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A virulent, low-passage culture of a tick-derived strain of Borrelia garinii was subjected to serial in vitro
passages, from which inoculations were made into C3H/HeN mice. A full display of pathogenicity was observed
through passage 4, as measured by cultures of ear punch biopsy samples and internal organs and determi-
nation of tibiotarsal joint swelling. Decreased dissemination through skin and infection of internal organs were
observed beginning at passage 6. These losses correlated with both the selection of clones harboring 21% less
flagella than the parent strain, as seen by electron microscopy, and loss of the motility of the higher passages,
as demonstrated by a swarm assay. However, during the chronic phase (3 months after infection), spirochetes
were cultured from the bladder and kidney of a mouse inoculated with passage 12. The kidney isolate had the
same number of flagella and motility as the original low-passage isolate. Although we can’t exclude the
possibility that other subtle variations may be arising given the uncloned nature of the isolate, we have found
a strong association between loss of flagella and decreased invasiveness. Arthritogenicity progressively de-
creased with passages, so that only 12.5% of chronically infected mice inoculated with passage 29 still presented
with joint swelling, concurrent with a decrease in the staining intensity in a Southern blot with a visE-based
probe. These results suggest a multifactorial model in which the number of flagella drives the invasiveness of

this agent, while plasmid-associated factors are responsible for triggering arthritogenicity.

Lyme disease is a tick-transmitted illness caused by Borrelia
burgdorferi sensu lato (4, 8, 13, 27). This multisystemic process
starts at the site of the tick bite and progresses from a localized
skin rash, erythema migrans, to a variety of disorders that
involve several organ systems (49).

The plasmid loss that occurs during serial in vitro culture of
low-passage, infectious strains has been described as the cause
of the concurrent loss of pathogenicity of the higher passages
(38, 43, 52, 53). However, this correlation is not absolute, as
plasmids whose loss coincides with diminishing infectivity are
not always present in wild, low-passage, infectious isolates.
Other authors have described an inherent plasmid instability in
this species and variations in plasmid profiles in the range of
the expected variability (6, 15, 32, 39, 45, 46, 52, 53), which
could not be related to changes in pathogenicity (33).

vIsE and its associated silent vis cassettes of linear plasmid
(Ip) 28-1 (55) (Ip21 in Borrelia garinii [51]) mediate antigenic
switches, similar to those found in the relapsing fever borrelia
and some parasites (5, 34). A recent report has described an
additional infectivity-associated plasmid (Ip25) (40), whose
presence leads to an infectious phenotype. Labandeira-Rey
and Skare (29) have recently corroborated that both 1p25 and
Ip28-1 are needed for full virulence, that clones 1p25* and
Ip28-1" are capable of infecting just the joints, and that clones
Ip25~ and 1p28-1" are not able to infect any organ.

From the site of inoculation in the skin, the organism has to

* Corresponding author. Mailing address: Servicio de Bacteriologia,
Unidad de Espiroquetas y Patégenos Especiales, Centro Nacional de
Microbiologia, 28220-Majadahonda, Madrid, Spain. Phone: (34) 91
509 7901. Fax: (34) 91 509 7966. E-mail: panda@isciii.es.

4851

disseminate through a viscous environment. To achieve this,
two factors are needed: a plasmin binding system that assists
the organism to degrade the extracellular matrix (17) and a
motility apparatus. The genome lists 37 motility and chemo-
taxis genes (about 3% of its genome) for B. burgdorferi (21, 24),
underscoring the potential importance for movement in this
species (22). Periplasmic flagella, which play an essential role
in motility and cell morphology (36, 41), allow the organisms to
progress through semisolid environments, such as connective
tissue (26, 28), and the extracellular matrix, for organ coloni-
zation. Without flagella, it is unlikely that these organisms
could be virulent (23, 28, 41).

The purpose of this study was to analyze the effect of in vitro
passage of an infectious strain (PV6) of B. garinii on the loss of
pathogenicity in C3H mice. To accomplish this, we inoculated
groups of mice with passage 2 (p2) to p29, cultured the internal
organs, and calculated the percentage of mice that developed
arthritis. Each passage and each isolate from organs were char-
acterized by determining the plasmid and protein profiles, the
presence of visE, and the content of flagella. The results
showed that high numbers of flagella strongly correlated with
greater invasiveness and that a progressive loss of vIsE-carrying
1p25 correlated with a lower percentage of mice that developed
arthritis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Low-passage tick-derived B. garinii
strain PV6, which was previously determined to be pathogenic to C3H mice (20),
was subjected to serial in vitro passages in Barbour-Stoenner-Kelly II (BSKII)
medium (9) supplemented with 10% rabbit serum (Sigma-Aldrich, St. Louis,
Mo.) (BSK-RS) by transferring 100 pl of each passage to a 4.5-ml tube with fresh
medium.
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TABLE 1. Recovery of organisms in culture and percentage of arthritis in mice inoculated with different passages of the PV6
strain of B. garinii

No. of positive mice/no. tested (%)

No. of positive organs

Passage EPB Arthritis
Acute” Chronic” Acute® Chronic Acute Chronic
2 15/20 (75) 16/16 (100) 13/20 (65) 11/16 (68.7) 5 2
4 6/6 (100) 0 2/6 (33.3) 1/4 (25) 5 0
6 0/6 0 0/6 1/4 (25) 0 0
12 0/20 0 0/20 3/16 (18.7) 0 2
29 0/20 0 0/20 2/16 (12.5)d 0 0

%15 days after infection.

® 3 months after infection.

¢ 1 month after infection.

@ Arthritis was seen in mice inoculated with p29 only from weeks 8 to 10.

Experimental design. The C3H/HeN Lyme disease mouse model (7) was used
to assess the pathogenicity of the different passages in this study. Twenty mice
were injected intradermally in the lower back with 10* spirochetes derived from
p2, p12, and p29 of strain PV6. The percentage of mice that developed arthritis
after injection was determined for each group by monitoring signs of inflamma-
tion of the tibiotarsal joints (TTJ) for 12 weeks. The level of spirochete dissem-
ination through the skin was determined on day 15 by culturing 3-mm-diameter
ear punch biopsy (EPB) samples of all mice of each group in BSK-RS. On days
30 and 90, livers, kidneys, hearts, brains, spleens, and urinary bladders from four
mice that showed signs of inflammation were cultured in BSK-RS. Two mice
were also selected on the basis of the level of antibodies to the homologous strain
from the groups of mice that did not show signs of inflammation. Citrated blood
samples from each mouse were also cultured to exclude the possibility that tissue
isolates were not derived from blood. Once the passage at which strain PV6 lost
its pathogenicity was determined, groups of six mice were inoculated with the
intermediate passages (p4 and p6) and processed in the same manner.

Determination of the plasmid profile and Southern blotting. Plasmid content
and conformation for each passage and isolate of PV6 were determined by both
pulsed-field gel electrophoresis (PFGE) and field-inverted gel electrophoresis
(FIGE) as described previously (14, 20, 47). FIGE consisted of a run of 28 h at
4.5 V/em with a repeated sequence of forward-reverse pulses of 0.6 to 0.2 s, in
addition to an initial run of 15 min without pulses and a final forward pulse of 2 s
by using a power unit PC 750 pulse controller (Hoeffer Scientific Instruments,
San Francisco, Calif.). The ramp factor was 0.1. Gels were stained with 0.5 pg of
ethidium bromide per ml, visualized by UV illumination, and photographed in a
Fluor-S multimager (Bio-Rad Laboratories, Hercules, Calif.). Size markers were
8.3- to 48.5-kb fragments (Gibco/BRL, Gaithersburg, Md.) and 48.5- to 1,000-kb
fragments (Boehringer Mannheim, Indianapolis, Ind.) of digested lambda phage
DNA. Samples subjected to FIGE were run in duplicate with and without
previous irradiation by UV light for 10 min to determine plasmid conformation,
as described previously (53). Consequently, bands that disappeared in the irra-
diated sample were thought to be circular plasmids in their supercoiled confor-
mation, given that their open-circle counterparts would not be able to enter the
gel since they would be trapped in the agarose at the given voltage. The bands
that did not change after UV treatment were identified as linear plasmids.

DNA from PFGE gels was transferred overnight onto Immobilon Ny* mem-
branes (Millipore Co., Bedford, Mass.) and fixed as described previously (42). A
133-bp PCR-generated probe was constructed by using primers F4064, nucleo-
tides (nt) 835 to 857 (55), and VISE-R (this study; 5'-CTTCACAGCAAACTTT
CCAT-3', nt 968 to 949), which specifically probed the region between the
variable VR-5 and the invariable IR-6 regions of visE. The amplification reaction
was carried out for 30 cycles in a DNA thermal cycler (PTC-100; MJ Research,
Inc., Watertown, Mass.) with an amplification profile of denaturation at 95°C for
30 s, annealing at 50°C for 90 s, and extension at 72°C for 2 min, with an initial
cycle of 3 min at 95°C and a final extension at 72°C for 3 min. The probe was
labeled by the NEBLOT Phototope kit (New England BioLabs, Beverly, Mass.)
in accordance with the manufacturer’s instructions. The rest of the hybridization
procedure was done as described elsewhere (42). The Phototope-Star detection
kit (New England BioLabs) was used for developing, and X-OMAT films (East-
man Kodak Co., Rochester, N.Y.) were used for autoradiography.

Relative intensity of staining in the visE Southern analysis was measured by
densitometry in a Fluor-S multimager (Bio-Rad).

Gel electrophoresis of proteins and Western blotting. For protein analysis,
whole-cell sonicates of cultured spirochetes of each passage and isolate were

separated by using the NuPAGE (bis[2-hydroxyethyl|imino-Tris[hydroxymethyl]
methane)-HCI system (Novex, San Diego, Calif.). Gels were stained with Coo-
massie brilliant blue R-250 (Merck AG, Darmstadt, Germany). Prestained mo-
lecular weight standards (Novex) were used to determine the relative molecular
masses of major proteins.

Sera from mice inoculated with p2 and p29 of PV6 were tested for reactivity
to strips with p2 of the same strain as the antigen by Western blotting, as
previously described (1).

Triton X-114 phase partitioning and treatment with proteinase K. Purification
of Triton X-114 was carried out as described previously (10, 12), and p2 and p29
of strain PV6 were subjected to phase separation as previously described for B.
burgdorferi (18).

Surface proteolysis with proteinase K (Boehringer Mannheim) of live spiro-
chetes was also done as described previously (37).

ELISA. Monoclonal antibody CBI, directed to FlaB (18), was tested for its
reactivity with whole-cell sonicates of p2 and p29 of PV6 by enzyme-linked
immunosorbent assay (ELISA), as described previously (1).

Electron microscopy. Electron microscopy photography was done as described
previously (2).

Swarm assay. A swarm assay was done as described previously (36) with minor
modifications. Briefly, spirochetes were grown in 4.5-ml tubes until the stationary
phase, pelleted, resuspended in Hanks’ balanced salt solution (Gibco/BRL), and
counted, and 5 X 10° organisms were resuspended in 25 pl of medium. Five
microliters was then introduced with the help of a pipette tip at approximately 5
mm deep into platting BSK medium supplemented with 0.35% SeaKem LE
agarose (FMC Bioproducts, Rockland, Maine). After 4 days of incubation at
34°C in 5% CO,, pictures were taken with a digital camera. B31-derived non-
flagellated mutant MC-1 (36), kindly provided by N. W. Charon, Department of
Microbiology and Immunology, Health Sciences Center, West Virginia Univer-
sity, Morgantown, W.Va., was used as a negative control in the assay.

Statistical analyses. Kruskal-Wallis (48) and Mann-Whitney (31) tests were
used for evaluation of the data with Statview, version 5.0, software for Macintosh
computers (SAS Institute Inc., Cary, N.C.).

RESULTS

Low-passage infections result in greater recovery of spiro-
chetes, inflammation, and antibody response. p2 and p4 of
strain PV6 of B. garinii were recovered in culture from EPB
samples as well as from four of six internal organs (urinary
bladder, spleen, kidney, and heart) (Table 1) during the acute
phase of the infection. No isolates were obtained with any of
the successive passages (p6, p12, and p29) from any organ. At
3 months after inoculation, only mice inoculated with p2 (mice
chronically infected with p2 [CM2]) and p12 (CM12) yielded
isolates (from EPB samples, bladder, and heart with p2 and
from bladder and kidney with p12) (Table 1).

During the acute phase, swelling of the TTJ was noted only
in mice inoculated with p2 and p4. However, during the
chronic phase, TTJ swelling was observed with all the passages



VoL. 70, 2002

P2 P6 P29
B = £
Kda 2
93 —
72 =
4N —
39_!
OspC_
22 —p= bt -
17 —
14—

FIG. 1. Serum reactivity of mice inoculated with p2, p6, and p29 of
strain PV6, with p2 as the antigen.

assayed but with a progressive decrease in the percentage of
mice affected (range, 68.7 to 12.5%) (Table 1), so there was
less inflammation at higher passages.

When sera from mice infected with p2, p6, and p29 were
assayed by Western blotting against an antigen from p2, a
strong decrease of antibody synthesis was noted at the last two
passages (Fig. 1), showing that decreased invasiveness of the
inoculum correlated with lower antibody synthesis.

Plasmid and protein profiles do not correlate with invasive-
ness. Protein profiles of all the passages and isolates from
organs were studied by one-dimensional gel electrophoresis.
No differences among the passages assayed were observed
(Fig. 2A), although some differences among isolates from or-
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gans in the low-molecular-mass range were observed (Fig. 2B).

p2 and p29 were additionally studied by treatment of intact,
live spirochetes with proteinase K, as well as by Triton X-114
phase partitioning (Fig. 2C). Differences between the two pas-
sages were seen, mainly in OspA, which in p2 resisted treat-
ment with proteinase K (Fig. 2C, lane 2) but which in p29 was
digested with the same treatment (Fig. 2C, lane 7). However,
in both passages, OspA coprecipitated in the detergent and
insoluble phases (Fig. 2C, lanes 4, 5, 9, and 10). A slight
difference in intensity in protein p41 in the insoluble phase
between the two passages was noted (Fig. 2C, lanes 5 and 10).

An analysis of the plasmid profile by FIGE and PFGE did
not reveal any potential correlation between plasmid profile
and invasiveness (data not shown).

vIsE signal decreases with increases in passage. The se-
quences of the primers used to construct the visE probe al-
lowed us to amplify a region of the gene that comprised the
segment between VR-5 and IR-6 of visE. When this visE-based
probe was hybridized with a PFGE gel of undigested DNA, a
signal was obtained in all passages assayed, although a pro-
gressive decrease in the intensity of staining was seen with the
passages: a strong signal in p2, p4, and p6 (Fig. 3, lanes 3 to 5),
a weak signal in p12 (Fig. 3, lane 6), and a barely visible signal
in p29 (Fig. 3, lane 7). Densitometric analysis revealed that,
considering the p2 intensity as 100%, p4, p6, p12, and p29
presented intensities of 100, 91.4, 42.8, and 21.4%, respec-
tively.

Loss of flagella in serial passages results in decreased in-
vasiveness. We performed an ELISA to quantify the reaction
of monoclonal antibody CB1, directed against FlaB (18), with
whole-cell sonicates from p2 and p29. p2 had an optical density
and cutoff of 0.259 and 0.110, respectively, and p29 had an
optical density and cutoff of 0.205 and 0.110, respectively,
which represented a decrease of 21%.

C

Passage 2 Passage 29

6 7 1 2 3 4 5 67 89 10

CL PK AF DF IF CL PK AF DF IF

FIG. 2. Protein profile analyses. (A) Analysis of different passages of strain PV6. MM, molecular mass standards. (B) Analysis of isolates from
different organs. UB, urinary bladder; S, spleen; K, kidney; B, blood; H, heart, BR, brain. (C) Comparison of fractions of Triton X-114 phase
partitioning from p2 and p29. CL, whole-cell lysate; PK, organisms treated with proteinase K; AF, aqueous fraction; DF, detergent fraction; IF,
insoluble fraction. Arrows, bands that showed differences between isolates and subcellular fractions
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FIG. 3. Southern hybridization with a visE probe and summary of the pathogenicity assay. Lane 1, size markers (8.2 to 48.5 kb); lane 2, PFGE
gel of p2 of PV6; lanes 3 to 7, Southern hybridization with visE probe of p2, p4, p6, p12, and p29 of PV6

Identical results were obtained from the numbers of flagella
of a mean of 36 spirochetes per passage, counted in photo-
graphs of cross-sections by transmission electron microscopy
(Fig. 4; Table 2). The highest frequencies of numbers of fla-
gella were for 12, 9, and 8 flagella at p2, p6, p12, respectively,
and for 10 and 8 flagella for the isolates from kidney and
bladder of CM12, respectively. The mean numbers of flagella
in each sample were 11, 8.6, 8.8, 11, and 9, for the p2, p6, p12,
kidney, and bladder samples, respectively. These data were
shown to be statistically significant by the Kruskal-Wallis test
(P < 0.005) and correlated with the behavior of p2 and p12 in
a swarm assay. In 4 days, passage 2 spread to a circle of 11.9
mm, while p12 reached only 8.3 mm. These values correlated
with the decrease in the number of flagella (Fig. 5). However,
in the same assay, the isolate from kidney of CM12 spread over

the agar plate more than the parental strain (10.2 mm; Fig. 5),
showing a recovery of its motility.

DISCUSSION

The serial in vitro culture of a low-passage, tick-derived
isolate of B. garinii pathogenic for C3H mice (20) led to a
progressive selection of clones harboring less flagella. Corre-
lating with this, the capacity of dissemination through the skin
and colonization of internal organs of this strain during the
acute phase (first month after infection) disappeared from p6,
coincident with a decrease in motility in a swarm assay. Even
considering that we can’t exclude the possibility that other
subtle variations may be arising given the uncloned nature of
the isolate, we have found a strong association between loss of
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FIG. 4. Transmission electron microscopy and flagellum counts of different passages and isolates of B. garinii PV6. (A) p2; (B) p6; (C) p12;
(D) isolate from kidney of CM12; (E) isolate from bladder of CM12. y axes indicate the percentages of borrelias with each number of flagella
(indicated above histograms).
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TABLE 2. Distribution of the number of flagella for each passage
and isolate

Frequency (%) of borrelias
with the indicated no. of

Bacterium })vf[?angéll(l)e.l flagella
=8 =10 =12
p2 11 97.3 73 459
p6 8.6 71.4 21.4 7.1
pl2 8.8 91.4 2.9 2.9
Isolate from kidney 10.9 100 90.9 27.3
Isolate from bladder 9 82.3 353 11.8

flagella and decreased invasiveness. In this study, 12 flagella
seemed to be the lowest number needed for this strain to be
able to disseminate to organs. The complicated structure of
this organelle (16) could account for this way of saving energy
under suboptimal conditions. The importance of this structure
for B. burgdorferi is suggested by the high percentage of the
chromosome dedicated to the chemotaxis and motility func-
tions (21, 22). Moreover, the description of a flagellum-less B.
burgdorferi mutant (41) which was unable to infect organs in a
mouse model confirmed the importance of flagella for the
virulence of B. burgdorferi. Recently, skeletal and motility func-
tions for the flagella of B. burgdorferi have been described (36).
As suspected, the motility of the organism seems to play an
important role in its pathogenic mechanisms, since we have
found that the number of flagella strongly correlates with in-
vasiveness of B. garinii as well as with its swarm capabilities.
The isolate recovered from the kidney of CM12 3 months
after the infection (no organs from CMI12 yielded isolates
during the acute phase) had a mean number of flagella of 11,
compared to the homologous inoculum’s 8.8 (p12). Consider-
ing that a minority of organisms with high number of flagella
were still present in pl2, clones with a mean of 11 flagella
would be able to reach the kidney after 3 months and would be
recovered in culture. The isolate from the bladders of the same
mice consisted of a more variable population of clones (range
of flagella, 6 to 13 [mean, 9], compared to 9 to 13 for the isolate
from kidney). The bladder has been described as an organ
preferentially infected (44), so we can assume that less flagella
would be necessary to reach it. It is important to stress that,
given the low frequency of borrelias with =12 flagella in both
p6 and pl2 (7.1 and 2.9%, respectively), the fact that spiro-
chetes could be isolated from one mouse inoculated with p12
and but not from any mice inoculated with p6 could be due to
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the number of mice included in each experiment (6 mice were
inoculated with p6, and 20 were inoculated with p12).

Flagella have been proposed as a virulence factor in other
bacteria. For example, in Legionella spp. they have been iden-
tified as a positive predictive marker for virulence (11). Muta-
tions in flad of Vibrio anguillarum lead to partially motile
organisms with an increase of up to 10*-fold in the 50% lethal
dose (35). Interestingly, the activity of flagellar regulatory pro-
tein FIrC of Vibrio cholerae has been demonstrated to contrib-
ute not only to motility but also to colonization (19). The
flagellar export apparatus of Yersinia enterocolitica has been
demonstrated to function also as a secretion system for the
transport of virulence factors (54). Proteins similar to flagellar
and virulence factor export proteins of other bacteria have
been described for B. burgdorferi and have been found to be
well conserved in the Eubacteria (25). Moreover, the binding of
plasminogen, a vital mechanism in B. burgdorferi dissemination
(17), has been found in Escherichia coli to be associated with
flagella (30).

We have not found a clear correlation between plasmid or
protein profile and invasiveness. This is in agreement with
previous reports in which several authors have described a
decreased invasiveness during in vitro culture or among differ-
ent clones without discernible differences in the plasmid or
protein profile from the corresponding parent strains (3, 33, 38,
50), suggesting that other genetic and protein-related factors
seem to be important in the virulence and pathogenicity of this
organism (38).

Recent reports have demonstrated that both Ip25 and Ip28-1
are needed for a full range of pathogenicity in B. burgdorferi
and that the presence of the visE-carrying 1p28-1 does not
necessarily imply virulence (29, 40). The strain of B. garinii
utilized in this study apparently lacks 1p28-1, and vIsE is located
in a 25-kb plasmid. We observed a decrease in the intensity of
a Southern blot with a visE-based probe in p12 and p29, sug-
gesting that the number of clones harboring the corresponding
plasmid could decrease with increasing in vitro passages. How-
ever, the decrease in invasiveness was observed also in p6,
which still efficiently hybridized with the vIsE probe but whose
arthritogenicity was already diminished with respect to that of
p2 and p4. Consequently, we did not find a correlation between
the passage from which a decreased pathogenicity was noted
and the presence of visE, although it can be assumed that p6,
being an intermediate between pathogenic and nonpathogenic
clones, could still have some of the characteristics that help in
constructing the pathogenic phenotype. Alternatively, and due

FIG. 5. Swarm agar plate assay. p2 and p12, p2 and p12 of PV6; K-CM12: isolate from kidney of CM12; MC-1, nonflagellated mutant derived

from strain B31 of B. burgdorferi (44).
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to the lack of selective pressure within the joint (29), Ip28-1
(Ip25 in this strain) was not needed in constructing the arthri-
togenicity phenotype. Another possible interpretation would
be that in the populations selected in vitro the arthritogenicity
could be the consequence of other subtle genetic differences
and that the presence of clones harboring the vmp-like se-
quence locus had no effect on the arthritogenicity.

In this work we analyzed the events that lead to a loss of
invasiveness during serial in vitro passages of a strain of B.
garinii and demonstrated that a decrease in the content of
flagella and in the swarm capabilities strongly correlates with
the loss of invasiveness, as measured by the number of organs
infected and by a decreased serologic response. The use of a
polyclonal population in the original inoculum, more similar to
the mixed populations that a tick injects in the mammalian
hosts, allowed us to determine one of the reasons of the del-
eterious effect of the in vitro culture of B. garinii on pathoge-
nicity, which seems to be related to the overgrowth of less-
energy-consuming clones harboring smaller numbers of
flagella.
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