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The susceptibility of Borrelia burgdorferi, the causative agent of Lyme borreliosis, to various antimicrobial
agents varies widely among published studies. These differences are probably due in part to variations in
susceptibility testing techniques and growth endpoint determinations. We developed a microdilution method
for determining the MICs of antibiotics against B. burgdorfen. The method incorporated BSK II medium, a
final inoculum of 106 cells per ml, and a 72-h incubation period and was found to be simple and highly
reproducible. A variety of antibiotics and strains of B. burgdorferi and one strain of Borrelia hermsii were
examined by this method. MICs of penicillin, ceftriaxone, and erythromycin for the B31 strain ofB. burgdorferi
were 0.06, 0.03, and 0.03 ,ug/ml, respectively. We compared the MICs obtained by the microdilution method
with those obtained by a macrodilution method using similar criteria for endpoint determinations and found
the values obtained by both methods to be in close agreement. To further investigate the bactericidal activities
of penicillin, ceftriaxone, and erythromycin against strain B31, we used subsurface plating to determine MBCs
and we also performed time-kill studies. The MBCs of penicillin, ceftriaxone, and erythromycin were 0.125,
0.03, and 0.06 igIml, respectively. Time-kill curves demonstrated a .3-log1o-unit killing after 72 h with
penicillin, ceftriaxone, and erythromycin; ceftriaxone provided the greatest reduction in CFU. The described
methods offer a more standardized and objective approach to susceptibility testing of B. burgdorferi.

The spectrum of antibiotic susceptibility of Borrelia burg-
dorferi, the etiologic agent of Lyme borreliosis, has been
only partially defined. In vitro antimicrobial susceptibility
studies of B. burgdorferi have been limited in part by the
lack of standardized methods. The existing susceptibility
data from different studies are difficult to compare because
of differences in test conditions, inoculum concentrations,
and endpoint determinations (33). B. burgdorfien has been
reported to be most susceptible in vitro to erythromycin,
azithromycin, clarithromycin, ceftriaxone, and cefotaxime
(17-21, 27, 28, 35, 36). Tetracycline, doxycycline, ampicillin,
and penicillin G have been reported to have less activity
against the organism (18, 21, 35). The spirochetes are resis-
tant to aminoglycosides, rifampin, trimethoprim-sulfameth-
oxazole, and ciprofloxacin (18, 21, 35). Wide variations in
the MICs and MBCs of most antibiotics tested have been
reported (26, 33). Furthermore, in vitro results have not
always correlated with clinical experience (34, 41, 45).
Although erythromycin has excellent in vitro activity against
B. burgdorferi, clinically it has been less effective than
tetracycline, doxycycline, or penicillin in the treatment of
Lyme borreliosis (37, 41). The investigation described here
was designed to develop a standardized method for in vitro
susceptibility testing of borrelias. We report here the in vitro
susceptibility data we obtained with a variety of antibiotics
including penicillin, erythromycin, and ceftriaxone using a
broth microdilution method for MICs, a subsurface plating
method for MBCs, and broth macrodilution time-kill studies.

* Corresponding author.

MATERIALS AND METHODS

Spirochetes. The B. burgdorferi strains studied were B31
(ATCC 35210), the type strain isolated from a pool of New
York Ixodes dammini ticks (9); Ip90, an isolate from an
Ixodes persulcatus tick from eastern Russia (22, 23); Gl, an
isolate from the cerebrospinal fluid of a patient with Lyme
disease in Germany (15, 38); and HB19, an isolate from the
blood of a patient with Lyme disease in Connecticut (3, 40).
Cultures of strains B31 and HB19 had been passed continu-
ously from 1982 and 1983, respectively, and each had been
cloned at least twice by limiting dilution (2, 8). These
high-passage strains were designated B31-92 and HB19-92,
respectively. The original isolates of strains B31 and HB19,
which had not been passed more than three times in vitro
and which were still infectious for rats (5), were designated
B31-82 and HB19-83, respectively. The Ip9O and Gl strains
had not been passed more than 10 times in vitro. The HS1
strain of Borrelia henrsii (ATCC 35209), which was isolated
from a Omithodoros hermsi tick in Washington State (43,
44), was also studied.

Antibiotics. The antibiotics tested were penicillin G (Eli
Lilly, Indianapolis, Ind.), amoxicillin (Beecham, Bristol,
Tenn.), ceftriaxone (Hoffmann-La Roche, Nutley, N.J.),
cefixime (Lederle, Wayne, N.J.), cefdinir (Parke-Davis,
Morris Plains, N.J.), erythromycin and clarithromycin (Ab-
bott, North Chicago, Ill.), azithromycin (Pfizer, Groton,
Conn.), chloramphenicol and doxycycline (Sigma, St. Louis,
Mo.), sparfloxacin (Rhone-Poulenc-Rorer, Antony, France),
and an investigational quinolone (CI 960; Parke-Davis, Mor-
ris Plains, N.J.). Antibiotics were reconstituted in the di-
luents recommended by the antibiotic manufacturers.

Broth microdilution susceptibility tests. MICs were deter-
mined by a broth microdilution method by using 96-well
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round-bottom polystyrene microtiter trays (Coming Glass
Works, Coming, N.Y.) Antibiotics were diluted twofold in
BSK II medium (1, 2), and 100 ,ul of each concentration to be
tested was dispensed into wells in triplicate rows. In addi-
tion, 100 ,ul of BSK II medium was dispensed into wells of
each microtiter tray for growth controls of each strain tested
and for negative controls. The ranges of antibiotic concen-
trations tested were as follows (in micrograms per milliliter):
penicillin, 0.015 to 8; amoxicillin, 0.008 to 2.0; ceftriaxone,
0.015 to 4; cefixime, 0.015 to 4; cefdinir, 0.015 to 4; eryth-
romycin, 0.004 to 1.0; clarithromycin, 0.0018 to 0.5; azithro-
mycin, 0.0018 to 0.5; chloramphenicol, 0.03 to 8; doxycy-
cline, 0.03 to 8; sparfloxacin, 0.06 to 8; and CI 960, 0.03 to 4.
All wells except the negative control wells were inoculated
with 10 RI of actively growing cultures of borrelias propa-
gated in BSK II medium and were adjusted to yield a final
inoculum of ca. 106 cells per ml, as determined by enumer-
ation with a Petroff-Hausser chamber and phase-contrast
light microscopy. Microdilution trays were sealed with ster-
ile adhesive plastic and were incubated for 72 h at 34°C. The
lowest concentration of antibiotic that showed inhibition of
visual growth (a button or pellet on the bottom of the
microtiter well) and lack of a color change of the BSK II
medium from pink to yellow compared with the color of the
growth control was interpreted as the MIC. In cases in which
the BSK II medium was just beginning to change to yellow
but there was visual evidence of growth, the well with the
next higher concentration without evidence of growth was
read as the MIC.
The MBCs of penicillin, ceftriaxone, and erythromycin

were determined by a subsurface plating method performed
in duplicate on 2x BSK II agar. The media for subsurface
plating consisted of a 2x concentrate of BSK II medium (2x
BSK II) medium without gelatin, a 3% bottom agarose, and
a 2% top agarose (14, 24). Briefly, 2x BSK II medium was
sterilized by passage through a nitrocellulose membrane
filter (0.22-,um pore size). Rabbit serum (12% [vol/vol]; Pel
Freez, Rogers, Ark.) was added, and the medium was
warmed in a 37°C water bath. Under a laminar flow hood, an
equal volume of autoclaved 3% agarose (Seakem LE; FMC
Corp., Rockland, Maine) kept molten at 65°C was added to
the 2x BSK II medium in a polystyrene tube. After the
mixture was inverted several times, 8 ml was dispensed into
polystyrene petri dishes (60 by 15 mm). Plates were allowed
to solidify and were stored overnight at 34°C in a candle jar
to prevent drying and to reduce the oxygen content of the
medium before use. Molten 2% top agarose (Seaplaque;
FMC Corp.) was sterilized by passage through a 0.22-,um-
pore-size membrane, and a 750-pI aliquot was added to
sterile 1.5-ml polystrene tubes held in a 37°C heating block.
Previously prepared 2x BSK II medium with rabbit serum
was warmed to 37°C, and 650 RI was added to each aliquot of
molten 2% agarose. Spirochete suspensions were prepared
in 2x BSK II medium, and 100 ,ul was added to the aliquots
of molten agarose and 2x BSK II medium. The contents of
the tubes were mixed well by gently vortexing the tubes, and
the contents were poured immediately onto the surface of
the 2x BSK II agar. Plates were rotated gently to spread the
suspension evenly, the agarose was allowed to solidify, and
the plates were incubated in a candle jar at 34°C. Discrete
colonies were visible after 5 days and were large enough to
be easily counted after 10 to 12 days (Fig. 1). The efficiency
of subsurface plating was determined by successful subcul-
turing of an inoculum of fewer than 100 cells per 100 RIl, as
determined by enumeration in a Petroff-Hausser chamber.
At the time that microdilution trays were inoculated, the

FIG. 1. Discrete B. burgdorferi B31 colonies on 2x BSK II agar
plates (60 by 5 mm) after 10 days of incubation in a candle jar at
34oC.

actual inoculum density of each MIC and MBC test was
determined by subsurface plating as described above. After
72 h of incubation and determination of MICs, 10 ,ul of each
microdilution well determined to be the MIC and 10 pul of
wells with concentrations greater than the MIC were mixed
with 100 ,ul of 2x BSK II medium and was subcultured by
subsurface plating. After 10 to 12 days, plates were exam-
ined visually and colonies were counted. The lowest con-
centration of antibiotic showing 299.9% killing of the final
inoculum was designated the MBC (32).

Broth macrodilution methods. The MICs of penicillin,
ceftriaxone, and erythromycin were also determined by a
broth macrodilution method based on the method described
by Barbour et al. (4). Triplicate tubes containing 5 ml of BSK
II medium with the antibiotics diluted to yield the same
concentrations as described above for the microdilution
methods and control tubes containing no antibiotics were
inoculated with B31 cells to yield a final inoculum of 106 cells
per ml (27). Tubes were tightly capped, incubated at 34°C,
and mixed by inversion at 24-h intervals. After 72 h of
incubation, tubes were examined for visual inhibition of
growth and a lack of color change of the BSK II medium.
The MIC was defined as the lowest concentration of antibi-
otic showing inhibition of visible growth turbidity and a lack
of color change of the BSK II medium compared with the
colors of the controls. The MBCs of penicillin, ceftriaxone,
and erythromycin were determined by a modification of the
method previously described by Johnson and coworkers (17,
19). A total of 10% (vol/vol) of all tubes showing inhibition of
growth was subcultured onto 5 ml of BSK II medium without
antibiotics, and the tubes were incubated for 7 days. The
MBC was defined as the lowest concentration at which no
spirochetes could be detected by phase-contrast light mi-
croscopy after 7 days.

Time-kill studies. B. burgdorferi B31 was used to deter-
mine generation times in BSK II medium and killing rates by
penicillin, erythromycin, and ceftriaxone at concentrations
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representing twice the respective microdilution MICs. Poly-
styrene tubes containing 10 ml of BSK II medium with the
antibiotic concentrations to be tested and one tube without
antibiotics were inoculated with 100 ,ul of an actively grow-
ing culture adjusted to yield a final inoculum of ca. 10 cells
per ml. Tubes were incubated at 34°C. At 0, 8, 24, 48, and 72
h, tubes were gently vortexed and the spirochete numbers in
each tube were estimated with a Petroff-Hausser counting
chamber. The estimated numbers were used to determine
the appropriate dilutions needed to provide plates with
countable colonies following subsurface plating. To accom-
plish this, 100-,ul aliquots were removed from each tube and
were serially diluted 10-fold in BSK II medium; 100-pl
aliquots were also directly subcultured in duplicate by
subsurface plating. The plates were examined and the colo-
nies were counted after 10 to 12 days of incubation. A
bactericidal effect was defined by a .3-log10-unit killing
(99.9%) of the final inoculum (30). The lack of an antibiotic
carryover effect was demonstrated for each antibiotic tested
by subsurface plating 100 ,ul of the highest concentration of
antibiotic tested with a known inoculum of approximately 50
to 100 B31 cells.

Antibiotic bioassay. To determine the stability of penicillin
and ceftriaxone in BSK II medium after 72 h and 7 days of
incubation at 34°C, agar diffusion bioassays were performed
in quadruplicate with Bacillus subtilis ATCC 6633 as the
assay microorganism (11). For analytical purposes, test
concentrations were 16 ,ug/ml for both penicillin and ceftri-
axone. Standard curves were prepared by using concentra-
tions of 0.25, 0.5, 1, 2.5, 5, 10, and 20 ,ug/ml for penicillin and
2.5, 5, 10, and 20 ,g/ml for ceftriaxone in BSK II medium.

RESULTS

We found that microdilution MIC determinations were
simple to interpret and that the MICs were reproducible by
using the criteria of lack of color change of the BSK II
medium and visual inhibition of growth (a button on the
bottom of the microtiter well). Our criterion for growth in the
microdilution wells was based on those recommended by the
National Committee for Clinical Laboratory Standards (29)
for other bacteria: a definite turbidity, a single sedimented
cluster (button) of organisms 2 mm in diameter or greater, or
more than one cluster. Comparisons of the growth charac-
teristics between test and growth control wells were made in
determining the endpoints for each isolate tested. At con-
centrations of antibiotics determined to be the MIC or
greater, the BSK II medium in the wells remained clear and
pink. Our MICs ranged from 0.03 to 0.125 ,ug/ml for penicil-
lin and 0.03 to 0.06 ,ug/ml for ceftriaxone for all strains of B.
burgdorferi and one strain of B. hermisi tested (Table 1).
Although low-passage strains of B. burgdorferi grew more
slowly than high-passage strains, the MICs for low-passage
strains were still easy to determine visually by using our
criteria. We found no significant differences in the MICs of
penicillin or ceftriaxone between the low- and high-passage
strains of B31 and HB19 tested. The values were within
3-log2-unit dilutions, which is within the anticipated preci-
sion of a test that uses serial twofold dilutions, i.e., within
plus or minus 1 dilution of a modal value. We demonstrated
the reproducibility of MIC determinations with the B. burg-
dorferi B31 by testing the strain in triplicate on a minimum of
five separate occasions (different days). The MICs of peni-
cillin, ceftriaxone, and erythromycin spanned a range of only
3-log2-unit dilutions; the results were well within the antici-
pated precision of the test.

TABLE 1. MICs for different strains of B. burgdorferi
and B. hermsii

Modal MIC (pg/ml)a
Strain

Penicillin Ceftriaxone

B. burgdorfen
B31-82 0.03 0.03
B31-92 0.06 0.03
Ip90 0.03 0.03
Gl 0.06 0.06
HB19-83 0.06 0.06
HB19-92 0.125 0.06

B. hermsii HS1 0.03 0.03
a Results are based on triplicate determinations.

Penicillin, amoxicillin, ceftriaxone, erythromycin, cla-
rithromycin, and azithromycin had the lowest MICs of the
antibiotics tested against B31 (Table 2). Although B. burg-
dorfen has been reported to be resistant to ciprofloxacin
(18), we tested two newer fluoroquinolones, sparfloxacin and
CI 960, and found that they had some activity against B31,
with MICs of 0.5 and 1.0 ,ug/ml, respectively. We also tested
two newer oral cephalosporins, cefixime and cefdinir, and
found cefixime to be more active (MIC, 0.5 ,ug/ml) than
cefdinir (MIC, 2 ,ug/ml) but less active than ceftriaxone
(MIC, 0.03 p,g/ml).
We performed broth macrodilution susceptibility testing

for two reasons: (i) to compare our results with those of
other investigators who have used similar methods and (ii) to
compare the results of the broth macrodilution method with
those of the microdilution method we used in this study.
Using the same criteria to define the MIC as described for
the microdilution method (visual inhibition of growth and
lack of color change of the BSK II medium), we found that
the MICs of penicillin, ceftriaxone, and erythromycin were
0.03, 0.03, and 0.015 p,g/ml, respectively; these values were
in agreement with those obtained by the microdilution
method.
The MBCs determined by the subsurface plating method

described above were also simple to interpret and the results
were reproducible; i.e., the ranges spanned only 2-log2-unit
dilutions. The MBCs for strain B31 were 0.125 ,ug/ml for
penicillin, 0.03 ,ug/ml for ceftriaxone, and 0.06 ,ug/ml for
erythromycin. The MBCs determined by the broth macrodi-
lution subculture method and defined by no evidence of

TABLE 2. MICs for B. burgdorferi B31

Modal MICAntibiotic (ILg/ml)a

Penicillin G........................................... 0.06
Amoxicillin ........................................... 0.06
Ceftriaxone ........................................... 0.03
Cefixime........................................... 0.5
Erythromycin ........................................... 0.03
Clarithomycin ........................................... 0.008
Azithromycin ........................................... 0.008
Cefdinir........................................... 2.0
Doxycycline........................................... 2.0
Chloramphenicol........................................... 2.0
Sparfloxacin ........................................... 0.5
CI 960........................................... 1.0

a Results are based on triplicate determinations.
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FIG. 2. Time-kill curves with B. burgdorferi B31. The concen-

trations of penicillin (0.125 Fg/ml), ceftriaxone (0.06 ,ug/ml), and
erythromycin (0.06 p,g/ml) used represent twice the respective
MICs.

spirochetes on phase-contrast light microscopy after 7 days
of incubation were significantly greater than those obtained
by the subsurface plating method. The MBCs of penicillin,
ceftriaxone, and erythromycin were 2, 0.125, and >1 ,ug/ml,
respectively.

Time-kill studies with penicillin, ceftriaxone, and erythro-
mycin at concentrations representing twice the respective
MICs demonstrated a .3-log1o-unit killing (99.9%) of the
final inoculum (Fig. 2). Ceftriaxone demonstrated the great-
est bactericidal effect after 72 h of incubation, with a

4.5-log1o-unit killing, which was 1.5 log1o units greater than
the value for penicillin or erythromycin. The generation time
of strain B31 determined from the growth controls was 10.3
h.
Because we postulated that penicillin's decreased killing

at 72 h relative to that of ceftriaxone might be due to

penicillin's instability under test conditions, we determined
the concentration of penicillin remaining after 72 h and 7
days of incubation. The bioassay demonstrated that penicil-
lin concentrations diminished markedly during incubation at

34°C in BSK II medium. The levels of penicillin were

reduced to 17% of the initial concentration after 72 h of
incubation. After 7 days, the levels of penicillin were less
than 2% of the initial concentration. In contrast, ceftriaxone
levels were reduced to 73% of the initial concentration after
72 h and 47% of the initial concentration after 7 days.

DISCUSSION

Although penicillin, ceftriaxone, doxycycline, amoxicillin,
and erythromycin have all been proven to be useful in the
treatment of Lyme borreliosis (25-27, 37, 39, 41, 42), the
most effective antibiotic agent and the optimal duration of
therapy have not been determined conclusively (26, 33, 37).
Therapy for later and more severe manifestations of Lyme
borreliosis remains controversial, and management strate-

gies are evolving (31). Antimicrobial susceptibility studies of
B. burgdorfiei can provide valuable information in the

development of new therapies for Lyme borreliosis. A
uniform and standardized method of antimicrobial suscepti-
bility testing of B. burgdorferi has not been established.
Previously described susceptibility studies of B. burgdorferi
have predominantly used broth macrodilution methods in
BSK II medium with various inoculum concentrations,
incubation periods, and endpoint determinations, yielding a
wide range of results for the antibiotics tested (26, 33).
Preac-Mursic and colleagues (35) reported using microdilu-
tion methods in addition to macrodilution methods in sus-
ceptibility studies of B. burgdorfen, but they published
findings obtained only by the macrodilution method.

In an effort to develop a standardized approach to antibi-
otic susceptibility testing of borrelias, we adapted the broth
microdilution method to test the susceptibility of B. burg-
dorferi in a manner similar to that used for other bacteria
(29). A variety of antibiotics from different classes, including
penicillins, cephalosporins, macrolides, doxycycline, chlor-
amphenicol, and fluoroquinolones, were examined in this
manner. Among the antibiotics examined by the microdilu-
tion method in the present study, penicillin, amoxicillin,
ceftriaxone, erythromycin, clarithromycin, and azithromy-
cin had the lowest MICs for B. burgdorferi B31.

Berger and colleagues (7) reported that the MICs of
penicillin ranged from 0.005 to 0.08 ,ug/ml for six different
strains of B. burgdorferi. They defined the MIC as the lowest
concentration of antibiotic in which greater than 90% of cells
appeared motile, and yet the number of cells was not greater
than the inoculum size after 72 h of incubation. Our MICs of
penicillin ranged from 0.03 to 0.125 ,ug/ml for the strains of
B. burgdorferi that we tested. Other investigators, however,
have reported higher MICs, ranging from 0.5 to 8 ,ug/ml for
penicillin and 0.25 to 1 ,ug/ml for amoxicillin (21, 26, 33, 35,
36), for a variety of different strains of B. burgdorfen. There
are likely several explanations for the differences between
our findings and those of other investigators. In our study,
MIC determinations were made at 72 h, while the other
studies determined endpoints at 4 days or longer, when
concentrations of unstable antibiotics such as penicillin are
likely to be significantly diminished or undetectable. Results
of our bioassay demonstrated that the concentration of
penicillin under test conditions markedly decreased with
time. At 7 days, concentrations of penicillin were undetect-
able, while 47% of the initial concentration of ceftriaxone
remained. When incubation periods exceed 72 h, it is likely
that growth of unkilled borrelias occurs in the dilutions of
antibiotics in which little or no drug remains.

In addition, our MIC determinations were made by visual
examination for inhibition of growth turbidity and the lack of
color change of the BSK II medium in microtiter wells
compared with the colors of the controls. Other studies have
relied on microscopic examination for the loss of motility of
borrelias in the presence of different concentrations of
antibiotics or failure to grow borrelias on broth subculture
for MIC determinations (7, 21, 27, 34-36). When we exam-
ined, by phase-contrast light microscopy, borrelias from
microdilution wells containing concentrations of penicillin
determined to be the MIC or greater, we were still able to
detect occasional motile spirochetes at 72 h (data not
shown).

It is also possible that the differences in our MICs of
penicillin compared with those obtained by other investiga-
tors could be accounted for by differences in the broth
microdilution and macrodilution methods. However, a high
degree of correlation between MICs determined by broth
macrodilution and those determined by broth microdilution
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has been demonstrated in previous studies, with MICs
varying by no more than 1 dilution for most antibiotics and
most organisms tested (13). When we used the same inocu-
lum density, the same incubation temperatures and times,
and the same criteria to define MICs by a broth macrodilu-
tion method as we used for the microdilution method, we
found that the MIC results between the methods were in
close agreement. The microdilution method had the advan-
tages of requiring less preparation time and less medium, and
it lent itself well to the testing of multiple isolates simulta-
neously. We also discovered that microdilution trays could
be prepared, frozen at -70°C, and thawed when needed
without significant variations in MICs from those in trays
that had not been frozen (data not shown).

Previously reported MBC determinations for B. burgdor-
feri have also used broth macrodilution methods. MBCs
have been determined by the absence of spirochetes on
microscopic examination after incubation periods of up to 3
weeks and/or the absence of spirochetes in BSK II medium
subcultures after incubation periods of up to 3 weeks. The
MBC determinations made by these methods require virtu-
ally 100% killing of the final inoculum, which is a rigorous
requirement of any antibiotic. We used a subsurface plating
technique similar in principle to the guidelines for determin-
ing the bactericidal activities of antimicrobial agents against
other bacteria, as recommended by the National Committee
for Clinical Laboratory Standards (30). The MBC was de-
fined as a .3-log1o-unit (99.9%) killing of the final inoculum
(30, 32). We found the MBCs of penicillin (e.g., 0.125 ,ug/ml)
and erythromycin (0.06 ,ug/ml) to be 1 dilution greater than
the respective MICs. The MIC and the MBC of ceftriaxone
were identical, i.e., 0.03 ,ug/ml.

Time-kill curve techniques have been shown with other
microorganisms to have the best correlation with cure, as
demonstrated in animal models, and with clinical outcomes
(6, 10, 12, 16). Following the general guidelines recom-
mended by the National Committee for Clinical Laboratory
Standards (30), we were able to demonstrate a .3-log10-unit
(99.9%) killing of the final inoculum with penicillin, erythro-
mycin, and ceftriaxone at concentrations representing twice
the MIC. The time-kill curve data obtained for penicillin,
erythromycin, and ceftriaxone would also support our MBC
data for these antibiotics. Ceftriaxone demonstrated the
greatest bactericidal effect after 72 h, with a 1.5-log10-unit
greater killing of the final inoculum than that of penicillin or
erythromycin. A likely explanation for the decreased killing
of penicillin relative to that of ceftriaxone was the signifi-
cantly diminished levels of penicillin with time.
Our methodology for time-kill studies of borrelias is

unique in that we used subsurface plating techniques. Sub-
culturing by subsurface plating allowed us to demonstrate
viable organisms after 72 h of incubation with concentrations
of antibiotics greater than the MICs, even when no spiro-
chetes or only nonmotile spirochetes were seen on exami-
nation of treated cultures by phase-contrast light microscopy
(data not shown).

In summary, our data indicate that a microdilution method
with BSK II medium, a final inoculum of 106 cells per ml,
and incubation for 72 h holds promise for standardization of
antibiotic susceptibility testing of borrelias. Time-kill studies
and MBCs determined by subsurface plating can also pro-
vide valuable information regarding the activities of antibi-
otics against B. burgdorfiei. In addition, we demonstrated
that penicillin does, indeed, have good in vitro bactericidal
activity against B. burgdorferi, but its instability under
previously published test conditions must be taken into

consideration. We believe that the susceptibility methods
described here provide a more standardized and more ob-
jective means of examining borrelias. These methods should
be used to explore the activities of additional antimicrobial
agents and a larger number of B. burgdorferi strains.
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