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ABSTRACT
Chewing gum containing xylitol may help prevent caries by reducing levels of mutans
streptococci (MS) and lactobacilli in saliva and plaque. Very little is known about other species
which are possibly beneficial to oral health. In this study, we employed high-throughput
sequencing of the 16S rRNA gene to profile microbial communities of saliva and plaque
following short-term consumption of xylitol and sorbitol containing chewing gum.
Participants (n = 30) underwent a washout period and were randomly assigned to one of
two groups. Each group chewed either xylitol or sorbitol gum for three weeks, before
undergoing a second four-week washout period after which they switched to the alternate
gum for three weeks. Analysis of samples collected before and after each intervention
identified distinct plaque and saliva microbial communities that altered dependent on the
order in which gum treatments were given. Neither the xylitol nor sorbitol treatments
significantly affected the bacterial composition of plaque. Lactobacilli were undetected and
the number of Streptococcus mutans sequence reads was very low and unaffected by either
xylitol or sorbitol. However, sorbitol affected several other streptococcal species in saliva
including increasing the abundance of S. cristatus, an oral commensal shown to inhibit
bacteria associated with chronic periodontitis.
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Introduction

Global increases in sugar consumption have led to
systemic health concerns including obesity, type 2 dia-
betes mellitus and oral health [1]. This has fuelled
interest in sugar substitutes including polyols or non-
fermentable sugars, of which the most commonly used
are the nutritive sweeteners sorbitol and xylitol. Dental
caries is associated with the consumption of sugars that
are converted to acids by bacterial fermentation. More
specifically, there is an association between caries and
the presence ofmutans streptococci (MS) (most notably
Streptococcus mutans and S. sobrinus) and lactobacilli in
saliva and plaque [2]. A systematic review of original
randomized controlled trials and observational studies
found that regular use of polyol-containing gum could
play a role in preventing dental caries when compared
to no chewing gum [3], most likely by increasing sali-
vary flow and pH [4] and enhancing remineralization of
enamel lesions [3]. Xylitol is thought to have specific
anti-cariogenic properties such as the reduction of den-
tal plaque [5] and of MS and/or lactobacilli [6–10].
Sorbitol can be fermented to a small degree whereas
xylitol is not fermented by most cariogenic bacteria
[11–13].

Xylitol has been approved for use in many
countries, mainly as a sweetener in chewing gum.
The recommended dose for caries prevention is
6–10 g/day [8]. However, some studies have found
no effects of xylitol consumption on either salivary
MS or lactobacilli [14,15] and a systematic review of
clinical trials of xylitol – versus sorbitol-containing
gum and syrup determined that the evidence to sup-
port xylitol over sorbitol was contradictory [16]. Most
studies were in favour of xylitol but results were
inconsistent and conflicting. Confounder risks may
originate from fluoride exposure and stimulated sal-
iva flow during trials [16].

A Cochrane review of studies using other xylitol-
containing products found that over 2.5 to 3 years of
use, a fluoride containing toothpaste containing 10%
xylitol may reduce caries by 13% when compared to a
fluoride only toothpaste [17]. The evidence was insuf-
ficient to determine whether xylitol-containing pro-
ducts can prevent caries in infants, older children and
adults, and the conclusion was that high-quality ran-
domized controlled trials were needed to show
whether xylitol has a greater anti-cariogenic effect
than sorbitol. The use of sorbitol as a control
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intervention in a comparison with xylitol is justified
because sorbitol is the most commonly used polyol
alternative to dietary sugars [18].

Many culture-based studies have focused on the
effect of interventions on caries-associated bacteria
[8,9,19,20], however very little is known about the
effects of polyols on bacteria such as S. sanguinis
and S. mitis that are thought to be beneficial to oral
health [21]. There are also more than 700 bacterial
species identified in the human mouth, of which an
estimated 35% are uncultivated [22]. It is now possi-
ble to study complex human oral microbial popula-
tions without culturing via high-throughput
sequencing of 16S rRNA genes [23,24]. Different
salivary bacterial profiles have been associated with
oral health and disease [25,26] and the salivary
microbiome of caries-free and caries-positive subjects
revealed differences in microbial community struc-
ture [27,28] with the diversity being either increased
or decreased in caries compared to caries-free status
depending in part on the microbiological assay used
[29]. A few studies have addressed the effects of
interventions on the oral microbiome utilising cul-
ture-independent approaches [14,30–34]. In this
study, we used high-throughput 16S rRNA gene
sequencing to investigate the impact of chewing xyli-
tol versus sorbitol containing gums on the composi-
tion of the oral microbiota.

Materials and methods

Subjects

Study protocols were approved by the Ethics
Committees of the UWI, St. Augustine and regis-
tered under ClinicalTrials.gov as Identifier
NCT03668015 Unique Protocol ID: CRP.3.
MAR14.7. Thirty healthy adult volunteers from
The University of the West Indies (UWI), St.
Augustine, Trinidad were enrolled in the study. To
be eligible, subjects must have had at least 20 teeth,
provided written informed consent and been willing
to comply with study procedures. Subjects with
systemic, infectious or inflammatory diseases or
taking medicines, antibiotics or fluoride in the last
month, habitual consumers of xylitol/sorbitol-con-
taining products and mouth rinses, with abnormal
salivary flow (<1 ml/min), pregnant, on contracep-
tive pills, or with abnormal dietary habits were
excluded. Consent obtained at the initial visit was
verified at the second visit, prior to sample collec-
tion. The subjects were examined in the dental
chair after thorough medical and dental histories
were recorded. The clinical examination involved
examination of the soft tissues and then dental
hard tissue charting for presence of decayed, miss-
ing or filled teeth. No radiographs were used. The

presence of untreated dental caries or periodontitis
were not used as exclusion criteria. The decayed,
missing, and filled teeth for each individual at the
initial visit was documented for calculation of
DMFT (decayed, missing, filled teeth) score.

Chewing gums

Xylitol gum (Epic Spearmint; 1.5 g/pellet) designated
Gum X contains 70% xylitol in addition to gum base,
natural flavours, soy lecithin, gum Arabic, titanium
dioxide and carnuba wax. Gum S (Eclipse
Spearmint), was similar except that xylitol was
replaced by 63% sorbitol, and 2% maltitol and aspar-
tame were included. Gums were packed in colour-
coded containers. Codes were kept confidential from
the participants and researchers who interacted with
them until study completion.

Study design

This prospective cross-over, double-blind, rando-
mised study lasted 14 weeks (March–June 2015).
Throughout, subjects were instructed not to use
mouthwashes or xylitol products, to consume a nor-
mal diet, continue their usual tooth brushing and to
report use of antimicrobial medications. Subjects
reporting the latter were excluded.

Subjects were randomly allocated to two groups, A
and B (see Figure 1). Both groups entered a four-
week ‘washout period’ during which no gum was
chewed, followed by a three-week treatment period
(treatment period 1) during which Group A used
Gum X and Group B used Gum S (two gum pieces,
three times daily after meals for 6 min). Both groups
then underwent another four-week washout period
before entering treatment period 2 during which
Group A used Gum S and Group B used Gum X
for three weeks.

Sample collection

Saliva and plaque were collected from participants
immediately before and after each treatment period
(Figure 1). Subjects were instructed not to brush their
teeth or use any other oral hygiene procedures at least
24 h before sample collection, and not to eat or drink
at least 1 h before. For saliva collection, subjects
chewed sterile paraffin wax and whole saliva pro-
duced was collected for 5 min in sterile tubes.
Subjects were then asked to drool into the labelled
sterile, conical 50 ml polypropylene collection tube
with flat-top screw cap. This was repeated until
2–5 ml of saliva was collected. The saliva was trans-
ferred using sterile pipettes into labelled sterile 1.5 ml
cryotubes and stored at −70°C until use.
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Supragingival plaque was collected using a Gracey
curette and as many strokes as necessary to remove
all of the supragingival plaque from the buccal sur-
faces of two molars (#16 and #36), two premolars
(#24 and #44), and two incisors (#21 and #41). The
curette tip was immersed in sterile DNase-free TE
buffer in a 1.5 ml centrifuge tube for 4–5 s. The
face of the curette was wiped on the inside edge of
the collection tube and then with sterile gauze to
avoid introducing buffer into the patient’s mouth
when the site was immediately resampled using the
same procedure. After sampling was completed, the
tube was closed and shaken for 4–5 s to disperse the
specimen in the fluid and immediately placed on ice
in a Ziploc bag before being transferred to −70°C for
storage until use. Samples were labelled by group (A/
B), treatment period (1/2), gum used (X/S in the case
of those samples collected at the end of a given
treatment period) and type (saliva (s) or plaque (p)).
Samples (n = 232) were then shipped on dry ice to
the J. Craig Venter Institute (JCVI) USA, La Jolla
campus for DNA extraction and sequencing.

DNA extraction
Samples were thawed at 4°C and vortexed thoroughly
prior to DNA extraction from 500 μl of saliva or
plaque suspension using bead beating Lysing Matrix
B tubes (MPBio Inc), then lysozyme digest, phenol/
chloroform isoamyl alcohol extraction and ethanol
precipitation were carried out. Precipitated DNA
was resuspended in 1 × TE buffer.

Library preparation and sequencing
DNA from each sample was quantified using a
Nanodrop spectrophotmeter (Thermo Fisher
Scientific, Inc, Waltham, MA). Amplicons were

generated using adaptor and barcode ligated PCR pri-
mers [515F: GTGCCAGCMGCCGCGGTAA;
806–787: GGACTACHVGGGTWTCTAAT] targeting
the V4 region of the 16S rDNA gene (16S) and purified
using Qiaquick PCR purification kits (Qiagen, Inc)
following the manufacturer’s instructions. Purified
amplicons were quantified using SybrGold (Thermo
Fisher Scientific, Inc, Waltham, MA), normalized to
ensure equimolar quantities of each sample, and pooled
in preparation for Illumina MiSEQ sequencing. The
16S library pool was sequenced using the Illumina
MiSEQ dual index 2 × 250 bp V2 chemistry kit accord-
ing to the manufacturer’s specifications.

16S RNA sequence data processing
Sequences for each sample were binned according to
corresponding dual indices and exported as indivi-
dual FASTQ files using CASAVA v1.8.2 (Illumina
Inc, La Jolla, CA). Sequences were processed to
ensure that only quality sequences were retained, as
stringent settings were kept to ensure no barcode
mismatches were permitted during demultiplexing.
Processed sequences were applied to the Infernal
pipeline [35] for additional QC checks. Bacterial
sequences were taxonomically assigned based on the
Genomic-based 16S ribosomal RNA Database (GRD;
http://metasystems.riken.jp/grd/), which includes all
sequences in the Human Oral Microbiome Database
(HOMD) and allows for detection of potentially
novel or specific sequences to the current study.

Statistical analyses

Distribution by age, sex and DMFT score for subjects
in groups A and B were compared using indepen-
dent-samples t-test, Pearson’s Chi-squared test and

Figure 1. Study design. After the initial washout period, study group A was treated with gum X and group B with gum S for
three weeks, followed by a second washout before treatment period 2 when group A was given gum S and group B was given
gum X. Samples collected before and after each treatment period were coded according to group (A/B), the treatment period
(1/2), the gum used (X/S) in the case of those samples collected at the end of a given treatment period and according to
whether the sample was saliva (s) or plaque (p).
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Wilcoxon rank sum test respectively, with a cut-off of
p value <0.05. To avoid possible sequencing errors,
OTU count tables were filtered such that OTUs pre-
sent in fewer than 0.1% in all samples were discarded.
OTU tables were then transformed to relative abun-
dances before community analyses were performed
using the R statistical computing language [36].
Kruskal–Wallis test was used to assess statistical sig-
nificance in microbial community composition across
treatments. Wilcoxon test was used for pairwise
comparison.

Results

Study group characteristics

One of 30 subjects recruited was excluded after start-
ing antibiotics, thus a total of 29 subjects (15 female,
14 male) with a mean DMFT of 1.59 (range 0–4) were
included in the final analyses. There were no signifi-
cant differences between age, gender or DMFT index
distributions for groups A and B (Table 1).

16S RNA sequencing and principal component
analysis (PCA)

Two samples (out of 232 collected (Figure 1)) were
removed due to low quality/mislabelling. The
remaining 230 samples yielded 13.9 million raw
reads. After quality control, 4.9 million remained;
each sample averaging 21,000 reads. Across all data
sets, 465 OTUs were identified belonging to eight
phyla, with Firmicutes accounting for the majority
of reads in both plaque and saliva. Firmicutes was
significantly more abundant in saliva than plaque
(relative median abundance 0.56 vs 0.36; p

value = 8.85e-25), while Actinobacteria (0.07 vs
0.22; p value = 8.08e-24) and Fusobacteria (0.02 vs
0.10; p value = 4.69e-25) were significantly less abun-
dant in saliva than plaque (Figure 2(a)). The plaque
samples were more taxonomically diverse compared
to the saliva samples (p value <0.001) (Figure 2(b)).

Accordingly, PCA based on the microbial profiles
of the 230 samples, at the species (OTU) level
(Figure 3(a,b)), indicated strong clustering primarily
according to whether the sample was saliva or plaque
(see also Figure A1), with most variance explained by
species within the phyla Firmicutes (S. vestibularis, S.
parasanguinis, Veillonella sp. oral taxon 158, S. per-
oris, Oribacterium sinus, V. dispar, Selenomonas spu-
tigena, Eubacterium infirmum, Se. sp oral taxon 149),
Actinobacteria (Rothia mucilaginosa, Actinomyces
graevenitzii, Corynebacterium matruchotii, R. aeria),
Bacteriodetes (Prevotella sp. oral taxon 299, P. pal-
lens), Fusobacteria (Leptotrichia hofstadii) and
Proteobacteria (Neisseria mucosa, N. elongate, N. sub-
flava, Lautropia mirailis) (Figure 3(c,d)). The differ-
ences between saliva and plaque were greater than
those driven by study group A and B (Figures 3(b)
and A1) indicating that random allocation to groups
was not a bias.

Analysis of variance between abundances of
species and pairwise comparisons

Kruskal–Wallis analysis of variance among samples col-
lected from the two study groups at different time points
indicated significant differences in the mean abundances
of seven species belonging to four phyla (Actinobacteria
(n = 4), Bacteroidetes (n = 1), Proteobacteria (n = 1) and
Saccharibacteria (n = 1)) in plaque (Figure A2), and in 38
species belonging to six phyla (Actinobacteria (n = 3),
Bacteroidetes (n = 2), Firmicutes (n = 20); Proteobacteria
(n = 11), Saccharibacteria (n = 1) and Spirochaetes
(n = 1)) in saliva (Figure A3). Previously reported car-
ies-associated (S. mutans, S. sobrinus, Lactobacillus) and
caries-protective (S. mitis, S. sanguinis) Firmicutes spe-
cies were either undetected (S. sobrinus, Lactobacillus, S.

Table 1. Characteristics of study groups.
Group A (n = 14) Group B (n = 15) p value

Age Range: 20–27; Mean: 23.3 Range: 20–30; Mean: 23.7 0.68
DMFT Range: 0–4; Mean 1.64 Range: 0–4; Mean 1.53 0.08
Sex 57.1% female 46.7% female 0.72
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Figure 2. Taxonomic diversity and relative abundance in plaque compared to saliva. (a) Taxonomic abundance of bacterial phyla
in plaque and saliva samples. (b) Taxonomic diversity based on Shannon Index in plaque and saliva.
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mitis) or detected at low mean relative abundances (S.
mutans <0.01 in plaque and <0.001 in saliva) with no
significant difference across treatments (S. mutans, S.
sanguinis; Figure A4).

Pairwise comparisons (Table A1) were made between
the abundances of individual species in (i) saliva/plaque
samples collected from groups A and B after the initial
four-week ‘washout period’ (i.e. A1s versus B1s; A1p vs
B1p), (ii) saliva/plaque from each group before and after
treatment with either xylitol (A1s vs A1Xs; A1p vs A1Xp;
B2s vs B2Xs; B2p vs B2Xp) or sorbitol (A2s vs A2Ss; A2p
vs A2Sp; B1s vs B1Ss; B1p vs B1Sp) and (iii) between
samples collected from each group at the start of their
treatment 1 versus at the start of their treatment 2 (A1s vs
A2s; A1p vs A2p; B1s vs B2s; B1p vs B2p).

The results (summarized in Table 2 and in Figure A5)
show that before the first gum intervention there was no
significant difference in the composition of group A and
B saliva. Also, with the exception of one extremely low
abundance species (i.e. Alloprevotella rava; relative mean
abundance <0.001) that was slightly more abundant in
group A than B (p value = 4.63e-02), there were no
significant differences in plaque composition between
groups prior to the intervention. Pairwise comparisons
showed no significant change in saliva microbial compo-
sition when xylitol was given as treatment 1 (Group A).
However, in groupB, which received xylitol as the second
treatment, there was a significant reduction in the very
low abundance Rhodanobacter sp.115 in saliva. In con-
trast to the minimal effect of xylitol treatment on saliva,
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the three-week sorbitol treatment increased the abun-
dance of six Streptococcus spp. when given as treatment
1 and decreased S. intermedius and Rhodanobacter sp.
115 when given as treatment 2. Neither xylitol nor sorbi-
tol treatment altered plaque composition.

Finally, pairwise comparisons demonstrated that the
washout period between treatments 1 and 2 did not
restore microbial composition to the pre-treatment 1
baseline (A1s vs A2s; A1p vs A2p; B1s versus B2s; B1p
vs B2p) with several species at higher or lower levels in
both plaque and saliva at the start of treatment.

Correlation analyses between supragingival pla-
que and saliva were performed (see Table A2 and
Figures A6 and A7). This shows that albeit not
strong, there is a correlation in the taxonomic abun-
dance between saliva and plaque samples.

Discussion

Our results revealed the distinct microbial profiles of
saliva and plaque and showed that plaque microbial
composition was unaffected by three-week sorbitol or

xylitol treatments. In the case of saliva, the effect of
sorbitol was much more pronounced than that of
xylitol, which had no effect when given as treatment
1 and affected only one low abundance species when
given as treatment 2. In contrast, when given as
treatment 1, sorbitol increased abundance of six
streptococcal species, two of which are recognised
oral commensals, that is S. cristatus that may be
beneficial by antagonizing colonization and accumu-
lation of Porphyromonas gingivalis [37], a major etio-
logic agent contributing to chronic periodontitis, and
Streptococcus sp. oral taxon 056. The other species (S.
porcinus, S. pseudoporcinus, S. suis and S. thermophi-
lus), although increased following sorbitol treatment,
remained at very low relative abundances (<0.001). S.
pseudoporcinus was originally isolated from the geni-
tourinary tract of women while S. porcinus, S. suis
and S. thermophilus are normally found in swine and
fermented milk products respectively and may repre-
sent food contaminants. In group A, which received
sorbitol as treatment 2, the aforementioned strepto-
coccal species were unaffected but the low abundance

Table 2. Summary results of pairwise comparisons between samples collected from group A and B at different time points.
(i) A1s vs B1s: No significant difference between group A and B saliva after the initial washout period (i.e. at the start of each group’s treatment 1).
(ii) A1p vs B1p: One significant difference between groups A and B plaque after the initial washout period (i.e. at the start of each group’s treatment 1).
Species Site Adjusted p value Relative mean abundance
Alloprevotella rava Plaque 0.046 A (4.92E-04) > B (9.65E-06)

(iii) A1s vs A1Xs: No significant differences i.e. xylitol did not change the composition of saliva or plaque when given as treatment 1.
(iv) B2s vs B2Xs: Xylitol significantly decreased one species in saliva but did not affect plaque when given as treatment 2.
Rhodanobacter sp. 115 Saliva 0.042 Decreased (1.71E-04 → 0)

(v) B1s vs B1Ss: Sorbitol significantly increased six streptococcal species in saliva when given as treatment 1 (Group B) but did not affect plaque.
Streptococcus cristatus Saliva 0.029 Increased (0.013 → 0.022)
Streptococcus porcinus Saliva 0.01 Increased (4.74E-05 → 3.72E-04)
Streptococcus pseudoporcinus Saliva 0.003 Increased (5.55E-05 → 7.12E-04)
Streptococcus sp. oral taxon 056 Saliva 0.005 Increased (0.005 → 0.02)
Streptococcus suis Saliva 0.029 Increased (3.52E-04 → 0.002)
Streptococcus thermophilus Saliva 0.03 Increased (6.25E-05 → 5.08E-04)

(vi) A2s vs A2Ss: Sorbitol significantly decreased two species in saliva when given as treatment 2 (Group A) but did not affect plaque.
Streptococcus intermedius Saliva 0.03 Decreased (0.0015 → 7.32E-04)
Rhodanobacter sp. 115 Saliva 0.008 Decreased (4.31E-04 → 0)

(vii) A1s vs A2s and A1p vs A2p: The washout period following group A treatment with xylitol did not return saliva or plaque composition to
baseline.
Rothia mucilaginosa Saliva 0.001 Higher before treatment 1 (0.04) than 2 (0.004)
Prevotella oris Saliva 0.029 Lower before treatment 1 (0.002) than 2 (0.006)
Enterococcus italicus Saliva 0.016 Higher before treatment 1 (0.003) than 2 (7.60E-04)
Selenomonas sputigena Saliva 0.04 Lower before treatment 1 (6.03E-04) than 2 (0.003)
Streptococcus suis Saliva 0.045 Higher before treatment 1 (7.96E-04) than 2 (2.11E-04)
Campylobacter concisus Saliva 0.003 Lower before treatment 1 (8.20E-04) than 2 (0.0004)
Campylobacter showae Saliva 0.016 Lower before treatment 1 (1.52E-04) than 2 (0.001)
Saccharibacteria TM7 Saliva 0.002 Lower before treatment 1 (2.83E-05) than 2 (8.38E-04)
Actinomyces massiliensis Plaque 0.005 Higher before treatment 1 (0.03) than 2 (0.01)
Actinomyces sp. oral taxon 849 Plaque 0.004 Higher before treatment 1 (0.05) than 2 (0.01)
Actinomyces urogenitalis Plaque 3.45E-04 Higher before treatment 1 (0.001) than 2 (1.76E-04)
Actinomyces viscosus Plaque 0.004 Higher before treatment 1 (0.05) than 2 (0.01)
Rhodanobacter sp. 115 Plaque 2.74E-04 Higher before treatment 1 (5.8E-04) than 2 (0)

(viii) B1s vs B2s and B1p vs B2p: The washout period following group B treatment with sorbitol did not return saliva or plaque composition to
baseline.
Rothia mucilaginosa Saliva 0.002 Higher before treatment 1 (0.03) than 2 (0.008)
Gemella sanguinis Saliva 0.002 Higher before treatment 1 (0.03) than 2 (0.01)
Streptococcus peroris Saliva 0.045 Higher before treatment 1 (0.05) than 2 (0.02)
Streptococcus sp. SK643 Saliva 0.016 Higher before treatment 1 (0.21) than 2 (0.09)
Campylobacter concisus Saliva 1.37E-05 Lower before treatment 1 (5.14E-04) than 2 (0.004)
Campylobacter showae Saliva 0.029 Lower before treatment 1 (2.41E-04) than 2 (0.002)
Haemophilus sputorum Saliva 4.66E-04 Lower before treatment 1 (0.001) than 2 (0.007)
Neisseria elongata Saliva 0.016 Lower before treatment 1 (0.002) than 2 (0.007)
Actinomyces urogenitalis Plaque 0.006 Higher before treatment 1 (0.001) than 2 (3.9E-04)
Alloprevotella rava Plaque 0.041 Lower before treatment 1 (9.65E-06) than 2 (1.12E-04)
Rhodanobacter sp. 115 Plaque 1.24E-04 Higher before treatment 1 (5.19E-04) than 2 (0)

6 R. RAFEEK ET AL.



species S. intermedius, part of the normal flora in the
oral cavity [38] and Rhodanobacter sp. 115, usually
found in soil [39] .

Levels of S. mutans were very low with no significant
differences in abundance before and after either xylitol or
sorbitol treatment. The latter is in contrast to previous
xylitol studies involving short (three to six weeks) treat-
ment regimens [8,18,40] and studies with treatments of
two years [6,7]. The differencemay be due to the fact that
previous studies used culture-based approaches to detect
and quantify specific bacterial species. The latter involves
the use of selective media which increase sensitivity of
detection for specific species but may also distort the
significance of differences in abundance. For example,
in the current study, S. mutans accounted for less than
0.006% of reads in samples taken before and after xylitol
treatment; however, when samples taken from group A
were cultured [9], mutans streptococci was the most
commonly isolated group and there were significantly
fewer colonies after xylitol than after sorbitol treatment.
The V4 region of the 16S gene (used in this study) has
been shown to be most representative of the microbial
community [41,42] and able to capture S. mutans [43,44]
while reducing the level of spurious OTUs and error
rates. The very low abundance of S. mutans in our cohort
may therefore be a consequence of our participants all
being adults with very good oral hygiene. This may also
account for the failure to detect other caries-associated
species (e.g. S. sobrinus and lactobacilli) which some
culture-based studies found to be reduced by short-
term xylitol treatment [8,18,40]. Nonetheless, follow up
studies to target specific oral pathogens can be conducted
using pathogen-specific 16S or primers that target speci-
fic virulence factors.

The unexpected impact of the order in which
xylitol and sorbitol treatments were given may be
related to the fact that the four-week washout period
between treatments 1 and 2 did not return the micro-
bial composition of either saliva or plaque to pre-
treatment 1 conditions, however this may not be
likely as the washout period was chosen based on
results of previous studies [14,40]. Alternately, one
of the limitations of this study is that the diet of the
participants was not controlled during the study,
other than the use of chewing gums and this may
have contributed to the microbiota not returning to
the pre-treatment conditions. Most of the affected
species (see Table 2 vii and viii), were in very low
abundance. The higher abundance affected species,
all recognised as part of the normal oral microflora,
included R. mucilaginosa, Gemella sanguinis,
Haemophilus sputorum (which are all occasionally
associated with infections), S. peroris and S. species
643. With the exception of H. sputorum which was
found at higher abundances before treatment 2 than
treatment 1, these species were all reduced by the
second washout period.

In addition to changes in species abundance, it is
possible that phenotype and relative fitness of individual
strains were altered by the first treatment and influenced
the response to the second. Such subtle differences might
also contribute to contrasting results in previous studies.
For example, there are conflicting reports about the abil-
ity of lactobacilli to ferment xylitol and the effect of xylitol
treatment on their abundance [12,45–47]. Interestingly,
one in vitro study demonstrated that some lactobacilli
that were initially unable to utilise xylitol adapted to
xylitol use within 15–40 days of being exposed to media
containing only xylitol [13].

Although in the current study the treatments had no
effect onplaque (and a limited effect on saliva), significant
differences in plaque composition were detected over the
course of the study. The bacterial composition of plaque
did however demonstrate a much lower plasticity than
that of saliva (significant changes detected in 17 species in
saliva versus six in plaque). The effect of the treatments
on plaque is important because it is those bacteria within
the plaque biofilm that adheres to the tooth surface that
would promote or protect against caries. It is possible that
longer term treatments are required for xylitol and sorbi-
tol to have a significant impact on plaque.

In conclusion, our study clearly indicated significant
differences in salivary and plaquemicrobial communities
throughout the study period, including alterations in the
levels of species (S. cristatus) thought to be protective
against periodontal diseases and others that are occasion-
ally associated with infections. However, we found no
evidence that short-term consumption of gum contain-
ing xylitol or sorbitol has an impact on previously docu-
mented caries-associated or caries-protective species. Use
of a control gumwith all the components identical except
for the xylitol, may have helped determine whether the
significant difference in abundance seen in certain species
would be caused by the simple use of the gum i.e. due to
mastication, increased saliva flow, slight increased pH,
rather than the xylitol or sorbitol. Our study participants
were all adults with tertiary level education and good oral
hygiene (mean DMFT = 1.59; range 0–4), only one of
whom reported habitual gum chewing prior to the study
period. Children or adults from the general public would
likely have attitudes, knowledge and practices that might
result in significantly different baselinemicrobial profiles.
The current study also did not consider the effect of diet
on microbiome composition. Further studies using
longer term treatments in different groups that explore
phenotypic aswell as species profiles and that include diet
history would therefore be useful. This work may also be
complemented with in vitro investigation of various con-
centrations of xylitol/sorbitol in a biofilm model.
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Appendix

Figure A1. Heatmap of 16S rRNA gene abundance in samples collected from Groups A and B at each time point ordered by
sample clustering horizontally and taxonomic classification vertically.
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Figure A2. Species that showed significant differences in abundance (p < 0.05) among plaque samples collected from Group A
and B at different time points.
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2.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−02

1.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−051.23e−05

7.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−057.19e−05

1.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−031.47e−03

8.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−038.16e−03

2.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−022.47e−02

1.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−051.79e−05
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3.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−033.32e−03

1.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−021.01e−02

3.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−023.87e−02

Actinobacteria;Actinomyces_urogenitalis Firmicutes;Veillonella_sp._oral_taxon_780 Firmicutes;Oribacterium_sinus

Proteobacteria;Lautropia_mirabilis Firmicutes;Dialister_invisus Firmicutes;Oribacterium_sp._ACB7 Bacteroidetes;Prevotella_oris Bacteroidetes;Prevotella_maculosa Firmicutes;Granulicatella_adiacens Actinobacteria;Actinomyces_sp._oral_taxon_849

Firmicutes;Dialister_succinatiphilus Firmicutes;Selenomonas_sp._oral_taxon_149 Spirochaetes;Treponema_vincentii Firmicutes;Selenomonas_sputigena Firmicutes;Streptococcus_intermedius Proteobacteria;Campylobacter_gracilis Proteobacteria;Neisseria_elongata

Firmicutes;Streptococcus_sp._SK643 Firmicutes;Streptococcus_cr istatus Firmicutes;Streptococcus_thermophilus Proteobacteria;Haemophilus_parainfluenzae Proteobacteria;Rhodanobacter_sp._115 Proteobacteria;Ralstonia_sp._5_7_47FAA Firmicutes;Streptococcus_vestibularis

Firmicutes;Streptococcus_pseudoporcinus Firmicutes;Streptococcus_peror is Proteobacteria;Haemophilus_sputorum Proteobacteria;Campylobacter_showae Proteobacteria;Aggregatibacter_segnis Proteobacteria;Haemophilus_sp._oral_taxon_851 Firmicutes;Gemella_sanguinis

Proteobacteria;Campylobacter_concisus Actinobacteria;Rothia_mucilaginosa Saccharibacteria;TM7 Firmicutes;Streptococcus_suis Firmicutes;Enterococcus_italicus Firmicutes;Streptococcus_sp._oral_taxon_056 Firmicutes;Streptococcus_porcinus
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Figure A3. Species that showed significant differences in abundance (p < 0.05) among saliva samples collected from Group A
and B at different time points.
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Figure A4. Analysis of variance of S. sanguinis and S. mutans in saliva and plaque.
The y-axis shows relative abundance. p values from Kruskal–Wallis tests are shown in bold at the top left of each chart.
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Figure A5. Species showing significant differences in abundance in pairwise comparisons between (i) saliva/plaque samples
collected from groups A and B after the initial four-week ‘washout period’ (i.e. A1s vs B1s; A1p vs B1p), (ii) saliva/plaque from
each group before and after treatment with either xylitol (A1s vs A1Xs; A1p vs A1Xp; B2s vs B2Xs; B2p vs B2Xp) or sorbitol (A2s
vs A2Ss; A2p vs A2Sp; B1s vs B1Ss; B1p vs B1Sp) and (iii) between samples collected from each group at the start of their
treatment 1 vs at the start of their treatment 2 (A1s vs A2s; A1p vs A2p; B1s vs B2s; B1p vs B2p).
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Table A2. Correlation of microbiome taxa abundance between plaque and saliva samples. The correlation between the taxa is
computed based on the abundance at the genus level.
Condition Correlation r p value

A1 0.5241832 1.8980e-14
A1X 0.3467439 1.3307e-06
A2 0.4439990 2.4459e-10
A2S 0.4068658 9.0816e-09
B1 0.5370703 3.2477e-15
B1S 0.6312785 5.8299e-22
B2 0.3608606 4.5107e-07
B2X 0.5017433 3.4545e-13
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