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In recent years, the absence of acquired antimicrobial resistance has become an important criterion to
evaluate the biosafety of lactobacilli used as industrial starter or probiotic cultures. At present, however,
standards for susceptibility testing of Lactobacillus strains or approved guidelines for interpreting the test
results are not available. Hence, this study was carried out to contribute to the establishment of a standardized
procedure for antimicrobial susceptibility testing of lactobacilli. The results obtained by testing 104 strains of
the Lactobacillus acidophilus group were compared based on broth microdilution, disk diffusion, and Etest.
Except for some specific agent-related effects, agreement between MICs resulting from the broth microdilution
method and the Etest was good. In addition, inhibition zone diameters determined with disk diffusion
correlated well with MICs from Etest and broth microdilution.

Within the lactic acid bacteria (LAB), the Lactobacillus
acidophilus group, consisting of the six closely related species L.
acidophilus, L. amylovorus, L. crispatus, L. gallinarum, L. gasseri,
and L. johnsonii, represents one of the three major groups of
lactobacilli hosted in the intestinal tracts of healthy humans
(10). Strains of this group have not only been widely used as
dairy starter cultures but are also applied as probiotics (10).

Especially in the case of probiotic products, where the con-
centration of viable bacteria is a key criterion used to define
the microbiological product’s quality (14), lactobacilli and
other LAB are usually consumed in high numbers. The close
contact with other bacteria in the human intestine is an excel-
lent precondition for horizontal gene transfer with the aid of
conjugative transposons and plasmids (26). Therefore, it is of
particular importance to reassess the safety of bacterial cul-
tures intended for use as food additives (28), even though most
strains of the L. acidophilus group are classified as “generally
recognized as safe” bacteria due to their long history of proven
health benefits and safe use (11, 19). There is a growing inter-
est in the possible role of LAB as vectors for antibiotic resis-
tance genes (26). Hence, the safety of these microorganisms
should be verified with respect to their ability to acquire and
disseminate resistance determinants (14).

A prerequisite for the identification of resistant genotypes is
the assessment of resistant phenotypes by standardized methods
(7). Although there are well-established standard procedures and
breakpoints available for susceptibility testing of bacteria with
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clinical significance, they are poorly validated or unsuitable for
susceptibility testing of nonpathogenic bacteria such as nonen-
terococcal LAB and bifidobacteria (20). Only recently were
guidelines published providing recommendations on how to test
Lactobacillus isolates that cause endocarditis (13). To our knowl-
edge, no standards for susceptibility testing of Lactobacillus iso-
lates or approved guidelines for interpreting the test results exist
(6, 21, 23). Consequently, a broad variety of techniques have been
reported for the in vitro susceptibility testing of lactobacilli (1, 2,
4,12, 15, 22, 24, 25, 29). Owing to the different testing conditions
applied (e.g., methodologies, basal media, temperature, time, and
atmosphere), both the comparability and the interpretation of
results for the detection of resistance determinants across differ-
ent studies are limited.

Among the recent efforts undertaken to establish a stan-
dardized method for antimicrobial susceptibility testing of
LAB, the development and evaluation of LAB susceptibility
test medium (LSM) proved a first major step forward (16).
Largely based on the use of the LSM formulation, standard
operating procedures for the antimicrobial susceptibility test-
ing of LAB by Etest or the broth microdilution method have
been proposed within the 6th framework EU project ACE-
ART (G. Huys, unpublished data).

In the scope of these developments, the present study aimed
to establish a standardized procedure for the antimicrobial
susceptibility testing of members of the L. acidophilus group.
For this purpose, the antimicrobial susceptibility of 104 isolates
encompassing the six species of this group was tested by the
Etest and the broth microdilution method according to the
recently proposed standard operating procedures. Addition-
ally, the disk diffusion method was performed under Etest
conditions. Finally, the suitability and precision of the three
methods were evaluated.
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MATERIALS AND METHODS

Bacterial strains. A total of 104 isolates of the L. acidophilus group were
included in this study, i.e., 10 strains of L. acidophilus, 31 strains of L. amylovorus,
7 strains of L. crispatus, 7 strains of L. gallinarum, 26 strains of L. gasseri, and 23
strains of L. johnsonii. The origin and identification of these strains by species-
specific PCR or by amplified ribosomal DNA restriction analysis were described
by Danielsen et al. (5). Enterococcus faecalis ATCC 29212 was included as a
quality control strain.

Antimicrobial susceptibility testing. For all three susceptibility testing meth-
ods, inocula of the isolates tested were prepared by suspending colonies from
LSM agar plates (16), incubated for 24 h at 37°C in an anaerobic cabinet
(Scholzen Technik, Kriens, Switzerland), in 5 ml 0.85% NaCl solution to a
turbidity of McFarland standard 1.

(i) Broth microdilution. VetMIC 96-well microtiter plates (National Veteri-
nary Institute, Uppsala, Sweden) were used for determining the MICs of the
antimicrobial agents ampicillin (0.12 to 8 ug ml™?), clindamycin (0.12 to 8 pg
ml~"), erythromycin (0.12 to 16 pg ml™!'), gentamicin (0.5 to 32 pug ml™'),
streptomycin (2 to 256 p.g ml~1), and tetracycline (0.5 to 128 pg ml~ ). Addi-
tionally, vancomycin resistance was tested in separate microdilution assays in a
concentration range of 0.12 to 128 pg ml~'. Therefore, a vancomycin stock
solution of 5.12 mg ml~ ! was prepared in sterile water and diluted in LSM broth
(16) to obtain solutions with preliminary vancomycin concentrations in a range of
0.25 to 256 pg ml~'. A 50-pl volume of each solution was dispensed into each
well of the microtiter plates. The inoculated saline suspension, prepared as
described above, was diluted 1:1,000 in LSM broth for inoculation of the VetMIC
plates and 1:500 for inoculation of the vancomycin plates. Subsequently, 100 and
50 pl of the diluted inoculum was added to each well of the VetMIC and
vancomycin plates, respectively. Plates were incubated under anaerobic condi-
tions at 37°C for 48 h. Subsequently, MICs were read as the lowest concentration
of an antimicrobial agent at which visible growth was inhibited.

(i) Etest. Bacterial suspensions with a turbidity equivalent to McFarland
standard 1 were swabbed evenly onto LSM agar plates with a sterile cotton swab.
After drying the surfaces of the plates, the Etest strips (AB Biodisk, Sweden) of
all of the antimicrobial agents tested (ampicillin, clindamycin, erythromycin,
gentamicin, streptomycin, tetracycline, and vancomycin; 0.016 to 256 pg ml~1)
were applied. The plates were incubated under the same condition as for the
broth microdilution method. MICs were read directly from the test strip accord-
ing to the instructions of the manufacturer.

(iii) Disk diffusion. LSM agar plates were inoculated with the bacterial sus-
pension as described above for the Etest. Antibiotic disks containing 10 g
ampicillin, 2 pg clindamycin, 15 g erythromycin, 10 wg gentamicin, 10 pg
streptomycin, 30 pg tetracycline, or 30 pg vancomycin (Oxoid) were placed on
LSM agar plates. Plates were incubated under anaerobic conditions for 48 h at
37°C, followed by measurement of the inhibition zone diameters (IZDs), includ-
ing the diameter of the disk (in millimeters).

Statistical analysis. (i) Comparison of broth microdilution and Etest. MIC
agreement between the broth microdilution and Etest was defined as the same
MIC =*1 log, dilution based on the MICs of the broth microdilution method.
Etest results that fell between the standard twofold dilution MICs of the broth
microdilution method were rounded up to the next higher twofold concentration.
Isolates with off-scale MICs, i.e., MICs less than or equal to the lowest concen-
tration or greater than the highest concentration tested, were excluded for this
agreement calculation.

(ii) Correlation between disk diffusion and broth microdilution or Etest. To
define the linear functions between IZDs (in millimeters) and MICs (in micro-
grams per milliliter), regression analysis was applied after logarithmic conversion
(log,) of the MICs. Correlation between the two variables was established by the
correlation coefficient (r). P values of <0.01 were considered statistically signif-
icant.

(iii) Precision of the methods. As an important validation parameter to char-
acterize the three methods, their respective precision was expressed in terms of
repeatability. The repeatability of each method was evaluated by testing a set of
10 strains in three independent assays for each antimicrobial agent. The resulting
MIC and IZD variations were expressed as standard deviations of repeatability.
Generally, the acceptable repeatability of broth microdilution and Etest is within
a range of *1 log, MICs or lies within a +3- to 4-mm IZD variation for disk
diffusion (8).

RESULTS

(i) Comparison of broth microdilution and Etest. Table 1
displays the agreement of the MICs of seven antimicrobial agents
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TABLE 1. Comparison of broth microdilution and Etest
MIC:s of seven antimicrobial agents for 104 isolates
of the L. acidophilus group”

No. of isolates with the same (0)
or deviating Etest results in

Antimicrobial ~ No. of comparison with the broth %o
agent isolates microdilution method Agreement”
-4 -3 -2 -1 0 1 2

Ampicillin 102 1 7 48 46 92
Clindamycin 80 2 6 15 21 28 8 71
Erythromycin 45 1 8 9 20 7 80
Gentamicin 101 1 6 51 40 3 96
Streptomycin 93 3 38 35 15 2 95
Tetracycline 76 16 34 11 8 7 34
Vancomycin 104 12 87 5 95

“ Only isolates with on-scale MICs are included.
b Agreement (bold values) between the two methods is defined as the differ-
ence between MICs falling within a 1-dilution MIC range (0, 1, and —1).

for 104 isolates of the L. acidophilus group generated by broth
microdilution and Etest. The levels of agreement between the two
methods were high for the antimicrobial agents ampicillin, gen-
tamicin, streptomycin, and vancomycin (>90%). Lower levels of
agreement were obtained for clindamycin (71%), erythromycin
(80%), and especially tetracycline (34%).

In general, lower MICs of ampicillin, clindamycin, erythro-
mycin, and streptomycin were obtained by Etest. Conversely,
Etest tended to yield higher MICs of gentamicin and vanco-
mycin. MICs of tetracycline obtained by Etest were lower at
the susceptible end of the MIC range and higher at the resis-
tant end of the MIC range compared to those obtained by
broth microdilution.

(ii) Correlation between disk diffusion and broth microdi-
lution or Etest. The linear functions between 1ZDs (in milli-
meters) of the disk diffusion method and MICs (in micrograms
per milliliter) of the broth microdilution method or Etest were
characterized by a relatively strong correlation coefficient (r =
—0.84 to —0.98) for the antimicrobial agents clindamycin,
erythromycin, streptomycin, and tetracycline. Concerning am-
picillin, gentamicin, and vancomycin, the correlation coeffi-
cient was only moderately strong (r = —0.63 to —0.83). The P
values of all correlation analyses were less than 10™#, which
expresses a highly significant relationship between the methods
compared.

(iii) Precision of the methods. MIC variations, expressed as
standard deviations of repeatability and obtained for the broth
microdilution method and Etest by testing a set of 10 strains in
three independent assays, were within the expected range of
+1 log, dilution variation of MICs. Correspondingly, IZD
variations of the agar disk diffusion method lay within an IZD
variation of *3 to 4 mm. Interestingly, lower variations (+0.32
t0 0.45 log, pg ml~ ! and *1 to 1.5 mm) could be obtained for
the antibiotics gentamicin, streptomycin, and vancomycin by
Etest and the agar disk diffusion method, respectively, whereas
the variation was higher (=0.48 to 0.63 log, pg ml~ ' and =2.2
to 2.9 mm) for ampicillin, clindamycin, erythromycin, and tet-
racycline for these two agar-based methods.

By testing a clindamycin-resistant L. gasseri strain several
times, a less stable type of resistance appeared as substantial
ingrowth in Etest elliptical inhibition zones (Fig. 1A). In gen-
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FIG. 1. (A) Ingrowth of isolated resistant colonies in elliptical in-
hibition zones when testing the susceptibility of an L. gasseri strain to
clindamycin by Etest. According to the manufacturer’s instructions,
the MIC has to be read as the concentration at total inhibition, in-
cluding discrete colonies (MIC, >256 wg ml™"), despite the apparent
inhibition ellipse at a MIC of 8 pg ml~'. (B) Occurrence of isolated
resistant colonies at the margin of the inhibition zone, when testing the
susceptibility of an L. johnsonii strain to streptomycin by Etest.

eral, this type of resistance could be observed for some strains
of the species L. gasseri and L. johnsonii and the antimicrobial
agents clindamycin and erythromycin.

Another finding, which was not repeatable and occurred
arbitrarily, was inconsistent growth with the broth microdilu-
tion method and the aminoglycoside antibiotics streptomycin
and gentamicin. Irrespective of the occurrence of this phenom-
enon, isolated resistant colonies could be detected at the inhi-
bition zone margins for these two antimicrobial agents in Etest
and the agar disk diffusion method (Fig. 1B).

DISCUSSION

The recent description of the LSM formulation (16) is con-
sidered a first step toward the development of a standard
protocol for the susceptibility testing of industrially important
LAB. Still, very few data are currently available on the suit-
ability of this medium when using different testing methods.
Thus, the Etest, agar disk diffusion, and broth microdilution
results obtained by LSM-based antimicrobial susceptibility
testing of LAB strains of the L. acidophilus group were com-
pared within this study.

In general, the broth microdilution and Etest results were in
good agreement. The overall agreement between these two
susceptibility testing procedures, which should be higher than
90% (27), was sufficiently achieved for the bactericidal drugs
ampicillin, gentamicin, streptomycin, and vancomycin. The mi-
nor satisfying agreement between the results obtained with the
bacteriostatic agents clindamycin, erythromycin, and tetracy-
cline may be due to the diffuse edges of their inhibition zones
observed with agar-based methods. Additionally, reading at
80% inhibition of growth, as indicated by the manufacturer,
further complicates the interpretation of data. In contrast,
accurate reading of endpoints was possible for all of the bac-
tericidal agents tested except ampicillin because inhibition
zones were much better delineated. Moreover, results were
read at the point of total inhibition for bactericidal agents,
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thus simplifying the readings. Concerning the bacteriostatic
agents, the greatest discrepancy between Etest and broth
microdilution was observed with tetracycline. This may be
due to the fact that only for this antimicrobial agent were
the Etest values lower than those of the broth microdilution
method at the susceptible end of the MIC range and higher
at the resistant end.

Repeated measurements were included to determine preci-
sion as a key parameter to characterize each method. Broth
microdilution and Etest results were highly reproducible, as for
all of the antimicrobial agents the MIC dilution variations fell
within the expected range of *1 log, dilution (8). As men-
tioned above, the higher variations obtained by Etest for the
bacteriostatic agents tested and ampicillin could be traced back
to the difficult reading of results. As the Etest and the disk
diffusion method are based on the same principle, also a higher
variation between the results was found for the same antimi-
crobial agents concerning the disk diffusion method. Neverthe-
less, all IZD variations fell within a range of 3 to 4 mm, which
corresponds to the intrinsic variation of the testing system (8).

With respect to the comparison of the disk diffusion method
with broth microdilution or Etest, it was found that the IZDs
correlated well with the MICs determined by the two other
methods. An increase in MICs was accompanied by a decrease
in IZD sizes and vice versa. As a result of the simultaneous
presence of low- or high-level resistant and susceptible strains
(5), the correlation coefficients () for clindamycin, erythromy-
cin, streptomycin, and tetracycline indicated a relatively strong
relationship between the variables. On the contrary, very few
strains displayed phenotypic resistance to ampicillin, gentami-
cin, or vancomycin (5). As a result, the MIC distribution mainly
consisted of low values which resulted in an unreliable regres-
sion line and lower correlation coefficients.

Because quantitative MIC information is usually preferred
above classification into resistant, intermediate, and suscepti-
ble phenotypes for evaluation of the biosafety of industrial
LAB cultures, dilution methods and the Etest are favored over
the disk diffusion test (17). However, if criteria for interpreting
the results of this technique were established, a useful method
for rapid tentative differentiation among susceptible and resis-
tant isolates could be developed.

In addition to the evaluation of the suitability and precision
of all three methods, some other important observations, like
substantial ingrowth in elliptical inhibition zones regarding
Etest and the antimicrobial agents clindamycin and erythro-
mycin could be noted. Isolated resistant colonies within the
inhibition zone of the Etest strip were also observed by
Danielsen and Wind in the testing of Lactobacillus sp. suscep-
tibility to imipenem and nitrofurantoin (6). They concluded
that this phenomenon may be explained by the high spontane-
ous frequency of mutation to antibiotic resistance (6), which is
not uncommon in lactobacilli (3). Additionally, the loss of
antibacterial activity of unstable antimicrobial agents during
incubation may result in subinhibitory concentrations that
could promote the emergence of resistant strains during pro-
longed exposure (9). This assumption is supported by the de-
tection of erythromycin- and clindamycin-resistant colonies af-
ter 48 h but never after 24 h of incubation within the present
study. To avoid major discrepancies between the Etest and the
broth microdilution method due to substantial ingrowth in
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elliptical inhibition zones, the Etest MIC should be read at the
point of intersection instead of at the point of total growth
inhibition. In any case, however, the appearance of isolated
resistant colonies should be recorded.

Possibly, inconsistent growth of some isolates in broth mi-
crodilution and the appearance of resistant colonies at the
margin of the inhibition zones of Etest or agar disk diffusion
during gentamicin and streptomycin susceptibility testing could
also be explained by a high rate of spontaneous mutation to
antibiotic resistance in lactobacilli (3). However, it is also
known that some antibiotics possess the capability to increase
mutability (18). The appearance of isolated resistant colonies
at the margin of the inhibition zone does not substantially
influence Etest or agar disk diffusion results. For broth mi-
crodilution, the lowest MIC was always read, as this effect,
which was only observed for aminoglycosides, seems to be
more drug specific.

Isolated resistant colonies are an important observation that
might not be detectable by applying the broth microdilution
method (6). This highlights an advantage of using agar-based
methods (especially the Etest) over broth-based methods.

In conclusion, this study has clearly indicated that each sus-
ceptibility test has inherent advantages and limitations. Agar-
based methods like Etest and agar disk diffusion represent
valid methods compared to the broth microdilution method,
using the new protocol and test medium for antimicrobial
susceptibility testing of lactobacilli. Nevertheless, further per-
formance evaluations are required to develop a standardized
method for antimicrobial susceptibility testing of lactobacilli
used as starter cultures or probiotics to evaluate acquired an-
tibiotic resistances more easily.
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