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Borrelia (Borreliella) burgdorferi and closely related genospecies are the causative agents of Lyme
disease, the most common tick-borne disease north of the equator. The bacterium, a member of

the spirochete phylum, is acquired by a tick vector that feeds on an infected vertebrate host and is
transmitted to another vertebrate during subsequent feeding by the next tick stage. The precise navigation
of this enzootic cycle entails the regulation of genes required for these two host-specific phases as well
as the transitions between them. Recently, an expansive swath of small RNAs has been identified in B.
burgdorferi and likely many, if not most, are involved in regulating gene expression. Regardless, with
only a few exceptions, the functions of these RNAs are completely unknown. However, several state-of-
the-art approaches are available to identify the targets of these RNAs and provide insight into their role

in the enzootic cycle and infection.

INTRODUCTION

Lyme disease is an emerging infectious disease
that is the most common tick-borne zoonosis in the
Northern hemisphere [1,2]. Human infection typically
first presents as a skin rash at the site of the tick bite
and can disseminate to multiple organ systems resulting
in rheumatic, cardiac, and neurologic manifestations.
The etiologic agent of Lyme disease is the spirochete
Borrelia (Borreliella) burgdorferi, and closely related
genospecies, which belong to a morphologically serpen-
tine and deeply branching phylum of bacteria [3-5]. B.
burgdorferi is maintained in nature in an enzootic cycle

that requires a hard tick vector and a vertebrate host
[1,6,7]. Larval ticks acquire the spirochetes by feeding
on infected reservoir hosts; the spirochetes persist in the
midgut through the molt into nymphs, emigrate to the
salivary glands when the nymph feeds, and transmit to a
vertebrate. B. burgdorferi adapts to the species-specific
environments, including nutrient resources and immune
responses, encountered as it traverses its enzootic cycle
by sensing its surroundings and substantially shifting its
gene expression via several regulatory systems [1,8,9].
The genes of B. burgdorferi constitute a Gordian
genome that is highly segmented and predominantly
linear [10,11]. A sparse set of recognized orthologs of
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Figure 1. The genomic locations of different classes of sSRNAs. sRNAs were classified based on their relation
to annotated open reading frames (ORFs); 5' UTR, antisense (as), intergenic (inter) and intragenic (intra). ORFs are
represented as black arrows and sRNAs are represented by black wavy arrows.

transcriptional regulators suggests that post-transcrip-
tional mechanisms (including curious post-translation-
al modifications [12]) contribute to controlling gene
expression [1,8,10,13]. We identified the first regulatory
RNA, DsrA,,, and delineated its role in activating the
regulon required for transmission and vertebrate infec-
tion [14]. Moreover, we demonstrated that this small
RNA (sRNAt), like most sSRNAs, requires the RNA
chaperone Hfq for its presumed base-pairing; the 5.
burgdorferi Hfq is an oddball, but it can complement a
heterologous 4fg mutant, and it is required for vertebrate
infection [15]. Two other RNA-binding proteins have
been found in the spirochete: CsrA [16-18] and Bpur
[19,20], although neither their function nor RNA targets
(other than Bpur binding to its own mRNA) have been
determined. The other players in regulating the levels
of mRNA are the ribonucleases that degrade RNA and,
again, B. burgdorferi encodes a limited quiver, including
RNase III, M5, Y, and Z [21,22]; the kinetics of decay
have been assayed for several mRNAs and half-lives
vary from a minute to almost an hour [22].

The number of putative regulatory sRNAs in B.
burgdorferi has exponentially expanded by the publica-
tion of several high-throughput transcriptomes [23-25].
The challenge now for molecular borreliologists is
to decipher the function of this glut of SRNAs in the
physiology of the spirochete and the pathogenesis of
Lyme disease. Therefore, we set a course of experimen-
tal approaches, including new methodologies to identify
potential targets, to reveal the role of SRNAs in gene
regulation.

EXTENSIVE UNCHARACTERIZED sRNAs IN
B. BURGDORFERI

Recently, several strand-specific transcriptome-wide
RNA-seq studies have reported large numbers of unan-
notated transcripts in B. burgdorferi [23-25]. Specifical-
ly, Lybecker and colleagues identified over 1000 sRNAs

with sizes ranging from 50 to 450 nucleotides [25].
These sSRNAs were classified based on their genomic lo-
cation and included sRNAs encoded between (intergenic
sRNAs), within (intragenic sSRNAs), and opposite (an-
tisense sSRNAs) annotated open reading frames (Figure
1). In addition, some sRNAs overlapped the 5’ end of an
annotated ORF and were classified as 5" UTR-associat-
ed sRNAs [25]. Small regulatory RNAs influence gene
regulation via base-pairing with target mRNAs, affecting
their stability, translation, transcription, or processing
[26-29]. Trans-encoded sSRNAs imperfectly base-pair
with target mRNAs, encoded in a different genomic
location, while antisense RNAs base-pair with complete
complementarity to their cognate mRNA. In addition,
some sRNAs regulate cellular processes via binding

and sequestering target proteins. While high-throughput
RNA-sequencing techniques have identified SRNAs in
many different bacteria, determining sSRNA function

has proven far more challenging. Global transcriptional
profiling of sSRNA mutant strains has been used to map
sRNA regulons, but due to functional redundancy, delet-
ing a single SRNA often does not disturb the transcrip-
tome; furthermore, transcriptional changes may not be a
direct target of the SRNA. Therefore, many researchers
have focused on identifying the direct protein and RNA
targets of SRNAs (the SRNA-targetome). Ascertain-

ing the regulons and functions of the newly identified
sRNAs in B. burgdorferi will reveal the mechanisms of
post-transcriptional gene regulation as well as the role of
sRNAs in bacterial physiology and virulence.

IDENTIFYING sRNA-TARGETOMES
AND -INTERACTOMES

Several algorithms predict potential RNA tar-
gets of trans-encoded sRNA, although the output can
include a plethora of false positives [30]. Therefore,
high-throughput techniques are necessary to identify
direct SRNA-targets (sSRNA-targetome). An in vivo
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Figure 2. Schematic illustrating affinity purification of MS2 aptamer-tagged sRNAs to identify novel RBPs
and RNA targets. UV light crosslinks in vivo-expressed MS2 aptamer-tagged sRNAs to target RNAs and RBPs.
Affinity purification is performed using the fusion protein maltose binding protein-MS2 (MBP-MS2) immobilized on
amylose resin. Bound RNAs are identified by RNA-seq and RBPs by LC-MS/MS.

MS?2 affinity purification coupled with RNA sequencing
(MAPS) technology was developed to globally identify
RNA-binding partners of SRNAs [31-33]. The technique
is based on the strong interaction between the coat pro-
tein of bacteriophage MS2 and the MS2 operator RNA
hairpin, an aptamer that can be fused to any sSRNA of in-
terest. The sSRNA and its binding partners can be co-pu-
rified via the MS2 protein and identified by RNA-seq
(Figure 2). MAPS has been applied to various classes of
RNAs to successfully identify the targetomes of specific
RNAs. Recently, two novel RNA-seq-based methods,
RIL-seq (RNA interaction by ligation and sequencing)
and CLASH (crosslinking, ligation, and sequencing of
hybrids), were developed that globally map sSRNA-target
interactions (SRNA-interactome) [34,35]. However, both
methods rely on the interaction of sSRNAs with a known
RNA-binding protein (RBP). The RNA-binding proteins
(Hfq and RNase E) were epitope-tagged and bound
RNA was co-immunoprecipitated (co-IP) after in vivo
crosslinking. The co-IP RNAs were digested and ligated
together to fuse the SRNA and target RNA, generating
chimeras, which were subjected to RNA-seq (Figure 3).

IDENTIFYING sRNA-BINDING PROTEINS

Many trans-encoded sRNAs require the RNA chap-
erone Hfq for stability and binding to target RNAs [36],
while another class of regulatory RNAs bind and seques-
ter proteins, affecting their availability in the cell. Iden-
tifying SRNA-target proteins provides a chart to uncover
their regulatory mechanisms and cellular functions. The

MS?2 tag was also utilized to discern protein-binding
partners of specific SRNAs by coupling the sSRNA-MS2
affinity purification with liquid chromatography tandem
mass spectrometry (LC-MS/MS) (Figure 2) [37,38].
More recently, gradient profiling by sequencing (Grad-
seq) was developed as a high-throughput method that
globally classifies RNAs by biochemical similarities
and RBP interactions across a sedimentation gradient
[39]. RNAs and their cognate RBPs are separated by
density using a glycerol gradient. Following sedimenta-
tion, RNA is extracted from each fraction and subjected
to RNA-seq, and proteins are identified via LC-MS/
MS. Principle component analyses of the RNA-seq data
map biochemically similar collectives of RNAs. The
technique also identifies major RNA-binding proteins,
including a novel RNA chaperone [39].

IDENTIFYING FUNCTIONAL ANTISENSE
sRNAs

Antisense SRNAs (asRNAs) are transcribed oppo-
site to protein-coding strands and have complete com-
plementarity to the corresponding sense RNA. Although
asRNAs are ubiquitously found in all organisms, their
functions remain mostly elusive [40-42]. The majori-
ty of functionally characterized asRNAs are encoded
on plasmids and opposite phage, transposon and toxin
genes. Antisense transcripts regulate gene expression
via base-pairing with their cognate sense RNA and can
affect transcription, transcript stability, and translation.
asRNAs were initially considered to be transcriptional
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noise. However, several high-throughput approach-

es have demonstrated a function for many asRNAs
throughout the bacterial world. Sense/antisense RNA
base-pairing leads to the formation of double-stranded
RNA (dsRNA), which is the substrate for endoribonucle-
ase III (RNase III). Lybecker et al. identified the dsSRNA
transcriptome of Escherichia coli by immunoprecipita-
tion with a dsSRNA-specific antibody from both wild-
type and RNase III-deficient cells followed by RNA-seq
[43]. In addition, substantial dsSRNA formation was
found in Staphylococcus aureus: genome-wide RNase
[I1-dependent short RNA fragments were observed in
regions of overlapping sense/antisense transcription
[44]. Furthermore, Lioliou et al. co-immunoprecipitated
RNAs with a catalytically inactive RNase III revealing
numerous asRNAs associated with RNase I1I [45]. Tak-
en together, the research indicates that asRNAs regulate
gene expression via a dsRNA intermediate. Recent
evidence suggests that asRNA may also act in trans to
regulate target RNAs encoded from different genomic
locations [35].
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Figure 3. Schematic for global identification of
RBP-dependent sRNA-interactomes. UV light cross-
links in vivo-expressed epitope-tagged RBPs with bound
RNAs. The RBP-RNA complexes are co-immunoprecip-
itated and RBP-bound RNAs are partially digested and
ligated together. The RBP is digested and the hybrid
RNAs are deep-sequenced.

ELUCIDATING THE FUNCTION OF ANTI-
SENSE sRNAs AND INTRAGENIC sRNAs

The reverse genetic approach is commonly wield-
ed to dissect gene function in B. burgdorferi [11,46];
however, mutating asRNAs or intragenic SRNAs
(intraRNAs), which are encoded opposite to or within
an annotated ORF, respectively, is technically challeng-
ing: deleting the SRNA gene will have a severe polar
effect on the overlapping ORF. Several groups have
overexpressed asRNAs and intraRNAs to study their
function in gene regulation. However, there are inaus-
picious caveats to this approach, particularly related to
overproducing the SRNA, which can sequester crucial
RNA-binding proteins, such as Hfq, resulting in pleio-
tropic dysregulation of gene expression. To generate
asRNA-deficient strains, we are currently characterizing
the asRNA promoters and then mutating a few nucleo-
tides in the —35 and —10 regions to inhibit transcription
of the asRNA while maintaining the coding region of the
complementary sense RNA. IntraRNAs can be generat-
ed either by processing the full-length mRNA or from an
internal promoter within the ORF. Adams et al. globally
identified transcriptional start sites and processed ends
of transcripts in B. burgdorferi [24]. IntraRNAs with
internal promoters can be mutated via the same site-di-
rected mutagenesis as the asRNA promoters, which
will deplete the cell of only the intraRNA. However, a
different approach is required to study intraRNAs that
are generated by RNA processing of the mRNA. Chao
et al. successfully uncoupled the function of a 3" UTR
intraRNA from its cognate gene by mutating the start
codon, effectively blocking translation of the protein,
but allowing for sSRNA production [47]. Of crucial
importance for employing a reverse genetic approach
to elucidate the function of genes in B. burgdorferi mi-
crobiology and Lyme disease pathogenesis, SRNAs that
are encoded within an ORF targeted for disruption must
be considered in the mutagenesis strategy, as inadver-
tently deleting an SRNA may have profound pleiotropic
consequences.

ROLE OF sRNAs IN PATHOGENESIS

Non-coding RNAs are key components in intricate
networks regulating the development of bacterial disease
[29,48-52]. Discovering the SRNAs that are important in
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the enzootic life cycle of B. burgdorferi and the patho-
genesis of Lyme disease may reveal novel virulence
factors and, potentially, new therapeutic targets. Several
culture conditions have been used to simulate the envi-
ronments of the tick vector and vertebrate host, as well
as transmission and acquisition between the two; howev-
er, lyer et al. clearly demonstrated that these conditions
are poor mimics of the physiologically relevant milieu
[53]. Therefore, a more direct approach to identifying
sRNAs involved in virulence or required for the en-
zootic cycle would be to apply RNA-sequencing of B.
burgdorferi in both the tick vector and the vertebrate
host. Moreover, recent studies have used dual RNA-se-
quencing to simultaneously sequence host and pathogen
transcriptomes in co-culture and from tissue [54-57].
However, there are technical limitations of applying
these RNA-seq methods to the tick-mouse experimental
model of B. burgdorferi infection, particularly due to the
low numbers of spirochetes in the vertebrate.

The function of an sSRNA in the enzootic cycle of
B. burgdorferi, including persistence in the tick vector
and transmission to the vertebrate host, can be assayed
using SRNA mutant strains in the tick-mouse model.
However, the deletion of a single sSRNA in other patho-
genic microorganisms often has a modest phenotype,
likely because most sSRNAs serve as fine-tuners of gene
regulation [58]. In addition, mRNAs can be redundant-
ly regulated by multiple sSRNAs, so the mutation of a
single SRNA may not have a drastic effect. Therefore,
identifying and characterizing sSRNAs and their interac-
tomes prior to employing animal models is paramount
toward understanding their roles in infection and disease
pathogenesis.

CONCLUSION

B. burgdorferi, the etiologic agent of Lyme disease,
encodes a vast SRNA transcriptome [25] that the spiro-
chete almost certainly avails to regulate gene expression
during the course of its life cycle as it encounters dispa-
rate environmental conditions and host-specific respons-
es [1,8,9]. Adaptation to each phase of the enzootic cycle
is associated with a sea change in the expressed regulon
in response to environmental and metabolic cues; one
signal transduction pathway features DsrA ,, the first
sRNA characterized in B. burgdorferi [14]. Invariably,
the levels of gene expression must be optimized for
persistence in the tick vector, transmission to a verte-
brate host, establishment of infection in the vertebrate,
and acquisition back to the tick, yet the repertoire of
known regulatory factors in B. burgdorferi is rather
small, consisting of a couple alternative sigma factors, a
couple two-component systems, a couple purine second
messengers, and a couple or so transcription factors

321

[1,8,9,13]. We hypothesize that SRNAs are responsible
for fine-tuning gene regulation throughout the enzootic
cycle of the spirochete and we hope we have provided
a beneficial guide to tease out the functional regulators
from the sea of SRNAs.
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