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The tick-borne bacterium Borrelia burgdorferi has over 20 different circular and linear plasmids. Some B.
burgdorferi plasmids are readily lost during in vitro culture or genetic manipulation. Linear plasmid 25, which
is often lost in laboratory strains, is required for the infection of mice. Strains missing linear plasmid 25
(lp25�) are able to infect mice if the BBE22 gene on lp25 is provided on a shuttle vector. In this study, we
examined the role of lp25 and BBE22 in tick infections. We tested the hypothesis that complementation with
BBE22 in spirochetes lacking lp25 would restore the ability of spirochetes to infect ticks. A natural tick
infection cycle was performed by feeding larvae on mice injected with the parental, lp25�, or lp25� BBE22-
complemented spirochete strains. In addition, larvae and nymphs were artificially infected with different
strains to study tick infections independent of mouse infections. B. burgdorferi missing lp25 was significantly
impaired in its ability to infect larval and nymphal ticks. When an lp25� strain was complemented with BBE22,
the ability to infect ticks was partially restored. Complementation with BBE22 allowed spirochetes lacking lp25
to establish short-term infections in ticks, but in most cases the infection prevalence was lower than that of the
wild-type strain. In addition, the number of infected ticks decreased over time, suggesting that another gene(s)
on lp25 is required for long-term persistence in ticks and completion of a natural infection cycle.

Borrelia burgdorferi, the etiological agent of Lyme disease,
has a genome consisting of a linear chromosome in addition to
12 linear plasmids and 9 circular plasmids (2, 6). The plasmids
are important components of the genome and are predicted to
contain 535 genes (2). The study of the function of the plasmid
genes has been advanced by recent developments in genetic-
manipulation techniques (5, 7, 11, 17, 23, 24). Several studies
have characterized the ability of spirochetes without a full
plasmid complement to infect mice and ticks (8–10, 12, 13, 15,
17, 19, 20). Some of the plasmids contain genes with necessary
functions in the tick vector and/or mammalian host. For in-
stance, linear plasmid 25 (lp25), lp28-1, and lp54 are plasmids
required for the persistent infection of mice, while lp54 and
circular plasmid 26 (cp26) may be required for the establish-
ment of tick infection or migration from the tick gut to the
salivary glands, respectively (3, 9, 12, 13, 15, 17, 19, 20, 28).

A significant obstacle to creating viable mutants of B. burg-
dorferi is that genetic transformation of infectious spirochete
strains with autonomously replicating vectors may result in
mutants that do not have lp25 (lp25�) (14). A DNA restric-
tion-modification system encoded by the BBE02 gene on lp25
imparts resistance to the introduction of foreign DNA; thus,
transformation with introduced vectors that are stably main-
tained is generally achieved only in spirochetes that do not
have lp25 (14). Unfortunately, B. burgdorferi lacking lp25 is
unable to infect mice when injected intraperitoneally (12, 13,
20). Linear plasmid 25 also has a role in infecting nymphal

ticks; spirochetes lacking lp25 are associated with reduced gut
infectivity (26).

Purser et al. (19) demonstrated that the BBE22 gene on lp25
provides a necessary nicotinamidase function in mice and that
transformation of an lp25� strain with a vector containing the
BBE22 gene restores the ability of the spirochetes to infect
mice. It is not known if BBE22 would also restore the ability of
lp25� strains to effectively infect and persist in tick guts. We
conducted a series of experiments to determine if BBE22 is
able to restore the ability of an lp25� mutant to infect larval
and nymphal ticks by both natural and artificial tick infection
routes.

MATERIALS AND METHODS

Borrelia burgdorferi strains and creation of mutants. A clone of Borrelia burg-
dorferi strain B31 (CDC, Fort Collins, CO) was used in experiments as a positive
control (B31-C1). B. burgdorferi strain B31-A3, kindly provided by Patricia Rosa
(Rocky Mountain Laboratories, NIAID, NIH, Hamilton, MT), is a clone of B31
MI, a low-passage nonclonal infectious strain of B. burgdorferi B31. Strain
B31-A3 was derived by subsurface plating of B31 MI in solid Barbour-Stoenner-
Kelly (BSK) medium (21) as described by Elias et al. (4). The shuttle vector
pBSV2, also graciously provided by Patricia Rosa, is a derivative of B. burgdorferi
B31 cp9 and contains three open reading frames from cp9, Escherichia coli
ColE1, and a kanamycin resistance cassette (25). The shuttle vector pBSV2 was
modified in the present study by insertion of the BBE22 gene to create the vector
pBSV2�22. The BBE22 gene of lp25 was amplified from B. burgdorferi B31 by
using the methods and primers described by Purser et al. (19) from DNA
prepared using QIAGEN’s DNeasy tissue kit (QIAGEN, Chatsworth, CA). Each
primer contained a KpnI site and amplified a 2.074-kb region of DNA containing
BBE22 from lp25, including the BBE23 gene located directly upstream of
BBE22. The vector pBSV2 and the primer amplicon were digested with KpnI,
and then the BBE22 amplicon was ligated into the shuttle vector to create
pBSV2�22.

Two mutants of strain B31-A3 were created in this study by transformation
with the vectors pBSV2 and pBSV2�22. Even though the parental strain con-
tained lp25, we created our shuttle vectors in anticipation of selecting transfor-
mants that had lost lp25 and its restriction-modification system. Strain A3-pB
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was created by transformation with pBSV2 by using methods modified from
those of Samuels (22). In brief, a 100-�l aliquot containing 2 � 109 spirochetes
and 20 �g of DNA was given a single electrical pulse of 2.5 kV, 25 �F, and 200
�, transferred to 3 ml of BSK-H complete medium (Sigma, St. Louis, MO), and
incubated for 36 h at 35°C. The transformation mixture was then transferred to
50 ml of BSK-H containing kanamycin (Sigma, St. Louis, MO) and incubated at
37°C. Live spirochetes were visible in the 50-ml cultures starting at 5 days and
were plated onto semisolid plating BSK medium (22) when densities reached
early log phase. Individual clones were selected after 1 to 3 weeks (wk). Strain
A3-pB22 was created by transformation of B31-A3 with the vector pBSV2�22 by
following the methods of Yang et al. (28). This method was adopted during the
course of this study due to its ability to isolate clones more easily. A 100-�l
aliquot containing 2 � 109 spirochetes and 20 �g of DNA was given a single
electrical pulse of 2.5 kV, 25 �F, and 200 � and transferred to 100 ml of BSK-H
complete medium. After overnight recovery at 35°C, kanamycin was added to the
transformation mixture that was then transferred to 96-well plates having 200 �l
per well. Plates were incubated at 35°C and 2% CO2 for 2 to 4 wk, and trans-
formants were identified from individual wells by dark-field microscopy. A3-pB
and A3-pB22 transformants were confirmed as carrying the shuttle vector by
using M13 primers located within the shuttle vector and spanning the insert
region. The parental B31-A3 and its two derived mutants were screened for
plasmid content by using a set of 29 primers (4) (Table 1).

Larval-tick feeding on infected mice. The B. burgdorferi strains B31-A3, A3-
pB, and A3-pB22 were grown to late log stage in 6 ml BSK-H complete medium.
Naı̈ve female C3H/HeNcr mice (4 to 6 wk old; NIH) were injected subcutane-
ously above the shoulder with 100 �l of culture containing 1 � 104 to 1 � 106

spirochetes of each of the strains (methods approved by the UNC Institutional
Animal Care and Use Committee). Two weeks after the mice were injected,
approximately 100 uninfected larval Ixodes scapularis ticks (kindly provided by
Jerry Bowman, Oklahoma State University, Stillwater, OK) were placed on each
mouse on the neck and shoulder region. Mice were housed individually in cages
containing one-half inch of water and a wire grid that supported the mice above
the water. Larvae were allowed to feed to repletion and fall off the mice. Larvae
were collected from the water, and subsets were analyzed for spirochete infection
by using a direct fluorescent antibody (DFA) stain 7 days after ticks were placed
on the mice. Whole live ticks were homogenized on glass slides in 3 �l of

phosphate-buffered saline (PBS) by using the blunt ends of disposable pestles
(Kontes Glass Company, Vineland, NJ), and the slides were acetone fixed and
then blocked for 30 min in 5% fetal bovine serum (FBS)-PBS. Slides were next
stained with a 1:200 dilution of fluorescein isothiocyanate-conjugated goat anti-
Borrelia species polyclonal antibody (KPL, Gaithersburg, MD) in 5% FBS-PBS
for 1 h. After three washes in PBS, coverslips were mounted and infection status
was determined by fluorescence microscopy (Nikon Eclipse E600 with epifluo-
rescence attachment; Melville, NY). An additional subset of larvae was homog-
enized and checked for spirochete infection 2 wk after ticks were placed on the
mice. Mice were sacrificed 3 wk after needle inoculation. Blood was collected,
and ear, heart, urinary bladder, and left hind tibiotarsal joints were harvested and
cultured in 6 ml BSK-H medium. Blood samples were separated using a Micro-
tainer serum separator tube (Becton Dickinson, Franklin Lakes, NJ), and the
serum was run against Western blots of the parental B31-A3 strain. Briefly, 109

spirochetes were boiled, loaded into a 12% gel, and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The gel was transferred to a nitro-
cellulose membrane and blocked for 30 min in 2% skim milk in Tris-buffered
saline (TBS). The membranes were then cut into strips and reacted against a
1:100 dilution of mouse serum in blocking solution for 1 h. Strips were washed
three times in TBS-Tween 20 and then reacted against a 1:500 dilution of
alkaline phosphatase-conjugated goat anti-mouse (KPL, Gaithersburg, MD) for
45 min. Strips were washed an additional three times in TBS-Tween 20 and once
in TBS and then developed with BCIP (5-bromo-4-chloro-3-indolylphosphate)–
nitroblue tetrazolium phosphatase substrate (KPL, Gaithersburg, MD).

The remaining larvae that had fed to repletion on infected mice were kept in
humidity-controlled incubators at room temperature until molt. At 1 wk after
molt, a subset of nymphs (unfed condition) from each group were homogenized
on glass slides and assessed for spirochete infection. At 2 wk after molt, the
remaining nymphs were placed on naı̈ve C3H/HeNcr mice, allowed to feed to
repletion, and then homogenized on slides and assessed for infection after all
nymphs had fallen off the mice (fed condition). Three weeks after nymphs had
fed on the mice, the mice were sacrificed, blood was collected, and tissues were
cultured in BSK-H complete medium. The complete mouse/tick/mouse experi-
mental protocol is outlined in Fig. 1.

The above experiment was repeated as outlined above with the exceptions that
strain B31-C1 was used instead of B31-A3 as a positive control and that larvae
were tested at 2 and 3 wk after placement on mice. In a third repeat of the above
experiment, the same protocol was used with B31-A3 as the positive control,
except that replete larvae were tested for infection at 1, 2, and 3 wk after
placement on mice, and larvae were not tested after molt.

Nymphal-tick feeding on infected mice. Three naı̈ve female C3H/HeNcr mice
were needle inoculated subcutaneously above the shoulder with 100 �l of culture
containing 1 � 104 spirochetes of B. burgdorferi strain B31-A3, and an additional
three mice were inoculated with the same number of spirochetes of strain
A3-pB22. After 3 wk, 30 uninfected I. scapularis nymphs were placed on each of
the mice. Nymphs were allowed to feed to repletion and fall off. Replete nymphs

FIG. 1. Experimental mouse/tick/mouse infection cycle protocol. Mice were needle inoculated with three strains of spirochetes, and after 2 wk,
larvae were fed on the mice. After feeding to repletion, larvae were held through molt and then fed as nymphs on naı̈ve mice. Larvae and nymphs
were tested for infection at different time points after feeding on mice, and all mice were sacrificed and tested for infection either 3 wk after needle
inoculation or 3 wk after being fed upon by nymphs.

TABLE 1. B. burgdorferi strains used in this study

Strain Introduced DNA Plasmid(s) missing Source or reference

B31-C1 None None CDC
B31-A3 None cp9 4
A3-pB pBSV2 cp9, lp25 This study
A3-pB22 pBSV2 � BBE22 cp9, lp25 This study
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were homogenized on glass slides at 1, 2, and 3 wk after placement on mice and
stained by DFA as outlined previously. The experiment was repeated by feeding
nymphs on two additional mice, each injected with either B31-C1 or A3-pB22,
and nymphs were tested at 2 and 3 wk after placement on mice. All mice were
confirmed positive 3 wk after tick feeding by serology as outlined previously, and
all organs tested were positive.

Larval-tick infection by immersion. Larvae were infected with spirochetes by
larval immersion following the procedure of Policastro and Schwan (18). Im-
mersion was used due to the small size of larvae, which rules out other artificial-
infection methods. Briefly, spirochete strains B31-A3, A3-pB, and A3-pB22 were
grown to late log stage in BSK-H complete medium and centrifuged at 8,000 �
g for 10 min, and then the supernatant was removed and the pellet was resus-
pended in fresh BSK-H medium at a concentration of 1 � 108 spirochetes per ml.
Larval I. scapularis ticks were cooled to 4°C and transferred to each of three
1.5-ml centrifuge tubes. Five hundred microliters of each of the spirochete
cultures was added to the tubes that were then incubated at 32°C for 2 h, with
occasional vortexing. Tubes were next centrifuged for 30 s at 200 � g, and the
supernatant was removed, followed by two additional washes in PBS. Whatman
filter papers were added to absorb excess moisture, and then larvae were placed
on each of three naı̈ve female C3H/HeNcr mice. Larvae were allowed to feed to
repletion and fall off. At 1 and 3 wk after placement on mice, replete larvae were
homogenized on glass slides and stained for infection by DFA. Three wk after
larvae had fallen off the mice, the mice were sacrificed and tested for infection
by serology and organ culture.

Nymphal-tick infection by capillary feeding. Nymphal ticks were capillary fed
B31-A3, A3-pB, and A3-pB22 according to the methods of Broadwater et al. (1).
Spirochetes were grown to late log stage, pelleted, and resuspended at a con-
centration of 1 � 108 spirochetes per ml in equal volumes of BSK-H complete
medium and Shen’s saline (16). Glass micropipettes (5 �l) were filled with these
solutions and placed over the hypostomes and palps of unfed nymphal ticks
immobilized on glass slides. Ticks were allowed to drink from the micropipettes
for 1 h and then held for 24 h in a humidified incubator at room temperature.
After the 24-h recovery period, nymphs were placed on the necks and shoulders
of naı̈ve female C3H/HeNcr mice and fed to repletion. Replete ticks were
homogenized on glass slides and tested by DFA for infection at 1 wk and 3 wk
after placement on mice. Mice were sacrificed 3 wk after being fed upon by ticks,
and infection status was determined by serology and organ culture. In a repeat of
this experiment, the same protocol was followed except that capillary-fed nymphs
were given a recovery period of 3 days in a humidified incubator. On the third
day, nymphs were placed on mice and allowed to feed to repletion, and 1 wk after
placement, the nymphs were homogenized on glass slides and tested for spiro-
chete infection by DFA.

RESULTS

B. burgdorferi strains and creation of mutants. Previous
work has shown that complementation of lp25� spirochetes
with BBE22 restores the ability of spirochetes to infect mice
(19). In order to test whether BBE22-complemented lp25�

spirochetes are able to establish infection in ticks, two mutants
of strain B31-A3 were derived by transformation with the shut-
tle vectors pBSV2 and pBSV2�22 (Table 1). Strain A3-pB was
transformed with the vector pBSV2 only, while strain A3-pB22

was transformed with pBSV2 containing the BBE22 gene. A
plasmid profile of the parental B31-A3 strain revealed a com-
plete plasmid set except for cp9, while plasmid profiles of the
two mutants revealed that they were additionally missing lp25
as expected. Loss of cp9 in spirochetes is not associated with
ability to infect either mice or ticks (20, 27). B31-C1 contained
a complete set of all plasmids. During the course of this study,
the eight mice injected with the parental B31-A3 or B31-C1
strain and used for feeding uninfected ticks were positive for
infection by serology, and all organs tested (ear punch, heart,
bladder, and joint) were positive. The seven mice injected with
A3-pB22 were also positive by serology, and all organs tested
were positive except for two mice, which had three out of four
organ cultures positive. The lp25� A3-pB strain did not infect
any of the four mice tested, demonstrating that the BBE22-
complemented mutants that we created effectively expressed
BBE22 and were restored in their ability to infect mice, con-
firming previous studies by Purser et al. (19).

Larval-tick feeding on infected mice. In order to test the
ability of the three spirochete strains to complete a natural
infectious cycle, mice were injected subcutaneously with each
strain and uninfected larvae were placed on the mice 2 weeks
later (Fig. 1). Replete larvae were tested for infection by DFA
at 1, 2, and 3 wk after placement on mice. Nearly all of the
larvae that fed on mice injected with strain B31-A3 or B31-C1
were positive at all time points (Table 2). In contrast, the
infection rate of larvae that fed on mice injected with A3-pB22
was significantly lower than that of larvae fed on mice injected
with the parental strain at each time point, with infection rates
ranging from 89.6% down to 60% over the course of 3 wk
(Fisher’s exact test, P � 0.05). In addition, the infection rate of
larvae infected with A3-pB22 dropped significantly at each
subsequent time point tested, and the numbers of spirochetes
within individual tick homogenates at 2 and 3 wk were smaller
in A3-pB22-infected larvae than in larvae infected with B31-A3
or B31-C1 (data not shown). As expected, none of the larvae
that fed on A3-pB-injected mice contained visible spirochetes
at this or any other time point. Mice were sacrificed 3 wk after
injection, blood was collected, and organs were cultured. All of
the mice injected with B31-A3, B31-C1, and A3-pB22 were
positive by organ culture and serology, while none of the mice
given A3-pB were positive by either method. Spirochetes were
cultured from all of the organs from the B31-A3-injected and
B31-C1-injected mice, while three out of four organ cultures
from each of the A3-pB22-injected mice were positive.

TABLE 2. Experimental mouse/tick/mouse infection cyclea

Strain

No. positive for infection/total no. (%)

Larvaec Molted nymphsd

Micee

1 wk 2 wk 3 wk Unfed Fed

B31-A3 or B31-C1b 104/108 (96.3) 76/82 (92.7) 70/71 (98.6) 27/27 (100) 28/29 (96.6) 3/3 (100)
A3-pB 0/93 (0)* 0/41 (0)* ND 0/54 (0)* 0/59 (0)* 0/4 (0)
A3-pB22 121/135 (89.6)* 72/93 (77.4)* 21/35 (60)* 3/51 (5.9)* 6/53 (11.3)* 0/4 (0)

a Data are pooled from three separate experiments. ND, not determined. *, tick infection mean was significantly different than the infection mean of ticks that fed
on B31-A3-injected or B31-C1-injected mice for each column (P � 0.05, Fisher’s exact test).

b B31-A3 was used in the first and third repeats of the experiment, while B31-C1 was used in the second repeat of the experiment.
c Larvae were tested for infection at 1, 2, and 3 wk after placement on needle-inoculated mice.
d Nymphs were tested for infection 1 wk after molt as unfed nymphs, as well as 2 wk after molt after feeding to repletion on naı̈ve mice.
e Mice were sacrificed and tested for infection 3 wk after being fed on by molted nymphs.
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The remaining larvae that had fed to repletion on injected
mice were allowed to molt to nymphs. Half of the nymphs were
kept in the unfed condition, while the other half were allowed
to feed on naı̈ve mice (Table 2). Unfed nymphs and replete
nymphs were tested for infection. Almost all of the unfed and
replete nymphs that had fed as larvae on B31-C1-injected or
B31-A3-injected mice were positive, whereas nymphs that fed
on A3-pB22-injected mice as larvae were infected at signifi-
cantly lower rates (Table 2). The number of spirochetes in the
homogenates of individual nymphs infected with A3-pB22
were also noticeably fewer than the numbers in nymphs in-
fected with B31-C1 or B31-A3. Only nymphs infected with
B31-A3 or B31-C1 were able to transmit infection to mice, with
all organs testing positive (Table 2).

Nymphal-tick feeding on infected mice. In the above exper-
iment, the abilities of the four spirochete strains to survive in
nymphs that had molted from infected larvae were tested. To
further characterize the abilities of the spirochete strains to
infect nymphs, uninfected nymphs were fed directly on needle-
inoculated mice. Mice were needle inoculated with B31-A3,
B31-C1, or A3-pB22, and nymphs were placed on the mice 3
wk later. Nymphs were allowed to feed to repletion, and then
infection status was determined by DFA at 1, 2, and 3 wk after
placement on the mice. At 1 wk after placement of nymphs on
the mice, the infection rate of nymphs that had fed on A3-
pB22-infected mice was 52.2%, a significantly lower rate than
that of nymphs fed on mice infected with the parental strain (P
� 0.05) (Table 3). The infection rate of nymphs that fed on
A3-pB22-infected mice steadily dropped during the experi-

ment, and by the third week, only 5.7% of these nymphs were
infected, and the numbers of spirochetes per gut were visibly
fewer than those in nymphs fed on mice infected with the
parental strain.

Larval-tick infection by immersion. Mice needle inoculated
with the A3-pB strain do not become infected because of the
lack of lp25, and therefore the ability of ticks to acquire A3-pB
must be studied using artificial-infection methods. An artifi-
cial-immersion method recently described by Policastro and
Schwan (18) was used to infect larvae. Uninfected larvae were
immersed in medium containing the B31-A3, A3-pB, or A3-
pB22 spirochete strain and then allowed to feed to repletion on
naı̈ve mice. At 3 wk after feeding, larvae immersed in A3-pB
(10%) and A3-pB22 (30.8%) had fewer infected larvae than
larvae immersed in the parental B31-A3 (60%) strain; how-
ever, only differences between larvae immersed in B31-A3 and
A3-pB were statistically significant (P � 0.05) (Table 4). The
average numbers of spirochetes in the homogenates of larvae
immersed in A3-pB and A3-pB22 at both time periods were
noticeably fewer than the numbers in B31-A3-immersed larvae
(data not shown). Mice were sacrificed and tested for infection
by serology and organ culture. The mice fed on by larvae
immersed in B31-A3 and A3-pB22 were positive by serology,
and all organs tested were positive, whereas mice fed on by
A3-pB-immersed larvae were not infected (Table 4). Although
only one mouse was tested per strain, which precludes drawing
strong conclusions about the ability of infected larvae to trans-
mit infection, the results are nonetheless interesting and can be
studied in more detail in future studies.

Nymphal-tick infection by capillary feeding. The abilities of
the B31-A3, A3-pB, and A3-pB22 spirochete strains to infect
nymphs were directly tested by artificial-infection capillary
feeding (1). Uninfected unfed nymphs were capillary fed the
three spirochete strains, held for either 24 or 72 h, placed on
naı̈ve mice, and allowed to feed to repletion. After all nymphs
had fallen off, they were tested for infection at 1 and 3 wk after
placement on the mice. All of the nymphs that were capillary
fed B31-A3 and held for 24 h prior to placement on mice were
positive at the 1-wk time point, and nearly all were positive at
the 3-wk time point (Table 4). Nymphs capillary fed A3-pB and
A3-pB22 had significantly lower infection prevalences than
nymphs capillary fed B31-A3 at both time periods (P � 0.05),
and A3-pB-fed nymphs additionally had a significantly lower

TABLE 3. Nymphal feeding on mice needle inoculated with two
strains of spirochetesa

Strain

No. of nymphs positive for infection/total tested
(%) atb:

1 wk 2 wk 3 wk

B31-A3 or B31-C1c 21/24 (87.5) 30/34 (88.2) 25/28 (89.3)
A3-pB22 12/23 (52.2)* 7/38 (18.4)* 2/35 (5.7)*

a Data are pooled from two separate experiments.
b *, tick infection mean was significantly different than the infection mean of

ticks that fed on B31-A3-injected or B31-C1-injected mice for each column (P �
0.05, Fisher’s exact test).

c B31-A3 was used in the first repeat of the experiment, while B31-C1 was used
in the second repeat of the experiment.

TABLE 4. Artificial feeding of larvae and nymphs with three strains of spirochetesa

Strain

No. positive for infection/total no. (%)

Immersed larvaeb
Capillary-fed nymphsc

1-day hold 3-day hold

1 wk 3 wk 1 wk 3 wk 1 wk

B31-A3 12/15 (80) 9/15 (60) 23/23 (100) 21/22 (95.5) 23/28 (82.1)
A3-pB 3/11 (27.3)* 1/10 (10)* 3/26 (11.5)* 2/25 (8)* 0/21 (0)*
A3-pB22 10/14 (71.4) 4/13 (30.8) 13/24 (54.2)* 14/21 (67.7)* 2/34 (5.9)*

a *, infection rate was significantly different than the infection rate of ticks that fed on B31-A3-injected mice for each column (P � 0.05, Fisher’s exact test).
b Immersed larvae were tested for infection at 1 and 3 wk after placement on mice. Of the mice fed on by B31-A3-infected, A3-pB-infected, or A3-pB22-infected

larvae, respectively, one of one, zero of one, and one of one tested positive for infection.
c Nymphs were held for 1 or 3 days after capillary feeding before placement on mice and then tested for infection 1 and 3 wk after placement on mice. Of the mice

fed on by B31-A3-infected, A3-pB-infected, or A3-pB22-infected nymphs held for 1 day, two of two, zero of two, and one of two mice, respectively, tested positive for
infection.
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infection prevalence than A3-pB22-fed nymphs. The numbers
of spirochetes seen in the homogenates of positive nymphs fed
either A3-pB or A3-pB22 were also noticeably smaller than the
numbers in nymphs fed parental B31-A3 at both time points
(data not shown). Mice were sacrificed 3 wk after being fed on
by the nymphs. Both mice fed on by B31-A3-infected nymphs
were positive by serology, and all organ cultures were positive,
while only one mouse fed on by A3-pB22-infected nymphs was
positive for infection, with all organs testing positive, and no
mice fed on by nymphs capillary fed A3-pB were infected. In
the second part of this experiment, 82.1% of the nymphs cap-
illary fed the B31-A3 strain and held for 72 h prior to feeding
on mice were positive (Table 4). None of the nymphs held for
72 h that were capillary fed A3-pB were positive, and 5.9% that
were fed A3-pB22 were positive, a significantly lower rate than
that of nymphs fed the parental strain.

DISCUSSION

The results of this study have demonstrated that the comple-
mentation of an lp25� strain with BBE22 restored the ability of
spirochetes to infect the guts of larvae that fed on needle-
inoculated mice but at a frequency lower than the parental
strain. In addition, the BBE22-complemented spirochetes ex-
hibited a lack of persistence in the larvae during the ensuing
weeks, and the infection rate plummeted during the molt from
larvae to nymphs. Importantly, the small numbers of spiro-
chetes seen in molted nymphs were unable to infect naı̈ve mice.
A natural infection cycle from infected mice to larval ticks and
back to mice via molted nymphs did not occur in spirochetes
missing lp25 that contained BBE22 on a shuttle vector.

We also tested the ability of nymphs to directly acquire the
strains B31-A3 and A3-pB22 by feeding on infected mice.
Within 1 week of placing the nymphs, spirochetes could be
found in over half of the nymphs that fed on A3-pB22-infected
mice, but the number of A3-pB22-infected nymphs had
dropped significantly by the third week. Thus, lp25� spiro-
chetes complemented with BBE22 were able to establish a
nominal infection in nymphs, but as with larvae that had fed on
A3-pB22-infected mice, the infection dropped markedly dur-
ing the course of 3 weeks. The stability of the pB22 vector in
spirochetes during tick infection was not addressed in this
study; however, the vector was stably maintained in the mice
during 3 wk of infection, as seen by organ culture under kana-
mycin selection. In addition, Stewart et al. (25) tested the
stability of the pBSV2 shuttle vector in transformed spiro-
chetes and found that the vector was stable for at least 25
generations without antibiotic selection in vitro.

The experiments in which larvae and nymphs were fed on
infected mice might be confounded by the abilities of our
strains to thrive in mice or to move from the mouse into the
tick. We used artificial-infection methods (immersion for lar-
vae and capillary feeding for nymphs) to directly introduce our
strains (B31-A3, A3-pB, and A3-pB22) into larval and nymphal
ticks. Spirochetes missing lp25 (A3-pB) infected significantly
fewer larvae and nymphs than the parental strain or the lp25�

strain that was complemented with BBE22. This result clearly
indicates that BBE22 enhances the ability of lp25� strains to
infect ticks. However, there are other genes on lp25 required

for efficient infection and persistence in ticks, as the BBE22-
complemented strain infected fewer nymphs than the parental
strain. One other gene on lp25 whose requirement for infecting
mice has been studied is BBE02 (11). A spirochete strain with
this gene disrupted was able to infect mice at rates comparable
to those of the parental strain, and therefore this gene is not
essential for mouse infection. In our lab, we have studied the
ability of a BBE02-disrupted mutant to infect larvae and
nymphs and did not see an impairment of this strain to infect
ticks (unpublished data), and so the other genes on lp25 can be
studied in order to determine their requirements for tick in-
fection. These results indicate that BBE22 on lp25 incom-
pletely restores infection of ticks and that an additional gene(s)
on lp25 may be required for efficient infection and persistence
in ticks. Alternatively, the levels of nicotinamidase produced by
the BBE22-complemented strain may be adequate for mouse
infection but not sufficient for completely restoring tick infec-
tion. The strain complemented with BBE22 did do well in ticks
over the short term and was even transmitted from ticks to
mice, indicating that additional genes on lp25 were not re-
quired for transient tick infections and transmission to the
host.

In summary, complementation of B. burgdorferi lacking lp25
with BBE22 restored the short-term ability of spirochetes to
infect I. scapularis larvae and nymphs and reestablished the
ability of spirochetes to be transmitted to naı̈ve mice by both
life stages. Complementation with BBE22, however, did not
allow long-term survival of spirochetes within larvae or
nymphs, nor did it allow the completion of a mouse/tick/mouse
infection cycle, suggesting that other genes on lp25 are re-
quired for tick infection. This idea can be tested in future
studies by adding lp25 back into the lp25� mutants comple-
mented with BBE22 by using the techniques of Grimm et al.
(7) in order to see if the addition of lp25 restores the ability of
the spirochetes to persistently infect ticks. Our study has dem-
onstrated that in mice, the addition of BBE22 in shuttle vectors
and the production of nicotinamidase can be used as selectable
markers in lp25� spirochetes; however, our results negate the
ability to use BBE22 in ticks as a selectable marker, due to its
inability to restore infection levels to wild-type levels. Other
studies have demonstrated that individual plasmids have de-
terminants important in infecting both ticks and mice. Spiro-
chetes without lp28-4 are associated with an attenuation of the
spirochetes’ ability to infect tick guts and mice (12, 13, 20, 26).
The gene(s) on lp25 besides BBE22 that is responsible for
long-term persistence in ticks is not known. Linear plasmid 25
has 39 putative genes with varied hypothetical functions, in-
cluding roles associated with the cell envelope and cellular
processes such as cell division and DNA metabolism, replica-
tion, and repair (http://www.tigr.org), and future studies can
address the roles of these genes in tick infection and persis-
tence. The development of B. burgdorferi strains resistant to
the loss of lp25 should also be considered when manipulating
spirochetes by the introduction of autonomously replicating
vectors. Kawabata et al. (11) developed strains with the restric-
tion-modification gene (BBE02) on lp25 disrupted, thereby
allowing the introduction of foreign DNA into spirochetes that
retain lp25.
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ADDENDUM IN PROOF

During review of the manuscript, a relevant paper was pub-
lished (A. T. Revel, J. S. Blevins, C. Almazan, L. Neil, K. M.
Kocan, J. de la Fuente, K. E. Hagman, and M. V. Norgard,
Proc. Natl. Acad. Sci. USA 102:6972–6977, 2005). Revel et al.
describe the essential nature of BBE16 on lp25 for persistence
of spirochetes in ticks. Thus, BBE22 and BBE16 are required
for persistence of spirochetes in ticks. The identification of
these two genes does not rule out the possibility that another
gene(s) on lp25 may also be required.
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