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Abstract: Human rotavirus (HRV) is an enteric virus that causes infantile diarrhea. However, the
risk factors contributing to HRV colonization in young adults have not been thoroughly investigated.
Here, we compared the differences in dietary habits and composition of gut microbiota between
asymptomatic HRV-infected young adults and their healthy counterparts and investigated potential
risk factors contributing to HRV colonization. Our results indicated that asymptomatic HRV-infected
adults had an excessive intake of milk and dairy and high levels of veterinary antibiotics (VAs) and
preferred veterinary antibiotic (PVAs) residues in urine samples. Their gut microbiota is characterized
by abundant Gram-negative (G™) bacteria and high concentrations of lipopolysaccharide (LPS).
Several opportunistic pathogens provide discriminatory power to asymptomatic, HRV-infected
adults. Finally, we observed an association between HRV colonization and disrupted gut microbiota
caused by the exposure to VAs and PVAs. Our study reveals the traits of disrupted gut microbiota
in asymptomatic HRV-infected adults and provides a potential avenue for gut microbiota-based
prevention strategies for HRV colonization.

Keywords: human rotavirus; animal-derived foods; antibiotic residues; Gram-negative bacteria;
lipopolysaccharide

1. Introduction

HRYV is an enteric RNA virus that causes infantile diarrhea. It has nine species (A-I)
based on its RNA sequence [1]. Among them, specie A induces over 90% of infections in
human beings and results in over 200,000 deaths per year [2]. It is transmitted mainly via
the feces-oral route. However, person-to-person contact has become more prominent than
ever before. Since HRV can cause repeated colonization throughout life but only induce
mild symptoms in adults, asymptomatic HRV-infected adults may become the source of
infection [3]. However, the potential risk factors contributing to HRV colonizations require
further investigation.

Many types of microbes reside in the human intestine and are known as the gut micro-
biota. They play important roles in host health, contributing to food digestion, intestinal
barrier protection, and the synthesis of new elements [4]. However, they are vulnerable to
many factors, such as diet and medication or antibiotics. It has been extensively discussed
that disrupted gut microbiota is linked to chronic diseases, such as obesity and diabetes [5].
Robinson et al. reported that disrupted gut microbiota can promote the infectivity of enteric
viruses [6] and the pathogenesis and replication of poliovirus by LPS through increasing
viral stability and enhancing environmental fitness [7]. However, only a few cohort studies
with a small number of subjects have described the characteristics of gut microbiota in
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HRV-infected patients [8,9]. The potential risk factors involved in the association between
gut microbiota and HRV infectivity require further investigation.

Medication or antibiotic exposure is frequent because they are commonly used as
growth promoters in agriculture in addition to infection treatment [10]. As a result, many
types of antibiotics, especially VAs and PVAs, are deposited in the human body via food.
In our previous report, we observed that the gut microbiota was disrupted by low levels
of antibiotics in animal-derived foods, resulting in a high concentration of LPS in stool
samples [11]. Therefore, we postulated that the disrupted gut microbiota caused by low
levels of antibiotics increases the risk of HRV colonization.

The aim of this study was to compare the differences in antibiotic residues between
the healthy and patient groups and to investigate the composition of the gut microbiota
in the patient group. Next, we surveyed the potential risk factors for HRV infectivity and
discussed the impact of exposure to medication or antibiotics on LPS biosynthesis in the
gut microbiota.

2. Materials and Methods
2.1. Ethics Statement

This study was conducted in accordance with the Declaration of Helsinki’s Ethical
Guidelines and approved by the Ethics Committee of Anhui Medical University. All
participants were undergraduate students recruited from Anhui Medical University, Hefei
City, the capital of Anhui Province, China. All the participants signed a written consent
form and received a questionnaire and sample collection.

2.2. Collection and Process of Stool Samples

A total of 300 undergraduate students participated in the study. Sample collection,
testing, and dietary investigations were conducted from November 2021 to October 2022.
Fresh stool samples were first tested for HRV using an ELISA kit purchased from Shuhua
Biology Co., Ltd. (Shanghai, China) and verified by real-time PCR, as reported by Kulis-
Horn et al. [12]. According to the testing results, the participants with HRV were grouped
into the patient group (n = 37). Simultaneously, an identical number of healthy counterparts
were grouped into a healthy group (n = 37). Basic information on the participants is
presented in Table S1. All stool and urine samples were stored at —20 °C until analysis.

2.3. Detection of Antibiotic Residues in Urine Sample

Urine samples were collected, moved to the laboratory immediately, and stored at
—20 °C. A total of 45 antibiotics from 9 categories were selected as targets for detection.
Pre-treatment and subsequent analyses were performed according to our previously pub-
lished method [13]. Briefly, after thawing, the urine samples were mixed with an internal
standard, purified by solid-phase extraction, and analyzed by liquid chromatography-triple
quadrupole tandem mass spectrometry (LC-MS/MS).

2.4. Dietary Investigation

A dietary investigation was conducted to determine the association between food
intake and urine antibiotics levels. A semi-quantitative food-frequency questionnaire (FFQ),
reported by Zhao et al. [14], was used in this study. Daily food intake, including whether
the food was eaten, frequency, and amount of food at each time, was investigated according
to the FFQ. All foods were classified into animal-derived and vegetable-derived foods. The
questionnaire used in this study is attached as a Supplemental Materials.

2.5. DNA Extraction and 165 rRNA Gene Sequencing

Approximately 100 mg of stool sample was used to extract genomic DNA using a
QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany), according to the manu-
facturer’s instructions. The quality of the extracted genomic DNA was assessed using a
Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The V3 region
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of the 16S rRNA gene was amplified and the PCR product was purified. An Illumina
TruSeq DNA PCR-Free Library Preparation Kit (Illumina, Hayward, CA, USA) was used to
construct the sequencing libraries. Raw data were analyzed by Personalbio Technology Co.,
Ltd. (Shanghai, China). Qualified raw reads were processed using Quantitative Insights Into
Microbial Ecology (QIIME) software (version 2.0). Operational taxonomic units (OTUs) were
delineated with 97% sequence similarity. Alpha and beta diversity indices were calculated
using QIIME software. Linear discriminant analysis (LEfSe) was performed using an online
tool (https:/ /huttenhower.sph.harvard.edu/galaxy accessed on 12 August 2022).

2.6. Metagenomic Sequencing and Following Analysis

After genomic DNA was isolated from the stool samples, metagenomic DNA libraries
were constructed by Personalbio Technology Co., Ltd. (Shanghai, China). To identify the
enzymes involved in LPS biosynthesis and the gut microbiota harboring enzymatic genes,
we conducted a bioinformatics analysis according to a previously described method [15].

2.7. Determination of LPS Concentration in Stool Sample

The LPS concentration in stool samples was measured using the Bioendo Limulus
Amebocyte Lysate kit (product no. EC32545, Xiamen Bioendo Company, Xiamen, China),
according to the manufacturer’s instructions. Briefly, 100 mg of the stool sample was
dissolved in 10 mL of purified water. After vortexing for 1 min, a clear supernatant was
obtained by centrifugation at 10,000 rpm for 5 min. Standard LPS, purchased from Sigma
(product no. 096M4119V, St. Louis, MO, USA), was serially diluted to construct a calibration
curve (1, 0.5 EU/mL, 0.25 EU/mL 0.1 EU/mL and 0 EU/mL). The LPS concentration in
stool samples was calculated according to the curve.

2.8. Data Statistical Analysis

Data analyses were performed using SPSS version 22.0. All data are expressed as
mean =+ standard deviation (SD). Statistical significance was set at p < 0.05. Three biological
replicates were used for all experiments.

3. Results
3.1. Excessive Intake of Animal-Derived Food Is Associated with High Level of Antibiotic Residues
in Urine

None of the participants had received any medication or antibiotics in the past year.
However, a total of 15 types of antibiotics were detected in their urine samples (Table 1),
including two HAs, four VAs, and nine PVAs. Interestingly, no difference in the concentra-
tions of HAs was observed. The patient group had a higher concentration of 3 VAs and
6 PVAs and a lower concentration of 1 PVA than the healthy group. Among the detected
antibiotics, 2 PVAs only appeared in the patient group.

As both VAs and PVAs are widely used in aquaculture and agriculture, they can enter
the body via animal-derived foods, such as meat, milk, and eggs. To verify whether an
excessive intake of animal-derived foods is associated with high antibiotic levels in urine,
we investigated the dietary habits of all participants. Our investigation indicated that the
patient group had higher percentage of animal-derived foods (53%) and lower percentage
of vegetable-derived foods (47%), whereas the healthy group had a normal percentage
of vegetable-derived foods (61%) and animal-derived foods (39%) (Figure 1). The above
difference was attributed to the different intakes of milk and dairy, rice and wheat flour,
and fresh vegetables. According to the Chinese Food Guide Pagoda (2022) released by the
Chinese Nutrition Society, the recommended amount of food is 2000 g for adult per day,
the amount of animal-derived foods (including milk and animal-derived foods) is 700 g,
identical to 35%. Based on the information of participants” medication history and dietary
habits, our results indicated that excessive intake of milk and dairy is positively associated
with high levels of antibiotic residues in the urine.
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Table 1. Concentration of urine antibiotics between healthy group and patient group.

Group P5 P25 P50 P75 p Value
A
Doxycycline hydrochloride Ilgz?iletiz grl::ll}? géé 0.5;;5 82%; 06’?2;5 0.011

Oxytetracyc}ine Hea.lthy group 091 0.97 1.045 1.09 033
hydrochloride Patient group 0.86 0.875 0.955 1.065
T
PVAs Norfloxacin gifileﬂﬁtyéffﬁ 06t 066 0745 08225 0025
otmetosie | Nelbvmmy e om o wmwm
e e e
Penicillin V Iﬁiiﬁﬂfgﬁfﬁﬁ 4.%5 4.6%75 5.%5 5.2(())25 0.004
Lomefloxacin hydrochloride Iﬁiiﬁﬂfg‘fﬁfﬁ 768 77975 5155 6415 0.004
N4- . Hea.lthy group 422 4.2425 4.645 5.07 0336
acetylsulfamonomethoxine Patient group 421 4215 4.24 4.7375
Cefquinome sulfate Igiiiléﬁtyéffﬁ 103 10535 18 1325 0.011
VA
s S I
e X wmsmsmE
otoscn | lltrpwe e eum s sum
ooy olivewe o gm e

PVAs: Preferred veterinary antibiotics. VAs: veterinary antibiotics. HAs: human antibiotics. P5: 5th percentile.
P25: 25th percentile. P50: 50th percentile. P75: 75th percentile. p-values were derived using the Wilcoxon
signed-rank test.
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Figure 1. Comparison of the different consumed food types between healthy group and patient
group. Meat includes pork, beef, mutton, and poultry. Fish includes fish, shrimp, and crab. Milk and
products include milk, yogurt, and powdered milk. * p < 0.05.
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3.2. The Structure of Gut Microbiota in Patient Group Is Totally Different from Healthy Group

Since exposure to antibiotics can disrupt the balance of the gut microbiota, we next
compared the compositional differences in the gut microbiota between the two groups.
After high-throughput sequencing, qualified reads ranging from 42,591 to 45,374 were
obtained. Bacterial diversity plays a crucial role in the proper functioning of the gut
microbiota. To investigate whether the balance of the gut microbiota is disrupted, we first
compared the within-sample diversity (x-diversity). As shown in Figure 2, the patient
group had a lower Shannon index than that of the healthy group. The decreased Shannon
index indicated that fewer bacterial species were recruited.

6- Fedek
o
<= :
E 4
>
N
‘m
-
@
2
=
= ————
=
= 2
=
]
W
0 T T
Healthy group Patient group

Figure 2. Comparison of Shannon diversity index between healthy group and patient group. The top
and bottom of box represent the 75th and 25th percentile, respectively. *** p < 0.001.

We also observed remarkable variations in the structure of the gut microbiota between
the two groups. At the phylum level (Figure 3a), the patient group had a high abundance
of Bacteroides (55.1%) and Proteobacteria (14.4%), whereas the healthy group had a high
abundance of Firmicutes (40.6%). At the genus level (Figure 3b), the patient group had
high abundances of Bacteroides (40.4%) and Sutterella (11.2%), whereas the healthy group
had high abundances of Dialister (15.1%), Megamonas (14.3%), Acidaminococcus (14.0%), and
Alistipes (11.2%). Next, we performed an LEfSe analysis to detect taxa that could explain the
differences between the two groups. As shown in Figure 4, the dominant taxa at different
taxonomic levels were determined using a linear discriminant analysis score of two or
greater. We observed that Enterococcaceae, Enterococcus, «y-proteobacteria, and Enterobacteriales
were enriched in the patient group, whereas Campylobacterales, Brevundimonas, Firmicutes,
and Lactobacillales were enriched in the healthy group. Interestingly, although the patient
group recruited less taxa than the healthy group, it was dominated by G~ bacteria. The
above results indicate that the patient group was characterized by low bacterial diversity
and a high percentage of G~ bacteria.
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Figure 3. Comparison of the relative abundance of predominant bacteria at the phylum (a) and genus
(b) levels.

o-Parabacteroides

g-Brevundimonas

p-Firmicutes
o-Lactobacillales

c-Bacilli

Jf-Paenibacillaceae

f-Caulobacteraceae

— Jf-Enterococcaceae [ Healthy group

_ g-Enterococcus [0 Patient group

_ c-Gammaproteobacteria
_ o-Enterobacteriales

-6 4 ) 2 4 6

(=}

Figure 4. The most differentially enriched taxa between healthy group and patient group which were
identified via LDA score based on the result of linear discriminant analysis effect size (LEfSe) analysis.

3.3. LPS Level in Patient Group Is Higher Than in Healthy Group

The bacterial abundance analysis showed that both Bacteroidetes and Proteobacteria
have the ability to synthesize LPS [16] and were enriched in the patient group. Because
exposure to medication or antibiotics can accelerate LPS release, which is involved in
clinical diseases [17], we were interested in whether there was any difference in the LPS
levels in stool samples between the two groups. As shown in Figure 5, the LPS level in the
patient group was significantly higher, at 80.9%, than in the healthy group.
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Figure 5. Comparison of the LPS level in stool samples between healthy group and patient group.
*%%
p <0.01.

3.4. Several Enriched Bacteria Taxa and High LPS Level Increase the Risk of HRV Colonization

To explore the potential risk factors for HRV colonization, we first conducted a condi-
tional logistic regression analysis to investigate the association between antibiotic exposure
and the risk of HRV colonization; the results are shown in Table S2. Although there was
a significant difference in antibiotic concentration between the two groups, we did not
find an association between antibiotic exposure and the risk of HRV colonization. Since
exposure to antibiotics can disrupt the balance of the gut microbiota, less bacterial taxa
were enriched in the patient group. Next, we conducted a conditional logistic regression
analysis to investigate the association between enriched bacterial taxa and the risk of HRV
colonization. As shown in Table S3, several G~ bacteria showed a positive association with
the risk of HRV colonization. It is also necessary to detect the role of LPS in the risk of HRV
colonization because the patient group had high levels of LPS produced by G~ bacteria.
Interestingly, the LPS level was positively associated with the risk of HRV colonization
(Table S3). These data suggest that exposure to antibiotics indirectly increases the risk of
RV colonization by promoting the growth of LPS-producing bacteria.

3.5. Relative Abundance of Key Genes Involved in Lipid A Biosynthesis Plays an Important Role in
LPS Synthesis

A previous study indicated that LPS can promote enteric viral environmental fitness
by enhancing virion stability [6]. To investigate whether the imbalanced gut microbiota
is beneficial to LPS synthesis, we conducted a metagenomic analysis. Fecal metagenomic
sequencing data from the two groups were used to evaluate the potential of gut microbiota
for LPS synthesis and to detect candidate LPS-synthesizing taxa. Because several critical
enzymes, including LpxA, LpxC, LpxD, LpxH, LpxB, LpxK, WaaA, LpxL, and LpxM, are
involved in LPS biosynthesis, we focused on their enrichment between the two groups
based on the encoding gene sequence. As shown in Figure 6, the abundance of bacterial
genes encoding LPS biosynthesis enzymes, including LpxK, LpxC, LpxL, and LpxB, was
higher in the patient group than in the healthy group. Combined with the finding that
stool samples in the patient group had high concentrations of LPS, these results suggest
that the gut microbiota in the patient group had an elevated capacity and potential for
LPS biosynthesis.
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Figure 6. Enrichment of LPS-biosynthesis-related enzymatic genes according to the result of evaluat-
ing encoding genes using log? (fold change of patient group /healthy group). * p < 0.05.

Next, we identified candidate LPS-producing bacteria based on enzymatic genes. After
aligning the above enzymatic genes to the NR database, we identified the bacterial taxa
in which these genes were present. Briefly, 141 genera and 512 species harbored the LpxC
gene. Approximately 36 genera and 76 species harbored the LpxM gene. Approximately
90 genera and 245 species harbored WaaA. Approximately 205 genera and 674 species
harbored the LpxK gene, which is the most abundant gene among the LPS-biosynthesis-
related enzymatic genes. Among these LPS-synthesizing bacteria, we observed that six
genera and 28 species were significantly enriched in the patient group (Figure 7). This
finding was in line with the results of the LEfSe analysis, indicating that imbalanced gut
microbiota in the patient group had a high potential for LPS synthesis.
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Figure 7. Relative abundance for the enriched genera with LPS-synthesizing potential in the
two groups.
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4. Discussion

HRV is mainly transmitted via the feces-oral route [2]. However, our results indicated
that 12.3% of young adults were HRV infected with no symptoms. It is possible that
HRV-carrying adults are widely distributed throughout the population. Person to person
dissemination also becomes an important route for HRV colonization besides the feces-
oral route. Therefore, it is necessary to detect potential risk factors that can increase the
risk of HRV infectivity in adults. Based on our findings, we observed that the patient
group had an excessive intake of animal-derived foods, especially milk and dairy. It was
positively associated with a high load of VAs and PVAs in their urine, contributing to
the imbalance of gut microbiota characterized by a high abundance of G~ bacteria and
a high concentration of LPS. Moreover, we found a positive association between HRV
colonization and disruption of the gut microbiota. The results of the metagenomic analysis
suggested that the imbalanced gut microbiota in the patient group had a high potential to
produce LPS.

Several studies have described antibiotic residues in human urine samples [18]. Its
negative effects on human health have been deeply discussed [19]. Because antibiotics are
used in aquaculture and agriculture, exposure to them via daily diet is common and difficult
to avoid. Therefore, more studies are required to investigate its potential negative impacts,
such as its impact on the crosstalk between the gut microbiota and enteric viruses. In this
study, high levels of VAs and PVAs were detected in urine samples of the patient group
with no history of being on medication. After comparing the differences in dietary habits
between the two groups, we observed a link between antibiotic residues and the excessive
intake of animal-derived foods. Several studies have described the association between
the excessive intake of animal-derived foods and antibiotic burden [10,20], reporting that
the levels of VAs and PVAs in urine can reflect the intake amount of animal-derived foods
because human dietary habits are not easy to change. It has been widely reported that
children and young adults tend to eat more animal-derived foods, resulting in a high risk
of obesity [21,22]. Our dietary investigation also found that many participants consumed
excessive animal-derived foods, which was higher than the recommendation of the Chinese
Nutrition Society. Our findings indicate that an excessive intake of animal-derived foods is
associated with an increased risk of HRV colonization.

Gut microbiota plays an important role in maintaining human health. However, many
risk factors, such as dietary habits and medication or antimicrobials, can disrupt the balance
of the gut microbiota [23]. One of the markers of an imbalanced gut microbiota is its low
diversity. A previous study found that HRV-infected infants have a gut microbiota with
low diversity, while healthy controls have a high diversity [9]. A reduction in diversity
has also been reported in children [24]. In our study, we also found decreased diversity
and an imbalanced gut microbiota in the patient group. Low diversity means that some
dominant taxa disappear, whereas some rare taxa become more abundant [25]. This finding
was supported by LEfSe analysis, which showed that some rare taxa were abundant in the
patient group. Our results suggest that a low diversity of gut microbiota is a marker of
HRV carriers, regardless of age.

After comparing the composition of gut microbiota, we observed remarkable differ-
ences between the two groups. Briefly, both Bacteroides and Parabacteroides were enriched,
whereas Firmicutes and Euryarchaeota were rare in the patient group. Interestingly, several
findings based on HRV-induced diarrhea in infants and neonatal mice reported a decrease
in the abundance of Bacteroides [9,26], which contradicts our findings. Since the gut mi-
crobiota in the patient group received antibiotic exposure from animal-derived foods, we
deduced that Bacteroides were abundant because they are more resistant to antibiotics than
other taxa, which has been reported in many studies [27,28]. Simultaneously, we noted that
several probiotic genera, such as Parabacteroides and Lactobacillales, disappeared from the
patient group. This decrease might be a result of exposure to antibiotics because probiotics
are more vulnerable than other genera [29]. Meanwhile, we observed a significant increase
in opportunistic pathogens, such as y-proteobacteria and Enterococcus, in the patient group.
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Our results indicate that an imbalanced gut microbiota dominated by G™ bacteria is a risk
factor for HRV colonization.

Many studies have reported that several metabolites secreted by gut microbiota are
involved in the pathogenesis and development of human diseases [30,31]. Among these,
lipopolysaccharide (LPS) has been frequently reported. Zhang et al. reported that LPS
induced osteoarthritis in mice [32]. Moreover, Robinson et al. found that the gut microbiota
promotes poliovirus replication and systemic pathogenesis through LPS, providing protec-
tion to enhance virion stability and promoting environmental fitness [6]. We also observed
that abundant G~ bacteria contributed to high levels of LPS in stool samples, and most
LPS-biosynthesis genes in bacteria were highly expressed in the patient group, including
three key genes, LpxC, WaaA, and LpxM. These findings suggest that an imbalanced gut
microbiota has an enhanced potential for LPS biosynthesis. Although there was no direct
evidence describing the impact of LPS on HRV infectivity in our study, we found a positive
association between high levels of LPS in stool samples and the risk of HRV colonization in
young adults. Our findings are consistent with those of previous reports [6,17].

However, this study has several limitations that need to be declared. The first limitation
is the small number of participants. A larger cohort is required to confirm our findings.
The second limitation is the absence of data on medication or antibiotics residues in food
and drinking water. Finally, although we observed a strong association between enriched
bacterial taxa and the risk of HRV colonization, direct evidence describing this association
is absent. An animal model is needed to explore causality.

5. Conclusions

In this study, we reported that the gut microbiota of young adults is disrupted by
residual VAs and PVAs in food. The imbalanced gut microbiota was dominated by G~
bacteria, with a high potential for LPS production. Interestingly, we observed that several
enriched bacterial taxa and LPS were associated with an increased risk of HRV coloniza-
tion. Our findings require further clarification but they provide crucial implications for
controlling HRV colonizations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microorganisms11092280/s1, Table S1: Baseline characteristics of
the participants. Table S2: Adjusted ORs (95% CI) for HRV colonization according to quartiles of
exposure to urine antibiotics in single-antibiotic model. Table S3: Adjusted ORs (95% CI).les of the
relative abundance of bacterial taxa and LPS levels in fecal samples. File S1: Instruction for ELISA kit.
File S2: qPCR protocol for HRV detection. File S3: The simplified food questionnaire.

Author Contributions: Y.W.: Conceptualization, Formal analysis, Investigation, Writing—Original
Draft; S.P.: Resources, Validation; J.W.: Investigation, Formal analysis; X.T.: Formal analysis, Data
curation; L.R.: Methodology, Data curation; Y.J.: Funding acquisition, Supervision; Y.Y.: Investigation,
Supervision; Y.L.: Funding acquisition, Writing—Review and Editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of the Anhui Province (grant
numbers 1908085MH287 and 2208085MH263).

Data Availability Statement: All data presented in the study are included in the article/Supplementary
Material and further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have influenced the work reported in this study.

1.  Goémez-Rial, J.; Rivero-Calle, L; Salas, A.; Martinén-Torres, F. Rotavirus and autoimmunity. J. Infect. 2020, 81, 183-189. [CrossRef]

2. Crawford, S.E.; Ramani, S.; Tate, ].E.; Parashar, U.D.; Svensson, L.; Hagbom, M.; Franco, M.A.; Greenberg, H.B.; O’'Ryan, M.;
Kang, G.; et al. Rotavirus infection. Nat. Rev. Dis. Primers 2017, 3, 17083. [CrossRef]

3. Anderson, E.J.; Weber, S.G. Rotavirus infection in adults. Lancet Infect. Dis. 2004, 4, 91-99. [CrossRef]

4. Adak, A;; Khan, M.R. An insight into gut microbiota and its functionalities. Cell. Mol. Life Sci. 2019, 76, 473—493. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms11092280/s1
https://www.mdpi.com/article/10.3390/microorganisms11092280/s1
https://doi.org/10.1016/j.jinf.2020.04.041
https://doi.org/10.1038/nrdp.2017.83
https://doi.org/10.1016/S1473-3099(04)00928-4
https://doi.org/10.1007/s00018-018-2943-4

Microorganisms 2023, 11, 2280 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Fan, Y,; Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55-71. [CrossRef]
Robinson, C.M.; Jesudhasan, P.R.; Pfeiffer, ].K. Bacterial lipopolysaccharide binding enhances virion stability and promotes
environmental fitness of an enteric virus. Cell Host Microbe 2014, 15, 36—46. [CrossRef]

Kuss, S.K.; Best, G.T.; Etheredge, C.A.; Pruijssers, A.J.; Frierson, ].M.; Hooper, L.V,; Dermody, T.S.; Pfeiffer, ] K. Intestinal
microbiota promote enteric virus replication and systemic pathogenesis. Science 2011, 334, 249-252. [CrossRef]

Sterdal, K.; Kahrs, C.; Tapia, G.; Agardh, D.; Kurppa, K.; Stene, L.C. Review article: Exposure to microbes and risk of coeliac
disease. Aliment. Pharmacol. Ther. 2021, 53, 43-62. [CrossRef]

Xiong, L.; Li, Y,; Li, J.; Yang, J.; Shang, L.; He, X,; Liu, L.; Luo, Y.; Xie, X. Intestinal microbiota profiles in infants with acute
gastroenteritis caused by rotavirus and norovirus infection: A prospective cohort study. Int. |. Infect. Dis. 2021, 111, 76-84.
[CrossRef]

Robinson, T.P.; Wertheim, H.F,; Kakkar, M.; Kariuki, S.; Bu, D.; Price, L.B. Animal production and antimicrobial resistance in the
clinic. Lancet 2016, 387, e1-e3. [CrossRef]

Liu, Y,; Wu, Y,; Wu, J; Li, X;; Yu, L.; Xie, K.; Zhang, M.; Ren, L.; Ji, Y.; Li, Y. Exposure to Veterinary Antibiotics via Food Chain
Disrupts Gut Microbiota and Drives Increased Escherichia coli Virulence and Drug Resistance in Young Adults. Pathogens 2022,
11, 1062. [CrossRef]

Kulis-Horn, R K.; Tiemann, C. Evaluation of a laboratory-developed test for simultaneous detection of norovirus and rotavirus by
real-time RT-PCR on the Panther Fusion® system. Eur. ]. Clin. Microbiol. Infect. Dis. 2020, 39, 103-112. [CrossRef]

Liu, K.; Zhang, J.; Geng, M.; Zhu, Y,; Liu, X,; Ding, P; Wang, B.; Liu, W,; Liu, Y.; Tao, F. A stable isotope dilution assay for
multi-class antibiotics in pregnant urines by LC-MS/MS. Chromatographia 2020, 83, 507-521. [CrossRef]

Zhao, W.; Hasegawa, K.; Chen, ]J. The use of food-frequency questionnaires for various purposes in China. Public Health Nutr.
2002, 5, 829-833. [CrossRef] [PubMed]

Dong, Y.; Wang, P; Yang, X.; Chen, M,; Li, ]. Potential of gut microbiota for lipopolysaccharide biosynthesis in European women
with type 2 diabetes based on metagenome. Front. Cell Dev. Biol. 2022, 10, 1027413. [CrossRef] [PubMed]

Gibiino, G.; Lopetuso, L.R.; Scaldaferri, F.; Rizzatti, G.; Binda, C.; Gasbarrini, A. Exploring Bacteroidetes: Metabolic key points
and immunological tricks of our gut commensals. Dig. Liver Dis. 2018, 50, 635-639. [CrossRef]

Van Langevelde, P.; Kwappenberg, K.M.; Groeneveld, P.H.; Mattie, H.; van Dissel, ].T. Antibiotic-induced lipopolysaccharide
(LPS) release from Salmonella typhi: Delay between killing by ceftazidime and imipenem and release of LPS. Antimicrob. Agents
Chemother. 1998, 42, 739-743. [CrossRef]

Zhang, J.; Liu, X.; Zhu, Y,; Yang, L.; Sun, L.; Wei, R.; Chen, G.; Wang, Q.; Sheng, J.; Liu, A.; et al. Antibiotic exposure across three
generations from Chinese families and cumulative health risk. Ecotoxicol. Environ. Saf. 2020, 191, 110237. [CrossRef]

Liu, X; Steele, J.C.; Meng, X.Z. Usage, residue, and human health risk of antibiotics in Chinese aquaculture: A review. Environ.
Pollut. 2017, 223, 161-169. [CrossRef]

Li, N.; Ho, KW.K,; Ying, G.G.; Deng, W]. Veterinary antibiotics in food, drinking water, and the urine of preschool children in
Hong Kong. Environ. Int. 2017, 108, 246-252. [CrossRef]

Medawar, E.; Enzenbach, C.; Roehr, S.; Villringer, A.; Riedel-Heller, S.G.; Witte, A.V. Less Animal-Based Food, Better Weight
Status: Associations of the Restriction of Animal-Based Product Intake with Body-Mass-Index, Depressive Symptoms and
Personality in the General Population. Nutrients 2020, 12, 1492. [CrossRef] [PubMed]

Petermann-Rocha, F.; Parra-Soto, S.; Gray, S.; Anderson, J.; Welsh, P; Gill, J.; Sattar, N.; Ho, EK.; Celis-Morales, C.; Pell, J.P.
Vegetarians, fish, poultry, and meat-eaters: Who has higher risk of cardiovascular disease incidence and mortality? A prospective
study from UK Biobank. Eur. Heart ]. 2021, 42, 1136-1143. [CrossRef]

Ramirez, J.; Guarner, E; Bustos Fernandez, L.; Maruy, A.; Sdepanian, V.L.; Cohen, H. Antibiotics as Major Disruptors of Gut
Microbiota. Front. Cell. Infect. Microbiol. 2020, 10, 572912. [CrossRef] [PubMed]

Gozalbo-Rovira, R.; Rubio-Del-Campo, A.; Santiso-Bellén, C.; Vila-Vicent, S.; Buesa, ]J.; Delgado, S.; Molinero, N.; Margolles, A.;
Yebra, M.].; Collado, M.C.; et al. Interaction of Intestinal Bacteria with Human Rotavirus during Infection in Children. Int. |. Mol.
Sci. 2021, 22, 1010. [CrossRef] [PubMed]

Dan, Z.; Mao, X.; Liu, Q.; Guo, M.; Zhuang, Y,; Liu, Z.; Chen, K.; Chen, |J.; Xu, R.; Tang, J.; et al. Altered gut microbial profile
is associated with abnormal metabolism activity of Autism Spectrum Disorder. Gut Microbes 2020, 11, 1246-1267. [CrossRef]
[PubMed]

Zhao, W.; Yu, M.L,; Tao, X.; Cheng, M.H.; Liu, C.C; Liu, Y.; Li, Y.G. Analysis of the intestinal microbial community altered during
rotavirus infection in suckling mice. Virol. . 2021, 18, 254. [CrossRef]

Yekani, M.; Rezaee, M.A.; Beheshtirouy, S.; Baghi, H.B.; Bazmani, A.; Farzinazar, A.; Memar, M.Y.; S6ki, ]. Carbapenem resistance
in Bacteroides fragilis: A review of molecular mechanisms. Anaerobe 2022, 76, 102606. [CrossRef]

Ghotaslou, R.; Yekani, M.; Memar, M.Y. The role of efflux pumps in Bacteroides fragilis resistance to antibiotics. Microbiol. Res.
2018, 210, 1-5. [CrossRef]

Zmora, N.; Zilberman-Schapira, G.; Suez, J.; Moz, U.; Dori-Bachash, M.; Bashiardes, S.; Kotler, E.; Zur, M.; Regev-Lehavi, D.;
Brik, R.B.; et al. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and
Microbiome Features. Cell 2018, 174, 1388-1405. [CrossRef]

Liu, L.; Wang, H.; Chen, X.; Zhang, Y.; Zhang, H.; Xie, P. Gut microbiota and its metabolites in depression: From pathogenesis to
treatment. eBioMedicine 2023, 90, 104527. [CrossRef]


https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.1126/science.1211057
https://doi.org/10.1111/apt.16161
https://doi.org/10.1016/j.ijid.2021.08.024
https://doi.org/10.1016/S0140-6736(15)00730-8
https://doi.org/10.3390/pathogens11091062
https://doi.org/10.1007/s10096-019-03697-7
https://doi.org/10.1007/s10337-020-03866-3
https://doi.org/10.1079/PHN2002374
https://www.ncbi.nlm.nih.gov/pubmed/12638592
https://doi.org/10.3389/fcell.2022.1027413
https://www.ncbi.nlm.nih.gov/pubmed/36303603
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1128/AAC.42.4.739
https://doi.org/10.1016/j.ecoenv.2020.110237
https://doi.org/10.1016/j.envpol.2017.01.003
https://doi.org/10.1016/j.envint.2017.08.014
https://doi.org/10.3390/nu12051492
https://www.ncbi.nlm.nih.gov/pubmed/32443920
https://doi.org/10.1093/eurheartj/ehaa939
https://doi.org/10.3389/fcimb.2020.572912
https://www.ncbi.nlm.nih.gov/pubmed/33330122
https://doi.org/10.3390/ijms22031010
https://www.ncbi.nlm.nih.gov/pubmed/33498321
https://doi.org/10.1080/19490976.2020.1747329
https://www.ncbi.nlm.nih.gov/pubmed/32312186
https://doi.org/10.1186/s12985-021-01727-5
https://doi.org/10.1016/j.anaerobe.2022.102606
https://doi.org/10.1016/j.micres.2018.02.007
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.ebiom.2023.104527

Microorganisms 2023, 11, 2280 12 of 12

31. Mao, Z.H,; Gao, Z.X,; Liu, D.W,; Liu, Z.S.; Wu, P. Gut microbiota and its metabolites-molecular mechanisms and management
strategies in diabetic kidney disease. Front. Immunol. 2023, 14, 1124704. [CrossRef] [PubMed]

32. Zhang, Q.; Bai, X.; Wang, R.; Zhao, H.; Wang, L.; Liu, J.; Li, M,; Chen, Z.; Wang, Z.; Li, L.; et al. 4-octyl Itaconate inhibits
lipopolysaccharide (LPS)-induced osteoarthritis via activating Nrf2 signalling pathway. J. Cell. Mol. Med. 2022, 26, 1515-1529.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fimmu.2023.1124704
https://www.ncbi.nlm.nih.gov/pubmed/36742307
https://doi.org/10.1111/jcmm.17185
https://www.ncbi.nlm.nih.gov/pubmed/35068055

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Collection and Process of Stool Samples 
	Detection of Antibiotic Residues in Urine Sample 
	Dietary Investigation 
	DNA Extraction and 16S rRNA Gene Sequencing 
	Metagenomic Sequencing and Following Analysis 
	Determination of LPS Concentration in Stool Sample 
	Data Statistical Analysis 

	Results 
	Excessive Intake of Animal-Derived Food Is Associated with High Level of Antibiotic Residues in Urine 
	The Structure of Gut Microbiota in Patient Group Is Totally Different from Healthy Group 
	LPS Level in Patient Group Is Higher Than in Healthy Group 
	Several Enriched Bacteria Taxa and High LPS Level Increase the Risk of HRV Colonization 
	Relative Abundance of Key Genes Involved in Lipid A Biosynthesis Plays an Important Role in LPS Synthesis 

	Discussion 
	Conclusions 
	References

