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Abstract
The oral microbiome engages in a diverse array of highly sophisticated ecological interactions that are crucial for
maintaining symbiosis with the host. Streptococci and corynebacteria are among the most abundant oral commensals and
their interactions are critical for normal biofilm development. In this study, we discovered that Streptococcus sanguinis
specifically responds to the presence of Corynebacterium durum by dramatically altering its chain morphology and
improving its overall fitness. By employing gas chromatography-mass spectrometry (GC-MS) analysis, specific fatty acids
were identified in C. durum supernatants that are responsible for the observed effect. Membrane vesicles (MVs) containing
these fatty acids were isolated from C. durum supernatants and were able to replicate the chain morphology phenotype in S.
sanguinis, suggesting MV as a mediator of interspecies interactions. Furthermore, S. sanguinis responds to C. durum lipids
by decreasing the expression of key FASII genes involved in fatty acid synthesis. Several of these genes are also essential for
the chain elongation phenotype, which implicates a regulatory connection between lipid metabolism and chain elongation. In
addition, C. durum was found to affect the growth, cell aggregation, and phagocytosis of S. sanguinis, revealing a complex
association of these species that likely supports oral commensal colonization and survival.

Introduction

Recent 16S rRNA sequencing and fluorescence in situ
hybridization (FISH) [1] studies have revealed Cor-
ynebacterium as a highly abundant genus in supragingival
dental plaque and as an indicator of oral health [2–5].
Accordingly, Corynebacterium spp. are substantially

decreased in patients with dental caries, periodontitis, and
oral lichen planus [6, 7]. Although the Human Oral Micro-
biome Database includes six oral species within the Cor-
ynebacterium genus, only C. matruchotii and C. durum have
been consistently detected at significant levels, which indi-
cates both species as the predominant Corynebacterium taxa
within the dental plaque community [4]. Consistent with
their role as oral commensals, an intimate relationship seems
to exist between Corynebacterium and the pioneer coloniz-
ing oral streptococci. FISH studies of intact dental plaques
have revealed a specific physical interaction of both species,
forming corncob like structures [4]. These structures are part
of a higher community organization leading to an environ-
ment that supports the subsequent integration of oral anae-
robes and ultimately a mature stratified biofilm.

Many oral streptococci are highly abundant pioneer
colonizers of the teeth [8–11], providing over 50% of all
transcripts in supragingival dental plaque biofilms [12, 13].
Oral streptococci can maintain a symbiotic interaction with
the host by, at least in part, protecting host epithelial sur-
faces from invasion/infection by oral pathogens [14]. Of all
oral streptococci, S. sanguinis is recognized as one of the
most abundant, contributing up to 16% of the total tran-
scripts detected in supragingival dental plaque [15].
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Moreover, S. sanguinis is known to release hydrogen per-
oxide (H2O2), which potently inhibits the growth of many
other oral bacteria, especially the pathobionts associated
with caries and periodontal diseases [16, 17].

For mucosal surfaces harboring diverse groups of
microorganisms cohabitating in a symbiotic relationship
(like the oral cavity), the bacterial communities generally
exhibit numerous sophisticated interspecies interactions to
bolster their survival, which in turn benefits the host
[9, 18, 19]. Several studies have investigated the com-
plexity of polymicrobial interactions based upon chemical
and metabolic exchange among the oral microbiota
[9, 20, 21]. Nonetheless, the complexities and interactions
among the oral commensal community and the alterations
that occur during the shift from health to disease states all
remain poorly understood. In this study, we were inter-
ested in exploring the interaction between oral commensal
corynebacteria and streptococci. We identified a pre-
viously unrecognized synergism between C. durum and S.
sanguinis based on the release of fatty acids associated
with membrane vesicles (MVs) that influence S. sanguinis
physiology. Overall, our findings support the emerging
role of commensal Corynebacterium spp. as major drivers
of oral biofilm ecology, potentially shaping symbiotic
health-associated biofilm communities.

Materials and methods

Bacterial strains, plasmids, cell culture, and media

Bacterial strains and plasmids are listed in Supplementary
Table 1. C. durum JJ1 was isolated from one subject fol-
lowing an established protocol [22, 23] and confirmed by 16S
rRNA gene sequencing (GenBank accession number
MN251472). The protocol for C. durum JJ1 isolation was
approved by the OHSU institutional IRB, study number
STUDY00016426. Cells were routinely grown aerobically as
static cultures (5% CO2) at 37 °C in Brain Heart Infusion
medium (Bacto BHI; Becton Dickinson & Co., Sparks, MD,
USA) or on BHI agar plates as well as in an anaerobic
chamber (90% N2, 5% CO2, and 5% H2) when indicated.
BHI without glucose [24] (United States Biological,
Swampscott, MA, USA) or chemically defined artificial sal-
iva solution medium [25] was used to culture bacterial strains
when indicated. Individual and co-cultured bacterial cell
suspensions were prepared as described in Supplementary
Information. Escherichia coli (E. coli) DH10B was cultured
at 37 °C in Luria-Bertani medium (LB; Lennox, Becton
Dickinson & Co.) with agitation at 200 rpm. The following
antibiotics were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used when required: spectinomycin (300 μg

ml−1 for S. sanguinis strain SK36; 100 μgml−1 for E. coli),
erythromycin (5 μgml−1 for SK36). The murine macrophage-
like RAW 264.7 cells were purchased from the American
Type Culture Collection (ATCC®TIB-71TM) and maintained
at 37 °C in Roswell Park Memorial Institute (RPMI) 1640
Medium supplemented with 10% (vol/vol) heat-inactivated
fetal calf serum and 1% penicillin/streptomycin (GE
Healthcare, WI, USA) in atmosphere of 5% CO2 and 95%
humidity. RAW 264.7 cells were continuously cultured until
passage no. 15 [26]. For transwell co-cultures of C. durum
and SK36, Transwell® culture inserts (0.4 µM PE membrane,
0.33 cm2

filter area) placed on 24-well plates were used
(Corning, NY, USA).

Saliva collection

Saliva was collected from donors without specific inclu-
sion or exclusion criteria. Immediately after collection,
each saliva sample was placed on ice to rest prior to
centrifuging at 4000 rpm at 4 °C for 20 min. The liquid
phase was then collected and used for further experiments.
The protocol for human subject studies for saliva collec-
tion was approved by the OHSU IRB, study number
STUDY00015336.

DNA manipulations

Standard recombinant DNA manipulations were used [27].
Restriction enzymes and other molecular biology reagents
were purchased from New England Biolabs (Beverly, MA,
USA), Life Technologies (Grand Island, NY, USA), Pro-
mega Life Science (Madison, WI, USA), and used
according to the manufacturer’s instructions. Primers are
listed in Supplementary Table 2. PCR products were pur-
ified using the Wizard SV gel and PCR clean-up system
(Promega). All plasmids were extracted using the Wizard
plus SV minipreps DNA purification system (Promega).

Constructions of SK36 ΔgldA, Δssa_0278, and
Δssa_0279 and the complemented mutant strains

For the construction of mutant strains via allelic exchange,
an overlapping PCR strategy was used as described else-
where [28]. Complementation was achieved using the
respective open reading frames with native promoter cloned
into plasmid pDL278 [17, 29]. Details can be found in
Supplementary Information.

Transposon mutagenesis

Transposon mutagenesis of SK36 was conducted as
described in Supplementary Information.
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RNA isolation, cDNA synthesis, and quantitative RT-
PCR

RNA extraction was performed as described previously
[28, 30, 31]. Details can be found in Supplementary
Information.

Free fatty acid analysis

EnzyChromTM Free Fatty Acid Assay Kit (BioAssay Sys-
tems, Hayward, CA, USA) was used to measure free fatty
acid content in C. durum JJ1 supernatants. Details of C.
durum JJ1 supernatants can be found in Supplementary
Information. To further identify the types of free fatty acids,
an improved Bligh and Dyer extraction procedure was
conducted [32, 33]. Internal standards C11, C13, and
C23 saturated fatty acids were added in the samples prior to
the derivatization. Fatty acid methyl esters (FAMEs) were
extracted into hexane and analyzed by GC-MS. FAMES
were separated on a fused silica capillary column (Thermo
TR-FAME, 30 m × 0.25 mm ID × 0.25 µm film thickness)
using an Agilent 7890B GC with a 5977A MSD detector in
EI positive mode with a full scan from 50 to 400 m/z.
FAMEs were identified by a comparison of the retention
times of commercially available authentic standards (F.A.
M.E. Mix, C8-C24; Supelco) and a comparison of the mass
spectra with that of the NIST 2014 Library Bundle. All data
were normalized to C17 intensity.

Bacterial MVs isolation and purification

Bacterial MVs were isolated as described previously with
minor modifications [34–36]. In brief, C. durum JJ1 was
cultured in BHI and BHI without glucose at 37 °C with
180 rpm agitation overnight. Cells from 1000ml cultures
were pelleted and the supernatants were filtered through
0.45-mm–pore size cellulose acetate filters (VWR Interna-
tional). Filtered supernatants were then concentrated using
Vivaspin 20 ultracentrifugation units (100 kDa MWCO, GE
Healthcare) prior to further centrifugation at 15,000 × g
(15min, 4 °C) in order to remove cell debris and aggregates.
The remaining supernatants were then centrifuged at
100,000 × g (1 h, 4 °C) to isolate crude MVs. The super-
natants were discarded and the pellets were suspended in 1ml
of 10mM HEPES+ 0.15M NaCl for further analysis.

Electron microscopy

For transmission electron microscopy [37], 5–7 µl of C.
durum JJ1 supernatants were deposited onto glow dis-
charged carbon formvar 400 Mesh copper grids (Ted Pella,
CA, USA) and incubated for 3 min at room temperature
prior to rinsing in ddH2O and wicked on Whatman filter

paper 1. Afterward, the samples were stained for 60 s in
filtered 1.33% (w/v) uranyl acetate prepared in water,
wicked, and then air dried. C. durum JJ1 supernatant sam-
ples were then imaged at 120 kV on a FEI Tecnai™ Spirit
TEM system. The images were acquired as 2048 × 2048
pixel, 8-bit gray scale files using the FEI’s TEM Imaging
and Analysis interface on an Eagle™ 2K CCD multiscan
camera. Images were acquired at 2–4 microns and defo-
cused to improve contrast. For scanning electron micro-
scope (SEM), the biofilm samples were prepared and fixed
as published previously [28]. Samples were sputter coated
with 10-nm thick carbon (ACE600 coater). Imaging was
then performed using a Helios Nanolab 660 dual-beam
scanning electron microscope (FEI).

Bacterial survival assay

Overnight cultures of SK36 and C. durum JJ1 were diluted in
order to obtain optical densities of OD600 ~0.05, as single and
dual-species cultures. Culture suspensions were then incu-
bated as static cultures at 37 °C in 5% CO2. At the indicated
times, cultures were dispersed by vigorous pipetting and
vortexing prior to being subjected to serial tenfold dilutions
and plating to quantify the bacteria (CFU ml−1), which can be
distinguished on the agar plate due to their morphological
differences (Supplementary Information, Figs. S8 and S9).
The assay was performed in three biological replicates, and
the average number of bacterial cells was then calculated.

Phagocytosis assay in murine macrophage-like RAW
264.7 cells

To assess the susceptibility to phagocytosis by macro-
phages, RAW 264.7 cells were chosen as a valid cell line to
be used as an in vitro model and have been widely used in
other phagocytosis and oral research studies [38–42] due to
their phenotypic and functional stability [26]. In brief, RAW
264.7 cells were cultured and phagocytosis assays per-
formed according to a method described previously with
some modifications [43]. Subsequently, RAW 264.7 cells
were plated at 1.0 × 105 cells/well in 24-well plates (Greiner
Bio-One) and cultured overnight at 37 °C in 5% CO2.
Bacterial strains were cultured in BHI medium and pro-
cessed according to the preparation protocol in Supple-
mentary Information. Bacterial cell suspensions were added
to the RAW 264.7 cell monolayers at an MOI of 10:1 and
the infection was then incubated at 37 °C in 5% CO2 for 30,
60, 90, and 120 min. At each time point, infected RAW
264.7 cells were washed and then inoculated into fresh
medium supplemented with penicillin–streptomycin (MP
Biomedicals, CA, USA) for 2 h at 37 °C in 5% CO2 in order
to kill extracellular bacteria. Infected RAW 264.7 cells were
then washed, and intracellular bacteria were released by the

1156 P. Treerat et al.



addition of 0.1% (v/v) Triton X-100 in PBS. Bacterial cells
were dispersed by vigorous pipetting and vortexing (Sup-
plementary Information, Fig. S9). Serial dilutions of the
lysates were plated and the numbers of intracellular bacteria
(CFU ml−1) were enumerated.

Fluorescence microscopy

For microscopic observations, RAW 264.7 cells were plated
at 1.0 × 105 cells/well in 24-well plates containing 13-mm-
diameter sterile glass coverslips and cultured overnight at
37 °C in 5% CO2. Bacterial cell suspensions were prepared as
described in Supplementary Information and added to RAW
264.7 cell monolayers at an MOI of 10:1 and then incubated
at 37 °C in 5% CO2 for 30, 60, 90, and 120min. At the
indicated time points post infection (p.i.), the infected RAW
264.7 cells were washed and replenished with fresh RPMI
containing penicillin–streptomycin to kill extracellular bac-
teria for 2 h at 37 °C in 5% CO2. Afterward, wells were
washed and fixed with 4% paraformaldehyde. Fixed cells
were stained with phalloidin–tetramethylrhodamine B iso-
thiocyanate (Sigma-Aldrich) at a dilution of 1:200 for 1 h for
labeling filamentous actin. Following washes, the wells were
further incubated with DAPI according to the manufacturer’s
guidelines (Invitrogen). Coverslips were mounted on glass
slides with ProLong™ Glass Antifade Mountant (Invitrogen).
Slides were imaged using a Zeiss LSM 780 Inverted Confocal
Microscope (Carl Zeiss, Germany) with a 63 × 1.4 PlanApo
oil objective lens.

Autoaggregation assay

Autoaggregation of SK36 in C. durum JJ1 supernatants was
performed as described previously [44]. The absorbance of the
culture at 600 nm was measured at 0 h (A0) and 8 h (A8) using
a BioSpectrometer® basic (Eppendorf). Bacterial autoaggrega-
tion data were expressed as an autoaggregation percentage (Ag
%) and calculated using: Ag%= [(A0−A8)/A0] × 100 [44].

Statistical analysis

The statistical significance of the difference between
experimental groups was determined by Student’s t-test (2-
tailed). P values less than 0.05 were considered significant.

Results

Species-specific interaction between C. durum and
SK36

The spatial organization of streptococci and corynebacteria
within in situ biofilms [4] suggests interspecies cell

signaling and metabolic communications likely occur
between them. To study such interactions, a clinical isolate
of C. durum JJ1 was co-cultured with S. sanguinis SK36.
Control monocultures of C. durum JJ1 and SK36 exhibited
filamentous aggregates for C. durum JJ1 and short bacterial
chains for SK36, whereas dual-species co-cultures revealed
a dramatic increase in SK36 chain length (Fig. 1). The
elongated SK36 cell chain phenotype could be repeated in
transwell culture plates (Fig. S1) as well as with C. durum
JJ1 supernatants suggesting contact independent mechan-
isms are responsible for the phenotype. Chain elongation
was also observed with supernatants from C. matruchotii
ATCC14266 and C. durum ATCC33822, but not C. glu-
tamicum ATCC 13032 (Fig. 2a). Chain elongation was also
observed with the endocarditis isolate S. sanguinis 133–79
(Fig. 2b) and eight distinct S. sanguinis strains (Fig. S2),
while S. gordonii DL1 (Sg), S. parasanguinis (Sp), S.
mutans UA159 (Sm), and S. oralis J22 (So) showed no
obvious differences suggesting a species-specific interaction
between S. sanguinis and C. durum through a diffusible
compound (Fig. 2c).

Effect of fatty acids on S. sanguinis chain elongation

Initial characterizations of the C. durum JJ1 diffusible
signal excluded a proteinaceous origin (Fig. S3). Therefore,
filtered C. durum JJ1 supernatants were treated with
chloroform to separate the water soluble/insoluble com-
ponents. The aqueous phase of the C. durum JJ1 super-
natant failed to induce the SK36 elongated phenotype (data
not shown), suggesting a possible role of C. durum JJ1
lipid(s) in SK36 chain elongation. Employing a quantita-
tive colorimetric fatty acid assay, we next confirmed the
presence of fatty acids in C. durum JJ1 supernatants grown
in a fatty acid free chemically defined medium [25]
(Fig. 3a). The free fatty acid content in mixed C. durum
JJ1/SK36 cultures was significantly increased when com-
pared with the individual cultures (P < 0.0001) (Fig. 3a),
implying a synergistic effect on fatty acid production and/
or an accumulation of free fatty acids produced by both C.
durum JJ1 and SK36.

We next identified the types of fatty acids present in C.
durum JJ1 supernatant. Palmitic (C16:0), stearic (C18:0),
and oleic (C18:1) acids were increased in the supernatant in
comparison with the medium control (Fig. 3b). Media
containing palmitic, stearic, and/or oleic acid(s) alone or in
combination with each other were prepared and evaluated
for their ability to induce SK36 chain elongation. Most of
the tested media were able to induce the elongation phe-
notype, and the chain length was ~7 times longer than the
medium control (P < 0.0001) (Fig. 3c). However, medium
supplemented with only palmitic or stearic acid exhibited no
significant differences from the control (Fig. 3c).
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Based upon previous gene regulation studies of strepto-
coccal type II fatty acid synthesis (FASII) [45–47], we
suspected that SK36 can utilize lipid molecules from the
environment and reduce its own fatty acid synthesis.
Accordingly, preexisting SK36 transposon mutants in the
FASII pathway genes fabH and acpP were examined for
their chain length phenotypes. Both genes of the strepto-
coccal FASII pathway have been previously reported as
important in bacterial lipid metabolism and membrane
homeostasis [45–49]. Indeed, Tn insertions in fabH and
acpP genes caused an elongated chain phenotype (Fig. 3d)
suggesting a regulatory connection between fatty acid bio-
synthesis and chain elongation.

Role of glycerol dehydrogenase (gldA) and other
genes in SK36 chain elongation

Streptococcal cell morphology and cellular chain length can
be affected by a wide range of environmental and genetic
factors, contributing to their physical behaviors, and inter-
actions with other bacteria and the host [44, 50]. We next
examined if the elongated phenotype induced by C. durum
JJ1 would affect the expression of genes involved in lipid
metabolism and cell division [51, 52], specifically FASII
genes (fabG, fabH, and SSA_1941), lipid metabolism
(gldA), cell membrane and cell division (divlB, mreC, and
cls) genes. Expression of fabG, fabH, and a predicted
transcriptional regulator ssa_1941 exhibited significantly

lower expression than in the BHI control (P < 0.005)
(Fig. 4a), confirming an effect of an enriched fatty acid
environment on FASII gene expression in SK36. Con-
versely, gldA expression was significantly increased, com-
pared to the BHI control (P < 0.01). Expression of divIB
was decreased approximately twofold, while cls gene
expression was slightly increased in comparison with the
control (P < 0.05) (Fig. 4a). Expression of mreC showed no
significant difference (Fig. 4a).

gldA plays a key role in the beginning of fatty acid
metabolism [53, 54]. Deletion mutants of gldA, and the
predicted gldA regulators SSA_0278 and SSA_0279 as
identified by the RegPrecise database [55], were gener-
ated. In contrast to the elongated wild type, the chain
length of SK36 ΔgldA, ΔSSA_0278, and ΔSSA_0279 did
not elongate in the presence of C. durum JJ1 supernatant.
All complemented strains exhibited elongated chain
lengths similar to the wild-type (Fig. 4b, c). To further
verify that both SSA_0278 and SSA_0279 are involved in
gldA regulation, expression of gldA in ΔSSA_0278 and
ΔSSA_0279 was determined after both mutants were
treated with C. durum JJ1 supernatants. Expression of
gldA in the ΔSSA_0278 and ΔSSA_0279 was not affected
by C. durum JJ1 supernatants, whereas gldA was sig-
nificantly induced in the wild-type strain (Fig. 4d). This
finding confirmed a potentially regulatory effect of C.
durum JJ1 supernatant on gldA through SSA_0278 and
SSA_0279.

Fig. 1 Effect of C. durum JJ1
[1] on S. sanguinis SK36
(SK36) chain morphology.
SK36 was cultured with Cd
overnight at 37 °C in a 5% CO2

atmosphere. Cell morphology
was examined and imaged using
an Olympus IX73 inverted
microscope. The pictures are
representative of three
independent experiments. Scale
bars indicate 50 μm.
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Contribution of glucose and lipid metabolism to
SK36 chain morphology

A direct connection between glucose and fatty acid meta-
bolism pathways in both Corynebacterium spp. [56] and
Streptococcus spp. [57] has been established. We hypo-
thesized that glucose may impact the production of fatty

acids and the chain elongation phenotype. To test this, BHI
(BHI), BHI without glucose (BHI w/o), and BHI without
glucose supplemented with 0.01M glucose (BHI glu) were
prepared and used to culture C. durum JJ1 overnight. The
chain length of SK36 cultured in BHI, BHI w/o, and BHI
glu, as the controls, showed no significant difference.
Interestingly, C. durum JJ1 BHI w/o supernatant was unable

Fig. 2 Strain-specific interactions between Corynebacterium spp.
and S. sanguinis. a Supernatants collected from the overnight cultures
of C. glutamicum ATCC 13032 (CgATCC) and C. matruchotii
ATCC14266 (CmATCC) were used to treat SK36 in comparison with
those of C. durum ATCC33822 (CdATCC) and a Cd clinical isolate.
b A clinical isolate S. sanguinis 133–79, c S. gordonii DL1 (Sg),
S. parasanguinis (Sp), S. mutans UA159 (Sm), and S. oralis J22 (So)

were treated with Cd supernatants and then examined for their chain
morphologies. For quantification, bacterial chain length was measured
from 100 bacterial chains per one biological replicate using ImageJ
software [75], and the average chain length (μm) was calculated from
three biological replicates. Data are presented as the means ± standard
deviations. The pictures are representative of three independent
experiments. Scale bars indicate 10 μm.
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to induce the elongated phenotype as SK36 chain length
showed no significant difference (Fig. 5a, b). However,
when treating SK36 with C. durum JJ1 BHI glu super-
natant, the elongated phenotype was restored (Fig. 5a). The
impact of glucose on C. durum JJ1 fatty acid production
was next determined. The amount of free fatty acids in C.
durum JJ1 BHI and BHI glu supernatants showed a sig-
nificant increase when compared with BHI w/o (Fig. 5c).
These findings confirmed an important role of glucose in C.
durum JJ1 fatty acids production.

C. durum JJ1 membrane vesicles induce SK36 chain
elongation

MVs have been demonstrated as an important carrier for
delivering a wide range of macromolecules in a con-
centrated and protected manner, including proteins, carbo-
hydrates, lipids, nucleic acids, and toxins [58]. To learn if
C. durum JJ1 produces MVs, C. durum JJ1 culture super-
natants were collected, filtered, and concentrated. By uti-
lizing negative staining TEM analysis, we observed the

Fig. 3 Role of fatty acids in S. sanguinis chain elongation.
a Comparison of free fatty acids (μM) produced from Cd, SK36, the
mixed culture between Cd and SK36 (Cd+ SK36) and Cd-supernatant
treated SK36 (SK36+Cd sup). b Identification of the fatty acids
present in Cd supernatants (Cd sup) grown in defined medium. Pal-
mitic acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1) are
increased in Cd sup compared with the medium control. c Effect of
palmitic acid (C16:0), stearic acid, (C18:0), and/or oleic acid (C18:1)
on SK36 chain length. SK36 was treated overnight with: 1. Growth
medium only, 2. Medium containing the fatty acid diluent (ethanol), 3.
Conditioned medium from Cd, 4. Medium containing palmitic acid

(0.12M), 5. Medium containing stearic acid (0.023M), 6. Medium
containing oleic acid (0.17 M), 7. Medium containing palmitic (0.12
M) and stearic acid (0.023M), 8. Medium containing stearic (0.023M)
and oleic acid (0.17M), 9. Medium containing palmitic (0.12M) and
oleic acid (0.17M), and 10. Medium containing palmitic (0.12M),
stearic (0.023M), and oleic (0.17M) acid. Bacterial chain length was
measured and calculated as described previously. Data are presented as
the means ± standard deviations. d Chain length of SK36 in compar-
ison to its mutants ΔfabH and ΔacpP after treatment with Cd super-
natant (sup) and the BHI control. The pictures are representative of
three independent experiments. Scale bars indicate 10 μm.
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presence of spherical, double-walled vesicle-like structures
confirming the presence of MVs (Fig. S4). After diluting the
crude MVs preparation with 1X PBS 1:10, different sizes of
spherical, double-walled vesicle-like structures were clearly
visible (Fig. 6a). Interestingly, an obvious change in the
morphology of the MVs occurred when samples were iso-
lated from C. durum JJ1 grown in BHI w/o glucose
(Fig. S4). The size of the spherical, double-walled vesicle-

like structures was substantially smaller than the ones iso-
lated from BHI supernatants (Fig. S4 and 6a). Moreover,
we observed a number of mini spherical, single-walled
vesicle-like structures in glucose-free medium whereas none
was identified in the BHI supernatant (Fig. 6a). These
findings, at least in part, suggested that C. durum JJ1 is able
to produce distinct MVs, and glucose can directly affect
MV production. Further supporting the production of MVs,

Fig. 4 Involvement of SK36 lipid metabolism and cell division
genes in the elongated chain phenotype induced by Cd. a The
expression of key SK36 FASII and cell division genes was quantified
by qRT-PCR in SK36 grown to early exponential phase in Cd
supernatants compared with the BHI control. b Bacterial chain mor-
phology and (c) average chain length (μm) of the wild-type SK36, the
deletion mutants (ΔgldA, ΔSSA_0278, and ΔSSA_0279), and the
complemented (ΔgldAc, ΔSSA_0278c, and ΔSSA_0279c) strains

after being treated with Cd supernatants (sup) compared with BHI. The
pictures are representative of three independent experiments. Scale
bars indicate 10 μm. d The expression of gldA in the wild-type and the
ΔSSA_0278 and ΔSSA_0279 deletion mutant strains was compared
in the presence of Cd supernatants (sup) versus BHI. Gene expression
data are presented relative to the BHI control samples, which were
arbitrarily assigned a value of 1. Data represent the means of three
biological replicates. Error bars denote standard deviations.
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when C. durum JJ1 was grown as biofilm, a number of
spherical, vesicle-like structures were also observed on the
surfaces of bacterial cells (Fig. 6b).

Given that C. durum JJ1 supernatant in BHI was able to
induce SK36 chain elongation whilst the supernatant in BHI
w/o was not, we further investigated if the MVs isolated
from C. durum JJ1 supernatants retained such an ability.
MVs isolated from C. durum JJ1 in BHI were able to induce
the elongated phenotype, especially in the 75 and 100% MV
preparations (Fig. 6c). In contrast, none of the MV pre-
parations isolated from C. durum JJ1 in glucose-free med-
ium was able to induce SK36 chain elongation (Fig. 6c). By
assessing free fatty acid concentration in both MVs sample
sets, MVs isolated from C. durum JJ1 supernatants in BHI

revealed significantly higher free fatty acid content com-
pared with BHI w/o (P < 0.005) (Fig. 6d). These findings
strongly demonstrated an effect of glucose on C. durum JJ1
fatty acid production, contributing to SK36 chain elongation
induction.

C. durum JJ1 promotes SK36 fitness

Given the ability of C. durum JJ1 to naturally cohabitate
with S. sanguinis in the oral cavity [4], it was hypothesized
that C. durum JJ1 may have a beneficial effect on S. san-
guinis fitness in the oral cavity. To test this, C. durum JJ1
and SK36 were co-cultured and the number of viable bac-
terial cells (CFU ml−1) assessed in comparison with single

Fig. 5 Influence of glucose on
the SK36 chain elongated
phenotype. a Supernatants
derived from different Cd
culture conditions (BHI [BHI],
BHI without glucose [BHI w/o],
and BHI without glucose
supplemented with 0.01M
glucose [BHI glu]) were used to
compare their effects upon SK36
chain lengths. b Bacterial chain
length was measured and
evaluated as described in
“Materials and Methods“. c
Impact of glucose on Cd fatty
acid production. Data presented
as the means of three biological
replicates. Error bars denote
standard deviations. The pictures
are representative of the
independent experiments. Scale
bars indicate 10 μm.
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species controls. On day 1 (D1), it was apparent that C.
durum JJ1 was able to substantially promote the SK36
growth, as the SK36 cell number in the co-cultured sample
resulted in a 5-fold increase from its corresponding mono-
species culture (P < 0.001) (Fig. 7a). Interestingly, growing
C. durum JJ1 with SK36 significantly decreased C. durum
JJ1 viable cell numbers (Fig. 7b). In contrast to D1, bac-
terial cell number in the co-cultured sample exhibited no
significant difference from the individual cultures on both
day 2 (D2) (Fig. 7a, b) and day 3 (D3) (data not shown)

mainly caused by the overall decline of bacterial viability in
batch cultures. This finding supports that C. durum JJ1
influences SK36 physiology and promotes its fitness.

Effect of C. durum—S. sanguinis co-incubation on
phagocytosis

Bacterial chain length has been demonstrated to have an
impact on phagocytosis susceptibility [59, 60]. Given that
C. durum JJ1 produces MVs to induce SK36 chain

Fig. 6 Transmission electron micrograph of MVs prepared from
Cd. a 1:10-diluted samples in low and high magnification isolated
from Cd grown in BHI (left) and BHI w/o (right), showing the dif-
ferences of double-walled vesicle-like structures. Arrows indicate
spherical MVs. b SEM image of Cd cells cultured in biofilm condi-
tions showing spherical blebs (arrows) surrounding the bacteria. The
pictures are representative of three independent experiments. Scale

bars are indicated on each panel. c SK36 chain length morphology
after being treated with MVs prepared from Cd grown in BHI and BHI
w/o compared with Cd supernatants (sup) and the BHI controls.
d Average chain length (μm). Data are presented as the means of three
biological replicates. Error bars denote standard deviations. Scale bars
indicate 10 μm.
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Fig. 7 Effect of Cd on SK36 survivability and phagocytosis. (a)
SK36 and (b) Cd viable cell counts (CFU ml−1) after culturing either
in mixed or monospecies cultures. Bacterial survival (CFU ml-1)
within RAW 264.7 cells for up to 2 h post uptake of (c) SK36 and (d)
Cd, in the mixed culture compared with their individual culture con-
trols. e Representative confocal micrographs of RAW 264.7 cells

infected with SK36 expressing GFP (SK36-GFP) and its mixed culture
with Cd (SK36-GFP+Cd) at 30, 60, 90, and 120 min post uptake.
Filamentous actin is indicated by red fluorescence, while nuclei are
labeled with blue fluorescence. Data are presented as the means of
three biological replicates. Error bars denote standard deviations.
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elongation, we initially attempted to investigate if elongated
SK36 could also impact phagocytosis. However, we were
unable to prepare elongated SK36 after C. durum JJ1 co-
incubation due to the disruption of cell chains following
centrifugation, washing, and resuspension. Nonetheless, we
were interested in the potential interference of phagocytosis.
Murine macrophage-like RAW 264.7 cells, as phagocytic
cells, were challenged with mixed cultures of SK36 and C.
durum JJ1 in comparison with the single culture controls.
At 30, 60, 90, and 120 min p.i., infected RAW 264.7 cells
were lysed, and the number of viable bacteria (CFU ml−1)
was enumerated. The amount of phagocytosed SK36 from
mixed cultures was approximately twofold to fourfold lower
than that of SK36 monospecies cultures (P < 0.05) at all
time points (Fig. 7c). In contrast, there was no significant
differences in the numbers of C. durum JJ1 phagocytosed
from mixed and monospecies cultures (Fig. 7d). Interest-
ingly, C. durum JJ1 was internalized at much lower rates
compared with SK36. To verify a decrease in SK36 num-
bers as observed in Fig. 7c, RAW 264.7 cells were chal-
lenged with SK36 expressing GFP (SK36-GFP) and
immune-fluorescence staining was performed to visualize
bacterial cells (green), RAW 264.7 cells actin (red), and
nucleus structures (blue). In agreement with the CFU data,
the confocal images revealed a decrease in the amount of
phagocytosed SK36-GFP over 30, 60, 90, and 120 min p.i.
when RAW 264.7 cells were challenged with SK36-GFP
from mixed cultures with C. durum JJ1 (Fig. 7e). In con-
trast, an increase in the amount of phagocytosed SK36 at all
four time points was observed when RAW 264.7 cells were
challenged with monospecies SK36-GFP cultures (Fig. 7e).
We were next curious whether the phagocytosis phenotype
observed in the S. sanguinis-C. durum co-cultures is spe-
cific to S. sanguinis or could also be replicated using other
streptococci. An uptake assay was performed by challen-
ging RAW 264.7 cells with mixed cultures of C. durum JJ1
and S. mutans UA159 (Sm) or S. pyogenes M4 (Spy).
Unlike what was demonstrated with SK36 (Fig. 7c), the C.
durum JJ1 cultures mixed with Sm or Spy exhibited no
significant differences in the number of phagocytosed
streptococci at all time points (Fig. S5), indicating a specific
interspecies, and beneficial interaction between C. durum
and S. sanguinis.

In addition to impacting phagocytosis, bacterial chain
morphology has been shown to impact cell aggregation
[60]. Thus, a bacterial cell autoaggregation assay was per-
formed as described previously [44, 61], and presented as
an autoaggregation percentage (Ag%). C. durum
JJ1 supernatant treated SK36 (SK36[sup]) exhibited an ~20-
fold increase (P < 0.01) in Ag% compared with the BHI
treated SK36 control (SK36) (Fig. S6). We next examined if
Ag% is affected by bacterial density by performing auto-
aggregation assay with 1:5, 1:10, and 1:20 bacterial cell

dilutions. Although Ag% in the three different dilutions of
the cell suspension revealed marginal differences, these
were not statistically significant suggesting that the here
used dilutions did not affect the observed autoaggregation
when SK36 is treated with C. durum JJ1 supernatant
(Fig. S6). In summary, the experimental data suggests that
bacterial chain length morphology impacts autoaggregation
activity of SK36.

Discussion

Our interest in the interaction between Corynebacterium
and Streptococcus spp. is the result of a recent publication
revealing the close association of both genera within in situ
dental plaques [4]. Both Corynebacterium and Strepto-
coccus spp. are abundant genera in the supra-gingival bio-
film [4], suggesting a prominent role in oral community
organization. Their physical organization is most likely
shaped by coaggregation and/or co-adhesion through spe-
cific surface protein interactions [9, 14, 62]. However,
whether this association mediates specific interspecies
interactions between the organisms was unknown.

Here we show that the production of MVs by C. durum
can influence the cell chain length of S. sanguinis leading to
a stronger autoaggregation of elongated of SK36 after being
cultured in C. durum JJ1 supernatant. The initial colonizer
S. sanguinis was chosen due to its relative high abundance
in dental plaque. MV formation by Gram-negative and
Gram-positive bacteria is known to play a crucial role in
mediating cell-cell interactions for symbiotic and patho-
genic relationships [63]. In our study, we isolated MVs
from C. durum JJ1 supernatants which contain, at least in
part, free fatty acids. If the free fatty acids are contained
inside the vesicles or are associated with the vesicles is not
known at this time. We also verified that isolated C. durum
JJ1 MVs as well as fatty acids alone can induce SK36 chain
elongation. MVs are generally diffusible, thus do not
require close contact to confer the elongated chain pheno-
type, as we demonstrated with the transwell experiments.
Interestingly, when we checked the growth of fluorescently
labeled SK36 in freshly collected saliva, we detected a
similar elongated chain length phenotype (Fig. S7). Whe-
ther this is due to the presence of Corynebacterium MV is
speculative, but, nonetheless, shows that longer chain length
seems to be the relevant growth phenotype for S. sanguinis
in its natural environment.

Commensal bacteria have evolved with the host and a
protective function for the host has been attributed to oral
biofilm homeostasis [14, 64]. Here, we demonstrated an
interesting relationship between oral commensals and the
host immune system. We chose RAW 264.7 cells which
have been used to model innate immune responses in the
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oral cavity [39, 40, 65]. When challenging RAW 264.7
cells, only the dual-species cultures of C. durum JJ1 and
SK36 showed a significant decrease in bacterial phagocy-
tosis, whereas the dual-species cultures of C. durum JJ1
with S. mutans or S. pyogenes showed no differences. This
suggests that C. durum exerts a species-specific protective
function over S. sanguinis to avoid significant inhibition by
the host innate immunity. The protective effect seems to
extent also towards killing by macrophages, since co-
cultured S. sanguinis showed increased resistance against
killing when incubated in lysates of RAW 264.7 cells
(Fig. S10). From an ecological perspective, the observed
benefit from the interaction between Corynebacterium and
S. sanguinis might aid in their health supportive mission.
Both species have been shown to be abundant in the healthy
individuals, and biogeographical studies showed that they
build a base at the gingival margin, with S. sanguinis also
occupying other parts of the exposed tooth [4]. How is the
avoidance of phagocytosis beneficial for both species and
the host? Injuries to the gingival margin followed by rapid
wound healing process involving the recruitment of pro-
inflammatory macrophages are common [66–68]. Further-
more, other phagocytic leukocytes can be recruited through
the release of macrophage migration inhibitory factor,
which is constitutively expressed in oral epithelial cells as a
central regulator of wound healing responsible for host
against infections [69]. Thus, it is intriguing to speculate
that the inflammatory response at the injury area can dis-
criminate between bacterial species that have by themselves
a protecting function to the host avoiding futile elimination
of commensal species. S. sanguinis is also less susceptible
than other streptococci to various innate immunity
mechanisms such complement opsonization and IgG bind-
ing, further supporting its assignment as a health-associated
commensal in the oral biofilm [14, 70]. However, we were
unable to directly test how chain elongation affects pha-
gocytosis, since S. sanguinis cells could not be reliably
prepared maintaining long chains for the phagocytosis
assay. Therefore, the effect of C. durum on S. sanguinis
phagocytosis seems to be independent of the cell length, but
chain elongation can further influence phagocytosis effi-
ciency as shown for S. mutans [59, 71].

The regulation of the elongated chain phenotype seems
to involve a metabolic coordination of fatty acid production
in S. sanguinis. S. sanguinis is able to adjust its own fatty
acid synthesis by the external supply of fatty acids pro-
vided by C. durum. The fab operon, encoding key steps in
fatty acid biosynthesis, is significantly downregulated
when S. sanguinis is grown in C. durum supernatants.
Similarly, deletion of fabH or acpP in S. sanguinis resulted
in a similar chain length phenotype even without growth in
C. durum supernatants (Fig. 3d). FabT functions as a
transcriptional repressor of the fatty acid biosynthetic

enzymes (fab) gene cluster, and a S. pneumoniae strain that
lacks FabT in the genome appears to have an elongated
chain length phenotype [45, 46]. Given that both S. pneu-
moniae FabT and S. sanguinis SSA_1941 share ~78%
amino acid identity, it could potentially verify the elon-
gated phenotype of SK36 acpP::Tn and fabH::Tn (Fig. 3d)
and the effect on fab gene expression (Fig. 4a) as shown in
this study. Nonetheless, the exact role of both genes in fatty
acid metabolism requires further studies. Interestingly, we
also observed a significant increase in the expression of
gldA, encoding gldA, which converts glycerol into glycer-
one (dihydroxyacetone). Glycerol is a metabolite connect-
ing glycerolipid metabolism with central metabolism/
glycolysis. In agreement with the increased expression of
gldA in S. sanguinis, a deletion of gldA or its predicted
transcriptional regulators encoded by SSA_0278 and
SSA_0279 renders the cells unable to form longer chains
when grown in C. durum supernatants. This suggests that
the metabolic interaction between both species is quite
sophisticated and might also influence central metabolism.
How glycerol metabolism plays into the interaction of both
species is currently under investigation.

The functional role of commensal Corynebacterium spp.
is not well investigated, but a common theme is emerging
implicating a health-supporting function of these organisms.
Likewise, interspecies interactions of Corynebacterium spp.
seem to influence microbial community composition. This
is evident from a recent study demonstrating that nostril
pneumococcal colonization in children is inversely corre-
lated to the abundance of Corynebacterium spp. Thus,
abundant colonization by Corynebacterium spp. might
prevent or delay pneumococcal colonization [72]. The
molecular basis for this inverse relationship was identified
in a study using C. accolens, a common commensal of the
nasopharynx [73]. C. accolens is able to modify its local
environment by releasing antibacterial free fatty acids from
the host epithelium that inhibit pneumococcal growth.
Corynebacterium spp. influence on other bacterial species
can also be more direct by specifically interfering with their
pathogenicity. Such an interaction was demonstrated
between C. striatum and Staphylococcus aureus [74]. Dual-
species incubation triggered a decreased transcription of
genes associated with S. aureus virulence and elevated
expression of genes that would allow colonization, thus
reprogramming S. aureus into a more commensal state. Our
results are also supporting the unique beneficial and com-
mensal role of Corynebacterium spp. as a significant, yet
understudied species able to influence the host environment.
The ability of Corynebacterium spp. to interact with other
species seems to include a variety of mechanisms, MVs
being one of them and might vary depending upon the
respective Corynebacterium spp., the interaction partner(s),
and the host environment.
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Our study demonstrates the importance of dual and
multispecies models to study bacterial behaviors. Elongated
cell chains appear to be the norm for S. sanguinis when
present in saliva and our assay system provides an effective
method to replicate this behavior in vitro. In addition, the
functional interaction between both species may support
stable commensal communities, possibly inhibiting com-
petition or displacement from the ecological niche by car-
iogenic species. Further studies of interspecies synergism
between oral corynebacteria and streptococci will likely
reveal even more complex ecological interactions that are
central for maintaining symbiosis with the microbiota and
ultimately oral health.
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