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RESUMEN

La resistencia a los antimicrobianos (RAM) amenaza gravemente la salud publica
global. Sin estrategias urgentes para frenar y combatir la diseminacion de la RAM se
espera que para el 2050, 10 millones de personan mueran cada afio por esta amenaza.
Los paises de ingresos econdmicos bajos y medios son mas vulnerables al impacto por
la RAM. Es importante abordar la RAM desde el punto de vista de una sola salud y
desarrollar estudios para entender la evolucion, el surgimiento y los factores que
favorecen la diseminacion de la RAM. La metagendmica “shotgun” ha surgido como
una herramienta para explorar no solo la composicion taxonémica microbiana y el
potencial funcional de las comunidades microbianas en una muestra, sino también para
llevar a cabo estudios de vigilancia en diferentes tipos de muestras complejas como la
microbiota intestinal. Siendo la microbiota intestinal un ecosistema complejo, puede
favorecer el intercambio de genes de resistencia a los antimicrobianos (GRAs) entre
bacterias comensales y patogénicas. Por lo tanto, nosotros buscabamos estudiar los
factores que modulan el resistoma intestinal humano usando metagendémica shotgun. En
nuestro primer estudio encontramos que la cohabitacion con animales domésticos y la
cercania a animales de granja no afecta la estructura general del resistoma intestinal en
nifios. Sin embargo, genes que confieren resistencia a tetraciclinas fueron
significativamente més abundantes en nifios expuestos a animales que en aquellos no
expuestos. Nuestro segundo estudio demostrd ademads que el resistoma intestinal en
nifios es altamente variable en el tiempo y es mas parecido entre nifios de 4, 5 y 7 afios
de edad que entre nifios de corta edad. Ademas, pudimos observar que genes de
importancia clinica eran transitorios en la microbiota intestinal de los nifios estudiados.
Finalmente, nuestro interés por encontrar estrategias para modificar la microbiota

intestinal y su resistoma nos llevo a desarrollar estudios usando probioticos durante una



terapia con antibidticos. Si bien la suplementacioén con probiodticos durante la terapia de
erradicacion de Helicobacter pylori no tiene fuerte evidencia de proteger la
composicion de la microbiota intestinal, si pudimos demostrar que puede reducir

significativamente la abundancia de GRAs.



ABSTRACT

Antimicrobial resistance (AMR) severely threatens public health globally. Without
urgent strategies to block and combat the spread of antimicrobial resistance, it is
expected that by 2050, 10 million people will die each year from AMR. Low- and
middle-income countries (LMICs) are most vulnerable to the impact of AMR. It is
crucial to approach AMR from the point of view of a one-health and to develop studies
to understand the evolution, emergence, and factors that favor the dissemination of
AMR. Shotgun metagenomics has emerged as a tool to explore the microbial taxonomic
composition and functional potential of microbial communities in a sample and to
conduct surveillance studies on different types of complex samples, such as the gut
microbiota. Being the gut microbiota a complex ecosystem, it can favor the exchange of
resistance genes between commensal and pathogenic bacteria. Therefore, we sought to
study the factors that modulate the human gut resistome using shotgun metagenomics.
In our first study, we found that cohabitation with domestic animals and proximity to
food animals do not affect children's general structure of the gut resistome. However,
genes conferring resistance to tetracyclines were significantly more abundant in
children exposed to animals than in those not exposed. Our second study further
demonstrated that gut resistome in children is highly variable over time and is more
similar among older children than younger children. In addition, we could observe that
genes of clinical importance were transient in the gut microbiota of the children studied.
Finally, our interest in finding strategies to modify the gut microbiota and its resistome
led us to develop studies using probiotics during antibiotic therapy. Although probiotic

supplementation during Helicobacter pylori eradication therapy does not have strong
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evidence of protecting the composition of the gut microbiota, we were able to show that

it can significantly reduce the abundance of certain ARGs.
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CHAPTER 1. GENERAL INTRODUCTION

Antimicrobial resistance: a global challenge

Antimicrobial resistance (AMR) is one of today's most significant global health
challenges (Centers for Disease Control and Prevention, 2019). Antimicrobial resistance
seriously threatens advances in modern medicine, infectious disease response
capabilities, and advances in health care, life expectancy, and food safety (Centers for
Disease Control and Prevention. It is estimated that without urgent action to combat this
problem, by 2050, approximately 10 million deaths will be attributed to AMR each year
(O’Neill, 2016). Recently, a comprehensive review of the global burden of AMR during
2019, applying predictive statistical models, reported that 1.27 million deaths were
attributed to bacterial AMR, while 4.95 million deaths were associated with bacterial
AMR (Antimicrobial Resistance Collaborators, 2022).

Low- and middle-income countries (LMICs) are more vulnerable to this threat
(Laxminarayan et al., 2020; Nadimpalli et al., 2020; Sulis et al., 2022). Antimicrobial
resistance deaths are more frequent in LMICs than in other counties (Antimicrobial
Resistance Collaborators, 2022). In 2021, approximately 84% of the world's population
lived in LMICs (See: https://data.worldbank.org/). Notably, in informal urban
settlements (Nadimpalli et al., 2020), several factors can favor the emergence and
spread of AMR, such as densely populated areas, cohabiting or living in proximity with
domestic animals and food animals, deficiencies in access to drinking water, hygiene,
sanitation, quality health services and lack of control in the use of antimicrobials in
humans, animals, environment, and crops (Nadimpalli et al., 2020; Sulis et al., 2022).

Antimicrobial resistance is a One-health issue (Kim & Cha, 2021); all three
humans, animal, and environmental domains have clear and close connections to AMR

(Robinson et al., 2016). In humans, globally attributed deaths from antimicrobial-
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resistant bacterial pathogens include infections due to Escherichia coli, Staphylococcus
aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii,
and Pseudomonas aeruginosa among the most common (Antimicrobial Resistance
Collaborators, 2022). In animals, although the burden of disease by AMR has not been
appropriately estimated, it is suggested that in China and the United States of America,
the proportion of the total use of antibiotics in a country in animal and veterinary
agriculture is 84.3% (Q.-Q. Zhang et al., 2015) and 72% (Food and Drug
Administration, 2014), respectively. These data show that the global consumption of
antimicrobials in agriculture exceeds that of humans (Robinson et al., 2016). Another
contributor to the AMR crisis is the environment, which includes soil, water, air, and
built environments (Surette & Wright, 2017). The environment is the largest source of
some antimicrobial resistance genes (ARGs) with the potential to be mobilized to
pathogenic organisms (Surette & Wright, 2017). The environmental dimension may be
more critical in LMICs because, in these locations, there is little management of both
animal and human waste and antibiotic residues from industry (Larsson & Flach, 2022).
Therefore, the environment plays a crucial role in AMR's evolution, transmission, and
expansion when environmental contaminants converge (Larsson & Flach, 2022).
Humans are one of the most numerous mammalians on earth (Bar-On et al., 2018) and
probably the largest source of waste (Tortell, 2020). Additionally, humans carry some
of the most dangerous antimicrobial resistances such as carbapenemases which are used

exclusively in humans (Gupta et al., 2011).

Gut microbiota: a reservoir of resistance determinants and a horizontal gene
transfer contributor

The human gut is one of the richest and most diverse microbial habitats in the human

body (Leviatan et al., 2022; Luckey, 1972). This ecosystem is known as the gut
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microbiota and is made up of prokaryotes, viruses, and eukaryotes (Clemente et al.,
2012). The microbiota plays a paramount role in the health and disease of its host
(Clemente et al., 2012). The microbiota is also a reservoir of opportunistic pathogenic
bacteria and a diverse collection of ARGs (Schaik, 2015). Mechanisms of action of
antimicrobial resistance include reduced permeability, antibiotic efflux, changes in
expression, antibiotic degradation or modification, target protection, and target
modification (Boolchandani et al., 2019). When commensal and pathogenic bacteria
share the same ecological niche, the opportunity for horizontal gene transfer (HGT)
increases (Smillie et al., 2011). The capture, storage, and dissemination of ARGs are
commanded by mobile genetic elements (MGEs), such as phages, plasmids, genomic
islands, integrons, insertion sequences, and transposons (Partridge et al., 2018). The
support of the bacterial adaptive capacity rests on the HGT, and the knowledge reached
so far about MGEs is focused on isolates of clinical strains (Partridge et al., 2018).
Therefore, understanding more broadly the ecology of antimicrobial-resistant bacteria
and their commensal neighbors within complex microbial communities requires culture-
independent approaches such as shotgun metagenomics (Boolchandani et al., 2019; S.
Singh et al., 2019).

Shotgun metagenomics is based on high-throughput sequencing technologies
that, combined with computational pipelines, allow profiling of the microbial taxonomic
composition and the functional potential (in this case, the antibiotic resistance pattern)
of all microbial members of a community or sample (Pehrsson et al., 2016; Waskito et
al., 2022). In addition, shotgun metagenomics overcomes the limitations attributed to
amplifying 16S rRNA gene regions. For example, shotgun metagenomics bypasses the
biases introduced by having to choose a region to amplify (Rintala et al., 2017), has a

better taxonomic resolution (Laudadio et al., 2018), and has a better capability to
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describe the complexity of microbial communities (Durazzi et al., 2021; Laudadio et al.,
2018). When combined with deconvolution techniques such as Hi-C, shotgun
metagenomics can determine the genetic context of ARGs, their mobile capacity (if
found within MGEs), and reconstruct metagenomes (Press et al., 2017; Stalder et al.,
2019). Metagenomics has also emerged as a tool for AMR surveillance (Duarte et al.,

2021; Ko et al., 2022) and for finding new solutions in health care (De, 2019).

Strategies to combat antimicrobial resistance: manipulation of the intestinal
resistome

The Global Action Plan launched by the WHO in 2015 aims for measures to combat
AMR framed around five strategic objectives. Objective two refers to strengthening
knowledge and the scientific base through surveillance and research

(World Health Organization, 2015). An essential aspect of this objective is
understanding the conditions related to the appearance, propagation, and circulation of
antimicrobial resistance in the human population and developing basic studies whose
results translate into new interventions to address antimicrobial resistance. Regarding
new interventions to combat antibiotic resistance, the potential benefits of functional
foods (food with a positive impact on an individual's health) to modulate the microbiota
and the intestinal resistome emerge (Tsigalou et al., 2020).

Several microbiota-based interventions that modulate gut microbiota ecology
have been described, such as fecal microbiota transplantation, fecal filtrate
transplantation, diet, fermented foods, prebiotics, probiotics, postbiotics, synbiotics, and
phage therapy (Hitch et al., 2022; Tsigalou et al., 2020). There are reports of attempts to
modify the gut microbiota to prevent or eradicate the colonization of multidrug-resistant
(MDR) bacteria (Wieérs et al., 2020). Some works have successfully used fecal

microbiota transplantation (FMT) for decolonizing extended-spectrum beta-lactamases
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producing Escherichia coli (R. Singh et al., 2014), carbapenem-
resistant Enterobacteriaceae, carbapenem-resistant Pseudomonas spp., methicillin-
resistant Staphylococcus aureus, and vancomycin-resistant Enterococcus
faecalis (Crum-Cianflone et al., 2015). Furthermore, the study by Millan et al. not only
demonstrated the effectiveness of universal donor FMT in reducing resistant pathogenic
bacteria (for example, members of the Proteobacteria phylum: Klebsiella, Escherichia)
but also reduced the abundance of ARGs of different types such as beta-lactam,
multidrug efflux pumps, fluoroquinolone, and antibiotic inactivation genes in patients
with recurrent Clostridium difficile infection compared to healthy donors or healthy
controls (Millan et al., 2016). Additionally, probiotics such as Lactobacillus
plantarum and Lactobacillus fermentum have been shown in vitro to have the ability to
inhibit the growth of naturally resistant nosocomial pathogens such as Acinetobacter
baumannii, and Pseudomonas aeruginosa (Dallal et al., 2017). In critically ill preterm
infants, oral administration of Lactobacillus casei subspecies rhamnosus, Lactobacillus
reuteri, and Lactobacillus rhamnosus effectively prevented gastrointestinal
Candida colonization and consequently reduced the risk of developing candidemia
(Singhi & Kumar, 2016).

However, there is little evidence of functional foods positive and significant
effects on the modulation of the human gut resistome. The work of Oliver et al. with a
North American population suggests that diets rich in fiber and low protein intake
correlate with a lower abundance of ARGs and, therefore, can be considered a potential
intervention to reduce the impact of AMR (Oliver et al., 2022). However, two other
studies with Brazilian and Dutch populations have not demonstrated significant
associations of any signature between gut resistome and long-term dietary habits (Silva

et al., 2021; Stege et al., 2022). In a study evaluating a dietary intervention targeting the
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gut microbiota in children with obesity or Prader-Willi syndrome (3-16 years of age),
the authors demonstrated that this intervention significantly reduced gut resistome (Wu
et al., 2016). The previously described dietary intervention study (C. Zhang et al., 2015)
included whole grains, traditional Chinese medicinal foods, and prebiotics that
significantly reduced the abundance of 27% of ARGs (Wu et al., 2016).

In conclusion, since the intestinal microbiota is a very diverse microbial
ecosystem that houses a vast collection of ARGs, it is essential to study the factors that
modulate the structure and composition of the resistome to develop tools or new

interventions that allow us to prevent the spread of AMR.
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Highlights
e The pediatric gut microbiota is a reservoir of antimicrobial resistance genes
(ARG).
e The abundance of specific ARGs is significantly different between risk groups.

e Animal exposure did not affect the overall pediatric gut resistome structure.
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Abstract

Background
The pediatric gut microbiota is a reservoir of antimicrobial resistance genes.
Environmental factors such as a child’s exposure to fecal contamination and
antimicrobial resistance genes of animal origin likely shape the resistome of infants and

children.

Objective
This study measured how different levels of exposure to domestic or food animals affect

the structure of the intestinal resistome in children between 1 to 7 years of age.

Methods
One hundred and nineteen fecal samples from 39 children were analyzed according to
the level of exposure to domestic or food animals and categorized into three risk groups.
Using high-throughput sequencing with an Illumina NovaSeq 6000 SP platform, we
performed fecal resistome analyses using the Resfinder database. Additionally,
ResistoXplorer was used to characterize the resistomes of children differentially

exposed to domestic animals.

Results
Our data indicated that specific ARGs such as those that confer resistance to MATFPR
(macrolide, aminoglycoside, tetracycline, fluoroquinolone, phenicol, and rifamycin) and
tetracyclines were statistically less abundant in the group of children without exposure

to animals (group 2), compared with the groups exposed to domestic and food animals
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(group 1 and 3). However, the overall resistome structure among the children was not

affected by the different levels of exposure to animals.

Conclusion
This study suggests that animal exposure is a risk factor for young children acquiring
specific antimicrobial resistance genes from domestic animals or animal production

areas. However, the overall resistome structure was not affected.

Graphical abstract
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Introduction

The gut microbiota is a densely populated ecosystem and an essential reservoir of
antimicrobial resistance genes (ARGs) (Penders et al., 2013). Even children who have
not recently been exposed to the selective pressure of antimicrobials are found to have a
large and diverse collection of ARGs (Moore et al., 2013). The gut resistome
(collection of resistance genes in the intestinal microbiota) is enriched and shaped by
environmental factors, including diet, certain drugs (Roy et al., 2020), and the exposure
to antibiotics used clinically and during animal production according to the
geographical context in which they live (Forslund et al., 2014). It has been reported that
cohabitation of humans with domestic animals in the agricultural context, and the
improper handling of excreta, favor the exchange of ARGs between humans and
animals in rural areas (Pehrsson et al., 2016). Thus, it has been shown that phylogenetic
composition and resistance determinants of the human fecal microbiota are more similar
to the microbiota of soil close to chicken coops than to the soil of any other place in
rural areas (Pehrsson et al., 2016).

In particular, infants and young children in rural areas in low- and middle-income
countries (LMIC) where small-scale animal production is commonly practiced are
exposed to zoonotic enteric pathogens due to coprophagia or through various exposures
such as hands, toys, cutlery, flies, and food (Ngure et al., 2013). In semi-rural
communities near Quito, Ecuador, a study found that several third-generation
cephalosporin-resistant Escherichia coli strains isolated from the feces of young
children, dogs, and chickens had acquired different resistance determinants and
replicons. However, the authors found clonal transmission of this bacterial species
between humans and domestic animals (Salinas et al., 2021). Therefore, in this analysis,

we hypothesized that children who live near animal production areas or own domestic
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animals have a richer and more diverse resistome than those who live in households that

are not exposed to animals.

Materials and Methods

Study population and fecal samples

The present study was conducted from August 2018 to September 2021 in peri-urban
and rural areas east of Quito. The parishes of Tumbaco, Puembo, Tababela, Pifo,
Yaruqui, Checa, and El Quinche are characterized by agricultural activities and small to
large-scale animal production, particularly chickens. Children from 3 months to 7 years
old were included, and three risk groups for exposure of children to domestic and food
animals were established. Risk group 1: children who lived more than 500 meters away
from chicken operations and who had domestic animals at home (n = 18, 44 fecal
samples); risk group 2: children who lived at a distance greater than 500 meters from
chicken operations and did not own domestic animals (n = 15, 38 fecal samples), and
risk group 3: children who lived less 500 meters away from chicken operations and had
domestic animals at home (n = 13, 37 fecal samples) (Figure 1a). Thirty-nine children
were included in the present study (several children moved to other places and changed
their risk groups; that is why the number of children in each group does not coincide
with the total number of children included in the study). The caregivers were instructed
to collect and store child fecal samples (Salinas et al., 2021) until field staff could pick
them up in a few hours and transport them at approximately 4°C to the laboratory. The
caregivers delivered between 1 to 5 serial samples from 5 months to 1 year apart
between collections. One hundred nineteen fecal samples were obtained and stored at -

80°C until further analysis.
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DNA extraction and sequencing

Five hundred mg of fecal material from each sample was used for the FastDNA ™
SPIN Kit for Soil (MP Biomedicals, USA) to obtain 60ul of DNA stored at -20C° until
further analysis. The quality and quantity of the DNA were measured with a Nanodrop
(NanoDrop ND-2000, Thermo Scientific) using the absorption ratios of 260/280 and
260/230. The DNA was lyophilized and sent to the High Throughput Sequencing
Facility at the University of North Carolina in Chapel Hill, NC, USA, where the library
preparation (KAPA libraries using the Mantis system) and the control quality were
carried out. The Illumina NovaSeq 6000 SP platform was used for sequencing and

generated 2X150bp paired-end sequences.

Bioinformatic analysis

The child fecal resistome analysis protocol followed the AMrPlusPlus pipeline
(https://megares.meglab.org/amrplusplus/latest/html/). Briefly, the raw sequences were
processed to improve their quality and remove contamination using the FastQC and
Trimmomatic tools, respectively (Andrews, 2010; Bolger et al., 2014). We removed the
host genome to conduct the resistome analysis using the Resistome Analyzer tool
(https://github.com/cdeanj/resistomeanalyzer) together with the ResFinder database
(Zankari et al., 2012). This last step generated tables of short-read counts assigned to a
specific resistance gene. Only reads with an 80% or more identity threshold in the gene

fraction (Noyes et al., 2016) were included in the subsequent analyses.
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Statistical analysis

The graphical representation and statistical analyses were carried out using the web tool
ResistoXplorer (Dhariwal et al., 2021). Before applying any statistical tests, the data
were filtered to remove low-quality data. Subsequently, the Cumulative Sum Scaling
(CSS) method (Paulson et al., 2013), popularly used in analyzing metagenomic data,
was used. We applied the diversity measures with the Chaol, Pielous’s evenness, and
Shannon indices applying the Kruskal-Wallis statistical method for the alpha diversity
analysis. We used the NMDS ordination method with the Bray-Curtis index and the
PERMANOVA statistical method for the beta diversity analysis. For the differential
abundance analysis of ARGs, we used edgeR (M. D. Robinson et al., 2010) with the
Trimmed Mean of M-values (TMM) method(Pereira et al., 2018) to normalize the data.
Significant differences were declared with a P-value <0.05, and in the case of
differential abundance analysis, adjusted P-values (false discovery rate (FDR)) <0.05
were used by applying the Benjamini—Hochberg method (Benjamini & Hochberg,

1995).

Results

In the 119 fecal samples analyzed, 339 different ARGs were found that confer
resistance to 8 classes of antibiotics (Figure 1b). The most abundant ARGs conferred
resistance to tetracyclines (75%), MLSg (macrolide, lincosamides, and streptogramin B)
(9%), and beta-lactams (8%). The relative abundance profile showed that ARGs
conferring resistance to tetracyclines, lincosamides, and MATFPRs (macrolide,
aminoglycoside, tetracycline, fluoroquinolone, phenicol, and rifamycin) were less

abundant in risk group 2 compared to the other two risk groups. In risk group 2,
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however, resistance to macrolides, MLSg, and MSg (macrolide and streptogramin B)
were more abundant compared to risk groups 1 and 3. A differential abundance analysis
confirmed that ARG alleles conferring resistance to MATFPR (mdf(A) 1 _Y08743, FDR
<0.001) and to tetracyclines (tet(O/W) 1 _AMS889118, FDR <0.05, and

tet(32) 2 EF626943, FDR <0.05) were statistically less abundant in group 2, compared
with group 1 and 3. On the other hand, the ARG allele against MLSg

(erm(G) 1 M15332, FDR <0.001) was significantly more abundant in the group of risk

2 compared to the other two risk groups.
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Figure 1. Fecal resistome of children in different exposure groups to domestic and
farmed animals. (a) Study design and risk groups. (b) Relative abundance in the
proportion of fecal ARGs (classified by class of antimicrobials) grouped in different

risk groups.
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The alpha diversity analysis showed no significant differences in ARGs'
richness, evenness, and diversity between the three risk groups (Figure 2a). Also, when
we carried out an ordination analysis to compare the dissimilarities between fecal
samples, it was observed that there were no significant differences between fecal

samples based on the children’s fecal resistome (Figure 2b).
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Figure 2. Structure of the fecal resistome among the three risk groups based on exposure
levels to animals. (a) Alpha diversity was measured with the Chaol (richness), Pielou’s
evenness (evenness), and Shannon (diversity) indices. Central black horizontal lines
indicate median values; the 25th and 75th percentiles are indicated (boxes), and the
whiskers extend from each end of the box to the most extreme values. P-values were

obtained using the Kruskal-Wallis test, with P <0.05 as the significance threshold. (b)
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NMDS plot based on a Bray-Curtis dissimilarity matrix; significance was obtained

using the PERMANOVA test.

Discussion

In this study, we explored whether cohabitation with domestic animals and closeness to
animal production areas were related to changes in the intestinal resistome of children
between 1 and 7 years of age. Our findings indicated that whole children's fecal
resistome structure did not change due to different levels of exposure to domestic and
food animal production. However, there were specific resistance genes (mdf(A),
tet(O/W), tet(32), erm(G)) whose abundance were significantly different between risk
groups.

Similarly, a previous report that evaluated the fecal resistome of one-year-old
children shows that the ARGs that confer resistance to tetracyclines and beta-lactams
are the most frequent and abundant (Li et al., 2021). However, the authors also
frequently found ARGs that confer resistance to fluoroquinolones, unlike our finding
where we found ARGs against MLSg. Genes that confer resistance to tetracyclines
(tet(O/W) and tet(32)) were significantly less abundant in the group of children who do
not own domestic animals and live far from chicken operations. It can be explained by
the fact that tetracyclines are one of the most used antibiotics worldwide in veterinary
medicine for the prevention and treatment of diseases and as growth promoters
(Chowdhury et al., 2014; Kyselkova et al., 2015). Furthermore, the ARGs tet(O),
tet(W), and tet(32) are genes frequently found in the gut of chickens and cattle (Juricova
etal., 2021; Kyselkova et al., 2015). The relative abundance of Escherichia coli was
reduced in the risk group 2 compared to groups 1 and 3 (data not shown). Due

to mdf(A) being a membrane transporter frequently found in E. coli, it could explain
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that mdf(A) gene was significantly less abundant in risk group 2 compared with the
other two groups.

We have shown that the whole structure of the fecal resistome was not modified
by animal-human cohabitation or its proximity to animal husbandry areas. Nevertheless,
the proximity of young children to domestic animals poses a risk to the acquisition of
certain ARGs. The fecal contamination of the environment where young children live is
possibly the most likely source of ARGs of animal origin (Salinas et al., 2021).

Further research is needed to address antimicrobial resistance transmission from
a One Health perspective. This preliminary study is the starting point for using
metagenomics to study the evolution and transmission dynamics of antimicrobial-

resistant bacteria in the human-animal-environment triad in this geographic area.
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Abstract

The gut microbiome is a source of antimicrobial resistance genes (ARGs), and little is
known about the temporal dynamics of the gut resistome over relatively short periods of
time. In the present study, we measured the fecal resistome longitudinally in children ages
three months to 7 years old and evaluated changes in the diversity and relative abundance
of antimicrobial resistance genes over time. From a cohort of 29 children, we obtained
104 fecal samples (range: 3 to 5 fecal samples per child for three years). Next-generation
sequencing with an [llumina NovaSeq 6000 platform was used to characterize children’s
resistome and fecal microbiota according to sampling periods and age. The relative
abundance of ARGs within each child’s fecal sample varied significantly over time based
on hierarchical clustering analysis. We observed transitory elevations for some clinically
important ARGs (e.g., extended-spectrum beta-lactamases-ESBLs, colistin, and
fluoroquinolone resistance) among 29 samples. We found that the fecal samples from
children aged three months to 7 years old that shared similar bacterial profiles also had
similar resistomes. This finding highlights how the taxonomic composition of child feces

influences the specific ARGs making up the resistome.

Introduction

The rise in antimicrobial resistance (AMR) threatens global public health by attenuating
the ability of antimicrobials to treat infections (Martens & Demain, 2017; Medina &
Pieper, 2016). This is further complicated by the fact that there is limited availability of

new treatment options for infections.
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The children’s gut microbiota harbors a diverse collection of antimicrobial resistance
genes (ARGs) (Lebeaux et al., 2021; X. Li et al., 2021; Moore et al., 2013) known
collectively as the resistome (Perry et al., 2014; Wright, 2007). The gut bacteria comprise
a complex ecosystem in which ARGs are shared among commensal or pathogenic
counterparts (Karami et al., 2007; Salyers et al., 2004).

Some environmental factors are thought to shape the gut resistome, such as the
presence of antimicrobial-resistant bacteria in the food chain (Heuer et al., 2009; Verraes
et al., 2013), consumption of antimicrobials (Jernberg et al., 2007, 2010) socioeconomic
status, consumption of alcohol, vegetables, fruits, legumes, and even statin-type
medications (Roy et al., 2020). Children under two years of age receive more antibiotic
prescriptions compared to children over 2 and teenagers (Hicks et al., 2015).

Until now, studies of children’s resistome have focused on the impact of factors
such as type of birth or postpartum environment (Gibson et al., 2016; Lebeaux et al.,
2021; X. Li et al., 2021; Pirnédnen et al., 2018; Rahman et al., 2018); however, little
attention has been given to the resistome evolution from infants to school-age children.
We used metagenomic analysis (Hendriksen et al., 2019; Pehrsson et al., 2016) to
characterize the temporal dynamics of the fecal resistome from children aged three

months to 7 years old in a peri-urban community.

Materials and Methods

Patients and samples

We included 104 fecal samples belonging to 29 children (3 months -7 years old) in this

study (this cohort is part of a more extensive longitudinal study encompassing 374

households). Surveys collected demographic information, antimicrobial consumption,
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and breastfeeding. Time-series fecal samples were collected in 5 different sampling
periods (SP), where SP 1 began in 2018 (beginning of recruitment) and SP 5 ended in
2021. The children lived in Quito's peri-urban, including the parishes of Tumbaco,
Puembo, Tababela, Pifo, Yaruqui, Checa, and El Quinche. Twenty-four, 25, 27, 7, and
21 fecal samples were obtained from participants at SP 1, 2, 3, 4, and 5, respectively.
Only those children who had provided at least three fecal samples were eligible for further
analysis. Figure 1 outlines the study design. The Ethics Committee for Research in
Human Beings at the Universidad San Francisco de Quito USFQ (code 2017-178M) and
the Committee for Protection of Human Subjects (CPHS) at the University of California—
Berkeley (Federal wide Assurance #6252) approved this study. The parents or guardians

signed the written informed consent form.

Collection of fecal samples (sampling periods)

2018
2019
2019
2020
- B

2021
Lo [H

104 fecal
samples from
29 children

Figure 1. Study design and sampling periods. The brown boxes in the years indicate the

trimester when the samples were collected, and it must read from bottom to top. The
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numbers inside the orange circles indicate the number of fecal samples collected in each

cycle. This illustration was created using Biorender (https://biorender.com/).

Escherichia coli isolation

Ten fecal samples from SP 1 were plated on MacConkey agar (Difco, Sparks, Maryland)
supplemented with ceftriaxone (2 mg/L) and incubated for 18 hours at 37°C. After
incubation, if present, up to 5 lactose-positive colonies were selected and grown on
Chromocult agar (Merk KGaA, Darmstadt, Germany) to identify putative E. coli. Further
confirmation of E. coli isolates was performed with API RapiD-20E (bioMérieux, Marcy
I’Etoile, France) as described previously (Salinas et al., 2021). All confirmed third-
generation cephalosporin-resistant E. coli (3GCR-EC) were preserved at —80°C in

Trypticase Soy Broth (Difco, Sparks, MD) with 20% glycerol.

DNA extraction and sequencing

DNA from fecal samples was extracted using the FastDNA™ SPIN Kit for Soil (MP
Biomedicals, USA) at the Instituto de Microbiologia at Universidad San Francisco de
Quito. During the DNA extraction process, samples were randomly chosen from each
group, approximately 20 samples each time. 60ul of DNA was obtained and stored at -20
°C until further analysis. The quality and quantity of DNA were quantified with a
nanodrop (NanoDrop ND-2000, Thermo Scientific) using absorption ratios of 260/280
and 260/230. Lyophilized samples were sent to the High Throughput Sequencing Facility
at the University of North Carolina in Chapel Hill, NC, USA, to prepare the genetic

library (KAPA libraries using the Mantis system), quality control, and sequencing.
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Sequencing was performed on an Illumina NovaSeq 6000 platform that generated
2x150bp paired-end (PE) sequences at a sequencing depth of 10 million reads. The
sequences were deposited in the European Nucleotide Archive under accession project
PRJEB50568.

The DNA from 22 3GCR-EC isolates was obtained using Wizard®Genomic DNA
Purification (Promega, Madison, USA), and whole genome sequencing using an Illumina
MiSeq platform with Nextera XT to generate 2x250bp PE sequences was performed at
The University of Minnesota. The sequences were deposited in the European Nucleotide

Archive under accession project PRIEB37285.

Bioinformatic analysis of the resistome

The identification of antimicrobial resistance genes was based on the AmrPlusPlus
pipeline  (for more information, you can review the documentation
http://megares.meglab.org/amrplusplus/latest/html/). Raw sequences were quality
controlled using FastQC (Andrews, 2010) and multiQC (Ewels et al., 2016) before and
after removing low-quality nucleotides, low-quality reads, and adapters (TreSeq3-PE)
with Trimmomatic (Bolger et al., 2014). The steps used during trimming were:
ILLUMINACLIP: TruSeq3-PE.fa:2:30:10, SLIDINGWINDOW:4:15, MINLEN:36.
Next, reads belonging to the host (Homo sapiens GRCh38 reference genome) were
mapped and removed using the BWA aligner (H. Li, 2013) and Samtools (H. Li et al.,
2009), respectively. We carried out the alignment to the Resfinder (Bortolaia et al., 2020;
Zankari et al., 2012) database (database of acquired ARGs). The generation of the reading
count table was built using the ResistomeAnalyzer tool. Only those ARG reads with at
least 80% (Noyes et al., 2016) of the gene fraction threshold were used for graphical

generation and statistical analysis.
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Escherichia coli genomes

Acquired ARGs in the whole genomes of 3GCR-EC were identified using the Resfinder
database (Bortolaia et al., 2020; Zankari et al., 2012) with at least 80% of the gene length
and identity of 100% by the ABRicate tool (version 0.8.13)

(https://github.com/tseemann/ABRicate).

Taxonomic assignment

Metaphlan2 (Version 2.6.0.0) (Segata et al., 2012; Truong et al., 2015) on the Galaxy
platform (Afgan et al., 2018) was used to obtain the count of reads assigned to different
taxonomic levels. We used all the default parameters, except that the analysis type was
changed to "profiling metagenomes in relative abundances and estimate the number of
reads coming from each clade." The estimated number of reads from each clade was used

for the integrative analysis between the resistome and the microbiome.

Escherichia coli strain-level metagenomic profiling

Proteobacteria, particularly E. coli, have previously been shown to contribute to more
abundant and diverse ARGs in human intestinal resistome (X. Li et al., 2021); therefore,
we selected to study E. coli. For the metagenomic profiling at the E. coli strain level, we
used the PanPhlan 3.1 tool (Beghini et al., 2021). The pangenome-based phylogenomic
analysis was based on three tasks, downloading pangenomes, mapping samples against
pangenomes, and profiling E. coli strains (https://github.com/Segatal.ab/panphlan).

PanPhlan 3.1, without assembly, aligns reads to a database of pangenomes, identifies
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which genes are present or absent, and functionally characterizes strains within this
species (Beghini et al., 2021; Scholz et al., 2016). The heatmap visualization and
hierarchical clustering analysis (using R studio version 2022.2.1.461, ComplexHeatmap
(Gu et al., 2016) package) were built from the matrix that PanPhlan 3.1 provides and
includes the presence/absence of each gene family within each dominant strain identified

in each sample.

Statistical Analysis

The normalization process, statistical analysis, and visualization of the resistome were
carried out with the web tool ResistoXplorer (Dhariwal et al.,, 2021). While
MicrobiomeAnalyst was used to conduct the process of normalization, statistical analysis,
and visualization of the microbiome (Chong et al., 2020; Dhariwal et al., 2017). Before
the normalization process, data filtering was performed to reduce low-quality and non-
informative features. The Cumulative Sum Scaling (CSS) (Paulson et al., 2013) method
was used for the normalization process before diversity analyses (in the resistome and
microbiome analyses).

The Chaol and Shannon diversity indices were applied to the study of alpha
diversity. If three or more independent samples were compared, the Kruskal-Wallis
method was used. The NMDS ordination method was used for the beta diversity analysis
using the PERMANOVA statistical method and the Bray-Curtis index distance method.
Procrustes analysis was applied to evaluate the association between taxonomic
composition and ARGs. The parameters used included 9999 permutations, species at the
taxonomic level, genes at the profile level, and the methods of ordering and distancing

were the same as described in the beta diversity analysis.
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Hierarchical clustering analysis and heatmap visualization used gene alleles as
profile level and the Euclidean clustering distance. The samples were grouped by SP or
household as experimental factors, and relative abundances were scaled by genes (row).
Correlation analysis was performed at the level of mechanisms of action using Pearson's
correlation coefficient. Clustered Image Map (CIM) was used to visualize the correlation
between the resistome and microbiome. The differences were declared significant when

P-values were <0.05.

Results

High-throughput sequencing produced approximately 1.19 billion reads from the 104
fecal samples. After trimming, all sequences had a Phred score greater than Q30 (mean =
Q36). The trimming process extracted approximately 22% of the readings. Among all the
samples analyzed, 451,021 were the total reads aligned to 5 mechanisms of action that
confirmed resistance to 9 classes of antimicrobials and 317 different alleles. The
mechanisms of action identified were target protection, enzymatic inactivation, increased
efflux, target modification, and enzymatic modification. ARGs, grouped by class of
antimicrobials, conferred resistance to tetracyclines (75%), beta-lactams (10%), MLS-B
(macrolide, lincosamide, and streptogramin B) (7%), macrolides (3%), aminoglycosides
(2%), MS-B (macrolide, streptogramin B) (1%), MATFPR (macrolide, aminoglycoside,
tetracycline, fluoroquinolone, phenicol, and rifampicin) (1%), lincosamides (1%), and

phenicols (< 1%).

The structure of the children’s fecal resistome varies over time
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We assessed whether the structure of the children’s fecal resistome could change over
time. Only 6.7% (7/104) of the children in this study received antimicrobials in the last
three months before collecting fecal samples (Supplementary Figure 1). Ninety six out
of 104 children’s caregivers provided information about breastfeeding, and only 18.7%
(18 out of 96) of the children were breastfed. Figures 2 and 3 show the children’s fecal
resistome as a function of cumulative relative abundance, comparing the 5 SP and the
age. ARGs are represented according to the class of antibiotics that confer resistance
(Figures 2A and 3A) or the mechanism of action (Figures 2B and 3B, respectively). The
composition of the fecal resistome showed changes in the cumulative relative abundance
of tetracyclines, beta-lactams, MS-B, and lincosamides without a pattern related to the
SP or age. On the other hand, ARGs that confer resistance to MATFPR (macrolide,
aminoglycoside, tetracycline, fluoroquinolone, phenicol, and rifampicin) and macrolides
showed a progressive reduction from SP 1 to SP 5 and as age advances. Additionally,
ARGs' proportions confer resistance to MLS-B, and aminoglycosides remained stable
over time. Related to the mechanisms of action, it can be observed that enzyme
inactivation increased when target protection was reduced or vice versa. However, no
negative correlation was found between these two mechanisms of action (Supplementary

Table 1). The proportion of the other mechanisms of action remained stable over time.
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Figure 2. Composition of the children’s fecal resistome based on sampling periods.
Cumulative relative abundance compared among longitudinal sampling periods measured
in proportions. Different colors refer to different ARGs grouped by A) antimicrobial
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Figure 3. Composition of the children’s fecal resistome based on age. Cumulative
relative abundance compared among ages measured in proportions. Different colors refer

to different ARGs grouped by A) antimicrobial classes and B) mechanisms of action.

Because we observed changes in the children's fecal resistome composition, we wanted
to assess alpha and beta diversity over time by SP and age. Supplementary Figure 2 shows
a slight and sustained increase in richness (Chaol, Kruskal-Wallis: P= 0.39001) and
diversity (Shannon, Kruskal-Wallis: P= 0.25615) among the five SP analyzed.
Nonetheless, such differences were not statistically significant (Supplementary Figures 2
A and B). When analyzing richness (Chaol, Kruskal-Wallis: P= 0.016711) and the
diversity (Shannon, Kruskal-Wallis: P=0.017) by age, different behavior of the resistome
was observed, with alternating increases and decreases from one year to another. Both
analyses showed statistically significant differences in fecal resistome changes
(Supplementary Figures 2 C and D). The ordination analysis using NMDS plots in which
we compared the fecal resistome between the 5 SP showed no statistically significant
differences in the dissimilarities (PERMANOVA: P < 0.193) (Figure 4A). In addition, it
was shown that children's fecal resistomes (from the same individual) were not similar at
different time points (see straight lines connecting different samples in the same
individual in Figure 4). Interestingly, we found statistically significant differences when
samples were grouped by age (PERMANOVA: P < 0.044). We noticed that children’s
fecal resistome resembles each other more at older ages, especially at four, five, and seven

years old (Figure 4B).
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Figure 4. Beta diversity analysis of the children’s fecal resistome. Comparisons were
made by A) sampling periods and by B) age. Solid dark gray lines connect each sample
from child 232, showing that resistomes do not cluster per individual. Beta diversity is
visualized on NMDS plots using the PERMANOVA test and the Bray-Curtis distance

method (Stress = 0.14825 and 0.14861, respectively).

The children’s gut resistome is highly dynamic within the same individual

Figure 5 shows that ARGs abundance (at the antimicrobial class and allele levels) also
changed over time. Although Figure 5 shows individual 79 (household 79), the same
dynamics could be evidenced in each of the other 28 individuals (Supplementary Figures
3-30). In this individual, the relative abundance of ARGs grouped by antimicrobial class
varies considerably in the four SP analyzed (Figure 5A). In SP 1, the presence of ARGs
that confer resistance to OPLSP (oxazolidinone, phenicol, lincosamide, streptogramin A,
pleuromutilin) was observed, which was reduced in SP 2 and disappeared in the following
SP. In the same way, quinolone resistance appeared in SP 2, and the relative abundance
of this group of ARGs increased in SP 3 and disappeared in SP 5. It is noteworthy that in
SP 3, individual 79 suffers from the most substantial alteration in the structure of the fecal

resistome, and it is not related to antimicrobial consumption. An increase in the relative
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abundance of several ARGs (beta-lactams, quinolones, MLS-B, MATFPR, polymyxins,
and phenicol) was observed. When SP 5 was compared with SP 3, a slight recovery of
the ARG abundance was observed (Figure 5A).

The heatmap and the hierarchical clustering analysis showed that each allele’s
abundance varied between samples in the four SPs (Figure 5B). In SP 3, we observed the
most considerable alteration of the resistome. The relative abundance of resistance gene
alleles blaMIR-3 1 AY743435, blaOXA-1_1 HQ170510 (beta-lactams),
ogxA_1 EU370913, ogxB 1 EU370913, gnvB5 1 DQ303919 (quinolones), and mcr-
10_1 MN179494 (polymyxins) increased only in the SP 3 compared with the other SPs,
evidencing a transitory introduction and elevation of ARGs of medical importance in the
fecal resistome of this individual. The same behavior occurred in other individuals' fecal
resistome; ARGs identified in one SP were absent in the other SP (Supplementary Figures

3-30).
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Figure 5. Temporal dynamics of the children’s resistome in individual 79 (household 79).
A) The relative abundance of fecal resistome was compared by sampling periods
(numbers indicate SP). The relative abundance was evaluated in proportions. B) Heatmap

and hierarchical clustering analysis of fecal resistome. Rows are gene alleles, and
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columns are samples. Relative abundances were scaled by ranks (genes). Euclidean

distances were used, and the grouping was by cycle.

We also found a variable pattern of dominant E. coli strains within the same
individual (Supplementary Figure 31). We used the PanPhlan 3.1 tool (Beghini et al.,
2021; Scholz et al., 2016) to characterize E. coli strains from our metagenomic data using
200 reference pangenomes. One dominant E. coli strain was detected for each sample,
and only in 45 samples out of 104 samples, we recovered E. coli strains. Forty-four
dominant E. coli strains did not cluster with the reference pangenomes (using hierarchical
clustering analysis with Euclidean distances), so the reference pangenomes do not appear
in the figure and only the pangenomes identified in the samples are shown in the heatmap
(Supplementary Figure 31). No dominant E. coli strain in each sample remained in the
same individual over time.

During the development of the present study, we isolated 22 3GCR-EC strains
from 10 fecal samples belonging to SP 1, which were included in this metagenomic study.
The most prevalent 3GCR-encoding gene was blactx-m in 14 isolates (blactx-Mm-15, n= 6;
blactx-m-55, = 5; blactx-m-27, n= 3) followed by blatem-18 in 5 isolates. The metagenomic
analysis failed to detect the 3GCR genes in these samples. We identified beta-lactamase
encoding genes belonging to two ESBL families in 16 (72.73%) of the 22 whole genomes
of 3GCR-EC from 7 fecal samples. Three isolates carried blactx-m-s55 and blatem-18 genes,
and one isolate also harbored a blacmy-> gene. All the ARGs identified in the whole

genomes of 3GCR-EC are shown in the S2 Table.

The dynamics of the children’s resistome correlate with the dynamics of the

microbiome
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The Procrustes analysis confirmed a significant positive correlation (correlation
coefficient = 0.6383; P < 0001) between the composition of the bacterial communities
and the resistome (Figure 6A), suggesting that fecal samples with similar bacterial
profiles have similar resistomes. Figure 6B shows the ARGs grouped by class and their
correlation with bacterial families. The abundance of bacteria belonging to the families
Enterobacteriaceae and Prevotellaceae was positively and strongly correlated with
ARGs that confer resistance to MATFPR and beta-lactams, respectively. In contrast, the
abundance of bacteria belonging to families Clostridiaceae, Ruminococcaceae,
Rikenellaceae, and Porphyromonadaceae correlated strongly and negatively with ARGs

that confer resistance to beta-lactams, MATFPR, MATFPR, and MS-B, respectively.
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Figure 6. Correlation between resistome and children’s fecal microbiome. A) Procrustes
analysis using the NMDS ordination method, the distance method was Bray-Curtis Index,
and we used 9999 permutations. B) Clustered Image Map (CIM); the taxonomic profile
level used was family, and the profile level for ARGs was by antimicrobial class. The

yellow color indicates a negative correlation, and the dark blue color indicates a positive
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correlation. We used Euclidean distance for the analysis, and the clustering algorithm

used was complete.

To explore the fecal resistome and microbiome composition temporally, we
measured the correlation between the two. The taxonomic analysis showed that the
microbial composition became more similar among individuals in the latter SPs
(PERMANOVA, P <0.05) (Figures 7A, 7C, 8A, 8C). Additionally, taxonomic richness
(Figures 7B and 8B) and diversity (Figures 7B and 8B) also increased significantly over
time based on the SP (Chaol: Kruskal-Wallis, P = 0.0060563; Shannon: Kruskal-Wallis,
P = 0.0034064, respectively) or the age (Chaol: Kruskal-Wallis, P = 0.0060563;
Shannon: Kruskal-Wallis, P = 0.0040378, respectively). Beta diversity analysis (NMDS)
of the microbiota and resistome diversity showed that children’s fecal samples were most
similar to each other (using the Bray-Bray distance method) over time. Taken together,
these data suggest that there is a correlation between changes in the gut microbiota and
resistome. Although microbial richness and diversity increased significantly as children
aged (sampling period 1 to 5 or 6 months to 7 years old), we did not show that the same

occurs with the fecal resistome.
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diversity is represented by richness (Chaol index) and diversity (Shannon index). The
taxonomic level was species and strains, and the statistical method used was Kruskal-
Wallis. C) Beta diversity is visualized in the NMDS plot using the PERMANOVA test

and the Bray-Curtis distance method.
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Figure 8. Children’s fecal microbiota structure is compared by age. A) Composition of
the fecal microbiota is represented in relative abundance and measured in proportions,

and the different colors refer to different taxonomic phyla. B) Alpha diversity is
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represented by richness (Chaol index) and diversity (Shannon index). The taxonomic
level was species and strains, and the statistical method used was Kruskal-Wallis. C)
Beta diversity is visualized in the NMDS plot using the PERMANOVA test and the

Bray-Curtis distance method.

Discussion

This study showed that the children's fecal resistome is highly dynamic over time
and strongly correlated with intestinal microbiota changes. In addition, the resistome
tends to be more similar within older children than among very young children (Figure
4B), perhaps influenced by a more stable and mature microbiota (Kurokawa et al., 2007,
Palmer et al., 2007). We found that sample PR102 from SP3 had a significantly higher
abundance of ARGs without any apparent cause (Figure 5 A and B). Further, seven
children who received antimicrobials before any sampling period showed no increased
abundance of ARGs (Supplementary Figure 1). These results corroborate a recent study
of the same children population, in which significant overtime changes in antimicrobial
resistance in (cultured) commensal E. coli were observed without any apparent
environmental factor (Calderon et al., 2022). Other studies have observed the persistence
of resistance genes over several years in adults under antibiotic therapy (Jernberg et al.,
2007; Lofmark et al., 2006) and antimicrobial therapy selects multi-resistant bacteria that
remain for several months or years (Lester et al., 2006; Shoemaker et al., 2001). Plasmids
that carry resistance determinants can persist for several months in an infant not subjected
to antibiotic therapy (Gumpert et al., 2017). These unexplained ARGs elevations may be
due to random events, some antimicrobial genes have been disseminated in bacterial
populations for 80 years since the industrial production of antimicrobials (D’Costa et al.,

2011) and may not reduce bacterial fitness anymore.
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The five types of ARGs found in this study coincide with previous studies in adults
under antimicrobial therapy in Quito (Cifuentes et al., 2022). Several studies in adults
(carried out in Ecuador (Cifuentes et al., 2022), China, Denmark, Spain (Hu et al., 2013),
and Pakistan (Afridi et al., 2021)) demonstrate that the most prevalent ARGs in the human
fecal resistome are against tetracyclines, beta-lactams, and MLS-B. On the other hand,
the study by Li et al. on fecal resistome in Danish infants showed that ARGs that confer
resistance to tetracyclines, quinolones, and beta-lactams are the most frequent genes in
this group of children analyzed (X. Li et al., 2021). We found quinolone resistance
sporadically in our cohort compared with the abovementioned study.

The ARGs frequency in our study may be explained by antimicrobial use among
children under five years old globally (Browne et al., 2021). Also, tetracyclines are the
most frequently used antibiotics in domestic animals (Granados-Chinchilla & Rodriguez,
2017; Roberts & Roberts, 2001) and ARGs can spread from animal bacteria to human
bacteria through the food chain (Verraes et al., 2013) or the surrounding environment
(Blaak et al., 2015; Zhang et al., 2022). Overtime changes in fecal resistome (and
microbiome) could also result from the introduction of non-digestible carbohydrates in
infants (Wu et al., 2016), gastrointestinal infections (Hansen et al., 2021), or the
environment in which children develop (Szekeres et al., 2018).

We isolated E. coli with blactx-m-15, 55,27 (resistant to 3rth generation cephalosporins)
from 3 fecal samples whose microbiomes were negative for this gene. The gene blactx-m
is associated mainly with E. coli which was detected in only 45 (42%) microbiomes.
Additionally, most blactx-m-carrying E. coli lineages are not numerically dominant in the
human microbiota (Calderon et al., 2022); this gene may cause a reduction of fitness in

most commensal E. coli (McNally et al., 2016).
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Given that the fecal resistome changes correlate positively and significantly with
the fecal microbiota (demonstrated by Procrustes analysis), we argue that the fecal
resistome also takes on a generic adult-like shape over time in the same way. The fecal
microbial community in children becomes progressively more similar to the adult ones
(Gibson et al., 2015; Palmer et al., 2007; Putignani et al., 2014). Interpersonal variation
is more significant among children than adults (Yatsunenko et al., 2012); during the
neonatal period and infancy, dynamic changes in microbial diversity occur (Vatanen et
al., 2019; Yassour et al., 2018). Interestingly, clinically relevant ARGs encoding ESBLs,
colistin, or fluoroquinolone resistance were transient in the children’s fecal resistome
(Figure 5 A and B). Additionally, as in previous studies (Calderon et al., 2022; Martinson
etal., 2019; Richter et al., 2018), we demonstrated the dynamic turnover of E. coli strains
in the same child (Supplementary Figure 31). Kurokawa et al. suggested that the
functional uniformity of the adult-type microbiota (from non-infant children and adults)
is more complex than infant microbiota which is unstable due to its immature nature
(Kurokawa et al., 2007).

We identified that fecal samples with similar bacterial taxonomic profiles have similar
resistomes, and, therefore, the taxonomic composition may influence the resistome
(Pehrsson et al., 2016). Previous metagenomic studies with infant fecal samples showed
that Proteobacteria, particularly Escherichia coli, are positively correlated with increased
resistome diversity and abundance (Lebeaux et al., 2021; X. Li et al., 2021). In the present
study, we evidenced a positive correlation between microbiota composition and the
presence of some ARGs: Prevotellaceae family with beta-lactams and
Enterobacteriaceae with MATFPR, and at the same time, negative correlations between

Clostridiaceae with beta-lactams, Ruminococcaceae with MATFPR, Rikenellaceae with



73

MATFPR, and Porphyromonadaceae with MS-B. We demonstrated that factors that
modify the gut microbiota also affect the resistome.

The current study has some limitations. Due to its ability to transmit among hosts
and high conjugation rate (Martinson & Walk, 2020), the Centers for Disease Control
(USA) considers E. coli (and other Enterobacterales) as one of the most important bacteria
associated with the antimicrobial crisis (Centers for Disease Control and Prevention,
2019). However, E. coli is also a minor component of the human microbiota (Rooney et
al., 2022). In this study, we were able to detect E. coli in only 42% of the samples, which
may indicate that 10 million reads are insufficient to have a more comprehensive view of
the strains of E. coli dynamics and the composition of the fecal resistome. It has been
shown that increasing sequencing depth (> 50 million reads) can improve the ability to
detect low-abundance genes (Zaheer et al., 2018) and taxa such as E. coli (Rooney et al.,
2022).

To our knowledge, this is the first longitudinal study that evaluated the children’s
fecal resistome beyond infancy. This work focuses on understanding the extent of
dissemination of resistance determinants in the child population of rural and peri-urban
areas, the intestinal dynamics, and the interconnection with the microbiota. These results
will allow for establishing measures and new hypotheses to mitigate antimicrobial

resistance and manipulate the gut microbiota to modify the resistome.
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Abstract

All patients infected with Helicobacter pylori should be treated with eradication therapy
to restore gastric function and prevent developing chronic and malignant diseases.
However, managing this infection includes a triple or quadruple therapeutic regimen
whose drugs such as antibiotics and proton pump inhibitors can alter the gut microbiota
with temporary or lasting effects. Probiotics are positioned as an alternative to protect
and restore changes in the structure and function of the gut microbiota during therapies
with antibiotics. We aimed to evaluate the effects of probiotic supplementation on gut
microbiota abundance and diversity during antibiotic treatment against /.

pylori infections. We systematically searched articles in MEDLINE, Embase, and Web
of Science databases and the Cochrane Central Register of Controlled Trials
(CENTRAL) clinical trials registry. Of 494 articles, only eight clinical trials were
included, which recruited 581 participants between 15 and 70 years of age. The studies
were very heterogeneous in eradication therapies against H.pylori, in the strains of
probiotics used as supplements, in the time of administration and dose. This
heterogeneity and other factors, such as the small sample size in most clinical trials,
may have also contributed to the highly variable results. Thus, we could not conclude
whether or not the use of probiotics is an effective measure to protect the structure of

the intestinal microbiota during the administration of an eradication therapy against H.

pylori.
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Introduction

Although antimicrobials revolutionized the way infectious diseases are managed, the use
or misuse of antibiotics can select multi-resistant bacteria(English & Gaur, 2009), altering
the intestinal microbiota's structure and function(Francino, 2016; Vangay et al., 2015).
Gut dysbiosis is the imbalance of a microbial community due to alterations in the
abundance and diversity of community members associated with a disease(Messer &
Chang, 2018). The use of antibiotics can contribute to this intestinal microbial imbalance
temporarily or permanently (Cocheticre et al., 2005; Dethlefsen & Relman, 2011; Huse
et al., 2008). Gut dysbiosis may also be responsible for gastrointestinal adverse effects
suffered by patients treated with antimicrobials, for example, during H. pylori eradication
therapy (Hsu et al., 2018). Antimicrobial therapies with a broad spectrum of action
significantly impact the gut microbiota (Francino, 2016). Additionally, gastrointestinal
adverse effects can affect patient adherence to antimicrobial therapy against H. pylori
(O’Connor et al., 2009).

Probiotics have been frequently used to improve intestinal dysbiosis in digestive
diseases such as irritable bowel syndrome and infectious or antibiotic-associated diarrhea
(Gareau et al., 2010). The use of probiotics as supplementation during the treatment of H.
pylori to improve the bacterium's eradication rate and reduce the incidence of adverse
effects has shown positive results (Shi et al., 2019; F. Wang et al., 2017). Possible
mechanisms of action of probiotics in the intestinal environment are associated with their
interaction with host cells (Baarlen et al., 2011), modulation of the function of the
intestinal barrier (Wieérs et al., 2020), the immune system(Fata et al., 2018), and host
metabolism (Dewulf et al., 2013). However, so far, no scientific literature has been

analyzed to evaluate the usefulness of probiotics in restoring or protecting the intestinal
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microbiota during the eradication of H. pylori. The evaluation of the effect of probiotics
on the structure of the intestinal microbiota during the administration of antibiotics could
give us information on how to protect the gut microbiota and if its beneficial effects are
reproducible with different strains of probiotics. We aimed to evaluate the effects of
probiotic supplementation on gut microbiota abundance and diversity during antibiotic

treatment against H. pylori infections.

Materials and Methods

Data sources, bibliographic search, and selection criteria
The search for bibliographic sources began after the protocol was registered in
PROSPERO on November 8th, 2021, under CRD42021282907

(See: https://www.crd.york.ac.uk/prospero/display_record.php?ID

=CRD42021282907 ). The literature source search strategy was developed using the

MEDLINE, Embase, and Web of Science databases and the Cochrane Central Register
of Controlled Trials (CENTRAL) clinical trials registry. Search terms used included 'gut
microbiota' [Title/Abstract] AND 'helicobacter pylori' [Title/Abstract] AND probiotic
[Title/Abstract] AND 'clinical trial' [Title/Abstract]. When the searches did not return
good bibliographic sources, we also considered using synonyms, related terms, and
variant spellings for the word microbiota, such as 'microbiome' OR 'flora' OR
'microflora.' Also, we use the terms' gut' OR 'intestine.'

We included randomized controlled trials or controlled clinical trials because we
analyzed the effect of probiotics (intervention) (Higgins et al., 2019) on the gut
microbiota. The studies included participants of any age and diagnosed with H.

pylori infections. The diagnosis of an H. pylori infection was based on endoscopy, rapid

urease test, or non-invasive tests such as urease breath test, or stool antigen test (Y.-K.
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Wang et al., 2015). The studies must evaluate two groups. The intervention group
received probiotic supplementation, and the control group (comparator) received no
intervention or placebo. The primary outcome focused on changes in gut microbiota
composition during H. pylori eradication therapy by probiotics. The specific
measurements were alpha, beta diversity, or relative abundance. The studies included in
this review evaluated the abundance and diversity changes from the baseline and
compared the intervention and control groups. We excluded studies that recruited
patients diagnosed with malignancies in the stomach or intestines and those studies
where only abstracts were available.

Two reviewers (SGC and MFZ) extracted all data from included studies independently
using a standardized protocol. Protocol standardization was developed with pre-
reviewer training, preliminary extractions, and improvements to the extraction
instrument. Extraction forms were used in Excel in which general information such

as abstract, accession number (unique identifier), affiliation or address, article identifier
or digital object identifier (DOI), source, resource, and year of publication were
included. The specific information incorporated characteristics of the study and methods
used, baseline characteristics of the patients, diagnostic methods to identify H. pylori,
dose, time, duration of the intervention and the comparator, outcomes, results on alpha,
beta diversity, relative abundance of the gut microbiota, adverse effects, and
conclusions. Discrepancies were resolved by discussion or by including a third reviewer
(PAC). The reference manager was Papers v4.32.2067 (x64). The adapted PRISMA
(Preferred Reporting Items for Systematic Reviews and RMeta -Analyses) (Page et al.,

2021) flowchart of study selection is in Figure 1.

Assessment of risk of bias
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The risk of bias assessment was carried out using the Cochrane risk of bias tool for
randomized trials (RoB 2) (Sterne et al., 2019) in the Excel version. The tool allowed
the evaluation of the following criteria: random sequence generation, allocation
concealment, blinding, incomplete outcome data, and selective reporting. The reviewers
(SGC and MFZ) independently performed a risk-of-bias analysis in each of the included
trials. If the reviewers had discrepancies, the third reviewer (PAC) resolved the

disagreements or through discussion.

Results

The search based on the PICO (patient/population, intervention, comparison, and
outcomes) question yielded 494 articles. After screening by titles and abstracts, 29
articles were evaluated according to the inclusion and exclusion criteria. Eight primary
scientific articles (Cardenas et al., 2020; Chen et al., 2018; Dore et al., 2022; Kakiuchi
et al., 2020; Oh et al., 2016; Tang et al., 2021; Wu et al., 2019; C. Yang et al., 2021),
and clinical trials, were included in this study (Figure 1). A total of 581 patients were
included in this systematic review; ages ranged from 15 to 70 years old. Six studies
were open-label and did not use a placebo or another intervention as a comparator. Only
one study clearly explained that it is double-blind, and the remaining article, although it
used a placebo, does not describe that it is a double-blind study. The countries described
in this study belong mainly to China (4 studies), the Republic of Korea, Japan, Italy,
and Ecuador. The oldest article was published in 2015, and the most recent in 2022.
Therapies to eradicate H. pylori varied across the six studies, with only two studies
using the same therapy. Only the works by Chen et al. (2018) and Tang et al. (2021)

used quadruple therapy, the other studies administered triple therapy.
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Identification of new studies via databases and registers

c Records removed before screening:
-% Records identified from: Duplicate records (n = 105)
L Databases (n = 454) — Records marked as ineligible by automation
€ Registers (n = 40) tools (n =0)
ﬁ Records removed for other reasons (n = 0)
Records screened Records excluded
(n =349) (n =320)
o l
= Reports sought for retrieval Reports not retrieved
5 —>
2 (n=0) (n=0)
2
(0]
Reports assessed for eligibility ?ﬂgg;iﬁm_deg
(n =29) Methods (n = 15)
= New studies included in review
8 (n=8)
2 Reports of new included studies
£ (n=0)

Figure 1. PRISMA flowchart of study selection.

Table 1 shows the characteristics of the participants recruited in the studies included in
this review and general findings on the use of probiotics and the analysis of the
intestinal microbiota. The use of probiotics was variable across the studies. Three
studies used the same combination of Bacillus subtilis and Enterococcus

faecium probiotics but with different doses. The other studies used Lactobacillus
reuteri, killed Lactobacillus reuteri cells, Enterococcus faecium, Saccharomyces
boulardii CNCM 1-745, and Clostridium butiricum (Table 1). Three studies did not

have detailed information on how many CFUs were used in each administered dose.
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Probiotic administration time was also widely variable, from 7 days to 6 weeks. While 7
of 8 studies administered probiotics simultaneously as eradication therapy, one study
administered probiotics after H. pylori eradication therapy. Only two studies used a

placebo as a comparator, while six used no intervention.

Gut microbiota analysis
All studies had a time-point assessment of the gut microbiota before starting eradication
therapy or probiotic administration. Seven studies evaluated changes in the gut
microbiota immediately after antibiotic eradication therapy was completed, but one
study evaluated it two weeks after eradication therapy, missing the possibility of
capturing the most significant changes that occur in the microbiota during or
immediately after the completion of antimicrobial therapy.
The analysis method for studying the intestinal microbiota was the amplification of the
16S rRNA gene in all the studies; however, six studies amplified the V3-V4 variable
regions, one study V1-V3 and one study only the V4 variable region. Four studies
evaluated alpha, beta diversity, and relative abundance together, and only two studies
included differential abundance analysis to explore abundance between intervention
groups. The findings for changes in microbiota structure between the two intervention
groups are as follows: two studies showed that alpha diversity (using the Shannon or
Chaol or Evenness indices) was significantly higher in the group that received
probiotics immediately after the eradication therapies. Only one study demonstrated
these same changes eight weeks after eradication therapy, although it did not assess
changes in the gut microbiota after antibiotic therapy. Two studies demonstrated no
significant difference in alpha diversity between the intervention groups after

treatments, and two did not describe pairwise comparisons between the two intervention
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groups. One study did not use statistical analyzes for between-group comparisons. Only
one study demonstrated that the bacterial composition between the two intervention
groups was significantly different using beta diversity analysis. Two studies did not
apply beta diversity analysis, and one study, although applied it, did not report pairwise
comparisons for the intervention groups. In general, and in most of the studies, the
differences between the probiotic and control groups disappeared after the time elapsed
(2,4, 6, or 8 weeks after the eradication treatments). The relative abundances of bacteria
at the phylum, class, family, or genus level were completely variable across studies (See
Table 1). Two studies obtained contradictory findings regarding the Escherichia-
Shigella genus between the probiotic and control groups after the completion of

eradication treatments.

Risk of bias analysis
Using the Rob2 tool (a revised tool for assessing risk of bias in randomized trials), only
one study had no risk of bias in the five fields analyzed: random sequence generation,
allocation concealment, blinding, incomplete outcome data, and selective reporting.
Three studies were cataloged with some concerns since they did not report allocation
concealment methods and because they were open-label studies. Four studies had a
severe risk of bias problems in 4 criteria: random sequence generation, allocation

concealment, blinding, and incomplete outcome data, except selective reporting (See

Figure 2).
Unique ID St 1D Experimental Comparator Outcome Weight D1 D2 D3 D4 D5 Overall
RBO2 SROS Intervention No Intervention  Microbiota 1 . . . i o ' 4+  Lowrisk
RBO3 SR10 Intervention Nointervention  Microbiota 1 o ! o i i @ ! Some concerns
RBOS SRO8 Intervention  Nointervention  Microbiota 1 ! ! + + + @ . High risk
RBO7 SRO13 Intervention Placebo Microbiota 1 + + + + + @
RBO9 SR0O19 Intervention No intervention  Microbiota 1 . ! i . i . D1 Randomisation process
RB11 SR20 Intervention Placebo Microbiota 1 . ! + ! + @ D2 Deviations from the intended interventions
RB13 SR23 Intervention No intervention  Microbiota 1 + ! + . + . D3 Missing outcome data
RB15 SR27 Intervention Bismuth Microbiota 1 + ! . + + . D4 Measurement of the outcome

DS Selection of the reported result



Figure 2. Risk of bias analysis using the Rob2 tool.
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Table 1. Summary of findings of the studies included in this review.
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Discussion

The present study has not been able to support with solid evidence that the use
of probiotics (viable and non-viable) as a supplement protects the gut microbiota during
the use of combinations of drugs utilized in triple or quadruple eradication therapy
against H. pylori. However, neither was able to rule it out.

Evidence has shown that antibiotics (Dong & Gupta, 2018; Duan et al., 2022)
and proton pump inhibitors (Lombardo et al., 2010) produce alterations in the gut
microbiota related to a reduction in the diversity and changes in the abundance of
specific taxa. The work of Duan et al. (2020) describes several strategies to alleviate the
damage caused by the administration of antibiotics, including probiotic
supplementation. Although probiotics can attenuate the adverse effects of antibiotics
(Leclercq et al., 2017), there are some explanations for why we have not been able to
demonstrate the positive effect of probiotics in protecting the gut microbiota during
eradication therapy against H. pylori in this systematic review.

We included eight studies in this work, and the insufficient number of studies in
this area may be because of the interest in understanding the role of the gut microbiota
in health and disease using next-generation sequencing techniques has emerged a few
decades ago (Ananthakrishnan et al., 2019). Additionally, the small sample size in all
the clinical trials could have influenced that clear differences are not evident when
comparing the probiotic group and the comparator group and that it is impossible to
generalize these results to the entire target population (Gupta et al., 2016).

Another essential aspect that has weakened the findings reported by the included
studies is having conducted single-blind studies. These studies can fall into biases that

can lead to inflated effect size and even increase the risk of type I error (David &

Khandhar, 2022).
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The heterogeneity throughout the studies has not allowed us to implement a
meta-analysis in this work (Charrois, 2015). Regarding probiotics, three studies used the
same bacterial strains (different doses), and the other used different strains. Evidence
has shown that different probiotic strains can trigger different effects in participants
(DeGruttola et al., 2016). In addition, the timing of probiotic administration was highly
variable across the eight studies, and not all studies evaluated gut microbiota changes
simultaneously. All these variations among the studies included in this systematic
review have not allowed us to firmly conclude whether probiotics are effective in
reverting the diversity and abundance of the intestinal microbiota to pre-treatment states
or in attenuating the changes produced by eradication therapy against H. pylori.

It is still too early to rule out that probiotic supplementation during H.pylori
eradication therapy is effective in protecting the structure and function of the gut
microbiota. However, more studies with a larger sample size in each evaluated group,
double- or triple-blind, are required to reduce the type I error or inflate the effect size.
Furthermore, studies need to report their findings, even if no differences exist between
the groups evaluated. Also, it is necessary to develop studies where differential
abundance analyses are implemented (L. Yang & Chen, 2022) to evaluate the changes
between species or genera of bacteria affected by the interventions or find biomarkers.
We suggest combining metagenomics with other omics, such as metabolomics
(O’Connell, 2020), to study the mechanisms behind probiotics and incorporate other

probiotics, such as yeasts (Alkalbani et al., 2022).
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Abstract

Background
The gut microbiota is a significant reservoir of antimicrobial resistance genes (ARGs).
The use and misuse of antimicrobials can select multi-resistant bacteria and modify the
repertoire of ARGs in the gut. Developing effective interventions to manipulate the
intestinal resistome would allow us to modify the antimicrobial resistance risk.

Materials and Methods
Applying shotgun metagenomics, we compared the composition of fecal resistome from
individuals treated with triple therapy for Helicobacter pylori plus Saccharomyces
boulardii CNCM-I 745 (Sb) versus triple antibiotherapy without S. boulardii (control)
before, after, and one month after treatments. DNA samples were sequenced on an
[llumina NovaSeq 6000 platform. Reads were trimmed and filtered for quality, and the
reads classified as host genome were removed from further analysis. We used the
ResFinder database for resistome analysis and the web-based tool ResistoXplorer and
RStudio for graphical representation and statistical analysis.

Results
We identified 641 unique ARGs in all fecal samples, conferring resistance to 18 classes
of antibiotics. The most prevalent ARGs found in at least 90% of the samples before the
treatments were against tetracyclines, MLS-B (macrolide, lincosamide, streptogramin B),
beta-lactams, and aminoglycosides. Differential abundance analysis allowed the
identification of ARGs significantly different between treatment groups. Thus,
immediately after the treatments, the abundance of ARGs that confer resistance to
lincosamides, tetracyclines, MLS-B, and two genes in the beta-lactam class (cfx42 and
cfxA3) was significantly lower in the group that received Sb than in the control group

(edgeR, FDR <0.05).
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Conclusion
Our study demonstrated that the addition of S. boulardii CNCM-I1 745 to the conventional
antibiotic eradication therapy for H. pylori reduced the abundance of ARGs, particularly
those genes that confer resistance to lincosamides, tetracyclines, MLS-B, and a few genes

in the beta-lactams class.

Keywords
Saccharomyces boulardii CNCM 1-745, Helicobacter pylori, resistome, antibiotic

resistance, antibiotic resistance genes

Introduction

Antibiotic resistance is a growing public health problem worldwide.(World Health
Organization, 2015) By 2050, an estimated 10 million deaths will occur because of
antimicrobial resistance.(O’Neill, 2016) Abuse and misuse of antibiotics can select multi-
resistant bacteria(Francino, 2016) and increase antimicrobial resistance genes (ARGs)
repertoire.(Modi et al., 2013) Additionally, the administration of antibiotics can enhance
the risk of colonization by multi-resistant bacteria.(Tacconelli et al., 2009) The gut
microbiota is an essential reservoir of ARGs.(Forslund et al., 2013; Penders et al., 2013)
The gut resistome is dynamic due to the exchange of resistance determinants among
microbial communities through mobile genetic elements (MGEs), including plasmids,
phages, or transposons.(Davies & Davies, 2010) Therefore, finding and developing
strategies to manipulate the gut resistome becomes essential to benefit the patients and

public health.
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Novel strategies, including diet and functional foods, have been used to modify the gut
resistome positively.(Tsigalou et al., 2020) Previous work showed that a dietary
intervention consisting of whole grains, traditional Chinese medicinal foods, and
prebiotics can significantly reduce fecal ARGs and alleviate metabolic syndrome in obese
Chinese children.(Wu et al., 2016) Moreover, Saccharomyces boulardii CNCM 1-745
(Sb) can reduce dysbiosis(Moré & Swidsinski, 2015) and has shown antagonistic and
antimicrobial properties against various pathogens.(Pais et al., 2020) In a previous study,
we showed that in patients treated with a Helicobacter pylori eradication therapy, Sb
reduces the abundance of Clostridia and Bacteroides, bacteria that are traditionally multi-
resistant, and the patients have a lower frequency of gastrointestinal symptoms that could
be related to favorable changes in gut microbiota composition.(Cardenas et al., 2020)

The use of high-throughput sequencing technologies makes possible to study a microbial
community through metagenomic analysis from a structural and functional point of view.
Applying this approach for the fecal resistome study will allow us to understand its
relationship with the hosts and its dynamics within the community. Therefore, we sought
to study the effect of Sh on the fecal resistome in individuals treated with eradication

therapy against H. pylori.

Materials and Methods

Clinical investigation and samples

The study design and subjects' recruitment of the study have been described

previously.(Cérdenas et al., 2020) Sixty-four fecal samples (one biological sample for

each participant and no replicates) were used in the present study. We compared the
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composition of the fecal resistome from individuals treated with triple therapy for H.
pylori (amoxicillin 1 g three times a day, tinidazole 1 g once a day, and omeprazole 40
mg two times a day) plus S. boulardii CNCM 1-745 (approximately 22.5 x 10° CFU) (Sb)
versus triple therapy without Sb (control) at three-time points: before treatments (week
0), immediately after treatments (week 3), and one month after treatments (week 7). The
number of samples in each intervention group and time-points are described in figure 1A.
The Ethics Committee of the Universidad de Las Americas approved the study (code
number: 2016-0101). The clinical trial was registered at ClinicalTrials.gov (No.
NCT04786938). Written informed consent forms were obtained from participants once

patients received a full explanation of the research protocol.

DNA extraction, library preparation, and sequencing

The details of DNA extraction were described previously (Cardenas et al., 2020). Before
sending the DNA samples for sequencing, total DNA concentration and purity
(NanoDrop ND-2000, Thermo Scientific 260/280 and 260/230 absorbance ratios) were
verified. DNA samples were lyophilized and sent for DNA sequencing at the High
Throughput Sequencing Facility at the University of North Carolina at Chapel Hill, NC,
USA, for library preparation, next-generation sequencing, and quality control. KAPA
libraries using the Mantis system were prepared per the manufacturer’s instructions, and
samples were run on an [llumina NovaSeq 6000 platform to generate 2x150bp paired-
end sequences. The data for this study were deposited in the European Nucleotide Archive
(ENA) at the European Bioinformatics Institute (EMBL-EBI) under accession number

PRIJEB47358 (https://www.ebi.ac.uk/ena/browser/view/PRIEB47358).
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Sequence analysis and resistome annotation
The code used for the resistome pipeline was adapted from the AMrPlusPlus pipeline

(https://megares.meglab.org/amrplusplus/latest/html/). Briefly, we performed quality

control of raw sequence data using FastQC (version 0.11.9)(Andrews, 2010) and multiQC
(version 1.9).(Ewels et al., 2016) Trimmomatic (version 0.39)(Bolger et al., 2014) was
used to remove adapter contamination and low-quality reads applying these trimming
steps and the associated parameters for paired-end reads: ILLUMINACLIP: TruSeq3-
SE:2:30:10, LEADING:3, TRAILING:3 SLIDINGWINDOW:4:15, MINLEN:36. The
reads were matched to the Homo sapiens (GRCh38) reference genome using BWA(H.
Li, 2013) and then removed with Samtools.(H. Li et al., 2009) For resistome analysis, we
applied Resistome Analyzer (https://github.com/cdeanj/resistomeanalyzer) using the
ResFinder database (downloaded: October 23th, 2020)(Zankari et al., 2012) that gave the
total count of reads aligned to the target gene. Reads assigned to ARGs with at least 80%
gene fraction threshold were used to compare the group treated with S (n=33) and the

control group (n=31).

Taxonomy
The unassembled reads without the host genome were used for taxonomic analyzes. To
profile the structure and composition of fecal microbiota, we used Methaplan2 (Version
2.6.0.0)(Truong et al., 2015) available in the Galaxy platform(Afgan et al., 2018) with
default parameters. Only the type of analysis was changed to: "profiling metagenomes in
terms of relative abundances and estimate the number of reads coming from each clade."

The estimated number of reads was used for the integrative analysis.

Statistical and integrative analysis
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RStudio (Version V4.0.3) was used for graphical representation using the libraries
“ggplot2,” “reader,” and “esquisse.” Additionally, we used the web-based tool
ResitoXplorer(Dhariwal et al., 2021) to visualize and generate a statistical analysis of the
composition profiling, clustering analysis, differential abundance testing, and integrative
analysis. The filtration process removed low-quality or non-informative ARGs to
improve the statistical tests using ResitoXplorer's default parameters (low count and low
variance filters). We applied two popular scaling methods to normalize metagenomic
data(Lin & Peddada, 2020) and potentially remove biases that may have been introduced
during the sampling or sequencing process.(Weiss et al., 2017) We used the Cumulative
Sum Scaling (CSS) method(Paulson et al., 2013) for data normalization before the
relative, actual abundance, and diversity analysis. We used edgeR(Robinson et al., 2010)
included in the ResitoXplorer analysis workflow for differential analysis of gene
abundance where the normalization process occured with trimmed mean of M-values

(TMM).(Pereira et al., 2018)

In the study of alpha diversity, we used the diversity measures Chaol and Shannon
indexes, applying the statistical methods of Mann-Whitney and Kruskal-Wallis when two
or three independent samples were compared, respectively. For beta diversity analysis,
we used the ordination method PCA and the statistical method PERMANOVA.
Procrustes analysis(Peres-Neto & Jackson, 2001) was applied to test the association
between ARG composition and taxonomic composition in the fecal microbiota. We used
the following parameters: 9999 permutations, species as taxonomic level, and genes as
profile level with the ordination and distance methods PCoA and Bray-Curtis Index.
Regularized Canonical Correlation Analysis (rCCA)(Gonzélez et al., 2012) was also

carried out: species were used as a taxonomic level, and the class was used as profile level
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with the default parameters. Differences were declared significant with a P-value <0.05.
The differential abundance analysis used an adjusted P-value (<0.05) for false discovery
rate (FDR) using the Benjamini—-Hochberg method.(Benjamini & Hochberg, 1995)

Correlations were considered significant at a P-value <0.05.

Results

Figure 1A shows the study design and how the samples were distributed between the
intervention groups (Sb and control) and the three-time points (weeks 0, 3, and 7).

High throughput sequencing of sixty-four DNA samples produced approximately 1.1
billion sequences, ranging from 5 to 40 million reads per sample. The mean sequence
quality (Phred score) was 36. All samples had Phred scores greater than Q30. We
identified 641 unique ARGs in all fecal samples, conferring resistance to 18 classes of
antibiotics with at least five mechanisms of action that included enzymatic inactivation,
enzymatic modification, increased antibiotic efflux, target modification, and target
protection (Figure 1B). The most prevalent ARGs (core resistome) found in at least 90%
of the samples before the treatments (week 0) were against tetracyclines, MLS-B
(macrolide, lincosamide, streptogramin B), beta-lactams, and aminoglycosides. TetW,
tetQ, tet32, tetX, tetO, tet40, ermF, and ant6 gene families comprised most alignments
based on the same prevalence within these four classes of antimicrobials. These findings
indicate that these ARGs were prevalent in the human intestine of individuals infected

with H. pylori.
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Figure 1. Study design and antibiotic resistant genes identified in fecal samples from
patients who received eradication therapy against H. pylori. (A) Treatment groups, time
points of analysis and number of samples studied. (B) Antibiotic resistant genes grouped
in proportions by antimicrobial activity and mechanism of action. Aminoglycoside,
fluoroquinolone (AF), aminoglycoside, quinolone (AQ), lincosamide, streptogramin A
(LS-A), macrolide, aminoglycoside, tetracycline, fluoroquinolone, phenicol, rifamycin
(MATFPR), macrolide, lincosamide, streptogramin B (MLS-B), macrolide,
streptogramin B (MS-B), oxazolidinone, phenicol, lincosamide, streptogramin A,

pleuromutilin (OPLSP).
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Effect of S. boulardii CNCM I-745 on the abundance and diversity of the

fecal resistome

To explore the changes of the human fecal resistome after an eradication therapy against
H. pylori supplemented with Sb, we investigated the abundance profiling of ARGs
between interventions and within treatments at every time point. The relative abundance
of ARGs observed in each of the samples showed no substantial change in the individual
resistome before and one month after treatments in both the Sh and control treatment
groups (Figure 2A). However, when the composition profiling of the fecal resistome was
evaluated immediately after the treatments (week 3), it was evident that the relative
abundance of ARGs changed in some individuals in the groups that received the probiotic
and in the control group (Figure 2A). The relative abundance by time points in both S
and control groups (Supplementary Figure 1) showed that ARGs that confer resistance
against tetracyclines were reduced immediately after treatments in the group that received
Sb. On the other hand, at the same time point (week 3) in the group that did not receive
Sh, an increase in the relative abundance was observed in ARGs against tetracyclines,
lincosamides, and MATFPR (macrolide, aminoglycoside, tetracycline, fluoroquinolone,
phenicol, rifampicin) (Supplementary Figure 1). When we evaluated the actual
abundance of ARGs among each intervention group, we observed that at the end of the
antibiotic treatments (week 3), the group that received Sh showed a reduction in the
abundance of ARGs that confer resistance to tetracyclines, MLS-B, lincosamides, and
beta-lactams and an increase in macrolides, aminoglycosides, and quinolones compared
with the group that did not receive the probiotic (Figure 2B). Observing such differences,
especially after the treatments (week 3), we decided to perform an ordination analysis

(beta diversity analysis) to confirm whether the fecal samples were different based on the
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intervention or the three-time points. Beta diversity showed that the fecal samples were

similar to each other and that there was no distinctive pattern based on their resistome

(PERMANOVA, P> 0.05) (Supplementary Figure 2A and 2B).
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Figure 2. Normalized composition profiling of the fecal resistome. (A) Relative

abundance of antibiotic resistant genes of S. boulardii and control treatment groups; (B)

actual abundance of ARG of S. boulardii and control treatment groups. Macrolide,
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lincosamide, streptogramin B (MLS-B), macrolide, aminoglycoside, tetracycline,
fluoroquinolone, phenicol, rifamycin (MATFPR), macrolide, streptogramin B (MS-B);

oxazolidinone, phenicol, lincosamide, streptogramin A, pleuromutilin (OPLSP).

Subsequently, we sought to identify whether the administration of S would modify
the alpha diversity of ARGs in patients treated with the eradication therapy against H.
pylori. Alpha diversity analysis showed a progressive reduction of ARGs among the
three-time points in the two treatment groups (Sh and control) when richness (Chaol
index) and diversity (Shannon index) were evaluated. Although these differences were
not significant, the pattern of reduction was more evenly staggered in the group that
received Sh than in the control group (Kruskal-Wallis, P > 0.05) (Supplementary Figure
3). When we compared the alpha diversity of the ARGs between the two intervention
groups at the three-time points, it could be observed that there were no significant
differences between the SH and control groups before, after, and one month after the
treatment both in the richness analysis (Chaol), as in the diversity analysis (Shannon)
(Mann-Whitney, P> 0.05) (Supplementary Figure 4). The comparisons described above
were not made with paired samples. Therefore, we were interested in carrying out
pairwise comparisons on the diversity of ARGs among the three-time points in the
intervention groups (Sb and control). However, the limited number of samples (n= 3-7)
could have negatively affected the statistical power to find significant differences

(Kruskal-Wallis, P> 0.05).

Modification of the differential abundance of ARGs in individuals treated with

S. boulardii CNCM 1-745
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To identify the abundance of specific ARGs in Sh and control groups, we applied a
differential abundance analysis using RNAseq count data analysis that has been
previously tested for metagenomic studies.(Jonsson et al., 2016) In the Sbh group, a
significant reduction in the abundance of ARGs that confer resistance to aminoglycosides
and folate pathway antagonists was observed between week 0 and week 3 (edgeR, FDR
= 0.00033559, and FDR = 0.00050066, respectively) and between week 0 and week 7
(edgeR, FDR =0.00032621, and FDR =0.0051479, respectively) (Figure 3A). Similarly,
ARGs that confer resistance to lincosamides and tetracyclines in the control group
showed a significant reduction between week 0 and week 3 (edgeR, FDR = 0.02483 and
FDR = 0.026823, respectively) (Figure 3B). However, the abundance of ARGs that
confer resistance to quinolones was significantly more abundant after treatments (week
3) than at baseline, and its abundance was almost absent one month after the eradication
therapy in both intervention groups Sh and control (edgeR, FDR < 0.05) (Figure 3A and

3B).
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Figure 3. Differential abundance of ARGs comparison among the three-time points in (A)
Sb group and (B) in the control group. Median values are indicated by central black
horizontal lines; the 25th and 75th percentiles are indicated (boxes), and the whiskers
extend from each end of the box to the most extreme values. Only significant differences

are shown.

Subsequently, we wanted to evaluate the differential abundance of the ARGs between

intervention groups (Sb and control) immediately after treatments (week 3). Interestingly,
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we found that the abundance of ARGs against lincosamides, tetracyclines, and MLS-B
was significantly lower in the group that received Sh compared to the group that did not
receive the probiotic (edgeR, FDR < 0.05) (Table 1). When we evaluated the differential
abundance at the gene level, the genes /nuC, msrD, cfxA2, and cfxA3 were significantly
less abundant in the group that received Sb compared to the one that did not receive the
probiotic (edgeR, FDR <0.05) (Table 1). These significant differences did not remain one
month after the treatments ended. We carried out the same analyses described above only
with paired samples (at all three-time points and between two-time points). However, we
did not likely find significant differences due to the low number of samples (n = 3-7).
Only in the group that received Sb was it observed that when comparing the fecal
resistomes before and after receiving the treatments, the abundance of ARGs that confer

resistance to lincosamides was significantly lower (Supplementary Figure 5).

Table 2. Differential abundance of ARGs between interventions immediately after
treatments (week 3) *.

Class
ARGs log2FC ¥ P-values FDR
Lincosamide 13.119 4.8531E-06 4.3678E-05
Tetracycline 3.9152 0.0010275 0.0046236
MLS-B 3.1129 0.0077152 0.023145
Gene
ARGs log2FC P-values FDR
Inu(C) 1 AY928180 8.9177 6.9162E-05 0.0041497
msr(D) 2 AF274302 5.4297 0.00017585 0.0052755
cfxA2 1 AF504914 3.9669 0.0009865 0.01973
cfxA3 1 AF472622 4.0981 0.0020164 0.030246

* The upper part of the table shows the ARGs grouped according to the class of
antibiotics to which they confer resistance, while the lower part of the table refers to
each gene. Statistical analysis based on RNA-seq at the gene level; only significant
findings are shown in the table and the differences favor the group treated with Sb.
T Log2FC: log 2-fold-change, which is the log difference between Sb and control
groups. log2FC positive numbers indicate less ARGs abundance in the group Sb.
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Integrative analysis between the resistome and the fecal microbiota

Later, we wanted to show that the changes observed in the resistome correlate with the
changes in the fecal microbiota of patients treated with the eradication therapy against H.
pyvlori. We carried out an integration analysis in which we included the ARG counts and
taxonomic counts of the fecal microbiota of all the participants, regardless of the
interventions. We applied Procrustes analysis to test the association between ARGs
composition and taxonomic composition (the inter-omic relationship) in the fecal
microbiota. This analysis revealed that regardless of treatment, the composition of ARGs
was significantly associated (procrustean randomization tests, P = 0.0001) with the

taxonomic composition of the fecal microbiota (Figure 4).
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Figure 4. Procrustes analysis of the fecal microbiota and its resistome. The red rectangular
dots refer to the microbiota, and the blue round dots refer to the resistome.
Sum of Squares = 0.3616; Correlation coefficient (squared m12) = 0.799; P = le-04.

Ordination Method: PCoA, distance method: Bray-Curtis Index, 9999 permutations.
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Finally, in our previous study, the fecal microbiota in patients treated against H. pylori
with or without SH was evaluated using the marker gene 16S rRNA, and we demonstrated
a lower abundance of Bacteroides (Prevotella) and Clostridia (Lachnospira and
Ruminococcus) and a greater abundance of Gammaproteobacteria (Escherichia spp.) in
the group that received the probiotic.(Céardenas et al., 2020) Thus, we wanted to evaluate
which ARGs were associated with these taxonomic groups described previously and
modified with the probiotic therapy within the present study. Using Regularized
Canonical Correlation Analysis (rCCA), we found that the presence of the
Enterobacteriaceae family was negatively associated with ARGs that confer resistance
to lincosamides, tetracyclines, MLS-B, and beta-lactams and was positively and strongly
associated with quinolones and MATFPR. In the same way, the presence of the
Prevotellaceae family was positively associated with ARGs that confer resistance to
lincosamides and beta-lactams. Thus, a positive relationship was evidenced between the
presence of the Lachnospiraceae family with MLS-B and the Ruminococcaceae family
with beta-lactams (Figure 5SA and 5B). These data suggest that the reduction in the
abundance of ARGs that confer resistance to lincosamides, tetracyclines, MLS-B, and
specific genes that confer resistance to beta-lactams were associated with changes in the
fecal microbiota (reduction of Prevotellaceae, Lachnospiraceae, Ruminococcaceae). At
the same time, the significant increase in ARGs in the group that received the probiotic
were positively correlated with the increase in the abundance of members of the

Enterobacteriaceae family found in our previous study.
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Figure 5. Regularized Canonical Correlation Analysis (rCCA) between fecal resistome
and microbiome. (A) Correlation Circle Plot and (B) Clustered Image Map (CIM).
Correlation threshold for the correlation circle plot: 0.4. Dark colors show positive

correlations, while light colors show negative correlations in CIM.

Discussion

Because antimicrobial resistance is a threat to public health and the human gut an essential
reservoir of ARGs, it is critical to identify potential interventions able to reduce the
abundance of ARGs in the gut before, during, and after the administration of antibiotics.
In addition, to limit horizontal gene transfer between bacteria in a densely populated
environment such as the intestine. The use of functional foods rich in indigestible
carbohydrates(Wu et al., 2016) and probiotics are candidate interventions to decrease
ARGs (Tsigalou et al., 2020). In particular, the probiotic S. boulardii, being a yeast, is
not adversely affected by short or prolonged periods of antibiotic treatment(Czerucka et

al., 2007) To our knowledge, the present study is the first to evaluate and demonstrate
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beneficial modifications of the human fecal resistome using S. boulardii CNCM-I 745

during H. pylori eradication therapy.

In the present study, ARGs that confer resistance to tetracyclines, MLS-B, and beta-
lactams were the most prevalent genes found in the human intestine, and these data are
consistent with other studies on fecal resistome in humans.(Afridi et al., 2021; Hu et al.,
2013) A previous work in China shows that the ermF gene (MLS-B) is highly prevalent
in the Chinese population. Strikingly in the present study, we found that the ermF gene
was also prevalent in more than 90% of the samples from patients infected with H. pylori
before receiving antibiotic treatment.(Feng et al., 2018) This finding may be because, in
Ecuador, antibiotics are used without any medical prescription,(Quizhpe et al., 2017) and
in China, the rate of antibiotic consumption is very high, even in viral infections.(Heddini
et al., 2009) The resistance mechanisms found in our study were similar to those reported
by Feng et al.,(Feng et al.,, 2018) which include enzyme inactivation, enzyme
modification, and increased efflux. These mechanisms are in all the populations
studied.(Feng et al., 2018) Furthermore, a large cohort study on fecal resistomes in
healthy individuals from China, Denmark, and Spain, confirmed high abundance of
tetracycline resistance genes. Otherwise, they also find genes that confer resistance to
vancomycin and bacitracin (Hu et al., 2013), which were not common in our study. The
connection between being a fecal carrier of bacteria that carry ARGs, and the
consumption of antibiotics has previously been reported (Barbosa & Levy, 2000; Levy et
al., 1988). The most prevalent resistance genes found in all participants in our study have
been associated with the use of antibiotics or their analogs approved for use in animals

(Forslund et al., 2013).
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Few studies have evaluated the fecal resistome in patients treated for infection with H.
pylori. Olekhnovich et al. demonstrate that the administration of quadruple eradication
therapy increases the relative abundance of some genes that belonged to the MLS-B
(ermB), beta-lactam (CFX group), and tetracycline (zetQ) classes and reduces the relative
abundance of other members of the tetracycline class (et and tetO) (Olekhnovich et al.,
2019). We demonstrated that the relative abundance of ARGs that confer resistance to
tetracyclines, MLS-B, lincosamides, and beta-lactams were exclusively reduced in the
group that received Sh. In contrast, the relative abundance of ARGs against quinolones,
aminoglycosides, and macrolides increased in this same intervention group. It is expected
that by administering an antibiotic, the resistome becomes enriched with resistance genes
due to selective pressure to which the bacteria is exposed,(Willmann et al., 2015) and in
our study, we evidenced such changes. It should also be noted that ARGs against
nitroimidazoles do not appear because the filtration process (see material and methods)
removed genes in very low abundance that can give unreliable results. However, the
increase in ARGs against quinolones, aminoglycosides, and macrolides is not explained
by specific selection but by co-selection. Different genes can coexist in MGEs so that co-
selection can stabilize the resistance phenotype even in the absence of specific
selection.(Wright, 2007) Furthermore, two previous studies carried out by Willman et al.
show that administering an antimicrobial alone can generate positive or negative selective
pressure on ARGs that confer resistance to classes of antimicrobials unrelated to the
antibiotics administered.(Willmann et al., 2015, 2019) In other words, different
antibiotics have specific effects on the intestinal resistome.(Willmann et al., 2019)
Something striking in our study is the enrichment of ARGs against quinolones in the
group that received Sh. The rCCA analysis showed a strong correlation between the

Enterobacteriaceae family and ARGs against quinolones. This result is consistent with
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the finding in our previous study, where we evidenced that Escherichia spp. and other
members of the Enterobacteriaceae family were significantly more abundant in the group
that received Sb than those that did not receive Sb.(Céardenas et al., 2020) It can be
explained by the fact that there are inter-kingdom interactions between fungi and bacteria
where members of the Enterobacteriaceae family interact with fungi assisting them in

their colonization in the intestinal niche.(Sovran et al., 2018)

The fecal resistome structure based on alpha diversity analysis showed the highest
diversity before the treatments and the lowest one month after the end of the treatments,
regardless of the interventions (Sb and control). These findings are consistent with the
data shown by Ghanbari et al. in a study carried out with weaned pigs that received a
single antimicrobial (oxytetracycline) when evaluating the effects of antimicrobials on
fecal resistome before and after treatments.(Ghanbari et al., 2019) Although they show
that the richness and diversity of fecal resistome are more significant in the group that
received antimicrobial therapy than in the group that did not receive such therapy, we did

not include in our study patients not treated with H. pylori eradication therapy.

Moreover, we demonstrated that Sh supplementation in patients treated with triple
eradication therapy against H. pylori could modify the abundance of resistance genes
once the treatments were completed. When we evaluated the differential abundance at the
class level, Sbh could significantly reduce the abundance of ARGs that confer resistance
to lincosamides, tetracyclines and MLS-B compared to the control group. When
evaluated at the gene level, it could significantly reduce the abundance of /nuC, msrD,
cfxA2, and cfxA3. The genes identified in this study are acquired resistance genes.(Zankari

et al., 2012) Acquired ARGs are frequently transferred in MGEs between different parts
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of the same genome or between genomes.(Hoek et al., 2011) A critical and worrying
aspect during the administration of antibiotics is the potential surge of horizontal gene
transfer (HGT).(J. Li et al., 2019) We believe that the beneficial effects of Sb in reducing
the abundance of ARGs in patients treated with a triple eradication therapy against H.
pylori are due to its metabolic and structural products. First, Sb beneficially modulates
the intestinal microbiota towards a healthy microbiota thanks to the fact that it also
functions as a postbiotic due to the compounds in its cell walls such as glycans,
mannoproteins, and chitin that are substrates for the microbial fermentation of bacteria
that produce short-chain fatty acids(Pais et al., 2020) The reduction of ARGs abundance
in the group that received Sh may explain the modulation of the intestinal microbiota. Our
previous work demonstrated a lower abundance in the Sh group of Bacteroides
(Prevotella) and Clostridia (Lachnospira and Ruminococcus), bacteria that have been
shown to carry resistance genes against lincosamides, tetracyclines, and MLS-B
(Champion et al., 1988; Sabino et al., 2019; Veloo et al., 2019). Second, Sh can modulate
and activate the immune system in a general way due to its cell wall components, allowing
it to combat pathogens in the early stages (Moré & Swidsinski, 2015). Third, Sb produces
saturated fatty acids (FAs) such as capric acid (Murzyn et al., 2010). Capric acid and other
saturated FAs possess antimicrobial properties (Carballeira, 2008; Huang et al., 2014;
Murzyn et al., 2010; Yang et al., 2018) and synergistic effects with other antimicrobials
(Suchodolski et al., 2021). Previous studies show that synthetic FAs have HGT inhibitory
properties (Casillas-Vargas et al., 2021). Inhibition of conjugation occurs on the donor
cell, affecting several pathogenic hosts such as Escherichia coli, Salmonella enterica,
Pseudomonas putida, and Agrobacterium tumefaciens (Getino et al., 2015). Likewise,

FAs can interfere with quorum sensing, inhibiting biofilm formation, virulence, and
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motility without affecting the cell growth rate (Casillas-Vargas et al., 2021; Cui et al.,

2019).

The mycobiome (fungal microbiota) occupies a small proportion of the microbiota of the
human intestine, has low diversity, and is dominated by the yeast genera Saccharomyces,
Malassezia, and Candida.(Nash et al., 2017) Nash et al. employing data from the Human
Microbiome Project and using sequences from the Internal Transcribed Spacer 2 (ITS2)
show that the Candida and Saccharomyces genera present a strong negative
correlation(Nash et al., 2017) In addition, Murzyn et al. demonstrate with in vitro
experiments that capric acid secreted by Sbh can inhibit the morphological transition of
yeast to the filamentous form and, to a lesser extent, inhibit the adhesion and biofilm
formation.(Murzyn et al., 2010) Perhaps because of the little attention is given to fungi
that colonize various barrier surfaces of the human body, there is a gap in understanding

the effect of the resident fungal microbiota on the human intestinal resistome.

One of the most critical limitations of this study was that not all participants provided a
stool sample at the three-time points, which negatively affected the study's statistical
power, particularly when analyzing paired samples. In addition, the follow-up duration
of one month after treatments did not allow us to show whether Sh could promote the
recovery of the fecal resistome or maintain it at lower levels compared to the moment

before receiving antimicrobial therapy.

In conclusion, we have demonstrated for the first time that S. boulardii CNCM-I 745,
during a triple eradication therapy against H. pylori, can positively modify the gut

resistome by reducing the abundance of various ARGs. The findings of the present work
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support the use of drugs or functional foods, including probiotics, as measures in the fight
against antibiotic resistance. It will be essential to carry out more extensive randomized

clinical trials with different probiotics to determine their respective effects on ARGs.
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CHAPTER 6. GENERAL CONCLUSIONS
AMR is complex and must be approached comprehensively and from a One-
health perspective.
Human gut microbiota is an essential reservoir of ARGs and pathogenic
bacteria. When commensal and pathogenic bacteria congregate in the same
ecological niche, the opportunity for HGT among these bacteria increases.
Metagenomics has emerged as a method to predict the complete resistance
profile harbored by complex microbial communities such as gut microbiota.
Although exposure to domestic animals is not able to modify the overall
structure of the children’s resistome, mdf(A), tet(O/W), and tet(32) genes that
confer resistance to multidrug and tetracyclines, respectively, are significantly
more abundant in children exposed to animals.
There is a positive and significant correlation between the children’s gut
microbiota and resistome.
The structure of the gut resistome of children between 3 months to 7 years old is
temporally variable and tends to be more similar among children of 4 to 7 years
old than among younger children.
ARGs of clinical importance that confers resistance to fluoroquinolones,
colistin, and broad-spectrum beta-lactams are transient in the children’s gut.
E. coli strains are highly variable over time within the gut of the same child and
between children in the same community.
There is no conclusive evidence that probiotics can protect or recover the gut

microbiota structure during H. pylori eradication therapy.
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e The supplementation with S. boulardiit CNCM I[-745 during triple H. pylori
eradication therapy significantly reduces the abundance of ARGs that confer

resistance to lincosamides, tetracyclines, MLS-B, and beta-lactams.
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CHAPTER 7. PROSPECTS
Shotgun metagenomics is a comprehensive method to study the microbiota
(Tringe et al., 2005) and the resistome (Forslund et al., 2014) in complex
communities such as those inhabiting the human intestine. However, this
approach with short reads cannot resolve the genetic context of resistance genes,
nor is it capable of reconstructing mobile genetic elements to study the mobile
capacity of resistance genes (Maguire, 2020). Additionally, individual genomes
can be reconstructed from metagenomic data using metagenome-assembled
genome (MAG) binning methods (Kashaf et al., 2021; Nissen et al., 2021), but
binning has its limitations, it is an indirect clustering method. Hi-C-based
metagenomic deconvolution methods can indicate a sequence's origin to
overcome these difficulties. The Hi-C proximity ligation method can reconstruct
genomes, and MGE, and report on the genetic context of ARGs (Press et al.,

2017; Stalder et al., 2019).

Possibly, the beneficial effects of S. boulardii CNCM 1-745 in the modification
of fecal resistome in patients treated with eradication therapy of H. pylori are
due to the action of its structural and metabolic products with antimicrobial
activity (Ansari et al., 2021; Murzyn et al., 2010; Suchodolski et al., 2021), or
with the ability to modulate the microbiota, or the immune system (Pais et al.,
2020). While metagenomics can outline the taxonomy and predict the
functionality of a microbial community (Aguiar-Pulido et al., 2016; Quince et
al., 2017), metabolomics can allow us to study the metabolites released by the
microbiota or the probiotics in the luminal microenvironment (Aguiar-Pulido et

al., 2016; Krautkramer et al., 2021). Metagenomics combined with
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metabolomics can allow us to understand probiotic-gut microbiota-host

interactions and work on measures to combat AMR.
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Supplementary Table 1. Correlation between ARGs’ mechanisms of action.

Enzymatic Enzymatic Increased Target Target
inactivation modification efflux modification protection
Enzymatic 1 -0.14507 0.018703 0.63103 0.41075
inactivation
Enzymatic -0.14507 1 0.096728 -0.19869 -0.12807
modification
Increased efflux 0.018703 0.096728 1 0.047433 0.18062
Target modification | 0.63103 -0.19869 0.047433 1 0.51835
Target protection 0.41075 -0.12807 0.18062 0.51835 1

Supplementary Table 2. Antimicrobial resistance genes (ARGs) identified in whole
genomes of 3GCR-EC isolates

Sample  Isolate ID Antimicrobial resistance genes (ARGs)

PROO1 2018081420isolate5  aph(3")-Ib, aph(6)-1d, blacrx-w.ss, sul2, sul3

PRO04  2018091110isolate2  aph(3")-1b, mer.1.1, tet(4)

PRO13  2018091123isolatel  aph(3")-1b, blactx-w.ss, blatem-1s, f0sA3, sul2, tet(A)
2018091123isolate2  blacuy-2, dfrA12, mef(B), qnrS1, sul2, sul3
2018091123isolate3  ant(3")-la, aph(3")-1b, aph(6)-1d, blactx-wss, blatem-1s, dfiAS, fosA3, sul2, sul3
2018091123isolate4  aph(3")-1b, blacrx-mss, blatem-1s, dfiA5, fosA3, sul2, tet(A)
2018091123isolate5  ant(3")-Ia, aph(3")-1b, aph(6)-1d, blacrx-m-ss, dfrAS5, fosA3, sul2, sul3, tet(4)

PRO17  201808148isolatel blacrx-w2, gnrB19
201808148isolate2 blacrx-mar, gnrB19
201808148isolate3 blacrx-m27
201808148isolate4 aadA5, dfrA17, qgnrB19, gnrS1
201808148isolate5 dfirA17, fosA3, sul3, tet(B)

PR0O46  2018091810isolatel  blacrx-wm-1s, gnrB19, sul3
2018091810isolate2  blacrx-m-15, gnrB19, sul3
2018091810isolate3 blacrx-mas, gnrB19, sul3
2018091810isolate4  blacrx-m-1s, gnrB19, sul3
2018091810isolate5  blacrx-m-1s, gnrB19, sul3

PRO50  2018082119isolatel  gnrB19

PR066  201808217isolate2 No ARGs identified

PR0O67  2018080721isolatel  aph(3")-Ib, blarem-1s, dfrA8, gnrB19

PRI10  2018080715isolatel  aph(3")-1b, aph(6)-1d, blatemas, mcr-1.1, gnrSI1

PRI115 201808219isolatel blacrx-m-15, gnrS1
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Supplementary Figure 1. Composition of the children’s fecal resistome. Cumulative
relative abundance compared between antimicrobial consumption in proportions.

Different colors refer to different ARGs grouped by antimicrobial classes.
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Supplementary Figure 2. Alpha diversity of the children’s fecal resistome analyzed by

cycle and age. Median values are indicated by central black horizontal lines; the 25th and

75th percentiles are indicated on the top and bottom side of the boxes, and the whiskers

extend from each end of the box to the most extreme values.
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Supplementary Figures 3- 30. Temporal dynamics of the children’s resistome. A)
Relative abundance of fecal resistome compared by cycles. The relative abundance was
evaluated in proportions. B) Heatmap and hierarchical clustering analysis. Rows are gene
alleles, and columns are samples. Relative abundances were scaled by ranks (genes).

Euclidean distances were used, and the grouping was by cycle.
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E. coli pangenome gene families

Fecal Samples

Supplementary Figure 31. E. coli profiling from 45 metagenome samples. Heatmap and
hierarchical clustering analysis. Each column represents a dominant strain in each sample
and the same colors represent the same children (household). Each row represents a gene
family from E. coli pangenome (200 reference genomes not included in this figure).

Euclidean distances were used, and the grouping was by samples.
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Supplementary Figure 1. Relative abundance of ARGS in S. boulardii (Sb) and control
treatment groups. Macrolide, lincosamide, Streptogramin B (MLS-B); Macrolide,
Aminoglycoside, Tetracycline, Fluoroquinolone, Phenicol, Rifamycin (MATFPR);
Macrolide, Streptogramin B (MS-B); Oxazolidinone, Phenicol, Lincosamide,

Streptogramin A, Pleuromutilin (OPLSP).
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Supplementary Figure 2. Fecal resistome composition of ARGs among (A) interventions
and (B) time points based on ordination analysis. PCA plots using PERMANOVA test,

P> 0.05.
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Supplementary Figure 3. Alpha diversity of the fecal resistome in S. boulardii and control
treatment groups. Median values are indicated by central black horizontal lines; the 25th
and 75th percentiles are indicated (boxes), and the whiskers extend from each end of the
box to the most extreme values.
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Supplementary Figure 4. Comparison of alpha diversity of antibiotic resistant genes
between S. boulardii and control treatment groups. Median values are indicated by central
black horizontal lines; the 25th and 75th percentiles are indicated (boxes), and the
whiskers extend from each end of the box to the most extreme values.

&
Intervention_



190

Sb
Lincosamide

Log-transformed Count

==

Time_Point_
B3 wk0
B3 wk3

Abundance

e

Q %»
& &

Time_Point_

FDR =0.027455

Supplementary Figure 5. Differential abundance of ARGs based on pairwise comparison
before (week0) and after treatments (week 3). Median values are indicated by central
black horizontal lines; the 25th and 75th percentiles are indicated (boxes), and the
whiskers extend from each end of the box to the most extreme values.
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