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ABSTRACT

New Guineans and Aboriginal Australians are the descendants of the earliest modern
human group(s) to leave Africa and are the oldest locally continuous populations found
outside Africa. Papua New Guinea (PNG) has varied geography and topography that
can be divided in the lowlands and the highlands in the main Island, and dozens of
smaller islands. It also holds one of the highest genetic and linguistic diversity on the
planet. Their high genetic and cultural diversity, different environments and high
pathogenic pressure makes PNG a unique case study to look at biological evolution

and adaptation in the human population.

Genetic and archeology evidence date the settlement of PNG around 55 thousand years
ago (kya), and at that time, PNG and Australia were connected in a prehistoric
continent, named Sahul. Further knowledge of the dispersal and population
structuring following its settlement is scarce, so we analyzed a dataset of 915
complete mtDNA genomes from across PNG, which includes 379 mtDNA sequences
from newly collected samples, to reconstruct the phylogenetic and phylogeographic
history of northern Sahul. Our results support the hypothesis that two groups of
settlers arrived in Sahul around the same time frame of 50-65 kya, and settled the
Northern Sahul and the Southern Sahul separately. In spite of major climatic, cultural,
and historical changes, limited dispersal was observed in Northern Sahul over time.
After a 20 ky period of isolation, mtDNA lineages diversification showed greater
exchanges within Northern Sahul and to Southern Sahul, Wallacea and Sunda. In the
Holocene, the arrival of lineages from Island Southeast Asia stimulated the interactions

of New Guinea populations with remote Oceania.

The 50 ky span of PNG populations in their uniqgue environment created a valuable
resource for the study of adaptive evolution in human population. The oral microbiota,
as a boundary between the human body and the surrounding environment, can help
address this subject. The oral microbiota is highly complex and can be colonized by
around 700 different types of microorganisms including bacteria, fungi, viruses,
archaea, and protozoa. Healthy individuals have an oral microbiota composed mainly
by Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria and Proteobacteria, but
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different populations can present different abundances of these taxa. We used a
qgualitative (microbiome array) and quantitative (non-human aligned reads from human
whose genome sequences) approach to perform the first known characterization of
the oral microbiome in 85 PNG individuals from different geographic locations. Within
PNG, the oral microbiome showed significant geographical structure, especially in the
less urbanized locations. In a global comparison, Rothia and Neisseria were found to
be enriched in Papua New Guineans and Aboriginal Australians, suggesting a common

oral microbiome signature.

The uncovered Sahul oral microbiome signature could be a result of a genetic and/or
environmental adaptation. To assess the possible genetic impact in the oral
microbiome, we performed a microbiome quantitative trait analysis (mbQTL) on 252
Papuans living in different environments. For the analysis of a potential environmental
influence, we inferred the metabolic impact of the underlying microbial community
through the abundance of bacterial pathways in the oral microbiome between a subset
of PNG (n=30), Philippines (n=20) and Western (n=7) population groups. Six
interactions between host genomic variants and four bacterial genera were identified,
namely Gemella with the BACEZ gene, and Schaalia with ISG20 gene. The Neisseria
and Rothia higher abundance could not be explained by association with host genetic
factors, but the metabolic pathways allowed to confirm the statistically significant
higher contribution of both Neisseria and Rothia in iron-related pathways in PNG
versus Veillonella in Philippines and Western population groups. These results confirm
that this specific oral microbiome profile in PNG might have been driven by iron
deficiency, as both bacterial genera are associated to iron-related functions. More
studies in isolated populations are important to fully uncover fitness advantages

conferred to the human hosts in selective environments.
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RESUMO

Os Nova Guineenses e os Australianos Aborigenas sao descendentes dos primeiros
grupos de humanos anatomicamente modernos a sair de Africa e sdo das mais antigas
populacdes locais continuas existentes fora de Africa. A Papua Nova Guiné (PNG)
apresenta uma geografia e topografia complexas e podem ser dividida nas terras
baixas e nas terras altas, onde albergam uma das maiores diversidades linguisticas e
genéticas do planeta. A sua elevada diversidade genética e cultural, ambientes
diferentes e alta pressao patogénica fazem da PNG um caso de estudo Unico para

analisar a evolucao e adaptacao biologica da populacao humana.

As evidéncias genéticas e arqueoldgicas indicam que a colonizacao da PNG ocorreu
ha cerca de 55 mil anos e, nessa altura, a PNG e a Australia estavam ligadas num so
continente preé-historico, chamado de Sahul. Pouco se sabe sobre a dispersao e
estruturacao da populacao apo6s a sua colonizacao, pelo que analisamos um conjunto
de 915 genomas completos de DNA mitocondrial (mtDNA) de toda a PNG, que inclui
379 novas sequéncias de mtDNA, para reconstruir a historia filogenética e
filogeografica do norte do Sahul. Os nossos resultados apoiam a hipotese de que dois
grupos de colonizadores chegaram ao Sahul no mesmo periodo de tempo (50-65 mil
anos), e colonizaram o Norte e o Sul do Sahul separadamente. Apesar das grandes
mudancas climaticas, culturais e historicas, observou-se uma dispersao muito limitada
no Norte do Sahul ao longo do tempo. Apos um periodo de isolamento de 20 mil anos,
verificou-se uma diversificacao das linhagens de mtDNA, com interaccoes dentro e
fora do Norte do Sahul, para o Sul do Sahul, para a Wallacea e mais aléem. No Holoceno,
a chegada de populacoes asiaticas vindas do sudeste asiatico estimulou as interaccoes
entre as populacoées da Nova Guiné com a as da Oceania.

O isolamento das populacoes da PNG durante 50 mil anos neste ambiente Unico, levou
a criacao de um caso de estudo Unico para analisar a evolucao adaptativa da populacao
humana. Como interface entre o corpo humano e o ambiente exterior, a microbiota
oral € uma excelente ferramenta para abordar estas questées. A microbiota oral &
altamente complexa e diversificada, podendo ser colonizado por cerca de 700 tipos
diferentes de microrganismos, incluindo bactérias, fungos, virus, archaea, e
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protozoarios. Os individuos saudaveis tém uma microbiota oral composta
principalmente por Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria e
Proteobacteria, mas diferentes populacées podem apresentar diferentes abundancias
destes taxa. Utilizamos uma abordagem qualitativa e quantitativa para realizar a
primeira caracterizacao do microbioma oral em 85 individuos da PNG de diferentes
localizacdes geograficas. Dentro da PNG, o microbioma oral apresentou elevada
estruturacao geografica, especialmente nos locais menos urbanizados. Numa
comparacao global, os géneros Rothia e a Neisseria eram significativamente mais
abundantes na PNG e nos Australianos Aborigenas, o que sugere um perfil do
microbioma oral partilhado entre as populacdes do Sahul.

O perfil de microbioma oral descoberto no Sahul pode ser o resultado de uma
adaptacao genética e/ou ambiental. Para avaliar o possivel impacto genético no
microbioma oral, realizamos uma analise de microbiome quantitative trait loci
(mbQTL) em 252 Nova Guineenses de diferentes locais geograficos. Para analisar uma
potencial influéncia ambiental, inferimos a actividade metabolica da comunidade
microbiana através da abundancia das bactérias no microbioma oral, num
subconjunto de individuos da PNG (n=30), Filipinas (n=20) e populacdes ocidentais
(n=7). Foram identificadas seis interaccoes entre variantes genomicas do hospedeiro
e quatro géneros bacterianos, nomeadamente Gemella com o gene BACEZ, e Schaalia
com o gene [SG20. A maior abundancia de Neisseria e a Rothia detetada nas
populacdées do Sahul nao puderam ser explicadas por factores genéticos, mas as vias
metabolicas permitiram confirmar que tanto a Neisseria como a Rothia apresentavam
contribuicdes estatisticamente significativas em vias relacionadas com o ferro na PNG,
enquanto que nas Filipinas e nas populacdées ocidentais a maior contribuicao nessas
vias € da Veillonella. Estes resultados confirmam que este perfil de microbioma oral
especifico da PNG pode ter sido motivado por deficiéncia de ferro, uma vez que ambos
0S géneros bacterianos apresentam funcdes relacionadas com o ferro. Estes
resultados destacam a importancia destes estudos em populacdes isoladas,
importantes para revelar as adaptacoes conferidas aos humanos em ambientes
selectivos.
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1. Human evolution

The study of human evolution is the result of cooperation between several research
fields, such as linguistics, archaeology and genetics (Cavalli-Sforza et al. 1988). In the
last two decades, this last field in particular has made significant contributions in this
area due to the development of new and affordable technologies and algorithms.
Genetics focuses on the study of genes and heredity in organisms, which is encoded
in an acid nucleic macromolecule, named deoxyribonucleic acid (DNA). The set of all
the genetic information of an organism is called the genome. Human evolutionary
genetics looks into the genetic variation that leads to changes in the human genomes
along generations and in the genomes of related species, allowing to make genetic
inferences on human evolution (Jobling et al. 2014). This area has recently achieved
worldwide attention when the 2022 Nobel Prize in Physiology or Medicine was
attributed to Svante Paabo, a geneticist specialized in the field of evolutionary
genetics, for his discoveries concerning the genomes of extinct hominins and human
evolution (NobelPrize.org 2022). Svante Paabo’s more notorious research was the
sequencing of the Neanderthal genome (Prufer et al. 2014), and the discovery of a
previously unknown hominin, Denisova (Reich et al. 2010).

1.1. Human Evolutionary Genetics

Human population genetics aims to compare the genetic profile of different
populations, analyze selected variants or alleles, and infer the level of admixture from
other populations (Hellenthal et al. 2014). The human genome is mainly composed of
the nuclear DNA (nDNA), with around 3.2 gigabases (Gb) duplicated, organized as 23
pairs of chromosomes (22 autosomal and one sex-specific). About 99% of the human
genome is composed of non-coding regions, that are beginning to gain attention as
evidence shows that some may play functional roles, being highly conserved and under
strong negative selection (Hardison 2000). The human nuclear genome contains
around 20,000 genes, a number much lower than initially expected given the derived
position the human species occupies in the tree of life. However, the human genes are
highly complex and undergo more alternative splicing than other mammals (Kim et al.
2007), which translates into over 250,000 peptides (Ezkurdia et al. 2014).
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The field of human population genetics improved greatly with the increased level of
resolution of next-generation sequencing (NGS) technologies that enable large-scale
sequencing and genotyping of the genome. Although expensive in the beginning, the
continuous improvement of the high-throughput sequencing technologies has led to
lower costs, with a range of solutions for the genotyping of single nucleotide
polymorphisms (SNPs) in the human genome (Maroti et al. 2018). Whole genome
sequencing (WGS), as its names indicates, is the technique that determines all the
nucleotides within a genome. It is the most expensive sequencing technique available
and the one that provides complete information. The sequencing of the first complete
human genome in 2003 by the Human Genome Project (HGP 2004) with a cost of
around 1 billion US dollars, covered about 92% of the human genome. Only in 2022
the remaining 8% of the human genome were sequenced by the Telomere-to-Telomere
Consortium (Nurk et al. 2022). Nowadays, WGS with high coverage (30X) can get a
price as low as 500€, and low coverage (1X) can cost 80€. By combining these two
approaches, it is possible to create a reference panel at a 30X coverage and use it to
impute the missing information in the 1X coverage samples, greatly reducing the costs
of WGS (Lou et al. 2021; Pasaniuc et al. 2012). For the study of adaptive history of
populations, WGS is the best approach, and its successive improvements, namely long-
read sequencing, will soon allow to uncover the full spectrum of human genetic
variation, resolving some of the missing heritability (Logsdon et al. 2020). An
alternative to WGS is whole exome sequencing (WES), which reports all exons of
protein-coding genes and covers approximately 1% of the human genome. It is
constituted of roughly 180,000 exons and about 30,000,000 base pairs, allowing for
significant insights into human genetic variation in the region with direct functional
impact in protein structures (Ng et al. 2009). Sometimes, the exon information is
added up with the adjacent untranslated regions (UTR), as these are also functionally
important, containing many gene expression regulatory elements (Ferreira et al.
2022). Albeit being limited to the variation found in the coding regions of the
genomes, the lower cost of WES allows for an increase in the sample size of the study
compared to WGS. In the context of medical studies, sample size and the
interpretability of functional impact may be critical to achieving meaningful success in
the detection of relevant rare variants (Bomba et al. 2017). The availability of several

human exomes and complete genomes allowed to identify millions of variable
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positions along the chromosomes, information that has been used to design SNP
microarrays (Maroti et al. 2018). These are one of the fastest and cheapest high-
throughput techniques that focuses on genotyping specific bases (which are
polymorphic in the human species) throughout the entire genome. It is usually
composed of relevant and common variants that are population-specific or disease-
associated and have been widely used in genome-wide association studies (GWAS)

comparing case and control cohorts (International HapMap 2003; Page et al. 2015).

The human genome also comprises the mitochondrial DNA (mtDNA), a double
stranded circular molecule with around 16,569bp that can be found in the
mitochondria. With few exceptions (Luo et al. 2018), mtDNA has the particularity of
being maternally transmitted, which means that it does not undergo recombination
and is inherited as a haplotype or lineage. In 1981, Anderson et al. (1981) reported
the first complete human mtDNA sequence, also known as the Cambridge Reference
Sequence (CRS), that was later revised in 1999 (and known as rCRS (Andrews et al.
1999)). The mtDNA mutates 5 to 10 times faster than the nDNA, with more mutations
occurring in the control region, especially the hypervariable regions | and Il, and less
in the coding region (Melvin and Ballard 2017). This higher mtDNA mutation rate can
be explained by (Birky 2001): a mtDNA repair system more prone to errors; a stronger
mutagenic environment, due to high concentrations of reactive oxygen species within
mitochondria; and it undergoes more replications per unit of time which can generate
more mtDNA errors. The lack of recombination, high mutation rate and high turnover
makes mtDNA a marker of choice in the study of human evolutionary history (Ingman
et al. 2000). Phylogenetic methods allow to infer the way the mtDNA haplotypes derive
from a common ancestor, which will create a haplogroup, and with constant diversity
accumulation over time, sub-haplogroups will start to appear. The human mtDNA tree
(Torroni et al. 2006) includes all haplogroups and sub-haplogroups of the human

population, reflecting the evolution history of humans (Figure 1).
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~200,000

Figure 1. Map of Human mitochondrial DNA haplogroups, from their origin in Africa

and colonization of Eurasia and the Americas. Figure adapted from Wallace (2015).

After emerging 200 thousand years ago (kya) in Africa, the first anatomically modern
humans populated the rest of the world in subsequent migrations. First, the sub-
Saharan spread-out (Rito et al. 2013) that generated a grand group of African
haplogroups, namely LO, L1, L2, L3, L4, L5 and L6, referred to as macrohaplogroup L.
Then, the out of Africa migration occurred approximately 70-65 kya (Soares et al.
2012), when few individuals affiliated in the L3 haplogroup successfully left Africa and
originated two descendent macrohaplogroups, M and N, that then colonized the rest
of the world. The East Asian and European settlement began around 50 and 45 kya,
respectively, with the macrohaplogroup N dispersing throughout the globe and
evolving into multiple European, Asian, and Native American mtDNA lineages, while
macrohaplogroup M dispersal was mostly confined to Asia and descendent Native
American haplogroups (Wallace 2015) the exception being M1 haplogroup, which
migrated back-to-Africa, being thus present in East and North Africa (Pennarun et al.
2012). Island Southeast Asia and Melanesia were colonized by modern humans at least
~50,000 years ago (Barker et al. 2007; Soares et al. 2009), by descendants of the M
and N macrohaplogroups, with M29°Q, S and P lineages exclusively found in Australia

and New Guinea Islands (Hudjashov et al. 2007). Ultimately, the migration to North
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Asia by the haplogroups A, C, and D took place 20 kya and then to the American
continent by 15 kya (deMenocal and Stringer 2016).

1.2. The Neutral theory of molecular evolution

The study of human evolution and the reconstruction of past demographic events
relies on the analysis of genetic diversity in populations. Several factors can shape
population genetic diversity such as genomic forces, demographic forces, and natural
selection (Jobling et al. 2014). All these forces together have an impact on the levels
of genetic diversity which, in turn, can have an impact on phenotypic variation, both

within the population or between different human populations.

Mutations are crucial evolutionary forces that allow species biological evolution. They
can arise by two processes, either because of physical or chemical damage (for
example, ultra-violet radiation) to the DNA molecule or because of errors occurring
during DNA replication (Jobling et al. 2014). If the error occurs in a somatic tissue, it
will not be transmitted to the next generation, but if the error occurs in a germinal
tissue (a cell developing into an egg or a sperm), it may be transmitted to the offspring
and contribute to species evolution. Once these mutations occur, they can undergo
genetic recombination, the reshuffling of the paternal and maternal genetic material,

allowing new combinations of alleles to emerge (Armour 2009).

The Neutral theory of molecular evolution states that most of the mutations do not
change our fitness, so their evolution in time is just driven by randomness, also known
as genetic drift. Mutations will drift away with time and be lost in the population, or
they can increase in frequency and eventually be fixed. It occurs in all populations of
non-infinite size, but the magnitude of the genetic drift relates to the size of the
population being sampled (Kimura 1971). The Hardy-Weinberg equilibrium (HWE)
assumes that populations are constant in size, but that is not usually the case. In fact,
when the effective population size (Ne; the number of individuals in the population
involved in producing the next generation) is sharply reduced in size, genetic drift can
have major effects on that population (Wang, Santiago, et al. 2016). The drastic
reduction can occur due to the bottleneck effect, where a major event leads to the

~7 ~
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reduction in population size, or due to the founder effect, when a small group splits
off from the main population to form a colony. In both cases the surviving/founding
individuals may not represent the full genetic diversity of the original population.
During these reductions, drift acts in an intense way, with loss in genetic diversity,
until the population regains a sufficiently large size for drift to be buffered (Jobling et
al. 2014).

1.3. Natural selection

Some of these mutations can have a functional effect, by for instance changing a
protein or the levels of gene expression, and have an impact on the phenotype of the
individual. In this case, these mutations can be targeted by natural selection because
they have conferred a selective disadvantage or advantage to human populations
(Quintana-Murci 2016). Purifying or negative selection (Figure 2A) involves the removal
of deleterious alleles from the population. It is the most widespread type of selection
throughout the human genome, easily inferred from the higher proportion of non-
synonymous variants when compared to synonymous variants in the younger than
older branches of the mtDNA mammalian trees (Soares et al. 2013) and in the nDNA
(Albers and McVean 2020). Positive selection (Figure 2B) increases the frequency of an
advantageous allele and can lead to adaptation. In this case, new mutations that
occurred in the past will rapidly increase in frequency until they reach fixation.
Balancing selection (Figure 2C) occurs when the allele is only advantageous at the
heterozygous state. The advantageous allele will not be fixed or lost; it will stay at
intermediate frequency in the population (Quintana-Murci 2016).

Genome-wide evaluations of selection in humans identified two main motors:
pathogens and metabolites (Karlsson et al. 2014), which in many cases are
interconnected (e.g., viruses that use lipids to enter cells; (Sierra etal. 2017)). A better
knowledge on how populations adapt to nutrients/pathogen/environment pressures
over time will reveal genetic variations coding advantageous phenotypic traits, which
may have been crucial for human past and present survival (Barreiro and Quintana-
Murci 2010; Ko et al. 2013).
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A: Purifying
| ] Selection

B: Positive
Selection

B C: Balancing
Selection

Figure 2. Schematic representation of the different types of natural selection. A)
Purifying or negative selection, involving the removal of deleterious alleles from the
population, B) Positive Selection, increasing the frequency of an advantageous allele
that can lead to adaptation and C) Balancing Selection or heterozygote advantage
where the presence of heterozygotes is favored in the population. Figure adapted from
Quintana-Murci (2016).

1.3.1. Pathogen-driven natural selection

Examples of pathogen-driven selection are abundant (Karlsson et al. 2014), with a
classic example of balancing selection consisting in deleterious mutations at 8-globin
(HBB), glucose-6-phosphate dehydrogenase and glycophorin A, B and C genes. These
mutations trigger the development of sickle cell anemia, glucose-6-phosphate
dehydrogenase deficiency and thalassemia when in homozygosity, respectively,
however in the heterozygous state, they confer protection against malaria infection
(Barreiro and Quintana-Murci 2010). Plasmodium falciparum invades the red blood
cells to breed and release new parasites capable of infecting other red blood cells
(Luzzatto 2012). When the parasite invades the abnormal red blood cells it triggers
them to sickle, and they are removed by the immune system before the parasite can
complete its life cycle and infect other red blood cells, leading to less parasites and
milder illness. Most commonly, this protection is caused by three different altering
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variants of B-globin (HBB), each conferring different levels of resistance against malaria
in different regions: the HbS allele displays the highest frequencies in equatorial
Africa, Cameroon, Guinea, Uganda, and Kenya, as well as in parts of the Middle East,
Saudi Arabia, and India (Flint et al. 1998); HbC is primarily observed in Africa, but
more restricted to West African groups (Tishkoff et al. 2001); and the HbE allele is
mainly found in Asia, from northern India to China and South East Asia (Chotivanich
et al. 2002).

The Apolipoprotein L1 locus is another example of selection due to pathogen
adaptation in Africans. Two variants (G1 and G2) modify the protein, enabling it to
lyse the African trypanosomes parasite, and conferring protection to the African
sleeping sickness (Ko et al. 2013). However, these variants are also associated with
high levels of hypertension and with chronic kidney disease. As such, these deleterious
alleles do not disappear in African populations given the positive selection of the
heterozygous individuals due to the local pathogens.

Recently, and in light of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) epidemic, a study involving East Asian populations uncovered several selection
events in human genes, more specifically genes encoding for virus-interacting
proteins, including SARS-CoV-2, that likely started more than 20,000 years ago
(Souilmi et al. 2021). This signal was also detected for genetic variants of the Zinc
Finger DHHC-Type Palmitoyltransferase 20 (ZDHHCZ20) gene in New Guineans and
Bismarck Islanders (Brucato et al. 2022). These adaptive events appear to be limited
to East Asian populations, overlapping with the fact that East Asia is the geographical
region where several modern coronavirus epidemics have emerged (Souilmi et al.
2021).

1.3.2. Environment-driven natural selection

Throughout early migrations, modern humans encountered a variety of habitats, from
tropical to arctic, from high altitudes to lowlands, and even toxic environments,
leading to adaptation to these new environmental changes (Fan et al. 2016). A variant
in fatty acid desaturase enzymes allowed the Inuit populations from arctic

~ 10 ~
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environments (Alaska, Canada, Greenland) to adjust to a new and necessary marine-
based diet, enriched in omega-3 polyunsaturated fatty acids (Fumagalli et al. 2015;
Tishkoff 2015). Signatures of positive selection in genes involved in the hypoxia-
inducible factor (HIF) pathway were uncovered in the genomes of populations living in
hypoxic high-altitude regions in Asia and South America, such as the Tibetan Plateau
and the Andean Altiplano (Fan et al. 2016). In the highlanders from Papua New Guinea
(PNG), phenotypic differences were found when compared with lowlanders, such as
larger lung volume, chest depth and higher hemoglobin concentration (André et al.
2021). These may hint to altitude adaptation in PNG highlanders, although genetic
analyses are needed to confirm the existence and uncover which genes are under
positive selection. Hypoxia tolerance was not only investigated in terms of high-
altitude adaptation, but also in breath-hold diving (llardo et al. 2018). In Southeast
Asia, the Bajau people, also known as “Sea Nomads", are renowned for their
extraordinary breath-holding abilities due to their marine hunter-gatherer form of
subsistence. llardo et al. (2018) showed that these breath-holding abilities are due to
natural selection on genetic variants in the phosphodiesterase 10A gene, which
increases spleen size and provide them with a larger reservoir of oxygenated red blood
cells, and on the Bradykinin Receptor B2 gene that affects the human diving reflex.

1.3.3. Nutrient-driven natural selection

In the Neolithic revolution, around 10 kya, there was a radical shift in the human form
of subsistence: a meat-based diet from the hunter-gatherer lifestyle was substituted
by an agriculture-based diet, with the incorporation of cereals/fibers and dairy
products (Bocquet-Appel 2011). This transition to primary food production was
marked by the appearance of social stratification, with increasing population numbers
and density, sedentary lifestyle, the construction of cities and creation of communities.
A very common food adaptation due to selection is the adult lactase persistence (LP)
in Europeans and East Africans (Gerbault et al. 2011), occurring in the Lactase-
Minichromosome Maintenance Complex Component 6 (LCT-MCM6) locus. Despite the
same functional effect, the protective variant for European populations is distinct from
the variants present in the East African, which indicates independent and convergent
selection for the adaptations to milk culture in the two continents (Enattah et al. 2008).

~11 ~
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In Asia, small percentages of LP are found even in known herder populations. Heyer
et al. (2011) analyzed the Kazakh population (traditionally herders) and the Tajiko-
Uzbek population (agriculturalists) from Central Asia and found that LP in less than
30% and Gallego Romero et al. (2012) found a prevalence of LP around 45% in herders
from South Asia. In both cases, LP was associated with the European variant, most
likely related to a recurrent gene flow from Europe (Segurel et al. 2020). These results
challenge the understanding of this adaptive story because milk consumption does
not always correlate with LP frequency: traditional herders from Mongolia and Central
Asia present a low frequency of LP even though they consume milk, and Hadza and
Yaaku hunter-gatherers from East Africa do not consume milk but have a high
frequency of LP (Segurel et al. 2020). It is not entirely clear what could cause these
differences but it is more likely due to a combination of cultural, nutritional, and
environmental factors, such as milk fermentation prior to consumption that reduce
the amount of lactose, the type of livestock and the actual proportion of milk
consumed in their diet (Evershed et al. 2022; Segurel et al. 2020).

2. Human Microbiome

The human body is colonized by trillions of microbial cells, namely bacteria, fungi,
and viruses (Sender et al. 2016), which collectively are referred to as the microbiota,
while the genetic makeup of these microbial cells is termed the microbiome. In
contrast to the human genome, which is not as easily influenced by external factors,
the human microbiome is a highly dynamic ecosystem with body-site-specific
diversity, including but not limited to the skin, the oral cavity, the esophagus tract,
the colon, the vagina, and semen (Blum 2017) (Figure 3). In addition to its intra-
individuality, the microbiota also fluctuates throughout life and coexists with its host,
being an active part of many biological processes in the human body (Blum 2017). The
human microbiome provides a fundamental internal ecosystem for physiological
processes, such as protection against pathogen infection, nutrient processing,
stimulation of angiogenesis, development and maintenance of the intestinal epithelial
barrier, and maintenance of the immune system, among others, thus evolving together
with the host to form a superorganism (Cho and Blaser 2012). This involvement of the

microbiome in many biological functions renders essential to maintain a homeostatic
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balance, as a compromised state can bring problems to the host, such as the
appearance of several diseases (Gilbert et al. 2018), as inflammatory bowel disease,
type 2 diabetes mellitus and necrotizing enterocolitis (Spor et al. 2011).
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Figure 3. The relative abundances of the six dominant bacterial phyla in microbiomes
from: A) diverse human body parts in healthy state and (B) gut, comparing between
health and disease for inflammatory bowel disease, type 2 diabetes, necrotizing

enterocolitis and H. pylori infection. Figure adapted from Spor et al. (2011).

Innumerable external factors can shape the microbiome, namely the use of antibiotics
or probiotics, changes in diet, and states of infection in the host organism (Gilbert et
al. 2018). For example, diet is a profound conditioner of the gut microbial
community structure (David et al. 2014), while vigorous scrubbing can briefly alter
the skin microbiome (Grice and Segre 2011). Similarly, the oral microbiome is
influenced by prolonged smoking habits, which promote an anaerobic environment
in the respiratory tract (Wu et al. 2016). Regarding the effects of the microbiome on
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health, Deshpande et al. (2018) associated the presence of gram-positive bacteria
in the esophagus with good health, while the dominance of gram-negative bacteria
was associated with early stages of esophageal adenocarcinoma. Additionally, a
well-known indicator of gut dysbiosis (disruption or imbalance of the microbiota) is
the change in the Firmicutes/Bacteroidetes ratio (Stojanov et al. 2020). The
understanding of how the microbiome varies within a person or between people
over time will elucidate the mechanisms by which the microbiome influences the
preservation of health or the onset and progression of disease (Gilbert et al. 2018).

2.1.  Microbiome technologies

The study of microbial communities has evolved dramatically since Leeuwenhoek first
reported the presence of oral microorganisms in 1676 (Davis 2020), to the full
characterization of the microbiome using NGS techniques (Figure 4). Early studies of
host-associated bacteria were dependent on the isolation and growth of bacterial
colonies with culture medium methods. These methods enabled scientists to
understand the microorganisms' physiologies (Blevins and Bronze 2010) but were
limited in the proportion of microorganisms that could be cultivated and, as such, a
large portion of the microbiota remained unidentified. The study of microorganisms
progressed with the help of microscopy and the development of staining techniques,

increasing its resolution (Beveridge 2001; Blevins and Bronze 2010).

It soon became evident that the number of observed microorganisms was much higher
than the number of microorganisms obtained with culture methods. Based on this,
Winogradsky concluded that the microorganisms needed specific conditions to grow,
and revolutionized microbial ecology studies by creating several environments for
culture media production (Escobar-Zepeda et al. 2015). The study of microorganisms
based solely on their morphology features, growth, and selection of some biochemical
profiles (Oliver et al. 1991; Roszak et al. 1984) was limited but remained the only
method of microbial research for 300 years. Only in 1977 did Carl Woese proposed
the use of small subunit ribosomal RNA genes (rRNA) as markers for taxonomy (Woese
and Fox 1977) and together with the Sanger automated sequencing (Sanger et al.
1977), a powerful tool for assessing microbial diversity in the human microbiota was
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created. In 1990, Giovannoni et al. (1990), performed the first microbial diversity study
using 16s rRNA genes, and led the way to the beginning of microbiome studies, which
were later revolutionized by the metagenomics era. Microbiomic studies have greatly
improved with the creation of The Human Microbiome Project (Human Microbiome
Project 2012), the first worldwide and body-wide metagenomic microbiome survey of
300 healthy adult donors, covering the microbiome of 18 body sites. Nowadays,
different techniques can be used for microbial diversity studies, but the microbiome

microarray, the 16s rRNA gene and metagenomics will be further explained.
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Figure 4. The timeline for microbial ecology research, from the first reports by

Leeuwenhoek in 1676 to the development of NGS techniques. Figure adapted from
Escobar-Zepeda et al. (2015).

2.1.1. Microbiome microarray

Microbiome diversity characterization can be performed with microbiome microarrays,
which can rapidly identify the microbial community at the species or strain level, giving
a profile of which microorganisms are present in the analyzed samples. One example

is the Thermo Fisher Scientific Axiom™ Microbiome Array (MDA; from Thermo Fisher
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Scientific, Waltham, MA, USA) that harbors a total of 1.38 million probes to detect over
12,513 microbial species including archaea, bacteria, fungi, protozoa, and viruses
(Thissen et al. 2019). Probes are designed against conserved regions (for the detection
of higher taxonomic ranks) and unique regions (species/strain specific) of the
microbial genomes, with a sensitivity of 100-1000 genome copies, and achieving 100%
accuracy in species identification (Thissen et al. 2014). It can run 96 samples
simultaneously in a 96-well microarray plate and give us the results in less than one
week. While less costly than the other technologies, this technology is only able to
detect presence or absence of the different microorganisms in the sample (non-
guantitative) and only for the species included in the microarray. This might pose a
problem for the study of oral microbiome in remote populations, due to the microbial
sequences included in the microarray being biased towards more studied populations,

a common problem encountered with the use of microarray methodologies.

2.1.2. 16S rRNA gene sequencing

As a cost-effective method for profiling bacterial communities, the 16S rRNA gene
sequence became one of the most widely used methods. The 16S rRNA gene contains
both highly conserved regions, ideal for primer design, and hypervariable regions,
which allow high phylogenetic resolution. It has nine hypervariable regions that are
separated by nine highly conserved regions, but most studies do not use the whole
rRNA gene sequence, only a few of the hypervariable regions (Rajendhran and
Gunasekaran 2011). The choice of which variable regions to amplify and sequence
depends on the needs of the project, as some regions offer more resolution at the
genus/species levels of the microbial community than others (Bukin et al. 2019). One
of the limitations of these studies is the lack of comparability between studies that

analyze different hypervariable regions (Yang et al. 2016).

2.1.3. Shotgun metagenomics

Shotgun metagenomics sequences all the DNA material in a sample, vyielding
information on many genes rather than only one. This increased resolution (at the
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species level) comes with the need for increased sequencing depth, and the associated
higher cost (Ranjan et al. 2016). Additionally, as it is not only dependent on the 16S
rRNA gene that is uniguely present in bacteria, it can also be used to investigate non-
bacterial components of the microbiome (e.g., fungi, viruses, and archaea). As it has
information of all the genes from the microbial community, it can also be used to
direct evidence of profiling the abundance of microbial metabolic pathways (Beghini
et al. 2021). However, the analysis of the results for shotgun sequencing relies on
computationally advanced methods that require expertise (Peterson et al. 2021).

2.2. Microbiome diversity and metabolism

Two metrics are largely used to describe and compare communities (Escobar-Zepeda
et al. 2015): Alpha (a) is a metric for local diversity of a community; and Beta (B)

measures how different the community samples are in an area.

Alpha diversity measures the diversity in the samples and can be divided in two
aspects: the richness in species, which quantifies the number of species in a sample;
and the evenness of the sample that takes into account the relative abundance of each
species in the sample (Whittaker 1972). There are a great number of alpha diversity
metrics, some that only consider one of these aspects, and others that consider the
whole sample diversity. The Simpson’s dominance index expresses dominance or
relative concentration based on the first or first few species; and the Shannon-Wiener
index expresses the relative evenness or equitability of the species through the whole
sequence. These two metrics consider both evenness and richness in their analysis
(Thukral 2017). The Chaol and abundance-based coverage estimators (ACE) metrics
only measure the richness considering observed species in samples given all the
identified bacterial (Hughes et al. 2001). The most appropriate metric to use depends
on many factors, but mostly on sample size. While the Simpson’s metric takes into
account the most abundant species, the Shannon index is also based in the rare
species, which can only be successfully measured with a large dataset. As such, by
assigning greater weight on the most abundant species, they are much less sensitive
to sample size. In contrast, with increasing numbers of individuals or samples
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collected, rare species are continuously added to the sample, making the Shannon

index a more appropriate indicator of species diversity (Gotelli and Chao 2013).

Beta diversity is a measure of quantification of the number of different communities
in a specific region, informing about the degree of differentiation among biological
communities. As with alpha diversity, there are beta-diversity indices that only take
into account richness and just compare the number of shared and unique taxa
between the samples, while there are others that also consider evenness in their
calculations (Chao and Chiu 2016). The Jaccard index is one example of the former,
as it analyzes the similarity between two sets of data only by looking into what is
common and different between them, treating the common and rare species equally.
When also considering the evenness of the samples, the Bray-Curtis dissimilarity
indices analyzes abundance similarity, thereby species are not treated as equal (Chao
et al. 2006). Alternatively, the UniFrac method compares microbial communities not
only by their similarities but also through phylogenetic distance information. This
method comes with two options that can produce different but complementary results,
the weighted UniFrac that accounts for differences in relative abundances in the
community, and the unweighted UniFrac that only considers the richness of species

(Lozupone et al. 2006).

Other analysis applied to microbiome data go beyond taxonomy and explore the
abundance of gene families, pathways, and systems, to identify the functional
capabilities most valuable to organisms in the environment under study (Sharon et al.
2011). These analyses can be done at the single gene level, by focusing on the
abundance of gene families, or at the pathway level where all the genes involved in
the pathway are considered. These processes start by the identification of the genes
in the microbiome data, and then aligning them against databases to predict their
function (Beghini et al. 2021). Several databases are available, and they must be
selected based on the type of analysis to be performed. For gene level analysis there
is the COG (Tatusov et al. 2003), Pfam (Finn et al. 2006), and TIGRFAM (Haft et al.
2003) databases, while for systems or pathway level analysis, available databases are
KEGG (Kanehisa and Goto 2000) or MetaCyc (Caspi et al. 2016). In addition to the

function prediction, the contribution of each bacteria is also calculated, from the
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number of reads in the microbiome data that are associated with the specific function.
Ultimately, from the functional and abundance information, it is possible to compare
gene families or pathways’ abundances between the different samples and identify

potential enriched pathways (Beghini et al. 2021; Sharon et al. 2011).

2.3. Microbiome and host interaction

The variability of the oral microbiome due to host genetics versus external factors has
been largely discussed (Sedghi et al. 2021). Twin-based studies provide one method
for quantifying heritability of microbial taxa (Figure 5). In such analyses, heritability is
measured by comparing variation in microbial taxon abundances that is attributable
to human genetics, more specifically, each microbe is a quantitative “trait”, and the
additive genetic factors affecting that microbe’s abundance are estimated (van Opstal
and Bordenstein 2015). A study characterizing the microbiome in supragingival plaque
of monozygotic and dizygotic twin pairs, described that the similarity between the oral
microbiome was higher for monozygotic twins than dizygotic twins, even when
sharing the same environment (Gomez et al. 2017). Younger twins living together and
exposed to similar environmental versus older twins living apart for many years,
showed that host genetics affect the composition of the oral microbiota at a species
level (Esberg et al. 2020).

However, some authors suggest that the heritability of the microbiome should be
viewed in a more comprehensive manner. The standard heritability is based on the
premise of a unidirectional interaction between host and microbiome, where
colonization is controlled by the host. A more community-based interaction should be
considered, as the microbiota interacts with each other as well as with the host (van
Opstal and Bordenstein 2015). Thus, the community heritability takes into account the
host-microbiome ecosystem and supposes that host genetic variation will have effects

on microbial community assembly (Figure 5).
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The incorporation of these two approaches will allow a more comprehensive view in
the study of heritability of the microbiome (van Opstal and Bordenstein 2015), already
seen in some microbiome studies, where authors use beta-diversity (Hua et al. 2016)
or microbial pathways (Goodrich et al. 2017) as the “trait” to be correlated with the
host genetics.

Microbiome-human association studies (microbiome GWAS or microbiome quantitative
trait loci abbreviated as mbQTL) aims to determine association between genotypic
diversity in the host and microbiome patterns. Although studies in twins have
suggested that the microbiome is influenced by the genetic profile of the host, studies
aiming at evaluating direct associations are sparse and they mostly relate to the most
studied microbiome, the gut microbiome. A rare example of a replicated association
in several European populations is between variants near the lactase gene, responsible
for lactose tolerance, and the abundance of Bifidobacterium (Blekhman et al. 2015).
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Other results have been reported, but none was replicated and validated in different
cohorts. One of the main limiting factors is the cohort size to achieve genome-wide
significance, and the fact that the available data may have been obtained from
different methods (different regions of the 16S rRNA, shotgun sequencing) makes the
compilation of big databases for the analysis more challenging (Awany et al. 2018).
Additionally, there is still a high disparity in the sampling population of microbiome-
GWAS, with continuous exclusion of non-European populations (Popejoy and Fullerton
2016). The need to study non-European populations, in particular the African
population, may unveil important host-genetic interactions in traits/diseases (Pedro
et al. 2021), as it is well known that variants associated with diseases found in
populations of European descent do not always replicate in non-Europeans (Peprah et
al. 2015).

2.4. Microbiome of the oral cavity

The oral cavity is considered one of the most dynamic ecosystems in the human body,
with each of its various structures such as the palate, tongue, saliva, and dental
plague, among others, having its own ecological niche and environment (Figure 6) (Xu
et al. 2015). While the different oral niches have their own microbial composition and
structure, in response to salivary flow, mastication, chewing, and other factors that
select suitable microorganisms for each oral niche, they can be usually divided into
three main parts, mainly the saliva, the tooth surface (plaques in the teeth surface),
and soft tissues (surfaces of the tongue, buccal mucosa, palate, and gingiva) (Zhang
et al. 2018). The salivary microbiome can be considered representative of the entire
oral microbiota, as it includes the microorganisms that are shed from the various oral
niches (Li et al. 2022).

The oral cavity harbors about 50 to 100 billion microorganisms, among bacteria,
fungi, viruses, and archaea. Most of the microorganisms found in the oral cavity
belong to the bacteria kingdom (Dewhirst et al. 2010). The core oral bacterial
microbiome in healthy individuals (Caselli et al. 2020) includes Actinobacteria (genera
Corynebacterium, Rothia, and Actinomyces), Bacteroidetes (genera Prevotella,
Capnocytophaga, and Porphyromonas), Firmicutes (genera Streptococcus and
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Granulicatella), Fusobacteria (genus Fusobacterium), and Proteobacteria (genera
Neisseria and Haemophilus). Though present in smaller amounts, the remaining
groups of microorganisms have important functions in maintaining the microbial
balance of the oral cavity. The oral virome consists of eukaryotic viruses such as
Anelloviridae, Herpesviridae, and Papillomaviridae (Bottalico et al. 2011; Wylie et al.
2014), and phages. There are approximately 100 species of fungi in the oral cavity,
with the more common genera being Candida, Cladosporium, Aureobasidium,
Saccharomycetales, Aspergillus, Fusarium, and Cryptococcus (Ghannoum et al. 2010;
Hong et al. 2020). Oral archaea are far less numerous and diverse than oral bacteria,
and are mostly methanogens (Wade 2013). Most of the microbial species present in
the oral cavity are commensal species but they can become pathogenic in response to
changes in the environment (Lamont et al. 2018). As the oral mucosa is the first barrier

in the digestive tract, it plays an essential immune role (Fabian et al. 2012).
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Figure 6. Representation of the diverse ecological niches in the oral microbiome and
the major microbial components of the oral cavity. Figure adapted from Lee et al.
(2021).
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2.4.1. Factors that affect the oral microbiome

In the oral cavity, several factors can shape the abundance and composition of the oral
microbial communities (Figure 7), as well as their structure and metabolic functions
(Li et al. 2022). This can affect the normal balance of the oral microbiome, which can
ultimately lead to the occurrence of oral caries, periodontitis, dysbiosis or even

systemic diseases (Sampaio-Maia et al. 2016; Valm 2019).

2.4.1.1. Life stage and age

The oral cavity in the prenatal state is thought to be sterile and starts to be colonized
soon after delivery. The oral microbiota of infants begins similar to that of their
mothers, but early on there will be influences from diet, human interactions and
genetics to modulate its oral microbiome (Sedghi et al. 2021). During the first months
of a baby's life, the absence of teeth leads to microbial colonization of only mucosal
surfaces, and later, with the eruption of teeth, microbes begin to colonize hard tissues
(Sampaio-Maia and Monteiro-Silva 2014). Then, as children age and with the
acquisition of permanent dentition, their oral microbiotas begin to stabilize right into
adult life most likely due to more defined lifestyle patterns, namely oral-hygiene habits
and more balanced dietary habits (Gomez and Nelson 2017). Nevertheless, some
events in the host’s life will create fluctuations in the oral microbiome (Li et al. 2022).
For example, the oral microbiome can be affected by the hormones produced during
the female menstrual cycle, with changes in Campylobacter, Haemophilus,
Oribacterium, and Prevotella (Bostanci et al. 2021). Pregnancy also affects the oral
microbiome, with higher abundances of Neisseria, Porphyromonas, and Treponema
and lower abundances of Streptococcus and Veillonella (Saadaoui et al. 2021). Older
age has been associated with a decline in the bacterial diversity of oral microbiotas
(Burcham et al. 2020), a correlation also observed in the gut microbiome (Figure 7)
(Claesson et al. 2012).
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Figure 7. The dynamics of the oral microbiome from infancy to adult life, with
emphasis on the factors that can modulate the oral microbiota. Figure adapted from
Sedghi et al. (2021).

2.4.1.2. Food consumption

As the first step in food processing of the human digestive system, the relationship
between diet and the oral microbiota has been a main point of focus. The changes in
the diet caused by the initial domestication of plants and animals in the Neolithic, and
later due to the advances in technology after the Industrial Revolution, were the two
key periods that significantly altered the central constituents of the human diet
(Santonocito et al. 2022). In the pre-agriculture period, diet was limited to minimally
processed, wild plant and animal foods, characteristic to a hunter-gatherers lifestyle
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(Cordain et al. 2000). With the introduction of agriculture, cereals and dairy products
started to be included into the human diet. More recently, the increase in food-
processing procedures following the Industrial Revolution led to the introduction of
fatty domesticated and processed meats, saturated fats, refined grains, sugar, alcohol
and salt, greatly affecting the oral microbiota. This new diet rich in fat and ultra-
processed foods and poor in fruit and vegetable consumption defines the commonly
known “Westernized diet”. Sugar and refined carbohydrates have been vastly
associated with the abundance of oral bacteria, more specifically caries-associated
bacteria, as it creates a favorable environment for the development of dental and
periodontal diseases (Adler et al. 2013; Li et al. 2022).

In modern populations, studies have already shown that even in the first months of
life, breast-fed infants had a higher proportion of Streptococcus, whereas formula-fed
infants had higher proportions of Actinomyces and Prevotella (Oba et al. 2020).
Moreover, the development of oral candidiasis was diminished in breast- and mixed-
fed infants when compared to solid food-fed infants (Oba et al. 2020). In adults, a
comparison between vegan and omnivorous individuals showed differences at all
taxonomic levels below phyla, with an increased abundance of Neisseria subflava,
Haemophilus parainfluenzae, Rothia mucilaginosa and Capnocytophaga spp. in
vegans, and an increase abundance of Prevotella melaninogenica and Streptococcus
spp. in omnivorous. Vegans also showed a higher number of species associated with
periodontal disease (e.g. Campylobacter rectus and Porphyromonas endodontalis).
Consumption of a variety of fatty acids and fiber was associated with bacterial richness
and community structure. Furthermore, several metabolic pathways were found
differentially abundant in vegans versus omnivores, indicating possible downstream

effects of the different nutrient intake (Hanhsen et al. 2018).

2.4.1.3. Lifestyle and personal habits

Smoking can affect the composition of the oral microbiota, as it creates an anaerobic
environment in the oral cavity, changes the pH of the oral saliva and promotes
antibacterial effects due to its toxic substances. These changes in the environment

may affect the adhesion of the normal oral bacteria and promote the colonization of
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other types of microorganisms (Jia et al. 2021; Wu et al. 2016). Wu et al. (2016)
described an increase in Firmicutes and Actinobacteria, and a decrease in
Proteobacteria in smokers. However, due to the dynamic state of the microbiota, it has
been shown that a former smoker can restore its oral microbiota to a healthy state
after a certain period of non-smoking habits (Jia et al. 2021; Wu et al. 2016; Yang et
al. 2019).

Excessive alcohol consumption can also cause an imbalance of the oral microbiome
(Yussof et al. 2020). However, moderate and regular consumption of red wine has
some antibacterial effects and does not affect the diversity of the human salivary
microbiota (Barroso et al. 2015; Sanchez et al. 2019).

Betel nut (from the Areca catechu palm tree) chewing is a lifestyle habit common to
populations in South and Southeastern Asia and the Pacific (Gupta and
Warnakulasuriya 2002). Itis a leading cause of oral cancer (Chattopadhyay etal. 2019),
but it also affects the oral microbiome by reducing its alpha diversity (both evenness
and richness) and changing the abundance of common bacteria. As with smoking,
microbiome alternations induced by betel nut chewing may be reversible with

cessation of this habit (Hernandez et al. 2017).

2.4.1.4. Dental care

Oral hygiene habits can greatly influence the oral microbiome, and may help in the
prevention of caries and periodontal disease (Sedghi et al. 2021). Accordingly, the
absence of oral hygiene can significantly alter the proportions of microbes in the
dental plague, including the ones responsible for periodontal disease (Tannerella
forsythia, Treponema denticola, and Porphyromonas gingivalis). Interestingly, the
absence of oral hygiene does not affect gingival inflammation, even with the increased

amount of plague on teeth (Baumgartner et al. 2009).

Toothbrushing and flossing are essential to clean and remove remnants of food that

may harbor pathogenic bacteria, while toothpaste and mouthwashes have general
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antimicrobial properties to reduce microbial load (Okuda et al. 1998; Terezhalmy et
al. 2005). However, toothbrushes can also serve as reservoirs for pathogenic bacteria
that can colonize the oral cavity, which highlights the importance of correct cleaning
and storage of personal dental hygiene material (Shang et al. 2020). Furthermore,
novel toothpastes are now designed to shape the oral microbiome by fostering species

associated with healthy oral bacterial communities (Adams et al. 2017).

2.4.1.5. Antibiotics

Antibiotics have a much higher effect in the gut microbiome (Li et al. 2022), but it can
also affect the composition and functions of the oral microbiome (Moraes et al. 2020).
It has been shown that antibiotic use reduces the alpha-diversity of the amoxicillin
versus the untreated group, with a continuous decrease even after 6 months (Menon
et al. 2019; Monroy-Pérez et al. 2020). More specifically, the use of amoxicillin was
shown to reduce the abundances of Neisseria, Streptococcus, and Veillonella in the
oral microbiota (Larsson Wexell et al. 2016).

2.4.1.6. Genetics

For oral microbiome in particular, few studies have been performed. In European
populations, Demmitt et al. (2017) identified variants in the IMMPL2 and INHBA-AS1
genes on chromosome 7 associated with variation in the abundance of Granulicatella
and Poole et al. (2019) reported that gene copy number of the AMYT locus correlated
with an increase in salivary Porphyromonas. In a Chinese cohort, Liu et al. (2021) found
several associations, between APPL2 gene with Prevotella jejuni, Oribacterium uSGB
3339 and Solobacterium uSGB 315; the SLC2A9 gene with Oribacterium uSGB 1215,
Oribacterium uSGB 489 and Lachnoanaerobaculum umeaense; the OR11HI gene with
species F0422 uSGCB 392; and the LOCI105371703 uncharacterized RNA gene with
Eggerthia. In addition to associations with relative abundance, Liu et al. (2021)
reported four loci, namely NFIB, LINC0O2578, LOC105373105, and EIF3E, associated
with a-diversity (Chaol index) of tongue dorsum samples and two loci, SLC25A42 and

LINC02225, associated with the a-diversity of salivary samples. The analyses with B-
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diversity (Bray-Curtis Similarity) found association with one locus, CTNNA3-DNAJCI 2,

in the tongue dorsum and one locus, G2E3-AST, in the salivary microbiome.

3. Case study: Papua New Guinea

PNG lies in the southwest Pacific, in the north of the Oceania continent, right above
Australia. It is separated from Southeast Asia by the Wallace Line, a strong ecological
barrier for the spreading of fauna since the Pleistocene, which created two distinct
biogeographic areas: the biota of mainland Asia and the biota of New Guinea and
Australia (Camara-Leret et al. 2020). It comprises the eastern half of the island of New
Guinea (the western half belongs to Indonesia), and around 60 smaller islands to the
east, the main ones being New Britain, New Ireland, Bougainville, and Manus. Mainland
PNG accounts for 85% of PNG’s total land area, about 462,840 km?, and comprises
complex geography and topography, dividing it into two regions: lowlands, including
by open beaches, coastal swamps and dry savannah (Bourke and Harwood 2009), and
the highlands, with characteristic dense rainforests, large wetland river basins and
high mountain ranges (the highest point is Mount Wilhelm with 4509 m) (Figure 8)
(Cleary et al. 2022). The lowlands have a much lower population density in contrast to
a high population density in the highlands (Bourke and Harwood 2009), which is
largely a result of high malaria endemicity in the coastal regions, in contrast to

rare/absent malaria throughout the highlands (Bergstrom et al. 2017).

As PNG is entirely in the tropics, its climate is monsoonal, with the "wet" monsoon
season extending from December to March, and the "dry" monsoon season from May
to October. Average annual rainfall is high (2000-2500 mm), with even the so-called
dry season having 50-100 mm of rain per month, in some areas. There is a high
discrepancy in rainfall throughout the island, with some areas receiving more than
5000 mm annually, while others such as Port Moresby (the capital) receiving 1000 mm
or less. Lowlands and coastal areas have higher temperatures and humidity than the
highlands, and they do not vary much year-round (CountryReports 2022). The rugged
landscapes and difficult terrain that is characteristic to PNG is responsible for highly

isolated communities.
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Figure 8. Geographic representation of the topography in Papua New Guinea with a
color code for the elevation. Figure adapted from

https://www.worldatlas.com/maps/papua-new-guinea.

Over 22,000 villages and a few urban centers harbor the 8 million people that live in
PNG, who speak more than 800 “Papuan” languages (Pawley et al. 2005), in one of the
most culturally, ethnically, and linguistically diverse countries in the world (Cleary et
al. 2022). The Trans-New Guinea (TNG) family language includes an estimated 480
languages and is spoken across all the PNG highlands and large parts of the lowlands.
Most of the central range, 2000 kilometers along the center of New Guinea, is occupied
exclusively by TNG languages (Pawley et al. 2005). The next more common family
language in PNG is the Austronesian (around 200 languages), introduced during the
migration of Austronesians from Island Southeast Asia to the Pacific islands in the
mid-Holocene, and is mostly represented in the coastal regions, the areas more
affected by the migration (Foley 2000). The languages in the PNG region are spoken
by an average of only 3000 speakers spread over 15-20 villages, increasing linguistic
diversity. No language has ever emerged as more powerful, either numerically or

economically, to replace the innumerous languages in PNG (Foley 2000).
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Socially and politically, PNG is organized in clans, typically distributed across multiple
villages or even several language groups (Foley 2000). The family unit in PNG is usually
patriarchal and patrilocal, comprising a husband, with or without his parents, a wife,
and children, with extended families often gathering for meals or to celebrate work,
cultural or religion ceremonies (Bray and Smith 1985). Papuan daily life is strongly
governed by cultural traditions with basic social patterns following traditional gender
specialization. Men are responsible for deforestation and planting all the crops,
control over the family income, repairing and building of houses and fences, and the
butchering of animals. Women have the typical household tasks, including daily
cooking, smaller gardening activities, taking care of the animals, and knitting the

traditional grass skirts and bags called bilum (Bray and Smith 1985).

3.1. The settlement of Sahul: Archeology studies

The archeological sites available in the prehistoric continent of Sahul, a single
landmass connecting the nowadays New Guinea, Australia, and Tasmania are sparse,
which complicates the study of migration history in this region, in general and through
ancient DNA (O'Connell et al. 2018). Limited success on ancient DNA studies were
obtained for Pacific Islands, namely Vanuatu and Tonga, dating as far as 3.1-2.7 kya
and 2.7-2.3, respectively, and Wallacea sites in North Moluccas, Sulawesi and East
Nusa Tenggara dating as far as 2.6 kya and in South Sulawesi dating 7.3-7.2 kya
(Carlhoff et al. 2021; Lipson et al. 2018; Oliveira et al. 2022; Skoglund et al. 2016).

The few archeological sites in Sahul allowed to infer an initial occupation at around 50
kya (Allen and O’Connell 2014). One site within northern Australia (Madjedbebe site)
pointed to signs of an earlier arrival, around 65 kya (Figure 9) (Clarkson et al. 2017)
but this date has not been universally accepted by the archaeological community. A
more conservative estimate of the colonization of Sahul between 50-60 kya has been
proposed (O'Connell etal. 2018). This is in accordance with dates obtained for the few
archeological sites available in New Guinea, which indicate that the eastern part of
New Guinea was reached 49 kya (Summerhayes et al. 2010), followed by New Ireland
around 45 kya (Leavesley et al. 2002) and North Solomon islands by 33 kya (Wickler
1990). The journey between Sunda (the continental landmass of mainland and western
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islands of Southeast Asia) and Sahul, involved the crossing of stretches of water
between the Wallacean islands, a group of more than 1000 islands in the eastern
section of modern Indonesia. The path taken to reach Sahul is still a matter of debate
(Figure 9). Some studies support a northern route through Sulawesi and the Moluccas,
favored on the basis of fewer crossings and overall shorter crossing distances (Kealy
et al. 2018). In opposition, other studies indicate a southern path along the island
chain near Timor, more parsimonious due to inter-visibility based on island shape and

size and smaller water crossings for the initial part of the journey (Bird et al. 2018).

The study of Wallacea is still a work in progress, as the archeological evidence available
in Wallacea is more recent than the archeological record from Sahul (Carlhoff et al.
2021). To date, the oldest sites associated with early modern humans found in
Wallacea do not go further than 46 kya (Brumm et al. 2021; Hawkins et al. 2017;
Shipton et al. 2020). Additionally, important archeological sites with evidence for the
migration of modern humans to Sahul might be concealed by the submersion of
islands within the Wallacean archipelago (Kealy et al. 2015) following the Last Glacial
Maximum (LGM) around 9 kya (Lewis et al. 2013).

A few archeological sites have been uncovered in Sunda, namely the Niah Cave in
Borneo (40-42 kya) (Barker et al. 2007), Tabon Cave on southwest Philippines (around
47 kya) (Détroit et al. 2004) and Callao Cave in northern Luzon (around 67 kya)
(Mijares et al. 2010). The oldest one, in Sumatra, dates early modern human

occupation as far as 73-63 kya (Westaway et al. 2017).
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Figure 9. Map of the Sunda, Wallacea and Sahul regions, with dark green representing
the present-day geography and the light shading the extent of the continents at the
LGM. The potential northern (pink line) and southern (blue line) routes for the
settlement of Sahul (Bird et al. 2019). Estimated times of arrival based on archeological
sites are also indicated for eastern New Guinea (Summerhayes etal. 2010), New Ireland
(Leavesley et al. 2002), North Solomon islands (Wickler 1990) and the Madjedbebe
(Clarkson et al. 2017).

3.2. The settlement of Sahul: Genetic studies

The genetic characterization in PNG, although still incipient, has been already
instrumental in supplementing essential information on the settlement of Sahul. With
the technological advances, genome-wide studies have been performed, either by the
genotyping of millions of SNPs through the use of SNP microarrays (Bergstrom et al.
2017) or through the sequencing of complete genomes of PNG populations (Brucato,
Andreé, et al. 2021; Malaspinas et al. 2016). All these studies have uncovered a strong
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and ancient genetic differentiation within PNG that is still observed in the present

populations.

In accordance with archeology data, genetic studies indicate that Sahul was settled by
modern humans around 50 kya (Bergstrom et al. 2017; Malaspinas et al. 2016). Initial
studies suggested that less than 150 people first colonized Sahul (Williams 2013),
however, some argue that the initial colonization of the continent was deliberate and
would have required organized sea travel, involving hundreds of people (Bird et al.
2019; O’'Connell and Allen 2012). Genomic data corroborates this last hypothesis, as
only a large population (greater than 1000) would have created the genetic diversity
observed today (Merriwether et al. 2005). Demographic models also estimate that an
initial population size between 1300 and 1550 people was required to avoid extinction
in Sahul (Bradshaw et al. 2019; Brucato, Andre, et al. 2021).

This group of Sahul settlers are among the earliest modern human groups to leave
Africa and are believed to be the ancestors of the current New Guineans and Aboriginal
Australians that diverged from Eurasians 51-72 kya (Malaspinas et al. 2016). They are
the oldest non-African locally continuous populations, and with the highest traces of
archaic introgression from Denisovans (~4%), indicating a possible Denisovan
presence in the Sahul region when the modern humans arrived (Jacobs et al. 2019).
Additionally, Pagani et al. (2016) also found genetic signatures in present-day Papuans
that may indicate that at least 2% of their genome come from introgression with
modern human settlers from a largely extinct out of Africa migration earlier than 75
kya, but it is still highly controversial. Based on estimations from WGS, Aboriginal
Australians and Papuans diverged from each other around 37 kya (Malaspinas et al.
2016). This suggests an ancient population structure in Sahul related to paleo-
environmental changes leading up to the LGM, when the ice sheets grew to their
maximum positions between 33 and 27 kya (Clark et al. 2009).

Genetic data provide evidence that population growth and divergence occurred within
New Guinea, separating the lowland and highland groups, only in the postglacial
warming period around 10-20 kya, when climatic conditions were more favorable
(Malaspinas et al. 2016). Following this period, a spread of plant cultivation around 9
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kya was observed in the highlands group (Denham et al. 2003) which may be
correlated to the dispersal and expansion of the TNG languages (Pawley et al. 2005).
During the mid-Holocene, around 3 kya, a migration of Austronesian groups closely
related to mainland East Asians impacted the genetic structure of New Guinea,
affecting mostly the coast of New Guinea and offshore islands (Kayser et al. 2008;
Skoglund et al. 2016), bringing new languages, cultural practices and animals (pig,
chicken). This Austronesian migration led to the settlement of the Pacific Islands
(Matisoo-Smith 2015).

In relation to the uniparental markers, mt-DNA studies revealed five haplogroups
present in PNG, namely Q, P, M27, M28, and M29 (Friedlaender et al. 2005;
Merriwether et al. 2005). Earlier studies indicated that haplogroups P and Q
constituted approximately 90% of the observed mtDNA lineages in New Guinea
(Tommaseo-Ponzetta et al. 2002). Haplogroup Q is the most frequent and diverse
haplogroup in Northern Sahul, found in the Highlands, Coastal New Guinea, and Near
Oceania. It has three subhaplogroups Q1, Q2, and Q3, occurring more frequently in
most, but not all, Papuan-speaking areas (Friedlaender et al. 2005). Haplogroup P is
very unevenly distributed through PNG, with higher frequencies in the highlands and
in certain islands of the Louisiade Archipelago (Friedlaender et al. 2005). The
haplogroup P3, in particular, is the only mtDNA haplogroup shared between Australia
and New Guinea (Huoponen et al. 2001). The haplogroups M27, M28, and M29 are
almost exclusively found in Near Oceania (e.g., the Bismarck and Solomon
archipelagos), and may have originated in this region as they are most diverse and
frequent here (Merriwether et al. 2005). PNG genetic structure is even more evident in
the paternal lineages (Y-chromosome) than in the maternal lineages, due to cultural
practices (Bergstrom et al. 2017; Kayser et al. 2006; Mona et al. 2009). The majority
of populations still abide to patrilocality, where upon marriage it is the female that
moves to the village of the husband, leading to a female-based small-scale migration
that reflects in the less differentiated mtDNA between neighboring populations than
Y-chromosome lineages (Kayser et al. 2000; Kayser et al. 2006; Langergraber et al.
2007; Mona et al. 2009).
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These almost 50 kya of Sahul isolation, high genetic diversity, heterogeneity of
environmental conditions and high pathogenic pressure may have led to independent
genetic evolution and diversification, making PNG a good and unique case study to

look at biological evolution and adaptation.

3.3. Food habits

Most populations in PNG live in a semi-traditional way and depending upon local
farming, largely based in starchy staples, such as taro, yam, unripe bananas, sago and
sweet potato (Schapper 2017). The inclusion of tree crops, such as canarium nuts,
okari, pandanus, candlenuts and breadfruit, add much energy and oil to the diet. Other
edible vegetables part of their diets are the leaves of various fig species, of Rungia
klossii, also known as “Mushroom plant”, and of Dicliptera papuana, sugarcane,
vegetable cane, and bamboo (Bourke and Harwood 2009). Protein came primarily from
hunting, fishing, and gathering of fungi and grubs, and later (in the last 3ky) was
enriched by the domestication of pigs and other animals. There is some variation on
available food throughput PNG, with a higher availability of starch-rich plant in the
highlands, while the products of hunting and gathering are more common in the
populations nearby forest (Schapper 2017). The use of local plants for almost 50 ky
in PNG (Summerhayes et al. 2010), for a longer time than European used wheat and
milk, might have driven unique human genetic and microbial adaptations and

interactions.

More recently, the importation of foods largely altered the dietary profile in PNG, with
access to greater dietary diversity, reflecting a shift towards increased consumption
of protein-dense foods (Schmidt and Fang 2021). Importation of rice and wheat
comprised 24% of total agricultural products imported in the last years, with also a
growth in the importation of animal-sourced food, such as poultry and preserved and
prepared fish. However, importation data also suggest a rapid growth in the total
import value of processed (49% of total agricultural products imports) and ultra-
processed (almost 70%) foods (Schmidt and Fang 2021). This last growth in particular
is concerning, given the continuing growing evidence linking these foods with poor
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health, including greater risk of cardiovascular disease, hypertension, and cancer
(Baker et al. 2020; Elizabeth et al. 2020).

3.4. Disease burden

PNG, as a culturally diverse and low resource country, suffers with high mortality
countrywide, attributed to conditions of poverty, endemic infections, emerging
infections, non-communicable diseases (NCDs) and injuries (Figure 10) (Kitur et al.
2019). However, in a country where most deaths occur outside of health facilities, the
available health reports are limited and they do not represent the picture of the
country, so there is inadequate information regarding the burden of disease and cause
of death in PNG .

ISCHAEMIC HEART DISEASE

STROKE

CHRONIC OBSTRUCTIVE PULMONARY DISEASE
DIABETES MELLITUS

77.89

NEONATAL CONDITIONS
TUBERCULOSIS
LOWER RESPIRATORY INFECTIONS 29.57
MALARIA 27.87
DIARRHOEAL DISEASES 26.15
ASTHMA 20.99
ROAD INJURY 12.59

HYPERTENSIVE HEART DISEASE 12.48
RHEUMATIC HEART DISEASE : 12.21
INTERPERSONAL VIOLENCE 11.04
CONGENITAL ANOMALIES | 10.83

mmm Non-communicable diseases
mmm Communicable, maternal, perinatal and nutritional conditions

Figure 10. Leading Causes of Death in Papua New Guinea (top 15) for the year of 2019,
indicated in deaths per 100,000 population. Causes of death are grouped in non-
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communicable diseases (in blue), communicable, maternal, perinatal and nutritional

conditions (in red) and injuries (in green). Data obtained from WHO (2020).

More than half of deaths in PNG are caused by endemic infectious diseases, such as
malaria, pneumonia and diarrhea, in addition to conditions of poverty that lead to
maternal, child and nutritional problems (Gouda et al. 2013). These mortality causes
are more evident in provinces that are relatively remote, report high malaria cases and
have the highest all-cause mortality in PNG (Kitur et al. 2019). Malaria infection, in
particular, is shaped by the diverse landscape of PNG and human adaptation. For
example, in the population living above 1,300 m, the temperatures are too low for
sustained malaria transmission, and below 600 m partial immunity to infection was
acquired by the local population (Cleary et al. 2022). Gerbich blood group-negative
individuals showed resistance to infection by both Plasmodium falciparum and
Plasmodium vivax, as their red blood cells express a truncated form of the glycophorin
C receptor, which prevents these parasites to bind to the red blood cells (Zimmerman
et al. 1999). Hepatitis B virus (HBV) is also endemic in PNG, affecting around 8% of the
population (Kitau et al. 2015). Interestingly, the HBV strain found in PNG is unique to
this region (HBV/C3), as HBV codiverged with modern humans during early global
migration and unique strains can still be found in Sahul Indigenous populations (Yuen
etal. 2019). As the main HBV transmission route in endemic populations is via mother-
to-child for genotypes B and C infections (such as the one found in PNG), the HBV
genome analysis can be used to infer ancient human population movements,
corroborating the dates obtained from genetic and archeology studies (~50 kya) (Yuen
et al. 2019). Other devastating disease under positive evolutionary selection in PNG is
Kuru, an epidemic prion disease transmitted by endocannibalism and restricted to the
Fore population (Asante et al. 2015; Mead et al. 2009). Variants in the prion protein
gene were found exclusively in people who lived in the region in which kuru was
prevalent, which were found to provide strong protection against the disease in the

heterozygous state.

High mortality from emerging infections are linked to the Human Immunodeficiency
Virus (HIV), Tuberculosis, and Human Papilloma Virus (HPV) (Kitur et al. 2019). These

are highest in provinces that are accessible by the Highlands highway and National
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Capital District, as they facilitate travel between the provinces that report the highest
rates of sexually transmitted infections, such as HIV and HPV, responsible for deaths
from acquired immunodeficiency syndrome and cervical cancer in PNG (Coghlan et al.
2011; NDOH 2019).

Endemic (such as chronic respiratory diseases, cancers, renal failure, liver cirrhosis)
and emerging NCDs (such as diabetes, stroke, ischemic heart diseases, lung cancer)
are becoming more prominent than infectious diseases and conditions of poverty in
the provinces with higher socioeconomic status, such as the National Capital District
and the Highlands (Gouda et al. 2013). Modernization, including high rates of cigarette
smoking, inactivity and unhealthy diets are responsible for high rates of diabetes and

coronary heart diseases in these provinces (Chang et al. 2014; Rarau et al. 2017).

Injuries, including homicide, falls, road traffic accidents, bites of venomous animals,
fires, poisoning, and suicide affects males twice as much as females (Carter et al.
2016). The highest burden of injuries is reported in the provinces with the highest
rates of violence and road traffic accidents. More remote provinces in the highlands
have the highest rates of violence-related deaths, including homicide, while cities and
coastal areas record more deaths resulting from road traffic accidents and falls from
buildings (Gouda et al. 2013; Kitur et al. 2019).

3.5. Microbiome studies in PNG

Microbiome studies in PNG populations are few and are limited to the gut microbiota
of healthy individuals from different locations. Greenhill et al. (2015) used reverse
transcriptase real-time polymerase chain reaction to determine the prevalence of the
established important groups of bacteria in the gut microbiota of individuals from the
highlands and lowlands of PNG, living a predominantly traditional lifestyle.
Highlanders presented a higher diversity of bacteria detected, but both rural groups
showed similarities to those observed in other low-income settings where traditional
diets are consumed. Martinez et al. (2015) analyzed the 16S rRNA of the fecal
microbiota for two groups of highlanders from different locations of PNG, with a
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traditional way of subsistence. The gut microbiota of these groups was compared to
a group of individuals living in an industrialized country, USA. They concluded that
the fecal microbiota in PNG is more diverse (several bacterial lineages found in PNG
were undetectable in the USA cohort) but less individualized than in the USA, with the
bacterial species shared between the groups presenting vastly different abundance
profiles.
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The aim of this thesis is to characterize the ethnic diversity, population structure and
oral microbiome in PNG, an understudied population with one of the most unique
human biological diversities worldwide. This project will significantly impact the field
of human evolution by creating a more ethnically diverse microbiome and genomic
panels for Melanesian populations. Additionally, by integrating oral microbiome and
genetic methodologies, we aim to uncover the biological adaptation of the oral
microbiome in PNG populations living in a very heterogenous environment
(physical/pathogenic). To achieve this, the research work of this thesis was divided in

the following specific goals:

1. Characterization of the settlement of PNG

As a necessary introduction to the ethnic diversity observed in the region, we analyzed
complete Papuan mitochondrial genomes from across PNG to reconstruct the
phylogenetic and phylogeographic history of northern Sahul. We sought to shed some
light into four key points about the settlement of Sahul that remain debatable: the
number of groups of settlers involved in the settlement, the date of first human arrival,
the route(s) taken by the first settlers, and the population substructure following the

peopling of Sahul.

2. Evaluate the oral microbial diversity between the different regions of PNG

We performed the first known characterization of the oral microbiome in PNG
individuals living in different environments, comparing these results with microbiome
data obtained from other worldwide populations. We generated microbiome data by
both qualitative (Microbiome Array) and quantitative methods (non-human reads from
WGS), to characterize the oral microbiome patterns across the diverse PNG groups

living in different environments.

3. Associations between microbiome diversity and human genomic data
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We performed mbQTL analysis in a large a diverse PNG cohort to identify associations
between human variants (complete genomes) and microbial genera (non-human reads
of the WGS). Additionally, microbial functional profiling was inferred in a smaller
dataset of the oral microbiome data from PNG and other worldwide populations, to
detect the presence/absence and abundance of microbial pathways. This analysis
allowed to identify enriched pathways and the respective contributing species in the
Papuan populations versus the other groups.
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Abstract

New Guineans represent one of the oldest locally continuous populations outside Africa, harboring among the greatest
linguistic and genetic diversity on the planet. Archeological and genetic evidence suggest that their ancestors reached Sahul
(present day New Guinea and Australia) by at least 55,000 years ago (kya). However, little is known about this early
settlement phase or subsequent dispersal and population structuring over the subsequent period of time. Here we report 379
complete Papuan mitochondrial genomes from across Papua New Guinea, which allow us to reconstruct the phylogenetic
and phylogeographic history of northern Sahul. Our results support the arrival of two groups of settlers in Sahul within the
same broad time window (50-65 kya), each carrying a different set of maternal lineages and settling Northern and Southern
Sahul separately. Strong geographic structure in northern Sahul remains visible today, indicating limited dispersal over time
despite major climatic, cultural, and historical changes. However, following a period of isolation lasting nearly 20 ky after
initial settlement, environmental changes postdating the Last Glacial Maximum stimulated diversification of mtDNA
lineages and greater interactions within and beyond Northern Sahul, to Southern Sahul, Wallacea and beyond. Later, in the
Holocene, populations from New Guinea, in contrast to those of Australia, participated in early interactions with incoming
Asian populations from Island Southeast Asia and continuing into Oceania.
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in Papua New Guinea and 4 million in the western Indo-
nesian half of the island), with the highest density in the
intermountain valleys 1400—1850 m above sea level (masl).
This is one of the most bio-culturally diverse regions on
Earth [1] with more than 900 languages spoken, mostly
Papuan, but with some Austronesian languages arriving in
the last 3 ky [2, 3].

At the time of the initial arrival of modern humans at
least 50 kya [4] and substantially earlier [5], New Guinea,
Australia, and Tasmania were connected into a single
landmass called Sahul, until rising sea levels during the
Holocene 9 kya flooded the Torres Strait [6]. In present-day
geography, the Pleistocene Sahul continent can be divided
into Northern Sahul, representing New Guinea and Near
Oceania, while Southern Sahul corresponds to Australia.
New Guinea represents approximately a third of the Sahul
landmass and the most mountainous part of it, with peaks
reaching 4900 masl.

To reach Sahul, the initial settlers from Sunda had to
cross up to 90 km stretches of water between the Wallacean
islands using still debated southern and/or northern routes
via Timor and/or Sulawesi [7-10]. Bradshaw et al. [11]
modeled an initial population size of between 1300 and
1550 individuals for the peopling of Sahul, indicating this
was a planned crossing involving substantial numbers of
people. The eastern part of New Guinea was reached by 49
kya (Ivane valley [12]), the islands of New Ireland by 45
kya, involving a sea crossing of 50 km (Buang Merabak
[13]) and the North Solomons by 33 kya with an open sea
crossing of 80-180 km depending on the route taken (Kilu
cave on Buka island [14]).

New Guineans derive from a biological and cultural
mixture of these first Papuan settlers, who arrived around 50
kya [4], and mid-Holocene Austronesian groups closely
related to mainland East Asians [2], the latter having the
strongest impact on the coast of New Guinea and offshore
islands [2, 15-17]. However, early plant domestication and
an independent development of agriculture in Highland
New Guinea by 9 kya [I8] suggest a complex multi-
directional exchange of artifacts, plants, animals, and
technologies between New Guinea (e.g., banana and sugar
cane) and Island Southeast Asia (e.g., pigs and chickens)
starting from the mid-Holocene and possibly earlier
[19, 20].

Recent genomic data suggest that Indigenous Australians
and Papuans diverged from Eurasians 51-72 kya and from
each other around 10-32 kya [21]. A later divergence
between lowland and highland groups in New Guinea is also
attested from the postglacial warming period (10-20 kya)
with highland population growth following the spread of
plant cultivation around 9 kya [21, 22] and leading to the
expansion of Trans-New Guinea languages [23]. Strong
genetic differentiation among Papuan groups is observed

SPRINGER NATURE

today, with greater structure for the Y chromosome (paternal
lineages) than mitochondrial DNA (maternal lineages),
reflecting sex-specific cultural practices [22, 24-26].

These cultural and biological patterns result from the
almost 50 kya of Sahul isolation leading to independent
genetic and cultural evolution and diversification
[21, 23, 27, 28]. New Guineans and Aboriginal Australians
can be considered today as the descendants of the earliest
modern human group(s) to leave Africa, and are the
oldest locally continuous populations found outside Africa.
They are also the living groups with the highest traces of
archaic introgression from Denisovans (~4%), raising the
possibility of a Denisovan presence east of the Wallace
line [29], and possible genetic traces of a very early and
elsewhere extinct expansion of modern humans out of
Africa [27].

However, despite this exceptional context of New Gui-
nean population history, fewer than 20 Pleistocene sites are
known for all of New Guinea [30] and there are very limited
genetic data available, compared with other regions of the
world. Our understanding of the population dynamics that
led to the current situation in New Guinea is therefore still
largely unknown.

Here we report the largest mitogenome dataset for New
Guinea, including 379 new genomes, and investigate four
key points about the scenario of human arrival in Sahul that
are still unclear and contentious: (1) the number of different
groups of settlers involved, (2) the date of first human
arrival (65 kya and/or 50 kya; [4, 5]), (3) the route(s) taken
by the first settlers (northern and/or southern routes) [7-10],
and (4) the nature of population substructure following the
peopling of Sahul [22, 25, 26, 31-33].

Material and methods
Sampling and mtDNA sequence generation

The samples analyzed in this study were drawn from
populations across Island South East Asia, Oceania and
Australia. The dataset of 915 complete mtDNA genomes
(Tables S1, 82, and S3) includes mtDNA sequences com-
piled from (1) newly collected samples from Papua New
Guinea, (2) archival biological samples from the Institute of
Medical Research (IMR) of Papua New Guinea, and (3)
previously published studies.

A total of 123 DNA samples were collected during 2016
and 2017 field seasons in Papua New Guinea, and cover
individuals from all 22 Papua New Guinea provinces
(Table S1). All samples were collected from healthy unre-
lated adult donors after informed consent forms were
signed. In each sampling location, a full presentation of the
project was made, followed by discussion with each donor
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to ensure that they fully understood the project. Participants
were surveyed for language affiliation(s), current residence,
date and place of birth, and a short genealogy up to three or
four generations to establish regional ancestry. Saliva
samples were collected using the Oragene DNA Collection
Kit (DNA Genotek Inc., Ottawa, Canada). DNA was
extracted according to the manufacturer’s instructions.

A further 256 samples were selected from the IMR
archival biobank, derived from blood samples collected in
the 1980s, with new ethics approvals obtained in 2015.
These samples cover four highland provinces and one
coastal province (Table SI). DNA was extracted using the
DNA Blood Mini Kit (QIAGEN, Hilden, Germany) and
whole-genome amplified with the [llustra GenomiPhi V2 kit
(GE Healthcare, Chicago, IL, USA) following the manu-
facturer’s instructions.

Complete mitochondrial DNA sequences were generated
for all 379 new and archival samples using two approaches.
For 73 newly collected samples and 256 IMR samples,
complete mtDNA sequences were generated following the
protocol described in Brucato et al. [34]. Briefly, double
bar-coded libraries were prepared and enriched for mtDNA,
as described previously [35, 36]. For 50 newly collected
samples, complete mtDNA sequences were extracted from
whole genome sequencing performed at CNRGH, France
(Table S1). Sequencing libraries were prepared using Tru-
Seq DNA PCR-Free and TruSeq Nano DNA HT Kkits
depending on DNA quantity. 150 bp paired-end sequencing
was performed on the I[llumina HiSeq X5 System
(CNRGH). For all samples, consensus sequences were
obtained after base-calling, quality filtering, and further
quality control steps to obtain consensus sequences, as
described previously [37]. The 379 new complete mtDNA
sequences have been deposited in GenBank (http://www.
ncbi.nlm.nih.gov/genbank/) under accession numbers
MN849490-MNB849868.

A comparative dataset of 539 individuals was built by
compiling all of the published complete mtDNA sequences
affiliated with haplogroup P, Q, and M (M27, M28, M29)
described previously for people of Papuan ancestry
(Table S4). These sequences were identified by screening
the main web-based mtDNA databases: the DDBJ/EMBL/
GenBank international nucleotide sequence database, Phy-
lotree [38], and Family Tree DNA (htps://www.fa
milytreedna.com/). The final dataset includes 915 mito-
genomes from haplogroup P, Q, and M, including the 379
new and archival sequences from Papua New Guinea gen-
erated in this study (Tables S1-S3).

All new, archival, and comparative sequences were
analyzed and aligned against the revised Cambridge
Reference Sequence [39] using the MAFFT aligner v.7
[40]. Mitochondrial haplogroups were determined using
Haplogrep [41] based on PhyloTree Build 17 [38].

Mitochondrial DNA analysis

Phylogenetic relationships were analyzed by constructing
maximum parsimony (rees using the whole mtDNA
sequences affiliated with haplogroups of Papuan ancestry
M27 (n = 144 samples), M28 (n =173), M29°Q (n=361),
and P (n=302) (Figs. S1-S4), guided by published prin-
ciples [38].

To estimate the time to the most recent common ancestor
(TMRCA) of the clades, the maximum parsimony trees
were used for maximum likelihood (ML) estimations
(Table S4), by considering two widely used mutation rates
so that our estimates are comparable with published ones:
Fu et al. (mean = 2.67 x 10~° substitutions per site per year,
SD=2.6%x10") and Soares et al. [42] (mean = 1.67 x
10~* substitutions per site per year). These authors exten-
sively evaluated the effect of demographic effects, and, in
the latter case, also of selection effects, on their estimations.
It was not our aim to add another mutation rate to the ones
already available and extensively used. The Soares clock
accommodates the effects of purifying selection, tending to
attribute older ages that will function as the maximum limit
to our estimates. The mutation rate from Fu et al. [43] was
calibrated on radiocarbon dated ancient sequences, and the
used method provides inferences that minimize the effects
of rate temporal dependency, and will work here as the
minimum limit to our estimates. We performed the ML
estimates of branch lengths using PAML v.4 [44], assuming
the HKY85 mutation model with gamma-distributed rates,
excluding indels and hotspot mutations, as reported pre-
viously [38].

The timing of modern human arrival in Northern Sahul,
based on the mtDNA genomes analyzed in this study, was
estimated from the TMRCA of the main Papuan hap-
logroups using both the Fu and Soares mutation rates.
While confidence intervals estimated with either mutation
rate tend to overlap, we favor Fu et al. [43] age estimates
because they are based on directly dated fossils that are
within the time range of modern human evolution con-
sidered here. However, older age estimates given by the
Soares mutation rate cannot be ruled out. Thus, skeletal
representations of the tree (Fig. 1) were drawn using Fig-
Tree (tree.bio.ed.ac.uk/software/figtree/), with the tree
scaled using the ML TMRCA estimates using Fu et al.’s
[43] mutation rate.

The spatial frequency distribution of the main Papuan
haplogroups was estimated with the ESRI ArcGIS software
package (www.esri.com/software/arcview/), based on the
frequency data for each haplogroup and the latitude and
longitude of the center points for each of the seven regions
considered in this study (Near Oceania, Remote Oceania,
Coastal New Guinea, Highland New Guinea, Australia,
Wallacea, and Sunda) (Table S5). The frequency maps were
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Fig. 1 Genetic relationships and increasing population sizes across
Sunda and Sahul. a Seven geographical regions: coastal PNG (light
blue). highland PNG (dark blue), Near Oceania (pink), Remote
Oceania (red), Australia (Orange), Wallacea (light green), and Sunda
(dark green). b Tree of haplogroup P. Subclades are represented by
triangles, while single lineages are represented by lines. The tree is

created using the “Inverse Distance Weighted” (IDW)
option, with a power value of two for the interpolation of
the surface. IDW assumes that each input point has a local
influence that decreases with distance based on the
assumption that samples close to one another should be
more alike than those that are farther apart. However, as it
accounts only for the effects of distance, the color scale in
regions with few or no samples (e.g., Australia for hap-
logroups M28/27/29, Indonesia for haplogroup P and Q)
should not be considered as having high statistical con-
fidence. Details regarding the different haplogroup fre-
quencies in these regions should be verified in Table S5.
To assess effective population changes through time for
Papuan haplogroups (M27, M28, M29°Q, P), Bayesian
Skyline Plots (BSPs) were calculated using BEAST v.1.8
[45] and visualized with Tracer v. 1.6 (http://beast.bio.ed.ac.
uk/Tracer). A 25-year generation time was assumed [46].
BSPs estimate the effective population size through time
using random sequences from a given population but have
also proved effective with individual haplogroup data. For
this analysis, we used Fu's mutation rate. BEAST uses a
Markov chain Monte Carlo (MCMC) approach to sample
from the posterior distributions of model parameters
(branching times in the tree and substitution rates). Speci-
fically, we ran 100,000,000 iterations, with samples drawn
every 10,000 MCMC steps, after a discarded burn-in of
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scaled to kya (thousands of years ago) using the maximum likelihood
molecular clock for the whole mtDNA genome with the mutation rate
of Fu et al. (details of age estimates are reported in Table S1). ¢ Tree of
haplogroups M and Q. d Bayesian skyline plot representing median
estimates of effective population size for each the seven geographic
regions based on P. M, and Q mtDNA lineages

10,000,000 steps. We checked for convergence to the sta-
tionary distribution and sufficient sampling by inspection of
posterior samples.

Results
Haplogroup affiliation in Northern Sahul

Of the 379 new complete mtDNA genomes, 28 individuals
(7.4%) are affiliated to nonindigenous Northern Sahul
haplogroups B4alal (n=25) and Ela (n=3) and their
descendant lineages. These haplogroups are only detected in
the coastal region of New Guinea and the Bismarck
Archipelago (Table S1 [47, 48]), while their ancestral
lineages are thought to have entered the New Guinea region
from mainland Asia following postglacial and/or Aus-
tronesian expansions in the early and mid-Holocene,
respectively [48-50]. Overall, their current distribution
demonstrates limited penetration inland into New Guinea
itself in agreement with previous studies [47, 48, 51-53].

The remaining 351 mtDNA genomes include two minor
indigenous haplogroups from Northern Sahul, R14 and
M73 [54, 55]. Each present in only one highland PNG
individual, they are too rare to be informative in the frame
of this study and were not analyzed further.
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The vast majority of the mtDNA genomes, 349 (92% of
379), are affiliated with the main indigenous Northern Sahul
haplogroups—M27 (1.3%), M28 (<1%), M29 (<1%), Q
(47%), and P (43%). Considering the entire dataset
(Table S5). these indigenous lineages represent 1818 (57%)
individuals in Northern Sahul (M27 8.2%, M28 8.8%, M29
1.5%, Q 25%, and P 13.5%); a number that rises to 2200
when all regions worldwide are considered. These indigen-
ous Northern Sahul haplogroups are the focus of this study.

Northern Sahul phylogeography

The geographic distribution of the major indigenous hap-
logroups from northern Sahul (M27, M28, M29, Q, and P)

A
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Fig. 2 Spatial distribution of main Sahul mtDNA haplogroups. Inverse
distance weighted interpolation shows areas with higher frequencies in
darker shading, taking into account only the effects of distance (color
scale in regions with few or no samples should not be considered as

reveal strong geographic patterns for each of the five hap-
logroups (Fig. 2a—e), centered on northern Sahul, where
they harbor—except for some P subhaplogroups—their
greatest frequency and diversity (Figs. 1 and S1-S4).
However, when we look in more detail at the geographic
distribution of their subclades, associated phylogenetic trees
and coalescence age estimates (Table S4, Figs. 1 and S1-
S4). we can identify three main groups of indigenous
Northern Sahul lineages.

The first group includes haplogroups M27, M28, and
M29, which are almost exclusively found in Near Oceania
(e.g., the Bismarck and Solomon archipelagos), and may
have originated in this region as they are most diverse
and frequent here (Tables S1, S2, S5 and Fig. 2a-c;
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_
A0 1000Km
Madagascar 4 * :

Legend
00000 - 0 0035
00636 - 0 007
00071 - 00106

00107 - 00141

0014z 00178

00177 - 002

00203 - 00247

(N 00348 - 0 053

| [TETRTH

e 3 Haplogroup P

1,000 Km

Madagascar

A Papuan New Guinea - Coastal

A Papuan New Guinea - Highlands

& Near Oceania
A Remote Oceania

having high statistical confidence). Data details are provided in
Table S5 and the triangles represent the central point for each region
used in the interpolation. a Distribution of haplogroup M27. b Hap-
logroup M28. ¢ Haplogroup M29. d Haplogroup P. ¢ Haplogroup Q
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[47, 48, 52, 56]). These haplogroups are absent from Aus-
tralia, and are rare (<1%) in the highlands of Papua New
Guinea and in Remote Oceania (Table S5), whose lineages
root in haplotypes found only in the Bismarck and Solomon
archipelago. From their age estimates (Table S4), hap-
logroups M27, M28, and M29 found outside Near Oceania
appear to be related to increasing population interactions
within the region during the mid-Holocene.

Coalescence ages estimated for M29°Q ~55 kya (95% CI
42-67 kya) and M27 ~51 kya (95% CI 40-62 kya) are in
broad agreement with dates for the first settlement of Sahul
from archeological and genetic data [4]. At ~32 kya (95%
CI 22-42 kya), the M28 age estimate is close of the
beginning of the Last Glacial Maximum (28 kya). Long
branches on the phylogenetic tree for haplogroups M29,
M27a,b,¢, and M28 may suggest long-term isolation with-
out expansion for these lineages after their initial arrival in
the Bismarck and Solomon archipelagos (Fig. 1), while
other explanations for this pattern—unsampled diversity or
lineage disappearances—cannot be fully ruled out.

The next main lineage diversifications took place around
the transition period between the Last Glacial Maximum
(28-18 kya) and the postglacial warming period (18-10
kya) [18, 57] (M27a: 18 kya, M27b: 17 kya, M28a: 19 kya,
M28b: 24 kya, M29: 18 kya) and extended into the Holo-
cene period of increasing population interaction (Figs. S1-
S3 and Table S4). All derived lineages arising from these
two expansions periods are clustered geographically, sug-
gesting limited dispersal over time despite major climatic
and historical changes.

The second group includes haplogroup Q and its sub-
haplogroups Q1, Q2, and Q3, all of which have their
greatest frequency and diversity in Northern Sahul (high-
land and coastal New Guinea and Near Oceania) (Figs. 1,
S3, and 2e; [48, 49]), suggesting probable origins within
this region. Phylogenetic analysis indicates that the Q
branch diverged from M29'Q around ~55 kya (95% ClI
42-67 kya), and that after a period of isolation of nearly 15
kya (long branch, Fig. 1), the Q haplogroup diversified into
three subhaplogroups around 38 kya (95% CI 28-52 kya), a
time between initial settlement and the Last Glacial Max-
imum (28-18 kya). Haplogroup Q2 in Near Oceania and Q3
in highland New Guinea show diversification early in the
Last Glacial Maximum period, ~30 kya (95% CI 20-40
kya) and 28 kya (95% CI 20-36 kya) respectively, while Q1
in Highland and coastal New Guinea and Near Oceania
diversified at the end of Last Glacial Maximum ~19 kya
(95% CI 15-22 kya). As seen for M27, M28, and M29,
derived lineages of these subclades have tended to stay in
the same geographical region with little evidence of
spreading across Northern Sahul.

Haplogroup Q1, with a coalescence age estimate of ~18
kya, shows geographic clustering, with highest frequency
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and diversity in highland New Guinea (Qla, Q1f, and >10
related but unnamed subclades) and Near Oceania (Ql1b,
Qlc, and Qle). Few lineages rooted in these sub-
haplogroups are detected outside Northern Sahul. These are
found in the Sunda and Wallacea islands (Q1d, also Taiwan,
Philippines, and Madagascar), in northern Australia (Qla),
and in Remote Oceania (Qlb, Qle, and QIf subclades in
the Solomon Islands, Vanuatu, Fiji, Samoa, and the Cook
Islands). All have coalescence ages within the postglacial
warming period (18-10 kya) or following the Holocene.
The three Q1 lineages present in Australia were all identi-
fied in individuals with Torres Strait Islander ancestry,
which are known for their close links with New Guinea
[32], and are associated with the Q1 subclade expansion
during the postglacial warming period (18-10 kya)
(Fig. S3).

Haplogroup Q2 has a coalescence age estimate at ~30
kya, and is also strongly geographically structured, with
greatest diversity and frequency in Near Oceania, particu-
larly the Bismarck Archipelago. This is in agreement with
proposed demographic expansions following the initial
settlement of New Britain around 35 kya [58]. Diversifi-
cation of this haplogroup began in the post-Last Glacial
Maximum period and continue into the Holocene, but was
largely restricted to Near Oceania. However, a few lineages
have been observed in Remote Oceania with coalescence
ages in the late Holocene (Fig. S3 and Table S4). We
confirm the presence of Q2b in one western Indigenous
Australian. This mtDNA haplotype branches deeply within
the Q clade [54] and may reflect earlier connections (pre-
dating the Last Glacial Maximum, Fig. S3) between
Northern and Southern Sahul populations.

Haplogroup Q3 shows a similar pattern, with a dis-
tribution center in the highlands of New Guinea, where it
has its higher diversity and a coalescence age of ~28 kya
(early in the Last Glacial Maximum period). However,
several Q3a and Q3b subclades have been detected in
coastal New Guinea (Q3-215 ~21 kya, preQ3b ~16 kya,
Q3b ~7 kya), Near Oceania (preQ3b ~16 kya) and Timor
(Q3-215 ~21 kya), all associated with coalescence ages
from the end of the Last Glacial Maximum (28-18 kya),
postglacial warming or Holocene periods (Table S4 and
Fig. $3). Of particular note, the Q3 lineages shared between
Timor and coastal New Guinea are deep branching and have
a coalescence age of ~21 kya (Table S4 and Fig. S3) within
the late Last Glacial Maximum period, reflecting a possible
ancient connection between the island zone around Timor
and continental Northern Sahul [55].

The third group includes haplogroup P, with a coales-
cence age of ~51 kya (95% CI 44-60 kya), and its
numerous subhaplogroups (P1-P12) (Phylotree.org). Hap-
logroup P has clades with deep branches rooted in the basal
P clade, distributed across Southern Sahul (P3a, P3b2, P4b,
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P5, P6, P7, P8, new Pl3a (P-153G, Fig. S4)) and Northern
Sahul (P1, P2, P3bl, P4a, new PI3bl). This lineage has
also been identified outside Sahul in the Philippines (P9 and
P10 in the Aeta and Agta indigenous groups), suggesting
that the P haplogroup may have evolved in Sunda or
Wallacea (Fig. 1, Table S4, and Fig. S4) [55].

Both Northern and Southern Sahul P haplogroups have
old coalescence ages (around 50-45 kya, 95% CI 32-62
kya) (Table S4) some probably related to the early settle-
ment period P4 ~50 kya (95% CI 42-58 kya), P6 ~50 kya
(95% CI 41-58 kya), Pre-P1 ~49 kya (P-16176T) (95% ClI
38-60 kya), P-13: ~49 kya (95% CI 34-64 kya), pre-P8 ~48
kya Pre-P1 (95% CI 33-62 kya), P2'P10 ~47 kya (95% ClI
35-58 kya), P9 ~43 kya (95% CI 30-55 kya), P3 ~41 kya
(95% CI 32-50 kya). In general, P haplogroups diversified
earlier in Southern Sahul (older coalescence age) than in
Northern Sahul, which occurred from the end of the Last
Glacial Maximum through to the postglacial and Holocene
periods, followed by long-term isolation (long branches on
the tree) (Table S4 and Fig. 1). While some rare sharing of P
lineages within and outside Sahul suggest some level of
population interaction (discussed below), most derived
lineages are geographically clustered (Figs. 1 and S4; for
Southern Sahul haplogroups, see [31-33, 54]).

Interestingly, haplogroup P includes some subhaplogroups
restricted to Southern or Northern Sahul, but distantly con-
nected as diverging from the same root P haplogroups (Fig. I,
Table S4, and Fig. S4). Coalescence ages and phylogenetic
reconstructions suggest two unexpected pattern for these
haplogroups, due either to the sharing of an ancestral popu-
lation or a signature of ancient population connections
between Southemn and Northern Sahul.

On one hand, Northern Sahul hosts specific P hap-
logroups such P1, P2, P4a, and P13b, which are both more
frequent and diverse in highland New Guinea, supporting
their possible emergence/diversification in this region.
These lineages have coalescence ages dating back to the
early settlement phase, before 45 kya (Fig. 1, Table S4, and
Fig. S4). These ancient P haplogroups specific to northern
Sahul (P1, P2, P4a, and P13b) diverged from their sister
Southern Sahul haplogroups within a very restricted time
window (5045 kya). Indeed. we observed that P1, P2, P10,
and pre-P8 are related (Figs. 1 and S4). They diverged
around 49 kya (95% CI 38-60 kya), in separate clades that
today are geographically isolated: P10 in Wallacea, P2 and
P1 in Northern Sahul, and pre-P8 in Southern Sahul. A
similar pattern of an early split is observed for P4: ~50 kya
(95% CIl 42-58 kya) between the Northern (P4a) and
Southern (P4b) Sahul subhaplogroups; and for P-13: ~49
kya (95% CI 34-64 kya) between the Northern (P13b) and
Southern (P13a) subhaplogroups. This pattern suggests
Northern and Southern Sahul populations shared an
ancestral population that harbored high P diversity.

On the other hand, P1 haplogroups, the most frequent
and diverse P haplogroup in Northern Sahul, are dominated
by lineages diverged from highland New Guinea P1 hap-
logroups during the Last Glacial Maximum (18-28 kya) and
spread geographically to other regions during the Last
Glacial Maximum and postglacial periods: coastal New
Guinea (Madang, P1d2 19 kya, P1d1 18 kya, and P1d5 16
kya), Near Oceania (Solomon Islands, Plg 26 kya,
P1-152C 26 kya, P1d2 19 kya, and P1dla 18 kya), Remote
Oceania (Tonga, Fiji, Polynesia, P1d2 19 kya), Wallacea
(Timor, P1-152C 26 kya, P1d 24 kya, P1d3 23 kya, P1d2
19 kya and Maranao in the Philippines, and Pldlc 17 kya)
and Australia (P13b2 25 kya, P1-152C 26 kya; Torres strait
ancestry individuals, Nagle et al.). Similarly Australian
carriers of P3b1 have a Northern Sahul origin, supported by
their Torres Strait ancestry and clustering with highland
New Guinea P3b2 [31].

Demographic expansions

These settlement and expansion dates are corroborated by
Bayesian skyline estimates obtained for each of the seven
geographical regions when focusing only on P, M, and Q
diversity (Fig. 1d). Near Oceania has the first population
increase, starting soon after initial settlement (55 kya), while
Australia displays a substantial population increase at a
slightly later time but still in the same time frame. Coastal and
highland New Guinea populations show smaller population
increases at the same time as Near Oceania. We note that
BSPs for Australia only include haplogroups shared with
Northern Sahul (P haplogroups), which represents just a third
of Indigenous Australian diversity [31-33]. However, this still
represents a reasonable proxy for Australian diversity as all
Australian lineages (O, P, S, and M) seem to show the same
general process of expansion beginning ~50 kya following
initial settlement of Australia [31-33].

All Sahul regions show population expansions in the
postglacial warming period (18—10 kya), including within
those lineages that later contributed to the initial settlement
of Remote Oceania. Notice that Bayesian skyline estimates
for Sunda and Wallacea are less reliable as these regions
have many other haplogroups than those focused on here,
and thus cannot be readily compared with inferences for
northern Sahul where P, M, and Q comprise almost 100%
of the local diversity.

Discussion

First phase of Sahul settlement

This study shows that the mtDNA diversity of Northern
Sahul does not originate from Southern Sahul. This is
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supported mainly by the fact that (1) mtDNA lineages found
in New Guinea are not derived lineages of those found in
Southern Sahul (Figs. 1 and S4), (2) the two regions of
Northern and Southern Sahul host different deep rooted
lineages with strong geographic structuring (Northern
Sahul: M27, M28, M29, Q2, P1, P2, P10, P4a, and P13b;
Southern Sahul: O, S, N13, M42a’c, P5, P6, P7. P8, and
other P), and (3) all of these haplogroups are rooted in the
age range of the initial settlement phase of Sahul (>50 kya),
supported by most archeological and genetic evidence
[4, 5, 30]. A similar rationale can be used to support the
view that Southern Sahul mtDNA diversity is not derived
from Northern Sahul diversity (Figs. 1 and S4 [31-33]).

The different origins of the Northern and Southern Sahul
mtDNA profiles could be explained by two main hypoth-
esis. Either (1) ancestral Sahul settlers carried all of the
major haplogroups, and during their rapid dispersal within
Sahul, carriers of specific haplogroup settled different
regions, or (2) two (or more) groups of settlers carrying
different haplogroup sets both reached Sahul during the
early settlement phase (>50 kya), with one group settling
Southern Sahul and the other group Northern Sahul.

The most parsimonious explanation, when considering
the phylogeographic. phylogenetic, and coalescence age
results, favors the second hypothesis: two (or more) groups
of settlers likely originating from a common ancestral
Sunda population. Indeed, (1) it is unlikely that a single
group of settlers carrying all ancestral haplogroups could
alone explain the strong geographic structure observed
today—with two different profiles of ancestral lineages in
Southern and Northern Sahul not derived from each other—
either by a peculiar settlement pattern or genetic drift. (All
haplogroups found in Northern Sahul would have to have
been lost in Southern Sahul, and vice versa). (2) There are
differences in age estimates of some of the Northern and
Southern haplogroups suggesting different timings of arri-
val for various haplogroups. (3) Today, the oldest Sahul
haplogroups M29°Q (~55 kya, 95% CI 42-67 kya) and
M27 (~51 kya, 95% CI 40-62 kya) are restricted to the
eastern part of Northern Sahul (Table S4 [47]). This is in
line with different demographic expansion times in North-
ern and Southern Sahul, possibly related to at least two
separate dispersal events (Fig. 1d). This finding is consistent
with recent migration modeling suggesting entry points into
both northern and southern Sahul were likely [7, 9].

Regarding the ancestral populations of Sahul, nuclear
data support a common ancestral population of Northern
and Southern Sahul settlers located in Sunda [21]. Strong
population structure within this Sunda population can be
postulated based on mtDNA diversity patterns (e.g., P
haplogroup diversification with deep rooted P lineages
found in Sunda, Northern, and Southern Sahul). Autosomal
data is therefore more in agreement with the hypothesis of
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two groups of Sahul settlers carrying different mtDNA
lineages.

Regarding the routes used by the first settlers, our results
do not allow us to disentangle the use of a northern (via
Sulawesi and the Bird’s Head of New Guinea) or southern
(via Timor and the northwest shelf of Australia) routes into
Sahul, which from paleogeographic, environmental, and
demographic reconstructions are both possible [7-10].
However, in the event of the arrival of two Sahul settler
groups, the one leading to the settlement of Northern Sahul
ending in the Bismarck archipelago may favor an origin
within the maritime and coastal adapted cultures of Walla-
cea, and thus the use of the northern coastline route [10].
Similarly, the group leading to the settlement of Southern
Sahul may favor the southern route across the savanna
corridor running from Sunda (the Java plain) to Sahul (the
Arafura plain) [59]. The use of both routes is finding some
support in archeological evidence, with sites >40 kya old
located along both paths [30]. However, lineages shared
between Northern Sahul and Australia (Q2b, 30 kya), Timor
(Q3-215, 21 kya) and Sunda (QId 14 kya) suggest that a
southern route of interaction was active at a later period,
possibly reflecting the more ancient settlement path [7].

Regarding the timing of the initial settlement of Sahul,
while old age estimates of lineages agree with settlement
over a rather narrow time window (5545 kya), the detailed
scenario is still unclear. The suggested 65 kya human
occupation of Madjebebe (Northwestern Australia [5]) sits
within the range of confidence intervals for some of the
oldest Sahul haplogroups (M29°Q: 42-67 kya, M27: 40-62
kya) regardless of the mutation rate used (Table S4 and
Fig. 1). On one hand, some of our results favor an early
arrival of Near Oceania ancestors, based on the older age
estimate of some northern Sahul haplogroups (M27, S1kya;
M29'Q, and 55kya; Table S4) and early Near Oceania
demographic expansions (Fig. 1d). On the other hand, the
phylogeny of the P1, P2°P10, and pre-P8 cluster suggest
that Southern Sahul haplogroup emerged earlier (pre-P8,
48kya) than Northern Sahul and Sunda related haplogroups
(P2°10, 47kya). However, several potential biases—a lim-
ited number of southern haplogroups used for the Bayesian
skyline analysis, demographic expansion occurring in
Sunda rather than in Sahul, lineages lost in the last 50 kya
and blurring the original demographic signal—do not allow
clearer genetic timings.

The scenario we might postulate from these results
suggests (1) the diversification of ancestral Sahul lineages in
a population located in Sunda, (2) two (or more) dispersal
events to Sahul within the same narrow time frame around
45-55 kya, (3) a dispersal to Sahul of a group of settlers
carrying lineages observed today in Northern Sahul (M27,
M28, M29°Q, P1, P2, P4a, P10, P13b), (4) another dispersal
to Sahul of a group of settlers carrying the lineages
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observed today in Southern Sahul (O, S, N13, M42a’c, P5,
P6, P7, P8, and other P), and (5) an absence of detectable
interactions (such as shared lineages and admixture)
between Northern and Southern Sahul groups during the
initial settlement phase and the following 20 ky years, until
contacts increased after the Last Glacial Maximum.

Regionalism and isolation in Northern Sahul

Phylogeographic and phylogenetic analyses of northern
Sahul haplogroups show strong geographic clustering of the
different haplogroups and their derived lineages, suggesting
that populations were structured early after the initial set-
tlement of Northern Sahul (Figs. 1 and S1-S5). This is in
good agreement with the nomadic sedentism and strong
territoriality observed today in New Guinea societies
[23, 60]. It also mirrors the “regionalism™ observed in the
mtDNA lineages of Indigenous Australians [33], suggesting
that Northern and Southern Sahul populations exhibited
similar regionalism patterns.

The main differences between Northern and Southemn
Sahul reflect the date at which this strong geographic structure
appeared. Southern Sahul haplogroups (e.g.. P, O, S, and
M42a’c) show rapid diversification following initial arrival in
their new environment, and then to a large extent, geographic
stability with few large scale movements over the last 55 ky
(Figs. 1 and S4 [33]). In Northern Sahul, haplogroups show
more diverse patterns. In Near Oceania, haplogroups M27,
M28, and M29 exhibit a geographic distribution restricted to a
small geographical region over the last 55 ky, similar to that
observed in Southern Sahul. On New Guinea, however,
haplogroups Q and P and their derived lineages also have a
restricted geographic distribution, but (1) this structure arose
more recently in the Last Glacial Maximum, postglacial and
Holocene periods, and (2) the structure resulted from both
local lineage diversification and the arrival of new lineages
from external regions, indicating some degree of movement
within and beyond Sahul from the mid-Pleistocene onwards
(Figs. 1 and S3, S4).

Another difference between Southern and Northern Sahul is
the period of lineage isolation (longer branches on the tree with
greater accumulation of mutations) before diversification.
Following the initial settlement of Northern Sahul by 50 kya
(Ivane valley 49 kya, Buang Merabak 45 kya [30]), we
observe a pause of around 20 ky before most Northern Sahul
lineages diversified (Figs. 1 and S1-S4). This suggests an
unusual pattern: human occupation of a new territory without a
concomitant genetic signal of demographic expansion. Diver-
sification instead first occurred during the Last Glacial Max-
imum period (M28 32 kya, Q1 18 kya, Q2 30 kya, Q3 28 kya,
P1 30 kya, and P2 19 kya), and may have been triggered by
environmental changes such as the landmass increase during
the Last Glacial Maximum (28-18 kya [57, 59]). This later

diversification period is also confirmed by distantly connected
P subhaplogroups, which show later diversification in New
Guinea (P4a 21 kya, P13b 19 kya) compared with their sister
haplogroups in Southern Sahul (P4b 38 kya, P13a 40 kya),
although all are present from the initial settlement period.

The reasons behind this observed longer isolation
(Figs. 1 and S1-54) and later diversification (Table S84) of
many Northern Sahul haplogroups has still to be clarified,
and is surprising considering the rapid adaptation of the first
settlers to the new fauna, flora, and environments (tropical
rainforests, semiarid plains, and upper mountain grasslands)
encountered in New Guinea and Australia [30]. However, a
combination of factors may have delayed population
expansion in New Guinea itself—a harsh environment in
northern mountainous Sahul, and greater shellfish coastal
resources, competition with other occupants (e.g., mega-
fauna or other members of the Homo genus)—or signals
from this early period may have been lost in the current
mtDNA gene pool.

Dispersal episodes from Northern Sahul

Northern and Southern Sahul lineages underwent a period
of diversification immediately following initial settlement,
and then subsequently during the Last Glacial Maximum,
postglacial and Holocene periods (Figs. 1 and S1-54).
Some of the derived lineages resulting from these events are
found outside their region of origin, and provide clues to
ancient population interactions. This case is even more
informative for Northern Sahul. While Southern Sahul
haplogroups have very limited geographic ranges within
Australia (expansion of the O2 derived lineage in the
Holocene, and re-expansion in the Western central desert in
postglacial period around 15 kya) [33], the Northern Sahul
lineages show a much wider geographic range of expansion,
also reaching Southern Sahul, the far east (Remote Oceania)
and the far west (Sunda).

Northern Sahul hosts haplogroups that have locally
diversified within New Guinea (P1 QI, Q3) and Near
Oceania (M27, M28, M29, and Q2), and from which a
limited number of derived lineages have spread in neigh-
boring regions (Figs. S1-S4 and 3).

First, our data support population interactions in both
directions between New Guinea and Near Oceania, starting
from the end of the Last Glacial Maximum and continuing
into the postglacial and Holocene periods. New Guinea
lineages are found in the neighboring region of Near
Oceania, including preQ3b (16 kya), Qlb,c.e (14-5 kya),
and several P1 subhaplogroups (26-18 kya). Lineage P1d2
was later carried into Remote Oceania during late Holocene.
Near Oceania lineages spread within the same periods into
New Guinea (M28a8 17 kya, Q2a4 12 kya, M29ab 9-2
kya) and later to Remote Oceania (M29a,b around 2 kya).
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Fig. 3 Proposed movements of maternal lineages P, M, and Q. Dark
shading represents modern coastlines; light shading illustrates the
extent of the Sunda continent at the Last Glacial Maximum. Red
octagrams represent the probable approximate origins of haplogroups.

This is in agreement with archeological evidence, which
supports some level of connection between New Guinea
and Near Oceania from the end of the Last Glacial Max-
imum (around 23 kya) based on animal, plant, and object
(e.g., obsidian) translocation [23]. Interestingly, we did not
detect genetic interactions for the earlier period lasting from
the first settlement of Near Oceania 45 kya (Buang Merabak
[13]) to the end of Last Glacial Maximum (18-30 kya). This
may suggest that after being reached 45 kya by crossing the
Vitiaz Strait from mainland New Guinea, this region of
Near Oceania remained largely isolated from the rest of
Sahul for more than 20 ky, despite the absence of known
barriers that humans had already overcome to reach Near
Oceania in the first place [61].

Second, our results also attest long-term interaction
between Northern Sahul and Northern Australia from early in
the Last Glacial Maximum (30 kya) to postglacial periods
(18-10 kya), but in a unidirectional manner (from Northern to
Southern Sahul). Indeed, haplogroups from New Guinea (P3b
36 kya, P1-152c¢ 26 kya, P13b 20 kya, Q1la 15 kya) and Near
Oceania (Q2b 30 kya) are present in Northern Australia. This
result broadly matches those obtained from Y chromosome
[26] and nuclear [21] data, although the Y chromosome
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.

Arrows represent probable migration paths during: a the initial set-
tlement of Sahul (~50 kya; green); b the Last Glacial Maximum (~28
kya; blue): ¢ the posiglacial warming period through to the Holocene
(~18 kya; pink); and d the Late Holocene (~3.5 kya: orange)

supports a much more recent split (9-12 kya) between
Papuans and Indigenous Australians than nuclear DNA
(1032 kya [21]). Our mtDNA results indicate that interaction
between New Guinea and southern Sahul stopped before the
Holocene and before the geographical separation between
Australia and New Guinea (6-8 kya) [6].

Third, Northern Sahul haplogroups from New Guinea are
detected in Wallacea from the Last Glacial Maximum and
postglacial warming periods onward (Timor Q3-215 21 kya,
P1 subhaplogroups 19-26 kya), as well as on major regional
islands (Qld 14 kya in Taiwan and Q1d and Pldlc 17 kya in
Philippines). Lineages moving during the last 30 kya from
Northern Sahul to the Wallacea and Sunda regions would
have been mediated by maritime interactions, in agreement
with the “voyaging corridor” hypothesis and an increase in
maritime interactions between Northern Sahul and Island
Southeast Asia from the end of the Pleistocene [50, 62].

Conclusions

To summarize, our results suggest that lineage dispersals
from Northern Sahul likely result from environmental
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changes related to the Last Glacial Maximum and post-
glacial periods. In the former period, colder, and dryer
conditions in Northern Sahul led to increases in the Sahul
landmass and may have motivated population movements
within and outside this region without strong associated
demographic expansions (Fig. 1d). Consistent with the
limited range of lineages involved, this may reflect refugial
movements (Figs. 1 and S1-S4). The more favorable con-
ditions of the postglacial warming period (10-18kya) led to
demographic expansion and accentuated lineage diversifi-
cation (Fig. 1d), leading to the geographic dispersal of
Northern Sahul lineages within and outside Sahul. Rising
sea level during the Holocene saw an intensification of this
pattern with geographically restricted demographic expan-
sions, and ultimately, Pacific settlement from Near Oceania.

The maternal history of populations from Northern
Sahul, one of the oldest continuous populations outside
Africa, thus sheds light on the population history of this
region. This study proposes an initial arrival to Sahul of two
groups of settlers within the same broad time window
(50-65 kya). each carrying a different set of maternal
lineages, with one group settling Northern Sahul (New
Guinea and Near Oceania), and one Southern Sahul (Aus-
tralia). Following a period of a least 20 ky of relative iso-
lation of Northern Sahul population, the cause of which is
still unclear, the postglacial period after 30 kya stimulated
lineage diversification and greater interactions within and
beyond Northern Sahul, to Australia, Wallacea, and beyond.
These lineage dispersals did not, however, erase the strong
geographic structuring of the maternal lineages visible in
Northern Sahul, which persists to the present.
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Abstract

The oral microbiota is a highly complex and diversified part of the human microbiome.
Being located at the interface between the human body and the exterior environ-
ment, this microbiota can deepen our understanding of the environmental impacts
on the global status of human health. This research topic has been well addressed in
Westernized populations, but these populations only represent a fraction of human
diversity. Papua New Guinea hosts very diverse environments and one of the most
unique human biological diversities worldwide. In this study we performed the first
known characterization of the oral microbiome in 85 Papua New Guinean individuals
living in different environments, using a qualitative and quantitative approach. We
found a significant geographical structure of the Papua New Guineans oral microbi-
ome, especially in the groups most isolated from urban spaces. In comparison to other
global populations, two bacterial genera related to iron absorption were significantly
more abundant in Papua New Guineans and Aboriginal Australians, which suggests
a shared oral microbiome signature. Further studies will be needed to confirm and

explore this possible regional-specific oral microbiome profile.

Luisa Pereira and Frangois-Xavier Ricaut should be considered joint senior authors.

This is an open access article under the terms of the Creative Commaons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

In recent years the field of host-associated microbes has greatly
increased due to a desire to understand how the microbiome im-
pacts a broad array of hosts, such as animals, plants and algae
(Parfrey et al., 2018). Microbes have been shown to be involved in
host immunity, digestion and nutrient scavenging activities, facil-
itate metabolism and cellular growth, regulate behaviour, and re-
lease microbial toxins, among others (Miller et al., 2021). However,
the first step in understanding host-microbiota dynamics is to
identify the composition of the microbiome, and for that unique
microbiomes across diverse host populations must be studied
(Parfrey et al., 2018).

The human oral microbiota is one of the most complex microbial
communities in the human body, colonized by around 700 different
types of microorganisms (Lamont et al., 2018). Awareness of the role
of oral microbes in health and disease has been increasing, not only
in its obvious relation to oral diseases, such as periodontal disease
(Costalonga & Herzberg, 2014) and oral cancer (Wang & Ganly, 2014),
but also in how it relates to systemic (Graves et al., 2019), cardio-
vascular (Bryan et al., 2017) and gastrointestinal diseases (Flemer
et al, 2018). The oral microbiome is formed mainly by bacteria,
but it also contains lower amounts of fungi, viruses, archaea, and
protozoa. The top bacterial phyla detected in the oral microbi-
ome are Firmicutes, Fusobacteria, Proteobacteria, Actinobacteria,
Bacteroidetes and Spirochaetes (Deo & Deshmukh, 2019), but abun-
dance of these taxa differs between populations. Several studies on
oral microbiome have been performed for Westernized populations
(Burcham et al., 2020; Nasidze et al., 2009), which have been asso-
ciated with a specific Western diet, low in fibre and fruit and high in
refined sugars and fat (Cordain et al., 2005), but also in more remote
populations, such as Mative South Americans (Contreras et al., 2010),
native Alaskans (Li et al., 2014), Philippines hunter-gatherers (Lassalle
et al., 2018) and Batwa Pygmies (Nasidze et al., 2011). These stud-
ies revealed a high diversity in oral microbiome within and between
the different populations. Different environments, lifestyles, eating
habits, or genetic background are possible reasons for these varia-
tions (Li et al., 2014; Mousa et al., 2022).

Papua New Guinea (PNG) is one of the most culturally diverse
and least urbanized countries in the world, with over 800 spoken
languages and thousands of ethnic groups (Pawley et al., 2005).
It also hosts a very high human genetic diversity (Brucato
et al., 2021), including the highest proportion of archaic intro-
gressions from Denisovans (~4%) in the world (Jacobs et al., 2019;
Reich et al., 2011). The majority of Papua New Guineans live in a
semi-traditional way with an agriculture-based diet, including sago,
sweet potato, taro, cassava, yam, rice, maize, breadfruit, various
nuts, sugarcane, pig, chicken and fruits, like coconut, banana and
pineapple (Schapper, 2017). The PNG populations have a history

of low levels of protein consumption, which has been improving in
the last years with an increase in the importation of poultry and fish
(Schmidt & Fang, 2021). However, with the importation of animal-
sourced foods there has also been an increased importation of ultra-
processed foods, and meals containing higher saturated fat (Schmidt
& Fang, 2021). PNG has poor general health due to low socioeco-
nomic status and high burden of infectious diseases, such as pneu-
monia, malaria, tuberculosis and meningitis (Riley, 2009). While the
gut microbiota of different regions within PNG showed higher bac-
terial diversity and different abundance profiles in comparison with
Westernized populations (Martinez et al., 2015), a comprehensive
analysis of the oral microbiome for diverse ethnic groups and regions
in PNG has not been performed.

In this work we combined the results from two different meth-
odologies (Figure 1) to characterize the microbial community from
DMNA extracted from PNG saliva samples: (1) Qualitative results
from a microbial detection array, which contains specific probes to
the different microbial species, and (2) quantitative from whole ge-
nome sequencing (WGS) reads unmapped to the human genome,
which were aligned to a microbial database. The array methodology
is cost-effective, highly sensitive and accurate (Thissen et al., 2014),
and easy to analyse (Gardner et al., 2010; MclLoughlin, 2011},
being the ideal technigue to validate an off-target microbiome in-
ference from the human WGS. In fact, the recovery of off-target
reads obtained from human WGS provides researchers with excel-
lent secondary opportunities to study data beyond the intended
target regions (Cavadas et al., 2020; Gomes et al., 2019; Samuels
et al., 2013). This technique permits users to detect a larger number
of microorganisms (Ranjan et al., 2016) and to obtain the abundance
of the identified microbial communities. However, it is more expen-
sive than the array methodology and involves much more complex
bioinformatic analysis.

The guantitative oral microbiome data allowed us to assess dif-
ferences between diverse PNG populations in light of diet and/or
environmental factors, and against other worldwide populations.
Our working hypothesis was that a specific oral microbiome signa-
ture might be found in these populations due to adaptation to their
specific biodiversity, cultural lifestyle or genetic background, since
their 50kya-establishment in the ancient Sahul region (New Guinea/
Australia).

2 | MATERIALS AND METHODS
2.1 | Samples
Ninety-two unrelated individuals from different regions of PNG

contributed saliva samples during field seasons between 2016
and 2019. Four different sampling sites were selected in order to
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FIGURE 1 Schematic representation
of the experimental strategy (sample
preparation, sample analysis, data
analysis and output) for the two microbial
detection techniques.

Qualitative results only

UL Presence/Absence of species

access (1) population from different environments (coastal, high-
lands, lowlands), (2) different lifestyles (communities with a tradi-
tional subsistence or urban lifestyles and with variable access to
health centers, grocery shops, medicine and Westernized food), and
(3) being geographically distinct from each other. This sample set
permits capture of some of the diversity of the PNG populations by
defining five main groups: Port Moresby, includes individuals sam-
pled in the east coastal lowlands (n = 20, Central, Oro and Milne Bay
provinces); Simbu province, Highlanders sampled in the Highlands
(n = 20, Simbu province); East Sepik province, individuals sampled
in the north inland lowlands (n = 20); Western province, individuals
sampled in the west coastal lowlands (n = 20); and East highland-
ers living in Port Moresby, Highlanders sampled in the east coastal
lowlands (n = 12), (Figure 2a, Table 51). The saliva samples were col-
lected with the Oragene DNA OG-500 collection kit (DNA Genotek
Inc.), and the nucleic acids were extracted following the manufac-
turer's instructions.

2.2 | Ethics approval

This study was approved by the Medical Research Advisory
Committee of PNG (National Department of Health) under re-
search ethics clearance MRAC 16.21 and by the French Ethics
Committees (Committees of Protection of Persons IE-2015-837
[1]). Permission to conduct research in PNG was granted by the
National Research Institute of PNG (permit 99902292358), with
full support from the School of Humanities and Social Sciences,
University of PNG.

All samples were collected from healthy unrelated adult donors,
all of whom provided written informed consent. In each sampling
location, a full presentation of the project was made, followed by
discussion with each donor to ensure that they fully understood the
project. Participants were surveyed for language affiliation(s), cur-
rent residence, date and place of birth, and a short genealogy up to
three generations to establish regional ancestry.

Qualitative and Quantitative results
Presence/Absence and Abundance of species

2.3 | Microbiome inference from Axiom
Microbiome Array

From the DMNA extracted, we performed microbiome diver-
sity characterization with the Axiom Microbial Detection Array
(MDA) from Thermo Fisher Scientific. First, cDNA synthesis was
performed using the SuperScript VILO cDNA synthesis kit from
Invitrogen. Afterwards, microbiome diversity was characterized
with the MDA, which can rapidly identify the microbial commu-
nity at the species or strain level, giving a profile of which micro-
organisms are present in the analysed samples, The Microbiome
array harbours a total of 1.38 million probes that detect over
12,513 microbial species including archaea, bacteria, fungi, proto-
zoa, and viruses, and the probes were designed against both con-
served regions (for the detection of higher taxonomic ranks) and
unique regions (species/strain specific) of the microbial genomes
with a sensitivity of 100-1000 genome copies and achieving
100% accuracy in species identification. The 26-well array plate
version of the Microbiome array was used to run all the samples
on the GeneTitan instrument (Thermo Fisher Scientific). A volume
of 20 ul of DNA from all samples was used as input into the MDA,
including a no-template control and a positive control for qual-
ity control. The standard manufacturer's protocol was followed
for all steps of the workflow. Quality control (QC) was performed
using the QC option in the Axiom Microbial Detection Analysis
Software (MiDAS), which analyses specific probes included in
the Microbiome array to target regions of the human genome
that are nonpolymorphic (sites that do not vary in sequence from
one individual to the next). This QC analysis generates a metric
termed Dish QC (DQC) and applies a threshold of DQC above
0.95 for the samples to be considered as having passed QC. 5ix
samples were removed from the analysis after QC: PNG237 and
PNG238 (East Sepik province), PNG128, PNG514 and PNG525
(Western province), and PNG205 (East highlanders living in Port
Moresby). The remaining samples (n = 86) were then further ana-
lysed with MiDAS, which analyses all targets considered positive
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FIGURE 2 (a) Locations of the five sampled groups in PNG. (b) Box-plot representing the concordance in percentage of genera inferred
in both methods by applying a threshold of abundance to the WGS results of 1%, 0.5%, 0.1% and 0.01% (Table 53). (c) Correlation of
alpha-diversity values (Chaol index) obtained for each individual oral microbiome characterized by both microbiome array and WGS
methodologies. A regression line for the linear model (in blue) and the confidence interval (grey shadow) was added as well as the R and

p-value for the model.

and reaches a consensus for the microbial community present in
the samples. Positive targets are the probes with signal intensity
above the 99th percentile of the random control probe intensities
and with more than 20% of target-specific probes. These probe
sequences are available from Thermo Fisher Scientific as part of
the MiDAS software. To note, this technology is unable to provide
a view of the varying prevalence of the microorganisms present in
analysed samples.

2.4 | Microbiome inference from human whole
genome sequences

For 68 individuals, also characterized by Microbiome array, we
used reads extracted from WGS from (1) previously published
studies (Brucato et al., 2021), and (2) from newly unpublished
whole genome sequences data (Table S1). The sequencing proce-
dure has been described previously (Brucato et al., 2021). Briefly,
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sequencing libraries were prepared using the TruSeq DNA PCR-
Free HT kit. About 150-bp paired-end sequencing was performed
on the lllumina HiSeqg X5 sequencer. We aligned the fastq files
against the human reference GRCh38 (GCA 000001405.15) using
minimap2-2.23 (Li, 2018) and the unmapped reads were retrieved.
For taxonomic assignment of the unmapped sequencing reads we
resorted to kraken 2 tool (Wood et al., 2019) using the standard
plus protozoa and fungi database (PlusPF; includes archaea, bac-
teria, viral, plasmid, human, UniVec_Core, protozoa and fungi; up-
dated on 27 January 2021). We then used Bracken (Lu et al., 2017;
Bayesian Re-estimation of Abundance after Classification with
KRAKEN) to estimate abundance at the genus level, using the
taxonomic assignments made by Kraken. Since these PNG pop-
ulations are understudied, we are unable to consider possible
unidentified microbiota species that may be specific to them. We
therefore performed all analysis on genus level to reduce the bias
caused by using the Microbiome array and the WGS databases.
We applied Bracken's default threshold of 10 reads as the mini-
mum number of reads required for a classification at the specified
rank. To remove low background noise on the WGS results due to
minor contaminants, we applied a threshold for which all genera
below a given percentage would be removed. This threshold was
determined by calculating the best correlation of alpha-diversity
values obtained from the Chaol index between each sample using
the qualitative and quantitative results, applying several thresh-
olds, from 1% to 0.0001% (1%, 0.5%, 0.1%, 0.05%, 0.01%, 0.005%,
0.001%, 0.0005%, 0.0001%). Applying a threshold of 0.01% to the
WGS results, the Chaol values obtained from both methodologies
presented the best correlation from all the tested thresholds.

2.5 | Microbial composition

We created phylogenetic trees and calculated the respective abun-
dance of the genera found in the five groups from the qualitative
results (Microbiome array). The abundance in this case refers to
the percentage of samples in the group in which the specific taxon
was detected. We used r stupio software (R Studio Team, 2020)
to perform pairwise chi-squared tests and correction with Holm's
method to see which genera were significantly different. Venn di-
agrams with the percentage of bacteria and virus were created to
help to visualize the similarities and differences between the five
groups resorting to the webtool Bicinformatics and Evolutionary
Genomics  (https://bicinformatics.psb.ugent.be/webtools/Venn/).
Discrimination between the five different groups using quantitative
data was performed with the linear discriminant analysis effect size
(LEfSe) algorithm (Segata et al., 2011) with the calculation of a linear
discriminant analysis (LDA) score, available at the Huttenhower lab-
oratory Galaxy server (http://huttenhower.sph.harvard.edu/galax
y/) (Afgan et al., 2018). Statistical differences were found under a
Kruskal-Wallis test which identified the features with significant
variation across the five groups. Then, pairwise Wilcoxon tests were
performed between each pair of groups, using the “one-against-all”
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option for multiclass analysis, which only requires that one of the
pairwise Wilcoxon tests to be significant in order to keep the feature
in the list of significantly discriminating features (Segata et al., 2011).
Only taxa with a p-value <.05 and with a LDA value >3 were consid-
ered enriched.

2.6 | Alpha-diversity

The alpha-diversity of each sample was calculated by estimating the
genus and species richness, evenness, and diversity using the pHy-
Loseq package version 1.23.1 (McMurdie & Holmes, 2013). Alpha-
diversity measures were calculated differently for gualitative and
guantitative results. For the qualitative results (from the Microbiome
array data) we calculated Chaol (Hughes et al., 2001), which meas-
ures the richness of the samples and is more suitable for presence/
absence data. We created a ggplot for each alpha-diversity metric
and performed pairwise comparisons using t tests and correction
with Holm's method using rstupio (R Studio Team, 2020). After alpha-
diversity analysis, one sample was considered an outlier, PNG54
(Port Moresby), as its Chaol index value falls out of the mean+ 35D
for all samples (Figure S1), so it was removed from further analyses.

2.7 | Betadiversity and unrooted neighbour-
joining tree

The phylogenetic information for the genera present in our samples
was retrieved (on 20 October 2021) from the Time Tree website
(http://www.timetree.org/). This information was used to calcu-
late Jaccard (Koleff et al., 2003), unweighted and weighted UniFrac
distances (Lozupone et al., 2011), beta diversity measures that ana-
lyse the similarities and differences among groups. The Jaccard and
the unweighted UniFrac distances were applied to the qualitative
data (Microbiome array) as they do not consider abundances in the
calculations and the weighted UniFrac distances were used on the
quantitative data (WGS results) The unrooted neighbour-joining
tree was used to represent distances between the five groups. A
permutation multivariate analysis (1000 permutations) of variance
(PERMANOWVA; Anderson, 2017) of the beta diversity distances (to
reflect the phylogenetic diversity between genera) was also per-
formed and plotted in a nonmetric multidimensional scale (nMDS).
The null hypothesis tested by PERMANOWVA was that the centroids
of each group are equivalent, under the assumption of exchange-

ability of the samples among groups.

2.8 | Comparative analysis of oral microbiome data
from other populations

The qualitative results (Microbiome array) were used to perform the
analysis of the PNG oral microbiome (alpha-diversity) as we have
more available samples. To have a global perspective of the oral
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microbiome of PNG populations in the global oral microbiome we
compared the abundance of the core microbiome obtained from the
quantitative results (WGS) in this study with other published stud-
ies for Philippines hunter-gatherers and farmers, Batwa Pygmies,
Aboriginal Australians and Westernized individuals (Handsley-
Davis et al.,, 2021; Lassalle et al., 2018; Nasidze et al.,, 2011). For the
hunter-gatherers and traditional farmer groups from the Philippines
and their curated data of the Western controls from the Human
Microbiome Project (Lassalle et al., 2018), we downloaded their pub-
lished microbial metagenomic read data sets from ENA (www.ebi.
ac.uk/ena; BioSample accession nos. ERS1202862—-ERS1202885)
and processed their data set with our workflow. These files were
merged with our data set to perform beta-diversity analysis and to
calculate the abundances of the core microbiome. For the Australian
Aboriginals and Torres Strait Islanders (Handsley-Davis et al., 2021)
and the Batwa Pygmies populations (Nasidze et al., 2011), we were
not able to obtain WGS raw data, as they only sequenced a region
of the microbial 165 rRNA gene (V4 for the Australian Aboriginals
and Torres Strait Islanders and V1 and V2 for the Batwa pygmies).
For these, we retrieved the values of abundance for the core mi-
crobiome that were described and available in their publications.
Previous research has shown that microbiome results might dif-
fer quite substantially depending on the underlying method used
(Durazzi et al., 2021; Hillmann et al., 2018), but a high correlation has
been found between these different methods regarding the most
abundant species in the samples. As such, we performed compara-
tive analysis of only the most abundant taxon at genus level to limit
inter-study variation due to the comparison between results from
different methodologies (WGS and 1685).

3 | RESULTS

A total of 85 samples from the Microbiome array (qualitative results)
were analysed in this study divided into five groups, based on the
sampling locations and individual origins from: Port Moresby (n = 19);
Simbu province (n = 20); East Sepik province (n = 17); Western prov-
ince (n = 18); and East highlanders living in Port Moresby (n = 11)
(Figure 2a). Our cohort includes 71 males (84%) and 14 females
(16%), with an average age at time of collection of 38.6years (range
from 20-67 years; Table S1). After QC, 81 microbial genera were de-
tected in the cohort. We controlled for substructure due to age or
gender, and found no correlation (for age, p-value = .36; Figure S2A;
for gender, p-value = 4; Figure 52B), confirming previous results
(Nasidze et al., 2009).

A subset of the cohort was also characterized using avail-
able WGS to obtain quantitative results (n = 65): Port Moresby
(n = 13); Simbu province (n = 18); East Sepik (n = 9); Western prov-
ince (n = 18); and East highlanders living in Port Moresby (n = 7)
(Table 51). Reads from WGS data not mapping to the human genome
were analysed with KRAKEN 2 (Wood et al., 2019), resulting in an
average of 18,652,535 reads matching microbial genomes per indi-
vidual (ranging from 1,483,445-44 976,955 reads). As expected, the

WGS data identified a much higher number of genera (1757 genera;
Table 52) than with the Microbiome array data. In fact, the BRAKEN
method used in the WGS inference limits the number of reads to 10,
while the Microbiome array has a sensitivity of 100-1000 genome
copies. Hence, when comparing the concordance in inferred genera
between the two methods, these values are high for the most abun-
dant genera (Figure 2b; Table S3): an average of 92% match filtering
to the genera with abundance above 1% (28 out of the 65 samples
achieving 100% match); 84% when filtering to the genera with abun-
dance above 0.5% (11 out of 65 samples reaching a 100% match);
58% when lowering the threshold to 0.1%; and 30% for threshold
0.01%. Even so, the overall diversity (alpha-diversity, Chaol) per
sample is highly correlated between the two methods when using
all genera above 0.01% of presence (R =.64; p-value = 1.3 x107%:
Figure 2c). Further analyses based on WGS were done for this
threshold.

3.1 | Core oral microbiome in PNG

QOur qualitative analysis (Microbiome array) of the PNG oral micro-
biome detected 75 bacterial genera and nine viral genera (Table 54).
Although the array includes probes for RNA viruses and we per-
formed RNA to cDNA reaction, we were not able to identify any
RMNA viruses in the PNG samples. This is most probably due to the
storage of samples at room temperature, leading to the instability
of RNA molecules. Around 43% of the detected bacteria genera are
common to all the groups (Figure 3a). Of these, there are 12 genera
that were present in more than 50% of the samples in all groups,
namely Veilonella, Streptococcus, Prevotella, Fusobacterium, Rothia,
Haemophilus, Neisseria, Porphyromonas, Treponema, Leptotrichia,
Actinomyces and Selenomonas (Figure S3).

On exploration the quantitative results (WGS), the 12 genera
mentioned above account for 80% of the oral microbiome of the
PNG population (Table S5). Prevotella (~17%), Neisseria (~13%) and
Streptococcus (~13%) are the three most abundant taxa. They rep-
resent more than 40% of the PNG oral microbiome, followed by
Haemophilus (~9%), Rothia (~8%), Veilonella (~7%), Fusobacterium
(~4%), Porphyromonas (~2%), Actinomyces (~2%), Leptotrichia (~2%),
Treponema (~2%) and Selenomonas (~1%). These 12 taxa represent
the core oral microbiome of PNG populations. The remaining 20%
is composed by lower abundance taxa which differentiate PNG
groups.

3.2 | Oral microbiome differences between PNG
populations

We detected significant differences between PNG groups at the
global level of oral microbiome, comparing their alpha-diversity
(Chao1l), based on qualitative data (Microbiome array; Figure 3b). The
East Sepik group, the most remote (as in difficult to reach by trans-
portation, and with less access to health care services, electricity,
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(*p <.05; **p <.01); and (c) phylogenetic tree of genera found in the oral microbiome of the distinct groups, with emphasis in the genera
significantly different. The values are the percentage of samples in each group in which that genus was detected with the MDA, and the size

is proportional to that value. Statistical analysis was performed using chi-squared tests with multiple testing correction (*p <.05; *"p <.01;
***p <.001).

education, processed food, etc.) community of our sampling, has a unweighted UniFrac; Figure S4), although the PERMANOVA test

significantly lower alpha-diversity value than all other PNG groups was not significant for the East Sepik differentiation (p >.05). The
(p <.05), except the Port Moresby group (Figure 3b). The four other

PNG groups show relative similar alpha-diversity (p > .05, Figure 3b).
These results mirror the results of beta diversities (Jaccard and

East Sepik has one of the highest percentages of unique genera
(8%; Figure 3a) and only shares 54% of genera with the four other
groups, while the values are higher for the other groups: 57% for
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Port Moresby; 67% for Simbu Province; 70% for Western Province;
and 62% for East highlanders living in Port Moresby. This regional
particularity is partly explained by the significantly higher frequency
(in number of individuals of the group) of specific taxa such as Vibrio,
Capnocytophaga, Oribacterium, Peptostreptococcus, Megasphaera,
Granulicatella, Gemella, Mycoplasma and Atopobium when compared
to each of the other PNG groups (p <.05, Figure 3c).

Quantitatively, the East Sepik oral microbiome is significantly
enriched (medium abundance in the group) in several taxa such as
Haemophilus, Tannerella, Anabaena, Pseudonocardia, Aromatoleum,
Actinobacillus, Histophilus, Dickeya, Aquitaea and Dietzia (LDA =3,
Figure 4).

The Western province group, another relatively remote coastal
community, shows one of the highest alpha-diversities and the
highest number of specific taxa in PNG (8%, Figure 3a and b).
Although qualitatively, no genera were present in more samples
in the Western province group than in the rest of PNG, a high
number of taxa are quantitatively enriched (LDA=>3, Figure 4)
such as Klebsiella, Fusobacterium, Starkeya, Corynebacterium,
Anaerococcus, Mogibacterium, Liberibacter, Enterocloster, Parvimonas,
Mediterraneibacter, Aeromonas, Anareocolumna and Pseudomonas.

Groups from Port Moresby, Simbu province and East highlanders
living in Port Moresby show relatively similar alpha-diversity in the
oral microbiome (Figure 3b). Qualitative data show that the Simbu
province group has 6% of unique genera while the Port Moresby
group has no unique genera (Figure 3a). No statistical difference in
the presence of specific taxa was observed despite living in very dif-
ferent geographical regions (e.g., capital city on the southeast coast
and east highlands respectively, Figure 3b). Correspondingly, the
group of East highlanders living in Port Moresby shows no signifi-
cant difference in the presence of taxa and only 3% of unique taxa
(Figure 3a). However, each of these three groups can be character-
ized by the enrichment of some taxa like Cronobacter and Flaviflexus
in Port Moresby, Streptococcus and Gemella in Simbu, and Schaalia
in the East highlanders living in Port Moresby (LDA =3, Figure 4).
The group of East highlanders living in Port Moresby shares 59%
of their genera with the Simbu group but only 49% with the Port
Moresby group (Figure 3a). The Alpha-diversity values in the East
highlanders living in Port Moresby are more similar to the one from
the Simbu group than to the Port Moresby group (Figure 3b). This
lack of significant differences might be due to the incorporation of
both microbiotas (initial oral microbiota from the highlands and the

I Fort Moresby [ Simbu province [ East Sepik province

1 western province | East highlanders living in Port Moreshy

Schaalia
Klebsiella
Fusobacterium
Starkeya
Corynebacterium
Anaerococcus
Mogibacterium
Liberibacter
Enterocloster
Parvimonas
Mediterraneibacter
Aeromonas
Anaerocolumna
Pseudomonas
Haemophilus
Tannerella
Anabaena
Pseudonocardia
Aromatoleum
Actinobacillus
Histophilus
Dickeya
Aguitalea
Dietzia
Streptococcus
Gemella
Cronobacter

Flaviflexus

FIGURE 4 Profile of microbial
composition of oral microbiome based
on quantitative data (WGS results) with
the taxa discriminating between the five
distinct groups: Port Moresby (in red);
Simbu province (in yellow); East Sepik
province (in green); Western province (in
blue); and east highlanders living in Port
Moresby (in pink). We applied the LEfSe
algorithm and LDA calculation in a "one-
against-all” multi-class analysis, requiring
only one pairwise Wilcoxon tests to be

LDA SCORE (log 10)

5 significant. Only discriminating features
with p <.05 and LDA score over 3 are
presented.
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acquired microbiota from the coast) in the group of East Highlanders
living in Port Moresby.

3.3 | Oral microbiome of PNG and other
populations

To have a broader perspective of the oral microbiome of PNG popula-
tion samples, we merged the WGS results from our PNG populations
with the available WGS samples from Philippines hunter-gatherers,
Philippines traditional farmers and Western controls (Lassalle
et al., 2018) and processed their data set with our workflow. We
generated an unrooted neighbour-joining for the eight populations
(Figure 5a) which showed that the PNG populations are closer to
one another and separated from the Philippines and the Western
controls.

We also compared the abundance of the PNG core microbiome
(Figure 5b; Table S5) obtained in this WGS-based data set (Human
Microbiome Project, 2012; Lassalle et al., 2018) with other 165
rRNA-based published studies for Australian Aboriginals and Torres
Strait Islanders (Handsley-Davis et al., 2021) and Batwa Pygmies
(Nasidze et al., 2011). Interestingly, the Rothia genera abundances
in the five PNG groups (average 8.24%) are significantly higher (p-
value = .0013) than in all the other compared groups (Philippines
hunter-gatherers, Philippines traditional farmers, Batwa Pygmies
and Western Controls; average 3.87%), except for the Australian
Aboriginals and Torres Strait Islanders (8%). The above pattern is
also significantly different for the Neisseria genera (p-value = .0405),
with high abundances in the PNG groups {average 15.05%) and
Australian Aboriginals and Torres Strait Islanders (14%) than in the
remaining groups (9.58%). This enrichment of Rothia and Neisseria
appear to be limited to the New Guinea-Australia region (Figure 5b),
which might indicate a specific trait of these genera on the oral mi-
crobiome, potentially influenced by environmental conditions found
in this geographic region.

Veilonella appears in higher abundances in the Western con-
trols (11.86%), the Philippines traditional farmers (11.75%), in
the Port Moresby group (9.05%) and the East Highlanders living
in Port Moresby group (9.07%). This genus has been associated
with groups having a Westernized diet (Clemente et al, 2015;
Lassalle et al., 2018). These studies also reported an enrichment of
Haemophilus in hunter-gatherers, which is not apparent in our re-
sults (Table 55), as the Western controls have a higher abundance of
Haemophilus than the Hunter-gatherer groups. (Lassalle et al., 2018).

4 | DISCUSSION

The core oral microbiome of PNG agrees with the normal micro-
biota in the oral cavity obtained in other studies (Aas et al., 2005;
Deo & Deshmukh, 2019; Dewhirst et al., 2010). Bacterial genera
such as Prevotella, Neisseria and Streptococcus represent most of the
human oral microbiome diversity. However, as seen within our PNG

"ULAR ECOLOGY SVV| LEY—u

populations, the abundances of each taxon might vary, potentially
due to differential lifestyles, diets or host genetics (Li et al., 2014;
Mousa et al., 2022). Both quantitative (WGS) and qualitative
(Microbiome array) results show significant differences between the
East Sepik group and the other PNG groups. This might be explained
by the relative geographic isolation and a more traditional form of
subsistence, with limited access to Westernized food, contrary to
the other four groups (Pawley et al., 2005; Roscoe, 2005). Similar
results were described in the oral microbiomes of isolated groups
across the globe, such as the Native American Yanomami popula-
tion (Clemente et al., 2015), the African Batwa (Li et al., 2014), and
in the Philippines hunter-gatherer group (Lassalle et al., 2018), when
compared to groups with a Westernized diet. Apart from the East
Sepik group, all the other PNG groups included in this study have
a mixed traditional and Westernized lifestyle (Simbu and Western
provinces and Port Moresby), which might explain the similarity of
their respective oral microbiome compaositions. Our results for the
group of East Highlanders living in Port Moresby suggests an incor-
poration of both microbiotas (initial oral microbiota from the high-
lands and the acquired microbiota from the capital city), with higher
similarity with the initial microbiota. There are no studies of the ef-
fect of human migration on oral microbiome, but for gut microbiome
(Vangay et al., 2018), a complete change of gut microbiome diversity
and function from the native to a new environment was observed.
Our results indicate a more complex interaction between the origi-
nal and the recently acquired oral microbiome, emphasizing the need
for further study on the plasticity of the human oral microbiome.
Aninteresting pattern of genera enrichment was found in the pop-
ulations from New Guinea and Australia (PNG groups and Australian
Aboriginals and Torres Strait Islanders). We detected higher abun-
dances for the Neisseria and Rothia genera than other populations
of the world. New Guinean and Aboriginal Australian populations
share a common history, since the early settlement of these territo-
ries 50,000 years ago (Allen & O'Connell, 2020; Brucato et al., 2021;
Pedro et al., 2020), then connected into the ancient continent Sahul.
A secondary gene flow linked to the Austronesian dispersal 3kya led
to a gradient of Asian genetic ancestry in coastal groups of the region
(Brucato et al., 2021; Mallick et al., 2016). However, our limited data
set (no group from New Guinea with a predominant Austronesian ge-
netic ancestry) and current knowledge on microbiome research, do
not support a strong link between a population genetic ancestry (e.g.,
Austronesian) and a specific oral microbiome signature, despite some
encouraging new studies (Weyrich, 2021). It is, nevertheless, remark-
able that our study revealed a specific pattern in the oral microbiome
shared by New Guineans and Aboriginal Australian groups, that are
genetically separated for at least 30,000vyears (Brucato et al., 2021;
Malaspinas et al., 2016). This specific pattern may have been accen-
tuated by limited gene flow between southeast coastal New Guinean
lowlanders and northeast Indigenous Australians until at least 10 kya,
and during the Austronesian period of the last 3 kya (Bellwood, 2007;
Brucato et al.,, 2021; Karmin et al., 2022; Lipson et al., 2014; Pedro
et al., 2020). This may suggest a Sahul-specific oral microbiome di-
versity, caused by a shared environment and/or a shared ancient
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FIGURE 5 Comparison of oral microbiome profiles between PNG and other populations based on quantitative for review only data
(WGS results). (a) Unrooted neighbour-joining tree of the mean weighted UniFrac distances between the five PNG groups (Port Moresby,
Simbu province, East Sepik province, Western province and east highlanders living in Port Moreshby), the Philippines hunter-gatherers (HG)
and traditional farmers (TF) and the Western controls (HMP, 2012; Lassalle et al., 2018). (b) Heatmap for abundances of the top 11 genera
detected with quantitative results in the eight groups also present in the unrooted neighbour-joining tree (>1% of abundance in all samples)
and other published populations of aboriginal Australian children and Batwa pygmies (Handsley-Davis et al., 2021; Nasidze et al., 2011).

ancestry. Among the Sahul-specific oral microbiome, the Rothia
genus has been shown to have positive effects on the host's iron
pool, by the production of the iron-scavenging enterobactin (Uranga
et al., 2020). Enterobactin is a siderophore protein released by bacte-
ria into the surrounding environment to bind to available iron, which
is then used in several biochemical pathways of the bacteria and the
host (Raymond et al., 2003). Both Rothia and Neisseria genera appear
to be depleted in the saliva of iron-deficient individuals, compared to
healthy controls, which establishes their importance in the iron ho-
meaostasis (Xi et al., 2019). Iron deficiency is an important health mat-
ter in PNG and Indigenous Australian communities, associated with
increased morbidity and mortality (Leonard et al., 2019; Manning
et al., 2012). These genera might be more abundant in the human
oral microbiome of populations from the ancient Sahul region to, in
part, compensate a potential iron deficiency. Other worldwide stud-
ies of oral microbiome in healthy individuals did not report this Rothia
and Neisseria pattern, except for Nasidze et al. (2009) that show a
higher abundance of the Rothia genus in the German population, but
no interpretation was provided. Additionally, in the gut microbiome
of Papua New Guineans individuals, the Lactobacillus genus, which is
able to sense iron deprivation and communicate this iron need to the
host (Das et al., 2020), was found highly enriched when compared
to US individuals (Martinez et al., 2015). Iron plays an important role
in infection and immunity, for both pathogens and host cells (Nairz
& Weiss, 2020). While it is well-known that pathogens and diet are
motors for human adaptation, understudied populations still have
the potential to shed light on new adaptations (Pedro et al., 2021).
In this case, the environmental pressure (e.g., high pathogenic pres-
sure, specific diet and plant use) observed in New Guinea and north
Australia (Horwood et al., 2019) might have led to the development
of a Sahul-specific oral microbiome.

This unexpected pattern of the PNG oral microbiome clearly
needs further exploration. As this data was collected opportunisti-
cally, potential environmental and cultural cofactors were not con-
trolled for. In particular, betel nut chewing (Hernandez et al., 2017;
Zhong et al., 2021) has shown to be highly associated with varia-
tion in the oral microbiome in other populations and is a common
habit to all the PNG locations. The impact of this specific cultural
behaviour would presumably result in an alteration of the global oral
microbiome in all PNG populations, which would not greatly affect
our results. Nevertheless, the effect of betel nut chewing in the oral
microbiome is an important question and should be further explored
in the PNG populations. The time of sample collection might also
influence the results obtained for the oral microbiome, as seasonal-
ity in sample collection should be considered in further studies, and
might increase the power in discriminating between the oral micro-
biomes of the PNG populations (Clemente et al., 2015). Oral health
is also one of the factors that influence oral microbiota (Chukkapalli
et al., 2015; Costalonga & Herzberg, 2014) and is common to all
PNG populations. We have no information available concerning oral
hygiene habits of the participants, but the influence of dental hy-
giene should not be ignored. All these external factors should be
integrated in future analyses to evaluate their impact on our results.
However, the convergence of our results in PNG with those from
another study on Australian Aboriginals and Torres Strait Islanders
(Handsley-Davis et al., 2021) suggests that the influence of these
potential cofactors is unlikely to be major.

The detection of a possible Sahul-specific oral microbiome diver-
sity may be potentially related to adaptation to their specific biodi-
versity, cultural lifestyle or genetic background. The results obtained
in this study highlight the value of studying the microbiomes of more
isolated groups to fully encompass the ecology and biogeography of
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the host-microbiota interactions. As the microbiota can affect the
host's phenotypic traits, host-microbe relationships can evolve in
selective environments, conferring fitness advantages to the host.
The influence of the microbiome in host ecology and evolution is
more easily studied in nonhuman mammals, which are subjected
to variation in nutritional intake, due to the seasonal availability of
foods, changes in their natural habitat and higher disease burden
(Amato, 2016; Clayton et al., 2018). In fact, Amato et al. (2015) re-
ported this relationship in black howler monkeys (Alouatta pigra). The
researchers showed that the gut microbiota adapts its composition
based on the higher consumption of available fruit versus a higher
consumption of leaves. In most modern human populations, which
have access to a broad availability of food and medicine year-round,
there is limited selective pressure that could affect the microbi-
ome of the host (Amato, 2016; Colguhoun & Lyon, 2001). However,
human populations residing in rural or remote areas (as for PNG
populations, especially the East Sepik province) are still subjected to
the pressure of seasonal food availability. A potential study including
more samples and more relevant data from these populations will be
developed to further study, validate and understand how ecology,
ancestry and human lifestyle impacts microbiome structure. Only
by studying the different microbiotas in the ecosystem of diverse
hosts, can we truly highlight the unigque characteristics that de-
fines the symbiotic relationship between microbe and host (Parfrey
etal., 2018).
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Abstract

Papua New Guineans (PNG) are one of the most genetically diverse populations
worldwide and are continuously subjected to unique cultural and environmental
influences. Their oral microbiome is composed mainly by Prevotella, Neisseria,
Streptococcus, Haemophilus, Rothia and Veilonella, but the abundance of Rothia and
Neisseria in PNG is much higher than what is observed in other populations. To clarify
the source of this Sahul-specific microbiome profile, we performed a microbiome
guantitative trait analysis (mbQTL) on 252 individuals from several locations in PNG to
uncover any ancestry-related influence on the oral microbiome. We also analyzed the
abundance of bacterial pathways in the oral microbiome between PNG, Philippines and
Western population groups, for a functional analysis of the underlying microbial
community. Although the mbQTL analysis did not reveal any associations with
Neisseria and Rothia, we were able to identify six interactions between host genomic
variants and four bacterial genera, the more interesting being the associations of
Gemella with the BACEZ gene, and Schaalia with ISG20 gene. The analysis of metabolic
pathways allowed to confirm the statistically significant higher contribution of both
Neisseria and Rothia in iron-related pathways in PNG versus Veillonella in Philippines
and Western population groups. These results corroborate the hypothesis that iron
deficiency might have been a motor for the development of this specific oral
microbiome profile in PNG, as at least Rothia has been demonstrated as a very efficient

scavenger of iron.
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Introduction

The human oral microbiota is colonized by around 700 different types of
microorganisms including bacteria, fungi, viruses, archaea, and protozoa (Lamont et
al. 2018). In healthy conditions, the oral microbiota is composed mainly by
Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria and Proteobacteria, but it can
present different abundances between populations (Caselli et al. 2020). In Papua New
Guinea (PNG), a country with high cultural diversity, a semi-traditional form of
subsistence (Pawley et al. 2005), and a very high human genetic diversity (Brucato et
al. 2021), the core oral microbiome was composed by Prevotella (~17%), Neisseria
(~13%), Streptococcus (~13%), Haemophilus (~9%), Rothia (~8%), Veilonella (~7%),
Fusobacterium (~4%), Porphyromonas (~2%), Actinomyces (~2%) and Leptotrichia (~2%)
(Pedro et al. 2022). Interestingly, the abundance of Rothia and Neisseria in PNG was
much higher than what is observed in other populations, which was suggested to be
associated with a potential iron-related adaptation (Pedro etal. 2022). Iron is required
for the growth of all microbes, however they possess distinct iron requirements and
have unique abilities to persist in iron deficient conditions, making iron one of the
modulating factors in shaping the host associated microbial community (Uranga et al.
2020). This specific oral microbiome profile can be an adaptation to different
environments, lifestyles, eating habits, or genetic background (Li et al. 2014; Mousa
et al. 2022).

The aim of quantitative trait loci (QTL) analysis is to identify variants which are
significantly associated with certain phenotypes. In particular, the microbiome QTLs
(mbQTLs) are human loci significantly associated with specific microbes in a certain
microbiome of the human body. Recent works are beginning to show interesting
mbQTLs, revealing essential biochemical processes underlying the interaction
between both living systems. In healthy individuals from diverse population origins
(but largely European descendants), Kurilshikov et al. (2021) identified 31 loci
affecting the gut microbiome, with the lactase (LCT) gene locus showing an age-
dependent association with Bifidobacterium abundance. The other associations were
enriched for genes related to metabolism, as the FUTZ2-FUTI1 associated with the

abundance of the Ruminococcus, or genes potentially involved in host-microbiome
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cross-talk as the 9921 locus (locus includes the genes PCSK5, RFK and GCNTI)
associated with abundance of Allisonella. For oral microbiome in particular, few
studies have been performed, and are more restricted to European populations.
IMMPLZ2 and INHBA-AST genes were found associated with variation in the abundance
of Granulicatella (Demmitt et al. 2017) and AMY locus correlated with an increase in
salivary Porphyromonas (Poole et al. 2019). A study by Liu et al. (2021) in a Chinese
cohort found numerous associations of relative abundance with several taxa, but also
reported genetic associations with a-diversity (Chaol index) and with B-diversity (Bray-

Curtis Similarity) in tongue dorsum and salivary samples.

Recently, the metagenomics data is also being used to infer the functional impact of
microbe abundance in microbiota metabolism (Sharon et al. 2011). When applied to
the Human Microbiome Project samples (Abubucker et al. 2012), more specifically in
three oral sites (buccal mucosa, supragingival plague, and tongue dorsum), the
anterior nares, the retroauricular crease, and the stool of 102 individuals, they were
able to identify the core metabolic pathways of each site, and the corresponding
higher contributing bacteria. For instance, glutamate metabolism pathways were
present in the multiple niches studied, but enriched in the stool, while arginine
transport and methionine biosynthesis were found enriched in all three oral sites. By
integrating functional and abundance information, it is possible to offer a different
perspective on underlying microbial community function (Beghini et al. 2021).

In this work, we reanalyzed 252 human whole genome sequences obtained from PNG
saliva samples, to catalog the human variants and infer the oral microbiome from the
non-aligned human reads. We aim to identify promising host variants that may play a
role modulating the oral microbiota in the PNG population and characterize the major
contributing bacteria of the metabolic pathways enriched in PNG when compared to
other worldwide populations. In doing so, we will be able to evaluate if the specific
oral microbiome signature found in Pedro et al. (2022) for the Sahul populations (the
higher abundance of Rothia and Neisseria) is associated with human diversity, possibly
positively selected, or instead be better explained by some environmental factor

related with microbial metabolism. By performing this evaluation at a global
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microbiome level, we will also be able to uncover interesting new host-microbiome

relations.
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Materials and methods

Samples

Two hundred and fifty-two saliva samples were collected from individuals from three
different regions of PNG during field seasons between 2016 and 2019. Sampling sites
were selected in order to access different environments, different lifestyles and being
geographically distinct from each other: Port Moresby, includes individuals sampled
in the east coastal lowlands (n=115; a genetically heterogeneous groups as it includes
individuals from across the country); Chimbu province, Highlanders sampled in the
Highlands (n=58; Chimbu province); and Western province, individuals sampled in the
west coastal lowlands (n=79; Western province). The saliva samples were collected
with the Oragene DNA OG-500 collection kit (DNA Genotek Inc., Ottawa, Canada), and

the nucleic acids were extracted following the manufacturer’s instructions.

Ethics approval

This study was approved by the Medical Research Advisory Committee of PNG
(National Department of Health) under research ethics clearance MRAC 16.21 and by
the French Ethics Committees (Committees of Protection of Persons CPP 25/21_3, n_SI
:21.01.21.42754). Permission to conduct research in PNG was granted by the National
Research Institute of PNG (permit 99902292358), with full support from the School of
Humanities and Social Sciences, University of PNG. All samples were collected from
healthy unrelated adult donors, all of whom provided written informed consent. In
each sampling location, a full presentation of the project was made, followed by
discussion with each donor to ensure that they fully understood the project.
Participants were surveyed for language affiliation(s), current residence, date and
place of birth, and a short genealogy up to three generations to establish regional

ancestry.
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Variant calling from human whole genome sequences

For the 252 samples we used reads extracted from WGS from (1) previously own
published studies (Brucato et al. 2021), and (2) from newly unpublished data (Table
S1). The sequencing procedure has been described previously (Brucato et al. 2021).
Briefly, sequencing libraries were prepared using the TruSeq DNA PCR-Free HT kit, and
the 150-bp paired-end reads were sequenced on the Illumina HiSeq X5 sequencer. Raw
reads were processed simultaneously, starting with trimming of FASTQ files with fastp
v0.23.2 (Chen et al. 2018) and converting to BAM using Picard Tools FastqToSam
v2.26.2 (Broadlnstitute 2022). The Broad Institute’s GATK Germline short variant
discovery (SNPs and Indels) Best Practices (Poplin et al. 2017) workflow was followed,
under GATK v4.2.0.0 (Van der Auwera 2020). Individual GVCF files were created with
the HaplotypeCaller tool and later combined to create multi-sample VCF files with the

JointGenotyping workflow.

For retrieval of microbial reads from the WGS, we aligned the fastq files against the
human reference GRCh38 (GCA 000001405.15) using minimap2-2.23 (Li 2018). The
unmapped human reads were used in the microbiome analyses.

Microbiome inference from human WGS

For taxonomic assignment of the unmapped sequencing reads we resorted to KRAKEN
2 tool (Wood et al. 2019) using the Standard plus protozoa & fungi database (PlusPF;
includes archaea, bacteria, viral, plasmid, human, UniVec_Core, protozoa and fungi;
updated on January 27", 2021). We then inputted the Kraken-taxonomic assignments
in Bracken (Lu et al. 2017) (Bayesian Reestimation of Abundance after Classification
with KRAKEN) to estimate abundance at the genus level, using the default threshold
of 10 reads as the minimum number of reads required for a classification at the
specified rank. To remove low background noise on the WGS results due to minor
contaminants, we applied a threshold of 0.01% for which all bacterial genera below

were removed, based on Pedro et al. (2022).
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Microbiome genome-wide association study with Matrix eQTL

The association of host germline genotypes with microbiome genera abundance was
tested using the Matrix eQTL software (v2.2) (Shabalin 2012). Before the analysis, the
microbiome dataset was filtered for frequencies above 5% in at least one population
and bacterial genera abundance was normalized by arc-sin transformation to obtain
normality. The human variants were filtered for biallelic markers with MAF > 0.1
(minimum allele frequency) in the PNG cohort, and total sample count per genotype
equal or above 6. The region of birth, region of sampling, sex, age, and principal
component analysis values (PCA to account for population structure; the five first PCs
were considered) were used as confounding variables in all analyses. The p-values
were subsequently corrected for multiple testing using false discovery rate (FDR).
Manhattan plots were created with the “ggman” library in RStudio (RStudio Team
2020).

Profiling the abundance of microbial metabolic pathways with HUMAnN 3.0

To efficiently and accurately determine the abundance of microbial pathways in a
community from metagenomic data we resorted to the HUMANN 3.0 pipeline (Beghini
et al. 2021), for a total of 57 samples. From this study, 30 samples were selected
based on sampling location (10 samples from Port Moresby, 10 samples from Chimbu,
10 samples from Western province) with the higher number of unmapped human
reads, and for other oral microbiome samples from published studies (Lassalle et al.
2018) for Philippines hunter-gatherers (n=10) and farmers (n=10) and their curated
data of the Western controls from the Human Microbiome Project (n=7). We
downloaded Lassalle et al. (2018) published microbial metagenomic read data sets
from ENA (www.ebi.ac.uk/ena; BioSample Accession nos. ERS1202862—ERS1202885)
and processed their samples with the HUMAnN 3.0 pipeline. Samples were first
mapped to detect the organisms present in the community of samples using
MetaPhlan (Truong et al. 2017). For gene family annotation, we opted for the UniRef50
database, as itis preferable when dealing with very poorly characterized microbiomes.
Pathway annotation was performed using MetaCyc (Caspi et al. 2016), a curated
database of experimentally elucidated metabolic pathways from all domains of life.
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These pathways were organized in two orders of hierarchy, class and superclass, also
following MetaCyc definitions. When reads do not align to a pangenome, the
“‘Comprehensive translated search” option was used, where a search of these
unmapped reads is made against a comprehensive protein database to explain as
many reads as possible. After, the output results for each sample were merged and
the sum-normalizations to relative abundances were estimated. To visualize the

stratified outputs, the humann_barplot function was used.

As recommend by the authors of HUMANN 3.0 pipeline, the MaAsLin 2.0 tool (Mallick
et al. 2021) was run in RStudio to identify significant differences in bacteria
contribution to a specific bacterial pathway when comparing two population groups.
This tool uses generalized linear and mixed models to accommodate the complex data
in microbiome multi-omics. PNG was used as the reference group in MaAsLin 2.0

statistical evaluation.

For the representation of the overall results, the heatmaps were created with the
RStudio heatmap.2 package from the gplot library (RStudio Team 2020), and the charts

of hierarchical data with KronaTools (Ondov et al. 2011).

~ 89 ~



PHD THESIS RESEARCH WORK NICOLE PEDRO

Results

Oral microbiome inference from the non-human reads

A total of 252 samples were analyzed in this study divided into three groups, based
on the sampling locations (Table S1): Port Moresby (n=115); Simbu province (n=58)
and Western province (n=79). Reads from WGS data not mapping to the human
genome were analyzed with KRAKEN 2 (Wood et al. 2019), resulting in an average of
10 892 960 reads matching microbial genomes per individual (ranging from 917 415
- 149 223 438 reads). The PNG oral microbiome detected a total of 427 microbial
genera, with 389 genera belonging to the Bacteria kingdom, 20 belonging to the Viral
kingdom, 7 genera belonging to the Fungi kingdom and the remaining belonging to
the Archaea, Protista, Protozoa or Algae. The top 10 bacterial genera detected in our
PNG samples accounted for around 80% of the oral microbiome of the PNG population:
Prevotella (~19%), Neisseria (~16%) and Streptococcus (~13%) are the three most
abundant taxa. They represent almost half (~48%) of the PNG oral microbiome,
followed by Rothia (~8%), Haemophilus (~7%), Veilonella (~6%), Fusobacterium (~4%),
Schaalia (~3%), Porphyromonas (~2%) and Actinomyces (~2%). This profile agrees with
our previous results (Pedro et al. 2022), as expected as individuals from three of the
locations are common to both works.

The use of the HUMANN 3.0 tool for inference of microbe pathways gave the
opportunity to compare this tool phylogenetic inference with the KRAKEN 2 in the
subset of 57 samples inputted on both tools. The correlation between bacterial genera
abundances inferred by the two tools was high in all the groups (r values above 0.95;
Figure S1). HUMANnN 3.0 identified less very low-frequent bacterial genera than
KRAKEN 2, probably due to the selection of its UniRef50 database.

Identification of host genetic variation associated with the microbiome

The association test between human variants and bacterial genera abundance in the

oral microbiome of the 252 Papuan individuals led to the identification of 20
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significantly associated variants after correction for multiple testing. The variants are
located in six genomic regions and are significantly associated with four bacterial
genera (Figure 1 and Table S2). There is a strong association (p-value < 5.00 x 10)
between Klebsiella and Cadherin 4 (CDH4) gene, with 14 neighbor variants above the
significance threshold after correction for multiple testing. The remaining ones, have
one or two significant variants followed by other neighbor variants close to the
significance threshold. Other isolated significant variants were considered as spurious

associations.

~log.o(p)

1 b 3 4 5 [} 7 8 9 10 1 213 14 15 16 17 19 2

Chromosome

Figure 1. The 20 significant miQTLs, corresponding to six interactions between host

genomic regions/variants and four bacterial genera of the oral microbiome.

Klebsiella genus, a bacterium common to the oral microbiome that can be pathogenic
in situations of dysbiosis, was found associated with three host genomic regions. The
strongest association is between Klebsiella and CDH4 gene, a calcium-dependent cell
adhesion protein from the superfamily of cadherins. Several cadherins are recognized
by cell surface proteins of pathogens, thereby playing significant roles in host-
pathogen interactions (Dash et al. 2021). CDH4 is mainly expressed in the brain
tissues. Klebsiella was also found associated with the Galactose Mutarotase (GALM)
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gene that catalyzes the interconversion of beta-D-galactose and alpha-D-galactose
during galactose metabolism. Beta-D-galactose is metabolized in the liver into glucose
1-phosphate, the primary metabolic fuel, by the action of four enzymes that constitute
the Leloir pathway. It can also catalyze D-glucose although it shows a preference for
galactose over glucose (Conte et al. 2021). The last association found for Klebsiella is
with the rs10467529 SNP in an intergenic region of chromosome 13. The neighboring
region for this SNP includes a selected genomic region in Papuan population
containing the Zinc Finger DHHC-Type Palmitoyltransferase 20 (ZDHHCZ20) gene
(Brucato et al. 2022), a palmitoyltransferase that catalyzes the addition of palmitate
onto various protein substrates. It has links with microbial infection as many bacterial
and viral proteins require palmitoylation by host enzymes to function properly. This
includes the recently emerged SARS-CoV-2 virus (Li, Liu, Lu, et al. 2022).

Salmonella, a pathogenic bacterium responsible for infections in the gastrointestinal
tract, was found in borderline significant association with an intron variant in the Long
Intergenic Non-Protein Coding RNA 2057 (LINC02057), in chromosome 5. Additionally,
this variant has been associated as an eQTL with the Elongation of Very Long Chain
Fatty Acids Protein 7 (ELOVL?7) gene in the Minor Salivary Gland (GTEx Portal). ELOVL7
gene enables fatty acid elongase activity. During bacterial fatty acid biosynthesis, more
specifically after the elongation step, a specific membrane fatty acid modification
occurs, namely the formation of Cyclopropane fatty acid (CFA), which is suggested to
adapt the bacterial cell for an adverse condition (Chen et al. 2014; Karlinsey et al.
2022).

We also found two associations between host diversity and two non-pathogenic
bacterial genera involved in maintaining the oral microbiome balance: Gemella and an
intergenic region in chromosome 21; and Schaalia and an intergenic region on
chromosome 15. Gemella is a genus indigenous to the oral cavity with hemolytic
activity, whose higher levels in the oral microbiome were associated with a healthier
dental status, as opposed to the lower levels that were associated with patients with
periodontitis (Miyoshi et al. 2021). The variant associated with Gemella abundance is
located nearby several genes, namely Long Intergenic Non-Protein Coding RNA 323

(LINC00323), associated with Hereditary Hemorrhagic Telangiectasia (Tarring et al.
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2014), and Beta-Secretase 2 (BACE?2), associated with Down Syndrome (Chou 2004)
and Myositis (Vattemi et al. 2001). Schaalia is a nitrite-producing bacterial genera
common to the normal oral microbiome and has been recently associated with an
increased risk of SARS-CoV-2 infection (Callahan et al. 2022). The variant associated
with Schaalia abundance was found nearby Interferon Stimulated Exonuclease Gene
20 (/ISG20) and Apoptosis Enhancing Nuclease (AEN) gene. ISG20 is related to the
innate immune system and Interferon gamma signaling pathways.

Interestingly, the variants found to be associated with the non-pathogenic Gemella and
Schaalia displayed heterogeneity between population groups, thus explaining in part
the microbiome heterogeneity related with human ancestry. For the rs7283882 SNP
located in chromosome 21, the G allele is positively associated with a lower frequency
of Gemella (Figure 2A), and the homozygous GG is relatively high in PNG (41.7%) and
Africa (33.0%), but lower in Europe (24.5%) and more so in East Asia (10.3%). For the
rs7182861 SNP located in chromosome 15, the A allele is positively associated with a
higher frequency of Schaalia (Figure 2B), and East Asia is completely represented by
the homozygous GG genotype (99.8%), while PNG presents some levels of both the
homozygous AA (4.8%) and heterozygous (32.5%) genotypes, a pattern more similar
to Africa (51.1% heterozygous).

The association signals detected for the pathogenic Klebsiella and Salmonella were
driven by a few individuals having high abundance of these pathogens (three
individuals having a mean of 49% of Klebsiella as opposed to 0.18% in the remaining
individuals; and other three individuals having a mean of 0.05% Salmonella as opposed
to 1.9 x 10%% in the remaining individuals. These may reflect active infection stages.
Given the pathogenicity of these bacterial genera, the positively associated genotypes
are low-frequent in the overall human population: rs11908491_CC 0.036 for
Klebsiella; rs4315878_AA 0.052 for Salmonella.
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Figure 2. Relative abundance values per genotype and worldwide map with allele
frequencies. A) Gemella and rs7283882 SNP located in the chromosome 21: B)
Schaaliaand rs7182861 SNP located in chromosome 15; C) Klebsiellaand rs11908491
SNP located in chromosome 20; D) Salmonella and rs4315878 SNP located in

chromosome 5.
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Identification of bacterial pathways in the oral microbiome of PNG and other

population groups

Oral microbiota have their own metabolism, which interacts with the host oral
metabolism, either by synergy in digesting metabolites, competing for metabolites or
producing xenobiotics. As the processing in HUMANnN 3.0 is time-consuming, and to
homogenize sample sizes in the comparison between population groups, we limited
the bacterial metabolism analysis to 30 samples from PNG (10 samples from Port
Moresby, 10 samples from Chimbu, 10 samples from Western province), 20 samples
from the Philippines (10 samples from hunter-gatherers, 10 samples from farmers)
and seven samples from Western controls (Lassalle et al. 2018), for a total of 57
samples (Table S1). By restricting this analysis to a few individuals per population
group, the metabolic impact of the bacterial genera present in most individuals is
surveyed, but bacterial genera restricted to a few individuals (such as the pathogenic
Klebsiella and Salmonella) are not impactful in the metabolic inference.

In total, 206 pathways were found to display significant differences in the bacterial
genera that contribute to them when comparing PNG with the Philippines and Western
(Table S3). These pathways belong to 34 classes, grouped in six superclasses.
Biosynthesis superclass is the dominant one (63% of the pathways), followed by the
Degradation/Utilization/Assimilation (D/U/A) superclass (23% of the pathways), and
the Generation of Precursor Metabolites and Energy (M&E) superclass (13% of the
pathways). The three last superclasses, Macromolecule Modification,
Activation/Inactivation/Interconversion and the generalist Superpathways only

account for 0.3% each.

From the two non-pathogenic bacterial genera found associated to host genomic
variants (Figure 1), only the Gemella genus had significant impact in the metabolic
pathways between PNG and the other two groups. Gemella genus significantly affected
the contribution of 30 pathways from 11 classes when comparing with the Philippines
(Figure 3A), and seven from three classes when comparing PNG and Western (Figure
3B). Contrary to what was observed with Rothia and Neisseria, Gemella contribution
for the PNG pathways is lower than what is observed for the Philippines (Figure 3C-D).
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Pathways Abbreviation:
NE&N Nucleoside and Nucleotide Biosynthesis

CC&V Cofactor, Carrier, and Vitamin Biosynthesis
Aa-tRNA Charging Aminoacyl-tRNA Charging

A4 Amino Acid Biosynthesis

A&P Deg. Amine and Polyamine Degradation
Carboxylate Deg. Carboxylate Degradation

Nucleic Acid Nucleic Acid Processing

PP Pentose Phosphate Pathways

M&E Generation of Precursor Metabolites and Energy
D/U/A Degradation/Utilization/Assimilation

n
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Figure 3. The impact of Gemella genus in the microbial pathways. A) Krona plot with
the significantly different pathways between PNG and the Philippines group. B) Krona
plot with the significantly different pathways between PNG and the Western controls.
C) Bar-plot with abundance per individual samples of the several bacterial genera that
contribute to the Glycolysis IV pathway, grouped by PNG (blue), Philippines (orange)
and Western (green) and D) Boxplot for the abundance of Gemella in the three groups,
PNG (blue), Philippines (orange) and Western (green).
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This agrees to the worldwide genotype frequencies reported in Figure 2A, where we
can observe that the most frequent genotypes for the PNG and Western populations
are associated with lower abundance of Gemella, while the most frequent genotypes
observed for the Asian populations (as Philippines) are the ones associated with higher
abundance of Gemella. One of the top significant contributions of Gemella was in the
Glycolysis IV pathway. This is one of the most important pathways, as it is used by all
cells in the body for energy generation. In this pathway, the six-carbon glucose is
converted into pyruvate in aerobic settings and lactate in anaerobic conditions

(Puigserver 2018).

In light of the previous evidence we found that both Neisseria and Rothia are more
abundant in the PNG oral microbiome (Pedro et al. 2022) we analyzed the microbial
pathways significantly impacted by these two bacterial genera. Neisseria has a
significant influence (g-value < 0.05) in PNG versus Philippines group, a total of 46
pathways from 14 classes, mostly (81%) grouped in the Biosynthesis superclass (Figure
4A) were affected. Less pathways were impacted when comparing PNG with the
Western controls: 13 from seven classes, still mostly (86%) from the Biosynthesis group
(Figure 4B). One of the top significant pathways between PNG and the other two groups
was the superpathway of heme b biosynthesis from glutamate (Figure 4C), where
Neisseria (and also Actinomyces) in PNG is compensated by Veillonella in Philippines
and Western. This superpathway departs from glutamate to produce heme b, an
essential iron containing metallo-organic cofactor, necessary as a subcellular
compartment to perform diverse biological functions like hemoglobin and myoglobin
(Heckl et al. 2021).

Rothia, also more abundant in PNG (Pedro et al. 2022), was found to significantly
impact 39 pathways from 11 classes (Figure 5A), mostly in the Biosynthesis superclass
(88%). When comparing the significantly different pathways between PNG and the
Philippines, only the heme b biosynthesis | pathway reaches significance, which is also
among the significantly different pathways found between PNG and Western controls.
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MR Metabolic Regulator Biosynthesis
SM Secondary Metabolite Biosynthesis
ETC Electron Transfer Chains
FARL Fatty Acid and Lipid Biosynthesis
INM Inorganic Nutrient Metabolism
AC Aromatic Compound Biosynthesis
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Figure 4. The impact of Neisseria genus in the microbial pathways. A) Krona plot with
the significantly different pathways between PNG and the Philippines group. B) Krona
plot with the significantly different pathways between PNG and the Western controls.
C) Bar-plot with abundance of per individual samples of the several bacterial genera
that contribute to the superpathway of heme b biosynthesis from glutamate, grouped

by PNG (blue), Philippines (orange) and Western (green).

For the heme b biosynthesis | pathway (Figure 5B), all three population groups show
identical overall proportion of microbes contributing to this pathway, but PNG displays
higher contribution of Rothia and Actinomyces to this pathway, when compared to the
other two populations, where Veilonella is the major contributor. The heme b
biosynthesis | pathway is the last part of the superpathway of heme b biosynthesis. Its
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synthesis requires eight enzymes to construct heme, that can be initiated by glycine
or glutamate, until the last step that catalyzes the insertion of ferrous iron (Fe) into
the porphyrin ring, resulting in heme b (Figure 5C). Heme biosynthesis is controlled

by the availability of intracellular iron (Kafina and Paw 2017).

HEME-BIOSYNTHESIS-II: heme b biosynthesis | (aerobic)
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Figure 5. The impact of Rothia genus in the microbial pathways. A) Krona plot with the
significantly different pathways between PNG and the Western controls. B) Bar-plot
with abundance of per individual samples of the several bacterial genera that
contribute to the heme b biosynthesis pathway, grouped by PNG (blue), Philippines
(orange) and Western (green). C) Schematic representation of the eight enzymatic
steps (arrows) of heme biosynthesis (enumerated next to the reaction) and the
subsequent erythropoiesis and hemolysis in the vascular system. Figure adapted from
Heckl et al. (2021).
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Discussion

The indirect inference of the PNG oral microbiome from the non-aligned human
sequenced reads allowed us to identify that Prevotella, Neisseria and Streptococcus
represent almost half of the PNG oral microbiome diversity, as we previously described
(Pedro et al. 2022). While Prevotella and Streptococcus are abundant in oral
microbiomes from other populations, Neisseria (16%) and Rothia (8%) higher
abundances seem to be a signature of the PNG oral microbiome. The higher
abundances of the last two genera in PNG oral microbiome could be associated with
human genetic variants, and for that reason we tested for this association at the whole
genome and whole microbiome levels. However, we did not find any associations with
Neisseria and Rothia and were only able to identify six interactions between host
genomic variants and four other bacterial genera of the PNG oral microbiome. These
four bacteria are low frequent, two are normally seen in oral microbiomes, Gemella
(1.5% in PNG) and Schaalia (3%), and two are pathogenic, Klebesiella (0.78%) and
Salmonella (0.18%). The variance of the microbiome composition explained by host
genetics in our study is much lower than what has been reported in other studies (Liu
etal. 2021; Wang et al. 2016), of at least 10%. One of the possible reasons for this low
genetic-related association is the limited sample size in our study (n=252) when
compared to other microbiome GWAS studies (~2000 samples), and hence the reduced
statistical power after correction for multiple tests (Awany et al. 2018; Joo etal. 2016).
Nevertheless, as Neisseria and Rothia are relatively frequent, we should have enough
statistical power to detect associations with human variants in PNG, especially if these

were positively selected, but that was not the case.

The detected association between a variant near the BACEZ gene and the Gemella
genus was supported in the independent bacterial pathway analysis. BACE2 is a
glycoprotein that functions as an aspartic protease involved in several biological
functions, namely in glucose homeostasis, by the regulation of pancreatic B cell mass
and function, and pigmentation (Vassar et al. 2014). And we found that the Glycolysis
IV pathway was one of the top pathways affected by Gemella. According to the
Genotype-Tissue Expression (GTEx 2013) project, the main tissue in which BACEZ is
expressed is the minor salivary gland, which is also an independent observation
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supporting a possible involvement. Diseases associated with this gene are inclusion-
body myositis (Vattemi et al. 2001) and type-2 diabetes (Alcarraz-Vizan et al. 2017).
Also, as it is located in chromosome 21, the Down syndrome (DS) critical region, it
might contribute to the pathogenesis of Alzheimer-related dementia Down Syndrome
(Barbiero et al. 2003). Gemella has been associated with higher levels in the oral
microbiome of individuals with Down Syndrome (Willis et al. 2020) and type-2 diabetes
(Long et al. 2017). Those diseases are associated with the protein aggregation and
deposition of intracellular amyloid deposits in specific tissues, muscles, pancreas
islets and brain, respectively. Several publications support the hypothesis that amyloid
structures formed by microorganisms may trigger host proteins aggregation (Seira
Curto et al. 2022; Sureda et al. 2020). Although Gemella has not yet been associated
with amyloid formation, some species from the same family (Staphyloccocacea) have
been associated with the formation of amyloid structures during biofilm formation
(Sureda et al. 2020), a process in which Gemella is also suggested to impart (Heller et
al. 2016). This is particularly interesting since the most prevalent genotype in PNG is
associated with lower abundance of Gemella, implying some protection against these
diseases. In the context of PNG epidemiology, type-2-diabetes is in fact on the rise
(WHO 2020), but due mainly to a recent and drastic change in the food habits, with
the adoption of a Westernized diet. So, any natural protection that PNG could have is
being recently disrupted.

In the case of Schaalia, the variant associated was found nearby Interferon ISG20 and
AEN gene. This association is not detected in the bacterial pathway analysis, as it is
not involved in metabolism. ISG20 is related to the innate immune system and
Interferon gamma signaling pathways, important in inhibiting a broad spectrum of
viruses via direct degradation of viral RNAs due to its strong RNase properties
(Deymier et al. 2022). Due to the high burden of infectious diseases in PNG, a
mechanism to increase the activity of a viral RNA degrading interferon could have
emerged in these populations, leading to a decrease in the bacteria more abundant
during viral infections. The higher prevalence of the genotype associated with lower
abundance of Schaalia in PNG may be an indicator of this possible adaptation. This

hypothesis should be further explored in functional assays. Curiously, Schaalia has
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been recently associated with an increased risk of SARS-CoV-2 infection (Callahan et
al. 2022).

The variants detected in association for the pathogenic Klebsiella and Salmonella are
low-frequent in the overall human population, and the association is driven by a small
number of individuals having high abundance of these pathogens, which might reflect
active infection conditions. It is difficult to interpret an association for such rare
bacterial genera, as it is likely to be confounded with individual genetic profile.

No genetic associations were detected that could explain the higher abundance of
these Neisseria and Rothia in PNG, although we should not rule out a possible
ancestry-related influence based only in the current study. Given our results, it seems
nevertheless more plausible that this pattern of the PNG oral microbiome has been
driven by adaptation to environmental factors. The literature pointed to a possible
iron-related adaptation due to Rothia producing an enterobactin that is the strongest
known iron-binding siderophore, and this iron-scavenging role has positive effect on
the host's iron pool (Uranga et al. 2020). In the case of Neisseria, several species from
this bacterial genera use glutamic acid as source of carbon and nitrogen (McDonald
and Johnson 1975), one of the precursors to the heme b biosynthesis pathway. Our
bacterial pathway analysis confirmed that some of the top significant pathways in PNG
versus Philippines and Western population groups, for both Neisseria and Rothia are
iron-related pathways (Table S3). In the generated graphs it is clearly visible that
Neisseria and Rothia are the main contributors to these iron-pathways in PNG, while
their role is replaced by Veillonella in Philippines and Western population groups. It is
plausible that Rothia and Neisseria, via higher efficiency in chelating iron or using
alternative precursors, confer some advantage to individuals that have an iron-poor
diet or under-nutrition overall. Concordantly, anemia is an important health matter in
PNG, especially in children (Manning et al. 2012).

Our study has some limitations. The sampled individuals were genetically diverse,
from distinct geographies and living under different environments and lifestyles,
generating an incredibly diverse cohort of the PNG overall population. This diversity
introduces artifacts and biases, which reduce statistical power of the microbiome
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GWAS analysis (Li, Liu, Yang, et al. 2022), and were only counteracted by including
some factors (region of birth, region of sampling, sex, age, and PCA values) as
covariates in the analyses. Also, the microbiome data was inferred opportunistically,
disregarding the impact of time of sampling and seasonality (Clemente et al. 2015),
cultural factors (such as betel nut chewing; (Hernandez et al. 2017)), oral hygiene
habits (Costalonga and Herzberg 2014), and nutritional status (Kato et al. 2017). Even
so, our results provide first insights into how the symbiotic relationship between
microbe and host can evolve in selective environments, conferring fitness advantages
to the host. The detection of several host's genetic polymorphisms that interact with
its microbiome and the confirmation of an iron-related oral microbiome profile in PNG,
highlights the value of analyzing the microbiomes of understudied groups to fully
understand how ecology, ancestry and human lifestyle impacts microbiome structure.
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The analysis of genetic (mtDNA and WGS) and oral microbiomic data of PNG, one of
the most unique and least studied populations worldwide, allowed to shed light into
the still debated scenario of human arrival and population substructure in Sahul and
uncover a biological adaptation of the oral microbiome in these highly diverse
population groups.

This study proposes that the initial arrival of the original settlers lies within a broad
window, between 50 - 65 kya, in concordance to the confidence intervals obtained for
some of the oldest Sahul mtDNA haplogroups, and also the oldest archeological
remains (Clarkson et al. 2017). The mtDNA diversity characterization in Northern and
Southern Sahul showed different deep-rooted lineages with strong geographic
structuring for each region. The mtDNA lineages from Northern Sahul do not derive
from the ones observed in Southern Sahul and all have roots in the same age range of
the initial settlement phase of Sahul (>50 kya), which indicates different origins. The
most likely scenario supports that in the early settlement phase (>50 kya), two (or
more) groups of settlers, originating from a common ancestor in Sunda, carried
different sets of mtDNA haplogroups and, as they reached Sahul separately, one group
settled Southern Sahul and the other group Northern Sahul. The group of settlers that
reached the Southern region most likely favored the previously described southern
route (Wurster and Bird 2014), across the southern islands, via Timor and the
northwest shelf of Australia. In contrast, the northern settlers may have benefited from
the alternative northern route (Kealy et al. 2018) via Sulawesi and the Bird’s Head of
New Guinea. Our results of two possible routes are supported by archeological
evidence of sites >40 kya old located along both paths (Summerhayes et al. 2017).
More archeological and genetic data from Western New Guinea would help clarify the

exact route of entry into Sahul (Brucato, Andre, et al. 2021; Taufik et al. 2022).

Previous studies (Tobler et al. 2017) have shown that after the initial settlement,
Southern Sahul haplogroups displayed rapid diversification upon arrival to their new
environment. During the last 55 ky, a limited number of large-scale movements
occurred, indicating geographic stability and a rapid adaptation of the first settlers to
the new fauna, flora, and environments. In opposition, we have found here that

Northern Sahul haplogroups showed low sample sizes after settlement, with
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expansion only occurring in the LGM, postglacial and Holocene periods (from 30 kya
onwards), indicating a delay in diversification of around 20 ky after the initial
settlement. Several factors may have hindered population expansion in New Guinea,
namely a severe environment or the existence of competing inhabitants in the
highlands of northern Sahul (e.g., megafauna or other members of the Homo genus)
or the availability of better resources in the coastal areas. This high impact of the LGM
was also observed in Island Southeast Asia (ISEA) maternal pool (Brandao et al. 2016).
The inclusion of more genetic and archeological data in further studies will be
important to better understand the initial lack of diversification observed in Northern
Sahul.

Population movements within and outside Northern Sahul may have been driven by
the increase of the Sahul landmass during the LGM (Hope 2014). The absence of
demographic expansions and the limited number of lineages may reflect refugial
movements due to the colder and harsher conditions. Starting early on the LGM (30
kya) and through the postglacial periods (18 - 10 kya), unidirectional interactions from
Northern Sahul to Northern Australia were observed, in agreement with the scenarios
obtained from Y chromosome (Bergstrom et al. 2016) and nDNA (Malaspinas et al.
2016) studies. Curiously, this Northern Sahul-Northern Australia interaction stopped
before the geographical separation between Australia and New Guinea (6 - 8 kya) by
submersion of the Arafura plain, resulting in the currently observed Torres Strait
(Lewis et al. 2013). More comparative studies between Papuans and Australians are
necessary to explain why dispersal was unidirectional from Northern to Southern
Sahul.

Population interactions between New Guinea and Near Oceania could be observed
since the end of the LCM (around 23 kya), in agreement with archeological evidence
based on animal, plant, and object (e.g., obsidian) translocation (Pawley et al. 2005).
During the postglacial warming period (18 - 10 kya), geographic dispersal of Northern
Sahul lineages within and outside Sahul occurred probably due to the improved
climatic conditions, a scenario also observed in the neighboring region of ISEA (Soares
et al. 2008). Some of New Guinea P and Q subhaplogroups were detected in Wallacea

and Sunda, from the LGM and postglacial warming periods onward (Purnomo et al.
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2021), with increasing interactions between northern Sahul and ISEA at the end of the
postglacial warming (~11 kya). Most probably, this stronger contact was due to the
increase in maritime connections, matching the patterns of dispersal of the “voyaging
corridor” hypothesis (Soares et al. 2011). Interactions between New Guinea and
Remote Oceania only occurred during the late Holocene (around 2 kya), and ultimately,
the Austronesian dispersal and subsequent population movement facilitated by the
“voyaging corridor” led to the remote Pacific settlement from Near Oceania (loannidis
etal. 2021).

The specific genetic diversity and long isolation (50 ky) of PNG makes them a valuable
case study to investigate biological evolution and adaptation. The oral microbiome is
an excellent tool to address questions of adaptation of the PNG populations to their
very diverse ecosystem, as the mouth is the first organ to enter in contact with food,
and where mechanical and minor chemical digestions as well as immune response
must begin. Most interesting, the possibility of inferring the oral microbiome from the
non-human aligned reads in WGS data obtained in saliva samples opens up new
avenues. In this work, the parallel use of human WGS-inferred microbiome and
microbiome microarray data allowed us to confirm high reliability on the most
abundant microbes (an average of 92% match for genera with abundance above 1%).
Overall, the bacterial genera that define the core oral microbiome of PNG resembles
the normal microbiota in the oral cavity described in other studies (Aas et al. 2005;
Deo and Deshmukh 2019; Dewhirst et al. 2010). However, differences in the
abundances of these genera were observed between the PNG groups, and overall

between PNG and other geographical regions.

The population of East Sepik, the most geographically isolated population included in
this study, still relies on a more traditional form of subsistence due to limited access
to Westernized food. It shows the most distinct oral microbiome profile of all PNG
groups, with significantly less richness but more unique and highly abundant genera.
Accordingly, Contreras et al. (2010) showed that South American Amerindians living
in a remote village showed significantly lower richness than non-Amerindians,
explained by the authors as reduced selective pressures of modern life. A relatively

remote coastal community in the Western province, has a higher richness, but still a
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higher number of enriched genera (13 genera). Clearly, Simbu province (Highlands),
Port Moresby and East Highlanders living in Port Moresby populations, the more
influenced by Westernized food, have a higher richness and only one or two highly

abundant genera.

An interesting finding was revealed when we contextualized our results of the oral
microbiome in PNG with other non-Westernized and Westernized worldwide
populations, namely Australian Aboriginals (including Torres Strait Islanders)
(Handsley-Davis et al. 2021), Batwa Pygmies (Nasidze et al. 2011), hunter-gatherer’s
and traditional farmers from the Philippines and Western controls (Lassalle et al.
2018). PNG and the Australian Aboriginals (including Torres Strait Islanders) presented
higher abundances of Neisseria and Rothia, suggesting a possible Sahul-specific oral
microbiome adaptation, despite our observation that they descend from at least two
founder groups, and being isolated for a long period. It is well-known that pathogens
and diet are motors for human adaptation, so this microbiome profile can be a result
of several factors. Both Rothia and Neisseria show some associations with iron-related
roles, Rothia genus by the production of iron-scavenging enterobactin (Uranga et al.
2020) and both Rothia and Neisseria were found decrease in saliva of iron-deficient
individuals, proving their significance in the host’s iron pool (Xi et al. 2019). Both
populations have comparable subsistence styles, with a mixture of animal foods and
traditional agriculture products, such as sweet and tangy fruits, fungi, starchy seeds
and tubers (Brand-Miller and Holt 1998). The proximity to coastal areas also facilitated
the addition of shellfish and seaweeds to their diets (O'Dea 1991). The exceptional
environmental connection between these two regions should also be considered as,
geographically, PNG and Australia are separated from Southeast Asia by a strong
ecological barrier, that created a distinct biogeographic region with unique flora and
fauna since the Pleistocene (Camara-Leret et al. 2020).

The impact of small-scale human migration on the oral microbiome was briefly
approached in this study, with the comparison between the East Highlanders living in
the highlands and the East Highlanders living in Port Moresby. Contrary to what is
observed in gut microbiome (Vangay et al. 2018) - a complete shift of gut microbiome

diversity and function from the native to the new environment - the oral microbiome
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suggests a merge of both the initial oral microbiota (highlands) and the acquired
microbiota (Port Moresby). It would be of considerable interest to determine in more
detail the plasticity of the oral microbiome over time and how it might be influenced

by a change in diet and/or a change to a new location.

This signature of a higher abundance of Neisseria and Rothia in PNG could be a result
of host-associated selection, or an environmental adaptation related to microbial
metabolism. The mbQTL analysis performed in this work at the whole genome and
whole microbiome levels uncovered no association between host diversity and
Neisseria and Rothia in PNG. However, the microbial pathway analysis showed an
enrichment in the contribution of Neisseria and Rothia in iron-related pathways, when
comparing PNG with Philippines and Western population groups. In these two
population groups, Veillonella appears as the major contributing genera to those
pathways. These bacteria may have a higher ability in capturing iron or using
alternative precursors, which would be advantageous to individuals with a known
history of iron deficiency, either due to under-nutrition or disease, such as anemia
(Manning et al. 2012). Rothia has a positive role on the host's iron pool (Uranga et al.
2020) by the production of an iron-scavenging enterobactin, that will bind to available
iron and will then be used by the bacteria and the host in multiple functions for a
variety of biochemical mechanisms (Raymond et al. 2003). Neisseria species are
known to use glutamic acid, a precursor to the heme b biosynthesis pathway, as source
of carbon and nitrogen (McDonald and Johnson 1975). Both genera are important in
maintaining iron homeostasis. As iron deficit is a critical health matter in PNG and
Indigenous Australian communities (Leonard et al. 2019; Manning et al. 2012), this
pattern of the oral microbiome in these populations could be a regional adaptation to,
in part, counteract this health issue. These results suggests that this pattern of the
PNG oral microbiome has more likely been driven by adaptation to environmental
factors, although a possible ancestry-related influence should not be ruled out based
only in the current study. In vitro infection assays with controlled iron conditions could
be performed to confirm the Rothia and Neisseria versus Veilonella role in iron-poor
conditions.
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The mbQTL analysis identified six interactions between host genomic variants and
four low frequent bacterial genera of the PNG oral microbiome. The Gemella genus
was found associated with a variant near the BACEZ gene and was also altered in the
bacterial pathway analysis (Glycolysis IV pathway). BACE2 plays important roles in the
regulation of pancreatic B cell mass and function, and pigmentation (Vassar et al.
2014), and its dysfunction can lead to several diseases associated with amyloid
deposits, namely inclusion-body myositis (Vattemi et al. 2001), type-2 diabetes
(Alcarraz-Vizan etal. 2017) and Alzheimer-related dementia Down Syndrome (Barbiero
et al. 2003). In individuals with these particular diseases, the oral microbiome has an
enrichment of Gemella (Long et al. 2017; Willis et al. 2020), possibly due to a role
several microorganisms (including species from the same family and similar functions
of Gemella) have in the formation of amyloid structures, which is hypothesized to
trigger host proteins aggregation (Heller et al. 2016; Seira Curto et al. 2022; Sureda
et al. 2020) . As PNG populations shows a genetic prevalence for a lower abundance
of Gemella, it is possible that this variant might confer some protection against these

or related diseases.

Schaalia was only found associated with a variant nearby ISG20 and AEN genes. Higher
levels of Schaalia have been recently associated with an increased risk of SARS-CoV-2
infection (Callahan et al. 2022), but PNG populations have a higher prevalence of the
genotype associated with lower abundance of Schaalia. As ISG20 is an important viral
inhibitor (Deymier et al. 2022), a possible adaptation to increase viral inhibition could
have emerged in the PNG populations due to their high burden of infectious diseases,

which decrease the bacteria more abundant during viral infections, such as Schaalia.

Overall, the influence of host genetics in the PNG oral microbiome composition
appears to be much lower than the 10% reported in other studies (Liu et al. 20271;
Wang, Thingholm, et al. 2016). The limited sample size in our study (n=252) when
compared to similar studies (~2000 samples) lead to a reduced statistical power after
correction for multiple tests, which might explain this low number of genetic-related
associations (Awany et al. 2018; Joo et al. 2016).
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The long isolation and specific diversity observed in PNG created a unique and rich
case study to explore the interaction between biology-culture-environment. We briefly
approached the biological evolution of the oral microbiome of these populations,
uncovering both genetic and environmental related adaptations. Our results highlight
the importance to carry on the study of isolated populations to further uncover fitness
advantages conferred to the host in selective environments. Globalization is quickly
changing these remote groups which will ultimately lead to the loss of all the

invaluable information not yet discovered.
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Table S3. Total number of newly (n=379) and published (n=539) mitogenomes used in this study.

New New
Guinea Guinea Near Remote Wallace Sea  ND (New
Highlands Coastal Oceania Oceania Australia Sunda (Timor) Guinea)
This study 296 57 26 0 0 0 0 0
Published 61 18 282 68 69 25 13 3
Total 357 75 308 68 69 25 13 0

Note. Near oceania include the islands settled during Pleistocene: islands from Bismark and Solomon Archipelagos up to Malaita, the
southernmost island of the main Solomon islands group.

Table S4. TMRCA age estimates using ML for all M, P and Q Papuan subclades.
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P+153G+5117T+709A PI2b  PI3al 9 15047 saaasseial 12657 \gachaners)
P+153G+5117T+709A+16258C 8 10047 %827]]6'_851‘2542(:0i 8575 []33827772' ?303]85;‘764i
P+153G+5117T+709A+16258C+295T 2 3133 ‘3?23:23228},’ 2734 [527152'_67%29]3288]'
P+153GC+5117T+709A+16258C+8704C 3 6288 [gégg:ggggigl' 5430 %ggg:gé;ggg]'
P+153G+5117T+4829G+709A+16258C+8704C+5 5 046 [3009.084355 - - [423.888041 -
33G 3082.546385] 5741.211521]

P+153G+1888 PI3b 21 24362 Siouseriesa 1999 orSerseol
P+153G+1888+6755 P13b1 19 20083 ggggg:g?gﬁ]' 16663 [285027566_354406323691 :
P+153G+1888+6755+4502C PI3bla 12 1408 Nisarearag 125 leoceTrere)
P+153G+1888+6755+4502C+5 1 212 %?g:?gi?gg]' 187 ['E;g_'g;zzfji]'
P+153G+1888+6755+195 7 5405 Saermima 88 G Siraen
P+153C+1888+6755+195+16284 2 1194 [1183.871627 - 1048 [1006.546867 -

1203.425915]

3103.519507]
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[4560.631875 - [[1313.603575 -
P+153G+195C P13b2 2 4659 4752 789463] 4044 9401.926615]
[1646.298426 - [-1401.975994 -
P+153G+152C 2 1665 1684.115547] 1460 4322.759314]

To note that the timing of the modern human arrival in northern Sahul based on the mitogenomes analysed in this study was estimated
from the TMRCA of the main Papuan haplogroups using two mutation rate (Fu et al and Soares et al). While the confidence interval
from both mutation rate tend to overlap, we favor Fu et al age estimates, because (1) itis based on directly-dated fossils that are within
the time range of modern human evolution (and which span the last 40k) and (2) provide results comparable to recent study on

southern Sahul mitogenomes (Nagle et al 2017; Tobler et al 2017). However, older age estimates provided by Soares et al mutation

rate cannot be ruled out.

Table S5. Region frequencies of haplogroups M27, M28, M29, Q and P.

Haplogroups

Regions M27 M28 M29 P Q Others Total
Remote Oceania 1 51 2 50 80 548 732
Near Oceania 264 281 47 75 407 1211 2285
Coastal New Guinea 0 0 0 79 85 107 271
Highland New Guinea 0 1 2 277 300 54 634
Australia 0 0 0 106 4 190 300
Wallace Sea (Timor) 0 0 0 14 47 263 324
Sunda 0 0 0 19 8 4117 4144
Total 265 333 51 620 931 6490 8690

Remote Oceania: Temoto Province (Solomon Islands), Reef Islands, Vanuatu, New Caledonia, Fiji, and Polynesia. Near Oceania: Bismarck
Archipelago, and the Solomon Islands (as far east as the Makira-Ulawa Province). Coastal New Guinea: National Capital District, Central
province, East Sepik, Madang (Bogia district), Milne Bay, Morobe, Oro, Gulf, Bougainville and the Milne Bay. Highlands New Guinea:
Jiwaka, Chimbu, Enga, Hela, Madang (Middle district), Western and Southern Highlands and Indonesian Papua province. Australia.

Sunda: Philippines and Madagascar. Wallace Sea: East Timor.
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The MiDAS output files obtained from the Array methodology and the KRAKEN output
files obtained from the WGS unmapped reads have been made available as Supporting
Information files at https://cloud.i3s.up.pt/index.php/s/64z3Mx2EA6BDgWKk.
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Figure S1. Alpha-diversity plot for all samples with Chaol index. Sample PNG54 from
Port Moreshy (in red) was removed as an outlier for Alpha diversity (Chaol = 903).
Sample is considered an outlier if value falls out of the mean +/- 3SD (637) for all

samples.
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Figure S2. Correlation between alpha-diversity and (A) Age and (B) Gender of the
individuals (F=Female and M=Male). A Pearson correlation was performed for the Age
correlation, obtaining a p-value of 0.36, and a t-test was performed in the alpha-

diversity between Female and Male (p-value = 0.4).
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Figure S3. Profile of microbial composition of samples with phylogenetic tree of all
genera found in the oral microbiome of the different groups: Port Moreshy (in red);
Simbu province (in yellow); East Sepik province (in green); Western province (in blue);

and East highlanders living in Port Moresby (in pink).
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Figure S4. Beta diversity and microbiome profiling of the different groups. A nMDS
plot and PERMANOVA analysis for the (A) Jaccard distance and the (C) unweighted
UniFrac distance between the five tested groups: Port Moresby (in red); Simbu province
(in yellow); East Sepik province (in green); Western province (in blue); and East
highlanders living in Port Moresby (in pink). Unrooted neighbor-joining trees of the
mean (B) Jaccard distance and (D) unweighted UniFrac distances between the 5 groups.

Stress value for the NMDS in Jaccard is 0.2182 and for the unweighted UniFrac is
0.2187.
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Table S1. Demographic information (Age (A), Gender (G), Origin for both parents, Sampling place) for all the individuals in
this study, indication of which samples we obtained Array microbiome results and WGS microbiome results. For these last,

we also added the number of unmapped reads used for microbiome inference and the sequencing depth of the WGS.

- % Reads
Prll)g)ect Group A G Ont?t;'l]hfor Sampling place Region Array  WGS unnvr:psped mﬁ?é’g‘rglm Se(!:lueep':(t::ng Reference
parents reads microbiome
PNG104 Port Moreshy 51 F oro UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 4511582 60.28% WGS 10X This study
PNG174 Port Moresby 24 F  Cenual UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  YES 11797997 73.61% WGS 10X This study
PNG177 Port Moresby 25 M Central UPNG Low'a"iﬁsl gﬁ?:;fj' gg;;t(asl?mp'ed YES  NO - - This study
PNG18 Port Moreshy 25 M oro UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 11211278 77.14% WGS 10X This study
PNG200 Port Moresby 21 M Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  NO - - This study
PNG201 Port Moreshy 22 M Cental UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 5425199 63.57% WGS 10X This study
PNG221 Port Moresby 26 M Cenual UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  YES 5660018 67.72% WGS 10X This study
PNG24 Port Moresby 26 M oro UPNG Low'a"iﬁsl gﬁ?:;fj' gg;;t(asl?mp'ed YES  YES 11721020 67.50% WGS 30X iﬁfgg’z f}
PNG304 Port Moreshy 64 M  Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 7156056 57.37% WGS 10X This study
PNG316 Port Moresby 58 M Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  NO - - This study
PNG323 Port Moresby 46 F  Cental UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  NO - - This study
PNG327 Port Moresby 45 F  Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  YES 3058858 55.79% WGS 10X This study
PNG343 Port Moresby 37 F  Central UPNG Low'a"iﬁsl gﬁ?:;fj' gg;;t(asl?mp'ed YES  NO - This study
PNG53 Port Moresby 47 M Milne Bay UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 8619875 64.68% WGS 30X iﬁfgg’z f}
PNG61 Port Moresby 34 M Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asl?mp'ed YES  YES 7670395 55.36% WGS 30X iﬁfgg’z f}
PNG65 Port Moresby 25 M Central UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  NO - This study
PNG68 Port Moresby 29 M Milne Bay UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t(asﬁ‘mp'ed YES  YES 3052005 71.70% WGS 30X iﬁfgg’z f}
PNG70 Port Moresby 25 F  Central UPNG Low'a"iﬁsl gﬁ?:;fj' gg;;t(asl?mp'ed YES  YES 2580272 60.35% WGS 30X iﬁfgg’z f}
PNG79 Port Moreshy 25 F  Cental UPNG Low'a"iﬁsl gﬁ?:;?j' gg;;t‘asl?mp'ed YES  YES 2748776 60.98% WGS 10X This study
PNG365  Simbuprovince 67 M Simbu Mont Whilem Highlands (sampled in YES  YES 2070095 73.16% WGS 10X This study

Highlands)
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Highlands (sampled in

PNG366 Simbu province 41 M Simbu Maont Whilem Highlands) YES YES 7488572 67.57% WGS 10X This study
PNG367  Simbu province 44 M simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 2481150 67.88% WGS 10X This study
PNG370  Simbuprovince 42 M  Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 16893824 73.94% WGS 10X This study
PNG379  Simbu province 41 M simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 10945715 20.06% WGS 10X This study
PNG380  Simbuprovince 40 M  Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  NO . . This study
PNG382  Simbuprovince 55 M Simbu Mont Whilem High'agiﬂil(;’ﬁgns']"ed in YES  YES 10075442 62.69% WGS 10X This study
PNG384  Simbu province 57 M Simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 5257392 67.24% WGS 10X This study
PNG385  Simbuprovince 67 M Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 3104156 40.15% WGS 10X This study
PNG388  Simbu province 67 M  Simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 4202801 25.88% WGS 10X This study
PNG391  Simbuprovince 20 M Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 5602756 58.01% WGS 10X This study
PNG392  Simbuprovince 25 M Simbu Mont Whilem High'agiﬂil(;’ﬁgns']"ed in YES  NO . . This study
PNG393  Simbu province 22 M Simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 6233582 63.81% WGS 10X This study
PNG394  Simbuprovince 24 M  Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 6530778 62.86% WGS 10X This study
PNG395  Simbu province 27 M Simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 11737937 69.87% WGS 10X This study
PNG399  Simbuprovince 21 M Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 2690961 66.55% WGS 10X This study
PNG401  Simbuprovince 22 M Simbu Mont Whilem High'agiﬂil(;’ﬁgns']"ed in YES  YES 2523427 69.33% WGS 10X This study
PNG402  Simbu province 21 M Simbu Mont Whilem High'agi‘éil(;ﬁg"s']"ed in YES  YES 2408021 61.42% WGS 10X This study
PNG404  Simbuprovince 20 M Simbu Mont Whilem High'aﬁ‘i‘;ﬂ;ﬁ&?'ed in YES  YES 4480594 65.04% WGS 10X This study
PNG405  Simbu province 23 M Simbu Mont Whilem High'agigil(;ﬁg"s']"ed in YES  YES 5763730 57.36% WGS 10X This study
PNG121  EastSepik province 33 M  EastSepik dﬁﬁii?i:?g?fgiﬂk Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  NO . . This study
PNG122 EastSepik province 43 M  EastSepik d{?m?i_iggf?eﬂk LO“;ﬁ‘Tg‘zlg‘Azgdm';g&h rgf')?tmh;’wd YES  NO . . This study
PNG124 EastSepik province 40 M  East Sepik di’?;"r”i'c‘t‘%ggfgi’:}"ik Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  YES 13215849 72.53% WGS 10X This study
PNG125 EastSepik province 38 M  EastSepik dﬁﬁii?i:?g?fgiﬂk Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  NO . . This study
PNG129 EastSepik province 50 M  East Sepik dﬁﬁii?i:?g?fgiﬁk Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  YES 44976955 71.66% WGS 10X This study
PNG130 EastSepik province 40 M  East Sepik di’?;"r”i'c‘t‘%ggfgi’:}"ik LO“;E"I‘S‘ng‘Aggdin';g&hrgf')?,(mhf'ed YES  YES 16117736 69.81% WGS 10X This study
PNGI31 EastSepik province 23 M  EastSepik /~Win.Angoram = Lowlands inland north (sampled oo yeg 31937587 61.19% WGS 10X  This study

district, East Sepik

in lowlands inland narth)
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Awin, Angoram

Lowlands inland north (sampled

PNG132  East Sepik province 30 East Sepik district, East Sepik in lowlands inland north) YES YES 4834533 81.01% WGS 10X This study
PNG222  East Sepik province 56 East Sepik d‘;‘?’r‘{;‘{: g‘gf;gg}k Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  NO - - This study
PNG223  EastSepik province 25 F  EastSepik df'\s‘t'vriirpti ggtoggg}k Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  NO . . This study
PNG224  EastSepik province 28 M  East Sepik d‘;‘?’r‘{;‘{: g‘gf;gg}k Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  NO - - This study
PNG225 EastSepik province 47 M  EastSepik df'\s‘t'vriirpti ggtoggg}k Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  NO . . This study
PNG226  EastSepik province 36 F  EastSepik d‘;‘friir:{_ g?toggg:k LO“;ﬁ‘Tg‘zlg‘Azgdm';g&h rgf')?tmh;’wd YES  NO . . This study
PNG228  EastSepik province 51 M  East Sepik d‘;‘?’r‘{;‘{: g‘gf;gg}k Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  YES 3666747 62.39% WGS 10X This study
PNG234 EastSepik province 39 M  EastSepik J’;ﬁf’c'{" E‘:r;?‘;gi“k Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  YES 10024105 53.83% WGS 10X This study
PNG235 EastSepik province 54 M  East Sepik (;T';ﬁ?c'{" E‘:r;?ggi“k Lo‘ﬁﬁ‘Tgilg‘Aggdin’;g%h rgf')?tmhf'ecj YES  YES 4834533 52.39% WGS 10X This study
PNG239  EastSepik province 41 M  EastSepik J’;ﬁf’c'{" E‘:r;?‘;gi“k Lo‘ﬁﬁ‘Tgilg‘Afjgdm';g;Eh rﬁ)?tmh?wd YES  YES 3004850 48.30% WGS 10X This study
PNG511  Western province 44 F  Western Fly [F),?;‘dinges;ﬁg" Low'iflnl‘;fwf;r?gt;');‘izf h(:g;‘)p'e‘j YES  YES 29537421 43.75% WGS 10X This study
PNG513  Western province 32 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f ﬁggg"'ed YES  YES 1606510 59.12% WGS 10X This study
PNG515  Western province 40 M Western Fly %ﬁ‘g‘ding‘?mg‘ Low'iflnlgfwf;ﬁgtgéa“;ff;f h(:gggp'e‘j YES  YES 1483445 63.96% WGS 10X This study
PNG517  Western province 30 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 9246242 57.80% WGS 10X This study
PNG518  Western province 55 M Western Fly %ﬁ‘g‘ding‘?mg‘ Low'iflnlgfwf;ﬁgtgéa“;ff;f ﬁggg"'ed YES YES 6910165 64.40% WGS 10X This study
PNG519  Western province 48 M Western Fly Efgsih?:slgﬂg Low'iflnl‘;fwf;r?gt;');‘izf h(:g;‘)p'e‘j YES  YES 7053474 65.53% WGS 10X This study
PNG521  Western province 60 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 8664017 58.75% WGS 10X This study
PNG523  Western province 51 M Western Fly %ﬁ‘g‘ding‘?mg‘ Low'iflnlgfwf;ﬁgtgéa“;ff;f h(:gggp'e‘j YES  YES 6568630 64.73% WGS 10X This study
PNG524  Western province 45 M Western Fly [F),%‘\‘fingesgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 8608011 27.28% WGS 10X This study
PNG526  Western province 44 F  Western Fly %ﬁ‘g‘ding‘?mg‘ Low'iflnlgfwf;ﬁgtgéa“;ff;f h(:gggp'e‘j YES  YES 4986156 64.90% WGS 10X This study
PNG527  Western province 62 M Western Fly [F),?;‘dinges;ﬁg" Low'iflnl‘;fwf;r?gt;');‘izf h(:g;‘)p'e‘j YES  YES 9673261 38.12% WGS 10X This study
PNG529  Western province 53 M  Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 14262885 74.33% WGS 10X This study
PNG541  Western province 47 M Western Fly %ﬁ‘g‘ding‘?mg‘ Low'iflnlgfwf;ﬁgtgéa“;ff;f h(:gggp'e‘j YES  YES 3613197 72.12% WGS 10X This study
PNG531  Western province 40 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 5442665 72.46% WGS 10X This study
PNG532  Western province 58 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;r?été‘éa“;‘i;f h(:gggp'e‘j YES  YES 13198200 50.03% WGS 10X This study
PNG535  Western province 62 M Western fly  Daru. Western - Lowlands coastal west (sampled yeo ves 505044 62.50% WGS 10X This study

Pravince, PNG

in lowland coastal west)
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Daru, Western

Lowlands coastal west (sampled

PNG538 Western province 52 M Western Fly Province. PNG in lowland coastal west) YES YES 8566115 70.50% WGS 10X This study
PNG540  Western province 40 M Western Fly [F),%‘\‘fing‘?sgﬁgn Low'iflnlgfwf;ﬁgté‘(')a“;;}h(:gsr;‘)p'e‘j YES  YES 3512490 68.75% WGS 10X This study
PNG10 lmﬁ?fnh;?o':'taﬁgﬁgby 38 M Simbu UPNG High'a"dscif:STapl'ggsig lowlands e yves  9ga1634 63.58% WGS 30X i{“fgg’zf}
PNG101 "wﬁ%s?nh;?ohr'tal{‘qgf;by 26 F  Simbu UPNG High'a"dscgg‘sq‘aﬁ'gg;g lowlands  ves  ygs 13152119 60.07% WGS 30X i{“fgg’zf]‘
T R R i - i S — meoun
PNG193 Iiviﬁ?fnhgo':'ta&g?;bv 23 M Simbu UPNG High'a"dscgjsr{‘apllggsig lowlands ves No - - This study
PNG219 "wﬁ%s?nh;?ohr'tal{‘qgf;by 22 M Simbu UPNG High'a"dscgg‘sq‘aﬁ'gg;g lowlands  yeg  No - - This study
PNG220 lmﬁ?fnh;?o':'taﬁgﬁgby 24 M Simbu UPNG High'a"dscif:STapl'ggsig lowlands  yeo yves 551834 73.45% WGS 10X This study
PNG324 "wﬁ%s?nh;?ohr'tal{‘qgfgby 42 M Simbu UPNG High'a"dscgg‘sq‘aﬁ'gg;g lowlands  yeg  No - - This study
PNG436 lmﬁ?fnh;?o':'taﬁgﬁgby 21 M Simbu UPNG High'a"dscif:STapl'ggsig lowlands e ves 12801203 50.31% WGS 10X This study
PNG45 Iiviﬁ?fnhgo':'ta&g?;bv 2 M HEiZ?tlir:d UPNG High'a"dscgjsr{‘apllggsig lowlands  yeo ves 19586335 57.36% WGS 10X This study
MG SN T G g RO GG i s ez 7 wewo Sia
MG T e up PO e roes  am wem G

Brucato, Nicolas et al. 2021. 'Papua New Guinean Genomes Reveal the Complex Settlement of North Sahul', Molecular Biology and

Evolution, 38: 5107-21.
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Table S2. Frequency of all the genera detected in all samples with the WGS microbiome results and the Array microbiome

results.

Genera

WGS
microbiome

Array
microbiome

Fusobacterium

1

1
Prevotella 1 1
Streptococcus 1 1
Veillonella 1 1
Rothia 1 0.984615
Haemophilus 1 0.969231
Neisseria 1 0.969231
Treponema 1 0.969231
Actinomyces 1 0.907692
Campylobacter 1 0.876923
Leptotrichia 1 0.692308
Selenomonas 1 0.692308
Gemella 1 0.676923
Vibrio 1 0.276923
Dialister 1 0.215385
Aggregatibacter 1 0.153846
Corynebacterium 1 0.153846
Filifactor 1 0.138462
Bifidobacterium 1 0.076923
Actinobacillus 1 0.046154
Lactobacillus 1 0.030769
Parvimonas 1 0.030769
Pasteurella 1 0.030769
Schaalia 1 0.030769
Enterococcus 1 0.015385
Acinetobacter 1 0
Arthrobacter 1 0
Bacillus 1 0
Barnesiella 1 0
Chryseobacterium 1 0
Clostridium 1 0
Finegoldia 1 0
Flavobacterium 1 0
Halomonas 1 0
Klebsiella 1 0
Microbacterium 1 0
Mogibacterium 1 0.011765

Mycobacterium 1 0
Mycolicibacterium 1 0
Olsenella 1 0
Paenibacillus 1 0
Pseudomonas 1 0
Rhizobium 1 0
Shewanella 1 0
Sphingobacterium 1 0
Staphylococcus 1 0
Streptomyces 1 0
Xanthomonas 1 0
Porphyromonas 0.985714 0.969231
Mycoplasma 0.985714 0.569231
Capnocytophaga 0.985714 0.476923
Tannerella 0.985714 0.415385
Alloprevotella 0.985714 0.276923
Pseudoleptotrichia 0.985714 0.169231
Kingella 0.985714 0.107692
Bulleidia 0.985714 0.092308
Lancefieldella 0.985714 0.061538
Eikenella 0.985714 0.030769
Phocaeicola 0.985714 0.030769
Lachnoanaerobaculum 0.985714 0.015385
Aeromonas 0.985714 0
Alistipes 0.985714 0
Bacteroides 0.985714 0
Blautia 0.985714 0
Bradyrhizobium 0.985714 0
Burkholderia 0.985714 0
Butyricimonas 0.985714 0
Candidatus Nanosynbacter 0.985714 0
Chitinophaga 0.985714 0
Cutibacterium 0.985714 0
Helicobacter 0.985714 0
Hymenobacter 0.985714 0
Kocuria 0.985714 0
Lachnoclostridium 0.985714 0
Lactococcus 0.985714 0
Listeria 0.985714 0
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Mucilaginibacter 0.985714 0
Muribaculum 0.985714 0
Nocardioides 0.985714 0
Odoribacter 0.985714 0
Parabacteroides 0.985714 0
Paraprevotella 0.985714 0
Pedobacter 0.985714 0
Plasmodium 0.985714 0
Polaribacter 0.985714 0
Pseudoalteromonas 0.985714 0
Rhodococcus 0.985714 0
Lautropia 0.971429 0.261538
Mycoplasmopsis 0.971429 0.030769
Cardiobacterium 0.971429 0.015385
Desulfovibrio 0.971429 0.015385
Mannheimia 0.971429 0.015385
Aminipila 0.971429 0
Arachnia 0.971429 0
Blattabacterium 0.971429 0
Brevibacterium 0.971429 0
Buchnera 0.971429 0
Butyrivibrio 0.971429 0
Clostridioides 0.971429 0
Cupriavidus 0.971429 0
Duncaniella 0.971429 0
Jeotgalibaca 0.971429 0
Legionella 0.971429 0
Ligilactobacillus 0.971429 0
Lysinibacillus 0.971429 0
Mesorhizobium 0.971429 0
Sodaliphilus 0.971429 0
Sphingomonas 0.971429 0
Spiroplasma 0.971429 0
Spirosoma 0.971429 0
Synechococcus 0.971429 0
Vagococcus 0.971429 0
Propionibacterium 0.957143 0.015385
Carnobacterium 0.957143 0
Enterobacter 0.957143 0
Eubacterium 0.957143 0.552941
Fretibacterium 0.957143 0
Mammaliicoccus 0.957143 0
Nostoc 0.957143 0
Pauljensenia 0.957143 0
Serratia 0.957143 0

Virgibacillus 0.957143 0
Megasphaera 0.942857 0.584615
Abiotrophia 0.942857 0.169231
Aerococcus 0.942857 0
Anaerococcus 0.942857 0
Anaerocolumna 0.942857 0
Anaerostipes 0.942857 0
Coprococcus 0.942857 0
Elizabethkingia 0.942857 0
Lacrimispora 0.942857 0
Roseburia 0.942857 0
Weissella 0.942857 0
Limosilactobacillus 0.928571 0.015385
Aliarcobacter 0.928571 0
Bartonella 0.928571 0
Brachybacterium 0.928571 0
Citrobacter 0.928571 0
Dysgonomonas 0.928571 0
Micromonospora 0.928571 0
Nonlabens 0.928571 0
Pantoea 0.928571 0
Paraburkholderia 0.928571 0
Pontibacter 0.928571 0
Streptobacillus 0.928571 0
Histophilus 0.914286 0.015385
Companilactobacillus 0.914286 0
Desulfobulbus 0.914286 0
Francisella 0.914286 0
Glaesserella 0.914286 0
Sneathia 0.914286 0
Stenotrophomonas 0.914286 0
Yersinia 0.9 0.015385
Coprobacter 0.9 0
Erysipelothrix 0.9 0
Faecalibacterium 0.9 0
Geobacter 0.9 0
Kaistella 0.9 0
Leuconostoc 0.9 0
Mediterraneibacter 0.9 0
Nocardia 0.9 0
Ottowia 0.9 0
Paludibacter 0.9 0
Planococcus 0.9 0
Priestia 0.9 0
Romboutsia 0.9 0
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Ruminococcus 0.9 0
Toxoplasma 0.9 0
Achromobacter 0.885714 0
Bergeyella 0.885714 0
Bordetella 0.885714 0
Brevibacillus 0.885714 0
Erysipelatoclostridium 0.885714 0
Gramella 0.885714 0
Massilia 0.885714 0
Myroides 0.885714 0
Proteus (0.885714 0
Sporosarcina 0.885714 0
Tessaracoccus 0.885714 0
Variovorax 0.885714 0
Winogradskyella 0.885714 0
Simonsiella 0.871429 0.046154
Acholeplasma 0.871429 0
Acidovorax 0.871429 0
Amycolatopsis 0.871429 0
Cellulomonas 0.871429 0
Moraxella 0.871429 0
Providencia 0.871429 0
Pseudarthrobacter 0.871429 0
Escherichia 0.857143 0.046154
Rodentibacter 0.857143 0.046154
Alkalihalobacillus 0.857143 0
Arcobacter 0.857143 0
Gordonia 0.857143 0
Latilactobacillus 0.857143 0
Lysobacter 0.857143 0
Macrococcus 0.857143 0
Methylobacterium 0.857143 0
Petrimonas 0.857143 0
Deinococcus 0.842857 0
Draconibacterium 0.842857 0
Georgenia 0.842857 0
Micrococcus 0.842857 0
Pediococcus 0.842857 0
Peribacillus 0.842857 0
Proteiniphilum 0.842857 0
Psychrobacter 0.842857 0
Riemerella 0.842857 0
Tenacibaculum 0.842857 0
Trueperella 0.842857 0
Alteromonas 0.828571 0

Dolosigranulum 0.828571 0
Enterocloster 0.828571 0
Exiguobacterium 0.828571 0
Formosa 0.828571 0
Glutamicibacter 0.828571 0
Mageeibacillus 0.828571 0
Maribacter 0.828571 0
Rathayibacter 0.828571 0
Agrobacterium 0.814286 0
Arcanobacterium 0.814286 0
Candidatus Saccharimonas 0.814286 0
Curtobacterium 0.814286 0
Dickeya 0.814286 0
Megamonas 0.814286 0
Paracoccus 0.814286 0
Peptacetobacter 0.814286 0
Pseudonocardia 0.814286 0
Azospirillum 0.8 0
Echinicola 0.8 0
Erwinia 0.8 0
Lachnospira 0.8 0
Leucobacter 0.8 0
Oceanobacillus 0.8 0
Acidipropionibacterium 0.785714 0
Agromyces 0.785714 0
Brachyspira 0.785714 0
Caldicellulosiruptor 0.785714 0
Dietzia 0.785714 0
Flaviflexus 0.785714 0
Geobacillus 0.785714 0
Leifsonia 0.785714 0
Sphingobium 0.785714 0
Cryptobacterium 0.771429 0.015385
Anoxybacillus 0.771429 0
Desulfosporosinus 0.771429 0
Lentilactobacillus 0.771429 0
Ornithinimicrobium 0.771429 0
Polynucleobacter 0.771429 0
Sebaldella 0.771429 0
Tetragenococcus 0.771429 0
Xylanimonas 0.771429 0
Actinoplanes 0.757143 0
Aeromicrobium 0.757143 0
Fusarium 0.757143 0
Gardnerella 0.757143 0
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Janibacter 0.757143 0
Lactiplantibacillus 0.757143 0
Malassezia 0.757143 0
Marinobacter 0.757143 0
Pseudobutyrivibrio 0.757143 0
Ruania 0.757143 0
Sulfurimonas 0.757143 0
Tenuifilum 0.757143 0
Thermoanaerobacterium 0.757143 0
Acetivibrio 0.742857 0
Arachidicoccus 0.742857 0
Azoarcus 0.742857 0
Comamonas 0.742857 0
Dokdonia 0.742857 0
Lacticaseibacillus 0.742857 0
Pectobacterium 0.742857 0
Sulfurospirillum 0.742857 0
Brevundimonas 0.728571 0
Cellulosimicrobium 0.728571 0
Dermabacter 0.728571 0
Desulfitobacterium 0.728571 0
Janthinobacterium 0.728571 0
Microlunatus 0.728571 0
Runella 0.728571 0
Actinomadura 0.714286 0
Avibacterium 0.714286 0
Calothrix 0.714286 0
Hydrogenophaga 0.714286 0
Liquorilactobacillus 0.714286 0
Marinomonas 0.714286 0
Empedobacter 0.7 0
Epilithonimonas 0.7 0
Fastidiosipila 0.7 0
Flammeovirga 0.7 0
Serinicoccus 0.7 0
Collinsella 0.685714 0
Eggerthella 0.685714 0
Frankia 0.685714 0
Pandoraea 0.685714 0
Phascolarctobacterium 0.685714 0
Prochlorococcus 0.685714 0
Anaerobutyricum 0.671429 0
Dermacoccus 0.671429 0
Lacinutrix 0.671429 0
Mycobacteroides 0.671429 0

Parolsenella 0.671429 0
Pelosinus 0.671429 0
Peptoniphilus 0.671429 0
Salmonella 0.671429 0
Sinorhizobium 0.671429 0
Sorangium 0.671429 0
Winkia 0.671429 0
Acetobacter 0.657143 0
Amedibacterium 0.657143 0
Caulobacter 0.657143 0
Desulfotomaculum 0.657143 0
Loigolactobacillus 0.657143 0
Luteimonas 0.657143 0
Malaciobacter 0.657143 0
Pseudodesulfovibrio 0.657143 0
Ralstonia 0.657143 0
Saccharomonospora 0.657143 0
Sphingopyxis 0.657143 0
Thermoanaerobacter 0.657143 0
Aquimarina 0.642857 0
Bibersteinia 0.642857 0
Cellulophaga 0.642857 0
Metabacillus 0.642857 0
Rhodoferax 0.642857 0
Sanguibacter 0.642857 0
Sulfitobacter 0.642857 0
Aequorivita 0.628571 0
Basfia 0.628571 0
Clavibacter 0.628571 0
Colwellia 0.628571 0
Methylomonas 0.628571 0
Rufibacter 0.628571 0
Salinibacterium 0.628571 0
Bdellovibrio 0.614286 0
Chromobacterium 0.614286 0
Fibrella 0.614286 0
Nakamurella 0.614286 0
Ruminiclostridium 0.614286 0
Turicibacter 0.614286 0
Scardovia 0.6 0.030769
Acidaminococcus 0.6 0
Algoriphagus 0.6 0
Candidatus Planktophila 0.6 0
Cellulosilyticum 0.6 0
Crassaminicella 0.6 0

SAD1AN3ddY SISIH] dHd

0dd3id J100IN



~ €02 ~

Herbaspirillum 0.6 0
Hungatella 0.6 0
Isoptericola 0.6 0

Levilactobacillus 0.6 0
Mobiluncus 0.6 0
Murdochiella 0.6 0

Novosphingobium 0.6 0
Alkaliphilus 0.585714 0
Bisgaardia 0.585714 0
Candida 0.585714 0
Kurthia 0.585714 0
Leptospira 0.585714 0
Muricauda 0.585714 0
Neobacillus 0.585714 0
Sarcina 0.585714 0
Alcaligenes 0.571429 0
Caproiciproducens 0.571429 0

Cloacibacterium 0.571429 0

Cruoricaptor 0.571429 0

Herbinix 0.571429 0
Kordia 0.571429 0
Paeniclostridium 0.571429 0
Paucilactobacillus 0.571429 0
Rhodopseudomonas 0.571429 0

Actinobaculum 0.557143 0
Agrococcus 0.557143 0]

Anaerotignum 0.557143 0

Candidatus Phytoplasma 0.557143 0

Gordonibacter 0.557143 0

Kitasatospora 0.557143 0

Microbulbifer 0.557143 0

Photobacterium 0.557143 0

Planobacterium 0.557143 0

Propionimicrobium 0.557143 0
Cohnella 0.542857 0
Devosia 0.542857 0

Massilistercora 0.542857 0
Myxococcus (0.542857 0
Oenococcus 0.542857 0

Ornithobacterium 0.542857 0
Phycicoccus 0.542857 0
Saccharothrix 0.542857 0
Thauera 0.542857 0
Wolbachia 0.542857 0
Xenorhabdus 0.542857 0

Algibacter 0.528571 0
Auritidibacter 0.528571 0
Boudabousia 0.528571 0

Fructilactobacillus 0.528571 0
Gallibacterium 0.528571 0

Kytococcus 0.528571 0
Labilibaculum 0.528571 0
Nitrosomonas 0.528571 0
Nonomuraea 0.528571 0

Saccharopolyspora 0.528571 0

Salinivirga 0.528571 0

Sinomonas 0.528571 0
Akkermansia 0.514286 0

Alicyclobacillus 0.514286 0
Caloramator 0.514286 0
Christensenella 0.514286 0
Desulfomicrobium 0.514286 0

Ezakiella 0.514286 0
Nocardiopsis 0.514286 0
Parascardovia 0.514286 0.011765

Streptacidiphilus 0.514286 0
Bosea 0.5 0
Brochothrix 0.5 0
Candidatus Pelagibacter 0.5 0

Chlamydia 0.5 0

Cryobacterium 0.5 0

Ehrlichia 0.5 0
Intestinibaculum 0.5 0
Oscillibacter 0.5 0
Psychroflexus 0.5 0

Ureibacillus 0.5 0
Roseolovirus 0.485714 0.015385

Alkalitalea 0.485714 0

Borrelia 0.485714 0
Dyadobacter 0.485714 0
Erythrobacter 0.485714 0
Gottschalkia 0.485714 0

Kosakonia 0.485714 0
Moineauvirus 0.485714 0

Paenarthrobacter 0.485714 0
Paraclostridium 0.485714 0
Protaetiibacter 0.485714 0
Ruthenibacterium 0.485714 0
Antarcticibacterium 0.471429 0
Apibacter 0.471429 0
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Brucella 0.471429 0
Chlorobium 0.471429 0
Diaphorobacter 0.471429 0
Frederiksenia 0.471429 0
Labrenzia 0.471429 0
Mesoplasma 0.471429 0
Photorhabdus 0.471429 0
Rickettsia 0.471429 0
Rubrobacter 0.471429 0
Weizmannia 0.471429 0
Chlorobaculum 0.457143 0
Cytobacillus 0.457143 0
Fannyhessea 0.457143 0
Gimesia 0.457143 0
Halanaerobium 0.457143 0
Jeotgalicoccus 0.457143 0
Melissococcus 0.457143 0
Mycetocola 0.457143 0
Sedimentibacter 0.457143 0
Actinoalloteichus 0.442857 0
Actinotignum 0.442857 0
Adhaeribacter 0.442857 0
Altererythrobacter 0.442857 0
Candidatus Arthromitus 0.442857 0
Cellvibrio 0.442857 0
Croceimicrobium 0.442857 0
Edwardsiella 0.442857 0
Flavisolibacter 0.442857 0
Halobacillus 0.442857 0
Methanosarcina 0.442857 0
Otariodibacter 0.442857 0
Solibacillus 0.442857 0
Sphaerochaeta 0.442857 0
Tamlana 0.442857 0
Viridibacillus 0.442857 0
Acetobacterium 0.428571 0
Adlercreutzia 0.428571 0
Alysiella 0.428571 0
Amniculibacterium 0.428571 0
Delftia 0.428571 0
Ensifer 0.428571 0
Marinilactibacillus 0.428571 0
Phytohabitans 0.428571 0
Thiothrix 0.428571 0
Oerskovia 0.414286 0

Paenisporosarcina 0.414286 0
Pontibacillus 0.414286 0
Pseudactinotalea 0.414286 0
Sutterella 0.414286 0
Vespertiliibacter 0.414286 0
Aquitalea 0.4 0
Archangium 0.4 0
Aurantimicrobium 0.4 0
Brenneria 0.4 0
Cyclobacterium 0.4 0
Dictyostelium 0.4 0
Geminocystis 0.4 0
Hathewaya 0.4 0
Humibacter 0.4 0
Ndongobacter 0.4 0
Neptunomonas 0.4 0
Propioniciclava 0.4 0
Salegentibacter 0.4 0
Slackia 0.4 0
Streptosporangium 0.4 0
Apilactobacillus 0.385714 0
Desulfosarcina 0.385714 0
Filimonas 0.385714 0
llyobacter 0.385714 0
Jiangella 0.385714 0
Leadbetterella 0.385714 0
Leptolyngbya 0.385714 0
Lutibacter 0.385714 0
Olivibacter 0.385714 0
Rhodoluna 0.385714 0
Solitalea 0.385714 0
Thalassospira 0.385714 0
Actinosynnema 0.371429 0
Aliivibrio 0.371429 0
Beutenbergia 0.371429 0
Candidatus Kinetoplastibacterium 0.371429 0
Conchiformibius 0.371429 0
Frondihabitans 0.371429 0
Idiomarina 0.371429 0
Luteimicrobium 0.371429 0
Mesobacillus 0.371429 0
Microterricola 0.371429 0
Miniimonas 0.371429 0
Owenweeksia 0.371429 0
Pradoshia 0.371429 0
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Prosthecochloris 0.371429 0
Pseudoclostridium 0.371429 0
Pyricularia 0.371429 0
Tsukamurella 0.371429 0
Acetoanaerobium 0.357143 0
Alcanivorax 0.357143 0
Amphibacillus 0.357143 0
Anaeromyxobacter 0.357143 0
Berryella 0.357143 0
Borreliella 0.357143 0
Corallococcus 0.357143 0
Cronobacter 0.357143 0
Hydrogenovibrio 0.357143 0
Leishmania 0.357143 0
Nitratiruptor 0.357143 0
Polaromonas 0.357143 0
Roseomonas 0.357143 0
Sporomusa 0.357143 0
Thermosipho 0.357143 0
Weeksella 0.357143 0
Acidithiobacillus 0.342857 0
Aureimonas 0.342857 0
Botrytis (0.342857 0
Caldibacillus 0.342857 0
Candidatus Methylopumilus 0.342857 0
Fibrobacter 0.342857 0
Fictibacillus 0.342857 0
Intrasporangium 0.342857 0
Maridesulfovibrio 0.342857 0
Niabella 0.342857 0
Plantactinospora 0.342857 0
Plantibacter 0.342857 0
Raoultella 0.342857 0
Spirochaeta 0.342857 0
Succinivibrio 0.342857 0
Suicoccus 0.342857 0
Thermus 0.342857 0
Anaerobacillus 0.328571 0
Bernardetia 0.328571 0
Caloranaerobacter 0.328571 0
Chryseolinea 0.328571 0
Conexibacter 0.328571 0
Denitrobacterium 0.328571 0
Ethanoligenens 0.328571 0
Gilliamella 0.328571 0

Granulicella 0.328571 0
Keratinibaculum 0.328571 0
Komagataeibacter 0.328571 0
Methylorubrum 0.328571 0
Niastella 0.328571 0
Paraliobacillus 0.328571 0
Phaeobacter 0.328571 0
Pseudobacter 0.328571 0
Rhodothermus 0.328571 0
Roseivirga 0.328571 0
Roseovarius 0.328571 0
Secundilactobacillus 0.328571 0
Terriglobus 0.328571 0
Thermococcus 0.328571 0
Thiomonas 0.328571 0
Xylanimicrobium 0.328571 0
Aneurinibacillus 0.314286 0
Arcticibacterium 0.314286 0
Austwickia 0.314286 0
Cedecea 0.314286 0
Collimonas 0.314286 0
Desulfonema 0.314286 0
Desulfopila 0.314286 0
Dyella 0.314286 0
Lelliottia 0.314286 0
Methanococcus 0.314286 0
Mixta 0.314286 0
Mobilicoccus 0.314286 0
Morganella 0.314286 0
Mycolicibacter 0.314286 0
Paraflavitalea 0.314286 0
Peptoclostridium 0.314286 0
Petrocella 0.314286 0
Psychrobacillus 0.314286 0
Psychromicrobium 0.314286 0
Rhizobacter 0.314286 0
Seonamhaeicola 0.314286 0
Thiomicrorhabdus 0.314286 0
Verrucomicrobium 0.314286 0
Vitreoscilla 0.314286 0
Arsenophonus 0.3 0
Candidatus Blochmannia 0.3 0
Citricoccus 0.3 0
Desulfuromonas 0.3 0
Flagellimonas 0.3 0
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Flavihumibacter 0.3 0
Flintibacter 0.3 0
Furfurilactobacillus 0.3 0
Gemmatimonas 0.3 0
Geosporobacter 0.3 0
Hafnia 0.3 0
Kineococcus 0.3 0
Kribbella 0.3 0
Lawsonella 0.3 0
Leclercia 0.3 0
Methylocystis 0.3 0
Micropruina 0.3 0
Microvirga 0.3 0
Olleya 0.3 0
Pectinatus 0.3 0
Pseudopedobacter 0.3 0
Rahnella 0.3 0
Stanieria 0.3 0
Actinotalea 0.285714 0
Azospira 0.285714 0
Brevilactibacter 0.285714 0
Celeribacter 0.285714 0
Devriesea 0.285714 0
Flavonifractor 0.285714 0
Gracilibacillus 0.285714 0
Hyphomicrobium 0.285714 0
Kushneria 0.285714 0
Marivirga 0.285714 0
Martelella 0.285714 0
Neomicrococcus 0.285714 0
Panacibacter 0.285714 0
Pseudocnuella 0.285714 0
Rhodanobacter 0.285714 0
Salinimonas 0.285714 0
Syntrophotalea 0.285714 0
Theileria 0.285714 0
Thioalkalivibrio 0.285714 0
Tumebacillus 0.285714 0
Ureaplasma 0.285714 0
Wenyingzhuangia 0.285714 0
Zobellia 0.285714 0
Cepunavirus 0.271429 0.061538
Altibacter 0.271429 0
Andhravirus 0.271429 0
Belliella 0.271429 0

Candidatus Aquiluna 0.271429 0
Candidatus lzimaplasma 0.271429 0
Candidatus Thioglobus 0.271429 0

Dehalococcoides 0.271429 0
Fervidobacterium 0.271429 0
Flavivirga 0.271429 0
Gilvibacter 0.271429 0
Glaciecola 0.271429 0
Haliscomenobacter 0.271429 0
Halobacteriovorax 0.271429 0
Labilithrix 0.271429 0
Leeuwenhoekiella 0.271429 0
Mariprofundus 0.271429 0
Methanobrevibacter 0.271429 0
Nitrosococcus 0.271429 0
Opitutus 0.271429 0
Phreatobacter 0.271429 0
Rheinheimera 0.271429 0
Rhodocytophaga 0.271429 0
Rummeliibacillus 0.271429 0
Saccharomyces 0.271429 0
Salicibibacter 0.271429 0
Salinibacter 0.271429 0
Sporolactobacillus 0.271429 0
Thalassotalea 0.271429 0
Thermoactinomyces 0.271429 0
Thermomonospora 0.271429 0
Thermotoga 0.271429 0
Tissierella 0.271429 0
Urechidicola 0.271429 0
Actinocatenispora 0.257143 0
Acutalibacter 0.257143 0
Aminomonas 0.257143 0
Anaerolinea 0.257143 0
Anoxybacter 0.257143 0
Anseongella 0.257143 0
Aquirufa 0.257143 0
Arenibacter 0.257143 0
Babesia 0.257143 0
Brussowvirus 0.257143 0
Cereibacter 0.257143 0
Changchengzhania 0.257143 0
Dehalobacter 0.257143 0
Entomomonas 0.257143 0
Fischerella 0.257143 0
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Gemmata 0.257143 0
Gluconobacter 0.257143 0
Halarcobacter 0.257143 0

Jonesia 0.257143 0

Jonquetella 0.257143 0
Lapidilactobacillus 0.257143 0
Liberibacter 0.257143 0
Magnetospirillum 0.257143 0
Methylococcus 0.257143 0

Microcystis 0.257143 0
Monoglobus 0.257143 0
Oceanihabitans 0.257143 0
Octadecabacter 0.257143 0

Oscillatoria 0.257143 0

Pelodictyon 0.257143 0
Phoenicibacter 0.257143 0
Pimelobacter 0.257143 0
Renibacterium 0.257143 0
Rhodobacter 0.257143 0
Rhodovulum 0.257143 0

Shinella 0.257143 0

Sphingorhabdus 0.257143 0
Stieleria 0.257143 0
Tatumella 0.257143 0
Thermaerobacter 0.257143 0
Thermoclostridium 0.257143 0
Thermomonas 0.257143 0
Undibacterium 0.257143 0
Acidihalobacter 0.242857 0

Algicoccus 0.242857 0
Aminobacter 0.242857 0
Arsenicicoccus 0.242857 0
Caballeronia 0.242857 0

Cobetia 0.242857 0

Fulvivirga 0.242857 0

Galbibacter 0.242857 0

Gillisia 0.242857 0

Gudongella 0.242857 0

Kangiella 0.242857 0

Lacibacter 0.242857 0

Lacipirellula 0.242857 0
Marinitoga 0.242857 0
Marinobacterium 0.242857 0
Meiothermus 0.242857 0
Mesoflavibacter 0.242857 0

Muriicola 0.242857 0
Mycolicibacillus 0.242857 0
Naumovozyma 0.242857 0
Neorhizobium 0.242857 0

Nibribacter 0.242857 0

Nitrospira 0.242857 0

Robiginitalea 0.242857 0

Ruegeria 0.242857 0

Saprospira 0.242857 0

Scytonema 0.242857 0

Sediminispirochaeta 0.242857 0
Sodalis 0.242857 0

Tepiditoga 0.242857 0
Thiomicrospira 0.242857 0

Tomitella 0.242857 0

Zymomonas 0.242857 0
Abyssicoccus 0.228571 0
Agreia 0.228571 0
Arabia 0.228571 0
Aromatoleum 0.228571 0
Croceibacter 0.228571 0
Dechloromonas 0.228571 0
Dehalobacterium 0.228571 0
Desulfococcus 0.228571 0

Duganella 0.228571 0
Entomoplasma 0.228571 0

Faecalitalea 0.228571 0

Fluviicola 0.228571 0
Gequatrovirus 0.228571 0
Halobacteroides 0.228571 0

Halocella 0.228571 0
Ignavibacterium 0.228571 0

Luteibacter 0.228571 0
Luteipulveratus 0.228571 0

Microcella 0.228571 0

Moorella 0.228571 0

Moritella 0.228571 0

Nitrincola 0.228571 0
Paraglaciecola 0.228571 0

Pseudothermotoga 0.228571 0
Psychromonas 0.228571 0
Psychrosphaera 0.228571 0

Rimavirus 0.228571 0

Schnuerera 0.228571 0

Sediminicola 0.228571 0
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Skermanella 0.228571 0
Streptomonospora 0.228571 0
Sulfuriferula 0.228571 0
Thermanaerovibrio 0.228571 0
Thiospirochaeta 0.228571 0
Catenovulum 0.214286 0
Denitratisoma 0.214286 0
Dermatophilus 0.214286 0
Diaminobutyricimonas 0.214286 0
Endomicrobium 0.214286 0
Epidermidibacterium 0.214286 0
Ereboglobus 0.214286 0
Friedmanniella 0.214286 0
Halioglobus 0.214286 0
Halothermothrix 0.214286 0
Heliobacterium 0.214286 0
Hypericibacter 0.214286 0
Ichthyobacterium 0.214286 0
Kutzneria 0.214286 0
Lentibacillus 0.214286 0
Melioribacter 0.214286 0
Neurospora 0.214286 0
Oceanispirochaeta 0.214286 0
Paraoerskovia 0.214286 0
Pedococcus 0.214286 0
Salipiger 0.214286 0
Sphingosinicella 0.214286 0
Tetrasphaera 0.214286 0
Usitatibacter 0.214286 0
Wenzhouxiangella 0.214286 0
Zunongwangia 0.214286 0
Acidobacterium 0.2 0
Anabaena 0.2 0
Aquiflexum 0.2 0
Aquisphaera 0.2 0
Aureitalea 0.2 0
Azotobacter 0.2 0
Blastococcus 0.2 0
Candidatus Cardinium 0.2 0
Candidatus Cyclonatronum 0.2 0
Candidatus Syntrophocurvum 0.2 0
Chivirus 0.2 0
Cloacibacillus 0.2 0
Coriobacterium 0.2 0
Cytophaga 0.2 0

Dehalogenimonas 0.2 0
Desulfobacter 0.2 0
Desulfocurvibacter 0.2 0
Dictyoglomus 0.2 0
Euzebyella 0.2 0
Hahella 0.2 0
Haliangium 0.2 0
Halorubrum 0.2 0
Hyphobacterium 0.2 0
Intestinimonas 0.2 0
Lederbergia 0.2 0
Limnohabitans 0.2 0
Marmoricola 0.2 0
Methylotuvimicrobium 0.2 0
Minicystis 0.2 0
Moorea 0.2 0
Pigmentiphaga 0.2 0
Prauserella 0.2 0
Pseudanabaena 0.2 0
Pusillimonas 0.2 0
Radiobacillus 0.2 0
Raineyella 0.2 0
Rhodospirillum 0.2 0
Roseiflexus 0.2 0
Roseimicrobium 0.2 0
Roseobacter 0.2 0
Rouxiella 0.2 0
Salinispira 0.2 0
Salinivibrio 0.2 0
Siansivirga 0.2 0
Symbiobacterium 0.2 0
Syntrophobotulus 0.2 0
Teredinibacter 0.2 0
Tetrapisispora 0.2 0
Thermosynechococcus 0.2 0
Yimella 0.2 0
Wolinella 0.185714 0.015385
Aspergillus 0.185714 0
Auraticoccus 0.185714 0
Bombilactobacillus 0.185714 0
Costertonia 0.185714 0
Ectothiorhodospira 0.185714 0
Edaphobacter 0.185714 0
Geodermatophilus 0.185714 0
Heliorestis 0.185714 0
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Kinneretia 0.185714 0
Mariniflexile 0.185714 0
Methanocaldococcus 0.185714 0
Methylophaga 0.185714 0
Methylophilus 0.185714 0
Nesterenkonia 0.185714 0
Nitrosopumilus 0.185714 0
Novibacillus 0.185714 0
Orrella 0.185714 0
Parashewanella 0.185714 0
Pelistega 0.185714 0
Pepyhexavirus 0.185714 0
Persicimonas 0.185714 0
Pseudoxanthomonas 0.185714 0
Psychroserpens 0.185714 0
Ramlibacter 0.185714 0
Saccharibacillus 0.185714 0
Salinispora 0.185714 0
Sandaracinus 0.185714 0
Thermoanaerosceptrum 0.185714 0
Thermodesulfobacterium 0.185714 0
Tsuneonella 0.185714 0
Acidianus 0.171429 0
Alloactinosynnema 0.171429 0
Caldithrix 0.171429 0
Candidatus Nardonella 0.171429 0
Candidatus Promineofilum 0.171429 0
Carboxydothermus 0.171429 0
Chelatococcus 0.171429 0
Chloroflexus 0.171429 0
Chryseoglobus 0.171429 0
Cystobacter 0.171429 0
Deferribacter 0.171429 0
Desulfotalea 0.171429 0
Gemmatirosa 0.171429 0
Gloeothece 0.171429 0
Granulibacter 0.171429 0
Herbiconiux 0.171429 0
Hyphomonas 0.171429 0
lodobacter 0.171429 0
Jeongeupia 0.171429 0
Kluyvera 0.171429 0
Kroppenstedtia 0.171429 0
Limnochorda 0.171429 0
Luteithermobacter 0.171429 0

Methylomicrobium 0.171429 0
Mumia 0.171429 0
Natranaerobius 0.171429 0
Oceanisphaera 0.171429 0
Oligella 0.171429 0
Planctomyces 0.171429 0
Planomicrobium 0.171429 0
Plesiomonas 0.171429 0
Porphyrobacter 0.171429 0
Pseudolabrys 0.171429 0
Starkeya 0.171429 0
Thalassolituus 0.171429 0
Thermincola 0.171429 0
Thioflavicoccus 0.171429 0
Trichodesmium 0.171429 0
Urbifossiella 0.171429 0
Xanthobacter 0.171429 0
Xylella 0.171429 0
Pahexavirus 0.157143 0.030769
Aeribacillus 0.157143 0
Alkalibacter 0.157143 0
Allokutzneria 0.157143 0
Asticcacaulis 0.157143 0
Atlantibacter 0.157143 0
Basilea 0.157143 0
Bradymonas 0.157143 0
Buttiauxella 0.157143 0
Catenulispora 0.157143 0
Croceicoccus 0.157143 0
Cryptococcus 0.157143 0
Curvibacter 0.157143 0
Denitrovibrio 0.157143 0
Desulfallas 0.157143 0
Faecalibaculum 0.157143 0
Ferrimonas 0.157143 0
Glaciihabitans 0.157143 0
Gryllotalpicola 0.157143 0
Hydrogenophilus 0.157143 0
Hylemonella 0.157143 0
Jatrophihabitans 0.157143 0
Jeotgalibacillus 0.157143 0
Kibdelosporangium 0.157143 0
Leisingera 0.157143 0
Limnoglobus 0.157143 0
Luteitalea 0.157143 0
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Luteolibacter 0.157143 0
Lysinimonas 0.157143 0
Marisediminicola 0.157143 0
Modestobacter 0.157143 0
Parageobacillus 0.157143 0
Paraphotobacterium 0.157143 0
Phenylobacterium 0.157143 0
Phyllobacterium 0.157143 0
Phytobacter 0.157143 0
Planktothrix 0.157143 0
Pluralibacter 0.157143 0
Poseidonibacter 0.157143 0
Pseudogulbenkiania 0.157143 0
Pseudolysobacter 0.157143 0
Roseimaritima 0.157143 0
Roseococcus 0.157143 0
Rosistilla 0.157143 0
Saccharophagus 0.157143 0
Salimicrobium 0.157143 0
Schleiferilactobacillus 0.157143 0
l Serpentinomonas 0.157143 0
N Singulisphaera 0.157143 0
5' Sphingosinithalassobacter 0.157143 0
2 Stackebrandtia 0.157143 0
Stella 0.157143 0
Sugiyamaella 0.157143 0
Sulfurivermis 0.157143 0
Sulfurovum 0.157143 0
Swingsia 0.157143 0
Tardiphaga 0.157143 0
Tepidanaerobacter 0.157143 0
Terribacillus 0.157143 0
Thermodesulfobium 0.157143 0
Thiodictyon 0.157143 0
Verminephrobacter 0.157143 0
Actinomarinicola 0.142857 0
Advenella 0.142857 0
Alicycliphilus 0.142857 0
Allofrancisella 0.142857 0
Anaerohalosphaera 0.142857 0
Anatilimnocola 0.142857 0
Aquaspirillum 0.142857 0
Aurantiacibacter 0.142857 0
Bythopirellula 0.142857 0
Candidatus Koribacter 0.142857 0

Chondromyces 0.142857 0
Colletotrichum 0.142857 0
Congregibacter 0.142857 0
Cyanobium 0.142857 0
Cylindrospermum 0.142857 0
Desulfobacula 0.142857 0
Desulfofarcimen 0.142857 0
Desulfohalobium 0.142857 0
Frigoribacterium 0.142857 0
Geoalkalibacter 0.142857 0
Geovibrio 0.142857 0
Glaciimonas 0.142857 0
Gloeobacter 0.142857 0
Haloplanus 0.142857 0
Hydrogenimonas 0.142857 0
Jejubacter 0.142857 0
Ketogulonicigenium 0.142857 0
Koinonema 0.142857 0
Kyrpidia 0.142857 0
Labrys 0.142857 0
Laceyella 0.142857 0
Lacunisphaera 0.142857 0
Lentzea 0.142857 0
Lonsdalea 0.142857 0
Mameliella 0.142857 0
Methyloceanibacter 0.142857 0
Methylocella 0.142857 0
Methylosinus 0.142857 0
Methylotenera 0.142857 0
Methylovorus 0.142857 0
Nautilia 0.142857 0
Neoasaia 0.142857 0
Neospora 0.142857 0
Nibricoccus 0.142857 0
Nitratireductor 0.142857 0
Oceanithermus 0.142857 0
Qipengyuania 0.142857 0
Salinicoccus 0.142857 0
Sedimentisphaera 0.142857 0
Silvanigrella 0.142857 0
Solimonas 0.142857 0
Spiribacter 0.142857 0
Stappia 0.142857 0
Sulfurifustis 0.142857 0
Sulfurihydrogenibium 0.142857 0
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Synechocystis 0.142857 0
Syntrophobacter 0.142857 0
Terasakiella 0.142857 0
Thermacetogenium 0.142857 0
Thermobifida 0.142857 0
Thermomicrobium 0.142857 0
Thermovirga 0.142857 0
Vulgatibacter 0.142857 0
Yokenella 0.142857 0
Actinopolymorpha 0.128571 0
Actinopolyspora 0.128571 0
Ahniella 0.128571 0
Allochromatium 0.128571 0
Aquicella 0.128571 0
Bacteriovorax 0.128571 0
Baekduia 0.128571 0
Beggiatoa 0.128571 0
Blastochloris 0.128571 0
Caldanaerobacter 0.128571 0
Caminibacter 0.128571 0

l Candidatus Desulfofervidus 0.128571 0
N Candidatus Hamiltonella 0.128571 0
- Candidatus Methylospira 0.128571 0
2 Candidatus Nanopelagicus 0.128571 0
Candidatus Sulcia 0.128571 0
Castellaniella 0.128571 0
Chelativorans 0.128571 0
Cycloclasticus 0.128571 0
Dichelobacter 0.128571 0
Drechmeria 0.128571 0
Elusimicrobium 0.128571 0
Filomicrobium 0.128571 0
Frischella 0.128571 0
Grimontia 0.128571 0
Haloferax 0.128571 0
Halorhodospira 0.128571 0
Haloterrigena 0.128571 0
Herminiimonas 0.128571 0
Hoyosella 0.128571 0
Humisphaera 0.128571 0
Kazachstania 0.128571 0
Kiritimatiella 0.128571 0
Kosmotoga 0.128571 0
Ktedonosporobacter 0.128571 0
Laribacter 0.128571 0

Litorilituus 0.128571 0
Longibaculum 0.128571 0
Mahella 0.128571 0
Mesotoga 0.128571 0
Methylocaldum 0.128571 0
Methylomusa 0.128571 0
Microvirgula 0.128571 0
Nitrosospira 0.128571 0
Oceanimonas 0.128571 0
Oleiphilus 0.128571 0
Oryzomicrobium 0.128571 0
Paludibaculum 0.128571 0
Pannonibacter 0.128571 0
Parasaccharibacter 0.128571 0
Piscirickettsia 0.128571 0
Poriferisphaera 0.128571 0
Pragia 0.128571 0
Pseudoarcobacter 0.128571 0
Rhodoplanes 0.128571 0
Roseateles 0.128571 0
Roseivivax 0.128571 0
Rugosibacter 0.128571 0
Salaguimonas 0.128571 0
Sporisorium 0.128571 0
Sterolibacterium 0.128571 0
Syntrophus 0.128571 0
Tautonia 0.128571 0
Taylorella 0.128571 0
Thermobispora 0.128571 0
Thermocrinis 0.128571 0
Thermothielavioides 0.128571 0
Xylophilus 0.128571 0
Alkalilimnicola 0.114286 0
Aminobacterium 0.114286 0
Amylolactobacillus 0.114286 0
Anabaenopsis 0.114286 0
Aguabacter 0.114286 0
Azorhizobium 0.114286 0
Besnoitia 0.114286 0
Botrimarina 0.114286 0
Calditerrivibrio 0.114286 0
Candidatus Accumulibacter 0.114286 0
Candidatus Cloacimonas 0.114286 0
Candidatus Hepatoplasma 0.114286 0
Candidatus Portiera 0.114286 0
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Sinimarinibacterium 0.114286
Snodgrassella 0.114286
Sphaerotilus 0.114286
Spongiibacter 0.114286
Sulfurimicrobium 0.114286
Symmachiella 0.114286
Tepidiforma 0.114286
Thalassiosira 0.114286
Thermanaeromonas 0.114286
Tistrella 0.114286
Turicimonas 0.114286
Vogesella 0.114286
Acetohalobium
Agarilytica
Ampbhritea
Ancylobacter
Bingvirus

Candidatus Desulforudis

Candidatus Halobonum

Candidatus Nitrosocosmicus

Candidatus Solibacter

Candidatus Vampirococcus

Chloroherpeton

Chondrocystis

Desulfoglaeba

Dokdonella

Dolichospermum

Dongshaea

Egicoccus

Euzebya

Fluoribacter

Gallaecimonas

Geitlerinema

Gemmobacter

Haloarcula

Halosimplex

Halothece

Halothiobacillus

Jinshanibacter

Kaistia

Methanobacterium

Methanosphaera

Methylacidimicrobium

Candidatus Reidiella 0.114286 0
Candidatus Symbiobacter 0.114286 0
Chamaesiphon 0.114286 0
Chitinibacter 0.114286 0
Chroococcidiopsis 0.114286 0
Cnuibacter 0.114286 0
Coxiella 0.114286 0
Crinalium 0.114286 0
Crocosphaera 0.114286 0
Cyanobacterium 0.114286 0
Defluviimonas 0.114286 0
Defluviitoga 0.114286 0
Desulfarculus 0.114286 0
Desulfatibacillum 0.114286 0
Desulfurispirillum 0.114286 0
Dysosmobacter 0.114286 0
Faecalibacillus 0.114286 0
Hartmannibacter 0.114286 0
Hoeflea 0.114286 0
Ketobacter 0.114286 0
Kineobactrum 0.114286 0
Kluyveromyces 0.114286 0
Koleobacter 0.114286 0
Leptospirillum 0.114286 0
Leptothrix 0.114286 0
Melittangium 0.114286 0
Methylibium 0.114286 0
Micavibrio 0.114286 0
Mitsuaria 0.114286 0
Nitrobacter 0.114286 0
Nitrospirillum 0.114286 0
Niveibacterium 0.114286 0
Niveispirillum 0.114286 0
Orbus 0.114286 0
Oxalobacter 0.114286 0
Paenalcaligenes 0.114286 0
Paremcibacter 0.114286 0
Pelagibacterium 0.114286 0
Pseudopuniceibacterium 0.114286 0
Pyrococcus 0.114286 0
Pyxidicoccus 0.114286 0
Rubrivivax 0.114286 0
Schlegelella 0.114286 0
Sediminibacillus 0.114286 0
Shimwellia 0.114286 0

Methylacidiphilum

Methylobacillus
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Methylovirgula

Mycoavidus

Natronomonas

Nitratifractor

Nodularia

Paludisphaera

Paraoceanicella

Parasphingopyxis

Pelolinea

Phycisphaera

Pirellula

Pirellulimonas

Pochonia

Rivularia

Sagittula

Scandinavium

Spartinivicinus

Stigmatella

Sulfolobus

Sulfuricella

Talaromyces

Tatlockia

Thermobacillus

Thermochromatium

Thermothelomyces

Thermovibrio

Thioclava

Thiohalobacter 0.1

Thiolapillus 0.1

Youhaiella 0.1
Acaryochloris 0.085714
Acidibrevibacterium 0.085714
Acidothermus 0.085714
Aeoliella 0.085714
Afipia 0.085714
Anaplasma 0.085714
Aquabacterium 0.085714
Aquirhabdus 0.085714
Asaia 0.085714
Bacterioplanes 0.085714
Beijerinckia 0.085714
Biomaibacter 0.085714
Brasilonema 0.085714
Breoghania 0.085714
Candidatus Amoebophilus 0.085714
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Candidatus Cytomitobacter 0.085714 0
Candidatus Fukatsuia 0.085714 0
Candidatus Moranella 0.085714 0

Candidatus Nitrosoglobus 0.085714 0
Candidatus Nitrotoga 0.085714 0

Candidatus Tachikawaea 0.085714 0
Carboxydocella 0.085714 0
Cercospora 0.085714 0
Chania 0.085714 0
Chitinimonas 0.085714 0
Chitinolytichacter 0.085714 0
Chromohalobacter 0.085714 0
Chthonomonas 0.085714 0
Commensalibacter 0.085714 0
Coraliomargarita 0.085714 0
Cryptosporidium 0.085714 0
Desulfobacterium 0.085714 0
Effusibacillus 0.085714 0
Endozoicomonas 0.085714 0
Ephemeroptericola 0.085714 0
Eremothecium 0.085714 0
Ewingella 0.085714 0
Fimbriimonas 0.085714 0
Frateuria 0.085714 0
Frigoriglobus 0.085714 0
Georhizobium 0.085714 0
Gibbsiella 0.085714 0
Gluconacetobacter 0.085714 0
Granulosicoccus 0.085714 0
Gynuella 0.085714 0
Haematobacter 0.085714 0
Hpunavirus 0.085714 0
Hydrogenobaculum 0.085714 0
Immundisolibacter 0.085714 0
Indioceanicola 0.085714 0
Kozakia 0.085714 0
Lacimicrobium 0.085714 0
Lawsonia 0.085714 0
Lentilitoribacter 0.085714 0
Marivivens 0.085714 0
Nissabacter 0.085714 0
Nordella 0.085714 0
Obesumbacterium 0.085714 0
Oblitimonas 0.085714 0
Orientia 0.085714 0
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Pararhodospirillum 0.085714 0
Paraurantiacibacter 0.085714 0
Parvibaculum 0.085714 0
Paucibacter 0.085714 0
Pelagibaca 0.085714 0
Pelobacter 0.085714 0
Pseudescherichia 0.085714 0
Pyruvatibacter 0.085714 0
Rhodopirellula 0.085714 0
Saliniradius 0.085714 0
Salinisphaera 0.085714 0
Schizosaccharomyces 0.085714 0
Sedimenticola 0.085714 0
Sulfuricurvum 0.085714 0
Sulfuriflexus 0.085714 0
Sulfuritortus 0.085714 0
Syntrophomonas 0.085714 0
Thalassococcus 0.085714 0
Thermotomaculum 0.085714 0
Thiocystis 0.085714 0
Thiosulfativibrio 0.085714 0
Torulaspora 0.085714 0
Trichormus 0.085714 0
Trypanosoma 0.085714 0
Variibacter 0.085714 0
Verrucosispora 0.085714 0
Zobellella 0.085714 0
Alphapapillomavirus 0.071429 0.092308
Acetilactobacillus 0.071429 0
Acetomicrobium 0.071429 0
Acidiphilium 0.071429 0
Acidisarcina 0.071429 0
Aerosticca 0.071429 0
Ammonifex 0.071429 0
Aquisalimonas 0.071429 0
Arenimonas 0.071429 0
Blastomonas 0.071429 0
Caenibius 0.071429 0
Caldimicrobium 0.071429 0
Caldisericum 0.071429 0
Candidatus Atelocyanobacterium 0.071429 0
Candidatus Deianiraea 0.071429 0
Candidatus Midichloria 0.071429 0
Candidatus Nitrosacidococcus 0.071429 0
Candidatus Nucleicultrix 0.071429 0

Candidatus Profftella 0.071429 0
Candidatus Protochlamydia 0.071429 0
Candidatus Vesicomyosocius 0.071429 0
Caulifigura 0.071429 0
Chloracidobacterium 0.071429 0
Ciceribacter 0.071429 0
Citromicrobium 0.071429 0
Cognatishimia 0.071429 0
Cohaesibacter 0.071429 0
Crenobacter 0.071429 0
Deefgea 0.071429 0
Defluviicoccus 0.071429 0
Desulfobacca 0.071429 0
Desulfocapsa 0.071429 0
Desulfolutivibrio 0.071429 0
Desulfurivibrio 0.071429 0
Desulfurobacterium 0.071429 0
Egibacter 0.071429 0
Euhalothece 0.071429 0
Flexistipes 0.071429 0
Gallionella 0.071429 0
Gloeocapsa 0.071429 0
Halomicronema 0.071429 0
Halorussus 0.071429 0
Halotalea 0.071429 0
Hirschia 0.071429 0
Hydrocarboniclastica 0.071429 0
Inhella 0.071429 0
Isosphaera 0.071429 0
Kerstersia 0.071429 0
Leminorella 0.071429 0
Limihaloglobus 0.071429 0
Limnobaculum 0.071429 0
Litoricola 0.071429 0
Magnetospira 0.071429 0
Maioricimonas 0.071429 0
Maricaulis 0.071429 0
Marichromatium 0.071429 0
Marinicauda 0.071429 0
Marinovum 0.071429 0
Maritalea 0.071429 0
Melaminivora 0.071429 0
Methyloligella 0.071429 0
Methyloversatilis 0.071429 0
Monaibacterium 0.071429 0
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Mycetohabitans 0.071429 0
Natrinema 0.071429 0
Neokomagataea 0.071429 0
Nitrosophilus 0.071429 0
Novosphingopyxis 0.071429 0
Oceanicoccus 0.071429 0
Oceanicola 0.071429 0
Oxynema 0.071429 0
Parasedimentitalea 0.071429 0
Persephonella 0.071429 0
Planktomarina 0.071429 0
Pleurocapsa 0.071429 0
Pseudohongiella 0.071429 0
Pseudorhodobacter 0.071429 0
Pseudorhodoplanes 0.071429 0
Pseudovibrio 0.071429 0
Rhizorhabdus 0.071429 0
Rhodomicrobium 0.071429 0
Rippkaea 0.071429 0
Sideroxydans 0.071429 0
Simkania 0.071429 0
Simplexvirus 0.071429 0
Sphaerobacter 0.071429 0
Steroidobacter 0.071429 0
Sulfuritalea 0.071429 0
Tabrizicola 0.071429 0
Tateyamaria 0.071429 0
Thermoleptolyngbya 0.071429 0
Thermosediminibacter 0.071429 0
Thermosulfidibacter 0.071429 0
Thiobacillus 0.071429 0
Truepera 0.071429 0
Yoonia 0.071429 0
Zymobacter 0.071429 0
Acidimicrobium 0.057143 0
Allosphingosinicella 0.057143 0
Archaeoglobus 0.057143 0
Arthrospira 0.057143 0
Bermanella 0.057143 0
Boseongicola 0.057143 0
Brevefilum 0.057143 0
Caldichromatium 0.057143 0
Caldilinea 0.057143 0
Candidatus Babela 0.057143 0
Candidatus Carsonella 0.057143 0

Candidatus Endolissoclinum 0.057143 0
Candidatus Fokinia 0.057143 0
Candidatus Hodgkinia 0.057143 0
Candidatus Ishikawaella 0.057143 0
Candidatus Puniceispirillum 0.057143 0
Candidatus Riesia 0.057143 0
Candidatus Ruthia 0.057143 0
Candidatus Sneabacter 0.057143 0
Casimicrobium 0.057143 0
Cyanothece 0.057143 0
Dactylococcopsis 0.057143 0
Debaryomyces 0.057143 0
Dissulfurispira 0.057143 0
Enterovibrio 0.057143 0
Fluviibacter 0.057143 0
Fromanvirus 0.057143 0
Fuerstia 0.057143 0
Gillianvirus 0.057143 0
Gordonvirus 0.057143 0
Halapricum 0.057143 0
llumatobacter 0.057143 0
Jannaschia 0.057143 0
Lichenicola 0.057143 0
Lichenihabitans 0.057143 0
Lignipirellula 0.057143 0
Mariniblastus 0.057143 0
Marinithermus 0.057143 0
Methanocella 0.057143 0
Methanococcoides 0.057143 0
Methylovulum 0.057143 0
Mimivirus 0.057143 0
Noviherbaspirillum 0.057143 0
Parachlamydia 0.057143 0
Parasphingorhabdus 0.057143 0
Parvularcula 0.057143 0
Petrotoga 0.057143 0
Polymorphum 0.057143 0
Pulveribacter 0.057143 0
Reinekea 0.057143 0
Roseibacterium 0.057143 0
Roseicitreum 0.057143 0
Simiduia 0.057143 0
Sphaerospermopsis 0.057143 0
Staphylospora 0.057143 0
Thalassobius 0.057143 0

SAD1AN3ddY SISIH] dHd

0dd3id J100IN



~9l1Z ~

Thermobaculum 0.057143 0
Thermosulfurimonas 0.057143 0
Tolumonas 0.057143 0
Tolypothrix 0.057143 0
Turneriella 0.057143 0
Wigglesworthia 0.057143 0
Woeseia 0.057143 0
Zetavirus 0.057143 0
Zhihengliuella 0.057143 0
Zhongshania 0.057143 0
Zymoseptoria 0.057143 0
Alienimonas 0.042857 0
Antarctobacter 0.042857 0
Aquifex 0.042857 0
Aureliella 0.042857 0
Bombella 0.042857 0
Brettanomyces 0.042857 0
Brevirhabdus 0.042857 0
Calycomorphotria 0.042857 0
Candidatus Chazhemtobacterium 0.042857 0
Candidatus Fonsibacter 0.042857 0
Candidatus Kuenenia 0.042857 0
Candidatus Nesciobacter 0.042857 0
Candidatus Nitrosocaldus 0.042857 0
Candidatus Prometheoarchaeum 0.042857 0
Candidatus Xiphinematobacter 0.042857 0
Cetia 0.042857 0
Cheoctovirus 0.042857 0
Coprothermobacter 0.042857 0
Desulfomonile 0.042857 0
Ferrovibrio 0.042857 0
Gaiavirus 0.042857 0
Halobacterium 0.042857 0
Halocynthiibacter 0.042857 0
Halogeometricum 0.042857 0
Halomicrobium 0.042857 0
Halorhabdus 0.042857 0
Halorientalis 0.042857 0
Halovivax 0.042857 0
Hydrogenobacter 0.042857 0
Kordiimonas 0.042857 0
Methanolobus 0.042857 0
Mudcatvirus 0.042857 0
Neochlamydia 0.042857 0
Oricola 0.042857 0

Permianibacter 0.042857 0
Phaeodactylum 0.042857 0
Pistricoccus 0.042857 0
Planctopirus 0.042857 0
Polystyrenella 0.042857 0
Pontimonas 0.042857 0
Pontivivens 0.042857 0
Rubinisphaera 0.042857 0
Salinicola 0.042857 0
Sandaracinobacter 0.042857 0
Scapunavirus 0.042857 0
Simplicispira 0.042857 0
Thermodesulfatator 0.042857 0
Thermogutta 0.042857 0
Tropheryma 0.042857 0
Ustilago 0.042857 0
Waddlia 0.042857 0
Yarrowia 0.042857 0
Zygosaccharomyces 0.042857 0
Zygotorulaspora 0.042857 0
Acidiferrobacter 0.028571 0
Actibacterium 0.028571 0
Agarivorans 0.028571 0
Baoshanvirus 0.028571 0
Bigelowiella 0.028571 0
Candidatus Annandia 0.028571 0
Candidatus Azoamicus 0.028571 0
Candidatus Bipolaricaulis 0.028571 0
Candidatus Gullanella 0.028571 0
Candidatus Hoaglandella 0.028571 0
Candidatus Paracaedibacter 0.028571 0
Candidatus Phaeomarinobacter 0.028571 0
Candidatus Phycorickettsia 0.028571 0
Candidatus Walczuchella 0.028571 0
Capripoxvirus 0.028571 0
Cryptomonas 0.028571 0
Cylindrospermopsis 0.028571 0
Cymopoleiavirus 0.028571 0
Derbicusvirus 0.028571 0
Dinoroseobacter 0.028571 0
Encephalitozoon 0.028571 0
Ferriphaselus 0.028571 0
Gloeomargarita 0.028571 0
Guillardia 0.028571 0
Haematospirillum 0.028571 0
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Halobiforma 0.028571 0
Halopiger 0.028571 0
Haloquadratum 0.028571 0
Hippea 0.028571 0
Magnetococcus 0.028571 0
Maribius 0.028571 0
Metakosakonia 0.028571 0
Metallosphaera 0.028571 0
Methanoculleus 0.028571 0
Methanoplanus 0.028571 0
Methanothermobacter 0.028571 0
Microchaete 0.028571 0
Microcoleus 0.028571 0
Mosigvirus 0.028571 0
Nakaseomyces 0.028571 0
Neorickettsia 0.028571 0
Nitrosarchaeum 0.028571 0
Obolenskvirus 0.028571 0
Oecophyllibacter 0.028571 0
Oneupvirus 0.028571 0
Pajaroellobacter 0.028571 0
Pandoravirus 0.028571 0
Pelagerythrobacter 0.028571 0
Pelagovum 0.028571 0
Pikminvirus 0.028571 0
Polerovirus 0.028571 0
Profundibacter 0.028571 0
Pseudooceanicola 0.028571 0
Raphidiopsis 0.028571 0
Rickettsiella 0.028571 0
Roseitalea 0.028571 0
Segniliparus 0.028571 0
Sextaecvirus 0.028571 0
Shigella 0.028571 0
Silicimonas 0.028571 0
Skunavirus 0.028571 0
Staphylothermus 0.028571 0
Sulfurisphaera 0.028571 0
Syntrophothermus 0.028571 0
Terricaulis 0.028571 0
Thalassoglobus 0.028571 0
Thermosulfuriphilus 0.028571 0
Thiosulfatimonas 0.028571 0
Tuwongella 0.028571 0
Lymphocryptovirus 0.014286 0.2

Acidilobus 0.014286 0
Aeropyrum 0.014286 0
Alcyoneusvirus 0.014286 0
Alphatorquevirus 0.014286 0
Athalassotoga 0.014286 0
Avunavirus 0.014286 0
Ayakvirus 0.014286 0
Baikalvirus 0.014286 0
Betaentomopoxvirus 0.014286 0
Betatorquevirus 0.014286 0
Bremerella 0.014286 0
Caldisphaera 0.014286 0
Candidatus Doolittlea 0.014286 0
Candidatus Methanoplasma 0.014286 0
Candidatus Mikella 0.014286 0
Candidatus Nitrosomarinus 0.014286 0
Candidatus Nitrosotenuis 0.014286 0
Candidatus Purcelliella 0.014286 0
Certrevirus 0.014286 0
Chlorovirus 0.014286 0
Coccolithovirus 0.014286 0
Crateriforma 0.014286 0
Cyprinivirus 0.014286 0
Drulisvirus 0.014286 0
Eneladusvirus 0.014286 0
Entomobacter 0.014286 0
Epibacterium 0.014286 0
Gamaleyavirus 0.014286 0
Gammaretrovirus 0.014286 0
Glycocaulis 0.014286 0
Guyparkeria 0.014286 0
Halalkaliarchaeum 0.014286 0
Halalkalicoccus 0.014286 0
Halarchaesum 0.014286 0
Harbinvirus 0.014286 0
llzatvirus 0.014286 0
Jasminevirus 0.014286 0
Jedunavirus 0.014286 0
Jiaodavirus 0.014286 0
Johnsonvirus 0.014286 0
Kagunavirus 0.014286 0
Karamvirus 0.014286 0
Kayvirus 0.014286 0
Komagataella 0.014286 0
Koutsourovirus 0.014286 0
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Lachancea 0.014286 0 Catonella 0 0.076923
Lederbergvirus 0.014286 0 Alloscardovia 0 0.030769
Lightbulbvirus 0.014286 0 Eggerthia 0 0.030769

Limnobacter 0.014286 0 Hallella 0 0.015385
Lymphocystivirus 0.014286 0 Johnsonella 0 0.015385
Mastadenovirus 0.014286 0 Shuttleworthia 0 0.015385
Methanohalophilus 0.014286 0 Stenoxybacter 0 0.015385
Methanomassiliicoccus 0.014286 0 unclassified Anelloviridae 0 0.015385
Methanoregula 0.014286 0 unclassified Lachnospiraceae 0 0.015385
Methanothermococcus 0.014286 0 Orthohepadnavirus 0 0.011765
Methanotorris 0.014286 0 unclassified Myoviridae 0 0.011765
Natrarchaeobaculum 0.014286 0 unclassified Siphoviridae 0 0.023529
Natronococcus 0.014286 0 unclassified Saccharibacteria 0 0.047059
Natronorubrum 0.014286 0 uncultured_bacterium 0 0.011765

Nipunavirus 0.014286 0 unclassified Bacteroidetes 0 0.023529
Nitrososphaera 0.014286 0 unclassified Candidatus 0 0.047059
Ochrobactrum 0.014286 0 Absconditabacteria )
Orthopoxvirus 0.014286 0

Orthotospovirus 0.014286 0
Papyrusvirus 0.014286 0
Paradevosia 0.014286 0

Peatvirus 0.014286 0

Phistoryvirus 0.014286 0
Pichia 0.014286 0
Pseudohalocynthiibacter 0.014286 0
Qingshengfaniella 0.014286 0

Rhodobaca 0.014286 0

Roufvirus 0.014286 0
Salinarchaeum 0.014286 0

Scheffersomyces 0.014286 0
Sepunavirus 0.014286 0

Slopekvirus 0.014286 0

Taipeivirus 0.014286 0

Tardibacter 0.014286 0

Tegunavirus 0.014286 0
Tequatrovirus 0.014286 0
Vulcanisaeta 0.014286 0

Wifcevirus 0.014286 0

Wphvirus 0.014286 0

Atopobium 0 0.6
Granulicatella 0 0.523077

Oribacterium 0 0.461538
Solobacterium 0 0.353846
Peptostreptococcus 0 0.138462
Anaeroglobus 0 0.076923
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Table S3. Comparison of the genera detected in both methods per sample by applying a threshold of abundance to the

WGS results of 0.01%, 0.1%, 0.5% and 1%.

Threshold abundance above 1%

Threshold abundance above 0.5%

Threshold abundance above 0.1%

Threshold abundance above 0.01%

Genera Genera Genera Genera Genera Genera Genera Genera
Project detected detected detected detected detected detected detected detected
I%) from both only on %Match from both only on %Match from both only on %Match from both only on %Match
methods WGS methods WGS methods WGS methods WGS

PNG104 11 1 91.67 13 1 92.86 15 10 60.00 21 39 35.00
PNG174 11 0 100.00 12 0 100.00 15 3 8§3.33 17 22 43.59
PNG18 8 0 100.00 11 0 100.00 14 5 73.68 16 31 34.04
PNG201 9 0 100.00 13 1 92.86 14 5 73.68 15 32 31.91
PNG221 11 0 100.00 13 0 100.00 13 11 54.17 14 43 24.56
PNG24 11 1 91.67 14 2 8§7.50 15 9 62.50 19 38 33.33
PNG304 14 0 100.00 15 0 100.00 16 8 66.67 20 45 30.77
PNG327 15 0 100.00 17 3 85.00 18 15 54.55 21 52 28.77
PNG53 13 0 100.00 14 2 8§7.50 15 12 55.56 18 33 35.29
PNGG1 11 1 91.67 12 4 75.00 12 14 46.15 16 50 24.24
PNGG8 12 2 85.71 13 7 65.00 15 16 48.39 15 46 24.59
PNG70 13 1 92.86 13 7 65.00 13 20 39.39 14 56 20.00
PNG79 14 2 87.50 14 4 77.78 15 13 53.57 17 48 26.15
PNG365 12 1 92.31 14 3 8§2.35 14 11 56.00 14 30 31.82
PNG366 12 1 92.31 13 1 92.86 14 10 58.33 18 37 32.73
PNG367 14 1 93.33 14 3 8§2.35 14 13 51.85 15 37 28.85
PNG370 11 0 100.00 13 0 100.00 15 4 78.95 18 26 40.91
PNG379 7 1 87.50 9 2 81.82 12 6 66.67 14 25 35.90
PNG382 13 0 100.00 16 1 94.12 19 5 79.17 22 39 36.07
PNG384 12 0 100.00 14 1 93.33 17 8 68.00 17 24 41.46
PNG385 16 2 88.89 19 4 8§2.61 20 20 50.00 22 78 22.00
PNG388 10 0 100.00 13 4 76.47 15 19 44.12 17 54 23.94
PNG391 13 2 86.67 16 2 88.89 18 11 62.07 19 45 29.69
PNG393 11 0 100.00 14 0 100.00 14 8 63.64 15 46 24.59
PNG3594 13 0 100.00 17 1 94.44 18 9 66.67 20 52 27.78
PNG395 8 0 100.00 11 0 100.00 17 4 80.95 20 25 44 .44
PNG399 10 0 100.00 14 1 93.33 14 13 51.85 15 37 28.85
PNG401 9 2 81.82 11 3 78.57 12 13 48.00 13 37 26.00
PNG402 9 3 75.00 11 5 68.75 11 13 45.83 13 39 25.00
PNG404 10 2 83.33 10 6 62.50 11 18 37.93 13 52 20.00
PNG405 11 0 100.00 14 3 8§2.35 15 10 60.00 18 52 25.71
PNG124 12 0 100.00 14 2 8§7.50 14 7 66.67 16 29 35.56
PNG129 12 0 100.00 15 2 8§8.24 16 12 57.14 20 54 27.03
PNG130 15 1 93.75 16 1 94.12 16 10 61.54 17 24 41.46
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PNGI31 10 0 100.00 14 0 100.00 18 10 64.29 20 46 30.30
PNGI132 8 1 88.89 12 5 70.59 12 14 46.15 16 50 24.24
PNG228 10 2 83.33 10 4 71.43 10 11 47.62 11 35 23.91
PNG234 14 0 100.00 14 0 100.00 15 10 60.00 21 47 30.88
PNG235 9 0 100.00 15 2 88.24 15 11 57.69 18 48 27.27
PNG239 11 2 84.62 11 7 61.11 12 20 37.50 14 73 16.09
PNG5T1 14 1 93.33 14 3 82.35 19 14 57.58 21 57 26.92
PNG513 10 5 66.67 12 11 52.17 13 19 40.63 13 55 19.12
PNG515 10 4 71.43 12 9 57.14 14 16 46.67 14 55 20.29
PNG517 12 4 75.00 13 6 68.42 13 15 46.43 16 48 25.00
PNG518 11 0 100.00 16 3 84.21 18 13 58.06 21 41 33.87
PNG519 7 1 87.50 13 1 92.86 16 9 64.00 20 31 39.22
PNG521 13 2 86.67 16 4 80.00 16 7 69.57 19 40 32.20
PNG523 13 1 92.86 15 2 88.24 16 10 61.54 18 45 28.57
PNG524 13 2 86.67 15 4 78.95 19 19 50.00 22 71 23.66
PNG526 12 4 75.00 15 5 75.00 17 15 53.13 20 49 28.99
PNG527 16 2 88.89 17 4 80.95 22 14 61.11 28 59 32.18
PNG529 11 1 91.67 15 4 78.95 15 10 60.00 16 46 25.81
PNG531 12 0 100.00 14 3 82.35 19 8 70.37 20 34 37.04
PNG532 10 0 100.00 10 0 100.00 15 6 71.43 20 46 30.30
PNG535 12 5 70.59 12 9 57.14 13 18 41.94 13 44 22.81
PNG538 14 1 93.33 18 2 90.00 18 10 64.29 19 37 33.93
PNG540 8 3 72.73 12 5 70.59 12 13 48.00 16 37 30.19
PNG541 11 3 78.57 12 5 70.59 13 14 48.15 17 44 27.87
PNG10 11 1 91.67 13 3 81.25 14 10 58.33 18 44 29.03
PNGI100 12 1 92.31 13 4 76.47 13 11 54.17 14 36 28.00
PNGI101 9 1 90.00 15 2 88.24 18 8 69.23 19 43 30.65
PNG220 10 0 100.00 12 2 85.71 14 7 66.67 17 36 32.08
PNG436 12 0 100.00 17 1 94.44 20 10 66.67 23 53 30.26
PNG45 9 0 100.00 11 0 100.00 18 6 75.00 19 34 35.85
PNG50 10 0 100.00 10 1 90.91 10 8 55.56 13 24 35.14

AVERAGE 91.96 AVERAGE 83.87 AVERAGE 58.44 AVERAGE 29.75
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Table S4. Qualitative results indicating the number of samples for each group in which the different genus were detected.

Genera

Port Moresby  Simbu province  East Sepik province  Western province

East highlanders

living in Port Moresby

Abiotrophia

Actinobacillus

Actinomyces

w

Aggregatibacter

Alloprevotella

Alloscardovia

Anaeroglobus

Atopobium

Bifidobacterium

Bulleidia

Campylobacter

Capnocytophaga

— | —

Cardiobacterium

Catonella

Corynebacterium

Cryptobacterium

Desulfovibrio

Dialister

Eggerthia

Eikenella

Bacteria
Enterococcus
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Escherichia

Eubacterium

Filifactor
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Fusobacterium

oo

Gemella

~J

Granulicatella

[=]

Haemophilus

oo

Hallella

Histophilus

Johnsonella
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Table S5. Relative abundance of each of the top Phyla and Genera for the five groups in this study (Port Moresby, Simbu
province, East Sepik province, Western province, East highlanders living in Port Moresby) and in comparison with other

published populations (Australian Aboriginal Children, Batwa Pygmies, Philipines HG, Philipine TF, Western controls).

Port Sim.bu East %epik Western Eal?\t‘fi?]'é'?rlla;:ﬁrs :E(S)I;ir;?r?a:ll Batwa Philipines Philipines  Western
Moresby province province province Moresby Children Pygmies? HG? TF Controls*

Proteobacteria 25.05% 28.15% 35.54% 25.65% 35.70% 31.00% 46.60% 28.82% 25.74% 30.55%
Neisseria 12.16% 14.96% 17.14% 11.73% 19.24% 14.00% 4.60% 14.19% 10.73% 8.81%

Haemophilus 8.15% 8.73% 13.83% 5.03% 11.01% 12.00% 3.56% 7.93% 9.93% 14.21%

Bacteroidetes 27.56% 19.12% 19.11% 26.12% 18.37% 26.00% 18.50% 19.97% 25.22% 18.75%

Prevotella 22.51% 15.72% 14.19% 20.88% 15.71% 19.00% 12.89% 15.14% 20.81% 16.29%
Porphyromonas 3.06% 1.66% 2.74% 2.75% 0.96% 3.00% 3.96% 1.59% 1.93% 0.16%

Firmicutes 20.67% 30.57% 27.33% 23.67% 21.78% 25.00% 20.80% 35.06% 35.35% 39.12%

Veilonella 9.05% 6.14% 8.13% 5.04% 9.07% 6.00% 3.44% 8.57% 11.75% 11.86%

Streptococcus 8.56% 20.20% 15.86% 13.41% 10.27% 9.00% 12.80% 20.41% 19.57% 23.00%
l Actinobacteria 18.50% 16.19% 10.71% 14.92% 19.13% 12.00% 3.50% 7.70% 7.60% 8.01%
N Rothia 9.94% 9.15% 6.62% 6.26% 9.21% 8.00% 2.59% 4.75% 4.99% 3.15%
LN” Actinomyces 2.00% 2.84% 1.57% 2.08% 3.19% 2.00% 0.50% 0.50% 0.33% 1.86%
? Fusobacteria 5.79% 4.27% 4.28% 6.68% 4.00% 6.00% 6.50% 6.58% 4.75% 2.90%
Fusobacterium 4.01% 3.16% 2.20% 4.94% 3.00% 4.00% 2.62% 3.87% 3.08% 1.99%
Leptotrichia 1.76% 1.08% 2.06% 1.73% 0.98% 2.00% 3.52% 2.48% 1.55% 0.84%
Spirochaetes 1.99% 1.40% 2.50% 2.37% 1.00% 1.00% 0.70% 1.53% 1.05% 0.28%
Treponema 1.99% 1.40% 2.50% 2.37% 0.66% 1.00% 0.72% 1.49% 1.02% 0.27%

'Handsley-Davis, Matilda et al. 2021. 'Biocultural Drivers of Salivary Microbiota in Australian Aboriginal and Torres Strait Islander
Children', Frontiers in Oral Health, 2:641328

*Nasidze, Ivan et al. 2011. 'High Diversity of the Saliva Microbiome in Batwa Pygmies', PLoS One, 6(8):e23352.

*Lassalle, Florent et al. 2018. 'Oral microbiomes from hunter-gatherers and traditional farmers reveal shifts in commensal balance and
pathogen load linked to diet', Mol Ecol, 27: 182-95

“Human Microbiome Project Consortium (2012). A framework for human microbiome research. Nature, 486(7402): 215-221.
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The KRAKEN output files obtained from the WGS unmapped reads have been made
available as Supporting files at:
https://cloud.i3s.up.pt/index.php/s/PHLEKHddPPSp5d].
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Figure S1. Correlation between bacterial genera abundances inferred through Bracken
2 and MetaPhlAn algorithms, in a) the total 57 samples from PNG, Philippines and
Western (in red); B) the samples from PNG (in green); C) the samples from the

Philippines (in blue); and D) the samples from the Western population (in brown).
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Table S1. Demographic information (Age, Gender, Province and Region of origin of the father, Sampling place) for all the
individuals in this study, the number of reads mapped to the oral microbiome inference from the WGS and indication of

which samples were used for the HUMAnNN analysis.

Sample ID Age Gender Province father Region father Sampling Reads mapping to the HUMAnRNN
place oral microbiome
BOOIEVS 26 M Bougainville Islands Port Moreshy 7106882 NO
BOOIEV9 26 F Bougainville Islands Port Moreshy 8356964 NO
BOOIEVA 25 F Bougainville Islands Port Moreshy 8473522 NO
BOOIEVB 67 M Bougainville Islands Port Moreshy 39500120 YES
BOOQIEVD 24 F Enga Highlands West Port Moreshy 21535774 NO
BOOIEVE 29 M Central Lowlands Southeast Port Moresby 18735568 YES
BOOIEVF 22 F National Capital Lowlands Southeast Port Moresby 12608104 YES
BOOIEVG 34 M Central Lowlands Southeast Port Moresby 9394486 YES
BOOIEVH 25 F Central Lowlands Southeast Port Moresby 31930091 NO
BOOIEVI 27 F East Sepik Lowlands North Port Moreshy 12278363 NO
BOOIEV] 40 M East Sepik Lowlands North Port Moreshy 21822736 NO
BOOIEVK 26 F East Sepik Lowlands North Port Moreshy 31253266 NO
BOOIEVL 32 M East Sepik Lowlands North Port Moreshy 17637876 NO
BOOIEVM 25 F Eastern Highlands Highlands East Port Moreshy 8006138 NO
BOOIEVN 25 F Eastern Highlands Highlands East Port Moreshy 14988392 NO
BOOIEVO 28 M Enga Highlands West Port Moreshy 10286788 NO
BOOIEVQ 27 M Enga Highlands West Port Moreshy 24025036 NO
BOOIEVR 33 M Gulf Lowlands South Port Moreshy 17534844 YES
BOOIEVW 25 M Jiwaka Highlands West Port Moreshy 10055815 NO
BOOIEWO N/A F Madang Highlands East Port Moreshy 14978452 NO
BOOIEW1 23 F Milne Bay Lowlands Southeast Port Moresby 14762603 NO
BOOIEW3 25 F Milne Bay Lowlands Southeast Port Moresby 6748874 NO
BOOQIEWS 29 M Milne Bay Lowlands Southeast Port Moresby 7504904 NO
BOOIEWS 26 M Oro Lowlands Southeast Port Moresby 20013343 YES
BOOIEW9 26 F Chimbu Highlands East Port Moreshy 17327901 NO
BOOIEWA 27 F Chimbu Highlands East Port Moreshy 10931124 NO
BOOIEWD 24 F Southern Highlands Highlands West Port Moreshy 16809327 NO
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BOOIEWG 22 M Western Highlands Highlands West Port Moreshy 17832788 NO
BOOIEWH 23 F Eastern Highlands Highlands East Port Moreshy 15098695 NO
BOOIEW] 24 M Western Highlands Highlands West Port Moreshy 40994287 NO
BOOIEWM 26 M Bougainville Islands Port Moreshy 17815044 YES
BOOIEWP 24 F National Capital Lowlands Southeast Port Moresby 11746048 YES
BOOIEWR 25 M Enga Highlands West Port Moreshy 8238514 NO
BOOIEWV 26 F Western Highlands Highlands West Port Moreshy 34109931 NO
BOOIWTN 25 M Western Highlands Highlands West Port Moreshy 8620324 NO
BOOIWTQ 23 M Southern Highlands Highlands West Port Moreshy 32702637 NO
BOOIWTR 34 M Gulf Lowlands South Port Moreshy 7907356 NO
BOOIWTT 47 M Milne Bay Lowlands Southeast Port Moresby 28430281 YES
BOOIWTU 45 M Southern Highlands Highlands West Port Moreshy 6798030 NO
BOOIWTW 47 M Milne Bay Lowlands Southeast Port Moresby 9431654 YES
BOOIWTX 35 M Madang Highlands East Port Moreshy 17710574 NO
BOOIWU1 22 M Enga Highlands West Port Moreshy 37008267 NO
BOOIWU2 28 F Hela Highlands West Port Moreshy 15650620 NO
BOOIWU3 27 M Sandaun Lowlands North Port Moreshy 12670425 NO
BOOIWUS 25 F Western Highlands Highlands West Port Moreshy 3888640 NO
BOOIWU7? 23 F Morobe Highlands East Port Moreshy 11170845 NO
BOOIWUS 27 F Jiwaka Highlands West Port Moreshy 5133175 NO
BOOIWU9 24 F Oro Lowlands Southeast Port Moresby 24525716 NO
BOOIWUA 27 F Western Highlands Highlands West Port Moreshy 36924816 NO
BOOIWUE 47 M Chimbu Highlands East Mt Wilhelm 57637803 YES
BOOIWUK 35 M Jiwaka Highlands West Port Moreshy 51596871 NO
CO01KL2 53 M Chimbu Highlands East Mt Wilhelm 7639700 YES
CO01KL3 20 M Jiwaka Highlands West Mt Wilhelm 3072433 NO
CO01KL4 41 M Chimbu Highlands East Mt Wilhelm 11159877 YES
COO1KL7 55 M Chimbu Highlands East Mt Wilhelm 10363142 YES
CO01KL9 57 M Chimbu Highlands East Mt Wilhelm 5985518 NO
COO1KLA 67 M Chimbu Highlands East Mt Wilhelm 3214358 NO
COO01KLC 68 M Chimbu Highlands East Mt Wilhelm 5929496 NO
COO1KLD 67 M Chimbu Highlands East Mt Wilhelm 4965862 NO
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COO1KLE 35 M Chimbu Highlands East Mt Wilhelm 5749084 NO
COOTKLF 50 M Chimbu Highlands East Mt Wilhelm 4751051 NO
CO01KLG 20 M Chimbu Highlands East Mt Wilhelm 5773043 NO
COOTKLH 22 M Chimbu Highlands East Mt Wilhelm 6458120 NO
COO1KLI 24 M Chimbu Highlands East Mt Wilhelm 7386210 NO
COOTKLK 19 M Chimbu Highlands East Mt Wilhelm 7651313 YES
COOTKLL 20 F Eastern Highlands Highlands East Mt Wilhelm 6859029 NO
CO01KLM 22 M Chimbu Highlands East Mt Wilhelm 6036831 NO
COOTKLN 22 M Chimbu Highlands East Mt Wilhelm 2839090 NO
CO01KLO 21 M Chimbu Highlands East Mt Wilhelm 2504076 NO
COO1KLP 20 M Chimbu Highlands East Mt Wilhelm 4905224 NO
CO01KLQ 23 M Chimbu Highlands East Mt Wilhelm 5844593 NO
COOTKLR 20 F Chimbu Highlands East Mt Wilhelm 8509416 NO
COOTKLS 20 F Chimbu Highlands East Mt Wilhelm 5543500 NO
COOQTKLT 21 F Eastern Highlands Highlands East Mt Wilhelm 9272791 NO
COO1KLU 21 M Chimbu Highlands East Mt Wilhelm 6771507 NO
COO1KLV 28 M Chimbu Highlands East Mt Wilhelm 15639730 NO
COOTKLW 20 M Chimbu Highlands East Mt Wilhelm 9246372 NO
COOTKLX 20 M Chimbu Highlands East Mt Wilhelm 13750693 YES
COOTKLY 20 M Chimbu Highlands East Mt Wilhelm 10444249 YES
CO001KLZ 20 M Chimbu Highlands East Mt Wilhelm 23823609 YES
C001KMO 21 M Jiwaka Highlands West Mt Wilhelm 7803423 NO
CO01KM2 45 M Chimbu Highlands East Mt Wilhelm 6544953 NO
CO01KM4 21 F Chimbu Highlands East Mt Wilhelm 1867925 NO
CO01KM5 20 F Chimbu Highlands East Mt Wilhelm 5794742 NO
CO01KM6 20 M Chimbu Highlands East Mt Wilhelm 5791735 NO
CO01KM8 48 M Western Fly Lowlands South Daru 4576022 NO
CO0TKMA 27 M Western Fly Lowlands South Daru 5917723 NO
CO01KMC 24 M Western Fly Lowlands South Daru 10581719 NO
CO01KMD 35 M Western Fly Lowlands South Daru 2263123 NO
CO01KME 37 F Western Fly Lowlands South Daru 8793751 NO
COO01KMF 53 M Western Fly Lowlands South Daru 11782565 NO
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CO01KMG 26 F Western Fly Lowlands South Daru 4312779 NO
CO01KMH 44 F Western Fly Lowlands South Daru 14617806 NO
COO1KMI 44 M Western Fly Lowlands South Daru 8782603 NO
CO0TKM] 32 M Western Fly Lowlands South Daru 1773461 NO
CO01KMK 45 F Western Fly Lowlands South Daru 2662828 NO
CO0TKML 40 M Western Fly Lowlands South Daru 2372503 NO
CO01KMN 55 M Western Fly Lowlands South Daru 8882618 NO
CO01KMO 48 M Western Fly Lowlands South Daru 7470358 NO
CO01KMP 67 M South Fly Lowlands South Daru 2884316 NO
CO01KMR 51 M Western Fly Lowlands South Daru 7058785 NO
CO01KMU 44 F Western Fly Lowlands South Daru 6918805 NO
CO01KMX 27 M Western Fly Lowlands South Daru 8038730 NO
CO01KMY 40 M Western Fly Lowlands South Daru 6638801 NO
CO01KMZ 58 M Western Fly Lowlands South Daru 13674503 YES
COOTKNO 62 M Western Fly Lowlands South Daru 1595215 NO
COOTKN2 40 M Western Fly Lowlands South Daru 4658371 NO
COOTKN3 47 M Western Fly Lowlands South Daru 5586644 NO
CO01KN4 20 F Western Fly Lowlands South Daru 5233427 NO
CO01KN6 26 M Western Fly Lowlands South Daru 27270129 YES
COOTKN7 42 M Western Fly Lowlands South Daru 6758287 NO
COOTKN8 39 M Western Fly Lowlands South Daru 7584911 NO
COO0TKN9 18 M Western Fly Lowlands South Daru 3132253 NO
COO1KNA 45 M Western Fly Lowlands South Daru 4727974 NO
COO1KNB 44 M Western Fly Lowlands South Daru 4572142 NO
COO01KNC 32 M Western Fly Lowlands South Daru 4347866 NO
COOTKNE 51 M Western Fly Lowlands South Daru 10416112 YES
COOTKNG 24 M Western Fly Lowlands South Daru 4196471 NO
COOTKNH 53 M Western Fly Lowlands South Daru 2332331 NO
CO01KNJ 49 M Western Fly Lowlands South Daru 3491069 NO
COOTKNK 55 M Western Fly Lowlands South Daru 15427684 NO
COO01KNM 52 M Chimbu Highlands East Mt Wilhelm 28943830 YES
COOTKNN 54 M Chimbu Highlands East Mt Wilhelm 3379436 NO
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CO01KNO 67 M Chimbu Highlands East Mt Wilhelm 2026406 NO
COOTKNP 31 F Chimbu Highlands East Mt Wilhelm 5474763 NO
COOTKNS 64 M Chimbu Highlands East Mt Wilhelm 29631779 YES
COOTKNT 41 M Chimbu Highlands East Mt Wilhelm 7739209 NO
COO1PIT 44 M Chimbu Highlands East Mt Wilhelm 21265490 NO
CO01PIU 27 M Chimbu Highlands East Mt Wilhelm 11876455 NO
CO01PIV 21 M Chimbu Highlands East Mt Wilhelm 8248840 NO
CO01PIY 62 M Western Fly Lowlands South Daru 11128356 YES
C001PJ5 41 M Chimbu Highlands East Mt Wilhelm 7611723 NO
CO01PJ6 67 M Chimbu Highlands East Mt Wilhelm 2069807 NO
C001PJ7 32 M Chimbu Highlands East Mt Wilhelm 4659398 NO
CO002DAC 23 F Bougainville Islands Port Moreshy 14025528 NO
C002DAD 24 F East New Britain Islands Port Moreshy 14699722 NO
CO02DAE 38 M Chimbu Highlands East Port Moreshy 9948803 NO
CQO02DAGC 24 M Western Highlands Highlands West Port Moreshy 10695177 NO
C002DAl 25 M Oro Lowlands Southeast Port Moresby 11324642 NO
CO002DAK 25 M Western Highlands Highlands West Port Moreshy 24350468 NO
C002DAM 26 F Central Lowlands Southeast Port Moresby 4008991 NO
CO02DAN 23 F East Sepik Lowlands North Port Moreshy 2971181 NO
C002DAO 24 F Central Lowlands Southeast Port Moresby 8770029 NO
CO02DAP 20 M West Sepik Lowlands North Port Moreshy 9729579 NO
C002DAQ 25 F East Sepik Lowlands North Port Moreshy 9091717 NO
CO02DAR 24 F East New Britain Islands Port Moreshy 27521173 NO
CO02DAS 27 M New Ireland Islands Port Moreshy 5317508 NO
CO02DAT 25 F National Capital Lowlands Southeast Port Moresby 6040546 NO
C002DAU 22 M Eastern Highlands Highlands East Port Moreshy 19764082 NO
CO002DAV 35 M Southern Highlands Highlands West Daru 2269345 NO
C002DAW 24 M West New Britain Islands Port Moreshy 24930094 NO
CO002DAX 27 F New Ireland Islands Port Moreshy 13563071 NO
C002DAZ 27 F East New Britain Islands Port Moreshy 1359568 NO
CQ002DBO 27 F Eastern Highlands Highlands East Port Moreshy 1326462 NO
C002DB2 25 F Manus Highlands East Port Moreshy 7278041 NO

SADIANIddY SISIH] dHd

0O¥did IT0DIN



~ €€~

C002DB6 28 M East New Britain Islands Port Moreshy 7093340 NO
CQ002DB7 25 F East New Britain Islands Port Moreshy 3410111 NO
C002DB8 27 M New Ireland Islands Port Moreshy 3103867 NO
C002DB9 25 F Central Lowlands Southeast Port Moresby 2838775 NO
C002DBA 27 M Western Highlands Highlands West Port Moreshy 8337329 NO
C002DBB 64 F New Ireland Islands Port Moreshy 26258626 NO
C002DBC 25 F Hela Highlands West Port Moreshy 4645011 NO
C002DBD 21 F West Sepik Lowlands North Port Moreshy 1710928 NO
CO02DBE 46 F West New Britain Islands Port Moreshy 4515482 NO
CO02DBF 27 M Jiwaka Highlands West Port Moreshy 4094986 NO
CO02DBH 23 M Eastern Highlands Highlands East Port Moreshy 17041670 NO
CO02D8I 21 F East New Britain Islands Port Moreshy 6823178 NO
C002DBK 45 M Chimbu Highlands East Mt Wilhelm 12471321 NO
CO002DBL 50 M Chimbu Highlands East Mt Wilhelm 15691440 NO
CO02DBN 44 M Chimbu Highlands East Mt Wilhelm 2581801 NO
CO02DBP 32 M Chimbu Highlands East Mt Wilhelm 2147355 NO
C002DBQ 42 M Chimbu Highlands East Mt Wilhelm 17022324 NO
C002DBS 55 M Chimbu Highlands East Mt Wilhelm 7383836 NO
CO02DBT 36 F West Papua Highlands West Port Moreshy 2960839 NO
C002DBV N/A F Enga Highlands West Port Moreshy 17575988 NO
C002DBW 20 M Chimbu Highlands East Mt Wilhelm 1836341 NO
C002DBX 21 M Chimbu Highlands East Mt Wilhelm 2784312 NO
C002DBY 38 M Sandaun Lowlands North Port Moreshy 9179920 NO
C002DBZ 22 F Morobe Highlands East Port Moreshy 1471638 NO
co02DcCo 22 F Eastern Highlands Highlands East Port Moreshy 4824468 NO
co02DC1 20 F New Ireland Islands Port Moreshy 8567412 NO
co02DC2 21 M West New Britain Islands Port Moreshy 3313900 NO
C002DC3 77 M Gulf Lowlands South Port Moreshy 5833253 NO
co02DC4 22 F East Sepik Lowlands North Port Moreshy 7878171 NO
C002DC5 23 F Western Highlands Highlands West Port Moreshy 6380921 NO
C002DC6 19 F Western Highlands Highlands West Port Moreshy 5730685 NO
co02DC7 21 F Hela Highlands West Port Moreshy 9239033 NO
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co0o2DcCs8 23 F Morobe Highlands East Port Moreshy 7183619 NO
C002DC9 21 M Chimbu Highlands East Port Moreshy 12903487 NO
C002DCA 19 F National Capital Lowlands Southeast Port Moresby 4096368 NO
C002DCB 19 M National Capital Lowlands Southeast Port Moresby 2262820 NO
C002DCC 58 M Chimbu Highlands East Mt Wilhelm 15538869 NO
C002DCE 51 F Oro Lowlands Southeast Port Moresby 4588850 NO
C002DCF 23 M Jiwaka Highlands West Port Moreshy 10325063 NO
C002DCH 22 M Central Lowlands Southeast Port Moresby 5516017 NO
coo02Dcl 24 M East Sepik Lowlands North Port Moreshy 3114760 NO
Cc002DCM 24 M Chimbu Highlands East Port Moreshy 6646020 NO
CO02DCN 26 M Central Lowlands Southeast Port Moresby 5787799 NO
Cc002DCO 22 M Enga Highlands West Port Moreshy 16077073 NO
co02DCQ 24 M East Sepik Lowlands North Port Moreshy 19127940 NO
C002DCR N/A F Southern Highlands Highlands West Port Moreshy 8746729 NO
C002DCs 22 M Enga Highlands West Port Moreshy 3281644 NO
co02Dcv 22 M Western Highlands Highlands West Port Moreshy 7658220 NO
C002DCW 30 M Chimbu Highlands East Mt Wilhelm 3072073 NO
co0o2DCY 26 N/A East Sepik Lowlands North Port Moreshy 9075437 NO
C002DCZ 83 M Chimbu Highlands East Mt Wilhelm 7457051 NO
C002DD1 27 F Madang Highlands East Port Moreshy 11703752 NO
C002DD2 N/A M Milne Bay Lowlands Southeast Port Moresby 3521779 NO
C002DD6 64 M Central Lowlands Southeast Port Moresby 7260028 NO
C002DDE 45 F Central Lowlands Southeast Port Moresby 3137097 NO
CO02DDF 24 F Central Lowlands Southeast Port Moresby 11882160 NO
FD09254746 60 M Western Fly Lowlands South Daru 28775945 YES
FD09254747 62 M Western Fly Lowlands South Daru 3905117 NO
FD09254748 69 M Western Fly Lowlands South Daru 17579386 YES
FD09254754 27 M Western Fly Lowlands South Daru 6320403 NO
FD09254756 30 M Western Fly Lowlands South Daru 9493427 NO
FD09254762 60 M Western Fly Lowlands South Daru 8925625 NO
FD09254763 45 M Western Fly Lowlands South Daru 8848455 YES
FD09254764 53 M Western Fly Lowlands South Daru 14510605 NO
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FD09254770 64 F Middle Fly Lowlands South Daru 1.49E+08 NO
FD09254771 52 M Western Fly Lowlands South Daru 8779783 NO
FD09254772 25 F Western Fly Lowlands South Daru 16245611 NO
FD09254777 37 M Western Fly Lowlands South Daru 51854071 YES
FD09254778 77 M Western Fly Lowlands South Daru 17953643 NO
FD09254779 43 M Western Fly Lowlands South Daru 5358390 NO
FD09254780 27 M Western Fly Lowlands South Daru 13436500 NO
FD09254785 53 M Western Fly Lowlands South Daru 30219238 YES
FD09254786 49 M Western Fly Lowlands South Daru 5360350 NO
FD09254787 59 M Western Fly Lowlands South Daru 7443367 NO
FD09254788 67 M Western Fly Lowlands South Daru 1256626 NO
FD09254793 67 M Western Fly Lowlands South Daru 3447658 NO
FD09254794 65 M Western Fly Lowlands South Daru 35032834 YES
FD09254795 66 M Western Fly Lowlands South Daru 4517455 NO
FD09254796 22 M Western Fly Lowlands South Daru 2385764 NO
FD09254801 52 M Western Fly Lowlands South Daru 917415 NO
FD09254802 49 M Western Fly Lowlands South Daru 6265293 NO
FD09254803 61 M Western Fly Lowlands South Daru 3945350 NO
FD09254804 29 M Western Fly Lowlands South Daru 4923177 NO
FD09254809 63 M Western Fly Lowlands South Daru 2318346 NO
FD09254810 63 M Western Fly Lowlands South Daru 9168703 NO
FD09254811 65 M Western Fly Lowlands South Daru 4070376 NO
FD09254812 57 M Western Fly Lowlands South Daru 4753777 NO
FD09254817 55 M Western Fly Lowlands South Daru 14044413 NO
FD09254818 60 M Middle Fly Lowlands South Daru 1723212 NO
FD09254819 44 F National Capital Lowlands Southeast Daru 2335175 NO
FD09254820 47 M Western Fly Lowlands South Daru 3972020 NO
FD09254825 21 M Western Fly Lowlands South Daru 2283808 NO
FD09254826 43 M Western Fly Lowlands South Daru 5520659 NO
FD09254827 27 F Western Fly Lowlands South Daru 2622223 NO
FD09254833 63 M Western Fly Lowlands South Daru 1704031 NO
FD09254834 38 M Western Fly Lowlands South Daru 3256744 NO
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FD09254835 27 M Western Fly Lowlands South Daru 1832461 NO

Table S2- Statistically significant (p-value < 5 x 10-08) miQTLs in the PNG groups. For each SNP, information is provided
for the reference (R) and alternative (A) alleles, the associated genus, genomic region (gene or intergenic region), the p-
value and the genotype frequencies for European, East Asian and African population groups obtained from the 1000
genomes data and for PNG calculated from the genetic data of this study.

Genotype Frequency
MAF_EUR MAF_EAS MAF_AFR  MAF_PNG
TIT: 0.680 T|T: 0.667 TI|T:0.573 T|T: 0.806
Klebsiella CDH4 rs11908491 T C 6.53x 107" (C|T:0.274 C|T:0.292 C(|T:0.369 C|T:0.155
C|C: 0.046 C|C:0.042 C(C|C:0.057 C|C:0.040
AJA: 0.680 AJA: 0.665 AJA: 0.573 AJA: 0.805
Klebsiella CDH4 rs62198854 A G 7.86x 10" A|G: 0.274 A|G:0.294 A|G: 0.369 A|G: 0.155
G|G: 0.046 G|G: 0.042 GJ|G: 0.057 G|G: 0.040
G|G: 0.042 G|G:0.032 G|G: 0.141 G|G: 0.032
Klebsiella CDH4 rs28407743 G A 8.22x 10" A|G: 0.272 A|G:0.282 A|G:0.477 A|G:0.143
AJA: 0.686 AJA: 0.687 AJA: 0.383 AJA: 0.825
AJA: 0.678 AJA: 0.659 AJA: 0.433 AJA: 0.806
Klebsiella CDH4 rs4239687 A C 8.47x 10" A|C:0.276 A|C:0.298 A|C: 0.452 A|C:0.155
C|C: 0.046 C|C:0.044 C(C|C:0.115 C|C:0.040
C|C: 0.676 C|C:0.667 C|C:0.543 C(J|C:0.802
Klebsiella CDH4 rs12624814 C G 1.09x10” C(C|G:0.278 C(C|G:0.290 C(|G:0.384 (C|G:0.159
G|G: 0.046 G|G: 0.044 G|G: 0.073 G|G:0.040
AJA: 0.674 AJA: 0.657 AJA: 0.460 AJA:0.810
Klebsiella CDH4 rs62201898 A G 1.16x 10" A|G: 0.278 A|G: 0.298 A|G: 0.434 A|G:0.151
G|G: 0.048 G|G: 0.046 G|G: 0.106 G|G:0.040
C|C: 0.596 C(C|C:0.657 C|C:0.419 (C|C:0.798
Klebsiella CDH4 rs60828599 C A 1.19x 10" A|C: 0.330 A|C:0.300 A|C:0.451 A|C:0.162
AJA: 0.074 AJA: 0.044 AJA: 0.130 AJA:0.040
G|G: 0.676 G|G: 0.667 G|G: 0.543 (G|G:0.806
Klebsiella CDH4 rs12624833 G A 1.27x10%” A|G:0.278 A|G: 0.290 A|G: 0.386 A|G:0.155
AJA: 0.046 AJA: 0.044 AJA: 0.071 AJA:0.040
Klebsiella CDH4 rs62198855 A G 1.35x10™ AJA: 0.680 AJA: 0.659 AJA:0.570 AJA:0.802

Genus Gene SNP R A p-value
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AlG: 0.274 A|G: 0.298 A|G: 0.371 AJG:0.159

G|G: 0.046 G|G: 0.044 C|G: 0.059 G|G:0.040

C|C: 0.676 C|C: 0.657 C(C|C:0.461 (C|C:0.798

Klebsiella CDH4 rs12624815 1.70x 10 (C|T: 0.278 C|T: 0.298 C(C|T: 0.433 (C|T:0.163
T|T: 0.046 T|T: 0.046 T[T:0.106 TI[T:0.040

C|C: 0.674 C(C|C:0.667 C(C|C:0.543 (|C:0.797

Klebsiella CDH4 rs62201875 1.82 x 10° C|GC: 0.280 C(C|G: 0.290 CJ|G: 0.386 (C[G:0.163
G|G: 0.046 G|G: 0.044 C|G: 0.071 G|G:0.040

G|G: 0.062 G|G: 0.032 (|G:0.189 G|G:0.036

Klebsiella CDH4 rs28401694 2.41 x10% A|G: 0.362 A|G: 0.284 A|G:0.486 A|G:0.139
AlA: 0.577 AJA: 0.685 AJA:0.325 AJA:0.825

C|C: 0.670 C|C:0.611 C(|C:0.277 C(C|C:0.794

Klebsiella CDH4 rs7261942 2.54x 10" A|C: 0.284 A|C:0.333 A|C:0.510 A|C:0.167
AJA: 0.046 AJA: 0.056 AJA: 0.213 AJA:0.040

C|C: 0.042 C(C|C:0.032 C(C|C:0.144 (|C:0.044

Klebsiella CDH4 rs28415571 1.04 x10% C[T: 0.270 C|T:0.278 C(C|T: 0.469 (C|T:0.151
T|T: 0.688 T|T: 0.690 T|T:0.387 TI|T:0.806

AlA: 0.417 AJA: 0.349 AJA: 0.595 AJA:0.821

Klebsiella CALM rs13024705 1.71 x 10%  A|G: 0.447 A|G: 0.486 A|G:0.371 AJG:0.155
G|G: 0.135 G|G: 0.165 G|G: 0.035 G|G:0.024

Intergenic AlA: 0.789 AJA: 0.988 AJA: 0.605 AJA:0.790

Klebsiella Variant rs10467529 2.22x10%  A|G:0.199 A|G:0.012 A|G: 0.342 A[G:0.187
G|G: 0.012 G|G: 0.053 G|G:0.024

Intergenic C|C: 0.284 C(C|C:0.466 (C|C:0.165 C(C|C:0.123

Gemella Variant rs7283882 2.07x10% C(C|G:0.471 (C|G:0.431 C(|G:0.505 C(|G:0.460
G|G: 0.245 G|G: 0.103 G|G: 0.330 G|G:0.417

Intergenic G|G: 0.791 G|G: 0.998 GC|G: 0.301 (|G:0.615

Schaalia Variant rs7182861 443 x10% A|G:0.197 A|G: 0.002 A|G: 0.511 A|G:0.337
AJA: 0.012 AlA: 0.188 AJA:0.048

Intergenic TIT: 0.791  TIT: 0.998 TIT: 0.265 TI|T:0.623

Schaalia Variant rs7174379 4.59x 10 (C|T:0.197 C|T:0.002 C|T:0.511 (CJ|T:0.325
C|C: 0.012 CIC: 0.224 (|C:0.052

Intron AJA: 0.014 AJA: 0.016 AJA:0.151 AJA: 0.028

Salmonella Variant rs4315878 5.01 x 10" A|G: 0.241 A|G: 0.145 A|G: 0.496 A|G:0.198
G|G: 0.746 G|G: 0.839 (|G: 0.352 G|G:0.774
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