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Abstract

Streptococcus suis (S. suis) infection is considered to be a major problem in the swine industry worldwide. Based on the
capsular type, 33 serotypes of S. suis have been described, with serotype 2 (SS2) being the most frequently isolated from
diseased piglets. Little is known, however, about the pathogenesis and virulence factors of S. suis. Research on
bacteriophages highlights a new area in S. suis research. A S. suis serotype 2 bacteriophage, designated SMP, has been
previously isolated in our laboratory. Here, we selected a lysogenic isolate in which the SMP phage was integrated into the
chromosome of strain SS2-4. Compared to the wild-type isolate, the lysogenic strain showed increased mortality in zebra
fish. Moreover the sensitivity of the lysogenic strain to lysozyme was seven times higher than that of the wild-type.
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Introduction

Streptococcus suis serotype 2 (SS2) is a Gram-positive pathogenic

bacterium capable of infecting piglets and can cause serious

diseases such as arthritis, meningitis, and septicemia [1]. S. suis is

also an important zoonotic agent that mainly afflicts humans in

close contact with contaminated pigs or pig meat, causing

meningitis and endocarditis [2,3]. In 1998, 25 humans were

shown to be infected with S. suis serotype 2 in the Jiangsu

Province in China. Fourteen of these individuals died as a result

[4]. In July 2005, a widespread outbreak of S. suis infection in

humans emerged in the Sichuan province in China, involving

215 patients. This outbreak was accompanied by several sporadic

cases of S. suis infections in humans in other provinces [5,6,7].

So far, little is known about the virulence and control of S. suis

infections. Several prophages have been identified in published S.

suis genomes [5,6,7]. In addition, we previously identified and

sequenced a bacteriophage, designated SMP, capable of causing

lytic infection in S. suis SS2-4. SMP, which was isolated in 2005

from nasal swabs obtained from healthy Bama minipig (Guizhou

line), is the only S. suis phage that has been detected as in the

form of active virions to date. [8]. Ten of 53 S. suis isolates

investigated could be lysed by SMP. SMP had an isometric head

of 50 nm, a non-contractile tail of approximately 135 nm [8],

and a circular double-stranded DNA genome of 36,019 base

pairs (bp).

Numerous bacterial virulence factors (VFs) have been shown

to be encoded by prophages [9]. Human diseases directly caused

by prophage encoded VFs include (but are not limited to)

botulism, diphtheria, cholera, and those associated with Shiga

toxigenic Escherichia coli such as E. coli O157 [10]. Other

pathogenic species of Streptococcus, such as S. pneumoniae [11],

group A Streptococcus [12], S. pyogenes [13] and S. equi [14]

harbor prophages, some of which can be associated with

increased virulence. Here we report the selection of a lysogenic

S. suis serotype 2 isolate (SS2-4) containing the phage SMP

integrated into its genome. The possible role of the prophage in

colonization and pathogenesis of the lysogenic isolate was

studied.

Materials and Methods

1.1. Bacterial strain, phage and growth conditions
The S. suis serotype 2 strain SS2-4 and its lytic bacteriophage

SMP were used in this study. The strain SS2-4 was isolated in

Jiangsu in 1999 and stored in our laboratory. SS2-4 was cultured

overnight at 37uC with 5% CO2 in Todd-Hewitt broth ([THB],

BD, USA, Cat. No. 249240) or on Luria-Bertani (LB) agar

supplemented with 6% sheep blood. The SMP was isolated as a

free phage from nasal swabs obtained from healthy Bama minipig

(Guizhou line) in 2005 [8].

1.1.1 plaque assay. For phage infection bacterial cultures

were supplemented with 10 mM CaCl2. Sandwich plaque assays

were performed as described [15] with modifications. Briefly,

overnight cultures in THB were diluted 1:100 in fresh THB and

incubated for 8 h. Phage SMP lysate (200 ml, 106 plaque forming

units per ml [PFU/ml]) was added to bacterial culture and the

culture was further incubated for 15 min at 37uC. The mixed

culture was then poured into molten THB (5 ml) containing 0.5%

agar and spread onto THB plates. The plates were incubated at

37uC for 12 h for plaque formation.
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1.2. Selection of lysogenic SS2-4
Overnight cultures of SS2-4 (200 ml) were spread onto a THB

plate. Spot assays were performed by spotting 10 ml of a phage

SMP lysate (106 PFU/ml) onto a previously seeded plate. The spot

was allowed to dry and the plate was incubated overnight at 37uC.

Surviving colonies were isolated from within a zone of lysis and

incubated in THB medium at 37uC overnight. Putative lysogenic

colonies were subcultured five times to remove unstable lysogen-

y(bacteria cells with a high rate of spontaneous induction). The

rate of spontaneous induction of the lysogenic strain was tested as

previously described [16].

1.2.1. PCR conditions. To verify the presence of prophage

SMP in the putative lysogenic strain, PCR assays were performed

to amplify various SMP genes (Table 1). All PCR reactions were

performed in a 25 ml reaction volume, containing 12.5 ml of

Premix Taq (TaKaRa, Japan, code. D334), 8.5 ml of distilled

water, 2 ml of the target DNA solution, 1 ml of forward primer

(10 mM) and 1 ml of reverse primer (10 mM). The following

amplification conditions were used: 5 min at 95uC for initial

denaturing; 30 cycles of 1 min at 95uC, 30 sec at 56uC and 1 min

at 72uC; 10 min at 72uC for extension.

1.2.2. Mitomycin C induction. To induce phage from the

lysogenic strain, suspected lysogens were cultured in THB at 37uC
to an optical density at 600 nm of 0.2. Mitomycin C (0.5 mg/ml)

was added and incubation was continued overnight at 37uC.

Induced phages were used to infect wild-type strain SS2-4 to check

for plaque formation.

1.3. Characterization of lysogenic SS2-4
1.3.1. Phenotype comparisons. Both the lysogenic and the

wild-type strain SS2-4 were streaked onto THB agar and blood

agar plates to examine the morphology (color and shape) of the

colonies. They were also cultured in THB liquid medium and

crystal violet coloration was observed under the light microscope

([Magnification: 406], OLYMPUS, CX21FS1, Japan) bGrowth

of lysogenic and wild-type strains was compared in THB medium

at 37uC during the course of 15 hours, starting at 106 CFU/ml.

Table 1. Primer sequences used in this study.

Primer Sequence (59-39) Gene Amplicon size (bp)

P1U ATCTGCATGGCCCACACGGTC SMP integrase 823

P1L CAAACGGACCTCTATCGCCTC

P2U TCGTCGTCTTCGGTTAGG SMP repressor 647

P2L TTGAGGTTTGGGTCTGTC

P3U TAGCGGTGCTGGTGGTCATAC SMP lyase 817

P3L TCCACCCTCGCAAGCTGGTCT

P4U TGCAGGCAAAGTACGTTTCCA SMP major tail protein 248

P4L CTTCATGTTGTCGCTTGCTAC

P5U TGATGAAGCTGGTCTACTTGG SMP head protein 456

P5L TCCATTGTGGCACGGATAGCA

Lys-Gspa TCGGAGCGTCAAGCCGTCTGAAAGC

Lys-Gspb GCAGAAAATGGATCATTGGACAAGT

Lys-Gspc CAAAATCGAAGTAACCATTGAGGGG

Int-Gspa AGCCACATCTTCCGCCATACCCTTG

Int-Gspb TCTAGCAGAGAACAGAGTTCCCTTG

Int-Gspc ACCCAAATTTACACCCATGTCACAA

doi:10.1371/journal.pone.0054227.t001

Table 2. Mortality and LD50 of wild-type and lysogenic SS2-4.

Dose (CFU/fish) Mortality

Test 1 Test 2 Test 3

Wild-type SS2-4 Lysogenic SS2-4 Wild-type SS2-4 Lysogenic SS2-4 Wild-typeSS2-4 Lysogenic SS2-4

108 15/15 15/15 15/15 15/15 15/15 15/15

107 15/15 15/15 14/15 15/15 15/15 15/15

106 12/15 14/15 11/15 13/15 13/15 14/15

105 6/15 8/15 6/15 9/15 5/15 8/15

104 0/15 2/15 1/15 2/15 1/15 3/15

LD50 2.16105 6.46104 2.346105 6.926104 1.956105 6.616104

Average LD50 2.136105 (wild-type SS2-4) and 6.646104 (lysogenic SS2-4).
doi:10.1371/journal.pone.0054227.t002

Prophage Increases the Virulence of Its Host

PLOS ONE | www.plosone.org 2 January 2013 | Volume 8 | Issue 1 | e54227



Bacterial growth was estimated by plate counts. The experiment

was repeated three times and yielded reproducible results.

1.4. Southern blotting and hybridization
To confirm integration of the DNA of phage SMP into the

chromosome of its host, the DNA of SMP, wild SS2-4 and

lysogenic SS2-4 were digested with restriction enzymes (PstI and

SpeI) and then hybridized with the whole SMP DNA probe by

Southern hybridization. Southern hybridization was performed

according to DIG High Prime DNA Labeling and Detection

Starter Kit I (Roche, Germany, Cat. No. 11745832910).

1.5. Identification of phage integration sites
The attachment of the prophage is assumed occur between the

putative integrase and the putative lysine genes [17]. Fragments

flanking the insertion sites were amplified by using a walking kit

(Seegene, Korea, Code No. K1501) with phage specific primers

(Lys-Gspa, Lys-Gspb, Lys-Gspc, Int-Gspa, Int-Gspb and Int-Gspc)

(Table 1). Lysogenic DNA was extracted using a DNA extraction

kit (Geneaid, Taiwan, Cat. No. DF100). PCR products were

loaded and analyzed by 1% agarose gel electrophoresis and the

specific bands were purified using a rapid gel extraction kit

(Geneaid, Taiwan, Cat. No. DF100) and sequenced (Invitrogen,

Nanjing, China).

1.6. Sensitivity to lysozyme
Wild-type and lysogenic bacteria were cultured in THB at 37uC

to an optical density at 600 nm of 0.5. This culture (1 ml) was then

washed twice with one volume of 10 mM sodium phosphate buffer

(pH 7.5) and the concentration of bacteria was adjusted to 16108

CFU/ml. After addition of lysozyme (Sigma, USA, Cat. No.

L6876) to a final concentration of 100 ng/ml, the mixture was

incubated at 37uC for 3 h. Bacterial viability was then determined

by plate counting [18,19]. Phage progeny in lysogen cultures

treated with lysozyme was measured and compared to untreated

controls as previously described [16]. Briefly, samples of cultures

were centrifuged at 5,0006g for 15 min and the phage-containing

supernatant was sterilized by passage through a sterilized

membrane filter (0.22 mm). An aliquot of the remaining culture

was plated to determine the number of PFU.

1.7. Virulence testing
To test the lysogenic strain for alterations in virulence relative

to the wild-type, a comparative assay was carried out in separate

experiments by using six groups of zebrafish for each individual

strain as previously described [20,21]. Briefly, 180 zebrafish were

randomly classified into 12 groups (15 fish per group). All

zebrafish were anesthetized with tricaine methane sulfonate (MS-

222, Hangzhou Animal Medicine Factory) at a concentration of

Figure 1. Comparison of wild-type and lysogenic SS2-4 cell morphology. (a) Wild-type SS2-4 in mid-log growth phase; (b) Lysogenic SS2-4
in mid-log growth phase; (c) Wild-type SS2-4 in the stationary growth phase; (d) Lysogenic SS2-4 in the stationary growth phase; (e) Wild-type SS2-4
in the declining growth phase; (f) Lysogenic SS2-4 in the declining growth phase. In all three phases, the lysogenic strain had a shorter chain than the
wild-type strain.
doi:10.1371/journal.pone.0054227.g001

Figure 2. Growth curves of wild-type and lysogenic SS2-4
strains. The initial concentration of bacteria was 106 CFU/ml. Number
of bacteria was estimated by plate counts. The growth rate of the
lysogen was more rapid than that of the wild-type and a higher plateau
was maintained during the stationary phase.
doi:10.1371/journal.pone.0054227.g002

Prophage Increases the Virulence of Its Host
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95 mg/liter. Ten groups of experimental fish were injected

intraperitoneally with 10 ml of either wild-type or lysogenic

bacteria at five different concentrations: 16108, 16107, 16106,

16105 and 16104 CFU/fish (Table 2). Two groups of control

fish were injected with 10 ml of sterile THB. Mortality was

monitored for one week post-infection. The experiment was

repeated three times and the lethal dose, 50% value (LD50) was

calculated by using the method described by Reed and Muench

[22].

Survival curves were made by using GraphPad Prism 5. The

probability curves of survival of fish infected with wild-type or

lysogenic SS2-4 at doses of 108, 107 and 106 CFU/fish were

calculated according to the Kaplan-Meier method [23].

Bacterial load was measured as previously described [24] with

some modifications. Three fish from each group were sacrificed at

different time-points during the infection (2, 14 and 23 h post-

injection), and bacterial load in zebrafish was calculated by

homogenizing fish samples in PBS. Serial dilutions of each

homogenate were plated in duplicate on THB agar for enumer-

ation of CFU.

Our experiment was conducted with the permission of the

Ministry of Science and Technology of Jiangsu Province. The

license number is SYXK(SU)2010-0005. All surgical procedures

were performed under tricaine methane sulfonate anesthetic (MS-

222, Hangzhou Animal Medicine Factory), and all efforts were

made to minimize suffering.

Figure 3. Confirmation of prophage integration by Southern hybridization. Southern gel transfer (right) and Southern hybridization (left) of
SMP DNA fractions. Lanes: 1–3, SMP, wild-type SS2-4 and lysogenic SS2-4, PstI digested; 4–6, SMP, wild-type SS2-4 and lysogenic SS2-4, SpeI digested;
M, Marker.
doi:10.1371/journal.pone.0054227.g003

Figure 4. Sensitivity to lysozyme. Viable bacteria after incubation
with lysozyme (3 h). First and second columns: initial bacterial viability
of wild-type and lysogenic SS2-4; third and fourth columns: bacterial
viability of wild-type and lysogenic SS2-4 after incubation with
lysozyme (3 h).
doi:10.1371/journal.pone.0054227.g004

Prophage Increases the Virulence of Its Host
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1.8. DNA sequence of phage SMP
Phage DNA was isolated from the lysate by phenol-chloroform-

isoamyl alcohol extraction and concentrated by ethanol precipi-

tation as previously described [8].

Highly purified phage DNA was used for paired-end Illumina

sequence analysis. The sequences were mapped against the

sequence of SMP (Embank ID: EF116926).

1.9. Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.

Virulence testing, growth curve and lysozyme sensitivity experi-

ments were carried out in triplicate. Statistical analysis was

performed using Student’s t-tests, with P,0.05 considered to

indicate statistical significance.

Results

1.1. Selection of lysogenic SS2-4
SS2-4 colonies surviving lysis by phage SMP were selected in a

plate assay. To test the lysogenic characteristics of the colonies

selected, colonies were checked for the presence of SMP specific

genes by PCR. In all lysogens five randomly selected SMP genes

were amplified by PCR (results not shown). Moreover, attempts to

infect the lysogens with phage SMP were unsuccessful. Phages

which could be induced from the lysogenic SS2-4 using mitomycin

C were able to form plaques on the wild-type strain SS2-4. These

results clearly indicate that lysogenic SS2-4 isolates have been

selected. The rate of spontaneous induction of the lysogenic strain

was decreased after subculture from 6.256105 PFU/ml in the first

generation to 5.756104 PFU/ml in the second generation, which

remained constant in later generations.

1.2. Characterization of lysogenic SS2-4
1.2.1. Phenotype comparisons. Wild-type and lysogenic

SS2-4 displayed similar colony morphologies on THB and blood

agar plates. In contrast, compared to the wild-type strain, the

lysogen had shorter chains of cells. This phenomenon was

independent of growth phase used when cultured in THB in the

mid-log phase (Fig. 1(a) and Fig. 1(b)), the stationary phase (Fig. 1(c)

and Fig. 1(d)) and the declining phase (Fig. 1(e) and Fig. 1(f)).

Thirty chains from both wild-type and lysogenic SS2-4 in different

growth phases were picked at random and the cell number of the

chains was calculated. The average numbers of cells in the chains

of wild-type and lysogenic SS2-4 were 2062.2 and 560.4

(P,0.0001), respectively.

1.2.2. Growth curves. Growth curves (Fig. 2) showed that

the lysogenic SS2-4 grew faster and maintained a higher plateau

during the stationary phase than the wild-type. A significant

difference (P = 0.0051) was indicated in the growth rate between

wild-type and lysogenic SS2-4.

1.3. Confirmation of phage integration into the host
genome

Southern blotting and hybridization experiments were used to

confirm integration the phage DNA into the chromosome of SS2-

4. Therefore chromosomal DNA isolated from wild-type and

lysogenic SS2-4 as well as phage SMP DNA was digested with PstI

and SpeI and hybridized with labeled SMP. The results (Fig. 3)

were consistent with the insertion of the phage DNA into the

chromosome of the lysogenic isolate. The 14,920 bp PstI fragment

as well as the 13,806 bp SpeI fragment present in SMP were absent

in the lysogenic isolate and were replaced by two other hybridizing

fragments, clearly indicating integration of the phage into the

chromosome of SS2-4.

1.4. Identification of the phage integration sites
To determine the site of integration of the phage in the

chromosome of the lysogenic isolate, fragments flanking the

insertion sites were amplified by using a walking kit with phage

specific primers. The choice of primers was based on the

assumption that the attachment site is located between the

putative integrase and the putative lysine genes. Amplified

fragments obtained were subsequently sequenced. The results

showed that phage SMP was inserted into the host chromosomal

DNA before the DNA binding protein gene (SSU1458 in the

genome of S. suisP1/7). We determined the attachment site to be

AAAGACGCTGTAAAATAA, corresponding to bp 1,473,416 to

bp 1,473,399 in the genome of S. suis P1/7, which does indeed lie

between the integrase and lysin genes in the phage genome.

SMP has been described as a linear phage [8]. However, de

novo assembly of sequences obtained for purified phage DNA

clearly showed that SMP has a circular genome. The sequence of

SMP in the NCBI database has been corrected (GenBank ID:

EF116926.2).

1.5. Sensitivity to lysozyme
We next evaluated the resistance of wild-type and lysogenic

isolates to lysozyme. After incubation with lysozyme (3 h), the

number of viable wild-type SS2-4 was reduced 12-fold (from

1.3_108 CFU/ml to 1.1_107 CFU/ml). In contrast, a significantly

(P = 0.0015) greater reduction was observed following lysozyme

treatment of the lysogenic isolate (86-fold reduction; from 1.3_108

CFU/ml to 1.5_106 CFU/ml) (Fig. 4). These data clearly

indicated that the lysogenic SS2-4 is more sensitive to lysozyme

than the wild-type.

Figure 5. Virulence testing. Survival of wild-type and lysogenic
isolates was determined in zebrafish. Left: average LD50 of zebrafish
challenged with wild-type SS2-4; right: average LD50 of zebrafish
challenged with lysogenic SS2-4. The Student’s t-test was performed for
comparison of the LD50 of the two strains using GraphPad Prism 5
software. P = 0.006; degrees of freedom, 2; Standard error of the mean
(SEM) of LD50 of wild-type and lysogenic isolates was 11,360 and 1,510,
respectively. A significant difference in the LD50 was identified between
the wild-type and lysogenic SS2-4.
doi:10.1371/journal.pone.0054227.g005

Prophage Increases the Virulence of Its Host
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To test the ability of lysozyme to induce the SMP lytic cycle, we

next determined the level of phage progeny in lysogenic cultures

after treatment with lysozyme. The results showed that the

number of phage progeny of lysogenic strain treated with lysozyme

was 25536233 PFU/ml, while the number of phage progeny of

the untreated control was 1082690 PFU/ml.

1.6. Virulence testing
The mortality of the wild-type strain and lysogenic strain was

evaluated in three independent experiments using the zebrafish

model. Most zebrafish died within 24 h post-infection. Zebrafish

injected with S. suis exhibited apparent signs of illness, including

prolonged bleeding, loss of mobility, and dwelling at the bottom of

the tank. These fish gradually lost their upright reflex and the

ability to swim and finally stopped moving their gill lids. The most

typical symptom observed in infected zebrafish was swelling of the

abdomen. Bacteria from infected fish were isolated post-mortem

and PCR analysis of selected colonies confirmed these to be S. suis.

In contrast, the group of fish injected with THB did not

demonstrate any signs of infection, nor was the presence of S.

suis detected in internal organs. The mean LD50 values of the

lysogenic and wild-type strains were 6.646104 CFU/fish and

2.136105 CFU/fish (P = 0.006), respectively (Table 2). Significant

differences were identified between the LD50 value of wild-type

and lysogenic SS2-4 (Fig. 5), indicating that phage SMP plays a

role in its host pathogenicity.

The survival rates of infected fish were also determined to

evaluate the virulence of S. suis using the zebrafish model of

infection. Survival curves of wild-type and lysogenic SS2-4 were

compared at each dose. Significant differences in the survival

curves of fish infected with doses of 108, 107 and 106 CFU/ fish

were identified between the wild-type and lysogenic SS2-4

(P = 0.0347, 0.016, 0.0386, respectively [Fig. 6A, Fig. 6B and

Fig. 6C]).

The bacterial load of each group was measured at different

time-points during the infection (2, 14 and 23 h post-injection). No

significant difference was observed in the growth rate in vivo

between the wild-type and lysogenic SS2-4. However, the bacterial

load of fish infected with wild-type SS2-4 was slightly higher than

that of the lysogenic SS2-4 in vivo (Fig. 7A, Fig. 7B, Fig. 7C and

Fig. 7D).

Discussion

Zebrafish were infected with wild-type or lysogenic SS2-4 by

intraperitoneal injection. LD50 and survival analyses were

performed to evaluate the pathogenesis of the two strains. The

average LD50 of the two strains differed significantly (P = 0.006).

Comparison of the survival curves also showed significant

difference between the two strains at doses of 108, 107 and 106

Figure 6. Survival curves. Survival curves of zebrafish infected with wild-type and lysogenic SS2-4 were compared using GraphPad Prism 5
software. Each experimental group contained 15 zebrafish, and each experiment was performed in triplicate. A, The survival rates of zebrafish
infected with 108CFU/fish of wild-type and lysogenic SS2-4; B, The survival rates of zebrafish infected with 107CFU/fish of wild-type and lysogenic SS2-
4; C, The survival rates of zebrafish infected with 106CFU/fish of wild-type and lysogenic SS2-4.
doi:10.1371/journal.pone.0054227.g006

Prophage Increases the Virulence of Its Host
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CFU/fish. There was no significant difference in the survival rates

of infected fish between the wild-type and lysogenic SS2-4 at doses

of 105 and 104 CFU/fish due to low virulence of these low doses in

fish. To exclude the possibility that the observed increase in

virulence was merely an effect of the increased growth rate of the

lysogenic isolate, the bacterial load of the infected fish in each

group was evaluated at different time-points (2, 14 and 23 h) post-

infection. The bacterial load of the two strains did not differ

significantly and was independent of the infection dose used.

These results indicate that addition of prophage led to a significant

increase in the virulence of this strain. This study is the first

attempt to lysogenize a S. suis strain in vitro with a known

bacteriophage in order to study the role of the phage in

pathogenesis. In several species, such as Salmonella, Staphylococcus

aureus, Enterococcus faecalis and Streptococcus pneumonia prophages have

been shown to play a role in the virulence of the lysogen and to

contain putative VFs [25,26,27,28]. Phage acquired genes may

encode secreted VFs as well as cell wall envelope factors that aid in

the establishment of animal infections [25]. Here we showed that

SMP as a prophage contributed to S. suis pathogenicity. The SMP

was shown to integrate into the upstream of the DNA binding

protein gene (SSU1458 in the genome of S. suis P1/7) without host

gene disruption. Furthermore, no known virulence genes carried

by SMP were identified [29]. However, contribution of the

prophage SMP to S. suis pathogenicity was demonstrated. It can be

speculated that this is because phage SMP may encode a novel

virulence factor or the prophage is involved in the regulation of the

host. Furthermore, that the prophage is against lysogenic host by

at least two processes: the metabolic burden of replication of

additional DNA and the lysis of the host after prophage induction.

To compensate for these disadvantages, it can be hypothesized

that temperate phages encode functions that increase the fitness of

the lysogen [30].Here, the prophage SMP might invoke some

mechanism to increase the fitness of the lysogen, such as increase

in virulence and a more rapid growth rate. In coliphage l, phage

encoded repressors have been shown to modulate host metabolic

gene expression and phenotype, resulting in economization of host

energy expenditure [31]. Comparison of lysogenized marine

bacteria to the uninfected hosts indicated that prophage acquisi-

tion is correlated with host metabolic gene suppression [31]. The

prophage SMP also has the repressor gene and it might have

similar function to the coliphage l repressor.

The lysogenic strain is much more sensitive to lysozyme than

the wild-type. The bacteriophage life cycle involves two multipli-

cation processes: the lytic cycle and lysogenic cycle. When the

prophage is ‘‘triggered’’, the phage genome detaches from the host

cell DNA and enters the lytic cycle. While it is currently unclear

what exactly constitutes a ‘‘trigger’’ that activates the phage DNA

Figure 7. Bacterial load of zebrafish infected with wild-type or lysogenic SS2-4. Three infected fish from each dose group were sacrificed at
2, 14, and 23 h post-infection. A, B, C, D: the bacterial load of fish infected with wild-type and lysogenic SS2-4 at 108 CFU/fish, 107 CFU/fish, 106 CFU/
fish, 105 CFU/fish, respectively. The Student’s t-test was performed for comparison of the bacterial load at each dose between wild-type and lysogenic
SS2-4 using GraphPad Prism 5 software.
doi:10.1371/journal.pone.0054227.g007

Prophage Increases the Virulence of Its Host
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from the latent stage into the in lytic cycle, prophage induction is

usually caused by cellular damage [32,33]. Here, lysozyme might

be a ‘‘trigger’’, which caused disruption of the cell wall followed by

release of the daughter progeny into the environment. Indeed, the

number of phage progeny in lysogenic cultures treated with

lysozyme was two-fold higher than that in the untreated control,

thus implicating lysozyme as a ‘‘trigger’’ of liberation and

provision of additional resources to the lysogens in the form of

liberated nutrients.

The lysogenic strain displayed decreased chain length compared

to the wild-type strain. Regulation of chain length by chain-

forming bacteria is believed to depend on wall-associated autolytic

activity and environmental conditions [34,35]. The rate of

spontaneous induction of the lysogenic strain was maintained at

a high level (6.16104 PFU/ml) after subculture. The shorter

chains of the lysogenic strain may be caused by disruption of the

cell wall by spontaneously induced prophages. The rate of

spontaneous induction of the lysogenic strain in the first generation

was much higher than in the subculture, which might due to

instability of the first generation.

Another physiological change was indicated by the more rapid

growth rate of the lysogenic SS2-4 strain compared with the wild-

type. This was consistent with reports on Streptococcus pneumonia

isolates containing MM1 phage in which the lysogenic strain 8

grew faster than the cured strain 8C [27]. Some classical data also

indicated that E. coli cells containing prophages (lambda, Mu, P2,

and even cryptic prophages) grow more rapidly than non-lysogenic

E. coli strains [36,37,38]. This might be related to gene expression

of prophages [9].

Infection of zebrafish has been previously demonstrated using S.

suis [20,39,40,41]. Moreover, zebrafish as infection model for S.

suis has been accepted by Office International Des Epizooties

(OIE) (http://web.oie.int/eng/info/hebdo/AIS_54.HTM).

Therefore, in this study, the virulence of these two SS2 strains

was evaluated in zebrafish in order to demonstrate that these SS2

strains exhibit differences in pathogenesis.

Conclusions

The present study is the first attempt to lysogenize a S. suis strain

in vitro with a known bacteriophage in order to study the role of

the phage in pathogenesis. Several S. suis strains harboring

prophages have been detected in our laboratory (data not shown),

although their genetic contents have not yet been well character-

ized. This study will expand the observations on the evolution and

epidemiology of Streptococcal infections.
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