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For Raquel,
As we continue to level those lifts together 

iii





“...And it didn’t stop being magic 
just because you found out how it was done”

- Terry Pratchett

This day before dawn I ascended a hill and look’d at the crowded heaven, 

And I said to my spirit 

When we become the enfolders of those orbs, and the pleasure and
knowledge of every thing in them, shall we be fill’d and satisfied then?

And my spirit said 

No, we but level that lift to pass and continue beyond.

- Walt Whitman
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Abstract

Microbiome studies have burgeoned in the last few decades, largely
thanks to the innovations in high throughput sequencing, affording
researchers the opportunity to categorize nearly the entirety of the
microbial population in a particular habitat. The oral cavity has been
shown to harbor one of the most diverse and unique segments of the
human  microbiome,  and  one  that  has  important  implications  in
health and disease, as well as various links to lifestyle habits. In this
thesis, we analyzed nearly 3000 oral rinse samples using 16S rRNA
gene  sequencing  from a  citizen  science  project  called  “Saca  La
Lengua” (“Stick Out Your Tongue” in English). The study design
allowed our team to travel to high schools and other locations all
across  Spain  to  collect  samples,  as  well  as  to  disseminate
information about the project to the public and to gather their input
on  interesting  ways  to  analyze  the  data.  Here,  we  first  describe
trends  in  the  oral  microbiome  among  youths  in  relative  health,
including  general  stable  conformations  of  its  composition  and
associations with drinking water and lifestyle. Then we focus on the
connections  between  the  oral  microbiome  and  a  few  relevant
chronic  disorders,  including Down Syndrome and cystic  fibrosis.
Finally, we display trends in abundances of specific taxa and in the
overall composition across age, we compare the relative impacts of
important  health  and  lifestyle  factors,  and  we  highlight  the
importance of shared environments in shaping the oral microbiome.
Taken together, this thesis provides some of the first snapshots of
the  oral  microbiome  across  the  Spanish  population,  revealing
significant connections with oral and systemic health, as well as a
multitude  of  lifestyle  factors,  ultimately  pointing  to  its  inherent
ecological tendencies.
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Resumen

En las últimas décadas se ha producido un aumento exponencial en
el  número  de  estudios  sobre  el  microbioma  humano.  Este  auge,
debido  en  gran  medida  a  los  avances  en  las  tecnologías  de
secuenciación  masiva,  ha  permitido  clasificar  la  mayoría  de  la
población  microbiana  de  cualquier  muestra  de  microbioma.
Estudios previos han demostrado que la cavidad oral alberga una de
las partes más diversas y características del microbioma humano,
han  vinculado  su  composición  con  hábitos  cotidianos  y  han
revelado que tiene importantes implicaciones para la salud. En esta
tesis,  hemos  analizado  casi  3.000 muestras  de  la  cavidad  oral  a
través  de  la  secuenciación  del  gen  16S ARN ribosómico,  en  un
proyecto de ciencia ciudadana titulado “Saca La Lengua.” Primero,
describimos las características generales del microbioma oral entre
los  jóvenes  sanos,  que  presentan  conformaciones  estables  en  lo
referente  a  su  composición  y  establecemos  asociaciones  con  la
calidad  del  agua  potable  y  estilo  de  vida.  En  segundo  lugar,
investigamos  las  conexiones  entre  el  microbioma  oral  y  algunas
enfermedades crónicas, tales como el Síndrome de Down y fibrosis
quística. Finalmente, examinamos cambios en las tendencias de la
composición general y de las abundancias de particulares taxones
con  la  edad,  comparamos  el  impacto  relativo  de  factores
importantes  para  la  salud  y  estilo  de  vida,  y  destacamos  la
importancia  de  entornos  compartidos  en  la  conformación  del
microbioma oral.  En resumen,  esta  tesis proporciona por primera
vez una visión global del microbioma oral de la población Española,
revela  conexiones  significativas  con  la  salud  oral  y  la  salud
sistémica, y con una multitud de factores del estilo de vida, que en
definitiva revelan tendencias ecológicas inherentes del microbioma.
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Preface

“No man is an Iland, intire of itself; every man is a peece of the
Continent, a part of the maine.” That was John Donne in 1624 and
his musings on the importance of human community and comradery
still  resonate  today.  But  this  was  40 years  before  Robert  Hooke
published  Micrographia,  the  book  of  his  observations  of  cells
through a microscope, so Donne’s anthropocentrism can perhaps be
forgiven.  Certainly I  cannot  speak against  it.  After all,  while  the
focus of this thesis is the oral microbiome, it is more accurately the
human oral microbiome. But I digress before I have begun; what I
mean to suggest is that humans are more akin to islands than Donne
could  ever  have  conceived,  physically  separated  from,  but
communicable  to  others  of  their  kind,  composed  of  a  series  of
niches  with  distinct  environmental  conditions,  each  inhabited  by
bustling  populations  of  microscopic  denizens,  who  themselves
might  quote  Donne  with  the  same  sentiment,  given  the
interconnected nature of each segment of the human microbiome,
merely swapping “man” for “microbe” and “island” for “organ” and
“continent” for “(wo)man.” The complexity and breadth of diversity
of these microbial islanders make for an attractive challenge to the
microbiomist,  and  the  humidity  and  aeration  unique  to  the  oral
cavity, as well as its primary or secondary communication to many
other microbial habitats of the human island, make this particular
site a fascinating destination. 

Studies of the microbiome in their modern form, largely based on
next  generation  sequencing  techniques,  are  relatively  new  and
burgeoning, and consensus definitions of precise terms, parameters,
and  proper  practices  are  still  sometimes  debated.  A  recent
retrospective  review  of  the  field,  which  surveyed  leading
microbiome  researchers,  attempted  to  provide  a  comprehensive
description  of the  microbiome and to fill  the gaps typical  to  the
framework of its study (Berg et al. 2020). One thing that is clear is
that,  in  addition  to  the  microorganisms  themselves,  and  their

xv

https://paperpile.com/c/WBxtvr/aOt8v


interactions  and  byproducts,  the  surrounding  environment  also
forms  an  integral  part  of  the  microbiome,  simultaneously
contributing  to  its  composition  and  being  manipulated  by  its
activities.  In  the  context  of  the  human  oral  microbiome,  the
immediate  habitat  is  the  oral  cavity,  particularly  the  mucosal
surfaces on which the microorganisms reside, like the gums or the
tongue. This environment has a set of conditions (like the climate of
any terrestrial biome), including the salivary pH or the host’s body
temperature. However, the mouth is highly vascularized (Naumova
et al. 2013) and the gateway for ingested materials and occasionally
for  respiration,  and  therefore  is  subject  to,  and  potentially
implicated in, systemic changes across the human body (Willis and
Gabaldón 2020).

In this thesis, I explore our current understanding of the symbiosis
between the oral microbiome and its human host, primarily through
the lens of a large-scale, citizen science-based project called “Saca
La  Lengua”  (Spanish  for  “stick  out  your  tongue”,
http://www.sacalalengua.org). In two separate editions (abbreviated
SLL1 and SLL2), spaced two years apart,  we went around Spain
collecting thousands of oral  rinse samples to sequence and study
their microbiomes, and this large and diverse sample set allowed us
to explore many of the factors affecting the oral microbiome, like
age,  geographical  location,  drinking  water  composition,  chronic
disorders, lifestyle, and shared environments. The results from the
studies we performed with this data together provide what we feel is
a strong foundation for moving toward an understanding of eubiosis
in the oral microbiome of the Spanish population, as well as what
may constitute dysbiosis in that group. 

But first, I begin this thesis with an overall introduction to the field
of microbiome studies, and to the oral microbiome in particular, in
Chapter 1. This chapter was published as a review in early 2020
titled “The Human Oral Microbiome in Health and Disease: From
Sequences to Ecosystems” in the journal  Microorganisms. Then I
present the four publications that came from Saca La Lengua thus
far.  The  first  from SLL1  comprises  Chapter  2,  and  focuses  on
teenagers in relative health. The latter three are based on the SLL2
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dataset,  which  included  a  wide  range  of  ages  and  a  focus  on
different  lifestyle  factors,  as  well  as  particular  chronic  disorders.
Chapter 3 presents the results regarding the subset of samples from
individuals  with Down Syndrome compared to matched controls,
and Chapter 4 does the same for cystic fibrosis. Chapter 5 is based
on the full SLL2 dataset,  with analyses of differences in the oral
microbiome across age among participants ranging from 13 to 85
years old, comparisons of chronic disorders and different lifestyle
factors,  as  well  as  the  impact  of  shared  environments  on  the
composition  of  the  oral  microbiome.  These  chapters  have  been
published  in  Microbiome (Chapter  2),  and Journal  of  Oral
Microbiology (Chapters  3 and  4),  or  have  been  submitted  for
publication  (Chapter  5).  Finally,  in  Chapter  6,  I  provide  an
overarching discussion and synthesis of the results in the context of
the  relevant  literature.  I  start  by  describing  our  field’s  current
conception  of  the  nature  of  the  oral  microbiome,  as  well  as  the
progression  of  the  methodologies  that  reveal  it  to  us,  including
within my own work. From there, I move into what we understand
as dysbiosis, how we can distinguish it from eubiosis, and whether
we can rightfully claim to recognize real eubiosis (this is clearly a
leading statement that underscores my skepticism,  but also belies
my optimism for the future of the field, which remains bright). This
leads into my Conclusions on where my work fits into the field of
microbiome studies, how I believe the field will continue to evolve
(and  the  ways  that  I  hope  it  will  evolve),  and  how  the  ever
increasing knowledge might be applied to other areas of health and
science.
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Objectives

This  thesis  aimed  to  describe  the  composition  of  the  oral
microbiome  and  the  factors  which  shape  it  in  the  Spanish
population. To that end, we defined the following objectives:

 Produce a cartography of the oral microbiome composition
in the Spanish population, with information on how it varies
according to geographical, age, lifestyle and health factors. 

 Explore  the  correlative  relationships  between  microbiome
composition  and  other  types  of  collected  data  that  may
reveal the influences of various health and lifestyle factors
on the oral microbiome.

 Evaluate  the  effects  of  additional  externally  sourced
metadata that may point to effects on the oral microbiome at
a  societal  scale,  as  opposed to  the individual  scale  which
applies  to much of the internally  collected metadata.  This
includes  information  on  the  ionic  composition  of  public
drinking water throughout Spain.

 Explore the presence of clusters of samples based on their
overall  oral  microbiome  compositions,  and  assess  their
impact  and  relevance  in  the  context  of  the  available
metadata.

 Analyze  the  differences  in  the  oral  microbiome  between
specifically targeted disease cohorts and control samples in
relative  health.  In  particular,  Down  Syndrome  and  cystic
fibrosis.

 Track the differences in the oral microbiome across a wide
range of ages, from children to senior citizens.
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Chapter 1: The human oral microbiome in health
and  disease:  from  sequences  to
ecosystems

1.1 Abstract

The  human  oral  cavity  is  home  to  an  abundant  and  diverse
microbial  community  (i.e.,  the  oral  microbiome),  whose
composition and roles in health and disease have been the focus of
intense  research  in  recent  years.  Thanks  to  developments  in
sequencing-based  approaches,  such  as  16S  ribosomal  RNA
metabarcoding,  whole metagenome shotgun sequencing,  or  meta-
transcriptomics,  we now can efficiently  explore the diversity  and
roles  of  oral  microbes,  even  if  unculturable.  Recent  sequencing-
based studies have charted oral ecosystems and how they change
due to lifestyle or disease conditions. As studies progress, there is
increasing evidence of an important role of the oral microbiome in
diverse health conditions, which are not limited to diseases of the
oral cavity. This, in turn, opens new avenues for microbiome-based
diagnostics and therapeutics that benefit from the easy accessibility
of the oral cavity for microbiome monitoring and manipulation. Yet,
many challenges remain ahead. In this review, we survey the main
sequencing-based methodologies that are currently used to explore
the oral microbiome and highlight major findings enabled by these
approaches. Finally, we discuss future prospects in the field.

Keywords:  Oral  microbiome,  next  generation  sequencing,  oral
diseases,  systemic  diseases,  stomatotypes,  microbiome
perturbations
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1.2 Introduction

Much like the various terrestrial biomes that make up the Earth, the
human microbiome is a series of distinct communities of bacteria,
fungi, viruses, archaea, protists, and other microorganisms, whose
compositions are dependent upon environmental conditions (Ursell
et al. 2012). Different sites of the human body can be seen as unique
biomes,  with  drastically  different  environments  and  nutrient
availabilities,  which  in  turn  promote  different  communities.  Yet
even within a particular body site, the microbiome composition can
be highly variable between individuals in different states of health,
with  distinct  lifestyles,  or  due  to  a  number  of  other  factors
(Integrative  HMP  (iHMP)  Research  Network  Consortium  2014).
The  focus  of  this  review  will  be  the  human  oral  microbiome,
techniques  to  approaching  its  analysis,  and  outlining  its  typical
composition as we currently know it, as well as its deviations under
atypical conditions.

The  oral  cavity  contains  one  of  the  most  diverse  and  unique
communities of microbes in the human body (Human Microbiome
Project  Consortium  2012;  K.  Li  et  al.  2012),  yet  this  niche  is
relatively  understudied  as  compared  to  the  gut—at  the  time  of
writing  this  review,  a  PubMed  search  with  “oral  microbiome”
resulted  in  746  articles,  as  compared  to  5605  with  “gut
microbiome”.  A  milliliter  of  saliva  contains  approximately  108

microbial cells (Philip D. Marsh et al. 2016), and an array of studies
have detected up to 700 distinct prokaryotic taxa (Floyd E. Dewhirst
et al. 2010), with a typical healthy microbiome comprised of a range
of about 100 to 200 distinct bacterial organisms (Paster et al. 2006).
The advent  of  next  generation  sequencing (NGS) techniques  has
opened new avenues for large-scale metagenomic studies in diverse
populations,  allowing  for  characterization  of  the  microbiome
structure and, in some cases, the functional roles and implications
for health.

The mouth as a biome is home to multiple unique habitats, each of
which has its own community of microorganisms. The microbiomes
of the saliva, tongue, buccal mucosa, teeth surfaces, gums, palate,
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both subgingival and supragingival plaque, as well as the throat and
tonsils,  have  all  been  characterized  in  multiple  studies,  showing
overall similarities but with small-scale differences, such as higher
levels  of  the  genus  Corynebacterium in  both  types  of  plaque
(Human Microbiome Project Consortium 2012; Segata et al. 2012)
or higher levels of the phylum Firmicutes in both saliva and buccal
mucosa as compared to  plaque  (Segata et  al.  2012; X. Xu et  al.
2015). While some metagenomics studies look at these individual
habitats separately, it is also not uncommon to use an oral rinse as a
sample collection method, in order to obtain a representative sample
of the overall oral microbiome (Chapter 2,  (Willis et al. 2018; H.
Wang et al. 2017; Kato et al. 2016)).

Regardless  of the particular  biome or habitat  being explored,  the
current trend in microbiome studies is largely in taking advantage of
culture-independent NGS technologies, as they continue to decrease
in both financial and computational cost, alongside the continuous
expansions of databases of microbial genetic sequences. According
to  the  expanded  Human  Oral  Microbiome  Database  (HOMD)
(Escapa et al.  2018), only 57% of the oral bacterial  species have
been  officially  named,  13%  have  been  cultivated  yet  remain
unnamed, and 30% are uncultivated. Hence, not only do the NGS
techniques make analyses relatively quick and easy, but they have
also  vastly  expanded  our  awareness  of  unculturable  and/or  rare
microbiota.

The mouth can be affected by several pathologies that have high
prevalence  among  human  populations,  including  periodontitis,
gingivitis, and dental caries, all of which have been clearly related
to alterations in the oral microbiome (see references in Table 1.1).
However, the mouth constitutes an entry point to the respiratory and
digestive  systems,  and  it  is  highly  vascularized,  resulting  in
potential  implications  of  the  oral  microbiome  in  other  systemic
diseases.  Indeed,  a  growing  number  of  studies  have  shown
associations  between  other  diseases  and  changes  in  the  oral
microbiome (Table  1.2).  This  suggests  that  oral  microbiota  may
provide  potential  biomarkers  in  the  diagnosis  of  some  systemic
diseases.
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Table 1.1:  Examples of metagenomic studies of associations between the oral
microbiome and oral diseases. The first column indicates a disease, the second
indicates  organisms that  have been found at  higher abundances  in individuals
presenting with the disease, the third indicates organisms at lower abundances,
and  the  fourth  contains  the  references  to  the  literature,  which  displays  these
findings.  (*) indicates  taxa associated with oral  cancer  from a study in which
samples were from tumor and non-tumor sites in the same patients and disease
treatment is not specified.

Disease Associated organisms
Inhibited
organisms

Reference

Periodontitis

Phyla: Spirochaetes, 
Synergistetes and 
Bacteroidetes
Classes: Clostridia, 
Negativicutes and 
Erysipelotrichia
Genera: Prevotella, 
Fusobacterium
Species: Porphyromonas 
gingivalis, Treponema 
denticola, Tannerella 
forsythia, Filifactor 
alocis, Parvimonas micra,
Aggregatibacter 
actinomycetemcomitans
Archaea: 
Methanobrevibacter 
oralis, Methanobacterium
curvum/congolense, and 
Methanosarcina mazeii

Phyla: 
Proteobacteria
Classes: Bacilli
Genera: 
Streptococcus, 
Actinomyces, 
Granulicatella

(Matarazzo  et
al.  2011;  Lepp
et  al.  2004;
Griffen  et  al.
2012;
Vartoukian,
Palmer,  and
Wade  2009;
Costalonga  and
Herzberg  2014;
B.  Liu  et  al.
2012;  Jorth  et
al.  2014;
Haubek 2010)

Dental caries

Genera: Neisseria, 
Selenomonas, 
Propionibacterium
Species: Streptococcus 
mutans, Lactobacillus spp.
Fungi: Candida albicans

Species: non-
mutans 
Streptococci, 
Corynebacteriu
m matruchotii, 
Capnocytophag
a gingivalis, 
Eubacterium 
IR009, 
Campylobacter

(Gross  et  al.
2010;  Koo  and
Bowen 2014)
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rectus, 
Lachnospirace
ae sp. C1

Oral cancer

Species: Capnocytophaga
gingivalis, Prevotella 
melaninogenica and 
Streptococcus mitis, 
Peptostreptococcus 
stomatis*, Streptococcus 
salivarius*, Streptococcus
gordonii*, Gemella 
haemolysans*, Gemella 
morbillorum*, 
Johnsonella ignava* and 
Streptococcus 
parasanguinis I*

Species: 
Granulicatella 
adiacens*

(Mager  et  al.
2005; Pushalkar
et  al.  2012;  L.
Wang  and
Ganly 2014)

Esophageal 
cancer

Species: Tannerella 
forsythia, Porphyromonas
gingivalis

Genera: 
Neisseria
Species: 
Streptococcus 
pneumoniae

(Peters,  Wu,
Pei, et al. 2017)

Table 1.2: Examples of metagenomic studies of associations between the oral
microbiome  and  systemic  diseases.  The  first  column  indicates  a  disease,  the
second  indicates  organisms  that  have  been  found  at  higher  abundances  in
individuals presenting with the disease,  the third indicates  organisms at  lower
abundances,  and the fourth contains the references to literature which displays
these findings.

Disease Associated organisms Inhibited
organisms

Reference

Colorectal 
cancer

Genera: Lactobacillus, 
Rothia
Species: Fusobacterium
nucleatum

(Kato  et  al.
2016;  Broecker
et  al.  2017;  Oh
et  al.  2016;
Wantland  et  al.
1958)

Pancreatic 
cancer

Genera: Leptotrichia 
(later in progression of 

Genera: 
Leptotrichia (at 

(Fan,
Alekseyenko,  et
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disease)
Species: 
Porphyromonas 
gingivalis and 
Aggregatibacter 
actinomycetemcomitans
(at onset of disease)

onset of disease)
Species: 
Porphyromonas 
gingivalis and 
Aggregatibacter
actinomycetemc
omitans (later in 
progression of 
disease)

al.  2018;  P.  J.
Torres  et  al.
2015)

Cystic fibrosis

Species: Streptococcus 
oralis (depends on 
environmental 
conditions), S. mitis, S. 
gordonii and S. 
sanguinis

Species: 
Streptococcus 
oralis (depends 
on 
environmental 
conditions)

(Whiley  et  al.
2015)

Cardiovascular 
disease

Species: 
Campylobacter rectus, 
Porphyromonas 
gingivalis, 
Porphyromonas 
endodontalis, 
Prevotella intermedia, 
Prevotella nigrescens, 
(oral commensals that 
were found on 
athersclerotic plaques - 
not necessarily at high 
abundance in oral 
cavity) 

(Teles and Wang
2011;  Chhibber-
Goel et al. 2016)

Rheumatoid 
arthritis

Genera: Veillonella, 
Atopobium, Prevotella, 
Leptotrichia
Species: Rothia 
mucilaginosa, Rothia 
dentocariosa, 
Lactobacillus 
salivarius, 
Cryptobacterium 
curtum

Genera: 
Haemophilus, 
Neisseria
Species: 
Porphyromonas 
gingivalis, 
Rothia aeria

(Roszyk  and
Puszczewicz
2017; Scher et al.
2012;  Xuan
Zhang  et  al.
2015;  S.  B.
Brusca,
Abramson,  and
Scher 2014)

Alzheimer’s 
disease

Phyla: Spirochaetes
Species: 
Porphyromonas 

(Dominy  et  al.
2019;  Miklossy
2016; Aguayo et
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gingivalis al. 2018)

Diabetes

Genera: 
Aggregatibacter, 
Neisseria, Gemella, 
Eikenella, 
Selenomonas, 
Actinomyces, 
Capnocytophaga, 
Fusobacterium, 
Veillonella, 
Streptococcus

Genera: 
Porphyromonas,
Filifactor, 
Eubacterium, 
Synergistetes, 
Tannerella, 
Treponema

(Casarin  et  al.
2013)

As we search for these deviations within populations, we must also
consider the caveat that our knowledge of the human microbiome
may be far from complete. Recent studies have collected data from
previously unstudied populations and found not only differences in
composition but even added many undiscovered species to public
databases  (Pasolli et al. 2019; Clemente et al. 2015), highlighting
strong  disparities  between  different  regions  of  the  world.  Most
studies have been focused on European, North American, Chinese,
or other so-called “WEIRD” populations.  This refers to Western,
educated, industrialized, rich, and democratic nations, an acronym
that was proposed originally to denote a bias in psychology studies
toward these societies, which at the time comprised about 13% of
the world’s population, yet accounted for between 60% and 90% of
subjects  in  psychology studies  (Henrich,  Heine,  and  Norenzayan
2010). This early evidence of a similar bias in microbiome studies
suggests  that  there  remains  the  possibility  of  a  much  broader
landscape  of  “healthy”  microbiomes  across  different  cultures.
Furthermore,  even  within  healthy  sample  sets  of  the  same
populations,  distinct  subgroups  can  be  elucidated  (Chapter  2,
(Willis et al. 2018; Arumugam et al. 2011; Zaura et al. 2017; De
Filippis et al. 2014; Ding and Schloss 2014; Takeshita et al. 2016)),
Therefore, in addition to a focus on understanding the causes and
effects  of  dysbiosis  in  the  microbiome,  there  must  also  be  a
continued emphasis on fully characterizing the healthy microbiome
to more reliably detect true deviations from the normal state.
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Studies  aiming  to  characterize  the  composition  of  the  oral
microbiome in diverse human populations are progressing rapidly,
as are those looking for variation according to a growing number of
parameters, particularly those related to health and disease. In this
review,  we  provide  a  general  overview  of  the  state-of-the-art
methodologies used to study the oral microbiome, and of the main
results obtained during the last decade of intense research. Finally,
we will discuss the current challenges and perspectives of this fast-
moving field. Throughout the review, we will put a focus on the
emerging roles of the oral microbiome in health and disease, and the
new opportunities for therapeutics and diagnostics.

1.3  Technical  approaches  to  study  the  oral
microbiome

The  costs  of  sequencing  DNA  have  plummeted  thanks  to  the
introduction  of  NGS  technologies,  now  allowing  scientists  to
sequence several human genomes in a single day at a price of under
$1000 per genome, a nearly one million-fold decrease from 20 years
ago  (Malla  et  al.  2018).  Similarly,  there  are  a  number  of  cost-
efficient NGS techniques that can be used today when approaching
microbiome  studies,  depending  on  what  the  researcher  hopes  to
learn (Figure 1.1). The two most widely used approaches include
whole metagenome shotgun sequencing (WMS) and 16S ribosomal
RNA amplicon sequencing, both of which involve reading the DNA
sequences of the microbes present in a sample and comparing them
to a database of sequences to establish the relative quantities of the
different  organisms  present  in  that  sample.  In  WMS sequencing
(Figure 1.1C),  the DNA is randomly fragmented multiple  times,
allowing millions of short sequences to be read in parallel, and then
they are reassembled into  full  (or partial)  genomic  sequences  by
connecting the overlapping ends (S. Anderson 1981). However, 16S
rRNA sequencing (Figure 1.1A), also known as 16S barcoding, has
been used more frequently in metagenomic studies, since it is less
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expensive,  both  experimentally  and  computationally,  permitting
larger scale study designs. The 16S rRNA gene is common to all
bacteria and archaea, and has highly conserved regions, which make
it a useful marker gene for the use of universal primer sequences to
isolate it for sequencing. Scattered amongst the conserved regions
of the gene are nine hypervariable regions (named V1 through to
V9), and it is these segments that allow the taxonomic identification
of  organisms  when  mapping  reads  to  a  database  of  known 16S
rRNA sequences (Weisburg et al. 1991).

Of  course,  even  with  the  use  of  ASVs  for  identification,  16S
sequencing still lacks significant taxonomic resolution as compared
to  WMS sequencing,  often  only  permitting  distinction  up  to  the
genus  level.  Alternatives  to  16S  sequencing  have  also  been
proposed in order to improve resolution or to avoid bias due to the
varying  number  of  copies  of  the  16S  gene  in  different  species
(Kembel  et  al.  2012) (though there are  methods  to correct  for it
(Louca, Doebeli, and Parfrey 2018)). The rpoB gene, for instance,
has the advantage of generally being single copy and having greater
variation, which allows for deeper taxonomic resolution. However,
the corresponding lack of conservation makes it less applicable as a
universal  marker  (Vos  et  al.  2012).  A  database  of  rpoB gene
sequences is available from the FROGS (Find, Rapidly, Otus with
Galaxy  Solution)  website  (Escudié  et  al.  2018).  Some  have
proposed that one or more housekeeping genes, like rpoB, should be
sequenced along with the 16S gene, since they are ubiquitous and
rapidly evolving, allowing for better taxonomic resolution than the
16S gene alone  (Ogier et al. 2019). To distinguish closely related
organisms, others have suggested  a  multilocus  sequence  analysis
(MLSA)   approach,  wherein  multiple  housekeeping  genes  from
distinct chromosomal loci are sequenced in parallel  (Martens et al.
2008).  Nevertheless,  the  16S  rRNA  gene  remains  the  current
standard for marker gene analyses of the microbiome.

11

https://paperpile.com/c/WBxtvr/ieTfS
https://paperpile.com/c/WBxtvr/lqLaH
https://paperpile.com/c/WBxtvr/lqLaH
https://paperpile.com/c/WBxtvr/C2Qkk
https://paperpile.com/c/WBxtvr/MCQ8n
https://paperpile.com/c/WBxtvr/a7t1m
https://paperpile.com/c/WBxtvr/06gv5
https://paperpile.com/c/WBxtvr/vouhl


Figure 1.1: Schematics of standard techniques used in microbiome studies. (A)
Marker gene sequencing techniques can use primers to target certain conserved
regions of a genome to capture intermittent variable regions, which can then be
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used to identify organisms in a sample rapidly and inexpensively. The 16S rRNA
gene is the most commonly used marker gene in bacteria and archaea, and in the
figure, primers are used to capture the V3 and V4 variable regions together, a
common  approach  for  16S  sequencing.  The  internal  transcribed  spacer  (ITS)
region of the nuclear rRNA cistron in fungi is made of two segments, which can
be captured with primers targeting the 18S, 5.8S, and 28S rRNA sections that
surround them. (B–D)  Instead of  targeting one small  segment  of  the genome,
these techniques capture the entirety of the genetic material from an organism.
(B) Single virus genomics (SVG) uses a fluorescent  stain to isolate individual
virus  particles  in  a  sample  by  fluorescence-activated  virus  sorting  (FAVS),
wherein they are embedded in an agarose bead before undergoing whole genome
amplification  and  sequencing.  (C)  Whole  metagenome  shotgun  sequencing
(WMS) involves the fragmentation of all DNA in a sample, sequencing of the
fragments,  and  assembly  of  the  sequences,  which  can  then  be  mapped  to
reference  genomes,  or  de  novo  assembly  can  be  performed.  (D)
Metatranscriptomics  also  involves  a  shotgun  sequencing  approach,  but  it  is
performed after mRNA extraction. The outputs then allow for differential gene
expression  analysis.  (E)  Metabolomics  and  metaproteomics  allow  for
quantification of the metabolites and proteins produced by the microbiome in a
sample, respectively. Mass spectrometry is a common approach to quantification.
Mock metabolite shapes in Figure 1.1 were generated using the JSME Molecular
Editor  by  Peter  Ertl  and  Bruno  Bienfait  licensed  under  CC-BY-NC-SA  3.0.
Images of body sites and organs in Figure 1.1 and Figure 1.2 were obtained from
Servier  Medical  Art  by  Servier  licensed  under  CC-BY 3.0.Traditionally,  16S
sequences  were  clustered  into  groups  with  at  least  97%  identity,  called
operational  taxonomic  units  (OTUs),  which  have  been  used  as  proxies  for
species-level  or,  more  commonly,  genus-level  taxonomic  identification.  A
number of software tools are available, which convert reads to sample-by-OTU
feature tables, such as QIIME (Caporaso et al. 2010) and mothur (Schloss et al.
2009).  However,  newer  approaches  are  better  able  to  control  for  amplicon
sequencing errors,  and thereby obviate the use of arbitrary identity thresholds,
allowing  for  single-nucleotide  resolution  with  amplicon  sequence  variants
(ASVs) (Benjamin J. Callahan, McMurdie, and Holmes 2017). Software options
for ASV methods include DADA2 (Benjamin J. Callahan et al. 2016) and Deblur
(Amir et al. 2017).

All  of  the  marker  gene  techniques  mentioned  are  useful  when
asking  the  question,  “What  microorganisms  are  present  in  a
sample?”, giving an overview of the microbial makeup across many
samples. However, WMS sequencing can allow for the detection of
species  or  even  strains,  in  addition  to  functional  annotations  of
microbiome  samples  (Ranjan  et  al.  2016),  which  can  only  be
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predicted based on known full genome sequences when performing
16S  sequencing.  So,  WMS  additionally  gives  insight  into  the
functional potential of the microbiome, allowing researchers to ask
the question “What can the microorganisms present actually do?”

Metagenome  studies  can  be  further  bolstered  by  the  use  of
metatranscriptomics  (Moran  2009),  metaproteomics  (Heyer  et  al.
2017),  and  metabolomics  (Fiehn  2002),  though  only  the  first  of
these  utilizes  NGS  technologies.  Metatranscriptomics  (Figure
1.1D) answers the question, “what are the microorganisms doing?”
Here, the idea is to profile the total microbial gene expression in a
sample by capturing the total messenger RNA (mRNA) content, so
this is particularly useful when exploring the functional activity of
the  microbiome  in  different  conditions,  like  disease  vs.  health,
different  diets,  or  different  times  of  the  day.  Metaproteomics
(Figure  1.1E)  is  another  approach  to  assessing  the  functional
activity of a microbiome sample, but instead of sequencing genetic
material,  the  idea  is  to  catalog  the  abundances  of  the  microbial
proteins  present  in  a  sample.  This  is  typically  done  by  protein
extraction and tandem mass spectrometry analysis (MS/MS) (Heyer
et  al.  2017).  Metabolomics  (Figure  1.1E),  on  the  other  hand,
answers the question, “what are the microorganisms producing in a
given sample?” The metabolome is the total set of small molecules
produced by the microbiome (and the host) in a sample, and can be
a strong indicator of the health or dysbiosis of a sample (Bernini et
al.  2009).  Metabolites  are  typically  quantified  by  use  of
chromatography  and detection  techniques  like  mass  spectrometry
(MS)  and  nuclear  magnetic  resonance  (NMR).  Each  of  these
techniques also has its own drawbacks, which prevent it from being
as  widely  used  as  metagenomics.  Metatranscriptomics  can  be
hindered  by  the  instability  of  mRNA  and  the  excess  of  rRNA
(though methods have been developed to counteract this  (Peano et
al. 2013)), and by the limited reference databases of transcriptomes
(Aguiar-Pulido  et  al.  2016).  Metaproteomics  suffers  from
computational limitations when querying protein databases (which,
nevertheless,  remain  incomplete),  as  well  as  a  redundancy  in
annotations due to identical peptides in homologous proteins from
different  organisms,  which  may  use  them in  different  processes,
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thereby  leaving  the  resulting  taxonomic  and  functional
quantifications  ambiguous  (Heyer  et  al.  2017).  Recent  tools,
however, claim to combat both of these issues (Easterly et al. 2019).
With metabolomics, the challenges lie in determining whether the
metabolites  are  produced  by  the  host  or  the  microbiome,  and
associating them with the relevant genes and pathways, highlighting
the need for the integration of this technique with other omics data
(Aguiar-Pulido et al. 2016).

All  of  these  tools  and  techniques  are  frequently  aimed  at
investigating the bacteriome, which makes up the most significant
portion  of  the  microbiome  but  not  its  entirety.  To  classify  the
composition  of  the  mycobiome,  the  fungal  component  of  the
microbiome, researchers often use a marker region, much like the
16S rRNA gene, called the internal transcribed spacer region of the
nuclear  ribosomal  RNA  cistron,  referred  to  as  the  ITS  region
(Figure 1.1A),  which  provides a  similar  taxonomic  resolution to
that  of  16S  sequencing  for  bacteria  (Schoch  et  al.  2012).  The
virome, the viral component of the microbiome, can be difficult to
approach since there are no conserved marker regions like in the
16S rRNA gene in bacteria or the ITS region in fungi. Thus, the full
virome must be sampled and compared to known viral sequences.
Two problems arise from this, as current viral  databases lack the
characterization of many viruses, and consequently, any new viral
sequences that do not match closely to those in current databases
would be difficult to classify (Wylie, Weinstock, and Storch 2012).
Another  challenge  for  virome  studies  is  the  relatively  low
proportion  of  viral  nucleic  acid  content  alongside  that  of  other
microbes.  However,  there  have  been  enrichment  procedures
proposed to increase the content of viral nucleic acids  (Thurber et
al.  2009).  More  recently,  a  new  approach  called  single  virus
genomics  (SVG)  has  been  proposed  (Figure  1.1B),  in  which
individual  viruses  are  isolated  via  fluorescence-activated  viral
sorting (FAVS), and genomic material is amplified and sequenced
(Allen et al. 2011).

Whatever  the  technique  being  employed,  it  is  important  that
researchers  come  to  a  consensus  on  the  exact  procedure  for
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collection and sequencing to ensure reproducibility. While some of
these referenced studies have shown that the microbiome profile of
a sample is not heavily influenced by the collection technique  (Y.
Lim et al. 2017; Fan, Peters, et al. 2018), these are focused on large-
scale  differences.  However,  as  sequencing  technologies  become
more efficient and microbiome-associated databases become more
complete,  researchers  will  continue  to  compare  samples  at  finer
scales,  so  minor  technical  variability  stemming  from  different
techniques of swabbing collection sites or using a different solution
for  oral  rinse  collections  could  potentially  impact  results.  Some
reviews of the current best practices have been published (Mallick
et  al.  2017;  Knight  et  al.  2018) and these should continue to  be
improved and built upon.

Depending on the investigator’s study goals, there is a wide variety
of  potential  approaches  to  data  analysis,  and  there  are  equally
plentiful software packages available. The phyloseq (McMurdie and
Holmes 2013) and microbiome (Leo and Shetty 2017) packages for
R offer a means to organize the data from sequencing experiments
alongside  any  metadata,  and  provide  a  collection  of  tools  and
tutorials  for  calculations  and  plotting  in  typical  microbiome
analyses. This includes functions for calculating the alpha diversity
(the relative diversity of taxa present in a sample) and beta diversity
(the relative distance between any two samples based on the overall
composition, as well as plots for various ordination methods. From
there, a bioinformatician can go in any number of directions, so here
we will  just  mention  some of  the  most  prominent  analyses.  The
vegan R package  (Jari et al. 2016) offers options for multivariate
tests like the anosim function (analysis of similarities) to determine
differences  in  microbiome  compositions  between  groups  of
samples,  and  the  adonis  function  for  permanova  (permutational
multivariate analysis of variance), which can apply linear models to
determine  sources  of  variation  amongst  samples.  Linear  mixed
effects  models  can  also  be  applied  to  determine  the  effects  on
various data  points,  like particular  taxa,  diversity  levels,  or other
metadata  variables.  Standard or generalized linear  models can be
fitted using the lm or glm functions, respectively, from the core R
package called stats (R Core Team 2020). Mixed effects models can
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also  be  used  with  the  lmer  and  glmer  functions  from  the  lme4
package  (Bates  et  al.  2015).  There  are  also  software  options
available  to  predict  the  functional  capability  of  a  microbiome
sample sequenced with a marker gene target like 16S rRNA. The
tools  PICRUSt  (phylogenetic  investigation  of  communities  by
reconstruction  of  unobserved  states)  (Langille  et  al.  2013) and
Tax4Fun (Aßhauer et al. 2015) use reference genome databases to
attempt  to  reconstruct  full  metagenomes  from  each  sample.
Machine  learning  techniques  have  also  been  implemented  to
attempt  to  predict  disease  based  on the  microbiome composition
(Y.-H. Zhou and Gallins 2019), and some investigators have made
their  code  publicly  available  (Pasolli  et  al.  2016;  Duvallet  et  al.
2017). The oral microbiome has even been used in a classifier for
colorectal cancer with some success (Flemer et al. 2018).

A recent point of contention in the field is that of the compositional
nature  of  microbiome  data  and  the  implication  for  its  analyses,
something  which  some  have  begun  to  address  from  both  an
experimental (Vandeputte et al. 2017) and a statistical (Gloor et al.
2017) perspective. Since the reads produced in an NGS experiment
are essentially  random samples  of the relative  abundances  of the
organisms  present,  this  cannot  account  for  the  implications  of
differences  in  the  total  abundances  of  organisms,  which  may be
physiologically  relevant.  Vandeputte  et  al.  described  an
experimental  technique  called  quantitative  microbiome  profiling
(QMP) (Vandeputte et al. 2017) in which the total microbial load is
determined by sampling an equal number of sequences per sample,
and  then  correcting  for  the  16S copy number  bias  and  the  total
number  of  cells  from  the  sample.  They  were  able  to  use  this
approach to reveal  erroneous results from a standard experiment,
suggesting  a  solution  for  some technical  biases  inherent  in  NGS
studies.  However,  since  most  datasets  to  date  have  not  been
sequenced with any techniques like QMP, other solutions have been
proposed to handle the typical asymmetrical datasets in microbiome
studies. Rarefaction of read counts, in which a random sample of
the  same number  of  reads  is  extracted  from each sample,  was a
common approach in earlier microbiome studies, but this practice
has been discouraged as it omits biologically relevant information
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(McMurdie  and  Holmes  2014).  Gloor  et  al.  instead  suggested
normalizing  the  data  using  a  centered  log-ratio  transformation,
which  is  minimally  affected  by  the  depth  of  reads  for  a  sample
(Gloor et al. 2017). They also provided a tutorial for the workflow
that accompanies their publication on this topic.

1.4 The oral cavity and its microbial niches

Of all the habitats within the human body for which the microbiome
is  typically  studied,  the  oral  cavity  warrants  perhaps  the  most
unique approach to study, in  that  it  contains  a number of highly
distinct  niches  formed  at  the  various  surfaces  within  the  mouth.
Changes  in  the  availability  of  oxygen,  nutrients,  and  the  pH-
mediating effect of saliva (Wilson 2009) can promote the growth of
different  organisms,  and  conversely,  these  organisms  can  be
involved  in  their  own  small  niche  construction  (Laubichler  and
Renn 2015) via biofilm formation and nutrient metabolism, which
can produce effects both within the oral cavity (Table 1.1,  Figure
1.2)  and systemically  (Table  1.2,  Figure 1.2).  Some researchers
have chosen to study all these niches in parallel to compare them
against each other  (Human Microbiome Project Consortium 2012;
Segata et al. 2012; X. Xu et al. 2015), some have selected individual
sites with particular focuses on localized dysbiosis in disease states
(van der Meulen et al. 2018; Ganesan et al. 2017; Abusleme et al.
2013;  Moutsopoulos  and Konkel  2018;  Mark Welch et  al.  2016;
Wei et al. 2019; Asakawa et al. 2018; Lu et al. 2019; Fukui et al.
2018), and others have used an oral rinse approach to capture an
overall view of the oral cavity  (Chapter 2,  (Willis et al. 2018; H.
Wang et al. 2017; Kato et al. 2016)).

18

https://paperpile.com/c/WBxtvr/qFVfi+hhWrg+Fcd0c+OYPBP+XChUb+oY4Yj+qPQGj+LPj2s+No6HU
https://paperpile.com/c/WBxtvr/qFVfi+hhWrg+Fcd0c+OYPBP+XChUb+oY4Yj+qPQGj+LPj2s+No6HU
https://paperpile.com/c/WBxtvr/qFVfi+hhWrg+Fcd0c+OYPBP+XChUb+oY4Yj+qPQGj+LPj2s+No6HU
https://paperpile.com/c/WBxtvr/iMaUw+3KHl1+aDByZ
https://paperpile.com/c/WBxtvr/iMaUw+3KHl1+aDByZ
https://paperpile.com/c/WBxtvr/KXv6w
https://paperpile.com/c/WBxtvr/KXv6w
https://paperpile.com/c/WBxtvr/kPXPk
https://paperpile.com/c/WBxtvr/hWAmC+26oFT+BycHw
https://paperpile.com/c/WBxtvr/hWAmC+26oFT+BycHw
https://paperpile.com/c/WBxtvr/NeUbF
https://paperpile.com/c/WBxtvr/CcPOy


Figure 1.2: Oral and systemic diseases associated with the oral microbiome. A
representation  of  the  associations  found  between  diseases  with  increases  or
decreases of the abundances of organisms in the oral cavity (listed in Table 1.1
and  Table 1.2).  Organisms listed in blue have been shown to be increased in
abundance in the oral cavity in individuals presenting with the noted disease, and
organisms listed in red have been shown to be decreased. Those in purple may be
either increased or decreased depending on the conditions or progression of the
disease.  Images of  body sites  and organs  in  Figure 1.1 and  Figure 1.2 were
obtained from Servier Medical Art by Servier licensed under CC-BY 3.0.

Studies focusing on specific oral niches typically aim to explore a
disease  relevant  to  that  site.  For  instance,  primary  Sjögren’s
syndrome (pSS) in the buccal mucosa was believed to be a potential
reservoir for pathogens implicit in the disease, wherein the disease
samples were shown to have higher Firmicutes/Proteobacteria ratios
as  compared  to  healthy  controls,  and  higher  abundances  of  19
genera  (van  der  Meulen  et  al.  2018).  Various  efforts  have
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characterized the changes in subgingival and supragingival plaque
related to periodontitis (Ganesan et al. 2017; Abusleme et al. 2013;
Moutsopoulos and Konkel 2018; Mark Welch et al. 2016), as well
as a study of subgingival plaque and buccal mucosa showing that
both  sites  differed  between  periodontitis  samples  and  healthy
controls, with many of the same organisms affected in both sites,
though they also displayed unique species colonization  (Wei et al.
2019). The tongue microbiome was explored in the elderly in Japan
because of a potential  connection between ingested microbes and
pneumonia,  which  found  that  samples  with  worse  dental  health
were  enriched  in  pneumonia-associated  bacteria  (Asakawa  et  al.
2018).  The  tongue  was  also  targeted  as  a  potential  segment  in
diagnostic tools that would perhaps incorporate the microbiomes of
the full gastrointestinal tract to detect pancreatic cancer  (Lu et al.
2019). The palatine tonsils were explored in HIV-infected patients
to  better  understand  the  oral  and  systemic  complications  of  the
disease,  and  it  was  shown  that  the  bacteriome  was  indeed
significantly altered in infected individuals, but the mycobiome was
not (Fukui et al. 2018).

At a broad scale, the microbial composition throughout the regions
of  the  oral  cavity  is  fairly  consistent,  making  it  easily
distinguishable from the microbiomes of other human body habitats
(Human Microbiome Project Consortium 2012; Koren et al. 2013;
Debelius  et  al.  2016;  Costello  et  al.  2009;  Vázquez-Baeza  et  al.
2017).  However,  while  the  niches  in  the  oral  cavity  are  largely
composed of the same organisms, some may be present in different
proportions. One study combining samples from 10 niches along the
digestive tract in over 200 individuals from the United States placed
these  niches  into  four  groups  based  on  the  similarity  of  overall
composition (Segata et al. 2012). One of the sites was the intestine,
represented by stool samples, which were grouped alone, while the
other  nine were in the  mouth and throat.  One of  the three other
groups consisted of buccal mucosa, keratinized gingiva, and hard
palate, another of tongue, saliva, palatine tonsils, and throat, while
the  last  group  contained  subgingival  and  supragingival  plaques.
Though all of the non-stool niches were generally dominated by the
phyla Firmicutes and Bacteroidetes, they based the groups more on
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small-scale differences. The first group was more unique than the
other two non-stool groups, and was shown to have a considerably
higher  abundances  of  the  genus  Streptococcus and  lower overall
alpha  diversity,  which  is  a  measure  of  the  relative  diversity  of
organisms present in a given sample. Group 3, containing the two
types  of  gingival  plaque,  typically  had  higher  alpha  diversity.
Comparisons  between the compositions  of these niches  and their
diversities  have  been  corroborated  in  other  studies  (Human
Microbiome Project Consortium 2012; X. Xu et al. 2015; Eren et al.
2014). The authors posit that the level of saliva flow in the mouth is
a key factor determining the composition of the microbiome at each
niche in the oral habitat because of its capacity to regulate pH and
nutrient availability, but other major factors may include the type of
surface and oxygen availability. The two plaques, for instance, form
on the non-shedding surfaces of teeth where they produce biofilms,
within which oxygen is limited, resulting in greater abundances of
obligate  anaerobic  organisms  in  the  subgingival  plaque  and  of
facultative anaerobic organisms in the supragingival plaque (Segata
et al. 2012). They suggest that one niche from each group could be
used to represent all of the niches in that group, such as using the
buccal mucosa microbiome as a proxy for both keratinized gingiva
and  hard  palate  microbiomes  (group  1  niches).  However,  as
sequencing techniques continue to improve and costs continue to
decrease, we may find more and more subtle idiosyncrasies within
each niche, due to combinations of the microenvironmental factors
just mentioned, as well as any others. So, that decision will be up to
the discretion of the researchers and the relevance to their studies.

Since these niches  tend to  have very similar  overall  microbiome
compositions  at  all  but  the  lowest  taxonomic  levels,  many
researchers choose to treat the oral cavity as an individual habitat
and analyze global compositions and processes therein (Chapter 2,
(Willis et al. 2018; Kato et al. 2016; Y. Lim et al. 2018)). A few
studies have shown that  this  is a viable  and efficient  method for
sample collection to investigate the oral microbiome (Y. Lim et al.
2017; Fan, Peters, et al.  2018), and standardized procedures have
been  proposed  (Woo  and  Lu  2019;  “XIT  Genomic  DNA  from
Buccal Cells: For Extraction of Genomic DNA from Buccal/Cheek
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Cells” 2012). Essentially, an individual would refrain from eating,
drinking,  brushing,  or  smoking  (anything  that  might  temporarily
shift the typical microbial composition) for at least 30 min prior to
collection. Then, they would swish with a buffer solution for about
30−60 s, and then spit the contents into a tube, which would later be
centrifuged and sequenced. The practical benefits of using an oral
rinse are the ease of collection,  as it is a quick and non-invasive
method to obtain oral microbial DNA from a study participant, as
well as the ease of storage and transport, since these samples can be
frozen and sequenced later without detriment to the quality of the
samples  (Fan,  Peters,  et  al.  2018;  Pramanik et  al.  2012).  This  is
advantageous for large-scale microbiome projects, as it allows for
the collection of many samples, which may take weeks or months,
that  can  later  be  sequenced  together  to  minimize  the  potential
technical bias inherent in sequencing projects, as mentioned in the
previous section.

1.5 The healthy oral microbiome and definition of
stomatotypes

The field of microbiome research is arguably still in its infancy, as
evidenced  by  the  continuing  efforts  to  expand  the  databases  on
known  microbial  genomes,  and  to  combat  the  bias  toward
“WEIRD” populations, as mentioned in the introduction (Pasolli et
al. 2019; Clemente et al. 2015; Lassalle et al. 2018). These factors
alone  make  it  difficult  to  effectively  define  what  constitutes  a
“healthy”  oral  microbiome.  However,  on  top  of  that,  the
accumulation of studies over the last decade or so have shown that,
even within particular populations, there can potentially be multiple
distinct trends of microbiome composition amongst individuals in
relative general health (Chapter 2,  (Willis et al. 2018; Zaura et al.
2017; De Filippis et al. 2014; Ding and Schloss 2014; Takeshita et
al.  2016)).  As  such,  while  we  may  be  eager  to  investigate  the
microbiome’s relationship to disease, it is vital that we also continue
to  further  define  microbiome  compositions  in  health  among
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different  populations,  and  explore  the  causes  of  shifts  within  or
between these populations.

Projects based on oral rinse samples are ideal for observing how the
microbiome of the oral habitat  as a whole is affected by external
factors. Of course, the phrase “external factors” could cover a wide
spectrum of variables, but some with clear connections to the mouth
are the water we drink and the food we eat. In a cohort of 1319
samples from healthy adolescents in Spain analyzed by 16S rRNA
sequencing, it was shown that differences in the ionic composition
of public drinking water was associated with shifts in the overall
composition  of  the  oral  microbiome  (Chapter  2,  (Willis  et  al.
2018)).  Samples  from regions  with  greater  alkalinity  and greater
levels of ions, such as sulfate (SO4) and sodium (Na), had higher
abundances of genera, such as Porphyromonas and Flavobacterium,
while regions with lower levels showed higher abundances of other
genera,  including  Veillonella,  Pseudomonas,  and  Ralstonia.
Different diets have also been shown to contribute to variations in
the  microbiome  composition,  such  as  in  the  WMS-based  study
comparing  the  oral  microbiomes  from  populations  of  hunter-
gatherers (HGs) from the Philippines, traditional farmers (TFs) from
the  Philippines,  and  Western  controls  (WCs)  from  the  Human
Microbiome Project (samples from the United States)  (Lassalle et
al.  2018).  They  showed  that  the  HG samples  had  higher  alpha-
diversity while it was lower in WC samples, and TF samples fell in
the middle. Likewise, there was a strong gradient in the abundances
of the core oral genera Neisseria and Haemophilus, with high levels
of  Neisseria and low levels  of  Haemophilus in  HG samples,  the
reverse in WC samples, and TF samples again falling in between.
The HG samples,  despite  good oral health,  also displayed higher
abundances of a number of species typically considered to be oral
pathogens associated with gingivitis  and periodontitis  by Western
standards. Functional analyses revealed an increase in vitamin B5
biosynthesis pathways in HG samples and, to a lesser extent, in TF
samples. Americans had been shown to consume greater quantities
of  foods  with  vitamin  B5,  so  the  authors  posit  that  this  lack  in
hunter-gatherer diets would select for organisms that synthesize it
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on their own. Conversely, they showed that WC samples, and to a
lesser  extent,  TF  samples  were  enriched  in  urease  activity,
particularly  from  Haemophilus spp.  This  urease  counteracts  the
drops in  pH that  occur  when bacteria  degrade sugars into acidic
compounds, so selecting for these organisms in WC samples, with
their sugar- and starch-heavy diets makes sense. The authors thus
suggest that organisms considered to be oral pathogens in Western
populations  could  indeed  be  part  of  the  healthy  microbiomes  of
different  populations  like  hunter-gatherer  societies,  and  that
pathogenic strains of these organisms would be selected based on
the nutrient availability tied to diet.

Food and water are obvious influencing factors, but any number of
other  factors  could  also  impact  the  microbiome.  A  common
approach in the early stages of the analysis of the microbiome of
any body habitat is to first look at the broad effects of such factors
by  clustering  the  samples  based  on  the  overall  microbial
composition.  The notion  of  separating  samples  into  clusters  was
discussed  in  an  early  NGS-based  study  on  the  gut  microbiome,
wherein the authors labeled the clusters “enterotypes”, implying the
presence  of  different  putative  categories  of  gut  microbial
composition  (Arumugam  et  al.  2011).  They  found  three  distinct
enterotypes,  the  separations  of  which  were  driven  largely  by
differences in the abundances of particular organisms, namely the
genera  Bacteroides,  Prevotella,  and  Ruminococcus,  and
corroborated  these  by  finding  very  similar  enterotypes  from two
separate sample sets. From this, they suggested that there may exist
some limited  number of equilibria  of  symbiotic  states  between a
human host and its microbiome, which would arise due to different
diets and lifestyles.

Many studies have since adopted this technique, and in studies of
the oral cavity,  similarly composed clusters of samples have also
emerged, dubbed “stomatotypes” in one such study, as homage to
the original term enterotype, but in reference to the mouth (Chapter
2,  (Willis  et  al.  2018)).  A  summary  of  some  of  the  genera  of
bacteria that have been found to co-occur in different stomatotypes
across studies is found in Table 1.3. There have thus been shown at
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least two strongly corroborated stomatotypes, one including higher
abundances  of  the  Proteobacteria  genera  Neisseria and
Haemophilus,  and  the  other  with  higher  abundances  of  the
Bacteroidetes  genus  Prevotella and  the  Firmicutes  genus
Veillonella.  Some  studies  have  shown  more  than  just  these  two
stomatotypes, though the consensus of compositions is more varied.
Some of the genera co-occur in different manners, depending on the
study.

Table 1.3: Consensus stomatotype-driving genera. Genera that have been shown
in  the  literature  to  strongly  drive  the  distinction  between  samples  of  oral
microbiome  datasets  by  differences  in  their  abundances.  The  stomatotype
numbers  are  arbitrarily  assigned.  The genera  are  listed in the second column,
along with notes on associations between the organisms where relevant. The third
column contains the references to the literature, which shows these stomatotype
associations.

Genus References

Stomatotype 1

Neisseria

(Willis et al. 2018; 
Zaura et al. 2017; De 
Filippis et al. 2014; 
Takeshita et al. 2016)

Haemophilus
(Willis et al. 2018; 
Zaura et al. 2017; 
Takeshita et al. 2016)

Stomatotype 2

Prevotella

(Willis et al. 2018; 
Zaura et al. 2017; De 
Filippis et al. 2014; 
Takeshita et al. 2016)

Veillonella
(Willis et al. 2018; 
Zaura et al. 2017; 
Takeshita et al. 2016)

Variable 
Stomatotypes

Streptococcus – varies 
depending on study and species

(Willis et al. 2018; 
Zaura et al. 2017; De 
Filippis et al. 2014; 
Takeshita et al. 2016)
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Gemella – co-occurs with 
Streptococcus and 
Porphyromonas

(De Filippis et al. 2014;
Takeshita et al. 2016)

Porphyromonas – may co-occur 
with Streptococcus, Gemella, or 
Neisseria

(Zaura et al. 2017; 
Takeshita et al. 2016)

Rothia – co-occurs with varying 
species of Streptococcus, 
depending on study

(De Filippis et al. 2014;
Takeshita et al. 2016)

The explicit  nature  of  stomatotypes  may be  very appealing  as  a
means of differentiating samples, but these discrepancies highlight
two major concerns. The first stems from the fragmentary nature of
our  current  understanding of  the  microbiome  due to  the  cultural
biases and technical limitations already discussed. We do not yet
have a complete picture of what may constitute the various potential
equilibria  of  microbial  abundances  that  lead  to  a  particular
stomatotype,  because  we  have  not  explored  the  healthy
microbiomes  of  many  unique  populations  across  the  world,  and
many of the studies we already have lack the resolution to explain
fine-scale distinctions between samples.  As mentioned above, the
hunter-gatherer populations from the Philippines that were sampled
were enriched in  Neisseria spp.  while  the Western controls were
enriched  in  Haemophilus spp.  (Lassalle  et  al.  2018).  This  might
suggest that samples from both populations would be clustered into
stomatotype  1  from  Table  1.3,  since  these  two genera  drive  the
equilibria of stomatotype 1, typically together but not in all studies
(De  Filippis  et  al.  2014).  Meanwhile,  Bacteroidetes  (the  phylum
containing Prevotella) and Veillonella, the drivers of stomatotype 2,
fell more in the middle of the gradient between the HG and WC
equilibria, further potential evidence that HG and WC may group
together  in  stomatotype  1.  How  could  one  reconcile  the  strong
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differences  displayed  between  these  two  populations  and  the
evidence so far presented for the compositions within stomatotypes?
This could likely be partially explained by the “WEIRD” bias in the
studies  presenting  stomatotypes—perhaps  these equilibria  emerge
in  populations  with  westernized  diets,  medical  treatments,  and
lifestyles.  However,  the  question  also  ties  into  the  second major
concern, which is the statistical relevance of separating samples into
discrete clusters. The notion of analyzing the gradients of microbial
abundances was proposed as a response to the enterotype concept
(Jeffery et al. 2012). This has led to further discussions of the merits
of  enterotypes/stomatotypes,  cautioning their  use as predictive  or
diagnostic  tools  (Knights  et  al.  2014),  and  also  suggesting
improvements  to  their  calculations  while  further  emphasizing  a
focus on the gradients of abundance (Koren et al. 2013; Costea et al.
2018). See Figure 1.3 for an example of the different gradients of
the abundances of organisms in Table 1.3, which have been shown
as  stomatotype  drivers,  and  how  they  associate  with  the
stomatotypes found in a random subset of 500 samples from an oral
microbiome dataset  (Chapter 2,  (Willis  et al.  2018)). These, and
other studies, suggest that stomatotypes are useful as a first step in
exploring underlying variation among samples, which can then be
further investigated through deeper analysis of shifts in particular
organisms. For instance, in the study of adolescents in Spain, they
drew connections to tap water composition by first observing maps
of the distributions of samples in the two stomatotypes  that they
found, which were reminiscent of maps of water hardness values
across Spain, and then later began to look at the effects on particular
organisms within their samples (Chapter 2, (Willis et al. 2018)).
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Figure 1.3: Gradients of abundances of consensus stomatotype-driving genera.
Using a random subset of 500 samples from an oral microbiome dataset (Chapter
2,  (Willis et al. 2018)), samples were clustered into two stomatotypes using the
weighted Unifrac distance measure.  Type 1 samples are represented by circles
and type 2 samples by squares.  In each box, samples are colored by the total
relative abundance of the indicated organisms. Overlaid are arrows indicating the
tendency of the abundances of each organism noted in Table 1.3. In this subset of
samples,  Neisseria and  Haemophilus strongly  associate  with  stomatotype  1
samples,  Prevotella strongly  associates  with  stomatotype  2  samples  while
Veillonella does  so  weakly.  The  “variable  stomatotype”  drivers  are  indeed
variable  in  their  associations  in  this  instance.  Streptococcus shows  a  clear
gradient but does not conform to either stomatotype. Gemella and Rothia, which
have been shown to co-occur with Streptococcus in stomatotypes in the literature,
do the same here,  with  Rothia more associated with stomatotype 1. However,
Porphyromonas, which has been shown to co-occur with Streptococcus, Gemella,
or Neisseria previously, associates with none of these here, and instead is strongly
associated with stomatotype 2.
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1.6 Non-bacterial oral microbes

Bacteria  dominate  both  the  research  about  the  human  oral
microbiome,  and the  biomass  within  the  oral  habitat,  with  fungi
estimated  to  comprise  <0.1%  (Jonathon  L.  Baker  et  al.  2017).
Nevertheless,  there  is  an  appreciable  diversity  of  fungal  species
present  in  the  oral  cavity,  including  species  from  the  genera
Candida,  Aspergillus,  Penicillium,  Schizophyllum,  Rhodotorula,
and  Gibberella (Peters, Wu, Hayes, et al. 2017). Yet, two primary
complications have limited the exploration of the mycobiome: (1)
Difficulty in identifying many fungal species and (2) confusion in
fungal  nomenclature.  Both  of  these  issues  have  begun  to  be
addressed  in  large  part  by  the  use  of  NGS  technologies.  Until
recently, the diversity within the oral mycobiome was believed to be
quite  limited,  dominated  primarily  by  a  few species  of  Candida
(Bandara,  Panduwawala,  and  Samaranayake  2019).  This  was
largely because many fungi are difficult to cultivate in a laboratory,
but advances in NGS technologies have revealed a wider array of
fungal organisms than previously expected.  One study found that
the genus Malassezia was highly prevalent in the mouth (Dupuy et
al.  2014) but  had  previously  gone  undetected  in  this  body  site
because it  has particular lipid requirements and needs specialized
culture media to grow in a lab, and it was previously believed to be
a pathogen on the skin  (Saunders, Scheynius, and Heitman 2012).
However,  even  within  metagenomic  studies,  there  may  be
complications in categorizing the true fungal diversity. For instance,
a study re-analyzing the samples in which Malassezia was detected
was not able to find this genus in any of the samples (G. Wu et al.
2015), but it is possibly because this second study did not use the
same DNA extraction protocol as the first, which included a step
that  used  beads  to  help  break  cell  walls  and  capsules.  This
highlights an inconsistency in the protocols for fungal metagenomic
studies, and the need for standardization.

Independent  of  the  technical  concerns  surrounding the  collection
and categorization of genetic material in fungal studies, there is also
some  ambiguity  in  the  classifications  of  fungi.  For  instance,
Malassezia are dimorphic, with both yeast and mycelial phases, and
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in the past had been placed in multiple genera (Dupuy et al. 2014).
The authors claim that, while the taxonomy for this particular genus
has largely been resolved, older studies may miss this information,
and this issue may also occur for other fungal organisms. Within the
last  decade,  there  was  a  push  to  end  the  system  of  dual
nomenclature, as this approach came to be seen as archaic, and a
single name classification has since begun to be adopted  (Hibbett
and Taylor 2013). As fungal taxonomy continues to be expanded,
NGS-based studies contribute greatly to the identification of new
species, both with ITS-amplicon  (Schoch et al. 2012) and shotgun
metagenomic techniques (Donovan et al. 2018).

Complications in technical approaches and in classification have led
to scarce investigations of the oral virome, but we can begin to draw
a few conclusions from some of the recent work in this area. This is
an important segment of microbiome research because not only can
eukaryotic  viruses  affect  the  health  of  a  host  directly,  but
prokaryotic  viruses  can  do  so  as  well  by  altering  the  overall
bacteriome composition  and thus  its  function  (Wylie,  Weinstock,
and Storch 2012).  A study in Spain using  single-virus  genomics
(SVG) and viral metagenomics in 15 saliva samples found 439 oral
viruses,  which  they  grouped  into  about  200  clusters  that
corresponded to genus-level  classification  (de la Cruz Peña et  al.
2018).  They  saw  that  most  viruses  were  not  consistently
predominant, and it was difficult to define a core group of salivary
viruses, and instead there were variable interpersonal compositions
in the oral virome. However, 26 of their 200 viral clusters shared
many genes, and most of these were Streptococcus phages, which is
a  reasonable  finding  since,  as  we  have  seen,  Streptococcus is
typically among the most abundant genera of oral bacteria, if not the
most abundant, in Western oral microbiomes. Another study, also in
Spain, of 72 healthy adult oral viromes had similar findings (Pérez-
Brocal and Moya 2018). They found very few ubiquitous viruses
while most were found only in individual samples, and once again
Streptococcus phages were common. However, they did suggest a
small core of oral viruses and pointed to the presence of viral cores
in  other  body  sites  seen  in  other  studies,  including  the  lung  in
healthy  samples  (Willner  et  al.  2009),  the  gut  even  after  fecal
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transplant  (Broecker  et  al.  2017),  and the  skin  (Oh et  al.  2016).
They also stress the specificity of this oral viral  core to Western
cultures, since virome research also suffers from the “WEIRD” bias
mentioned above.

Protozoa and archaea are also components of the oral microbiome,
though little has been said on either group. There do not appear to
be any NGS-based explorations of oral protozoa, but instead they
have  been  identified  by  microscopy  techniques  (Wantland  et  al.
1958; Feki et al. 1981; Chomicz et al. 2002; Cielecka et al. 2000).
However, the presence of the 16S rRNA gene in archaea has led to
the  use  of  NGS techniques  in  some studies.  All  of  the  archaeal
species  thus  far  discovered  in  the  oral  cavity  are  methanogens
(methane-producing  organisms)  of  the  phylum  Euryarchaeota
(Wade  2013).  It  has  been  shown  that  these  archaea  tend  to  be
present at higher abundances in patients suffering from periodontitis
(Matarazzo et  al.  2011;  Lepp et  al.  2004).  However,  it  has been
suggested that there may be more archaeal diversity that has as yet
gone  undetected,  either  because  conventional  methods  have
precluded the detection of other archaea, because they occur at low
prevalence and abundance, or because of a lack of diversity in the
populations  sampled  (Horz 2015).  Each of  these  issues  could  be
addressed with further  explorations  of  NGS-based studies among
diverse populations.

1.7 Oral microbiome and oral diseases

The plant ecologist Robert Harding Whittaker, in defining terrestrial
biomes  in  the  1970s,  discussed  gradients  of  environmental
conditions ranging from favorable to extreme. He showed that both
alpha  and  beta  diversities  decrease  as  biome  conditions  become
more  extreme  (Whittaker  and  Others  1975).  A  parallel  to  this
generalization has been seen with microbiome studies over the last
decade  if  we  consider  that  disease  states  equate  to  “extreme”
environmental conditions within certain body sites. This frequently
causes low alpha diversity (fewer distinct organisms), which leads
to low beta diversity (uniqueness of an individual sample’s overall
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composition)  as  certain  organisms  become  better  equipped  to
dominate  their  habitat.  Common diseases  of  the  oral  cavity,  like
periodontitis  and dental  caries,  provide  explicit  examples  of  this
phenomenon, wherein the microbiome composition is strongly tied
to the disease state. However, at this stage in the development of the
microbiome  field,  it  is  not  always  clear  whether  changes  in
microbial compositions lead to disease, or vice versa. Nevertheless,
it  is  certainly  worth  discussing  the  associations  that  have  been
observed to begin to postulate microbiome-related mechanisms of
disease origin or progression.

The  species  of  the  “red  complex”  (Porphyromonas  gingivalis,
Treponema denticola,  and  Tannerella  forsythia)  have  historically
been  seen  as  the  primary  infective  organisms  implicated  in
periodontitis (S. S. Socransky et al. 1998), but this was determined
by culture-based studies, which thus missed much of the bacterial
diversity present in samples. NGS techniques have since revealed
other organisms that are also associated with periodontitis (Table
1.1,  Figure 1.2), such as the classes Clostridia, Negativicutes, and
Erysipelotrichia  (Griffen  et  al.  2012);  the  genera  Synergistes
(Vartoukian,  Palmer,  and  Wade  2009),  Prevotella,  and
Fusobacterium (Costalonga  and Herzberg  2014);  and the  species
Filifactor alocis (Griffen et al. 2012); as well as the archaeal species
Methanobrevibacter oralis, Methanobacterium curvum/congolense,
and  Methanosarcina  mazeii (Matarazzo  et  al.  2011;  Lepp  et  al.
2004). Conversely, some organisms are associated with periodontal
health, including the phylum Proteobacteria and the Firmicutes class
Bacilli  (Griffen  et  al.  2012),  and  the  genera  Streptococcus,
Actinomyces, and Granulicatella (B. Liu et al. 2012).

Clearly, there are many organisms associated in one way or another
with periodontitis, but that raises the question of which may actually
be  causative  agents,  and  which  are  merely  impacted  by
environmental  alterations  in  the  disease  state.  One  study  that
employed metatranscriptomics techniques compared the expression
profiles  of  160,000  genes  and  showed  conserved  differences  in
metabolism,  despite  variation  in  microbiome  composition,
suggesting that, in a disease state, the organisms present in a sample
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perform similar functions, even if species differ between samples
(Jorth et al.  2014). This notion could be corroborated by another
study, which proposed that methanogenic archaeal species develop
syntrophic relationships by acting as “hydrogen sinks”, allowing for
increased growth of pathogenic secondary fermenters. Members of
the genus Treponema have a similar hydrogen-consuming activity,
perhaps explaining their involvement in the “red complex”. Indeed,
this study showed that abundances of Treponema and methanogenic
archaea  anti-correlated,  suggesting  that  they  may  fill  the  same
functional niche (Lepp et al. 2004).

In dental caries, alpha diversity has been shown to diminish as the
disease progresses and the species  Streptococcus mutans has been
found at high levels at early stages of caries development but not at
later stages while other species of Streptococcus are associated with
dental health (Gross et al. 2010). It has been suggested that, while S.
mutans is  acidogenic  and  this  may  contribute  to  initial  caries
formation,  other  oral  taxa  are  also  acidogenic.  The  significant
virulent factor in this situation is its ability to metabolize sucrose
from a host’s diet into extracellular polysaccharides (EPS), which
are necessary to produce cariogenic biofilms. Furthermore, adhesion
between S. mutans and Candida albicans is promoted in this setting,
with C. albicans providing additional acidogenesis (Koo and Bowen
2014).

Connections  between the microbiome and cancer  have also been
explored  recently.  A number  of  species  found in  the  oral  cavity
have been associated with oral cancer, including  Capnocytophaga
gingivalis,  Prevotella  melaninogenica,  and  Streptococcus  mitis
(Mager et al. 2005).  Table 1.1 lists a number of species that have
been described as having associations with oral cancer, though there
is the caveat that the samples in one of these studies were taken
from tumor and non-tumor sites in the same patient, and thus the
composition at both sites may in fact be affected by the disease, and
it  is  unclear  exactly  what,  if  any,  cancer-related  treatment  the
patients  have  undergone  (Pushalkar  et  al.  2012).  Unfortunately,
there do not appear to be many studies exploring this connection
with modern techniques, nor is there much consensus among such
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studies  on  the  microbiome  composition  in  the  presence  of  oral
cancer,  but  there  are  a  number  of  hypotheses  on  the  potential
cancer-promoting action of microbiota. It has been suggested that
some  of  the  normal  oral  bacteria,  including  Streptococcus
salivarius,  Streptococcus intermedius, and Streptococcus mitis, can
convert ethanol to the carcinogen acetaldehyde (L. Wang and Ganly
2014;  Kurkivuori  et  al.  2007) or  upregulate  cytokines  and other
proinflammatory  molecules,  leading  to  chronic  inflammation  that
may  be  involved  in  carcinogenesis  (Meurman  2010),  and  that
bacterial toxins may also affect cell signaling pathways or damage
DNA (Lax 2005).

Esophageal cancer has also been explored, with associations seen
with  the  periodontal  pathogens  Tannerella  forsythia and
Porphyromonas gingivalis (members of the “red complex”) (Peters,
Wu, Pei, et al. 2017). The study showed that the genus  Neisseria
was  linked  to  a  lower  risk  of  esophageal  cancer,  as  was  the
carotenoid biosynthesis pathway, to which a number of  Neisseria
species can potentially contribute.

1.8 Oral microbiome and non-oral diseases

The  microbiome  of  the  oral  cavity  is  by  no  means  an  isolated
biome,  but  it  is  instead  part  of  a  highly  interconnected  series  of
microbiomes  across  the  human  body,  forming  a  sort  of  micro-
biosphere. As the entry point of nearly all ingested material, and due
to  its  high  vascularity,  the  oral  cavity  has  ample  opportunity  to
influence activity at other body sites. So, it is no surprise that, in
addition to diseases of the oral cavity, the oral microbiome has been
implicated in a number of systemic diseases.

The mouth  is  a  direct  route  to  both  the  lungs  and  the  digestive
system, so an association between oral taxa and disorders like cystic
fibrosis (CF) (Whiley et al. 2015) or colorectal cancer (CRC) (Kato
et al. 2016; McCoy et al. 2013; Castellarin et al. 2012; Kostic et al.
2012) can  perhaps  be  expected,  given  what  we  have  already
discussed.  The  pathogenicity  of  Pseudomonas  aeruginosa,  the
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primary agent in biofilm formation in the lungs of CF patients, can
be inhibited by oral commensal streptococcal species, particularly
Streptococcus oralis, through the production of hydrogen peroxide,
which can disrupt biofilm production, but this was only observed if
these streptococci were primary colonizers before the introduction
of P. aeruginosa. However, in a typical CF lung environment, these
streptococcal  species  actually  stimulate  the  production  of  P.
aeruginosa virulence  factors,  including  elastase  and  pyocyanin
(Whiley et al. 2015).

Dysbiosis  in  the  oral  cavity  resulting  in  periodontitis  has  been
linked  with  oral,  esophageal,  gastric,  lung,  pancreatic,  prostate,
hematologic,  and  breast  cancers  (Fitzpatrick  and  Katz  2010;
Michaud  et  al.  2017),  amongst  others.  Hypotheses  for  these
connections  include:  Production  of  carcinogenic  molecules  like
nitrosamines  by  nitrate-reducing  taxa  (Abnet  et  al.  2005) or
acetaldehyde  by  ethanol-metabolizing  taxa  (L.  Wang  and  Ganly
2014; Kurkivuori et al. 2007), increased abundance of cancer-linked
viruses like cytomegalovirus and Epstein–Barr virus (Chalabi et al.
2008;  Slots,  Sugar,  and  Kamma  2002),  and,  perhaps  most
prominently,  increased  proinflammatory  markers  stemming  from
immune reactions to periodontal disease like cytokines  (Meurman
2010) and  the  receptor  for  advanced  glycation  end  products
(RAGE) (Tateno et al. 2009).

Multiple studies have linked  Fusobacterium nucleatum with CRC
(McCoy et al. 2013; Castellarin et al. 2012; Kostic et al. 2012), as
this  is  an  oral  commensal  species  that  is  highly  invasive  and
adherent (Y. W. Han et al. 2000) and appears in adenoma samples
of  CRC patients.  In  adenoma cases,  it  was  correlated  with local
inflammation, TNF-α, and IL-10 (McCoy et al. 2013). However, a
recent  NGS-based  study  found  no  association  between
Fusobacterium and  CRC,  but  instead  saw  associations  with  the
genera  Lactobacillus and  Rothia (Kato  et  al.  2016).  The authors
suggest  that  the  results  of  some  other  studies  may  actually  be
confounded by smoking, which has been shown to associate with F.
nucleatum abundance in the mouth as well  (Sergio Bizzarro et al.
2013; J-H Moon, Lee, and Lee 2015). They also posit that, while
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Lactobacillus has been suggested as a probiotic when present in the
gut microbiome  (Dassi et  al.  2018; Saxelin 2008), as seen in the
previous  section  (see  Table  1.1,  Figure  1.2),  this  genus  is
associated  with  dental  caries  in  the  oral  microbiome.  Thus,
Lactobacillus may  not  have  a  direct  impact  on  colorectal
carcinogenesis, but it could perhaps be an ancillary indicator of poor
oral health, which we have seen is strongly linked to cancer.

Another  study  showed  higher  abundances  of  Porphyromonas
gingivalis and  Aggregatibacter  actinomycetemcomitans in
pancreatic cancer samples (Fan, Alekseyenko, et al. 2018), both of
which  are  keystone  pathogens  in  periodontitis  (Costalonga  and
Herzberg  2014;  Haubek  2010).  As  supporting  evidence,  they
referenced a study that found that risk for pancreatic  cancer was
significantly increased in the presence of elevated serum antibodies
to  P. gingivalis (Michaud et  al.  2013),  and another  showing that
both P. gingivalis and A. actinomycetemcomitans have the potential
to  initiate  Toll-like  receptor  (TLR)  pathways,  which  has  been
shown to be a driver of pancreatic carcinogenesis (Zambirinis et al.
2015). However, another study seems to contradict the first, finding
a greater abundance of  Leptotrichia in pancreatic  cancer samples
compared  to  healthy  controls,  and  lower  abundance  of
Porphyromonas,  as  well  as  lower  abundance  of  Aggregatibacter
(though the latter was not statistically significant) (P. J. Torres et al.
2015).  They  suggest  that  a  high  ratio  of  Leptotrichia to
Porphyromonas (LP ratio) is a biomarker for pancreatic cancer. In
fact, they were able to reclassify one patient that was originally a
healthy control but diagnosed with an unknown digestive disease.
The individual’s high LP ratio prompted a re-evaluation that led to
diagnosis of pancreatic cancer in that patient.

Combining the evidence  presented in  both studies may lead to  a
solution  for  the  incongruous  findings.  Both  reference  the  link
between P. gingivalis antibodies and pancreatic cancer, so this may
be due to the high abundance of this species prior to onset of the
disease,  leading to  antibody production and eventual  diminishing
abundances.  High  initial  P.  gingivalis abundance  would  then
potentially be linked to periodontal disease, which may then lead to
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various cancers as a result of systemic inflammation or any of the
other  mechanisms  discussed  here.  Competition  between
Leptotrichia and  Porphyromonas would  explain  their  anti-
correlation, so that as antibodies reduce the abundance of oral  P.
gingivalis, Leptotrichia is able to thrive. In fact, in the second study,
some of the pancreatic cancer samples had low LP ratios, on par
with non-pancreatic cancer LP ratios, so these may then have been
early stage cases. This situation highlights a need for a greater focus
on  the  temporal  dynamics  of  the  microbiome  in  these  kinds  of
association studies to discover important factors across the onset,
progression, and maintenance of disease states.

Some other systemic disorders are linked with periodontitis as well,
like cardiovascular disease/atherosclerosis  (Teles and Wang 2011;
Chhibber-Goel et al. 2016). One study following over 3000 subjects
for a 16-year period found that periodontitis with the loss of molars
was linked with breast cancer (among other types), and premature
death due to cancer and cardiovascular or gastrointestinal diseases
(Söder  et  al.  2007).  As  with  the  cancers  that  are  linked  to
periodontitis,  the resulting increase in systemic inflammation is a
primary explanation for the link with cardiovascular disease (Ali et
al. 2011). This is largely due to the invasive nature of some of the
associated taxa, like P. gingivalis, which also promotes invasiveness
into host epithelial  cells  in species like  Prevotella  intermedia,  an
otherwise commensal oral species (Rangé et al. 2014). The proteins
secreted by these organisms are implicated in their pathogenicity,
such  as  gingipains  from  P.  gingivalis,  which  aid  in  its  biofilm
formation  during  periodontitis  (Haraguchi  et  al.  2014),  and
subsequently  activate  cytokine  production  (Jayaprakash,  Khalaf,
and  Bengtsson  2014).  Studies  linking  periodontitis  and
atherosclerosis  have relied on findings of oral bacteria colonizing
atherosclerotic plaques (Teles and Wang 2011; Chhibber-Goel et al.
2016) rather than on abundances of taxa in the oral cavity (Table
1.2,  Figure 1.2). Although there appear to be fewer studies using
NGS techniques of oral cavity samples to determine the associations
between  the  oral  microbiome  composition  and  cardiovascular
disease, the potential mechanisms of action by oral taxa make this
another attractive area for investigation.
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Rheumatoid  arthritis  (RA)  has  often  been  connected  with
periodontitis  (Roszyk and Puszczewicz 2017; Dissick et al. 2010),
once again implicating P. gingivalis, in this case for its production
of gingipains and peptidylarginine deiminase, which enable protein
citrullination, an important trigger for RA. However, recently it was
shown that this direct connection may be erroneous  (Konig et al.
2015).  In  fact,  studies  of  RA  using  16S  sequencing  and  whole
metagenome  shotgun  sequencing,  respectively,  found  that  P.
gingivalis was either not associated with RA (Scher et al. 2012) or
actually more abundant in healthy controls compared to RA samples
(Xuan Zhang et al. 2015) while different organisms were associated
with the disease (Table 1.2,  Figure 1.2).  This demonstrates how
NGS studies  can  allow  researchers  to  determine  the  veracity  of
previously  held  beliefs  and  potentially  open  new  pathways  for
investigation.

Neurological  disorders  have  also  been  associated  with  the  oral
microbiome. Perhaps the most complete study in this regard is the
association of P. gingivalis with Alzheimer’s disease (Dominy et al.
2019). The authors of this study not only identified this bacterium in
the brains of Alzheimer’s patients at levels that correlated with tau
and  ubiquitin  aggregates  (a  hallmark  of  the  disease),  but  also
showed  that  P.  gingivalis infection  in  mice  resulted  in  brain
colonization  and  increased  the  production  of  components  of
amyloid  plaques.  They  went  on  to  show  that  the  gingipains
proteases produced by  P. gingivalis are neurotoxic and inhibit tau
function.  This  suggests  a  direct  connection  between  baring
colonization  of  P.  gingivalis and  the  origin  or  progression  of
Alzheimer’s  disease  and  also  suggests  that  gingipain  inhibitors
could be used to treat neurodegeneration in this disease. It has also
been shown that typical  oral  species of the phylum Spirochaetes,
including multiple species of the genus Treponema, often make up
amyloid plaques, and that these organisms are capable of producing
additional  amyloid-β  and  amyloid-β  protein  precursor  (Miklossy
2016).

Dysbiosis of the oral microbiome is also implicated in disorders of
the  endocrine  system.  In  this  case,  periodontitis  appears  to  be  a
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potential  result of diabetes,  as opposed to a potential  cause as in
most of the diseases discussed above. In one longitudinal study, the
prevalence of periodontitis was 60% in subjects with diabetes and
36% in  subjects  without  diabetes  (Mealey,  Oates,  and American
Academy  of  Periodontology  2006).  Some  of  the  proposed
mechanisms  of  the  influence  of  diabetes  on  periodontal  health
include  microangiopathy  or  alterations  in  the  inflammatory
response,  collagen  metabolism,  or  the  glucose  concentrations  in
gingival crevicular fluid  (G. W. Taylor 2001). Nevertheless, it has
been proposed that periodontitis can also compound the effects of
diabetes by upregulating the production of inflammatory factors like
TNF-α,  which  can  act  as  insulin  antagonists  (Scannapieco,
Dasanayake,  and  Chhun  2010).  Surprisingly,  one  NGS  study
showed that subjects with diabetes actually had lower abundances
of the typical “red complex” species seen in periodontitis infections,
Porphyromonas  gingivalis,  Tannerella  forsythia, and  Treponema
denticola (Casarin  et  al.  2013).  The  authors  note  that  potential
confounders in their study include a higher mean plaque index and
greater  age  in  the  subjects  with  diabetes.  However,  it  is  also
possible that any of the proposed mechanisms of diabetic influence
on  periodontal  health  could  result  in  a  variation  of  the  typical
dysbiotic  composition  in  periodontitis,  or  that  the  samples  were
collected at a stage in the progression of the disease in which the
common pathogens are found at lower abundances. In either case,
this  presents  another  interesting  opportunity  for  larger  scale
longitudinal  studies,  to  discover  potential  alternative  pathways to
periodontal  disease,  and  thus  a  greater  comprehension  of  its
mechanisms and potential treatments or preventative measures.

1.9 Clinical  potentials  of  the oral  microbiome /
Manipulations  and  perturbations  of  the  oral
microbiome

We  have  demonstrated  here  a  few  key  examples  of  the  wide-
ranging action of the oral microbiome upon the human body. This
opens vast possibilities for diagnosis and intervention, only some of
which have begun to be explored, or even conceptualized. To fully
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leverage  this  potential,  we  will  need  to  continue  to  probe  the
compositions and actions of oral microbiomes, both at small-scale
interactions within individuals in different states of health, as well
as  at  broad  scales  among  different  populations.  The  oral
microbiome has already shown potential as a diagnostic tool. One
machine  learning-based  study,  which  collected  2424  publicly
available  metagenomes  from  eight  studies,  showed  that  the
performance  of  disease  predictions  was  improved  when  using
strain-level  features  (not  feasible  with  16S  sequencing),  and
suggested  that  disease  phenotypes  are  linked  to  “non-core”
microbial  genes/factors  which may be found in variable genomic
regions that are specific to strains/subspecies  (Pasolli et al. 2016).
However,  they  caution  the  use of  some potential  biomarkers  for
diagnosing disease,  such as  the  species  Streptococcus  anginosus,
which  actually  associates  with  general  dysbiosis  rather  than  a
particular disease. The authors still consider this work to be an early
stage of modeling the healthy microbiome, so that it can be used to
contrast states of dysbiosis associated with disease. Another attempt
at using oral microbial abundances as biomarkers has shown some
preliminary  success  in  the  early  detection  of  colorectal  cancer
(CRC) lesions (Flemer et al. 2018). The fecal immune test (FIT) and
the  fecal  occult  blood  test  (FOBT)  are  typical  non-invasive
screening procedures used to detect CRC, but they suffer from poor
sensitivity  in  detecting  early  lesions.  The  authors  showed  that  a
classification  model  based on oral  microbiome samples  had high
specificity  and  greater  sensitivity  than  standard  tests  in
distinguishing CRC and polyp samples from healthy controls, with
a  further  increase  in  sensitivity  when  combining  with  fecal
microbiome  samples.  Thus,  with  further  verification  studies,  the
microbiome  could  be  implemented  to  improve  the  rate  of  early
detection of CRC.

In addition to a biomarker, the oral microbiome can be both a tool
and  a  target  for  treating  diseases.  Commercially  available
probiotics, which contain live strains from bacterial genera, such as
Bifidobacterium,  Lactobacillus,  and  Streptococcus,  have  been
shown to promote greater alpha diversity in the oral microbiome,
though without making large-scale or permanent alterations to its
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composition  (Dassi  et  al.  2018).  As  mentioned  in  the  previous
section,  Lactobacillus in  particular  is  a  common  and  effective
probiotic  in  the  context  of  the  gut  microbiome,  but  it  has  been
associated with dental caries, and indirectly with CRC. However, it
is also possible that this effect is dependent upon the environmental
context,  as  discussed  above  in  the  case  of  Streptococcus  oralis
during  cystic  fibrosis  infection  or  Leptotrichia during  pancreatic
cancer.  Thus,  Lactobacillus without  environmental  conditions
suitable for dental caries may instead help to promote greater alpha
diversity and better oral health. This is another case of preliminary
results  with  interesting  potential  that  require  deeper  longitudinal
study.

Mechanisms have been proposed for the beneficial impact of other
potential  probiotics  as  well,  to  counteract  the  progression  of
periodontal  disease and caries,  including strains  of  Streptococcus
salivarius,  which  has  been shown to  downregulate  inflammatory
responses and to stimulate  beneficial  pathways like type I and II
interferon  responses  (Devine,  Marsh,  and  Meade  2015).  Other
potential probiotics for this use are Streptococcus dentisani (López-
López  et  al.  2017) and  Streptococcus A12  (Huang  et  al.  2016),
which can buffer the acidic pH produced within cariogenic biofilms
through  arginine  metabolism.  The  Proteobacteria  species
Bdellovibrio  bacteriovorus has  been  suggested  as  a  tool  for
potentially targeting periodontal pathogens (Loozen et al. 2015). It
feeds  on  Gram-negative  bacteria  by  invading  them,  eventually
leading  to  lysis  of  its  prey.  Ex  vivo  experiments  on  saliva  and
subgingival plaque showed that B. bacteriovorus was able to attack
two  important  oral  pathogens,  Fusobacterium  nucleatum and
Aggregatibacter  actinomycetemcomitans,  though not certain  other
desired targets, nor was it specific only to these targets.

Pathways and products  of oral  microbiota  may also be treatment
targets. The proinflammatory cytokine IL-17 was shown to be the
most strongly upregulated in diabetic subjects and was associated
with periodontitis  while  treatment  with anti-IL-17 antibodies  was
able to mitigate  this  effect  (E.  Xiao et  al.  2017).  In Alzheimer’s
disease,  inhibitors  of  the  gingipains  proteases  secreted  by
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Porphyromonas  gingivalis were  able  to  reduce  infection  by  this
species  in  the  brain  as  well  as  amyloid-β  production  and
neuroinflammation (Dominy et al. 2019).

There  is  still  a  lot  to  learn  about  the  functionality  of  the  oral
microbiome, and its potential reaction to treatments. One instance
stems from the “WEIRD” bias that has left  many of the world’s
populations  out  of  this  area  of  investigation.  A  study  of
“uncontacted” Amerindians in the Venezuelan Amazon, an isolated
community  with  no  known  exposure  to  antibiotics,  had  bacteria
carrying functional antibiotic resistance (AR) genes (Clemente et al.
2015).  The authors  suggest  that  “AR genes  are  likely  poised for
mobilization  and  enrichment  upon  exposure  to  pharmacological
levels  of  antibiotics”.  The  authors  emphasize  the  need  for
characterizing remote populations “before globalization of modern
practices  affects  potentially  beneficial  bacteria  harbored  in  the
human  body”.  Thus,  the  context  of  microbiome  studies  must
continue to be expanded before we can find the optimal approaches
to treatment.

1.10 Conclusions and future outlook

Improvements  in  sequencing  techniques  and  costs  continue  to
propel  the  field  of  microbiome  research  forward,  allowing  for
larger-scale approaches and wider understanding of its structure and
function. However, over the last decade or so, much of the research
has been exploratory and many investigators have taken their own
approaches to perform experiments and analyses as the potentials
and the limitations of these new techniques have been probed. Some
amount of technical bias has undoubtedly permeated the results in
this  field  as  a  result.  As  we  begin  to  understand  what  NGS
experiments  show us,  and as  new approaches  are  developed,  we
must strive for standardized methods that will allow for reliable data
comparison with minimal bias. The same is true for study designs
and sample collection methods, as has been proposed (Woo and Lu
2019). The oral microbiome will benefit especially from concrete
methodologies  to  ensure  the  proper  context  for  a  given  study,

42

https://paperpile.com/c/WBxtvr/nyWh0
https://paperpile.com/c/WBxtvr/nyWh0
https://paperpile.com/c/WBxtvr/qzWNU
https://paperpile.com/c/WBxtvr/qzWNU
https://paperpile.com/c/WBxtvr/RrYQz


because, depending on the goal of study, results may be dependent
on particular niches within this habitat.

Current evidence allows for at least some tentative generalizations
about the structure of the oral microbiome. Despite the arguments
for  the  focus  on  gradients  of  abundances  across  samples  of  a
population  and  against  the  reliance  on  stomatotypes  (or  other
relevantly  termed  clusters  of  microbiome  samples),  stomatotypes
allow for researchers  to  obtain a broad perspective  and can help
guide further analyses. The Neisseria/Haemophilus and Prevotella/
Veillonella stomatotypes discussed above may represent relatively
healthy compositions while the other stomatotypes that have been
detected, which tend to be less consistent in terms of composition,
may  represent  dysbiosis.  The  driver  genera  of  the  first  two
stomatotypes often appear to be associated with health while driver
genera  in  other  described stomatotypes  are  often  associated  with
disease,  like  Porphyromonas,  Rothia,  and  certain  species  of
Streptococcus.  Of  course,  there  are  exceptions,  such  as  the
associations  that  have  been  reported  between  periodontitis  and
Prevotella (Costalonga  and  Herzberg  2014) or  between  dental
caries  and  Neisseria (Gross  et  al.  2010),  though  to  qualify  that
statement,  as  mentioned  above,  there  may  be  alterations  in  the
abundances of many taxa as a result of the disease state, not as a
cause of the disease. So, as in the case of Prevotella in periodontitis
or  Neisseria in  dental  caries,  these  taxa  may  simply  become
opportunistic in the environment created by the disease (Neisseria
may simply be taking advantage of the “hydrogen sink” created by
archaeal methanogens and/or  Treponema species, since its species
tend to be acidogenic  (Knapp 1988)), and therefore could still  be
considered to be associated with general oral health. Periodontitis
and dental  caries  are  heavily  researched  diseases,  but  in  seeking
associations  between  the  microbiome  and  any  disorder,  it  is
important  to  thoroughly  explore  the  mechanisms  of  disease
progression before labelling any particular organism as a causative
agent.  Table 1.1 and Table 1.2 provided in this review, which list
associated  taxa,  should  be  taken  as  just  that:  A list  of  potential
associations to be further explored.
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As  has  been  emphasized  throughout  this  review,  our  current
conceptions of the oral microbiome are largely biased toward the
lifestyles in “WEIRD” nations (Western,  educated,  industrialized,
rich, and democratic)  (Henrich,  Heine, and Norenzayan 2010), as
most  of  the  investigators  and  studied  samples  come  from  these
populations. The few studies referenced here that have incorporated
non-Westernized  samples  highlight  the  holes  in  our  current
knowledge of the potential compositions and structures of the oral
microbiome  (Pasolli et al. 2019) and its functionality in particular
contexts  (Clemente  et  al.  2015).  As  researchers  integrate  more
diverse populations into the field (as well as expanding the focus to
include other domains of life present in the microbiome), they will
be able to continually generate more extensive databases of human
oral-associated  taxonomy  and  functionality,  allowing  for  more
comprehensive studies.

Its position as the gateway to some of the most vital functions for
human life tightly connects the oral cavity to the rest of the body
and gives it a powerful influence on many of the body’s processes.
Dysbiosis in the oral microbiome is clearly linked to a number of
local  and  systemic  diseases,  though  some  of  the  particular
associations and mechanisms of action remain conjectural pending
further  study.  Some  of  the  treatment  examples  discussed  here
appear straightforward, even despite the need for deeper verification
of  efficacy.  However,  the  human  microbiome  is  a  multi-
dimensional interconnected micro-biosphere, and perturbations may
have as yet unforeseen effects, whether undetected in the short term
or undeterminable in the long term without the appropriate study
designs.  We  have  already  mentioned  examples  where  unrelated
organisms  can  fill  some  of  the  same  functional  niches  (see  the
discussion above of Treponema and methanogenic archaeal species
acting as hydrogen sinks in periodontitis) and their competition can
be implicated in disease. Microbiome research is far from complete,
and without a deep understanding of its nature, we should exercise
caution and patience before widely exploiting its medical potential.
This will  require many more large-scale and longitudinal  studies,
greater focus on the functional component of the microbiome, and a
stronger  characterization  of  the  varying  structures  of  each
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microbiome of the body in different contexts, part of which will be
to combat the WEIRD bias, which has thus far limited the scope of
study, and the dearth of attention to the less prominent domains of
the microbiome, like fungi, archaea, and viruses.
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Chapter  2:  Citizen  science  charts  two  major
“stomatotypes”  in  the  oral
microbiome  of  adolescents  and
reveals  links  with  habits  and
drinking water composition

2.1 Abstract

Background:  The  oral  cavity  comprises  a  rich  and  diverse

microbiome,  which  plays  important  roles  in  health  and  disease.

Previous  studies  have  mostly  focused on adult  populations  or  in

very  young  children,  whereas  the  adolescent  oral  microbiome

remains poorly studied. Here, we used a citizen science approach

and 16S profiling to assess the oral microbiome of 1500 adolescents

around Spain and its relationships with lifestyle, diet, hygiene, and

socioeconomic and environmental parameters.  Results: Our results

provide a detailed snapshot of the adolescent oral microbiome and

how it varies with lifestyle and other factors. In addition to hygiene

and dietary habits, we found that the composition of tap water was

related to important changes in the abundance of several bacterial

genera. This points to an important role of drinking water in shaping

the oral microbiota, which has been so far poorly explored. Overall,

the  microbiome  samples  of  our  study can  be  clustered  into  two

broad  compositional  patterns  (stomatotypes),  driven  mostly  by

Neisseria and Prevotella, respectively. These patterns show striking

similarities with those found in unrelated populations. Conclusions:

We  hypothesize  that  these  stomatotypes  represent  two  possible

global  optimal  equilibria  in  the  oral  microbiome  that  reflect

underlying  constraints  of  the  human  oral  niche.  As  such,  they
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should be found across a variety of geographical regions, lifestyles,

and ages.

Keywords:  Oral  microbiome,  Metagenomics,  Stomatotypes,  Tap
water composition

2.2 Introduction

The oral cavity is among the most heavily colonized areas of the
human  body  and  harbors  the  second  most  diverse  human
microbiome  (M. Kilian  et  al.  2016).  Previous  studies  of the oral
microbiome have estimated the presence of around 108 microbial
cells per milliliter of saliva, and the presence of up to 700 distinct
prokaryotic  taxa,  of  which  approximately  one  third  cannot  be
cultured (H. Chen and Jiang 2014; E. Hajishengallis et al. 2017; He
et al.  2015). The mouth is also the site where the most prevalent
human diseases occur, including caries, gingivitis, and periodontitis
(M.  Kilian  et  al.  2016;  Belstrøm,  Constancias,  et  al.  2017;
Kageyama et al. 2017). In addition, given the close connections of
the  oral  cavity  with  the  vascular  system  and  the  digestive  and
respiratory  tracts,  alterations  of  the  mouth  microbiota  have  been
related with diseases that affect other body parts, such as diabetes or
cardiovascular  disease  (M.  Kilian  et  al.  2016;  He  et  al.  2015).
Understanding  the  composition  of  the  oral  microbiome  across
individuals, and how it relates with lifestyle habits such as diet or
hygiene,  is  important  to achieve a  proactive  management  of oral
health. The analysis of the microbiome through the next-generation
sequencing  of  16S  amplicons  (i.e.,  16S  metabarcoding)  offers  a
cost-effective  approach  to  assess  the  overall  composition  of  an
individual’s  microbiome  (Ji-Hoi  Moon  and  Lee  2016;  McLean
2014).  Previous  studies  have  assessed  the  oral  microbiome  in
relation  with  factors  such as  biogeography,  environment,  age,  or
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ethnicity (Ji-Hoi Moon and Lee 2016; Takeshita et al. 2016, 2014),
or have focused on the effect of smoking (J. Wu et al. 2016; Yu et
al. 2017), diet  (Berni Canani, Gilbert, and Nagler 2015; Cuervo et
al. 2016; Jose, Padmanabhan, and Chitharanjan 2013; De Filippis et
al. 2014), or hygiene habits (Klaus et al. 2016; Al-Mulla et al. 2010;
Koopman et al. 2015). On the more clinical side, some studies have
uncovered alterations of the oral microbiota in prevalent diseases of
the oral cavity including periodontal disease (Richards et al. 2017)
and caries (E. Hajishengallis et al. 2017; Costalonga and Herzberg
2014).  In  addition,  previous  studies  suggest  that  intrinsic
physiological parameters of the host such as enzymatic content of
saliva relate  to variations  in the microbiome  (Zaura et  al.  2017).
Although  the  mouth  comprises  several  distinct  niches,  previous
large-scale  studies  have  mostly  probed  microbial  composition  of
saliva. This fluid can gather bacteria and metabolites that originate
from other oral niches, and appear to be representative of the overall
oral  microbiome  (Yamashita  and  Takeshita  2017).  Furthermore,
considering that saliva tests offer an ideal non-invasive source for
diagnosis,  relationships  of  its  microbial  composition  with  the
presence of several diseases such as cancer have been investigated
(Patil and Patil 2011; C.-Z. Zhang et al. 2016; Galloway-Peña et al.
2017). Most previous studies have focused on adults, or very young
infants,  with  studies  on  adolescents  lagging  behind.  The  largest
dataset on adolescents so far corresponds to a longitudinal study of
107 individuals, including 27 monozygotic and 18 di-zygotic twin
pairs (Stahringer et al. 2012). This study suggested that environment
is  the main  determinant  of  the  oral  microbiome with differences
between mono- or di-zygotic twins not being significant. Here, we
used a citizen science approach and 16S metabarcoding to assess
the  composition  of  the  microbiome  of  the  oral  cavity  among
teenagers  in  Spain.  We  studied  its  variation  with  more  than  50
parameters  including  geographical  location,  gender,  and  urban
environment,  as  well  as  several  dietary  and  hygiene  habits.  Our
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study showcases the use of a citizen science approach to generate
hypotheses that can be further validated in subsequent studies.

2.3 Material and methods

2.3.1 Sample collection

All participants, and at least one of their parents or legal guardians
for those under the age of 18, signed a consent form to use their
saliva samples for microbiome research. This consent form and the
purpose of this project received approval by the ethics committee of
the  Barcelona  Biomedical  Research  Park  (PRBB).  The  target
population was teenagers in the third course of Spanish secondary
compulsory education (ESO), ages 13–15 years old. Additionally,
we  also  collected  samples  from  teachers  of  the  participating
schools. Schools were selected among those which volunteered to
cover  a  broad  range  of  Spanish  provinces,  a  similar  number  of
schools in urban (towns or cities with more than 50,000 inhabitants)
or rural (towns with less than 50,000 inhabitants and more than 50
km away from a large town) environments. Samples were collected
during February to April in 2015. Participants were asked not to eat
for  1  h  prior  to  the  sample  collection.  We  tried  to  minimize
variability  as  much  as  possible.  To  minimize  sample  collection
variability, all donors received clear instructions on the procedure in
person and sample collection was performed with the assistance of
one researcher involved in the project, after a clear demonstration.
All participants responded to a uniform questionnaire (see below).
Before sample collection,  saliva pH was measured using pH test
strips (MColorpHast,  Merck, range 5.0–10.0; 0.5 accuracy units).
Although the use of pH test strips have been validated extensively
(Cocco et al.  2017), we validated our chosen strips. For this,  we
compared values  given by eight  different  researchers  using these
strips to a scale of solutions with different pH to the values provided
by a PHmeter (SevenEasypH model, Mettler-Toledo (GmbH). The
correlation was high (R2 = 0.96), with average absolute differences
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between  the  value  of  the  pH  meter  and  that  provided  by  the
researcher  being  0.33  which  is  within  the  range  of  the  limit  of
detection of the method (0.5). Saliva samples were collected using a
mouthwash and using a protocol that had been previously tested and
compared with other procedures during a pilot phase of the project.
Of note, this procedure is used in other oral microbiome studies and
has been shown to produce consistent results with other sampling
procedures  (Y. Lim et al. 2017). The protocol used is as follows:
Study participants rinsed their mouth with 15-mL sterile phosphate-
buffered  saline  (PBS)  for  1  min  and  subsequently  returned  the
liquid into a 50-mL centrifuge plastic tube. The collected samples
were centrifuged at 4500 g for 12 min at room temperature (r.t.) in
an Eppendorf 5430 centrifuge equipped with an Eppendorf F-35-6-
30 rotor. Pellets were resuspended with PBS, transferred to 1.5-ml
eppendorf tubes and centrifuged at 4500 g for 5 min at r.t. using an
Eppendorf  FA-45-24-11-HS  rotor.  Supernatants  were  discarded,
and  pellets  were  frozen  and  kept  at  − 20  °C  until  the  time  of
analysis.

2.3.2 DNA extraction and sequencing

DNA  from samples  was  extracted  individually  using  the  ZR-96
Fungal/Bacterial  DNA kit  (Zymo research Ref  D6006) following
manufacturer’s  instructions.  The  extraction  tubes  were  agitated
twice in a 96-well plate using Tissue lyser II (Qiagen) at 30 Hz/s for
5 min at 4 °C. As a control for downstream procedures, we also
used two DNA samples derived from bacterial mock communities
obtained  from  the  BEI  Resources  of  the  Human  Microbiome
Project:  Each  sample  contained  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 1000 to 1000,000 per
species.

DNA samples were diluted to 12.5 ng/μl and used to amplify thel and used to amplify the
V3–V4 regions of 16S ribosomal RNA gene, using the following
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universal primers in a limited cycle PCR:

V3-V4-Forward

(5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACG
GGNGGCWGCAG-3′)

V3-V4-Reverse

(5′-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTA
CHVGGGTATCTAATCC-3′)

The  PCR  was  performed  in  10-μl and used to amplify thel  volume  with  0.2-μl and used to amplify theM  primer
concentration. Cycling conditions were initial denaturation of 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, ending with a final elongation step of 5 min at 72 °C.
After this first PCR step, water was added to a total volume of 50 μl and used to amplify thel
and  reactions  were  purified  using  AMPure  XP beads  (Beckman
Coulter) with a 0.9× ratio according to manufacturer’s instructions.
PCR products were eluted from the magnetic beads with 32 μl and used to amplify thel of
Buffer EB (Qiagen) and 30 μl and used to amplify thel of the eluate were transferred to a
fresh 96-well plate.

The  above  described  primers  contain  overhangs  allowing  the
addition of full-length Nextera adapters with barcodes for multiplex
sequencing in  a  second PCR step,  resulting  in  sequencing  ready
libraries with approximately 450 bp insert sizes. To do so, 5 μl and used to amplify thel of
the first amplification were used as template for the second PCR
with Nextera XT v2 adaptor  primers  in  a  final  volume of 50 μl and used to amplify thel
using the same PCR mix and thermal profile as for the first PCR but
only 8 cycles. After the second PCR, 25 μl and used to amplify thel of the final product was
used  for  purification  and  normalization  with  SequalPrep
normalization  kit  (Invitrogen),  according  to  manufacturer’s
protocol.  Libraries  were  eluted  in  20-μl and used to amplify thel  volume  and  pooled  for
sequencing.  Final  pools  were  quantified  by  qPCR  using  Kapa
library quantification kit for Illumina Platforms (Kapa Biosystems)
on  an  ABI  7900HT  real-time  cycler  (Applied  Biosystems).
Sequencing was performed in eight runs on an Illumina MiSeq with
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2 × 300 bp reads using v3 chemistry with a loading concentration of
10 pM. In all cases, 15% of PhIX control libraries was spiked in to
increase the diversity of the sequenced sample. Negative controls of
the  sample  collection  buffer,  DNA  extraction,  and  PCR
amplification steps were routinely performed in parallel, using the
same conditions and reagents. Our controls systematically provided
no visible band or quantifiable DNA amounts by gel visualization
or Bioanalyzer, whereas all of our samples provided clearly visible
bands after 20 cycles. Four such controls were subjected to library
preparation  and  sequenced.  Expectedly,  these  sequenced  non-
template controls systematically yielded very few reads (a range of
30–880 reads per sample), in contrast to an average of 54,000 reads/
library in sample-derived libraries.

2.3.3  Pre-processing  of  16S  rRNA  sequence

reads  and  operational  taxonomic  unit

assignment

The specific pipeline and parameters were set using sequence reads
from both 16S rRNA amplicon and whole genome sequencing of
the  described  mock  communities.  In  the  final  adopted  pipeline,
reads were checked for quality using FastQC (Andrews 2010). 16S
amplicons were analyzed by Mothur v1.34.4  (Schloss et al. 2009)
following  instructions  described  in  the  author’s  website
(https://www.mothur.org/wiki/MiSeq_SOP).  Overlapping  pairs  of
sequence  reads  were  assembled,  contigs  with  more  than  4
ambiguities  and shorter  than 439 bp or  larger  than  466 bp were
discarded, and the remaining contigs were aligned to the reference
alignment  provided by the SILVA database  (Pruesse et  al.  2007)
(version 119) with a k-mer size of 8. Artifacts from the alignment
and the contigs with more than 12 homo-polymers (the maximum
number  found  in  the  reference  alignment)  were  removed.  The
resulting  alignment  was  simplified  by  removing  the  columns
containing only gaps and by discarding duplicated sequences. The
aligned sequences were then grouped allowing up to 4 mismatches
and  clusters  with  only  one  sequence  were  removed.  Uchime
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(embedded  in  the  Mothur  framework)  was  used  to  remove
chimeras, and the resulting sequences were classified according to
the taxonomy into the corresponding operational  taxonomic units
(OTUs).  Undesired  lineages  such  as  chloroplast,  mitochondria,
archaea, eukaryota, and “unknown” were removed. Sequences were
then grouped again into OTUs by using the cluster.split command
and  considering  the  genus  level.  Finally,  OTUs  mapping  to  the
same genus were grouped together.

2.3.4 Microbiome composition profiling

The 16S rRNA OTU counts from the 1532 samples in this study for
which we also had survey data were stored and analyzed using the
R  package  Phyloseq  (version  1.16.2)  (McMurdie  and  Holmes
2013), which also has functions for filtering operational taxonomic
units  (OTUs), normalizing values,  and various other calculations.
One  hundred  eighty  samples  from  5  of  the  schools  had  to  be
removed  due  to  an  apparent  batch  effect  during  the  sequencing
procedure.  This  batch  effect  was  detected  in  the  initial  quality
assessment of the comparison of the data.  In a diversity  analysis
these samples behaved very distinctly from the rest of the sample
showing very low diversity values and corresponded to samples that
had been  processed  and sequenced  as  a  batch  on  the  same day.
Additionally, 33 samples were removed from the analyses because
of errors with the sample identifiers, leaving a total of 1319 samples
from 35 different schools from around Spain. Three hundred thirty-
two  different  genera  were  identified  in  these  samples.  The  16S
counts were normalized per sample, leaving the relative abundance
of each genus within that  sample,  with all  values between 0 and
100.

2.3.5 Diversity measures

We estimated  alpha  diversity  as  measured  by Shannon Diversity
Index and Simpson Diversity Index  (Morris et al.  2014) with the
estimate_richness function from the Phyloseq package v1.16.2. We
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estimated  beta  diversity  as the weighted  and unweighted  Unifrac
distance between samples with the Unifrac function, as well as the
Jensen-Shannon Divergence (JSD) with the JSD function, both from
the Phyloseq package.  In addition,  we calculated the Bray-Curtis
dissimilarity and Canberra index using the vegdist function in the
vegan package (version 2.4.6)  (Oksanen et al. 2017). Both unifrac
calculations  require  a  phylogenetic  tree  which  indicates
phylogenetic distances by branch lengths. We obtained the tree by
following  the  procedure  described  by  Callahan  et  al.  (Ben  J.
Callahan et al. 2016), wherein sequences are aligned, then using the
R  package  phangorn  (version  2.4.0),  we  construct  a  neighbor-
joining tree and then fit a maximum likelihood tree. The weighted
unifrac  distance  adds  weights  to  the  branch  lengths  based  on
relative abundance, while the unweighted unifrac distance considers
only the presence or absence of OTUs. For each of these alpha and
beta diversity measures, we also divided samples into quartiles in
order to label each sample as having low (1st quartile), average (2nd
and 3rd quartiles), or high diversity (4th quartile).

2.3.6 Sample clustering

To  cluster  the  samples  in  terms  of  their  taxonomic  composition
(stomatotypes),  we  adapted  the  procedure  described  previously
(Arumugam et al. 2011) for the determination of enterotypes, which
we here refer to as stomatotypes. For this, we employed each of five
beta  diversity  measures—Jensen-Shannon  Divergence  (JSD),
weighted  and  unweighted  UniFrac  distance,  Bray-Curtis
dissimilarity, and Canberra index—to produce distance matrices for
the genera  of all  samples  and then Partitioning Around Medoids
(PAM)  clustering  to  group  samples  with  similar  overall  oral
microbiomes.  Next,  we  used  the  Calinski-Harabasz  (CH)  index
(Caliński and Harabasz 1974) to determine the optimal number of
clusters,  and  we  further  verified  this  by  calculating  the  average
silhouette  width  of  the  samples,  which  is  a  measure  of  the
separation  of  samples  within  one  cluster  from  those  of  another
cluster, as well as the prediction strength, another measure of the
efficiency of clustering. The functions for these calculations come
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from  the  R  packages  cluster  v2.0.6
(https://cran.r-project.org/package=cluster),  clusterSim  v0.45-1
(https://cran.r-project.org/package=clusterSim),  and  fpc  v2.1-11.1
(https://CRAN.R-project.  =org/package=fpc).  Clustering  was
validated  using  all  five  distance  measures  to  ensure  proper
clustering,  but  analyses  here  are  performed  using  the  clustering
based  on  JSD.  As  detailed  in  Bork’s  group  tutorial
(http://enterotype.embl.de/enterotypes.html), we used the R package
ade4  v1.7-4  (https://cran.r-project.org/package=ade4)  for
visualization.  We first  excluded those  genera  that  are  potentially
noisy,  removing  those  for  which  the  average  relative  abundance
across all samples was lower than 0.01%. We then used Between
Class  Analysis  (BCA)  to  determine  the  “drivers”  for  each
stomatotype,  which  are  the  genera  accounting  for  the  greatest
separation between samples of a given stomatotype from the other
types. We used a Principal Coordinate Analysis (PCoA) to visualize
the clustering of the samples within their respective stomatotypes.
Furthemore, the adonis function in the vegan package was used to
perform a PERMANOVA test  on each beta  diversity  measure to
ensure significant separation of stomatotypes.

2.3.7 Gradients of abundances

The  gradients  of  abundances  were  displayed  using  the  same
coordinates  in  the  PCoA plots  described  above,  and points  were
colored based on abundances of the indicated taxa binned into every
10th  percentile  of  those  abundances.  Shapes  of  points  are
determined by the stomatotype based on a given distance measure,
typically the JSD measure in figures here.

2.3.8 Co-occurrence networks

To  produce  co-occurrence  networks  of  genera  within  a  given
stomatotype,  we  use  the  R  packages  sna  v2.4  (https://cran.r-
project.org/package=sna)  and  network  v1.13.0  (https://cran.r-
project.org/package=network).  We  first  calculated  Pearson
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correlations  between  pairs  of  genera  within  samples  of  a  given
stomatotype  and  used  the  Bonferroni  correction  to  adjust  the  p
values. Then, considering the 20 most common genera within the
samples  of  a  given stomatotype,  we produce  a  network  wherein
edges are formed between only those genera that have a correlation
coefficient greater than 0.25 or less than − 0.25 and an adjusted  p
value less than 0.05. Red edges indicate positive correlations, blue
edges indicate negative correlations and edge width is proportional
to the absolute value of the correlation coefficient. Vertex color is
based on the phylum to which the given genus belongs.

2.3.9 Questionnaire and other metadata

Participants were asked to answer one questionnaire inquiring about
aspects relevant to their hygiene and dietary habits. These questions
were  adapted  from questionnaires  available  at  the  PhenX toolkit
(consensus  measures  for  Phenotypes  and  eXposures),  which
provides  recommended  standard  data  collection  protocols  for
conducting biomedical research (Hendershot et al. 2015) and which
has  been  recommended  by  the  microbiome  research  community
(Huttenhower et al. 2014). In addition, some of the questions were
selected among those suggested by citizens themselves through the
project’s  website.  The  final  questionnaire  is  available  at
(Additional file 2.2). Data on average socioeconomic status of each
participating high school was obtained as follows. We first assigned
geographic coordinates to all schools based on their postal address,
which were used to assign socioeconomic values from their districts
using  the  GIS  (Geographic  Information  System)  software  QGIS
v.2.14  and  based  on  the  Census  Tracts  of  2001,  of  the  Urban
Vulnerability  Atlas  Database  from  the  Spanish  government
(http://www.fomento.gob.es/MFOM/LANG_CASTELLANO/DIRE
CCIONES_GENERALES/ARQ_VIVIENDA/
SUELO_Y_POLITICAS/OBSERVATORIO/
Atlas_Vulnerabilidad_Urbana/).  Data  on  tap  water  hardness  was
obtained from several national ionic composition studies (Vitoria et
al.  2015;  Maraver,  Vitoria,  Ferreira-Pêgo,  et  al.  2015;  Maraver,
Vitoria, Almerich-Silla, et al. 2015).
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2.3.10 Statistical analyses

We  obtained  the  Pearson  correlation  coefficient  between
abundances of pairs of genera, between genera and other continuous
variables  (i.e.,  questionnaire  answers,  pH),  and between  pairs  of
variables. We performed the Kruskal-Wallis rank sum test between
categorical  variables  (i.e.,  questionnaire,  stomatotype)  and
abundances or other continuous variables. In those cases where the
Kruskal-Wallis  test  was  statistically  significant,  the  differential
groups  and the  direction  of  their  difference  (greater  or  less  than
other  groups)  was  determined  by  ANOVA  using  the  aov  and
TukeyHSD functions from the base R package stats v3.4.1. We also
performed chi-squared tests between categorical values as well as
between those variables and the presence/absence of OTUs. In all
cases, we applied the Bonferroni correction to adjust the p values by
the  number  of  comparisons.  Correlation  heatmaps,  boxplots,  and
volcano plots were generated using ggplot2 v2.2.1 (https://cran.r-
project.org/package=ggplot2), and association plots were generated
using  the  assoc  function  from  the  R  package  vcd  v1.4-3
(https://cran.r-project.org/package=vcd).  In  general,  all  of  our
statistical  analyses  considered  all  1319  samples,  except  for  the
instances  that  are  specifically  mentioned  in  the  text  (i.e.,  by
referring to a correlation affecting students), we did so with subsets
of the samples, including students only (1297 of the 1319 samples)
or those samples not drinking primarily from bottled water (814 of
the 1319 samples). To assess the robustness of correlations with pH
to  stochastic  variations  within  the  precision  range  of  the
measurements,  we  performed  a  computational  test,  changing
measured  pH  value  of  each  saliva  sample  to  a  random number
within the precision range (± 0.5). We repeated this 1000 times and
measured  whether  reported  significant  correlations  were  still
existing. For all reported correlations, they remained in 100% of the
cases.

2.3.11 Distribution maps

We produced maps with distributions of various values using shape
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files  for  Spain  obtained  from  the  GADM  database  of  Global
Administrative  Areas  (http://gadm.org/).  We  used  the
readShapeSpatial  function  from  the  R  package  maptools  v0.9-2
(https://cran.r-project.org/package=maptools)  which  creates  a
Spatial DataFrame object that can be used to plot values in different
regions of a map, and the boxed.labels function from the R package
plotrix v3.6-6 (https://cran.r-project.org/package=plotrix) to include
labels for regions on the figure.

2.4 Results

2.4.1 Data collection and analysis

One thousand five hundred fifty-five samples were collected from
students (ages 13–15) and their teachers in 40 schools around Spain
during Spring 2015 [see Additional file 2.1]. Sample collection was
coupled  to  science  communication  activities  aiming  to  raise
awareness about the role of the microbiome in health and disease,
the potential of sequencing and bioinformatics technologies, and the
scientific  career  (see  http://www.sacalalengua.org).  Donors  were
asked  to  answer  a  questionnaire,  including  54  questions  [see
Additional  file  2.2],  some of  which  proposed by citizens,  about
their  health,  and their  dietary and hygiene habits.  The pH of the
donor’s saliva was measured prior to sample collection.  Samples
were obtained using oral rinse, from which cells were collected and
frozen (see “Online methods”).  DNA extracted from the samples
were  subjected  to  16S  profiling  of  the  V3–V4  regions,  using
Illumina  MiSeq technology,  and processed bioinformatically  (see
Materials and methods). Data from 1319 samples that passed all
the quality filters were explored in terms of the relationships of the
microbiome  composition,  the  questionnaire  results,  and  other
metadata (see Materials and methods).
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2.4.2 Oral microbiome diversity is structured into
two major stomatotypes

Our analyses provide a snapshot of the microbial diversity in oral
samples  in  young  adolescents  across  Spain,  and  do  so  with
unprecedented  scale  and  resolution  (Figure  2.1).  Overall,  we
identified  332  operational  taxonomic  units  (OTUs)  at  the  genus
level in our dataset. Thirty-two genera were common, appearing in
75% or more of the sampled individuals. This “core” set comprised
typical oral bacteria. The top ten most abundant genera represented
collectively 84.64% of the analyzed sequences and were present in
99.6% of the samples. Streptococcus was the most abundant genus
in most (68%) samples and showed an average relative abundance
of 22.3%, followed by  Prevotella (11.9%),  Haemophilus (11.4%),
Neisseria (10.1%),  and  Veillonella (9%).  This  core  community
composition and distribution is consistent with previous studies of
oral healthy microbiomes (H. Chen and Jiang 2014; Takeshita et al.
2016;  Zaura  et  al.  2017,  2009;  Human  Microbiome  Project
Consortium 2012; Wade 2013). For instance, 20 of our 32 common
genera are also common in a recent study of the oral microbiome of
2343 adults in Hisayama (Japan) (Takeshita et al. 2016). Similar to
previous  oral  microbiome  surveys  (Ji-Hoi  Moon  and  Lee  2016;
Human  Microbiome  Project  Consortium  2012),  we  found  high
alpha (within sample)  diversity (mean Shannon diversity 2.5,  see
Additional  file  2.3)  and  low  beta  (between  samples)  diversity
(mean  weighted  UniFrac  distance  0.118).  Overall  correlations
among  taxa  across  all  samples  revealed  several  clusters  of  co-
occurring  genera  that  hint  to  underlying  ecological  interactions
(Figure  2.2,  Additional  file  2.4).  For  instance,  strong  co-
occurrence links Leptotrichia, Actinomyces, and Prevotella, and this
latter  one  with  Veillonella,  suggesting  they  may  be  ecologically
related.  Genera  in  this  cluster  tend  to  anti-correlate  with
Haemophilus, Porphyromonas, and Gemella. Previous studies have
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shown  that  individual  microbiomes  from  certain  niches  can  be
clustered  into  different  types,  such as  the  enterotypes  of  the  gut
microbiome  (Arumugam et al. 2011). Using this approach on our
data  (see  Materials  and methods)  results  in two major  clusters,
which  we  here  refer  to  as  “stomatotypes”  in  analogy  to  the
enterotypes of the gut microbiome. The two defined stomatotypes
differ in their  microbial  composition and abundance covariations,
and  for  which  Neisseria (stomatotype  1)  and  Prevotella
(stomatotype 2) are the genera driving most differences (Figure 3).
Other  differences  include  higher  proportions  of  Haemophilus in
stomatotype  1  and  higher  proportions  of  Veillonella and
Streptococcus in stomatotype 2. Importantly,  although the studies
are  performed  with  different  methodologies  and  have  largely
different target populations, we noted a strong parallelism between
our two stomatotypes and the defined “coinhabiting groups” in the
abovementioned Hisayama study  (Takeshita et al. 2016). Of note,
other studies of the oral microbiome have found a different number
of  clusters.  An  analysis  of  the  oral  microbiome  in  268  healthy
young  adults  (18–32)  classified  the  samples  into  five  discrete
clusters  (Zaura et al. 2017), whereas another study of 161 healthy
adults found three different clusters  (De Filippis et al. 2014). Yet,
many parallels  can also be found between our stomatotypes,  and
those  in  these  studies.  In  terms  of  the  driving  species,  our
stomatotypes 1 and 2 are similar, respectively, to MIC1.3 and MIC2
of the 268 adults study and to clusters 1 and 2 of the 161 adults
study. These striking similarities between disparate studies suggest
that  these two major  stomatotypes  may be ubiquitous and define
global equilibria in the human mouth microbiome. As we discuss
below, these stomatotypes are not discrete, well separated entities,
but  rather  represent  two  poles  of  a  gradient  of  microbial
compositions.  The  stomatotypes  are  driven  mostly  by  certain
abundant genera, but do not explain the variability found in many
other  genera.  This  is  apparent  when  plotting  the  abundance  of
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different genera onto the principal coordinate analyses (Figure 2.4).

Figure 2.1: Microbiome composition. a Box plots of the relative abundances of
the ten most common genera.  b Stacked bars of relative abundances of the ten
most  common  genera  for  all  samples,  showing  the  relative  proportion  of  all
samples made up of these ten genera.  Stacked white bars are meaningless and
appear  due to lack of  image resolution.  c Donut chart  showing the five most
common phyla (inner ring) and the most common genera (outer ring) within each
phylum with the average relative abundance per sample.
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Figure 2.2: Correlations among genera (all samples).  a Heatmap of correlations
between  relative  abundances  of  genera.  Color  indicates  Pearson  correlation
coefficient  and  “+”  indicates  a  statistically  significant  correlation.  While  332
different genera in total were detected, for the sake of visual representation, this
figure shows only the 67 genera which were present in at least 1/3 of all samples
(436). Correlation coefficient values for significant correlations can be found in
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Additional file 2.4. The indexes of genera within Additional file 2.4 are marked
at every fifth position in the figure here so that names can be matched to the
figure if so desired.  b Co-occurrence network of the 20 most common genera.
Edges indicate significant positive (red) or negative (blue) correlations between
indicated genera. Edge width is proportional to Pearson correlation coefficient.
Only displaying edges for coefficients of 0.25 or greater and − 0.25 or lower. The
largest and smallest edge widths are shown with the corresponding absolute value
of the correlation coefficient as it appears in the figure.
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Figure 2.3: Stomatotypes.  a Principal Coordinates Analysis (PCoA) of samples
using a Jensen-Shannon Divergence (JSD). Shows that the samples cluster into 2
groups  (stomatotypes).  b Boxplots  of  relative  abundances  of  the  five  most
common genera in samples with stomatotype 1 (red) and stomatotype 2 (blue).
Bonferroni-adjusted  p values  from  Wilcoxon  tests  between  samples  of
stomatotypes 1 and 2 for streptococcus is 1.1e−7, while the values for the other 4
genera  here  were  all  less  than  2e−16.  c Co-occurence  networks  of  20  most
common  genera  within  samples  of  Stomatotypes  1  and  2  separately.  Edges
indicate  significant  positive  (red)  or  negative  (blue)  correlations  between
indicated genera.  Edge width is proportional to Pearson correlation coefficient.
Only displaying edges for coefficients of 0.25 or greater. The largest and smallest
edge widths are shown with the corresponding absolute value of the correlation
coefficient as it appears in the figure.

Figure 2.4: Gradients of abundances. Principal Coordinates Analysis (PCoA) of
samples using a Jensen-Shannon Divergence (JSD) shows points with the same
coordinates  as  in  Figure 2.3a.  Circles  indicate  samples  of  stomatotype 1 and
squares  indicate samples of  stomatotype 2.  Colors  represent  abundance  of  the
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indicated  genus  (or  the  sum  of  abundances  of  indicated  genera)  for  a  given
sample, where red is higher and blue is lower, with values indicated in the legend
to the right. a Abundances for the genus Prevotella. b Sum of abundances of the
19 genera that were found to have significantly higher abundances in samples of
stomatotype  1.  c Sum  of  abundances  of  the  275  genera  that  did  not  have
significantly higher abundances in samples of either stomatotype over the other. d
Points without color or shape in order to display the spread of samples within the
PCoA.

Studying  co-occurrence  patterns  for  each  stomatotype  separately
reveals underlying bacterial communities that are shared or specific
(Figure  2.5).  In  both  stomatotypes,  Streptococcus is  positively
correlated  with  Gemella and  negatively  with  Prevotella  and
Fusobacterium (Figure  3c).  This  observation  fits  with  recent
studies describing oral plaque formation and evolution in dysbiotic
processes that have led to the formulation of the “ecological plaque
hypothesis”  (M. Kilian et al. 2016; Jakubovics 2015; Takeshita et
al.  2015;  Mahajan  et  al.  2013).  In  this  model,  Streptococcus,
Gemella,  and  Neisseria are  among  the  pioneer  colonizers  that
contribute to initial plaque formation. These genera are replaced in
further  evolution  of  the  plaque  by  anaerobic  species  of  several
genera,  including  Prevotella,  Porphyromonas,  Fusobacterum,  and
Veillonella.  Thus,  the  abundance  covariations  observed  in  both
stomatotypes may partly reflect the underlying diversity of biofilm
succession stages in our samples and would support the main axis of
previously  observed  core  community  changes  in  dental  plaque.
Positive correlations  between  Porphyromonas and  Fusobacterium
and negative correlations between  Veillonella and  Gemella further
support  this  model,  while  positive  correlations  between
Porphyromonas and  Gemella and  negative  correlations  between
Porphyromonas and  Veillonella would  not  be  explained  by  the
current plaque succession model. Of note, several of the correlations
mentioned  in  our  study  coincide  with  those  found  in  previous
studies  (De  Filippis  et  al.  2014;  Zaura  et  al.  2017).  Microbial
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compositions in oral rinse samples can only be considered a proxy
for  plaque  communities,  as  the  procedure  collects  cells  from
different  oral  niches.  However,  earlier  studies  using  similar
collection protocols and including information on plaque status or
dental  health  have  found  correlations  between  microbial
composition of saliva, the amount of plaque and diseases such as
periodontitis,  or  caries  (Belstrøm,  Constancias,  et  al.  2017;
Takeshita et al. 2016; Belstrøm, Holmstrup, et al. 2017; J. Zhou et
al. 2016).
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Figure 2.5: Correlations among stomatotypes. Heatmap of correlations between
relative  abundances  of  genera  in  samples  with  stomatotype  1  (left)  and
stomatotype  2  (right).  Color  indicates  Pearson  correlation  coefficient  and  “+”
indicates a statistically significant correlation. Highlighted boxes indicate genera
pairs for which the correlation coefficient in the given stomatotype is at least 0.2
greater  (red)  or  lower  (blue)  than  the  correlation  coefficient  in  the  other
stomatotype. While 332 different genera in total were detected, for the sake of
visual  representation,  this  figure,  as  in  Figure 2.3,  shows only the 67 genera
which were present in at least 1/3 of all samples (436). Row and columns are
ordered as in Figure 2.2 and thus can also be compared with Additional file 2.4
in the same manner mentioned in Figure 2.2.

Although many of the covariations between the two stomatotypes
are similar, their strengths can be markedly different. In addition,
some  covariations  appear  specific  for  each  stomatotype.  For
instance,  in  the  case  of  stomatotype  1,  we  detected  positive
covariation of Fusobacterium and Capnocytophaga, both anaerobic
bacteria  implicated  in  dental  plaque progression  (Takeshita  et  al.
2015), while in stomatotype 2,  we specifically  detect  antagonism
between  Streptococcus and  Actinomyces,  which  are  known  to
compete in the initial phases of dental plaque formation (Jakubovics
2015; Dige et al. 2009). Thus, the two stomatotypes may point to
differences  in  the  relative  impact  of  underlying  processes  and
microbial  communities that differentially affect individuals in our
study.

2.4.3 Lifestyle and social parameters

We  next  explored  correlations  between  social  parameters,
questionnaire answers, and microbial composition [see  Additional
files 2.5, 2.6, 2.7,  and 2.8]. We found that living in rural or urban
areas did not correlate with significant changes in the microbiome.
This suggests that diets and lifestyles of students are similar in cities
and rural areas in Spain, as confirmed by our questionnaire, which
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only revealed significant differences in terms of a higher likelihood
of  having  dogs  for  students  living  in  the  countryside.
Socioeconomic status did correlate significantly with the abundance
of  some  genera,  positively  with  Rhizobium and  negatively  with
Bradyrhizobium,  Acinetobacter,  and  Pseudomonas. Here,  some
differences  in  dietary  habits  were  found,  with  a  lower
socioeconomic status being correlated with higher consumption of
coke and sweets among students.  We found no large  differences
between  oral  microbiomes  of  males  and  females,  with  only  two
genera  (Actinomyces and  Oribacterium)  showing  significantly
different  abundances  (both  higher  in  males).  Boys  and  girls  had
some different habits. While the former tended to drink more milk,
coke, or energetic drinks, the latter chewed gum and brushed their
teeth more often. Larger differences in the oral microbiome were
found between students and their teachers. Teachers’ microbiomes
were  enriched  in  Alloscardovia,  Parascardovia,  Filifactor,
Bulleidia,  Mycoplasma,  Phocaeicola,  Hallella,  Howardella,
Anaeroglobus, Dialister, Desulfobulbus, and Campylobacter, while
those  of  students  were  enriched  in  Actinomyces,  Abiotrophia,
Granulicatella,  Rhizobium,  Burkholderia,  and  Ralstonia,  with the
latter two genera being absent from any of the teacher’s samples.
These  large  differences  may  be  related  to  age  but  also  to  their
understandably  different  lifestyle.  The  students  were  more  often
consuming  sweets  and  chewing  gum,  while  teachers  were
consuming  significantly  more  coffee  and  alcohol,  reported  more
dental  health  problems,  and  used  flossing  more  frequently.
Although not the focus of the study, some interesting correlations
did  emerge  among  the  items  in  the  questionnaire.  For  instance,
smokers tend to consume more alcohol, and students who reported
having a kissing partner were more likely to smoke, drink alcohol,
or chew gum [see Additional file 2.6]. Interestingly, students with
kissing partners had a higher number of taxa in their microbiomes,
which also showed a significantly higher presence of  Treponema.
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Importantly,  the  reported  consumption  of  alcohol  among  314
students was associated with a higher presence of several bacterial
genera  including  Mycoplasma,  Filifactor,  Treponema,  and
Desulfobulbus,  among others  [see  Additional  file  2.7].  Although
108  students  declared  smoking  occasionally,  we  did  not  detect
significant  differences  in  their  microbiomes.  Gemella negatively
correlated with the consumption of yogurt and milk. In addition, the
consumption of milk was positively correlated with the abundances
of Actinomyces and Atopobium.

2.4.4 Hygiene habits and saliva pH

Acidification plays an important role in oral health problems such
as caries or periodontitis  (E. Hajishengallis et al. 2017; Takahashi
and Schachtele 1990). A pH level of less than 5.5 can put a person
at risk of tooth enamel erosion, leading to the formation of cavities,
while  higher  pH can  reduce  this  risk.  Measured  oral  pH in  our
samples  had  a  median  of  7.5  but  showed  a  wide  range  [see
Additional file 2.9]. Higher oral pH was positively correlated with
the abundance of  Fusobacterium and  Porphyromonas,  a bacterial
genus known to grow optimally in alkaline environments, and able
to increase the pH of its medium (Takahashi and Schachtele 1990).
Other genera such as  Streptococcus or  Veillonella, among others,
correlated  negatively  with  saliva  pH  [see  Additional  file  2.7].
Veillonella species are known to increase their abundance in acidic
environments  derived from fermentation  processes,  such as those
occurring in mature dental plaque  (E. Hajishengallis  et al.  2017).
Importantly, no hygiene or dietary habit was shown to impact saliva
pH  in  our  study  [see  Additional  file  2.8].  Admittedly,
measurements of saliva pH using pH strips—a limitation imposed in
part by our citizen science approach—lack the precision provided
by a pH meter (see “Materials and methods” section). However,
all  our  detected  correlations  were  robust  to  stochastic  variations
within the precision range of the measurement, as shown by 1000
randomization tests (see “Materials and methods” section).
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Our questionnaire included several questions on oral hygiene and
dental  devices.  Hygiene  habits  usually  showed  high  correlations
among themselves, so that people who brush their teeth more often
tended to use fluoride supplements and floss and were more likely
to wash their hands before eating and/or after using the bathroom.
Additionally,  people using braces were more often brushing their
teeth, and those reporting past nerve extractions drank more alcohol.
According to  our data,  differences  in  type and frequency of oral
hygiene  do  have  measurable  effects  in  the  oral  microbiome.
Frequency of brushing teeth correlated negatively with the relative
abundance  of  Gemella,  Streptobacillus,  Granulicatella,  and
Porphyromonas. It is known that caries is generally associated with
an  increase  of  Streptococcus,  but  also  of  Granulicatella,  and
Gemella (Costalonga  and Herzberg 2014)—although in  the latter
case, this varies with age  (Lif Holgerson et al. 2015)—supporting
the effect  of brushing against  primary dental  plaque.  In contrast,
flossing or using supplemental fluoride mouthwash did not seem to
significantly impact  the oral  microbiome. The presence of dental
implants  did  not  show  any  correlation  with  oral  microbiome
changes,  but  wearing  orthodontic  braces  did  correlate  positively
with  the  abundance  of  many  genera.  These  included  several
anaerobic  or  facultatively  anaerobic  genera  such  as
Corynebacterium,  Bifidobacterium,  Parascardovia,  Olsenella,
Capnocytophaga,  Lactobacillus,  Dialister,  Schwartzia,
Selenomonas,  and  Cardiobacterium. This  suggests  that  such
orthodontic  devices  and  their  surfaces  may  promote  the
proliferation of specific biofilm communities. Most of these genera
comprise  anaerobic  Gram  negative  species  or  Gram  positives
associated to acidic fermentations, which are generally associated to
mature  biofilm  acidification,  as  well  as  caries  and  periodontal
disease  (E.  Hajishengallis  et  al.  2017).  Selenomonas has  been
described  as  one  of  the  most  abundant  taxa  during  orthodontic
braces treatment and has been linked to common oral diseases such
as gingivitis (Koopman et al. 2015).
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2.4.5 Tap water influences the oral microbiome

Unexpectedly,  we  found  no  significant  differences  between  the
lifestyles of students with the two oral stomatotypes, suggesting our
data have not sufficiently captured the key factors underlying these
different  microbial  communities.  Notably,  however,  the  two
stomatotypes,  and  some  genera,  were  geographically  widespread
but  showed  distinct  abundance  patterns,  which  suggest  some
environmental influence. The patterns were sometimes reminiscent
of  maps  of  certain  public  water  quality  parameters,  such  as
alkalinity  or  water  hardness,  which  differ  significantly  across
regions in Spain (Figure 2.6). In addition, the mouth is constantly
exposed to tap water, which is consumed for drinking, cooking, and
hygiene. Hence, we decided to investigate this factor in more detail
and linked our samples to the chemical composition of tap water of
the nearest town, as reported in recent studies  (Vitoria et al. 2015;
Maraver,  Vitoria,  Ferreira-Pêgo,  et  al.  2015;  Maraver,  Vitoria,
Almerich-Silla,  et  al.  2015).  For  this  analysis,  we  removed
individuals  that  declared  drinking  bottled  water.  No  strong
correlation was found between the two stomatotypes and any of the
17  water  parameters  investigated.  However,  we  found  that  most
considered water quality parameters are associated with alterations
in the composition of several genera (Figure 2.7,  Additional file
2.10).  Porphyromonas was positively associated with the presence
of fluoride (F) and sulfate (SO4) in tap water. A group of genera
including,  among  others,  Veillonella,  Ralstonia,  Rhizobium,
Rhodococcus, and Pseudomonas negatively correlated with several
of  the  following  parameters:  water  hardness,  alkalinity,
conductivity,  and the presence of SO4,  magnesium (Mg), sodium
(Na), calcium (Ca), chloride (Cl), and the amount of dry matter after
boiling.  Other  genera  correlated  positively  with  several  of  these
same  variables,  including  Porphyromonas and  Flavobacterium.
Ralstonia abundance  was  also  negatively  affected  by  nearly  all
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other  water  variables,  and  it  was  the  genus  whose  abundance
changed the most with tap water quality, followed by  Rhizobium,
Veillonella, and Pseudomonas. These results suggest that tap water
composition may be an important, poorly studied factor shaping the
oral microbiome.

Figure 2.6:  Geographical  patterns.  Maps show that  most of the measured ion
levels  follow  a  similar  pattern  to  the  proportion  of  stomatotype  1  samples.
Porphyromonas had a significantly higher abundance in stomatotype 1 samples,
while Veillonella had a significantly higher abundance in stomatotype 2 samples.
Region names can be seen in Additional file 2.1.  a Percentage of samples from
each region that have stomatotype 1. b Mean alkalinity level per sample in each
region (an example of one of the tap water measurements compared in this study).
c Mean  abundance  of  Porphyromonas per  sample  in  each  region.  d Mean
abundance of Veillonella per sample in each region.
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Figure 2.7:  Correlations with tap water  composition. Heatmap of  correlations
between relative abundances of genera with measurements of various components
of tap water. Samples that primarily drank from bottled water (505 out of 1319) at
home were excluded here.  Color indicates Pearson correlation coefficients and
“+” indicates a statistically significant correlation.
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2.5 Discussion

Our study provides a comprehensive survey of the oral microbiome
in Spanish adolescents, a target group that remains poorly explored.
The citizen science approach has allowed us to address questions
raised by citizens,  train them in the use and interpretation of the
data, and open a dialog with society on technologies and scientific
questions of growing relevance. Although a citizen-based approach
faces important limitations as compared to clinical studies, such as
the  difficulty  to  comprehensively  evaluate  clinical  parameters  by
experts,  it  enables  access to a large number of samples  and of a
different kind of those usually targeted by other studies. The high
number of samples, the narrow range of geographical areas and ages
under study, and the richness of collected metadata provide us an
unprecedented  level  of  resolution  to  study  the  adolescent  oral
microbiome.  The  insights  gained  from our  study  have  served to
generate  working  hypotheses  regarding  the  composition  and
variability of the oral microbiome of adolescents that can be tested
in  future,  more  conventional  studies.  The  core  microbiome
comprised  typical  oral  bacteria  that  are  commonly  identified  as
abundant in similar oral microbiome surveys (Zaura et al. 2009). All
genera  discussed  in  the  paper  with  the  exception  of
Rubellimicrobium and  Undibacterium have  been  previously
identified in oral samples. Although the issue of contamination is a
common  theme  in  microbiome  analyses,  20  amplification  cycles
and cell-rich starting materials such as oral samples are predicted to
be minimally affected (Salter et al. 2014). In accordance with this,
all of our negative controls provided no measurable results and a
negligible number of reads when forced into library preparation and
sequencing (see the “Materials and samples” section). However,
we cannot discard the possibility that some of the low abundance
genera identified are not stable components of the oral cavity but
result from sporadic colonization from the close environment of the
donor (i.e., food, air, or water).

Overall, we see that the oral microbiome of Spanish adolescents is
impacted by dietary, hygiene, and other lifestyle habits. Differences
observed  point  to  a  differential  impact  of  habits  on  the  oral
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microbiome of  adolescents.  For  instance,  frequent  teeth  brushing
was shown to affect the relative proportion of oral genera more than
flossing, or the use of fluoride supplements.

Similarly,  consumption  of  alcohol  among  adolescents  seemed  to
impact the oral microbiome more than smoking. In contrast, we did
not find many differences between genders or rural  versus urban
environments.  Interestingly,  some  variables  such  as  body  mass
index,  which  is  generally  associated  to  alterations  in  the  gut
microbiome,  and  it  has  been  associated  to  changes  in  the  oral
microbiome in adults (Shillitoe et al. 2012), seemed to have a minor
impact  on  the  mouth  microbiome  of  adolescents  in  our  sample.
Some of these differences may relate to the fact that some habits,
such as smoking or some dietary habits, may have just been recently
established, or the habit  is  more sporadic in adolescents,  and the
effects in the microbiome will only be apparent after a prolonged
period  of  sustained  habit.  In  addition,  the  oral  microbiome  of
adolescents  may  have  specificities  as  a  transition  phase  from
childhood  to  adulthood.  Adolescence  is  a  stage  with  major
hormonal and habit changes, which likely impact the oral microbial
community.  In fact,  this  period of life  is  associated with a sharp
increase in the incidence and severity of gingivitis (Mombelli et al.
1989),  which  may  be  related  to  underlying  oral  microbiome
changes.  This  highlights  the  importance  of  increasing  our
knowledge  of  the  adolescent  oral  microbiome,  as  well  as  to
undertake longitudinal studies over adolescent to adulthood phases
of life. Altogether, the chemical composition of tap water was found
to  be  the  investigated  factor  with  the  highest  impact  on  the
composition of the oral microbiome. Although the presence of the
most  abundant  genera  of  the  oral  microbiome  such  as
Streptococcus,  Prevotella,  or  Haemophilus (the  top  three  in  our
samples) were not significantly affected by tap water, some genera
among the ten most abundant were affected, including Veillonella,
Porphyromonas, and Gemella. Our results thus raise the question of
the  role  of  drinking  water  in  shaping  the  oral  microbiome,
suggesting  a  potentially  important  role.  Previous  studies  have
analyzed the relationship between the presence of fluoride and the
incidence  of  caries  (Iheozor-Ejiofor  et  al.  2015),  but  the  overall
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impact  on  the  human  oral  microbiota  of  this  and  other  factors
remain unexplored. In this regard, experiments in mice have shown
that the composition of tap water can be related with changes in the
gut  microbiome  (Dias  et  al.  2018) and have  an incidence  in  the
progression of diseases such as diabetes (Wolf et al. 2014). Further
research is needed to follow up the potential role of tap water in
shaping the human oral microbiome.

We found that the oral microbiome of the studied population can be
broadly  classified  into  two  different  stomatotypes.  Although  the
time since last tooth brushing was not controlled in our study, we do
not think this  would drive overall  observed differences  regarding
stomatotypes as all students in one class were sampled at the same
time and we found that differences in stomatotypes were not driven
by school class. Importantly,  our two defined stomatotypes  show
notable  overlap  with  the  two  “coinhabiting”  groups  of  bacteria
identified in another large study (Takeshita et al. 2016). Considering
that  the  two  studies  use  different  profiling  approaches  (V1V2
regions in ion torrent vs V3V4 regions in MiSeq), and they target
broadly  different  populations  with  markedly  different  genetic
backgrounds and lifestyles (adults in Japan vs adolescents in Spain),
the similarities  are  striking.  The two studies coincide in  defining
higher proportions of Neisseria, Haemophilus, and Porphyromonas,
in one of the types (stomatotype 1, coinhabiting group 2), and those
of  Prevotella,  and  Veillonella in  the  other  (stomatotype  2,
coinhabiting group 1). That the two disparate studies agree in the
two  broadly  defined  groups  strongly  suggests  that  these  two
stomatotypes  define  two  possible  equilibria  of  oral  microbial
communities which are globally present. In addition, that the two
stomatotypes  are  similarly  identified  in  adult  and  adolescent
datasets  suggests  that,  despite  important  differences,  oral
microbiomes from these two age groups are similar at a broad level.
This  reinforces  the  idea  that  the  two stomatotypes  define  global
equilibria  of  microbial  communities,  despite  a  possibly  large
underlying  diversity.  We  propose  naming  these  stomatotypes
Neisseria-Haemophilus (stomatotype 1) and  Prevotella-Veillonella
(stomatotype  2)  based  on the  four  most  abundant  genera  among
those driving their differences. Although other studies have defined
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higher numbers of clusters in the oral microbiome (De Filippis et al.
2014;  Zaura  et  al.  2017),  some  of  these  clusters  show  clear
similarities with the two stomatotypes found in this study.

We hypothesize that these two main stomatotypes are ubiquitous in
humans  and that  they  can  be  found across  geographical  regions,
ethnic  groups,  and  lifestyles,  pointing  to  inherently  deep
relationships  between  the  human  oral  niches  and  the  bacterial
communities that colonize them. Further support of this hypothesis
with broader studies in other populations and geographical regions
is needed. This finding also opens the question of the stability of
these  two  stomatotypes  and  how  lifestyle  may  promote  shifts
between the two equilibria. It is unclear whether differences in the
number of clusters found across studies are due to differences in the
studied  populations  or  to  variations  in  the  applied  methods.  In
addition, some authors have warned about the necessity to consider
variations  among  samples  as  a  gradient  rather  than  as  discrete
clusters (Knights et al. 2014). We agree with this view and consider
that  stomatotypes  represent  trends  in  a  continuous  space  of
variation. As shown here, stomatotypes are appropriate to describe
trends of change in the underlying microbial  communities,  which
hint to shifts in the balance between driver genera.  However, the
two stomatotypes do contain a significant amount of variability and
a gradient of variation, sometimes unrelated to the stomatotypes, is
observed  for  the  most  abundant  genera.  In  addition,  that  the
described stomatotypes are common and globally distributed does
not  preclude  the  possibility  that  further,  clearly  distinct,
stomatotypes may be found in other populations. Particularly, as the
mentioned  studies  represent  mostly  healthy  populations,  further
stomatotypes may be present that are associated to specific lifestyles
or health conditions, which may represent alternative equilibria, or
dysbiotic  alterations  from  the  two  described  stomatotypes.
Certainly,  further  studies  including  broader  samples  and  specific
sampling from different niches within the oral cavity will help us
describe  in  more  detail  the  oral  microbial  ecosystem  and  its
interactions.
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2.6 Conclusions

The core oral microbiome described in this study is composed of
genera commonly identified in other oral microbiome studies. We
have shown that a number of diet and hygiene factors are associated
with alterations in the composition of the oral microbiome, though
one  caveat  is  that,  since  the  bulk  of  the  sample  set  is  from
adolescents,  some habits  may be too  recently  developed to  have
already had a strong impact. The factor with the highest impact was
the chemical composition of tap water from the hometowns of the
donors.  Indeed,  most  of  the  17  ionic  measurements  showed
significant correlations with a number of common genera such as
Veillonella and Porphyromonas. This points to an important role of
tap  water  in  shaping  the  oral  microbiome,  which  has  been
overlooked in previous studies.

We show that the samples can be clustered into two distinct groups
which we call  stomatotypes. The structures of these stomatotypes
show notable similarities to the two clusters presented in another
oral microbiome study of Japanese adults, despite differences in the
technical  approaches  to  the  metagenomic  analyses  and  highly
distinct populations. Here, we propose the hypothesis that these two
stomatotypes  (the  Neisseria-Haemophilus and  Prevotella-
Veillonella stomatotypes)  represent  global  equilibria  of  oral
microbial communities.
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Chapter 3: Oral microbiome in Down Syndrome
and its implications on oral health

3.1 Abstract

Background:  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 collaboration 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  microbiomes,  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.

Keywords:  Oral  microbiome,  down  syndrome,  oral  mycobiome,
Candida
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3.2 Introduction

Down syndrome (DS), also known as trisomy of chromosome 21, is
the  most  common  genetic  cause  of  mental  disability  worldwide
(Lukowski, Milojevich, and Eales 2019). 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  (Sherman et al. 2007). DS is
characterized by variability in cognitive development  and distinct
physical  features  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 (Franceschi et al. 2018). 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  (Franceschi  et  al.  2018).
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  (Horvath et al. 2015; Borelli et
al. 2015).

The composition of the gut microbiome has been suggested to be a
powerful  marker  for  distinguishing  between  biological  and
chronological age (Rampelli et al. 2020; A. Liu et al. 2020; Maffei
et al. 2017; Biagi et al. 2016), and, therefore, the characterization of
the  gut  microbiome  in  DS  populations  may  be  of  interest
(Thevaranjan et  al.  2018).  Development of new technologies  and
the  application  of  metagenomic  analyses  have  enabled  the
characterization  of the human microbiome at different  body sites
(NIH HMP Working Group et al. 2009; Human Microbiome Project
Consortium  2012).  The  profiling  of  the  gut  microbiome  of  17
individuals  with  DS  and  matching  controls  showed  a  similar
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structure of the gut microbiome, with alterations in only two genera:
Parasporobacterium and Sutterella (Biagi et al. 2014).

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  systemic  ones  (Chapter  1,  (Willis  and
Gabaldón 2020)).  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 syndrome. 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 abnormalities in their immune
system and environmental factors, DS patients are more susceptible
to infections. In particular, it has been largely reported that persons
with  DS  have  an  increased  prevalence  of  periodontal  disease
(Cichon,  Crawford,  and  Grimm  1998;  A.  Khocht  et  al.  2012;
Kornman  2008;  Barr-Agholme  et  al.  1992;  Meskin,  Farsht,  and
Anderson 1968; Sakellari, Arapostathis, and Konstantinidis 2005).
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
actinomycetemcomitans,  Porphyromonas  gingivalis,  Prevotella
intermedia,  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  (A.
Amano  et  al.  2001).  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
chemotaxis which prevents the immune cells from reaching target
pathogens (Ahmed Khocht 2011). 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 periodontitis  (Agholme, Dahllöf, and Modéer
1999;  Reuland-Bosma and van Dijk  1986).  More  recently,  some
authors  have  suggested  that  the  composition  of  oral  biofilms,
independently of the immunological alterations in DS, has a critical
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role  in  periodontal  development  (Martinez-Martinez  et  al.  2013).
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  (Atsuo Amano et al. 2008). 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 (Deps et al. 2015; Moreira et al. 2016). This is potentially
due to the relatively late eruption of teeth in DS, microdontia, more
missing teeth and greater dental spacing  (Cheng, Yiu, and Leung
2011; Vigild 1986), 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
bacterial 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 collected 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,  Chapter  2,  (Willis  et  al.  2018)).  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
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differences in the composition of the microbiome of the oral cavity.

3.2 Materials and methods

3.2.1 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.sacalalengua.org,  Chapter 2,  (Willis et al.
2018)), 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
awareness 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
relatives  [see  metadata  file  at  the  following  github  link:
https://github.com/Gabaldonlab/ngs_public/blob/master/SLL2/SLL
2.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 microbiological 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 approved by the ethics
committee  of  the  Barcelona  Biomedical  Research  Park  (PRBB).
Samples  were  collected  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 samples was carried out with the assistance

91

https://github.com/Gabaldonlab/ngs_public/blob/master/SLL2/SLL2.metadata.xlsx
https://github.com/Gabaldonlab/ngs_public/blob/master/SLL2/SLL2.metadata.xlsx
http://www.sacalalengua.org/
https://paperpile.com/c/WBxtvr/hWAmC
https://paperpile.com/c/WBxtvr/hWAmC


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  (Chapter  2,  (Willis  et  al.  2018)).  Saliva
samples  were  collected  using  a  mouthwash  as  described  earlier
(Chapter 2, (Willis et al. 2018)). In brief, the protocol is as follows:
participants  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, transferred 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.

3.2.2 DNA extraction and sequencing

Sample DNA was extracted using the ZR-96 Fungal/Bacterial DNA
kit  (Zymo  research  Ref  D6006),  following  the  manufacturer’s
instructions. The extraction 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.
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Obtained DNA was diluted to 12.5 ng/μl and used to amplify thel and used to amplify the
variable regions known as V3–V4 of the 16S ribosomal RNA gene,
using a pool of modified universal primers in a limited cycle PCR:

V3-V4-Forward

(5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACG
GGNGGCWGCAG-3′)

V3-V4-Reverse

(5′-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTA
CHVGGGTATCTAATCC-3′)

Low sequence diversity or unbalanced base composition in template
DNA can negatively affect the sequence output, quality, and error
rate due to problems in cluster identification in MiSeq sequencing.
To  prevent  this  unbalanced  base  composition  with  all  libraries
having the same initial sequence, we performed 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 and used to amplify thel with 0.2-μl and used to amplify theM
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 and used to amplify thel of Buffer EB (Qiagen), then 30 μl and used to amplify thel 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 and used to amplify thel  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 and used to amplify thel using the same mix and conditions as the first
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PCR, but limited to eight cycles. Twenty-five μl and used to amplify thel of the final product
of  this  second PCR was  used  for  purification  and  normalization
with  the  SequalPrep  normalization  kit  (Invitrogen),  using  the
manufacturer’s protocol. Libraries were eluted in a volume of 20 μl and used to amplify thel
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 concentration of 15 pM. To increase
the diversity of the sequenced sample, 10% of PhIX control libraries
were  spiked.  Negative  controls  with  the  same  conditions  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 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.

3.2.3 Fungal composition analysis

Attempts to identify fungi through ITS amplification failed in many
samples  that  nevertheless  were  positive  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
experimental  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
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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 preliminary results obtained helped us
to design the following working protocol to carry out the analysis of
the  oral  fungal  composition  with  the  study  samples.  First,  we
resuspended the frozen pellets in 100 μl and used to amplify thel of sterile PBS, taking 10 μl and used to amplify thel
of those to be diluted in 40 μl and used to amplify thel of PBS (the remaining 90 μl and used to amplify thel were
used for DNA extraction), from which we plated 30 μl and used to amplify thel (6% of the
original sample) onto a YPD sterile plate with chloramphenicol and
ampicillin (100 μl and used to amplify theg/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 colonies 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  identification  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 3.1).

Table 3.1: 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) Yeast 14 (53.85) 85 (25.60)

b) # yeast colonies, mean (min-
max)

67.29 (1-477) 32.14 (1-578)
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c) Mold 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)

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 and used to amplify thel  of
milliQ water and mixed thoroughly. Next, we added 900 μl and used to amplify thel of 100%
ethanol to the sample, mixed thoroughly again, and centrifuged the
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tubes for 2 min at 13,000 rpm in a benchtop centrifuge to remove
the  supernatant  (the  centrifugation  step  was  repeated  twice).  To
increase the efficiency of identification, we dried pellets for some
minutes at room temperature. After that, we resuspended the pellet
in 70% aqueous formic acid (covering 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  fungal  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  identification  was
performed  using  the  real-time  classification  software  MALDI
Biotyper  (Bruker,  Germany).  Thus,  for  each  colony  sample  we
obtained  a  score  with  the  following  meaning  according  to  the
manufacturer’s recommended score identification: i) 2.3–3.0, highly
probable  species  identification;  ii)  2.0–2.299,  secure  genus
identification,  probable  species  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 species  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 used to amplify thel, and
the following PCR program: 5 min at 94°C, then 30 cycles of 30 s
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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 manufacturer’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  (Altschul  et  al.  1990).  Only
samples with a high score (>95%) of identity were considered as
correctly identified. Additionally, for some samples, we were able
to identify the predominant species responsible for bacterial growth
on the YPD plates with antibiotics.

3.2.4  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)  (Benjamin  J.  Callahan  et  al.  2016) to
produce counts of amplicon sequence variants (ASVs). Low-quality
reads  were  first  removed by applying the  filterAndTrim function
with  the  following  parameters:  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  ((“DADA2  Pipeline  Tutorial  (1.16)”  n.d.),
https://benjjneb.github.io/dada2/tutorial.html).  Taxonomy  was
assigned using the dada2-formatted database of SILVA version 132
(B. Callahan 2018). A phylogenetic tree for use in UniFrac distance
calculations was generated by following a protocol (Ben J. Callahan
et  al.  2016) that  uses  the  ‘DECIPHER’ (version 2.10.2)  (Wright
2016) and ‘phangorn’ (version 2.5.5)  (Schliep 2011) 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
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were used for the analyses of this study, as described below in the
section ‘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 (version
1.3.4)  (Palarea-Albaladejo  and  Martín-Fernández  2015).  Then
centered log ratios were calculated using the  codaSeq.clr function
from the ‘CoDaSeq’ R package (version 0.99.5) (Gloor et al. 2016;
Gloor and Reid 2016).

3.2.5 Diversity measures

Alpha  diversity  measures  were  calculated  using  the
estimate_richness function from the ‘phyloseq’ R package (version
1.30.0) (McMurdie and Holmes 2013). 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  distance  gives
additional  weight  based  on  taxa  abundances.  Bray-Curtis  and
Jaccard distances were calculated using the  vegdist function from
the ‘vegan’ R package (version 2.5–6) (Oksanen et al. 2017). 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 vegdist function was applied. The Aitchison distance was
calculated using the  aDist function from the ‘robCompositions’ R
package (version 2.2.1) (Templ, Hron, and Filzmoser 2011).

3.2.6 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
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geographical location, age, and gender by the following 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 samples 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, 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 proportions 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
reselected 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 statistical tests were run
with the DS and matched controls together. First, we performed a
permutational multivariate 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)  (R Core Team 2020),  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)  (Fox and  Weisberg  2019) 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
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testing with the p.adjust function from the ‘stats’ package, using the
‘fdr’ method.

3.3 Results

3.3.1  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 3.2, see Materials and 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  genera  found  at  higher
abundance  in  DS  included  Kingella,  Gemella,  Cardiobacterium,
Staphylococcus,  Rothia,  and  Actinobacillus (Table  3.2,  Figure
3.1b, Supplementary Figure 3.1). In addition, reads that 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  observation  suggests  that  rare  and  perhaps
understudied organisms were more abundant in these DS samples.
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 3.2,  Figure 3.1b,  Supplementary Figure 3.1). There were
no  taxa  from  the  genus  to  the  phylum  level  that  differed
significantly  between the  20  relatives  of  DS individuals  and the
same sub-samplings of matched controls.

Table  3.2:  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
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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 
Phylum

↗ 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
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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

3.3.2 Lower pH and species diversity in DS

DS samples consistently had lower pH and lower alpha diversity
than the matched controls, as calculated by the Shannon diversity
index (Figure 3.1b). There was no significant difference in either
alpha diversity or pH between the 20 relatives of DS individuals and
the same sub-samplings of matched controls. 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 3.2).
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Figure 3.1:  Down Syndrome differs  in factors  affecting oral  health. (a) Mean
relative  abundances  of  15  of  the  most  abundant  genera  in  DS  samples  and
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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.

3.3.3 Opportunistic pathogenic  Candida species

were more prevalent in DS

We assessed the presence of yeast in the oral microbiome through a
culture-based  approach  coupled  with  proteomics  identification
(Table  3.1,  see  Materials  and  methods).  This  information  was
available  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 3.2).  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  3.2).  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, significant in 18 sub-sample tests, Table 3.2). 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.

3.3.4 No evidence for premature aging in the oral

microbiome of DS

Given the above-mentioned notion that the microbiome composition
might  reflect  premature  aging  in  DS,  we  looked  for  potential
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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 individuals 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 compared the overall composition of DS samples to
the samples in each of these age groups using five different distance
metrics (Aitchison, weighted and unweighted UniFrac, Bray-Curtis,
and  Jaccard)  (Figure  3.2a).  Overall,  we  observed  no  apparent
‘premature 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
samples, 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 comparison 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  3.2a-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 3.2c).
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Figure 3.2: Comparisons across age. (a) Distributions of distances between DS
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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.

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 those samples, as
calculated by the Aitchison distance. 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 3.2b). 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,
respectively.  The full  age range showed a statistically  significant
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 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
composition  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
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the result of the relatively limited number of DS samples compared
to  non-DS samples.  There  were  no  differences  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
3.3).

3.4 Discussion

Our study provides a first snapshot of the oral microbiome in DS
and how it compares to non-DS individuals. 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
composition of the oral microbiome.

Regarding the differences in microbiome composition 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 calculations  showed
statistically significant differences between the sample groups. The
Bray-Curtis  dissimilarity  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  measures
differences  in  rare  taxa.  The  weighted  and  unweighted  UniFrac
distances  use  similar  considerations  to  those  of  Bray-Curtis  and
Jaccard,  respectively,  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
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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 exploratory study without an initial focus on oral disease
(SLL2  –  from  ‘Saca  La  Lengua’  in  Spanish,  see
http://www.sacalalengua.org,  Chapter  2,  (Willis  et  al.  2018)).
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  (Cichon,
Crawford, and Grimm 1998; A. Khocht et al. 2012; Kornman 2008;
Barr-Agholme  et  al.  1992;  Meskin,  Farsht,  and  Anderson  1968;
Sakellari,  Arapostathis, and Konstantinidis 2005), 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  (Ahmed  Khocht  2011;  Areias  et  al.  2012;  Chaushu et  al.
2002;  Domingues  et  al.  2017),  as  well  as  difficulties  in  dental
treatment (Cheng, Yiu, and Leung 2011; Down’s Heart Group n.d.;
Pilcher 1998).

However, we find a less straightforward connection 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 samples. The
literature has generally shown either lower incidence of caries in DS
or no significant difference compared to non-DS (Deps et al. 2015;
Moreira et al. 2016). This has been explained by the relatively late
eruption of teeth in DS, microdontia, more missing teeth and greater
dental spacing (Cheng, Yiu, and Leung 2011; Vigild 1986). 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 (Aas et
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al.  2008;  Lif  Holgerson  et  al.  2015;  Torlakovic  et  al.  2012;
Johansson et  al.  2016;  L.  Xu et  al.  2018;  Espinoza  et  al.  2018;
Yanhui Li et al. 2016), 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
colonizers  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 infective endocarditis
(Chambers  et  al.  2013).  This  is  a  disease  strongly  linked  to
periodontal disease (Dhotre, Davane, and Nagoba 2017; Carinci et
al. 2018; Ninomiya et al. 2020), and one which can also be linked to
individuals  with  DS  (Down’s  Heart  Group  n.d.).  Increases  in
Kingella (C. Chen 1996; Ruhl et al. 2014; Coelho et al. 2014; F. E.
Dewhirst et al. 1993) and  Cardiobacterium (Lourenço et al. 2014;
X. Y. Han and Falsen 2005) 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  (Aas  et  al.  2008;  Lif  Holgerson  et  al.  2015;
Torlakovic et al. 2012), though it is acidogenic (F. E. Dewhirst et al.
1993), 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,  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
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former  Actinobacillus  actinomycetemcomitans (Nørskov-Lauritsen
and Kilian 2006), the latter of which (now labeled Aggregatibacter
actinomycetemcomitans)  is  implicated  in  the  pathogenesis  of  an
aggressive form of periodontitis, acting to prime a site for growth of
other  periodontal  pathogens  (Fine,  Patil,  and  Velusamy  2019).
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  (Vieira  Colombo et  al.  2016) and  periodontal
disease (Fritschi, Albert-Kiszely, and Persson 2008; A. V. Colombo
et al. 2013; Loberto et al. 2004). 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  (dos
Santos et al. 2014), a notion corroborated in another study saying
that virulence factors of S. aureus may work to form biofilms along
with other periodontal pathogens (Kim and Lee 2015). In addition,
S.  aureus is  the  world’s  most  prominent  pathogen  of  infective
endocarditis  (Rajani  and  Klein  2020),  a  disease  which  may  be
linked to bacteremia resulting from dental procedures or even tooth
brushing in individuals with poor periodontal health  (Kinane et al.
2005;  Lockhart  et  al.  2008,  2009).  The  conjunction  of  DS with
increased  prevalence  of  periodontal  disease  and  infective
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 abundances in DS here,
have had similar links to these DS-associated health concerns, as
seen with Staphylococcus. Both Gemella (P. S. Kumar et al. 2005)
and  Rothia (Kistler  et  al.  2013;  Griffen  et  al.  2012) have  been
associated  with  periodontal  health.  Conversely,  Gemella (Al-
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Jebouri 2016) and Rothia (Ramanan et al. 2014) have been linked to
periodontal disease in other studies. Furthermore, both Gemella (Al
Soub et al. 2003; Akiyama et al. 2001) and Rothia (Ricaurte et al.
2001; Fridman et al. 2016) have been shown to occasionally cause
endocarditis. One study (A. P. V. Colombo et al. 2012) showed that
the species  Gemella sanguinis, Gemella haemolysans, and  Rothia
dentocariosa were  prevalent  in  infected  sites  of  individuals  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 oralis,  from two
other genera that were higher in DS samples in our study) (A. P. V.
Colombo et al. 2012). It is difficult to conclude from this whether
these species would then be associated 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  (Ruhl et al.  2014).  R. dentocariosa has also
been shown to induce  the  production  of  tumor  necrosis  factor  α
(TNF-α)  in  the  oral  cavity  (Kataoka  et  al.  2014),  leading  to
periodontal  inflammation.  Therefore,  these  species  may  be
important in the initial pathogenesis of periodontitis, and then after
a  successful  treatment  that  removes  other  competitors  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
(L. Xu et al. 2018; J. L. Baker et al. 2019), potentially due in part to
nitrate  reduction  and  the  production  of  enterobactin,  which  can
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reduce  the  growth of  some acidogenic  and cariogenic  organisms
(Uranga et al. 2020). Gemella has been conflictingly associated both
with dental caries  (Yanhui Li et al. 2016) and with relative health
(Aas et al. 2008). However, due its high degree of autoaggregation,
which can allow for the initiation of plaque  (Shen, Samaranayake,
and  Yip  2005),  the  species  Gemella  morbillorum may  only  be
prominent 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 conclusive 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
worthwhile  to  take  note  of  any rare  organism with  an  increased
presence  in  DS  samples.  In  this  regard,  whole-genome  shotgun
studies of the oral microbiome in DS will be helpful.

DS samples had lower abundances of the genera Alloprevotella (and
its  phylum  Bacteroidetes as  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  (Lourenço et al. 2014; Casey Chen et al. 2018;
Camelo-Castillo et al. 2015), and in others to not be significantly
different  between  periodontitis  and  health  (Wolff  et  al.  2017;
Yuchao Li  et  al.  2020).  Respectively,  these studies  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  (Espinoza  et  al.  2018).  This  nitrate/nitrite  cycle  is
part of the host defense reaction against periodontal disease (Qu et
al.  2016),  since  salivary  glands boost  the  immune  response  as  a
reaction  to  periodontitis  (Henskens et  al.  1996).  Thus,  the  lower
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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 organisms 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 (Kerley et al. 2016). 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 (Johansson et al. 2016; L. Xu et
al.  2018; Espinoza et al. 2018; Uchida-Fukuhara et al. 2020) and
Atopobium (Aas et al. 2008; L. Xu et al. 2018; Kianoush et al. 2014)
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 (Rinke et al. 2013), does not seem to show
the same connection from the literature, as this genus (Espinoza et
al.  2018) and  its  family,  Saccharimonadaceae (Schoilew  et  al.
2019), 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 incidence of dental
caries in DS.

The alpha diversity was lower in DS samples than matched controls
in this  study, meaning the compositions  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 periodontitis.  It has been shown that
alpha diversity is lower in severe early childhood caries (Y. Li et al.
2007;  Hurley  et  al.  2019) and  that  it  decreases  as  dental  caries
progresses over time  (Gross et al. 2010). An explanation that has
been posited for this was called the ‘ecological plaque hypothesis’
(P. D. Marsh 1994), which suggests that acidogenic bacteria lower
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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  (LaMonte  et  al.  2018;
Abusleme et al. 2013) and increases with increasing severity of the
disease (Genco et al. 2019), as well as with particular periodontitis
indicators,  like  periodontal  pocket  depth  (PPD),  bleeding  on
probing (BOP), and mean plaque index (Takeshita et al. 2016). 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 (Baliga, Muglikar, and Kale 2013; Prasad et al.
2019). Salivary pH has also been shown to be lower in DS than in
non-DS (Davidovich et al. 2010; Siqueira and Nicolau 2002).

Yeasts were generally found to be more prevalent in DS, consistent
with earlier  reports  (Maranhão et  al.  2020).  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 species are opportunistic pathogens in the oral cavity that
have been associated with periodontitis  (M. I. Brusca et al. 2010;
Urzúa et al. 2008; Jewtuchowicz et al. 2008; McManus et al. 2012)
and dental caries (Naidu and Reginald 2016; Lozano Moraga et al.
2017; Al-Ahmad et al. 2016). 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
controls (De-La-Torre et al. 2018). 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 (X.-B. Zhang et al. 2012; Krom, Kidwai, and
Ten  Cate  2014).  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 infections, DS may have a stronger impact on
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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 number of  Candida colony forming units (CFUs) (Nadig et al.
2017; S. R. Torres et al. 2002), so the low salivary flow in DS may
promote 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  and  able  to  induce  salivary  proteolysis  via  the
production  of  secreted  aspartyl  proteinases  (T.  Wu  and
Samaranayake 1999) and to demineralize tooth enamel (Caroline de
Abreu Brandi et al. 2016). Thus, the fungal component of our data
suggests  an  environment  suitable  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 abundances 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 relatives 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 individual households or families.

Despite findings that have shown various effects of premature aging
in DS  (Franceschi et  al.  2018; Horvath et al.  2015; Borelli  et al.
2015), 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.
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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 composition 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 comparative lack of cariogenesis and some
cariogenic  organisms  in  DS,  despite  an  apparently  cariogenic
environment. The confluence of factors may promote 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.

3.5 Conclusions

This study has shown that there are significant differences in the
overall composition of the oral microbiome between DS and non-
DS individuals from across Spain. Differences in the abundances of
particular  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
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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,  potentially  due  to  the
limited salivary flow, unique dentition, 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.

Supplementary information

Supplementary information referenced in this chapter accompanies
the publication at https://doi.org/10.1080/20002297.2020.1865690. 
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Chapter  4:  Citizen-science  based  study  of  the
oral  microbiome  in  cystic  fibrosis
and matched controls reveals major
differences  in  diversity  and
abundance  of  bacterial  and  fungal
species

4.1 Abstract

Background: Cystic fibrosis (CF) is an autosomal genetic disease,
associated with the production of excessively thick mucosa and with
life-threatening chronic lung infections. The microbiota of the oral
cavity  can  act  as  a  reservoir  or  as  a  barrier  for  infectious
microorganisms that can colonize the lungs. However, the specific
composition  of  the oral  microbiome in CF is  poorly understood.
Methods:  In  collaboration  with  CF  associations  in  Spain,  we
collected oral rinse samples from 31 CF persons (age range 7-47)
and  matched  controls,  and  then  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. Results: We found that CF is
associated  with  less  diverse  oral  microbiomes,  which  were
characterized  by  higher  prevalence  of  Candida  albicans  and
differential  abundances  of  a  number  of  bacterial  taxa  that  have
implications in both the connection to lung infections in CF, as well
as  potential  oral  health  concerns,  particularly  periodontitis  and
dental caries. Conclusion: Overall, our study provides a first global
snapshot of the oral microbiome in CF. Future studies are required
to establish the relationships between the composition of the oral
and lung microbiomes in CF.

Keywords:  Oral  microbiome,  Cystic  fibrosis,  oral  mycobiome,
Candida, Pseudomonas
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4.2 Introduction

Cystic fibrosis (CF) is a severe autosomal recessive genetic disease
caused  by  mutations  in  the  CF  transmembrane  conductance
regulator (CFTR) gene (Zielenski et al. 1991). CF is one of the most
common  rare  genetic  disorders,  particularly  in  the  Caucasian
population, affecting one in 2000–3000 newborns in the European
Union (Bassett, Boguski, and Hieter 1996). The CFTR protein acts
as  a  chloride  channel  that  transports  ions  across  the  apical
membrane of epithelial  cells throughout the body  (Saint-Criq and
Gray 2017). This channel is involved in the production of several
secretions  including  sweat,  digestive  fluids,  and  mucus.  If  the
channel  is  impaired,  these  secretions  increase  their  thickness,
mostly affecting  the function  of  the  lungs,  but  also  other  organs
such as the pancreas, liver, kidneys, and intestine. Lung infections
are  common  and  often  develop  into  chronic  and  severe,  life-
threatening forms due to a deficient  mucociliary clearance of the
thick  mucus  (Tilley  et  al.  2015).  Several  bacterial  and  fungal
species are commonly associated with chronic respiratory infection
of  the  lower  airways  in  CF,  including  Aspergillus  fumigatus,
Candida albicans, Haemophilus influenzae, Staphylococcus aureus,
Burkholderia  cepacia  complex,  Stenotrophomonas  maltophilia,
Achromobacter xylosoxidans and Pseudomonas aeruginosa, with P.
aeruginosa playing a major role in the morbidity and mortality of
patients  (C. J. Taylor et al. 1990; Marshall et al. 2015). Hence,  P.
aeruginosa is a key pathogen in CF lung disease and has been found
to be involved in the progressive obstructive pulmonary disease and
bronchiectasis  resulting  from  chronic  endobronchial  infection
(Rosenfeld  et  al.  2012).  These  infections  start  early  in  life  and
progressively increase with patient age, with P. aeruginosa present
in  the  lungs  of  up  to  80% of  patients  over  the  age  of  18  years
(Saiman,  Siegel,  and  Cystic  Fibrosis  Foundation  Consensus
Conference on Infection Control Participants 2003).

Despite the fact that  P. aeruginosa is one of the most widespread
and destructive  opportunistic  pathogens,  it  does  not  colonize  the
airways alone.  Microbes commonly present in the oral cavity are
also present in sputum from CF patients (Rivas Caldas et al. 2015)].
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In fact, the oral cavity has been proposed as a reservoir of bacteria,
both  commensal  and  pathogenic,  that  can  colonize  the  lower
airways due to micro-aspirations (Boutin et al. 2015; Gomes-Filho,
Passos,  and  Seixas  da  Cruz  2010).  A  model  has  been  proposed
comparing  the  biodiversity  of  the  respiratory  tract  to  island
biogeography  (Whiteson, Bailey, et al. 2014), in which the mouth
and throat, much like the mainland, are sources of relatively high
species  diversity,  whereas  the  diversity  of  the  airways  decreases
with  the  distance  from the mouth,  just  as  distant  islands  display
more specific subsets of the mainland’s diversity. An investigation
of this notion showed that samples taken from distal lung sites were
more distinct from the upper respiratory tract than proximal sites
(Dickson et  al.  2015).  Thus,  there  might  be a  strong connection
between the oral microbiome and many of the pulmonary pathogens
acting in CF.

Beyond the mouth’s microbiota, the physiology of the oral cavity is
also a factor in CF. Both salivary pH and the pH of the airways in
CF  are  typically  lower  than  those  of  non-CF  individuals
(Pawlaczyk-Kamieńska,  Borysewicz-Lewicka,  and Batura-Gabryel
2019; Tate et  al.  2002), due in part  to malfunction of the CFTR
protein,  leading  to  defective  secretion  of  the  buffer  molecule
bicarbonate  (Kunzelmann,  Schreiber,  and  Hadorn  2017).  The
airway  microbiota  in  CF  have  also  shown  a  decrease  in  alpha
diversity,  a  measure  of  the  number  of  organisms  present  in  a
sample,  and  a  value  that  decreases  more  with  diminishing  lung
function (Cuthbertson et al. 2020; Blainey et al. 2012; Coburn et al.
2015; M. J. Cox et al. 2010; Zemanick et al. 2017). Taken together,
these factors have important  implications  on the microbiome and
oral health in general, though there is some debate in the literature.
The acidic environment may leave CF individuals more susceptible
to both dental caries and periodontitis  (Baliga, Muglikar, and Kale
2013;  Prasad  et  al.  2019).  The  combination  of  low pH and  low
alpha diversity may predispose CF individuals to dental  caries in
particular,  as  according  to  the  ‘ecological  plaque  hypothesis,’
acidogenic bacteria foster an acidic environment and the diversity
drops as many species intolerant to the change are unable to grow
(P.  D.  Marsh  1994).  Periodontitis,  on  the  other  hand,  has  been
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shown  to  present  with  greater  alpha  diversity  in  the  oral  cavity
(LaMonte et  al.  2018;  Abusleme et  al.  2013;  Genco et  al.  2019;
Takeshita et al. 2016). While some studies suggest a greater risk for
dental  caries  in CF  (Pawlaczyk-Kamieńska,  Borysewicz-Lewicka,
and  Batura-Gabryel  2019;  Catalán  et  al.  2011),  a  systematic
literature  review found that  CF generally  had lower incidence  of
caries,  or  no difference  (Pawlaczyk-Kamieńska  et  al.  2019).  The
CFTR protein’s role of pH regulation is vital in odontoblasts, cells
which  secrete  dentin  during  tooth  development,  and ameloblasts,
cells  which  deposit  enamel,  and  in  fact,  abnormal  enamel
mineralization  has  been  seen  in  CF  as  a  result  of  the  defective
CFTR protein  (Arquitt,  Boyd, and Wright  2002; Bronckers et  al.
2010). Conversely, it has been suggested that the CFTR protein may
actually  promote  periodontitis,  and  indeed  a  study  of  gingival
biopsies showed greater and more widespread CFTR expression in
patients with periodontitis compared to healthy controls  (Ajonuma
et al.  2010),  suggesting that  a  mutation  in  the  CFTR gene could
predispose  CF individuals  to  have  better  periodontal  health.  The
review of oral health in CF also suggested that treatments for CF,
such as antibiotics and inhaled anti-inflammatory medications, may
protect  CF  patients  from  the  colonization  of  early  caries  and
periodontitis  pathogens  (Pawlaczyk-Kamieńska  et  al.  2019).  One
study found that airway pH increased in CF patients after antibiotic
treatment (Tate et al. 2002), and there have been instances of higher
pH in CF as compared to controls, which have been attributed to
treatment  with  supplementary  pancreatic  enzymes  (Herman,
Kowalczyk-Zając, and Pytrus 2017). The evidence suggests that the
combination  of  factors  typical  to  CF may inhibit  cariogenic  and
periodontal  pathogens  in  the  oral  cavity,  but  still  produces  an
environment with a low pH and low alpha diversity that promotes
damage to the outer layers of the teeth.

Here we present the first metabarcoding study, to our knowledge, of
the oral microbiome in cystic fibrosis with a comparison to matched
control  samples.  We  compare  the  overall  composition  of  oral
bacteria between the groups and explore the differential abundances
of bacterial  taxa, as well as the presence or absence of yeast and
mold species.  We also calculate  co-occurrence networks to study
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the underlying ecologies present in the CF and non-CF groups and
further analyze the results alongside metadata collected through a
citizen science approach.

4.3 Materials and methods

4.3.1 Sample collection

We  contacted  CF  individuals  and  their  relatives,  through  local
associations of CF families integrated in the Spanish Federation for
CF (https://fibrosisquistica.org/). Additionally, we analyzed samples
from matched groups of individuals (see below) from a larger study
targeting  the  general  population  (www.sacalalengua.org).  All
participants signed an informed consent form allowing the use of
their  saliva samples for microbiological 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 approved by the ethics
committee  of  the  Barcelona  Biomedical  Research  Park  (PRBB).
Samples  were  collected  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 samples 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  CF  in  collaboration  with  CF  partner
associations. 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  have  been
previously  validated  (Chapter  2,  (Willis  et  al.  2018)).  Saliva
samples  were  collected  using  a  mouthwash  as  described  earlier
(Chapter 2, (Willis et al. 2018)). In brief, the protocol is as follows:
participants  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
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centrifuge  equipped  with  an  Eppendorf  F-35-6-30  rotor.  The
supernatant was discarded and the pellets were resuspended with the
remaining PBS, transferred 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.

A total  of 31 oral  rinse samples  were collected  from individuals
with CF (ages 7–47) during the second edition of ‘Stick out your
tongue’, a citizen science project in Spain (SLL2 – from ‘Saca La
Lengua’ in Spanish, see  http://www.sacalalengua.org,  Chapter 2,
(Willis  et  al.  2018)),  and  in  collaboration  with  CF  family
associations in Spain. Citizen science aims to involve the public in
large-scale investigations to obtain a wide range of data as well as
to  increase  public  understanding  of  relatively  esoteric  scientific
undertakings  (National  Academies  of  Sciences,  Engineering,  and
Medicine et al. 2019; Gura 2013). Sample collection was coupled
with science communication activities with CF individuals and their
relatives, aiming to raise awareness about the microbiome, its role
on health and disease, and its  potential  particularities in CF. The
SLL2 project questionnaire about health and lifestyle was adapted
to CF with the help of CF associations.

In order to determine the effects of familial relations in the context
of this study, we also collected samples from some relatives. Some
of  the  31  CF  individuals  were  related  to  others  also  with  CF,
including  8  siblings  and  2  individuals  that  were  partners.  There
were  36  other  relatives  without  CF  that  also  participated  in  the
study,  which  primarily  consisted  of  parents,  but  also  included  2
other  partners,  4  siblings,  and  1  grandmother.  The  ages  of  the
siblings with CF ranged from 7 to 41 years old, while the siblings
without  CF ranged from 22 to 32 years  old.  The parents  ranged
from 41 to 71 years old.

4.3.2 DNA extraction and sequencing

The DNA extraction and amplification and sequencing of the V3-
V4  region  of  the  16S  ribosomal  RNA  gene  were  performed  as
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previously described (Chapter 3,  (Willis et al. 2020)). Briefly, for
sample DNA extraction we used the ZR-96 Fungal/Bacterial DNA
kit  (Zymo  research  Ref  D6006),  following  manufacturer’s
instructions.  Two  DNA  samples  derived  from  bacterial  mock
communities  from the BEI Resources of the Human Microbiome
Project  were  included  as  controls:  ‘HM-782D’  and  ‘HM-783D’.
V3-V4 16S primers,  PCR conditions,  and library  preparation  for
further  Illumina  MiSeq  sequencing  in  multiplex  with  2 × 300  bp
reads  using  v3  chemistry  were  done  following  our  previous
protocols already described (Chapter 3,  (Willis et al. 2020)). We
also included negative controls for the DNA extraction and PCR
amplification steps, which 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 preparation and sequenced.
Expectedly,  these sequenced non-template  controls  systematically
yielded very few reads (a range of 155–1005 reads per sample), in
contrast to an average of ~64,000 reads/sample in sample-derived
libraries.

4.3.3 Fungal composition analysis

To  assess  the  fungal  composition  in  our  samples,  we  used
traditional  culture-based  methods  to  enrich  for  possible  fungal
species instead of fungal metagenomics technologies (such as ITS
amplification), which produced unsatisfactory results in this type of
samples in previous studies (Chapter 3, (Willis et al. 2020)). In this
way,  we could  overcome  the  limitations  of  the  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  used
previously optimized protocols in our group (Chapter 3, (Willis et
al.  2020)),  which  mainly  consists  of  plating  6% of  the  original
sample  onto  a  YPD  sterile  plate  with  antibiotics  (100  μl and used to amplify theg/ml  of
chloramphenicol  and  100  μl and used to amplify theg/ml  of  ampicillin).  After  7  days  of
incubation  at  30°C,  we  assessed  the  number  of  colonies,  their
phenotypes,  and  the  presence  of  bacteria.  A  maximum  of  10
colonies were randomly selected per sample and re-grown onto a
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fresh plate for 24 h in the same conditions. We used MALDI-TOF
(Matrix-Assisted Laser Desorption/Ionization-Time Of Flight) mass
spectrometry analysis for fungal identification of each colony and,
if  the  results  were  inconclusive  after  two  attempts,  we
complemented this analysis with colony PCR to amplify the Internal
Transcribed  Spacer  (ITS)  hypervariable  region  of  the  5.8S
ribosomal gene (fungal marker) and further Sanger sequencing.

MALDI-TOF  analysis  was  performed  with  a  MALDI  Biotyper
(Bruker  Daltonik  MALDI  Biotyper)  in  the  Centre  for  Omics
Sciences (COS) in EureCat (Centre Tecnològic de Catalunya, Reus,
Spain),  following  previously  described  protocols  (Chapter  3,
(Willis et al. 2020)): total proteins from the fungal colonies were
extracted in our lab following standard protocols and then samples
were  sent  to  COS  for  the  analysis.  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  identification  was  performed  using  the  real-time
classification software MALDI Biotyper (Bruker, Germany). Thus,
for each colony sample, we obtained two alternative scores, which
were  interpreted  as  follows:  i)  2.3–3.0,  highly  probable  species
identification;  ii)  2.0–2.299,  secure  genus identification,  probable
species 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  species
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 remaining 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, directly using biomass material from a recently replated
colony (maximum of 12–24 hours old). To do this colony PCR we
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used 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 used to amplify thel, and
the following conditions: 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  QIAquick  PCR
Purification Kit (Qiagen), following the manufacturer’s instructions.
Samples  were sent  for Sanger  Sequencing to  Eurofins  Genomics
sequencing  service,  following SUPREMERUN recommendations.
The  resulting  sequences  were  evaluated  with  the  webtool  Blast
(Altschul et al. 1990). Only samples with a high score (>95%) of
identity were considered as correctly identified.

In summary,  yeast  colonies  analyzed from a total  of  75 samples
could be properly identified by MALDI-TOF. For the rest of the
samples  (17)  further  analysis  with  ITS amplification  and Sanger
sequencing  was  required:  11  of  them  could  be  identified  with
certainty (percentage of identity >95% in Blast). Additionally, for
some samples,  we were able  to  identify  the predominant  species
responsible for bacterial growth on the YPD plates with antibiotics.

4.3.4  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)  (Benjamin  J.  Callahan  et  al.  2016) to
produce counts of amplicon sequence variants (ASVs). Low quality
reads  were  first  removed  by applying  the  filterAndTrim function
with  the  following  parameters:  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 5 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  ((“DADA2  Pipeline  Tutorial  (1.16)”  n.d.),
https://benjjneb.github.io/dada2/tutorial.html).  Taxonomy  was
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assigned using the dada2-formatted database of SILVA version 132
(B. Callahan 2018). A phylogenetic tree for use in UniFrac distance
calculations was generated by following a protocol (Ben J. Callahan
et  al.  2016) that  uses  the  ‘DECIPHER’ (version 2.10.2)  (Wright
2016) and ‘phangorn’ (version 2.5.5)  (Schliep 2011) R packages.
After processing reads with the dada2 pipeline, only those samples
with at least 1,000 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
section ‘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 (version
1.3.4)  (Palarea-Albaladejo  and  Martín-Fernández  2015).  Then
centered log ratios were calculated using the  codaSeq.clr function
from the ‘CoDaSeq’ R package (Gloor et al. 2016; Gloor and Reid
2016).

4.3.5 Diversity measures

Alpha  diversity  measures  were  calculated  using  the
estimate_richness function from the ‘phyloseq’ R package (version
1.30.0) (McMurdie and Holmes 2013). 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  distances  give
additional  weight  based  on  taxa  abundances.  Bray-Curtis  and
Jaccard distances were calculated using the  vegdist function from
the ‘vegan’ R package (version 2.5–6) (Oksanen et al. 2017). 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 vegdist function was applied. The Aitchison distance was
calculated using the  aDist function from the ‘robCompositions’ R
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package (version 2.2.1) (Templ, Hron, and Filzmoser 2011).

4.3.6 Statistical analyses

When  running  statistical  tests,  we  first  randomly  selected
representative  matched non-CF 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 following process. Of
the 1,617 non-CF samples in the SLL2 dataset, we removed those
samples  with  any other  chronic  disorder,  leaving  1,335 samples.
The  CF  samples  came  from  seven  autonomous  communities  in
Spain (Andalucia, Aragón, Cantabria,  Catalunya, Madrid, Galicia,
and  the  Basque Country),  so  from the  healthy  controls,  we first
randomly selected  two times the  proportion of CF samples  from
each of those locations (i.e. 2x 4/31, 1/31, 11/31, 6/31, 6/31, 2/31,
and  1/31,  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 proportions of each age
group  from  CF  samples  (i.e.  10/31  youths,  21/31  adults,  0/31
seniors).  Among the  CF samples,  there  were  14  females  and 17
males.  Thus,  a  given  sub-sampling  was  finally  rejected  and
reselected if the proportions of males and females were not similar
to that of CF samples (i.e. (14±2)/31 females and (17±2)/31 males).
From all of the 100 sub-samplings, a total of 352 samples were used
as matched controls.

For each of these sub-samples, a number of statistical tests were run
with the CF and matched controls together. First, we performed a
permutational multivariate 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:  CF/non-CF,  reported  use  of  antibiotics,
gender, age, and population of the city/town from which the sample
came (as a generalized proxy of both location and lifestyle). There
were 21 CF samples that reported antibiotic use and 10 that did not.
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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)  (R Core Team 2020),  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)  (Fox and  Weisberg  2019) 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.

4.3.7 Inferred co-occurrence networks

To produce co-occurrence networks, we first filtered out very rare
taxa  to  avoid  spurious  associations  in  taxa  that  do  not  appear
regularly,  by  using  the  filterTaxonMatrix function  from  the
‘seqtime’ R package (version 0.1.1) (Faust et al. 2020). We retained
those  taxa  that  had  at  least  15  counts  in  at  least  20  of  the  383
samples that included the CF and matched control samples. Then,
we calculated the networks for the CF samples and each of the 100
matched control sub-samplings using the  spice.easi function from
the  ‘SpiecEasi’  package  (version  1.0.7)  (Kurtz  et  al.  2015).  To
produce the network figures, we used a tutorial from the authors of
the ‘SpiecEasi’ package as a guide  (Faust 2017). To calculate the
Hamming distances between networks, we used the netdist function
from the ‘nettools’ package (version 1.1.0) (Filosi, Visintainer, and
Riccadonna 2017).

4.4 Results

4.4.1 Increased abundances of airway pathogens

and decreased abundances of some periodontal
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pathogens in CF

Our analyses identified 26 bacterial genera that consistently differed
significantly in abundance between CF and controls among the 100
sub-samples  (Table 4.1,  see  Materials  and methods section  for
explanation  of  this  process)  and  many  of  these  organisms  have
implications in the pathogenesis of CF and a number of oral health
conditions, which will be examined in the discussion section. The
genera found at higher abundance in CF as compared to matched
non-CF  sets  included  Chryseobacterium,  Microbacterium,
Brevundimonas,  Blvii28  wastewater-sludge  group,
Stenotrophomonas, Streptococcus, Rothia, Staphylococcus, Delftia,
Comamonas,  Scardovia,  Desulfobulbus,  genera  of  the  family
Clostridiales_vadinBB60_group,  Mobiluncus,  Sphingobacterium,
and  Mogibacterium (Table  4.1,  Figure  4.1b,  Supplementary
Figure  4.1).  On  the  other  hand,  the  genera  Peptostreptococcus,
genera  of  the  Clostridiales  family  Family_XIII,  Alloprevotella,
Treponema,  Aggregatibacter,  Parvimonas,  Bergeyella,  genera  of
the  order  Saccharimonadales,  and  Fusobacterium were  found  at
lower abundance in CF, as well as, to a lesser extent, Haemophilus
(Table  4.1,  Figure  4.1b,  Supplementary  Figure  4.1).  At  the
phylum  level,  Firmicutes  and  Actinobacteria,  and  unclassified
sequences,  were  found  at  higher  abundances  in  CF,  while
Spirochaetes,  Fusobacteria  and  Patescibacteria  presented  lower
abundances in CF (Supplementary Figure 4.2). There were no taxa
from  the  genus  to  the  phylum  level  that  differed  significantly
between the non-CF relatives of CF individuals and the same 100
sub-samplings of matched controls. All these differences were not
affected  by  the  fixed  effects  controlled  for  in  the  calculations
(antibiotic use, gender, age, and population).

Table  4.1:  Significance  of  differentially  abundant  taxa  and  other  variables
between CF 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  CF  (↗:  higher  in  CF,  ↘:  lower  in  CF,
permanova results are not directional), the mean adjusted p-value of the statistical
comparison  between  CF  and  matched  controls,  and  the  numbers  of  matched
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controls sub-samples for which the test is significant. Rows are ordered first by
the tendency in CF samples, with organisms/variables that were greater in CF
first, and then by mean adjusted p-value within each variable group.

Taxonomic

level/Variable

Organism/

Variable

Tendency

in CF

Mean

adjusted

p value

Significant

sub-sample

tests

Genus

Chryseobacterium ↗ 0.00199 100

Microbacterium ↗ 0.00231 100

Brevundimonas ↗ 0.00384 100

Blvii28 

wastewater-sludge 

group

↗ 0.00847 98

Stenotrophomonas ↗ 0.00975 95

Streptococcus ↗ 0.0121 97

Rothia ↗ 0.0129 95

Staphylococcus ↗ 0.0130 92

Delftia ↗ 0.0138 93

Comamonas ↗ 0.0158 91

Unclassified at 

Phylum level
↗ 0.0173 94

Scardovia ↗ 0.0207 90

Desulfobulbus ↗ 0.0257 87

Clostridiales 

vadinBB60_group 

unclassified genus

↗ 0.0311 84
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Mobiluncus ↗ 0.0318 83

Sphingobacterium ↗ 0.0325 82

Mogibacterium ↗ 0.0376 82

Peptostreptococcus ↘ 0.00853 97

Family_XIII 

unclassified genus
↘ 0.0106 97

Alloprevotella ↘ 0.0119 94

Treponema ↘ 0.0221 88

Aggregatibacter ↘ 0.0238 85

Parvimonas ↘ 0.0258 82

Bergeyella ↘ 0.0300 85

Saccharimonadales

unclassified genus
↘ 0.0337 83

Fusobacterium ↘ 0.0436 69

Haemophilus ↘ 0.0611 51

Phylum

Firmicutes ↗ 0.00575 100

Actinobacteria ↗ 0.00998 97

Spirochaetes ↘ 0.0157 93

Fusobacteria ↘ 0.0259 89

Patescibacteria ↘ 0.0796 49

Fungi

Candida albicans ↗ 0.0310 82

Yeast detected 

(Yes/No)
↗ 0.0765 61
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Sialochemistry pH ↘ 0.0249 86

Alpha 

diversity

Shannon diversity 

index
↘ 0.00199 100

Faith’s 

phylogenetic 

diversity

↘ 0.00001 100

Species richness ↘ 0.00001 100

Permanova 

(Beta 

diversity)

Aitchison - 0.001 100

Jaccard - 0.001 100

Unweighted 

UniFrac
- 0.001 100

Bray-Curtis - 0.00118 100

Weighted UniFrac - 0.0258 90

Figure  4.1:  Cystic  fibrosis  differs  in  factors  affecting  both  oral  and lung

health. (a) Mean relative abundances of 15 most abundant genera in CF samples
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and matched controls. The remaining genera are grouped together and colored in

white.  (b)  Two  of  the  significantly  differentially  abundant  genera  are  shown

(centered log ratio values of Rothia and Treponema), as well as alpha diversity as

calculated by the Shannon diversity index and the salivary pH. In the header of

each  boxplot,  ‘Other  effects’  refers  to  the  significance  of  the  fixed  effects

included  in the  calculations (antibiotic  use,  gender,  age,  and  population).  The

label ‘none’ indicates that none of these had a significant effect on average for the

given taxon or variable.

4.4.2 Candida albicans more prevalent in CF

We  used  a  culture-based  approach  paired  with  proteomics  to
determine the presence of yeast and mold species in our oral rinse
samples (Table 4.2, see Materials and methods section). Candida
albicans was consistently significantly more prevalent CF samples
than matched controls (Table 4.1, mean adjusted p among 100 sub-
samples  = 0.0310, significant  in 82 of 100 sub-sample tests).  C.
albicans was detected in 17 of the 31 CF samples,  while  it  was
found in 50 of the 352 matched controls that were used in all of the
sub-sampling tests (p = 0.0000875 for multinomial log-linear model
including  all  CF and matched  controls).  We also  detected  yeast,
regardless of species, more frequently in CF samples than matched
controls,  though  less  consistently  than  C.  albicans in  particular.
Yeasts  were  found  in  18  of  31  CF  samples  and  in  74  of  352
matched  controls  (Table  4.1,  mean  adjusted  p  among  100  sub-
samples = 0.0765, significant in 61 sub-sample tests, p = 0.000636
for  multinomial  log-linear  model  including  all  CF  and  matched
control samples). These differences were not significantly affected
by  the  fixed  effects  included  in  the  calculations  (antibiotic  use,
gender, age, and population).

Table 4.2: Analysis of colonies grown onto YPD + antibiotics plates. The table
summarises the number (n) and frequency (%) of samples which formed colonies
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for  a)  yeasts,  –  with  b)  indicating  the  mean and  the  range  of  the  number  of
colonies for the yeast positive samples – c) mold, d) bacteria, and e-p) identified
fungal  species  as  determined  by  MALDI-TOF  per  group:  subjects  with  CF
(Cystic Fibrosis) and matched control individuals.

Colony analysis CF (n=31) CONTROLS (n=352)

a) Yeast 18 (58.06) 74 (21.02)

b) # yeast colonies, mean 
(min-max)

106.44 (1-519) 29.80 (1-578)

c) Mold 7 (22.58) 48 (13.64)

d) Bacteria 19 (61.29) 203 (57.67)

e) Candida albicans 17 (54.84) 50 (14.20)

f) Candida guilliermondii 2 (6.45) 4 (1.14)

g) Candida glabrata 1 (3.23) 2 (0.57)

h) Candida parapsilosis 1 (3.23) 5 (1.42)

i) Debaryomyces hansenii 1 (3.23) 3 (0.85)

j) Candida dubliniensis 0 (0) 4 (1.14)

k) Rhodotorula mucilaginosa 0 (0) 2 (0.57)

l) Candida lusitaniae 0 (0) 1 (0.28)

m) Candida tropicalis 0 (0) 1 (0.28)

n) Candida zeylanoides 0 (0) 1 (0.28)

o) Candida intermedia 0 (0) 1 (0.28)

p) Candida spp., 0 (0) 2 (0.57)
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4.4.3 Lower alpha diversity and salivary pH in CF

CF samples consistently had lower alpha diversity than the matched
controls,  as  determined  by  the  Shannon  diversity  index,  Faith’s
phylogenetic  diversity,  which  incorporates  weights  based  on
phylogenetic distances between taxa, and species richness, which is
a  count  of  the  unique  taxa  identified  in  each  sample.  The  CF
samples  also  consistently  had  lower  pH  than  matched  controls
(Figure  4.1b).  There  was  no  difference  in  these  alpha  diversity
values or in pH between the non-CF relatives of CF individuals and
the same 100 sub-samplings of matched controls. The fixed effects
included  in  the  calculations  (antibiotic  use,  gender,  age,  and
population)  did  not  have  significant  effects  in  any  of  these
differences.  There was also a significant difference in the overall
composition of CF samples compared to matched controls based on
a  permanova  test  of  the  five  distance  metrics  described  in  the
methods,  each  of  which  measures  distances  in  a  different  way
(Table 4.1).

4.4.4  Networks  of  co-occurring  taxa  differ
significantly between CF and controls

We  inferred  taxon  co-occurrence  networks  among  the  31  CF
samples  as  well  as  each  of  the  100  sub-samples  to  explore
underlying  differences  in  the  ecology  of  the  oral  microbiome  in
these  conditions  (Figure  4.2a-b).  Using  a  Hamming  distance
calculation,  which measures the degree to which the connections
within  two  networks  differ  from  each  other,  we  found  that  the
networks of the 100 matched control sub-samples were significantly
more  similar  to  each  other  than  they  were  to  the  CF  network
(Kruskal–Wallis  p-value  =  2.2e-16,  Figure  4.2c).  The  mean
Hamming distance between matched control networks was 0.018 ±
0.005, while the mean distance between the CF network and those
of the matched controls was 0.025 ± 0.004.
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Figure 4.2: Networks of co-occurring taxa differ significantly between cystic

fibrosis and matched control samples. Co-occurrence networks of taxa in (a)
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the 31 CF samples and (b) all 352 matched control samples. Only those vertices

representing taxa mentioned in the text are labeled, as these were the relevant

connections that differed between CF and controls. Vertices are colored by the

phylum to which they belong. Vertex sizes are proportional to the abundances of

those taxa. Edges are colored according to the trend of the association between

indicated taxa, where blue edges are positive and red edges are negative. Edge

widths  are  proportional  to  the  strength  of  the  associations.  For  the  matched

control network in (b), this comes from a network calculated for all 352 controls

together, merely for the sake of visualization. All statistics included in the text are

based  on  the  networks  from  the  100  matched  control  sub-samples.  (c)

Distributions  of  Hamming  distances  between  the  CF  network  and  the  100

matched control networks (CF vs mC – yellow) and between each of the matched

control networks (mC vs mC – blue). The p-value indicates the significance of the

difference between these distributions.

There  were  a  number  of  specific  correlations  between  taxa  that

differed between the CF network and those of the matched controls,

which have potential implications for the oral cavity as a reservoir

of microorganisms for the lower airways, as well as for oral health

conditions. Some connections that occurred exclusively in the CF

network included negative associations between Alloprevotella and

Brevundimonas,  Lactobacillus and  both  Fusobacterium and

Gemella,  and  Aggregatibacter and  Mesorhizobium,  as  well  as

positive  associations  between  Campylobacter and  Leptotrichia,

Megasphaera and  Kingella,  and  Corynebacterium and

Selenomonas. These connections are summarized in  Table 4.3, in

the ‘CF networks’ section. There were also some connections that
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did not occur in the CF network, but did occur consistently in the

matched control networks. These are also highlighted in Table 4.3,

in the ‘Matched control  networks’ section,  which also shows the

number of times a given association was significant among the 100

control networks.

Table 4.3: Associations of co-occurring taxa that differ between CF and matched

control  networks.  The  column  ‘Association’  lists  the  co-occurring  taxa.  The

column ‘Direction of correlation’ indicates the direction of that association. The

final column shows the number of matched control networks (of the 100 sub-

samplings that were performed) in which the correlation was significant.

Association
Direction of
correlation

Significant
controls

CF 
networks

Alloprevotella +
Brevundimonas 

Negative 0

Lactobacillus +
Fusobacterium

Negative 0

Lactobacillus + Gemella Negative 0

Aggregatibacter +
Mesorhizobium

Negative 0

Campylobacter + Leptotrichia Positive 0

Megasphaera + Kingella Positive 0

Corynebacterium +
Selenomonas

Positive 0

Matched 
control 

Ralstonia + Variovorax Positive 96

Streptococcus + Gemella Positive 92
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networks

Prevotella + Veillonella Positive 92

Prevotella + Solobacterium Positive 61

Prevotella + Atopobium Positive 50

Bradyrhizobium +
Hyphomicrobium

Positive 86

Gemella + Granulicatella Positive 72

Actinomyces +
Stomatobaculum

Positive 62

Actinomyces + Rothia Positive 58

Actinomyces + Atopobium Positive 46

Rothia + Granulicatella Positive 55

F.Family_XIII.UCG +
Parvimonas

Positive 50

Treponema + Filifactor Positive 47

Treponema + Dialister Positive 33

4.5 Discussion

Our results provide further evidence for the relationship between the
microbiota  of  the  oral  cavity  and the lower respiratory  tract  and
suggest  a  potential  reservoir  function  of  the  oral  microbiome
(Boutin et al. 2015; Gomes-Filho, Passos, and Seixas da Cruz 2010;
Whiteson,  Bailey,  et  al.  2014; Dickson et  al.  2015). We found a
number of organisms that have been associated with lung infections
in CF at higher abundance and prevalence in the oral rinse samples
of  CF individuals  as  compared  to  matched  controls  (Table  4.1),
including the bacterial  genera  Chryseobacterium (Lambiase et  al.
2007;  Coenye  et  al.  2002;  Fernández-Olmos  et  al.  2012),
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Microbacterium (Sharma  et  al.  2012,  2013),  Brevundimonas
(Fernández-Olmos et  al.  2012; Menuet et  al.  2008; Carter 2010),
Stenotrophomonas (Coburn et al. 2015; Zemanick et al. 2017; Razvi
et al. 2009; Hauser et al. 2011; Talmaciu et al. 2000), Streptococcus
(Zemanick  et  al.  2017;  Paganin  et  al.  2015;  Maeda  et  al.  2011;
García-Castillo et al. 2007; Whiteson, Meinardi, et al. 2014), Rothia
(Paganin et al. 2015; Whiteson, Meinardi, et al. 2014; Y. W. Lim et
al. 2013), Staphylococcus (Zemanick et al. 2017; Razvi et al. 2009;
Paganin  et  al.  2015;  Sánchez-Bautista  et  al.  2019),  Delftia
(Fernández-Olmos et al. 2012; Carter 2010; de Dios Caballero et al.
2016;  Tabatabaei,  Dastbarsar,  and  Moslehi  2019;  Filkins  et  al.
2012), Comamonas (Coburn et al. 2015; Coenye et al. 2002; Carter
2010;  Filkins  et  al.  2012),  Scardovia (Carter  2010; Filkins  et  al.
2012; Soret et al. 2020), Mobiluncus (Filkins et al. 2012; Worlitzsch
et al. 2009), Sphingobacterium (Fernández-Olmos et al. 2012; Zhao
et al. 2012), Mogibacterium (Filkins et al. 2012; Coffey et al. 2019),
and  the  fungal  species  Candida  albicans (Paganin  et  al.  2015;
Bakare  et  al.  2003;  Valenza  et  al.  2008;  Chotirmall  et  al.  2010;
Lepesqueur  et  al.  2020).  In  addition,  we  found  significant
differences in the overall composition of the oral microbiome based
on CF using a permanova test  on five different  distance metrics,
each  of  which  focuses  on  different  aspects  of  the  composition.
Taken  together,  this  highlights  the  strong  differences  across  the
entirety  of  the  oral  microbiomes  of  CF and non-CF individuals.
Although we did not find a significant difference in the oral cavity
between  CF and  non-CF in  the  abundance  of  Pseudomonas,  the
genus  of  the  primary  infective  agent  in  CF,  P.  aeruginosa,  the
differences in these other taxa highlight the dramatic  shift  in the
microbial equilibrium in CF. There is, of course, the possibility that
the  increased  abundances  of  these  organisms  results  from
colonization of bacteria originating in the lower airways, but we feel
that it is more likely that the mouth acts as a source of bacteria for
the lungs,  which become more susceptible  to  infection under the
conditions of CF. For one, all of the organisms mentioned here are
detected in both CF and non-CF oral cavities, which would preclude
their appearance as a result of CF lung infections.  Moreover, the
absence  of  some of  the  primary  infectors  in  CF in  both  sample
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groups, such as Burkholderia or Achromobacter, and the equivalent
abundances  of  Pseudomonas would support  the  directionality  we
have suggested.

In fact, P. aeruginosa may be one of the few pathogens prominent
in CF lung infections for which the abundance in the oral cavity is
not an indicative biomarker,  though it interacts  with a number of
oral  species  in  the  lung.  Along  with  some  of  the  other  most
significant  CF  pathogens  like  Staphylococcus and
Stenotrophomonas, Pseudomonas is actually a late colonizer of the
lungs. These taxa dominate the lung microbiome in CF after the age
of 6, while the lungs of CF patients under the age of 2 are primarily
composed  of  oral  commensal  species  from  the  genera
Streptococcus,  Prevotella and  Veillonella (Zemanick et al.  2017).
When  Streptococcus colonizes  before  Pseudomonas,  the  oral
species  S. salivarius is able to inhibit the growth of gram-negative
bacteria,  such as  P.  aeruginosa,  by the production  of  lactic  acid
which  disrupts  their  cell  membranes  (Scoffield  and  Wu  2015;
Whiley et  al.  2015).  This effect  may inhibit  the initial  spread of
some  CF  pathogens  to  the  lower  airways,  but  it  primarily  acts
within the mouth and throat (Boutin and Dalpke 2017), and so other
mechanisms allow growth in the lungs as the patient ages. Even as
some  Streptococcal  species  inhibit  Pseudomonas in  the  upper
airways, others can promote its growth in the lower airways. One
model  that  has  been  proposed  for  the  physiology  of  CF  lung
infections suggests that 2,3-butanediol produced by oral and airway
Streptococcus is abundant due to increased fermentation under more
anaerobic conditions. The 2,3-butanediol can act as a buffer for the
decreased  pH,  but  then  becomes  a  carbon  source  for  both  P.
aeruginosa and  Rothia mucilaginosa, and adds to the virulence of
P.  aeruginosa by  allowing  it  to  produce  more  reactive  oxygen
species  and  to  provide  additional  electron  acceptors  to  other
anaerobic CF pathogens (Whiteson, Meinardi, et al. 2014).

Rothia mucilaginosa is an oral commensal species and perhaps the
most closely tied to P. aeruginosa in CF lung infections as it forms
similar  biofilms  (Yuan  et  al.  2013),  may  do  so  alongside  P.
aeruginosa (Y. W. Lim et  al.  2013),  and can act  as a  source of
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metabolites  necessary  for  the  production  of  glutamate  by  P.
aeruginosa, which is used as a component of its cell wall and may
increase its virulence  (Gao et al. 2018).  R. mucilaginosa has been
associated  with  a  decline  in  lung function  in  CF  (Paganin  et  al.
2015) and has been suggested to adapt very efficiently to the CF
lung environment, to the point that individual CF patients may have
unique  strains  of  the  species,  as  seen  with  P.  aeruginosa and
Staphylococcus aureus (Y. W. Lim et al. 2013). It is able to do so
by  the  use  of  extracellular  lactate,  which  is  present  at  higher
concentrations in CF individuals with poor lung function (Bensel et
al.  2011),  in  order  to  undergo  fermentation  under  anaerobic
conditions, as well as adapting to resist antibiotics, protect against
foreign nucleic acids, and to take advantage of the Fe2+ produced
by the reduction of Fe3+ by both P. aeruginosa and S. maltophilia
in the low-pH CF lung (Y. W. Lim et al. 2013).

Desulfobulbus is one of the only taxa found at higher abundance in
the  oral  cavity  of  CF  individuals  in  this  study  that,  to  our
knowledge, has not been reported as a CF lung pathogen, though the
evidence suggests that it may be well suited to a CF environment.
Desulfobulbus is  a  sulfate-reducer  (Widdel  and  Pfennig  1982),
which is relevant because P. aeruginosa is able to use sulfate from
mucins  in  the  airways  (Robinson  et  al.  2012),  and  the  resulting
volatile  sulfur  compounds  may  be  utilized  by  the  fungus
Aspergillus fumigatus, a common CF pathogen (Scott et al. 2019) In
the same vein, it has been shown that there is increased sulfation of
mucus glycoproteins in CF (Mohapatra et al. 1995; Y. Zhang et al.
1995).

The  frequent  treatment  of  CF  with  antibiotics  may  result  in  the
development of antibiotic resistance in a number of pathogens, with
evidence  that  rates  of  resistance  are  increasing  in  some  species
(Hauser et al. 2011), including Candida albicans (Foweraker 2009),
also found at  greater  prevalence  in  CF samples  in  our  study.  C.
albicans has been implicated in CF lung infections  (Bakare et al.
2003;  Valenza  et  al.  2008;  Lepesqueur  et  al.  2020),  and  in
particular, it has been associated with a substantial decline in lung
function  (Paganin et al.  2015; Chotirmall  et al.  2010), as well as
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pancreatic insufficiency, exacerbation of lung infection, lower BMI
and lower percentage of predicted forced expiratory volume in 1
second (FEV1) (Chotirmall et al. 2010).

Although  in  this  study  we  did  not  have  specific  information
regarding the oral health status of the donors, as they were taken
from a larger exploratory study that was not focused explicitly on
oral diseases (SLL2 – from ‘Saca La Lengua’ in Spanish, see http://
www.sacalalengua.org, Chapter 2, (Willis et al. 2018)), the results
presented  here  broadly  support  the  notion  seen  throughout  the
literature  that,  in  CF  patients,  there  is  a  lower  incidence  of
periodontitis, though they develop an acidic oral environment prone
to  harm  the  enamel  and  dentin  of  the  teeth.  Factors  that  may
indicate lower incidence of periodontitis  in CF include low alpha
diversity (LaMonte et al. 2018; Abusleme et al. 2013; Genco et al.
2019; Takeshita et al. 2016), as seen in our data, malfunction of the
CFTR protein  (Ajonuma et al. 2010), and generally higher use of
anti-inflammatory  and  antibiotic  medications  (Pawlaczyk-
Kamieńska et al. 2019). Indeed, nearly all of the genera found at
lower  abundance  in  CF samples  here  have  been associated  with
periodontal  disease.  Many  of  these  are  members  of  the  various
bacterial complexes which form biofilms at different stages of the
disease  (Mohanty  et  al.  2019;  A.  P.  V.  Colombo  et  al.  2009;
Koyanagi et al. 2013; Riggio and Lennon 2002; S. Bizzarro et al.
2016;  Ramanan  et  al.  2014;  Ruhl  et  al.  2014).  Some  of  the
organisms found at higher abundance in CF samples in this study
have been implicated  in  dental  caries  and carious  lesions  on the
teeth (J. Zhou et al. 2016; H. Chen et al. 2013; Q. Jiang et al. 2018;
Mantzourani et al. 2009; Tanner et al. 2011; W. Jiang et al. 2014;
Henne et al. 2015; Richards et al. 2017; Y. Wang et al. 2017; Naidu
and Reginald 2016; Lozano Moraga et al. 2017; J. Xiao et al. 2018;
Eidt et al. 2019) and, conversely, others found at lower abundance
in CF samples have been linked to the absence of caries and tooth
damage (W. Jiang et al. 2014; L. Xu et al. 2018; H. Xu et al. 2014;
Lif Holgerson et al.  2015; Schoilew et al. 2019; Hernández et al.
2020).

Alloprevotella presents an interesting  case that  may merit  further
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study on its own regarding CF. Species in this genus reduce nitrate
in the saliva which contributes to the anti-inflammatory response to
periodontitis  (Henskens et al. 1996; Qu et al. 2016; Espinoza et al.
2018), so its lower abundance in CF here could be linked in part to
lower incidence of periodontitis. However, the nitrate reduction in
CF patients seems to be a more complicated process.  When it  is
metabolized to nitric oxide (NO), it has an anti-inflammatory effect
in  the  airways of  CF individuals.  Some studies  have  shown that
precursors to NO, like nitrate and nitrite, are higher in the saliva and
exhaled breath condensate (EBC) of CF patients than in those of
controls, but nonetheless, the amount of exhaled NO was lower in
CF (Grasemann et al. 1998; Zetterquist et al. 2009). One proposed
explanation is that NO may be produced normally in CF, but its
diffusion is inhibited in the thick mucus produced in CF airways (de
Winter-de  Groot  and  van  der  Ent  2005),  though  these  first  two
studies suggest that there is an impairment in the formation of NO
in CF patients.  Another study found that increasing the intake of
dietary  nitrate  led  to  an  increase  in  exhaled  NO as  compared to
placebo treatments  (Kerley et al. 2016). From this information, we
cannot  extrapolate  to  determine  the  exact  mechanism  in  the
impairment of the NO cycle in CF, but the low abundance of the
nitrate-reducing genus  Alloprevotella forms a link to this process
that may warrant a deeper investigation.

Significant differences in many co-occurrences of taxa among the
CF samples and the 100 matched control groups suggest underlying
ecological  differences  in  these  two  conditions.  The  Hamming
distance calculations showed that the 100 matched control networks
were more similar to each other than to the CF network (Figure
4.2c),  and  we  also  highlighted  a  number  of  particular  co-
occurrences that were specific to either the CF or control networks,
and these may have implications for the connections between the
mouth and lung in CF, as well as for oral health conditions. In the
CF  network  (Figure  4.2a,  Table  4.3),  the  negative  association
between the genera Alloprevotella and Brevundimonas follows with
the results from our study and the literature, wherein Alloprevotella
was lower and Brevundimonas was higher in CF (Fernández-Olmos
et al. 2012; Menuet et al. 2008; Carter 2010). It is unclear whether
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this connection is related to the NO cycle in CF, but at least some
strains  of  Brevundimonas species  are  nitrate  reducers  (Nawaz,
Hasan, and Shah 2015), so it may be that Brevundimonas is able to
outcompete Alloprevotella in the CF environment. There may be a
more  concrete  explanation  for  the  negative  associations  between
Lactobacillus and  both  Fusobacterium and  Gemella,  which  are
periodontal pathogens (Mohanty et al. 2019; Al-Jebouri 2016; A. P.
V.  Colombo  et  al.  2012).  Many  studies  explore  the  use  of
Lactobacillus species as probiotic treatments and have shown that
they can inhibit  periodontal  pathogens  (Kõll‐Klais,  Mändar,  and
Leibur  2005) by  co-aggregating  with  them,  promoting  immune
responses  and  interrupting  biofilm  formations  (Chatterjee  and
Bhattacharya 2011).  Campylobacter and  Leptotrichia also have a
meaningful connection in the CF oral microbiome, as they can be
found in association in dental caries (Eribe and Olsen 2008), where
they can metabolize sugars to lactic acid, aiding in the process of
cariogenesis  (Peterson et al. 2013; Thompson and Pikis 2012), and
we  have  already  mentioned  that  extracellular  lactate  levels  are
higher  in  CF  sputum  (Bensel  et  al.  2011).  Megasphaera is
sometimes associated with CF  (Losada et al.  2016; Nielsen et al.
2016) and has been considered a member of the core microbiome of
the lower lung, regardless  of CF status  (Zakharkina et  al.  2013).
This  genus can work to  neutralize  acidic  conditions  that  damage
teeth  (Nallabelli  et  al.  2016) and  Kingella is  acidogenic  (F.  E.
Dewhirst et al. 1993), so their co-occurrence in the CF network may
indicate  that  they  complement  each  other  in  the  acidic  CF  oral
cavity. The association between Corynebacterium and Selenomonas
in CF is  reasonable,  as both have been implicated in CF  (Bittar,
Cassagne, and Bosdure 2010; Pivot et al. 2019; Layeghifard et al.
2019).

Among the matched control samples,  the co-occurrence networks
primarily  support our speculations on the underlying mechanisms
that  might  lead  to  lower  incidence  of  periodontitis  and  greater
damage to enamel in CF patients as compared to non-CF controls.
Prevotella and Veillonella are among the four most abundant genera
in our dataset and were significantly associated in 92 of the matched
control networks. Prevotella, Veillonella, and Solobacterium are all
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periodontal pathogens (A. P. V. Colombo et al. 2009; Carrouel et al.
2016;  Mashima et  al.  2015),  and Prevotella  melaninogenica and
Solobacterium moorei, whose genera were significantly associated
in  61  matched  control  networks,  utilize  cysteine  to  produce
hydrogen sulfide (H2S), resulting in halitosis (Haraszthy et al. 2007;
Stephen  et  al.  2014).  Cysteine  is  a  precursor  to  glutathione
(Stipanuk et al. 2006), a peptide that helps to protect the lung from
oxidants, and is found at lower levels in the lungs of CF patients
(McKone et al. 2006), and acetylcysteine, a prodrug to cysteine, has
been used to improve lung function in CF patients  (Conrad et al.
2015).  So  perhaps  there  is  a  connection  between  greater  overall
availability of cysteine in non-CF individuals and the production of
H2S  by  organisms  like  P.  melaninogenica and  S.  moorei.
Veillonella species  also  produce  volatile  sulfur  compounds  that
cause halitosis  (Mashima et al. 2015).  Streptococcus and  Gemella
are among the most abundant taxa present in the oral microbiome
(Figure 4.1a) so it is not strange that they would have a significant
association in 92 of the 100 control networks, though it is curious
that  they  did  not  in  the  CF  network.  As  mentioned  above,
Streptococcus was significantly more abundant in our CF samples
and has been associated with CF lung infections  (Zemanick et al.
2017; Paganin et al. 2015; Maeda et al. 2011; García-Castillo et al.
2007; Whiteson, Meinardi, et al.  2014), and  Gemella may play a
role  in  exacerbations  of  CF  infections  (Carmody  et  al.  2013).
Nonetheless, they both have some involvement in periodontitis as
well  (Al-Jebouri 2016; A. P. V. Colombo et al. 2012; Dani et al.
2016;  Contardo  et  al.  2011),  and  species  of  Streptococcus in
particular make up the ‘yellow-complex’ of periodontal pathogens,
which  are  early  colonizers  in  that  disease  (Carrouel  et  al.  2016;
Sigmund S. Socransky and Haffajee 2002). Somewhat unexpected
associations  also  occurred  exclusively  in  the  matched  control
networks between Gemella and Granulicatella (occurs in 72 of the
100  matched  control  networks),  and  between  Rothia and
Granulicatella (55 of the 100 control networks), as  Granulicatella
has  also  been associated  with  CF  (Sánchez-Bautista  et  al.  2019;
Vandeplassche et al. 2019; Bevivino et al. 2019) and caries due to
its acidogenic nature (Jagathrakshakan et al. 2015). The significant
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associations  seen  exclusively  in  our  matched  control  networks
involving Ralstonia and Variovorax (Basavaraju et al. 2016; Utari,
Vogel,  and Quax 2017;  Muras,  Otero-Casal,  et  al.  2020;  Muras,
Mayer, et al. 2020), Atopobium (Camelo-Castillo et al. 2015; Ai et
al.  2017),  Bradyrhizobium (Shin  et  al.  2013),  Hyphomicrobium
(Anesti  et  al.  2005),  Actinomyces (Vielkind  et  al.  2015),
Stomatobaculum (W.-P. Chen et al. 2018),  Rothia (Ramanan et al.
2014;  Camelo-Castillo  et  al.  2015;  Ai  et  al.  2017),  Clostridiales
Family_XIII (S. Bizzarro et al. 2016),  Parvimonas (Mohanty et al.
2019;  S.  Bizzarro  et  al.  2016;  Tindall  and  Euzéby  2006),
Treponema (Mohanty  et  al.  2019;  S.  Bizzarro  et  al.  2016),
Filifactor (S. Bizzarro et al. 2016; Deng et al. 2017; Naginyte et al.
2019), and Dialister (Ghayoumi, Chen, and Slots 2002; Oswal et al.
2020), all relate to organisms implicated in periodontitis.

4.6 Conclusions
In  this  study,  we  found  significant  differences  in  the  oral
microbiomes of CF and non-CF individuals from all around Spain,
which have implications for the potential of the oral cavity to act as
a reservoir of microorganisms for the lower airways, as well as for
oral  health  in  CF.  Differential  abundances  of  bacteria  and  fungi
follow  trends  in  the  literature  regarding  CF  lung  infections,
presenting  similar  microbial  activity  in  the  oral  cavity.  We
highlighted underlying physiological differences that are apparent in
the co-occurrences of taxa among CF samples and matched control
samples, which add greater evidence to those trends discussed here.
These results provide a snapshot of the unique composition of the
CF oral microbiome and how it relates to oral health and the lower
airways.

Supplementary information
Supplementary information referenced in this chapter accompanies
the publication at https://doi.org/10.1080/20002297.2021.1897328. 
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Chapter  5:  Citizen-science  study  of  the  oral
microbiome  reveals  changes
through  age  and  the  relative
impacts  of  diverse  biological,
social and lifestyle factors.

5.1 Abstract

Background: The relevance of the human oral microbiome to our
understanding  of  human  health  has  grown  in  recent  years  as
microbiome studies continue to develop. Given the links of the oral
cavity with the digestive,  respiratory and circulatory systems, the
composition  of  the  oral  microbiome  is  relevant  beyond just  oral
health, impacting systemic processes across the body. However, we
still have a very limited understanding about intrinsic and extrinsic
factors that shape the composition of the healthy oral microbiome.
Here we followed a citizen-science approach to assess the relative
impact  on the oral  microbiome of  selected  biological,  social  and
lifestyle  factors in 1,648 Spanish individuals.  Results:  We found
that  the  oral  microbiome  changes  across  age,  with  middle  ages
showing a more homogeneous composition, and older ages showing
more  diverse  microbiomes  with  increased  representation  of
typically low abundance taxa. By measuring differences within and
between groups of individuals sharing a given parameter, we were
able  to  assess  the  relative  impact  of  different  factors  in  driving
specific microbial compositions. Chronic health disorders present in
the analyzed population were the most impactful factors, followed
by smoking and the presence of yeasts in the oral cavity. Finally, we
corroborate findings in the literature that relatives tend to have more
similar oral microbiomes, and show for the first time a similar effect
for classmates. Conclusions: Multiple intrinsic and extrinsic factors
jointly  shape  the  oral  microbiome.  Comparative  analysis  of
metabarcoding data from a large sample set allows us to disentangle
the individual effects.

Keywords: Oral microbiome, age, lifestyle, shared environment
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5.2 Background

The oral cavity is inhabited by an abundant and diverse microbial
community,  the  oral  microbiome,  which  has  been  related  to
processes  relevant  for  health  and  disease  (Willis  and  Gabaldón
2020). The mouth is highly vascularized (Naumova et al. 2013), and
is  an  entry  point  to  the  respiratory  and  digestive  systems.  As  a
result,  changes  in  the  composition  of  the  oral  microbiome  can
reflect and/or influence systemic changes across the human body,
and as such it has an important diagnostic and therapeutic potential.
A  multitude  of  factors,  both  intrinsic  (e.g.  pH,  immune  system,
chronic  disorders)  and  extrinsic  (e.g.  lifestyle,  diet),  have  the
potential  to shape the oral microbiome,  but these are as yet only
poorly understood. Increasing our knowledge on how these factors
alter  the  oral  microbiome  is  important  for  unveiling  the  specific
roles that certain oral microbes play in disease processes, which in
turn  may  pave  the  way  for  the  development  of  innovative
microbiome-based diagnostic and therapeutic approaches. 

Most studies on the oral microbiome have focused on delineating its
changes  in  the  context  of  common  oral  diseases  such  as
periodontitis, gingivitis, or dental caries  (Costalonga and Herzberg
2014;  Belibasakis  et  al.  2019).  In  recent  years,  however,  the
relationships  of  the  oral  microbiome  with  systemic  diseases  or
chronic disorders have received growing attention. These include,
among others, different cancer types (Fan, Alekseyenko, et al. 2018;
Flemer et al. 2018), cardiovascular diseases  (Chhibber-Goel et al.
2016; Teles and Wang 2011), diabetes (Casarin et al. 2013), celiac
disease (Valitutti, Cucchiara, and Fasano 2019; Fernandez-Feo et al.
2013; Tian et  al.  2017),  Down Syndrome  (Willis  et  al.  2020) or
cystic fibrosis  (Willis et al. 2021). Thanks to these studies, we are
beginning to  understand how oral  or systemic  disorders relate  to
changes in the composition of the oral microbiome. However, given
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the strong focus on disease, we still lack a sufficient understanding
of non-disease parameters that shape the healthy oral microbiome.
These intrinsic (host biology) or extrinsic (environment,  lifestyle)
factors  are  pervasive  and  likely  influence  not  only  the  overall
composition of the oral microbial ecosystem, but also how it will
respond in the context of disease, perhaps predisposing one to either
relative dysbiosis or resilience.

A relevant intrinsic factor that has been poorly studied in relation to
the oral microbiome is age.  To our knowledge, there are no studies
using  high  throughput  sequencing  techniques  which  focus
specifically on the effects of aging on the oral microbiome in a state
of relative health and which include a representative spectrum of
ages. Recent reviews that have explored aging largely highlight the
tendency toward increased periodontitis and dental caries, but they
rely  primarily  on  studies  using  culture-based  identification
techniques in regards to alterations in particular taxa  (Feres et al.
2016;  Belibasakis  2018;  G.  Hajishengallis  2014).  Some  studies
which have compared age groups have some limitations,  such as
narrow age ranges or a focus on age only in the context of particular
diseases  (Feres et al. 2016; Lenartova et al. 2021; LaMonte et al.
2019;  Burcham  et  al.  2020).  Nonetheless,  there  are  conjectures
throughout the literature in reference to the oral microbiome’s role
in, and impact from, the physiological changes that occur during the
human  aging  process.  Perhaps  most  notable  is  the  chronic  low-
grade  systemic  inflammation  sometimes  called  “inflammaging”,
which  coincides  with  immunosenescence,  wherein  the  adaptive
immune  system  declines  and  the  efficiency  of  innate  immunity
diminishes  with  age (Franceschi  and  Campisi  2014;  G.
Hajishengallis  2014).  Thus,  further  investigation  into  the
connections between age and the oral microbiome is warranted.

Lifestyle and hygiene are perhaps the most studied extrinsic factors
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with respect  to changes  in the oral  microbiome  (M. Kilian et  al.
2016; Mogens Kilian 2018). Smoking (J. Wu et al. 2016; Kato et al.
2016; Mason et al. 2015; Vallès et al. 2018), wearing braces (Willis
et al. 2018; Lucchese et al. 2018; Sun et al. 2018; Jing et al. 2019),
and  the  composition  of  drinking  water  (Willis  et  al.  2018;
McDonough et al. 2020) are factors that have been shown to drive
particular  changes in the oral  microbiota.  Extrinsic  variables  like
these impact the oral microbial composition, and in fact, multiple
studies  have  demonstrated  that  lifestyle,  social  structures,  and
shared  environments  are  generally  more  significant  than  intrinsic
factors like the human hosts’ genetics. Family members have been
shown to display  more similar  microbiome compositions  to each
other than to non-family members, while there was not a greater
similarity amongst monozygotic twins than amongst dizygotic twins
(Stahringer et al. 2012; Shaw et al. 2017; Song et al. 2013; Burcham
et al. 2020; Yatsunenko et al. 2012). 

Bacteria have received most of the attention in microbiome studies,
but other organisms like fungi are also important components. In the
oral cavity, species like  Candida albicans have been implicated in
dental caries  (Diaz and Dongari-Bagtzoglou 2021), wherein it can
adhere to the biofilms of the bacterial species Streptococcus mutans
and both can act to demineralize tooth enamel (J. Xiao et al. 2018;
Eidt  et  al.  2019).  One  study  showed  two  distinct  mycotypes
(clusters  of  samples  based  on the  fungal  composition),  with  one
being  dominated  by  Candida species,  and  the  other  with  higher
fungal  diversity  and  Malassezia as  the  main  genus  (Hong et  al.
2020).  This  and  another  study  (Janus  et  al.  2017) distinguished
associations with bacterial taxa in Candida-dominated versus other
samples, though those results do not seem to coincide entirely. The
interactions between bacteria and fungi are an interesting aspect of
the oral microbiome that deserves greater attention.
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Here,  we have taken advantage of the second edition of a large-
scale citizen science-based project called “Saca La Lengua” (SLL2 -
“Stick Out Your Tongue” in English) (“Saca La Lengua - Stick out
Your Tongue” n.d.; Willis et al. 2018) to explore the effects of some
of these factors in the oral microbiome. Contrary to disease-focused
studies, studies on the overall population enabled by citizen-science
provide  a  unique  opportunity  to  infer  the  effects  of  commonly
present  factors.  The  dataset  comprises  1,648  oral  rinse  samples
taken  from  locations  across  Spain,  representing  a  broad  and
balanced  range  of  ages.  A  subset  of  the  samples  were  from
individuals  with  chronic  disorders  that  are  relevant  to  the
physiology  of  the  oral  cavity,  and  all  participants  filled  out  a
comprehensive  survey  with  questions  about  lifestyle,  diet,  and
hygiene  habits.  We  coupled  this  information  with  16S  rRNA
metabarcoding,  as  well  as  culture  and  proteomics-based
identification of fungi to study some of the influences on and of the
oral microbiome.

5.3 Materials and Methods

5.3.1 Sample collection 

All participants signed an informed consent form allowing the use
of their saliva samples for microbiological 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 approved by the ethics
committee  of  the  Barcelona  Biomedical  Research  Park  (PRBB).
Samples  were  collected  from  January  to  November  2017.
Participants were asked not to ingest any food or beverage (except
water) for 1 hour before collecting the sample. All donors received
clear indications about the sample collection procedure in person,
and the collection of the samples was carried out with the assistance
of a researcher involved in the project, following a demonstration.
All  participants  responded  to  a  uniform  questionnaire  about
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lifestyle,  diet,  hygiene,  and  health.  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  have  been  previously  validated  (Willis  et  al.
2018).  Saliva  samples  were  collected  using  a  mouthwash  as
described earlier  (Willis  et  al.  2018).  In  brief,  the protocol  is  as
follows:  participants  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, transferred 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.

The  methods  used  for  DNA  extraction  and  16S  amplicon
sequencing, fungal composition analysis, the pre-processing of 16S
rRNA sequence  reads  and  taxonomy  assignment,  as  well  as  the
alpha and beta diversity measures that we employed, were described
in previous publications which used the same dataset  (Willis et al.
2020, 2021).

5.3.2 Subsampling for analyses

When  running  statistical  tests  for  a  given  variable,  we  first
randomly select representative matched controls 100 times to ensure
consistency in the results. In the case of binary variables, such as
smoking, where the values are either “yes” or “no”, we randomly
selected an equal number of samples from each group, and checked
if each group had similar distributions of age, geographic location
(based on the autonomous community within Spain from which the
sample  was  collected),  and  gender.  If  there  were  over  100  total
samples in both the “yes” and “no” groups for a given variable, 100
of each were selected for each of the 100 subsamplings, otherwise
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the total number of the smaller group were selected and a matched
random selection of the same size from the other group. In the case
of age groups, we first classified our samples into six bins of ages:
13-20 (964 samples), 20-30 (41 samples), 30-40 (28 samples), 40-
50 (85 samples), 50-60 (46 samples), >60 (42 samples). We then
ensured  that  the  six  age  bins  had  balanced  geographical
distributions  and genders.  The 100 subsamples  based  on the age
bins  were  also  used  for  calculations  with  age  as  a  continuous
variable, in order to ensure an even distribution of ages, as well as
to  account  for  the  geographical  distributions  and genders.  In  the
case of the ionic composition of drinking water,  each participant
indicated  their  primary  source  of  drinking  water,  the  options  of
which were bottled water, filtered tap water, unfiltered tap water,
and  untreated  water  (from  a  fountain,  well,  or  river).  For  these
analyses,  those  samples  from  individuals  which  drank  primarily
bottled  water  were  removed,  and  100  subsamples  were  selected
from  the  remaining  samples,  balancing  the  distributions  of  age,
geographical  location,  and  gender.  Relevant  p-values  mentioned
throughout the text are the average from the tests  across the 100
subsamplings,  corrected  with  the  “fdr”  method  in  the  p.adjust
function  from  the  base  “stats”  package  (version  3.6.3)  (R  Core
Team 2020), unless otherwise stated. 

5.3.3 Statistical analyses 

5.3.3.1 Comparisons of compositions

In order to determine the effects of variables on the composition of
the  oral  microbiome,  we  performed  a  permutational  multivariate
analysis of variance (PERMANOVA) based on Aitchison distance
metric  using  the  adonis function  from  the  “vegan”  R  package
(version  2.5-6)  (Oksanen  et  al.  2017).  The  model  included  the
following fixed effects: variable of interest (e.g. smoking or age),
gender,  age (when it is not the primary variable of interest),  and
population  of  the  city/town  from  which  the  sample  came  (as  a
generalized proxy of both location and lifestyle). 
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We used the  betadisper function from the “vegan” package to test
the homogeneity of group variances within the groups for a given
variable to compare, for example, smokers versus non-smokers, or
among the six age bins. Using the anova function from the “stats”
package  on  the  betadisper  object,  we  could  obtain  a  p-value  to
determine  whether  there  was  a  significant  difference  in  the
homogeneity of the compositions of samples between groups. The
betadisper objects also hold the distance of each sample within a
group from that group’s spatial median, a measure of the centroid
composition for each group, and we use these values to display the
differences between groups in boxplots. 

We used the anosim function from the “vegan” package to perform
an analysis  of similarities based on the Aitchison distance metric
among family members and classmates. The different relationships
considered  were  siblings,  twins,  partners,  parents-children,
grandparents-grandchildren,  all  family  members  (includes  any  of
the  previously  mentioned  relationships),  and classmates  (samples
from students in the same school). For an anosim test of a given
relationship, only those samples which had at least one relationship
of  that  type were included.  For  example,  there  were 70 samples
which  had  a  sibling  that  also  provided  a  sample,  so  the  sibling
anosim test included those 70 samples, wherein 34 distinct groups
of siblings occurred (for any relationship, groups were by necessity
of two samples or more).

5.3.3.2  Differential  abundance  and  diversity
calculations

Then, to determine differential abundances of taxa and variation in
other variables like alpha diversity, oral pH, or the measurements of
ions in  drinking water,  we performed a generalized  linear  model
using the function  glm from the “stats” package,  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
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amplicon sequence variant  (ASV) counts,  as described elsewhere
(Willis  et  al.  2020,  2021).  For  the  alpha  diversity  measures  in
relation to age in particular, we further used the bs function from the
base R package “splines” to treat age as a second order fixed effect,
in order to detect a parabolic trend. The  Anova function from the
“car” R package (version 3.0-7) (Fox and Weisberg 2019) was used
to calculate type-II ANOVA tables, from which p-values were taken
for each fixed effect in the models. These p-values were corrected
for  multiple  testing  with  the  p.adjust function  from  the  “stats”
package, using the “fdr” method.

5.3.3.3 Inferred co-occurrence networks

To produce co-occurrence networks within the groups for a given
variable,  we  first  filtered  out  very  rare  taxa  to  avoid  spurious
associations  in  taxa  that  do  not  appear  regularly,  by  using  the
filterTaxonMatrix function from the “seqtime” R package (version
0.1.1) (Faust et al. 2020). We retained those taxa that had at least 15
counts in at least 20 samples. Then we calculated the networks for
each of the groups in a given variable (for instance, for smokers and
for  non-smokers)  in  each  of  the  100  subsamplings  using  the
spiec.easi function  from the  “SpiecEasi”  package  (version  1.0.7)
(Kurtz et al. 2015). The chord diagrams that we used to represent
the uniqueness of networks for particular variables were produced
using  the  chordDiagram  function  from  the  “circlize”  package
(version 0.4.8) (Gu et al. 2014). To calculate the relative uniqueness
of  networks,  we  developed  a  score  that  is  relative  to  the  eight
variables  that  we  considered,  which  were  those  found  to  be
significant with the PERMANOVA test. The scores were calculated
as  follows:  for  each  variable,  the  co-occurrence  networks  were
calculated  among  each  of  the  100  subsamples,  and  we  retained
those  associations  which  occurred  only  in  the  groups  of  interest
(samples with the indicated disorder, smokers, antibiotic users, or
those samples in which yeast was absent). Then for each variable,
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we calculated, pairwise with each other variable, the number of only
those associations which occurred in all 100 subsamples and in 0
subsamples of the other variable being compared, weighted by the
strengths  of  those  associations  that  were  determined  by  the
spiec.easi function.

5.4 Results

5.4.1 Oral microbiome changes through age. 

To assess the impact of aging on the oral microbiome, we compared
the  microbial  profiles  of  oral  rinse  samples  across  ages,  using  a
subsampling  strategy  that  ensures  comparable  sample  sizes  (see
Materials and Methods). We first tested for changes in the overall
microbiome  composition  across  age,  including  gender  and
population as fixed effects in 100 such subsamples (see Materials
and Methods). PERMANOVA tests based on an Aitchison distance
matrix  considering  age  as  a  continuous  value  were  consistently
significant  (mean adjusted P = 0.001, mean R2 = 0.023, mean F
statistic = 4.37). To further explore the age ranges that were most
distinct,  we also used age as  a categorical  variable,  subsampling
from the following age bins: 13-20 years old (964 samples), 20-30
(41 samples), 30-40 (28 samples), 40-50 (85 samples), 50-60 (46
samples),  >60  (42  samples),  which  also  showed  significant
differences (mean adjusted P = 0.001, mean R2 = 0.051, mean F
statistic  =  1.90).  Interestingly,  when  comparing  each  age  bin
separately  against  the group of all  others,  we observed a  sort  of
parabolic effect, where only those comparisons of the extreme bins
(13-20 and >60) against all other bins had a significant result on
average across the 100 subsamples, and the differences involving
the  intermediate  bins  (30-40  and  40-50)  were  not  significant
(Figure  5.1A).  We  further  calculated  the  homogeneity  in  the
microbial  composition  of  samples  within  a  given  bin.  This
homogeneity test first calculates a spatial median for each age bin (a
sort of hypothetical centroid composition of the samples within a
given  age  bin,  derived  from an  Aitchison  distance  matrix),  then
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calculates  the  distance  of  each  sample  in  that  bin  to  the  spatial
median. This test resulted in a similar parabolic effect to that of the
PERMANOVA tests (mean adjusted ANOVA P = 0.0016, mean F
= 4.85), wherein the 40-50 bin was the most homogeneous in terms
of microbiome composition, and the >60 bin was the most variable
(Figure 5.1B). 
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Figure  5.1:  Homogeneity,  distinction  of  composition,  and  alpha  diversity
across age. (A) Boxes of the R² values are from the PERMANOVA tests run
separately  for  each  of  the  100 subsamples.  The n  in  both  plots  indicates  the
number of samples in a given age bin in each subsample. Red stars indicate the
magnitude  of  the  mean  adjusted  p-values  for  the  PERMANOVA  tests.  The
representation  of  p-values  are  represented  with  symbols  as  indicated  in  the
following value intervals: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘ ’ Not significant. (B)
Boxes for the distances to the spatial median represent those distances of each
sample from the spatial  median of  its  particular  age bin,  as  calculated  by the
betadisper function.  The  spatial  medians  for  age  bins  and  the  associated
ANOVAs were run separately for each of the 100 subsamples, but the boxes here
display all such distances for each age bin. (C-F) Tests of the four alpha diversity
measures (Shannon, Simpson, Faith’s PD, species richness) were also run with
those same 100 subsamples, using age as a continuous value, and the statistical
values are summarized in Table 5.1. The four respective scatter plots here display
only the values from one of those subsamples to give a representative depiction of
the trend (the same subsample is used for all four), with age (in years) along the
x-axis.

In  addition,  some  alpha  diversity  measures  showed  parabolic
relationships  with  age,  wherein  Shannon  and  Simpson  diversity
values  were lower in  the middle  ages,  consistent  with the above
result that these were the most homogeneous samples, while Faith’s
phylogenetic  diversity  (PD)  and  species  richness  each  increased
with age, especially in older individuals, though with less statistical
significance  than  the  Shannon  and  Simpson  diversities  (Figure
5.1C-F, Table 5.1). In  Table 5.1, the p-values for both quadratic
and linear  models  for  these alpha  diversity  values  are  displayed,
showing that indeed the quadratic model better explains the trends
across age.

Table 5.1: Significance of differentially abundant taxa and alpha diversity
measures as age increases. Columns indicate, in this order, the taxonomic level
or type of variable,  the organism name or variable name, the tendency of the
change across age (“↗”: increases with age,  “↘”:  decreases with age,  “↘ -
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↗”: parabolic effect seen in age,  “➙ - ↗”: steady across most ages with an
increase  particularly  in  older  samples),  the  mean  adjusted  p-value  from  the
generalized linear or quadratic model, and the number of subsamples for which
the test  is  significant.  Rows are  ordered  first  by the tendency with age,  with
organisms/variables that increase first, and then by mean adjusted p-value. In the
last  two  columns  for  the  alpha  diversity  measures,  values  are  displayed  for
models based on both quadratic functions of age (Q) and linear functions of age
(L).

Taxonomic
level/Variable

Organism/Value
Tendency
across age

Mean
adjusted P

Significant
subsample

tests

Genus

Anaeroglobus ↗ 0.0004 100

Eikenella ↗ 0.0033 100

Fretibacterium ↗ 0.0013 99

Comamonas ↗ 0.02 92

Olsenella ↗ 0.028 87

Phocaeicola ↗ 0.037 75

Alloprevotella ↘ 0.0003 100

Streptobacillus ↘ 0.0026 100

Haemophilus ↘ 0.0072 98

Prevotella ↘ 0.016 93

Granulicatella ↘ 0.02 93

Bergeyella ↘ 0.035 83

Phylum

Synergistetes ↗ 0.0002 100

Bacteroidetes ↘ < 0.0001 100

Proteobacteria ↘ 0.031 80
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Physiology
BMI ↗ < 0.0001 100

pH ↘ 0.0026 100

Alpha 
Diversity

Simpson’s 
diversity

↘ - ↗ Q = 0.0031 
L = 0.26

Q = 100
L = 0

Shannon’s 
diversity

↘ - ↗ Q = 0.021
L = 0.99

Q = 90
L = 0

Species Richness ➙ - ↗ Q = 0.04
L = 0.071

Q = 83
L = 52

Faith’s PD ➙ - ↗ Q = 0.076
L = 0.12

Q = 0
L = 9

We next investigated which organisms show significant differences
across  age.  Our  results  (Table  5.1)  show a  number  of  taxa  that
increase  with  age,  including the genera  Anaeroglobus,  Eikenella,
Fretibacterium,  Comamonas,  Olsenella,  and  Phocaeicola,  as well
as the phylum Synergistetes,  or decrease  with age,  including the
genera  Alloprevotella,  Streptobacillus,  Haemophilus,  Prevotella,
Granulicatella, and  Bergeyella, as well as the phyla Bacteroidetes
and  Proteobacteria.  Of  note,  genera  that  increase  with  age  are
typically found at low abundance among all samples, whereas those
that  decrease  with  age  tend  to  display  the  opposite  trend
(Supplementary Figure S5.1). There was also a marked decrease
in pH and increase in BMI as age increased (Table 5.1). 

170



5.4.2 Chronic disorders, smoking and the 
presence of yeasts in the oral cavity, are 
important drivers of the oral microbiome 
composition.  

We  collected  a  comprehensive  questionnaire  regarding  over  80
aspects of lifestyle, diet, hygiene, and health from all of the 1,648
participants  in  this  study.  To  assess  which  of  the  considered
variables had the largest effects on the overall composition of the
oral microbiome, we used a PERMANOVA test for each variable
with  an  Aitchison  distance  matrix,  including  age,  gender,  and
population as fixed effects (see Materials and Methods). For each of
the tested variables, 100 subsamples were taken to match the groups
in  that  variable  (Yes  vs  No)  by  geographic  location,  age,  and
gender.  In  these comparisons,  we excluded samples  from donors
with any reported chronic disorders,  except  when the variable  of
interest was such a disorder. Our results (Figure 5.2A) show that
chronic  disorders  like cystic  fibrosis  (mean adjusted P = 0.0011,
mean R2 = 0.054, mean F statistic  = 3.39) and Down Syndrome
(mean adjusted P = 0.0013, mean R2 = 0.059, mean F statistic =
3.33) were the variables  that  were most  distinct  between groups.
The detection of yeast species in a sample (as well as the detection
of Candida specifically), smoking, celiac disease, hypertension, and
the reported use of antibiotics also had significant (mean adjusted P
< 0.05) PERMANOVA results.

171



Figure 5.2: Homogeneity and distinction of composition across variables. (A)
Boxes show the distribution of R2 values (the proportion of sum of squares from
the total) from the PERMANOVA tests comparing groups of a given variable for
the 100 subsamples.  (B) Boxes represent the distances of each sample from the
spatial  median of  its  group (Yes  in yellow,  No in blue),  as calculated  by the
betadisper function. The spatial medians for groups and the associated ANOVAs
were run separately for each of the 100 subsamples, but the boxes here display all
such distances for each group. Pairs of boxes in both plots are ordered by the
absolute value of the difference between the pairs. The n in both plots indicates
the  number  of  samples  for  which  a  given  variable  was  indicated  (the  same
number of matched controls were selected for each subsample test). Red stars in
(A) and blue stars in (B) indicate the magnitude of the mean adjusted p-values for
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the PERMANOVA tests and the ANOVAs of the betadisper tests, respectively.
The representation of p-values are as follows: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘ ’
Not significant.

A  test  of  homogeneity  of  each  variable  showed  significant
differences when compared to the respective matched controls for
cystic fibrosis (CF), Down Syndrome (DS), the presence of yeast,
smoking, and celiac disease (Figure 5.2B). As described above with
age groups, the result of this test indicates that the samples of one
group for a given variable (e.g. those with CF) were significantly
more similar to their median composition than the samples of the
other group for that variable (e.g. those without CF) were to their
own  median  composition.  Interestingly,  those  samples  in  which
yeasts  were  not  detected  were  more  homogeneous  than  those  in
which  yeasts  were detected.  Meanwhile  the  individuals  with CF,
DS, and celiac disease, as well as smokers were more homogeneous
than those without these disorders and non-smokers, respectively.
There was no difference in homogeneity based on hypertension, the
use of antibiotics, or the presence of  Candida, though as with the
general  detection  of  yeast,  the  absence  of  Candida did  tend  to
present greater homogeneity. 

Some of these variables displayed particular significant differences
when compared to their matched controls (Table 5.2). CF (Willis et
al. 2021) and DS (Willis et al. 2020) have been explored in detail
elsewhere, and so are not included in this table. Celiac samples had
higher abundances of the genera  Phocaeicola and  Staphylococcus,
and  also  had  lower  Faith’s  PD values  and  species  richness  (the
number  of  species  detected  in  a  sample).  Smokers  had  higher
abundances  of  Megasphaera,  Fretibacterium,  and  Streptococcus,
and  lower  abundances  of  Fusobacterium,  Capnocytophaga,
Bergeyella,  Porphyromonas,  Leptotrichia,  Haemophilus,  Neisseria,
Lautropia,  and an unclassified genus of the class  Gracilibacteria,
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and also had lower Simpson and Shannon alpha diversity values.
Samples  in  which  yeast  were  detected,  in  particular  those  with
Candida,  had higher  abundance  of  Lactobacillus.  There  were no
individual  taxa  that  differed  significantly  for  hypertension  or
antibiotics.

Table 5.2: Significance of differentially abundant taxa and alpha diversity
measures  between  indicated  variable  and  matched  controls. Columns
indicate, in this order, the variable considered, the organism name or the alpha
diversity value, the tendency of the difference in the considered variable (“↗”:
higher  in  those  samples  where  the  variable  is  true,  “↘”:  lower),  the  mean
adjusted  p-value  of  the  statistical  comparison  between  variable  and  matched
controls, and the numbers of matched control subsamples for which the test is
significant. Rows are ordered first by the tendency in the indicated variable, with
organisms/diversities that were greater first, and then by mean adjusted p-value
within each variable group.

Sample
group

Organism/Diversity
Tendency in

indicated
variable

Mean
adjusted

P

Significant
subsample

tests

Celiac

Phocaeicola ↗ 0.08 63

Staphylococcus ↗ 0.09 50

Faith’s phylogenetic 
diversity

↘ 0.0009 100

Species richness ↘ 0.0004 100

Smokers

Megasphaera ↗ 0.0017 100

Fretibacterium ↗ 0.037 77

Streptococcus ↗ 0.07 66

Phylum: Synergistetes ↗ 0.003 100

Phylum: Firmicutes ↗ 0.042 76
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Fusobacterium ↘ 0.0003 100

Capnocytophaga ↘ 0.0004 100

Bergeyella ↘ 0.0028 100

Porphyromonas ↘ 0.018 89

Leptotrichia ↘ 0.022 88

Haemophilus ↘ 0.03 83

Neisseria ↘ 0.031 77

Lautropia ↘ 0.051 65

C.Gracilibacteria.UCG ↘ 0.056 70

Phylum: Fusobacteria ↘ 0.0016 100

Phylum: 
Patescibacteria

↘ 0.025 93

Simpson diversity ↘ 0.002 100

Shannon diversity ↘ 0.029 83

Yeast 
detected

Lactobacillus ↗ 0.053 61

Candida 
detected

Lactobacillus ↗ 0.01 96

Co-occurrence  networks  represent  patterns  of  taxa  that  present
correlated abundances across different samples (Kurtz et al. 2015).
We constructed such networks for groups of samples differing in
the studied variables  and compared them in the search of unique
associations  between  taxa.  From these  network  comparisons,  we
derived a score that indicates the relative network uniqueness (i.e.
the  fraction  of  significant  co-occurrences  that  are  unique  to  that
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variable  -  see  Materials  and  Methods)  (Figure  5.3).  The  most
unique co-occurrence networks were seen in samples with CF (the
specifics of this network were discussed in a previous publication
(Willis et al. 2021)) and hypertension, followed by the absence of
yeast (and specifically the absence of Candida), then the other two
chronic  disorders,  DS  and  celiac,  and  finally  smoking,  and  the
reported  use  of  antibiotics.  This  largely  follows  the  trend  in  the
PERMANOVA results presented above, wherein the samples that
are more distinct  from their  matched controls largely  display the
more  unique  sets  of  significant  co-occurrences,  though  did  not
necessarily follow the same pattern as the explained variances from
those  PERMANOVA  tests.  DS  had  greater  R²  values  than
hypertension and the detection of yeast, and  Candida specifically,
yet generally had a less unique network than those three variables.
Neither did the network uniquenesses show the same trend as the
homogeneity  results,  as  hypertension,  for  instance,  showed  no
difference in homogeneity, yet had the second most unique network,
while  smoking  showed  one  of  the  strongest  differences  in
homogeneity, and was the second least unique network.
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Figure 5.3: Uniqueness of core co-occurrence networks. (a) Chord diagram
plots displaying significant co-occurrences and their relative strengths among the
indicated  samples  for  a  given  variable.  Line  widths  are  proportional  to  the
strengths of the associations between genera. Colored lines represent associations
that were unique to the samples indicated for a variable when compared to the
network of at least one other variable. Grey lines are significant associations that
were  not  unique  to  any  of  the  displayed  variables.  (b) Boxes  represent  the
distributions of scores derived from these unique associations. The values in a
given box are the scores for that variable compared to each of the others. Thus the
scores  are  relative  only  to  these  eight  variables  presented  here.  Scores  were
calculated  as  follows:  for  each  variable,  the  co-occurrence  networks  were
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calculated among each of the 100 subsamples, and we retained those associations
which  occurred  only  in  the  groups  of  interest  (samples  with  the  indicated
disorder, smokers, antibiotic users, or those samples in which yeast was absent).
Then  for  each  variable,  we  calculated  the  number  of  only  those  associations
which occurred in all 100 subsamples and in 0 subsamples of the other variable
being  compared,  weighted  by  the  strengths  of  those  associations.  Boxes  are
colored based on the mean R2 value from the PERMANOVA tests comparing
groups of a given variable. The number of samples for which a given variable
was indicated in each subsample is indicated in the y axis. 

5.4.3 Similarity of the oral microbiome 
composition among family members and 
classmates.

Our study included groups of samples that belong to members of the
same family, and specified different degrees of relationship, such as
parents  and  children,  grandparents  and  grandchildren,  partners,
siblings  and  twins.  In  addition,  given  the  active  participation  of
schools  in  our  project,  we  had  several  groups  of  samples  from
students attending the same school. Using an anosim test (analysis
of  similarities)  on Aitchison distance  matrices,  we compared  the
similarity between the microbiome profiles of members of the same
family  or  classroom,  to  determine  whether  the  similarity  was
significantly higher than when compared to samples from different
families  or  classes.  With  the  exception  of  grandparents  and
grandchildren,  all  other  relationships  showed significantly  greater
similarity in oral microbiome compositions than was seen between
samples from other families or classes (Figure 5.4). This similarity
was  highest  for  twins,  followed  by  siblings,  partners,  family
members  (which  included  all  of  the  non-classmate  connections),
parents-children, and classmates. Although the anosim statistic was
higher  for  twins  than  for  siblings,  that  merely  indicates  that  the
trend was stronger in twins. But twins were not statistically more
significant to each other than siblings were to each other (P=0.33
for the Mann-Whitney test of Aitchison distances among twins vs
those distances among non-twin siblings, the values represented by
the blue boxes in Figure 5.4). 
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Figure  5.4:  Anosim  analyses  of  family  units  of  various  degrees  of
relationships, as well as classmates. Boxes show the distributions of Aitchison
distance  values  between  samples  from the same unit  (blue)  or  different  units
(red). The anosim R statistic is shown for those relationships that had significant
results (anosim P < 0.05). The y axis labels indicate, for each relationship type,
the number of samples for which that relationship occurred in at least one other
sample, and the number of different units of two or more samples for which that
relationship occurred.
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5.5 Discussion

Our study builds on the first edition of the citizen-science project
“Saca  La  Lengua”  (Willis  et  al.  2018),  which  included  1,319
samples that were almost exclusively from 13-15 year old students
in  relative  health.  This  first  edition  provided  a  comprehensive
snapshot  of  the  oral  microbiome composition  in  adolescents  and
how it  varied  with  different  life-style  parameters.  In  this  second
edition,  we  targeted  a  broad  age  range  (7-85)  as  well  as  a  few
particular  chronic  disorders,  namely  cystic  fibrosis  (CF),  Down
Syndrome (DS), and celiac disease, in collaboration with relevant
local and national patient associations. Participants also completed a
comprehensive  questionnaire  about  various  daily  habits,  hygiene
and diet.  When collecting samples, we encouraged participants to
bring along family members, and in the end 311 of the 1,648 total
samples from this second edition of “Saca La Lengua” (SLL2) had
some familial connection. To our knowledge, this is the first study
to explore differences in the oral microbiome across a range of ages
that is both balanced and encompasses most of the full range of the
average human life expectancy (in Spain recent estimates were 86
years for women and 80 for men (Ho and Hendi 2018)). We have
reported  separately  on  the  specific  connections  of  the  oral
microbiome with DS (Willis et al. 2020) and CF (Willis et al. 2021),
and here we present results based on the full SLL2 dataset. 

5.5.1 Oral microbiome changes through age.

Studies  exploring  the  trajectory  of  changes  across  the  human
lifespan  have  been  limited,  either  comparing  very  disparate  age
groups  (Nassar et  al.  2014),  a limited  age range  (LaMonte et  al.
2019), or categorizing samples into very wide age ranges that do not
effectively  represent  that  entire  range  (Burcham et  al.  2020).  By
spanning adolescence to late adulthood, our dataset provides some
new insights into the topic.  Our results show significant  shifts in
composition across time,  wherein the younger and older  samples
were the most distinct, and the middle ages appear to represent an
intermediate  phase  in  which  the  oral  microbiome  is  at  its  most
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homogeneous. The parabolic trend in homogeneity was matched by
the trend in both the Shannon and Simpson alpha diversity metrics,
which were both lowest in approximately the 30-50 year old range.
We can extrapolate similar results to ours from some of the studies
mentioned above. In one, samples from women between the ages of
53  and  81  showed  no  significant  change  in  alpha  diversity
(LaMonte et al. 2019), and at these ages, the diversity values in our
samples have already risen to a relative plateau. In another study, a
citizen-science project much like our own, youth samples (ages 8-
16 with a mean age of 10) showed greater alpha diversity than adult
samples (ages 20-75 with a mean age of 34) (Burcham et al. 2020).
Though their “adult” group reaches up to age 75, the mean age of
34 suggests a similar result to our own. 

Despite  the  parabolic  trends  in  both  alpha  diversity  and
homogeneity across age, we did not find evidence of these patterns
in the abundances of any particular organisms. Instead, we saw that
with age there were statistically significant decreases in the genera
Alloprevotella,  Streptobacillus,  Haemophilus,  Prevotella,
Granulicatella,  and  Bergeyella,  and  increases  in  Anaeroglobus,
Eikenella,  Fretibacterium,  Comamonas,  Olsenella,  and
Phocaeicola. As noted above, a typical trend in the aging oral cavity
is an increase in the prevalence and severity of periodontal disease
(G. Hajishengallis 2014; Feres et al. 2016; Belibasakis 2018). With
the exception of  Olsenella, each of the genera that were increased
with  age  in  our  samples  has  been  associated  with  periodontitis
(Pérez-Chaparro et al. 2014; Camelo-Castillo et al. 2015; Bao et al.
2017; Xuyun Zhang et al. 2020; S. S. Socransky et al. 1998; Fujise
et al. 2004; Deng et al. 2017; Lundmark et al. 2019; Nibali et al.
2020; Cao et al. 2018; Fernandez Y Mostajo et al. 2017). While we
do not have data on salivary flow rate or nitrate  levels from our
samples, salivary flow rate has also been shown to decrease in the
elderly  (Percival,  Challacombe,  and  Marsh  1994;  Nassar  et  al.
2014), and is proportional to the systemic concentrations of anti-
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inflammatory  nitric  oxide  (NO)  (Granli  et  al.  1989),  the  local
concentrations  of  immunoglobulins  and  various  molecules
important for the mineralization of tooth enamel, and also maintains
pH by removing substrates for the microbiota, as well as their acidic
byproducts (Marcotte and Lavoie 1998). Indeed, we also found that
pH decreased with age in our samples. Thus, future studies which
track oral microbiome changes across age along with periodontal
health, salivary nitrate levels and systemic NO levels, which result
from an enzymatic process in oral commensal bacteria that humans
cannot perform themselves (Hyde et al. 2014; Rammos et al. 2016),
and how these combinations relate to inflammaging, would warrant
further attention. 

A noteworthy observation in the changes across age in our study is
that those genera that decreased with age were typically among the
most abundant oral taxa, while those that increased were found at
relatively  low  or  median  abundances  (Supplementary  Figure
S5.1). We speculate that the elderly oral microbiome may be more
susceptible to colonization and establishment of rare opportunistic
species  whose growth is  hindered  by the more efficient  immune
responses  in  younger  oral  cavities.  This  would  be  in  line  with
hypotheses  proposed  to  explain  the  higher  prevalence  of
periodontitis through aging (G. Hajishengallis 2014), which relate it
to  different  factors,  such  as  the  accumulation  of  tissue  damage,
weaker immunity, increased adipose tissue (a source of cytokines),
decreased  anti-immflamatory  sex  hormones,  diminished  physical
activity, and increased oxidative damage. Some of these factors may
also explain the relatively high alpha diversity values in the elderly
samples,  though  not  necessarily  in  the  teenaged  samples.  These
instead may be a result of the continually developing microbiome
composition, which appears to reach a more stable state in the 30s
and 40s.  It  should  also  be  noted  that  two of  the  alpha  diversity
measures we looked at (Faith’s phylogenetic distance and species
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richness)  were  only  higher  in  the  older  samples,  and  remained
consistent up to the ages of approximately 50-55. Thus younger and
older microbiomes present higher diversities of somewhat different
natures, with the elderly being characterized by a higher number of
species  (Species  richness)  and  more  phylogenetically  diverse
compositions  (Faith’s  PD),  whereas  both  extreme  age  groups
present  similarly  diverse  microbiomes  in  terms  of  balanced
representations  of  the  different  taxa  (namely  Shannon’s  and
Simpson’s diversity indexes). Other age groups, in comparison, are
characterized  by  less  diverse  microbiomes,  with  more  clear
separations between dominant and minority taxa.  

5.5.2  Chronic  disorders,  smoking  and  the
presence  of  yeasts  in  the  oral  cavity,  are
important  drivers  of  the  oral  microbiome
composition.

The presence of chronic disorders such as CF and DS, the most
impactful factors seen in this dataset,  and their particular impacts
were described elsewhere  (Willis et al. 2021, 2020). Persons with
CF,  DS,  or  celiac  disease,  as  well  as  smokers,  had  significantly
more homogeneous compositions compared to the matched controls
without these disorders and non-smokers, respectively. This finding
suggests  that  those  three  disorders  and  smoking  not  only
differentiate  those  samples  significantly  from  their  matched
controls,  but  also  that  the  bacterial  compositions  are  shaped  in
consistently  similar  directions  (i.e.  towards  a  specific  signature),
while the controls are comparatively more variable. The reverse was
the  case  for  the  detection  of  yeast,  so  that  perhaps  greater
prevalence of these fungi promote a departure from typical bacterial
ecosystems. This supports the existence of diverse synergistic and
antagonistic  ecological  interactions  between  yeasts  and  bacterial
species,  and  a  role  of  fungi  as  keystone  species  in  the  oral
ecosystem.  Alternatively,  the  presence  of  yeasts  might  be  a
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consequence of already unbalanced microbiomes,  suggesting they
are opportunistic colonizers. In both cases, they could be considered
as  potential  biomarkers  for  altered  microbiomes.  Finally,
hypertension  and  antibiotics  displayed  significant  differences  to
their matched controls, but there was no difference in homogeneity,
so  these  factors  did  not  direct  the  differences  in  any  specific
manner,  perhaps depending on the specific  antibiotic  used or the
severity  of  hypertension,  for  which  we  do  not  have  specific
information. 

The  particular  differences  seen  in  some  of  these  variables  here
corroborate  some  findings  in  the  literature.  A  study  found  that
never-smokers and former smokers did not differ from each other in
composition, but both differed significantly from current smokers,
and  that  smokers  had  higher  Streptococcus and  Atopobium,  and
lower  Capnocytophaga,  Leptotrichia,  and  Peptostreptococcus (J.
Wu  et  al.  2016).  We  found  the  same  for  Streptococcus,
Capnocytophaga,  and  Leptotrichia.  Three  studies  found  smokers
had increased  Megasphaera and decreased  Neisseria  (Kato et  al.
2016; Mason et al. 2015; Vallès et al. 2018), though one of those
(Kato  et  al.  2016) reported  the  family  Veillonellaceae,  of  which
Megasphaera is  a  member.  There  was  also  agreement  with  our
finding of a decrease in Haemophilus (Mason et al. 2015; Vallès et
al. 2018), Lautropia, Fusobacterium, and Leptotrichia (Vallès et al.
2018), though depending on the study, there were opposite findings
for  Fusobacterium,  Streptococcus,  and  Porphyromonas.  A  study
which  described  two  distinct  oral  mycotypes  (sample  clusters
defined by the fungal composition),  found that  one of these was
dominated  by  Candida,  and  was  enriched  in  Lactobacillus and
Propionibacterium (Hong et al. 2020), the former of which matches
our  own  finding  here.  If  their  reported  mycotypes  are  indeed
ubiquitous  structures  of  fungal  composition,  it  may  be  that  our
samples also follow this dichotomy and the non-Candida samples
would perhaps fall in the other mycotype, which was much more
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diverse in fungi, though this would require further investigation. 

Although  the  relative  scores  of  uniqueness  of  the  co-occurrence
networks of the different variables mentioned here did not precisely
match the patterns from either the PERMANOVA or homogeneity
tests,  the  unique  co-occurrences  among particular  sample  groups
suggest underlying ecological differences present under the various
conditions.  The  networks  of  CF,  for  instance,  were  discussed  at
length elsewhere  (Willis et al. 2021). Moreover, there was greater
variation in the uniqueness scores for hypertension and absence of
yeasts/Candida than in the other variables, as can be seen in Figure
5.3B,  and  thus  a  greater  proportion  of  the  associations  in  these
networks were also seen in the networks of other variables. CF, as a
contrasting  example,  had  relatively  little  variation,  and  thus
consistently displayed many of the same associations that did not
appear in the networks of other variables,  so its network is more
universally  unique.  Similarly,  although  the  uniqueness  score  for
smokers  was  relatively  low,  it  also  had  low  variation,  so  the
relatively few unique associations were also universally unique. The
caveat to these findings is that here we only compare the networks
of those eight variables which we found to significantly differentiate
individuals  from matched  controls  (as  in  Figure  5.2).  To  better
understand the underlying ecologies, a more expansive comparative
exploration of co-occurrence networks in particular cohorts should
be performed. 

5.5.3  Similarity  of  the  oral  microbiome
composition  among  family  members  and
classmates.

Our finding that the oral microbiomes among family members are
more similar  to each other  than to  those of non-family  members
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corroborates the trends seen in the literature (Stahringer et al. 2012;
Song et al. 2013; Shaw et al. 2017; Burcham et al. 2020). One of
these studies found that twins were not more similar to each other
than  non-twin  siblings  (Burcham  et  al.  2020),  which  we  have
corroborated  in  our  results  here,  and  another  found  that
monozygotic  twins  were  not  more  similar  to  each  other  than
dizygotic twins (Stahringer et al. 2012), which was also seen in the
gut microbiome (Yatsunenko et al. 2012). Moreover, a study using a
genome-wide analysis of SNPs to compare genetic similarity with
microbiome composition found no significant association (Shaw et
al.  2017).  All  of  this  evidence  points  to  the  conclusion  that  the
shared  environment  of  the  home  strongly  influences  oral
microbiome composition, more so than host genetics. In agreement
with  this,  the  only  familial  relationship  that  did  not  show  a
significant  similarity  in our data was that of the grandparent  and
grandchild,  which is  the connection least  likely to share a  living
space.  Indeed,  while  twins  had the  highest  similarity  score,  they
were  not  significantly  more  similar  to  each  other  than  non-twin
siblings, further supporting the findings in the literature. We even
saw that, among the teenage samples obtained from different high
schools, the oral microbiomes were more similar among classmates
than  non-classmates,  though  this  was  the  comparison  with  the
lowest magnitude of similarity  among those that  were significant
(lowest anosim R statistic), as would be expected since it generally
entails  more  distanced  interactions  than  those  among  family
members. The result about classmates may suggest that a regularly
shared  environment,  even  if  only  for  a  few  hours  a  day,  could
impact  the  oral  microbiome  composition.  Future  studies  could
explore  this  notion  further,  for  instance  focusing  on  workplaces
with close physical proximity like shared offices in contrast to more
distanced outdoor working groups, as in construction sites.

5.6 Conclusions

This second edition of the citizen-science project Saca La Lengua
(SLL2) extends the results of the first edition  (Willis et al. 2018),

186

https://paperpile.com/c/WBxtvr/hWAmC
https://paperpile.com/c/WBxtvr/9vAmR
https://paperpile.com/c/WBxtvr/9vAmR
https://paperpile.com/c/WBxtvr/gWbUE
https://paperpile.com/c/WBxtvr/Swwzh
https://paperpile.com/c/WBxtvr/93Erj
https://paperpile.com/c/WBxtvr/Swwzh+1iRjP+9vAmR+93Erj
https://paperpile.com/c/WBxtvr/Swwzh+1iRjP+9vAmR+93Erj


which provided a snapshot of the oral microbiome of teenagers in
relative health across Spain. Here we have displayed the differences
that occur across age, wherein a number of genera of bacteria either
increase  or  decrease  in  abundance,  and  people  in  middle  ages
typically  have  more  homogeneous  compositions  than  teens  or
seniors, as well as lower alpha diversity, and seniors tend to harbor
a greater number of low abundance organisms and a more acidic
oral environment. In SLL2 we also compared the general influence
of  a  number  of  different  health  and  lifestyle  factors  on  the  oral
microbiome composition. Cystic fibrosis and Down syndrome were
the most impactful in terms of differentiating the composition, and
the samples with these chronic disorders were significantly  more
homogeneous than matched controls, suggesting the disorders tend
to direct  the composition  of the oral  microbiome in specific  and
consistent  ways.  A  similar  effect  was  seen  with  celiac  disease,
smoking, and the absence of yeast species, while hypertension and
recent use of antibiotics significantly differentiated samples, but did
not show a difference in homogeneity. Nonetheless, hypertension,
along  with  cystic  fibrosis,  displayed  more  unique  associations
between  bacterial  taxa  in  co-occurrences  networks  compared  to
these  other  variables,  suggesting  particular  underlying  ecologies.
We  also  expanded  upon  findings  in  the  literature  that  shared
environments  are  important  in  shaping the  oral  microbiome.  We
saw  that  family  members  that  typically  live  within  the  same
household  tend  to  have  significantly  more  similar  compositions
compared  to  non-family  members,  and  that  twins  are  not
significantly  more  similar  than  non-twin  siblings,  supporting  the
idea  that  the  environment,  more  than  host  genetics,  shape  the
microbiome. Furthermore, we saw that students in the same school
were more similar to each other than those from different schools.
This opens a door to further studies of shared spaces, like different
working  environments,  as  our  finding  suggests  that  regularly
sharing  the  same environment  for  even a  few hours  impacts  the
microbiome.  This  study  describes  the  manners  in  which  an
assortment  of  factors  affect  the  oral  microbiome  in  the  Spanish
population. The results lay some groundwork for future studies to
expand upon in dedicated cohorts for particular factors, as well as in
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other populations. 
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Chapter 6: Summarizing Discussion

I have developed a sort of personal cliché at parties or dinners when
someone asks what I do for a living, and I am sure I am not the only
microbiomist to do so. I try to incite a bit of lighthearted existential
angst by pointing out that a person is not only not alone in their own
body,  but  that  they  are  in  fact  outnumbered  ten  to  one  by
microorganisms. It also makes for a snappy hook to open a paper
(unsubtly  repurposed  here),  although  that  ratio  is  based  on  an
erroneous  and  evocatively  described  “back-of-the-envelope
calculation” that has been cited hundreds of times since the 1970s
(Savage 1977), and has recently been more rigorously estimated to
be  closer  to  a  one to  one ratio  (Sender,  Fuchs,  and Milo  2016).
Nonetheless,  the  implication  is  clear  -  the  microbiome  is  an
inextricable part of human existence. They may not perfectly fit the
traditional definitions of tissues and organs, but the microbiomes of
the  different  habitats  throughout  the  human  body  constitute
something  like  an  organ  system  akin  to  the  nervous  or
cardiovascular  systems.  Closely  related  microbes  that  produce
biofilms and other proximal and strongly associated microbes might
be likened to tissues, and the groupings of these in a particular niche
to  organs.  The  oral  microbiome,  for  example,  might  itself  be
considered an organ, or a system of such organs found in the buccal
mucosa, the tongue dorsum or the gingival plaques. Like any organ
or  system,  the  oral  microbiome  performs  a  set  of  regular  and
defined functions, such as the reduction of nitrate to produce anti-
inflammatory nitric oxide (Hyde et al. 2014), or the maintenance of
local pH levels (Bowen et al. 2018).

Thus, to understand the functions of human health,  we must also
understand the symbiosis between the human host and its microbial
residents. As I discussed in  Chapter 1,  it  is only in the last few
decades that we have developed techniques which allow us to begin
to approximate the totality of the microbiome, rather than relying on
data  regarding  individual  culturable  organisms  and  observable
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phenotypic traits gleaned from microscope slides. As a result,  we
have experienced a sort of evolutionary radiation in our conceptions
of the structures and functions of the human microbiome, rapidly
discovering and classifying previously unknown organisms from all
across the tree of life (a process which has seemingly just begun
(Bernard et al. 2018)), and subsequently developing new techniques
for exploring their functions  (Moran 2009; Heyer et al. 2017) and
outputs (Fiehn 2002). These methods that are used today represent
significant  technological  leaps,  yet  they  each  inherently  reveal
limited dimensions of the overall nature of the microbiome. If we
were to call the era before high-throughput sequencing the field’s
infancy, today it remains in its adolescence. As the field matures, it
should continue to move towards a more integrative approach using
these and potentially as yet unanticipated techniques.

However, most of the sequencing-based studies of the microbiome
to date have focused on classifying the organisms present within a
particular  body  site.  This  cataloguing  exercise  is  the  most
straightforward,  but  also  the  most  fundamental,  element  of
microbiome  research,  and  one  which  is  far  from complete.  The
collective goal of these classification studies is to produce a sort of
tapestry  that  weaves  together  the  generalized  compositions  of
microbiomes across different populations, giving us an abstracted
picture of how these populations  compare to each other.  But the
tapestry remains frayed along many of the edges, with a number of
holes where understudied populations would lie. Like I mentioned
in  Chapter 1,  there is a strong bias toward studying populations
from the  so-called  “WEIRD” (Western,  Educated,  Industrialized,
Rich,  Democratic)  nations,  though  sociopolitical  and  logistical
factors  limit  accessibility  to  non-WEIRD  samples  that  would
provide the threads to fill in those gaps. Geography and culture are
the broadest separating factors between these populations and their
microbiomes, yet even within a given widely studied group, there
remains  room  for  expansion  with  ever  finer  threads,  as  more
specific factors of lifestyle and health can be explored. This was the
aim of “Saca La Lengua,” the large-scale oral microbiome project
upon  which  this  thesis  is  based,  and  which  examined  the  oral
microbiomes of particular subsets of the Spanish population. As I
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move  forward,  I  will  discuss  what  the  two  editions  of  Saca  La
Lengua have added to the picture, how my techniques of analysis
and  those  of  the  field  at  large  have  developed  since  the  project
began, and how this knowledge might be used in the future.

6.1 Lessons from Saca La Lengua

For this citizen science project, we relied on sequencing of the V3
and  V4  hypervariable  regions  of  the  16S  rRNA  gene.  The
classification capabilities of 16S sequencing suited the goals of Saca
La Lengua (SLL),  allowing for  the  collection  and sequencing of
approximately 1500 oral rinse samples. Although 16S sequencing
inherently has lower taxonomic resolution than whole metagenome
shotgun  sequencing  (WMS),  it  largely  avoids  the  issue  of
predominating  host  genetic  material,  which  can account  for  over
90% of DNA in a sample from the oral cavity (Marotz et al. 2018),
and  which  would  otherwise  have  to  be  sequenced,  detected  and
discarded.  We wanted  to  explore  a  representative  sampling  of  a
homogeneous  segment  of  the  population,  adolescents  in  relative
health,  in  order  to  obtain  a  clear  and  reliable  picture  of  the
composition  of  the  oral  microbiome  in  that  group.  This
demographic  was  ideal  for  the  other  basis  of  SLL,  its  citizen
science-based approach,  and with  the  objective  of  increasing  the
interest  in  science  in  adolescents  at  the  time  when  they  are
preparing  to  define  their  career  paths  toward  academic
specialization  in  high school.  The design allowed us to  travel  to
high schools  all  across  Spain  for  the sample  collection,  where  a
member of the team could not only give a presentation about the
ideas surrounding the project and the microbiome in general to raise
scientific awareness and interest among youths, but also to receive
input from them and their teachers about what might be the most
interesting  angles  to  approach  the  analyses.  This  type  of
collaboration between scientists and the general public is a primary
aim  of  the  citizen  science  movement  (National  Academies  of
Sciences, Engineering, and Medicine et al. 2019; Gura 2013). Some
of their ideas were incorporated into the questionnaires that were
completed by all of the participants, allowing them to take an active
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role in the development of the project, with the hope of stimulating
wider public interest in the processes and results of basic research.

I use the term microbiome throughout this discussion and the earlier
chapters,  though  it  is  arguably  not  the  most  appropriate
nomenclature in this context. The microbiome is often confounded
with  the  bacteriome,  perhaps  because  the  abundance  of  bacterial
cells in a human host is generally on the order of 10 to 100 times
greater than that of eukaryotic  and archaeal  cells  (Sender,  Fuchs,
and Milo 2016). Indeed, the first edition of SLL is based entirely on
sequencing  of  bacteria,  and  the  second  edition  includes  only  a
limited perspective of the fungal component of the oral microbiome.
However,  I  feel  the  generalized  use  of  the  term  microbiome  is
justified for projects like these, not only because bacteria comprise
the  majority  of  the  biomass  in  the  human  microbiome,  but  also
because such projects are reductionist by their nature, a notion upon
which I will expand later in this discussion in the section 6.3.1, and
so aim to explore only particular components of the microbiome. It
may  be  a  pedantic  argument,  but  the  literature  continues  to
reexamine the terminology within the field as it progresses  (Ursell
et al.  2012; Marchesi and Ravel 2015; Berg et al.  2020), so it  is
important to be explicit in our definitions.

The results from the SLL studies that this thesis comprises paint a
vivid  picture  of  the  oral  microbiome  of  the  Spanish  population.
Based  on  the  comparisons  that  have  been  made  between
westernized and non-westernized samples, which show significant
separation in the compositions of gut and oral microbiomes from
the  different  societies  (Clemente  et  al.  2015;  Segata  2015;
Eisenstein 2020; Sánchez-Quinto et al. 2020), the connections that
we have reported with drinking water, age, and particular chronic
disorders  could  perhaps  serve  as  generalized  trends  for  other
western European nations as well. If those studies do actually point
to  prevalent  and  consistent  societal  trends,  a  robust  and
representative dataset from oral microbiomes in Spain, like the 2967
total  oral  rinse samples from the two editions of SLL, should be
indicative of trends from nations with generally  similar diets  and
lifestyles. While it is too early in the development of the field of
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microbiomics to definitively make such a claim, it is likely that the
implications of our results are extendible beyond just the immediate
context of our own sample set. 

6.1.1  SLL1 -  Drinking  water,  stomatotypes,  and the
“core” oral microbiome

The most impactful results from the first edition of SLL (Chapter
2) stemmed from the stomatotypes that we calculated. The concept
of  stomatotypes,  a  clustering  of  oral  microbiome  samples  in  a
dataset  based  on  a  distance  matrix,  may  already  be  obsolete  in
microbiome  studies,  (see  the  sections  6.2  and 6.3.1 for  further
discussion),  but  I  argue  that  they  are  still  relevant  for  exploring
trends, and they helped us to recognize some important features in
our  own data.  This  was one of the first  kinds of analyses  that  I
learned of for exploring microbiome data globally (Arumugam et al.
2011), and I approached it from many different angles, like plotting
the distributions of each stomatotype on a map of Spain, based on
the  location  from  which  a  sample  was  obtained,  to  look  for
geographical trends (Figure 6 in  Chapter 2). When I showed the
maps  to  my  principal  investigator  and  thesis  director,  Dr.  Toni
Gabaldón, he suddenly recalled a strikingly similar map of the ionic
contents  of water across Spain -  it  was his  Archimedes moment,
though  without  the  shouting  and  public  nudity.  So  we  quickly
contacted  researchers  that  had  analyzed  the  content  of  public
drinking water from cities and towns all across Spain, and indeed
we found significant correlations between the measured values and
the abundances of taxa in our data, many of which were among the
significant drivers of the two stomatotypes. We performed a similar
analysis for the data from the second edition of SLL, though we did
not include the results in the final version of the paper (Chapter 5),
and  again  we  saw  the  same  trend,  wherein  many  genera  that
strongly  influenced  the  calculations  of  stomatotypes  either
positively or negatively associated with various ion concentrations
(see  Appendix I -  “Drinking water impacts  the oral  microbiome
composition”),  despite  the  fact  that  by  this  time  our  statistical
analyses had evolved (using centered log ratios instead of relative
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abundances  and  generalized  linear  models  including  potential
confounding variables instead of Pearson correlations - see section
6.2 (Notes on methodologies)). Subsequent studies by others have
confirmed  associations  between  the  human  microbiome  and  the
composition  of  drinking water  (Sinha  et  al.  2021;  Bowyer  et  al.
2020).

We also compared our  stomatotypes  to  others  found in  different
populations, with some consensus and some deviation, which led us
to suggest that our stomatotypes may represent ubiquitous equilibria
of oral  microbiome compositions,  with the possibility  that others
may  exist  as  well  in  different  populations.  In  retrospect,  this
position may appear somewhat overstated because the comparisons
between the stomatotypes among the different studies were based
on trends in the abundances of only a handful of genera, including
Neisseria,  Haemophilus,  Prevotella, and  Veillonella. Though they
are among the most abundant, the conclusion did not consider the
trends in any rare genera. Nevertheless, this comparative analysis
represents  an  important  early  foray  into  the  search  for  a  global
image of the human oral microbiome and the different shapes it may
take.  In  addition,  our  stomatotypes  guided  our  perception  of  the
gradients  of  abundances  of  many  taxa,  which  can  be  useful  in
understanding the potential  shift  between alternative  stable  states
(see  section  6.3.2).  This  is  a  very  similar  idea  to  that  of
stomatotypes,  though  more  abstract,  as  it  does  not  necessarily
impose  strict  boundaries  and  may  account  for  transition  states
(Fukami and Nakajima 2011; Costello et al. 2012; Amor, Ratzke,
and Gore 2020; Van de Guchte et al. 2020), in which abundances at
a given time may be in flux and have not yet  reached a relative
stability. This is likely a more realistic conception of the state of the
microbiome  at  a  given  time.  The  genera  which  most  strongly
influenced the  separation  of  samples  into  particular  stomatotypes
generally  had  detectable  gradients  of  abundances  across  the
spectrum of compositions within our dataset. Thus we felt that these
revealed the patterns in potential stable and transition states of the
oral microbiome. 

One of those studies with which we compared stomatotypes, based
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on  a  large  cohort  of  oral  rinse  samples  from  Japanese  adults
(Takeshita et al. 2016), listed what they referred to as “core” genera
of the oral microbiome, those that were present in at least 75% of
their samples. We performed the same calculation and found that 20
of the 32 “core” genera in our samples corresponded to theirs. This
would  seemingly  hint  at  a  persistently  present  set  of  organisms
across  human  populations,  especially  considering  the  disparate
demographics  between  the  two  studies.  But  it  also  raises  the
question of how this core should be defined, which others have also
attempted  (Zaura et al. 2009; Shade and Handelsman 2012; K. Li,
Bihan,  and  Methé  2013;  H.  Chen  and  Jiang  2014),  though  the
parameters are often arbitrarily designated as thresholds of presence
vs  abundance  or  of  similarities  in  abundances  for  given  taxa.
Elsewhere it has been suggested that cores may exist only among
subpopulations (Hamady and Knight 2009), which may be plausible
based on the notable differences  seen between WEIRD and non-
WEIRD samples  (Clemente  et  al.  2015;  Pasolli  et  al.  2019),  but
which again would require standardized parameters of entry for core
taxa. 

Defining  this  core,  or  the  series  of  cores  present  in  particular
populations, is central to discovering and understanding eubiosis in
the  oral  microbiome,  the  optimal  microbial  balance,  which
ultimately is a primary goal of microbiome research. Hippocrates is
believed  to  have  said  that  “death  is  in  the  bowels”  and  “poor
digestion is the root of all evil” (I have not found an original source
of  these quotes,  but  they  are  popular  in  today’s  gut  microbiome
papers  (Iebba et al. 2016)), and his notion was modernized by the
Nobel laureate Elie Metchnikoff after the widespread acceptance of
germ theory and his explorations of dysbiosis, or imbalances in the
gut  microbiome  (Metchnikoff  1907).  So  microbiome  researchers
have a primal impulse to seek out causes of dysbiosis, so that we
may  continue  to  improve  methods  that  ensure  eubiosis.  The
literature  is  rife  with  attempts  to  link  the  oral  microbiome  to
diseases, as we do in Chapters 3 and 4, based on states of dysbiosis
relative to supposedly healthy controls, though these comparisons
are  limited  by our  current  conception  of  relative  eubiosis.  Some
studies  have  attempted  to  combine  multiple  publicly  available
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datasets from different populations (Leung, Wilkins, and Lee 2015;
Pasolli et al. 2016; Aguirre de Cárcer 2018; Pasolli et al. 2019). As
more data is produced and analyzed in this way, we will better be
able to approach nuanced definitions of what may be called the pan-
microbiome  and  accessory  microbiome,  analogous  to  the
pangenome,  which  encompasses  all  genes  that  are  present  in  all
strains of a clade, and the accessory genome, those genes that are
specific  only to  subsets  of  the  clade  or  individual  strains.  While
these  efforts  will  still  be  subject  to  the  inherent  limitations  of
compositional  datasets,  which  may  complicate  cross-study
examinations  (see  the  sections  6.2  and 6.3.2),  they  remain
invaluable stepping stones in the progression of microbiome studies.

6.1.2  SLL2  -  Chronic  disorders  and  the  oral
microbiome

When conceiving the study design for the second edition of SLL,
our group also felt the allure of dysbiosis explorations and targeted
three chronic disorders whose connections to the oral microbiome
were  both  understudied  and  likely  meaningful.  We  chose  Down
Syndrome  (DS)  because  of  the  unique  immune  and  oral
physiological  characteristics  (relatively  late  eruption  of  teeth,
microdontia, lower salivary flow, greater number of missing teeth
and greater dental spacing), cystic fibrosis (CF) because of the oral
cavity’s potential as a reservoir of microbes for the lungs, including
the  oral  commensal  Pseudomonas which  is  one  of  the  primary
pathogens in CF lung infections, and celiac disease because of the
unique  dietary  restrictions  that  it  imposes.  As  part  of  the
questionnaire that all participants completed, we also asked if they
experienced any other chronic disorders, and these, along with the
three targeted  disorders,  accounted  for  311 of  the 1648 samples.
Some of  the  other  health  issues  included  hypertension,  diabetes,
migraines, or hypothyroidism. We published dedicated analyses for
both DS and CF (Chapters 3 and 4, respectively), but not for celiac,
as  we  found  relatively  few  significant  differences  compared  to
matched control samples, though it did have a notable global impact
on the oral microbiome, as shown in Chapter 5. Both DS and CF

202

https://paperpile.com/c/WBxtvr/bSAOr+Rg21W+4JaH7+nvmwb
https://paperpile.com/c/WBxtvr/bSAOr+Rg21W+4JaH7+nvmwb


have been connected with oral diseases in the literature, though with
opposite trends in regard to periodontitis (greater in DS and lower in
CF) and some ambiguity in regard to dental caries. The differential
abundances in our results  of both studies largely supported these
trends,  further  bolstered  in  the  CF  paper  by  the  analysis  of  co-
occurrence  networks  that  pointed  to  the  underlying  ecological
contexts. 

In  Chapter 5, we showed that samples from individuals with DS,
CF, and celiac disease, as well as smokers and samples in which
yeasts  were  not  detected,  not  only  separated  significantly  from
matched controls in their overall compositions, but also that those
compositions were significantly more homogeneous, suggesting that
each of these variables has a consistent impact on the microbiome,
driving  its  structure  in  particular  directions.  There  were  32
individuals with hypertension, though it was not a disorder that we
actively  sought  to  study, and so did not  have any other  relevant
information. Thus, we were left to speculate that, while the samples
did differ significantly from controls, they may not have had more
homogeneous compositions due to varying levels of severity. This
is  an  instance  in  which  metatranscriptomic  data  may  have  been
illuminating.  As  we  and  our  collaborators  showed  (Cutler  et  al.
2019), along with other studies (Hyde et al. 2014), oral bacteria are
vital for the reduction of nitrate, which produces the vaso-dilating
nitric  oxide  that  circulates  in  our  bloodstreams.  We  might
hypothesize  that  our  samples  from individuals  with  hypertension
may have had diminished nitrate-reduction potential, an effect that
was  not  reflected  in  specific  taxonomic  differences,  as  there  are
many oral taxa with the required machinery (Rosier et al. 2020), but
may have been revealed  by insights  into the functionality  within
samples. 

We were careful to note that the specific conclusions about DS and
CF that Chapters 3 and 4 draw are speculative, as they are based on
relative  increases  or  decreases  of  taxa  that  have  elsewhere  been
shown  to  follow  similar  trends  in  either  periodontitis  or  dental
caries.  Essentially,  our  results  strengthened  the  correlative  links
between oral diseases and DS and CF based on the correlative links

203

https://paperpile.com/c/WBxtvr/MRDz7
https://paperpile.com/c/WBxtvr/BTELf
https://paperpile.com/c/WBxtvr/RTNx8
https://paperpile.com/c/WBxtvr/RTNx8


with  taxa  in  our  and  other  studies.  But  these  results  cannot  by
themselves reveal true causal links, an inherent limitation of modern
microbiome studies, though researchers are often eager to wrest this
kind of conclusion from association studies (Maruvada et al. 2017;
Lynch, Parke, and O’Malley 2019; Walter et al. 2020). There are
instances in which interventional studies can indeed point to causal
relationships, such as our collaboration mentioned above in which
an antibacterial mouthwash inhibited the nitrate reducing activity of
oral bacteria, thus hindering exercise recovery (Cutler et al. 2019).
However,  in  the  case  of  exploratory  classification-based  studies,
like our own from SLL, in order to determine causal connections
between the microbiome and disease, they could be bolstered by a
combination of omics data. Whole metagenome sequencing could
be used so as to identify the functional potential within microbiome
samples,  but  more  appropriate  would  be  metatranscriptome  and
metaproteome data to directly observe the functional impacts at the
time of sampling.  Metabolomics data  would further elucidate  the
actions and effects of microbes on their human hosts. There is also
the potential of epigenetic modification of microbes as a result of
the action of the human host cells  (Beaulaurier, Schadt, and Fang
2019;  Morovic and Budinoff  2021),  or  of human host  cells  as  a
result  of  the  action  of  resident  microbes  (Oelschlaeger  2010;
Celluzzi  and  Masotti  2016),  not  to  mention  the  potential  inter-
domain interactions which are rarely explored today (Rowan-Nash
et al. 2019). Then there is the question of directionality. When is a
shift  in  composition  a  cause  of  a  disease  state  and when is  it  a
result? In  Chapter 1 we use the example of  Neisseria species as
being potentially opportunistic in instances of dental caries, since it
is acidogenic and may be taking advantage of the “hydrogen sink”
created by methanogenic archaeal species and/or  Treponema.  But
which of these groups took action first is difficult to discern, as is
whether  the  alterations  in  the  host  environment  promoted  their
activity  or  they  exerted  themselves  upon  the  conditions  of  their
environment.  All  of  this  is  to  say  that,  if  we hope to  determine
causality  in  microbiome research,  we would  need a  synthesis  of
omics  techniques  that  would  create  improved  simulations  of  the
microbiome in its natural state (see section 6.3.3).
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6.1.3 SLL2 - Aging in the oral microbiome

Part of the design of SLL2 was also to collect samples from a wide
range of ages, as we had deliberately sought a homogeneous sample
set  for  the  first  edition.  We  were  fortunate  to  receive  wide
participation such that, with the subsampling approach we used for
analyses to match age bins by gender and geographic location (see
methods section in  Chapter 5), we could have about 30 samples
from each ten year age bin in each iteration. As I mentioned above,
in  Chapter  2 we  compared  some  basic  characteristics  of  our
samples from teenagers  to those of Japanese adults  in a separate
study,  which  hinted  at  some  pervasive  features  in  the  oral
microbiome, but here we provided insights into the trajectory of the
oral  microbiome  across  age.  As  with  our  results  surrounding
chronic disorders, the specific taxonomic changes allowed merely
for  speculative  conclusions  that  would  require  more  in  depth
examination,  but we also saw global  effects  that  are  likely more
informative about fundamental attributes of the oral microbiome, in
particular  the  parabolic  trend  in  homogeneity.  Samples  from
middle-aged individuals were both the least  unique and the most
homogeneous,  and  together  with  evidence  from  various  alpha
diversity  measurements,  we suggested  that  while  youths  and the
elderly  both  have  relatively  variable  compositions,  the  youth
microbiomes  are  likely  still  developing  alongside  the  rest  of
individuals’  bodies,  and  the  elderly  are  more  susceptible  to
colonization  by  rare  and  opportunistic  bacteria,  possibly  due  to
lower efficiency in immune responses. 

Another interesting aspect of aging in the oral microbiome that we
explored was its connection with Down Syndrome in  Chapter 3.
The  literature  has  suggested  that  DS  is  a  prematuring  aging
disorder,  typically  presenting  with  early  immune  senescence,
increased plasma inflammatory markers at levels similar to that seen
in  the  elderly,  oxidative  stress  as  a  result  of  mitochondrial
malfunction,  and  accelerated  epigenetic  modification  rates
(Franceschi  et  al.  2018;  Horvath  et  al.  2015).  So  we  wanted  to
determine  if  there  were  signs  of  premature  aging  in  the  oral
microbiome in Down Syndrome as well. Our study design allowed

205

https://paperpile.com/c/WBxtvr/Ku5QV+qsVnc


us  to  approximate  a  comparison  of  the  trajectory  of  the  oral
microbiome across age in the DS and non-DS samples, where we
expected that both or either the DS oral microbiome would be more
similar to older non-DS microbiomes and the shifts in composition
across age in DS would be more rapid than those in non-DS. Yet
neither of those was the case.  In fact the DS samples were most
similar to the youngest non-DS samples, and not only was there no
evidence  of  greater  difference  in  composition  with  greater
difference in age in DS compared to non-DS, there was no such
correlation at all. We saw this as a sort of “anti-aging” effect in the
DS  oral  microbiome  that  is  likely  related  to  the  distinctive
physiology in the DS oral cavity, like the diminished salivary flow,
unique  dentition,  and  hindered  immune  responses,  leading  to  a
relatively static environment. 

In each of these cases we are basing our conclusions about aging on
samples at an array of ages, but from different people, and so cannot
account  for  interindividual  inconsistencies.  The  ideal  manner  in
which  to  explore  aging  in  the  microbiome  would  be  extensive
longitudinal studies. One study that I will cite with greater depth
later  during a  discussion of  microbiome simulations  (see  section
6.3.2)  collected  oral  and  stool  microbiome  samples  from  two
individuals every day for most of a year  (David et al. 2014). This
was uniquely ambitious by today’s standards, as most longitudinal
studies collect samples at far fewer timepoints from a larger group
of individuals, but this design would be ideal for studying aging, so
that  we could see the true progression of  microbial  communities
over time. Of course, speaking hypothetically, a study of this scale
and resolution over the age range that we covered in SLL2 (ages 7-
85) is not feasible for a variety of reasons. For one, we as a society,
even just within the scientific community, probably would not have
the  patience  to  wait  for  the  results  and  to  continue  to  provide
funding, even if those results were continually updated. While there
are many examples of research which follows individuals across a
significant portion of their lives, sample collections typically occur
on  the  order  of  years,  perhaps  months,  but  not  days,  as  I
speculatively  propose  here.  Thus,  there  would  also  be  ethical
considerations  in  expecting  subjects  to  regularly  provide samples
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across their entire lifespan, and the participation would need to be
wide to account for potential dropouts and early deaths. Moreover,
there would be the danger not only of potential technical variation
in processing the data over this time scale, but also of comparing
samples processed with obsolete methods - I am likely writing this
thesis  in  what  will  later  be  seen  as  primitive  days  of  HTS and
microbiome  studies.  In  the  few decades  spanned  by the  modern
incarnation of microbiome research,  the field evolved far beyond
what  it  was  with  rapid  improvements  in  techniques  and
technologies, and there is no reason not to expect more of the same
(see section 6.3 for further speculation and extrapolation). This is
largely hypothetical and ostensibly unrealistic at the moment,  but
the  notion  is  undeniably  appealing  for  microbiomists  and  only
attainable if we continue to muse on these grander schemes.

6.1.4  SLL2  -  The  non-bacterial  segment  of  the
microbiome 

At  the  beginning  of  this  section  I  mentioned  the  dearth  of
microbiome studies  that  are  not  focused exclusively  on  bacteria.
These  studies  are  often  very  careful  to  account  for  potential
confounding  variables  like  medications  taken  by  participants  or
smoking  habits,  yet  they  perpetuate  an  important  oversight:  the
possibility for inter-domain interactions. We know that wide swaths
of the tree of life are represented within the human microbiome,
including many archaea (Koskinen et al. 2017), fungi and a variety
of  other  unicellular  eukaryotes,  viruses,  and  some  multicellular
organisms, like helminths (Rowan-Nash et al. 2019). However, the
exaggerated  focus on bacteria  in  our field is  not  only because  it
dominates  the  biomass  of  the  human  microbiome,  it  is  also  the
easiest to study with our current techniques. The internal transcribed
spacer (ITS) region was accepted as the official  marker gene for
fungi (akin to the 16S rRNA gene in bacteria  and archaea)  by a
consortium  of  mycologists  (Schoch  et  al.  2012),  but  it  is  less
universally applicable throughout that domain than 16S is among
bacteria  (Raja  et  al.  2017),  and in  general  DNA extraction  from
fungi can be more complicated than that from bacteria because of
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their thick cell walls  (Ciardo et al.  2010). Sequencing of the 16S
rRNA gene is viable for the archaeome, but primers have generally
been  designed  for  bacteria  and  often  have  been  ineffectual  for
archaea. Nonetheless, protocols have been established that allow for
proper study of archaea,  and have found distinct compositions in
different  body  sites  (Koskinen  et  al.  2017).  Given  its  inherent
genetic diversity and lack of conserved genes, the virome does not
have any universal marker genes like these other microbes, and viral
genetic  material  is  generally  scant and difficult  to detect,  though
there are improving techniques  (Thurber et  al.  2009; Allen et  al.
2011).  They  are  an  important  element  of  the  microbiome;  aside
from the direct effects to human hosts and other microbes, viruses
are  likely  involved  in  horizontal  gene  transfer  events  among
prokaryotes,  promoting  virulence  and antibiotic  resistance  within
the bacteriome (Rowan-Nash et al. 2019).

Within Saca La Lengua, we only have fungal identification data for
a  segment  of  the  dataset  from the  second  edition.  We aimed  to
include ITS sequencing data in both editions, but were unsuccessful
in  obtaining  enough  genetic  material,  for  the  reasons  mentioned
above, and because of the presence of amplicons of different sizes
which complicated the process. In the end, we were able to culture
fungal  species  from 1083  of  the  1648  SLL2  samples,  and  used
matrix-assisted laser desorption/ionization time of flight (MALDI-
TOF)  analysis  (Singhal  et  al.  2015) to  identify  the  fungi.  This
provides  a  lower  resolution  of  the  fungal  composition  than  the
accompanying 16S sequencing for the bacteriome,  as it  does not
give any information on fungal abundances,  but nevertheless,  we
were able to glean some insights in each of the publications from
the SLL2 dataset (Chapters 3-5). The relatively high prevalence of
Candida species  in  both  DS  and  CF  samples  supported  the
connections  we drew with  oral  diseases  and CF lung infections,
respectively.  Interestingly,  in  Chapter 5 we saw that  there  were
significant differences in the bacteriomes between samples in which
fungal species were and were not detected, but it was the samples in
which  no  fungi  were  detected  that  had  the  more  homogeneous
compositions.  These  samples  also  displayed  some  of  the  most
unique  co-occurrence  networks  among  bacteria,  compared  to
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variables like smoking and some chronic disorders. We posited that
greater prevalence of fungi promotes a departure from the typical
bacterial ecology in the oral cavity, though we could not be more
specific based on our data.

6.2 Notes on Methodologies

Before  most  of  the  analyses  were  performed,  we  had  our  first
experience  with  the  technical  biases  to  which  high-throughput
sequencing (HTS) projects can be susceptible. After sequencing the
samples and processing the data,  we noticed that  a subset of the
1500 samples had considerably lower alpha diversity  values than
the rest. When backtracking, we discovered that these were all from
a  single  sequencing  run,  for  which  the  DNA  extraction  was
performed in a different part of the lab under different conditions. In
the end these precious samples were excluded from the dataset, so
we learned the hard way that the procedures for a project like this
must  be  rigid  and  standardized.  There  are  various  sources
throughout  the  literature  which  suggest  approaches  to
standardization  at  particular  stages  of  microbiome  analyses
(“Raising Standards in Microbiome Research” 2016; Martin 2019;
Amos et al. 2020), but there remains a lack of consensus. This is
evident from the diversity of methodological decisions, like the use
of different primers for targeting different variable regions of the
16S  rRNA  gene  (Fouhy  et  al.  2016) or  the  choice  of  tool  for
sequence denoising and taxonomy assignment (Nearing et al. 2018;
Prodan  et  al.  2020),  not  to  mention  unintentional  or  undetected
technical variation that can occur within a given project, as we saw
first-hand.

The current lack of consensus is due at least partially to continued
efforts  to  improve  and  optimize  the  tools  and  techniques  that
microbiomists use (Gloor et al. 2017; Prodan et al. 2020), so it may
simply be too early for the field to fully agree on the best practices.
But it also may be exacerbating a number of inherent drawbacks to
current analyses. Our example shows that even a small change in an
early  step  of  the  sequencing  procedure  performed  by  the  same
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group can limit the comparability of samples within a given project,
so the comparability between experiments  performed by different
groups  attempting  the  same  procedures  could  be  unquantifiably
dubious. There are platforms that aim to maximize reproducibility
between projects  or  even within projects  (Buza et  al.  2019;  Bai,
Jhaney,  and  Wells  2019;  Abdala  Asbun  et  al.  2020;  Murovec,
Deutsch, and Stres 2021), but they cannot account for human error
and  technical  variability  in  the  sequencing  process.  There  are
statistical and experimental techniques that attempt to compensate
for these issues,  which I  touched on briefly  in  Chapter 2.  Most
classification-based microbiome studies over the last decade have
compared the relative abundances of taxa between samples, but this
ignores the compositional  nature of HTS experiments,  which can
have  downstream  statistical  consequences.  The  most  appropriate
solution proposed thus far is to simply normalize the data using a
transformation like the centered log-ratio, which is relatively robust
to the depth of reads imposed by the sequencing instruments (Gloor
et al.  2017). Others have also suggested methods to impute non-
biological zero counts in the data (Kaul et al. 2017; R. Jiang, Li, and
Li 2021). Essentially, they point to three different types of zeroes
that might occur in HTS data: biological zeroes, which represent the
true absence of an organism; technical zeroes, which occur due to
experimental  artefacts,  and  were  the  likely  root  of  the  issue  we
experienced in the first edition of SLL; and sampling zeroes, which
occur  due  to  the  sequencing  depth  limitations.  These  methods
attempt to distinguish the biological and non-biological zeroes, and
to then correct  the counts  across the dataset.  Even so,  HTS data
cannot reveal anything about the absolute abundances of microbes
in a given sample because of the limited capacity for reads in the
sequencing  machines  (hence  the  presence  of  sampling  zeroes).
Quantitative microbial  profiling is an experimental technique that
aims  to  account  for  the  physiological  relevance  not  only  of
differences  in  abundances  of  taxa,  but  of  differences  in  total
microbial load (Vandeputte et al. 2017). While this can account for
the concerns of compositionality, it requires cell counting by flow
cytometry  (or  other  means)  alongside  sequencing,  which  is  not
commonly performed in microbiome studies. 
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These are issues that  I  came to understand over time and across
multiple  microbiome  projects.  The  general  ideas  behind  the
analyses performed in the first  and second editions of SLL were
essentially  the  same:  to  classify  the  compositions  of  the  oral
microbiomes in particular contexts and search for correlative effects
with various factors of health and lifestyle. But a closer comparison
of the methods sections in Chapter 2 versus those in Chapters 3-5
will show a number of notable changes. In part this is because my
path as a microbiomist has generally been autodidactic, as I expect
it has for many others coming up in the early days of HTS-based
microbiome  studies.  With  standardizations  of  techniques  and
protocols  in  flux,  there  were  certainly  no  formal  education
programs,  so  one  had  to  learn  from  the  trends  present  in  the
literature  and  practice  with  those  technical  tutorials  that  were
available, building upon and honing analytical skills in parallel with
the microbiome field itself.  For instance, the first edition of SLL
(Chapter 2), as well as a collaborative study of modulations of the
skin  microbiome  (Paetzold  et  al.  2019),  relied  on  the  mothur
platform  (Schloss et al. 2009) to filter 16S rRNA gene sequences
and  assign  them  to  operational  taxonomic  units  (OTUs),  which
cluster the reads with a dissimilarity threshold of 97% by default.
But after performing the analyses for those studies, we learned of
tools like DADA2 (Benjamin J. Callahan et al. 2016), which use a
more  precise  method  to  assign  taxonomy  based  on  amplicon
sequence  variants,  accounting  for  sequencing  errors  to  resolve
single-nucleotide  differences  in  reads  (Benjamin  J.  Callahan,
McMurdie,  and  Holmes  2017).  It  was  not  until  another
collaboration, one which examined the connections of oral bacteria
to post-exercise hypotension and muscle oxygenation (Cutler et al.
2019), that I tested out and used the DADA2 platform, which I have
used for all subsequent 16S-based microbiome studies. 

The  first  edition  of  SLL  also  investigated  the  implications  of
stomatotypes among the samples, a notion conspicuously absent in
Chapters 3-5 (SLL2).  The term stomatotype was a derivative of
enterotype,  coined in an early 16S-based study  (Arumugam et al.
2011), merely substituting the relevant Greek roots (I also explored
dermatotypes in our skin microbiome collaboration (Paetzold et al.
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2019),  and  pneumotypes  in  another  collaboration  on  the  lung
microbiome (Hérivaux et al. 2021)). It is meant to describe clusters
of  samples  based  on  beta-diversity  metrics  which  reveal  general
trends  in  the  compositions  of  oral  microbiome  samples.  As  I
described in  Chapter 1, it is a concept that has received criticism
for oversimplifying complex datasets, and which may better serve
as guides for exploring the gradients of abundances of taxa across
those datasets (Jeffery et al. 2012; Koren et al. 2013; Knights et al.
2014; Costea et al. 2018). I still believe that there is a practical use
for these calculations as an early step in the analysis, especially if
comparing  the  stomatotypes  calculated  with  various  distance
metrics.  Distinct  clusters  based  on a  Jaccard  index,  for  instance,
might reveal genuine patterns in rare or low abundance organisms,
while a weighted UniFrac distance can show the effects of higher
abundance  organisms  on  the  separation  of  samples  while  also
accounting for phylogenetic distance between those organisms. This
can be useful to the microbiomist as insights into the structure and
tendencies inherent to a given dataset. But I have not continued to
include  this  kind  of  analysis  in  the  published  results  of  studies,
because while indeed it  may be that there are a finite number of
ubiquitous  general  conformations  of  the  oral  microbiome  across
human populations,  the  current  state  of  analyses  likely  lacks  the
sophistication  necessary  to  accurately  simulate  the  processes  and
structures  of  the  microbiome,  which  may  have  specious
ramifications  for  the  hopes  of  the  microbiome  as  a  tool  of
personalized medicine. I will further discuss the current limitations
and potentialities of simulation in the microbiome in section 6.3.3.
Instead of attempting to ascribe an artificial structure to the data as
stomatotypes do, a converse approach may be more appropriate for
describing  trends;  a  calculation  like  the  PERMANOVA
(permutational multivariate analysis of variances)  (M. J. Anderson
2001) can fit a multivariate model to a distance matrix to determine
how the fixed effects in that model correspond to the separation of
samples for the given distance calculation. This is a tool that I began
to  explore  in  two  different  collaborations,  one  exploring  the
connections  of  the  oropharyngeal  and  stool  microbiomes  with
obsessive-compulsive disorder (Domènech et al. 2020), and another
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of the lung microbiome in pulmonary aspergillosis (Hérivaux et al.
2021).  I  carried  this  analysis  over  to  the  second edition  of  SLL
(Chapters  3-5).  An  important  element  to  this  analysis  was  the
ability  to  include  multivariate  models  in  order  to  simultaneously
account for the effects of potential confounders like age and gender.

Arguably  the  most  significant  step  in  the  progression  of  my
analyses,  and  the  impetus  for  this  self-reflective  section  of  the
thesis,  was the transition from simple calculations  of the relative
abundances of taxa to those of log-ratio transformations.  Various
methods of normalization have been proposed for the appropriate
treatment  of  HTS-based  microbiome  data  (Gloor  et  al.  2017;
Morton et al. 2019; Lin and Peddada 2020). For the dataset from the
second edition of SLL (Chapters 3-5), I began to use the centered
log-ratio  approach,  which  removes  the  bias  that  results  from the
unknown total  microbial  load  in  each  sample  by  comparing  the
ratios of taxa between the samples in a dataset, and centering those
values around zero to equally weight the relative differences (Gloor
et al. 2017; Morton et al. 2019), and my more recent efforts with the
SLL2 dataset have produced the most robust results of the studies in
which  I  have  been  involved.  The  others,  which  have  been
referenced throughout this section of the thesis, not only compared
relative  abundances  to  determine  differential  abundances  of taxa,
but also compared global sample compositions with beta diversity
metrics that are based on relative abundances, like the Bray-Curtis
dissimilarity,  Jensen-Shannon  divergence  and  weighted  UniFrac
distance, or the presence and absence of taxa, like the Jaccard index
and the unweighted UniFrac distance, all of which fall victim to the
pitfalls  of  compositionally-unaware  treatment  of  HTS data.  As  I
mentioned in the previous paragraph, these calculations are useful
for examining trends in the data from different angles, but I have
relied  primarily  on  the  more  compositionally  sound  Aitchison
distance metric  (Aitchison et al. 2000; Gloor et al. 2017) as a tool
for reporting global trends in the dataset.  Similarly,  I constructed
co-occurrence  networks  of  taxa  in  Chapter  2 based  on Pearson
correlations  between  genera,  only  to  later  understand  that  in  a
compositional dataset standard correlation measures, like Pearson or
Spearman,  have a bias  towards  negative correlations  and are not
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robust to subsetting of the data  (Gloor et al. 2017). In  Chapters 4
and 5, I instead use the SpiecEasi tool  (Kurtz et al. 2015), which
assumes a sparse data matrix (many zero counts, typical of rare and
low abundance taxa in microbiome data) and uses a centered log-
ratio  transformation  of  the  counts  to  infer  robust  co-occurrence
networks. The datasets in each of the projects in which I have been
involved  have  all  been  based  on  16S  sequencing,  and  generally
report trends at the genus level. However, the 16S-based approach
has  been  popular  because  it  is  a  cheaper  alternative  to  whole
metagenome shotgun (WMS) sequencing, but as sequencing prices
continue  to  decline  (Wetterstrand  2020),  researchers  will  more
frequently opt for the greater taxonomic resolution offered by WMS
(Brumfield  et  al.  2020;  Durazzi  et  al.  2021).  With  this  greater
specificity  will  come  wider  sparsity  throughout  the  data  as
particular strains will be detected in fewer individual samples, so
proper treatment of this aspect of the data, as with SpiecEasi, will
become increasingly important. 

These  evolutions  in  approaches  to  analysis  may  complicate  the
comparisons between many of my own studies, but I believe there is
value  in  each  of  them beyond  just  their  individual  or  collective
results. They often have provided first glimpses of the microbiome
in  particular  contexts,  which  should  inspire  further  and  deeper
investigation,  and  the  findings  may  be  refined  over  time  with
improved  data  qualities  and  methods  for  analysis.  As  the  field
continues to develop, we can look back on what might be seen as
antiquated methodologies to understand how they progressed and to
better determine how to move forward.

6.3 The Being and the Becoming of Microbiomics

I  started  this  discussion  by  describing  the  pre-HTS  era  as  the
infancy of microbiomics. Flipping through its history like the pages
of a family album, we can see all its stages of growth. Early on, the
field learned to express itself in crudely logical but naive ways, as
Leeuwenhoek in 1676 described the bacteria,  fungi and protozoa
that  he  saw  in  his  microscope  as  animalcules,  meaning  “tiny
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animals”. The first vaccinations were introduced by Edward Jenner
in 1796, despite some initial  fears  (Meynell  1995). We could see
some early establishment of critical thinking skills, recognizing how
processes  in  one’s  environment  work,  like  the  discovery  of  the
principles of fermentation in the late 1850s, and how to manipulate
that  environment  to  one’s  benefit,  like  the  development  of
pasteurization  in  1865.  Over  time  a  youth  recognizes  dangers,
develops rational fears and begins to find ways to cope with them,
as with the espousal of the germ theory of disease in the 1880s and
Robert  Koch’s  postulates  on  the  causative  relationships  between
microbes and diseases in 1884, even if those coping mechanisms
need  to  be  refined  later  on  (Jindal  2018).  We  might  relate  the
preadolescence  of  microbiomics  with  the  advents  of  Sanger
sequencing in 1977  (Sanger, Nicklen, and Coulson 1977) and the
polymerase  chain  reaction  in  1983  (Saiki  et  al.  1985),  a  period
during which we could see that big changes were coming, that the
field was about to hit a growth spurt and would never look the same
again. And that is where we stand today, and precisely why I have
called it the adolescence of the field of microbiomics. We are in a
period  of  constant  change  and  growth,  probing  at  ways  to  best
approach an array of challenges, uncertain and inconsistent at times
(see section 6.2 Notes on methodologies), but with a bright future
and much still to learn. 

6.3.1 Reductionism in Microbiome studies

Adolescents  often  have  an  as  yet  underdeveloped  worldview
because of limited experience with the complex systems at  work
about  themselves.  Such  is  the  case  even  now  for  the  field  of
microbiome  studies.  For  instance,  studies  which  attempt  to
represent the totality of the oral microbiome with one sample type
are,  by  their  nature  (and  by  intentional  design)  reductionist,  to
which  I  alluded in  section 6.1.  This  is  a  normal  aspect  of  most
scientific  research,  though  it  is  important  for  these  studies  to
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recognize the implications of the restrictions in their design. Many
use only saliva to track differences between groups of samples, but
this ignores minute niches, like the gingiva, or the surfaces of the
teeth,  gums,  cheek,  and  tongue.  One  study,  as  an  example,
performed  16S  sequencing  of  the  saliva  of  children  with  and
without severe early childhood caries (S-ECC), as well as a scraping
of  the  deep  dentinal  plaque  from the  cavities  in  the  teeth  from
children affected by S-ECC. Their  results showed that,  while the
two saliva groups differed slightly from each other, both differed
drastically from the caries-active cavity scraping samples (Hurley et
al. 2019). In the methods section they cite a number of papers which
justify the  use of  unstimulated  saliva  as  “a  representation  of  the
whole oral ecosystem,” yet their own results belie that assertion. I
draw from this example not to suggest that their  conclusions are
invalid,  but rather  to point to the question of how best to obtain
conclusions in a critical manner from each particular study design. 

We necessarily derive a mereological debate from this issue, that of
how to separate the whole of the microbiome from its parts. One of
the  earlier  papers  presented  by  the  Human  Microbiome  Project
(HMP) included samples from 18 different body sites, nine of which
were in  the  oral  cavity  (Human  Microbiome Project  Consortium
2012). They found that, collectively, the oral cavity samples were
readily distinguishable,  based on Bray-Curtis dissimilarity  values,
from the stool, urogenital, skin, and nasal samples, and in fact were
the group that most strongly separated from other body sites (Figure
1c  of  that  paper).  Each  of  the  nine  oral  cavity  sites  could  be
identified by the combination of high abundances of Streptococcus
and a few other genera, and similarly the groups of urogenital and
skin samples were internally closely related, so we can rightly label
the oral cavity a distinct part of the human microbiome as a whole.
And yet, they describe subtle but detectable differences between the
nine oral sites, showing that each of those is itself a distinct part of
the whole microbiome. The term “oral ecosystem” is a useful one
when designing a study, but here we can see that the tooth itself is
an ecosystem, as is the tongue dorsum, and the keratinized gingiva,
so that the oral cavity may be more akin to a biome with the human
body as the biosphere.  Of course,  on the surface of a tooth with
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dental caries, we might find a distinct ecosystem within the biofilm
creating a cavity in the enamel which is distinct from the rest of the
tooth, and on the tongue we might find distinct ecosystems among
the different regions of gustatory cells and where amounts of air and
moisture vary (analyses of the spatial organization of bacteria on the
tongue already available (Wilbert, Mark Welch, and Borisy 2020)),
so that if we continue in this manner it is ecosystems all the way
down. This is why, to draw meaningful conclusions, reductionism
in microbiomics is crucial, but it must be approached coherently. As
described  in  Chapter  1,  similarly  to  the  paper  about  childhood
caries that I referenced in the paragraph above, we designed the first
edition of Saca La Lengua to include oral rinse samples because of
previous  works  that  also  suggested  that  they  offer  a  holistic
depiction of the oral microbiome. But all of our samples were of the
same type, obtained in the same manner, and so, while they may
reduce  the  complexities  of  the  oral  ecosystem,  they  maintain  an
internal logic that provides comparable representations.

An exploration of an oral ecosystem is indeed the ultimate goal in a
study  like  ours  or  the  others  that  I  mentioned  above,  but  this
exploration is limited, as by design they  ignore some fundamental
aspects of an ecosystem. An ecosystem is both biotic (represented
by  the  composition  of  organisms)  and  abiotic  (the  nutrient  and
energy  cycles),  and  is  defined  by  how  these  two  components
interact (Odum 1971). An analysis of the taxonomic composition of
a  sample  does  not  wholly  address  those  systematic  interactions,
which is  why I urged the adoption of multi-omics approaches  in
microbiome studies in sections 6.1.2 and 6.2, and do so again here.
Practical  budget  concerns  have  of  course  restricted  such  an
approach  in  most  instances  to  date;  given  the  options  of  2000
samples with only 16S data or 20 samples with various omics data,
most  have  leaned  toward  the  former  for  the  sake  of  greater
statistical power, wider representation among populations, and more
streamlined analyses. This is especially so since we have up to now
been largely ensconced in an exploratory age that has been better
served by broader views of the structure of the oral microbiome.
Nonetheless, I expect that the field is becoming, and will continue
to become, more interested in deeper examinations that will rely on
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multiple  omics  datasets.  Those  studies  that  incorporate
metabolomics, for example, begin to examine the system in which
the microbes  reside.  The HMP paper that  I  reference above also
included  some  functional  analysis  from  metagenome  sequencing
data as well,  which can point to the potential functionality of the
identified organisms. The concern of relying solely on taxonomic
classification is the potential for fallacious reification of results as
the true totality of the microbiome. The notion of reification, also
referred  to  as  the  fallacy  of  misplaced  concreteness  (Whitehead
1925), is often summarized with the aphorism “the map is not the
territory”  which  rather  evocatively  illustrates  the  limitations  in
microbiomics.  The  field  has  generated  a  lot  of  data,  and  by
amassing all of the details, we have begun to approximate an atlas
of the human microbiome, replete with information and statistics on
localized  habits  and  preferences  (via  metatranscriptomic  and
metabolomic  data,  for  instance),  but  even  as  the  maps  are
continually  refined,  they  themselves  are  not  the  microbiome.  It
seems obvious to say that there are always some elements missing
from any  HTS-based  study,  but  a  fundamental  understanding  of
these holes is vital for interpreting results. There is aspiration for the
manipulation of the microbiome in personalized medicine (Kashyap
et al. 2017; Behrouzi, Nafari, and Siadat 2019; Pincelli et al. 2020;
Cammarota et al. 2020), but the use of stomatotypes or enterotypes
as diagnostic tools has been discouraged (Knights et al. 2014), for
instance,  precisely because they are reifications.  In  Chapter 1,  I
mention the functional niche shared by species of  Treponema and
methanogenic archaea in the oral cavity, each of which can act as
“hydrogen sinks,”  promoting the growth of secondary fermenters
that  exacerbate  periodontitis.  Stomatotypes  are  constructs  of
taxonomic  classification,  which  might  separate  samples  with
differing abundances of  Treponema and methanogens,  though the
functional impact may be equivalent. Thus, awareness of the limits
of  the  map  should  inform  the  design  of  studies  and  their
interpretations, and we should simultaneously strive to continually
increase  the  complexity  of  our  data  so  that  the  map  better
approximates the territory (see section 6.3.3).
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6.3.2 Panta rhei

Panta rhei is a Greek phrase, meaning “everything flows,” attributed
to  the  philosopher  Heraclitus  (Burnet  1930).  It  is  the  core  tenet
describing his doctrine of becoming, or the continual change that
permeates and defines the world and everything in it, including the
microbiome.  And  thus  an  ontological  quandary  stems  from  the
reductionism in microbiomics. All microbiome studies to date have
provided  mere  snapshots,  whatever  the  omics  discipline  being
applied. We intuitively understand the microbiome to be a dynamic
system, yet  our  conclusions  on its  nature are  derived from these
static maps. The surfeit of information offered by HTS experiments
over the last few decades, in comparison to what was offered in the
preceding  centuries,  has  vastly  expanded  our  cartographic
collections, though we should remain cognizant of their particular
limitations. It is common for studies to propose oral microbiota as
biomarkers for disease  (Y. Lim et al.  2018; B. Chen et al.  2018;
Chattopadhyay,  Verma,  and  Panda  2019),  and  more  advanced
analyses,  like  those  incorporating  multiple  omics  techniques  and
analyzing the data with machine learning algorithms provide more
robust predictions of biomarkers (Pasolli et al. 2016; B. Chen et al.
2018; Cammarota et al. 2020; Marcos-Zambrano et al. 2021). Yet
they still represent only the “being” of the microbiome, and not its
“becoming.” This, of course, is an issue common to most scientific
research, but in the context of the microbiome, there are clear paths
toward potential improvements.

Nonetheless,  it  is  not  a trivial  distinction.  Microbiome studies  as
they are usually structured today, whether they explore taxonomic
composition,  genomic  or  transcriptomic  productivity,  metabolic
activity,  or any combination of these or other techniques,  do not
discern the ephemeral from the perpetual. It is not to say that the
field  at  large  rejects  the  “becoming”  of  the  microbiome  (its
perpetual  change  in  the  Heraclitean  sense)  in  favor  of  a  static
“being” (an eternal and unified oneness in the Eleatic sense), but
rather  that  the  field  today  cannot  readily  represent  its  flow.  A
metabolomics experiment, for instance, may display an abundance
of  a  particular  metabolite  in  a  sample  that  resulted  from a  brief
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surge in activity by certain microbes after the human host tried a
new topping on their pizza for the first time the previous night, and
this source will likely go undetected by the microbiomists, as will
the  eventual  return  to  average  levels  of  that  metabolite.
Longitudinal studies that collect samples from the same individuals
and sites over time are more informative in this sense, though they
are still a limited series of snapshots. 

One example that I briefly mentioned in section 6.1.3 collected oral
and stool samples from two individuals every day for most of a year
(David et al. 2014). One traveled from the U.S. to southeast Asia for
51 days, during which time he experienced a two-fold increase in
the  Bacteroidetes  to  Firmicutes  ratio.  The  other  had  Salmonella
food poisoning for  eight  days,  during which  the most  prominent
taxa  declined  and  were  replaced  by  phylogenetically  close
competitors, and his microbiome remained in this transformed state
for the final months of sample collections. In both individuals, there
was apparent stability in the composition outside of the periods of
disturbance, though in the former case the composition reverted to
its original structure when the individual returned to the U.S. and in
the latter it adopted a new structure. With just a single sample from
an individual, we cannot determine whether the composition that we
observe is in the process of a state transition or one of these stable
states, and if so whether it had previously been in a different state.
This similarly muddles the notion of eubiosis and how we might
distinguish  it  from  dysbiosis.  In  the  example  of  the  second
individual, an apparent stable state is reached after infection, but it
is  largely  constituted  by  taxa  that  thrived  during  the  infection.
Perhaps the composition during the time of the infection could be
considered  dysbiosis,  but  if  it  is  similar  afterward,  when  the
individual has returned to relative health, should it still be seen as
dysbiosis  relative  to  the  initial  state?  Is  it  a  separate  eubiosis?
Where  then  is  the  border  between  eubiosis  and  dysbiosis?  The
literature  continues  to  explore  the  ways  in  which  we  should
understand  multiple  stable  compositions  (Fukami  and  Nakajima
2011; Costello et al. 2012; Amor, Ratzke, and Gore 2020; Van de
Guchte et al. 2020), and it is still unclear what the implications may
be in many contexts.
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Another study collected samples from individuals every three hours
(during  waking  hours)  for  three  days  and  detected  patterns  of
periodicity throughout the day in the abundances and diversity in
the oral microbiome  (Sarkar et  al.  2021). This gives evidence of
rapid turnover of microbes,  further weakening the validity  of the
solitary  snapshots  that  constitute  most  of  the  literature.  Ideally,
longitudinal study designs like these would be more widely adopted
and amplified to the magnitude of sample sizes seen in most studies,
which  would  indeed  approach  a  representation  of  the  perpetual
conformation  of  the  microbiome.  However,  it  also  raises  the
question  of  how  we  might  quantify  the  impacts  of  this  rapid
turnover. There is an apt analogy that can help to conceptualize this
issue  and  begin  to  decide  how to  confront  it.  Zeno,  one  of  the
Eleatic philosophers of pre-Socratic Greece, describes a supposed
paradox about grains of millet. He noted that when a single grain
falls,  it  apparently  makes  no  sound,  but  1000 grains  do  make  a
sound, and so the paradox is that 1000 nothings make something.
Zeno  and  the  Eleatics  based  their  writings  on  the  premise  that
human perception is fallible and therefore cannot be wholly trusted,
but  Aristotle  later  reasoned  that  imperceptible  sounds  can
accumulate  to  surpass  a  threshold  that  is  perceptible  (Huggett
2019).  In  much  the  same  way,  both  the  human  body  and  HTS
experiments  are  subject  to  some  threshold  of  detection  of  the
turnover of microbes. While one’s body may not react noticeably to
the  death  of  a  single  bacterium,  there  is  undoubtedly  some
quantifiable  impact  as  each  cell  is  an  inextricable  piece  of  the
microbiome and its host. To continue the reimagined quote of John
Donne  from  the  preface  of  this  thesis:  “any  microbe’s  death
diminishes  me,  because  I  am  involved  in  the  microbiome.”  Of
course,  the  body  and  its  reaction  is  one  level  of  detection  of
turnover, but to study this empirically we rely on techniques like
sequencing, and thus must consider their thresholds as well.  As I
discussed  in  section  6.2,  the  compositional  nature  of  HTS
experiments ensures that some amount of the genetic material will
not be sequenced, and before being analyzed, more will be filtered
out  because  of  low quality  sequencing reads.  Thus,  as  we move
forward  the  field  will  need  to  define,  and  continually  refine,
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standard thresholds for such impacts in a variety of contexts, like
samples  from  different  body  sites  and  for  different  populations,
demographics,  or disease states.  These will  need to be especially
accurate in fine-scale longitudinal studies, like the one referenced
above  which  collected  multiple  samples  per  day,  where  the
magnitude of changes will also be acute. It would also be useful to
consider factors like the total microbial load using techniques like
quantitative microbiome profiling  (Vandeputte et al. 2017), which
can further indicate changes in the microbial  ecosystem. In short,
what  we  will  need  are  increasingly  complex,  multidimensional,
dynamic  representations  that  optimally  simulate  the  microbiome
and its systems.

6.3.3 The Evolving Microbiome Simulacrum

We  understand  microbiome  studies  today  to  be  fairly
straightforward images of the processes within a sampling site, but
in reality they are many-layered abstractions of the true processes,
so it is important to take an occasional moment to consider what
this means for our analyses, and how we might continue to move
toward more wholistic simulations of the microbiome. Taxonomic
classification studies (16S and WMS sequencing) are intended to
tell  us  exactly  what  is  present  in  a  sample,  but  there  is  always
information loss at various steps. The collection is a sampling of the
total microbial load, and from that collection not all genetic material
will  be  extracted,  and  from that  extraction  some  amount  of  the
sequences will be of low quality and later discarded, and from that
sequencing information, some amount is typically filtered, and from
what is kept, there is often an amount of “microbial dark matter,”
those organisms that  are unclassified and unstudied  (Rinke et  al.
2013), so that knowing that they are present does not necessarily
inform  us  much  about  what  they  might  do.  Functional  analysis
studies  (metatranscriptomics,  metaproteomics,  metabolomics,  and
sometimes WMS sequencing which can reveal functional potential)
present a different level of information than taxonomic studies since
they tell  us about  what is  happening or may happen, the actions
taken  by  the  microbes,  or  what  has  happened  by  revealing  the
byproducts in the case of metabolomics.  Still,  these show only a
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moment  in  time,  vulnerable  to  the  same  losses  in  information,
metatranscriptomics  again  in  relation  to  sequencing,  while
proteomics and metabolomics are subject to the estimates of nuclear
magnetic  resonance  (NMR) spectroscopy and mass  spectrometry.
Moreover, metabolomics studies can have difficulty in definitively
identifying which organisms produce each molecule  (Edlund et al.
2017); instead we are left to deduce these connections as best as we
can. 

These  techniques,  which  in  a  short  interval  have  allowed  for
immense growth in our awareness of the ecosystems present within
the human body, are the best that we have at the moment, and their
methods are continuously improving and building upon the findings
that  they  provide.  Single-cell  genomics  of  the  microbiome,  for
instance,  avoids the uncertainties presented by samples with high
levels of heterogeneity among strains of the same species, because it
inspects  one  cell  at  a  time,  and  has  been  used  to  sequence  and
identify  some  of  the  microbial  dark  matter  that  was  as  yet
unclassified  in  bacteria  and  archaea  (Rinke  2018),  and  in  fungi
(Ahrendt et al.  2018), as well as to explore bacteria,  protists and
viruses together (Yoon et al. 2011). Longitudinal studies, like those
I mentioned in sections 6.1.3 and 6.3.2, are important steps toward
lowering the abstractions of the true microbiome processes that are
restricted by modern experiments. Yet these are still merely a series
of time slices, the separations of which are like the framerate of a
camera  imposing constraints  on the  audience’s  perception  of  the
totality  of events.  None of the techniques  that  we use today can
perfectly perform the job we are ultimately trying to perform: the
production  of  a  simulacrum  of  the  microbiome  in  silico that
optimally  resembles  the  microbiome  in  vivo so  that  we  may
examine its natural behaviors. As in any realm of investigation, this
is merely a conjectural notion that can be useful for setting goals
toward advancements,  and in  the field of microbiomics  there are
some concrete approaches that we can begin to imagine based on
today’s standards. Eventually it may be more appropriate to use the
more  specific  term  in  simulacra to  label  such  studies  as  our
approximations  improve.  For  this  we  would  need  a  way  to
hypothetically focus a sort of high-definition camera on a site, such
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as the surface of the tongue, that can zoom in to see what organisms
are  present,  and  in  what  numbers,  and  to  track  their  turnover,
examine their  internal  processes, like transcription of mRNA and
protein synthesis, and also to quantify the ingestion and outputs of
each cell, and weigh the strengths of adhesions to other cells and to
the biofilm matrices that they produce. There is also the potential of
epigenetic modification of microbes from the action of the human
host  cells  (Beaulaurier,  Schadt,  and  Fang  2019;  Morovic  and
Budinoff 2021), or of human host cells from the action of resident
microbes (Oelschlaeger 2010; Celluzzi and Masotti 2016). 

The  need  for  effective  modelling  of  the  microbiome  has  been
discussed for at least the last decade  (Borenstein 2012), and some
complex  tools  have  been  developed  which  incorporate  multiple
omics data  (M. Kumar et  al.  2019; Popp and Centler 2020), and
even  in vitro simulacra of the human colon that model metabolic
activities  of  microbes  (Martínez-Cuesta,  Peláez,  and  Requena
2019). However, many of the bioinformatics tools have so far been
focused  on  modeling  only  the  taxonomic  structures  (Fritz  et  al.
2019; Baldini et al. 2019; Rong et al. 2021). All of these tools can
be  insightful,  but  they  have  not  yet  been  widely  implemented
throughout the literature to derive conclusive and consistent results,
and  I  believe  we  should  expect  to  see  increasingly  elaborate
simulations as technologies and knowledge advance. The hope for
manipulation  of  the  microbiome  in  the  field  of  personalized
medicine may in many situations depend on the interpretations of
such  simulations,  and  we are  considering  a  system with  tens  of
trillions of moving parts  (Sender, Fuchs, and Milo 2016), so it is
vital  that  we  maximize  their  accuracy.  What  follows  is  largely
conjecture on how new simulacra may develop and some potential
hazards  that  may  arise  from  their  interpretations.  I  will  rely  on
science-adjacent analogies to the works of a few more of history’s
great  thinkers  to  clarify  these  points  in  the  context  of  the  oral
microbiome.

In his dialogue The Sophist, Plato describes two kinds of simulacra:
one that is a precise duplicate of the original,  and another that is
deliberately altered so that it  appears like a duplicate to a viewer
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whose perception may be hindered, which he explains like this: “in
works  either  of  sculpture  or  of  painting,  which  are  of  any
magnitude, there is a certain degree of deception; for artists were to
give the true proportions of their fair works, the upper part, which is
farther off, would appear to be out of proportion in comparison with
the lower, which is nearer; and so they give up the truth in their
images and make only the proportions which appear to be beautiful,
disregarding the real ones”  (Jowett  1871). We strive to make the
first  type,  but  technological  constraints  force  that  latter  upon  us
when we try to correct for them. This is  often done in the early
bioinformatic  stages  of  16S  sequencing  studies  by  filtering  low
quality  sequencing  reads  (Benjamin  J.  Callahan  et  al.  2016),  or
removing sequences whose abundances are low and variable and so
are potentially erroneous (McMurdie and Holmes 2013), or adding
pseudo-counts  to  account  for  non-biological  zeroes  in  the  data
(Mandal  et  al.  2015).  As  Plato  describes,  microbiomists  rely  on
technologies which are not infallible, and so must make informed
adjustments to the data to approximate its true composition. 

When  striving  to  develop  the  former  of  Plato’s  simulacra,  one
which is an exact double of an individual’s oral microbiome in our
case, we should also remember the maxim quoted in  section 6.3.1
that “the map is not the territory.” There are two main concerns in
advancing  microbiome  simulations  which  should  come  with  a
fundamental awareness of this notion: (1) the difficulties in dealing
with  data  overload,  and  (2)  the  unintentional  confusion  of  the
simulation with reality. Both of these issues can be exemplified by a
short story (only a single paragraph) by Jorge Luis Borges called
“Del rigor en la ciencia” (“On Exactitude in Science” in English)
(Borges  and  Hurley  1999).  It  is  about  an  empire  whose
cartographers perfect their  science to the point that a map of the
empire can only be deemed adequate if it is plotted at the same scale
as  the  empire  itself.  Obviously  this  is  excessive  and  would  be
cumbersome, so the future generations of the empire were put off
by the giant map, and left it to wither in the elements. This is the
first of the concerns with improving microbiome simulations. The
map  of  the  locations  of  bacterial  species  on  the  surface  of  the
tongue that I referenced in section 6.3.1 (Wilbert, Mark Welch, and
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Borisy 2020) is a rudimentary parallel to Borges’ map, which charts
the  bacterial  taxonomy  of  the  tongue  based  on  16S  rRNA
sequences. We will continue to produce larger and more complex
datasets, so bioinformaticians will need to remain a step ahead, an
issue that is discussed regularly in the literature  (M. Baker 2010;
Yang, Troup, and Ho 2017; Talia 2019). We need to consider not
only  processing  power  and  scalability  of  software,  but  also  the
continuing development of statistical techniques that are appropriate
for  massive  and  complex  datasets  (D.  R.  Cox,  Kartsonaki,  and
Keogh 2018). The high degree of abstraction in modern microbiome
studies  make  their  analyses  manageable,  but  with  greater
complexity will come greater potential  for confounded results, so
we must also efficiently interpret them.

So our current microbiome studies actively create  something like
Plato’s  simulacrum  in  the  form  of  the  disproportionate  statue,
though we aim to move toward his other form of simulacrum, the
precise depiction. With this attempt, we risk the second concern that
I  mentioned  above,  the  misplaced  equivalency  between  the
simulacrum  and  the  true  microbiome.  This  may  seem  like  a
redundant argument, but it presents an important consideration for
the field as a whole. As our technologies and techniques improve,
we  will  asymptotically  approach  something  more  and  more  like
Borges’ map, perfectly and fully simulating the microbiome and its
processes.  But  this  may  also  increasingly  limit  our  ability  to
recognize  any imperfections  in the  simulation.  The bioinformatic
tool mbImpute (R. Jiang, Li, and Li 2021), for instance, posits that it
can impute non-biological zeroes in microbiome data by comparing
to a combination of similar taxa (close phylogenetic relatives with
similar  counts),  similar  samples  in  the  dataset  (in  terms  of  total
counts), and similar samples in the metadata (e.g. age and gender).
Compared  to  a  less  advanced  and  comprehensive  approach  to
imputation,  like  replacing  all  zeroes  with  the same pseudo-count
value, this is less intuitive to the human observer and more reliant
on a calculated simulation of the data.  This may provide a more
accurate estimation of the compositions than simple pseudo-counts,
but the increased abstraction from the microbiomist’s  perspective
also obscures sources of error to a greater degree, and thus obscures
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the boundaries between real and simulated compositions,  moving
them more toward hyperreal  representations.  This  is  a  simplified
example of the notion, relevant for current sequencing-based studies
(16S,  WMS),  but  if  we hope to  harness  the  microbiome for  the
purposes of personalized medicine, as so many publications strive
toward,  we  will  rely  on  more  accurate  representations  of  the
microbiome and its  processes,  which will  necessarily  incorporate
multiple omics data and relevant metadata (information particular to
the individual and the local environment, e.g. pH and salivary flow
rate).  Alongside improved simulacra must come an awareness of
potential inaccuracies and efforts to vigilantly detect and limit them,
which will largely fall on the shoulders of the bioinformaticians and
statisticians  (D.  R.  Cox,  Kartsonaki,  and  Keogh  2018).  The
developers will generally be those with the greatest  awareness of
their tools’ limitations and sources of error, but many, perhaps most,
of  the  users  may  have  weaker  technical  and  computational
backgrounds, or at least be less aware of the internal workings of
those tools, and so will generally have no choice but the trust in the
validity  of  the outputs.  It  is  beyond my purview to  describe  the
technologies  that  will  build  upon  our  current  sequencing  and
chemical fingerprinting techniques, or the types of analyses that will
come with them, but surely they will have their own limitations as
well.  Considering  all  of  this,  not  only  is  there  the  potential  for
reification of the model as the true entirety of the microbiome, but
unawareness of the possible errors can also threaten the validity of
human interpretations.

With  this  section  of  the  thesis,  I  merely  hope  to  illustrate  the
potential  advances  and pitfalls  in  microbiomics  that  I  foresee  as
fully as I am able, abstract though they may be. Indeed, I am very
hopeful for the potential of this field and am proud to have played
some small role in the early stages of what is already an explosive
growth in its  capabilities  and knowledge base.  In the analogy of
Plato’s statue as a simulacrum, my work from the two editions of
SLL (Chapters 2-5) may be more akin to a bust, or really just a
carving of the mouth, but it serves as an important jumping off point
for further explorations and estimations of the oral microbiome in
the Spanish population. While we have examined it only from the
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perspective of its taxonomic classification, we have done so from a
variety  of  angles  that  are  foundational  in  structuring  the  oral
microbiome’s  composition,  particularly  age,  health,  and  lifestyle,
and  this  is  an  equally  important  element  of  the  construction  of
simulations. 

6.4 The conceit of SLL

I opened the preface of this thesis with a quote from John Donne, an
English metaphysical poet, part of a literary movement whose focus
I  believe  should  be,  and  often  already  is,  internalized  by
microbiomists, at least as our field stands today. The metaphysical
poets  relied  on  the  use  of  conceits  to  develop  their  social
commentaries,  a  process  which  has  been  described  like  so:  “a
comparison  becomes  a  conceit  when  we  are  made  to  concede
likeness  while  being  strongly  conscious  of  unlikeness"  (Gardner
1961).  To  help  ourselves  conceptualize  the  nature  of  the
microbiome,  we  may  concede  that  it  is  very  much  like  human
society,  despite the obvious unlikenesses. Microbes,  like humans,
live in close proximity to others very much like themselves, though
the  complexity  of  the  interindividual  differences  are  magnitudes
apart.  Microbes,  like  humans,  live  in  a  variety  of  habitats  with
distinct environmental conditions and have come to colonize nearly
every  accessible  niche  of  their  host,  though  the  ranges  of
adaptability are hardly comparable and operate on different scales.
Microbes, like humans, can affect their neighbors both beneficially
and adversely with their habits, as well as at various societal levels,
individually  or  communally,  locally  or  systemically,  though  the
respective  social  structures  arise  through  very  different  selective
pressures. It is difficult to avoid that part of the human condition
which compels us to hold a mirror up to anything we explore so that
we might find our own reflections within it, and we may as well
exploit  that  propensity  to  continue  to  build  upon  microbiome
studies.

To that end, the work of this thesis, which primarily comprises the
two  editions  of  SLL,  has  added  an  important  resource  to  the
community  of  microbiome researchers.  Our  analyses  provide  the
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first glimpses of the oral microbiome within the Spanish population
at  large.  By  comparisons  with  other  findings  throughout  the
literature, we have argued that our data may serve as a generalized
proxy for  trends  in  the oral  microbiomes  across  most  of  the so-
called  “WEIRD” nations,  as  there  are  wide-scale  patterns  which
distinguish oral microbiomes among populations with significantly
different customs, diets, and socioeconomic parameters  (Clemente
et al.  2015; Pasolli  et  al.  2019; Handsley-Davis et  al.  2020). But
more directly,  our  work operated  on a  smaller  scale  (despite  the
nearly  3000  samples  from  the  two  editions  of  SLL  together),
focusing  on  individual  trends  within  the  oral  microbiome
throughout Spain, from which we were able to develop a map of its
composition. Projects like ours allow microbiomists to finally start
to envision the “societal” structures within the oral microbiome, and
we have begun to  annotate  its  map with findings  on  its  internal
interactions  and  its  associations  with  various  factors  of  health,
aging, and lifestyle.  As I have discussed at  large in this  chapter,
modern technological limitations necessitate a distinction between
the map and the territory it aims to chart, so we must move forward
with  a  certain  caution  when  drawing  conclusions,  and  should
continue to be critical of the quality of both the data being produced
and its analyses. Our work from the two editions of SLL will be
indispensable as we begin to synthesize the accumulating snapshots
of microbiomes in specific contexts, which should allow us to move
toward a systematic understanding of the entire human microbiome,
particularly in western industrialized populations, but eventually in
as  many  contexts  as  we  can  imagine.  As  techniques  and
technologies continue to develop, we will better be able to quantify
the contributions by each microbe, and our approach to microbiome
studies will  better  be able to apply a version of Donne’s conceit
stressing the need to recognize the worth of each individual to the
whole, and to every other individual.
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Conclusions

 The two editions of Saca La Lengua (SLL) used a total of
nearly  3000 oral  rinse samples,  analyzed  with 16S rRNA
gene  sequencing  to  produce  an  initial  map  of  the
composition of the oral microbiome throughout the Spanish
population.

 The  first  edition  of  SLL showed that  there  are  definitive
correlative  relationships  between the  ionic  composition  of
drinking water and the structure of the oral microbiome. 

 It  also  pointed  to  potentially  ubiquitous  generalized
conformations  of  the  oral  microbiome,  which  have  been
corroborated to varying extents in other studies.

 Lifestyle factors, including diet and hygiene, also displayed
associations with specific taxa within the oral microbiome.

 The second edition of SLL explored more varied segments
of  the  Spanish  population,  including  individuals  with
particular  chronic  disorders,  including  Down  Syndrome
(DS) and cystic fibrosis (CF). We provided early snapshots
of the oral  microbiome in the contexts  of these disorders,
and showed that they have strong implications in the balance
between oral health and disease.

 DS appeared to present with a relatively static oral microbial
environment  across  age,  perhaps  due  to  the  particular
physiological conditions inherent to the disorder, including
low  salivary  flow,  unique  dentition,  and  poor  immune
responses.

 We saw evidence for the oral cavity as a potential reservoir
of microorganisms associated with CF lung infections.

 We found evidence  of  the  associations  of  fungal  species,
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particular Candida, in both DS and CF oral microbiomes. 

 The  second  edition  of  SLL  also  examined  the  oral
microbiome  in  a  wide  range  of  ages,  which  showed  that
there tends to be greater relative stability in the composition
in  the  middle  ages  as  compared  to  youths  and  seniors,
potentially because of continued development and declining
immunity, respectively.

 We found that chronic disorders had greater relative impacts
on  the  overall  composition  of  the  oral  microbiome  as
compared to other lifestyle factors, but also important were
smoking and the presence or absence of yeasts. 

 The second edition of SLL also expanded upon findings that
shared  environments  are  important  in  shaping  the  oral
microbiome,  in  that  closely  related  family  members,  and
even  students  from the  same  class,  tended  to  have  more
similar  compositions  compared  to  non-relatives  and  non-
classmates, respectively.
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Appendix  I:  Drinking  water  impacts  the  oral
microbiome composition

As in the first edition of SLL (Chapter 2),  we found significant
associations  between individual  taxa  and the  concentrations  of  a
number of ions in drinking water, and many of these associations
were corroborated in our results  from the second edition of SLL
(Chapter 5 - not included in the results submitted for publication,
but  presented  here).  For  this  analysis,  we  included  only  those
samples without chronic disorders and who reported that they did
not primarily drink bottled water (n = 841). The other sources were
filtered tap water, unfiltered tap water, and untreated water (from a
fountain, well, or river), and here, we selected subsamples of those
841 samples 100 times,  balancing the distributions of those three
sources of drinking water, age, geographical location, and gender.
The strongest associations were negative trends between the genera
Acinetobacter, Variovorax, Mesorhizobium, and Pseudomonas with
nearly all of the ionic compounds and measurements, particularly
magnesium (Mg), the amount of dry residue after boiling the water,
alkalinity, bicarbonate (HCO3), conductivity, water hardness, sulfate
(SO4), and calcium (Ca). A number of genera, including Delftia, an
unclassified  genus  of  the  family  Clostridiales_vadinBB60_group,
and  Filifactor, displayed positive associations with many of these
same  measurements,  though  the  significance  of  the  positive
associations was typically lower than that of most of the negative
associations.  These  and  the  other  significant  associations  are
displayed in Figure A.1.

Furthermore,  using the 841 samples from this water analysis,  we
calculated stomatotypes, which are statistical clusters of the samples
based on their oral microbiome compositions. We found in the first
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edition  of  SLL (Chapter  2)  that  many of  the  most  significantly
differentiated organisms between the two stomatotypes  were also
significantly  associated  with many of  these  water  values.  In  this
study,  we  used  the  Aitchison  distance  metric  to  calculate  the
stomatotypes (see  Chapter 5 - Materials and Methods), and again
we found two clusters. The genera which most significantly drive
the composition of the first stomatotype (determined by between-
class analysis) all displayed negative associations with many water
values (Table A.1, Figure A.1). However, the driver genera for the
second stomatotype did not display significant positive associations
with the  water  values,  with the  exception  of  Peptostreptococcus,
which was the strongest driver and was associated with the amount
of  dry residue  after  boiling,  alkalinity,  HCO3,  and  nitrate  (NO3),
though the significance of the positive associations was typically of
a lower magnitude than that of the negative associations seen in the
driver genera of the first stomatotype. 

Table A.1: The 10 genera with the greatest individual impacts on the clustering
of samples into each of the two stomatotypes. Values are the relative weights as
determined by between-class analysis for each stomatotype, which are calculated
using  the  Aitchison  distance  metric.  ANPR  =  Allorhizobium-Neorhizobium-
Pararhizobium- Rhizobium

Genus Stomatotype
1 Weights

Genus Stomatotype
2 Weights

Variovorax 0.504 Peptostreptococcus 0.419

Acinetobacter 0.504 Solobacterium 0.394

Pseudomonas 0.495 Lachnoanaerobaculum 0.393

Mesorhizobium 0.453 Alloprevotella 0.379

ANPR 0.441 Prevotella 0.369
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Ralstonia 0.412 Ruminococcaceae_
UCG-014

0.330

Curvibacter 0.355 Stomatobaculum 0.313

Brevundimonas 0.340 Johnsonella 0.310

Bradyrhizobium 0.311 Leptotrichia 0.304

Hyphomicrobium 0.260 Peptococcus 0.303

Figure A.1: Effects of drinking water on taxa abundances. Heatmap indicates
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the  log  of  the  mean  adjusted  p-values  for  a  given  association  across  100
subsamples. Negative values in blue indicate that there was a negative association
between  that  genus  and  water  value,  while  positive  values  in  red  indicate  a
positive association. Associations that were significant on average across the 100
subsamples  (mean  adjusted  P  <  0.05)  are  marked  with  a  “+”.  ANPR  =
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium.
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