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A B S T R A C T

The Gram-positive anaerobic bacterium Cutibacterium acnes is a commensal of the human skin, but also an
opportunistic pathogen that contributes to the pathophysiology of the skin disease acne vulgaris. Moreover, C.
acnes, in addition to other skin-colonizing bacteria such as S. epidermidis and S. aureus, is an emerging pathogen
of implant-associated infections. Notably, C. acnes isolates exhibit marked heterogeneity and can be divided into
at least 6 phylotypes by multilocus sequence typing. It is becoming increasingly evident that biofilm formation is
a relevant factor for C. acnes virulence, but information on biofilm formation by diverse C. acnes isolates is
limited. In this study we performed a first comparative analysis of 58 diverse skin- or implant-isolates covering
all six C. acnes phylotypes to investigate biofilm formation dynamics, biofilm morphology and attachment
properties to abiotic surfaces. The results presented herein suggest that biofilm formation correlates with the
phylotype, rather than the anatomical isolation site. IA1 isolates, particularly SLST sub-types A1 and A2, showed
highest biofilm amounts in the microtiter plate assays, followed by isolates of the IC, IA2 and II phylotypes.
Microscopic evaluation revealed well-structured three-dimensional biofilms and relatively high adhesive prop-
erties to abiotic surfaces for phylotypes IA1, IA2 and IC. Representatives of phylotype III formed biofilms with
comparable biomass, but with less defined structures, whereas IB as well as II isolates showed the least complex
three-dimensional morphology. Proteinase K- and DNase I-treatment reduced attachment rates of all phylotypes,
therefore, indicating that extracellular DNA and proteins are critical for adhesion to abiotic surfaces. Moreover,
proteins seem to be pivotal structural biofilm components as mature biofilms of all phylotypes were proteinase
K-sensitive, whereas the sensitivity to DNase I-treatment varied depending on the phylotype.

1. Introduction

The Gram-positive, rod-shaped anaerobic, bacterium Cutibacterium
acnes (formerly known as Propionibacterium acnes) is frequently found in
sebaceous follicle-rich areas of the human skin. In general, C. acnes
seems to be well-adapted to its ecological habitat, exemplified by their
lysozyme-resistant peptidoglycan, adherence to sebum and efficient
utilization of its lipids (Falcocchio et al., 2006; Gribbon et al., 1993;
Kamisango et al., 1982). A thick cell wall structure with a high lipid
content confers increased resistance to environmental stress including
osmotic pressure, ion concentrations, mechanic stress or temperature
(Sussman and Tang, 2014).

C. acnes isolates exhibit distinct heterogeneity and are generally

classified into different phylogenetic divisions, initially based on ser-
ological differentiation and phage typing, later confirmed by sequence
analysis of recA, tly and the CAMP genes. A comprehensive classifica-
tion system by multilocus sequence typing (MLST) or multiplex
touchdown PCR categorized C. acnes isolates into the six phylotypes
IA1, IA2, IB, IC, II and III (Barnard et al., 2015; Lomholt and Kilian,
2010; McDowell et al., 2012). An alternative single locus sequence
typing (SLST) technique allows for quick differentiation of phylotypes
into more subtypes, correlating with MLST results (Scholz et al., 2014).
Notably, the phylotypes are not equally abundant. Generally, IA1 iso-
lates represent the most abundant phylotype on healthy skin. 39% of
the C. acnes isolates were identified as IA1, followed by IA2, II and III
with ∼16 to 18%, and finally IB and IC making up less than 10% of the
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skin isolates (McDowell et al., 2012).
Although generally seen as a human skin commensal, C. acnes can

be considered an opportunistic pathogen associated with invasive in-
fections of the skin, soft tissue, cardiovascular system, deep-organ tis-
sues and implant-associated infections (McGinley et al., 1980). The
density of skin colonization with C. acnes is highly variable between
individuals and is most common in sebaceous follicle-rich areas of the
body like forehead, cheeks, neck and shoulders. C. acnes is most com-
monly associated with the skin inflammatory disorder acne vulgaris,
which can manifest ranging from mild or transient acne in teenage
years to more severe, chronic acne that continues well into adulthood
primarily covering the face, shoulders and the back (Achermann et al.,
2014). Acne affects not only more than 80% of teenagers, but also a
significant percentage of adults who continue to be affected even into
their 40s and beyond. C. acnes is also a relevant causative agent of
implant-associated infections with constantly increasing incidence
rates, likely due to improved diagnostic techniques (Aubin et al., 2014).
C. acnes is frequently isolated from breast implants, implanted cardi-
ovascular devices and, in fact, is currently the most frequently isolated
pathogen in prosthetic shoulder joint infections (Achermann et al.,
2014). The association of different phylotypes to the diverse diseases
caused by C. acnes is still under debate by the research community.
Notably, the dominance of IA1 among C. acnes isolates on human skin is
even more pronounced on acne patients ranging from 55% to 74% of all
C. acnes isolates (Dréno et al., 2018; McDowell et al., 2012; Paugam
et al., 2017). Especially, C. acnes isolated from follicles or cotton swap
of mild or severe acne patients belonged almost exclusively to the IA1
phylotype (Lomholt et al., 2017). This might indicate that acne vulgaris
is predominantly associated with type IA1. However, due to limitations
of different skin sampling methods which do not sample the same areas
of the skin and the fact that the skin of a single individual can be co-
lonized with multiple C. acnes strains with different biological and
antibiotic resistance properties, it is difficult to link pathogenesis of
acne to a single genetic group or isolate (Omer et al., 2017; Sadhasivam
et al., 2016). A study analyzing 61 orthopedic implants colonized by C.
acnes found most frequently phylotype I, followed by type II, while type
III could not be detected on any implant (Sampedro et al., 2009).
However, a clear association between a specific phylotype and infection
of failed orthopedic implants could not be observed (Sampedro et al.,
2009). Importantly, a recent report suggests that samples collected from
deep tissue infections can be also contaminated by the medical per-
sonnel in the progress of surgery due to the great abundance of C. acnes
on everyone’s skin (Mollerup et al., 2016). Thus, false positive detection
of C. acnes cannot be excluded. The quality of tissue sampling is crucial
to avoid false positive detection of C. acnes in the future and retrieve
better insights in the epidemiology of C. acnes.

As pathogenicity of C. acnes does not strictly follow Koch’s postu-
lates (i.e. cells can be isolated from acne patients and healthy in-
dividuals), virulence factors are harder to pinpoint. Based on recent
studies biofilm formation emerged as a potential key feature associated
with virulence (Coenye et al., 2007; Metiko et al., 2015). In 2004 in
silico analyses of the first genome sequence available already predicted
several gene products to be involved in biofilm formation (Brüggemann
et al., 2004). Since then, several studies confirmed the potential of C.
acnes to readily form biofilms on a variety of surfaces, such as plastic,
glass, silicone, titanium and steel (Bayston et al., 2007; Furustrand
Tafin et al., 2012; Holmberg et al., 2009). More recently, biofilm ag-
gregates could be visualized in the stratum corneum and the hair follicles
of acne patients as well as on implant devices (Bayston et al., 2007;
Jahns et al., 2012; Tunney et al., 2007). Biofilm formation was pro-
posed to be a key factor in the pathogenesis of acne leading to an in-
creased production of putative virulence factors like extracellular li-
pases and an elevated resistance of C. acnes against antimicrobial agents
(Burkhart and Burkhart, 2007a, 2007b; Coenye et al., 2007). Indeed, C.
acnes biofilm-like aggregates can be more frequently observed in skin
biopsies of acne vulgaris patients compared to healthy control groups.

Furthermore, C. acnes isolates derived from invasive infections have
been associated with better biofilm production compared to skin iso-
lates (Holmberg et al., 2009; Jahns et al., 2012). Most importantly and
consistent with previous reports on other microorganisms, C. acnes
biofilms have been shown to be more resistant to antimicrobial killing
compared to planktonic bacteria (Coenye et al., 2007; Ramage et al.,
2003). Overall these findings point to an important role of biofilm
formation in the pathogenesis of C. acnes.

Although biofilm formation is nowadays widely accepted as a fea-
ture of C. acnes pathogenesis, detailed analyses of isolate- and/or
phylotype-dependent variations in biofilm formation capacities within
the heterogeneous species of C. acnes are currently lacking.

In this study we performed the first comprehensive comparative
analysis of C. acnes isolates covering all 6 phylotypes with regard to the
dynamics of biofilm formation, the overall amount of mature biofilms,
adhesive properties on abiotic surfaces and biofilm morphology.
Finally, the impact of proteinase K- and DNase I-treatment on attach-
ment efficacy and mature biofilms was assessed for representatives all 6
phylotypes to get first insights into the requirements of extracellular or
surface-associated DNA and proteins in the initial surface adhesion step
and relevant matrix components of three-dimensional biofilms.

2. Materials and methods

2.1. Bacterial strains and growth conditions

A total of 58 C. acnes isolates obtained from commercial and aca-
demic sources [e.g. Leibniz Institute - German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany),
Sheila Patrick at Queen’s University Belfast (Northern Ireland, UK),
Andrej Trampuz at Pro-Implant Foundation, (Berlin, Germany), István
Nagy at Biological Research Centre of the Hungarian Academy of
Science (Budapest, Hungary)] were comparatively analyzed in this
study (Table S1). The strain collection comprised 29 strains from
human skin (healthy individual or acne patients) and 29 from deep
tissue or implant-associated infections. All strains were categorized into
six phylotypes IA1, IA2, IB, IC, II and III by multiplex touchdown PCR
for rapid typing (Barnard et al., 2015; McDowell et al., 2012). IA1
isolates were further sub-classified into SLST types according to Scholz
et al. (Scholz et al., 2014). Unless stated otherwise, all strains were
incubated at 37 °C anaerobically using AnaeroGen™ 2.5 l (Thermo Sci-
entific) system. At the beginning of each experiment the respective
isolates were streaked from −80 °C stocks onto BHI agar plates (Brain
Heart Infusion, BD™), incubated for 4 days, resuspended in BHI broth to
an appropriate optical density and used as inoculum for the individual
experiments.

2.2. Microtiter plate biofilm assay

Biofilm formation dynamics were assayed by crystal violet staining
of the attached biomass in 96-well microtiter plates at 72 h, 120 h or
168 h. The protocol is based on previously described assays (Coenye
et al., 2007; Holmberg et al., 2009; Seper et al., 2014) with some
modifications. A 96-well plate (U-bottom, polystyrene, Sterilin™) was
filled with 150 μl per well of the inoculum (OD600= 0.1) and incubated
for 72 h, 120 h or 168 h (37 °C, anaerobically). At a given time point,
growth of each C. acnes isolate was monitored by resuspending the
biomass of at least two wells per strain and the measurement of the
OD600 (SPECTROstarNano, BGM Labtech). The remaining wells (at least
6 per C. acnes isolates) were used for biofilm quantification. The su-
pernatant with the planktonic bacteria was removed and the remaining
biofilm was dried for approx. 50min at 100 °C and surface attached
material was fixed by adding 100 μl methanol. After 10min the me-
thanol was removed, the microtiter plates dried for 30min at 100 °C
and the remaining biofilm was stained with 0.1% crystal violet for
2min, solubilized in 96% ethanol and the OD595 was measured
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(SPECTROstarNano, BMG Labtech) to quantify the amount of biofilm.
Wells filled with sterile BHI broth were included in every experiment as
a sterile control and served as blank for the OD600 and OD595 mea-
surements. For each isolate 12 independent values from at least three
different microtiter plates were used for the analysis.

2.3. Microscopic visualization of attachment and biofilms

To visualize biofilm morphology 300 μl of the respective inoculum
[OD600 = 1 (attachment assays) and 0.1 (biofilm assays)] were injected
into a three-channel flow-cell chamber (DTU Systems Biology,
Technical University of Denmark) with cover slip (24 x 50mm, Menzel-
Glaeser) glued on top as substratum for biofilm growth, and incubated
for 1 h aerobically at RT to analyze attachment or 5 days anaerobically
at 37 °C to analyze mature biofilms. Afterwards non-attached cells were
removed by washing each channel with 3ml of BHI broth (33 μl/second
flow rate), followed by 300 μl BHI broth supplemented with fluores-
cence dye(s). For detection of DNA of living cells in the attachment and
biofilm assays SYTO9 (334 μM) was used. For visualization of live/
dead cells the Live/Dead BacLight™ Bacterial Viability kit (Invitrogen)
was used according to the manufacturer’s protocol. Images of attached
cells or biofilms were recorded with an Inverted Microscope Eclipse Ti-
E (Nikon™) using either an FITC-3540C or TXRED-4040C filter. Optical
sectioning was performed in 0.3 μm steps. For visualization and pro-
cessing of image data the Leica LAS AF Lite and ImageJ 1.46 software
was used. Quantification and morphological analysis of image stacks
was performed using the computer program COMSTAT 2 (Heydorn
et al., 2000; Vorregaard, 2008).

Attachment was determined by surface coverage evaluation of at
least ten images from at least four independent experiments. In case of
the three-dimensional analysis of biofilms at least twelve image stacks

from four independent experiments with each of the C. acnes isolates
were used.

2.4. Impact of proteinase K- or DNase I- treatment on C. acnes biofilms and
attachment

To test the effect of proteinase K or DNase I on biofilm formation
and surface attachment, microtiter plate and flow-cell chamber assays
were performed essentially as described above with following mod-
ifications: Filter-sterilized stock solutions (10mg/ml) of proteinase K
(Roth, 30 mAnson-U/mg) and DNase I (AppliChem, 5.000U/mg) were
prepared freshly in BHI broth prior to each experiment. In case of flow-
cell based attachment assays 270 μl of the respective inoculum in BHI
broth [OD600 = 1.1 (attachment assays)] were treated for 4 h at 37 °C
aerobically with 30 μl proteinase K or DNase I solution (final con-
centration 1mg/ml each) before the inoculum was injected into a three-
channel flow-cell chamber (DTU Systems Biology, Technical University
of Denmark) and further processing as described above (see
“Microscopic visualization of attachment and biofilms”). An inoculum
treated with 30 μl BHI broth served as mock-treated control. In case of
flow-cell based biofilm assays, 300 μl of proteinase K or DNase I solu-
tion (1mg/ml in BHI) injected into a three-channel flow-cell chamber
containing 5 day old biofilms (BHI, anaerobically at 37 °C) for 4 h at
37 °C before samples were processed as described above (see
“Microscopic visualization of attachment and biofilms”). Injection of
300 μl BHI broth served as mock-treated control. In case of microtiter
plate assays, biofilms were allowed to grow for 120 h (BHI, anaerobi-
cally at 37 °C) before 50 μl of either proteinase K or DNase I solution (in
BHI) were added carefully to each well to reach the respective final
concentration ranging from to 125mg/ml to 0.12 ng/ml. Addition of
50 μl BHI broth served as mock-treated control. After incubation at

Fig. 1. Biofilm formation of C. acnes isolates is
phylotype-dependent. (A and B) Shown is the
biofilm formation of C. acnes isolates categor-
ized into the six phylotypes IA1, IA2, IB, IC, II
and III and anatomical isolation sites (-s= skin
and –i= implant) quantified after 72 h (open
bars), 120 h (light gray) and 168 h (dark gray).
(C and D) Shown is the biofilm formation of C.
acnes IA1-s and IA1-i isolates further dis-
criminated by SLST into the sub-types A1, A2,
A37, C1, C2 and D1. The biofilm formation
capacity is shown as OD595 (A, C) obtained
after crystal violet staining or as ratio (B, D) of
OD595 obtained after crystal violet staining di-
vided by growth determined by OD600 mea-
surement to normalize for growth variations
(see Material and Methods for details). (A–D)
The amount of individual isolates incorporated
in each data set is given in parenthesis. 12 in-
dependent values from each individual isolate
are included in each data set (isolate-specific
data sets are provided in Fig. S2). Shown are
the medians with interquartile range.
Significant differences are indicated as follows
(P < 0.05, Kruskal-Wallis test followed by
post hoc Dunn’s multiple comparisons):
Significant differences in the biofilm amount of
a respective isolates at 72 h, 120 h or 168 h are
indicated by black triangles, significant differ-
ences of IA1-s to other skin-derived isolates at a
given time point are indicated by black aster-
isks, significant differences of IA1-i to other
implant-derived isolates at a given time point
are indicated by blue asterisks, significant dif-
ferences of IB-s or IB-i to other skin- or implant-

derived isolates at a given time point are indicated by orange or green asterisks respectively. Significant differences of A1 to other clusters at a given time point are
indicated by red asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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37 °C for 4 h aerobically biofilms were washed and processed as de-
scribed above (see “Microtiter plate biofilm assay”).

2.5. Impact of proteinase K- or DNase I- treatment on C. acnes viability

A CFU-based assay was performed to assess effects of proteinase K-
or DNase I-treatment on viability of C. acnes isolates. 900 μl of C. acnes
cell culture was adjusted to OD600 of 1.1 in BHI broth and mixed with
100 μl of proteinase K or DNase I solution (final concentration 1mg/ml
each) and incubated for 4 h at 37 °C. Addition of BHI broth, instead of
either enzyme, served as mock-treated control. Subsequently, appro-
priate dilutions were plated onto BHI agar plates and incubated for 4
days anaerobically at 37 °C. Plates harboring between 20 and 400 CFUs
were used for evaluation. The assay was performed in triplicate.

3. Results and discussion

3.1. Biofilm formation capacity of C. acnes isolates generally correlates with
the phylotype classification

A collection of 58 C. acnes isolates comprising 29 strains from
human skin (healthy individuals or acne patients) and 29 from deep
tissue or implant-associated infections were used for comparative ana-
lyses of biofilm formation (Table S1). All strains were categorized into
the six phylotypes IA1, IA2, IB, IC, II and III by multiplex touchdown
PCR for rapid typing (Barnard et al., 2015; McDowell et al., 2012) and
consequently labeled as X-YZ (e.g. IA1-s1) in which X stands for the

phylotype, Y stands for the point of isolation (i.e. s= skin or i=
implant-associated) and Z for the consecutive isolate number (e.g. 1 to
20), respectively. We are aware of the fact that the six phylotypes are
not equally represented in this study, but the low abundance of some
phylotypes could not be improved by additional isolation rounds. The
collection used herein generally reflects the differential abundance of
phylotypes (McDowell et al., 2012).

To determine the biofilm formation capacity of diverse C. acnes
isolates on abiotic surfaces, a microtiter plate biofilm assay was es-
tablished. A pilot study comprising 31 isolates was performed to iden-
tify biofilm dynamics and appropriate growth conditions. Thus, biofilm
formation and growth was quantified after anaerobic cultivation for
3–7 days in BHI broth, BHI broth supplemented with 10mM glucose or
thioglycolate (TG) broth, reflecting media compositions frequently used
for C. acnes cultivation (Furustrand Tafin et al., 2012; Holland et al.,
2010; Holmberg et al., 2009). As the diverse C. acnes isolates as well as
the different media composition exhibited pronounced variations in
growth dynamics (Fig. S1), the amount of biofilm detected at a given
time was also normalized to the respective growth as assessed by OD600

(see Materials and Methods for details.)
Compared to BHI broth, biofilm formation was strongly reduced in

TG, likely due to the presence of agar in the TG medium resulting in
high viscosity (Fig. S1G and I). Addition of glucose to BHI broth gen-
erally resulted in slightly increased biofilm amounts, but also enhanced
growth massively. In the majority of cases, the amount of biofilm
normalized to growth was therefore equal or even lower compared to
regular BHI broth (Fig. S1D, E and F). Thus, regular BHI broth was used

Fig. 2. Comparative morphological analyses of biofilms formed by skin-derived C. acnes strains reveal phylotype-dependent architecture. Shown are fluorescent
microscopy images of SYTO9 stained C. acnes biofilms as horizontal (xy) and vertical (xz and yz) projections (large and side panels, respectively). The respective
strain used as representative of the phylotype is indicated on top of each stack. Biofilms were grown for 5 days in flow-cell chambers with BHI broth. Large panels
represent selected single optical sections through the acquired three-dimensional data sets at the indicated z position. Optical sectioning was performed in 0.3 μm
steps.
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in all assays throughout this study.
Biofilm formation was quantified at 72 h, 120 h and 168 h to

monitor the biofilm formation dynamics of the different C. acnes iso-
lates (Fig. S2). In case of C. acnes isolates with low biofilm formation,
maximum levels were already reached at 72 h. In contrast, isolates with
robust biofilm formation generally showed an increase in biofilm pro-
duction from 72 h to 120 h, but then leveled off and showed no further
increase from 120 h to 168 h. As for most isolates biofilm formation did
not significantly increase between 120 h to 168 h. The investigated
period likely covered biofilm formation up to mature biofilms.

To analyze whether the capacity for biofilm formation depends on
the phylotype or the anatomical site of isolation (skin or implant), all 58
strains were sorted into the respective groups (Fig. 1). Although isolates
of a particular phylotype exhibited a distinct heterogeneity in biofilm
formation, there were obvious differences between the phylotypes. IA1
isolates from skin and implants formed significantly more biofilm, 2–8
fold more than other phylotypes in almost all cases (Fig. 1A and B,
black and blue asterisks). Similar patterns of biofilm formation with and
without normalization to growth were observed suggesting that growth
differences of the different isolates have only minor impact on the
overall biofilm production (Fig. 1A and B). Based on median biofilm
levels, IA1 strains were followed by IC, IA2 and II isolates, whereas
isolates of the IB and III phylotype showed the lowest biofilm formation
in these assays. However, it should be noted that the differences in
biofilm formation among non-IA1 phylotypes were rather small. In the
case of IB isolates, which represented bad biofilm producers in this
assay, significantly increased biofilm formation was only detected for
IA1 at all time points, for IC isolates at some time points and for implant
associated II at one time point (Fig. 1A and B, green and orange as-
terisks).

In general, the site of isolation had no significant impact on the
biofilm formation capacity. Notably, implant-derived IA1 strains (IA1-i)
showed slightly, but not significantly increased biofilm amounts

compared to the skin-derived IA-1 strains (IA1-s), especially at 168 h. In
summary, biofilm formation predominantly depended on the phylotype
and not on the anatomical site of isolation.

As the variation in biofilm formation of IA1 isolates was quite high,
all available IA1 strains were further classified by SLST into sub-types
(Fig. 1C and D). This reduced the variation, with highest biofilm
amounts produced by sub-type A1 (22 isolates) and A2 (1 isolate), both
corresponding to MLST clade CC18 of the Aarhus scheme or CC-1 of the
Belfast scheme, respectively (Lomholt and Kilian, 2010; McDowell
et al., 2012). Sub-types C1, C2 (corresponding to CC-3 in the Aarhus
and Belfast scheme) and D1 (corresponding to CC28 of the Aarhus
scheme or CC-4 of the Belfast scheme, respectively) showed sig-
nificantly lower biofilm formation compared to A1. Thus, the higher
biofilm formation capacity of IA1 mainly relies on sub-types A1, A2 and
the herein new identified sub-type A37. It was previously reported that
the clades CC3, CC18 and CC28 as well as sequence type ST18 within
the clade CC18 are strongly associated with moderate to severe acne
(Kilian et al., 2012; Lomholt and Kilian, 2010). Our results indicate that
isolates of these clades show significantly more biofilm production in
the microtiter plate biofilm assay.

3.2. C. acnes phylotypes show characteristic biofilm morphology

Besides dynamic biofilm quantification, the morphology of biofilms
was also investigated using fluorescent microscopy. Whereas the mi-
crotiter plate assay is applicable for high-throughput analyses, micro-
scopic analyses are more labor-intensive and time consuming.
Therefore, we focused on reference strains as representatives of the six
phylotypes and two anatomical isolation sites. Each reference strain
was selected based on the individual dynamic biofilm formation, which
matched the corresponding median values of the respective phylotype
best (Fig. S2). For microscopic analysis biofilms were allowed to form
for 120 h as the majority of C. acnes isolates’ biofilm levels reached a

Fig. 3. Analyses of the C. acnes biofilm mor-
phology by COMSTAT reveal phylotype-de-
pendent characteristics. Image stacks of re-
spective isolates were analyzed for the biomass
(A), the average thickness (B), the average
diffusion distance (C) and the maximum thick-
ness (D) using the COMSTAT 2 software
(Heydorn et al., 2000; Vorregaard, 2008).
Shown are the medians of at least ten image
stacks from at least four independent experi-
ments for each strain. The error bars indicate
the interquartile range. Significant differences
are indicated by asterisks for the following
comparisons (P < 0.05, Kruskal-Wallis test
followed by post hoc Dunn’s multiple compar-
isons): Significant differences of IA1-s1 to IA1-
i1 or other skin-derived isolates (open bars) are
indicated by black asterisks, significant differ-
ences of IA1-i1 to other implant-derived iso-
lates (grey bars) are indicated by blue asterisks,
significant differences of IB-s1 to IB-i1 or other
skin-derived isolates are indicated by orange
asterisks, significant differences of IB-i1 to
other implant-derived isolates are indicated by
green asterisks. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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plateau or peaked at this time point (Fig. S2). A life/dead staining using
propidium iodide and SYTO9 fluorescent dyes indicated a vital biofilm
for all isolates tested with only a few dead cells found at the bottom of
the biofilm (Fig. S3).

Representative images of biofilms formed by skin- and implant-de-
rived reference strains of all six phylotypes are provided in Fig. 2 and
S4, respectively. Image stacks of independently grown biofilms of each
reference strain were also evaluated for defined biofilm parameters by
COMSTAT 2 software (Fig. 3) (Heydorn et al., 2000; Vorregaard, 2008).
Skin- and implant-derived reference strains of the phylotypes IA1, IA2
and IC formed well-structured three-dimensional biofilms with distinct
pillars and fluid-filled caverns and channels (Figs. 2 and S4). Defined
multicellular aggregates are highlighted by relative high average dif-
fusion distances (Fig. 3C), providing a measure for the shortest average
distance from a cell in the biofilm to a fluid-filled channel. Reference
strains of phylotype III formed biofilms with similar thickness and

biomass, but less defined cell aggregates and pillars indicated by a re-
duced average diffusion distance compared to IA1, IA2 and IC (Fig. 3).
Biofilms of IB and II phylotype strains showed the least structured
three-dimensional morphology with almost no cell aggregates, rela-
tively low biomass and thin biofilms (Figs. 2, 3 and S4).

The microscopic analyses allowed for a more refined characteriza-
tion of the capacity for biofilm formation. While the microtiter plate
assay incorporates several stringent washing steps to remove un-
attached cells and remaining traces of crystal violet, the processing of
mature biofilms for the microscopic evaluation is more gentle. Thus,
fragile biofilms with low adhesive properties are better preserved in the
microscopy chamber, but more likely to be destroyed in the microtiter
plate assay. This could explain the relatively high biofilm levels of IA2,
IC and III isolates only observed only by the microscopic analyses and
emphasizes the necessity to investigate biofilm formation via different
approaches.

Consistent with the results of the microtiter plate assay, the biofilm
morphology correlated more with the phylotype than with the anato-
mical isolation point. In further concordance with the microtiter assays,
implant-derived IA1-i1 isolate exhibited slightly increased biomass,
average thickness and diffusion distance values compared to the skin-
derived IA1-s1. A similar result can be observed for phylotype II. It
could be hypothesized that implant-derived IA1 and II isolates have a
slightly increased biofilm formation capacity compared to skin isolates
of the same phylotype. Interestingly, Holmberg et al. recently reported
that invasive isolates of C. acnes produce more biofilm compared to
superficial skin isolates (Holmberg et al., 2009). Although this study
used a less comprehensive phylotyping scheme, more than 50% of their
isolates were categorized in the IA group followed by group II with
approximately 30%. Thus, the study likely investigated predominantly
IA1 and II isolates. Furthermore, the results of both studies might in-
dicate that invasive, implant-derived IA1 and II isolates have an in-
creased biofilm formation capacity compared to skin-derived IA1 iso-
lates or that their biofilm formation capacity may be differentially
modulated in specific environments, showing more biofilm formation
under the conditions applied in these studies (i.e. BHI broth). The pa-
thophysiological relevance of these findings requires further in-
vestigation.

3.3. Abiotic attachment of C. acnes isolates correlates with the phylotype
classification

As attachment to abiotic surfaces is considered to be the first step in
biofilm formation, the ability to cover an abiotic surface within 1 h was
assessed for the skin- and implant-derived reference strains (Figs. 4 and
S5). IA1, IA2 and IC isolates which formed a well-structured three-di-
mensional biofilm (Figs. 2 and S4) showed a similar, relatively high
median surface coverage of ∼15% (Fig. 4). In contrast, isolates of
groups IB, II and III exhibited low attachment properties with a median
surface coverage of 5% or less (Fig. 4). No obvious differences between
skin- or implant-derived isolates within the same phylotype could be
observed.

3.4. C. acnes biofilms and attachment to abiotic surfaces depend on
extracellular DNA (eDNA) and proteins

The biofilm matrix of C. acnes strain KPA171202 (type IB) is com-
posed of carbohydrates, proteins and eDNA (Jahns et al., 2016). These
macromolecules may not only be important as structural components
for mature biofilms, but can also play critical roles in the initial surface
attachment. The flow-cell chamber assays established in this study were
used to investigate the impact of proteinase K or DNase I-treatment on
biofilm structure and surface attachment of reference strains for the six
C. acnes phylotypes. The concentration of both enzymes was adjusted to
1mg / ml to ensure effective degradation of accessible protein or DNA
without adverse effects on cell viability. The latter was verified by

Fig. 4. Adhesive properties of C. acnes isolates to abiotic surfaces. Shown are
representative microscopic images of skin-derived reference strains (A) and
median surface coverage (B) determined by the COMSTAT 2 software (Heydorn
et al., 2000; Vorregaard, 2008) for all twelve reference strains. C. acnes cells
were allowed to attach for 1 h, before non-attached cells were removed and the
attached cells were stained with SYTO 9. Micrographs represent a single optical
section to visualize the surface coverage on the cover slip. For each isolate at
least ten images from four independent experiments were analyzed. The error
bars indicate the interquartile range. Significant differences are indicated by
asterisks for the following comparisons (P < 0.05, Kruskal-Wallis test fol-
lowed by post hoc Dunn’s multiple comparisons): Significant differences of IA1-
s1 to IA1-i1 or other skin-derived isolates (open bars) are indicated by black
asterisks, significant differences of IA1-i1 to other implant-derived isolates
(grey bars) are indicated by blue asterisks, significant differences of IB-s1 to IB-
i1 or other skin-derived isolates are indicated by orange asterisks, significant
differences of IB-i1 to other implant-derived isolates are indicated by green
asterisks. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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performing a CFU viability assay, where cells were exposed to DNase I
and proteinase K for 4 h at 37 °C, simulating the same condition used in
the biofilm or attachment assays. No significant decrease in the CFU
count of DNase I or proteinase K-treated cells was observed in com-
parison to the mock-treated control for any reference C. acnes strain
(Fig. S6). Treatment of mature biofilms with proteinase K resulted in
most cases in significant reduction of the biofilm biomass (Fig. 5A). In
the majority of cases, the biofilm was completely destroyed. Only for II-
s1, which produced almost no detectable biofilm, no significant re-
duction of the biofilm biomass upon proteinase K-treatment could be
observed. In contrast, treatment with DNase I was only effective against
mature biofilms of IB, IC and III, whereas IA1 biofilms were fairly re-
sistant to DNase I activity. Thus, the results indicate a phylotype-de-
pendent difference in DNase I-sensitivity of mature C. acnes biofilms.
With regard to the surface adhesion, proteinase K- and DNase I-treat-
ment significantly impaired attachment properties of almost all C. acnes
strains independent of the phylotype (Fig. 5B). Hence, proteins and
eDNA seem to contribute to the initial surface attachment of C. acnes.

The impact of DNase I- and proteinase K-treatment was also as-
sessed in the microtiter plate biofilm assays (Fig. 6). Using this high-
throughput assay, we were able to test effects of several different en-
zyme concentrations. However, the assay was limited to IA1 isolates, as
only these showed decent biofilm formation in microtiter plates. In
contrast to the flow-cell based assay, IA1 biofilms in the microtiter
plates were susceptible to both, DNase I- and proteinase K-treatment. In
comparison to the mock-treated control significant reductions in the
biofilm amount were observed with proteinase K concentrations down
to 1.9 μg/ml and DNase I concentrations down to 1.9 ng/ml. As already

discussed above, the microtiter plate assay employed more stringent
washing steps, while the processing of biofilms for the microscopic
evaluation was more gentle. We, therefore, speculate that DNase I-
treatment in combination with the more intense washing steps during
the microtiter plate assay had a stronger negative effect on the adhesive
properties of the biofilm, compared to the same treatment performed
under the assay conditions inside the microscopy chamber. In this
context, the microtiter plate assay seems to be a stronger indicator of
the factors, which are relevant for the biofilm attachment to the abiotic
surface.

4. Concluding remarks

It is becoming increasingly evident that biofilm formation is an
important feature for C. acnes pathogenesis of skin diseases and im-
plant-associated infections. C. acnes isolates are characterized by a high
genetic heterogeneity, which allows the classification into different
phylotypes and sub-types. This work provides a first comparative ana-
lysis of in vitro biofilm formation capacities using a comprehensive
collection of C. acnes isolates comprising representatives categorized by
phylotypes (IA1, IA2, IB, IC, II and III), IA1 SLST sub-types and ana-
tomical isolation site (skin and implant). In this study we focused on
reproducible microtiter plate and flow-cell chamber assays, which have
been frequently used to investigate biofilm formation of other bacteria.
Naturally, such in vitro biofilm assays have limitations in regard to the
in vivo situation. Thus, future studies will be required to test whether
all the observations presented herein can be transferred to in vivo
biofilm formation. In the microtiter plate assay, which employed more

Fig. 5. Impact of Proteinase K and DNase I-
treatment on biofilms and abiotic surface ad-
hesion of C. acnes. (A) Biofilms were grown for
5 days in flow-cell chambers with BHI broth
and subsequently incubated for 4 h with 1mg/
ml proteinase K (light gray), 1 mg/ml DNase I
(dark gray,) or mock-treated with BHI broth
(open bars), before non-attached cells were
removed and the attached cells were stained
with SYTO 9. Fluorescent image stacks were
acquired to analyze the biomass using the
COMSTAT 2 software (Heydorn et al., 2000;
Vorregaard, 2008). Shown are the medians of
at least ten image stacks from at least four in-
dependent experiments for each strain. The
error bars indicate the interquartile range. (B)

C. acnes cells were incubated for 4 h with 1mg/ml proteinase K (light gray), 1 mg/ml DNase I (dark gray,) or mock-treated with BHI broth (open bars), before they
were allowed to attach for 1 h in flow-cell chambers. Subsequently, non-attached cells were removed and the attached cells were stained with SYTO 9 to acquire
representative microscopic images for analysis of the median surface coverage using the COMSTAT 2 software (Heydorn et al., 2000; Vorregaard, 2008). Shown are
the medians of at least ten images from at least four independent experiments for each strain. The error bars indicate the interquartile range.
(A and B) Significant differences in biomass or attachment between mock-treated control and proteinase K- or DNase I-treated samples are indicated by asterisks
(P < 0.05, Kruskal-Wallis test followed by post hoc Dunn’s multiple comparisons).

Fig. 6. Impact of Proteinase K and DNase I-
treatment on biofilms in the microtiter plate
assay. Biofilms were allowed to form for 120 h
in the microtiter plate assay with BHI broth for
reference isolates IA1-s1 (A) and IA1-i1 (B) and
subsequently incubated for 4 h with serial di-
lutions of proteinase K (light gray), DNase I
(dark gray,) or mock-treated with BHI broth
(open bars). Shown are the medians with in-
terquartile range. At least 32 independent va-
lues were included for each data set. Significant
reduction compared to the mock-treated con-
trol is indicated by an asterisk (P < 0.05,
Kruskal-Wallis test followed by post hoc Dunn’s
multiple comparisons).
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stringent washing steps, skin- and implant-derived IA1 isolates showed
2–8-fold higher biofilm formation capacity compared to other phylo-
types. In particular, SLST sub-types A1 and A2 exhibit high biofilm
formation capacity, which is an interesting finding considering that
these sub-types were shown to have a stronger association with mild to
severe acne. Microscopic analyses of the biofilm morphologies allowed
visualization and evaluation of the three-dimensional biofilm struc-
tures. This resulted in a more refined assessment of biofilm formation
by diverse C. acnes isolates, with well-structured mature biofilms
formed by phylotypes IA1, IB, and IC. Concordantly, these isolates also
showed the highest attachment rates to abiotic surfaces. In general, no
consistent differences in biofilm formation between skin- and implant-
derived isolates of the same phylotype could be observed. A notable
exception is the IA1 phylotype, with slightly higher biofilm values of
implant-derived isolates compared to skin-derived isolates in both as-
says. Proteinase K- and DNase I-sensitivity assays revealed that both,
eDNA and proteins, are important for initial attachment to abiotic
surfaces and that proteins are important structural components of the
mature biofilms formed by all phylotypes. In contrast, a phylotype-
dependent difference in DNase I-sensitivity of mature C. acnes biofilms
could be observed. Taken together, the results presented herein indicate
that biofilm formation by C. acnes is primarily dictated by the phylotype
and to a much lower extent by the anatomical site of isolation. A po-
tential epidemiological and pathophysiological impact of these findings
needs to be addressed in future studies.
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