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Abstract 26 

Streptococcus suis (S. suis), a global zoonosis of pigs, shows regional differences in 27 

prevalence of human associated disease for Asian and non-Asian countries. The 28 

isolation rate and diversity of S. suis on tonsils of healthy slaughter pigs in China and 29 

the UK were studied for effects of geography, temperature, pig age and farm type. 30 

Isolates underwent analysis of molecular serotype, multilocus sequence type, and 31 

virulence-associated genotyping. Although we found no significant difference in 32 

positive isolation rates between Chinese and UK farms, the prevalences of serotypes 33 

previously associated with human disease were significantly greater in the Chinese 34 

collection (p = 0.003). A significant effect of temperature was found on the positive 35 

isolation rate of the Chinese samples and prevalence of human disease associated 36 

serotypes in the UK S. suis population (China, p = 0.004; UK, p = 0.024), and on the 37 

prevalence of isolates carrying key virulence genes in China (p = 0.044). Finally, we 38 

found marked diversity among S. suis isolates with statistically significant 39 

temperature effects on detection of multiple strain types within individual pigs. This 40 

study highlighted the high carriage prevalence and diversity of S. suis among 41 

clinically healthy pig herds of China and the UK. The significant effect of temperature 42 

on prevalence of isolation, human disease associated serotypes and diversity carried 43 

by individual pigs may shed new light on geographic variations in human S. suis 44 

associated disease. 45 

 46 

Importance 47 

Streptococcus suis is a global zoonotic pathogen and also a normal colonizer mainly 48 

carried on the tonsil of pigs.  Thus, it is important to study the effect of environmental 49 

and management associated factors on the S. suis populations in clinically healthy 50 
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pigs. In this research, we investigated the similarities and differences between the S. 51 

suis populations obtained from different pig ages, seasons and farm management 52 

systems and discovered the relationship between high climatic temperature and the 53 

prevalence of S. suis.  54 

 55 

Introduction 56 

Streptococcus suis, a globally important pig pathogen that infects pigs and humans 57 

(1), is a normal colonizer of the upper respiratory tract (URT) of healthy pigs (2) and 58 

is a major worldwide driver of antibiotic administration to pigs. Colonization of pigs 59 

by S. suis is widespread globally but disease-associated strains are found only rarely 60 

in the upper respiratory tract (3). The high level of genomic diversity between isolates 61 

of S. suis, and evidence for high levels of recombination, indicates the potential for 62 

emergence of additional disease associated strains (3) and the importance of gaining a 63 

deeper understanding of S. suis population diversity in the URT of healthy pigs. 64 

Classical typing methods identified 35 serotypes of S. suis with a large number of 65 

non-serotypable isolates, but serotypes 32 and 34 were excluded after analysis of the 66 

16S rRNA gene sequence showed they should be reclassified as S. orisratti (4). It was 67 

recently proposed that serotypes 20, 22, 26 and 33 should also be reclassified as 68 

another species based on the phylogeny of one or two genes (5) but whole-genome 69 

analysis of a larger collection of divergent isolates of S. suis found them to be more 70 

closely associated with S. suis than any other species (6, 7). Of the 33 serotypes, 71 

several are over-represented among the isolates from clinical samples. Serotypes 1, 2, 72 

7, 9 and 14 were the most prevalent disease-associated serotypes in Europe, Southeast 73 

Asia and South America while serotypes 3 and 8 were more frequently isolated from 74 

cases in North America (8). However, human cases of disease are dominated by 75 
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serotype 2, followed by serotype 14 with serotypes 4, 5, 16, 21, 24 and 31 76 

occasionally reported (9-13). The introduction of molecular typing by PCR, based on 77 

polymorphisms in the cps loci (14) has assisted in assigning molecular serotype to 78 

most, but not all, previously non-serotypable isolates commonly found in healthy 79 

pigs. A new approach, known as NCLs (novel cps loci), was introduced to address the 80 

classification of remaining non-serotypable S. suis based on 8 novel cps loci (15). 81 

Multi-locus sequence typing (MLST) (16), based on polymorphisms in 7 82 

housekeeping gene fragments to identify discrete sequence types (ST), not only 83 

showed serotype to be a poor indicator of genetic relatedness but also identified 84 

significant geographical differences in ST distribution. For example, ST7 was only 85 

found in China where it was associated with a severe outbreak of pig and human 86 

disease in Sichuan Province in 2005, while ST1 was predominant in meningitis and 87 

septicaemia among humans and pigs in Asia, Europe and South America (8, 17). To 88 

date 956 STs have been described (PubMLST: https://pubmlst.org/ssuis/ ), the 89 

majority of these STs belonging to disease associated strains. However, the MLST 90 

method is based on a small fraction of the genome and, although useful as 91 

epidemiological tool, it has been proved ineffective in discrimination of disease and 92 

non-disease associated isolates.  93 

Reports of the first cases of human disease dated back to the 1950s in Europe, where 94 

disease was historically linked to occupational exposure, but recent surveillance 95 

shows that most human cases currently occur in Asia (18). In China, S. suis has been 96 

implicated in summer-time outbreaks of toxic shock-like syndrome (19, 20) and was 97 

identified as the third most common cause of adult bacterial meningitis in Hong Kong 98 

(21). Meningitis and septicaemia are widely linked to S. suis in other Asian countries 99 

including Thailand and especially Vietnam where it was the most frequent reported 100 

https://pubmlst.org/ssuis/
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cause of adult bacterial meningitis (22). The widespread occurrence in Asia of 101 

zoonotic cases of S. suis might be explained by the high density of pigs in the region, 102 

traditional slaughtering practices without preventive measures, and the consumption 103 

of uncooked or lightly cooked pig products (23). While these factors have been shown 104 

to be relevant, to date no large-scale genomic comparative studies have been 105 

undertaken on the diversity and prevalence of carriage of S. suis in pigs entering the 106 

pig meat supply chain in Asian versus European countries. 107 

This study set out to apply emergent molecular epidemiological methods to gain 108 

insights into the factors affecting S. suis carriage in pigs entering the human food 109 

chain. A longitudinal study was performed to investigate the genomic characteristics 110 

of the S. suis populations in clinically healthy pig populations in pig meat supply 111 

chains in China and the UK. We set out to describe relationships between strain 112 

prevalence and diversity with pig age, climatic temperature and farm management 113 

system. 114 

 115 

Results 116 

Factors associated with S. suis positive isolation rate at farm level 117 

Overall and farm level isolation rates. The Chinese collection included 223 isolates 118 

of S. suis, confirmed by whole genome sequence (WGS), obtained from 137/500 119 

(27.4%) tonsil swabs of clinical healthy pigs. The positive isolation rate of each farm 120 

at the 5 weeks of age sample point ranged from 8.00% to 62.96%, and at 20 weeks the 121 

range was from 4.00% to 52.00%. For the UK collection, 127 isolates, confirmed by 122 

WGS, were isolated from 89/250 (35.6%) tonsil swabs. The positive isolation rate 123 

ranged from 4.00% to 92.00% at the 5 weeks old sampling occasion and from 4.00% 124 

to 40.00% at 20 weeks old (Table 1). There was no significant difference between the 125 
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positive isolation rate of the Chinese samples and the UK samples (two tailed p-value 126 

= 0.174, t-test). 127 

The effect of temperature, age and farm type on positive isolation rate at farm level. 128 

The 20 Chinese sampling occasions and the 10 UK sampling occasions were 129 

respectively divided into two groups across the mean values of the corresponding set 130 

of daily mean air temperature values of the sampling times.  131 

For the Chinese sampling occasions, a three-way ANOVA was used to evaluate the 132 

impact of temperature, farm type and age, which showed that temperature was the 133 

only significant factor affecting positive isolation rate at farm level. The positive 134 

isolation rates for pig farms sampled on high temperature occasions were significantly 135 

greater than for those sampled on low temperature occasions (temperature, p = 0.004; 136 

age, p = 0.203; farm type, p = 0.064) (Table 3). For the UK sampling occasions, since 137 

the equal variance test for two-way ANOVA was not passed, t-tests and paired t-tests 138 

were used to evaluate the effect of temperature and age separately. Although there 139 

was no detectable significant effect of temperature or age (temperature, two tailed p-140 

value = 0.111, t-test; age, two tailed p-value = 0.285, paired t-test), the distribution of 141 

the UK samples showed a similar pattern to that of the Chinese samples, where the 142 

frequency of positive samples was higher for sampling occasions of 5 weeks old pigs 143 

at high air temperatures (Fig. 1). 144 

When the Chinese and the UK sampling occasions were combined and two-way 145 

ANOVA was used to evaluate the effect of temperature and age, there is no significant 146 

interaction between temperature and age, and the temperature showed the significant 147 

effect (p-value = 0.001) while the age also had noteworthy effect that 5 weeks old 148 

pigs may carry more S. suis (p-value = 0.051). 149 

 150 



7 
 

Typing characteristics of the S. suis populations  151 

Molecular serotyping. In total, 71.75% (160/223) of the Chinese S. suis isolates could 152 

be allocated a molecular serotype across 18 serotypes which included all 8 serotypes 153 

that had human infection cases reported (serotype 2, 4, 5, 14, 16, 21, 24 and 31). A 154 

total of 68.50% (87/127) of the UK isolates were serotypeable covering 15 serotypes 155 

and 5 human disease associated serotypes (serotype 4, 5, 16, 21 and 31). Serotype 16 156 

was the most dominant isolates in both collections (China, n = 55; UK, n = 20), 157 

followed by serotypes 15 (n = 17) and 31 (n = 16) in the Chinese collection and 158 

serotypes 9 (n = 13) and 15 (n = 11) in UK collection. Isolates that could not be 159 

allocated a molecular serotype by this method were analysed according to the eight 160 

novel categories identified in the NCL scheme. Both collections showed seven NCL 161 

types, while NCL type 6 and NCL type 1 could not be found in the Chinese and the 162 

UK collections respectively (Fig. 2).  163 

Multilocus sequence typing. For the Chinese collection, a total of 207 of the original 164 

223 S. suis isolates could be classified into 93 different kinds of STs. The STs with 6/7 165 

identical alleles were grouped as a Clonal Complex while the STs belonged to no 166 

Clonal Complex were named as Singletons. The 93 STs of Chinese isolates were 167 

finally grouped as 15 Clonal Complexes and 60 Singletons. Out of the 93 STs only 11 168 

STs were reported previously. The 2 serotype 1&14 isolates typed as ST11, and for 169 

the 4 serotype 2&1/2 isolates, 1 was typed as ST1 and the other 3 were ST7.  170 

Of the original 127 UK S. suis isolates, 118 were classified into 70 different kinds of 171 

STs, clustered as 53 Singletons and 7 Clonal Complexes, only one of which had been 172 

previously reported (ST29). There were 30 isolates that could not be typed by the 173 

MLST system due to absence of one or more alleles. There was no same ST found in 174 

both the Chinese and the UK collection (Fig. 3) (Table S1).  175 
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Genotypes of mrp, epf and sly. Genotype was allocated to 223 Chinese isolates and, 176 

in total, 8 VGTs were found: epf
-
mrp

-
sly

- 
(n = 174); epf

-
mrp

NA1
sly

- 
(n = 10); epf

-
177 

mrp
NA1

sly
+ 

(n = 12); epf
-
mrp

NA2
sly

+ 
(n = 12); epf

-
mrp

EU
sly

+ 
(n = 4); epf

+
mrp

NA1
sly

+ 
(n 178 

= 1); epf
+
mrp

NA2
sly

+ 
(n = 5); epf

+
mrp

EU
sly

+ 
(n = 4). All the 49 PVGT isolates 179 

(representing 21.9% of the collection) possessed the mrp gene. Furthermore, 10/223 180 

(4.38%) isolates in the Chinese collection were both PVGT and belonged to serotypes 181 

previously reported in human disease -  1&14 (2/2 in collection were PVGT), 2&1/2 182 

(4/4), 4 (3/5), 21 (1/2). One non-typeable isolate possessed all 3 studied virulence 183 

genes. There were 6 of the total 20 sampling occasions (5 weeks old = 1, 20 weeks 184 

old = 5) that had no PVGT isolate. The genotypes epf
-
mrp

NA2
sly

+
 and epf

-
mrp

NA1
sly

+ 
185 

were the most prevalent PVGTs that could be detected in all subgroups.  186 

The UK collection (n=127) had possessed 5 different VGTs: epf
-
mrp

-
sly

- 
(n = 109); 187 

epf
-
mrp

NA1
sly

- 
(n = 1); epf

-
mrp

NA1
sly

+ 
(n = 7); epf

-
mrp

NA2
sly

+ 
(n = 9); epf

+
mrp

NA1
sly

+ 
188 

(n = 1). The only mrp, epf and sly positive isolate was non-serotypeable. Same as with 189 

the Chinese collection, in total there were 18 PVGT isolates (representing 14.1% of 190 

the collection) and, the mrp gene was existed detected in all the virulence genes 191 

harboring PVGT isolates and the genotypes epf
-
mrp

NA2
sly

+
 and epf

-
mrp

NA1
sly

+ 
were 192 

the most prevalent PVGTs that could be detected in all subgroups. (Table 2). No 193 

isolate in the UK collection was both PVGT and HDAS. There were 3 of the total 10 194 

sampling occasions (5 weeks old = 1, 20 weeks old = 2) that had no PVGT isolate. 195 

 196 

Factors associated with pig-level diversity of S. suis.   197 

It was not rare for more than one S. suis isolate to be obtained from the same tonsil 198 

scrape, each with different genomic characteristics. In summary, 28.47% (39/137) 199 

carried more than one STs S. suis isolates, 27.01% (37/137) of positive Chinese 200 
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samples carried more than one serotype of S. suis, and 13.87% (19/137) carried 201 

isolates with multiple virulence gene profiles. For UK samples, 25.84% (23/89) 202 

carried more than one STs S. suis isolates, 22.47% (20/89) of positive tonsil scrapes 203 

carried more than one serotype of S. suis and 10.11% (9/89) carried isolates with 204 

multiple virulence gene profiles.  205 

Individual isolates were also identified based on their ST. The proportion of pigs 206 

carrying S. suis isolates with multiple STs at each sampling occasion was used to 207 

evaluate the influence of temperature, farm type and age on the diversity of S. suis 208 

within sampled pigs. For the Chinese samples, three-way ANOVA results showed that 209 

there was a significant interaction between temperature, age and farm type (p = 210 

0.043). Since the further three-way interaction term analysis found no significant 211 

interaction between temperature and age at both intensive and small traditional type 212 

farm (intensive level, p = 0.062; small level, p = 0.198), simple main effect tests were 213 

done at intensive level and small level farm types respectively. The results showed 214 

that, at both levels of farm type, temperature was the significant factor while the 215 

influence of age was not significant (temperature: intensive level, p = 0.01, small 216 

level, p = 0.02; age: intensive level, p = 0.945, small level, p = 0.454). Since the UK 217 

dataset failed to pass the equal variance test for two-way ANOVA, t-test and paired t-218 

test were used instead to evaluate temperature and age factors respectively. The UK 219 

samples from high temperature sampling occasions had significantly higher pig-level 220 

diversity (more STs per tonsil scrape) than those from low temperature sampling 221 

occasions (two tailed p-value = 0.0296, t-test), while no significant difference was 222 

found between 5 weeks old and 20 weeks old samples (two tailed p-value = 0.401, 223 

paired t-test).   To compare the pig-level diversity of S. suis between the China and 224 

UK S. suis positive pigs, a filtering process was undertaken to maximize the direct 225 
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comparability of the Chinese and the UK collections, reducing the former collection 226 

from 223 to 209 and the latter from 127 to 125.  The result showed that the pig-level 227 

diversity of S. suis isolates was not significantly different for the Chinese and UK 228 

collections (p = 1.000; Rank Sum Test) (Table 3).  229 

 230 

Factors associated with human disease associated serotype prevalence, positive 231 

virulence genotype prevalence and diversity of S. suis at population level. 232 

The high temperature subgroup versus the low temperature subgroup. In summary, 233 

higher temperatures were associated with an increased proportion of human disease 234 

associated serotypes (HDAS) which reached statistical significance in the UK 235 

subgroups, but not in the Chinese subgroups. HDAS represented 43.45% (73/168) of 236 

the Chinese high temperature subgroup (with all 8 HDAS represented) while 32.73% 237 

(18/55) of the Chinese low temperature subgroup isolates were HDAS (serotypes 2, 5, 238 

16, 21 and 31) (p = 0.213, Chi-square).  The UK high temperature subgroup had 239 

28.86% (28/97) HDAS isolates (serotype 4, 5, 16, 21 and 31) while the low 240 

temperature subgroup had 6.67% (2/30) HDAS isolates (serotype 4 and 16) (p = 241 

0.024, Chi-square).  242 

Higher temperatures were also associated with increased prevalence of PVGT (i.e. 243 

isolates carrying at least 1 virulence associated gene), reaching statistical significance 244 

for the Chinese high temperature subgroup, at 25.00% (42/168) (PVGT), compared to 245 

that of the Chinese low temperature subgroup (10.91% (6/55) p = 0.044, Chi-square). 246 

For the UK collection, the high and the low temperature subgroups included 14/97 247 

isolates and 4/30 PVGT isolates respectively, with no significant difference. (p = 248 

0.882, Chi-square) (Table 3).  249 

The diversity indexes for high and low temperature subgroups based on MLST 250 
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sequence types (STs) were not significantly different, neither in China nor the UK 251 

(Table 2).  252 

The 5 weeks subgroup versus the 20 weeks subgroup. The prevalence of HDAS was 253 

not significantly different for 5 weeks versus 20 weeks subgroups in China or in the 254 

UK. Briefly, there was a 42.76% (62/145) prevalence of HDAS in the Chinese 5 255 

weeks old subgroup and 41.02% (32/78) of the 20 weeks old subgroup. The 256 

proportions of HDAS in the UK 5 weeks old and 20 weeks old sub group were 257 

28.57% (26/91) and 11.11% (4/36) respectively (China: p = 0.914, UK: p = 0.063, 258 

Chi-square).  259 

Similarly, there were no significant differences in prevalence of PVGT isolates 260 

between age subgroups in either country. For the Chinese collection, the 5 weeks old 261 

subgroup had 24.83% (36/145) isolates carrying virulence gene(s), and that of the 20 262 

weeks old subgroup was 15.38% (12/78). The UK 5 weeks old subgroup had 15.38% 263 

(14/91) virulence gene positive isolates, while the 20 weeks old subgroup had 11.11% 264 

(4/36). The differences between the 5 weeks old subgroups and the 20 weeks 265 

subgroups were not significantly (China: p = 0.143, UK: p = 0.743, Chi-square) 266 

(Table 3). 267 

The diversity indexes for the 5 and 20 weeks subgroups, based on STs, were not 268 

significantly different in China nor the UK (Table 2).  269 

The intensive farm subgroup versus the small pig farm subgroup. There were no 270 

significant differences in prevalence of HDAS between the Chinese intensive pig 271 

farm subgroup 39.86% (55/138) and the small pig farm subgroup 42.35% (36/85) (p = 272 

0.819, Chi-square). Neither were there any significant differences between these two 273 

subgroups in terms of prevalence of PVGT isolates. In the intensive pig farm 274 

subgroup, 23.19% (32/138) of isolates carried virulence gene(s), and in the small pig 275 
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farm subgroup the prevalence was 18.82% (16/85). The differences between the 276 

subgroups were not significantly (p = 0.547, Chi-square) (Table 3). Finally, 277 

significant differences were not found in diversity index between these two 278 

subgroups, based on STs (Table 2).  279 

The Chinese subset versus the UK subset. Human disease associated serotypes 280 

(HDAS) were found at a significantly higher prevalence (39.71%, 83/209) of the 281 

Chinese filtered subset compared to the UK filtered subset (23.20%, 29/125) (p = 282 

0.003, Chi-square). However, there was no significant difference in prevalence of 283 

PVGT isolates, nor in the diversity index based on STs, between the two filtered 284 

subsets (Tables 2 and 3). 285 

 286 

Discussion 287 

Increased awareness of S. suis as a zoonotic pathogen has directed attention to the role 288 

of pigs as healthy carriers of S. suis, enabling the transmission to humans by exposure 289 

to unprocessed pig meat or pork products and also through close contact with pigs 290 

(18). The strikingly high incidence of human cases of S. suis in some Asian countries 291 

such as Vietnam, versus non-Asian countries, was linked to culturally-based practices 292 

including consumption of lightly cooked pig meat products (24) but, so far, there has 293 

been much less focus on other potential predisposing differences in prevalence and or 294 

diversity of carriage of S. suis among healthy slaughter pigs. China and UK each has a 295 

large pig industry but with different farming systems and differing climates. Unlike 296 

the UK, China has reported occasional large-scale outbreaks of human disease (20). In 297 

this study, we provided the comparative characterization of the prevalence, population 298 

structure and diversity of S. suis among clinically healthy pig herds entering the pig 299 

meat supply chain in Asian and non-Asian countries. Direct comparison of the 300 
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Chinese and the UK collections was hampered by subtle but potentially important 301 

differences in the methods used for isolate collection – notably up to six colonies 302 

were selected per swab in China, but only three in the UK. This was addressed by 303 

applying filters to the two country level collections to result in a reduced but more 304 

comparable subset of isolates. 305 

This one-year longitudinal study found that S. suis is widely carried in clinically 306 

healthy pig herds of China and UK, with no significant difference in positive isolation 307 

rate for S. suis among the 10 Chinese pig farms and the 5 UK pig farms. It should be 308 

noted that the use of API Strep 20 kit as a selection step for suspected S. suis isolates 309 

prior to their confirmation by whole genome sequencing data might have resulted in 310 

the exclusion of true S. suis isolates from the study (25), with a systematic 311 

underestimation of true prevalence across the collections. The Chinese collection had 312 

18 different serotypes based on molecular typing, 9 of which carried one or more of 313 

the virulence genes epf, mrp and sly. The UK collection contained 15 different 314 

serotypes, only 3 of which contained epf, mrp and (or) sly genes (Table 4). Serotype 315 

16 was the most prevalent serotype in both countries, followed by serotypes 15 and 31 316 

in China and serotypes 9 and 15 in the UK respectively. Since, serotypes 16 and 31 317 

have been reported in human infections (9, 10) we used a filtered subset to directly 318 

compare the prevalence of human disease associated serotypes (HDAS) in the 319 

Chinese and UK collections and found that the Chinese collection had more HDAS 320 

serotypes represented, and also a significantly higher proportion of HDAS over all, 321 

compared to the UK (China: 83/209 (39.71%) isolates including serotypes 1&14, 322 

2&1/2, 4, 5, 16, 24, 21 and 31; UK: 29/125 (23.20%) isolates including serotypes 4, 5, 323 

16, 21 and 31, p = 0.003, Chi-square). These findings indicate that healthy pig 324 

populations of UK and China are important reservoirs of zoonotic S. suis and also that 325 
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geographic differences in the prevalence of HDAS isolates of S. suis, and therefore 326 

the risk for zoonotic transmission, may exist.  327 

A key finding of this study was the significant association between air temperature not 328 

only with positive isolation rate at farm level, but also with increased prevalence of 329 

HDAS isolates and of isolates carrying virulence associated genes – a finding that 330 

sheds light on previous observations of increased levels of S. suis on pig meat in hot 331 

weather (26) and potential associations with increased incidence of human disease in 332 

summer time (21). Observations on the prevalence of isolates bearing the virulence 333 

associated genes sly, epf and mrp should be tempered by the caveat that associations 334 

between the presence of these genes and virulence is has strictly only be studied for 335 

serotype 2 isolates (27). Sampling occasions on relatively hot days had significantly 336 

higher positive isolation rate than on cold days, and furthermore the proportion of 337 

isolates carrying virulence genes was also significantly higher in the high temperature 338 

subgroup in China. Meanwhile, increased temperature was associated with increased 339 

prevalence of HDAS isolates in the UK collection.  These results align with 340 

observations that S. suis infection in humans occurs more frequently during the 341 

warmer months of the year but also emphasize the potential importance of enhanced 342 

carriage and shedding of zoonotic S. suis from healthy pigs, and potential 343 

contamination of pig meat, during warmer months. The biological processes 344 

underlying this observed effect of temperature on prevalence of disease associated S. 345 

suis are worthy of deeper investigation. The relationship is likely to be complex since 346 

an opposite relationship between temperature and transmission of the human 347 

pathogen Streptococcus pneumonia was recently described, with transmission and 348 

prevalence of carriage being enhanced during cooler and drier months across studied 349 

populations (28). That study tracked regional monthly minimum temperatures rather 350 
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than local mean temperatures on the specific day of sampling, as in the current study, 351 

and did not include an analysis of diversity of carriage at individual host or population 352 

level. Recent comparative genomic studies of disease associated and non-disease 353 

associated S. suis found a significantly reduced genome size among disease associated 354 

isolates (3). It might be hypothesized that disease associated isolates have 355 

comparatively reduced competitive fitness in the upper respiratory tract and or 356 

environment, with survival and successful transmission of this globally prevalent 357 

bacterium being supported by higher ambient temperatures. Nevertheless, although a 358 

statistical association cannot be interpreted as causality these findings indicate the 359 

potential for further exploration of the relationship between ambient temperature and 360 

infection dynamics of S. suis. 361 

The effects of the age of pigs and the farm type were also evaluated as factors 362 

affecting positive isolation rate of S. suis. No significant difference was found 363 

between intensive and smaller pig farms in China but both types were operated in 364 

continuous flow systems. A larger and more detailed risk factor analysis might reveal 365 

underlying managemental effects. Although not statistically significant, markedly 366 

more S. suis isolates were obtained from 5 weeks old pigs than from 20 weeks old 367 

pigs in both countries (Table 2). Aligning this finding with the reported observation 368 

that clinical S. suis disease of pigs is most prevalent in the post-weaning period (29) – 369 

when pigs are commonly mixed and maternal derived passive antibody titres are 370 

declining, whereas S. suis associated disease is less prevalent in older pigs 371 

approaching slaughter age, suggests that future and larger studies focused on carriage 372 

of disease associated strains might reveal subtle but significant age associations with 373 

positive isolation rate. 374 

The extraordinary diversity of S. suis has been described elsewhere (3). Our findings 375 
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confirmed that it was not rare that an individual pig could carry multiple S. suis 376 

isolates (strains) as determined by different MLSTs, serotypes or different virulence 377 

genotypes. The higher temperature sampling occasions were associated with a 378 

statistically increased number of isolates recovered per pig, based on MLSTs, 379 

highlighting the likelihood that any temperature effect on diversity of S. suis 380 

populations is active at the individual pig level, and not only at pig population level.   381 

The isolates of S. suis from clinical healthy pigs in this study also showed a high 382 

diversity at pig population level, again based on MLST typing (Fig. 3). In total, 163 383 

STs were identified in total from the China and UK collections in this study, only 12 384 

of which were previously reported. In our study, the sequence types found among 385 

serotypes with strong potential of virulence (serotypes 2&1/2 and 1&14 isolates) 386 

found in the Chinese collection were ST1, ST7 and ST11, similar to other published 387 

reports (16, 30, 8). It suggests that S. suis from the healthy pigs are more diverse than 388 

those from diseased pigs.  Similar finding has been mentioned in a previous study in 389 

which 115 STs were identified among 179 S. suis isolates from throat swabs of 390 

healthy pigs (31). 391 

The low overlap of serotypes and STs from pigs sampled on the same farm at 5 and 392 

20 weeks (Fig. 3) was unexpected and might reflect high rates of exchange and 393 

infection dynamics between sampled and non-sampled pigs or the environment; or it 394 

might be a consequence of the low sensitivity of the sampling approach taken – it was 395 

practical to pick and characterize only a small number of isolates from each tonsil 396 

swab culture. Future studies, exploiting direct metagenomic sequencing methods 397 

might enable greater depth of characterization of the highly diverse populations of S. 398 

suis in healthy and diseased pig populations. Nevertheless, further analysis of the 399 

genome sequences and background data of the isolates from these new collections 400 
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promises to shed further light on the genomic diversity and evolutionary 401 

characteristics of this important pathogen. 402 

Taken together, this study highlighted the high diversity and carriage prevalence of S. 403 

suis among clinically healthy pig herds of China and UK. The significant effect of 404 

temperature on prevalence of isolation, prevalence of human disease associated 405 

serotypes and virulence genotypes, and diversity at individual pig level may shed new 406 

light on geographic variations in human S. suis associated disease. 407 

 408 

Materials and Methods 409 

Sample collection and S. suis isolation. 410 

Sampling and S. suis isolation in China. Five intensive pig farms (500-3000 sows, 411 

Herd 1 to Herd 5) and 5 traditional small pig farms (70-300 sows, Herd 6 to Herd 10) 412 

were sampled to study the prevalence of S. suis in different farm types. The intensive 413 

pig farms (> 500 sows) followed standardized management with modern feeding 414 

systems while the traditional small pig farms (< 300 sows) used variable management 415 

and feeding methods. All 10 farms held slaughter pigs from farrowing until slaughter 416 

at around 5-6 months of age on a continuous flow basis. To study any effect of pig age 417 

on S. suis carriage or diversity tonsil scrapes were collected twice from each farm - at 418 

5 weeks of age and again at 20 weeks, sampling from between 23 and 27 individuals 419 

randomly selected from the same group within the herd. Finally, this total of 20 420 

sampling visits were scheduled across different seasons from March 2013 to March 421 

2014, enabling each sample set to be classified into different groups according to 422 

ambient air temperature, farm type and pig age. Tonsil scrape material was transferred 423 

to swabs and then cultured on Columbia Sheep Blood Agar at 37℃ for 24 h 424 

aerobically. Six colonies with alpha-haemolytic activity and compatible colony 425 
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morphology were then sub-cultured. Isolates were biochemically profiled using the 426 

API 20 Strep kit (bioMérieux) and those with positive results were stored as S. suis. 427 

Sampling and S. suis isolation in the UK. Five intensive farms were sampled, each 428 

holding pigs from weaning at 4 weeks of age until slaughter at 20 - 25 weeks of age 429 

on an all-in all-out basis. In accordance with the common sampling protocol applied 430 

in China, swabs from tonsil scrapes were collected at 5 and 20 weeks of age from 25 431 

randomly selected pigs from the same group within the herd. Swabs were cultured on 432 

Columbia Sheep Blood Agar in aerobic conditions at 37℃ for 24 h. A maximum of 433 

three alpha-haemolytic colonies per plate, with compatible S. suis morphology, were 434 

sub-cultured and profiled with a biochemical kit (API 20 Strep kit, bioMérieux) and 435 

those with positive results stored as S. suis.  436 

Subset for direct comparison of China and UK isolates. In order to directly compare 437 

prevalence and diversity of S. suis between the UK and China, a subset of each 438 

collection was generated by filtering using the following rules: (i) Since 6 Chinese 439 

colonies were picked per swab for identification compared to 3 in the UK, if more 440 

than 3 S. suis isolates were obtained from a single swab, only the first 3 isolates were 441 

kept to limit the S. suis isolates obtained from a swab from either country to not more 442 

than 3. (ii) For this maximum of 3 isolates selected per pig, where any of these 443 

isolates shared the same API profile then only one representative of a given API 444 

profile per pig was kept. The filtered Chinese subset included 209 isolates while the 445 

UK subset included 125 isolates. 446 

 447 

Data grouping. 448 

The sampling points under different conditions were grouped as 3 pairs of 449 

‘subgroups’ (age, farm type and temperature subgroups for UK and for China). Based 450 
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on the age of sampled pigs, the 20 sampling points of China and the 10 sampling 451 

points of UK were divided into 2 pairs of ‘age subgroups’; ‘5 weeks old subgroup’ 452 

and ‘20 weeks old subgroup’, respectively. The ‘farm type subgroups’ were relevant 453 

only to the Chinese collection, and included 10 sampling points of the 5 intensive pig 454 

farms (‘intensive pig farm subgroup’) and 10 sampling points of small pig farms 455 

(‘small pig farm subgroup’). As a stable and unambiguous attribution, in this study, 456 

air temperature was used to represent the seasonal variation of the S. suis positive 457 

isolation rate or diversity. The average value of the daily maximum and the minimum 458 

temperature was used to represent the air temperature of the sampling day.  For the 459 

three-way ANOVA, the different temperature values of the Chinese and the UK 460 

sampling occasions were divided into binary groups by the mean values respectively 461 

(China = 20.8℃, UK = 11.9℃). The ‘high temperature subgroups’ included sampling 462 

points where the temperature was above the mean value, and ‘low temperature 463 

subgroups’ represented sampling points that were equal to or below the mean value. 464 

The binary temperature grouping strategy was also used when evaluating the diversity 465 

difference.  466 

 467 

Sequencing and assembly. 468 

For Chinese isolates, genomic DNA was prepared from isolates grown overnight at 469 

37℃ in Tryptone Soy Broth (TSB, BD Biosciences) plus 10% bovine serum, using 470 

Bacterial DNA kits (OMEGA bio-tek). Genomic DNA was prepared from UK isolates 471 

grown overnight at 37℃ in Todd-Hewitt broth plus 0.2% yeast (Oxoid Ltd.) using a 472 

MasterPure Gram Positive DNA isolation kit (Epicentre). All genomic DNA samples 473 

were qualified with an OD260/280 ratio between 1.8 and 2 (Nanodrop, Thermo 474 

Scientific). Genomic DNA (typically 500ng) was used to prepare multiplexed libraries 475 
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(32, 33) for sequencing on Illumina HiSeq 2000 instruments operated according to the 476 

manufacturer's instructions with 100 cycle paired end runs. 477 

For the S. suis genomes of both countries a Perl program, Fastq_screen 478 

(http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen), was used to map 479 

the raw reads to published genomes of S. suis. Samples with high levels of unmapped 480 

data (> 50%) were confirmed by blasting against the NCBI genome database and 481 

those found to be contaminated with genomes from other species were excluded from 482 

further analysis. Genome assemblies of China and UK isolates were generated using 483 

SPAdes 3.5.0 and Velvet 1.2.08 (with Velvet Optimiser 2.2.5), respectively.  484 

Assemblies with an n50 < 15000 were discarded. 485 

 486 

Molecular serotyping. 487 

A BLAST database was built, based on a published multiple PCR method (14), 488 

including all unique cps genes for S. suis serotype identification. Cutoff values were 489 

used to determine gene presence or absence (sequence homology of > 95% with an 490 

alignment length > 95% of the target gene). The cps genes of serotype 2 and 1/2, 491 

serotype 1 and 14 are too similar to distinguish at the draft genomic level (14) thus 492 

serotypes 2 and 1/2 were grouped together, as were serotypes 1 and 14. The non-493 

serotypeable isolates were further classified into 8 different groups according to 8 494 

novel cps loci (NCL) (15). The isolates that could not be typed by both methods were 495 

recorded as “non-typeable”. 496 

 497 

Multilocus sequence typing. 498 

A database including all published alleles of 7 housekeeping gene fragments was built 499 

to run the blast process (16). Blast results with 100% homology were treated as the 500 
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same alleles, while results with sequence homology > 80% and alignment length > 501 

80% were considered as new alleles. Isolates yielding results with lower similarity 502 

were not assigned a sequence type (ST) and were treated as MLST non-typeable 503 

isolates, as the corresponding housekeeping genes were considered to be absent.  504 

 505 

Genotyping of mrp, sly and epf gene. 506 

The full length of mrp, sly and epf genes were extracted from the draft genome 507 

sequences. Based on the three classic virulence associated genes, the genotype of the 508 

three virulence genes, namely the ‘virulence genotype’ (VGT), of each isolate was 509 

detected.  Sequences with homology of > 80% and alignment length of > 80% of the 510 

corresponding reference gene were considered as alleles. Isolates in which none of the 511 

three virulence genes were detected were termed ‘negative VGT’ (NVGT), otherwise 512 

isolates were termed ‘positive VGT’ (PVGT). 513 

 514 

Statistical analysis. 515 

Statistical analyses were performed with SigmaPlot software (version 12.0). A value 516 

of p ≤ 0.05(5) was considered to be significant in this study. ANOVA, t-test or paired 517 

t-test were used to evaluate the influence of different factors on the distribution of S. 518 

suis populations, while Chi-square test was used to evaluate the differences between 519 

the composition of different S. suis populations. For the data that failed to pass the 520 

normality test, Mann-Whitney rank sum test, Wilcoxon signed rank test and the 521 

ANOVA on Ranks were used instead of t-test, paired t-test and ANOVA respectively.  522 

 523 

Analysis of diversity. 524 

Diversity was analysed at multiple levels; namely individual pig level, group level 525 
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and country level. At pig level diversity was assessed for the China and UK 526 

collections separately by comparing the number of different STs obtained from each 527 

tonsil scrape. Simpson’s diversity indexes (Ds), again based on STs, were used to 528 

evaluate the diversity of the S. suis populations at subgroup and country level. The 529 

STs grouped into a Clonal Complex were calculated as the same type. The MLST 530 

non-typeable isolates with different ST genes patterns were also identified as different 531 

types. Due to differences in the isolation protocols in China and the UK, the diversity 532 

between the subgroups within countries was calculated first, and then diversity at 533 

country level was compared directly using the filtered subsets produced as described 534 

above. The Simpson’s diversity indexes of different S. suis subgroups were calculated 535 

using the equation defined by Hunter and Gaston (34): 536 

𝑫𝒔 = 𝟏 − [
𝟏

𝐍(𝐍 − 𝟏)
] ∑ 𝐧j(𝐧j − 𝟏)

𝐬

𝐣=𝟏

 

Ds represents the probability of two independent isolates being placed into different 537 

types.  N is the total number of the population. S is the total number of the types while 538 

nj is number of the individuals belonging to the j
th

 type. The variance for Ds (σ
2
) was 539 

estimated with the equation: 540 

𝝈𝟐 =
𝟒

𝑵
(∑ (

𝒏𝒋

𝑵
)

𝟑
𝐬

𝐣=𝟏

− [∑ (
𝒏𝒋

𝑵
)

𝟐
𝒔

𝒋=𝟏

]

𝟐

  )               

The Confidence Interval (CI) of the Ds was used to evaluated the statistical 541 

significance when comparing the diversity of different populations. The difference 542 

between two Ds without overlapped CI was treated as significant. According to the 543 

Chebyshev’s Theorem, for normal distributions, about 95% of the results will fall 544 

between +2 and -2 standard deviations from the mean. Thus, the proposed equation of 545 

the CI is: 546 
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𝐂𝐈 = (𝑫𝒔 − 𝟐√𝝈𝟐 ,  𝑫𝒔 + 𝟐√𝝈𝟐 )  

 547 

Accession numbers 548 

The GenBank accession numbers of the genes used in this study are: epf 549 

(AY341262.1, https://www.ncbi.nlm.nih.gov/nuccore/AY341262.1), mrp
EU 

550 

(X64450.1, https://www.ncbi.nlm.nih.gov/nuccore/X64450.1), mrp
NA2 

(FJ685609.1, 551 

https://www.ncbi.nlm.nih.gov/nuccore/FJ685609.1), sly (Z36907.1, 552 

https://www.ncbi.nlm.nih.gov/nuccore/Z36907.1) and the mrp
NA1 

reference gene was 553 

extracted from the Canadian isolate 89/1591 (GenBank accession: AAFA00000000, 554 

https://www.ncbi.nlm.nih.gov/genome/?term=AAFA00000000) (35). The GenBank 555 

accession numbers of the S. suis genome sequences of 223 Chinese isolates and the 556 

Short Read Archive (SRA) accession numbers of the S. suis genome sequences of 127 557 

UK isolates are in the supplemental material Table S1.  558 
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Figure legends 696 

Fig. 1 The distribution of S. suis positive and negative samples across the 697 

sampling occasions accounting for different pig ages and air temperature. Kernel 698 

density estimation was used to describe the bivariate distribution of 500 Chinese and 699 

250 UK samples across the air temperatures of the sampling times and the ages of the 700 

sampled pig herds. 701 

 702 

Fig.2 The molecular serotyping composition of different S. suis subgroups. The 703 

absence/presence and size of the bubbles represents the number of isolates of each 704 

serotype in each population. The red colour indicates serotypes that have previously 705 

been obtained from human cases of disease. The Chinese filtered subset and the 706 

Chinese high temperature subgroup had all 8 human disease associated serotypes. 707 

Serotype 2 & 1/2 isolates were identified in all the Chinese subgroups but not in the 708 

UK collation. Serotype 16 isolates could be identified in all subgroups.    709 

 710 

Fig. 3 The organization of STs within the S. suis population. To show the 711 

relationship between the STs of the whole S. suis population in this study, the 93 STs 712 

of Chinese S. suis collection and 70 STs of UK S. suis collection were clustered with 713 

eBURST (http://eburst.mlst.net/). Each dot in the figure stand for a ST, the STs with 714 

6/7 identical alleles were treated as clonal complexes (CC) and connected with lines.  715 

The size of dots represents the number of isolates. All previously reported 12 STs are 716 

labeled.  There were 7 STs (all new STs) of UK and 6 STs of Chinese collection (4 717 

reported STs and 2 new STs) identified in more than 1 pig farms. 4 STs (3 of Chinese 718 

collection and 1 of UK collection) could be identified from both 5 weeks old and the 719 

corresponding 20 weeks old sampling occasions. 720 

http://eburst.mlst.net/


Table 1. Distribution of S. suis positive isolation rates, mean temperatures and farm types in China and UK. 

Country 
Farm 
ID 

Farm 
type 

5 weeks old 20 weeks old 

MT (°C) Size N (F) PP PIR% MT (°C) Size N (F) PP PIR (%) 

CHINA C1 Intensive 29.5 23 10 (9) 6 26.09 29 25 26 (21) 11 44.00 

C2 Intensive 32 27 33 (30) 17 62.96 19.5 25 1 (1) 1 4.00 

C3 Intensive 29.5 25 28 (26) 15 60.00 17.5 25 2 (2) 2 8.00 

C4 Intensive 15.5 25 12 (12) 9 36.00 4.8 25 2 (2) 2 8.00 

C5 Intensive 15.5 25 12 (12) 10 40.00 4.8 25 12 (12) 8 32.00 

C6 Small 28.5 24 21 (19) 12 50.00 29 25 20 (19) 13 52.00 

C7 Small 29 24 11 (11) 8 33.33 28.5 25 6 (6) 4 16.00 

C8 Small 30 27 13 (13) 8 29.63 17.5 25 7 (7) 4 16.00 

C9 Small 14 25 2 (2) 2 8.00 14 25 1 (1) 1 4.00 

C10 Small 8.5 25 3 (3) 2 12.00 14 25 1 (1) 1 4.00 

UK U1 Intensive 14 25 17 (17) 11 44.00 15 25 14 (14) 10 40.00 

U2 Intensive 19 25 42 (40) 23 92.00 12.5 25 1 (1) 1 4.00 

U3 Intensive 16.5 25 23 (23) 17 68.00 4 25 9 (9) 8 32.00 

U4 Intensive 11.5 25 8 (8) 7 28.00 7.5 25 5 (5) 4 16.00 

U5 Intensive 7 25 1 (1) 1 4.00 7 25 7 (7) 7 28.00 

Note: MT, mean temperature, the average of the highest and lowest air temperature of the sampling day; Size, sample size, the number of pigs 

sampled each time; N, the number of S. suis isolates; (F), the number of isolates in the filtered subset for direct comparison of China and UK 

data; PP, positive pigs, the number of S. suis positive pigs; PIR, positive isolation rate, the proportion of S. suis positive pigs.



Table 2. Genomic characteristics of the different S. suis populations. 

Items 
Number 
of 
isolates 

Simpson’s diversity index The 
proportion 
of HDAS

%  

Virulence genotype pattern (%)(epf / mrp / sly) 

Ds CI- CI+ - - - 

- 

mrpNA2 

sly 

- 

mrpNA1 

- 

- 

mrpNA1 

sly 

- 

mrpEU 

sly 

epf 

mrpNA2 

sly 

epf 

mrpNA1 

sly 

epf 

mrpEU 

sly 

All S. suis isolates 

China_HTS 168 0.971 0.962 0.981 43.45 75.00 6.55 5.95 6.55 2.38 1.19 0.60 1.79 

China_LTS 55 0.976 0.960 0.991 32.73 89.09 1.82 0 1.82 0 5.45 0 1.82 

UK_HTS 97 0.965 0.947 0.982 28.86 85.57 8.25 0 5.15 0 0 1.03 0 

UK_LTS 30 0.966 0.929 1.000 6.67 86.67 3.33 3.33 6.67 0 0 0 0 

China_5 WOS 145 0.969 0.959 0.979 42.76 75.17 7.59 5.52 6.90 0 2.07 0.69 2.07 

China_20 WOS 78 0.972 0.957 0.987 37.18 84.62 1.28 2.56 2.56 5.13 2.56 0 1.28 

UK_5 WOS 91 0.960 0.940 0.980 28.57 84.62 8.79 0 5.49 0 0 1.098 0 

UK_20 WOS 36 0.987 0.975 0.999 11.11 88.89 2.78 2.78 5.56 0 0 0 0 

China_IPFS 138 0.972 0.964 0.981 39.86 76.81 7.25 3.62 7.25 0 1.45 0.72 2.90 

China_SPFS 85 0.941 0.908 0.973 42.35 81.18 2.35 5.88 7.06 0 3.53 0 0 

China_all 223 0.979 0.973 0.985 40.81 78.48 5.38 4.48 5.38 1.79 2.24 0.45 1.79 

UK_all 127 0.972 0.959 0.984 23.62 85.83 7.09 0.79 5.51 0 0 0.79 0 

Filtered S.suis isolates 

China_ filtered 209 0.980 0.974 0.986 39.71 78.47 5.26 4.78 5.47 1.44 2.39 0.48 1.44 

UK_ filtered 125 0.972 0.960 0.985 23.20 85.60 7.20 0.80 5.60 0 0 0.80 0 

Note: HDAS, human disease associated serotype; HTS, high temperature subgroup; LTS, low temperature subgroup; 5 WOS, 5 weeks old 

subgroup; 20 WOS, 20 weeks old subgroup; IPFS, intensive pig farm subgroup; SPFS, small pig farm subgroup; Ds, Simpson’s diversity index; 

CI+, confidence interval upper limit, 95%; CI-, confidence interval lower limit, 95%.



Table 3. Summary of statistical analysis of the influence of environmental and management associated factors on the distribution and the 

composition of S. suis populations. 

Analysis Dataset Temperature Age Farm type Country 

Positive isolation rate at farm level 

China * – – / 

UK – – / / 

filtered subsets / / / – 

      

Prevalence of pigs with multiple STs per swab 

China * – – / 

UK * – / / 

filtered subsets / / / – 

      

Prevalence of HDAS isolates 

China – – – / 

UK * – / / 

filtered subsets / / / * 

      

Prevalence of PVGT isolates  

China * – – / 

UK – – / / 

filtered subsets / / / – 

Note: HDAS, human disease associated serotype; PVGT, positive virulence genotype, the virulence genes including epf, mrp and or sly; ST, 

sequence type; *, statistically significant, p < 0.05; –, not significant; /, not involved in the analysis. 

 

 

 

 

 

 

 



Table 4 Distribution of virulence factor genotype patterns described for each 

serotype. 

Serotype/NCL type Country VG pattern 

(epf / mrp / sly) 
Number of 
isolates 

Serotype 1&14 China epf mrpEU sly 2 

Serotype 2&1/2 China epf mrpEU sly 1 

  epf mrpNA2 sly 3 

Serotype3 China -  mrpNA1 - 5 

Serotype4 China - mrpNA1 sly 3 

 UK - - - 4 

Serotype5 China - - - 6 

 UK - - - 1 

Serotype6 UK - - - 9 

Serotype7 UK -  mrpNA1 - 1 

Serotype8 China - mrpNA2 sly 8 

 UK - - - 2 

Serotype9 China - - - 2 

 UK - - - 13 

Serotype10 UK - - - 4 

Serotype11 China -  mrpNA1 - 2 

Serotype12 China - mrpNA1 sly 1 

  - - - 9 

Serotype15 China - - - 1 

  -  mrpNA1 - 3 

  - mrpNA1 sly 7 

  - mrpNA2 sly 4 

  epf mrpNA1 sly 1 

  epf mrpNA2 sly 1 

 UK - mrpNA1 sly 7 

  - mrpNA2 sly 4 

Serotype16 China - - - 55 

 UK - - - 20 

Serotype21 China - - - 1 

  epf mrpNA2 sly 1 

 UK - - - 2 

Serotype24 China - - - 1 

Serotype25 China - - - 1 

 UK - - - 8 

Serotype28 China - - - 7 

 UK - mrpNA2 sly 4 

Serotype29 China - - - 12 

 UK - - - 1 

Serotype30 China - - - 5 

 UK - - - 4 

Serotype31 China - - - 16 

 UK - - - 5 

NCL1 China - - - 2 



NCL2 China - - - 2 

 UK - - - 2 

NCL3 China - - - 5 

 UK - - - 1 

NCL4 China - - - 6 

 UK - - - 6 

NCL5 China - - - 2 

 UK - - - 2 

NCL6 UK - - - 1 

NCL7 China - - - 6 

 UK - - - 3 

NCL8 China - - - 14 

 UK - - - 2 

Note: NCL, novel capsule locus (NCL) type; VG, virulence gene. 



Fig. 1 The distribution of S. suis positive and negative samples across the sampling occasions accounting for different pig ages and air temperature. Kernel 

density estimation was used to describe the bivariate distribution of 500 Chinese and 250 UK samples across the air temperatures of the sampling times and the ages of 

the sampled pig herds. 



Fig.2 The molecular serotyping composition of different S. suis subgroups. The absence/presence and size of the bubbles represents the number of isolates of each 

serotype in each population. The red colour indicates serotypes that have previously been obtained from human cases of disease. The Chinese filtered subset and the 

Chinese high temperature subgroup had all 8 human disease associated serotypes. Serotype 2 & 1/2 isolates were identified in all the Chinese subgroups but not in 

the UK collation. Serotype 16 isolates could be identified in all subgroups.  



Fig. 3 The organization of STs within the S. suis population. To show the relationship between the STs of the whole S. suis population in this study, the 93 STs of 

Chinese S. suis collection and 70 STs of UK S. suis collection were clustered with eBURST (http://eburst.mlst.net/). Each dot in the figure stand for a ST, the STs with 6/7 

identical alleles were treated as clonal complexes (CC) and connected with lines.  The size of dots represents the number of isolates. All previously reported 12 STs are 

labeled.  There were 7 STs (all new STs) of UK and 6 STs of Chinese collection (4 reported STs and 2 new STs) identified in more than 1 pig farms. 4 STs (3 of Chinese 

collection and 1 of UK collection) could be identified from both 5 weeks old and the corresponding 20 weeks old sampling occasions. 

http://eburst.mlst.net/
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