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ABSTRACT
Staphylococcus aureus is a leading cause of nosocomial infections in the United States,
and isolates of this pathogen are capable of forming biofilms through different mechanisms.
Biofilm formation reduces susceptibility to antimicrobials, and can lead to chronic infections.
Therefore, understanding the matrix components and genetic regulation of S. aureus biofilms is
an important step towards combatting the rise in illness and deaths caused by S. aureus. My
work has focused on the HG003 strain which forms robust biofilms in vitro. Here I present a
model for biofilm formation in S. aureus that is dependent on a drop in pH over time driven by
glucose fermentation, and on release of cytoplasmic proteins and DNA from a subset of cells that
are recycled as matrix components and bind the remaining cells together in large clusters.
Furthermore, though many clinical isolates of S. aureus rely on polysaccharide intercellular
adhesin for matrix production, I describe how a mutant strain deleted for the genes encoding this
component form biofilms in a polysaccharide-independent fashion. Following the development
of the initial model, I examine the role of the major autolysins in biofilm production. Next, I
describe a new unbiased genome-wide screening method for identification of genes involved in
the release of extracellular DNA (eDNA) that leverages the ability to separate eDNA from
biofilm cells and relies on transposon sequencing. I identify a set of genes likely to be required
for eDNA release, and characterize their biofilm and eDNA phenotypes in deletion mutants. In
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addition to measuring biofilm-associated eDNA and biofilm biomass, I use microscopy to
visualize how strains deficient in eDNA production have severe defects in cell-cell adhesion
resulting in reduced clustering. I further evaluated mutant strains using a Congo red sensitivity
assay to identify strains with enhanced cell wall strength. Finally, I characterize the regulon of a
novel biofilm regulator using RNA sequencing. My research represents an advancement in
understanding of staphylococcal biofilm formation and regulation, and presents a novel method
for identifying biofilm-related genes that could serve as targets for future therapies designed to
dissociate or prevent biofilms.
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CHAPTER 1
Introduction

1.1 Biofilm formation is widespread and varied
Many bacteria can grow in surface-associated multicellular communities known as
biofilms that are embedded within a self-produced extracellular matrix that typically comprises
proteins, polysaccharides, and nucleic acids. These matrix components serve as a natural glue,
connecting neighboring cells to one another. These structures are abundant in nature and appear
in a wide range of environmental conditions (Davey & O’Toole, 2000), and are of great interest
due to their medical relevance. Biofilms can form on a variety of surfaces including human
tissue and implanted medical devices and can render bacteria far less susceptible to antibiotics
and immune system attacks than bacteria growing in a planktonic state (Darouiche, 2001;
O’Gara & Humphreys, 2001; Wilson, 2001). Therefore, understanding their formation,
structure, and disassembly is important for the progress of infection management, especially
given the rise of multi-drug resistant pathogens (Lowy et al., 2003).
1.2 An introduction to Staphylococcus aureus
Staphylococcus aureus is a gram positive member of the Firmicutes phylum. The genus
name derives from the Greek σταφύλι (stafýli) meaning grape and κόκκος (kókkos) meaning
grain or small seed, describing the spheroid shape of the cells. The ‘bunches of grapes’
appearance of staphylococcal clusters was first described by Alexander Ogston in 1880, and he
later named the genus (Witte, 1984). The family name comes from the Latin word aureus
meaning golden, which describes the golden color of S. aureus colonies producing the carotenoid
pigment staphyloxanthin. S. aureus is commonly found as a member of the human nasal
microbiome, and is estimated to colonize around 30% of the US population at any given time,
with approximately 1% of persons carrying methicillin-resistant S. aureus (MRSA) strains
(Kuehnert et al., 2006). This pathogen is a leading cause of nosocomial infection.
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1.3 Biofilm formation in S. aureus
Biofilms formed by pathogens including Staphylococcus have been shown to contribute
to the recalcitrance of infections, in part due to the high proportion of persister cells (Conlon,
2014). Persister cells within the biofilm are in a dormant metabolic state, and thus are less
susceptible to antibiotics that require active metabolic processes (Conlon et al., 2013). In
addition, biofilms have enhanced tolerance due to properties conferred by the matrix itself,
which reduces penetration of antimicrobial agents (Stewart, 2015). The extracellular matrix of
biofilms have also been shown to contain active enzymes involved in degradation of molecules
that are used for energy, and potentially enable the bacteria to evade immune defenses
(Flemming & Wingender, 2010).
Studies using murine models have shown S. aureus biofilms delay wound healing
(Schierle et al., 2009), and S. aureus is among the most frequently isolated bacterial species
found in chronic wounds in patients along with Pseudomonas aeruginosa, an organism that also
has biofilm-forming abilities (Fazli et al., 2009). In clinical settings, S. aureus biofilms have
been implicated in implanted device infections including central venous catheters and
tympanostomy tubes, and have been shown to adhere to contact lenses (Donlan & Costerton,
2002).
Bacteria use a variety of strategies to form biofilms, and even within S. aureus,
different strains employ distinct strategies. Isolates of S. aureus have been found to be capable
of forming biofilms through several mechanisms. The two stages of biofilm development which
appear common to the process among different strains are initial attachment and maturation
(Otto, 2008). There have been a few genome-wide efforts to elucidate which genes are altered in
their expression during planktonic or exponential growth versus biofilm growth (Beenken et al.,
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2004; Resch et al., 2005). These and other studies have identified some key factors involved in
staphylococcal biofilm formation, including polysaccharide intercellular adhesin (PIA), the
alternative sigma factor Sigma B, the quorum-sensing system agr, and the accessory regulator
SarA (Cramton et al., 1999; Lauderdale et al., 2009; Boles & Horswill, 2008; Tormo et al.,
2005). Additionally, growing cells in a low pH environment leads to many of the same
regulatory changes that occur during natural biofilm formation in glucose containing medium
where the pH drops over time (Weinrick et al., 2004), suggesting that an acidic environment may
trigger biofilm gene expression or contribute to biofilm stability. Despite the identification of
these important pathways, biofilm formation is not fully understood. Many of the proteins
identified in these studies are of unknown function, and much of the regulation appears to be
strain-dependent.
Antibiotic resistance appears to be linked with biofilm formation. Methicillin-sensitive
S. aureus (MSSA) strains are more likely to require the polysaccharide intercellular adhesin PIA
whose production is governed by the ica operon. In contrast, methicillin-resistant S. aureus
(MRSA) strains typically form biofilms in a PIA-independent, glucose-induced manner
(McCarthy et al., 2015). PIA mediates cell-cell adhesion, which is an important step in biofilm
formation following initial adhesion to a surface.

1.4 A model strain for the study of S. aureus biofilm
Our lab has focused on a single strain of S. aureus, HG003, that forms robust biofilms in
vitro. Previous work focusing on various clinical strains has resulted in some contradictory
findings that do not appear to hold true across all strains and culture conditions. The use of one
model strain has allowed us to study biofilm in a specific genetic context, and test the validity of
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our findings in other backgrounds. HG003 is a derivative of S. aureus NCTC8325, which has
served as a model strain for many decades, but HG003 has been repaired for rsbU and tcaR
(Herbert et al., 2010). RsbU is an activator of the alternative sigma factor σB, and mutants of
rsbU have reduced stress tolerance and reduced production of staphyloxanthin (Giachino et al.,
2001). TcaR is a transcriptional regulator that activates spa transcription (McCallum et al.,
2004). The repaired strain was proposed to be a good model for study of gene regulation and
virulence in S. aureus thanks to the restoration of typical wild-type expression patterns (Herbert
et al., 2010). S. aureus HG003 is MSSA, but forms ica-independent biofilms similar to MRSA
strains.

1.5 Development of a new model for biofilm formation in S. aureus
Prior to my joining the lab, biofilm formation in S. aureus had not been a focus. Our lab
has since developed a model for biofilm formation based on my work, and the work of Lucy
Foulston, Alexander K. W. Elsholz, Vanina Dengler, Nadya Masloboeva, and Aaron
DeLoughery.
In a 2014 publication (Foulston et al., 2014), we outlined a model for biofilm formation
in S. aureus wherein the matrix of the biofilm is composed of recycled cytoplasmic proteins
serving a moonlighting role. This is in contrast to some other bacterial species such as Bacillus
subtilis that produce a dedicated matrix protein (Branda et al., 2006). This work also
demonstrated that the association of these proteins with the surface of the biofilm cells is pHdependent, and that this association is reversible. When resuspended in a high pH buffer, the
matrix proteins are released from their association with biofilm cells, reducing cell-cell
clustering.
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In a publication the following year (Dengler et al., 2015), we further elucidated the role
of extracellular DNA (eDNA) in the S. aureus biofilm matrix. Here, we determined that eDNA
is not required for matrix protein association with biofilm cells, and that eDNA no longer
associates with biofilm cells when the protein component of the matrix is removed either by
degradation or high pH release. Biofilm formation can be prevented, and existing biofilms can
be dissociated with the addition of either DNaseI or proteinase K, suggesting that both eDNA
and the proteins serving as their scaffold in the biofilm context are both essential to the biofilm
structure. This work also determined that removal of eDNA leads to reduced cluster size, and
that addition of exogenous DNA can restore cell-cell clustering. We also ruled out individual
autolysins as a main source of eDNA by looking at deletion mutants in genes encoding the major
autolysins.
In order to further build on these observations, I have been looking at mechanisms of
eDNA release. I have followed up these studies with additional work to identify key players in
the release of eDNA in S. aureus biofilms and this will be the main focus of my thesis.

1.6 Thesis Outline
Biofilm formation in S. aureus represents an altered lifestyle for the pathogen that may
enhance virulence, antibiotic resistance, and lead to chronic infections. I set out to better
understand how S. aureus forms biofilms and to gain a more thorough understanding of biofilm
regulation. In Chapter 2, I detail the materials and methods used to complete these experiments.
In Chapter 3, I characterize biofilm formation in S. aureus and the requirements for biofilm
formation. In Chapter 4, I identify novel regulators of eDNA release in S. aureus, and in Chapter
5, I characterize the regulon of one of these novel regulators. In Chapter 6, I reflect on the past,
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present, and future of staphylococcal biofilm research. Appendix A details our publication from
2014 (Foulston et al., 2014) that laid the groundwork for future studies of S. aureus biofilm
formation in the lab, and Appendix B details our 2015 publication (Dengler et al., 2015) in which
we further elucidate the role of eDNA in the biofilm matrix.
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CHAPTER 2
Materials and Methods

The methods outlined here were all performed by me with the exception of RNA-sequencing
library preparation which was done by Aaron DeLoughery.
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!
2.1 Strains and growth conditions
The bacterial strains used in this study are listed in Table 2.1. S. aureus was maintained
in tryptic soy broth (TSB; EMD Millipore) and on LB agar (BD). S. aureus biofilms were grown
in TSB supplemented with 0.5% glucose (TSB-G), or if indicated, in brain heart infusion (BHI;
EMD Millipore) with 1% glucose (BHI-G). When indicated, medium was buffered with 200
mM Na2HPO4, NaCl was added at a concentration of 3%, and polyanetholesulfonic acid sodium
salt (PAS; Sigma) was added at 0.5 mg/ml. E. coli DC10B was maintained in LB and on LB
agar. Selection for drug resistant strains was carried out using 3 µg/ml tetracycline or 10 µg/ml
chloramphenicol for S. aureus, and 100 µg/ml ampicillin for E. coli.

2.2 Strain construction
Construction of unmarked deletion mutants in HG003 was performed using pKFC or
pKFT vectors (Kato and Sugai, 2011). Regions approximately 1 kb in size flanking the deletion
site were amplified from HG003 by PCR (See Table 2.2 for deletion construct details and Table
2.3 for primer sequences) and introduced by Gibson assembly (Gibson et al., 2009) into the
vector linearized with EcoRI and BamHI. Initial transformation of isothermal assembly products
was done into E. coli DC10B and selected for growth on ampicillin. Plasmid sequences were
confirmed and plasmids were transformed directly into HG003 with selection on tetracycline (for
pKFT) or chloramphenicol (for pKFC) at 30°C. Single-crossover integrants were induced by
growth overnight at 42°C in the presence of selection, as the plasmid has a temperature sensitive
origin of replication for S. aureus. Double-crossover events were promoted by two 24-hour
rounds of growth in TSB at 25°C. Tetracycline- (for pKFT) or chloramphenicol- (for pKFC)
sensitive clones were isolated and mutants were identified by colony PCR. All mutants were
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Table 2.1: Bacterial strains used in this work
Name
DC10B
HG003

Strain Background
Genotype/Description
Escherichia coli DH10B dcm
Staphylococcus aureus agr + tcaR + rsbU+
Restriction-deficient derivative of
Staphylococcus aureus
NCTC 8325-4, agr tcaR rsbU, cured of
RN4220
NCTC8325-4
three prophages
ANG1958/
SAOUHSC_00069 ( spa)
RN4220
SEJ1 gdpP::kan
SAOUHSC_00015 ( gdpP)::kan
SAOUHSC_00069 ( spa)
LCF78
HG003
LCF90
HG003
SAOUHSC_00427 ( aaa)
LCF48
HG003
SAOUHSC_00620 ( sarA)
LCF73
HG003
SA0UHSC_00994 ( atl)
LCF91
HG003
aaa atl
ASD670
HG003
SAOUHSC_00014 ( yybS)
ASD327
HG003
SAOUHSC_00248 (lytM)
ASD338
HG003
aaa atl lytM
ASD464
HG003
SAOUHSC_00998 ( fmtA)
ASD676
HG003
SAOUHSC_01025
ASD328
HG003
SAOUHSC_01219 (lytN)
ASD339
HG003
aaa atl lytN
ASD465
HG003
SAOUHSC_01354 ( alsT)
ASD672
HG003
SAOUHSC_01497 ( ansA)
ASD466
HG003
SAOUHSC_01743 ( apt)
ASD673
HG003
SAOUHSC_01850 ( ccpA)
ASD448
HG003
SAOUHSC_01979 ( xdrA)
ASD671
HG003
SAOUHSC_03052 ( gidA)
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Reference
Monk et al., 2012
Herbert et al., 2010
Kreiswirth et al., 1983
Corrigan et al., 2011
Foulston et al., 2014
Dengler et al., 2015
Dengler et al., 2015
Dengler et al., 2015
Dengler et al., 2015
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Table 2.2: Deletion mutant construction details
Strain

Primers
Primers
Primers
Primers
Background
Deleted Gene Construct (upstream (downstream (confirmation (confirmation
Strain
of construct) in genome)
flank)
flank)

ASD670 HG003

SAOUHSC_
ASD194_1, ASD194_3,
pASD112
00014 ( yybS)
ASD194_2 ASD194_4

ASD327 HG003

SAOUHSC_
00248 (lytM)

pASD030

ASD338 LCF91

SAOUHSC_
00248 (lytM)

pASD030 As above

ASD464 HG003

SAOUHSC_
ASD145_1, ASD145_3,
pASD064
00998 ( fmtA)
ASD145_2 ASD145_4

ASD676 HG003

SAOUHSC_
ASD196_1, ASD196_3,
pASD114
01025
ASD196_2 ASD196_4

ASD328 HG003

SAOUHSC_
01219 (lytN)

pASD031

ASD339 LCF91

SAOUHSC_
01219 (lytN)

pASD031 As above

ASD465 HG003

SAOUHSC_
ASD146_1, ASD146_3,
pASD065
01354 ( alsT)
ASD146_2 ASD146_4

ASD672 HG003

SAOUHSC_
ASD202_1, ASD202_3,
pASD120
01497 ( ansA)
ASD202_2 ASD202_4

ASD466 HG003

SAOUHSC_
ASD147_1, ASD147_3,
pASD066
01743 ( apt)
ASD147_2 ASD147_4

ASD673 HG003

SAOUHSC_
ASD207_1, ASD207_3,
pASD125
01850 ( ccpA)
ASD207_2 ASD207_4

ASD448 HG003

SAOUHSC_ pNMd197 1979-P1,
01979 ( xdrA) 9
1979-P2

ASD671 HG003

SAOUHSC_
ASD199_1, ASD199_3,
pASD117
03052 ( gidA)
ASD199_2 ASD199_4

ASD094_1, ASD094_3,
ASD094_2 ASD094_4
As above

ASD095_1, ASD095_3,
ASD095_2 ASD095_4
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As above

1979-P3,
1979-P4

LF019F,
LF019R,
ASD194_7,
ASD194_8
LF019F,
LF019R,
ASD094_7
As above
LF019F,
LF019R,
ASD145_7,
ASD145_8
LF019F,
LF019R,
ASD196_7,
ASD196_8
LF019F,
LF019R,
ASD095_7
As above

ASD194_5,
ASD194_6
ASD094_5,
ASD094_6
As above
ASD145_5,
ASD145_6
ASD196_5,
ASD196_6
ASD095_5,
ASD095_6
As above

LF019F,
ASD148_5,
LF019R,
ASD146_6
ASD148_7,
ASD146_8
LF019F,
ASD202_5,
LF019R,
ASD202_6
ASD202_7,
ASD202_8
LF019F,
ASD147_5,
LF019R,
ASD147_6
ASD147_7,
ASD147_8
LF019F,
ASD207_5,
LF019R,
ASD207_6
ASD207_7,
ASD207_8
LF019F,
1979-P7,
LF019R,
1979-P5, 1979- 1979-P8
P6
LF019F,
ASD199_5,
LF019R,
ASD199_6
ASD199_7,
ASD199_8

Table 2.3: Primers table (Page 1 of 4)
Purpose

Relevant Gene

Primer
Name

Primer Sequence

Strain
TTGTAAAACGACGGCCAGTGAATTCTGATGTTATT
SAOUHSC_00014 (yybS) ASD194_1
construction
GGTAGTCCTTTCGG
CCGATTCATTATTCCACCTCTATATTTTTAACTATAG
ASD194_2
CTATTATTTTAACCTCTTTAAT
ASD194_3 ATAGAGGTGGAATAATGAATCGGC
GTCGACTCTAGAGGATCCCCGGGCTTTGTCACCCT
ASD194_4
CTGCAAGG
ASD194_5 TGAGCATGTCGGTTATCATGG
ASD194_6 ACGCGTCGTAATGTTGGATC
ASD194_7 CGTGCCTGATAATGTTGGGC
ASD194_8 TGGTTAACCCATTCGATGTGATC
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCG
SAOUHSC_00248 (lytM)
ASD094_1 ACGCGATGAATATTACGCAAAATGA
GCAAGTATGACGTTGGGTCTACTGCAGTTAGTTTT
ASD094_2 CAATTAAACTGTACTGCACA
TGTGCAGTACAGTTTAATTGAAAACTAACTGCAGT
ASD094_3 AGACCCAACGTCATACTTGC
ACAGGAAACAGCTATGACCATGATTACGCCAAGC
ASD094_4 TTAGCAGCATTGCAACGATTATCACA
ASD094_5 GGCGTTGCCATTTCAACACAA
ASD094_6 CGGTGATTTTATTTGTTAGCGCTGT
ASD094_7 CGATTTTTAAGCCTGAGAAGCATATCACT
TTGTAAAACGACGGCCAGTGAATTCGCAACTGCT
SAOUHSC_00998 (fmtA) ASD145_1
AAAGCCTCATCAC
TGTTATATCTTCTATATTAATTGATAATTGCCTCACA
ASD145_2
ATGTATTCATTTTATATATTTAAATCG
CATTGTGAGGCAATTATCAATTAATATAGAAGATAT
ASD145_3
AACATGTATATGGCATTAAG
GTCGACTCTAGAGGATCCCCGGGTGCATCAGAAG
ASD145_4
GCGTTAACCC
ASD145_5 ATCAACTTCCTGTGCTTTTTGG
ASD145_6 AACTTTGCAACATGGTGGCG
ASD145_7 ACAAATGTTATGTCAAAGTTCCTTG
ASD145_8 ACGCATGGACCAACGTATTCG
TTGTAAAACGACGGCCAGTGAATTCGATAGCAGA
SAOUHSC_01025
ASD196_1
CAATCGCTGCC
AATGTTTAATAGATAGTACTTTTATAATGCTTTTAAT
ASD196_2
ATGTTCACCTCAAAATCATTATATATTAATCT
ASD196_3 TTAAAAGCATTATAAAAGTACTATCTATTAAACATT
GTCGACTCTAGAGGATCCCCGGGCCCTTAATTTCT
ASD196_4
TGCGCACTTC
ASD196_5 AATGATAGTTTCGCCGGCAC
ASD196_6 GAAGATGCCTCACTTGCTGC
ASD196_7 AGGAGAGGGATACATGCGC
ASD196_8 CGCAAATTCCATAAGTCGCTTC
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Table 2.3: Primers table, continued (Page 2 of 4)
Purpose

Relevant Gene

Primer
Name

Primer Sequence

Strain
SAOUHSC_01219 (lytN)
construction

GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCG
ASD095_1 ACGCCTGGTAAAGGTGGTC
AATGGTCTAATAAAAATCATATCATTTTCAGATGAA
ASD095_2 ACACTCCTTACAATAATATACAAA
TTTGTATATTATTGTAAGGAGTGTTTCATCTGAAAA
ASD095_3 TGATATGATTTTTATTAGACCATT
ACAGGAAACAGCTATGACCATGATTACGCCAAGC
ASD095_4 TTCCGCCTCATTACTAAAGACGC
ASD095_5 AGGGTCTACTGCCCTTTTCCATACA
ASD095_6 TGGTCTTACTGGTTTGATGAAATCACC
ASD095_7 TCAGGTGGTAAAGGTACTGCTGAAGA
TTGTAAAACGACGGCCAGTGAATTCGTGACAGTT
SAOUHSC_01354 (alsT) ASD146_1
TACTTAAACATCAAGAAG
AATCGTTACATTAAAAATATAATAAACCCCTCGCAT
ASD146_2
CCTCTAC
GAGGATGCGAGGGGTTTATTATATTTTTAATGTAAC
ASD146_3
GATTCATTATATAAAAATCAAATAAACCC
GTCGACTCTAGAGGATCCCCGGGTTGATCAAGGT
ASD146_4
CATCTCATGC
ASD148_5 ACATAGTTGCGCTTGAAGGTG
ASD146_6 TACAGTAACGAAACGCCCGTG
ASD148_7 CACATCGTATTGTAGCTGCACATG
ASD146_8 TCGCTTTAATTTGAAAACCTCAGGG
TTGTAAAACGACGGCCAGTGAATTCTGTGACTAA
SAOUHSC_01497 (ansA) ASD202_1
ATCAGCTTCTTTTGC
GTACATAGACCTTTTTATGTTACGTATTCAATATTTC
ASD202_2
CTCCTATATTTAATTTACCTAATTATGA
ASD202_3 TGAATACGTAACATAAAAAGGTCTATGTAC
GTCGACTCTAGAGGATCCCCGGGCCATGCGGATTA
ASD202_4
AGTG
ASD202_5 AAAGCCACGCAAATAAGCAAC
ASD202_6 AAAGGAGGCCGAAACAATGC
ASD202_7 GGTCAACTAGTTTTGCAAAGTCC
ASD202_8 CAGGTGTAATTGCTGCAGGG
TTGTAAAACGACGGCCAGTGAATTCGCCGTTTCG
SAOUHSC_01743 (apt) ASD147_1
ATATACGCTTCAC
CAATTTAGGAGGAAATATTATAAATAATATAATTTTA
ASD147_2
TCAAATGAAATCCTTCATCAAATGTATAAGAACC
TGATAAAATTATATTATTTATAATATTTCCTCCTAAA
ASD147_3
TTGCTCACGAC
GTCGACTCTAGAGGATCCCCGGGGGCTGCAGGTA
ASD147_4
TGACGATGG
ASD147_5 TGCACCAACCCAAGTATCGC
ASD147_6 AATCATGCAAAAGGCTCCGC
ASD147_7 CCGTCGACGATAAATATTTATCCTGTC
ASD147_8 AAGATCGATTGATTCCAGCAAAG
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Table 2.3: Primers table, continued (Page 3 of 4)
Purpose

Relevant Gene

Primer
Name

Primer Sequence

Strain
TTGTAAAACGACGGCCAGTGAATTCGCTTCACAT
SAOUHSC_01850 (ccpA) ASD207_1
construction
GGCATTATCAGTG
GAATAAAACGTTTACAAGGAGGAAATTATTCACA
ASD207_2
AAATTAGGCATTCATCTAACG
ASD207_3 AATTTCCTCCTTGTAAACGTTTTATTC
GTCGACTCTAGAGGATCCCCGGGTAAAAGAAGCT
ASD207_4
GGCCGTACG
ASD207_5 ACCTAGAATTGCAACAGATGACG
ASD207_6 AGGCCTAGGTGTTGAAGGAC
ASD207_7 TTGGAGAGTCGTACCACGTG
ASD207_8 GATTCACACATTTGTTGCTGAAATG
ACGGCCAGTGAATTCGAGCTCGGTACCCGGGGAT
SAOUHSC_01979 (xdrA) 1979-P1
CCTCGCTTGTTTGCTTGCATATGT
CAAACAGAAAGGTAGATAACAGATCTAGGCCTATA
1979-P2
TACTTTTAATAAATA
TATTTATTAAAAGTATATAGGCCTAGATCTGTTATCT
1979-P3
ACCTTTCTGTTTG
AGGAAACAGCTATGACCATGATTACGCCAAGCTTA
1979-P4
TTGTGCGACAAGGATTGCGAT
1979-P5
TGACTCCTTTGTGACAACAT
1979-P6
TCAAATCTAGTGATTATGCAT
1979-P7
TGCTAATTTGCTAGAGAGTTGA
1979-P8
TCAGCCAACAAAGGGTACACA
Strain
TTGTAAAACGACGGCCAGTGAATTCTCTAAATCGG
SAOUHSC_03052 (gidA) ASD199_1
construction
CGCTCTCCAG
GCTAGTAAGATATCAAATAAGGAGGTTTATATTATG
ASD199_2
ACTGTAGAATGGTTAGCAGAAC
ASD199_3 AATATAAACCTCCTTATTTGATATCTTACTAGC
GTCGACTCTAGAGGATCCCCGGGTCGCTCGAAGA
ASD199_4
CAGATAGAGC
ASD199_5 GCAACAACAGCCGTCTCTTC
ASD199_6 ACATATGGCGCTAGAATGGC
ASD199_7 ACGGAATACTTGGAAAACCAGC
ASD199_8 TCGAGATTTGTTCTTTGGTGGAG
qRT-PCR
SAOUHSC_00069 (spa) spa-F3
TCAATTCGTAAACTAGGTGTAGGTATTGCA
spa-R3
CAGCATTTGCAGCAGGTGTTA
SAOUHSC_00141
yrhF-F
AGATCTTATCGTAAAGAATACGTGGGT
yrhF-R
TCAACTTTACTCAAAACACCTGTCATAT
SAOUHSC_00560
560-F
TCGTAAATGA TGATAATCCAATACATAATGA
560-R
ATTTGACACTGGTTTGTCTCTAATGA
SAOUHSC_00561 (vraX) vraX-F
GCGCACCAGTTTATGAAATTATAACCA
vraX-R
ATCGTCTTGTAATAAAGAGAGCAATTTGA
SAOUHSC_01136
1136-F
ATGACTGGACTAGCAGAAGCAAT
1136-R
TACCTAGTAAACCCACACCGTTA
SAOUHSC_01448 (norB) norB-F
AGGCACACCTGAAACTAAATCTAAAT
norB-R
GTTACACCTAATTCTGATCCTTTAGT
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Table 2.3: Primers table, continued (Page 4 of 4)
Purpose
qRT-PCR

RNA-seq
library
preparation

Primer
Name
SAOUHSC_01450
1450-F
1450-R
SAOUHSC_01451 (ilvA) ilvA-F
ilvA-R
SAOUHSC_01452 (ald) ald-F
ald-R
SAOUHSC_01490 (hu)
hu-F
hu-R
SAOUHSC_01979 (xdrA) ASD186C
ASD186D
SAOUHSC_02260 (hld) hid-F
hid-R
SAOUHSC_03045 (cspB) cspB-F
cspB-R
Relevant Gene

indexing
primer
o231

Primer Sequence
TCCAGCTAACGTAGCAGCATTGT
AGATGCGATTGCTATTGGTATTAACGA
AAGGCATTATCGCAGCATCTGCT
TCAGGCATTACAATCGTTGCATCA
ACTACTCTGAAGCACAACATGGT
TGCTGCTACTCCACCACCGA
TTTACGTGCAGCACGTTCAC
AAAAAGAAGCTGGTTCAGCAGTAG
AAAGAGAGAGTATTACCAAACTGGAC
ACGATTTCTAATGGATCACAGCC
ATTAAGGAAGGAGTGATTTCAATGGCA
TGAATTTGTTCACTGTGTCGATAATC
AGGTTTTCTATATGAATAACGGTACAGTA
TGTACGAATACGTCTCCGCCAT
AATGATACGGCGACCACCGAGATCGGAAGAGCAC
ACGTCTGAACTCCAGTCACNNNNNNCGACAGGTT
CAGAGTTC
CAAGCAGAAGACGGCATACGA

Note: all primers were purchased from IDT
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confirmed by PCR amplification of the deleted region of the genome and Sanger sequencing.
Strain SEJ1 gdpP::kan (ANG1958) was constructed previously in an RN4220 ∆spa background
(Corrigan et al., 2011).

2.3 Quantitative biofilm assays
Overnight cultures of S. aureus were grown in TSB and diluted 1:1000 into fresh TSB-G or BHIG as noted. 200 µl aliquots of this inoculum were added in triplicate to wells of a Nunc
MicroWell 96-well plate (no. 167008; ThermoFisher) and incubated statically at 37°C for 24
hours. At the indicated time point (in almost all cases, 24 hours) medium was then carefully
removed, and biofilms were washed twice with 100 µl of PBS at pH 7.5. The washed biofilms
were then resuspended in 200 µl of PBS at pH 7.5. The OD600 of these three fractions was then
measured using a Bio-Tek Synergy II plate reader (BioTek Instruments). Values from noninoculated wells with TSB-G or PBS alone were subtracted from inoculated well readings, and
averages and standard deviations calculated. The pH of biofilm cultures was measured by
spotting 20 µl on pH strips (range, 4.5 to 10; VWR). A graphical overview of this general
method is presented in Figure 2.1, using BHI and BHI-G instead of our more commonly used
media TSB and TSB-G. The comparison between biofilms formed in BHI and BHI-G provides a
more stark contrast, as BHI naturally contains less glucose than TSB and so the wells not
supplemented with glucose result in very little biofilm formation.

2.4 SYTOX-based quantitative eDNA measurements
Cells in 200 µl of biofilm-inducing medium were grown as described in section 2.3, and
the resuspended biofilm cells (following the wash step) were filtered using 0.2 µm AcroPrep
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Figure 2.1. Method for measuring biofilm formation.

17

BHI

+glucose

+glucose

!
Advance 96-well filter plates (no. 8019; Pall). To measure eDNA, 100 µl of the filtered
resuspension was then mixed with 100 µl of 2 µM SYTOX Green (no. S7020; ThermoFisher)
solution in PBS to a final concentration of 1 µM in 200 µl (Iyer & Hancock, 2012).
Fluorescence was measured using a plate reader (Infinite 200 Pro, Tecan) with excitation and
emission wavelengths of 465 nm and 510 nm respectively and the amount of eDNA present
relative to WT HG003 was calculated. This method of quantifying eDNA concentration relative
to WT HG003 is much more efficient than that which I was previously using in Appendix B,
which required individual filtration of each sample. I took advantage of Pall’s 96-well filter
plates in order to scale our filtration, and of the SYTOX Green DNA binding response to
eliminate the need for costly and time consuming qRT-PCR analysis.

2.5 Transposon-insertion screen
The transposon insertion experiment was performed using an ultra-high density library in
the HG003 strain background (Santiago et al., 2015). A frozen aliquot of the library was added
to a small volume of TSB. After one hour of growth at 37°C, this pre-culture was used to
inoculate fresh TSB-G to an OD600 of 0.01. An aliquot of the pre-culture was also collected for
sequencing. 300 ml of the diluted pre-culture was added to large volume dishes (no. 166508;
ThermoFisher) and incubated statically at 37°C for 6 hours or 8 hours. The medium was
aspirated and the remaining adherent cells were resuspended in PBS at pH 7.5 using pipetting
and cell scrapers. Following a brief incubation in phosphate-buffered saline (PBS), biofilm cells
were pelleted by centrifugation for 10 minutes at 7000 × g at 4°C, and the supernatant was
removed and filtered using an Acrodisc 25 mm syringe filter with 0.2 µm HT Tuffryn membrane
(PN 4192, Pall) or using a 0.22 µm filter system (431098, Corning). The aspirated medium was
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pelleted to collect non-adherent cells. Genomic DNA from the biofilm cells and non-adherent
cells was extracted from the pelleted biofilm cells using the Wizard Genomic DNA Purification
Kit (A1120m Promega). eDNA from the matrix was precipitated from the supernatant by adding
1/10 of the supernatant volume of 3 M NaOAc at pH 5.0 and isopropanol to a final concentration
of 30%. This mixture was incubated overnight at -20°C and centrifuged for 15 minutes at
24,000 × g at 4°C. The pellet was washed with 75% ice cold ethanol, air dried, and resuspended
in 400 µl of water. Extracted eDNA and gDNA were then RNAse treated using 1 U RNAse H
(Roche) per approximately 50 µg of gDNA or 5 µg of eDNA for 15 minutes at 37°C. The DNAs
were purified by extraction with phenol-chloroform and run over a DNA purification column
(D4065, Zymo Research) according to manufacturer’s guidelines. Sample preparation for next
generation sequencing was performed as previously described (Santiago et al., 2015).
Sequencing was performed on an Illumina HiSeq 2500 at the Tufts University Core Facility.

2.6 Transposon-insertion sequence analysis
After sequencing, FASTQ files were uploaded to the Tufts University Galaxy server.
Mapping of reads to TA sites was performed basically as previously described (Santiago et al.,
2015). Briefly, using the tools within Galaxy, excess sequence was trimmed and reads were split
by sample barcode and then by donor strain barcode. The reads were then filtered by quality,
mapped using bowtie, and tabulated using hopcount. Using Python, IGV files were then
generated for each sample which list the number of insertions in each individual TA site, and
these were converted to WIG files. Analysis of the transposon-sequencing data was performed
using TRANSIT (DeJesus et al., 2015), software that runs using Python and which can analyze
data from transposon insertion library sequencing. The analysis output from TRANSIT provides
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a list of normalized read counts per gene in addition to calculating the difference in read counts,
p-value, and q-value for each gene.
Spearman’s rank correlation coefficients were calculated within Prism using read count
per gene for the different replicates and time points (Figure 2.2). Our final analysis compared
results from 6 hour and 8 hour time points in combination, since we expected that eDNA release
was occurring throughout this time period and wanted to capture any relevant genes, even those
with a mild or delayed defect in eDNA release and to have enough insertions to calculate
significance even in genes with few TA sites.
Re-sampling comparative analysis of eDNA to gDNA samples was performed within
TRANSIT with 10,000 permutations using trimmed total reads normalization (TTR) and LOESS
genome positional bias correction. TTR is normalized by total read counts, but the top and
bottom 5% are removed from the normalization. Genes of interest were identified as those with
a log2 fold change of less than or equal to -1, a false discovery rate (FDR) of less than 5% (qvalue < 0.05), and a (number of normalized transposon counts)/(TA sites hit) greater than 1 for
the count average across eDNA and genomic DNA. Since the library consisted of six transposon
constructs, we ran our analysis on four promoter categories; all (all transposons), blunt
(promoterless), Perm (weakest promoter), and other (outward-facing promoters) (Santiago et al.,
2015).

2.7 Visualizing cell clumping
One-milliliter biofilms were inoculated into the wells of 24-well plates (Falcon no.
353047 polystyrene tissue culture plates; Corning), if indicated with DNase I (Roche) added at
10 units/ml. Eight hundred microliters of medium was taken off, and the biofilms were gently
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Figure 2.2. Correlation of replicates for transposon insertion experiment. Biological replicates
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resuspended in 200 µl of medium. Cell suspensions were centrifuged at 8,000 × g for 30 seconds
to concentrate them in 50 µl of medium. 1 µl of suspension was added to a slide with an agarose
pad, and 100X images were taken with an Olympus BX61 microscope, while 10X images were
taken with a Leica DM5500 B microscope. Care was take to ensure that wild type, DNase Itreated, and mutant cells were resuspended using the same number and intensity of pipetting
steps.
As a followup to our initial findings on the effects of the pH of cluster resuspension, and
the addition of DNase I and proteinase K on cluster formation (Figures A5 and B11), I made a
series of unsuccessful attempts to quantify these effects using a BD LSR II Flow Cytometer,
comparing forward scatter to side scatter in an attempt to classify particle size.

2.8 Congo red assays
Congo red susceptibility assays were performed by spotting 10-fold dilutions of
overnight cultures onto TSB agar and TSB agar supplemented with 0.1% (w/v) Congo red.
Plates were incubated at 37°C overnight and imaged.

2.9 RNA isolation
1:1000 dilutions of overnight cultures were used as the inoculum for all samples.
Exponential-phase cultures were grown in shaking conditions at 37°C to an OD600 of 0.5 in either
TSB or TSB adjusted to pH 5.5. Biofilms were grown in static conditions at 37°C in TSB-G for
6 hours, medium was then removed and biofilm cells were scraped off in PBS without a wash
step. Samples were collected using the RNAprotect Bacteria Reagent (no. 76506; Qiagen) and
snap frozen. RNA was isolated by adding 1 ml TRIzol reagent (no. 1559026, ThermoFisher) to
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each sample and lysing cells using a FastPrep (MP Biomedicals) for three 1 minute pulses with
2-3 minute incubations on ice in between. After lysis, 200 µl chloroform was added to each
sample, samples were vortexed for 1 minute, incubated for 5 minutes at room temperature and
centrifuged at 20,000 × g for 5 minutes. The top phase was then collected, 500 µl isopropanol
was added to it, samples were mixed by inverting, incubated 10 minutes at room temperature and
centrifuged at 18,000 × g for 20 minutes at 4°C. Pellets were than washed with 500 µl of 75%
ethanol, centrifuged at 18,000 × g for 5 minutes at 4°C, and pellets were air dried and
resuspended in 150 µl water. These samples were then treated with DNase I (no. 04716728001;
Roche) according to manufacturer’s guidelines and purified using the RNeasy RNA cleanup
protocol (Qiagen).

2.10 RNA-sequencing library preparation
Throughout, RNA was either precipitated with 50% isopropanol, 150 mM sodium acetate
pH 5.5, and 30 µg of GlycoBlue Coprecipitant (ThermoFisher) for 30 minutes at -80°C or
cleaned using a Zymogen RNA Clean & Concentrator-5 as indicated, and RNA was excised
from polyacrylamide gels using the ZR small-RNA PAGE recovery kit (Zymogen). Samples for
denaturing polyacrylamide gel electrophoresis were prepared using Novex-TBE-Urea sample
buffer (Life Technologies) and treated for 2 minutes at 80°C.
For the sequencing library, total RNA (5-10 µg) was depleted of rRNA using
MICROBExpress (ThermoFisher). RNA depleted of rRNA was precipitated and resuspended
into 40 µL of 10 mM Tris HCl at pH 8.0. The RNA was fragmented by first heating the sample
to 95°C for 2 minutes and adding RNA fragmentation buffer (1x, Thermo Fisher) for 1 minute at
95°C and quenched by adding RNA fragmentation stop buffer (ThermoFisher). Fragmented
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RNAs between 20 and 40 bp were isolated by size excision from a denaturing polyacrylamide
gel (15%, TBE-Urea, 65 minutes, 200 V, Life Technologies). Size selected fragments were
dephosphorylated using T4 polynucleotide kinase (New England Biolabs), cleaned up, and
ligated to 5’ adenylated and 3’-end blocked linker 1 (/5rApp/CTGTAGGCACCATCAAT/3ddc)
using T4 RNA ligase 2, truncated K227Q (New England Biolabs). The ligation was carried out
at 25°C for 2.5 hours using 5 pmol of dephosphorylated RNA in the presence of 25% PEG 8000
and Superase-In (ThermoFisher). Ligation products from 35 to 65 bp were excised after
denaturing PAGE (10% TBE-Urea, 50 minutes, 200 V, Life Technologies). cDNA was prepared
by reverse transcription of ligated RNA using Superscript III (Life Technologies) at 50°C for 30
minutes with primer oCJ485
(/5Phos/AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT/iSp18/CAAGCAGAAGACG
GCATACGAGATATTGATGGT) and isolated by size excision (10% TBE-Urea, 200V, 80
minutes, Life Technologies). Single stranded cDNA was circularized using CircLigase
(Illumina) at 60°C for 2 hours. cDNA was amplified using Phusion DNA polymerase (New
England Biolabs) with primer o231 and an indexing primer, see Table 2.3 for primer sequences.
After 6 – 10 rounds of PCR amplification, the product was selected by size from a nondenaturing PAGE (8% TB, 45 minutes, 180V, Life Technologies.

2.11 RNA-sequencing and data analysis
Sequencing was performed at the MIT BioMicro Center on a HiSeq 2000 with 50 base
pair single-end reads. FASTQ files of sequence data were processed by removing linker
sequence, de-multiplexing, and mapping to the NCTC 8325 genome (NCBI Reference Sequence:
NC_007795.1) using bowtie. The resulting SAM files were then imported into Geneious (in all
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cases, v. 9.0.5 was used), where expression levels were calculated. Identification of
differentially expressed genes was also performed within Geneious, where transcripts were
normalized by total count excluding upper quartile. This normalization method was chosen due
to the variability in rRNA depletion from sample to sample. We used a cutoff of an absolute log2
fold change of greater than 1.5 and a confidence value of 10 or above (This represents the
negative log10 of the p-value).

2.12 Quantitative real-time PCR
cDNA was synthesized with 5 µg RNA after DNAse I treatment (see section 2.9) using
random hexamers (ThermoFisher) and Superscript III reverse transcriptase (RT; Life
Technologies) according to manufacturer’s guidelines. In negative control reactions RT was
omitted. Only samples with at least 10 cycles difference between samples with and without RT
were analyzed. Quantitative real-time PCR was performed using SYBR FAST Universal OneStep qRT-PCR Kit (KAPA Biosystems) with initial denaturation at 95°C for 10 minutes, 40
cycles: 95°C for 15 seconds, 53°C for 15 seconds, 72°C for 20 seconds followed by melting
curve analysis with 95°C for 15 seconds, 60°C for 15 seconds and a final temperature increase to
95°C over 10 minutes. Primer pairs for genes tested are listed in Table 2.3. Data analysis was
performed according to Pfaffl (Pfaffl, 2001), with hu used for normalization (Valihrach &
Demnerova, 2012). I had previously used gyrase A for normalization in Appendix B, but as hu
demonstrated stability across different growth phases in S. aureus and appeared more stable than
gyrase in stationary phase (Valihrach & Demnerova, 2012) I changed the gene used for
normalization.
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CHAPTER 3
Staphylococcal Biofilm Formation Requirements
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3.1 Introduction
Past studies identified media conditions and requirements for biofilm formation in
S. aureus using different clinical isolates. These studies used a variety of methods to elicit
biofilm growth, including flow cells (Beenken et al., 2004, Moormeier et al., 2013), dialysis
membranes on plates (Resch et al., 2005), and silicone tubing (Brady et al., 2006), with durations
of up to 14 days.
My goal upon beginning to work on S. aureus was to examine the requirements that held
true for HG003, our model strain, and to identify those conditions that promote or inhibit biofilm
formation. The HG003 strain forms robust in vitro biofilms, and of the 10 S. aureus strains that I
have tested, it has the highest level of biofilm formation (data not shown).

3.2 Our method for biofilm growth and study
In order to study biofilm formation in HG003, we first needed to identify conditions that
enable biofilm formation, and a method for monitoring the proportion of biomass present as
biofilm. I worked with Lucy Foulston to develop a method wherein a small amount of overnight
culture is used to inoculate medium with added glucose, biofilm growth takes place in multi-well
plates over 24 hours, biofilms are washed twice with PBS, and the remaining adherent cells are
resuspended in PBS. Supernatant, washes, and final resuspension are then quantified by
measuring OD600 in a plate reader. The sum of these three fractions is used as a proxy for
growth, and the adherent cell resuspension as a proxy for biofilm. See Section 2.3 and Figure
2.1 for more details. After testing for biofilm formation in various conditions (See the following
sections of Chapter 3), we decided to use TSB with added glucose for further study. TSB has a
higher basal level of glucose than BHI, and so even without additional glucose this medium
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supports some biofilm formation, though the level is enhanced with the addition of 0.5%
glucose.

3.3 Biofilm formation requires glucose and a drop in pH
It had been observed previously that in glucose-supplemented medium, S. aureus cultures
experience a drop in pH during growth due to fermentation (Weinrick et al., 2004), and my
findings confirm this (Figure 3.1, Figure A4). The drop in pH correlates with biofilm formation,
as well as with addition of glucose to the medium. It has been surmised that the biofilm
transcriptional profile and that of mild acid stress may be quite similar; there is significant
overlap (Weinrick et al., 2004).
I compared various conditions using BHI as a base medium to look at differences in
S. aureus biofilm formation. See figure 3.2 for details. BHI with 1% glucose supports biofilm
formation, while BHI without glucose does not. BHI buffered to a high pH does not support
biofilm formation even in the presence of glucose. The addition of salt yields a near wild-type
level of growth and biofilm formation. When grown in media at pH 6 or 5.5, cells in the
presence or absence of glucose both form similar (non-trivial) amounts of biofilm, however pH 5
appears to be below the level at which growth is supported.
Aeration does not appear to be the key factor as, when grown in test tubes with aeration,
clumping occurs. The media conditions under which this clumping occurs correlate well with
those under which biofilm formation also occurs under non-aerated conditions in 96-well plates
(see Figures 3.1 and 3.2). In Figure 3.1, clumping occurs in BHI with added glucose but cells
grown in BHI alone are fully in suspension. Cells grown in BHI buffered to a high pH remain in
suspension even with addition of glucose. Addition of glucose to BHI at pH 6 or BHI with 3%
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7
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8

7

7

Final pH:

7

4.5

7.5
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BHI pH 5

BHI pH 5
+ glucose

BHI pH 5.5

BHI pH 5.5
+G

BHI pH 6

BHI pH 6
+ glucose

Initial pH:

5

5

5.5

5.5

6

6

Final pH:

5

5

5.5

5.5

6

5

BHI buffered BHI buffered BHI + NaCl BHI + NaCl
+ glucose
+ glucose

Figure 3.1: Results of growth with aeration for 8 hours. Cultures were grown in 5 ml of the
medium indicated for 8 hours at 37°C, from a starting OD600 of 0.05.
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Figure 3.2: Results of biofilm assays in various media conditions. Left-side columns do not
have added glucose, right-side columns have 1% glucose added. Wells of a 96 well plate were
inoculated with a 1:1000 dilution of overnight culture in 200 μl of the indicated media, and
grown for 24 hours at 37°C. OD600 of the supernatant and of the washed and resuspended
biofilm (in PBS) were measured. These experiments were conducted using BHI.
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NaCl resulted in dramatic cell clumping. In this figure it is clear that inoculation of an overnight
culture into media at a low pH of 5 or 5.5 does not support growth, though I have observed that
mature biofilms whose pH is 5 or slightly lower do contain many viable cells (Figure B6),
indicating that the gradual reduction in pH allows cells to adjust to the changing acidity and
survive. A time course of pH reduction over time reveals the pH drop occurs by 8 hours of
growth (Figure 3.3A), and this is around the time the biofilm mass reaches its maximum level
(Figure 3.3B).

3.4 Biofilm formation does not depend on the ica operon
Many clinical isolates of S. aureus form biofilms in a manner dependent on the product
of the icaADBC operon, polysaccharide intercellular adhesin (PIA) or β(1-6)-Nacetylglucosamine (PNAG) (Cramton et al., 1999; Maira-Litrán et al., 2002). It was thought to
be required for biofilm formation initially, but it has become clear that ica-independent biofilm
formation is a widely used strategy particularly in MRSA (McCarthy et al., 2015). Our model
strain HG003 is MSSA, and contains the ica operon, and so my initial step in looking at biofilm
forming mechanism was to delete this operon. A ∆icaADBC null mutant results in biofilm levels
equivalent to wild type, therefore our strain forms ica-independent biofilms (data not shown;
Figure A1B).

3.5 Autolysis plays a role in biofilm formation, but not solely through the major autolysins
How the components of the biofilm matrix are released remains to be fully understood.
To determine the mechanism responsible for the release of eDNA, we first turned to autolysis, as
lysis is a major mechanism of DNA release in bacteria. Lysis of a subset of cells seems a likely
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Figure 3.3: Biofilm formation over time. (A) The pH of the medium drops from pH 7.5
initially down to pH 4.5 by 8 hours of growth. (B) The mass of the biofilm increases over time,
reaching its final level by 8 hours of growth. These experiments were conducted using TSB-G.
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candidate, as the matrix components are present in the cytoplasm of cells and lysis would release
them for use in the biofilm matrix.
Various anionic compounds have been shown to inhibit autolysis, including sodium
polyanethol sulphonate (PAS/liquoid), heparin, and dextran sulfate (Wecke et al., 1986,
Kiriyama et al., 1987). It is known that early addition of PAS prevents biofilm formation (Mann
et al., 2009). This compound does not appear to have any effect on growth or viability of cells
(Wecke et al., 1986), and in my hands does not affect the pH of cultures. I have confirmed
previous findings that showed that the addition of PAS at early time points prevented biofilm
formation, whereas addition at a later time point allowed biofilm development to proceed (Figure
3.4). This suggests that the autolytic processes needed for biofilm formation occur for the most
part within the first 4 hours. I found the same phenomenon to be true upon addition of heparin or
dextran sulphate (data not shown).
In S. aureus the major autolysins are Atl and Aaa. I utilized deletion mutant strains of
∆aaa and ∆atl as well as a double mutant that I constructed to look at the effects. Deletions in
these individually or a double mutant fail to show biofilm alterations in HG003, despite having
phenotypes in other strain backgrounds (Figure B9; Bose et al., 2012; Heilmann et al., 2005).
On zymograms using either embedded S. aureus cells or M. luteus cells (these are appropriate for
detection of amidase and glucosaminidase activity), extracts from the ∆atl∆aaa strain had no
remaining autolytic bands (Figure B8). In addition to these mutants, ∆lytM, ∆lytN (autolysins),
∆lrgAB, and ∆cidA (regulatory proteins with potential holin- antiholin- like properties) mutants
also do not have biofilm deficiencies (Figures 3.5, B9).
Interestingly, addition of PAS has different effects in the different autolysin mutants.
Though the severe inhibition of biofilm by PAS addition upon inoculation held true for all

!

33

0.8

OD600

0.6

Resuspended Biofilm
Washes

0.4

Supernatant
0.2

H

2 O
PA 0H
S
0H
H
2 O
PA 4H
S
4H

0.0

Figure 3.4: Impact of autolysis inhibition at different time points. Shown are the results of 24
hour biofilm assays following addition of water (H2O; left-side columns) or polyanetholesulfonic acid sodium salt (PAS; right-side columns) at initial inoculation (0H) or after 4 hours of
growth (4H). Addition of PAS upon inoculation to cultures in biofilm-forming conditions
prevents biofilm formation. Addition of PAS to cultures after 4 hours of growth leads to only a
slight reduction in biofilm formation.
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biofilm assays following addition of nothing (left-side columns) or of polyanetholesulfonic
acid sodium salt (PAS; center and right-side columns) at initial inoculation (0H) or after 4
hours of growth (4H). Inhibition of biofilm by PAS addition at inoculation occurs in all strains.
Biofilm is restored upon PAS addition at 4 hours in wild type, ∆lytM, ∆lytN, and ∆aaa, but in
single, double, or triple mutants containing ∆atl this restoration does not occur.
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mutants, the recovery of biofilm when PAS is added after 4 hours did not. Wild type HG003,
∆lytM, ∆lytN, and ∆aaa all show the same recovery of biofilm when PAS is added at 4 hours, but
in ∆atl, ∆atl∆aaa, ∆atl∆aaa∆lytM, or ∆atl∆aaa∆lytN, this recovery does not occur (Figure 3.5).
It could be that in the ∆atl mutant autolysis is delayed, and so inhibiting all autolysis at a 4 hour
time point prevents the release of sufficient matrix components to form a biofilm. These results
indicate that the timing of autolysis is important in biofilm formation.
I had initially planned to delete additional autolysins to see if there were effects on
biofilm formation, however given the lack of phenotype in deletion mutants of four individual
autolysins including the two major autolysins, and also mutants of these in combination, and the
likelihood of redundancy given the number of autolysins and lytic related genes present (more
than 20 by my initial count), it was unclear if this would yield answers. Additionally, some
phenotypes may be masked as autolysin mutants up-regulate the production of other autolysins,
perhaps in part compensating for the loss of the deleted autolysin (Heilmann et al., 2005; Pasztor
et al., 2010).
In addition to autolysis, other known mechanisms of eDNA release include prophagemediated cell death (Webb et al., 2003), as well as lysis-independent methods such as vesicle
formation (Renelli et al., 2004) and specialized secretion systems (Salgado-Pabón et al., 2010).
It is possible that one or more of these mechanisms contribute to the release of matrix
components in S. aureus (Resch et al., 2005; Lee et al., 2009; Abdallah et al., 2007). In order to
better understand the mechanism of eDNA release and to identify genes involved in this process
in HG003, I performed a series of experiments outlined in Chapter 4.
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CHAPTER 4
Genome-Wide Screen for Genes Involved in eDNA Release by
Staphylococcus aureus Reveals Novel Biofilm Genes

The work presented in this chapter had contributions from Nadya Masloboeva. She and I both
harvested transposon screen samples and prepared the libraries for sequencing. The remainder of
the work presented here is my own.

4.1 Introduction
eDNA is a critical component of the matrix of the HG003 staphylococcal biofilm, as
DNase I treatment of biofilm cells leads to a marked reduction in clumping and a partial
reduction in biofilm mass (Dengler et al., 2015). During biofilm formation a subset of cells
liberate cytoplasmic proteins and DNA, which are recycled to form the extracellular matrix that
binds the remaining cells together in large clusters. Here we sought to identify genes required
for the release of eDNA using an unbiased genome-wide approach. To identify genes involved
in the release of eDNA, we grew a high-density transposon insertion library under biofilminducing conditions. We took advantage of an earlier observation that mature biofilms release
the eDNA component of their matrix when cells are resuspended in a high pH buffer (Dengler et
al., 2015). This enabled us to separate eDNA in the matrix from genomic DNA extracted from
cells in the biofilm. We then carried out sequencing of sites of transposon insertion to identify
genes with significantly fewer insertions in the eDNA than in genomic DNA, which are likely to
be required for release of eDNA.
The first round of experiments and sequencing for this work was done using a transposon
mutant library developed by the Gilmore lab among others (Valentino et al., 2014), which
provided us with a list of candidates. However, given the availability of a more dense library
with over 690,000 unique TA site insertions, we decided to pursue sample collection using the
library developed by the Walker lab (Santiago et al., 2015) in order to have more insertion
locations represented. This second library had an additional advantage of being constructed
using six different transposons, each containing promoters of varying strengths. This allows
insertions to occur in more locations than a blunt transposon alone, as there is more rescue of
neighboring gene expression which may be essential.
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We report the identification of several genes in which insertions were under represented
in eDNA as compared to genomic DNA. Mutants of these genes exhibited markedly defective in
eDNA release and cell clumping during biofilm formation. Among the genes with robust mutant
phenotypes were gdpP, which controls the levels of the second messenger cyclic-di-AMP, and
xdrA, the gene for a transcription factor not previously implicated in biofilm formation, which is
explored further in Chapter 5.

RESULTS
4.2 Unbiased strategy for identifying genes involved in eDNA release
We took advantage of a high density library of transposon insertions in a biofilmproficient strain of S. aureus to screen for genes involved in the release of eDNA and hence
biofilm formation (Santiago et al., 2015). We reasoned that simply subjecting the library to
biofilm-inducing conditions and then separating cells in the biofilm from cells that had not been
retained in the biofilm would not reveal mutants defective in biofilm formation or eDNA release
due to extracellular complementation. That is, mutant cells defective in releasing eDNA would
be retained in the biofilm by virtue of the eDNA released by other cells in the population. To
circumvent the problem of extracellular complementation, we took advantage of a prior
observation that mature biofilms release their matrix, including the eDNA component, when the
cells are suspended in a high (7.5) pH buffer (Dengler et al., 2015). We therefore subjected the
transposon library to biofilm-inducing conditions, growing a biofilm consisting of many different
mutant strains, and proceeded to isolate eDNA that had been released by buffer treatment from
cells in the biofilm. We then extracted genomic DNA from cells in the biofilm that had been
freed from the eDNA, and compared the frequency of transposon insertions between the two
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DNA samples. We reasoned that transposon insertions in genes involved in the release of eDNA
would be underrepresented in eDNA as compared to genomic DNA (Figure 4.1A). Since genes
with more insertions in the eDNA when compared with biofilm cells may inhibit eDNA release,
mutations in these genes may be more likely to lead to lysis which is why we did not focus on
this category.

4.3 Identification of genes underrepresented by transposon insertions in eDNA
Cells of the pooled mutant library were grown under biofilm-inducing conditions and
biofilm cells harvested at 6 and 8 hours. We also collected non-adherent cells and cells from the
pre-culture, though we did not include them in our final analysis. We focused on the 6 and 8
hour time points because they represent a critical period in early biofilm formation when eDNA
release is at its peak (data not shown), and also because all three fractions can be collected,
whereas at earlier time points there is insufficient eDNA quantity for collection, and at later time
points insufficient non-adherent cells for collection. eDNA and genomic DNA was isolated from
biofilms at the two time points in duplicate experiments as described in Chapter 2. DNA
sequences adjacent to transposon insertions were obtained using a previously described strategy,
enabling us to identify sites of transposon insertions (Santiago et al., 2015). Data from the two
time points and two replicates were pooled, normalized, and quantified, and the fold changes in
insertions per gene between the eDNA and genomic DNA calculated (Figure 4.1B). We
identified genes that showed significantly more transposon insertions in the genomic DNA than
in the biofilm-associated eDNA (Figure 4.1B), focusing on genes that showed a log2 fold change
of less than or equal to -1, with a q-value of less than 0.05 (Figure 4.1C). We identified 36 genes
in total that satisfied our cutoff criteria in one or more of the transposon construct categories and
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Figure 4.1. Identifying genes involved in eDNA release. (A) Strategy overview: Cells of the
HG003 transposon library were grown under biofilm-inducing conditions and then separated
into eDNA and biofilm cell fractions. DNA was extracted from the biofilm cells, representing
genomic DNA (gDNA). Sequencing reads from eDNA and gDNA then were mapped to the
genome, and the ratios of transposon insertions in eDNA and gDNA was computed for each
gene. Shown in the hypothetical example on the right, gene A has fewer transposon insertions
in eDNA than in gDNA and is therefore potentially required for release of eDNA. In contrast,
gene B is not required for eDNA release and gene C potentially negatively influences eDNA
release. Henceforth we focused on genes in category A. (B) Shown here is an example of a
gene (apt) underrepresented in reads per TA site in eDNA (upper part of panel) as compared to
gDNA (lower part). The apt gene is flanked by regions of the chromosome highlighted in grey,
which show little to no differential representation of reads. (C) Volcano plot showing all
transposon screen results. The x-axis displays log2 fold change and the y-axis displays the
negative log10 of the q-value (those genes with 0 q-value were given a value of 0.001 for plotting purposes). Genes with log2 fold change ≤ -1 and q-value < 0.05 are highlighted in red.
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that did not appear essential. See Table 4.1 for a one-page summary of identified genes and their
fold change from the ‘All’ transposon, and Table 4.2 for an expanded view detailing the fold
change seen for all of the transposon constructs, as well as the p-values and q-values for each
comparison. Note that any gene which did not satisfy our cutoff criteria for a given comparison
is marked with a star in the fold change column.
Reinforcing the significance of our results, eight of the genes listed in Table 4.1 (alsT,
fmtA, ptsI, SAOUHSC_00034, recF, tcyA, ansA, and lpl2A) were identified using the same
cutoff criteria in a separate series of experiments (data not shown) in which we used an
independently constructed, but lower density, library of transposon insertions (Valentino et al.,
2014).
Some of the genes we identified have been previously implicated in biofilm formation,
including sarA (accessory gene A, a regulator) and fmtA (methicillin resistance protein A;
involved in cell wall synthesis and regulation of autolysis), mutants of which have been shown to
demonstrate decreased biofilm formation (Valle et al., 2003; Boles et al., 2010). The ∆sarA
mutant has been shown to up-regulate extracellular protease and nuclease production (Tsang et
al., 2008), contributing to the biofilm-deficient phenotype, however nuclease up-regulation may
not occur under biofilm conditions (Beenken et al., 2012). We have tested our other mutants for
nuclease overproduction, and this is not occurring in any of our other mutant strains (Data not
shown).
Several genes identified in our screen are involved in nucleotide metabolism. These
include apt (adenine phosphoribosyltransferase) and upp (uracil phosphoribosyltransferase),
which enable nucleotide salvage reactions, and purR, which encodes a repressor of de novo
purine synthesis (Weng et al., 1995). Disruption of any of these three genes would lead to
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Table 4.1: Results from transposon insertion experiment
Functional Category

Locus Tag

Gene Product

Transporter
Transporter
Transporter
Transporter
Transporter

SAOUHSC_01354
SAOUHSC_01028
SAOUHSC_01029
SAOUHSC_00420
SAOUHSC_00880

alsT
ptsH
ptsI
yuiF

Transporter
Transporter
Transporter
Transporter

Sodium:alanine symporter family protein
Phosphocarrier protein HPr
Phosphoenolpyruvate-protein phosphotransferase
Sodium-dependent transporter
Putative amino acid transporter
Hypothetical protein, putative L-cystine ABC
SAOUHSC_02699 tcyA
transporter
Hypothetical protein, putative inorganic
SAOUHSC_00670 pitA
phosphate transporter
SAOUHSC_03037 vraE Bacitracin transport system permease protein
Iron (chelated)/manganese ABC transporter
SAOUHSC_00636 mntB
permease

Log2 FC
-1.8
-1.7
-1.3
-1.3
-1.2
-1.2
-1.1
-0.9*
-0.8*

Transcriptional regulator SAOUHSC_01979 xdrA Transcriptional regulator
Transcriptional regulator SAOUHSC_00620 sarA Accessory regulator A
Transcriptional regulator SAOUHSC_01586 srrA DNA binding response regulator SrrA
Hypothetical protein, putative transcriptional
Transcriptional regulator SAOUHSC_00034 repressor
Transcriptional regulator SAOUHSC_01850 ccpA Catabolite control protein A
Transcriptional regulator SAOUHSC_02273 rex
Redox-sensing transcriptional repressor Rex

-1.8
-1.6*
-1.6

Glycolysis/ TCA Cycle

-1.4

Glycolysis/ TCA Cycle
Glycolysis/ TCA Cycle
Glycolysis/ TCA Cycle

SAOUHSC_00798 pgm

Phosphoglyceromutase
Branched-chain alpha-keto acid dehydrogenase
SAOUHSC_01042 pdhC
subunit E2
Pyruvate dehydrogenase complex, E1 component
SAOUHSC_01040 pdhA
subunit alpha
Pyruvate dehydrogenase complex, E1 component
SAOUHSC_01041 pdhB
subunit beta

-1.5
-1.0
-0.9*
-1.2
-1.1
-0.9*

Nucleotide Metabolism
Nucleotide Metabolism
Nucleotide Metabolism

SAOUHSC_01743 apt
Adenine phosphoribosyltransferase
SAOUHSC_00467 purR Purine operon repressor
SAOUHSC_02353 upp Uracil phosphoribosyltransferase

-2.0
-1.3
-1.1

ATP-Synthase
ATP-Synthase
ATP-Synthase

SAOUHSC_02341 atpD F0F1 ATP synthase subunit beta
SAOUHSC_02346 atpH F0F1 ATP synthase subunit delta
SAOUHSC_02343 atpG F0F1 ATP synthase subunit gamma

-1.1
-1.0
-0.9*

Cell wall-related
Cell wall-related

SAOUHSC_00998 fmtA Methicillin Resistance Protein FmtA
SAOUHSC_01025 Hypothetical protein

-2.2
-1.5

Other Functions
c-di-AMP
Protein modification

SAOUHSC_00015 gdpP Cyclic di-AMP phosphodiesterase
SAOUHSC_00575 lplA2 octanoyl-[GcvH]:protein N-octanoyltransferase
tRNA uridine 5-carboxymethylaminomethyl
tRNA modification
SAOUHSC_03052 gidA
modification enzyme
Uncharacterized
SAOUHSC_00755 Hypothetical protein
Amino acid metabolism SAOUHSC_01497 ansA L-asparaginase
Uncharacterized
SAOUHSC_00014 Hypothetical protein (just upstream of gdpP)
Uncharacterized
SAOUHSC_03047 Hypothetical protein
Integrase/ recombinase SAOUHSC_03040 Integrase/recombinase
DNA Repair
SAOUHSC_00004 recF Recombination protein F
Log2 FC: Log2 fold change for the ‘All’ comparison which included all transposon constructs.
* indicates that the cutoff criteria were not satisfied in this comparison (See Table 3.2 for full results).
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-1.7
-1.4
-1.3*
-1.2
-1.0
-1.0
-1.0
-0.9*
-0.8*
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SAOUHSC
_01979
SAOUHSC
_00620
SAOUHSC
_01586
SAOUHSC
_00034
SAOUHSC
_01850
SAOUHSC
_02273

SAOUHSC
_01354
SAOUHSC
_01028
SAOUHSC
_01029
SAOUHSC
_00420
SAOUHSC
_00880
SAOUHSC
_02699
SAOUHSC
_00670
SAOUHSC
_03037
SAOUHSC
_00636

Locus Tag

Sodium-dependent transporter

Phosphoenolpyruvate-protein
phosphotransferase
-1.1

-1.8

-1.8

0

0

0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.072 0.007

0

0

0.003 0.013

0.001 0.012

0.001

0

0

0

0

0

0

0

0

0

0

DNA binding response regulator
SrrA
Hypothetical protein, putative
transcriptional repressor

rex

Phosphoglyceromutase

Redox-sensing transcriptional
repressor Rex

ccpA Catabolite control protein A

-

srrA

0

0.222 0.090 0.004

0

0.007 0.002

0

-1.0

0

-1.4 -1.1* -1.4* -1.5

0

0.618 0.230

1

0.315 0.012
-0.9* -0.9* -0.9* -1.0 0.011 0.217

-1.0 -0.8* -1.5

0

0.014

0

0

0

0.046 0.006

0.009 0.001 0.006 0.112

0

0

0

0

-1.5 -1.5* -1.3* -1.5* 0.038 0.648 0.344 0.054 0.002 0.053 0.012 0.003

-1.6 -1.3* -1.2* -1.7

-1.6* -1.7 -1.6* -1.5* 0.087 0.045 0.962 0.151 0.007 0.001 0.083 0.013

0.757 0.230 0.009

0.010 0.012

0.010

0

sarA Accessory regulator A

0

0

0

0

Blunt Erm Other

-1.8 -1.3* -1.2* -2.2

-1.0 -0.8*

-1.0 -0.9*

0

All

p-value

0.037 0.003 0.550 0.408 0.002

0

0.045 0.344 0.004

0.068 0.021

0.018

0

1

0

-1.0* -1.2 0.003 0.146 0.350 0.006

-1.3* -1.1

-1.2

-1.3

-1.1

1

0

Blunt Erm Other

q-value

xdrA Transcriptional regulator

tcyA

-1.6

-1.7

-1.2 -1.2* -1.2

-1.3

-1.3

Hypothetical protein, putative L-1.2 -1.4
cystine ABC transporter
Hypothetical protein, putative
pitA
-1.1 -1.1*
inorganic phosphate transporter
Bacitracin transport system
vraE
-0.9* -0.9*
permease protein
Iron (chelated)/manganese ABC
mntB
-0.8* -0.8*
transporter permease

yuiF Putative amino acid transporter

-

ptsI

-1.9

All

-1.7 -0.7* -0.9* -2.1 0.045

-1.9

All Blunt Erm Other

Log2 Fold Change

Sodium:alanine symporter family
-1.8
protein

ptsH Phosphocarrier protein HPr

alsT

Gene Product

Glycolysis/ TCA SAOUHSC
pgm
Cycle
_00798

Transcriptional
regulator
Transcriptional
regulator
Transcriptional
regulator
Transcriptional
regulator
Transcriptional
regulator
Transcriptional
regulator

Transporter

Transporter

Transporter

Transporter

Transporter

Transporter

Transporter

Transporter

Transporter

Functional
Category

Table 4.2: Results from transposon insertion experiment with all comparisons, q-values, and p-values shown (Page 1 of 3)
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Protein
modification

c-di-AMP

Other Functions

Cell wall-related

All
1

-1.1

Uracil phosphoribosyltransferase

-1.4

-1.9
0

0
0.165

0.282 0.003 0.027 0.118 0.032

SAOUHSC
Cyclic di-AMP
gdpP
_00015
phosphodiesterase
SAOUHSC
octanoyl-[GcvH]:protein NlplA2
_00575
octanoyltransferase

-1.4

-1.5

-1.5

-2.2

-1.4

-1.9

-1.5

-2.3

-1.7 -1.4* -1.4

-1.7 -1.3* -1.8

-2.3

-2.2

0

0

0

0

0

0

0

0

0.018 0.966

0.217

0

0

0

Blunt Erm Other

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.006

0

0

0.084

0

0

0

0.465 0.129

0

0

0

0

0

0.001 0.097 0.003

0.001 0.001

0.001 0.020

0.004

0

0.793 0.023 0.003 0.478 0.054 0.001

0.010 0.027

1

All

p-value

0.006 0.001 0.177 0.162

-1.0 -1.1* -1.1 0.006 0.045 0.438 0.004

-1.3 -1.0* -1.5

-2.1

Purine operon repressor

-2.3

-2.0

Adenine
phosphoribosyltransferase

-0.9* -0.5* -0.7* -1.2 0.043

1

1

Blunt Erm Other

q-value

-1.1 -1.8* -1.4* -1.0* 0.046 0.453

-1.2 -1.1* -1.1* -1.3 0.013

All Blunt Erm Other

Log2 Fold Change

SAOUHSC
atpD F0F1 ATP synthase subunit beta -1.1 -1.8 -1.2* -0.9*
0 0.042 0.083 0.004
_02341
SAOUHSC
atpH F0F1 ATP synthase subunit delta -1.0 -1.6* -0.8* -1.0* 0.006 0.075
1
0.056
_02346
SAOUHSC
F0F1 ATP synthase subunit
atpG
-0.9* -0.3* -0.7* -1.2 0.008
1
1
0
_02343
gamma

SAOUHSC
apt
_01743
SAOUHSC
purR
_00467
SAOUHSC
upp
_02353

SAOUHSC
Methicillin Resistance Protein
fmtA
_00998
FmtA
SAOUHSC
Cell wall-related
Hypothetical protein
_01025

ATP-Synthase

ATP-Synthase

ATP-Synthase

Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism

Functional
Locus Tag Gene Product
Category
Glycolysis/ TCA SAOUHSC
Branched-chain alpha-keto acid
pdhC
Cycle
_01042
dehydrogenase subunit E2
Pyruvate dehydrogenase
Glycolysis/ TCA SAOUHSC
pdhA complex, E1 component subunit
Cycle
_01040
alpha
Pyruvate dehydrogenase
Glycolysis/ TCA SAOUHSC
pdhB complex, E1 component subunit
Cycle
_01041
beta

Table 4.2: Results from transposon insertion experiment with all comparisons, q-values, and p-values shown, continued (Page 2 of 3)
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Gene Product

All

-1.7 -0.8* -1.0

0

1

0

0

0.094

0

0

0

0

0

0

0.018

0

0

0

0

0.009 0.191 0.007

0

0.002

0.032 0.074

0

Blunt Erm Other

0.010 0.219 0.150

All

p-value

-0.8* -0.6* -1.2 -0.8*

0

1

0.037 0.021

0

0.155 0.001 0.001

-0.9* -0.9* -1.0 -0.9* 0.058 0.158 0.037 0.239 0.004 0.004 0.001 0.025

1

0.423

0.111 0.012

0.510 0.915 0.009

1

Blunt Erm Other

q-value

-1.0 -1.3* -0.8* -0.9* 0.009 0.246

-1.0

0

-1.0 -0.8* -1.2

-1.0

0

-1.2 -1.2* -1.3* -1.2

-1.3* -1.0* -2.1* -1.4 0.110

All Blunt Erm Other

Log2 Fold Change

* indicates that the cutoff criteria were not satisfied in the given comparison.

tRNA
modification

tRNA uridine 5SAOUHSC
gidA carboxymethylaminomethyl
_03052
modification enzyme
SAOUHSC
Uncharacterized
Hypothetical protein
_00755
Amino acid
SAOUHSC
ansA L-asparaginase
metabolism
_01497
SAOUHSC
Hypothetical protein (just
Uncharacterized
_00014
upstream of gdpP)
SAOUHSC
Uncharacterized
Hypothetical protein
_03047
Integrase/
SAOUHSC
Integrase/recombinase
recombinase
_03040
SAOUHSC
DNA Repair
recF Recombination protein F
_00004

Functional
Locus Tag
Category
Other Functions,
continued

Table 4.2: Results from transposon insertion experiment with all comparisons, q-values, and p-values shown, continued (Page 3 of 3)

increased de novo nucleotide synthesis. We also identified another gene involved in purine
nucleotide metabolism gdpP, which encodes a phosphodiesterase that cleaves the second
messenger c-di-AMP (Corrigan et al., 2011). Additionally, members of the pyruvate
dehydrogenase complex pdhA, pdhB and pdhC were identified, disruption of which could lead to
an increase in pyruvate metabolism by pyruvate formate lyase (Pfl), thereby increasing cellular
formate levels. Formate produced by Pfl is used to generate formyl-THF and methenyl-THF,
both of which are precursors for purine metabolism.
A second category of genes were those involved in glycolysis and respiration, mutations
of which would enhance anaerobic respiration. These include genes for components of ATP
synthase, CcpA (Seidl et al., 2009), Rex (Pagels et al., 2010), and SrrA (Wu et al., 2015).

4.4 Mutants with reduced levels of biofilm-associated eDNA
Next, we asked whether the genes identified in our screen are indeed needed for the
release of eDNA. We constructed null mutants for nine of these genes (∆yybS, ∆fmtA, ∆1025,
∆alsT, ∆ansA, ∆apt, ∆ccpA, ∆xdrA, ∆gidA) in the present work or in one case in earlier work
(∆sarA). Finally, a null mutant of an eleventh gene, ∆gdpP (in ANG1958), was obtained from
the Gründling lab in a different background (Table 2.1, Corrigan et al., 2011). Quantitative
measurements of eDNA obtained with these strains revealed that in mature (24 hours old)
biofilms, the wild-type strain HG003 had a higher level of eDNA than any of the deletion
mutants but that eDNA levels varied widely among them (Figure 4.2, upper panel). Also shown
are the effects of DNase I treatment, ∆spa, and ∆gdpP in a different background. In sum, we
observed a slight reduction in eDNA levels in ∆ansA, ∆fmtA, ∆ccpA, ∆alsT, ∆yybS, and ∆gidA
mutants, but relatively large reductions in the case of ∆1025, ∆sarA, ∆xdrA, and ∆apt mutants.
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Figure 4.2. Quantification of eDNA and biofilm mass for deletion mutants. Upper panel
shows eDNA quantification normalized to wild-type HG003 levels, in order of increasingly
severe effects on eDNA levels. Lower panel shows absolute biofilm mass quantification for
biofilms collected 24 hours after inoculation by the indicated mutants. All strains except those
in the grey box are derivatives of HG003. The ∆gdpP mutant, ANG1958, harbors ΔgdpP and
Δspa and is derived from RN4220. HG003 and RN4220 are shown for reference as are results
for treatment of HG003 with DNase I, and for a ∆spa strain derived from HG003.
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This range of DNA levels indicates that our screen was able to identify not only genes whose
disruption drastically reduces eDNA levels, but also genes whose disruption leads to a more mild
reduction in eDNA.
All of the mutants were derivatives of the same HG003 strain with the exception of the
∆gdpP mutant (ANG1958), which we consider separately. The ∆gdpP mutant is a derivative of
RN4220, which also harbors a ∆spa mutation. RN4220 exhibited significantly reduced eDNA
levels compared to HG003 (Figure 4.2, upper panel). Nonetheless, the ∆gdpP mutant exhibited
significantly lower eDNA levels than RN4220. The ∆spa mutation was likely not responsible
for this reduced level of eDNA given that a ∆spa mutant derivative of HG003 was unimpaired in
eDNA release (Figure 4.2, upper panel). Efforts to move the ∆gdpP mutation into HG003 were
unsuccessful for reasons we do not understand. We conclude that gdpP also contributes to
eDNA release.

4.5 Mutants with a large reduction in eDNA are impaired in biofilm formation
Along with measuring the levels of biofilm-associated eDNA, we quantified the ability of
the mutants to form biofilms. As described previously, we grew strains under biofilm-inducing
conditions and measured the OD600 of the resuspended, washed biofilm, wash, and medium
fractions (Foulston et al., 2014). Only 4 mutants, ∆sarA, ∆xdrA, ∆apt and the ∆gdpP derivative
of strain RN4220 (ANG1958), were measurably reduced in biofilm formation (Figure 4.2, lower
panel). Strains harboring ∆sarA, ∆xdrA, and ∆apt exhibited the most severe impairment in
eDNA release relative to the HG003 parental strain, and the ∆gdpP (∆spa) mutant also showed a
large reduction relative to its parent RN4220. We conclude that a modest level (above ~25% of
the wild type) of eDNA is sufficient for fully robust biofilm formation. We also conclude that
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biofilm formation as judged by the cell mass in washed biofilms is only modestly impaired even
when eDNA is reduced to very low levels. In particular, the ∆apt mutant had less than 2% of
eDNA compared to the wild-type strain but still formed a biofilm with 60% of the mass of the
wild type biofilm, the same level that was seen with DNase I treatment (Figure 4.2, lower panel).

4.6 Cell clumping is markedly reduced in low-eDNA mutants
Whereas reduced eDNA only results in a modest reduction in cell mass in the biofilm, it
has a profound effect on cell clumping as judged by microscopic examination of DNase I-treated
biofilms (Dengler et al., 2015). We therefore hypothesized that mutants with reduced eDNA
levels would similarly show a marked reduction in clumping. To investigate this, strains were
grown under biofilm-inducing conditions, some of the growth media was removed, and biofilm
cells were resuspended and concentrated in the remaining spent medium prior to imaging.
During initial concentration of the cells, the wild-type cell pellet was notably more diffuse than
the other pellets, which were compact (Figure 4.3). This result is akin to the phenotype seen in
traditional agglutination assays in which agglutinated erythrocytes or yeast cells form diffuse
pellets, whereas non-agglutinated cells form compact pellets (Rupp & Archer, 1992; Lipke et al.,
1989). Imaging revealed that the wild type cells were in large clumps, whereas the mutant cells
and DNase I-treated cells were in much smaller clumps (Figure 4.4). The clumping was
dramatically reduced for the three mutant derivatives of HG003 that were most reduced in eDNA
levels, that is, the ∆apt ∆xdrA and ∆sarA mutants. These results are consistent with the idea that
eDNA serves as an electrostatic net that links cells together and that its principal role is to
promote clumping in the biofilm.
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WT

∆apt

∆xdrA

+ DNase I

Figure 4.3: Following centrifugation, pellet of wild type appears more diffuse. Cells were
grown under biofilm-forming conditions for 24 hours (In the case of the + DNase I sample,
DNase I was added upon inoculation), some of the supernatant was removed, and cells were
resuspended in growth medium. These were then pelleted briefly to concentrate cells prior to
imaging by microscopy. Those pellets are pictured here.
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100X

10X

HG003

∆apt

∆xdrA

∆sarA

+ DNase I

Figure 4.4. Cell clumping is reduced in mutants with reduced eDNA. Images in left and right
panels were taken at 100X and 10X magnification, respectively. 24 hour biofilms were grown
using wild-type HG003 and mutant derivatives most deficient in eDNA release, cells were
resuspended in spent medium and imaged. HG003 with DNase I treatment is shown for comparison.
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4.7 Resistance to Congo red is enhanced in mutants with reduced eDNA
To investigate the possibility that the genes identified in this study promote cell lysis as a
means for the release of eDNA, we investigated the sensitivity of the mutants to the toxic dye
Congo red. It has been shown previously that wall teichoic acids protect S. aureus against
Congo red and other dyes (Suzuki et al., 2012), and we reasoned that differences in the wall
teichoic acid composition of our mutant strains might result in alterations in Congo red
susceptibility. Serial dilutions of the wild-type HG003 or RN4220 and their mutant derivatives
were spotted onto agar plates containing tryptic soy broth (TSB) with or without Congo red and
incubated overnight. Some mutants exhibited similar sensitivity to the wild type (∆spa, ∆fmtA,
and ∆sarA) or even enhanced sensitivity (∆1025, ∆gidA, ∆ccpA, ∆ansA), and some showed a
slight increase in resistance (∆yybS, ∆alsT) (data not shown). Interestingly, however, the three
mutations causing the greatest defect in eDNA release (∆apt, ∆xdrA, and ∆gdpP) caused
conspicuous resistance to Congo red as compared to the corresponding wild type strains (Figure
4.5). These findings are consistent with the hypothesis that these genes cause cell envelope
alterations that promote cell lysis and eDNA release.
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Figure 4.5. Mutants with reduced eDNA display enhanced resistance to Congo red. Overnight
cultures of HG003 and RN4220 strains and their mutant derivatives were serially diluted,
spotted onto agar plates with or without 0.1% Congo red, incubated overnight, and imaged.
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CHAPTER 5
RNA-seq of transcription factor reveals that it is a
novel regulator of virulence and biofilm genes

The work presented in this chapter had contributions from Nadya Masloboeva and Aaron
DeLoughery. Nadya Masloboeva and I both harvested RNA, and she performed qRT-PCR to
verify putative regulon gene expression following RNA-seq. Aaron DeLoughery prepared the
RNA-seq library for sequencing. The remainder of the work presented here is my own.
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5.1 Introduction
We identified xdrA as a gene playing a role in eDNA release during a genome-wide
screen for genes involved in the release of eDNA that is detailed in Chapter 4. A mutant ∆xdrA
strain shows a strong reduction in biofilm, reduced eDNA, reduced cell-cell clumping, and
enhanced resistance to Congo red. xdrA encodes a transcriptional regulator not previously
implicated in biofilm formation. This gene was first identified as encoding a DNA-binding
protein in 2009 where it was found to bind to the promoter region of mecA, which encodes a
penicillin-binding protein (PBP2a) found in methicillin resistant strains (Ender et al., 2009), not
present in our model strain HG003. A deletion of xdrA resulted in increased methicillin
resistance, with no apparent effects on the levels of PBP2a itself. A follow-up paper (McCallum
et al., 2010) performed a microarray, and through this along with other experiments showed that
XdrA is an activator of spa transcription, which encodes protein A. These two publications are
the only ones that focus on XdrA, and the main finding of protein A regulation does not explain
our observed biofilm effects; we have tested a ∆spa mutant and observe no decrease in biofilm
formation.
In order to further elucidate the role of XdrA in biofilm formation and to determine the
regulon of this regulator, we performed RNA-seq analysis. We compared transcriptional levels
of genes in a ∆xdrA strain to wild-type HG003 under biofilm conditions, in logarithmic growth,
and in logarithmic growth but in media adjusted to a low pH characteristic of biofilm growth.
This expression data has revealed that XdrA influences the expression of multiple genes
including many involved in cell wall homeostasis.
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RESULTS
5.2 XdrA influences the expression of genes involved in biofilm formation and virulence
The xdrA gene is known to encode a DNA-binding protein with an XRE-family helixturn-helix domain that directly or indirectly activates protein A (spa) (Ender et al., 2009;
McCallum et al., 2010). Given our observations that an ∆xdrA mutant is impaired in eDNA
release and biofilm formation, it was of interest to investigate the effect of an xdrA mutation on
global gene expression during biofilm formation. Accordingly, we performed RNA-seq on wildtype (HG003) cells and ∆xdrA mutant cells harvested during exponential phase in TSB medium,
exponential phase in TSB adjusted to the low (5.5) pH characteristic of biofilm conditions, and
early biofilm formation in TSB-G medium. We observed a reduction in spa transcript levels in
∆xdrA mutant cells during exponential growth as reported previously as well as during biofilm
formation and during growth at low pH, and several genes appeared differentially regulated in
two of the three conditions (Table 5.1).
As an independent test of the results from RNA-seq, we performed qRT-PCR on the
eleven genes whose expression levels were most conspicuously altered in ∆xdrA during biofilm
formation. Results from the qRT-PCR confirmed the direction of change in level of expression
for all genes tested, and with a similar fold change in most cases (Table 5.2). Specifically,
expression of spa and an operon containing norB, which encodes an efflux pump (TruongBolduc, 2005), were reduced in ∆xdrA. Conversely, genes upregulated in the deletion mutant
included the gene for δ-hemolysin (hld/RNAIII), genes for the β-phenol soluble modulins
(PSMβs), a putative cold shock gen cspB, vraX, encoding a protein that has not been well
characterized but that has been shown to be highly upregulated during cell wall stress (Utaida et
al., 2003), and genes for two hypothetical proteins.
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SAOUHSC_01863
SAOUHSC_02862
SAOUHSC_00069
SAOUHSC_00384
upstream of
SAOUHSC_00412
SAOUHSC_00812
SAOUHSC_01135
SAOUHSC_01136

Protein fate

Protein fate

Virulence factor
Virulence factor

SAOUHSC_02261
SAOUHSC_02262
SAOUHSC_02264
SAOUHSC_02265
SAOUHSC_00086
SAOUHSC_00203
SAOUHSC_00204
SAOUHSC_00206

Quorum sensing

Quorum sensing

Quorum sensing

Quorum sensing

Fermentation
Hypothetical protein
Fermentation
Fermentation

Virulence factor

Virulence factor
Virulence factor
Virulence factor

Virulence factor

SAOUHSC_00009
SAOUHSC_00767
SAOUHSC_00898
SAOUHSC_00899
SAOUHSC_00965
SAOUHSC_01785

Translation
Translation
Amino acid biosynthesis
Amino acid biosynthesis
Protease
Translation

clpL

pepSY

serS
raiA
argH
argG
rpmI

Gene

butA
hmp
lctE

agrA

agrC

agrD

agrB

spa
ssl2
psm
1-4
clfA
psm 1
psm 2
hld/
SAOUHSC_02260
RNAIII

Locus Tag

Functional Category

Immunoglobulin G binding protein A
Superantigen-like protein

hmp
00203

agrD,
agrC, agrA
agrB, agrC,
agrA
agrB, agrD,
agrA
agrB, agrD,
agrC

Acetoin reductase
Hypothetical protein
Flavohemoprotein
L-lactate dehydrogenase

Accessory gene regulator protein A

Accessory gene regulator protein C

Cyclic lactone autoinducer peptide AgrD

Accessory gene regulator protein B

-hemolysin

All coPhenol soluble modulin class alpha
transcribed
Clumping factor, an adhesin
psm 2
Phenol soluble modulin class beta
psm 1
Phenol soluble modulin class beta

argG
argH

Seryl-tRNA synthetase
Ribosomal subunit interface protein
Argininosuccinate lyase
Argininosuccinate synthase
CAAX amino protease
50S ribosomal protein L35
Peptidase propeptide and YPEB domaincontaining protein
ATP-dependent Clp protease, ATPbinding subunit ClpC

Other Hits
Product
in Operon?

3

3.5

4

3.6

4.5

8.7

10.2
6

32

-41.7
-10.8

3.1

2.8

Biofilm

5.8
4.8
5.4
53.4

8.2

9.1

10.2

8.9

26.8

3.9
32.2
23.8

13.1

-17

14.2

-2.9

35.1
43.9

Low
pH
3.7

-71.9

1000

1000

1000

1000

1000

1000

1000
1000

1000

1000
11.3

11

26
32
49
1000

1000

1000

1000

1000

1000

13
1000
1000

21

1000 1000

16

Absolute
Confidence
Low
Exp. Biofilm
Exp.
pH
21
-4.3
14
-12.8
46
22
-15.9
43
19
20.1
1000

Fold Change

Table 5.1: NA-seq results from comparisons of wild-type HG003 to a ∆xdrA mutant (Page 1 of 4)
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ilvA
ald
aapA
lctP
narK
vraX
tagG
ssaA
ssaA

Amino acid biosynthesis SAOUHSC_01451

Amino acid biosynthesis SAOUHSC_01452

Transporter
Transporter
Transporter
Transporter
Cell wall metabolism
Cell wall metabolism
Cell wall metabolism
Cell wall metabolism

SAOUHSC_01803
SAOUHSC_02112
SAOUHSC_02648
SAOUHSC_02671
SAOUHSC_00561
SAOUHSC_00642
SAOUHSC_00773
SAOUHSC_02571

steT

SAOUHSC_01450

Transporter

norB

mscL

SAOUHSC_01448

oppD

mnhF

Transporter

SAOUHSC_00884

Transporter

abcA

SAOUHSC_01342a

SAOUHSC_00647

Transporter

ddh
lrgA
lrgB
mgrA
proP

Transporter

SAOUHSC_02830
SAOUHSC_00232
SAOUHSC_00233
SAOUHSC_00694
SAOUHSC_02390
SAOUHSC_00281
SAOUHSC_00556

Fermentation
Autolysis regulation
Autolysis regulation
Autolysis regulation
Autolysis regulation
Transporter
Transporter

acuC

SAOUHSC_00925

SAOUHSC_01849

Fermentation

Gene

Transporter

Locus Tag

Functional Category

steT, ilvA,
ald
norB, ilvA,
ald
norB, steT,
ald
norB, steT,
ilvA

lrgB
lrgA

D-serine/D-alanine/glycine transporter
Permease
L-lactate permease
Nitrate/nitrite transporter
Involved in cell wall stress
Teichoic acid biosynthesis protein
LysM domain-containing protein
Secretory antigen precursor SsaA

Alanine dehydrogenase

Threonine dehydratase

Amino acid permease

Drug resistance MFS transporter

NAD-independent protein deacetylase
AcuC
D-lactate dehydrogenase
Murein hydrolase regulator LrgA
Antiholin-like protein LrgB
Regulator of autolytic activity
Lytic regulatory protein
Formate/nitrite transporter
Proline/betaine transporter
ABC transporter, permease/ATP-binding
protein
Monovalent cation/H+ antiporter subunit
F
Oligopeptide transport ATP-binding
protein OppD
Large conductance mechanosensitive
channel

Other Hits
Product
in Operon?

5.3
2.8
-2.9

3.4
3.6

-32.6

-21.8

-16.8

-12.8

3.6

-10.3

3.3

3.9

4.1

3.1
3.7

4.7

Biofilm

-3.9

29.4
22.2
-5

25.2

13.4
3.7
4

-3.2

Low
pH

-7.6

Fold Change

1000
13.7
12.4

19
13.1

1000

1000

1000

33.3

20.5

10.4

11.1

22.6

15

1000
16.2

12.9

1000

1000
18
1000

21

1000 1000
11
16

12

Absolute
Confidence
Low
Exp. Biofilm
Exp.
pH

Table 5.1: NA-seq results from comparisons of wild-type HG003 to a ∆xdrA mutant, continued (Page 2 of 4)
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Poorly characterized
Poorly characterized
Hypothetical protein
Hypothetical protein
Hypothetical protein

Unknown

SAOUHSC_02685
SAOUHSC_02916
SAOUHSC_01985
SAOUHSC_02681
SAOUHSC_00780
downstream of
SAOUHSC_00377
SAOUHSC_00465
SAOUHSC_01005
SAOUHSC_00141
SAOUHSC_00146
SAOUHSC_00356

Cofactor biosynthesis
Cofactor biosynthesis
Nitrogen metabolism
Nitrogen metabolism
DNA repair
veg
-

-

cbiX
panD
nifR3
narG
uvrA

nirB

SAOUHSC_02684

Nitrogen metabolism
nirB

cbiX

cspC
csbD
csbD 01729
uspA
asp23
cspB
lysR
xdrA
sarR
cobW

SAOUHSC_00819
SAOUHSC_01729
SAOUHSC_01730
SAOUHSC_01819
SAOUHSC_02441
SAOUHSC_03045
SAOUHSC_00913

Stress response
Hypothetical protein
Stress response
Stress response
Stress response
Stress response
Transcriptional regulator

ftsY

Transcriptional regulator SAOUHSC_01979
Transcriptional regulator SAOUHSC_02566
Cofactor biosynthesis
SAOUHSC_00410

SAOUHSC_01205

Cell division

ssaA
amiD2
ssaA
isaA
ylmG

hrcA

SAOUHSC_02576
SAOUHSC_02855
SAOUHSC_02883
SAOUHSC_02887
SAOUHSC_01155

Cell wall metabolism
Cell wall metabolism
Cell wall metabolism
Cell wall metabolism
Cell division

Gene

Transcriptional regulator SAOUHSC_01685

Locus Tag

Functional Category

Biofilm formation stimulator VEG
Chitinase B
Hypothetical protein
Hypothetical protein
Hypothetical protein

Small RNA

Secretory antigen SsaA homolog
LysM domain-containing protein
LysM domain-containing protein
Immunodominant antigen A
Cell division protein
Signal recognition particle-docking
protein FtsY
Cold-shock protein
Hypothetical protein
CsbD family protein
Universal stress protein family
Alkaline shock protein 23
Cold shock protein
LysR family transcriptional regulator
Heat-inducible transcription repressor
HrcA
Transcriptional regulator, Cro/CI family
Staphylococcal accessory regulator R
Cobalamin synthesis protein
Assimilatory nitrite reductase
[NAD(P)H] large subunit
Cobalamin biosynthesis protein CbiX
Aspartate alpha-decarboxylase
Nitrogen regulation protein
Nitrate reductase subunit alpha
Excinuclease ABC subunit A

Other Hits
Product
in Operon?

6.1
3.7

2.8

6.2

-5.9

3.1
-6.3

-10.7
3.5
-8.1

5.8
-15.8

3.8

-5.7

2.8
4.6
3.4
3.2

Biofilm

7.3
4.1

-2.8

15.4

23.5

57.4
-3.5

27.2

-23

-3

3.6
3.9
3.1
5.6

-3.6

Low
pH
-3.4

14.8

-21.8

Fold Change

29.2
1000

1000

1000

32

14.8
15.8

12.5
1000
24

1000
22.4

1000

22.6

25
11

14

1000

13

22
15

17

30

31

19
23
21
1000

80

17

Absolute
Confidence
Low
Exp. Biofilm
Exp.
pH
13
10.9
16.9
1000 1000
23.2
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Locus Tag

Hypothetical protein
SAOUHSC_00358
Hypothetical protein
SAOUHSC_00560
Hypothetical protein
SAOUHSC_00610
Hypothetical protein
SAOUHSC_00650
Hypothetical protein
SAOUHSC_00659
Hypothetical protein
SAOUHSC_00718
Hypothetical protein
SAOUHSC_00825
Hypothetical protein
SAOUHSC_00826
Hypothetical protein
SAOUHSC_00845
Hypothetical protein
SAOUHSC_01037
Hypothetical protein
SAOUHSC_01264
Hypothetical protein
SAOUHSC_01571
Hypothetical protein
SAOUHSC_01817
Hypothetical protein
SAOUHSC_02251
Hypothetical protein
SAOUHSC_02266
Hypothetical protein
SAOUHSC_02332
Hypothetical protein
SAOUHSC_02391
Hypothetical protein
SAOUHSC_02411
Hypothetical protein
SAOUHSC_02416
Hypothetical protein
SAOUHSC_02442
Hypothetical protein
SAOUHSC_02443
Hypothetical protein
SAOUHSC_02572
Hypothetical protein
SAOUHSC_02780
Hypothetical protein
SAOUHSC_02781
Hypothetical protein
SAOUHSC_02853
Hypothetical protein
SAOUHSC_02872
Hypothetical protein
SAOUHSC_02940
Hypothetical protein
SAOUHSC_A01436
Confidence represents the -log10 of the p-value.

Functional Category
-

Gene

02443
02442

Transglycosylase-associated protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Phage protein
Hypothetical protein
Pathogenicity island family protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Membrane protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Putative exported protein
Hypothetical protein
Hypothetical protein

Other Hits
Product
in Operon?

-11.8
-3.2

2.8

3.8

2.9

3.1
3.5
-14.5
2.7
-12.2
3.4
2.9
3.3

3.1
4.5
-3
3
2.7
2.9
2.8
3

Biofilm

-7

5.4
20.8

-4.9
-4.9
6.7
7

7.2

5.6

5.4

Low
pH
3.7

Fold Change

Absolute
Confidence
Low
Exp. Biofilm
Exp.
pH
1000
40
15.4
12
11.3 1000
28.1
16.1
14.1
12.8
1000
18.7
27.4
13.6
15.4
11.3
1000
30
1000
1000
1000
-3
1000 23
1000 1000
1000
1000
1000
1000
1000
12
20.6
15

Table 5.1: NA-seq results from comparisons of wild-type HG003 to a ∆xdrA mutant, continued (Page 4 of 4)

Table 5.2: Verification of RNA-seq results by qRT-PCR
Locus Tag

Gene

Fold Change

Product

RNA-Seq
SAOUHSC_00069
spa
Immunoglobulin G binding protein A
-41.7
SAOUHSC_01452
ald
Alanine dehydrogenase
-32.6
SAOUHSC_01451
ilvA
Threonine dehydratase
-21.8
SAOUHSC_01450
steT
Amino acid permease
-16.8
SAOUHSC_01448
norB
Drug resistance MFS transporter
-12.8
SAOUHSC_02260 hld/RNAIII -hemolysin
8.7
SAOUHSC_03045
cspB
Cold shock protein
5.8
SAOUHSC_01136
psm
Phenol soluble modulin class beta
6
SAOUHSC_00561
vraX
Involved in cell wall stress
5.3
SAOUHSC_00560
Hypothetical protein
4.5
SAOUHSC_00141

-

Hypothetical protein
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6.1

qRT-PCR
-79.4 ± 32.8
-16.1 ± 3.7
-37.7 ± 8.6
-20.3 ± 2.1
-5.1 ± 0.1
3.1 ± 0.2
1.2 ± 0.2
4.9 ± 1.1
1.8 ± 0.7
1.2 ± 0.3
8.5 ± 0.8
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The ∆xdrA mutation appeared to alter the expression of several genes of note as judged
by RNA-seq alone (that is, effects that were not verified by qRT-PCR). These include the
transcriptional regulator lysR, which appeared to be downregulated in an ∆xdrA mutant during
biofilm formation and tag, encoding a wall teichoic acid synthesis protein, which was
upregulated. Transcription of mgrA was also increased. MgrA is a regulator of autolytic activity
known to directly repress norB (whose reduced transcription we verified) and to activate abcA, a
gene encoding an ATP-binding protein which confers enhanced resistance to cell-wall-targeting
antibiotics and whose transcription was increased by ∆xdrA (Truong-Bolduc and Hooper, 2007).
Also upregulated in the mutant strain were the genes for PSMαs, which are co-transcribed and
are located in the intergenic region between SAOUHSC_00411 and SAOUHSC_00412 (Wang et
al., 2007). The agr operon was upregulated in the ∆xdrA strain not only under biofilm-inducing
conditions but also at low pH (as were the agr-regulated PSMαs, PSMβs, and RNAIII genes),
increasing our confidence in this observation.
In addition to these known protein-coding genes, we identified a small, non-coding RNA
(sRNA), located downstream of SAOUHSC_00377, which is upregulated by ∆xdrA under all
three conditions. The sRNA bears no extended sequence similarity to any other region of the
genome, and it is conserved within S. aureus but not found in other species as determined by
BLAST. This sRNA has been identified in previous studies as Teg146 (Beaume et al., 2010),
Sau-63 (Abu-Qatouseh et al., 2010), and JKD6008sRNA83 (Howden et al., 2013). Though it
had previously been identified as potentially part of the 3’UTR of SAOUHSC_00377 (Beaume
et al., 2010; Howden et al., 2013), we find that it is transcribed from its own promoter. See
Table 5.1 for a full list of differentially expressed genes, and Figure 5.1 for the sequence and a
predicted structure of the upregulated sRNA.
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Figure 5.1: Upregulated sRNA. Shown is the MFE structure at 37ºC as predicted by NUPACK (Zadeh et al., 2011). The left panel
shows the structure with probability shading, while the right panel shows identity shading. The sequence of the sRNA is shown
below.

UACAAAUUCCCGGUAACCAUUCCGGCUUCAUUCUCUUGAAGAAUGACAUAUUCUCAGCGUUUUAGCUGAAGGUCAGAUGAUACGUCAUCTGGCCUCUUUUU

Free energy of secondary structure: -34.80 kcal/mol

!
5.3 Expression of xdrA during S. aureus growth
In order to examine the expression of xdrA itself in various conditions, I first performed
qRT-PCR on wild-type HG003. Comparison of xdrA in exponential growth in TSB with and
without glucose and at low pH revealed that the low pH growth resulted in slightly lower
expression of the gene, but overall comparing the exponential growth conditions to 6-hour and
24-hour biofilm conditions revealed little change in expression (Figure 5.2).
Once the RNA-seq data was available, I also looked at changes in xdrA expression in the
wild type samples. In the comparisons of wild type cells grown in exponential vs. biofilm and
exponential vs. low pH, I did not see significant differences in transcription. However, in
comparing biofilm and low pH exponential, I saw a higher level of xdrA in the low pH sample.
The log2 ratio was 1.6 indicating a 3.1-fold change, with a confidence level of 12.2.
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Figure 5.2: Expression of xdrA does not change significantly under different growth conditions. qRT PCR was performed on samples of wild type HG003 grown under exponenial
conditions in TSB, TSB with added glucose, or TSB with a low pH of 5.5, and also grown
under biofilm conditions for 6 hours or 24 hours. An unpaired t test revealed a p-value of
0.0005 for the comparison between TSB-G, exponential and pH 5.5, exponential.
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CHAPTER 6
Conclusion

!

!
6.1 Discussion
In Chapter 3, I described my work to determine the media conditions supportive of
biofilm formation in HG003, and also ruled out some candidate genes that we hypothesized
might be involved in the process. I determined that HG003 biofilm formation is icaindependent, that clumping of cells in media containing glucose correlates well with biofilm
formation ability, that buffering the media prevents biofilm formation, and that cells inoculated
at a pH level characteristic of mature biofilm do not grow (Figures 3.1, 3.2). The pH decline
during biofilm formation occurs gradually during the initial hours of biofilm formation, as does
accumulation of biomass in the biofilm (Figure 3.3), and is dependent on active autolysis at early
time points, though mutations in the major autolysins do not prevent biofilm formation (Figures
3.4, 3.5). These efforts were facilitated by a method for quantifying biofilm formation that I
established upon beginning my study of S. aureus biofilm formation (Figure 2.1).
The goal of the work presented in Chapter 4 was to identify genes involved in eDNA
release during biofilm formation. A challenge we faced was that mutants of such genes would
be rescued due to extracellular complementation by matrix produced by other cells. Hence we
could not simply screen for mutants that failed to localize in biofilms in a mixed transposon
library of cells. Instead, we devised a strategy where we screened for genes in which insertions
were underrepresented in eDNA compared to genomic DNA in a biofilm grown using a genomewide library of transposon insertions, reasoning that cells harboring such insertions would be
impaired in contributing eDNA to the biofilm matrix (Figure 4.1). This proved to be an effective
strategy, as null mutants for the identified genes were indeed impaired in the release of eDNA.
These mutants varied widely in the extent of their defect in eDNA release, with only the most
severe mutants exhibiting a measurable reduction in biofilm formation (Figure 4.2).
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We were not surprised at the lack of autolysins or other proteins linked to lysis in our
results. As we have shown previously, mutants in genes previously shown to increase cell lysis
∆cidA (Rice et al., 2007), ∆aaa (Heilmann et al., 2005), and ∆atl (Bose et al., 2012) do not lead
to large reductions in eDNA and have no effect on biofilm formation (Dengler et al., 2015). It
has been previously shown that autolysin mutants upregulate the production of other
peptidoglycan hydrolases, perhaps in part compensating for the loss of the deleted autolysin
(Pasztor et al., 2010). This could account for the lack of such genes in our transposon
experiment results.
In earlier work, we posited that eDNA serves as an electrostatic net that to holds cells
together in the biofilm (Dengler et al., 2015). Interestingly, mutants that were severely impaired
in eDNA release were strikingly defective in cell cluster formation during biofilm formation
(Figures 4.3, 4.4). Further, mutants that were severely defective in eDNA production (∆xdrA,
∆apt, and ∆gdpP) exhibited markedly enhanced resistance to Congo red (Figure 4.5). The
mechanism of eDNA release is unknown, one possibility is that cells undergoing biofilm
formation have a tendency to lyse, thereby releasing genomic DNA into the matrix. It is known
that mutants with cell envelope defects exhibit enhanced sensitivity to Congo red and increased
lysis in the presence of the dye (Suzuki et al., 2012). Conversely, mutants that are impaired in
lysis would be expected to exhibit resistance to Congo red. Therefore, we speculate that ∆xdrA,
∆apt, and ∆gdpP mutants were defective in eDNA release because of reduced cell lysis.
What is the basis for reduced lysis in our mutant strains? Intriguingly, gdpP encodes a
phosphodiesterase that cleaves c-di-AMP. A previous study found that a S. aureus mutant
lacking gdpP showed a 15-fold increase in intracellular c-di-AMP levels, had a higher level of
cross-linked peptidoglycan, and was able to survive without lipoteichoic acid (Corrigan et al.,
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2011). This mutation enhanced resistance to cell-envelope-targeting antibiotics and increased
acid tolerance (Corrigan et al., 2011, Griffiths & O’Neill, 2012). It was also recently found that
acid stress leads to increased c-di-AMP levels (Bowman et al., 2016). In B. subtilis, c-di-AMP is
essential, its depletion increases cell lysis, and it plays a role in peptidoglycan homeostasis (Luo
& Helmann, 2012). This signaling molecule has been found to be essential for S. aureus growth,
and higher levels of c-di-AMP have been linked to higher transcript levels of pbp4, a penicillin
binding protein, which could explain the increase in cross-linked peptidoglycan (Corrigan et al.,
2015).
Cell wall thickening has been found to be linked to glycopeptide resistance (Cui et al.,
2003). Strains showing enhanced resistance to the glycopeptide antibiotic vancomycin have
been found with mutations in genes whose disruption would result in enhanced purine and
pyrimidine metabolism including purR (Mongodin et al., 2003) and apt (Hattangady et al.,
2015). Mongodin and colleagues hypothesized that increased ATP was needed to generate the
thicker cell walls found in the mutants with enhanced resistance (Mongodin et al., 2003), though
this hypothesis has been disputed (Fox et al., 2007). Another study identified a link between the
pool of unlinked peptidoglycan precursors and the synthesis of nucleotides and amino acids
(Donat et al., 2009). Our screen links nucleotide synthesis to reduced eDNA release, possibly
through cell wall thickening, which conceivably occurs through an influence on c-di-AMP
levels.
Though we see a decrease in biofilm formation in a ∆gdpP strain (Figure 4.2), another
study found that this strain had increased biofilm formation (Corrigan et al., 2011). This study
used BHI with 4% NaCl and no added glucose, conditions under which they did not see robust
biofilm formation by the wild-type, in agreement with our findings (data not shown). NaCl has
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been shown to induce autolysis of S. aureus cultures (Cripps & Work, 1967; Yabu & Kaneda,
1995), and so it is possible that their results are merely a result of enhanced survival in these
conditions due to the reduced lysis by a ∆gdpP mutant. Increased levels of c-di-AMP have been
shown to reduce osmoprotection through inhibition of OpuC system activity (Schuster et al.,
2016), however a ∆opuC mutant has no growth defects in media containing ≤5% NaCl (Kiran et
al., 2009).
Finally, in Chapter 5 I present data on one of the genes whose deletion resulted in highly
reduced eDNA, xdrA. xdrA was previously identified as encoding a DNA-binding protein when
XdrA was discovered bound to the mecA promoter region, which encodes PBP2a and confers
methicillin resistance (Ender et al., 2009). The authors also found that deletion of xdrA increased
resistance to oxacillin in several methicillin-resistant clinical isolates. Follow up work identified
XdrA to be an activator of protein A (spa) gene transcription (McCallum et al., 2010), though
direct binding to the promoter was not shown. We have previously reported that a ∆spa
mutation has little or no impact on eDNA release or biofilm formation (Figure 4.2; Foulston et
al., 2014), indicating that the observed reduction in eDNA and biofilm in the ∆xdrA strain must
be due to effects other than reduced transcription of spa.
Our RNA-seq results examining changes in gene expression in an ∆xdrA strain revealed
that the agr quorum sensing system and the downstream PSMs are upregulated in the ∆xdrA
strain, which have previously been linked to biofilm dispersal (Boles & Horswill, 2008;
Periasamy et al., 2012). In different medium conditions, PSMs have also been shown to form
amyloid-like fibers that contribute to the stability of the biofilm matrix (Schwartz et al., 2012),
and it remains to be explored if this occurs in the ∆xdrA strain. We also found higher expression
levels of genes involved in cell envelope synthesis and stress response. It could be that the
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∆xdrA strain is inducing the cell wall stress stimulon, as evidenced by higher vraX levels, which
in turn contributes to increased cell envelope strength and reduced lysis, and hence reduces
eDNA release. Beyond reduced eDNA release, the up-regulation of quorum sensing pathways,
and PSM alphas and betas would also serve to disperse biofilms, though we have yet to establish
under which growth conditions xdrA levels naturally decrease (Figure 5.2).
We also identified an sRNA which was strikingly overexpressed in the ∆xdrA mutant
(Figure 5.1). This sRNA has previously been found to show altered expression in a small colony
variant of S. aureus isolated from a chronic osteomyelitis infection (Abu-Qatouseh et al., 2010).
Small colony variants of S. aureus have been found to have thick cell walls (Onyango et al.,
2012; Maduka-Ezeh et al., 2012), and this sRNA could be influencing the reduced lysis
phenotype we observe in ∆xdrA. sRNAs can have effects on mRNA stability or translation, and
can also alter protein activity (Storz et al., 2011). We have yet to determine if and how this
sRNA is affecting protein levels and activity, but it does contain a UCCC sequence motif, which
is thought to facilitate mRNA binding in S. aureus sRNAs (Geissmann et al., 2009).
We have succeeded in identifying previously unrecognized genes that contribute to
eDNA release, providing strong genetic support for the idea that eDNA mediates cell clustering
during biofilm formation. Our results implicate purine metabolism and a reduction in c-di-AMP
levels in particular in triggering eDNA release via impaired cell wall homoeostasis. The genes
that we have identified in this study provide potential targets for future therapies designed to
dissociate or prevent the formation of staphylococcal biofilms.
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Biofilm Formation in S. aureus
Fermentation of glucose drives pH drop

A subset of cells liberate cytoplasmic
proteins and extracellular DNA (eDNA)

pH 7.5
pH 7.0
pH 6.5
pH 6.0
pH 5.5
pH 5.0
pH 4.5

Moonlighting proteins which are
positively charged at low pH adhere to
the negatively charged cell surface

eDNA serves as an electrostatic net to
link protein-coated cells together
in clusters

Electrostatic Net Model of S. aureus Biofilm
Charge Interactions
cell wall
moonlighting proteins
extracellular DNA

Figure 6.1. Overview of our model of biofilm formation in S. aureus.
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6.2 Summary
My work has contributed to the development of a new model of ica-independent biofilm
formation in a methicillin sensitive S. aureus strain. An overview of this model is presented in
Figure 6.1. We have shown that the major components of the biofilm matrix in HG003 are
proteins and eDNA that associate with the biofilm in a manner that depends on a drop in pH
during growth in the presence of glucose (Foulston et al., 2014; Dengler et al., 2015). Many of
these proteins are cytoplasmic in origin and are thus moonlighting in their second role as
components of the biofilm matrix. These moonlighting proteins do not depend on eDNA to
remain associated with cells. The eDNA, however, requires the presence of matrix proteins in
order to adhere to the cells, serving as an electrostatic net that holds cells together in large
clumps. In addition, we have identified genes required for the release of eDNA using an
unbiased screening technique, and have characterized the regulon of a transcription factor newly
identified as important in biofilm formation and virulence.

6.3 Future directions
In order to develop a more complete understanding of biofilm formation in S. aureus,
more work remains to be done. To follow up on the experiments outlined in this thesis,
additional characterization of those mutants in genes identified in the transposon screen as
reduced in eDNA release could provide additional mechanistic details. Measuring the cell wall
thickness and strength by other methods and also testing susceptibility to cell-wall-targeting
antibiotics would help with understanding how the cell envelope structure is altered in these
mutants. Further, the role of c-di-AMP levels in eDNA release should be examined.
Additional study of XdrA is needed to identify which of its targets are direct and indirect.
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A ChIP-seq experiment to find where the XdrA protein binds on the genome could provide
insights. The XdrA protein has been shown to bind two promoter regions, one of which is not
present in our model strain. These data would allow us to correlate our RNA-seq data with
promoter binding data. Also, further elucidation of the role of the sRNA that is differentially
regulated in ∆xdrA would determine if this is indeed regulating transcription, and how many of
the effects observed in the ∆xdrA strain are due to the activity of the sRNA.
We have shown that pH-dependent association of matrix components occurs not only in
our model strain HG003 but also in other biofilm-forming strains (Figure A6B, Figure B7) and
that this is not dependent on DNA (Figure B3). Construction of deletion mutants of genes
identified in our transposon screen in other strain backgrounds would allow us to see if the same
phenotype holds true across different strains, and if XdrA is indeed a global regulator of eDNA
release, cell wall metabolism, quorum sensing, and virulence factor production in other clinical
isolates.
Cytoplasmic proteins and eDNA provide S. aureus with building blocks to form biofilm,
which could be advantageous in an infection context. This strategy could allow S. aureus to
utilize components released by the host or other microorganisms to thrive in mixed-species
biofilms within abscesses or chronic wounds. Study of the biofilm matrix and of matrix release
mutants in in vivo contexts could provide more insight into this. Ultimately, targeting genes
involved in the release of eDNA as well as matrix proteins could be used to reduce the infectivity
of S. aureus and other species that employ a similar strategy for biofilm formation and virulence.
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APPENDIX A
The Extracellular Matrix of Staphylococcus aureus Biofilms Comprises Cytoplasmic
Proteins That Associate with the Cell Surface in Response to Decreasing pH

The work presented in this chapter was done in collaboration with Lucy Foulston and Alexander
K. W. Elsholz and has been published:
Foulston L., Elsholz A.K.W., DeFrancesco A.S., Losick, R. (2014) The Extracellular Matrix of
Staphylococcus aureus Biofilms Comprises Cytoplasmic Proteins That Associate with the Cell
Surface in Response to Decreasing pH. mBio 5(5).
My principal contributions to this work were development of the method to measure the three
fractions of S. aureus biofilm, construction and characterization of the ∆icaABCD strain, and
characterizing the pH drop over time during biofilm formation.

A1 Abstract
Biofilm formation by Staphylococcus aureus involves the formation of an extracellular
matrix, but the composition of this matrix has been uncertain. Here we report that the matrix is
largely composed of cytoplasmic proteins that reversibly associate with the cell surface in a
manner that depends on pH. We propose a model for biofilm formation in which cytoplasmic
proteins are released from cells in stationary phase. These proteins associate with the cell
surface in response to decreasing pH during biofilm formation. Rather than utilizing a dedicated
matrix protein, S. aureus appears to recycle cytoplasmic proteins that moonlight as components
of the extracellular matrix.

A2 Importance
Staphylococcus aureus is a leading cause of multiantibiotic-resistant nosocomial
infections and is often found growing as a biofilm in catheters and chronic wounds. Biofilm
formation is an important pathogenicity strategy that enhances resistance to antimicrobials,
thereby limiting treatment options and ultimately contributing to increased morbidity and
mortality. Cells in a biofilm are held together by an extracellular matrix that consists in whole or
in part of protein, but the nature of the proteins in the S. aureus matrix is not well understood.
Here we postulate that S. aureus recycles proteins from the cytoplasm to form the extracellular
matrix. This strategy, of cytoplasmic proteins moonlighting as matrix proteins, could allow
enhanced flexibility and adaptability for S. aureus in forming biofilms under infection conditions
and could promote the formation of mixed-species biofilms in chronic wounds.
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A3 Introduction
Biofilms are surface-associated, multicellular communities in which cells are held
together by means of a self-produced, extracellular matrix. The biofilm provides a protective
environment that helps shield cells from external stresses and facilitates community behaviors,
such as interactions with a host organism and pathogenicity. Both the nature of the matrix and
the regulatory mechanisms mediating its production appear to differ widely among bacterial
species. Nonetheless, in most cases that have been studied in detail, the matrix consists of a
combination of exopolysaccharide, a dedicated protein, and DNA (Lemon et al., 2008; Joo &
Otto, 2012).
Staphylococcus aureus is an important human pathogen and frequently forms biofilms in
clinical settings, most often on catheters and other implanted devices but also in chronic wounds
(Otto 2008; James et al., 2008). S. aureus biofilm formation begins when cells bind to a surface
or to host factors, such as fibrinogen and fibronectin (Clarke & Foster, 2006). The cells then
form a multilayered biofilm through intercellular interactions and the production of an
extracellular matrix. Initially, it was thought that S. aureus biofilm formation relied solely on the
production of an extracellular polysaccharide, polysaccharide intercellular adhesion (PIA), the
product of genes of the ica operon (Cramton et al., 1999). However, more recent work,
including results presented here, indicates that in many strains PIA is dispensable for biofilm
formation (Fitzpatrick et al., 2005). Extracellular DNA (eDNA), released from cells through
regulated autolysis, is thought to contribute to the structural stability of S. aureus biofilms (Rice
et al., 2007). Finally, previously determined data indicate that proteins play an important role in
biofilm formation, but a clear picture of the identity of the proteins that comprise the matrix has
yet to emerge (Joo & Otto, 2012; Boles et al., 2010).
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Here we sought to identify, comprehensively, proteins that comprise the matrix in an
unbiased approach based on the use of mass spectrometry. We report that the proteinaceous
matrix is principally, if not exclusively, composed of cytoplasmic proteins that are recycled as
components of the extracellular matrix during biofilm formation. We further show that the
aggregation of these cytoplasmic proteins in the interstitial space around cells takes place in a
manner that depends on decreasing pH during growth under biofilm-inducing conditions. We
propose a model in which certain abundant cytoplasmic proteins moonlight during biofilm
formation as components of the extracellular matrix that mediates cell-cell adherence.

RESULTS
A4 Identification of biofilm-associated cell surface proteins
S. aureus strain HG003 forms robust biofilms in tryptic soy broth (TSB) with 0.5% added
glucose (here TSBG) ( Figure A1A). Both DNA and protein components of the matrix were
found to be important for biofilm formation (Figure A1A). However, exopolysaccharide and the
biofilm-implicated cell wall proteins, protein A (Merino et al., 2009) and fibrinogen-binding
proteins A and B (O’Neill et al., 2008), did not contribute significantly (Figure A1B).
We took an unbiased approach to identify cell surface-associated proteins present under
biofilm-inducing conditions by adapting a 14N/15N metabolic labeling procedure used in a
previous proteomic analysis of S. aureus (Becher et al., 2009; Hempel et al., 2010). Cell surfaceassociated proteins were tagged by biotinylation, allowing their specific isolation and
identification (Hempel et al., 2010). The ratio of 14N (biofilm) to 15N (non-biofilm) peptides for
each protein gave an estimate of the abundance of a given protein under each growth condition
(Table A1).
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Figure A1. Factors affecting in vitro biofilm formation by S. aureus HG003. (A) The following treatments were added or not at the time of inoculation of HG003 biofilm cultures in
TSBG: no treatment, 0.1 mg/ml proteinase K, and 28 U/ml DNase I. Biofilm formation was
quantified spectrophotometrically after 24 hours. (B) Each HG003 deletion mutant strain was
grown under biofilm conditions and biofilm formation was quantified after 24 hours.
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L-lactate dehydrogenase 1
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SAOUHSC_
Acetolactate synthase
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Enolase
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Alcohol dehydrogenase
00608
Glyceraldehyde-3-phosphate SAOUHSC_
dehydrogenase
00795
SAOUHSC_
Transketolase
01337
SAOUHSC_
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SAOUHSC_
50S ribosomal protein L3
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Pyruvate dehydrogenase
SAOUHSC_
complex, E1 component,
01040
alpha subunit
Probable malate:quinone SAOUHSC_
oxidoreductase 2
02927
SAOUHSC_
50S ribosomal protein L1
00519
SAOUHSC_
Hypothetical Protein
01676
SAOUHSC_
30S ribosomal protein S2
01232
SAOUHSC_
30S ribosomal protein S12
00527

Annotation2

15286.78

29094.34

35181.49

24708.28

11.25

5.42

5.6

9

6.12

4.9

41382.62
55998.92

9.8

5

51802.78
23718.19

5.23

4.98

4.89

5.34

4.55

4.79

4.95

5.06

PI 3

63102.28

68359.41

36280.86

36047.55

47116.95

61173.26

34583.46

34803.43

Mw3

Cytoplasmic

Cytoplasmic

Cytoplasmic
Membrane

Cytoplasmic

Unknown

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Predicted
Location 4

Table A1: A summary of all “extracellular” proteins identified by quantitative proteomics, by enrichment through biotinylation.
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Q2FYZ5

Q2FYR9

28

29

0.22

0.364

0.417

0.487

0.324

0.34

0.668

0.71

0.741

0.766

0.838

0.549

0.872

0.009

0.152

0.284

0.314

0.456

0.527

0.867

1.01

1.007

1.111

1.005

1.22

1.351

0.001

0.125

0.252

0.268

0.461

0.505

0.733

0.875

0.897

0.848

1.017

1.153

1.172

0.077

0.214

0.317

0.356

0.414

0.458

0.756

0.865

0.881

0.908

0.954

0.974

1.132

0.124

0.131

0.087

0.116

0.078

0.102

0.101

0.15

0.134

0.18

0.1

0.369

0.242

Standard
Ratio
Ratio
Ratio
Average 1
Deviation
Sample A Sample B Sample C
Gene ID

30S ribosomal protein S3

SAOUHSC_
02506
DNA-directed RNA
SAOUHSC_
polymerase subunit beta
00524
DNA-directed RNA
SAOUHSC_
polymerase subunit beta'
00525
SAOUHSC_
Cell division protein FtsZ
01150
SAOUHSC_
30S ribosomal protein S5
02494
Enoyl-[acyl-carrier-protein] SAOUHSC_
reductase [NADPH] FabI
00947
SAOUHSC_
Elongation factor Tu
00530
Staphylococcal secretory SAOUHSC_
antigen ssaA2
02571
SAOUHSC_
Formate acetyltransferase
00187
Aerobic glycerol-3SAOUHSC_
phosphate dehydrogenase
01278
SAOUHSC_
Bifunctional autolysin
00994
SAOUHSC_
Glycerol kinase
01276
Anthranilate synthase
SAOUHSC_
component I
01366

Annotation2

54110.67

55625.58

134297.5

62387.91

84861.88

26715.15

43103.64

28021.9

17742.5

41036.92

135408.5

133219.5

24099.79

Mw3

2

1

The ratio of N14 (biofilm) to N15 (control) labeled peptides in each of three technical replicates.
Annotations from http://www.ncbi.nlm.nih.gov/
3
Molecular weights and isoelectric points calculated using http://web.expasy.org/compute_pi/
4
Predicted locations derived from the UniProt (Universal Protein Resource) database http://www.uniprot.org/
* Identified in biofilm matrix exoproteome in (Gil et al., 2013)

Q2FZK7*

27

Q2G0N0

23

Q2FYZ4

Q2FZQ3

22

26

Q2FW23

21

Q2G1D8

Q2FZ89

20

25

Q2G0N5

19

Q2G2J2*

P47768

18

24

Q2FW12

17

UniProt

Table A1 (Continued)

6.08

4.93

9.57

6.56

5.31

8.65

4.74

5.64

9.88

4.87

6.53

4.91

9.76

PI 3

Cytoplasmic

Cytoplasmic

Extracellular

Cytoplasmic

Cytoplasmic

Extracellular

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Predicted
Location 4

Interestingly, despite our selecting specifically for extracellular proteins by biotinylation,
most of the proteins identified were predicted cytoplasmic proteins. We established a cutoff
value for proteins considered to be enriched during biofilm formation as those having a 14N/15N
ratio greater than 2. These 11 proteins are characterized by roles in central metabolism, such as
glycolysis and fermentation (Zhu et al., 2007). Consistent with our findings, several of these
proteins (for example, enolase, transketolase, acetolactate synthase, GAPDH [glyceraldehyde-3phosphate dehydrogenase], and lactate dehydrogenase) were previously found to be abundant
under biofilm-inducing conditions and in the biofilm exoproteome (Brady et al., 2006; Resch et
al., 2006; Gil et al., 2014) in studies that did not investigate their role in biofilm formation. In
addition to identifying proteins that were enriched under biofilm-inducing conditions, we also
detected extracellular proteins that were either more abundant under the non-biofilm-inducing
conditions or showed equal levels of abundance under the two sets of conditions (having a
14

N/15N ratio of between 0.5 and 2) (Table A1).
We focused on two of the identified proteins, enolase and GAPDH, and asked whether

we could observe association of these proteins with the cell surface by a method that did not
depend on biotinylation. Cells harvested from a mature biofilm were washed in phosphatebuffered saline (PBS) at 4°C for 1 hour before the cells were removed by mild centrifugation.
Among the proteins that were seen in the buffer fraction, by SDS-PAGE (Figure A2A, lane 1),
were enolase and GAPDH, as judged by immunoblot analysis (Figure A2B).

A5 Do cell surface-associated, cytoplasmic proteins arise from cell lysis during sample
preparation?
A possible explanation for the presence of cytoplasmic proteins in our cell surface
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Figure A2. Cytoplasmic proteins are extracted from biofilm cells in PBS. HG003 biofilm
cells grown in TSBG were incubated in PBS (pH 7.5). (A) SDS-PAGE analysis of buffer
extract (lane 1) and cell lysate (lane 2). The size marker (M) is shown in kDa. (B) Western
blots using anti-enolase (top panel) and anti-GAPDH (lower panel) antibodies. Arrows indicate the expected positions of enolase and GAPDH.
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samples was cell lysis or enhanced permeability during enrichment of surface-associated proteins
from cells. We took three approaches to investigate this possibility. First, we asked whether
cells become permeable upon harvesting from the biofilm and resuspension in PBS using
LIVE/DEAD staining. This analysis indicated that the percentage of permeable cells was
unaltered by incubation for 1 hour in PBS (Figure A3A).
Second, we monitored cell lysis as the decrease in optical density at 600 nm (OD600) with time
after resuspension in the presence of Triton X-100, a detergent that stimulates autolytic activity
in S. aureus. Resuspension of cells from a mature biofilm in PBS had little to no effect on the
rate of lysis, whether stimulated by Triton X-100 or not (Figure A3B). The rate of stimulated
autolysis (decrease in OD600 with time) was very low in cells harvested from the biofilm
compared to cells from exponentially growing cultures in the same medium (Figure A3B),
suggesting that biofilm cells are not significantly prone to lysis and that extraction with PBS
does not stimulate lysis.
Finally, we asked whether cell surface-associated cytoplasmic proteins arose during
biofilm formation or from lysis in PBS. Proteinase K was added upon inoculation, and then a
protease inhibitor was added 1 hour prior to harvesting the biofilm cells. The results showed that
only a very small amount of protein was detected in the PBS extract of biofilm cells (Figure
A3C). When we “spiked in” a cell lysate after the addition of inhibitor, proteins from the lysate
were readily detected in the PBS extract, indicating the effectiveness of the inhibitor. The results
are consistent with the idea that the cell surface-associated proteins were released from cells
during biofilm formation when they accumulated on the outer side of cells and not during our
sample preparation procedure. It should, however, be noted that since treatment with proteinase
K inhibits biofilm formation (Figure A1A), presumably through degradation of the protein
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Figure A3. Protein accumulation is not the result of cell lysis during sample processing. (A)
Cells do not display increased permeability when resuspended in PBS. Biofilm cells were
subjected to LIVE/DEAD staining before and after incubation in PBS (pH 7.5) for 1 hour at
4°C. Quantification of the percentage of each population of cells (permeable to SYTO 9)
consisting of dead cells (permeable to propidium iodide) is shown, with error bars indicating
the standard deviation. (B) The rate of autolysis of cells is unchanged by resuspension in PBS.
HG003 was grown either under biofilm-forming conditions for 24 hours or in the same growth
medium with shaking (planktonic cells) for 2.5 hours at 37°C. Cells were harvested by centrifugation and then resuspended in PBS or PBS containing 0.1% Triton X-100. Biofilm cells in
PBS ( ), planktonic cells in PBS ( ), biofilm cells in PBS plus Triton ( ), and planktonic cells
in PBS plus Triton ( ) are shown. The percentage of starting OD600 is displayed as an average
of the results of three independent experiments, with error bars representing the standard
deviation. (C) Protein is not released in significant amounts after resuspension of biofilm cells
in PBS. Proteins released into PBS buffer were analyzed by SDS-PAGE following treatment of
biofilm cells with and without proteinase K (+/- protease). At 23 hours, a protease inhibitor
cocktail was added to certain samples (+/- inhibitor). Two test samples were spiked with
HG003 cell-free lysate as a control (+/- lysate). An equal volume of PBS, not containing cells,
was additionally spiked with HG003 cell-free lysate as a control (lane 7). Three bands expected to represent proteinase K (in those lanes where it was added) are indicated by the bracket on
the left of the gel. A size marker is indicated on the right in kDa.
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matrix, it is possible that the treated cells could be physiologically different and thus less prone
to subsequent cell lysis.

A6 Protein retention at the cell surface reversibly depends on pH
Next, we asked what property of PBS buffer might be responsible for the release of cell
surface-associated proteins from cells from the biofilm into the surrounding milieu. We
reasoned that a change in pH from the acidic conditions found within biofilms (O’Neill et al.,
2008) to pH 7.5 in PBS might explain our results. In agreement with previous observations, we
found that biofilm formation was accompanied by a significant decrease in growth medium pH
which was dependent on the availability of glucose (Figure A4A) and that a decrease in pH was
required for biofilm formation (Figure A4B and A4C).
These results led us to hypothesize that cytoplasmic proteins associate with the cell
surface to form a protein matrix in a manner that depends on low pH. To investigate this
hypothesis further, we incubated biofilm cells in PBS buffer at pH 5. Little to no protein could
be detected in the resulting extract, in contrast to the results seen when cells from the same
biofilm sample were incubated at pH 7.5 (Figure A5A, compare lanes 1 and 3). This was not
due to protein degradation at pH 5 since proteins could still be extracted at pH 7.5 from biofilm
cells that had been incubated at pH 5 for 1 hour (Figure A5A, compare lanes 1 and 2). Proteins
remained cell associated at pH 5 but were released upon exposure to higher pH.
We found that proteins added exogenously (not originating from cells within the biofilm
itself) could also be “captured” through an interaction with biofilm cells (Figure A5B). Wholecell lysate from HG003 cells was added to mature biofilm cell cultures, and the biofilm cells
were then incubated at pH 5 and pH 7.5. Proteins (comprising those naturally occurring in the
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Figure A4. Biofilm formation by S. aureus HG003 is characterized by and dependent on a
decrease in growth medium pH. (A) The pH of biofilm growth medium measured with time.
(B) Quantification of biofilm formation in different media. (C) The correlation between the
final pH of a given growth medium and the percentage of biomass found in the biofilm fraction. A range of different growth conditions (not listed) were assayed.
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Figure A5. Protein retention at the cell surface reversibly depends on pH. (A) Protein from
the biofilm matrix were released from the cell surface in a pH-dependent manner. Data represent SDS-PAGE analysis of proteins from biofilm cells incubated in PBS at pH 5 (lane 1), pH 5
followed by pH 7.5 (lane 2), pH 7.5 (lane 3), and pH 7.5 followed by pH 7.5 (lane 4), proteins
concentrated from biofilm growth medium (lane 5), and cell lysates from the cells incubated at
pH 5 (lane 6) and pH 7.5 (lane 7). The size marker (M) is shown in kDa. (B) Accumulation of
exogenously added proteins at the cell surface depends on low pH and on the presence of S.
aureus biofilm cells. Data represent biofilm cells extracted in PBS at pH 5 (lane 1), biofilm
cells spiked with cell-free lysate extracted at pH 5 (lane 2), PBS at pH 5 spiked with cell-free
lysate (lane 3), biofilm cells extracted in PBS at pH 7.5 (lane 4), biofilm cells spiked with
cell-free lysate extracted at pH 7.5 (lane 5), and PBS at pH 7.5 spiked with cell-free lysate (lane
6). (C) Exogenously added GFP interacts with the cell surface of biofilm but not exponential
cells at pH 5. Lysate isolated from exponentially growing HG003 expressing GFP (LCF81) was
added to PBS (pH 5 and pH 7.5). HG003 cells from biofilm-forming conditions and from
exponential-growth-stage shaking cultures were incubated in the two buffers for 1 hour at 4°C.
Cells were then incubated in PBS (pH 7.5) for a further 1 hour. The presence of GFP in each
extraction was determined by immunoblotting using an anti-GFP antibody. (D) Cell clumping
is reduced following resuspension at pH 7.5. Cells collected from biofilms were gently resuspended in PBS (pH 5 or pH 7.5) and observed by phase-contrast microscopy.
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biofilm and those added in) (Figure A5B, compare lanes 4 and 5) were released from the cell
surface at pH 7.5 and not at pH 5 (Figure A5B, compare lanes 2 and 5). Proteins from
exogenously added cell-free lysate were equally recovered from PBS at pH 5 and pH 7.5 (Figure
A5B, lanes 3 and 6), indicating that, in the absence of biofilm cells, proteins do not precipitate at
pH 5 but remain in aqueous solution. This suggests that, in the presence of cells from a biofilm,
exogenously added lysate proteins interact with the cell surface at low pH and are then released
at pH 7.5.
To investigate the specificity of protein interactions with the cell surface, we next
determined whether a heterologous protein, green fluorescent protein (GFP), could interact with
the surface of biofilm cells. Cells that had been grown under biofilm-forming conditions were
incubated in PBS at pH 5 and pH 7.5 in the presence of lysate proteins isolated from a strain of
HG003 that constitutively produces GFP (LCF81). After removal of the cells, GFP was
detectable in PBS by immunoblotting with an anti-GFP antibody (Ab) at pH 7.5 but not at pH 5
(Figure A5C). When cells from PBS at pH 5 were subsequently incubated in PBS at pH 7.5,
GFP was released into the higher-pH buffer (Figure A5C). In contrast, when cells already
incubated at pH 7.5 were washed a second time at the same pH, no further GFP could be
observed by immunoblot analysis, suggesting that GFP does not associate with cells at pH 7.5
(Figure A5C). The pH-dependent interaction of GFP with the cell surface was specific to
biofilm cells since GFP was detectable in PBS both at pH 5 and at pH 7.5 after incubation with
HG003 cells grown to the exponential phase (Figure A5C). This indicates that a specific feature
of cells grown under biofilm-forming conditions is required to mediate the binding of
exogenously added proteins to the cell surface.
In the course of conducting these experiments, we observed that cell pellets from biofilm

!

91

cells formed as diffuse smears (directly from biofilm medium or in PBS at pH 5) at low pH but
formed as compact pellets after incubation at pH 7.5 (data not shown). Cell pellets from a
biofilm were also more easily resuspended to homogeneity at pH 7.5 than at pH 5.
Consequently, we examined cells by phase-contrast microscopy following resuspension. Biofilm
cells resuspended at pH 5 were frequently found in large cell clusters that were often associated
with other material (Figure A5D, upper panels). In contrast, cells resuspended at pH 7.5 were
largely separate or in small clusters without this associated material (Figure A5D, lower panels).
We propose that low pH causes cytoplasmic proteins to aggregate at the cell surface and that this
aggregate is a principal component of the extracellular matrix that holds cells together in the
biofilm.
To assess whether the accumulation of cytoplasmic proteins on the cell surface of HG003
biofilm cells is a common feature of S. aureus, we repeated our analysis using four other strains
commonly used for the study of biofilm formation. Although they did not make biofilms as
robust as those made by HG003, strains Newman, UAMS1, MN8, and RN4220 all produced
quantifiable levels of biofilm when grown in 96-well plates in TSBG (Figure A6A); furthermore,
the medium pH decreased during growth to around 4.5 to 5 in all cases (data not shown). Cells
were harvested from each biofilm and incubated in PBS at pH 5 and pH 7.5 for 1 hour at 4°C.
As seen with HG003, it was possible to observe the release of proteins into PBS from three of
the four strains at pH 7.5 but not at pH 5 (Figure A6B). Interestingly, RN4220 did not appear to
release a significant amount of protein from the cell surface into PBS at pH 7.5 despite making a
robust biofilm. This might suggest either that proteins adhere more tightly to RN4220 cells or
that this strain utilizes a different mechanism for biofilm formation (Fitzpatrick et al., 2005;
Vergara-Irigaray et al., 2009). Taken together, these results indicate that accumulation of
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Figure A6. Comparison of the matrix protein accumulation profile of different S. aureus
strains. (A) Quantification of biofilm formation by strains HG003, Newman, UAMS1, MN8,
and RN4220. (B) SDS-PAGE analysis of proteins released from biofilm cells incubated in PBS
(pH 5 or pH 7.5) for 1 hour at 4°C. The size marker (M) is shown in kDa.
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cytoplasmic proteins on the cell surface might be a frequent feature of biofilm formation in
S. aureus.

A7 Cytoplasmic proteins associate with the outer side of cells in intact biofilms
If cytoplasmic proteins accumulate on the cell surface under biofilm-inducing conditions
and constitute the extracellular matrix, it should be possible to detect them in intact biofilms that
have not been manually disrupted. We used immunofluorescence microscopy to visualize only
those proteins accessible to antibodies and thus external to cells. To eliminate non-specific
background caused by the IgG-binding activity of protein A, we utilized a protein A deletion
mutant of HG003 (∆spa) which is unaffected in its ability to form biofilms (Figure A1B). As
expected, cells of the ∆spa mutant did not exhibit binding to a non-specific IgG antibody, antiHaloTag (Figure A7A).
Fixed biofilms were probed for target proteins using primary rabbit antibodies and
visualized using a secondary antibody conjugated to Alexa Fluor 488. The location of individual
cells within the biofilm was observed by staining the chromosomal DNA with DAPI (4’, 6diamidino-2-phenylindole). Anti-enolase binding was visualized as a diffuse accumulation of
fluorescent signal around and between cells within the biofilm (Figure A8A). The detected
proteins appeared to occupy areas between, and not overlapping with, regions of DAPI staining,
suggesting an extracellular location. In contrast, a cytoplasmic protein (represented by
fluorescence from GFP expressed constitutively) was seen to colocalize with regions of DAPI
staining (Figure A7B). The localization of enolase was distinct from that of a typical covalently
attached cell wall protein, protein A, which was seen as clear rings around the cell periphery of
wild-type cells (Figure A7C). Anti-GAPDH antibodies localized around and between cells
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Figure A7. Protein Localization in S. aureus. (A) Deletion of spa in HG003 removes background binding of rabbit IgG to the cell wall. ixed biofilms of the HG003 wild type and ∆spa
mutant were probed with rabbit anti-HaloTag antibodies followed by goat anti-rabbit Alexa 488
(green). Nuclei were stained with DAPI (blue). (B) A cytoplasmic protein (GFP) colocalizes
with DAPI-stained nuclei. A fixed biofilm of HG003 ∆spa pCM29 (constitutive GFP expression) was observed by confocal laser scanning microscopy (CLSM). Cytoplasmic GFP (green)
and nuclei stained with DAPI (blue) are shown. (C) A typical covalently attached cell wall
protein is observed as rings around the cell periphery. Fixed biofilms of HG003 wild type were
probed with rabbit anti-HaloTag antibodies followed by goat anti-rabbit Alexa 488 (green).
Nuclei were stained with DAPI (blue).
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within the biofilm in a honeycomb-like pattern, again clearly occupying a space distinct from the
nuclei/cytoplasm (Figure S8A). The proteins detected by the two antibodies were most apparent
in certain areas and predominantly closer to the top of the biofilm. Fluorescent signal was not
apparent using non-specific antibodies such as an anti-GFP antibody (with cells not producing
GFP) or a rabbit anti-mouse-FITC antibody (data not shown).
Since the genes encoding enolase and GAPDH are essential in S. aureus, we were unable
to construct deletion mutants that would function as negative controls in immunofluorescence
experiments. To confirm that our results were not due to non-specific binding of anti-enolase
and anti-GAPDH antibodies to other cell surface proteins, we constructed ∆spa strains in which
the native copy of each gene (encoding enolase or GAPDH) was replaced with a copy that would
result in a fusion of the HaloTag with the C terminus of the respective protein. The resulting
strains (LCF88 and LCF89) were viable and exhibited no significant changes in growth or
biofilm formation compared to the ∆spa strain (Figure A9A). Furthermore, LCF88 and LCF89
were found to produce bands of the expected size for the fusion products by immunoblotting
using an anti-HaloTag anti- body in cell lysates and in cell surface extracts (PBS at pH 7.5) of
cells grown under biofilm conditions (Figure A9B). A commercial anti-HaloTag antibody did
not react to proteins on the cell surface of the HG003 ∆spa mutant, indicating that the antibody
did not display non-specific binding (Figure A8B). In contrast, in strains LCF88 and LCF89,
respectively, the anti-HaloTag antibody revealed a pattern of protein localization similar to that
seen with anti-enolase and anti-GAPDH antibodies (Figure A8B).
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Figure A8. Immunofluorescence visualization of enolase and GAPDH in fixed HG003
biofilms. (A) Fixed HG003 ∆spa biofilms were probed with primary rabbit anti-enolase or
anti-GAPDH antibodies, followed by a secondary anti-rabbit antibody conjugated to Alexa
Fluor 488 (green). Cell nuclei were stained with DAPI (blue). (B) Fixed HG003 ∆spa, LCF88
(expressing enolase-HaloTag), and LCF89 (expressing GAPDH-HaloTag) biofilms were
probed with primary rabbit anti-HaloTag antibodies, followed by a secondary anti-rabbit
antibody conjugated to Alexa Fluor 488 (green). Cell nuclei were stained with DAPI (blue).

97

A

1

OD600

0.8

Medium

0.6
Washes

0.4

Resuspended Biofilm

0.2
0
spa
B

LCF88

∆spa
M

1

2

LCF89
LCF88

3

1

2

LCF89
3

1

2

3

200
00
150
150
100
0
Eno-Halo
GAPDH-Halo

75
5
50
0

Figure A9. xpression of HaloTag fusion proteins in HG003 ∆spa mutant. (A) Quantification
of biofilm formation by Halo fusion strains LCF88 (enolase-Halo) and LCF89 (GAPDH-Halo).
(B) Detection of enolase-Halo (approximately 81 kDa) produced by strain LCF88 and
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is shown in kDa. Red arrows on the right of the image indicate the bands of expected size for
the two Halo fusion proteins (Eno-Halo and GAPDH-Halo).
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A8 Discussion
A hallmark of biofilm formation in certain bacteria is the production of a dedicated
protein component of the extracellular matrix, such as Curli in Escherichia coli or TasA in
Bacillus subtilis (López et al., 2010). We failed to detect a S. aureus protein that is unique to the
biofilm matrix, although it is possible that such a dedicated protein(s) contributes to the matrix
under other conditions or in other strains. Instead, our evidence suggests a model in which
cytoplasmic proteins attach to and assemble on the cell surface to form the extracellular matrix.
Formation of the matrix is triggered by a decrease in pH during the post-exponential phase in
biofilm-inducing medium. We further propose that the matrix thus formed causes cells in the
biofilm to adhere to each other. Interestingly, the assembly process is reversible in that proteins
can be solubilized from the cell surface, after manual disruption of the biofilm, by artificially
increasing the pH. Finally, our evidence indicates that pH-driven association of proteins on the
cell surface is a common feature of protein-dependent biofilm formation in diverse strains of
S. aureus.
How are cytoplasmic proteins released into the surrounding milieu during biofilm
growth? It has previously been reported that a variety of species of Gram-positive bacteria,
including S. aureus, release cytoplasmic proteins into the external environment during stationary
phase (Pasztor et al., 2010; Yang et al., 2011). However, the mechanism by which proteins
lacking signal peptides are exported from cells is unclear, and both specific (e.g., secretion) and
non-specific (e.g., cell lysis) mechanisms are possible (Pasztor et al., 2010; Yang et al., 2011;
Boël et al., 2005; Boël et al., 2004). Biofilm formation by S. aureus has previously been
suggested to be dependent on regulated autolysis for the accumulation of extracellular DNA
(Mann et al., 2009). Conceivably, regulated autolysis may also be the basis for the extracellular
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presence of cytoplasmic proteins.
The idea that cytoplasmic proteins might accumulate extracellularly and perform a novel
function in that location is not new (Boël et al., 2005; Huberts & van der Klei, 2010). Such
“moonlighting” functions of proteins appear to be widespread. In particular, enzymes of
glycolysis are commonly observed associating with the cell surface and mediating host factor
attachment (Henderson & Martin, 2013; Carneiro et al., 2004; Yamaguchi et al., 2010). For
example, GAPDH and enolase were found to associate, at low pH, with the cell surface of L.
crispatus cells and to mediate host attachment (Antikainen et al., 2007). Although we currently
do not know what properties of proteins are important for their recruitment into the biofilm
matrix, we observed that even a heterologous protein, GFP, could associate in a pH-dependent
manner with cells when grown under biofilm-inducing conditions but not when grown under
planktonic conditions, suggesting that some physical property of the cell surface under biofilminducing conditions mediates this interaction.
We observed that the presence of glucose, which leads to the accumulation of acidic
byproducts from fermentation, is critical for the decrease in pH in biofilm-inducing medium.
Interestingly, high glucose levels correlate with increased S. aureus biofilm formation in clinical
settings and hyperglycemia is a major risk factor for nosocomial infections (Waldrop et al.,
2014). It was found that the rate of nosocomial infection was 2.7-fold higher in patients with
blood glucose levels of greater than 220 mg/dl (0.22%) (Pomposelli et al., 1998), a concentration
similar to that required to induce biofilm formation in vitro (0.25%) (data not shown). It is still
unclear how much glucose is present in the microenvironment of a wound or in-dwellingmedical-device infection. However, many sites of S. aureus colonization have acidic pH
(Weinrick et al., 2004) and it has frequently been reported that inflammation in the context of
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abscess infections is associated with a lowered-pH environment (Lardner, 2001). Conceivably,
low pH is a contributing factor for biofilm formation in physiological con- texts. In further
support of our model under physiological conditions, several cytosolic proteins were identified
as biofilm cell wall antigens in a chronic osteomyelitis model in rabbits (Brady et al., 2006).
We postulate that cell surface-associated cytoplasmic proteins contribute to biofilm
formation in S. aureus. However, genetic evidence for this model will be difficult to obtain
because the genes for many of the cytoplasmic proteins we identified, for example, GAPDH
(gapA) and enolase (eno), are essential. Additionally, since we postulate that many cytoplasmic
proteins can contribute to the matrix, elimination of just one such protein might have little effect
on matrix formation. We therefore anticipate that furgther investigation of the role of
cytoplasmic proteins in biofilm formation will require an understanding of the mechanism by
which cytoplasmic proteins are released from stationary-phase cells and then aggregate on the
cell surface in response to a drop in pH. It is also tempting to speculate about a possible role
within the context of this model for extracellular DNA (eDNA), which, along with protein, is
required for biofilm formation. We suggest that eDNA might serve as an electrostatic net linking
protein-coated cells in the biofilm. We note that at pH 4.5 to 5, these surface- associated,
cytoplasmic proteins are likely to carry a net positive charge, facilitating their interaction with
the proposed eDNA net. Finally, our findings are of course limited to an in vitro, static biofilm
model at a specific biofilm growth stage. It remains to be seen whether these findings will be
applicable to other in vitro biofilm models (e.g., flow cells) and to physiologically relevant
biofilms.
The repurposing of abundant cytoplasmic proteins as matrix components offers S. aureus
the advantage of not investing in the production of dedicated matrix proteins during biofilm
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formation. Conceivably, other Gram-positive bacteria employ a similar moonlighting strategy in
making biofilms, and the use of con- served cytoplasmic proteins in the biofilm matrix might
facilitate interspecies interactions. S. aureus has been found in chronic wounds (such as diabetic
ulcers) with multiple other bacterial species, and 60% of such wounds were observed to contain
bio- films (James et al., 2008). S. aureus might form multispecies biofilms without the necessity
to specifically recognize the dedicated matrix components of the other species. The recycling of
cytoplasmic proteins could therefore represent an efficient and versatile strategy for building
multicellular communities. It will be interesting to see in future work whether cytoplasmic
proteins that moonlight as matrix components represent a widespread strategy for biofilm
formation.

A9 Materials and Methods
Strains and growth conditions. S. aureus strains are listed in Table A2. S. aureus was cultured
in tryptic soy broth (TSB; EMD Millipore) and on LB agar (BD) at 37°C. Other growth media
were brain heart infusion (BHI; EMD Millipore), BioExpress 1000 (Cambridge Isotope
Laboratories), and TSB without glucose (peptone from casein [BD], 17 g/liter; peptone from
soymeal [Amresco], 3 g/liter; NaCl [Sigma], 5 g/liter; dipotassium hydrogen phosphate
[Macron], 2.5 g/liter). E. coli DH5α was cultured in LB and on LB agar. Where appropriate,
S. aureus was selected on 3 µg/ml tetracycline and E. coli on 50 µg/ml ampicillin. The pH of
biofilm cultures was measured by spotting 20 to 30 µl on pH strips (range, 4.5 to 10; VWR).

S. aureus quantitative biofilm assays. For biofilm growth, an overnight culture of HG003 was
diluted at 1 in 1,000 into fresh medium (typically TSB supplemented with 0.5% glucose [TSBG]
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Table A2: Strains used in this study
Name

Strain Background Genotype/Description

HG003
ASD57
LCF78
LCF79
LCF80
LCF81
LCF85
LCF86
LCF88
LCF89
Newman
UAMS-1

NCTC-8325 (RN1)
HG003
HG003
HG003
HG003
HG003
LCF78
HG003
LCF86
LCF80
Newman
UAMS-1

agr + tcaR + rsbU+
icaADBC
spa
fnbAB
gapA-halo
pCM29 (PsarA-sGFP)
spa pCM29 (PsarA-sGFP)
eno-halo
eno-halo spa
gapA-halo spa
saeRS constitutive, fnbABsarT sarU hla osteomyelitis isolate

Herbert et al., 2010
This study
This study
This study
This study
This study; Pang et al., 2010
This study; Pang et al., 2010
This study
This study
This study
Duthie & Lorenz, 1952
Gillaspy et al., 1995

MN8

MN8

Clinical isolate PIA producer

Maira-Litrán et al., 2002

103

Reference

or as specified in the text) and 200 µl was divided into aliquots and introduced into a Nunc
MicroWell 96-well microplate (catalog. no. 167008; Thermo/Fisher Scientific). The starting
OD600 was recorded using a Bio-Tek Synergy II plate reader (BioTek Instruments). Plates were
incubated statically at 37°C for 24 hours. The medium in each well was removed to a new 96well plate. The biofilms were washed twice with 100 µl phosphate-buffered saline (PBS) (pH
7.5), and the two washes were amalgamated into a new 96-well microtiter plate. The biofilms
were resuspended in 200 µl PBS. The OD600 of each fraction was recorded using a Bio-Tek
Synergy II plate reader. The starting OD600 was subtracted from that for each medium sample,
and the absorbance of PBS was subtracted from the values for the wash and biofilm samples.
Results from replicate wells (≥4) were averaged, and a standard deviation was calculated.
Proteinase K (Omega Bio-Tek) was used at 0.1 mg/ml. DNase I (Qiagen) was used at 28 U/ml.

Construction of unmarked deletion mutants in HG003. In-frame, unmarked deletions of
specific regions of the HG003 genome were constructed essentially as described in Kato &
Sugai, 2011. Briefly, a construct was generated in which approximately 800 bp - 1 kb regions of
the HG003 genome, flanking the deletion site, were amplified by PCR (construct numbers and
primers and are listed in Tables A3 and A4) and were introduced by Gibson assembly (Gibson et
al., 2009) into pKFT (Kato & Sugai, 2011), linearized with EcoRI and BamHI. The resulting
plasmid was transformed into E. coli DH5α and transformants selected for growth on ampicillin.
The construct was confirmed by PCR and Sanger sequencing, using primers flanking the
multiple cloning site and an internal specific primer (Tables A3 and A4). The construct was
subsequently transformed by electroporation into S. aureus RN4220 (Monk et al., 2012) and
transformants selected on 3 µg/ml tetracycline at 30°C. The plasmid was isolated after growth in
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TSB at 30°C and subsequently transformed by electroporation into HG003. Transformants were
selected on 3 µg/ml tetracycline at 30°C. Single crossover integrants were induced by growth
overnight at 42°C in the presence of tetracycline. Double crossover events were promoted by
two 24 hour rounds of growth in liquid culture at 25°C. Tetracycline sensitive clones were
isolated and mutants identified by colony PCR. All mutants were subsequently confirmed by
PCR amplification of the respective region of the genome and Sanger sequencing using specific
primers (Tables A3 and A4).

Enrichment for cell-associated proteins from biofilm cells. HG003 was inoculated at 1 in
1,000 into TSBG and BioExpress 1000 15N in 6-well tissue culture plates (Falcon 353046) for
each of three biological replicates. Plates were incubated statically at 37°C for 24 hours. Cells
and growth media were harvested using a well scraper at 4°C, and cells were pelleted by
centrifugation at 7,500 × g for 5 minutes. Cells grown in TSBG for each replicate were
resuspended in 5 ml PBS (pH 7.5 to 8) containing 1 mM phenylmethylsulfonyl fluoride (PMSF),
and this was used to resuspend cells grown in BioExpress (equal numbers of OD600 units).
Surface-associated proteins were enriched by biotinylation as described in Hempel et al., 2010.
Proteins were separated by SDS-PAGE and stained with Coomassie brilliant blue R-250. A
complete protein separation lane was cut into 5 equal gel slices. In-gel digestion was performed
with trypsin (Promega) (Eymann et al., 2004).
All peptides obtained from an in-gel digestion were separated by liquid chromatography and
measured online by electrospray ionization (ESI) mass spectrometry. Liquid chromatographytandem mass spectrometry (LC-MS/MS) analyses were performed using an Easy-nLC II highpressure liquid chromatography (HPLC) system (Thermo/Fisher Scientific) coupled directly to
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gapA-halo

eno-halo

LCF80 HG003

LCF86 HG003
LF097_1 LF097_2 LF097_3 LF097_4
LF097_1 LF097_2 LF097_3 LF097_4

gapA-halo spa pLF048

LCF89 LCF80

LF105_4

LF100_3
LF095_4
LF105_3

pLF048

LF105_2

LF105_1

LF095_1 LF100_2

LF098_1 LF098_2 LF098_3 LF098_4

eno-halo

pLF051

ASD002F ASD002R

ASD001F
ASD001R
LF097_1 LF097_2 LF097_3 LF097_4

Primers
(downstream flank)

Primers
(upstream flank)

LCF88 LCF86
spa

pLF049

fnbAB

LCF79 HG003
pLF050

pLF048

spa

pASD001

Construct

LCF78 HG003

Mutation/
Insertion
icaADBC

Background
Strain

ASD57 HG003

Strain

Table A3: Constructs used to create S. aureus HG003 unmarked mutations

N/A

N/A

LF019F LF019R
LF097_7
LF019F LF019R
LF097_7

Primers
Primers to
(confirmation of
amplify
construct)
insert (halo)
LF019F LF019R
N/A
ASD003F
ASD003R
LF019F LF019R
N/A
LF097_7
LF019F LF019R
N/A
LF098_7
LF019F
LF019R
LF099F
LF099R
LF100_3
LF019F LF019R
LF099F
LF099R
LF105_7 LF105_8

LF097_5 LF097_6

LF097_5 LF097_6

LF105_6

LF105_5

LF095_5 LF095_6

LF098_5 LF098_6

LF097_5 LF097_6

ASD004F ASD004R

Primers
(confirmation of
mutation in genome)

Table A4: Primers used in this study
Primer
ASD001F
ASD001R
ASD002F
ASD002R
ASD003F
ASD003R
ASD004F
ASD004R
LF019F
LF019R
LF097_1
LF097_2
LF097_3
LF097_4
LF097_5
LF097_6
LF097_7
LF098_1
LF098_2
LF098_3
LF098_4
LF098_5
LF098_6
LF098_7
LF099F
LF099R
LF095_1
LF095_4
LF095_5
LF095_6
LF100_2
LF100_3
LF105_1
LF105_2
LF105_3
LF105_4
LF105_5
LF105_6
LF105_7
LF105_8

Sequence
ACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCGTCATGATTTACCATCACATAGGCG
CT
CAAACTGATTTCGCCCACCGCGTGTTTTTACCTTTCGTTAGTTAGGTTGTAAGCCATATGG
CATATGGCTTACAACCTAACTAACGAAAGGTAAAAACACGCGGTGGGCGA
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTTCGGGTTGGCTCAATGGGGT
AGTGTTGTACCGTCATACCCCT
GCCCCAACAAAGAAGCTGGC
CCCGTCACTGTGAGTTGGGT
GGGCGGTCAAACGATACGTCA
GGGGATGTGCTGCAAGGCGA
GGCAGTGAGCGCAACGCAAT
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTTCATCAGCAAGAAAACACACTTCCA
GATAAAATGATATCTATCGTTGTGTAATACCCCCTGTATGTATTTGTAAAGTCATCATAA
GACTTTACAAATACATACAGGGGGTATTACACAACGATAGATATCATTTTATCCAAACCA
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTAGGAATTGCGTTGCGTCTCG
GTCAAGCCTGAAGTCGATATGACTATAAAA
TTGCCAATTCCAAATACTGTGAGTGA
CCTCAGCACATTCAAAGCCCC
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCACGTCATAACGTTCGCCTTCG
TTCTTAGGAACAATGATCGTTGTTGGGAAAGCATAATCAATCCAAAATTGACAGGT
AACCTGTCAATTTTGGATTGATTATGCTTTCCCAACAACGATCATTGTTCCTAAGAA
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTTATTGGCGGTGGCGGTACAT
TTCTCGCATACTGTCATCTTTCAATGC
GGAACAGCAGGGACAGCCAT
AGTCCCTAAACCAGCAGCGG
GGTAGCGGCTCAGGTAGCATGGGATCCGAAATCGGTACTGG
TTAACCGGAAATCTCCAGAGTAGACAG
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCACTGATGAAGCCGCAGCAA
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTTCCATACCTTCTTGGTCTGCTGG
GCTGTCGGAGAGGCATTTGGT
GCTGAATCACCGCCACCGATA
ATGCTACCTGAGCCGCTACCTTTAGAAAGTTCAGCTAAGTATGCTAATGTACG
CTGTCTACTCTGGAGATTTCCGGTTAATTTTAGTATAGTTTTTATTCAAATACGCTAGTGCTC
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCACGTGCAGCAGCTGACTTAT
ATGCTACCTGAGCCGCTACCTTTATCTAAGTTATAGAATGATTTGATACCGTCATATTTAG
CTGTCTACTCTGGAGATTTCCGGTTAATTATAATCAAATGCTGACATAATTTTAGTTGAGG
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTTCGACGCCACGTTGTTTTTG
ACGGTACTCCAAACAAAGGTAAATTAGG
TCGCCGGACCTTACATACCA
CTGTTGCTACAAACGCTGGTCA
TCGTTCTATCAGCCATTTGTTTACTCC
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an LTQ Orbitrap Velos mass spectrometer (Thermo/Fisher Scientific). All MS analysis and
protein identification and quantification procedures were performed at the Harvard Mass
Spectrometry and Proteomics Resource Laboratory, FAS Center for Systems Biology,
Cambridge, MA.

Analysis of proteins released into PBS. Biofilm cells grown in 6-well plates were pelleted by
centrifugation at 5,500 × g for 10 minutes. Proteins were precipitated from growth medium
using trichloroacetic acid (TCA) precipitation. Biofilm cells were gently resuspended in 5 ml
PBS (pH 7.5 to 8 or pH 5 [pH decreased by the addition of HCl]) containing cOmplete Protease
Inhibitor Cocktail (Roche) (according to manufacturer’s instruction) by gently swirling the 50-ml
tube. Cells were incubated at 4°C with gentle rotation for 1 hour. Cells were pelleted by
centrifugation at 5,500 × g for 10 min, and the supernatant was passed over a 0.2-µm-pore-size
filter. Proteins were concentrated for gel electrophoresis by TCA precipitation. Whole-cell
lysates were produced by FastPrep disruption (MP Biomedicals) (speed, 6.5; three 40-s steps)
followed by centrifugation at 18,000 × g and 4°C for 15 minutes to pellet cell debris. Proteins
were routinely separated on 12.5% SDS-PAGE gels and stained with GelCode Blue Stain
reagent (Thermo/Fisher Scientific).
For proteinase K experiments, 0.1 mg/ml proteinase K was added at the time of inoculation to
appropriate wells. Protease activity was inhibited by adding ProteaseArrest solution (GBiosciences) to biofilm wells at a 3X final concentration and incubating for 1 hour at 37°C.
Where applicable, whole-cell lysate from HG003 or LCF81 grown to the stationary phase in
TSB (passed over a 0.2-µm-pore-size filter to remove intact cells) (approximately 25 µg total)
was added either directly to biofilm cultures after removal of cells from the biofilm growth plate
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or in the PBS extraction buffer, as indicated.

Western blot analysis. Proteins separated by SDS-PAGE were transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked for 2 hours at room temperature in
5% milk powder–5% goat serum (Sigma-Aldrich)–Tris-buffered saline–Tween 20 (TBST; 150
mM NaCl, 50 mM Tris-HCl, 0.05% Tween 20). Membranes were probed with primary
antibodies diluted in 5% milk–TBST. Rabbit anti-enolase antibody (against B. subtilis enolase;
kind gift of Jörg Stülke) was used at a dilution of 1:5,000, rabbit anti-GAPDH (Taylor &
Heinrichs, 2002) was used at a dilution of 1:10,000, rabbit anti-GFP (Rudner & Losick, 2002)
was used at a dilution of 1:4,000, and rabbit anti-HaloTag polyclonal Ab (pAb) (Promega) was
used at a dilution of 1:5,000. Antibody binding was detected with a goat anti-rabbit antibody
conjugated to horseradish peroxidase (Bio-Rad Laboratories) and Super-Signal West Dura
chemiluminescent substrate (Thermo/Fisher Scientific).

LIVE/DEAD staining. A 1-µl volume of propidium iodide (diluted 1/10 in PBS) and a 1-µl
volume of SYTO 9 (1/10 in PBS) (LIVE/DEAD BacLight bacterial viability kit; Life
Technologies) were added per ml of cells. Cells were incubated with the dyes at room
temperature for 15 minutes. Cells were washed once in PBS, resuspended in 150 µl PBS, and
observed on a phase-contrast microscope fitted with a 63X objective. Images were taken using
phase (500-ms exposure), GFP (100-ms exposure), and mCherry (100-ms exposure) filters. Live
(green) and dead (red) cells were counted manually, and data were averaged from a minimum of
1,000 cells across at least three fields of view in three replicate experiments.
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Autolysis assay. Triton X-100 induced autolysis assays were performed essentially as described
in Mani et al., 1993. Briefly, cells were grown in TSBG under biofilm-inducing conditions for
24 hours or under shaking conditions to the exponential phase (2 hours). Cells were harvested
by centrifugation as described and then resuspended in PBS to an OD600 of 2. An equal volume
of PBS or PBS containing 0.1% Triton X-100 was then added, and 100 µl of cells was
introduced into each of eight replicate wells in a 96-well microtiter plate. The OD600 was
monitored every 10 minutes for 1.5 hours and every 30 minutes thereafter. The OD600 at each
time point was plotted as a percentage of the starting OD600.

Immunofluorescence. To carry out immunofluorescence assays of S. aureus biofilms, we
adapted a method for visualizing cell surface proteins on planktonic cells (Merino et al., 2009).
Biofilms were grown in six-well plates containing sterile 18x18mm No. 1.5 coverslips (VWR)
for 24 hours. The medium was removed and biofilms immediately fixed with 4% formaldehyde
for 30 minutes at room temperature. Excess fixative was quenched with 50 mM ammonium
chloride for 3 minutes at room temperature. Samples were blocked with 3% BSA in PBS for 45
minutes and were then probed with rabbit primary antibodies diluted 1:200 in PBS. Washes
were carried out in PBS three times for 5 minutes each. To detect antibody binding, samples
were exposed to goat anti-rabbit IgG conjugated to Alexa Fluor 488 dye (Life Technologies)
diluted 1:1000 in PBS and chromosomal DNA was stained with DAPI (7.5 µg/ml final
concentration). Washes were carried out in PBS three times for 5 minutes each. Coverslips were
removed from the wells and mounted with VECTASHIELD (Vector Labs) on glass slides.
Localization of cytoplasmic GFP was determined by constructing HG003 Δspa carrying pCM29
(Pang et al., 2010). Protein A localization on the cell surface was visualized by carrying out
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immunofluorescence using wild type cells and utilizing the ability of protein A to bind nonspecifically to rabbit antibodies (Lindmark et al., 1983). Biofilms were visualized by confocal
laser scanning microscopy on a Zeiss LSM 700 microscope fitted with a 63X oil objective.
Alexa Fluor 488 was excited with a 488-nm laser and DAPI with a 405-nm laser. Images were
processed and analyzed using ZEN lite 2012 (Blue edition; Zeiss).

Construction of gene-HaloTag fusions at native loci. Replacement of the eno and gapA genes,
at their native loci in the genome, with copies of the respective ORFs fused to a sequence
encoding the HaloTag (Promega) was carried out using primers (Shown in Tables A3 and A4)
designed to remove the native stop codon of each gene (SAOUHSC_00795 (gapA) and
SAOUHSC_00799 (eno)) and to fuse the HaloTag gene in frame, with a short linker between the
two proteins. The HaloTag gene was amplified from pTMN1012 (a kind gift from Thomas
Norman, Harvard University), using primers LF099F and LF099R. The resulting constructs
were introduced into HG003 by homologous recombination as described. Subsequently, to allow
the use of these strains for immunofluorescence, the spa gene was deleted by homologous
recombination using construct pLF048.
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APPENDIX B
An Electrostatic Net Model for the Role of Extracellular DNA in Biofilm Formation by
Staphylococcus aureus

The work presented in this chapter was done in collaboration with Vanina Dengler and Lucy
Foulston and has been published:
Dengler V., Foulston L., DeFrancesco A.S., Losick, R. (2015) An Electrostatic Net Model for
the Role of Extracellular DNA in Biofilm Formation by Staphylococcus aureus. Journal of
Bacteriology 197(24).
My principal contributions to this work were the quantification of eDNA release before and after
washing in response to proteinase K or DNase I treatment (Figure B5C), establishing that
resuspension at low or high pH did not lead to alterations in viable cell counts (Figure B6),
zymograms of autolysin mutants (Figure B8), construction of a ∆aaa∆atl double mutant strain,
and quantification of eDNA and biofilm formation of various mutant strains (Figure B9).

B1 Abstract
Staphylococcus aureus is an important human pathogen that can form biofilms on various
surfaces. These cell communities are protected from the environment by a self-produced
extracellular matrix composed of proteins, DNA, and polysaccharide. The exact compositions
and roles of the different components are not fully understood. In this study, we investigated the
role of extracellular DNA (eDNA) and its interaction with the recently identified cytoplasmic
proteins that have a moonlighting role in the biofilm matrix. These matrix proteins associate
with the cell surface upon the drop in pH that naturally occurs during biofilm formation, and we
found here that this association is independent of eDNA. Conversely, the association of eDNA
with the matrix was dependent on matrix proteins. Both proteinase and DNase treatments
severely reduced clumping of resuspended biofilms; highlighting the importance of both proteins
and eDNA in connecting cells together. By adding an excess of exogenous DNA to DNasetreated biofilm, clumping was partially restored, confirming the crucial role of eDNA in the
interconnection of cells. On the basis of our results, we propose that eDNA acts as an
electrostatic net, interconnecting cells surrounded by positively charged matrix proteins at a low
pH.

B2 Importance
Extracellular DNA (eDNA) is an important component of the biofilm matrix of diverse
bacteria, but its role in biofilm formation is not well understood. Here we report that
in Staphylococcus aureus, eDNA associates with cells in a manner that depends on matrix
proteins and that eDNA is required to link cells together in the biofilm. These results confirm
previous studies that showed that eDNA is an important component of the S. aureus biofilm
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matrix and also suggest that eDNA acts as an electrostatic net that tethers cells together via the
proteinaceous layer of the biofilm matrix.

B3 Introduction
Biofilms are communities of cells attached to surfaces and held together by a selfproduced extracellular matrix. The matrix is variously composed of extracellular DNA (eDNA),
protein, and polysaccharide, depending on the bacterial species. Cells in the biofilm state have
increased protection against desiccation and harmful substances, including antibiotics and the
host immune response (Flemming & Wingender, 2010; Joo & Otto, 2012). Biofilms can attach
to diverse surfaces, including, in the case of certain pathogens, implanted medical devices,
resulting in major health problems. Staphylococcus aureus is one of the most frequent causes of
both hospital- and community-associated infections. S. aureus forms biofilms mainly on medical
devices and in chronic wound infections, where the ability to form matrix-protected communities
is an important virulence determinant (Otto 2008; McCarthy et al., 2015). Even though there has
been extensive research on biofilms of S. aureus, the exact roles of polysaccharide, protein, and
eDNA components of the matrix remain incompletely understood.
The polysaccharide component of the S. aureus matrix is known as polysaccharide
intercellular adhesin (PIA). PIA is a polymer of N-acetylglucosamine and is produced by
enzymes encoded within the ica operon (Götz, 2002). PIA was initially thought to be crucial for
biofilm formation (Cramton et al., 1999), but studies have shown that S. aureus is able to
form ica-independent biofilms (Beenken et al., 2004; Fitzpatrick et al., 2005; O’Neill et al.,
2007), and the importance of PIA seems to be strain and/or condition dependent (reviewed in
McCarthy et al., 2015). In the current model, two types of S. aureus biofilms exist, ica-
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dependent, proteinase K-resistant biofilms and ica-independent, proteinase K-sensitive biofilms.
Various studies have shown that methicillin-sensitive strains form predominantly ica-dependent
biofilms while methicillin resistant strains form ica-independent biofilms (McCarthy et al.,
2015). Biofilm formation by the principal S. aureus strain used in the present study (HG003, an
NCTC8325 derivative that is agr+ tcaR+ rsbU+ [Herbert et al., 2010]) was unimpaired by the
deletion of the ica operon, and therefore it is of the ica-independent, proteinase K-sensitive
biofilm type (Foulston et al., 2014).
An extracellular protein component of the matrix was found to be essential for biofilm
formation by strain HG003 and was found to be composed of cytoplasmic proteins predicted to
have a moonlighting role in biofilm formation (Foulston et al., 2014). This is in contrast to the
dedicated matrix proteins of other bacteria, such as TasA of Bacillus subtilis and curli
of Escherichia coli (López et al., 2010). Moonlighting proteins, such as GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and enolase, associate with cells in biofilms upon a
drop in pH caused by acidic by-products of fermentation (Foulston et al., 2014). The interaction
was nonspecific and reversible, as proteins could be dissociated from cells by increasing the pH
and the heterologous protein green fluorescent protein was also able to associate with cells in the
matrix (Foulston et al., 2014). In addition to moonlighting proteins, there are various cell surface
proteins that have been shown to play important roles in biofilm formation by S. aureus
(reviewed in Speziale et al., 2014 and Foster et al., 2014).
The role of the third biofilm matrix component, eDNA, was first recognized by
Whitchurch et al. In a seminal study of its contribution to biofilm formation by Pseudomonas
aeruginosa (Whitchurch et al., 2002). Subsequent studies showed that eDNA plays an important
role in S. aureus biofilm formation, especially in the formation of ica-independent biofilms (Rice
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et al., 2007; Izano et al., 2008; Houston et al., 2011). DNase I treatment was even suggested as a
therapeutic agent for S. aureus infections, as it is already used in cystic fibrosis patients
(Okshevsky et al., 2015). The importance of eDNA was initially thought to be relevant mainly
for the initial adhesion of cells to the surface and early biofilm development (Houston et al.,
2011; Qin et al., 2007). More recent studies have shown that eDNA is important in later stages
of biofilm development and that DNase I treatment can dissolve mature biofilms (Izano et al.,
2008; Mann et al., 2009; Kaplan et al., 2012; Moormeier et al., 2014). The mechanism of eDNA
release in S. aureus is unknown, though it has been reported to be dependent on autolysins and
the holin/antiholin system cidA/lrgA (Rice et al., 2007; Mann et al., 2009; Bose et al., 2012),
pointing to lysis as a likely mechanism. The level of eDNA in the matrix is affected by the
staphylococcal nuclease Nuc, whose production is affected by the staphylococcal accessory
regulator SarA (Mann et al., 2009; Tsang et al., 2008; Kiedrowski et al., 2011).
Knowledge about the structural role and interaction of the eDNA, proteins, and
polysaccharide components in the S. aureus biofilm matrix is limited. A previous study showed
that beta-toxin binds to eDNA and the beta-toxin–eDNA interconnection acts as a skeletal
framework of biofilms (Huseby et al., 2010). This structure, however, applies to only a subset
of S. aureus strains, since many biofilm-forming strains, including the strain used in this study,
lack the beta-toxin because of the presence of a bacteriophage inserted within the beta-toxinencoding hlb gene. If there are other eDNA-binding proteins in S. aureus, as was observed for
the DNABII family of proteins in E. coli (Goodman et al., 2011), they remain to be identified.
Even though the importance of eDNA for S. aureus biofilm formation is well established, the
structural role of eDNA remains elusive, and if and how eDNA interacts with the recently
identified moonlighting proteins has not been investigated. The association of these matrix
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proteins with cells is dependent on a drop in pH. This pH drop is expected to lead to a positive
net charge on extracellular proteins, which, in turn, is predicted to drive their interaction with the
overall negatively charged cell surface (Foulston et al., 2014).
In this study, we explored the interaction of moonlighting proteins and eDNA in the
matrix and the role of eDNA in biofilm formation. We showed that eDNA plays little or no role
in the association of moonlighting proteins with the cell surface, supporting the model of a direct
interaction of these proteins with the cell surface. In contrast, we found that the degradation or
release of matrix proteins releases eDNA from the cell surface, indicating that the cell
association of eDNA depends on the presence of the matrix proteins. Furthermore, we showed
that eDNA helps to hold cells together in the biofilm and does so in a manner that partially
depends on matrix proteins; clumping of biofilm cells was reduced by treatment with DNase I or
proteinase K. Moreover, adding excess DNA to the medium partially prevented the effect of
DNase I treatment but had no effect on proteinase K-treated biofilms. These and other findings
have led us to propose that eDNA acts as a net that interconnects cells in the biofilm via
electrostatic interactions with positively charged cell-associated proteins in the matrix at a low
pH. Our electrostatic net model could provide a general explanation for the role of eDNA in
biofilm formation by Gram-negative, as well as Gram-positive, bacteria.

RESULTS
B4 eDNA is not required for cell association of matrix proteins
The association of matrix proteins with cells is reversibly determined by the pH of the
medium (Foulston et al., 2014). Matrix proteins associate with the cells upon a naturally
occurring drop in pH during biofilm formation, and they can be released from cells if biofilms
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are resuspended at a higher pH but remain cell associated when resuspended at a low pH
(Foulston et al., 2014). We began by asking whether this association of matrix proteins with
cells is dependent on eDNA. Accordingly, strain HG003 was grown in the presence or absence
of DNase I under biofilm-inducing conditions in the wells of a microtiter dish, and surfaceattached cells were then resuspended in PBS buffer at pH 5 or 7.5. Next, we tested for the pHdependent release of matrix proteins by collecting cells by centrifugation and subjecting
concentrated proteins from the supernatant fluid to SDS-PAGE. As expected, proteins were
released from untreated biofilm cells at pH 7.5 but not at pH 5 (Figure B1A, lanes 2 and 3).
Treatment with DNase I throughout biofilm formation had little or no effect on the pH-dependent
release of matrix proteins (Figure B1A, lanes 4 and 5), even though it severely impaired biofilm
formation, as we show below and as reported previously (Foulston et al., 2014). As a control,
total cell lysates of the corresponding pelleted cells showed that comparable amounts of cell
material were used (Figure B1B). The same result was obtained with the more robust nuclease
Benzonase, which is active at 4°C, allowing degradation of the eDNA after resuspension of the
biofilm rather than during biofilm growth. Benzonase was added to mature biofilms after 24
hours of growth that had been resuspended in PBS at pH 5 or 7.5. After a 1-hour incubation at
4°C, there was similarly no effect on the pH-dependent release of matrix proteins, despite the
absence of detectable DNA in the samples (Figure B2 and data not shown). Taken together,
these results indicate that degradation of eDNA at a low pH does not induce the release of cell
surface-associated matrix proteins, as would be expected if eDNA were important for
maintaining this interaction.
To ensure that these results were not specific to strain HG003, we tested four other
S. aureus strains, namely, RN4220, Newman, MN8, and UAMS-1. These strains were grown in
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Figure B1. SDS-PAGE of matrix proteins released from biofilm cells and corresponding cell
lysates. (A) Untreated and DNase I-treated biofilms were resuspended and incubated in PBS at
pH 5 or 7.5, and cells were removed by centrifugation and filtration. Proteins in the resulting
supernatant were concentrated by TCA precipitation and separated by SDS-PAGE. (B)
Pelleted cells from biofilms resuspended in PBS at pHs 5 and 7.5 were lysed with zirconium
beads, and whole-cell lysates were separated by SDS-PAGE. Molecular size markers are
shown on the left.
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Figure B2. SDS-PAGE of matrix proteins released from biofilms cells. Biofilms were resuspended after 24 hours of growth in PBS pH 5 or pH 7.5, with and without addition of Benzonase followed by incubation for 1 hour at 4°C. The cells were then removed by centrifugation
and filtration. Proteins in the resulting supernatant were concentrated by TCA precipitation and
separated on an SDS-PAGE gel. Size markers are shown on the left in kDa.
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the presence or absence of DNase I for 24 hours, and then the biofilms were resuspended at a
low pH of 5 or a high pH of 7.5. Despite differences in the amounts and patterns of matrix
proteins observed in these strains (as reported previously [Foulston et al., 2014]), the effect of
eDNA degradation on pH-dependent matrix protein release was the same as that seen for strain
HG003 (Figure B3). We conclude that the cell association of matrix proteins at a low pH is not
dependent on the presence of eDNA in various S. aureus strains.
As an independent approach to assessing the role of eDNA in the cell association of
matrix proteins, we used immunofluorescence microscopy of HG003 biofilm cells to visualize
the cell surface association of an abundant matrix protein, the moonlighting protein GAPDH
(Foulston et al., 2014). Cells were visualized by DAPI staining (blue) and GAPDH with
GAPDH-specific antibodies and an Alexa Fluor 488-conjugated secondary antibody (green)
(Figure B4). As previously observed, GAPDH was seen surrounding the biofilm cells (Figure
B4, top) (Foulston et al., 2014). As expected, fluorescence corresponding to GAPDH
disappeared upon proteinase K treatment during biofilm growth (Figure B4, lower left) but not
when the biofilms were grown in the presence of DNase I (Figure B4, lower right). In sum, the
results in Figures B1 through B4 indicate that the interaction of matrix proteins with the cell
surface is independent of eDNA.

B5 Degradation of matrix proteins or their release by raising the pH liberates eDNA
Next, we investigated the converse, that is, whether matrix proteins are responsible for
the cell association of eDNA. To address this, we analyzed the effect of removing proteins from
the cell surface on the interaction of eDNA with the biofilm matrix. Suspensions of biofilm cells
grown with or without proteinase K were centrifuged to pellet cells, and the supernatant was
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Figure B3. SDS-PAGE of matrix proteins released from biofilms cells and corresponding cell
lysates of four different S. aureus strains. Untreated (Untr) and DNase I-treated biofilms were
resuspended and incubated in PBS pH 5 or pH 7.5 and cell were removed by centrifugation and
filtration. Proteins released from the resuspended biofilms were concentrated by TCA precipitations and separated on a SDS-PAGE (Matrix extract). Pelleted cells from biofilms resuspended at pH 5 and pH 7.5 were lysed with zirconium beads and whole cell lysates were separated
by SDS-PAGE (Lysates). Size markers are shown on the left in kDa.
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Figure B4. Immunofluorescence microscopy of GAPDH in fixed biofilms. Untreated and
proteinase K- or DNase I-treated biofilms were fixed and probed with a primary anti-GAPDH
antibody and a secondary anti-rabbit antibody conjugated to Alexa Fluor 488 (green), and cell
nuclei were strained with DAPI blue . Si e bars, 10 μm.
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filtered to remove any remaining intact cells. The concentration of DNA in the supernatants was
then determined by qPCR with primers targeting the housekeeping gene for gyrase A (gyrA).
Proteinase K treatment during biofilm formation led to a concentration of DNA in the
supernatant >10-fold greater than that in untreated biofilms (Figure B5A). DNase I-treated
biofilms were included as a control. As expected, treatment with DNase I almost completely
eliminated eDNA, reducing the concentration from about 0.22 ± 0.17 to 0.01 ± 0.006 ng µl−1, a
value close to the detection limit.
As an independent approach, we investigated the effect of increasing the pH of
resuspended biofilms on the eDNA concentration. Suspension of biofilms at a high pH (PBS at
pH 7.5), which results in the release of matrix proteins (Figure B1) (Foulston et al., 2014), led to
a >3-fold higher eDNA concentration in the supernatant than when cells had been suspended at a
low pH (PBS at pH 5) (Figure B5B). Comparable results were obtained when the qPCR was
carried out with primers targeting another housekeeping gene, leuA, the gene for 2isopropylmalate synthase (data not shown). There was no difference observed in the OD600 of
the suspension of cells at pHs 5 and 7.5, suggesting that the increase in eDNA was not due to
increased cell lysis at pH 7.5 (data not shown). This is consistent with our results from plating
for CFU counting (Figure B6), which revealed no reduction in the CFU count when cells were
resuspended at pH 7.5. These findings are in keeping with earlier results indicating that cell lysis
at pH 7.5 is not responsible for the release of biofilm matrix proteins (Foulston et al., 2014).
To further investigate the role of matrix proteins in the cell association of eDNA, we
carried out an experiment that examined the effect of washing to remove unbound or loosely
bound eDNA prior to cell resuspension at a high pH. Upon resuspension at pH 7.5, both
untreated and proteinase K-treated cells that had not been washed released comparable amounts
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Figure B5. Quantification of eDNA by qPCR. (A) Quantification of eDNA in untreated and
proteinase K- or DNase I- treated biofilms by qPCR. eDNA was quantified in biofilm medium
supernatant (pH approximately 4.5 to 5) following resuspension after remaining cells were
removed by filtration. (B) Quantification of eDNA release upon suspension of biofilms in PBS
at pH 5 or 7.5. (C) Quantification of eDNA release of untreated and DNase I- or proteinase Ktreated biofilms upon suspension in PBS at pH 7.5 with or without washing. The amount of
eDNA measured was normalized to that in unwashed, untreated cells. For panels B and C,
eDNA was quantified after biofilms were resuspended in PBS and cells were removed by
centrifugation and filtration. For all experiments, primers for the gene for gyrase A (gyrA)
were used and dilutions of genomic S. aureus DNA were included to calculate absolute DNA
concentrations. Average values and standard deviations of at least three independent experiments with three biological and three technical replicates are shown. Significant differences
, P ≤ 0.001.
were calculated with Student s t test. Not significant ns , P ≤ 0.05 , P ≤ 0.05
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Figure B6. Colony forming units of cells resuspended at different pH values. Biofilms grown
for 24 hours were resuspended in various conditions and plated for colony forming units
(CFUs). Cells were resuspended in conditioned growth medium (that which the biofilm was
formed in), or PBS at pH 5 or pH 7.5. Those cells were then plated for growth, with dilutions
performed in TSB pH 7.5 (black bars) or in PBS of the same pH as used for resuspension
(diagonal striped bars). In order to allow greater cell separation and to ensure more accurate
plating, proteinase K was also added to the resuspension in PBS and these cells were then
plated for growth, with dilutions performed in TSB pH 7.5 (grey bars).
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of eDNA into the supernatant. However, if resuspension was preceded by washing, then the
amount of eDNA in the supernatant was significantly lower with proteinase K-treated cells than
with cells that had not been treated with proteinase K (Figure B5C). This observation fits with
our model in which a reduction in extracellular protein leads to a reduced affinity of eDNA for
cells in the biofilm. We took advantage of this protocol, as described in the next section, to test
mutants for either defects in the production of eDNA or a reduced affinity for eDNA.
To ensure that the release of eDNA upon the suspension of biofilms at a high pH was not
specific to strain HG003, we tested four other S. aureus strains. With RN4220, MN8, and
UAMS-1, a 6- to 8-fold increase in the eDNA concentration of the supernatant was observed
when biofilms were resuspended at pH 7.5 versus at pH 5 (Figure B7). S. aureus strain Newman
overall showed a much lower eDNA concentration than the other strains; however, Newman
biofilms resuspended at pH 7.5 still displayed higher eDNA levels of 0.2 ± 0.1 ng µl−1 compared
to 0.01 ± 0.01 ng µl−1 at pH 5 (Figure B7). Again, there was no difference in OD observed for
cell resuspension in PBS at pHs 5 and 7.5 (data not shown). Taken together, these results
suggest that the interaction of eDNA with the biofilm matrix is at least partially dependent on the
association of matrix proteins with the cell surface.

B6 eDNA abundance depends in part on the master regulator SarA
We constructed mutants lacking several genes reported to play a role in eDNA
production in S. aureus. These were the genes for the autolysins Atl and Aaa, the holin-like
protein CidA, the antiholin-like protein LrgAB, and the master regulator SarA (Rice et al., 2007;
Mann et al., 2009; Bose et al., 2012; Tsang et al. 2008; Heilmann et al., 2005). Atl and Aaa
appear to be responsible for most of the autolytic activity in HG003 based on zymogram analysis
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Figure B7. Quantification of eDNA release of different S. aureus strains upon resuspension of
biofilms in PBS pH 5 or pH 7.5. Extracellular DNA was quantified in biofilms resuspended in
PBS pH 5 (white) or pH 7.5 (black) of four different S. aureus strains after cells were removed
by centrifugation and filtration. Primers for gyrase A (gyrA) were used and dilutions of
genomic DNA were included to calculate absolute DNA concentrations. Averages of at least
three independent experiments with three biological and three technical replicates with standard deviations are shown. Significant differences were calculated using Student s t-test. P ≤
0.05: , P ≤ 0.01: , P ≤ 0.001:
, P ≤ 0.0001:
.
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of the single and double mutants (Figure B8). eDNA release from these mutants was quantified
by qPCR after washing (Figure B9A). We observed a slight increase in eDNA release by the
ΔlrgAB mutant, as previously reported (Mann et al., 2009). However, we did not see a reduction
of eDNA in the ΔcidA or Δaaa mutant. There was a small reduction of eDNA in the
Δatl mutant; however, this was not accompanied by a reduction in biofilm formation (Figure
B9B). The ΔatlΔaaa double mutant displayed reduced eDNA and biofilm formation, but this
could be acounted for by somewhat impaired growth. The only mutant that exhibited a marked
reduction in eDNA was the ΔsarA mutant, which also was the most reduced in biofilm formation
(Figure B9).

B7 Cell clumping depends on eDNA
Cells in the biofilm are connected to each other in a manner that depends on the protein
matrix. This could be seen when cells in the biofilm were resuspended in buffer. Microscopy
showed that cells were grouped together in clumps when the cells were resuspended in buffer at
pH 5, the pH observed at 24 hours in biofilm-inducing medium, but much less so when the cells
were resuspended at pH 7.5 (Foulston et al., 2014). We observed a similar reduction in clumping
when the cells in biofilms were treated with proteinase K but resuspended at pH 5, suggesting a
matrix protein dependency of clumping (Figure B10A). We wondered whether treatment with
DNase I would similarly reduce clumping, and this was indeed the case (Figure B10A). As a
control, no effect of RNase treatment of biofilms was seen (Figure B10A).
Next, we investigated whether exogenously added DNA would rescue the decreased
clumping of biofilm cells that had been resuspended after DNase I treatment. For this, we added
an excess of S. aureus genomic DNA or salmon sperm DNA to a final concentration of 24 µg
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Figure B8. Zymograms of autolysin mutants. These zymograms were performed using SDS
extracts from the indicated mutant strains. (A) S. aureus or (B) M. luteus was used as the
substrate.
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Figure B10. Microscopic images of clumping of resuspended cells from untreated biofilm and
biofilms treated with DNase I, proteinase K, or RNase plus the effect of addition of exogenous
DNA to DNase I- and proteinase K-treated biofilms. (A) Phase-contrast microscopy images of
biofilm cells, resuspended in growth medium, from untreated biofilms and biofilms treated
with DNase I, proteinase K, or RNase. (B) Phase-contrast microscopy images of biofilm cells,
resuspended in growth medium, from biofilms treated with DNase I or proteinase K, with
subsequent addition of exogenous DNA from S. aureus SA or salmon sperm Sal at 24 μg
ml-1.
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ml−1 to biofilms treated with DNase I. We observed an increase in the clumping of resuspended
biofilm after 1 hour of incubation with excess DNA from both sources (Figure B10B).
Exogenous DNA addition did not restore the clumping of cells from proteinase K-treated
biofilms, as we expected (Figure B10B).
The microscopy results were quantified in Figure B11, confirming the results shown in
Figure B10. Clump sizes from 20 randomly picked microscopy fields per condition and
experiment were averaged, and percentages of the total cells per size category are shown. For
untreated biofilms, 64% ± 2% of the cells were clustered in groups of >20 (Figure B11).
Suspension of biofilms treated with DNase I or proteinase K showed mainly small clumps of <20
cells and also a larger proportion of single cells, pairs, triples, and quadruples represented as
clumps of 1 to 4 cells than untreated biofilms (Figure B11). The proportion of clumps composed
of >20 cells was only 5% ± 3% or 12% ± 8% in resuspended biofilms treated with DNase I or
proteinase K, respectively (Figure B11). Quantification showed no decrease in RNase-treated
biofilms compared to untreated biofilms (Figure B11). Exogenously added DNA could partially
rescue the decreased clumping of DNase I-treated resuspended biofilm cells. The percentage of
clumps composed of >20 cells increased from 5% ± 3% to 43% ± 12% or 45% ± 21% with
salmon sperm DNA or S. aureus DNA, respectively (Figure B11). Exogenous DNA addition did
not restore the clumping of cells from proteinase K-treated biofilms, as we expected (15% ±
10%) (Figure B11). These results indicate that clumping depends on both eDNA and matrix
proteins.
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Figure B11. Quantification of clump sizes from phase-contrast microscopy images of untreated biofilms and biofilms treated with DNase I, proteinase K, or RNase plus the effect of addition of DNA (DNA from S. aureus SA or salmon sperm Sal at 24 μg ml-1) after DNase I and
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clumps of >20 cells were detected in untreated biofilms than in proteinase K- or DNase I-treated biofilms, as well as in DNase I-treated samples with added DNA (Sal or SA) versus only
DNase I-treated biofilms. Significant differences were calculated with Student s t test. , P ≤
0.05
, P ≤ 0.001
, P ≤ 0.0001.
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B8 Biofilms become progressively less sensitive to protease and more sensitive to DNase
with time.
Finally, we asked when DNA and proteins are recruited into the matrix during biofilm
formation. To investigate this, we analyzed sensitivity to DNase I and proteinase K treatment
throughout biofilm formation by using a 96-well plate static biofilm assay and by quantifying the
biomass by OD measurements after 24 hours of growth at 37°C. The medium was removed
from each well, the biofilms were washed twice with PBS (pH 7.5), and finally the biofilm was
resuspended in PBS (pH 7.5). Figure B12 shows the distribution of biomass as represented by
the OD600s of the resuspended washed biofilm, the two combined PBS washes, and the medium.
Addition of proteinase K at inoculation or after 7 hours of incubation had a more pronounced
effect than its addition to a mature biofilm at 23 hours. A contrasting pattern was seen with
DNase I treatment; biofilms became modestly but progressively more sensitive to DNase I with
time. As a control, adding the same volume of sterile H2O at different times had no measurable
effect on biofilm formation. These results indicate that biofilms become less sensitive to
proteinase K and more sensitive to DNase I with time.
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Figure B12. Quantitative assays of biofilms undergoing different treatments at different time
points. Proteinase K, DNase I, or water was added to biofilms at inoculation (bars 0), after 7
hours of incubation (bars 7), or after 23 hours of incubation (bars 23). The OD600s of the
washed resuspended biofilm, the two combined PBS washes, and the growth medium were
measured after 24 hours of incubation.
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B9 Discussion
The principal contribution of this investigation is evidence that eDNA serves as an
electrostatic net that links cells together in the S. aureus biofilm. In a previous study, we
discovered that cytoplasmic proteins play a moonlighting role in the matrix, where they associate
with cells upon a drop in pH (Foulston et al., 2014). The drop in pH (to about 5) is caused by
acidic by-products of fermentation in biofilms grown in glucose-containing medium. The
moonlighting proteins are expected to be positively charged at this pH, raising the possibility that
they interact with the negatively charged surface of the cells, as well as with negatively charged
eDNA. Thus, the moonlighting proteins would serve as a bridge between the cells and the DNA.
In agreement with these expectations, we found that the cell association of the moonlighting
proteins was independent of the presence of eDNA, as proteins remained cell associated upon
DNase I treatment (Figures B1 and B4). Conversely, however, the eDNA content of the matrix
was at least partially dependent on protein since both degradation by proteinase K and release of
proteins caused by an increase in the pH led to the release of eDNA (Figures B5A and B5B).
Most directly, microscopy experiments showed that the clumping of cells in the biofilm
depended on both protein and eDNA (Figures B10 and B11). Treatment with proteinase K or
DNase I (but not RNase) disrupted clumping, whereas addition of exogenous DNA, either
S. aureus DNA or heterologous DNA, after DNase I treatment restored clumping. Also in
agreement with our model were results showing that the integrity of the biofilm remained
sensitive to DNase I for the entire period of biofilm formation; indeed, maximal sensitivity was
seen at 23 hours. Conversely, proteinase K sensitivity decreased with time (Figure B12).
Therefore, it is tempting to propose that matrix proteins become increasingly more protected by
the eDNA with time. Our observations of continuing DNase sensitivity are in agreement with
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earlier reports that mature biofilms are susceptible to nuclease treatment (Izano et al., 2008;
Mann et al., 2009; Kaplan et al., 2012). eDNA was initially thought to be chiefly important in
the adhesion of cells to surfaces (Rice et al., 2007; Houston et al., 2011; Qin et al., 2007), but
recently it has been proposed to be unimportant for early biofilm development (Moormeier et al.,
2014). Our findings indicate that one function, or even the principal function, of eDNA is to
tether cells to each other in the biofilm.
What remains uncertain is how cytoplasmic moonlighting proteins and eDNA are
released from cells. It seems most reasonable to assume that this occurs from the lysis of a
subpopulation of cells. Cell lysis in S. aureus biofilms was reported to be dependent on both
autolysins and the holin/antiholin-like proteins CidA/LrgA (Rice et al., 2007; Houst on et al.,
2011; Mann et al., 2009; Bose et al., 2012; Ranjit et al., 2011). In our experiments, however,
biofilm formation by HG003 was not impaired in mutants with cidA, lrgAB, or the major
autolysin genes atl and aaa deleted (Figure B9B), despite a slight reduction in eDNA in the case
of the Δatl mutant (Figure B9A). We observed the greatest reduction of eDNA and biofilm in a
ΔsarA mutant (Figure B9); however, this mutant is known to overproduce nuclease (Tsang et al.,
2008; Beenken et al., 2010), which could lead to the observed reduction in measured eDNA.
This suggests that other, undiscovered, factors might be involved in cell lysis and eDNA release
during biofilm formation. The mechanism of eDNA release into biofilms differs between
species, and both lysis-dependent and lysis-independent mechanisms have been reported. Lysisindependent eDNA release was suggested for Enterococcus faecalis (Barnes et al., 2012), for B.
subtilis via the early competence pathway (Zafra et al., 2012), and for Neisseria gonorrhoeae via
the type IV secretion system (Zweig et al., 2014; reviewed in Jakubovics et al., 2013). More
investigation is required to reveal the mechanism of eDNA release in S. aureus strain HG003.
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In addition to eDNA and proteins, S. aureus biofilms can contain PIA, a polymer of Nacetylglucosamine that is produced by enzymes encoded by the ica operon. S. aureus forms two
types of biofilms, ica-dependent and ica-independent biofilms, and various studies have shown
that methicillin-sensitive strains form predominantly the ica-dependent type while methicillinresistant strains form the ica-independent type (recently reviewed in McCarthy et al., 2015). The
principal strain used in our studies, HG003, forms ica-independent biofilms, as deletion of
the ica operon did not impair biofilm formation (Foulston et al., 2014). Previous studies
suggested an electrostatic interaction of net positively charged PIA with the negatively charged
cell surface (Otto 2008; Campoccia et al., 2011). Therefore, it can be speculated that in icaindependent biofilms, positively charged PIA could be replaced with positively charged
moonlighting proteins at a low pH. We note, however, that laboratory strain MN8 forms icadependent biofilms (Jefferson et al., 2003) but still behaved similarly to HG003 under our
glucose-induced biofilm formation conditions; proteins were released from the biofilm at a high
pH, and eDNA association with the matrix was protein dependent (Figures B3 and B7). This
suggests that even in an ica-dependent biofilm, moonlighting proteins contribute at least partially
to the association of eDNA with the biofilm matrix.
Whereas some bacteria depend on dedicated protein and polysaccharide matrix
components to form a biofilm (López et al., 2010), our studies indicate that the S. aureus matrix
is derived principally from cytoplasmic proteins and DNA. This means that S. aureus can
incorporate heterologous components into its matrix from an exogenous source. For example,
we showed in earlier work that green fluorescent protein can be incorporated into the matrix
(Foulston et al., 2014) and our present investigation showed that salmon sperm DNA can restore
cell clumping to DNase I-treated cells (Figures B10 and B11). This means that S. aureus and
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other bacteria that rely on moonlighting proteins and eDNA might be particularly well suited to
the formation of mixed-species biofilms. Indeed, such bacteria might be able to incorporate
proteins and DNA from other bacteria or fungi in mixed-species consortia.

B10 Materials and Methods
Strains and growth conditions. The S. aureus strains used in this study are listed in Table
B1. S. aureus was grown in tryptic soy broth (TSB; EMD Millipore) and on LB agar (BD) at
37°C. For biofilm formation assays, overnight cultures grown in TSB were diluted 1:1,000 into
fresh TSB with 0.5% glucose (biofilm inoculum) and grown statically for 24 hours at 37°C. For
biofilm treatment, proteinase K (Omega Bio-Tek) at 0.1 mg ml−1, DNase I (Roche) at 10 U ml−1,
Benzonase (Sigma) at 25 U ml−1, and RNase (Roche) at 0.02 mg ml−1 were used. DNA from
salmon sperm (Life Technologies) or purified genomic DNA from S. aureus was used at 24 µg
ml−1. E. coli DH5α and Micrococcus luteus were grown in LB broth and on LB agar (BD).
Where appropriate, S. aureus was selected on 3 µg ml−1 tetracycline and E. coli was selected on
50 µg ml−1 ampicillin.

Strain construction. Construction of unmarked deletion mutants of HG003 was performed as
described previously (Foulston et al., 2014). Briefly, regions approximately 1 kb in size flanking
the deletion site were amplified from HG003 by PCR (for the construct numbers and primers, see
Tables B2 and B3) and introduced by Gibson assembly (Gibson et al., 2009) into the pKFT
vector (Kato & Sugai, 2011) cut with EcoRI and BamHI. These were transformed into
E. coli DH5α and selected for growth on ampicillin. Correct constructs were confirmed and
transformed by electroporation into S. aureus RN4220 and selected on tetracycline at 30°C.
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Table B1: Strains used in this study
Name
HG003
LCF78
RN4220
Newman
UAMS-1
MN8
LCF72
LCF71
LCF90
LCF73
LCF91

Strain Background Genotype/Description
NCTC 8325 (RN1) agr + tcaR + rsbU+
HG003
spa
Restriction-deficient derivative of NCTC 8325-4,
NCTC8325-4
agr- tcaR - rsbU -, cured of three prophages
Newman
saeRS constitutive, fnbABUAMS-1
sarT ! sarU! hla !
MN8
Clinical isolate, PIA producer
HG003
lrgAB
HG003
cidA
HG003
aaa
HG003
atl
HG003
aaa atl
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Reference
Herbert et al., 2010
Foulston et al., 2014
Kreiswirth et al., 1983
Duthie & Lorenz, 1952
Gillaspy et al., 1995
Maira-Litrán et al., 2002
This study
This study
This study
This study
This study

Table B2: Constructs used to generate unmarked mutant strains
Strain

LCF72

LCF71

LCF90

LCF73

LCF91

LCF48

Primers
Primers
Primers
Background Mutation/
Construct (upstream (downstream (confirmation
Strain
Insertion
of construct)
flank)
flank)
LF019F,
LF085_1, LF085_3,
HG003
LF019R,
lrgAB
pLF042
LF085_2
LF085_4
LF085_7
LF019F
LF084_1, LF084_3,
LF019R
HG003
cidA
pLF041
LF084_2
LF084_4
LF084_7
LF019F
LF106_1, LF106_3,
LF019R
HG003
aaa
pLF055
LF106_2
LF106_4
LF0106_7
LF019F
LF086_1, LF086_3,
LF019R
HG003
atl
pLF043
LF086_2
LF086_4
LF080F
introduced
HG003
aaa atl
aaa into as for aaa as for aaa
as for aaa
atl strain
LF019F
LF041F
LF042F
LF019R
sarA
pLF020
HG003
LF041R
LF042R
LF044F
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Primers
(confirmation of
mutation in genome)
LF085_5, LF085_6

LF084_5, LF084_6

LF0106_5, LF0106_6

LF086_5, LF086_6

as for aaa and atl

LF043F, LF043R

Table B3: Primers used to generate deletion strains
Primer
LF019F
LF019R
LF080F
LF084_1
LF084_2
LF084_3
LF084_4
LF084_5
LF084_6
LF084_7
LF085_1
LF085_2
LF085_3
LF085_4
LF085_5
LF085_6
LF085_7
LF086_1
LF086_2
LF086_3
LF086_4
LF086_5
LF086_6
LF106_1
LF106_2
LF106_3
LF106_4
LF106_5
LF106_6
LF106_7
LF041F
LF041R
LF042F
LF042R
LF043F
LF043R
LF044F

Sequence
GGGGATGTGCTGCAAGGCGA
GGCAGTGAGCGCAACGCAAT
CGCACGGATATCACATCTGAACAGC
ACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTGCTTTCGTTCCAAGTGCTGT
CGCCATGCACAAAGTCCAATTATATGAATGATTACGTGCAAGCCTTATTAATG
CATTAATAAGGCTTGCACGTAATCATTCATATAATTGGACTTTGTGCATGGCG
CAGGAAACAGCTATGACCATGATTACGCCAAGCTTGATATTGAAAATGAAATGGGCACGC
TGTTCATATGCCGTACGAATTGCT
AGTCGTTAAGCAAGGAGGCATGA
CGGCTGTTATAGATCGGGGCA
ACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCACGAATCGAAAGCAAGGTAACGA
TATTATCTTGCTTAGGTTTTTCGTTTTACATTGCCTCCTACGTTTGATTTAACTAAAG
AGTTAAATCAAACGTAGGAGGCAATGTAAAACGAAAAACCTAAGCAAGATAATAGCAA
CAGGAAACAGCTATGACCATGATTACGCCAAGCTTAGCTGTAAGAATGTCTTGGGCTTG
TCGAACAAGCACGTTATCCAGG
ATCGCTGTAATTGCTGATACACTTCA
GTGCGTGCGACTAAAGCCAA
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCGCAAATACTGGGTTAAAAGGATCAAG
AATACGCACAGGTATATAAAACAGGTACTACATGAACATAGGATCAAAAGTCATCCC
GGGATGACTTTTGATCCTATGTTCATGTAGTACCTGTTTTATATACCTGTGCGTATT
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTACGTCAATCATGAGCATCGAGAA
CGATGTTATCTGAAAAACCTGCTCCA
CACACAACAAGCGCCACAAG
GCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTTAGCAGCGTGTGGTGGTAAC
CTTTTCAGCTTGTGAAATGTAATAGGAATTCATTTTTAAAATCCTCCTCTTGCTTAACTTTCCT
AGGAAAGTTAAGCAAGAGGAGGATTTTAAAAATGAATTCCTATTACATTTCACAAGCTGA
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTTAGCTGTAATATTTTCCTCTGGCGT
AGTGAAGATTTTGAAAGGAATTGATAGAATGAAA
GCGACCCCTTTTCCACGATG
AGCTCAAAAAGCGTTGCAGGA
ACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTGTTTGGCCAGATTCTAATGGGCA
TCAAACTTCACCAAATTGCGCTAAACAAAATTTAAAACCTCCCTATTTGATGCATCTTGC
GCAAGATGCATCAAATAGGGAGGTTTTAAA TTTTGTTTAGCGCAATTTGGTGAAGTTTG
ACAGGAAACAGCTATGACCATGATTACGCCAAGCTT ACGATTTAAGAGGTCATGGCAAGTCT
GGCGGTATACTTGGCATGGCT
CTTCATGGATTGGATGGTAATTTAGCTGG
TTTGACTAAACCAAATGCTAACCCAGA
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Plasmids were isolated and transformed by electroporation into HG003, with selection on
tetracycline at 30°C. Single-crossover integrants were induced by growth overnight at 42°C in
the presence of tetracycline. Double-crossover events were promoted by two 24-hour rounds of
growth in TSB at 25°C. Tetracycline sensitive clones were isolated and mutants were identified
by colony PCR. All mutants were confirmed by PCR amplification of the deleted region of the
genome and Sanger sequencing.

Quantitative biofilm assays. Quantitative biofilm assays were performed essentially as
described previously (Foulston et al., 2014). Briefly, 200-µl aliquots of biofilm inoculum were
added to wells of a Nunc MicroWell 96-well plate (no. 167008; Thermo/Fisher Scientific). If
indicated, DNase I and/or proteinase K were added at inoculation or at later time points. After
24 hours of incubation, the medium was removed and biofilms were washed twice with 100 µl of
phosphate-buffered saline (PBS), pH 7.5. The washed biofilms were resuspended in 200 µl of
PBS, pH 7.5. Where indicated, the wash step was not performed. The optical densities at 600
nm (OD600s) of the medium, combined washes, and resuspended biofilms were measured with a
Bio-Tek Synergy II plate reader (BioTek Instruments). Blanks of medium and PBS were
subtracted, and averages and standard deviations were calculated. For Figure B9B, experiments
were performed in triplicate three times, and data from three independent experiments are
shown. For Figure B12, experiments were performed in quadruplicate at least four times, and
data from four independent experiments are shown.

Matrix protein release into PBS. Release of proteins was analyzed as described previously
(Foulston et al., 2014). Briefly, 6-ml aliquots of biofilm inoculum were added to six-well plates
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(Falcon no. 353046 polystyrene tissue culture plates; Corning). Cells were pelleted after 24
hours of growth by centrifugation at 5,500 × g at 4°C for 10 minutes. Untreated biofilms and
biofilms treated with DNase I throughout biofilm formation (addition of DNase I at inoculation,
after 7 hours, and after 23 hours) were gently resuspended in PBS at pH 5 or 7.5 containing a
protease inhibitor (cOmplete Protease Inhibitor Cocktail tablets from Roche), and cells were
rotated at 4°C for 1 hour. For Benzonase experiments, untreated biofilms were grown for 24
hours, pelleted, and then resuspended in PBS at pH 5 or 7.5 containing a protease inhibitor.
Benzonase was then added to half of the samples, and cells were rotated at 4°C for 1 hour. In
both DNase I and Benzonase experiments, cells were removed by centrifugation at 5,500 × g at
4°C for 10 minutes, followed by filtration with a 0.2-µm-pore-size filter, and proteins were
concentrated by trichloroacetic acid (TCA) precipitation. Whole-cell lysates were obtained by
FastPrep (MP Biomedicals) disruption (speed, 6.5; three 40-second steps), followed by
centrifugation at 18,000 × g and 4°C for 15 minutes to pellet cell debris. Proteins released from
biofilm or whole-cell lysate were separated by SDS-PAGE with NuPage 12% acrylamide gels
(Life Technologies) according to the manufacturer's recommendations, and gels were stained
with GelCode Blue Stain reagent (Thermo/Fisher Scientific). Experiments were performed at
least three times, and representative results are shown.

qPCR of eDNA. For eDNA measurements of culture medium and comparison of resuspension
at pH 5 to 7.5 of HG003 and other strains, 1-ml biofilms were grown in 24-well plates (Falcon
no. 353047 polystyrene tissue culture plates; Corning), and for the remaining assays, 200-µl
biofilms were grown in 96-well plates (Nunc MicroWell 96-well plates, no. 167008;
Thermo/Fisher Scientific). Biofilms were resuspended in growth medium for untreated, DNase
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I-treated, or proteinase K-treated wells in Figure B5A. For measurement of resuspended
biofilms at different pHs, the medium supernatant was removed and biofilms were resuspended
in 1 ml of PBS at pH 5 or 7.5. Two hundred microliters was saved for OD600 measurement. For
comparison of unwashed and washed biofilms, biofilms were resuspended in 200 µl of PBS at
pH 7.5 preceded by a wash step or no wash step. For mutant eDNA measurements, biofilms
were washed prior to eDNA harvesting. For 1-ml cultures, cells were removed by centrifugation
at 8,000 × g for 5 minutes and for all cultures, cells were removed by filtration with a 0.2-µmpore-size filter. Filtered samples were diluted 1:10 in distilled water and stored at −20°C.
KAPA SYBR FAST Universal 2× qPCR (quantitative PCR) kit Master Mix (KAPA Biosystems)
was used according to the manufacturer's recommendations. Primers for the housekeeping
genes gyrA (gyrase A; gyrA-F, GCCGTCAGTCTTACCTGCTC; gyrA-R,
AATAACGACACGCACACCAG) and leuA (2-isopropylmalate synthase; leuA-F,
TTTTGATACGACACTAAGAGACGG; leuA-R, GCGTATGTGACATGTTCTTTAATAG)
were used as described previously (Rice et al., 2007). qPCR was performed in a 20-µl reaction
volume in 96-well twin.tec real-time PCR plates (Eppendorf) covered with a Masterclear realtime PCR film (Eppendorf) in a Mastercycler ep realplex (Eppendorf). eDNA concentrations
were calculated by using genomic DNA standards. Three independent experiments were
performed, and per experiment, three biological replicates with three technical replicates were
measured.

Immunofluorescence microscopy of biofilms. Immunofluorescence microscopy was
performed as described previously (Foulston et al., 2014). HG003 Δspa (LCF78) was grown
under biofilm-forming conditions in six-well plates (Falcon no. 353046 polystyrene tissue
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culture plates; Corning). The biofilms were gently resuspended in growth medium and pelleted
at low speed (9,200 × g for 3 minutes) in a microcentrifuge tube. Cells were washed once in
PBS at pH 5. Round no. 1.5 coverslips were coated with 200 µl of poly-L-lysine for 5 minutes at
room temperature, the solution was removed, and the coverslips were allowed to dry. Cells (100
µl) were added to the coverslips, incubated for 5 minutes, and then fixed with 4% formaldehyde
at room temperature for 30 minutes. Excess fixative was quenched with 50 mM ammonium
chloride for 3 minutes at room temperature. Samples were blocked with 3% bovine serum
albumin in PBS for 45 minutes and then probed with rabbit anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (Taylor & Heinrichs, 2002) diluted 1:200 in PBS. Washes
were carried out with PBS three times for 5 minutes each. Samples were exposed to goat antirabbit IgG conjugated to Alexa Fluor 488 dye (Life Technologies) diluted 1:1,000 in PBS, and
chromosomal DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; final concentration,
7.5 g ml−1). Biofilms were visualized by confocal laser scanning microscopy on a Zeiss LSM
700 microscope fitted with a 63× oil objective. Alexa Fluor 488 was excited with a 488-nm
laser, and DAPI was excited with a 405-nm laser.

Cell clumping microscopy. One-milliliter biofilms were inoculated into the wells of 24-well
plates (Falcon no. 353047 polystyrene tissue culture plates; Corning) with and without DNase I,
proteinase K, or RNase. Salmon sperm DNA (Sigma) or genomic DNA at 24 µg ml−1 was added
to proteinase K- or DNase I-treated biofilms where indicated, and the biofilms were incubated
for another hour. Eight hundred microliters of medium was taken off, and the biofilms were
gently resuspended in 200 µl of medium. Cell suspensions were centrifuged at 8,000 × g for 30
seconds to concentrate them in 50 µl of medium. One microliter of suspension was added to a
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slide with an agarose pad, and pictures were taken with an Olympus BX61 microscope. Twenty
randomly selected fields per treatment were imaged. Clumping was evaluated by counting cells
per classified clump size (single cells, pairs, triples, quadruples, 5 to 10 cells, 10 to 20 cells, and
>20 cells). The experiment was performed three times by quantifying 20 images with at least
2,000 cells in total per experiment. Averages of the percentages of different clump sizes of the
experiments with standard deviations are shown.

Plating of CFU. Two-hundred-microliter biofilms were grown in 96-well plates (Nunc no.
167008 MicroWell 96-well plates; Thermo/Fisher Scientific). For conditioned-medium
resuspension, biofilm cells were resuspended in the growth medium. For PBS resuspension,
supernatant was removed and the remaining adherent cells were resuspended in PBS at pH 5 or
7.5. Proteinase K was added to the resuspended cells for 30 minutes of incubation prior to
plating where indicated. Cell resuspensions were then diluted and plated on LB agar, grown at
37°C, and quantified. Dilution prior to resuspension was performed with either TSB at pH 7.5 or
PBS at the same pH used for resuspension.

Zymogram assays. Six-milliliter biofilms were grown in six-well plates (Falcon no. 353934
polystyrene tissue culture plates; Corning) at three wells per strain. Biofilms were resuspended
in the culture medium with a plastic well scraper and vigorous pipetting. Suspensions were
diluted to normalize the OD600. Biofilm material was pelleted by centrifugation at 4,000 × g at
4°C for 10 minutes, and the supernatant was discarded. Pellets were resuspended in PBS at pH 8
containing protease inhibitor (cOmplete Protease Inhibitor Cocktail tablets from Roche) and
rotated at 4°C for 1 hour. Cells were pelleted as described above and resuspended in 200 µl of

!

148

PBS plus 2% SDS and incubated at 37°C for 15 minutes. These cells were pelleted, and the
supernatant was utilized as the SDS extraction. SDS-PAGE loading buffer (50 µl) was added to
each sample, which was stored at −80°C.
Precision Plus Protein dual-color standard (1610374; Bio-Rad) and SDS extraction
samples were run at 100 V on 12.5% SDS-PAGE gels containing 300 µl of dense autoclaved cell
material in each gel. These autoclaved cells were either S. aureus HG003 or M. luteus, and the
OD600s of the autoclaved solutions were approximately 90 and 114, respectively. Gels were
gently agitated in distilled water at room temperature for 30 minutes and incubated in pH 6
renaturation solution (20.2 mM KH2PO4, 4.8 mM K2HPO4, 0.1% Triton X-100) with gentle
agitation for 16 hours at 37°C. Gels were stained with 1% methylene blue in 0.01% KOH for 3
hours and destained with gentle agitation in distilled water at room temperature for up to 24
hours until autolytic bands were clearly visible. Gels were imaged with a Bio-Rad ChemiDoc.

Statistical analysis. Statistical analysis was performed with GraphPad Prism 6. Unpaired twotailed Student's t tests were performed, and the levels of significance are indicated in the figures.
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