
Suzanne ADAMS 
Microbiologist*

Dave ARNOLD 
Statistician*

Barry MURPHY
Microbiome Science Leader*

Pamela CARROLL
Clinical Research Assistant*

Alison GREEN
Oral Care R&D Director*

Adrian SMITH 
Bioinformatician

Unilever R&D Colworth Science Park, 
Sharnbrook, Bedfordshire. MK44 1LQ, UK

Philip MARSH 
Professor of Oral Microbiology

School of Dentistry, University of Leeds, 
LS2 PLU. UK 

Tsute CHEN 
Associate Research Investigator

Forsyth Dental Institute, 245 First Street,
Cambridge, MA 02142, USA.

Robert MARRIOTT
R&D Manager*

Melanie BRADING
R&D Manager*

* Unilever R&D Port Sunlight, Bebington, 
Wirral CH63 3JW, UK

De nombreuses espèces microbiennes qui composent le
microbiome buccal jouent un rôle clé dans l’établissement et le
maintien de la santé bucco-dentaire. La capacité à identifier les
membres de la communauté au niveau taxonomique de l’espèce
est importante pour en connaître la diversité et l’association avec
la santé et la maladie. Dans l’étude présentée ici, les bénéfices
écologiques généraux sur le microbiome de la plaque après
utilisation d’un dentifrice contenant des enzymes et des protéines
par rapport à un dentifrice témoin sont présentés. 

Biologie

C risant une communauté plus propice à
la santé.
Le microbiome de la cavité buccale, qui
est composé de bactéries, de virus, de
champignons, de protozoaires et d’ar-
chées, est l’un des plus diversifiés de
l’organisme. Plus de 700 espèces bac-
tériennes différentes y ont été identi-
fiées à ce jour. L’équilibre de cet éco-
système dans la cavité buccale est
essentiel à la promotion et au maintien
de la santé. La présence d’une commu-
nauté microbienne aussi diversifiée pré-
vient la prolifération d’espèces patho-
gènes (fig. 1). Il arrive toutefois que la
relation symbiotique soit compromise,
par exemple en cas de mauvaise hy-
giène bucco-dentaire, ce qui génère
dysbiose et maladies liées à la plaque.
La salive joue un rôle important dans la pré-
vention de la dysbiose et la préservation

Étude clinique 
sur l’écologie du
microbiome de 
la plaque dentaire

Cet article présente les résultats d’une
étude sur l’écologie du microbiome de
la plaque dentaire : ceux-ci démontrent
qu’un dentifrice contenant des enzymes
et des protéines, lesquelles augmentent
les défenses naturelles de la salive, peut
favoriser une modification de l’ensem-
ble de la communauté, permettant une
augmentation des bactéries associées
à la santé gingivale et à une diminution
concomitante de celles liées à la mala-
die parodontale. L’analyse statistique
montre une augmentation significative
de 12 taxons associés à la santé gingi-
vale et une diminution significative de
10 taxons associés à la maladie paro-
dontale. Les résultats démontrent qu’un
dentifrice contenant des enzymes et
des protéines modifie significativement
l’écologie du microbiome buccal au
 niveau taxonomique de l’espèce, favo- C
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de la santé de la cavité buccale. Des composants
de la salive, en particulier des facteurs antimicro-
biens tels que des enzymes et des protéines, exer-
cent de fortes pressions sélectives sur le microbiote.
Ils contribuent ainsi à fournir une protection contre
les micro-organismes pathogènes et à contrôler la
communauté résidente.
Des produits d’hygiène bucco-dentaire contenant
des enzymes et des protéines, dont des dentifrices,
ont été mis au point afin de renforcer la fonction de
contrôle de la communauté microbienne buccale
assurée par les défenses naturelles de la salive. Le
Zendium® contient un système tri-enzymatique
(amyloglucosidase, glucose oxydase et lactoperoxy-
dase) conçu pour favoriser la production de
 peroxyde d’hydrogène et d’hypothiocyanite, ainsi
que trois composants protéiques additionnels (ly-
sozyme, lactoferrine et immunoglobuline G), dont
le but est d’apporter des bénéfices antimicrobiens
supplémentaires. Il a été montré que la concentra-
tion tant du lysozyme que du peroxyde d’hydrogène
était plus élevée dans la salive après un brossage
des dents avec du Zendium® qu’avec un dentifrice
témoin dépourvu d’enzymes et de protéines.
L’objectif de cette étude est de comprendre l’effet
de l’utilisation de dentifrice sur l’écologie du micro-
biome buccal au niveau taxonomique de l’espèce,
en comparant un dentifrice au fluor contenant des
enzymes et des protéines à un n’en contenant pas.

Matériel et méthodes

Déclaration d’éthique
Toutes les personnes recrutées ont fourni un
consentement éclairé écrit. Le protocole de l’étude
a été examiné et approuvé par le comité d’éthique
indépendant d’Unilever R & D de Port Sunlight.

Participants
Des sujets en bonne santé âgés de plus de 18 ans
ont été recrutés pour l’étude. Leur âge moyen était
de 42 ans ; 33 hommes et 78 femmes sont arrivés
au terme de l’étude. Les principaux critères d’inclu-
sion étaient les suivants : âge minimum de 18 ans,
nombre minimum de 20 dents, pas d’antibiothéra-
pie ni de nettoyage professionnel dans le mois pré-
cédant le début de l’étude. Les principaux critères
d’exclusion comprenaient : grossesse, allaitement,
diabète, port d’une prothèse adjointe, tabagisme
au cours des 6 derniers mois, affections médicales
et/ou utilisation régulière de médicaments suscep-
tibles d’influencer les résultats de l’étude et signes
évidents de caries non traitées/de maladie paro-
dontale.

Méthodologie de l’étude
Cette étude était un essai randomisé en double
aveugle et en groupes parallèles conduit par une
tierce partie indépendante. Les sujets ont reçu un
dentifrice au fluor à utiliser pendant les 4 semaines
précédant le début de l’étude. À l’issue des 4 se-
maines initiales d’utilisation à domicile, un échan-
tillon de plaque supra-gingivale du maxillaire supé-
rieur a été prélevé pour évaluer la composition du
microbiome à ce terme qui correspond à l’inclusion
dans l’étude. Ensuite, chaque sujet s’est vu attribuer
de façon aléatoire un des deux dentifrices, à savoir
un dentifrice au fluor (1 450 ppm) contenant des
enzymes et des protéines (Zendium®) ou un den-
tifrice au fluor témoin (1 450 ppm) dépourvu d’en-
zymes et de protéines. Les patients inclus dans
l’étude ont été invités à employer le dentifrice à leur
domicile, en se brossant les dents 2 fois par jour
pendant 14 semaines. Un nouvel échantillon de
plaque supra-gingivale du maxillaire supérieur a été
prélevé au bout de ces 14 semaines pour évaluer la
composition du microbiome. Les échantillons ont
été conservés à − 25°C jusqu’à l’analyse.

Traitement des échantillons 
et des données
Après l’extraction de l’ADN et l’amplification de la
portion V4-V6 du gène de l’ARNr 16S, les échan-
tillons ont été séquencés à l’aide de séquenceurs
de nouvelle génération (Illumina®, MiSeq). Une fois
le traitement informatique terminé, une classifica-
tion au niveau de l’espèce a été réalisée au moyen
du pipeline informatique du Forsyth Institute et de
la base de données HOMD (Human Oral Micro-
biome Database). Cette dernière a été organisée
pour faciliter une identification taxonomique exacte
au niveau de l’espèce. Des analyses statistiques ont
été effectuées au niveau des genres et des espèces
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Communauté microbienne (avec la courtoisie 
de l’UFR d’odontologie, Université Rennes 1).
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à partir des dénombrements issus de l’analyse bio-
informatique. Une analyse de la variance (ANOVA,
analysis of variance) a été utilisée pour déterminer
les différences entre les groupes d’échantillons sur
la base de leur profil taxonomique et des gra-
phiques d’ordination pour visualiser les résultats.
Toutes les méthodes sont décrites en détail dans
les rapports scientifiques [1].

Résultats

220 échantillons de plaque ont été traités et ana-
lysés, ce qui a initialement généré quelque 37,9 mil-
lions de séquences brutes, et 14,7 millions de sé-
quences d’ADN ont pu être classées au niveau du
genre/de l’espèce via l’utilisation du pipeline infor-
matique du Forsyth Institute ; 17 taxons ont ainsi
été identifiés au niveau du phylum, 183 du genre et
1 220 de l’espèce. Les taxons totalisant moins de
100 lectures ont été regroupés aboutissant à
414 taxons au niveau de l’espèce pris en compte
pour l’analyse statistique.

Changements de la communauté 
au niveau du genre
Une analyse a été menée au niveau du genre afin
de déterminer l’influence de l’utilisation des denti-
frices pendant 14 semaines. Aucune différence
 significative entre les communautés bactériennes
n’a été observée à l’inclusion (p = 0,36). Les données
ont ensuite été évaluées pour détecter des chan-
gements dans la communauté pendant la durée de
l’étude de 14 semaines. Cette évaluation a mis en
évidence une évolution importante du profil de la
communauté chez les utilisateurs du dentifrice étu-
dié (p = 0,01), mais pas chez les utilisateurs du den-
tifrice témoin (p = 0,97). Une différence significative
entre les communautés bactériennes des deux
groupes de traitement a été constatée au bout de
14 semaines (p = 0,011).

Changements de la communauté 
au niveau de l’espèce
Une analyse statistique n’a révélé aucune différence
significative entre les communautés à l’inclusion
(p = 0,23). Des modifications importantes dans la
communauté ont été observées chez les utilisateurs
du dentifrice étudié au bout de 14 semaines
(p = 0,025), ce qui n’était pas le cas chez les utili-
sateurs du dentifrice témoin (p = 1,00). Une diffé-
rence statistiquement significative a été relevée en-
tre les dentifrices étudié et témoin au bout de
14 semaines (p = 0,003). Un modèle tridimensionnel
a été utilisé pour isoler le regroupement des échan-
tillons et illustrer plus clairement les résultats (fig. 2).

Analyse de l’évolution au niveau 
des espèces
Pour comprendre de façon plus détaillée les diffé-
rences au sein et entre les groupes, l’abondance
 relative moyenne d’espèces données a été compa-
rée entre les dentifrices et au fil du temps. Celle des
414 espèces a été examinée afin de détecter d’éven-
tuels changements entre l’inclusion et la 14e semaine
pour chaque dentifrice.
Des changements significatifs de l’abondance
 relative ont été constatés pour 54 taxons : 37 chez
les utilisateurs du dentifrice étudié et 17 chez les
utilisateurs du dentifrice témoin. Dans le groupe
 recevant le dentifrice étudié, l’abondance relative
s’est accrue pour 18 taxons et s’est réduite pour
19 taxons. Dans le groupe recevant le dentifrice
 témoin, l’abondance relative s’est accrue pour
7 taxons et s’est réduite pour 10 taxons.

Discussion

Dans cette étude, il est montré pour la première fois
in vivo des modifications écologiques du micro-
biome buccal étudié au niveau des espèces après
l’utilisation du dentifrice Zendium®. Ces change-
ments sont cohérents tant au niveau du genre qu’à
celui de l’espèce et ont été mis en évidence à la fois
par un traitement informatique de pointe et par une
analyse statistique solide.
Il est important de noter que les résultats confirment
qu’une comparaison des communautés au niveau
du genre, tout en étant instructive, est insuffisante
pour discriminer rigoureusement le rôle des mem-
bres spécifiques de la communauté impliqués dans
l’évolution écologique.
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Graphiques d’ordination tridimensionnels au niveau de
l’espèce présentant les ellipses de confiance à 95 % pour
chaque dentifrice en fonction du moment de prélèvement.
Vert : groupe dentifrice témoin à l’inclusion ; 
Jaune : groupe dentifrice témoin au bout de 14 semaines ;
Rouge : groupe dentifrice étudié à l’inclusion ; 
Bleu : groupe dentifrice étudié au bout de 14 semaines.
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Biologie

Au sein d’un genre bactérien, des taxons étroite-
ment apparentés peuvent remplir des fonctions dif-
férentes dans une communauté. Ils pourraient en
tant que tels favoriser la santé ou la maladie. Ainsi,
dans le genre Porphyromonas, Porphyromonas gin-
givalis est associé à la maladie parodontale, tandis
que Porphyromonas catoniae est associé à la santé.
Par conséquent, une identification au rang des es-
pèces aide à mieux cerner la possibilité d’un impact
différentiel sur la communauté. Une revue de la litté-
rature scientifique a facilité l’association des taxons
identifiés avec la santé et/ou la maladie. Une augmen-
tation de l’abondance relative des micro-organismes
associés à la santé gingivale et une diminution
concomitante de ceux associés à la maladie paro-
dontale avec le dentifrice étudié ont été mises en
évidence.
Dans le groupe recevant le dentifrice étudié, l’abon-
dance relative de 12 taxons associés à la santé a
augmenté, tandis que celle de 10 taxons associés à
la maladie parodontale a diminué.
Dans le groupe recevant le dentifrice témoin, l’abon-
dance relative de 1 taxon associé à la santé a aug-
menté, tandis que celle de 4 taxons associés à la
maladie parodontale a diminué.

Évolution de l’abondance relative
après l’utilisation du dentifrice
étudié
Les changements observés au niveau de l’espèce
sont compatibles avec le mode d’action des en-
zymes et des protéines que contient le dentifrice
Zendium®. La cascade enzymatique menant à la
formation d’hypothiocyanite produit du peroxyde
d’hydrogène ; les taux accrus de peroxyde d’hydro-
gène observés in vivo pourraient à leur tour
conduire à une élévation de la concentration en oxy-
gène, par exemple par l’intermédiaire de l’activité
catalase. Dans cette étude, des espèces du genre
Neisseria, qui sont parmi les seuls micro-organismes
aérobies de la cavité buccale et qui sont générale-

ment associées à la santé, ont vu leur abondance
relative s’accroître. Par ailleurs, les espèces dont
l’abondance relative s’est réduite (par exemple celles
du genre Treponema) comprenaient des micro-
 organismes anaérobies dont l’abondance lors de la
maladie parodontale est attestée et qui sont connus
pour être très sensibles à l’oxygène.
La diminution la plus nette de l’abondance relative
dans le groupe recevant le dentifrice étudié a été
attribuée à Rothia dentocariosa. On peut s’attendre
à ce que cette bactérie à Gram positif soit plus sen-
sible que d’autres au lysozyme, dont le taux est
presque doublé après le brossage des dents avec
le dentifrice étudié.
Les résultats présentés confirment qu’un dentifrice
formulé de manière à renforcer les défenses natu-
relles de la salive entraîne une évolution positive
vers un microbiome plus propice à la santé. Ils mon-
trent plus spécifiquement que le dentifrice Zen-
dium® contenant des enzymes et des protéines
peut, avec le temps, augmenter significativement
l’abondance relative de micro-organismes de la
plaque associés à la santé, tout en provoquant une
baisse concomitante de l’abondance d’un certain
nombre de micro-organismes associés à la maladie
par rapport à un dentifrice dépourvu d’enzymes et
de protéines. Nous suggérons donc que l’utilisation
régulière d’un dentifrice contenant des enzymes et
des protéines peut préserver activement l’équilibre
du microbiome, de façon à ce que sa composition
reste favorable à la santé bucco-dentaire, en contri-
buant ainsi à réduire le risque de changements dys-
biotiques associés à la maladie. �
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A randomised clinical study 

toothpaste containing enzymes 
and proteins on plaque oral 
microbiome ecology
S. E. Adams , D. Arnold , B. Murphy , P. Carroll , A. K. Green , A. M. Smith , P. D. Marsh , 

T. Chen , R. E. Marriott  & M. G. Brading

The numerous species that make up the oral microbiome are now understood to play a key role in 

members at the species level is important to elucidating its diversity and association to health and 

compared to a control toothpaste on the plaque microbiome. The results reported here demonstrate 

and a concomitant decrease in those associated with periodontal disease. Statistical analysis shows 

Neisseria

Treponema spp. The results 

the oral microbiome (at species level) resulting in a community with a stronger association to health.

�e human body’s resident microbiota is not only essential for life but also plays a critical role in both the protec-
tion from, and development of, various diseased states1. As described by Kilian et al., humans have co-evolved 
with microorganisms and have a symbiotic or mutualistic relationship with their resident microbiome which, 
for the most part, remains homeostatic2. However, the bacteria, viruses and fungi that occupy our body sites, 
be it the scalp3, the face4, the gut5 or the oral cavity6 have also been linked through causation or correlation, to a 
number of disease states and cosmetic conditions including dandru!7, acne8, in"ammatory bowel disease9 and 
periodontitis10.

When in equilibrium in the oral cavity, the microbiota forms an ecosystem that is important in the promo-
tion and maintenance of health11. �e mouth harbours one of the most diverse microbiomes in the body which 
includes viruses, fungi, protozoa and archaea as well as bacteria12. Over 700 di!erent microbial species have been 
identi#ed to date13,14. While host predisposition to oral disease has been shown to be important15–17, in general, 
the presence of such a highly diverse microbial community prevents outgrowth of any single species which oth-
erwise might lead to a bacterial load exceeding the pathological threshold18. However, the bene#ts of the oral 
microbiota go beyond protection from colonisation by exogenous microbes and include immunological priming 
and down-regulation of excessive pro-in"ammatory responses19. �e symbiotic relationship can break down, for 
example, through poor oral health regimes, resulting in dysbiosis and plaque-related diseases20.

Saliva plays an important role in preventing dysbiosis and maintaining health in the oral cavity21,22. Salivary 
components, particularly antimicrobial factors such as enzymes and proteins, exert signi#cant selective pres-
sures on the microbiota, helping to provide protection against pathogenic organisms23,24 and helping to shape 
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and control the resident community25. Saliva is also important in the formation of the pellicle, the thin acellular 
organic �lm that forms on oral surfaces following exposure to saliva26. Salivary enzymes and proteins have been 
shown to be incorporated into the salivary pellicle27, to be immobilised in an active form at the surface28 and to 
directly in�uence the pattern of initial microbial colonisation29.

One of the main defence mechanisms of saliva is the lactoperoxidase system (LPO system)28. �is system is 
activated in part by hydrogen peroxide which oxidises thiocyanate to hypothiocyanite, a process that has been 
discussed extensively in the literature30–32. Hydrogen peroxide itself possesses antimicrobial activity33 and has 
been shown to play an important role in oral health. Hydrogen peroxide in the oral cavity is produced by both the 
human host34 and members of the oral microbiome. Levels of hydrogen peroxide produced by some streptococcal 
species in the laboratory have been described as being su�cient to inhibit the growth of many plaque bacteria35. 
Hydrogen peroxide also participates in a number of enzymatic reactions in addition to the LPO system, including 
the production of oxygen by the enzyme catalase23. In addition, hypothiocyanite plays a key role in oral health as 
a natural antimicrobial and has been extensively researched34,36–40. Hypothiocyanite produced by the LPO system 
has antibacterial e�ects on both cariogenic bacteria32 and black pigmented anaerobic bacteria associated with 
periodontal disease such as Porphyromas gingivalis41.

In addition to the LPO system, other salivary components including lysozyme and lactoferrin are critical to 
the mouth’s natural defences against bacteria. Lysozyme is an antibacterial protein found in a variety of mucosal 
�uids18. Quantitatively, it is the most important salivary component with antibacterial properties, due to its ability 
to break glycosidic linkages in peptidoglycans21,42. �e e�ect is most pronounced against Gram-positive bacteria 
due to the thick peptidoglycan layer in the cell wall, whereas the peptidoglycan is protected by an outer membrane 
in Gram-negative bacteria43. Lactoferrin has been shown to permeabilise the outer membrane of Gram-negative 
bacteria making them susceptible to penetration by lysozyme44. �is action of lactoferrin is in addition to its main 
mode of action as an iron-binding protein which reduces the concentration of iron available as a co-factor for 
bacterial enzymes and in turn retards bacterial growth. As well as bacteriostatic properties, lactoferrin is known 
to have bactericidal properties in its own right resulting from direct interaction between the protein and bacte-
ria45. Lactoferrin and lysozyme have been shown to work synergistically in combination46 and additionally both 
lactoferrin and lysozyme have been reported to have elevated antimicrobial activity when combined with the LPO 
system39,47. Furthermore lactoferrin has been linked to anti-in�ammatory activity against periodontitis48.

To boost the role of natural salivary defences in controlling the oral microbial community, oral hygiene prod-
ucts including toothpastes have been developed that contain enzymes and proteins. Zendium™  contains a three 
enzyme system (amyloglucosidase, glucose oxidase and lactoperoxidase), designed to promote the generation of 
hydrogen peroxide and hypothiocyanite, as well as three further protein components (lysozyme, lactoferrin and 
immunoglobulin IgG), designed to provide additional antimicrobial bene�ts. Both lysozyme and hydrogen per-
oxide have been shown to be elevated in saliva a"er brushing with Zendium™  compared to a control toothpaste 
without the enzymes and proteins49. �is is of signi�cance as it has been reported in the literature that normal 
physiological levels of hydrogen peroxide may be too low to activate the LPO system31 and enhancement of the 
LPO system in vivo may be e�ective in the regulation of acid producing bacteria50.

Studies reporting the e�ect of toothpastes on the ecology of the oral microbiome, have for the most part, 
been limited to the use of traditional culture based methods51,52. �is has limited our understanding as a large 
proportion of the resident microbiota cannot be grown in the laboratory53. Despite the rapidly emerging use of 
molecular techniques, microbial ecology studies reporting changes in the oral microbiome a"er toothpaste use 
are currently sparse in the scienti�c literature54,55. With the latest developments in DNA sequencing technology, it 
is possible to measure community level changes in the oral microbiome, highlighted by the wealth of recent stud-
ies investigating the di�erences between healthy and diseased states16,56,57. �ese studies have been facilitated by 
the availability of bespoke, highly curated databases that allow the assessment of human associated microbiomes 
to species level e.g Human Oral Microbiome Database58,59.

Given the complexity of the microbial community it is essential to make an assessment at the species level to 
explore the contribution of individual species to the overall community function. �e objective of this work was 
to understand the e�ect of toothpaste use on the ecology of the oral microbiome at the species level, comparing 
a �uoride toothpaste containing enzymes and proteins with a �uoride toothpaste without enzymes and proteins. 
Any changes observed provide insights into the bene�ts of using a toothpaste with enzymes and proteins to boost 
natural salivary defences, shi" oral ecology and provide potential health bene�ts.

Results
Two hundred and twenty samples were processed 

and analysed via Illumina sequencing, initially resulting in approximately 37.9 million raw sequence paired reads 
which, following quality processing, produced 26.9 million overlapping contigs. 14.7 million contigs were suc-
cessfully classi�ed to genus/species level following use of �e Forsyth Institute pipeline resulting in 17 phyla, 183 
genera and 1220 species level taxa. Taxa with counts of fewer than 100 reads were aggregated; leaving 414 species 
level taxa taken forward for statistical analysis. Eight paired samples were removed at this stage due to either gen-
eration of no sequence data (4 samples) or fewer than 20,000 reads (4 samples). �e remaining 204 samples were 
processed through the statistical analysis pipeline.

Community changes – Genus level. Analysis was carried out at genus level to determine the genera 
a�ected by use of the toothpastes over 14-weeks. Beta diversity was used to examine the di�erences between 
sample groups and visualised using ordination plots. �e ordination plot of the random forest analysis (Fig. 1) 
shows the bacterial communities for both toothpastes at the baseline and 14-week time points. ANOVA was used 
to compare the two toothpaste groups. No signi�cant di�erence was observed between the bacterial communi-
ties at baseline (p =  0.36). �e data was assessed for community changes over the 14-week study period and this 



www.nature.com/scientificreports/

3SCIENTIFIC REPORTS

highlighted a signi�cant shi� in the community pro�le for the test toothpaste users (p =  0.01) but no such shi� 
for control toothpaste users (p =  0.97). A signi�cant di!erence between the bacterial communities was observed 
between both toothpaste groups at 14-weeks (p =  0.011).

Community changes – Species level. "e outcome of the analysis at the species level was consistent with 
the genus level results. ANOVA and associated ordination plots of the random forest analysis (Fig. 2) showed no 
signi�cant di!erence in communities at baseline (p =  0.23) while signi�cant community shi�s were observed 
for the test toothpaste users over 14-weeks (p =  0.025). No di!erences were observed for control toothpaste 
users (p =  1.0). A statistically signi�cant di!erence was observed between the test and control toothpastes at the 
14-week time point (p =  0.003).

Whilst representing data in two dimensions is informative, visualising these data in three dimensions pro-
vided a better �t to the spatial distribution. "e three dimensional model di!erentiated the sample groups pro-
viding an easy to interpret exploratory visualisation (Fig. 3). MicrobiVis was used to visualise changes in relative 
abundance of selected species (Fig. 4). Visualisation carried out in this way allowed assessment of the distribution 
of taxa between individual samples.

To understand in more detail, the in-group and between-group di!erences 
observed through ordination and ANOVA measures, the mean relative abundance of individual species was 
compared between toothpastes over time. "e 414 species were examined for changes in relative abundance from 
baseline to 14-weeks, for each toothpaste, using Dirichlet Multinomial algorithm60. "e positive false discovery 
rate was tightly controlled to within 5% using the q-value. "e q-value is an adjusted p-value method61. "is 
allowed the identi�cation of statistically signi�cant taxa changes with q <  0.05.

Figure 1. Genus level: Ordination plot showing results of random forest analysis for genus level data for 
the four experimental groups. "e label indicates the centroid for each experimental group.

Figure 2. Species level: Ordination plot showing results of random forest analysis for species level data for 
the four experimental groups. "e label indicates the centroid for each experimental group.
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Signi�cant changes in the abundance of 54 taxa were observed, 37 for the test toothpaste users and seventeen 
for control toothpaste users (Figs 5 and 6). Two taxa were identi�ed as having changed in abundance for both 
toothpastes; one taxon consisted of members of the mitis group streptococci and the other a Fretibacterium sp. 
For each toothpaste, signi�cant taxa were assessed in terms of increase or decrease in mean relative abundance 
expressed as a percentage of the total community. For the test toothpaste group, 18 taxa increased in relative 
abundance and 19 decreased in relative abundance. For the control toothpaste group, 7 taxa increased in relative 
abundance and 10 decreased in relative abundance.

!e species with the largest increase in relative abundance in the test toothpaste group a"er 14-weeks of use 
was Neisseria !ava with a 2.9% change. !ree other Neisseria species also increased in relative abundance. No 
signi�cant changes were observed in Neisseria species for the control toothpaste where Fusobacterium nucleatum 
ss polymorphum showed the largest increase at 0.8%. !e species with the largest decrease in relative abundance 
in the test toothpaste group a"er 14-weeks was Rothia dentocariosa with a 3.2% change. Four taxa from the genus 
Treponema were also found to decrease in relative abundance for the test toothpaste. In the control group, the 
largest decrease in relative abundance was also attributed to the Rothia genus but in this instance, Rothia aeria was 
identi�ed, with a decrease of 0.9%.

Figure 3. !ree dimensional ordination plots showing the 95% con"dence ellipses for each toothpaste and 
time point at species level. Green – Control Toothpaste Group at Baseline, Yellow – Control Toothpaste Group 
at 14-weeks, Red – Test Toothpaste Group at Baseline, Blue – Test Toothpaste Group at 14-weeks.

Figure 4. MicrobiVis visualisation examining the distribution of counts for selected species observed to have 
(A) increased or (B) decreased in relative abundance following the use of the test toothpaste over the  
14-week time period. !e vertical lines represent the named taxa with the thin lines representing the 
logarithmic abundance for each sample for the di#erent taxa at baseline (blue) and at 14-weeks (green). !e 
thick line represents the median level for each taxon and the shaded area the interquartile range.
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Discussion
In this paper we report for the �rst time an in vivo study using molecular metataxonomics62 that demonstrates 
species level changes in the ecology of the oral microbiome a!er toothpaste use. Speci�cally, we demonstrate that 
brushing with a toothpaste containing enzymes and proteins, Zendium™ , promotes a shi! in the ecology of the 
oral microbial community over time, compared to a toothpaste without enzymes and proteins in healthy subjects. 
#is �nding was consistent at both genus and species level and was informed by both state-of-the-art informatics 
processing and robust statistical analysis, without the need for rarefaction.

Importantly, the results con�rm that a comparison of communities at the genus level, whilst informative, 
is insu$cient to robustly discriminate the role of speci�c community members in driving the ecological shi!. 
Within a bacterial genus, closely related taxa can provide di%erent functionality within a community and as such 
could be drivers for health or disease. #erefore, reliable identi�cation of the species provides an understanding 
of the potential for di%erential community impact. For example in the genus Porphyromonas, P. gingivalis, is 

Figure 5. Summary of the signi!cant species changes associated with gum health and/or disease for 
the Test toothpaste a"er 14-week test period. *Rothia dentocariosa has been reported in the literature to be 
associated with both health and periodontal disease.

Figure 6. Summary of the signi�cant species changes associated with gum health or disease for the Control 
toothpaste a�er 14-week test period. 
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associated with periodontal disease63,64, whilst P. catoniae is associated with health16. A review of the literature 
facilitated the association of the identi!ed taxa with gum health and/or disease (Figs 5 and 6). It was shown that 
there was an increase in the relative abundance of organisms associated with gum health for the test toothpaste 
and a concomitant decrease in those organisms associated with periodontal disease.

For the test toothpaste group 12 taxa associated with health increased in relative abundance. 10 taxa asso-
ciated with periodontal disease decreased in relative abundance. Of the remaining taxa, 11 currently have no 
known association with gum health or disease (Fig. 5). One taxon, Rothia dentocariosa, has been associated 
with both health and disease65,66.

For the control toothpaste group 1 taxon associated with health increased in relative abundance. 4 taxa asso-
ciated with periodontal disease decreased in relative abundance. Of the remaining taxa, 10 currently have no 
known association with health or disease (Fig. 6). #e single taxon associated with health that increased in the 
control group (mitis group streptococci) also increased in the test toothpaste group and the increase seen in the 
test toothpaste group was almost double (0.097%) the change in abundance observed in the control toothpaste 
group (0.057%).

Analysis at species level is crit-
ical to understand if changes within the microbiome are associated with health or disease. Justi!cation of this 
approach is provided by analysis of signi!cant changes in the relative abundance of the genus Prevotella. Some 
members of the genus Prevotella, such as Prevotella intermedia are associated with disease67. In this study we 
identi!ed that Prevotella melaninogenica and a number of associated phylotypes increased in relative abundance. 
Importantly P. melaninogenica is an organism present more commonly in healthy plaque68. #is observation 
further emphasises the necessity of classifying to species level to gain accurate information on the biological sig-
ni!cance of the ecological changes occurring within communities.

Changes observed at species level are consistent with the mode of action of the enzymes and proteins within 
the Zendium toothpaste. For example, Neisseria species, commensal organisms representing some of the only 
aerobes in the mouth and generally associated with health69, increased in relative abundance. Neisseria species 
exhibit enhanced growth in an aerated mixed culture70 and as a catalase positive species71 they are able to protect 
themselves from the antimicrobial action of hydrogen peroxide subsequently raising local oxygen levels. We pro-
pose that this will give Neisseria a competitive advantage over anaerobic catalase negative organisms. #e second 
most signi!cant increase in relative abundance is attributed to Kingella denitri!cans. Whilst little information 
exists in the literature, its taxonomic classi!cation is in the same grouping as Neisseria suggesting that it occupies 
a similar ecological niche and would be likely to increase under the same conditions that promote the growth of 
Neisseria spp.. K. denitri!cans has previously been shown to be increased in relative abundance in stable perio-
dontal sites as opposed to active periodontal sites72, although all subjects in this study were healthy and free of 
periodontitis.

Other organisms shown to increase in relative abundance in the test toothpaste group a$er 14-weeks include 
Granulicatella elegans. G. elegans has been shown to be statistically more abundant in healthy sites from periodon-
tally healthy individuals compared to periodontitis patients73. Indeed, Lourenco et al. proposed that the absence 
of G. elegans was associated with a higher risk of generalised, aggressive periodontitis in relation to chronic per-
iodontitis. Lactobacillus gasseri, which has also been shown to increase in the test toothpaste group, has been 
screened recently for its potential use as a probiotic, having been shown in the laboratory to have antibacterial 
activity against P. gingivalis (ATCC 33277)74.

Changes observed are consist-
ent with the mode of action of the test toothpaste. As part of the enzyme cascade that leads to hypothiocyanite 
formation, hydrogen peroxide is also produced and increased levels of hydrogen peroxide have been observed 
in-vivo49 which in turn could lead to an increase in oxygen concentration through, for example, catalase activity. 
Such changes in the local environment would be expected to inhibit the growth of anaerobic species, and a num-
ber of obligatory anaerobic species were reduced (e.g. representatives of the genera Treponema, Bacteroidales, 
Eubacterium, Prevotella, Fusobacterium and Fretibacterium: Fig. 5) in those using the test toothpaste. Treponema 
species have been shown to be more abundant in periodontal disease16,65 and are known to be highly sensitive to 
oxygen75.

#e largest decrease in relative abundance for the test toothpaste group was attributed to Rothia dentocar-
iosa. Whilst there is no conclusive proof to this organism’s role in health or disease, as it has been shown to be 
associated with periodontal diseases66,76,77 as well as a positively associated with gum health16,65,78. #is organism 
is a catalase positive aerobe79, occupying a similar niche to Neisseria spp so it is unlikely that the decrease in 
Rothia abundance can be attributed to an increase in hydrogen peroxide levels or increased oxygen concentration. 
However, R. dentocariosa is a Gram-positive bacterium and as such would be expected to be more susceptible to 
lysozyme, the levels of which are almost doubled a$er brushing with the test toothpaste49. #is provides a ration-
ale for the observed decrease in this organism’s relative abundance in the test toothpaste group. Whilst the role of 
R. dentocariosa remains unde!ned, other organisms known to be associated with periodontal disease also showed 
a decrease in the test toothpaste group. #ese included Bacteroidales [G-2] sp._oral_taxon_274, P. intermedia and 
Eubacterium [XI][G-3] brachy.

#e data presented here con!rm that a toothpaste formulated to augment the natural defences of saliva leads 
to a positive shi$ to a microbiome more associated with health. Speci!cally, it shows that a toothpaste containing 
enzymes and proteins, ZendiumTM, can signi!cantly increase the relative abundance of health-associated organ-
isms in plaque whilst driving a concomitant decrease in a number of disease-associated organisms compared 
with a toothpaste without enzymes and proteins over time. In this healthy study population, the magnitude of the 
statistically signi!cant changes in the abundance of some of the individual taxa appear relatively modest, however, 
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the cumulative ecological e�ect of many small but bene�cial shi�s in health and disease associated species within 
the microbiome is hypothesised to have biological relevance. �ere is emerging evidence in the literature that 
di�erences in health status can be associated with modest compositional di�erences in microbial communities80. 
We propose that the regular use of a toothpaste containing enzymes and proteins can actively maintain a balanced 
microbiome, with a composition that is consistent with oral health, thereby helping to reduce the risk of dysbiotic 
changes associated with disease. �is study was performed with subjects in good oral health over 14-weeks and 
it is possible that more extensive taxonomical and/or percentage abundance shi�s in the microbiome could be 
achieved when the product is used for longer periods or in subjects with a greater risk of disease or poorer oral 
health.

�is research provides new insights into both the action and microbial re-pro�ling abilities of this toothpaste. 
We demonstrate that an ecological approach using DNA sequencing, bespoke bacterial databases and rigorous 
statistical analysis provides a highly robust approach to assess the impact of oral care products on the ecology 
of the oral microbiome. Furthermore, brushing with Zendium™ exerts a signi�cant positive shi� in the plaque 
microbiome, which we propose provides evidence for the biological relevance of increased salivary defence fac-
tors in promoting oral health.

Further work in the area of metatranscriptomics analysis will provide functional pro�ling of microbial com-
munities and will help determine the community metabolic output72,81,82. �is, together with information on the 
spatial structure of the plaque bio�lm community using techniques such as !uorescent in situ hybridisation83 will 
provide more detail as the overall e�ect of the bene�cial changes reported here.

Materials and Methods
Ethics statement. Written informed consent was obtained from all enrolled individuals. �e study protocol 
was reviewed and approved by the Unilever R&D Port Sunlight independent ethics committee. �e methods were 
carried out in accordance with the approved guidelines.

Participants. Subjects in good health aged 18 or over were recruited onto the study. �e mean age of subjects 
was 42, with 33 male and 78 female participants completing the study. Demographic information for this study 
is given in Table S13 in the Supplementary Information. Key inclusion criteria included: minimum age 18 years, 
minimum number of teeth 20, no antibiotic therapy or professional cleaning within one month of the start of the 
study. Key exclusion criteria included: pregnancy, nursing mothers, diabetics, denture wearers, smoking within 
the last 6 months, medical conditions and/or regular use of any medication which might a�ect the outcome of the 
study and obvious signs of untreated caries/signi�cant periodontal disease.

Study Design. �is study was a double-blind, randomised, parallel group study conducted by an independ-
ent third party. A study !ow diagram is shown in Fig. 7. Subjects were enrolled on to the study according to the 
inclusion/exclusion criteria. A�er recruitment, subjects were given a !uoride toothpaste to use for four weeks 
prior to the commencement of the study. Following the initial 4-week at home use, baseline supra-gingival plaque 
from the upper jaw was collected for the assessment of microbiome composition. Subjects were randomly allo-
cated to one of two toothpastes, a !uoride toothpaste (1450 ppm) containing enzymes and proteins (Zendium™ )  
or a control !uoride toothpaste (1450 ppm) without enzymes and proteins. Subjects were instructed to use the 
toothpaste at home, brushing twice a day for 14-weeks. Supra-gingival plaque from the upper jaw was collected 
at week 14 for the assessment of microbiome composition. Each plaque sample was placed in 1 ml TE bu�er in a 
low-DNA-binding Eppendorf tube. �e samples were stored at − 25 °C until analysis.

Samples were defrosted, vortexed for 30 seconds in the original TE bu�er, sonicated for 
20 seconds and vortexed for a further 30 seconds. 500 µ l of each sample was transferred into an individual well of 
a 96-well Lysis plate containing pre-aliquoted matrix beads B (116981001, MPBio, California, USA). 3 µ l aliquots 
of Ready-Lyse lysozyme (Epicenter, Wisconsin, USA) were added and the plate incubated using an Eppendorf 
�ermomixer at 37 °C with shaking at 300 rpm for 18 hours. Following incubation, a bead-beating step was per-
formed using a Tissue Lyser (Qiagen, Germany) for 3 minutes at 20 Hz. An o�-board lysis was performed by incu-
bating the samples at 68 °C for 15 minutes in the presence of Proteinase K, Carrier RNA, ATL and ACL bu�er in a 
Qiagen S-plate following manufacturer guidelines. Post-incubation, the plate was loaded on to the QIAsymphony 
and the samples processed using the QIAsymphony Virus/Bact Midi Kit (931055, Qiagen).

DNA quanti�cation was performed using a Quant-IT high sensitivity DNA Assay kit (Invitrogen, California, 
USA) following manufacturers guidelines. Each sample was normalised to 1 ng/µ l using molecular grade water 
on a QIAgility robot (Qiagen) prior to PCR ampli�cation.

Oligonucleotide primers targeting the V4-V6 hypervar-
iable region of the 16S rRNA gene were evaluated in silico using PrimerProspector84. PCRs were conducted using 
the primers listed below (underlined section of the primer denotes the PCR attachment sequence). Primers were 
modi�ed from the standard 533f and 1061r to include recognition sequences allowing a secondary nested PCR 
process facilitating the addition of standard Illumina adapters and sample speci�c indexes.

533f 5′ ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTRA3′  and
1061r 5′ GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCRRCACGAGCTGACGAC3′. 
PCRs consisted of 0.25 µ l (10 µ M) of each primer, 7 µ l of HotStar Taq Plus Mastermix (Qiagen), 5 µ l of nor-

malized template DNA and 4.5 µ l molecular grade water (Qiagen). Samples were ampli�ed in triplicate using the 
following parameters: 95 °C for 5 minutes, then 10 cycles of: 94 °C for 45 seconds, 65 °C for 30 seconds, and 72 °C 
for 60 seconds, with a �nal extension of 10 minutes at 72 °C using a Biorad T100™  (Biorad, California, USA). 
Replicate PCR amplicons were pooled and sent to an external sequencing provider. Positive (mock community) 
controls were included in all PCR batches to highlight erroneous PCR ampli�cation.
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PCR products were puri�ed using Axygen SPRI Beads (Axygen, California, USA). A second round PCR 
incorporated Illumina adapters containing indexes (i5 and i7) for sample identi�cation utilising eight forward 
primers and twelve reverse primers each of which contained a separate barcode allowing up to 96 di�erent com-
binations. General sequences of the primers are illustrated below with the variable 8 bp barcode underlined.

N501 f 5′ AATGATACGGCGACCACCGAGATCTACACTAGATCGCACACTCTTTCCCTACACGACGCTC3′ 
N701 r 5′ CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTGGAGTTCAGACGTGTGCTC3′. 
Second round PCRs consisted of 0.5 µ l (10 µ M) of each primer, 10 µ l of 2 x Kapa Mastermix (Kapa Biosystems, 

Massachusetts) and 9 µ l of puri�ed sample from the �rst PCR reaction. Samples were ampli�ed using the fol-
lowing parameters: 98 °C for 2 minutes, then 15 cycles of; 20 seconds at 95 °C, 15 seconds at 65 °C, 30 seconds 
at 70 °C with a �nal extension of 5 minutes at 72 °C. Samples were puri�ed using Axygen SPRI Beads before 
being quantified using Qubit fluorimeter (Invitrogen, California, USA) and assessed using the Fragment 
Analyzer (Advanced Analytical Technologies, Iowa, USA). Resulting amplicon libraries were taken forward 
and pooled in equimolar amounts using the Qubit and Fragment Analyzer data and size selected on the Pippin 
prep (Sage Science, Massachusetts, USA) using a size range of 300–600 bps. "e quantity and quality of each 
pool was assessed by Bioanalyzer (Agilent Technologies, California, USA) and subsequently by qPCR using the 
Illumina Library Quanti�cation Kit (Kapa) on a Light Cycler LC480II according to manufacturer’s instructions 
(Roche, Switzerland). Each pool of libraries was sequenced on one #owcell of an Illumina MiSeq with 2 ×  300 bp 
paired-end sequencing using v3 chemistry (Illumina, California, USA).

All raw reads were processed simultaneously. Fastq �les were trimmed for the 
presence of Illumina adapters using Cutadapt85 version 1.2.1. 16S rRNA gene ampli�cation primers were removed 
from each fragment using Trim Galore v 0.486 to account for the presence of degenerate bases that might impact 

Figure 7. Study Flow Diagram. 
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downstream taxonomic assignment. Reads were further trimmed using Sickle v1.3387 with a minimum window 
quality score of 28. Reads shorter than 100 bp a�er trimming were removed. If only one of a read-pair passed this 
�lter, its read-pair was removed from the dataset. Surviving read pairs were merged using Pandaseq v2.988 gener-
ating contigs with a minimum overlap of at least 20 bp. Merged reads greater than 450 bp were taken forward for 
taxonomic classi�cation.

Species level classi�cation was carried out at !e Forsyth Institute 
using an in-house pipeline. Brie"y, unique assembled reads were compared to three reference databases using 
ncbi-blast-2.2.30+  in a sequential manner. For a successful result to be taken, sequences had to match the ref-
erence at 99% similarity across 98% of the amplicon. Reads not assigned to species level against these three 
databases were discarded. !e databases used were the Human Oral Microbiome Database (HOMD), HOMD 
extended (HOMDEXT) and GreenGenes Gold, each of which had been curated to facilitate accurate species level 
assignment59.

Statistical Analysis. Statistical analyses were performed on the table of counts produced from the bioinfor-
matics pipeline. Counts were analysed at genus and species level, corrected for heteroscedasticity and unequal 
library sizes. It is common practice to employ a rarefaction process to correct for these variances in microbiome 
datasets54. However, this has been shown to be statistically inadmissible89. Our approach was to deal with the nor-
malisation dependent on the context being examined. A variance stabilising transformation (VST)89 was applied 
prior to ordination using a random forest dissimilarity measure90–92. Alternatively, model-based approaches were 
employed for comparative testing of relative abundance between groups which explicitly model the uneven sam-
ple read numbers and sparseness. Analysis of variance (ANOVA) was conducted in parallel to determine the 
statistical signi�cance using a between sample distance measure (Canberra Distance) based on taxonomic pro-
�le93,94. Analyses were performed using the R packages Vegan95, Party96 and HMP60.

Visualisation. Visual exploration of trends in the samples at species level was accomplished using a novel vis-
ualisation tool MicrobiVis97. !e bespoke MicrobiVis tool provides functionality for interactive visual analysis of 
microbial communities and enables interactive selection of subsets of species for in-depth detailed investigation. 
!e selected subset of species is displayed using a Parallel Coordinates plot98, where each vertical axis represents 
one species. !e individual samples are displayed as polylines that intersect the axes at positions corresponding 
to their microbial count for that particular species, with minimum count at the bottom of the axes and maximum 
count at the top. !e samples at baseline were coloured blue and the samples at 14-weeks were coloured green. 
!is approach provides an overview of the microbial pro�les of the samples within the subset of species, while 
also facilitating the identi�cation of outlier samples that do not follow the general pro�le trends. Additionally, 
the median pro�les of the two sample groups are represented by thicker lines to provide overview of the general 
pro�le patterns of the groups. Whilst the distribution di#erences for individual species may be visualized using, 
for instance, box plots, the approach taken here has the ability to represent pro�les across a group/set of species, 
and through this reveal sample clusters and correlations between species in more detail.
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