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In nature, the Lyme disease spirochete Borrelia burgdorferi cycles between the unrelated
environments of the Ixodes tick vector and mammalian host. In order to survive
transmission between hosts, B. burgdorferi must be able to not only detect changes
in its environment, but also rapidly and appropriately respond to these changes. One
manner in which this obligate parasite regulates and adapts to its changing environment is
through cyclic-di-GMP (c-di-GMP) signaling. c-di-GMP has been shown to be instrumental
in orchestrating the adaptation of B. burgdorferi to the tick environment. B. burgdorferi
possesses only one set of c-di-GMP-metabolizing genes (one diguanylate cyclase and two
distinct phosphodiesterases) and one c-di-GMP-binding PilZ-domain protein designated as
PlzA. While studies in the realm of c-di-GMP signaling in B. burgdorferi have exploded
in the last few years, there are still many more questions than answers. Elucidation of
the importance of c-di-GMP signaling to B. burgdorferi may lead to the identification of
mechanisms that are critical for the survival of B. burgdorferi in the tick phase of the
enzootic cycle as well as potentially delineate a role (if any) c-di-GMP may play in the
transmission and virulence of B. burgdorferi during the enzootic cycle, thereby enabling
the development of effective drugs for the prevention and/or treatment of Lyme disease.
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INTRODUCTION
Borrelia burgdorferi is the causative agent of Lyme disease or Lyme
borreliosis—the most common arthropod-borne disease in the
United States and Europe (Adams et al., 2012, 2013). Although
the total number of reported cases of Lyme disease each year in the
United States averages at about 30,000 (Adams et al., 2013), the
Centers for Disease Control and Prevention (CDC) estimates that
the actual number of people diagnosed with Lyme disease each
year is approximately 300,000 (Kuehn, 2013). However, while this
disease has been reported in every state, it is substantially concentrated in the states of the upper Midwest and Northeast (Adams
et al., 2013). The concentration of Lyme disease in these areas is
directly related to the large population of the white-footed mouse
(Peromyscus leucopus), which is thought to be the main reservoir of the Lyme disease spirochete (Levine et al., 1985; Mather
et al., 1989; Ostfeld, 1997; Schmidt and Ostfeld, 2001; Tsao, 2009).
Despite tremendous amounts of research and many promising results, there is no current vaccine available which protects
humans against Lyme disease. Prevention—reducing exposure
to ticks as well as to areas where ticks and their reservoir hosts
may congregate—is currently the best defense against Lyme disease (Barrett and Portsmouth, 2013). However, the incidence and
geographical distribution of Lyme disease is increasing, and is
predicted to continue, in conjunction with the increasing overlap between humans, ticks, and their reservoir hosts (Ostfeld,
1997). Additionally, the persistent and debilitating nature of the
disease leads to approximately two billion dollars in direct medical expenses and lost productivity each year in the United States
(Maes et al., 1998; Zhang et al., 2006). Thus, these circumstances
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clearly warrant a basic understanding of the disease mechanism, which could lead to the development of a vaccine for the
treatment (and potentially prevention) of Lyme disease.
Cyclic di-GMP (c-di-GMP) [bis(3 ,5 )-cyclic diguanylic acid]
was initially identified as a nucleotide-based, allosteric activator of
cellulose synthase activity in Gluconacetobacter xylinus (formerly
Acetobacter xylinum) (Ross et al., 1987). Since then, c-di-GMP has
evolved as a broadly conserved second messenger unique to bacteria, which operates as a global regulatory molecule capable of
altering a plethora of biological processes, including, but not limited to exopolysaccharide matrix components (Jenal and Malone,
2006; Hengge, 2009), virulence of plant and animal pathogens
(Cotter and Stibitz, 2007; Tamayo et al., 2007, 2008; Chatterjee
et al., 2008; McCarthy et al., 2008; Hammer and Bassler, 2009;
Lai et al., 2009), motility and sessility (Wolfe and Visick, 2008;
Armitage and Berry, 2010; Boehm et al., 2010; Paul et al., 2010),
regulated proteolysis and cell cycle progression (Duerig et al.,
2009), photosynthesis (Thomas et al., 2004), heavy metal resistance (Brown et al., 1986; Römling et al., 2005), and phage
resistance (Chae and Yoo, 1986; Römling et al., 2005). These
physiological functions regulated by c-di-GMP are controlled
at the transcriptional, translational, and posttranslational levels
(Ryjenkov et al., 2006; Weber et al., 2006; Lee et al., 2007; Merighi
et al., 2007; Monds et al., 2007; Hickman and Harwood, 2008;
Pesavento et al., 2008; Sudarsan et al., 2008; Duerig et al., 2009;
Boehm et al., 2010; Fang and Gomelsky, 2010; Paul et al., 2010).
This is in contrast to canonical two-component signal transduction systems, where a signal is detected by a sensor kinase,
which phosphorylates its cognate response regulator, leading to
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the modulation of a limited number of genes (Albright et al.,
1989). There are at least four components needed for functional
activity of a c-di-GMP “control module”: a diguanylate cyclase
(DGC) that synthesizes c-di-GMP; a phosphodiesterase (PDE)
which hydrolyzes c-di-GMP; a receptor component that senses
c-di-GMP by directly binding to it; and a target that directly contacts and is controlled by the effector, resulting in an output that
is determined by the interplay of all of these components.
In nature, B. burgdorferi cycles between the disparate environments of the Ixodes tick vector and mammalian host (Burgdorfer
et al., 1982; Levine et al., 1985; Lane et al., 1991; Tsao, 2009;
Brisson et al., 2012). During transmission between hosts, B.
burgdorferi detects changes in its environment, such as pH, CO2 ,
nutrient availability, and temperature, and responds appropriately by modulating its gene expression (Carroll et al., 1999,
2001; Revel et al., 2002; Brooks et al., 2003; Ojaimi et al., 2003;
Tokarz et al., 2004; Tilly et al., 2008; Samuels and Radolf, 2009;
Samuels, 2011). Differential gene expression is essential for the
Lyme disease spirochete to endure the diverse and fluctuating
environments encountered over the course of the enzootic cycle.
Similar to other bacterial species (Stock et al., 2000; West and
Stock, 2001; Kazmierczak et al., 2005; Beier and Gross, 2006;
Tamayo et al., 2007), B. burgdorferi utilizes two-component systems (TCS) to modulate its gene expression (Fraser et al., 1997;
Casjens et al., 2000; Radolf et al., 2012; Groshong and Blevins,
2014). Unlike many other species of bacteria, B. burgdorferi was
reported to encode only two TCS—Hk1-Rrp1 and Hk2-Rrp2—
that have demonstrated global gene regulatory capabilities (Yang
et al., 2003a; Rogers et al., 2009; Samuels, 2011; Radolf et al.,
2012; Groshong and Blevins, 2014). The Hk2-Rrp2 TCS activates
the expression of the stationary phase sigma factor RpoS synergistically with RpoN (Burtnick et al., 2007; Ouyang et al., 2008;
Blevins et al., 2009), which, in turn, chiefly regulates plasmidborne genes (Yang et al., 2003a,b; Caimano et al., 2007) and
induces the expression of genes, such as ospC (Hübner et al.,
2001), which are known to be important for mammalian infection (Caimano et al., 2004; Fisher et al., 2005; Caimano et al.,
2007; Boardman et al., 2008; Ouyang et al., 2008; Dunham-Ems
et al., 2012; Ouyang et al., 2012) as well as genes involved in
chitobiose utilization, which has been shown to be important
for colonization of the tick (Sze et al., 2013). The Hk1-Rrp1
TCS converges with the Hk2-Rrp2 TCS through the regulator,
BosR—a Fur/Per-like transcription factor that has been demonstrated to be essential for expression of rpoS (Boylan et al., 2003;
Katona et al., 2004; Seshu et al., 2004; Hyde et al., 2009; Ouyang
et al., 2009, 2011; Hyde et al., 2010)—which primarily regulates core chromosome-encoded genes (Rogers et al., 2009; He
et al., 2011, 2014) and is required for tick colonization (Caimano
et al., 2011; He et al., 2011; Kostick et al., 2011). Interestingly,
Rrp1, the response regulator, lacks a DNA-binding domain, but
instead contains a GGDEF domain, which has been associated
with diguanylate cyclase activity (cyclic di-GMP synthase) in B.
burgdorferi (Ryjenkov et al., 2005). Furthermore, the diguanylate
cyclase, Rrp1, is active only when it is phosphorylated, presumably by the histidine sensor kinase, Hk1 (Caimano et al., 2011)
(Figure 1). While Hk2-Rrp2 is primarily involved in mammalian
host adaptation (Groshong and Blevins, 2014), recent studies
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suggest that c-di-GMP is a key regulator in the adaptive responses
of B. burgdorferi to the tick environment (Caimano et al., 2011;
He et al., 2011, 2014; Kostick et al., 2011; Pitzer et al., 2011;
Sultan et al., 2011). While the genomes of several species of bacteria were reported to encode multiple c-di-GMP-metabolizing
enzymes (Galperin et al., 1999, 2001; Galperin, 2004), both bioinformatics and experimental analysis indicate that B. burgdorferi
possesses only a limited number of genes responsible for regulating c-di-GMP levels—one diguanylate cyclase (bb0419/rrp1),
two distinct phosphodiesterases (bb0363/pdeA and bb0374/pdeB),
and one c-di-GMP-binding PilZ-domain protein, PlzA (bb0733)
(Figure 1) (Ryjenkov et al., 2005; Rogers et al., 2009; Freedman
et al., 2010; Sultan et al., 2010, 2011; Caimano et al., 2011; He
et al., 2011; Kostick et al., 2011; Pitzer et al., 2011).

THE DIGUANYLATE CYCLASE IN B. BURGDORFERI
Hk1 (BB0420), the histidine sensor kinase of the Hk1-Rrp1 TCS
in B. burgdorferi, is comprised of two periplasmic sensor domains
(D1 and D2), a conserved cytoplasmic histidine kinase core, REC,
and histidine-containing phosphotransfer (Hpt) domains. hk1 is
located on the chromosome next to a response regulatory protein (rrp1; bb0419) (Fraser et al., 1997), and although it has not
been experimentally confirmed that Hk1 is capable of autophosphorylation or that Hk1 is capable of phosphorylating Rrp1, the
operon structure of Hk1-Rrp1, as well as genetic analysis, suggests
that Hk1-Rrp1 form a TCS (Ryjenkov et al., 2005; Rogers et al.,
2009; Caimano et al., 2011; He et al., 2011). Studies by Caimano
et al. have shown that while Hk1-deficient spirochetes are able to
infect mice normally, they are cleared from the tick within 48 h of
the tick feeding. It is hypothesized that the phosphorelay between
Hk1 and Rrp1 results in the production of c-di-GMP, which in
turn, modulates the downstream gene expression required for
survival within feeding ticks (Caimano et al., 2011). Rrp1 is the
sole protein in B. burgdorferi that harbors a GGDEF domain,
and thus, appears to be the only protein capable of producing
c-di-GMP. Additionally, the diguanylate cyclase activity of Rrp1
is strictly dependent on the phosphorylation state of the REC
domain of Rrp1 (Ryjenkov et al., 2005).
rrp1 is constitutively expressed in vivo, regardless of growth
temperature and is increased in the feeding tick relative to the
unfed tick (Rogers et al., 2009). Similar to the hk1 mutant,
the rrp1 mutant was shown to be infectious in mice by needle
inoculation, but unable to survive in feeding ticks (He et al., 2011;
Kostick et al., 2011). To demonstrate molecular mechanisms
underlying the requirement of c-di-GMP for the survival of
spirochetes in the fed ticks, microarray analyses of the rrp1
mutants demonstrated that disruption of c-di-GMP production
causes global alteration in gene expression (Rogers et al., 2009;
He et al., 2011). Both reports indicated that Rrp1 governs many
genes, including the genes required for glycerol transport and
metabolism (glp genes) (Rogers et al., 2009; He et al., 2011),
and mutants defective in glycerol metabolism are attenuated in
overall survival in the tick vector (He et al., 2011; Pappas et al.,
2011). Interestingly, constitutive expression of the glp operon
in the rrp1 mutant only partially rescued survival of the mutant
spirochetes in ticks, suggesting that, in addition to glp, there are
other unidentified factors likely to be critical for the viability
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FIGURE 1 | A simplified working model of the c-di-GMP signaling
pathway in B. burgdorferi. Hk1 and Rrp1 are present in the same operon
and are thought to comprise a TCS. The diguanylate cyclase activity of Rrp1
is dependent upon its phosphorylation state, which presumably occurs in the
cell by its cognate sensor kinase, Hk1. PlzA, a c-di-GMP-binding protein, is
hypothesized to affect multiple virulence characteristics in B. burgdorferi. PlzA
has been shown to positively regulate BosR protein levels, which regulates
rpoS expression. RpoS, in turn, induces expression of genes, such as ospC,
which are known to be important for mammalian infection as well as for
genes involved in chitobiose utilization, which was shown to be important for
colonization in the tick. rpoS expression is also governed by the Hk2-Rrp2
TCS; thus, PlzA serves as the connector between both TCS in B. burgdorferi.

of B. burgdorferi in its arthropod host (He et al., 2011). The
rrp1 mutant was also reported to exhibit a reduced chemotaxis
phenotype and failed to reverse its swimming direction (Kostick
et al., 2011). Kostick et al. proposed that this chemotaxis and
motility phenotype is likely linked to the fact that the rrp1
mutant had altered expression of chemotaxis and motility genes
(Kostick et al., 2011). Rrp1 was also shown to regulate chitobiose
utilization in vitro in B. burgdorferi. Furthermore, these mutants
were unable to transmit to mice via tick bite unless the ticks were
supplemented with N-acetylglucosamine (Sze et al., 2013).
The signal that activates Hk1 is not known; however, bioinformatics analysis proposes that Hk1 contains a periplasmic-located
sensor domain homologous to the family 3 substrate-binding
proteins (SBP_3) (Caimano et al., 2011). SBP_3 family proteins
have been shown to bind amino acids or opine molecules (Tam
and Saier, 1999). Because of its periplasmic location, the signal is
likely to be small enough to permeate the outer membrane of the
spirochete and engage the D1 and D2 periplasmic sensor domains
of HK1 (Caimano et al., 2011). Based on the phenotypes of the
hk1 mutant, Caimano et al. proposed that the host- and/or tickderived molecules generated as part of the tick feeding process
(either at the bite site or in the tick midgut) may induce the signaling cascade via Hk1, activating the c-di-GMP signal transduction
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There is also a possibility that the PlzA-c-di-GMP complex interacts with
another target(s), mediating glycerol utilization, colony morphology, and
chemotaxis. The levels of c-di-GMP are controlled by the opposing activities
of Rrp1 and PdeA and PdeB, the phosphodiesterases in B. burgdorferi. PdeA
is an EAL-domain PDE, which hydrolyzes c-di-GMP to pGpG as its major
product, which is then subsequently hydrolyzed to GMP by nonspecific
PDEs. PdeB contains a HD-GYP domain, which hydrolyzes c-di-GMP into
pGpG transiently en route to 2 GMPs as the predominant end product. It is
unknown if pGpG plays a role in regulating motility or any cellular function in
B. burgdorferi. Abbreviations: AcP, acetyl phosphate. Thicker arrow next to
PdeA indicates pGpG is the major hydrolysis product; thicker arrow next to
PdeB indicates the major product of PdeB hydrolysis is 2 GMPs.

pathway and resulting in the adaptation of B. burgdorferi to the
callous environment of the tick (Caimano et al., 2011). Although
further research is required to establish a definitive biochemical relationship between Hk1 and Rrp1, the similar phenotype
exhibited by both the hk1 mutant and the rrp1 mutant provides
convincing evidence that these two proteins work together to support the production of c-di-GMP. While Rrp2 was thought to
be only phosphorylated by its cognate histidine sensor kinase,
Hk2 (Burtnick et al., 2007), Xu et al. demonstrated that the highenergy phosphate donor acetyl phosphate (AcP) is also capable of
mediating phosphorylation of Rrp2 (Xu et al., 2010). However,
this does not appear to be the case for Rrp1 as the phenotype
associated with the hk1 mutant within feeding nymphs suggests
that AcP is unable to promote phosphorylation of Rrp1 (Caimano
et al., 2011). Together, all of these data suggest that Hk1-Rrp1 is
essential for the viability of B. burgdorferi in the tick phase of the
enzootic cycle, aiding in basic metabolic functions by governing
carbohydrate utilization as well as in potential protective functions by shielding the spirochetes from detrimental host factors.

PHOSPHODIESTERASES IN B. BURGDORFERI
Once c-di-GMP is synthesized (by Hk1-Rrp1), disposal of the
second messenger is critical for modulating the effector protein
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activity. Degradation of c-di-GMP is achieved by phosphodiesterases, of which there are two domain families: EAL and
HD-GYP. EAL-domain-containing PDEs degrade c-di-GMP into
5 -phosphoguanylyl-(3 -5 )-guanosine (pGpG), which is then
further degraded by nonspecific cellular PDEs into GMP at a
slower rate (Chang et al., 2001; Paul et al., 2004; Christen et al.,
2005; Hickman et al., 2005; Schmidt et al., 2005; Tamayo et al.,
2005; Schirmer and Jenal, 2009); and HD-GYP-domain PDEs
degrade c-di-GMP into pGpG as an transient intermediate en
route to producing two GMPs as the major product (Ryan et al.,
2006a, 2007, 2009). The amino acid motifs of both proteins (EAL
and HD-GYP) are essential for the enzymatic activities of PDEs
(Hengge, 2009). In order to reset its c-di-GMP levels, B. burgdorferi contains two evolutionary distinct phosphodiesterases: PdeA
(BB0363) and PdeB (BB0374) (Sultan et al., 2010, 2011). PdeA
contains a functional EAL-domain (Sultan et al., 2010) while
PdeB possesses a functional HD-GYP domain (Sultan et al.,
2011). Both PDEs were shown to specifically hydrolyze c-di-GMP
with high affinity (Sultan et al., 2010, 2011). Furthermore, Sultan
et al. measured the phosphodiesterase enzyme activity in the cell
lysate of a pdeApdeB double mutant, demonstrating that no additional phosphodiesterases are present in B. burgdorferi, which
is consistent with bioinformatic analysis (Galperin et al., 2001).
While both PdeA and PdeB function as phosphodiesterases, the
motility and virulence phenotypes of each mutant differs, (Sultan
et al., 2010, 2011), suggesting a complex regulatory system that
may include differential expression, localization, or regulation of
distinct pathways.
Wild-type B. burgdorferi cells exhibit the ability to move directionally away from a point of origin in a run-flex/pause-reverse
swimming pattern. This movement is decided by the asymmetric rotation of the flagellar motors (Li et al., 2002; Charon et al.,
2012). Inactivation of pdeA resulted in cells that were unable
to reverse their swimming direction (Sultan et al., 2010). The
swimming pattern of the pdeA mutant is similar to the motility
phenotype of the chemotaxis response regulator cheY3 mutant,
which constantly runs and does not flex or reverse (Motaleb et al.,
2011). In Escherichia coli and Salmonella enterica, the CheY protein is a chemotaxis response regulator that binds to the flagellar
switch protein, FliM, when phosphorylated, causing the rotation of the flagella to switch from counterclockwise (cells run) to
clockwise (cells tumble). Therefore, cheY mutants constantly run
because they are incapable of switching the rotation of their flagella (Silversmith and Bourret, 1999; Berg, 2003). A motility defect
resulting from inactivation of the B. burgdorferi pdeA gene is consistent with motility phenotypes reported in similar mutants in
other bacteria (Tamayo et al., 2005; Pesavento et al., 2008; Wolfe
and Visick, 2008); however, the exact mechanism through which
pdeA alters motility in B. burgdorferi has yet to be determined.
Both E. coli and S. enterica possess multiple DGCs and PDEs,
but only the absence of one specific PDE, YhjH, results in an
impairment of motility (Ryjenkov et al., 2006; Girgis et al., 2007;
Pesavento et al., 2008). yhjH mutants are reported to have elevated c-di-GMP levels, and the inhibition of motility seen in these
mutants is dependent on the PilZ protein, YcgR. Thus, when an
ycgR mutant was constructed in the yhjH mutant background,
the motility phenotype of the double mutant was reported to
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be restored back to the wild-type levels (Ryjenkov et al., 2006;
Pesavento et al., 2008). YcgR was demonstrated to posttranslationally interact with the flagellar proteins FliG, FliM, or MotA,
most strongly in the presence of c-di-GMP, which causes a reduction in the generation of torque and induces a counter-clockwise
motor bias (Armitage and Berry, 2010; Boehm et al., 2010; Fang
and Gomelsky, 2010; Paul et al., 2010) (see Figure 1 in Armitage
and Berry, 2010; and Figure 6 in Fang and Gomelsky, 2010). Thus,
the motility defect seen in the B. burgdorferi pdeA mutant may
be a result of a receptor-c-di-GMP complex interfering with the
function of a flagellar protein(s). Furthermore, by constructing
a plzA mutant in the pdeA mutant background, where the cellular c-di-GMP level was 2× higher than that in the wild-type cells,
Pitzer et al. demonstrated that PlzA regulates B. burgdorferi motility in a different manner from that in E. coli, and that elevated
c-di-GMP in the B. burgdorferi pdeA mutant regulates motility
by a mechanism independent of PlzA (Pitzer et al., 2011). Still,
it is impossible to ignore the possibility that B. burgdorferi may
possess another c-di-GMP receptor, which may be responding to
the elevated c-di-GMP levels in the pdeA mutant and altering its
motility. Further studies are needed to confirm these hypotheses.
In contrast to pdeA, inactivation of pdeB resulted in cells
that exhibited a swimming pattern similar to wild-type except
they flexed significantly more, suggesting that c-di-GMP may
play a role in chemotaxis (Sultan et al., 2011; Kulasekara et al.,
2013; Russell et al., 2013). Increased flexing would be expected
to be a result of overexpression of the chemotaxis response regulator, CheY3, inhibition of the activity of CheX (the CheY-P
phosphatase), or decreased expression of CheX (Motaleb et al.,
2005; Pazy et al., 2010; Motaleb et al., 2011). However, Western
blot analysis showed that both proteins are expressed at wildtype levels in the pdeB mutant, eliminating the possibility of
a receptor-c-di-GMP complex directly regulating the expression
of chemotaxis proteins (Sultan et al., 2011). However, Sultan et
al. demonstrated that a pdeBplzA double mutant in B. burgdorferi constantly flexed, which is similar to the phenotype of the
cheX mutant (Motaleb et al., 2005; Sultan et al., 2011), implying that PlzA may control the chemotaxis system either through
modulating the activity of CheX or CheY3 (Sultan et al., 2011).
Alternatively, the hydrolyzed products of the phosphodiesterases
may be responsible for the phenotypic differences observed in the
pdeA and pdeB mutants. A recent study by Stelitano et al. demonstrated that two HD-GYP domain PDEs (PA4108 and PA4781)
in Pseudomonas aeruginosa are capable of not only hydrolyzing
pGpG into two molecules of GMP, but also are capable of using it
as a substrate (Stelitano et al., 2013). Moreover, pGpG is reported
to be a member of the “nanoRNA” molecules that are known to
be involved in regulating gene expression (Goldman et al., 2011;
Nickels, 2012; Vvedenskaya et al., 2012; Römling et al., 2013).
If this is also true for B. burgdorferi, then pGpG may accumulate in the cell under high c-di-GMP concentrations (in the pdeB
mutant) and potentially exert its role as a signaling molecule; or
perhaps the accumulation of pGpG is responsible for some of the
phenotypic differences observed in the pdeA and pdeB mutant.
In addition to their role in regulating motility, PDEs have
also been associated in the virulence of some bacteria (Wolfe
and Visick, 2008; Römling and Simm, 2009; Ryan et al., 2010).

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 4

Novak et al.

c-di-GMP signaling in Borrelia burgdorferi

Sultan et al. demonstrated that spirochetes lacking PdeA were
unable to infect mice either by needle or tick bite. This deficiency
in infection is most likely a result of the inability of the pdeA
mutant to reverse its swimming direction (Sultan et al., 2010)
because inactivation of a chemotaxis histidine kinase, cheA2, in B.
burgdorferi yielded spirochetes that constantly swim in one direction and were unable to reverse and were also unable to establish
infection in mice by either needle or tick (Sze et al., 2012).
Additionally, intravital microscopy of B. burgdorferi in a live
mouse indicated that the “back-and-forth” (run-reverse) swimming pattern of wild-type cells is important in transendothelial
migration (Moriarty et al., 2008; Norman et al., 2008). However,
while spirochetes deficient in PdeA are unable to establish infection in mice, this mutant is capable of colonizing Ixodes ticks
normally (Sultan et al., 2010). The prospect that c-di-GMP signaling by PdeA is essential for mammalian infection cannot yet
be eliminated. Loss of PdeB, on the other hand, had no significant effect in mouse infection by needle inoculation (Sultan et al.,
2011), which suggests that PdeA and PdeB may exert their regulatory effects through different mechanisms. Interestingly though,
spirochetes lacking PdeB exhibited a survival defect within fed
ticks, and ticks infected with PdeB-deficient spirochetes failed to
transmit the infection to naïve mice during feeding (Sultan et al.,
2011). Independent studies performed by He et al. (2011), Kostick
et al. (2011), and Caimano et al. (2011) have shown that hk1
and rrp1 are essential for survival of B. burgdorferi within fed tick
midguts. These results, coupled with other studies, imply that the
regulation of c-di-GMP levels by B. burgdorferi is central to survival in the tick phase of the enzootic cycle. Further studies are
needed to not only elucidate the role c-di-GMP plays in the tick
phase of the enzootic cycle, but also specifically the function of
PdeA and PdeB during the adaptation process of B. burgdorferi.
The significance of B. burgdorferi possessing two types of unrelated PDEs in its genome is still unclear, especially considering
that HD-GYP PDEs are widespread but not ubiquitous in bacterial genomes (only over 1000 genes have been found among the
whole sequenced bacterial genomes) (Römling et al., 2013). The
presence of genes encoding for EAL and HD-GYP domain proteins in the B. burgdorferi genome suggests that this spirochete
regulates c-di-GMP turnover in a sophisticated manner. Indeed,
EAL and HD-GYP-domain proteins in other bacterial species
have been reported to be associated with known or hypothetical signal input domains that are putatively involved in detecting
a wide range of environmental signals (Tal et al., 1998; Galperin
et al., 2001; Jenal and Malone, 2006; Ryan et al., 2006b; Barends
et al., 2009; Tuckerman et al., 2009). Nevertheless, neither PdeA
nor PdeB have been linked to sensory domains; thus, exactly how
these PDEs function not only together but also in conjunction
with Rrp1 to produce a coherent output signal is still unknown.
There is the possibility that B. burgdorferi has (at least) two c-diGMP circuits—one that signals through Hk1-Rrp1-PdeA and one
that signals through Hk1-Rrp1-PdeB—which operate in divergent mechanisms in response to environmental signals through
two different receptors: the PlzA receptor and an unidentified cdi-GMP receptor. This may mean that the concentrations and
activities of PdeA and PdeB would vary over time in response
to the fluctuating environmental or cellular conditions. This
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manner of temporal sequestration was shown in E. coli, where the
expression patterns of 28 GGDEF/EAL genes were analyzed and
most of them exhibited differential expression patterns at different temperatures and growth phases (Sommerfeldt et al., 2009).
The c-di-GMP signal transduction systems may also act through
the functional sequestration (or compartmentalization) of the cdi-GMP control module components—multiprotein complexes
that are comprised of a specific DGC and/or PDE, which are
mediated by specific input signals and influence certain effectors and target components (Jenal and Malone, 2006; Christen
et al., 2010; Massie et al., 2012). Research has provided increasing
evidence that these DGC-PDE interactions do occur. In Yersinia
pestis, interactions were detected between HmsT (DGC), HmsP
(PDE), HmsR (putative glycosyltransferase), and its accessory
factor (HmsS)—all of which are attached to the inner membrane
and necessary for biofilm-associated phenotypes (Bobrov et al.,
2008). Additionally, direct interactions were detected between the
HD-GYP-type PDE domain of RpfG and many different GGDEF
proteins in Xanthomonas axonopodis (Andrade et al., 2006). With
functional sequestration, the close-association of the components
may sterically hinder c-di-GMP from diffusing throughout the
cell, thus allowing regulation of the localized c-di-GMP concentration in response to specific signals. This may explain the
differing virulence and motility phenotypes seen in the pdeA and
pdeB mutants of B. burgdorferi (Sultan et al., 2010, 2011). Clearly,
further studies are needed to unravel the complicated signaling
generated by c-di-GMP-hydrolyzing proteins in B. burgdorferi.

PlzA: THE c-di-GMP-BINDING PROTEIN IN B. BURGDORFERI
Little knowledge is available concerning the effector mechanisms
of c-di-GMP in B. burgdorferi or, moreover, any arthropod-borne
pathogen. The ability of a second messenger to have numerous
effects on cellular behavior lies in the diversity of c-di-GMP receptors. In other species of bacteria, c-di-GMP has been demonstrated to exert its regulatory effects through proteins with cyclic
nucleotide monophosphate domains (Tao et al., 2010), ribonucleoprotein complexes (Tuckerman et al., 2011), transcriptional
regulators (Hickman and Harwood, 2008; Krasteva et al., 2010;
Fazli et al., 2011), GEMM riboswitches (Sudarsan et al., 2008;
Smith et al., 2009; Luo et al., 2013), and PilZ domain-containing
proteins (Amikam and Galperin, 2006; Ryjenkov et al., 2006;
Bian et al., 2013). To date, only one c-di-GMP-binding protein,
the PilZ domain-containing protein PlzA, has been identified in
B. burgdorferi (Freedman et al., 2010; Pitzer et al., 2011). All
Borrelia species possess PlzA (the PilZ domain-containing protein
in the relapsing fever spirochetes is designated as PlzC), and, furthermore, this protein is highly conserved among species of the
B. burgdorferi sensu lato complex. Interestingly, some B. garinii
and B. burgdorferi isolates possess two PilZ domain-containing
proteins—one that is encoded on the chromosome (PlzA) and
one that is encoded on linear plasmid 28 (PlzB). Although all
three genes encode for a PilZ domain-containing protein, the
amino acid identity values of both PlzB and PlzC have diverged
enough from PlzA (64% and 65–69%, respectively) to warrant
separate gene designations (Freedman et al., 2010). Although
PlzA contains the conserved residues of the PilZ domain (RXXXR;
DZSXXG; where “X” is any amino acid and “Z” is a hydrophobic
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residue) (Freedman et al., 2010; Pitzer et al., 2011), it shares poor
homology with the PilZ domain-containing proteins of other bacterial species, and it lacks the “PilZ-N” domain (i.e., N-terminal
domain of E. coli PilZ protein YcgR, which contains a fold similar to the PilZ domain) (Amikam and Galperin, 2006; Ryjenkov
et al., 2006). Since PlzA appears to not harbor other identifiable
functional domains aside from the PilZ domain, it is considered a
“stand-alone” c-di-GMP-binding protein.
The pilZ mutants of several bacterial species have been
reported to have diverse phenotypes such as altered motility
and translucent, rough, dry, and rugose colony morphology
(Römling, 2005; Ryjenkov et al., 2006; Lee et al., 2007; Pratt
et al., 2007; Yildiz and Visick, 2009; Zorraquino et al., 2013).
Unlike the translucent colony morphology of wild-type, the
plzA mutant of B. burgdorferi exhibits opaque colonies, and this
phenotype is a direct result of the plzA mutation as the morphology is restored back to wild-type upon complementation
(Pitzer et al., 2011). The molecular mechanisms underlying the
opaque colony phenotype exhibited by the plzA mutant have
yet to be determined. Many bacteria undergo phase variation
between translucent and opaque or smooth and rugose colony
morphology. This change is mainly dependent upon variation
in the expression of surface polysaccharides (Fries et al., 1999;
Yildiz and Schoolnik, 1999; Chang et al., 2009). Previous studies in other bacteria have associated opaque colonies with an
increase in capsule production. For example, inactivation of the
cyclic adenosine monophosphate (cAMP) receptor protein (CRP)
in Vibrio vulnificus yielded a mutant that was defective in capsular production and formed translucent colonies compared to
the wild-type strain (Kim et al., 2013). Additionally, analysis
of opaque and transparent variants of a Streptococcus pneumoniae clinical serotype revealed that opaque variants produced
an extracellular matrix, had 100-fold greater in vitro adherence,
and showed increased virulence in vivo compared to the transparent bacteria (Trappetti et al., 2011). Furthermore, the PelD
protein of P. aeruginosa was shown to be a c-di-GMP receptor
which mediates the regulation of Pel polysaccharide—an extracellular adhesion necessary for the formation and maintenance of
biofilms—in a c-di-GMP-dependent manner (Lee et al., 2007).
Thus, one possibility is that the plzA mutant spirochete has
increased levels of surface polysaccharides. However, the type of
polysaccharide that has increased expression in the mutant, or
even if it is a polysaccharide (and not another type of adhesion or surface molecule) is unknown. Moreover, if and how
plzA regulates polysaccharide production or if they play a role in
B. burgdorferi pathogenesis is also currently unknown. Clearly,
there are more questions than answers concerning polysaccharide production, indicating the need for further research in
this area.
While the swimming pattern (run-flex/pause-reverse) of the
plzA mutant was indistinguishable from its parental wild-type
strain, the swarming motility of these mutant cells were attenuated compared to wild-type cells or the isogenic complemented
strain (Pitzer et al., 2011). PilZ proteins were reported to control motility in response to the concentration of c-di-GMP in
other bacterial species. For example, the c-di-GMP-binding PilZ
protein, DgrA, in Caulobacter crescentus was shown to diminish
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synthesis of FliL when complexed to c-di-GMP, resulting in an
alteration of motility (Christen et al., 2007). This scenario is
unlikely to occur in the plzA mutant of B. burgdorferi, however, because the levels of major motility and chemotaxis proteins (i.e., FliL, FliG1, FliG2, FliM, MotB, FlaB, and CheY3)
were shown not to be altered (Pitzer et al., 2011). Furthermore,
PlzA lacks the N-terminal YcgR domain (Freedman et al., 2010;
Pitzer et al., 2011), which has been reported to be important
to interact with the flagellar switch proteins to control bacterial motility (Fang and Gomelsky, 2010). As discussed earlier,
B. burgdorferi may possess an additional c-di-GMP-binding protein(s), which controls motility in response to c-di-GMP levels in
a mode similar to that reported in E. coli or C. crescentus. Studies
have shown that PilZ-domain proteins that possess two domains
(e.g., PilZ and YcgR-N) undergo a conformational change upon
binding to c-di-GMP that exposes a new interaction surface.
For example, binding of c-di-GMP to the Vibrio cholera PilZdomain protein, VCA0042, induces a conformational change in
the loop connecting the C-terminal PilZ domain and the Nterminal YcgR-N domain, bringing the two domains in close
proximity with c-di-GMP at the mutual interface to form a new
allosteric interaction surface (Benach et al., 2007). Additionally,
unlike VCA0042, PP4397 from Pseudomonas putida binds two
molecules of c-di-GMP in its YcgR-N and PilZ domain junction, which results in a change of its quaternary structure from
a dimer to a monomer (Ko et al., 2010). These studies suggest
that different PilZ-domain proteins display diverse binding stoichiometries and mechanistic interactions. One could hypothesize
that in B. burgdorferi PlzA undergoes a similar conformational
change upon binding to c-di-GMP, and the generation of this
new molecular surface constitutes the readout of this small signaling protein by providing a highly-charged interaction surface
for high-affinity regulatory interactions with downstream target proteins. In support of this, the solution structure of the P.
aeruginosa single-domain PilZ protein, PA4608, in complex with
c-di-GMP, was recently solved by NMR spectroscopy (Habazettl
et al., 2011). PA4608 is a stand-alone PilZ-domain protein that
was shown to undergo conformational changes at both termini
of the protein while maintaining a certain degree of flexibility
upon binding to c-di-GMP, which resulted in a severe rearrangement of surface charges. The rearranged termini expose a
highly negatively-charged surface on one side of the complex to
a potential effector protein (Habazettl et al., 2011). Thus, even
though PlzA is a stand-alone PilZ-domain protein and lacks the
N-terminal YcgR domain (Freedman et al., 2010; Pitzer et al.,
2011), it is still plausible that it functions as a c-di-GMP effector protein. If PlzA is the only c-di-GMP-receptor protein in B.
burgdorferi and it does undergo a conformational change similar
to PA4608, then the degree of flexibility maintained in the complex may influence the target specificity (the downstream target)
of PlzA, especially if different c-di-GMP circuits are separated
spatiotemporally through compartmentalization. Moreover, the
target specificity of PlzA may also be influenced by several other
potential factors (e.g., c-di-GMP levels, other proteins, co-factors,
temperature, etc.), which may directly be indicative of the local
environment. Further studies are needed to demonstrate this in
addition to the downstream targets of PlzA.
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plzA has been shown to be constitutively expressed during
in vitro culture (Freedman et al., 2010)—similar to previously
published microarray data (Ojaimi et al., 2002; Revel et al., 2002;
Brooks et al., 2003)—and this expression is not dependent on
temperature (Freedman et al., 2010). Transcripts of plzA were
also detected in murine bladders as late as 13 weeks after infection (which was the last time point analyzed), indicating that
expression of plzA is maintained throughout the enzootic cycle
(Freedman et al., 2010). Furthermore, the plzA mutant is significantly less infectious in mice than the wild-type parental strain
(Pitzer et al., 2011). This observed decrease in virulence is consistent with mutations in the PilZ proteins of other bacteria.
While motility may play a role in the reduced virulence of the B.
burgdorferi plzA mutant, as wild-type motility is critical for infectivity, future studies are needed in order to precisely delineate this
mechanism. Interestingly, expression of plzA was reported to be
significantly increased in ticks after a bloodmeal (Freedman et al.,
2010), and plzA mutant cells were shown to be comprised in fed
ticks (Pitzer et al., 2011). While the mechanism resulting in this
survival defect in fed ticks is unknown, it is most likely that PlzA
(and not solely motility) is responsible for the survivability in the
fed tick because other mutants defective in motility (e.g., cheA2,
pdeA) are capable of not only surviving, but multiplying before
and after a blood meal (Sultan et al., 2010; Sze et al., 2012).
He et al. have recently shown that PlzA-c-di-GMP functions
in linking the two global TCS in B. burgdorferi—Hk1-Rrp1 and
Hk2-Rrp2 (He et al., 2014). Furthermore, He et al. also demonstrated that PlzA modulates expression of rpoS through BosR and
this occurs in a mechanism independent of Rrp1 (He et al., 2014)
(Figure 1). This suggests that aside from functioning as a c-diGMP-binding protein, PlzA also has other roles in B. burgdorferi.
Thus, it is likely that PlzA either plays a direct role in the survivability of B. burgdorferi in fed ticks or regulates a virulence
determinant(s), which influences survival in the tick as well as
infectivity in the mouse (He et al., 2014). Furthermore, it is also
possible that the opaque colony morphology of the plzA mutant
reflects an alteration in a cell surface membrane structure, which
may be related to both the decreased survivability of the mutant
cells in the tick and attenuation in the mouse infection model
(Pitzer et al., 2011). Recent studies have demonstrated that glp
genes are important for the survival of B. burgdorferi in the tick
(Pappas et al., 2011) and are regulated by Rrp1 (Rogers et al.,
2009; He et al., 2011). If PlzA plays an important role in mediating
responses initiated by the Hk1-Rrp1, it is probable that the defect
seen in the plzA mutant is related to a defect in glycerol utilization,
and constitutive expression of the glp genes in the plzA mutant
would be expected to rescue the survival defect of the mutant in
the tick. However, constitutive expression of the glp operon in the
rrp1 mutant only partially rescued the survival of the mutant in
the tick (He et al., 2011), and as such, it would be expected the
same would occur in the plzA mutant, especially if PlzA controls
other cellular processes that may be important in virulence and/or
survival in both hosts in a c-di-GMP-dependent or -independent
manner (He et al., 2014). Moreover, it is unknown if tick-derived
elements, host-derived products acquired from the tick’s blood
meal, or salivary gland factors were at fault for the reduced survival of the plzA mutant in the tick (Sonenshine et al., 2002;
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Sonenshine and Hynes, 2008; Hajdušek et al., 2013). Additionally,
the mechanism resulting in the decreased infectivity of the plzA
mutant in the mouse also has yet to be elucidated. It is known
that B. burgdorferi utilizes different means to survive in its disparate hosts, but the role PlzA plays in that survival has yet to be
revealed. Current research has just begun to scratch the surface,
and future studies are needed to unravel the extensive effects both
PlzA and c-di-GMP are anticipated to have on B. burgdorferi.

CONCLUSIONS
Although 25 years has passed since the discovery of c-di-GMP in
bacteria (Ross et al., 1987; Römling et al., 2013), the study of cdi-GMP signaling in B. burgdorferi has just begun and is still in its
infancy. A great deal more research is needed in order to provide
a complete inventory of the effectors molecules and targeted processes of this second messenger. While modulation of c-di-GMP
represents an attractive target for controlling the progression of
disease, the molecular and biological effects of this signaling system within B. burgdorferi must be understood before potential
mechanisms of interference can be proposed. Thus, understanding the c-di-GMP signaling cascade of B. burgdorferi will prove
invaluable to learning how to therapeutically exploit this second
messenger system in the treatment and/or prevention of Lyme
disease.

ACKNOWLEDGMENTS
Research in our laboratory is supported by a National Institutes
of Arthritis, Musculoskeletal, and Skin Diseases, NIH grant
(R01AR060834 to Md. A. Motaleb).

REFERENCES
Adams, D. A., Gallagher, K. M., Jajosky, R. A., Kriseman, J., Sharp, P., Anderson, W.
J., et al. (2013). Summary of notifiable diseases—United States, 2011. MMWR
Morb. Mortal. Wkly. Rep. 60, 1–117.
Adams, D. A., Gallagher, K. M., Jajosky, R. A., Ward, J., Sharp, P., Anderson, W.
J., et al. (2012). Summary of notifiable diseases—United States, 2010. MMWR
Morb. Mortal. Wkly. Rep. 59, 1–111.
Albright, L. M., Huala, E., and Ausubel, F. M. (1989). Prokaryotic signal transduction mediated by sensor and regulator protein pairs. Annu. Rev. Genet. 23,
311–336. doi: 10.1146/annurev.ge.23.120189.001523
Amikam, D., and Galperin, M. Y. (2006). PilZ domain is part of the bacterial
c-di-GMP binding protein. Bioinformatics 22, 3–6. doi: 10.1093/bioinformatics/bti739
Andrade, M. O., Alegria, M. C., Guzzo, C. R., Docena, C., Rosa, M. C., Ramos,
C. H., et al. (2006). The HD-GYP domain of RpfG mediates a direct linkage between the Rpf quorum-sensing pathway and a subset of diguanylate
cyclase proteins in the phytopathogen Xanthomonas axonopodis pv. citri. Mol.
Microbiol. 62, 537–551. doi: 10.1111/j.1365-2958.2006.05386.x
Armitage, J. P., and Berry, R. M. (2010). Time for bacteria to slow down. Cell 141,
24–26. doi: 10.1016/j.cell.2010.03.023
Barends, T. R., Hartmann, E., Griese, J. J., Beitlich, T., Kirienko, N. V.,
Ryjenkov, D. A., et al. (2009). Structure and mechanism of a bacterial lightregulated cyclic nucleotide phosphodiesterase. Nature 459, 1015–1018. doi:
10.1038/nature07966
Barrett, P. N., and Portsmouth, D. (2013). The need for a new vaccine against Lyme
borreliosis. Expert Rev. Vaccines 12, 101–103. doi: 10.1586/erv.12.141
Beier, D., and Gross, R. (2006). Regulation of bacterial virulence by two-component
systems. Curr. Opin. Microbiol. 9, 143–152. doi: 10.1016/j.mib.2006.01.005
Benach, J., Swaminathan, S. S., Tamayo, R., Handelman, S. K., Folta-Stogniew,
E., Ramos, J. E., et al. (2007). The structural basis of cyclic diguanylate signal transduction by PilZ domains. EMBO J. 26, 5153–5166. doi:
10.1038/sj.emboj.7601918

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 7

Novak et al.

c-di-GMP signaling in Borrelia burgdorferi

Berg, H. C. (2003). The rotary motor of bacterial flagella. Annu. Rev. Biochem. 72,
19–54. doi: 10.1146/annurev.biochem.72.121801.161737
Bian, J., Liu, X., Cheng, Y. Q., and Li, C. (2013). Inactivation of cyclic Di-GMP
binding protein TDE0214 affects the motility, biofilm formation, and virulence
of Treponema denticola. J. Bacteriol. 195, 3897–3905. doi: 10.1128/JB.00610-13
Blevins, J. S., Xu, H., He, M., Norgard, M. V., Reitzer, L., and Yang, X. F. (2009).
Rrp2, a σ54 -dependent trasncriptional activator of Borrelia burgdorferi, activates rpoS in an enhancer-independent manner. J. Bacteriol. 191, 2902–2905.
doi: 10.1128/JB.01721-08
Boardman, B. K., He, M., Ouyang, Z., Xu, H., Pang, X., and Yang, X. F. (2008).
Essential role of the response regulator Rrp2 in the infectious cycle of Borrelia
burgdorferi. Infect. Immun. 76, 3844–3853. doi: 10.1128/IAI.00467-08
Bobrov, A. G., Kirillina, O., Forman, S., Mack, D., and Perry, R. D. (2008). Insights
into Yersinia pestis biofilm development: topology and co-interaction of Hms
inner membrane proteins involved in exopolysaccharide production. Environ.
Microbiol. 10, 1419–1432. doi: 10.1111/j.1462-2920.2007.01554.x
Boehm, A., Kaiser, M., Li, H., Spangler, C., Kasper, C. A., Ackermann, M., et al.
(2010). Second messenger-mediated adjustment of bacterial swimming velocity.
Cell 141, 107–116. doi: 10.1016/j.cell.2010.01.018
Boylan, J. A., Posey, J. E., and Gherardini, F. C. (2003). Borrelia oxidative stress
response regulator, BosR: a distinctive Zn-dependent transcriptional activator.
Proc. Natl. Acad. Sci. U.S.A. 100, 11684–11689. doi: 10.1073/pnas.2032956100
Brisson, D., Drecktrah, D., Eggers, C. H., and Samuels, D. S. (2012). Genetics
of Borrelia burgdorferi. Annu. Rev. Genet. 46, 515–536. doi: 10.1146/annurevgenet-011112-112140
Brooks, C. S., Hefty, P. S., Jolliff, S. E., and Akins, D. R. (2003). Global analysis of
Borrelia burgdorferi genes regulated by mammalian host-specific signals. Infect.
Immun. 71, 3371–3383. doi: 10.1128/IAI.71.6.3371-3383.2003
Brown, N. L., Misra, T. K., Winnie, J. N., Schmidt, A., Seiff, M., and Silver, S. (1986).
The nucleotide sequence of the mercuric resistance operons of plasmid R100
and transposon Tn501: further evidence for mer genes which enhance the activity of the mercuric ion detoxification system. Mol. Gen. Genet. 202, 143–151.
doi: 10.1007/BF00330531
Burgdorfer, W., Barbour, A. G., Hayes, S. F., Benach, J. L., Grunwaldt, E., and Davis,
J. P. (1982). Lyme disease-a tick-borne spirochetosis? Science 216, 1317–1319.
doi: 10.1126/science.7043737
Burtnick, M. N., Downey, J. S., Brett, P. J., Boylan, J. A., Frye, J. G., Hoover, T. R.,
et al. (2007). Insights into the complex regulation of rpoS in Borrelia burgdorferi.
Mol. Microbiol. 65, 277–293. doi: 10.1111/j.1365-2958.2007.05813.x
Caimano, M. J., Eggers, C. H., Hazlett, K. R., and Radolf, J. D. (2004). RpoS is not
central to the general stress response in Borrelia burgdorferi but does control
expression of one or more essential virulent determinants. Infect. Immun. 72,
6433–6445. doi: 10.1128/IAI.72.11.6433-6445.2004
Caimano, M. J., Iyer, R., Eggers, C. H., Gonzalez, C., Morton, E. A., Gilbert,
M. A., et al. (2007). Analysis of the RpoS regulon in Borrelia burgdorferi
in response to mammalian host signals provides insight into RpoS function
during the enzootic cycle. Mol. Microbiol. 65, 1193–1217. doi: 10.1111/j.13652958.2007.05860.x
Caimano, M. J., Kenedy, M. R., Kairu, T., Desrosiers, D. C., Harman, M., DunhamEms, S., et al. (2011). The hybrid histidine kinase Hk1 is part of a twocomponent system that is essential for survival of Borrelia burgdorferi in feeding
Ixodes scapularis ticks. Infect. Immun. 79, 3117–3130. doi: 10.1128/IAI.05136-11
Carroll, J. A., El-Hage, N., Miller, J. C., Babb, K., and Stevenson, B. (2001). Borrelia
burgdorferi RevA antigen is a surface-exposed outer membrane protein whose
expression is regulated in response to environmental temperature and pH.
Infect. Immun. 69, 5286–5293. doi: 10.1128/IAI.69.9.5286-5293.2001
Carroll, J. A., Garcon, C. F., and Schwan, T. G. (1999). Effects of environmental pH
on membrane proteins in Borrelia burgdorferi. Infect. Immun. 67, 3181–3187.
Casjens, S., Palmer, N., van Vugt, R., Huang, W. M., Stevenson, B., Rosa, P., et al.
(2000). A bacterial genome in flux: the twelve linear and nine circular extrachromosomal DNAs in an infectious isolate of the Lyme disease spirochete Borrelia
burgdorferi. Mol. Microbiol. 35, 490–516. doi: 10.1046/j.1365-2958.2000.01698.x
Chae, K. S., and Yoo, O. J. (1986). Cloning of the lambda resistant genes from
Brevibacterium albidum and Proteus vulgaris into Escherichia coli. Biochem.
Biophys. Res. Commun. 140, 1101–1105. doi: 10.1016/0006-291X(86)90748-5
Chang, A. L., Tuckerman, J. R., Gonzalez, G., Mayer, R., Weinhouse, H., Volman,
G., et al. (2001). Phosphodiesterase A1, a regulator of cellulose synthesis in
Acetobacter xylinum, is a heme-based sensor. Biochemistry 40, 3420–3426. doi:
10.1021/bi0100236

Frontiers in Cellular and Infection Microbiology

Chang, C., Jin, X., and Chaoqun, H. (2009). Phenotypic and genetic differences
between opaque and translucent colonies of Vibrio alginolyticus. Biofouling 25,
525–531. doi: 10.1080/08927010902964578
Charon, N. W., Cockburn, A., Li, C., Liu, J., Miller, K. A., Miller, M. R., et al.
(2012). The unique paradigm of spirochete motility and chemotaxis. Annu. Rev.
Microbiol. 66, 349–370. doi: 10.1146/annurev-micro-092611-150145
Chatterjee, S., Wistrom, C., and Lindow, S. E. (2008). A cell-cell signaling
sensor is required for virulence and insect transmission of Xylella fastidiosa. Proc. Natl. Acad. Sci. U.S.A. 105, 2670–2675. doi: 10.1073/pnas.
0712236105
Christen, M., Christen, B., Allan, M. G., Folcher, M., Jenö, P., Grzesiek, S.,
et al. (2007). DgrA is a member of a new family of cyclic diguanosine
monophosphate receptors and controls flagellar motor function in Caulobacter
crescentus. Proc. Natl. Acad. Sci. U.S.A. 104, 4112–4117. doi: 10.1073/pnas.
0607738104
Christen, M., Christen, B., Folcher, M., Schauerte, A., and Jenal, U. (2005).
Identification and characterization of a cyclic di-GMP phosphodiesterase
and its allosteric control by GTP. J. Biol. Chem. 280, 30829–30837. doi:
10.1074/jbc.M504429200
Christen, M., Kulasekara, H. D., Christen, B., Kulasekara, B. R., Hoffman, L.
R., and Miller, S. I. (2010). Asymmetrical distribution of the second messenger c-di-GMP upon bacterial cell division. Science 328, 1295–1297. doi:
10.1126/science.1188658
Cotter, P. A., and Stibitz, S. (2007). c-di-GMP-mediated regulation of virulence and biofilm formation. Curr. Opin. Microbiol. 10, 17–23. doi:
10.1016/j.mib.2006.12.006
Duerig, A., Abel, S., Folcher, M., Nicollier, M., Schwede, T., Amiot, N., et al.
(2009). Second messenger-mediated spatiotemporal control of protein degradation regulates bacterial cell cycle progression. Genes Dev. 23, 93–104. doi:
10.1101/gad.502409
Dunham-Ems, S. M., Caimano, M. J., Eggers, C. H., and Radolf, J. D. (2012).
Borrelia burgdorferi requires the alternative sigma factor RpoS for dissemination within the vector during tick-to-mammal transmission. PLoS Pathog.
8:e1002532. doi: 10.1371/journal.ppat.1002532
Fang, X., and Gomelsky, M. (2010). A post-translational, c-di-GMP-dependent
mechanism regulating flagellar motility. Mol. Microbiol. 76, 1295–1305. doi:
10.1111/j.1365-2958.2010.07179.x
Fazli, M., O’Connell, A., Nilsson, M., Niehaus, K., Dow, J. M., Givskov, M., et al.
(2011). The CRP/FNR family protein Bcam1349 is a c-di-GMP effector that regulates biofilm formation in the respiratory pathogen Burkholderia cenocepacia.
Mol. Microbiol. 82, 327–341. doi: 10.1111/j.1365-2958.2011.07814.x
Fisher, M. A., Grimm, D., Henion, A. K., Elias, A. F., Stewart, P. E., Rosa, P. A.,
et al. (2005). Borrelia burgdorferi σ54 is required for mammalian infection and
vector transmissionbut not for tick colonization. Proc. Natl. Acad. Sci. U.S.A.
102, 5162–5167. doi: 10.1073/pnas.0408536102
Fraser, C. M., Casjens, S., Huang, W. M., Sutton, G. G., Clayton, R., Lathigra,
R., et al. (1997). Genomic sequence of a Lyme disease spirochaete, Borrelia
burgdorferi. Nature 390, 580–586. doi: 10.1038/37551
Freedman, J. C., Rogers, E. A., Kostick, J. L., Zhang, H., Iyer, R., Schwartz, I.,
et al. (2010). Identification and molecular characterization of a c-di-GMP
effector protein, PlzA (BB0733): additional evidence for the existence of a functional c-di-GMP regulatory network in the Lyme disease spirochete, Borrelia
burgdorferi. FEMS Immunol. Med. Microbiol. 58, 285–294. doi: 10.1111/j.1574695X.2009.00635.x
Fries, B. C., Goldman, D. L., Cherniak, R., Ju, R., and Casadevall, A. (1999).
Phenotypic switching in Cryptococcus neoformans results in changes in cellular morphology and glucuronoxylomannan structure. Infect. Immun. 67,
6076–6083.
Galperin, M. Y. (2004). Bacterial signal transduction network in a genomic perspective. Environ. Microbiol. 6, 552–567. doi: 10.1111/j.1462-2920.2004.00633.x
Galperin, M. Y., Natale, D. A., Aravind, L., and Koonin, E. V. (1999). A specialized
version of the HD hydrolase domain implicated in signal transduction. J. Mol.
Microbiol. Biotechnol. 1, 303–305.
Galperin, M. Y., Nikolskaya, A. N., and Koonin, E. V. (2001). Novel domains of the
prokaryotic two-component signal transduction systems. FEMS Microbiol. Lett.
203, 11–21. doi: 10.1111/j.1574-6968.2001.tb10814.x
Girgis, H. S., Liu, Y., Ryu, W. S., and Tavazoie, S. (2007). A comprehensive
genetic characterization of bacterial motility. PLoS Genet. 3:1644–1660. doi:
10.1371/journal.pgen.0030154

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 8

Novak et al.

c-di-GMP signaling in Borrelia burgdorferi

Goldman, S. R., Sharp, J. S., Vvedenskaya, I. O., Livny, J., Dove, S. L., and Nickels,
B. E. (2011). NanoRNAs prime transcription initiation in vivo. Mol. Cell 42,
817–825. doi: 10.1016/j.molcel.2011.06.005
Groshong, A. M., and Blevins, J. S. (2014). Insights into the biology of Borrelia
burgdorferi gained through the application of molecular genetics. Adv. Appl.
Microbiol. 86, 41–143. doi: 10.1016/B978-0-12-800262-9.00002-0
Habazettl, J., Allan, M. G., Jenal, U., and Grzesiek, S. (2011). Solution structure
of the PilZ domain protein PA4608 complex with cyclic di-GMP identifies
charge clustering as molecular readout. J. Biol. Chem. 286, 14304–14314. doi:
10.1074/jbc.M110.209007
Hajdušek, O., Síma, R., Ayllón, N., Jalovecká, M., Perner, J., de la Fuente, J.,
et al. (2013). Interactionof the tick immune system with transmitted pathogens.
Front. Cell. Infect. Microbiol. 3:26. doi: 10.3389/fcimb.2013.00026
Hammer, B. K., and Bassler, B. L. (2009). Distinct sensory pathways in Vibrio
cholerae El Tor and classical biotypes modulate cyclic dimeric GMP levels to control biofilm formation. J. Bacteriol. 191, 169–177. doi: 10.1128/JB.
01307-08
He, M., Ouyang, Z., Troxell, B., Xu, H., Moh, A., Piesman, J., et al. (2011). Cyclic
di-GMP is essential for the survival of the Lyme disease spirochete in ticks. PLoS
Pathog. 7:e1002133. doi: 10.1371/journal.ppat.1002133
He, M., Zhang, J. J., Ye, M., Lou, Y., and Yang, X. F. (2014). Cyclic Di-GMP receptor
PlzA controls virulence gene expression through RpoS in Borrelia burgdorferi.
Infect. Immun. 82, 445–452. doi: 10.1128/IAI.01238-13
Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nat. Rev.
Microbiol. 7, 263–273. doi: 10.1038/nrmicro2109
Hickman, J. W., and Harwood, C. S. (2008). Identification of FleQ from
Pseudomonas aeruginosa as a c-di-GMP-responsive transcription factor. Mol.
Microbiol. 69, 376–389. doi: 10.1111/j.1365-2958.2008.06281.x
Hickman, J. W., Tifrea, D. F., and Harwood, C. S. (2005). A chemosensory system that regulates biofilm formation through modulation of cyclic
diguanylate levels. Proc. Natl. Acad. Sci. U.S.A. 102, 14422–14427. doi:
10.1073/pnas.0507170102
Hübner, A., Yang, X., Nolen, D. M., Popova, T. G., Cabello, F. C., and Norgard, M.
V. (2001). Expression of Borrelia burgdorferi OspC and DbpA is controlled by a
RpoN-RpoS regulatory pathway. Proc. Natl. Acad. Sci. U.S.A. 98, 12724–12729.
doi: 10.1073/pnas.231442498
Hyde, J. A., Shaw, D. K., Smith, R. III., Trzeciakowski, J. P., and Skare, J. T.
(2009). The BosR regulatory protein of Borrelia burgdorferi interfaces with the
RpoS regulatory pathway and modulates both the oxidative stress response
and pathogenic properties of the Lyme disease spirochete. Mol. Microbiol. 74,
1344–1355. doi: 10.1111/j.1365-2958.2009.06951.x
Hyde, J. A., Shaw, D. K., Smith, R. III., Trzeciakowski, J. P., and Skare, J. T. (2010).
Characterization of a conditional bosR mutant in Borrelia burgdorferi. Infect.
Immun. 78, 265-274. doi: 10.1128/IAI.01018-09
Jenal, U., and Malone, J. (2006). Mechanisms of c-di-GMP signaling in bacteria.
Annu. Rev. Genet. 40, 385–407. doi: 10.1128/IAI.01018-09
Katona, L. I., Tokarz, R., Kuhlow, C. J., Benach, J., and Benach, J. L. (2004).
The fur homologue in Borrelia burgdorferi. J. Bacteriol. 186, 6443–6456. doi:
10.1128/JB.186.19.6443-6456.2004
Kazmierczak, M. J., Wiedmann, M., and Boor, K. J. (2005). Alternative sigma factors and their roles in bacterial virulence. Microbiol. Mol. Biol. Rev. 69, 527–543.
doi: 10.1128/MMBR.69.4.527-543.2005
Kim, Y. R., Lee, S. E., Kim, B., Choy, H., and Rhee, J. H. (2013). A dual regulatory
role of cyclic adenosine monophosphate receptor protein in various virulence
traits of Vibrio vulnificus. Microbiol. Immunol. 57, 273–280. doi: 10.1111/13480421.12031
Ko, J., Ryu, K. S., Kim, H., Shin, J. S., Lee, J. O., Cheong, C., et al. (2010). Structure
of PP4397 reveals the molecular basis for different c-di-GMP binding modes by
PilZ domain proteins. J. Mol. Biol. 398, 97–110. doi: 10.1016/j.jmb.2010.03.007
Kostick, J. L., Szkotnicki, L. T., Rogers, E. A., Bocci, P., Raffaelli, N., and Marconi,
R. T. (2011). The diguanylate cyclase, Rrp1, regulates critical steps in the
enzootic cycle of the Lyme disease spirochetes. Mol. Microbiol. 81, 219–231. doi:
10.1111/j.1365-2958.2011.07687.x
Krasteva, P. V., Fong, J. C., Shikuma, N. J., Beyhan, S., Navarro, M. V., Yildiz, F.
H., et al. (2010). Vibrio cholerae VpsT regulates matrix production and motility
by directly sensing cyclic di-GMP. Science 327, 866–868. doi: 10.1126/science.1181185
Kuehn, B. M. (2013). CDC estimates 300,000 US cases of Lyme disease annually.
JAMA. 310, 1110. doi: 10.1001/jama.2013.278331

Frontiers in Cellular and Infection Microbiology

Kulasekara, B. R., Kamischke, C., Kulasekara, H. D., Christen, M., Wiggins, P. A.,
and Miller, S. I. (2013). c-di-GMP heterogeneity is generated by the chemotaxis
machinery to regulate flagellar motility. Elife 2, e01402. doi: 10.7554/eLife.01402
Lai, T. H., Kumagai, Y., Hyodo, M., Hayakawa, Y., and Rikihisa, Y. (2009). The
Anaplasma phagocytophilum PleC histidine kinase and PleD diguanylate cyclase
two-component system and role of cyclic Di-GMP in host cell infection.
J. Bacteriol. 191, 693–700. doi: 10.1128/JB.01218-08
Lane, R. S., Piesman, J., and Burgdorfer, W. (1991). Lyme borreliosis: relation of
its causative agent to its vectors and hosts in North America and Europe. Annu.
Rev. Entomol. 36, 587–609. doi: 10.1146/annurev.en.36.010191.003103
Lee, V. T., Matewish, J. M., Kessler, J. L., Hyodo, M., Hayakawa, Y., and Lory, S.
(2007). A c-di- GMP receptor required for bacterial exopolysaccharide production. Mol. Microbiol. 65, 1474–1484. doi: 10.1111/j.1365-2958.2007.05879.x
Levine, J. F., Wilson, M. L., and Spielman, A. (1985). Mice as reservoirs of the Lyme
disease spirochete. Am. J. Trop. Med. Hyg. 34, 355–360.
Li, C., Bakker, R. G., Motaleb, M. A., Sartakova, M. L., Cabello, F. C., and
Charon, N. W. (2002). Asymmetrical flagellar rotation in Borrelia burgdorferi nonchemotactic mutants. Proc. Natl. Acad. Sci. U.S.A. 99, 6169–6174. doi:
10.1073/pnas.092010499
Luo, Y., Zhou, J., Wang, J., Dayie, T. K., and Sintim, H. O. (2013). Selective
binding of 2’-F-c-di-GMP to Ct-E88 and Cb-E43, new class I riboswitches
from Clostridium tetani and Clostridium botulinum, respectively. Mol. Biosyst.
9, 1535–1539. doi: 10.1039/c3mb25560c
Maes, E., Lecomte, P., and Ray, N. (1998). A cost-of-illness study of Lyme disease in
the United States. Clin. Ther. 20, 993–1008. discussion: 992. doi: 10.1016/S01492918(98)80081-7
Massie, J. P., Reynolds, E. L., Koestler, B. J., Cong, J. P., Agostoni, M., and Waters, C.
M. (2012). Quantification of high-specificity cyclic diguanylate signaling. Proc.
Natl. Acad. Sci. U.S.A. 109, 12746–12751. doi: 10.1073/pnas.1115663109
Mather, T. N., Wilson, M. L., Moore, S. I., Ribeiro, J. M., and Spielman, A. (1989).
Comparing the relative potential of rodents as reservoirs of the Lyme disease
spirochete (Borrelia burgdorferi). Am. J. Epidemiol. 130, 143–150.
McCarthy, Y., Ryan, R. P., O’Donovan, K., He, Y. Q., Jiang, B. L., Feng, J. X.,
et al. (2008). The role of PilZ domain proteins in the virulence of Xanthomonas
campestris pv. campestris. Mol. Plant Pathol. 9, 819–824. doi: 10.1111/j.13643703.2008.00495.x
Merighi, M., Lee, V. T., Hyodo, M., Hayakawa, Y., and Lory, S. (2007). The second messenger bis-(3’-5’)-cyclic-GMP and its PilZ domain-containing receptor
Alg44 are required for alginate biosynthesis in Pseudomonas aeruginosa. Mol.
Microbiol. 65, 876–895. doi: 10.1111/j.1365-2958.2007.05817.x
Monds, R. D., Newell, P. D., Gross, R. H., and O’Toole, G. A. (2007). Phosphatedependent modulation of c-di-GMP levels regulates Pseudomonas fluorescens
Pf0-1 biofilm formation by controlling secretion of the adhesin LapA. Mol.
Microbiol. 63, 656–679. doi: 10.1111/j.1365-2958.2006.05539.x
Moriarty, T. J., Norman, M. U., Colarusso, P., Bankhead, T., Kubes, P., and
Chaconas, G. (2008). Real-time high resolution 3D imaging of the Lyme disease spirochete adhering to and escaping from the vasculature of a living host.
PLoS Pathog. 4:e1000090. doi: 10.1371/journal.ppat.1000090
Motaleb, M. A., Miller, M. R., Li, C., Bakker, R. G., Goldstein, S. F., Silversmith,
R. E., et al. (2005). CheX is a phosphorylated CheY phosphatase essential for Borrelia burgdorferi chemotaxis. J. Bacteriol. 187, 7963–7969. doi:
10.1128/JB.187.23.7963-7969.2005
Motaleb, M. A., Sultan, S. Z., Miller, M. R., Li, C., and Charon, N. W. (2011). CheY3
of Borrelia burgdorferi is the key response regulator essential for chemotaxis and
forms a long-lived phosphorylated intermediate. J. Bacteriol. 193, 3332–3341.
doi: 10.1128/JB.00362-11
Nickels, B. E. (2012). A new way to start: nanoRNA-mediated priming of transcription initiation. Transcription 3, 300–304. doi: 10.4161/trns.21903
Norman, M. U., Moriarty, T. J., Dresser, A. R., Millen, B., Kubes, P., and Chaconas,
G. (2008). Molecular mechanisms involved in vascular interactions of the Lyme
disease pathogen in a living host. PLoS Pathog. 4:e1000169. doi: 10.1371/journal.ppat.1000169
Ojaimi, C., Brooks, C., Akins, D., Casjens, S., Rosa, P., Elias, A., et al. (2002).
Borrelia burgdorferi gene expression profiling with membrane-based arrays.
Meth. Enzymol. 358, 165–177. doi: 10.1016/S0076-6879(02)58088-5
Ojaimi, C., Brooks, C., Casjens, S., Rosa, P., Elias, A., Barbour, A., et al. (2003).
Profiling of temperature-induced changes in Borrelia burgdorferi gene expression by using whole genome arrays. Infect. Immun. 71, 1689–1705. doi:
10.1128/IAI.71.4.1689-1705.2003

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 9

Novak et al.

c-di-GMP signaling in Borrelia burgdorferi

Ostfeld, R. S. (1997). The ecology of Lyme-disease risk: complex interactions
between seemingly unconnected phenomena determine risk of exposure to this
expanding disease. Am. Sci. 85, 338–346.
Ouyang, Z., Blevins, J. S., and Norgard, M. V. (2008). Transcriptional interplay among the regulators Rrp2, RpoN, and RpoS in Borrelia burgdorferi.
Microbiology 154, 2641–2658. doi: 10.1099/mic.0.2008/019992-0
Ouyang, Z., Deka, R. K., and Norgard, M. V. (2011). BosR (BB0647) controls the
RpoN-RpoS regulatory pathway and virulence expression in Borrelia burgdorferi by a novel DNA- binding mechanism. PLoS Pathog. 7:e1001272. doi:
10.1371/journal.ppat.1001272
Ouyang, Z., Kumar, M., Kariu, T., Haq, S., Goldberg, M., Pal, U., et al. (2009). BosR
(BB0647) governs virulence expression in Borrelia burgdorferi. Mol. Microbiol.
74,1331–1343. doi: 10.1111/j.1365-2958.2009.06945.x
Ouyang, Z., Narasimhan, S., Neelakanta, G., Kumar, M., Pal, U., Fikrig, E., et al.
(2012).Activation of the RpoN-RpoS regulatory pathway during the enzootic
life cycle of Borrelia burgdorferi. BMC Microbiol. 12:44. doi: 10.1186/14712180-12-44
Pappas, C. J., Iyer, R., Petzke, M. M., Caimano, M. J., Radolf, J. D., and Schwartz,
I. (2011). Borrelia burgdorferi requires glycerol for maximum fitness during the
tick phase of the enzootic cycle. PLoS Pathog. 7:e1002102. doi: 10.1371/journal.ppat.1002102
Paul, K., Nieto, V., Carlquist, W. C., Blair, D. F., and Harshey, R. M. (2010). The
c-di-GMP binding protein YcgR controls flagellar motor direction and speed to
affect chemotaxis by a “backstop brake” mechanism. Mol. Cell 38, 128–139. doi:
10.1016/j.molcel.2010.03.001
Paul, R., Weiser, S., Amiot, N. C., Chan, C., Schirmer, T., Giese, B., et al. (2004).
Cell cycle-dependent dynamic localization of a bacterial response regualtor
with a novel di-guanylate cyclase output domain. Genes Dev. 18, 715–727. doi:
10.1101/gad.289504
Pazy, Y., Motaleb, M. A., Guarnieri, M. T., Charon, N. W., Zhao, R., and Silversmith,
R. E. (2010). Identical phosphatase mechanisms achieved through distinct
modes of binding phosphoprotein substrate. Proc. Natl. Acad. Sci. U.S.A. 107,
1924–1929. doi: 10.1073/pnas.0911185107
Pesavento, C., Becker, G., Sommerfeldt, N., Possling, A., Tschowri, N., Mehlis,
A., et al. (2008). Inverse regulatory coordination of motility and curlimediated adhesion in Escherichia coli. Genes Dev. 22, 2434–2446. doi: 10.1101/
gad.475808
Pitzer, J. E., Sultan, S. Z., Hayakawa, Y., Hobbs, G., Miller, M. R., and Motaleb,
M. A. (2011). Analysis of the Borrelia burgdorferi c-di-GMP-binding protein
PlzA reveals a role in motility and virulence. Infect. Immun. 79, 1815–1825. doi:
10.1128/IAI.00075-11
Pratt, J. T., Tamayo, R., Tischler, A. D., and Camilli, A. (2007). PilZ domain proteins
bind cyclic diguanylate and regulate diverse processes in Vibrio cholerae. J. Biol.
Chem. 282, 12860–12870. doi: 10.1074/jbc.M611593200
Radolf, J. D., Caimano, M. J., Stevenson, B., and Hu, L. T. (2012). Of ticks, mice and
men: understanding the dual-host lifestyle of Lyme disease spirochetes. Nat. Rev.
Microbiol. 10, 87–99. doi: 10.1038/nrmicro2714
Revel, A. T., Talaat, A. M., and Norgard, M. V. (2002). DNA microarray analysis of differential gene expression in Borrelia burgdorferi, the Lyme disease
spirochete. Proc. Natl. Acad. Sci. U.S.A. 99, 1562–1567. doi: 10.1073/pnas.
032667699
Rogers, E. A., Terekhova, D., Zhang, H. M., Hovis, K. M., Schwartz, I., and Marconi,
R. T. (2009). Rrp1, a c-di-GMP-producing response regulator, is an important regulator of Borrelia burgdorferi core cellular functions. Mol. Microbiol. 71,
1551–1573. doi: 10.1111/j.1365-2958.2009.06621.x
Römling, U. (2005). Characterization of the rdar morphotype, a multicellular behaviour in Enterobacteriaceae. Cell. Mol. Life Sci. 62, 1234–1246. doi:
10.1007/s00018-005-4557-x
Römling, U., Galperin, M. Y., and Gomelsky, M. (2013). Cyclic di-GMP: the first
25 years of a universal bacterial second messenger. Microbiol. Mol. Biol. Rev. 77,
1–52. doi: 10.1128/MMBR.00043-12
Römling, U., Gomelsky, M., and Galperin, M. Y. (2005). C-di-GMP: the dawning of a novel bacterial signalling system. Mol. Microbiol. 57, 629–639. doi:
10.1111/j.1365-2958.2005.04697.x
Römling, U., and Simm, R. (2009). Prevailing concepts of c-di-GMP signaling.
Contrib. Microbiol. 16, 161–181. doi: 10.1159/000219379
Ross, P., Weinhouse, H., Aloni, Y., Michaeli, D., Weinberger-Ohana, P., Mayer, R.,
et al. (1987). Regulation of cellulose synthesis in Acetobacter xylinum by cyclic
diguanylic acid. Nature 325, 279–281. doi: 10.1038/325279a0

Frontiers in Cellular and Infection Microbiology

Russell, M. H., Bible, A. N., Fang, X., Gooding, J. R., Campagna, S. R.,
Gomelsky, M., et al. (2013). Integration of the second messenger c-diGMP into the chemotactic signaling pathway. MBio 4, e00001–e00013. doi:
10.1128/mBio.00001-13
Ryan, R. P., Fouhy, Y., Lucey, J. F., Crossman, L. C., Spiro, S., He, Y. W., et al. (2006a).
Cell-cell signaling in Xanthomonas campetris involves an HD-GYP domain protein that functions in cyclic di-GMP turnover. Proc. Natl. Acad. Sci. U.S.A. 103,
6712–6717. doi: 10.1073/pnas.0600345103
Ryan, R. P., Fouhy, Y., Lucey, J. F., and Dow, J. M. (2006b). Cyclic di-GMP signaling
in bacteria: recent advances and new puzzles. J. Bacteriol. 188, 8327–8334. doi:
10.1128/JB.01079-06
Ryan, R. P., Fouhy, Y., Lucey, J. F., Jiang, B. L., He, Y. Q., Feng, J. X., et al.
(2007). Cyclic-di-GMP signalling in the virulence and enviromental adaptation
of Xanthomonas campetris. Mol. Microbiol. 63, 429–442. doi: 10.1111/j.13652958.2006.05531.x
Ryan, R. P., Lucey, J., O’Donovan, K., McCarthy, Y., Yang, L., Toker-Nielson, T.,
et al. (2009). HD-GYP domain proteins regulate biofilm formation and virulence in Pseduomonas aeruginosa. Environ. Microbiol. 11, 1126–1136. doi:
10.1111/j.1462-2920.2008.01842.x
Ryan, R. P., McCarthy, Y., Andrade, M., Farah, C. S., Armitage, J. P., and Dow, J. M.
(2010). Cell-cell signal-dependent dynamic interactions between HD-GYP and
GGDEF domain proteins mediate virulence in Xanthomonas campestris. Proc.
Natl. Acad. Sci. U.S.A. 107, 5989–5994. doi: 10.1073/pnas.0912839107
Ryjenkov, D. A., Simm, R., Römling, U., and Gomelsky, M. (2006). The PilZ
domain is a receptor for the second messenger c-di-GMP: the PilZ domain protein YcgR controls motility in enterobacteria. J. Biol. Chem. 281, 30310–30314.
doi: 10.1074/jbc.C600179200
Ryjenkov, D. A., Tarutina, M., Moskvin, O. V., and Gomelsky, M. (2005). Cyclic
diguanylate is a ubiquitous signaling molecule in bacteria: insights into biochemistry of the GGDEF protein domain. J. Bacteriol. 187, 1792–1798. doi:
10.1128/JB.187.5.1792-1798.2005
Samuels, D. S. (2011). Gene regulation in Borrelia burgdorferi. Annu. Rev. Microbiol.
65, 479–499. doi: 10.1146/annurev.micro.112408.134040
Samuels, D. S., and Radolf, J. D. (2009). Who is the BosR around here anyway? Mol.
Microbiol. 74, 1295–1299. doi: 10.1111/j.1365-2958.2009.06971.x
Schirmer, T., and Jenal, U. (2009). Structural and mechanistic determinants of cdi-GMP signalling. Nat. Rev. Microbiol. 7, 724–735. doi: 10.1038/nrmicro2203
Schmidt, A. J., Ryjenkov, D. A., and Gomelsky, M. (2005). The ubiquitous
protein domain EAL is a cyclic diguanylate-specific phosphodiesterase: enzymatically active and inactive EAL domains. J. Bacteriol. 187, 4774–4781. doi:
10.1128/JB.187.14.4774-4781.2005
Schmidt, K. A., and Ostfeld, R. S. (2001). Biodiversity and the dilution effect in disease ecology. Ecology 82, 609–619. doi: 10.1890/00129658(2001)082[0609:BATDEI]2.0.CO;2
Seshu, J., Boylan, J. A., Hyde, J. A., Swingle, K. L., Gherardini, F. C., and Skare,
J. T. (2004). A conservative amino acid change alters the function of BosR,
the redox regulator of Borrelia burgdorferi. Mol. Microbiol. 54, 1352–1363. doi:
10.1111/j.1365-2958.2004.04352.x
Silversmith, R. E., and Bourret, R. B. (1999). Throwing the switch in bacterial
chemotaxis. Trends Microbiol. 7, 16–22. doi: 10.1016/S0966-842X(98)01409-7
Smith, K. D., Lipchock, S. V., Ames, T. D., Wang, J., Breaker, R. R., and Strobel,
S. A. (2009). Structural basis of ligand binding by a c-di-GMP riboswitch. Nat.
Struct. Mol. Biol. 16, 1218–1223. doi: 10.1038/nsmb.1702
Sommerfeldt, N., Possling, A., Becker, G., Pesavento, C., Tschowri, N., and Hengge,
R. (2009). Gene expression patterns and differential input into curli fimbriae
regulation of all GGDEF/EAL domain proteins in Escherichia coli. Microbiology
155, 1318–1331. doi: 10.1099/mic.0.024257-0
Sonenshine, D. E., Ceraul, S. M., Hynes, W. E., Macaluso, K. R., and Azad,
A. F. (2002). Expression of defensin-like peptides in tick hemolymph and
midgut in response to challenge with Borrelia burgdorferi, Escherichia coli,
and Bacillus subtilis. Exp. Appl. Acarol. 28, 127–134. doi: 10.1023/A:102535
4326877
Sonenshine, D. E., and Hynes, W. L. (2008). Molecular characterization and related
aspects of the innate immune response in ticks. Front. Biosci. 13, 7046–7063.
doi: 10.2741/3209
Stelitano, V., Giardina, G., Paiardini, A., Castiglione, N., Cutruzzolà, F., and
Rinaldo, S. (2013). C-di-GMP hydrolysis by Pseudomonas aeruginosa HD-GYP
phosphodiesterases: analysis of the reaction mechanism and novel roles for
pGpG. PLoS ONE 8:e74920. doi: 10.1371/journal.pone.0074920

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 10

Novak et al.

c-di-GMP signaling in Borrelia burgdorferi

Stock, A. M., Robinson, V. L., and Goudreau, P. N. (2000). Twocomponent signal transduction. Annu. Rev. Biochem. 69, 183–215. doi:
10.1146/annurev.biochem.69.1.183
Sudarsan, N., Lee, E. R., Weinberg, Z., Moy, R. H., Kim, J. N., Link, K. H., et al.
(2008). Riboswitches in eubacteria sense the second messenger cyclic di-GMP.
Science 321, 411–413. doi: 10.1126/science.1159519
Sultan, S. Z., Pitzer, J. E., Boquoi, T., Hobbs, G., Miller, M. R., and Motaleb, M. A.
(2011). Analysis of the HD-GYP domain cyclic dimeric GMP phosphodiesterase
reveals a role in motility and the enzootic life cycle of Borrelia burgdorferi. Infect.
Immun. 79, 3273–3283. doi: 10.1128/IAI.05153-11
Sultan, S. Z., Pitzer, J. E., Miller, M. R., and Motaleb, M. A. (2010). Analysis
of a Borrelia burgdorferi phosphodiesterase demonstrates a role for cyclicdi-guanosine monophosphate in motility and virulence. Mol. Microbiol. 77,
128–142. doi: 10.1111/j.1365-2958.2010.07191.x
Sze, C. W., Smith, A., Choi, Y. H., Yang, X., Pal, U., Yu, A., et al. (2013). Study
of the response regulator Rrp1 reveals its regulatory role in chitobiose utilization and virulence of Borrelia burgdorferi. Infect. Immun. 81, 1775–1787. doi:
10.1128/IAI.00050-13
Sze, C. W., Zhang, K., Kariu, T., Pal, U., and Li, C. (2012). Borrelia burgdorferi needs
chemotaxis to establish infection in mammals and to accomplish its enzootic
cycle. Infect. Immun. 80, 2485–2492. doi: 10.1128/IAI.00145-12
Tal, R., Wong, H. C., Calhoon, R., Gelfand, D., Fear, A. L., Volman, G., et al. (1998).
Three cdg operons control cellular turnover of cyclic di-GMP in Acetobacter
xylinum: genetic organization and occurrence of conserved domains in isoenzymes. J. Bacteriol. 180, 4416–4425.
Tam, R., and Saier, M. H. (1999). Structural, functional, and evolutionary relationships among extracellular solute-binding receptors of bacteria. Microbiol. Rev.
57, 320–346.
Tamayo, R., Pratt, J. T., and Camilli, A. (2007). Roles of cyclic diguanylate in the
regulation of bacterial pathogenesis. Annu. Rev. Microbiol. 61, 131–148. doi:
10.1146/annurev.micro.61.080706.093426
Tamayo, R., Schild, S., Pratt, J. T., and Camilli, A. (2008). Role of cyclic DiGMP during El Tor biotype Vibrio cholerae infection: characterization of the
in vivo-induced cyclic Di-GMP phosphodiesterase CdpA. Infect. Immun. 76,
1617–1627. doi: 10.1128/IAI.01337-07
Tamayo, R., Tischler, A. D., and Camilli, A. (2005). The EAL domain protein VieA
is a cyclic diguanylate phosphodiesterase. J. Biol. Chem. 280, 33324–33330. doi:
10.1074/jbc.M506500200
Tao, F., He, Y. W., Wu, D. H., Swarup, S., and Zhang, L. H. (2010). The cyclic
nucleotide monophosphate domain of Xanthomonas campestris global regulator
Clp defines a new class of cyclic di-GMP effectors. J. Bacteriol. 192, 1020–1029.
doi: 10.1128/JB.01253-09
Thomas, C., Andersson, C. R., Canales, S. R., and Golden, S. S. (2004). PsfR, a factor
that stimulates psbAI expression in the cyanobacterium Synechococcus elongatus
PCC 7942. Microbiology 150, 1031–1040. doi: 10.1099/mic.0.26915-0
Tilly, K., Rosa, P. A., and Stewart, P. E. (2008). Biology of infection
with Borrelia burgdorferi. Infect. Dis. Clin. North Am. 22, 217–234. doi:
10.1016/j.idc.2007.12.013
Tokarz, R., Anderton, J. M., Katona, L. I., and Benach, J. L. (2004). Combined
effects of blood and temperature shift on Borrelia burgdorferi gene expression
as determined by whole genome DNA array. Infect. Immun. 72, 5419–5432. doi:
10.1128/IAI.72.9.5419-5432.2004
Trappetti, C., Ogunniyi, A. D., Oggioni, M. R., and Paton, J. C. (2011). Extracellular
matrix formation enhances the ability of Streptococcus pneumoniae to cause
invasive disease. PLoS ONE 6:e19844. doi: 10.1371/journal.pone.0019844
Tsao, J. I. (2009). Reviewing molecular adaptations of Lyme borreliosis spirochetes
in the context of reproductive fitness in natural transmission cycles. Vet. Res.
40:36. doi: 10.1051/vetres/2009019

Frontiers in Cellular and Infection Microbiology

Tuckerman, J. R., Gonzalez, G., and Gilles-Gonzalez, M. A. (2011). Cyclic di-GMP
activation of polynucleotide phosphorylase signal-dependent RNA processing.
J. Mol. Biol. 407, 633–639. doi: 10.1016/j.jmb.2011.02.019
Tuckerman, J. R., Gonzalez, G., Sousa, E. H., Wan, X., Saito, J. A., Alam, M., et al.
(2009). An oxygen-sensing diguanylate cyclase and phosphodiesterase couple
for c-di-GMP control. Biochemistry 48, 9764–9774. doi: 10.1021/bi901409g
Vvedenskaya, I. O., Sharp, J. S., Goldman, S. R., Kanabar, P. N., Livny, J., Dove,
S. L., et al. (2012). Growth phase-dependent control of transcription start site
selection and gene expression by nanoRNAs. Genes Dev. 26, 1498–1507. doi:
10.1101/gad.192732.112
Weber, H., Pesavento, C., Possling, A., Tischendorf, G., and Hengge, R. (2006).
Cyclic-di-GMP-mediated signalling within the sigma network of Escherichia
coli. Mol. Microbiol. 62, 1014–1034. doi: 10.1111/j.1365-2958.2006.05440.x
West, A. H., and Stock, A. M. (2001). Histidine kinases and response regulator proteins in two-component signaling systems. Trends Biochem. Sci. 26, 369–376.
doi: 10.1016/S0968-0004(01)01852-7
Wolfe, A. J., and Visick, K. L. (2008). Get the message out: c-di-GMP regulates multiple levels of flagellum-based motility. J. Bacteriol. 190, 463–475. doi:
10.1128/JB.01418-07
Xu, H., Caimano, M. J., Lin, T., He, M., Radolf, J. D., Norris, S. J., et al. (2010). Role
of acetyl-phosphate in activation of the Rrp2-RpoN-RpoS pathway in Borrelia
burgdorferi. PLoS Pathog. 6:e1001104. doi: 10.1371/journal.ppat.1001104
Yang, X. F., Alani, S. M., and Norgard, M. V. (2003a). The response regulator Rrp2 is essential for the expression of major membrane lipoproteins
in Borrelia burgdorferi. Proc. Natl. Acad. Sci. U.S.A. 100, 11001–11006. doi:
10.1073/pnas.1834315100
Yang, X. F., Hübner, A., Popova, T. G., Hagman, K. E., and Norgard, M. V. (2003b).
Regulation of expression of the paralogous Mlp family in Borrelia burgdorferi.
Infect. Immun. 71, 5012–5020. doi: 10.1128/IAI.71.9.5012-5020.2003
Yildiz, F. H., and Schoolnik, G. K. (1999). Vibrio cholerae O1 El Tor: identification
of a gene cluster required for the rugose colony type, exopolysaccharide production, chlorine resistance, and biofilm formation. Proc. Natl. Acad. Sci. U.S.A. 96,
4028–4033. doi: 10.1073/pnas.96.7.4028
Yildiz, F. H., and Visick, K. L. (2009). Vibrio biofilms: so much the same yet so
different. Trends Microbiol. 17, 109–118. doi: 10.1016/j.tim.2008.12.004
Zhang, X., Meltzer, M. I., Peña, C. A., Hopkins, A. B., Wroth, L., and Fix, A. D.
(2006). Economic impact of Lyme disease. Emerg. Infect. Dis. 12, 653–660. doi:
10.3201/eid1204.050602
Zorraquino, V., Garcia, B., Latasa, C., Echeverz, M., Toledo-Arana, A., Valle, J.,
et al. (2013). Coordinated c-di-GMP repression of Salmonella motility through
YcgR and cellulose. J. Bacteriol. 195, 417–428. doi: 10.1128/JB.01789-12
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 06 February 2014; accepted: 13 April 2014; published online: 01 May 2014.
Citation: Novak EA, Sultan SZ and Motaleb MA (2014) The cyclic-di-GMP signaling pathway in the Lyme disease spirochete, Borrelia burgdorferi. Front. Cell. Infect.
Microbiol. 4:56. doi: 10.3389/fcimb.2014.00056
This article was submitted to the journal Frontiers in Cellular and Infection
Microbiology.
Copyright © 2014 Novak, Sultan and Motaleb. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

May 2014 | Volume 4 | Article 56 | 11

