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Abstract

Purpose of Review

Our paper reviews how dietary changes during human evolution have contributed to the increased
incidence and prevalence of dental caries in modern populations by shifting the oral microbiome
from a ‘healthy’ to ‘carious’ state. We addressed two questions: (1) what is the microbial difference
between the states of health and caries, and (2) how has the development of an agricultural diet

impacted the oral microbiome?

Recent Findings

The application of Next-Generation Sequencing has revealed the complexity of the oral microbiome
and lack of a simple compositional difference between health and caries. Genetic analysis of the
oral microbiome from contemporary and ancient humans has shown that the introduction of
agriculture was associated with increased frequency of caries-related bacteria and the evolution of

the key carious pathogen, Streptococcus mutans.

Summary

The adoption of an agricultural diet has contributed to a modern rise in caries by changing the oral
microbiome ecology. Identification of evolutionary factors that have influenced the oral
microbiome in health and caries, and how the two states differ functionally, as opposed to

compositionally, may help to reduce the current burden of caries.



Introduction

Dental caries is one of the most common diseases in humans. Worldwide, caries affects nearly all
adults during their lifetime, and amongst children it occurs at five times the frequency of the second
most prevalent disease, asthma [1]. Dental caries is a polymicrobial infection, primarily caused by
acidogenic oral bacteria [2]. Caries-causing bacteria are members of the human oral microbiome,
which refers to the diverse community of microbes that live on our teeth, tongue, oral mucosa and
in the saliva [3]. This microbial community encompasses both commensal and pathogenic
microorganisms, including archaea, bacteria, fungi and viruses, which exist in both planktonic and
biofilm form [4]. The oral microbiome plays an important role in both oral and systemic health. For
example, associations have been found between oral microbially-mediated diseases, such as

periodontal disease, and cardiovascular disease [5], diabetes [6] and pre-term births [7].

In humans the ubiquitous nature of oral diseases caused by the oral microbiome, such as caries, is a
‘modern’ phenomenon, postulated to be associated with the introduction of an agricultural diet. The
development of agriculture, which began approximately 10, 000 years ago in the Near East, resulted
in humans consuming a diet of domesticated plants and animals [8], with greater carbohydrate
content compared to an earlier hunter-gatherer diet [9]. The adoption of an agricultural lifestyle had
significant and largely negative effects on human health [10], with increased levels of malnutrition
[11] and infectious diseases [12] observed amongst agriculturalists compared to hunter-gatherers.
This decline in health was also observed in the oral environment, with an increased prevalence of
pathologies such as caries among prehistoric human remains from agricultural societies [13]. Caries
has been observed only rarely among hunter-gatherer populations [13] and early hominids, such as
Australopithecus [14]. Recent genetic analysis of the human oral microbiome [15-19] has suggested
that the hunter-gatherer to agriculturalist dietary transition altered the composition of the oral

microbial community, making it more prone to causing the development of caries.

This review discusses recent genetic research examining how diet has been a driving evolutionary
force on the oral microbiome, shifting it towards a caries-promoting state and contributing to the
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ubiquitous nature of caries amongst modern humans. In this review, we sought to address two
questions: (1) what is the microbial difference between health and caries, and (2) how has the

development of an agricultural diet impacted the oral microbiome?
Oral microbiome in health and caries
Oral microbiome

The oral microbiome incorporates a huge range of microbes, second only in complexity to the gut
[20]. Molecular methods have been chiefly responsible for revealing this high level of diversity in
the oral microbiome [20]. Culture-based methods were unable to provide a comprehensive picture
of the oral microbiome, as approximately 50% of oral bacteria are yet to be cultured [3]. Culture-
independent, molecular methods for microbial identification involve sequencing microbial DNA
either directly or which has been amplified with a barcoding gene, such as 16S for bacteria and
archaea, and ITS for fungi [21]. In particular, the advent of high throughput sequencing,
collectively termed Next-Generation Sequencing (NGS), has enabled in-depth analysis of raw or
amplified DNA from microbial communities such as the oral microbiome. NGS has shown that the
oral microbiome is dominated in load and diversity by bacteria, with over 1000 bacterial species
identified to date [3]. In-depth sequencing has also revealed that the oral microbiome houses a
diverse array of over 50 fungi [22] and a vast assortment of viruses, dominated by bacteriophages
[23]. Archaea make up a small proportion of the oral microbiome, and are primarily methanogens
[24]. Given the dominance of bacteria in the oral microbiome and their known role in caries, this
review will focus on recent genetic findings about the role of bacteria in the caries microbiome, and

how this has changed during human evolution.
Health — caries microbiome transition

Information about the composition of the oral microbiome in health and caries provides a basis for
interpreting how this microbial community has evolved and contributed to the current high

prevalence of caries. The identified microbiota associated with caries continues to change as we



obtain greater depth and breadth of microbial information. Traditional techniques (culture and
culture-independent) have provided low-level resolution information about the microbiota
associated with caries. Culture studies found Streptococcus mutans to be the chief pathogen
associated with caries [25, 26], in addition to Lactobacillus and Actinomyces species [26, 27].
Culture-independent research (e.g. clonal analysis of the 16S gene) has supported the findings from
culture studies [2, 28, 29], revealing, however, a greater diversity of bacteria associated with caries
[2, 28, 29]. These included S. mutans, non-mutans streptococci and members of the genera
Actinomyces, Bifidobacterium, Lactobacillus, Propionibacterium, Veillonella and Atopobium [2]. In
comparison to traditional techniques, NGS studies of the oral microbiome have found that caries is
more complicated than being caused by the enrichment of a small selection of species [30-32].
Yang and colleagues examined the oral microbiome in healthy (n = 26) and caries-active (n = 19)
adults by pyrosequencing the 16S gene [30¢°]. There were no ‘caries-specific’ bacteria found that
were completely absent in health. Instead, the study demonstrated that there were shifts in the

abundance of bacteria, particularly Prevotella species, between health and caries.

Revelations that the microbial difference between health and caries represents a gradual change
across a spectrum has been supported by NGS studies examining the oral microbiome at different
stages of the disease. Dental caries begins as a white spot lesion on the enamel surface, which can
progress to a cavitated enamel lesion, further extending into the dentine and eventually the pulp. In
a study revealing the shifting microbial profile between health and caries, the microbiome was
compared, using a 16S — NGS approach, between caries-free (n = 30) and caries-active (n = 30)
children [33]. The caries-active children included individuals with white spot lesions, and enamel
and dentine cavities. Bacterial genera were found to reduce in diversity from health to caries, and as
caries progressed. The healthy individuals had a significant enrichment of a range of bacterial
genera, including Capnocytophaga, Fusobacterium, Porphyromonas, Abiotrophia, Comamonas,
Tannerella,  Eikenella,  Paludibacter,  Treponema,  Actinobaculum,  Stenotrophomonas,

Aestuariimicrobium and Peptococcus. In comparison, caries affected individuals had a smaller



number of enriched bacteria, which changed as the lesion progressed; Actinomyces dominating
white spot lesions, Strepfococcus dominating enamel lesions and Lactobacilli being abundant
among dentine lesions. The dominance of Lactobacilli species in dentine lesions has also been
replicated in NGS studies of carious dentine in adults [31, 32]. These in-depth sequencing studies
have revealed there is a gradual change in the oral microbiome makeup between health and caries
as opposed to a simple compositional change.

Composition versus function

The studies above all examined changes in the composition of the oral microbiome, taking a ‘who’s
there?’ approach. Recent genetic research of the oral microbiome has indicated that the ‘what are
they doing?’ approach of assessing functional differences between health and caries may be more
clinically relevant [34ee, 35]. The function of the oral microbiome can be assessed by directly
sequencing the majority of DNA present in a sample, capturing the vast array of different genes
from the different bacterial species. This is called metagenomic sequencing. Identification of the
captured genes can be used to predict the functional ability of the oral microbiome sample being
assessed. To date, only a few small-scale studies have been performed to assess the metagenomic
difference between health and caries [34, 35], due to the order of magnitude greater cost of
metagenomic sequencing compared to NGS of the 16S gene. However, these limited numbers of
studies have revealed promising results. Belda-Ferre and colleagues [34] compared the oral
metagenome in two healthy and four caries-affected individuals. They found the metagenome of the
healthy individuals to be enriched with genes involved in anti-bacterial functions relative to that of
the caries-affected individuals. This difference in the health and caries metagenome was also found
in a study of four individuals [35]. These metagenomic studies, due to their small sample size,
cannot determine the degree of inter-individual variation, nor predict whether it will be large, as
seen inl16S analyses. Hence, larger-scale studies examining the metagenome in health and caries are
required to assess the functional difference between health states, and whether individual variation

is significant.



Evolutionary forces acting on the oral microbiome

The transition from a ‘health’ to ‘caries’ associated oral microbiome is influenced by a range of
factors that can be broadly separated into those related to an individual’s genetic makeup and those
related to an individual’s environment, or lifestyle. Lifestyle factors play a substantial role in caries
development, estimated to account for between 40% and 70% of variation in the phenotype from
twin studies [36, 37]. Some lifestyle factors influencing the development of a caries-inducing oral
microbiome include an individual’s diet [38, 39], oral hygiene and medication usage [39]. In terms
of human evolution, the adoption of an agricultural lifestyle, with a cereal-based diet,
approximately 10,000 years ago is thought to have contributed to the ubiquitous state of caries in
the modern human population. It has been observed that the prevalence of caries has increased
among humans living an agricultural, compared to hunter-gatherer, lifestyle [13, 14]. If the change
from a hunter-gatherer to agriculturist diet has contributed to the high caries rate observed among
contemporary humans, we would expect to see a shift in the composition and function of the oral
microbiome from a ‘health’ to ‘carious’ promoting state. The next section will review evidence
regarding how the hunter-gatherer to agriculturist lifestyle transition has impacted the oral

microbiome, and how its relationship to caries development.
Hunter-gatherer to agriculturist dietary transition

The composition of the oral microbiome has been found to vary between humans living a hunter-
gatherer lifestyle compared to an agricultural lifestyle. A number of studies have been undertaken,
using the 16S — NGS approach, to compare the oral microbiome makeup of hunter-gatherers to
agriculturists from both prehistoric [15¢] and modern [17-19] populations. The oral microbiome of
prehistoric humans has been examined through the genetic analysis of dental calculus from
European hunter-gatherer and agriculturist populations [15]. The oral microbiome of modern
hunter-gatherers examined include the Batwa Africans [17] and South American, Amerindian [18,
19¢] groups. Both prehistoric and modern hunter-gatherers were found to differ from humans living
an agricultural or western-lifestyle in the overall composition of the oral microbiome, in terms of
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phylogenetic structure. In the prehistoric European [15] and, modern Batwa [17] and Amerindian
[19] hunter-gathers, the varied phylogenetic structure in the oral microbiome was indicated by a
distinct clustering of these groups away from agriculturists on Principal Component Analysis
(PCoA) plots of Unifrac analyses, which displays the degree of shared bacterial sequences between
individuals as a distance. Of interest is which bacteria are causing the overall change in the oral
microbiome composition of hunter-gatherers compared to agriculturists, and what does this mean

for modern oral health and dental caries development?

The compositional change from hunter-gatherer to agriculturists has been found to be associated
with a decline in abundance of ‘health’ associated oral bacteria, and an increase in taxa associated
with caries development. For example, prehistoric European agriculturists were discriminated from
prehistoric hunter-gatherers by an increased abundance of bacteria associated with caries [15].
Random forest analysis was used to identify the taxa that discriminate the prehistoric groups living
different lifestyles. This analysis showed that Clostridia taxa, such as Clostridiales and the non-
pathogenic oral microbial family Ruminococcaceae, were predictive of hunter-gatherer microbial
communities compared to early agriculturists. In comparison, ancient farming groups were
discriminated by both non-pathogenic taxa, such as Clostridiales Incertae Sedis, and decay-
associated Veillonellaceae. A shift from more ‘health’ to ‘caries’ associated oral bacteria was also
observed when comparing modern hunter-gatherers to populations living an agricultural or western
lifestyle. For example, Amerindian hunter-gatherers were found to be discriminated from
individuals from the United States by an increased abundance of non-caries associated bacteria,
including Fusobacterium, Leptotrichiaceae and Porphyromonas [19]. In comparison, United States
subjects had a higher abundance of bacteria found to be associated with caries, such as Actinomyces
and Stenotrophomonas [19]. It is important to note that the modern hunter-gatherer populations
examined, while indicative of the impact of this diet type, are not strictly living a traditional
lifestyle. For example the Amerindian population assessed had a strong history of tobacco usage,

which may have influenced the oral microbiome composition [19].



The association between the adoption of a cereal-based diet and the development of a caries-
causing oral microbiome has been suggested by the increase in abundance [15¢] and population
expansion [16¢] of the caries-initiating bacteria, S.mutans with the development of agriculture. This
bacterium was observed in greater abundance among ancient agriculturists compared to hunter-
gatherers [15]. Furthermore, maximum likelihood analysis of complete genomes from 57 S.mutans
clinical strains indicated that this bacteria started expanding exponentially approximately 10,000
years ago, which coincides with the development of agriculture in the Near East [16]. The impact of
a more carbohydrate-based diet on the expansion of S.mutans is also reflected in the genes found to
be under positive selection, which were involved in sugar metabolism and acid tolerance [16].
These findings indicate that the adoption of a cereal-based diet placed selective pressure on the oral

microbiome, making it more cariogenic.

The above-discussed studies primarily focused on compositional changes in the oral microbiome, as
opposed to functional changes, which as previously detailed may be more clinically relevant to the
health-caries transition. A landmark study examining functional changes in the oral metagenome of
ancient hunter-gatherers compared oral bacterial sequences obtained from the dental calculus of
five Neanderthals to ancient agriculturists and modern humans [40¢¢]. This study revealed that the
16S — NGS approach did not capture the complete microbial diversity when compared to the
metagenomic sequence data. However, akin to the previous 16S results showing an overall change
in the oral microbiome composition with adoption of a cereal based diet, there was an overall
change in the function of the oral microbiome. Hierarchal clustering of the oral metagenomic
sequence data revealed a split between hunter-gatherers and agriculturists, indicating that diet

change was associated with a shift in the functional potential of the oral microbiome.
Other Lifestyle Factors

The impact of lifestyle changes during human evolution on the oral microbiome is not limited to
diet. In particular, the development of oral hygiene practises and introduction of medications have
most likely also contributed to the increasingly cariogenic state of the oral microbiome. However,
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the direct impact of these changes is more difficult to assess, given their more gradual introduction
compared to the hunter-gatherer to agricultural dietary transition. Metagenomic analysis of the
dental calculus from Neanderthals has indicated that oral hygiene and medications have impacted
the makeup and function of the oral microbiome [40]. This study was able to recover a draft
genome of a new archaeal species, Methanobrevibacter oralis subsp. neandertalensis from the
Neanderthal dental calculus. Genomic comparison between the modern human-associated
Methanobrevibacter oralis and ancient Methanobrevibacter oralis subsp. neandertalensis, revealed
the ancient sequence lacked genes encoding antiseptic resistance (qacE) and bacterial immunity
(CRISPR Cas2 and Cas6) that potentially reflect hygiene differences between modern humans and

Neanderthals.

Conclusion

Genetic analysis of the oral microbiome from ancient and modern humans has revealed that the
development of an agricultural diet has been associated with a change in the composition and
function of this microbial community. Some of these changes, such as the increased abundance and
population expansion of caries-associated bacteria, have meant our oral microbiome is now more
prone to developing caries. However, it is difficult to assess how past lifestyle changes have
influenced current oral health, as the microbiome transition between health and caries is still
unresolved. In terms of compositional change in the oral microbiome between health and caries,
due to the large degree of inter-individual variation seen between individuals’ oral microbiome
profiles, population-level studies are required to resolve this question. In terms of functional change
in the oral microbiome between health and caries, again there is a need for studies on a greater
number of individuals, and from varied populations with different lifestyles. At present, genetic
studies have revealed that lifestyle changes such as diet, have impacted our oral microbiome and

oral health during human history.
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