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ARTICLE INFO ABSTRACT

Am’r{e history: Avian pathogenic Escherichia coli (APEC) strains frequently cause extra-intestinal infections and signifi-
Received 6 August 2013 cant economic losses. Recent studies revealed that the type VI secretion system (T6SS) is involved in APEC
;8‘]:‘;"3‘1 in revised form 24 September pathogenesis. Here we provide the first evidence of three distinguishable and conserved T6SS loci in APEC

genomes. In addition, we present the prevalence and comparative genomic analysis of these three T6SS
loci in 472 APEC isolates. The prevalence of T6551, T6552 and T6SS3 loci were 14.62% (69/472), 2.33%(11/
472) and 0.85% (4/472) positive in the APEC collections, respectively, and revealed that >85% of the
strains contained T6SS loci which consisted of the virulent phylogenetic groups D and B2. Comprehensive
analysis showed prominent characteristics of T65S51 locus, including wildly prevalence, rich sequence
diversity, versatile VgrG islands and excellent expression competence in various E. coli pathotypes.
Whereas the T6SS2 locus infatuated with ECOR groups B2 and sequence conservation, of which are only
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Keywords:
Avian pathogenic Escherichia coli
Type VI secretion system

Prevalence
Diversity expressed in meningitis E. coli. Regrettably, the T6SS3 locus was encoded in negligible APEC isolates and
Genomic lacked several key genes. An in-depth analysis about VgrG proteins indicated that their COG4253 and
VgrG protein gp27 domain were involved in the transport of putative effector islands and recognition of host cells
respectively, which revealed that VgrG proteins played an important role in functions formation of T6SS.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.
1. Introduction cies including APEC, representing a new paradigm in protein secre-

Avian pathogenic Escherichia coli (APEC) is an important
member of the extra-intestinal pathogenic E. coli (EXPEC), and
systemic infections caused by APEC are economically devastating
to poultry industries (Dho-Moulin and Fairbrother, 1999; Ewers
et al.. 2003). APEC enters and colonizes the avian respiratory
tract, leads to localized infections, such as airsacculitis and pneu-
monia. In certain cases, it leads to acute septicemia, which com-
monly results in sudden death (Dho-Moulin and Fairbrother,
1999; Ewers et al, 2003: Rodriguez-Siek et al, 2005). APEC
strains are closely related to human EXPEC strains. Therefore,
some closely related clones could be involved in extra-intestinal
infections in both humans and poultry, suggesting that these iso-
lates are not host specific (Rodriguez-Siek et al., 2005; Moulin-
Schouleur et al., 2006, 2007; Johnson et al, 2007Mora et al.,
2009),

Recent researches have described a new secretion system,
called the type VI secretion system (T6SS), in several bacterial spe-

————
* Corresponding author. Tel./fax: +86 25 84395328,
E-mail address: yaohch@njau.edu.cn (H. Yao).

1567-1348 ® 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.
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tions (Filloux et al.. 2008). de Pace et al. (2010) found that the
mutants of T6SS core genes (ClpV and Hcp) of APEC strain SEPT362
displayed decreased adherence and actin rearrangement on epi-
thelial cells. A similar resuit was observed from the Hcp mutant
of the neonatal meningitis E. coli (NMEC) strain RS218 (Zhou
et al., 2012). Therefore, the role that T6SS plays in contributing to
the virulence of APEC warrants further investigations.

Some studies have revealed that T6SS gene clusters are assem-
bled from at least 13 core proteins, called ‘core components’ (Par-
sons and Heffron, 2005: Bonemann et al,, 2009), which comprise
the minimal machinery necessary for the functionality of T6SS.
However, most T6SS gene clusters actually encode additional pro-
teins, the function of which remains unknown. VgrG protein, one of
the core components performing diverse functions, has been dem-
onstrated to be secreted by the T6SS. The N-terminal of VgrG may
serve in assembly of the T6SS machinery, while the C-terminal por-
tion functions as effector (Pukatzki et al.. 2007; Ma et al.. 2009).
Former researches have reported the function of evolved C-termi-
nal portion that carries unknown proteins encoded in the VgrG is-
lands in different bacterial species (De Maayer et al., 2011; Sarris
et al., 2011). The N-terminal of VgrG protein containes a gp27 do-
main and a gp5 domain, which leads to the VgrG trimeric structure
organized in a similar way as the (gp27);-(gp5); complex does of
bacteriophage T4 (Leiman et al., 2009). The lysozyme activity of
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bacteriophage gp5 protein is capable of penetrating the outer cell
membrane and locally dissolving the periplasmic cell wall (Arisaka
et al., 2003). The gp27 protein acts as tail fiber protein in bacterio-
phage which confers a high degree of host specificity by binding to
the specific receptor of sensitive bacteria (Zhang et al, 2009; Xu
et al,, 2013).

In this study we present the results in silico analyses of putative
T6SS-related genes found in the genome of APEC strain ED205.
According to the result of prevalence analysis in 472 APEC isolates,
all identified T6SS loci were sequenced. We aimed to perform an
extensive comparative genomic analysis among abundant APEC
isolates to further explore the properties characteristics of T6SS
loci in APEC.

2. Materials and methods
2.1. Bacterial strains

A total of 472 APEC strains were isolated from the brains of
ducks with septicaemic and neurological symptoms as previously
described (Wang et al,, 2011) (Tabie $3). The identity of each strain
was confirmed as E. coli by using the VITEK 2 system (BioMérieux
Vitek, Inc., Hazelwood, MO, USA). Some APEC isolates used as
important representative strains in this study are marked in red
in Fig. 3. The APEC ED205 strain was chosen for genome
sequencing.

In addition, the E. coli reference strains (EHEC 0157, ETEC
PE114, EPEC PE059, UPEC 536, NMEC RS218 and APEC_O1) used
in this study were purchased from the Control Institute of Veteri-
nary Bioproducts and Pharmaceuticals of China, and identified to
encode the T6551 and T6SS2 loci. All E. coli strains were grown in
Luria-Bertani (LB) medium at 37 °C with aeration.
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2.2. In silico identification of the T6SS loci in APEC

APEC ED205 strain genome sequencing was performed by using
a Roche 454 genome sequencer FLX system. The draft genome se-
quence was uploaded to the bioinformatics analysis platform
(http:/Jwww.chinasscontrol.com/biosystem/index.php) of Nanjing
Agricultural University. Nucleotide sequences from enteroaggrega-
tive E. coli (EAEC) Sci-I and Sci-IIl 042 strain and NMEC T6SS locus
RS218 strain were used for BLASTN and reverse BLAST against the
ED205 draft genome in the bioinformatics analysis platform. Clus-
ters containing at least five genes encoding proteins with similarity
to known T6SS core proteins from NMEC or EAEC were considered
as part of a putative T6SS locus in APEC ED205 genomes. These
putative genomic regions were then extended by examining
10 kb up-stream and down-stream for putative conserved genes
associated with T6SS by reverse blast analysis against the EAEC
042 genome.

2.3. Sequencing of T6SS loci

T6SS loci were detected by multiplex PCR using specific oligo-
nucleotide primers for amplification of 3 conserved T6SS primary
core gene: IcmF (membrane-bound protein), ClpV (ATP bind pro-
tein) and VgrG (spike protein), T6SS loci were defined by the pres-
ence of at least two of the three genes, and used primers were
shown in Supplementary Table S1. All of the APEC T6SS loci de-
tected in this study were amplified and sequenced, being per-
formed by following the structure feature of gene clusters to
reduce the workload. This process was carried out by Shanghai
Sunny Biotechnologe Co., Ltd., and each cluster was assembled as
one containing the entire T6SS locus. Phylogenetic groups were
determined for the 472 APEC isolates by using the triplex polymer-
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Fig. 1. Comparative genome alignments of APEC ED205 and reference strains. Genes encoding conserved domain proteins were represented by the same colors. White arrows
indicate other genes encoded in the T6SS loci which were not identified as part of the conserved core described by Boyer et al. {2008). The direction of the arrows indicates the
direction of transcription. The color keys for the functional classes of genes in the T6SS loci are shown at the bottom. (a) The ED205 draft genome sequenced by our lab. (b}
The NCBI reference number of EAEC-042 genome is NC_017626. (c) The NCBI reference number of NMEC-RS218 T6SS cluster is JN837480. (d) The NCBI reference number of
EAEA-55989 genome is NC_011748.
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ase chain reaction (PCR) as previously described (Clermont et al.,
2000).

2.4, Phylogenetic analyses

Phylogenetic analyses were performed following the proce-
dures outlined by Bingle et al. (2008). A ClustalW alignment with
default parameters was used with the entire T6SS loci nucleic acid
sequences and VgrG amino acid sequences. Then, the T6SS clusters
phylogenetic tree was constructed with the MEGA (v.5.0.3) soft-
ware package using the neighbor-joining method, with P-distance,
complete gap deletion and bootstrapping (N = 1000) parameters.
The similar approach was used to construct the phylogenetic tree
of VgrG proteins, which only differs in using the Poisson correction
instead of P-distance.

2.5. Sequence annotation and GC content analysis

T6SS-related genes were named according to the T6SS genes of
Vibrio cholerae (Pukatzki et al., 2006). Maps of the genomic islands
were constructed manually in the VECTOR NTI program and Micro-
soft PowerPoint. Visual representation of the alignments using
nucleotide similarities (tblastx) of the T6SS loci and VgrG genes
were carried out with the Artemis Comparison Tool (ACT) (Carver
et al., 2005). The nucleic acid or translated proteins were compared
with those in GenBank database by the BLAST network service. The
average GC content of the whole T6SS loci and the VgrG islands
(see below) were determined using the Bioedit (v.7.0.5.3) package.

2.6. Analyses of the VgrG islands

VgrG islands were defined according to procedures outlined by
De Maayer et al. {2011). In this study, only the APEC-T65S1 locus
encoded visible VgrG islands. The amino acid sequences for the
proteins encoded in the VgrG islands were analyzed for sequence
identity by Blast P analysis against the NCBI protein database.
The presence of conserved domains was identified by Blast analysis
against the Conserved Domain Database (CDsearch). In addition,
the GC contents of the VgrG genes were determined for the con-
served N-terminal region, including the conserved Vgr and Gp5 do-
mains, as well as the C-terminal extensions which were all
considered to be nucleotides located at the 3’ end of the Gp5 do-
main. All of the proteins containing conserved domains were used

- to analyze possible functions.

2.7. Proteins structure prediction and modeling

The amino-terminal and central domains of VgrG proteins
resemble the T4 bacteriophage gp27 protein and the C-terminal
domain of gp5, respectively (Pukatzki et al., 2007). In this study,
the structure comparison between gp27 domain of VgrG and
8p27 protein of T4 bacteriophage (gp27-T4) was performed. All
of the models were generated by employing the SWISS-MODEL
server (http://swissmodel.expasy.org) (Arnuold et al, 2006). The
model of gp27-T4 protein was released by Kanamaru et al
(2002). The model of gp27-T65S1 was drawn based on template
2p52.X (VgrG protein from E. coli CFT073 ¢3393), sharing 89.84%
Sequence identity. The model of gp27-T6552 was drawn based on
template 1wru.A (tail protein from bacteriophage Mu gp44) (Kon-
dou et al,, 2005), sharing 31.48% sequence identity and the mod-
eled domain ranged from residues 8-358 aa. As no a highly

. similar template could be referenced, the gp27-T6553 could not
- be drawn a high-quality model. However, a referential model

Was still drawn based on 2p5z.X, sharing only 14.86% sequence

identity, while the modeled domain ranged from residues start to
end,
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2.8. Analysis of VgrGs expression

To analyze the expression competence of VgrG proteins in dif-
ferent E. coli pathotypes, an indirect ELISA assay was carried out
using antibody against VgrG protein. Briefly, wells of an ELISA plate
were coated using 100 p bacterial (~10° cfu/ml) supersonic lysate
at 4 °C for 12 h. Then, VgrG-ELISA was performed as reported pre-
viously (Dreyfus et al, 2004), and each sample was measured for
three times. A sample A450 value/negative control A450 value (S/
N) >2 was used as the positive standard. 15% mice macrophage ly-
sate was added in Trypticase Soy Broth (Difco Laboratories, Detroit,
MI) for bacterial strains culture, which could help to activate the
T6SS vitality (Ma et al., 2009). Because the T6SS3 locus encoded
an incomplete T6SS cluster and was not encoded in most of
E. coli strains, only VgrG-T6SS1 and VgrG-T6552 were analyzed
by ELISA assays. The VgrG-T6551 and VgrG-T6552 monoclonal anti-
bodies used in this study were prepared by GenScript USA Inc. as
the service SC1040 (Kohler and Miistein, 1975).

2.9. Statistical analysis

The data were analyzed by using SPSS version 17.0 (SPSS Inc.,
Chicago, IL). The difference between mean values among groups
was evaluated, first by one-way analysis of variance (ANOVA)
and then by pairwise comparison of the mean values between
the two groups, followed by Tukey's student rank test. Differences
in a P value of <0.05 were considered significant, while a P value of
<0.01 was considered greatly significant.

3. Results and discussion
3.1. Identification of orthologous T6SS loci occur in APEC

By baiting with conserved proteins from the characterized T6SS
loci in human pathogenic E. coli, three distinguishable T6SS loci
were identified in the draft genome sequences of APEC ED205
strains (Fig. 1). The embedded orders of conserved T6SS core genes
in T6SS1, T6SS2 and T6SS3 loci were fully consistent with the Scil
locus of EAEC 042 strain, the T6SS locus of NMEC RS218 strain and
the T6SS locus of EAEC 55989 (Fig. 1) respectively. The prevalence
of T6551, T65S2 and T6SS3 loci were 14.62% (69/472), 2.33% (11/
472) and 0.85% (4/472) positive in the APEC collections, respec-
tively, and revealed that >85% of the strains contained T6SS loci
which consisted of the virulent phylogenetic groups D and B2
(Fig. 2). 11 APEC isolates contained within the T65S2 locus also en-
coded the T6SS1 locus, and only ED205 strains contained all of
three T6SSs. The phylogenetic tree of whole T6SS clusters dis-
played the sequence identity of three branches less than 15%
(Fig. 3), which indicated that these clusters were three distinguish-
able genetic T6SS loci again (see Table 1).

The T6SS1 loci of APEC isolates were between 27.1 and 33.6 kb
in size and encompass 18-25 protein coding sequences. Fifteen of
these belonged to conserved T6SS proteins outlined by Boyer et al.
{2009) (Figs. 1 and 3B). Almost all of the T6SS2 loci, consisted of
only seventeen T6SS core genes, ranged a size of around 23 kb, of
which the cluster from EDO69 strain was the only exception
(Fig. 3). The T6SS3 loci ranged a size of around 18.5 kb and encom-
passed 16 ORFs (Figs. 1 and 3B).

3.2. VgrG islands analysis in T6SS loci

The concept of VgrG islands was first proposed by De Maayer
et al. (2011) and has been applied to most of the T6SS loci from
a variety of Gram negative bacteria. In this study, we also made a
VerG island analysis in APEC isolates, indicating that only T6551
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Fig. 2. The prevalence and phylogenetic groups analysis of T6SS loci among APEC isolates. (a), (c) and (e): The proportion of T655-positive isolates belongs to different
phylogenetic groups. (b), (d) and (e): The distribution rate of three T6SS loci in different phylogenetic groups of APEC respectively. The T65S1 is described by figures (a) and
(b), the T65S2 is described by figures (c) and (d), the T65S3 is described by figures (e) and (f). Statistical significance was determined by a Student’s t test based on

comparisons with other groups (**P <0.01; *P<0.05).

loci contained both *COG4253" VgrGs and a visible island structure
(Figs. 4 and 5). Although the T6SS1 locus shared conserved and
syntenous cores in this study, considerable variability in the VgrG
downstreamn regions was observed. Interestingly, the conserved
core proteins of T6SS1 locus were arranged in two syntenous clus-
ters (blocks I and 1lI, see Fig. 5C), between which sandwiched a var-
iable region (block 11, see Fig. 5C), which was speculated to link
with the VgrG gene encoded in the middle region of these clusters
(De Maayer et al,, 2011). The COG4235 is a part of the DUF 2345
superfamily, which contains VgrG-Rhs (rearrangement hot spot)
proteins. The Rhs domain of the VgrGs was verified to potentially
drive effector acquisition and diversity in a previous study (Wang
et al., 1998).

The GC content analysis showed that the variable and unknown
regions (43.97%) had a lower average value than the conserved
core regions (56.9%) (Table S2). A phenomenon was noticed that
the C-terminal extensions (putative effector-activity domain) of
VgrGs had a similar value (48.24%) with the variable regions, while
the N-terminal regions containing gp27 and gp5 domains (Cas-
cales. 2008) (Fig. 5A) shared a approximate value (58.95%) with
the conserved regions (Table S2). The presence of multiple non-
homologous or highly divergent forms of unexploited genes and
the C-terminal extensions of VgrGs, together with the lower GC
content of these regions, supporting the view that these genes
may have been imported into APEC (or their ancestors) on multiple
occasions by an unknown mechanism of VgrGs.

To further prove this hypothesis, the proteins encoded in the
variable VgrG islands were analyzed for its sequence similarity,
structural homology and the presence of conserved domains to
known proteins. The majority of proteins encoded on the islands
showed homology to proteins of unknown function. However, a
number of island proteins shared high sequence identity and con-
tained conserved domains which suggested that they might repre-
sent T6SS effectors with putative functions in host-microbe and
inter-bacterial interactions (Table 2). We found 12 proteins that
contained conserved domains (named Prol to Pro12, Table 2,
Fig. 5C). Each of them could be encoded in multiple APEC isolates.

3.3. The T6SS1 locus encode a multipurpose T65S

The prevalence analysis displayed that the T6551 locus was
more widely distributed in 472 APEC isolates (14.62%) compared
with the T65S2 and 3 (Fig. 2). Of 69 T6SS1 strains, 42 (66.67%) be-
longed to phylogenetic group D, while 14 (20.29%) belonged to
group B2 and 9 (13.04%) belonged to group B1, but no strain be-
longed to group A (Fig. 2a). These data indicated that the T6551 lo-
cus had extensive adaptability in different background APEC
strains, and also suggested the function diversity of T6551. More-
over, the distribution rate of T6551 locus was significantly higher
in group D (47.92%) and B2 (34.15%), suggesting that T6S51 was
mainly encoded in virulent isolates of groups B2 and D (Johnson
et al,, 2006) and thus made contribution to APEC pathogenicity.

The T6SS1 locus of APEC isolates could be clearly divided into
seven branches by the phylogenetic analysis (Fig. 3A), while the
similar situation did not appear in the T6552 and 3 loci. Likewise,
DNA sequence comparisons and linear interactive plots displayed
that the T65S51 locus presented great variability in both gene num-
ber and sequence polymorphism (Fig. 3B). This likely reflected the
complex evolutionary mechanisms in APEC which facilitated the
adaptation of T6SS1 to different hosts. A longer sequence and more
unknown genes of T6551 locus provided the possibility to perform
adjustable functions aiming different host cells.

The functional diversity can be observed more directly by ana-
lyzing of effectors encoded in VgrG islands. Based on the analysis of
a substantial number of hypothetical effector proteins, we sup-
posed that the VgrG islands of T65S1 locus function in mediating
virulence, competition proliferation and bacteria evolution. The
importance of T6SS in pathogenesis is becoming increasingly obvi-
ous. In this study, a zinc-dependent metallopeptidase (Pro6),
which is associated numerous times with pathogenicity in previ-
ous researches (Wassif et al., 1995; Woods et al., 2001), was found
to be encoded in VgrG islands of APEC. Furthermore, the PGAP1-
like protein (Pro1) found in this study contained a conserved do-
main of lipases, which had been shown to represent a major viru-
lence factor in both animal and plant pathogens (Nardini et al.,
2000; Ham et al,, 2011). However, E. coli is an opportunistic path-
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Phylogenetic relationships of the T65S loci were obtained using a neighbor-joining tree

sual representation of the alignments using nucleotide similarities

{tblastx) of the T6SS loci and were carried out with the Artemnis Comparison Tool (ACT) (Carver et al., 2005).

ogen, and many E. coli strains with genomes encoding T655 locus
are not known to be pathogenic or even symbionts. In this study,
the analysis of hypothetical effectors encoded in VgrG islands re-
vealed that many proteins were not associated with pathogenicity,
which suggested T6SS may alse function in nonpathogenic bacte-
_ ria-host interactions. Based on our analysis of the VgrG islands
[{roteins contained conserved domains, the nonpathogenic func-
t!On of T65S1 locus could be summarized as competition prolifera-
tion and bacteria evolution. The PAAR-repeat domain of Pro5, 11
and 12 in VgrG istands could sharpen and diversify the T6SS spike
and were required for full functionality of the T6SS in V. cholerae
and Acinetobacter baylyi (Shneider et al., 2013). The presence of

bacteriocin-like proteins (Pro11) in the T6SS1 locus of these APEC
isolates supported the finding of a potential function for the T6SS
in antibiosis and competition (Hood et al. 2010; Russell et al..
2011). The bacteriocins could take part in killing closely related
bacterial species (Lesic et al.. 2009). Furthermore, the VgrG trimer
showed structural resemblance with the (gp27):-(8p5)s spike
complex of T4 bacteriophage, which was used as the cell-punctur-
ing apparatus to deliver viral DNA into bacterial target cells (Cas-
cales. 2008). Coincidently, many VgrG island proteins of APEC in
this study contained integrase (Pro10} and helicase (Pro8) core do-
mmains and performed a transposase function, and these transpos-
ase are considered to be correlated with bacteriophage. These
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Table 1
The large clades of phylogenetic tree of T6SS nucleotide sequences and their representative isolate.
T6SS Group Number of orthologous Representative isolates Length of the T6SS locus? Number of GenBank accession
locus locus Name Serogroups  Phylogenetic (bp) orfs® No.
groups
TESS1 1 3 EDO58 07 B1 30,000-31,000 22 KF678356
I 21 EDD69 06 D 28,000-29,000 20-22 KF678354
m 11 ED168 Unknown B2 29,000-30,000 20-22 KF678357
v 17 ED205 02 B2 29,000-30,000 22-24 KF678351
A" 7 ED211B 075 D 26,000-27,000 17-19 KF678358
Vi 6 ED348 01 B2 32,000-33,000 23-25 KF678359
vit 4 ED353  Unknown B2 30,500-31,500 24 KF678360
Total 69 :
T6SS2 viil 10 ED205 02 B2 22,000-24,000 17 KF678352
Xl 1 EDO069 06 D 28,461 21 KF678355
Total 11
T65S3 X 4 ED205 02 B2 18,000-19,000 16 KF678353
Total 4 4

2 From the first to last conserved core gene of T6SS.
b Ignoring flanking genes.

observations suggested that T6SS1 locus might play an important
role in the evolutionary mechanism of APEC, which relies on the
bacteriophage to evolve.

A phylogeny based on the VgrG-T6551 proteins showed that all
of them were from different E. coli pathotypes, but mixed together.
It was difficult to pinpoint which one was from EXPEC or which one
was from intestinal pathogenic E. coli (Fig. 4). Interestingly, the
expression competence of each VgrG proteins was very close in
levels, thus no significant difference was observed among seven
pathotypes (Fig. 5B). It seemed that the T6551 locus could function
in every E. coli pathotype and would played versatile roles in a vari-
ety of survival environments.

The original study of T6SS was in the context of pathogenic bac-
terial-host interactions, though it should not be limited in such
narrow space. Several papers had highlighted the diverse poten-
tials of T6SS functions (Jani and Cotter, 2010). The versatile T65S
may also function to promote commensal or mutualistic relation-
ships between bacteria and eukaryotes (Hood et al., 2010), or to
mediate both cooperative and competitive interactions between
bacteria (Robinson et al, 2009). These latest progresses seemed
to explain why the APEC T6551 locus had the sequence and effec-
tors diversity, wide distribution and expression. In conclusion, we
speculated that the APEC T65S1 locus was not just for pathogenesis
anymore.

3.4. The T6552 loci encode a single-minded T6SS

The prevalence of T65S2 locus was very single-minded, and had
an addiction to encode in phylogenetic group B2. Of 472 APEC iso-
lates, 11 strains (2.33%) were confirmed to encode the T6SS2 locus.
Among them, 9 (81.82%) belonged to group B2, and the remaining
two belonged to group B1 and D respectively (Fig. 2c). Group B2
(21.95%) was the most prevalent phylogenetic group within the
T6SS2 locus (Fig. 2d). These results indicated that the function of
T6552 locus seemed to focus on an unknewn aspect. In the previ-
ous study, the group B2 was proved to have a higher chance to pro-
duce virulent strains, which seemed to suggest that the T6552
locus make contribution to APEC virulence.

Although 11 T6552 loci of APEC isolates could be divided into
two branches by the phylogenetic analysis (Fig. 3A), the small
branch contained only one strain (ED069). T65S2 loci of the ten
APEC isolates from the big branch shared a sequence of more than
95% identity, and retained a conserved and compact gene cluster
structure by observing the representative T6SS2 cluster from
ED205 (Fig. 3). There were not any variable and unknown regions
inserted into sequences of most T6SS2 locus. The above description

suggested that the T6SS2 might have particular function aiming
specific target cells, and was critical in some special mechanisms.

The phylogenetic tree of VgrG-T6SS2 proteins showed that they
branched into two distinct clades (Fig. 4), which suggested distinct
evolutionary backgrounds of these paralogous proteins. All of the
VerGs from APEC T6SS2 locus were assigned to ExPEC branch,
which indicated that the same function was performed in extra-
intestinal survival proliferation or pathogenic mechanism. Surpris-
ingly, their expression competence of VgrG-T6552 also had huge
difference between ExPEC and intestinal pathogenic E. coli. Only
the NMEC and APEC had a high expression level, while the UPEC
barely reached a normal level (Fig. 5B). The same result was shown
by the research of de Pace et al. {2010). According to him, the APEC
strain expressed T6SS genes at significantly higher levels than
EHEC strain did through a transcriptomics analysis. Coincidentally,
the T6552 locus of NMEC had been reported to play an important
role in the invasion of human brain microvascular endothelial cells
(Zhou et al., 2012). These results suggested that the T6S52 might
also perform an important function in avian E. coli causing
meningitis.

The prevalence which only appeared in group B2, conserved
and compact cluster structure, “EXPEC branch” VerG proteins and
expression only in meningitis E. coli, all of these evidences sug-
gested that the APEC T6552 locus might perform a role in the men-
ingitis mechanisms.

3.5, The T6SS3 loci encode a unserviceable T6SS

A prevalence analysis was performed to discover the phyloge-
netic distribution of the T6SS3 in 472 APEC isolates. However, un-
like previous surveys of T6SS1 and 2, only 4 strains (0.85%) were
revealed to encode the T6SS3 locus, and they belonged to three dif-
ferent phylogenetic groups (A, B1, and B2) (Fig. 2). These results
were neither statistically signiﬁcarit, nor inspirational. The amount
of APEC isolates encoded T65S3 locus was negligible, apparently
suggesting that it did not contribute to the pathogenicity of APEC
or perform other special missions. :

The phylogeny based on the whole T6SS loci showed a greater
evolutionary distance between the T6SS3 and the other two T655

loci (Fig. 3A), indicating that it might have been acquired through -

horizontal gene transfer. This could also be correlated with greater
diversity in GC and gene content between the T6553 and other two
T6SS loci (Fig. 3B). The GC content of conserved core regions was
significantly lower in the T6SS3 loci (38.12%) than in the T65S1
and 2 loci (56.93%), supporting the view that the T65S3 locus might
have been imported into APEC (or their ancestors) from distant
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Fig. 4. Evolutionary relationships of VgrG proteins. A neighbor-joining tree (bootstrap n = 1000; Poisson correction) was constructed based on a ClustalW alignment of the
VgrG amino acid sequences from the APEC T6SS loci and orthologous loci in other E. coli pathotypes.

species without correct transcription and translation guaranteed.
In addition, only twelve of the T6SS conserved core proteins iden-
tified byBoyer et al. (2009) were encoded within the T6553 locus.
Genes encoding orthologs of the Hcp-related, VC_AO112/FHA,
VC_A0113, VC_AD119 and VC_A0118 family proteins are absent
(Figs. 1 and 3B). Hcp-related protein is an essential component of
the T6SS injection machine, and the Hcp hexamer assemble is
likely the shaft of a “bolt gun” that is loaded with effectors before
being fired into a target cell (Silverman et al., 2013). The phosphor-
ylation of FHA protein can promote the clustering of ClpV, and the
latter provided the force required for the assembly of the secretion
machine as well as for the translocation of exported proteins (Mou-
gous et al., 2006). The absence of the two key proteins above indi-
cated that the T6SS3 locus could not be assembled as a fully
functional T6SS complex.

3.6. The properties difference of three T65S loci may be supervised by
the VgrG proteins

As previously described De Maayer et al. (2011) all VgrG ortho-
logues could be divided into three different groups (“C0G4253"

VgrG (Blondel et al., 2009), evolved VgrG and ordinary VgrG; Figs. 4
and 5Ab). The transportation capability of effectors genes pre-
sented a huge difference in the three VgrGs groups, which deter-
mined the high or low sequence identity of T6SS. In this study,
the “COG4253" group contained all of the T6SS1 VgrG proteins,
which encoded a conserved domain of unknown function
(COG4253) which was absent in the T6552 and 3 loci VgrG proteins
(Fig. 4). Interestingly, all T6SS1 clusters that encoded a “C0G4253"
VgrG carried more variable and unknown genes than other T6SS
loci, suggesting that the VgrG island structure might be associated
with the COG4253 domain. Therefore, the COG4253 conserved do-
main might be involved in the anchorage of the VgrG transporter to
the effector proteins. These suggestions also implied that
COG4253-positive and COG4253-negative T6SS VegrG proteins
had different targets and functions (Blondel et al., 2009). Further-
more, some of the proteins encoded in the hypothetical VgrG is-
lands showed sequence homology and contained conserved
domains found in the C-terminal extensions of VgrG proteins. For
example, the Pro-4 of some APEC isolates shared 83% amino acid
identity with the C-terminal region of their VgrG-T65S1 and en-
coded a COG4253 domain (Table 2). Moreover, the ED058_Vn
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purple. (B) ELISA analysis of the VgrGs expression. A sample A450 value/negative control A450 value (S/N) >2 was used as the positive standard. (a): The expression
competence of VgrG-T65S1 proteins in different E. coli pathotypes. (b): The expression competence of VgrG-T6552 proteins in different E. coli pathotypes. (C) Hypothetical
VgrG islands hidden in block 11 of T6SS1 locus of the APEC strains. The conserved regions are shaded in grey, while non-conserved regions are not shaded. The blocks I and il
sequences only encode conserved core genes and have a high identity, while the block If sequences contained several variable and unknown genes. Several color-coded genes
were analysis as the putative effectors and described in detail at the Table 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

and ED353_Vm amino acid sequences shared 68% and 92% amino
acid identity with the C-terminal region of their T6551 VerG (Ta-
ble 2). These above cases have been reported to present in other
bacterial species, indicating that “"COG4253"VgrG proteins had a
stronger capability and played an important role in the formation
of specific function of T6SS1. The VgrG-T6SS2 protein of APEC
ED069 represented the “evolved” group, which encoded a longer
variable C-terminal extensions (Fig. 5Ab) that might led to the
insertion of three unknown genes and the second VgrG protein
(see Fig. 3B). Almost all of the T6552 and T65S3 VgrG proteins were
considered to be ordinary, and kept a stable length (660 aa; Figs. 4
and 5Ab). The size of their C-terminal regions was less than 150 aa,
thus was not enough to be capable of the transporting effectors
‘genes. Therefore, both T65S2 locus and T6SS3 locus kept high se-

quence identity and compact structure. In summary, the VgrG pro-
teins partly determined the sequence diversity of T6SS loci and had
a significant impact to the functional characteristics of T6SS among
APEC isolates. .

Each VgrG protein contained three parts, a gp27 domain, a gp5
domain and the variable activity domain (Cascales, 2008)
(Fig. 5Aa). The similarity between gp27 domain and tail fiber pro-
tein of bacteriophage has been proved many times (Leiman et al.,
2009). A recent research showed that tail fiber protein of V. chol-
erae phage VP3 could function as a receptor-binding protein and
responsible for host cells recognition (Zhang et al., 2009). There-
fore, we speculated that host specificity, which shared a similar
mechanism with bacteriophage, was also presented in different
T6SSs. In this study, the comparative analysis of gp27 domains of
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Table 2
properties of proteins in the hypothesized VgrG islands.

Number of Conserved domains Homologous function proteins (amino acid identity) Function

proteins®

Prol PGAP1[pfam07819] PMI17_02526 of Pantoea sp. GMO1 (41%) PGAP1-like protein

Pro2 PRKO1096{PRK01096] FF52_01210 of Flavobacterium sp. F52 (48%) Glycoside hydrolase

Pro3 Abhydrolase_1[pfam00561] A225_2636 of Kiebsiella oxytoca E718 (46%) Transmembrane protein

Pro4 C0G4253/ VgrG C-terminal extensions secquence of every isolate, Unknown

DUF2345|pfam10106] respectively (>80%)
Pro5 COG5433/ ECSTEC94C_0675 of Escherichia coli STEC_94C (93%) PAAR-repeat protein, transposase, 1S4
PAAR_motiffpfam05488]® family.

Pro6 M35_like_1[cd11007] ECUMN_1706 of E. coli UMNO26 (30%) Putative zinc-dependent metallopeptidase

Pro7 DUF4123[pfam13503) - Domain of unknown function

Pro8 UvrD_C 2[pfam13538] EC55989_3316 in E. coli 55989 (99%) UvrD/REP helicase

Pro9 IstB_IS21[pfam01695) ECDEC10F_1826 of E. coli DEC10F (99%) IstB-like ATP binding protein

Pro10 Sigma70_r4/RVE[pfam00665]  TnpA of E. coli CB9615 (99%) Transposase for ISEc12

Prol1l PAAR_motif[pfam05448]" EC30301_3278 of E. coli 3030-1 (85%) PAAR/S-type pyocin domain

Pro12 PAAR_motif{pfam05448* SSJG_02256 of Shigella sp. D9 (67%) PAAR/S-type pyocin domain

vm VgrG{C0G3501]/COG4253 Evolved VgrG proteins of ED353 (92%) ’ The second VgrG protein in T6551 locus of

APEC ED353
Vn VegrG[C0G3501]/C0G4253 VerG C-terminal extensions secquence of ED058 (68%) Shortened VgrG protein in T6551 locus of
APEC ED0O58
2 The number of unknown proteins in the VgrG islands is the same as that shown in Fig. 5C.
b The PAAR motif has been verified for the full functionality of T6SS is a must in a recent study (Shneider et al., 2013).
A — B B2— B3 — B4 —E B5 B6
T4_gp27 \isxwkvsx?m STRERTS N mcm&m@\mc-- TR REBANANDINNY: - CTRIY GCKHFSVS e
ED348 V&,rG-TsSSl——-—'---—-——- L KSPVeeceememena. ¥V TEIGHEQL ) 3, 1 [ OF TS o) u_,u)ssw_\x SN 1G5 A7 S TRV AT QG\rpVQt—\ --
ED348_VgrG-T6882 .- B FTLE VDGOE PD T2 S N FREIONC FREISUNTEDSFMQTAEMLLE S RIWQG VT -+ b orVTGVVAGF GG
ED205_VErG-T6SS3 — - HERGCOISL SRS DAY R YETZE TR TDHNSLDK LHC. - RRTRIIGEQ — - P e e s RN E AT
?"YB'-')';' - EOEE o ::’B‘s’ D EEITESRERE PR - X B 1G RN, B popa 811 B12
T4_gp27 msmmx B GRPSFPDARRGESIKEML GVip(o il ash B s A DNAINAY Vige HEP WTS) et SENTLSYVRIAZERT sUCHn e oV WODIN SR

ED348_VorG- B o VP oIV ERILRE N I O R T e OV O DT VERL LS S FREATL I S v IE

ED348 vgrG- T555’GW@MEPPLWR— CGLRQNFIREEIED S YRR U TE W IPLF YEDHP--~ - TaQ Y GE S TN R TR GIRga i AADSPERRIBTEODY
ED205_VgrG-T6S53 S Eneniinr e TR ms G- LFSP —MY'LO\ bm-o—s-m.\mm
-

CoiB13 mamE B4 ! : ¢ 1 x;,- ; : .
T4_gp27 — SR MQMSuGQ=IQELR{YMm\swmm\&m;DSSI ——4@-«355& AVSEMTYRNG—
ED348_VgrG-T6SS | SGYEREEILPLRHPSGLFDGE TEAVWOLNTAYSVVEKNVTTRDYNY RTATARM MTEQHDATEGDNTT YGE AYEYADNFLY S GDEEINYS

ED348_VgrG- TGSSZAGLSMNPD’ISAGAE]'EuE&H\’RPSS-—-LmrFKYPD“‘P ------ —_— o EfL\oQLQ}'MGm\D---- -;-—- et e
ED205_VgrG-T65S3 sHpk R kI POTMENEIRHGVIRE WSFTESLK CPS VIS GY NES) - STTRETYVEPSKGVYEDHIPERKRELIKKRS

| SR

B2l a,n ‘ 823

CURISEAESERT ~:Bg 819 B30

T4_gp27 e TR IRTRR NG VDT o FLEINF NL TP GIERIRSDSKNQFK TE—] S VIHILYME TRAVE kaz o) . 1 a3 S
ED348_VrG-T6SS | 5GAFZNARNE Y INE0A. . JTRSeERISSL LMPG——4 I F R K GV LITGY TAS AR W s v 1 TFTAIP Y SERY,RELINELL Lt oteai: pARVIER NS
ED348_VarG- Téssmuwc—mcqu\m&mmmmm
ED205_VgrG-T6SS3-- R RReN - RN G W 10 W WIS CORMI DKQD Y Rl TR AT TN AHA GLC Y CDISREBISK S SLNF SREF

B gp27 protein gp27 domain .
139122 ~ ; 2 38022 VrG protein of T6SS1| 5 (ep27), cylinder
APEC ED348 Enterobacteria phage T4

Homology modelling based on 2p5z.X

£p27 domain gp27 domain
VarG protein of Téss2| 4 360 aa VerG protein of T6SS3
\ k APEC ED205

< o B
Homology modelling based on 1wru. A Homology médething tased on 2p5z.X Crystal structure 1K28
Fig. 6. The structure prediction and modeling of VgrGs proteins. (A) Sequence alignment and secondary structure of VgrGs proteins. The red Line at the top of amino acid
sequences indicates the first domain. The secondary structural elements are shown in the sequences as dark green blanket (o-helices) and dark red blanket (B-sheets). The a-
helices and p-sheets of phage gp27 proteins are indicated as purple cylinders and blue arrows ahove the sequences again, respectively. The secondary structures of VgrG
proteins are assigned using define secondary structure of proteins ( DSSP) criteria of SWISS-MODEL (Arnold et al.. 2006). (B) Homology modeling of gp27 homologues based on
the crystal structure of ¢3393 of E. coli CFT073 (PDB code: 2p5z.X) or tail protein of bacteriophage Mu (PDB code: 1wrw.A). Stereoview of gp27 domains in ribbon
fepresentation and rainbow coloring, from blue (N-term) to red (C-term). These models were generated by employing the SWISS-MODEL server (http://swissmodel.exp-
asy.org) (Amold et al., 2006). Model 1 is the ribbon representation of the gp27 protein crystal structure (PDB code: 1K28.A) from phage T4. Model 5 is the gp27 trimer of
?hage T4 (PDB code: 1K28). The different parts of gp27 s domain are labeled 15p, 16Band 17p sheets among the four proteins according to the result of Fig. 6A. (For
Interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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three T6SS loci and gp27 protein of bacteriophage T4 was per-
formed to provide a reference to predict the target cells diversity
of T6SS.

The analysis showed that each monomer of gp27 domains con-
tained at least 3 o-helices and 18 p-sheets (Fig. ). The gp27 do-
mains were divided into two smaller domains (Kondou et al.,
2005). The first domain (approximately, residues 10-90, residues
160-185, and residues 275-340) located on the left side of the
models and consisted primarily of p-sheets. And the second do-
main (approximately, residues 90-160, residues 185-275, and
340-370) folded into a of-structure. APEC VgrG gp27 domains
had the same folding topology as T4 phage gp27 (Fig. 6B). Despite
the high degree of structural similarity, these four gp27 domains/
proteins only shared 4% amino acid identity over the relevant
250 residue sequence (Fig. 6A). In particular, the first domain
was more closely matched with the four proteins mentioned previ-
ously than the second domain (Fig. 6B). The DALI algorithm as-
signed 101 equivalent amino acid residues (59.41%) between the
first domains of the four proteins, whereas the corresponding value
for the second domain was only 64 equivalent positions (27.83%).
Previous research has proved that the first domain mediated asso-
ciations with other baseplate proteins in bacteriophage (Kanamaru
et al., 2002; Kondou et al., 2005), while the second domain carried
out frequent interaction with cell surface components. These re-
sults suggested that the second domain of gp27 might be a key unit
of selecting host cells. The Further analysis showed that the 15, 16
and 17 sheets were absent or shortened in the second domain of
T6SS1 and 3 gp27s (Fig. 6B). By observing the gp27 trimer, these
three B-sheets were found to have more opportunities to perform
extensive and in-depth exchanges interacting with cell surface
(Fig. 6B). It seemed to suggest that had great potential to function
as a receptor-binding protein. A previous research indicated that
the shortening of these three p-sheets in gp44 (a tail fiber protein
of Bacteriophage Mu) caused a more positive electrostatic poten-
tial (Kondou et al, 2005). Mu phage relies upon the electrostatic
interactions of gp44 with the host cell membrane to initiate infec-
tion. This infection method would confer a low degree of host spec-
ificity and allow Mu phage to infect multiple different unrelated
bacteria. This phenomenon seemed to tell us that the T6551 and
3 of APEC may have a wide host cells spectrum. The multipurpose
T6SS1 clarified by previous description also proved this view. In
addition, the second domain of T6552 gp27 kept a high similarity
with one of phage gp27 protein, even longer p15-sheet, p16-sheet
and a5-helice were observed in T6SS2 gp27 domain (Fig. G). These
indicated that the T65S2 and phage T4 might share a high degree of
host specificity and explained why only APEC and NMEC had high
expression level of VgrG-T65S2 protein. The above description also
suggested that there was an indistinct correlation between single-
minded T6SS2 and its high gp27-like VgrG protein.

In summary, the VgrG proteins were not only related to the
cluster characteristics (sequence identity, effectors coding and
cluster structure) of T6SS loci, but also played a key role in specific
functions formation of T6SS among APEC isolates by participating
in recognition of host cells. Therefore, we developed a divergent
thought that the functional characteristics of T6SS loci may be
supervised by the VgrG proteins.

4. Conclusions

This study provides a basis for further focused investigations on
this newly discovered and poorly understood secretion system in
APEC. The three T6SS loci comparative genomics showed extensive
diversity in prevalence analysis, number of core genes and se-
quence identity, which suggested that they might play respective
roles in different mechanisms. The COG4253 and gp27 domains

of VgrGs were found to be associated with the transport of putative
effector islands and conferring target cells specificity respectively,
which clearly indicate the properties difference of T6SS might be
supervised by the VgrG proteins.
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Introduction

Streptococcus  suis, a Gram-positive encapsulated coccus, is
considered to be an important swine pathogen, which not only
causes septicemia bul also affects the central nervous system (CNS)
and other tissues, leading to meningitis, endocarditis, pneumonia
and arthritis [1,2]. Although 33 serotypes have been recognized on
the basis of capsular antigens, scrotype 2 is still the most frequently
isolated from discased animals [3). 8. suis does not only cause
discase in pigs but also aflects humans. Human infection with 5.
suis mainly oceur in people with occupational exposure to infected
pigs or raw pork producis and have been reported in different
Asian and European countries, as well as in New Zealand,
Australia, Argentina and Canada [4,5,6,7].

The pathogenesis of both systemic and CNS infections caused
by . sius is poorly understood. To induce clinical disease in swine,
it is believed that S. suis enter through the respiratory route and
remain localized in the tonsils. In humans, however, the route of
infection is mainly through skin injuries when bacteria may gain
access to the bloodstream, where they disseminate freely or as cell-
bound bacteria attached to phagocytes {2] until reaching the CNS.

@ PLoS ONE | www.plosone.org

Septicemia and meningitis may be related to an cxacerbated or
uncontrolled inflammatory response that is also, in the case of
meningitis, accompanied by an increase in the permeability or
breakdown of the blood-brain barrier [2]. For example, S. suis can
upregulate expression of adhesion molecules on monocytes,
thereby increasing leukocyte recruitment to infection sites and
boosting the inflammatory response [8]. It was reported that
human and murine monocytes/macrophages recognize the intact
8. suis or its purified cell wall components through a toll-like
receptor 2 (Tlr2)-dependent pathway, with the possible participa-
tion of CD14, and release of cytokines and chemokines {9,10,11].

Animal models are essential to obtaining a better understanding
of pathogenesis of §. suis, and mice have been used as an
experimental model for evaluation of §. suis virulence [12,13,14].
Research by Williams ef al. showed that the behavior of S. suis type
2 (SS2) in infected mice resembles that in pigs [12]. Previous
research indicated that BALB/c and S8 strains of mice are useful
as experimental models of SS2 infections in pigs. The type strain
and isolates of this §. suis type from discased pigs produce
septicemia and meningitis in BALB/c and SS mice inoculated
with 10° colony forming units (CFU) of the bacteria and 60 to
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100% of these infected mice die. In BALB/c¢ mice that dic or
develop nervous signs due to 882 infection, purulent meningoen-
cephalitis, myocarditis, ophthalmitis, labyrinthitis and ofitis media
were observed [14]. Recently, a hematogenous model of S. siuis
infection in adult CD! outbred mice was developed by
Dominguez-Punaro and colleagues, and this experimental model
may be useful for studying the mechanisms underlying sepsis and
meningitis during bacterial infection [15]. Their further research
demonstrated that A/] mice are significantly more susceptible to 5.
suts infection than G57BL/6 (B6) mice, especially during the acute
septic phasc of infection [16]. Assessment of susceptibility to 3. suis
using animal models has long been limited to monitoring mortality
rates and histopathological studies, but the genetic basis of
susceptibility to 8. suis infection is largely unknown. Therefore,
we used Ilumina mouse BeadChips in this study to identify
alterations in gene expression of mice injected with SS2 strain
HA9801. Such whole transcriptome analyses would contribute to
future studies of transmission, virulence and pathogenesis of S. suis.

Materials and Methods

Ethics statement

All animals used in this study, and animal experiments, were
approved by Department of Science and Technology of Jiangsu
Province. The license number was SYXK(SU) 2010-0005.

Bacterial strains and culture conditions

$S2 HA980!, originally isolated by our laboratory, is consid-
ered a virulent strain [17,18,19,20]. Bacteria were grown
overnight on sheep blood agar plates at 37°C, and isolated
colonies were inoculated into 5 mL cultures of Todd-Hewitt broth
(THB) (Oxoid), which were incubated for 12 h at 37°C with
agitation. Working cultures were prepared by transferring 300 ul
of the 12 h cultures into 30 mL of THB, which were further
incubated for 34 h at 37°C with agitation. Latc log phase
bacteria were washed twice in phosphate-buffered saline (PBS)
(pH 7.4). The pelleted bacteria were then resuspended and
adjusted to a concentration of 5x10% CFU/mL. The inoculum
for experimental infection was diluted in THB to obtain a final
concentration of 1x10® CFU/mL. This final suspension was
plated onto bloed agar to accurately determine the CFU/mL.

Mice and experimental infection

Specific pathogen-free mice of the B6 and A/J strains were
purchased from the Model Animal Resecarch Center of Nanjing
University. Female mice of 8-14 weeks of age were acclimated to
standard laboratory conditions of a 12-h light/12-h dark cycle with
free access to rodent chow and water. A preliminary study was
performed to verify the 50% lethal dose (LD5U) of the HA9801
strain and to determine the optimal bacterial dose and time points.
For the microarray experiment, experimental and mock infections
of mice were performed by intraperitoneal inoculations according to
the following groups: Five A/J and five B6 mice were each injected
with a 200 pL volume of the SS2 HA980! bacterial suspension
(1x10" CFU/mLy); Five A/] and five B6 control mice were each
injected with a 200 pL volume of the vehicle solution (sterile ‘I'HB).

Extraction of peritoneal macrophages

Control and SS2-infected A/] and B6 mice (three in each group)
were sacrificed at 9 h post-infection. The peritoneal macrophages
were harvested according to a procedure reported elsewhere [21].
Resident peritoneal macrophages were collected from A/J and B6
mice by flushing of the peritoneal cavity with 5 mL ice-cold Hank’s
balanced salt solution containing 10 U/mL of heparin. Peritoneal
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cells were plated at a density of 1x 10° cells/cm” in RPMI miediwm
supplemented with 10% FBS, and macrophages were left to adhere
for 2 h in a humidified atmosphere at 37°C with 5% CO,. Non-
adherent cells were washed off the plate, and the adherent cells were
considered macrophages.

RNA preparation

The peritoneal macrophages of each mouse were lysed, and
total RNA was extracted using Trizol reagent (Invitrogen). The
partial RNA fromi the peritoneal macrophages of each of three
mice from cach group werc pooled to minimize biological
variation in gene expression within a group [22). The left RNA
samples were remained for QRT-PCR. One sample of pooled
RNA for each group was further purified using an RNeasy Mini
kit (Qjagen) according to the manufacturer’s instructions and
submitted for micioarray hybridization. The integrity ol the
isolated RNA was assessed both before and after pooling by
formaldehyde denaturation gel electrophoresis. RNA concentra-
tion and purity were determined by spectrophotometry. Only
those samples that had an OD260/0OD280 ratio of approximately
2.0 and showed no degradation (ratio approaching 2:1 for the 285
and 18S bands) werc uscd to gencrate labeled targets.

Hlumina BeadChip gene expression and data analysis

The RINA samples were sent to Biostar Genechip Inc. (Shanghai,
China) for microarray hybridization. The pooled RNA sample from
each group was hybridized to one Illumina mouse Genome
Beadchip Array (catalog number 5022612022, Mouse WG-6_V2,
Illumina). Therefore, four BeadChips were used in total, one for
gach of the A/J and B6 infected and control mice groups. Biotin-
labeled cRNA preparation and hybridization were perfonmned as
described previously [23]. The arrays were scanned on an Jlumina
BeadStation 500 Systern and the hybridization data analyzed using
TNlumina BeadStudio software. The following filtering criteria were
used for selection of differentially expressed genes: positive gene in
cither test or control, and test DiffScore =+20 or =—20. The
differentially expressed genes were selected by comparing the
following groups: SS2-infected A/J vs. SS2-infected BS; control A/J
vs. control B6; SS2-infected A/J vs. control A/J; S82-infected B6 vs.
control B6. All data were MIAME compliant, and the raw data has
been deposited in ArrayExpress database along with normalized
data. The accession assigned is E-MTAB-745.

Gene ontogeny (GO) category and pathway analysis
The differentially expressed genes between SS2-infected A/J
and control A/] mice were intersected with those between SS2-
infected A/J and SS2-infected B6. The same process was carried
out with the differentially expressed genes between $S2-infected
B6 and control B6. The differentially expressed genes between
control A/] and control B6 mice were eliminated, as they were
considered the genes that were inherently different between A/J
and B6 mice. The remaining set of differentially expressed genes
were analyzed for inclusion in GO categories and pathways. The
concrete treatment for four groups of data is presented in Figure 1.
Categorization in significant biolugical processes was performed
using tools of the Gene Ontology project (http:/ /www.geneontol-
ogy.org) [24]. The test of statistical significance considers the
number of differentially expressed genes found in each category
compared with the total number of genes in the category
represented on the chip. The pathway analysis was carried out
using the Kyoto Encyclopedia of Genes and Gegomes (KEGG)
database [25]. Two-sided Fisher’s exact test and y~ test were used
to classify the GO category and pathway, and the [alse discovery
ratc (FDR) was calculated to correct the P value. P value<0.05
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Figure 1. The process of treatment of four groups of data for GO, pathway and gene network analysis. (a) The differentially expressed
genes between control A/J and control B6 mice were eliminated from those between SS2-infected A/) and SS2-infected B6 mice. (b) The remain of
differential genes between SS2-infected A/J and SS2-infected B6 were intersected with differentially expressed genes between $S2-infected A/J and
control A/J mice. (c) The remaining set of differentially expressed genes were analyzed for inclusion in GO categories and pathways. The same process
was carried out with the differentially expressed genes between SS2-infected B6 and control B6 mice.

doi:10.1371/journal.pone.0032150.g001

and FDR<0.05 were used as a threshold to select significant GO
categories and KEGG pathways.

Gene network analysis

The gene network analysis of the differentially expressed genes
involved in significant pathways was carried out using the KEGG
database. Interactions of genes in the database were analyzed, and
gene networks were established. The degree of connectivity was
used to evaluate the role of genes in the uctwork.

Confirmation of BeadChip results by quantitative
real-time PCR (gRT-PCR)

Total RNA from cach of three mice of each group was treated
as same as the pooled RNA for BeadChips and the integrity was
assessed. One microgram of total RNA from cach ol three mice of
each group was used in a reverse transcription reaction of 20 pL
total volume to synthesize first strand ¢DNA using Transcriptor
First Strand ¢DNA Synthesis Kit (Roche) according to the
manufacturer’s instructions. According to the relative researches

@ PLoS ONE | www.plosone.org

and network analysis results, the specific genes were selected for
verification. Primers were designed to amplify sequences of 75—
250 base pairs (bp) (Table 1). For real-time PCR, the 7300 Real-
Time PCR System (ABI) and FastStart Universal SYBR Green
Master (Roche) were used. Each reaction contained 1 uL ¢cDNA
template and 9 pL SYBR Green Master. Amplification conditions
were 95°C for 10 m, followed by 40 cycles of 95°C for 15 s and
60°C for 60 s. Each sample and no template controls were run in
duplicate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was also amplified under the same conditions as the internal
control to normalize reactions. After completion of the PCR
amplification, the relative fold change after infection was
calculated based on the 2744CT method [26]-

Results

Determination of LD50 of strain HA9801 and
experimental infection for microarray analysis

The LD50 of strain HA9801 was determined by injecting mice
with various doses, and mortality was monitored until 7 days post-
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infection. The mortality for A/J mice injected with a dose of
107 CFU between 12 h and 96 h was 50% (Table 2). The clinical
signs of disease of A/] mice were depression-like behavior, rough
appearance of hair coat and swollen eyes [15]. Mice exhibiting
extreme lethargy were considered moribund and were humanely
euthanized. All of B6 mice injected with a dosc of 10° GFU
survived, although they all died when injected with a high dose of
10° CFU(data not shown). Control mice showed no death or
clinical signs of disease during the 7 days of observation. As B6 are
known to be more resistant to 8. suis infection thun A/J mice, the
results were in complete accordance with previous research [16].
On the basis of these results, experimental mice were injected with

Table 2. LD50 of strain HA9801 on A/J mouse.

Table 1. Primers for selected genes analyzed using qRT-PCR.
Product
Acronym Gene name Primer sequences (5’-3') GenBank number size (bp)
GGAATGACGCTGGCAACAGA NM_008400.2
AGGT, AGCAGAGGCCACI’ GAGGTAA
x GCAGGACTCCCACCATI’CAGA 'NM:-001080773.1 150
. o i ZGCCI’AAACGCI'ITGTGGCAT‘_ N S
lcam2 intercellular adhesion molecule 2 CATCTCGGAGTACCAGATCCTTH GAA NM_010494.1 86
GCAGTATTGACACCACCACGATG
I ‘ ' LNMi00B3943 o 1Y
Stat1 signal transducer and activator of GGCT GCCGAGAACATACCAGA 4 NM_0092832 138
transcription 1 CCAGTTCGCTTAGGGTCGTCA
) Sratz signal; transducer: and act:vator of - TGCAGCGAGAG&AQGGAA ; NM.018963.1 o 1378
Ll tanscption.2, B | CATTGGGAGGATGCTCTGTGA R S
Socs2 suppressor of cytokine signaling 2 CTGCGCGAGCTCAGTCAAAC NM_007706.3 163
TAGT CGGl' CCAGCT GACGTCTT] AAC
- o ( . NM-0079053- =~ . . 116
. : . = : j'TI'ATGGC VCCAAGATCCAGAAG_ Co T
Tnf tumor necrosis factor GTTCTATGGCCCAGACCCTCAC NM_013693.2 175
: GGCACCACTAGTTGGTTGTCTTTG
Mmp9: -matrix metallopeptidase 9 . GCCCTGGAACTCACACGACA - NM_013599.2 ) 85
§ o TTGGAAACTCACACGCCAGAAG
= Pox3 pentraxin related gene ATGACTACGAGCTCATGTATGTGAA NM_008987.3 120
R TGAACAGCTTGTCCCACTCC
. integrin alpha 5. . .. GTTTCAGGCTGEGCTGTGAG: -NM.0105773 . . . 161
: R EE i : :ZCI'GGTAGGGCATCITCAGAGCTI'C R ' B
: o interleukin 10 GACCAGCTGGACAACATACTGCTAA NM_010548.1 77
4 GATAAGGCTTGGCAACCCAAGTAA
glyceraldehyde—3-phospha | ATGECTGCTTCACCACCTICT i - NM.00B0B42 T 81
de _ATGTGT! CCGTCGI' GGATCT GA ' T S
doi:10.1371/journal.pone.0032150.t001

2x107 CFU for the microarray experiment. At 9 h post-infection,
six infected mice (three A/] mice and three B6 mice) and six
control mice (three A/J mice and three B6 mice) were selected for
analysis.

Microarray analysis

We hypothesized that gene expression would vary in responsc to
SS2 infection in the peritoneal macrophages of B6 and A/J after
intraperitoneal inoculation. To identily such genes, studies were
performed using Illumina BeadChip microarrays, which revealed
3,692 differentially expressed genes in peritoneal macrophages
between A/] and B6 mice as a result of SS2 infection. (The

Strain Infection dose(CFV) Amount of mouse (No) Mortality/total LD50(CFU)
HA9801 - 10° 6 4/6 161107
o 107 6 3/6
10°, 6 SMe .
108 6 s
‘ 3 ,

doi:10.1371/jounal.pone.0032150.1002
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Figure 2. GO categories of biological processes for significantly differentially expressed genes. (A) between $S2-infected A7) and control
A/J mice and (B) between SS2-infected B6 and control B6 mice. P value<0.05 and FDR<0.05 were used as thresholds to select significant GO

categories.
d0i:10.1371/journal.pone.0032150.g002

differentially expressed genes between control A/J and control B6
mice were used to exclude those genes which were thought to be
inherently different between A/J and B mice.) Between the SS2-
infected A/J and control A/J mice, 2646 genes were identified to
be differentially expressed, ol which 1469 genes were upregulated
and 1177 genes downregulated. Between the SS2-infected B6 and
control B6 mice, 1449 genes were differentially expressed, of
which 778 genes were upregulated and 671 genes downregulated.
The differentially expressed genes of the four groups and the group
of 3,692 differentially expressed genes are summarized in Table
SL

GO categorization

The differentially expressed genes of A/] and B6 mice after
infection with strain HA980! were classified into different
functional categories according to the Gene Ontology project for
biological processes. The main GO categories for significantly
upregulated genes between S82-infected A/J and control A/J mice
were positive regulation of T-helper 1 type immune response,
regulation of interleukin-12 biosynthetic process, positive regula-
tion of B cell receptor signaling pathway, type I interferon
biosynthetic process, defense response to bacteria, immune
response, ion transport and inflammatory cell apoptosis. The
main GO categories for significantly downregulated genes
between 552-infected A/J and control A/J mice included negative
regulation of interleukin-2 production, negative regulation of ap-T
cell proliferation, protein heterotetramerization and heparan
sulfate proteoglycan biosynthetic process (Fig. 2A).

The primary GO categories for significantly upregulated genes
between SS2-infected B6 and control B6 mice were antigen
processing and presentation of exogenous peptide antigen, positive
regulation of T-helper | type immune response, peptide antigen
stabilization, positive regulation of B cell receptor signaling
pathway, regulation of lymphocyte dilferentiation, positive regu-
lation of monocyte differentiation, antigen receptor-mediated
signaling pathway, positive regulation of interleukin-12 biosyn-
thetic process, type I interferon biosynthetic process, platelet
activation, positive regulation of phagocytosis, immune response,
defense response to bacterium and apoptosis. The primary GO
categories for significantly downregulated genes between S$S2-
infected B6 and control B6 mice were pointed-cnd actin filament
capping(The specific gene involved in this GO was fmod3, which
was related to movement.), vitamin K biosynthetic process, GDP-
L-fucose biosynthetic process, negative regulation of collagen
binding, GDP-mannose metabolic process, negative regulation of
nucleotide metabolic process, positive regulation of glycolysis,
positive regulation of fatty acid biosynthetic process, negative
regulation of alpha-beta T cell proliferation and glutamine
metabolic process (Fig. 2B). The differentially expressed genes
from this study classified into significant GO catcgorics are
summarized in Table $2.

Pathway analysis

The pathway analysis based on the KEGG database was
performed on the genes selected as described above. Significantly
upregulated genes between $S2-infected A/J and control A/J mice
were mainly involved in the toll-like receptor signaling pathway,
cylokine-cytokine receptor interaction, T cell receptor signaling
pathway, B cell receptor signaling pathway, natural killer cell

@ PLoS ONE | www.plosone.org

mediated cytotoxicity, antigen processing and presentation,
leukocyte transendothelial migration. Significantly downregulated
genes between S82-infected A/J and control A/] mice were
involved in only one pathway, olfactory transduction (Fig. 3A).
The KEGG pathway analysis for significantly upregulated genes
between SS2-infected B6 and control B6 mice showed that the
genes were rclated to toll-like receptor signaling pathway,
leukocyte transendothelial migration, cytokine-cytokine receptor
interaction, B cell receptor signaling pathway, natural killer cell
mediated cytotoxicity and antigen processing and presentation.
The KEGG pathway analysis for significantdy downregulated
genes between $52-infected BG und control B6 mice showed that
the genes were related to tryptophan and tyrosine metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, fructose and
mannose metabolism, fatty acid metabolism, aminoacyl-tRNA
biosynthesis and renin-angiotensin system (Fig. 3B). The differen-
tially expressed genes involved in significant pathways are
summarized in Table S3.

Gene network analysis

The differentially expressed genes involved in  significant
pathways were analyzed for their interaction, and the networks
of genes involved in signal transduction during $S2 infection were
cstablished utilizing the KEGG database. In the genc network
comprised of the diflerentially expressed genes involved in
significant pathways of A/J mice infected with SS2, genes with a
high of degree of connectivity, such as Sor2, Stal, Stat?, were in
the core axis of the network. Genes were regulated by their
upstream gencs when their outdegrees were zero (e.g., Cmd2), or
they regulated expression of downstream genes when their
indegrees were zero (e.g.. Cish). The key genes regulated by SS2
infection in the A/J mice were mainly involved in the Jak-STAT
signaling pathway and related to cell apuplosis (Fig. 4A, Table 3).

In the gene network composed of the differentially cxpressed
genes involved in significant pathways ol B6 mice infected with
$52, some of the genes with a high of degree of connectivity in the
core axis were Iram2, Rigal, Itgh2. Ptk2b with an outdegree of zero is
an example of a gene regulated by upstream genes, while Rxra with
an indegree of zero represents a gene which regulated expression
of other downstream genes.

On the whole, the gene network could be divided into five parts,
three of which were related to cell apoptosis in the left top, left
bottom and middle bottom of the gene network (Fig. 4B, Tablc 4).
Four genes (H2-T10, H2-Q6, Tapbp, Tapl) constituted a small
signal transduction network associated with immune responses
(center), and three genes (Phnb2, Semada, Sema4d) composed a
small nervous system net (bottom right) (Fig. 4B, Table 4).

Confirmation of BeadChips results by gRT-PCR

In order to verily the data obtained by microarray analysis,
qRT-PCR was performed. We tested 9 genes differentially
expressed between SS52-infected A/J and control A/] mice, and
10 genes differentially expressed between SS2-infected B6 and
control B6 mice. As shown in Table 5, the qRT-PCR results
largely confirmed the data from the microarray. Notably, the
diffscore is the filtering criteria of Illumina for selection of
differentially expressed genes. There is no direct relationship with
fold change by qRT-PCR. But they have the similar tendency.
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Figure 3. KEGG pathway analysis for significantly differentially expressed genes (A) between SS2-infected A/J and control A/J mice
and (B) between SS2-infected B6 and control B6 mice. P value<0.05 and FDR<0.05 were used as thresholds to select significant KEGG

pathways. LgP is the base 10 logarithm of the P value.
doi:10.1371/journal.pone.0032150.g003
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Figure 4. Gene networks of differentially expressed genes involved in significant pathways. The gene networks comprised of the
differentially expressed genes involved in significant pathways of (A) A/) mice infected with S52 and (B) B6 mice infected with 552 are shown. Legend:
each circle represents a gene; red, upregulation; blue, downregulation; line segment, interaction of genes; arrow, activation (a), flat-ended arrow,
inhibition (inh); straight, binding (b); dashed line, indirect effect (ind); P, phosphorylation; dp, dephosphorylation; ex, expression; u, ubiquitination.
doi:10.1371/journal.pone.0032150.9004

Comparison of gene expression obviously upregulated. There were no changes in 7#2 of B6 mice,
The expression level of toll-like receptor 2 (7%2) and tumor and the upregulated expression of 77/ of B6 mice was significant
necrosis factor (7nf) of A/] mice after infection with SS2 were lower than that of A/J mice after infection with S$S2. The
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Table 3. Degree of key genes in gene network of SS2-infected A/) mice.

degree indegree outdegree description
A R S ’ « s.qpp[és‘s’_yof’boflcy'tqkih'e signaling 2
6 2 4 signal transducer and activator of transcription 1
2

2 1 1 MAD homolog 3 (Drosophila)
Cishi 77 e e 3 - ‘Cytokine inducible SH2-coritaining. protein’ -
Igfir 1 0 i 1 insulin-like growth factor | r'eceptor
Tglbz - 1 1) 1 transforming grdwth factor, beta:2
Cend2 3 3 0 cyclin D2 ,
1128ra S T 2 i 2 . o e A,:vintg_rl:eu—kin_.:Zg;receptor.a_lgh;,
I;lfré 2 2 0 interleukin 15 receptor, alpha chain
lIfIraI . O el 11 receptor _IBHé “hain :
Horb 2 0 ) lnteﬁeukin 16 récep'tol.', beta
odo - T 1 o chemokine (C-X-C motif) ligand 16~
Gnal3 1 1 0 guanine nucleotide binding protein, alpha 13
58308111207 1 1 0 Data not found

doi:10.1371/journal.pone.0032150.t003

pentraxin 3 (PixJ3) genes of both A/J mice and B6 mice were
upregulated, but its expression level in B6 mice was obviously
higher than that of A/] mice. The expression of matrix
metalloproteinase 9 (MmpJ) in macrophages of B6 mice was lower
than that in A/J mice post-infection (Fig. 5).

To confirm host genetic differences in susceptibility to HA9801
infection, A/J and BG mice were used to determine mortality and
clinical signs after infection. We determined that the LD50 of
HA980! in A/] mice was 1x107 CFU between 12 h and 96 h
(Table 2), and chose to use just twice the LD50 (2x107 CFU) for

subsequent microarray analysis. The inoculated mice showed
expected clinical signs of disease such as depression-like behavior,
rough appearance of hair coat and swollen eyes [15]. B6 mice
Gene expression profile analysis was used in this study to injected with a dose of L0® CFU survived and were still active, while
identify the candidate genes of susceptibility or resistance to S52 2 high dose of 10" CFU was required for 100% mortality. The
infecion in mice models. While several studies have been results confirmed that A/J mice were more susceptible to HA9801
performed to evaluate host responses to SS2 infection, this was infection than B6 mice, consistent with previous research [16].
the first time that the genetic basis of susceptibility to SS2 infection Several studies have used human or mouse macrophages, porcine
has been studied at the whole transcriptome level. choroid plexus epithelial cclls (PCPEC), or porcine brain micro-

Discussion

Table 4. Degree of key genes in gene network of $S2-infected B6 mice.

vertex degree indegree outdegree description

leams TEL 5 < Hintercellular adhesion molecule 2: - -

itgal 7 2 s integrin alpha L

Itgb2 7 2 5 integiin beta 2

Tapbp 6 3 3 TAP binding protein

Crkl 5 4 1 v~crk-sarcoma virus CT10 oncogene homolog (avian}like
Itgas 5 3 2 integrin alpha 5 (fibronectin receptor alpha)

Pdpk1:- . 5 4 1 = }phﬁsﬁhpihésiﬁaeAdepéndjrént‘ prpgefn kinés&l :
Pik3cg H 2 3 phb?phéfnﬁsf{i&e@-kinase, catalytic, gamma polypeptide
Ptkzb - 4 4 0 R AT i g ne e Lo N
Pbr(nbé‘ 2 2 ’ O

Calkn2b 2 2 Cg " cyclin-dependent kinase infibitor 28-(p15, inkibits CDK4)
Rxra 4 0 4 retinoid X récebtor alpha

Smad3 3 0 3 MAD homolag 3 (Drasophila)
doi:10.1371/joumnal.pone.0032150.t004
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Table 5. Confirmation of BeadChips results by qRT-PCR.

Fold change by
GRT-PCR

Diffscore by
BeadChip

Tof

Poc3 3494 65.08
SS2infected B6 vs. contiolBs . - i
Icamé 7 0.48 —30.68
tgat 268 3479
Itgb2 244 25.06
hgas: " - 351 . 2746
Pdpki 2.1 2893
Statz I se7¢ ‘3928
Tir2 1.06 1.86
Tf. - 228 2482
Mmp9 199 2578
Po3 119, 202

doi:10.1371/journal.pone.0032150.t005

vascular endothelial cells to determine the host response to §. sufs
infection [27,28,29]. We observed several similarities between those
reports from . suzs-infected cells and our expression profile of SS2-
infected mice. For example, we detected the induction of Mmp9 in
peritoneal macrophages in S$S2-infected mice, which was also
observed in a study using human macrophage cells [27]. Jobin ef a/.
showed that whole 3. suis cells are able to upregulate the production
of Mmp9 by human macrophage cells, which may play a critical
role in blood brain barrier (BBB) disruption and tissue destruction
[27]. Mimp9 is a metalloproteinase that actively counteracts matrix
proteins and is secreted by various cell types. Pathophysiological
processes characteristic of bacterial meningitis, such as neutrophil
extravasation, subarachnoid space inflammation, BBB disruption
and brain edema, have all been ascribed to the action of Minps
[30.31]. Treatment with an Mmp inhibitor has been shown lo
reduce Mmp9 levels in CSF and significantly attenuate brain
damage [31]. Additionally, Mmps have broader functions in the
regulation of inflammation and immunity, affecting the activity of
cytokines, chemokines and other proteins [32]. In our study, the
expression of the gene encoding Mmp9 in SS2-infected A/] mice
was increased by 7.04 fold compared with that of control A/J mice,
while the fold change was only 1.99 in SS2-infected BG mice.
Therclore, Mmp9 should be considered  candidate susceptibility
gene of A/J mice to SS2 infection. Another example of the similarity
between the reports from S. suis-infected cells and our transcription
profile of §82 infected mice was the induction of 72 and Tnfin
peritoneal macrophages, which were also observed in a study of
mouse macrophages [11]. Graveline ef /. demonstrated that whole
encapsulated §. suis could influence the relative expression of TIr2
and further trigger release of Tnf in mouse macrophages [11].
Dominguez-Punaro & al. provided evidence that the greater

@ PLoS ONE | www.plosone.org
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susceptibility of A/J mice was associated with an cxaggerated
inflammatory responsc, as indicated by their higher production of
Tnf [16]. Here, we observed that fold changes of 7#2 and Tnf
expressions.in peritoneal macrophages of SS2-infected A/] mice
were 2.73 and 12.2, respectively, while Tnfwas only upregulated by
2.28-fold, and no change was found in 772 of SS2 infected B6 mice.
Accordingly, 7I2 and Tnf are candidate susceptibility genes of A/J
mice to SS2 infection. Long pentraxin 3 (Ptx3) is a fluid-phase
pattern recognition receptor, which plays a non-redundant role in
resistance against selected pathogens. With antibody-like functions,
Ptx3 is induced by pathugen recognition. It recognizes microbial
moicties, activates and regulates complement, and [acilitates cellular
recognition by phagocytosis [33,34,35,36,37,38,39,40,41]. A previ-
ous study provided evidence that Ptx3 plays a role in opsonin for
internalization of zymosan by mouse peritoneal macrophages [35].
Other lines of evidence have also shown that Px3 can regulate
inflammatory reactions [42,43,44,45). For example, Deban ¢ al.
reported that Prx3 binds P-selectin and attenuates neutrophil
recruitinent at sites of inflammation [45). In our study, Pix3 was
induced up to 119-fold in peritoneal iacrophages of B6 mice after
$S2 infection, while the fold change of Pix3 was 34.9 in S$2-infected
A/J mice. There was no signiticant difference in expression of Pix3
by peritoneal macrophages between control A/] and control B6
mice in BeadChip, while the diffscorebetween $S2-infected A/J and
§S82-infected B6 mice was —36.67(Table S1). Therefore, Pxx3 is a
candidate resistance gene of B6 mice against SS2 infection.
Together, the studies mentioned above corroborate our findings
and provide further validation of our results.

Induction of genes associated with immunc responses, inflam-
matory respouses and complement activation is an essential
defense mechanism for the host organism, which may help to clear
pathogens. Inflammation, a marker of S. suss infection, is thought
to be responsible for most clinical signs of meningitis, septiccmia
and sudden death [46]. Dominguez-Punaro et al provided
evidence that the greater susceptibility of A/] mice is associated
with an exaggerated inflammatory response [16]. Chabot-Roy
et al. showed that in the presence of specific antibodies and/or
complement, S. suis may be phagocytosed through different
receptors, and that this may result in a faster rate of clearance
[47]. In our study, some of the differcntially expressed genes (e.g.,
Pix3, Fegrl) in macrophages between B6 SS2-infected and control
mice were involved in positive regulation of phagocytosis. In the
gene network composed of diflerentially expressed genes of B6
mice involved in significant pathways, some genes (plxnb2, semada,
suna4d) were associated with the nervous system. Expression of
these genes may be attributed to clinical signs of meningitis.
Apoptosis has been shown to be induced by a wide range of gram-
positive and gram-negative bacteria in epithelial and endothelial
cells and leukocytes [28,48]. Therefore, it is plausible that some
genes involved in cell apoptosis were upregulated in A/J and B6
S82-infected mice.

Tinally, we obscrved that muscle-specific gene (Tmod3, tropo-
modulin 3) related to movement, which was involved in pointed-
end actin filament capping, was downregulated in $S2-infected B6
mice, potentially reflecting 2 mechanism in the animal to conserve
energy while it combats the bacterial infection. Similar results were
obtained in a study by Wu and colleagues that demonstrated
muscle-specific genes of zebralish are downregulated alter SS2
infection [4Y].

The murine macrophage response to SS2 infection showed
clear conservation with host responses detected in porcine cells,
human cells and other mouse cell or mammalian models. The
study produced a set of candidate genes that may influence
susceptibility or resistance to SS82 infection in the A/J and B6
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Figure 5. Comparative analysis of gene expression in peritoneal macrophages. Expression levels of Tir2, Tnf, Ptx3 and Mmp9 in A/J and 86
mice were measured by qRT-PCR and normalized to the housekeeping gene GAPDH. Differences between A/J and B6 mice were statistically
significant with a P value of <0.05 as determined by one-way ANOVA, except with the Tir2 gene.

doi:10.1371/journal.pone.0032150.g005

mouse models. Among these, Mmp9, Tlr2 and Tnf were identified
as candidate susceptibility genes of A/] mice and Pix3 as a
candidate resistance gene of B6 mice against §S2 infection. In
future work, we will continue searching for infection markers using
these models in order to provide leads for further investigation of
5. suis pathogenesis.
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Introduction

Streptococcus suis is a Gram-positive coccus that is considered an
important swine pathogen and a zoonotic agent causing menin-
gitis, arthritis, septicemia and even sudden death in swine and
humans [1.2]. Thus far, 35 different serotypes of . suis have been
described. Serotype 2 is the most virulent and the most frequently
isolated from both diseased swine and humans [3]. S suis 2 is
widely distributed around the world. and not only bring large
losses to the pig industry, but it also threatens the public health. In
china, S. suis 2 was first isolated in Guangdong Province and did
not attract wide attention as the cause of an emerging infectious
disease until an outbreak occurred in Sichuan province, China
where many people were infected, and some of them died in 1998
[4]- In July, 2005, the largest outbreak of human S. suis infection
occurred in Sichuan province, China, where 204 peuple were
infected, and 38 of them died [5]. The repeated intensive
outbreaks of human §. suis infection have raised greal public
concern worldwide regarding the pathogenic mechanisms of this
bacteria.

There have been increasing numbers of studies on virulence
factors and pathogenesis of §. suis 2, and several molecules have
been implicated as virulence factors, including the capsule
polysaccharide (CPS) [6], a hemolysin (suilysin) [7,8], a 136-kDa

@ PLoS ONE | www.plosone.org

muramidase-released protein (MRP), and a 110-kDa extracellular
factor (EF) protein[9]. In addition, it was shown recently that a
fibronectin and fibrinogen-binding protein plays an important role
in the colonization of affected organs after experimental infection
[10]. 5. sws 2 is usually transmitted by sccretions of the oral or
nasal mucosa and colonizes the palatine tonsil of both clinically il
and apparently healthy pigs [1). 'The entry of S.suds into blood from
tonsils, uptake by and travel within monocytes and entry into the
brain as part of the normal circulation of monocytes play
important roles in pathogenesis [11]. Hence, the outcome of the
interaction between bacteria and blood phagocytes is considered a
key step in the pathogenesis of S. suis infections [12].

Studies using chemi-fluorescent dyes (fluorochrome) for labeling
bacteria have been described [13,14]. However, because of non-
specificity of the chemicals, the extrinsic labeling compounds may
leak from the bacleria 1o phagocytes. Additionally, these
approaches can bLe of limited value for following Lacterial
pathogens within live host cells. Moreover, the bacteria may be
damaged by the dye and bacterial division dilutes the fluorescence
signal during infection [15].

Green fluorescent protein (GFP) from jellyfish deguoria victoria is
a fluorescent marker that is used for studying the localization,
structure, and dynamics of living cells. The fluorescent protein is
soluble in a wide varicty of specics, can be monitored non-
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invasively by external illumination, and needs no external
substrates [16]. The gff gene, as a potential visible marker for
tracking lactic acid bacteria, has been expressed by placement
downstream of the constitutive Lactococcus lactis P32 promoter [1 7].
GFP has also been expressed in a number of different bacterial
species, including Escherichia coli, L. lactis and Streptococcus gordonii
[18]. Expression of GFP did not alter bacterial interactions with
host cells, and bacteria producing GFP could be visualized within
live mammalian cells [15]. Furthermore, a number of GFP mutant
forms have been developed that exhibit enhanced fluorescence
emission or altered fluorescence spectra such as enhanced GFP
(EGFP).

In this study, we constructed the S suis 2 Eglp-HA9801
recombinant which expresses the EGEFP protein. Eglp-HA9801
was labeled successfully by inserting the egfp and spe” genes into the
S52 HA980!1 genome through homologous recombination. The
EGFP labeled Egfp-HA9801 was then compared with the parent
strain HA9801 by analysis of biochemical characteristics, growth
features, experimental infections and EGFP expression.

Materials and Methods

i. Ethics Statement

All animals used in this study, and animal cxperiments, were
approved by Department of Science and Technology of Jiangsu
Province.

ii. Bacterial Strains, Plasmids, and Culture Conditions

The bacterial strains and plasmids used in this study are listed in
Table 1. §. suis cells were grown on agar plates made with Todd-
Hewitt (TH) broth containing 2% agar (Bacto) or in liquid cultures
of TH broth. E. coli cells were grown on Luria—Bertani (LB) agar
plates or in liquid LB broth. When necessary, antibiotics were
added to the plate or broth at the following concentrations:
spectinomycin (spc), 100 mg/ml for §. suis 2, 50 mg/ml for E. coli
TOP 10 strain.

jii. Construction of the S. suis 2 Recombinant Egfp-
HA9801

The recombinant plasmid (pESEB) was constructed by cloning
four flanking gene fragments into the pEVP3 plasmid. First, the
flanking DNA sequences to sly and bsly were amplified {rom the
chromosomal DNA of 8. suis 2 HA9801 using PCR with two

Table 1. Bacterial strains, and plasmids used in this study.

Streptococcus suis Serotype 2 Recombinant

pairs of specific primers (SLY-F/SLY-R and BSLY-F/BSLY-R)
carrying Sph 1/Sma 1 and Sacl/Aat II restriction enzyme sites,
respectively (I'able 2). Following digestion with the corresponding
restriction  enzymes, the DNA fragments were cloned into a
pEVP3 vector dircctionally. Then, the egfp gene (from pEGFP-
N1) was inserted at the Sme I/BamH 1 sites, and the spc gene
cassette (from pSET2) was inserted at the BamH I/Sac I sites
(Fig. 1 A). Finally, the resulting recombinant plasmid (pESEB)
was confirmed by PCR and restricton enzyme digestion. To
obtain the recombinant strain, the pESEB plasmid was
introduced into S. suis HAY801 competent cells by electropora-
tion. For preparation of . suis competent cells, wild-type . suis
was grown in TH broth containing 40 minol/L D-L- thrconine
to ODG00 of 0.4 at 37°Cand washed (wice with sterile water
afier incubation on ice for 30 min. Subsequently, the cells were
resuspended in a mixture containing 15% glycerol and 0.3 mol/
L sucrose and stored at —75°C. The electroporation settings
were: resistance 250 €Q; voltage: 2.3 kV (cuvette gap: 2.0 mm)
and time constant:4.9 ms. The transformed cells were incubated
at 37°C for 120 min and then plated on TH agar plates
containing 200 pug/ml spectinomycin and incubated for 48 h at
37°C. A single colony was picked and inoculated in 5 ml TH
Broth containing 200 pg/ml spectinomycin and incubated
overnight at 37°C. The resulting recombinant strain was verified
by PCR and RT-PCR amplification and by dircct DNA
sequencing of the recombination sites using genomic DNA
preparations of the recombinant strains.

iv. Biochemical Characterization of the Recombinant S.
suis 2 Egfp-HA9801

Single colonies from the parent HA980! and Egfp-HA9801
strains, grown on TH broth agar containing 5% (v/v) sheep blood
at 37°C for 24 h, were picked and inoculated into fresh 5 ml THB
mediuni. Then the parent HA9801 and Egfp-HAY801 cells were
continually passaged 20 times in 5 ml THB medium, and the
biochemical characterizations of the F1, F10 and F20 passage
were performed using the automatic biochemistry analyzer
(bioMerieux VITEK 2 System).

v. Growth of the Recombinant S. suis 2 Egfp-HA9801
Inoculations of 1.0x10" CFU bacteria, equal to 1% (v/v) of

100 ml of THB medium, were incubated in fresh THB at 37°C for

18 h. During the 18 h period, aliquots of 2 ml of cultures were

Strains, plasmids and

primers Description Reference or source
Strains. . -

S. suis HA9801 Virulent strain of 5S2Virulent strain of SS2 isolated from dead pig Collected in our laboratory
© Egfp-tiAggot:. . The insertion mutént of egfp and spé with background of HAS801, Spc’ Ih this: study.

E. éoli.;l:éé 10 o Cloning hos‘t‘ for rﬁaintainir;g- the re‘c‘o;\.l.)inaﬁi plars-mids“ Collected in our laboratory

pEVPS B A suicide vector, Cm' 19

pEEB Tl ST A‘r‘eco_mbi:n'ant ve&ér with the bacﬁgrdu'r{d of HAQBOLdesign'edf‘dr insertion of egfp  In this ﬁu_dy

o ) gene;Spc’,Cm" .
PEGFP-N1 A green-fluorescence protein vector Clontech, Palo Alto, CA
pSET2 - .. ~ Aplasmid containing Spc” gene [20]

Cm", chloromycetin resistant; Spc’, spectinomycin resistant.
doi:10.1371/journal.pone.0039697.t001
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Table 2. Primers used for PCR amplification and detection.

Streptococcus suis Serotype 2 Recombinant

Primers Sequence of primers (5'-3'')

Restriction sites Functions

TCCCCCGGGCTCT. ATéACCI' CATCCGC
- CGAGCTETCTGGGAATGTATIAT - .

GGGGACGTCCTTATCAGCAAAAAGA

CGCGGATCCTTACTTGTACAGCTCGT
" AGGICGTTGCCCGT | -

© slygene(is10°bp)

- bisly vgene,‘do_wn,st»ré‘am fr,égﬁ\g‘r’\f
of sly (1165°bp) . -~ .77

o 5pef gene.casserte(iost bp).. ¢

it

The restriction sites are in bold.
doi:10.1371/journal.pone.0039697.t002

removed every hour to measurc the optical density at GOO
(OD600) indicating the bacterial concentration.

vi. Experimental Infections of Balb/C Mice

A total of 155 female Balb/C mice at 6 weeks of age
{Experimental Animal Center of Yangzhou University) were
included in the study. All cxperiments involving mice were
repeated twice and were conducted in accordance with the
International Guiding Principles for Biomedical Research Involv-
ing Animals—1985. The mice were acclimatized to standard
laboratory conditions of 12-h light/12-h dark cycle with free access
to rodent chow and water. For all groups, mice showing severe
clinical signs and considered moribund were humanely eutha-
nized. Bacterial working cultures were prepared as previously
described [21]. Stationary phase bacteria were washed twice in
PBS (pH 7.4). Bacterial pellets were then resuspended and serially
diluted in THB to appropriate concentrations. The final
suspensions of the inoculum for experimental infection were
plated onto THB agar to accurately determine the titer and
recorded as colony forming units (CFU)/ml.

vii. Determination of the 50% Lethal Dose (LD50)

Six-week-old female Balb/C mice (six mice in each group) were
infected by intraperitoneal (IP) injection with 500 pl of either the
HAS9801 parent or Egfp-HA9801 recombinant with the dilutions
ranging from 1.2x10° to 6.0x10° CFU in THB. Mice infected
with sterile THB were used as controls. The 50% lethal doses
{LD50} of both strains were calculated according to the Karber
method [22].

viii. Mouse Survival and Mortality Studies

A total of 30 female Balb/C G-week-old mice were infected by
IP injection with 1 ml of cither HA980! parent or the Egfp-
HAY801 recombinant at approximately 6.0x10* CFU in THB.
Mice infected with sterile THB were used as controls. The
mortality and clinical signs of infection such as depression, swollen
eyes, rough hair coat, lethargy, and neurological signs were
recorded daily post-infection (p.i) over a 7-day (d) period as
previously described [23].

ix. Determination of Viable Bacteria in Organs

A total of 50 female Balb/C 6-week-old mice were infected by
IP injection with 500 pt of cither HA9801 parent or the Eglp-
HA9801 recombinant at approximately 6.0x10* CFU in THB.

@ PLoS ONE | www.plosone.org

Mice infected with sterile THB were used as controls. At each
designated time, three infected and one non-infected mice were
sacrificed by cervical dislocation. The presence of HA9801 or the
Egfp-HA9801 in blood (1 ml) and homogenized organ (0.05 g/
organ) samples was determined by plating on THB agar plates.

x. Epifluorescence Microscopy

Egip-HA9801 and HA9801 cells in liquid culturc were washed
once with 0.1 M PBS (pH7.4) and resuspended in 30% glycerol.
Fluorescence was observed by applying 4 pl of the cell suspension
on a microscope slide followed by examination using a Carl Zeiss
Observer Z1 inveried epifluorescence microscope. The objective
was a 40x10.6 LD Plan-Neofluar and a 100x1.40 Oil Plan-
Apochromat. The excitation source was a 100 W HBO bulb, and
digital images were captured with a 14 bit cooled standard-scan
charge coupled-device camera (AxioCam MR3; Carl Zeiss) with
resolution set at 1388x1040. The charge-coupled-device camera
was controlled by the AxioVision software (version Rel.4.6, Carl
Zeiss), and a FITC filter set (exciter: HQ480/40; emitter: HQ
535/50) was used for the excitation and detection of EGFP. The
tissue cryosections from the dead mice, which were IP inoculated
with 6.0x10% CFU Egfp-HAY801 or HAY9801 bacteria, were also
checked immediately by epifluorescence microscopy.

xi. Statistical Analysis _

Unless otherwise specified, all data are cxpressed as means +
SD and analyzed by a two-tailed, unpaired Student’s t-test. A P
value <0.05 is considered statistically significant.

Results

i. Construction and Characterization of the S. suis 2 Egfp-
HA9801 Recombinant

The recombinant strain was first screened on THB agar plates
under the selective pressure of spectinomycin and then confirmed
by PCR (Fig. | B) and RT-PCR (Fig. 1 C). The direct DNA
sequencing result of the recombination sites also indicated that the
¢gfp and spd genc had been inserted into HA9801 genome
successfully.

ii. Biochemical Characterization of Egfp-HA9801

The results of the biochemical parameters of Egfp-HA9801 are
shown in Table 3. The paraneters of LEgfp-HA9801 were the same
as that of the parent HA980! strain, except for arginine
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Streptococcus suis Serotype 2 Recombinant

» Rtes  * SLY > EGFP- [* SPC * BSLY. :
SLYR o EGFP- 4  SBC BSLY:
® Reest’ EGFP-R © EGFP-F' SPC-F’ SPCR

4 5 6

1000—

Figure 1. Genomic organization of the double crossover recombination locus in 5. suis 2 Egfp-HA9801 and confirmation analysis of
the recombinant strain Egfp-HA9801. (A) Genomic organization of the double crossover recombination locus and its flanking genes in S. suis
2 Egfp-HA9801. Dashes above the gene indicate restriction sites. The numbers above the gene and between the solid arrows indicate the size (bps)
of the known gene fragments. The different color boxes represent sly, egfp,spc” and bsly genes. The location of the primers used in PCR and RT-PCR
detection are indicated by inverted arrowheads. (B) PCR analysis of the Egfp-HA9801 recombinant strain. The PCR primer combinations are shown
over the lanes. Genomic DNA from the parent strain HA9801 (lane 2) and Egfp-HA9801 recombinant (lane 2) were used as templates. Lane 1 is the
negative control. The 15 kb DNA ladder marker is shown to the left (M). (C) RT- PCR analysis of the Eqfp-HA9801 recombinant strain. The primer
combinations used in RT-PCR are shown over the lanes. Total RNA extracted from mid-exponential-phase cultures of the following strains were used
as templates: parent strain HA9801 (lane 2, 5) and Egfp-HA9801 recombinant (lane 1, 4). Lane 3 and lane 6 are negative controls. The 15 kb DNA
ladder marker is shown to the left (M). Theoretical size (bp) of each of the PCR and RT-PCR products generated with the primer combinations are
shown in (A).

doi:10.1371/journal.pone.0039697.g001

tion (Fig. 2). The growth curve of Eglp-HA9801 was similar Lo that
of HA980!.

dihydrolase 1, D-Galactose, and pyroglutamate enzyme aromatic
amine. There was also no difference between the different passages
of Egfp-HA9801. These results indicate that the biological

characteristics of LEgfp-HA9801 were stable and similar to
HAY801, and had not been influenced by inserting the ¢gfp and
spc’ genes into the . suis 2 genome.

iii. Growth Features of Egfp-HA9801

Cultures of both Egfp-HAY801 and the parent HAY801 strains
at different times were uscd to measure their bacterial concentra-

@ PLoS ONE | www.plosone.org

iv. Experimental Infections of Balb/C Mice

To study the effect of egfp and spe” insertions on the pathogenesis
of §. suis 2, the virulence of the Egfp-HA9801 recombinant and
parent HAY9801 was assessed in a Balb/C mouse infection model.
Results of the trial showed that the LD50 of Egfp-HA9801 and
HAY801 were 3.200x 10" CFU and 3.259x10°CFU, respectively
(Table 4), indicating that there were no significant dillerences
between the two strains (P>0.05).
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analyzer.

Streptococcus suis Serotype 2 Recombinant

Table 3. Biochemical characteristics of the S. suis 2 (SS2) parent strain and recombinant obtained using a automatic biochemistry

SS2 HA9801 parent strain

SS52 Egfp-HA9801 recombinant
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doi:10.1371/journal.pone.0039697.1003

During the course of infection, all the mice infected with
HAY80! at approximately 6.0x10® GFU showed clear clinical
signs, such as depression, swollen eyes, weakness and prostration
post-inoculation. Five mice died in this group during the 24 h
post-inoculation. From day 4 p.i., surviving mice in the HA9801

1.6

1. q S Y

1.2 _,’/',

1 .-';'/
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0.6 /
.’7 ~—&— 00600 Egfp-HA9801
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Figure 2. Growth curve of Egfp-HA9801 and parent HA9801.
Both Egfp-HA9801 and HA9801 were incubated in 100 ml of fresh TH8
at 37°C for 18 h. During the 18 h period, aliquots of 2 m! of cultures
were used to monitor the bacterial concentration every hour. No
significant differences were found between the two strains throughout
the experiment (P>0.05).

doi:10.1371/joumnal.pone.0039697.g002
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group developed clinical signs associated with S. suis 2 meningitis
such as hyperexcitation, opisthotonus, bending of the head and
walking in circles. Meanwhile, mice infected with Egfp-HA9801
had an 80% mortality rate, and all of them showed clear clinical
signs (Table 5 and TFig. 3). All the results indicated that no
significant differences were found between the Egfp-HA9801
group and the HA9801 group.

To further investigate the virulence of the Eglp-HA9801
recombinant, i ize colonization experiments were carried out.
According to the results of LD50 assessment, mice were IP
inoculated with about 6.0x10°CFU in 1 ml THB of the
recombinant or parental strains. The live bacteria were recovered
from the lung, liver, kidney, spleen, brain and blood at each
designated timepoint. As shown in Fig. 4, bacterial counts from
each specific tissue of Egfp-HA9801-infected mice were not
significantly different from that of the HAY80I-infected mice
(P>0.05). These results suggested that the colonization of Egfp-
HA9801 had not been obviously influenced by inserting egfp and
spc’ gene into the §. suis 2 genomie. Together with the above results,
this shows that Lgfp-HA9801 was very similar with HA980! in
terms of virulence, presentation of symptoms and infection
process. Therefore, the recombinant strain can be used as an
EGFP labeled strain for SS2 pathogenesis research under natural
conditions.
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Table 4., LD50 of S. suis type 2 HA9801strains and recombinant 552 Egfp-HA9801 strains in Balb/C mice.

6.0%106°
4.8x10°
3.6x10°®
2.4x10%

Egfp-HA9801

G, SO T S WY

Strain Infection dose (CFU) Amount of mouse Mortality LD50 (CFU)
60x10% . o6 el .
4.8x10° 6 5/6

" 6/6
5/6
46 ’ 3.200x10%.

The LD50 of both strains were calculated according to the Karber method.
doi:10.1371/journal.pone.0039697.t004

v. Expression of EGFP in S. suis Recombinant Egfp-

HA9801 as Detected by Epifluorescence Microscopy

3. suis recombinant Egfp-HA9801 cells were clearly fluorescent
under the epifluorescent microscope, whereas no fluorescent
signals from the HA9801 cells were observed (Fig. 5). In particular,
the Egfp-HAY801 cells which were grown at 37°C for 36 h
showed brighter fluorescent signals than the cells grown at 28°C
for 36 h and 37°C for 24 h. Furthermore, the fluorescence of
tissue cryosections of the Eglp-HAY801-injected micc was stronger
than that of the HA9801 group (Fig. 6).

Discussion

S. suts 2 is considercd as one of the most important swine
pathogens and is an emerging, life-threatening zoonotic agent in
both pigs and humans. Although a series of virulence factors
associated with S. suis 2 were identified recently [6,24], the specific
function of these virulence factors in the pathogenicity of 5. suis 2 is
still unknown, and the pathogenesis of the infection caused by .
suis is still poorly understood.

In this study, the EGFP labeled recombinant Egfp-HAY801 was
constructed via homologous recombination and the impact of egfp
and spc’ gene inserion on biochemical characteristics and
virulence of S. suis 2 was assessed. The results of this study
demonstrated that the EGFP labeled Eg{p-HAY801 is a promising

Table 5. Virulence of the S. suis parent strain HA9801 and
Egfp-HA9801 recombinant in Balb/C mice.

No. of Balb/C mice Morbidity® (%) Mortality” (%)

HASEOT w07 T T 00 90
Egfp-HA9801 10 100 80
Blank.control.. 10, 0 6

These measurements were performed over a period of 7-day post-infection.
Percentage of mice with clinical symptoms.

bpercentage of mice that died due to infection,
doi:10.1371/jourmnal.pone.0039697.t005
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and useful tool for the study of 8. swis 2 pathogenesis both in witrw
and in vito.

The target organism can be labeled with GFP through plasmid-
based gff vectors or chromosomal marker. Although plasmid-
based gfp vectors have been used in eukaryotic systems, and some
gff-broad host-range plasmids have been successfully used to label
certain species of bacteria, there are two limitations to applying
these vectors for bacterial strains used in environmental studies.
Pirst, due to concerns about plasinid stability under natural
environmental conditions, bacterial strains used in pathogenesis
studies should be chromosomally marked with a single copy of the
gfb gene to maximize genetic stability as well as reduce the risk of
transfer of the genetic marker to other microorganisms. The
second limitation is the semsitivity required for detection of
individual cells containing a single copy of the gfp marker. To
circumvent these limitations, a Tnl0- [25] and several Tn5-based

120 7
""" *  Egip-HASS0
(.-? 100
g
2 s
[
2
EL . LSy B -
i e
20 1 7 1 r— 1 1 7 1T 7
&> ————o—&
4] i 2 3 4 3 6 7

Day post-infection

Figure 3. Survival curves for Balb/C mice infected with Egfp-
HA9801 and HA9801strains. Six-week-old Balb/C mice were
inoculated i.p. with 6.0x10® CFU bacteria; mice survival was monitored
over a 7-day period. Data are expressed as mean percentage of live
animals in each group (n=10).

doi:10.1371/journal.pone.0039697.g003
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Figure 4. Bacterial distribution in different organs from mice infected i.p. with HA9801 parent and Egfp-HA9801 recombinant
strains. Bacterial loads in the blood (A) are expressed as CFU/ml, and in the liver (B), spleen(C), lung (D), kidney (E) and brain (F) as CFU/0.05 g of
tissue, Results are expressed as mean + SEM of at least three infected mice per p.. time point. No significant differences were found between the two
strains throughout the experiment (P>0.05).

doi:10.1371/journal.pone.0039697.9004

: [26.27] transposon suicide gene delivery vectors have been a g genetic marker. In this study, the $82 Egfp-HA9801
R developed. They have been used to mark various Gram-negative recombinant was chromosomally marked via homologous recom-
bacteria including, Agrobacterivm tumgfaciens, Alcaligenes eutrophus, bination, and the biochemical characterization and growth
Moraxella sp., and Vibrio sp. However, there have not been any . features of the Egfp-HA9801 recombinant were extremely similar
studies on Gram-positive bacteria chromosomally engineered with to that of the parent HA9801. In the present work, we did not find

A B
C D )

Figure 5. Epifluorescence microscopy analysis of bacteria cultured in vitro. A: Egfp-HA9801(10x40); B: HA9801(10x40); C: Egfp-
HA9801(10x100); D: HA9801(10x100).
doi:10.1371/journal.pone.0039697.g005
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Figure 6. Epifluorescence microscopy analysis of the cryosec-
tions of the tissues obtained from the mice infected with Egfp-
HA9801 or HA9801. The cryosections of liver (A-1), lung (B-1), kidney
(C-1), spleen (D-1) and brain (E-1) from the Egfp-HA9801-infected mice
were detected under epifluorescent microscope and the FITC images
are shown in the left column. The FITC images of the cryosections of
liver (A-2), lung (B-2), kidney (C-2), spleen (D-2) and brain (E-2) from the
HA9801-infected mice, are showed in the right column.
doi:10.1371/journal.pone.0039697.g006

significant differences in LD50, morbidity and mortality between
the two strains, indicating thal the insertion of gfp and spc” had no
effect on bacterial virulence. Furthermore, the bacterial counts in

@ PLoS ONE | www.plosone.org
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each tissue of Egfp-HAY80l-infected mice displayed similar
dynamic variations compared with the HA9801-infected mice.
These findings suggest that (he egfp and spe’ insertion did not
render any significant changes in the Egfp-HAY801 recombinant
when compared with HA9801. Therefore, the recombinant can be
used as EGFP labeled strain for S82 pathogenesis research under
natural conditions.

Overall, the expression of GFP protein is stable, but GFP
protein folding is thermosensitive. Moreover, the chromophore
formation requires sufficient time; hencee, the principal limiting
factors of GFP expression include environmental temperature and
expression time [16,28]. Jin Zou ef al. [29] reported that 72 h of
expression at 30°C is appropriate for chromophore formation of
the GFP variants in HeLa cells. Surprisingly, the same GFP
variants could not be detected with either the fluorescence
spectrophotometer or fluorescence microscope in HeLa cells when
grown at 37°C after transfection. For S.suis 2 SX332 cells, GFP
expression peaked at 48 h and 30°C [30]. Our results showed that
the Eglp-HA9801 cclls grown at 37°C for 36 h showed more
obvious green fluorescence than the cells grown for other culture
temperatures and time periods, indicating that 36 h of expression
at 37°C is optimal for expression of EGIP in our recombinamt
strain. One possible reason is that the expression of GFP at 37°C
proceeds too fast to process the necessary post-translational
modification in the other GFP mutant strains but this temperature
is appropriate for EGFP. Furthermore, the labeling method based
on chromosomal marking may affect the optimum condition of
GFP expression. :

In this study, the fuorescence of tissuc cryoscctions of Egfp-
HA980!-innoculated mice was stronger than that of the HA9801
group, but the green fluoresvence of the bacteria in the
cryosections were nol clearly seen because of the high fluorescence
background of the tissue. Autofluorescence is often seen in many
species and is due to various factors, including metabolites and
structural components. However, the emission and excitation
characteristics of autofluorescence are very different from GFP;
hence. further optimization of standard filter scts may simply be
made to reduce or climinate the autofluorescence in the tissues
[317. Schnell e al. [32] studied the effect of chemical treatments on
tissue sections from monkey, rat, and human neural tissue. They
revealed that lipofuscin-like autofluorescence in these tissues could
be significantly reduced or eliminated by treatment with I-
10 mmol/L CuSOy in a 50 mmol/L ammonium acetate buffer
(pH 5) or 1% Sudan black B in 70% ethanol. Further optimization
studies are needed to reduce or eliminate the autofluorescence in
the tissues.

In conclusion, our study demonstrated, for the first time, that
the Egfp-HA9801 recombinant, labeled with egfp gene basing on
chromosomal marking, is a promising and useful tool for the study
of & suis 2 pathogenesis both ir vitrv and in vive.
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Genomic and Epidemiological Characteristics Provide New Insights
into the Phylogeographmal and Spatiotemporal Spread of Porcine
Epidemic Diarrhea Virus in Asia

Min Sun,*® Jiale Ma,®® Yanan Wang, Ming Wang,*® Wenchao Song,® Wei Zhang,®® Chengping Lu,®" Huochun Yao™?
College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, China®; Key Lab of Animal Bacteriology, Ministry of Agriculture, Nanjing, China®

Porcine epidemic diarrhea has become pandemic in the Asian pig-breeding industry, causing significant economic loss. In the
present study, 11 complete genomes of porcine epidemic diarrhea virus (PEDV) field isolates from China were determined and
analyzed. Frequently occurring mutations were observed, which suggested that full understanding of the genomic and epidemio-
logical characteristics is critical in the fight against PEDV epidemics. Comparative analysis of 49 available genomes clustered the
PEDV strains into pandemic (PX) and classical (CX) groups and identified four hypervariable regions (V1 to V4). Further study
indicated key roles for the spike (S) gene and the V2 region in distinguishing between the PX and CX groups and for studying
genetic evolution. Genotyping and phylogeny-based geographical dissection based on 219 S genes revealed the complexity and
severity of PEDV epidemics in Asia. Many subgroups have formed, with a wide array of mutations in different countries, leading
to the outbreak of PEDV in Asia. Spatiotemporal reconstruction based on the analysis snggested that the pandemic group strains
originated from South Korea and then extended into Japan, Thailand, and China. However, the novel pandemic strains in South
Korea that appeared after 2013 may have originated from a Chinese variant. Thus, the serious PED epidemics in China and
South Korea in recent years were caused by the complex subgroups of PEDV. The data in this study have important implications

for understanding the ongoing PEDV outbreaks in Asia and will guide future efforts to effectively prevent and control PEDV.

Porcine epidemic diarrhea (PED) is an acute enteric tract infec-
tious disease characterized by thin-walled intestines with se-
vere villus atrophy and congestion, which can rapidly lead to death
from acute watery diarrhea and vomit, especially in piglets (1-3).
Porcine epidemic diarrhea virus (PEDV), the etiological agent (4,
5), is an alphacoronavirus from the family Coronaviridae of the
order Nidovirales (6).

The PEDV genome is approximately 28 kb in length and com-
prises seven open reading frames (ORFEs) (7, 8). The spike (S) gene
of PEDV encodes the spike glycoprotein and can be divided into
ST and S2 domains, just as in other coronaviruses (9-11). The §
glycoprotein interacts with the cellular receptor to regulate viral
entry and contains neufralizing epitopes to induce neutralizing
antibodies (12, 13). In addition, the S gene shows a high degree of
genetic diversity (14), especially in the S| domain or the N-termi-
nal region of the S1 domain (15-17), and is considered an impor-
tant gene marker in understanding genetic variations of PEDV
strains in the field (16, 18, 19).

The first PEDV strain, CV777, was recognized in Belgium in
1977 (4, 5). Postemergence, scveral European nations reported
disease outbreaks (20, 21). Currently, PED disease is causing seri-
ous losses in the pig industry in many Asian nations, including
South Korea (14, 22, 23), Thailand (9, 18), and China (24). At
present, strains of PEDV cause more severe clinical symptoms
than previous strains; pigs of all ages are affected and exhibit dif-
ferent degrees of diarrhea and loss of appetite (2, 18, 23). The
strains emerging in Asia are distinct from previous endemic PEDV
strains and may have been introduced from overseas (9, 23).

In the present study, 11 complete genomic sequences of Chi-
nese field strains collected from 2011 to 2014 were determined.
Together with 38 other available PEDV genomes, they were used
to analyze genome characteristics and evaluate the genetic stability
of the virus. Furthermore, we analyzed the epidemic regularity of

1484 jcm.asm.org
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219 PEDV field strains, determined the relationship among PEDV
strains more precisely, and revealed the phylogeography and spa-
tiotemporal spread of PEDV in Asia.

MATERIALS AND METHODS

Sample collection and treatment. From April 2011 to March 2014, nine
intestinal homogenates and two feces samples were collected from pigs
that had severe diarrhea and a high mortality rate at 11 farms (Table 1).
PEDV infection was confirmed by a PEDV membrane (M) gene-based
reverse transcription-PCR (RT-PCR) (25} and by sequencing. The 11
positive PEDV samples were from large-scale commercial swine farms
(>50,000 pigs) and were inoculated with PEDV vaccine. In each out-
break, intestinal or feces samples collected from 3- to 4-day-old piglets
displayed the clinical features associated with PED, including watery di-
arrhea, loss of appetite, vomiting, and dehydration.

These samples were collected individually and placed in separate ster-
ile specimen containers. The minced intestinal and blended feces were
used to generate a 10% (g/ml) homogenate in phosphate-buffered saline
(PBS). The homogenate was freeze-thawed three times, vortexed, and
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TABLE 1 Eleven PEDV isolates obtained from different farms in China
during outbreaks in 2011 to 2014
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GenBank Collection
Strain name Sample origin  accession no.  Nations date
PEDV-IC  Small intestine KM609203  China March 2012
PEDV-7C  Small intestine KM609204  China: JiangXi June 2011
PEDV-8C  Small intestine  KM609205  China Unknown
PEDV-10F  Feces KM609206  China: JiangSu January 2012
PEDV-14 Small intestine KM609207  China: ZheJiang April 2011
PEDV-I5F  Feces KM609208  China: ChongQing March 2012

PEDV-CHZ Smallintestine KM609209  China: JiangSu March 2013

PEDV-LY  Smallintestine KMG09210  China: ShanDong  January 2014
PEDV-LS  Smallintestine KM609211  China: ShanDong  January 2014
PEDV-LYG Smallintestine KM609212  China: JiangSu March 2014
PEDV-WS  Small intestine KM609213  China: ZheJiang March 2014

centrifuged at 5,000 rpm for 10 min at 4°C. The supernatant was removed
and centrifuged at 10,000 rpm for 10 min at 4°C. The final supernatants
were used immediately or stored at —20°C.

RNA extraction and RT-PCR. The primers (see Table S1 in the sup-
plemental material) were designed based on the highly conserved sites
of the PEDV reference strain CHGD-01 (GenBank accession no.
JX261936.1), using Oligo 6.0. Six overlapping DNA fragments were
amplified by RT-PCR.

Viral RNA extraction, RT-PCR amplification, and cloning were per-
formed according to conventional protocols, with some modifications
(26). Tn brief, viral RNA was extracted from the supernatants of the ho-
mogenized positive samples using an RNeasy minikit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. Viral RNA was
eluted into 50 pl of RNase-free water. HiScript reverse transcriptase
(HiScript IT 1st Strand cDNA synthesis kit; Vazyme, China) was used to
synthesize cDNA from the extracted RNA and stored at —20°C. The am-
plifications for the six overlapping DNA fragments were performed using
LAmp DNA polymerase (Vazyme, Nanjing, China). A SMARTer rapid
amplification of cDNA ends (RACE) kit (Clontech, Japan) confirmed the
5" and 3’ ends of the genome, according to the manufacturer’s instruc-
tions.

Whole-genome sequence and assembly. [n brief, bands of corre-
sponding size of the RT-PCR products were excised, and a QlAquick
gel extraction kit (TaKaRa, Shanghai, China) was used to purify the
synthesized DNA, according to the manufacturer’s instructions. The
Shanghai Sunny Biotechnology Co, Ltd. (Shanghai, China) sequenced
the purified products. Each nucleotide was identified from the repli-
cates that gave identical results. The DNAStar software package
(DNAStar Inc., Madison, W1, USA) was used to assemble and analyze
the sequencing data. The complete genome sequences of the 11 Chi-
nese PEDV strains were submitted to the GenBank database with the
accession numbers shown in Table 1.

Variation analysis of 49 whole PEDV genomes. The method of cal-
culating the variation coefficient is shown in Fig. S1A in the supplemental
material. One hundred base pairs at a time were extracted from the align-
ment of 49 whole PEDV genomes (Table 1; see also Table S2 in the sup-
plemental material) constructed by MEGA (v¥5.0.3) software (27), which
contained a total of 4,900 points, and analyzed. If the nucleotide at one
point was dissimilar to the common one, it was defined as a variable point.
The variation coefficient was the number of variable points in every 100
bp, and the maximum value was 2,400. The analysis was repeated by
sliding the analysis window forward by 20 bp and analyzing the next 100
bp. A total of 1,404 variation coefficients were calculated by our procedure
(http://www.chinasscontrol.com/biosystem/index.php). A vertical value
of >100 was consider a dissimilar region. Prism 5 (GraphPad Software, La
Jolta, CA, USA) was used to construct a graph of the variation coefficients
with a window size of 100 bp and a step of 20 bp.

Multiple-sequencing alignments and phylogenetic analysis. Phylo-
genetic analysis was performed following the procedures outlined by

May 2015 Volume 53 Number 5

Journal of Clinical Microbiology

Phylogeographical Analysis of PEDV in Asia

Chen et al. (15). ClustalW alignments with default parameters were pro-
duced for the whole genome, the entire spike gene, the N-terminal do-
main (NTD) of the S gene (corresponding to nucleotides {nt] 20635 to
21813 [covering 1,179 bp] of the strain AH2012), and the four most vari-
able regions (V1 to V4; Fig. 1A). Phylogenetic trees were constructed
separately with the molecular evolutionary genetics analysis (MEGA)
software package (v.5.0.3) (27) using the neighbor-joining method, with
p-distance, complete gap deletion, and bootstrapping (1 = 1,000) param-
eters.

Analysis of nucleotide positions distinguishing PEDV classical and
pandemic groups (DCP). The calculation method for the DCP values is
shown in Fig. S$1B in the supplemental material. Some DCP nucleotide
positions are indicated by blue boxes as typical examples. The number of
DCP positions defined the DCP value, which was calculated with a win-
dow size of 100 bp and a step of 20 bp. The baseline of the value was 6.
Prism 5 (GraphPad Software, La Jolla, CA) was used to draw the graph of
the DCP values (window size of 100 bp, step of 20 bp).

Antigenic indexand hydrophilicity plots. Four strains were subjected
to antigenic index and hydrophilicity analysis, based on the NTD region of
the $ protein. The antigenic index and hydrophilicity plots were obtained
using the Jameson-Wolf and Kyte-Doolittle algorithms (28-30), respec-
tively, with the aid of the DNAStar package (DNAStar Inc., Madison, WI,
USA). The Kyte-Doolittle method predicts regions of hydrophilicity by
summing hydrophilicities over a specified range of amino acids, with an
average of nine residues. The Jameson-Wolf method predicts the anti-
genic index, which produces an index of antigenicity by combining the
values for hydrophilicity.

Phylogeography and spatiotemporal analysis. A total of 219 avail-
able and background-clear Asian complete S gene sequences of PEDV
were downloaded from GenBank (sce Table 53 in the supplemental ma-
terial). A geographical dissection of the Asian PEDV strains was per-
formed based on the phylogenetic tree of 219 complete S genes. Some
PEDY strains had no basic information or available whole-genome or §
gene sequences (e.g., some strains from Taiwan and Vietnam) and were
not included in this count. The strains were located in the isolated prov-
inces or countries shown on the map in Fig. 4. Note that for strains from
China, the location was accurate at the province level, whereas for the
others, only the country of origin was known. A time-based geographical
dissection of Asian PEDV strains was conducted. On the map, we used
four colored spots to distinguish the pandemic group strains, the classic
group strains, and the newly sequenced cases of PEDV.

Nucleotide sequence accession numbers. The sequences determined
in this study were deposited in GenBank under accession numbers
KM609203 to KIM609213.

RESULTS

‘Whole-genome sequencing. To reveal the characteristics of this
virus and determine more precisely the relationships among the
PEDV strains currently circulating in China and other nations, 11
whole genomes of Chinese PEDV isolates collected from different
districts at different times were sequenced. All of the whole ge-
nomes were 28,038 nucleotides in length, excluding the poly(A)
tail. The 11 whole genomes exhibited nucleotide sequence identi-
ties ranging from 97.5% to 99.7%, with no insertions or deletions.
Their genomic organization was typical of all previously se-
quenced PEDV strains and was summarized as 5'UTR-ORFla/
1b-5-ORF3-E-M-N-3'UTR (Fig. 1B). The lengths of the seven
ORFs were 12,309 bp, 7,638 bp, 4,161 bp, 675 bp, 231 bp, 681 bp,
and 1,326 bp, respectively.

Identification of hypervariable regions by whole-genome
analysis. To comprehensively investigate the heterogeneity of
PEDV, we performed variation analysis of 49 PEDV whole ge-
nomes (11 determined in this study and 38 other available PEDV
complete genomes). We identified the four most dissimilar re-
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FIG 1 (A) Variation analysis of 49 whole PEDY genomes from NCBI. The graph shows the variation coefficient (window size = 100 bp, step = 20 bp) in the
alignment of 49 whole PEDV genomes. The detailed calculation method of the variation coefficient is shown in Fig. S1A in the supplemental material. Dashed
and thick red lines, positions of four high mutation regions (V1, V2, V3, and V4) containing more nucleic acid deletions/insertions/mutations. (1) Organization
of the PEDV genome. The approximate positions and sizes of genes in the PEDV genome correspond to the scale bar. The putative $1-S2 boundary (amino acid
positions) of the § protein is also shown. (C) Analysis of nucleotide positions distinguishing classical and pandemic pathotypes (DCP). Graph showing the DCP
position content (window size = 100 bp, step = 20 bp) in the alignment of 49 whole PEDV genomes. The detailed calculation method of DCP position is shown

in Fig. S1B in the supplemental material. Dashed and green thick line, the major regions containing abundant DCP positions.

gions, named V1, V2, V3, and V4, respectively (Fig. 1A). In Fig
1B, the putative variant regions corresponding to functional do-
mains in the PEDV genome are shown below the sequence. V1
comprises the region encoding the C-terminal domain (CTD) of
nonstructural protein 2 (nsp2) plus the N-terminal domain
(NTD) of nsp3, V2 is in the S1 gene, V3 spans the CTD of the $
gene with most of ORF3, and V4 is located in the nucleocapsid (N)
gene. V1, V2, V3, and V4 are located on the whole genome of the
AH2012 strain (GenBank accession no. KC210145.1) at 1,721 to
3,500 bp, 20,661 to 22,300 bp, 23,541 to 25,200 bp, and 26,741 to
27,700bp, respectively. Note that the NTDs of the S gene and the
ORF3 gene were the most obviously different among the four
regions.

Whole-genomic phylogenetic analysis identified the classical
and pandemic groups. The phylogenetic tree of 49 PEDV ge-
nomes indicated that the PEDV isolates could be divided into two
clusters, designated the pandemic group and the classical group
(Fig. 2A). Thirty-nine Chinese and American strains isolated after
2008 comprised the pandemic group. The classical group com-
prised 10 strains, including 3 Korean strains (SM98, DR13, and
attenuated DR13), 6 Chinese strains (CH/S, LZC, SD-M, attenu-
ated vaccine, JS2008, and JS2008 new), and 1 European strain
(CV777). All the strains were isolated before 2008, except strain
SD-M (5, 14, 31, 32), and had a rather distant phylogenetic rela-
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tionship with pandemic group field strains. The 11 isolates first
reported in the present study were all clustered into the pandemic
group and had a close relationship with Chinese strains isolated
after 2008. Among them, the PEDV-LYG and WS strains, col-
lected in 2014, were most closely related to the CH/FJND-3/2011
strain, which was reported as a PEDV variant (33). Only the
PEDV-7C strain was closely clustered with the CHGD-01 (26),
GD-1 (34), CH/GDGZ/2012 (35), and GD-A (36) strains, which
were all isolated in Guangdong province, China.

Identification of regions that distinguished between the clas-
sical and pandemic groups (DCP). To recognize the characteris-
tic gene differences between the classical and pandemic groups, we
analyzed the 49 whole-genome sequences. Ultimately, we identi-
fied a total of 322 distinctive nucleotides between the pandemic
group strains and the classical group strains, based on whole-ge-
nome sequencing (data not shown). Among the 322 nt, 79 nt
(24.5%) were located in the 1- to 1,179-bp region of the S gene
(located on the whole genome of the AH2012 strain at 20,635 to
21,813 bp), and it was the major region that distinguished between
the classical and pandemic groups (Fig. 1C). This region, which is
included in the V2 region (Fig. 1C), resulted in 49 amino acid
changes (see Fig. 52 in the supplemental material).

Phylogenetic tree analysis of the whole S gene and the NTD
region. The phylogenetic trees for the full-length S gene and NTD
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region collectively showed the same grouping structure as the tree
generated from the PEDV whole genomes, except for the U.S.
strain OHB851, which was clustered differently in the trees of the S
gene and the NTD region compared with the entire genome tree
(Fig. 2). This agreed with a previous study (37). Between the com-
plete genome and the entire S gene tree, there was also some small
dissimilarity in the pandemic group, including the AH2012, CH/
ZMDZY/11, CH/FIND-3/2011, CH/FJZZ-9/2012, and PEDV-
10F strains, whose subgroup distribution changed. The NTD re-
gion tree was very similar to the entire S gene tree, except for strain

PEDV-7C in the pandemic group. Even though PEDV evolution

was not entirely reflected in the analysis of the S gene or NTD
region, clustering based on these regions remained an efficient
approach for PEDV. Phylogenetic trees based on the V1, V3, and
V4 regions did not indicate two distinct genogroups (see Fig. §3 in
the supplemental malerial), which further showed that the S gene
was the best candidate for evaluate the evolutionary relationships
of PEDV strains.

Antigenic index and the hydrophilicity plot analysis of the
two PEDV groups. Four strains (CHZ, 7C, SD-M, and LZC), as
representatives, were subjected to further analysis of their anti-
genic index and the hydrophilicity plot for the NTD (1 to 360
amino acids) of the S protein (Fig. 3). The first two strains were
clustered into the pandemic group, and the latter two strains were
in the classical group (Fig. 2A). The main antigenic index differ-
ences were located at amino acids 53 to 73 and 118 to 179 (Fig.
3A). In addition, the major differences on the hydrophilicity plot
were for amino acids 53 to 73 and 118 to 165 (Fig. 3B). These
dissimilar regions showed certain point mutations and deletions
that differentiated the pandemic group from the classical group.

Genotyping and phylogeny-based geographical dissection of
PEDYV strains in Asia. We used 219 available complete S gene
sequences, which were isolated from Japan (4 strains), South Ko-
rea (39 strains), Thailand (12 strains), and China (204 strains) (see
Table S3 in the supplemental material). The PEDV strains fell into
two distinct groups. The group that included all the strains in the
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whole-genome pandemic cluster remained and was termed the
pandemic group (PX). Similarly, the classical group was termed
CX (Fig. 4 left). The PX was further divided into subgroups 1a, 1b,
1c, 2a, 2b, and 2¢; and the CX was divided into 1a, 1b, and 1c (Fig.
4 left). From the phylogenetic tree, four subgroups (PX1a, PXlc,
CXla, and CX1b) contained only Chinese field strains. Thai
strains were clustered into two subgroups with Chinese or South
Korean strains in the pandemic group. The strains in Japan
formed subgroups PX2c and CX2c with South Korean or Chinese
strains, whereas the South Korean strains were grouped into four
subgroups (PX1b, PX2b, PX2c¢, and CXlc), and the Chinese
strains clustered into every subgroup, except PX2b and PX2c (see
Fig. $4 in the supplemental material). The clinical strains from
PX1a were the main epidemic subgroup of PEDV outbreaks in
China, and PX1b was the main subgroup responsible for out-
breaks in South Korea. Interestingly, CX1c contained strains iso-
lated from South Korea, Japan, and China from 1986 to 2013 (see
Fig. $4) and was the most complex subgroup.

The possible geographical origins of the 219 PEDYV strains were
plotted to obtain clues regarding the spread tendency of the emer-
gent PEDV strains in Asia (Fig. 4 right). From the geographical
locations, we found that in Japan and Thailand, the common
strains were relatively simple, whereas in China, PEDV had spread
into every province around the coastal regions, even into Sichuan
province or northeast China, since the CH/S strain was isolated in
1986 in Shanghai (31). South Korea also suffered continuous and
large-scale outbreaks. Since late 2013, several outbreaks of PEDV
infection emerged in Taiwan (38) and Vietnam (39); however, the
information on the epidemics was not detailed enough to be ana-
lyzed in this study.

Spatiotemporal reconstruction of PEDV strains in Asia.
Combining the molccular sequence data with the isolation times
and geographical coordinates allowed a spatiotemporal distribu-
tion of PEDV to be inferred (Fig. 5; see also Fig. $4 in the supple-
mental material). By 2005, several occasional epidemics had been
reported. All four from China, one from Japan, and three from
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South Korea were clustered into the classical group. However, two
from South Korea were clustered into the pandemic group (Fig.
5), which indicated that the pandemic PEDV in Asia might have
originated from South Korea. As of 2010, PEDV was widespread,
pandemic group strains emerged in South Korea, and Japan added
two pandemic group strains and one classical group strain,
whereas China only added four classical group strains (Fig. 5). In
addition, there were two pandemic group strains first reported in
Thailand (9).

Between 2010 and 2011, PEDV was continuously detected in
various areas in Thailand, and the prevalence of PEDV infections
was low and only sporadic outbreaks occurred in South Korea.
However, for unclear reasons, a severe PED epizootic was affecting
pigs of all ages in many provinces of China, extending into Sich-
uan and the northeast arca of China (Fig. 5). Prevalent PEDV ficld
strains in China were not only distributed in the pandemic group
but also represented some clinical strains of the classical group.
Between 2012 and 2014, PEDV caused widespread outbreaks in
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Thailand, South Korea, and China, even extending to Taiwan (38)
and Vietnam (39).

DISCUSSION

In recent years, PEDV has continued to cause severe economic
damage to the swine industry in Asia. The existing measures, in-
cluding vaccination, biosecurity, and feedback, cannot effectively
block the spread of this disease (2, 14, 40—42). The 11 complete
genomes of PEDV field isolates from China determined in this
study showed a wide range of genetic variation, which suggested a
large risk of PEDV outbreak by novel variants. Comparisons and
phylogenetic analysis of 49 PEDV whole genomes (including 12
emerging strains from the United States) confirmed that this issue
is also present throughout Asia and in America. Several investiga-
tors have reported that the S gene is appropriate to study the
genetic relatedness of this virus (14, 15). Here, we attempted to
search for variations more accurately through whole-genome
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and the colors for PEDV strains correspond to those labeled in the left pancl.

analysis and hoped to provide clues to the PEDV evolutionary
mechanism.

In this study, four hypervariable regions (V1 to V4) were iden-
tified in the whole PEDV genomes, which particularly associated
with the PEDV evolutionary process. V1 is located between nsp2
and nsp3, which is considered the putative region of possible re-
combination events of the US-AH lineage strains (43). V2 is lo-
cated in the amino terminus of the § protein, which functionsas a
receptor-binding domain (44). V3 is distributed mainly in the
ORF?3 gene, which has been used to differentiate between field and
vaccine-derived isolates and altered the virulence of PEDV (45).
V4 is included in the N gene, which contradicts a previous report
that implied that the N gene is highly conserved (46). These dif-
ferences probably reflect the limited available sequences, small
study samples, and analysis of the single N gene in the previous
study.

Among the regions, the V2 region (included in the S gene) was
the most appropriate to evaluate the evolutionary relationship of
PEDV strains and to cluster PEDV strains into the pandemic and
classical groups. Further analysis confirmed that the V2 region
was suitable to analyze the significant differences in epidemiology
between the two groups (2, 9, 47). Thus, the V2 region might play
an important role in the genetic evolutionary process of PEDV
and will be the focus of future research. The high degree of genetic
heterogeneity in the V2 region might explain why the classical
vaccine strains cannot effectively control the spread of the pan-
demic group strains at present. The antigenic index analysis of the
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V2 region showed enhanced antigenicity in the pandemic group
compared with the classical group (43}, while none of the known
antigen epitope motifs was included in the V2 region (48, 49).
These results suggested that some novel neutralizing sites might
have formed in the V2 region of the pandemic group strains,
which might be associated with their rapid spread and strong
pathogenicity (50, 51).

In the phylogenetic tree of the whole genome and the NTD
region (included in the V2 region and S gene), the OHB851 strain
clustered in different groups, which was the only exception. In
South Korea, another strain was clustered with strain OH851 (52).
These new PEDV variants might originate from a genetic recom-
bination event between pandemic group strains and classical
group strains (37). We may still be able to use the S gene to eval-
uate the evolutionary relationship of PEDV strains and cluster
these strains as OH851-like strains, which will require further
analysis. Currently, several novel PEDV strains that showed large
genomic deletions in the S gene have been isolated in the United
States (53) and South Korea (54). These observations suggested
that it is critical to monitor PEDV molecular epidemiology con-
tinuously.

PEDV has spread into most nations with a swine industry in
Asia (2, 9, 23), even being detected in Taiwan (38) and Vietnam
(39). Thus, it has spread beyond its geographical limitation. Ac-
cording to the S gene sequences, the 219 PEDV strains in Asia were
clustered into pandemic and classical groups. Further subgroup
analysis indicated the significant regional differences in the spread
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of PEDV in different Asian countries. The PX1a, PX1¢, CX1a, and
CXlc strain subgroups were only epidemic in China, while the
PX2b and PX2c subgroups were not detected. All strains isolated
after 2013 in South Korea (except KNU/1301/2013 and KNU/
1302/2013) were clustered into the PX1b subgroup and formed
the main subgroup in South Korea. Notably, to date, a widespread
outbreak has not occurred in Japan.

Spatiotemporal reconstruction of PEDV strains showed that
South Korean Chinju99, isolated in 1999 (55), is the oldest PEDV
pandemic group strain in Asia. The original strains of the pan-
demic group detected in Japan, Thailand, and China are all ho-
mologous with Chinju99, and their genomes have remained rela-
tively stable (51), which implies that the pandemic group strains in
Asian countries originated from South Korea. Before 2008, most
PEDV field strains belonged to the classical group (Fig. S4 in the
supplemental material), but subsequent acute outbreaks in Asia
were caused by pandemic group PEDV strains, initially in South
Korea (2008) (14) and then in Thailand (2008) (41) and China
(2011) (2). Since 2013, the South Korean pandemic strains have
become distinct from previous strains and are closely related to
Chinese strains isolated after 2011 (see Fig. 54), which indicates
that the currently emerging pandemic strains in the PX1b sub-
group in South Korea originated from China.

In summary, South Korea and China have undergone the most
complex PEDV epidemic situations in the past 5 years. The pan-
demic group strains in Asia likely originated from South Korea
and then spread into Japan, Thailand, and China, successively.
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However, the pandemic strains that emerged in South Korea after
2013 may have originated from a Chinese variant. In the process of
spreading, PEDV underwent numerous genetic variations. In par-
ticular, the V2 region plays important roles in PEDV genetic evo-
lution and pathogenicity, which should be investigated further in
future research.
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Streptococcus suis is an emerging zoonotic pathogen causing severe infections in pigs and humans. In previous studies, 33 sero-
types of S. suis have been identified using serum agglutination. Here, we describe a novel S. suis strain, CZ130302, isolated from
an outbreak of acute piglet meningitis in eastern China. Strong pathogenicity of meningitis caused by strain CZ130302 was re-
produced in the BALB/c mouse model. The strain showed a high fatality rate (8/10), higher than those for known virulent sero-
type 2 strains P1/7 (1/10) and 9801 (2/10). Cell adhesion assay results with bEnd.3 and HEp2 cells showed that CZ130302 was
significantly close to P1/7 and 9801. Both the agglutination test and its complementary test showed that strain CZ130302 had no
strong cross-reaction with the other 33 S. suis serotypes. The multiplex PCR assays revealed no specified bands for all four sets
used to detect the other 33 serotypes. In addition, genetic analysis of the whole cps gene clusters of all serotypes was performed in
this study. The results of comparative genomics showed that the cps gene cluster of CZ130302, which was not previously re-
ported, showed no homology to the gene sequences of the other strains. Especially, the wzy, wzx, and acetyltransferase genes of
strain CZ130302 are phylogenetically distinct from strains of the other 33 serotypes. Therefore, this study suggested that strain
CZ130302 represents a novel variant serotype of S. suis (designated serotype Chz) which has a high potential to be virulent and

associated with meningitis in animals.

treptococcus suis causes meningitis and septicemia in pigsand is

also known as a zoonotic agent {1). Human infections of S. suis
were first reported in Denmark in 1968 (2). Since then, this patho-
gen has spread all over the world. The human Streptococcus suis
was epidemic in most Europe countries (3, 4), as well as in Asian
countries, such as Vietnam and Thailand (5-7). In China, two
outbreaks of human streptucoccosis have occurred, affecting
more than 100 people and causing 39 deaths (8). More and more
S. suis infections from China, Thailand, Hong Kong, Taiwan, and
Singapore have been reported, which indicates that S. suis has
been an important cause of adult meningitis, endocarditis, septi-
cemia, and arthritis in Asia (9).

The serotyping of S. suis isolates rests on the basis of the anti-
genicity of their capsular polysaccharides (CPs); 35 serotypes have
been identified by agglutination tests (10). With the development
of sequence analysis of 165 TRNA and ¢pn60 genes in S. suis, the
original S. suis serotypes 32 and 34 were reclassified as Streptococ-
cus orisratti (11). Phylogenetic analyses of the cps gene cluster,
conserved Wzy polymerase, Wzx flippase, and glycosyltransferase
are all taken as important means of classifying a novel serotype
(12). Multiplex PCR assays against the specific genes of the cps
clusters have also been developed to identify serotypes in S. suis
(13-15).

From March to May 2013, strain CZ130302 caused an out-
break of streptococcosis in piglets at multiple large-scale pig farms
in Jiangsu Province, China. This pathogenic bacterium induced
meningitis in 30-day-old piglets, with a total morbidity rate of
25% to 35%. The fatality rate of diseased piglets could reach 65%.
We identified that the agent responsible for meningitis and septi-
cemia in piglets as S. suis (CZ130302), and the strong pathogenic-
ity of meningitis was reproduced successfully in a BALB/c mouse
model. Follow-up identification and characteristic analysis of the
serotype of the CZ130302 strain were performed. Interestingly,
this strain did not belong to any known 8. suis serotype. All the
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results suggested that the strain was a novel serotype which was
probably responsible for the new round of emerging zoonosis in
the swine industry.

MATERIALS AND METHODS

Ethics statement. Five-week-old male germfree BALB/c mice and New
Zealand White rabbits were purchased from the Comparative Medicine
Center of Yangzhou University. All animal experiments were approved by
Department of Science and Technology of Jiangsu Province (license num-
ber SYXK (SU) 2010-0005).

Bacterial strains and growth conditions. The important strains used
in this study are listed in Table 1. The new variant strain CZ130302 was
isolated from an outbreak of acute piglet meningitis in 2013. The S. suis
reference serotypes | to 5, 7 to 12, 16, 17, 20 to 24, 26, 32, 33, and 34 are
stored in our laboratory; serotypes 6, 13, 15, 18, 19, 23, 25, 27, 30, and 31
are preserved in China Animal Health and Epidemiology Center. In ad-
dition, a total of 254 S. suis strains isulated from different sources and
regiuns, at different times, and of different serotypes were included in this
study. The bacteria were grown in Todd-Hewitt broth (THB; BD) and
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TABLE 1 Bacterial strains and cell lines used in this study

Novel Meningitis-Associated Serotype of S, suis

Strain or cell

designation Characteristic or function Reference
Strains
P1/7 European classical highly virulent strain, isolated from a pig dying from meningitis 2]
9801 Virulent strain of serotype 2 isolated from a pig that died with acute septicemia, China, 1998 22
CZ130302 A novel variant serotype Chz of S. suis which cansed acute meningitis in piglets, China, 2013 This study
CZ110902 Serotype Chz, clinical isolate JiangSu province, China, 2011 This study
HNI36 Serotype Chz, clinical isolate HeNan province, China, 2006 This study
AH681 Serotype Chez, clinical isolate AnHui province, China, 2006 This study
Cells .
HEp-2 Human laryngeal cancer epithelial cell fine, widely used to evaluate the pathogenicity of 8. suis isolates 19
bEnd.3 Mouse brain microvascular endothelial cell line This study

plated on Todd-Hewitt agar (THA) containing 7.5% (vol/vol) sheep
blood at 37°C.

Identification of bacteria. Regular bacterial isolation was performed.
The isolate was identified as S. suis using the Vitek 2 system (bioMérieux
Vitek, Inc., Hazelwood, MO). The isolates were also confirmed as S. suis
by 165 rRNA gene sequencing and gdh-specific PCR (Table 2) (11, 16).
The capsule of S. suis CZ130302 was observed by transmission electron
microscopy (see Fig. S1B in the supplemental material).

Phylogenetic relationships of Streptacoccus spp. based on a 552-bp
segment of the cpn60 gene were determined by following the procedures
outlined by Hill etal. (11). A Clustal W alignment with default parameters
was used with 552-bp nucleic acid sequences. Similarly, sequencing anal-
yses of sodA and recN were performed. The phylogenetic tree was
constructed with the MEGA (v.5.0.3) software package using the neigh-
bor-joining method, with P-distance, complete gap deletion, and boot-
strapping (n = 500) parameters.

Agglutination tests. Serological typing was carried out by agglutina-
tion performed as described earlier (17). The serotyping antiserum
produced by rabbits was prepared by reported methods. All reference
serotypes were tested for reactivity with CZ130302 antiserum. Corre-
spondingly, the reference antisera of serotypes 1, 1/2, and 2 to 34 were
used to agglutinate the variant CZ130302. Positive results were re-
corded when a strong reaction was obtained within 1 min. The judg-
ment standards are shown in Fig. 1.

Multiplex PCR. The serotyping primers were designed based on the
sequences of capsule loci (¢ps), which were described in earlier reports (13,
14). Using the multiplex PCR system, four reactions were developed to
detect all serotypes of S. suis. Furthermore, a cross-hybridization experi-
ment was performed to screen the new specific gene in CZ130302. Primers
for cps chzM were designed for monitoring known serotypes and clinical
isolates that were nontypeable (Table 2). All primers were produced by
Life Technologies and dissolved in Tris-EDTA (TE) bufter.

Genetic typinganalyses of the cps gene cluster. The complete genome
sequence of 5. suis strain CZ130302 was determined by Solexa pyrose-
quencing at BGI (Shenzhen, China), and the cps gene cluster was ob-
tained. Maps of the new strain gene cluster were constructed manually in

TABLE 2 Primers used for PCR amplification

’

the VECTOR NTI program. Visual representation of the alignments using
nucleotide similarities (tblastx) of all cps gene clusters was carried out with
the Artemis comparison tool (ACT) (18). Conserved Wzy polymerase,
Wax flippase, and glycosyltransferase genes as the serotype-specific genes
were analyzed by MEGA (v.5.0.3).

MLST. All the isolates in this study were typed using multilocus se-
quence typing (MLST). The seven housekeeping genes (edpr, mutS, qpn60,
thrA, rec, aroA, and gki) were amplified by PCR, and internal fragments
sequerices were obtained as described previously (5). For each isolate, the
allele numbers and sequence types (STs) were defined by analysis of
the allele sequences in the MLST database (http://ssuis.mlst.net/). The
results were analyzed by eBURST (version 3).

Assessment of pathogenicity of S. suis CZ130302 in mouse infection
model. The BALB/c mouse infection model {19, 20) was used to compare
the virulence of the new serotype isolate with that of two known virulent
serotype 2 S. suis strains, P1/7 and 9801 (21, 22). A total of 5 X 107
CFU/mouse of each strain was injected intraperitoneally (10 mice per
strain) to abtain the survival curve. The groups were observed throughout
a7-day period, and survival condition was recorded every day. The blank-
control group was injected with sterile phosphate-buffered saline (PBS).
The mice were observed for 7 days until survival rates were steady. A total
of 2 X 107 CFU/mouse (~10X the 50% lethal dose [LDyy]) of S. suis
CZ130302 was injected intraperitoneally into 50 mice. Five symptomatic
mice were selected for euthanization and dissection every 24 h, Bacteria
were isolated from the hearts, kidneys, lungs, brains, and urine homoge-
nate by plating 10-fold serial dilutions on THA. The number of bacteria
colonizing the organs of the mice during systemic infection was obtained.

Adhesion assays with HEp-2 and bEnd.3 cells. [n accordance with the
bacterial colonization capacity in vivo, we used the human laryngeal car-
cinoma cell line HEp-2 and mouse brain microvascular endothelial cells
(bEnd.3) as in the models of bacterial colonization (19, 20, 23) and men-
ingitis (24, 25) in vitro, respectively. The adherence assays were performed
as previously described (26). To release all bacteria, the monolayers were
disrupted by addiny sterile water for HEp-2 cells or 0.01% Triton X-100
for bEnd.3 cells after digestion with trypsin.

Primer Sequence (5'-3') Product size (bp) T,." (°C) Comment

165-rRNA-F AGAGTTTGATCGTGGCTCA 0 5 Domuinspecific 165 o
165-rRNA-R TACGGTTACCTTGTTACGACTT L5 omauin-specihc 165 primers
gdb-F CCATGGACAGATAAAGATGG . s Primes for S, suis identificat
gdh-R GCAGCGTATTCTGTCAAACG 6 1mers 101 J. suss dentilicalion
Chz-M-F AATGAATAAGGAACTTGAACTA - 9.8 Constructed in this stud
Chz-M-R CGTATCATCTGTATTAGCTAAA ) onstructed in this study

" T, melting temperature.
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FIG 1 Judgment standards of the agglutination assay.

Cytotoxicity assays. In order to further confirm the ability to cause
meningitis, the cytotoxic effect of bacteria was evaluated along with
bEnd.3 cell adhesion by lactate dehydrogenase (LDH) measurement
using the CytoTox 96 nonradioactive cytotoxicity assay (Promega
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FIG 2 Phylogenetic analysis of three key genes in Streptococcus. (A) Phylogenetic relationships of most Streptococcus spp. based on a 552-bp segment of the cpn60
gene. The tree was constructed with the MEGA (v.5.0.3) software package using the neighbor-joining method, with P-distance, complete gap deletion, and
bootstrapping (1 = 500) parameters. Accession numbers for sequences used in this analysis are shown after the strain names. The cpn60 segments of §. suis strains
are highlighted with red branches, and the red type indicates the cpn60 segment from §. suis serotype Chz. The cpn60 segments of previous S. suis serotypes 32 and
34and . orisratti are highlighted with blue branches and red type. (B) Phylogenetic relationships of 35 serotypes of S. suis based on a 1,056-bp scgment of the recN
gene. The red type indicates the recN segment from S. suis serotype Chz. The recN segments of previous S, suis serotypes 20, 22, 26, and 33 are highlighted with
blue branches and type. (C) Phylogenetic relationships of 35 serotypes of S. suis based on a 409-bp segment of the sudA gene. The red type indicales the sodA
segment from S. suis serotype Chz. The sod4 segments of S. suis serotypes 20, 22, 26, and 33 are highlighted with blue branches and type.
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FIG 3 Multiplex PCR (4 reaction sets) products of §. suis new serotype CZ130302 and 29 reference strains. PCR products were clectrophoresed on a 1.5%
(wt/vol) agarose gel, stained with GoldView, and photographed under UV light. Serotypes are indicated above the Janes. Lanes M, 5,000-bp DNA ladder markers

(Biomed, Beijing, China); sizes (bp) are indicated on the left.

after different durations of incubation (1 h to 4 h) at a bacterium-cell
ratio of L:1 at 37°C.

Statistical analysis. Statistical analysis {or in vitro and in vivo experi-
ments was carried out using Prism 5 (GraphPad Software, La Jolla, CA).
One-way analysis of variance (ANOVA) was used in the analysis of the cell
adherence assay results. Student’s ¢ tests were applied for comparison of
serum IgG levels, and mouse survival data were analyzed by the Kaplan-
Meier estimation method (29). A difference with a P value of <0.05 was
considered significant, and a P value of <0.01 was considered greatly
significant.

Nucleotide sequence accession nuumber. For meningitis-associated S.
suis isolate CZ130302, a ¢ps cluster sequence of 28,481 bp was obtained.
The DNA sequence was deposited in GenBank under accession number
KJ669337.

RESULTS

Isolation and identification of bacteria. The significant beta-he-
molytic zones were created by piglet meningitis-associated strain
CZ130302 (see Fig. S1A in the supplemental material). The cap-
sule of S. suis CZ130302 was observed by transmission electron
microscopy (see Fig. S1B). Further identification of the urganism
as §. suis was confirmed at the OIE Reference Laboratory for Swine
Streptococcosis in Nanjing Agricultural University by the Vitek 2
system (bioMérieux Vitek), the result of which was completely
consistent with S. suis (see Fig, $2). 165 rRNA gene sequencing was
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also performed; the results showed >99% homology with the S.
suis European classical strain P1/7 (1,524/1.528 bases) and Chi-
nese epidemic strain SC84 (1,523/1,528 bases).

Phylogenetic relationships of the cpn60, recN, and sodA genes
in all serotypes were demonstrated in cladograms (Fig. 2). In a
phylogenetic tree of partial cpn60, S. orisratti and S. suis serotypes
32 and 34 are located in a group including S. equinus, S. alactolyti-
cus, and so on, while strain CZ130302 and all other serotypes of S.
suis are found together in a separate and distinct cluster (Fig. 2A).
Likewise, the phylogenetic trees of sodA and recN showed that
serotypes 20, 22, 26, and 33 located outside a clade formed by 29
other serotypes and strain CZ130302 (Fig. 2B and C). These result
indicated that serotype Chz was a veritable emerging serotype of .
suis.

Agglutination tests. Agglutination tests of isolate CZ130302
showed negative reactions with all 33 serotypes. Correspondingly,
the reversed agglutination tests between the existing S. suis sero-
types and the new serotyping antiserum produced by rabbits
showed no strong positive result for any of the 33 serotype refer-
ence strains (see Table S1 in the supplemental material).

Identification of serotypes by multiplex PCR. Specific PCRs
for the 33 known serotypes were performed, and they confirmed a
negative result for the novel variant CZ130302 (Fig. 3). Every se-
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FIG 4 The cps cluster of strain CZ130302 and its key genes. (A) Schematic diagram of the genetic organization of the S. suis serotype Chz strain CZ130302
cps gene cluster. Genes encoding conserved domain proteins are represented by the same colors. White arrows refer to other genes in the ¢ps gene clusters that
were not identified as part of the conserved core described by Okura et al. (12). The direction of the arrows indicates the direction of transcription. The color key
for the functional classes of genes in the ¢ps cluster is shown at the bottom. (B) Sequence relationship of Wzy, Wzx, and acetyltransferase of all S. suis scrotypes.
Three neighbor-joining trees (bootstrap n = 1,000; Poisson correction) were constructed based on the ClustalW alignments of the Wzy, Wzx, and acetyltrans-
ferase amino acid sequences from all of S. suis serotypes. Wzy, Wzx, and acetyltransferase from S. suis strains CZ130302 are indicated by red arrows.

rotype reference strain was used as a positive control. The results
indicated that no serotype-specific genes of known serotypes were
found in strain CZ130603, whose cps gene cluster was highly dif-
ferential.

The cps cluster of strain CZ130302. The CZ130302 CP genes
are named chzA-chzW, corresponding to the regulation portions
(cpsA-cpsW) of the chromosome {cps gene cluster portions) in S.
suis (Fig. 4A) (12). In order to identify whether this strain repre-
sented an emerging serotype of S. suis, genetic analysis of whole cps
gene clusters of all serotypes was performed in this study. The
results of comparative genomics showed that the ¢ps gene cluster
0f CZ130302 lacked homology with the sequences of other known
strains; no cps cluster has been seen to lack homology to other such
sequences previously (Fig. 5). The novel serotype shares homolo-
gous wzg, wzd, wze, and wzh sequences with all known serotypes of
S. suisin their cps gene clusters, whereas it contains other unique
key genes from chz! (7,735 bp) to chzW (28,481 bp) (Fig. 5; see
also Table S2 in the supplemental material), such as the poly-
merase (wzy), flippase (wzx), glycosyltransferase, and acetyl-
transferase genes (Fig. 4B).

Some of the CZ130302 cps genes were predicted to encode
modifying enzymes (such as acetyltransferase [chz/], nucleotidyl-
transferase [chzP], choline phosphate cytidylyltransferase [chzQ],
UDP-glucose dehydrogenase [chzR], and phosphocholine cytidy-
lyltransferase [chzT]), which are involved in the biosynthesis and
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addition to uther components on CPs (such as glycerol and cho-
line) (Fig. 4A; see also Table S2 in the supplemental material). The
novel S. suis cps gene cluster also has a disrupted gene encoding a
protein in the transposase family (chzW) in the 3’ region, simnilar
to most of the cps gene clusters. The ¢ps gene cluster of the new
serotype has a >65% specific sequence, which guides the synthesis
of the characteristic capsule of isolate CZ130302 (see Table S52).

Development of novel serotype-specific PCR. We selected
oligonucleotide primers within the cps chzM gene to generate spe-
cific amplicons of 424 bp according to the cross-hybridization
results. A total of 45 nontypeable strains of S. suis isolated from
China were used to check the cps chzM gene; 3 (HN136, AH681,
and CZ110902) of them showed 424-bp bands. Agglutination
tests of two isolates (HN136 and CZ110902) showed classical pos-
itivity with the CZ130302 antiserum (see Table $3 in the supple-
mental material). The sequencing results for their cps chzM genes
showed >99% homology with the cps gene of reference strain
CZ130302. The results demonstrate that they all belong to this
novel serotype.

MLST typing. All 4 isolates of the novel serotype were charac-
terized using MLST. Two isolates were classified as ST 383 and
showed strong pathogenicity in the piglet and BALB/c mouse
models (see Table $4 in the supplemental material). Avirulent
strain HN136 was classified as ST 264, and AH681 was ST 475.
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FIG 5 Comparative genome alignments of 35 cps gene clusters. The color key for the functional classes of genes and relevant information is the same as shown
in Fig. 6A. Phylogenetic relationships of the ¢ps gene clusters were obtained using a ncighbor-joining tree (bootstrap 11 = 1,000) based on a ClustalW alignment
of the complele cluster sequences. Visual representation of the alignments using nucleotide similarities (Wblastx) of the cps gene cluslers as determined with the

Artemis comparison tool (ACT) (18).

None of these three ST's could be grouped in any clonal complexes
(CC) according to eBURST analysis (Fig. 6).

Evaluation of pathogenicity of the novel serotype strains in
the BALB/c mouse model. The mouse model has been demon-
strated to be a useful tool for evaluating the virulence of S. suis. The
mortality of BALB/c mice was observed for 7 days after the chal-
lenge. The survival curve for strain CZ130302 was significantly
lower than for strains P1/7,9801, and HN136 (P < 0.01) (Fig. 7A).
These results confirmed that strain CZ130302 showed high viru-
lence and pathogenicity in the BALB/c mouse model. However,
strain HN136 was avirulent in this study (Fig. 7A; see also Table S4
in the supplemental material).

Strong virulence of the isolate CZ130302 associated with
acute meningitis. The novel serotype isolate CZ130302 caused a
large outbreak of piglet meningitis in eastern China. This strong
pathogenicity of meningitis was reproduced successfully in the
BALB/c mouse model. More than 60% (19/30) of mice infected with
CZ130302 (5 X 10°> CFU/mouse) showed neurological symptoms
(see Video S1 in the supplemnental material), and many survivors had
sequelae, including tetraplegia, paraplegia, neck-crooking, circling,
etc. The density of CZ130302 was able to reach 1 X 10% CFU/g in the
brains and kidneys of dying mice 3 days after challenge, with 1 X 10°
CFU/g or less in other organs (Fig. 7B). The pathological observation
of brain tissue showed obvious abscess and bleeding (Fig. 8). These
results demonstrated that isolate CZ130302 had a strong capacity to
cause meningitis in BALB/c mice.
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High virulence of cerebral infection verified by host cell ad-
hesion assay. The capacities of adhesion to host cells were com-
pared among the CZ130302, 9801, and P1/7 strains under the
same conditions. As shown in Fig. 9A, the bEnd.3 cell adhesion for
strains P1/7,9801, and CZ130302 was significantly higher than for
HN136 (P < 0.01) (Fig. 9A). The HEp2 cell adhesion for strain
CZ130302 was significantly lower than for strain P1/7 (P < 0.01)
and not significantly different from that of strain 9801 (Fig. 9A).
These results suggested that strain CZ130302 had stronger capac-
ity than strains HN136 in the adhesion of HEp2 and bEnd.3 cells,
with a bit weaker capacity for strain P1/7. These findings con-
firmed the notion that the pathogenesis of new isolate CZ130302
might be associated with bacterial colonization in respiratory tract
and brain tissue. .

Strain CZ130302 can damage bEnd.3 cells. A multiplicity of
infection (MOI) of 1 bacterium/cell (2 X 10> CFU/well) was cho-
sen to study the kinetics of cytotoxicity by $. suis. Maximal cyto-
toxic levels were observed at the third hour of bacterium-cell con-
tact (Fig. 9B). The kinetics of cell damage fell between 60% and
80% (Fig. 9B). These results suggested that strain CZ130302 was
able to kill mouse brain microvascular endothelial cells (bEnd.3)
due to bacterial colonization in the brain tissue.

DISCUSSION

S. suis is increasingly recognized as a significant zoonotic agent.
Increasing awareness of S. suis infection is expected to help coun-
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FIG 6 eBURST diagram of the S, suis population. Population snapshots of S. suis of related STs within the entire S, suis MLST database were constructed. Each
ST is represented as a dot. Two dots separated by one node represent a single-locus variation between two STs (a single-locus variant). The STs positioned
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ter animal or human streptococcosis. In this study, obvious neu-  type has never been reported previously. This potentially under-
rological symptoms were observed in piglets infected by strain recognized hazard of the swine industry is demonstrated by this
CZ130302, such as walking in circles and single-side neck crook-  study.

ing. The mouse model also replicated the classical symptom. Pre- Serological typing is the foundation of S. suis serotyping (17,
vious studies have shown that meningitis was mainly caused by ~ 33). The antiserum of the novel serotype prepared can provide
serotypes 2, 9, and 14 (30-32), of which the presenting features reliable and original results for identification of this novel sero-
were generally similar to those of pyogenic meningitis caused by ~ type. PCR typing assays provide a fast and cost-effective way to
other bacteria. Acute meningitis caused by a novel variant sero-  determine the serotypes of isolates. The multiplex PCR method
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FIG 7 Challenge studies in the BALB/c mouse model and cell adhesion assay. (A) Mortality curve of lethal challenge with S. suis strains. A total of 5 X
107CFU/mouse of each strain was injected intraperitoneally (10 mice per strain} to obtain the survival curve. The groups were observed throughout a 7-day
period, and survival condition was recorded every day. (B) A total of 2 X 107 CFU/mice (~ 10X LD5y) of S. suis CZ130302 was injected intraperitoneally into 50
mice. Five symptomatic mice were cuthanized to perform reisolation of S. suis every 24 h by plating 10-fold serial dilutions on THA (¢, P < 0.01; %, P < 0.05).
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has been developed in recent years (13, 14, 34); the specific ¢ps
genes are planned for use in typing. This gene cluster strongly
supports the results of agglutination assays and avoids the false
positivity of naked-eye observation in the agglutination test. Inev-
itably, cross-antigenicity happened between the novel antiserum
and some serotypes (serotypes 15, 13, 26, 6, 19, 24, and 25). For
increased assurance, we designed the cps chzM gene primers to
differentiate this novel serotype from all exciting serotypes. Three
positive strains were searched from the 45 nontypeable S. suis
strains stored in our laboratory. These positive strains were from
different areas and periods, but they were all recently isolated
strains from eastern China.

MLST has been widely used to study genetic diversity, pop-
ulation structure, and molecular epidemiology in S. suis (5).

None of the three STs of the novel serotype was linked with any
highly virulent STs by virologists, whereas ST 383 isolates were
strongly associated with high pathogenicity in an animal model
(35, 36). Additionally, the complete sequence of the cps locus of
CZ130302 was obtained in subsequent research. Capsular poly-
saccharides are an extremely diverse range of molecules that may
differ not only by monosaccharide units but also in how these
units are joined together (37). CPs of all S. suis serotypes are syn-
thesized by the Wzx/Wzy pathway, which recognizes common
oligosaccharide structures conserved in the different repeat units
(12).

The results of this study demonstrate that strain CZ130302
belongs toa novel serotype (Chz) of S. suis, based on sequencing of
the cps gene cluster, PCR, and agglutination typing. MLST analysis
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FIG 9 Cell adhesion and cytotoxicity assay. All assays were run in triplicate. Statistical significance was determined by Student’s £ test (**, P < 0.01; %, P < 0.05).
(A) The assessment of cell adhesion ability of 5. swis serotype Chz. Virulent strain CZ130302 shows a strong capacity of adhesion to bEnd.3 and HEp2 cells (MOI,
100). (B) Assessment of the cytotoxicity of strain CZ130302. An MOI of 1 bacterium/cell (2 X 10° CFU bacteria/well) was chosen to study the kinetics of
cytotoxicity by S. suss. Strain CZ130302 was able to significantly damage mouse brain microvascular endothelial cells (bEnd.3).
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and Wzx/Wzy phylogenetic tree profiling also prove to be useful
in establishing the serotype.
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