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Abstract 20 

The zoonotic bacterium Streptococcus equi subsp. zooepidemicus (S. zooepidemicus) is a diverse, 21 

opportunistic pathogen that can cause mastitis in dairy sheep and goats. We used multilocus sequence 22 

typing (MLST) to define the genetic diversity of 60 isolates of S. zooepidemicus, which were recovered 23 



2 

from sheep and goats in Spain between 2003 and 2010. We identify a novel clonal complex based on 24 

sequence type (ST), ST-236, which accounted for 39 of the 60 isolates. A representative ST-236 strain, 25 

S. zooepidemicus strain C7 (SzC7), was sequenced and interrogated for the presence of novel 26 

nutritional uptake or utilisation systems, the acquisition of which have previously been shown to be 27 

important for environmental adaptation in other streptococcal pathogens. A novel phosphoenolpyruvate 28 

sugar phosphotransferase system (PTS), which enabled the utilisation of arbutin, was identified. 29 

Functionality of the PTS was confirmed following deletion of the PTS from SzC7. Arbutin is found in 30 

multiple animal foodstuffs and we propose that the ability to utilise arbutin may have conferred a 31 

selective advantage to strains infecting animals, the diet of which contains this sugar. 32 

 33 
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 36 

Introduction 37 

Streptococcus equi subsp. zooepidemicus (S. zooepidemicus) is an opportunistic pathogen most 38 

commonly isolated from horses where its presence is significantly associated with inflammatory airway 39 

disease (P < 0.0001) [1, 2]. S. zooepidemicus also causes opportunistic infections in many other 40 

mammalian species including mastitis in cattle [3], sheep [4] and goats [5], pneumonia in ruminants 41 

[6], joint pain and respiratory complications in pigs [7] and fatal haemorrhagic pneumonia in dogs [8-42 

10]. There is evidence for zoonotic transmission of S. zooepidemicus to humans, for example via 43 

consumption of unpasteurised milk or cheese, leading to nephritis [11, 12], meningitis [13-16] and 44 

septicaemia [17, 18]. 45 

 46 
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Survival and dominance of emergent strains in new niches requires some genome flexibility, enabling 47 

them to function efficiently in new environments. Streptococcus uberis (S. uberis) is the primary cause 48 

of mastitis in cattle in the UK, responsible for 26.4 % of cases in 2014. 49 

(https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/458616/vida-cattle-07-50 

14.pdf [last accessed 22/07/16]). Genome sequencing and comparison of this bovine pathogen to 51 

closely related streptococcal species showed that, whilst considered a pathogen of the mammary gland, 52 

flexibility within its genome and particularly within the nutritional pathways, has enabled it to flourish 53 

in a variety of nutritionally constrained habitats such as the bovine gut and in pasture [19]. In 54 

particular, phosphoenolpyruvate sugar phosphotransferase systems (PTSs) and glycoside hydrolase 55 

family I proteins that are sometimes associated with PTSs, were identified as major contributors to this 56 

capacity. Streptococci possess a variable number of PTSs involved in the utilisation of specific sugars, 57 

enabling them to survive in particular ecological niches. S. uberis strain 0140J contains 15 complete 58 

PTSs and five partial PTSs [19]. This is considerably more than the non-pathogenic dairy bacterium 59 

Streptococcus thermophilis which only has seven PTSs, four of which contain pseudogenes [20]. 60 

Streptococcus pneumoniae (TIGR4) has 21 PTSs, potentially reflecting its need for flexibility within its 61 

niche and PTSs are also known to be important for nutrient acquisition in group A streptococci [21]. 62 

The Streptococcus mutans (S. mutans) reference strain UA159 has 14 PTSs [22]; but lacks a high-63 

affinity transporter for galactose, a sugar abundant in the oral cavity. Sequencing of S. mutans strain 64 

OMZ175 however, identified a galactose-specific PTS that was prevalent in the population, enhanced 65 

growth rates and the ability to compete with the commensal bacterium Streptococcus gordonii [23]. 66 

 67 

S. zooepidemicus is diverse both genetically, based on multilocus sequence type (MLST) data [24], and 68 

in the diseases it causes. Streptococcus equi subspecies equi (S. equi), is a host-restricted pathogen of 69 

horses that is believed to have descended from S. zooepidemicus by passing through a genetic 70 

bottleneck during its evolution [25]. Strains of S. equi can be easily differentiated from strains of S. 71 
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zooepidemicus as they have lost the ability to ferment lactose and sorbitol. Of the three publically 72 

available complete S. zooepidemicus strain genome sequences, H70 (SzH70) [26], MGCS10565 73 

(SzMGCS10565) [15] and ATCC35246 (SzATCC35246) [27], and S. equi strain 4047 (Se4047) [26], 74 

all contain 16 homologous PTSs with the exception of SzH70 which contains 17. Pseudogenes have 75 

been found in two PTSs of Se4047 and within one PTS of SzMGCS10565 [25-28]. Additional PTS loci 76 

in S. zooepidemicus strains conferring abilities to utilise alternative sugar sources with the potential to 77 

confer a competitive advantage in certain growth conditions thus far have not been identified.  78 

 79 

S. zooepidemicus is regularly isolated from cases of disease, including mastitis, wound infections, 80 

respiratory disease and uterine infections in the ruminant population of Spain. We utilised MLST, 81 

whole genome sequencing and sugar fermentation profiling to gain an understanding of the genetic 82 

structure in this population.  83 

 84 

Materials and Methods 85 

Strain collections 86 

A sample of 60 epidemiologically independent Spanish caprine and ovine S. zooepidemicus isolates 87 

were used to examine the diversity of the population when differentiated by multilocus sequence typing 88 

(MLST). Isolate details are provided in Table S1. Strains were selected from disease-associated 89 

isolates, primarily mastitis, submitted to Exopol in Zaragoza, Spain, between 2003 and 2010 for 90 

diagnostic testing to maximise coverage of the country from the available samples, spanning 27 of the 91 

50 provinces of Spain. A collection of 187 isolates of S. zooepidemicus from the UK, Ireland and Saudi 92 

Arabia in addition to Spain, collected between 1933 and 2010 were selected to represent a diverse 93 

strain set based upon their MLST profile (https://pubmlst.org/szooepidemicus/). These 187 strains were 94 

isolated from horses, humans, dogs, cows, goats, sheep and cats, which displayed a variety of disease 95 
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manifestations. This strain collection was utilised to determine the presence or absence of loci in a 96 

wider population of S. zooepidemicus by qPCR and sugar fermentation and are listed in Table S2. 97 

 98 

Genomic DNA isolation 99 

For isolation of genomic DNA (gDNA), strains were grown on COBA streptococcal selective agar 100 

(bioMérieux) overnight at 37 oC with 5 % CO2. A single colony was then cultured in Todd-Hewitt 101 

broth (THB) (Oxoid) with hyaluronidase (30 µg/ml, Sigma) from which gDNA was extracted using a 102 

GenElute spin column kit as per the manufacturer’s instructions (Sigma). 103 

 104 

Multilocus sequencing typing 105 

MLST was performed on the collection of 60 Spanish caprine and ovine S. zooepidemicus isolates 106 

(Table S1) as previously described by Webb et al. (2008). Sequence types (STs) were assigned using 107 

the MLST database (http://pubmlst.org/szooepidemicus) [29]. Clusters of related STs among the study 108 

set isolates and all other strains represented in the S. zooepidemicus MLST database were defined by 109 

the single- and double-locus variant grouping method implemented in eBURST (http://eburst.mlst.net) 110 

[30], to infer the genetic relationships of the isolates to each other and those already on the database. 111 

The evolutionary distances of 28 sequence variants, including all 18 STs found in the Spanish 112 

population, 3 closely related STs and the STs of the published S. equi and S. zooepidemicus genomes, 113 

were computed from concatenated MLST nucleotide sequences. The Maximum Composite Likelihood 114 

nucleotide substitution model was used in MEGA v4.0 and the tree inferred using the Neighbour-115 

Joining method with bootstrap values after 5000 repetitions. The tree was rooted on concatenated 116 

sequence from the homologous regions in S. uberis strain 0140J. Chi squared or Fisher’s exact tests 117 

were then used as appropriate to identify statistically significant changes in ST prevalence over time. 118 

 119 

Sugar fermentation profiling 120 
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S. zooepidemicus strain C7 (SzC7), which was isolated from a goat with mastitis in the Badajoz (BA) 121 

region of Spain on 29/02/2008, was selected as a representative ST-236 isolate. Single colonies of SzC7 122 

and the genome sequenced strain SzH70 were inoculated into THB and grown overnight at 37 oC with 123 

5 % CO2. 167 µl aliquots of overnight cultures and 83 µl horse serum were then added to 1 ml purple 124 

broth supplemented with 0.5 % arbutin, glucose, dihydroxyacetone, glycerol, mannose, fructose, 125 

galactose, salicin or cellobiose and incubated at 37 oC in an atmosphere supplemented with 5 % CO2 126 

overnight. Cultures were also applied to the wells of analytical profile index (API) strips (bioMérieux), 127 

which demonstrate the ability of a strain to ferment 32 different substrates (Table 1), and processed 128 

according to the manufacturer’s instructions. Colour changes on the API strips were compared to 129 

references and cultures were examined for the occurrence of a colour change from purple to yellow, 130 

signifying utilisation of the corresponding sugar. 131 

 132 

Screening for arbutin fermentation 133 

Single colonies of a collection of 187 S. zooepidemicus isolates selected on the basis of their diversity 134 

as determined by MLST (Table S2) were inoculated into THB and grown overnight at 37 oC with 5 % 135 

CO2. 167 µl aliquots of overnight cultures and 83 µl horse serum were then added to 1 ml purple broth 136 

supplemented with 0.5 % arbutin and incubated at 37 oC with 5 % CO2 overnight. Cultures were 137 

examined for the occurrence of a colour change from purple to yellow, signifying the utilisation of 138 

arbutin. 139 

 140 

Genome sequencing and analysis 141 

Genomic DNA was extracted from SzC7. DNA was sequenced using Illumina technology at the 142 

Wellcome Trust Sanger Institute and data deposited in the European Nucleotide Archive under the 143 

accession number ERS134307. Sequence data was assembled using a de novo genome-assembly 144 

program, Velvet v0.7.03 [31], to generate a multi-contig draft genome. The SzC7 genome was 145 
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compared to SzH70 and orthologous proteins were identified as reciprocal best matches using FASTA 146 

with subsequent manual curation. PTS loci in the genomes of the published S. zooepidemicus strains 147 

SzH70, SzMGCS10565 and SzATCC35246 and the S. equi strain Se4047 were compared to those in the 148 

SzC7 genome using Artemis Comparison Tool (ACT) [31]. The putative products of novel regions 149 

relative to the SzH70 genome were identified by BLAST comparison with the NCBI NR database 150 

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). 151 

 152 

qPCR screen for PTS locus 153 

Genomic DNA from a panel of 187 S. zooepidemicus strains (Table S2) was analysed by qPCR for the 154 

presence of a PTS similar to the PTS identified in SzC7 using primers designed to the PTS β glucoside 155 

specific IIABC component gene, the second gene in the acquired locus in SzC7. 20 µl reactions 156 

constituting 1 X Kapa SYBR fast qPCR mix (Anachem), 0.3 µM forward and reverse primers (PTSF 5’ 157 

gcattgtatcacgcgattacg 3’, PTSR: 5’ caaaggcatcagccacatgag 3’) and 10 ng DNA were thermocycled at 158 

95 oC for 3 mins, 40 cycles of 95 oC for 3 secs, 60 oC for 10 secs, then 95 oC for 15 secs on an ABI 159 

StepOnePlus instrument. A ramp step from 60 oC to 95 oC with reads every 0.3 oC was performed to 160 

generate a dissociation curve of products. Data was analysed using StepOne Software v2.1 and 161 

presence/absence determined relative to SzC7 and SzH70 controls. 162 

 163 

Deletion of the PTS locus 164 

The beta-glucoside-specific PTS locus identified in the genome of SzC7 was deleted from SzC7 by 165 

allelic replacement mutagenesis using the method previously described for the deletion of prtM [32]. 166 

Regions flanking the region for deletion were amplified by PCR using primers C7PTS1new: 5’ 167 

aaagaattcatgataagagtaaagaaggcac 3’, C7PTS2new: 5’ aaagatatcgtctcatttatcgttgattgctc 3’ and C7PTS3: 168 

5’ aaagatatcgctagctcatagaataaggtac 3’, C7PTS4: 5’ aaagtcgacccctgattaagcatgggcag 3’ and cloned into 169 

the EcoR1/Sal1 sites of the pGHost9 vector multiple cloning site [33]. The resultant vector construct 170 
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was transformed into SzC7, integrated into the chromosome and then excised to give the strain 171 

SzC7ΔPTS. Deletion of the PTS locus was confirmed by PCR and capillary sequencing using an 172 

ABI3100 DNA capillary sequencer. 173 

 174 

PTS-linked sugar utilisation 175 

Single colonies of S. zooepidemicus strains SzC7 or SzC7ΔPTS were inoculated into THB and grown 176 

overnight at 37 oC with 5 % CO2. 3340 µl aliquots of overnight cultures and 1660 µl horse serum 177 

(Oxoid) were then added to 20 ml purple broth (BD) supplemented with 0.5 % sorbitol, salicin, arbutin 178 

or cellobiose (Sigma), incubated at 37 oC with 5 % CO2 and the optical density (OD) of the cultures 179 

were measured at λ 590 nm and λ 430 nm hourly for eight hours. As sugars were utilised the pH 180 

reduced changing the broth cultures from purple to yellow, causing a corresponding reduction in OD at 181 

λ 590 nm and increase in OD at λ 430 nm. Experiments were repeated three times and the mean OD 182 

values plotted over time. ODs at each time point were compared between SzC7 and SzC7ΔPTS using 183 

the Student’s t-test. 184 

 185 

Results 186 

Caprine and ovine strains of S. zooepidemicus are genetically related 187 

STs were assigned to all 60 isolates of S. zooepidemicus with the generation of 17 new STs as a result 188 

of variation at one or more loci compared to those previously seen (Table S1). ST-30 was the only ST, 189 

found in one ovine and one caprine mastitis case here, to be seen in any other species or location, 190 

having been found previously in respiratory samples from two Thoroughbred horses stabled on the 191 

same yard in the UK during 2000. 192 

 193 
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The genetic relatedness of the 60 S. zooepidemicus isolates from goats and sheep were compared to the 194 

MLST profiles available on https://pubmlst.org/szooepidemicus/. A neighbour-joining tree was 195 

constructed from the concatenated nucleotide sequence of the MLST genes and rooted on its close 196 

relative S. uberis strain 0140J (Figure 1A and 1B). The tree topology and branch lengths show that all 197 

of the isolates of S. zooepidemicus from Spanish goats and sheep clustered together, with only eight 198 

non-ruminant isolates (ST-62, ST-197, ST-211, ST-267, ST-334, ST-353, ST-356 and ST-358). 199 

Interestingly, two of the non-ruminant STs: ST-197 and ST-267, were recovered from a human case of 200 

septicaemia during 2007 in the UK and another undefined zoonotic case of infection from The 201 

Netherlands in 2010, respectively. 202 

 203 

eBURST identified three clonal complexes (Figure 2), none of which contained isolates from other 204 

species or geographical locations. ST-254 was identified as the founder of the, predominantly caprine 205 

(12/13 isolates, 9/10 STs), clonal complex 254 (CC-254) containing 10 of the 17 study set-specific STs. 206 

The most dominant clonal complex (CC-236) contained the abundant ST-236, which accounted for 37 207 

isolates of the 60 studied. Despite its dominance of the study population, ST-236 did not significantly 208 

increase in prevalence from 2003 to 2010 (P = 0.685). Of the ovine isolates, 88 % (22/25) were CC-209 

236 compared to 49 % (17/35) of caprine isolates. None of the STs of the study set isolates formed 210 

clonal complexes with STs from outside the study set. 211 

 212 

SzC7 utilizes arbutin 213 

MLST of the 60 Spanish caprine and ovine isolates identified CC-236 as the most prevalent group in 214 

the population (65 %, n = 39/60). SzC7 was selected as a representative strain and its ability to utilize 215 

41 different substrates was compared to the genome sequenced strain SzH70 (Table S3). This showed 216 

that SzC7 and SzH70 had the same profile for 38 of the 41 substrates (Table 1). With both 4-217 

nitrophenyl-βD-mannopyranoside and dihydroxyacetone, there was a very slight colour change with 218 
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SzH70, indicating a low level of utilisation, which was absent in SzC7. However, arbutin utilisation was 219 

observed with SzC7, but not SzH70. 220 

 221 

Arbutin utilisation is ubiquitous within CC-236, but rare within the S. zooepidemicus population 222 

The panel of 187 S. zooepidemicus isolates were screened for the ability to utilise arbutin, to determine 223 

the prevalence of this capability in the population. This revealed that all 37 ST-236 isolates tested 224 

utilised arbutin as did the sole representatives of ST-266, ST-272, ST-55, ST-98, ST-131 and ST-192, 225 

which fall into diverse areas around the neighbour joining tree. ST-236, ST-266 and ST-272 are all 226 

Spanish caprine and ovine isolates that form a distinct clonal complex on eBURST analysis (Figure 2). 227 

Only one other isolate, C25 (CC-254), that was able to utilise arbutin shared commonality with the 228 

Spanish cluster, and this was isolated from a case of goat mastitis in Spain in 2008. The remaining 229 

isolates that utilise arbutin appear to share no commonality with each other or the Spanish cluster in 230 

terms of disease, host species, geography or timescale and the STs are not closely linked to each other 231 

phylogenetically. 232 

 233 

The SzC7 genome encodes a novel PTS 234 

The genome of ST-236 strain SzC7 was sequenced to identify novel genomic regions which may have 235 

conferred the ability to utilise arbutin. The draft genome was sequenced to an average depth of 80-fold. 236 

The genome of SzC7 has a predicted length of 2115377 bp encoding a predicted 2051 coding sequences 237 

with an average GC content of 41.47 %. The SzC7 genome was aligned to the SzH70 genome to aid the 238 

identification of novel regions that contain sequences involved in the utilisation of arbutin. Sequences 239 

for all of the PTS genes labelled as such in the publically available complete S. zooepidemicus and S. 240 

equi genomes were extracted and used to compare with the loci in the other published genomes of S. 241 

zooepidemicus (summarised in Table S3). This information was used to confirm the presence of 16 of 242 

these PTS in the SzC7 strain. Through this process we identified a novel PTS in SzC7 comprising a licT 243 
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transcriptional antiterminator (KC906571), a PTS system β glucoside specific IIABC component 244 

(KC906572), a β glucosidase (KC906573) and a phosphoglycerate mutase (KC906574) with greatest 245 

sequence identity to Enterococcus faecalis (Figures 3 and 4). The system was characterized as being 246 

putatively involved in sugar import and utilisation, but was not present in any other S. zooepidemicus 247 

strain sequenced to completion to date [25-27]. The mechanism by which this system was acquired is 248 

unclear, but there were no obvious mobile genetic elements associated with it or on the 52.16 kb contig 249 

in which it is assembled. At the same genomic location that SzC7 has acquired the PTS locus described 250 

above, the SzMGCS10565 and SzATCC 35246 genomes have acquired genes encoding a 251 

transcriptional regulator and an antibiotic efflux protein, and again there were no obvious mobile 252 

genetic elements associated with these acquisitions. 253 

 254 

The presence of the novel SzC7 PTS correlates with the ability to utilise arbutin 255 

A PCR screen for the novel PTS β glucoside specific IIABC component gene of SzC7 confirmed that 256 

all of the strains of S. zooepidemicus that were able to utilise arbutin generated a PCR product of the 257 

same size to that observed using SzC7 (Table S2). 258 

 259 

Deletion of the novel PTS locus in SzC7 abolished utilisation of arbutin 260 

To confirm that the novel PTS identified by genome sequencing conferred the ability to utilise arbutin 261 

to SzC7, the locus was deleted and the fermentation of sorbitol, salicin, cellobiose and arbutin was 262 

measured. This showed that deletion of the PTS system from SzC7 did not affect the utilisation of 263 

sorbitol (Figure 5A) or cellobiose (Figure 5D) relative to the wild-type strain. Utilisation of salicin 264 

(Figure 5B) was retarded in SzC7ΔPTS compared to wild type SzC7 with a significant difference in OD 265 

observed from three hours, and arbutin (Figure 5C) utilisation was abolished (P < 0.0001 at 266 

experimental end point). 267 

 268 
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Discussion 269 

The widespread pathogen S. zooepidemicus is responsible for a diverse range of infections in many 270 

different host species with important welfare and economic consequences. Here we report the identity 271 

of S. zooepidemicus isolates infecting dairy sheep and goats across Spain from 2003 to 2010 and 272 

provide one possible explanation for the dominance of ST-236 in this population. 273 

 274 

MLST of strains from sheep and goats across Spain identified 17 new STs and eBURST analysis 275 

identified three discrete clonal complexes consisting purely of isolates from this study. CC-236 alone 276 

accounted for 39 of the 60 isolates studied suggesting that there may have been gene gain or loss by 277 

this ST that has given it an advantage, enabling it to spread efficiently through the ruminant population 278 

of Spain. Our data could also be explained by a recent emergence of ST-236 although there does not 279 

appear to be a temporal increase in its prevalence during the seven-year study period (P = 0.685). 280 

Significantly more of the ovine isolates, 88 % (22/25), were CC-236 than any other CC compared to 281 

the caprine isolates where 49 % (17/35) were CC-236 (P = 0.0022). This could be explained by the 282 

relative ability of these strains to infect these two host species or the way in which the animals are 283 

housed, fed or mixed, permitting transmission. 284 

 285 

In the bovine pathogen S. uberis, nutritional flexibility has been identified as a major contributor to the 286 

success of strains in a variety of nutritionally constrained environments [19]. Having identified ST-236 287 

as a prevalent clone in the population we examined the ability of a representative strain, SzC7, to utilise 288 

a panel of 41 substrates compared to the genome sequenced strain SzH70. This identified arbutin as 289 

being utilized by SzC7, but not SzH70 and screening of a diverse panel of 187 S. zooepidemicus strains 290 

covering 129 STs revealed that all of CC-236 isolates tested (n = 38) but only one CC-254 isolate (n = 291 
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10) fermented arbutin. Arbutin fermentation was also infrequent in the wider population (isolates from 292 

8/129 STs tested were able to ferment arbutin). 293 

 294 

In order to identify genes or systems within the CC-236 isolates that confer the ability to utilise arbutin, 295 

we sequenced the genome of SzC7. This revealed the presence of a novel PTS, absent from the 296 

publically available complete genome sequences. The presence of this locus as determined by qPCR in 297 

the panel of 187 S. zooepidemicus strains correlated exactly with the ability to ferment arbutin. The 298 

presence of the novel PTS in all CC-236 isolates, but only one CC-254 isolate, suggests that, despite 299 

CC-236 and CC-254 sharing a more recent common ancestor than with the other strains of S. 300 

zooepidemicus included in the phylogenetic analysis, the acquisition of the PTS was a more recent 301 

genetic event. The CC-254 isolate (C25) that ferments arbutin and contains the arbutin PTS was 302 

isolated in Spain from a mastitic goat in 2008, five years after the first identified member of the CC-303 

236 cluster, and it is interesting to hypothesise that it may have acquired the locus from one of the 304 

concurrently circulating CC-236 isolates. 305 

 306 

Deletion of the novel PTS from SzC7 showed that it was essential for arbutin utilisation. Salicin 307 

utilisation was also significantly retarded, but sorbitol and cellobiose utilisation were unaffected. The 308 

structures of these sugars may be important to the function of the PTS as both arbutin and salicin 309 

contain a benzene ring. It is therefore possible that the utilisation of other sugars, e.g. populin and 310 

Benzoyl-beta-d-glucoside, with similar structures could also be affected. 311 

 312 

We propose that the acquisition of the SzC7 PTS was important for the adaptation of ST-236 to its 313 

ability to infect ruminants. It is interesting that this PTS appears to be linked to arbutin utilisation as its 314 

constituent genes are most similar to those from various E. faecalis strains, a gut pathogen. Arbutin, 315 

used commercially in the cosmetics industry for skin whitening and by some herbalists to treat urinary 316 
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tract infections, is prepared from the bearberry plant (Arctostaphylos uva-ursi). This plant is associated 317 

with dry, sandy or rocky soil, and is widespread across Spain, Italy and the Balkans where it may be 318 

grazed on by goats and sheep. Arbutin is also naturally found in wheat, potentially another important 319 

component of the ruminant diet. A strain able to utilise arbutin may therefore have had a competitive 320 

advantage over other strains unable to utilise this energy source. 321 

 322 

Strain H042604571 (ST-192), which tested positive for arbutin utilisation and for the PTS found in 323 

SzC7, was isolated from a human septicaemia case. There have been a number of cases of S. 324 

zooepidemicus infection in humans that have been traced to contaminated dairy products [14, 26]. 325 

Sampling and typing of human S. zooepidemicus isolates in Spain would conclude whether zoonotic 326 

transmission of ST-236 has occurred. Sampling of ruminants outside of Spain would also be 327 

enlightening as to the extent to which CC-236 has spread through the wider ruminant population and 328 

may be informative as to other factors, such as housing, climate or diet, which may influence its 329 

success. 330 

 331 

In conclusion, CC-236 strains were found to be prevalent in the goat and sheep population in Spain. 332 

Nutritional pathways/acquisition systems, shown to be important for the success of other streptococcal 333 

species, were examined in a representative ST-236 strain, SzC7, and a novel PTS identified. The PTS 334 

was essential for arbutin utilisation, a sugar naturally occurring in potential foodstuffs of ruminants. 335 

Although it remains to be determined if the acquisition of the PTS directly correlates with improved 336 

colonisation, persistence or survival, this evidence highlights one potential route by which CC-236 337 

isolates may have had a competitive advantage leading to their success. 338 
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   456 
Figure and Table legends 457 

 458 

Table 1 Substrate utilisation by S. zooepidemicus strains SzC7 and SzH70. Substrates utilised 459 

differentially are indicated by *. 460 

 461 

Figure 1 Neighbour-joining trees of S. zooepidemicus isolates based on concatenated MLST 462 

nucleotide sequence. 463 

A) Neighbour-joining tree of all concatenated MLST STs with complete profiles in the online database 464 

(http://pubmlst.org/szooepidemicus [last accessed 06/02/17). The branch containing Spanish isolates is 465 

indicated with a box. Tree rooted on S. uberis 0140J. Strains indicated with arrows have been fully 466 
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sequenced B) Expansion of the region of the neighbour-joining tree containing the Spanish caprine and 467 

ovine isolates and closely related STs (tree shown in linear format for ease of viewing). STs found only 468 

in the Spanish isolate collection in boxes, STs found within and outside the Spanish collection circled. 469 

Bootstrap values shown. The table indicates species associated with each ST.  470 

 471 

Figure 2 eBURST of S. zooepidemicus isolates based on concatenated MLST nucleotide sequence. 472 

 473 

Associated clonal complexes as determined by eBURST, purple lines indicate single-locus variants, 474 

light blue lines indicate double locus-variants, blue dots show predicted founder STs of clonal 475 

complexes and dot size increases with the number of isolates in the group (CC-236 n = 39, CC-254 n = 476 

13, CC-265 n = 4 – all Spanish caprine and ovine isolates). Study-specific STs are encircled and those 477 

with multiple STs are shown expanded and below.  478 

 479 

Figure 3 Genomic region encoding the novel SzC7 PTS. Artemis comparison tool alignment 480 

between SzC7 (top), SzH70 (middle) and SzMGCS10565 (bottom) of the region encoding the novel 481 

PTS acquired by SzC7. Blue and red blocks represent conserved regions within the sequences in the 482 

forward and reverse orientations respectively. 483 

 484 

Figure 4 Gene map of the PTS system acquired by SzC7. Percentage amino acid identities, species 485 

and predicted gene function to closest matches are indicated. Acquired PTS indicated by black arrows, 486 

flanking genes indicated by grey arrows. Accession numbers: licT transcriptional regulator 487 

(AGS46817), PTS system beta glucoside specific IIABC component (AGS46818), beta glucosidase 488 

(AGS46819) and phosphoglycerate mutase (AGS46820). 489 

 490 
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Figure 5 Utilisation of sorbitol, salicin, arbutin and cellobiose by SzC7 and SzC7ΔPTS. Optical 491 

densities of SzC7 and SzC7ΔPTS cultures as a result of utilisation of A) sorbitol, B) salicin, C) arbutin 492 

and D) cellobiose over time, 95 % confidence intervals shown. As sugars were utilised the pH reduced 493 

changing the broth cultures from purple to yellow, causing a corresponding reduction in OD at λ 590 494 

nm and increase in OD at λ 430 nm. Chemical structures of sugars are shown. ODs significantly 495 

different to wild type are shown, * indicates 0.001 < P < 0.05 and Δ indicates P <0.001. 496 

 497 

 498 

Table S1 Spanish S. zooepidemicus isolates analysed by MLST, data available on the MLST database 499 

(http://pubmlst.org/szooepidemicus). 500 

 501 

Table S2 S. zooepidemicus isolates tested by qPCR for the presence of the PTS like that found in SzC7 502 

and the ability to ferment arbutin. ND indicates not determined. Isolates from 8/129 STs tested were 503 

able to ferment arbutin. Study associated strains are shaded grey. 504 

 505 

Table S3 Summary of PTSs identified in genome sequenced S. equi and S. zooepidemicus strains. 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 
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Table 1 516 

Substrate SzH70 SzC7 
Arbutin * - + 

2-naphthyl-βD-galactopyranoside - - 
4-nitrophenyl-αD-galactopyranoside - - 

4-nitrophenyl-βD-galactopyranoside-2-CHA * ± - 
4-nitrophenyl-βD-mannopyranoside - - 

6-bromo-2-naphthyl-N-acetyl-βD-glucosaminide - - 
Cellobiose + + 
D-arabitol - - 

Dihydroxyacetone * ± - 
D-lactose + + 
D-maltose + + 
D-mannitol - - 

D-melezitose - - 
D-melibiose - - 
D-raffinose - - 

D-ribose - - 
D-saccharose + + 

D-sorbitol + + 
D-tagatose - - 
D-trehalose - - 

Fructose + + 
Galactose + + 
Glucose + + 
Glycerol - - 

Glycogen + + 
L-alanyl-L-phenylalanyl-L-proline-β-naphthylamide + + 

L-arabinose - - 
L-arginine + + 

L-glycyl-L-tryptophan-β-naphthylamide - - 
Mannose + + 

methyl-βD-glucopyranoside - - 
Pullulan + + 

pyroglutamic acid-β-naphthylamide - - 
resorufin-βD-galactopyranoside - - 
resorufin-βD-glucopyranoside - - 
resorufin-βD-glucuronideside + + 

Salicin + + 
sodium hippurate + + 
sodium pyruvate - - 

urea - - 
αcyclodextrin + + 

 517 
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