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ABSTRACT

The causative agent of Lyme disease Borrelia burgdorferi, is maintained in
nature in an enzootic cycle involving a tick vector and a mammalian host. In order
to cycle between two vastly different hosts, B. burgdorferi tightly regulates its gene
expression by sensing environmental cues. In bacteria, small regulatory RNAs
(sRNAs) have emerged as post-transcriptional regulators of genes associated in
different cell processes such as chemotaxis, metabolism and virulence. The sRNAs
bind to transcripts and affect their translation and/or stability, thus, modulating and
fine-tuning gene expression. Recently, in B. burgdorferi, a repertoire of SRNAs has
been identified and a significant number of them are differentially expressed at
temperatures in vitro that mimic the tick vector or mammalian host, suggesting a
potential role in the enzootic cycle.

In this work, we tested the role of seven putative sSRNAs of B. burgdorferi in
the experimental mouse model of infection. Of those, two were further examined in
more detail. The genetic inactivation of the sSRNA in between the gene bbd04 and
the pseudogene bbd05a of linear plasmid 17 (Ip17), designated SR0725, was
dispensable for borrelial mouse infection. However, the genetic inactivation of the
sRNA between the genes bbd18 and bbd21 of linear plasmid 17 (Ip17), denoted
SRO0736, resulted in an attenuated phenotype in the mouse model. RNA-seq studies
revealed 19 dysregulated transcripts in the sRNA mutant strain compared to the
parent. Global proteomics and western blot analysis revealed two proteins were

significantly less abundant in the sSRNA mutant than in the parent. Taken together,
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this study describes a novel trans-acting sRNA potentially involved in post-
transcriptional regulation of multiple genes by stabilizing transcripts and/or targeting
mMRNAs for degradation in B. burgdorferi. Our work highlights the importance of a
trans-acting sRNA for optimum infection in the Lyme disease spirochetal bacterium,

Borrelia burgdorferi.
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CHAPTERI

INTRODUCTION AND LITERATURE REVIEW

Discovery of Lyme disease

In 1975, in Lyme, Connecticut, USA, fifty-one residents, composed of adults
and children, displayed a similar type of arthritis (1). Initially, the children were
misdiagnosed with juvenile rheumatoid arthritis (1). Approximately one quarter of
the patients had developed an expanding, annular skin lesion weeks before the
onset of arthritis (1). Similar skin lesions had been reported previously in Europe
and thought to be transmitted by an infectious agent through the bite of the sheep
tick, Ixodes ricinus (1). After substantial investigations by infectious disease
specialists, public health officials, microbiologists, and entomologists, the cause of
a seasonal arthritis was found associated with a spirochetal bacterium from the
North American deer tick, Ixodes scapularis in 1982 (2). Subsequent studies
recovered Lyme disease-associated spirochetes from skin, blood, and
cerebrospinal fluid specimens (3,4). DNA-DNA hybridizations determined the
causative agent of Lyme disease to be a new species within the genus Borrelia and
was named Borrelia burgdorferi, after its co-discover Willy Burgdorfer (5).

Lyme Disease is the most common vector-borne disease in North America
and Europe (6). Lyme disease spirochetes are widely distributed in temperate
regions of the Northern hemisphere, specifically in North America, Europe, and Asia,
in which infected wildlife and ticks are prevalent (7,8). Approximately 30,000 cases

are confirmed to the Centers for Disease Control and Prevention (CDC) each year



in the United States, but it is believed that the number of diagnosed cases is as high

as 329,000 cases (9—11). Thus, Lyme disease is a significant public health issue.

Lyme disease causing spirochetes

The causative agent of Lyme disease, Borrelia burgdorferi, belongs to the
bacterial phylum Spirochaetes (7,12). Long, serpentine morphology with inner and
outer membrane surrounding periplasmic flagella is the signature feature of the
phylum (13). Members of the phylum are found to live in marine sediments, soil,
guts of arthropods and vertebrates as obligate parasites (7,14). The genus Borrelia
is member of the family Spirochaetaceae, this genus include two major phylogenetic
groups of pathogenic bacteria, the etiological agents of Relapsing Fever (RF) and
Lyme Disease (14,15). Phylogenetic analyses have led to the division of Lyme
disease spirochetes into multiple species, collectively known as Borrelia burgdorferi
sensu lato (s.l.) (7). From the sensu lato (s.l.) complex of 21 genospecies, 18 are
named spirochetes and 3 remain unnamed (16,17). Three genospecies
predominate as human pathogens causing Lyme borreliosis (LB), notably Borrelia
burgdorferi sensu stricto (s.s.) in the United States and Western Europe, as well as

Borrelia garinii and Borrelia azfelii in Eurasia (6,7).

Manifestation and Treatment of Lyme disease
Spirochetes are deposited into the dermis of the host together with the saliva
of an infected tick during the blood meal (7,12). Infection rarely occurs during the

first 24 hours of tick feeding, but becomes increasingly likely after the tick has been
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attached from 36 to 48 hours or longer to the host (7). The tick remains attached to
the host during feeding for approximately 4-5 days (7). Thus, early removal of ticks
is generally seen as an effective means to limit Lyme borreliosis.

Lyme disease is a multi-stage disorder which consists of stage 1, a localized
infection to the dermis, followed by days or weeks by stage 2, a disseminated
infection, followed by month to years later by stage 3, a persistent, chronic, and
difficult to treat disease (18,19). In localized infection, after the incubation period of
3-32 days, a painless, expanding skin lesion termed Erythema Migrans (EM)
develops in 70-80% of cases in North America, near to the area of the tick bite
(18,20). Often the EM develops a clearing as it enlarges giving it a “bulls eye”
appearance, but in many instances the lesion is in the form of a red band. The
identification of the EM is an important sign that allows for rapid diagnosis of Lyme
disease in endemic areas but, unfortunately, this feature is not seen in all patients
(17,18). The expansion of the EM lesion is presumed to be associated with the
migration of spirochetes in an outward direction from the tick bite site (21). Antibiotic
therapy at the early stages of infection, e.g., when a patient is displaying EM, is
highly effective (18,19).

In the U.S., EM is frequently accompanied by flu-like symptoms, such as
malaise and fatigue, headache, mild stiff neck, arthralgias, myalgias, and fever
(18,20). Within days to weeks after initial tick bite, the infection progresses to the
second stage characterized by disseminated disease (19,22). Dissemination of B.
burgdorferi occurs via the bloodstream, lymphatic system, and tissue invasion

(7,22). During this phase, B. burgdorferi binds to host proteins and adheres via
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interactions with integrins, proteoglycans, or glycoproteins on host cells or tissue
matrices (7,20,23). This initial site of colonization likely serves as a base for
replication and subsequent dissemination of B. burgdorferi to deeper tissues. The
result of this event may lead to secondary annular skin lesions, musculoskeletal,
cardiac, and neurologic symptoms (19,24). Asymptomatic infection may occur, but
at this stage is not common (20,25).

If left untreated, Lyme disease can progress to a persistent or chronic phase.
Late manifestations of Lyme disease include debilitating neurological symptoms,
chronic fatigue, and what has been designated as “treatment resistant” Lyme
arthritis (20,26—-29). A small percentage of patients, approximately 10%, develop
post-treatment Lyme disease syndrome (PLDS), in which symptoms can persist for
months or years even following oral and intravenous antibiotic therapy for 2 or 3
months (30,31).

The recommended treatment for Lyme disease includes doxycycline,
amoxicillin, or cefuroxime axetil, for 14-21 days for early or disseminated infection
(32). For hospitalized individuals or patients with PLDS, a combination of oral and
intravenous antibiotics is recommended (32). Currently, there is no available
vaccine against Lyme disease. As such, the best line of defense against Lyme
disease is to prevent the initial B. burgdorferi infection by rapid removal of the tick,

or if presumed to be infected, to receive antibiotic treatment soon after transmission.



The enzootic life cycle of B. burgdorferi

In nature, B. burgdorferi is maintained in an enzootic cycle between a tick
vector and a vertebrate host (7,12). B. burgdorferiis transmitted by four hard-bodied
ticks from the Ixodes ricinus complex: I. scapularis and I. pacificus in eastern and
western North America, respectively, I. ricinus in Europe, and I. persulcatus (the
tiaga tick) in Asia (7). The tick has four stages: egg, larva, nymph and adult. After
hatching, the tick takes three blood meals, one as a larva, a second as a nymph and
the third as an adult. /. scapularis life span generally last 2 years (18). Larvae feed
on diverse species of vertebrates, usually small mammals or birds for the first blood
meal (7). The white-footed mouse, Peromyscus leucopus, is considered to be the
main reservoir in the northeastern United States (7). Rodents and birds are the main
reservoirs in Europe for B. afzelii and B. garinii, respectively (7).

The tick larvae hatch uninfected, i.e., no transovarial transmission occurs,
and the larvae must acquire B. burgdorferi from the blood of an infected reservoir
host (7)( Fig. 1). Once Borrelia is acquired by an Ixodes larval tick, the infection is
maintained throughout its life (7) (Fig. 1). After molting into a nymph, the tick will
seek another blood meal, whereby B. burgdorferi can be transmitted (Fig. 1). The
blood meal triggers B. burgdorferi to replicate, escape the tick midgut to the
hemocoel, and exit through the salivary glands into the mammalian host, completing
the enzootic cycle (7,13) (Fig. 1). Humans typically get infected in late spring and
early summer months by nymph ticks harboring B. burgdorferi (7) (Fig. 1). It is
believed that the nymphal stage is the most relevant vector for Lyme disease in

humans, since they need a blood meal to molt into an adult, and their small in size,
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which means they often go unnoticed. Humans are dead-end host and not part of
the natural enzootic cycle (7). Finally, adult tick feed preferentially on large
mammals like deer, which do get infected by B. burgdorferi but clear the infection,
presumably due to potent innate immune killing mechanism, including complement
resistance. Deer do serve an important role in the lifecycle as they are the site where

adult ticks mate to propagate more Ixodes species (7,33).

B. burgdorferi segmented genome and metabolic limitations

In 1997, the B. burgdorferi strain B31, originally isolated from a tick collected
in Shelter Island, New York, was sequenced (34). It revealed a complex genome
consisting of 910,725 base pair linear chromosome and up to 23 circular and linear
plasmids, ranging in size from 5 to 56 kb, which contained approximately 600
kilobases of additional genetic material (34,35). Interestingly, the linear replicons
have covalently closed telomeres (36). To date, 28 complete and draft genome
sequences of Lyme disease spirochetes have been placed in the public database
(37,38). The strain B31 genome has a low G+C content (~28%) with most of the
housekeeping genes encoded on the chromosome (34). Of all the open reading
frames (ORFs) predicted in B. burgdorferi, lipoproteins represents 7.8% of the
genome (34). A significant number of the lipoproteins are plasmid encoded (34,35).
Certain lipoproteins differentially expressed during the enzootic cycle contribute to

the pathogenesis of B. burgdorferi (7,12,23,39-41).
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Figure 1. A schematic representation of the Borrelia burgdorferi enzootic cycle from
Brisson et al., 2012. B. burgdorferi cycles between ticks of the Ixodes genus and a
variety of warm-blooded vertebrate hosts. Larvae ticks can become infected with
the bacterium when feeding on an infected reservoir. The larva tick molts into nymph
and lie dormant through the winter months. Humans are accidental, dead end hosts
that typically become infected by the bite of an infected nymph during the spring and
summer months. Reprinted with permission from Annual Review of Genetics.
Copyright date of August 13, 2019.



B. burgdorferi has limited metabolic capabilities. It lacks machinery for
synthesizing nucleotides, amino acids, and fatty acids, reflecting its lifestyle as an
obligate parasite (34). Cultivation of B. burgdorferi in vitro is achieved by growing in
rich undefined media, termed BSK-Il (42). Interestingly, B. burgdorferi does not
seem to require iron and does not encode orthologues for any known iron-requiring
metalloproteins (34,43). In addition, it lacks genes encoding enzymes for the
tricarboxylic acid cycle and oxidative phosphorylation, deriving energy instead from
the fermentation of sugars to lactic acid via the Embden—Meyerhof pathway (32,37).
Given these limitations, B. burgdorferi survives by scavenging nutrients and

metabolites from its hosts.

Cellular architecture of B. burgdorferi, motility, and chemotaxis

B. burgdorferi cells are long in length, approximately 10-20 um and thin in
diameter, around 0.3 um (22,46). B. burgdorferi is organized as a Gram-negative
organism with an inner and outer membrane (47). One major difference from B.
burgdorferi outer membrane distinct then a traditional Gram-negative organism is
the lack of lipopolysaccharides (LPS) (48). Instead, B. burgdorferi has an
abundance of diverse outer surface exposed lipoproteins within its outer membrane
(23,49). During the initial exposure in the mammal, B. burgdorferi lipoproteins are
recognized by Toll-like receptor 2 (TLR2) and activate the host immune response in
concert with Myd88 (50,51).

In regard to motility, spirochetes are unique in that they contain subsurface

flagella, or endoflagella, that mediate their movement. In B. burgdorferi, 7-11
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endoflagella are present in each cell and are attached to each cell pole, forming
molecular ribbons that wrap clockwise around the protoplasmic cylinder (52). Not
only do the endoflagella provide motility to B. burgdorferi, but they also provide the
spirochete with its helical or planar flat-wave morphology (46,53).

Borrelial cells swimming in a single direction is achieved by one endoflagella
in one pole moving clockwise and the second endoflagella in the opposite pole
moving counterclockwise (22). Reversal of swimming occurs when both
endoflagella change direction of rotation (22). When both endoflagella move in a
counterclockwise or clockwise rotation, this results in a flex state, similar to the
tumble pattern in other bacteria (22).

Motility is essential for B. burgdorferi pathogenesis throughout the enzootic
cycle. When an infected tick begins feeding on a host, B. burgdorferi uses biphasic
migration to escape the tick midgut (54). First, the spirochetes move by adhering to
the midgut epithelial cells and second, they penetrate the cell junctions to access
the hemocoel in a process that requires their endoplasmic flagella (54). After the
spirochetes are in the hemocoel, they traffic to the salivary glands and are
subsequently deposited in the dermis of the new host (7,55). B. burgdorferi uses
motility in the mammalian host to disseminate from the site of the tick bite to colonize
distant tissue sites such as joints, heart, and lymph nodes (7,22). B. burgdorferi
disseminate through the extracellular matrices, via the bloodstream and the
lymphatic system, resulting in a systemic infection and subsequent disease

(22,24,56).



The movement towards a beneficial chemical stimulus or the movement
away from a harmful stimulus, is an important chemotactic response in bacteria
towards finding the optimum conditions for its survival. The flagellar motors found at
both cell poles coordinate the rotation that enables the spirochete to run or flex in
response to chemotactic cues (57). Chemotaxis and motility genes represent
approximately 6% of the B. burgdorferi genome (57). In B. burgdorferi, chemotaxis
is regulated by a two-component signal transduction pathway that utilizes a
membrane-bound chemoreceptor and a methyl-accepting chemotaxis protein
(MCP), which interacts with coupling protein CheW and histidine kinase CheA, to
form a complex that senses environmental cues (22,46,57). CheA
autophosphorylates and transfers its phosphate to three response regulators,
CheY1, CheY2 and CheY3 (CheY-P) (34,58). CheY3 is considered the key
chemotactic response regulator in B. burgdorferi and is needed for full virulence
(58,59). CheY3-P interacts with the motor switch proteins of B. burgdorferi and
controls the rotational direction of the flagellar motors (58,59). Levels of CheY3-P
leads to different motility patterns, low concentration of CheY3-P initiates a run
motility, meanwhile high CheY3-P concentrations causes B. burgdorferi to flex (22).

CheX dephosphorylates CheY-P rapidly reducing CheY-P concentrations
(60). CheX is enhanced by forming a complex with CheD (61). Additional genes
have been found to be associated with motility and chemotaxis. The hypothetical
protein BB0569 has sequence similarity to MCPs, localizes at the cell poles and is
essential for chemotaxis (62). In addition, the carbon storage regulator CsrA, is

involved in post-transcriptional regulation of flagellar genes (63,64). In contrast to
10



enteric bacteria, which contain only single copies of the chemotaxis machinery
components, B. burgdorferi harbors genes for two CheAs, two CheRs, two CheBs,

three CheYs and three CheWs (34,46,65).

Differential gene expression in the mammalian host and during tick feeding

B. burgdorferi lives in two distinct and different milieus, the arthropod vector
and the mammalian host. The spirochete senses and responds to environmental
cues such as temperature, pH, dissolved gases, as well as unidentified host factors,
to modulate its gene expression to promote its survival within its hosts (66—76). B.
burgdorferi encodes three sigma factors: RpoD, RpoS and RpoN (34). Of these,
RpoS appears to function in a regulatory role as both a repressor and an activator
of gene expression (7,12,77,78). In addition, B. burgdorferi encodes two sets of two-
component systems (TCS); the first is composed of the sensor histidine kinase Hk2
and the response regulator Rrp2 (79-82). These proteins are required for gene
expression that promotes mammalian infection (12,34,76,81,83—85). Although the
factors that activate Hk2 remains unclear (77), Rrp2 is activated by phosphorylation
(Rrp2-P) and acts as a transcriptional activator for the alternative sigma factor RpoN
(81,83), which in turns derepresses rpoS (80,82,86—89). RpoS then regulates a
battery of genes that allow for the infection of mammalian hosts (7,12,76). This
important activity has led RpoS to be referred to as “gatekeeper” that controls the
mammalian-specific host adaptive response (7,12,77,78).

The alternative sigma factor RpoS has a complex regulation and is the key

virulence regulator in B. burgdorferi. The rpoS transcript is expressed in vitro by
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increases in temperature, CO2, and a decrease in pH, conditions that mimic tick
feeding on a blood meal and when B. burgdorferi is being transmitted to mammals
(67,69,72,73,77,78). In host-adapted B. burgdorferi, produced by implanting dialysis
membrane chambers (DMC) containing the spirochetes into the peritoneal cavity of
rats, a large number of genes are induced and many are regulated by RpoS (67,78),
highlighting the importance of RpoS during active infection.

Transcription of rpoS requires Rrp2 and the Borrelia oxidative stress
regulator (BosR) (7,12,90). In addition, the transcript rpoS is repressed during in
vitro conditions that mimic the unfed tick by BadR (91,92). The regulatory Rrp2-
RpoN-RpoS cascade promotes the expression of genes required for the mammalian
host and represses the genes necessary for the tick vector (12,39,78,87,93,94).
RpoS controls the expression of virulence-associated surface expressed
lipoproteins such as OspC (Outer surface protein C), as well as the Decorin binding
protein A (DbpA), and BBK32 (78,89,95) adhesins. OspC is essential to establish
mammalian infection although its virulence-associated function is not known
(96,97). DbpA binds to host decorin, found in the extracellular matrix and within
connective tissue (23,98,99). BBK32 binds to fibronectin and promotes
B. burgdorferi attachment to glycosaminoglycans (GAG) (23,100,101). More
recently, our laboratory found that BBK32 can also potently inhibit the classical
complement pathway (102). DbpA and BBK32 proteins are important for adhesion
of host tissues and are necessary for optimal infection in the mammalian host and
mutants lacking either dbpA or bbk32 are significantly attenuated for B. burgdorferi

virulence (39,41,93,103).
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The RpoS regulator is required for the activation of ospC and, in contrast,
represses ospA during host adaptation (94). OspA and OspC have been studied
extensively in B. burgdorferi because of their importance in tick and mammal
infection, respectively, and because of their reciprocal expression (89,96,104,105).
The ospA locus is highly expressed when B. burgdorferi is in the tick midgut and is
downregulated as the spirochete migrates from the midgut to the salivary glands
during a bloodmeal (105,106). OspA is essential for Ixodes colonization and survival
within the tick midgut (23,105) where it binds to tick receptor, designated TROSPA
(107,108). In contrast, OspC is upregulated during tick feeding (106) and is essential
to establish early infection (96,97,104). The ospA/ospC regulatory dichotomy is one
example of a genetic switch that B. burgdorferi employs when transiting between
tick and mammal.

Both larval and nymphal blood meals stimulate the second two component
system (TCS) in B. burgdorferi consisting of a sensor histidine kinase, Hk1, and the
response regulator, Rrp1 (34). Hk1 has two periplasmic sensor domains, D1 and
D2, a conserved cytoplasmic histidine kinase core, REC, and a histidine-containing
phosphotransfer domain (Hpt) (85,109). Rrp1 contains the REC domain and the
conserved GGDEF domain of diguanylate cyclase activity (84,85,110). Rrp1 directs
the synthesis of cyclic dimeric GMP (c-di-GMP) (111,112). The diguanylate cyclase
activity of Rrp1 depends on its phosphorylation, which is presumably carried out by
its predicted cognate sensor kinase Hk1 (84,85,111,112).

Hk1-Rrp1 TCS, is dispensable for mammalian infection, however, the

product of Rrp1, c-di-GMP, mediates the tick-adaptive response. RNA-seq of wild-
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type B. burgdorferi and rrp1 mutant suggests c-di-GMP signaling has a global effect
by modulating the expression of genes involved in the remodelation of the cell
envelope, utilization of alternative carbohydrate sources, and chemotactic
responses, to promote the survival of B. burgdorferi within the feeding tick (113). In
addition, deletion of rrp1 results in the downregulation of the glp operon that is
required for glycerol uptake and metabolism (112). Glycerol is an essential carbon
source for spirochete fitness in ticks (114). Furthermore, deletion of rrp7 and hk1
impaired its ability to utilize chitobiose and N-acetylglucosamine (115). Chitobiose
is an important source of N-acetylglucosamine for cell wall synthesis in B.
burgdorferi (115-117). Hk1-Rrp1 and consequently c-di-GMP, are essential in
regulating tick phase genes and for B. burgdorferi survival during acquisition and
transmission blood meals (85,109,111-113).

B. burgdorferi encodes two phosphodiesterases (PDEs) that control the
turnover of c-di-GMP, PdeA and PdeB (118,119). In addition, the c-di-GMP receptor
PIzA, positively and negatively regulates the transcription of the glycerol operon
(glp) (120). Furthermore, PIzA is involved in motility and contributes to infection
(121). Recently, a second c-di-GMP receptor, PlzB, was identified that can also bind
to c-di-GMP but is not the primary receptor of c-di-GMP (122).

The two TCS of B. burgdorferi, Hk2-Rrp2 and Hk1-Rrp1 communicate with
each other (84,112,115). Hk2-Rrp2 is responsible for the transcriptional activation
of global regulator RpoS, which is essential for the pathogen to accomplish its tick
to mouse transmission and to establish mammalian infection (79,80,87,88,123).

Hk1-Rrp1 synthesizes c-di-GMP and is required for tick colonization (85,111,112).
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Recent studies demonstrated that the c-di-GMP binding protein PIzA, a downstream
effector of Rrp1, links the two TCS by positively modulating the expression of rpoS
in concert with the BosR transcription regulator (115,123). In ticks, expression of
plzA is induced turing tick feeding (121,124). Therefore, PlzA is important in
stimulating the RpoS regulon for the induction of genes necessary for the

transmission from tick to mammal.

Gene expression in the flat tick

B. burgdorferi must adapt and survive extreme nutrient deprivation as the
larvae molts into nymphs. In this state, tick phase genes are active and the Rrp2-
RpoN-RpoS pathway is inactive, leading to the repression of mammalian phase
genes (7,12,76). B. burgdorferi adapts to the nutritional limitations presented in the
unfed tick by modulating the stringent response. In B. burgdorferi, the Relgpy protein
contains domains homologous to RelA and SpoT in E. coli and is responsible for
the production of the alarmones guanosine pentaphosphate and guanosine
tetraphosphate (p)ppGpp (125-127). These alarmones modulate transcription in
response to nutrient stress to promote the persistence of B. burgdorferi in the tick

(128).

Post-transcriptional regulation in B. burgdorferi by RNA binding proteins
and RNA helicases
The majority of gene regulation in bacteria occurs at the transcriptional level,

however, bacteria also regulate gene expression at the post-transcriptional and
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post-translational levels. In B. burgdorferi, transcriptional regulation has been an
area of extensive investigation (7,12,76). Nevertheless, post-transcriptional
regulation has shed light in the spirochete genetic regulatory networks recently. For
example, the BBD18 protein, encoded on linear plasmid 17 (Ip17), has an apparent
post-transcriptional effect on RpoS (129-131). BBD18 represses transcription of
RpoS-dependent genes through its indirect regulatory effect to RpoS (129-131).
Although unresolved, the effect of BBD18 is seen in the form of protein stability or
degradation of RpoS (129-131).

CsrA is a homolog of the carbon-storage regulatory protein encoded by many
bacteria, including E. coli (64). CsrA post-transcriptionally regulates gene
expression by binding to the 5UTR of specific transcripts, thus altering their
translation and/or stability (132). The borrelial CsrA protein only binds to the flaB
transcript and inhibits its translation; flaB encodes the major flagellar subunit in B.
burgdorferi, (63). Conflicting results of CsrA have been reported in regards of its role
in pathogenesis (133-135). Interestingly, CsrA in E. coli interacts with two small
RNAs, designated CsrB and CsrC, which antagonize CsrA by sequestering the
protein (136). No CsrB- or CsrC-like regulatory RNAs have been identified in B.
burgdorferi.

The Bpur regulatory protein is a homodimer of 122 amino acids, which fold
into a ‘PUR’ domain (137,138). This is a conserved domain for proteins that exhibit
high affinity for purine-rich stretches of nucleic acids (138). In B. burgdorferi, Bpur
binds to its own transcript and inhibits its translation. Bpur is also linked to regulating

the translation of the sodA transcript, which encodes the sole superoxide dismutase
16



in B. burgdorferi (137,139). Similar to Bpur, the SpoVG protein binds to its own
MRNA, as well as the transcript specific to the glycerol operon glpFKD (140). SpoVG
appears to autoregulate in a post-transcriptional manner (140).

In addition to RNA binding proteins involved in post-transcriptional regulation,
RNA helicases have also shown to play a role in gene regulation. RNA helicases
are conserved enzymes that use ATP to bind RNA or ribonucleoprotein and are
central players in RNA metabolism (141,142). RNA helicases are involved in RNA
unwinding, RNA decay, ribosome biogenesis, RNA processing, and translation
initiation (142,143). B. burgdorferi encodes a single putative RNA helicase,
designated HrpA (34). HrpA is a DEAH-box RNA helicase involved in RNA
processing (34,144,145). Importantly, B. burgdorferi HrpA is associated with
infectivity (144). The genetic inactivation of hrpA, leads to the loss of B. burgdorferi
infectivity in mice and has a global impact by modulating the expression of 187
proteins (144). In addition, the absence of hrpA resulted in the RNA processing of
five B. burgdorferi transcripts in vitro: p66, oms28, glpK, glpA, and bb0242 (145).
This suggests that HrpA stabilizes these transcripts for their increase translation by

an unknown mechanism (145).

Small regulatory RNAs are post-transcriptional regulators in bacteria
Post-transcriptional regulation via small regulatory RNAs (sRNAs) is an RNA

based gene regulatory scheme found to affect gene expression by altering the

stability and/or the translation efficiency of targeted transcripts under conditions

including, but not limited to, stress response, quorum sensing, and virulence in
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bacteria (146—148). The sRNAs are usually ~50 to 500 nucleotides in size and the
regulatory effect of the SRNAs is achieved by base pairing to one or more mRNAs
(148-150). It was suggested that sSRNA regulation is an advantageous adaptive
response as it occurs quickly, is metabolically inexpensive to synthesize, and
provides an additional layer of regulation in response to environmental signals
(149,151). Documented bacterial sRNA origins include duplication events,
horizontal gene transfers (HGT), and de novo emergence (151,152).

The roles of sRNAs are diverse in gene regulation due to their ability to
upregulate and downregulate the translation of the transcripts they recognize. The
mechanisms of downregulation include binding to the ribosomal binding site (RBS)
of the mRNAs and inhibiting translation (148,149) (Fig. 2). Also, the sRNA binding
to the mRNA can result in the transcript destabilization, and consequently,
degradation by RNases (148,149) (Fig. 2). sRNAs can also upregulate gene
expression by binding to inhibitory secondary structures present in the mRNA that
occlude the RBS. Alternatively, the sRNA binding results in exposure of the RBS

and enhanced translation (148,149) (Fig. 2).
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Inhibiting translation =
by blocking the
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by sRNA—target ~ —
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Destabilizing the RNase
target RNA by =3
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Enhancing translation W
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ribosome binding site RBS
Upregulation -
by sRNA—target ~ — RBS
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Stabilizing the target RNase
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RNase cleavage RBS

RBS

Figure 2. Mechanisms of post-transcriptional regulation by bacterial SRNAs from
Nitzan M, et al., 2017. sRNAs can downregulate gene expression by binding to the
target transcript at the ribosomal binding site (RBS) and blocking translation. In
addition, the sRNA binding can destabilize the transcript and recruit RNases for
RNA degradation. sRNAs can upregulate gene expression by binding to mRNAs
and alleviating inhibitory secondary structures present in the transcript, exposing the
RBS and enhancing translation. Furthermore, the sRNA binding can stabilize the
transcript and prevent RNase degradation by masking RNase cleavage sites.
Reprinted with permission from Annual Review of Biophysics. Copyright date of
August 13, 2019.
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In addition, sSRNAs can bind to mRNAs and stabilize the transcripts by occluding
RNase cleavage sites, thus preventing RNA degradation (148,149) (Fig. 2).
General features of sSRNAs include a stable secondary structure, promoter
responsive to environmental signals, a unstructured region for mMRNA base pairing
termed the seed region, and a Rho-independent terminator (151,152). The base
pairing seed region requires a minimum of 6 to 8 contiguous base pairs (150,153).
Some sRNAs have one seed region that pairs to one mRNA while others have
multiple seed regions that each base pair with different mMRNA targets (154,155).

The most extensively studied sRNAs class are trans-acting sRNAs. These
are synthesized between two annotated genes (intergenic) regions of the genome
and base pair to mMRNAs encoded at a genomic location distinct from the sSRNA gene
(150,156). The trans-acting sSRNAs have limited complementarity with their mRNA
targets. Thus, single sRNAs can target multiple mRNAs and mRNAs can be
regulated by multiple sSRNAs (152,156). The resulting RNA-RNA duplex formed by
the sRNA-mRNA interaction, leads to the modulation of gene expression by
affecting mRNA stability and/or translation (148,150,156).

Some trans-acting sSRNAs are dependent of the RNA chaperone Hfq, which
facilitates the interaction between sRNAs and mRNAs (157,158). Hfq is a member
of the Sm/Lsm family of RNA binding proteins, forms a homohexameric ring and has
been found in both Gram-negative and Gram-positive bacteria (157,158).

A second class of sSRNAs are cis-acting or antisense sRNAs (159,160).
These sRNAs are encoded in the opposite strand of an annotated gene with

extended complementarity to the corresponding transcript and influence translation
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and/or stability of the transcript (160). Another class of SRNAs are designated as
intragenic and, as their name implies, are transcribed from within a protein coding
region, often in the same orientation as the coding sequence they are coded within.
To date, relatively little is known about their function (161,162).

The 5’ untranslated regions (UTR) of transcripts can also be a source of post-
transcriptional regulation. One example of this is a riboswitch. Riboswitches can
directly sense cellular metabolites to modulate transcription or translation of its
downstream genes (163,164). Another example are RNA thermometers. RNA
thermometers are structural elements located within the 5UTR of protein-coding
mRNAs that control the mRNA translation by changing its secondary structure in
response to temperature fluctuation (165,166). Generally, at low temperatures
(<30°C), RNA thermometers mask the RBS by forming a stable secondary structure
and blocking translation of the downstream gene (165,166). Upon an increase in
temperature, such as host body temperature of 37°C, the RNA thermometer unmask

the RBS and allows translation initiation (165,166).

Identification of SRNAs

The identification of SRNAs in bacteria has relied heavily on bioinformatics
prediction and experimental validation. Given their heterogeneity in sequence length
(50 to 500 nucleotides), different genomic locations, and distinct secondary
structures (167,168), validation of sRNAs has been challenging. The use of
computer programs often search exclusively in intergenic regions and define sSRNAs

based on sequence conservation, orphan promoters, and Rho-independent
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terminators (150,151,167). Although some sRNAs have been identified in this
manner, sSRNAs that are transcribed within or antisense to ORFs can be missed.
Experimental searches that use Hfg or RNase binding as a prerequisite will miss
Hfg- and RNase-independent sRNAs.

For trans-acting sRNAs, their imperfect base pairing to mRNAs results in
difficulty in predicting the mRNAs they target using bioinformatic approaches, which
render experimental validation essential after the computational prediction
(147,167). Recently, RNA-seq has become a powerful technique to identify
previously undetected transcripts (147,150). Although deep sequencing has been
fruitful for finding sRNAs, processing and comparing these large data sets are
difficult. Discrepancy in these studies include different cDNA preparation,
sequencing platforms, and different thresholds and stringencies for annotating
transcripts (147,150). Northern Blot analysis typically is the standard method for

validating potential sSRNA candidates that stem from RNA-seq data (161,168).

sRNAs in B. burgdorferi

The important virulence-associated regulator, RpoS, is also regulated post-
transcriptionally by a sRNA denoted DsrAs, (169). To date, this is the only
characterized sRNA in B. burgdorferi. The dsrAs, mutant fails to upregulate RpoS
and OspC in response to an increase in temperature, but does regulate RpoS and
OspC in response to changes in pH and cell density (169).

Two distinct 5 ends of rpoS transcripts have been identified and are

differentially regulated by cell density (169). The longer transcript is 171 nucleotides
22



upstream of the start codon (-171), which is enriched at low cell density and contains
the complementary sequence to the sRNA. The high cell density transcript is 50
nucleotides upstream of the start codon (-50) and does not contain the sRNA
binding portion (169). It was suggested that the long transcript is transcribed by the
housekeeping sigma factor RpoD, rather than RpoN (77,86,169). At low cell density,
in a temperature shift to 37°C, DsrAsp, binds to the rpoS transcript leading to an
increase of the translation of the RpoS protein (169). It is hypothesized that DsrAsp
regulation of rpoS is relevant for tick to mammal transmission of B. burgdorferi (169).
Furthermore, a Hfg-like RNA chaperone has been identified in B. burgdorferi
(170). B. burgdorferi hfq mutants are non-infectious in mice and Hfq was found to
bind to the sSRNA DsrAgy and the rpoS transcript, suggesting that it functions as the
RNA chaperone for this specific SRNA-mRNA interaction (170). Because of the
strong phenotype in hfg mutants, it is hypothesized that Hfq regulates additional
sRNAs important for virulence-associate gene expression in B. burgdorferi.
Bacteria sRNAs can work as negative regulators of gene expression by
destabilizing mRNAs, resulting in transcript degradation by RNases (171,172). In
some instances, SRNAs function as positive regulators, by stabilizing mRNAs, which
will in turn increase the translation of the gene and/or protect them from mRNA
degradation by masking RNase specific cleavage sites (148,149,173). RNA
degradation by RNases is an important mechanism for controlling the gene
expression of an organism where it provides an additional layer of regulation,
specifically those that affect post-transcriptional targets (173,174). In B. burgdorferi,

homologs of RNase Ill, RNase M5, RNase Y, RNase J1 and RNase Z, have been
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identified (34,175). The best characterized RNases in spirochetes include RNase P,
which is responsible for the maturation of tRNAs (176), and RNase lll, which was
recently found to process the 23S rRNA gene (177). Interestingly, it appears that
the mechanism for mRNA degradation in B. burgdorferi is far more similar to B.
subtilis than E. coli (175). Notably, B. burgdorferi lacks a homologue of RNase E,
the primary endoribonuclease involved in transcript decay in E. coli, but instead
encodes a homolog of RNase Y, the major regulator of RNA metabolism in B.
subtilis (175). RNase Y is associated with sRNA-mediated post-transcriptional
regulation in C. perfringens (171). This suggests that the borrelial RNase Y could
serve a similar function in the post-transcriptional regulation of borrelial SRNAs.
Recently a plethora of sSRNAs were by RNA-seq identified in B. burgdorferi
(161,178). Of the 1,005 sRNAs identified, 43% were shown to be temperature
dependent at either 23°C or 37°C, conditions in vitro that mimic the tick vector and
mammalian host environments, respectively (161). This subscription to differentially
regulated sRNAs suggests that B. burgdorferi utilizes sRNAs regulation as an
adaptive cue during the enzootic cycle. Among the sRNAs upregulated at 37°C was
a trans-acting sRNA, denoted SR0736 (161), located in the intergenic (IG) region in
between genes bbd78 and bbd271 of Ip17. In addition, previous studies found
attenuated phenotypes in B. burgdorferi harboring truncations of the linear plasmid
17 (131,179) that would have eliminated the SR0736 sequence. However, based
on the large deletions made in these studies, it was unclear if SR0736 was a key
component in the borrelial infectivity defect observed. Since the sRNA is

upregulated when B. burgdorferi is grown at conditions of 37°C (161), we
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hypothesized that SR0736 regulates genes important in the infectious process. In
the work presented herein, we describe the role that SR0736 plays in B. burgdorferi
infectivity and begin to define the mRNAs it targets. SR0736 is required for optimal
infection and dissemination in mice. Furthermore, the loss of SR0736 lead to
differential expression of genes, suggesting SR0736 may affect mRNA stability
and/or degradation. Moreover, the loss of SR0736 lead to a significant decrease of
two proteins, suggesting SR0736 stabilizes the transcripts encoding these proteins,

to promote their ability to be translated.

Summary

Lyme disease is an emerging infectious disease with approximately 329,000
cases diagnosed each year (9,10). The causative agent of Lyme disease, Borrelia
burgdorferi, is maintained in nature in an enzootic cycle involving an arthropod
vector and mammalian hosts (7). For B. burgdorferi to survive in these vastly
different milieus, the spirochete must sense environmental cues and regulate its
gene expression accordingly to survive within these disparate hosts (7,12,76). Post-
transcriptional regulation by sRNAs in B. burgdorferi affects RpoS levels (169) and
some additional sSRNAs have been identified that are temperature regulated under
conditions that mimic the tick vector and mammalian host (161). This suggests that
sRNAs play a role in regulating genes needed in the enzootic cycle. In this work we
have characterized two trans-acting sRNAs. One is encoded between the gene
bbd04 and the pseudogene bbd05a on Ip17, designated SR0725, and is

dispensable for mammalian infection. The second trans-acting sRNA is encoded
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between the genes bbd18 and bbd21 of Ip17, and is denoted SR0736 (161). We
found here that SR0736 is required for optimal infection in mice. The loss of SR0736
led to the dysregulation of 19 genes and the reduction in the abundance of two
proteins. This result suggests that SR0736 may exert its regulatory effect by
affecting the stability of several borrelial transcripts and/or altering their translation
efficiency. Taken together, these results indicate that SR0736 regulates multiple
targets and is important for the optimal infection and dissemination of B. burgdorferi

in the experimental model of Lyme borreliosis.
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CHAPTERII
ANALYSIS OF TRANSPOSON MUTANTS IN SMALL

REGULATORY RNAs OF Borrelia burgdorferi AND THEIR ROLE

IN THE MAMMALIAN HOST INFECTION

Introduction

Lyme disease is a tick-transmitted bacterial infection caused by the
spirochete Borrelia burgdorferi (7,12). The bacterium is transmitted to a variety of
small mammals and birds via the bite of ticks from the Ixodes genus (7). Initial
infection of Lyme disease in humans is characterized by a flu-like illness,
accompanied by a painless skin rash denoted as Erythema Migrans (24,32). If
untreated, the infection can progress to a multi-stage disorder as the spirochete
disseminates throughout the host to colonize distal tissues and organs, resulting in
cardiac, neurological, and arthritic manifestations (19,32,56). Lyme disease is the
most common vector-borne disease in the United States with approximately 30,000
cases confirmed to the Centers for Disease Control and Prevention (CDC) each
year, but it is estimated that the actual number of diagnosed cases is as high as
329,000 (9,10). Thus, Lyme borreliosis is a significant, re-emerging infectious
disease.

B. burgdorferiis a slow-growing, fastidious organism (6,12), that is only found
associated with its arthropod vector or mammalian hosts (7,12). The spirochete can
only be grown in vitro in a rich, complex and poorly defined media (42). B.
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burgdorferi has a segmented genome consisting of a linear chromosome and up to
21 circular and linear plasmids (34,35). Several of these plasmids encode genes
required for the enzootic cycle (7,12,76,181-183).

Approximately fifteen years after the discovery of B. burgdorferi (2), the
development of genetic tools started to become available to assess the role of
individual genes in borrelial physiology and pathogenesis (6,184-187). Genetic
manipulation in B. burgdorferi includes site-directed mutagenesis, gene disruption
by allelic exchange, addition of inducible promoters, development of shuttle vectors,
and transposon mutagenesis (6,12,13). B. burgdorferi is typically transformed by
electroporation (188), but this is challenging due to low frequency transformation
rate, 6-8 hours of doubling time, and spontaneous plasmid loss (12,189). Certain
plasmids that are essential for borrelial infection, but are dispensable for in vitro
growth, can be lost by in vitro passaging and electroporation (181-183). Thus, it is
important to score for the plasmid content of B. burgdorferi isogenic mutant strains,
prior to examination in the mammalian host.

Site-directed mutagenesis of a particular gene in B. burgdorferi may require
3-6 months of transformation process including outgrowth of transformants,
screening for an appropiate insertion or deletion event, and assessment of plasmid
content (6,190). However, the advancement of genetic tools in B. burgdorferi have
identified genes required for the enzootic cycle and virulence factors in the
bacterium (6,7,12). For example, molecular analyses determined that the outer
surface protein A (OspA) was essential for tick colonization in the midgut

(12,105,107) and that outer surface protein C (OspC) was essential for establishing
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mammalian infection (12,96). Nonetheless, the challenges of targeted mutagenesis
in the spirochete has resulted in fewer than 100 genes of the 1739 ORFs in
infectious B. burgdorferi to be subjected to genetic analyses (6,7,190).

Transposons are DNA elements with the ability to move or transpose from
one location to another in the genome (191-193). Transposable elements are widely
spread in prokaryotic and eukaryotic organisms (191-193). Transposons of the
mariner family are elements in between 1 and 5 kb in length, that encode the mariner
(Himart) transposase (191,194). For the “cut and paste” mechanism of mariner-
specific elements, the Himar1 transposase is required to excise the transposon from
one location in the genome, and reintegrate it at another place of the genome,
utilizing the TA dinucleotide as the preferred insertion site (191,194).

As genetic tools, transposons can be used to randomly introduce a piece of
foreign DNA into coding and non-coding sequences in genomes (191-193). The
mariner-transposable element Himar1, originally isolated from the horn fly
Haematobia irritans (194), has been employed for the generation of transposon
mutant libraries in a broad range of prokaryotes (191,192), including B. burgdorferi
(189,195-197). Recently, a research group assembled a sequence-defined,
signature-tagged mutagenesis (STM) library of 4,479 transposon (Tn) mutants of B.
burgdorferi (189). Of the 4,479 Tn mutants, 3,865 are unique Tn insertion sites
(189).

Massive parallel sequencing was combined with transposon mutagenesis
(Tn-seq) to determine the frequency of a particular insertion within a population

(190,198). Tn-seq is a powerful tool with the capacity to examine thousands of Tn
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clones simultaneously (192,199). After the growth of the Tn library under a test
condition, or the use of a Tn library in mice infections, the frequency of the insertion
mutants are determined by sequencing the transposons flanking regions en masse
to obtain the output (190,199). In addition, the frequency of the mutants in the initial
inoculum are sequenced to obtain the input, and the change in frequency can be
calculated as a ratio of the output over input (190,199). The change in frequency is
presumed to be the effect of the insertion on fitness (190,199). Tn-seq studies in B.
burgdorferi have been useful in examining genes involved in metabolism (200),
identifying novel genes required for resistance against reactive oxygen and nitrogen
species (201), and identifying novel genes required for tick survival (202).

The B. burgdorferi transposon library has Tn insertions in genes and at
intergenic regions of the genome (in between genes) (189). Intergenic regions in
bacteria have been found to contain small regulatory RNAs (sRNAs) with ability to
post-transcriptionally regulate genes in different cell processes, including, but not
limited to, chemotaxis, metabolism, and virulence (149,150,153,203). The bacterial
sRNAs work by binding to transcripts, leading to an increase or decrease of the
translation of the genes (150,152,153). In B. burgdorferi, only one sSRNA has been
characterized, DsrAgy (169). DsrAsp binds to the transcript of the RpoS alternative
sigma factor and increases its translation at 37°C (169). RpoS is important for the
expression of genes required for the mammalian host and controls the expression
of virulence-associated surface expressed lipoproteins (12,77,78). Recently, 1,005
sRNAs were identified in B. burgdorferi by RNA-seq (161). Of the sSRNAs identified,

43% were temperature dependent, a known environmental cue for B. burgdorferi
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transiting between the tick and mammal (12,76). This observation suggests that B.
burgdorferi SRNAs may regulate gene expression during transmission within the
enzootic cycle.

Here, we hypothesize that B. burgdorferi encodes novel sRNAs associated
with virulence. To test this hypothesis, we used Tn-seq data to identify transposon
mutants that inactivated sRNAs within intergenic domains (161), and examined their
individual infectivity using the mouse model of Lyme borreliosis. Specifically, we
evaluated seven B. burgdorferi transposon mutants (189) in putative SRNAs (161).
Of the seven transposon mutants tested, three displayed an attenuated phenotype
in single strain mouse infections. The transposon inactivating the SR0725 sRNA
(161) from the 17 kilobase linear plasmid (Ip17) was investigated further. To
independently confirm the Tn infection results for the SR0725 sRNA, we genetically
inactivated this sRNA and tracked its ability to disseminate in vivo using
bioluminescent imaging. Despite its initial purported link to an infectivity phenotype,

here we report that the SR0725 sRNA is dispensable for mammalian infection.

Results
Infectivity potential of putative SRNA Tn mutants

A subset of seven transposons (189) interrupting putative intergenic SRNAs
(161) were found to have an attenuated phenotype in a previous Tn-seq screen
(Table 1 and L. Hu et al., unpublished data), and were selected for single Tn strain
mice infections (Table 2). The Tn-seq screen was performed by using the entire B.

burgdorferi Tn library (189) grown in vitro in BSK-Il media supplemented with
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appropriate antibiotics. Groups of six C3H/HeJ mice were inoculated with 5x10°
organisms in the right flank by needle inoculation. Following 14 days of infection,
the tibiotarsal joint was collected and cultured in BSK-Il media for borrelial
expansion. DNA was extracted, pooled from twenty-four mice and sequenced to
determine the frequency of the Tn mutants. Frequency of the Tn mutants present in
the joint tissue (output), over the frequency of the Tn mutants present in the initial
inoculum (input), was used to determine fitness of the clones (output/input) (Table
1and L. T. Hu et al., unpublished data).

For the single Tn infections, C3H/HeN mice were inoculated with seven
transposon mutant strains (Table 3) at 10* dose for 21 days via the intradermal
route. After 21 days, tissues were collected and cultured in BSK-Il media to score
for the presence or absence of spirochetes. Of the seven Tn mutants tested, three
held the attenuated phenotype (Table 3). The attenuated transposons of sRNAs
were located intergenic (IG) of genes bbb13-bbb14 in circular plasmid 26 (cp26),
|G bbd04-bbd05a in linear plasmid 17 (Ip17), and IG bbd18-bbd21 in Ip17 (161).
The three sRNAs identified as potentially associated with virulence, were selected
for genetic inactivation to independently confirmed these results. The genetic
inactivation of SRNA IG bbb13-bbb14 was unsuccessful. The sRNA IG bbd78-
bbd21 will be discussed in Chapter lll. For Chapter Il, the sRNA |G bbd04-bbd05a

will be discussed.
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Table 1. Reduction of candidate SRNA mutants of intergenic (IG) regions based on
Tn-seq?®.

Tn Clone® Input 3¢ Output 1¢  Output 2¢ Output 3¢ Avg.Output Comments
IAvg.Input

cp26; guaA (bbb18) N/A 1.2032 0.7411 0.7736 0.0009 0.0018 0.0009 0.0013  Control; attenuated
Ip54; dbpA (bba24) N/A 0.0041 0.0073 0.0084 NDf NDf NDf 09 Control; attenuated
1p25; pncA (bbe22) N/A 0.0089 0.0045 0.0027 NDf NDf 0.0003 0.0185 Control; d
1p28-2; bbg22 N/A 0.0672 0.0991 0.0927 0.1688 0.2016 0.0267 153  Unchanged
chrom.; glpK (bb0241) N/A 0.0245 0.1221 0.0882 3.5503 0.0933 0.0697 158  Unchanged"
1p36; bbk52 N/A 0.00057 0.00028 0.00038 0.00126  0.00070  0.00051 2.01 Unchanged
cp26; bbb28 N/A 1.5432 1.0517 1.1083 1.3479 3.5336 4.1401 244  Unchanged
Ip54; IG bba34-bba36 T05TC355 SR0897 0.0201 0.0210 0.0085 ND' ND' ND' 09 6.5x10°reads
Ip54; |G bba66-bba68 T10TC061 SR0912 0.1001 0.1327 0.2092 0.00005 NDf 0.00006  0.00025 6x10°reads!
cp26; IG bbb03-bbb04 T11TC387 SR0948 0.2269 0.1362 0.0982 0.0001 NDf 0.0006 0.0015  1.8x10%reads!
cp26; IG bbb13-bbb14 T10TC351 SR0962 0.0258 0.0107 0.0062 NDf ND' NDf 09 3x10° reads!
Ip17; IG bbd04-bbd05a T04TC273 SR0725 0.0378 0.0323 0.0145 NDf 0.00006 ND' 0.00071  2x10° reads
Ip17; IG bbd18-bbd21 T06TC412 SR0736 0.0244 0.0549 0.0454 0.0001 NDf 0.00006 0.0013  1x10%readsi
1p28-3; IG bbh36a-bbh36b T08TC464 SR0795 0.1628 0.2209 0.1344 0.00005 NDf 0.00006 0.00021  1x10%reads!
1p38; IG bbj37-bbjd1 T09TC160 SR0869 0.0384 0.0456 0.0337 NDf NDf 0.00006  0.00051 2.5 x10°readsi

aData following a two week infection with all Tn mutants; ® Transposon clones from the B. burgdorferi Tn library (Lin et al., 2012); ¢ sSRNAs from the
B. burgdorferi sSRNA library (Popitsch et al., 2017); ¢ % of Tn-seq reads from the libraries made from the inoculum used for mouse infection; ¢ % of
Tn-seq reads from the libraries made from bacteria recovered from infected mice; Output is pooled data from 24 mice; f ND = not detected; ¢
indicates that no sequences were observed following Tn-seq; " one high Output set skewed ratio; ' represents rounded number of reads from
sRNA-specific libraries (Popitsch et al., 2017).
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Table 2. Subset of B. burgdorferi transposon (Tn) mutants in sSRNAs used in single
Tn mice infection.

Name of Tn? | sRNA ID® Replicon Location Insertion Tn
site orientation

TO5TC355 SR0897 Plasmid Ip54 IG bba34-bba36 23489 Reverse
T10TCO061 SR0912 Plasmid Ip54 IG bbab66-bbab68 46175 Forward
T11TC387 SR0948 Plasmid cp26 IG bbb03-bbb04 2348 Forward
T10TC351 SR0962 Plasmid cp26 IG bbb13-bbb14 10841 Forward
T04TC273 SR0725 Plasmid Ip17 IG bbd04-bbd05a 2886 Reverse
TO6TC412 SR0736 Plasmid Ip17 IG bbd18-bbd21 11784 Reverse
TO8TC464 SR0795 Plasmid [p28-3 IG bbh36a-bbh36b 24530 Forward

a Transposon mutants from the B. burgdorferi Tn library (Lin et al., 2012); ® sRNAs from the B. burgdorferi
sRNA library (Popitsch et al., 2017).
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Table 3. Infectivity of B. burgdorferi intergenic (IG) sRNA transposon mutants
relative to its genetic parent?.

Strain® sRNA ID¢ Genomic location Ear Skind Lymph Heart Bladder Joint Total % Positive
node sites Tissues

5A18NP1 4/4 4/4 4/4 4/4 4/4 4/4 24/24 100%
(parent)

TO5TC355 SR0897 Ip54; IG bba34-bba36 3/4 3/4 3/4 3/4 3/4 3/4 18/24 75%
T10TC061 SR0912  Ip54; IG bba66-bba68 4/4 4/4 4/4 4/4 4/4 4/4 24/24 100%
T11TC387 SR0948 cp26; IG bbb03-bbb04 4/4 4/4 4/4 4/4 4/4 4/4 24/24 100%
T10TC351 SR0962 cp26; IG bbb13-bbb14 2/4 1/4 2/4 2/4 2/4 2/4 11/24 46%
T04TC273 SR0725 1p17;1G bbd04-bbd05a 2/4 2/4 2/4 2/4 2/4 2/4 12/24 50%
T06TC412 SR0736 Ip17; IG bbd18-bbd21 0/4 1/4 3/4 0/4 2/4 0/4 6/24 25%
TO8TC464 SRO0795 Ip28-3; IG bbh36a-bbh36b 4/4 4/4 4/4 4/4 4/4 4/4 24/24 100%

a Dose of 10* per strain of B. burgdorferi tested; ® Transposons from Tn library of B. burgdorferi (Lin, T., et al., 2012); ¢ sRNAs from B.
burgdorferi SRNA library (Popitsch et al., 2017); 9 skin from abdominal area (inoculation site).
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The Tn strain TO4TC273 (also referred to as Tn273), contains a Tn insertion
between genes bbd04-bbd05a and exhibited an infectivity of 50% in the mouse
tissues surveyed relative to its parent strain (Table 3), suggesting that this sSRNA
might be required for optimal infection. This sSRNA has been recently designated

SR0725 (161).

Characterization of the intergenic Tn mutant strains by PCR

Some of the isolates provided from the Tn library have additional transposons
in their genome. To determine if strain Tn273 has the transposon in the correct
insertion site, we designed primers that flank the Tn (Table 4 and Table 8) and
assessed this by PCR (190). Oligonucleotide primers that flanked the Tn273
insertion amplified a 534 bp band corresponding to the parent strain and an
approximate 2 kb amplicon in the Tn273 strain, consistent with the presence of the
transposable element (Fig. 3). These results indicate that strain Tn273 has a
transposon insertion between bbd04 and the pseudogene bbd05a, as expected. For
the remaining six transposons tested (Table 4), strain T11TC387 contained a Tn
insertion at the predicted location (Table 4; data not shown). Strains TO6TC412 and
TO5TC355 appeared as mixed populations. Specifically, each isolate amplified both
a parent sized amplicon and a fragment that contains a transposable element at the
correct locale based on the oligonucleotide primers used for PCR (Table 4; data not
shown). Finally, strains T10TC061, T10TC351, and TO8TC464 did not contain the

Tn in the known insertion site (Table 4; data not shown) but grew in the presence of
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Table 4. PCR analysis of the Tn mutants used in the mice infection determine that
only a subset of the strains carried the transposable element in the correct locale.

Name of Tn? Replicon Location Single Tn amplification P
T04TC273 Plasmid Ip17 IG bbd04-bbd05a Yes
T11TC387 Plasmid cp26 |G bbb03-bbb04 Yes
TO6TC412 Plasmid Ip17 IG bbd18-bbd21 Mix population
TO5TC355 Plasmid Ip54 IG bba34-bba36 Mix population
T10TC061 Plasmid Ip54 IG bba66-bbab68 No Tn in insertion site
T10TC351 Plasmid cp26 IG bbb13-bbb14 No Tn in insertion site
TO8TC464 Plasmid 1p28-3 IG bbh36a-bbh36b No Tn in insertion site

a Transposon mutants from the B. burgdorferi Tn library (Lin et al., 2012);  primers that
flank the Tn insertion were used to determine if single Tn present in insertion site by PCR.
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- P Tn273

Figure 3. Transposon strain Tn273 contains Tn at insertion site. The parent strain
5A18NP1 (P), and the transposon strain Tn273, were subjected to PCR analysis
using primers that flank the transposon insertion from Table 8. The insertion site is
located in between gene bbd04 and pseudogene bbd05a of Ip17. The no template
control is denoted *-'. The DNA ladder is shown at the left and the corresponding
kilobase pair values are indicated.
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antibiotic selection, suggesting that the transposon is present at another location

within the genome.

Genetic inactivation of the sRNA located between the gene bbd04 and the
pseudogene bbd05a

To independently evaluate the loss of the SR0725 sRNA of Ip17 (161) that
lies between bbd04 and the pseudogene bbd05a, we genetically inactivated the
SR0725 sRNA in the parent strain ML23 (Fig. 4A) (39-41,181,204,205). The ML23
genetic background is engineered for in vivo luminescence and has been used by
our group to characterize the loss of numerous borrelial genes (39—41,204,205).
The sRNA coordinates in Ip17 are nucleotides 2,883-2,934 (161). The genetic
inactivation of SR0725 replaced nucleotides 2,888-2,920 from Ip17 with a
streptomycin resistance cassette (Prgs-aadA) (206).

Following transformation and selection, candidate mutants were screen to
assess whether the desired mutant was obtained using the oligonucleotide primers
illustrated in Fig. 4 and listed in Table 8. For the SR0725 sRNA mutant strain, a 2.4
kb band was observed using P1 and P3 as primers while no fragment was observed
in the parent strain due to the absence of the antibiotic cassette (Fig. 4B). Primer
pair P2 and P4 (Table 8) resulted in the amplification of 2.7 kb fragment in the
SR0725 sRNA mutant and, again, no amplification in the parent, as expected (Fig.

4B).
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P1
Parent (P) RN/ bbd05a
P1

IG sRNA mutant (M)

B. 1+3 2+4 143 2+4 C. 1+4

M M P P

Figure 4. (A) Schematic representation of the insertional inactivation strategy of the
IG sRNA SR0725. The region of Ip17 from the B. burgdorferi parent strain, ML23 (P
for parent), is shown on the top. The middle portion of the sSRNA was replaced by a
P1g8-StrR cassette by a double crossover homologous recombination event and the
SR0725 sRNA mutant strain was designated as (M for mutant). (B and C) Primer
pairs P1/P3, P2/P4 and P1/P4 (Table 8), were used to confirm the presence of the
P#ga-StrR in the mutant (M), relative to its parent (P) by PCR. No template control is
denoted as ‘-.” The DNA ladder is shown at the left and the corresponding kilobase
pair values are indicated.
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Finally, PCR with the primer pair P1 and P4 resulted in a 3 kb and 3.7 kb
products in the parent strain and SR0725 sRNA mutant, respectively. This
difference in size reflects the presence of the antibiotic resistance cassette (Fig. 4B).
The resulting SR0725 sRNA mutant candidates were screened for total borrelial
plasmid content and were found to contain all plasmids carried by the parent strain

ML23 (181). The resulting SR0725 sRNA strain was designated DM102.

Loss of the SR0725 sRNA does not exhibit a polar effect on flanking pseudogene
The SR0725 sRNA is located between gene bbd04 and the pseudogene
bbd0ba of Ip17 (161). SR0725 lies 82 bases upstream of pseudogene bbd05a and
1.1 kb downstream of bbd04. Testing for the expression of bbd04 was deemed
unnecessary because of the over 1 kb in distance between the sequences and,
thus, the unlikely event of a polar effect. Since some pseudogenes can be
transcribed to RNA (207,208), we tested if the pseudogene bbd05a is expressed in
B. burgdorferi. To test for the expression of bbd05a in the parent ML23 and the
SR0725 sRNA mutant strain DM102, total RNA was prepared, converted to cDNA
with reverse transcriptase (RT), and tested with primers specific to the bbd05a
sequence to determine if a product was detected. A 508 bp fragment was detected
in both the parent and SR0725 mutant strain but only when RT was used (Fig. 5).
This indicates that the bbd05a pseudogene is expressed in both parent and mutant
strain and, importantly, that this RNA species is not adversely affected by the

inactivation of the SR0725 sRNA.
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Figure 5. The expression of the pseudogene bbd05a is not affected in the SR0725
sRNA mutant strain. The parent (P) and the sRNA mutant (M) strains were grown
in vitro at conventional microaerophilic conditions of 32°C, 1% CO>, pH 7.6 and total
RNA was purified from each. Oligonucleotide primers specific for bbd05a were used
without (-) and with (+) added reverse transcriptase (RT). The DNA ladder is shown
at the left and the corresponding base pair values are indicated.
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The loss of the intergenic SR0725 sRNA is dispensable for B. burgdorferi infectivity

We tested whether the loss of the SR0725 sRNA affected the in vitro growth
of B. burgdorferi and observed no differences relative to the parent strain (Fig. 6).
We then evaluated whether the loss of SR0725 sRNA was needed for experimental
murine infection. First, borrelial codon-optimized firefly luciferase strains were tested
for their luminescence emission and production of firefly luciferase protein in vitro
and no differences were observed between the strains, as expected (Fig. 7).

To spatially and temporally track the infection of live mice, we infected
C3H/HeN mice with the parent strain (ML23/pBBE22/uc) and the SR0725 sRNA
mutant strain (DM102/pBBE22/uc), both containing borrelial codon-optimized firefly
luciferase (Fig. 8; 52), at doses of 10® and 10°, and quantified light emission (Fig.
8). For each imaging experiment, a single infected mouse was not given the
luciferase substrate D-luciferin to serve as a background control for luminescence
(leftmost mouse in each panel, Fig. 8). Independent of dose, both the parent and
the SR0725 mutant displayed similar light emission (Fig. 8). This observation was
also confirmed by quantification of the in vivo luminescence where no significant
differences in light emission were observed in any of the time points (Fig. 9).
Following 21 days of infection, the mice were sacrificed, and tissues were cultured
in BSK-II media to qualitatively score for infection. As shown in Table 5, at the dose
of 10°, all mice tissues were infected comparable to the parent strain. For the dose

of 103 organisms, one mouse was uninfected for both strains (Table 5).
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Figure 6. In vitro growth of the B. burgdorferi strains used in this study. The B.
burgdorferi parent strain ML23 and the SR0725 sRNA mutant DM102, were grown
in conventional microaerophilic conditions of 32°C, 1% COg, pH 7.6, in triplicate in
BSK-II media and enumerated by dark field microscopy daily out to day 10. No
significant differences in growth were observed. Data points shown reflect average
value with standard error.
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Figure 7. Bioluminescent B. burgdorferi strains display similar light emission and
production of firefly luciferase protein. (A) Equivalent light is produced in the strains
tested. Borrelial parent strains, ML23 and ML23/pBBE22/uc (P), as well as the
SR0725 sRNA mutant DM102/pBBE22/uc (M), were grown to mid-log phase and
serially diluted from 108 to 10 cells and incubated with D-luciferin. Parent strain
ML23, without the plasmid encoding for firefly luciferase (pBBE22/uc), was used as
a negative control. Luminescence was measured for each sample after subtracting
the background levels observed in complete BSK-Il media. Cultures for all strains
were grown in triplicate and the resulting luminescent values were averaged. There
was no statistical significance in the amount of light emitted between the strains. (B)
Similar amounts of luciferase protein are produced in the strains tested. Protein
lysates from B. burgdorferi strains with and without the plasmid pBBE22/uc were
tested for the production of firefly luciferase (FFluc). Samples were immunoblotted
and probed with antisera to antigen indicated on the left. Constitutively produced
borrelial FlaB was used as a control for cell equivalents between samples.
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Figure 8. Temporal and spatial tracking of B. burgdorferi strains following infection
with 102 and 10% spirochetes. C3H mice were infected with either the parent strain
(ML23/pBBE22/uc) or the SR0725 sRNA mutant (DM102/pBBE22/uc) at a dose at
103 (A) and 10° (B). Mice were infected for 21 days and imaged on the time or day
(d) listed on the left. For each image shown, the mouse on the far left (denoted with
a ‘-’) was infected with B. burgdorferi but did not receive D-luciferin to serve as a
background control. Mice denoted with a ‘+’ were infected with the strain indicated
and treated with D-luciferin to promote light emission. All images were normalized
to the same scale (shown on the right).
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Figure 9. Quantification of in vivo B. burgdorferi luminescence. Mice were infected
with parent strain, ML23/pBBE22/uc, depicted as black circles and the SR0725
sRNA mutant, DM102/pBBE22I/uc, as open circles with 103 (A) and 10° dose (B).
Mice were treated with D-luciferin at 1 hour and at 1, 4, 7, 10, 14 and 21 days post-
infection and 1 minute exposure images were obtained for quantification
mouse body. Luminescence measurements were
normalized by subtracting background values obtained from an infected mouse not
treated with D-luciferin. Each time point represents the average value and the
standard error. Two-way analysis of variance (ANOVA) was employed to the strains

photons/sec of the entire

and no differences in luminescence were observed.
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Table 5. Infectivity of the SRNA mutant strain DM102 relative to its parent?®.

Strain Dose PinnaP Skin¢

ML23 pBBE22/uc 108
(Parent)

ML23 pBBE22/uc 10°
(Parent)

DM102 pBBE22/uc 108
(Mutant)

DM102 pBBE22/uc  10°
(Mutant)

4/5 4/5
5/5 5/5
4/5 4/5
5/5 5/5

Lymph Heart Bladder Joint Total sites

node
4/5

5/5

4/5

5/5

4/5

5/5

4/5

5/5

4/5

5/5

4/5

5/5

4/5 24/30
5/5 30/30
4/5 24/30
5/5 30/30

a C3H mice were used for the infection; P represents cultivation from the ear pinna;

inoculation, i.e., skin from abdomen.
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These results indicate that the SR0725 sRNA is not required for experimental

infection by B. burgdorferi.

Isolation of B. burgdorferi individual colonies by semisolid plating

To identify additional sSRNAs associated with virulence, four Tn mutants that
mapped to sSRNAs were tested by PCR using primers flanking the insertion site to
determine if they were mixed populations or if the Tn was present at the correct
insertion site (Table 6 and Table 8). The mutant strains T04TC388, TO9TC160, and
T04TC171 were found to contain the Tn at the insertion site and no additional PCR
products were detected in the specific locale (Table 6; data not shown). However,
the Tn insertion strain TOSTC355 (Tn355) amplified two PCR products, suggesting
it was a mixed population (Fig. 10A). The parent strain amplified an 894 bp fragment
consistent with a non-mutagenized sequence while the Tn mutant strain Tn355
demonstrated a 2.3 kb fragment due to the presence of the transposable element
(Fig. 10A). To isolate an isolate from the mixed population of Tn355 with only Tn at
the correct insertion site, the culture was plated in semi-solid agarose to obtain
individual colonies (186). Single colonies were selected, expanded in BSK-II media,
and DNA extraction was performed for subsequent PCR analysis using the primers
that flanked the Tn insertion (Table 8). As observed in Fig. 10B, a representative
isolate amplified an appropriate sized PCR product. The four Tn isolates can now

be tested to determine infectivity potential in the murine model of Lyme borreliosis.
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Table 6. PCR analysis of additional intergenic Tn mutants of sRNAs? for future
animal experiments to determine infectivity potential.

Name of Replicon Location Insertion Isolate® Single
Tnb site colony
isolationd
TO5TC355 Plasmid Ip54 IG bba34-bba36 23489  Mixed population Yes
T04TC388 Plasmid Ip54 IG bba16-bba18 11280 Tn present N/A
TO9TC160 Plasmid Ip38 IG bbj37-bbj41 29534 Tn present N/A
T04TC171 Chromosome IG bb0645-bb0646 684984 Tn present N/A

a sRNAs from B. burgdorferi sSRNA library (Popitsch et al., 2017); ® transposon mutants from the B. burgdorferi
Tn library (Lin et al., 2012); ¢ primers that flank the Tn insertion were used to determine if Tn is present in the
correct locale; 9 mixed populations of transposon mutants were made clonal by semi solid BSK-II plating,
isolation of single colony and confirmation by PCR.
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Figure 10. Isolation of transposon mutant TO5TC355 (Tn355) with Tn in correct
locale. (A) Primers that flank the TO5TC355 transposon mutant were used to
determine if the stock was a mixed population. (B) Individual colonies of strain
TO5TC355 were isolated by semisolid agarose BSK-Il plating, selected for
outgrowth, and checked by PCR for a single amplified species due to the desired
Tn insertion site. DNA ladder on the left of the image is shown in kilobases.
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Discussion

In this study, we utilized the B. burgdorferi Tn mutant library (189), coupled
with Tn-seq (Table 1, L. Hu et al., unpublished data), to identify putative sRNAs
(161) involved in B. burgdorferi infectivity. Bacteria SRNAs have been found to
regulate virulence genes in a post-transcriptional manner by binding to transcripts
and increasing and/or decreasing translation of genes (149,150,152). We
hypothesized that B. burgdorferi use SRNAs to promote their pathogenic potential.
To confirm the phenotype previously seen in the Tn-seq screen of the B. burgdorferi
Tn library (Table 1, L. Hu et al., unpublished data), we performed single infections
of a subset of seven transposons of SRNAs (Table 3). Of the seven Tn strains tested,
three displayed an attenuated phenotype (Table 3).

The inconsistency observed when the attenuated phenotypes of the Tn-seq,
assessed in the single infection analysis, highlights the importance of confirming
candidates that stem from a Tn-seq screen. Tn mutants lost in a Tn-seq screen can
be fitness-independent by population constrictions due to experimental bottlenecks
where Tn mutants are lost due to chance instead of their inability to cause infection
(190,192,198). In B. burgdorferi, a bottleneck effect can occur at the site of
inoculation, where the innate immune response limits bacterial loads (198).
However, experimental bottlenecks can be reduced by combining results from
multiple animals experimentally infected with the same inoculum (190). In addition,
Tn-seq lacks plasmid content information of the transposon mutants; that is, the loss
of a particular Tn mutant in a Tn-seq screen can be related to plasmid loss in the

strain and independent of the Tn insertion event (190).
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Strain Tn273 contains a Tn insertion in the SR0725 sRNA (161). Specifically,
the SR0725 sRNA sits between bbd04 and pseudogene bbd05a that maps to the
17 kilobase linear plasmid (Ip17) of B. burgdorferi strain B31 (161). Mice infected
with Tn273 displayed an attenuated phenotype (Table 3). To independently confirm
this phenotype, we created a strain with the genetic inactivation of the SR0725
SRNA (Fig. 4) in our parent strain ML23 (40,41,181,204,205). In vitro growth of
parent and mutant strains showed no differences (Fig. 6). Subsequent in vivo
imaging of the infectious process showed no differences in light emission when the
parent and mutant SR0725 sRNA strains were compared (Fig. 8). Most tissues were
infected in the SR0725 sRNA mutant in both doses and the infectivity observed was
identical to the parent (Table 5). This indicates that the SR0725 sRNA is
dispensable for experimental murine infection of B. burgdorferi. The possibility of
SR0725 playing a role in tick colonization, acquisition or transmission of B.
burgdorferi remains to be tested.

It was unexpected that two different strategies to inactivate a target sRNA
exhibited contrasting results in mice, notably, the transposon mutant phenotype as
compared to the genetic insertion mutant. Both genetic backgrounds used for the
mutant strains are derivatives from B. burgdorferi sensu stricto strain B31 (181,209).
The transposon mutant background strain is 5SA18NP1 (209), while the parent strain
used for the genetic inactivation is strain ML23/pBBE22/uc (40,41,181,204,205).
The genetic parent of the transposon mutant (5A18NP1), lacks linear plasmids 1p28-
4 and Ip56, but retains infectivity in mice (209). ML23 lacks 1p25 (181). The absence

of Ip25 in ML23 renders it non-infectious in the mammalian host (181,183).
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However, when the Ip25 bbe22 gene, encoding a nicotinamidase (PncA), is added
back in trans, infectivity in this background is restored (39—41,183,204). Taken
together, both parental strains are infectious in the mammalian host.

The inoculum dose for the mice infected with the Tn insertion strain between
bbd04 and bbd05a (Tn273) was 10* organisms (Table 3). This infection yielded
12/24 culture positive tissues with 2 out of 4 mice infected (Table 3). The genetic
inactivation of the SR0725 sRNA (i.e., strain DM102) was completely infectious in
all tissues tested at doses of 103 and 10° organisms with the lone exception of one
mouse infected at the 102 dose that was not infected for either strain (Table 5). Both
the Tn mutant (Tn273) and the SR0725 sRNA mutant (strain DM102), used
C3H/HeN mice for the infectious model and were infected via the intradermal route
for a 21 day duration. It is unlikely that the differences in infectivity observed are due
to the different doses administered because, for both genetic backgrounds, the
doses utilized were higher than the IDsg of each strain tested. For example, the 1Dsg
of the Tn parent 5A18NP1 is estimated at 83 organisms (209) whereas the IDsg of
the parent strain ML23/pBBE22/uc is approximately 150 organisms (39).

One possibility for the difference in infectivity observed between the strains
is that the Tn insertion has a polar effect on the bbd05a pseudogene. The SR0725
sRNA sits between gene bbd04 and the bbd05a pseudogene. The SR0725 sRNA
is physically closer to the bbd05a pseudogene, i.e., approximately 80 nucleotides
upstream, whereas the gene on the other flank, bbd04, is greater than 1.1 kb away.
In strain Tn273, the Tn insertion is 130 nucleotides upstream of bbd05a; however,

since bbd05a expression has not been tested in the Tn strain, it is not known if the
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strain generates a bbd05a RNA species. The parent strain ML23 and the SR0725
sRNA mutant strain DM102, both express the pseudogene bbd05a (Fig. 5). Analysis
of the bbd05a sequence identified multiple premature stop codons. The first one
produces a 30 amino acid long protein, instead of its full length 196 amino acid
protein (data not shown). This suggests that bbd05a is transcribed (Fig. 5), but the
protein it translates is truncated (data not shown). Furthermore, bbd05a
pseudogene is downregulated when B. burgdorferi is cultivated in vitro at 37°C, as
well as with the addition of blood, suggesting that bbd05a is poorly expressed during
mammalian infection (75).

It is plausible that the plasmids missing in the transposon mutant, which are
present in the ML23 and DM102 background, have hypothetical genes and/or
regulatory sequences, such as sRNAs, that optimize the pathogenic potential of B.
burgdorferi. The Tn273 strain is missing plasmids 1p38, Ip28-4, and Ip56 (data not
shown). The absence of |p56 correlates with lower number of spirochetes in ticks
after feeding on mice (210), but its absence does not influence mouse infectivity. B.
burgdorferi lacking 1p38 are fully infectious in mice and can be acquired by ticks
(211). Previously in our lab, the loss of 1p28-4 in the B. burgdorferi B31 clonal
derivative MSK7 exhibited a 1-log-unit increase in IDso relative to B31 derivative
containing all plasmids, MSK5 (181). One hypothesis posits that sequences in [p28-
4 may contribute to the increased infectivity of ML23 and DM102 over Tn273. No
known virulence determinants map to 1p28-4 but several surface proteins of

unknown function are encoded on this plasmid. It is possible that one or more of
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these genes and the proteins they encode contribute to the differences observed.
Further experimentation is needed to address this possibility.

Recently, the en masse deletion of the borrelial genes bbd01 to bbd05
(bbd0ba) from Ip17 did not alter the infectivity of this strain following experimental
infection in mice (212). This region encompass the SR0725 sRNA (161). These
results support our findings that the SR0725 sRNA is dispensable in experimental
mouse infections (Fig. 8 and Table 5). This leads us to speculate that the Tn273
strain must have additional mutations that affect its fitness in mice. The strain might
have incorporated additional Tn insertions in other parts of the genome that may be

contributing to its reduced fitness independent of the Tn in the SR0725 sRNA.

Experimental Procedures
Bacteria strains and culture conditions

Escherichia coli strains were grown aerobically at 37°C in Luria Broth (LB)
media. Concentration of antibiotics used for selective pressure in E. coli are as
follows: kanamycin, 50 ug/ml and spectinomycin, 50 pg/ml. B burgdorferi strains
were grown in BSK-Il media supplemented with 6% normal rabbit serum (Pel-Freez
Biologicals, Rogers, AR) under conventional microaerobic conditions at 32°C, pH
7.6, under 1% CO2 atmosphere. Borrelia burgdorferi B31 ML23 (181) and derivative
strains were grown under antibiotic selective pressure, dependent on genetic
composition, with kanamycin at 300 ug/ml or streptomycin at 50 ug/ml. B.

burgdorferi 5A18NP1 (209) was grown in the presence of kanamycin at 300 pg/mi
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and the B. burgdorferi transposon mutants (189) were grown in the presence of both

gentamicin at 50 pg/ml and kanamycin at 300 pg/ml.

Table 7. Strains and plasmids used in this study.

E. coli strains Genotype References

Mach-1™-T1R F- ¢80(/lacZ)AM15 AlacX74 hsdR(r« Invitrogen
mk*) ArecA1398 endA1 tonA

B. burgdorferi
strains
ML23 B. burgdorferi B31 clonal isolate (181)
missing Ip25; parent strain.
ML23 pBBE22/uc | Clonal isolate of strain B31 lacking 41)
Ip25; shuttle vector encodes bbe22
and B. burgdorferi codon optimized
luc gene under the control of a
strong borrelial promoter (Psas-luc);
KanR.
DM102 ML23, IG sRNA SR0725::StrR. This study

DM102 pBBE22/uc | ML23, IG sRNA SR0725:StrR | This study
;contains shuttle vector (Psas-luc);
KanR.

5A18NP1 Borrelia burgdorferi B31 clone (209)
missing Ip28-4 and Ip56 with
disruption of bbe02::KanR.

T04TC273 5A18NP1 background, KanR and (189)
GenR, Tn IG bbd04-bbd05a

TO6TC412 5A18NP1 background, KanR and (189)
GenR, Tn IG bbd18-bbd21

T10TCO061 5A18NP1 background, KanR and (189)
GenR, Tn IG bba66-bba68

T04TC388 5A18NP1 background, KanR and (189)

GenR, Tn IG bba16-bba18
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Table 7. Continued.

mutant construct. Contains
sequences 1213 bp upstream of the
sRNA, the Psgs-StrR cassette from
pKFSS1 inserted into the sRNA
sequence, and sequences 1478 bp
downstream of the sRNA; pCR®-
Blunt vector backbone; Str? and
KanR.

B. burgdorferi Genotype References
strains
TO5TC355 5A18NP1 background, Kan® and (189)
GenR, Tn IG bba34-bba36
TO9TC160 5A18NP1 background, KanR and (189)
GenR, Tn IG bbj37-bbj41
TO4TC171 5A18NP1 background, KanR and (189)
GenR, Tn IG bb0645-bb0646
T11TC387 5A18NP1 background, KanR and (189)
GenR, Tn IG bbb03-bbb04
T10TC351 5A18NP1 background, KanR and (189)
GenR, Tn IG bbb13-bbb14
TO8TC464 5A18NP1 background, KanR and (189)
GenR, Tn IG bbh36a-bbh36b
Plasmids
pCR®-Blunt pCR®-Blunt vector, KanR, ZeocinR. Invitrogen
pKFSS1 B.  burgdorferi  shuttle  vector (206)
containing Prga-StrR cassette; SpecR
in E. coli, StrR in B. burgdorferi.
pBBE22/uc Borrelial shuttle vector containing (41)
bbe22 and B. burgdorferi codon-
optimized /luc gene under the control
of a strong borrelial promoter (P#as-
luc); KanR.
pDM102 B. burgdorferi 1G SR0725 sRNA | This study
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Tn-seq

The Tn-seq screen consisted of a single pool containing the entire Tn library
of 4,479 clones grown in vitro in BSK-Il media. The Tn library was grown for 48
hours in the presence of kanamycin and gentamicin. Cell density was determined
by dark-field microscopy. Groups of six 9-14 week old C3H/HeJ mice (Jackson
laboratories) were injected in the right flank with 5x10° B. burgdorferi by needle
inoculation. As a control to prevent in vitro growth defects from affecting the results
of the in vivo screen, 5x10° organisms from the inoculum used to inject the mice
were cultured in 12 ml BSK-II media supplemented with kanamycin and gentamicin.
The in vitro control cultures were grown for 3 days to parallel time in culture for the
tissue cultures. The bacteria in the culture were collected using centrifugation for 20
minutes at 3,000 rcf and the pellet frozen at -80°C.

The mice infected with the transposon library were sacrificed two weeks post-
infection. The tibiotarsal joint closer to the inoculation site was removed under
aseptic conditions. The tibiotarsal joints from each group of injected mice were
cultured together in 12 ml of BSK-Il media supplemented with kanamycin and
gentamicin. The cultures were checked daily for growth. When the density of the
cultures reached late exponential phase, the bacteria were centrifuged and the
pellet frozen as described above. Genomic DNA was obtained from the frozen
bacteria pellets using a DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) as per
the manufacturer’s instructions. The preparation of the libraries for sequencing was

performed as described previously (200).
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Genetic inactivation of the B. burgdorferi intergenic SR0725 sRNA

The intergenic (IG) small regulatory RNA (sRNA) SR0725 located between
gene bbd04 and pseudogene bbd05a in Ip17 was inactivated by the elimination of
32 bases (nucleotides 2,888-2,920) and the insertion of Pggs-aadA (streptomycin
resistant; StrR) antibiotic cassette (206) via homologous recombination. The DNA
sequences that flanked the sRNA locus were amplified using PCR with PrimeSTAR
GXL polymerase (Takara, Mountain View, CA). For the upstream fragment, a 1.2
kb fragment was amplified using primers d04US-F and US-SpecR (Table 8). A
separate 1.2 kb fragment containing the Prgs-StrR cassette was PCR amplified from
pKFSS1 (206) using the oligonucleotide primers pair US-SpecF and SpecDS-R
(Table 8). An additional 1.5 kb PCR product, which amplified sequences
downstream from the SR0725 sRNA, was engineered with primers SpecDS-F and
DS-R (Table 8). All three fragments had 20 base pair overlap sequences and were
assembled by overlap PCR (213,214) as previously described (40,204). All inserts
were cloned into pCR®-Blunt (Invitrogen, Carlsbad, CA) and verified by Sanger
sequencing prior to transformation into Mach-1™ competent cells (Invitrogen,

Carlsbad, CA).

Transformation of B. burgdorferi

Plasmids were linearized with Xhol prior to transforming into B. burgdorferi
strain B31 derivative ML23 made competent as previously described
(39,40,188,204). Borrelial plasmid content was confirmed by PCR (181) to

determine the plasmid content of SR0725 sRNA mutant.
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Table 8. Oligonucleotides used in this study.

Oligonucleotides

5’-3’

Use

P1

CTGGGGCACTATTTGG

Primers used to confirm
the sRNA mutant.

P2

AATTAATTAGGAAGCATTATCTGATTTTTAAACTTTTTCA

Primers used to confirm
the sRNA mutant.

P3

TGAAAGCTTTAGAGGCCTTTCAATTGGCGTGGAAGATTTC

Primers used to confirm
the sRNA mutant.

P4

CTAATAATTGAGTATTAAATATTCTCC

Primers used to confirm
the sRNA mutant.

Tn273F

Tn273R

GCGATAAGGGCTTTAAGTAAC

CTCCAATTGTACACTAC

Primer pair that flanks
Tn in strain TO4TC273.
PCR product is 534 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn412F

Tn412R

GCTTCATATTGAGAATTTCC

GCCTCTACCGATATC

Primer pair that flanks
Tn in strain TO6TC412.
PCR product is 409 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn355F

Tn355R

GAGATTACAGTAGCAATGC

GAAATATTGTCAAAAGAGC

Primer pair that flanks
Tn in strain TO5TC355.
PCR product is 894 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn061F

Tn061R

GGGTACGGTTGTAACGGCTTGAATAG

ATACTTTAAAACCTGCCTTTTAC

Primer pair that flanks
Tn in strain T10TC061.
PCR product is 998 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn388F

Tn388R

CAGGTAAATGGGAAGACAG

CAAGAGTTGGGCTTGGGTGAAGG

Primer pair that flanks
Tn in strain TO4TC388.
PCR product is 467 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn171F

Tn171R

GCCACTAAGGTTATTATTGGGC

CGCAATTATTGCAATGATGGGCC

Primer pair that flanks
Tn in strain TO4TC171.
PCR product is 546 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn160F

Tn160R

GCACCTAAAGTGTGCTTGGATG

GGAAAGGTCGATCCAAAACCCG

Primer pair that flanks
Tn in strain TO9TC160.
PCR product is 565 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.

Tn387F

Tn387R

GTACTAGGATGCATAATAAACC

CCACTTCCTCATATTTTAGCGGG

Primer pair that flanks
Tn in strain T11TC387
PCR product is 651 bp
in the parent strain and
~1.5 kb larger in Tn
mutant.
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Table 8. continued.

Oligonucleotides

5-3

Use

D04US-F

USspecR

CTGGGGCACTATTTGG

GAAATCTTCCACGCCAATTGAAAGGCCTCTAAAGCTTTCA

Primer pair used to amplify
1213 bp of the flanking region
upstream of the sRNA SR0725
in Ip17. Amplicon has 20 bp at
the 3’ end with homology to the
5" end of Prge-Spec® of pKFSS1
(206).

USspecF

SpecDSR

TGAAAGCTTTAGAGGCCTTTCAATTGGCGTGGAAGATTTC

AATTAATTAGGAAGCATTATCTGATTTTTAAACTTTTTCA

Primer pair used to amplify
1226 bp region of Pgge-Spec®
(206). The 5’ end has 20 bp with
homology to the 3’ end of the
upstream flanking region. The
3’ end of the amplicon has 20
bp with homology to the 5’ end
of the downstream flanking
region.

SpecDSF

DO5DS-R

TGAAAAAGTTTAAAAATCAGATAATGCTTCCTAATTAATT

CTAATAATTGAGTATTAAATATTCTCC

Primer pair used to amplify the
downstream flanking region of
1478 bp. The amplicon has 20
bp at the 5’ end with homology
to the 3 end of Ppe-Spec?
(206).

bbd05aF

bbd05aR

CAATGAAAATCTATAAAAAACGGGC

CAATACAAGATTTAGTAAAGCG

Primer pair used to amplify 508
bp of pseudogene bbd05a for
RT-PCR.

Tn464F

Tn464R

GGCGGTAGTATGTGTTGAT

GCTATGGTAAAGCTCATTTG

Primer pair that flanks Tn in
strain

TO8TC464 PCR product is 619
bp in the parent strain and ~1.5
kb larger in Tn mutant.

Tn351F

T351R

GAATAATAAGTTGGCTACCAC

CCTTTATTGCTGCTGGATGGAAC

Primer pair that flanks Tn in
strain T10TC351 PCR product
is 411 bp in the parent strain
and ~1.5 kb larger in Tn mutant.

RNA Isolation for conventional RT-PCR

Cultures of B. burgdorferi strains ML23 (181) and the SR0725 sRNA mutant

strain DM102, were grown to mid-log phase (i.e., 5 x107 cells per ml) under

conventional microaerophilic conditions of 32°C, pH 7.6, and 1% CO-2. The cultures

were centrifuged at 4500 x g for 20 minutes at 4°C, washed with 1 ml PBS, and

centrifuged at 14,000 rpm for 15 minutes. The pellet was resuspended in 100 ul of
sterile water and 300 ul of TRIzol (Invitrogen, Carlsbad, CA) was added prior to

employing the Direct-zol RNA Miniprep system (Zymo Research, Irvine, Ca, USA)
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for total RNA isolation. The resulting RNA was treated with DNAse | (Roche,
Indianapolis, IN) and RNAsin (Promega, San Luis Obispo, CA) to eliminate
contaminating DNA and inhibit RNAse activity, respectively. For the conventional
RT-PCR of the bbd05a pseudogene, 200 ng of total RNA from conventionally grown
B. burgdorferi cells were used for reverse transcription into cDNA using primer
bbd05aR with SuperScript Il (Thermo Fisher Scientific, Waltham, MA). The primer
pair bbd05aF and bbd05aR from Table 8 were used to detect bbd05a expression in

the strains.

In vitro bioluminescence assay

Bioluminescence of strains following in vitro growth was quantified as done
previously (41). Briefly, parent strains ML23 and ML23/pBBE22/uc, as well as the
SR0725 sRNA mutant DM102/pBBE22/uc, were grown to mid-log phase and
concentrated to 108 cells/ml. Cells were serially diluted from 107 to 100 cells/ml and
100 ul of the appropriate dilutions were transferred to a white flat-bottom microtiter
96 well plate. Luminescence was measured using the 2104 EnVision Multilabel
Plate Reader (Perkin Elmer, Inc., Waltham, MA). All samples were treated with final
concentration of 667 yM D-luciferin in PBS (GoldBio, St Louis MO). Each cell
concentration for all the strains was measured for luminescence in triplicate, values

were averaged, and the standard error was calculated.
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Infectivity studies and bioluminescent imaging

Infectivity studies were performed as previously described (39,41). Briefly, 8-
week-old C3H/HeN female mice were inoculated intradermally with 10* spirochetes
with the different transposon mutants. For the infection of bioluminescent Borrelia
strains, the mice were infected with either 103 or 10° of the B. burgdorferi parent
strain ML23/pBBE22/uc or the SR0725 sRNA mutant strain, DM102/pBBE22/uc.
Imaging of infected mice to detect bioluminescent B. burgdorferi strains was done
as described previously (40,41,204). After 21 days, the mice were sacrificed and
ear skin, abdominal skin, inguinal lymph node, heart, bladder, and tibiotarsal joint
tissues were collected from each mouse aseptically and subjected to in vitro

cultivation in complete BSK-Il media.

SDS PAGE and immunoblotting

B. burgdorferi protein lysates were resolved by SDS-PAGE, and transferred
to a PVDF membrane, and blocked using non-fat powdered milk as done previously
(39,204). Primary antibodies were used at the following dilutions: goat polyclonal
anti-Firefly luciferase (AbCam Inc., Cambridge, UK) at 1:1000 and mouse anti-FlaB
(Affinity Bioreagents, Golden, CO) at 1:5,000. Secondary antibodies with
horseradish peroxidase (HRP) conjugates were used to detect immunocomplexes,
specifically, anti-mouse Ig-HRP (Invitrogen, Carlsbad, CA, USA) or anti-goat Ig-
HRP (Thermo Fisher Scientific, Waltham, MA) both diluted to 1:5,000. Following
incubation with both primary and secondary antibodies, the membranes were

washed extensively in PBS, 0.2% Tween-20 and developed using the Western
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Lightning Chemiluminescent Reagent plus system (Perkin Elmer, Waltham, MA,

USA).

Semisolid plating for B. burgdorferi cells

To isolate individual colonies, the Tn strain TO5TC355 (Tn355) was grown
to mid-log phase and plated in semisolid BSK-Il agarose overlays (186). Briefly,
BSK-II agarose underlay with antibiotics kanamycin at 300 png/ml and gentamicin at
50 ug/ml, was poured in sterile petri dishes and allowed to solidify. Next, dilutions
were made for the strain TO5TC355 for colony forming units (CFU) of 100, 50 and
25 cells in 1 ml of BSK-Il media. The cells were mixed with BSK-Il agarose and the
overlay was poured on top of the already solidified underlay. Plates were placed in
incubator under conventional microaerophilic conditions of 32°C, pH 7.6, 1% CO..
B. burgdorferi colonies appeared approximately 10 days after plating and colonies
were selected, placed in liquid BSK-lIl media for expansion with appropriate
antibiotics, and tested for the Tn presence by PCR using primers from Table 8 and

PrimeSTAR GXL polymerase (Takara, Mountain View, CA).

Statistical analysis
For the analysis of the in vivo luminescence of mice, two-way analyses of
variance (ANOVA) was performed. Statistical significance was accepted when the

P values were less than 0.05 for all statistical analyses employed.
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CHAPTERII
THE INTERGENIC SMALL NON-CODING RNA SR0736 IS
REQUIRED FOR OPTIMAL INFECTIVITY AND TISSUE TROPISM IN

Borrelia burgdorferi

Introduction

In the previous Chapter, we utilized Borrelia burgdorferi transposon mutants
(189) that map to putative intergenic sRNAs (161) to determine if these sRNA
mutants resulted in attenuated phenotypes in the murine experimental model. From
the initial screen, the intergenic SRNA SR0736, located in between genes bbd718
and bbd21 of linear plasmid 17, was significantly attenuated in the mammalian host.
The characterization of SR0736 in the mammalian host serves as the basis for this
Chapter of the dissertation.

Bacterial gene expression is predominantly regulated at the transcriptional
level. In B. burgdorferi, several transcriptional regulators have been identified and
characterized, as well as a growing list of DNA interacting proteins, which serve to
alter borrelial gene expression either directly or indirectly (12,64,76,83,88—
91,128,129,134,205,215-217). Many of these regulators govern, in part, the
production of surface proteins involved in borrelial virulence (77,87,89,218). In
addition to these regulators, recent results indicate that B. burgdorferi produces a

battery of small, non-coding RNA molecules, designated sRNAs (161,178,219). The
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influence of how these sRNAs affect transcripts in B. burgdorferi, or their impact on
borrelial pathogenesis, is not well understood.

Post-transcriptional regulation via sSRNAs is an RNA-based gene regulation
found to globally modulate gene expression in bacteria, including those that can
affect pathogenesis (150,220,221). sSRNAs can be intergenic, localized between
annotated genes. Intergenic SRNAs are often trans-acting and genetically unlinked
to the transcripts they influence (146,148,150,153,203). In general, trans-acting
intergenic SRNAs have partial complementarity to the transcripts that they target. In
addition, trans-acting sRNAs can target multiple transcripts (167,222). The resulting
sRNA-mRNA duplex that forms can alter gene expression by affecting mRNA
stability and/or translation (150,152,223,224).

Recently, the sRNA transcriptome of B. burgdorferi was reported and over
1,000 sRNA species were observed, many of which are upregulated at 37°C, a
condition that models the mammalian host temperature in vitro (161).
Independently, a Luminex-based procedure for the detection of Signature-tagged
mutagenesis (STM) clones of the transposon (Tn) library of B. burgdorferi strain
B31 (189), identified several candidate sSRNAs that, when genetically inactivated,
exhibited infectivity deficits (189). Here, we further characterize one of these sRNAs,
designated SR0736, that maps between bbd78 and bbd21 on the 17 kb linear
plasmid (Ip17). The results presented herein demonstrate that SR0736 is required
for optimal infectivity of B. burgdorferi strain B31. Furthermore, the loss of the
SRO0736 led to the dysregulation of 19 transcripts suggesting its involvement in the

regulation of multiple unlinked genes. Taken together, our data suggests that
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SRO0736 targets several unlinked genetic targets and affects their production in a

manner that is required for optimal infection and dissemination throughout the host.

Results
Genetic inactivation of the SR0736 sRNA in B. burgdorferi

In Chapter Il, seven transposon (Tn) mutants with a phenotype in mice were
identified from a Tn-seq screen (Chapter Il, Table 1; Linden Hu, et al., unpublished
data). The individual transposons interrupting intergenic sRNAs (161), were
individually tested in C3H/HeN mice at a 10* dose (Chapter Il, Table 3). From the
seven transposons, three maintained an attenuated phenotype (Chapter I, Table
3). One of the attenuated transposon mutants mapped to the sSRNA SR0736 (161).
The Tn mutant for SR0736 strain TO6TC412, exhibited tissue tropism and severe
infectivity defects with only 25% of the mice tissues colonized (Chapter I, Table 3).
To independently test the role of the SR0736 sRNA in borrelial pathogenesis, we
genetically inactivated SR0736 that maps between bbd718 and bbd271 on the 17
kilobase (kb) linear plasmid (Ip17) of B. burgdorferi (Fig. 11A). The parent strain
used is the strain B31 derivative ML23 that lacks the 25 kb linear plasmid
(Ip25)(41,181,204,225). Due to the absence of Ip25, this strain is non-infectious but
becomes infectious in the murine model of experimental infection when a region of
Ip25, containing the bbe22 gene, is provided in trans (41,183). The shuttle vector
pBBE22/uc contains bbe22 and the firefly luciferase reporter that facilitates

bioluminescent imaging as we have done previously (40,41,204).
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ML23 was transformed with pDM103 to insertionally inactivate the SR0736
sRNA (Fig. 11A). Transformants were selected in the presence of streptomycin. To
test whether the SR0736 mutant candidates contained the Psgs-StrR cassette, PCR
was employed to distinguish the parent from potential mutants (Fig. 11B).
Oligonucleotide primers P1 and P4 (Table 11) amplify a fragment of 1 kb bp and 2.3
kb from the parent strain and mutant, respectively, due to the insertion of the Psgs-
StrR cassette in the latter (Fig. 11B). Primers specific (Table 11) to the Pggs-StrR
cassette amplifed a 1.2 kb fragment in the mutant but, as predicted, failed to amplify
a product in the parent. Similarly, the primer pair P1 and P3 (Table 11) were only
able to amplify a 1.5 kb fragment in the mutant strain (Fig. 11B). The resulting
SR0736 mutant strain was designated DM103.

To genetically restore the SR0736 sRNA in a cis complement manner, the
pDM113 construct was transformed into DM103 and selected for resistance to
gentamicin and then tested for sensitivity to streptomycin. Candidates predicted to
encode SR0736 were screened by PCR (Fig. 11C). Here, oligonucleotide primers
(Table 11) pair P5 and P6 amplified a 324 bp PCR product in the complement but
failed to amplify a product in the mutant. Primer P1 and P6 (Table 11) produce a 1.3
kb amplicon in the complement with no amplification within the mutant. Finally,
primers P5 and P4 amplify a 1 kb amplicon in the complement with no product
observed in the mutant. Following the aforementioned confirmation of the mutant
SR0736 strain DM103 and the complement (strain DM113), both were transformed
with pBBE22/uc so they could be tested in the murine experimental model of

infection.
69



Parent (P):

SR0736::StrR (M): —< bbd18 |—IP,,QBStr }—{ bbd20>—
Pngs'GenR% bbdzo%
P6 P4

—

Complement (C):

B. C.

P1+P4 P2+P4 P1+P3 P5+P6 P1+P6 P5+P4
P M P M P M M CMC M C

Figure 11. Strategy and confirmation of the insertional inactivation of the SR0736
SRNA. (A) Schematic representation of the SR0736 insertional inactivation strategy.
The region of Ip17 from the parent strain (P) is shown on the top. A Psgs-StrR cassette
was inserted into the 3’ end of the SR0736 sRNA and the mutant, designated M,
obtained following homologous recombination. Following isolation of the mutant
strain, a strategy to reintroduce the SR0736 sRNA is shown below and is indicated
as C for complement. (B) Primer pairs P1/P4, P2/P4 and P1/P3 were used to
confirm the presence of the Prgs.StrR in the mutant (M), relative to its parent strain
(P) by PCR. (C) For the cis complementation of the SR0736 sRNA mutant strain
(M), the Psga-StrR cassette and the flanking region were replaced by the SR0736
sRNA sequence linked to a Psge-GentR cassette by a double crossover homologous
recombination event. The resulting complement strain (C) was evaluated by PCR
using primer pairs P5/P6, P1/P6 and P5/P4. Note that the distances between
genetic loci are not shown to scale.
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To confirm that the SR0736 mutant and complement strains lacked and
restored the SRO0736 sRNA, respectively, both Northern blot and Reverse
Transcriptase PCR (RT-PCR) were performed (Fig. 12). Notably, the SR0736 sRNA
is detected in the parent strain (P) and the complement strain (C), but not in the
mutant strain (M), in both the Northern blot (Fig. 12A) and the RT-PCR analysis (Fig.
12B). Despite having a 3’ insertion to inactivate the sRNA, we were unable to detect
any SR0736 sequence (Fig. 12).

Considering the nature of intergenic sRNAs (e.g., between two annotated
genes), one concern in deleting the SR0736 sRNA is the potential polar effect this
alteration might have on expression of flanking genes. When RT-PCR was
employed, no qualitative difference effect was seen for the expression of either
bbd18 or bbd21, the only intact encoding genes in the region (Fig. 13). Note that
both bbd19 or bbd20 are no longer annotated as intact ORFs and, consistent with
this, no transcript was detected for bbd20 by RT-PCR for any of the strains (data
not shown). Taken together, this data suggests no polar effects occur due to the
inactivation of the SR0736 sRNA. The parent, the SR0736 mutant, and the cis
complement strains all grew similarly in vitro, indicating that the loss of this SRNA
did not impair replication of these borrelial strains under these growth conditions

(Fig. 14).
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Figure 12. Confirmation that the SR0736 is not made in the mutant strain and is
restored in the genetic complement. (A) Northern blot of total RNA isolated from the
parent strain ML23 (denoted P), the SR0736 mutant strain DM103 (denoted M), and
the SR0736 cis complemented strain DM113 (denoted C). (B) RT-PCR using
purified total RNA from the B. burgdorferi parent (P), mutant (M), and genetic
complement (C) strains. The first three lanes did not have reverse transcriptase (RT)
added to the reactions (indicated with a “-") whereas the next three lanes included
reverse transcriptase (designated with a “+”). The DNA ladder is shown to the left
and base pair values are indicated. The arrow on the right indicates the presence of

the sRNA species observed in the parent and complement strains.
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bbd18

Figure 13. The expression of genes bbd18 and bbd21 are not affected in the sSRNA
mutant strain. The parent (P), SRNA mutant (M) and complement (C) strains were
grown in vitro and total RNA was purified from each. Oligonucleotide primers
specific for bbd18 (A) and bbd21 (B) were used without (-) and with (+) added
reverse transcriptase (RT). The DNA ladder is shown at the left and the
corresponding base pair values are indicated.
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Figure 14. In vitro growth of the B. burgdorferi parent, sSRNA mutant and
complement strains. The B. burgdorferi parent strain (ML23), the sRNA mutant
(DM103) and the sRNA complement (DM113) were grown in conditions of 32°C, 1%
COg, pH 7.6 in triplicate in BSK-Il media and enumerated by dark field microscopy
daily out to day 9. No significant differences in growth were observed. Similar growth
kinetics were observed between these three strains when the cells were grown at
conditions of 37°C, 5% CO- and pH 6.8 (data not shown). Data points shown reflect
average value with standard error.
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The loss of the SR0736 attenuates B. burgdorferi infectivity

We then evaluated how the loss of the SR0736 sRNA affected murine
infectivity. To spatially and temporally track infection, C3H/HeN mice were
inoculated at a 10% dose with the parent B. burgdorferi strain, the SR0736 mutant,
and the complement, and light emission was quantified (Fig. 15). As a background
control for luminescence, a single infected mouse was not given the luciferase
substrate D-luciferin (leftmost mouse in each panel, Fig. 15A). At the dose tested
(103 B. burgdorferi), no signal is detected for any of the strains prior to day 4. At day
4, a clear signal is observed in mice infected with all three strains except for one
mouse infected with the sRNA mutant strain (Fig. 15A). Subsequently, the signal
increased with a peak at day 7 and then decreased concomitant with the
development of the adaptive immune response (226)(Fig. 15A). All strains displayed
similar light emission until day 10 when the sSRNA mutant strain exhibited a reduction
in signal and remained low through 21 days, e.g., the duration of the infectivity
analysis (Fig. 15A). The quantification of in vivo luminescence of mice revealed
significantly lower light emission by the sRNA mutant compared to the parent on
days 10 and on day 14 of infection (Fig. 15B). The complement strain emitted more
light than the sRNA mutant on days 7, 14 and 21 (Fig. 15B). These results
demonstrate that the parent and complement display similar light emission and
exhibit similar bacterial load relative to the signal observed for the sRNA mutant

(Fig. 15).
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Figure 15. Spatial and temporal infectivity analysis of the SR0736 mutant. (A) The
fate of bioluminescent B. burgdorferi strains were tracked following the infection of
C3H mice with 10° of each B. burgdorferi isolate. Mice were infected for 21 days
total with the parent, SR0736 sRNA mutant, and the SR0736 genetic complement
and imaged on the time or day (d) listed on the left. For each image shown, the
mouse on the far left (denoted with a *-’) was infected with B. burgdorferi but did not
receive D-luciferin to serve as a background control. Mice denoted with a ‘+’ were
infected with the strain indicated and treated with D-luciferin to promote light
emission. All images were normalized to the same scale (shown on the right). (B)
Quantification of in vivo luminescence images of mice infected at a dose of 103 of
B. burgdorferi. Parent strain ML23/pBBE22/uc is depicted as black circles, the
SR0736 sRNA mutant DM103/pBBE22/uc as red squares, and the genetic
complement strain DM113/pBBE22/uc as blue triangles. Each time point represents
the average value and the standard error from the four mice given D-luciferin
substrate for the parent and sRNA mutant strains and three mice for the complement
strain. *P < 0.05; **P < 0.01.
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Following 21 days, the mice were sacrificed, and tissues cultured to
qualitatively score for infection. As shown in Table 9, the sRNA mutant that was
inoculated on the ventral side (abdomen) is unable to colonize peripheral skin (ear)
and it is attenuated in its ability to disseminate and colonize heart tissue with overall
infectivity reduced by 40%.

In addition to this qualitative assessment of infection, we also scored for
spirochete load using quantitative PCR (qPCR) analysis to enumerate borrelial
genome copies relative to murine B-actin copies. As observed in Fig. 16, the
SR0736 mutant strain had significantly lower bacterial burden in all tissues analyzed
relative to its parent and complement strains, with the notable exception of the lymph
node, consistent with the reduced signal observed in the imaging results (Fig. 15).
The complement strain exhibited bacterial burden comparable to the parent strain,
thus demonstrating full complementation during infection. Taken together, this data
suggests that SR0736 is required for optimal tissue tropism and/or dissemination

during experimental infection by B. burgdorferi.
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Table 9. Infectivity of the SRNA mutant strain DM103 relative to its parent and
genetic complement?.

Strain Ear Inoculation Lymph Heart Bladder  Joint Total % Positive
site (skin) node sites Tissues
ML23 10/12 11/12 1212 1112 12/12 12/12  68/72 94%
pBBE22/uc
DM103 113 12/13 13/13 113 9/13 11/13  47/78 60%
pBBE22/uc
DM113 12/12 10/12 1212 1212 12/12 12112 70/72 97%
pBBE22/uc

a Dose of 103 per strain of B. burgdorferi tested.
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Figure 16. Quantitative assessment of B. burgdorferi load from infected mice
tissues. Quantitative PCR (gPCR) of tissues from mice infected with the parental
strain (black circles), the sRNA mutant (open boxes), and the genetic complement
(blue triangles) was used to enumerate borrelial genomic equivalents relative to the
murine samples. Mice were infected with 102 dose of B. burgdorferi strains for 21
days. Tissues tested are shown at the bottom: PS for peripheral ear skin; SK for
skin at the site of infection; LN for Lymph node; HT for heart; and JT for the tibiotarsal
joint. The results are represented as the number of borrelial recA genomic copies
per 108 mouse B-actin copies. The horizontal line in each data set depicts the mean
value. Each data point shown represents an independent sample from a single
mouse tissue assayed in triplicate and averaged. * P < 0.05; ** P < 0.01; *™* P <
0.001; *** P < 0.0001.
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Transcriptional profile of the SR0736 mutant

Given the infectivity defect observed, we were then interested in determining
how SR0736 affects the transcriptional profile of B. burgdorferi. To assess this, we
performed RNA-seq to compare the global transcriptional profile of the parent and
the sRNA mutant under conditions that mimic mammalian-like conditions in an
unbiased manner. It is important to note that the cultures used for this analysis were
also utilized for the subsequent proteomic analysis described below.

For our transcriptional comparison, we found that the sRNA mutant exhibited
differential expression of transcripts in 19 genes when compared to the infectious
parent (Fig. 17). From the 19, 13 transcripts were upregulated in the sRNA mutant
strain, including transcripts predicted to be involved in pathogenesis (vraA [bbi16]
(227) and a locus required for effective transmission from the tick vector to mice and
expressed during mammalian infection, bba66 (228,229). In addition, there were 6
transcripts downregulated in the sSRNA mutant strain, which included ospD (bbj09),
0spA (bba15), and oms28 (bba74) (Fig. 17). Overall, these results suggest that the
SR0736 sRNA affects either the stability of the transcripts observed or indirectly

alters the expression of these transcripts using an unknown regulatory mechanism.

qRT-PCR confirms differential expression of transcripts in the SRNA mutant

We next utilized quantitative RT-PCR (gRT-PCR) to assess the expression
of the candidate genes identified to corroborate our RNA-seq analysis (Fig. 18)
using the parent, mutant, and complement strains under mammalian-like conditions.

A constitutively expressed gene, flaB, which was not affected by any of strains
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Figure 17. RNA-seq of the B. burgdorferi SR0736 mutant strain relative to its parent
reveals differences in transcript populations. Nineteen transcripts with differential
expression in comparison to the parent were determined via RNA-seq analysis. The
SR0736 mutant (left side) and the parent strain (right side) were grown in biological
triplicates in vitro using conditions that mimic mammalian infection, RNA was
purified, and the samples subjected to RNA-seq. Subsequent bioinformatics
indicated that 19 transcripts were dysregulated with 13 upregulated and 6
downregulated in the sRNA mutant relative to the parent strain. The B. burgdorferi
genes affected are listed on the right side. The heat map depicts those that were
upregulated (red) and those that were down-regulated (blue).
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tested in this study, was used for normalization as previously described (73,74). As
a control, we tested ospC and found that this transcript was not affected by the loss
of SR0736 sRNA, as predicted. Five genes were tested, bba66, vraA, oms28
(bba74), ospD, and ospA (Fig. 18). The qRT-PCR confirmed the upregulation or
downregulation observed in the RNA-seq experiment for each gene (Fig. 17 and
18). Unexpectedly, only bba66 was restored to wild type levels in the complemented
strain (Fig. 18). This discrepancy in transcript level is surprising given that the
complement restores infectivity back to the parent strain level in vivo (Fig. 15) and
that both the Northern blot and qualitative RT-PCR data indicates a product specific

to the sSRNA in the parent and complement but missing from the mutant (Fig. 12).

SR0736 alters the borrelial proteome

We hypothesized that the loss of SR0736 might result in the decrease or
enhancement of borrelial proteins due to the predicted post-transcriptional
regulation inherent to sRNAs (148-150). To address this, we used a global
proteomic screen to identify and quantify the entire borrelial proteome of both the
parent and SR0736 mutant under conditions that mimic mammalian-like conditions
(Fig. 19 ). The samples used here were identical to those used for RNA-seq analysis
shown in Fig. 17. From this assessment we found two proteins, OspD and Oms28,

that were significantly downregulated in the SR0736 sRNA mutant (Fig. 19).
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Figure 18. Quantification of transcripts by qRT-PCR. Quantitative RT-PCR (qRT-
PCR) of the parent (black bars), SR0736 mutant (blue bars), and complement strain
(green bars) were performed for a subset of transcripts indicated at the bottom of
each panel. The error bars indicate standard error. The data for all samples was
normalized to the endogenous control, flaB, whose transcription was not affected
by the conditions used in this experiment. Significance is denotated as * P < 0.05,
*P<0.01, ™ P<0.001. **** P < 0.0001.
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Figure 19. Proteomic evaluation of the parent relative to the sSRNA mutant. Tandem
Mass tags (TMT) was used to determine the total protein composition of the parent
and SR0736 mutant. Volcano plot showing the protein abundance fold change
(Logz) plotted against the P-value (- Log+o) from parent and sSRNA mutant strain.
Strains were grown in vitro in biological triplicates in mammalian-like conditions and
subjected to TMT (see Methods for details). OspD and Oms28 were found to be
significantly lower in abundance in the mutant relative to the parent strain.
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Since both ospD and oms28 transcripts were identified in our RNA-seq data
and were decreased in amount (Fig. 17), we hypothesize that the targeted sRNA
stabilizes these transcripts and thus, allows for the increased translation of OspD
and Oms28. In the absence of the SR0736 sRNA, the transcript of ospD and oms28
are destabilized, resulting in reduced levels of OspD and Oms28 proteins. A
predictive algorithm, IntaRNA (Freiburg RNA tools) indicated potential SR0736
binding sites found at the 3’ end of the ospD and omsZ28 transcripts that may prevent
RNase-dependent turnover (Fig. 20). Whether this SRNA-mRNA interaction occurs
and stabilizes the ospD and oms28 transcript directly, or if this effect is due to other
SRO0736-regulated targets that indirectly affect this process, remains to be
determined.

To provide additional validation for the effect seen for OspD and Oms28 in
the SR0736 sRNA mutant background, we performed Western blot analysis of
proteins lysates from parent, SR0736 mutant, and complement grown in vitro under
mammalian-like conditions. We observed lower levels of OspD and Oms28 in the
sRNA mutant then the parent, consistent with the proteomic analysis (Fig. 21). Of
note, the complement did not produce OspD to levels similar to that observed in the
parent strain, consistent with the expression of ospD not being restored in the qRT-
PCR analysis (Fig. 17). For Oms28, the complement produced proteins levels
comparable to the parent. These results demonstrate partial complementation of the
SR0736 mutant relative to the parent strain using both gqRT-PCR and Western

immunoblot metrics of assessment.
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Figure 20. IntaRNA (Freiburg RNA Tools) predictions of interactions of the SR0736
sRNA with the ospD and oms28 transcripts. A. Potential interaction of the SR0736
sRNA with within the coding region of ospD (upper). B. Potential interaction of the
SR0736 sRNA within the coding sequence of omsZ28 (lower).
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Figure 21. Evaluation of OspD and Oms28 in B. burgdorferi lacking SR0736.
Protein lysates were derived from parent (P), SR0736 sRNA mutant (M), and
SR0736 complement (C) strains grown under mammalian-like conditions in vitro and
probed against anti-OspD (A) and anti-Oms28 (B). FlaB was used as a loading
control for both immunoblots shown.
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Discussion

Bacterial sSRNAs are important in regulating gene expression by modulating
the translation efficiency of its target transcripts (146,147). However, the loss of a
single sRNA species often has a limited effect on measurable phenotypes. This is
likely due to the subtle effect of the SRNA-mRNA interaction and the lack of an
absolute effect seen by this event; that is, the target transcript is not entirely inhibited
or activated, depending on the relative abundance of these RNA molecules and the
fine-tuning that is associated with their transient binding (147,230). Modest
phenotypes may also be due to redundancy, as a given mRNA can be regulated by
multiple sSRNAs; therefore, the elimination of a single SRNA may not drastically alter
mRNA turnover or translation (147,150,230). Nevertheless, sRNAs encoded by
pathogenic bacteria are recognized as important players in adaptive responses with
some identified as important effectors in regulatory pathways (149,150,231).

Due to the enzootic nature of B. burgdorferi and its ability to quickly adapt to
environmental factors encountered during their lifecycle, we hypothesized that B.
burgdorferi use sRNAs to affect post-transcriptional regulatory processes that
calibrate these responses. Recently, 1,005 putatives sRNAs were identified in B.
burgdorferi, suggesting that these spirochetes exploit this type of genetic regulation
(161). However, how B. burgdorferi utilizes these sSRNA candidates remains largely
unknown. Understanding the role these sRNAs play in post-transcriptional gene
regulation in B. burgdorferi should provide significant insight into how the Lyme
disease spirochete refines its molecular pattern to survive and persist within the

disparate environments that they reside, e.g., arthropods versus mammals. In this
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study, we inactivated a frans-acting, intergenic (1G) sRNA, designated SR0736, and
demonstrate that this sSRNA is required for optimal murine infection, as well as
dissemination to distal tissues, and show that transcript and protein production are
affected when SR0736 is missing from B. burgdorferi. To our knowledge, no other
sRNA from B. burgdorferi has been vetted to this extent.

As a first step to link a B. burgdorferi trans-acting intergenic sRNA to an
infectivity phenotype, mice were infected with the transposon library of B. burgdorferi
strain B31 (189) and decreased infectivity was scored using Tn-seq (190,198).
These data were compared against the recently described B. burgdorferi SRNA-
specific library (161) to identify intergenic SRNA species that mapped to existing Tn
mutants. We tested each identified intergenic SRNA Tn mutant individually using the
experimental murine infection model. One sRNA mutant, designated SR0736,
exhibited the most severe infectivity defect. Subsequent in vivo imaging of an
independently derived mutant strain relative to its parent and complement (Fig. 15)
confirmed the attenuated phenotype observed for the qualitative infectivity
assessment (Table 9). The inactivation of the SR0736 affected tissue tropism of B.
burgdorferi where spirochetes were cultured out of peripheral ear skin and heart in
less than 8% of the samples tested (Table 9). Even though the qualitative
assessment of infection showed some degree of colonization in all tissues except
the lymph nodes, the total bacterial load of B. burgdorferi was significantly lower for
the mutant relative to the parent and complement strains (Fig. 16). These data
indicate that SR0736 is needed for optimal borrelial colonization and/or

dissemination.
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To globally assess the role of the SR0736 sRNA we used transcriptomic and
proteomic approaches to identify transcripts and proteins that are altered in the
absence of SR0736, respectively. Two proteins, OspD and Oms28 (BBA74), were
produced at lower levels in the SR0736 mutant consistent with their respective
transcripts being reduced in the mutant background (Figure 17 and 19). This
concordance of the data suggests that the SR0736 sRNA binds to the ospD and
oms28 transcripts, prevents their degradation, and consequently enhances OspD
and Oms28 translation.

Of the nineteen transcripts identified as being altered due to the loss of the
SR0736 sRNA, only six have been characterized to varying degrees: ospA, ospD,
oms28, bbd18, vraA, and bba66. From these three, bba66, vraA and bbd18, have
been associated with some aspect of mammalian-based virulence; four of these
genes, including ospA, ospD, oms28, and bba66, are expressed in the arthropod
vector and some have significant phenotypes in this stage of the B. burgdorferi life
cycle, particularly ospA and bba66 . OspA is a well characterized surface lipoprotein
that functions as an adhesin in the midgut of /xodes ticks; as such, OspA is required
for this aspect of the borrelial lifecycle (12,94,105,107). BBAGG is a Ip54 encoded
surfaced expressed lipoprotein that is upregulated during nymph blood meal and is
highly expressed in the mammal for more than three months post infection,
suggesting a role in persistent infection (229). Needle inoculation of mice with
genetically inactivated bba66 in B. burgdorferi results in lower bacteria burden of
joint tissue and significantly lower joint swelling relative to the parent strain,

suggesting that BBAG66 contributes to borrelial-mediated inflammation (228).
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Mutants in bba66 are acquired by larvae and persist through molting, but were
significantly impaired in its ability for infecting mice when introduced by tick bite
compared to that of mice fed upon by wild type ticks, suggesting a role for BBAG6
in transmission (228).

Recently, an additional function of BBA66 was found, whereby BBAGG binds
to neuroglial and macrophage protein Daam1 (237). Daam1 is in the formin family
of proteins involved in regulating cytoskeletal reorganization in mammalian cells
(238). A prior study showed that Daam1 co-localized to pseudopods on
macrophages that were processing B. burgdorferi by coiling phagocytosis (239). A
more recent report showed that BBA66 mediated the attachment of B. burgdorferi
to these cells via the Daam1 protein (237). Interestingly, the bba66 mutant exhibited
reduced levels of internalized B. burgdorferi while borrelial cells that produced
greater amounts of BBA66 were phagocytosed more efficiently (237). In the RNA-
seq data (Fig. 17), higher expression of bba66 was observed in the SRNA mutant
compared to the parent. From this it is tempting to speculate that the increase of
bba66 expression in the sSRNA mutant may lead to increased phagocytosis and local
clearance of B. burgdorferi by macrophages as a result of BBA66-mediated binding
of Daam1. This could help explain the lower bacteria burden in the majority of the
mice tissues examined in the sRNA mutant, where BBAGG6 levels are predicted to
be greater (Fig. 15). Taken together, the dysregulation of bba66 expression may be
an important factor in the phenotype observed for the SR0736 sRNA mutant (Fig.

15 and 16).
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One significant and confounding issue stemmed from the incomplete
complementation observed for the SR0736 sRNA. While the cis-acting complement
restored infectivity to wild type levels as assessed by in vivo metrics (e.g., in vivo
imaging as well as both qualitative and quantitative measure of infected tissues), in
vitro indicators did not. Surprisingly, several of the transcripts and proteins affected
by the absence of SR0736 were not restored to wild type levels in the complement.
Of the five targets tested for transcript levels, only bba66 was restored to wild type
levels in the SR0736 complemented strain. At the protein level, we were limited by
available reagents, and of the three candidates tested, OspD, VraA, and Oms28,
only Oms28 appeared restored to the levels observed in the parent strain when
assessed by Western immunoblotting. The reasons for the discrepancy between the
in vivo and in vitro readouts remains unresolved but may be due to a heretofore
unknown host specific factor that is lacking during the in vitro growth of B.
burgdorferi but needed for a proper integrated regulatory response by SR0736.
Further studies will be needed to address this experimental conundrum.

Another limitation of this study in the absence of data that directly links the
SR0736 sRNA to interaction with targeted transcripts. Although the RNA interactive
algorithm IntaRNA predicts binding by SR0736 to the ospD and omsZ28 transcripts
(Fig. 20), we have yet to accumulate direct evidence that SR0736 does anneal to
these and other target transcripts. Recently, several methods have been developed
to identify endogenous RNA-RNA complexes in eukaryotes and have been adapted
for the identification of SRNA-mRNA complexes in bacteria. These methods identify

the RNA-RNA interactions through in vivo crosslinking, ligation and detection of the
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chimaeric RNAs by sequencing (240-242). Such approaches could be used to
confirm the borrelial mMRNA species identified in the data presented herein by
SR0736 as well as other novel transcripts.

In conclusion, sSRNA-mediated regulation has been proven to be complex but
important in fine-tuning gene expression in many bacteria species (159,243). Our
findings suggest that the SR0736 regulates different gene targets expressed at
different stages of B. burgdorferi life cycle; that is, during infection or during blood
meal of the tick (66,218,228,229,234,235). One possibility posits that this SRNA may
help in a quick adaptive response that is needed to transmit from the tick vector
and/or colonize the mammalian host. In wild type B. burgdorferi, the SR0736 sRNA
coordinates the proper expression of different targets due to post-transcriptional
processing. When SR0736 is lost, the dysregulation of its targets has a synergistic
effect that results in an attenuated phenotype. Here, there is an additional layer of
complexity, seen in the form of tissue tropism, such that colonization at remote skin
and cardiac tissue sites is impaired. As such, this work suggests that sRNA-based
regulation is important in maintaining appropriate levels of gene expression in its
affected target transcripts to promote B. burgdorferi colonization and dissemination

during experimental infection.

Experimental Procedures
Bacteria strains and culture conditions
Bacterial strains and plasmids used in this study are described in Table 10.

Escherichia coli strains were grown aerobically at 37°C in Luria Broth (LB).
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Concentration of antibiotics used in E. coli are as follows: kanamycin, 50 ug/mi;
spectinomycin, 50 ug/ml; and gentamicin, 5 ug/ml. B burgdorferi strains were grown
in BSK-II media supplemented with 6% normal rabbit serum (Pel-Freez Biologicals,
Rogers, AR) under conventional microaerobic conditions at 32°C, pH 7.6, under 1%
CO2atmosphere, or conditions that mimic the mammalian-like environment, namely,
37°C, pH 6.8, under 5% CO2 atmosphere. Borrelia burgdorferi B31 ML23 (181) and
derivative strains were grown under antibiotic selective pressure, dependent on
genetic composition, with either kanamycin at 300 ug/ml, streptomycin at 50 pug/ml,
or gentamicin at 50 ug/ml. B. burgdorferi 5A18NP1 (209) was grown in the presence
of kanamycin at 300 ug/ml and the B. burgdorferi transposon mutants (189) were

grown in the presence of both gentamicin at 50 pug/ml and kanamycin at 300 pg/ml.

Genetic inactivation of the B. burgdorferi SR0736 intergenic SRNA

The intergenic (IG) small regulatory RNA (sRNA) located between genes
bbd18 and bbd21 in Ip17 was insertionally inactivated via homologous
recombination by replacing the 3’ end of the SRNA (nucleotides 11,820-11,850) with
the Ppgs-aadA (streptomycin resistant; StrR) antibiotic cassette (206) DNA
sequences that flanked the SR0736 sRNA locus were amplified using PCR with

PrimeSTAR GXL polymerase (Takara, Mountain View, CA).
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Table 10. Strains used in the SR0736 study.

E. coli strains

Mach-1™-T1R | F- $80(lacZ)AM15 AlacX74 hsdR(r«mk*) ArecA1398 endA1 | Invitrogen
tonA
B. burgdorferi
strains
ML23 B. burgdorferi B31 clonal isolate missing Ip25; parent strain. (181)
ML23 Clonal isolate of strain B31 lacking 1p25; shuttle vector (41)
pBBE22/uc encodes bbe22 and B. burgdorferi codon optimized /uc gene
under the control of a strong borrelial promoter (Psas-luc).
DM103 ML23 IG sRNA SR0736::StrR. This study
DM103 DM103 background carrying shuttle vector pBBE22/uc; StrR
pBBE22/uc and KanR
DM113 ML23 containing intact sSRNA SR0736::GenR complemented | This study
in cis in same genetic location of Ip17 (between genes bbd718
and bbd21) using native promoter.
DM113 DM113 background carrying shuttle vector pBBE22/uc; GenR
pBBE22/uc and KanR
5A18NP1 Borrelia burgdorferi B31 clone missing 1p28-4 and Ip56 with (209)
disruption of bbe02::KanR.
Plasmids
pCR®-Blunt pCR®-Blunt vector, KanR, Zeocin®R. Invitrogen
pKFSS1 B. burgdorferi shuttle vector containing Prgs-StrR cassette; (206)
SpecRin E. coli, StrR in B. burgdorferi.
pBSV2G B. burgdorferi shuttle vector containing Prgs-GenR cassette. (244)
pBBE22/uc Borrelial shuttle vector containing bbe22 and B. burgdorferi (41)
codon-optimized luc gene under the control of a strong
borrelial promoter (Psas-Iuc).
pCR2.1Bactin Murine B-actin gene cloned into pCR2.1 vector; KanR. (41)
pCR2.1recA B. burgdorferi recA gene cloned into pCR2.1 vector; KanR. 41
pDM103 B. burgdorferi IG sRNA SR0736 mutant construct. Contains | This study
sequences 1280 bp upstream of the sRNA, the Ppge-StrR
cassette from pKFSS1 inserted into the sSRNA sequence, and
sequences 1233 bp downstream of the sRNA; pCR®-Blunt
vector backbone; Str* and KanR.
pDM113 Complement construct of the sRNA SR0736 located in | This study

between genes bbd18 and bbd21. Contains sequences 1359
bp upstream of sRNA, a gentamicin cassette from pBSV2G,
and 1171 sequences downstream of the sRNA; pCR®-Blunt
vector backbone; GenR and KanR.
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For the upstream fragment, 1280 bp were amplified using primers US-F and
US-SpecR (see Table 11). The 1266 bp fragment containing Prgs-StrR was PCR
amplified from pKFSS1 (206) using the oligonucleotide primers pair US-SpecF and
SpecDS-R (Table 11). An additional 1,233 bp PCR product, which amplified
sequences downstream from the SR0736 sRNA, was engineered with primers
SpecDS-F and DS-R (Table 11). All three fragments had 20 base pair overlap
sequences and were assembled by overlap PCR (40,204,213).

For the creation of the SRNA cis complement strain, the Prgs-StrR cassette of
the sRNA mutant was replaced on Ip17 using the native SR0736 containing
sequence with a linked Psge-GentR marker downstream of the sSRNA (244). The US-
F and compUS-gentR primers were used to PCR amplify the 1359 bp portion
containing SR0736 (Table 11). The 983 bp gentamicin cassette from pBSV2G (244)
was produced using primers compUS-gentF and compgentDS-R (Table 11). A 1171
bp region downstream from SR0736 was amplified using the primers compgent-
DSF and compDS-R (Table 11). As before, all three fragments had 20 base pair
overlap sequences and were assembled by NEBuilder HiFi DNA Assembly Master
Mix (New England Biolabs, Ipswich, MA). All constructs were verified by Sanger
sequencing prior to transformation into the B. burgdorferi strain B31 derivative ML23

(181).
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Table 11. Oligonucleotides used in the SR0736 study.

Oligonucleotides

5-3

Use

US-F
US-SpecR

GCTGCCTTAAGTAAGGC
GAAATCTTCCACGCCAATTGTCTTAAGGACTTTTTATAAA

Primer pair used to amplify 1280
bp of the flanking region upstream
of the sRNA in Ip17. Amplicon has
20 bp at the 3’ end with homology
to the 5 end of Pag-Spec? of
pKFSS1 (206).

US-SpecF
Spec-DSR

TTTATAAAAAGTCCTTAAGACAATTGGCGTGGAAGATTTC
ATTCTTCATTATTCTTTATT CTGATTTTTAAACTTTTTCA

Primer pair used to amplify 1266
bp region of Prge-Spec® (206).
The 5 end has 20 bp with
homology to the 3’ end of the
upstream flanking region. The 3’
end of the amplicon has 20 bp with
homology to the 5 end of the
downstream flanking region.

Spec-DSF
DS-R

TGAAAAAGTTTAAAAATCAGAATAAAGAATAATGAAGAAT
CTATATTCACGGCTTTTGTCTC

Primer pair used to amplify the
downstream flanking region 1233
bp amplicon. The amplicon has 20
bp at the 5 end with homology to
the 3’ end of Prge-SpecR (206).

US-F
compUS-gentR

GCTGCCTTAAGTAAGGC
CCTTGAAGCTCGGGTATTACCCAAATTTATTTTGAAATT

Primer pair used to amplify 1359
bp of upstream amplicon with 20
bp homology sequence at the 3’
end to the 5’ end of Pygs-GenR from
pBSV2G (244).

compUS-gentF
compgent-DSR

AATTTCAAAATAAATTTGGGTAATACCCGAGCTTCAAGG
CTATTTTACAAACCTACCCTTAGGTGGCGGTACTTGGGT

Primer pair used to amplify 983 bp
amplicon of the Pggs-GenR (244)
with 20 bp on the 5 end with
homology to the 3’ end of the
upstream flanking region and 20
bp on the 3’ end with homology to
the 5 end of the downstream
flanking region.

compgent-DSF

ACCCAAGTACCGCCACCTAAGGGTAGGTTTGTAAAATAG

Primer pair used to amplify 1171

compDS-R ACGGCTTTTGTCTCATTCTACG bp of downstream flanking region
with 20 bp on the 5 end with
homology to the 3’ end of Prgs-
GenR (244).

nTM17FrecA GTGGATCTATTGTATTAGATGAGGCT Primer pair used to enumerate

nTM17RrecA GCCAAAGTTCTGCAACATTAACACCT copies of B. burgdorferi recA by
gPCR (5) .

b-actin-F ACGCAGAGGGAAATCGTGCGTGAC Primer pair used to enumerate

b-actin-R ACGCGGGAGGAAGAGGATGCGGCAGTG copies of mouse B-actin by gPCR
(40,246).

P1 GTCATAATCGTAATTTTCACCGGTTTGC Primers used to confirm sRNA
mutant and complement strains.

P2 CGACCTTTTGGAAACTTCGGC Primers used to confirm sRNA
mutant and complement strains.

P3 GGACCTACCAAGGCAACGCTATGTTCTC Primers used to confirm sRNA
mutant and complement strains.

P4 GAAATCCTTGTGTTCTATCCCTC Primers used to confirm sRNA
mutant and complement strains.

P5 GCAGTCGCCCTAAAACAAAGTTAGGTGG Primers used to confirm sRNA
complement strain.

P6 GCCTCCGGTGCTCGCCGGAGACTG Primers used to confirm sRNA
complement strain.

bbd18F CCCATGATTTCCTTTTAATTTTTTAG Primers used to amplify 367 bp

bbd18R CGATTATGACACATTTATTACC amplicon via Reverse-
transcriptase PCR (RT-PCR) of
bbd18.

bbd21F GGTGGTGTTGGGAAAACTACC Primers used to amplify 242 bp

bbd21R CTAAAAGTTCCACTCGGCACACATGGC amplicon via Reverse-
transcriptase PCR (RT-PCR) of
bbd21.

sRNA-F GTCCTTAAGAGAGAAATTTC Primers used to amplify 65 bp

sRNA-R GGGCAATTCTTCATTATTC amplicon via Reverse-

transcriptase PCR (RT-PCR) of
the sRNA SR0736.
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Table 12. Oligonucleotides used for gRT-PCR.

Oligonucleotide Sequence 5°-3’ Reference
oms28F GCTGTTTCTGTTGCTGGTGAAG (247)
oms28R AACTTTTTGAGCCTCTTGAACTG (75)
ospDF GGCAAATAAAGTTGTAGAAGCG (75)
ospDR TTTCAGCAGAATCAGAATAGTCAG (75)
bba66F GCAAGAGCTGCATCACTAACAAA (229)
bba66R TGTTGGCAGCCCGCTATT (229)
OSpAF GGCGTAAAAGCTGACAAAAGTAAAGTA (74)
0spAR TAGTGTTTTGCCATCTTCTTTGAAAA (74)
ospCF CGGATTCTAATGCGGTTTTACTTG (74)
ospCR CAATAGCTTTAGCAGCAATTTCATCT (74)
vraAF AAGCAAATAGAATCGGCCTACAA (74)
vraAR CCCAATTCAATCCCCTAAAAGAC (74)
flaBF CAGCTAATGTTGCAAATCTTTTCTCT (74)
flaBR TTCCTGTTGAACACCCTCTTGA (74)
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Transformation of B. burgdorferi

B. burgdorferi were made competent for DNA transformation as previously
described (39,40,188,204). Prior to transformation via electroporation, all plasmid
constructs were linearized with Xhol. Following antibiotic selection for the desired
strain, putative transformants were tested for the presence of the genetic constructs
using a PCR-based screen. Subsequent mutant or complemented strains were

tested for B. burgdorferi strain B31 plasmid content by PCR (181).

Infectivity studies and bioluminescent imaging

Infectivity studies were performed as previously described. Briefly, 8-week-
old C3H/HeN female mice were inoculated with 10% organisms of the B. burgdorferi
parent strain ML23/pBBE22/uc, the sRNA SR0736 genetic inactivation strain
DM103/pBBE22/uc, or the genetic complement strain DM113/pBBE22/uc, by
intradermal injection in the abdominal area. For the parent and complement strains,
twelve mice were infected, for the sRNA inactivation strain, thirteen mice were
infected.

The bioluminescent imaging was performed as done previously (40,41,204).
Described briefly, five mice were imaged for the parent and mutant strains and four
mice were imaged for the complement strain. The mice were injected
intraperitoneally with 5 mg of D-luciferin dissolved in 100 pL of PBS 10 minutes prior
to imaging with an IVIS Spectrum live animal imaging system (Caliper Life Sciences,
Hopkinton, MA), with the exception of one mouse that was infected with B.

burgdorferi but did not receive D-luciferin to serve as a negative control for
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background luminescence (41). Imaging of the mice was performed 1 hour and at
1,4,7,10 14 and 21 days post-infection (41). After 21 days, the mice were sacrificed
and the ear, abdominal skin, inguinal lymph node, heart, bladder, and tibiotarsal
joint tissues were collected from each mouse aseptically for in vitro cultivation.
Samples from ear, abdominal skin, inguinal lymph node, heart and tibiotarsal joint
tissues were also collected from these mice for gPCR analysis of B. burgdorferi

burden as described previously (39,41).

RNA Isolation for conventional RT-PCR and qRT-PCR

Three independent cultures of B. burgdorferi strains ML23 (181), the sRNA
inactivation strain DM103, and the genetic complement strain DM113, were grown
to mid-log phase of 5 x107 cells per ml at either mammalian-like conditions, defined
as: 37°C, pH 6.8, under 5% CO2 or at conventional microaerophilic conditions of
32°C, pH 7.6, under 1% CO.. The cultures were centrifuged at 4500 x g for 20
minutes at 4°C, washed with 1 ml PBS, and centrifuged at 14,000 rpom for 15
minutes. The pellet was resuspended in 100 pl of sterile water and 300 pl of TRIzol
(Invitrogen, Carlsbad, CA) was added prior to employing Direct-zol RNA Miniprep
(Zymo Research, Irvine, Ca, USA) for total RNA isolation. The resulting RNA was
treated with DNAse | (Roche, Indianapolis, IN) and RNAsin (Promega, San Luis
Obispo, CA) to eliminate contaminating DNA and inhibit RNAse activity,
respectively. For conventional RT-PCR, 200 ng of total RNA was used to reverse
transcribe into cDNA using SuperScript lll (Thermo Fisher Scientific, Waltham, MA)

using appropriate primers listed in Table 11.
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For gRT-PCR analysis, 1 ug of total RNA was used for reverse transcription
into cDNA using random primers (Thermo Fisher Scientific, Waltham, MA) and
SuperScript Ill (Thermo Fisher Scientific, Waltham, MA). Oligonucleotide primers
from Table 12 were used to amplify specific B. burgdorferi strain B31 targets. The
expression of each gene was normalized to flaB as done previously using the AACt

method (73,74).

Northern blot Analysis
Northern blotting of SR0736 was conducted using the same probe described

previously (161,248).

DNA extraction of B. burgdorferi from infected tissues and qPCR analysis

Total DNA was isolated from ear, abdominal skin, inguinal lymph node, heart,
and tibiotarsal joint using Roche High Pure PCR template preparation kit (Roche,
Indianapolis, IN) as previously described (39,40,204). Total DNA of 100 ng was
used for each gPCR reaction. Quantitative real-time PCR analysis was conducted
using the Applied Biosystems StepOnePlus Real-Time PCR system. B. burgdorferi
genome copies and mammalian cell equivalents were determined using either the
oligonucleotide primers nTM17FrecA and nTM17RrecA (39,245) along with the

primer set 3 -actin-F and 3 -actin-R (246), respectively (Table 11).
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RNA Sequencing (RNA-seq)

Three independent cultures of B. burgdorferi cells were grown to mid-log
phase of 5 x 107 cells per ml at 37°C, pH 6.8 and 5% CO-, e.g., in vitro conditions
that mimic mammalian-like infection (7,12). Cells were centrifuged at 4,500 x g for
30 minutes at 4°C. Approximately 1 x 10° cells were lysed in 1ml of TRIzol
(Invitrogen, Carlsbad, CA) and RNA extracted following manufacturer’s instructions.
RNA was checked for quality using the Agilent TapeStation 2200 standard RNA
screen tape and quantified using the Qubit 2.0 Broad Range RNA assay. Total RNA
was normalized between all samples for sequencing library preparation using the
TruSeq Stranded Total RNA library preparation kit with ribosomal depletion. Each
sample was uniquely barcoded, then the libraries were pooled at equal
concentrations. Library pools were sequenced using NextSeq 500 System on a 2 x
75 bp paired-end sequencing run generating ~15 million reads/sample by the Texas

A&M Institute for Genome Sciences and Society (TIGSS).

Tandem Mass Tags (TMT)

Three independent cultures of B. burgdorferi cells were grown to mid-log
phase of 5 x 107 cells per ml at 37°C, pH 6.8 and 5% CO- (note: the cells used here
were the same as those used for RNA-seq). Cells were centrifuged at 4,500 x g for
30 minutes at 4°C and washed twice with 10ml of cold PBS. Cells were resuspended
in 50 mM triethylammonium bicarbonate (TEAB) and 5% SDS. Samples were
quantified using Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham,

MA) and approximately 1.2 mg of protein was used for Tandem Mass tags (TMT)
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experiment. For this approach, protein extracts were isolated from the cells,
reduced, alkylated, and proteolytically digested overnight. Samples were labeled
with the TMT reagents in a 6-plex experiment and combined before sample
fractionation and clean up. Labeled samples were analyzed by high-resolution
Orbitrap LC-MS/MS. Identification and quantification of proteins was performed
using Proteome Discoverer 2.2 software. The University of Texas Southwestern

proteomics core performed the TMT analysis.

SDS PAGE and immunoblotting

Borrelia burgdorferi protein lysates were resolved on a 12.5% polyacrylamide
gel, transferred to a PVDF membrane, and blocked using non-fat powdered milk as
done previously (39,249). Primary antibodies were used at the following dilutions:
anti-Oms28 at 1:1000; anti-OspD at 1:5,000 and anti-FlaB at 1:5,000. Secondary
antibodies with horseradish peroxidase (HRP) conjugates were used to detect
immunocomplexes, specifically, anti-mouse Ig-HRP (Invitrogen, Carlsbad, CA,
USA) or anti-rabbit Ig-HRP (GE Healthcare, Chicago, IL, USA) both diluted to
1:5,000. The membranes were washed extensively in PBS, 0.2% Tween-20, and
developed using the Western Lightning Chemiluminescent Reagent plus system

(Perkin Elmer, Waltham, MA, USA).
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RNA prediction modeling
The coding sequence and 100 bp upstream of the start codon of the
candidate genes ospD and oms28 were subjected to RNA binding predictions using

IntaRNA (Freiburg RNA Tools; (250) against the SR0736 sequence.

Statistical analysis

For real-time gPCR and quantitative reverse transcription PCR (qRT-PCR)
analysis, multiple one unpaired t-test were performed to analyze the strains. For the
analysis of in vivo luminescence of mice, two-way analyses of variance (ANOVA)
was performed. For the RNA sequencing (RNA-seq) of the strains, differential
expression analysis was performed using the DESeq2 Bioconductor package. For
the volcano plot, multiple one unpaired t-test in both strains for each protein
identified was performed to obtain the P values that were used to calculate the y-
axis (-log1o of the P-value). Statistical significance was accepted when the P values

were less than 0.05 for all statistical analyses employed.
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CHAPTER IV

CONCLUSIONS AND DISCUSSION

The Lyme disease causing spirochete, Borrelia burgdorferi, is maintained in
nature in an enzootic cycle involving Ixodes spp. ticks and a variety of mammalian
hosts (7,12). The spirochete is an auxotroph for nucleic acids, amino acids, and fatty
acids, scavenging its nutrients from its hosts (7,12). The tick and mammal are vastly
different environments. B. burgdorferi dramatically changes its gene expression and
its outer surface expressed proteins, when transiting between the tick vector and
the mammalian host (7,12,23). The modulation of gene expression is caused by the
bacterium sensing and responding to environmental cues, such as temperature, pH,
dissolved gases, and unidentified mammalian host factors (7,12,23).

Bacteria must adapt to rapid changes in the environment to survive. Small
regulatory RNAs (sRNAs) are particularly adept at mobilizing rapid adaptative
responses (148,149). Bacteria SRNAs are important regulators of gene expression
in metabolism, quorum sensing, virulence, and other cell processes (146,148,150).
Specifically, sSRNAs post-transcriptionally regulate mRNAs by binding to them and
altering their stability or their ability be translated into protein (149,150).

Trans-acting sRNAs have limited complementarity with their mRNA targets
and thus bind imperfectly to transcripts (149,150). Due to the nature of trans-acting

sRNAs, each sRNA may bind to multiple mRNAs (148,149). In addition, mMRNAs can
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be regulated by multiple sSRNAs in this manner, establishing SRNA networks for the
fine-tuning of gene expression (148,149).

B. burgdorferi produces 1,005 putatives sRNAs in vitro under conditions that
mimic the tick and mammalian host at temperatures of 23°C and 37°C, respectively
(161). From the total amount of SRNAs identified, 43% were found to be temperature
dependent (161), which represents an important environmental cue for the
modulation of gene expression in B. burgdorferi as they move between arthropod
and mammalian hosts (7,12). This finding suggests a potential role for sSRNAs in the
enzootic cycle of the spirochete. However, not much is known about the role of
sRNAs in post-transcriptional regulation of B. burgdorferi. In this work, we have
initiated the characterization of a novel trans-acting sRNA termed SR0736 that was
recently assigned as a part of the identification of all the detectable sRNAs in B.
burgdorferi (161). Herein, we performed studies to identify the mRNAs that SR0736
targets to carry out its regulatory function. In addition, we mutated SR0736 and
found that it is required for the optimal infection and dissemination of B. burgdorferi
during experimental infection.

The work presented herein is relevant and timely inasmuch as only one sRNA
has been characterized in B. burgdorferi (169). sSRNAs serve as additional layers of
regulation and are considered an advantageous strategy for bacteria to utilize given
that a single sRNA can modulate the expression of multiple transcripts in a positive
or negative manner simultaneously (149,150). In addition, sSRNAs play key roles in
bacteria regulatory networks, which can result in indirect regulatory effects, further

complicating defining how they coordinate a distinct regulatory response (148,149).
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With the identification of over a thousand sRNAs in B. burgdorferi (161), more
borrelial SRNAs will be examined for their regulatory effects on gene regulation in
diverse cell processes of the spirochete. The future identification of sRNAs in
borrelial regulatory networks will further the understanding of strategies that B.
burgdorferi utilizes for gene regulation in regard to specific responses they

encounter.

SR0736 is a novel trans-acting sRNA

Gene expression is regulated by proteins and sRNAs in bacteria (148,156).
RNA-based regulation by sRNAs is widely used to reshape transcriptomes
(146,156). In Chapter lll, we described the characterization of the novel trans-acting
SRNA designated SR0736. The SR0736 sRNA is upregulated at 37°C in vitro, a
temperature that mimics the mammalian host, suggesting a potential role during
infection (161). To test this hypothesis, we genetically inactivated the SR0736 sRNA
in B. burgdorferi (Fig. 11). This resulted in a significant infectivity defect, in
comparison to the parent and genetic complement, demonstrating that the
attenuation observed was due to the loss of the SR0736 sRNA (Fig. 15 and 16).
The SR0736 sRNA inactivation resulted in significantly less bacteria burden in the
majority of the tissues examined by qPCR, specifically, ear skin, skin at the site of
inoculation, heart, and joint (Fig. 16). In addition, the SR0736 sRNA mutant
displayed tissue tropism in distant tissues of ear and heart, as evidenced by the

reduction of colonization for the SR0736 mutant with only 8% tissues colonized
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(Table 9). These results demonstrated that SR0736 is required for the optimal
infection and dissemination of B. burgdorferi in experimental murine infection.

Furthermore, we applied RNA-seq and Tandem Mass Tags (TMT)
technologies to the parent and the SR0736 mutant strain to identify and quantify
global transcriptomic and proteomic differences, respectively. Nineteen transcripts
were found dysregulated in the RNA-seq analysis of the SR0736 sRNA mutant
when compared to the parent strain (Fig. 17). In addition, as determined by TMT,
OspD and Oms28 were found in lower abundance in the SR0736 sRNA mutant
relative to the parent strain (Fig. 19).

Of the transcripts identified in the RNA-seq analysis, six have been
characterized to a certain extent in B. burgdorferi (7,12,23,130,131,227,228) with
bba66 previously found to be virulence-associated (228,232). The vraA gene was
also identified in the RNA-seq as dysregulated in the SR0736 mutant strain. The
vraA locus maps to one of the 28 kilobase linear plasmids (Ip28-4)(34,227). B.
burgdorferi cells that are missing this plasmid are 10-fold less infectious than
borrelial cells that carry 1p28-4 (181), however, whether a single gene like vraA or
other genes contribute to this effect is not currently known. The other thirteen
transcripts are hypothetical genes of unknown function. One caveat from our
experimental design is that by inactivating the SR0736 sRNA in B. burgdorferi and
performing RNA-seq with this strain, the dysregulated transcripts identified might be
indirectly affected by the SR0736 sRNA. That s, it is possible that SR0736 regulates
transcripts that, in turn, affect other genes. Thus, the RNA-seq analysis could have

potentially identified transcripts that are indirectly regulated by the SR0736 sRNA.
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Five selected transcripts, bba66, oms28, ospD, ospA, and vraA, were
assessed by qRT-PCR in the parent, the SR0736 mutant, and the cis-acting
complement derivative. The RNA-seq results observed for the selected transcripts
were confirmed by qRT-PCR for the parent and the SR0736 sRNA mutant strain.
However, of the five gene targets tested, the complement strain was only able to
restore the expression of bba66 back to the levels seen in the parent strain. Western
blot analysis of OspD and Oms28 were also performed for the parent, mutant, and
complement strain. The SR0736 sRNA mutant displayed a decrease of these two
proteins in the TMT results. Unexpectedly, the complement strain was only able to
restore Oms28 protein levels similar to the parent levels, but not for OspD. The
genetic complement strain was engineered to restore the SR0736 sRNA in cis and
was placed in the same location in the linear plasmid 17 (Ip17) of B. burgdorferi.
Moreover, the complement strain expression of SR0736 sRNA is comparable to the
parent strain, as confirmed by Northern blot and RT-PCR (Fig. 12). Finally, the
complement restored infectivity to the SR0736 mutant, comparable to parent levels
in vivo (Fig. 15 and 16). The partial complementation of SR0736 based on transcript
quantification in vitro will require further experimentation to understand what is
occurring.

The two proteins found in lower abundance in the proteomic analysis, OspD
and Oms28, also exhibited a decrease in their detectable transcripts in the RNA-
seq analysis. In Figure 22, oms28 was used as the example for our working model,
but our data suggests that ospD is potentially regulated by SR0736 sRNA in a

similar fashion. We hypothesize that the SR0736 sRNA binds to ospD and oms28
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MRNAs to stabilize these transcripts, resulting in subsequent enhancement of their
translation (Fig. 22). The loss of the SR0736 sRNA results in ospD and omsZ28
transcripts destabilization, most likely by increased RNA degradation, with
subsequent decreased translation (Fig. 22). The IntaRNA program (250) predicts
an SR0736 sRNA binding site in the coding region of each transcript toward the 3’
end of each of these transcripts. It has been reported for other bacterial organisms
that sRNAs can mediate positive regulation (150,251) by protection against
RNases, thus, stabilizing transcripts (174,252). As such, it is possible that the
SR0736 sRNA carries out this protective function for the ospD and omsZ28
transcripts (Fig. 22). Further experimentation is required to confirm that the SR0736
sRNA directly binds to ospD and omsZ28 transcripts and promotes their increased

translation.

Detection of direct SR0736 sRNA binding to transcripts

One limitation of the potential SR0736 mRNA targets that we have identified
in this study is their identification through indirect approaches, i.e., transcriptomics
and proteomics. SR0736 direct binding to its predicted transcripts is required to
prove that the SR0736 sRNA can execute a post-transcriptional regulatory effect on
its MRNA targets. This could be done by performing EMSAs of in vitro synthesized
SRO0736 and predicted target transcripts, e.g., ospD and oms28, as it has been done
for other bacteria (253). If SR0736 binds to the target transcript, it will form an RNA-
RNA duplex that could be visualized as a gel shift by EMSA. Once the direct RNA-

RNA binding interactions are confirmed by EMSA, predicted mechanisms of the
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sRNA can be tested. For example, if RNA duplexes are detected, subsequent
RNase treatment that eliminates single stranded RNA would leave the protected
sequences for both the transcript and the sRNA. From this, subsequent sequencing
could identify these specific sequences (assuming they retain a linear arrangement)
to provide detail needed to define the regions bound by the sSRNA and mRNA being
analyzed. Another approach that could define the linkage of sRNAs to mRNAs
involves crosslinking these molecules in living cells followed by extraction, cleaving
of single stranded RNA ends, and covalently connecting the sRNA and mRNA
directly (240-242). Given that the two RNA molecules are now contiguous, the
known sequence of the SRNA can be used to identify the transcript that it is attached
via direct sequencing. With proper controls, e.g., mutants lacking the sRNA of
interest, one can then get an unbiased read of the transcripts affected by a specific

sRNA.

BBAG66 is potentially downregulated by SR0736

BBAG6 is a surface expressed lipoprotein encoded by Ip54 that is
upregulated during transmission from the tick vector to the mammalian host
(228,229,232). Mutants of bba66 in B. burgdorferi lead to an attenuated mouse
infection by tick bite, suggesting a potential role in transmission (228). In addition,
bba66 was expressed as long as three months post-infection, suggesting a potential
role for BBAGG in persistent infection (229). In the RNA-seq of the SR0736 sRNA
mutant from Chapter Ill, bba66 was upregulated (Fig. 17). This suggests that the

SR0736 sRNA potentially binds to the bba66 message, resulting in the
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destabilization of the transcript, increasing mRNA turnover, and consequently
decreasing translation (Fig. 22).

Recently, BBA66 was found to interact with phagocytosis protein Daam1 in
human neuroglial cells (237). The authors found that the BBA66-Daam1 interaction
led to an increase in internalization of B. burgdorferi by coiling phagocytosis (237).
Interestingly, it has been previously shown that Daam1 is important for the
phagocytosis of B. burgdorferi in primary macrophages (239). Macrophages are
among the first immune cells of the host to come in contact with infecting B.
burgdorferi (239,254,255). Uptake of the spirochetes by macrophages, following
intracellular processing, and elimination is important in preventing dissemination of
the bacteria (254,255). As such, the dysregulation of bba66 in the absence of the
SR0736 sRNA, which results in more BBA66 protein made, might put B. burgdorferi
at risk of enhanced innate immune clearance and may explain the decreased
infectivity observed for the SR0736 sRNA mutant.

To test the hypothesis that the SR0736 sRNA leads to dysregulation of bba66
and that this interaction adversely affects B. burgdorferi, direct evidence of the
SR0736 sRNA and the bba66 transcript in vitro would be instructive. To start, an
EMSA could be performed using in vitro synthesized SR0736 sRNA and the bba66
transcript, to determine if they form an RNA-RNA duplex. Alternatively, other
aforementioned direct approaches could be used to vet the SR0736 sRNA::bba66

MRNA interaction.
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Figure 22. A model for the trans-acting sRNA SRO0736 post-transcriptional
regulatory mechanisms of two selected transcripts. Mammalian-like temperature
(37°C) is an environmental cue that upregulates SR0736 expression as identified
by RNA-seq in the B. burgdorferi SRNA library (161), but other unknown signals may
contribute to SR0736 upregulation that have not been identified. When the SR0736
SRNA is expressed at 37°C, it is presumed to bind to the oms28 transcript thereby
stabilizing the transcript and most likely preventing RNA degradation. The net result
is an increase in Oms28 translation. In the absence of SR0736, oms28 is more
readily degraded, most likely by RNases, resulting in less Oms28 being made. In
contrast, when the SR0736 sRNA presumably binds to the transcript bba66 and this
interaction destabilizes the transcript, resulting in the reduced translation of BBA66.
In the absence of the SR0736 sRNA, bba66 translation is enhanced, resulting in
more BBAG6 being produced in these cells.
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If once such binding was confirmed, phagocytosis assays could be performed with
primary human macrophages using a B. burgdorferi wild type parent, the SR0736
sRNA mutant, a bba66 mutant, and a B. burgdorferi overexpressing bba66 strain.
Our expectation is that the SR0736 sRNA mutant would yield to an increase in
phagocytosis as a result of the upregulation of bba66. The increased phagocytosis
level observed for the SRO0736 sRNA mutant could be compared to the
overexpressing bba66 strain. The bba66 mutant would be used as a negative
control in this assay with the expectation that this strain would also be subject to
some phagocytosis in a BBA66 independent process. Given its link to pathogenesis,
as well as its interaction with a relevant host structure, the identification of bba66
likely explains, in part, the phenotype observed when the sRNA is inactivated.
Although we do not know much about several of the other transcripts affected, since
most are in hypothetical genes, it is possible that their aberrant regulation
contributes collectively to the significant decrease in infectivity observed for the

SR0736 sRNA mutant as well. Further studies are needed to assess this possibility.

Concluding Statement

In conclusion, we have demonstrated that a single sRNA, specifically
SR0736, affects the transcriptome and proteome of B. burgdorferi. Moreover, we
have shown how the inactivation of the SR0736 sRNA yields a severely attenuated
phenotype following experimental infection in mice. Our data suggests that the
SR0736 sRNA binds to multiple transcripts, resulting in the modulation of mMRNA

stability and/or translation efficiency. We hypothesize that the SR0736 sRNA
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regulates multiple genes to provide appropriate expression levels, resulting in
optimal infectivity by B. burgdorferi. When the SR0736 sRNA is lost, the fitness of
B. burgdorferi is reduced in the murine infection model. This is possibly due to a
synergistic effect caused by the dysregulation of the SR0736 sRNA target mRNAs.
In this work, we have furthered the understanding of post-transcriptional regulation
in B. burgdorferi by examining the role of the SR0736 sRNA in borrelial infection.
Our data contend that frans-acting sRNAs like SR0736 represent an important RNA-
based tool that can fine-tune gene expression and transcript translation in B.
burgdorferi. The characterization of additional sRNAs identified in these studies,
specifically those that are currently undefined in their abilities to affect borrelial
pathogenesis, may shed additional light on this regulatory phenomenon in the

context of B. burgdorferi infectivity and pathogenic outcomes.
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