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Abstract
Background: Antibiotics are emerging toxic contaminant that have potential public health risk worldwide,
which also would cause human intestinal microbial disorder and develop multiple human diseases.
However, to date, the combination effects of antibiotics on human intestinal microbiota dysbiosis and
related health risk are not fully understood. Moreover, there is limited information on using probiotics or
synbiotics for restoration of intestinal microbiome affected by antibiotics. Therefore, this study evaluated
the in vitro ability of combined effects of amoxicillin (Amx) and gentamycin (Gen), and the restoration
effects of probiotics or synbiotics on ARGs as well as human disease-related pathways in the simulated
human gut.

Results: This study indicated that the combination exposure of Amx and Gen was con�rmed to promote
the increase of most ARGs and the disease-related pathways, which may be better restored by probiotics
treatment. The results of the alpha diversity of the combined antibiotics exposure or the recovery
microbial community showed no difference from the control. However, the beta diversity results indicated
their differences, and the ascending colon sample recovered better under natural condition while the
descending colon sample recovered better after probiotics treatment. Combination effects on the genetic
level might attribute to microbiota shift, which were explained well by the phenomenon that
Escherichia/Shigella was positively associated with the ARGs, and Klebsiella and Escherichia/Shigella
were positively related to the human disease-related pathways.

Conclusion: These results might be valuable to direct the future work and opened up new perspectives to
address the direct effects of combine antibiotics on the intestinal microbiota and �nd a promising
strategy to restore the antibiotics associated dysbiosis of gut microbiota.

Background
The antibiotic therapies have been demonstrated paramount importance in the treatment of bacterial
infections since its discovery in the 1940s. Nowadays the extensively used antibiotics are considered as
toxic emerging contaminants, which pose severe threats to environmental ecosystems [1]. Humans are
directly and indirectly exposed to different antibiotics cocktail through inhalation, ingestion of drugs,
drinking water, and foods, and their risk assessments have attracted more attention, recently [2–4]. As a
result, antibiotics may progressively enter into the human gastrointestinal tract and produce a large
variety of antibiotic-resistant gut-micro �ora [5]. In our previous research, it was found that both human
and veterinary antibiotics were mostly detected in the gut of the Chinese population [6]. The stable
intestinal microbial ecosystem has been demonstrated not only to provide essential nutrients for human
health but also to modulate the immune function by protecting infectious pathogens [7, 8]. However,
exposure to antibiotics cocktail may lead to the disrupt of the stable ecosystem and promote the spread
of antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) in the human gut, which may
limit the treatment e�ciency and resulting from the chronic and relapsing infectious diseases [9–11].
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Amoxicillin (Amx) is a broad-spectrum oral penicillin-type beta-lactam antibiotic, which kills bacteria by
interfering with the synthesis of bacterial cell wall peptidoglycan layers [12, 13]. Besides, gentamicin
(Gen) is known as an aminoglycoside drug that binds to the 30S subunit of the ribosome to block
bacterial protein synthesis [14]. Over the last several years, the effects of Amx or Gen on the human
intestinal microbiota have been extensively studied [15–19]. However, very few research papers have
reported their combination effects on intestinal microbial ecosystem. The simulator of the human
intestinal microbial ecosystem (SHIME) model is known to be a useful tool for in vitro studies as (i)
interactions between the microbiota; and (ii) the effects of prebiotics and other compounds on the
microbial communities and metabolic activities [20]. To the best of our knowledge, there are only a few
researches that added the antibiotics into this in vitro model, which mainly focused on the bene�t of the
mucosal environment, high-�ber diets, probiotic, and propionate-producing consortium in human
intestinal microbiota [21–24].

At present, prebiotics, probiotics and synbiotics are increasingly used to adjust the balance of intestinal
�ora and keep human healthy, because they can maintain the stable abundances of probiotics such as
Bi�dobacteria and Lactobacilli as well as prevent the colonization of pathogenic bacteria [25, 26].
Bi�dobacterium longum is a common recognized probiotic, which has many profound bene�ts to human
health. Bi�dobacterium longum can be used to treat and prevent various forms of gastrointestinal
diseases. It reported that Bi�dobacterium longum may relieve the changes in the intestinal �ora and
gastrointestinal discomfort caused by antibiotics treatment [27]. Inulin has achieved public safety and
health food certi�cation in the United States, which was usually extracted from chicory root. Inulin would
increase in the abundance of Bi�dobacteria to maintain the balance of intestinal microbes [25, 28–30].
The concept of synbiotics was �rst proposed ten years ago, that is, the combination of prebiotics and
probiotics, aiming at enhancing the effects of probiotics applied alone [31]. It suggested that synbiotics
would improve the survival of probiotics after dietary supplements entering the intestine, and selectively
promote the growth of bene�cial bacteria and activate their metabolism [32].

Therefore, this study evaluated the in vitro ability of combined effects of Amx and Gen, and the
restoration effects of probiotics or synbiotics on ARGs as well as human disease-related pathways in the
simulated human gut. In this study, the composition of human intestinal microbiota was analyzed by 16S
rRNA gene high-throughput sequencing, the human disease-related pathways were predicted by
functional predictions and the ARGs were quanti�ed by high-throughput quantitative PCR (HT-qPCR). This
study achieved a systematic investigation and precise understanding of the direct effects of combination
antibiotics on the intestinal microbiota and the restoration by probiotics or synbiotics, which may be
valuable for directing future work.

Results

ARGs
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The relative abundance of ARGs in samples from the SHIME model were assessed at seven different time
points (Fig. 1), which included samples collected after stabilization of SHIME setup for two weeks and
before administration of antibiotics (Control), samples collected after the administration of a gradient of
combined antibiotics with each dose for one week (AmxGen), samples collected after the after the
discontinuance of antibiotics for two weeks, administration of B. longum for two weeks, and
administration of B. longum and inulin for two weeks (Recovery).

As shown in Fig. 2, a total of 52 targets ARGs were detected from different group samples using a high-
throughput-qPCR (HT-qPCR) technique. The heatmap showed that the relative abundances of ARGs such
as aminoglycoside, beta-lactam, and multidrug resistance genes were noticeably higher in the antibiotics
exposure group as compared to the control group, while the tetracycline resistance genes were lower than
control. For instance, the relative log abundance of ant2ia (aminoglycoside), bl2b_tem1 (beta-lactam),
and qacedelta1 (multidrug) were 1.8, 1.6 and 1.7 log units higher after combined antibiotics treatment
(AmxGen_1000A) than in control (Control_A2). However, tetb and tetw (tetracycline) were 1.3 and 1.7 log
units lower than the control group. After two weeks of natural recovery, probiotics or synbiotics treatment,
the relative abundances of these ARGs genes were restored, and probiotics B. longum provided a better
recovery effect. For example, the log abundances of ant2ia (aminoglycoside), bl2b_tem1 (beta-lactam),
and qacedelta1 (multidrug) were just 0.3–0.5 log units higher in Bi�dobacteriumR_A than Control_A2, and
tetb and tetw (tetracycline) were just 0.3–0.4 log units lower than control group.

Human disease-related pathways
The metagenomics study of the 16S rRNA gene sequence by PICRUSt revealed the gene numbers of
human disease-related functional pathways in the bacterial communities of the three groups, and the
genes were presented in the heatmap (Fig. 3). The heatmap showed that the gene numbers of human
disease-related pathways, including cancers, drug resistance, endocrine and metabolic diseases,
infectious diseases, and neurodegenerative diseases were more abundant in high dose antibiotics
treatment samples than that in control group. For instance, the gene numbers of bladder cancer, cationic
antimicrobial peptide resistance, insulin resistance, pertussis, and amyotrophic lateral sclerosis in the
AmxGen_1000A sample were 1.5–1.7 times as that of the Control_A2 sample. After two weeks of natural
recovery, probiotics or synbiotics treatment, the numbers of these genes were decreased. Natural recovery
could provide a good recovery effect (these genes in AmxGen_1000A were 1.5–1.7 times as that of
NatureR_A), while probiotics B. longum caused these genes much lower (these genes in AmxGen_1000A
were 2.2–2.4 times as that of Bi�dobacteriumR_A).

Microbiota community composition
In this study, the effects of antibiotics treatment on gut microbial communities’ composition were also
investigated. Based on the 16S rRNA gene sequence analysis, the most abundant taxonomic groups
assigned at the phylum level were Proteobacteria, Bacteroidetes, Firmicutes, and Fusobacteria, which
account for 86.4–99.9% of the total gut microbiota (Fig. 4a). After combined amoxicillin and gentamicin
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exposure treatment with low dose, the abundances of Bacteroides (from 15.7–25.1% to 16.6–27.3%) and
Fusobacterium (from 1.8–5.3% to 11.5–18.7%) increased, while the abundances of Proteobacteria (from
60.8–68.1% to 45.2–63.6%) and Firmicutes (from 3.5–6.1% to 0.6–2.3%) decreased. However, after high
dose antibiotics treatment, the abundance of Proteobacteria increased signi�cantly (from 65.5–68.1–
98.5%), while the abundances of Bacteroides (from 22.0-25.1–1.1%), Firmicutes (from 4.9–6.1–0.2%)
and Fusobacteria (from 1.8–0.1%) decreased, which was more obvious in sample from ascending colon.
Compared with natural recovery, prebiotics or synbiotics treatment provided a better recovery effect.
Obvious decrease in the abundance of Proteobacteria (from 69.5–82.4% to 55.0-59.1%), and increase in
abundances of Bacteroidetes (from 8.9–17.9% to 20.2–26.9%) and Firmicutes (from 1.9–5.6% to 4.3–
21.9%) were seen after prebiotics or synbiotics treatment.

The abundance of bacteria at the genus level also showed distinct changes (Fig. 4b). After exposure to
low concentration of amoxicillin and gentamicin, the abundance of Klebsiella reduced (from 21.6–53.1%
to 16.0-24.5%). However, after high dose antibiotics treatment, the abundance of Klebsiella signi�cantly
increased (from 44.8–53.1–73.7%), while the abundance of Bacteroides decreased (from 18.2–20.8–
1.0%), which was also more obvious in sample from ascending colon. After two weeks of natural
recovery, probiotics or synbiotics treatment, the abundances of these bacteria were recovered. The
abundance of Klebsiella decreased (from 73.7% to 40.6–42.8%), while the abundance of Bacteroides
increased (from 1.0% to 14.9–20.2%).

The linear discriminant analysis effect size (LEfSe) comparison analysis between the three groups is
shown in Fig. S1. LEfSe analysis indicated that antibiotics exposure resulted in a signi�cant decrease in
the abundance of Cloacibacillus (LDA = 4.04), accompanied by a signi�cant increase in
Escherichia/Shigella (LDA = 3.99). After two weeks of natural recovery, probiotics or synbiotics treatment,
the abundance of several genera increased signi�cantly, including Anaeroglobus (LDA = 4.20),
Phascolarctobacterium (LDA = 4.23), and Selenomonas (LDA = 4.60).

Microbiota diversity
Meanwhile, the fecal microbiota of alpha diversity was assessed. The taxon richness (Chao1 index),
evenness (Simpson index), and diversity (Shannon index) are shown in Fig. S2. Compared with the
control group, combined antibiotics exposure caused no signi�cant difference in the microbial richness
(Chao1, P = 0.913, T test), evenness (Simpson, P = 0.859, T test), and diversity (Shannon, P = 0.667, T
test). Besides, alpha diversity of the recovery microbial community still showed no difference from the
control (Chao1, P = 0.731, T test; Simpson, P = 0.955, T test; Shannon, P = 0.937, T test). However, the beta
diversity of the microbiota communities was affected by antibiotics treatment. As shown in Fig. S3, the
beta diversity results suggested that all the samples collected after combined antibiotics exposure
differed from the control group, and sample AmxGen_1000A is much far away from the control group.
Fig. S3 also showed that the differences still exist after two weeks of natural recovery, probiotics or
synbiotics treatment. It can be seen that the ascending colon sample recovered better under natural
condition, while the descending colon sample recovered better after probiotics treatment as these
samples were closer to the control group.
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Correlations between microbial taxa and ARGs or human
disease-related pathways
The network analysis of co-occurrence patterns between the microbial taxa and the ARG subtypes is
shown in Fig. 5. It was seen that Escherichia/Shigella (signi�cantly enriched bacteria after antibiotics
treatment) was positively associated with beta-lactam and multidrug resistance genes. For example, the
correlation coe�cients of Escherichia/Shigella with bl1_ec, baca, and tolc were about 0.98 (P < 0.05).
Cloacibacillus, the signi�cantly decreased bacterial genus in antibiotics treatment group, was also
positively associated with several ARGs. For example, the strong correlations were found in Klebsiella
with yidy/mdtl, teta, and aac3iia (r = 0.8–0.85, P < 0.01).

Figure 6 shows the results of co-occurrence patterns between the microbial taxa and human disease-
related pathways. A very similar pattern of results was observed that signi�cantly increased bacteria
Klebsiella and Escherichia/Shigella after antibiotics treatment were positively associated with most of
those human disease-related pathways. Speci�cally, the correlation coe�cients of Klebsiella with cationic
antimicrobial peptide resistance, pertussis, and Salmonella infection were about 0.92 (P < 0.001) and that
of Escherichia/Shigella with colorectal cancer, viral myocarditis and toxoplasmosis were 0.89 (P < 0.001).

Discussion

The restoration effects of probiotics and synbiotics on
microbiota community composition
The SHIME model was stably operated in this study because the predominant phyla of Proteobacteria,
Bacteriodetes, and Firmicutes in the gut microbiome was previously demonstrated by Yu’s group [33].
Firmicutes and Bacteroidetes are usually dominate in the microbiota of a healthy subject. However,
Proteobacteria is majoritarian in the control samples in this study. For in vivo studies, highest percentage
of Proteobacteria had also been observed in fecal samples from healthy human and animals [34, 35]. Our
previous in vitro studies also discovered this phenomenon [36, 37]. At the genus level, it has been veri�ed
in our previous study that after Amx exposure, Bacteroides and Klebsiella were enriched in the intestinal
�ora, while the abundance of Bi�dobacterium was reduced [37]. These data related to Amx effects can
also be supported by early reports [22, 38, 39]. Greenwood and associates investigated the effects of Gen
on the gut microbiota of premature infants and indicated that this kind of antibiotic caused a signi�cant
increase in the abundance of Enterobacter [40]. Moreover, some studies have shown that the exposure to
Gen would cause the signi�cant reduction of Bacteroides and Eubacterium [41, 42]. In this study, after the
combined exposure treatment of Amx and Gen, the abundance of Cloacibacillus was signi�cantly
reduced, accompanied by a signi�cant increase in the abundance of Escherichia/Shigella. Furthermore,
the abundance of Klebsiella was signi�cantly increased while the abundance of Bacteroides was
signi�cantly reduced after high dose antibiotics exposure, and the changes in the ascending colon
sample were particularly obvious. A similar study has shown that after exposure to combined
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penicillin/ampicillin and gentamicin, the abundances of Enterococcus, Staphylococcus and Klebsiella
were enriched in gut �ora of neonatus [43].

This study also found that, compared with natural recovery, probiotics and synbiotics treatment would
provide a better recovery effects on the abundance of intestinal �ora at the phylum level. At the genus
level, the abundance of intestinal �ora has also recovered to some extent after two weeks of natural
recovery, probiotics or synbiotics treatment. For instance, the abundance of Klebsiella and Pseudomonas
has declined, while the abundance of Bacteroides has increased. Our previous study showed that the
abundance of Klebsiella in the intestinal �ora indeed reduced in natural recovery condition, while
compared with initial control group, the decrease of Bi�dobacterium and the increase of Klebsiella and
Bacteroides caused by Amx exposure were still obvious [37]. Our previous research also compared the
recovery effects of natural condition with fecal bacteria transplantation, which indicated that the changes
in intestinal �ora caused by vancomycin exposure did not recover to the initial state while the recovery
effects of fecal bacteria transplantation were obvious [36]. The above studies suggested that prebiotics,
probiotics and fecal bacteria were effective in restoring the composition of the intestinal �ora affected by
antibiotics exposure. Prebiotics and probiotics can be used to keep the balance of the intestinal �ora and
make human healthy, with which the abundance of probiotics such as Bi�dobacteria and Lactobacilli in
the intestinal �ora were improved and the colonization of pathogenic bacteria would be prevented [25,
26]. It reported that Bi�dobacterium longum, a kind of common probiotic, may relieve the changes in the
intestinal �ora and gastrointestinal discomfort caused by antibiotics treatment [27]. Inulin, a kind of
common prebiotic, would increase in the abundance of Bi�dobacteria to maintain the balance of
intestinal microbes [25, 28–30]. Synbiotics are the combination of prebiotics and probiotics, which were
designed to enhance the effects of probiotics applied alone [31]. It suggested that synbiotics would
improve the survival of probiotics after dietary supplements entering the intestine, and selectively
promote the growth of bene�cial bacteria and activate their metabolism [32].

The restoration effects of probiotics and synbiotics on
microbiota diversity
The results of the alpha diversity of the microbial community in this study showed that microbial
richness, evenness, and diversity of the combined antibiotics exposure or the recovery microbial
community showed no difference from the control. However, the beta diversity results indicated their
differences, and the ascending colon sample recovered better under natural condition while the
descending colon sample recovered better after probiotics treatment. In our previous research, the
evenness and diversity of the intestinal �ora were improved after Amx treatment, which were still obvious
after two weeks’ antibiotic discontinuance [37]. The beta diversity was also affected by Amx exposure,
and the difference existed after two weeks’ recovery. However, both of our unpublished data and another
study’s results con�rmed that Gen reduced the diversity of intestinal micro�ora [40]. Our unpublished data
also revealed that inulin could restore the alpha diversity and beta diversity of the intestinal �ora well. Our
previous research also carried out a comparison of the restoration effects between natural condition with
fecal bacteria transplantation [36]. In that study, after vancomycin exposure or restoration, the richness,
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evenness and diversity of microbial communities were indistinguishable from control, which was similar
as this study. The beta diversity results showed that the recovery effects of fecal bacteria transplantation
were much more obvious than natural condition. The above studies generally suggested that prebiotics,
probiotics and fecal bacteria transplantation are more effective in restoring the diversity of intestinal
�ora.

Some studies have shown that administration of antibiotics is signi�cantly associated with decrease in
microbial community diversity and richness [44]. The results of this study indicated that combined
antibiotics exposure did not have a signi�cant impact on microbiome diversity, which is consistent with
the conclusions as our previous vancomycin exposure study [36]. Some studies have also found that
exposure to beta-lactam antibiotics does not have a signi�cant effect on microbiome diversity [17–19].
Our previous research even con�rmed that Amx exposure increased microbial diversity [37]. As discussed
earlier, prebiotics and probiotics can be used to keep the balance of the intestinal �ora and make human
healthy, so they could also have a certain recovery effect on the diversity of intestinal �ora. The diversity
and balance of the intestinal �ora has been considered to be closely related to many aspects of human
health, including immunity, metabolism and neurological function [45]. Studies have shown that the
consumption of Bi�dobacterium longum would help recover the changed diversity of the intestinal �ora
caused by antibiotics and restore intestinal �ora balance [27, 46, 47]. Inulin could also restore the
affected alpha diversity and beta diversity of intestinal microbes. Most studies have shown that the alpha
diversity of intestinal �ora would decrease or have no evident changes after supplementation of inulin,
and these studies also suggested that it would cause a signi�cant change in beta diversity afterwards
[28–30, 48]. These studies are consistent with the results of this study.

The restoration effects of probiotics and synbiotics on
functional genes
This study discovered that the relative abundance of most ARGs and the gene numbers of human
disease-related pathways increased after the combined antibiotics exposure. After two weeks of natural
recovery, probiotics or synbiotics treatment, the number of these genes decreased. Among these recovery
methods, probiotics provided a better recovery effect by dropping more genes. Antibiotics may also cause
the destruction of the microbiota and immune homeostasis and lead to disease while promoting the
clearance of targeted infections [49]. Amx alone may selectively promote the increase of human disease-
related genes and activate innate immunity, causing infectious diseases such as urinary tract infection,
diarrhea and liver abscess [50–53]. Some other studies have shown that Amx would enrich the beta-
lactam resistance genes and corresponding antibiotic resistant bacteria in the intestine [39, 54]. Taking
Gen would also promote the spread of antibiotic resistant bacteria and ARGs [15, 16]. The above
conclusions would help us infer the combined exposure effects on the increase of ARGs and human
disease-related genes in this study.

This study also found that these changed genes were positively correlated with the bacterial genera that
changed signi�cantly after combined antibiotic exposure, which was similar to our previous studies [36,
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37]. Therefore, the changes of these genes mainly attributed to the bacterial shift caused by combined
antibiotics exposure. The previous section has explored the restoration effects of prebiotics and
probiotics on the microbiota community composition, which therefore help explain their restoration
effects on genetic level. The proliferation of Klebsiella in the intestines may cause different kinds of
intestinal infections [55, 56]. Some studies have shown that pneumonia, Crohn’s disease, colitis, cystitis,
wound infection and liver abscess are all related to the proliferation of Klebsiella in the human intestine
[57, 58]. There are also some studies have con�rmed that Escherichia/Shigella is related to human
diseases such as enteritis, metabolic diseases, cancer, and cardiovascular diseases [59–62]. In addition,
some other studies have shown that Escherichia/Shigella is the host of tetracycline and multidrug
resistance genes, making this strain has the characteristic of natural resistance to these kinds of
antibiotics [63, 64]. These research conclusions all give the explanations to the phenomena found in this
study.

Perspectives
The �ndings in this study suggested several numbers of opportunities for additional study. First,
expansion of the analysis to incorporate multiple–omics approaches of the metagenome,
metatranscriptome, and metabolome would help us con�rm the genome composition and expression of
the gut microbiota and understand how antibiotic affected human disease and drug resistance. It is also
of interest to inoculate the microbiota mixture from several patients to discover the different effects of
antibiotic between healthy and sick individuals. Further in vivo studies aimed to verify whether the
�ndings in this in vitro study re�ect the reality would also be interesting, which will provide new insights
to measure how antibiotic affects the gut microbiota and the associated disease.

Conclusion
In this study, a combination of Amx and Gen was con�rmed to promote the increase of most ARGs and
the disease-related pathways, which may be better restored by probiotics treatment. The results of the
alpha diversity of the combined antibiotics exposure or the recovery microbial community showed no
difference from the control. However, the beta diversity results indicated their differences, and the
ascending colon sample recovered better under natural condition while the descending colon sample
recovered better after probiotics treatment. Combination effects on the genetic level might attribute to
microbiota shift, which were explained well by the phenomenon that Escherichia/Shigella was positively
associated with the ARGs, and Klebsiella and Escherichia/Shigella were positively related to the human
disease-related pathways. These results might be valuable to direct the future work and opened up new
perspectives to address the direct effects of combine antibiotics on the intestinal microbiota and �nd a
promising strategy to restore the antibiotics associated dysbiosis of gut microbiota.

Methods

Antibiotics treatment and samples collection
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In this study, the SHIME was constructed using four double-jacketed reactors designated as the stomach,
small intestine, ascending colon, and descending colon, respectively (Fig. 1). The last two reactors were
inoculated with a mixture of fecal microbiota from one healthy adult volunteer, who did not suffer by any
gastrointestinal disease or take antibiotics in the past six months, on account of the differences between
individuals may be alleviated by same culture condition [65]. The details of the SHIME system and the
startup process are summarized in the Supplementary material.

During the �rst three weeks of the experiment, nutritional medium was added to the reactors to stabilize
the microbial community. After this period, a gradient of combined antibiotics (nutritional medium + 100
mg·L− 1 Amx + 50 mg·L− 1 Gen for one week, then nutritional medium + 1000 mg·L− 1 Amx + 500 mg·L− 1

Gen for one week) were added. Then, the SHIME was sequentially exposed to nutritional medium + 109

CFU·mL− 1 B. longum for two weeks, nutritional medium + 109 CFU·mL− 1 B. longum for two weeks, and
nutritional medium + 109 CFU·mL− 1 B. longum + 4000 mg·L− 1 inulin for two weeks. The details of the
SHIME system and the startup process are summarized in the Supplementary material.

Liquid samples (mixtures of fecal microbiota with SHIME feed) were collected from simulated ascending
colon and descending colon vessels at seven time points, as detailed in Fig. 1. Based on the situation,
these samples can be classi�ed into three groups. Speci�cally, the �rst group of samples were collected
after stabilization of SHIME setup for two weeks (Control_A1 and Control_D1 from ascending colon and
descending colon, respectively) and before administration of antibiotics (Control_A2 and Control_D2).
The second group sampled after the administration of low dose antibiotics for one week (AmxGen_100A
and AmxGen_100D) and high dose antibiotics one week (AmxGen_1000A and AmxGen_1000D). Finally,
the third group of samples were collected after the discontinuance of antibiotics for two weeks
(NatureR_A and NatureR_D), administration of B. longum for two weeks (Bi�dobacteriumR_A and
Bi�dobacteriumR_D), and administration of B. longum and inulin for two weeks (Bi�doInulinR_A and
Bi�doInulinR_D). Each sample is a mixture of three samples collected at speci�c time intervals in a day.
The samples were stored at − 80 °C for further analyses.

16S rRNA gene sequencing and analysis
Total DNA was extracted from the samples using the E.Z.N.A. stool DNA Kit (Omega, USA) according to
the manufacturer’s protocols. The V3-V4 region of the bacterial 16S rRNA gene was ampli�ed by
polymerase chain reaction (PCR). The raw reads of the sequences were deposited into the NCBI Sequence
Read Archive (SRA) database under the accession number SRR11342782-11342795. The raw Illumina
fastq �les were de-multiplexed, quality-�ltered, and analyzed using Quantitative Insights Into Microbial
Ecology (QIIME) [66]. The 16S rRNA gene sequences were further taxonomically classi�ed using the
Ribosomal Database Project (RDP) classi�er 2.0.1 [67].

The effects of antibiotics on alpha diversity, the taxon richness (Chao1 index), evenness (Simpson index),
and diversity (Shannon index) were calculated for all the samples as previous did [36, 68]. In addition,
beta diversity of the microbiota communities at baseline and after antibiotics were portrayed by
nonmetric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA) of weighted and



Page 11/23

unweighted UniFrac distances [69]. Linear discriminant analysis effect size (LEfSe) was performed to
determine bacterial taxa that were signi�cantly differed between the six groups using the Galaxy
application tool [70]. Functional predictions of microbial community were performed to visualize the
distribution of human disease-related pathways in the six groups using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) [71]. The accuracy of PICRUSt for the
detection of more challenging functional groups was good (min. accuracy = 0.82), suggesting that their
inference of gene abundance across various types of functions was reliable, and PICRUSt predictions had
high agreement with metagenome sample abundances across all body sites (Spearman r = 0.82, P < 
0.001). These analyses were conducted by BioMarker Technology Co., Ltd (Beijing, China). The details of
16 s rRNA gene ampli�cation and sequencing, taxonomical classi�cation, LEfSe analysis, and functional
predictions are described in the Supplementary material.

High-throughput quantitative PCR (HT-qPCR) and analysis
High-throughput-qPCR reactions were performed using the Wafergen SmartChip Real-time PCR system as
previous did [36, 68]. The reactions were conducted by Anhui MicroAnaly Gene Technologies Co., Ltd
(Anhui, China). A total of 108 primer sets were chosen (Excel S1), which included 102 primer sets to target
the almost all major classes of antibiotic resistance genes (ARGs) found in the microbiota of Chinese
human gut [72], along with �ve mobile genetic elements (MGEs) and one 16S rRNA gene. The results
were analyzed using the SmartChip qPCR Software. Data with multiple melting peaks or ampli�cation
beyond the range (0) were excluded and then screened with conditions that a threshold cycle (CT) must
be < 31, and positive samples should have three replicates simultaneously. The details of HT-qPCR
analysis are described in the Supplementary material.

Data analysis
All the results were expressed as mean values and standard deviations. The statistical analysis was
performed with SPSS 17.0 software (SPSS Inc., Chicago, Ill., U.S.A.). The T-test was conducted to
compare the differences between the groups, and all the statistical tests were two-tailed. The statistical
signi�cance was set at three different levels (*P < 0.05, **P < 0.01, and ***P < 0.001). Correlations between
the microbiota and human disease-related pathways or ARGs were analyzed using the Spearman test in
R with the ‘vegan’ package. The correlations between the pairs of variables were considered to be
signi�cant at r > 0.6, and P values were < 0.05. The Gephi (V 0.9.1) software was used to visualize the
bipartite network graphs using the Force Atlas algorithm.
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Supplementary Information
Additional �le 1: Supplementary information �le. Fig. S1. LDA score and cladogram of LEfSe comparison
analysis among control (green), antibiotics treatment (red), and recovery (blue) groups. The green, red, or
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blue shading depicts bacterial taxa that were signi�cantly higher in either the control, antibiotics
treatment or recovery groups, as indicated. Selection of discriminative taxa between the control and
gentamycin groups or between the control and inulin groups were based on an LDA score cutoff of 3.0,
and differences in the relative abundances of taxa were statistically determined based on a Mann-
Whitney test at a signi�cance level of 0.05. Fig. S2. Gut microbiota alpha diversity of the control (green),
antibiotics treatment (red), and recovery (blue) groups (***p < 0.001, **p < 0.01, *p < 0.05). The Chao1
index (a) was used to calculate the community richness, Simpson index (b) was used to calculate the
community evenness, and Shannon index (c) was used to calculate the community diversity. Fig. S3. Gut
microbiota beta diversity of the control (green), antibiotics treatment (red), and recovery (blue) groups.
Unweighted (a) and weighted (b) PCoA, and unweighted (c) and weighted (d) NMDS of UniFrac distances
of samples in three groups (control, gentamycin and inulin).

Additional �le 2: Excel S1 Primer sets of HT-qPCR reactions using Wafergen SmartChip Real-time PCR
system.

Figures

Figure 1

Schematic of designed SHIME model and sampling time points setup.
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Figure 2

Heatmap of antibiotic resistance genes (ARGs) in the three groups. Heatmap colors re�ect relative
abundance of ARGs from low (blue) to high (red).
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Figure 3

Heatmap of human disease-related pathways in the three groups. Heatmap colors re�ect gene numbers
of human disease-related pathways from low (blue) to high (red).
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Figure 4

Composition of microbial community at phylum (a) and genus level (b).
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Figure 5

Network analysis revealing the co-occurrence patterns between microbial taxa and ARG subtypes. The
nodes in Network were colored according to ARG types. The edges were colored according to positive
(red) or negative (blue) correlation. A connection represents strong and signi�cant (P value < 0.05, r > 0.6)
correlation. The size of each node is proportional to the number of connections, that is, degree.
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Figure 6

Network analysis revealing the co-occurrence patterns between microbial taxa and human disease-related
pathways. The nodes in Network were colored according to human disease-related pathways types. The
edges were colored according to positive (red) or negative (blue) correlation. A connection represents
strong and signi�cant (P value < 0.05, r > 0.6) correlation. The size of each node is proportional to the
number of connections, that is, degree.
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