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ARTICLE INFO ABSTRACT

Keywords: Streptococcus suis (SS) is a major pathogen in the swine industry, and also an important zoonotic agent for
Streptococcus suis humans. The novel SS cell surface protein, AtlAgs, comprising the special GW module and N-acetylmuramidases
AtlAss domain, was designated as a putative autolysin. Indeed, the atlAgs deletion mutant almost completely lost its
Autolysin activity in Triton X-100 induced bacterial autolysis, while the wild-type and CAatlAgs strains showed significant
\C/fif:i:atwn decrease, to less than 20% of the initial ODgq( values. Unexpectedly, both immunofluorescence and immunogold

electron microscopy confirmed that AtlAgg is mainly located in the cell division septum, suggesting autolytic
activity in peptidoglycan hydrolysis may be required for cell separation, thus modulating and truncating bac-
terial chain length. The biofilm capacity of the AtlAgs mutation was reduced ~ 40%, as compared to the wild-type
strain. The AatlAgs strain also attenuated bacterial adherence in human brain microvessel endothelial cells
(HBMECs). Furthermore, we confirmed that AtlAgs has fibrinogen/fibronectin binding capacities. In mouse in-
fection model, the AtlAgs inactivation also significantly attenuated bacterial virulence and proliferation in vivo.
In conclusion, these results indicate that AtlAgs autolysin modulates bacterial chain length, and contributes to

the full virulence of SS during infection.

1. Introduction

Peptidoglycan (PG), the major component in bacterial cell wall, is
essential to resist internal osmotic pressure, implement defense function
and maintain the cell shape (Scheffers and Pinho, 2005). Bacteria are
able to recycle a significant proportion of the PG degradation products
during growth and division, which can reduce the release of mur-
opeptides, and thereby escape the host's immune response (Johnson
et al., 2013). Tailoring, recycling and remodeling of the PG require
specific peptidoglycan hydrolase (PGH) to cleave certain chemical
bonds (Vollmer et al., 2008). At present, four common PGH activities
have been defined based on the covalent bond cleavage within the PG
molecule, and those are four common PGH activities: endopeptidase, N-
acetylmuramidase, N-acetylmuramyl-;-alanine amidase and N-acet-
ylglucosaminidase (Layec et al., 2008). Autolysins also belong to the
cell wall PGH, and their activity mediates multiple biological functions
such as autolysis, cell division and cell wall turnover (Stinemetz et al.,
2017). Moreover, certain autolysins have been established as virulence

factors among Gram-positive bacteria. The AtlA protein produced by
Streptococcus mutans has autolytic properties, and contributes to in-
fective endocarditis virulence in the rat models (Jung et al., 2017). In
the Listeria monocytogenes, p60-deficient mutants showed attenuated
invasiveness and virulence (Pilgrim et al., 2003).

Bacterial autolysins have gradually been acknowledged as a po-
tential source of antimicrobial agents, along with bacteriocin and bac-
teriophage endolysin. Mehta et al. confirmed that AmiBA2446, an au-
tolysin of Bacillus anthracis origin, exhibited bacteriolytic activity
against B. anthracis and B. cereus strains (Mehta et al., 2013). Pneu-
mococcal LytA autolysin could significantly reduce peritoneal bacterial
counts, as it has therapeutic effects on infection caused by p-lactam-
resistant Streptococcus pneumonia (Rodriguez-Cerrato et al., 2007). Au-
tolysins are also considered as potential drug targets. Atilano et al.
found that Atl autolysin could conceal the PG molecular signature from
peptidoglycan recognition proteins (PGRPs) by trimming the pepti-
doglycan terminal exposed on the cell wall surface, thus helping Sta-
phylococcus aureus escape from the Drosophila natural immune system
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(Atilano et al., 2014). LytA has also been shown to help Streptococcus
pneumonia avoid detection by the innate immune system (Atilano et al.,
2014; Bonnet et al., 2017). This novel method that targets and inhibits
autolysin activity may therefore reduce bacterial virulence, and en-
hance the host immune system.

Streptococcus suis (SS) is a Gram-positive, facultative anaerobic
bacterial pathogen, which could cause severe economic losses in the
swine industry globally (Goyette-Desjardins et al., 2014). In addition,
SS is also considered to be an important zoonotic bacterium, which is
frequently reported in human cases. In China, two large-scale outbreaks
of SS in humans occurred in 1998 and 2005, and caused 52 deaths in
total (Tang et al., 2006). Herein, 33 reference serotypes and 27 novel
cps loci (Chz and NCL1-26) SS strains have been identified, according to
the capsular polysaccharides (Huang et al., 2019; Zhang et al., 2018).
Nevertheless, the pathogenic mechanisms of SS remain limited or
fragmentary. In our early research, an autolysin protein designated as
Atl, containing N-acetylmuramyl-;-alanine amidase domain, was re-
ported to be required for full virulence in SS strains (Ju et al., 2012). In
this study, we identified and characterized a novel autolysin protein,
AtlAgg, with the special GW module and N-acetylmuramidases domains.
Further work demonstrated that AtlAgs plays a key role in the bacterial
cell division, thus modulating the chain length of SS CZ130302 strain to
the optimal level. Moreover, AtlAgs facilitates biofilm formation and
bacterial adherence, and contributes to the pathogenicity of SS. These
findings provide valuable insights into the SS pathogenicity, and may
promote the development of new treatment strategies for SS induced
infections in the future.

2. Materials and methods
2.1. Ethics statement

Six-week-old female specific pathogen free (SPF) BALB/c mice were
purchased from Yangzhou University (Comparative Medicine Center).
The Department of Science and Technology of Jiangsu Province ap-
proved all animal experiments [License number: SYXK (SU) 2017-
00071].

2.2. Bacterial strains and culture conditions

The CZ130302, AatlAgs, CAatlAss and recombinant E. coli-pCold II-
AtlAgs strains were used in this study (Table 1). All the SS strains were
cultured in Todd-Hewitt broth (THB; Becton-Dickinson) containing 3%
fetal bovine serum, or solid medium containing 5% (v/v) sheep blood,
at 37 °C in 5% CO, atmosphere. In order to select mutants, 100 pg/ml
spectinomycin (Spc; Sigma) or 10% (w/v) sucrose was added to the
medium for screening. In addition, the A medium (2.0% peptone, 1.0%
glucose, 0.5% NaCl, 0.393% K,HPO, -3H,O, 0.01% MgSO, 7H,O,
0.077% KH,PO4, 0.002% MnSO, ‘H,0) was used for biofilm formation
assay. The E. coli strains were grown in Luria-Bertani (LB; Becton)
medium. If necessary, 50 pg/ml ampicillin (Amp; Sigma) was added to
the LB medium.

2.3. Construction of AatlAss and CAatlAss mutants

To investigate the contribution of atlAgs gene, the AatlAgs and
CAatlAgs strains were achieved using the novel natural DNA transfor-
mation in SS (Zhang et al., 2018; Zhu et al., 2019). This study used the
ComS;3.,; peptide (GNWGKWTDG) to stimulate the natural transfor-
mation competence of SS. Here, the AatlAgs mutant was constructed
through 2 steps of natural transformation. First, the up/downstream
homologous fragments were amplified by PCR with primers atlAss-L1/
atlAss-L2 and atlAss-R1/atlAgs-R2 respectively, from the CZ130302
genomic DNA. The spc gene was amplified by primers spc-1 and spc-2
for resistance selection, and sacB gene by sacB-1 and sacB-2 for negative
selection (Zhu et al., 2019). The four amplification products above were
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then ligated by fusion PCR with primers atlAgs-L1/atlAss-R2. ComS;3.21
peptide (250 uM) and fusion fragment (1.2 pg) were added to 100 pl
CZ130302 (ODggp = 0.035-0.058). The mixture was statically cultured
for 2h at 37 °C, and then applied to the Spc THB-agar medium. Where
after, the fusion homologous fragment, without any marker and am-
plified by primers atlAss-LU/atlAss-LD and atlAgs-RU/atlAss-RD, was
transferred to the proto-positive mutant for a second transformation.
The AatlAgs mutant was screened on the THB-agar medium containing
10% (w/v) sucrose. In our study, the CAatlAgs strain was also obtained
by the above method. All primers used in this study were listed in
Table 1.

2.4. Autolysis assays

The autolysis test was performed following an established method
(Ju et al., 2012). The CZ130302, AatlAss and CAatlAgs strains were
grown to an ODgyo of 0.8, and then washed twice with phosphate-
buffered saline (PBS, pH 7.0). The harvested cells were adjusted to an
ODggp of 0.6 in potassium phosphate buffer (50 mM; pH 7.0) containing
0.05% Triton X-100. The bacterial suspensions cultured at 37 °C were
gently shaken, and OD values monitored every hour.

2.5. Indirect immunofluorescence analysis

An immunofluorescence microscopy assay was performed in order
to visualize the localization of AtlAgs at the SS surface. Briefly, the
CZ130302 and AatlAgs strains were grown to exponential phase, and
then washed three times with sterile PBS. The 5-ul samples were ad-
sorbed on the cover glasses, and fixed in 4% paraformaldehyde-PBS.
After fixation, the samples were blocked with 5% bovine serum al-
bumin (BSA), and then labeled for 2h at 37 °C with the anti-AtlAgg
rabbit polyclonal antibody, at a dilution of 1:250. After thorough
washing, the samples were stained with the secondary antibody goat
anti-rabbit IgG (H + L), Alexa Fluor 488 (Thermo), diluted at 1:2000.
In addition, bacterial DNA was stained by 4’,6-diamidino-2-pheny-
lindole (DAPI; KeyGEN BioTECH). The treated samples were finally
visualized on the laser scanning confocal microscopes (Nikon
Instruments, Inc. Leica Sp5 AOBS confocal system).

Furthermore, the AtlAgs protein was also tested for binding to
human brain microvessel endothelial cells (HBMECs) using the indirect
immunofluorescence assays. In short, HBMECs were incubated with
100 ug/ml purified AtlAgg protein for 1.5h at 37 °C. Moreover, in-
cubation with the recombination HP07325 protein or BSA, which have
no cell adhesion properties, was set as the negative group (Li et al.,
2017). Treated cells were immobilized with the cold methanol for
30 min, and then incubated with His tag monoclonal antibody (Thermo
Fisher) for 2h at 37 °C, without shaking. The samples without the His
tag monoclonal antibody were set as the blank control. Finally, the
AtlAgg protein was detected with goat anti-mouse IgG-FITC, and the
intracellular nucleoid was stained with DAPI. The processed samples
were visualized with the Carl Zeiss LSM710.

2.6. Immunogold electron microscopy

Subcellular localization of AtlAgs, was observed through im-
munogold electron microscopy, as described elsewhere (Zhang et al.,
2018). The CZ130302 cells were harvested by centrifugation, and in-
cubated with anti-AtlAgg rabbit antibody at a dilution of 1:100 for 2 h at
37 °C. Additionally, a blank-control group was incubated with pre-im-
mune negative serum. The samples were then labeled with goat anti-
rabbit secondary antibody, 10-nm gold-conjugated (Boster, China), di-
luted at 1:200. The processed bacteria were immobilized for 12h in
0.1 M sodium chloride buffer containing 2% paraformaldehyde and 2%
glutaraldehyde. Finally, the subcellular localization of AtlAgs was ob-
served with the Hitachi-7650 transmission electron microscope (Hitachi
Ltd., Japan).
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Table 1
Bacterial strains, plasmids, and primers used in this study.
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Strain, plasmid, or primer Description® or sequences (5-3")"

Sources, references or function

Bacterial strains

CZ130302 A novel variant serotype Chz of SS which caused acute meningitis in piglets Collected in our lab

P1/7 virulent strain of the SS2 Collected in our lab

HA9801 virulent strain of the SS2 Collected in our lab

7ZY05719 virulent strain of the SS2 Collected in our lab

$C070731 virulent strain of the SS2 Collected in our lab

HN105 virulent strain of the SS5 Collected in our lab

GZ0565 virulent strain of the SS9 Collected in our lab

AatlAss Deletion mutant of atlAss with CZ130302 background This study

CAatlAgs Complemented strain of atlAss with AatlAss background This study

DH5a Cloning host for maintaining the recombinant plasmids Invitrogen

BL21(DE3) Host for expressing the recombinant proteins Invitrogen

plasmids

pCold II His-tag expressing vector, Amp" Invitrogen

pCold II-AtlAgs pCold II inserted in-frame with the atlAgs gene for expressing AtlAgs, Amp" This study

Primers

atlAgs-L1 GGAAGTTGAAGCAGCTGCTAG Upstream of the fusion fragment

atlAgs-1.2 GTTTTCAGCATTATCCTTTGATTGGTTTCGGTAGTGT for AatlAss (Step 1)

sacB-1 GGATAATGCTGAAAACTCCTTG Negative selection marker

sacB-2 CACGAACACTAGTTTATTTGTTAACTGTTAATTGTCC (Step 1)

spc-1 ACTAGTGTTCGTGAATACATGTTA Spectinomycin resistance gene

spc-2 AATCTGATTACCAATTAGAATG (Step 1)

atlAss-R1 ATTGGTAATCAGATTCACAAGCAATGTCCATGTCTC Downstream of the fusion fragment for AatlAgs (Step 1)
atlAss-R2 GCATCAATCGTGACAACACTC

atlAss-LU CTATGTCAACAAAGGCGAAC Upstream of the fusion fragment

atlAss-LD GGAATAACCCTACATGTATTTGCTTCTCATTCG for AatlAss (Step 2)

atlAss-RU GCAAATACATGTAGGGTTATTCCAGATTATA Downstream of the fusion fragment for AatlAgs (Step 2)
atlAss-RD TCACCTCAATCTGACTGCGT

C-atlAgs-L1 GCCGTGTTGGAGATGCTGAGT Upstream of the fusion fragment

C-atlAgs-L2 GTTTTCAGCATTATCCTAGCCAAAAACAAGCTCACTC for CAatlAgs (Step 1)

C-atlAss-R1 ATTGGTAATCAGATTAGAATGACCAACATGCTTTCA Downstream of the fusion fragment for CAatlAss (Step 1)
C-atlAss-R2 TCAGGGAAGGATGCGTAGGGT

C-atlAss-LU TACAGTTGGATTTGGGGTCTT Upstream of the fusion fragment

C-atlAss-LD AACTCCAAATATATCTAGCCAAAAACAAGCTCACTC for CAatlAgs (Step 2)

C-atlAgs GATATATTTGGAGTTTCACT The full-length atlAss ORF for CAatlAss (Step 2)
C-atlAss AGCTCCACTAGTTCCGATAAT

C-atlAgs-RU GGAACTAGTGGAGCTCCTGCGGTCTAGTTTAGAAT Downstream of the fusion fragment for CAatlAss (Step 2)
C-atlAss-RD AGGGTTGGTCAAAATAAATGG

AtlAgs-L CgagctcAACACTACCGAAACCAATCAA Primers for construction of the

AtlAgs-D CCctcgagCTACTTAGTAAATCGATTTGT pCold II-AtlAgs

2 Amp', Ampicillin resistance.

> Underlined nucleotides denote reverse complement; Lowercase nucleotides denote restriction enzyme sites.

Table 2
Evaluation of the pathogenicity of SS strains with a mouse infection model.

Dose of challenge Number of death/total

(Intraperitoneal injection)

CZ130302 P1/7

HA9801

7ZY05719 SC070731 HN105 GZ0565

5 x 10° (CFU/mouse) 7/10 0/10

0/10

0/10 0/10 1/10 0/10

2.7. In vivo challenges of BALB/c mice

Animal experiments were conducted to detect the contribution of
atlAss gene to SS virulence. The CZ130302, AatlAss and CAatlAgs strains
were grown to exponential phase, and washed three times with PBS. In
the survival curves assay, groups of 10 mice were injected in-
traperitoneally with 3 x 107 CFU/mouse of each SS strain, and the
clinical symptoms and death of mice were monitored approximately
every 8 h for 14 days. In the LDs, assay, the SS strains were adjusted to
5 x 10° - 5 x 10® CFU/ml, with serial ten-fold dilutions. Then, BALB/c
mice were randomly divided into 3 groups, with 40 mice in each group,
and cohorts of 10 mice were intraperitoneally injected with 200 pl
bacterial suspension. The LDso result was calculated by the Reed-
Muench method.

Moreover, the bacterial dissemination assay was performed to fur-
ther evaluate the proliferation and invasion capacity of WT, AatlAss and
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CAatlAgs. Three groups each of 6 BALB/c mice were infected, by in-
traperitoneal injection, with 1.5 X 107 CFU/mouse of each SS strain.
The infected mice were anesthetized by isoflurane, and euthanized with
CO, at 12h postinfection. The brains, lungs and kidneys were then
collected for weighing and homogenization. Bacteria were identified
from blood and organ samples, by plating serial dilutions on the THB
agar plates.

2.8. Biofilm assay

Logarithmic phase cultures of WT, AatlAss and CAatlAgs strains were
diluted 100 times with A medium, and 200 pl suspension solution was
inoculated in 96-well polystyrene plates. To test the stimulation of
calcium ions to AtlAgs, A medium was supplemented with different
concentrations of CaCl, (50 uM; 100 uM; 250 uM). After 72h incuba-
tion, the free-floating bacteria and liquid medium were discarded, and
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Fig. 1. A novel autolysin protein AtlAgs was identified in Streptococcus suis. (A) Schematic representation of AtlAgs. The AtlAgs protein contains four main parts: a
signal peptide at its N-terminus, a cell wall-anchoring domain (GW) containing three tandem repeats (R1a, R1b, R1c) and a group B Streptococcus Bsp-like pep-
tidoglycan- binding domain (PBD) containing two tandem repeats (R2a, R2b) in the middle, as well as a N-acetylmuramidases domain. Dark shade and light shade
indicate identical and similar residues, respectively. (B) Phylogenetic relationships of autolysin proteins from streptococcal species. The neighbor-joining tree
(bootstrap n = 500) was constructed based on a ClustalW alignment of the autolysin proteins. The visual representation of the alignments of the autolysin genes were
determined by the Artemis comparison tool (ACT). (C) Sequence alignments of the autolysin proteins from S. mutans GS5 and SS CZ130302. Gray boxes represent the
identical residues; red boxes represent the N-acetylmuramidases domain; secondary structural elements are shown in the sequences by arrows. (D) The putative
structures of the N-acetylmuramidases domain in AtlAgs and AtlA proteins. The prediction diagrams were established by the software of SWISS-MODEL, and the
secondary structure were also indicated at the corresponding position (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article).

the wells washed three times with PBS. The plates were stained with
0.04% crystal violet for 20 min, washed thrice with PBS, and then air
dried for 1 h. Crystal violet was extracted by 200 ul 95% (v/v) ethanol,
and biofilms quantified by measuring the optical density at 595 nm
with the microplate reader (Biotek Instruments Inc). Each assay was
performed in triplicate, and wells with bacteria-free A medium served
as blank controls.

Additionally, SS strains were cultured on cover glasses placed in 12
well plates for confocal microscopic observations. Following 72h in-
cubation, the glass slides were gently washed three times with PBS to
remove free-floating bacteria, and then stained with Syto 9 green
fluorescent dye (Thermo Fisher), according to the manufacturer’s in-
structions. Finally, the three-dimensional structures of SS biofilms were
visualized on a Nikon Al plus si STROM laser scanning confocal mi-
croscope.

2.9. Adhesion assays with HBMEC cells

Adhesion assays were performed as previously reported, with some
modifications (Zhang et al., 2018). Briefly, HBMEC cells were cultured
to monolayer, about 5 X 10° cells/well. The strains in logarithmic
phase were washed 3 times with PBS, and incubated with HBMEC cells
for 2 h at a bacterium-to-cell ratio of 20:1. The HBMECs were washed 5
times with PBS, and then lysed with 900 pl sterile water and 100 pl
trypsin (0.25%). Serial dilutions of the cell lysate were plated onto THB
agar plates, and incubated overnight at 37 °C. The adhesion rate of
CZ130302 strain was set to 100%. All experiments were repeated three
times.

95

2.10. Assay for binding of SS to fibrinogen and fibronectin

The agar overlay assay evaluated SS strains binding capacity to fi-
brinogen (FG) and fibronectin (FN). The 6-well tissue culture plates
were coated with 2 ml of 100 ug/ml FG or FN for 12h at 4 °C. The WT,
AatlAss and CAatlAgs strains were grown to exponential phase, washed
thrice with PBS, and adjusted to a final concentration of about 10*
CFU/ml. The treated bacterial suspension was inoculated in the sub-
strate-coated wells, with 1.5 ml/well, and then incubated standing at
4°C for 2h. The wells were washed 5 times with PBS to remove non-
adherent bacteria, and covered THB medium containing 0.75% agar
(2 ml/well) with overnight culture. The colony number in each well
was measured, and the binding capacity of WT strain was set as 100%.
All assays were performed at least three times.

2.11. Recombinant protein binding assays by far-western blot

The binding studies were carried out to validate whether re-
combinant AtlAgs can specifically bind to the FG and FN. For this
purpose, the AtlAgs protein was separated by SDS-PAGE, and then
transferred to PVDF membranes (0.22 pm; Millipore). The membranes
were blocked with 5% (w/v) skim milk in Tris-buffered saline Tween
(TBST) at 37 °C for 2 h, and then incubated with 10 ug/ml FG or FN at
37 °C. Un-incubated protein membranes were set as the blank-control
group. Following 2 h incubation, the membranes were washed 3 times
with TBST, and incubated with goat anti-human FG antibody (Sigma)
and rabbit anti-human FN antibody (Boster) respectively, at a dilution
of 1:5000 for 2 h at 37 °C. Subsequently, the processed membranes were
stained with the HRP conjugated secondary antibodies (Boster).
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Fig. 2. AtlAgs involved in the cell autolysis and separation. (A) Autolytic activity of the WT, AatlAss and CAatlAgs strains. Cells lytic activity was monitored at ODggo.
Data are indicated as the means = SEM from three independent assays (*** P < 0.001). (B) Microscopic morphology of WT, AatlAss, CAatlAss and anti-AtlAss
antibody treated bacterial cells. Logarithmic phase bacteria were treated with Gram's method and microscopy, and the strains were imaged under the same mag-
nification scale. (C) Localization of AtlAgg on the surface of CZ130302 detected by indirect immunofluorescence assay. The intracellular nucleoid was stained with
DAPI in blue and the AtlAgg protein was detected with Alexa Fluor 488 conjugated the goat anti-rabbit IgG (H + L) in green. Red arrows mark the rallying point of
AtlAgs protein. White bars represent 10 pm. (D) Immunogold electron micrographs of the SS strain. Bacteria were treated with anti-AtlAgg serum or negative serum.
Red arrows point to the immunogold labeling of AtlAgg protein. White bars represent 500 nm (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

2.12. Statistical analyses

All experiments were performed at least 3 times. The Prism 5 soft-
ware package was used for statistical analyses. The unpaired two-tailed
Student’s ¢ test and the Log-rank (Mantel-Cox) test were used to analyze
the data. For all tests, a P value < 0.05 was considered statistically
significant.

3. Results

3.1. SS strain CZ130302 showed significantly shorter bacterial chain length
but higher virulence in mouse infection model

CZ130302, as the representative strain of serotype Chz of SS, was
isolated from an outbreak of meningitis with a high mortality rate in
piglets (Pan et al., 2015; Zhang et al., 2018). Microscopic observation
showed that the bacterial chains of CZ130302 strain only consist of
three cells on an average, and are significantly shorter than those of
other SS strains (Supplemental Fig. 1). Furthermore, CZ130302 strain
showed supervirulence in the mouse infection model. As shown in
Table 2, the mice group challenged with strain CZ130302 (7/10) had a
significantly higher mortality rate than those with other SS virulent
strains (P1/7, HA9801, ZY05719, SC070731, HN105 and GZ0565),
under the same infective dose and injection method. Therefore, further
work to explore the underlying mechanism that modulates bacterial
chain length in CZ130302 strain may contribute to a better
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understanding on its high pathogenicity in the mouse infection model.

3.2. Screening a putative PGH as a potential factor to modulate chain length
in CZ130302 strain

It is known that PGH is involved in cell wall turnover, growth and
expansion, and also contributes to daughter cell separation during di-
vision (Ju et al., 2012; Vollmer et al., 2008). We carried out a whole-
genome sequencing for the CZ130302 strain (accession numbers:
CP024974.1). Through sequence similarity analysis with other PGHs in
streptococci bacteria, we identified a putative PGH in CZ130302 strain,
named AtlAgs, which may relate to the modulation of bacterial chain
length. AtlAgs has 693 amino acids, and a predicted molecular mass of
76 kDa. As shown in Fig. 1A, four main parts were detected in the At-
1Ags protein. In addition to an N-terminal putative signal peptide, the
protein has a special cell wall-anchoring domain (GW module) con-
taining three tandem repeats (R1a, R1b, R1c) with high similarities in
sequence alignment (amino acid identity ranging from 85.7% to
97.1%). Moreover, two repeated sequences R2a and R2b shared 41%
identity with each other, and constituted the group B Streptococcus
Bsp-like peptidoglycan-binding domain.

It should be noted that the AtlAgs protein was predicted to encode
an N-acetylmuramidases (GH25 muramidase) domain in its C-terminus.
In fact, the putative and identified PG-degrading enzymes from SS could
be divided into two deep clades in the phylogenetic tree (Fig. 1B). The
AtlAgg protein and AtlA from Streptococcus mutans belong to the same
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Fig. 3. Effects of atlAss gene on the pathogenicity of SS in mouse infection model. (A, B) LDs, evaluation and survival curve of CZ130302, AatlAss and CAatlAgs in the
mouse infection model. The six-weeks-old BALB/c mice were infected with indicated SS strains at the same dose and monitored over a 14-day period. Asterisks
indicate significant differences in virulence comparing with the wild type strain (** P < 0.01). (C) Survival of the CZ130302 and mutant strains in the mice organs.
The mice infected with indicated SS strains were sacrificed and examined for bacterial loads in brain (a), lung (b), blood (c), and kidney (d) tissues at 12 h
postinfection. Asterisks indicate significant differences (** P < 0.01; *** P < 0.001).

branch, and the latter has been identified as the functional autolysin in
N-acetylmuramidases activity (Fig. 1B-D) (Shibata et al., 2005). Dif-
ferent from this branch with N-acetylmuramidases domain, all PG-de-
grading enzymes located in the first branch encode a C-terminal N-
acetylmuramyl-;-alanine amidase domain, and that one from SS2 strain
HA9801 has been identified to function autolytic activity (Ju et al.,
2012).

3.3. Identification of AtlAss as a novel autolysin to be required for
truncation of bacterial chain length

Further work constructed the atlAss deletion mutant and com-
plemented strains in CZ130302. To avoid the possibility of polar effect,
a qRT-PCR analysis was performed that detected the expression of the
flanking upstream and downstream genes, ascertaining their tran-
scriptions were not affected (Supplemental Fig. 2). In addition, the
growth kinetics of CZ130302 was also not affected by the atlAgs dele-
tion (Supplemental Fig. 3).

Homology analysis of the AtlAgs protein revealed that the amino
acid sequences shared 33.6% identity with those of the AtlA autolysin
protein, which comprised a C-terminal N-acetylmuramidases domain in
S. mutans (Fig. 1C). To verify the putative autolysis activity of AtlAgs in
CZ130302, the autolytic assay for CZ130302, AatlAss and com-
plemented strains was tested after the pretreatment using Triton X-100,
which is a nonionic detergent known to eliminate the inhibition of lipid
phosphoric acid on bacterial autolysis system (Neuhaus and Baddiley,
2003). Compared with the atlAgs deletion mutant, the CZ130302 and
CAatlAss strains exhibited an increased autolysis rate (Fig. 2A), sug-
gesting that AtlAgs appears to be a novel autolysin of SS.

To verify the potential correlation between autolytic activity and
bacterial chain length, the bacterial cells of WT, AatlAss and CAatlAss
strains were Gram-stained for microscopy. As shown in Fig. 2B, AatlAgs
strain formed significantly longer cell chains, but this change was ba-
sically restored by complementation to that of WT strain. Moreover, the
addition of purified AtlAgs truncated the long chains of the atlAgs de-
letion mutant into lengths comparable with the WT strain. Further
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incubation of CZ130302 bacterial cells with anti-AtlAgs antibody re-
sulted in significant extension of chain length to AatlAgs strain levels,
suggesting AtlAgs is responsible for this phenotypic change. The novel
autolysin AtlAgs thus plays an important role in modulating bacterial
chain length.

3.4. Subcellular localization of AtlAss in division septum for bacterial
separation

The AtlAgs protein possesses a ‘GW module’ at the N-terminus,
which is thought to have a general cell wall-anchoring function
(Milohanic et al., 2001). Indirect immunofluorescence analysis detected
AtlAgs on the surface of WT strain CZ130302, especially at the division
septum location, while fluorescence was not noticed in the AatlAgs
mutant (Fig. 2C). Furthermore, immunogold electron microscopy also
confirmed that the labeled AtlAgs concentrated mainly on the septum
space (Fig. 2D), which suggests the close relationship between AtlAgg
autolysin and bacterial cell division. In fact, it is reasonable to speculate
that the subcellular localization of the AtlAgg in the equatorial surface
ring somewhat effects cell wall hydrolysis during cell division, which
significantly modulates bacterial cell separation, and thus determines
chain length.

3.5. AtlAg;s is required for the full virulence of SS strain CZ130302

Many studies have reported that autolysins play a key role in the
pathogenic process of Streptococcus species (Ju et al., 2012; Martner
et al., 2008). Hence, we investigated the roles of atlAss gene in SS in-
fection, and scrutinized the LDsq evaluation and survivorship curve in
the mouse infection model. The LDsq values for CZ130302, AatlAgs and
CAatlAss were 2.89 x 10° 1.13 x 107, and 3.03 x 10° CFU/mouse,
respectively (Fig. 3A). As Fig. 3B shows, we also found that mice groups
challenged with the WT and CAatlAgs strains developed severe clinical
signs at 12 h postinfection, and died within almost 5 days; whereas the
morbidity and mortality levels in the AatlAgs challenged group were
substantially reduced, with a 40% survival rate. In addition, to better
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understand AtlAgs involvement in systemic infection, we also per-
formed the organ-wide bacterial burden assay in infected mice. As
shown in Fig. 3C, the bacterial loads in the blood, brains, kidneys and
lungs of the mice challenged with AatlAgs strain were all significantly
reduced, versus the WT or CAatlAgs strains. Taken together, our data
suggests that AtlAgs does contribute to CZ130302 virulence.

3.6. AtlAss mediates biofilm formation in SS

Bacterial biofilm is thought to be conducive to bacterial resistance
of host immune defense and antimicrobial compounds (Jung et al.,
2017). The stabilization of bacterial biofilm requires polymers, such as
extracellular DNA or glycoproteins, which are the typical products of
bacterial lysis (Flemming et al., 2007; Jung et al., 2017). The AtlAgs
protein could trigger bacterial cells autolysis, and thus may be involved
in SS biofilm formation. To evaluate this potential function of AtlAgs,
CZ130302 and AatlAgs strains were cultivated on 96-well polystyrene
plates, and then assayed with the crystal violet stain. As expected, the
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deletion of atlAgs caused a significant 40% biofilm reduction, compared
to the parental strain CZ130302 (P < 0.01) (Fig. 4A). Besides, biofilms
formed by those strains also were stained with Syto-9 fluorescent dye,
and visualized through laser scanning confocal microscopy. Three-di-
mensional images of AatlAgs strains exhibited poor biofilm formation
(Fig. 4B), which is consistent with the results from the crystal violet
staining. In S. mutans, calcium was the only common human plasma
metal ion that enhanced AtlA maturation, increasing biofilm formation
(Jung et al., 2017). To test whether this calcium-ion-stimulated AtlAgg
maturation was required for biofilm formation in SS strain CZ130302 as
well, we evaluated bacterial biofilms grown in 96-well plates supple-
mented with or without calcium ions. In our research, the enhancing
effect of calcium ions was observed in the WT and CAatlAg;s strains, but
not in the AatlAgs strain (Fig. 4C), suggesting the autolytic activity of
AtlAss modulated by its maturation was really involved in the SS bio-
film formation.

3.7. The specific interaction between AtlAss and host FG/FN facilitates
bacterial adhesion to endothelial cells

There is no doubt that all functional autolysins are bacterial surface
proteins, and our indirect immunofluorescence analysis had already
confirmed the cell surface and division septum locations of AtlAgg
(Fig. 2C-D). In fact, bacterial surface proteins are often involved in
direct interaction with host cells, aiding bacterial colonization and in-
fection (Li et al., 2015; Zhang et al., 2018). The AtlAgs protein was
tested for HBMECs binding, with adhesion and indirect immuno-
fluorescence assays. As shown in Fig. 5A, the adherence of the AatlAss
mutant was significantly reduced in the HBMECs versus the WT or
CAatlAgs strains (P < 0.01). Moreover, obvious green signals were
detected in the surface of HBMECs incubated with the recombinant
AtlAgg protein, while nothing significant emerged from the negative
control (Fig. 5B). These results suggest that the AtlAgs protein may
directly interact with some surface factors of host cells.

Host matrix proteins such as FG and FN can serve as the mediators
between bacteria and host cells during adhesion (Li et al., 2015). Our
study examined the binding of recombinant AtlAgs to the host compo-
nents. It was observed from these binding assays that the AatlAss mu-
tant displayed significantly attenuated binding with FG and FN, versus
the WT or complemented strains (P < 0.001) (Fig. 5C). This direct
binding between AtlAgs protein and FG or FN was further confirmed by
the Far-Western blotting assay. These results suggest that the AtlAgg
protein located on the cell surface of the CZ130302 strain could directly
interact with FG and FN of host cells (Fig. 5D), and thus may contribute
to bacterial adhesion.

4. Discussion

SS is considered to be an important zoonotic pathogen that causes
economic and public health problems globally (Goyette-Desjardins
et al., 2014; Huang et al., 2019). Raising awareness and understanding
of the pathogenesis in SS will help to control and prevent diseases
connected to it. Autolytic associated proteins are reportedly involved in
many significant physiological activities (Atilano et al., 2014; Jung
et al., 2017; Wydau-Dematteis et al., 2018). In the present study, we
characterized a novel SS surface protein (AtlAgs) with autolytic activity,
which contributes to bacterial separation and full virulence in SS in-
fection.

Previous studies have shown that the repetitive GW domains of
autolysins were essential for catalytic targeting of the septum location
or equatorial surface ring, consequently allowing for localized pepti-
doglycan hydrolysis (Bublitz et al., 2009; Milohanic et al., 2001). In
AtlAss, three tandem repeats comprise the GW domain, suggesting they
drive similar functions. Indeed, our results confirm that AtlAgg is mainly
located in the cell division septum (Fig. 2C-D). Besides, a conserved N-
acetylmuramidases domain was also detected in C-terminus of AtlAgs,
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Fig. 5. AtlAgs promotes adherence to host cells
and interacts specifically with host proteins FG
and FN. (A) Contribution of AtlAgs to the ad-
hesion to HBMEC cells. The adhesion rate of
WT group was designed as 100% arbitrarily.
The data showed means with standard devia-
tions for the results from three independent
experiments carried out in triplicate. Two-
tailed unpaired t tests were used for statistical
analysis (** P < 0.01). (B) Adherence of AtlAgs
to HBMEC cells detected by the immuno-
fluorescence assay. HBMEC cells were in-
cubated with recombinant protein AtlAgs,
while the samples without the His tag mono-
clonal antibody were set as the blank control.
The intracellular nucleoid was stained with
DAPI in blue and the AtlAgs protein was de-
tected with FITC conjugated the goat anti-
mouse IgG (H + L) in green. Green bars re-
present 100pum. (C) Binding of CZ130302,
AatlAgs and CAatlAgs to the fibrinogen and fi-
bronectin. The 12-well plates were coated with
FG or FN, then incubated with the SS strains.
The number of bacteria on each plate was
measured. Shown are means = SEM from
three independent experiments (*** P <

0.001). (D) Assessment of the binding of AtlAgg
to fibrinogen and fibronectin by Far-western
blotting. Recombinant protein AtlAgs was se-
parated by the SDS-PAGE and then transferred

HP07325

Control

onto PVDF membranes. The membranes were incubated with human FG or FN, then detected by primary antibodies and corresponding secondary antibodies. Un-
incubated FG/FN membranes were performed as negative control (line3; line6) (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

which is generally considered as a catalytically active domain that
hydrolyzes the peptidoglycan cell wall (Shibata et al., 2005; Stojkovic
and Rothman-Denes, 2007). These observations strongly urge us to
further verify that AtlAgs really could mediate the peptidoglycan hy-
drolysis in the primary septum of cell division and separation (Fig. 2B).
However, the aimless or excessive hydrolysis of peptidoglycan, induced
by specific conditions, can cause bacterial suicide, as seen with the
Triton X-100 induced autolysis in the CZ130302 strain. Thus, fine-
tuning the activity of PGH is essential to the survival of bacteria (Jung
et al., 2017; Vollmer et al., 2008). In Streptococcus mutans, the VicK
sensor was found to be responsible for calcium ion sensing, and in-
duction of AtlA maturation (Jung et al., 2017). ComE and CiaR also
have been demonstrated to be involved in the expression of the LytA
activity on the pneumococcal surface (Pinas et al., 2008). In addition,
the secondary cell wall polymers, such as polysaccharides and teichoic
acids, were also proven to modulate autolytic activity by shielding
peptidoglycan (Hanson and Neely, 2012). However, the underlying
regulation of AtlAss function is relatively unknown, and should be
further explored.

It is well known that the deficiency of cell separation will cause a
significantly long chain length in Streptococcus, which visibly benefits
the bacterial adhesion to host cells (Rodriguez et al., 2012; Tan et al.,
2017). However, the atlAss deletion mutant, with a longer chain,
showed a significant decrease in cell adhesion, hinting at possible At-
1Ags activity during this process. Indeed, AtlAgs is exposed on the bac-
terial surface (Fig. 2C), a condition essential to its host cell adhesion
functionality. Asano et al. verified that the autolysin Ami can exploit
interaction of repetitive GW domains with glycosaminoglycans, thus
promoting the adhesion of L. monocytogenes to mouse hepatocytes
(Asano et al., 2012). Autolysin Aas of Staphylococcus saprophyticus has a
strong fibronectin-binding activity (Mortimer et al., 2017), while AtIE
of Staphylococcus epidermidis could bind vitronectin (Heilmann et al.,
1997). Our study also establishes the role of AtlAgs in SS adhesion,
which is consistent with the above research, thus confirming that AtlAgg
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facilitates adhesive fibrinogen/fibronectin-binding activity (Fig. 5C-D).
Similarly, Milohanic et al. proposed that the repetitive GW domains
among the various autolysin molecules are not conserved, thus ac-
cepting different cell surface receptors (Milohanic et al., 2001), which
may enable bacterial pathogens to colonize particular ecological niches.

Compared with the wild-type strain, atlAgs mutant displayed a
weaker virulence (Fig. 3). The role of AtlAgg in biofilm formation and
host cell adhesion is probably an important element during infection.
The continuous remodeling of cell wall in Gram-positive bacteria is also
important for the release and presence of factors reported to affect
bacterial virulence (Bublitz et al., 2009; Johnson et al., 2013). In
Clostridium difficile, the novel peptidoglycan hydrolase Cwpl9 is re-
quired for the release of clostridial glucosylating toxins (TcdA and
TcdB), to contribute to bacterial virulence (Wydau-Dematteis et al.,
2018). Moreover, the major autolysin LytA of S. pneumonia could cause
dramatic autolysis, resulting in pneumolysin release, which is toxic to a
series of host cells, and also modulates inflammatory reaction (Martner
et al., 2008). Hence, it is worth investigating whether the autolysin
AtlAgs mediates the release of intracellular components, or suilysin,
which contribute to SS virulence.

To summarize this, we screened a putative SS autolysin, AtlAgs,
through genomic retrieval and sequence alignment. AtlAgs was con-
firmed to be involved in the daughter cell division, bacterial chain
length, autolysis, cell adhesion, biofilm formation and pathogenicity.
These results will provide interesting insights into SS pathogenesis.
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