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ABSTRACT The overall health of the oral cavity is dependent on proper homeosta-
sis between health-associated bacterial colonizers and bacteria known to promote
dental caries. Streptococcus sanguinis is a health-associated commensal organism, a
known early colonizer of the acquired tooth pellicle, and is naturally competent. We
have shown that LytF, a competence-controlled murein hydrolase, is capable of in-
ducing the release of extracellular DNA (eDNA) from oral bacteria. Precipitated LytF
and purified LytF were used as treatments against planktonic cultures and biofilms.
Larger amounts of eDNA were released from cultures treated with protein samples
containing LytF. Additionally, LytF could affect biofilm formation and cellular mor-
phology. Biofilm formation was significantly decreased in the lytF-complemented
strain, in which increased amounts of LytF are present. The same strain also exhib-
ited cell morphology defects in both planktonic cultures and biofilms. Furthermore,
the LytF cell morphology phenotype was reproducible in wild-type cells using puri-
fied LytF protein. In sum, our findings demonstrate that LytF can induce the release
of eDNA from oral bacteria, and they suggest that, without proper regulation of
LytF, cells display morphological abnormalities that contribute to biofilm malforma-
tion. In the context of the oral biofilm, LytF may play important roles as part of the
competence and biofilm development programs, as well as increasing the availabil-
ity of eDNA.

IMPORTANCE Streptococcus sanguinis, a commensal organism in the oral cavity and
one of the pioneer colonizers of the tooth surface, is associated with the overall
health of the oral environment. Our laboratory showed previously that, under aero-
bic conditions, S. sanguinis can produce H2O2 to inhibit the growth of bacterial spe-
cies that promote dental caries. This production of H2O2 by S. sanguinis also induces
the release of eDNA, which is essential for proper biofilm formation. Under anaero-
bic conditions, S. sanguinis does not produce H2O2 but DNA is still released. Deter-
mining how S. sanguinis releases DNA is thus essential to understand biofilm forma-
tion in the oral cavity.

KEYWORDS Streptococcus

Within the oral cavity, more than 600 bacterial species have been identified and are
known to persist through both cooperative and competitive means in a biofilm

environment (1). Overall health in the oral cavity depends on the homeostasis between
health-associated species and species known to contribute to dental caries and peri-
odontitis (2, 3). For example, Streptococcus sanguinis and Streptococcus gordonii are
considered health-associated pioneer colonizers within the oral biofilm. Both species
are known to combat actively the growth of cariogenic and periodontal pathogens,
such as Streptococcus mutans and Porphyromonas gingivalis, via the production of H2O2

Received 7 August 2017 Accepted 22
September 2017

Accepted manuscript posted online 6
October 2017

Citation Cullin N, Redanz S, Lampi KJ, Merritt J,
Kreth J. 2017. Murein hydrolase LytF of
Streptococcus sanguinis and the ecological
consequences of competence development.
Appl Environ Microbiol 83:e01709-17. https://
doi.org/10.1128/AEM.01709-17.

Editor Andrew J. McBain, University of
Manchester

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jens Kreth,
kreth@ohsu.edu.

MICROBIAL ECOLOGY

crossm

December 2017 Volume 83 Issue 24 e01709-17 aem.asm.org 1Applied and Environmental Microbiology

https://doi.org/10.1128/AEM.01709-17
https://doi.org/10.1128/AEM.01709-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:kreth@ohsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01709-17&domain=pdf&date_stamp=2017-10-6
http://aem.asm.org


(4, 5). Essential to competition, cooperation, and overall communication within the oral
environment is the ability of certain bacterial species to develop natural competence.
The competence pathway has been studied extensively in Streptococcus pneumoniae
and is considered a stress-response pathway (6). Among several other stress-associated
cellular functions, competence controls the uptake of exogenous or extracellular DNA
(eDNA) (7). Interestingly, commensal species such as S. sanguinis and S. gordonii
naturally develop competence under normal growth conditions, suggesting that genes
regulated by the competence pathway play a role in establishing and maintaining
biofilms (8, 9).

Competence is controlled by the competence-stimulating peptide (CSP). As an
example, when CSP is secreted by Streptococcus pneumoniae cells, it subsequently is
sensed and activates a two-component signal transduction system composed of the
membrane-bound histidine kinase ComD and the corresponding response regulator
ComE. CSP binds to ComD and allows the phosphorylation of ComE, which activates a
number of so-called “early” competence genes (10, 11). Encoded by one of these early
competence constituents, ComX is an alternative sigma factor that activates the
transcription of late competence genes by binding to the cin box, which serves as a
ComX-dependent promoter. The majority of late competence genes are involved in
DNA repair, regulation, and uptake (12).

Extracellular DNA and its subsequent uptake are vital for oral biofilms. eDNA is a
necessary component of the exopolysaccharide matrix of biofilms, as it provides
structural stability and promotes cell-cell and cell-tooth adhesion (13–15). A lack of
eDNA, such as that caused by treatment with DNase, causes biofilm destruction and
inhibition of cell aggregation (16, 17). Since eDNA is present within the biofilm matrix,
naturally competent bacteria readily import this eDNA to promote genetic exchange
through horizontal gene transfer, especially under conditions that provide selective
pressure (9, 18, 19). The release of this eDNA is considered one of the many functions
of murein hydrolases, enzymes that act to digest the bacterial cell wall (20–22). In S.
pneumoniae, murine hydrolase activity, competence development, and eDNA release
are all coordinated processes. Specifically, when the competence-associated LytA is
deleted, eDNA release from S. pneumoniae is decreased. This phenotype is exacerbated
in a double deletion mutant with LytC (23). Although LytC is itself not associated with
competence, further evidence suggests that the overall hydrolytic activity of LytA peaks
when LytC and a third murein hydrolase, CbpD, all act together (24, 25).

Our group demonstrated previously that both S. sanguinis and S. gordonii are able
to generate eDNA in an H2O2-dependent manner (17, 18). H2O2 is produced by and
promotes eDNA release from S. sanguinis and S. gordonii during early biofilm formation,
when there is an ample supply of environmental oxygen (26). As biofilms mature and
thicken, oxygen availability and H2O2 production both decrease, although eDNA re-
lease is not completely inhibited (17, 18). This indicates that an additional mechanism
for eDNA release must be utilized in oral streptococci. Since competence is known to
play a role in eDNA release in S. pneumoniae, we focused on competence-regulated
murein hydrolases (23).

Interestingly, of the competence-controlled genes in S. sanguinis and S. gordonii, we
identified two potential murein hydrolases, encoded by sgo_2094 in S. gordonii and
ssa_0036 in S. sanguinis. Both genes are predicted to be under the control of the
alternative sigma factor ComX, indicating that they would be part of a late competence
regulon. The murein hydrolase encoded by sgo_2094 was characterized previously and
was named LytF (27). While the genes in both species lie among purine biosynthesis
genes, S. gordonii lytF is also surrounded by the competence genes comA, comB, and
comX (Fig. 1A). In fact, comX and sgo_2093 even overlap lytF (sgo_2094). S. sanguinis
does not possess genes overlapping lytF (ssa_0036), and other competence genes are
not present in the immediate vicinity, although S. sanguinis is not known to contain
homologs of either comA or comB. Due to the similarities between the genes encoding
LytF in S. gordonii and S. sanguinis, it is likely that the two gene products are orthologs.
After a BLAST comparison, it is apparent that the cysteine histidine-dependent amino-
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hydrolase/peptidase (CHAP) domains, the catalytic regions of the LytF protein respon-
sible for hydrolyzing peptidoglycan via amidase and/or peptidase activities, share
�75% identity (27). The differences thus lie in the number of Bsp (group B strepto-
coccal secreted protein) domains. While S. sanguinis LytF possesses five Bsp domains,
S. gordonii LytF has only three (Fig. 1B). Considering that Bsp domains are thought to
give proteins their specificity for peptidoglycan structures, we were interested, in the
current study, in examining the activities of LytF in S. sanguinis, specifically how these
functions would relate to overall biofilm formation and the development of compe-
tence (27, 28).

RESULTS
LytF is part of the late competence regulon. To first confirm that LytF is indeed

part of the competence pathway, we induced competence by adding CSP to mid-log-
phase cultures (optical density at 600 nm [OD600] of 0.4) growing in pH 6.8 medium
(Fig. 2A). It is necessary to adjust the pH of the medium when examining the compe-
tence of S. sanguinis because the cells naturally induce competence at higher pH
values, specifically pH 7.4 (as demonstrated in Fig. 2B), which is routinely the approx-
imate pH of our autoclaved media (29, 30). By examining the expression of comD and
comYA, well-characterized early and late competence genes, respectively, we con-
cluded that at pH 6.8 we were able to induce the expression of the competence genes
comD and comYA and our gene of interest, lytF, comparable to findings reported
previously (29, 31). Specifically, the expression of comD was induced �4-fold, while
comYA and lytF were induced �100-fold.

Previous expression data indicated that lytF (ssa_0036) is regulated as a late com-
petence gene (29). Late competence gene expression is regulated by the alternative
sigma factor ComX. The association of ComX with genes possessing a cin box promoter

FIG 1 Genetic context of lytF in S. sanguinis and S. gordonii, with lytF colored dark gray for each species. Note that open reading frames
are approximate and are not drawn to scale. (A) Top, S. sanguinis genetic context, with lytF (ssa_0036) present on the negative strand and
surrounded by purine biosynthesis genes; ssa_0036 is 1,950 bp and produces a 659-amino-acid protein, LytF. Bottom, S. gordonii genetic
context, with lytF (sgo_2094) present on the positive strand. Two genes overlapping sgo_2094 are present, along with purine biosynthesis
genes upstream and the competence-associated comAB operon downstream; sgo_2094 is 1,650 bp and produces a 549-amino-acid LytF.
(B) Comparison of protein domains within LytF of S. sanguinis and LytF of S. gordonii. Both proteins contain the hydrolytic CHAP domain
(light gray rectangles) at the C terminus. S. sanguinis LytF contains five Bsp regions (dark gray diamonds), while S. gordonii LytF
contains three, highlighting the main difference in the proteins between the two species. Small black rectangles upstream of LytF
indicate the cin box.

LytF of S. sanguinis Applied and Environmental Microbiology

December 2017 Volume 83 Issue 24 e01709-17 aem.asm.org 3

http://aem.asm.org


region, predominantly DNA maintenance genes, activates their expression (12). To
determine the promoter region and to identify the cin box for lytF, 5= rapid amplifica-
tion of cDNA ends (RACE) was performed. Accordingly, a likely cin box was identified 8
bases upstream of the identified transcription start site (Fig. 3).

In order to further examine the regulation of lytF and the activity of its gene product,
it was necessary to create a lytF mutant and to complement this mutant. To do this, we
created a lytF allelic replacement using an erythromycin resistance cassette, ermAM,
and complemented this mutant by expressing lytF via its native promoter from the
shuttle vector pDL278. We refer to the lytF mutant and its complemented strain as the
ΔlytF and lytF-c strains, respectively. Considering that the competence pathway is
highly regulated and responds to a number of different stimuli, it was necessary to
confirm that the competence pathway was still properly expressed in the newly created
strains. All examined competence genes were similarly expressed in the ΔlytF and lytF-c
strains, compared to the wild-type SK36 strain. It is important to note that lytF

FIG 2 Induction of competence-associated genes with CSP addition. Cultures were grown to mid-log phase (OD600 of �0.4), 0.5 �g/ml
CSP was added to the appropriate samples, and the cultures were further incubated for 2 h. RT-PCR was performed with 16S rRNA as the
housekeeping gene. Expression levels are presented relative to levels in noninduced, no-CSP-added controls, which were set to 1. Data
presented are the means and standard deviations of three independent experiments performed in duplicate on different days. (A) Cultures
grown in TH medium at pH 6.8. (B) Cultures grown in TH medium at pH 7.4.

FIG 3 RACE results, showing the sequence of the identified lytF promoter. The agarose gel image shows the final RACE PCR product from the
lytF promoter region that was ultimately sequenced, and the arrow indicates the band that correlates with the size of the lytF promoter with the
5=-RACE adapter.
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expression is highly overexpressed in the lytF-c strain, likely due to the copy number of
the vector (Fig. 4; also see Fig. 9 for increased amounts of LytF in the supernatant of the
lytF-c strain).

Transformation efficiency and cell division are affected by LytF. Given that LytF
is a predicted murein hydrolase associated with competence, we wanted to determine
whether the protein is involved in transformation and/or cell division. Transformation
assays showed a 4-fold decrease in transformation in the ΔlytF strain, compared to the
wild-type strain (Fig. 5A). The three strains also showed differences in their bacterial
chain lengths. The ΔlytF strain had larger amounts of elongated chains than did the
wild-type SK36 strain, while the lytF-c strain exhibited short chain lengths overall (Fig.
5B). We next treated planktonic cultures with the green fluorescent vancomycin-
BODIPY-FL conjugate, which incorporates into the peptidoglycan and thus serves as an
effective cell wall stain for Gram-positive organisms (32). Although there was no
apparent difference in cell morphology between SK36 cells and ΔlytF cells, we did
notice that lytF-c cells appeared more spherical and bloated (Fig. 6A). To examine this
phenotype more closely, we grew the wild-type and mutant strains as biofilms in
chemically defined medium (CDM) with added sucrose and examined the cell mor-
phology with scanning electron microscopy (SEM). The observed phenotype was
consistent for cells in biofilms; lytF-c biofilm cells appeared bloated and distended,
whereas ΔlytF cells appeared similar to wild-type SK36 cells (Fig. 6B). Taken together,
these results indicate that LytF may play a role in cell division as a murein hydrolase,
which presumably also affects the ability of cells to take up exogenous DNA.

LytF affects biofilm formation. As shown in Fig. 6, an excess of the LytF protein
appears to be unhealthy for cells in both planktonic and biofilm cultures, as there was
a multitude of enlarged and irregularly shaped cells with the lytF-c strain. Therefore, we
wanted to examine the overall biofilm formation among the various strains. The ability
of S. sanguinis wild-type and mutant strains to form biofilms was examined by quan-
tifying biofilm formation in 96-well plate assays. Biofilms were stained with safranin and
the absorbance at 490 nm was measured to assess differences in biofilm formation
among the SK36, ΔlytF, and lytF-c strains. Although the absorbance was not largely
changed for the lytF mutant, compared with the wild-type strain, the overexpression of

FIG 4 Induction of competence-associated genes in lytF mutant strains. The relative expression of
competence-associated genes in the lytF mutant and complemented strains was calculated with the
levels in S. sanguinis SK36 control samples set to 1. Data presented are the means and standard
deviations of three independent experiments performed in duplicate on different days.
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lytF in the lytF-c strain resulted in a significant decrease in biofilm formation, compared
to both the SK36 wild-type and ΔlytF strains (P � 0.0001) (Fig. 7).

LytF is a murein hydrolase. To further examine the activities of LytF from S.
sanguinis, we adapted a zymogram protocol. Zymogram assays were performed with
whole-protein extracts of the wild-type, ΔlytF, and lytF-c strains. A clearance band at 70
kDa, the approximate size of LytF, was visible with the protein extracts of the wild-type
and lytF-c strains, but no clearance was visible with proteins from the ΔlytF strain (Fig.
8). Interestingly, the lytF-c samples showed much greater clearance of the substrate
than did the wild-type whole-protein samples, which correlates with the overexpres-
sion of lytF in this strain.

FIG 5 LytF effects on transformation and cell division. (A) Cells were grown to an OD600 of �0.08 in TH medium with 2.5%
heat-inactivated horse serum. Chromosomal DNA (kanamycin resistance) (37.6 ng/�l) and 0.5 �g/ml CSP were added, and
cells were further incubated for 2 h. Cells were plated on selective and nonselective TH plates. Transformation efficiency
was calculated as the number of kanamycin-resistant CFU relative to the CFU on nonselective agar. The decrease in ΔlytF
transformation efficiency was statistically significant, compared to the wild-type value (**, P � 0.0099). Data represent the
means and standard deviations of three independent experiments. (B) Cells were grown to mid-log phase, and images
were obtained with oil immersion using an Olympus BX51 microscope, an Olympus DP72 digital camera, and cellSens 1.3
software. Images were adjusted for brightness and contrast and are representative of three independent experiments with
similar outcomes. Chains from three images per strain were measured using ImageJ. Chain length differences between the
strains were not statistically significant. Scale bars, 10 �m.
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Since LytF of S. sanguinis and LytF of S. gordonii are orthologs, we determined,
through similar zymogram assays, whether LytF of S. sanguinis could also digest S.
gordonii substrate cells. We observed hydrolytic clearance in the S. gordonii substrate
zymogram similar to that observed with S. sanguinis substrate cells; thus, S. sanguinis
LytF is not strictly species specific (Fig. 8). Additionally, LytF of S. sanguinis could digest
S. mutans substrate cells, albeit with lower efficiency (see Fig. S1 in the supplemental
material).

LytF is secreted and retains activity in the environment. Although we have
confirmed LytF to be a murein hydrolase, the overall function or purpose of the protein
is still unknown. Murein hydrolases, acting as autolysins, can be involved in cell division,
programmed cell death, and fratricide, depending on environmental stimuli (20–22). To
further characterize LytF, we attempted to overexpress and to purify LytF from Esche-

FIG 6 Altered cell morphologies of LytF mutant strains. (A) Cells were grown to mid-log phase and
stained with 1 �g/ml vancomycin-BODIPY-FL conjugate. Images were obtained with oil immersion using
an Olympus IX73 microscope, an Olympus DP72 digital camera, and cellSens standard software. Images
were adjusted for brightness and contrast and are representative of multiple experiments with similar
outcomes. (B) SEM was performed on 18-hour biofilms grown on Thermanox discs in CDM. Images are
representative of at least three fields of view from two experiments performed on different days. Scale
bars, 5 �m.

FIG 7 Inhibition of proper biofilm formation by excess LytF. Biofilms of S. sanguinis SK36, ΔlytF, and lytF-c
strains were grown in CDM for 18 h, washed, and stained with 0.01% safranin. Biofilm formation was
determined by measuring the absorbance of air-dried biofilms at 490 nm. The lytF-c biofilms showed a
significant decrease in absorbance after safranin staining, indicating that biofilm formation was inhibited
in this strain (****, P � 0.0001). Data represent averages and standard deviations from quadruplicate
samples in three separate plate experiments.
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richia coli, but we were unsuccessful. Instead, since LytF is predicted to be a secreted
protein, we precipitated proteins from the supernatants of actively growing cultures by
using ammonium sulfate, in an attempt to collect LytF. In SDS-PAGE analysis, a band of
approximately 70 kDa was present from the wild-type precipitation and a stronger
band of the same size was visible from the lytF-c precipitation. The lytF mutant lacked
a band of the same size (Fig. 9A). These proteins were excised from the polyacrylamide
gel and submitted to the Oregon Health and Science University Proteomics Shared
Resource for identification via mass spectrometry. This precipitated protein was con-
firmed to be LytF of S. sanguinis. Precipitated proteins were used in zymogram assays
and remained active (data not shown). To confirm that any hydrolytic activity was due
to LytF and not another protein present in the precipitated sample, proteins precip-
itated from the lytF-c strain were used for additional purification by fast protein
liquid chromatography (FPLC). Protein samples were first dialyzed against 2-(N-
morpholino)ethanesulfonic acid (MES) buffer and then purified over a cationic Sephar-
ose column. After SDS-PAGE analysis of the fractions (Fig. S2), the purified protein was
determined by zymogram assays to be still active (Fig. 9B).

LytF is able to cause eDNA release. To determine whether LytF could induce the
release of eDNA from S. sanguinis, SK36 cultures were treated with 100 �g ml�1

precipitated proteins from the three strains, and samples were taken over time. At 15
min posttreatment, significantly higher relative concentrations of eDNA could be
detected from cultures treated with SK36 and lytF-c precipitated proteins than from
ΔlytF protein-treated cultures (Fig. 10A). Since LytF of S. sanguinis could digest S.

FIG 8 S. sanguinis LytF effects as a murein hydrolase. Zymograms with either S. sanguinis or S. gordonii
substrate cells show clearance bands where hydrolytic proteins contained in whole-cell suspensions of
the indicated strains are active. Zymograms were photographed on a black background and are
representative of at least three separate experiments performed on different days. Entire pictures were
processed to increase the visibility of the bands.

FIG 9 Precipitation and purification of LytF from S. sanguinis. (A) SDS-PAGE analysis of proteins precip-
itated from culture supernatants with 60% ammonium sulfate saturation. The image is representative of
at least three experiments performed on different days. (B) Zymogram assays with S. sanguinis substrate
cells (left) or S. gordonii substrate cells (right). Both lytF-c protein samples (left lanes) and purified LytF
(right lanes) showed hydrolysis of both species. Zymograms are representative of three separate
experiments performed on different days. Images were processed to increase the visibility of the bands.
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gordonii and S. mutans substrate cells in zymograms, we sought to determine whether
the purified LytF could also induce the release of DNA from other oral streptococci. As
shown in Fig. 10B, treating S. sanguinis SK36 and S. gordonii DL1 cultures with purified
LytF (12.1 �g ml�1) induced larger amounts of eDNA release from both species,
compared with the no-treatment samples. This release was significant for S. sanguinis
(P � 0.0019). The same trend was evident in analyses of eDNA release from S. mutans
and Streptococcus oralis after pure LytF treatment (Fig. S3).

LytF causes morphological abnormalities. As shown in Fig. 3, there were differ-
ences in cell division between the wild-type and lytF mutant strains in both planktonic
and biofilm cultures. To further examine this phenotype, S. sanguinis SK36 biofilms were
grown in the presence of precipitated proteins from the SK36, ΔlytF, and lytF-c strains.
Cells within the biofilms treated with precipitated LytF (SK36 and lytF-c protein treat-
ments) appeared misshapen, compared to biofilms grown without additional LytF (Fig.
11A). Furthermore, SK36 biofilms were grown in the presence of purified LytF, which
yielded similar misshapen cells in addition to what appeared to be membrane blebs
(Fig. 11B). To determine whether cells treated with protein samples containing excess
LytF survived to the same extent as those without excess LytF, planktonic S. sanguinis
SK36 cultures were grown in the presence of the various precipitated protein samples.
A similar trend was apparent, with cells grown in the presence of excess LytF exhibiting
lower CFU values than wild-type cells grown without any treatment (Fig. 11C). SEM was
also used to examine S. gordonii DL1 biofilms grown in the presence of pure LytF. S.
gordonii cells also displayed abnormalities, as they were more rounded at the center
but pointed at the poles (Fig. S4).

DISCUSSION

This work provides documentation of eDNA release from S. sanguinis as a result of
LytF activity. LytF is indeed a murein hydrolase, as evidenced in zymogram analysis, and
not only is capable of digesting peptidoglycan corresponding to its own species but
also can digest the peptidoglycans of S. gordonii and S. mutans. Although the target
range of murein hydrolases is limited, we have confirmed, as have Berg et al. (27), that

FIG 10 LytF induction of eDNA release. (A) Top, agarose gel showing precipitated eDNA samples. Bottom, relative amounts of eDNA released from
S. sanguinis SK36 cultures after treatment for 15 min with precipitated proteins from the indicated samples. Compared to no treatment, cells
treated with SK36 and lytF-c proteins released significantly more eDNA (*, P � 0.0211; **, P � 0.0060, respectively). Data represent the means and
standard deviations of three independent experiments. (B) Relative amounts of eDNA released at 15 min from S. sanguinis (SS) or S. gordonii (SG)
cultures, with or without pure LytF treatment (12.1 �g ml�1). LytF treatment significantly increased the amount of eDNA released from S. sanguinis
cultures (**, P � 0.0019). n.s., not significant. Data represent the means and standard deviations of four independent experiments.

LytF of S. sanguinis Applied and Environmental Microbiology

December 2017 Volume 83 Issue 24 e01709-17 aem.asm.org 9

http://aem.asm.org


LytF is capable of digesting the peptidoglycans of multiple streptococcal species. This
is particularly interesting because we have now shown that LytF can hydrolyze the
peptidoglycan of the oral pathogen S. mutans. While Bsp domains are thought to
provide binding specificity for the accompanying hydrolytic protein activity, it is likely
that the close relationship between the streptococci examined allows such interspecies
activity of LytF.

As discussed previously, the presence of DNA within the biofilm exopolysaccharide
matrix is essential for maintaining stability (13–15). We originally hypothesized that
LytF, being competence associated and a murein hydrolase, is a likely candidate to
induce the release of eDNA from S. sanguinis. Although we were unable to overexpress
and to purify LytF from E. coli, the protein extracts obtained from precipitated S.
sanguinis supernatants proved to be relatively clean and were confirmed to contain
active LytF (Fig. 9). Therefore, samples of LytF could be used as treatments against
bacteria. Exogenously added LytF, in the case of precipitated protein samples from the
wild-type SK36 and lytF-c strains, could significantly induce the release of eDNA from
S. sanguinis (Fig. 10A). To confirm that these results were due to the activity of LytF and
not an unidentified protein present in the precipitated samples, we also purified LytF
using FPLC. Purified LytF could indeed induce the release of eDNA from S. sanguinis, as
well as from S. gordonii (Fig. 10B). Furthermore, purified LytF induces the release of
eDNA from S. oralis and S. mutans, indicating that the activity of LytF can affect bacteria
present throughout the biofilm, likely contributing to overall biofilm stability (see Fig.
S3 in the supplemental material).

Under aerobic conditions, S. sanguinis produces H2O2, which can induce the release
of eDNA (17, 18). As S. sanguinis begins to colonize the tooth during early biofilm

FIG 11 Excess LytF induction of morphological abnormalities. (A) S. sanguinis SK36 biofilms treated with precipitated proteins from the
SK36 wild-type, lytF mutant, or lytF-complemented strains. Biofilms grown in the presence of LytF-containing protein samples had
enlarged and irregular cells present within chains in the biofilms. Images were adjusted for brightness and contrast. Images are
representative of at least three fields of view from two experiments performed on different days. Scale bars, 4 �m. (B) S. sanguinis SK36
biofilm grown in the presence of 12.1 �g ml�1 LytF. Cells within the biofilm again appeared enlarged and also displayed membrane blebs
(white arrowheads). The dashed white box represents the area of the enlarged image to the right. Scale bar, 4 �m. The image is
representative of multiple fields of view from one experiment. (C) Survival assay showing CFU of S. sanguinis SK36 grown in the presence
of precipitated proteins from the indicated strains. Cultures were sonicated, serially diluted, and plated on BHI agar. Data represent the
means and standard deviations of two individual experiments performed on different days.
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formation, oxygen tension in saliva is high enough to stimulate H2O2 production and
thus eDNA release (26). As the oral biofilm grows, it becomes increasingly anaerobic,
particularly for early colonizers such as S. sanguinis, which are present deeper within the
community. Since H2O2 would no longer be efficiently produced by S. sanguinis, we
predict that the competence stress pathway would become more active, since diffusion
limitation would accumulate CSP, thus increasing the amount of LytF to compensate
for the loss of H2O2-induced eDNA release. Throughout our experiments, we effectively
controlled for the production of H2O2 by growing all bacteria statically. Without
aeration, cells lacked the proper conditions to produce H2O2; therefore, any eDNA
release cannot be attributed to induction by H2O2.

Upon treatment of S. sanguinis biofilms with either precipitated proteins or purified
LytF, an excess of LytF appeared to dramatically influence cell morphology (Fig. 11). A
similar phenotype was also observed with S. gordonii biofilms (data not shown and Fig.
S4). Furthermore, when cell morphology in planktonic cultures was examined with the
vancomycin-conjugated BODIPY-FL stain, lytF-complemented cells were engorged. This
is similar to the phenotype observed for lytF-complemented biofilms Since lytF is
actually overexpressed in this strain, and considering the induction of abnormal cell
structure in the presence of excess LytF, we conclude that a specific range of LytF
concentrations is essential for proper cell division and biofilm formation. It is thus likely
that the decrease in biofilm mass of the lytF-c strain evidenced in Fig. 7 is associated
with the abnormal morphology of the cells.

Straume et al. recently discussed a similar phenomenon in S. pneumoniae; with
overexpression of the competence-associated protein ComM, which antagonizes the
activity of the LytF ortholog CbpD, growth was inhibited and cells experienced mor-
phological abnormalities (33). This abnormal regulation of competence controlling a
murein hydrolase in S. pneumoniae leads us to think that changes in regulation patterns
would also affect streptococci within the oral cavity. S. sanguinis, S. gordonii, S. mutans,
and even Streptococcus parasanguinis all possess a LytF homolog associated with
competence (21, 27). Furthermore, S. oralis encodes a CbpD homolog. All of these
bacteria are oral commensal organisms, and the fact that each has a competence-
controlled murein hydrolase indicates that LytF and CbpD play an important biological
role in oral biofilm formation. Under oral biofilm-forming conditions, LytF appears to
contribute to overall maintenance and structure. When competence activation is
altered due to environmental stimuli, the amount of LytF secreted from cells would
change, possibly changing population dynamics within the biofilm, since numerous
oral bacteria contain similarly controlled proteins. Since LytF can act on multiple oral
bacteria, due to the structural similarity of the peptidoglycans, it is likely that eDNA is
released from a variety of oral streptococci due to the promiscuous activity of LytF. In
addition, oral streptococci share many regions of high chromosomal homology, which
would make this released eDNA suitable for horizontal gene transfer, in addition to its
structural function in biofilms. The exchange of genes from eDNA release after H2O2

induction was shown previously by Itzek et al. (18). In an increasingly anaerobic biofilm
lacking H2O2 stimulation, presumably LytF activity would mediate comparable genetic
exchange.

The hydrolytic activity of LytF, its association with competence, and its ability to
induce the release of eDNA might lead one to describe LytF as a fratricin, i.e., a
hydrolytic enzyme responsible for the lysis of genetically identical cells (22). Although
we did not examine the metabolic activity of cells from our mutants or cells after LytF
treatment, from the SEM images and survival data it is apparent that not all cells are
morphologically affected and not all treated cells die. It is known that, in S. pneumoniae,
the activity of the murein hydrolase CbpD is blocked by an immunity protein termed
ComM (33, 34). We were unable to identify a ComM homolog through a search of the
competence regulon in S. sanguinis,. Therefore, we do not consider LytF of S. sanguinis to
function as a CbpD-like fratricin, as proposed previously for LytF of S. gordonii (27). Since
competence is not expressed in all cells within a biofilm at once, LytF must be subject to
alternative regulation that would control its activities during competence and biofilm
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development. Although it apparently lacks an immunity protein and we predict that LytF
does not fully lyse its targets, our hypothesis remains that the basic function of LytF is as
a fratricin, acting on genetically similar cells and in turn releasing eDNA.

In all, we have determined that LytF of S. sanguinis is capable of inducing eDNA
release, potentially contributing to horizontal gene transfer, and is involved in biofilm
formation. Based on its muralytic activities and its association with competence, LytF is
also involved in transformation. We conclude that LytF is involved in the release of
eDNA; however, improper regulation of the competence pathway, and therefore lytF
expression, leads to inappropriate cell division, uncontrolled eDNA release, and effects
on overall biofilm formation with S. sanguinis.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Streptococcus sanguinis SK36 and its derivatives,

Streptococcus gordonii DL1, Streptococcus mutans UA159, and Streptococcus oralis J22 (Table 1) were
routinely grown in Bacto brain heart infusion (BHI) medium or Todd-Hewitt (TH) medium, where
indicated, at 37°C with 5% CO2. For antibiotic selection, cultures were supplemented with the following
antibiotics: erythromycin at 3 �g ml�1, spectinomycin at 500 �g ml�1, and kanamycin at 300 �g ml�1.
For expression experiments, strains were grown to mid-log phase (OD600 of 0.4) in TH medium and then
synthetic CSP was added to a final concentration of 0.5 �g ml�1. Cultures were incubated for an
additional 2 h prior to RNA extraction. CDM supplemented with 50 mM sucrose was used for biofilm
growth (35, 36). Exact components and concentrations can be found elsewhere. Biofilms were grown in
CDM from a 1:60 dilution of overnight cultures.

Construction of mutant strains. All oligonucleotides were designed based on sequence data
obtained from the NCBI and were synthesized by IDT DNA (Table 2). PCR was performed using Accuprime
Pfx Supermix (Invitrogen), unless otherwise stated. For the lytF mutant, regions of approximately 500 bp
directly upstream and downstream of lytF were amplified. Primers for these regions were designed with
overlapping regions corresponding to an erythromycin resistance cassette. The antibiotic resistance
cassette, ermAM, was also amplified. Using overlap extension PCR, the three PCR fragments were
combined 1:1:1 for ligation of the construct. The resulting PCR product was transformed into wild-type
S. sanguinis SK36 cells. Transformants were selected on BHI agar containing erythromycin and were
confirmed, via PCR, for the lack of lytF and the presence of ermAM. To create the lytF-complemented
strain, the entirety of lytF and its native promoter were amplified using Phusion polymerase (New
England BioLabs). Simultaneously, the linearized shuttle vector pDL278 was amplified. The amplified lytF
fragment and vector were combined in a 2:1 ratio and were PCR amplified using an extended Phusion
polymerase reaction for concatenation, as described previously (37). Successful concatenation appears as
high-molecular-weight smears on agarose gels. This product was transformed directly into the S.
sanguinis lytF mutant strain to complement lytF. Transformants were confirmed via PCR. All constructs
were additionally confirmed via genetic sequencing. Flanking genes and intergenic regions were
unaltered, and the complemented sequence was identical to the wild-type sequence.

RNA isolation and qRT-PCR. RNA was extracted using a phenol-chloroform method published
previously (38, 39). Briefly, cells were harvested via centrifugation at 4,000 rpm for 15 min at 4°C. Pellets
were resuspended in TRI reagent (Sigma) and stored at �80°C. Bacteria were lysed in a Precellys
Evolution homogenizer in the presence of 0.1 mm zirconia beads (BioSpec Products). Chloroform was
added, and the samples were centrifuged at 13,000 rpm for 10 min at 4°C. RNA was precipitated from
the aqueous layer by the addition of isopropanol and washing with ice-cold 75% ethanol. RNA was
resuspended in nuclease-free, molecular-grade water (Corning). RNA was treated with Turbo DNase
(Ambion) and cleaned with the Qiagen RNeasy kit. cDNA was synthesized using the qScript cDNA
synthesis kit (Quanta). Quantitative real-time PCR (qRT-PCR) was conducted using the PerfeCTa SYBR
green supermix for iQ (Quanta), in a Bio-Rad CFX Connect real-time PCR system; 16S rRNA was used as
the reference gene. The primers used can be found in Table 2.

5=-RACE PCR. RACE PCR was conducted using the FirstChoice RLM-RACE kit (Ambion), according to
the manufacturer’s instructions. Products were sequenced by EuroFins Genomics.

Transformation efficiencies. Transformation efficiencies were calculated as described previously,
with slight modifications (31). Briefly, overnight cultures were inoculated 1:40 in fresh TH medium

TABLE 1 Bacterial strains used

Strain Relevant characteristicsa Source

Streptococcus sanguinis SK36 42
Streptococcus gordonii DL1 43
Streptococcus mutans UA159 44
Streptococcus oralis J22 45
S. sanguinis ΔlytF ssa_0036 deleted by replacement with ermAM; Ermr This study
S. sanguinis lytF-c ΔlytF with pDL278/ssa_0036, transformed via

concatenation; Ermr, Spcr

This study

aErm, erythromycin; Spc, spectinomycin.
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supplemented with 2.5% heat-inactivated horse serum (Sigma-Aldrich) and were grown to an OD600 of
0.08. Chromosomal DNA containing a kanamycin resistance cassette (aphAIII) and 0.5 �g ml�1 CSP were
added to 1-ml samples, and cells were further incubated for 2 h. Cells were plated on selective and
nonselective TH agar plates. Transformation efficiency was calculated as the number of kanamycin-
resistant CFU relative to the CFU on nonselective agar.

Fluorescent staining and microscopy. From overnight cultures, cells were inoculated 1:40 in fresh
BHI medium and grown to mid-log phase (OD600 of 0.4). For cell wall visualization, cells were pelleted by
centrifugation and resuspended in 1� phosphate-buffered saline (PBS) (pH 7.4), 1 �g ml�1 vancomycin-
BODIPY-FL conjugate (Molecular Probes) was added, and the cells were incubated at room temperature
for 30 min, with rocking and protection from light. Cells were imaged using a 100� oil immersion lens
with an Olympus IX73 microscope, Olympus digital camera, and cellSens standard software.

Scanning electron microscopy. For SEM, 1 ml of bacterial culture in CDM was added to sterile,
cell-culture-treated, 13-mm Thermanox discs (ThermoFisher) housed in a 24-well plate. Where indicated,
strain-specific precipitated proteins were added to a final concentration of 100 �g ml�1 or purified
protein to 12.1 �g ml�1. After incubation at 37°C in 5% CO2 for 18 h, unattached cells and medium were
removed and then biofilms were washed twice with Sorensen’s buffer (pH 7.2). Biofilms were fixed for 24
h at 4°C with 2% (vol/vol) glutaraldehyde in Sorensen’s buffer. Biofilms were washed once with 0.1 M
sodium acetate (pH 7.2). The Oregon Health and Science University Multiscale Microscopy Core dehy-
drated biofilms with ethanol gradients. Samples were further processed using a critical point dryer (Leica
CPD300) prior to sputter coating with 10-nm-thick carbon (ACE600 coater). Imaging was completed
using a Helios Nanolab 660 dual-beam scanning electron microscope (FEI).

Biofilm quantification. Eighteen-hour biofilms in a 96-well plate were washed once with 1� PBS (pH 7.4)
and then stained for 15 min with 0.1% safranin. Biofilms were washed and then air dried. Biofilm formation
was quantified by measuring the absorbance at 490 nm in a GloMax Discover microplate reader.

Zymograms. Zymogram assays were used to determine the muralytic activity of potential murein
hydrolases in S. sanguinis. The zymogram protocol was adapted from the methods described by Berg et
al. and Leclerc and Asselin (27, 40). Whole-cell extracts were prepared from 50-ml mid-log-phase cultures
(OD600 of 0.4) grown in TH medium (pH 6.8) with 0.5 �g ml�1 CSP. Cells were harvested by centrifugation
at 4,000 rpm for 15 min at 4°C, and the pellet was resuspended in 50 �l of 6� Laemmli sample buffer
plus 50 �l of distilled water. Whole-cell extracts were heated at 95°C for 10 min. Substrate cells for
polyacrylamide gel incorporation were prepared from wild-type strains. Cultures (100 ml) were grown to
an OD600 of 0.4, and then cells were harvested as described above. The pellets were washed in 1.5 ml of

TABLE 2 Primers used

Primer name Oligonucleotide sequence (5= to 3=)a Purposeb Reference

Strep. 16S rRNA-RT-F AAGCAACGCGAAGAACCTTA qRT-PCR 4
Strep. 16S rRNA-RT-R GTCTCGCTAGAGTGCCCAAC qRT-PCR 4
Ss lytF F CTCCTGCGTCATACCACTGA qRT-PCR
Ss lytF R CAGGAGGTACAGGACGCATT qRT-PCR
Ss comC RTF TGAAAATCTATTCTTTTCAAATTGC qRT-PCR
Ss comC RTR CCATGGATTTGGAACACCTC qRT-PCR
Ss comD RTF GGAGATTCAGCTTTAAGGAGTGTC qRT-PCR 31
Ss comD RTR ACAACTTGATTGGAAGGCGTTC qRT-PCR 31
Ss comE RTF TTGGAATTGACATCCAGGTTC qRT-PCR
Ss comE RTR TGTTTCCTCCCCCTTAATGTC qRT-PCR
Ss comX RTF CAAGAAAGCCAAAAGCGAAA qRT-PCR
Ss comX RTR TCGCTTCTCTGAAGGCAACT qRT-PCR
Ss comYA RTF TGATTAGGCAGGCTCGGCAAGAAG qRT-PCR 31
Ss comYA RTR AAGCGGCGTTCATCACCAATTCTC qRT-PCR 31
Ss purD RTF GCGTGGCTTCTGTCAAGATT qRT-PCR
Ss purD RTR CCAGCTTCTGCGATTTCTTC qRT-PCR
Ss purH RTF GAGCTGGAGTGGTCCAAAGA qRT-PCR
Ss purH RTR TCCCTGCTTTTCGATGTAGG qRT-PCR
Ss lytF US-F TGGAATGTTCGGAAATTCCA lytF KO
Ss lytF US-R ATCAAACAAATTTTGGGCCCGGGATATTTCTTCATAAAACTC lytF KO
Ss lytF DS-F ATTCTATGAGTCGCTGCCGACTCCTAAATAAGTCGCTTTCGC lytF KO
Ss lytF DS-R CGAGTGGCTTTGGAATTTGC lytF KO
Erm-L CCGGGCCCAAAATTTGTTTGAT Erythromycin cassette
Erm-R AGTCGGCAGCGACTCATAGAAT Erythromycin cassette
SS lytF-c_L AGTGAATTCGAGCTCGGTACCCGGACCAAGCTAACACATCACGTA lytF complementation
SS lytF-c_R AACAGCTATGACCATGATTACGCCGAGCAGTCTGCTCAAAGTAG lytF complementation
pDL278_1L TCCCCGGGTACCGAGCTCGAATTCACT Concatenation
pDL278_1R CTTGGCGTAATCATGGTCATAGCTGTT Concatenation
5= SS lytF gs-F ATTATCCGGAGCTGTCCTAGGT 5= RACE
5= SS lytF gs inner-R AAGCTTGATAAGGTTCTTGAGCTTGAGAACG 5= RACE
5= SS lytF gs outer-R AGCGCTCTCCTATCCGTATGTAAG 5= RACE
aOligonucleotides were created for this study unless otherwise specified.
bKO, knockout.
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ice-cold 20 mM Tris-HCl (pH 7.4) with 100 mM NaCl. Cells were centrifuged and then resuspended in 500
�l of 1.5 M Tris-HCl (pH 8.8). Substrate cells were heat inactivated at 95°C for 10 min.

Substrate cells were incorporated into a 10% resolving gel prior to polymerization. Whole-cell
extracts or protein samples were separated by SDS-PAGE, using the substrate-cell-incorporated gel with
a 4% stacking layer, at a constant current of 35 mA. The polyacrylamide gel was washed briefly in distilled
water prior to incubation in refolding buffer (50 mM NaCl, 20 mM MgCl2, 0.5% Triton X-100, 20 mM
Tris-HCl [pH 7.4]) overnight at 37°C, with gentle rocking. Hydrolytic activity was observed as clearances
in the opaque gel, and zymograms were photographed on a black background with a Nikon D80 camera.

Precipitation and purification of LytF. Since LytF is predicted to be a secreted protein, superna-
tants from actively growing cultures were used for protein precipitation. A protein precipitation protocol
was adapted from the method described by Duong-Ly and Gabelli (41). S. sanguinis SK36 wild-type, lytF
mutant, and lytF-complemented overnight cultures were inoculated 1:40 in 50 ml fresh BHI medium and
incubated to mid-log phase (OD600 of 0.4). CSP was added to a final concentration of 0.5 �g ml�1, and
cultures were further incubated for 30 min. Cultures were centrifuged at 4,000 rpm for 15 min 4°C to
remove bacteria, and the supernatants were collected for protein precipitation. Ammonium sulfate (EMD
Millipore) was added to the supernatants to 30% saturation, and the solution was constantly stirred for
30 min at 4°C. To collect precipitated proteins, supernatants were centrifuged at 10,000 rpm for 30 min
at 4°C. Supernatants were collected, and the resulting protein pellets were resuspended in 1 ml of 1�
PBS (pH 7.4). The collected supernatants were used for further precipitation by adding ammonium sulfate
to 60% saturation and treating the solution as described above. Precipitated proteins were evaluated via
SDS-PAGE and stored at �20°C for further usage.

To further purify LytF, precipitated proteins from the lytF-complemented strain were dialyzed against
an MES buffer (20 mM MES [pH 5.35], 1 mM dithiothreitol [DTT]) overnight at 4°C. FPLC was conducted
using an SP Sepharose cation-exchange column with a 0 to 400 mM NaCl gradient in MES buffer.
Fractions were collected and analyzed using SDS-PAGE. Protein activity was examined using zymograms.

Mass spectrometry. The Oregon Health and Science University Proteomics Shared Resource ana-
lyzed excised SDS-PAGE gel fragments for protein identification. Proteins were identified using a
database of Swiss-Prot/TrEMBL entries for S. sanguinis SK36, with an appendix to exclude known
contaminants.

eDNA quantification. One milliliter of precipitated or purified LytF protein in buffer was used as a
treatment (at final concentrations of 100 �g ml�1 and 12.1 �g ml�1, respectively). Specifically, overnight
cultures were inoculated into fresh BHI medium and grown to an OD600 of 1.0. Bacteria were centrifuged
and resuspended in fresh BHI medium with or without protein treatments. One-milliliter samples were
collected at the indicated times, and eDNA was precipitated as discussed by Kreth et al. (17), with an
added filtration step for the bacterial supernatant, using 0.2-�m syringe filters (VWR), prior to eDNA
precipitation. qRT-PCR was performed using 1 �l of precipitated eDNA, with 1 cycle of 95°C for 3 min
followed by 40 cycles of 95°C for 15 s and 55°C for 1 min. The quantity of eDNA was calculated relative
to the cycle threshold values of chromosomal DNA dilutions using universal 16S rRNA primers. eDNA
samples (1 �l) were examined via electrophoresis on 1% agarose gels.

Survival assay. S. sanguinis SK36 was inoculated into fresh BHI medium and grown with or without
100 �g ml�1 precipitated protein samples. After an 18-hour incubation, cell chains and clumps were
dispersed via sonication (successful cell separation was monitored microscopically), and cells were
serially diluted and plated on BHI agar. CFU per milliliter were calculated.

Statistical analysis. Statistical analysis of data was performed using the QuickCalcs online calculator
(http://www.graphpad.com/quickcalcs/index.cfm); t tests were performed to compare the means of two
groups, and data were considered significantly different if the two-tailed P value was �0.05.

SUPPLEMENTAL MATERIAL
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