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One major challenge to studying human microbiome and its asso-
ciated diseases is the lack of effective tools to achieve targeted
modulation of individual species and study its ecological function
within multispecies communities. Here, we show that C16G2, a
specifically targeted antimicrobial peptide, was able to selectively
kill cariogenic pathogen Streptococcus mutans with high efficacy
within a human saliva-derived in vitro oral multispecies community.
Importantly, a significant shift in the overall microbial structure of
the C16G2-treated community was revealed after a 24-h recovery
period: several bacterial species with metabolic dependency or
physical interactions with S. mutans suffered drastic reduction in
their abundance, whereas S. mutans’ natural competitors, including
health-associated Streptococci, became dominant. This study dem-
onstrates the use of targeted antimicrobials to modulate the micro-
biome structure allowing insights into the key community role of
specific bacterial species and also indicates the therapeutic potential
of C16G2 to achieve a healthy oral microbiome.
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H uman microbiome research revealed that every human body
contains a variety of microbial communities on various
mucosal surfaces that consist of thousands of different microbial
species (1-4). Disturbance from host and environmental factors
may alter the composition and abundance of these microbial
species, leading to various polymicrobial diseases (5-8). With the
complexity of these multispecies microbial communities, it is very
difficult to determine the functions of individual species con-
tributing to observed physiological and pathological changes,
making it one of the most challenging issues in human micro-
biome research. This study aims to develop and validate a new
tool to address this important issue.

The indigenous microbial flora of the human oral cavity con-
sists of over 700 different species of bacteria, with over 100
present in any individual (4, 9, 10). Most bacteria help promote a
healthy oral environment by stimulating the immune system and
preventing the invasion of pathogenic species (11-13). One
pathogenic bacterium, Streptococcus mutans, is predominantly
responsible for tooth decay worldwide (14). The carious lesions
that S. mutans can cause are generally not considered life-
threatening, but they result in an economic burden that leaves
many cases in underdeveloped areas untreated, resulting in tooth
extraction as the only remedy (15). Currently, there is no effec-
tive treatment for S. mutans. Broad-spectrum antibiotics ad-
ministered to the oral cavity result in destruction of the entire
oral bacterial flora, making it prone to reinfection by S. mutans,
which reestablishes at pretreatment levels.

To combat S. mutans infection, our group developed C16G2, a
synthetic peptide that belongs to a new class of antimicrobials
called specifically targeted antimicrobial peptides that can achieve
targeted killing of selected pathogens (16). A typical targeted
antimicrobial peptide molecule consists of two functionally in-
dependent moieties conjoined in a linear peptide sequence: a
nonspecific antimicrobial peptide serves as the killing moiety,
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whereas a species-specific binding peptide comprises the targeting
moiety that provides specific binding to a selected pathogen and
facilitates the targeted delivery of the attached antimicrobial
peptide. Previous studies showed that C16G2 was potent against
S. mutans grown in liquid or biofilm states. It displays targeted
killing of S. mutans within a three-species biofilm without affecting
closely related noncariogenic oral streptococci, including Strepto-
coccus sanguinis and Streptococcus gordonii (16). Additional study
showed that C16G2 has a mechanism of action similar to that of
traditional antimicrobial peptides and Kkills S. mutans through
disruption of the cell membrane followed by a loss of membrane
potential and cell death. Interestingly, this membrane activity is
rapid and potent against S. mutans but not against other non-
cariogenic oral streptococci (17).

In this study, we further investigated the antimicrobial speci-
ficity of C16G2 by expanding the panel of testing bacterial spe-
cies to include more oral streptococci species closely related to
S. mutans, nonstreptococcal oral species, and nonoral repre-
sentatives. To explore its potential clinical application, a saliva-
derived in vitro model containing over 100 species approaching
the diversity and overall metabolic functionality of the human oral
microbiome (18) was used for examining the selective antimicro-
bial activity of C16G2 against S. mutans within a multispecies
community. The main goal of this study is to investigate the im-
pact of targeted removal of S. mutans on the overall structure of
a multispecies oral microbial community and provide proof of
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Table 1. 1Cso of C16G2 against bacteria after a 5-min treatment
period

Bacterium 1Cs0, M
S. mutans UA140 5.9
Streptococcus crista #6 257.2
S. gordonii ATCC 10558 93.9
S. mitis JM3 223.6
Streptococcus pyogenes ATCC 10096 28.7
S. salivarius K12 5.9
S. sanguinis ATCC 10556 59.3
S. oralis ATCC 35057 381.0
A. naeslundii ATCC 12104 3447
F. nucleatum ATCC 23726 362.3
L. casei ATCC 4646 >784.5
Bacteroides fragilis 145091 533.5
Bacteroides fragilis 90917 707.8
C. striatum ATCC 43751 34
E. coli 49979 >784.5
K. pneumoniae Kay 2026 110.3
S. typhimurium ssp. enterica ATCC 29629 233
P. aeruginosa PAO1 86.8
M. luteus MS2 5.1
Yersinia enterolitica ATCC 23715 >784.5

concept data for using targeted antimicrobials to modulate the
microbiome structure and study the ecological role of specific
bacterial species.

Results

C16G2 Displayed High Antimicrobial Specificity and Efficacy Against
S. mutans in Monospecies Cultures. Our recent study has shown
a more targeted killing of synthetic peptide C16G2 against
S. mutans compared with other related oral Streptococcus species,
including S. sanguinis and S. gordonii, when tested using mono-
species planktonic cultures (16). In this study, we expanded the
panel of test bacterial species to include more related oral Strep-
fococcus species, nonstreptococci oral species (such as Fusobacte-
rium nucleatum and Actinomyces naeslundii), and noncommensal
oral species, including Escherichia coli and Pseudomonas aeruginosa.
To measure the potency of C16G2 against the tested species, the
IG5y was determined for each species. The data showed that
C16G2 had an ICsq of 5.9 uM against S. mutans and Streptococcus
salivarius K12 (Table 1), whereas the 1Cs, values for the other six
oral streptococci tested ranged from 28.7 to 381.0 pM (about 5- to
60-fold higher). Among nonstreptococcal Gram-positive bacteria
tested, oral species, including A. naeslundii and Lactobacillus casei,
showed ICsq values above 343.2 uM, whereas Micrococcus luteus
and Corynebacterium striatum (normal flora of the skin) displayed
increased susceptibility to C16G2 compared with S. mutans (both
IG5 values <5.9 pM). Meanwhile, all eight Gram-negative bacterial
strains tested, including oral species F. nucleatum and Klebsiella
pneumoniage as well as nonoral species (such as E. coli and
P. aeruginosa), displayed ICs, values above 80 pM, with the
exception of Salmonella typhimurium at 23.3 pM.

C16G2 Showed Targeted Killing of S. mutans Within a Saliva-Derived
in Vitro Oral Microbial Community Spiked with S. mutans. To fur-
ther test the selective antimicrobial activity of C16G2 against
S. mutans within a multispecies oral microbial community, we
first generated an S. mutans-infected multispecies oral microbial
community by adding JM11, a spectinomycin-resistant S. mutans
strain, to the saliva-derived, SHI medium-cultivated planktonic
culture. SHI medium was recently developed in our laboratory
and has been shown to be able to support a diversified com-
munity with a microbial profile close to that of the original saliva
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(19). We then treated the planktonic community with either
C16G2 or Carrier as a negative control, and the viability of
S. mutans within the community after a 30-min treatment was
monitored by viability count. PCR-denaturing gradient gel elec-
trophoresis (DGGE) analysis was also performed to monitor the
profiles of surviving species within the microbial community right
after each treatment.

Our data revealed that a 30-min treatment with C16G2
resulted in an approximately 10°-fold greater reduction in viable
count of S. mutans compared with the Carrier control, whereas
the total oral bacterial count was relatively unaffected and only
decreased by <10-fold (Fig. 14). Meanwhile, the specific anti-
microbial effect of C16G2 against S. mutans within the multi-
species community was further visualized by DGGE. As shown in
Fig. 1B, the sample treated with C16G2 for 30 min decreased in
intensity of the S. mutans band (black arrow), whereas most of
the other bands remained relatively unchanged.

Overall Shift in the Microbial Profiles Was Monitored in the Saliva-
Derived Oral Community Recovered After C16G2 Treatment. To
further study the resulting consequence of targeted removal of
S. mutans from a complex oral microbial community, we treated
the S. mutans-containing in vitro planktonic oral microbial com-
munities with C16G2 or Carrier (negative control) for 30 min
followed by extensive washing to remove the residual C16G2 or
Carrier. The treated communities were then allowed to recover
by being cultured in fresh SHI medium and incubated at 37 °C
anaerobically for 24 h. The microbial composition of each re-
covered community was determined by 454 pyrosequencing analyses
to examine how the removal of S. mutans may impact other species
within the same community.

This first assessment of the C16G2 in a mixed microbial com-
munity approaching the diversity of the oral microbiome clearly
showed that C16G2 treatment resulted in the intended target
reduction. Independent experiments showed that the C16G2
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Fig. 1. C16G2 antimicrobial activity against S. mutans within a multispecies
community. The saliva-derived in vitro multispecies community was spiked
with S. mutans and exposed to different treatments for 30 min. (A) Viability
count. After being washed with PBS, a serial dilution of each sample was
spotted onto selective (spectinomycin) and nonselective SHI agar plates, and
plates were incubated at 37 °C anaerobically for 3 d followed by colony
counting. The data were plotted as cfu per 1 mL and represent averages of
the results of at least three independent experiments. (B) PCR-DGGE analysis
of the microbial profile of multispecies communities right after treatment.
Samples were treated with ethidium monoazide bromide to prevent am-
plification of DNA from dead bacterial cells and limit the DNA-based PCR-
DGGE community analysis to the viable fraction. Two biological replicates
were performed, and a representative gel image is shown.
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treatment prevented S. mutans from regrowing and reduced the
average percentage of S. mutans from 24% to 0.1% (Fig. 2). An
overall genus-level shift in the composition of the microbial
community recovered from C16G2 treatment compared with
that of Carrier treatment was also observed (Fig. 2). Data showed
that 21 bacterial genera could be detected from regrowth of
Carrier-treated samples, with Streptococcus, Veillonella, Parvimo-
nas, Prevotella, and Peptostreptococcus spp. being the most domi-
nant genera. In contrast, only 16 bacterial genera were detected
from the regrowth of C16G2-treated samples, with Streptococcus,
Granulicatella, and Prevotella being the most dominant ones. In-
terestingly, although the relative abundance of S. mutans reduced
drastically, the overall sequence counts of all Streptococcus
spp. increased from 30% to 81% in the culture recov-
ered after C16G2 treatment. Meanwhile, many bacterial genera,
most of which are Gram-negative bacteria, including Fusobac-
teria, Campylobacter, Neisseria, and Parvimonas spp., which were
present at less than 5%, could no longer be detected at the depth
of sequencing obtained from the regrowth of C16G2-treated
samples, whereas genera, such as Veillonella, suffered drastic
reduction in relative abundance within the community (from
20% to less than 1%) (Fig. 2).

Based on antimicrobial specificity data from monoculture
study, C16G2 exhibits far more targeted killing against S. mutans
than most of the other tested oral streptococci. To determine the
impact of removal of S. mutans on the overall streptococci spe-
cies profile, we compared the dominant sequences falling within
the Streptococcus genus for the communities recovered from
C16G2 or Carrier treatment. Our data showed that, after overnight
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recovery from Carrier (negative control) treatment, S. mutans
accounted, on average, for more than 78% of the total Streptococ-
cus spp., whereas this number was reduced to less than 1% in the
C16G2-treated cultures (Fig. 3). Furthermore, C16G2 treatment
did not significantly affect the diversity of total Streptococcus spp.,
and the removal of S. mutans by C16G2 within the community was
accompanied by a shift in the relative abundance of other Strep-
tococcus spp. (Fig. 3) that were present. Particularly, com-
pared with the Carrier-treated community, an increase in the
relative abundance had been observed for unnamed Streptococ-
cus spp. human oral taxa (4) (from 4% to 37%), and members
belonging to the mitis group, including Streptococcus mitis (from
2% to 20%), Streptococcus cristatus (from 1% to 8%) and
S. sanguinis (from <1% to 4%), within the community recovered
after C16G2 treatment (Fig. 3).

S. mutans Displayed Physical Interaction with Particular Oral Species
with Elimination from the C16G2-Treated Culture That Is Concurrent
with a Significantly Reduced S. mutans Population. The sequencing
data revealed that, within the community recovered from C16G2
treatment, the reduction in the S. mutans population was con-
current with reduced abundance or elimination of other oral
bacterial species. This observation could result from either
nonspecific killing by C16G2 or a complex interplay of several
factors, such as direct or indirect metabolic- as well as direct
physical contact-dependent optimal growth of certain bacterial
species on the targeted species, particularly within a multispecies
community. To address this question, we performed a pull-down
assay to identify oral species that could display direct physical
interaction with S. mutans. Our result showed that S. mutans
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Fig. 2. Oral microbial taxa detected from regrown cultures after treatment are compared by the overall changes in relative proportions. (4) Hierarchical
cluster analyses of oral taxa-weighted abundance profiles obtained from regrowth after treatment with Carrier and C16G2. Relative proportions of the total
taxa abundance are indicated in the heat map, which shows how the dominant taxa varied (data filtered for those taxa with >1% relative abundance). (B) In
addition to removal of S. mutans from an average abundance of 24% to less than 0.1% after C16G2 treatment, several oral species displayed differential
abundance compared with the negative control. Oral taxa after C16G2 treatment that showed a significant fold change relative to the control Carrier
treatment are indicated. Relative proportions (horizontal bars) in this plot are corrected for read depth changes given that S. mutans decreased to below
0.1% in the C16G2 treatment. Proportions are, therefore, calculated as a relative percentage of the total population excluding S. mutans counts. Library size
normalized read counts are displayed as text and open orange circles. Differences in the relative proportions are expressed as fold changes and log, fold
changes to display the changes between Carrier and C16G2 treatment. All plots are colored according to the log, fold changes between Carrier and C16G2

treatment.
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Fig. 3. Comparison of dominant sequences falling within the genus Strep-
tococcus for the microbial community recovered from independent experi-
ments after Carrier treatment (Carrier A and B) and C16G2 treatment (C16G2
A and B).

biofilm was able to recruit and form tight physical association
with specific oral bacterial species, including Fusobacterium
periodonticum, Campylobacter concisus, and one of the Neisseria
spp., which has a presence that cannot be detected within the
community recovered from C16G2 treatment (Fig. 4). Meanwhile,
the oral strain representing F. periodonticum showed strong
coaggregation with S. mutans and displayed an ICsy value of
C16G2 significantly higher than the treatment concentration.

Discussion

C16G?2 is a synthetic peptide designed to achieve targeted killing
of the cariogenic oral pathogen S. mutans (16). In this study, we
tested C16G2 against a panel of 20 different bacterial species,
including both oral and nonoral Gram-positive as well as Gram-
negative species in monoculture. Our data revealed an overall
low potency of C16G2 against Gram-negative species, and
among all of the oral Gram-positive bacteria tested, C16G2 is
most potent in killing S. mutans and S. salivarus. Interestingly,
C16G2 also exhibited high killing efficacy against two of the
Gram-positive species from human skin flora. Recent studies
indicated that C16G2 kills S. mutans through membrane dis-
ruption, a mechanism of action similar to that of traditional
antimicrobial peptides (17). Although the exact mechanism of
selective membrane disruption by C16G2 remains unclear, it may
involve early membrane binding or partition steps governed by
the targeting moiety of C16G2 (17). It is possible that Gram-
positive membrane components, such as lipids, exopolysaccharides,
or teichoic acids, play a role in the mechanism of action of
C16G2. These components may be very similar in S. mutans and
other species, such as S. salivarus and M. luteus, which may ex-
plain the killing efficacy achieved with C16G2 in these species
(Table 1). Our data confirmed data from an earlier study, which
showed the specificity and efficacy of C16G2 against S. mutans
compared with a group of diverse oral bacterial species.

To further test the selective antimicrobial activity of C16G2
against S. mutans in a multispecies community of biological
relevance, we first generated an S. mutans-infected multispecies

7572 | www.pnas.org/cgi/doi/10.1073/pnas.1506207112

oral microbial community by adding JM11, a spectinomycin-
resistant S. mutans strain, to a saliva-derived, SHI medium-culti-
vated planktonic culture. We then treated the statically grown
community with either C16G2 or Carrier control as control, and
therefore, the selectivity of C16G2 could be shown in a highly
diverse oral flora background. Because current protocols used
for preparing DNA for metagenomic analysis also include DNA
from dead or nonviable bacteria, we performed a modified PCR-
DGGE analysis instead for monitoring the surviving bacterial
species right after C16G2 treatment. In this assay, samples were
treated with ethidium monoazide bromide to prevent amplifi-
cation of DNA from dead bacterial cells and limit DNA-based
PCR-DGGE community analysis to the viable fraction (20). Our
viability and PCR-DGGE data strongly suggested that C16G2
displayed superior selectivity in killing S. mutans within a multi-
species community (Fig. 1). However, because of the semiquan-
tification nature and limited resolution of the DGGE technique
(21), we cannot rule out the potential nonspecific killing of C16G2
against certain oral bacterial species other than S. mutans within
the in vitro salivary community. Nevertheless, our data strongly
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Fig. 4. The pull-down assay. Saliva was added to overnight S. mutans bio-
film; after 3 h of incubation, unattached cells were washed, and the at-
tached biofilm was collected either (A) immediately or (B) after 24 h of
incubation in fresh Brain-Heart Infusion medium. (C) Twenty-four-hour sa-
liva biofilm served as the control to exclude any salivary species that could
potentially attach to the surface not covered by S. mutans. Samples were
subjected to PCR-DGGE analysis. Bands shown in A or B but not C were cut
out, and corresponding bacterial species were identified by sequencing as
described in S/ Materials and Methods.
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indicate that C16G2 is selectively killing S. mutans within a
multispecies environment to the potential benefit of the other
species present.

The main purpose of the study is to develop a proof of concept
that we could use to potentially examine the community role and
function of individual species within a complex microbial com-
munity by knocking out or knocking down one particular species
with a targeted antimicrobial (in this case, C16G2) and then
tracking the impact on the rest of the species within the same
community. Intriguingly, a significant shift in the community
diversity and relative abundance of various Streptococcus spp.
was revealed by metagenomic analysis (Figs. 2 and 3). Bacteria
within the oral community display extensive and complex in-
teractions, such as competition between bacteria for nutri-
ents, synergistic/mutualistic interactions, which may stimulate
the growth or survival of one or more residents, and production
of an antagonist by one resident, which inhibits the growth of
another (10, 22-24). Because of these factors, the elimination
of one or a few community members could potentially affect the
growth of many bacterial species and result in an overall shift of
the microbial composition within the community.

In this study, C16G2 treatment induced a shift in the rela-
tive abundance of various Streptococcus spp. The reduction in
S. mutans population was accompanied by an increase in the
abundance of several streptococci from the mitis group, in-
cluding S. mitis, S. cristatus, Streptococcus oralis, and S. sanguinis
(Fig. 4), which are among the most prevalent bacterial species
detected within the oral cavity of healthy human subjects (4, 9,
25). The antagonism between S. mutans and streptococci of the
mitis group, particularly S. sanguins and S. gordonii, at the eco-
logical level has been well-documented (26). Epidemiological
studies revealed that high levels of S. mutans are always con-
current with low levels of S. sanguinis (27), whereas high levels of
S. sanguinis in the oral cavity correlate with delayed S. mutans
colonization (28). Recent work by Kreth et al. (29) showed so-
phisticated interspecies interactions between these two species
that might play an essential role in balancing competition and
coexistence within the oral community. The targeted removal of
S. mutans could shift the balance and provide a competitive
growth advantage to the mitis group.

Furthermore, the treatment of C16G2 also induced a signifi-
cant change in the overall microbial profiles within the oral
community (Fig. 2). Our data showed that, after overnight
regrowth, the C16G2-treated community showed decreased mi-
crobial diversity compared with the negative control. Many Gram-
negative species, such as Veillonella, experienced drastic reduc-
tion in the abundance, whereas F. periodonticum, Campylobacter,
Gemella, and Neisseria could not be detected by pyrosequencing
from communities recovered from the C16G2 treatment, although
they were only present at abundances of less than 5%. The results
could be caused by nonspecific killing of the peptide; however, the
data show that some of these species, including F. periodonticum,
displayed high levels of resistance against C16G2 treatment, sug-
gesting that the reduction or elimination of certain species could
be directly or indirectly related to the removal of S. mutans. For
example, it has been shown that lactic acid, one of the metabolic
products of S. mutans, is required for the growth of Veillonella
spp. (30). The reduction in S. rmutans population as a result of
C16G2 treatment may, therefore, have a negative effect on the
growth of Veillonella spp., such as was seen in our metagenomic
data (Fig. 2).

Meanwhile, the elimination of certain oral species, including
Fusobacterium spp., Campylobacter, and Neisseria, could also
result from a shifted community structure caused by the targeted
removal of S. mutans. For example, the increased abundance of
mitis group streptococci could potentially modify and generate a
different microenvironment by producing hydrogen peroxide
(31), which could exert inhibitory effects on these specific Gram-
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negative species. Furthermore, direct physical contact between
different species has recently been implicated in coordinating
interacting partner members, which achieves synergistic growth
and better survival within a multispecies community (32, 33). In
an effort to further investigate this intriguing finding, we per-
formed pull-down assays. Our data clearly revealed several oral
species, including F. periodonticum, C. concisus, and Neisseria
spp., that could form direct physical associations with S. mutans
(Fig. 4). Interestingly, all of these species recovered to less than
5% relative abundance in the Carrier treatment but could not be
detected from the C16G2-treated multispecies culture at the
depth of sequencing in this study, although F. periodonticum
showed high levels of resistance to C16G2 when tested in mono-
culture. Our data suggested the possibility that the dimin-
ished population of S. mutans within the C16G2-treated
community could negatively affect growth of species, such as
F. periodonticum, with persistence and optimal growth within the
multispecies that might require directly physical interaction with
S. mutans. Our follow-up study has confirmed the strong physical
binding between S. mutans and F. periodonticum. We are in the
process of identifying the molecular components involved in
interspecies coadherence and investigating the suggested physi-
cally dependent optimal growth of these species on S. mutans,
particularly within a multispecies community.

Treatment of infectious diseases using conventional antimi-
crobials often results in indiscriminate killing of microbes in-
cluding commensal indigenous microbiota. The past decade has
witnessed increasing effort to develop more targeted approaches
to combat infections (34, 35). Our study suggested a strong po-
tential for C16G2 to be developed into therapeutics that could
selectively eliminate cariogenic pathogens while achieving a
more benign oral microbial community. The potential clinical
application of C16G2 is supported by the fact that the commu-
nity that recovered from C16G2 treatment contained increased
populations of S. mitis and S. sanguinis, signature bacterial spe-
cies identified from the oral microbial community of healthy
subjects (9), as well as a decrease in many Gram-negative spe-
cies, including fusobacteria, implicated in the pathogenesis of
periodontal disease (36).

The most intriguing finding of our study was that the targeted
removal of specific bacterium has a community-level impact on
the species composition and abundance within the same com-
munity. From the evolutionary and ecological point of view,
the development of environmental or host-associated microbial
communities often is the result of complex intraspecies, in-
terspecies, and microbe-host interactions. Increasing lines of
evidence indicate that established microbial communities often
exist and act as an entity instead of the random mixture of dif-
ferent bacterial species (37, 38). These unique entities behave in
an analogous manner to a cell, where each member can be
regarded as a functional gene unit and the interaction among
different residential species eventually determines the micro-
flora’s community-level behavior, such as community invasion
resistance or polymicrobial pathogenesis. Meanwhile, any change
in the abundance of particular species within the community
could have drastic effects on its interacting members, eventually
resulting in a change of community profile as well as community-
level functions, similar to the effect of single-gene knockout/
knockdown within a cell on the overall gene expression and be-
havior of the cell. In this regard, the ability of targeted antimi-
crobial peptide technology to target specific bacterial species
within the multispecies community could be used for investigating
the potential roles of specific bacterial species in maintaining the
stability of the community as well as contributing to community-
associated physiology and pathogenicity.
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Materials and Methods

Detailed experimental procedures are provided in SI Materials and Methods.
Monocultures of 20 bacterial species, including multiple oral streptococci,
nonstrep oral species, and nonoral human-associated species as well as en-
vironmental species, were used for testing the specificity and efficacy of
C16G2 in targeted killing of S. mutans. The S. mutans-infected multispecies
oral microbial community was generated by adding S. mutans to the SHI
medium-cultivated, human saliva-derived microbial community. The resultant
communities were treated with C16G2 or Carrier as a negative control. Via-
bility assay and DGGE analysis were performed to monitor the specific killing
of S. mutans within the multispecies community right after treatment.
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