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Abstract

The Gram-positive anaerobic bacterium Propionibacterium acnes is a prevalent member of the normal skin microbiota of
human adults. In addition to its suspected role in acne vulgaris it is involved in a variety of opportunistic infections. Multi-
locus sequence-typing (MLST) schemes identified distinct phylotypes associated with health and disease. Being based on 8
to 9 house-keeping genes these MLST schemes have a high discriminatory power, but their application is time- and cost-
intensive. Here we describe a single-locus sequence typing (SLST) scheme for P. acnes. The target locus was identified with a
genome mining approach that took advantage of the availability of representative genome sequences of all known
phylotypes of P. acnes. We applied this SLST on a collection of 188 P. acnes strains and demonstrated a resolution
comparable to that of existing MLST schemes. Phylogenetic analysis applied to the SLST locus resulted in clustering patterns
identical to a reference tree based on core genome sequences. We further demonstrate that SLST can be applied to detect
multiple phylotypes in complex microbial communities by a metagenomic pyrosequencing approach. The described SLST
strategy may be applied to any bacterial species with a basically clonal population structure to achieve easy typing and
mapping of multiple phylotypes in complex microbiotas. The P. acnes SLST database can be found at http://medbac.dk/slst/
pacnes.
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Introduction

Propionibacterium acnes is a Gram-positive anaerobic bacteri-

um ubiquitously present in human sebaceous follicles of the skin

[1,2]. Although P. acnes is a commensal, it is most commonly

known for its assumed role in the pathogenesis of acne vulgaris [3–

5]. In addition, it has also been associated with infections in

prosthetic joints [6,7], the endodontium [8], eyes post surgically

[9], lumbar discs [10,11], the prostate [12,13], and other tissues

[14].

The dual role of the P. acnes as a health-associated bacterium

and an opportunistic pathogen led to the assumption that certain

strains may possess an elevated pathogenic potential. In agreement

with this hypothesis, the population structure resolved by multi-

locus sequence-typing (MLST) analyses revealed distinct health-

and disease-associated lineages of P. acnes. Due to the relative

sequence conservation of the genome, high-resolution typing

required an MLST scheme based on nine loci (here designated

MLST9) [15]. An alternative seven locus MLST scheme (MLST7)

was introduced by [16]. A comparison of the two schemes

favoured the MLST9 scheme based on higher resolution and

congruency with a phylogenetic reference tree based on concat-

enated sequences of 76 housekeeping genes [17]. Subsequently,

the MLST7 scheme was modified by substituting one of the loci

with two new (MLST8) [18]. A recent publication by McDowell et
al. described a 4-locus MLST (MLST4) based on the MLST8

scheme, with the aim to reduce time and cost of typing P. acnes
strains [19]. An alternative approach was reported by Fitz-Gibbon

et al. who used 16S rRNA gene ribotyping in a metagenomic

approach to investigate the clonal diversity of P. acnes on the skin

of acne patients and healthy individuals [20].

The mentioned MLST schemes are labour intensive and are not

suitable for identification of multiple P. acnes phylotypes in

sequence-based metagenomic studies. Sequencing of the 16S

rRNA gene is cheaper and can in metagenomic studies identify

bacterial taxa colonising the same sample site, but with limited

resolution.

In this study we developed a single-locus sequence typing

(SLST) scheme for P. acnes with a discriminatory power

comparable to that of multi-locus approaches. The target locus

was identified with a genome mining approach with reference to

the genetic population structure of the species. This SLST

approach provides a solution to the need for mapping of multiple

phylotypes in complex microbial communities and may be applied

to any bacterial species with a basically clonal population

structure.
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Materials and methods

Ethics statement
The Regional Danish Scientific Ethics Committee (N-

20120050) approved the study, and written informed consent

was obtained from the subject.

Phylogenetic reference tree
A phylogenetic reference tree was constructed using shared core

sequences of 86 P. acnes genomes of the 188 strains used in this

study (Table S1). The core of the 86 genomes was obtained by

splitting the genome sequence of the reference strain P. acnes
KPA171202 into 500 bp fragments and aligning each fragment

against all other genomes using blastn v. 2.2.28+ [21] with the

following cut-off parameters: coverage . 90% and identity .

80%. Any fragment that did not yield a hit from all genomes was

discarded, and the rest were aligned using Muscle v. 3.8.31[22]

and concatenated into a 1,964,522 bp-sequence, hereafter referred

to as the core genome. Using MEGA v. 5.2.2[23] we identified

107,397 single nucleotide polymorphisms (SNPs) and 8,100 gaps.

A reference phylogenetic tree (Figure 1) was built in MEGA [23]

using the Minimal evolution algorithm and 500 replication in the

bootstrap test with the ‘‘complete deletion’’ option to exclude gaps

from the analysis.

Identification of SLST candidates
The strategy aimed at scanning the entire genome to identify an

approximately 500 bp DNA fragment suitable for SLST. This

sequence length was chosen to ensure that overlapping reads from

forward and reverse Sanger sequencing would result in high

quality sequences.

A sliding window of 500 bp running along the genome (step size

+1 bp) ensured that all possible candidates were evaluated. For

each base pair step an alignment of the fragment to the rest of the

genomes was done. The corresponding sequences from the other

genomes were identified by blastn in the BLAST+ suite [21] and

aligned with Muscle [22]. These blastn searches were made in

batches of 100 candidates to speed up the process (2,5006600 bp

instead of 2,500,0006500 bp). After the sequences were aligned,

500 bp windows from these 600 bp fragment alignments were

extracted. Altogether, 2,558,882 fragment alignments were

checked for their resolution capacity, i.e. usability in a SLST

scheme for P. acnes.
The initial pool of fragments was 2,558,882, covering the

complete genome. We then filtered the alignments of each of these

fragments with a custom-made Python script. This filtering first

removed all fragments with less than 86 aligned sequences. The

remaining 1,923,100 fragments corresponded to the core genome

(Figure 2). These were then tested for inconsistencies between the

three major clades of P. acnes (types I, II, III). A total of 1,480,343

windows were then tested against strains clustering in the subtypes

IA1, IA2, IB, or IC of type I, i.e.. This subtype filtering reduced the

number of usable fragments to 19,018. Next, differentiation of six

clusters within type IA in the reference tree was introduced as a

requirement for an acceptable typing scheme. These clusters

correspond to the designated letters A, B, C, D, E and F in the

resulting SLST scheme (all traditionally typed IA). After this

filtering, 917 SLST candidate fragments that could resolve the

major clades, the subtypes of type I strains, and the six clusters

within type IA remained. A substantial proportion of the 917

fragments were overlapping. All overlapping sequences (seen as

three spikes in Figure 2) were merged into the final three

candidates of which one was selected based on manual inspection.

DNA extraction, PCR, Sequencing, and data analysis
To test the applicability of the final SLST candidate, primers

targeting conserved regions flanking the target sequence were

developed. The forward and reverse primer sequences used to

target the SLST fragment were 5’-CAGCGGCGCTGCTAA-

GAACTT-3’ and 5’-CCGGCTGGCAAATGAGGCAT-3’, re-

spectively.

A total of 77 strains covering the known diversity of P. acnes
were used for validation of the primer pair (Table S1). DNA was

extracted from isolates grown on 5% blood agar (Statens Serum

Institut, Copenhagen, Denmark) for 48 hours in an anaerobic

chamber. Using a 1-ml inoculation loop, colonies were collected

from the agar plate and suspended in PCR-grade water. A volume

of 20 ml of this suspension was mixed with 80 ml of 0.05 M NaOH

and incubated for 45 minutes at 60uC. After incubation, 9.2 ml of

1 M Tris-HCl, pH 7, was added. This crude DNA preparation

was diluted 100 times for PCR analysis. All PCR reactions were

carried out in a 25 ml volume containing 10 ml 59-PRIME

Hotmastermix (5 PRIME, Hamburg, Germany), 3 ml of each

primer (10 mM), 4 ml of PCR grade H2O, and 5 ml of diluted

DNA. Amplification was achieved with an initial cycle of 40

seconds of denaturation at 96uC and 35 cycles of 35 seconds at

94uC for denaturation, 40 seconds at 55uC for annealing, and 40

seconds at 72uC for extension with a final extension step at 72uC
for 7 minutes. Purified PCR products were Sanger sequenced

from both directions at GATC Biotech, Konstanz, Germany,

using standard procedures. Data analyses were carried out using

MEGA.

Untrimmed sequences of approximately 600 bp were edited,

aligned, and trimmed according to SLST sequences extracted

from available P. acnes genomes. The trimmed sequences were

assigned to SLST type according to the typing scheme.

Pyrosequencing and processing of data
One sample from eight different sites of the facial skin and oral

mucosa were collected from a healthy 26-year-old male with no

history of acne or recent antibiotic treatment. Using a sterile

cotton swap soaked in PCR grade water, symmetric samples were

collected from a 262 cm area from the left and right side of the

forehead, cheek, nose, and the buccal oral mucosa. Swabs were

immediately transferred to a 1.5 ml Eppendorf tube containing

750 ml PowerLyzer PowerSoil Bead Solution (MO-BIO, Carlsbad,

CA). Samples were vortexed for 2 minutes to ensure the release of

bacteria to the suspension, which was then transferred to a

PowerLyzer Glass Bead Tube (MO-BIO, Carlsbad, CA). DNA

was extracted with the PowerLyzer PowerSoil DNA Isolation Kit

(MO-BIO, Carlsbad, CA) according to the manufacturer’s

instructions. The SLST target sequence was amplified using

fusion primers for the lib-L kit with barcodes attached to the

forward primer (Table S3). PCR reaction mixtures were made in a

total volume of 25 ml and comprised of 5 ml of DNA sample, 2.5 ml

AccuPrime PCR Buffer II (Invitrogen), 1.5 ml of each primer

(10 mM) (DNA Technology), 0.15 ml AccuPrime Taq DNA

Polymerase High Fidelity (Invitrogen), and 14.35 ml of PCR grade

water. PCR was performed using the following cycle conditions:

an initial denaturation at 95uC for 2 minutes, followed by 30

cycles of denaturation at 95uC for 20 seconds, annealing at 55uC
for 20 seconds, elongation at 72uC for 15 seconds, and then a final

elongation step at 72uC for 3 minutes. Two PCR reactions were

performed for all samples. The PCR products were verified on an

agarose gel, pooled, and purified using the NucleoSpin Extract Kit

(Macherey-Nagel). The concentration of the purified PCR product

was measured with a NanoDrop 2000 spectrophotometer

(Thermo Scientific). The SLST amplicons were sequenced
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Figure 1. The SLST scheme discriminates the phylogenetic clusters of P. acnes. Minimum Evolution phylogenetic tree based on 86 complete
and draft P. acnes genomes, generated in MEGA v. 5.22 and based on a 1,964,522-bp concatemer of core sequences. Only bootstrap values of 100%
are shown. The leftmost column depicts the identified SLST type. Type designations according to MLST9 and MLST8 schemes and ribotyping are also
given, in addition to the traditional type assignments based on recA and tly sequence analysis. * indicates unknown types.
doi:10.1371/journal.pone.0104199.g001
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unidirectionally from the forward primer end on a 454 Genome

Sequencer FLX+ platform at GATC Biotech AG (Konstanz,

Germany).

The initial processing of the data was made with the pyronoise

(shhh.flows) implementation in Mothur v. 1.33.0 [24]. The reads

were then assigned to STs using the best hit in a blastn comparison

to the SLST database (Figure 3). The best hit was evaluated on the

average of coverage and identity, and all hits lower than 99.5%

were discarded as unassigned (, 9% of reads). Reads with two or

more identical best hits, remained unassigned.

Typing of P. acnes isolates
A swab of facial skin collected in parallel with the samples used

for DNA extraction was suspended in sterile 0.85% saline and

plated in 2-fold dilutions on 5% blood agar. After anaerobic

incubation for four days 100 P. acnes-suspect colonies were

subcultivated to purity and their identity tested using bacteriolog-

ical procedures [15]. A total of 74 isolated confirmed as P. acnes
were then subjected to SLST as described above.

Results

Identification of genomic loci suitable for SLST
The genome mining strategy resulted in the identification of

three genomic loci suitable for SLST. The three regions are all

found within a stretch of 600 Kb in the genome (Figure 1). Region

1 spans 881 bp and is found at nucleotide positions 2,025,740 –

2,026,621 (coordinates according to the KPA171202 genome

sequence). This region partially overlaps with a coding sequence,

PPA1871, annotated as 2’,3’-cyclic-nucleotide 2’-phosphodiester-

ase precursor. Region 2 spans 719 bp and is found at nucleotide

positions 1,867,701 – 1,868,420. This is upstream of the gene

PPA1715, annotated as a hypothetical protein. Region 3 spans 819

bp and is found at nucleotide positions 1,462,788 – 1,463,607,

immediately upstream of the gene PPA1340 encoding the CAMP

factor 1, and partially overlapping with the flanking hypothetical

gene PPA2385 specific to P. acnes.

We decided to use fragment 3, as only single nucleotide gaps

were observed in some genomes, whereas alignments of the other

two fragments showed gaps of up to 10 bp. By stepwise removal of

nucleotides from both ends we identified a DNA sequence of 484

bp that was able to resolve all the phylogenetic clades found in our

reference tree. In the following, this sequence is designated the

‘‘SLST target sequence’’.

Two conserved flanking regions 85 bp downstream and 45 bp

upstream of the SLST target sequence were identified as suitable

PCR primers (Table S3), which resulted in an amplicon of 612 bp.

Reference sequences for alignment and trimming are found at

the web-interface typing tool at http://medbac.dk/slst/pacnes.

The interface allows any number of strains to be typed in batches.

The sequences do not have to be trimmed, as long as the sequence

is complete, and may be in reverse complement form.

Application of the new SLST scheme
Among 187 strains previously typed with MLST9 to represent

75 ST, 41 SLST types were identified (Table S1). A total of 80

polymorphic sites were observed in these 41 SLSTs. Phylogenetic

analysis of the 41 distinct sequences revealed clustering concordant

with that of the core genome reference tree (Figures 4 and 1). The

chosen naming of the sequence types includes a number combined

with a letter reflecting the phylogenetic relationship of strains

(Figure 1). To make the transition from older schemes to the SLST

scheme easier, we have appended the corresponding MLST9 type

to the SLST type designations.

Overall, there is congruency between MLST9 types and the

new SLST types (Figure 1). The clonal clusters (CCs) identified by

eBurst analysis of MLST9 allelic profiles [17] are congruent with

the letters assigned by the SLST, except for CC28 (HL025PA1

and 30.2.L1), which spans both D1 (IA) and F1-F6 (IA) (Figure 1).

This phylogenetic ambiguity of CC28 is resolved neither by the

MLST9 scheme nor by the MLST8 scheme reported by [19],

which includes the two strains in CC-4. From the reference tree it

is evident that D1 (IA) strains belong to a distinct cluster, which is

detected only by the SLST.

Figure 2. Strategy for the identification of SLST candidates in P. acnes. The first column shows the applied filter. The second column
indicates the location of the remaining candidate fragments across the genome. The third column gives the number of remaining candidates.
doi:10.1371/journal.pone.0104199.g002
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Species-specificity of the SLST target sequence
Alignment of the SLST target locus against the NCBI database

using blastn identified 90 P. acnes genomes that contained this

sequence, and consequently could be assigned to an SLST type

(Table S1). Homologous sequences were not detected in any other

bacteria represented in the NCBI database. A total of 12 of the 90

P. acnes genomes identified by the blastn search were not included

in our phylogenetic analysis. Two were recently added to the P.
acnes databases, i.e. the strains HL042PA3 [25] and DSM 1897.

The following strains were previously identified as P. acnes by

[19]: 409-HC1, 434-HC2, 5U42AFAA and CC003-HC2. The

remaining six strains have not been assigned to species level:

KPL1847, KPL1849, KPL1854, KPL2003, KPL2008, KPL2009.

All of these strains cluster with P. acnes in a tree based on

concatamers of the MLST9 genes (data not shown).

Mapping of P. acnes populations in samples of complex
human microbiotas

To test if the SLST scheme presented here is applicable to

analysis of the population diversity of P. acnes in metagenomic

studies, samples from eight different skin and mucosal sites

(symmetric samples from the left and right side of the forehead,

cheek, nose, and mouth) were collected and used to map the

diversity of the P. acnes population. After processing, a total of

183,786 high quality reads were obtained. SLST analysis of the

sequences showed that each sample contained from 4 to 13 SLTS

types. Overall, the skin sample sites were dominated by P. acnes
SLST type A1 (IA), followed by types D1 (IA), C1 (IA) and E3 (IA).

Combined, these four SLSTs represented approximately 95% of

the population (Figure 3). In contrast, the oral mucosal samples

were characterised by more SLSTs representing clusters H, K and

L (corresponding to phylotypes IB, II and III, respectively) and

small proportions of C1 (IA). Comparison of the four anatomical

sites sampled from the left and right sides of the same face show a

clear symmetric distribution of clones. A total of 5,408 (3%) reads

had two or more identical best hits and remained unassigned.

Another 21,356 (11.6%) reads were unassigned due to low hit

scores.

To test if reads that remained unassigned due to low hit scores

represented sequence errors or new STs, 74 P. acnes isolates

collected in parallel from the same cheek as the samples analysed

by sequence-based analysis were subjected to SLST analysis. The

results did not identify new types and confirmed the type

distribution obtained in the sequence-based population analysis

(Figure 3). Thus, it is conceivable that the unassigned reads

represented sequence errors.

The sequence data have been submitted to the EMBL databases

under accession No. PRJEB5434.

Figure 3. Distribution of P. acnes clones on skin and mucosal sites of a healthy subject revealed by application of the SLST scheme
to a pyrosequencing-based analysis of complex microbiotas. Identified SLST types are color-coded. Major types IA1, IB, II and III are depicted
in blue, red, yellow, and green and nuances thereof, respectively. The rightmost column indicates the SLST type distribution of 74 P. acnes isolates
from a parallel sample of the skin of the cheek of the same subject. SLSTs represented by less than 0.03% of reads and reads that remained
unassigned are not shown. See table S2 for distribution of all reads.
doi:10.1371/journal.pone.0104199.g003
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Discussion

The considerable genetic diversity that may exist within

bacterial species is often reflected in differences in pathogenic

potential or ecological preferences. Distinct habitats may even be

colonized by mixed and frequently changing populations of clones

belonging to the same species [26–28]. To unravel such differences

and their epidemiological implications, DNA-based typing meth-

ods such as MLST have been developed for most important

human pathogens (www.pubmlst.org; www.mlst.net). MLST is

usually uncomplicated when applied to bacterial isolates, but is

time-consuming and expensive. In addition, MLST is not

applicable to metagenomic studies because of the requirement to

combine sequences of usually seven gene loci. Furthermore,

available sequencing platforms so far lacked sufficient resolution to

disclose diversity beyond the species level. Here, we present a

strategy for development of single-locus typing that may be applied

both to bacterial isolates and to complex microbiomes, and

demonstrate its validity when applied to P. acnes.
One potential limitation of SLST is that it may reduce the

resolution relative to MLST. However, using a genome mining

strategy that may be applied to all bacteria for which sufficient

genome sequences are available, we identified a 484 bp sequence

that was able to resolve the vast majority of P. acnes clusters

identified by our 9-gene MLST and even, in some cases, improve

it. The second inherent limitation of SLTS is that it requires that

the target species has a basically clonal population structure,

because recombination will potentially blur typing results based on

a single locus. Based on demonstrated strong linkage disequilib-

rium within allelic profiles, we previously concluded that P. acnes

Figure 4. Minimum evolution tree generated from SLST target sequences of all 41 identified SLST types. Bootstrap values based on 500
replications and higher than 75% are shown.
doi:10.1371/journal.pone.0104199.g004
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meets this criterion [15,17]. This was confirmed by the

demonstration in this study that SLST types and a tree generated

on the basis of the SLST sequences without exception were

congruent with lineages and clustering patterns in a phylogenetic

tree based on core genome sequences of 86 P. acnes strains. The

overall congruency between the MLST9 and SLST in an

additional 187 strains further supported the conclusion that

recombination affecting the target DNA sequence is rare if not

non-existent.

One striking inconsistency between both MLST8 and MLST9

and results of SLST was observed. It is evident from the reference

tree that the two P. acnes strains HL025PA1 and 30.12.L1 form a

distinct cluster. Nevertheless, e-Burst analysis based on both of the

two MLST schemes clustered these strains with a relatively distant

group of strains [17,19]. In contrast, the SLST scheme identified

the strains as type D1 (IA) representing a distinct linage (Figure 2).

Ribotyping has been suggested as an inexpensive and efficient

way of typing P. acnes, in particular as a tool for metagenomic

analyses of the skin microbiome [20]. However, ribotyping does

not discriminate the major clusters of P. acnes, as shown in our

reference phylogenetic tree based on core genome sequences

(Figure 1). For example, ribotypes 1 and 5 are present across

different clusters and even across the major clades. In addition, no

public P. acnes ribotype database is available.

We applied our SLST in a proof-of-concept analysis of the P.
acnes population on skin and oral mucosa using a metagenomic

approach. The 454 Titanium FLX+ sequencing platform used

provides reads of sufficient length and quality to cover our target

sequence. The inherent problems of chimeric sequences and

sequencing errors resulted in 11.6% of 183,778 sequences being

distinct from already identified types. We therefore used a

clustering approach with very high cut off values. We find it

important that new SLSTs found with this approach must be

verified by high-quality Sanger-sequencing of isolated strains.

The result of our metagenomic analysis demonstrated that a

single individual may be simultaneously colonized by nearly all

phylogenetic clades of P. acnes, and that some of these may show

distinct ecological preferences. For example, more types from the

K (II) and L (III) clusters were found in the oral samples compared

to the skin samples consistent with the demonstration of these

types in endodontic infections [8]. More comprehensive studies

will provide valuable information on the role of P. acnes in health

and disease, the stability of P. acnes populations in distinct

habitats, and must be the next step in investigations of the causality

of P. acnes-associated diseases.

The genome mining approach used in this study to identify the

SLST target sequence is applicable to other species and may be

applied to other scientific problems than mere typing of members

of a species. Thus, the filters may be adjusted to focus on overall

resolution of the entire population, or to distinguish between

functionally important subpopulations. The target sequence

identified in our study is located immediately upstream of the

gene PPA1340, which encodes CAMP factor 1, and partially

overlaps with the hypothetical genes PPA2385 and PPA2386

(Figure S1). The upstream region of the CAMP factor 1 gene is

comprised of several open reading frames that may encode smaller

hypothetical proteins according to the original annotation.

However, the two hypothetical, and partly overlapping genes that

include the SLST region (Figure S1), are not recognised by the

RAST annotation. We therefor speculate that the biological

significance of this region is mainly related to transcription of the

CAMP factor 1. The significance of CAMP factors in P. acnes has

been subject of some speculation. Strikingly, five paralogous genes

are present in the genome of P. acnes [29]. Previous research has

shown an abundance of CAMP1 as surface-exposed factor

[19,30,31]. In contrast to other CAMP factors, such as CAMP2

and CAMP4, the gene encoding CAMP1 is not located on an

island-like genomic region [32]. It is possible that differences in the

SLST target region are important for the transcription of CAMP1

resulting in clade-specific differences.

In conclusion, the SLST scheme shows a resolution similar to

that of MLST schemes based on eight or nine loci. It is feasible to

apply this method in sequence-based studies of complex micro-

biomes. As a proof of concept we have demonstrated that a

minimum of six distinct types of P. acnes may coexist on the skin

and oral mucosa of a healthy subject. We have implemented an

SLST typing database for P. acnes on http://medbac.dk/slst/

pacnes and propose that the presented method for identifying

SLST target loci can be applied to other species with a clonal

population structure.

Supporting Information

Figure S1 A: Original annotation of the KPA121702 strain

surrounding the SLST fragment. B: Alignment of sequences of all

known STs in the new SLST scheme.

(PDF)

Table S1.

(DOCX)

Table S2.

(DOCX)

Table S3.

(DOCX)

Author Contributions

Conceived and designed the experiments: CFPS HB MK. Performed the

experiments: CFPS AJ HBL. Analyzed the data: CFPS AJ. Contributed

reagents/materials/analysis tools: HBL HB MK. Contributed to the

writing of the manuscript: CFPS AJ HBL HB MK.

References

1. Grice EA, Kong HH, Conlan S, Deming CB, Davis J, et al. (2009)

Topographical and Temporal Diversity of the Human Skin Microbiome.

Science 324: 1190–1192. doi:10.1126/science.1171700.

2. Bek-Thomsen M, Lomholt HB, Kilian M (2008) Acne is Not Associated with

Yet-Uncultured Bacteria. J Clin Microbiol 46: 3355–3360. doi:10.1128/

JCM.00799-08.

3. Dessinioti C, Katsambas AD (2010) The role of Propionibacterium acnes in acne

pathogenesis: facts and controversies. Clin Dermatol 28: 2–7. doi:10.1016/

j.clindermatol.2009.03.012.

4. Williams HC, Dellavalle RP, Garner S (2012) Acne vulgaris. The Lancet 379:

361–372. doi:10.1016/S0140-6736(11)60321-8.

5. Shaheen B, Gonzalez M (2011) A microbial aetiology of acne: what is the

evidence? Br J Dermatol 165: 474–485. doi:10.1111/j.1365-2133.2011.10375.x.

6. Sperling JW, Kozak TK, Hanssen AD, Cofield RH (2001) Infection after

shoulder arthroplasty. Clin Orthop: 206–216.

7. Launder WJ, Hungerford DS (1981) Late infection of total hip arthroplasty with

Propionibacterium acnes: a case and review of the literature. Clin Orthop: 170–

177.

8. Niazi SA, Clarke D, Do T, Gilbert SC, Mannocci F, et al. (2010)

Propionibacterium acnes and Staphylococcus epidermidis Isolated from

Refractory Endodontic Lesions Are Opportunistic Pathogens. J Clin Microbiol

48: 3859–3869. doi:10.1128/JCM.01326-10.

9. Shirodkar AR, Pathengay A, FlynnJr HW, Albini TA, Berrocal AM, et al. (2012)

Delayed- Versus Acute-Onset Endophthalmitis After Cataract Surgery.

Am J Ophthalmol 153: 391–398.e2. doi:10.1016/j.ajo.2011.08.029.

SLST Scheme for Propionibacterium acnes

PLOS ONE | www.plosone.org 7 August 2014 | Volume 9 | Issue 8 | e104199

http://medbac.dk/slst/pacnes
http://medbac.dk/slst/pacnes


10. Stirling A, Worthington T, Rafiq M, Lambert PA, Elliott TS (2001) Association

between sciatica and Propionibacterium acnes. The Lancet 357: 2024–2025.

doi:10.1016/S0140-6736(00)05109-6.

11. Albert HB, Lambert P, Rollason J, Sorensen JS, Worthington T, et al. (2013)

Does nuclear tissue infected with bacteria following disc herniations lead to

Modic changes in the adjacent vertebrae? Eur Spine J 22: 690–696.

doi:10.1007/s00586-013-2674-z.

12. Fassi Fehri L, Mak TN, Laube B, Brinkmann V, Ogilvie LA, et al. (2011)

Prevalence of Propionibacterium acnes in diseased prostates and its inflamma-

tory and transforming activity on prostate epithelial cells. Int J Med Microbiol

301: 69–78. doi:10.1016/j.ijmm.2010.08.014.

13. Alexeyev OA, Marklund I, Shannon B, Golovleva I, Olsson J, et al. (2007)

Direct visualization of Propionibacterium acnes in prostate tissue by multicolor

fluorescent In situ hybridization assay. J Clin Microbiol 45: 3721–3728.

doi:10.1128/JCM.01543-07.

14. Perry A, Lambert P (2011) Propionibacterium acnes: infection beyond the skin.

Expert Rev Anti Infect Ther 9: 1149–1156. doi:10.1586/eri.11.137.

15. Lomholt HB, Kilian M (2010) Population Genetic Analysis of Propionibacte-

rium acnes Identifies a Subpopulation and Epidemic Clones Associated with

Acne. PLoS ONE 5: e12277. doi:10.1371/journal.pone.0012277.

16. McDowell A, Gao A, Barnard E, Fink C, Murray PI, et al. (2011) A novel

multilocus sequence typing scheme for the opportunistic pathogen Propionibac-

terium acnes and characterization of type I cell surface-associated antigens.

Microbiology 157: 1990–2003. doi:10.1099/mic.0.049676-0.

17. Kilian M, Scholz CFP, Lomholt HB (2012) Multilocus sequence typing and

phylogenetic analysis of Propionibacterium acnes. J Clin Microbiol 50: 1158–

1165. doi:10.1128/JCM.r06129-11.

18. McDowell A, Barnard E, Nagy I, Gao A, Tomida S, et al. (2012) An Expanded

Multilocus Sequence Typing Scheme for Propionibacterium acnes: Investigation

of ‘‘Pathogenic’’, ‘‘Commensal’’ and Antibiotic Resistant Strains. PLoS ONE 7:

e41480. doi:10.1371/journal.pone.0041480.

19. McDowell A, Nagy I, Magyari M, Barnard E, Patrick S (2013) The

Opportunistic Pathogen Propionibacterium acnes: Insights into Typing, Human

Disease, Clonal Diversification and CAMP Factor Evolution. PLoS ONE 8:

e70897. doi:10.1371/journal.pone.0070897.

20. Fitz-Gibbon S, Tomida S, Chiu B-H, Nguyen L, Du C, et al. (2013)

Propionibacterium acnes strain populations in the human skin microbiome

associated with acne. J Invest Dermatol 133: 2152–2160. doi:10.1038/

jid.2013.21.

21. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, et al. (2009)

BLAST+: architecture and applications. BMC Bioinformatics 10: 421.
doi:10.1186/1471-2105-10-421.

22. Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy

and high throughput. Nucleic Acids Res 32: 1792–1797. doi:10.1093/nar/
gkh340.

23. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolution-

ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731–2739.

doi:10.1093/molbev/msr121.
24. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, et al. (2009)

Introducing mothur: Open-Source, Platform-Independent, Community-Sup-
ported Software for Describing and Comparing Microbial Communities. Appl

Environ Microbiol 75: 7537–7541. doi:10.1128/AEM.01541-09.
25. Tomida S, Nguyen L, Chiu B-H, Liu J, Sodergren E, et al. (2013) Pan-Genome

and Comparative Genome Analyses of Propionibacterium acnes Reveal Its

Genomic Diversity in the Healthy and Diseased Human Skin Microbiome.
mBio 4: e00003–13. doi:10.1128/mBio.00003-13.

26. Brugger SD, Hathaway LJ, Mühlemann K (2009) Detection of Streptococcus
pneumoniae Strain Cocolonization in the Nasopharynx. J Clin Microbiol 47:

1750–1756. doi:10.1128/JCM.01877-08.

27. Caugant DA, Levin BR, Selander RK (1981) Genetic Diversity and Temporal
Variation in the E. Coli Population of a Human Host. Genetics 98: 467–490.

28. Hohwy J, Reinholdt J, Kilian M (2001) Population Dynamics of Streptococcus
mitis in Its Natural Habitat. Infect Immun 69: 6055–6063. doi:10.1128/

IAI.69.10.6055-6063.2001.
29. Bruggemann H (2004) The Complete Genome Sequence of Propionibacterium

Acnes, a Commensal of Human Skin. Science 305: 671–673. doi:10.1126/

science.1100330.
30. Holland C, Mak TN, Zimny-Arndt U, Schmid M, Meyer TF, et al. (2010)

Proteomic identification of secreted proteins of Propionibacterium acnes. BMC
Microbiol 10: 230. doi:10.1186/1471-2180-10-230.

31. Valanne S, McDowell A, Ramage G, Tunney MM, Einarsson GG, et al. (2005)

CAMP factor homologues in Propionibacterium acnes: a new protein family
differentially expressed by types I and II. Microbiology 151: 1369–1379.

doi:10.1099/mic.0.27788-0.
32. Mak TN, Schmid M, Brzuszkiewicz E, Zeng G, Meyer R, et al. (2013)

Comparative genomics reveals distinct host-interacting traits of three major
human-associated propionibacteria. BMC Genomics 14: 640. doi:10.1186/

1471-2164-14-640.

SLST Scheme for Propionibacterium acnes

PLOS ONE | www.plosone.org 8 August 2014 | Volume 9 | Issue 8 | e104199


