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Abstract
The gut is a complex environment inhabited by a wide range of bacterial species. Lactobacillus species
constitute a signi�cant proportion of this environment, and, due to their mobile genetic elements such as
plasmids and transposons, are more likely to acquire and transfer antibiotic resistance genes through
horizontal gene transfer (HGT). The current study obtained and analyzed 321 genome assemblies to
determine the prevalence of intrinsic and acquired antibiotic resistance genes (ARGs) among
Lactobacillus species colonizing the human gastrointestinal tract. A total of four high-frequency
resistance genes were identi�ed, including dfra42 (42%), poxtA (17.4%), lmrB (12%), and BJP-1 (7.7%),
aside from dfra42, which is an intrinsic resistance gene, the other genes are acquired resistance genes.
PoxtA was found in several different species, mainly in L. paracasei, whereas BJP-1 and lmrB were only
found in one species, L. rhamnosus. IS5-like elements family transposase �anked 11% and 8% of
detected lmrB and BJP-1, respectively, while, a variety of insertion sequences surrounded 22% of
identi�ed poxtA. Furthermore, to the best of our knowledge, this is the �rst report of BJP-1 in lactobacilli
that would suggest it has transferred from soil microbiota to humans. According to the “One Health”
perspective, early detection of a new reservoir would control the global spread of the antibiotic-resistant
bacterial species between the three environments, which include humans, the environment, and animals.
Finally, the study's �ndings may then highlight the possibility of lactobacilli acquiring or transmitting
resistance to other species within or outside the human intestine.

Introduction
The human gut microbiota refers to the collection of microorganisms, including bacteria, viruses and
yeasts that reside in the gastrointestinal tract (GIT) [1] . The healthy intestinal microbiota consists of
several prominent bacterial phyla, including Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria,
Fusobacteria and Verrucomicrobia. While Bacteroidetes and Firmicutes phyla make up over 90% of the
intestinal microbiota community [2, 3] . Lactic acid bacteria (LAB) are a diverse group of bacterial genera
belonging to Firmicutes and Actinobacteria phyla which are composed mainly of lactobacilli, lactococci,
streptococci, enterococci, pediococci, and leuconostoc. These bacteria inhabit a variety of environments,
including the mucous surface of the human body (gastrointestinal, vaginal, oral and respiratory), plants,
dairy products and fermented food products. Lactobacillus genera which include in the Firmicutes phyla
colonize throughout the lumen and the mucosal surface of the human gastrointestinal tract, are critical to
the host due to health-promoting characteristics, including metabolism regulation, prevention of
infectious diseases and modulation of immune system responses [4, 5] . In addition, Lactobacillus
species are the most commonly used strains in the formulation of probiotics in preventing and treating a
wide range of physical and mental illnesses [6, 7] .

Numerous studies have shown that antibiotics can cause dysbiosis as a result of changes in the
composition and functional pro�le of the gut microbiota. Microbiota disturbance can cause several
events such as the selection of resistant bacteria that may appear as opportunistic pathogens, altered
abundance and diversity of certain species. These events can lead to infections or loss of bene�t-related
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characteristics and risk of recurrence or new infections due to newly colonized micro-organisms [8] .
Lactobacillus species which are considered as probiotic has Quali�ed Presumption of Safety (QPS)
status that is awarded by the European Food Safety Authority (EFSA) and are generally recognized as
safe (GRAS) status by the U.S. Food and Drug Administration (FDA) [9] .

The gut is a complex environment that is inhabited by a variety of microbiota species. Horizontal gene
transfer (HGT) between these remote microorganisms leads to the exchange of genetic material,
including antibiotic resistance genes (ARGs) [10] . Lactic acid bacteria particularly due to carrier mobile
genetic elements such as plasmids and transposons are more prone to acquire antibiotic resistance
genes by HGT among the other gut microbiota [11] . Although the intrinsic resistance to antibiotics that
contributes to the normal physiology of this type does not pose any safety concerns [12, 13] .

In this study, the 321 assemblies related to gut-derived lactobacilli were analyzed to reveal the acquisition
of the ARGs by horizontal gene exchange. Our results show the frequency of the intrinsic and acquired
ARGs among the Lactobacillus species colonizing the human gastrointestinal tract. These �ndings may
emphasize the potential for transferable resistance to other species within or outside the human intestine.

Materials And Methods
Data collection 

Genomic assembly �les related to the Lactobacilli were downloaded from the National Center for
Biotechnology Information (NCBI) public database. The keyword "Lactobacillus" was used to �nd the
relevant bacteria, which were then �ltered based on the isolation source to select data from human feces
or the human gut. Furthermore, relevant information (if any) such as geographic location, collection date,
strain name, and so on was extracted.

Identi�cation of Antibiotic Resistance Genes (ARGs)

Antibiotic resistance genes were predicted using the command line Resistance Gene Identi�er (RGI)
(5.2.0) to annotate genomic data with the Comprehensive Antibiotic Resistance Database (CARD) version
3.1.2; additionally, the tool was set up to predict only perfect and strict hits [14] . 

Screening for Mobile genetic elements (MGEs) �anking resistance genes

Mobile Element Finder (v1.0.3) was used to identify various types of MGEs including Miniature Inverted
Repeats (MITEs), Insertion sequences (ISs), composite transposons (ComTns), unit transposons (Tns),
Integrative Conjugative Elements (ICEs), Integrative Mobilizable Elements (IMEs) and Cis-Mobilizable
Elements (CIMEs) [15] .

Results
Diversity of bacterial species  
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We obtained 321 Lactobacilli assembly genomic sequences in total (Supplementary table 1). The
assembly level frequency of all data was listed in the following order: scaffold (50%), contig (37%),
complete sequence (12%), and chromosome (1%). The data from the assembly included thirty-nine
species and a category called other species. Lactobacillus plantarum, Lactobacillus rhamnosus,
Lactobacillus ruminis, Lactobacillus paracasei, and Lactobacillus fermentum were found to be more
common than the others. However, the analysis revealed that the number of ARGs carried by species has
no relationship with species frequency because non-frequent Lactobacillus species carry more ARGs
(Figure 1).

ARGs frequency in genomic assembly sequences

The RGI tool identi�ed 443 antibiotic resistance genes in all genomic sequences (Table 1). In total, sixty-
four resistance gene types from thirty-�ve antimicrobial resistance (AMR) gene families were discovered
(Supplementary �gure 1). Most of the genes had a frequency of less than 1% and were only found as a
single copy in one assembly sequence (Supplementary table 1). Seven genes including dfra42 (42%),
poxtA (17.4%), lmrB (12%), BJP-1 (7.7%), tetC (2%), tetW (1.4%) and aph(2'')-Ie (1.1%), had an abundance
greater than 1% among the genomic sequences belonging to the various AMR gene families (Table 1). In
total, we discovered sixteen types of resistance to a single antibiotic (Figure 2A) and four types of cross-
resistance to two, three, seven, eight, and fourteen antibiotics (Figure 2B).

ARGs diversity and abundance among Lactobacillus species

The correlation of the diversity and abundance of resistance genes among identi�ed species was
evaluated. Except for L. antri and L. iners, all of the species (40 in total) possessed a resistance gene
(Figure 3). L. rhamnosus, L. crispatus, and L. paracasei had the most ARGS diversity, with 12, 9, and 8
genes, respectively. Except for L. rhamnosus, L.paracasei, L. fermentum, L. ke�ri, L. mulieris, L.
acidophilus, and L. jensenii, Dfra42 was found in all antibiotic resistant Lactobacillus species. Although
nearly all of the species had at least one antibiotic resistance gene, the abundance of ARGS was not
distributed evenly among the species. As a result, some species, such as L. plantarum (dfra42), L.
rhamnosus (BJP-1 and lmrB), L. ruminis (dfra42), and L. paracasei (poxtA), had the highest proportion of
ARGs.

Antibiotic resistance to a single antibiotic drug class

There were 186 genes identi�ed as dfra42, which belong to the trimethoprim resistant dihydrofolate
reductase dfr family and cause resistance to the diaminopyrimidine (trimethoprim) drug class. The most
species that encode this resistance gene were L. plantarum and L. ruminis (Figure 3).

Four AMR gene families were discovered for the lincosamide class, with the lmrB gene of the ATP-binding
cassette (ABC) antibiotic e�ux pump being the most common type (16.5%). The other resistance genes
detected in one sequence �le were lincosamide nucleotidyltransferase (LNU) family members lnuA, lnuC,
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and lnuG. The ImrB gene was found only in L. rhamnosus, while the other genes were found in a variety
of species, including L. reuteri, L. johnsonii, and L. animalis.

Among the 321 Lactobacillus genomes, 35 genes were identi�ed as contributing to carbapenem
resistance, with the BJP-1 gene of the BJP beta-lactamase family found in 34 (10.5%) of the genomes
and the BKC-1 gene found in only one sequence. L. rhamnosus genomes carried the BJP-1 resistance
gene, while L. plantarum genomes carried the BKC-1 gene.

Tetracycline resistance genes were discovered in twenty genomes, including tetracycline-resistant
ribosomal protection family genes (tetW and tetM), major facilitator superfamily (MFS) antibiotic e�ux
pump family genes (tetC, tetK, and tet30), and tetracycline inactivation enzyme family gene (tet(x1)). The
most common gene found in 10 different Lactobacillus species was tetC. 

Eight aminoglycoside resistance genes (rmtC, aac(3)-Iie, ant(6)-Ia, aadS, aph(3')-Iva, aph(3')-VIIa, aph(2")-
Ie, ant(2")-Ia) were found in twelve genomic sequences. The APH(2") family (aph(2")-Ie gene) was found
in 5 genome sequences from L. paracasei and L. casei species and was more common than the other
genes.

In different Lactobacillus species, nine phenicol resistance sequences were found coding for
chloramphenicol acetyltransferase (CAT) family genes (catA8, catII, catBcl, catI), chloramphenicol
phosphotransferase family gene (cmlv), and major facilitator superfamily (MFS) antibiotic e�ux pump
genes (fexA and cmlA8).

Resistance to �uoroquinolones and peptides was found in four and three sequences, respectively. Two
AMR gene families, the tinidazole family (patB) and the quinolone resistance protein (qnr), were found to
be resistant to �uoroquinolones (qnrB19). Resistance to peptide antibiotics was contributed by three gene
families: pmr phosphoethanolamine transferase (eptA), undecaprenyl pyrophosphate related proteins
(bacA), and defensin resistant mprF (mprf).

There was also a low frequency of resistance (≤0.5%) to other antibiotic classes such as macrolide,
mupirocin, aminocoumarin, nitroimidazole, cephamycin, glycopeptide, streptogramin, and nucleoside
(Table 1).

Antibiotic resistance to two or more antibiotic drug classes

Overall, four types of cross-resistance to two, three, seven, eight, and fourteen antibiotics were identi�ed,
with cross-resistance to seven drugs with 83 genomes out of 321 being the most common (Table 1).
Resistance to two antibiotics was identi�ed in �ve genomes, with the myrA gene from the non-erm 23S
ribosomal RNA methyltransferase (G748) gene family contributing to resistance simultaneously to
lincosamide antibiotic and macrolide antibiotic. The other types were resistance-nodulation-cell division
(RND) antibiotic e�ux pump and multi-drug and toxic compound extrusion (MATE). The three AMR gene
families were linked to cross-resistance to three drug classes, including the beta-lactamase gene family,
which conferred resistance to penam, cephalosporin, and carbapenem antibiotics, the Erm 23S ribosomal
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RNA methyltransferase gene family, which conferred resistance to streptogramin, macrolide, and
lincosamide antibiotics, and a major facilitator superfamily (MFS) antibiotic e�ux pump, which was
discovered in a single genome sequence. The ABC-F ATP-binding cassette ribosomal protection protein
family (poxtA, lsaB, and tvaA genes) was found to be responsible for resistance to seven drugs, including
phenicol, macrolide, streptogramin, oxazolidinone, tetracycline, pleuromutilin, and lincosamide. The PoxtA
gene in this family was found in 77 genomes and was the most common gene that conferred cross-
resistance. Cross-resistance to eight and fourteen drugs is conferred by the acrR and nalD genes, which
are members of the resistance-nodulation-cell division (RND) antibiotic e�ux pump family.

MGEs �anking lmrB, BJP-1 and PoxtA resistance genes

The most ARGs found in Lactobacillus species were lmrB, BJP-1, and PoxtA. The genomic sequences
containing these genes, including contigs, scaffolds, chromosomes, and the entire genome, were
screened to identify integrated mobile genetic elements (Supplementary table 2). The mobile elements
that adjust near the resistance gene were then considered to be involved in ARG mobilization. Six of the
�fty-�ve genomic sequences containing lmrB were linked to IS5-like elements family transposase (ISLrh2
and ISLrh4) (Supplementary �gure 2). In three sequences, BJP-1 was related to the IS5-like elements
ISLrh2 family transposase (Supplementary �gure 3). In seventeen genomic sequences, PoxtA was
surrounded by insertion sequence. In the upstream and downstream of the poxtA gene, nine different
types of ISs combinations were observed (Supplementary �gure 4).

Discussion
In this study, Lactobacillus species carried ARGs for a variety of antibiotic classes, though resistance
genes were not distributed evenly among species. Any surveillance of gut bacterial populations must take
into account the distinction between resident and transient bacterial species. In comparison to transient
bacteria, resident members have the ability to attach and colonize intestinal tissue and have a signi�cant
impact on the host's health status. However, the transient inhabitants would have an impact on the
resident members through the transmission of virulent factors such as antibiotic resistance genes, which
would change the characteristics of this community [16] . Horizontal transfer of ARGs to this permanent
community creates a resistance reservoir known as the resistome, which has a major effect on the
distribution of acquired mobile resistance genes to various environments, such as transferring these
genes to pathogenic bacteria in the GIT or other environments due to fecal contamination [17] . L.
plantarum, L. rhamnosus , L. brevis, L. acidophilus, L. casei, L. crispatus, L. delbrueckii, L. fermentum, L.
fructivorans, L. gasseri, L. paracasei, L. ruminis, L. sakei, L. salivarius, L. vaginalis are the permanent
residence of human GIT [18] . The most common species in the current study were Lactobacillus
plantarum, Lactobacillus rhamnosus, Lactobacillus ruminis, Lactobacillus paracasei, and Lactobacillus
fermentum, all of which are classi�ed as resident microbiota except for Lactobacillus
paracasei. Although the diversity of the carried genes was not high in each species, these species had a
high abundance of resistance gene determinants. 
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The majority of studies revealed that Lactobacillus species are generally susceptible to a variety of
antibiotic drug classes, including penicillin, chloramphenicol, tetracycline, quinupristin-dalfopristin,
macrolide (erythromycin antibiotic), lincosamide (clindamycin antibiotic), oxazolidinone (linezolid
antibiotic), and rifampicin [19–21] . Antibiotic resistance in this group of bacteria is classi�ed as intrinsic
and acquired as a result of their natural resistance to a wide range of antibiotics. Intrinsic resistance is
caused primarily by e�ux pumps, the absence of drug targets, antibiotic inactivation mechanisms, and
cell wall impermeability. Intrinsic resistance is innate and is unrelated to prior antibiotic exposure [22] .
Acquired resistance, on the other hand, is caused by chromosomal gene mutation or horizontal gene
transfer (HGT). Because HGT is the primary mode of resistance transmission, intrinsic and chromosomal
mutated genes are unlikely to be transferred to other bacteria [23, 24]  .

Most Lactobacillus species have been found to have high intrinsic resistance to the antibiotic
diaminopyrimidine (trimethoprim). Trimethoprim resistance is generally conferred by dfr-genes that
encode dihydrofolate reductase (DHFR) [25]  . Although in silico studies have reported dfr genes related to
trimethoprim resistance in lactobacilli, MIC reports have shown that trimethoprim resistance in
lactobacilli is related to the folate auxotrophy [26, 27] . In the current study, nearly 58 percent of the
assemblies were resistant to the diaminopyrimidine (trimethoprim) antibiotic via the dfrA42 gene,
indicating the complexity of this type of resistance and implying the possibility of additional mechanisms
for trimethoprim resistance in Lactobacillus species. L. johnsonii, L. acidophilus, L. salivarius, L. brevis, L.
casei, L. gasseri, L. rhamnosus, L. delbrueckii, L. fermentum, L. helveticus, L. plantarum, L. reuteri, L. sakei,
and L. crispatus were previously identi�ed as auxotrophic species [28] . In this study, the drfA42 gene was
found in twenty-nine species, which included all of the previously reported auxotrophic Lactobacilli except
L. acidophilus, L. rhamnosus, and L. fermentum. In addition, L. ruminis,  L. paragasseri, L. mucosae, L.
amylolyticus, L. amylovorus, L. hilgardii, L. hominis, L. saniviri, L. senioris, L. ultunensis, L. agilis, L.
animalis, L. buchneri, L. curvatus, L. gallinarum, L. murinus, L. parafarraginis and   Lactobacillus spp,
were identi�ed harboring dfrA42 gene. 

Lactobacillus species are also intrinsically resistant to quinolones and the majority of aminoglycoside
antibiotics [21, 29] . Aminoglycoside resistance was not prevalent in this study, although a variety of
resistance genes were identi�ed, their abundance was only around 1%. According to the �ndings of a
recent study, despite resistance to aminoglycosides, none of the related resistance genes were found [19] .
Several mechanisms are known to contributed to aminoglycoside resistance including the activity of
aminoglycoside modifying enzymes, increased e�ux and/or decreased permeability and target
modi�cation (30s ribosomal subunit) [30] . As a result, it is possible to conclude that high MIC values for
aminoglycoside antibiotics do not indicate the presence of well-characterized resistance genes.

Lincosamides inhibit protein synthesis by inhibiting peptidyltransferase on the 50S subunit of the
ribosome. There is cross resistance to lincosamide, macrolide and streptogramin B due to their same
mechanism of action [31] . In this study, two gene families were found to contribute to lincosamide drug
resistance: ATP-binding cassette (ABC) antibiotic e�ux pump (lmrB) and lincosamide
nucleotidyltransferase (lnuA, lnuC, lnuG). Furthermore, Erm 23S ribosomal RNA methyltransferase (ermB,
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ermT, ermA, ermY, erm46, and ermR) caused cross-resistance to lincosamide, streptogramin, and
macrolide antibiotics, while non-erm 23S ribosomal RNA methyltransferase (myrA) caused resistance to
both lincosamide and macrolide. lmrB was the most prevalent gene associated with lincosamide
resistance (17%) found in L. rhamnosus, with the others occurring at a frequency of around 1%. In
Streptomyces lincolnensis, lmrB is one of three resistance genes (lmrA, lmrB, and lmrC) that are
responsible for lincomycin biosynthesis [32] . In agreement, previous studies have reported the
lincosamide resistance associated with lmrB gene in lactobacilli, as well as erm and lnu genes related to
lincosamide resistance and/or cross-resistance with macrolide and streptogramin [33–35] . It has been
demonstrated that lmrB is located on a plasmid that contributes to bacteriocin production. Because
Lactobacilli are naturally susceptible to lincosamide, plasmids containing lmrB indicate that this acquired
resistance is being transmitted. Previously, it was discovered that L. gasseri UFVCC 1091 has a plasmid
pTRK1024 that contains the lmrB gene [36, 37] . ARGs were also studied on Lactobacillaceae-associated
plasmids, with the results showing that lmrB was present on plasmids derived from L. plantarum, L.
paraplantarum, L. buchneri, L. sakei, L. curvatus, and L. brevis [33] . In the study, the lmrB gene in L.
rhamnosus species was found in their genome mostly next to ISLrh2 and ISLrh4. Because these insertion
sequences are from L. rhamnosus, it is possible that lmrB transferred from a plasmid to the genome and
spread among L. rhamnosus strains [38] . 

Lactobacillus species are mostly susceptible to the carbapenem class of antibiotics; some genomic
studies show lactobacilli carrying carbapenem resistance genes; however, Lactobacillus phenotypic
resistance to this class of antibiotic has been published as case reports [39, 40] . BJP-1 is a new Subclass
B3 metallo-lactamase (MBL) that was discovered in Bradyrhizobium japonicum, a nitrogen-�xing bacteria
used in agriculture, whose genome was recently sequenced [41, 42] . BJP-1 is a chromosomally encoded
intrinsic MBLs that may not acquire through horizontal gene transfer [43, 44] . In this study, the BJP-1
gene was found in nearly 11% of the assemblies, implying that it was transferred from soil microbiota to
humans. Interestingly, all of the detected genes were carried by L. rhamnosus, which is, to the best of our
knowledge, the �rst report of BJP-1 in Lactobacillus species. According to the �ndings of a new study,
Firmicutes bacteria have the potential to be the future recipients of ARGs [45] . The genome of L.
rhamnosus contains a large number of insertion elements, which contribute to the organism's genomic
instability [46] . The presence of insertion elements in the vicinity of ARGs, on the other hand, could
potentially be the reason for the receipt and transfer of those resistance genes. As a result, L.
rhamnosus's high density IS elements establish it as a successful organism in receiving and transferring
ARGs to new bacterial families in the gut. The presence of the insertion sequence ISLrh2 upstream and
downstream of the BJP-1 in this study suggests the possibility of transmission to other bacterial families
in the gut. 

Tetracycline is a broad-spectrum antimicrobial drug class that is widely used in clinics to treat Gram-
positive and Gram-negative bacterial infections. Tetracycline resistance is mainly caused by three general
mechanisms: ribosomal protection, e�ux, and enzymatic inactivation [47] . The majority of these
resistance determinants were acquired by MGEs such as transposons and plasmids [48, 49] . The most
common tetracycline resistant genes found in this study were tetW and tetC, which were found in 6 and 9
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genomes, respectively. TetW has been repeatedly identi�ed as the most phenotypic and genotypic
tetracycline resistance gene in environmental, veterinary, and human microbiome samples [50–52] . A
variety of MGEs, including integrative conjugative transposons, have been reported to �ank this large-
sized gene (1.9 kb) [53, 54] . A recent in silico study reported a list of MGEs involved in the transposition of
the tetW gene in lactobacilli and bi�dobacteria [26] . The abundance of tetC, a tetracycline e�ux pump
gene, was higher in the current study than in the other tetracycline resistance genes. TetC was previously
discovered in a variety of gram-negative bacteria, mostly in plasmids [55] . PoxtA was also found in 24%
of the genomes and was linked to cross-resistance to multiple antibiotics, including tetracycline. PoxtA is
a transferable resistance gene that belongs to the ABC-F ATP-binding cassette ribosomal protection
protein family. This is a new resistance gene found in Methicillin-resistant Staphylococcus aureus
(MRSA) and Enterococcus that confers cross-resistance to oxazolidinone, phenicol, and tetracycline [56,
57] . Furthermore, this gene has been identi�ed in animal-derived samples, and analysis has revealed that
it is located in IS1216 elements [58]. Previous dairy product studies identi�ed the poxtA gene frequently in
Lactobacillus species, implying that the widespread use of phenicols and other related antibiotic agents
is the cause of the prevalence of this gene among lactobacilli [59, 60] . Numerous IS elements were found
upstream and downstream of the poxtA gene in this study, indicating the potential mobilization of this
gene among Lactobacillus species.

Lactobacillus species are generally susceptible to the phenicol drug class (chloramphenicol), although
some studies have reported lactobacilli resistance to this class of antibiotics [26, 27] . In this study, several
genes related to chloramphenicol resistance were discovered with less than 1% frequency, the majority of
which belonged to the chloramphenicol acetyltransferase (CAT) gene family.

Lactobacillus species are the most important component of the microbiome that promotes health
bene�ts. Antimicrobial resistance is also a signi�cant threat to human health. According to the �ndings
of this study, Lactobacillus could be regarded as a reservoir for the potential spread of acquired
resistance genes in the gut environment from commensal to pathogen bacteria.
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  AMR Gene Family Gene Gene
abundance(%)

%
Identity
of
Matching
Region

% Length
of
Reference
Sequence

Resistance to a
single drug
class

 

 

16S rRNA
methyltransferase (G1405)

rmtC 1(0.2) 100 14.59

AAC(3) aac(3)-
IIe

1(0.2) 100 18.18

ANT(6) aadS 1(0.2) 99.62 91.99

APH(3') aph(3')-
IVa

1(0.2) 100 16.03

APH(3') aph(3')-
VIIa

1(0.2) 100 20.4

APH(2'') aph(2'')-
Ie

5(1.1) 100 24.92

ANT(2'') ant(2'')-
Ia

1(0.2) 100 19.77

ATP-binding cassette
(ABC) antibiotic e�ux
pump

msbA 1(0.2) 100 13.23

Tinidazole patB 2(0.5) 100 7.99-
49.49

quinolone resistance
protein (qnr)

qnrB19 2(0.5) 100 105.61

ATP-binding cassette
(ABC) antibiotic e�ux
pump

macA 1(0.2) 100 7.91

macrolide esterase ere(D) 1(0.2) 95.34 100

ATP-binding cassette
(ABC) antibiotic e�ux
pump

lmrB 53(12) 100 12.79

lincosamide
nucleotidyltransferase
(LNU)

lnuA 1(0.2) 97.52 100

lincosamide
nucleotidyltransferase
(LNU)

lnuC 1(0.2) 98.17  

lincosamide
nucleotidyltransferase
(LNU)

lnuG 1(0.2) 100 100

BJP beta-lactamase BJP-1 34(7.7) 100 30.27-
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( )
31.29

BKC Beta-lactamase BKC-1 1(0.2) 100 11.82

CfxA beta-lactamase cfxA5 1(0.2) 100 31.78

antibiotic-resistant
isoleucyl-tRNA synthetase

iles 2(0.5) 100 2.89

pmr
phosphoethanolamine
transferase

eptA 1(0.2) 100 14.63

undecaprenyl
pyrophosphate related
proteins

bacA 1(0.2) 100 68.13

defensin resistant mprF mprf 1(0.2) 100 12.72

glycopeptide resistance
gene cluster, vanXY

vanXYG 1(0.2) 100 27.56

tetracycline-resistant
ribosomal protection
protein

tetW 6(1.4) 94.2-100 22.38-
100.63

tetracycline-resistant
ribosomal protection
protein

tetM 2(0.5) 94.37-
98.75

100

tetracycline inactivation
enzyme

tet(x1) 1(0.2) 100 17.55

major facilitator
superfamily (MFS)
antibiotic e�ux pump

tetC 9(2) 98.77-
100

15.66-
72.73

major facilitator
superfamily (MFS)
antibiotic e�ux pump

tetK 1(0.2) 100 100

major facilitator
superfamily (MFS)
antibiotic e�ux pump

tet30 1(0.2) 100 16.75

chloramphenicol
acetyltransferase (CAT)

catA8 1(0.2) 96.74 100

chloramphenicol
acetyltransferase (CAT)

catII 2(0.5) 100 36.62

chloramphenicol
acetyltransferase (CAT)

catBcl 1(0.2) 100 16.67

chloramphenicol
acetyltransferase (CAT)

catI 1(0.2) 100 58.45

chloramphenicol
phosphotransferase

cmlv 1(0.2) 100 7.34
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major facilitator
superfamily (MFS)
antibiotic e�ux pump

fexA 1(0.2) 100 50.11

major facilitator
superfamily (MFS)
antibiotic e�ux pump

cmlA8 2(0.5) 100 17.9

streptogramin vat
acetyltransferase

vatE 1(0.2) 100 100

streptothricin
acetyltransferase (SAT)

satA 1(0.2) 100 79.89

trimethoprim resistant
dihydrofolate reductase
dfr

dfra42 186(42) 25-31.62 90.96-
119.77

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

mdtB 2(0.5) 100 2.4

Cross
resistance to
multiple drug
classes

multidrug and toxic
compound extrusion
(MATE) transporter

mepR 1(0.2) 100 84.89

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

mtrD 1(0.2) 100 2.81

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

adef 1(0.2) 44.06 99.91

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

baeS 1(0.2) 100 16.92

non-erm 23S ribosomal
RNA methyltransferase
(G748)

myrA 4(0.9) 100 17.63-
18.31

OXA beta-lactamase OXA-
198

1(0.2) 100 21.76

OXA beta-lactamase OXA-18 1(0.2)    

OXA beta-lactamase OXA-45 1(0.2) 100 23.48

PNGM beta-lactamase PNGM-
1

1(0.2) 100 10.62

Erm 23S ribosomal RNA
methyltransferase

ermB 1(0.2) 99.19 100

Erm 23S ribosomal RNA
methyltransferase

ermT 1(0.2) 97.93 100.41
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Erm 23S ribosomal RNA
methyltransferase

ermA 1(0.2) 85.19 100

Erm 23S ribosomal RNA
methyltransferase

ermY 2(0.5) 100 19.26

Erm 23S ribosomal RNA
methyltransferase

erm(46) 4(0.9) 100 17.78-
20.37

Erm 23S ribosomal RNA
methyltransferase

ermR 1(0.2) 100 17.06

major facilitator
superfamily (MFS)
antibiotic e�ux pump

norA 1(0.2) 100 7.47

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

mdsC 2(0.5) 100 4.17-5.17

ABC-F ATP-binding
cassette ribosomal
protection protein

poxtA 77(17.4) 100 48.15-
83.21

ABC-F ATP-binding
cassette ribosomal
protection protein

lsaB 1(0.2) 100 8.54

ABC-F ATP-binding
cassette ribosomal
protection protein

tvaA 3(0.7) 100 8.71

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

acrR 1(0.2) 100 26.98

resistance-nodulation-cell
division (RND) antibiotic
e�ux pump

nalD 1(0.2) 100 44.34
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Figure 1

Relationship between frequency of bacterial species and the number of ARGs harbored by each species.
The color scale depicts the abundance of antimicrobial resistance gene type from no gene (dark blue ) to
≥ 12 genes (light blue).
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Figure 2

A) Frequency of resistance to a single class of antibiotic drugs in the genomic assemblies. B) Frequency
of resistance to two or more class of antibiotic drugs in the genomic assemblies.
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Figure 3

The heatmap depicts the log2- abundance of antimicrobial resistance genes found in Lactobacillus
species. The color scale represents the log 2 - frequency of genes from no detection (blue) to 6 detection
(red).

Figure 4

MGEs �anking prevalent ARGs in Lactobacillus species. Resistance genes are depicted as shadows
(yellow, blue, and purple) between insertion sequences. The same insertion sequence is shown in the
same color, whereas different surrounded insertion sequences are shown in different colors. Each arrow
indicates a gene neighboring the ARGs. This �gure was created with BioRender.
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