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ABSTRACT 30 

The skin and mucous membranes are the primary sites of Staphylococcus aureus 31 

colonization, particularly those of healthcare personnel and patients in long-term care 32 

centers. We found that S. aureus colonized with a higher abundance ratio on skins which 33 

had recovered from pressure injury than on normal skins in our earlier research on the 34 

skin microbiota of bedridden patients. Multilocus sequence typing (MLST) is useful tool 35 

for typing S. aureus isolated from clinical specimens. However, the MLST approach 36 

cannot be used in microbiota DNA owing to the contamination from other bacteria species. 37 

In this study, we developed multiplex-nested PCR method in determining S. aureus 38 

MLST in samples collected from human skins. The seven pairs of forward and reverse 39 

primers were designed in the upstream and downstream regions, which were conserved 40 

specifically in S. aureus. The first amplifications of the seven were conducted in a 41 

multiplex assay. The samples were diluted and applied to conventional PCR for MLST. 42 

We confirmed that the method amplified the seven allele sequences of S. aureus 43 

specifically in the presence of untargeted DNAs from human and other skin commensal 44 

bacteria. Using this assay, we succeeded the typing STs of S. aureus in the DNA samples 45 

which were derived from the skins healed from pressure injury. Peaks obtained by Sanger 46 

sequencing showed that each sample contained one ST, which were mainly categorized 47 
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into clonal complex 1 (CC1) or CC5. We propose that this culture-free approach may be 48 

used in detecting S. aureus in clinical specimens without isolation. 49 

 50 

 51 

KEYWORDS: Staphylococcus aureus, multilocus sequence typing, culture-free 52 

approach, clinical samples 53 

 54 

List of Abbreviations:  55 

CC, clonal complex; MLST, multilocus sequence typing; MRSA, methicillin-resistant S. 56 

aureus; NGS, New generation sequencing; PI, pressure injury; RPI, recurrent pressure 57 

injury; ST, sequence type. 58 

 59 

INTRODUCTION  60 

Staphylococcus aureus produces a wide range of extracellular proteins and 61 

polysaccharides that are linked to virulence (1, 2) This bacterium causes skin infections 62 

and foodborne disease in people, as well as sepsis in hospitals and nurseries (3) 63 

Colonization of S. aureus in humans is mostly seen in the nose cavity and is regulated by 64 

nasal microbiota (4). A high rate of S. aureus colonization has been reported in health 65 

care workers, persons who used needles regularly for drug injections, hospitalized 66 
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patients, and immunocompromised individuals (2, 5–7). Various reports have shown that 67 

long-term care facilities for the elderly, such as long-term care hospitals and nursing 68 

homes, pose as reservoirs for methicillin-resistant S. aureus (MRSA) (8–13). Senn et al. 69 

reported an outbreak of ST228 HA-MRSA at a long-term hospital (14). Despite its low 70 

colonization rate and low abundance in normal skin, it has been reported that S. aureus is 71 

responsible for about 80% of all skin and soft-tissue infections, whereas healthy skin does 72 

not suffer from the infection (2, 15–18). 73 

S. aureus is classified by using a variety of gene-based techniques which target 74 

agr (19), coa (20, 21), spa (22), PCR-based ORF typing (23, 24) and multilocus sequence 75 

typing (MLST) (25). The seven housekeeping genes, arcC, aroE, glpF, gmk, pta, tpi, and 76 

yqiL are used in the MLST of S. aureus. A recent study on S. aureus pan-genomes reported 77 

that core gene distributions are different among ST5, ST8, and ST22 (26). Sequence types 78 

(STs) which match the central genotype at four or more loci are known as clonal 79 

complexes (CCs) of S. aureus, unless they more closely match another central genotype 80 

(27).  81 

Although MLST is a useful tool for genotyping S. aureus, isolation was required 82 

in order to type S. aureus by the methods described above. Microbiota DNA samples, 83 

including S. aureus DNAs, were not available for the conventional MLST. Due to the 84 
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unavailability, it is difficult to analyze prevalence of STs in the microbiota DNA samples. 85 

In this study, we developed the multiplex-nested PCR assay which allows MLST from 86 

mixed genomic DNA samples such as DNA extracted from human skins. After the proof-87 

of-concept, we applied this assay for analysis of the prevalence and typed S. aureus 88 

colonized on skins healed from pressure injury (PI) by using the skin DNAs which had 89 

been utilized for skin microbiome analysis (28, 29). 90 

 91 

MATERIALS AND METHODS 92 

1. Bacteria culture collection 93 

S. aureus strain N315 (NCBI Reference Sequence: NC_002745.2) was provided 94 

by Dr. Keiichi Hiramatsu (30). S. caprae strain JMUB145 was isolated in the blood of a 95 

patient receiving chemotherapy for uterine cancer who had fever at Jichi Medical 96 

University Hospital in Japan (31). S. epidermidis JCM 2414 (ATCC 14990) and 97 

Pseudomonas aeruginosa JCM 6119 (ATCC 27853) were collected from the Japan 98 

Collection of Microorganisms, RIKEN BRC, which is a partner in National BioResource 99 

Project of the MEXT, Japan. Corynebacterium tuberculostearicum NBRC 113812 and 100 

Cutibacterium acnes NBRC 107605 (ATCC 6919) isolates were provided by the National 101 

Institute of Technology and Evaluation, Japan. S. aureus strain Cowan I (NCTC 8530) 102 
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was purchased from ATCC.   103 

S. aureus strain N315, S. caprae strain JMUB145, and S. epidermidis JCM 2414 104 

were cultured by using Todd-Hewitt broth (Becton and Dickinson, New Jersey, USA) 105 

containing 0.5% yeast extract (Becton and Dickinson); Pseudomonas aeruginosa JCM 106 

6119 in BBLTM Select APSTM LB broth (Becton and Dickinson). Further, 107 

Cutibacterium acnes NBRC 107605 and Corynebacterium tuberculostearicum NBRC 108 

113812 were cultured in modified Gifu Anaerobic Broth (GAM) broth (Nissui 109 

Pharmaceutical, Tokyo, Japan). 110 

 111 

2. Cell line and culture conditions 112 

The human keratinocyte cell line (HaCaT) was cultured in Dulbecco’s modified 113 

Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) 114 

which contains 8% fetal bovine serum (FBS; BIOSERA, Nuaille, France), 100 U/mL 115 

penicillin, 100 µg/mL streptomycin, and 250 ng/mL amphotericin B (FUJIFILM Wako 116 

Pure Chemical Corporation) at 37 °C under 5% CO2 atmosphere. 117 

3. DNA extraction 118 

Bacterial DNA was extracted by using the QIAamp DNA mini kit (Qiagen, 119 

Hilden, Germany) as per the manufacturer’s instructions. S. aureus, S. caprae, and S. 120 
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epidermidis were suspended in TE buffer and treated with lysostaphin (FUJIFILM Wako 121 

Pure Chemical Corporation) and lysozyme (FUJIFILM Wako Pure Chemical 122 

Corporation) at 37°C for one hour before the extraction. DNA from HaCaT cells was 123 

extracted as based on the manufacturer’s instructions by using the QIAamp UCP 124 

Pathogen Mini kit (Qiagen, Hilden, Germany). 125 

4. Skin samples from healthy subjects  126 

We swabbed an area of 5cm x 5cm, centered around 5cm from the elbow fossa 127 

on the forearms of three healthy subjects. Following the stirring of the cotton swabs in 128 

TE buffer and treatment with lysostaphin and lysozyme at 37°C for one hour, DNA (100 129 

µL) was extracted from them using a QIAamp DNA mini kit. Skin bacteria were also 130 

collected by swabbing, moved to Mannitol salt agar (Nissui Pharmaceutical) containing 131 

3% egg yolk, and cultivated for 48 h to examine whether the skin samples contain S. 132 

aureus.  133 

5. Skin samples recovered from pressure injury  134 

In our prior investigation, DNA of the skin which had recovered from pressure 135 

injury was obtained by wrapping the affected areas in breathable medical tape (4.0 × 5.0 136 

cm) with urethane adhesive (29, 32). The control samples of the healed skins were 137 

collected from opposite the healed site when the healed site was on a trochanter or 5 cm 138 
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superior to the healed skin on the sacrum or coccyx (32). The tapes were cut, suspended 139 

in TE, and treated with lysostaphin and lysozyme at 37°C for one hour. DNAs (200 µL) 140 

were extracted from them using a QIAamp DNA mini kit. 141 

6. Alignment of nucleotides 142 

S. aureus-specific regions around the seven alleles were detected by using 143 

genomic sequences of 20 S. aureus strains (two each of CC1, CC5, CC8, CC15, CC22, 144 

CC30, CC45, CC93, CC97, CC121) and two each of Mammaliicoccus lentus, M. sciuri, 145 

S. borealis, S. capitis, S. caprae, S. cohnii, S. epidermidis, S. equorum, S. hominis, S. 146 

lugdunensis, S. pasteuri, S. pettenkoferi, S. saprophyticus, S. warneri, and S. xylosus. The 147 

seven genes of S. aureus strain N315 (NC_002745.2) containing 300 bp upstream and 148 

300 bp downstream regions were used as queries. Homologous regions were searched by 149 

using BLASTn tool (33), extracted by SeqKit tool (34) and alignment was carried out 150 

using GENETYX software (GENETYX Corporation, Tokyo, Japan). The genome data 151 

were obtained from the pubMLST website (27) 152 

 153 

7. MLST typing 154 

A total of seven loci were used in S. aureus MLST (35, 36). The first PCR 155 

(multiplex PCR) was conducted using a Multiplex PCR Assay Kit (Takara Bio Inc., Shiga, 156 
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Japan). The seven primer pairs (each 0.2 μM) and 1 μL of DNA were added to the sample 157 

mixture (10 μL) (Table 1). The thermal cycles were as follows: one cycle at 94°C for 1 158 

min; 30 cycles of denaturing at 94°C for 30 sec; primer annealing at 55°C for 1 min; 159 

extension at 72°C for 1 min. After the final cycle, held at 72°C for 10 min and the PCR 160 

products were kept in a thermocycler at 4°C. PCR samples were diluted 50-fold and 161 

incubated with ExoSAP-IT (ThermoFisher SCIENTIFIC, MA, USA) at 37°C for 20 min 162 

and 80°C for 1 min. According to the previous report (25) with a slight modification, the 163 

second PCR (conventional MLST PCR) was performed with 1 μL of the ExoSAP-IT 164 

treated sample as a template and primers for MLST (0.2 μM each) using Tks Gflex™ 165 

DNA Polymerase (Takara Bio Inc., Shiga, Japan). The thermal cycles were as follows: 166 

one cycle at 94°C for 3 min, 30 cycles of denaturation at 94°C for 30 sec, primer annealing 167 

at 55°C for 1 min, and extension at 72°C for 1 min. In case that the second PCR failed 168 

(no band detected in electrophoresis), the first PCR was conducted by single plex PCR 169 

using only one pair of primers. The PCR samples were treated with ExoSAP-IT at 37°C 170 

for 20 min, and then Sanger DNA sequencing was performed using one of the primers of 171 

the second PCR. The pubMLST database provided allele counts, STs and CCs (27). 172 

8. Proof-of-concept 173 

DNA concentrations of bacterial and cell line samples were calculated by using 174 
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a Qubit assay kit (ThermoFisher SCIENTIFIC). For proof-of-concept, we prepared a 175 

reaction mixture which contains bacterial DNA (103 copies/μL/sample) except S. aureus, 176 

bacterial DNA with S. aureus, bacterial DNA except S. aureus and the human DNA (104 177 

copies/μL), or the bacterial DNAs with S. aureus and the human DNA. One microliter 178 

was applied to the first multiplex PCR.  179 

9. Ethical statement 180 

The Medical Ethics Committee of Kanazawa University gave approval for this 181 

investigation (for the bedridden patients, permission number 44, and for healthy 182 

volunteers, approval number 113825). The study was performed in compliance with the 183 

Helsinki Declaration and the Kanazawa University Microorganism Safety Management 184 

Regulations. 185 

 186 

RESULTS 187 

Primer design of first multiplex PCR 188 

In order to detect the ST of S. aureus in a mixed sample of DNA sample (Figure 189 

S1), PCR must target specific genomic regions that are located around the allele 190 

sequences for typing (Figure S2). We found that the DNA sequences of six housekeeping 191 

genes except the arcC gene of S. aureus have homology with those of other staphylococci 192 
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by multiple alignment of 20 S. aureus and 30 closely related species, indicating that the 193 

genes were not relevant to the target of the PCR. Instead, the S. aureus-specific regions 194 

were found in 300 bp upstream and downstream regions of each gene. The specific 195 

regions in their upstream and downstream were chosen as forward and reverse primer 196 

sequences, respectively (Figure S2). After a multiplex PCR using the seven pairs of 197 

primers, PCR products were diluted 50 times, treated with commercial exonuclease 198 

I/Shrimp alkaline phosphatase reagent (Exo-SAP-IT), and utilized as a template for 199 

nested PCR (conventional PCR for MLST) (27, 35). 200 

 201 

Specificity of amplification 202 

Using DNA from skin microbes such as S. aureus, S. caprae, S. epidermidis, P. 203 

aeruginosa, C. acnes, and C. tuberculostearicum, we tested the primers' specificity 204 

(Figure 1). In the absence of S. aureus DNA, none of the seven alleles were amplified by 205 

our multiplex-nested PCR, all of the bands were detected during electrophoresis when S. 206 

aureus DNA (103 copies in a reaction mixture) was present. We next investigated at how 207 

contamination with human DNA (104 copies in a reaction mixture) affects specificity 208 

since clinical specimens included human DNA. Although results showed that addition of 209 

human genomic DNA from HaCaT cells caused non-specific amplifications of glpF and 210 
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gmk fragments, Sanger sequencing for S. aureus MLST was successful for all seven allele 211 

sequences, showing that these non-specific amplifications did not interfere MLST. The 212 

amplification was successful using another S. aureus (ST30 type strain Cowan I) (Figure 213 

S3).  214 

 215 

Skin samples of healthy volunteers 216 

Skin DNA samples from three healthy volunteers were tested before clinical 217 

samples. The skin microbiome samples were collected by swabbing and used to extract 218 

DNA. All the alleles except a pta of volunteer #2 were amplified. Amplification of the 219 

aroE allele was weak when the #2 sample was used. These results indicated that the 220 

quantity of S. aureus is low. However, we cultivated the skin bacteria on mannitol salt 221 

agar plates and confirmed that all the three skin samples contained S. aureus. The 222 

amplification of pta allele of the #2 sample succeeded when the gene was amplified by 223 

single plex reaction using only the pair of pta primers (Figure S4), suggesting that the 224 

failure of the second PCR could be overcome via retrial of the first PCR using only one 225 

pair of primers. 226 

 227 

Typing of S. aureus in skins healed from pressure injury 228 
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Frequency of recurrent pressure injuries (RPIs) is much higher (25.9%) (30) to 229 

26.7% (29) compared with that of primary PI incidence (1.9%) (37). We assumed that the 230 

skin microbiome affects the physiology of PI-healed skins and has a role in recurrence. 231 

In our prior publication, eight of the 30 patients (26.7%) had RPI within six weeks (29). 232 

We extracted DNA from PI-healed skin samples. After excluding one RPI sample 233 

obtained immediately after bathing (RPI, N = 7; non-RPI, N=22), the 29 skin samples 234 

were analyzed for relative abundance ratios of Staphylococcus species at the collection 235 

time points using 16S rRNA metataxonomics and Staphylococcus-specific typing (28, 236 

38). Previously we found that relative abundance ratios of S. aureus were higher in the 237 

healed skins than normal skins at the collection time, and that two of the seven healed 238 

skins that later suffered from RPI were predominated by S. aureus at high ratio of more 239 

than 70% (28). In this study, we typed the seven healed and control skins. In comparison, 240 

seven non-RPI skins with a high S. aureus ratio were also typed. As a result, the typing 241 

for the 14 healed skins was successful (Table 2). CC1 or CC5 were found in the RPI group, 242 

whereas the non-RPI group comprised CC1, CC5, CC97, and new types. The non-RPI #3 243 

contained different CC between the healed and normal skins. Five of the 14 normal 244 

(control) skins were not typed due to a failure in tpi and/or yqi allele amplification. 245 
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Using multiplex/nested PCR, we found that S. aureus predominated in the two 246 

RPI samples (RPI #5 and #7) belonged to ST764 (CC5) and ST7910 (new) (CC1), 247 

respectively. The other five RPI healed skins were also dominated by CC1 or CC5. The 248 

typing also revealed that S. aureus on eight non-RPI healed skins belonged mostly to CC1 249 

or CC5, while CC97 predominated in one sample (non-RPI #3). Typing failed in the pta 250 

alleles of the one non-RPI control (normal) skins (#7), most likely due to a low 251 

abundance of S. aureus genome. 252 

 253 

 254 

DISCUSSION 255 

Nested PCR is utilized to increase the accuracy and sensitivity for pathogen 256 

detection in clinical samples. Hsu et al., tested several PCR-based methods and concluded 257 

that combination of nested-PCR and probe-based real time PCR showed best accuracy 258 

for Acanthamoeba genotyping (39). Sun et al., developed rapid and sensitive detection 259 

method of Mycobacterium tuberculosis based on hybridization of nested PCR products 260 

and their specific probes (40). The combination of multiplex and nested PCR has also 261 

found widespread use in pathogen detection. It has been reported that MLST with nested 262 

PCR of Trichomonas vaginalis was a sensitive typing method that could be used without 263 
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patient sample culture (41). FilmArray, an automated nested multiplex PCR System, has 264 

been used in several clinical facilities (42). In this study, we developed a multiplex-nested 265 

PCR method to determine ST of S. aureus in a DNA mixture (Figure S1). In the presence 266 

of additional skin commensal bacteria and human DNA, our PCR technique demonstrated 267 

specificity to all the seven allele sequences (Figures 1 and S3). We validated our 268 

procedure works for clinical samples by testing skin samples from healthy individuals 269 

(Figures 2 and S4). 270 

Next generation sequencing (NGS) is now mainstream for microbiome analysis. 271 

While shot-gun sequencing may reveal virulence factors in numerous bacteria, the costs 272 

are expensive. NGS-based 16S rRNA analysis, which targets amplified V3-V4 273 

hypervariable regions, may identify bacteria at genus level, such as Staphylococcus, but 274 

not at the species level. A recently developed novel amplicon NGS to categorize a genus 275 

into species, however this approach only targets one genus in each sequencing (38). 276 

Assembly of the two amplicon NGS data can detect relative abundance ratio of S. aureus 277 

cost-effectively. S. aureus may also be typed for MLST utilizing our multiplex-nested 278 

PCR.  279 

In this study, we examined STs of S. aureus colonized on the skins healed from 280 

PI (Table 2). As results, the STs were mainly categorized into CC1 or CC5. There is a 281 
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paper on MRSA epidemiology that covers CC1 and ST5 (43). CC1 has been mainly 282 

detected in livestock in many countries. Community-acquired MRSA (CA-MRSA) clone 283 

MW2/USA400 (ST1-SCCmecIV lineage) from the United States have emerged in 284 

hospitals worldwide. Recently, regional outbreaks of ST2425 (CC1)/t1784 MRSA strains 285 

were detected in Japan (44, 45) On the other hand, ST5 MRSAs, have been identified as 286 

both healthcare-associated MRSA (HA-MRSA) and livestock-associated MRSA (LA-287 

MRSA). ST5-SCCmecⅡ, which was previously referred as the New Yolk/Japan clone, 288 

is one of the most widely distributed lineages (35, 46). Previous epidemiological studies 289 

indicate spread of SCCmecⅡ ST764, a variant of the ST5 lineage, during nosocomial 290 

MRSA infection in Japan and Thailand (47-49). In this study, ST764 predominated on the 291 

healed skin of Patient #5 of RPI group with high abundance (=0.77). CA-MRSA and HA-292 

MRSA lineages were genetically distinct (50). Further research is required to determine 293 

the pathogenicity of the CC1 and CC5 S. aureus colonies found on the healed skins. 294 

There are some limitations on our study. Firstly, it remains unclear why different 295 

STs were detected among the healed and control skins from the skins of non-RPI #3, #4, 296 

and #5 (Table 2). Our Sanger sequencing results revealed that one kind of ST was found 297 

in each sample used in this study. However, it is possible that S. aureus of different STs 298 

may be mixed in the bacterial flora. In such case, NGS analysis would be required. We 299 
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can determine the proportion of STs of S. aureus present in the bacterial flora by adding 300 

adapter sequences to the primer sequences used for this study, creating a library, and 301 

running it through the NGS sequencer. Secondly, skin samples contain other bacterial 302 

DNA, human DNA, and contaminants, the amounts of which vary among individuals. 303 

Therefore, no uniform threshold can be established as to whether a skin sample is 304 

applicable to MLST of S. aureus. Thirdly, the current primer set failed to determine the 305 

S. aureus STs at a frequency of 21% (6 out of 28 skin samples) due to failure for four 306 

alleles such as gmk, pta, tpi, and yqiL (Table 2). Optimization of primer sequences for the 307 

first PCR may improve sensitivity of the approach.  308 

In conclusion, we created a culture-free MLST technique for the rapid detection 309 

of S. aureus using nested PCR. This approach provides sensitive and specific typing, 310 

allowing direct patient materials to be typed. 311 

 312 
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 337 

FIGURE LEGENDS 338 

Figure 1. Proof-of-concept using DNA samples of bacteria and human. Agarose gel 339 

electrophoresis of the second PCR products of multiplex/MLST PCR. The first multiplex 340 

PCR was performed under the four experimental conditions with different templates to 341 

be utilized. Lane 1: DNA mixture of five bacteria (each 103 copies of Staphylococcus 342 

caprae, Staphylococcus epidermidis, Pseudomonas aeruginosa, Cutibacterium acnes and 343 

Corynebacterium tuberculostearicum) in a reaction mixture. Lane 2: DNA mixture of the 344 

five bacteria (each 103 copies) and S. aureus strain N315 (each 103 copies). Lane 3: 345 

HaCaT cells (104 copies in a mixture) and the five bacteria (each 103 copies). Lane 4: 346 

DNA mixture of HaCaT cells (104 copies), the five bacteria (each 103 copies), and S. 347 

aureus strain N315 (each 103 copies). The second PCR was conducted using Tks Gflex 348 

DNA Polymerase as described in the Materials and Methods.  349 

 350 

Figure 2. Preliminary test using the skin samples of three healthy volunteers. 351 

Agarose gel electrophoresis of the second PCR products of multiplex/MLST PCR. The 352 

skin samples were obtained from the three healthy volunteers by swabbing their forearms, 353 
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followed by DNA extraction (Materials and Methods). The first multiplex PCR was 354 

performed using one microliter of the extracted DNA solution.  355 

 356 

Figure S1. Graphical abstract of our developed MLST. 357 

 358 
Figure S2. Alignment of the seven genes.  359 

 360 

Figure S3. Proof-of-concept using DNA samples of bacteria, human, S. aureus strain 361 
Cowan I (ST30). Agarose gel electrophoresis of the second PCR products of 362 
multiplex/MLST PCR. The first multiplex PCR was performed using DNA mixture of 363 
HaCaT cells (104 copies), the five bacteria (each 103 copies), and S. aureus strain Cowan 364 
I (ST30) (each 103 copies). After ExoSAP-IT treatment and 50-fold dilution, the second 365 
PCR was conducted using Tks Gflex DNA Polymerase as described in the Materials and 366 
Methods.  367 

 368 

Figure S4. Amplification of the pta allele using the healthy volunteer #2. Agarose gel 369 
electrophoresis of the second PCR products of the pta allele. The first single-plex PCR 370 
was performed using the pair of tpi primers with Tks Gflex DNA Polymerase or Multiplex 371 
PCR Assay Kit. After ExoSAP-IT treatment and 50-fold dilution, the second PCR was 372 
conducted using Tks Gflex DNA Polymerase as described in the Materials and Methods.  373 

 374 
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Table 1. Primers utilized in this study.  
Genes   1st multiplex PCR (This study) Sizes (bps) 2nd nested PCR (Previous studies) (25) Sizes (bps) 

arcC Forward 5'-AACTTGGCCTTTCGTATAATGTCTGAC-3' 1405 5'-TTGATTCACCAGCGCGTATTGTC-3' 456 
 Reverse 5'-GCTATATGGCTTATATATGCAGCAGG-3'  5'-AGGTATCTGCTTCAATCAGCG-3'  

aroE Forward 5'-TTCGTTGATACCGCCTTTTCCA-3' 1128 5'-ATCGGAAATCCTATTTCACATTC-3' 456 

  Reverse 5'-TATGGCGTAATCAACTTGGCGA-3'   5'-GGTGTTGTATTAATAACGATATC-3'   

glpF Forward 5'-ACTGCTAGTGTAGGAATCTCTTTRT-3' 968 5'-CTAGGAACTGCAATCTTAATCC-3' 465 
 Reverse 5'-ATCGCTAACCCATTGTACAAAATC-3'  5'-TGGTAAAATCGCATGTCCAATTC-3'  

gmk Forward 5'-ATGGCATGCAATTTCAAATATGC-3' 1011 5'-ATCGTTTTATCGGGACCATC-3' 417 

  Reverse 5'-CATAGGTGCGTTTGATTTGGAT-3'   5'-TCATTAACTACAACGTAATCGTA-3'   

pta Forward 5'-CAGTGACAAGTGCATCGCGTTCGT-3' 1521 5'-GTTAAAATCGTATTACCTGAAGG-3' 474 
 Reverse 5'-TGGCATTATAACCAATCTCATTC-3'  5'-GACCCTTTTGTTGAAAAGCTTAA-3'  

tpi Forward 5'-TGATAGTTTAAAGTGATGTGGCATG-3' 1063 5'-TCGTTCATTCTGAACGTCGTGAA-3' 402 

  Reverse 5'-GTTACCCATTTGTCCTTCAGGT-3'   5'-TTTGCACCTTCTAACAATTGTAC-3'   

yqiL Forward 5'-GGATGTTAGTGGCGTATTGGTTC-3' 1554 5'-CAGCATACAGGACACCTATTGGC-3' 516 

  Reverse 5'-CATTCGATACCGATGCATCTGTGG-3'   5'-CGTTGAGGAATCGATACTGGAAC-3'   

 



Table 2. MLST of skins healed from pressure injury and control (normal) skins 
RPI group  Sample ID Specimen arcC aroE glpF gmk pta tpi yqi MLST Clonal complex Abundance ratio* 

RPI group   1 healed skin 1 4 1 4 12 1 10 ST5 CC5 0.0042  

   control skin 1 4 1 N.D. 12 N.D. N.D. Detection failure  Detection failure  0.0023  

  2 healed skin 1 4 1 1 1 1 1 ST7908 CC1 0.0048  

   control skin 1 4 546 4 12 535 N.D. Detection failure Detection failure 0.0047  

  3 healed skin 1 1 1 19 1 1 1 ST7909 CC1 0.4882  

   control skin 1 4 1 14 12 N.D. 1 Detection failure Detection failure 0.1011  

  4 healed skin 1 4 1 15 12 1 10 ST7982 CC5 0.0072  

   control skin 1 4 1 72 12 1 10 ST774 CC5 0.0117  

  5 healed skin 1 136 1 4 12 1 10 ST764 CC5 0.7746  

   control skin 1 4 1 4 12 N.D. 10 Detection failure Detection failure 0.0084  

  6 healed skin 1 1 1 4 1 1 656 ST4956 CC1 0.0105  

   control skin 1 1 1 4 1 N.D. 1 Detection failure Detection failure 0.0321  

  7 healed skin 1 1 1 97 1 1 883 7910 CC1 0.7858  

    control skin 1 4 1 1 1 724 10 402 CC1 0.0067  

non-RPI group 1 healed skin 27 1 1 1 1 1 13 ST7911 CC1 0.8418  

   control skin 1 1 1 1 1 324 1 ST7916 CC1 0.6011  

  2 healed skin 1 1 1 1 1 1 1 ST1 CC1 0.2484  

   control skin 1 1 1 97 1 324 1 ST7917 CC1 0.8195  

  3 healed skin 3 1 1 1 1 862 3 ST7912 CC97 0.7503  



   control skin 12 4 1 4 12 324 10 ST7918 CC5 0.0269  

  4 healed skin 623 1 1 2 10 26 897 ST7913 - 0.6546  

   control skin 23 32 1 2 10 324 11 ST7920 - 0.3077  

  5 healed skin 3 35 19 89 20 26 462 ST7914 - 0.5856  

   control skin 1 4 750 23 20 324 10 ST7921 - 0.0839  

  6 healed skin 1 4 1 4 12 1 1 ST83 CC5 0.1247  

   control skin 1 4 1 455 12 324 10 ST7922 CC5 0.0232  

  7 healed skin 1 1087 1 169 1 1 10 ST7915 CC1 0.0522  

   control skin 1 45 893 4 N.D. 324 10 Detection failure Detection failure 0.0135  

*The abundance ratios of S. aureus were calculated in our previous study (28). 
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Figure S1. Graphical abstract of our developed MLST. 

 
 
Figure S2. Alignment of the seven genes: Please see the other supplementary material.  
 
 

 

Figure S3. Proof-of-concept using DNA samples of bacteria, human, S. aureus strain 
Cowan I (ST30). Agarose gel electrophoresis of the second PCR products of 
multiplex/MLST PCR. The first multiplex PCR was performed using DNA mixture of 
HaCaT cells (104 copies), the five bacteria (each 103 copies), and S. aureus strain Cowan 
I (ST30) (each 103 copies). After ExoSAP-IT treatment and 50-fold dilution, the second 
PCR was conducted using Tks Gflex DNA Polymerase as described in the Materials and 
Methods.  
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Figure S4. Amplification of the pta allele using the healthy volunteer #2. Agarose gel 
electrophoresis of the second PCR products of the pta allele. The first single-plex PCR 
was performed using the pair of tpi primers with Tks Gflex DNA Polymerase or Multiplex 
PCR Assay Kit. After ExoSAP-IT treatment and 50-fold dilution, the second PCR was 
conducted using Tks Gflex DNA Polymerase as described in the Materials and Methods.  
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