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ABSTRACT
Frequent intake of free sugars is a major risk factor for dental caries, but the immediate 
influence of sugar intake on the supragingival microbiota remains unknown. We aim to 
characterize the effect of 14 days of sugar rinsing on the supragingival microbiota. Forty 
orally and systemically healthy participants rinsed their mouth with a 10% sucrose solution, 
6–8 times a day, for 14 days, followed by 14 days without sugar stress. Supragingival plaque 
samples were collected at baseline, and after 14, and 28 days. The supragingival microbiota 
was analyzed using 16S rDNA sequencing. Taxonomic classification was performed using the 
Human Oral Microbiome Database. After 14 days of sugar stress induced by the daily sugar 
rinses, a significant loss of α-diversity (p = 0.02) and a significant increase in the relative 
abundance of Actinomyces (6.5% to 9.6%, p = 0.006) and Corynebacterium (6.2% to 9.1%, p  
= 0.03) species were recorded. In addition, a significant decrease in Streptococcus (10.3% to 
6.1%, p = 0.001) species was observed. Sugar-mediated changes returned to baseline condi-
tions 14 days after the last sugar rinse. The present study shows that temporary sugar stress 
induces loss of diversity and compositional changes to the supragingival microbiota, which 
are reversible if oral care is maintained.
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Introduction

Decades ago, the controversial Vipeholm Study 
demonstrated that the development of dental caries 
is strongly influenced by the intake of free sugars 
[1]. Thus, today free sugars are accepted as the 
most important dietary risk factor for the develop-
ment of dental caries [2,3]. The association appears 
to be dose-dependent, with observations of a higher 
incidence of dental caries among individuals with 
an intake of free sugars>10% of total energy intake, 
compared to individuals with an intake of free 
sugars<10% of total energy intake [4].

Frequent intake of free sugars is an external per-
turbation to the oral ecosystem. Accordingly, cross- 
sectional data show that the salivary microbiota dif-
fers significantly in individuals with different levels of 
sugar intake [5]. The supragingival microbiota in 
individuals with a high sugar intake is characterized 
by less diversity and a higher abundance of 
Actinomyces, Rothia, Lactobacillus, Veillonella, and 
Streptococcus species compared to individuals with 
a low sugar intake [5,6]. Previous data highlight that 
the acidogenic and aciduric members of the oral 
microbiota thrive when the oral ecosystem is exposed 

to carbohydrates, but interventional studies are 
needed to reveal the direct impact of frequent sugar 
intake on the oral ecosystem.

With this in mind, we have recently tested the 
impact of rinsing with a 10% sucrose solution, 6–8 
times per day, for 14 days on the salivary microbiota 
in orally healthy individuals [7]. We found that the 
frequent intake of sucrose induced distinct composi-
tional changes to the salivary microbiota, with 
a substantial increase of Streptococcus species, which 
was completely reversed, when the study-induced 
sugar stress was removed [7]. While our data on the 
salivary microbiota confirm the significant impact of 
frequent sugar intake on the oral ecosystem, they 
provide no information about the effect of sugar 
stress on the supragingival microbiota, which is the 
central pathologic factor in dental caries. 
Consequently, if we are to evaluate the effect of 
sugar stress in the context of dental caries, longitudi-
nal data of frequent sugar intake on the supragingival 
microbiota are needed.

Therefore, the present study aimed to characterize 
how short-term sugar stress affects the supragingival 
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microbiota. We tested the hypothesis that 14 days of 
sugar stress induces loss of diversity and composi-
tional changes in the supragingival biofilm, but that 
these changes are reversible and return to baseline 
conditions when the sugar stress is terminated.

Materials and methods

Study design

From November to December 2021, we performed 
a longitudinal, interventional study, with a total dura-
tion of 28 days, at the Department of Odontology, 
University of Copenhagen, Denmark (Figure 1). The 
procedures of the sugar stress trial have been 
described previously [7]. In brief, the trial was com-
prised of a perturbation period of 14 days, during 
which an oral sucrose rinse was performed 
every second hour (approx. 6–8 times per day), fol-
lowed by a resolution period of 14 days, where sugar 
rinsing was discontinued. Throughout the entire 
study, participants were allowed to perform regular 
oral care. All participants signed informed consent. 
The study was approved by the regional ethical com-
mittee (H-21003295), registered at ClinicalTrials.gov 
(UCPH_01_005), and reported to the local data 
authorization of the Faculty of Health and Medical 
Sciences, University of Copenhagen (514–0434/19– 
3000).

Study population

The study population consisted of a total of 40 indi-
viduals with good oral and systemic health, who were 
originally enrolled as the placebo group in a large 

randomized clinical trial (unpublished data). The 
size of the study population was decided based on 
a power calculation using data from our previously 
published paper [7]. Specifically, data showed that n  
= 20 was sufficient to detect a 70% increase in 
Streptococcus species in saliva after 14 days of sugar 
stress. Because we expected the impact of sugar stress 
to be approximately 50% less on the supragingival 
microbiota, we extrapolated this to mean that 
a sample size of n = 35 was needed. With an expected 
dropout of 10%, 40 participants were enrolled. 
Inclusion criteria: age 18–35 years. Exclusion criteria: 
systemic diseases requiring medical treatment, cur-
rent smokers, treatment requiring oral diseases (den-
tal caries, periodontitis), generalized gingivitis 
(BOP<15%), pregnancy, and use of antibiotics in the 
past three months.

Clinical examination

Clinical examinations were completed at baseline, day 
14, and day 28 (±2 days) by the same examiner 
(CLO), and have been described in detail elsewhere 
[8]. In brief, plaque levels and bleeding on probing 
(BOP) were recorded at six sites per tooth for the 
entire dentition (third molar excluded). Plaque levels 
were registered using SUNSTAR G.U.M®MD RED- 
COTE®MD disclosing tablets, and scored from 0 to 5 
by use of the Modified Quigley and Hein index [9], 
while BOP was scored from 0 to 2 [10].

Collection of samples

Supragingival plaque samples were collected from the 
buccal surface of the 1st quadrant before clinical 
examinations (at baseline, day 14, and day 28). 
Samples were collected throughout the day, but 
great effort was made to collect all samples from 
each participant at the same time during the three 
trial days. To ensure sufficient sample material, par-
ticipants did not perform oral care on the day of 
sampling. Samples were pooled and vortexed in 1  
mL saline and put into temporary storage at −18°C. 
Within 8 h of sample collection samples were stored 
at −80°C to await further analyses.

Sucrose solution

Production of the sucrose solution and the rinsing 
protocol has been described previously [7]. In brief, 
participants were instructed to rinse with the sucrose 
solution for at least half a minute every second hour 
(6–8 times per day). Furthermore, participants were 
informed not to consume any food or beverages 15 
min after rinsing.Figure 1.Flowchart of the study.
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DNA extraction, library preparation, and DNA 
sequencing

DNA extraction, library preparation, and 16S sequen-
cing followed the same protocol as in our previous 
studies, which has been described previously [7,8]. In 
brief, we targeted the V1-V3 region of the 16S gene 
by use of MiSeq (Illumina, San Diego, California) 
[7,8]. After quality control, only samples with>8000 
reads were included in the downstream analysis. For 
this project, no samples failed and all samples were 
therefore included in the analyses.

Bioinformatics and statistics

Bleeding and plaque index was compared between 
sampling times in Microsoft excel v. 2016 using 
t-test and one-factor ANOVA testing at a 95% con-
fidence level.

Bioinformatic processing of sequence data was 
performed as previously described [7,8]. In brief, 
16S rRNA data were taxonomically referenced with 
the Human Oral Microbiome RefSeq database 
(HOMD) v. 15.2 [11], and all further analyses made 
using R v.4.1.0 through the Rstudio IDE ampvis 
package v.2.7.8 [12]. The relative abundance of the 
supragingival microbiota was compared between 
sampling times, with data being corrected by 
Benjamini-Hocherg correction [13]. For these ana-
lyses, an adjusted p-value≤0.05 was considered sig-
nificant. In addition, microbial composition data 
were analyzed using Linear discriminant analysis 
Effect Size (LEfSe) [14].

Alpha diversity was calculated by Shannon index 
and Simpson index and compared between sampling 
times using paired t-tests testing at a 95% confidence 
level. Alpha diversity was visualized by density plots. 
Beta diversity was tested using principal component 
analysis (PCA).

Results

Background and clinical data

Thirty-five subjects completed the trial, while five 
subjects dropped out during the trial period due to 
antibiotic prescription (n = 1) and personal reasons 
(n = 4). All dropouts happened within the first two 
weeks and were therefore excluded from further 

analyses. Women dominated the study population, 
as did dental professionals (Table 1). The remaining 
participants were friends of, or in a relationship with 
a dental professional. During the short-term sugar 
stress phase, the average plaque index decreased sig-
nificantly from a mean of 1.72 to 1.57 (p = 0.004) and 
remained low in the subsequent 14 days (mean =  
1.55) (Table 2). Sugar stress had no significant impact 
on neither the bleeding index (p = 0.3) nor bleeding 
percentage (p = 0.2) (Table 2).

Sequencing metadata

DNA extraction and sequencing library prepara-
tion was successful for 105/105 sample analyses 
(100%) and yielded between 42.602 and 202.974 
DNA reads after QC and bioinformatic proces-
sing. Thus, a total of 7.98 million reads (42.602 
reads per sample) were included. A total of 2.998 
unique OTUs could be identified, belonging to 93 
different bacterial genera (mean: 65, range: 55–76) 
and 335 different bacterial species (mean: 203, 
range: 154–243). Consequently, 92.96% and 
60.81% of sequences could be identified at genus 
and species levels, respectively. The mean alpha 
diversity across all 105 samples, as determined by 
the Shannon index, was 4.07.

Short-term sugar stress induces compositional 
changes to the supragingival microbiota

Sugar stress caused a significant decrease in the 
relative abundance of Streptococcus from 10.3% to 
6.1% (p = 0.001), together with a significant 
increase in the relative abundance of Actinomyces 
from 6.5% to 9.6% (p = 0.006) and Corynebacterium 
from 6.2% to 9.1% (p = 0.03) (Figure 2). 
Compositional changes of Streptococcus (baseline: 
10.3%, day 28: 10.5%) and Corynebacterium (base-
line: 6.2%, day 28: 7.2%) species were almost 

Table 1. Background information on the study population. 
Dropouts were not included as they dropped out within the 
first 14 days and were thus excluded from further analysis.

Participants

Sex (female/male) 26/9
Age (mean, range) 23.4 (19-30)
Dental professions* 25/35

*Dentists, dental students. 

Table 2. Clinical endpoints measured by means and range of plaque index, bleeding 
index, and percentage of bleeding on probing (BOP%).

Mean plaque index Mean bleeding index BOP%

Baseline 1.72 (1.07–2.40) 0.03 (0–0.10) 2.92 (0–10.12)
Week 2 1.57* (1.01–2.13) 0.03 (0–0.14) 3.40 (0–13.69)
Week 4 1.55** (1.01–2.13) 0.03 (0–0.09) 3.50 (0–9.52)

*Significant difference between baseline and week 2. 
**Significant difference between baseline and week 4. 
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completely reversed at day 28 (Figure 2). However, 
the relative abundance of Actinomyces (baseline: 
6.5%, day 28: 9.9%) remained significantly elevated 
(P = 0.003).

Principal component analysis (PCA) revealed 
a random distribution of baseline samples and sam-
ples collected on day 14 (after two weeks of sugar 
stress) (Figure 3A). Likewise, no clustering of day 14 
and day 28 samples was observed (Figure 3B). Finally, 
samples collected at baseline and samples collected 
14 days after discontinuation of sugar stress (week 4) 
showed random distribution (Figure 3C).

Using Linear discriminant analysis Effect Size (LEfSe) 
analysis, 11 bacterial genera and 15 bacterial species, 
were identified as differing significantly between sam-
pling times (Figure 3D–F). Actinomyces and 
Corynebacterium species were significantly associated 
with samples collected after 14 days of sugar stress 
(Figure 3D), while Streptococcus species were signifi-
cantly associated with baseline samples and samples 
collected 14 days after resolution of the sugar stress 
(Figure 3D and E). Actinomyces species continued to be 

significantly associated with samples collected on day 28 
(Figure 3F).

Short-term sugar stress causes a loss in diversity 
in the supragingival microbiota

Density plots of α-diversity (Shannon index) showed 
a significant loss of diversity (p = 0.02) from baseline 
(red line) to week 2 (green line), which was reversed 
two weeks after discontinuation of the sugar stress 
(blue line) (Figure 4A). Likewise, density plots using 
the Simpson index illustrated a loss of diversity from 
baseline (red line) to week 2 (green line), which was 
also reversed at week 4 (blue line). Data from the 
Simpson index were borderline significant (p = 0.08) 
(Figure 4B).

Discussion

The purpose of the present study was to characterize 
the effect of short-term sugar stress on the supragin-
gival microbiota. We tested the hypothesis that 14  

a) Significant changes from baseline to day 14. 

b) Significant changes from day 14 to day 28.  

c) Significant changes from baseline till day 28.  

Figure 2.Impact of sugar stress on predominant microbiota. Relative abundance of 15 predominant genera expressed as the 
mean value. a) Significant changes from baseline to day 14. b) Significant changes from day 14 to day 28. c) Significant changes 
from baseline till day 28.
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days of sugar stress induce a loss of diversity and 
compositional changes in the supragingival biofilm, 
which are completely reversible. To the best of our 
knowledge, this is the first interventional study to 
characterize the longitudinal impact of short-term 
sugar stress on the supragingival microbiota.

The main finding is that short-term sugar stress 
induces a significant loss of α-diversity in the supra-
gingival microbiota (Figure 4A). This finding is in 
accordance with the ecological plaque hypothesis 
[15], in which frequent sugar consumption is consid-
ered the critical external perturbation, as this pro-
motes favorable living conditions for aciduric and 
acidogenic species at expense of health-associated 
species, thereby leading to loss of diversity and poten-
tially to the development of dental caries [16,17]. The 
finding is further supported by previous studies 

comparing individuals with different levels of sugar 
intake, which also found significantly lower diversity 
among individuals with a high sugar intake [6]. 
Interestingly, cross-sectional data have previously 
shown that samples from surfaces with dental caries 
are characterized by lower diversity compared to 
samples from healthy supragingival sites [18]. 
Likewise, cross-sectional data have shown signifi-
cantly lower microbial diversity in the saliva of indi-
viduals with dental caries compared to orally healthy 
individuals [19]. As such, the present longitudinal 
data reinforce the central role of frequent sugar 
intake in the pathogenesis of dental caries, as frequent 
sugar intake in and of itself induces a significant loss 
of bacterial diversity, which remains a hallmark event 
in the development and progression of a caries lesion 
[18,20].

Figure 3.Compositional changes induced by sugar stress. Principal component analysis (PCA) is expressed by the two most 
decisive components (PC1 and PC2), which covered approximately 16% of the variation of the dataset. (A) baseline vs. week 2. 
(B) week 2 vs week 4. (C) baseline vs week 4. Linear discriminant analysis Effect Size (LEfSe) analysis expressed by significant 
genera and species at baseline vs. week 2 (D), week 2 vs week 4 (E), and baseline vs week 4 (F).
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As expected, sugar stress had a significant impact 
on the composition of the supragingival microbiota 
(Figures 2, 3D and E). Surprisingly, sugar stress sig-
nificantly decreased the relative abundance of 
Streptococcus species (from 10.3% to 6.1%, p =  
0.001). This was highly unexpected, as most members 
of the genus Streptococcus are known to be proficient 
in carbohydrate metabolism, why Streptococcus spe-
cies have also traditionally been associated with espe-
cially initial stages of dental caries [21,22]. Indeed, we 
recently demonstrated that short-term sugar stress 
induces a significant increase in Streptococcus species 
in saliva [7], which confirms the capability of in-vivo 
carbohydrate consumption in the oral cavity by 
Streptococcus species. It is therefore interesting that 
sugar stress has an opposite effect on Streptococcus 
species in saliva and supragingival plaque, which may 
reflect the difference between the planktonic living 
conditions in saliva versus the supragingival biofilm. 
Recent in-vivo studies on adults using next- 
generation sequencing have not demonstrated any 
significant difference in the abundance of 
Streptococcus species between healthy supragingival 
sites and supragingival sites with dental caries 

[18,23,24]. Altogether, this calls into question the 
hitherto critical role that Streptococcus species has 
been assigned in the pathogenesis of dental caries 
[18,23,24].

Streptococcus mutans has traditionally been per-
ceived as the primary cariogenic pathogen. In the 
present study, short-term sugar stress had no signifi-
cant impact on the relative abundance of S. mutans in 
the supragingival plaque, which is no surprise as the 
participants had no treatment-requiring cavities, 
which could favor the growth of S. mutans. It is 
important to remember that the composition of the 
oral microbiota seems to change as dental caries 
progresses [18], with S. mutans being associated 
with the advanced caries lesion [21,22,25] and have 
been found in increased levels in individuals with 
a high prevalence of dental caries [26]. To the best 
of our knowledge, only one study has used next- 
generation sequencing to compare the microbiota 
characterized by caries experience using the DMFT- 
index [18], in which no difference in the abundance 
of S. mutans between groups was found. Likewise, 
a recent 16S-based study reported that although 
S. mutans occurred more frequently in the caries 

Figure 4.Changes in diversity induced by sugar stress. Density plots based on Shannon index (A) and Simpson index (B) at 
baseline (red line), two weeks after sugar stress (green line), and two weeks after discontinuation of sugar stress at week 4 (blue 
line).
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group, S. mutans was absent in more than 50% of the 
samples from adolescents with dental caries [24]. 
Thus, data from the present study add to the growing 
body of literature, which argues that from 
a microbiological perspective dental caries is the con-
sequence of a continual ecological imbalance in the 
supragingival microbiota fueled by frequent sugar 
intake and inadequate oral hygiene, which can occur 
with and without the presence of S. mutans.

Present data indicate that members of the 
supragingival microbiota, such as Actinomyces 
and Corynebacterium species outperform 
Streptococcus when exposed to frequent sugar 
intake in otherwise healthy conditions. This 
points to their potentially critical role in the tran-
sition from symbiosis to sugar-mediated dysbiosis. 
Similarly, data demonstrated that sugar stress 
instigated a significant increase in the abundance 
of Actinomyces species (Figures 2, 3D and F). This 
is in line with previous findings, where 
Actinomyces species have been found in higher 
abundance in individuals with dental caries com-
pared to healthy individuals [16,27]. Certain non- 
aciduric members of the oral microbiota, such as 
Corynebacterium and Granulicatella species, have 
been reported to associate with caries-associated 
dental plaque [16], and it is therefore noteworthy 
that sugar stress induced a significant increase in 
the abundance of Corynebacterium species from 
6.2% to 9.1%, p = 0.03 (Figures 2, 3D). As such, 
the present findings are consistent with the con-
temporary assumption that dental caries is the 
consequence of a complicated shift in the ecolo-
gical balance, which affects multiple species.

Importantly, data from the present study do not 
provide any information about dental caries, as the 
supragingival samples were collected from healthy 
surfaces. However, data highlight that frequent 
sugar intake, which is considered a risk factor for 
dental caries, appears to favor the growth of 
Actinomyces and Corynebacterium species at the 
expense of the growth of Streptococcus species in 
supragingival plaque. Thus, these data suggest 
Actinomyces and Corynebacterium species as an alter-
native to Streptococcus species, as candidate targets 
for caries prevention strategies, such as probiotics 
and antibacterial compounds.

Notably, the sugar-mediated changes to the 
supragingival microbiota appeared to be almost 
completely reversible, as evaluated by the relative 
abundance of predominant genera (Figure 2), prin-
cipal component analysis (Figure 3), and α-diversity 
(Figure 4). As such, the present data show the ability 
of the oral microbiota to return to baseline condi-
tions after being exposed to a transient perturbation 
such as sugar stress. Interestingly, this finding cor-
responds with data on recovery profiles from the 

salivary microbiota after treatment with antibiotics 
[28] and data from our previous study on sugar 
stress and the salivary microbiota [7]. Collectively, 
these data demonstrate that the oral microbiota is 
characterized by a high degree of resilience, i.e. 
colonization memory, after being exposed to exter-
nal perturbations, as long as the duration of these 
are temporary [29].

Clinical data from the present study showed 
a high level of self-performed oral hygiene through-
out the study, as evaluated by consistently low 
plaque- and bleeding indexes (Table 2). In fact, 
the plaque index decreased significantly during 
sugar stress (p = 0.004), which is in line with parti-
cipants reporting an increased need for oral 
hygiene due to an increased feeling of plaque accu-
mulation during sugar rinsing. While the plaque 
index decreased, sugar stress did not significantly 
impact the bleeding index and bleeding percentage 
(p = 0.3 and p = 0.2, respectively) (Table 2). 
Bleeding is of particular interest as increasing evi-
dence suggests that a high sugar intake impacts the 
inflammatory response [29]. However, as sugar 
stress only lasted two weeks in the present trial, 
while oral hygiene procedures improved, bleeding 
parameters remained unaffected. Collectively, data 
from the present study underline that if there are 
no dental carious lesions present in the oral cavity, 
and sufficient oral care is performed, transient 
sugar stress is only able to induce reversible 
changes to the oral microbiota. Thus, data reinforce 
that a high level of self-performed oral care 
remains the best preventive regimen against the 
development of dental caries. However, the present 
study cannot answer whether persistent sugar stress 
could induce irreversible changes despite regular 
oral hygiene. Ideally, this needs to be elucidated 
in future studies, which for ethical reasons might 
be difficult to conduct.

Some limitations apply to the present study, 
including the homogeneous study population 
comprised of young and healthy individuals with 
a high standard of oral hygiene (Tables 1–2), low-
ering the external validity of the data presented. 
However, from an ethical point of view, it was 
only acceptable to perform temporary sugar stress 
in orally healthy individuals with a high level of 
oral care. Moreover, systemic diseases [30] and 
smoking [31], have been documented to impact 
the composition of the oral microbiota, which is 
why individuals with these characteristics were 
excluded, as these parameters would potentially 
act as a confounder on the effect of sugar stress. 
Therefore, we deliberately chose a healthy and 
homogeneous study population. In the present 
study, we used 16S sequencing to study the effect 
of sugar stress. While 16S sequencing provides 
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valuable taxonomic information, information 
about the underlying biological mechanisms 
remains uncovered. Consequently, future studies 
using metagenomics and metatranscriptomics to 
study the effect of sugar stress on the oral micro-
biota are highly warranted.

In conclusion, the present study shows that tem-
porary sugar stress induces changes in the supragin-
gival microbiota, characterized by a loss of diversity, 
an increase in Actinomyces and Corynebacterium 
species, and a decrease in Streptococcus species, 
which are all completely reversible if the sugar stress 
is terminated. Thus, we suggest that a loss of diver-
sity and a decrease in Streptococcus abundance are 
the hallmarks of sugar-mediated dysbiosis, which, if 
left undisturbed for a prolonged time, may be the 
first step toward the development of dental caries. 
Future studies, presumably in well-designed animal 
models, are needed to clarify the duration of sugar 
stress needed to induce clinical signs of dental 
caries.
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