanApochromat
63x/1.4 NA objective driven by Zen 2012 software (Carl Zeiss). Image
stacks with a z-step size of 0.2 pm per plane were acquired with the
pinhole set to 1 airy unit in sequential imaging mode to avoid bleed-
through of fluorescence emission. Images were deconvolved using
Huygens® Essential 16.10 (Scientific Volume Imaging) and 3D-stacks
are displayed as maximum intensity projections and adjusted
identically for brightness and contrast in ImageJ/Fiji (Schindelin
etal., 2012).

Flow cytometric analyzes of IgG binding
and fibrinogen binding (FACS)

S. canis IMT40096 and IMT40096Ascm2 were grown to
mid-exponential phase in TSB medium and washed once in
PBS. Bacteria are adjusted to a transmission of 10% equal to 10°
bacteria per mL. A total of 1x 107 bacteria were suspended in 400 pL
of PBS containing 0.5% FCS and incubated with 0.5mg polyclonal
rabbit IgG for 30 min at 37°C. After washing in PBS the bacterial pellet
was suspended in 100 uL of PBS containing an anti-rabbit ALEXA®
Fluor 488 antibody or FITC-labeled fibrinogen, respectively as
described previously and incubated for 30 min at 37°C. Bacteria were
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washed again in PBS, fixed in PBS containing 3% paraformaldehyde
and analyzed by flow cytometry using a FACS LSRII (Becton
Dickinson). Cells were analyzed with the Flow]o software v.7.6.5. Cells
were gated on Side scatter area (SSC-H) vs. Fluorescin isothiocyanate
labeled human fibrinogen from Molecular Innovations (FITC-H).
IMT40096 was determined as the positive control and used as the
gating reference for the succeeding samples (Supplementary Figure S1).
The gating region was set to exclude debris and larger aggregates of
bacteria. A total of 10* bacteria were analyzed for fluorescence using
log-scale 2 amplification.

Surface plasmon resonance spectrometry

The interaction of SCM-1 or SCM-2 with fibrinogen was analyzed
by surface plasmon resonance spectroscopy using a Biacore T200
optical biosensor (GE Healthcare). Human fibrinogen (Molecular
Innovations) was immobilized (~1,000 response units) on a
carboxymethyl dextran sensor chip (CM5) via amine coupling as
described previously (Bergmann et al., 2017). SCM proteins were used
as analytes in a concentration range of 1.25-20pg/mL. Binding
analysis was performed in PBS containing 0.05% Tween20 at 25°C and
a flow rate of 10pL/min. Data were analyzed using Biacore T200
evaluation software (version 3.2).

Results
Identification of two distinct SCM groups

Alignment of the scrn nucleotide sequences of 75 clinical isolates of
S. canis (Supplementary Table 1) via Maximum Likelihood revealed the
presence of two genetically distinct populations differentiated by the
SCM protein (Figure 1A). S. canis strain G361 and IMT40165 used in
this study belonged to the same population (hereby referred to as the
SCM-1 strains), but had a significantly different scrn gene compared to
S. canis strains G2, IMT40096 and IMT42870, which formed their own
population (SCM-2). Alignment of SCM-1 proteins to SCM-2 showed
an identity as low as 35%. However, closer inspection of the sequences
showed that the C-terminal region of the two proteins corresponding
to the sortase-anchoring motif LPXTG motif is highly conserved
(Figure 1B). Given these differences, we wondered if the IgG binding
capabilities previously observed in SCM-1 protein expressing S. canis
were conserved by the SCM-2 protein.

SCM-2 Streptococcus canis, contrary to
SCM-1, does not bind IgG

In a previous study, we identified IgG binding as a function
enabled by SCM-1 (Bergmann et al, 2017). Consequently,
we investigated whether similar properties are conferred by SCM-2.
FACS analysis of SCM-2 S. canis showed significantly reduced IgG
binding when compared to G361 SCM-1 reference strain. When
quantifying IgG binding, SCM-2 of G2, IMT40096 and IMT42870
displayed a 10-fold lower geometric mean fluorescence intensity

Frontiers in Microbiology

10.3389/fmicb.2023.1228472

(MFI) than G361 SCM-1 (Figure 2A). Correspondingly, SCM-2
strains do not appear to be as efficient in binding IgG.

In accordance with findings by Nerlich et al. (2019), fluorescence
microscopy of IMT40165, IMT40096 and IMT42870 showed IgG
binding properties and a bacterial aggregation only by S. canis strain
IMT40165. In contrast, both SCM-2 strains were negative and did
neither bind IgG nor aggregate in its presence (Figure 2B).

SCM-2 expressing Streptococcus canis
strains bind fibrinogen

Previous studies on M proteins belonging to Streptococcus
pyogenes clade Y and Streptococcus equi ssp. zooepidemicus (SEZ)
showed that certain M proteins are capable of binding fibrinogen
(Sanderson-Smith et al,, 2014; Bergmann et al,, 2019). Hence,
we assessed fibrinogen binding capacity of S. canis in the next step.
FACS analysis of SCM-1 S. canis 361 versus SCM-2 S. canis revealed
increased human fibrinogen binding in SCM-2 expressing strains. In
comparison to the scml expressing S. canis G361, the fluorescence of
SCM-2 §. canis strain IMT40096 was more than three times higher.
In fact, all other SCM-2 strains tested shared an increase in
fluorescence corresponding to fibrinogen binding by at least two-fold
(Figure 3). Furthermore, deletion of scm2 in IMT40096 background
diminished fluorescence to 0.13 compared to the control strain G361.
These results suggest that the scm gene is at the center of fibrinogen
binding in the tested SCM-2 S. canis strains (Figure 3).

SPR analysis to evaluate the SCM protein’s affinity to fibrinogen
showed KDs of around 107* for IMT40096 and 2 x 10~ IMT42870,
indicating a strong affinity for fibrinogen for the SCM proteins of both
strains (Figure 4; Supplementary Figure S2). This is particularly
remarkable bearing in mind that both SCM-2 strains originate from
different branches of the Maximum Likelihood Tree (Figure 1) and
hence display low structural similarities. Nevertheless, functional
traits and fibrinogen affinity seems to be conserved. Contrary,
fibrinogen binding was not observed for SCM-1 expressing S. canis
strain G361 (Supplementary Figure S3). This demonstrates fibrinogen
binding capabilities of SCM-2 at protein level.

SCM-2 is crucial for the survival of
Streptococcus canis in whole blood

Finally, we evaluated pathophysiological consequences of SCM-2
deletion in S. canis performing a functional assay. Therefore, survival
of IMT40096 and its SCM mutant in canine whole blood was
assessed. A significant decrease in survival was observed for the
mutant strain compared to the wild-type (Figure 5). At 1h post-
inoculation, the wild-type showed a survival factor of approximately
4, whereas the SCM mutant displayed a survival factor of only 0.5.
This difference was even more exacerbated when inoculation was
extended to 2 h, where the wild-type reaches survival factors of up to
10 while the SCM mutant stagnates at 0.5. This suggests that, as
shown for other M proteins in GAS and S. dysgalactiae spp. equisimilis
(Whitnack and Beachey, 1985; Carlsson et al., 2005), SCM-2 and
associated fibrinogen binding is critical for the survival of S. canis 2 in
canine whole blood.
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Comparing SCM-1 and SCM-2. (A) Alignment tree of SCM protein sequences of 75 clinical S. canis isolates from different host species, 14 reference
strains and 2 outliers. Maximum Likelihood tree generated with IQtree and visualized on iTOL. Strain names in bold were used in further experiments.
(B) Protein Sequence alignment of a representative SCM-1 and SCM-2 protein (S.canis G361 and IMT40096, respectively). Green represents regions
with 100% sequence identity between SCM-1 and SCM-2. The absence of a colored bar indicates that no consensus was observable between SCM-1
and SCM-2 in that region. Differences between the amino acid sequences were highlighted in orange. The membrane anchoring LPXTG motif was
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Analysis of the fibrinogen binding capacities of different SCM-2
expressing S. canis strains. FACS analysis with FITC-conjugated
human fibrinogen. Positive control: S. canis G2. Negative control: S.
canis G361. Data represent MF| + SD of three independent
experiments normalized to the fluorescence of SCM-1S. canis G361
Fibrinogen binding is abrogated in the KO mutant IMT40096Ascm
(n = 4). Statistical significance was calculated with unpaired t-test

Discussion

In this study, we extent knowledge on SCM-2 properties and
confirm the organization of S. canis into two distinct SCM groups in
accordance with previous statements of Pinho et al. (2019).
IgG-binding of SCM-1 was first identified by Bergmann et al. (2017)
and Pinho et al. (2019) later identified S. canis with and without this
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ability as SCM-1 and SCM-2, respectively. Here, we demonstrate that
the protein encoded by scm2 is necessary for SCM-2 streptococci to
bind fibrinogen and that its presence correlates with the ability of type
2 S. canis IMT40096 to survive in whole blood; similar to what has
been observed by Bergmann and colleagues in SEZ via SzM previously
(Bergmann et al., 2019).

The cognition that S. canis is capable of binding fibrinogen
corresponds with former findings for SEZ and S. pyogenes (Carlsson
et al, 2005; Bergmann et al, 2019). SEZ was demonstrated to
be important for resistance of opsonophagocytosis by reducing C3b
deposition in S. pyogenes, which in turn inhibits the activation of the
classic complement pathway. Furthermore, M protein-deficient
Streptococcus equi had decreased survival in whole blood, most likely due
to the loss of host-immune evasion conferred by the protein. Likewise,
SCM-2 of S. canis strain IMT40096 has been shown to contribute to the
survival of S. canis in canine whole blood in the present study, suggesting
a potent role of SCM2 for pathogenesis. However, it should be noted at
this point that, in contrast to the fibrinogen binding studies, the survival
studies in canine blood shown in this manuscript refer only to one
representative S. canis SCM-2-type isolate. A global statement that all
SCM-2 proteins confer for survival in whole blood is therefore not
possible. Further studies, e.g., the inclusion of complemented SCM-2
deficient strains or the use of (inhibitory) antibodies directed against
SCM-2, should be part of future studies.

SCM-1 facilitates plasminogen recruitment, leading to increased
bacterial survival in the presence of human blood neutrophils (Fulde
etal, 2011, 2013). SCM-1 S. canis has been reported to bind mini-
plasminogen due to the cooperation with surface enolase. This effect
coupled with the capacity of SCM to self-aggregate significantly
inhibits phagocytosis of S. canis and therefore allow it to persist in
blood (Fulde et al., 2013). By comparison, we demonstrate that
SCM-2 allows binding of fibrinogen, which confers a fitness
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FIGURE 4

Analysis of the fibrinogen binding capacities of SCM-2 expressing S.
canis strains IMT40096 and IMT42870. Interactions of soluble SCM
with immobilized fibrinogen were analyzed by surface plasmon
resonance spectroscopy (SPR). Representative sensorgrams of three
independent experiments of two SCM-2 expressing S. canis
(IMT40096, IMT42870). Histidine-tagged recombinant proteins were
extracted as previously described (Fulde et al., 2013). The association
and dissociation was observed, each of 300 s. Values of the control
flow cells were subtracted from each sensorgram. A representative
KD value was calculated for the interaction between fibrinogen and
SCM using the 1:1 Langmuir binding model.

advantage as scm deletion led to significantly reduced recovery after
incubation in canine whole blood in the present study. In sum, it is
therefore conceivable to distinguish two strategies of S. canis
pathogenesis in terms of survival in blood enabled by the respective
SCM type.

It remains unclear why the scm gene has two distinct groups. Both
enable binding to host proteins and subsequent immune evasion. For
SCM-1 strains of S. canis, this is due to the interaction between the
SCM protein and the Fc domain of IgG on the bacterial surface,
thereby preventing opsonisation by Clq (Bergmann et al,, 2017).
Furthermore, IgG provokes the aggregation of S. canis as well, which
might facilitate avoidance of host-immunity by resisting phagocytosis
(Nerlich et al., 2019). The mechanism behind host immune evasion by
SCM-2 remains to be elucidated, but a parallel may be drawn to the
fibrinogen binding properties observed in S. pyogenes. Binding of
fibrinogen on the bacterial surface leads to inhibition of the classical
pathway of complement via C3b. Streptococcal SCM-2 proteins may
serve a similar function (Whitnack and Beachey, 1985).

Overall, the finding that all investigated SCM-2 S. canis bind
fibrinogen is an important step in unravelling differences between
SCM-1and SCM-2 strains and suggests that the two strains evolved
under distinct conditions. However, since no host nor infection type-
related classifications can be drawn, postulation of probable
explanations for this group division process is compounded (Pinho
etal., 2019). Studies conducted with S. pyogenes evidenced that emm
typing can be clustered based on the function of the M protein.
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FIGURE 5

Whole blood assay of S. canis IMT40096 WT and IMT40096Ascm.
Canine blood was heparinized and incubated with 1x 10°CFU of S.
canis for up to 2 h. Survival factors were calculated by ratio of CFU
counts at timepoint 0 h versus 1 and 2 h post-inoculation (n = 3).
Statistical significance was calculated with unpaired t-test.

Following this principle, two emm clades are formed: clade X is
primarily associated with S. pyogenes expressing M proteins capable
of binding IgG, C4bP and albumin. Clade Y mainly binds fibrinogen
and albumin, but some strains of this clade can bind plasminogen as
well. It is interesting to note that the fibrinogen binding and IgG
binding M proteins are in two different clades, similar to the divide
between SCM-1 and -2 strains of S. canis (Smeesters and Botteaux,
2020). In future studies, we aim to test both SCM types for C4bP and
albumin binding to see if a trend forms.

Studies by Fukushima et al. (2020) have shown a correlation
between SCM type and antimicrobial resistance genes. SCM-2 S. canis
have been shown to exhibit an increased likelihood of
non-susceptibility to tetracycline and macrolide/lincosamide class
antibiotics. The link between the two occurrences is unclear to date. It
is possible that fibrinogen binding may play a role in tolerance against
antibiotics, which could eventually lead to resistance.

Exposing the bacteria to canine and human macrophages to
quantify survival could reveal if the binding of fibrinogen indeed
influences opsonisation. Intraperitoneal infection of the bacteria into
mice could demonstrate the overall impact of the scm-2 gene on
pathogenesis. Testing the SCM-2 strains of S. canis for C4BP binding
could also be interesting due to the high prevalence of this function in
S. pyogenes. These experiments could lead to a better understanding
of the mechanisms behind the decreased survival of S. canis in whole
blood after deletion of scm-2. Epidemiological surveys which
specifically identify differing trends between S. canis strains of type 1
or 2 are also necessary to ascertain a possible reason for the division
between the two. In conclusion, our data show that SCM-2 is
distinguishable from SCM-1 in terms of fibrinogen binding strength.
We also present here that this function strongly correlates with the
ability of SCM-2 S. canis strains to survive in canine whole blood.
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