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Abstract

S. suis serovar 2 competence.

Streptococcus suis (S. suis) is an important zoonotic pathogen that causes septicaemia, meningitis and streptococ-

cal toxic shock-like syndrome in its host, and recent studies have shown that S. suis could be competent for natural
genetic transformation. Transformation is an important mechanism for the horizontal transfer of DNA, but some ele-
ments that affect the transformation process need to be further explored. Upon entering the competent state, Strep-
tococcus species stimulate the transcription of competence-related genes that are responsible for exogenous DNA
binding, uptake and processing. In this study, we performed conserved promoter motif and gRT-PCR analyses and
identified CrfP as a novel murein hydrolase that is widespread in S. suis and stimulated with a peptide pheromone in
the competent state through a process controlled by ComX. A bioinformatics analysis revealed that CrfP consists of a
CHAP hydrolase domain and two bacterial Src homology 3-binding (SH3b) domains. Further characterization showed
that CrfP could be exported to extracellular bacterial cells and lytic S. suis strains of different serotypes, and this
finding was verified by TEM and a turbidity assay. To investigate the potential effect of CrfP in vivo, a gene-deletion
mutant (AcrfP) was constructed. Instead of stopping the natural transformation process, the inactivation of CrfP clearly
reduced the effective transformation rate. Overall, these findings provide evidence showing that CrfP is important for
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Introduction

Streptococcus suis (S. suis) is a gram-positive patho-
gen responsible for severe economic losses in the global
swine industry [1]. In addition, S. suis is an important
zoonotic bacterium that has caused two outbreaks
among humans in China [2]. S. suis can cause septicae-
mia, arthritis and meningitis in both swine and humans,
and over 1600 cases associated with human infection
have been reported worldwide. Based on capsular poly-
saccharides, 33 reference cps loci (cps 1-31 and 33 and
¢ps 1/2) and 27 novel cps loci (including NCL1-26 and
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Chz) have been identified for S. suis strains (with differ-
ent serotypes and genotypes) to date [3-5]. Moreover,
horizontal gene transfer mechanisms have resulted in the
diversity of the complex genomes of S. suis by promoting
bacterial evolution through the acquisition of virulence
factors and/or antibiotic resistance genes [6].
Streptococcus species with the ability to take up naked
DNA from the environment and incorporate it into
their genomes by homologous recombination are con-
sidered competent for natural genetic transformation
[7, 8]. This ability has resulted in a variety of genomes
and adaptations to diverse environmental conditions.
Gene exchange by natural transformation gives strep-
tococci access to a large gene pool that is shared with
other closely related commensal streptococci [9]. Con-
sequently, some genes present in the common gene pool
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confer a selective advantage under certain conditions of
stress, such as antibiotic stress, resulting in a rapid spread
of these functional genes among the bacteria. In Strepto-
coccus pneumoniae, the murein hydrolases CbpD, LytA
and LytC function as weapons that lyse and kill noncom-
petent cells and related streptococci via a process called
fratricide [10]. In particular, CbpD is controlled by the
mechanism of natural transformation. CbpD mainly con-
sists of an N-terminal CHAP (cysteine, histidine-depend-
ent aminohydrolase/peptidase) domain followed by two
bacterial SH3 (Src homology 3-binding, SH3b) domains
[11]. The CHAP domain is homologous to the corre-
sponding domain of a number of cell wall hydrolases and
functions as either an amidase that disrupts the N-acetyl-
muramyl-L. Ala bond or an endopeptidase that cleaves
peptide bonds within the stem peptides of bacterial pep-
tidoglycan [12, 13], whereas some evidence suggests that
SH3 domains in bacteria are available for cell wall recog-
nition and binding [11]. Because the DNA released from
lysed cells can be taken up by competent attacker cells,
the rate of gene transfer is greatly increased.

Although many streptococcal species possess genes
encoding CbpD-like proteins, homologues of chpD genes
have not been found in S. suis and other streptococci,
such as S. gordonii, S. sanguinis, and S. mutans [11, 14].
The fratricide mechanism is regulated by natural trans-
formation, which suggests the presence of a functional
interaction between these two systems. We thus ques-
tioned whether S. suis harbours the cbpD-like gene that
evolved to facilitate the acquisition of homologous donor
DNA and contributes to natural transformation. In S.
suis, natural transformation is regulated by the ComRS
system, which differs from the two-component signal-
ling systems (TCSs) in S. pneumoniae [15]. When S.
suis grows under conditions that allow competence, it
secretes a peptide pheromone that binds to the ComR
regulator and activates the alternative factor ComX. This
alternative sigma factor ComX interacts with the RNA
polymerase to initiate the transcription of transformas-
omes by binding to a conserved DNA motif. As a result,
ComX-binding motifs are always present in the promoter
regions of these genes.

In the current study, we searched the genomes of S.
suis for possible chpD-like genes or substitutes based on
the characteristics of CbpD. A novel murein hydrolase
termed CrfP was identified in S. suis strains of different
serotypes, the transcription of CrfP is upregulated under
XIP stimulation, and this protein serves as a homologue
of CbpD. We investigated the roles and relative contribu-
tions of CrfP to fratricide in planktonic cultures of S. suis.
Cellular localization studies demonstrated that the SH3b
domains of CrfP bind specifically to peptidoglycan, and
the CHAP domains act as endopeptidases or amidases.
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These findings provide valuable insights into the natural
transformation.

Materials and methods
Bacterial strains, plasmids, and culture conditions
The virulent S. suis serovar 2 strain ZY05719 (belong-
ing to ST7, as determined through a MLST analysis;
GenBank accession NZ_CP007497.1) was isolated from
pigs that died from acute septicaemia in Sichuan, China
[16]. The strain was cultivated in Todd—Hewitt broth
(THB; Becton—Dickinson, New Jersey, USA) at 37 °C in
an atmosphere with 5% CO, and plated on Todd—Hewitt
agar (THA) with 5% sheep blood. The cells were har-
vested at the mid-exponential growth phase (ODg,, of
approximately 0.6). Escherichia coli MC1061, DH5a and
BL21 (DE3) cells were cultured in Luria—Bertani (LB)
medium (Becton Dickinson, New Jersey, USA) at 37 °C.
If needed, various antibiotics were added to the medium
at the following concentrations: 50 pg/mL spectinomy-
cin (Spc®) and 50 pg/mL kanamycin (Kan®) for E. coli
and 100 pg/mL spectinomycin for S. suis. The Strepto-
coccus plasmid pSET-2::spa was used in this experiment.
This plasmid was extracted using the Takara Plasmid
Purification Kit (TaKaRa, Dalian, China). Total genomic
DNA was extracted using an Omega Bacterial DNA Kit
(Omega, Beijing, China) according to the manufacturer’s
instructions. The secondary antibodies were purchased
from Beyotime, Shanghai, China.

All bacterial strains and plasmids used in this study are
listed in Additional file 1.

Bioinformatics identification of the candidate hydrolase

Protein sequences of Streptococcus ComX-controlled
murein hydrolases from different species were retrieved
from the National Center for Biotechnology Informa-
tion (NCBI) database, and the corresponding gene
products have the locus tags listed in Additional file 2.
Functional predictions of these genes were performed
using HHpred and Phyre2 [17, 18]. The BLAST program
(available from the NCBI website) was used to identify
homologs of fratricide-related proteins in S. suis based
on their highly conserved N-terminal CHAP domains,
and candidate target genes were screened by qRT-PCR.
Phylogenetic analyses were performed following the pro-
cedures outlined by Bingle et al. [19]. A ClustalW align-
ment was performed using the amino acid sequences
of CbpD-like proteins from different Streptococcus spp.
Thus, a phylogenetic tree of CbpD-like proteins in vari-
ous Streptococcus strains was performed using MEGA
(v5.0.3), the neighbour-joining method with Poisson cor-
rection and 1000 bootstrap replicates. In addition, the
target protein CrfP in different serotype strains of S. suis
was subjected to comparative analysis with DNAMAN.
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The three-dimensional structures of CrfP were predicted
using the SWISS-MODEL online server [20, 21].

Determination of the transcription levels of the candidate
hydrolase

Competence was induced as previously described [22,
23]. Briefly, S. suis ZY05719, AcomR and AcomX were
grown until an OD, of 0.045 was reached. Ten millili-
tres of culture was collected, and donor DNA (pSET-2,
2 pug) was added to the bacteria along with synthetic XIP
(GNWGTWVEE) at a final concentration of 250 uM. The
induced cultures were collected 20 min after the addition
of XIP. Ten millilitres of uninduced cultures were col-
lected at the same time. The samples were centrifuged for
2 min at 12 000 x g, and RNA from the S. suis strains was
extracted using TRIzol (TaKaRa) according to the manu-
facturer’s instructions.

After extraction as described above, total RNA was
reverse transcribed using the HiScript II First-Strand
c¢DNA Synthesis Kit (Vazyme) following the recom-
mended protocol. The QuantStudio 6 Flex Real-Time
PCR System (Thermo Fisher Scientific) and ChamQ"™
Universal SYBR qPCR Master Mix (Vazyme) were used
according to the manufacturers’ instructions. qRT-PCR
was performed to compare the RNA transcription lev-
els between the induced and uninduced bacterial cul-
tures. The sequences of the primers used for qRT-PCR
are shown in Additional file 3, and the housekeeping
gene parC was used as a control [24]. The procedure was
repeated three times for each sample. The relative fold
changes in expression were calculated using the 272A¢T
method [24].

Expression and purification of the candidate hydrolase
Routine DNA manipulation, including mainly amplifica-
tion and ligation, was performed as previously described
[25]. The restriction and ligation enzymes were pur-
chased from Takara. DNA sequencing was performed by
GenScript Biotechnology Co., Ltd.

We constructed the main CrfP, CHAP domain and
GFP-SH3b fusion protein with the pET-28a vector. The
sequences for ¢rfP and the two domains were amplified
using ZY05719 DNA as a template. The gene encoding
GEFP was then amplified by PCR from pKSM410.

The SH3b and GFP PCR products were fused together
by overlap-extension PCR. The expression vector pET-
28a was digested with Ncol and Xhol and ligated with
the PCR fragments by homologous recombination. The
resulting recombinant vector was submitted for sequenc-
ing. The other shuttle vector pSET-2-crfP-spa was con-
structed using the same method.
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Knockout of the hydrolase gene crfP
To investigate the contribution of the crfP gene in S. suis,
AcrfP was obtained using the novel natural DNA trans-
formation method [23, 26]. Here, this mutant strain was
constructed by two steps of natural transformation. First,
the up/downstream homologous fragments were ampli-
fied by PCR with the primers crfP1/crfP2 and crfP3/
crfP4, respectively. The sacB-spc cassette was used for
resistance selection, and sucrose was used for negative
selection. The DNA products were mixed with the pep-
tide, and bacteria that grew on Spc THB-agar medium
were used as the target gene-knockout strain. Second,
the homologous fusion fragment, without any marker
or amplification, was re-transferred to the protopositive
mutant. The AcrfP mutant was screened on THB-agar
medium containing 10% (w/v) sucrose. The other mutant
strains, namely, AcomR and AcomX, were constructed
using the same procedure.

All primers used in this study are listed in Additional
file 3.

Western blotting

Strain ZY05719 with pSET-2-crfP-spa was grown to the
mid-log phase, and the cultures were then centrifuged at
4 °C. The supernatant and bacterial pellet were collected.
The supernatant was filtered (0.22 pum) to remove resid-
ual bacteria. Trichloroacetic acid was added to the fil-
trate to a final concentration of 15%, and the solution was
incubated on ice for approximately 30 min. After cen-
trifugation, the pellet was washed twice with prechilled
acetone and then air dried.

The bacterial pellet was washed twice with PBS and
resuspended in 1x SDS-PAGE sample loading buffer
(as the whole-cell proteins). The secreted proteins and
whole-cell proteins from the above-mentioned samples
were used for Western blot analysis. The proteins were
separated by SDS-PAGE, transferred to nitrocellulose
membranes, probed with antibodies against FLAG, and
detected by HRP-conjugated IgG anti-rabbit antibody
(Beyotime). GroEL was used as a loading control. The
Tanon"" High-sig ECL Western blotting Kit (Tanon) was
used for signal detection. The image was obtained with a
Tanon 5100 apparatus (Tanon).

TEM and immunofluorescence microscopy

The colony morphology was analysed by TEM. Briefly,
bacteria growing to the mid-exponential phase were
resuspended in PBS, and the suspension was incu-
bated with CrfP for 15 min and 30 min. The specimens
were then harvested by centrifugation and fixed in 2.5%
glutaraldehyde for more than 24 h. The samples were
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dehydrated in propylene oxide for 10 min, embedded in
epoxy resin, and examined using a Hitachi H-7650 system
(Hitachi) according to the manufacturer’s instructions.

CrfP-GFP or SH3b-GFP was incubated with S. suis for
60 min, and the pellet from 1 mL of culture was washed
once in PBS. Five microlitres of this suspension was
transferred to a glass slide for drying, and 4/,6-diamidino-
2-phenylindole (DAPI) was used to stain the cells. After
a coverslip was positioned over the sample, the slide was
visualized and imaged with a laser-scanning confocal
microscope (Nikon Instruments, Inc., Leica Sp5 AOBS
confocal system).

Determination of the lytic spectrum of the candidate
hydrolase

The lytic specificity of CrfP was detected by a turbidity
assay [27, 28]. Selected bacterial strains (Additional file 1)
were grown to an ODg, of 0.8, washed with PBS and
adjusted to an ODg, of 1. Subsequently, 20 pg of protein
was added in each test, and PBS was used as a negative
control. Each culture was incubated at 37 °C for 15 min,
and the turbidity at ODg,, was measured. The percent
reduction in turbidity was calculated according to the
readings.

Natural transformation test

The natural transformation protocols for S. suis were
described in detail in a previous report. The main process
was as follows. S. suis strains were grown in THB broth
at 37 °C in an atmosphere with 5% CO, until the OD at
600 nm reached approximately 0.04—0.06. Subsequently,
100 pL of the S. suis culture was mixed with 5 uL of pep-
tide pheromone along with the DNA products (the shut-
tle vector pSET-2 was used as the template in the test).
After 2 h of incubation, the samples were diluted tenfold
and plated on THB agar plates with spectinomycin. Dif-
ferent selection conditions were prepared. The positive
colonies were then observed on the selection plates, and
the frequency was calculated to enumerate the colony-
forming units (CFUs) [23].

Growth curves and biofilm assay

To assess the influence of the target genes on the
growth rate of S. suis, the growth kinetics of ZY05719
and mutant strains were determined. Briefly, the bacte-
ria were cultivated in THB medium at 37 °C with shak-
ing until an ODg, of approximately 0.6 was reached, the
medium was replaced with fresh medium, and the optical
density of each culture was monitored at 1-h intervals by
spectrophotometry. The same logarithmic-phase cultures
of the strains were diluted to an ODy, of approximately
0.2, and 200 pL of the suspension solution was inoculated
in 96-well polystyrene plates. Human plasma fibrinogen
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(2.5 mg/mL) was mixed with the bacterial culture prior
to their transfer to plates because S. suis serotype 2 bio-
film formation requires the presence of fibrinogen as
previously reported [29]. After incubation for 24 h, the
plates were washed with PBS to remove planktonic bac-
teria. Methyl alcohol was added to fix the bacterial cells,
and the cells were then washed three times with PBS.
Finally, the biofilm was stained with 0.1% crystal violet,
and the crystal violet was dissolved with 95% ethyl alco-
hol. The OD;qy; values were then detected with a micro-
plate reader [30].

Statistical analysis

The data from all the experiments were plotted using
GraphPad Prism (v.5) software for statistical analyses.
The data are presented as the mean values = standard
errors of the means (SEMs). Unpaired two-tailed Stu-
dent’s ¢ test and nonparametric Mann—Whitney U test
were used. A P value of <0.05 was considered significant.

Results

CHAP domain-containing genes are significantly
upregulated in response to competence induction

Studies have revealed that the fratricide-related pro-
tein CbpD in streptococci is synthesized when the cells
enter a competent state, as observed in S. pneumoniae,
S. thermophilus and S. mitis [31]. We then questioned
whether S. suis produces the CbpD-like protein or har-
bours an alternative murein hydrolase that performs a
similar function. It is well known that the CHAP domain
is an important element for the lytic activity of the CbpD
enzyme. We then searched the genome of the S. suis
serotype 2 strain ZY05719 by BLASTP using the CHAP
domain and identified four putative proteins, namely,
7ZY05719_00195, ZY05719_04700, ZY05719_09810 and
7ZY05719_10070, as potential target fratricide-related
proteins.

To determine whether these genes were regulated
under peptide pheromone stimulation in the competence
system, quantitative real-time PCR was performed. As
shown in Figure 1, the expression of the ZY05719_04700
and ZY05719_10070 genes was upregulated by more
than tenfold, and that of ZY05719_10070 was upregu-
lated by more than 600-fold, which suggested that
both ZY05719_04700 and ZY05719_10070 might be
involved in competence. However, ZY05719_00195 and
ZY05719_09810 did not respond to the inducing peptide.
Additionally, the results showed that ZY05719_04700
is located in a pathogenicity island (PAI) designated
89 K, which is specific for epidemic isolates from Chi-
nese outbreaks but not for other clinical isolates such as
P1/7 or CZ130302. Therefore, this result suggests that
ZY05719_10070 is a possible candidate hydrolase related
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to competence, and this protein was thus selected for fur-
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Figure 2 Structural analysis of CrfP homologous proteins in Streptococcus. A Promoter motif (CIN box) of natural transformation-related core
genes regulated by ComX. B Conserved motif in the crfP gene promoter. C A gRT-PCR analysis showed that crfP was influenced by ComR and ComX
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As demonstrated by sequence analysis, ZY05719_10070
encodes a 30-kD protein consisting of an N-terminal
CHAP domain and two C-terminal SH3b domains.
Indeed, a signal peptide sequence in the N terminus of
this protein was predicted using SignalP server 5.0 soft-
ware (Additional file 4A). The signal peptide usually
suggests the regulation of the transmembrane secre-
tion of extracellular proteins, which indicate the protein
encoded by ZY05719_10070 could be secreted into envi-
ronment. The CHAP domain is widely found in the Tryp-
anosomidae family of bacteria, archaea and phages and
has been proposed to function as a peptidoglycan hydro-
lase [13]. By screening proteins that were highly homolo-
gous to CbpD or CbpD-like proteins, we found that the
integration of this structure was similar or equal to that
of the homologues in S. pneumoniae, S. oralis, and S. equi
subsp. In addition, a choline-binding domain was found
in the C terminus of the S. pneumoniae protein. Although
the choline-binding domain was absent in the proteins in
S. equi subsp., S. pyogenes and S. suis, the S. oralis protein
harboured an unknown domain. In S. suis, the protein
encoded by the gene ZY05719_10070 was redesignated
CrfP (ComX-related fratricide protein, CrfP) due to the
absence of a choline-binding domain (Figure 2D).

Moreover, a phylogenetic analysis based on amino
acids distributed these proteins into three branches and
showed that these homologous proteins from diverse
species likely originated from the same ancestor. The
homologues from S. suis strains with different serotypes
belong to the same group, and those from S. pneumoniae,
S. oralis and S. mitis constitute the second group, whereas
the proteins in S. equi. subsp., S. pyogenes, S. salivarius
and S. thermophilus are far from the two above-men-
tioned groups, which is consistent with the results from
the domain structure analysis. The results also showed
that the homologues from S. suis are strongly conserved,
regardless of the complex serotypes or genotypes, such as
the novel serotype strains CZ130302 and AH681 (Addi-
tional file 5).

Complex domains of CrfP responsible for different roles
in the lytic process
To determine the specific roles of CrfP in vitro, the main
protein was expressed in host E. coli BL21 with the pET-
28a vector as a C-terminally His6-tagged protein. The
protein was purified by Ni+ affinity chromatography and
then identified by Coomassie blue staining and West-
ern blotting with a monoclonal His tag antibody, which
showed a recombinant protein with a molecular mass
that was consistent with the predicted size of approxi-
mately 35 kD (Additional file 5).

Furthermore, we explored the hydrolytic activity of
CrfP through a turbidity assay. The results showed that
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the decrease in the turbidity of S. suis ZY05719 cells was
obvious after coincubation with different concentrations
of CrfP. The lytic activity of 20 pg/mL CrfP was similar to
that of 40 ug/mL CrfP; therefore, we selected 20 pg/mL
as the working concentration of CrfP for the subsequent
experiments. In general, the turbidity decreased sharply
within the first 15 min (Figure 3A). As expected, after 1 h
of coincubation with CrfP, the ODy, of S. suis decreased
from 1 to approximately 0.1-0.2, and the live bacterial
cell count decreased more than 90% (Figure 3C). Fur-
thermore, the changes in the shape of the bacterial cells
were investigated by TEM. As depicted in Figure 4, the
structure of S. suis ZY05719 retained a short-chain form
in PBS without CrfP at 15 min and 30 min, whereas
rupture of the cell wall due to the lytic activity of CrfP
in PBS resulted in partial or total loss of the cytoplas-
mic contents and formation of a cell ghost. CHAP and
SH3b proteins were produced to determine the individ-
ual effects of each domain. However, the same turbidity
assay showed that the CHAP domain alone could not lyse
S. suis cells even at higher concentrations (Figure 3B).
Based on the available evidence regarding the recogni-
tion of peptidoglycan by bacterial SH3b, it is reason-
able to assume that the CHAP domain plays a lytic role
through assistance by the SH3b domain to capture target
cells. Thus, we verified the potential correlation between
SH3b and the bacterial cell wall. The SH3b recombinant
protein fused with a GFP marker at the C terminus was
simply purified with a His tag. Fluorescence micrographs
revealed green fluorescence around S. suis cells after
coincubation with the recombinant protein, which con-
firmed that this fusion protein could bind directly to the
cell surface. As a negative control, GFP did not bind to
S. suis (Figure 3D). Altogether, these results demonstrate
that the CHAP domain could induce the lysis of target
cells and that this effect is accompanied by the binding of
the SH3b domain to the cell wall surface of S. suis.

Subcellular localization of CrfP

The present results revealed that CrfP could attach to
and attack the S. suis cell wall. It was thus reasonable to
speculate that this protein should be secreted outside
the bacterial cell to facilitate contact with the cell sur-
face. The crfP gene was cloned into a shuttle vector fused
with an SPA tag (3x flag) and transferred into ZY05719
to overexpress the CrfP protein. A Western blot analy-
sis was performed to investigate whether CrfP would be
secreted into the bacterial culture supernatant, and this
analysis was performed with a FLAG-tagged antibody
against SPA. Notably, our data showed that CrfP was
captured from both the secreted proteins and the total
S. suis proteins and was detected as a predicted band of
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Figure 3 Analysis of the role of CrfP in the lytic process. A Decreases in the turbidity of S. suis serovar 2 ZY05719 treated with different doses of
CrfP were observed at five time points: 15 min, 30 min, 45 min, 60 min and 75 min. CrfP was used, and the turbidity showed a sharp decrease within
15 min. After incubation for 60 min, the lytic activity of 20 ug/mL CrfP was very close to that of 40 ug/mL CrfP; therefore, we selected 20 ug/mL as
the optimal final concentration of CrfP. B Only the CHAP domain-containing protein was added to bacteria, but no lytic ability was observed within
the incubation period. C ZY05719 cells were treated with CrfP (20 pg) for 1 h, and the live bacterial counts were determined. D Binding of purified
exogenous SH3b—GFP fusion protein to the surface of S. suis cells. Fluorescence micrograph showing S. suis cells stained with the DNA-specific
fluorescent probe DAPI (blue) and the fusion protein (green). GFP protein was used as the control. The white bars represent 10 um.
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Figure 4 TEM assay of CrfP lytic S. suis serovar 2 ZY05719 cells. A ZY05719 diluted with PBS at the beginning of the experiment. B ZY05719
incubated with CrfP for 15 min. The cytoplasm of ZY05719 spilled over from the hole. C Cell wall degradation after incubation with CrfP for 30 min.
The extrusion and loss of cytoplasmic contents were observed, and these effects only a cell wall ‘ghost”. D, E ZY05719 with no CrfP served as a
negative control.
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Figure 5 CrfP could be secreted from the cell. A Construction of the vector pSET-2-crfP-spa. B Western blot analysis of CrfP. Total cell proteins
and secreted proteins extracted from strain ZY05719 with pSET-2-crfP-spa were probed with anti-FLAG serum and anti-GroEL serum. Only CrfP was
present in the secreted proteins, but both GroEL and CrfP were present in the total cell proteins.

approximately 35 kD. As a control, the cytoplasmic pro-
tein GroEL could not be detected in the supernatant
sample but was present in the total cellular proteins (Fig-
ure 5). This observation confirmed that CrfP is a compo-
nent of the secreted proteins.

CrfP displayed a narrow lytic spectrum for only S. suis

in vitro

Although CrfP has been confirmed to be a murein
hydrolase in S. suis serovar 2, whether CrfP could lyse
strains of different species due to the widespread dis-
tribution of fratricide-related homologous proteins
among diverse streptococci remains unclear. To gain
insight into the specificity of CrfP, lytic spectrum anal-
yses of 28 strains of different species were performed
for further verification. The different bacteria were sus-
pended in PBS to a final ODy, of 1.0, and the decrease
in the ODg, within 1 h was determined to estimate the
activation of CrfP. The results showed that CrfP could
strongly lyse all the tested S. suis strains (including
different serotypes), as demonstrated by a decrease in
the turbidity to 0.1-0.2, but the ODy, values for other
tested species of bacteria, such as S. agalactiae, S. equi.
subsp., S. aureus and E. coli, did not exhibit significant
decreases, which suggests that CrfP has a narrow mura-
lytic spectrum (Figure 6).

Contribution of CrfP during natural transformation

CrfP is a murein hydrolase regulated by ComX and
enhances transcription by inducing peptides that accel-
erate the transformation process. Some studies have
noted that fratricide-related proteins could disrupt
the cell wall, which is absolutely required for the lib-
eration of chromosomal DNA from noncompetent cells

cocultured with competent cells. Thus, an analysis of
the efficiency of natural transformation was performed
to verify whether CrfP is needed for the transforma-
tion. As demonstrated in Figure 7A, the ability of the
AcrfP mutant to obtain pSET-2 vectors was significantly
weakened compared with that of the wild type. Few
positive clones were present on THB plates with the
antibiotic Spc, and deletion of the crfP gene resulted in
a more than 80-fold decrease in the DNA transforma-
tion efficiency. Further qRT-PCR assays showed that
the loss of crfP did not influence essential genes, such
as comYA, comYB, and ssbB, which are known mem-
brane-associated genes, and pilus genes needed for
DNA entry, binding and uptake (Figure 7B). These data
suggest that CrfP was important but not essential in the
transformation process. Taken together, these results
have confirmed the important role of CrfP in the com-
petence of S. suis.

Discussion

Natural transformation is an important horizontal gene
transfer mechanism in streptococcal species. More than
80 types of bacteria have been confirmed to have this
ability [33]. Moreover, previous studies have revealed that
natural transformation is beneficial to genetic variation
and that several elements could contribute to bacterial
growth, environmental fitness and pathogenicity. Despite
detailed research on S. pneumoniae and S. mutans, few
studies have focused on competence in S. suis [34]. Based
on the significant differences in the evolution of S. suis
compared with that of other Streptococcus species, S.
suis was designated a noncompetent bacterium until
2014 [22]. S. suis carries the ComRS-ComX regulatory
system to control the pheromone-induced mechanism
underlying its competence, as obtained with S. mutans
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Figure 6 Spectrophotometric lysis assays of CrfP. The activity of CrfP was measured by determining the decrease in the ODy, within 1 h. CrfP
showed strong lytic activity against S. suis, including different serotypes but exhibited no lytic activity against £. coli or other Streptococcus species.
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Figure 7 CrfP contributes to natural transformation in S. suis. A The deletion of crfP attenuated the transformation ability. B The gRT-PCR
analysis showed that crfP does not play roles in competence-related processes. The transcription level did not change in the absence of the crfP
gene. Unpaired two-tailed Student’s t test was used for the statistical analysis (P <0.05).

[23]. However, the roles of most factors involved in S.  recombination. Therefore, Streptococcus species evolved
suis competence, such as those of the murein hydrolases  a fratricide mechanism involving the hydrolases CbpD
reported here, remain unclear. and LytF, the autolysins LytA and LytC, or the bacteri-

Pheromone-induced competence results in DNA  ocin production protein CibAB to generate a gene pool
exchange and recombination in bacteria. Although [10, 11, 35, 36]. As determined in previous studies, these
strains can be fed DNA in the laboratory environment, hydrolases could target the cell wall with the help of the
they must produce exogenous nucleic acids themselvesin ~CHAP domain and belong to competence-related pro-
the natural environment to provide the material for DNA  teins containing a CIN box in the promoter region, which
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could be regulated by ComX. Several previous findings
have shown that CbpD preferentially targets and ruptures
the division zone, and a possible explanation is that the
division zone represents the weakest part of the cell wall
[11]. In addition, it has been confirmed that the autoly-
sin AtlAss in the novel serotype S. suis CZ130302 targets
the cell division zone via three repeat WG domains and
hydrolyses the peptidoglycan with a conserved N-acetyl-
muramidase domain, which results in the short chain
length in Streptococcus [37]. In this study, we identified
and characterized a novel CbpD-like protein in S. suis,
CrfP, which consists of CHAP and SH3b domains. The
detailed analysis showed a conserved motif, TTACGA
ATA, present in the CrfP promoter region that matches
the CIN box. In this manner, the results showed that
CrfP is controlled by the ComR and ComX regulons,
which indicates that CrfP forms part of the transforma-
tion components. Indeed, our results revealed that the
SH3b domain of CrfP could bind to the surface of the
cell wall and recognize the cell wall of S. suis. Thus, the
CHAP domain could lyse target cells with the assistance
of SH3b; otherwise, the CHAP domain would not exert
an effect by itself.

Moreover, it has been proposed that the biological
function of CrfP is to lyse and release DNA from suscep-
tible bacteria, including noncompetent or related Strep-
tococcus strains sharing a similar genetic background,
to provide homologous transformation-related DNA
to competent recipient cells. The narrow target spec-
trum of CrfP for fratricide in S. suis is consistent with
the above-mentioned hypothesis. In addition to restruc-
turing the mutation, the repair of damaged DNA is
another effect of natural transformation in streptococci,
which occurs only if the competent streptococci possess
a mechanism that enables them to capture DNA from
closely related bacteria and that will prevent error due to
genetic recombination [38]. Otherwise, the above-men-
tioned observations strongly confirmed that CrfP could
kill S. suis with diverse cps types, which indicates that this
protein might be a suitable candidate for the prevention
of S. suis infection. Furthermore, the natural transfor-
mation frequency data verified that CrfP supported the
progression of transformation but was not an essential
protein. We may wonder how hydrolases contribute to
enhanced transformability. Some researchers have pro-
posed that these hydrolase proteins, via their lytic activ-
ity, could stimulate DNA uptake by making the cell wall
of bacteria more permeable to DNA and via pseudopili
produced during competence [14, 39, 40]. In S. pneumo-
niae and S. mutans, LytF can compensate for the lack
of CbpD to affect transformability. Interestingly, most
streptococci encode other fratricide-related CbpD-like
proteins, but a CrfP-like protein has not been found in S.
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suis to date. To uptake DNA, the formation of pilus DNA
traps is needed during competence, and we searched the
S. suis genome based on the knowledge of the S. pneu-
moniae pilus. Thus, we identified a comYA—-YH operon in
S. suis, which is homologous to the genes encoding type
4 pili (T4P) in many other Streptococcus species (Addi-
tional file 2). As previously demonstrated in S. pneumo-
niae and S. mutans, the promoter of comYA—YH operon
also contains a CIN-box and is regulated by ComX under
competence condition.

Moreover, to avoid committing suicide, competent
Streptococcus could produce the integral membrane pro-
tein ComM, which protects bacteria against the mura-
lytic action of CbpD via an unknown mechanism [10,
31]. However, we did not identify the immune protein
CrfP based on the protein homology of ComM from S.
pneumoniae. Transcriptional research has demonstrated
that the immune protein ComM is expressed prior to
fratricin synthesis. In contrast, using published micro-
array data from S. suis, we did not find the existence of
potential fratricide-related factors in the genes coregu-
lated with CrfP during the development of competence
[15]. Notably, not all hydrolases have corresponding
immune proteins. To date, a fratricin-specific immune
protein has been identified only for S. pneumoniae, S.
pseudopneumoniae, S. mitis, S. oralis, S. infantis, and S.
peroris, which all carry the comM gene [41]. S. gordonii
has a competence-related murein hydrolase, LytF, but
researchers have failed to confirm a competence-induced
immunity mechanism [42]. Similarly, no immunity-
related gene that protects S. thermophiles against CbpD
has been identified. Another study showed that H,O,
can efficiently inactivate CbpD to oxidize the active-site
cysteine to sulfenic acid, which renders the enzyme non-
functional during competence in S. thermophiles [14].
This protection mechanism that prevents massive self-
lysis in a competent population without an immune pro-
tein has been identified. In S. suis, since our results only
displayed that S. suis can be lysed at high CrfP concen-
trations, we failed to confirm whether S. suis harbours an
immune protein based on current information. Further
studies should be performed to explore whether similar
or unknown protection mechanisms were employed dur-
ing the competence.

Most streptococci that are known to develop natural
competence contain a hydrolase that is tightly expressed
during competence development. This finding suggests
that the lytic mechanism must be very important for
the biology and evolution of streptococci. Thus, another
hypothesis is that while the function of hydrolase is not
completely understood, our data indicated the exist-
ence of a mechanism that encourages competent cells
to acquire DNA material from the outside environment



Zhu et al. Vet Res (2021) 52:50

(in this case, plasmids) rather than a killing mechanism
that eliminates the surrounding bacteria or itself. The
increased permeability might contribute to the uptake of
extracellular DNA.

An alternative role has been suggested for fratricide,
which connects this process to virulence through the
release of virulence factors. The human pathogen Listeria
monocytogenes, which is dependent on the continual
remodelling of the cell wall with the hydrolase LytA or
MurA, could play a significant role in pathogenicity [43].
In S. pneumoniae, a main pneumococcal autolysin not
only inhibits complement-mediated immunity via a com-
plex process involving impaired complement activation
but also increases the binding of complement regulators
to direct the degradation of complement C3 [44—46].

In summary, our study screened a novel murein hydro-
lase through genomic alignment and bioinformatics anal-
ysis, and this hydrolase is associated with competence in
S. suis.
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analysis between wild type and mutant. (D) The biofilms were quantified
using a multifunctional microplate reader at OD595. We investigated

the potential roles of CrfP in S. suis biological ability. Initially, the growth
properties in THB culture were compared between the wild type and
mutant, and the growth curve was the same in each phase. Gram staining
for microscopy showed that ZY05719 and AcrfP had similar chain lengths,
suggesting that there was no correlation between CrfP activity and modu-
lation of S. suis chain length. In addition, bacterial biofilms are composed
of extracellular DNA and glycoproteins, which contribute to host immune
defence or antimicrobial resistance. These components of biofilms are
products of lytic processes. To evaluate whether CrfP is involved in S. suis
biofilm formation, a crystal violet staining assay was used. However, the
ODsq5 data showed no difference between AcrfP and the parental strain,
which suggested that CrfP did not mediate biofilm formation in S. suis.
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