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Abstract: Suancai, as a traditional fermented food in China with reputed health benefits, has piqued
global attention for many years. In some circumstances, the microbial-driven fermentation may confer
health (e.g., probiotics) or harm (e.g., antibiotic resistance genes) to the consumers. To better utilize
beneficial traits, a deeper comprehension of the composition and functionality of the bacterial species
harboring enzymes of catalytically active is required. On the other hand, ingestion of fermented
food increases the likelihood of microbial antibiotic resistance genes (ARGs) spreading in the human
gastrointestinal tract. Besides, the diversity and taxonomic origin of ARGs in suancai are little
known. In our study, a metagenomic approach was employed to investigate distribution structures
of CAZymes and ARGs in main bacterial species in suancai. Functional annotation using the CAZy
database identified a total of 8796 CAZymes in metagenomic data. A total of 83 ARGs were detected
against the CARD database. The most predominant ARG category is multidrug-resistant genes. The
ARGs of antibiotic efflux mechanism are mostly in Proteobacteria. The resistance mechanism of ARGs
in Firmicutes is primarily antibiotic inactivation, followed by antibiotic efflux. Due to the abundance
of species with different ARGs, strict quality control including microbial species, particularly those
with lots of ARGs, is vital for decreasing the risk of ARG absorption via consumption. Ultimately, we
significantly widen the understanding of suancai microbiomes by using metagenomic sequencing
to offer comprehensive information on the microbial functional potential (including CAZymes and
ARGs content) of household suancai.

Keywords: Chinese northeast suancai; metagenome; CAZymes; antimicrobial resistance genes;
bacteria; food safety

1. Introduction

The consumption of traditional fermented food is very widespread, with renowned
health benefits [1]. The metabolic activities of microbiota cause fermentation, which con-
verts natural ingredients in food into a diverse range of molecules that constitute the unique
composition of the eventual fermented food [2]. The microbial diversity is unique to each
food type and influenced by the ingredients in the manufacturing process [3]. In homemade
fermented food, various microorganisms that contribute to traditional fermentation come
mostly from the environment, and especially from raw materials of fermented food [4].
Suancai is a traditional fermented food depending on traditional approaches in the north-
east of China, where it is one of the most significant fundamental foodstuffs. During the
preparation of traditional Chinese suancai, spontaneous fermentation without the use of
starter cultures or sterilization results in the proliferation of numerous microorganisms.
On account of the crucial role of the microorganisms in the fermentation process, a thor-
ough comprehension of the functional potential of the suancai microbiota is essential for
improving the flavor and safety of traditional fermented food.
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Metagenomic sequencing is shown to be an effective approach for defining the mi-
crobiota in fermented foods, obtaining species-level taxonomic resolution and predicting
the functional potential [5,6]. Metagenome sequencing aids in the study of biocatalysts
biodiversity in nature. That is to say, metagenomics has propelled synthetic biology study
forward by discovering expression systems, proteins and bioactive compounds with a wide
range of industrial applications [7,8]. It is desirable to investigate traditional homemade
suancai for uncovering the microbial communities harboring biotechnologically important
enzymes that are catalytically active during fermentation.

Due to the misuse or overuse of antibiotics in agricultural, animal husbandry and
human medical situations, ARGs have received a lot of attention around the world as an
emergent environmental genetic contaminant [9-11]. ARGs have been found in a large
number of microbial genomes [12]. Concerns about ARGs in fermented products should be
a priority, given the possibility that certain microbes could shape the gut microbiome via
fermented food supplements [13,14]. That would mean that food (meat and vegetables)
not only acts as a reservoir for ARGs and antibiotic resistance (AR) bacteria, but also as a
medjiator for the transmission of ARGs and AR bacteria from the surroundings to humans
via food consumption [15,16]. As a result, it is critical to improve our understanding of
the existence and transmission of ARGs through food consumption [17]. A variety of
ARGs encoding resistance to a wide range of antibiotics have been discovered in foodborne
bacteria [18,19]. Many species-centric studies focused on the relationships between AR
bacteria and the ARGs they hold [20]. The findings revealed that species belonging to
the genera Enterococcus, Lactobacillus, Streptococcus, Lactococcus, Pediococcus and Weissella
harbor genes conferring resistance to tetracycline, vancomycin, macrolide, erythromycin
and streptomycin [21-23]. The ARGs of AR bacteria could be transmitted to bacteria in
the gastrointestinal system through horizontal gene transfer, so it is critical to reduce the
spread of AR through consumption.

Current research on foodborne bacteria primarily focuses on individual pathogens and
identifier microbes [24]. ARGs allow bacteria to survive throughout the face of antibiotics,
and the resistance to antibiotics is reliably evaluated by phenotypic testing of isolates to a
variety of antibiotics in food microbiology labs [25]. Nevertheles, the time required for this
method, which relies on bacterial growth rates, can vary from one day to several weeks,
and a high proportion of microbiota cannot be isolated in standard culture media [26,27].
Furthermore, horizontal gene transfer (HGT) mechanisms have shown that commensal and
beneficial bacteria can acquire antibiotic resistance from pathogenic strains, highlighting
the importance of studying the entire ARGs from the entire bacterial community (resistome)
rather than single isolates [28,29]. Food microbiology is being revolutionized by metage-
nomics, which has resulted in a huge change from phenotype-based to genotype-based
antibiotic resistance identification [30]. Nevertheless, the ARGs distribution may not fully
represent the actual antibiotic resistance phenotypes of the microbial taxa, especially in the
case of dead bacteria [31]. Nonetheless, ARG profiles do reveal the resistance potentials of
microbial species in varying circumstances and with various antibiotic types. More impor-
tantly, a high throughput metagenomic approach can comprehensively provide insights
into the complex community of microbial species (microbiome) as well as the pattern of
antibiotic resistomes carried by those species [24,32].

In this study, three samples were collected at different stages in the suancai fermen-
tation process, and the distribution and phylogenetic patterns of carbohydrate-active
enzymes and ARGs were determined by a metagenomic approach. Our research will
provide a foundation for future function mining of suancai microbiome.

2. Materials and Methods
2.1. Sample Collection and Sequencing

In this study, Chinese northeast suancai was processed and samples were collected
at different time points following the procedure we previously described [33]. Briefly,
the suancai brine was thoroughly mixed before being collected from the upper, middle
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and lower layers of the jar respectively. The samples were collected every day during the
fermentation process for physicochemical index measurement in triplicates. The nitrite
content showed an increasing trend at the beginning of fermentation (before day 3), which
accumulated a nitrite peak at day 3. Afterwards the nitrite content sharply decreased,
finally reaching a stable value at day 7. Based on the nitrite concentration, samples A
(day 3), B (day 5) and C (day 7) during the fermentation were selected for sequencing.
Metagenomic DNA was extracted using the QlAamp DNA Microbiome kit following the
manufacturer’s protocol (QIAGEN Inc., Germany). Sequencing libraries were generated
from metagenomic DNA (1 ug) using NEBNext® Ultra™ DNA Library Prep Kit for Illumina
(NEB, USA) according to the manufacturer’s protocol. Index codes were added to attribute
sequences to each sample. In brief, DNA libraries of fragments (size of 350 bp) were
prepared respectively for each sample. The samples were sequenced on the Illumina
NovaSeq 6000 platform at Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China).

2.2. Metagenome Assembly and Taxonomic Assignment

Raw data was preprocessed in order to obtain clean data for subsequent analysis. The
detailed processing steps for quality control are provided in the Supporting Information.
The clean data were assembled and analyzed by SOAP denovo software V2.04 [34]. The
assembled scaftigs were then disconnected from N connection, leaving the Scaftigs without
N. The samples’ clean data were mapped to each scaffold separately by Bowtie software
V2.2.4 to obtain the reads that were not used, which were then combined and processed
as mentioned above for mixed assembly. Using the number of reads and the length of
the genes on alignment, the abundance of each gene in each sample was calculated. The
equation was shown as follows, r represents the number of reads matched to the genes and
L represents the length of genes [35-37].

= Tk
G = Ly &
L

i=1

To obtain the taxonomic annotation, the amino acid sequences of the predicted
genes were aligned in the NCBI nr database with DIAMOND (blastp, cut-off E-value
of 1 x 107°) [38]. Taxonomic abundances were normalized by dividing the number of
reads of a specific taxon by the total number of reads assigned to bacterial 16s rRNA in

the sample.

2.3. Functional Annotation

To gain knowledge of the main functional and metabolic pathway, Kyoto Encyclopedia
of Genes and Genomes (KEGG) [39,40], Evolutionary Genealogy of Genes: Nonsuper-
vised Orthologous Groups (eggNOG) [41] and Carbohydrate-Active enzymes (CAZy) [42]
databases were used for functional annotation of genes. Unigenes were aligned against
these databases by using BLASTP, the mapped contigs were screened with an e-value
threshold of 1 x 1072. In the case of each sequence’s blast result, the best blast hit was used
for further analysis [43,44].

2.4. ARGs Identification

Antimicrobial resistome analysis was carried out by aligning unigenes to CARD
database v2.0.1 [45] using the blastp, e-value < 1 x 1073, The ARG abundance was
expressed as fragments per kilobase per million fragments of contigs containing ARGs.
Based on the aligned result by the Resistance Gene Identifier (RGI) tool, the abundance
distribution of resistance genes in each sample, the taxonomic attribution analysis and the
resistance mechanism of ARGs analysis were performed.
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2.5. Statistical Analysis

R-3.5.1 was used for statistical analysis. The heatmaps were transformed into Z values
on the base of relative abundance and were performed with “pheatmap” packages. A
dissimilarity matrix was generated on the basis of the abundance of unigenes using the
Bray-Curtis index [46] with package vegan. To identify the number of shared ARG subtypes
across three samples, a Venn diagram was created by jvenn (a Venn tool).

3. Results and Discussion
3.1. Metagenomic Assembly Revealed CAZymes

Both eggNOG-based and KEGG-based results revealed the richness of functional capa-
bilities in relation to carbohydrate transport and metabolism and amino acid metabolism in
the suancai metagenomic data (Figure S1). Functional domains for synthesis, degradation
and modification of complex carbohydrates are regarded as CAZymes (Carbohydrate-
Active enzymes). The CAZy database is used to annotate CAZyme-encoding genes be-
longing to the six CAZy families: glycoside hydrolases (GHs), glycosyltransferases (GTs),
polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary activities (AAs) and
carbohydrate-binding modules (CBMs). The metagenomic contigs of the suancai samples
were queried against the CAZy database, which revealed the highest number of CAZyme-
encoding genes in sample A at each family (Figure 1). In line with the Bray—Curtis distance
based on CAZy relative abundance, the CAZyme-encoding genes belonging to the six
CAZy families are closer between B and C (Figure 2), which is in agreement with the
eggNOG and KEGG analyses (Figure S2). This reflects that the changes of microbiota com-
position cause different genes functioning at varying time points in suancai fermentation. A
total of 8796 putative CAZymes were discovered in the metagenomic results (Figure 3). To
be specific, the maximum number of contigs were matched to GHs (4306), followed by GTs
(2770) across the three metagenomes. The remaining putative CAZyme hits were assigned
to CBMs (994), CEs (415), PLs (157) and AAs (154). GTs, at high percentages in the metage-
nomic data, are acknowledged to catalyze the glycosidic linkages synthesis by transferring
sugar moiety from phospho-activated sugar donors to saccharide or non-saccharide accep-
tors. The biosynthesis of disaccharides, polysaccharides and oligosaccharides is conductd
by glycosyltransferase reactions [47].
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Figure 1. Comparative CAZy families heatmap of the suancai samples at three time points.

3.2. Phylogenetic Distribution of CAZymes

Despite CAZymes being distributed throughout the suancai microbiome, phyloge-
netic results of CAZyme encoding contigs demonstrated that a substantial proportion of
CAZymes was contributed by bacteria belonging to order Pseudomonadales, Enterobacterales,
Lactobacillales and Sphingobacteriales. The top 10 CAZymes in our metagenomic data are
shown in Figure 4a. CBMs, with carbohydrate-binding activity, enhance the catalytic
functions of CAZymes via making the carbohydrate-active modules more accessible to
target substrates [48]. The CBM50 family, which comprises various enzymes belonging
to the GH18, GH19, GH23, GH24, GH25 and GH73 families, i.e., enzymes that cleave
peptidoglycan or chitin, was most abundantly present among CBM modules. The presence
of CBMs involved in binding to polysaccharides suggested efficient recognition of a wide
spectrum of carbohydrate polymers by GH family enzymes.
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Figure 2. Composition of CAZyme-encoding genes. The cluster tree is based on the Bray—-Curtis
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Figure 3. Metagenomic contigs mapped to CAZy family genes.
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Catabolic enzymes that catalyze the cleavage of O-glycosidic bonds in carbohydrates
are known as Glycoside hydrolases (GHs). These are high-efficiency catalysts for hydrolysis
of most dominant and prevalent carbohydrates. Metagenome sequences for encoding
B-galactosidases (GH1), 3-glucosidase (GH3), lytic transglycosylases (GH23) and other
abundant enzymes were discovered. The heatmap depicted the variations in relative
abundance of the top 35 CAZymes (Figure 4b). One of the dominant GH families was
the GH13, which is subdivided into ~40 subfamilies. Among the key enzymes of the
GH13 family are a-amylase, o-glucosidase, oligo-a-glucosidase, sucrose phosphorylase

and branching enzyme.
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Figure 4. Comparative CAZymes analysis of metagenomic data sets of fermented suancai at different
time points. (a) Percentage of top 10 CAZymes. (b) Relative abundance variations of CAZymes
represented by a heatmap.

GH?70 enzymes are transglucosylases produced by lactic acid bacteria (LAB). Many
LAB strains from fermented vegetables are considered to be potential probiotics with
immunomodulatory activity in vitro and in vivo [49]. CAZymes in Lactobacillus were
known to be important in probiotic function, biomass transformation and vegetable tissue
softening. GH70 enzymes are very interesting biocatalysts with strong applications in
the food, pharmaceutical and cosmetic sectors. Here we unveiled the microbiological
distribution of GH family enzymes in suancai. Notably, GH70 enzymes were all mapped
to Leuconostoc, belonging to species L. mesenteroides, L. fallax, L. citreum, L. gelidum and
L. carnosum (File S1). Some of these species were reported to be able to produce large
amounts of extracellular polysaccharides, which can be employed as prebiotics or for other
purposes in the food industry [50]. The aforementioned species were also frequently found
in fermented vegetables. As a result, we assumed that these predominant microbial LAB
species might play vital roles in determining the functional and sensorial properties of
suancai products. This provides a reference for the identification and characterization of
GH?70 enzymes in LAB.

3.3. Occurrence and Characteristics of ARGs during Suancai Fermentation

According to the results based on strict matches, the study characterized ARG occur-
rence and abundance in the suancai fermentation process. By using the CARD database and
RGI tool, there were 65 shared ARGs among a total of 83 ARGs detected in three samples
that were identifiable (Figure 5). Compared with sample B and C, sample A contained a
lower diversity of resistance genes. The diversity abundance of ARGs increased obviously
during suancai fermentation. The top 20 abundant ARGs accounted for over 80% of all the
annotated ARGs and were considered to be representative ARGs (>80%) (Figure 6). This
suggested that the distribution of ARGs was concentrated in suancai.
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Figure 6. Composition and distribution of shared ARGs during suancai fermentation.

Using KEGG, the representative ARG subtypes identified mainly annotated to different
classes (Table 1): multidrug resistance gene (adeF, OXA-141, Erm43, MexS, ErmD, OXA-50,
mdsC, MexB, OXA-388, OXA-351, MexW), lincosamide (InuA, ImrC, ImrD), aminoglycoside
(APH3-Vla, APH3-VI), peptide (arnA), fosfomycin (fosB), fusidic acid (fusD) and tetracycline
(tetS) resistance genes. Each sample has matched these representative resistance genes.
Across three suancai samples, multidrug resistance was the most frequently assigned gene
category. Microorganisms tend to develop multidrug resistance to counter environmental
pressures. The multidrug resistance genes adeF and OXA-141 are the prevalent ones in
distribution; to be specific, the relative abundance in each sample exceeded 10% (Table S1).
For sample B, the lincosamide antibiotic gene InuA was the most abundant ARG: it was
significantly increased compared to those in sample A or sample C. The genes discovered
in suancai samples encoded resistance against lincosamides, aminoglycosides, macrolides,
phenicols, fluoroquinolone and tetracyclines etc, whereas the ARGs of the product itself
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might reduce the efficacy of these antibiotics. Figure 7 demonstrates that the relative
abundance of most ARGs become lower during fermentation, and are lowest in sample
C. This phenomenon, together with no additives being used during traditional household
suancai fermentation, suggests that the primary source of ARGs might mainly be a direct
result of raw materials.

Table 1. Representative ARG subtypes and their abundance in each sample.

Abundance in Abundance in Abundance in

Items ARG Type Resistance Mechanism Sample A Sample B Sample C

InuA lincosamide antibiotic inactivation x 1.53 x 10~ 0.000109 3.41 x 107
adeF Multidrug antibiotic efflux 6.55 x 1075 7.86 x 107> 7.56 x 1075
OXA-141  Multidrug antibiotic inactivation 5.00 x 107° 5.67 x 107° 5.74 x 107>
arnA peptide antibiotic target alteration 4.03 x 107° 3.20 x 1072 3.12 x 1072
APH3-Vla  aminoglycoside  antibiotic inactivation 3.80 x 1075 2.05 x 1075 2.26 x 1075
Erm43 Multidrug antibiotic target alteration 2.01 x 1072 142 x 107° 2.80 x 1072
FosB fosfomycin antibiotic inactivation 3.83 x 10~° 2.02 x 107> 469 x 107
MexS Multidrug antibiotic efflux 6.48 x 107° 2.00 x 107> 452 x107°
ErmD Multidrug antibiotic target alteration 1.66 x 107° 6.00 x 107° 9.15 x 107°
fusD fusidic acid antibiotic inactivation 1.39 x 107° 1.51 x 107° 427 x 107°
OXA-50 Multidrug antibiotic inactivation 1.50 x 107° 1.33 x 107° 6.17 x 107°
mdsC Multidrug antibiotic efflux 2.09 x 10~ 1.30 x 10~ 7.23 x 1070
MexB Multidrug antibiotic efflux 3.21 x 107° 1.29 x 107 2.87 x 107°
OXA-388 Multidrug antibiotic inactivation 1.28 x 107° 1.16 x 107° 1.00 x 107°
OXA-351 Multidrug antibiotic inactivation 3.55 x 107° 1.11 x 1072 9.50 x 107

resistance-nodulation-cell
MexW Multidrug division (RND) antibiotic 424 x 107 9.82 x 107 6.88 x 10797
efflux pump

ImrC lincosamide antibiotic efflux 9.78 x 107° 2.23 x 107° 1.39 x 107°
tetS tetracycline antibiotic target protection 7.24 x 107° 9.75 x 107° 1.94 x 107°
APH3-VI aminoglycoside  antibiotic inactivation 8.98 x 107° 7.35 x 107° 6.19 x 107°
ImrD lincosamide antibiotic efflux 8.87 x 107° 1.96 x 107° 1.27 x 107°

3.4. Correlation of ARGs and Their Potential Hosts

To confirm and compare the microbial origin of ARGs with the total microbial genes,
the ARGs and total microbial genes were assigned to different taxa using resistance gene
identifier (RGI) in CARD Resistance Database. The species attribution analysis of resistance
genes was conducted (File 52). Taxonomic annotation revealed that most of the dominant
species that matched with ARGs were assigned to Pseudomonas (P. fluorescens, P. taetrolens
and P. fragi), Serratia (Serratia sp. Leaf51), Erwinia (E. amylovora, E. pesicina), Stenotrophomonas
(S. maltophilia), Rahnelln and some LABs, such as Leuconostoc (L. gelidum, L. carnosum),
Lactobacillus (Lactobacillus versmoldensis and Lactobacillus sakei), Lactococcus (Lactococcus
lactis) and Weissella (W. soli). The majority of the ARG-carrying species belonged to the
Pseudomonas genus. They are common inhabitants in fermented vegetables due to the cold
storage and their flexibility in nutritional requirements, which makes suancai a suitable
substrate for them to grow.

Figure 8 shows the taxonomic attribution results at phylum level. In sample A, the
distribution of ARGs and total microbial genes at the phylum level was 67% and 84% for
Proteobacteria, 15% and 10% for Firmicutes, respectively (Figure 8a). In sample B, the
assignment of ARGs and total microbial genes at the phylum level was 65% and 72% for
Proteobacteria, 16% and 19% for Firmicutes (Figure 8b). In sample C, the distribution of
ARGs and total microbial genes at the phylum level was 66% and 80% for Proteobacteria
and 14% and 9% for Firmicutes (Figure 8c). According to the findings, the majority of ARGs
in homemade northeast suancai are found in Proteobacteria and Firmicutes. Somewhat
differently, a previous study characterized the profiles of ARGs in ready-to-eat vegetables
showed that the phylum-level assignment of ARGs and total microbial genes was 62% and
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39% for Proteobacteria, 17% and 31% for Firmicutes respectively [14]. Its result showed that
compared to other genes, ARGs were more likely to be found in Proteobacteria. However,
in our homemade suancai, ARGs were more prone to exist in Firmicutes. The reason
might be that most industrial ready-to-eat vegetable foods were produced by using starter
cultures to initiate the fermentation, which probably contributes to their reduced diversity
compared to spontaneous fermented foods [51]. This is unsurprising, given that homemade
spontaneous fermented suancai has not been sterilized or treated with food additives that
kill pathogenic as well as health-promoting /probiotic organisms. Furthermore, because
homemade raw suancai is more vulnerable to environment and contamination during
handling, its bacterial diversity is likely to be higher. This is in line with previous research
which demonstrated ARGs varied across food substrate and between starter-type and
spontaneous fermentations [51].

Haemophilus_influenzae PBP3
mphE
APH3-Via

MexT

Figure 7. Heatmap of variations of ARGs based on relative abundance across three samples. The top
30 ARGs are shown. The right vertical axis is the ARG name, the clustering tree on the left vertical
axis is the clustering tree of ARG, and the corresponding value of the heatmap is the Z value of the
relative abundance of each row of ARG after normalized processing.
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Figure 8. Comparison between the distribution of the ARGs (internal cycle) and the total microbial
gene set (external cycle) at bacterial phylum level.

In our study, APH3-VIa and APH3-VI belonging to the APH gene family originated
from Gammaproteobacteria (including Yersiniaceae and Pseudomonadales). The presence
of APH3-Via and APH3-VI in fermented suancai is consciously worrying as aminoglycoside
3'-phosphotransferases can mediate high-level resistance against a few aminoglycosides.
These genes could be carried on plasmids or encoded on chromosomes; APH3 is the
latter, but a transposon-mediated mechanism for spreading resistance genes has been
proposed [52,53]. Because the gene had previously only been described in P. aeruginosa,
and was recently reported to have allegedly originated from L. mesenteroides in yogurt,
the pathways of resistance gene transfer associated with this gene should be evaluated
further. The result shows that the abundance of APH3-Via and APH3-VI is highest in
sample A. This phenomenon, together with no additives during traditional household
suancai fermentation, raises the suspicion that the source of the APH may be a direct
result of raw materials. With regard to the analytical data obtained in this study, some
of the recognized ARG hosts were reported previously. For example, the resistance gene
MexVW is commonly carried by Pseudomonas [54], and the resistance gene emrD has been
determined in Enterobacter [55]. In our species attribution results, gene adeF, whose CARD
ontology classifies it as a gene conferring resistance to tetracycline and fluoroquinolone
antibiotics, is only attributed to phylum Proteobacteria (class Gammaproteobacteria). Gene
OXA-141, as a broad spectrum (-lactamase previously detected in P. aeruginosa, is also
only attributed to phylum Proteobacteria (class Gammaproteobacteria). Gene [nuA, a gene
conferring resistance to lincomycin antibiotic, mapped to phylum Firmicutes (class Bacilli).
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3.5. Resistance Mechanisms

The percentage of resistance mechanisms was calculated for each sample based on
the ARG abundances. In our suancai samples, the most dominant mechanism of detected
ARGs was the antibiotic efflux, which included 36 genes, followed by antibiotic inactivation,
which included 30 genes. The remaining resistance mechanisms, such as antibiotic target

alteration and antibiotic target protection, only included 17 genes. Because results at lower
taxonomic levels lack reliability, visual results for resistance mechanisms of microbiome are
presented only at the phylum level (Figure 9). The result shows the ARGs of antibiotic efflux
mechanism are mostly Proteobacteria. The resistance mechanisms of ARGs in Firmicutes
are mostly antibiotic inactivation, followed by antibiotic efflux. Notably, the ARGs involve
both antibiotic target alteration and antibiotic efflux mechanism found is only in P. syringae
at the species level (Table S2), which is known as a plant pathogen. The ARGs mechanism

of antibiotic target protection only involves tetracycline (tetS, tetL, tet32) resistance genes,
and is only detectable in Pseudomonas and Weissella at genus level.
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Figure 9. Distributions of ARG types in the microbial phyla. Details are shown in Table S2.

Compared with previous studies on kefir strains and yogurt products, the only mech-
anism discovered was antibiotic target protection. In one yogurt grain sample, antibiotic
target alteration, antibiotic target replacement (51.28%) and antibiotic target protection
(48.72%) are probable resistance mechanisms [56]. The mechanism differs markedly across
fermented vegetables and dairy products. Microbial diversity and functional changes
(e.g., AR) are driven by fermentation substrates in fermented foods, and the raw material

has a significant influence on the resistance mechanisms of the microbiome in fermented



Genes 2022,13,773

12 0f 15

foods. Compared to other fermented products, household fermented vegetables with more
abundant microbes require more attention on resistance mechanisms of antibiotic efflux.

Metagenomics analyses in the study depend on shotgun DNA sequencing and cannot
yet be directly linked to the phenotypes of antimicrobial resistance, especially those origi-
nating from dead bacteria. Nevertheless, published studies show that naturally competent
bacteria can take up DNA released by dead microorganisms [57], implying their poten-
tial contribution to the transmission of ARGs. In terms of food security, quality control
for microbial species with abundant and diverse ARGs is essential for minimizing the
risk of ARGs incorporation during the consumption of traditional suancai. The findings
of resistance mechanisms will serve as a guide for further control measures for specific
microbial species.

4. Conclusions

In this study, a metagenome sequencing method was used to investigate the metage-
nomics of suancai, a traditional fermented food in the northeast of China. KEGG-based and
eggNOG-based analysis results revealed a significant potential for carbohydrate transport
and metabolism and amino acid metabolism. The species encoded kinds of CAZymes,
notably GHs and GTs, implying their potential activities in carbohydrate metabolism. Phy-
logenetic analysis of CAZyme encoding contigs showed that a large proportion of CAZymes
was contributed by bacteria belonging to order Pseudomonadales, Enterobacterales, Lacto-
bacillales and Sphingobacteriales. GH70 enzymes were present in L. mesenteroides, L. fallax,
L. citreum, L. gelidum and L. carnosum. Taken together, 8796 putative CAZymes were dis-
covered in the metagenomic data providing a thorough understanding of the presence of
diverse CAZymes in microbial species of suancai.

Although ARGs have been found in a variety of environments, little is known about
their distribution and phylogenetic information in fermented foods. The alignment results
against the CARD database showed the existence of Pseudomonas as the most abundant
Gram-negative genus in fermented suancai bearing ARGs. Most ARGs exist in Proteobacte-
ria and Firmicutes. The most predominant ARG category is multidrug-resistant genes. The
four, mainly microbial, resistance mechanisms in suancai samples are antibiotic efflux, fol-
lowed by antibiotic inactivation, antibiotic target alteration and antibiotic target protection.
Therefore, it would be necessary to discreetly monitor the microbial subpopulation that
holds ARGs and to optimize the sanitation conditions in suancai production processes to
reduce the risk of drug-resistant genes transfer and develop effective strategies to control
AR. This study revealed a wealth of information about carbohydrate-active enzymes and
antibiotic resistance genes in suancai. The knowledge presented here will provide signifi-
cant opportunities for improving suancai production and harnessing the health-promoting
potential in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13050773/s1, Figure S1: Statistical map drawn from uni-
genes annotation results indicated substantial representation of carbohydrate metabolism in the
metagenomes; Figure S2: The cluster tree of CAZy family genes based on Bray—Cutis distance;
Table S1: Percentage abundance of annotated ARGs in three samples; Table S2: Profile of resistance
mechanism and taxonomic distribution of ARGs. File S1: Taxonomic Attribution Information of
All Annotated CAZymes in the Metagenomes. File S2: Taxonomic Attribution Information of All
Annotated ARGs in the Metagenomes.

Author Contributions: Conceptualization and methodology, Q.S.; software and validation, BW.;
resources and data curation, Y.H. and Q.S.; writing—original draft preparation, Q.S; writing—review
and editing, Z.Z.; funding acquisition, Z.Z. and Y.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Key Technology R&D Program of Tianjin, grant number
19YFZCSN00100.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/genes13050773/s1
https://www.mdpi.com/article/10.3390/genes13050773/s1

Genes 2022, 13,773 13 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The metagenomics sequences in this study were deposited in the SRA
database in NCBI under the accession number SAMN16414836.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Selhub, E.M.; Logan, A.C.; Bested, A.C. Fermented foods, microbiota, and mental health: Ancient practice meets nutritional
psychiatry. J. Physiol. Anthropol. 2014, 33, 2. [CrossRef] [PubMed]

Rollan, G.C.; Gerez, C.L.; LeBlanc, J.G. Lactic Fermentation as a Strategy to Improve the Nutritional and Functional Values of
Pseudocereals. Front. Nutr. 2019, 6, 98. [CrossRef] [PubMed]

Fonseca, S.; Cachaldora, A.; Gomez, M.; Franco, I.; Carballo, ]. Monitoring the bacterial population dynamics during the ripening
of Galician chorizo, a traditional dry fermented Spanish sausage. Food Microbiol. 2013, 33, 77-84. [CrossRef] [PubMed]
Comunian, R.; Daga, E.; Dupre, I.; Paba, A.; Devirgiliis, C.; Piccioni, V.; Perozzi, G.; Zonenschain, D.; Rebecchi, A.; Morelli, L.; et al.
Susceptibility to tetracycline and erythromycin of Lactobacillus paracasei strains isolated from traditional Italian fermented foods.
Int. ]. Food Microbiol. 2010, 138, 151-156. [CrossRef]

Niccum, B.A.; Kastman, E.K.; Kfoury, N.; Robbat, A., Jr.; Wolfe, B.E. Strain-Level Diversity Impacts Cheese Rind Microbiome
Assembly and Function. Msystems 2020, 5, e00149-20. [CrossRef] [PubMed]

Walsh, A.M.; Macori, G.; Kilcawley, K.N.; Cotter, P.D. Meta-analysis of cheese microbiomes highlights contributions to multiple
aspects of quality. Nat. Food 2020, 1, 500-510. [CrossRef]

Lopez-Lopez, O.; Cerdan, M.E.; Gonzalez-Siso, M.1. Hot spring metagenomics. Life 2013, 3, 308-320. [CrossRef] [PubMed]
Amoutzias, G.D.; Chaliotis, A.; Mossialos, D. Discovery Strategies of Bioactive Compounds Synthesized by Nonribosomal
Peptide Synthetases and Type-I Polyketide Synthases Derived from Marine Microbiomes. Mar. Drugs 2016, 14, 80. [CrossRef]
[PubMed]

Guo, S.; Tay, M.Y.E; Aung, K.T.; Seow, K.L.G.; Ng, L.C.; Purbojati, R.W.; Drautz-Moses, D.I; Schuster, S.C.; Schlundyt, J. Phenotypic
and genotypic characterization of antimicrobial resistant Escherichia coli isolated from ready-to-eat food in Singapore using disk
diffusion, broth microdilution and whole genome sequencing methods. Food Control 2019, 99, 89-97. [CrossRef]

Li, B,; Yang, Y.; Ma, L.; Ju, F; Guo, F; Tiedje, ] M.; Zhang, T. Metagenomic and network analysis reveal wide distribution and
co-occurrence of environmental antibiotic resistance genes. Isme J. 2015, 9, 2490-2502. [CrossRef] [PubMed]

Sanderson, H.; Fricker, C.; Brown, R.S.; Majury, A.; Liss, S.N. Antibiotic resistance genes as an emerging environmental
contaminant. Environ. Rev. 2016, 24, 205-218. [CrossRef]

Li, L.-G,; Xia, Y.; Zhang, T. Co-occurrence of antibiotic and metal resistance genes revealed in complete genome collection. Isme J.
2017, 11, 651-662. [CrossRef] [PubMed]

Kirbis, A.; Krizman, M. Spread of Antibiotic Resistant Bacteria from Food of Animal Origin to Humans and vice Versa. In
Proceedings of the 58th International Meat Industry Conference (MeatCon), Belgrade, Serbia, 4-7 October 2015; pp. 148-151.
Li, Y.;; Cao, W,; Liang, S.; Yamasaki, S.; Chen, X.; Shi, L.; Ye, L. Metagenomic characterization of bacterial community and antibiotic
resistance genes in representative ready-to-eat food in southern China. Sci. Rep. 2020, 10, 15175. [CrossRef] [PubMed]

Founou, L.L.; Founou, R.C.; Essack, S.Y. Antibiotic Resistance in the Food Chain: A Developing Country-Perspective. Front.
Microbiol. 2016, 7, 1881. [CrossRef] [PubMed]

Rolain, J.-M. Food and human gut as reservoirs of transferable antibiotic resistance encoding genes. Front. Microbiol. 2013, 4, 173.
[CrossRef] [PubMed]

Tan, G.; Hu, M,; Li, X;; Pan, Z,; Li, M,; Li, L.; Zheng, Z.; Yang, M. Metagenomics reveals the diversity and taxonomy of antibiotic
resistance genes in sufu bacterial communities. Food Control 2021, 121, 107641. [CrossRef]

Abriouel, H.; Knapp, C.; Gdlvez, A.; Benomar, N. Antibiotic resistance profile of microbes from traditional fermented foods. In
Fermented Foods in Health and disease Prevention; Elsevier: Amsterdam, The Netherlands, 2017; pp. 675-704.

Martinez, J.; Coque, T.M.; Baquero, F. What is a resistance gene? Ranking risk in resistomes. Nat. Rev. Microbiol. 2015, 13, 116-123.
[CrossRef] [PubMed]

Capita, R.; Alonso-Calleja, C. Antibiotic-Resistant Bacteria: A Challenge for the Food Industry. Crit. Rev. Food Sci. Nutr. 2013, 53,
11-48. [CrossRef]

Aarts, H.; Margolles, A. Antibiotic resistance genes in food and gut (non-pathogenic) bacteria. Bad genes in good bugs. Front.
Microbiol. 2015, 5, 754. [CrossRef] [PubMed]

van Hoek, A.H.A.M.; Mevius, D.; Guerra, B.; Mullany, P.; Roberts, A.P.; Aarts, H.].M. Acquired antibiotic resistance genes: An
overview. Front. Microbiol. 2011, 2, 203. [CrossRef] [PubMed]

Wang, H.H.; Manuzon, M.; Lehman, M.; Wan, K.; Luo, H.L.; Wittum, T.E.; Yousef, A.; Bakaletz, L.O. Food commensal microbes as
a potentially important avenue in transmitting antibiotic resistance genes. FEMS Microbiol. Lett. 2006, 254, 226-231. [CrossRef]
Doster, E.; Thomas, K.M.; Weinroth, M.D.; Parker, ] K.; Crone, K.K.; Arthur, TM.; Schmidt, ].W.; Wheeler, T.L.; Belk, K.E.; Morley,
P.S. Metagenomic Characterization of the Microbiome and Resistome of Retail Ground Beef Products. Front. Microbiol. 2020,
11, 541972. [CrossRef]


http://doi.org/10.1186/1880-6805-33-2
http://www.ncbi.nlm.nih.gov/pubmed/24422720
http://doi.org/10.3389/fnut.2019.00098
http://www.ncbi.nlm.nih.gov/pubmed/31334241
http://doi.org/10.1016/j.fm.2012.08.015
http://www.ncbi.nlm.nih.gov/pubmed/23122504
http://doi.org/10.1016/j.ijfoodmicro.2009.11.018
http://doi.org/10.1128/mSystems.00149-20
http://www.ncbi.nlm.nih.gov/pubmed/32546667
http://doi.org/10.1038/s43016-020-0129-3
http://doi.org/10.3390/life3020308
http://www.ncbi.nlm.nih.gov/pubmed/25369743
http://doi.org/10.3390/md14040080
http://www.ncbi.nlm.nih.gov/pubmed/27092515
http://doi.org/10.1016/j.foodcont.2018.12.043
http://doi.org/10.1038/ismej.2015.59
http://www.ncbi.nlm.nih.gov/pubmed/25918831
http://doi.org/10.1139/er-2015-0069
http://doi.org/10.1038/ismej.2016.155
http://www.ncbi.nlm.nih.gov/pubmed/27959344
http://doi.org/10.1038/s41598-020-72620-4
http://www.ncbi.nlm.nih.gov/pubmed/33093543
http://doi.org/10.3389/fmicb.2016.01881
http://www.ncbi.nlm.nih.gov/pubmed/27933044
http://doi.org/10.3389/fmicb.2013.00173
http://www.ncbi.nlm.nih.gov/pubmed/23805136
http://doi.org/10.1016/j.foodcont.2020.107641
http://doi.org/10.1038/nrmicro3399
http://www.ncbi.nlm.nih.gov/pubmed/25534811
http://doi.org/10.1080/10408398.2010.519837
http://doi.org/10.3389/fmicb.2014.00754
http://www.ncbi.nlm.nih.gov/pubmed/25620961
http://doi.org/10.3389/fmicb.2011.00203
http://www.ncbi.nlm.nih.gov/pubmed/22046172
http://doi.org/10.1111/j.1574-6968.2005.00030.x
http://doi.org/10.3389/fmicb.2020.541972

Genes 2022, 13,773 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhao, S.; Blickenstaff, K.; Bodeis-Jones, S.; Gaines, S.A.; Tong, E.; McDermott, PF. Comparison of the Prevalences and Antimicrobial
Resistances of Escherichia coli Isolates from Different Retail Meats in the United States, 2002 to 2008. Appl. Environ. Microbiol. 2012,
78,1701-1707. [CrossRef] [PubMed]

Xiong, L.; Sun, Y.; Shi, L.; Yan, H. Characterization of antimicrobial resistance genes and class 1 integrase gene in raw meat and
aquatic product, fresh vegetable and fruit, and swine manure in southern China. Food Control 2019, 104, 240-246. [CrossRef]
Cao, Y.; Fanning, S.; Proos, S.; Jordan, K.; Srikumar, S. A Review on the Applications of Next Generation Sequencing Technologies
as Applied to Food-Related Microbiome Studies. Front. Microbiol. 2017, 8, 1829. [CrossRef] [PubMed]

Kanger, K.; Guilford, N.G.H.; Lee, H.; Nesbo, C.L.; Truu, J.; Edwards, E.A. Antibiotic resistome and microbial community
structure during anaerobic co-digestion of food waste, paper and cardboard. Fems Microbiol. Ecol. 2020, 96, fiaa006. [CrossRef]
Sommer, M.O.A.; Dantas, G.; Church, G.M. Functional Characterization of the Antibiotic Resistance Reservoir in the Human
Microflora. Science 2009, 325, 1128-1131. [CrossRef] [PubMed]

Bengtsson-Palme, ].; Kristiansson, E.; Larsson, D.G.]. Environmental factors influencing the development and spread of antibiotic
resistance. Fems Microbiol. Rev. 2018, 42, 68-80. [CrossRef] [PubMed]

Yasir, M.; Bibi, F.; Hashem, A.M.; Azhar, E.I. Comparative metagenomics and characterization of antimicrobial resistance genes in
pasteurized and homemade fermented Arabian laban. Food Res. Int. 2020, 137, 109639. [CrossRef]

Segata, N.; Waldron, L.; Ballarini, A.; Narasimhan, V.; Jousson, O.; Huttenhower, C. Metagenomic microbial community profiling
using unique clade-specific marker genes. Nat. Methods 2012, 9, 811-814. [CrossRef]

Song, Q.; Zhao, F.; Wang, B.; Han, Y.; Zhou, Z. Metagenomic insights into Chinese northeast suancai: Predominance and diversity
of genes associated with nitrogen metabolism in traditional household suancai fermentation. Food Res. Int. 2021, 139, 109924.
[CrossRef] [PubMed]

Luo, R.; Liu, B;; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2: An empirically improved
memory-efficient short-read de novo assembler (vol 1, 18, 2012). Gigascience 2015, 4, 2047-217X. [CrossRef] [PubMed]

Villar, E.; Farrant, G.K.; Follows, M.; Garczarek, L.; Speich, S.; Audic, S.; Bittner, L.; Blanke, B.; Brum, J.R.; Brunet, C; et al.
Environmental characteristics of Agulhas rings affect interocean plankton transport. Science 2015, 348, 1261447. [CrossRef]
[PubMed]

Cotillard, A.; Kennedy, S.P; Kong, L.C.; Prifti, E.; Pons, N.; Le Chatelier, E.; Almeida, M.; Quinquis, B.; Levenez, F,;
Galleron, N; et al. Dietary intervention impact on gut microbial gene richness. Nature 2013, 500, 585-588. [CrossRef]

Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.;
Kennedy, S.; et al. Richness of human gut microbiome correlates with metabolic markers. Nature 2013, 500, 541-546. [CrossRef]
Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59-60. [CrossRef]
Kanehisa, M.; Goto, S.; Hattori, M.; Aoki-Kinoshita, K.F; Itoh, M.; Kawashima, S.; Katayama, T.; Araki, M.; Hirakawa, M. From
genomics to chemical genomics: New developments in KEGG. Nucleic Acids Res. 2006, 34, D354-D357. [CrossRef]

Kanehisa, M.; Goto, S.; Sato, Y.; Kawashima, M.; Furumichi, M.; Tanabe, M. Data, information, knowledge and principle: Back to
metabolism in KEGG. Nucleic Acids Res. 2014, 42, D199-D205. [CrossRef]

Powell, S.; Forslund, K.; Szklarczyk, D.; Trachana, K.; Roth, A.; Huerta-Cepas, J.; Gabaldon, T.; Rattei, T.; Creevey, C.;
Kuhn, M,; et al. eggNOG v4.0: Nested orthology inference across 3686 organisms. Nucleic Acids Res. 2014, 42, D231-D239.
[CrossRef]

Cantarel, B.L.; Coutinho, PM.; Rancurel, C.; Bernard, T.; Lombard, V.; Henrissat, B. The Carbohydrate-Active EnZymes database
(CAZy): An expert resource for Glycogenomics. Nucleic Acids Res. 2009, 37, D233-D238. [CrossRef]

Feng, Q.; Liang, S.; Jia, H.; Stadlmayr, A.; Tang, L.; Lan, Z.; Zhang, D.; Xia, H.; Xu, X; Jie, Z.; et al. Gut microbiome development
along the colorectal adenoma-carcinoma sequence. Nat. Commun. 2015, 6, 6528. [CrossRef] [PubMed]

Li, J.; Jia, H; Cai, X.; Zhong, H.; Feng, Q.; Sunagawa, S.; Arumugam, M.; Kultima, ].R.; Prifti, E.; Nielsen, T.; et al. An integrated
catalog of reference genes in the human gut microbiome. Nat. Biotechnol. 2014, 32, 834-841. [CrossRef] [PubMed]

McArthur, A.G.; Waglechner, N.; Nizam, F; Yan, A.; Azad, M.A.; Baylay, A.J.; Bhullar, K.; Canova, M.J.; De Pascale,
G.; Ejim, L.; et al. The Comprehensive Antibiotic Resistance Database. Antimicrob. Agents Chemother. 2013, 57, 3348-3357.
[CrossRef] [PubMed]

Bray, ].R.; Curtis, ].T. An Ordination of the Upland Forest Communities of Southern Wisconsin. Ecol. Monogr. 1957, 27, 326-349.
[CrossRef]

Schmid, J.; Heider, D.; Wendel, N.J.; Sperl, N.; Sieber, V. Bacterial Glycosyltransferases: Challenges and Opportunities of a Highly
Diverse Enzyme Class Toward Tailoring Natural Products. Front. Microbiol. 2016, 7, 182. [CrossRef] [PubMed]

Svartstrom, O.; Alneberg, J.; Terrapon, N.; Lombard, V.; de Bruijn, I.; Malmsten, J.; Dalin, A.-M.; El Muller, E.; Shah, P;
Wilmes, P; et al. Ninety-nine de novo assembled genomes from the moose (Alces alces) rumen microbiome provide new insights
into microbial plant biomass degradation. Isme J. 2017, 11, 2538-2551. [CrossRef] [PubMed]

Viridiana, C.R.; Lidia, D.A.; Audry, PL.; Humberto, H.S. Lactic Acid Bacteria Isolated from Vegetable Fermentations: Probiotic
Characteristics; Elsevier: Amsterdam, The Netherlands, 2018.

Pan, L.; Han, Y.; Zhou, Z. In vitro prebiotic activities of exopolysaccharide from Leuconostoc pseudomesenteroides XG5 and its
effect on the gut microbiota of mice. J. Funct. Foods 2020, 67, 103853. [CrossRef]


http://doi.org/10.1128/AEM.07522-11
http://www.ncbi.nlm.nih.gov/pubmed/22247155
http://doi.org/10.1016/j.foodcont.2019.05.004
http://doi.org/10.3389/fmicb.2017.01829
http://www.ncbi.nlm.nih.gov/pubmed/29033905
http://doi.org/10.1093/femsec/fiaa006
http://doi.org/10.1126/science.1176950
http://www.ncbi.nlm.nih.gov/pubmed/19713526
http://doi.org/10.1093/femsre/fux053
http://www.ncbi.nlm.nih.gov/pubmed/29069382
http://doi.org/10.1016/j.foodres.2020.109639
http://doi.org/10.1038/nmeth.2066
http://doi.org/10.1016/j.foodres.2020.109924
http://www.ncbi.nlm.nih.gov/pubmed/33509491
http://doi.org/10.1186/s13742-015-0069-2
http://www.ncbi.nlm.nih.gov/pubmed/26161257
http://doi.org/10.1126/science.1261447
http://www.ncbi.nlm.nih.gov/pubmed/25999514
http://doi.org/10.1038/nature12480
http://doi.org/10.1038/nature12506
http://doi.org/10.1038/nmeth.3176
http://doi.org/10.1093/nar/gkj102
http://doi.org/10.1093/nar/gkt1076
http://doi.org/10.1093/nar/gkt1253
http://doi.org/10.1093/nar/gkn663
http://doi.org/10.1038/ncomms7528
http://www.ncbi.nlm.nih.gov/pubmed/25758642
http://doi.org/10.1038/nbt.2942
http://www.ncbi.nlm.nih.gov/pubmed/24997786
http://doi.org/10.1128/AAC.00419-13
http://www.ncbi.nlm.nih.gov/pubmed/23650175
http://doi.org/10.2307/1942268
http://doi.org/10.3389/fmicb.2016.00182
http://www.ncbi.nlm.nih.gov/pubmed/26925049
http://doi.org/10.1038/ismej.2017.108
http://www.ncbi.nlm.nih.gov/pubmed/28731473
http://doi.org/10.1016/j.jff.2020.103853

Genes 2022, 13,773 15 of 15

51.

52.

53.

54.

55.

56.

57.

Leech, J.; Cabrera-Rubio, R.; Walsh, A.M.; Macori, G.; Walsh, C.J.; Barton, W.; Finnegan, L.; Crispie, F; O’Sullivan, O;
Claesson, M.J; et al. Fermented-Food Metagenomics Reveals Substrate-Associated Differences in Taxonomy and Health-
Associated and Antibiotic Resistance Determinants. Msystems 2020, 5, e00522-20. [CrossRef] [PubMed]

Hachler, H.; Santanam, P; Kayser, F.H. Sequence and characterization of a novel chromosomal aminoglycoside phosphotransferase
gene, aph (3')-IIb, in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 1996, 40, 1254-1256. [CrossRef] [PubMed]

Zeng, L.; Jin, S.G. aph(3 *)-IIb, a gene encoding an aminoglycoside-modifying enzyme, is under the positive control of surrogate
regulator HpaA. Antimicrob. Agents Chemother. 2003, 47, 3867-3876. [CrossRef] [PubMed]

Li, Y.; Mima, T.; Komori, Y.; Morita, Y.; Kuroda, T.; Mizushima, T.; Tsuchiya, T. A new member of the tripartite multidrug efflux
pumps, MexVW-OprM, in Pseudomonas aeruginosa. J. Antimicrob. Chemother. 2003, 52, 572-575. [CrossRef] [PubMed]

Alfaresi, M. Whole Genome Sequencing of Klebsiella pneumoniae Strain Unravels a New Model for the Development of Extensive
Drug Resistance in Enterobacteriaceae. Open Microbiol. |. 2018, 12, 195-199. [CrossRef] [PubMed]

Toth, A.G.; Csabai, I.; Maroti, G.; Jerzsele, A.; Dubecz, A.; Patai, A.V.; Judge, M.E; Nagy, S.A.; Makrai, L.; Banyai, K.; et al. A
glimpse of antimicrobial resistance gene diversity in kefir and yoghurt. Sci. Rep. 2020, 10, 22458. [CrossRef] [PubMed]
Blokesch, M. Natural competence for transformation. Curr. Biol. 2016, 26, R1126-R1130. [CrossRef]


http://doi.org/10.1128/mSystems.00522-20
http://www.ncbi.nlm.nih.gov/pubmed/33172966
http://doi.org/10.1128/AAC.40.5.1254
http://www.ncbi.nlm.nih.gov/pubmed/8723476
http://doi.org/10.1128/AAC.47.12.3867-3876.2003
http://www.ncbi.nlm.nih.gov/pubmed/14638496
http://doi.org/10.1093/jac/dkg390
http://www.ncbi.nlm.nih.gov/pubmed/12951344
http://doi.org/10.2174/1874285801812010195
http://www.ncbi.nlm.nih.gov/pubmed/30069258
http://doi.org/10.1038/s41598-020-80444-5
http://www.ncbi.nlm.nih.gov/pubmed/33384459
http://doi.org/10.1016/j.cub.2016.08.058

	Introduction 
	Materials and Methods 
	Sample Collection and Sequencing 
	Metagenome Assembly and Taxonomic Assignment 
	Functional Annotation 
	ARGs Identification 
	Statistical Analysis 

	Results and Discussion 
	Metagenomic Assembly Revealed CAZymes 
	Phylogenetic Distribution of CAZymes 
	Occurrence and Characteristics of ARGs during Suancai Fermentation 
	Correlation of ARGs and Their Potential Hosts 
	Resistance Mechanisms 

	Conclusions 
	References

