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Staphylococcus aureus colonizes the same ecological niche as many commensals. However, little is known about how such
commensals modulate staphylococcal fitness and persistence. Here we report a new mechanism that mediates dynamic
interactions between a commensal streptococcus and S. aureus. Commensal Streptococcus parasanguinis significantly increased the
staphylococcal biofilm formation in vitro and enhanced its colonization in vivo. A streptococcal biofilm-associated protein BapA1,
not fimbriae-associated protein Fap1, is essential for dual-species biofilm formation. On the other side, three staphylococcal
virulence determinants responsible for the BapA1-dependent dual-species biofilm formation were identified by screening a
staphylococcal transposon mutant library. The corresponding staphylococcal mutants lacked binding to recombinant BapA1
(rBapA1) due to lower amounts of eDNA in their culture supernatants and were defective in biofilm formation with streptococcus.
The rBapA1 selectively colocalized with eDNA within the dual-species biofilm and bound to eDNA in vitro, highlighting the
contributions of the biofilm matrix formed between streptococcal BapA1 and staphylococcal eDNA to dual-species biofilm
formation. These findings have revealed an additional new mechanism through which an interspecies biofilm matrix network
mediates polymicrobial interactions.
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INTRODUCTION
Most host-associated microorganisms in their habitats exist in
multispecies communities known as biofilms; for instance, the
human oral cavity is colonized by over 700 prokaryotic species
known as the indigenous microbiota [1]. This flora ordinarily
maintains ecological homeostasis through intra- and interspecies
interactions [2]. However, such balance can be disrupted under
pathogenic conditions to create a dysbiotic community [3]. Due to
diverse and complex microbial dynamics, the study of precise
interspecies interactions in the local microbiota niche and the role
of biofilm matrix components would improve our mechanistic
understanding of the development of a dysbiotic community in
polymicrobial diseases.
Staphylococcus aureus is a prevalent human pathogen related to

hospital-acquired infections [4, 5]. Although infections tend to
repeat and undergo a persistent recurring cycle [6], the underlying
mechanisms are not well-understood. However, studies have
revealed a link between S. aureus biofilm and its persistence [7].
Significant advances have been made in understanding biofilm
formation mechanisms for single S. aureus species, and emerging
findings [8, 9] have shown that S. aureus often coexists with other
microorganisms in a complex polymicrobial environment where
dynamic synergistic and antagonistic interactions modulate the
community homeostasis. Co-infection of S. aureus with Pseudo-
monas aeruginosa enhances the community resistance and
provides a fitness advantage for P. aeruginosa [8]. The coinfection

also alters S. aureus antibiotic susceptibility [10–13]. S. aureus
peptidoglycans stimulate the production of P. aeruginosa antibiotics
and toxins that not only increase P. aeruginosa-induced killing, but
also alter the composition of the polymicrobial community [14].
Both S. aureus and P. aeruginosa interact cooperatively and
competitively in P. aeruginosa strain- and signaling-dependent
manners. In addition, S. aureus exhibits an inverse correlation with S.
pneumoniae in infection of children [9, 15]. This carriage pattern
represents the outcome of active interspecies microbial competi-
tion [16]. S. pneumoniae forms stable biofilms with S. aureus in vitro
and in vivo and inhibits S. aureus dispersal and transition to disease
[17]. Probiotic bacilli inhibit S. aureus colonization through
interference with quorum-sensing signals [18]. In contrast, human
skin commensals significantly enhance S. aureus virulence [19].
Despite reports of those dynamic polymicrobial interactions, little is
understood about the underlying molecular mechanisms of
polymicrobial biofilm formation.
S. aureus is versatile and often colonizes different human

body sites, including the oral cavity, varying from 24 to 36%
[20]. Especially, S. aureus is more likely to colonize the oral
cavity during mechanical ventilation [21]. Thus, the human
upper respiratory tract appears to be the main reservoir for
S. aureus [22, 23]. It is well-known that the respiratory tract
harbors complex polymicrobial consortia, of which the majority
of bacteria belong to streptococcal genera. Streptococcus
parasanguinis represents the predominant streptococcal
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species in human oral cavity [24]. Our previous studies have
determined that S. parasanguinis exhibits probiotic activity against
various pathogens. It inhibits the opportunistic pathogens P.
aeruginosa [25]. In addition, S. parasanguinis inhibits Aggregatibacter
actinomycetemcomitans, an oral periodontal pathogen that associ-
ates with S. parasanguinis in vivo [26], but enhances its own biofilm
formation through a metabolite-dependent signaling pathway [27].
Thus S. parasanguinis appears to be a versatile interacting partner
with a wide variety of pathogens. Given that S. parasanguinis and
S. aureus shared colonization niches and their distinct features as
opportunistic commensal and pathogen, it is not surprising that
the nasal carriage of S. aureus is positively correlated with
S. parasanguinis [28]. However, it is unknown how they interact with
each other, whether their interactions impact biofilm formation.
In this study, we report that S. parasanguinis promotes S. aureus

biofilm formation. A key streptococcal surface protein, BapA1,
mediated the enhanced S. aureus biofilm formation. Three
staphylococcal virulence factors involved in the dual-species
biofilm formation were identified by screening an S. aureus
transposon mutant library. Mechanistically, the binding of
streptococcal BapA1 to a critical staphylococcal biofilm matrix,
eDNA, shapes the formation of dual-species biofilms between S.
parasanguinis and S. aureus. These results highlight a dynamic
polymicrobial interaction that is crucial for understanding S.
aureus colonization and persistence. The elucidation of molecular
mechanisms responsible for the microbial interactions should
facilitate the development of novel therapeutics preventing or
treating S. aureus persistence.

MATERIALS AND METHODS
Bacterial strains and culture conditions
Bacterial strains used in this study are listed in Supplementary Table S1.
S. aureus and S. parasanguinis strains were grown in Miller (Luria-Bertani) broth
(BD Difco™, Catalog No. DF0446-17-3) and Todd-Hewitt broth (THB) (BD),
respectively, with 5% CO2 at 37 °C, unless otherwise mentioned. Appropriate
antibiotics, kanamycin (125 μg/mL) and erythromycin (5 μg/mL), were used to
select corresponding S. parasanguinis [29] and S. aureus mutant strains [30].

Biofilm assay
Biofilm formation was assessed by a microtiter plate assay. Briefly,
overnight cultures of S. aureus and S. parasanguinis were sub-cultured
separately and grown to the middle log phase (OD600 of 0.6).
Staphylococcal and streptococcal cells were 1000-fold diluted in tryptic
soy broth containing 0.5% yeast extract and 0.5% glucose (TSBYG, BD)
either separately for single-species or mixed for dual-species biofilms.
Aliquots (200 µl) of diluted culture (approximately 106 CFU/ml) were added
into sterile 96-well flat-bottom plates (Nunc) and incubated without
shaking for 24 h to form biofilms. The biofilms were stained with 0.1%
crystal violet and then measured at 562 nm (BioTek, Synergy 2 Multi-
Detection Microplate Reader). The results were presented as OD562 unless
otherwise mentioned. Each assay was repeated at least three times, and
each data was averaged from the results of three triplicate wells
performed.

Viability of S. aureus and S. parasanguinis in biofilms
S. aureus and S. parasanguinis cells from single or dual-species biofilms
were serially diluted and plated on agar to enumerate colony-forming
units (CFUs) as reported [25]. In brief, 24-h biofilms were washed three
times using sterile phosphate-buffered saline (PBS), and biofilm cells were
scraped off the wells and resuspended in 1mL of PBS, followed by water
bath sonication for 20 s to disturb the cell clusters. Finally, collected
bacterial cells were serially diluted and plated on Staphylococcus Medium
110 (BD) and Mitis salivarius (BD) agars to enumerate staphylococcal and
streptococcal CFUs, respectively.

Confocal laser scanning microscopy (CLSM) analysis
Biofilms were grown in a µ-Slide 8 well IbiTreat (Ibidi, Germany) as
described in the above biofilm assays. S. aureus was stained by its specific
polyclonal antibody PA1-7246 (Invitrogen), and S. parasanguinis was

detected with a monoclonal antibody specific for Fap1 [31]. Both primary
antibodies were added into biofilms in 1% BSA PBS and incubated for
30min. Subsequently, the biofilms were incubated with fluorescent-
conjugated secondary antibodies (Thermo Fisher Scientific) for 20min after
washing with PBS. Alexa Fluor 594-conjugated goat anti-mouse IgG and
Alexa Fluor 488-conjugated goat anti-rabbit IgG were used to stain S.
parasanguinis and S. aureus, respectively. Stained biofilms were examined
with CLSM (Nikon Eclipse TE2000 inverted microscope) with a 60 ×
objective magnification. Representative image stacks were selected from
three independent experiments and used for the imaging analysis. Biofilm
thickness and biovolume were quantified using NIS Elements imaging
software and BiofilmQ software [32].

Effects of DNase I on dual-species biofilm formation
To evaluate the involvement of eDNA in dual-species biofilms, we first
added DNase I (25 or 50 U/mL) into biofilm cultures at the beginning of
incubation to determine its effects on biofilm development. In addition, we
detected the effect of DNase I on mature biofilms. Briefly, the pre-formed
24 h biofilms continued to incubate for 6 h after adding DNase I (25 or
50 U/mL), followed by the crystal violet staining for biofilm measurement.

Quantification of planktonic extracellular DNA (eDNA)
Culture supernatants harvested from bacteria grown to stationary phase
(OD600 of 1.0) in TSBYG were filtered with a 0.22 µm filter and used to
measure eDNA. Quantitative PCR was performed using SYBR green master
mix on an iCycler iQ5 machine (Bio-Rad). The S. aureus 16 S rRNA gene
amplified with a species-specific primer set (Supplementary Table S2) was
used to quantify DNA amounts.

Biofilm DNA and polysaccharide matrix staining
As described above, the S. aureus biofilm was grown onto an 8-well
plate in TSBYG medium. Biofilm DNA was stained with 1 µM of 4′,6-
diamidino-2-phenylindole (DAPI) (Invitrogen) and 1 µM of propidium
iodide (PI) (Invitrogen) for 10 min, whereas the polysaccharide matrix
was probed with 1 µM of CF®594 conjugated wheat germ agglutinin
(WGA) (Biotium, CA, USA) for 10 min. The stained biofilms were then
examined under a fluorescence microscope (BioTek Cytation 5) with a
40× objective magnification. Furthermore, colocalization analysis was
performed with an ImageJ and presented as a Pearson correlation
coefficient [33].

Colonization of Drosophila. melanogaster by S. aureus and S.
parasanguinis
Bacterial infection of D. melanogaster flies was studied as previously
described [34]. Briefly, S. aureus and S. parasanguinis cultures were grown
to an OD600 of 1.0, and 1mL of the culture was harvested to infect flies. The
harvested cell pellets were resuspended, separately, or mixed in 100 µl of
sterile 5% sucrose, then spotted on a sterile 21-mm filter paper disc
(Whatman) placed on the surface of 5 mL of solidified 5% sucrose agar in a
plastic vial (Fisher scientific). Male flies (3–5 days old) were fed with
antibiotics (erythromycin, vancomycin, and ampicillin at 50 µg/mL) for
3 days and then transferred to fresh food for 3 days to eliminate residual
antibiotics. All flies starved for 4 h before fed on bacteria in vials (10 flies
per vial). To determine the number of viable bacterial cells inside the flies,
the surfaces of the flies were sterilized with 70% ethanol for 30 s and
washed three times with sterile PBS. Flies were then crushed in an
Eppendorf tube with 1mL of culture medium. To enumerate CFU of
bacteria in flies, serial dilutions of the homogenates were plated on the
following agar plates: Staphylococcus Medium 110 for S. aureus and
Columbia Blood agar for S. parasanguinis.

Screening of S. aureus transposon library
A two-step screening was conducted. First, each transposon mutant
from the Nebraska Transposon Mutant Library of S. aureus USA 300 LAC
was co-cultured with S. parasanguinis FW213 using the dual-species
biofilm conditions described above. Second, S. aureus defective mutants
identified from the dual-species biofilm formation were further
evaluated in the presence of rBapA1, as rBapA1 alone promoted S.
aureus biofilm formation. In brief, the middle-log phase wild-type
USA300 and selected mutants were 1000-fold diluted in TSBYG with or
without 0.04 mg/mL rBapA1-C. Biofilms were grown and measured. Each
strain was repeated in triplicate.
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Construction of S. aureus deletion mutants and their
complement strains
To ensure mutant phenotypes are related to transposon-inactivated genes,
we constructed corresponding in-frame deletion mutants as described
previously [35]. Briefly, 1000 bp of upstream and downstream fragments of
codY, sarA, atl, and nuc were amplified by PCR with appropriate primers
(Supplementary Table S2) from the USA300 LAC chromosome, respectively.
These PCR products were cloned into pJB38 to construct in-frame deletion
plasmids. The ligation mixtures were first introduced into S. aureus RN4220
to obtain corresponding recombinant plasmids, which were purified and
validated by DNA sequencing before being electro-transformed into
USA300 LAC or its mutants. In-frame deletion mutants were selected by
appropriate antibiotics and confirmed by PCR and DNA sequencing.
Complementation plasmids were constructed as follows. DNA fragments

containing the promoter and its corresponding open reading frame of
codY, sarA, and atl were amplified using primer sets (Supplementary
Table S2). The PCR products were ligated into pLI50 to generate pLI50-
codY, pLI50-atl, and pLI50-sarA, respectively. The resultant plasmids were
validated by DNA sequencing, transformed into corresponding mutants by
electroporation, and selected by appropriate antibiotics. Due to the toxic
nature of atl in E. coli, the construction of the atl complementation plasmid
was unsuccessful.

Cloning, expression, and purification of various recombinant
BapA1 proteins
Recombinant 6xHis-tagged, GFP-tagged, and GST-fused BapA1 were
produced from E. coli BL21 (DE3) and purified, respectively, as described
elsewhere [29]. Briefly, BapA1 domains, including N-terminal BapA1
(BapA1-N, 40-1032aa) and C-terminal antigen domain (BapA1-C, 1430-
1571aa), were amplified with their corresponding primer sets (Supple-
mentary Table S2) from S. parasanguinis. Next, PCR products were digested
by Nhe1 and Xho1, purified by gel extraction, and cloned into pET-21a.
Likewise, the GST and GFP genes were amplified from pGEX-6P-1 and

pVPT-GFP using corresponding primer sets (Supplementary Table S2).
Subsequently, the PCR products were digested by Sac1 and Xho1 and
cloned into pET-21a to obtain pET-21a-GST and pET-21a-GFP, respectively.
Then, the BapA1-C was amplified, digested, and cloned into resultant pET-
21a-GST and pET-21a-GFP to generate GST-fused and GFP-tagged rBapA1-
C in E. coli BL21 (DE3).

Pull-down of rBapA1-C by S. aureus cells
The wide-type S. aureus and its mutants were grown for 24 h in TSBYG with
or without 0.1 mg/mL of rBapA1-C. Subsequently, bacterial cells were
collected and lysed with lysis buffer (100 µg/mL of lysostaphin in PBS).
Finally, total proteins were separated onto 10% Tris-glycine SDS-PAGE gel
and stained with Coomassie Brilliant Blue R-250 to quantify rBapA1-C
captured by S. aureus cells. In addition, rBapA1-C was confirmed by
western blotting analysis.

Pull-down of DNA by GST-fused rBapA1-C
To determine the interaction of rBapA1 and eDNA, we performed a pull-
down of DNA by GST-fused rBapA1-C. First, the chromosomal DNA of
S. aureus USA 300 was prepared and then sonicated into small fragments
of approximately 250 bp. Second, the GST-fused rBapA1-C conjugated to
glutathione beads (GE, USA) was incubated with DNA fragments (10, 25,
and 50 µg/mL) in the binding buffer (culture supernatant of middle log
phase of USA 300), rotating for 2 h at 30 °C. The same amount of GST
conjugated to glutathione beads was used as a negative control. Next, the
beads were washed once with the binding buffer. Finally, the bound DNA
was eluted by elution buffer (1% SDS in PBS), purified by phenol/
chloroform, and subjected to 1% agarose gel analysis and ethidium
bromide staining.

RESULTS
S. parasanguinis promotes S. aureus biofilm formation
Because S. parasanguinis is a representative commensal strepto-
coccus that colonizes the same upper respiratory niche as S.
aureus, we attempted to determine whether S. parasanguinis
affects S. aureus biofilm formation using S. parasanguinis strain
FW213 and three S. aureus strains, including a pandemic
methicillin-resistant S. aureus (MRSA) strain USA300 LAC,

methicillin-sensitive (MSSA) clinical isolates Sau10 and Sau65.
Co-culture of FW213 with each S. aureus strain significantly
increased the formation of dual-species biofilms. About a 3-fold
increase in dual-species biofilm biomasses was observed when
compared with single-species biofilms (Fig. 1A). The relative
contribution of each microorganism within the biofilms was
further determined. The maximal number of single S. aureus
biofilms was about 109 CFU/ml (Fig. 1B), similar to the highest
densities in the planktonic cultures. However, the extraordinarily
high cell densities of S. aureus (up to 1 × 1012 CFU/ml) were
observed from the 24 h dual-species biofilms (Fig. 1B). In addition,
the number of streptococcal cells from the dual-species biofilm
also increased significantly (Fig. 1C). The S. aureus cells greatly
outnumbered S. parasanguinis cells, so S. aureus is the major
biofilm constituent in dual-species biofilms. These data demon-
strate a strong polymicrobial synergy between commensal
streptococcus and S. aureus.

BapA1 of S. parasanguinismediates the increased dual-species
biofilms
To determine what streptococcal surface components are
required, we examined the role of cell wall-anchored surface
proteins of S. parasanguinis. Sortase A (SrtA) [36] plays an
important role in displaying numerous surface adhesins, such as
Fap1 [37] and BapA1 [29]. We thus evaluated whether the loss of
those genes would have any effect. Both ΔsrtA and ΔbapA1
significantly decreased the dual-species biofilms, whereas Δfap1
exhibited the same phenotype as the wild-type strain (Fig. 1A),
although Δfap1 reduced its single-species biofilm. To further
characterize the biofilms, we determined CFUs of each organism.
The ΔbapA1 failed to increase CFUs of all three S. aureus strains
(Fig. 1B) compared to the wild-type FW213 within the dual-species
biofilms. Albeit, ΔbapA1 cells slightly increased in the dual-species
biofilms (Fig. 1C). These results suggested the importance of
BapA1 to S. aureus within the dual-species biofilms.
Because identical biofilm phenotypes were observed for all

three S. aureus strains tested, further experiments were performed
only using the USA300 strain. CLSM images of single- and dual-
species biofilms validated the synergistic association between the
two wild-type strains, albeit ΔbapA1 failed to support the biofilms
formation with USA300 (Fig. 1D). The thickness and biovolume of
the dual-species biofilm formed by ΔbapA1 were significantly
lower than that formed by wildtype FW213 (Fig. 1E, F). These data
demonstrate that BapA1 plays a vital role in supporting the dual-
species biofilm.
To validate the role of BapA1, we hypothesized that rBapA1

alone would promote the dual-species biofilm. Given that the
gene encoding BapA1 is large, consisting of 3400 amino-acid
residues, it is challenging to conduct a stable genetic comple-
mentation using the full-length bapA gene of 10.2 kb with an
extensive repeat region. Thus, rBapA1 fragments from the
N-terminal domain to the C-terminal region were produced and
used to evaluate their roles. The rBapA1-C, not rBapA1-N, greatly
enhanced the S. aureus biofilm formation (p < 0.01) (Fig. 2A).
Further, the effect of the rBapA1-C is dose-dependent (Fig. 2B).
These results were also supported by fluorescent microscopy
studies (Supplementary Fig. S1), demonstrating that streptococcal
BapA1 is crucial for the enhanced biofilm formation by S. aureus
in vitro.

S. parasanguinis promotes S. aureus colonization in a
Drosophila melanogaster model
We tested whether observed in vitro effects were also relevant
in vivo for a D. melanogaster model, which was accepted as a
general model for studying S. aureus colonization [25, 38]. The
presence of S. parasanguinis significantly enhanced the staphylo-
coccal colonization approximately 10-fold in flies (e.g., about
9.2 × 105 versus 2.5 × 104 for USA300) (Fig. 3A). In contrast, S.
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parasanguinis colonization was not altered (Fig. 3B). Because the
flies’ immunity and microbiota would likely affect bacterial
colonization [38–40], it seems reasonable that the magnitude of
increase differed dramatically from a 4-5 log increase observed

in vitro. Likewise, ΔbapA1 failed to promote S. aureus colonization
in flies (Fig. 3A). These in vivo results are consistent with the
in vitro findings, further demonstrating that BapA1 mediates the
dual-species biofilms.

Fig. 1 S. parasanguinis promotes S. aureus biofilm formation, and BapA1 is required for the enhanced dual-species biofilms. A The 24 h
dual-species biofilms formed by three different S. aureus strains (USA300, Sau10, and Sau65) with either wild-type S. parasanguinis FW213 or its
variants (srtA, bapA1, and fap1). Biofilms were determined by crystal violet staining. B CFUs of three S. aureus strains within single and dual-
species biofilms. C CFUs of wild-type FW213 and the bapA1 mutant within single and dual-species biofilms. D Representative CLSM images of
single and dual-species biofilms of S. aureus with S. parasanguinis and its bapA1 mutant. S. aureus cells (green) were probed with a specific
polyclonal antibody PA1-7246 and stained with goat anti-rabbit Alex-Fluor 488 secondary antibody. S. parasanguinis cells (red) were probed
with a monoclonal antibody F51 and stained with goat anti-mouse Alex-Fluor 594 secondary antibody. Images were examined at 60×
objective magnification. Scale bar: 20 µm. E Biofilm thickness analysis of single or dual-species biofilms using NIS Elements imaging software.
F Biovolumes analysis of single or dual-species biofilms using BiofilmQ software. Data represent the means of three independent experiments.
Error bars denote SEM. ns means no significance, *p < 0.05, **p < 0.01 and ***p < 0.001 (t-test).
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Identification of S. aureus virulence factors in BapA1-mediated
dual-species biofilms
To identify S. aureus factors that mediate the dual-species biofilm,
we screened an ordered USA300 Nebraska Transposon Mutant

Library for mutants with defective dual-species biofilm formation.
First, each USA300 mutant from the library was co-cultured with
FW213, and a crystal violet staining assay assessed biofilm
formation [25, 27, 41]. A total of 100 mutants that reduced the
dual-species biofilms by at least 25% were initially identified.
These mutants were subsequently subjected to a secondary
screen using rBapA1-C because the rBapA1-C promoted S. aureus
biofilm, and we were interested in studying BapA1-mediated
staphylococcal biofilm formation. Only a few exhibited reprodu-
cible biofilm defects, including ΔcodY, ΔsarA, and Δatl (Fig. 4A).
Fluorescent microscopy studies further validated the biofilm
defect using a representative mutant ΔcodY (Fig. 4B). These
results suggested that the association of S. aureus with BapA1 is
critical. For further validation, pull-down assays using staphylo-
coccal cells were employed to test whether S. aureus cells bind to
rBapA1-C directly. Wild-type S. aureus captured rBapA1-C, whereas
the sarA mutant failed to pull down rBapA1-C. The ΔcodY and Δatl
significantly reduced the amount of rBapA1-C captured, exhibiting
an intermediate phenotype (Fig. 5A). As a control, the spa mutant
did not exhibit any defect. The mutant phenotypes were readily
complemented (Fig. 5B, C), demonstrating the importance of each
gene in modulating BapA1-mediated biofilm activities. It is worth
noting that only S. aureus biofilm cells captured rBapA1-C,
whereas planktonic cells failed (Supplementary Fig. S2), further
highlighting the importance of BapA1 in modulating staphylo-
coccal biofilms.

Fig. 2 Recombinant BapA1 promotes S. aureus biofilm formation.
A Biofilms of S. aureus in the presence of rBapA1-C (0.04mg/mL) or
rBapA1-N (0.8mg/mL). The binding of rBapA1-N, and C fragments to
the substratum were used as controls. B rBapA1-C dose-dependently
promoted S. aureus USA300 biofilm formation. Biofilms were
determined by crystal violet staining. Data represent the means of
three independent experiments. Error bars denote SEM. ns means no
significance, *p < 0.05 and ***p < 0.001 (t-test or one-way ANOVA).

Fig. 3 S. parasanguinis promotes the colonization of S. aureus in flies. Flies were fed with single or dual species of S. parasanguinis and S.
aureus using the following strains: FW213, bapA1mutant, USA300, Sau10, and Sau65. After a 24 h infection, flies were crushed and enumerated
CFUs for S. aureus (A) and S. parasanguinis (B). Data represent the means of three independent experiments. Error bars denote SEM. ns means
no significance, *p < 0.05 and **p < 0.01 (t-test).

Fig. 4 Staphylococcal virulence factors, SarA, CodY, and Atl, are required for dual-species biofilm formation. A The ability of biofilm
formation of three S. aureus mutants (ΔcodY, ΔsarA, and Δatl) was determined in both dual-species biofilms and rBapA1-C-mediated biofilms,
and a Δspa was used as a negative control. Biofilms were determined by crystal violet staining, and biomasses of biofilms were normalized to
the growth of cells within the biofilms (OD562/OD600). Data represent the means of three independent experiments. Error bars denote SEM. ns
means no significance, ***p < 0.001 and ****p < 0.0001 (t-test or one-way ANOVA). B Representative SYTO 9 staining of wild-type S. aureus
USA300 or ΔcodY cells within biofilms with the absence and presence of rBapA1-C (0.04 mg/mL). Images were examined at 10 × objective
magnification. Scale bar: 100 µm.
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Reduced eDNA amounts are evident in S. aureus mutants
We hypothesized that S. aureus biofilm proteins might be involved
in interactions because BapA1 is only bound to S. aureus biofilm
cells. We carried out extensive pull-down studies using rBapA1-C
and failed to identify any staphylococcal proteins (data not
shown), suggesting biofilm matrix may be required.
Extracellular polysaccharides are a vital biofilm matrix required

for S. aureus biofilms [42]. We re-examined transposon mutants
that inactivate genes responsible for the biosynthesis of
staphylococcal capsules and polysaccharides, including
SAUSA300_0152 and 17 other relevant genes. None of these
mutants exhibited biofilm defects when co-cultured with S.
parasanguinis (data not shown), indicating that those polysacchar-
ides were not responsible.
Given that eDNA is another well-recognized S. aureus biofilm

matrix [43, 44], we hypothesized that the biofilm defects observed
are related to decreased eDNA levels in those mutants. We first
evaluated the role of eDNA in the development of the dual-
species biofilm and found DNase I inhibited the biofilm formation,
and the inhibition was dose-dependent (Fig. 6A). Further, DNase I
was able to disperse the mature dual-species biofilms (Fig. 6B).
These data suggest that eDNA is critical for the dual-species
biofilms. We then tested whether the three S. aureus mutants
exhibited any defect in the production of eDNA. No detectable
eDNA was found in ΔsarA supernatant, while the eDNA level was
significantly lower in both ΔcodY and Δatl (Fig. 6C). Consistently,
ΔsarA, ΔcodY, and Δatl exhibited reduced PI staining (eDNA or
dead cells) within their single biofilms (Supplementary Fig. S3).
These data suggest that eDNA reduction is linked to the biofilm
defects observed in those mutants.
Consistent with the reduced eDNA levels, ΔsarA overproduced

thermonuclease to degrade DNA [45, 46], which may explain

why ΔsarA had diminished eDNA and exhibited the biofilm
defect. To further validate this, the gene nuc encoding the
thermonuclease was inactivated in ΔsarA. Compared to ΔsarA,
the resultant double mutant ΔsarAΔnuc partially restored the
diminished biofilm (Fig. 6D), indicating the contribution of
eDNA/nuclease to the dual-species biofilm. The double mutant
ΔcodYΔnuc did not rescue the ΔcodY biofilm defect, suggesting
the overexpressed nuclease is not responsible for ΔcodY dual-
species biofilm defect.

eDNA and BapA1 colocalized within the BapA1-mediated S.
aureus biofilms
We hypothesized that BapA1 and eDNA associate within biofilms
because S. parasanguinis BapA1 is required for the dual-species
biofilms, and eDNA is a fundamental staphylococcal biofilm
matrix. First, we validated a GFP-tagged rBapA1-C capable of
promoting S. aureus biofilms (Supplementary Fig. S4). Second, the
24 h S. aureus biofilms in the presence of GFP-tagged rBapA1-C
were developed. Next, the biofilms were stained with either 1 µM
of PI to stain eDNA and dead cells (Fig. 7A) or 1 µM of CF®594
conjugated WGA to stain the polysaccharide matrix (Fig. 7B). The
quantification of colocalization suggested that rBapA1-C (green)
was strongly colocalized with the eDNA (red) (Pearson correlation
coefficient= 0.87). In contrast, rBapA1-C was weakly colocalized
with polysaccharide matrix (Pearson correlation coefficient= 0.15)
(Fig. 7C). These results suggest that BapA1 selectively binds to
eDNA within the biofilms.
As BapA1 colocalized with eDNA in the dual-species biofilms,

we investigated whether BapA1 directly binds to eDNA. S. aureus
DNA fragments dose-dependently bound to GST-fused rBapA1-C
(Fig. 7D), demonstrating the direct interaction between rBapA1
and staphylococcal DNA.

Fig. 5 Staphylococcal biofilm cells interact with rBapA1-C. The ability of wild-type S. aureus USA300 and its mutants (ΔcodY, ΔsarA, Δatl, and
Δspa) (A), as well as complement strains of two mutants codYcomp and sarAcomp (B), to capture rBapA1-C under the biofilm formation
conditions. The Δspa was used as a control. Black arrows denote the rBapA1-C. Bacterial cells were harvested after 24 h incubation in the
absence or presence of rBapA1-C (0.1 mg/mL) and lysed by lysis buffer. Total proteins were then separated onto 10% SDS-PAGE gel and
stained with Coomassie Brilliant Blue R-250. C Quantification of rBapA1-C from A and B with densitometry. Error bars denote SEM. *p < 0.05,
****p < 0.0001, ns no significance (t-test).
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DISCUSSION
Recent studies of the integrative Human Microbiome Project
demonstrated indigenous microbiota changes at an individual
level and their significant contributions to health and disease
[47–49]. Dynamic interactions among microorganisms occur in
every known microbiome community. However, how microbe-
microbe interactions develop and how they determine microbial
fitness and pathogenesis have not been explored systematically.
This is certainly the case for polymicrobial interactions between
commensal streptococci and prevalent pathogenic microorgan-
isms, such as S. aureus, where they often colonize a same
ecological niche in the upper respiratory tract [24]. To date, the
influence of commensal streptococci on S. aureus biofilm life cycle
has not been fully appreciated. Our current study indicates that an
oral streptococcus utilizes its unique major surface protein BapA1
to capture eDNA produced by S. aureus to build a biofilm matrix
network, thereby enhancing the biofilm formation of S. aureus, a
previously unappreciated molecular interaction that shapes
polymicrobial interactions.
Previous studies demonstrated that both C. albicans [44] and

Fusobacterium nucleatum [50] could increase the S. aureus biofilm
formation through hypha formation and coaggregation, respec-
tively. Coaggregation among diverse oral microbes is a hallmark of
polymicrobial interactions in the oral cavity [51, 52]. However, we
did not observe the coaggregation between S. parasanguinis and
S. aureus (Supplementary Fig. S5), even though physical contact
between the two species is required (Supplementary Fig. S6).
These findings suggest a unique interaction between the two
organisms.
Biofilm matrix often comprises eDNA, polysaccharides, lipids,

and secreted or surface-exposed proteins. Indeed, eDNA has been
implicated in supporting the biofilm structural integrity in various

organisms, including S. aureus [43, 53–56]. Within single-species
biofilms, it is documented that eDNA associates with other biofilm
matrix components and builds an integral biofilm scaffold
[55, 57–59]. For example, a family of “moonlighting” lipoproteins
have been recently identified as eDNA binding proteins [60, 61]. In
addition, the interaction between eDNA and secreted polysac-
charides Pel is crucial for the integrity of P. aeruginosa biofilm
matrix [57, 62]. However, the framework that eDNA from one
microorganism might directly interact with distinct matrix
components from a different microorganism has not been
appreciated [63].
In this study, we demonstrated that oral commensal S.

parasanguinis FW213 enhanced biofilm formation of S. aureus
via its cell surface anchored protein BapA1. Using a transposon
mutant library screening, we identified three known staphylococ-
cal virulence factors, CodY, SarA, and Atl, that are required for
BapA1-enhanced biofilm formation. The mutants defective in
distinct proteins share one common feature: they all possessed
significantly lower amounts of eDNA in their culture supernatants,
thus diminishing the eDNA matrix. These findings imply the
potential interaction between BapA1 and eDNA. Several additional
lines of evidence support this conclusion. First, DNase I inhibited
the dual-species formation. Second, rBapA1-C itself dose-
dependently promoted biofilm formation of S. aureus and
colocalized with eDNA within the dual-species biofilm. Third,
rBapA1-C directly bound to staphylococcal DNA. Collectively, we
demonstrate that the building of the integral interspecies biofilm
matrix is shaped by the close association between S. parasanguinis
BapA1 and S. aureus eDNA.
As far as we know, BapA1 does not belong to any eDNA binding

proteins family reported previously. It is known that a binding
domain (BR) of a streptococcal serine-rich repeat protein PsrP

Fig. 6 eDNA is required for the dual-species biofilm formation. A Effect of DNase I on developing dual-species biofilms. The 24 h dual-
species biofilms were developed, and DNase I at different concentrations was added at the beginning of the co-culture of S. aureus and FW213
(0 h). B Effect of DNase I on pre-formed dual-species biofilms. The 24 h dual-species biofilms were treated with DNase I for an additional 6 h
and further determined. C The eDNA amounts of planktonic S. aureus cells were quantified by qPCR using S. aureus 16s rDNA. D The 24 h dual-
species biofilm biomass of FW213 and wild-type S. aureus or its mutants (codY, codY/nuc, sarA, sarA/nuc) was denoted as OD562/OD600. Biofilms
were determined by crystal violet staining, measured at OD562nm, and normalized by bacterial growth at OD600nm. Error bars denote SEM.
**p < 0.01, ***p < 0.001, ****p < 0.0001, ns no significance (t-test or one-way ANOVA).
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forms a split β-barrel-like structure to enable binding with eDNA
and promotes bacterial aggregation [64]. Whether BapA1
possesses a BR structure and an interaction between eDNA and
BapA1 represents a general mechanism for stabilizing and
strengthening biofilms is unknown and awaits future studies.
Interestingly, a PsrP homolog Fap1 of S. parasanguinis is not
engaged in the formation of dual-species biofilms, albeit it is
critical for single-species biofilm formation [65]. It is known that
Fap1 makes the fibril that covers the bacterial surface. In the bald
fap1 mutant, more BapA1 would be exposed that should enable it
to interact more with staphylococcal eDNA, which would support
the incorporation of S. parasanguinis into the S. aureus biofilm. In
turn, the close association between two organisms and contin-
uous secretion of BapA1 by S. parasanguinis within the micro-
niche established by the BapA1/eDNA network should further

enhance the dual-species biofilm formation. This again suggests
the importance of the binding of BapA1 to eDNA and the
development of the biofilm matrix network in dual-species biofilm
formation.
On the side of S. aureus, three biofilm-associated factors, SarA,

Atl, and CodY, were identified to play a critical role in the
development of BapA1-enhanced biofilms. These seemingly
disparate virulence factors are responsible for the same dual-
species biofilm formation, implying the existence of a common
operative mechanism. First, the staphylococcal accessory regulator
SarA interacts with a complex regulatory network and mediates
the single-species biofilm formation of S. aureus [66]. The sarA
mutant degrades eDNA by its overproduced themonuclease [46].
Inactivation of a nuclease gene from the sarA mutant restored
BapA1-mediated S. aureus biofilms, further demonstrating the role

Fig. 7 BapA1 colocalizes with eDNA within BapA1-mediated S. aureus biofilms and binds to staphylococcal DNA in vitro. The biofilms of S.
aureus USA300 in the presence of GFP-tagged rBapA1-C were stained with PI (1 µM) for eDNA (A), and CF®594 conjugated WGA (1 µM) for
extracellular polysaccharides (B). Images were examined at 40× objective magnification using a BioTek Cytation 5. Scale bar: 20 µm. The
colocalization of rBapA1-C with eDNA or WGA was quantified by ImageJ and presented as a Pearson correlation coefficient. C Pearson
correlation coefficient calculated from images of GFP-rBapA1-C and PI-eDNA in A or CF®594 red- WGA in B. D rBapA1-C bound to
chromosomal DNA of USA 300 LAC in vitro. The GST-fused rBapA1-C conjugated to glutathione beads was used to pull down chromosomal
DNA fragments of USA 300 LAC (10, 25, and 50 µg/mL). DNA fragments bound to GST-fused rBapA1-C were then eluted, purified, and
subjected to 1% agarose gel, followed by ethidium bromide staining. Lane 1, DNA marker; lane 2, input control, 100 µg/mL of DNA fragments;
lane 3–5, incubation of GST-fused rBapA1-C with DNA fragments (10, 25, and 50 µg/mL); lane 6–8, incubation of GST control with DNA
fragments (10, 25, and 50 µg/mL). Error bars denote SEM. ***p < 0.001. GST and GST-fused rBapA1-C input were examined by SDS-PAGE
(Supplementary Fig. S7).
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of eDNA and contribution of SarA. Second, the Atl has been
implicated in releasing bacterial DNA from S. aureus cells [67–69].
Atl deficiency abolishes S. aureus biofilm formation [70]. However,
there is no direct link between the expression of SarA and the
activity of Atl, and additional studies are required to uncover the
potential new association. Third, the CodY is a global regulator
differentially regulating many genes responsible for a wide range
of metabolic reprogramming [71–76] and positively modulates
genes responsible for the production of extracellular adhesion
components, such as cell wall anchored proteins. It also depresses
genes whose products are harmful to the host, including
nucleases, proteases, and lipases. This mechanism enables
S. aureus to integrate metabolism and virulence [77], while the
function of CodY in mediating S. aureus biofilm remains ill-defined
[78]. However, deletion of a nuclease gene from ΔcodY did not
rescue any biofilm defect of ΔcodY, suggesting that overproduced
nuclease is not involved. It is possible that the codY deficiency led
to overexpression of proteases and lipases that may degrade
unknown eDNA binding moonlighting proteins and lipids, two
additional biofilm matrix components, thereby attenuating the
polymicrobial biofilm formation. Further studies are necessary to
clarify the role of CodY. Altogether, all mutants significantly
reduced the release of their eDNA. Unsurprisingly, these different
virulence factors modulate BapA1-mediated S. aureus biofilms via
a shared mechanism, eDNA binding. Whether and how SarA,
CodY, and Atl are coordinately regulated to mediate this awaits
further investigation.
In conclusion, this study has revealed a new interspecies link

between a commensal streptococcus and a leading pathogen,
S. aureus. Commensal bacteria’s ability to produce versatile
adhesins that bind to key biofilm matrix from pathogens
represents a new avenue to shape an integral polymicrobial
biofilm matrix network to initiate the development of a
pathogenic niche. Such a selective interaction between strepto-
coccal adhesin and staphylococcal eDNA constitutes a potential
therapeutic target that is amenable to the development of new
precision anti-infection strategies.
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