Med Microbiol Immunol (2015) 204:215-226
DOI 10.1007/s00430-014-0357-y

ORIGINAL INVESTIGATION

Pfs promotes autolysis-dependent release of eDNA and biofilm

formation in Staphylococcus aureus

Yan Bao - Xu Zhang * Qiu Jiang - Ting Xue - Baolin Sun

Received: 2 July 2014 / Accepted: 26 August 2014 / Published online: 4 September 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Staphylococcus aureus is a major biofilm-
forming pathogen, and biofilm formation remains an
obstacle in the treatment of clinical S. aureus infection.
Methylthioadenosine/S-adenosylhomocysteine  nucleosi-
dase (Pfs) has been implicated in methylation reactions,
polyamine synthesis, vitamin synthesis, and quorum-
sensing pathways. In this study, we observed that the dele-
tion of pfs gene in S. aureus NCTC8325 reduced bacterial
clumping ability and resulted in the decreased biofilm for-
mation under both static and dynamic flow conditions in an
autoinducer-2-independent manner. While the PIA amount
was not affected, the pfs mutation significantly decreased
the amount of eDNA present in the biofilm and the cell
autolysis. Consistent with reduced autolysis, the transcrip-
tion levels of the autolysin genes, /ytM and atlE, were
reduced in the absence of Pfs. These data suggest that Pfs
promotes autolysis-dependent release of eDNA and biofilm
formation in S. aureus, and our findings indicate that Pfs is
a potential novel target for anti-biofilm therapy.
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Introduction

Staphylococcus aureus is widely present in both natural
and clinical environments, with approximately one-third
of the human population carrying this bacterium [1]. S.
aureus is a major cause of infectious morbidity and mortal-
ity in both community and hospital settings [2, 3]. Many
S. aureus infections involve the formation of biofilm, com-
prising surface-associated communities of microbes within
an extracellular matrix [4]. The ability to form biofilm is
an important aspect of S. aureus pathogenesis [5]. Bacte-
ria within the biofilm exhibit social behaviors analogous
to those observed in higher organisms, as these microbes
communicate and rapidly adapt to changing growth envi-
ronments [6, 7]. The extracellular matrix of the biofilm
creates a structural barrier, provides a physiological niche,
and protects bacteria from harsh environmental condi-
tions, including the host immune response and antibacterial
agents [8—10]. The formation of these sessile communities
and their inherent resistance to antibiotics and host immune
attack underlie many persistent and chronic bacterial infec-
tions [11, 12].

Bacterial biofilm formation proceeds in two steps: the
initial adhesion of bacterial cells onto biotic or abiotic sur-
face, followed by cell proliferation and the secretion of an
extracellular matrix that contributes to intercellular aggre-
gation [13]. The biofilm matrix of S. aureus primarily com-
prises polysaccharides, proteins, and extracellular DNA
(eDNA) [14], but the composition of individual biofilms
varies among different strains and is dependent on the met-
abolic state and growth conditions [15].
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Table 1 Plasmids and bacterial

strains used in this study

Strains of S. aureus

Relevant genotype

Reference or source

WwT NCTC8325 Wild type NARSA
SBY1 8325 pfs::ermB [23]
SBY2 8325 pLIS0 [23]
SBY3 8325 pfs::ermB pLIS0 [23]
SBY4 8325 pfs::ermB pLIpfs [23]
SBY5 8325 pgfp [23]
SBY6 8325 pfs::ermB pgfp [23]
RN6911-pLISO RN6911 pLISO This study
RN6911-pfs mutant RN6911 pfs::ermB pLIS0 This study
RN6911-pfs C RN6911 pfs::ermB pLIpfs This study
SH1000-pLIS0 SH1000 pLI50 This study
SH1000-pfs mutant SH1000 pfs::ermB pLI50 This study
SH1000-pfs C SH1000 pfs::ermB pLIpfs This study
Plasmids
PLI50 Shuttle cloning vector, Ap" Cm" Addgene
NARSA Network on pLIpfs pLIS0 with pfs and its promoter, Ap", Cm" [23]
Antimicrobial Resistance in pBTpfs Plasmid derivative from pBT?2 for pfs deletion [23]

Staphylococcus aureus

Extracellular DNA serves as an adhesive and strength-
ens biofilms [16]. Cell lysis is a major source of eDNA in
biofilms, and the genes associated with autolysis have been
implicated in S. aureus biofilm formation [14, 17]. The
major autolysin genes of S. aureus include atlE, lytM, lytH,
IytA, slel, and [ytN [18]. In addition, the genes involved
in autolysis also include IrgAB, which inhibit autolysis,
and cidAB, which induce cell lysis. Autolysis is generally
tightly regulated, and many regulatory loci have been impli-
cated in the regulation of autolysis in S. aureus, including
negative regulators, such as ArIRS, MgrA, LytSR, SarA,
and SarV, and the positive regulator, agr quorum-sensing
system [18].

As an important part of the S-adenosylmethionine
(SAM) cycle, methylthioadenosine/S-adenosylhomocyst-
eine nucleosidase (Pfs) function in a broad array of meta-
bolic reactions, such as methylation reactions; the recycling
pathway of adenine, sulfur, and methionine; and the syn-
thesis of polyamine, vitamin, and the universal quorum-
sensing signal, autoinducer-2 (AI-2) [19, 20]. It has been
reported that Pfs inhibitors disrupt AI-2 production in
Vibrio cholerae and Escherichia coli in a dose-dependent
manner without affecting growth and biofilm formation in
these organisms [21]. We have previously shown that AI-2
reduces S. aureus biofilm formation via the icaR activation
pathway [22], and Pfs is essential for AI-2 production [23].
The aim of the present study is to investigate the role of
Pfs in S. aureus biofilm formation. The biofilm formation
of the pfs mutant strain was compared with that of the iso-
genic wild-type strain. We observed that the pfs mutation
reduced S. aureus biofilm formation, which is associated
with reduced autolysis and eDNA levels in the biofilm.
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Materials and methods
Bacterial strains and growth conditions

The phenotypic and genotypic properties of the S. aureus
strains used in this study are listed in Table 1. All S. aureus
strains were grown in tryptic soy broth (TSB) containing
0.25 % glucose (Difco, Detroit, MI, US) at 37 °C with
shaking, unless otherwise stated. When required, the media
were supplemented with 15 wg/ml of chloramphenicol.

Deletion and complementation of the pfs gene

The pfs mutant strain of S. aureus was generated using the
plasmid pBTpfs as previously described [23]. The comple-
mentation of pfs was achieved using the plasmid pLIpfs [23].

Biofilm assay under static conditions

A static biofilm formation assay was performed using the
microtiter plate test based on a previously described method
[24]. Briefly, cultures incubated overnight in TSB at 37 °C
were diluted 200-fold with fresh TSB (containing 0.25 % glu-
cose) supplemented with 3 % NaCl. The diluted cell suspen-
sion was inoculated into flat-bottomed 96-well polystyrene
plates (Costar 3599), with 200 pl in each well. After incu-
bated at 37 °C for 24 h, the wells were gently rinsed three
times with water to remove non-adherent cells and dried using
absorbent paper. Subsequently, the wells were stained with
0.5 % crystal violet for 10 min and rinsed again with water
to remove any unbound stain. The plates were dried and the
absorbance was measured at 560 nm with an enzyme-linked
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immunosorbent assay reader in a 3 x 3 scan model. To deter-
mine the effect of Al-2, the medium was supplemented with
chemically  synthesized 4,5-dihydroxy-2,3-pentanedione
(DPD), the AI-2 precursor molecule, at a concentration of
39 or 390 nM, at the beginning of incubation. The AI-2 pre-
cursor molecule, DPD, of which the storage concentration is
3.9 mM dissolved in water, was purchased from Omm Scien-
tific Inc., TX, USA. To test the impact of DNase I, the cells
were grown in medium supplemented with 25 Kuniz units/ml
of RNase-free DNase I (Sangon Biotech).

Biofilm assay in the flow cell system

Biofilm formation under flow conditions was determined
in disposable flow cells (Stovall Life Science, Greensboro,
NC), as previously described [25]. Before each inoculation,
the system was primed with culture medium (66 % TSB
with 0.165 % glucose), and the flow of the culture medium
was stopped. Biofilm formation was initiated after inoculat-
ing the flow cell chamber with overnight cultures diluted at
1:100 in the culture medium; a total of 5 ml of the diluted
culture was injected into the chamber. The upside of the flow
cell was turned down, with the glass surface downwards, to
establish the cells on the glass surface of the flow cell and
subsequently turned upright after 1 h of incubation at 37 °C.
After this incubation period, the culture medium was continu-
ally perfused over the flow cell system using a high-precision
tubing pump with a planetary drive ISMATEC, Switzerland)
at a rate of 0.5 ml/min. During biofilm development, macro-
scopic images were taken using a Canon EOS camera with a
macroscopic lens (18-55 mm) (Canon Inc, New York, NY).
For the confocal laser scanning microscopy (CLSM) analysis,
strains with the GFP protein expressed on the plasmid were
used (SBY5 and SBY6). Fluorescence images of the biofilm
were obtained using CLSM (OLYMPUS FV-1000, BX61WI)
confocal microscopy with a 10x OLYMPUS UPLFL object
(NA 0.3) and a 20x OLYMPUS UPLFL object (NA 0.46).
The fluorescence of the GFP was excited with an argon
laser at 488 nm, and the emission band-pass filter used was
515 £+ 15 nm. Z-Stacks were collected at 1.0-pum intervals,
and the confocal image stacks were constructed using IMA-
RIS 7.0 (Bitplane, Switzerland) for three-dimensional (3D)
reconstruction. All confocal parameters were set using the
SBYS5 biofilm and were used as standard settings for com-
paring the biofilm produced by SBY6. Regions of interest
within the biofilms were selected from similar areas within
each flow cell chamber, and each confocal experiment was
repeated at least two times.

Bacterial clumping assay

Growth phenotype of overnight cultures incubated at 37 °C
in glass tubes in TSB was compared. The clump structure

of the log phase cultures was further observed. S. aureus
cultures were grown at 37 °C in TSB medium, and aliquots
of the cultures were removed at various growth phases. The
bacterial clumping of the cultures was observed, and the
images were obtained using a Nikon TE2000-U inversed
microscope.

PIA detection

PIA was detected as previously described [26], with lit-
tle modification. Briefly, bacterial cells were grown over-
night in TSB, and the same number of cells (2 ml) from
each culture was resuspended in 50 pl of 0.5 M EDTA,
pH 8.0. Cells were then incubated for 5 min at 100 °C and
centrifuged to pellet the cells, and 40 wl of the supernatant
was incubated with 10 pl of proteinase K (20 mg/ml, San-
gon, China) for 30 min at 37 °C. The extracts (2 pl) were
spotted on a nitrocellulose membrane, dried, and blocked
with 3 % bovine serum albumin. The membrane was
then incubated at room temperature for 1 h in PBS con-
taining 0.8 pg/ml wheat germ agglutinin conjugated with
biotin (WGA-biotin) (Sigma-Aldrich). After washing four
times with PBS, biotin was detected by Chemiluminescent
Nucleic Acid Detection Module (Pierce).

Triton X-100-induced autolysis assay

Autolysis assay was performed according to Seidl [27].
The cultures were grown in TSB at 37 °C with shaking to
an optical density at 600 nm of approximately 0.8 and har-
vested through centrifugation. The cells were washed twice
with 50 mM Tris—HCl buffer (pH 7.5) and resuspended in a
buffer containing 50 mM Tris—HCl (pH 7.5) and 0.1 % Tri-
ton X-100. The cells were subsequently incubated at 37 °C
with shaking, and the changes in the OD, were measured.
The results were normalized to ODyy, at time zero (OD):
percentage of initial absorbance at time ¢+ = [OD at time #/
OD,] x 100.

Purification and quantification of eDNA

Isolation of eDNA from static biofilms was performed
according to previously described methods [14, 28].
Briefly, the cultures incubated overnight in TSB at 37 °C
were diluted 200-fold with fresh TSB (containing 0.25 %
glucose) supplemented with 3 % NaCl. The diluted cell
suspension was inoculated into flat-bottomed 24-well
polystyrene plates (Costar 3524, Corning Inc., Corning,
NY), containing 1 ml of culture in each well. To assess the
impact of DNase I, the cells were grown in medium sup-
plemented with 100 Kuniz units/ml of RNase-free DNase
I (Sangon Biotech). After 24 h, the supernatants were
discarded, and the unwashed biofilm of each well was
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Table 2 Oligonucleotides used in this study

Primers Sequence (5'-3")

gyrA RT-S TTATCGTTATCCGCTTGT

gyrA RT-A TATTCGTTGCCATACCTAC

leuA RT-S ATTCGAGTGCCTAGAAATA
leuA RT-A AGTCGTGCTTACACCAAC

lysA RT-S GTCCAACAATCTAAACACT
lysA RT-A CAAAGCCACCACCAAG
RTQ-1ytM-f CATTCGTAGATGCTCAAGGA
RTQ-1ytM-r CTCGCTGTGTAGTCATTGT
RTQ-pta-f AAAGCGCCAGGTGCTAAATTAC
RTQ-pta-r CTGGACCAACTGCATCATATCC
rt-rna3-f GGTTATTAAGTTGGGATGG
rt-rna3-r GAGTGATTTCAATGGCACA
RTQ-atlE-F AGCACCAACGGATTAC
RTQ-atlE-R CATACTCAGCACTGTCT
RT-agrA-f CCCTCGCAACTGATAATC
RT-agrA-r CTGCCTAATTTGATACCATT

suspended in 450 wl TE buffer (10 mM Tris-HCl/1 mM
ETDA, pH 8.0). The mixture of unwashed biofilms from
each well was mixed with 50 pl of 50 pg/ml proteinase K
in TE buffer and incubated with shaking at 37 °C for 1 h.
After centrifugation, the supernatant containing extracellu-
lar material was filtered through 0.22 pm polyethersulfone
membranes (PES). Each supernatant (400 pl) was trans-
ferred to a tube containing 800 w1 of 3 % CTAB buffer (3 %
CTAB/150 mM Tris-HCl/30 mM EDTA/2.1 M NaCl, pH
8.0), and incubated at 60 °C for 15 min. The samples were
extracted once with 600 pl of phenol/chloroform/isoa-
myl alcohol (25:24:1) and once with 600 w1 chloroform/
isoamyl alcohol (24:1). Subsequently, 900 w1 of the aque-
ous phase of each sample was mixed with 108 ul of 5 M
ammonium acetate and 605 pl of 100 % (vol/vol) isopro-
panol and stored at —20 °C for 20 min. The isopropanol-
precipitated DNA was collected through centrifugation for
20 min at 4 °C and 18,000 g, washed twice with 75 % (vol/
vol) ethanol, air-dried, and dissolved in 500 wl of water.
The eDNA was quantified through real-time PCR using
the primers listed in Table 2. Quantitative PCR was per-
formed with SYBR Premix Ex Tag™ (Takara), according
to the manufacturer’s instructions in the StepOne™ Real-
Time PCR System (Applied Biosystems). Purified genomic
DNA of S. aureus NCTC8325 at known concentrations
was subjected to quantitative PCR with each primer pair to
generate a standard curve for calculating the concentration
of eDNA in the unknown samples. To account for poten-
tial differences in the biomass, the average ODg, of each
unwashed biofilm was determined and used to calculate the
relative ODyg, of each biofilm with respect to the ODgy,
of the untreated biofilm of the wild-type S. aureus (SBY?2)
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(whereby the relative ODgy, of the SBY2 biofilm = 1). The
total eDNA normalized with the relative ODg, obtained
from the unwashed biofilm was calculated.

RNA isolation

Overnight cultures were inoculated to an optical density of
0.01 into fresh TSB medium. Small-scale RNA was pre-
pared from S. aureus cultures at variable growth phases
(3-8.5 h). RNA isolation was performed as previously
described [29]. S. aureus cells were pelleted and lysed in
I ml of RNAiso (TaKaRa) with 0.7 g of zirconia—silica
beads (0.1 mm in diameter) in a high-speed homogenizer
(IKA® T25 digital UITRA-TURRAX®). Total RNA was
isolated according to the standard protocol of RNAiso. The
isolated RNA was treated with RNase-free DNase I (Takara)
to remove the DNA template, and the concentration of RNA
was quantified spectrophotometrically at 260 nm.

Quantitative real-time RT-PCR analysis

Real-time RT-PCR was carried out using the PrimeScript™
Ist-strand cDNA Synthesis Kit and SYBR Premix Ex Tag™
(Takara), according to the manufacturer’s instructions using
the oligonucleotides shown in Table 2. Specific primers
for each gene were used. Real-time PCR was performed
using the StepOne™ Real-Time PCR System (Applied
Biosystems). The housekeeping gene pfa was used as an
endogenous control, and the quantity of cDNA measured
through real-time PCR was normalized to the abundance of
pta cDNA [30]. The specificity of the PCR was confirmed
using a melting curve of the products. To assess the DNA
contamination, each RNA sample was subjected to real-
time PCR using SYBR Premix Ex Tag™ (Takara).

Results

The bacterial clumping is reduced in the S. aureus pfs
mutant strain

When S. aureus NCTC8325 wild-type strain (SBY2) was
grown overnight in TSB medium in glass tubes, the cells
clumped together and sank to the bottom of the tube, result-
ing in a clearance of the medium (Fig. 1a). However, the pfs
mutant strain (SBY3) culture remained cloudy after over-
night growth in TSB medium in glass tubes, indicating that
bacterial clumping was defective in the pfs mutant strain
[27]. This phenotype was also microscopically observed.
At the mid-log phase of growth, the wild-type strain culture
was filled with clumps of cells, whereas the cells of the pfs
mutant strain were dispersed (Fig. 1b). This phenotype was
restored in the complementation strain (SBY4) (Fig. 1a, b).
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Fig. 1 The bacterial clumping
of S. aureus pfs mutant strain is
reduced. a Growth phenotype
of the wild-type (SBY2), the pfs
mutant (SBY3), and comple-
mentation (SBY4) strains grown
overnight at 37 °C in glass tubes
in TSB was compared. The data
represent two independent anal-
yses. b The clump structure of
the log phase cultures of SBY2,
SBY3, and SBY4 strains was
observed under the view of a
microscope. The data represent
three independent analyses

SBY2

SBY2

The pfs mutation reduces S. aureus biofilm formation
under both static and dynamic flow conditions

The bacterial clumping defect reflects weakened attach-
ment between bacteria [27], which is an important factor in
the development of biofilms. We proposed that the reduced
intercellular aggregation of the pfs mutant strain could lead to
reduced biofilm formation. Thus, the biofilm formation of the
pfs mutant strain (SBY3) was compared with that of the wild-
type (SBY?2) and the complementation (SBY4) strains under
both static and dynamic flow conditions. In the static biofilm
assay, SBY3 showed a dramatic reduction in biofilm forma-
tion compared with the strains of SBY2 and SBY4 at 24 h
after incubation (Fig. 2a). The decreased biofilm formation
of the pfs mutant strain could not be the consequence of the
growth defect, as it has been measured that Pfs is not essential
for growth of S. aureus under nutrient-rich condition [23].

To better reflect the conditions under which biofilm
growth occurs in vivo [31], a once-through continuous cul-
ture system was used as previously described [25]. The wild-
type (SBYS) and the pfs mutant (SBY6) strains constitu-
tively expressing green fluorescent protein (GFP) were used
to observe the biofilm structure using confocal laser scan-
ning microscopy (CLSM). For the wild-type and comple-
mentation strains, robust biofilms developed as early as 14 h
after incubation and increased with time up to 24 h (Fig. 2b;
Fig. S1). Conversely, only the sparse attachment of pfs muta-
tion cells was visualized (Fig. 2b; Fig. S1).

Biofilm formation proceeds in two distinct developmental
phases: the primary attachment of staphylococcal cells to a

SBY3 SBY4

SBY3
B

SBY4

polystyrene surface, followed by bacterial accumulation in
multiple layers [32]. Notably, the reduction in biofilm for-
mation in the pfs mutant strain did not reflect a defect in the
initial attachment. Similar levels of attached bacteria of the
strains SBY2, SBY3, and SBY4 were observed at 60 min
post-inoculation on the 24-well plates (Fig. S2). Thus, we
concluded that the reduced biofilm formation of the pfs
mutant strain was a consequence of defects in bacterial
accumulation, and the reduced biofilm formation of the pfs
mutant strain was not related to the factors contributing to
the initial attachment of the biofilm formation process, such
as FnBPA, FnBPB, CIfA, and CIfB.

The defective biofilm formation in the pfs mutant strain
was Al-2 independent

As shown in our previous study [23], Pfs is essential for AI-2
production in S. aureus. The AI-2 quorum-sensing system has
been implicated in the regulation of biofilm formation [33].
Thus, we examined whether the defect in biofilm formation in
the pfs mutant strain reflected a defect in AI-2 production. The
medium was supplemented with the chemically synthesized
AI-2 precursor molecule 4,5-dihydroxy-2,3-pentanedione
(DPD) at the beginning of biofilm incubation under static con-
ditions at concentrations of 39 or 390 nM, which are the DPD
concentrations shown to restore the /uxS mutant phenotypes
well [34]. As shown in Fig. 3a, the addition of AI-2 to the cul-
ture medium did not rescue the biofilm formation defect of the
pfs mutant strain under static conditions. The observed pheno-
type was also the same under dynamic flow conditions. The
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Fig. 2 The pfs mutation reduces S. aureus biofilm formation. a The
biofilm formation of the wild-type (SBY2), the pfs mutant (SBY3),
and the complementation (SBY4) strains was compared at 24 h after
incubation under static conditions. The lower graph shows crystal
violet-stained biofilms attached to wells of microtiter plates. The data
represent at least five independent analyses; error bars indicate SEM

A 201

WT 3 SBY1

0 39 390
Al-2 (nM)

Fig.3 The reduced biofilm formation of the pfs mutant strain is
independent of AI-2. a The biofilm formation ability of the wild-
type (WT) and the pfs mutant (SBY1) strains was compared with the
addition of 39 or 390 nM AI-2 at the time of inoculation under static
conditions for 24 h. b The biofilm of the GFP-expressing strains of

addition of 39 nM AI-2 to the culture medium at the beginning
of biofilm incubation in the once-through continuous culture
system did not rescue the biofilm formation defect of the pfs
mutant strain (Fig. 3b). These results suggest that the defect of
the pfs mutant strain in biofilm formation is not because of the
disruption of AI-2, consistent with our previous studies show-
ing that the S. aureus AI-2 reduces biofilm formation [22].

The reduced biofilm formation of the pfs mutant strain is
PIA independent

Intercellular adhesion and aggregation of S. aureus have
mainly been attributed to the production of polysaccharide

@ Springer

of at least six replicates. b The biofilm of the wild-type (SBY5) and
the pfs mutant (SBY6) strains, with constitutively expressing GFP,
was grown in the flow cell system for 24 h, and the fluorescence
images were obtained using CLSM (OLYMPUS FV-1000, BX61WI)
confocal microscopy with a x20 OLYMPUS UPLFL objective (NA
0.46). The data represents two independent analyses

the wild-type (SBY5) and the pfs mutant (SBY6) were grown in the
flow cell system for 24 h with the addition of 39 nM AI-2 to the cul-
ture medium, and fluorescence images were obtained using CLSM
(OLYMPUS FV-1000, BX61WI) confocal microscopy with a x10
OLYMPUS UPLFL objective (NA 0.3)

intercellular adhesion PIA [26, 35]. So, we investigated
the transcription of icaADBC operon in the wild-type
(SBY2), the pfs mutant (SBY3), and complementation
(SBY4) strains using real-time RT-PCR. As shown in
Fig. 4a, we did not observe significant changes in the tran-
scriptional level of the icaA after pfs knockout. The PIA
production was further investigated using the WGA-biotin
method. Consistent with the result of real-time PCR, PIA
was not changed after pfs knockout, neither in the shaking
nor the static conditions (Fig. 4b). We also confirmed our
results in the strain of SH1000, which forms biofilm in
a PIA-independent manner [36]. In our case, the deletion
of pfs in SH1000 also decreased the biofilm formation
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just like in the NCTC8325 strain (Fig. 4c). So, we con-
clude that the effect of pfs on the biofilm formation is PIA
independent.

The reduction in biofilm formation of the pfs mutant strain
is associated with autolysis-dependent eDNA release

The eDNA acts as an adhesive and strengthens the biofilm,
which is important for S. aureus biofilm formation [13,
16]. Next, we want to know whether the decreased bio-
film formation of the pfs mutant strain is eDNA depend-
ent or not. The amount of eDNA present in the unwashed
24-h static biofilms was quantified through real-time PCR
using three different primer pairs [14]. The total eDNA
per relative biomass obtained from unwashed biofilms
was determined as previously described [14]. As shown in
Fig. 5a, the average amount of eDNA present in the SBY3
biofilm was reduced to 1/10 of that present in the SBY?2
biofilm, and the amount of eDNA in the SBY4 biofilm
was restored. As a control, the amount of eDNA present
in the DNase I-treated biofilms was also determined to
eliminate the interference of intracellular DNA. As we can
see in Fig. 5a, DNase I treatment reduced the amount of
eDNA in the SBY2 biofilm to less than 1/100 of that of
the untreated sample. The eDNA amount extracted from
the DNase I-treated biofilms of SBY2, SBY3, and SBY4
strains was comparable. On the other side, DNase I treat-
ment totally eliminated the biofilm formation in the three
strains (Fig. 5b), implying a critical role for eDNA in S.
aureus NCTC8325 biofilm development. At the same time,
the culture growth was determined through the measure-
ment of the optical density at 600 nm in each well at 24 h
after biofilm incubation to ensure that the effect of DNase
I on biofilm development did not reflect the effects of this
enzyme on bacterial growth (Fig. S3).

Previous studies have demonstrated that eDNA is
released through cell lysis [14, 17]. Therefore, we tested
whether the decreased eDNA amounts are related to altered
autolytic activity. The pfs mutant strain showed a reduction
in Triton X-100-induced autolysis compared with the wild-
type strain. Within 1 h, 56 % and 66 % of the cells from
the wild-type (SBY2) and the complementation (SBY4)
strains, respectively, were lysed, whereas only 12 % of
the cells from the pfs mutant strain (SBY3) were lysed
(Fig. 5¢). These results suggest that the pfs mutation might
affect S. aureus biofilm formation through a reduction in
cell lysis and the amount of eDNA present in the biofilm.

The reduced autolysis activity is due to the decreased atlE
and lytM transcription

The major autolysis-related genes of S. aureus include atlE,
IytM, IytH, IytA, slel, and [ytN as well as some regulators

221
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<§ - SBY3
E 45 1.0 1 SBY4
o
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x 3 S
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0.1 0.2 0.3 0.4 0.5
ODggo
B Shaking Condition Static Condition
1 1/2  1/4 1 1/2 1/4

SBY2 |
SBY3 |

SBY4

Fig. 4 The reduced biofilm formation of the pfs mutant is PIA inde-
pendent. a The transcriptional profile of icaA of the pfs mutant strain
(SBY3) was compared with that of the wild-type (SBY2) and com-
plementation (SBY4) strains. b Quantification of PIA of the wild-
type (SBY2), the pfs mutant strain (SBY3), and complementation
(SBY4) strains. PIA was extracted from overnight cultures of each
strain, serially diluted, and applied to a nitrocellulose membrane. PIA
was detected using WGA-biotin and Chemiluminescent Nucleic Acid
Detection Module (Pierce). Numbers at the top indicate times of dilu-
tions. ¢ The biofilm formation of the SH1000-pLI50, the SH1000-pfs
mutant, and the complementation strains SH1000-pfs C was com-
pared at 12 h after incubation under static conditions. The biofilms
attached to wells of microtiter plates were detected by crystal violet-
stained. The data represent at least two independent analyses, and the
error bars indicate the SEM of three replicates

including [rgAB, cidAB, arlRS, mgrA, IytSR, sarA, sarV,
and agr quorum-sensing system [18]. In order to find out
how Pfs alters the autolysis activity of S. aureus, we tested
the transcription levels of these autolysis-related genes
using real-time RT-PCR (Fig. 6a; Fig. S4). We observed
that the transcription level of aflE was reduced in the pfs
mutant strain at all growth phases (Fig. 6¢), and the tran-
scriptional level of /ytM gene was reduced at the log phase
(Fig. 6b). Staphylococcal autolysis is determined to a large
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Fig.5 The reduction in biofilm formation in the pfs mutant strain
is associated with the reduced autolysis and extracellular DNA
(eDNA) content in the biofilm. a The amount of eDNA present in
the unwashed static biofilm of SBY3 was reduced compared with
that present in the SBY2 and SBY4 biofilms. Extracellular DNA was
quantified through real-time PCR using primer pairs specific for gyrA
(gyrase A), lysA (diaminopimelate decarboxylase A), and leuA (2-iso-
propylmalate synthase). The values are expressed as total the eDNA
per relative biofilm biomass. The data represents two independent
analyses; error bars indicate SEM of three replicates. b eDNA is
essential for S. aureus NCTC8325 biofilm formation. The addition of
DNase I at the time of inoculation eliminated the biofilm formation

extent by the activity of the major autolysin AtIE [37], and
IytM also acts as another major autolysin gene of S. aureus.
Thus, we concluded that the reduced transcription of lytM
and at/E might underlie the reduced autolysis observed in
the pfs mutant strain.

Furthermore, Agr and RNA III were reduced in the pfs
mutant strain at the log growth phase (Fig. 6d, e). So, pfs
mutation was constructed in the agr null strain RN6911, to
investigate whether Agr system is necessary in the biofilm
regulation of Pfs. Interestingly, the autolysis and the biofilm
formation ability were also decreased in the RN6911-pfs
mutant (Fig. 7a, b), which suggested that Pfs can promote
the biofilm formation through a Agr/RNA III-independent
way. The link between Pfs, and at/E and lytM expression
remains to be found.
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difference among the wild-type (SBY2), the pfs mutant (SBY3), and
the complementation (SBY4) strains. The data represent at least three
independent analyses, and the error bars indicate the SEM of at least
five replicates. ¢ The pfs mutation reduces the autolysis ability of S.
aureus. Log growth phase cultures of the wild-type (SBY2), the pfs
mutant (SBY3), and the complementation (SBY4) strains were incu-
bated in a buffer solution containing 50 mM Tris—-HCI (pH 7.5) and
0.1 % Triton X-100. The percentage of initial absorbance at 600 nm
was determined as an indicator of lysis. The data represent at least
three independent analyses, and the error bars indicate the SEM of
three replicates

Discussion

In bacteria, methylthioadenosine/S-adenosylhomocysteine
nucleosidase (Pfs) catalyzes the irreversible hydrolytic
deadenylation reaction of methylthioadenosine (MTA)
[38], S-adenosylhomocysteine (SAH) [39], and 5’-deoxy-
adenosine (5'dADO) [40], which are the product inhibitors
of a broad array of metabolic reactions in the SAM cycle
[19]. Until recently, studies concerning Pfs have primarily
focused on determining the biochemical properties of this
enzyme [41], screening the Pfs inhibitors for the study of
their putative antimicrobial activity [42] or identifying the
role of Pfs related to the AI-2 signal. In S. aureus, the struc-
ture of Pfs and the MTA and SAH nucleosidase activity of
this enzyme have been determined [43]. And in a previous
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Fig. 6 The pfs mutation alters the transcription of the autolysis-
related genes in S. aureus. a The transcription levels of autolysis-
related genes of wild-type (SBY2), the pfs mutant (SBY3), and the
complementation (SBY4) strains were compared using RNA isolated
at 4 h. The transcriptional profile of lytM (b), atlE (c), agrA (d), and

study, we showed that the Pfs of S. aureus is essential
for the virulence independent of LuxS/AI-2 system [23].
Herein, we revealed that Pfs plays an important role in S.
aureus biofilm formation.

As Pfs plays an essential role in AI-2 production [23],
we determined the dependence of the biofilm formation
defect of the pfs mutant strain on AI-2. The addition of in
vitro-synthesized AI-2 did not restore the biofilm formation
of the pfs mutant strain under either static or dynamic flow
conditions, which suggest that the defect of the pfs mutant
strain in biofilm formation is not because of the disruption
of AI-2. In a previous study, we also showed that S. aureus
Al-2 quorum-sensing reduces biofilm formation [22]. This
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RNAIII (e) of the pfs mutant strain (SBY3) was compared with that
of the wild-type (SBY2) and complementation (SBY4) strains using
RNA isolated from the cultures at different growth phases (3—6/8 h).
The data represent at least two independent analyses, and the error
bars indicate the SEM of three replicates

means that pfs and AI-2 have opposite effect on biofilm for-
mation. Thus, we conclude that the reduced biofilm forma-
tion of the pfs mutant strain observed in the present study is
AI-2 independent.

In the previous study [23], we demonstrated that the pfs
mutation reduced the expression of extracellular proteases
due to the effects of this mutation on the expression of
sspABC and aur genes. Extracellular proteases, which par-
ticipate in the detachment step in biofilm formation cycles,
inhibit protein-dependent biofilm formation in S. aureus
[25]. However, we observed that the pfs mutation reduced
biofilm formation in the S. aureus NCTC8325 strain,
despite the reduced expression of extracellular proteases.
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Fig. 7 Pfs can promote the autolysis and biofilm formation in the
absence of Agr/RNA III. a The pfs mutation reduces the autolysis
ability of S. aureus strain RN6911. Log growth phase cultures of the
RN6911-pLIS0, the RN6911-pfs mutant, and the complementation
strains RN6911-pfs C were incubated in a buffer solution containing
50 mM Tris—HCI (pH 7.5) and 0.1 % Triton X-100. The percentage of
initial absorbance at 600 nm was determined as an indicator of lysis.
The data represent at least three independent analyses, and the error
bars indicate the SEM of three replicates. b The biofilm formation
of the RN6911-pLI50, the RN6911-pfs mutant, and the complemen-
tation strains RN6911-pfs C was compared at 12 h after incubation
under static conditions. The biofilms attached to wells of microtiter
plates were detected by crystal violet-stained

This result might reflect variations in the biofilm compo-
sition among different strains [15]. As Pozzi C. reported,
proteinase K had no significant effect on the biofilm for-
mation in the 8325-4 strain [44]. Biofilm formation is
determined through multiple factors. In the present study,
we showed that the reduced biofilm formation of the pfs
mutant strain was associated with reduced autolysis, result-
ing in the reduced eDNA content in the biofilm. Consist-
ent with previous findings [14, 17], our results showed that
eDNA is essential for S. aureus biofilm formation, and the
impaired biofilm formation associated with reduced autoly-
sis is unrelated to the defects in initial attachment stages of
biofilm formation.

We also observed that the reduced autolysis of the pfs
mutant strain was associated with transcription changes in
the autolysis-related genes of S. aureus at the log growth
phase, including the autolysin genes, at/E and lytM, and
the two divergently transcribed transcripts of agr locus,
RNAII and RNAIII, which are autolysis-positive regula-
tors. Although it was reported that RNAIII influences the
expression of lytM [45], we have successfully shown that

@ Springer

Pfs inactivation can reduce the autolysis and biofilm forma-
tion ability in a genetic background without Agr/RNA III
system. This suggests that Pfs can fulfill the regulation in
the absence of Agr/RNA III.

In summary, we have shown that mutation of pfs has a
pleiotropic effect on S. aureus with respect to virulence
and biofilm formation, highlighting Pfs as a potential anti-
infection drug target. Future research is necessary to inves-
tigate the mechanism by which mutation of pfs has such
a global regulatory effect. Considering the conservation
of Pfs in a wide variety of bacterial species, it is possible
that these roles of Pfs are widely conserved. Our studies
may facilitate further investigations into the roles of Pfs in
diverse bacterial species.
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