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ABSTRACT
Gingivitis is one of the most common oral infections in humans. While sugar alcohols such as
erythritol are suggested to have caries-preventive properties, it may also have beneficial
effects in prevention of gingivitis by preventing maturation of oral biofilms. The aim of this
study was to assess the effect of erythritol on the microbial ecology and the gingivitis
phenotype of oral microcosms. Biofilms were inoculated with stimulated saliva from 20
healthy donors and grown in a gingivitis model in the continuous presence of 0 (control
group), 5, and 10% erythritol. After 9 days of growth, biofilm formation, protease activity
(gingivitis phenotype), and microbial profile analyses were performed. Biofilm growth was
significantly reduced in the presence of erythritol, and this effect was dose dependent.
Protease activity and the Shannon diversity index of the microbial profiles of the biofilms
were significantly lower when erythritol was present. Microbial profile analysis revealed that
presence of erythritol induced a compositional shift from periodontitis- and gingivitis-related
taxa toward early colonizers. The results of this study suggest that erythritol suppresses
maturation of the biofilms toward unhealthy composition. The gingivitis phenotype was
suppressed and biofilm formation was reduced in the presence of erythritol. Therefore, it is
concluded that erythritol may contribute to a healthy oral ecosystem in vitro.

ARTICLE HISTORY
Received 20 December 2016
Accepted 16 May 2017

KEYWORDS
In vitro oral biofilms;
gingivitis; microbiome;
polyol; biofilm maturation;
biofilm phenotype

Introduction

In the oral cavity, two major plaque-induced diseases
occur: dental caries and gingivitis. Caries is a conse-
quence of frequent consumption of dietary fermen-
table sugars. This leads to frequent and prolonged
periods of acid production by microbes residing in
dental plaque. Acid production by dental plaque can
result in dissolving the hard tissues in the oral cavity
and tooth decay [1]. Gingivitis is inflammation of the
gums. When left untreated, prolonged periods of
inflammation can ultimately lead to periodontitis,
which is the progressive loss of the alveolar bone
surrounding the teeth [2–4].

Oral diseases can be prevented by good oral
hygiene, including the use of fluoride, combined
with a lower frequency of dietary fermentable
sugar consumption [5,6]. In addition, replacement
of dietary fermentable sugars by artificial sweet-
eners, such as sugar alcohols, has been suggested
to have a caries-preventive effect [7]. Polyol sweet-
eners are not metabolized by most oral bacteria
[8], thus significantly reducing the acid produc-
tion by dental plaque. One example of such a
sweetener is erythritol, a polyol that is not meta-
bolized in the human body [9]. Compared to other

sweeteners such as xylitol, erythritol induces only
low gastrointestinal responses and does not induce
diarrhea. At low doses, no adverse effects have
been reported [10], making it an attractive food
additive. Erythritol has been shown to have poten-
tial caries-reducing properties [11,12]. It reduces
the abundance of Streptococcus mutans, significant
acid-producing species, in plaque, as well as total
plaque accumulation after 6 months’ consumption
[13], while plaque levels of propionic acid, acetic
acid, and lactic acid were reduced after 3 years of
erythritol consumption [14].

Few studies have tested whether erythritol is also
beneficial for gingival health. Gingivitis develops in
response to increased plaque accumulation [15].
Specific bacterial species, most notably
Porphyromonas gingivalis, have been linked to gingi-
vitis and periodontitis [16]. Since these are late-colo-
nizing species, timely and thorough removal of dental
plaque is the main gingivitis preventive therapy [15].
This keeps the plaque buildup under critical levels
and prevents changes in species composition related
to maturation of dental plaque. Failure to remove
plaque adequately can result in progression toward
periodontitis.
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Hashino et al. found that erythritol reduces the
abundance of the periodontitis-related bacterium P.
gingivalis in dual-species biofilms with Streptococcus
gordonii [17]. This study suggested that DNA/RNA
synthesis is decreased in both P. gingivalis and S.
gordonii when 10% erythritol is present, resulting in
a retarded bacterial growth. The same study showed
that amino sugar and nucleotide sugar metabolites
were decreased when 10% erythritol was present.
This probably retards extracellular matrix biosynthesis
and partly explains the altered microstructure of the
dual-species biofilms found by Hashino et al. [17].

To the authors’ knowledge, no multispecies biofilm
studies exist that report the effect of erythritol on gingi-
vitis-related biofilms. Therefore, this study investigated
the effect of erythritol on the ecology and the gingivitis
phenotype of in vitro oral microcosm biofilms.

Materials and methods

Saliva collection

The saliva samples used in this study were derived
from participants of a previous cohort study [18].
This cohort study was conducted in accordance
with the ethical principles of the 64th WMA
Declaration of Helsinki (October 2013, Brazil) and
the Medical Research Involving Human Subjects
Act, approximating Good Clinical Practice (CPMP/
ICH/135/95) guidelines. The clinical trial was
approved by the Medical Ethical Committee of the
VU Medical Center (2014.505) and registered at the
public trial register of the Central Committee on
Research Involving Human Subjects under number
NL51111.029.14. Volunteers received oral and written
information about the study at the screening session,
and all participants of the clinical study signed the
informed consent. The inclusion and exclusion cri-
teria have been described previously [18]. The level of
gingival bleeding was assessed using the bleeding on
marginal probing, as described previously [19], in a
half mouth randomized contralateral model [18].

From 20 of the systemically and orally healthy
donors of the cohort study, baseline stimulated saliva
samples were collected and used for the present study.
The participants did not perform any oral hygiene
measures for at least 5 h, and they did not drink or eat
in the 2 h prior to saliva donation. Stimulated saliva was
collected and stored, as described previously [20].
Inocula for the biofilm model were created by mixing
stimulated saliva of a single volunteer at a 1:50 ratio
with fresh biofilm growth medium, as described below.

Biofilm formation

The inocula were added to the in vitro Amsterdam
Active Attachment Model (AAA-model) [21]

assembled with 12 mm glass coverslips (Menzel,
Braunsweig, Germany) to form biofilms. Biofilms
were grown in buffered semi-defined McBain medium
supplemented with 10% fetal calf serum (FCS; Sigma–
Aldrich, Munich, Germany) to promote gingivitis-
related phenotypes [20]. For each donor, four biofilms
per erythritol concentration were inoculated for 8 h in
growth medium. After 8 h of inoculation, the medium
was refreshed, and biofilms were grown anaerobically in
continuous presence of 0, 5, or 10% (w/v) erythritol
(Zerose� Eryhritol; Cargill, Vilvoorde, Belgium) for
9 days at 37°C. The medium, containing serum and 0,
5, or 10% erythritol, was refreshed once a day. These
conditions allow for the development of matured bio-
films expressing high protease activity, indicative of a
gingivitis or periodontitis phenotype [20].

Biofilm quantification

Total anaerobic colony forming units (CFUs) for
each individual biofilm were determined to estimate
the amount of biofilm [21]. The 9-day-old biofilms
were dispersed in phosphate-buffered saline by soni-
cation [20], serially diluted, and plated on tryptic soy
agar blood agar plates for total counts.

Protease activity

Gingivitis and periodontitis are related to increased total
and specific protease activity [3]. Gingipains are P. gingi-
valis–specific proteases and important virulence factors.
Clinically, gingipain activity is related to periodontitis
[22]. Total and specific protease activity was measured,
as described previously [20,22], using a fluorescence
resonance energy transfer (FRET) assay. For total pro-
tease activity, the FRET-probe PEK-054 ([FITC]-
NleKKKKVLPIQLNAATDK-[KDbc]) [23] was used,
and specific protease activity was measured using the
FRET-probe BikKam15 ([FITC]-Phe-Arg-[KDbc]) [22].
The final concentration of the probe was 16 µM, and
fluorescence (excitation at 485 nm and emission at
530 nm) was measured every 2 min for 2 h. Protease
activity was defined in relative fluorescence per minute
(RF/min) determined from the initial linear part of the
curve.

DNA isolation and microbiome analysis

All individual biofilms (i.e. four per donor per
erythritol concentration) were used for microbiome
analysis. Total DNA was isolated and purified, as
previously described [20]. Bacterial DNA concen-
tration was determined by quantitative polymerase
chain reaction (qPCR) using a universal primer-
probe set targeting the 16S rRNA gene [24]. Next,
1 ng of DNA was used to amplify the V4 hypervari-
able region of the 16S rRNA gene, as described
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previously [25], except that 33 amplification cycles
were performed. The amplicons were pooled equi-
molarly and purified from agarose gel (Illustra™,
GE Healthcare, Little Chalfont, United Kingdom).
Paired-end reads of 251 bp were generated by
paired-end sequencing of the amplicons using the
Illumina MiSeq platform and Illumina MiSeq
reagent kit V2 (Illumina, Inc., San Diego, CA) at
the VUmc Cancer Center Amsterdam (Amsterdam,
The Netherlands). The sequence data were pro-
cessed, as described previously [26], albeit with a
maximum of 25 mismatches in the overlap. In
addition, a species name was assigned to the repre-
sentative (most abundant) sequence of the opera-
tional taxonomic unit (OTU) based on the Human
Oral Microbiome Database (HOMD) [27]. First,
BLAST was used to obtain the top 20 matches in
the HOMD database (BLAST on homd.org; HOMD
16S rRNA RefSeq version 14.5 database). A HOMD
taxonomy was assigned only if the similarity was
≥97% and if the entire query sequence was aligned.
In case of tied top hits (i.e. same percentage simi-
larity), the (species) names were combined into the
taxonomy assigned.

Data normalization and statistical analysis

The OTUs were randomly subsampled at 5,200 reads/
sample, and the median abundance of each OTU in
the quadruple biofilms was calculated for each donor
and condition. PAST software v3.01 [28] was used to
calculate the species richness and the Shannon diver-
sity index. Significance of the differences in species
richness and diversity was calculated using a
Friedman test in SPSS Statistics for Windows
v23.0.0.2 (IBM Corp., Armonk, NY).

The OTU-table was log2 transformed, and PAST
was used to ordinate the data by principal compo-
nent analysis (PCA) into two dimensions. To calcu-
late the significance of the compositional differences
between 0, 5, and 10% erythritol biofilms, one-way
permutational multivariate analysis of variance was
performed on the Bray–Curtis Similarity index.
Groups were considered statistically different at
p < 0.05.

To identify the OTUs that differ in relative abun-
dance between 0, 5, or 10% erythritol, linear discrimi-
nant analysis effect size (LEfSe) [29] was used in the
one-against-all modus. The alpha values were kept at the
default of 0.05, and the LDA threshold was set to 3.5.

Results

Biofilm formation

Stimulated saliva of 20 orally and systemically
healthy donors was used to inoculate the AAA-

model. For every donor, quadruple biofilms were
grown anaerobically for 9 days in the presence of
0, 5, or 10% erythritol. Biofilm density showed an
erythritol-dependent decline. When grown in the
presence of 5% erythritol, CFUs of the biofilm
were significantly less (p < 0.01) compared to the
control. When cultivated in the presence of 10%
erythritol, the number of CFUs was even lower
(Figure 1a). The bacterial density of biofilms grown
in the presence of 10% erythritol was on average
80% lower than that of the control biofilms (0.5
log10 difference).

Figure 1. Phenotypes of the biofilms grown in presence of
different concentrations of erythritol: (a) colony forming unit
(CFU) counts, (b) total protease activity measured using fluor-
escence resonance energy transfer (FRET) probe PEK-054
(expressed as RFU/min), (c) specific protease activity mea-
sured using FRET-probe BikKam15 (expressed as RFU/min).
Statistical significance compared to the control is indicated
(**p < 0.01; ***p < 0.001).
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Protease activity

Total protease activity and specific activity were
measured to evaluate the effect of erythritol on
gingivitis phenotype of the biofilms. Total as well
as specific protease activity was lower in biofilms
grown in the presence of erythritol compared to
the control biofilms (Figure 1b and c). Total pro-
tease activity fell from 406 RFU/min (SD = 183) on
average for the control biofilms to 314 RFU/min
(SD = 175) in 5% erythritol biofilms, and 179 RFU/
min (SD = 132) in 10% erythritol biofilms, showing
a dose-dependent reduction. Specific protease activ-
ity was reduced from 10.1 RFU/min (SD = 3.8) in
the control biofilms to 2.3 RFU/min (SD = 1.5) in
the 5% erythritol biofilms. Biofilms grown in the
presence of 10% erythritol, however, had a small
but statistically significant higher specific protease
activity (3.3 RFU/min; SD = 1.4) compared to the
5% erythritol biofilms. This slight increase in spe-
cific protease activity in 10% compared to 5% ery-
thritol biofilms was observed in 17/20 individual
donors (data not shown). Nonetheless, the specific
protease activity in the biofilms grown in the pre-
sence of 10% erythritol was low compared to the
control samples.

Microbial composition

To evaluate the effect of erythritol on the microbial
composition of the biofilms, the bacterial DNA was
analysed using 16S rDNA sequencing. The complete
subsampled OTU list is available as Supplementary
Table S1.

The species richness of the biofilms was 73 ± 14
OTUs for 0% erythritol, 62 ± 12 for 5% erythritol,
and 49 ± 9 for 10% erythritol. These differences were
statistically significant. In line with this, the Shannon
diversity index of the biofilms was significantly lower
(χ2 = 39.5; p < 0.001) if erythritol was present:
2.5 ± 0.3 for the control biofilms versus 2.2 ± 0.2
and 1.8 ± 0.2 for 5 and 10% erythritol biofilms,
respectively (Figure 2). The species composition was
clearly different between the three groups (p < 0.001;
F = 10.8). This is visualized in the PCA plot
(Figure 3a) where the biofilms clustered based on
the concentration of erythritol present during growth.
To identify the OTUs that showed significantly dif-
ferent abundance under the different erythritol con-
centrations (biomarkers), LEfSe [29] was used. A total
of 15 OTUs were significantly different in relative
abundance between at least two of the three groups
(Figure 3b). The relative abundance of the OTUs
detected by LEfSe is plotted in Supplementary
Figure S1. The relative abundance of the most pro-
minent biomarker for each condition is shown in
Figure 3c.

LEfSe indicated that the control biofilms, grown
for 9 days in the presence of FCS, contained more
reads classified as Megasphaera (OTU4, OTU205),
Fusobacterium (OTU10, OTU80), Leptotrichia
(OTU14), Selenomonas (OTU22), and Solobacterium
(OTU19) compared to both erythritol conditions. In
biofilms from some volunteers, Prevotella (OTU23)
was exclusively present in 0% erythritol biofilms,
while in other volunteers, this OTU was not present
at all. Biofilms grown in the presence of 5% erythritol
contained more Prevotella (OTU8), Actinomyces
(OTU6), and Streptococcus (OTU32) compared to 0
and 10% biofilms. Biofilms grown in the presence of
10% erythritol contained more Streptococcus (OTU2)
compared to the other conditions.

Different OTUs of Veillonella were identified as
biomarkers for both the control biofilms and the
10% erythritol biofilms. Control biofilms showed
higher abundance of OTU128, and 10% erythritol
biofilms contained more of OTU1 and OTU71.
Although some Veillonella OTUs were more abun-
dant in the control biofilms, the total abundance of
the genus significantly increased when erythritol was
present (38% abundance for control biofilms, 51%
abundance for 5% erythritol biofilms, and 56% abun-
dance for 10% erythritol biofilms) (Figure 4).

Discussion

In this study, biofilms grown in the presence of
erythritol showed a significantly different bacterial
species composition and were less diverse compared
to the control biofilms. Erythritol also reduced bio-
film formation and both total and specific protease
activity of the biofilms.

These results show that presence of erythritol
reduced biofilm formation of in vitro gingivitis-phe-
notype biofilms. This is in line with a previous study,
where growth of several Streptococcus species, includ-
ing clinical oral isolates, was reduced when erythritol

Figure 2. Shannon diversity index of the biofilms grown in
presence of different concentrations of erythritol. Statistical
significance compared to the control is indicated (**p < 0.01;
***p < 0.001).
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was present [30]. Several clinical trials investigating
the caries-reducing effect of erythritol described a
lower amount of plaque in the erythritol test group
[13,14]. Although the reduction in biofilm formation
in this study was statistically significant, the biofilms
grown in the presence of erythritol still consisted of
high numbers of viable microbes. The biological rele-
vance of this reduction is uncertain. The 9-day-old
biofilms, consisting of cell counts >108, still formed a
thick layer of plaque in the biofilm model.

The growth conditions of the biofilms were chosen
to induce a gingivitis phenotype [20]. The serum
added to the growth medium mimics crevicular
fluid, stimulating development of a proteolytic micro-
biome. Together with the proteolytic stimulation,
9 days of growth results in a mature gingivitis bio-
film, as observed for the control biofilms. The addi-
tion of erythritol significantly reduced the proteolytic
activity of the biofilms, indicating a reduction of the
gingivitis phenotype. This is in line with a previous
study showing that erythritol inhibited gingipain
activity of P. gingivalis [17]. Reduced total protease
activity in presence of erythritol could indicate that
the dynamic transition from saccharolytic, young
plaque to proteolytic, mature plaque is inhibited by

Figure 3. Microbiome analysis of biofilms grown in the presence of 0, 5, or 10% erythritol. (a) Principal component analysis plot
of biofilms grown in the presence of 0 (□□□□), 5 ( ), or 10% (∎∎) erythritol. The data were randomly subsampled and log2-
transformed. (b) Operational taxonomic units (OTUs) that differentiate most between 0 (white bars), 5 (gray bars), or 10% (black
bars) erythritol, ranked by the effect size in linear discriminant analysis effect size (LEfSe). (c) Boxplots of the relative abundance
of the most prominent biomarker detected with LEfSe for each condition: OTU4 for 0%, OTU8 for 5%, and OTU2 for 10%.
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Figure 4. Average relative abundance of 20 of the most
abundant genera (remaining genera are grouped as ‘other’)
in: (a) 0% erythritol biofilms, (b) 5% erythritol biofilms, and (c)
10% erythritol biofilms.
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erythritol. Reduced specific proteolytic activity
furthermore indicates reduction of an important
virulence factor related to periodontitis.

Besides the reduction of biofilm growth and pro-
tease activity, bacterial diversity decreased with
increasing erythritol concentrations. Plaque from
periodontitis patients has been reported to have a
higher microbial diversity than plaque from period-
ontally healthy patients has [31,32]. This adds up to
the idea that erythritol contributes to preserving a
healthy oral ecology.

Ecological analysis indicates that presence of erythri-
tol significantly affects the bacterial species composi-
tion. Control biofilms contained Megasphaera,
Solobacterium, Selenomonas, and Leptotrichia, which
were all absent when erythritol was present. All these
genera are associated with periodontal disease [33–35]
or gingivitis [36]. Additionally, Fusobacterium was pre-
sent in higher abundance in the control biofilms. This is
a well-known ‘bridging’ organism that is able to co-
aggregate with periodontal pathogens to form a mature
biofilm [1]. Reduction or depletion of these genera
supports the conclusion of Hashino et al. that erythritol
can be used to prevent periodontal diseases [17].

Abundance of Prevotella was high in both the
control and 5% erythritol biofilms, and it decreased
when 10% of erythritol was present. Prevotella has
been previously associated with dental plaque
obtained from gingivitis patients [36], suggesting
that the effect of erythritol on the microbial ecology
is concentration dependent. Streptococcus and
Veillonella species were more abundant in biofilms
grown in the presence of erythritol, and they seem to
increase with higher erythritol concentrations. Both
species are identified as early colonizers of dental
biofilms [1], indicating that erythritol inhibits devel-
opment toward a mature biofilm.

The exact mechanism that is responsible for inhi-
bition of biofilm maturation is not yet understood.
Hashino et al. showed that the presence of erythritol
retards growth and extracellular matrix biosynthesis
[17]. Although this might partly explain the reduction
in biofilm formation observed in this study, it does
not explain the shift in microbial ecology.

One possible explanation of this shift is the
decrease in protease activity when erythritol was
present. Inhibition of the protease activity might
reduce the availability of dipeptides and amino
acids, specifically inhibiting growth of proteolytic
microbes. This is in line with the Hashino study,
where relative abundance of P. gingivalis decreased
in dual-species biofilms with S. gordonii, showing
that S. gordonii is less sensitive to erythritol com-
pared to P. gingivalis. Differential sensitivity to
erythritol might explain ecological shifts, as
observed in the present study.

Summarizing, erythritol induces a compositional
shift from periodontitis- and gingivitis-related species
toward an ecology dominated by the traditional early
colonizers. This suggests that erythritol suppresses
the maturation of oral biofilms and prevents the
development of an unhealthy ecology. Additionally,
the gingivitis phenotype was suppressed and biofilm
formation reduced in the presence of erythritol.
Therefore, from these results, it is concluded that
erythritol may contribute to a healthy oral ecosystem.
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