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Abstract
The global threat of the “antimicrobial resistance apocalypse” that has arisen in recent years has
driven the use of high-throughput sequencing techniques to monitor the profile of resistance genes
in microbial populations. The human oral cavity contains a poorly explored reservoir of these genes,
and little is known about their abundance and diversity, or how their profile compares with
antimicrobial resistance genes in the gut. Here we analyse the resistome profiles of 790 oral cavities
worldwide and compare these profiles with paired stool samples from shotgun metagenomic data.
We find country-specific differences in the prevalence of antimicrobial resistance gene classes and

mechanisms in oral and stool samples. Countries with a higher prevalence of resistance to antibiotic
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classes relative to their use, contain genes resistant to those classes that co-localise with
bacteriophages, suggesting the occurrence of horizontal gene transfer of these genes. Between
individuals, the oral cavity contains a significantly higher abundance, but lower diversity of
antimicrobial resistance genes compared to the gut, which is likely influenced by differences in
microbial hosts and mobile genetic element associations. This is the first study to date that
characterises the oral cavity resistome worldwide, identifying its distinctive signatures compared to

the gut, and its role in the maintenance of antimicrobial resistance.

Introduction
Recent years have highlighted antimicrobial resistance (AMR) as one of the biggest threats to
global health, food production and economic development'. Given this rapidly developing global
crisis, it is imperative that the current gaps in our understanding of the distribution, spread and
associations of all AMR factors is filled. AMR is most often conferred through the expression of
antimicrobial resistance genes (ARGs) that reduce a microbe’s susceptibility to the effects of an
antimicrobial compound. As such, monitoring the abundance profiles of these ARGs, or “resistome”
profile, has huge potential to increase our understanding of the spread and persistence of AMR
within a population. Next-generation sequencing technologies are beginning to be used as tools for
screening canonical and novel ARGs for potential surveillance of antimicrobial resistance
worldwide. Shotgun metagenomic data mapped against dedicated ARG databases have begun to
provide a wealth of insight into the resistome in the human*”’ and animal gut*’ and the
environment'*"®. However, no such study on a large scale has, to date, attempted to characterise the
resistome in the human oral cavity. Antimicrobial resistant microbes from the oral cavity have
considerable potential to lead to antimicrobial resistant infections at other body sites. For example,

-lactam, clindamycin, and erythromycin resistant strains of streptococci resident in the oral cavity

can lead to infections at other body sites such as infective endocarditis'*.
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There are unique ecological pressures on the oral microbial community, such as mechanical force,
nutritional availability, pH levels, oxidative stress and redox potential. However, the oral microbial
community has been shown to be relatively stable under these ever-changing conditions'” and even
after short-term antibiotic exposure'®. In the oral cavity, horizontal gene transfer (HGT) has been
documented as an important mechanism for the transfer and acquisition of ARGs within and
between oral bacterial species'™'®. The erythromycin resistance mef4 and mefE genes have been
found on the MEGA mobile genetic element associated with Tn9/6-like conjugative transposons
(also called integrative conjugative elements ICE), and this has been implicated in conjugative

transfer between viridans group streptococci (VGS) and other streptococci.

Metagenomic studies of the oral cavity indicate that this site potentially contains a diverse range of
ARGs, including those encoding resistance to tetracycline, amoxycillin and gentamicin in saliva and
plaque samples**'. Oral ARGs appear to be natural feature of the human oral cavity, as the oral
resistome of isolated Amerindian communities and ancient humans, with no known exposure to
antibiotics, were found to contain aminoglycoside, B-lactam, bacitracin, bacteriocin, macrolide,

22,23

phenicol and tetracycline ARGs

Here, we derived the oral and the gut resistomes from 790 and 386 shotgun metagenomes,
respectively, from healthy individuals from China*, Fiji*, the Philippines*, Western Europe° and
the US*’. We found country-specific differences in the proportion of saliva, dental and stool samples
containing ARGs, ARG classes and mechanisms. Metagenomes with a higher prevalence of
antibiotic classes relative to their use comprise of ARGs, resistant to those classes, that co-localise
with bacteriophages, suggesting the occurrence of horizontal gene transfer. We made 410

comparisons of oral resistomes with paired gut resistomes derived from stool shotgun metagenomes
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from the same individuals. As expected, there was a greater similarity in interpersonal resistome
profiles between the same body sites, than intrapersonal profiles across different body sites. Further,
the oral resistome contains a higher abundance but a lower diversity of ARGs, than the gut
resistome. Finally, co-occurrence analyses between ARG and species abundance profiles, for saliva
and stool from China and saliva from Philippines, that contain a higher incidence of these ARGs
across individuals, show contrasting co-associations between saliva and stool, and predict the
species from which an ARG is derived. It is imperative, however, to note that the detection and
quantities of these ARGs are indicative of potential rather than conferred AMR?'. Overall, these
results demonstrate the requirement for wider AMR surveillance studies at different body sites,
including the oral cavity, to understand the composition of the resistome across different human

microbial habitats.

Results

Country-specific differences in ARG profiles from oral and stool metagenomes

To establish the incidence of ARGs in oral as well as stool metagenomes collected from various
locations, metagenomes were mapped and quantified against the Comprehensive Antibiotic
Resistance Database (CARD)*. Saliva samples were only available from China, Fiji, the
Philippines and Western Europe. The percentages of saliva samples that contain at least one ARG
for each class and mechanism from these cohorts were evaluated. To account for varying read depth
across samples, the samples were subsampled to the same number of sequences. The percentages of
saliva samples from China, Fiji, the Philippines and Western Europe contain ARGs from 17, 14, 27
and 17 classes, respectively (Fig. 1a). More ARG classes are found in Philippines saliva samples,
but most of this variability originates from one individual: a farmer from Zambal who has
aminocoumarin, carbapenem, diaminopyrimidine, fosfomycin, nitrofuran, nitroimidazole,

rifamycin, and triclosan ARGs. A high percentage (above 50 %) of saliva samples from all cohorts
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contain cephamycin, fluoroquinolone, lincosamide, macrolide, pleuromutilin, streptogramin and
tetracycline ARGs. Aminoglycoside and glycylcycline classes are found in mostly Chinese saliva
samples, whilst cephamycin is found less in Chinese saliva samples compared to other cohorts. The
peptide ARG class is only found in Chinese and Philippines saliva. Antibiotic efflux, inactivation,
target alteration and target protection mechanisms are present in all samples across all cohorts (Fig.
1b), whilst the antibiotic target replacement mechanism is found in China, Philippines and Western
Europe but not Fiji. The reduced permeability to antibiotic mechanism is only found in one
individual from the Philippines (Fig. 1b). Dental samples were only available from China and the
US. The percentages of the China and US dental samples containing at least one ARG class and
mechanism were compared, and found to consist of 16 and 18 ARG classes, respectively (Fig. 1c).
A greater percentage of China than US dental samples contain sulfonamide/sulfone ARGs.
Similarly to saliva, a high percentage (above 50 %) of dental samples contain cephamycin,
fluoroquinolone, glycylcycline, lincosamide, macrolide, pleuromutilin, streptogramin and
tetracycline ARGs for all cohorts. Antibiotic efflux, inactivation, target alteration, target protection
and antibiotic target replacement mechanisms are present in all samples across both cohorts (Fig.
1d). Stool samples were available from all locations, apart from the Philippines. Stool samples from
China, Fiji, the US and Western Europe were found to contain 31, 31, 19 and 30 ARG classes,
respectively (Fig. 1e). A high percentage of stool samples in most cohorts contain cephalosporins,
cephamycins, diaminopyrimidines, macrolides, lincosamides, streptogramins and tetracyclines. Fiji
samples have the lowest percentages of these ARG classes. In addition to the US containing the
fewest number of ARG classes, the US also contains a low proportion of fluoroquinolones and
phenicols that are found in a high proportion of stool samples from China, Fiji and Western Europe.
Antibiotic efflux, inactivation, target alteration, target protection and antibiotic target replacement
mechanisms are present in all samples across all cohorts, but the reduced permeability to antibiotic

mechanism is only found in China, Fiji and Western Europe, and not the US (Fig. 1f).
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In saliva, dental and stool samples, most of these highly prevalent ARG classes are represented by
the presence of only a few ARGs. In particular, only one ARG, APH(3’)-Ia, encapsulates the high
prevalence of the aminoglycoside ARG class in saliva from China (Supplementary Fig. 1a), and
only one ARG, RImA(Il), represents the high proportion of the lincosamide and macrolide ARG
classes in saliva and dental samples from all cohorts (Supplementary Fig. 1a, b). Again, the ARGs,
tetQ, tetO and tetW comprise the majority of the tetracycline ARG class across all cohorts in stool

samples (Supplementary Fig. 1c).

To evaluate whether the prevalent ARGs in the oral cavity are related to antibiotic use, the
percentage of samples containing ARG classes were compared to the “Defined Daily Doses Per
1000 individuals™ for the equivalent antimicrobial drug class for each region. Percentages of saliva,
dental and stool samples containing ARG classes do not follow antibiotic use linearly for each
location. In particular, there is a high percentage of samples containing aminoglycoside ARG
classes in China, macrolide and tetracycline ARG classes in all sites from all locations,
cephalosporin ARG classes in stool samples from all locations, and fluoroquinolone ARG classes in
stool samples from China and in oral sites from all locations (Fig. 1g). Analyses of the predicted
synteny between phages and ARGs in assembled metagenomes indicated that ARGs that are found
in most samples or in particular body sites, and confer resistance to these classes, may have been
previously acquired rapidly via HGT. For example, all samples containing the aforementioned
APH(3’)-Ia ARG in saliva samples from China are associated with Enterobacteria phage DE3 along
with the tetracycline ARG tet(C) (Supplementary Fig. 2). Most dental and saliva samples across all
locations contain macrolide ARGs, mef4 and mel, that are associated with Streptococcus phage
phiNJ3/phiSC070807 and often with ermB, which is likely to form the MEGA (macrolide efflux

genetic assembly) element previous found in Streptococcus species . In another instance,
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aminoglycoside ARGs, in particular APH(3’)-1lla, aad(6), and AAC(6°)-le-APH(2’)-1a, found in
most stool samples from Western Europe and China (Supplementary Fig. 1c), are syntenic with
Escherichia phage 1720a-02, Staphylococcus phage SPbeta-like, and Streptococcus phage

phiSC070807/phi-SsUD.1/phiJH1301-2 (Supplementary Fig. 2).

Another possibility is that antibiotic use may be underestimated in China and the Philippines
especially, as antibiotics are more readily available across-counter in these countries as well as via
prescriptions and are found as containments in water and food supplies®* . Antibiotics are also used
more widely in husbandry and the fishing industry in China, the Philippines and the US, whereas
the European Union banned the use of antimicrobials as animal growth promoters in 2006>*%,
Although antimicrobial resistant microbes and ARGs can transfer from animals and the
environment to humans, the impact of antimicrobial use in agriculture and livestock farming on

AMR incidence and prevalence in humans is poorly understood*'.

Comparisons between oral and gut resistomes reveal differences in ARG composition,

abundance and diversity

To determine whether there are differences in ARG composition between oral and gut samples, the
separation of the ARG incidence profiles, i.e. resistotypes, for each sample were evaluated using
principal coordinates analysis. Resistotypes were extracted using hierarchical clustering and
silhouette analysis*. Five resistotypes in total were identified, where most samples are found in four
out of the five resistotypes, and oral resistotypes clustered separately from stool resistotypes (Fig.
2a). Saliva from China and the Philippines have similar resistome profiles to those from US dorsum
of tongue, buccal mucosa and dental samples in Resistotype R1, whereas resistome profiles from

Fiji and Western Europe saliva cluster separately in Resistotype R3 (Fig. 2b). Similarly, there is a
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strong separation of Resistotype R4 represented by mainly China and some Fiji stool samples, and

Resistotype R5 represented by mainly US and the remaining Fiji stool samples.

To further investigate the differences between oral and gut resistome profiles, the abundance and
diversity between oral and gut samples were evaluated and compared. The total abundance,
measured as the total Reads Per Kilobase Million (RPKM), of all ARGs in gut samples is lower
than in oral (buccal mucosa, dental dorsum of tongue and saliva) samples across all pairwise
comparisons in all cohorts (Fig. 3a). The overall abundance is similar between paired US oral sites,
with buccal mucosa and dental having a slightly higher abundance than the tongue dorsum samples
(Supplementary Fig. 3). Oral samples contain a higher abundance of fluoroquinolone, macrolide,
multidrug macrolide/lincosamide, and multidrug macrolide/streptogramin ARGs than stool samples
(Fig. 3b, Supplementary Fig. 4). These classes are mostly dominated by one of two ARGs across all
cohorts, such as patB and pmrA ARGs in the fluoroquinolone class (Supplementary Fig. 5a, b, c, d).
Stool contains a higher abundance of tetracyclines and “Other” ARGs less commonly found in all
samples across all cohorts and more cephamycin ARGs in stool than saliva, particular from Fiji
(Fig. 3b, Supplementary Fig. 4). These “Other” ARGs are most found in aminocoumarins,
aminoglycosides, cephalosporins, diaminopyrimidines, penams, penems and peptides across all
cohorts (Supplementary 5a, b, ¢, d). Unlike the higher abundance of a few ARGs in each class from
oral samples, stool samples contain a diverse mixture of ARGs for each class. Between oral samples
from the US, there are more fluoroquinolone, macrolide and lincosamide ARGs, but fewer

cephamycin ARGs in buccal mucosa, and more tetracycline ARGs in the tongue dorsum.

The availability of the longitudinal buccal mucosa, dental, tongue dorsum and stool samples from
the US over two years, from individuals who did not take antimicrobial agents, afforded us the

ability to investigate the stability of resistomes over time. Hierarchical clustering revealed that the
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same individuals and sample types cluster together, verifying resistomes remain stable over a long

period in both the oral cavity and gut with no antimicrobial use (Supplementary Fig. 6).

The abundance of ARGs were compared between sample types using differential analysis with
DESeq2®. Stool samples contain more diverse ARGs with a significantly higher abundance than
oral samples across all cohorts (Supplementary Fig. 7). Specifically, these include CfxA4 beta-
lactamase family ARGs, the cephalosporin ChlA4-1 ARG (found in Bacteroides uniformis, a
common commensal in the gut microbiota*), the diaminopyrimidine dfiF’ ARG, MLS (macrolide-
lincosamide-streptogramin) Erm 235 ribosomal RNA methyltransferase family ARGs, multidrug
ARGs (all conferring resistance via multidrug efflux pumps), and tetracyclines tet(40), tet32, tetQ,
tetO and tetW ARGs. Oral samples have a higher abundance of ARGs than in stool samples, but
fewer are significant compared to stool samples. In particular, macrolide ARGs, macA and macB,
fluoroquinolone ARGs, patB and pmrA, and the macrolide/lincosamide ARG RImA(II), are found to
be significantly more abundant in oral than stool samples across all cohorts. There are also
differentially abundant ARGs between different sites in the oral cavity. For instance, between the
US dorsum of tongue and dental samples, and between the US dorsum of tongue and buccal
mucosa, all significantly abundant ARGs are found in the dorsum of tongue. Similarly, between
dental and buccal mucosa, all significantly abundant ARGs are found in dental samples. Most of
these ARGs are resistant to cephamycin, fluoroquinolone, MLS and tetracycline antibiotics. From
China, saliva contains more significantly abundant ARGs than dental, in particular, resistance to
aminoglycoside, cephalosporin, fluoroquinolone (specifically pmrA4 and patB), lincosamides,
macrolides (specifically macB and mef4A ARGs), MLS (in particular to the Erm 235 ribosomal RNA
methyltransferase family) and tetracycline antibiotics. Overall, stool samples contain ARGs

conferring resistance to a greater diversity of ARG classes compared to oral samples, especially
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multidrug ARGs that express efflux pumps. In comparison, oral samples contain ARGs, where each

ARG confers resistance to no more than three antibiotic classes.

To investigate ARG diversity further, the ARG richness was evaluated between pairwise
comparisons of sample types for each cohort. ARG richness is defined as the number of unique
ARGs per sample. China, US and Fiji stool samples have a significantly higher ARG richness than
paired China dental and saliva, US dental and buccal mucosa, and Fiji saliva samples (Mann-
Whitney, paired, two-sided t-test, p-value < 0.05) (Fig. 4). This suggests stool samples contain a
more diverse range of ARGs than some oral samples across most cohorts. No significant difference
was found between saliva and stool samples from Western Europe. However, the US dorsum of
tongue contains a significantly higher ARG richness than US stool. From pairwise comparisons
between oral sites (Supplementary Fig. 8), China saliva has a greater ARG richness than dental
samples (Mann-Whitney, paired, two-sided t-test, p-value < 0.05). US dorsum of tongue has a
higher ARG richness than both dental and buccal mucosa, and dental also has a greater ARG

richness than the buccal mucosa.

Oral and gut ARG profiles associate with species and strains

Spearman’s correlation analysis between ARG and species/strain abundance was conducted to
determine whether it is possible to predict the origin of ARGs. Only significant correlations were
found in saliva and stool from China, and saliva from the Philippines. The Cfx4 beta-lactamase
family, fetQ, patB and pmr4 ARGs are all strongly correlated with specific species or strains found
in both countries (Fig. 5a, b). Cephamycin ARGs, CfxA, Cfx42, CfxA4 and CfxAS5 correlate with
Prevotella sp., Megasphaera micronuciformis GCF 000165785 and Selonomonas fluggei GCF
000160695, and the tetracycline ARG, fetQ, co-associates with Prevotella sp. in both countries. In

addition, fluoroquinolone ARGs, patB and pmrA, that are highly abundant in oral samples, co-occur

10
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with Gemella haemolysans and Streptococcus mitis/oralis/pneumoniae in both countries (Fig. 5a,
b). Also highly abundant in oral samples, macrolide ARG, macB, is associated with Kingella
denitrificans GCF 000190695, Neisseria sicca and N. flavescens in China (Fig. 5a), and with
Neisseria subflava GCF 000173955, N. gonorrhoeae, Campylobacter rectus GCF 000174175 and
Aggregatibacter aphrophilus in the Philippines (Fig. 5b). In contrast to China saliva, Escherichia
coli in China stool is co-associated with many ARGs that code for multidrug efflux pumps
(Supplementary Fig. 9). ARGs E. coli ampC beta-lactamase, E.coli acrA and E. coli mdf4 co-occur
with E. coli, Bifidobacterium ileS with Bifidobacterium longum and Bifidobacterium adolescentis,
and Klebsiella pneumoniae acrA with Klebsiella pnumoniae, as expected. The multidrug ARGs,
0gxA and ogxB, co-associate with Klebsiella pneumoniae, an intestinal commensal which can cause
infections such as pneumonia, sepsis, meningitis and urinary tract infections®. These observations

demonstrate that correlation analysis can potentially be applied as a predictor of ARG origin.

Discussion
This study provides insights into the ARG resistome profiles of different intraoral sites from healthy
individuals across different geographical locations, and compares their composition to ARGs in the
gut. At a population level, there are country-specific differences in the prevalence of ARGs, ARG
classes and resistance mechanisms in saliva, dental plaque and gut. Phageome analysis of
assembled metagenomes show ARG classes that are highly represented by these sites relative to the
antibiotic class use, may consist of ARGs that are associated with phages, and have been acquired

by horizontal gene transfer.

Within individuals, differential abundance analysis between sample types show higher abundances
of ARGs in the oral cavity compared to the gut across all locations, especially for macrolide ARGs,
mel and mefA, fluoroquinolone ARGs, patB and pmrA, and macrolide/lincosamide ARG RImA(Il).

Co-occurrence analysis of saliva samples from China and the Philippines predicts patB and pmrA

11
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originate from Gemella haemolysans and Streptococcus mitis/oralis/pneumoniae, and phage
analysis shows mel and mefA are located with Streptococcus phages phiNJ3 and phiSC070807 in

saliva and dental samples.

However, most sites in the oral cavity (saliva, dental and buccal mucosa) have a lower diversity of
ARGs than the gut. The sole exception is the dorsum of the tongue from the US. Sites in the oral
cavity, including cheek, dental plaque and tongue, host microbial biofilm structures. It is believed
the close proximity of microbes within oral biofilms can be a conducive environment for HGT of
ARGs™. The unique papillary structure on the dorsum of the tongue acts as complex
microbiological niche and favours the deposition of oral debris and microbes*’, which may explain a
higher diversity of ARGs in the dorsum of the tongue compared to other oral sites. The higher
abundance and lower diversity of ARGs in the oral cavity compared to stool samples may be due to
several factors. One factor could be the difference in species resident in the gut compared to the oral
cavity. As shown in ARG-species/strain correlation analysis of Chinese stool, Escherichia coli
strains are predicted to contain a variety of ARGs, especially of the multidrug class, whereas species
found in saliva were estimated to contain fewer ARGs. Due to stringent constraints of the
correlation analysis, however, it was not possible to predict the origins for all ARGs found.
Antibiotic use leading to acquisition of ARGs is another potential factor. Pharmacokinetics of orally
administered antibiotics suggests that the oral cavity and oesophagus would be only briefly exposed
to the antibiotic during swallowing, then the gut would subsequently be exposed, but over a more
prolonged period as the antibiotics are held in the stomach lumen and intestine before being
absorbed via the intestinal epithelium into the bloodstream. Therefore, microbes in the gut will be
exposed to antibiotics for a longer period of time due to their increased bioavailability, which will

result in higher antibiotic selection pressures than in the oral cavity®. The incidences where the oral
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cavity is likely to acquire ARGs from selective pressures of antibiotics are from topical antibiotics

for periodontal infections or orally-administered antibiotics being absorbed into the bloodstream.

The differences in ARG profiles across body sites has significant implications for the
characterisation and interpretation of resistome analyses. Previous shotgun metagenomic studies

have focussed almost exclusively on the resistome from the human gut***

. While the gut may be a
significant reservoir of ARGs, some of these may not be particularly prevalent with very little
potential to drive resistant infections at other body sites. Further, the lower abundance of ARGs in
the gut may be the result of some of the highly diverse ARG population only being present in
species that are unable to transcribe them and are therefore irrelevant. Therefore, to test potential
applications of non-cultured based, metagenomic AMR surveillance, future studies need to
characterise the resistome of different body sites that have had different pharmacokinetic exposures

to antimicrobials, and integrate this information with culture-based susceptibility tests,

culturomics® and functional metagenomic screens.

Methods
Metagenomic sequence data
A total of 1176 publicly available metagenomic samples from six countries, including longitudinal
US samples, were analysed. US samples after the first time point where excluded from the majority
of the study to ensure each sample was independent, unless specified otherwise. These samples
include 1) longitudinal data across two years with various timepoints from the Human Microbiome
Project 1 (referred to as US)™ containing buccal mucosa (n = 165: 32 with one, 35 with two, 19
with three and 1 with six timepoints); dorsum of tongue (n = 188: 22 with one, 43 with two, 24 with

three and 2 with four timepoints); dental (n = 191: 23 with one, 43 with two, 20 with three, 1 with
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four and 3 with six timepoints); stool (n = 156: 13 with one, 33 with two, 21 with three, 2 with four
and 1 with six timepoints), 2) healthy control samples from a Chinese rheumatoid arthritis study**
containing dental (n = 32); saliva (n = 33); stool (n = 72), 3) saliva (n = 137) and paired stool (n =
137) samples from Fiji*, 4) saliva samples (n = 23) from healthy hunter-gatherers and traditional
farmers from the Philippines®, and 5) saliva (n = 21) and stool (n = 21) samples from Western

27,29

Europe (5 saliva and 5 stool samples from Germany~"~, and 16 saliva and 16 stool samples from

France™?).

Raw paired-end metagenomic reads from Chinese and Philippines samples were downloaded from
the EBI (https://www.ebi.ac.uk/metagenomics/). Paired-end metagenomic samples from US were
downloaded from https://portal.hmpdacc.org/. Raw paired-end metagenomic reads from Fiji
(project accession PRINA217052), France and Germany (project accession PRIEB28422) were
downloaded from the NCBI. All US, China, Fiji and Philippines samples, and stool samples from
France and Germany, were collected and sequenced as described in the following cited studies®*
2830 Saliva samples from France and Germany were collected and sequenced as described in the

following cited study”. Metadata for the samples can be found in Supplementary Table 1.

Processing metagenomic data

The raw reads for all samples were trimmed using AlienTrimmer 0.4.0°' with parameters -k 10 -1 45
-m 5 -p 40 -g 20 and Illumina HiSeq and Ion Proton primers. Human contaminant sequences were
removed from all samples by discarding reads that mapped against a human reference genome
(downloaded from Human Genome Resources at NCBI on 27" February 2017) using Bowtie2
2.2.3°* with parameters -q -N I -k I --fr --end-to-end --phred33 --very-sensitive --no-discordant. The
quality of the raw reads and the filtered reads of each sample was evaluated using the Fastqc 0.11.3

(https://github.com/s-andrews/FastQC).
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Extracting ARGs

All filtered, non-subsampled samples were mapped against

nucleotide fasta_protein_homolog model from the antimicrobial resistance database CARD 2.0.0*
using Bowtie2 2.2.5 with parameter —very-sensitive-local. Mapped reads were filtered from
unmapped reads, sorted and indexed using Samtools 1.5%. Statistics for the length, coverage and
number of reads mapped for each ARG were extracted using Bedtools 2.25.0°*. ARGs with a
coverage of reads mapped below and equal to 90 % were discarded. Each ARG was annotated with

the “Drug Class” and “Resistance Mechanism” using CARD 2.0.3 metadata.

Percentage of samples containing ARGs, ARG classes and ARG mechanisms

To show whether the percentages of samples containing an ARG class were consistent across the
same number of reads, metagenomes were first subsampled using seqtk 1.2
(https://github.com/lh3/seqtk) with parameter seed -s/00. 6.9 million reads were subsampled from
18 saliva samples with the lowest number of reads greater than 6.9 million reads, from each cohort:
China, Fiji, the Philippines and Western Europe.18 million reads were subsampled from 18 dental
samples with the lowest number of reads greater than 18 million reads from both China and US
cohorts. 16.9 million reads were subsampled from 18 stool samples with the lowest number of reads
greater than 16.9 million reads from China, Fiji, the US and Western Europe cohorts. These were
mapped to CARD 3.0.0 as described in Extracting ARGs.

R 3.5.1 was used for all downstream analysis. Percentages of samples containing an ARG, ARG
class and mechanism were calculated from these samples. 95 % confidence intervals (Cls) were
evaluated from percentages extracted from bootstrapping samples 100 times for each cohort and
sample type. The percentages were also visualised against antibiotic use measured as the Defined

Daily Dose Per 1000 individuals in 2015 from China, the Philippines, Western Europe (France and
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Germany) and the US, from ResistanceMap (https://resistancemap.cddep.org/) accessed on 19"

February 2019. No antibiotic use data was available for Fiji.

ARG-Phage analysis

The reads of the samples specified in “Percentage of samples containing ARGs, ARG classes and
ARG mechanisms” were assembled using SPAdes 3.9.0 with parameters -k 21,33,55 —only-
assembler --meta®. These assemblies were aligned against CARD 3.0.0 using BLASTN 2.7.1 with
parameters -outfmt 6 -evalue 1e-10. Genes were predicted from the assemblies using Prodigal
2.6.3°° with parameter -p meta, then predicted genes were aligned against the PATRIC virulence
protein database®” (downloaded 25" January 2019) using BLASTP 2.7.1 with parameter -outfmt 6
-evalue 1e-10. Contigs were filtered where a resident predicted gene aligned to at least one putative
phage protein. All hits were filtered by an e-value <= 1e-50 and an identity >= 80. For query
sequence hits that overlapped greater than 20% of the smallest query sequence hit, hits were
identified that had the lowest e-value, or the highest identity for hits with the same e-values. Other
hits were discarded. ARGs found on contigs that aligned against a putative phage protein were

regarded as syntenic with the phage of that phage protein.

Principal coordinates analysis

Principal coordinates analysis was applied to the binary distance between ARG presence or absence
profiles for each sample (excluding longitudinal US samples) using the vegan 2.5-2 package
(https://cran.r-project.org/web/packages/vegan/index.html). Resistotypes were extracted using
hierarchical clustering of the euclidean distance between principal coordinates with eigenvalues
above zero. Silhouette analysis was used to determine the optimum number of resistotypes using the
cluster 2.0.7.1 package (https://cran.r-project.org/web/packages/cluster/index.html). The number of

resistotypes is defined by the number of clusters greater than two with the largest silhouette width.
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Abundance of ARGs

To quantify the abundance of ARGs within each sample, the reads per kilobase of read per million
(RPKM) was calculated for every sample. The relative abundance of ARGs for each country and
sample type was calculated by dividing the RPKM by the sum of RPKM for each country and
sample type. The relative abundance of ARGs for each sample and sample type was calculated by
dividing the RPKM by the sum of the RPKM for each sample. Differential abundance of ARGs
between paired sample types from each country where calculated using the DESeq2 1.20.0

package® as recommended by Jonsson et al.*.

ARG diversity

To ensure the ARG richness could be compared statistically across different sample types from the
same individuals®, the metagenomes (excluding longitudinal US samples) were subsampled using
seqtk 1.2 with seed -s/00 . Paired samples from the same individuals in each of the following
groups containing two sample types were subsampled to a number rounded down by two significant
figures from the lowest number of reads in the group, apart from Fiji, where 1 million reads were
subsampled, due to a low number of reads for a few samples. Fiji samples originally containing
fewer than 1 million reads were excluded from the analysis.

China dental vs. saliva: 3.5 million reads were sampled from China dental (n = 30) and paired
saliva (n = 30) samples.

China stool vs. saliva: 3.5 million reads were sampled from China stool (n = 31) and paired saliva
(n=31) samples.

China stool vs. dental: 14 million reads were sampled from China stool (n = 30) and paired dental

(n = 30) samples.
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US buccal mucosa vs. dental: 690,000 reads were sampled from US buccal mucosa (n = 86) and
paired dental (n = 86) samples.

US buccal mucosa vs. dorsum of tongue: 690,000 reads were sampled from US buccal mucosa (n =
86) and paired dorsum of tongue (n = 86) samples.

US buccal mucosa vs. stool: 700,000 reads were sampled from and US buccal mucosa (n = 64) and
paired stool (n = 64) samples.

US dental vs. dorsum of tongue: 4.2 million reads were sampled from US dental (n = 89) and paired
dorsum of tongue (n = 89) samples.

US dental vs. stool: 4.2 million reads were sampled from US dental (n = 68) and paired stool (n =
68) samples.

US dorsum of tongue vs. stool: 14 million reads were sampled from US dorsum of tongue (n = 69)
and paired stool (n = 69) samples.

Fiji saliva vs. stool:1 million reads were sampled from Fiji saliva (n = 127) and paired stool (n =
127) samples.

Western Europe saliva vs. stool: 3.2 million reads were sampled from Western Europe saliva (n =
20: 4 from Germany and 16 from France) and paired stool (n = 20: 4 from Germany and 16 from
France) samples. These were mapped to the CARD database as described in Methods Percentage of
samples containing ARG classes.

Once the metagenomes were subsampled, ARGs extracted and filtering by coverage, the ARG
diversity per sample was measured as the ARG richness, as recommended previously by Bengtsson-
Palme et al.”’. The ARG richness was calculated as the number of unique ARGs for every sample.
The ARG richness between samples in each group were tested for statistical significance with a

Mann-Whitney, paired, two-sided t-test.

Correlation analysis
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MetaPhlAn2 2.6.0°" was used to extract taxonomic composition from all samples. Spearman’s
correlation was applied to relative abundances of reads mapped to ARG and MetaPhlAn2 species
profiles for paired samples. ARGs and species that were not found in more than half of samples for
each country were removed, to alleviate the bias from potential joint-ranking of zero values by
Spearman’s rank. The rho and p-values were calculated using the stats package in R and the p-
values were adjusted with Benjamini-Hochberg where FDR < 5 %. Correlations were found from
China saliva and paired stool samples, and Philippines saliva samples. No significant correlations

could be found from Fiji, Western Europe or US samples.

Data Availability
ARG data, figures, tables and script to run analysis are available at

https://www.dropbox.com/sh/jy9h7ghgen6msgz/AABoMMRXY 7BKkBKdFY 6kIpY3Aa?dI=0

High-resolution figures are available at https://figshare.com/s/a1295clece3a89769567

Code Availability

R package for resistome analysis is available at https://github.com/blue-moon22/resistomeAnalysis
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503  Fig. 1 Percentage of saliva samples from individuals that contain, a an ARG class and b an ARG mechanism, from
504  China (n = 18), Fiji (n = 18), the Philippines (n = 18) and Western Europe (n = 18). Percentage of dental samples from
505 individuals that contain, ¢ an ARG class and d an ARG mechanism, from China (n = 18) and the US (n = 18).

506 Percentage of stool samples from individuals that contain, e an ARG class and f an ARG mechanism, from China (n =
507  18), Fiji (n = 18), the US (n = 18) and Western Europe (n = 18). g Percentage of the same saliva, dental and stool

508 samples containing an ARG class against the Defined Daily Doses Per 1000 individuals in 2015 from China, the

509  Philippines, Western Europe (France and Germany) and the US. (Fiji antibiotic use data unavailable.) Error bars are 95
510 % confidence intervals (Cls) that were evaluated from percentages extracted from bootstrapping samples 100 times.
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513  Fig. 2 Principal Coordinates Analysis of the incidence (presence/absence) of ARGs for all samples where each sample
514  isrepresented by a point. a Samples are labelled as resistotype clusters, evaluated from hierarchical clustering of binary
515 distance between ARG incidence profiles. Number of clusters was selected using silhouette analysis as the number of
516 clusters greater than three with the highest silhouette width. b Samples are labelled as sample types and locations: US
517  buccal mucosa (n = 87), China dental (n = 32), US dental (n = 90), US dorsum of tongue (n = 91), China saliva (n = 33),
518  Fiji saliva (n = 137), Philippines saliva (n = 23), Western Europe saliva (n = 21), China stool (n = 72), Fiji stool (n =
519 137), US stool (n = 70), and Western Europe stool (n = 21)

27 27


https://doi.org/10.1101/644922
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/644922; this version posted May 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a
S China 5 China S Fiji S Western Europe
4 4 ¥ 2 &
2 : 3 E
o o o o
- - - -
B Gl 2o B0
. : = —
o -1 o -1 © -] O -1
[= [—= = [=
< < I} < .
E Ea £ £
5 =B = 52
2 dental stool 2 saliva stool 2 saliva stool 2 saliva stool
= US = US = US
= = =
& & &
o, 1 i [T |
o o o
> > >
o9 o ©"
Q Q [0
QA O - l O -1 |
= [= c
] < I}
=P o = . R
3 =1 3
2 dental stool 2 dorsum of tongue stool 2 buccal mucosa stool
China Fiji Western Europe
1.00 1.00 1.00
[0} @ [0}
o o o
C 0.75 C 075 C 0.75
© © ©
kel o kel
c c c
3 = =)
Zos0 Loso Loso
[ [} o
= = 2
T © ©
?.) 0.25 T) 0.25 E 0.25
o o [an
0.00 < N 0. 0.00
> & S & S 4 IS
& - S\
N S (&) O
& P & & & & &
o' 00
Q
c
g 075
€ ARG Class
3
g 0.50 cephamycin
o) fluoroquinolone antibiotic
E 0.25 macrolide antibiotic
° macrolide antibiotic;lincosamide antibiotic
0 400 macrolide antibiotic;lincosamide antibiotic;streptogramin antibiotic
& @ K2 & macrolide antibiotic;streptogramin antibiotic
o Q S xS
¥ ¥ & 2 Other
& ©
> & tetracycline antibiotic
& N
S 60@

521  Fig. 3 Resistome abundance for China, Fiji, Western Europe and US. a Absolute abundance in log10 of reads per

522  kilobase of read per million (RPKM) of ARGs for paired samples between China stool (n = 30) and dental (n = 30),
523  China stool (n = 31) and saliva (n = 31), Fiji saliva (n = 137) and stool (n = 137), Western Europe saliva (n = 21) and
524  stool (n=21), US stool (n = 68) and dental (n = 68), US stool (n = 69) and dorsum of tongue (n = 69), and US stool (n
525 =65) and buccal mucosa (n = 65). b Relative abundance of reads labelled by ARG class for each sample type from
526  China saliva (n = 33), dental (n = 32) and stool (n = 72), Fiji saliva (n = 137) and stool (n = 137), Western Europe saliva
527  (n=21) and stool (n = 21), and US buccal mucosa (n = 87), dorsum of tongue (n = 91), dental (n = 90) and stool (n =
528  70)
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23). Rows and columns are clustered by hierarchical clustering of euclidean distance. Columns are coloured

saliva (n
by phylum. P-values are adjusted by Bonferroni

between 0 and 1, only where adjusted p-value < 0.05. Each heatmap represents a China (n

534  Fig. 5 Spearman’s correlation of ARG and species/strain abundance from saliva samples represented as heatmaps of #ho
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