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ABSTRACT Streptococcus suis is one of the most important pathogens affecting the
swine industry and is also an emerging zoonotic agent for humans. Two-component sig-
naling systems (TCSs) play important roles in the adaptation of pathogenic bacteria to
host environments. In this study, we identified a novel TCS, named TCS09HKRR, which
facilitated Streptococcus suis serotype 2 (SS2) resistance to clearance by the host immune
system and contributed to bacterial pathogenicity. Furthermore, RNA-sequencing analy-
ses identified 79 genes that were differentially expressed between the wild-type (WT)
and ATCSO09HKRR strains, among which half of the 39 downregulated genes belonged
to the capsular biosynthesis clusters. Transmission electron microscopy confirmed that
the capsule of the ATCS09HKRR strain was thinner than that of the WT strain. Electro-
phoretic mobility shift assays (EMSA) showed that the regulator of TCSO9HKRR (TCSO9RR)
could not bind the promoter regions of ¢ps and neu clusters, which suggested that
TCS09HKRR regulates capsule biosynthesis by indirect pathways. Unexpectedly, the
TCS09HKRR operon was upregulated when TCSO9HKRR was deleted. A specific region,
ATGACATTTGTCAC, which extends from positions —193 to —206 upstream of the
TCSO09HKRR operon, was further identified as the TCSO9RR-binding site using EMSA.
These results suggested the involvement of a negative feedback loop in this regulation.
In addition, TCSO9RR was significantly upregulated by more than 18-fold when coincu-
bated with RAW264.7 macrophages. Our data suggested that autorepression renders
TCS09HKRR more sensitive to host stimuli, which optimizes the regulatory network of

capsular biosynthesis in SS2.
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serotypes based on capsular antigens, S. suis serotype 2 (SS2) is considered the most
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prevalent in most countries (6). Additionally, with the increased number of human
cases of S. suis infections, this species is recognized as an important zoonotic bacterium
(5-7). In China, two large-scale outbreaks of SS2 associated with meningitis and
streptococcal toxic shock-like syndrome occurred in 1998 and 2005, respectively, which
resulted in 229 human cases and 52 deaths (7). Although a variety of virulence factors
have been proposed in recent years, the pathogenesis of S. suis infection is still unclear.

SS2 strains enter the host mainly through the upper respiratory tract, as well as by
the oral route or skin injury (8). Once the mucosal barriers are breached, the bacteria
disseminate to different organs and tissues by the bloodstream. TCSs are usually
employed to sense and respond to extracellular signals during the infection process (2,
9). Bioinformatics analysis of the genome of SS2 strains identified 15 TCSs (10), among
which Revs, Salk/SalR, CovR, CiaRH, Ihk/Irr, VirR/VirS, NisK/NisR, 1910HK/RR, and VraSRsg
have been reported to regulate the expression of putative virulence factors, mediate
multidrug resistance, or alter bacterial metabolism (11-20), thereby contributing to the
adaption of SS2 strains to environmental stimuli. In bacteria, RRs often regulate the
transcription of their own operons, which contain cognate sensor HK genes. Such
autoregulation can be useful if the pathogen needs to respond to environmental
changes rapidly (21, 22). VraSRes exhibits positive autoregulation ability, as its own
transcription is activated by the regulator protein VraRss (20). Autorepression is less
common than autoactivation among TCSs and appears to be inherent in areas of
metabolism for maintaining metabolic homeostasis (22). In Escherichia coli, 14 TCSs
were reported to be autoregulated, and only three of them function by autorepression
(22). These TCSs can restrict the duration and intensity of stress responses and thereby
improve sensitivity to external signals (23-25).

When invading the host, SS2 strains encounter phagocytes of the immune system.
However, the mechanism through which they resist phagocytosis and persist in the
host bloodstream is not yet understood. In this study, a novel TCS designated
TCS09HKRR was found to contribute to bacterial resistance to phagocytosis and survival
in swine blood, thereby enhancing the virulence of SS2. RNA-sequencing (RNA-Seq)
analyses and transmission electron microscopy (TEM) revealed that TCSO9HKRR regu-
lates capsule biosynthesis in SS2. Further work identified an autorepressing process in
TCS09HKRR that might render bacterial cells more sensitive to host stimuli and optimize
the regulatory network of capsule biosynthesis in SS2.

RESULTS

Macrophage phagocytosis activates TCS genes. The genome of the ZY05719
strain encodes 15 putative TCSs, among which RevS, Salk/SalR, CovR, CiaRH, lhk/Irr,
VirR/VirS, NiskK/NisR, 1910HK/RR, and VraSRs have already been identified to contribute
to SS2 virulence (11-20). To explore the potential roles of the remaining six uncharac-
terized TCSs in bacterial pathogenicity, murine macrophage-like RAW264.7 cells were
applied to coincubate with the SS2 strain ZY05719. Unexpectedly, the expression of
these TCS RR genes, particularly zy05719_06495 and zy05719_08020, were all signifi-
cantly higher after macrophage stimulation than when cultured in Dulbecco’s modified
Eagle’s medium (DMEM). As shown in Fig. 1, when mRNA levels in DMEM were set to
1, the expression of zy05719_06495 was significantly increased by more than 18-fold,
whereas zy05719_08020 showed a 15.7-fold increase. These results suggested that the
two TCSs, zy05719_06490-zy05719_06495 and zy05719_08020-zy05719_08025, play im-
portant roles in the SS2 response to macrophage phagocytosis.

Identification of zy05719_06490-zy05719_06495 and zy05719_08020-zy05719_
08025 TCSs. Homology analysis of ZY05719_06490 and ZY05719_06495 proteins
revealed that their amino acid sequences shared 70% and 67% identity with the VicK
and VicR proteins of Streptococcus pneumoniae (26), whereas ZY05719_08020 and
ZY05719_08025 exhibited 44% and 30% amino acid sequence identity with DesR and
DesK of Bacillus subtilis (27). To analyze their potential roles in the pathogenesis of SS2,
we constructed homologous suicide plasmids to create zy05719_06490-zy05719_06495
and zy05719_08020-zy05719_08025 deletion mutants. However, we were not able to
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FIG 1 Transcription of the six uncharacterized TCS RRs of SS2 strain ZY05719 upon coincubation with
RAW264.7 macrophages. Bacteria incubated in DMEM were used as the negative control. The results of
gRT-PCR are expressed as means * standard deviations (SD) from three independent experiments. An
unpaired two-tailed Student’s t test was used for statistical analysis. Asterisks indicate significant
differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

recover any deletion mutant of the putative TCS ZY05719_06490-ZY05719_06495 in
the SS2 strain ZY05719, as this TCS is essential for bacterial viability, similar to that
found for its homolog VicKR, which is essential for many Gram-positive pathogens
(28-31). However, the zy05719_08020-zy05719_08025 double gene deletion mutant was
successfully constructed. Previous studies demonstrated that DesKR is responsible for
the cold adaptation of B. subtilis (27). Hence, we performed growth kinetics assays
under normal (37°C) and low (25°C) temperatures to assess whether ZY05719_08020-
ZY05719_08025 plays a similar role in the SS2 strain ZY05719. However, the zy05719_
08020-zy05719_08025 mutant did not exhibit any growth difference compared to the
wild-type (WT) strain at both normal and low temperatures (see Fig. S1 in the supple-
mental material), indicating that ZY05719_08020-ZY05719_08025 has unknown func-
tions; hence, it was renamed TCSO09RR/TCS09HK (for the ninth TCS located in the
ZY05719 genome).

TCSO09HKRR contributes to resistance to macrophage phagocytosis and sur-
vival in swine blood. As the mRNA level of TCSO9RR increased significantly when the
ZY05719 strain was incubated with RAW264.7 macrophages, we compared the suscep-
tibility to phagocytosis of ATCSO9HKRR and WT strains. We observed that the
ATCS09HKRR mutant was more susceptible to phagocytosis by RAW264.7 macrophages
than the WT or complemented ATCSO9HKRR (CATCSO9HKRR) strains (Fig. 2A). In
addition, a porcine alveolar macrophage cell line, 3D4/21, was used for phagocytosis
assays, and the results were consistent with those obtained using RAW264.7 macro-
phages (Fig. S2). These results showed that TCSO9HKRR is required for SS2 resistance to
macrophage phagocytosis. It is well known that pathogenic bacteria must survive in
the bloodstream during systemic infection. Hence, we evaluated the effect of
TCS09HKRR on survival of the SS2 strain in whole swine blood. As shown in Fig. 2B, the
percent survival rates of the ATCS09HKRR strain were significantly lower than those of
the WT and CATCSO09HKRR strains at both 1 and 3 h. These results indicated that
TCS09HKRR plays important roles in resisting elimination by the host defense system.

TCSO09HKRR is important in a mouse model of bacteremia. To evaluate the role
of TCSO9HKRR in bacterial pathogenicity, groups of 10 BALB/c mice were injected
intraperitoneally with 5 X 108 CFU of different bacterial strains. We observed that mice
in groups challenged by the WT and CATCSO9HKRR strains developed severe clinical
signs at 24 h postinfection, including shivering, rough hair coat, and depression, and
the survival rates were 10%, whereas mice challenged by the ATCSO9HKRR strain
exhibited only slight clinical signs and had a 100% survival rate (Fig. 3A). To better
understand the effects of TCSO9HKRR during systemic infection, we determined the
bacterial load in infected mice. As shown in Fig. 3B, the bacterial loads in the blood,
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FIG 2 Coincubation of RAW264.7 macrophages or swine whole blood with S. suis wild-type (WT),
ATCSO09HKRR, and CATCSO09HKRR strains. (A) Effect of the TCSO9HKRR deletion on the ability of SS2 to
resist phagocytosis by RAW264.7 macrophages. At 1.5 h postinfection, the cells were washed and
incubated in DMEM containing antibiotics (penicillin and gentamicin) for another 1.5 h. The cells then
were washed again and lysed to determine CFU numbers. (B) Effect of the TCSO9HKRR deletion on the
ability of SS2 to survive in swine whole blood. Survival rates were calculated as CFU per ml at 1 or 3 h
relative to that at Oh. The experiments were repeated three times. Asterisks indicate significant
differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

livers, kidneys, and brains from ATCSO9HKRR strain-challenged mice were all signifi-
cantly reduced compared to those with the WT or CATCSO9HKRR strain. Hence,
TCSO09HKRR is important for in vivo bacterial proliferation and contributes to the
pathogenicity of SS2.

Transcriptomic analysis identifies genes that are differentially expressed be-
tween WT and ATCSO09HKRR strains. To further investigate the molecular mecha-
nisms by which TCSO9HKRR contributes to pathogenicity of the SS2 strains, RNA-Seq
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FIG 3 TCSO9HKRR contributes to SS2 pathogenicity in a mouse infection model. (A) Survival curves of mice infected with WT, ATCSO9HKRR, and CATCSO9HKRR
strains. Groups containing 10 mice each were challenged with the indicated strains at a dose of 5 X 108 CFU/mouse and monitored until 7 days postinfection.
The negative-control group was challenged with an equal volume of sterile PBS. (B) Bacterial loads in different mouse organs at 6 h postinfection. Groups
containing six mice each were challenged with the indicated strains at a dose of 3 X 108 CFU/mouse. Blood, livers, kidneys, and brains were harvested to

determine CFU numbers. Asterisks indicate significant differences (***, P < 0.001).
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FIG 4 RNA-Seq analysis of TCSO9HKRR-regulated genes. (A) Validation of gene regulation by qRT-PCR. Ten genes were randomly selected and amplified
by gRT-PCR to validate the expression level change observed by RNA-Seq analysis. The qRT-PCR results were expressed as means = SD from three
independent experiments. (B) Volcano plot showing gene expression in ATCSO9HKRR versus WT strains determined based on RNA-Seq analysis. The x
axis represents the log, fold change value, while the y axis displays the —log,,(P) value. Red dots represent genes with 2-fold higher expression in the
ATCSO09HKRR strain than in the WT strain with a P value of <0.05, and the green dots represent genes with 2-fold lower expression in ATCSO9HKRR than
in the WT strain with a P value of <0.05. (C) TCSO9HKRR deletion significantly downregulated the CPS biosynthesis clusters, as observed based on

RNA-Seq analysis. The x axis represents the fold change.

was performed and the transcriptomes of the WT and ATCSO9HKRR strains were
compared. As shown in Table S1, compared to gene expression in the WT strain, 79
genes were significantly differentially expressed in the ATCSO9HKRR strain, among
which 40 genes were upregulated and 39 were downregulated. We randomly selected
10 of these 79 genes (five upregulated and five downregulated genes) to perform
quantitative reverse transcription-PCR (qRT-PCR) for further verification. The gRT-
PCR results were consistent with the transcriptomic data (Fig. 4A), which confirmed
the results of RNA-Seq analyses. Interestingly, we found that at least half of the
downregulated genes were involved in the biosynthesis of capsular polysaccharide
(CPS) (Fig. 4B and C), which is a proven critical virulence factor for SS2 (32-34).
Meanwhile, the transcriptional levels of many well-known virulence factors of SS2,
such as suilysin, enolase, and muramidase-released protein, were unaltered. These
results suggested that the pathogenic role of TCSO9HKRR is mediated by its
potential regulation of CPS biosynthesis.

TCSO09HKRR controls CPS biosynthesis in SS2. Capsules of the SS2 strains are
composed of glucose, galactose, N-acetylglucosamine, rhamnose, and sialic acid, which
are synthesized by the capsule synthesis clusters, mainly including cps2A to ¢ps2K and
neuBCDA (32-37) (Fig. 5A). To confirm that deletion of the TCSO9HKRR genes was
responsible for the downregulation of the capsule biosynthesis cluster in the mutant,
we checked the mRNA levels of cps2C and neuB in the complemented strain. As shown
in Fig. 5B, the expression of ¢ps2C and neuB was restored in the CATCSO9HKRR strain.
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FIG 5 TCSO9HKRR controls CPS biosynthesis in SS2. (A) Schematic diagram showing the genetic organization of the CPS synthesis clusters in SS2. The green
cluster is cps2A to cps2K, while the orange cluster is neuBCDA. The arrows indicate the direction of transcription. (B) Expression of cps2C and neuB in WT,
ATCSO09HKRR, and CATCS09HKRR strains was determined using qRT-PCR. qRT-PCR results are represented as means = SD from three independent experiments.
Asterisks indicate significant differences (***, P < 0.001). (C) TEM images of WT, ATCSO9HKRR, and CATCSO9HKRR strains. Black arrows show the capsule, and
the scale bars indicate the magnification size.

TEM was performed to visualize the bacterial capsule structures. We observed that the
capsule of the ATCSO9HKRR strain was thinner than that of the WT and CATCSO9HKRR
strains (Fig. 5C). In addition, the surface proteins of the WT, ATCSO09HKRR, and
CATCSO09HKRR strains were extracted and compared using SDS-PAGE, which showed no
obvious differences (Fig. S3). These results indicated that TCSO9HKRR regulates CPS bio-
synthesis.

The TCSO9HKRR promoter is autorepressed via a negative feedback loop by
TCSO9RR to regulate the cps gene cluster. To investigate the relationship between
TCS09HK and TCSO9RR during the regulation of CPS biosynthesis in SS2, we created
TCS09HK and TCSO9RR single deletion mutants. As shown in Fig. 6A, the mRNA levels
of ¢ps2C, cps2F, and neuB in both ATCS09HK and ATCSO9RR strains were all significantly
lower than those in the WT strain. These results were consistent with the mouse survival
assay, as the survival rates of both mutants were significantly higher than those with
the WT strain (Fig. 6B). The mechanism underlying this regulation was subsequently
investigated using electrophoretic mobility shift assay (EMSA).

Unexpectedly, we also observed that TCSO9HK expression was significantly higher in
the ATCSO9RR strain than in the WT strain, whereas the TCSO9HK deletion had no
significant effect on the expression of TCS09RR (Fig. 6C). As TCS09HK acts upstream of
TCSO09RR, we constructed a strain harboring a deletion in the N-terminal HAMP domain
of TCSO9HK to exclude the possibility that the entire TCSO9HK deletion affects TCSO9RR
transcription. However, the expression level of TCS09RR was significantly higher in the
ATCSO9HK-HAMP strain than in the WT strain (Fig. 6E). These results suggested that
TCS09HK and TCSO9RR regulate their own expression and that this potential autoreg-
ulation of TCSO9HKRR contributes to the optimal regulation of CPS biosynthesis.

The BPROM program (38) and reverse transcription-PCR analysis indicated that the
four genes (TCSO9RR, TCSO9HK, zy05719_08030, and zy05719_08035) form a single
operon and share one promoter (Fig. 6D). The expression levels of both zy05719_08030
and zy05719_08035 were significantly higher in ATCSO9RR, ATCS09HK, and ATCSO9HK-
HAMP strains than in the WT strain (Fig. 6E), whereas these genes were not present in
the ATCS09HKRR RNA-Seq data, as the false discovery rate was controlled by a log, fold
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FIG 6 Autorepression of TCSO9HKRR in SS2. (A) Transcription levels of ¢ps2C, cps2F, and neuB in WT, ATCSO9HK, and ATCSO9RR strains, as determined by
gRT-PCR. (B) Survival curves of mice infected with WT, ATCSO9HK, and ATCSO9RR strains. Groups containing 10 mice each were challenged with the indicated
strain at a dose of 5 X 108 CFU/mouse and monitored until 7 days postinfection. (C) Expression of TCSO9HK and TCSO9RR in WT, ATCSO9HK, and ATCSO9RR
strains was determined by gRT-PCR. (D) RT-PCR showed that TCS09RR, TCS09HK, zy05719_08030, and zy05719_08035 formed a single operon. The RNA samples
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to the promoter region of the TCSO9HKRR operon. The fragments from 16S rRNA served as the negative control. Asterisks indicate significant differences (ns,

P>0.05; *, P<0.05; **, P <0.01).

of =1 (0.9524 and 0.9161 for these two genes, respectively). Therefore, we further
performed qRT-PCR analysis and showed that the expression levels of zy05719_08030
and zy05719_08035 were significantly increased in the ATCSO9HKRR strain (Fig. S4).
These results suggested that TCSO9RR represses the transcription of its own promoter.
Furthermore, the predicted promoter of this operon could be bound by the TCSO9RR
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protein, as shown by EMSA (Fig. 6F), which confirmed that TCS09RR utilizes a negative
feedback loop for autorepression.

As zy05719_08030 and zy05719_08035 are located in the TCSO9HKRR operon and
encode two ATP transport proteins, it is possible that they are the putative targets of
TCS09HKRR regulation. Bioinformatics analyses showed that ZY05791_08030 and
ZY05719_08035 possess putative conserved domains, YadH and CcmA, respectively
(Fig. S5), and both have been predicted to be members of the ABC-type multidrug
transport system in previous studies (39, 40). However, no difference in antibiotic
resistance was observed between the ATCSO9HKRR and WT strains. Thus, the
identification of related phenotypes is required for further investigations in our
future work.

Identification of a specific binding sequence for TCSO9RR that directly regu-
lates the TCSO9HKRR promoter but not the c¢ps cluster. A previous study demon-
strated that DesR regulates expression of the des gene, which encodes the A5-desaturase
of B. subtilis, to alter membrane phospholipid compositions at low temperatures (27). The
DesR binding sites within the des promoter harbor several inverted and direct
repeats, including 5'-ATGACA-3" and 5'-ATGA-3’ (Fig. 7A), and both repeats are
necessary for DesR-DNA interactions (41, 42). Considering the homology between
TCSO9RR and DesR, we analyzed the sequence of the TCSO9HKRR promoter region
and identified similar repeats with only one base mutation (Fig. 7A). To determine
whether the homologous binding motifs can also be recognized by TCSO9RR,
promoter variants (D1, D2, and D3) harboring deletions in these repeats were
analyzed using EMSA. As shown in Fig. 7, D1 and D2 were unable to form complexes
with TCSO9RR, while D3 interacted with TCSO9RR, similar to that observed in the
positive control. These results suggested that TCSO9RR binds a DNA sequence
(5'-ATGACATTTGTCAC-3’) that extends from positions —193 to —206 upstream of
the TCSO9HKRR operon, thereby regulating its own expression. We next analyzed
the promoter regions of cps2A to cps2K and neuBCDA but did not detect similar
regions with the aforementioned binding sites. Furthermore, EMSAs did not show
any significant shift in either of the promoters in the presence of recombinant
TCSO9RR (Fig. S6), suggesting that TCSO9HKRR indirectly regulates CPS biosynthesis
in SS2 strains.

DISCUSSION

TCSs are major mechanisms that allow bacteria to sense and respond to host
environmental signals and are accompanied by coordinated changes in the expression
of multiple genes (1-3, 9). In the present study, we demonstrated that autorepression
via a negative feedback loop is mediated by TCSO9HKRR to regulate capsule biosyn-
thesis, thereby facilitating resistance to clearance by the host innate immune response
in the SS2 strain and contributing to bacterial pathogenicity.

The SS2 strain ZY05719 is an encapsulated bacterium, and CPS is recognized as a
critical virulence factor for highly virulent S. suis strains (32, 34). Previously, researchers
have used isogenic unencapsulated mutant strains to demonstrate that the absence of
CPS increases phagocytosis by phagocytes and promotes rapid clearance from circu-
lation (32, 34, 43, 44). In addition, the S. suis transcriptional landscape has revealed that
genes involved in CPS biosynthesis were upregulated in blood (45). Nevertheless, S. suis
CPS-deficient mutants have been reported to adhere to epithelial cells better than the
encapsulated parental strain (20, 46, 47), as CPS might cover adhesins on the bacterial
surface (48). Therefore, it has been proposed that S. suis downregulates expression of
the capsule for increased adhesion to epithelial cells during the early steps of infection,
whereas it upregulates capsule production after entering the bloodstream to counter
phagocytosis (49). However, the mechanisms regulating CPS expression during S. suis
infection are complicated and remain unclear. In our study, we observed that
TCS09HKRR can regulate transcription of the CPS biosynthesis cluster. Furthermore,
TEM assays confirmed that capsule thickness in the ATCSO9HKRR strain was decreased
compared to that in the WT and complemented strains. The thinning capsule increased
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A DesR binding regions \GACATGACAAATGTCATATAGGAGGCATGATGTGCTACTAC
TCS09HKRR promoter region TAATATGACATTTGTCACATGAGTCCATGACAAAGGCTTCT
D] ’I‘AA’I‘**********************************CAAAGGCT’I‘CT

D2 TAAT #wssssssssssniiss ATGAGTCCATGACAAAGGCTTCT
D3  TAATATGACATTTGTCACATGAGTCC **** CAAAGGCTTCT

b el il

500 "0 500 0 500

LT §
- X
5 A

TCSO9RR protein (ng) 0 100
pNxa | D1 | Posiive | Negative |
TCSO9RR protein (ng) 500 0 500 0 500
DNA I D2 I Positive I Negative I
TCSO9RR protein(ng) 0 100 300 500 0 500 0 500

DNA I D3 I Positive I Negative |

FIG 7 TCSO9RR binds a specific region of the TCSO9HKRR promoter. (A) The TCSO9HKRR promoter region
contains similar sequence repeats, which have been identified as specific binding sites for DesR. The
inverted and direct repeats are underlined, while the mutated base of the TCSO9HKRR promoter region
is marked in red. D1, D2, and D3 are promoter variants with deleted regions indicated by lines with
asterisks. (B, C, and D) EMSA showing binding of the recombinant TCSO9RR to D1, D2, and D3. The
TCS09HKRR promoter region without deletion was used as the positive control, and fragments amplified
from 16S rRNA served as the negative control.

susceptibility to phagocytosis by macrophages and decreased survival in swine blood,
thereby contributing to the diminished virulence of SS2 (32-34). Furthermore, the
promoter probe of the ¢ps cluster did not show any binding based on EMSA, suggest-
ing that some unknown factors located downstream of TCSO9HKRR are involved in this
regulation.

In addition to TCSO9HKRR, three other TCSs have already been identified to
regulate CPS biosynthesis in the SS2 strains (13, 16, 20). The orphan response
regulator CovR is a global virulence regulator that represses the expression of 193
genes, including that of cps2C and neuA (13), whereas proteomic analysis showed
that VirR/VirS contribute to the expression of c¢ps2B, cps2C, and neuC (16). Therefore,
covR-defective mutants exhibit thicker capsules, enhanced resistance to phagocy-
tosis, and increased bacterial lethality, whereas VirR/VirS contribute to capsule
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biosynthesis, resistance to host clearance, and full virulence in SS2 (13, 16). In
addition, VraSRg acted similarly to TCSO9HKRR by indirectly upregulating transcrip-
tion of the whole CPS biosynthesis cluster (cps2A-cps2K and neuBCDA) to improve
capsule biosynthesis (20). Although TCSO9HKRR is similar to VraSRss regarding CPS
regulation in SS2 strains, the two TCSs also show several differences. For example,
VraSRss can be positively autoregulated and plays critical roles in multidrug resis-
tance in SS2 (20), whereas TCSO9HKRR can be autorepressed and does not appear
to affect the bacterial susceptibility profile against multiple antimicrobials. SS2
strains require a regulatory network to sensitively control CPS synthesis, and
through this mechanism, it can better adapt to different external stimuli. Thus, the
similarities between TCSO9HKRR and VraSRcs, as well as the roles of CovR and
VirR/VirS in the regulation of capsule gene expression in SS2, are reasonable and
necessary. However, the interaction among the TCSs in SS2 during the regulation of
CPS warrants further investigations.

Upon detecting external signals, certain TCSs can also regulate the transcription
of their own genes in addition to specific downstream genes (21, 22). Autoregula-
tion of TCSs is one of the common properties of bacterial regulatory circuits (22),
which enhances sensitivity to input signals. For example, the autoactivation of
PhoP/PhoQ promotes a transcriptional surge that initiates the regulation of Salmo-
nella virulence (50), and the autorepression of CovR allows Streptococcus pyogenes
to rapidly turn off the activated CovR regulatory circuit (51). In this study, we
observed that the TCSO9HKRR operon is upregulated when TCSO9HKRR is deleted
from the genome and that the predicted promoter of this operon can be specifically
bound by the TCS09RR protein, suggesting that a negative feedback loop exists
during this regulation. TCSs with autorepressing ability can derepress their own
promoters, resulting in reduced RR production, which ensures the availability of
adequate amounts of RR to respond to external signals (51). An analysis of the
expression of TCSO9RR and capsule genes in the host before and after the SS2 strain
enters the blood circulation revealed significant upregulation in the blood com-
pared to that in the abdominal cavity (Fig. S7). Such a system might increase the
ability of the SS2 strain to respond to host environmental changes during the early
steps of infection and downregulate the biosynthesis of CPS, which enhances
contact between bacterial adhesins and host cells. When the SS2 strain enters the
host circulation, the autorepression of TCSO9HKRR might be relieved by other
regulatory factors, such as VraSRsg, which form a positive autoregulation loop and
exhibit significantly higher expression in host blood than in Todd-Hewitt broth
(THB) culture (20). Therefore, SS2 strains can better persist and proliferate in the
host.

In summary, a novel TCSO9HKRR was identified as autorepressed by a negative
feedback loop to regulate CPS biosynthesis in SS2. This mechanism allows SS2 strains
to adapt to different host environmental stimuli, thereby contributing to bacterial
pathogenicity. However, the external signals that activate HK and the CPS regulatory
network require further investigations.

MATERIALS AND METHODS

Bacterial strains, plasmids, cells, and experimental animals. The bacterial strains and plasmids
used in this study are listed in Table S2 in the supplemental material. The wild-type SS2 strain ZY05719
was isolated from a diseased pig during an outbreak in the Sichuan province of China and grown at 37°C
in THB (Becton, Dickinson) or Todd-Hewitt broth agar (THA). Escherichia coli strains were grown in
Luria-Bertani (LB) broth or on LB agar plates at 37°C. When required, the following concentrations of
antibiotics were added to the medium: for S. suis, spectinomycin (Sigma-Aldrich) at 100 pg/ml; for E. coli,
spectinomycin (Sigma-Aldrich) at 50 uwg/ml and ampicillin (Sigma-Aldrich) at 100 pg/ml.

The murine macrophage-like RAW264.7 cells and the porcine alveolar macrophage 3D4/21 cells were
cultured in DMEM (Wisent, Canada) supplemented with 10% fetal bovine serum and maintained at 37°C
with 5% CO,. Specific-pathogen-free BALB/c mice (female, 6 weeks old) were purchased from the
Comparative Medicine Center of Yangzhou University (Jiangsu, China). All animal experiments were
performed in the Laboratory Animal Center of the Nanjing Agricultural University with the approval of
the Laboratory Animal Monitoring Committee of Jiangsu Province.
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RNA isolation, RT-PCR, and qRT-PCR analysis. The strains in logarithmic phase were washed three
times with phosphate-buffered saline (PBS) and incubated with RAW264.7 macrophages or DMEM for 3 h
at a bacterium-to-cell ratio of 100:1. Total RNA was isolated using TRIzol reagent (Vazyme, China)
according to the manufacturer’s instructions. After removing contaminating DNA, cDNA was synthesized
using the HiScriptll first-strand cDNA synthesis kit (Vazyme). qRT-PCR was performed to validate the
transcript concentrations of the selected genes using the QuantStudio 6 Flex real-time PCR system and
ChamQ Universal SYBR qPCR master mix (Vazyme). The housekeeping gene parC was used as the internal
reference (45), and the relative fold change was calculated using the 2=22¢T method (52). All primers
used are listed in Table S3, and each sample procedure was repeated three times.

Recombinant DNA techniques. The target gene deletion mutants were constructed using the
PSET4S vector as described previously (53). Briefly, the upstream and downstream sequences surround-
ing the target gene were amplified from the chromosomal DNA of the ZY05719 strain using specific
primers with restriction enzyme sites (Table S3). After the upstream and downstream sequences were
ligated by overlap extension PCR, the fusion fragment was digested with respective endonucleases and
inserted into the pSET4S vector with the same sites. The recombinant plasmid was electroporated into
the WT strain, which then exchanged genetic fragments twice with the bacterial genome by intermo-
lecular recombination. Putative deletion of the target gene was screened using PCR and verified by
sequencing.

The pSET2 vector was used to construct the complemented strains (54). The open reading frame
(ORF) of the target gene (including putative promoter sequences) from the genome was amplified and
inserted into the pSET2 vector. After transformation into E. coli DH5« for propagation, the recombinant
plasmid was electroporated into mutant competent cells.

To express the recombinant TCSO9RR protein, the coding region of TCSO9RR was cloned using PCR
with the primers TCSO9RRpColdF and TCS09RRpColdR (Table S3). After digestion with respective endo-
nucleases, the sequence was inserted into the pCold Il vector with the same sites. The recombinant pCold
II-TCSO9RR plasmid was verified by sequencing and transformed into BL21(DE3) cells.

Growth kinetics assay under different temperatures. Strains in the logarithmic phase were diluted
to an optical density at 600 nm (ODg,,) of 0.01 in THB. The cultures were then incubated at 37°C and 25°C
with shaking, and the ODg,, was determined at 1-h intervals for 12 h. Each growth curve was derived
from at least three independent experiments.

Phagocytosis and swine blood killing assay. Phagocytosis assays were performed as reported
previously, with some modifications (55). The strains in logarithmic phase were washed three times with
PBS and incubated with macrophages for 1.5 h at a bacterium-to-cell ratio of 100:1. After being washed
three times with PBS, the infected cells were incubated in DMEM containing penicillin (5 uwg/ml) and
gentamicin (100 ug/ml) for another 1.5 h. The macrophages were then washed three times with PBS and
lysed with water. Serial dilutions of the cell lysate were plated onto THA and incubated overnight at 37°C.
All experiments were repeated three times.

A swine blood killing assay was performed to investigate bacterial survival in the presence of whole
swine blood. The strains in logarithmic phase were washed three times with PBS and suspended in PBS
to an ODg, of 0.1. After 0.1 ml of bacterial suspension was added to 0.9 ml of whole swine blood, the
mixtures were incubated at 37°C with occasional moderate shaking. An aliquot of the sample was
removed at 0, 1, and 3 h, and the serial dilutions were plated on THA. All experiments were repeated
three times.

Murine infection assay. Mouse survival assays were performed as described previously (20). Ten
mice in each group were challenged by intraperitoneal injection with the strain at a dose of 5 X 108
CFU/mouse and monitored for signs until 7 days postinfection. The negative-control group was
challenged with an equal volume of sterile PBS. To evaluate bacterial proliferation in vivo, a bacterial
burden assay was conducted. Six mice in each group were inoculated with 3 X 108 CFU of the strain,
and the blood, liver, kidney, and brain were harvested, weighed, and homogenized in PBS at 6 h
postinfection. Subsequently, the homogenized samples were serially diluted and plated on THA to
enumerate CFU.

To examine the expression of TCS09RR and capsule genes in the host before and after SS2 entered
the blood circulation, six mice were challenged by intraperitoneal injection with 1 ml of the ZY05719
strain at a dose of 5 X 108 CFU/mouse. Ascitic fluid was collected from three mice at 2 h postinfection,
while blood was harvested from another three mice at 6 h postinfection. RNA next was isolated and
cDNA was synthesized for qRT-PCR.

Transcriptomic analysis. RNA was extracted from the WT and mutant strains to generate the
transcriptome library, which were sent to Novogene (Tianjin, China) for RNA-Seq analysis. The lllumina
HiSeq 2000 platform was used as described previously (56). Each strain was analyzed based on three
biological replicates. TopHat2 software was used to map the transcriptome reads against the reference
sequence of ZY05719, and the Cuffdiff program was used to identify differentially expressed genes. To
control the false discovery rate in the transcriptome data, comparisons with g values of =0.05 and
estimated fold changes of =2 were declared significant.

Transmission electron microscopy. TEM was utilized to analyze the morphological changes of the
strains using a known method (57). In brief, the strains in logarithmic phase were centrifuged at
5,000 X g for 10 min and then fixed in 2.5% glutaraldehyde for more than 2 h. The specimens then were
dehydrated in propylene oxide for 10 min and embedded in epoxy resin. Finally, the sections were
examined with a transmission electron microscope (Hitachi H-7650) at an accelerating voltage of 200 kV.
The experiments were performed three times independently.
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Preparation of surface proteins and SDS-PAGE analysis. The strains were centrifuged at 12,000 X g for

10 min at 4°C, washed twice with PBS, and then resuspended in 4 ml sample preparation solution (30 mM
Tris-HCI [pH 7.5], 25% sucrose, 125 U/ml mutanolysin [Sigma], 3 mM MgCl,). After incubating the samples at
37°C for 1.5h, the cell lysate was centrifuged at 12,000 X g for 10 min at 4°C and precipitated in 10%
prechilled (4°C) trichloroacetic acid. The samples then were incubated in ice water for 0.5 h and centrifuged
at 12,000 X g for 10 min at 4°C. Ten milliliters of chilled acetone was used to wash the pellet twice, which was
then air dried. The proteins were then separated on a 12% SDS-PAGE gel.

Electrophoretic mobility shift assay. E. coli BL21 with pCold II-TCS09RR was grown in 200 ml of LB

overnight at 16°C, and protein expression was induced with the addition of 0.1 mM isopropyl-3-p-
thiogalactopyranoside (IPTG; Sigma-Aldrich). Recombinant TCS09RR was purified using Ni-nitrilotriacetic
acid spin columns (GE Healthcare) and dialyzed overnight at 4°C. The BProm program (SoftBerry) was
used to predict the promoter regions, and a fragment from 16S rRNA was used as the negative control.
The promoter variants were obtained by overlap extension PCR using the upstream and downstream
sequences of the repeats. DNA probes were obtained by PCR amplification using specific primers (Table
S3) and purified using a gel extraction kit (Vazyme). Increasing amounts of dialyzed TCSO9RR protein (0
to 500 ng) were added to the DNA probe (100 ng) in binding buffer (10 mM Tris, 50 mM KCl, 50 mM
MgCl,, 0.1 mM dithiothreitol, 10% glycerol, pH 7.4) at 37°C for 30 min. The reaction mixtures were loaded
onto a 6% polyacrylamide gel in 0.5 TBE buffer (44.5 mM Tris base, 44.5 mM boric acid, 1 mM EDTA, pH
7.4) and electrophoresed at 200V for 45 min. Finally, the gel was stained in 0.5X TBE buffer containing
ethidium bromide for 15 min and the image was recorded.

Cotranscription assay. Total RNA was extracted and reverse transcribed to prepare cDNA as

described above. The primers were designed to span the ORFs of TCSO9RR-TCSO9HK, TCSO9HK-
zy05719_08030, and zy05719_08030-zy05719_08035, as listed in Table S3. One microgram of total RNA
without reverse transcription served as the negative control to confirm that the samples were free of
contaminating DNA. The matching cDNA samples were used as PCR templates for the cotranscription
assay.

Statistical analysis. All experiments were performed at least 3 times. The Prism 5 software package

was used to perform statistical analyses. The unpaired two-tailed Student’s t test and the log-rank
(Mantel-Cox) test were used to analyze the data. For all tests, a P value of <0.05 was considered
statistically significant.
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