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Abstract

Dental caries can be described as a dysbiosis of the oral microbial community, in which acidogenic, aciduric, and acid-adapted bacterial
species promote a pathogenic environment, leading to demineralization. Alkali generation by oral microbes, specifically via arginine
catabolic pathways, is an essential factor in maintaining plaque pH homeostasis. There is evidence that the use of arginine in dentifrices
helps protect against caries. The aim of the current study was to investigate the mechanistic and ecological effect of arginine treatment
on the oral microbiome and its regulation of pH dynamics, using an in vitro multispecies oral biofilm model that was previously
shown to be highly reflective of the in vivo oral microbiome. Pooled saliva from 6 healthy subjects was used to generate overnight
biofilms, reflecting early stages of biofilm maturation. First, we investigated the uptake of arginine by the cells of the biofilm as well
as the metabolites generated. We next explored the effect of arginine on pH dynamics by pretreating biofilms with 75 mM arginine,
followed by the addition of sucrose (I5 mM) after 0, 6, 20, or 48 h. pH was measured at each time point and biofilms were collected
for 16S sequencing and targeted arginine quantification, and supernatants were prepared for metabolomic analysis. Treatment with only
sucrose led to a sustained pH drop from 7 to 4.5, while biofilms treated with sucrose after 6, 20, or 48 h of preincubation with arginine
exhibited a recovery to higher pH. Arginine was detected within the cells of the biofilms, indicating active uptake, and arginine catabolites
citrulline, ornithine, and putrescine were detected in supernatants, indicating active metabolism. Sequencing analysis revealed a shift in
the microbial community structure in arginine-treated biofilms as well as increased species diversity. Overall, we show that arginine
improved pH homeostasis through a remodeling of the oral microbial community.
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healthy conditions and pH homeostasis (Kleinberg 2002;
Takahashi and Nyvad 2011).

Many current therapies for caries, such as fluoride treat-
ment, primarily focus on protecting and repairing the tooth sur-
face without altering the plaque microbiota (Cummins 2013).
With the knowledge that the relative proportion of acid- and
base-producing bacteria is an important determinant of caries
risk, a potential therapeutic objective is to promote a shift in
the microbial community to favor base-producing bacteria.
The catabolism of arginine by oral bacteria is an important
contributor to plaque alkalinity (Casiano-Colon and Marquis

Introduction

Dental plaque is a multispecies microbial biofilm attached to
the surface of the teeth. The dynamics of dental plaque pH
were first described over 80 y ago (Stephan 1940), when
Stephan observed that dental plaque universally undergoes a
rapid drop in pH when exposed to a sugar source, followed by
an eventual recovery to neutral. Dental caries is caused by acid
demineralization of enamel; frequent exposure to sugars causes
prolonged periods of acidification, leading to increased demin-
eralization and risk of caries. Indeed, individuals with active
caries display a lower plaque pH and a longer recovery time
after exposure to a sugar source (Lingstrom et al. 2000; Gao
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et al. 2001). A healthy plaque microbial community exists in
equilibrium with the host and allows for a quick recovery from
the pH drop (McLean 2014; Edlund et al. 2015).

Although the microbiological basis of caries has been
known for decades, modern technologies have led to an
improved understanding of the complex etiology. Newer mod-
els better account for the underlying microbial ecological fac-
tors (Marsh 1994; Kleinberg 2002; Takahashi and Nyvad 2008)
and suggest a dysbiosis in which acidogenic and aciduric bac-
terial species become abundant due to frequent acidification,
creating a pathogenic environment. In contrast, the alkali-
generating ability of plaque is fundamental for maintaining
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1988; Burne and Marquis 2000); because of this, arginine has
been investigated as a potential caries therapeutic. Studies
have shown that high levels of free arginine in saliva are asso-
ciated with caries resistance (Van Wuyckhuyse et al. 1995).
Results from clinical studies have shown that arginine-containing
dentifrices are effective at reversing caries and providing car-
ies protection (Acevedo et al. 2008; Kraivaphan et al. 2013;
Yin et al. 2013).

We have recently developed a specialized culture medium
that captures 60% to 80% of the diversity present in the origi-
nal saliva inoculum, including many previously uncultivated
species (Tian et al. 2010; Edlund et al. 2013). This allows us to
establish an in vitro multispecies oral community that is highly
reflective of the in vivo oral microbiome, as well as maintain-
ing the signature pH cycling of dental plaque (Edlund et al.
2013, 2015). In the current study, we used this model system to
investigate the ability of arginine treatment to protect against
the pH drop caused by sucrose exposure, with the goal of
exploring the mechanistic and ecological basis for arginine
regulation of plaque pH.

Materials and Methods

Growth of Biofilms and Treatment
with Arginine and Sucrose

Saliva-derived, early-stage biofilms were established using a
previously published protocol (Edlund et al. 2013). Briefly,
saliva samples were collected and pooled from 7 healthy volun-
teers (approved under UCLA IRB 13-001075) and used to inoc-
ulate SHI medium (Tian et al. 2010) containing 15 mM sucrose.
Then, 1 mL was added to each well of a 24-well plate that had
been precoated with sterilized, cell-free saliva. Plates were incu-
bated at 37°C for 16 h in microaerobic conditions (2% 02, 5%
COZ, balanced with nitrogen) to allow biofilm formation, then
were washed and starved (incubated without a carbon source) in
chemically-defined medium (CDM), adjusted to pH 7,
(McLean etal. 2012) for 2 h. Then, 75 mM L-arginine (adjusted
to pH 7), 15 mM sucrose, or both, was added to the CDM. For
arginine-treated biofilms, 15 mM sucrose was subsequently
added after 6, 20, 48, or 54 h. Time 0 biofilms were collected
prior to the addition of any arginine or sucrose. Negative con-
trols were incubated in CDM only. pH was measured by pipet-
ting 20 pL of each sample onto pH indicator strips. All
experimental conditions were performed in duplicate. Full pro-
tocols for SHI medium and CDM preparation can be found at
http://depts.washington.edu/jsmlab/downloads/protocols/.

Quantification of Arginine and
Identification of Metabolites

Gas chromatography time-of-flight (GC TOF) mass spectrom-
etry analysis of metabolites and targeted liquid chromatography
mass spectrometry quantification of arginine were performed at
the National Institutes of Health (NIH) West Coast Metabolomics
Center, UC Davis Metabolomics Core, Davis, California.
Detailed protocols are supplied in the Appendix.

Arginine Uptake and Utilization Assays

Biofilms were grown, washed, and starved as described above
and then incubated with 75 mM arginine for 30 s, 2 m, 30 m, 1
h, and 3 h. At each time point, biofilms were thoroughly washed
to remove the arginine, collected, and pelleted; pellets were
then sent for targeted liquid chromatography—mass spectrome-
try (LC-MS) for arginine. A short-term utilization assay was
performed in a similar manner. After washing, biofilms were
incubated with 75 mM arginine for 2 h, followed by removal of
the arginine and collection of the biofilm supernatants at vary-
ing time points. Supernatants were sent for GC TOF as described
above to detect and quantify secreted metabolites.

Microbial Community Analysis

Detailed DNA extraction and sequencing protocol is supplied
in the Appendix. Briefly, DNA was extracted from pelleted
biofilms and sent to the Forsyth Institute (Cambridge, MA) for
library prep and Illumina sequencing of the amplified V3 to V4
16S region.

Sequencing data were analyzed using QIIME (Quantitative
Insights into Microbial Ecology) version 1.9.1 (Caporaso et
al. 2010). Sequences were clustered into operational taxo-
nomic units (OTUs) using UCLUST (Edgar 2010), then
aligned and taxonomy assigned with the Human Oral
Microbiome Database (HOMD) (Chen et al. 2010) as refer-
ence. For alpha (within-sample) diversity, OTU tables were
rarefied to 35,000 reads and Chaol values were calculated.
For beta (between-sample) diversity, UniFrac distances
(Lozupone and Knight 2005) were calculated, followed by
principal coordinates analysis (PCoA).

Statistical Analysis

For the sequencing data, differences in the relative abundance
of taxa were compared with the Kruskal-Wallis test controlling
the false discovery rate to correct for multiple comparisons
(Hochberg and Benjamini 1990), and a corrected P value of
<0.05 was considered significant.

Results

Arginine Uptake and Utilization Assay

Saliva-derived, mixed-community biofilms were generated
using a specialized growth medium (SHI medium) previously
shown to preserve up to 80% of the species diversity present in
the original inoculum (Edlund et al. 2013). Using saliva as the
inoculum and culturing on a surface coated with saliva pellicle
allows the biofilm to develop in succession, much like how
plaque forms on the tooth surface, initiated by attachment of
salivary early colonizers. In addition, saliva cultured in SHI
medium as a multispecies biofilm has been previously shown
to respond to a sugar source with a rapid pH drop, in a manner
similar to plaque (Edlund et al. 2013, 2015).

Using this system to generate early stage biofilms, we first
assayed the uptake of arginine into the bacterial cells of the
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Figure |. Arginine uptake and utilization assays. (A) Arginine uptake. Biofilms were incubated in
75 mM arginine for treatment time indicated above before washing and collection of cell pellets
for liquid chromatography—mass spectrometry targeted arginine assay. Negative controls were not
incubated in arginine and were collected at the indicated time point. Error bars = SD. (B) Arginine
utilization. Biofilms were incubated in 75 mM arginine for 2 h, then washed and collected at the
indicated time point after arginine removal. Supernatants were analyzed with gas chromatography—
mass spectrometry, and the levels of the main arginine metabolites are shown. Negative controls

each of the differentially treated bio-
films is shown in Figure 2.

The pH of untreated biofilms (nega-
tive control) remained stable at the start-
ing pH of 7 throughout the experiment
when maintained in CDM. Biofilms that

were collected at 6 h. Error bars = SD.
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Figure 2. Pretreatment with arginine prior to sucrose exposure protects against pH drop. Pooled
saliva was inoculated into SHI media overnight in biofilm-inducing conditions (see Materials and

arginine pretreatment did not result in a
sustained drop in pH.

Methods). Biofilms were then washed and incubated in chemically defined media (CDM) adjusted

to pH 7, plus arginine and/or sucrose as indicated. pH was measured by pipetting 20 pL onto
color-changing pH strips. Adding sucrose 6 h after adding arginine resulted in an initial drop,
followed by an increase in pH. Adding sucrose at 20 h or 48 h prevented the drop completely.

Arg = L-arginine (75 mM); Suc = sucrose (15 mM).

biofilm and the retention over time, while the biofilms were
incubated in CDM. The amount of arginine inside the cells rose
above baseline after 30 min of arginine exposure (Fig. 1A). We
also performed an arginine utilization assay in which we quan-
tified the metabolites present over time after incubation with
arginine and subsequent removal. Results show an increase in
the 3 major products of arginine catabolism (ornithine, putres-
cine, and citrulline) at the first time point (Fig. 1B). By 6 h, the
amount of ornithine present in the arginine-treated biofilms
was approximately 30 times higher than detected in negative
controls, which were not incubated in arginine. Similar levels
were detected for putrescine and citrulline, indicating that the
bacteria within the biofilm were actively metabolizing the
arginine.

Arginine Is Actively Metabolized
during Treatment

We investigated the extent to which the
added arginine was taken up and metabolized by the differen-
tially treated biofilms by quantifying the amount present in the
cells as well as quantifying metabolites in the supernatant (Fig.
3). Targeted LC-MS of the biofilm pellets showed that arginine
was internalized by the cells. Three major products of arginine
catabolism—ornithine, putrescine, and citrulline—were
detected in the supernatants, indicating that arginine was
metabolized during the experiment. Interestingly, in biofilms
treated with only arginine at Time 0 and not exposed to sucrose
(Fig. 3A), the amount of arginine inside the cells at the end of
the experiment (54 h) was almost 30-fold less than detected in
the biofilms collected at 20 h, as well as much less (12- to
30-fold) than in biofilms subsequently treated with sucrose
(Fig. 3B) collected at the same time point; the metabolites in
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the supernatant followed this same pat-
tern. There is evidence that arginine
uptake and metabolic pathways are reg-
ulated by pH (Burne and Marquis
2000). The arginine-only biofilms rose
to a sustained pH of 8 (Fig. 2); there-
fore, arginine uptake may eventually
become inhibited to avoid over-alkalin-
ization. In the sucrose-treated biofilms
(Fig. 3B), the pH was lower or fluctu-
ated throughout the experiment, which
may have activated specific arginine

Peak Height

Levels at 54h

I onmithine Il onmithine

B citrulline B citrulline
E [ putrescine = 5 [ putrescine
= = ©
E B8 arginine = Z [EZE arginine
& = &
) 2 )
2 g g
g &~ g

pathways to protect against the acidity,
and a proportion of intermediates (orni-
thine, putrescine, and citrulline) was
secreted into the supernatant. Arginine
uptake is mediated by the arginine-orni-
thine antiporter found in many oral spe-
cies (Liu and Burne 2009); thus,
ornithine is expected to be secreted by
the cells.

Microbial Community Analysis

Sequencing generated a total of 2,179,843 sequences after
quality filtering, with an average of 103,802 sequences per
sample (range, 71,213-131,735) with a median sequence
length of 429. Analysis revealed a total of 8 phyla, 54 genera,
and 130 species-level OTUs across all biofilms. At the end
point of the experiment (54 h), results show a shift in the com-
munity structure with increasing time of pretreatment with
arginine before the addition of sucrose (Fig. 4). The microbial
community results are confirmed by the PCoA plot of UniFrac
distances (Fig. 5A). In general, biofilms in which protection
from the sucrose-induced pH drop occurred clustered sepa-
rately from the biofilms in which pH protection did not occur.
The stacked bar graphs in Figure 4 show that at each taxo-
nomic level, the biofilms in which sucrose and arginine were
both added at Time 0 resemble the community in which only
sucrose was added and also appear closer together on the PCoA
plot. Conversely, the community that was pretreated with argi-
nine 20 h prior to the addition of sucrose more closely resem-
bled the community in which only arginine was added. The
community treated with arginine 48 h before the addition of
sucrose appears different from the rest of the biofilms due in
part to the large increase in abundance of Veillonella dispar.
Notably, treatment replicates clustered closely together on the
PCoA, indicating that pretreatment with arginine and subse-
quent sucrose exposure had reproducible effects on the micro-
bial community.

Alpha (within-sample) diversity was measured using
Chaol, which is an estimate of species richness. Results show
that biofilms treated with arginine only at Time 0 maintain the
species richness of the negative control, while the addition of
sucrose at any time point results in a less diverse community
(Fig. 5B). Notably, the Time 0 community is as diverse in
terms of species richness as the initial saliva inoculum. As the

Figure 3. Arginine and metabolite quantification. Biofilms were collected at each time point and
centrifuged. Pellets were analyzed with targeted liquid chromatography—mass spectrometry for
arginine. Supernatants were analyzed with gas chromatography—mass spectrometry to detect and
quantify metabolites. Left y-axes represent metabolite levels in supernatants; right y-axes represent
the concentration of arginine in pellets. (A) Levels of select arginine-related metabolites and
concentration of arginine in biofilms treated with 75 mM arginine at Time 0 and collected at 6 h,
20 h, and 54 h. (B) Levels of select arginine-related metabolites and concentration of arginine in
differentially treated biofilms collected at 54 h. Arg = L-arginine (75 mM); Suc = sucrose (15 mM).
Experiments were performed in duplicate. Error bars = SD.

biofilm communities matured over the course of the 54-h
experiment, the species richness increased, most likely due to
initially present but undetectable organisms increasing in
abundance to a detectable level over time.

Atthe phylum level, the relative abundance of Bacteroidetes
was 24x higher in the biofilms pretreated with arginine that were
protected from the sucrose-induced pH drop (“protected” bio-
films, 20 and 48 h pretreatment) compared to those that were
not (“unprotected,” 0 and 6 h pretreatment) (4.8% vs. 0.2%,
P < 0.05); this phylum includes Prevotella, Alloprevotella,
Tannerella, Porphyromonas, and Capnocytophaga; in total,
these genera account for 27 species. In addition, the abundance
of phylum Actinobacteria was significantly higher in the pro-
tected biofilms compared to the unprotected (2.7% vs. 1.4%,
P > 0.05); this phylum includes Rothia, Bifidobacterium,
Actinomyces, and Corynebacterium. At the genus level,
Prevotella was 60x higher in the protected biofilms (4.7% vs.
0.08%); however, this did not reach statistical significance
after correcting for multiple comparisons. At the species level,
V. dispar and Streptococcus anginosus were dramatically
increased in the protected biofilms (18% vs. 0.2% and 4.5% vs.
0.08%, respectively).

Discussion

An effective caries prevention needs to be able to protect
against the pH drop induced by the influx of carbohydrates that
occurs during meals by allowing for a quick recovery to shorten
the amount of time enamel is exposed to demineralizing condi-
tions (Nascimento and Burne 2014). Clinical studies with argi-
nine-containing dentifrices have shown caries protection as
well as an increase in plaque pH (Acevedo et al. 2008;
Kraivaphan et al. 2013; Srisilapanan et al. 2013). In the current
study, we tested the effects of arginine treatment on an in vitro
oral microbial community using a biofilm model (Edlund et al.
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Figure 4. Relative abundance of (A) phylum-level, (B) genus-level, and (C) species-level taxa detected in each biofilm. Experiments were performed in
duplicate, and relative abundances were averaged for each taxon detected. Arg = L-arginine (75 mM); Suc = sucrose (15 mM).

2013; Edlund et al. 2015). With a specialized medium (SHI
medium) developed in our laboratory (Tian et al. 2010), we are
able to culture and maintain a diverse multispecies oral com-
munity and can mimic plaque pH dynamics, allowing for
highly relevant investigations into the oral microbiome (Edlund
et al. 2013). The goal of this study was to investigate the poten-
tial of arginine as a caries therapeutic and its effects on the
ecology of the oral microbiota.

The results of the initial uptake and utilization assays (Fig.
1) show that arginine is taken up by the biofilms and metabo-
lized, properties essential for modification of the microbiome.
Pretreatment with arginine prior to sucrose exposure was able
to protect the biofilms from the drastic pH drop that occurred
with no arginine treatment (Fig. 2). We found that this protec-
tion correlates with changes that occur in the microbial com-
munity in the arginine-treated biofilms (Figs. 4 and 5).

Previous in vitro studies have shown that arginine treatment
has positive effects on the community structure, in some cases
increasing the species diversity (Kolderman et al. 2015) or

stabilizing the community and preventing potential detrimental
species such as Candida albicans from proliferating (Koopman
et al. 2015). In addition, investigations of clinical samples have
shown that microbial communities isolated from carious lesions
are less diverse than those from healthy sites (Jiang et al. 2014;
Kianoush et al. 2014; Xiao et al. 2016). In the current study,
species richness increased over time in the untreated biofilms as
well as in the arginine-treated biofilms; these samples also clus-
tered together in the PCoA plot (Fig. 5). Conversely, in biofilms
also treated with sucrose, the species diversity at the end of the
experiment is much less. In our model system, it seems that
arginine allows for the natural evolution of the community as
would occur without any external perturbation, while the intro-
duction of sucrose into the environment halts this progression
and results in a less diverse community.

Beta-diversity analysis revealed that the biofilm communi-
ties in which protection from the sucrose-induced pH drop was
observed were more alike than the biofilms that were not pro-
tected, indicating that the protection is due to differences in the
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microbial community between the biofilms.
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At the species level, V. dispar and S.
anginosus were increased in the argi-
nine-treated, pH-protected biofilms. V.
dispar, usually metabolically supported
by Streptococcus species, has been pre-
viously associated with arginine treat-
ment in vitro (Kolderman et al. 2015;
Koopman et al. 2015) and was also
found to be an important contributor to
pH recovery and neutralization by
upregulation of activity and gene expression of arginine cata-
bolic pathways (Edlund et al. 2015). S. anginosus was associated
with neutral pH in another in vitro study (Kianoush et al. 2014),
suggesting its increased abundance may be a result of the
increased pH of the community.

According to the extended ecological plaque hypothesis
(Takahashi and Nyvad 2008), the cariogenic disease process is
driven by changing environmental conditions that lead to a
shift in the microbial population structure. The plaque com-
munity adapts to changing pH; acidic conditions shift the com-
munity in the favor of acid producers and acid-tolerant species,
while a higher pH favors a community with less cariogenic
potential. As a carious lesion develops, the community evolves
in a continuum that correlates with the changing pH (Takahashi
and Nyvad 2011; Kianoush et al. 2014). The catabolism of
arginine by oral bacteria is a major contributor to plaque alka-
linity mainly due to the generation of ammonia and other alka-
line products via the arginine deiminase system (ADS) and the
agmatine deiminase system (AgDS) (Burne and Marquis 2000;
Liu et al. 2012). Subjects in a clinical study with an arginine-
containing dentifrice showed an increase in ADS activity
within plaque as well as a shift in the microbial community
(Nascimento et al. 2014); also, Nascimento et al. (2009) had
previously demonstrated that caries-free individuals have
higher levels of ADS activity compared to individuals with
active caries, indicating that this pathway plays an important
role in caries protection. In our experimental model, arginine
treatment led to an increase in ornithine and citrulline, primary
products of the ADS, as well as an eventual increase in putres-
cine, a product of the AgDS (Fig. 3). In the initial arginine

Figure 5. Diversity analyses. (A) Beta diversity was calculated by unweighted UniFrac, and the
distances were plotted with principal coordinate analysis (PCoA). The colors of each sample
correspond to the colors on the bar graph in (B), and samples of the same color represent replicate
experiments. Biofilms in which protection from the sucrose-induced pH drop occurred clustered
separately from the biofilms in which pH protection did not occur; this correlates with the amount
of time the biofilms were incubated in arginine prior to sucrose exposure. (B) The alpha diversity
measure Chaol was calculated at a defined sequence depth of 35,000 for all samples. Values for
duplicate samples were averaged, and the error bars represent the standard deviation. “Initial
inoculum” refers to the pooled saliva used to inoculate SHI medium to generate the initial biofilms,
and “Time 0” refers to the overnight biofilms prior to the addition of arginine or sucrose.

utilization assay, our results show that these products were still
detectable in the supernatants more than 6 h after the removal
of arginine from the culture medium (Fig. 1), suggesting that
the pH-raising effects can last long after the arginine treatment
itself is removed. The changing pH gradually modifies the
community, and eventually, the acidogenic organisms may no
longer be present in large enough numbers to maintain the low
pH when sucrose is added. In our model system, protection
from a sustained pH drop occurred after 20 h of pretreatment
with arginine before sucrose exposure. These results indicate
that arginine treatment creates sustainable modifications of the
microbial community via alkaline-generating metabolism.

We acknowledge some limitations to the model system used
here, including the predominance of early colonizers such as
Streptococcus salivarius. Because these are early stage (16 h)
biofilms, this system reflects the conditions that occur after
brushing in the evening, in which biofilm forms overnight.
Therefore, addressing the impact of arginine on the early stages
of biofilm growth provides valuable, practical information.
Using this model, we are able to maintain a complex bacterial
community that is highly diverse, reproducible, and well charac-
terized (Edlund et al. 2013). Furthermore, the biofilms respond
to a sugar source with a characteristic drop in pH, making the
model useful and relevant to in vivo conditions. Overall, the oral
biofilm system used here provides an excellent model to test the
pH response of oral bacterial communities to various substances
and potential therapeutics. Our results show that arginine is
taken up by the cells within the biofilm, is readily metabolized,
and improves pH homeostasis by altering the microbial ecology,
demonstrating its potential as an effective caries therapeutic.
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