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ABSTRACT
Introduction: The oral cavity harbors an abundant and diverse microbial community (i.e. the 
microbiome), whose composition and roles in health and disease have been the focus of 
intense research. Down syndrome (DS) is associated with particular characteristics in the oral 
cavity, and with a lower incidence of caries and higher incidence of periodontitis and 
gingivitis compared to control populations. However, the overall composition of the oral 
microbiome in DS and how it varies with diverse factors like host age or the pH within the 
mouth are still poorly understood. Methods: Using a Citizen-Science approach in collabora-
tion with DS associations in Spain, we performed 16S rRNA metabarcoding and high- 
throughput sequencing, combined with culture and proteomics-based identification of 
fungi to survey the bacterial and fungal oral microbiome in 27 DS persons (age range 
7–55) and control samples matched by geographical distribution, age range, and gender.
Results: We found that DS is associated with low salivary pH and less diverse oral micro-
biomes, which were characterized by lower levels of Alloprevotella, Atopobium, Candidatus 
Saccharimonas, and higher amounts of Kingella, Staphylococcus, Gemella, Cardiobacterium, 
Rothia, Actinobacillus, and greater prevalence of Candida.
Conclusion: Altogether, our study provides a first global snapshot of the oral microbiome in 
DS. Future studies are required to establish whether the observed differences are related to 
differential pathology in the oral cavity in DS.

ARTICLE HISTORY
Received 7 October 2020  
Revised 14 December 2020  
Accepted 15 December 2020  

KEYWORDS
Oral microbiome; down 
syndrome; oral mycobiome; 
Candida

Introduction

Down syndrome (DS), also known as trisomy of 
chromosome 21, is the most common genetic cause 
of mental disability worldwide [1]. The estimated 
incidence of DS is between 1 in 1,000 and 1 in 
1,100 live births worldwide, according to the World 
Health Organization. DS is generally caused by 
maternal nondisjunction errors during meiosis, 
which results in chromosome 21 trisomy in all cells 
of the body, wherein advanced maternal age is the 
main risk factor [2]. DS is characterized by variability 
in cognitive development and distinct physical fea-
tures causing unique health conditions, including 
congenital heart disease, immune system alterations, 
premature dementia, Alzheimer’s disease, and many 
other symptoms related to premature aging. Indeed, 
current clinical and experimental findings support 
the concept that DS may be considered a premature 
aging disorder [3]. Consistent with this, DS presents 
with premature immune system senescence, 
increased plasmatic levels of inflammatory markers 
resembling the chronic increase in proinflammatory 

status observed during aging, as well as oxidative 
stress due to mitochondrial dysfunction [3]. 
Furthermore, consistent with premature aging, two 
markers of biological age, DNA methylation and 
quantification of circulating N-glycan species 
(GlycoAgeTest), show differences in DS compared 
with control individuals [4,5].

The composition of the gut microbiome has been 
suggested to be a powerful marker for distinguishing 
between biological and chronological age [6–9], and, 
therefore, the characterization of the gut microbiome 
in DS populations may be of interest [10]. 
Development of new technologies and the application 
of metagenomic analyses have enabled the character-
ization of the human microbiome at different body 
sites [11,12]. The profiling of the gut microbiome of 
17 individuals with DS and matching controls 
showed a similar structure of the gut microbiome, 
with alterations in only two genera: 
Parasporobacterium and Sutterella [13].

The microbiome of the oral cavity has been related 
to several diseases, including not only common oral 
diseases such as gingivitis or periodontitis, but also 
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systemic ones [14]. The study of the oral microbiome 
in DS is of particular interest due to the many specific 
features of the oral cavity associated with this syn-
drome. These include, among others, different saliva 
composition, poor occlusal correlation, high frenum 
insertion, early mucogingival problems and advanced 
tongue position. In addition, due to genetic abnorm-
alities in their immune system and environmental 
factors, DS patients are more susceptible to infec-
tions. In particular, it has been largely reported that 
persons with DS have an increased prevalence of 
periodontal disease [15–20]. First observations 
pointed to an excessive inflammatory response of 
the gums followed by manifestations of aggressive 
and/or early-onset periodontitis, characterized by 
high plaque formation and increased presence of 
pathogenic species (Aggregatibacter actinomycetemco-
mitans, Porphyromonas gingivalis, Prevotella interme-
dia, Eikenella corrodens, Tannerella forsythia, 
Fusobacterium nucleatum, Treponema denticola, and 
Campylobacter rectus) when compared with age- 
matched control groups and age-matched groups 
with intellectual disability [21]. The early periodontal 
colonizers in DS are facilitated by a combination of 
lower salivary flow rate, limited antibody production 
in the saliva, and neutrophils with impaired chemo-
taxis which prevents the immune cells from reaching 
target pathogens [22]. Several studies have focused on 
identifying factors influencing the onset of aggressive 
variants of oral diseases that often affect youths and 
adults with DS, such as destructive forms of period-
ontitis [23,24]. More recently, some authors have 
suggested that the composition of oral biofilms, inde-
pendently of the immunological alterations in DS, has 
a critical role in periodontal development [25]. 
Although recent studies have failed to find a specific 
combination of pathogens causing periodontitis in 
DS patients, other than the ones causing periodontitis 
in the general population, it appears that these might 
be established earlier in young adult DS, which is 
associated with early-onset and more aggressive 
forms of the disease [26]. Despite the impaired 
immune responses and comparatively poor oral 
health in DS, a lower or similar incidence of dental 
caries in DS has been seen compared to non-DS 
[27,28]. This is potentially due to the relatively late 
eruption of teeth in DS, microdontia, more missing 
teeth and greater dental spacing [29,30], and so it 
would also be interesting to explore whether specific 
oral microbiotas are also related to this relatively 
lower incidence of caries in DS. Most previous studies 
have been based on identification by conventional 
PCR of already described individual species. Hence, 
we still lack a comprehensive understanding of the 
global oral microbiome composition in DS.

With the aim of shedding light on the composition 
of the oral microbiota in DS, and how it differs from 

similar non-affected populations, we used 16S rRNA 
metabarcoding coupled to culture and proteomics- 
based identification of fungi to characterize the bac-
terial and fungal components of the oral microbiome 
of 27 DS volunteers and their relatives, and compared 
it with non-affected volunteers. To this end, we col-
lected and processed saliva samples from different 
locations across Spain in the context of the second 
edition of the citizen-science project ‘Saca la lengua’ 
(SLL2) (www.sacalalengua.org [31],). We expected to 
find differing abundances of organisms that may 
explain the greater incidence of periodontitis and 
lower incidence of dental caries in DS. Furthermore, 
considering the various signs of premature aging 
across the body in DS, we attempted to analyze 
potential signs within the oral microbiome. Overall, 
our study provides a first global overview of the 
species present in the oral cavity of DS. Future studies 
would benefit from an increment of sample size and 
the characterization of relevant variables for the 
study, such as the presence of comorbidities that 
may be shaping differences in the composition of 
the microbiome of the oral cavity.

Materials and methods

Sample collection

The target population of this study was individuals 
with DS and their relatives, which were contacted 
with the collaborations of local associations of DS 
families. We collected 27 oral rinse samples from 
individuals with DS (ages 7–33) in the context of 
the second edition of the ‘Stick out Your Tongue’ 
citizen science project (SLL2, see http://www.sacala 
lengua.org [31],), and in close collaboration with DS 
family associations in Spain. Sample collection was 
coupled to science communication activities with DS 
individuals and their relatives, aiming to raise aware-
ness about the microbiome, its role in health and 
disease, and its potential particularities in DS. The 
SLL2 project questionnaire about health and lifestyle 
was adapted with the help of DS associations and was 
answered jointly by DS participants and their rela-
tives [see metadata file at the following github link: 
https://github.com/Gabaldonlab/ngs_public/blob/mas 
ter/SLL2/SLL2.metadata.xlsx]. There were 20 relatives 
that participated, 18 of which were parents, and two 
of which were siblings. The siblings were 10 and 
28 years old (their DS siblings were 7 and 22 years 
old, respectively), while the parents ranged in age 
from 44 to 77 years old.

All participants signed an informed consent form 
allowing the use of their saliva samples for microbio-
logical research. For participants under the age of 18, 
the consent form was also signed by one of the 
parents or a legal guardian. This project was 
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approved by the ethics committee of the Barcelona 
Biomedical Research Park (PRBB). Samples were col-
lected from January to November 2017. Participants 
were asked not to ingest any food or beverage (except 
water) for 1 h before collecting the sample. All donors 
received clear indications about the sample collection 
procedure in person, and the collection of the sam-
ples was carried out with the assistance of 
a researcher involved in the project, following 
a demonstration. All participants responded to 
a uniform questionnaire (see below), which was 
adapted for DS in collaboration with DS partner 
associations, so that DS participants could decide 
for themselves whether or not to participate, and be 
able to answer most questions on their own. Before 
collection of the oral rinse, the pH of the saliva was 
measured using pH test strips (MColorpHast, Merck, 
range 5.0–10.0; 0.5 accuracy units), the accuracy of 
which has been previously validated [31]. Saliva sam-
ples were collected using a mouthwash as described 
earlier [31]. In brief, the protocol is as follows: parti-
cipants rinsed their mouth with 15 mL of sterile 
phosphate-buffered saline (PBS) solution, for 1 min. 
Then, they returned the liquid into a 50 mL tube. The 
samples were then centrifuged at 4,500 g for 12 min 
at room temperature (r.t.) in an Eppendorf 5430 
centrifuge equipped with an Eppendorf F-35-6-30 
rotor. The supernatant was discarded and the pellets 
were resuspended with the remaining PBS, trans-
ferred to 1.5 ml tubes and centrifuged at 4,500 g for 
an additional 5 min at r.t. using an Eppendorf FA-45- 
24-11-HS rotor. Supernatants were discarded, and 
pellets were frozen and stored at − 80°C until further 
analysis.

DNA extraction and sequencing

Sample DNA was extracted using the ZR-96 Fungal/ 
Bacterial DNA kit (Zymo research Ref D6006), fol-
lowing the manufacturer’s instructions. The extrac-
tion tubes were agitated twice in a 96-well plate using 
Tissue lyser II (Qiagen) at 30 Hz/s for 5 min at 4°C. 
We included as controls of library preparation and 
MiSeq sequencing processes two DNA samples 
derived from bacterial mock communities from the 
BEI Resources of the Human Microbiome Project: 
each sample comprised genomic DNA of ribosomal 
operons from 20 bacterial species. The ‘HM-782D’ 
community contained an even number of ribosomal 
DNA per species (100,000 operons per species). The 
‘HM-783D’ community contained a variable number 
of operons, ranging from 1,000 to 1,000,000 per 
species.

Obtained DNA was diluted to 12.5 ng/μl and used 
to amplify the variable regions known as V3–V4 of 
the 16S ribosomal RNA gene, using a pool of mod-
ified universal primers in a limited cycle PCR:

V3-V4-Forward
(5′- 

TCGTCGGCAGCGTCAGATGTGTATAAGAGAC-
AGCCTACGGGNGGCWGCAG-3′)

V3-V4-Reverse
(5′-GTCTCGTGGGCTCGGAGATGTGTATAAG 

AGACAGGACTACHVGGGTATCTAATCC-3′)
Low sequence diversity or unbalanced base com-

position in template DNA can negatively affect the 
sequence output, quality, and error rate due to pro-
blems in cluster identification in MiSeq sequencing. 
To prevent this unbalanced base composition with all 
libraries having the same initial sequence, we per-
formed the first PCR with a mix of four forward 
and four reverse primers, shifting the sequencing 
phases by adding a varying number of bases (from 0 
to 3 N bases) as spacers. The PCR was carried out 
using KAPA HiFi HotStart ReadyMix (Roche) in 
a total volume of 10-μl with 0.2-μM of the primers. 
Cycling conditions were: 3 min at 95°C followed by 
20 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 
30 s, with a final step of 5 min at 72°C. PCR products 
were purified using AMPure XP beads (Beckman 
Coulter), with a 0.9 x ratio and eluted with 32 μl of 
Buffer EB (Qiagen), then 30 μl of the eluate were 
transferred to a fresh 96-well plate.

Next, for the purpose of multiplex sequencing, we 
performed a second PCR in which full-length Nextera 
adapters (Illumina) with barcodes were added to the 
overhangs of the primers used in the first PCR. Thus, 
products of the second PCR step were sequencing 
ready libraries with an insert size of approximately 
450 bp. Specifically, 5 μl of the first PCR was used as 
a template for a second PCR with Nextera XT v2 
adaptor primers (Illumina) in a final volume of 
50 μl using the same mix and conditions as the first 
PCR, but limited to eight cycles. Twenty-five μl of the 
final product of this second PCR was used for pur-
ification and normalization with the SequalPrep nor-
malization kit (Invitrogen), using the manufacturer’s 
protocol. Libraries were eluted in a volume of 20 μl 
and pooled for sequencing. Pools were quantified by 
qPCR using the Kapa library quantification kit for 
Illumina (Kapa Biosystems) on an ABI 7900HT real- 
time cycler (Applied Biosystems). Libraries were 
sequenced on an Illumina MiSeq with 2 × 300 bp 
reads using v3 chemistry with a loading concentra-
tion of 15 pM. To increase the diversity of the 
sequenced sample, 10% of PhIX control libraries 
were spiked. Negative controls with the same condi-
tions and reagents but with sterile water instead of 
samples were made for the buffer, DNA extraction, 
and PCR amplification steps. The controls provided 
no visible band or quantifiable amount of DNA by 
gel visualization or Bioanalyzer, whereas all samples 
resulted in clearly visible bands after 20 cycles. 
Twelve such controls were subjected to library 
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preparation and sequenced. Expectedly, these 
sequenced non-template controls systematically 
yielded very few reads (a range of 155–1,005 reads 
per sample), in contrast to an average of ~64,000 
reads/sample in sample-derived libraries.

Fungal composition analysis

Attempts to identify fungi through ITS amplification 
failed in many samples that nevertheless were posi-
tive for a culture-based approach. This likely related 
to a low presence of fungi in oral rinse samples and 
the difficulty to break the fungal cell wall to access 
the DNA in comparison to bacteria. We therefore 
used traditionally culture-based methods to enrich 
the possible fungal species present in the samples 
and identify them. First, we optimized the experi-
mental procedures for fungal composition detection 
with a small subset of control oral rinse samples, 
testing the following growing conditions: i) starting 
with fresh versus frozen oral rinse samples, ii) using 
of different antibiotics concentrations, iii) growth 
temperature (25°C, 30°C, 37°C), iv) plating method 
(spread plate method versus pour plate method), and 
iv) duration of incubation (2, 4 or 7 days). We 
observed no significant differences in the number 
of grown colonies when starting with fresh versus 
frozen samples or when using different incubation 
temperatures, while the number of grown colonies 
when using the spread plate method was somewhat 
higher as compared to the pour plate method, and 
longer incubation times resulted in a higher number 
of grown colonies (data now shown). Thus, the pre-
liminary results obtained helped us to design the 
following working protocol to carry out the analysis 
of the oral fungal composition with the study sam-
ples. First, we resuspended the frozen pellets in 
100 μl of sterile PBS, taking 10 μl of those to be 
diluted in 40 μl of PBS (the remaining 90 μl were 
used for DNA extraction), from which we plated 
30 μl (6% of the original sample) onto a YPD sterile 
plate with chloramphenicol and ampicillin (100 μg/ 
ml each). After 7 days of incubation at 30°C, we 
counted the number of colonies, their phenotypes, 
and the presence of bacteria. A total of 10 colonies 
were randomly selected per sample (or all plate colo-
nies if there were fewer than 10) and were re-grown 
under the same conditions in a fresh plate for 24 h. 
We used MALDI-TOF analysis for fungal identifica-
tion and, in the instance of inconclusive results after 
two or three rounds of MALDI-TOF, we performed 
colony PCR to amplify the Internal Transcribed 
Spacer (ITS) hypervariable region of the ribosomal 
gene 5.8S (fungal marker) and further Sanger 
sequencing. Data are summarised in a table 
(Table 1).

MALDI-TOF analysis was performed with 
a MALDI Biotyper in the Centre for Omics Sciences 
(COS) in EureCat (Centre Tecnològic de Catalunya, 
Reus, Spain). Total proteins of colonies were 
extracted in our laboratory following their standard 
protocols and then samples were sent to COS for the 
analysis. In brief, we picked fresh grown colonies into 
1.5 ml tubes, added 300 μl of milliQ water and mixed 
thoroughly. Next, we added 900 μl of 100% ethanol to 
the sample, mixed thoroughly again, and centrifuged 
the tubes for 2 min at 13,000 rpm in a benchtop 
centrifuge to remove the supernatant (the centrifuga-
tion step was repeated twice). To increase the effi-
ciency of identification, we dried pellets for some 
minutes at room temperature. After that, we resus-
pended the pellet in 70% aqueous formic acid (cover-
ing the pellet), added an equal volume of 100% 
acetonitrile, mixed carefully, and centrifuged for 
2 min at 13,000 rpm in a benchtop centrifuge. 
Finally, we transferred the supernatant with the fun-
gal protein extract into a fresh tube. Samples were 
frozen at −20°C and sent to COS for analysis in 
a MALDI Biotyper (Bruker Daltonik MALDI 
Biotyper). Samples were deposited in duplicate on 
a Polished Steel Target Plate (Bruker), coated with 
the matrix α-Cyano-4-hydroxycinnamic (HCCA) and 
analyzed with MALDI-TOF/TOF (MALDI 
ultrafleXtreme, Bruker, Germany). Spectrum identifi-
cation was performed using the real-time classifica-
tion software MALDI Biotyper (Bruker, Germany). 
Thus, for each colony sample we obtained a score 
with the following meaning according to the manu-
facturer’s recommended score identification: i) 
2.3–3.0, highly probable species identification; ii) 

Table 1. Analysis of colonies grown onto YPD + antibiotics 
plates. The table summarises the number (n) and frequency 
(%) of samples which formed colonies for a) yeasts, – with b) 
indicating the mean and the range of the number of colonies 
for the yeast positive samples – c) molds, d) bacteria, and 
e-q) identified fungal species as determined by MALDI-TOF 
per group: subjects with DS (Down Syndrome) and matched 
control individuals.

Colony analysis DS (n = 26)
Controls 

(n = 332)

a) Yeasts 14 (53.85) 85 (25.60)
b) # yeast colonies, mean (min- 

max)
67.29 

(1–477)
32.14 (1–578)

c) Molds 1 (3.85) 57 (17.17)
d) Bacteria 12 (46.15) 188 (56.62)
e) Candida albicans 8 (30.77) 63 (18.98)
f) Candida parapsilosis 4 (15.38) 2 (0.60)
g) Candida dubliniensis 4 (15.38) 5 (1.51)
h) Candida lusitaniae 1 (3.85) 1 (0.30)
i) Trichosporon spp. 1 (3.85) 0 (0)
j) Debaryomyces hansenii 0 (0) 3 (0.90)
k) Candida guilliermondii 0 (0) 6 (1.81)
l) Candida intermedia 0 (0) 2 (0.60)
m) Candida lusitaniae 0 (0) 1 (0.30)
n) Candida zeylanoides 0 (0) 1 (0.30)
o) Rhodotorula mucilaginosa 0 (0) 1 (0.30)
p) Candida glabrata 0 (0) 1 (0.30)
q) Candida spp. 0 (0) 2 (0.60)
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2.0–2.299, secure genus identification, probable spe-
cies identification; iii) 1.7–1.999, probable genus 
identification; iv) < 1.7, not reliable information. 
Samples identified with scores lower than 2.0 were 
manually re-analyzed, and its spectrum was classified 
using the Biotyper Offline Classification software. We 
considered that the results were consistent with spe-
cies identification when the best match had a score 
>2.0 and the second best match was at least >1.7 with 
at least the same genus as the first one. The rest of the 
samples were re-grown and the whole process was 
repeated. If after two more experiments with 
MALDI-TOF analysis the identification of the fungal 
species was still inconclusive, we performed ITS 
amplification and sequencing.

For ITS-Sequencing, we performed a colony PCR 
from fresh colonies (replated 12–24 h before) with 
DongSheng Biotech (DSBio) Taq mix (#2012) and 20 
pmol of each primer (ITS1: 5ʹ- 
TCCGTAGGTGAACCTGCGG-3ʹ; NL4: 5ʹ- 
GGTCCGTGTTTCAAGACGG-3ʹ) in a total volume 
of 40 μl, and the following PCR program: 5 min at 
94°C, then 30 cycles of 30 s at 94°C, 30 s at 55°C, 
1.5 min at 72°C, and a final extension of 5 min at 72° 
C. PCR products were purified with the QIAquick 
PCR Purification Kit (Qiagen), following the manu-
facturer’s instructions. Samples were eluted in 33 ul 
of elution buffer, and sent for Sanger sequencing to 
Eurofins Genomics sequencing service, following the 
SUPREMERUN recommendations. The resulting 
sequences were evaluated with the webtool Blast 
[32]. Only samples with a high score (>95%) of iden-
tity were considered as correctly identified. 
Additionally, for some samples, we were able to iden-
tify the predominant species responsible for bacterial 
growth on the YPD plates with antibiotics.

Pre-processing of 16S rRNA sequence reads and 
taxonomy assignment

Sequence reads from fastq files were filtered using the 
‘dada2’ R package (version 1.10.1) [33] to produce 
counts of amplicon sequence variants (ASVs). Low- 
quality reads were first removed by applying the 
filterAndTrim function with the following para-
meters: forward and reverse reads were trimmed to 
lengths of 275 and 230 nucleotides, respectively 
(truncLen = c(275,230)); the leading 10 nucleotides 
were trimmed in both reads (trimLeft = c(10,10)); 
reads with maximum expected errors greater than 
five in both reads were discarded (maxEE = c(5,5)); 
all other parameters used the default values. The 
remainder of the pipeline followed the suggestions 
in the tutorial from the authors of the tool ([34], 
https://benjjneb.github.io/dada2/tutorial.html). 
Taxonomy was assigned using the dada2-formatted 
database of SILVA version 132 [35]. A phylogenetic 

tree for use in UniFrac distance calculations was 
generated by following a protocol [36] that uses the 
‘DECIPHER’ (version 2.10.2) [37] and ‘phangorn’ 
(version 2.5.5) [38] R packages. After processing 
reads with the dada2 pipeline, only those samples 
with at least 5,000 reads were retained. At the end 
of this process there were a total of 1,648 samples, 
though only a portion of those were used for the 
analyses of this study, as described below in the sec-
tion ‘Statistical analyses’.

For analyses regarding the abundances of taxa, 
a centered log-ratio transformation was applied to 
the ASV counts. Zeros were first replaced with the 
‘count zero multiplicative’ method in the cmultRepl 
function from the ‘zCompositions’ R package (ver-
sion 1.3.4) [39]. Then centered log ratios were calcu-
lated using the codaSeq.clr function from the 
‘CoDaSeq’ R package (version 0.99.5) [40,41].

Diversity measures

Alpha diversity measures were calculated using the 
estimate_richness function from the ‘phyloseq’ 
R package (version 1.30.0) [42]. For beta diversity 
measures, both the weighted and unweighted 
UniFrac distances, which weight dissimilarity 
between samples by phylogenetic distances between 
taxa, were calculated using the UniFrac function from 
the ‘phyloseq’ package. The weighted UniFrac dis-
tances gives additional weight based on taxa abun-
dances. Bray-Curtis and Jaccard distances were 
calculated using the vegdist function from the 
‘vegan’ R package (version 2.5–6) [43]. As the 
Jaccard distance is based on the presence or absence 
of taxa, the decostand function, also from the ‘vegan’ 
package, was applied to the ASV counts table, using 
the method ‘pa’ for presence/absence, before the veg-
dist function was applied. The Aitchison distance was 
calculated using the aDist function from the 
‘robCompositions’ R package (version 2.2.1) [44].

Statistical analyses

When running statistical tests, we first randomly 
selected representative-matched non-DS samples as 
controls 100 times to ensure consistency in the 
results. These same 100 sub-samples were used for 
each of the relevant tests, and were matched for 
geographical location, age, and gender by the follow-
ing process. Of the 1,621 non-DS samples in the SLL2 
dataset, we removed those samples with any other 
chronic disorder, leaving 1,335 samples. The DS sam-
ples came from four autonomous communities in 
Spain (Andalucia, Catalunya, Galicia, and the 
Basque Country), so from the non-DS controls, we 
first randomly selected two times the proportion of 
DS samples from each of those locations (i.e. 2 x 3/27, 
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14/27, 1/27, and 9/27, respectively). To ensure 
a comparable age range, we determined rough age 
brackets of youth (under 20), adult (20–60), and 
senior (60 and over), and randomly selected from 
the geographically matched samples the same propor-
tions of each age group from DS samples (i.e. 12/27 
youths, 15/27 adults, 0/27 seniors). Among the DS 
samples, there were 12 females and 15 males. Thus, 
a given sub-sampling was finally rejected and rese-
lected if the proportions of males and females were 
not similar to that of DS samples (i.e. (12±2)/27 
females and (15±2)/27 males). Among all of the 100 
sub-samplings, a total of 332 samples were used as 
matched controls.

For each of these sub-samples, a number of statis-
tical tests were run with the DS and matched controls 
together. First, we performed a permutational multi-
variate analysis of variance (permanova) based on 
each of the five distance metrics mentioned above 
using the adonis function from the ‘vegan’ package. 
The model included the following fixed effects: DS/ 
non-DS, gender, age, and population of the city/town 
from which the sample came (as a generalized proxy 
of both location and lifestyle).

Then, to determine differential abundances of taxa 
and variation in other variables like alpha diversity 
and pH, we performed a linear model using the 

function lm from the base R package ‘stats’ (version 
3.6.3) [45], again using the same fixed effects as for 
the permanova test. The abundance values used for 
these tests were the centered log ratios of the ASV 
counts, as described above. The Anova function from 
the ‘car’ R package (version 3.0–7) [46] was used to 
calculate type-II anova tables, from which p-values 
were taken for each fixed effect in the model. These 
p-values were corrected for multiple testing with the 
p.adjust function from the ‘stats’ package, using the 
‘fdr’ method.

Results

Increased abundance of periodontal pathogens in 
DS

A number of genera consistently showed significant 
differences in abundance between DS and controls 
among the 100 sub-samples (Table 2, see Methods 
section for explanation of this process) and all of 
these organisms have potential implications in the 
pathogenesis of periodontitis and dental caries, as 
will be explored in the discussion section. The gen-
era found at higher abundance in DS included 
Kingella, Gemella, Cardiobacterium, Staphylococcus, 
Rothia, and Actinobacillus (Table 2, Figure 1b, 
Supplementary Figure 1). In addition, reads that 

Table 2. Significance of differentially abundant taxa and other variables between DS and matched controls. Columns indicate, in 
this order, the taxonomic level or the type of variable considered, the organism name or the variable name, the tendency of the 
difference in DS ( : higher in DS, : lower in DS, permanova results are not directional), the mean adjusted p-value of the 
statistical comparison between DS and matched controls, and the numbers of matched controls sub-samples for which the test 
is significant (out of the 100 matched control groups that were sampled from the total SLL2 dataset). Rows are ordered by mean 
adjusted p-value within each variable group.

Taxonomic level/variable Organism/variable Tendency in DS Mean adjusted p value Number of significant sub-sample tests

Genus
Kingella 8.34e-6 100
Alloprevotella 0.00165 100
Atopobium 0.014 96
Unclassified at phylum level 0.0247 87
Staphylococcus 0.0253 83
Gemella 0.039 77
Cardiobacterium 0.0397 74
Candidatus_ Saccharimonas 0.0422 70
Rothia 0.0428 70
Actinobacillus 0.0451 66

Phylum
Patescibacteria 4.72e-5 100
Bacteroidetes 0.0022 99

Fungi
Candida parapsilosis 0.0282 79
Candida dubliniensis 0.0897 2
Yeast detected (Yes/No) 0.119 18

Sialochemistry
pH 0.0109 97

Alpha diversity
Shannon diversity index 0.0411 72

Permanova (Beta diversity)
Aitchison - 0.001 100
Jaccard - 0.00101 100
Weighted UniFrac - 0.00136 100
Bray-Curtis - 0.00139 100
Unweighted UniFrac - 0.00149 100
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could not be classified at even the phylum level 
were found at greater abundance in DS. While the 
relevance of these to DS is questionable, this obser-
vation suggests that rare and perhaps understudied 
organisms were more abundant in these DS sam-
ples. On the other hand, the genera Alloprevotella 
(and its phylum Bacteroidetes), Atopobium, and 
Candidatus_Saccharimonas (and its phylum 
Patescibacteria) were found at lower abundance in 
DS (Table 2, Figure 1b, Supplementary Figure 1). 
There were no taxa from the genus to the phylum 
level that differed significantly between the 20 rela-
tives of DS individuals and the same sub-samplings 
of matched controls.

Lower pH and species diversity in DS

DS samples consistently had lower pH and lower 
alpha diversity than the matched controls, as calcu-
lated by the Shannon diversity index (Figure 1b). 
There was no significant difference in either alpha 
diversity or pH between the 20 relatives of DS indi-
viduals and the same sub-samplings of matched con-
trols. Overall microbiome composition differed 
significantly in all 100 sub-samples between DS and 
matched controls based on a permanova test on each 
of the five distance metrics mentioned in the methods 
section, each of which calculates the distance between 
given samples using different criteria (Table 2).

Opportunistic pathogenic Candida species were 
more prevalent in DS

We assessed the presence of yeast in the oral micro-
biome through a culture-based approach coupled 
with proteomics identification (Table 1, see 
Materials and methods). This information was avail-
able for 26 of the 27 DS samples, and all of the 
matched control samples. Of the 26 DS samples, 
four were positive for Candida parapsilosis, while 
just two of the 332 matched controls used in all sub- 
samples were positive for C. parapsilosis (p = 0.00082 
for multinomial log-linear model including all DS 
and matched control samples, mean adjusted 
p among 100 sub-samples = 0.0282, significant in 79 
sub-sample tests, Table 2). Candida dubliniensis was 
also found at a greater proportion in DS samples: 
four out of 26 as compared to five out of 332 matched 
controls (p = 0.00082), though this association was 
not consistently significant among 100 sub-samples 
(mean adjusted p = 0.0897, significant in two sub- 
sample tests, Table 2). Yeasts in general were also 
proportionately more prevalent among DS samples, 
found in 14 of 26 samples as compared to 85 of 332 
(p = 0.0161), though again this association was not 
consistently significant (mean adjusted p = 0.119, sig-
nificant in 18 sub-sample tests, Table 2). There was 

no significant difference in the prevalence of any 
yeast between the 20 relatives of DS individuals and 
the same sub-samplings of matched controls.

No evidence for premature aging in the oral 
microbiome of DS

Given the above-mentioned notion that the micro-
biome composition might reflect premature aging in 
DS, we looked for potential signatures of this process 
in the oral microbiome following two main 
approaches: first we assessed whether DS samples 
were more similar to those from non-DS older indi-
viduals than to those of non-DS younger individuals, 
and second, we checked whether changes across age 
were more drastic within DS samples than within 
non-DS samples. For the first approach we grouped 
all samples with no chronic disorders from the full 
SLL2 dataset, which included 1,335 samples ranging 
in subject age from 7 to 85 years old. These were 
placed into four age groups: child (under 13 years 
old), teen (13 to 19 years old), adult (20–59 years 
old), and seniors (60 years or older). We then com-
pared the overall composition of DS samples to the 
samples in each of these age groups using five differ-
ent distance metrics (Aitchison, weighted and 
unweighted UniFrac, Bray-Curtis, and Jaccard) 
(Figure 2a). Overall, we observed no apparent ‘pre-
mature aging’ effect in the DS samples in the sense 
that they would be more similar to samples from 
individuals older than themselves. Generally, DS 
samples showed the lowest difference with children, 
suggesting this is the most similar group to DS sam-
ples, while teens were typically the most distant, 
depending on the metric used. But none of the 
metrics showed that DS samples were most similar 
to either adults or seniors, which would be the 
expected result in the case of premature aging of the 
oral microbiome in DS. For the sake of clarity, in DS 
we had one child (age 7), 11 teens, and 15 adults (the 
maximum age was 33). We also did the same com-
parison including only the adult DS samples, as well 
as only the child and teen samples together, but in 
both instances the results were essentially the same as 
when including all 27 DS samples (Supplementary 
Figure 2a-b). In a similar approach, we grouped the 
non-DS samples into smaller age bins of 10 years, 
with the exception of 10–20 years old, which was 
made into two groups (10–15 and 15–20) since the 
majority of samples were teenagers of age 15–16, but 
again the same conclusions could be drawn 
(Supplementary Figure 2 c).

For the second approach, in order to determine 
whether changes in the microbiome across age were 
more extreme in DS, we looked for correlations 
between the difference in age between any pair of 
samples and the compositional distance between 
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those samples, as calculated by the Aitchison dis-
tance. In this case, a premature aging effect might 
be inferred from a stronger positive correlation in DS 
samples between age difference and compositional 
distance than that seen in non-DS controls. 
However, as with the first approach, we did not see 
evidence of this effect in the DS samples, which 
actually showed a slightly negative correlation in 
these values which was not statistically significant 
(Pearson r = −0.065, p = 0.08) (Figure 2b). We 

compared this to non-DS samples of all ages 
(n = 1,335), as well as just those matched controls 
up to a maximum age of 33 (n = 262), in order to see 
the effect on the full range of ages, and just within the 
same age range as that of the DS samples, respec-
tively. The full age range showed a statistically sig-
nificant positive correlation between age difference 
and compositional distance (Pearson r = 0.101, 
p = 0). The matched controls up to age 33 showed 
a similar trend, though with a weaker correlation 

Figure 1. Down Syndrome differs in factors affecting oral health. (a) Mean relative abundances of 15 of the most abundant 
genera in DS samples and matched controls. The remaining genera are grouped together and colored in white. (b) The two 
most significantly differentially abundant genera are shown (Kingella and Alloprevotella), as well as the salivary pH and alpha 
diversity as calculated by the Shannon diversity index.

Figure 2. Comparisons across age. (a) Distributions of distances between DS samples and non-DS samples of each age group 
based on five distance metrics. Red stars represent p-values for Kruskal-Wallis tests to compare the means of each age group 
within the comparison of a given distance metric. The representation of p-values are as follows: 0 ‘****’ 0.0001 ‘***’ 0.001 ‘**’ 
0.01 ‘*’ 0.05 ‘ ’ Not significant. (b) Scatterplot of age differences between pairs of samples vs Aitchison distance between those 
samples. Red points represent DS samples compared to other DS samples, blue points represent non-DS samples compared to 
other non-DS samples, with corresponding lines of the best fit.

8 J. R. WILLIS ET AL.



than that seen in the full age range (Pearson 
r = 0.0499, p = 4.9e-39). So, while there is evidence 
that there is a greater difference in overall composi-
tion as age difference increases between two non-DS 
samples, there is no evidence to suggest that this 
difference is more extreme in DS samples as a result 
of faster aging. In fact, this trend does not appear to 
occur at all in DS samples, though this may be the 
result of the relatively limited number of DS samples 
compared to non-DS samples. There were no differ-
ences between DS and matched control samples in 
the trajectory of abundances of any particular genus 
across age. However, there were differences for reads 
unclassified at the phylum level, which show the 
opposite trend between DS and non-DS, with 
a decrease across age in non-DS samples and an 
increase in DS samples (Supplementary Figure 3).

Discussion

Our study provides a first snapshot of the oral micro-
biome in DS and how it compares to non-DS indivi-
duals. The results indicate a significant shift in the 
overall composition of the oral microbiome between 
DS and non-DS individuals, with significantly lower 
pH and species diversity, as well as a larger presence 
of periodontal pathogens and Candida in DS. 
Although many DS symptoms relate to premature 
aging, we did not find such a signature in the com-
position of the oral microbiome.

Regarding the differences in microbiome composi-
tion between DS and non-DS individuals, the five 
distance metrics for which we ran the permanova 
test each measures the distance between samples 
using different criteria, and all five of these calcula-
tions showed statistically significant differences 
between the sample groups. The Bray-Curtis dissim-
ilarity is most heavily influenced by dominant taxa in 
the samples, while the Jaccard index is based on the 
presence or absence of taxa, and thus primarily mea-
sures differences in rare taxa. The weighted and 
unweighted UniFrac distances use similar considera-
tions to those of Bray-Curtis and Jaccard, respec-
tively, but add additional weights based on 
phylogenetic distances between taxa. The Aitchison 
distance is based on centered log-ratio values, and 
thus is robust to changes in variation of abundances 
despite potentially different relative abundances of 
taxa that result from the compositional nature of 
the data. These results indicate strong differences 
between DS and non-DS across all levels of the oral 
microbiome, from rare taxa to the most dominant.

We do not have data on the incidence of any oral 
diseases in our samples, such as periodontitis or 
dental caries, as they are a subset of a larger explora-
tory study without an initial focus on oral disease 
(SLL2 – from ‘Saca La Lengua’ in Spanish, see 

http://www.sacalalengua.org[31]). Nevertheless, our 
results do provide a platform from which to reflect 
on findings in the literature on oral health in both the 
general population and in DS. We found significant 
differences between DS and matched control samples 
in the abundances of a number of key genera of 
bacteria that are complicit in the pathogenesis of 
some oral diseases, particularly periodontitis. This 
follows with the increased incidence of periodontal 
disease in DS [15–20], which has been posited to 
result from a number of factors, including diminished 
salivary flow leading to a reduced immune response 
in the oral cavity [22,47–49], as well as difficulties in 
dental treatment [29,50,51].

However, we find a less straightforward connec-
tion to dental caries, wherein differential abundances 
of particular taxa suggest a non-caries environment, 
while the lower alpha diversity and low salivary pH 
suggest the potential occurrence of caries in DS sam-
ples. The literature has generally shown either lower 
incidence of caries in DS or no significant difference 
compared to non-DS [27,28]. This has been explained 
by the relatively late eruption of teeth in DS, micro-
dontia, more missing teeth and greater dental spacing 
[29,30]. Many of the studies that, in the context of the 
differential abundances in our data, would suggest 
a low incidence of dental caries in our DS samples, 
were conducted with samples from young children 
[52–58], and so are likely to represent early stages of 
cariogenesis. It may be that DS has a low incidence of 
dental caries because, despite typically worse oral 
hygiene, the unique dentition does not allow for 
optimal growth of many of the early plaque coloni-
zers that initiate caries, while promoting the growth 
of organisms associated with the lack of caries. 
Nonetheless, the combination of poor oral health 
with the increase in acidogenic organisms in our DS 
samples and a low alpha diversity still may suggest 
a potentially cariogenic environment in DS.

The genera Kingella and Cardiobacterium, more 
abundant in DS samples in this study, form part of 
the HACEK group (made up of Haemophilus, 
Aggregatibacter, Cardiobacterium, Eikenella, and 
Kingella), which are the primary pathogens in infec-
tive endocarditis [59]. This is a disease strongly 
linked to periodontal disease [60–62], and one 
which can also be linked to individuals with DS 
[63]. Increases in Kingella [64–67] and 
Cardiobacterium [68,69] in the oral cavity have been 
associated with the pathogenesis of periodontitis, 
regardless of their involvement in endocarditis. On 
the other hand, Kingella has been found at lower 
abundance in samples with dental caries than in 
healthy controls [52–54], though it is acidogenic 
[67], a trait which may promote caries. Thus, the 
interpretation of the connection between Kingella 
and caries in the context of DS may be a bit muddled, 
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but our data do follow the trend in the literature of 
low caries incidence in DS.

The other HACEK genera of Haemophilus, 
Aggregatibacter, and Eikenella were not differentially 
abundant in our dataset, but the genus Actinobacillus 
was more abundant in DS. This may be interesting in 
that Aggregatibacter is a relatively recently described 
genus made up of two former organisms of 
Haemophilus and the former Actinobacillus actinomy-
cetemcomitans [70], the latter of which (now labeled 
Aggregatibacter actinomycetemcomitans) is implicated 
in the pathogenesis of an aggressive form of period-
ontitis, acting to prime a site for growth of other 
periodontal pathogens [71]. Thus, while 
Aggregatibacter itself is not differentially abundant 
in these DS samples, the increase of the closely 
related Actinobacillus may represent a similar effect 
upon oral health in DS.

The literature is less certain on the roles of some 
other organisms in periodontitis. DS samples also 
showed higher abundance of the genus 
Staphylococcus. The species Staphylococcus aureus is 
of particular interest, as it has been found to be both 
associated with periodontal health [72] and period-
ontal disease [73–75]. Another study found that there 
was no difference in abundance between healthy and 
diseased sites of individuals with periodontitis, and 
suggests that Staphylococcus is not involved directly 
in the pathogenesis, but rather acts synergistically to 
promote the growth of other pathogens [76], a notion 
corroborated in another study saying that virulence 
factors of S. aureus may work to form biofilms along 
with other periodontal pathogens [77]. In addition, 
S. aureus is the world’s most prominent pathogen of 
infective endocarditis [78], a disease which may be 
linked to bacteremia resulting from dental procedures 
or even tooth brushing in individuals with poor per-
iodontal health [79–81]. The conjunction of DS with 
increased prevalence of periodontal disease and infec-
tive endocarditis illuminates the potential roles of 
Staphylococcus and the organisms of the HACEK 
group which we have seen at increased abundance 
in DS samples in this study.

Gemella and Rothia, also found at higher abun-
dances in DS here, have had similar links to these DS- 
associated health concerns, as seen with 
Staphylococcus. Both Gemella [82] and Rothia 
[83,84] have been associated with periodontal health. 
Conversely, Gemella [85] and Rothia [86] have been 
linked to periodontal disease in other studies. 
Furthermore, both Gemella [87,88] and Rothia 
[89,90] have been shown to occasionally cause endo-
carditis. One study [91] showed that the species 
Gemella sanguinis, Gemella haemolysans, and Rothia 
dentocariosa were prevalent in infected sites of indi-
viduals with chronic periodontitis. They remained 
prevalent in infected sites of individuals that did not 

respond well to treatment. G. sanguinis even 
increased in these sites, but the species 
G. haemolysans and R. dentocariosa actually increased 
in individuals that responded well to treatment (the 
species associated with therapeutic success also 
included Cardiobacterium hominis and Kingella ora-
lis, from two other genera that were higher in DS 
samples in our study) [91]. It is difficult to conclude 
from this whether these species would then be asso-
ciated with periodontal health, or if rather they were 
involved in particular stages of periodontal disease 
and, after treatment which worsened conditions for 
other organisms, were then primed to thrive in the 
now healthier host environment. For example, it has 
been posited that R. dentocariosa and K. oralis, 
among other organisms, are important for biofilm 
formation that may be used by other pathogens, due 
to the ability to form strong adhesive interactions 
[65]. R. dentocariosa has also been shown to induce 
the production of tumor necrosis factor α (TNF-α) in 
the oral cavity [92], leading to periodontal inflamma-
tion. Therefore, these species may be important in the 
initial pathogenesis of periodontitis, and then after 
a successful treatment that removes other competi-
tors that have taken advantage of their biofilms, they 
are able to prosper. Regardless, the generally poorer 
oral health in DS may create the conditions necessary 
at least for the initial stages of periodontal disease, 
allowing for increased abundances of those organisms 
we have seen in this study. The increased Rothia in 
DS here also follows the results of the literature 
regarding dental caries, which show that Rothia is 
typically associated with low caries incidence 
[56,93], potentially due in part to nitrate reduction 
and the production of enterobactin, which can reduce 
the growth of some acidogenic and cariogenic organ-
isms [94]. Gemella has been conflictingly associated 
both with dental caries [58] and with relative health 
[52]. However, due its high degree of autoaggrega-
tion, which can allow for the initiation of plaque [95], 
the species Gemella morbillorum may only be promi-
nent in the initial stages of cariogenesis.

Apart from these relatively well-studied organisms, 
there was also an increased abundance in DS samples 
of reads that could not be classified at the phylum 
level. That would suggest that there is an increase in 
some rare and/or understudied bacteria, for which 
a 16S rRNA gene sequence is not available. No con-
clusive argument can be made as to the impact or 
cause of this increase in DS samples without knowing 
what they are, but for future studies it may be worth-
while to take note of any rare organism with an 
increased presence in DS samples. In this regard, 
whole-genome shotgun studies of the oral micro-
biome in DS will be helpful.

DS samples had lower abundances of the genera 
Alloprevotella (and its phylum Bacteroidetes as 
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a whole), Atopobium, and Candidatus_Saccharimonas 
(as well as its phylum Patescibacteria). As with some 
of the other genera mentioned already, Alloprevotella 
and Atopobium have been shown in some instances 
to be associated with periodontitis [68,96,97], and in 
others to not be significantly different between peri-
odontitis and health [98,99]. Respectively, these stu-
dies showed that, while neither was different between 
periodontitis and health, subgingival Alloprevotella 
was associated with the early stages of rheumatoid 
arthritis, and Atopobium was significantly associated 
with gingival squamous cell carcinoma. However, 
Alloprevotella has been shown to be involved in 
nitrate reduction in saliva as an initial step in the 
circulation of nitrate between the saliva and digestive 
tract [57]. This nitrate/nitrite cycle is part of the host 
defense reaction against periodontal disease [100], 
since salivary glands boost the immune response as 
a reaction to periodontitis [101]. Thus, the lower 
abundance of Alloprevotella in DS samples could be 
a result of the decreased salivary flow in DS, which 
may inhibit the overall nitrate availability to organ-
isms like Alloprevotella, diminishing its ability both to 
thrive and to contribute to the host immune response 
in the pathogenesis of periodontitis. One study on the 
production of nitric oxide (NO) in the airways of 
cystic fibrosis patients, a process which also creates 
an anti-inflammatory effect, found that increasing 
dietary nitrate led to greater exhaled NO as compared 
to placebo treatments [102]. The NO is produced by 
the same pathway of nitrate reduction by oral and 
airway bacteria, so increasing the nitrate intake in DS 
individuals may help to promote the growth of 
Alloprevotella and other nitrate reducers to boost 
the immune response, though this would require 
further study in the context of DS. Both 
Alloprevotella [55–57,103] and Atopobium 
[52,56,104] have been shown to be associated with 
increased incidence of dental caries, so their low 
abundances in DS here again support the low caries 
in DS seen in the literature. The lower abundance of 
the genus Candidatus_Saccharimonas, of the fairly 
recently described Patescibacteria phylum [105], 
does not seem to show the same connection from 
the literature, as this genus [57] and its family, 
Saccharimonadaceae [106], were shown to be found 
at lower abundances in individuals with dental caries 
than in healthy controls. This is the only taxon in this 
study that, on its own, would suggest greater inci-
dence of dental caries in DS.

The alpha diversity was lower in DS samples than 
matched controls in this study, meaning the compo-
sitions of the DS samples were dominated more by 
particular organisms than those of the controls. The 
lower diversity is actually more reminiscent of the 
pathogenesis of dental caries than that of periodonti-
tis. It has been shown that alpha diversity is lower in 

severe early childhood caries [107,108] and that it 
decreases as dental caries progresses over time 
[109]. An explanation that has been posited for this 
was called the ‘ecological plaque hypothesis’ [110], 
which suggests that acidogenic bacteria lower the 
pH and the diversity is reduced as other species 
intolerant of the acidic environment are inhibited. 
Conversely, alpha diversity has been shown to be 
higher in periodontitis [111,112] and increases with 
increasing severity of the disease [113], as well as with 
particular periodontitis indicators, like periodontal 
pocket depth (PPD), bleeding on probing (BOP), 
and mean plaque index [114]. As we do not have 
data related to specific aspects of the dental health 
in the samples of this study, we can only speak to the 
trend in our data that suggests generally worse oral 
health in DS samples than in matched controls, 
whether the characteristics be reminiscent of the 
pathogenesis of periodontitis or dental caries. 
Furthermore, the low pH that was seen in DS samples 
here, is important to cariogenesis according to the 
ecological plaque hypothesis, and has also been seen 
in periodontitis [115,116]. Salivary pH has also been 
shown to be lower in DS than in non-DS [117,118].

Yeasts were generally found to be more prevalent 
in DS, consistent with earlier reports [119]. Candida 
species that most prominently differed with respect to 
matched controls were C. parapsilosis and, to a less 
significant extent, C. dubliniensis. Both of these spe-
cies are opportunistic pathogens in the oral cavity 
that have been associated with periodontitis [120–-
120–123] and dental caries [124–126]. One study, 
however, from the Basque Country in Spain, actually 
found lower levels of both C. parapsilosis and 
C. dubliniensis in periodontitis as compared to con-
trols [127]. They suggested that this may be due to 
geographical differences with the other studies, as the 
pathogenesis of some fungal infections has been 
linked to geographical location [128,129]. 
Nevertheless, location cannot explain the differences 
from that study to ours, as all of our samples came 
from Spain, and nine of the 27 came specifically from 
the Basque Country. Thus, despite the findings of 
potential geographical aetiologies for fungal infec-
tions, DS may have a stronger impact on the growth 
of these Candida species (assuming at least 
a periodontitis-like environment in our DS samples, 
for the sake of comparison, which the evidence does 
suggest). For instance, studies have found negative 
correlations between salivary flow rates and the num-
ber of Candida colony forming units (CFUs) 
[130,131], so the low salivary flow in DS may pro-
mote oral Candida growth. Oral C. dubliniensis has 
generally been associated with immunocompromised 
individuals, and the hindered immune responses in 
the oral cavity in DS have already been touched upon 
here. C. parapsilosis has been shown to be acidogenic 
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and able to induce salivary proteolysis via the produc-
tion of secreted aspartyl proteinases [132] and to 
demineralize tooth enamel [133]. Thus, the fungal 
component of our data suggests an environment sui-
table to both periodontitis and cariogenesis in DS.

Between the 20 relatives of DS individuals and the 
matched controls used with the analyses of the DS 
samples, there were no differences in either abun-
dances of particular bacterial taxa, alpha diversity, 
pH, or the prevalence of yeast species. Of these 20 
relatives, 18 were parents of DS individuals and two 
were siblings. One of the sibling pairs were of the 
ages 7 and 10 years old, and the other pair was 22 and 
28 years old. So, while we do not have information 
regarding the living situations of the participants of 
the study, we assume that most of the relatives live in 
the same households as the DS participants. Thus, the 
relevance of not finding any differences between rela-
tives and the matched controls is that we can say with 
greater confidence that the differences found in DS 
samples are related to this disorder, and are likely not 
trends that are shared within a household or due to 
particular lifestyle factors that are specific to indivi-
dual households or families.

Despite findings that have shown various effects 
of premature aging in DS [3–5], there was no such 
effect apparent from the oral microbiome in DS in 
this study. DS samples were actually most similar 
to those of non-DS children and least similar to 
those of non-DS teens. Furthermore, while non-DS 
samples showed significantly greater differences in 
overall composition as age differences between 
samples increased, the DS samples did not show 
any trend. This may have been due to a lack of 
statistical power compared to the tests in the non- 
DS samples, or may suggest that there is even an 
‘anti-aging’ effect on the oral microbiomes of DS 
individuals, in that the evolution of the composi-
tion of the oral microbiome occurs at a slower rate 
in DS than in healthy populations (though this 
claim would require more extensive analysis with 
a larger sample size and a longitudinal study 
design). A hypothesis for such a phenomenon 
might be that the oral microbiome composition in 
DS individuals is less dynamic than in non-DS 
individuals due to the limited salivary flow, unique 
dentition, and hindered immune responses in the 
oral cavity, creating a relatively static environment. 
If so, this idea may even help to explain the com-
parative lack of cariogenesis and some cariogenic 
organisms in DS, despite an apparently cariogenic 
environment. The confluence of factors may pro-
mote the formation of periodontal biofilms that can 
be maintained, but may be less favorable to the 
dental plaques that erode the hard tissues of teeth 
in dental caries.

Conclusions

This study has shown that there are significant differ-
ences in the overall composition of the oral micro-
biome between DS and non-DS individuals from 
across Spain. Differences in the abundances of parti-
cular organisms, both bacterial and fungal, follow 
what has been seen in the literature for increased 
incidence of periodontitis and decreased incidence 
of dental caries, and both of these tendencies have 
typically been seen in DS individuals. Nonetheless, 
the low pH and alpha diversity seen in DS samples 
do present a potentially cariogenic environment, but 
it may be that the unique dentition typically seen in 
DS impedes the early colonizers of dental plaques. 
Although there are various physiological signs of 
premature aging in DS, we have found no evidence 
of this phenomenon within the oral microbiome. 
There was nothing to suggest either that the oral 
microbiome in DS is more similar to older non-DS 
individuals, or that changes in the microbiome across 
age were more extreme in DS. Rather, there appears 
to be a relatively static microbial environment, poten-
tially due to the limited salivary flow, unique denti-
tion, and poor immune responses, though this 
hypothesis would require further exploration in 
a larger longitudinal study. Taken together, these 
results provide a glimpse into the distinctive oral 
microbiome in Down Syndrome and allow for 
a deeper understanding of the oral health trends 
therein.
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