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ABSTRACT Lactobacillus species are widely used as probiotics and starter cultures
for a variety of foods, supported by a long history of safe usage. Although more
than 35 species meet the European Food Safety Authority (EFSA) criteria for quali-
fied presumption of safety status, the safety of Lactobacillus species and their car-
riage of antibiotic resistance (AR) genes is under continuing ad hoc review. To
comprehensively update the identification of AR in the genus Lactobacillus, we de-
termined the antibiotic susceptibility patterns of 182 Lactobacillus type strains and
compared these phenotypes to their genotypes based on genome-wide annotations
of AR genes. Resistances to trimethoprim, vancomycin, and kanamycin were the
most common phenotypes. A combination of homology-based screening and man-
ual annotation identified genes encoding resistance to aminoglycosides (20 se-
quences), tetracycline (18), erythromycin (6), clindamycin (60), and chloramphenicol
(42). In particular, the genes aac(3) and Isa, involved in resistance to aminoglyco-
sides and clindamycin, respectively, were found in Lactobacillus spp. Acquired
determinants predicted to code for tetracycline and erythromycin resistance
were detected in Lactobacillus ingluviei, Lactobacillus amylophilus, and Lactobacil-
lus amylotrophicus, flanked in the genome by mobile genetic elements with po-
tential for horizontal transfer.

IMPORTANCE Lactobacillus species are generally considered to be nonpathogenic

and are used in a wide variety of foods and products for humans and animals. How-

ever, many of the species examined in this study have antibiotic resistance levels

which exceed those recommended by the EFSA, suggesting that these cutoff values

should be reexamined in light of the genetic basis for resistance discussed here. Our

data provide evidence for rationally revising the regulatory guidelines for safety as- Citation Campedellil, Mathur H, Salvetti £,
sessment of lactobacilli entering the food chain as starter cultures, food preserva- Clarke S, Rea MC, Torriani S, Ross RP, Hill C,
tives, or probiotics and will facilitate comprehensive genotype-based assessment of OToole PW. 2019. Genus-wide assessment of
trains f fot . antibiotic resistance in Lactobacillus spp. Appl
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bacill imicrobial resi . 0rg/10.1128/AEM.01738-18.
KEYWORDS Lactobacillus, antimicrobial resistance, genomics Editor Johanna Bjérkroth, University of Helsinki

Copyright © 2018 American Society for

S . . . Microbiology. All Rights Reserved.
ntibiotics represent one of the most powerful therapeutic options in human and
Address correspondence to Paul W. OToole,

veterinary medicine for the treatment of infectious diseases caused by bacterial pwotoole@uccie.
agents (1, 2). However, overprescribing and misuse of antibiotics in medicine, animal .C. and H.M. contributed equally to this article.
feed, aquaculture, and agriculture have led to the emergence and spread of antibiotic- Received 17 July 2018
resistant bacteria, which constitutes a serious problem for the health of both humans Accepted 10 October 2018
and animals (3). Today, the ever-increasing prevalence of antibiotic resistance (AR) in Accepted manuscript posted online 26

October 2018
infectious microbes is a global public health emergency (4, 5). Published 13 December 2018

Lactic acid bacteria (LAB) have been extensively used as probiotics and starter
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cultures due to their long history of safe use, and many species have qualified
presumption of safety (QPS) status (6, 7) including members of the genus Lactobacillus,
Lactococcus, Leuconostoc, and Pediococcus (8). In Europe, the absence of acquired or
transferable resistance factors must be established for a candidate probiotic or starter
culture in order for them to be declared safe for human and animal consumption and
to achieve QPS status from the European Food Safety Authority (EFSA) (9).

The significant economic and scientific impact of the members of the genus
Lactobacillus includes many strains commonly used as probiotics and others marketed
as probiotic cosmetics, drug supplements, or even medical devices (10). Furthermore,
Lactobacillus species are probably those most widely used as starter cultures for
industrial and agricultural applications (e.g., fermented foods and silage cultures), due
to their long history of safe and technological use (11-13). Despite their safety status,
many lactobacilli have been reported as being antibiotic resistant (12, 14, 15), where a
vancomycin-resistant phenotype is perhaps the best-characterized intrinsic resistance
mechanism (16). Most Lactobacillus species are intrinsically resistant to aminoglycosides
(gentamicin, kanamycin, streptomycin, and neomycin), ciprofloxacin, and trimethoprim,
and they are susceptible to penicillin and B-lactams, chloramphenicol, tetracycline,
erythromycin, linezolid, and quinupristin-dalfopristin (14). However, acquired resistance
to tetracycline, erythromycin, clindamycin, and chloramphenicol has been detected in
lactobacilli isolated from fermented foods (17-20). Given the widespread use of some
species of this genus in fermented food production and functional foods/probiotics,
lactobacilli could act as donors or reservoirs for AR genes, with the potential risk of
transferring these genes to pathogenic bacteria in food matrices as well as in the
gastrointestinal tract (GIT) (21). Thus, even though more than 35 species meet the
criteria of QPS status proposed by the EFSA (8), the safety of Lactobacillus species and
their possible involvement in the spread of AR determinants along the food chain
warrant investigation. QPS is an attribute of a species rather than a strain, and it is
noteworthy that genome content often varies widely within species, including in
lactobacilli (22-24).

The recent determination of the genome sequences of almost all Lactobacillus type
strains (25, 26) allows the safety assessment of the genus Lactobacillus by surveillance
of the presence of AR genes, as well as their potential for transfer to other microor-
ganisms. Within the limits of database quality and annotation, whole-genome sequenc-
ing (WGS) potentially allows the identification of all possible genetic determinants of
antimicrobial resistance in a microbial genome (27). WGS could revolutionize food
safety assessments, resulting in a paradigm shift from phenotype-based to genotype-
based assays of AR (28).

The aim of the current study was to determine the antibiotic susceptibility patterns
of 197 type strains representing the whole Lactobacillus genus and to compare these
phenotypes to their genotypes based on genome-wide annotation of AR genes. Parallel
analysis of phenotype and genotype would provide the definitive knowledge base for
the distribution, origins, and mechanisms of AR in the genus and would facilitate
rational discussions about regulating strains or species harboring intrinsic, acquired, or
transmissible AR mechanisms.

RESULTS

Determination of MICs. The MIC values of 16 antibiotics belonging to the most
important antimicrobial classes used in human and veterinary medicine were tested
using broth microdilution VetMIC plates for 197 Lactobacillus strains representing the
whole Lactobacillus genus. The MIC profiles were obtained for 182 strains (because 15
strains were not capable of growth in the VetMIC medium) and were analyzed in the
context of the Lactobacillus phylogroups described in references 25 and 29 and shown
in Table 1.

A wide range of MIC values was exhibited by all phylogroups for most antibiotics
analyzed, except for linezolid, quinupristin-dalfopristin, and chloramphenicol (see Table
S1 in the supplemental material). In particular, a unimodal MIC distribution was
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generally observed for these antibiotics, which covered four 2-fold dilutions for most
strains analyzed (89% of strains for quinupristin-dalfopristin and 96% for chloramphen-
icol and linezolid), ranging in actual MIC values from 2 to 16 ug/ml for chloram-
phenicol, 1 to 8 wg/ml for linezolid, and 0.5 to 4 wg/ml for quinupristin-dalfopristin.

High MIC values were observed for trimethroprim and vancomycin, at =64 and
>128 pg/ml, respectively, in the most strains analyzed (81 and 73%, respectively).
Interestingly, strains belonging to the Lactobacillus delbrueckii group showed suscep-
tibility to low concentrations of vancomycin (concentrations lower than 1 ug/ml inhib-
ited the growth of 92% of strains belonging to the L. delbrueckii group), despite the
general consensus in the literature that Lactobacillus spp. are not inhibited by vanco-
mycin.

The MICs of the remaining antibiotics showed variability across the genus. In
particular, the MIC values for aminoglycosides covered more than nine 2-fold dilution
steps, ranging from 2 to >1,024 ug/ml for kanamycin, and from 0.2, 0.5, and 2 to
>256 ug/ml for gentamicin, neomycin, and streptomycin, respectively. Bimodal MIC
distributions were observed for the Lactobacillus alimentarius, Lactobacillus collinoides,
Lactobacillus fructivorans, Lactobacillus plantarum, and Lactobacillus reuteri-L. vaccino-
stercus groups for all aminoglycosides tested (Table S1). Moreover, strains of the L.
reuteri-L. vaccinostercus phylogroup showed MIC values distributed across the whole
concentration range tested for gentamicin (0.5 to 256 ug/ml), kanamycin (2 to
1,024 wg/ml), and neomycin (0.5 to 256 pg/ml).

The L. alimentarius, L. collinoides, L. delbrueckii, L. fructivorans, L. plantarum, and L.
reuteri-L. vaccinostercus groups displayed bimodal MIC value distributions for tetracy-
cline, erythromycin, and clindamycin, antibiotics which notably affect the function of
the ribosome. In contrast, a unimodal MIC distribution was observed for B-lactams,
including ampicillin and penicillin, except for some strains belonging to the Lactoba-
cillus brevis group (Lactobacillus spicheri DSM 154297 and Lactobacillus zymae DSM
193957), L. collinoides group (Lactobacillus similis DSM 23365"), L. plantarum group
(Lactobacillus pentosus DSM 203147), Lactobacillus salivarius group (Lactobacillus
ghanensis DSM 186307), and other (Lactobacillus selangorensis ATCC BAA66") groups,
which displayed MIC values of >16 ug/ml.

The distribution of rifampin and ciprofloxacin MIC values was broad; they trended
toward the low-end concentration range tested for this antibiotic (0.12 to 16 ug/ml),
except for Lactobacillus jensenii DSM 205577 and Lactobacillus oris DSM 48647, belong-
ing to the L. delbrueckii and L. reuteri-L. vaccinostercus groups, respectively, which
showed MIC values higher than 64 pug/ml.

Identification of resistance phenotypes. Phenotypic resistance was interpreted
based on the epidemiological cutoff (ECOFF) values reported in references 9, 30, and
31, classifying a strain as resistant when the MIC value for a specific antibiotic was
higher than the corresponding ECOFF. EFSA specified the ECOFF value for the species
Lactobacillus casei/L. paracasei, Lactobacillus plantarum/L. pentosus, and Lactobacillus
rhamnosus. For other species of the genus Lactobacillus, EFSA refers to the fermentation
metabolic categories, defining ECOFF values for Lactobacillus obligate heterofermen-
tative (OHE), Lactobacillus obligate homofermentative (OHO), and Lactobacillus facul-
tative heterofermentative (FHE) metabolic patterns (9). For comparative clarity, the
fermentation metabolism for the strains analyzed are thus presented in Table 1.

Trimethoprim resistance was the most common phenotype observed (84% [152/182
strains]), and most of the Lactobacillus strains were not susceptible to vancomycin (77%
[141/182 strains]) and kanamycin (61% [111/181 strains]) (Fig. 1). Multidrug resistance,
defined as resistance to three or more different antimicrobials, was observed in 152
strains (84%). Interestingly, Lactobacillus thailandensis DSM 22698T showed resistance
to all 16 antibiotics tested (Fig. 1). In contrast, Lactobacillus sanfranciscensis LMG 160027
and Lactobacillus pobuzihii NBRC 1032197 were identified as susceptible to all 16
antibiotics tested, including vancomycin. Lactobacillus ozensis DSM 238297, Lactobacil-
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FIG 1 Resistance profiles of 182 type strains of the genus Lactobacillus compared with epidemiological
cutoff values provided in references 9, 30, and 31. Resistant strains with MIC values higher than the
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FIG 2 Prevalence of antibiotic-resistant (blue) and antibiotic-susceptible (green) strains within the Lactobacillus phylogroups tested for antimicrobial agents
specified in reference 9, including inhibitors of cell wall synthesis (ampicillin and vancomycin), inhibitors of protein synthesis (erythromycin, clindamycin,

chloramphenicol, and tetracycline), and aminoglycosides (gentamicin, kanamycin, and streptomycin).

lus equigenerosi DSM 187937, Lactobacillus capillatus DSM 199107, and Lactobacillus vini
DSM 206057 showed resistance only toward vancomycin.

Overall, the 182 type strains showed high susceptibility to gentamicin, erythromycin,
penicillin, quinupristin-dalfopristin, linezolid, and rifampin (Fig. 1). In fact, only 5% of the
strains investigated (10 out of 182) were resistant to quinupristin-dalfopristin. In
contrast, the resistance levels toward ampicillin were higher than those identified for
penicillin, and they were mainly detected in members of the phylogroups L. brevis
(73%), L. alimentarius (58%), and L. collinoides (57%) (Fig. 2).

Notably, 50% and 49% of the type strains examined in this study were resistant to
tetracycline and chloramphenicol, respectively, and 31% were resistant to both antibi-
otics. Tetracycline resistance phenotypes were mainly observed in species of the
phylogroups Lactobacillus buchneri, L. collinoides, L. plantarum, L. reuteri-L. vaccinoster-
cus, L. fructivorans, and L. brevis, while members of the phylogroups L. brevis, Lactoba-
cillus casei-L. manihotivorans, and Lactobacillus perolens showed the highest preva-
lences of resistance to chloramphenicol (Fig. 2). For clindamycin and streptomycin, the
resistance levels were low, at 20% and 18%, respectively, out of the 182 Lactobacillus
strains analyzed. Finally, with regard to aminoglycosides, kanamycin resistance oc-
curred in at least 50% of the members of all Lactobacillus phylogroups except for L.
perolens, which was very susceptible to this antibiotic. Streptomycin resistance was
observed in 35% of the strains examined.

FIG 1 Legend (Continued)

ECOFF are indicated in green, whereas sensitive strains are depicted in gray. Strains are clustered by the
phylogroups reported by references 25 and 29 and are demarcated by the colored bar on the left of the
heat plot. GM, gentamicin; KM, kanamycin; SM, streptomycin; NM, neomycin; TC, tetracycline; EM,
erythromycin; CL, clindamycin; CM, chloramphenicol; AM, ampicillin; PC, penicillin; VA, vancomycin; QD,
quinupristin-dalfopristin; LZ, linezolid; TM, trimethoprim; Cl, ciprofloxacin; R, rifampin.
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Identification of AR genes. According to the EFSA guidelines, lactobacilli intended
for human consumption should be tested for their resistance to gentamicin, kanamycin,
streptomycin, tetracycline, erythromycin, clindamycin, chloramphenicol, ampicillin, and
vancomycin, and they should be genetically investigated for the absence of acquired or
transferable AR determinants (9). Thus, the genome sequences for 161 out of the 182
type strains (21 genome sequences were not available at the time of the study) tested
for phenotypic resistance were aligned against the protein sequences of AR genes in
the Comprehensive Antibiotic Resistance Database (CARD). Based on the selection
criteria and manual annotation (see Materials and Methods), a total of 146 gene
sequences were identified among the type strains analyzed, which are predicted to
encode resistance to aminoglycosides (20 sequences), tetracycline (18), erythromycin
(6), clindamycin (60), and chloramphenicol (42) (Fig. S1).

Genes encoding penicillin binding proteins (PBPs) and p-alanine p-alanine ligase
(Ddl) involved in ampicillin and vancomycin resistance, respectively, were found in all
genomes investigated. Furthermore, amino acid sequence analysis of the PBPs for the
161 type strains confirmed the presence of conserved amino acid residues in the known
binding site motif for B-lactams. The Ddl enzyme of all vancomycin-resistant type
strains exhibited a conserved phenylalanine (F) residue in the active site of the enzyme,
while all members of the phylogroup L. delbrueckii, which were susceptible to vanco-
mycin, were characterized by the presence of a tyrosine (Y) residue at this position, with
the exception of strains L. jensenii DSM 205577, Lactobacillus amylophilus DSM 205337,
and Lactobacillus amylotrophicus DSM 20534. Their respective proteins carried the
Y-type motif, even though they were resistant to vancomycin. However, Lactobacillus
amylophilus DSM 20533T and Lactobacillus amylotrophicus DSM 205347 harbored spe-
cific p-alanine-p-lactate ligase sequences in their genomes, which could explain their
vancomycin resistance phenotypes. In addition, L. sanfranciscensis LMG 160027, Lacto-
bacillus hilgardii LMG 68957, Lactobacillus composti DSM 185277, L. pobuzihii NBRC
1032197, Lactobacillus farciminis LMG 9189, Lactobacillus ceti DSM 22408T, and Lacto-
bacillus algidus DSM 15638T were characterized by the presence of Ddl of the F type,
despite their susceptibility to vancomycin (Fig. S2).

Aminoglycoside resistance genes. Twenty different sequences predicted to en-
code aminoglycoside-modifying enzymes were identified among the 161 Lactobacillus
genomes, which were mainly acetyltransferases (AACs) (7 sequences), nucleotidyltrans-
ferases (ANTSs) (8 sequences), and phosphotransferases (APHs) (5 sequences) (Fig. S1). In
particular, the AAC(3) family N-acetyltransferase was found in five L. brevis phylogroup
genomes and two L. delbrueckii phylogroup members. All these strains showed resis-
tance to kanamycin, and some of them were also resistant to streptomycin, such as
Lactobacillus acidifarinae DSM 193947, Lactobacillus koreensis JCM 164487, L. spicheri
DSM 154297, and Lactobacillus hominis DSM 23910T. Moreover, L. zymae DSM 193957
showed resistance to gentamicin, whereas Lactobacillus namurensis DSM 191177 was
susceptible to aminoglycosides despite harboring the aac(3) gene.

Gene sequences coding for nucleotidyltranferase enzymes, such as ant(6) and ant(9),
were identified in 7 type strains, as follows: L. amylophilus DSM 20533T and L. amy-
lotrophicus DSM 205347 (L. delbrueckii phylogroup), Lactobacillus fabifermentas DSM
211157 (L. plantarum phylogroup), Lactobacillus animalis DSM 206027, and L. pobuzihii
NBRC 1032197 (L. salivarius phylogroup), Lactobacillus sharpeae DSM 205057 (L. casei-L.
manihotivorans phylogroup), and Lactobacillus rossiae DSM 158147 (“other” phylo-
group). In particular, the ant(9) gene was only found in the genome of L. pobuzihii NBRC
1032197, despite its phenotypic susceptibility toward aminoglycosides. Similarly, the
ant(6) gene was found in L. sharpeae DSM 20505" and L. rossiae DSM 158147, which
were susceptible to aminoglycosides. Conversely, the presence of this AR determinant
in L. amylophilus DSM 205337, L. amylotrophicus DSM 205347, L. fabifermentas DSM
211157, and L. animalis DSM 206027 might explain their resistance to kanamycin and
streptomycin. Interestingly, in these strains, the predicted amino acid sequence en-
coded by the ant(6) gene found in the genomes of L. animalis DSM 20602T and L.
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amylophilus DSM 205337 shared 99% similarity with the ANT6 aminoglycoside nucle-
otidyltransferases of Streptococcus suis (NCBI RefSeq accession no. WP_044770667.1)
and Clostridium difficile (NCBI RefSeq accession no. WP_077726164.1). Regarding phos-
photransferases, the aph(3) gene was found in five members of the L. delbrueckii
phylogroup (Lactobacillus acidophilus ATCC 43567, Lactobacillus gasseri LMG 92037,
Lactobacillus johnsonii LMG 94367, Lactobacillus kalixensis DSM 160437, and Lactobacil-
lus pasteurii DSM 23907T), which showed resistance to kanamycin, except for ATCC
4356" and LMG 9203T.

Clindamycin resistance genes. The /sa gene encoding a lincosamide efflux protein
was found in 60 strains, 13 of which displayed resistance to clindamycin. Alignment of
the amino acid sequence of the Lsa efflux protein revealed a truncated carboxy
terminus for the predicted Lsa proteins in L. hominis DSM 239107, Lactobacillus galli-
narum DSM 105327, and Lactobacillus iners DSM 13335T. Four conserved amino acid
domains were found in the remaining 57 sequences, corresponding to two copies of
Walker A and B motifs, which play an important role in ATP binding and hydrolysis that
energizes efflux (Fig. S3).

Chloramphenicol resistance genes. Among the 161 type strains of the genus
Lactobacillus, 36 chloramphenicol resistance-related sequences were found coding for
chloramphenicol acetyltransferase, like the cat gene, and for specific membrane-
associated transporters, like CmlA. The cat gene was detected in 34 lactobacilli, two of
which (Lactobacillus kimchicus JCM15530T and L. similis DSM 23365T) carried two copies
of this gene. Moreover, Lactobacillus hammesii DSM 163817, L. koreensis JCM 164487, L.
namurensis DSM 191177, and L. zymae DSM 193957 (belonging to the phylogroup L.
brevis) were characterized by the presence of either the cmlA or cat gene. Conversely,
L. acidifarinae DSM 193947 and L. selangorensis ATCC BAA66T displayed only the
presence of cmlA.

Tetracycline resistance genes. The 18 gene sequences found among Lactobacillus
strains code for ribosomal protection proteins [tet(M), tet(S), tet(Q), and tet(W)] and
efflux pumps [tet(L) and tet(P)]. The tet(L) gene was found in the tetracycline-resistant
strains Lactobacillus suebicus DSM 50077 and Lactobacillus ingluviei DSM 159467, L.
ingluviei DSM 159467 was also characterized by the presence of tet(W) and tet(M).
Interestingly, tet(M) in DSM 159467 exhibited 99% residue identity with the correspond-
ing sequences of Enterococcus faecalis (NCBI RefSeq accession no. WP_049098680.1),
Enterococcus faecium (NCBI RefSeq accession no. WP_010777232.1), Streptococcus pneu-
moniae PT814 (GenBank accession no. HG799502.1), and Staphylococcus epidermidis
(NCBI RefSeq accession no. WP_002403674.1). Similarly, the sequence of tet(L) displayed
99% residue identity with those carried by E. faecalis (NCBI RefSeq accession no.
WP_002387933.1), E. faecium (NCBI RefSeq accession no. WP_096541192.1), and Strep-
tococcus agalactiae (NCBI RefSeq accession no. WP_041974946.1). tet(W) showed 99%
residue identity with the sequences of Trueperella pyogenes OX9, Bifidobacterium
longum subsp. longum F21, and C. difficile Cl7. tet(W) was also identified in L. pasteurii
DSM 239077, while tet(M) was found in L. sharpeae DSM 205057 (L. casei-L. manihotiv-
orans group), L. acidophilus ATCC 43567, Lactobacillus crispatus DSM 205847, L. gallina-
rum DSM 105327, L. amylophilus DSM 205337, L. amylotrophicus DSM 205347 (L. del-
brueckii group), and L. equigenerosi DSM 187937 (L. reuteri-L. vaccinostercus group).
Strains DSM 205847, ATCC 43567, and DSM 18793 showed susceptibility to tetracycline.
Regarding other ribosomal protection proteins, the tet(Q) and tet(S) genes were found
in L. brevis DSM 20054" and Lactobacillus heilongjiangensis LMG 261667, respectively,
both being resistant to tetracycline, while tet(P) was found in L. gasseri LMG 92037,
Lactobacillus taiwanensis DSM 214017, Lactobacillus ruminis DSM 204037, and L. john-
sonii LMG 94367. Only LMG 9436" showed phenotypic resistance to tetracycline.

Erythromycin resistance genes. Across the 161 Lactobacillus genomes, six gene
sequences predicted as contributing to erythromycin resistance were detected, which
include the erm(B) gene coding for a predicted rRNA methylase, and two variants of the
mef, mef(E), and mef(B) genes, encoding macrolide efflux pumps. These genes were
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FIG 3 Diagram showing the genetic organization of the Tn916-like transposon (transp) identified in L. ingluviei DSM
159467. Red, AR genes; yellow, genes involved in genetic transfer; gray, ORFs involved in the conjugation process;
green, regulatory sequences. Numbers above the diagram refer to loci in Tn916; numbers below are a base pair
scale.

identified in three erythromycin-susceptible strains, namely L. delbrueckii subsp. lactis
DSM 200727 [mef(E)], L. casei DSM 200417, and Lactobacillus paracasei subsp. paracasei
DSM 56227 [mef(B)]. erm(B) was found in the erythromycin-resistant strains L. amylo-
philus DSM 20533T, L. amylotrophicus DSM 205347, and L. ingluviei DSM 159467, which
also showed the presence of tetracycline resistance determinants.

Analysis of ORFs in regions flanking tetracycline and erythromycin resistance
genes. Tetracycline and erythromycin are two of the most widely used antimicrobials
in human and animal therapy, and genetic determinants involved in the resistance to
those antibiotics are usually associated with mobile genetic elements. Therefore,
upstream and downstream regions of the tetracycline and erythromycin resistance
genes were further investigated in L. ingluviei DSM 159467, L. amylophilus DSM 205337,
and L. amylotrophicus DSM 205347, the only three strains that simultaneously harbored
erythromycin and tetracycline resistance genes within the data set. Sequence analysis
of the L. ingluviei DSM 15946T genome revealed that tet(M) and tet(L) were closely
located in the same genomic region, separated by 146 nucleotides. Upstream of tet(M),
12 open reading frames (ORFs) encoding conjugation transfer elements were identified
that shared 99% residue identity with the corresponding sequences of the Tn52517
transposon carried by S. pneumoniae DP1322. Moreover, a sequence predicted to
encode a transposase was found downstream of the tet(L) determinant (Fig. 3). This is
a common configuration for a Tn976-like transposon. The analysis of the distribution of
these genetic elements in the available genome sequences of Lactobacillus isolates
revealed that the predicted transposon carried by L. ingluviei DSM 159467 (GenBank
accession no. CP016400.1) is essentially identical to that harbored by L. johnsonii BS15,
except for the presence of a recombinase downstream of the tet(L) gene. In contrast,
L. salivarius JCM 1046 (GenBank accession no. CP007650.1) and L. salivarius JCM 1047
(GenBank accession no. NBEF01000044.1) lack the tet(L) determinant, and the regula-
tion region has been retained, similar to that of the Tn5257 transposon in S. pneu-
moniae DP1322. These two transposons are essentially identical except for the presence
of ORF 23 in L. salivarius JCM 1047, which was not identified in the transposon harbored
by L. salivarius JCM 1046. Interestingly, L. iners UMB1051 (GenBank accession no.
PNGOO01000001.1) was characterized by the presence of a Tn916-like transposon in
which a Tn977 carrying an erm(B) gene was inserted, resulting in a Tn3872-like trans-
poson (Fig. S4). The tet(W) and erm(B) genes were located in the same genomic region
and shared 99% similarity with the corresponding sequences of the strain S. suis SsCA.
Moreover, these AR determinants were flanked by regions with high similarity (99%) to
replication proteins and to the integrase of the plasmid pLR581 of Lactobacillus reuteri
SD2112 (GenBank accession no. CP002845.1) (Fig. 4).

L. amylophilus and L. amylotrophicus harbored the tet(M) and erm(B) genes in two
different genomic regions, and they shared 99% residue identity with the correspond-
ing sequences of S. agalactiae SG-M4 and Staphylococcus hyicus HW17, respectively. The
flanking region structures of these AR determinants were identical at the amino acid
level in the two type strains. In particular, the up- and downstream sequences sur-
rounding tet(M) were characterized by the presence of several genes predicted to
encode conjugation proteins and transposases (Fig. 5A). For erm(B), the upstream
region showed an 83-bp sequence corresponding to a 27-amino-acid leader peptide. A
gene encoding a mobilization protein was found upstream of the leader peptide
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FIG 4 Genetic organization of sequences surrounding the tet(W) and erm(B) genes identified in L.
ingluviei DSM 15946T. Red, AR genes; yellow, genes involved in genetic transfer; pink, genes encoding
plasmid-associated replication proteins; gray, gene coding for hypothetical proteins. Numbers above the
diagram refer to loci; numbers below are a base pair scale. Rep, plasmid replication; int; plasmid
integration.

sequence, sharing 99% residue identity with the corresponding sequence in the S.
hyicus plasmid pSTE1 (GenBank accession no. HE662694.1) (Fig. 5B). Unfortunately, the
location of erm(B) at the 3’ end of the contig did not allow for the characterization of
the downstream region.

Phenotype-genotype correlation. Overall, phenotypic resistance correlated with
genotypes for 67% of the cases examined with genomic data. In detail, the genotype
was in accordance with the phenotype for 892 out of 1,449 phenotypic tests investi-
gated, which included 782 cases representing a susceptible phenotype toward a
specific antibiotic linked to the absence of AR determinants and 110 cases for which the
resistance phenotype correlated with the presence of one or more AR genes. Most
notably, the F-type Ddl enzyme was found in 99% of the vancomycin-resistant Lacto-
bacillus strains, revealing the high relationship between genotype and phenotype for
this antibiotic. For aminoglycosides, the 20 AR determinants identified in this study
might explain the resistance phenotype for 13.7%, 14.2%, and 20.8% of the strains for
kanamycin, streptomycin, and gentamicin, respectively. For chloramphenicol, the cat
and cmlA genes were found in 20 strains out of 79 chloramphenicol-resistant lactoba-
cilli and in 59 strains out of 82 lactobacilli susceptible to this antibiotic. However, the
genetic basis of chloramphenicol resistance was not revealed for 74.7% of the resistant
strains. The presence of the Isa gene positively correlated with the resistance pheno-
type for 40.6% of the strains. However, 47 strains harbored the Isa gene in their
genomes even though they showed susceptibility to clindamycin. For tetracycline and
erythromycin, the presence of AR genes explained the resistance phenotype for 12.7%
and 10.3% of the strains, respectively. However, in a significant number of examples
(364 cases), a genetic basis was not detected for a demonstrated resistance phenotype
(Fig. 6).

DISCUSSION
The data reported in the present study provide evidence at phenotype and geno-
type levels for rationally revising the regulatory guidelines for safety assessment of
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FIG 5 Genetic organization of sequences surrounding the tet(M) (A) and erm(B) (B) genes identified in L. amylophilus DSM 205337 and L.
amylotrophicus DSM 205347. Red, AR genes; yellow, genes involved in genetic transfer; green, genes encoding regulatory proteins; gray, gene
coding for hypothetical proteins. int, integrase. Numbers below the diagram are a base pair scale.
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lactobacilli, showing that certain resistances are widespread within the genus. For
example, low-level resistance to linezolid, rifampin, and quinupristin-dalfopristin was
generally observed for type strains, in line with previous reports (30-35). We also
confirmed low-level resistance to rifampin, as previously reported for Lactobacillus
species isolated from the human GIT (36), traditional dairy products (37), and in
probiotic strains in marketed foods and drugs (38). Generally, we found Lactobacillus
species to be susceptible to low concentrations of B-lactams, including penicillin and
ampicillin (16), even though atypical insensitivity to higher concentrations of these cell
wall inhibitors has been reported for some L. crispatus and L. johnsonii strains isolated
from healthy chickens (39). Higher levels of resistance to ampicillin compared to
penicillin were detected for the type strains analyzed, in line with some previous studies
(40-42). Interestingly, ampicillin resistance in L. reuteri strains has been attributed to
point mutations in the genes encoding the penicillin binding proteins (PBPs) (43), but
the PBP sequences for the 161 type strains in this study all retained conserved amino
acid residues (i.e., linked to sensitivity) in the binding sites for these antibiotics.

Conversely, the Lactobacillus strains showed high intrinsic (as opposed to acquired)
resistance to trimethoprim and vancomycin. Folate auxotrophic lactobacilli have been
reported as being intrinsically resistant to trimethoprim (44), including L. johnsonii, L.
acidophilus, L. salivarius, L. brevis, L. casei, L. gasseri, L. rhamnosus, L. delbrueckii,
Lactobacillus fermentum, Lactobacillus helveticus, L. plantarum, L. reuteri, Lactobacillus
sakei, and L. crispatus (45), where the vancomycin-resistant phenotypes are perhaps the
best-characterized resistance mechanisms described in lactobacilli (16), with many
species being intrinsically resistant (30). Exceptions to this are L. delbrueckii, L. acidoph-
ilus, L. johnsonii, and L. crispatus, where the vancomycin-susceptible phenotype has
been associated with the presence of a Y-type Ddl enzyme (46). In this genus-wide
analysis, the vancomycin-susceptible strains were mainly represented by almost all
members of the L. delbrueckii phylogroup, which were characterized by the presence of
a Y-type Ddl. The substitution of tyrosine 261 in the Ddl enzyme by a phenylalanine
residue (F-type enzyme) is associated with the synthesis of peptidoglycan precursors
containing a p-Ala-p-Lac residue conferring vancomycin resistance (46). Notably, almost
all vancomycin-resistant strains in this study carried a Ddl of the F type. However, we
noted inconsistencies between phenotypes and genotypes for vancomycin in 8 of the
species (L. jensenii, L. sanfraciscensis, L. hilgardii, L. composti, L. pobuzihii, L. farciminis, L.
ceti, and L. algidus), which could be due to the presence of alternative resistance
mechanisms or to alteration of gene expression.

Overall, Lactobacillus type strains displayed higher resistance toward kanamycin and
streptomycin than to gentamicin and neomycin. Aminoglycoside resistance has been
described as an intrinsic feature for some Lactobacillus species (i.e., L. rhamnosus, L.
acidophilus, L. delbrueckii subsp. bulgaricus, and L. helveticus) (47, 48) due to the lack of
cytochrome-mediated drug transport (15). In contrast, high-level susceptibility to gen-
tamicin is most likely linked to the superior ability of this antibiotic to cross the
membrane compared to other aminoglycosides (49).

We found genes for nucleotidyltransferases, such as ant(6) and ant(9), in 7 type
strains, 4 of which showed resistance to kanamycin and streptomycin (L. amylophilus,
L. amylotrophicus, L. fabifermentas, and L. animalis), in accordance with the high affinity
of ANT6 for streptomycin (50). Moreover, the nucleotide sequence of the ant(6) gene
harbored by L. animalis DSM 20602T and L. amylophilus DSM 20533T was 99% identical
to the sequences in S. suis and C. difficile, of which S. suis is usually associated with the
animal GIT (51-53), from which L. animalis strains can be isolated (54). The GIT is
characterized by a high cell density, which can lead to microbial interactions and
facilitates horizontal gene transfer (HGT) events (55, 56). These findings suggest that the
ant(6) gene is undergoing HGT between commensal/food bacteria and pathogenic
species, which in and of itself is a particular concern. As such, these lactobacilli could
be acting as vectors for AR genes in the food chain and the gut. Furthermore, the ant(6)
and aph(3) genes are usually found on plasmids or transposons, increasing the risk of
resistance dissemination between different bacteria (57). We found the aph(3) and
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aac(3) genes in 9 Lactobacillus strains conferring resistance to kanamycin, in accordance
with the substrate specificity of these AR determinants for aminoglycosides (46).
Moreover, the aph(3) gene has been identified in Lactobacillus strains resistant to
kanamycin, streptomycin, and gentamicin in a previous study (50).

Although the majority of Lactobacillus species are susceptible to antibiotics that
inhibit protein synthesis, including erythromycin, tetracycline, clindamycin, and chlor-
amphenicol (14), resistance to tetracycline and chloramphenicol was the most common
phenotype detected. Even though this Lactobacillus type strain panel was characterized
by low-level resistance to clindamycin, some strains carried the /sa gene, which in E.
faecium plays a key role in resistance to clindamycin and quinupristin-dalfopristin (58).
The ABC transporter Walker A and B motifs (59) are conserved in the Lsa protein
predicted for the strains in this study, suggesting that it is functional.

Chloramphenicol (cat genes) and tetracycline resistance determinants [tet(M), tet(S),
tet(W), tet(O), and tet(Q)] are the most commonly acquired resistance genes found in
lactobacilli (15, 19, 39, 60, 61). In particular, the most widespread resistance genes are
tet(M) and tet(S) in foodborne and probiotic bacteria (12, 14, 62) due to the frequent
association of tet(M) with conjugative transposons, such as Tn976 (63), which was
corroborated by this study. Furthermore, our data revealed the association of tet(M)
with a Tn976-like transposon in the genome of L. ingluviei DSM 15946T. This transposon
sequence is 99% identical to the Tn5251 of S. pneumoniae DP1322 (64), except for the
presence of tet(L) in Tn976. Notably, this study reports a Tn916-like transposon in L.
ingluviei, and the transferability of this element warrants further investigation. A
Tn916-like transposon has been previously identified in L. paracasei and L. sakei isolated
from lItalian traditional cheese (65, 66) and in L. salivarius JCM 1046 (22).

Notably, we detected the simultaneous presence of tet(M) and erm(B) genes in L.
amylophilus DSM 20533T and L. amylotrophicus DSM 205347, which were flanked by
transposases and conjugative proteins in both organisms. This is probably reflective
of/arising from the close phylogenetic relatedness between L. amylophilus and L.
amylotrophicus (67). The erm(B) gene (associated with erythromycin resistance) has
been reported in Lactobacillus species in several studies (19, 30, 60, 68-70), where it is
generally found in conjugative transposons located in chromosomes, in plasmids, and
in nonconjugative transposons, such as Tn977 and Tn557 (15). These observations
suggest that L. ingluviei, L. amylophilus, and L. amylotrophicus could act as dissemina-
tion vectors for tetracycline and erythromycin resistance. Strains of L. ingluviei and L.
amylophilus are commonly isolated from animal GIT (71), whereas L. amylotrophicus has
been found in swine waste (67); these are considered potential hotspots for promoting
the dissemination of AR genes in the environment. Indeed, the transfer of erm(B) and
tet(M) from lactobacilli to other microorganisms has been previously demonstrated in
vitro (62, 68, 72). The present study reveals that in many cases, the genetic basis for AR
remains unknown, as no known genes were identified which could explain the asso-
ciated phenotype. This could be due to the inherent insensitivity of some of the strains
to particular antibiotics due to intrinsic factors, such as cell envelope (wall/membrane)
structure or the ability to produce polysaccharides. Indeed, it would be very difficult to
predict these phenotypes based on just database comparisons alone, and as such,
functional studies would be required to probe the basis of these resistances more
deeply. Overall, this pangenomic study reveals that while AR is widespread in lactoba-
cilli, the level of resistance to widely used antibiotics in human clinical medicine is low
or not so common (with the possible exception of erythromycin and tetracycline).
However, the vast majority (88%) of these strains were found to fail the EFSA guidelines
for AR and as such might encounter problems in obtaining regulatory approval for food
use unless the resistance is proven to be nontransferable. As such, opportunities to
develop new applications for novel Lactobacillus strains could be delayed or lost, which
highlights the urgent need to fundamentally understand AR and its spread within
members of the genus. Only then can a proper framework to regulate their use for
human and animal purposes be implemented.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. The 197 type strains of the Lactobacillus genus used in this
study are listed in Table 1 and were obtained from the American Type Culture Collection (ATCC,
Manassas, VA), BCCM/LMG Bacteria Collection (Ghent, Belgium), the Spanish Type Culture Collection
(CECT, Valencia, Spain), the German Collection of Microorganisms and Cell Cultures (DSMZ, Braun-
schweig, Germany), the Korean Collection for Type Cultures (KCTC, Jeollabuk-do, South Korea), the Japan
Collection of Microorganisms (JCM, Koyadai Tsukuba, Japan), and the NITE Biological Resource Centre
(NBRC, Nishihara, Japan). Lactobacillus strains were grown in de Man-Rogosa-Sharpe (MRS) medium
(Thermo Fisher Scientific, Waltham, MA, USA) under specific conditions reported in Table 1 and kept in
liquid cultures with 20% (w/vol) glycerol at —80°C for long-term storage.

Antimicrobial susceptibility testing. The MICs of several antibiotics were determined using broth
microdilution methods according to the Clinical and Laboratory Standards Institute (CLSI; www.clsi.org),
the European Committee on Antimicrobial Susceptibility Testing (EUCAST; www.eucast.org), and 1SO
standards. In particular, VetMIC plates (National Veterinary Institute, Uppsala, Sweden) for LAB were used
containing serial 2-fold dilutions of 16 antibiotics (ampicillin, ciprofloxacin, clindamycin, chlorampheni-
col, erythromycin, gentamicin, kanamycin, linezolid, neomycin, penicillin, quinupristin-dalfopristin, rifam-
pin, streptomycin, tetracycline, trimethoprim, and vancomycin). These antibiotics represent the main
classes of antimicrobials employed in human and veterinary treatments and overlap the main antibiotics
of interest to the EFSA.

MICs were evaluated in LAB susceptibility test medium (LSM) (73), a mixed formulation containing
90% Iso-Sensitest broth and 10% MRS Difco broth (Beckton, Dickinson and Company, Le Pont-de-Claix,
France) supplemented with 0.05% (wt/vol) L-cysteine, as described in the 1SO 10932 (IDF 223) document
(74) and recommended by the EFSA (9). L. paracasei LMG 12586 was used as a control strain. Briefly,
individual Lactobacillus strains were grown on MRS agar (with supplements as required for the specific
strains and incubation for 24 to 48 h depending on the strain). One-microliter sterile loops with biomass
from approximately 3 to 5 colonies were suspended in 4 ml maximum recovery diluent (MRD; Oxoid Ltd.,
Basingstoke, Hants, UK) sterile saline solution to obtain a concentration of approximately 3 X 108 CFU/ml
in each case. This suspension was diluted 1:1,000 in LSM broth (final concentration, approximately
3 X 10° CFU/ml), and then 100 ul was added to each well of the VetMIC plate. This test was performed
using a minimum of three biological replicates for each strain. Plates were incubated under anaerobic
conditions at the recommended temperatures for 48 h. MICs were read as the lowest concentration of
an antimicrobial agent at which visible growth was inhibited. Epidemiological cutoff (ECOFF) values were
retrieved from reference 9. Breakpoints for antibiotics not covered by EFSA were adopted from refer-
ences 30 and 31.

Identification of resistance genes. The annotated sequences of the available genomes for the type
strains of the genus Lactobacillus (25) were downloaded from NCBI using the accession numbers
reported in Table 1. These sequences were employed to query the Comprehensive Antibiotic Resistance
Database (CARD, version 1.0.6; http://arpcard.mcmaster.ca) (75) through the Basic Local Alignment
Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov) in order to identify all AR genes involved in the
resistance phenotypes observed. A gene was annotated as a putative AR determinant according to its
best BLASTP hit in CARD, with a threshold of amino acid sequence identity of >30% and query coverage
of >70%. In addition, the amino acid sequences of all AR genes retrieved from CARD, resulting in a
reference data set of 2,163 amino acid sequences, were aligned against the annotated genome
sequences of the collection, and the best BLASTP hits were filtered as described above. In order to
minimize putative false-negative or false-positive outputs, only the putative AR determinants obtained
from both approaches were considered for subsequent analyses. Specifically, each putative AR deter-
minant was manually annotated querying the NCBI nonredundant (NR) protein database to verify its
putative function in the resistome and to determine its involvement in acquired phenotypes.

Phenotype-genotype correlation. By focusing on the nine antibiotics for which the EFSA defined
reference ECOFFs (9) and the genome sequences available for 161 Lactobacillus strains, a total of 1,449
phenotypic tests were considered for the phenotype-genotype correlation. Each interpretation of a
resistant or susceptible phenotype to a given antimicrobial agent was compared with the presence or
absence of a known corresponding resistance gene(s) manually annotated and/or structural gene
mutations identified through genome sequence analysis (76-78). The overall correlation between
phenotype and genotype was classified as positive when genomic data agreed with phenotypic testing;
thus, resistance and susceptible phenotypes correlated with the presence or absence of one or more AR
genes, respectively. Otherwise, the correlation was considered negative.

Flanking regions of the AR genes. The genetic composition of upstream and downstream se-
quences flanking tetracycline and erythromycin resistance genes was characterized by performing a
BLASTN and BLASTX alignment of the contigs carrying the AR genes against the NCBI NR database. This
analysis was carried out for L. ingluviei DSM 159467, L. amylophilus DSM 205337, and L. amylotrophicus
DSM 20534T and allowed us to identify mobile genetic elements which might be involved in the spread
of AR determinants.
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