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Abstract

Background Streptococcus dysgalactiae subspecies equisimilis (SDSE) is increasingly recognized as an emerging cause
of invasive diseases including necrotizing soft tissue infections (NSTIs). In contrast to the closely related Streptococcus
pyogenes, SDSE infections mainly affect older and comorbid patients. Biofilm formation has been demonstrated in soft
tissue biopsies of S. pyogenes NSTI cases.

Results Here, we show that bacterial aggregations indicative of biofilms are also present in SDSE NSTI. Although
streptokinase (Ska) activity and biofilm formation did not correlate in a diverse set of clinical SDSE isolates, addition
of exogenous Ska at an early time point prevented biofilm formation for selected strains. Deletion of ska in SDSE
S118 strain resulted in increased biofilm forming capacity. Ska-deficient mutant strain was characterized by a higher
metabolic activity and consequent metabolome profiling of biofilms identified higher deposition of a wide range of
metabolites as compared to the wild-type.

Conclusions Our results argue that Ska suppresses biofilm formation in SDSE independent of its original
plasminogen converting activity. However, the impact of biofilms and its consequences for patient outcomes in
streptococcal NSTIs remain to be elucidated.
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Background

Necrotizing soft tissue infections (NSTIs) are rare and
severe infections that encompass necrosis of any layer of
the skin and soft tissue compartment. The infections are
often associated with systemic toxicity and the majority
of patients require intensive care and extensive surgical
interventions [1]. Even with optimal treatment, the infec-
tions are associated with high morbidity and mortality
rates [2, 3]. NSTIs are associated with a wide diversity
of microbial agents. However, monomicrobial NSTIs
are mostly caused by Streptococcus pyogenes [4]. During
the last decades, Streptococcus dysgalactiae subspecies
equisimilis (SDSE) has emerged as a significant cause of
invasive infections including NSTIs [2, 4-7]. SDSE iso-
lates mostly express carbohydrate antigens of Lancefield
group C and G. However, cases reporting SDSE harbor-
ing group A antigen, which is usually expressed by S.
pyogenes, are emerging [8—13]. Moreover, SDSE display
genetic similarity to S. pyogenes and consequently express
a wide range of the same virulence factors, including
the M-protein, secreted streptolysins S and O as well as
streptokinase (Ska) [14].

Ska exclusively binds human plasminogen resulting in
exposure of the active site of the zymogen. The ability of
this complex to cleave additional plasminogen into active
plasmin enables streptococci to degrade fibrin clots as
well as extracellular matrix proteins. These processes
facilitate bacterial spread through the tissue [15-18].
Furthermore, Ska-plasminogen complexes contribute
to bacterial survival through cleavage of antimicrobial
host compounds, including histones [19] and the human
antimicrobial peptide LL-37 [20]. It has been shown that
invasive SDSE isolates have significantly higher Ska activ-
ity as compared to non-invasive strains [21].

Although NSTIs are acute infections characterized by
a rapid progress of tissue necrosis, a recent report identi-
fied biofilms in 32% of S. pyogenes NSTI cases [22]. The
presence of a biofilm in patient biopsies was associated
with more severe tissue involvement and a pronounced
inflammatory response [22]. S. pyogenes biofilms were
found to be under the control of the global transcrip-
tional regulators Nra or RofA, and sortase A-linked sur-
face proteins were essential for this trait [22]. Extended
in vitro analyses of S. pyogenes strains from the same
INFECT cohort [2], revealed that emml isolates have a
uniform and good biofilm forming capacity while other
emm-types showed a greater variation [23]. Treatment
of S. pyogenes biofilms is difficult, since biofilms have a
highly decreased susceptibility to commonly used anti-
biotics (penicillin G, clindamycin, rifampicin), of up to
500x MIC, requiring combination therapy and the pro-
longed use of antibiotics [24]. However, the association
between biofilm formation and clinical characteristics of
NSTI patients remains elusive.
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Here, we present an SDSE NSTI case with biofilm
detected in the soft tissue and we explore the role of Ska
in this process. We show that SDSE can form biofilms.
However, Ska plays a biofilm-preventing role, which was
linked to a metabolic activity of SDSE biofilms. Based on
our results we propose a new function of Ska as a poten-
tial biofilm-preventing factor.

Methods

Bacterial strains

SDSE isolates collected from patients identified at Hauke-
land University Hospital, Bergen, during the period from
2003 to 2013 were used (Supplementary Tables 1 and ref-
erences [5-7]). In addition, two SDSE strains, 5005 and
6007, from the INFECT cohort were used [21]. All strains
were cultured in Todd Hewitt Broth (Roth) supplemented
with 1.5% (w/v) yeast extract (THY, Roth) at 37 °C and
5% CO,. S118Aska was generated as previously described
[25-27]. Primers for knockout (Table S2) were designed
using the sequence of SDSE AC-2713 (NCBI database,
NC_019042.1). Correct allelic replacement events were
verified by PCR and sequencing.

S. canis strains 990, 1000,1018, 1022, 1032, 1037, 1045,
1063, 1065, 1067, and 49,926 were kindly provided by the
Konsiliarlabor fiir beta-hédmolysierende Streptokokken in
der tierarztlichen Praxis und Klinik (kleine Haustiere und
Pferde), Berlin, Germany.

Whole genome sequencing and sequence analysis

DNA was extracted with GeneJET Genomic DNA Puri-
fication Kit (Thermo Fisher Scientific). Genomic libraries
were prepared using [llumina DNA Prep (Illumina), fol-
lowed by 150 bp paired-end sequencing on an Illumina
NovaSeq6000 instrument. Reads were trimmed using
Trimmomatic v0.39 [28], assembled by SPAdes v5.14
[29] and annotated with RAST v1.073 [30]. Identifica-
tion of emm, streptokinase, and pilus island genes was
performed by BLAST search in Geneious Prime v2022.2
(geneious.com). The Center for Genomic Epidemiol-
ogy website (genomicepidemiology.org) was used for
multilocus sequence typing (MLST) and construction
of phylogenetic trees. The trees were annotated using
the Interactive Tree of Life platform, iTol v6 [31]. Pilus
islands, also known as Fibronectin, Collagen and T-anti-
gen (FCT)-regions, were classified as previously reported
[32]. Some isolates harbored an FCT6-region containing
an additional fibronectin binding gene (gfba), and were
denoted as FCT6b-regions.

Streptokinase activity assay

Ska activity in bacterial supernatants was assessed using
a chromogenic assay as described by Kulisek et al. [33].
Activities were related to a plasmin control. THY was
used as negative control.
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Biofilm formation on polystyrene and glass surfaces
Experiments using safranin staining for quantitative
measurement were performed in 96-well polystyrene
plates (Greiner Bio-One). Plastic surfaces were either left
uncoated or coated with fibronectin (10 pgxml™*!, Corn-
ing). For CLSM analyses, experiments were performed
in 8-well chamber glass slides (Lab-Tec). In brief, bac-
terial overnight cultures were washed and diluted to an
ODg of 0.05 in brain-heart infusion (Roth) media sup-
plemented with glucose (2% (w/v), Roth). The bacterial
suspension was seeded into the well plate and incubated
at 37 °C and 5% CO,. At indicated time points, bacterial
biofilms were washed twice with PBS and stained with
safranin (0.001% (w/v), Roth) for 30 min. After staining,
biofilms were washed three times and dried. In selected
experiments, the media were supplemented with 2%
(v/v) human serum (Capricorn), 2 ug human plasmino-
gen (Sigma), and natively purified SDSE streptokinase
or Streptolysin O (both Sigma), which contained human
serum albumin as a stabilizer, at indicated concentra-
tions and time points. One Unit (Ska or SLO) refers to
the conversion of 50% of the substrate or 50% of lysis
of a 2% erythrocytes solution in 10 min by Ska or SLO,
respectively. The absorbance at 492 nm was measured
and defined as indicator for biofilm mass. BHI served
as negative control. Biofilms on chamber slides were
washed twice with PBS and prepared for confocal imag-
ing as described below. For treatment with antimicrobi-
als, biofilms were grown for 28 h prior to initiating the
treatment for additional 44 h. Subsequently, biofilms
were processed as described above.

Human cells, culture conditions and infections
The human keratinocyte cell line N/TERT-1 was cultured
in EpiLife medium (Invitrogen). Primary normal human
dermal fibroblasts (NHDFs) were cultured in DMEM
(Cytivia) supplemented with 10% (v/v) FCS (Invitrogen).
Cells were cultured at 37 °C under a 5% CO, atmosphere.
Bacterial adherence and internalization to keratino-
cytes and fibroblasts were quantified using an antibiotic
protection assay as previously described [34]. Cells were
infected with SDSE strains at a multiplicity of infection
(MOI) of 10. Two hours post infection, total bacterial
counts were determined by washing and lysing the cells
and plating serial dilutions on blood agar plates (Oxoid).
To determine internalized bacterial counts, cells were
washed 2 h post infection and extracellular bacteria were
killed by addition of medium containing antibiotics (100
pgxmL ™! penicillin, 100 U streptomycin). 2 h post addi-
tion of antibiotics, the cells were processed as described
above.
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Antimicrobial testing

1x10° CFUxml™! of bacterial strains were exposed to
different concentrations of selected antibiotics (eryth-
romycin (Roth), penicillin G (Jenapharm), clindamycin
(Sigma)) for 3 h and plated in serial dilutions on casein
agar plates. LL-37 MIC determination was adapted from
Hollands et al. [20]. In brief, bacteria were grown to mid-
log growth phase, washed with PBS and incubated with
human plasminogen (2 pgxml™?, Sigma) for 1 h at 37 °C.
Bacteria were washed and LL-37 (Invivogen) and/or puri-
fied streptokinase (50 IU, Sigma) were added. After 3 h
incubation at 37 °C, serial dilutions were plated on blood
agar plates.

Histological analysis

Histological analysis of patient tissue included Gram
(Roth) and immuno-staining and was performed as
described previously [21]. For CLSM studies, biofilms
were washed and fixed with ice cold acetone (Sigma) for
1 min. The following reagents were used for the stain-
ing: anti-SDSE rabbit antiserum (Davids Biotechnology),
wheat germ agglutinin AF488, anti-rabbit IgG AF647,
ProLong Diamond antifade mountant with DAPI (all
Invitrogen). The staining was visualized using Leica Stel-
laris 8 CLSM and LasX software (Leica Microsystems).

Metabolome analyses

Biofilms were cultivated as described above, superna-
tants were collected, shock frozen in liquid nitrogen, and
stored at -80 °C until further analysis of exometabolome.
Attached biofilms were washed three times with ice cold
0.9% (w/v) NaCl, scratched in ice cold 60% (v/v) Ethanol,
and collected. The wells were washed once with ice-cold
double distilled water, which was also collected. The sam-
ples were shock frozen in liquid nitrogen and stored at
-80 °C.

Exometabolome samples were analyzed by 'H-NMR
measurements as described previously with modifica-
tions [35]. In brief, after addition of sodium dichloroace-
tate as internal standard (resulting concentration in NMR
samples 2 mmol/L) the samples were centrifuged using
Vivacon‘ultrafiltration spin columns (2,000 MWCO;
Satorius) to remove macromolecules present in the BHI
medium and to reduce background signals. The spin
columns were washed with water (LC-MS grade, VWR)
several times before usage to remove traces of glycerol.
Samples were centrifuged for 90 min at 7,500xg and 4 °C.
Filtered samples were diluted 1:5 with ultrapure water
(LC-MS grade), and a sample volume of 400 ul was mixed
with 200 pl of 0.2 mol/l sodium hydrogen phosphate buf-
fer solution, containing 30% D20 (Euriso-Top) and 1.5
mmol/L 3-trimethylsilyl-(2,2,3,3-D4) 1-propionic acid,
sodium salt (TSP) (Carl Roth). The Bruker AVANCE-
NEO 600 NMR spectrometer equipped with a SampleJet
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autosampler and a 5 mm QCI cryo probe was operated
by TOPSPIN 4.0.9 software (Bruker Biospin). The iden-
tification and quantification of the metabolites was done
using AMIX Viewer 3.9.15 software (Bruker Biospin).
Spectra were aligned by calibrating the signal of TSP to
0.0 ppm. Signals of metabolites were identified by com-
parison to spectra of pure compounds from an in-house
library. Integrals of metabolite peaks were compared
to the integral of the ERETIC signal generated by using
external calibration with the ERETIC quantification tool
based on PULCON for absolute quantification [36].

Extraction of biofilm associated metabolites and
GC-MS analysis was performed as described previ-
ously with minor modifications [37]. In brief, samples
were thawed on ice and a mixture of internal standards
was added [38]. Biofilms were resuspended by shaking
and vortexing and transferred into a 15 ml tube contain-
ing glass beads with 0.1 mm diameter (Satorius). Two
cell disruption cycles (2x40 s, 6.0 m/s) were performed
with a FastPrep-24 instrument (MP Biomedicals). Biofilm
extracts were transferred to another tube after centrifu-
gation (10 min; 8,000 rpm; 4 °C) and the glass beads were
washed with 6 ml ultrapure water. Washing solution and
extract were combined, mixed, divided into two parts,
and stored at —80 °C for lyophilization.

Dried samples were derivatized as described previously
[38]. Metabolites were analyzed by scan acquisition with
an Agilent 7890B GC system (Agilent Technologies).
GC-MS parameters were used as follows: the injection
volume of 1 pl was split 1:10. The oven program started
with an initial temperature hold at 70 °C for 2 min and
continued with a heating rate of 10 °C/min up to 150 °C
and 20 °C/min up to 325 °C, with a hold for 7 min. After
a solvent delay of 5.8 min, mass spectra were acquired
within a mass range of 50 to 500 amu. All other param-
eters of GC and MSD were set as described before [38].

The quantification of metabolites was performed
using MassHunter Quantitative Analysis B.08.00 (Agi-
lent Technologies) by normalizing the areas of peaks to
the area of peaks of internal standard compounds. Abso-
lute concentrations of metabolites were determined
using calibrations from 0.05 to 100 nmol/sample. Rela-
tive quantification of metabolites (relative amount=area
metabolite/area internal standard) was done for metabo-
lite amounts below and above the calibration range.

Microcalorimetric assay

Microcalorimetric measurements were carried out using
the CalScreener (Symcel AB, Sweden) as previously
described [24]. CalWells with prepared samples (32x)
and thermodynamic references (16x) were transferred
to sterile titanium vials and sealed with an individual lid
to 40 cNm torque. Samples were preheated and equili-
brated in two steps (10 min and 20 min, respectively)
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before introduction into the measuring chamber; after
equilibration for 1 to 2 h, the individual heat flow (uW)
per insert was recorded at 42-s intervals for 72 h. Results
were analyzed using calView and calData software (Sym-
cel AB).

SDS-PAGE and immuno-detection of Streptokinase in
bacterial culture supernatants

Bacteria were grown until exponential growth phase
(10 ml liquid cultures), supernatants were collected,
sterile-filtered, and proteins were precipitated using etha-
nol (80% [v/v] end concentration) overnight at -20 °C.
Samples were normalized to equal amounts of protein
(15 pg) and boiled in sample buffer (100 mM Tris (pH
6.8), 2% (w/v) SDS, 10% (v/v) B-mercaptoethanol, 20%
(v/v) glycerol, and 0.05% (w/v) bromophenol blue). As
molecular mass marker, pre-stained protein standards
(Bio-Rad) were used. The samples were separated by 12%
SDS-PAGE and transferred to a PVDF membrane. The
membranes were blocked with 3% (v/v) skim milk prior
to primary antibody incubations. Antibody incubations
were performed according to manufacturer’s guidelines.
The following antibodies were used: Streptokinase poly-
clonal antibody (sheep Ab, Invitrogen) and secondary
Rabbit anti-Sheep IgG (H+L) HRP (Invitrogen). Band
intensities were analyzed using Image] and normalized
with the total protein amount loaded on the gels.

Quantitative reverse transcription PCR analysis (qRT-PCR)

Bacterial were growth to mid-exponential or station-
ary growth phases and total RNA was isolated using
RiboPure RNA purification Kit (Ambion) according to
manufacturer’s guidelines. cDNA synthesis was per-
formed using the Superscript first-strand synthesis sys-
tem for RT-PCR (Invitrogen). Primer sets used for the
analyses are summarized in Table S2. The real-time
PCR amplification was performed with iTaq Universal
SYBR Green Supermix kit (Biorad) using a StepOnePlus
sequence detection system (Applied Biosystems). The
levels of gyrA transcription were used for normalization.

Statistics

If not otherwise indicated, statistical significance of
differences was determined using the 2-tailed Mann—
Whitney U test. Multiple comparisons were done using
Kruskal Wallis test with Dunn’s post-test. Correlation
analyses were determined using Spearman test. Statistics
were performed using GraphPad Prism version 7 (Graph-
Pad software). A p-value less than 0.05 was considered
significant.
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Results

Case report and microscopic analysis of soft tissue biopsies
from the site of infection

A 57-year-old female (case ID 6007) was admitted to
Haukeland University Hospital due to abrupt onset of
severe pain in her right lower leg. She had received blunt
trauma to her ankle the preceding week, but the current
symptoms debuted just two hours prior to hospitaliza-
tion. Her medical history included a mastectomy for
breast cancer and a lobectomy for lung cancer Stadium
1b, but no active malignant disease or current medi-
cation. The vital signs on admission revealed no fever,
hemodynamic instability or respiratory distress. Inspec-
tion of the right leg showed an indistinctly demarcated
pink erythema spreading proximally from the dorsal side
of the foot to the mid-leg. The erythematous area was
exquisitely tender, and the patient reported a Visual Ana-
logue Scale pain intensity of 10 out of 10. Shortly after
admission, the patient’s clinical condition deteriorated,
and she developed hypotension and respiratory distress.
A small exploratory skin incision in the right leg was
performed in the emergency room, revealing thick, grey,
and oedematous superficial fascia. NSTI was suspected.
Empirical treatment with penicillin and clindamycin was
commenced, and the patient was transferred immediately
to the operating theatre. Surgical exploration confirmed
the diagnosis of NSTI and extensive surgical revision was
necessary, including resection of necrotic subcutaneous
tissue and deep muscle fascia. Two hours after surgery,
the patient developed septic shock and respiratory failure
and was transferred to the intensive care unit for treat-
ment with inotropes and mechanical ventilation. SDSE
was cultured from all soft tissue samples, and confirmed
susceptible to penicillin and clindamycin. Additional sur-
geries were performed in the following two days, after
which the patient’s clinical condition gradually improved.
Two weeks after admission, she underwent successful
skin grafting.

Several biopsies were collected from the site of infec-
tion, sectioned, and analyzed for bacterial presence.
Gram staining revealed single cocci as well as dense bac-
terial aggregations consistent with biofilm communities
(Fig. 1a). Next, confocal laser scan microscopy (CLSM)
of immuno-stained biopsies was performed. 3D-recon-
structions confirmed the multilayered nature of biofilms
consisting of diffuse DNA (DAPI), lipids (Nile Red), and
carbohydrates (WGA), which co-localized with the anti-
SDSE staining (Fig. 1b and Supplementary Fig. 1).

SDSE biofilm formation is independent of Ska activity

The observation of biofilm in the described case led us
to explore whether biofilms are regularly formed by
SDSE strains. Therefore, 65 previously whole-genome-
sequenced SDSE strains (Supplementary Table 1)
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collected from invasive and non-invasive infections at
Haukeland University Hospital, Bergen (Norway) from
2005 to 2013 [5-7, 21] were tested using classical biofilm
readouts on polystyrene surfaces. The collection com-
prised diverse emm- as well as ST-types and the most fre-
quent FCT/Pilus types were 6a and 6b (25 and 23, resp.;
Supplementary Table S1). The majority of strains read-
ily formed biofilms. However, the forming capacity had
a wide distribution (OD,q,-values from 0.0 to 0.6; Fig. 2).
Based on calculation of quartiles, isolates were classi-
fied as follows: no or low biofilm formers (OD,q,-values
from 0.00 to 0.099, Fig. 2 gray area); intermediate bio-
film formers (OD,4,-values from 0.1 to 0.293; Fig. 2 yel-
low area), and good biofilm formers (OD ,4,-values above
0.3; Fig. 2 red area). Overall, no differences in biofilm
formation were observed based on clinical presentation
(Fig. 2a) or when comparing invasive and non-invasive
strains (Fig. 2b).

Next, the strains biofilm forming capacity was related
to microbiologic characteristics such as emm-, ST-, and
FCT-types and Ska activities. No correlation between
Ska activity and biofilm formation was noted (Fig. 2c).
Among streptococci, particularly S. pyogenes, ska alleles
can be divided in three different clusters, which exhibit
differences in their respective protein activities [39, 40].
Using WGS, we did not detect correlation/clustering of
biofilm formation based on ska gene sequence (Supple-
mentary Fig. 2) and/or emm-, FCT-, and MLST-types
(Fig. 2). It should be noted that SDSE ska sequences
display only 90% homology to ska of S. pyogenes and
the Skal, Ska2a, and Ska2b clustering does not apply to
SDSE (Supplementary Fig. 3). However, a small number
of strains with truncated emm or fct genes was identified,
and these strains showed significantly reduced biofilm
forming capacity as compared to the strains with intact
genetic regions (Fig. 2d-e).

Presence of Ska prevents SDSE biofilm formation

As Ska treatment has been reported to have biofilm dis-
persing activity in Staphylococcus aureus infections [41,
42], we next investigated the impact of exogenous Ska
supplementation on SDSE biofilm formation. Therefore,
eight SDSE strains with the best biofilm forming capac-
ity were either directly supplemented with exogenous Ska
or after 24 h when the biofilm was preformed (Fig. 3a).
Human plasminogen was not added to the reactions.
Direct supplementation of Ska reduced biofilm formation
in six out of eight strains, while addition to preformed
biofilms had no effect (Fig. 3a). Next, intermediate bio-
film forming strains were directly supplemented with
exogenous Ska. A reduction of biofilm formation for
five out of six strains was observed (Fig. 3b). To ensure
that the observed effects were mediated by Ska, an unre-
lated, secreted, and natively purified protein, namely pore
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Fig. 1 SDSE biofilm in patient biopsies. Identification of bacterial aggregates in patient biopsies by (a) Gram- and (b) immuno-staining. Representative
reconstructions of CLSM micrographs visualizing biofilm. SDSE-specific antiserum, wheat germ agglutinin (WGA), DAPI, and Nile red were used
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forming cytolysin SLO, was used as a control. High as
well as intermediate biofilm forming strains were directly
supplemented with SLO. After 48 h, no effect on biofilm
formation was observed (Supplementary Fig. 4). Next,
Ska secretion of nine randomly selected strains (three
of each biofilm group) was analyzed via Western blot
(Supplementary Fig. 5). Correlation analyses revealed
that biofilm forming capacity negatively correlated with
Ska amount produced by SDSE (Fig. 3c). In contrast, no
correlation between secreted Ska and its activity was
detected (Fig. 3d). These analyses suggest that Ska itself
and not the plasminogen-mediated activity might nega-
tively affect the biofilm forming capacity of certain SDSE
strains.

Since the addition of Ska to the six intermediate strains
had such a pronounced effect, these strains, including
case strain 6007, were used for time dependent assess-
ment of biofilm formation. Irrespective of uncoated or
fibronectin-coated surfaces, all strains formed biofilms
until 48 h of incubation (Supplementary Fig. 6). Sev-
eral attempts to construct a ska-knock-out in these six
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strains resulted in only one successful mutant generation,
namely S118Aska, which was used in subsequent experi-
ments. In congruence with previously published data on
S. pyogenes [19], ska-mutation in S118 had no impact
on bacterial growth, transcription of the neighboring
genes, infectivity of human keratinocytes and primary
fibroblasts, or on antibiotic susceptibility (Supplemen-
tary Fig. 7a-f), but did influence LL-37 susceptibility in
the presence of plasminogen (Supplementary Fig. 7g).
Next, biofilm formation was monitored over a period of
72 h. In contrast to the wild-type strain, S118Aska bio-
film mass steadily increased, with significantly higher val-
ues (Fig. 4a), which was further confirmed via confocal
microscopy (Fig. 4b).

Since Ska is highly specific for human plasminogen,
biofilm formation of strains with intermediate bio-
film forming capacity was tested in presence/absence
of human serum or plasminogen. Control experiments
showed that addition of serum has no impact on SDSE
growth (Supplementary Fig. 8). However, biofilm forma-
tion was completely abolished (Fig. 4c-d) in the presence

5005 : 6007 : S118: S118 : S128 : S135 : B69
: : . Aska :

Q

+ hPg

Fig. 4 Deletion of ska in S118 results in enhanced biofilm forming capacity of the SDSE strain. (@) Quantitative analysis of biofilm formation of S118
wild-type and S118Aska strains after indicated time points (n=4). (b) Representative immunofluorescence micrographs of S118 wild-type and S118Aska
biofilm grown for 72 h on glass surfaces. SDSE-specific antiserum, wheat germ agglutinin (WGA), DAPI, and Nile red were used (n=4). (c-d) Quantitative
analysis of SDSE biofilm formation in the presence of (c) 2% (v/v) human serum (hS) or (d) 2 pg human plasminogen (hPg) (n=3). Each dot in (a, ¢, and d)
represents one independent experiment. Bars in (c-d) represents mean values + s.d. Dotted horizontal line in (a, ¢, and d) depict biofilm threshold
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of serum or plasminogen, even in S118Aska mutant.
Next, S118Aska mutant biofilms were supplemented with
exogenous Ska. Again, direct supplementation reduced
biofilm formation, while addition of Ska to a preformed
biofilm had no significant effect (Fig. 5a). Direct supple-
mentation with 500 IU of Ska completely abolished bio-
film formation, which was further confirmed via CLSM
(Fig. 5a-b). In contrast, treatment of biofilms with up to
10xMIC of antibiotics or LL-37 did not reduce biofilm
mass (Supplementary Fig. 9). As a proof-of-principle,
Ska supplementation of Streptococcus canis, a genetically
related veterinary pathogen, which does not encode ska,
was performed. In congruence with SDSE data, Ska addi-
tion to preformed biofilms had no impact, while direct
supplementation reduced biofilm mass of S. canis in five
out of eleven strains tested (Fig. 5c).

Increased metabolic activity and deposition of metabolites
in biofilms of S118A ska

Since S118Aska continuously built up the biomass com-
pared to the wild-type strain, we hypothesized that the
mutant strain might display an enhanced metabolic
activity. Therefore, continuous calorimetric metabolic
monitoring of the biofilms over a period of 72 h was
performed (Fig. 6a-c). The metabolic activity of both
wild-type and mutant peaked at the same time point.
However, the mutant was characterized by a significantly
higher metabolic rate (Fig. 6b-c).

Next, metabolome profiling of the media as wells as
the biofilms was performed. Analyses include the mea-
surement of products of glycolysis/fermentation and the
tricarboxylic acid (TCA) cycle as well as amino acids.
No significant differences in release or consumption of
metabolites between wild-type and S118Aska biofilms
were noted (Fig. 6d and Supplementary Fig. 10). Both
strains equally consumed glucose, trehalose, and serine.
In addition, equal amounts of lactate, acetate, and orni-
thine were found in the media. In contrast, clear dif-
ferences in metabolite composition were found within
biofilms (Fig. 6e-f and Supplementary Fig. 11). Principal
component analyses (PCA) showed a clear separation of
biofilm-associated metabolome (Fig: 6e). Except for urea,
all measured metabolites were found in higher abun-
dance within biofilms of S118Aska (Fig. 6f).

Discussion

Biofilm formation was previously described for monomi-
crobial S. pyogenes NSTIs [22] and presents a probable
cause for prolonged and/or recurrent infection, although
speculative. Here, we report biofilm in tissue biopsies of
a SDSE NSTI patient. Biofilm formation of SDSE clini-
cal isolates derived from a diverse range of infections was
assessed in vitro. The majority of strains readily formed
biofilms. Although biofilm formation was independent
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of Ska activity, addition of exogenous Ska impaired bio-
film formation in a majority of intermediate and high
biofilm forming isolates. In addition, a ska-null mutant
was characterized by an increased biofilm forming capac-
ity, accompanied by higher metabolic activity as well as
higher deposition of metabolites within the community
as compared to the wild-type strain.

So far, Ska’s only known function is activation of
human plasminogen. Ska-plasminogen complexes medi-
ate bacterial spread through the tissues [15, 43] as well
as protect streptococci from antimicrobial host com-
pounds [19]. Ska shares a high degree of conservation
with S. aureus’ staphylokinase (Sak) with a similar mode
of action [44]. However, it was recently shown that Sak
activity is involved in control of S. aureus biofilms. High
Sak-producing strains formed less biofilm as compared to
non-producing strains and Sak-Pg complexes mediated
dispersal of bacteria from mature biofilm [45, 46]. Recent
reports also indicated that Ska itself acts as a biofilm dis-
persal agent against S aureus biofilms [41, 45]. Our analy-
ses revealed that SDSE biofilm formation is independent
of Ska activity nor it is influenced by ska alleles. How-
ever, direct supplementation of bacterial cultures with
exogenous Ska reduced or even prevented the overall
biofilm formation in a subset of SDSE strains. Further-
more, addition of human serum or plasminogen com-
pletely prevented SDSE from entering the biofilm state.
This is in stark contrast to S. aureus, where presence of
serum proteins improved its biofilm forming capacity
[46]. Although speculative, plasminogen as well as serum
proteins potentially prevented the sedimentation and
subsequent attachment of SDSE to the polystyrene sur-
faces. Additional experiments with S. canis strains, which
do not naturally encode ska, partly confirmed the SDSE
results with reduced biofilm formation in presence of
Ska. These results indicate that Ska has a general biofilm-
preventing activity in streptococci.

Our results indicate that Ska is most likely involved in
a multifactorial regulatory process, which controls bio-
film formation. In S. pyogenes, biofilm formation is regu-
lated by Nra, among others, which is known to negatively
impact ska [22, 47] and positively regulate pili and other
surface anchored/attached proteins required for initial
attachment to biotic and abiotic surfaces [47-50]. Dur-
ing stationary growth and biofilm formation, Nra activ-
ity increases [22], which consequently results in reduced
ska transcription and upregulation of FCT/pilus [49]
structures as well as the M-protein [51, 52]. In agreement
with this, whole genome sequencing (WGS) revealed
that certain SDSE isolates with lower biofilm forming
capacity had truncated emm- or FCT-genes, confirming
a role of these factors in SDSE biofilm formation. How-
ever, only a limited number of strains showed such trun-
cations, and the analyses should be expanded to allow
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more robust conclusions. Furthermore, CovR/S two-
components system negatively regulates ska expression
[53]. The ska transcripts are usually stabilized by sncRNA
fasX [54]. It was shown that expression of CovR and fasX
is induced upon nutrient starvation, referred to as strin-
gent response [55]. Induction of the stringent response in
late stages of bacterial growth or early stages of biofilm
formation, accompanied by activation of ska-repressing
regulators, suggests that Ska has to be suppressed dur-
ing early stages of biofilm formation. In addition, the
stringent response alarmone guanosine tetraphosphate
and pentaphosphate ((p)ppGpp) can influence synthesis
of second messenger cyclic-di-AMP (c-di-AMP) [56].
In S. aureus, biofilm formation was linked to increased
c-di-AMP levels [57]. In general, c-di-AMP is involved
in many cellular functions of Gram-positive bacteria
including glutamate/glutamine regulation [58]’ [59] and
intracellular accumulation of these amino acids induces
increased synthesis of c-di-AMP [60]. In line with this, it
has been shown that knockout of the c-di-AMP degrad-
ing phosphodiesterase Pde2 in S. pyogenes leads to
increased biofilm formation [61].

It was also shown that mutation of sodium-glutamate
symporter GItS leads to increased biofilm forming capac-
ity of S. aureus. Due to reduced uptake of exogenous glu-
tamate, endogenous production of glutamate/glutamine
via the urea cycle was noted [62]. This result emphasized
the role of urea cycle as a critical component of biofilm
formation. In our experiments, high release of ornithine
in biofilms of both wild-type and ska mutant was noted,
confirming the role of the urea cycle in SDSE biofilm for-
mation as well. In addition, urea was the only metabolite
that was detected in lower abundance inside biofilms of
the ska mutant as compared to the wild-type. In S. pyo-
genes, catabolism of arginine via generation of citrul-
line and ammonia is considered to mediate resistance to
pH/acidic stress [63, 64]. Since the ska mutant showed a
higher metabolic peak and higher abundance of metabo-
lites within the biofilm, pH stress is likely encountered
at a higher level as compared to the wild-type. Overall,
wild-type and ska mutant biofilms showed similar metab-
olite profiles. However, the ska mutant biofilm was char-
acterized by an up to 5x higher deposition of metabolites,
while the biofilm mass was approximately 2.5x higher as
compared to the wild-type. These findings indicate that
the observed metabolic changes are partially indepen-
dent of the increased biomass of the ska mutant biofilm
and can be attributed to the lack of Ska.

Conclusions

In conclusion, SDSE biofilm was detected in NSTI
patient biopsies. Subsequent in vitro analyses of a diverse
collection of isolates revealed that SDSE form biofilms,
regardless of infection severity, and that Ska activity is
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not involved in this process. However, addition of exoge-
nous Ska reduced SDSE biofilm formation in the majority
of strains tested. Knockout of ska led to increased bio-
film mass, higher peak metabolic activity, and increased
deposition of a wide range of metabolites within biofilms.
These results emphasize a new central role for Ska in
SDSE biofilm formation. Nevertheless, Ska is potentially
involved in a multifactorial process of biofilm regulation.
The impact of Ska on metabolic regulation, biofilm for-
mation in vivo, and consequences for patient outcome
remain to be elucidated.

Abbreviations

"H-NMR Proton nuclear magnetic resonance
AF Alexa Flour

BHI Brain Heart Infusion

c-di-AMP Cyclic di AMP

CFU Colony forming units

CLSM Confocal laser scanning microscopy
DAPI 4'6-Diamidino-2-Phenylindole
DMEM Dulbecco's Modified Eagle Medium
FCS Fetal calf serum

FCT Fibronectin, Collagen and T-antigen
GC Gas chromatography

hPg Human Plasminogen

hS Human Serum

19G Immunoglobulin G

LC Liquid chromatography

MIC Minimal inhibitory concentration
MLST Multi locus sequence type

MOI Multiplicity of infection

MS Mass spectrometry

MSD Mass selective detector

Nacl Natrium Chloride

NHDFs Normal human dermal fibroblasts
NSTIs Necrotizing soft tissue infections
PBS Phosphate buffered saline

PCA Principal component analysis
(P)ppGpp  Pentaphospate

Sak Staphylokinase

SDSE Streptococcus dysgalactiae subsp. equisimilis
Ska Streptokinase

SNcRNA small non coding RNA

TCA Tricarboxylic Acid cycle

THY Todd Hewitt Bouillon with yeast extract
TSP 3-trimethylsilyl-(2,2,3,3-D4) 1-propionic acid, sodium salt
WGA Wheat germ agglutine

WGS Whole genome sequencing

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-024-03540-w.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
The authors would like to thank K. Barnekow and J. Bull for expert technical
support.

Author contributions

Conceptualization: LAT, JVN, N.S. Experimental work: LAT, JVN, 0.0, KMe,,
KMo, SR, MK, MQA., PS. Data analysis: LAT, JVN, 0.0, KMe, KMo, SR,
MK, MQA, PS, BRK. Patient inclusion: OO, SS. Project administration: S.S,,
AN.T, M.L, N.S. Supervision: BK, S.S, M.F, M.L, AN.T, BRK, N.S. Writing—


https://doi.org/10.1186/s12866-024-03540-w
https://doi.org/10.1186/s12866-024-03540-w

Tolken et al. BMC Microbiology (2024) 24:378

original draft: LAT, JV.N,, N.S. Writing-review & editing: all authors. LAT. and
JV.N. contributed equally to this work.

Funding

This research is supported by the German Research Foundation (DFG; Grants
407176682 to NS, 503880638 to ML and NS, and INST 292/151-1 FUGG -
447143887 for the purchase of CLSM), the Center for Innovative Medicine
(CIMED, to ANT), the Swedish Research Council (to ANT); the Swedish
Governmental Agency for Innovation Systems (VINNOVA to ANT) under the
frame of NordForsk (Project no. 90456, PerAID).

Open Access funding enabled and organized by Projekt DEAL.

Data availability

All data associated with this study are presented in the manuscript and
supplementary material. Whole genome sequencing data of SDSE strains are
available at the European Nucleotide Archive. Individual accession numbers
are presented in the supplementary Table 1.

Declarations

Ethics approval and consent to participate

Snap-frozen tissue biopsies were collected from the above described
case, patient 6007 enrolled in the EU-funded INFECT Study (ClinicalTrials.
gov, NCT01790698). Written informed consent was obtained. The study
was approved by the Regional Ethics Committee Vest, Norway (REK, Ref.
No. 325786). All experiments were carried out in full accordance with the
approved ethics applications specified above.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 September 2023 / Accepted: 23 September 2024
Published online: 30 September 2024

References

1. Anaya DA, Dellinger EP. Necrotizing soft-tissue infection: diagnosis and man-
agement. Clin Infect Dis. 2007;44(5):705-10.

2. Madsen MB, Skrede S, Perner A, Arnell P, Nekludov M, Bruun T, et al. Patient’s
characteristics and outcomes in necrotising soft-tissue infections: results
from a scandinavian, multicentre, prospective cohort study. Intensive Care
Med. 2019;45(9):1241-51.

3. Stevens DL, Bryant AE. Necrotizing soft-tissue infections. N Engl J Med.
2017,377(23):2253-65.

4. Skrede S, BruunT, Rath E, Oppegaard O. Microbiological etiology of necrotiz-
ing soft tissue infections. Adv Exp Med Biol. 2020;1294:53-71.

5. BruunT, Kittang BR, De Hoog BJ, Aardal S, Flaatten HK, Langeland N, et al.
Necrotizing soft tissue infections caused by Streptococcus pyogenes and
Streptococcus dysgalactiae subsp. equisimilis of groups C and G in western
Norway. Clin Microbiol Infect. 2013;19(12):E545-50.

6. Kittang BR, BruunT, Langeland N, Mylvaganam H, Glambek M, Skrede S.
Invasive group A, C and G streptococcal disease in western Norway: virulence
gene profiles, clinical features and outcomes. Clin Microbiol Infection: Official
Publication Eur Soc Clin Microbiol Infect Dis. 2011;17(3):358-64.

7. Kittang BR, Langeland N, Mylvaganam H. Distribution ofemmtypes and sub-
types among noninvasive group A, C and G streptococcal isolates in western
Norway. APMIS. 2008;116(6):457-64.

8. BertF, Lambert-Zechovsky N. Analysis of a case of recurrent bacteraemia
due to group a Streptococcus equisimilis by pulsed-field gel electrophoresis.
Infection. 1997,25(4):250-1.

9. Brandt CM, Haase G, Schnitzler N, Zbinden R, Lutticken R. Characterization of
blood culture isolates of Streptococcus dysgalactiae subsp. equisimilis pos-
sessing Lancefield’s group A antigen. J Clin Microbiol. 1999;37(12):4194-7.

10.  Chochua S, Rivers J, Mathis S, Li Z, Velusamy S, McGee L, et al. Emergent Inva-
sive Group A Streptococcus dysgalactiae subsp. equisimilis, United States,
2015-2018. Emerg Infect Dis. 2019;25(8):1543-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

1.

Page 14 of 15

Ishihara H, Ogura K, Miyoshi-Akiyama T, Nakamura M, Kaya H, Okamoto S.
Prevalence and genomic characterization of Group A Streptococcus dysga-
lactiae subsp. equisimilis isolated from patients with invasive infections in
Toyama prefecture, Japan. Microbiol Immunol. 2020;64(2):113-22.
Katsukawa C, Tamaru A, Morikawa Y. [Streptococcus dysgalactiae subsp.
equisimilis possessing Lancefield's group A antigen]. Kansenshogaku Zasshi.
2002;76(3):155-60.

Tanaka D, Isobe J, Watahiki M, Nagai Y, Katsukawa C, Kawahara R, et al. Genetic
features of clinical isolates of Streptococcus dysgalactiae subsp. equisimilis
possessing Lancefield's group A antigen. J Clin Microbiol. 2008;46(4):1526-9.
Shimomura Y, Okumura K, Murayama SY, Yagi J, Ubukata K, Kirikae T, et al.
Complete genome sequencing and analysis of a Lancefield group G Strep-
tococcus dysgalactiae subsp. equisimilis strain causing streptococcal toxic
shock syndrome (STSS). BMC Genomics. 2011;12:17.

Walker MJ, McArthur JD, McKay F, Ranson M. Is plasminogen deployed

as a Streptococcus pyogenes virulence factor? Trends Microbiol.
2005;13(7):308-13.

Boxrud PD, Verhamme IM, Bock PE. Resolution of conformational activation
in the kinetic mechanism of Plasminogen activation by Streptokinase*. J Biol
Chem. 2004,279(35):36633-41.

Boxrud PD, Fay WP, Bock PE. Streptokinase binds to Human Plasmin

with High Affinity, perturbs the plasmin active site, and induces expres-

sion of a substrate Recognition Exosite for Plasminogen*. J Biol Chem.
2000,275(19):14579-89.

Banerjee A, Chisti Y, Banerjee UC. Streptokinase—a clinically useful thrombo-
lytic agent. Biotechnol Adv. 2004;22(4):287-307.

Nitzsche R, Kohler J, Kreikemeyer B, Oehmcke-Hecht S. Streptococcus
pyogenes escapes killing from Extracellular histones through Plasminogen
binding and activation by Streptokinase. J Innate Immun. 2016;8(6):589-600.
Hollands A, Gonzalez D, Leire E, Donald C, Gallo RL, Sanderson-Smith M, et
al. A bacterial Pathogen co-opts host plasmin to resist killing by Cathelicidin
Antimicrobial Peptides*. J Biol Chem. 2012,287(49):40891-7.

Siemens N, Kittang BR, Chakrakodi B, Oppegaard O, Johansson L, Bruun T, et
al. Increased cytotoxicity and streptolysin O activity in group G streptococcal
strains causing invasive tissue infections. Sci Rep. 2015;5(1):16945.

Siemens N, Chakrakodi B, Shambat SM, Morgan M, Bergsten H, Hyldegaard
O et al. Biofilm in group a streptococcal necrotizing soft tissue infections. JCl
Insight. 2016;1(10).

Skutlaberg DH, Wiker HG, Mylvaganam H, Group IS, Norrby-Teglund A,
Skrede S. Consistent Biofilm formation by Streptococcus pyogenes emm 1
isolated from patients with necrotizing soft tissue infections. Front Microbiol.
2022;13:822243.

Bergsten H, Medina LMP, Morgan M, Moll K, Skutlaberg DH, Skrede S, et al.
Adjunctive rifampicin increases antibiotic efficacy in Group A Streptococcal
tissue infection models. Antimicrob Agents Chemother. 2021;65(11). https://
doi.org/10.1128/aac.00658-21.

Redanz S, Standar K, Podbielski A, Kreikemeyer B. Heterologous expression of
sahH reveals that biofilm formation is Autoinducer-2-independent in Strepto-
coccus sanguinis but is Associated with an Intact activated methionine cycle.
J Biol Chem. 2012;287(43):36111-22.

Redanz S, Treerat P, Mu R, Redanz U, Zou Z, Koley D, et al. Pyruvate secretion
by oral Streptococci modulates hydrogen peroxide dependent antagonism.
ISME J. 2020;14(5):1074-88.

Sambrook JFE, Maniatis T. Molecular cloning: a laboratory manual. 2nd ed.
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory; 1989.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics. 2014,30(15):2114-20.

Bankevich A, Nurk S, Fau - Antipov D, Antipov D, Fau - Gurevich AA, Gurevich
Aa Fau - Dvorkin M, Dvorkin M. Fau - Kulikov AS, Kulikov As Fau - Lesin VM,
SPAdes: a new genome assembly algorithm and its applications to single-cell
sequencing. (1557-8666 (Electronic)).

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, et al. The RAST
server: Rapid annotations using Subsystems Technology. BMC Genomics.
2008:9(1):75.

Letunic |, Bork P. Interactive tree of life (iTOL) v5: an online tool for phyloge-
netic tree display and annotation. Nucleic Acids Res. 2021;49(W1):W293-6.
Falugi F, Zingaretti C, Pinto V, Mariani M, Amodeo L, Manetti AGO,

et al. Sequence Variation in Group A Streptococcus Pili and Asso-

ciation of Pilus Backbone Types with Lancefield T Serotypes. J Infect Dis.
2008;198(12):1834-41.

Kulisek ES, Holm SE, Johnston KH. A chromogenic assay for the detection of
plasmin generated by plasminogen activator immobilized on nitrocellulose


https://doi.org/10.1128/aac.00658-21
https://doi.org/10.1128/aac.00658-21

Tolken et al. BMC Microbiology

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2024) 24:378

using a para-nitroanilide synthetic peptide substrate. Anal Biochem.
1989;177(1):78-84.

Shumba P, Sura T, Moll K, Chakrakodi B, Tolken LA, Hossmann J, et al. Neutro-
phil-derived reactive agents induce a transient SpeB negative phenotype in
Streptococcus pyogenes. J Biomed Sci. 2023;30(1):52.

Troitzsch A, Loi VV, Methling K, Zuhlke D, Lalk M, Riedel K et al. Carbon source-
dependent reprogramming of anaerobic metabolism in Staphylococcus
aureus. J Bacteriol. 2021;203(8).

Wider G, Dreier L. Measuring protein concentrations by NMR spectroscopy. J
Am Chem Soc. 2006;128(8):2571-6.

Leonard A, Gierok P, Methling K, Gomez-Mejia A, Hammerschmidt S, Lalk M.
Metabolic inventory of Streptococcus pneumoniae growing in a chemical
defined environment. Int J Med Microbiol. 2018;308(6):705-12.

Surabhi S, Jachmann LH, Lalk M, Hammerschmidt S, Methling K, Siemens

N. Bronchial epithelial cells accumulate citrate intracellularly in response to
Pneumococcal Hydrogen Peroxide. ACS Infect Dis. 2021;7(11):2971-8.

Cook SM, Skora A, Gillen CM, Walker MJ, McArthur JD. Streptokinase vari-
ants from Streptococcus pyogenes isolates display altered plasminogen
activation characteristics — implications for pathogenesis. Mol Microbiol.
2012,86(5):1052-62.

Zhang Y, Liang Z, Hsueh H-T, Ploplis VA, Castellino FJ. Characterization of
Streptokinases from Group A Streptococci reveals a strong functional rela-
tionship that supports the Coinheritance of Plasminogen-binding M protein
and cluster 2b Streptokinase*. J Biol Chem. 2012;287(50):42093-103.

Hogan S, O'Gara JP, O'Neill E. Novel treatment of Staphylococcus aureus
device-related infections using fibrinolytic agents. Antimicrob Agents Che-
mother. 2018,62(2).

Jorgensen NP, Zobek N, Dreier C, Haaber J, Ingmer H, Larsen OH et al.
Streptokinase Treatment reverses Biofilm-Associated Antibiotic Resistance in
Staphylococcus aureus. Microorganisms. 2016;4(3).

Walker MJ, Hollands A, Sanderson-Smith ML, Cole JN, Kirk JK, Henningham A,
et al. DNase Sda1 provides selection pressure for a switch to invasive group a
streptococcal infection. Nat Med. 2007;13(8):981-5.

Davidson FM. The activation of plasminogen by staphylokinase: comparison
with Streptokinase. Biochem J. 1960;76(1):56-61.

Jorgensen NP, Zobek N, Dreier C, Haaber J, Ingmer H, Larsen OH, et al.
Streptokinase Treatment reverses Biofilm-Associated Antibiotic Resistance in
Staphylococcus aureus. Microorganisms. 2016;4(3):36.

Kwiecinski J, Peetermans M, Liesenborghs L, Na M, Bjérnsdottir H, Zhu

X, et al. Staphylokinase Control of Staphylococcus aureus Biofilm forma-
tion and detachment through host plasminogen activation. J Infect Dis.
2015;213(1):139-48.

Kreikemeyer B, Nakata M, Kéller T, Hildisch H, Kourakos V, Standar K; et al.
The <i> Streptococcus pyogenes Serotype M49 Nra-Ralp3 Transcriptional
Regulatory Network and its control of virulence factor expression from

the Novel <i>eno ralp3 epf sagA pathogenicity region. Infect Immun.
2007,75(12):5698-710.

Bessen DE, Lizano S. Tissue tropisms in group a streptococcal infections.
Future Microbiol. 2010;5(4):623-38.

Kimura KR, Nakata M, Sumitomo T, Kreikemeyer B, Podbielski A, Terao Y, et al.
Involvement of T6 pili in Biofilm formation by serotype M6 Streptococcus
pyogenes. J Bacteriol. 2012;194(4):804-12.

Siemens N, Fiedler T, Normann J, Klein J, Miinch R, Patenge N, et al. Effects of
the ERES Pathogenicity Region Regulator Ralp3 on Streptococcus pyogenes
serotype M49 virulence factor expression. J Bacteriol. 2012;194(14):3618-26.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 15 of 15

Cho KH, Caparon MG. Patterns of virulence gene expression differ between
biofilm and tissue communities of Streptococcus pyogenes. Mol Microbiol.
2005;57(6):1545-56.

Courtney HS, Ofek I, Penfound T, Nizet V, Pence MA, Kreikemeyer B, et al.
Relationship between expression of the family of M proteins and lipoteichoic
acid to Hydrophobicity and biofilm formation in Streptococcus pyogenes.
PLoS ONE. 2009;4(1):e4166.

Churchward G, Bates C, Gusa AA, Stringer V, Scott JR. Regulation of Streptoki-
nase expression by CovR/S in Streptococcus pyogenes: CovR acts through a
single high-affinity binding site. Microbiology. 2009;155(2):566-75.
Kreikemeyer B, Boyle MDP, Buttaro BA, Heinemann M, Podbielski A. Group A
streptococcal growth phase-associated virulence factor regulation by a novel
operon (Fas) with homologies to two-component-type regulators requires a
small RNA molecule. Mol Microbiol. 2001;39(2):392-406.

Steiner K, Malke H. <i> rela-independent amino acid starvation response net-
work of <i> Streptococcus pyogenes</i>. J Bacteriol. 2001;183(24):7354-64.
Kriiger L, Herzberg C, Wicke D, Bahre H, Heidemann JL, Dickmanns A, et al. A
meet-up of two second messengers: the c-di-AMP receptor DarB controls (p)
ppGpp synthesis in Bacillus subtilis. Nat Commun. 2021;12(1):1210.

LiL, LiY, Zhu F, Cheung AL, Wang G, Bai G, et al. New mechanistic insights
into Purine Biosynthesis with Second Messenger c-di-AMP in relation to
Biofilm-Related Persistent Methicillin-Resistant Staphylococcus aureus infec-
tions. mBio. 2021;12(6):e0208121.

McDonough KA, Rodriguez A. The myriad roles of cyclic AMP in microbial
pathogens: from signal to sword. Nat Rev Microbiol. 2012;10(1):27-38.
Fahmi T, Port GC, Cho KH. c-di-AMP: an essential molecule in the signaling
pathways that regulate the viability and virulence of Gram-positive Bacteria.
Genes. 2017;8(8):197.

Zeden MS, Kviatkovski |, Schuster CF, Thomas VC, Fey PD, Griindling A.
Identification of the main glutamine and glutamate transporters in Staphy-
lococcus aureus and their impact on c-di-AMP production. Mol Microbiol.
2020;113(6):1085-100.

Fahmi T, Faozia S, Port GC, Cho KH. The second Messenger c-di-AMP regulates
Diverse Cellular pathways involved in stress response, Biofilm formation,

Cell Wall Homeostasis, SpeB expression, and virulence in Streptococcus
pyogenes. Infect Immun. 2019;87(6). https://doi.org/10.1128/iai.00147-19.
Shibamura-Fujiogi M, Wang X, Maisat W, Koutsogiannaki S, Li Y, Chen Y, et

al. GItS regulates biofilm formation in methicillin-resistant Staphylococcus
aureus. Commun Biology. 2022;5(1):1284.

Cusumano ZT, Caparon MG. Citrulline protects Streptococcus pyogenes from
acid stress using the Arginine Deiminase Pathway and the F,F -ATPase. J
Bacteriol. 2015;197(7):1288-96.

Cusumano ZT, Watson ME, Caparon MG. Streptococcus pyogenes Arginine
and Citrulline Catabolism promotes infection and modulates innate immu-
nity. Infect Immun. 2014;82(1):233-42.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1128/iai.00147-19

	﻿Streptokinase reduces ﻿Streptococcus dysgalactiae﻿ subsp. ﻿equisimilis﻿ biofilm formation
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Bacterial strains
	﻿Whole genome sequencing and sequence analysis
	﻿Streptokinase activity assay
	﻿Biofilm formation on polystyrene and glass surfaces
	﻿Human cells, culture conditions and infections
	﻿Antimicrobial testing
	﻿Histological analysis
	﻿Metabolome analyses
	﻿Microcalorimetric assay
	﻿SDS-PAGE and immuno-detection of Streptokinase in bacterial culture supernatants
	﻿Quantitative reverse transcription PCR analysis (qRT-PCR)
	﻿Statistics

	﻿Results
	﻿Case report and microscopic analysis of soft tissue biopsies from the site of infection
	﻿SDSE biofilm formation is independent of Ska activity
	﻿Presence of Ska prevents SDSE biofilm formation
	﻿Increased metabolic activity and deposition of metabolites in biofilms of S118Δ ﻿ska﻿

	﻿Discussion
	﻿Conclusions
	﻿References


