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Abstract

Phenol-soluble modulins (PSMs) are amphipathic, alpha-helical peptides that are secreted by staphylococci
in high amounts in a quorum-sensing-controlled fashion. Studies performed predominantly in Staphylococcus
aureus showed that PSMs structure biofilms, which results in reduced biofilm mass, while it has also been
reported that S. aureus PSMs stabilize biofilms due to amyloid formation. We here analyzed the roles of PSMs
in in vitro and in vivo biofilms of Staphylococcus epidermidis, the leading cause of indwelling device-
associated biofilm infection. We produced isogenic deletion mutants for every S. epidermidis psm locus and a
sequential deletion mutant in which production of all PSMs was abolished. In vitro analysis substantiated the
role of all PSMs in biofilm structuring. PSM-dependent biofilm expansion was not observed, in accordance
with our finding that no S. epidermidis PSM produced amyloids. In a mouse model of indwelling device-
associated infection, the total psm deletion mutant had a significant defect in dissemination. Notably, the total
psm mutant produced a significantly more substantial biofilm on the implanted catheter than the wild-type
strain. Our study, which for the first time directly quantified the impact of PSMs on biofilm expansion on an
implanted device, shows that the in vivo biofilm infection phenotype in S. epidermidis is in accordance with the
PSM biofilm structuring and detachment model, which has important implications for the potential therapeutic
application of quorum-sensing blockers.

Published by Elsevier Ltd.
Introduction

Infection of indwelling medical devices is one of
the leading types of nosocomial infections. These
infections are often caused by opportunistic patho-
gens in patients who are immunocompromised due
to underlying medical conditions or medical inter-
ventions such as surgery. Often, the infected device
needs to be replaced, which leads to significantly
increased costs for public health systems and a
considerable burden for the patient. The main
reason for the need to replace rather than treat the
infected device with antibiotics stems from the fact
lsevier Ltd.
that these infections commonly proceed with the
development of biofilms, which are surface-attached
bacterial aggregates that are inherently resistant to
antibiotics [1–3].
Staphylococci are major nosocomial pathogens.

Staphylococcus epidermidis in particular, an other-
wise innocuous and even beneficial normal component
of the skin microbiota, is the most frequent pathogen
involved with device-associated infections [4,5]. This
situation has been explained by the facts that these
bacteria are (i) abundant common inhabitants of human
epithelia [6] and (ii) have exceptional ability to form
biofilms [5,7]. Biofilm-forming capacity has been linked
Journal of Molecular Biology (2019) 431, 3015-3027
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to the variety and abundance of the molecules S.
epidermidis secretes to attach to humanmatrix proteins
and form a biofilm matrix [7]. Probably the most
important components of the S. epidermidis biofilm
matrix are the poly-N-acetylglucosamine polymeric
exopolysaccharide (PIA/PNAG) [8] and the fibril-
forming accumulation-associated protein Aap [9], as
has been shown by both in vitro and in vivo research
[10–12]. Some matrix proteins, such as Aap or the
small basic protein (Sbp), form amyloid-like fibril
scaffolds [13–15]. However, no molecule appears to
be absolutely required for S. epidermidis biofilm
formation. For example, isolates without the PIA/
PNAG-encoding ica genes have been isolated from
device-associated infections and ica-negative strains
form in vitro biofilms, although biofilms without PIA/
PNAG are weaker [10,16].
The formation of a mature biofilm, however, not only

includes biofilm matrix formation but also requires
structuring [17]. Biofilm-structuring forces lead to the
formation of channels, which are deemed important for
nutrient delivery throughout the biofilm and thus to keep
deeper biofilm layers alive. They also lead to detach-
ment, which is a prerequisite for the systemic dissem-
ination of a biofilm infection. In staphylococci, biofilm
structuring has been linked to two molecule families:
(1) enzymes that degrade biofilm matrix molecules,
above all secreted proteases [18,19], while enzymes
that degrade PIA/PNAG are not known in staphylococ-
ci, and (2) the surfactant phenol-solublemodulin (PSM)
peptides [20–23].
PSMs are peptides with pronounced amphipathy

and α-helicity, properties that give them surfactant
character [24,25]. They are categorized into α- and
β-type PSMs according to their length. The former
are ~20–25 and the latter ~45 amino acids in length.
Every staphylococcal species produces a species-
specific repertoire of PSMs, some but not all of which
share sequence similarities to homologous PSMs in
other species. In vitro research has shown that all
PSMs of Staphylococcus aureus, as well as the
S. epidermidis PSMβ peptides, which are strongly
produced in that species, structure biofilms. The
same PSMs are so far also the only bacterial factors
for which roles in the in vivo dissemination of biofilm-
associated infection could be directly demonstrated
[20,21].
However, there are several important outstanding

questions as for the role of PSMs in biofilms. First,
the difficulties associated with producing isogenic
deletion mutants in S. epidermidis have so far not
allowed investigating the roles of PSMs other than
the PSMβ peptides in S. epidermidis. Second, the
effect that the absence of PSMs has on biofilm
expansion, which is very pronounced in vitro, has so
far not been analyzed in vivo on infected devices.
Third, there is a model describing the role of PSMs in
biofilm formation that to a certain extent contradicts
that described above and which is based on the
formation of amyloids by S. aureus PSMs in in vitro
setups [26]. While the role of PSM amyloids in
S. aureus biofilm formation is controversial [27],
whether S. epidermidis PSMs form amyloids with a
potential impact on biofilms has not yet been
investigated. With some S. epidermidis PSMs show-
ing higher similarity to amyloid-forming S. aureus
PSMs (e.g., S. epidermidis PSMδ to S. aureus
PSMα3) than some of those to each other, amyloid
formation by S. epidermidis PSMs appears possible
and warrants investigation.
Therefore, we here put considerable efforts into

the construction of isogenic mutants of the psm
genes in S. epidermidis. Notably, we also construct-
ed a total psm mutant, in which production of all
PSMs of S. epidermidis is abolished. We tested the
contribution of single and total mutants to in vitro
biofilm formation and also analyzed the contribution
of PSMs to in vivo biofilm formation and dissemina-
tion using the total PSM deletion strain and a mouse
device-associated infection model. Our results dem-
onstrate a significant contribution of all S. epidermi-
dis PSMs to biofilm structuring processes and for the
first time directly show that PSMs impact biofilm
formation on an indwelling medical device in vivo.
Furthermore, according to our results, S. epidermidis
PSMs do not form amyloids and the PSM-dependent
biofilm phenotypes S. epidermidis displays in vitro and
in vivo are at odds with the predictions of the PSM
amyloid model that was established in S. aureus.
Results

Production of psm deletion strains

S. epidermidis generally produces six PSMs:
PSMα, PSMδ, PSMε, PSMβ1, PSMβ2, and the
δ-toxin (sometimes called PSMγ) [25,28–30]. The
psmβ operon contains three genes, coding for the
PSMβ1 and PSMβ2 peptides, while the psmβ3
gene appears not to be expressed, as we never
found PSMβ3 production in any of many analyzed
S. epidermidis culture filtrates. Sometimes, the
psmβ1 gene is duplicated, which is, however, not
the case in the standard strain 1457 [31] that we and
others have used for many previous studies and
which we chose as the background strain to
construct psm deletions. Furthermore, S. epidermi-
dis contains a homolog of the S. aureus psmα
operon, but in which in contrast to S. aureus, only
two peptides, PSMα and PSMδ, are encoded. PSMε
is another α-type PSM that is encoded in a gene not
connected with other psm genes. The δ-toxin is
encoded within RNAIII, the intracellular effector of
the accessory gene regulator (Agr) quorum-sensing
system [32]. Agr strictly controls expression of all
PSMs [33] (Fig. 1a, b).



Fig. 1. S. epidermidis PSMs and construction of isogenic
psm deletion mutants. (a) Amino acid sequences of S.
epidermidis PSMs. Note all PSMs have an N-terminal
formylated methionine (fM) due to export by a dedicated
ABC transporter without a signal peptide [34]. (b) S.
epidermidis psmdeletionmutants. The psmβdeletionmutant
was constructed by replacement of the entire psmβ operon
with a spectinomycin resistance cassette. Note the hypo-
thetical PSMβ3 peptide does not appear to be produced. The
quintuple (total)psmdeletionmutantwas thenconstructedby
sequential deletion of the other psm loci, in the order as
shown from top to bottom. Single psm deletion mutants were
also constructed. In the case of hld (encoding δ-toxin)
and psmα, start codon mutations were introduced instead
of complete gene deletions, so as not to interfere with
production of RNAIII or expression of psmδ, respectively.
Deleted or replaced sections are shadowed in red. (c)
Analysis of PSM production pattern by RP-HPLC/MS of all
psm mutants used in this study.
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Wepreviously described an isogenic deletionmutant
of the psmβ operon, in which the psmβ operon was
replacedwith a spectinomycin resistance cassette [20].
We also described an hld (δ-toxin) mutant, in which the
hld start codonwas changed to abolish production of δ-
toxin without affecting RNAIII function [35]. Here, a
strategy was used to produce markerless deletions of
all other single psm genes. We also used that strategy,
as described in Materials and Methods, to produce a
sequential total PSMdeletionmutant on thebasis of the
spectinomycin-resistant psmβ deletion mutant, in
which all psm genes are completely deleted and hld
expression is abolished (Fig. 1b). All mutants were
verified for correct deletion by DNA sequencing as well
as analysis of the PSMproduction pattern by reversed-
phasehigh-performance chromatography/electrospray
ionization mass spectrometry (RP-HPLC/ESI-MS)
(Fig. 1c). Mutations in agr that result in complete
absence of PSM production happen frequently in the
laboratory [36,37]. Therefore, the correct PSM produc-
tion pattern was verified at every step of the procedure.
The totalpsm deletion strain (Δpsm), whose phenotype
of complete PSM absence cannot be distinguished by
this method from a spontaneous agr mutant, was
verified as Agr positive by analysis on milk agar plates,
which assays for the maintained production of Agr-
controlled proteases [38,39].

Amyloid formation

We earlier described properties of pure S. epider-
midis PSM peptides, such as capacities to lyse
neutrophils [28]. We then did not analyze capacities
to form amyloids, as amyloid formation by PSMs was
only suggested and described later [26]. Therefore,
we now subjected all pure S. epidermidis PSMs to
the common thioflavin T (ThT) test for amyloid
formation. No PSM of S. epidermidis showed
amyloid formation in this assay when tested at
0.1 mg/ml in physiological buffer conditions [10 mM
sodium phosphate buffer (pH 8.0), 150 mM NaCl],
whether diluted from DMSO stocks or pre-treated to
destroy preformed amyloids, in contrast to amyloid-
forming S. aureus PSMα3, which was used as
control (Fig. 2a, b). As a further control, we treated all
peptides with Tween 80, an amyloid-destroying
agent, which led to abolishment of amyloid formation
in the case of PSMα3 but did not alter fluorescence
values, indicative of amyloid formation/destruction,
with any S. epidermidis PSM. Thus, S. epidermidis
PSMs do not form amyloids, at least under the tested
conditions.

Role of S. epidermidis in in vitro biofilms

There are many ways to analyze in vitro biofilms.
They can be categorized into two main setups: static
and dynamic. In contrast to static models, dynamic
models use flow, often applied in so-called flow cells,
where fresh medium is run through the biofilm at a
given flow rate [40]. Notably, no in vitro model of
biofilm formation can completely reflect the situation
during infection, given the absence of host tissue



Fig. 2. Test for amyloid formation ofS. epidermidis PSMs. All S. epidermidis PSMs, as well as S. aureus PSMα3 and the
control amyloid peptide Aβ42, were subjected to a ThT amyloid formation assay at a final concentration of 0.1 mg/ml in
10 mM sodium phosphate buffer (pH 8.0)/150 mM NaCl. The amyloid-indicative fluorescence at 484 nm was measured
over 10 h. (a) Assay with PSM peptides diluted 1:100 from 10-mg/ml stocks in 100% DMSO. (b) Assay with PSM peptides
pre-treated to abolish pre-formed amyloids using trifluoroacetic acid/hexafluoroisopropanol (1:1). (c) Assay comparing
peptides pre-treated as in (b) with or without addition of Tween 80 to destroy pre-formed amyloids.
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formation, hostmatrix proteins, and immune defenses,
to name but a few limitations. With this in mind, one
could probably argue for either model, seen that
device-associated infections occur in tissue or blood
vessels, mimicking “static” or “dynamic” conditions,
respectively. Thus, we used both static and dynamic
models to analyze the role of PSMs in in vitro biofilms.
Fig. 3. Static in vitro biofilm formation by single and total S. ep
mode for 48 h,measured byCLSM, and analyzed by Imaris or Com
of the quorum-sensing psm control system agrwasmeasured. (a)
(More compact biofilm have higher; biofilmswithmore channel form
(Biofilms that are smoother have a lower value.) (e) Representa
ANOVA with Dunnett's post-test versus data obtained with the w
randomly selected areas in a sample. The experiment was repea
In the static model, we tested all single isogenic psm
mutants as well as the total psm deletion strain (Δpsm).
All showed significantly increased total and average
biovolumes and biofilm thickness, and a reduced
roughness coefficient (Fig. 3). Average biovolume is a
readout for the degreeof channel formation, thus for the
structuring capacity associated with PSMs (with a
idermidis psmmutants. Biofilms were grown in TSBg in static
stat software. In addition to psmmutants, an isogenicmutant

Total biovolumes (total biofilmmass). (b) Average biovolumes
ation lower values.) (c) Thickness. (d) Roughness coefficient

tive CLSM example pictures. (a–d) ****p b 0.0001 [one-way
ild-type (WT) strain]. Data are from n = 16 measurements of
ted with similar results.
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higher value meaning less structuring). All S. epidermi-
dis PSMs showed the same general impact on biofilm
formation that has been described by us previously for
S. aureusPSMsand theS. epidermidisPSMβpeptides
[20,21]. Interestingly, we detected average biovolume
and thickness values similar to those of the total psm
deletionmutant even for deletionmutants of PSMs that
are only produced in comparatively low amounts, such
as PSMδ or PSMε. Contrastingly, total biovolume and
roughness coefficients showed some differences that
seemedcorrelatedwithPSMproduction levels,with the
highly produced PSMβ peptides and δ-toxin showing
the most pronounced effects. In the dynamic flow-cell
model, we compared the totalpsmmutantwith thewild-
type S. epidermidis strain. Total and average biovo-
lume and thicknesswere increased in theΔpsmversus
the wild-type strain, while roughness was decreased
(Fig. 4). These results thus reflected those achieved in
the static model.

Role of PSMs in S. epidermidis biofilm-associated
infection

As already mentioned above, in vitro biofilm models
only poorly reflect the conditions of biofilm-associated
infection. Thus, to investigate the role of PSMs in
biofilm-associated infection, we employed a frequently
Fig. 4. Dynamic in vitro biofilm formation by wild-type and iso
in dynamic mode in flow cells for 48 h, measured by CLSM
biovolumes (total biofilm mass). (b) Average biovolumes (Mor
formation lower values.) (c) Thickness. (d) Roughness coeffic
Representative CLSM example pictures. (a–d) ****p b 0.0001
randomly selected areas in a sample. The experiment was rep
used mouse infection model, in which catheter pieces
with attachedbacteria are placedunder the skin ofmice
[11,41]. Most device-associated infections with
S. epidermidis occur in immune-compromised patients
[2]. Using a similar model, we previously showed that
S. epidermidis causes increased severity of device-
associated infection in severe combined immunodefi-
ciency (SCID) mouse strains as compared to immuno-
competent mice [42]. These mice are impaired in B-
and/or T-cell responses, thus primarily in adaptive
immunity. However, innate host defenses, and espe-
cially neutrophils, are generally known to have themost
important impact on staphylococcal infections [43].
Therefore, we here first testedwhethermice deficient in
leukocytes develop device-associated infections with
increased severity. Leukocytes were destroyed by
treatment with cyclophosphamide (CY), which affects
all cell types of myeloid origin [44].
We measured bacterial colony-forming units (CFU)

on the inserted catheter, in the catheter-surrounding
tissue, in several organs (spleen, liver, kidney), and
lymph nodes to test for development of device-
associated infection as well as its systemic dissemina-
tion. Biofilms on the implanted device were significantly
larger, and significantly more CFUs were detected in
the surrounding tissue and all tested organs, as
compared to non-CY-treated, immunocompetent mice
genic Δpsmmutants strains. Biofilms were grown in TSBg
, and analyzed by Imaris or Comstat software. (a) Total
e compact biofilm have higher; biofilms with more channel
ient (Biofilms that are smoother have a lower value.) (e)
(unpaired t-tests). Data are from n = 15 measurements of
eated with similar results.
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(Fig. 5). Thus, leukocyte function has a significant
impact on biofilm-associated device infection and its
dissemination in mice.
We then used the same model under conditions of

immune suppression to test for the role of PSMs using
the total psm deletion mutant (Δpsm). Device-attached
biofilms formed by the Δpsm mutant were significantly
larger than those formed by wild-type S. epidermidis,
while dissemination, as measured by CFU in the
catheter-surrounding tissue, lymph nodes, and organs,
Fig. 5. Biofilm-associated device
infectionmodel. Catheter pieces coat-
ed with equal amounts of wild-type or
Δpsm bacteria were inserted subcu-
taneously into the dorsa of mice,
which were treated with CY to obtain
leukocyte-deficient immune suppres-
sion. Another group of mice infected
with wild-type S. epidermidis-coated
catheters received saline as control to
maintain immune competency. All
groups consisted of n = 26 mice with
two inserted catheters each, resulting
in n = 52 data points. Occasionally,
catheters fell out and were not includ-
ed in the counting. For organs and
lymph nodes, only data points are
shown in case bacteria were detect-
ed. Especially in lymph nodes, detec-
tion of bacteria was rare. *p b 0.05;
**p b 0.01; ****p b 0.0001 [one-way
ANOVA with Tukey's post-test. Only
comparisons between untreated ver-
sus CY-treated, and CY-treated mice
infected with wild-type (WT) versus
Δpsm S. epidermidis are shown.]
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was lower in mice infected with Δpsm bacteria. In the
lymph nodes and liver, the differences were significant
(Fig. 5).
Discussion

It is now well established that PSMs have a
considerable impact on biofilm formation and represent
major effectors of the previously described pronounced
influence of Agr quorum-sensing regulation on staph-
ylococcal biofilm development [17,45,46]. However,
important questions have remained unanswered and
there are contrasting schools of thought about how
specific physico-chemical properties affect the biolog-
ical functions of PSMs. First, except for our studies
using a psmβ deletion mutant [20], the impact of PSMs
on S. epidermidis biofilms and biofilm infection has
remained undefined. Second, whether there is biolog-
ical relevance of PSM amyloid formation, in particular
for biofilm formation and biofilm infections, has
remained amatter of debate [27]. Finally, in the present
study, we also addressed whether leukocyte depletion
has a significant impact on the severity of S.
epidermidis device-associated infection. This repre-
sents an important question given thatS. epidermidis is
the major cause of device-associated infections, as
well as device infection-associated bacteremia, and
many patients that suffer fromS. epidermidis infections
are immunocompromised.
We showed previously that in a device-associatedS.

epidermidismouse infection model similar to that used
in the present study, CBSCBG-MM and Nu/Nu SCID
mice, deficient in B and T cells, had ~5–10 times higher
average CFU on infected catheters and surrounding
tissue than wild-type mice [42]. Here, mice deficient in
leukocytes, amajor arm of innate immunity, showed an
at least similarly pronounced deficiency in clearing S.
epidermidis biofilm infection. We also measured
dissemination to lymph nodes and into organs, which
was increased at comparable rates. Thus, our results
show that deficiency in leukocytes as major cellular
mediators of innate immunity leads to significantly
increased severity of experimental device-associated
biofilm infection.
As for the role of PSMs, our results are in accordance

with the general principle indicated in our previous
studies using S. aureus psm mutants [21] and
the S. epidermidis psmβ mutant [20], inasmuch as
dissemination into organs and establishment of second
site infection was decreased in the absence of
PSMs. However, we now also for the first time directly
measured the extent of biofilm formation on the device.
Our results show significantly increased biofilm forma-
tion on the device in the absence of PSMs, indicating in
vivo relevance of the model of PSM-mediated biofilm
structuring and detachment in the used biofilm infection
model.
While animal models or in vitro flow-cell measure-
ments of all single psmmutants would have required
too large an amount of experiments, we tested all
single psm mutants for their impact on static biofilm
development. Some biofilm phenotypes showed a
certain additivity of the effects of single PSMs;
however, average biovolume and thickness values
obtained for the total psm mutant were also reached
by all single psm mutants. These observations
reflect our previous findings using single S. aureus
psm mutants [21]. They suggest that already the
absence of PSMs that are expressed at compara-
tively low levels impacts biofilm phenotypes consid-
erably, despite the continued presence of all other
PSMs and an almost unchanged total PSM amount.
We believe that this may point to functional
specification of PSMs with respect to their roles in
biofilm structuring. Functional specification of PSMs
is yet poorly understood, and testing the hypothesis
that different PSMs have different functions in biofilm
structuring remains an important task for future in-
depth mechanistic research.
Our previous in vitro studies have consistently

shown that PSMs structure biofilms and their
absence leads to biofilms with enhanced thickness
but less channel formation [20,21,23]. Others have
shown that some S. aureus PSMs (PSMα1, PSMα2,
PSMα4, PSMβ1, PSMβ2) are contained in amyloid-
like fibrils that lead to enhanced resistance of
biofilms toward enzymatic degradation [26]. While
we previously confirmed in vitro aggregation and
potential amyloid formation by several S. aureus
PSMs [27], both our in vitro and in vivo analyses
using S. aureus psm mutants indicated that this
capacity does not have significant relevance for in
vitro or in vivo biofilm formation [20,21,27]. We also
recently provided experimental evidence for the
attachment of S. aureus PSMs to DNA [27],
indicating that the enhanced resistance of PSM-
positive biofilms to degradation can be explained
without the involvement of PSM amyloids. Here, we
analyzedS. epidermidisPSMs for amyloid formation. In
contrast to amyloid-forming S. aureus PSMα3, which
was used as a control, no S. epidermidis PSM showed
significant amyloid formation in an in vitro assay.
Furthermore, our in vitro data achieved with S.
epidermidis psm mutants support the model of PSM-
mediated biofilm structuring and detachment. Finally,
our analysis of in vivo biofilm formation on an implanted
device indicate that this model is in accordance with in
vivo phenotypes, at least under the in vivo infection
conditions tested in this study.
Recently, PSMα3 of S. aureus was shown to adapt

an exceptional amyloid fibril structure, which was
claimed to be linked to the functional properties of
that peptide [47], in particular its cytolytic capacity,
which is higher than that of most other tested PSMs
[48]. We previously demonstrated that PSMδ of S.
epidermidis, a homolog of the S. aureus PSMα
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peptides, has cytolytic capacities at least at the same
level as those exhibited by PSMα3 [28]. It is thus of
interest that PSMδ, similar to all other tested S.
epidermidis PSMs, did not show amyloid formation.
This result adds to previous evidence we obtained
using an alanine screen peptide bank of PSMα3, which
showed that several PSMα3 derivatives with abolished
or strongly reduced amyloid-forming capacities main-
tained cytolytic activity, indicating that amyloid forma-
tion of PSMα3 is not linked to its cytolytic capacity [27].
Altogether, our data show that amyloid formation is not
a general PSM feature and lend further support to the
notion that the occasionally observed amyloid-like
aggregation of PSMs does not have biological rele-
vance, at least not for the phenotypes that have so far
been described for PSMs.
Blocking quorum-sensing is a frequently proposed

strategy of modern antivirulence drug development
[49]. In S. aureus, the Agr quorum-sensing system
controls a plethora of toxins [50]. These include PSMs,
which are under exceptionally direct and strict regula-
tion by Agr [33]. As we verified in the present study, all
S. epidermidis PSMs are also under strict Agr control.
While targeting Agr certainly appears a valuable
strategy to treat acute, non-biofilm-associated infec-
tions, we previously noted that caution should be
appliedwhen evaluating quorum-sensing blocking as a
potential therapeutic option for biofilm-associated
infections [51]. Our present results show that the
same caution should be applied for S. epidermidis,
which is of particular importance given that biofilm-
associated infection of medical devices is by far the
most frequent type of infection that this opportunistic
pathogen causes. Then again, blocking Agr and thus,
PSM production, according to our findings should
diminish second-site infections. Future in-depth evalu-
ation of quorum-sensing blockers for S. epidermidis
infections should therefore include testing whether
lowering the degree of biofilm formation on the device
or the level of systemic dissemination ismore important
Table 1. Strains used in this study

Strains/plasmids Relevant genot

S. aureus strains
RN4220 Derived from NCTC8325-4; r−m+

S. epidermidis strains
1457 Clinical biofilm-forming wild-type strain
1457 Δpsmα Isogenic start codon (ATG to ATA) psmα m
1457 Δpsmβ Isogenic psmβ deletion mutant of 1457;

resistance cassette; specR

1457 Δhld Isogenic hld start codon mutant (ATG to A
abolished without interfering with the functio

1457 Δpsmε Isogenic markerless psmε deletion mutant o
1457 Δpsmδ Isogenic markerless psmδ deletion mutant
1457 Δpsm Quintuple (total) isogenic psm mutant of 14
1457 Δagr Isogenic agr deletion mutant of 1457

Escherichia coli strains
DH5α endA1 recA1 gyrA96 thi-1 hsdR17(rκ

− mκ
+) rel

deoR phoA
to achieve clinical improvement in such infections.
Furthermore, S. epidermidis is a leading cause of
nosocomial sepsis, an acute type of infection, for which
quorum sensing blockers may be appropriate, a notion
that remains to be tested.

Materials and Methods

Bacterial strains and culture conditions

The S. epidermidis standard strain 1457 and its
derivatives (see below) were used in all experiments
(see Table 1 for a list of all strains). All strains were
tested frequently, and always in pre-cultures of
performed experiments, for the correct PSMproduction
pattern and absence of Agr mutations (by RP-HPLC/
MS or production of inhibition zones on proteolysis test
plates). Cultures were grown in tryptic soy broth (TSB)
or TSBg (TSB + 0.5% glucose), as indicated.

Gene deletion by allelic replacement

An allelic replacement procedure [53] was used to
create markerless isogenic psmδ and psmεmutants in
S. epidermidis 1457, a biofilm-forming clinical isolate
frequently used for biofilm research [31]. First, ~1-kb
regions upstream and downstream of the psm genes
were amplified from S. epidermidis 1457 genomic
DNA using PCR oligonucleotide pairs, introducing
attB1 and attB2 sites at the distal ends (Table 2). The
creation of the isogenic psmβ mutant has been
previously described [20]. Plasmids pKOR1-Δpsmδ
and pKOR1-Δpsmε lack the coding sequences for
psmα, psmδ, and psmε, respectively. Construction of
the hld mutant (abolishing production of δ-toxin) has
also been previously described [35]. In that strain, a
start codon mutations was introduced (ATG to ATA)
with pKOR1-Δhldepi, abolishing production of δ-toxin
without interferingwith the function of RNAIII, in whose
ype and property Source

[52]

[28]
utant of 1457 This study
psmβ operon replaced with spectinomycin [17]

TA) of 1457; Hld (δ-toxin) protein production
n of RNAIII

[31]

f 1457 This study
of 1457 This study
57 (Δpsmβ/Δhld/Δpsmα/Δpsmδ/Δpsmε) This study

[50]

A1 supE44 (lacZYA-argF) U169 F-80dlacZM15 Invitrogen
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gene it is embedded. The same strategy was used
here to abolish production of PSMα (change of start
codon of the psmα gene from ATG to ATA, using
pKOR1-Δpsmα), as complete deletion of the gene
proved to interfere with the production of PSMδ,
whose gene is located downstream in the same
operon.
The same allelic replacement procedure and plas-

midswere used to produce an isogenic quintuple (total)
psmmutant in S. epidermidis 1457, with the exception
of the psmα and psmδ genes. Since the psmα and
psmδ genes are found on the same operon, a separate
allelic replacement plasmid (pKOR1-Δpsmα/Δpsmδ)
was constructed, which allowed for the simultaneous
deletion of both genes. The isogenic quintuple psm
mutant was then created sequentially as follows; an hld
mutation was first introduced into the previously
described isogenic psmβ mutant [20] to generate an
isogenic double psm mutant, Δpsmβ/Δhld. The genes
for psmα and psmδ were then deleted with pKOR1-
Δpsmα/Δpsmδ to generate a quadruple psm mutant
(Δpsmβ/Δhld/Δpsmα/Δpsmδ). Finally, the quintuple
isogenic psm mutant was created after allelic replace-
ment with the pKOR1-Δpsmε. TheS. epidermidis 1457
isogenic Δagr mutant used in this study has been
described previously [52]. All mutants carry an intro-
duced spectinomycin resistance gene.

PSM detection and relative quantification

PSMs were detected using RP-HPLC/ESI-MS in
principle as described [54] with some modifications,
as described recently [55]. Obtained intensity values
serve to quantify PSM production levels in a relative
fashion. They can be used to directly compare the
same PSM between different samples and, to a
Table 2. Oligonucleotides used in this study

Name

For isogenic psmα/psmδ deletion mutant
psmαδ-att1 GGGGACAAGTTTGTACAAAAAAGCAGG
psmαδ-rev1 TGTCCCAGGCCCATGTAGAACCCTTAC
psmαδ-rev2 TTCTACATGGGCCTGGGACATAATTCC
psmαδ-att2 GGGGACCACTTTGTACAAGAAAGCTGG

For isogenic psmε deletion mutant
psmε-att1 GGGGACAAGTTTGTACAAAAAAGCAGG
psmε-rev1 GAGGGGCGGAGTAGAGAATACACCTC
psmε-rev2 TATTCTCTACTCCGCCCCTCCTGTTAG
psmε-att1 GGGGACCACTTTGTACAAGAAAGCTGG

For isogenic psmα start codon change mutant
psmα-att1 GGGGACAAGTTTGTACAAAAAAGCAGG
psmα-rev1 AGGGAGGTCATTTAAATAGCAGATGTA
psmα-rev2 ATTACATCTGCTATTTAAATGACCTCCC
psmα-att2 GGGGACCACTTTGTACAAGAAAGCTGG

For isogenic psmδ deletion mutant
psmδ-att1 GGGGACAAGTTTGTACAAAAAAGCAGG
psmδ-rev1 TGTCCCAGGCCCATGTAGAATCCTTTC
psmδ-rev2 TTCTACATGGGCCTGGGACATAATTCC
psmδ-att2 GGGGACCACTTTGTACAAGAAAGCTGG
certain extent, to compare with other PSMs of the
same type, as intensity values for a given concen-
tration are similar within PSMs of the α- and β-types.

Measurement of protease activity on proteolysis
test plates

Protease activity was determined on skim-milk agar
plates as described [38]. Two microliters of bacterial
cultures was dropped on the plates, which were
incubated for 24 h at 37 °C.

ThT assay for amyloid formation

The ThT kit was purchased from AnaSpec [Senso-
Lyte Thioflavin T β-Amyloid (1–42) Aggregation Kit].S.
epidermidis PSM peptides and S. aureus PSMα3
were prepared as 10 mg/ml stocks in DMSO and
diluted for the ThT assay. Alternatively, they were
subjected to pre-treatment with trifluoroacetic acid/
hexafluoroisopropanol (1:1), as described [27] to
abolish pre-formed amyloids. In each reaction,
0.1 mg/ml peptide was mixed with 200 μM ThT in
10 mM sodium phosphate buffer (pH 8.0) and
150 mM NaCl. For abolishment of amyloid formation,
Tween 80 was added to a final concentration of
0.056%. The fluorescence of ThT was measured at
484 nmwith excitation at 440 nmusingaTecanSpark
multimodemicroplate reader every5 min at 37 °Cwith
15-s shaking before each read.

In vitro biofilm models

Wild-type and isogenic S. epidermidis psm deletion
mutants were grown at 37 °C at 180 rotations per
minute (rpm) to stationary growth phase. For static
Sequence

CTTCACAAATAATGTTGCACCCCAAAACATGGTCAT
TAATTTGTTATCTATAGTGTAACTGGAAT
TATC
GTTCATAAATGTGGCATCGTGATCTGTTTTAGAATAA

CTTTTCAAAAAGATTTTTTACTACAAATATAATAGAATTAACA
CTATGTATTTGTTAACTAAATTATAGTATTGAAC
AGG
GTACCCTAGACCTGTTGAAAGTGGCATTATGA

CTTCACAAATAATGTTGCACCCCAAAACATGGTCAT
ATC
TT
GTTCATAAATGTGGCATCGTGATCTGTTTTAGAATAA

CTTCACAAATAATGTTGCACCCCAAAACATGGTCAT
AAAAGGGAAATGTATTTAGAGATG
TATC
GTTCATAAATGTGGCATCGTGATCTGTTTTAGAATAA
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biofilm models, planktonic bacteria were vortexed and
sonicated, and inoculated at an optical density (OD600)
of 0.1 in TSBg in Lab-Tek chambered coverglass
plates and incubated at 37 °C for 48 h. After 48 h,
growth media were removed and biofilms were gently
washed with phosphate-buffered saline (PBS). Sta-
tionary biofilms were then stained for 15 min at 37 °C
in 4 μMpropidium iodide (PI). For flowbiofilm systems,
planktonic wild-type and isogenic psm mutants were
inoculated at an OD600 of 0.1 in TSBg to Stovall flow-
cells and allowed to adhere to the glass surface at
37 °C for 6 h. Adherent bacterial biofilms were grown
in constant flow (0.5 ml/min) of TSB containing 4 μM
PI. At the end of the respective incubation periods,
biofilms were gently washed with PBS, then resus-
pended in PBS and imaged using confocal laser
scanning microscopy (CLSM) on a Zeiss LSM710
confocalmicroscope. Imageanalyseswereperformed
using Imaris and Comstat.

Animal model of device-associated infection

In vivo studies were approved by the Institutional
Animal Care and Use Committee of the National
Institute of Allergy and Infectious Diseases. Animal
work was performed adhering to the institution's
guidelines for animal use, and followed the guidelines
and basic principles in the United States Public Health
Service Policy on Humane Care and Use of Labora-
tory Animals, and the Guide for the Care and Use of
Laboratory Animals by certified staff in an Association
for Assessment and Accreditation of Laboratory
Animal Care International accredited facility.
All C57BL/6J mice were female and 6 to 8 weeks of

age at the time of use. Mice were injected intraperi-
toneally with a 2-ml loading dose of CY (150 mg/kg;
immunosuppressed model) or saline (immunocom-
petent model) on day 1, and additional maintenance
doses of 2 ml of CY (100 mg/kg) or saline, respec-
tively, on days 3, 5, and 7. Wild-type and isogenic
S. epidermidis psm deletionmutant strainswere grown
at 37 °C at 180 rpm to stationary growth phase in TSB
on day 7, inoculated to an OD600 of 0.1 in TSB from
these pre-cultures on day 8 and grown to exponential
growth phase at 37 °Cat 180 rpm. Then, bacteriawere
centrifuged in a Sorvall Legend RT centrifuge
(4150 rpm, 25 °C, 15 min), after which the superna-
tants were decanted and the bacterial pellets were
resuspended each in 10 ml of TSBg, vortexed and
sonicated, and added to 1-cm segments of sterilized
catheters (Terumo Surflash 14 gauge IV catheters).
Catheter segments were incubated within the bacterial
suspension for 2 h at 37 °C. Then, biofilm-coated
catheters were gently washedwith PBS and allowed to
air dry. Catheters were subcutaneously inserted on the
dorsa of mice under general anesthesia. Mice were
monitored for 48 h and euthanized on day 10.
Catheters, peri-catheter skin and soft tissues, lymph
nodes (inguinal, axillary, brachial, superficial cervical),
and distal organs (liver, kidney, spleen) were collected
for determination of bacterial CFU. To that end,
catheters were suspended in PBS, vortexed and
sonicated as described [20], and serially diluted. Peri-
catheter skin and soft tissues, lymph nodes, and distal
organs were homogenized in PBS suspension with
2-mm borosilicate beads in a FastPrep 96 (MP Bio)
homogenizer and serially diluted. Bacterial CFUs were
determined from serially diluted samples.

Statistics

Statistical evaluation was performed using Graph-
Pad Prism Version 7.01. Data were analyzed using
one-way ANOVA with Tukey's or Dunnett's multiple
comparison tests for more than two groups, and
unpaired Student's t tests for the comparison of two
groups. In vivo data were subjected to log10
transformation before analysis.
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