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ARTICLE INFO ABSTRACT

Keywords: Streptococcus suis (S. suis) is an important zoonotic pathogen that causes major economic losses in the pig in-
S. suis dustry worldwide. The S. suis cell division process is an integral part of its growth and reproduction, which is
Pyruvate dehydrogenase controlled by a complex regulatory network. Pyruvate dehydrogenase (PDH), which catalyzes the oxidative
Cells chain decarboxylation of pyruvate to form acetyl-CoA, while reducing NAD + to NADH, plays an important role in
IZn::rl:ztion energy metabolism. Recently, we reported that pdh regulates virulence by reducing stress tolerance and biofilm
Cell division formation in S. suis serotype 2. In this study, we found that deletion of the pdh gene in S. suis resulted in abnormal
cell chains, plump morphology and abnormal localization of the Z rings, indicating that the knockout mutant is
impaired in its ability to divide. In addition, the interaction between FtsZ and PDH in vitro was confirmed by
ELISA, and qRT-PCR analysis revealed that the deletion of the pdh gene results in differential expression of the
division-related genes ftsZ, ftsK, ftsl, zapA, divIC, pbpla, rodA, mreD, and sepF. These results indicate that pdh is

involved in the normal formation of Z rings and cell morphology during S. suis cell division.

1. Introduction

Streptococcus suis (S. suis) is a zoonotic pathogen worldwide that
causes diseases such as sepsis, meningitis, pneumonia, endocarditis,
and polyarthritis in humans and pigs. Bacterial cell division is a basic
physiological process of bacterial growth and reproduction, and can be
associated with potential target proteins for the development of new
broad-spectrum antibacterial drugs (Foss et al., 2011; Hale and de Boer,
1997; Kenneth et al., 2011). In nature, bacteria exhibit a variety of
growth patterns and morphology, suggesting that different species of
bacteria may have different regulatory mechanisms for cell growth and
division. The mechanisms of bacterial division have been more ex-
tensively studied in Staphylococcus aureus, Streptococcus pneumoniae,
Escherichia coli and Bacillus subtilis (Foss et al., 2011).With regard to S.
suis, the research on the mechanisms of cell division is still in its in-
fancy. In general, ellipsoids perform splitting activities on the central
axis of the cell along parallel planes perpendicular to the long axis. FtsZ
plays a key role in cell division and can be polymerized into the Z ring
to guide the formation and morphology of the membrane (Addinall and
Lutkenhaus, 2010; Vishnyakov and Borchsenius, 2007). At the same
time, studies have found that a variety of proteins can interact with

FtsZ, which affects the protein assembly of FtsZ (Huo et al., 2016;
Krupka et al., 2017; Ortiz et al., 2016; Skagia et al., 2017). The lack of
knowledge regarding the process of cell division of S. suis limits the
development of inhibitors of cell division.

The pyruvate dehydrogenase (PDH) gene is the first rate-limiting
enzyme that catalyzes the pyruvate reaction, which is of great sig-
nificance for the nutrient metabolism of organisms. PDH complex co-
ordinates the conversion of pyruvate to acetyl-CoA under aerobic
conditions or to lactic acid under anaerobic conditions (Jha et al.,
2016). PDH is also considered as an important component of the bac-
terial skeleton (Dallo et al., 2010). At the same time, studies have
shown that deletion of pdh can lead to impaired formation of Strepto-
coccus pneumoniae capsules (Echlin et al., 2016). Previous studies have
found that after the pdh gene is deleted by S. suis, the virulence of the
strain in the mouse infection model is significantly reduced. Studies
have shown that PDH is involved in the pathogenesis of S. suis, and
reduction in virulence of strain may be related to the decreased ability
to resist stress (Wang et al., 2019). However, whether PDH is associated
with cell division and regulation of ftsz is still unknown.

In this study, the role of PDH in the growth and division of S. suis
cells was first examined. After the deletion of pdh, the cells appear
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plump in very long chains and the formation of Z rings was abnormal.
Interaction assays between PDH and FtsZ showed that the two proteins
interact together in vitro. Morever, real-time PCR experiments revealed
that pdh gene deletion induces significant changes in the expression of
division-related genes. Altogether, the results indicate that PDH plays
an important role in maintaining normal morphology and division of S.
suis cells.

2. Materials and methods
2.1. Bacterial strains and culture conditions

S. suis serotype 2 strain ZY05719 was isolated from an infected pig
in Ziyang, China, in 2005 and confirmed to be a virulent strain (Liu
et al., 2006). S. suis was cultivated in Todd-Hewitt broth (THB) (Difco
Laboratories, Detroit, MI) or plated on THB solid plates containing 2%
agar. Bacterial cultures were carried out under different conditions
according to the experimental requirements. The pdh deletion mutant
(Apdh) and complemented strain (CApdh) were constructed in our la-
boratory (Wang et al., 2019). Escherichia coli (E. coli) strains DH5a
andBL21 (DE3) were cultured in Luria-Bertani (LB) medium or on LB
solid plates containing 2% agar. When appropriate, spectinomycin at a
concentration of 100 pug / mL or ampicillin at a concentration of 50 pug /
mL was added. Related strains are listed in Table 1.

2.2. Identification of Apdh strain

The Apdh strain was added to THB liquid medium and cultured for
8h at 37 °C. Then, PCR was double-identified with the outer primers
pdh-X and pdh-Y and the internal primers pdh-ORF-1 and pdh-ORF-2,
while the wild-type strain was used as the control group. Related pri-
mers are listed in Table 2.

2.3. Microscopic observations

Cells of S. suis (WT, Apdh, CApdh) were collected at mid-log phase
and washed twice with phosphate buffer saline (PBS). Twenty pL of
each sample was then heat-fixed on a glass slide. Gram stain kit
(Jiancheng, China) was used according to the manufacturer's instruc-
tions. The stained samples were observed using an optical microscope
40 x oil mirror (Primo Star; Zeiss, Godingen, Germany).

Scanning electron microscopy (SEM) was performed as previously
described with small modifications (Shi et al., 2014). All three strains
(WT, Apdh, CApdh) were grown in THB liquid medium. Cells were
spotted onto polylysine coverslips and washed with PBS. The cells were
fixed at 48 °C for 1h with 2% glutaraldehyde. The subsequent dehy-
dration step was performed in ethanol and the samples were air-dried.
Finally, the samples were placed in an evaporator and coated with
gold/palladium. Observation was carried out at 5kV with a scanning
electron microscope (Model S800; Hitachi, Tokyo, Japan). One hundred
bacterial cells of each strain were randomly selected from SEM micro-
graphs, and cell size was measured using Image J. The data were then
statistically analyzed using GraphPad Prism 6.

Transmission electron microscopt (TEM) was performed as pre-
viously described with minor modifications (Gao et al., 2016). Cells

Table 1
Bacterial strains used in this study.
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Table 2
Primers used in this study.
Primers Sequence (5’-3") Source of
references
pdh-X CCAATGGGATAAGGGTA This work
pdh-Y TGTTTCATTGACGAGTAAA (2685 bp)
pdh-ORF-1 CATGATGGCTGAGCTTGC This work
pdh-ORF-2 ~ TAAGCGTGTTCTTTCGGG (681 bp)
pdh-F CGCGAATTCATGCAACAAATCCGTGAT (EcoRI) This work
pdh-R CCCTCGAGGCTAGTCTACAAACACATC (Xhol)
(924bp)
ftsZ-F CGCGGATCCATGGCATTTTCATTTGAAGCA This work
(BamHI)
ftsZ-R CCGGAATTCTTAGCGATTACGGAAGAATGG (EcoRI)
(1230bp)

from cultures of S. suis (WT, Apdh, CApdh) were harvested by cen-
trifugation, and then fixed overnight with 2.5% glutaraldehyde (1 mL).
The cells were treated with 2% osmium tetroxide in the dark for 2 h.
Subsequent dehydration steps were performed in ethanol at50% for
15 min, 70% for 15min, 95% for 15 min, and 100% for 20 min. The
dehydrated cells were embedded in an epoxy resin, and cell mor-
phology were observed using H-7650 TEM (Hitachi, Tokyo, Japan).

2.4. Analysis of bacterial sedimentation

Bacterial sedimentation was analyzed as described previously with
minor modifications (Hesketh et al., 2002). The WT, Apdh and CApdhS.
suis strains were inoculated in THB medium (1% v/v inoculum), re-
spectively, and cultivated overnight at 37 °C. Prior to initiate the ex-
periment, the bacterial suspensions were vortexed for 15 s, and allowed
to stand at room temperature. By measuring the optical density at
600 nm (ODggp nm) at every 30 min intervals in the upper half of the
tubes, the degree of aggregation was determined. The impact of PDH in
bacterial sedimentation was examined by measuring the sedimentation
rate of WT, Apdh and CApdh strains.

2.5. Overexpression and purification of PDH and FtsZ

DNA manipulations were performed as previously described
(Marilena et al., 2014; Shi et al., 2014), First, the chromosomal DNA of
S. suis ZY05719 was used as a template, and then the target gene was
obtained by PCR amplification using the pdh-F / pdh-R or ftsZ-F/ftsZ-R
primers listed in Table 2. Next, the recombinant plasmid was extracted,
digested and inserted into the His-tagged pET32a expression vector to
obtain a recombinant plasmid pET32a-pdh or pET32a-ftsZ, which was
transferred to competent cell BL21 (DE3). To obtain the purified pro-
tein, 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) (Sigma, USA)
was added to the bacterial culture and expression was induced at 37 °C
for 8h. The protein was further purified by gel filtration chromato-
graphy using a Superdex-200 10/300 GL column (GE Healthcare,
Sweden) and stored at —80 °C. His-tagged PDH was used to immunize
mice to produce polyclonal antibodies.

Strains/plasmids Relevant characteristics

Source of references

Strains

S. suis ZY05719
7Y05719 Apdh
7Y05719 CApdh
E. coli DH5a

E. coli BL21 (DE3)

One of the most toxic strains; isolated from dead pig
ZY05719 has no PDH functional strain
Complemented strain of ZY05719 Apdh

DHb5a is a strain commonly used for plasmid cloning
Host for expressing the recombinant protein

Collected in our laboratory
Collected in our laboratory
Collected in our laboratory
Collected in our laboratory
Collected in our laboratory
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2.6. Ethics statement

All animal experiments in this study were approved by the
Experimental Animal Monitoring Committee of Henan University of
Science and Technology and carried out accordingly.

2.7. Interaction assay for PDH and FtsZ

Protein-protein interaction assay was performed according to the
procedure of Shi et al. with small modifications (Shi et al., 2014).
Briefly, 500 ug of purified FtsZ or bovine serum albumin (BSA) (So-
larbio, USA) was added to a buffer containing 14 mM Na,CO3 and
36 mM NaHCO;, and then coated onto an enzyme-linked im-
munosorbent assay plate at 4 °C (overnight). The plate was taken and
washed three times with PBS containing 0.5% Tween-20 (PBST) to re-
move unbound protein. Non-specific binding sites were blocked by in-
cubation with PBS buffer containing 10% goat serum for 2h at 37 °C.
The purified PDH protein was then diluted to different concentrations
using PBS, and different concentrations of PDH protein were added to
the wells and incubated for 2 h at 37 °C. The assay plate was then wa-
shed three times with PBST. Finally, the interaction between PDH and
FtsZ was detected using a mouse anti-PDH antibody as primary anti-
body and horseradish peroxidase-labeled goat anti-mouse antibodies as
secondary antibody (BioRad, Hercules, CA). BSA-coated wells were
used as negative controls. The assays were performed in triplicate.

2.8. Quantitative real-time PCR (qRT-PCR) analysis

qRT-PCR analysis was performed as previously described with
minor modifications (Wang et al., 2011). S. suis (WT and Apdh) were
inoculated into THB and grown overnight at 37 °C. Afterwards, the cells
were transferred to fresh THB medium (1% v/v inoculum) and bacterial
cells were collected in the logarithmic growth phase. RNA was isolated
by using TRizol reagent (TaKaRa, Dalian, China). DNA was removed
using DNase I (TaKaRa, Dalian, China). The ¢cDNA was synthesized
according to the instructions of the Prime ScriptTM RT Kit (TaKaRa,
Dalian, China).The WT strain was used as a control group, and the
mRNA expression level was detected by qRT-PCR (16s rRNA as a
housekeeping gene). The fluorescent quantitative PCR primers for the 9
genes and the internal reference gene 16 s rRNA are shown in Table 3
(Orietta et al., 2013). The experiment used the SYBR Green PCR
method, and the kit used was SYBR Premix Ex TaqTM kit (TaKaRa,
Dalian, China). qRT-PCR experiments were performed using an ABI

Table 3
9 kinds of genes and 16 sSRNA fluorescent qRT-PCR primers.

Name Sequence (5’-3") Target gene
16 s rRNA-S GTTGCGAACGGGTGAGTAA 16 s rRNA
16 s rRNA-A TCTCAGGTCGGCTATGTATCG

FtsZ-S TGAGGAAAGCGAAGAAGCAT ftsZ
FtsZ-A AAACCAAACGGACGAGTCAC

FtsK-S AAAGATAAGTTGGTGGAGAC ftsK
FtsK-A CTACCAGTGCCAAAGCCC

FtsL-S AGTCTTCTCAGTTCAGCAAA ftsl
FtsL-A GAGATATTCTTACCTAAGGTC

ZapA-S ATGGAAGAGATTGAGCGTAT zapA
ZapA-A GAGATATTCTTACCTAAGGTC

DivIC-S GCCTGCCTATAATCTTGTTG diviC
DivIC-A TTGCTCGGTATTCCTCATTT

PBP1a-S GCTGACTTATTTCTCGACAT pbpla
PBPla-A GTCTTCATACCGTAATTACC

RodA-S AGTCCAGACTTAGTAGCATC rodA
RodA-A ATCACCCTTGACAACATAATG

MreD-S ATTGGTCGGTCGGATTATTT mreD
MreD-A GTTGTAGTAGCAATACCAATC

SepF-S TGAAAGGCAGCAAGAATTGA sepF
SepF-A TACTGAACGAGCACCATCCA

Microbiological Research 228 (2019) 126304

7300 RT-PCR system (Applied Biosystems). In order to confirm the
unity and accuracy of the PCR product, we performed dissociation
analysis on the detected data. The mRNA level analysis method is a
comparison cycle threshold method (Z_AACT method) (Livak and
Schmittgen, 2001). Assays were performed in triplicate. All data are
given in terms of relative quantities of mRNA expressed as the means
plus.

2.9. Statistical analysis of test data

The GraphPad Prism version 6 software was used to perform sta-
tistical analyses for all data. All data points for the experiments, per-
formed in triplicate, were analyzed using the single factor analysis of
variance (One - Way ANOVA), where P < 0.05 was considered to be
statistically significant.

3. Results
3.1. Identification of S.suis Apdh strain

To investigate the PDH function in S. suis, we used the correct Apdh
strain (Supplementary material, Fig. S1) and CApdh strain (data not
shown) in this study.

3.2. Deletion of the pdh gene leads to abnormal cell division

In order to further analyze the growth phenotype of the Apdh strain,
we performed a Gram staining and sedimentation test for the three
strains (WT, Apdh, CApdh). The results showed that the chain length of
the Apdh strain was longer than that of the WT strain (Fig. 1A and B). At
the same time, the Apdh strain exhibited a higher sedimentation rate,
and the difference was extremely significant (P < 0.01) (Fig. 1D). The
sedimentation states of WT, Apdh, CApdh strains at 300 min are shown
in Fig. 1E. The results showed that there was a significant difference in
the chain length and growth state of S. suis after deletion of the pdh
gene compared with WT.

3.3. Deletion of the pdh gene causes the S. suis Z rings delocalization

To further clarify the mechanism by which the pdh gene affects S.
suis cell division, SEM and TEM of the WT strain and Apdh strain were
used to compare the cell morphology (Fig. 2). A marked difference was
that the Apdh strain appeared as long bacterial chains with unsplit
cross-wall joined cells. More specifically, the long chains of bacteria
observed often involved more than 20 cells (Fig. 2B1). When observing
the cell morphology of the Apdh strain, we also found that compared
with the WT strain, the cell morphology does not show a normal el-
lipsoid but rather a globular shape (Fig. 2 B1). Comparing the mor-
phology of Apdh strain and WT strain by SEM and TEM revealed that
WT strain had a typical egg-like shape and division pattern (Fig. 2A). In
contrast, the Apdh strain showed abnormal ultrastructure (crimp as-
pect) or Z rings formation was not localized at the equator (Fig. 2B).

Cell length and width were quantified to more accurately determine
the morphological phenotype of the Apdh strain (Fig. 3 and Fig. 4).
Individual cells were randomly selected from membrane-stained cells
for longitudinal length measurements. The statistical results of the cell
length distribution of the WT strain, the Apdh strain and the CApdh
strain are shown in Fig. 3. Among them, the cell length of the WT strain
and the CApdh strain were mainly concentrated between 1.0 and
1.8 um, and the cell length of the Apdh strain was concentrated between
1.0 and 1.3 um (Fig. 3). At the same time, we calculated the average cell
length of the Apdh strain along the long axis of the cell to be 1.28 ym,
compared to 1.43 um in WT cells and 1.40 um in CApdh cells (Fig. 4A).
And the cell length of Apdh strain was shorter compared with WT and
CApdh strains (P < 0.05). The average width of Apdh cells was cal-
culated to be 0.8467 um along the horizontal axis of the cells, the



Y. Wang, et al. Microbiological Research 228 (2019) 126304

’

s ( =T,
NG €55 8 Nems v e~ b ,——..é
‘ -~ \ | La
N it \ ~ i ’
- oo . \\ :
. -~ -
‘ . AN i 2 z
"?‘- - i o / Yor .
L4 el Se~ . \ ~,

1.54
-O- WT
-0~ CApdh
Apdis
1.0+ - Apdh
£
=%
(=
0.5+
0.0

T T T T T T T T T T
30 60 90 120 150 180 210 240 270 300

Time(min)

Fig. 1. Bacterial morphology and bacterial sedimentation of the WT, Apdh and CApdh strains.
A: WT strain, B: Apdh strain, C: C/\pdh strain. All images were magnified 1000 times. D: Sedimentation rate curve of the three strains determined by monitoring the
ODgoonm Value of the upper portion of the tube at different time points. E: Visual observation of bacterial sedimentation after 300 min of incubation.
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Fig. 2. Micrograph of S. suis WT and Apdh.

1. Al (Scale bar, 3 um) and A2 (Scale bar, 0.5 um) are SEM photographs of WT strain, and A3 (Scale bar, 200 nm) is a TEM photograph of WT strain. 2. B1 (Scale bar,
3um) and B2 (Scale bar, 0.5um) are SEM photographs of the Apdh strain, and B3 (Scale bar, 1 pm) is a TEM photograph of the Apdh strain. Note: The red arrow
indicates the position and orientation of the Z rings.
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Fig. 3. Cell length distribution of S. suis strains as determined by SEM.
Histograms of WT (n = 100, black), Apdh (n = 100, white) and CApdh
(n = 100, gray) cells counted following growth in THB medium. To determine
cell length, we measured the longitudinal length of individual membrane
stained cells. Apdh cells were significantly shorter than WT cells (P < 0.01).

average width of WT cells was 0.79 pm, and 0.7967 um in CApdh cells
(P < 0.05) (Fig. 4B). These data suggest that pdh has a complex reg-
ulatory function in S. suis cell division.

3.4. PDH interacts with FtsZ in vitro

The FtsZ protein is an important cell division initiation factor. The
formation of Z rings observed by TEM and SEM involves an interaction
between PDH and FtsZ. To assess the physical interaction between PDH
and FtsZ proteins of S. suis in vitro, we first constructed a prokaryotic
expression vector to obtain purified PDH and FtsZ (Supplementary
material, Fig. S2). FtsZ- or BSA-coated ELISA plates were incubated
with 10 ug, 5ug, and 1ug of purified PDH and bound PDH was de-
termined using a soecific antibody. The washed PDH was im-
munolabeled and quantified by ELISA. The results showed that PDH is
able to bind to FtsZ but does not substantially bind to BSA (Fig. 5).

3.5. pdh regulates the expression of genes involved in cell division

It has been reported that in Streptococcus pneumoniae, a total of 33
proteins are involved in the process of bacterial cell division (Orietta
et al., 2013). In order to determine whether there are changes in the
transcriptional levels of other cell division-related genes in Apdh, we
performed qRT-PCR on 33 genes in WT strain and Apdh strain that
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Fig. 4. Mean of cell size for WT, Apdh and CApdh S. suis strains.
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Fig. 5. Solid phase binding assay of FtsZ and PDH.
The wells of the microtiter plates were coated with FtsZ or BSA and incubated
with various concentrations of PDH protein as indicated.

have been explicitly involved in S. pneumoniae cell division. The gene
expression levels of 9 genes (ftsZ, ftsK, ftsl, zapA, divIC, pbpla, rodA,
mreD and sepF) were significantly different (P < 0.05) or highly sig-
nificantly (P < 0.01) (Table 4).

4. Discussion

The normal cellular morphology of S. suis is ellipsoidal, and the
cleavage site is located in the middle of the bacterium, which is con-
tinuously perpendicular to the long axis of the bacterium. Studying the
cell division of bacteria does not only provide information about this
basic biological process, but also helps to explore potential drug targets
and lay the foundation for the development of new broad-spectrum
antibacterials. Here, the data suggest that PDH plays an important role
in S. suis cell division.

PDH is a multi-enzyme complex widely distributed in microorgan-
isms, mammals, and higher plants. Pyruvate produced by the bacterial
glycolytic pathway produces acetyl CoA through the PDH, enters the
tricarboxylic acid cycle, and produces energy through oxidative phos-
phorylation (Bonnet et al., 2007). However, when the PDH function is
defective, the cells often use other pathways, called PDH bypass, for
energy metabolism (Lapointe et al., 2002; Zeeman et al., 1998). This
study found that pdh deletion did not affect the viability of the cells of S.
suis. It is speculated that cells may undergo energy compensation
through PDH bypass. The role of PDH in cells is mainly involved in the
metabolism of pyruvate, catalyzing the oxidative decarboxylation of
pyruvate to form Acetyl-CoA, while reducing NAD + to NADH. Studies
have reported that metabolic proteins such as Ga5DH, ManA and UgtP
affect the cell structure and cell division of S. suis and B. subtilis (Elbaz

B
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The cell length of the Apdh strain was significantly different from that of the WT strain (P < 0.01; two-tailed t-test).
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Table 4
Differences in transcriptional levels of cell division genes (/\pdh / WT).

Microbiological Research 228 (2019) 126304

Gene Locus Function Fold difference in mRNA level ( + SD)
ftsZ ZY05719_RS02380 Cytoskeletal structure, forms a cytoplasmic ring structure at midcell. 0.067 ( = 0.008)

SftsK 7Y05719.06375 Recruitment of proteins and DNA transport. 0.011( + 0.001)

ftsl ZY05719_RS08235 Unknown; role in septal PG synthesis? 0.013( = 0.002)

2apA 7Y05719_RS01230 Stabilization of FtsZ polymers. 0.119( + 0.007)

divIC 7Y05719_RS00050 Interactions with peptidoglycan synthases; septal PG synthesis. 0.021( + 0.004)

pbpla ZY05719_RS02005 PG glycosyltransferase/transpeptidase; peripheral and septal PG synthesis. 13.889( = 2.883)

rodA ZY05719_RS07140 Lipid II flippase; peripheral PG synthesis. 0.837 ( £ 0.023)

mreD 7Y05719_RS00190 MreB-associated and inner membrane-associated protein; role in peripheral PG synthesis. 0.323 ( + 0.034)

sepF ZY05719_RS02390 Z-ring positive regulator. 0.025( = 0.003)

and Ben-Yehuda, 2010; Shi et al., 2014; Weart et al., 2007). These ef-
fects mainly result from the accumulation of high concentrations of
sugar directly interacting with related enzymes, thereby inhibiting FtsZ
assembly and delaying the maturation of the Z ring. PDH is likely to
play a similar role, although it needs to be confirmed.

The results of Gram staining showed that the cell chains of the Apdh
strain were longer than that of the WT strain and the difference was
highly significant (P < 0.01). Moreover, cells of the Apdh strain
showed a higher sedimentation rate. This phenotype appears to be
specific because there is no significant difference between the CApdh
strain and the WT strain. By measuring the sedimentation rate of the
WT, Apdh and CApdh strains, it was further confirmed that abnormal
bacterial cell division may enhance aggregate formation and the ob-
served sedimentation. These results are in agreement with those of
Gallotta et al. regarding group A Streptococcus (Marilena et al., 2014).

Abnormal bacterial cell division is often reflected in cell mor-
phology and changes in the chain length of bacteria. Studies have
showed that the deletion of the S. suis gluconate metabolic enzyme gene
ga5dh results in increased length of bacterial cells and a non-contracted
membrane (Shi et al., 2014). S. suis response regulator CovR globally
regulates gene expression and negatively regulates the virulence of S.
suis; the capsule of a deficient-mutant becomes thinner and bacteria
produce longer chains than the parent strain (Xiuzhen et al., 2009).
XerC and XerD belong to the tyrosine recombinase family and mediate
site-specific recombination of circular chromosomes, which are present
in streptococcus and lactic acid bacteria, while its homologue XerS is
found in S. suis. The XerS deletion mutant of S. suis grows slowly,
presents morphological changes and produces long chains (Maxime
et al.,, 2011). Fleurie et al. brought evidence that the dislocation of
pneumococcal StkP can eliminate its function and affect cell division
(Aurore et al., 2012). In this study, the deletion of the S. suis pdh gene
caused bacterial cells to form very long chains compared to the WT
strain. This change in chain length was highly significant (P < 0.01).
At the same time, the morphology of the cells also changed. The Apdh
cell showed a shortened cell length and a non-contracted membrane.
These findings fully demonstrate that multiple proteins are involved in
the regulation of normal division of bacterial cells, and the PDH gene is
likely to be one of them.

The S. suis splitting assembly pattern is similar to that of
Streptococcus pneumoniae. The skeletal protein FtsZ is the protein that
first enters the cleavage site and self-polymerizes to form the Z-ring,
recruiting a variety of downstream proteins as scaffolds and triggering
the assembly of large protein complexes. The initiation of cell mem-
brane synthesis, first introduced into the division, is the cell division
initiation proteins FtsZ and FtsA, followed by the synthesis of the
marker proteins DivlB (FtsQ), DivIC (FtsB), FtsL, FtsW, PBPla, PBP2X
and the cell division protein DivIVA. After the Z ring is formed, it enters
the cleavage site (Orietta et al., 2013). Many studies have shown that a
variety of proteins can interact with FtsZ, affecting the abnormal for-
mation of Z-rings in bacterial cells, leading to abnormal cell division.
Pneumococcal PBP2b28 mutant cells showed a rod shape (Orio et al.,
2011). TEM showed that the rod cells presents multiple membranes and

suggested that PBP2b28, which has a direct interaction with FtsZ, can
lead to mislocalization of FtsZ and abnormal cell morphology. Studies
have shown that deletion of PDH Ela causes Bacillus subtilis cells to
exhibit Z-ring formation defects (Monahan et al., 2014). This is very
consistent with this study. However, there is no research to determine
whether PDH Ela binds FtsZ directly or via an interaction partner to
coordinate regulation activities. In this study, we first confirmed that
PDH can interact directly with FtsZ. By observing the cell morphology
of Apdh strain under SEM and TEM, it was confirmed that the deletion
of PDH resulted in abnormal localization of Z rings in the cells. But does
PDH have an effect on FtsZ protein assembly? Or does it have a direct or
indirect effect on subsequent cell division? We also examined the effect
of pdh on the expression of 33 genes involved in S. suis division, and
found that the expression levels of 9 genes changed significantly. The
expression of ftsZ gene was significantly down-regulated, which directly
affected the production of FtsZ protein. In addition, the expression level
of the PBP1a, which promotes the synthesis of the septal cell wall, was
significantly up-regulated. This may impede the longitudinal extension
of cell division and increase the rate of cell septum division (André
et al., 2010; Dennis et al., 2010; Steele et al., 2011). This is likely one of
the reasons why the Apdh cells are plump and long chains.

5. Conclusions

In conclusion, this study demonstrated for the first time that the pdh
gene plays an important role in S. suis cell division. The deletion of the
pdh gene does not substantially affect the growth rate of S. suis, but
causes the cells to be arranged as longer cell chains, and to present
plump cell morphology and Z rings abnormally located. A better
knowledge of PDH function may reveal other components of the me-
chanism of cell division of S. suis and provide new potential targets for
drug treatment interventions for S. suis disease.
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