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Summary

Borrelia burgdorferi , the causative agent of Lyme disease (along with closely related
genospecies), is in the deeply branching spirochete phylum. The bacterium is maintained in nature
in an enzootic cycle that involves transmission from a tick vector to a vertebrate host and
acquisition from a vertebrate host to a tick vector. During its arthropod sojourn, B. burgdorferi
faces a variety of stresses, including nutrient deprivation. Here, we review some of the spirochetal
factors that promote persistence, maintenance and dissemination of B. burgdorferiin the tick, and
then focus on the utilization of available carbohydrates as well as the exquisite regulatory systems
invoked to adapt to the austere environment between blood meals and to signal species transitions
as the bacteria traverse their enzootic cycle. The spirochetes shift their source of carbon and
energy from glucose in the vertebrate to glycerol in the tick. Regulation of survival under limiting
nutrients requires the classic stringent response in which Relgy, controls the levels of the
alarmones guanosine tetraphosphate and guanosine pentaphosphate (collectively termed
(p)ppGpp), while regulation at the tick—vertebrate interface as well as regulation of protective
responses to the blood meal require the two-component system Hk1/Rrpl to activate production of
the second messenger cyclic-dimeric-GMP (c-di-GMP).

Introduction

Several species of hard ticks in the genus /xodes acquire and transmit the morphologically
serpentine spirochetes Borrelia burgdorferi sensu lato as a crucial component of an enzootic
cycle (Fig. 1) (Lane et al., 1991; Piesman and Schwan, 2010; Radolf et a/., 2012). A few of
these Borrelia genospecies, historically including B. burgdorferi sensu stricto, Borrelia
gariniiand Borrelia afzelii, cause Lyme disease (Burgdorfer et al., 1982; Benach et al., 1983,
Steere et al.,, 1983), an emerging infection with a global distribution (Mead, 2015). /xodes
larvae acquire B. burgdorferi while feeding on infected vertebrates. Spirochetes reside in the
midgut as larvae molt into nymphs, and then migrate to the salivary glands when the nymph
feeds, at which point they transmit to the vertebrate host. Spirochetes migrate out of the
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midgut by, first, adhering to the midgut epithelium and, second, penetrating the intercellular
junctions to access the hemocoel (Dunham-Ems et al., 2009). B. burgdorferi must persist in
the nutrient-limited tick as well as evade the vertebrate and tick immune systems; these host-
specific responses are associated with a sea change of gene expression (Samuels, 2011;
Radolf et al,, 2012; lyer et al., 2015).

B. burgdorferihas a sparse set of metabolic pathways, but is flush with transporters to obtain
nutrients from its environment (Fig. 2) (Fraser et al., 1997; Gherardini et a/., 2010; Corona
and Schwartz, 2015). Spirochete burdens within the larval midgut substantially increase in
response to the nutrient-rich, digested blood meal; however, these nutrients are drained in a
few weeks and the spirochetes have to manage for months post-molt until the nymphs feed
on a second vertebrate (Sonenshine, 1991; Kung et a/., 2013). The physiological capacity of
B. burgdorferiis encoded on a relatively small, but exceedingly complex genome comprising
a ~950-kb linear chromosome and a suite of ~20 to 25 unique linear and circular plasmids
(Ip’s and cp’s, respectively) ranging in size from 5 to 56 kb (Fraser et al., 1997; Brisson et
al., 2012). The chromosome and plasmids carry several gene products required for
persistence in the tick (Kenedy et al., 2012; Kung et al., 2013), including the outer
membrane lipoproteins OspA, OspB and BptA as well as a transporter and enzymes
involved in utilizing glycerol. The expression of the genes required during the tick phase of
the enzootic cycle is predominantly controlled by three interacting regulatory systems: the
RpoN-RpoS alternative sigma factor cascade (which was previously reviewed in Samuels,
2011; Radolf et al., 2012), the second messenger cyclic-dimeric-GMP (c-di-GMP) and the
alarmones guanosine pentaphosphate and guanosine tetraphosphate ((p)ppGpp).

Gene products required in the tick

Several B. burgdorferiplasmids, including Ip54, Ip25 and 1p28-4, have been implicated in
infection and/or persistence in ticks. Ip54, the 54-kb linear plasmid, encodes numerous
differentially expressed lipoproteins, many of which are known to support spirochete
infection in the vector (see below). Ip25 also carries genes required for mouse and tick
infection (reviewed in Kung et al., 2013): pncA (bbe22), which encodes a nicotinamidase
that is essential for growth in mammals (Purser ef a/., 2003), and HptA (bbel6), which
encodes a putative lipoprotein of unknown function that is required for persistence in ticks
(Revel et al.,, 2005). Other genes on Ip25 must be important, as Ip25-deficient strains
complemented with either pncA or both pncA and bptA are acquired by larvae at reduced
levels and do not persist through intermolt (Gilmore et al., 2014). B. burgdorferilacking
Ip28-4 also display a reduced survival in ticks and diminished tick-to-mouse transmission
(reviewed in Kung et al., 2013).

Lipoproteins, referred to as outer surface proteins (Osps), are the most abundant component
of the B. burgdorferi proteome (Kenedy et al., 2012). Many of these Borrelia-specific
proteins are vital for persistence in, and transmission through, ticks via interaction(s) with
host or vector factors (Kenedy et al., 2012; Kung et al., 2013). OspA and OspB (BBA15 and
BBA16, respectively) are encoded by an operon on Ip54 and synthesized primarily during
the vector phase /n7 vivo: they are dominant lipoproteins that have crucial roles in persistence
within the tick. OspA interacts with TROSPA, a tick protein required for spirochete
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colonization of the gut epithelium (Pal et a/., 2004a), and binds plasminogen (Fuchs et al.,
1994). OspA is thought to protect spirochetes in the feeding tick gut from host-derived
bactericidal antibodies (Battisti et a/., 2008).

Less abundant B. burgdorferi surface-associated proteins also have been implicated in
supporting survival in the vector or transmission through feeding ticks; however, in most
cases, their biological function(s) have yet to be determined. Many of the genes encoding
these proteins are carried on Ip54 along with the ospAB operon. Expression of bba03is
increased in fed ticks, and BBAO3-deficient spirochetes cannot compete with wild type to
efficiently transmit to mice (Bestor et a/., 2012). BBAO7 and BBA52 are exposed on the
spirochete surface; a bba07 mutant (Xu et al., 2010b) and a bba52 mutant (Kumar et al.,
2010) can infect mice and persist in ticks, but both mutants are defective in tick-mediated
transmission. bba57 encodes a putative outer membrane lipoprotein and is required for early
murine infection and, potentially, transmission (Yang et al., 2013b). Another Ip54 gene
product, Lp6.6 (BBAG62), is required as pathogens enter and survive in the tick vector; bba62
is one of the most highly expressed genes in engorged nymphs (with significantly higher
expression in ticks than in the mammalian host-adapted state) (lyer et a/., 2015) and bba62
mutants are defective in transmitting to naive hosts (Promnares et a/., 2009). BBA64 (P35)
has also been shown to be important in persistence and transmission (reviewed in Kenedy et
al., 2012). Mutants in the gene encoding the surface-localized antigen BBA66 were
infectious in mice by needle inoculation, but exhibited reduced spirochete burdens and
pathology in joints; bba66 mutants are acquired by larvae and persist through intermolt, but
are impaired in their ability to be transmitted by nymphs (Patton et a/., 2013).

Other genomic elements carry genes involved in the tick phase of the enzootic cycle. OspC
(BBB19) is a dominant lipoprotein encoded by the first borrelial gene mapped to a circular
plasmid, cp26 (reviewed in Brisson et al., 2012); expression of ospC is induced during
nymphal transmission (Schwan et al., 1995) and is required for early murine infection
(Grimm et al., 2004; Pal et al., 2004b). Like OspA, it also binds plasminogen (Lagal et a/.,
2006; Onder et al., 2012), which could assist migration through the vector, although there is
some controversy regarding the specific role of OspC in dissemination through tick tissues
(Grimm et al., 2004; Pal et al., 2004b; Fingerle et al., 2007; Dunham-Ems et al., 2012). The
outer surface gene product of bbe31, carried on Ip25, binds to the tick protein TRE31 and
promotes migration into the hemocoel during feeding (reviewed in Kung et a/., 2013).
Anrthritis-related protein (Arp), encoded by 66701 on 1p28-1, is a target for antibody-
mediated disease resolution in the mouse model and is antigenic in humans; mutants were
compromised in transmission, suggesting that Arp supports survival or dissemination
through ticks (Imai et al., 2013).

Several chromosomal genes aid spirochete survival and their gene products function, albeit
not always exclusively, in the tick phase of the enzootic cycle. BmtA, encoded by 660219, is
a putative manganese transporter that is essential in both ticks and mammals (reviewed in
Kung et al., 2013). Surface protein P66, encoded by 660603, has integrin-binding and
channel-forming activities (reviewed in Kenedy et al., 2012); p66 mutants survive through
intermolt but are noninfectious in mice by tick transmission (Ristow et al., 2012). bb0405
encodes a surface-exposed transmembrane protein and mutants were unable to transmit from
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ticks to mice (Kung et al., 2016). The subsurface membrane protein LA7 (p22), encoded by
bb0365, supports survival in the tick (Pal et al., 2008); LA7-deficient B. burgdorferiwere
severely impaired in their ability to persist in feeding and quiescent ticks during
transmission and intermolt (YYang et a/.,, 2013a). Dps/NapA/BicA (BB0690) is an ortholog of
bacterioferritin that is uniquely fused to a copper-binding metallothionein-like domain
(Wang et al., 2012). In other bacterial species, Dps (DNA-binding protein from starved cells)
is found at high levels during stationary phase, when it protects DNA as part of the cellular
response to starvation. However, in vitro assays fail to demonstrate either DNA binding or
protection against oxidative damage by Dps/NapA/BicA from B. burgdorferi (Li et al.,
2007). On the other hand, although gps/ napAlbicA mutants are infectious in mammals and
can colonize the tick midgut, they do not survive prolonged periods in unfed ticks (Li et al.,
2007). Wang et al. (2012) propose that Dps/NapA/BicA sequesters excess metals throughout
the enzootic cycle, but aps/ napAl bicA is highly expressed in fed nymphs, with significantly
higher expression in ticks than in the mammalian host (Li et al., 2007; lyer et al., 2015), and
the gene is repressed during recovery from starvation /n vitro (Drecktrah et al., 2015).

Carbon utilization

B. burgdorferi, an extreme auxotroph, lacks genes encoding enzymes for the citric acid cycle
and oxidative phosphorylation, deriving energy instead from the fermentation of sugars
through glycolysis (Fraser et al., 1997; Gherardini et al., 2010). /n vitro, the spirochetes are
able to utilize a limited range of simple and complex carbohydrates for energy (von Lackum
and Stevenson, 2005; Hoon-Hanks et al., 2012). These substrates enter the cell primarily via
the phosphotransferase system (PTS) (Fraser et al., 1997; von Lackum and Stevenson, 2005;
Corona and Schwartz, 2015), a multicomponent carbohydrate uptake system that couples
sugar-specific transport across the cytoplasmic membrane with sugar phosphorylation. The
borrelial genome encodes one Enzyme | (El) component (660558) and two putative
Histidine phosphocarrier protein (Hpr) paralogs (660448, bb0557) that form a phoshorelay
system coupled to multiple membrane-associated, sugar-specific Enzyme 11 (Ell)
transporters (Fraser et al., 1997; Corona and Schwartz, 2015). Glucose, the preferred carbon
source, is predicted to be imported by two glucose-/maltose-specific (BB0116/MalX-1 and
BBB29/MalX-2) and/or the glucose-specific (BB0645/PtsG) PTS transporters and a non-
PTS ABC-type transporter with homology to the Mgl system in Escherichia coli (Death and
Ferenci, 1993; von Lackum and Stevenson, 2005; Gherardini et a/., 2010) (Fig. 2).
Glucose-6-phosphate is then funneled into glycolysis for energy generation or used as a
substrate for synthesis of membrane phospholipids, lipoproteins and nucleic acids
(Gherardini et al., 2010). Recently, Khajanchi et al. (2016) demonstrated that ptsG mutants
are avirulent in mice by syringe inoculation, suggesting that spirochetes rely heavily on this
transporter /n vivo. In ticks, spirochetes must compete for blood meal-derived glucose with
rapidly differentiating midgut epithelial cells that are avidly engulfing the blood meal.
Consequently, spirochetes must modify their metabolism to take advantage of alternate
carbon sources available within the midgut. Consistent with this notion, B. burgdorferi
possesses systems for uptake and utilization of a number of alternate carbon sources (von
Lackum and Stevenson, 2005; Gherardini et al., 2010; Corona and Schwartz, 2015),
including glycerol (Glp) (Pappas et al., 2011), glucose disaccharides, like trehalose (MalQ
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and TreA) (Hoon-Hanks et al., 2012), and chitobiose (Chb), an N-acetyl glucosamine
(GlcNACc) dimer derived from chitin, the major component of tick cuticle (Tilly et al., 2001;
2004; Rhodes et al., 2009; Sze et al., 2013). Glp-deficient organisms show significantly
reduced survival within feeding ticks and, following the molt, strongly diminished capacity
to transmit to mice via tick bite (He et al., 2011; Pappas et al., 2011; Caimano et al., 2015).
Surprisingly, neither the Chb system nor MalQ is required for survival during the blood meal
or tick-to-mammal transmission (Tilly et a/., 2004; Hoon-Hanks et al., 2012). Given that
glucose and B-glucoside transporters share considerable sequence and structural similarity
(Saier et al., 1988; McCoy et al., 2015), one or more of the glucose transporters likely
promote uptake of GIcNAc (Sze et al., 2013), an essential building block for peptidoglycan,
or disaccharides. The genes encoding FruA2 (predicted to transport mannose), ChbC and
MalX-2 are more highly expressed in ticks than in mammals (lyer et al., 2015).

B. burgdorferi does not contain a homolog of cAMP receptor protein (also called catabolite
activator protein), which is used by gram-negative bacteria to couple PTS-mediated sugar
transport to gene regulation (catabolite repression) (Fraser et al., 1997). Instead, the
spirochete has evolved novel mechanisms for regulating central carbohydrate metabolism
through the enzootic cycle (Pappas et al., 2011).

Regulation by (p)ppGpp and c-di-GMP

Although repression of the alternative sigma factor RpoS allows for induction of important
tick phase genes, like ospAB (reviewed in Samuels, 2011; Radolf et a/., 2012), the purine
sighaling molecule c-di-GMP and stringent response alarmones (p)ppGpp are indispensible
master regulators of B. burgdorferibiology in the tick (Fig. 1). Modulating the levels of
these second messengers in response to external signals alters the transcriptional landscape,
as well as many other cellular processes, adapting the spirochete to the challenges of a
dynamic and hostile environment in the tick midgut (Caimano et a/., 2011; 2015; He et al.,
2011; Kostick et al.,, 2011; Sultan et al., 2011; Bugrysheva et al., 2015; Drecktrah et al.,
2015). Classically, (p)ppGpp synthesis is triggered by an accumulation of uncharged tRNAs
during nutrient stress, but a shortage of carbon, iron, phosphate or fatty acids can also induce
the stringent response (reviewed in Potrykus and Cashel, 2008; Dalebroux and Swanson,
2012; Hauryliuk et al., 2015). (p)ppGpp alters RNA polymerase activity both directly, by
binding to the initiating holoenzyme, and indirectly, through sigma factor competition, to
alter the transcriptome, including rRNA levels (reviewed in Potrykus and Cashel, 2008;
Dalebroux and Swanson, 2012; Hauryliuk et al., 2015). In B. burgdorferi, the bifunctional
enzyme Relgp, adjusts (p)ppGpp levels in response to nutrient stress, although the specific
extracellular signals remain to be identified (Bugrysheva et a/., 2003; Concepcion and
Nelson, 2003; Drecktrah et al., 2015).

relgp, mutants are unable to synthesize (p)ppGpp (Bugrysheva et al., 2005; Drecktrah et al.,
2015) and are compromised for persistence in the tick between blood meals and/or during
nymph feeding, but retain the ability to infect mice (Drecktrah ef a/., 2015). The (p)ppGpp-
dependent transcriptome, determined using a relgp, mutant, included a number of
persistence-related genes induced by the stringent response, such as the glycerol uptake and
metabolism (g/p) operon (Bugrysheva et al., 2015; Drecktrah et al.,, 2015). The gip operon is
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induced in ticks and by glycerol /n vitro, survival of g/p mutants is compromised in the tick,
highlighting the importance of glycerol as a signal and carbon source in this part of the
enzootic cycle (He et al., 2011; Pappas et al., 2011). Glycerol presumably enters the
cytoplasm through the glycerol uptake facilitator (GlpF) and is phosphorylated by a putative
glycerol kinase (GIpK) to produce glycerol-3-phosphate. Glycerol-3-phosphate may be
either used in the biosynthesis of phospholipids and lipoproteins or shuttled to glycolysis via
conversion to dihydroxyacetone phosphate by a putative glycerol-3-phosphate
dehydrogenase (GlpD) (Fraser et al., 1997; Corona and Schwartz, 2015). A number of
studies indicate that the g/p genes (6b0240-bb0243) form an operon (He et al., 2011; Pappas
et al., 2011; Bugrysheva et al., 2015; Caimano et al., 2015), although (p)ppGpp uniquely
affects expression of the constituent genes: g/pFand g/pK are induced while glpD is
repressed (Drecktrah et al.,, 2015). Thus, the stringent response may direct glycerol toward
production of phospholipids and lipoproteins instead of glycolysis, which would require
GIpD. In addition, (p)ppGpp upregulates other genes encoding proteins required for
persistence in the tick: OspA, Dps/NapA/BicA and PncA (Drecktrah et al., 2015).

The Hk1/Rrpl two-component system (TCS) consists of a membrane-bound hybrid histidine
kinase and a cytoplasmic response regulator with diguanlyate cyclase activity (Caimano et
al., 2011; 2015; He et al., 2011; Kostick et al., 2011). The Hk1 periplasmic sensor consists
of three ligand-binding domains, each with homology to ABC transporter periplasmic
solute-binding proteins (Bauer et al., 2015). Analyses of the Hk1 sensor point to amino acids
and/or their derivatives as potential activating ligands (Bauer ¢t a/., 2015). Upon ligand
binding, HK1 is thought to mediate a signal transduction cascade that culminates in
phosphorylation of Rrpl. In turn, phosphorylated Rrpl catalyzes the synthesis of c-di-GMP
(Ryjenkov et al., 2005), a ubiquitous bacterial second messenger associated with a wide
range of lifestyle control networks, including the transition from planktonic to sessile states,
biofilm formation, cell cycle progression, and virulence (reviewed in R6mling et a/., 2013).
In contrast to the RpoN/RpoS pathway, which activates genes required during the vertebrate
host phase (Samuels, 2011; Radolf et a/., 2012), the Hk1/Rrp1 TCS functions exclusively
during the tick phase of the enzootic cycle: spirochetes lacking either Hk1 or Rrpl are
virulent in mice but rapidly destroyed within feeding larvae and nymphs (Caimano et al.,
2011; He et al., 2011; Kostick et al., 2011).

Transcriptomic analyses of an rrpZ mutant grown in vitro suggest that, during tick feeding,
c-di-GMP promotes utilization of alternate carbon sources for glycolysis and biosynthesis of
phospholipids and peptidoglycan (Rogers et al., 2009; He et al., 2011; Caimano et al., 2015).
Most notably, c-di-GMP is required for expression of the g/p operon via PIzA (Caimano et
al., 2015), the only c-di-GMP effector protein identified to date in B. burgdorferi (Freedman
et al., 2010; Pitzer et al., 2011; He et al., 2014). In addition, c-di-GMP upregulates the
expression of genes encoding known or putative PTS transporters for GIcNAc (MalX-2) and
chitobiose (ChbC), presumably to take advantage of copious amounts of GIcNAc and
chitobiose secreted by tick midgut epithelial cells for the formation of the peritrophic
membrane and cuticle (Sonenshine, 1991). Loss of c-di-GMP also results in reduced
expression of AckA, the acetate kinase required for generation of acetyl phosphate, which
gives rise to acetyl-CoA, the starting point for synthesis of peptidoglycan by way of the
mevalonate pathway (Xu et a/., 2010a; Van Laar et al., 2012). Presumably, the dramatic
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phenotypes displayed by /#kZ and rrpZ mutants within feeding ticks stem, at least in part,
from simultaneous dysregulation of both carbon metabolism and cell envelope biogenesis
(Sze et al,, 2013; Caimano et al., 2015).

In addition to its role in carbon metabolism, c-di-GMP also upregulates the expression of
multiple genes encoding outer surface lipoproteins, including several OspE/BbCRASP
paralogs, which have been shown to inhibit complement-mediated lysis by binding factor H
and related proteins (reviewed in Kraiczy and Stevenson, 2013). Other surface-associated
lipoproteins within the Hk1/Rrp1 regulon (such as the Mlps) may help to protect spirochetes
from potentially borreliacidal molecules (including antimicrobial peptides and reactive
oxygen species) encountered within the midgut during tick feeding (Caimano et a/., 2015).

These two nucleotide messengers converge on common pathways important for persistence,
such as glycerol utilization, indicating there is likely some degree of coordination. While
there is no known direct link between (p)ppGpp and c-di-GMP, a closer examination of their
metabolic pathways indicates shared substrates and products. Both enzymes are in
competition for the common substrate GTP; thus, an increase in the synthetic activity of
Relgy, or Rrpl may decrease the ability of the other enzyme to produce its respective
messenger. Alternatively, pyrophosphate (PP;) released during c-di-GMP synthesis could
potentially increase (p)ppGpp levels by product inhibition of Relgy, activity, as PP; is
formed when (p)ppGpp is hydrolyzed. Thus, c-di-GMP and (p)ppGpp levels could vary
inversely (or cooperatively) depending on the intracellular conditions.

Conclusions and perspectives

Borreliologists and medical entomologists have deciphered many of the molecular
mechanisms wielded by the spirochete to adapt to its vector and host, as well as to be
maintained in its natural enzootic cycle, which requires being transmitted from a feeding
tick to a naive host and being acquired from an infected vertebrate by a naive vector. We
have described some gene products, including those involved in carbon utilization, and how
they are regulated so that B. burgdorferi can survive in the tick between blood meals.
Perhaps surprisingly, as Borrelia is not known for doing business as usual in model
organisms (Samuels and Radolf, 2009), the spirochete takes advantage of the stringent
response, the classic bacterial response to nutrient deprivation.

Many, if not most, of the B. burgdorferi gene products involved in tick infectivity display
little to no homology to proteins of known function. Therefore, the biological significance of
the vast majority of these factors, especially their mechanistic role in spirochete survival in
the vector or transmission between species, is enigmatic. There remains much to learn
regarding the unexpected regulation of individual genes in the g/p operon as well as the
coordination of metabolic pathways as the spirochete cycles back and forth between vector
and host. We sincerely hope that this Microreview provides the background, and a
conceptual framework, for further research on the interaction of B. burgdorferiwith its tick
vector.
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Fig. 1.

Tr?e enzootic cycle of B. burgdorferi. Acquisition: larval ticks must acquire B. burgdorferi
by feeding on an infected vertebrate as the bacterium is not transovarially transmitted.
Persistence: intracellular second messengers (p)ppGpp and c-di-GMP regulate persistence in
the tick by various mechanisms, including modulation of carbohydrate preference, while the
molecular gatekeeper RpoS is absent in unfed ticks. Transmission: following the molt into
nymphs, infected ticks can transmit B. burgdorferito uninfected hosts, completing the cycle.
Adapted from Brisson et al. (2012). GIcNAc, N-acetyl glucosamine.
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Fig. 2.
Schematic diagram of carbohydrate transport and metabolism based on functional studies
and/or bioinformatics. Adapted from Corona and Schwartz (2015).
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