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Abstract

Spirochetes have complex life cycles and are
associated with a number of diseases in humans and
animals. Despite their significance as pathogens,
spirochete genetics are in their early stages. However,
gene inactivation has been achieved in Borrelia
burgdorferi , Brachyspira hyodysenteriae , and
Treponema denticola . Here, we review methods that
have been used in spirochetes for gene inactivation
and DNA exchange, with a primary focus on B.
burgdorferi. We also describe factors influencing
electrotransformation in  B. burgdorferi . In summary,
optimal transformation frequencies are obtained with

log phase bacteria, large amounts of DNA (upto 50  ug
per transformation), and high field strength (12.5-37.5
kV/cm). Infectious B. burgdorferi isolates transform
with frequencies 100-fold lower than those found for
high passage, non-infectious strains. Surface
characteristics of the bacteria, which often correlate
with infectivity, are among the obstacles to effective
transformation by electroporation.

Introduction

Spirochetes compose a diverse group of bacteria, first
described in association with human disease by Obermeier
in 1868 (Birkhaug, 1942). Pathogenic spirochete lifestyles
are myriad. Borrelia burgdorferi, a Lyme disease agent,
normally cycles between ticks and small rodents, as do
most other Borrelia species. Brachyspira (formerly
Serpulina) hyodysenteriae causes swine dysentery and is
transmitted from pig to pig by the oral-fecal route (Harris
et al., 1972). Treponema denticola lives in the complex
human periodontal environment and is associated with
periodontal disease, in combination with the other microbial
inhabitants of the mouth. Treponema pallidumis the agent
of syphilis and has yet to be established in culture.
Spirochetes closely related to, if not within, the genus
Treponema are acetogenic endosymbionts found in termite
guts (Leadbetter et al., 1999). The genus Leptospira
contains both pathogenic and saprophytic members, with
the pathogenic species causing disease in both animals
and humans (Vinetz, 1997).
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Genetic tools for studying spirochetes are just being
developed. Only recently has gene inactivation become
possible and itis now becoming routine in a few spirochete
systems. This mini-review covers published work
describing state of the art methods of DNA exchange and
gene inactivation for the spirochetes, focusing primarily on
B. burgdorferi, with some coverage of B. hyodysenteriae
and T. denticola. We also provide data from our laboratory
addressing particular aspects of electroporation and other
possible methods of gene transfer into B. burgdorferi. This
information, in combination with the recently released
genome sequences of B. burgdorferi (Casjens et al., 2000;
Fraser et al., 1997) and T. pallidum (Fraser et al., 1998),
should facilitate the development of genetic systems in
other spirochetes.

Insertional Inactivation

Insertional inactivation has been used for mutagenesis of
prokaryotic and eukaryotic genes for many years. Several
methods achieve the desired result of inserting foreign
sequences into a specific gene, thereby rendering it
inactive. The first method is targeting by allelic exchange.
The desired locus, with a selectable marker inserted into
the gene of interest, is constructed in vitro. Transformation
is used to introduce the mutant gene, which replaces the
wild type copy by double recombination (Figure 1A). This
technique requires a gene transfer mechanism and a
selectable marker.

A gene of interest can also be insertionally inactivated
by plasmid integration, using an internal fragment of the
gene to target the insertion event (Figure 1B). Integration
of the plasmid via a single crossover generates two copies
of the targeted gene. Both are inactive, with one deleted
at the 5' end and the other deleted at the 3' end of the
gene. In theory, this single crossover should be more
frequent than the double crossover required for allelic
exchange. The resulting integrant contains a tandem
duplication of part of the targeted gene, which could result
in reversal of the integration by a single recombination
event. Maintaining selection for the plasmid sequences
should reduce this instability problem, but selection during
growth of mutant bacteria in a natural host or environment
may not always be possible. Plasmid integration can also
occur without mutation at the insertion site (e.g., Figure
2B), or can generate a wild type and a mutant copy of the
targeted gene, depending on the nature of the sequences
cloned into the plasmid to be integrated. Both allelic
exchange and plasmid integration have been used in
spirochetes (see below).

A third method, yet to be developed for spirochetes, is
random insertional mutagenesis using a transposable
element (Berg and Berg, 1996). Three ways of doing this
are the following: 1. generation of a library of insertions
into spirochete DNA cloned in E. coli, followed by
transformation of the spirochete and selection for a marker
carried on the transposon; 2. in vitro transposition into
spirochete DNA, also followed by transformation and
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selection; and 3. transformation with a minitransposon
engineered to transpose within the target spirochete. In
each case, designing a screen or selection for identifying
mutations affecting the gene of interest is a crucial step.
An advantage of this method is that it would generate a
library containing insertions in most or all of the non-
essential spirochete genes, which can be searched as
screens or selections are developed.

The three methods of insertional inactivation described
above require a usable selectable marker. For spirochetes
without genetic systems, mutating an endogenous gene
to confer drug resistance, as was done with the B.
burgdorferi gyrB gene (Samuels et al., 1994a), provides a
good starting point. Since researchers studying other
spirochetes (such as T. denticola and B. hyodysenteriae)
have found drug-resistance markers that worked without
alteration in their organisms, this approach is also worth
trying (Li et al., 1996; Rosey et al., 1995).

Gene Inactivation in  B. hyodysenteriae

Genes have been insertionally inactivated in B.
hyodysenteriae, T. denticola, and B. burgdorferi (Table 1).
The first gene to be inactivated in a spirochete was the B.
hyodysenteriae tly gene, encoding a putative hemolysin
(ter Huurne et al., 1992). Subsequently, electroporation with
the selectable markers kanand cam, conferring kanamycin-
and chloramphenicol-resistance, respectively, was used
to generate a series of single and double mutations
affecting flagellar biosynthesis and NADH oxidase
synthesis (Rosey et al., 1995; Rosey et al., 1996). Having
these markers allowed the perspicacious researchers to
realize that B. hyodysenteriae also undergoes another
method of DNA exchange, generalized transduction (see
below for further details), and to use this method to generate
further combinations of mutants (Humphrey et al., 1997).

ayrB__

Figure 1. Insertional inactivation. A.
Gene inactivation by allelic exchange

with a selectable marker. B. Plasmid
insertion yielding gene inactivation by
J— recombination with a doubly-deleted

gene. As refer to deletions. Gray ar-
rows represent B. burgdorferigenes;
black bars represent other genomic

sequences; white arrows represent
l selectable markers, denoted
“marker” ; and thin lines represent
plasmid vector sequences.

Recently, genes encoding several other flagellar
components have been inactivated, allowing their roles in
flagellar structure and motility to be determined (C. Li and
N. W. Charon, personal communication).

B. hyodysenteriae mutants were generated in
infectious strains, allowing the effects of the various
mutations on pathogenicity to be determined. Flagellar
structures (Kennedy et al., 1997; Rosey et al., 1996), tly
gene product activity (Hyatt et al., 1994; ter Huurne et al.,
1992), and NADH oxidase function (Stanton et al., 1999)
were all implicated in mouse and/or pig intestinal
colonization and virulence.

Gene Inactivation in  T. denticola

Genes have also been inactivated by directed insertion in
T. denticola. Li and Kuramitsu (Li and Kuramitsu, 1996)
first demonstrated that electroporation could be used to
transform T. denticola, and then inactivated figE by insertion
of an erythromycin-resistance (erm) cassette (Li et al.,
1996). Subsequently, several other genes were inactivated
using the same resistance cassette (Fenno et al., 1998;
Kataoka et al., 1997; Limberger et al., 1999) (Table 1) and
the mutants were shown to have phenotypes affecting the
predicted functions (flagellar structure, chemotaxis, and
surface characteristics). Unfortunately, T. denticola has no
experimental disease model, so mutant phenotypes have
not been assessed in a natural infection system.

Gene Inactivation in  B. burgdorferi

In B. burgdorferi, most mutations were generated by allelic
exchange with selection for the gyrB" gene (Table 1), a
mutated version of the endogenous gyrB gene that confers
coumermycin A;j-resistance (Cou") (Rosa et al., 1996).
Samuels et al. developed this marker by selecting for B.

Figure 2. Recombination events at the B.
burgdorferi gyrBlocus. A. Recombination
9B between transforming DNA and the chro-

gyrB'

gyrB" gyrB'

g mosomal gyrB gene to generate a chro-
mosomal gyrB' gene. Gene conversion
could yield the same product. B. Plas-

gyrBt mid insertion via homologous recombi-
nation at the gyrB locus. Black bars rep-
resent B. burgdorferi genomic se-
guences; white arrows represent the gyrB
l or gyrB gene; and thin lines represent
plasmid vector sequences. Asterisk (0)
denotes the mutation in gyrB' conferring
coumermycin-resistance. It could occur
in either copy of gyrB and is arbitrarily
designated as shown.

gene X

gene x gyrB
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Table 1. Spirochete Genes That Have Been Inactivated

Spirochete Gene Selected marker Reference
B. hyodysenteriae tlyA, kan ter Huurne et al., 1992
flaA, flaB1 kan, cat Kennedy et al., 1997; Rosey et al., 1995; Rosey et al., 1996
flaB2, flaB3 kan, cat Li and Charon, pers. comm.
nox kan, cat Stanton et al., 1999
nox-flaA kan, cat Humphrey et al., 1997
T. denticola flgE erm Li et al., 1996
dmcA " Kataoka et al., 1997
msp Fenno et al., 1998
tapl Limberger et al., 1999
B. burgdorferi ospC gyrB’ Tilly et al., 1997
OppAIV " Bono et al., 1998
guaB Tilly et al., 1998
gac Knight et al., 2000
rpoS Elias et al., 2000
celB Tilly, unpublished
oppAV kan Bono et al., 2000
oppAll kan Bono, unpublished
fliF, flaB, flaA, motA kan Motaleb and Charon, pers. comm.

burgdorferi strains that were naturally Cou" and then cloning
the responsible gene (Samuels et al., 1994a; Samuels et
al., 1994b). These studies marked a major breakthrough
that allowed the first directed mutagenesis of B. burgdorferi,
but the gyrB" gene has a significant drawback as a
selectable marker (Rosa et al., 1996). Since all B.
burgdorferi carry a wild type copy of the gyrB gene in their
chromosomes, the bacteria can also become Cou' by
recombination between the transforming DNA and the
chromosomal copy (Figure 2A), without concomitant
mutagenesis of the target gene. In fact, this is the vastly
preferred event, found >99% of the time. Consequently,
Cou' transformants must be screened by PCR for those
that actually have a mutation in the targeted gene (see,
e.g., Rosa et al., 1996).

Another breakthrough in selectable marker
development for B. burgdorferi occurred when Stevenson
et al. (1998) showed that recombinant plasmids could be
integrated via homologous recombination, allowing
assessment of gene activity without selection (Figure 2B,
which is a variation on the event shown in Figure 1B). This
method was used to show that the promoter of the Th903
kan gene is expressed poorly in B. burgdorferi (Bono et
al., 2000). However, linking a borrelial promoter to that gene
increased expression levels, conferring kanamycin-
resistance to high levels in B. burgdorferi (Bono et al.,
2000). Since that innovation, the pace of gene inactivation
has increased (Table 1; M.A. Motaleb and N.W. Charon,
personal communication). Other methods that have been
used in B. burgdorferi include inactivation via single
crossover with a doubly-deleted gene, as diagrammed in
Figure 1B (oppAV) (Bono et al., 2000), and point mutation
via recombination linked to a selectable marker (gac)
(Knight et al., 2000). Because we now have two selectable
markers for B. burgdorferi, it has been possible to construct
the first double mutant (J. Bono, unpublished). For reasons
described below, these mutations have not been
constructed in infectious isolates, so analysis of phenotypes
with regard to infection of the tick or rodent host has not
been possible.

Transformation of Infectious  B. burgdorferi

Initial experiments demonstrated the feasibility of
transforming B. burgdorferi by electroporation with non-
clonal, culture-adapted spirochetes of the type strain B31
(Samuels, 1995; Samuels et al., 1994a). The objective of
these experiments was to develop a method of
transformation for B. burgdorferi and the choice of
spirochetes was appropriate for this end. This strain grew
well and formed colonies in solid medium at high efficiency,
properties necessary for the selection of transformed
bacteria. Subsequent experiments with this strain
demonstrated the ability to inactivate genes by allelic
exchange in B. burgdorferi (Rosa et al., 1996; Tilly et al.,
1997). There was no reason to anticipate that genetic
methods optimized with this strain would not be directly
applicable to infectious clones, which in general grow more
slowly and exhibit lower plating efficiencies.

Several years and many experiments later, we
conclude that inactivating genes in infectious B. burgdorferi
presents unanticipated challenges. The basic problem
stems from their reduced capacity to be transformed by
available methods. It is important to emphasize that
transformation of infectious B. burgdorferi clones is
possible, but at a significantly lower frequency than
transformation of culture-attenuated clones. As discussed
previously, the most common genetic event following
electroporation with constructs containing the gyrB" marker
is allelic exchange at the chromosomal gyrB locus (Rosa
et al., 1996). Allelic exchange at other targeted loci (using
either the gyrB' or kangene as a selectable marker) occurs
approximately 100-fold less frequently than at gyrB and is
beyond the limit of detection in infectious B. burgdorferi.
As a result, specific gene inactivation through allelic
exchange has not been achieved in infectious B.
burgdorferi.

There are two straightforward solutions to this problem:
either the overall frequency of allelic exchange in B.
burgdorferi (infectious and non-infectious alike) needs to
be increased at least 100-fold, or the specific impediment
to transformation of infectious spirochetes must be
identified and overcome. We have pursued both routes in
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attempts to introduce desired mutations into infectious B.
burgdorferi clones. In subsequent sections, we discuss
alternative methods of transformation or variations on
electroporation as a means of improving overall
transformation frequency.

Potential Reasons for Less Efficient Transformation

of Infectious  B. burgdorferi

A number of factors contribute to the difficulty in creating
mutations in infectious B. burgdorferi. As discussed below,
we have found that some infectious clones form dense
aggregates in electroporation solution (EPS). Just as their
surface properties prevent adequate resuspension in EPS,
structural differences between infectious and non-infectious
spirochetes could also affect the efficiency at which
transforming DNA enters the bacteria during
electroporation. This possibility could be addressed by a
comparison of DNA delivery to both, using a transient assay
with a reporter gene. Alternatively, a restriction/modification
system present in infectious B. burgdorferi, but absent or
inactive in culture-attenuated spirochetes, could result in
rapid degradation of DNA even if it were efficiently
introduced by electroporation.

Another possible reason for reduced transformation
frequency could be that homologous recombination is more
tightly constrained in infectious B. burgdorferi. In this case,
transforming DNA would be efficiently delivered by
electroporation and could persist transiently within
infectious spirochetes, but recombination with the targeted
locus would take place at a lower rate. Specific regulation
of recombination has previously been demonstrated at the
vIsE locus of infectious B. burgdorferi, in which
recombination is undetectable in cultured spirochetes, but
appears to be rapidly induced when spirochetes are
introduced into the mammalian host (Zhang et al., 1997;
Zhang and Norris, 1998a; Zhang and Norris, 1998b).
Identifying the reason for reduced transformation of
infectious B. burgdorferiwould suggest the best approach
to overcoming this impediment.

Loss of Infectivity and Clonal Nature of
with Laboratory Cultivation

The challenges associated with inactivating genes in
infectious B. burgdorferi are not surprising when considered
in the context of the organism. Borrelia are fastidious
bacteria, with limited metabolic capacity (Barbour and
Hayes, 1986; Fraser et al., 1997; Fraser et al., 1998; Fulton
and Smith, 1960; Johnson, 1977). They existin nature only
within the arthropod vector or mammalian host (Felsenfeld,
1971). Although human diseases resulting from borrelial
infections have been recognized for centuries, successful
laboratory cultivation was only achieved by Kelly in 1971
(Kelly, 1971). His complex growth medium permitted the
first continuous passage of the relapsing fever spirochete
B. hermsii. Subsequent enrichments and modifications by
Stoenner of the formulation facilitated growth from a smaller
spirochetal inoculum and to higher cell densities (Stoenner
et al., 1982), and were instrumental in the isolation and
identification of B. burgdorferi as the agent of Lyme disease
(Barbour, 1984; Burgdorfer et al., 1982).

The ability to establish and maintain laboratory strains
of B. burgdorferiand B. hermsiiled to the recognition that
spirochetes become “culture-adapted,” exhibiting growth
rates and characteristics different from primary isolates

B. burgdorferi

(Barbour, 1984; Stoenner et al., 1982). These and
additional studies demonstrated that continuously
passaged Borrelia lost infectivity for rodents (Hyde and
Johnson, 1986; Johnson et al., 1984, Schwan et al., 1988;
Stoenner et al., 1982). Culture adaptation correlated with
loss of some plasmids and occurred after limited in vitro
passage (Barbour, 1988; Barbour et al., 1982; Hyde and
Johnson, 1986; Schwan et al., 1988; Simpson et al., 1990;
Xu et al., 1996). Presumably, laboratory propagation selects
for variants that flourish in culture medium, but are
compromised for growth in mammals. In contrast, Kelly’s
original medium formulation, while sub-optimal for growth
to high cell density, permitted retention of spirochetal
infectivity for mice after at least 8 months of continuous
cultivation (Kelly, 1971).

The considerations mentioned above highlight the
importance of establishing and maintaining an infectious,
clonal population of B. burgdorferifor genetic studies. This
is an essential component of experiments designed to
assess the contribution of particular gene products to
transmission, infection or disease. A mutant phenotype
cannot be ascribed to an inactivated gene if other undefined
differences exist between mutant and wild type organisms.
These considerations also underline the importance of
genetic complementation, which has yet to be performed
in B. burgdorferi, in analyzing mutants.

Methods of Transformation

Gene inactivation in T. denticola, B. hyodysenteriae, and
B. burgdorferi has been accomplished by electro-
transformation using fairly similar conditions (Li and
Kuramitsu, 1996; Li et al., 1996; Limberger et al., 1999;
Rosey et al., 1995). Differences are mainly due to specific
physiological or growth requirements and the availability
of selectable markers. Here, we review methodological
aspects of gene transfer and gene inactivation for B.
burgdorferi.

Strain and Growth Conditions

A clonal strain of high-passage, non-infectious B31 (B31-
A), isolated from an individual colony, has been used for
most of the transformation experiments that we describe
(Bono et al., 2000). B31-A grows relatively quickly, with a
doubling time in liquid medium of approximately six hours.
This strain forms dense colonies in solid medium that arise
within five to eight days in the absence of selection.
Colonies of transformed bacteria expressing an antibiotic
resistance marker generally appear six to ten days after
imposing selection. Plating efficiency, which is the ratio of
the number of colonies formed to the number of viable
spirochetes plated, is a useful measure of B. burgdorferi
growth capacity in solid medium. The plating efficiency of
B31-A ranges between 60% and 90%.

Preparation of Electrocompetent  B. burgdorferi

Electrocompetent B. burgdorferi are prepared by an
adaption of protocols previously used for other bacteria
such as E. coli (Dower et al., 1988; Miller, 1994). The
original protocol devised for B. burgdorferiinvolves a series
of washes in cold phosphate buffered saline (PBS) and
cold EPS (0.27M sucrose, 15% (v/v) glycerol), during which
the cell suspension is concentrated to a final concentration
ranging from 10°-10%° cells/ml in EPS, and subsequently
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Figure 3. Discriminating between spontaneous mutants and transformed
Cou colonies. A. Unique restriction site in gyrB' of transformants. The gyrB’
gene from B. burgdorferi strain B31-NGR (Rosa et al., 1996) contains an
Sspl site created by the combination of a silent mutation and the base pair
change that results in the arginine 133 to isoleucine (R133l) mutation
(Samuels et al., 1994a). The dinucleotide change is highlighted in bold
letters; asterisks indicate the R133I mutation. B. Ethidium bromide-stained
gel of gyrB PCR products digested with Sspl. Sspl-digestion of gyrB" am-
plified from transformants yields two fragments, whereas the gyrB' product
from spontaneous mutants is uncut. Some uncut B31-NGR gyrB’-product
remains because the digestions are incomplete. Sources of DNA from which
gyrB" was amplified: lane 1, spontaneous coumermycin-resistant B.
burgdorferi mutant colony. Lane 2, B. burgdorferitransformant colony con-
taining gyrB of NGR. Lane 3, B31-NGR genomic DNA. Lane 4, E. coli
plasmid harboring gyrB' from B31-NGR. Lane 5, coumermycin-sensitive B.
burgdorferi colony. Lane 6, genomic DNA from B31 containing wild-type
gyrB. Lane 7, no DNA.

stored at -70°C until use (Samuels, 1995). We have found
that elimination of the PBS washes and reduction of the
number of EPS washes to as few as two does not
significantly change the electrocompetence of B.
burgdorferi. By dark field microscopy, a suspension of
electrocompetent spirochetes should be dense, but not
aggregated. Since spirochetes are non-motile in EPS,
motility cannot be used as an indication of viability of the
competence preparation.

Standard Electroporation Conditions

Electroporation of a 50 pl suspension of electrocompetent
B. burgdorferi is routinely performed in a 0.2 cm
electroporation cuvette with a pulse generator set at 2.5
kV, 25uF, and 200Q, resulting in an electrical field strength
of 12.5kV/cm and a time constant between 4 and 5 ms
(Samuels, 1995). Because survival of other bacteria in EPS
after electroporation is very poor (Dower et al., 1988),
electroporated cells are resuspended in 5-10 ml liquid
medium immediately after electroporation, followed by
overnight recovery at 35°C.
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Selection for Transformants

Selection for transformants after electroporation of B31-A
with donor DNA containing gyrB" or kan as a selectable
marker is usually accomplished by growth in solid medium
in the presence of antibiotic. If the transforming DNA
contains both markers, selection with both antibiotics in
liquid medium can also be used. Selection in liquid medium
with only one antibiotic allows outgrowth of spontaneous
resistance mutants. When gyrB'is used for allelic exchange
at a targeted locus, an additional problem of selection in
liguid is the background of transformants with
recombination at the endogenous gyrBlocus, as discussed
above.

Spontaneous resistance to coumermycin or kanamycin
arises at a frequency of approximately 1077 to 108, Kan'
transformants can be distinguished from spontaneous
mutants by PCR screening of resistant colonies,
demonstrating the presence of the kan gene at the targeted
site. Transformation with the NGR gyrB' allele introduces
an Sspl site created by the combination of a silent mutation
and the base pair change that causes the arginine 133 to
isoleucine (R133l) mutation (Figure 3A)(Samuels et al.,
1994a). Therefore, the presence of NGR-gyrB" can be
assayed by PCR amplification of the gene from colonies,
followed by Sspl-digestion (Elias et al., 2000). gyrB' PCR
products of B. burgdorferi transformants are cut by Sspl,
whereas amplified products from spontaneous mutants are
not (Figure 3B).

Transformation with gyrB'" as a Selectable Marker
Preceding the availability of kan as a selectable marker,
gyrB" was used for allelic exchange to disrupt a number of
B. burgdorferigenes (Table 1). When B31-Ais transformed
with gyrB', Cou' colonies are obtained at a transformation
frequency (number of transformants per total colony-
forming units) of approximately 105, However, since only
0.1-0.5% of the transformants are the result of allelic
exchange at the targeted locus, targeted mutations in B31-
A occur at a frequency of approximately 1077, Although we
have seen some variation, similar frequencies were
obtained in the majority of transformations involving
targeted insertions on circular or linear plasmids, or the
chromosome.

Transformation with  kan as a Selectable Marker

The demonstration that the kan gene expressed from a
borrelial promoter confers high-level kanamycin resistance
in B. burgdorferi greatly facilitated targeted mutagenesis
(Bono et al., 2000). Gene inactivation in B. burgdorferi by
allelic exchange with kan as a selectable marker occurs at
a frequency of approximately 10”7 (Bono et al., 2000).
Although this is 100-fold lower than the overall
transformation frequency with gyrB', allelic exchange at
the targeted locus happens at the same frequency for both
antibiotic resistance markers. The obvious advantage of
kan over gyrB" stems from the absence of an endogenous
locus at which recombination could occur, resulting in 100-
fold lower “background”.

Frequency of Integration

Since the demonstration by Stevenson et al. that
heterologous DNA can be integrated in the borrelial
genome via single cross-over mediated by homologous
DNA, this method has been used on several occasions to
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Figure 4. Effect of growth phase on transformation of B. burgdorferi. A. Growth curve of B31-A. Arrows indicate the time-points at which culture aliquots were
harvested for preparation of electrocompetent cells. M, mid-log phase; L, late log phase; S, stationary phase. B. Transformation frequency of B31-A cells in
mid-log, late log and stationary phase. Transformation was performed as described in the text, with 50 pg of a gyrB-containing plasmid (Stevenson et al.,
1998), followed by selection in solid medium in the presence of 0.5 pg/ml coumermycin A,. The transformation frequency is the number of transformants
(CFU on plates with coumermycin) relative to the total number of bacteria (CFU on plates without antibiotic). C. Number of Cou’ colonies/ml obtained in the
same experiment. Values represent the mean and standard error obtained from three plates for each condition.

integrate circular DNA (Bono et al., 2000; Stevenson et
al., 1998). Surprisingly, this event occurs at the same
frequency as targeted allelic exchange, although the latter
event requires a double cross-over. Similarly, when a

Parameters Affecting Electrotransformation

In many instances, it is difficult to investigate the effect of
a specific parameter on transformation frequency in a

genetic construct is introduced into B. burgdorferi as a
circular DNA molecule containing gyrB', allelic exchange
with the chromosomal gyrB gene (or gene conversion of
that locus) is favored over integration of the entire plasmid
at this locus (Elias et al., 2000).

quantitative fashion because of the slow and cumbersome
nature of plating and otherwise manipulating B. burgdorferi.
In the following experiments, we studied the effects of
bacterial growth phase, amount and form of transforming
DNA, and field strength on electrotransformation of B.

burgdorferi.
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Figure 5. Effect of electroporation field strength on survival and transformation of B. burgdorferi. A. Survival of high-passage, non-infectious B31-A and low-
passage, infectious MI-B31 at different field strengths. B. Effect of field strength on survival and transformation frequency of B31-A. The field-strength of 37.5
kV/ecm was the sum of three pulses at electroporation conditions described in the text. The number of live spirochetes was determined before and after
electroporation using the LIVE/DEADO BacLight[ bacterial viability kit. The survival percentage was calculated as the ratio of the number of live bacteria
after electroporation relative to the number before electroporation, multiplied by 100. Transformation frequency was determined as described in the legend
to Figure 4.



Growth Phase and Cell Density

Growth phase and cell density can influence transformation
in different ways, depending on the bacterial species. For
example, E. colitransforms best in early to mid-log phase
(Miller, 1994), whereas late log and early stationary phase
are optimal for some gram-positive organisms, including
Clostridium perfringens (Allen and Blaschek, 1990; Phillips-
Jones, 1990). Similarly, transformation efficiency
(transformants per microgram of DNA) is a direct function
of cell density for many bacteria including E. coli (Miller et
al., 1988). Some bacteria that secrete nucleases transform
better at lower concentrations (Miller, 1994). Although B.
burgdorferi cell density obviously increases with growth,
there is not always an absolute correlation between the
number of spirochetes and the growth phase. For example,
a culture of B31-A at a density of 108cells/ml may be in
late log or early stationary phase. Therefore, the point in
the growth curve at which cells are harvested is the defining
feature.

We compared the numbers of transformants obtained
with B31-A cultures harvested in mid-log, late log and early
stationary phase (Figure 4). Transformation frequency is
highest with spirochetes harvested in mid-log phase and
decreases in later growth phases (Figure 4B). This is also
reflected in the total number of Cou" colonies obtained
(Figure 4C). These experiments show that B. burgdorferi
transforms better in log than in stationary phase, but the
overall yield of transformants is influenced by both the
transformation frequency and the total number of
spirochetes in the electroporation. Taking both these factors
into account, the optimal timepoint to harvest a borrelial
culture for transformation is late log phase.

Amount and Form of Transforming DNA

With regard to the amount of DNA used in the
transformation, our general observation is that “more is
better,” at least in the range of 0.5 to 20 pg. We have seen
no inhibition of transformation with up to 50 ug of DNA.
This suggests that with the standard conditions used to
transform B. burgdorferi by electroporation, both the
amount of transforming DNA and the number of recipient
bacteria can be limiting factors.

B. burgdorferi has been transformed with both linear
and circular DNA from a variety of sources. Directly
comparing these results is difficult because the molar
equivalents of the relevant DNA (antibiotic resistance gene
and/or DNA containing the targeted locus) differ greatly
between experiments. For example, the molarity of a
specific sequence contained within one microgram of a
short PCR fragment or one microgram of total B. burgdorferi
plasmid DNA differ by 1000-fold. Despite this caveat,
transformations with circular or linearized plasmids result
in similar transformation frequencies, suggesting that the
physical shape of the DNA does not significantly affect
transformation in B. burgdorferi. In contrast, T. denticola
appears to be more efficiently transformed with linear than
circular plasmid DNA (Limberger et al., 1999).

Although spirochetes have been transformed with both
methylated and unmethylated DNA from E. coli, itis unclear
whether modification of the donor DNA has an effect on
transformation. Allelic exchange at a targeted site in B.
burgdorferi appears to be more efficient (if normalized to
the molar equivalent of relevant DNA) when the
transforming plasmid DNA is from B. burgdorferirather than
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Figure 6. Resuspension of infectious B. burgdorferi in EPS. Comparable
cultures of infectious B. burgdorferi clone B31-4A and strain MI-B31 were
pelleted by centrifugation and resuspended in electroporation solution (EPS).
Spirochetes in EPS were subsequently pelleted again and resuspended in
culture medium. B31-4A in EPS (panel A) and culture medium (panel B);
MI-B31 in EPS (panel C) and culture medium (panel D).

E. coli. There is evidence suggesting that Borrelia DNA
can be methylated, although variable results were obtained
with DNA from different Borrelia species (Hughes and
Johnson, 1990). Homologs of DNA methyltransferases are
present in the genomes of B. burgdorferi and T. pallidum,
but no complete restriction-modification systems have been
identified in either spirochete. (Casjens et al., 2000; Fraser
etal., 1997; Fraser et al., 1998; Subramanian et al., 2000).

Effect of Field Strength on Survival and Transformation
Frequency of B. burgdorferi

Electroporation conditions can have a significant effect on
bacterial survival as well as transformation frequency and
efficiency. Cell viability is crucial for recovery of
transformants after electroporation, but an electrical field
strong enough to kill an empirically determined portion of
transformed cells is necessary to obtain an optimal
transformation frequency (Dower et al., 1988; Weaver,
1995). We, therefore, investigated the effect of the field
strength on transformation frequency and survival of B.
burgdorferi.

Cell viability was determined for high passage, non-
infectious B31-A and low passage, infectious B31 (MI-B31)
after electroporation with field strengths between 2.5kV/
cm and 12.5kV/cm, using the LIVE/DEAD bacterial viability
kit (Molecular Probes, Wilsonville, Oregon). Survival of both
strains gradually decreased with increasing field strength,
but MI-B31 was more sensitive to electroporation than B31-
A (Figure 5A). Accurately determining cell viability after
electroporation could be problematic because the
permeability of the cell membrane is altered and
membrane-based stains, such as the LIVE/DEAD kit used
for this study, are not necessarily valid (Weaver, 1995).
However, the results obtained with the vital stain were in
good correlation with cell densities of cultures incubated
overnight after electroporation, so we believe that this
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method can be used to compare bacterial survival following
different electroporation conditions.

In order to investigate the relationship between field
strength, cell viability and transformation frequency, B31-
A was transformed with field strengths ranging from 2.5 to
37.5 kV/cm (Figure 5B). Twenty-five ug of plasmid DNA
containing gyrB" was used and the number of Cou' colonies
was determined. Afield strength of 2.5 kV/cm did not result
in detectable transformants in a culture with approximately
108 viable spirochetes per ml. The maximum transformation
frequency of 6.5x10° was obtained with 37.5kV/cm, which
resulted in approximately 14% viable cells. The
transformation frequency at 12.5kV/cm was slightly lower
(2.5x10®), but approximately 25% of the cells remained
viable after electroporation, so more transformants were
obtained. Afield strength between 12.5kV/cm and 37.5kV/
cm for electroporation of B31-A, therefore, seems optimal.

Effect of Surface Properties on Electroporation

Initial attempts to recover allelic exchange events in a wild
type background were done with infectious clone B31-4A.
Transformation of B31-4A was impeded by the propensity
of these spirochetes to aggregate in EPS. Attempts to
prepare B31-4A for electroporation by centrifugation and
resuspension in EPS were frustratingly unsuccessful
because spirochetes formed dense aggregates (Figure
6A), adhered to the sides of tubes and pipettes and were
inaccessible for electroporation. Aggregated spirochetes
retained viability and were easily resuspended in culture
medium (Figure 6B).

Differences in outer surface properties between
infectious and non-infectious clones presumably dictate
aggregation in EPS. These clones also differ in growth rates
and cell densities achieved in liquid medium, as well as
colony morphology in solid medium. Low passage,
infectious isolates of B. burgdorferifrequently form macro-
aggregates in culture medium, whereas culture-adapted
strains grow as dispersed spirochetes. However, even B31-
4A spirochetes growing freely in culture medium aggregate
in the presence of EPS.

Many factors were varied in an attempt to understand
aggregation of B31-4A in EPS. A 1:1 mixture of culture
medium with EPS still yielded spirochetal aggregates,
although a comparable mixture of medium with either
sucrose or glycerol did not, but remained incompatible with
electroporation. Adding cholesterol to EPS, although
compatible with electroporation, had no effect on spirochete
aggregation. Growth of B31-4A in sterilized “conditioned
medium,” in which high passage B31 was previously
grown, also had no effect. Growing B31-4A at 23°C and
then shifting to 35°C, which induces synthesis of a number
of new outer surface proteins (Schwan et al., 1995;
Stevenson et al., 1995), did not alter the EPS phenotype.

In contrast to these approaches, adding heparin (25ug/
ml) did permit efficient resuspension of B31-4A in EPS.
However, the elation was short-lived when it became
apparent that the transformation frequency for B31-4A by
electroporation was still approximately 100-fold less than
non-infectious B31, even when both cultures were
resuspended comparably in EPS with heparin. Clearly,
properties other than clumping in EPS contribute to the
reduced frequency of transformation with B31-4A. We have
since confirmed this result with an independently
maintained culture of infectious B31 (MI-B31) that does

not aggregate in EPS (Figure 6C and D), yet is transformed
at a comparably low frequency.

Other Methods of Gene Transfer

Transformation

A number of transformation methods have been developed
for use in other bacteria and some have been tried in B.
burgdorferi, with varying degrees of success. We found
that CaCl,-mediated transformation, which was the first
method for naked DNA introduction into E. coli (Mandel
and Higa, 1970), was successful for generating Cou’
transformants in high passage B. burgdorferi B31-A, but
unsuccessful for low passage clone B31-4A (A. Elias,
unpublished).

Treatment of E. coli with DMSO and PEG in the
presence of Mg** also promoted efficient uptake of plasmid
DNA (Chung et al., 1989). We applied this method to B.
burgdorferi, using borrelial culture medium in place of the
L broth component of the transformation and storage
solution (K. Tilly and P. Rosa, unpublished). We found
transformation frequencies (using a PCR fragment carrying
the gyrB" gene) similar to those found for electroporation,
but infectious clone B31-4A still transformed approximately
100-fold less frequently than B31-A. This method worked
best with relatively small DNA fragments (~2 kb) and
worked progressively less well with larger fragments (~4
kb and ~14 kb). These results confirm that B31-4A has an
obstacle to transformation other than differences in
aggregation properties in EPS, consistent with effects at
the level of DNA uptake, restriction, or recombination.

Encouraging results were recently obtained when
looking for natural gene transfer among B. burgdorferi
spirochetes (P. Rosa, unpublished). Phylogenetic evidence
suggested that such events occur (Livey et al., 1995), so
Kan™ and Cou' clones were co-inoculated at low density
and allowed to grow together to stationary phase. The
resultant mixed culture was plated on medium containing
both drugs. Some colonies arose that carried both markers
(i.e., the Tn903 kan gene and the NGR gyrB" allele), but
we have not yet determined the direction of gene transfer.
A number of other methods to promote gene transfer into
B. burgdorferi and the other spirochetes are being tested
or are theoretically possible. These include conjugation,
which has been demonstrated to be useful for moving DNA
from E. coliinto other bacteria ranging from Streptococcus
to Streptomyces (Amabile-Cuevas and Chicurel, 1992).
Preliminary experiments have faced the problem of
adequately killing the E. coli donor, which grows much
faster than the B. burgdorferirecipient (K. Tilly and P. Rosa,
unpublished). A second possibility is restriction-enzyme
mediated integration (Brown et al., 1996), which facilitated
stable transformation of Candida albicans by
electroporation with a DNA fragment with cohesive ends
in combination with a small amount of the restriction
enzyme that produces those cohesive ends. Transformants
had the electroporated DNA integrated into one of the
corresponding restriction sites within the recipient genome
(Brown et al., 1996). Liposome-mediated transformation
works in Archaea of the genus Methanosarcina (Metcalf et
al., 1997), and may be worth testing in spirochetes. Direct
transfer of genetic material from one spirochete to another
by co-electroporation could also be investigated.

Treatments to stimulate recombination might also



increase transformation frequency. Possibilities include
denaturing the transforming DNA (Oh and Chater, 1997)
or treatment of spirochetes with mutagens like mitomycin
C and ultraviolet light (Walker, 1996). Heating T. denticola
for 30 min at 50°C prior to electroporation yielded increased
numbers of transformants (J. P. Tsai and W. Shi, personal
communication), and similar treatments may also facilitate
transformation of other spirochetes.

Phage-Mediated Transduction

Currently, the only spirochete with a useful alternative gene
transfer system is B. hyodysenteriae, in which a generalized
transduction system is workable. The first observations
leading to the discovery of the transducing phage were
that B. hyodysenteriae has a unique size class of
extrachromosomal DNA (Combs et al., 1992; Turner and
Sellwood, 1997) and that it has a mitomycin-inducible
prophage (Humphrey et al., 1995). Surprisingly, the DNA
within the virion comprises total chromosomal DNA, in
segments of 7.5 kb (Humphrey et al., 1997). These authors
realized that this property of packaging host DNA should
allow the phage to carry out generalized transduction and
showed this to be true (Humphrey et al., 1997). Mixing
mitomycin-induced and uninduced cultures carrying
different selectable markers also allowed gene transfer,
presumably via transduction. This phage appears to be
defective and unable to form plaques, and a genome
(encoding the virion proteins) has yet to be described.

B. burgdorferi and Leptospira biflexa, a saprophytic
leptospire, also have phages (Eggers and Samuels, 1999;
Saint Girons et al., 1990). The encouraging results with
transduction in B. hyodysenteriae prompted these
investigators to pursue various aspects of those phages
as genetic tools. Saint Girons et al. (personal
communication) have used part of one of the L. biflexa
phages as the basis for a shuttle vector (see review by
Saint Girons et al., this volume). Eggers et al. (personal
communication) have demonstrated that the B. burgdorferi
phage will move a drug-resistance marker from one B.
burgdorferi strain to another, suggesting that it may be
useful for genetic transduction (see review by Eggers et
al., this volume).

Perspectives

This is an exciting time for researchers studying
spirochetes. Recently developed genetic methods and
selectable markers have facilitated directed mutagenesis
of some of these bacteria. Comparing known techniques
for genetic manipulation should help with developing
genetic systems for spirochetes that currently lack them.
Spirochetes, however, are diverse so specific methods or
tools may not be generally applicable. Nevertheless, the
burgeoning genomic information and sophisticated
molecular biological techniques allow increasingly detailed
questions to be asked and answered. This fortuitous
combination of circumstances should further our
understanding of the transmission and pathogenesis of
spirochetal infections.
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