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Two hundred seventeen isolates of Borrelia burgdorferi originally cultured from skin biopsy samples or blood
of early Lyme disease patients were genetically characterized by PCR-restriction fragment length polymor-
phism (RFLP) typing of the 16S-23S ribosomal DNA intergenic spacer. Three major RFLP types were
observed. Of the cultured isolates, 63 of 217 (29.0%) were type 1, 85 of 217 (39.2%) were type 2, and 58 of 217
(26.7%) were type 3; mixtures of two RFLP types were obtained in 6.0% (13 of 217) of the cultures. Comparison
of typing of B. burgdorferi performed directly on 51 patient skin specimens with typing of cultures originally
isolated from the same tissue revealed that a much larger proportion of direct tissue samples had mixtures of
RFLP types (43.1% by direct typing versus 5.9% by culture [P < 0.001). In addition, identical RFLP types were
observed in only 35.5% (11 of 31) of the paired samples. RFLP type 3 organisms were recovered from blood at
a significantly lower rate than were either type 1 or type 2 strains. These studies demonstrate that the genetic
diversity of B. burgdorferi patient isolates as determined by cultivation differs from that assessed by PCR

performed directly on patient tissue.

Lyme disease, the most prevalent vector-borne disease in the
United States, is caused by infection with the spirochete Bor-
relia burgdorferi (4, 5, 26, 30). Inoculation of the spirochete into
humans occurs during feeding of certain Ixodes ticks (4, 26, 27).
Early Lyme disease is manifested by a characteristic skin rash,
erythema migrans, and is frequently accompanied by other sys-
temic symptoms (e.g., fatigue, arthralgia, myalgia, headache,
fever, and stiff neck) (20).

B. burgdorferi was originally characterized as a single species.
However, in recent years it has become clear that the broad
grouping of spirochetes referred to as B. burgdorferi sensu lato
is composed of a number of distinct species and genomic
groups (3, 13, 14, 18, 31). Of these, only B. burgdorferi sensu
stricto, Borrelia garinii, Borrelia afzelii, and group 25015 organ-
isms have been isolated from Lyme disease patients (1, 5, 28,
29). Thus, the pathogenic potential of the other B. burgdorferi
sensu lato species remains uncertain. Furthermore, several
studies have suggested a possible correlation between a specific
species and particular disease manifestations (1, 2, 6, 29, 32).

B. burgdorferi sensu lato is distributed throughout the north-
ern hemisphere, but in North America virtually all character-
ized isolates are B. burgdorferi sensu stricto (3, 15, 19). Recently,
several studies have demonstrated that there is significant ge-
netic heterogeneity among North American B. burgdorferi
sensu stricto isolates (8, 15, 19). Many of those studies involved
tick-derived isolates, and virtually all analyses were carried out
with cultured organisms rather than those analyzed directly in
clinical specimens. In an earlier report, we determined the
genetic diversity among clinical isolates of B. burgdorferi by a
PCR-restriction fragment length polymorphism (RFLP) typing
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method targeted at the 16S-23S ribosomal DNA (rDNA)
spacer region and found predominance of one specific RFLP
type among 93 cultured clinical isolates investigated (17).

In the present study, this analysis has been extended to a
total of 217 cultured clinical isolates. In addition, typing of B.
burgdorferi directly in skin biopsy tissue was performed, and for
some of these specimens, paired samples of tissue and culture
were analyzed.

MATERIALS AND METHODS

Skin biopsy and culture. Skin biopsy samples (2 mm) were obtained from the
advancing border of primary erythema migrans lesions from patients enrolled in
a prospective study at the Lyme Disease Diagnostic Center of the Westchester
Medical Center, as previously described (25). Biopsy specimens were placed in a
transport medium for later processing in the laboratory. Tissues were transferred
to 0.5 ml of BSK-II medium lacking rabbit serum and gelatin and ground in a
Spectrum Brand microtissue grinder. A 0.1-ml portion of this suspension was
introduced into 6 ml of complete BSK-II medium supplemented with 6% rabbit
serum and 1.2% gelatin and incubated at 34°C for 2 to 8 weeks. The remainder
of the suspension (0.4 ml) was processed for PCR. Spirochetes present in whole
blood, plasma, or serum were cultured essentially as described elsewhere with
minor modifications (21, 33).

DNA isolation. DNA from tissue biopsy specimens, 0.3 ml of EDTA-treated
whole blood, or 0.2 ml of B. burgdorferi cultures (either primary or at passage 1
or 2) was prepared with a commercial nucleic acid extraction kit (IsoQuick; Orca
Research, Bothell, Wash.). Prior to DNA extraction, the macerated skin biopsy
tissue was separated from the BSK-II medium and was solubilized by suspension
in 0.1 ml of lysis buffer (10 mM Tris-HCI [pH 7.4], 0.5% Nonidet P-40, 0.5%
Tween 20, 0.1 mg of proteinase K per ml), incubation overnight at 55°C, and
boiling for 15 min. DNA was extracted from both the medium and the digested
skin sample by means of the Isoquick extraction kit as described elsewhere (24).
Purified DNA was resuspended into a total volume of 50 wl of water, and 10 pl
was employed for PCR.

PCR amplification. A 941-bp region of the B. burgdorferi 16S-23S rDNA
spacer region was amplified by PCR by a modification of a previously reported
protocol (17). The most crucial refinement was the use of a nested-PCR proce-
dure which resulted in an increased yield of product by direct PCR from clinical
material, obviating the necessity of culture. First-round amplification employed
P, (5'-GGTATGTTTAGTGAGGG-3'; positions 1465 to 1481 in the mature
16S rRNA sequence) as the forward primer and Pos (5'-GGTTAGAGCGCAG
GTCTG-3'; positions 941 to 924 of the spacer) as the reverse primer. PCR
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amplification results in a 1,014-bp product. Ten microliters of a 1/1,000 dilution
of the first-round PCR product was employed as template in a second PCR with
Py (5'-CGTACTGGAAAGTGCGGCTG-3'; positions 1505 to 1524 in the ma-
ture 16S rRNA sequence) as the forward primer and Py, (5'-GATGTTCAAC
TCATCCTGGTCCC-3'; positions 908 to 886 of the spacer) as the reverse
primer. PCR amplification was performed in 50 ul containing 100 mM (each)
deoxynucleoside triphosphates, 1.5 U of Tag DNA polymerase (Boehringer
Mannheim), and 30 pmol of each primer in a Perkin-Elmer model 9600 ther-
mocycler. The amplification profile for both first- and second-round PCR con-
sisted of 35 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, and
extension at 72°C for 30 s.

RFLP analysis. Ten-microliter aliquots of the nested-PCR amplification prod-
ucts were subjected to RFLP analysis by digestion with 2 U of either Hinfl or
Msel, and digested fragments were resolved by agarose gel electrophoresis in
Tris-borate-EDTA buffer as previously described (17).

Statistical analysis. Statistical analyses were performed with True Epistat
software (version 5.1; Richardson, Tex.). All analyses were two tailed. Categor-
ical variables were analyzed with the log-likelihood ratio test. P values less than
0.05 were considered statistically significant.

RESULTS

Typing of B. burgdorferi isolates obtained by culture. In
earlier reports, we described molecular typing of 93 clinical
isolates cultured from Lyme disease patients by PCR-RFLP
analysis of a segment of the 16S-23S rDNA spacer (17). We
have now extended this analysis to an additional 124 clinical
isolates (a total of 217). Table 1 contains the distribution of
RFLP types from these B. burgdorferi cultures obtained from
either skin or blood of patients with early Lyme disease eval-
uated in Westchester County, N.Y., during the 7-year period
1991 to 1997. The data confirmed the presence of the three
major RFLP types previously described (17). Of 183 skin iso-
lates, 46 (25.1%) were type 1, 70 (38.3%) were type 2, and 55
(30.1%) were type 3; the remaining 6.6% (12 of 183) were
mixed cultures composed of at least two genotypically distinct
isolates. Type 2 isolates were more frequently cultured from
skin biopsy specimens than were either of the other types (P =
0.07 for comparison of type 1 and type 2; P = 0.013 for com-
parison of type 2 and type 3). Of the 34 blood isolates analyzed,
91% were RFLP types 1 and 2. The number of RFLP type 3
cultures was significantly underrepresented in this group of
specimens (P = 0.0003 for comparison of type 3 with either
type 1 or type 2). A log-likelihood ratio analysis showed a
significant difference in the distribution of RFLP types be-
tween skin and blood (P = 0.024). The number of RFLP type
3 cultures was significantly lower in blood than in skin (P =
0.004). In contrast, blood specimens yielded significantly more
RFLP type 1 isolates in culture than did skin specimens (P =
0.033).

The annual distribution of the three RFLP types among
cultured isolates is presented in Fig. 1. Some yearly variation in
the relative distribution of RFLP types was observed, but type
2 isolates were cultivated most frequently in four of the seven
years studied when isolates from both skin and blood are
considered.

Typing of B. burgdorferi directly in tissue. In order to extend
this technique for typing of B. burgdorferi directly in patient
tissue, a nested-PCR procedure which was sensitive enough to
facilitate typing of B. burgdorferi without the requirement for
prior culture was developed. Data for 58 specimens (51 skin
and 7 blood samples) analyzed in this manner are presented
in Table 2. In contrast to the findings in culture, the pre-
dominant RFLP type detected in tissue was type 1 (P =
0.0074 and P < 0.0001 for comparison with type 2 or type 3,
respectively).

Significantly more mixed infections were observed by direct
typing than in cultured isolates (43.1 versus 6.0% [P < 0.001]).
If observation of RFLP types in mixed specimens is consid-
ered, RFLP type 2 was present in 43.1% (25 of 58) of the tissue
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TABLE 1. PCR-RFLP typing of B. burgdorferi clinical isolates
cultured from skin or blood of Lyme disease patients

No. of positive isolates/no. total (%)

RFLP Restriction

type(s) pattern* Skin Blood
1 H1, M1 46/183 (25.1) 15/34 (44.1)
2 H2, M2 70/183 (38.3) 15/34 (44.1)
3 H2, M3 55/183 (30.1) 3/34 (8.8)
1 and 2 9/183 (4.9) 1/34 (2.9)
1 and 3 1/183 (0.6) 0/34 (0)
2 and 3 2/183 (1.1) 0/34 (0)

“ Restriction patterns are based on digestion of the 941-bp nested PCR prod-
uct with restriction endonuclease Hinfl (H1 and H2) or Msel (M1, M2, and M3).

specimens, essentially identical to the frequency with which it
was found in cultured isolates (44.7% [97 of 217]). However,
RFLP type 1 organisms were found by direct tissue analysis at
more than twice the frequency of that observed in cultured
isolates (74.1 versus 40.1% [P < 0.0001]). The difference in
distribution of RFLP types in cultured isolates and by direct
tissue analysis suggests that RFLP type 1 is selected against by
cultivation in BSK-II medium.

It is noteworthy that RFLP type 3 isolates are rarely found
(3 of 43 [7%]), either individually or in combination with an-
other RFLP type, in blood samples (7 direct samples and 36
cultures) examined to date.

Of the 51 skin biopsy specimens typed by PCR (Table 2), 31
yielded positive cultures (19 were culture negative and 1 cul-
ture was contaminated). A comparison of RFLP types ob-
tained by PCR and culture for these 31 skin specimens is
presented in Table 3. B. burgdorferi cultured isolates had the
identical RFLP type(s) as that found directly in skin biopsy
tissue in only 35.5% (11 of 31) of the paired samples. In
contrast, the most common finding (14 of 31 [45.2%]) was that
of mixed infections with at least two different RFLP types in
patient tissue and only one of these RFLP types growing out in
culture. In this sampling, there was no significant difference in
recovery rate by culture for any of the RFLP types (P = 0.11).
The culture outcomes for 51 skin biopsy samples based on
direct RFLP typing in tissue were as follows. Of 37 type 1
specimens, 11 (29.7%) were culture positive for the same
RFLP type as determined by direct PCR in tissue. Of 21 type
2 specimens, 7 (33.3%) were culture positive, and of 15 type 3
specimens, 8 (53.3%) were culture positive. Each type was
determined alone or in combination with a second RFLP type.
For 19.3% (6 of 31) of the paired samples, the RFLP types of
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FIG. 1. Annual distribution of cultured isolates by RFLP type. Type 1, solid
bars; type 2, striped bars; type 3, open bars. No blood isolates were obtained in
1991.
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TABLE 2. Direct PCR-RFLP typing of B. burgdorferi patient tissues

No. of positive isolates/no. total (%)

RFLP
type(s)* Skin Blood
1 17/51 (33.3) 3/7 (42.9)
2 5/51 (9.8) 1/7 (14.3)
3 7/51 (13.7) 0/7 (0)
1 and 2 14/51 (27.5) 3/7 (42.9)
1and3 6/51 (11.8) 0/7 (0)
2 and 3 2/51 (3.9) 0/7 (0)

“ Based on RFLP pattern of digested nested PCR product; see Table 1.

the cultured spirochetes were different from those found by
direct PCR analysis in the corresponding tissue.

DISCUSSION

The results of the present study indicate that a genotypically
heterogeneous group of B. burgdorferi infects patients in
Westchester County, N.Y. In addition, the distribution of each
of these genotypes in patient tissue or the cultures derived
from them is nonrandom. RFLP type 2 was the predominant
isolate in cultures from skin biopsy specimens, whereas RFLP
type 1 was most frequently detected by PCR directly in skin
tissue. Mixtures of RFLP types were demonstrated signifi-
cantly more frequently by direct PCR analysis of tissue than by
original cultures (43.1 versus 5.9% [P < 0.0001). The observed
differences in distribution of RFLP types between tissue and
culture samples suggest that a bias is introduced by in vitro
propagation. A similar conclusion was reached based on an
analysis of B. burgdorferi species present in Ixodes spinipalpis
ticks collected in Colorado. The Colorado study demonstrated
that the frequency of p66 and ospA alleles determined by PCR
and single-strand conformation polymorphism analysis was sig-
nificantly different between cultured and uncultured spiro-
chetes (22). In our study, it was possible to address culture bias
by comparison of culture and direct typing for a subset of 51
skin samples since both tests were applied to the identical
specimen (see above). This analysis revealed no significant
difference in culture recovery for any RFLP type; study of a
larger number of paired assays on the same tissue sample is
warranted.

The direct comparison analysis of the 51 skin specimens did
establish, however, that mixtures of RFLP types are observed
much less frequently in culture than by direct PCR testing.
Forty-three percent (22 of 51) of the skin specimens directly
analyzed by PCR-RFLP contained mixtures of two different
RFLP types, whereas only 5.9% (3 of 51) of the cultures of
these same skin specimens contained a mixture of RFLP types
(P < 0.0001). The most common finding (45%) was a mixture
of RFLP types detected by direct analysis and one of these
growing out in culture (Table 3). All cultures were analyzed
either as the original inoculate or at passage 1 or 2. This
implies that in vitro culture conditions efficiently eliminate the
propagation of certain individuals in the mixed specimen and
result in outgrowth of a specific subtype. This could be due to
differential acquisition or assimilation by certain B. burgdorferi
RFLP types of required nutrients in BSK-II medium, thereby
altering the growth success of those cells. This may be ad-
dressed by analyzing genomic differences or alterations in gene
expression among the different RFLP types.

The distribution of RFLP types obtained by direct analysis
of patient tissue probably reflects the spirochete population
distribution originally deposited in skin by the feeding tick. A
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TABLE 3. PCR-RFLP typing of B. burgdorferi directly in patient
tissue and isolates cultured from these tissues

RFLP type(s)* No. of tissue-

Outcome” ue-
Tissue Culture culture pairs
Identical 1 1 5
2 2 3
3 3 2
1 and 2 1 and 2 1
Selection? 1 and 3 3 5
1 and 2 1 5
1 and 2 2 2
2 and 3 2 1
2 and 3 3 1
Different 1 2 1
1 2 and 3 1
1 and 2 3 2
3 1 and 2 1
3 2 1

“ Based on RFLP pattern of digested nested-PCR product; see Table 1.

> Comparison of RFLP typing result by direct PCR in tissue and in cultured
isolate from same tissue.

¢ Total of 31 tissue and culture pairs. This does not include 20 specimens
reported in Table 2 which did not yield evaluable cultures (19 negative and 1
contaminated).

4 RFLP type of cultured isolate is identical to only one of the types of the
mixture observed directly in tissue.

number of studies have indicated that Ixodes ticks are infected
by multiple B. burgdorferi genotypes (11, 23). This is also true
of the local Ixodes scapularis population in Westchester
County, N.Y. PCR-RFLP analysis showed that 52% of 27 ticks
contained a mixture of RFLP types (16).

For certain specimens (19%), a particular RFLP type was
observed only in culture and not by direct analysis of the skin
tissue (Table 3). The appearance of RFLP types in culture
which are not detected by PCR analysis suggests that the iso-
late which ultimately grows out in culture was present in tissue
at levels below the detection capabilities of the PCR-RFLP
typing method. Under the experimental conditions employed
in this study, RFLP type isolates representing only 5% of the
total spirochetes in a mixture could be readily detected (data
not shown). This suggests that even minor components of a
spirochete population mixture can become the predominant
species after only one or two passages in culture.

The possibility of generating one RFLP type from another is
not very likely. The typing scheme employed in our analysis
assesses the presence (or absence) of a single Hinfl site and
two Msel sites (17). Sequencing of the 941-bp spacer for three
representative isolates of each RFLP type revealed a maximum
of 19 nucleotide differences between members of the same
type but a minimum of 36 nucleotide differences between the
most closely related isolates of different RFLP types. This
confirms that the RFLP analysis is indicative of significant
genotypic (i.e., sequence) variation in the rDNA spacer. The
simultaneous mutation of three or more nucleotides which
would be required to generate one RFLP type from another in
the relatively short period of adaptation to culture conditions
seems highly implausible.

What might the differences in recovery of certain RFLP
types by culture or their distribution in patient specimens re-
veal regarding their potential for infectivity, invasion, or patho-
genesis? A number of studies have suggested that specific B.
burgdorferi sensu lato species may be responsible for different
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manifestations of Lyme disease, B. garinii being more often
associated with neuroborreliosis and B. afzelii being more often
associated with chronic skin manifestations (1, 6, 29). It is
interesting to note the underrepresentation of RFLP type 3 in
blood both by culture and by direct analysis in the present
study. RFLP type 3 isolates were found in 31.7% of skin biopsy
cultures (Table 1) and 29.4% of skin biopsy specimens tested
directly by PCR (Table 2). In contrast, only 8.8% of the blood
cultures contained this RFLP type (P = 0.004), and it was not
detected in any of the blood samples by direct analysis. Thus,
genetic heterogeneity may be responsible for the wide degree
of variation in symptomatology and severity of Lyme disease
encountered in the United States (20).

At present, the properties of the distinct RFLP types which
may be responsible for different biological activities are not
known. It should be noted that the typing method employed
here is based on a noncoding spacer region within the rRNA
gene cluster of B. burgdorferi (10) which is unlikely to have any
role in invasion or pathogenesis. We have recently character-
ized a subset of 36 of the isolates analyzed in the current study
by whole-genome RFLP and plasmid content (by pulsed-field
gel electrophoresis of Mlul-digested DNA or undigested total
DNA) and found that there is a greater than 90% correspon-
dence between rDNA spacer RFLP and the other two typing
methods (12). These results suggest that typing by rDNA
spacer RFLP analysis is an accurate reflection of genomic
heterogeneity among different B. burgdorferi sensu stricto isolates.

Recent publication of the B. burgdorferi genome sequence
yielded little information with respect to possible factors which
may be responsible for virulence and/or pathogenicity (9).
With current technology, investigations of possible B. burgdor-
feri virulence determinants must be carried out with cultured
organisms. The present study indicates that the diversity of
genotypes infecting human tissue is underestimated by culture
and, to a lesser extent, by direct PCR analysis. This implies that
isolates may be selected for by cultivation conditions rather
than by their pathogenic potential. This possibility should be
considered in any attempt to correlate properties of cultured
B. burgdorferi isolates with their observed effects in patients,
ticks, and wildlife reservoirs.
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