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Abstract 29 

The arginine catabolic mobile element (ACME) was first described in the methicillin-30 
resistant Staphylococcus aureus strain USA300 and is thought to facilitate survival on skin. 31 
To date three distinct ACME types have been characterized comprehensively in S. aureus 32 
and/or Staphylococcus epidermidis. Type I harbors the arc and opp3 operons encoding an 33 
arginine deaminase pathway and an oligopeptide permease ABC transporter, respectively, 34 
type II harbors the arc operon only, and type III harbors the opp3 operon only.  35 

To investigate the diversity and detailed genetic organization of ACME, whole genome 36 
sequencing (WGS) was performed on 32 ACME-harboring oro-nasal S. epidermidis isolates 37 
using MiSeq- and PacBio-based WGS platforms. In nine isolates the ACMEs lacked the opp3 38 
operon, but harbored a complete kdp operon (kdpE/D/A/B/C) located a maximum of 2.8 kb 39 
upstream of the arc operon. The kdp operon exhibited 63% DNA sequence identity to the 40 
native S. aureus kdp operon. These findings identified a novel, previously undescribed 41 
ACME type (designated ACME IV), which could be subtyped (IVa and IVb) based on 42 
distinct 5′ flanking direct repeat sequences (DRs).  43 

Multilocus sequence typing (MLST) sequences extracted from the WGS data identified the 44 
sequence types (STs) of the isolates investigated. Four of the nine ACME IV isolates 45 
belonged to ST153, and one to ST17, a single locus variant of ST153. 46 

A tenth isolate, identified as ST5, harbored another novel ACME type (designated ACME V) 47 
containing the kdp, arc and opp3 operons and flanked by DR_F, and DR_B but lacked any 48 
internal DRs. ACME V was colocated with a staphylococcal chromosome cassette mec 49 
(SCCmec) IV element and Clustered Regularly Interspaced Short Palindromic Repeats 50 
(CRISPR) in a 116.9 kb composite island.  51 

The extensive genetic diversity of ACME in S. epidermidis has been further elucidated by 52 
WGS, revealing two novel ACME types IV and V for the first time.  53 

 54 

Keywords: ACME, Staphylococcus epidermidis, kdp operon, arc operon, opp3 operon, oral 55 

cavity. 56 

57 
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1 Introduction 58 

The arginine catabolic mobile element (ACME) was first described in the methicillin-59 
resistant Staphylococcus aureus (MRSA) strain USA300 and is thought to contribute to the 60 
transmission, colonization and persistence of this pathogen on human skin (Diep et al., 2008; 61 
Planet et al., 2013). Like the staphylococcal chromosomal cassette mec (SCCmec) element, 62 
ACME integrates into the staphylococcal chromosomal orfX locus using the attB attachment 63 
site and is flanked by direct repeat sequences (DRs) at integration sites. Like SCCmec, 64 
ACME is thought to have originated in coagulase negative staphylococci (CoNS), 65 
specifically Staphylococcus epidermidis, in which the prevalence and diversity of both 66 
SCCmec and ACME is significantly greater than in S. aureus. In many cases, these ACMEs 67 
also contain internal DRs, indicating that these elements are assembled in a stepwise, 68 
modular manner (Thurlow et al., 2013).  69 

To date, three distinct ACME types have been characterized in detail; type I harbors both the 70 
arc and opp3 operons which encode an arginine deaminase pathway and an oligopeptide 71 
permease ABC transporter, respectively, type II harbors the arc operon only, and type III 72 
harbors the opp3 operon only. ACME types I and II and variants thereof have been described 73 
in S. aureus (Diep et al., 2006; Rolo et al., 2012; Shore et al., 2011) and all three ACME 74 
types and variants thereof have been described in S. epidermidis (Barbier et al., 2011; 75 
McManus et al., 2017; Miragaia et al., 2009; Onishi et al., 2013; Soroush et al., 2016). 76 
ACME variants have been described in S. epidermidis based on distinct PCR-based scanning 77 
patterns of 30 overlapping segments of DNA sequence, 1-2 kb in size (Miragaia et al., 2009). 78 
Additional studies have identified distinct ACME-arc and ACME-opp3 allotypes by PCR-79 
based amplification and DNA sequence analysis of the ACME-arcA and -opp3AB genes 80 
(Barbier et al., 2011), respectively. Other studies identified distinct, truncated variants of 81 
ACME type I (designated types Δ1.1-3) and ACME type II (designated type ΔII) in S. 82 
epidermidis and MRSA, using PCR-profiling and Sanger-based sequencing. These truncated 83 
variants of ACME were based on variations in the nucleotide sequence of the regions 84 
surrounding the arc and opp3 operons or of the opp3 operon itself (Onishi et al., 2013; 85 
Urushibara et al., 2016). 86 

The importance of S. epidermidis as a causative agent of various community acquired 87 
diseases and infections associated with indwelling medical devices is being increasingly 88 
recognised and in this context, ACME likely plays a significant role in successful host 89 
colonization and the potential accumulation and spread of genes encoding antimicrobial 90 
resistance. Furthermore, the evolution of ACME in S. epidermidis could have important 91 
consequences for the epidemiology of S. aureus due to the capability of this species to serve 92 
as a genetic reservoir for S. aureus. 93 

As part of a larger study investigating the prevalence and structural diversity of ACME, 32 94 
oro-nasal S. epidermidis isolates recovered from orally healthy patients with or without dental 95 
implants, and from patients with periodontal disease or peri-implantitis, in which ACME was 96 
detected using ACME-arc- and ACME-opp3- specific primers, as previously described 97 
(McManus et al., 2017) were further characterized using whole genome sequencing (WGS). 98 
This was undertaken to elucidate the detailed genetic organization and diversity of these 99 
ACMEs, as such investigations may yield new insights into the evolutionary origins and 100 
spread of each ACME type. Analysis of the WGS data revealed a structurally unique group 101 
of ACMEs which consistently harbored a kdp operon encoding a ABC transporter upstream 102 
and adjacent to the arc operon in 10 S. epidermidis isolates, which indicated that these 103 
ACMEs represented highly distinct, previously undescribed ACME types. In addition, the 104 
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presence of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) were 105 
identified downstream of the kdp and arc operons in one of these isolates. 106 

2 Materials and Methods 107 

2.1 Isolates  108 

The isolates investigated in this study were recovered from nasal swabs, subgingival sites or 109 
oral rinse samples taken by qualified Dentists from patients attending the Dublin Dental 110 
University Hospital, Ireland. Ethical approval was granted by the Faculty of Health Sciences 111 
Ethics Committee of Trinity College Dublin in February 2014. 112 

Subgingival sites were sampled by inserting a PerioPaperTM gingival fluid collection strip 113 
(Oroflow Inc., NY, USA) into the subgingival crevice for 30 s. Following sampling the 114 
collection strips were placed in sterile 2 ml screw-capped tubes (Sarstedt AG & Co., 115 
Numbrecht, Germany) containing 1 ml of nutrient broth (Oxoid Ltd., Hampshire, UK). Oral 116 
rinse samples were collected by providing participants with sterile 100 ml 117 
polypropylene containers (Sarstedt AG & Co., Wexford, Ireland) containing 25 ml sterile 118 
phosphate buffered saline and instructing participants to rinse their mouths for 30 s before 119 
returning the fluid to the container. Following sampling, all samples were transported 120 
immediately to the microbiology laboratory and processed within 4 h.  121 

Vials containing PerioPaperTM strips suspended in nutrient broth were vortexed at maximum 122 
speed for 1 min and 100 µl aliquots of the resulting cell suspension were plated onto mannitol 123 
salt agar and SaSelect (Bio-Rad, Hertfordshire, United Kingdom) agar. Oral rinse samples 124 
were processed by transferring a 1 ml aliquot to a sterile 1.5 ml Eppendorf Safe-lockTM 125 
microfuge tube (Eppendorf, Hamburg, Germany) and centrifuged at 20,000 x g for 1 min, 126 
after which the supernatant was discarded and the pellet resuspended in 200 µl nutrient broth. 127 
To isolate staphylococcal colonies, 100 µl aliquots of this cell suspension were plated on 128 
mannitol salt agar and SaSelect, both of which were incubated at 37°C for 48 h in a static 129 
incubator (Gallenkamp, Leicester, United Kingdom).  130 

Bacterial isolates were cultured on Columbia blood agar (Fannin Ltd., Dublin, Republic of 131 
Ireland) at 37oC for 48 h prior to identification by Matrix Assisted Laser Desorption 132 
Ionization Time-of-Flight (MALDI-TOF) technology using the VITEK® MS system 133 
(bioMérieux, Marcy L’Etoile, France) according to the manufacturer’s instructions. All 134 
isolates were stored on Microbank™ storage beads (Pro-lab diagnostics, Cheshire, UK) at -135 
80oC. 136 

2.2 Whole Genome Sequence Analysis 137 

The genome sequence of 32 isolates, selected as representatives of different patients, patient 138 
groups, oro-nasal sample sites and each previously described ACME type was determined 139 
using a MiSeq sequencer (Illumina, Essex, United Kingdom). One additional isolate was 140 
sequenced using a Pacific Biosciences (PacBio) RS sequencing platform (CA, USA) at an 141 
average coverage of 302x with subsequent Hierarchal Genome Assembly Process (HGAP.3) 142 
analysis (The Genome Analysis Centre [TGAC], Norwich, United Kingdom). Genomic DNA 143 
extraction and library construction was performed as previously described (Earls et al., 2017).  144 

For each isolate, reads were checked for quality and then aligned to a selection of ACMEs 145 
and SCCmec elements previously characterized in S. aureus and S. epidermidis (Diep et al., 146 
2006; McManus et al., 2017; Zhang et al., 2003) in order to select the most appropriate 147 
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reference ACME type to use as a scaffold. This was performed using the Burrows-Wheeler 148 
aligner (BWA) tool in SPAdes version 3.6 (http://cab.spbu.ru/software/spades/). Following 149 
these analyses, the ACME I sequence from MRSA USA300 strain FPR3757 (GenBank 150 
accession number CP000255.1) was selected as the most appropriate scaffold for isolates 151 
harboring both the ACME-arc and ACME-opp3 genes and the ACME II sequence from S. 152 
epidermidis strain ATCC12228 (GenBank accession number AE015929) was selected as the 153 
most appropriate scaffold for ACMEs harboring only the ACME-arc genes.  154 

For each isolate, contigs were generated by BWA assembly and aligned to the most 155 
appropriate reference scaffold. Contigs containing sequences previously associated with 156 
SCCmec or ACME were selected and annotated using the BioNumerics Genome Analysis 157 
Tool (GAT) plug-in version 7.6 (Applied Maths, Sint-Martens-Latem, Belgium). For each 158 
isolate investigated, ACME–associated genes were identified on between one and six 159 
separate contigs (Table 1). These contigs were organized and reorientated as appropriate 160 
using the relevant ACME scaffold and Artemis sequence viewer (Berriman and Rutherford, 161 
2003) and Artemis Comparison Tool (Carver et al., 2005). Further annotation was carried out 162 
using BLAST software (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  163 

In order to confirm the genetic organization and orientation of contigs, primers were designed 164 
using the Artemis sequence viewer (Berriman and Rutherford, 2003) that targeted a minimum 165 
distance of 200 nucleotides from the contig boundaries. The target specificity of primers was 166 
confirmed using BLAST software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Supplementary 167 
Table S1). All primers were supplied by Sigma-Aldrich Ltd. (Wicklow, Republic of Ireland). 168 
Amplification products were subjected to Sanger-based sequencing carried out commercially 169 
by Source BioScience (Waterford, Republic of Ireland).  170 

2.3 Multilocus Sequence Typing (MLST) 171 

The sequence type (ST) of each isolate was determined by submitting the relevant genomic 172 
regions (Thomas et al., 2007) to the S. epidermidis MLST online database 173 
(https://pubmlst.org/sepidermidis/). 174 

2.4 Nucleotide sequence accession numbers 175 

The nucleotide sequences of the nine ACME type IVs characterized have been submitted to 176 
GenBank under the accession numbers MG787414 - MG787422 (Table 1). The nucleotide 177 
sequences of the ACME type V characterized has been submitted to GenBank under the 178 
accession number MG787423. 179 

3 Results 180 

3.1 Identification of previously described ACME types 181 

The ACMEs harbored by 22 isolates investigated encoded only the arc and/or opp3 operons 182 
indicative of the previously described ACME types I, II and III and have not been further 183 
described in the present study. 184 

3.2 Identification and molecular characterization of ACME IV 185 

Analysis of WGS data revealed that nine of the 32 S. epidermidis isolates sequenced harbored 186 
ACMEs encoding a kdp operon and the arc operon, but lacking the opp3 operon. All nine 187 
isolates lacked the mecA gene, however, in six of these isolates (33BR, 120PPC, I9OR1, 188 
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I14OR4, PS21NS and PS30PH), additional genes such as sdrH, speG or SCC-associated 189 
genes were identified upstream of ACME (Figure 1). In each of the nine ACMEs 190 
characterized, the kdp operon was located adjacent to the arc operon, separated by a 191 
maximum of 2.8 kb. In contrast, the arc and opp3 operons in ACME I are separated by 11.5 192 
kb (Diep et al., 2006). Based on the presence of the kdp operon directly adjacent to the arc 193 
operon, and the lack of the opp3 operon in these ACMEs, we propose that these novel 194 
ACMEs be distinguished as ACME type IV, corresponding to the previously described 195 
ACME II, but recognizing the presence of the additional kdp operon. The structural 196 
organization of the composite island including ACME IV was identical in isolates 120PPC, 197 
I9OR1, I14OR1 and these composite islands encoding ACME exhibited >99.9% nucleotide 198 
sequence identity to each other (Figure 1).  199 

The ACME IVs could be divided into two distinct subtypes (IVa and IVb) based on the 200 
distinct combinations of flanking DRs. In eight of these nine isolates, ACME IVa was 201 
demarcated by DR_B and DR_C, and in the remaining isolate, ACME IVb was demarcated 202 
by DR_F and DR_C (Table 2 and Figure 1). An internal DR_G was identified within the 203 
ACME of all nine isolates (Figure 1), correlating with the presence of DR_G within the 204 
reference ACME II previously described in S. epidermidis (GenBank accession AE015929) 205 
but absent in the reference ACME I from S. aureus (GenBank accession CP000255.1).  206 

The ST of each isolate was determined from the WGS data (Table 1). Four of the nine 207 
isolates harboring ACME IV belonged to ST153, and one belonged to ST17, which was a 208 
single locus variant of ST153 and differed by a single nucleotide in the arcC MLST locus, 209 
even though the nine isolates were recovered from separate patients from three distinct 210 
patient groups.  211 

3.3 Identification and molecular characterization of ACME V 212 

The final ACME-positive isolate investigated (PS19PH) was methicillin-resistant and 213 
harbored the kdp, arc and opp3 operons alongside SCCmec IV (Table 1 and Figure 2). 214 
Similar to ACME IV, the kdp operon was located directly adjacent to the arc operon, 215 
separated by 2.5 kb. The opp3 operon was located 2.5 kb downstream of the arc genes 216 
(Figure 2). Based on the presence of the arc and opp3 operons in addition to the kdp operon, 217 
we propose that this novel ACME be designated as ACME type V (Figure 2). The ACME 218 
from PS19PH was part of a 116.9 kb composite island, which consisted of a SCCmec IV 219 
module, the ACME V module and a CRISPR module which was separated from a copA gene 220 
and ars operon (Figure 2) by DR_G. All of these modules were identified on the same contig 221 
following WGS using the PacBio platform and structures were confirmed by PCRs using 222 
primers specific for each distinct genomic region (Supplementary Table S1).  223 

The CRISPR sequence was identified downstream of ACME V, separated by two sets of DRs 224 
(Figure 2), DR_B and DR_L (Table 2). The CRISPR element identified within isolate 225 
PS19PH harbored the caspase-encoding genes cas1 and cas2, and exhibited 99% DNA 226 
sequence homology with that previously identified in S. epidermidis isolates RP62A (Gill et 227 
al., 2005) and SE95 (Genbank accession number CP024437.1) and 92% DNA sequence 228 
identity with CRISPRs identified in other CoNS species. Interestingly, DR_G, which is also 229 
present within ACME IV, was identified between the CRISPR-encoding module and the 230 
module harboring the copA and ars genes encoding resistance to heavy metals (Figure 2). 231 

 232 
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3.4 The kdp operon  233 

In all ten isolates characterized in detail in the present study, the complete kdp operon was 234 
consistently detected upstream of the arc operon separated by a maximum distance of 2.8 kb. 235 
The kdp genes detected in ACME IV and V exhibited 75% DNA sequence identity and the 236 
same gene orientation and synteny to the corresponding kdp operon previously described in 237 
SCCmec II in MRSA and S. epidermidis (Gill et al., 2005; Ito et al., 1999), as well as 63% 238 
DNA sequence identity to the native kdp operon in S. aureus (GenBank accession number 239 
CP000253.1 and GenBank accession number BA000017.4). The kdp genes harbored by 240 
ACME exhibited an average amino acid identity of 61.9% with the corresponding five amino 241 
acid sequences previously described for the native kdp operon of S. aureus (GenBank 242 
accession number BA000017.4).  Similarly, the kdp genes harbored by ACME exhibited an 243 
average amino acid identity of 79.0% to those previously described in SCCmec II (Gill et al., 244 
2005; Ito et al., 1999). 245 

The frameshift mutation previously identified in the kdpA homologue described in SCCmec 246 
II (Ito et al., 1999), was not detected in any of the isolates harboring ACME IV in the present 247 
study, however, a point mutation was identified at position +1360 of the kdpA ORF harbored 248 
by ACME V, resulting in a premature stop codon and the truncation of the encoded 249 
potassium binding and transporting protein. With the exception of this point mutation in the 250 
kdpA gene harbored by ACME V, the kdp operon was well conserved among the S. 251 
epidermidis isolates investigated here, exhibiting >99.4% nucleotide identity for each kdp 252 
gene.  253 

A native kdp operon could not be detected in the WGS data obtained from the 10 S. 254 
epidermidis isolates investigated. These investigations were carried out using BLAST 255 
searches based on DNA sequences from both the native and SCCmec kdp operons of S. 256 
aureus and the ACME kdp operon of S. epidermidis. 257 

4 Discussion  258 

This study identified the existence of and characterized the genetic organization of two novel 259 
ACME types, designated IV and V, in oro-nasal S. epidermidis isolates for the first time 260 
using WGS. All novel ACMEs characterized in this investigation harbored the kdp operon 261 
(kdpE/D/A/B/C) which was consistently located a maximum distance of 2.8 kb upstream of 262 
the arc gene cluster (Figures 1 and 2). The kdp operon encodes a potassium transporter 263 
system that is composed of the KdpDE two-component system and the transporter 264 
components KdpABC. In S. aureus, the native kdp operon has been identified in addition to 265 
other potassium uptake systems and determined to be fully functional (Price-Whelan et al., 266 
2013; Xue et al., 2011). It encodes a high-affinity multicomponent transporter that is strongly 267 
induced in conditions of high osmolarity and likely contributes to the osmotolerance of S. 268 
aureus, enabling this species to survive and grow on human skin. Furthermore, previous 269 
research suggests that in S. aureus, kdpE encodes a DNA-binding protein that likely acts as a 270 
method of global transcriptional regulation for a multitude of virulence genes, thus 271 
potentially contributing to the pathogenesis of staphylococcal infection (Xue et al., 2011). A 272 
second kdp operon exhibiting approximately 63% nucleotide sequence identity to the native 273 
S. aureus kdp operon has been observed within SCCmec type II elements in both MRSA and 274 
S. epidermidis, and has therefore been previously associated with mobile genetic elements 275 
integrated at orfX (Gill et al., 2005; International Working Group on the Classification of 276 
Staphylococcal Cassette Chromosome, 2009). The kdp operon harbored by ACME exhibited 277 
an average amino acid sequence identity of 61.9% and 79.0% with the native S. aureus kdp 278 
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operon and the kdp operon harbored by SCCmec II, respectively. Based on this relatively low 279 
level of amino acid homology, it is unlikely that the ACME kdp operon is derived from either 280 
of these two potential sources. We suggest that the true origin of the kdp operon described in 281 
the present study is likely another coagulase negative staphylococcal species.  282 

Previous studies have also revealed the colocation of SCCmec IV with ACME I in the 283 
MRSA_USA300 strain FPR3757 (Diep et al., 2006), however the DR that separated SCCmec 284 
IV from ACME I (DR_I, Table 2) in the USA300 MRSA strain FPR3757 differed from the 285 
DR identified in the present study in S. epidermidis PS19PH  between SCCmec IV and 286 
ACME V (DR_F, Table 2). These findings suggest that the colocation of SCCmec IV and 287 
ACME V in S. epidermidis isolate PS19PH arose from a distinct process to that of SCCmec 288 
IV and ACME I in MRSA USA300.  289 

In the present investigation, we identified two distinct ACME IV subtypes, IVa and IVb, 290 
based on the detection of distinct DRs flanking these ACMEs. As DRs play a crucial role in 291 
the stepwise, modular-based assembly and evolution of ACMEs, we believe that assigning 292 
subtypes based on these DRs is appropriate and comparable to the use of joining regions in 293 
the definition of SCCmec subtypes (International Working Group on the Classification of 294 
Staphylococcal Cassette Chromosome, 2009).  295 

The copA and ars genes have been identified adjacent to DR_G upstream of ACME III in 296 
previously characterized composite islands in S. epidermidis (McManus et al., 2017), further 297 
highlighting the potential ability of ACME to accumulate antimicrobial resistance-encoding 298 
genes (Diep et al., 2006; McManus et al., 2017). Furthermore, the arrangement of these genes 299 
downstream of ACME V and CRISPR in the composite island harbored by isolate PS19PH to 300 
the alternative location previously reported in ACME III is in agreement with previous 301 
investigations that suggested ACME typically evolves in a stepwise, modular-based method 302 
(Thurlow et al., 2013). 303 

The CRISPR element is an array of multiple short DRs separated by comparatively short 304 
segments of DNA accompanied by CRISPR-associated (cas) genes encoding caspases. In 305 
combination, this constitutes a prokaryotic defense mechanism against foreign DNA. The 306 
prevalence of CRISPR in S. epidermidis is rare, detected in less than 10% of isolates (Rossi 307 
et al., 2017), however it has previously been detected downstream of an SCCmec II element 308 
in S. epidermidis (Gill et al., 2005), and associated with composite islands in specific lineages 309 
of MRSA (Kinnevey et al., 2013). 310 

Interestingly, five of the nine isolates that harbored ACME IV were identified as ST153 or as 311 
single locus variants of this ST (Table 1). To date, only three other ST153 isolates have been 312 
identified in the S. epidermidis MLST database, one of which was another oral isolate from a 313 
patient in Ireland (MLST database accessed 6th February 2018). It is possible that the 314 
origin(s) of ACME IV is linked with this lineage, reflecting the findings of a previous study 315 
that indicated that the origin of ACME III is possibly associated with ST329 (McManus et 316 
al., 2017) in S. epidermidis. Similarly, the enrichment of these STs could reflect the fact that 317 
all of the isolates recovered in the current investigation were recovered from the oro-nasal 318 
cavities of individuals in Ireland. However, other investigators have previously revealed the 319 
association of a particular truncated ACME I variant with methicillin-resistant S. epidermidis 320 
isolates belonging to ST5 recovered from a variety of clinical specimens (Onishi et al., 2013). 321 
Previous studies mainly relied on PCR-based identification of the arcA gene and the opp3AB 322 
genes previously described in ACME types I-III (Barbier et al., 2011; Onishi et al., 2013; 323 
Urushibara et al., 2016). Based on this approach, the potential presence of the kdp operon 324 
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identified in the present study within these ACMEs would not have been detected. This 325 
highlights the considerable advantage and importance of using WGS in the characterization 326 
of mobile genetic elements such as ACME and SCCmec. Future WGS-based investigations 327 
of such elements in staphylococci will likely reveal further novel SCCmec and ACME types. 328 

Previous research suggested that the constitutive expression of the ACME-arc genes confers 329 
a selective advantage, facilitating the survival of staphylococci under acidic conditions such 330 
as lactic acid on human skin and mucous membranes (Lindgren et al., 2014; Planet et al., 331 
2013). The role and potential benefit conferred by the opp3 genes is less apparent, however, 332 
these genes encode a permease likely involved in the transport of a multitude of metabolites. 333 
The kdp operon encodes a potassium transport system that is upregulated in conditions of 334 
high-osmolarity, enabling cells to increase intracellular potassium concentrations for 335 
maintaining intracellular pH homeostasis, cell physiology and metabolic processes (Price-336 
Whelan et al., 2013). The concentration of K+ ions has been found to be at least four-fold 337 
higher than other cations such as Na+ and Ca++ in the fluid portion of dental plaque (Margolis 338 
and Moreno, 1994) and thus it is likely that the kdp operon harbored by ACME IV and V 339 
confers a selective advantage to S. epidermidis in the oral cavity. Recent research has 340 
revealed the importance of potassium homeostasis for biofilm formation, stress tolerance and 341 
survival of the opportunistic oral pathogen, Streptococcus mutans, in dental plaque (Binepal 342 
et al., 2016). 343 

The present investigation used WGS to reveal the existence of two novel ACME types 344 
containing the kdp operon and harbored by S. epidermidis for the first time. These were 345 
designated as ACME types IV and V and highlights the extensive genetic diversity present 346 
among ACME in S. epidermidis and the genetic reservoir that exists for potential spread into 347 
S. aureus. It is highly likely that future WGS-based studies will reveal the presence of 348 
additional ACME types and subtypes in staphylococci.  349 
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Table 1. Staphylococcus epidermidis isolates investigated harboring novel ACME types 365 

aAbbreviations: PD; periodontal disease, HWI; healthy patients with implants, OH; orally 366 
healthy, PI; peri-implantitis, OR; oral rinse, SG; subgingival site, NS; nasal swab, ST; 367 
sequence type. 368 

bNumber of assembled MiSeq-generated WGS contigs containing sequences previously 369 
associated with ACME or SCC elements 370 

cIsolate PS19PH was subjected to WGS using the PacBio RS sequencing platform. 371 

 372 

Isolate Patient 
groupa 

Isolate 
origina 

ACME-
kdp/arc/opp3 
operons 
present 

Number 
of 
contigsb 

ACME 
type 

ACME 
GenBank 
accession 
number 

ST 

P8OR3 PD OR kdp and arc 2 IVb MG787414 210 

I9OR1 HWI OR kdp and arc 3 IVa MG787415 153 

I14OR1 HWI OR kdp and arc 4 IVa MG787416 153 

120PPC OH SG kdp and arc 4 IVa MG787417 153 

218PP361 OH SG kdp and arc 1 IVa MG787418 130 

33BR OH OR kdp and arc 6 IVa MG787419 17 

PS21NS PI NS kdp and arc 2 IVa MG787420 297 

PS30PH PI SG kdp and arc 5 IVa MG787421 153 

PS36PD PI SG kdp and arc 3 IVa MG787422 432 

PS19PHc PI SG kdp, arc and 
opp3 

1 V MG787423 5 
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Table 2. Direct repeat sequences (DRs) identified among ACME types investigated  373 

374 
DR  Sequence (5'-3') 

DR_A GAAGCATATCATAAATGA 

DR_B GAAGCGTATCACAAATAA 

DR_C GAAGCGTATCGTAAGTGA 

DR_F GAAAGTTATCATAAGTGA 

DR_G GAAGCGTATAATAAGTAA 

DR_J GAGGCGTATCATAAGTAA 

DR_L GAAGCATATCATAAGTGA 

DR_N GAAGCGTATCACAAATGA 

DR_P GAAGCTTATCATAAATGA 
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9 FIGURE LEGENDS 375 

FIGURE 1 Schematic diagram showing the genetic organization of novel ACME type 376 
IV elements characterized in nine oral S. epidermidis isolates 377 

Schematic diagram showing the genetic organization of previously described ACME type II 378 
(A) in S. epidermidis (GenBank accession number AE015929) and the comparative 379 
organization of ACME type IV identified in nine distinct oro-nasal methicillin-susceptibile S. 380 
epidermidis isolates, defined according to the presence of the ACME-arc and ACME-kdp 381 
operons and identified by whole genome sequencing. Two distinct ACME IV subtypes (IVa 382 
and IVb) were defined according to the distinct combinations of flanking DRs, DR_B and 383 
DR_C (B - G) and DR_F and DR_C (H), respectively. Arrows indicate the position and 384 
orientation of open reading frames. Genes commonly associated with antimicrobial 385 
resistance, SCC or ACME are shaded in color; ACME-arc (red), ACME-kdp (purple), speG 386 
(dark grey), copA (lime green), pbp (dark green), ccr (navy) and tetR (mustard). For each 387 
ACME, orfX is indicated in black and specific direct repeat sequences (DRs) identified are 388 
indicated. The sequences of each DR are shown in Table 2.  389 

 390 

FIGURE 2 Schematic diagram showing the genetic organization of novel ACME type V 391 
colocated with SCCmec IV and CRISPR in a composite island harbored by an oral S. 392 
epidermidis isolate. 393 

Schematic diagram showing the genetic organization of previously described ACME type I in 394 
MRSA USA300 strain FPR3757 (GenBank accession number CP000255.1)  (A) and the 395 
comparative organization of the distinct composite island harboring SCCmec IV, ACME V, a 396 
CRISPR-encoding region and a region encoding the heavy metal resistance ars operon and 397 
copA gene (B) identified in S. epidermidis oral isolate PS19PH in this study. Arrows indicate 398 
the position and orientation of open reading frames. Genes commonly associated with 399 
antimicrobial resistance, SCC or ACME are shaded in color; ACME-arc (red), ACME-kdp 400 
(purple), ACME-opp3 (blue), copA (lime green), ars (yellow), pbp (dark green), ccr (navy) 401 
and CRISPR (turquoise). A point mutation was identified at position +1360 of the kdpA ORF, 402 
resulting in a premature stop codon and the truncation of the encoded potassium binding and 403 
transporting protein. The orfX is indicated in black and each specific direct repeat sequence 404 
(DR) identified as separating each region are indicated. The sequences of each DR are shown 405 
in Table 2. The dashed line indicates the adjacent position of the genomic regions harboring 406 
the CRISPR and copA and ars genes directly downstream of ACME V.  407 

 408 

409 
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Supplementary Table 1. Primers used for confirmation of contig position, orientation, and ACME structures

Isolate Primer name Primer sequences (5′-3′) Amplimer size (bp)

120PPC 120C6iF GAGAGGCGAAGCATATC 1600

120C17R CATAGCGAGGATAATATTGTG

120C17F GATCTGATAGACTGACCCC 1000

200C18iR CTATTTTACCGTCTAAAGCG

120C20F CTACATCTACATCAGCATGG 1700

120C18iR GTAGGAAGACGAGGCTG

I9OR1 I9C5iF GTTGGGATGCCTCAG 1200

200C18iR CTATTTTACCGTCTAAAGCG

I9C22iF CATGGGGCAAAGAATATAC 1800

I9C20iR GAGTGTATTGTCATGCGATAG

I14OR4 I14C6F2 GCAGCAGAAAAGAATCAAG 600

I14C16R2 GCACAGACAATTCGACTTC

I14C16F2 GTTATGAGGTTGGGATGC 1100

I14C19R2 GTTCAGTGCCCTAGGATTATAG

I14C19F CATTAAAGGACAAATCATTAGTG 1700

I14C17R CAATTTGCTTTTCTAGACCTAC

P8OR3 P8C11F2 CGTAGATCTGATAGACTGACC 1300

200C18iR CTATTTTACCGTCTAAAGCG

33BR 33C3iF2 GTTATGAAGCTAGATTAATGGC 1000

33C38R GACACAGCCCAAGAAAG

33C38F GACTGACCCCAATTAGTG 1100

33C47R CTAATCCTGCTAGAGATGTAATC

33C47F CTCCAAAATGTCTTGCC 4200



33C56R2 GCAATATCATTGATAAGGGG

33C56F GTTAAATGACCAACAAATTTC 1100

33C51R2 GTGCAAAGTGTCATGACTAC

33C51F GGGGCAAAGAATATACG 2000

33C28R CTAATGTAGGACGTGGAGAC

PS21NS P8C11F2 CGTAGATCTGATAGACTGACC 1100

200C18iR CTATTTTACCGTCTAAAGCG

PS30PH orfX2 CTTACAACGCAGCAACTATG 2000

I23C17R CCAGAGGTTGATTCCG

P8C11F2 CGTAGATCTGATAGACTGACC 1100

200C18iR CTATTTTACCGTCTAAAGCG

368C22F CATGGGGCAAAGAATATACG 2000

368C17R CATCGATGACAAGGTCTAATG

PS36PD P8C11F2 CGTAGATCTGATAGACTGACC 1100

200C18iR CTATTTTACCGTCTAAAGCG

166C26F2 GGGACAGAACTTCTTTTAGC 600

166C15R GATTGACGTCGACTGAAG

PS19PH 100-1F CATTTCTACTTCACCATTATCG 4800

100-2R GATAACAACTGGTCGCTTC

P16-3F GATGGAAGTCACAGTATTCTTTG 4200

100-3R CCATTTATAAATGAAGAACAATTG

100-4F GTCGTAGCCTAGTGATTGTAGC 4300

100-52R CAGTAGTCAAGTCTCCCATCC

100-6F GATTGGCCAAGTGATATTC 3000

200C18iR CTATTTTACCGTCTAAAGCG



100-7F CTTGTAAGTCACGAGAAATAGTTG 3100

100-8R GTCGTTGTTAAAAATGAGCAC

100-9F GATGCAGGTTGGAAGTAAAC 4000

100-10R CTGTATGTTTATCAAAAGGCTC

100-11F CGAAAGTTCCTAGCTATTCAG 3200

100-12R CGAGAGATATGTCAGTAATGTTC

100-13F GGACTATGCCAATATAGAAAATC 3200

100-14R CTGATTTTGAAGATGCTTATATG

100-15F CACAACCATTTACATTATTAACTG 3500

100-16R CTTACCTTTTCAATTCACATTTC
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