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Abstract

Background
Infections caused by pathogens carrying antibiotic resistance genes (ARGs) are triggering a global health
crisis. Human gut microbiota is an important reservoir of ARGs, which can not only be exchanged inside
the symbiotic microbiota, but can also be horizontally transferred to opportunistic pathogens. A dysbiotic
gut microbiota has been associated with obesity and other metabolic disorders, which has also been
described as the most unneglected global health problem. Many studies have focused on the effects of
antibiotics and other exogenous chemical on the fate of ARGs, but little is known about the effect of
obesity induced dysbiotic gut microbiota on the fate of ARGs.

Results
This study addressed the signi�cant proliferation of ARGs and the dramatical change of mobile genetic
elements (MGEs) in high-fat diet induced obesity (DIO) mice, which the ermB and tnpA-03 genes mostly
increased, demonstrating that DIO alone could enrich the abundance of ARGs. A clear increase of serine
and tyrosine in the feces showed a signi�cant positive correlation with the dominant genes of DIO groups
(ermB and tnpA-03), suggesting that serine and tyrosine might enhance DNA transposition (tnpA-03) by
nucleophilic attacking a phosphorus atom of a backbone phosphate group and ultimately signi�cantly
ampli�ed the ARGs. Additionally, ermB has been frequently found in obesity-associated Lactobacillus,
which might contribute to the sharp increase of ARGs and dramatical change of MGEs in the DIO mice.
Finally, procrustes analysis showed the explanatory variables of the MGEs, the metabolites, and the
microbial communities for the ARGs accounted for 94.3%, 53.4%, and 68.1%, respectively.

Conclusion
This study demonstrated that DIO signi�cantly enhanced the abundance of ARGs and dramatically
changed MGEs in mouse gut microbiota. MGEs were the most direct factor affecting ARGs, and
microbiota were the main driver of the proliferation of ARGs in the DIO mice.

Background
Infections caused by pathogens carrying antibiotic resistance genes (ARGs) have appeared as a serious
public health threat and are triggering a global health crisis[1], e.g., it is estimated that the annual
attributable mortality due to resistant infections in the Europe Union was up to number over 30,000;
morbidity and mortality caused by multi-drug resistant infections are particularly higher in low-income
and middle-income countries in Asia, Africa and South America [2, 3]. Recent predictions estimate that
antibiotic resistant infections will have a higher mortality rate than cancer and cause up to 10 million
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deaths per year in 2050s [4]. Therefore, World Health Organization (WHO) recommends an urgent need
for coordinated worldwide response and an improvement in our fundamental understanding of ARGs [5].

It is widely accepted that human gut microbiota is an important reservoir of ARGs [6, 7]. Most of gut
bacteria have a symbiotic relationship with their host, but also contain opportunistic pathogens, such as
Escherichia coli and Klebsiella pneumonia [3]. ARGs in the host gut bacteria can not only be exchanged
inside the symbiotic or commensal microbiota but can also be transferred to opportunistic pathogens,
which is challenging life-saving antibiotic therapies. In recent decades, it has been seen a global rise of
infections caused by antibiotic-resistant bacteria of E.coli, K. pneumonia [8], and E. faecium [5].

Horizontal gene transfer (HGT) has regarded as the major pathway of ARGs transmission, which includes
conjugation, transformation and transduction [9]. As a dominant pathway of HGT, conjugation is the
transfer of ARGs through a pilin bridge between a donor and a recipient, which is usually achieved via
mobile genetic elements (MGEs), such as plasmids (pMV158oriT), insertion sequences (IS613), integrons
(intI-1), transposons (tnpA-03), and phages [10, 11]. HGT can occur in any environment, especially where
bacterial densities are high, such as in soil [12], in the gut microbiome of humans and animals [4]; and it
has been shown to provide microbes with a wide variety of adaptive traits for microbial survival and
proliferation under the pressure of antibiotics, heavy metals and other environmental contaminants [13].
Plasmids carrying one or more ARGs were isolated in many countries and have been regarded as one of
the major mechanisms for the spread of ARGs [13, 14]. Through conjugation, ARGs can be transferred by
mobilizable plasmids between genera, phyla, and even major domains [9]. The next phase in
understanding how the ARGs are acquired was the discovery of transposons, which are discrete
segments of DNA, moving from one genomic location to another. In bacteria transposons mobilization
has been linked to environmental adaptation and the emergence of multi-drug resistant pathogens [15].
Transposon excision and integration is catalyzed by the IS608-encoded transposase TnpA, which belongs
to the HUH (histidine-hydrophobic-histidine) endonuclease superfamily and uses amino acids containing
a hydroxyl-group as the catalyst to cleave DNA [15, 16].

Obviously, extensive antibiotic consumption directly exerted a selective pressure on the dissemination of
ARGs in a variety of environments [17–19]. Recently, growing evidence suggests that some non-antibiotic
chemicals, such as metals, graphene, nanomaterials, disinfectants, non-antibiotic drugs, and even
preservatives, can accelerate the spread and diffusion of the ARGs [20–26]. It is worth noting that all of
these studies have made efforts to better understanding the effects of exogenous chemical on the fate of
ARGs. Previous studies reported that microbiota was the main internal driven on the behavious of ARGs,
e.g., microbiota evolution contributed 44–66% explanation for the ARGs change [27, 28]. Obesity has
been described as one of the most unneglected global health problem by WHO, which associates with
diabetes, cardiovascular disease, and stroke [6, 20, 29]. It is well accepted that obesity always disturbed
intestinal �ora, such as increasing Firmicutes to Bacteroidetes ratio [30]. Furthermore, obesity caused
evidently metabolic abnormalities in fatty acid metabolism, lipid metabolism, and amino acid
metabolism of whole blood and feces in animal models [30–32]. However, little is known about the effect
of obesity on the fate of ARGs.
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Thus, we hypothesize that high fat dietary induced-obesity (DIO) might have in�uence on the variations
of ARGs. Furthermore, HGT might be affected though the change of metabolites caused by DIO in
different mechanisms from the selective pressure exerted by exogenous chemicals. This study �rst
compared the pro�les of ARGs, MGEs between human and mouse gut microbiota; and than using mice
as DIO model found out the effect of DIO alone on the changes of ARGs, without adding any exogenous
chemicals. Moreover, metagenome and metabolome were carried out to further elucidate the mechanism
of ARGs evolution.

Results

Pro�les of ARGs,MRGs, MGEs and pathogens between
mouse and human feces
A total of 296 genes were detected among the 6 mixed fecal samples from mice (3) and human (3). The
number of genes detected in the mouse and human feces were 157 and 98, respectively (Additional �le 1:
Table S1), and 71 genes were found in mouse and human feces simultaneously. Although the number of
ARGs detected in the mouse feces was much higher than that in the human feces, the relative
abundances of ARGs in the mouse feces were much lower than those in the human feces, which were
0.47 and 3.35, respectively (Fig. 1A).

Tetracycline resistance genes (tet genes) were the most abundance ARGs in both mouse and human gut
microbiota, which occupied 75.73% and 39.31% of the total ARGs, respectively. The percentages of
Macrolide-Lincosamide-Streptogramin (MLSB) and β-lactamase resistance genes in human feces were
much higher than those in mouse feces, accounting for 38.57% and 18.29% in human feces, 2.11% and
2.77% in mouse feces, respectively (Fig. 1A and Additional �le 3: Figure S1). The proportions of these
three major ARGs in human gut microbiota were exactly similar to those of metagenome-wide analysis by
Hu et al. [6]. The relatively higher abundance of MLSB and β-lactamase resistance genes in human feces
might attribute to the widespread use of these two kinds of antibiotics in the treatment of human
diseases. The dominant ARGs, including tetQ, tetW, tet(32), cfxA, ermB, ermF, aacA, strB and sul2, shared
the same distribution characteristics (Fig. 1), which accounted for 84% and 94% of the total ARGs in the
mouse and human feces.

The relative abundance of total MRGs was extremely lower than that of ARGs, which were 0.0012 and
0.0017 in mouse and human feces, respectively (Fig. 1B). Among the 10 detected metal resistance genes
(MRGs), copper and zinc resistance genes, including pcoA, copA and czcA, were the major MRGs in both
the mouse and human feces. The common MGEs in human and mouse feces mainly included Int1-1,
IS613, tnpA-03 and tnpA-06, which class 1 integron gene (Int1-1) was detected in all the samples and
occupied about 10% in both human and mouse feces (Fig. 1D and Additional �le 5: Figure S3). In general,
integrons have speci�c structures and ability to capture the ARGs by a site-speci�c recombination system
[33, 34].



Page 5/22

In addition, 6 species of pathogens genes, including Enterococci (22S rDNA), P. aeruginosa (ecfX), K.
pneumonia (gltA), Staphylococci (mecA), A. baumannii (ompA) and E.coli (uidA), were determined among
human and mouse samples. Enterococci, P. aeruginosa, K. pneumonia and E.coli were detected in both
human and mouse feces. E.coli and K. pneumonia in the human samples were much higher than those in
the mouse samples. These data suggested that the mice could be used as an ideal animal model to
study the change of ARGs and 96 genes with relatively high abundance in both human and mice feces
were selected from the total 296 genes for further analysis (Additional �le 2: Table S2).

DIO mouse model
The body weight of mice administered with the Control and the HFD (high-fat diet) assays showed a
signi�cant difference, which those with the HFD assays gained around 38% body weight more than those
with the Control assays after 16 weeks of feeding (p < 0.01, Fig. 2A). Food intake and energy intake were
measured at the 1st, 5th, 9th, 13th, 16th week of the feeding intervention and the results showed in the
Fig. 2B and 2C. These results demonstrated that energy intake of the HFD assays was signi�cantly higher
than that of the Control assays (p < 0.05). Histological analysis showed larger adipocyte size in the
epididymal fat of the HFD groups than that of the control groups; and there were much more lipid
droplets in the liver of the HFD groups (Fig. 2D). These data indicated that DIO mouse model was
successful.

Effect of DIO on ARGs, MRGs, MGEs and pathogens
The abundance of total ARGs in the feces of HFD (ARGs/16S rRNA: 1.25) increased almost twice as
much as that of the control groups (ARGs/16S rRNA: 0.47) (Fig. 3A). Among the 8 types of detected
ARGs, the most signi�cant increase one in the HFD groups was MLSB, which increased 54 times. The
ARGs with the most signi�cant increase was ermB (MLSB), which increased 142 times; mefA (MLSB)
also went up sharply, which increased 33 times in the HFD groups. erm-type is typical acquired macrolide
ARGs, which encode macrolide modifying enzymes. ermB, responsible for acquired resistance to
macrolides, lincomycins and streptogramins, is one of the most widespread ARGs in bacterial hosts, such
as E. coli, Klebsiella spp., and Shigella spp [35]. The data mentioned above proved that DIO alone could
evidently increase the abundance of ARGs, especially ermB, which might reduce the susceptibility of
potential pathogenic hosts to the corresponding antibiotics.

The ARGs of tetracycline showed a slightly increase in the HFD groups, which increased to 1.6 times.
Although tetracycline resistance genes (tet) existed with the highest proportion in the feces of both
human and mice, the effect of DIO seemed not to be signi�cant on them. Since their introduction in the
1950s, tetracyclines have been widely used in human and veterinary medicine, as growth promoters in
animal industry, and for prophylaxis in aquaculture [36, 37]. Therefore, tet genes have spread to almost all
bacterial genera [36], and they were not signi�cantly affected by the disturbance of intestinal microbiota
caused by DIO.

The β-Lactamase enzymes are the foremost mechanism of antibiotic resistance in bacteria leading to the
failure of clinical antibiotic treatment [38]. The enzymes, conferring resistance to extended-spectrum



Page 6/22

cephalosporins and extended-spectrum β-lactamase (ESBLs) are AmpC. In recent decades, there has
been a signi�cant increase in the prevalence of clinical strains of AmpC and ESBL-producing E.coli
strains, which are usually multidrug-resistant [38]. In this study, β-Lactamase resistance genes increased
2.8 times in the HFD groups, among them, blaSFO gene increased nearly 31 times and ampC-01 gene
increased almost 22 times as much as those in the control groups, indicating that DIO could increase
ESBLs resistance and threaten clinical antibiotic treatment.

Colistin corresponding ARGs, mcr1, also signi�cantly increased almost 27 times in the HFD groups.
Colistin is considered as a last resort antibiotic used to treat bacterial infections caused by
carbapenemases and ESBL-producing Enterobacteriaceae including E.coli [39, 40]. Colistin has been
widely used in agricultural production and veterinary medicine for decades. Previous studies reported that
most mcr1 positive strains were isolated from livestock samples and plasmid-mediated transmission of
mcr1 from animal to human seriously threatened the clinical use of colistin [39, 41]. In general, the widely
usage of colistin played an important role in dissemination and proliferation of mcr genes in bacteria.
However, this study suggested that only obesity also signi�cantly increased colistin resistance, without
any exogenous antibiotics selection pressure.

Resistance to multiple drugs was �rst detected among enteric bacteria, such as Escherichia coli and
Salmonella, in the late 1950s. Such strains posed severe clinical problems and cost lives, particularly in
developing countries [42]. In this study, multidrug resistance genes ampli�ed nearly 4 times in the HFD
groups, especially yceL/mdtH-01, �oR, acrA-03 and acrF, which all increased more than 10 times than
those in the control groups (Fig. 3J). Therefore, all the results mentioned above suggested that DIO
signi�cantly increased the abundance of ARGs in gut microbiota, especially ermB, blaSFO, mcr1 and �oR,
which brought even greater challenges to clinical antibiotic treatment.

The relative abundance of MRGs nearly doubled in the HFD groups. The pathogenic bacteria increased
signi�cantly, especially Enterococci and P. aeruginosa, increasing to 23 times. Relatively, increase of
MGEs in the HFD groups was not much evidently (2.4 times), but the dominant genes were changed
obviously. In the control groups, IncQoriT gene was the most abundance MGEs, which accounted for
54.16% of the total MGEs. In the HFD groups, tnpA-03 became the most abundance MGEs, accounting for
50.59% of the total MGEs (Additional �le 5: Figure S3).

Principal component analysis (PCA) of all the genes showed that only 4 ARGs, including sul2, strB, lnuC
and tetG-01 clustered near the control group samples; most of the other ARGs clustered near the HFD
group samples, such as ermB, vanHB, mexF, blaSFO, fox5 and so on. All of MRGs, especially pbrT, tcrB,
merA and terW, also clustered around the HFD groups. Among the 10 detected MGEs, only IncQoriT
showed a signi�cantly positive correlation with the control groups, almost all of the rest assembled
around the HFD groups.

Effect of DIO on microbiota community
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Microbial community analysis was carried out to further �gure out which bacteria were �nally affected
the fate of ARGs. On the whole, Firmicutes and Bacteroidetes were the most abundance phylum,
occupying from 68.57% − 74.79% and 15.79% − 13.21% of all species in the mouse feces (Additional �le
9: Figure S7), which were in accordance with those in the feces of healthy people [3]. Actinobacteria
occupied much higher proportions in the control groups (11.05%) than that in the HFD groups (2.78%). At
genus level, Faecalibaculum (Firmicutes) was the most abundance genus in the control groups, which
occupied 63.46% and was much higher than that in the HFD groups (8.67%). Other genus, including
Bi�dobacteruim (5.82% and 0.45%) and Coriobacteriaceae_UCG-002 (5.89% and 0.76%), exhibited much
higher levels in the control groups than those in the HFD groups. Dubosiella (18.90% and 1.57%) and
Lactobacillus (13.34% and 2.90%) were the most abundant bacteria in the HFD groups, which exhibited
much higher levels than those in the control groups (Fig. 4C).

Redundancy analysis (RDA) between microbial community and the genes showed that almost all of the
genes had a signi�cant positive correlation with the dominant microbial community of the HFD groups;
only 5 genes (sul2, strB, lnuC, IncQoriT and tetG-01) had a positive correlation with the microbial
community of the control groups (Fig. 5A). The ermB and tnpA-03 genes with the most obvious growth in
the HFD groups mainly clustered next to the dominant bacteria of the HFD groups, including
Lactobacillus, Ruminiclostridium_9 and Ruminococcaceae_UCG-014.

Effect of DIO on microbial metabolites
To further clarify whether the proliferation of ARGs in the HFD groups was affected by microbial
metabolism, fecal metabolites of mice in the HFD and the control groups were analyzed by a speci�c and
sensitive UHPLC-MS (ultra high performance liquid chromatography-mass spectrometry) method, which
the details described in the supplementary information. Compared with the standards, 204 metabolites
(including amino acids, carbohydrates, bile acids and organic acids) were detected and quanti�ed in the
mouse feces of both the HFD and the control groups (Additional �le 8: Figure S6).

14 major metabolites were selected by interactive forward selection for the RDA with ARGs (Fig. 5B). The
results showed that serine and tyrosine closely clustered with the HFD groups; and D-glucose and
maltotriose closely clustered with the control groups. In the other words, serine and tyrosine were the
dominant metabolites in the HFD groups (HFD: 2.04 and 1.23 µmol/g; Control: 0.98 and 0.58 µmol/g);
and D-glucose and maltotriose were the dominant metabolites in the control groups (HFD: 3.84 and
0.13 µmol/g; Control: 20.18 and 2.48 µmol/g) (Additional �le 8: Figure S6). Serine and tyrosine also
showed a signi�cant positive correlation with tnpA-03 (R2 = 0.594, 0.634, p < 0.05) and the dominant
ARGs of the HFD groups (tyrosine and ermB: R2 = 0.622, p < 0.05; �oR: R2 = 0.595, p < 0.05) (Fig. 5B).

Discussion
This study addressed that high-fat diet induced obesity resulted in the signi�cant proliferation of ARGs
and the dramatical change of MGEs. IncQoriT gene, belonging to IncQ plasmids (RSF1010 and R1162),
has a broader host-range than any other known replicating element in bacteria. Although these plasmids
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are not self-transmissible, they can be mobilized by different conjugative plasmids. Since the IncQoriT is
functional cloned into other plasmids, this conservation probably re�ects its role in regulation rather than
a requirement for transfer [43]. It was assumed that the frequencies of HGT in the HFD groups highly
increased, a large number of ARGs occupied the speci�c sites of mobilizable conjugative plasmids, such
as IncP plasmids (IncP-1ε-trfAε), which increased more than 3 times in the HFD groups. Thus, there were
not enough speci�c sites binding with IncQoriT, resulting in it decreased signi�cantly in the HFD groups,
which cut down from 54.16–1.49% of the total MGEs (Additional �le 5: Figure S3). Additionally, sul2, strB
and strA are �xed on a common core of IncQ-like plasmids (Additional �le 7: Figure S5) [43], explaining
why sul2 and strB had a signi�cant positive correlation with IncQoriT (R2 = 0.998, 0.999, p < 0.01) in the
control groups.

Obviously, tnpA-03 was the most abundance MGEs in the HFD groups (Additional �le 5: Figure S3), its
proportion of the total MGEs increased from 15.94–50.59% and its relative abundance increased nearly 8
times (Additional �le 5: Figure S3 and Fig. 3D). The tnpA-03 had a signi�cant positive correlation with the
evidently increasing genes in the HFD groups (ermB: R2 = 0.996, p < 0.01; �oR: R2 = 0.986, p < 0.01; mcr1:
R2 = 0.778, p < 0.01). In bacteria, transposable elements, which can carry ARGs combining with
conjugation, are major drivers of ARGs dissemination [16]. Transposons are intracellular mobile elements
and are recognized by a protein, transposase, which enables the transposon to transpose [44]. A variety
of transposase possess a nuclease activity that allows them: to cleave DNA in order to excise transposon
and subsequently splice it into a new location. The locations to which a transposon can move depend on
the sequence that the transposase recognizes and cleaves [45]. A hydroxyl-group bearing amino acid in
the active site of the transposase itself, such as serine and tyrosine, can be used by transposases to
cleave DNA by attacking a phosphorus atom of a backbone phosphate group. tnpA exists two active
sites, in which the tyrosines nucleophile of one monomer is near the HUH (His-hydrophobic-His) motif of
the other. Thus, we deduced that the increase concentrations of hydroxyl amino acid (serine and tyrosine)
in mouse gut of the HFD groups might enhance DNA transposition (tnpA-03) by nucleophilic attacking a
phosphorus atom of a backbone phosphate group and ultimately signi�cantly amplify the ARGs.

In fact, Lactobacillus species are the most important obesity-associated gut microbiota [46], which are
involved in the digestion of carbohydrates not digested by the host in the colon and also participate in the
degradation of lipids and simple sugars in the duodenum and jejunum [47]. Therefore, the sharp increase
of Lactobacillus in the HFD groups could consume a large amount of carbohydrates in the colon of mice,
which led to the rest of carbohydrates in the feces being extremely low (HFD: 7.55 µmol/g; Control:
28.31 µmol/g (p < 0.01)) (Additional �le 8: Figure S6). Pearson correlations analysis showed that
Lactobacillus stains had a signi�cant positive correlation with the concentrations of serine (R2 = 0.766, p 
< 0.01) and tyrosine (R2 = 0.694, p < 0.05), and had a negative correlation with the major carbohydrates (D-
glucose and maltotriose) in the feces. RDA between microbial community and metabolites showed that
Lactobacillus closely clustered around serine and tyrosine. These data indicated that carbohydrates were
the main metabolic substrate for Lactobacillus dominated intestinal bacteria. Therefore, in the HFD
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groups, the relatively high levels of amino acid, including serine and tyrosine, were residual metabolites
that were not utilized by intestinal bacteria at the expense of the carbohydrates.

The mouse fecal metagenome was analyzed using MG-RAST program to identify functions of gut
microbiota. According to annotating the nucleotide sequences against KEGG (Kyoto Encyclopedia of
Genes and Genomes) database, 272 metabolic pathways were identi�ed in the mouse gut microbiota.
After interactive forward selection, 11 major metabolic pathways were selected for the next RDA analysis
with bacteria. The results showed that DIO increased gene abundance conferring to alpha-linolenic acid
metabolism, butanoate metabolism, glycerophospholipid metabolism. In the meantime, the gene
abundance corresponding to amino acid metabolisms, including serine and tyrosine metabolisms,
increased in the control groups (Additional �le 10: Figure S8). These results might explain the reason for
the relatively high levels of serine and tyrosine in the HFD groups according to the perspective of bacteria
function.

Previous studies reported that the presence of ARGs associated with MGEs had been detected in
Lactobacillus species, and the ermB gene is the most frequently found among them [48]. Additionally,
lincosamide resistance gene lnuA was also frequently found in Lactobacillus strains [48]. These data
suggested that the increase of obesity-related Lactobacillus strains contributed greatly to the sharp
increase of ARGs and dramatical change of MGEs in the HFD groups.

Procrustes analysis was carried out by rotating the ordination of MGEs, metabolites and microbial
communities to match the pro�les of resistance genes based on a PCA analysis, respectively. The
explanatory variables of MGEs accounted for 94.3% (Fig. 6A), suggesting that MGEs were the most direct
factor affecting the proliferation of resistance genes. The explanatory variables of metabolites and
microbial communities accounted for 53.4% and 68.1%, respectively (Fig. 6B, C), indicating that
microbiota were the main driver of the proliferation of resistance genes in the DIO mice.

Conclusion
This study addressed that the pro�les of ARGs in the intestinal bacteria between human and mice were
similar and it was appropriate to study ARGs using mice. High-fat diet induced obesity resulted in the
signi�cant proliferation of ARGs and the dramatical change of MGEs, which the ermB and tnpA-03 genes
mostly increased, demonstrating that DIO could enrich the abundance of ARGs without any antibiotics or
other chemical material exposure. A clear increase of serine and tyrosine in the feces showed a
signi�cant positive correlation with the dominant genes of the HFD groups (ermB and tnpA-03),
suggesting that serine and tyrosine might enhance DNA transposition (tnpA-03) by nucleophilic attacking
a phosphorus atom of a backbone phosphate group and ultimately signi�cantly ampli�ed the ARGs.
Additionally, ermB has been frequently found in obesity-associated Lactobacillus, which might contribute
to the sharp increase of ARGs and dramatical change of MGEs in the HFD groups. Finally, procrustes
analysis showed the explanatory variables of the MGEs, the metabolites, and the microbial communities
for the ARGs accounted for 94.3%, 53.4%, and 68.1%, respectively, and implying that MGEs were the most
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direct factor affecting ARGs, and microbiota were the main driver of the proliferation of ARGs in the DIO
mice.

Materials And Methods
Fecal samples collection.

Before using a mouse model to study the effect of DIO on the fate of ARGs, the distribution of ARGs
between human and mouse feces need to be investigated and compared. Thus, 9 fresh fecal samples of
healthy adult males (aged from 18–45; body mass index, (BMI), ranged from 18.5–23.9; without using
antibiotics in a month) and 9 fecal samples of 20 week old C57BL/6J male mice were collected and
stored at -80 °C. 9 fecal samples of human and mice have been divided into 3 mixed samples,
respectively, the extractions of DNA were carried out for further analysis.

The study was carried out in accordance with the code of Ethics of the World Medical Association for
experiments involving humans. All subjects were informed of information and signed a written consent
form. Ethical committee approval in Beijing Children’s Hospital was obtained (case number: 2016-10).

DIO animal model.

Four- week- old C57BL/6J male mice were purchased from the SPF laboratory animal technology Co.,
Ltd. (Beijing, China) and housed at the animal facilities under a 12 hour light and 12 hour dark cycle with
air ventilation (25 ± 3 °C, 50 ± 5% relative humidity) and free access to water and food in the Laboratory
Animal Center of National Institute for Nutrition and Health, Chinese Center for Disease Control and
Prevention. Thirty mice (about 12 g) were randomly assigned to six groups (�ve mice in one group, three
groups for control assays and three groups for HFD assays). Two types of diet, including control diet
(low-fat diet, LFD, 4.3% fat by wt., 10% kcal, D12450B) and HFD diet (high-fat diet, HFD, 34.9% fat by wt.,
60% kcal, D12492), were purchased from Beijing HFK Bioscience Co., LTD and were used to feed mice for
16 weeks. The body weights and the diet intakes were measured on the 1st, 5th, 9th, 13th, 16th weeks
after feeding. At the end of the feeding experiments, two fresh stool samples were collected from each
group and stored at -80 °C.

After 16 hours fasting, the mice were anesthetized by intraperitoneal injection of Avertin (125 mg/kg of
2,2,2-tribromoethanol, Sigma-Aldrich, USA) to obtain blood samples by heart puncture. After sacri�ce, the
mouse epididymal fat and liver were dissected free from the surrounding tissue. Parts of them were
dissected and �xed in 10% formalin solution. After 24–48 hours, the samples were dehydrated in a grade
alcohol series and embedded in para�n wax. Sections of 5–6 µm thickness were stained with
hematoxylin-eosin (H&E) for pathological studies.

All experiments were performed from 08:00 to 12:00 in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. All experimental protocols were approved by the Committee on the Ethics of
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Animal Experiments of National Institute for Nutrition and Health, Chinese Center for Disease Control and
Prevention.

DNA extraction and analyses.

Approximately 200 mg fresh feces of human and mice in each group were applied for total genomic DNA
extraction using QIAamp DNA Stool Mini Kit (QIAGEN; Solon, USA). A total of 296 primers are set for
targeting 251 ARGs, 28 MGEs, 6 pathogens, 10 MRGs, 16S rRNA gene and the details are shown in Table
S1 (Additional �le 1). All HT-qPCR reactions were carried out by the Wafergen SmartChip Real-time PCR
system as described by Lu et al. [26]. None of DNA template was added as a negative control for each run
(NTC) and all qPCR were conducted with technical triplicates. Each PCR run having ampli�cation
e�ciencies outside 1.8–2.3 range or r2 below 0.99 were discarded. Only genes detected in all 3 technical
replicates were considered positive and used for further analysis. Cycle numbers (CT) were used to
calculate copy number of genes via Copy Number = 10^(30-CT)/(10/3), using the cutoff threshold of CT <
30. Relative abundance of detected genes was computed by dividing the estimated gene copy number
with the copy number of 16S rRNA gene [26].

DNA extractions of fresh mice feces in six groups were used to determine the microbial community
analysis using PCR primers 338F/806R targeting the bacteria 16S V4 region by Illumina MiSeq PE 300
sequencing system (Illumina, USA). Bioinformatic analysis was performed as previously described
method [27]. Brie�y, sequencing reads from the original DNA fragments were merged using FLASH, and
then �ltered by QIIME quality �lters[49]. PCR chimeras were �ltered out using UCHIME [50], and then the
reads are “clean reads”. To fairly compare all the samples at the same sequencing depth, the minimum
33,865 sequences in each sample were extracted to normalize for bacterial community analysis.
Taxonomic classi�cation of the sequences of each sample was carried out individually using the RDP
Classi�er according to RDP database. A bootstrap cutoff of 70% suggested by the RDP was applied to
assign the sequences to different taxonomy levels.

Fecal metabolites identi�cation and quantitation.

All of the standards of fecal metabolites were purchased from Sigma-Aldrich (St. Louis, MO, USA) and the
preparation of the standard solutions detailed in the Supplementary material. About 10 mg of each
mouse fecal samples was weighted and transferred to a 1.5 mL tube. And then 50 µL of water was added
and the sample was homogenated with zirconium oxide beads for 3 minutes and 240 µL methanol
containing internal standard was added to exact the metabolites. 40 µL of freshly prepared derivative
reagents was added to each sample at 30ºC for 60 min. After derivatization, 135 µL of supernatant was
transferred to a 96-well plate and sealed for UHPLC-MS/MS analysis. The detail information were
described in the Supplementary material (Additional �le 11: Text S1).

Data analysis
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Statistical calculations and data analysis were carried out by the SPSS 16.0 statistical software and
Origin 9.0 (Origin Lab, USA). The PCA, RDA and Procrustes analysis were conducted using Canoco 5.0 to
determine the correlations between ARGs, metabolites, and microbial community.
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Figure 1

Distribution pro�les showing the abundance of ARGs / MRGs / pathogen / MGEs in human and mouse
feces (MF: mouse feces; HF: human feces)
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Figure 2

Establishment of obese mice model induced by high-fat diet (A: Body weight changes during the sixteen
weeks of feeding, n = 15; B and C: Food and energy intake per mouse at 1st, 5th, 9th, 13th and 16th
weeks; D: Histopathological examination of adipocytes in liver and epididymal fat in mouse; ** represents
p < 0.01)
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Figure 3

Distribution pro�les showing the abundance of ARGs / MRGs / pathogen / MGEs in the HFD and the
control mouse feces (HFD: represents HFD groups; C: represent Control groups)
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Figure 4

Microbiota community changes between the Control and the HFD groups mouse feces (A: Microbiota
community analysis on phylum level; B: Microbiota community analysis on family level; C: Microbiota
community analysis on genus level; D: Microbiota community heatmap analysis on genus level)
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Figure 5

Redundancy analysis assessing the relationship between environmental factors (red arrows, including
bacteria genus and metabolites) and ARGs / MRGs / pathogen / MGEs (deep blue arrows) between the
control and the HFD groups. The percentage of variation explained by each axis is showed, and the
relationship was determined signi�cant (p < 0.001) based on 499 permutations. (A: RDA between bacteria
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genus and ARGs / MRGs / pathogen / MGEs; B: RDA between metabolites and ARGs / MRGs / pathogen
/ MGEs; C: RDA between bacteria genus and metabolites)

Figure 6

Procrustes analysis of the correlation between ARGs / MRGs / pathogen / MGEs and microbiota
community / metabolites in the control and HFD groups. The percentage of variation explained by each
axis is showed, and the relationship was determined signi�cant (p < 0.001) based on 499 permutations.
(A: rotating the ordination of MGEs to match the ARGs / MRGs / pathogen; B: rotating the ordination of
metabolites to match ARGs / MRGs / pathogen / MGEs; C: rotating the ordination of microbiota
community to match ARGs / MRGs / pathogen / MGEs based on a PCA analysis)
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