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Summary

The flagellar motor switch complex protein FIiG plays an essential role in flagella biosynthesis
and motility. In most motile bacteria, only one fliG homologue is present in the genome. However,
several spirochete species have two putative fliG genes (referred to as fliG1 and fliG2) and their
roles in flagella assembly and motility remain unknown. In this report, the Lyme disease
spirochete Borrelia burgdorferi was used as a genetic model to investigate the roles of these two
fliG homologues. It was found that fliG2 encodes a typical motor switch complex protein that is
required for the flagellation and motility of B. burgdorferi. In contrast, the function of fliG1 is
quite unique. Disruption of fliG1 did not affect flagellation and the mutant was still motile but
failed to translate in highly viscous media. GFP-fusion and motion tracking analyses revealed that
FIliG1 asymmetrically locates at one end of cells and the loss of fliG1 somehow impacted one
bundle of flagella rotation. In addition, animal studies demonstrated that the fliG1- mutant was
quickly cleared after inoculation into the murine host, which highlights the importance of the
ability to swim in highly viscous media in the infectivity of B. burgdorferi and probably other
pathogenic spirochetes.

Introduction

Spirochetes are a group of medically and ecologically important but poorly understood
bacteria. Spirochetes can be classified into free-living, symbiotic and pathogenic groups
based on their habitats and pathogenicity (Charon and Goldstein, 2002; Rosa et al., 2005).
Pathogenic spirochetes can cause a variety of human and animal diseases, some of which are
quite prevalent and can have grave consequences. For example, Lyme disease, caused by the
spirochete Borrelia burgdorferi, is the most prevalent vector-borne disease in the USA
(Steere et al., 2004; Rosa et al., 2005). Many Leptospira species cause leptospirosis. This
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potentially fatal water-borne zoonosis has many possible clinical manifestations and occurs
worldwide (Levett, 2001; Mcbride et al., 2005). Treponema pallidum causes the dreaded
sexually transmitted disease, syphilis, which is a major disease in developing countries
worldwide (Weinstock et al., 1998; Chen et al., 2007). Brachyspira spp. can cause both
human and animal gastrointestinal diseases (Mikosza and Hampson, 2001). The symbiotic
spirochetes that dwell in the hind-guts of termites provide their insect host with essential
nutrients via acetogenesis and nitrogen fixation, which is one of the most striking examples
of the extraordinary biodiversity achieved by spirochetes (Leadbetter et al., 1999; Warnecke
et al., 2007).

Spirochetes are very diverse but they constitute a monophlytic group of bacteria that share
some common characteristics: unique helical or planar wave-like cell morphology and an
unusual means of motility (Holt, 1978; Paster and Dewhirst, 2000). Spirochetes have a
protoplasmic cell cylinder surrounded by an outer membrane sheath. In the periplasm,
between the peptidoglycan layer and the outer membrane, are periplasmic flagella (PFs). In
many spirochete species, PFs are long enough to overlap in the centre of the cell with those
extending from the opposite ends. The number of PFs at each end varies from species to
species (Charon and Goldstein, 2002). PFs are clearly the spirochetes’ organelles of motility
since mutations that inhibited the synthesis of PFs resulted in non-motile phenotype
(Motaleb et al., 2000; Li et al., 2008; Sal et al., 2008). Such unique cell morphology and
structure give spirochetes an unusual means of motility: spirochetes can swim in a highly
viscous, gel-like medium, such as that found in connective tissue, that inhibits the motility of
most other motile bacteria (Greenberg and Canale-Parola, 1977a; Berg and Turner, 1979;
Charon and Goldstein, 2002). In fact, the speed of spirochetes actually accelerates as
viscosity increases. For example, the speed of Treponema denticola increases from less than
1 pum s7Lin liquid media to 19 um s~1 in the presence of 1% methylcellulose (Ruby and
Charon, 1998).

It is widely believed that this unique means of motility is essential for the pathogenesis of
spirochetes, e.g. it may empower the spirochetes to penetrate into tissues, and help these
organisms to escape from the innate immune response and rapidly disseminate in
mammalian hosts (Kimsey and Spielman, 1990; Lux et al., 2000; Charon and Goldstein,
2002). Consistently, clinical evidence has shown that these pathogenic spirochetes are
highly invasive in hosts. For example, B. burgdorferi can be recovered from the vitreous
humour of the eye, brain tissues, endomyocardial tissue and other tissues of Lyme disease
patients (Stanek et al., 1990; Kuiper et al., 1994; Nocton et al., 1996). Leptospira
interrogans can be isolated from cerebrospinal fluid and the kidneys of patients (Brown et
al., 2003; Palaniappan et al., 2007). However, due to the difficulty in obtaining the mutants
that only fail to swim in highly viscous media, the biology about this unique means of
motility and its role in the infections are poorly understood.

Among these pathogenic spirochetes, B. burgdorferi is one of the best understood
spirochetes and one for which genetic tools have rapidly evolved in the past few years (Rosa
et al., 2005). For example, genetic targeting mutagenesis mediated by allelic exchange and a
whole genome transposon mutagenesis were successfully developed (Samuels et al., 1994;
1995; Stewart et al., 2004; Botkin et al., 2006). In addition, multiple antibiotic selection
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markers and a number of shuttle plasmids have been developed to inactivate genes,
complement inactivated genes or express green fluorescent protein (GFP) and luciferase in
B. burgdorferi (Eggers et al., 2002; Elias et al., 2003; Blevins et al., 2007). Most
importantly, animal models of Lyme disease have been well established and extensively
used to study the pathogenesis of B. burgdorferi (Masuzawa et al., 1992; Barthold, 1995).
Theses advantages make this spirochete an ideal model to study the unique means of
motility and its role in the process of disease.

The genome of B. burgdorferi encodes 59 motility and chemotaxis genes, which constitutes
approximately 5% of its total genes (Fraser et al., 1997; Li et al., 2000; Charon and
Goldstein, 2002). In our recent studies, several genes involved in motility and chemotaxis
have been studied, which include two flagella genes (flaB and flgE) and three chemotaxis
genes (cheAl, cheA2 and cheX). The results show that the flaB and flgE genes are essential
for the flagella synthesis and motility, and the cheA2 and cheX genes are critical for the
chemotaxis of B. burgdorferi (Motaleb et al., 2000; 2005; Li et al., 2002; Sal et al., 2008).
Following previous studies, more motility and chemotaxis genes have recently been
inactivated. Among these genes, fliG, a gene encoding a flagellar motor switch complex
protein, plays an essential role in flagella assembly and motility in enteric bacteria and other
flagellated bacteria (Lloyd et al., 1996). For instance, the fliG null mutants of Escherichia
coli and Salmonella enterica are aflagellated and non-motile. In most motile bacteria, only
one fliG is present in their genomes. However, in several spirochete species including B.
burgdorferi, there are two fliG homologues (referred to as fliG1 and fliG2). The functions of
these two fliG genes remain unknown. In this report, these two genes were inactivated and
their roles in flagella assembly and motility were evaluated. In addition, the role of motility
in the virulence of B. burgdorferi was investigated by analysis of the fliG1 mutant in the
mouse model of Lyme disease.

Sequence alignment reveals that FliG2, but not FliG1, is a typical motor switch complex

protein

As mentioned above, FIiG proteins play a key role in bacterial flagella biosynthesis and
motility (Irikura et al., 1993; Lloyd et al., 1996). In most flagellated bacteria, there is only
one fliG gene. However, there are two fliG genes in the sequenced spirochete genomes. In B.
burgdorferi, fliG1 (BB0221) and fliG2 (BB0290) encode a 405-amino-acid protein with a
predicted molecular weight of 47.5 kDa and a 344-amino-acid protein with a predicted
molecular weight of 34.3 kDa, respectively (Fraser et al., 1997). BLAST analysis showed
that FliG2 shares a 32% identity and a 55% similarity to E. coli FliG, and FIiG1 shares a
17% identity and a 45% similarity to that of E. coli. Prior to this study, it was unknown
whether these two genes had redundant or unique functions in flagella assembly and
motility.

Previous functional and structural analyses have shown that the C-terminal sequences of
FIiG proteins are extremely conserved and contain 20 key residues that are required for their
functions or structures (Lloyd et al., 1999). To reveal the potential roles of FIiG1 and FliG2,
the C-terminal sequences of these two proteins were aligned with their counterparts from
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other bacteria. As shown in Fig. 1, the C-terminus of FliG2 is well conserved, and it
contains all key residues. In contrast, although the C-terminus of FIiG1 shares certain
identity to its counterparts, it lacks seven key residues. This comparison suggests that FIiG2
is a typical motor switch protein that may have the similar function as its counterparts,
whereas FIiG1 is an atypical motor switch protein and its function may be unique.

Generations of fliG1- and fliG2- mutants

To disclose the roles of fliG1 and fliG2, these two genes were inactivated by targeted
mutagenesis as described in Fig. 2. For fliG1, nine kanamycin-resistant colonies appeared 17
days after plating, and for fliG2, 11 kanamycin-resistant colonies appeared 24 days after
plating. The time required for the appearance of these two mutant colonies is considerably
longer than the time required for the appearance of colonies of the wild type (10-14 days).A
similar phenotype was observed in the flaB and flgE mutants of B. burgdorferi (Motaleb et
al., 2000; Sal et al., 2008). For each mutant, one of clones, which was, respectively, referred
to as fliG1- or fliG2-, was selected for detailed characterization. A PCR analysis described
before (Motaleb et al., 2000; Sal et al., 2008) showed the kan-resistant cassette was inserted
within and transcribed as the same direction of fliG1 or fliG2 as expected (data not shown).
Western blot analysis with an antiserum against FliG1 or FliG2 further confirmed that the
cognate gene products were, respectively, inhibited in the mutants. As shown in Fig. 3B and
C, a single band of 48 kDa or 35 kDa protein product was detected in the wild type, but they
were absent in fliG1- or fliG2-. Taken together, these results demonstrated that fliG1 and
fliG2 were expressed and the cognate gene product was disrupted in the respective mutant
due to the targeted mutagenesis.

FliG2, but not FliG1, is essential for flagella synthesis

In enteric bacteria, the fliG genes are essential for flagella assembly and motility. The null
fliG mutants are aflagellated and non-motile. To detect the influence of fliG1 and fliG2 on
the synthesis of PFs, the mutants were analysed by electron microscopy. In the micrographs
of outer membrane disrupted cells, two bundles of PFs were observed at two ends of the
wild-type and fliG1- cells. However, such structures were absent in the fliG2- cells (Fig. 4,
top panel). In the micrographs of thin sections, there were 9-11 PFs present in the periplasm
of the wild type and fliG1-. In contrast, the fliG2— mutant completely lacked PFs (Fig. 4,
low panel). Western blot further confirmed that two flagellar filament proteins FlaA and
FlaB were absent in fliG2—- but present in fliG1- (Fig. 3A). These results demonstrated that
FliG2 is a typical motor switch protein that is essential for the flagella synthesis. In contrast,
FIiG1 was shown as an atypical motor switch protein since it was not critical for the flagella
synthesis of B. burgdorferi.

The fliG2- mutant is totally non-motile whereas the fliG1- mutant only fails to translate in
a highly viscous medium

The impact of fliG1 and fliG2 on the matility of B. burgdorferi was evaluated by different
methods, which include microscopic observation, swarm plate assay and bacterial tracking
analysis (Bakker et al., 2006; Motaleb et al., 2007; Li et al., 2008; Sal et al., 2008). Dark-
field microscopic analysis revealed that the fliG2- mutant cells were rod-shaped and often
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grew in chains, and were completely non-motile (data not shown). The observed phenotype
is the same as previously reported B. burgdorferi aflagellated mutants (Motaleb et al., 2000;
Sal et al., 2008). In contrast to the phenotype of fliG2-, the fliG1-mutant did not have
significant changes in terms of cell morphology and swimming behaviour: the mutant still
had a flat-wave morphology (data not shown) and the mutant was still motile in liquid BSK-
I1 medium (Goldstein et al., 1994; Li et al., 2002).

Swarm plate assays further confirmed that fliG2- is non-motile. Interestingly, the swarm
plate assays revealed that the motility of fliG1- was partially decreased, and the
complemented strain fliG1~/* restored the full motility as the wild type (Fig. 5), indicating
that inactivation of fliG1 somehow reduced the ability of the mutant to swim on soft agarose
plates. To quantitatively measure the motility, the mutants were analysed by a previously
developed computer-based bacterial tracking system (Li et al., 2002; Bakker et al., 2006).
Previous studies have revealed that spirochetes, including B. burgdorferi, do not translate
very well in low viscous media such as BSK-11, and their swimming ability (velocity) is
accelerated in highly viscous media such as 1% methylcellulose. As expected, both the wild-
type and the fliG1- mutant cells were unable to efficiently displace in BSK-Il medium and
their velocities were less than 1 pm s™1 (Table 1). In 1% methylcellulose medium, the
velocity of wild-type cells (Video S1) increased to approximately 10 pm s~ whereas the
fliG1-mutant completely failed to displace (Video S2, and Table 1). Taken together, these
results showed that the inactivation of fliG1 somehow abrogated the ability of spirochete
cells to displace in a highly viscous medium.

One end of the fliG1- mutant cells failed to gyrate

Previous studies have shown that two bundles of PFs, one at each end of the spirochete cells,
can rotate and generate torque that leads to swimming. The co-ordinated rotation of two
bundles of PFs is essential for the motility of spirochetes (Goldstein et al., 1994; Charon and
Goldstein, 2002; Li et al., 2002). To further disclose the mechanism involved in the above
observed phenotype, the fliG1- mutant cells in BSK-1I medium were videotaped under high-
magnification dark-field microscopy (100x) as previously described (Li et al., 2002). This
method allows us to closely observe the motion at both ends of the cells. As shown in Video
S3, for the wild-type cells, both ends could actively rotate and took turns being a leading
end. However, for the fliG1- mutant cells, only one end was actively rotating and the other
end failed to be a leading end (Video S4), suggesting that the flagella motors at one end of
the cells may be paralysed due to the inactivation of fliG1.

FliG1 locates at one end whereas FliG2 resides at two ends of B. burgdorferi cells

The above studies showed that the inactivation of fliG1 only altered the rotation of PFs at
one end of cells, implying that the FIiG1 protein may locate at one end of the cells. To
address this speculation, GFP-fusion technique was applied to determine the cellular
location of FliG1. A vector that expresses GFP-FIiG1 fusion protein was constructed (Fig.
6A). In our previous studies, the strength of different promoters identified in B. burgdorferi
was evaluated by GFP reporter assay, and we found that the flgB promoter could control the
expression of GFP at moderate levels (Yang and Li, 2009). As shown in Fig. 6B, the GFP-
FliG1 fusion protein was successfully expressed in the fliG1- mutant. Some degraded

Mol Microbiol. Author manuscript; available in PMC 2015 April 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 6

products were detected by monoclonal GFP antibody, which is commonly observed in this
study (Sourjik and Berg, 2000). However, such degraded products could not be detected
using FIiG1 antiserum as a probe (data not shown), indicating that the degradation occurred
at the portion of GFP. In addition, the strain expressing GFP—FIiG1 restored the ability to
swim in 1% methylcellulose, indicating GFP-FIiG1 was able to substitute the function of
FliG1 (data not shown). Under fluorescent microscopy, we found that GFP-FIiG1 only
located at one end of the cells (Fig. 6D). This pattern was not observed in the control that
only expresses GFP (Fig. 6C). This result indicated that FIiG1 asymmetrically locates at one
end of B. burgdorferi cells.

The same method was used to determine the cellular location of FIiG2. However, neither
FIiG2 nor GFP-FIiG2 could complement fliG2- (data not shown). Immunofluorescence
microscopy has been extensively applied to investigate protein cellular locations, including
bacterial flagella and chemotaxis proteins (Sourjik and Berg, 2000). As such, this method
was conducted to localize FIiG2. For this assay, we used a primary antibody specifically
reacted with FliG2 and a secondary antibody coupled with Texas red. As shown in Fig. 7,
brightest spots were observed at the two poles of the wild-type cells but not in the fliG2-
mutant, demonstrating that FIiG2 symmetrically resides at both ends of B. burgdorferi cells.

The fliG1- mutant is unable to survive in the mammalian host

The motility of spirochetes is accelerated in highly viscous media such as connective tissues
that either slow down or stop most externally flagellated bacteria (Greenberg and Canale-
Parola, 1977a,b; Charon and Goldstein, 2002). It is believed that such ability is essential for
the infections of spirochetes (Kimsey and Spielman, 1990; Lux et al., 2000). Above studies
showed that the fliG1- mutant failed to swim in a highly viscous medium. Thus, this mutant
can be used to test whether the ability to swim in highly viscous media is essential for the
infection. However, the above mutant was constructed in an avirulent background, and
cannot be tested in animal studies. To solve this problem, the mutant was re-constructed in
B31-A3, a low passage virulent strain (Elias et al., 2002; Grimm et al., 2004). Three positive
clones were obtained, which were confirmed by PCR and Western blot analyses as
described above (data not shown), and two of them had the full plasmid content of B31-A3.
One clone, vfliG1-, was further complemented. Although 19 transformants were obtained,
only one clone, vfliG1™*, had the full plasmid content as its parental strain, B31-A3 (Fig.
S1). Microscopic observation, swarm plate assay and bacterial tracking analysis confirmed
that these two newly constructed strains exhibited the similar phenotype as their
counterparts derived from the B31A strain (data not shown).

The wild-type B31-A3, the mutant vfliG1- and the complemented strain vfliG1~/* were
inoculated into immunocompetent BALB/c mice. Four weeks later, heart, tibiotarsal joint
and skin specimens were aseptically collected for spirochete culture. The presence of
spirochete cells were used to evaluate the infectivity of these three strains. As shown in
Table 2, the wild-type and the complemented strain infected all inoculated mice. In contrast,
the mutant could not be recovered from any tissue of inoculated mice, indicating that the
ability to swim in highly viscous media is essential for mammalian infection.
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After being deposited in skin following tick bites, B. burgdorferi must traverse the
intercellular matrix, penetrate the vascular endothelial cell lining and become
haematogenous (Kimsey and Spielman, 1990; Charon and Goldstein, 2002). It is believed
that the ability to swim in highly viscous media, such as connective tissues, facilitates the
accomplishment of the above process and consequently helps the spirochete to escape from
host innate immunity and establish systematic infection. Thus, the failure of the vfliG1-
mutant to establish a systemic infection in immunocompetent mice could be due to the loss
of motility, which may be required for dissemination and/or for evasion of both innate and
adaptive immune responses. To investigate these issues, the three strains were inoculated
into SCID mice. As shown in Table 3, the vfliG1- mutant was cleared from all of the
inoculation sites within 24 h. In contrast, the wild-type B31-A3 and vfliG1™/* were
recovered from each of the inoculation sites at all time points, indicating that the motility is
required for the basic survival of B. burgdorferi in the murine host.

Discussion

The flagellar motor switch protein FliG plays a very important role in the flagella
biosynthesis and motility (Irikura et al., 1993; Lloyd et al., 1996). The FIiG proteins are well
conserved among different bacteria and their functions and structures have been well studied
in the enteric bacteria such as E. coli (LlIoyd et al., 1999; Brown et al., 2002). Except for
spirochetes, only one copy of the fliG gene has been identified in most sequenced bacterial
genomes. Interestingly, there are two homologues of fliG genes in the sequenced spirochete
genomes such as T. denticola, T. pallidum and L. interrogans (Fraser et al., 1997; 1998; Ren
et al., 2003; Seshadri et al., 2004). The functions of these two fliG genes remain unknown.
In this report, different approaches have been applied to elucidate the functions of these two
FliG proteins in B. burgdorferi. First, the sequence alignment showed that FIiG2 shares
higher identity (32%) with its counterparts from the enteric bacteria than FIiG1 (17%);
FliG2 contains all the key residues that are required for its function and structure, but FliG1
lacks seven key residues (Fig. 1). Second, the genetic studies demonstrated that the
fliG2-mutant shares the similar phenotype as its counterparts of the enteric bacteria: the
mutant is aflagellated and non-matile (Irikura et al., 1993). In contrast, the phenotype of the
fliG1- mutant is quite different: the mutant still synthesized flagella and only failed to
translate in highly viscous medium such as 1% methylcellulose (Figs 3-5 and Table 1).
Taken together, these studies indicated that FIiG2 is a typical motor switch protein that is
essential for the flagella synthesis and motility, and FIiG1 is an atypical motor switch
protein since it is not required for flagella synthesis and the loss of fliG1 only depleted the
ability of the spirochete to swim in highly viscous media.

Flagella patterns (e.g. the number, length and cellular location of flagella) vary among
different bacterial species (Aldridge and Hughes, 2002; Chevance and Hughes, 2008). For
instance, Vibrio cholera has a single flagellum at one end of the cell, and Pseudomonas
aeruginosa has a single flagellum at both ends. In contrast, enteric bacteria such as E. coli
have multiple flagella that randomly locate on the cell surface. These patterns are essential
for motility, e.g. alternations of number, location and length of flagella can either change
swimming behaviours or totally disrupt motility (Klose and Mekalanos, 1998; Dasgupta et
al., 2000; Correa et al., 2005; Murray and Kazmierczak, 2006). In this regard, the failure to
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swim in highly viscous medium can be due to the alternation of flagellum pattern in the
fliG1- mutant, e.g. the number, length and location of PFs. However, the electron
microscopic analysis revealed that the fliG1- mutant shares the same pattern as the wild
type with respect to the number, length and location of PFs (Fig. 4), implying the failure to
swim in highly viscous medium is most likely caused by other factors such as flagellar
motors.

Borrelia burgdorferi cells have two swimming behaviours: run and flex (Li et al., 2002;
Motaleb et al., 2005; Bakker et al., 2006). During run (translational motility), the two
bundles of PFs have to be rotating asymmetrically: the leading end rotates counterclockwise
(CCW), while the other end simultaneously rotates clockwise (CW). Cells would flex or
tumble if both bundles of PFs rotate in the same direction. The leading end can switch from
one end to the other when cells reverse (Video S3). Motion analysis demonstrated that the
swimming behaviour of the fliG1- mutant is quite unique: one end of cells constantly
gyrated and often switched direction, whereas the other end failed to gyrate (Video S4). The
gyration is generated by the rotation of PFs, which is propelled by the flagellar motors.
Thus, the failure of gyration is most likely caused by the dysfunction of the flagellar motors
at the end with FliG1. Consistently, FliG1 was found to asymmetrically locate at one end of
the cells. Previous studies indicate that both bundles of PFs rotate during the translational
motility. Therefore, in the fliG1- mutant, the torque generated by one bundle of PFs may be
insufficient to propel the cells to displace in highly viscous media such as 1%
methylcellulose. However, the molecular mechanism involved still remains unknown. We
are currently applying different approaches to elucidate the role of FIiG1 in the flagellar
motors. For example, cryo-EM has recently been applied to study B. burgdorferi cell and
motor structures (Charon et al., 2009; Liu et al., 2009). This approach can be utilized to
determine the location of FIiG1 in the flagella motors. Co-immunoprecipitation and affinity
blot analysis can be conducted to investigate the molecular partners of FliG1, e.g. the
protein(s) that interacts with FIiG1 (Toker and Macnab, 1997). The information obtained
from these assays can help us to further disclose the molecular mechanism involved in the
function of FIiG1.

In enteric bacteria, flagella randomly locate on cell surface. Consistently, flagella motor
switch complex proteins such as FIiM and FliG appear as discrete spots along the sides of
the cells (Sourjik and Berg, 2000). However, in spirochetes, two bundles of PFs are attached
subterminally to the ends of the cells. Since the motors are associated with flagella, it is
believed that flagella motor complex proteins locate at the cell poles (Charon and Goldstein,
2002; Li et al., 2002). In this report, immunofluorescence analysis demonstrated that FIiG2
locates at the two ends of the cells, which is consistent with the polar location of PFs in
spirochete cells. In contrast to FliG2, the asymmetrical location of FliG1 is quite unique.
Asymmetrical localization of specific proteins and structures have been discovered in
several bacterial species (Shapiro and Losick, 2000; Lybarger and Maddock, 2001;
Thanbichler and Shapiro, 2008). For instance, the stalk structure localizes at one end of the
cell in Caulobacter crescentus at a site previously occupied by the flagellum. The ActA
protein of Listeria monocytogenes and the IcsA protein of Shigella flexneri localize at one of
the cell poles in each of these species, but the mechanisms involved in their asymmetric
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localization are different. The localization of IcsA depends on direct targeting to a specific
cell pole, whereas ActA is excluded from the newly synthesized cell pole. The asymmetrical
localization of FliG1 can be achieved by one of these two mechanisms, e.g. FIiG1 can be
directly targeted to a new cell pole or be excluded from the new cell pole and consequently
resides at the old cell pole.

Pathogenic spirochetes share some common pathogenic aspects, despite the fact that the
clinical manifestations of the diseases caused by them are quite diverse (Norris et al., 2001;
Antal et al., 2002; Steere et al., 2004; Rosa et al., 2005; LaFond and Lukehart, 2006;
Palaniappan et al., 2007; Vijayachari et al., 2008). After encountering a mammalian host,
microorganisms typically enter into the host either by ingress (e.g. inhalation and ingestion)
or by penetration (e.g. insect bites, cuts and wounds on skin). For penetration,
microorganisms have to cross epithelial barriers, enter into tissues, disseminate in hosts, and
finally cause systemic infections. The spirochetes generally enter mammalian hosts by
penetration after crossing epithelial barriers, which are mediated by either tick bite, sexual
contact or through cuts and wounds on the skin. After being deposited on the skin or mucous
membranes, these spirochetes must traverse the intercellular matrix, in some cases penetrate
vascular endothelial cell lining, and finally spread in a host and cause systemic infections
(Szczepanski et al., 1990; Charon and Goldstein, 2002; Steere et al., 2004; Palaniappan et
al., 2007). It has been believed that motility is essential for the invasion and dissemination
of spirochetes (Kimsey and Spielman, 1990; Charon and Goldstein, 2002; Rosa et al., 2005).
However, the relevant evidence is quite limited.

Sadziene et al. (1991) isolated a non-flagella mutant of B. burgdorferi (HB19-) and found
that this mutant failed to invade human tissues. However, HB19- is a spontaneous mutant
and real mutation remains unknown. Botkin et al. constructed 33 B. burgdorferi mutants
using transposon mutagenesis. Single mouse inoculations followed by culture of four tissue
sites showed that three of these mutants were non-infectious, including a fliG1 insertion
mutant (Botkin et al., 2006), which is consistent with this report. However, the phenotype of
this mutant is not well characterized and the mutant is not complemented. In this
communication, the phenotype of the fliG1- mutant is well characterized and the mutation
was complemented. Thus, this mutant is a perfect candidate to determine whether motility is
required for the infection of B. burgdorferi.

We first tested the fliG1- mutant in immunocompetent mice and found that the mutant
failed to establish a systemic infection. In the process of B. burgdorferi infection, the
spirochete is first deposited in mammalian skin tissue via tick bite and establishes a local
infection. In this process, the spirochete has to escape from the innate immune responses,
e.g. phagocytosis mediated by macrophages or neutrophils. It hypothesizes that motility
facilitates the spirochete in traversing connective tissues, penetrating vascular endothelial
cell linings and becoming haematogenous, and consequently helping spirochetes to escape
the innate immune response (Greenberg and Canale-Parola, 1977a,b; Charon and Goldstein,
2002). Thus, the failure to establish a systemic infection in immunocompetent mice could be
due to: the mutant fails to disseminate but retains the ability to establish local infection at
inoculation sites; and/or the mutant can effectively evade innate immunity but is cleared by
adaptive immune responses; and/or the mutant is simply eliminated by the innate immune
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system immediately after inoculation. To address these possibilities, the mutant was further
tested in SCID mice. The result showed that the mutant cells were cleared from all
inoculation sites within 24 h, thus ruling out the possibility of the involvement of adaptive
immunity in eliminating the mutant. The most likely mechanism could be that the inability
to swim provides the innate immune system, including phagocytes, an opportunity.
Consequently, non-motile spirochetes are quickly eliminated. Taken together, this report has
demonstrated that motility is an important virulent factor that plays an essential role in
spirochetal pathogenesis.

Experimental procedures

Bacterial strains and growth conditions

The high-passage B. burgdorferi sensu stricto strain B31A and the low-passage strain B31-
A3 have been previously described (Elias et al., 2002; Li et al., 2002). Cells were grown at
34°C in BSK-II liquid or on plates in 3% carbon dioxide. Mutants derived from B31A or
B31-A3 were grown in the presence of kanamycin (300 ug ml=1), streptomycin (80 pg mi~1)
or gentamicin (40 pug mI~1). E. coli IM109 and M15 cells were grown in Luria—Bertani broth
with the appropriate antibiotic.

Construction of plasmids for the targeted mutagenesis

A previously described targeted mutagenesis that is mediated by allelic exchange
recombination was applied to inactivate motility and chemotaxis genes in B. burgdorferi (Li
et al., 2002; Sal et al., 2008; Yang and Li, 2009). Here, the fliG1 was used as an example to
describe how these mutants were constructed. As illustrated in Fig. 2, to construct a vector
for targeted mutagenesis, the fliG1 gene and a kanamycin resistance gene (kan) were
amplified by PCR (primers P1—P4, Table 4), and the resultant PCR products were cloned
into a pPGEM-T vector (Promega, Madison, WI), and then kan was inserted into the fliG1
gene at two HindlII sites, resulting in 346 bp deletion. The resultant plasmid was treated
with Notl to linearize the plasmid, and the obtained product (approximately 5 pg) was
electroporated into competent B. burgdorferi B31A cells. After 14-21 days of incubation,
antibiotic-resistant colonies were picked and grown in BSK-11 liquid medium for further
analysis. The mutants were confirmed by PCR and the loss of cognate gene product was
further detected by Western blot as previously described (Li et al., 2002; Sal et al., 2008;
Yang and Li, 2009). The same strategy was used to construct the plasmids for the targeted
mutagenesis of fliG2.

Complementation of the fliG1- and fliG2- mutants

The similar methods described before were used to complement the fliG1- mutant (Bakker
et al., 2006; Sal et al., 2008). As shown in Fig. 2, the flgB promoter was first amplified by
PCR with an engineered BamHI site at the 5’ end and an Ndel site at the 3’ end (primers
were listed in Table 4). The intact fliG1 gene was also amplified by PCR with engineered
Ndel site at 5" and Sphl site at 3’ end. The resultant PCR fragments were cloned into the
pPGEM-T Easy vector. The fliG1 gene was fused to the 3’ end of flgB promoter at the Ndel
site, and confirmed by DNA sequence analysis. The BamHI-Sphl-digested flgB-fliG1
fragment was further cloned into pKFSS1 vector (Frank et al., 2003; Bakker et al., 2006),
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which resulted in the complementing plasmid FIgBG1/ pKFSS1. The resultant construct was
transformed into the mutant by electroporation as previously described (Bakker et al., 2006;
Sal et al., 2008). The obtained transformants were characterized by PCR and Western blot as
previously described (Bakker et al., 2006; Motaleb et al., 2007; Sal et al., 2008). One
complemented strain was selected for further studies and was named as fliG1~/*. The similar
method was applied to complement fliG2-. Although the complementation recovered the
expression of fliG2 (Fig. 3C), it could not restore the phenotype of the wild type. The
obtained strain was referred to as fliG27/*.

Construction of the fliG1 mutant and its complemented strain in B31-A3

To construct the fliG1 mutant in the virulent strain B31-A3, the same construct described
above was transformed into B31-A3 by electroporation. Cell plating and mutant screening
were the same as the above. The plasmid profile in the obtained mutant was detected by
PCR as previously described (Elias et al., 2002; Stewart et al., 2005). Only the mutant
containing the same plasmid content as its parental strain B31-A3 was selected for the
further characterization and the complementation. To complement the obtained
fliG1-mutant, the above construct flgB-fliG1 was cloned into the shuttle vector pBSV2G
that contains gentamicin-resistant marker (Elias et al., 2003; Grimm et al., 2004). The
resultant construct, FIgBG1/pBSV2G, was then transformed into the fliG1- mutant that was
derived from B31-A3 as described before (Grimm et al., 2004). The plasmid profile in the
complemented strain was further confirmed by PCR analysis (Elias et al., 2002). The
obtained mutant and complemented strains on B31-A3 background were referred to as
vfliG1-and vfliG1~/* respectively.

Generation of polyclonal antiserum against FliG1 or FliG2

The fliG1 and fliG2 genes were amplified using primers P15 to P1g (Table 4), and the PCR
products were first cloned into the pGME-T Easy vector and the resulted insert was further
subcloned into the pQE30 expression vector (Qiagen, Valencia, CA), which encodes an N-
terminal histidine tag. The expression of fliG1 and fliG2 was induced using 0.1 M isopropyl-
f3-D-thiogalactoside (IPTG), and the recombinant proteins were purified by a nickel agarose
column, and concentrated in 10 kDa molecular weight cut-off Amicon Ultra centrifugal
concentrators (Millipore, Billerica, MA). Rats were immunized with 1 mg of purified
recombinant proteins during a 1-month period. Polyclonal antisera were further purified by
an affinity chromatography with the AminoLink Plus Immobilization Kit (Thermo
Scientific, Rockford, IL), and eluted as recommended by the manufacturer.

Electrophoresis and Western blotting analysis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting using the enhanced chemiluminescent detection system (ECL) were performed as
previously described (Li et al., 2002; Sal et al., 2008). All gels were 10% polyacrylamide
unless otherwise noted. Whole cell lysates were prepared by first washing cells in PBS,
followed by boiling for at least 5 min in Laemmli sample buffer. The antibodies against
FIiG1 or FIiG2 were described above, and the antibodies against B. burgdorferi DnaK, FlaA
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and FlaB were described in our previous studies (Sal et al., 2008). Monoclonal antibody
against GFP was purchased from Invitrogen (Carlsbad, California).

Swarm plate assay and bacterial tracking analysis

The motility of the above constructed mutants and complemented strains were analysed by a
computer-based bacteria tracking system and swarm plate assay as previously described (Li
et al., 2002; Bakker et al., 2006; Motaleb et al., 2007). For bacterial tracking analysis, the
strains were tracked under both a low viscous medium (BSK-II) and a highly viscous
medium (1% methylcellulose). The swarm plate assay was performed on 1:10 diluted BSK-
I1 medium containing 0.35% argarose.

Construction of a plasmid that expresses N-terminal GFP-fusion proteins

The same methods described before (with slight modification) were used to construct a
vector that expresses N-terminal GFP-fusion protein (Sourjik and Berg, 2000). Figure 6A is
the map of the vector expressing N-terminal GFP. The gfp gene was kindly provided by Dr
Radolf’s laboratory, which is driven by the flgB promoter (Eggers et al., 2002). In this
vector, a five-glycine linker was added between GFP and a fused protein, which allows GFP
and the fused protein to fold independently and correctly (Sourjik and Berg, 2000). A unique
restriction enzyme (Sphl) cut site was engineered for the insertion of a fused gene, and a T7
terminator was added at the end of a fused gene. The final construct was named as pFBgfp/
TT7t. To express fusion protein GFP-FIiG1, the full-length fliG1 gene was PCR amplified
with engineered Sphl cut site at each end. The obtained PCR product was first cloned into
pGEM-T easy vector and further subcloned into pFBgfp/T7t at the Sphl site. The orientation
of fliG1 in this vector was further confirmed by restriction digestion and DNA sequencing.
To localize GFP-FIiG1 protein, the obtained plasmid was transformed into the fliG1-
mutant by electroporation. The transformants were selected and confirmed as described
above. The primers (P19 to Pyg) for constructing this vector and GFP-FIiG1 were enclosed
in Table 4.

Light, fluorescence and electron microscopy

Cell morphology and motility of the wild type, fliG1 mutant cells, as well as the
complemented strains were characterized using light microscopy as previously described (Li
et al., 2002; Bakker et al., 2006; Sal et al., 2008). To visualize the motion of B31A and the
fliG1- mutant, the cells in BSK-11 medium were videotaped with dark-field illumination at
100x for at least 1 min. Video was digitized to allow for frame-by-frame observation of cell
motion.

Immunofluorescence microscopic analysis was conducted to localize FIiG2 as previously
described (Hiraga et al., 1998). Briefly, 1.5 ml of B31A and the fliG2— mutant cultures were
harvested, washed two times with PBS buffer (phosphate-buffered saline, pH 7.5), and then
treated with methanol at —20°C for 1 h. The collected cells were treated with lysozyme (1
mg mI~1) in GTE buffer (50 mM glucose, 25 mM Tris, 1 mM EDTA, pH 7.5) for 1 h at
room temperature, and then placed on a polysine-coated coverslip, allowed to fully dry in
air. The obtained coverslips were first incubated in a blocking solution (2% BSA in PBS, pH
7.5) for 1 h, and then incubated in the blocking solution containing 1:500 diluted anti-FIiG2
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antibody for 1 h at room temperature. Finally, the coverslips were washed five times with
PBS, incubated with secondary goat anti-rat Texas red antibody (Invitrogen) for 1 h at room
temperature, washed with PBS again, and mounted in 40% glycerol for image process.

GFP images were taken using a Zeiss Axiostar plus microscope at a wave length of 480 nm.
Texas red images were taken using a Zeiss Axioimager Z1 Axiophot wide-field microscope
with an excitation filter (541-569) and an emission filter (581-654 nm). The images were
captured and processed using the program Axiovision (Zeiss, Germany). To assay for the
presence of PFs by electron microscopy, the wild-type and mutant cells were fixed,
embedded, and observed by a JEOL JEM 1220 transmission electron microscopy as
previously described (Li et al., 2008; Sal et al., 2008).

Infection studies in mice

Both BALB/c and BALB/c SCID mice at ages of 4-8 weeks (provided by the Division of
Laboratory Animal Medicine at Louisiana State University) were used in the study as
described previously (Xu et al., 2005; 2008). All animal procedures were performed in
compliance with the guidelines and with the approval of the Institutional Animal Care and
Use Committee (IACUC). Briefly, BALB/c mice were given a single subcutaneous injection
of 10% spirochetes, and sacrificed 4 weeks post inoculation. Heart, tibiotarsal joint and skin
specimens were aseptically collected for spirochete culture. SCID mice received two
intradermal/subcutaneous injections of 10% spirochetes. The two inoculation sites were at
least 2 cm apart. Animals were sacrificed 24, 48 or 72 h later; inoculation site skin tissues
were harvested for spirochete isolation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Miltiple sequence alignment of the C-terminus of FliG proteins. The numbers show the
positions of amino acids of E. coli and Salmonella typhimurium FIiG proteins, and diamonds
represent the key residues required for the function and structure of FliG proteins. GenBank
accession numbers for the aligned proteins are: S. typhimurium FIiG (NP_456531), E. coli
FIiG (NP_310705), B. burgdorferi FIiG2 (NP_212424), T. pallidum FliG2 (NP_218840),
Bacillus subtilis FIiG (NP_389504), B. burgdorferi FIliG1 (ZP_03086805) and T. pallidum
FIiG1 (NP_218466). The alignments were performed using the program MacVector 10.6.
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FlgBfliG1

Fig. 2. Constructing plasmids for the inactivation of fliG1 and fliG2 genes and the
complementation of fliG1- mutant

A. The constructs to inactivate fliG1 and fliG2 genes.

B. The plasmid FIgBG1/pKFSS1 was used to complement the fliG1- mutant in trans.
Arrows indicate the relative positions of PCR primers for constructing these plasmids, and
the sequences of these primers were listed in Table 4; the symbols ‘A’ show the DNA
fragments deleted from the genes, and the numbers are the sizes of deleted DNA fragments.
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Fig. 3. Western blot analysis of the fliG mutants and their complemented strains
A. Flagella filament protein FlaA and FlaB are absent in the fliG2-mutant, but still present

in the fliG1- mutant.
B and C. The cognate gene products were absent in the respective mutants and were restored
in the complemented strains.
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Fig. 4.
Electron microscopic analyses of the fliG1- and the fliG2—- mutants. The upper panels are

the electron micrographs of outer membrane-disrupted B. burgdorferi cells, and only one
end of the cells was illustrated; the lower panel is the thin-section electron micrographs of B.
burgdorferi cells. Arrows point to the PFs.
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Fig. 5.
Swarm plate assays. The swarm plate assays were carried out on 0.35% agarose with 1:10

diluted BSK-1I1 medium as previously described (Li et al., 2002; Sal et al., 2008). Diameters
of swarms (centimetres) after 72 h of incubation: wild-type 2.1; fliG1-, 1.2; fliG1~/*, 2.0;
fliG2-, 0.9.

Mol Microbiol. Author manuscript; available in PMC 2015 April 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 23

ﬂ 5
s ¢ GFP-FIiG1

pFBgfp/TT7t

Fig. 6. Localization of FIiG1 in B. burgdorferi
A. Constructing a vector that expresses the N-terminal GFP-fusion proteins. The flgB

promoter element was fused to gfp with a five-glycine linker, and Sphl cloning site was
engineered at the 3’ end of gfp. A target gene, such as fliG1, will be fused to gfp at the Sphl
site. A T7 transcription terminator was inserted.

B. Detection of GFP-FIliG1 fusion protein using Western blot. A monoclonal antibody
against GFP (Invitrogen) was used to detect GFP and GFP-FIiG1. GFP is about 27 kDa and
GFP-FIiG1 is about 75 kDa.

C. The fluorescence micrograph (40x) of the fliG1 mutant that was transformed with the
plasmid pFBgfp/T7t, which only expresses GFP.

D. The fluorescence micrograph (40x) of the fliG1 mutant that was transformed with the
plasmid pFBgfp—fliG1/T7t, which expresses GFP-FIiG1 fusion protein. The brighter ends
represent the location of GFP-FIiG1.
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DIC

fliG2-

Fig. 7.
Localization of FIiG2 in B. burgdorferi by immunofluorescence microscopy. The wild-type

and the fliG2— mutant cells were fixed with methanol, stained with anti-FIiG2 and
counterstained with anti-rat Texas red-coupled antibody, as described in Experimental
procedures. Photo (DIC) and fluorescent (TRITC) micrographs (100x) were, respectively,
taken under a Zeiss Axioimager Z1 Axiophot microscope, and merged. For each strain,
more than 50 cells were examined.
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Table 1

Measuring the velocity of B. burgdorferi strains.

Velocity (um s™1)

Strains  BSK-II 1% methylcellulose
B31A  Motiled 102£22

fliG1- Motile No translational motility
flic1™+ Motile 9.3+39

fliG2- Non-motile  Non-motile

aVelocity is less than 1 ym s™L. The numbers are the average velocity calculated from at least 20 cells.
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Table 2

The vfliG1- mutant was unable to infect mice.2

No. of cultures positive/Total no. of specimens examined
Clone Heart Joint Skin All sites
B31-A3 5/5 5/5 5/5 15/15
viliGl1 "+ 5/5 5/5 5/5 15/15
vfliG1- 0/5 0/5 0/5 0/15

aGroups of five BALB/c mice were inoculated with 104 spirochetes of the B31-A3, viliG1 ™ or viliG1- strains. Mice were sacrificed 4 weeks
post inoculation; heart, tibiotarsal joint and skin specimens were harvested for spirochete culture in BSK-I1 medium.
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Table 3

The vfliG1- mutant was quickly cleared from murine skin.2

No. of sites positive/Total no. of sites examined at post-inoculation hours
Clone 24h 48 h 72h
B31-A3  6/6 6/6 6/6
viliG1*  6/6 6/6 6/6
vfliG1- 0/6 0/6 0/6

Page 27

aGroups of nine SCID mice each received two intradermal/ subcutaneous injections of the B31-A3, viliG1™/* or viliG1- strains. Approximately

104 organisms were administered in each inoculation; two inoculation sites were at least 2 cm apart. Three animals from each group were
euthanized at 24, 48 and 72 h post inoculation; skin specimens were harvested from inoculation sites and cultured for spirochetes in BSK-II

medium.
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Table 4

Oligonucelotide primers used in this study.

Primer  Description Sequences

Py fliG1 (F), inactivation 5-AGATTCAAGGCTCTATGC-3’

P, fliG1 (R), inactivation 5-TTTAGCAGTCTCTGTATCG-3

P3 kan (F), fliG1 inactivation 5-AAGCTTTAATACCCGAGCTTCAAG-3

Py kan (R), fliG1 inactivation 5-AAGCTTTCAAGTCAGCGTAATGCT-3

Ps flgBp (F), complementation 5-GGATCCTAATACCCGAGCTTCAAG-3

Ps flgBp (R), complementation 5-CATATGACCTCCCTCATTTAAAATTGC-3

P; fliG1 (F), complementation 5-CATATGAAAGTTATGCAGGATCCTAGG-3’
Pg fliG1 (R), complementation 5-GCATGCGTGTCATTAAATAAATTCCTC-3

Pg fliG2 (F), inactivation 5-ATTCTGGATGTTTCTGCT-3’

P fliG2 (R), inactivation 5-GACAAGCACATCTTCTTC-3

P11 kan (F), fliG2 inactivation 5-TCTAGATAATACCCGAGCTTCAAG-3

P12 kan (R), fliG2 inactivation 5-CAATTGTCAAGTCAGCGTAATGCT-3

P13 fliG2 (F), complementation 5-CATATGGAAGAAAAAAAAGAAAAGC-3

P fliG2 (R), complementation ~ 5-GCATGCGACAAGCACATCTTCTTC-3

Pis fliG1 (F), His-tagged FliG1 5-GAGCTCGATCCTAGGCTTTCCAAGTAT-3
P16 fliG1 (R), His-tagged FliG1 5-CTGCAGTTTTTCTATATATTATTAAATCG-3
Py fliG2 (F), His-tagged FliG2 5-GGATCCATTCTGGATGTTTCTGCT-3/

P1s fliG2 (R), His-tagged FIliG2 ~ 5-CTGCAGGACAAGCACATCTTCTTC-3

Py flgBp (F), expressing gfp 5-CTGCAGTAATACCCGAGCTTCAAG-3

P2 flgBp (R), expressing gfp 5-GGATCCTTTAAAATTGCTTTTAAC-3

Py ofp (F) 5-GGATCCAAGAAGGAGATATACATATGAG-3/
P2 gfp (R), with 5 x glycin linker  5-GCATGCACCTCCACCTCCACCTTTGTATAGTTCATCCATGCCATGTG-3
P23 T7 terminator (F) 5-GCATGCTAACAAAGCCCGAAAGGAAGC-3
P2y T7 terminator (R) 5-AAGCTTGCAGATCCGGATATAGTTCCT-3
Pys fliG1 (F), GFP fusion 5-GCATGCAAAGTTATGCAGGATCCTAGGCTT-3
P2 fliG1 (R), GFP fusion 5-GCATGCGTGTCATTAAATAAATTCCTC-3’
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