
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 2004, p. 7200–7209 Vol. 70, No. 12
0099-2240/04/$08.00�0 DOI: 10.1128/AEM.70.12.7200–7209.2004

Bile-Mediated Aminoglycoside Sensitivity in Lactobacillus Species
Likely Results from Increased Membrane Permeability

Attributable to Cholic Acid
Christopher A. Elkins* and Lisa B. Mullis

Division of Microbiology, National Center for Toxicological Research, United States Food and Drug
Administration, Jefferson, Arkansas

Received 27 April 2004/Accepted 20 July 2004

Few studies have been conducted on antimicrobial resistance in lactobacilli, presumably because of their
nonpathogenic nature as anaerobic commensals. We assessed resistance in 43 type strains and isolates
representing 14 species by using agar disk diffusion and MIC analysis in MRS medium. Most noteworthy were
two general phenotypes displayed by nearly every strain tested: (i) they were more susceptible (up to 256-fold
in some cases) to the deconjugated bile acid cholic acid than to the conjugate taurocholic or taurodeoxycholic
acid, and (ii) they became susceptible to aminoglycosides when assayed on agar medium containing 0.5%
fractionated bovine bile (ox gall). Two-dimensional MIC analyses of one representative strain, Lactobacillus
plantarum WCFS1, at increasing concentrations of ox gall (0 to 30.3 mg/ml) displayed corresponding decreases
in resistance to all of the aminoglycosides tested and ethidium bromide. This effect was clinically relevant, with
the gentamicin MIC decreasing from >1,000 to 4 �g/ml in just 3.8 mg of ox gall per ml. In uptake studies at
pH 6.5, [G-3H]gentamicin accumulation increased over control levels when cells of this strain were exposed to
bile acids or reserpine but not when they were exposed to carbonyl cyanide m-chlorophenylhydrazone. The
effect was dramatic, particularly with cholic acid, increasing up to 18-fold, whereas only modest increases, 3-
and 5-fold, could be achieved with taurocholic acid and ox gall, respectively. Since L. plantarum, particularly
strain WCFS1, is known to encode bile salt hydrolase (deconjugation) activity, our data indicate that mainly
cholic acid, but not taurocholic acid, effectively permeabilizes the membrane to aminoglycosides. However, at
pHs approaching neutral conditions in the intestinal lumen, aminoglycoside resistance due to membrane
impermeability may be complemented by a potential efflux mechanism.

Lactobacilli play an important role in promoting gastroin-
testinal (GI) and vaginal health. Species of this genus are the
predominate microbial constituents in the upper, nonsecreting,
gastric epithelium in mammalian model systems. They also
form subdominant populations in the lower GI tract regions of
the cecum and colon (41, 42). In women, Lactobacillus species,
specifically those of the Lactobacillus acidophilus complex,
constitute the predominant microbes in the vaginal tract (31,
46). These GI and vaginal commensalisms confer significant
health benefits upon the host organism through a barrier effect
by preventing access to these regions by transient pathogens (9,
23). Indeed, a delicate quantitative balance of vaginal yeasts is
maintained and limited by Lactobacillus species, presumably
through peroxide production (24, 33). To this end, live mi-
crobes are being marketed and actively consumed as probiotic
supplements to alleviate or prevent certain GI tract disorders
and vaginal yeast and urinary tract infections (23, 33).

Apart from medicinal uses, lactobacilli are commonly used
in the food industry although their consumption in foods is also
touted to produce probiotic benefits (1, 40). They are used
routinely in the making of a variety of consumables, including
sourdough and wines, and as starters for yogurts, fermented
milks, and cheeses. Their acidic nature and bacteriocin pro-

duction make them particularly suited for use as preservatives
to prevent the spoilage of meats (16, 29, 45). In addition,
industrial use of lactobacilli has recently emerged as a means
to produce lactic acid by fermentative biocatalysis. Conse-
quently, lactobacilli contribute to a 30 to 50 billion dollar world
market in fermentation-based bioprocesses (37).

Recent growing concern over antibiotic resistance has
placed much-deserved attention on the investigation of com-
mensal microbiota as a reservoir of resistance mechanisms (4).
This concept is not a novel one but has been overlooked for
decades because of the concern over controlling resistance in
common pathogens. In contrast, lactobacilli have been con-
sumed in foods for centuries and are not generally considered
pathogens except under particular conditions in which the
health of the host organism is compromised (7). However, the
conversion to pathogenicity and multiple drug resistance
(MDR) has occurred with another gram-positive commensal,
Enterococcus (13, 25, 43). Instances of probiotic Lactobacillus
species being isolated from infectious lesions, bacterial endo-
carditis, bloodstream infections (26), and apical periodontitis
(14) suggest that pathogenicity may not be a benign issue with
this genus. In fact, the European Union workshop on the safety
of probiotics concluded that at least Lactobacillus rhamnosus
warranted surveillance because of its repeated association with
infections (2).

Unlike pathogenic microbes, lactobacilli are ubiquitous and
are thus heavily subjected to any antimicrobial selection in-
gested by the consumer and used, intentionally or otherwise, by
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the food and commercial industries. According to conventional
wisdom, MDR is favored by improper use of antimicrobials
during infection or long-term exposure to low levels of such
compounds (4), the latter of which is practiced prophylactically
for growth promotion in animal husbandry (48) or for inducing
hyperresistant mutations routinely in the laboratory. Neverthe-
less, this dynamic selection in commensals has not been fully
explored, but doing so may lead to a better understanding of
resistance evolution and dissemination. In addition, several
host-derived factors influence microbial diversity and stability
in the GI tract. Such factors include pH, temperature, oxida-
tion-reduction potential, anaerobiosis, stasis, and bile acids
(41), the latter of which are present at high concentrations and
are substrates for several characterized gram-negative MDR
efflux pumps (3, 32, 36). These pumps have been largely un-
studied in gram positives compared with the well-characterized
multiple pump systems in gram-negative organisms like Esch-
erichia coli and Pseudomonas aeruginosa (32).

We therefore initiated a study of antimicrobial resistance in
Lactobacillus species, which is addressed in the first part of this
report. Drugs with intracellular targets were chosen and as-
sayed with endogenous GI tract bile acids. These molecules
caused aminoglycoside susceptibility, presumably by increasing
membrane permeability. We also show in the latter part of this
report that a putative efflux process may contribute to amino-
glycoside resistance under near-neutral conditions.

MATERIALS AND METHODS

Culture techniques and strains. The Lactobacillus strains used in this study
were obtained from several worldwide culture collections, including the Amer-
ican Type Culture Collection (ATCC); the Belgian Coordinated Collection of
Microorganisms (BCCM); the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSM); the Japanese Collection of Microorganisms (JCM); Todd
Klaenhammer, North Carolina State University (NCK); the Wageningen Centre
for Food Sciences (WCFS1); and the principal investigator’s personal collection
(PI). Some strains were also obtained over a 3- to 4-month period from our
in-house Microbiological Surveillance and Diagnostic Group. These strains (Na-
tional Center for Toxicological Research [NCTR]) were isolated from colony-
bred mice and rats and identified to the species level by 16S sequencing with a
previously established primer set (47). All strains were preserved for long-term
storage at �80°C in 10 to 15% glycerol stocks and revived as needed. The strains
were routinely cultured on deMann-Rogosa-Sharpe (MRS) broth or agar me-
dium (Becton Dickinson & Company) at 37 °C under an anaerobic atmosphere
of 87% nitrogen, 8% hydrogen, and 5% carbon dioxide in an environmental
chamber (Coy Laboratory Products, Inc.). Although these cultures were gener-
ally microaerophilic, there was substantial variation in oxygen sensitivity and
viability with regard to short-term storage at 4 °C on MRS agar plates. Therefore,
freshly revived subcultures were regularly used in experimentation.

Radioactivity, drugs, and miscellaneous chemicals. [G-3H]gentamicin was ob-
tained in solid form at a specific activity of 50 mCi/mmol (American Radiola-
beled Chemicals, Inc.) and dissolved in distilled water to a final concentration of
0.1 mCi/ml for use in uptake assays. Antimicrobial susceptibility testing by the
disk diffusion method was performed with Sensi-Disks (Becton, Dickinson &
Company). Carbonyl cyanide m-chlorophenylhydrazone (CCCP; Fluka) and re-
serpine (Sigma-Aldrich Co.) were dissolved in dimethyl sulfoxide (final concen-
tration, 100 mM) and chloroform (10 mg/ml), respectively, as described previ-
ously (27). Ciprofloxacin hydrochloride was obtained from Serologicals Proteins
Inc. All other chemicals and drugs, including purified bile acids and fractionated
bile (ox gall), were obtained from Sigma-Aldrich Co. In the case of ox gall, dried
bovine bile powder was obtained that contained a minimum of 50% free and
conjugated bile acids.

Antimicrobial drug susceptibility testing. Lactobacilli were tested for drug
susceptibilities by two different methods. In the first, overnight cultures of Lac-
tobacillus species were spread as a lawn onto MRS agar plates (150 by 15 mm).
Filter paper disks containing specified concentrations of drugs were placed on
the surface of the agar medium with a BBL dispenser (Becton Dickinson &

Company) with aseptic precautions. After 24 h of anaerobic incubation at 37°C,
zones of growth inhibition around the disks were measured in millimeters and
used to score susceptibilities based on breakpoints established by the National
Committee for Clinical Laboratory Standards on Mueller-Hinton medium. Some
MRS agar plates were supplemented with either ox gall or purified bile acids to
determine their effect on resistance. In these cases, a plate containing only MRS
was spread in tandem with the same overnight culture for a controlled compar-
ison.

In the second method, MICs of several compounds were measured by the
microdilution technique (20) in 96-well microtiter plates (Falcon; Becton Dick-
inson & Company). Serial twofold dilutions of drugs were prepared in 150 �l of
MRS broth and inoculated with 5 �l of an overnight Lactobacillus culture.
Visible signs of bacterial growth were recorded after 24 h of anaerobic incubation
at 37°C. In some instances, two-dimensional MICs were prepared for each drug
in an identical manner except that the drug dilutions were tested repeatedly in
media containing successive twofold increases in the bile acid concentration.

Gentamicin uptake assay. An uptake assay for gentamicin was performed
essentially as described previously for bile acid uptake in E. coli except that the
procedure was adapted for use with lactobacilli (21). A 24-h culture of Lacto-
bacillus plantarum WCFS1 was harvested by centrifugation at 3,000 � g and
washed in an equal volume of fresh, room temperature MRS broth (pH 6.5). The
washed cell pellet was resuspended at 10�1 times the original culture volume in
MRS broth, divided into 200-�l aliquots, and chilled on ice. Specified concen-
trations of certain compounds (CCCP, reserpine, and bile acids) were added as
desired while the mixture remained on ice. The assay was initiated with a
preincubation period of 7.5 min in a 37 °C water bath. After this period of time,
0.5 �Ci (5 �l) of [G-3H]gentamicin was added to each aliquot, which was then
incubated in the water bath for 3.5 min. The reaction was quenched by adding
excess (1 ml) ice-cold 100 mM lithium chloride–100 mM potassium phosphate
buffer (pH 5.8). The suspension was vortexed quickly, followed by immediate
centrifugation at 3,000 � g in a prechilled, 4 °C Eppendorf centrifuge to pellet
the cells. After a second ice-cold buffer wash, the cell pellet was digested in 1 ml
of formamide at 65 °C and added to 10 ml of Ultima Gold scintillation cocktail
(Perkin-Elmer, Inc.). The cell-associated radiolabel was quantified in a Packard
1600TR TRI-CARB liquid scintillation analyzer.

RESULTS

Antimicrobial resistance studies. Resistance was scored for
43 isolates of Lactobacillus species by agar disk diffusion on
MRS agar medium (Table 1). Although resistance breakpoints
for Lactobacillus species have not been reported by the Na-
tional Committee for Clinical Laboratory Standards, resistance
scoring was possible by using established breakpoints on Muel-
ler-Hinton medium since the study was essentially a controlled
comparison between species of the same genus. With few ex-
ceptions, the strains displayed similar and reproducible resis-
tance phenotypes regardless of the species designation (Table
1). Thus, they were resistant to aminoglycosides (streptomycin,
kanamycin, and gentamicin) and quinolones (ciprofloxacin, na-
lidixic acid, and ofloxacin) but susceptible to chloramphenicol,
bacitracin, rifampin, erythromycin, and tetracycline. Resis-
tance to lincomycin and vancomycin was mixed and was not
associated with any particular species, which suggests the pres-
ence of horizontally acquired resistance elements.

MIC analyses were performed to determine the levels of the
observed resistance phenotypes reported in Table 1. The indi-
vidual MICs obtained were shown to be highly repeatable,
fluctuating at most by 2 dilutions (Table 2). Thus, the kana-
mycin and ciprofloxacin resistance observed by disk diffusion
was actually at high levels, ranging from �100 to �2,000 �g/ml
for both compounds. Likewise, resistance to erythromycin, tet-
racycline, and chloramphenicol was low in level and could be
generally summarized as �20 �g/ml. Exceptions to these
trends existed but were apparent in both disk diffusion and
MIC analyses. For example, Lactobacillus delbrueckii DSM
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20080 and Lactobacillus fermentum ATCC 11976 were the only
strains susceptible to kanamycin by disk diffusion analysis and
they also displayed the lowest MICs. Similarly, L. acidophilus
ATCC 4357 and Lactobacillus maltaromicus BCCM 6903 were
the only strains resistant to erythromycin by disk diffusion, and
they also displayed the highest MICs. The results for cipro-
floxacin were inconsistent between the two analyses and may
be an agar medium artifact, as they conflicted even with data
derived from a group of rodent isolates collected from colony-
bred mice and rats.

These rodent isolates were assayed for resistance by both
methods to examine the diversity in resistance phenotypes, and
specifically MICs, within animals housed under controlled con-
ditions. All of the isolates were identified by 16S sequencing as
Lactobacillus murinus and had the same resistance phenotype
(Table 1). Collectively, they also displayed little MIC variabil-
ity (data not shown), with the exception of that of chloram-
phenicol, which varied 32-fold (2 to 64 �g/ml). For example,
the MICs of novobiocin varied fourfold (�0.0625 to 0.25 �g/
ml), whereas these MICs for other Lactobacillus species (Table
2) varied by more than 256-fold. For the other drugs tested, the
range varied by, at most, 2 dilutions from absolute values (in
micrograms per milliliter) of 512 (kanamycin), 0.25 (erythro-
mycin), 2 (tetracycline), 512 (ciprofloxacin), 2,000 (cholic
acid), and 32,000 (taurocholic acid). These data were surpris-

ing when analyzed together with macrorestriction profiling of
their genomic DNA, which contained a large degree of heter-
ogeneity (R. Nayak and C. A. Elkins, unpublished data).

The MICs of some bile acids were also determined in this
study (Table 2; see above for L. murinus). The resistance pro-
files of these natural detergents were consistent in every strain
tested, demonstrating that lactobacilli are more resistant to
conjugated bile acids than to un(de)conjugated bile acids.
Hence, the MICs of conjugates such as taurocholic acid and
taurodeoxycholic acid were higher than the MICs of cholic
acid, an unconjugated bile acid (Table 2). In some cases, such
as those of L. acidophilus ATCC 4357, L. fermentum ATCC
23271, and L. plantarum WCFS1, this difference was dramatic,
varying 256-fold between the two classes of molecules. In ad-
dition, resistance to taurodeoxycholic acid tended to be slightly
lower than resistance to taurocholic acid in the few strains for
which the comparison was made (Table 2).

Effects of bile acids on intrinsic Lactobacillus resistances.
The effect of these natural detergents on resistance to several
drugs was tested by disk diffusion (Table 3). Nearly every strain
exhibited increased sensitivity to the aminoglycosides when
grown in the presence of 0.5% ox gall, which supports a pre-
vious study conducted in a similar manner (11). Likewise in our
study, resistance to several other drugs was also shown to be
affected in a strain- and drug-dependent manner. In some

TABLE 1. Lactobacillus species strains and antibiotic susceptibilitiesa on MRS agar medium

Lactobacillus species and strain Origin
Drugb

STREP KAN GENT CHLOR BAC RIF ERY TET CIP NAL OFLX LIN VAN

L. acidophilus ATCCc 332 Unknown R R R S S S S S R R R ND I
L. acidophilus ATCC 4356 Human I/Rd R R S S I S S R R R R S
L. acidophilus ATCC 4357 Human R R I/R S S S R S S R S I S
L. acidophilus ATCC 53103 Human feces R R R S S S S S I R I R R
L. acidophilus ATCC 53544 Infant R R R S S S S S R R R I S
L. acidophilus PI KS-13 Human intestine R R R S S S S S R R ND I S
L. bifidus ATCC 11146 Infant feces R R R S S S S S R R R S R
L. delbrueckii ATCC 11842 Yogurt R R R S S S S S R R R S S
L. delbrueckii DSM 20080 Yogurt S S S S S S S S R R R S S
L. fermentum ATCC 11976 Infant S/I I S S S S S S R R ND S R
L. fermentum ATCC 23271 Human intestine R R I S S S S S/I R R ND S R
L. gasseri ATCC 19992 Human feces R R R S S S S S R R R R I
L. gasseri NCK 99 Unknown I/R R R S S S S S R R R R I/R
L. johnsonii ATCC 33200 Human blood R R R S S S I I R R ND I I
L. johnsonii PI 100-100 Rat stomach R R R S S S S S R R ND R S/I
L. maltaromicus BCCM 6903 Raw milk R R I S S/I I R S S R S S S/I
L. murinus NCTRe Mouse and rat R R R S S S/I S S S/I R S/I ND R
L. paracasei ATCC 27092 Human feces R R R S S S S S I R ND S R
L. paracasei JCM 1109 Human intestine R R R S S S S S R R I I/R R
L. plantarum ATCC 14917 Pickled cabbage R R I/R S I I I S/I R R R R R
L. plantarum WCFS1 Human saliva R R I S S I S S/I R R R ND R
L. reuteri ATCC 23272 Human feces I I I S S S S S/I R R R S R
L. ruminis ATCC 25644 Human intestine R R R S S S S S S R S S R
L. sake PI Lb5 Turkey ham R R R S I S S S R R R ND R
L. sake PI Lb6 Turkey ham R R R S S S S S R R R ND R
L. sake PI Lb15 Turkey ham R R R S S I I R R R R ND R
L. vaginalis PI 675a Mouse vagina R R I S S S S I R R R ND R

a Antibiotic profiles were determined by disc diffusion and scored as resistant (R), intermediate (I), or susceptible (S). ND, susceptibility not determined.
b Drug name abbreviations (concentration used [micrograms per milliliter]): STREP, streptomycin (10); KAN, kanamycin (30); GENT, gentamicin (10); CHLOR,

chloramphenicol (30); BAC, bacitracin (10); RIF, rifampin (5); ERY, erythromycin (2); TET, tetracycline (30); CIP, ciprofloxacin (5); NAL, nalidixic acid (30); OFLX,
ofloxacin (5); LIN, lincomycin (2); VAN, vancomycin (30).

c See Materials and Methods for type culture collection abbreviations.
d The analysis was repeated with most strains producing identical results; however, in some cases slightly different profiles were obtained. These differences, however,

occurred because the zone diameters approached the limits of the scoring range.
e Representative profile of 17 isolates. Isolates were obtained from mouse and rat intestinal and nasopharyngeal swabs.
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cases, small decreases in zone diameters were observed, while
in others small increases were apparent (Table 3). However,
the largest of these differences was observed only with amino-
glycosides (streptomycin, kanamycin, and gentamicin), which
was reproduced with purified conjugated (taurocholic and tau-
rodeoxycholic) and unconjugated (cholic and deoxycholic) bile
acids at subinhibitory concentrations (data not shown). Inci-
dentally, the effect was exacerbated with deoxycholic acid,
which is the most hydrophobic of the bile acids tested.

One representative strain, L. plantarum WCFS1, was chosen
to study changes in MICs as a function of bile concentration
(Fig. 1). This strain is the only sequenced strain in our study
(28) and displayed one of the highest levels of conjugated bile
acid resistance. As anticipated, the MICs of the aminoglyco-
sides gentamicin and kanamycin and the aminocyclitol specti-
nomycin decreased at increasing concentrations of ox gall as
did the MIC of ethidium bromide (Fig. 1A). However, the
differences observed with kanamycin and spectinomycin may
actually be larger than that shown. The intrinsic MICs of these
drugs without ox gall were not determined because they were
above the highest concentrations tested in this study. Regard-

less, the MIC of gentamicin showed the largest clinically sig-
nificant change, from 1,024 to 4 �g/ml in less than 3.8 mg of ox
gall per ml. Thus, the observed bile acid-mediated changes in
MICs represent a physiological situation since bile acid con-
centrations in the lower GI tract can reach as high as 20 mM
(approximately 10 mg/ml) (3). In contrast, the MICs of tetra-
cycline and erythromycin failed to demonstrate any changes
upon exposure to ox gall and the MICs of chloramphenicol and
ciprofloxacin decreased by 1 and 2 dilutions, respectively, but
only at the highest concentration of ox gall (Fig. 1B). This
concentration, �30 mg/ml, is approximately threefold more
than would be encountered in the GI tract. In addition, the
MIC of ciprofloxacin, like those of kanamycin and spectino-
mycin, was not determined but was at least 2,048 �g/ml, which
is not a clinically significant concentration and therefore was
not pursued further.

Effects of bile acids and energy inhibitors on [G-3H]gen-
tamicin uptake. L. plantarum WCFS1 became sensitive to ami-
noglycosides in the presence of 0.5% ox gall. [G-3H]gentamicin
was used to determine if bile acids or energy and efflux pump
inhibitors were affecting the uptake of this hydrophilic, cationic

TABLE 3. Changes in antibiotic susceptibilitiesa of Lactobacillus species grown in the presence of bile acidsb

Lactobacillus species and strain
Relative change in growth zonec

STREP KAN GENT CHLOR BAC RIF ERY TET CIP NAL OFLX VAN

L. acidophilus ATCC 332 1.4 1.4 1.8 — 1.5 — (1.5) — — — — —
L. acidophilus ATCC 4356 2 16 17 — — (1.5) — (1.3) — — — —
L. acidophilus ATCC 4357 — 18 1.5 (1.4) — — — — — — — —
L. acidophilus ATCC 53103 14 14 2.3 — — — — — — — — —
L. acidophilus ATCC 53544 16 16 16 1.4 — — — — — — — —
L. acidophilus KS-13 — — 1.4 — 1.9 — 1.3 — — — — 1.6
L. bifidus ATCC 11146 16 1.6 2.2 — — (1.4) 1.3 — — — — 10
L. delbrueckii ATCC 11842 NG NG NG NG NG NG NG NG NG NG NG NG
L. delbrueckii DSM 20080 NG NG NG NG NG NG NG NG NG NG NG NG
L. fermentum ATCC 23271 11 10 2 (1.3) — — (20) — — — — —
L. gasseri ATCC 19992 2.1 9 13 — — — — (26) — — — 1.4
L. gasseri NCK 99 1.6 17 16 — 1.5 (1.3) (1.3) — — — — 1.4
L. johnsonii ATCC 33200 14 13 1.8 — — — (20) — 2.9 — — —
L. maltaromicus BCCM

6903
12 17 18 (1.4) — — — (1.5) — — — —

L. paracasei ATCC 27092 (8) 11 2.3 — — — — 1.2 — — — —
L. paracasei JCM 1109 27 20 2.3 — 1.4 — — — 1.4 — — —
L. plantarum ATCC 14917 10 12 14 1.4 1.4 (1.4) — — — — — —
L. plantarum WCFS1 12 14 1.4 1.2 — (1.3) — (1.2) 11 — — —
L. reuteri ATCC 23272 — — 1.3 — — — — — — — — —
L. ruminis ATCC 25644 1.7 15 1.8 — — — — — — — — —

Surveillance strains
L. murinus NCTR 2479 12 1.5 2 — — — — — 1.2 — — —
L. murinus NCTR 2478 1.2 1.2 1.5 (1.3) (1.4) (1.3) — (1.2) — — (1.2) —
L. murinus NCTR 2489 17 1.4 1.8 1.2 — — — — — — — —
L. murinus NCTR 2487 14 1.2 1.3 (1.3) (1.3) (1.3) — (1.2) — — (1.2) —
L. murinus NCTR 976 12 12 1.4 — — (2) — (1.2) — — — —
L. murinus NCTR 2744 16 18 1.5 — — — — — — — — —
L. murinus NCTR 2745 1.7 16 1.7 — — — — — — — — —
L. murinus NCTR 684 16 13 20 — — — — 1.3 — — (1.4) —
L. murinus NCTR 688 17 17 1.6 — — — (1.2) (1.2) — — — —
L. murinus NCTR 2507 12 11 1.5 — — 1.3 — — — — — —

a Susceptibilities were evaluated by measuring (in millimeters) zones of growth inhibition in standard disc diffusion assays.
b MRS plates were supplemented with 0.5% fractionated ox gall powder containing a complex mixture of bile acids.
c Relative changes in growth zones were computed as ratios by dividing the size of the zone of inhibition on MRS plates containing bile acids by that of MRS control

plates. For values of �10, there was no zone of inhibition on the MRS control plate and these values were normalized to 1 for compution of the ratio. A dash represents
no change in zone diameter between the two plates. Values in parenthesis represent inverse ratios for which an increase in resistance (smaller zone diameter) was
observed on bile acid-containing plates. NG, no growth observed on bile acid-containing plates. For drug name abbreviations and concentrations, see Table 1, footnote
b.
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drug (Fig. 2). In the presence of 0.5% ox gall, gentamicin
uptake in WCFS1 cells increased up to sevenfold over control
levels. With CCCP (a proton motive force uncoupler) at 0.1
mM (1�) and 1 mM (10�) concentrations, gentamicin uptake
was indistinguishable from control levels. With 0.1 mM reser-
pine (an inhibitor of several efflux pumps), uptake increased by
approximately sevenfold but revealed a large degree of vari-
ability (Fig. 2). Therefore, gentamicin uptake was measured as
a function of the reserpine concentration, which increased by a
maximum of 18-fold over control levels (Fig. 2, inset). The first
four data points produced modest effects on gentamicin accu-
mulation before a drastic but stable change in uptake occurred
at higher concentrations (�1% [vol/vol] exogenous, chloro-
form-dissolved reserpine) that, we suggest, may result from the
solvent effects of chloroform on membrane permeability. How-
ever, at the concentrations of 10 and 20 �g/ml (0.02 and 0.03
mM) typically reported for reserpine inhibition studies, genta-
micin accumulation increased 1.5- to 2.5-fold.

The increase in gentamicin uptake caused by a crude mix-
ture of bile acids (ox gall) did not directly implicate bile acids
as inhibitors of an efflux process. The presumed action of bile
acids in membrane solubilization could simply promote leak-
age of gentamicin. Therefore, gentamicin uptake was mea-
sured as a function of ox gall, taurocholic acid, and cholic acid
concentrations (Fig. 3). In each case, gentamicin uptake pro-
duced curves that differed significantly in magnitude. The con-
jugate taurocholic acid increased uptake by the smallest degree
(threefold) but was more similar to ox gall (fivefold) than to
cholic acid. This observation is easily explained since ox gall
contains mostly conjugated bile acids. Interestingly, the maxi-
mum levels of gentamicin uptake achieved with cholic acid
(18-fold) were similar to the maximum levels achieved with
chloroform-dissolved reserpine, which indicates that cholic
acid may permeabilize the membrane.

Time course analysis of effect of bile acid hydrolysis on
gentamicin uptake. Microbial bile salt hydrolase (BSH) en-
zymes produce primary deconjugated bile acids from their
conjugated counterparts (Fig. 4) (5) and are encoded by some
Lactobacillus species (15, 19, 21, 28, 39), including L. planta-
rum WCFS1 (28, 39). The preincubation time in our uptake
assay was varied to determine whether this activity, when com-
bined with exogenous conjugated bile acid, affected gentamicin
uptake in WCFS1 cells (Fig. 5). Cells exposed to 20 mg of
taurocholic acid per ml showed increased gentamicin uptake as
a function of time, whereas gentamicin uptake in WCFS1 cells
devoid of exogenous conjugated bile acids was unaffected by
the preincubation time. The observed increase in drug uptake
peaked at 16 min at levels much lower than expected if com-
plete conversion to cholic acid had occurred (cf. Fig. 3). This
result was expected since the MIC of cholic acid, 2 mg/ml
(Table 2), would prohibit full conversion of taurocholic acid by
the endogenous BSHs.

DISCUSSION

Recent studies of antimicrobial resistance in the genus Lac-
tobacillus are limited to a few published reports (10, 12, 17). In
those studies, resistance was assayed in MRS medium, which is
complex and mildly selective in pH and supports luxuriant
growth of a variety of lactobacilli. In our study, the resistance
phenotypes of Lactobacillus species strains on MRS agar me-
dium were generally similar for several drugs, were supported
by MIC analyses in MRS broth culture except for ciprofloxa-
cin, and were comparable to the findings previously reported
(10, 12, 17). For a group of 17 rodent isolates, identified as L.
murinus, the MICs were remarkably similar to each other when
compared collectively with the MICs for other lactobacilli in
this study (Table 2). However, macrorestriction profiling of L.

FIG. 1. Two-dimensional MIC analysis of L. plantarum WCFS1. The MICs of the various drugs were determined at each concentration of ox
gall. (A) Drug MICs that shift with increasing concentrations of ox gall. (B) Drug MICs largely unaffected by increasing concentrations of ox gall.
Identical results were obtained under aerobic conditions; the MIC of ox gall was 256 mg/ml.
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murinus genomic DNA revealed a large degree of heteroge-
neity, suggesting that similarities in MICs may reflect physio-
logical similarities rather than genetic ones, at least in this
species.

In virtually every case in this study, lactobacilli were resistant
to high levels of aminoglycoside antibiotics. These antibiotics
have broad-spectrum activities; however, they are generally
ineffective against gram-positive anaerobes (18). This is
thought to occur because of membrane impermeability due to
their characteristic multiple cationic charges. Thus, aminogly-
cosides have strong activity against aerobes because these
bacteria generally have a high membrane potential, �	 (intra-
cellular negative), which facilitates their entry by an electro-
phoretic process or an unidentified transport mechanism. In
anaerobe antibiotic resistance, impermeability can be ex-
plained by depression of �
 by anaerobiosis (18), which is
clearly exacerbated in acidophilic anaerobes like lactobacilli.
Under these conditions, �pH dominates the proton motive
force while �
 contributes to a much lesser degree, if at all.
For example, acidophiles at an external pH of �3 may actually
produce a reverse membrane potential (intracellular positive)

(49). We measured the pH of supernatants from an overnight
culture of L. plantarum WCFS1, which dropped from 6.5 in
fresh MRS to 3.85 in approximately 18 h (personal observa-
tions). With very little �	 to drive aminoglycoside entry, we
can rationalize membrane impermeability as an explanation
for aminoglycoside MICs in milligram-per-milliliter quantities,
as has been shown in this report.

Lactobacilli demonstrated a large variability in resistance to
different species of bile acids (Table 2), an observation that is,
thus far, unique to this genus. These differences correspond to
the relative physical-chemical properties of taurocholic and
cholic acids, hence pKas that influence solubility. Thus, lacto-
bacilli are more resistant to largely soluble and negatively
charged taurocholic acid (pKa, 1.4) than to a strongly hydro-
phobic and neutral cholic acid (pKa, 6.4), while moderately
soluble taurodeoxycholic acid (pKa, 1.9) displayed intermedi-
ate activity. Taken in aggregate, our data suggest that bile acid
resistance may be due to selective partitioning into leaflets of
the membrane because of the strong influence of �pH and the
strong anionic nature of tauroconjugates. Therefore, conju-
gates may be electrostatically biased into facing the acidic

FIG. 2. L. plantarum WCFS1 uptake of [G-3H]gentamicin in the presence of ox gall or energy inhibitors. Control values were obtained with
WCFS1 cells devoid any exogenous agents. Error bars represent standard deviations of three replicates from the same bacterial suspension. Inset,
uptake of [G-3H]gentamicin at different concentrations of chloroform-dissolved reserpine.
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extracellular milieu with their sulfate groups. Neutral bile
acids, like cholic acid, are free to carry out their natural action
as strong detergents and compromise the entire membrane
bilayer. This view supports our recent description of a tauro-
cholic-cholic acid antiporter from Lactobacillus johnsonii 100-
100 that is encoded in tandem with a BSH enzyme (22). Fur-
thermore, as Kurdi et al. pointed out in their study (30),
deconjugates can accumulate intracellularly to levels predicted
by the Henderson-Hasselbalch equation in a spontaneous fash-
ion because of their nature as weak, hydrophobic acids.

Gentamicin MICs in two-dimensional analyses (Fig. 1A)
were affected far greater by ox gall than were those of the other
aminoglycosides tested in this study. Accordingly, gentamicin
should have a better ability to cross the membrane than kana-
mycin or spectinomycin. This observation is supported by the
structures of these three aminoglycosides and their interac-
tions with lipid layers. Thus, in one study, binding of different
aminoglycosides to phosphatidylinositol was related to the
number of amino groups carried by the drug and is largely

dependent upon electrostatic interactions. In fact, the calcu-
lated interaction energy of gentamicin, �8.5 kcal/mol, was
more favorable than for the other aminoglycosides tested in
their study (8). In another study dealing with molecular hydro-
phobicity potentials and accessibility to water, gentamicin was
shown to be associated with hydrophobic envelopes when as-
sembled with phosphatidylinositol, whereas kanamycin was
surrounded by hydrophilic envelopes (34). In our study, these
properties in concert with bile acids resulted in a decrease in
the MIC of gentamicin for strain WCFS1 from 1,024 to 4
�g/ml. Since human therapeutic levels of gentamicin range
from approximately 5 to 12 �g/ml with target peak levels of 20
�g/ml in plasma (6), physiological concentrations of endoge-
nous bile acids may produce a clinically significant impact on
commensal Lactobacillus populations.

Several antimicrobial agents other than aminoglycosides
were subjected to two-dimensional MIC analyses (Fig. 1). Sim-
ilar to aminoglycosides, ethidium bromide was affected by in-
creasing concentrations of ox gall (Fig. 1A); however, the pla-

FIG. 3. L. plantarum WCFS1 uptake of [G-3H]gentamicin at different concentrations of ox gall or purified bile acids. TCA, taurocholic acid;
CA, cholic acid.

FIG. 4. Generalized BSH reaction. Conjugated bile acids are deconjugated to their primary bile acid counterparts in some GI tract pro-
karyotes.
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nar structure of this intercalating agent may be responsive to
membrane perturbations, or alternatively or in addition, this
molecule may be subject to an efflux process inhibited by bile
acids. In contrast, agents with hydrophobic moieties such as
chloramphenicol, tetracycline, erythromycin, and ciprofloxacin
were not affected by ox gall at physiological concentrations
(Fig. 1B). These antimicrobials, however, have much less dif-
ficulty penetrating the membrane and would not be affected by
bile, at least at levels that could be detected in MIC analyses.
This may explain why the increase in the tetracycline resistance
of WCFS1 observed in the disk diffusion assay (Table 3) was
not observed in MIC analyses.

The lumen of the intestine is neutral to slightly alkaline (41).
The gentamicin uptake assays in this study were performed at
pH 6.5, a condition that we speculate approximates this envi-
ronment because of moderate local pH depressions within
buried Lactobacillus communities. Under these nearly neutral
conditions, we observed with aminoglycoside uptake (i) a
membrane-permeabilizing effect with high concentrations (vol/
vol) of chloroform (Fig. 2, inset), (ii) an increase in uptake with
cholic acid to the maximum levels observed with chloroform
(Fig. 3), and (iii) a modest threefold increase in uptake with
taurocholic acid (Fig. 3). We can conclude that bile (ox gall)-
mediated sensitivity to aminoglycosides likely results from in-
creased membrane permeation by deconjugated bile acids like
cholic acid. Nonetheless, conjugated bile acids are typically the
predominant species produced in liver hepatocytes and re-
leased into the intestinal lumen (44). Significant levels of de-
conjugated species are found in the lower small and large
bowels because of the action of microbial BSH enzymes (41).
Because of the preincubation inherent in the uptake assays, the
modest effects observed with taurocholic acid and the largely
conjugated constituents of ox gall may result from deconju-
gated bile acids produced by such enzymes. Therefore, we

further demonstrated that BSH activity encoded by WCFS1
can modulate this permeability. These data, taken collectively
with the resistance phenotypes in the first part of this study,
support the conclusion from a different study showing that
BSH activity and conjugated bile acid resistance are unrelated
properties in lactobacilli (35). However, we can conclude, on
the basis of our data, that the dramatic difference between the
levels of resistance to conjugated bile acids and their primary
bile acid counterparts can account for this previous conclusion.

That Lactobacillus membranes are impermeable to amino-
glycosides at low pHs eliminates an alternative hypothesis sug-
gesting that bile-mediated sensitivity interferes with a putative
MDR efflux process. However, we observed an effect on gen-
tamicin uptake with low concentrations of reserpine (Fig. 2,
inset). At pHs approaching neutral, �
 may make a contribu-
tion to the proton motive force and permit entry of small
quantities of aminoglycosides, as was evident in the controls
reported in the gentamicin uptake assays (Fig. 2). It is known
that a related bacterium, Lactococcus lactis, encodes an efflux
pump with broad specificity that is sensitive to reserpine. This
pump, LmrA, has been shown to cause aminoglycoside efflux,
producing modest levels of resistance (two- to threefold) when
heterologously expressed in E. coli (38). WCFS1 is known to
encode an LmrA homolog (28), which may offer an explana-
tion for these observations. Uptake assays with directed-knock-
out mutants is a subject for future study to assess the contri-
bution of this and other efflux processes to intrinsic resistance
in lactobacilli, especially at different pHs.
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