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1 Aims and objectives 

A I M 1: To estimate Europe-wide patterns of Lyme disease Borrelia 

infection in ticks, highlight the need to undertake independent studies of 

genospecies within Europe, given their varying genetic content and 

pathogenic potential, and differences in clinical manifestation, and 

summarize the potential countermeasures and strategies against Lyme 

disease in general (3 manuscripts) 

A I M 2: To delineate the underlying structure-functional mechanisms 

defining the delicate Borrelia-host interactions in order to better understand 

the pathogenic process at multiscale resolution using various imaging 

techniques (4 manuscripts) 
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2 Introduction 

2.1 Spirochetes: Importance of studying the diversity at all 
taxonomy levels 

Spirochetes are a diverse group of bacteria found in soil, in a liquid 

environment, as commensals in the gut of arthropods, or obligate parasites 

of vertebrates. Spirochetes from the genera Leptospira, Treponema, 

and Borrelia are highly invasive pathogens that pose public health 

problems of global dimensions. Because of its double-membrane structure, 

these spirochetes are often described as Gram-negative bacteria. However, 

this analogy is biochemically and structurally inaccurate as they share 

features of both Gram-positive and -negative bacteria [1,2]. Borrelia is 

unique among diderm bacteria in their abundance of surface-

exposed lipoproteins that are often directly responsible for borrelial 

pathogenicity. Treponema expresses abundant lipoproteins but these 

molecules reside predominantly below the surface. Both Borrelia 

and Treponema, in contrast to Leptospira, lack outer membrane 

lipopolysaccharides [2-4]. 

Although the pathogenic genera of the class Spirochaetes are bound 

together by similar morphological features, many differences exist in their 

life cycles, environmental adaptations, size of the genome, and the diseases 

they cause [3-5]. Borrelia includes the causative agent of Lyme disease 

(e.g. Borrelia burgdorferi) and relapsing fever (e.g. Borrelia hermsii), 

whereas the related spirochete Treponema causes the sexually transmitted 

syphilis {Treponema pallidum) or periodontal disease {Treponema 

denticola). Borrelia species are transmitted to humans by ticks and lice. 

For Treponema it is usually directly from human to human by contact with 

skin lesions, body fluids, and secretions. Leptospira causes leptospirosis 

{Leptospira interrogans), which is a blood infection transmitted by 
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animals. It is spread mainly by contact with water or soil contaminated by 

the urine of infected animals, especially from dogs, rodents, and farm 

animals [6]. 

Lyme disease (LD) (or Lyme borreliosis) is a disease of humans caused by 

tick-transmitted bacteria belonging to the Borrelia burgdorferi sensu lato 

(s.l.) species complex. The bacteria are maintained in natural transmission 

cycles between their vertebrate reservoir hosts and vector ticks of the 

genus Ixodes [7]. Due to the intensive research that has been carried out 

over the past years, we now know that the substantial heterogeneity is not 

only between the genera of spirochetes, but a great amount of diversity 

stems between the L D Borrelia species as well. 

2.2 Complexity of Borrelia burgdorferi sensu lato 

B. burgdorferi s.l. complex is a diverse group of worldwide distributed 

bacteria. The complex includes more than 20 genospecies known to vary in 

their geographical distribution, host associations, and human pathogenicity 

[8]. At least 9 genospecies are commonly found in Europe (Table 1), whose 

geographic distribution and prevalence in ticks vary greatly across the Old 

Continent. We systematically reviewed the literature and collected the data 

from the epidemiological studies of Ixodes ricinus ticks infected with B. 

burgdorferi s.l. in Europe to evaluate the overall rate of infection of /. 

ricinus and regional distributions within Europe [9] (Manuscript 1). 

B. burgdorferi sensu stricto (s.s.) is the primary cause of the disease in the 

United States. A l l three traditional pathogenic species, B. burgdorferi 

s.s., Borrelia afzelii, and Borrelia garinii, occur in Europe. Other 

species that have been found in humans include B. mayonii, B. spielmanii, 

B. bavariensis, B. bissettii, B. lusitaniae, and B. valaisiana. Although a 

number of wi ld vertebrates can act as hosts for the B. burgdorferi s.l., 

3 



most B. burgdorferi s.l. species can utilize only a subset of hosts to support 

their life cycle. As an example, mammals are recognized as reservoir hosts 

of B. burgdorferi s.s. and B.afzelii, birds of B. garinii and B. valaisiana, 

and lizards of B. lusitaniae [10]. 

Table 1. The Borrelia burgdorferi sensu lato species present in Europe. 

Genospecies Reservoir host Human Clinical 
pathogenicity manifestation 

B. afzelii Mammals Yes Skin lesion, A C A 

B. bavariensis Mammals Yes Lyme oligoarthritis, 
neuroborreliosis 

B. bissettii Mammals Probably yes [11] Endocarditis and 
aortic valve stenosis 

B. burgdorferi Mammals, Yes Lyme arthritis 
S.S. birds 

B. garinii Birds Yes Neuroborreliosis 

B. lusitaniae Lizards Potentially [12] Mostly unknown, 
chronic skin lesion 

B. spielmanii Mammals Yes Skin lesion 

B. turdi Birds Unknown Unknown 

B. valaisiana Birds Probably no [13] Unknown 

2.3 Clinical presentation of Lyme disease 

L D is generally divided into three partially overlapping stages (early 

localized, early disseminated, and late disseminated), reflecting the 

duration of the infection and the severity of the disease [14]. This disease 

usually begins with an expanding skin lesion at the site of the tick-bite, 

erythema migrans, which is often accompanied by nonspecific flu-like 
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symptoms, such as headache, fatigue, and muscle-aches. Depending on the 

disease manifestation at the early stage, the infection can usually be treated 

successfully with 2-4 weeks of oral antibiotic therapy. If not treated 

properly or undetected, this infection can disseminate to the nervous 

system, heart, and joints, but the hallmark clinical manifestation of late L D 

is acrodermatitis chronica atrophicans ( A C A ) [15]. Despite numerous 

efforts, a vaccine for human use is not currently available. A review of new 

promising vaccine candidates and strategies that are targeted against L D 

was summarized in Manuscript 2. 

Different species of Lyme borrelia have propensities to cause different 

clinical manifestations [16]. In the United States, B. burgdorferi s.s. is the 

most dominant agent of L D , with Lyme arthritis as the main clinical 

presentation. In Europe, the most common cause of the disease is B. 

afzelii, which usually remains localized to the skin tissue. The next one in 

Europe is B. garinii, which is usually associated with a disorder of the 

central nervous system [14]. B. burgdorferi s.s. infections are quite rare in 

Europe and not much is known about the clinical course. For all three 

species, the first sign of infection is often erythema migrans. B. 

burgdorferi s.s. infection in the United States is frequently associated with 

a greater number of clinical signs and hematogenous dissemination than B. 

afzelii or B. garinii infection in Europe [17]. However, despite numerous 

attempts, the various manifestations of L D cannot be conclusively 

attributed to infections with one specific genospecies. 

Apart from these clear-cut manifestations, patients occasionally suffer from 

non-characteristic persistent complaints of unknown cause such as myalgia, 

fatigue, musculoskeletal pain, and cognitive complaints. This condition is 

termed Post-Treatment Lyme Disease Syndrome (PTLDS) and it is often 

long-lasting, disabling, and debilitating. Notably, there is more than one 

P T L D S , each with a distinct pathogenesis caused by maladaptive host 
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responses [18]. Consequently, it is often difficult to determine whether the 

patients still have active infection or any postinfectious syndrome. It is 

already known that different genospecies of B. burgdorferi are associated 

with distinct clinical manifestations of L D [16] and that different 

genospecies and different members within a genospecies differ in their 

propensity to cause erythema migrans [19] but no data are available about 

P T L D S and Borrelia genospecies association. 

2.4 Seeing is believing: Multiscale imaging approach for 
studying the adhesion mechanisms of B. burgdorferi 

Imaging techniques include a palette of options one might exploit, spanning 

from whole animal imaging (bioluminescent imaging [20]) to techniques 

able to reach subatomic resolution (X-ray crystallography, N M R ) (Fig. 1). 

The methodologies are highly varied, so is the scale of the resulting data 

that are gained. Whole animal imaging allows visualization of B. 

burgdorferi infection in an entire animal. The important advantage of 

whole animal imaging is the ability to follow the infection of Borrelia in a 

living animal over time and observe the dissemination patterns by non­

invasive means in a physiologically relevant environment [20]. Another 

technique used to study Borrelia pathogenesis including dissemination and 

colonization of the host is intravital microscopy [21]. Intravital imaging 

allows the direct visualization of a pathogen in a living host at specific 

locations in real-time. In contrast to whole animal imaging which uses 

bioluminescent spirochetes, an important advantage of this methodology is 

being able to discriminate between the pathogen and the tissues of the 

infected animal. This is typically accomplished by fluorescent labeling of 

the pathogen, preferably by expression of a fluorescent fusion protein such 

as G F P . Using intravital microscopy, the details of L D Borrelia -

endothelial interactions and vascular transmigration were disclosed by 

Moriarty et al. [21]. This work shows that the bacterium engages in multi-
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stage interactions with the endothelial cells, including transient tethering 

and dragging interactions, and stationary adhesion to the vasculature. 

For many years, the conventional diffraction-limited light (optical) 

microscopy ( L M ) has been the prime tool to study and image the structural 

components of Borrelia and follow their virulence mechanisms in contact 

with host cells or tissues. The primary and by far the most important 

limitation is the resolution power of the optical microscopes. These 

microscopes utilize visible light and an arrangement of glass lenses to 

magnify a field of view. The magnitude of diffraction and the resolving 

power of an optical microscope depends on the light wavelength and the 

numerical aperture of the objective lens. For 

the microscopes using light sources within the range of 

visible optical wavelength, their spatial resolution is limited to about 0.2 

um. Fluorescence microscopy (FM) is a special form of light microscopy 

that exploits the ability of fluorochromes to emit light after being excited 

with light of a certain wavelength. This provides significantly greater 

contrast compared with brightfield microscopy alone and allows to 

simultaneously detect multiple color-labeled molecules of interest. Super-

resolution microscopy techniques bypass the diffraction limit imposed by 

the diffraction of light and the typically achieved spatial resolutions are tens 

of nanometers [22]. 

Electron microscopy (EM) is an imaging technique widely used in the 

characterization of fine structural details, as the electron wavelength is 

orders of magnitude lower than that of photons. This allows one to achieve 

much better sub-nanometer resolution as E M uses a beam of electrons 

focused onto the surface of the sample by various electromagnetic 

lenses. This technique is not able to study live specimens as the samples 

must be analyzed in a vacuum. Environmental modes with limited 

resolution are available but not commonly employed. The spatial resolution 
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of environmental S E M is limited by the scattering experienced by the 

electrons as they collide with gas molecules and vapours present in the 

specimen chamber [23]. E M produces low-contrast images and labeling 

multiple structures in one sample is problematic. However, when combined 

with F M techniques, new technology, termed correlative light electron 

microscopy ( C L E M ) , holds the promise of giving much deeper 

understanding of the host-pathogen interplay [24]. 

C L E M combines the advantages of possible live-cell imaging, allowing 

highest temporal analysis, with the nanometric resolution of E M . While L M 

might provide insights in dynamic cellular processes, ultrastructural 

analysis by E M can be performed at a selected time point. C L E M enables 

to benefit from the labeling power of F M allowing scientists to spot cellular 

structures and processes of interest in whole cell images. F M is unable to 

visualize the unlabeled cellular context, however, this deficit is 

compensated by transmission electron microscopy (TEM) or scanning 

electron microscopy (SEM). Specifically, analyses of dynamic adhesion 

and invasion of host cells by pathogens can benefit from combining F M 

with E M . The examination of the object of interest provided by C L E M 

offers important complementary and unique information [25]. The primary 

challenge of C L E M is the relocation of the region of interest in the electron 

microscope previously identified by L M . 
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a 
W h o l e a n i m a l i m a g i n g 

( b i o l u m i n e s c e n c e ) b C e l l u l a r i m a g i n g 
( l ight a n d e l e c t r o n m i c r o s c o p y ) 

Figure 1. The dynamic nature of life starts at the subatomic level and ends at the 
organismal level. The rapid development of imaging technologies has 
revolutionised our ability to visualize the delicate intricacies of host-pathogen 
interactions at very different scales. Bioluminescent imaging enables to follow the 
infection of Borrelia in a living animal over time (a). Light and electron 
microscopy are used to provide a cellular-level understanding of borrelial 
infection mechanisms (e.g. adhesion) (b). Atomic force microscopy-based 
techniques enable to study the protein-protein interactions at the single-molecule 
level (c) and nuclear magnetic resonance-based techniques can determine the 
location of the binding site with amino acid precision (d). In the thesis, the 
modalities depicted in (b - d) were used to study the adhesion mechanisms of B. 
burgdorferi. 
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2.4.1 Imaging at the cellular level: Correlative light electron 
microscopy 

One of the questions within the Borrelia community, that is still a matter 

of debate, is whether B. burgdorferi is an obligate extracellular pathogen, 

or i f the spirochete is capable of living, and possibly reproducing, inside 

the host cells, when the conditions outside the cells are not favorable (for 

instance due to presence of strong immunity or antibiotics). Although 

Borrelia is considered extracellular, a number of studies reported the 

intracellular localization of the bacteria inside non-phagocytic cells, 

especially fibroblasts [26-28]. The studies exploring the intricacies of B. 

burgdorferi internalization by mammalian cells in vitro have utilized either 

immunofluorescence microscopy [26,29] or solely T E M without specific 

labeling [30] for determining the extracellular or intracellular location of 

the spirochetes. Immunofluorescence techniques might be sometimes 

misleading since the relative mutual positioning of a cell and a pathogen is 

hard to be reliably discerned without ultrastructural information. On the 

other hand, to scan through large sample areas using E M can take many 

hours due to borrelial size. One can see many structures or artifacts that can 

resemble Borrelia by their shape and without specific labeling these 

structures can be falsely identified. So that no ambiguity can arise, it is 

fundamental to use the correlative approach. 

In Manuscript 4, we have established a novel correlative cryo-

fluorescence microscopy and cryo-scanning electron microscopy 

workflow, which enables imaging of the studied object of interest very 

close to its natural state, devoid of artifacts caused for instance by slow 

chemical fixation, dehydration, and drying. Using this system, the 

interaction of B. burgdorferi with two mammalian cell lines of neural origin 

was investigated in order to broaden our knowledge about the cell-

association mechanisms and the possible invasion of the non-phagocytic 
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host cells. We have shown that B. burgdorferi associates with mammalian 

non-phagocytic cells, but is not able to invade them within three hours of 

co-incubation. If Borrelia has an intracellular niche in some of the non-

phagocytic host cells, as suggested by the aforementioned studies, the 

neuroblastoma cells apparently do not belong among them. The method 

appears to be an unprecedentedly fast (<3 hours), straightforward and 

reliable solution to study the fine details of pathogen-host cell interactions 

and provides important insights into the complex and dynamic relationship 

between a pathogen and a host. 

C L E M is especially convenient for visualization of rare events, which 

cannot be tracked down by E M on its own. The main trick with C L E M is 

to label the object of interest in a manner suitable for detection by both F M 

and E M . In Manuscript 4, we used GFP-tagged B. burgdorferi for the 

experiments. As the goal was to localize whole bacterial cells, no special 

probes for C L E M were needed. The location of the object of interest 

(borrelia) was enabled by the coordination system that was created on the 

sapphire discs (Fig. 2) on which the mammalian cells were grown. T E M 

finder grids were placed on the sapphire discs and carbon-coated to 

facilitate the retrieval of the previously visualized cell-borrelia interactions. 

Carbon coating also prevents the charging of the specimen during 

observation in the S E M . 
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Figure 2. T E M finder grid pattern was created on the sapphire discs to facilitate 
the retrieval of the cell-borrelia interactions previously visualized by F M . The 
arrows point to the graphical landmarks in the F M (a) and S E M images (b). Scale 
bar: 25 um (a), 100 um (b). 

Very often, however, scientists need to locate objects that are much smaller 

than cells. Proteins are commonly the favourite targets of microscopy 

studies as they perform a vast array of functions within organisms. G F P -

tagging is arguably one of the most common strategies for protein labeling 

and definitely the most used genetically-encoded fluorescent protein. 

Genetically-encoded fluorescent proteins are popular fluorescent probes for 

C L E M , especially when imaging live cells. However, the use of fluorescent 

protein fusions, such as G F P or R F P (red fluorescent protein), has 

limitations: the bulkiness of these proteins, typically around 30 kDa, can 

lead to atypical protein localization and irregular cellular trafficking. 

Additionally, these tags are not electron-dense and their fluorescence is 

usually quenched by osmium tetroxide postfixation and embedding 

methods [31]. To overcome this issue, scientists have developed a 

technique that involves the photo-conversion of a molecule called 

diaminobenzidine ( D A B ) by a reaction cascade triggered by the 

fluorescence emitted by a fluorophore such as G F P . When oxidized, D A B 

forms a highly insoluble product that can be made electron-dense through 

treatment with osmium tetroxide and the resulting precipitate can act as an 

E M probe. G F P was one of the first fusion proteins to be used for C L E M 
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[32]. While G F P is extremely bright and photostable, it is a very poor 

producer of reactive singlet oxygen species, necessary for D A B 

polymerization [33]. G F P has been occasionally used as a C L E M tag where 

there is high expression of GFP-tagged proteins [34]. 

As G F P does not seem to be the ultimate solution for C L E M , researchers 

have been searching and developing new ways to use L M probes to produce 

E M probes. The first and arguably the most successfully applied genetically 

encoded technology involving a small molecule label is the tetracysteine 

tag technology [35]. It was also the first genetically encoded system for 

C L E M using photo-oxidation [25]. This technique is based on the binding 

of a small fluorescein dye, called fluorescein arsenical hairpin binder 

(FlAsH), to a tetracysteine motif of 6 amino acids; Cys-Cys-X-X-Cys-Cys 

(X denotes any amino acid). F l A s H is a small, membrane-permeable 

fluorescent molecule, which is used as a nonfluorescent complex with 

ethanedithiol. It becomes fluorescent upon binding to the tetracysteine 

motif. In addition to F l A s H , which emits green fluorescence, a set of color 

variants with enhanced photostability has been reported [36]. The most 

extensively used alternative is the red light emitting analog R e A s H 

(resorufin arsenical hairpin binder). Similarly to G F P , neither of these two 

probes are visible with E M . However, the biarsenical dyes can photo-

convert D A B to form an osmiophilic precipitate distinguishable by E M . 

These dyes, especially R e A s H , provide about 6 times higher singlet oxygen 

quantum yield than G F P [33]. Importantly, the small increase in protein 

size conferred by the tetracysteine motif minimizes potential negative 

effects that may occur when targets are fused to larger fluorogenic proteins 

(e.g. G F P or RFP) , such as steric hindrance, causing improper protein 

folding, trafficking to the incorrect cellular location, or inappropriate 

oligomerization. In particular, infectivity of the pathogens is maintained 

even when the tetracysteine tags are inserted into internal protein positions 

[37]. 
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In Manuscript 5, we have adapted F l A s H / R e A s H dye for live-cell imaging 

of Borrelia and Leptospira, by tagging their inner or outer membrane 

proteins with tetracysteine motifs. We have shown by using infectious 

Borrelia that the tetracysteine motif was stably maintained in vivo and did 

not adversely affect infectivity in either the arthropod vector or murine host. 

The biarsenical-bound proteins could be followed over several days, 

indicating that this approach can be used in time-course studies. Using this 

method, new avenues of investigation into spirochete morphology, 

motility, and pathogenic mechanisms, previously inaccessible with large 

fluorescent proteins, can now be explored. Although the complete C L E M 

procedure was not performed in Manuscript 5 (based on the scope of the 

study), the successful adaptation of the tetracysteine motif/ReAsH 

technology in Borrelia now paves the way for future implementation of 

C L E M into the spirochete research [38]. 

2.5 Molecular players behind differential pathogenicity of 
Borrelia genospecies 

The phenomenon of differential pathogenicity and tissue tropism between 

and within different Borrelia genospecies has stimulated the scientific 

community to study the molecular basis of this matter. The first studies 

worked with and confirmed the original assumption that the tissue tropism 

and invasiveness are affected primarily by the borrelial outer surface 

proteins and their heterogeneity [39,40]. Specifically, it was determined 

that decorin binding protein A (DbpA) mediates colonization, tissue 

tropism, and disease by the L D spirochete in an allele-dependent manner 

and contributes to the etiology of distinct clinical manifestations associated 

with different L D species and strains. This variance is apparently based on 

the different binding activity towards extracellular matrix ( E C M ) 

components among the Borrelia genospecies. Salo and colleagues [41] 
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found differences in the decorin binding activity among the three main 

pathogenic genospecies. Significant binding differences of DbpA to the 

proteoglycan decorin and to the glycosaminoglycan ( G A G ) dermatan 

sulfate were also shown at the Borrelia strain level [42]. DbpA sequence is 

highly polymorphic, with amino acid sequence identities as low as 38% 

between variants (Table 2). 

B. valai&ana B. turd B. spietmami B. mayonn B. garni B. burgdorferi B. Dissent B. bavariensis B. afzeh 
B. valaiaana 53.49% 46.62% 48.26% 46.86% 42.31% 52.30% 56.21% 
B. turd 
B. sp*tmarni 
B. mayo™ 

53.49% 
59.04% 
•IS.62% 

48.24% 
S5.98% 

4! 241 55.98% 
45.29% 
53.26% 

56.77% 
45.3S% 
66.85% 

55.28% 41.67% 46.55% B. turd 
B. sp*tmarni 
B. mayo™ 

53.49% 
59.04% 
•IS.62% 

48.24% 
S5.98% 4: iy. 

43.82% 45.29% 
53.26% 

56.77% 
45.3S% 
66.85% 

40.22% 
58.51% 

54.71% 
43.09% 

54.49% 
44.81% 

B. gannu 
B. burgdorferi 
B. bBsettj 
B. bavariensis 
B. afzetii 

48.26% 
46.86% 
42.31% 
52.30% 
56.21% 

69.19% 
56.77% 
SS.28% 
41.67% 
46.55% 

45.29% 
45.35% 
40 : : % 
54.71% 
54.49% 

53.26% 
66.85% 
58.S1% 
43.09% 
44.81% 

53.44% 
50.51% 
43.89% 
46.55% 

53.44% 

43.96% 
41.81% 

50.51% 
65.66% 

39.68% 
38.25% 

43.89% 
43.96% 
39.68% 

50.28% 

46.55% 
41.81% 
38.25% 
50.28% 

Table 2. High heterogeneity (given as amino acid's % identity) of DbpA among 
the species (strains: B. valaisiana VS116, B. spielmanii A14S, B. garinii PBr, B. 
burgdorferi B31, B. bissettii DN127, B. bavariensis PBi , B. afzelii A91). 

Given the very high variance in dbpA, it is apparent that the various B. 

burgdorferi s.l. species use different molecular mechanisms for their 

interaction with the host. The presence of decorin binding proteins is a 

crucial factor for the pathogenic strategy of dissemination L D Borrelia, 

enabling the bacteria to colonize various tissues and organs [43]. Decorin 

binding proteins A and B (DbpA and DbpB) are encoded by a bicistronic 

operon, which is located on the plasmid lp54. Although not absolutely 

essential for infection, the important role of these adhesins for the overall 

virulence of B. burgdorferi was demonstrated in a number of studies [44-

48]. DbpA and DbpB mutants show significant attenuation in mice, 

particularly early in infection [49,50], or have significant attenuations in 

virulence as measured by bacterial loads in disseminated sites [39,51]. 

Disruption of dbpA and dbpB decrease recovery of spirochetes from tissues 

distant to the inoculation site [48,50]. Decorin deficient mice showed 

colonization defects by B. burgdorferi in heart, bladder, and joint [52]. The 

common denominator of all these defects in the context of infection is 
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delayed dissemination and colonization particularly of distal tissues. Up to 

now, the reason for this remains largely obscure as it was differently 

attributed to the effects of acquired immunity [49], innate immunity [50], 

or to the inability to adhere properly to host E C M components [50]. In 

Manuscript 6, we have shown that not only the stationary binding 

(anchoring) interactions are mediated by DbpA and DbpB but these surface 

adhesins are directly associated with borrelial translational motion and 

propagation within the host. B y designing an in-vitro motility assay that 

mimics the environmental signals in the host, we observed movement-

enhancing effects of DbpA/B in an E C M - l i k e gel [53]. 

2.5.1 Imaging at the molecule level: Single-molecule studies of 
DbpA and DbpB by atomic force microscopy 

Whole animal imaging and light (intravital) microscopy have been 

successfully used to study dissemination and movement of Borrelia within 

the host, and underscore the power of imaging to provide insights into a 

wide variety of virulence mechanisms [20,21]. However, the underlying 

molecular mechanisms driving the borrelial pathogenesis and 

dissemination lie much deeper, hidden in the nanoworld of single-molecule 

interactions. Single-molecule force spectroscopy using the atomic force 

microscope ( A F M - S M F S ) is a technique that provides molecular level 

insights into protein functions, allowing researchers to understand the 

functional mechanisms in biology. A F M - S M F S directly probes structural 

changes of macromolecules under the influence of mechanical force and it 

is well-suited to explore the specialized surface-exposed molecules of 

bacterial pathogens that bind to ligands on host tissues [54]. Since 

mechanical forces are ubiquitous in biological systems, and especially 

extensive during borrelial dissemination periods, data obtained from A F M -

S M F S experiments may provide important information about the molecular 

players and forces that govern the host infection [55]. 
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Single-molecule techniques overcome the averaging effects inherent in 

ensemble measurements and enable characterization of the enormous 

heterogeneity that exists in biomolecular systems, complementing the 

information that is impossible to observe using traditional bulk ensemble 

methods. In single-molecule studies, molecular properties are measured 

one molecule at a time. Hence, in contrast with conventional ensemble 

experiments, distributions in molecular properties are more directly 

measured and distributions of folding states can be directly observed. In 

addition, rare states can be discovered in single-molecule experiments, 

which would be averaged in an ensemble measurement [56]. Single-

molecule imaging can also provide new insights on weak transient 

biomolecular interactions with micromolar to millimolar affinity that 

usually remains hidden in ensemble-averaged measurements. Interestingly, 

some adhesins of bacterial pathogens are adapted for strong mechanical 

attachment to their target, rather than high affinity [54]. 

In Manuscript 6, we have shown that DbpA and DbpB, the borrelial 

surface adhesins, which are known to contribute to tissue tropism of 

different Lyme disease spirochete species, are directly associated with 

borrelial motility and propagation within the host-associated structures. As 

atomic force microscopy ( A F M ) makes it possible to force probe single 

adhesins, we took the opportunity to exploit A F M - S M F S in order to 

disentangle the mechanistic details of DbpA/B and decorin/laminin 

interactions at the single-molecule level. Our results show that spirochetes 

are able to leverage a wide variety of adhesion strategies to adopt distinct 

motility states and transition between them. Borrelia makes it through 

force-tuning transient molecular binding to E C M components, which 

concertedly enhance spirochetal dissemination through the host [53]. The 

data presented in Manuscript 6 were obtained from measurements on DbpA 

and DbpB from the most common European species B. afzelii. As 
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mentioned before, our ultimate goal was to provide a comprehensive 

picture of the variations of structural features and ensuing binding modes 

in Dbps interactions. A F M - S M F S measurements of DbpA, DbpB, and also 

other borrelial adhesins (BBK32) from European pathogenic species, B. 

garinii and B. bavariensis, are currently in progress/being analysed. 

2.5.2 Sub-molecular imaging of DbpA by nuclear magnetic 
resonance 

A F M - S M F S experiments have enabled us to study the binding interactions 

at the resolution of single macromolecules. However, there is still space to 

go deeper in our understanding. Proteins fold up into specific shapes 

according to the sequence of amino acid residues in the polymer, and 

the protein function is directly related to the resulting 3D structure. 

Characterization of the backbone structure and dynamics of individual 

protein motifs is crucial for proper understanding of the key interactions at 

sub-molecular level. It allows to examine the importance of individual 

amino acid residues in proteins. Nuclear magnetic resonance ( N M R ) is an 

essential tool for biologists and chemists in determining structure-function 

relationships in biomolecules and it is the only method that provides 

detailed 3D data at angstrom resolution of molecules both in solution and 

in noncrystalline solids. Recently, substantial advances in N M R have 

pushed the boundaries of molecular structure determination, including 

application of N M R to larger and larger molecules. Its high sensitivity to 

molecular structure is due to the ability to monitor interactions between 

single atoms. In addition to structural information, dynamic information 

can also be obtained through N M R . Time scales of both fast (picoseconds) 

and slow (seconds) processes can be followed [57]. Of the available N M R 

techniques, N M R titration analysis, such as chemical shift perturbation 

(CSP), is a powerful strategy used to identify substrate-binding sites of 

proteins at amino acid residue resolution [58]. CSP enables comprehensive 

analysis of interaction sites on the proposed structure of a protein without 
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crucial conformational change. This approach has been used previously for 

the analysis of Dbps from N . American strains and various G A G s 

molecules, including the interaction site and binding specificity [59]. 

With one exception, Dbps have been structurally-functionally 

characterized only in North American strains at the amino acid resolution 

scale [59,60]. The main differences in their tertiary structures have been 

found near the GAG-binding pocket, in the highly dynamic "linker region", 

indicating that the global structures and the ensuing dynamics are 

determining factors for the selective interaction with ligands resulting in 

various colonization patterns of these bacterial strains. Three structures of 

DbpA and DbpB proteins from different Borrelia strains have been solved 

previously by solution N M R [59-61], including DbpA from B. burgdorferi 

strain N40 and B31 and from the B. garinii strain PBr. In spite of a similar 

overall fold (5 helices with unstructured C-terminus), there are significant 

deviations, mainly between DbpA from European B. garinii PBr and North 

American B. burgdorferi N40/B31. In PBr-DbpA, the flexible linker 

between helices 1 and 2 is less disordered. It retracts from the binding 

pocket increasing the affinity of this strain's DbpA towards G A G ligands. 

The sequence variations between the Dbps of different Borrelia strains are 

relatively high. Even though their secondary structures are widely 

homologous, the atomic-level details of the D b p A / D b p B - G A G interactions 

differ between borrelial species/strains [60]. 

In Manuscript 6, we have measured in-detail the interaction landscape 

between DbpA and DbpB with two common E C M components (decorin 

and laminin) that are known to be important ligands for Borrelia during 

host colonization. Decorin and laminin are glycoproteins, which consist of 

a core protein and one or more covalently linked G A G chains [62]. G A G s 

are long-repeating disaccharides that can be divided into different classes, 

such as chondroitin sulfate, dermatan sulfate and heparan sulfate, 
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depending upon the sugar composition [62]. Several lines of evidence have 

indicated that, not the core protein, but G A G side chains are the primary 

points of contact that mediate the interaction between E C M glycoproteins 

and borrelial virulence-associated proteins such as Dbps, OspC, and 

B B K 3 2 [40,63]. 

To shed even more light into the structure-function relationships in 

borrelia-host interactions and to probe the etiology of distinct clinical 

manifestations associated with different L D species (it has been 

documented that Borrelia species vary in G A G s recognition [64]), we have 

recently characterized DbpA from the most common European species B. 

afzelii by solution N M R (Manuscript 7). Backbone and side chain 

resonance assignments were performed as they provide a crucial starting 

point for the comparative studies of interactions between DbpA variants 

and various E C M components. Secondary structure estimates provide 

important first insight into structural differences among DbpA homologues 

and bring us closer to creation of 3D structural models that w i l l enable to 

understand the differential structure-activity relationships of Dbps-GAGs 

interactions. Establishing an amino acid residue-level model of the 

structure and dynamics of the GAG-Dbps complexes based on 

experimental data is a requirement to apprehend the molecular mechanisms 

involved in the borrelial pathogenesis. As our ultimate goal is to provide a 

comprehensive picture of the variations of structural features and ensuing 

binding modes in Dbps-ligand interactions, works on other European 

pathogenic species B. garinii and B. bavariensis are currently ongoing. 
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3 Manuscripts 

3.1 Manuscript 1: 

Strnad, M . , Honig, V . , Růžek, D. , Grubhoffer, L . , Rego, R. O. M . (2017) 

Europe-wide meta-analysis of Borrelia burgdorferi sensu lato prevalence 

in questing Ixodes ricinus ticks. Applied and Environmental Microbiology 

83: e00609-17. 

Annotation 

Lyme disease, caused by the bacterium Borrelia burgdorferi, is the most 

common zoonotic disease transmitted by ticks in Europe and North 

America. Although Borrelia prevalence is considered an important 

predictor of infection risk and national/regional prevalence studies are 

performed frequently, solitary isolated data have only limited value. In this 

study, the primary focus was to evaluate the infection rate of Lyme disease 

Borrelia in ticks, accounting for tick stage, adult tick gender, region and 

detection method, as well as to investigate any changes in prevalence over 

time in European region. We have evaluated the spatio-temporal trends in 

the prevalence of B. burgdorferi sensu lato and its different genospecies. 

As no such meta-analysis discerning the Europe-wide tick prevalence 

patterns has been done in the 21 s t century, this study serves as a topical 

source of data for public health surveillance. 
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ABSTRACT L y m e bor re l ios i s is the m o s t c o m m o n z o o n o t i c d i sease t r a n s m i t t e d by 
t icks in E u r o p e a n d N o r t h A m e r i c a . D e s p i t e h a v i n g m u l t i p l e t i ck vec to rs , t h e c aus ­
at ive agen t , Borrelia burgdorferi sensu lato, is v e c t o r e d m a i n l y b y Ixodes ricinus in Eu ­
rope . In the p resen t s tudy , w e a i m e d t o r e v i e w a n d s u m m a r i z e t h e ex i s t i ng da t a 
p u b l i s h e d f r o m 2 0 1 0 t o 2 0 1 6 c o n c e r n i n g the p r e v a l e n c e of B. burgdorferi sensu lato 

sp i roche tes in q u e s t i n g /. ricinus t icks. The p r i m a r y f o cus was t o eva lua te t h e in fec ­
t i o n rate o f these bac te r i a in t icks , a c c o u n t i n g fo r t i ck s tage, a d u l t t i ck g e n d e r , re ­
g i o n , and de tec t ion m e t h o d , as we l l as to invest igate any changes in preva lence over 
t i m e . The da t a o b t a i n e d we re c o m p a r e d t o the f i n d i n g s o f a p rev ious me t a s tudy . 
T h e l i terature search i den t i f i ed d a t a f r o m 23 coun t r i e s , w i t h 115,028 t icks, in to ta l , 
i n s p e c t e d fo r i n f e c t i on w i t h B. burgdorferi sensu lato. W e s h o w e d tha t the in fec t i on 
rate was s ign i f i can t l y h i g h e r in adu l t s t h a n in n y m p h s a n d in f ema l e s t h a n in males . 
W e f o u n d s ign i f i can t d i f f e rences b e t w e e n E u r o p e a n r eg ions , w i t h t h e h i g h e s t i n fec ­
t i o n rates in Cen t ra l Eu rope . T h e m o s t c o m m o n g e n o s p e c i e s we re B. afzelii a n d B. 

garinii, d e s p i t e a nega t i v e co r r e l a t i on of the i r p r e va l ence rates. N o stat is t ica l ly s ign i f i ­
can t d i f f e rences we re f o u n d a m o n g the p r e v a l e n c e rates d e t e r m i n e d b y c o n v e n ­
t i ona l PCR, nes t ed PCR, a n d real-t ime PCR. 

IMPORTANCE Borrelia burgdorferi sensu lato is a p a t h o g e n i c b a c t e r i u m w h o s e c l i n i ­
cal man i f e s t a t i ons are assoc i a t ed w i t h L y m e bor re l ios i s . This vec to r-borne d i sease is 
a ma jo r p u b l i c hea l th c o n c e r n in E u r o p e a n d N o r t h A m e r i c a a n d m a y lead t o severe 
ar thr i t ic , ca rd iovascu la r , a n d n e u r o l o g i c a l c o m p l i c a t i o n s if left u n t r e a t e d . A l t h o u g h 
p a t h o g e n p r e v a l e n c e is c o n s i d e r e d an i m p o r t a n t p r ed i c t o r o f i n f e c t i on risk, so l i tary 
i so la ted da t a have o n l y l i m i t e d va lue . Here w e p r o v i d e s u m m a r i z e d i n f o r m a t i o n 
a b o u t t h e p r e v a l e n c e o f B. burgdorferi sensu lato sp i roche tes a m o n g hos t-seek ing Ix­

odes ricinus t icks, the p r i n c ipa l t i ck v ec to r o f bor re l i ae in Eu rope . W e c o m p a r e the 
n e w results w i t h p r e v i ous l y p u b l i s h e d da t a in o r d e r t o eva lua te a n y c h a n g i n g t r ends 
in t i ck i n f e c t i on . 

KEYWORDS Borrelia burgdorferi sensu lato, t ick, Ixodes ricinus, g e n o s p e c i e s , m e t a ­
analys is , L y m e bor re l ios i s , L y m e d i sease 

T he Borrelia burgdorferi sensu lato g r o u p i n c l udes the causa t i ve agen t s o f L y m e 
borre l ios is (LB), t he m o s t p reva l en t h u m a n t i ck-borne d i sease in the N o r t h e r n 

H e m i s p h e r e (1). The b a c t e r i u m is m a i n t a i n e d in a h o r i z o n t a l t r a n s m i s s i o n cyc le b e ­
t w e e n its vec to r , t icks o f the g e n u s Ixodes, a n d ve r t eb ra te reservo i r hos t spec ies . In 
Eu rope , the re are a n u m b e r o f d i f f e ren t B. burgdorferi sensu lato g e n o s p e c i e s , m a n y o f 
t h e m d i r ec t l y a s soc i a t ed w i t h h u m a n LB. The d i sease is c a u s e d p r e d o m i n a n t l y by 
Borrelia burgdorferi sensu stricto, B. afzelii, B. garinii, a n d B. bavariensis (p rev ious l y k n o w n 
as B. garinii O s p A se ro t ype 4) (2). In a d d i t i o n , f o u r o t h e r g e n o s p e c i e s are occas iona l l y 
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d e t e c t e d in h u m a n s : B. bissettiae (3, 4), B. lusitaniae (5, 6), B. spielmanii (7), a n d B. 

valaisiana (8); h o w e v e r , the i r p a t h o g e n i c i t y is stil l unc l ea r (9). 
The p r i n c ipa l t i ck v ec to r fo r Borrelia spec ies in E u r o p e is the cas to r b e a n t ick, Ixodes 

ricinus. T o da te , B. burgdorferi sensu stricto, B. afzelii, B. garinii, B. valaisiana, B. lusitaniae, 
B. spielmanii, B. bavariensis, B. bissettiae, B. finlandensis, a n d B. carolinensis have b e e n 
d e t e c t e d in /. ricinus t icks (10, 11). D i f f e ren t g e n o s p e c i e s d i s p l a y d i f f e ren t pa t te rns of 
hos t spec i a l i z a t i on a n d t issue t r o p i s m a n d are assoc i a t ed w i t h o v e r l a p p i n g b u t d i s t inc t 
spec t r a o f c l in i ca l man i f e s t a t i ons : B. burgdorferi sensu stricto is m o s t o f t en assoc i a t ed 
w i t h arthr i t is a n d neu robo r r e l i o s i s , B. garinii w i t h neu robo r r e l i o s i s , a n d B. afzelii w i t h 
c h r o n i c skin c o n d i t i o n s such as ac rode rma t i t i s c h r o n i c a a t r o p h i c a n s (12). A p a r t f r o m 
sp i roche tes a ssoc i a t ed w i t h LB, /. ricinus is we l l r e c o g n i z e d as a vec to r o f m a n y o the r 
p a t h o g e n s o f ve te r ina ry a n d h u m a n m e d i c a l i m p o r t a n c e , par t i cu la r l y t i ck-borne e n ­
cepha l i t i s v irus (TBEV), Babesia spp. , s p o t t e d feve r g r o u p r icket ts iae , Anaplasma phago-

cytophilum, a n d Bartonella spp . (13). 
A n u m b e r o f f i e ld s tud ies have a l r eady p o i n t e d to increases in ave rage dens i t i e s a n d 

act iv i t ies o f q u e s t i n g t icks in parts o f E u r o p e w i t h l o n g - d o c u m e n t e d /. ricinus p o p u l a ­
t i ons (14, 15). M o r e o v e r , the d i s t r i bu t i ona l a rea o f /. ricinus appea r s t o b e stead i ly 
sh i f t i ng t o w a r d h i g h e r a l t i tudes a n d la t i tudes , i n c reas ing the to ta l sur face area o f 
t ick-su i tab le hab i ta ts in m a n y E u r o p e a n coun t r i e s (16-18). H o w e v e r , severa l s tud ies 
have i den t i f i ed a s t r ong nega t i v e a s soc i a t i on of t ick d e n s i t y w i t h a l t i tude , a s soc i a t ed 
m a i n l y w i t h loca l c l ima t i c c o n d i t i o n s (19, 20). C l i m a t e c h a n g e s a n d the i r d i r ec t ef fects 
o n ve r t eb ra te hos t d i s t r i b u t i o n , p o p u l a t i o n d y n a m i c s , a n d v e g e t a t i o n are assoc i a t ed 
w i t h the a l t i t ud ina l a n d l a t i tud ina l c h a n g e s in t h e d i s t r i b u t i o n o f /. ricinus (16, 17). 

In t h e p resen t s tudy , w e a i m e d t o sys temat i ca l l y ana l yze t h e ex i s t i ng l i terature 
c o v e r i n g the p r e v a l e n c e of B. burgdorferi sensu lato a n d its d i f f e ren t g e n o s p e c i e s in 
host-seek ing /. ricinus t icks in Eu rope . W e f o c u s e d o n the e v a l u a t i o n o f t h e p r e v a l e n c e 
rate in t icks a c c o r d i n g t o t ick d e v e l o p m e n t a l s tage , a d u l t t i ck g e n d e r , r e g i o n o f 
s a m p l i n g , a n d m e t h o d o f d e t e c t i o n , as w e l l as i n ves t i ga t i ng a n y c h a n g e s in p r e v a l e n c e 
ove r t i m e . The w o r k represents a f o l l o w - u p of the meta-analys is d o n e by Rauter a n d 
H a r t u n g (21) in o rde r t o reeva lua te t h e s p a t i o t e m p o r a l t r ends in B. burgdorferi sensu 

lato p r e v a l e n c e after a n o t h e r d e c a d e o f da t a a c c u m u l a t i o n . 

RESULTS 
Prevalences of Borrelia burgdorferi sensu lato in ticks at different deve lopmen ­

tal stages. Repor ts p u b l i s h e d b e t w e e n 2 0 1 0 a n d 2 0 1 6 o n the p r e v a l e n c e of B. burg­

dorferi sensu lato in q u e s t i n g /. ricinus t icks in E u r o p e w e r e r e v i e w e d a n d a n a l y z e d 
(Table 1). O f all 115,028 t icks t e s t ed , 14,134 (12.3%) w e r e d e t e r m i n e d t o be pos i t i v e for 
t h e p r e sence o f B. burgdorferi sensu lato. The ave rage p r e v a l e n c e per s tudy r e a c h e d 
1 5 . 6 % . 

In s o m e s tud ies , o n l y a d u l t o r o n l y n y m p h a l t icks w e r e a n a l y z e d , o r it was no t 
poss ib l e t o ass ign the p r e v a l e n c e rate t o a spec i f i c t i ck d e v e l o p m e n t a l s tage . In o rde r 
t o p r o v i d e a d i rec t c o m p a r i s o n o f B. burgdorferi sensu lato p r e va l ence a m o n g a d u l t a n d 
n y m p h a l t i cks , w e a n a l y z e d o n l y t h o s e ent r ies (n = 65) w h e r e the p reva l ence rates for 
b o t h adu l t a n d n y m p h a l t icks w e r e r e p o r t e d . In th is subset , t h e p r e v a l e n c e o f LB 
sp i roche tes r e a c h e d s ign i f i can t l y h i g h e r a ve rage va lues for a d u l t ( 1 4 . 9 % [3,784/25,377]) 
t h a n fo r n y m p h a l ( 1 1 . 8 % [6,670/56,401]) t icks (P, <0.001 by t h e x2 test). The ave rage 
p reva l ence pe r s tudy r e a c h e d 1 7 . 8 % for a d u l t a n d 1 4 . 2 % fo r n y m p h a l /. ricinus t icks. 
W h e n i n d i v i d u a l results pa i r ed fo r e a c h s tudy we re c o m p a r e d , t h e d i f f e rence in the 
p reva l ence o f B. burgdorferi sensu lato b e t w e e n t h e t ick d e v e l o p m e n t a l s tages was a lso 
stat is t ica l ly s ign i f i can t (P, <0.01 b y a pa i r ed f test) (F ig. 1). In 6 1 . 5 % (40/65) o f i nd i v i dua l 
ent r ies w i t h b o t h d e v e l o p m e n t a l s tages a n a l y z e d a n d n u m b e r s spec i f i ed , t h e p r e v a ­
l ence of B. burgdorferi sensu lato in a d u l t t icks su rpassed tha t in n y m p h s . C o n s i d e r i n g 
o n l y ent r ies w i t h m o r e t h a n 100 a d u l t s a m p l e s a n a l y z e d , the p r e v a l e n c e in adu l t s was 
h i g h e r t h a n tha t in n y m p h s in 7 3 . 2 % (30/41) o f t h e ent r ies . A m o d e r a t e l inear co r r e ­
l a t ion was f o u n d b e t w e e n the B. burgdorferi sensu lato p r e v a l e n c e rates in a d u l t a n d 
n y m p h a l /. ricinus t icks (R 2 = 0.30; Pearson 's r = 0 .5518; P < 0.001) (Fig. 2). 
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TABLE 1 Studies used for the analysis of rates of B. burgdorferi sensu lato infect ion in /. 
ricinus t icks in Europe 

Country Reference(s) 
Austria 4 6 - 4 8 
Belarus 5 0 

Bosnia and Herzegovina 6 2 

Denmark 51 

Finland 8 7 , 8 8 

Germany 14, 2 3 , 7 5 , 9 5 , 1 0 0 - 1 0 6 

Italy 2 2 , 4 6 , 1 1 9 - 1 2 4 

The Netherlands 5 1 - 5 4 

Poland 6 3 - 7 5 

Romania 2 4 , 8 1 , 8 2 

Slovakia 8 9 - 9 1 

Switzerland 10, 1 0 7 - 1 1 0 , 1 2 5 , 1 2 6 
United Kingdom 1 1 3 - 1 1 8 

In 37 entr ies , t h e a d u l t t icks we re i n c l u d e d a n d the p r e v a l e n c e o f B. burgdorferi sensu 

lato was r e p o r t e d fo r e a c h sex separa te ly . The overa l l p r e v a l e n c e in f ema l e s ( 1 3 . 9 % 
[1,271/9,164]) su rpassed the p r e v a l e n c e rate in ma les ( 1 1 . 1 % [960/8,664]) (P, <0.001 by 
t h e x2 test). The ave rage p r e v a l e n c e pe r en t r y r e a ched 1 8 . 4 % fo r f ema l e s a n d 1 5 . 7 % for 
ma les . The d i f fe rences w e r e a l so stat is t ica l ly s ign i f i can t w h e n pa i r ed va lues fo r each 
s t u d y we re c o m p a r e d (P, < 0 . 0 5 by a pa i r ed S tuden t f test) (Fig. 3). For f ema l e s , h i ghe r 
p r e va l ence rates w e r e r eached in 6 7 . 6 % (25/37) o f the i n d i v i d u a l s tud ies . W h e n o n l y 
ent r ies w i t h at least 50 s a m p l e s o f e a c h sex t e s t ed we re t a k e n i n t o a c c o u n t , t he 
p r o p o r t i o n i n c r eased t o 7 8 . 9 % (15/19). 

No tab l y , s o m e s tud ies i n c l u d e d in t h e d a t a set r e p o r t e d the d e t e c t i o n o f B. burg­

dorferi sensu lato sp i roche tes in larval /. ricinus (22-24). The overa l l p r e v a l e n c e a m o n g 
larvae r e p o r t e d in these pape rs r ea ched 1 .5% (17/1,147 [range, 0 . 4 % to 25.8%] ) . 

Prevalence of Borrelia burgdorferi sensu lato in ticks according to the method 
of detect ion. A l t h o u g h l o w e r m e a n p reva l ence rates w e r e d e t e r m i n e d us i ng s i m p l e 
c o n v e n t i o n a l PCR t h a n u s i n g nes t ed PCR o r quan t i t a t i v e PCR (qPCR) fo r t h e d e t e c t i o n 
of B. burgdorferi sensu lato in al l t i ck s amp les , adu l t s on l y , a n d n y m p h s o n l y (Table 2), 
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FIG 1 C o m p a r i s o n of B. burgdorferi sensu lato p r eva l ences in n y m p h a l a n d a d u l t /. ricinus t icks in Europe . 
Each d o t represents a s ing le en t ry ( local ity) . Data were ex t rac ted f r o m 65 entr ies w h e r e t he p reva l ence 
rates fo r b o t h d e v e l o p m e n t a l s tages w e r e r e p o r t e d . The m i d d l e l ines represen t t he m e a n s ; e r ror bars, 
s t anda rd errors of t h e m e a n s . **, P < 0.01. 
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£ o r 1 1 1 1 
0 1 0 2 0 3 0 4 0 5 0 

Prevalence in nymphal ticks [%] 

F I G 2 L inear co r r e l a t i on ana lys is fo r t he p reva l ence o f B. burgdorferi sensu lato in adu l t a n d n y m p h a l /. 
ricinus t i cks in Eu rope . Each d o t represents a s ing le en t ry ( local ity) . Da ta w e r e ex t rac ted f r o m 65 entr ies 
w h e r e t he p reva l ence rates fo r b o t h d e v e l o p m e n t a l s tages w e r e r epo r t ed . 

n o stat ist ica l ly s ign i f i can t d i f f e rences we re f o u n d . O n l y in t w o s tud ies w e r e m i c ro s copy-
based d e t e c t i o n t e c h n i q u e s (dark-field a n d phase-contrast ) u s e d . In 15 o f 78 entr ies o n 
p reva l ence in n y m p h a l t i cks , p o o l i n g was u s e d (usual ly 10 ind i v idua l s per poo l ) . 
S ign i f i can t l y l o w e r m e a n p r e v a l e n c e rates w e r e f o u n d in s tud ies u s i n g p o o l e d s a m p l e s 
( from w h i c h u n c o r r e c t e d m i n i m u m in f e c t i on rates we re ca l cu la ted ) t h a n in s tud ies 
t e s t i ng i n d i v i d u a l t icks ( 6 . 0 % a n d 1 5 . 2 % , respect ive ly ) (P, <0.001 by a f test w i t h We l ch ' s 
cor rec t ion ) . 

Prevalence of Borrelia burgdorferi sensu lato in ticks according to the year of 
tick sampl ing . In o r d e r t o c o m p a r e t h e i n f e c t i on rates in all t icks o v e r the years, the 
da t a w e r e d i v i d e d in to 2-year cyc les (2002-2003 u p to 2012-2013 ) a c c o r d i n g t o the 
year of t i ck s a m p l i n g . Da t a fo r 2001 a n d 2015 c o n s i s t e d o n l y o f a s ing le en t r y e a c h a n d 
the re fo re w e r e n o t i n c l u d e d in t h e ana lys is . If t h e c o l l e c t i o n p e r i o d was l o n g e r o r d i d 
no t f it exac t l y i n t o t h e g i v e n 2-year t i m e f r a m e , the da t a we re e x c l u d e d ( resu l t ing in 66 
separa te entr ies) . Because o f b i g d i f fe rences in t h e n u m b e r s o f entr ies ava i l ab le for 
par t i cu la r years, the 2-year cyc les w e r e used in o rde r t o ge t c o m p a r a b l e n u m b e r s o f 
entr ies pe r t i m e p e r i o d . N o t r e n d was o b s e r v e d w h e n t h e m e a n p r e v a l e n c e rates in 
2-year cyc les w e r e a n a l y z e d b y l inear r eg ress ion , n o s ign i f i can t d i f f e rences w e r e f o u n d 
a m o n g t h e 2-year p e r i o d s (Fig. 4), a n d n o stat is t ica l ly s ign i f i can t d i f f e rence was f o u n d 
w h e n the 2 0 0 2 - 2 0 0 7 g r o u p (mean p reva l ences in adu l t s a n d n y m p h s , 1 8 . 2 % a n d 
1 4 . 5 % , respect ive ly ) was c o m p a r e d to t h e 2 0 0 8 - 2 0 1 4 g r o u p ( 1 6 . 7 % a n d 1 3 . 1 % , r e spec ­
t ively) . 

In cont ras t , the m e a n B. burgdorferi sensu lato p r e va l ence rate in o u r w h o l e da t a set 
(2002 t o 2 0 1 4 fo r n y m p h s a n d 2001 t o 2015 fo r adul ts ) was stat is t ica l ly s ign i f i cant l y 
l o w e r fo r a d u l t t icks (14 .9%) , b u t s ign i f i can t l y h i g h e r for n y m p h a l t icks (11.8%) , t han 
t h o s e d e t e r m i n e d f r o m the d a t a c o l l e c t e d b y Rauter a n d H a r t u n g (21) fo r 1985 to 2 0 0 4 

I 50 

5 
o 
Q. 3 0 
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F I G 3 C o m p a r i s o n o f B. burgdorferi sensu iato p r e va l ence rates b e t w e e n f e m a l e a n d ma le /. ricinus t icks 
in Eu rope . Each d o t represents a s ing l e en t ry ( local ity) . Da ta w e r e ex t r a c t ed f r o m 37 entr ies w h e r e t he 
p r e va l ence rate fo r e a ch sex was r e p o r t e d . The m i d d l e l ines represen t t he m e a n s ; e r ror bars, s t a n d a r d 
errors o f t he m e a n s . *, P < 0.05. 
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TABLE 2 Mean prevalence rates of ß. burgdorferi sensu lato de te rmined by different 
molecular me thods of detect ion 

Detection method 

Prevalence (%)" 

Detection method Al l t icks Adul ts Nymphs 
P C R 14 .0 ± 1.5(42) 15 .4 ± 1.9 (36) 12 .3 ± 1.5(29) 
N e s t e d P C R 17.3 ± 2 . 2 (18) 20 .4 ± 3 . 0 (16) 14.6 ± 2.1 (13) 
q P C R 17 .9 ± 1.7 (35) 2 1 . 0 ± 2 . 3 (29) 15 .4 ± 1.7(31) 

"Values are means ± standard errors of the means (number of records). 

( 1 8 . 6 % a n d 1 0 . 1 % , respect i ve ly ) (P, <0.001 b y t h e x2 test). The n u m b e r s o f s a m p l e s 
a n a l y z e d we re c o m p a r a b l e . 

Geographical differences in the prevalence of Borrelia burgdorferi sensu lato in 
ticks. S tat is t ica l ly s ign i f i can t d i f f e rences in the p r e v a l e n c e o f B. burgdorferi sensu lato 

w e r e o b s e r v e d a m o n g i n d i v i d u a l coun t r i e s (P, < 0 . 0 5 by the Kruskal-Wal l is test), b u t no 
s ign i f i can t d i f f e rences we re f o u n d in t h e pa i r ed c o m p a r i s o n . The re fo re , t h e da t a w e r e 
st rat i f ied by area, a n d coun t r i e s we re m e r g e d in to b i g g e r r eg iona l un i ts based o n 
g e o g r a p h i c a l p r o x i m i t y a n d e n v i r o n m e n t a l / c l i m a t e s imi lar i ty . T h e E u r o p e a n reg ions in 
w h i c h t h e t ick i n f ec t i on rate was c a l cu l a t ed are d e f i n e d as f o l l o w s : Br i t ish Isles ( Eng land , 
S c o t l a n d , a n d Wales) , Iber ian P e n i n s u l a (Por tuga l a n d Spain) , W e s t e r n E u r o p e ( Be lg ium, 
F rance , L u x e m b o u r g , a n d t h e Ne the r l ands ) , S c a n d i n a v i a (Belarus, D e n m a r k , Es ton ia , 
F i n l and , a n d Norway ) , Cen t ra l E u r o p e (Austr ia , C z e c h Repub l i c , G e r m a n y , Hunga r y , 
P o l a n d , S lovak ia , a n d Sw i tzer l and ) , S o u t h e r n E u r o p e (Italy), a n d t h e Ba lkan Pen insu l a 
(Roman ia , Se rb ia , a n d Bosn i a a n d He rzegov ina ) . In e a c h r e g i o n , at least 3 i n d e p e n d e n t 
ent r ies we re ava i l ab le fo r all t icks as w e l l as fo r e a c h o f t h e d e v e l o p m e n t a l s tages. 

The m e a n p r e v a l e n c e rates o f B. burgdorferi sensu lato in /. ricinus t icks d i f f e red 
a m o n g the reg ions (P, <0.01 b y analys is o f va r i ance [ANOVA] ) (Table 3). The h ighes t 
p r e va l ence fo r al l t icks was f o u n d in Cen t ra l E u r o p e (19.3%) . The l owes t p r e va l ence was 
o b s e r v e d in the Br i t ish Isles (3.6%) . T h e d i f f e rence in i n f ec t i on rates b e t w e e n these t w o 
reg ions a n d tha t b e t w e e n Cen t ra l E u r o p e (19.3%) a n d Wes te rn E u r o p e (10.2%) w e r e the 
o n l y stat is t ica l ly s ign i f i can t d i f f e rences in pa i r ed- reg ion c o m p a r i s o n s (P, < 0 . 0 5 by 
Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n test) (F ig. 5). S imi la r ly , the n y m p h a l i n f e c t i on rate 
d i f f e red s ign i f i can t l y a m o n g the r eg ions (P, <0.001 by A N O V A ) . In pa i r ed c o m p a r i s o n s 
of p r e v a l e n c e a m o n g n y m p h s , s ign i f i can t d i f f e rences we re f o u n d n o t o n l y b e t w e e n 
Cen t ra l E u r o p e (16.7%) a n d t h e Br i t ish Isles (3.6%) a n d b e t w e e n Cen t ra l E u r o p e (16.7%) 
a n d W e s t e r n E u r o p e (5.7%) b u t a l so b e t w e e n the Ba lkan P e n i n s u l a (22.1%) a n d the 
Brit ish Isles (3.6%) a n d b e t w e e n the Ba lkan P e n i n s u l a (22.1%) a n d Wes te rn E u r o p e 
(5.7%) (P, < 0 . 0 5 b y Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n test) (Fig. 5). N o s ign i f i can t 
d i f f e rences in t h e i n f e c t i on rate o f a d u l t /. ricinus t icks w e r e f o u n d a m o n g t h e reg ions . 

S> $> <£> J? ,\N f? 
<# <S>V # # cŝ  
v v i r v v °-Year of s a m p l i n g 

FIG 4 M e a n p reva l ences o f B. burgdorferi sensu lato in /. ricinus t icks in Eu rope in 2-year cyc les . Each bar 
represents t h e m e a n p reva l ence r e a c h e d in a par t i cu la r 2-year cyc le . Error bars, s t a n d a r d errors of t he 
m e a n s . 
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TABLE 3 Mean prevalence rates of B. burgdorferi sensu lato in /. ricinus t icks in def ined 
regions of Europe 

Prevalence (%) of B. burgdorferi sensu lato in /. ricinus 
t i cks" 

Region Nymphs Adults Total 
b e r i a n P e n i n s u l a 9.4 (2.8) 11 .4 (6 .6 ) 9.5 (5.0) 

B r i t i sh Isles 3.6 (0.6) 3.2 (1.8) 3.6 (0.6) 
W e s t e r n E u r o p e 5.7 (1.1) 14.6 (3.0) 10.2 (2.0) 
C e n t r a l E u r o p e 16 .7 (1 .4 ) 21 .6 (1 .9 ) 19 .3 (1 .3 ) 
S c a n d i n a v i a 12 .9 (2 .2 ) 21 .0 (4 .0 ) 15.5 (2.5) 
S o u t h e r n E u r o p e 14 .0 (2 .5 ) 14.7 (3.4) 15.3 (2.6) 
B a l k a n P e n i n s u l a 22.1 (8.6) 19.1 (7.0) 18.5 (6.8) 

"Values are means (standard errors of the means). 

The p reva l ence rate o f B. burgdorferi sensu lato in n y m p h a l t icks rises w i t h inc reas ing 
l o n g i t u d e ( l inear r eg ress ion ; R2 = 0 .0927; P < 0.05) (Fig. 6). A s imi la r t e n d e n c y , b u t o n e 
tha t was n o t stat is t ica l ly s ign i f i can t , was o b s e r v e d fo r i n f e c t i on of a d u l t t i cks . The 
re l a t i onsh ip b e t w e e n the B. burgdorferi sensu lato p r e v a l e n c e rate a n d l a t i tude was no t 
f o u n d s ign i f i can t fo r e i ther n y m p h a l , adu l t , o r al l t icks. Neve r the l ess , spec ia l a t t en t i on 
was pa i d to the n o r t h e r n d i s t r i b u t i o n l im i t o f /. ricinus, w h i c h is r e p o r t e d t o be s tead i ly 
sh i f t i ng in l a t i tudes a b o v e 6 0 " N (25). In o u r da t a set, 5 s tud ies c o n t a i n e d t icks s a m p l e d 
at loca l i t ies a b o v e th is l im i t (61 t o 65°N). A l t o g e t h e r , 5,574 t icks (4,797 n y m p h s a n d 777 
adults ) w e r e a n a l y z e d in this subset , r e a ch ing a n ave rage B. burgdorferi sensu lato 

preva l ence o f 1 5 . 9 % in n y m p h a l t icks a n d 2 3 . 2 % in a d u l t t icks, va lues stat ist ica l ly 
s ign i f i can t l y h i g h e r t h a n those in loca l i t ies sou th o f the l im i t ( 1 3 . 2 % for n y m p h s a n d 
1 9 . 3 % fo r adul ts ) (P, <0.01 b y a x2 test w i t h t h e Yates cor rec t ion ) . 

Representation of individual Borrelia burgdorferi sensu lato genospecies. For 
t h e ana lys is o f g e n o s p e c i e s c o m p o s i t i o n , t h e p r o p o r t i o n o f e a c h g e n o s p e c i e s was 
e x p r e s s e d as a p e r c e n t a g e o f al l i den t i f i ed s amp les o f B. burgdorferi sensu lato for each 
s tudy . The d a t a w e r e ex t r a c t ed f r o m a to ta l o f 6 9 ent r ies . T o m i n i m i z e t h e i m p a c t o f 
s a m p l e s ize pe r s tudy , t he overa l l p r o p o r t i o n s w e r e c a l cu l a t ed as averages o f the 
pe r cen t ages f r o m i n d i v i d u a l pape rs (not f r o m the sums o f n u m b e r s ) . For e a c h g e n o ­
spec ies , t he p r o p o r t i o n was ca l cu l a t ed b y i n c l u d i n g o n l y s tud ies tha t e m p l o y e d a 
m e t h o d tha t c o u l d safely iden t i f y tha t pa r t i cu la r g e n o s p e c i e s . 

S tat is t ica l ly s ign i f i can t d i f f e rences in the r ep re sen t a t i on o f t h e n ine g e n o s p e c i e s 
a n a l y z e d we re o b s e r v e d . B. afzelii ( 46 .6% ; 6 9 va lues) a n d B. garinii ( 2 3 . 8 % ; 6 9 values) 
w e r e the m o s t f r e q u e n t l y d e t e c t e d g e n o s p e c i e s (P, <0.001 fo r d i f f e rences f r o m al l o the r 
g e n o s p e c i e s a n d f r o m e a c h o t h e r b y Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n test), f o l l o w e d 

FIG 5 P r eva l ence o f B. burgdorferi sensu lato in /. ricinus t icks in d e f i n e d r eg ions o f Eu rope . Each d o t represents a 
s ing le en t ry ( local ity) . T h e m i d d l e l ines represen t t he m e a n s ; e r ror bars, s t a n d a r d errors of t h e m e a n s . Results w e r e 
c o m p a r e d by A N O V A , f o l l o w e d by Bonfer ron i ' s m u l t i p l e - c o m p a r i s o n test . *, P < 0.05; **, P < 0 .01; ***, P < 0 .001. 
(A) C o m p a r i s o n o f al l t i cks ; (B) c o m p a r i s o n o f n y m p h a l /. ricinus t i cks . 
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FIG 6 Reg ress ion ana lys is o f the p reva l ence o f B. burgdorferi sensu lato in n y m p h a l /. ricinus t i cks in 
Eu rope w i t h l o n g i t u d e (l inear r eg ress ion ; Rz = 0.0927; P < 0.05). Each d o t represents a s ing l e en t ry 
( locality). 

by B. valaisiana ( 11 .4% ; 65 va lues) , B. burgdorferi sensu stricto ( 1 0 . 2 % ; 68 values) , a n d B. 

lusitaniae ( 7 .0% ; 58 values) (P, < 0 . 0 5 for d i f f e rences f r o m al l o t h e r g e n o s p e c i e s b u t no t 
f r o m e a c h other ) . B. bavariensis ( 2 .0% ; 4 4 values) , B. spielmanii ( 1 .7% ; 54 values) , B. 

finlandensis ( 0 .2% ; 35 va lues) , a n d B. bissettiae ( 0 . 06% ; 51 va lues) , w e r e rare ly d e t e c t e d 
(P, < 0 . 0 5 fo r d i f f e rences f r o m al l o t h e r g e n o s p e c i e s e x c e p t B. lusitaniae; n o t s ign i f i cant l y 
d i f f e ren t f r o m e a c h other ) (F ig. 7). 

Nega t i v e co r re l a t i ons we re f o u n d by the S p e a r m a n rank test b e t w e e n the p r o p o r ­
t i ons o f B. afzelii a n d B. garinii (r = —0 .46 ; P < 0.001), B. afzelii a n d B. burgdorferi sensu 

stricto (r = - 0 . 3 7 ; P < 0.01), B. afzelii a n d B. valaisiana (r = - 0 . 5 2 ; P < 0.001), a n d B. 

afzelii a n d B. lusitaniae (r = —0.29 ; P < 0.05). The p r o p o r t i o n s o f B. garinii a n d B. 

lusitaniae a l so co r r e l a t ed nega t i v e l y (r = —0.263 ; P < 0.05). 
The r e l a t i onsh ips o f the p r o p o r t i o n a l r ep re sen t a t i on o f the i n d i v i d u a l g e n o s p e c i e s 

w i t h l a t i tude a n d l o n g i t u d e w e r e e x a m i n e d us i ng l inear r eg ress ion . The p r o p o r t i o n o f 
B. afzelii a m o n g B. burgdorferi sensu /afo-infected t icks increases f r o m the sou th o f 
E u r o p e t o the n o r t h (r2 = 0 .1119; P < 0.05), whe reas the p r e v a l e n c e o f B. lusitaniae 

decreases in the s ame d i r e c t i o n (r2 = 0 .1949; P < 0.01) (Fig. 8). S imi la r ly , the p r o p o r t i o n 
of B. afzelii increases t o w a r d the east (r2 = 0 .0994; P < 0.05), whe reas the p r e v a l e n c e 
of B. valaisiana dec reases s ign i f i can t l y in the same d i r e c t i o n (r2 = 0 .1633; P < 0.001) 
(Fig. 9). 

The da t a o n the p r o p o r t i o n a l r e p r e s e n t a t i o n o f i nd i v i dua l g e n o s p e c i e s w e r e 
g r o u p e d a c c o r d i n g to the g e o g r a p h i c r e g i o n o f t i ck s a m p l i n g (Table 4). The d i s t r i bu t i on 
of i nd i v i dua l g e n o s p e c i e s a m o n g d i f f e ren t g e o g r a p h i c r eg ions was a n a l y z e d (Fig. 10). 

CQ CD 

o ro 

• i n * 

-r* 

•cv 

FIG 7 P r o p o r t i o n s of B. burgdorferi sensu lato g e n o s p e c i e s in /. ricinus t icks in Eu rope . Each d o t represents 
a s i ng l e en t ry ( locality). The m i d d l e l ines represen t t h e m e a n s ; e r ror bars, s t anda rd errors o f t he means . 
Results we re c o m p a r e d b y A N O V A , f o l l o w e d b y Bonfer ron i ' s m u l t i p l e - c o m p a r i s o n test . B. a., B. afzelii; B. 
g., B. garinii; B. v., B. valaisiana; B. b. s .S . , B. burgdorferi sensu stricto; B. I., B. lusitaniae; B. bav., B. bavariensis; 
B. s p i , B. spielmanii; B. f , B. finlandensis; B. b i s , B. bissettiae. *, P < 0.05; ***, P < 0 .001; n.s, no t s tat is t ica l ly 
s ign i f i cant . 
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FIG 8 Regress ion ana lyses o f B. afzelii (A) a n d B. lusitaniae (B) i n f ec t i on rates in /. ricinus t icks in Eu rope w i t h l a t i tude . 

T h e i m p a c t o f t h e r e g i o n was n o t f o u n d t o b e stat is t ica l ly s ign i f i cant , whe reas the B. 

burgdorferi sensu lato g e n o s p e c i e s a n d the i n t e r ac t i on o f r e g i o n a n d g e n o s p e c i e s w e r e 
f o u n d to c o n t r i b u t e stat is t ica l ly s ign i f i can t l y t o the to ta l va r i a t ion (P, <0.01 a n d < 0 . 0 0 1 , 
respec t i ve ly , b y two-way A N O V A ) . S ign i f i can t d i f f e rences w e r e f o u n d in the r e p r e s e n ­
t a t i o n o f B. afzelii b e t w e e n t h e Br i t ish Isles a n d S c a n d i n a v i a as we l l as b e t w e e n Cent ra l 
E u r o p e a n d Scand inav i a (P, < 0 . 0 5 b y Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n test). The 
p reva l ence o f B. lusitaniae was stat is t ica l ly s ign i f i can t l y d i f f e ren t b e t w e e n Wes te rn 
E u r o p e a n d t h e Ba lkan P e n i n s u l a as we l l as b e t w e e n S cand inav i a a n d the Ba lkan 
P e n i n s u l a (P, < 0 . 0 5 b y Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n test). Because the re was o n l y 
a s ing le en t r y f o r g e n o s p e c i e s c o m p o s i t i o n f r o m t h e Iberian P e n i n s u l a ( 1 0 0 % B. 

lusitaniae), this r e g i o n was n o t i n c l u d e d in the analys is . 

The p r e sence o f t h e r e l aps i ng feve r sp i r o che t e Borrelia miyamotoi in /. ricinus t icks 
was r e p o r t e d by severa l s tud ies (26). In o u r s tudy , w e d i d n o t spec i f i ca l l y search for the 
p r eva l ence o f B. miyamotoi in /. ricinus t i cks , b u t if th is i n f o r m a t i o n was p resen t in the 
s c r eened s tud ies , the va lue was n o t e d . The p r e v a l e n c e rate o f this s p i r o c h e t e r e a c h e d 
an ave rage o f 1 .27%, r a n g i n g f r o m 0 t o 3 . 8 5 % . Reco rds o f the p r e sence o f B. miyamotoi 

w e r e r e p o r t e d f r o m al l r eg ions as d e f i n e d in th is s tudy e x c e p t t h e Iber ian Pen insu l a , 
w h e r e n o records o f B. miyamotoi d e t e c t i o n a t t e m p t s w e r e ava i l ab le in ou r da t a set. 

DISCUSSION 

As vec tors o f m a n y d i sease-caus ing paras i tes , t icks p o s e a ser ious threa t t o h u m a n 
hea l th a n d a c o n s i d e r a b l e e c o n o m i c b u r d e n t o p u b l i c hea l th sys tems . /. ricinus, the 
m o s t c o m m o n E u r o p e a n t ick, is t h e p r i n c ipa l v e c t o r o f B. burgdorferi sensu lato, the 
a g e n t c a u s i n g the m o s t p reva l en t h u m a n t i ck-borne d i sease in Eu rope , L y m e borre l io-
sis. A meta-analys is o f da t a was p e r f o r m e d w i t h t h e a i m o f o b t a i n i n g a n all e n c o m ­
pass ing p i c tu re o f B. burgdorferi sensu lato a n d its g e n o s p e c i e s d i s t r i b u t i o n in E u r o p e a n 
/. ricinus t icks. 

The p r e v a l e n c e o f B. burgdorferi sensu lato sp i roche tes in t icks has b e e n c o n s i d e r e d 
o n e o f t h e m o s t c ruc ia l e l e m e n t s o f risk a s se s smen t fo r LB (21). Neve r the l ess , loca l 

Longitude [°] Longitude [ ° ] 
FIG 9 Reg ress ion ana lyses of B. afzelii (A) a n d B. valaisiana (B) i n f ec t i on rates in /. ricinus t icks in E u r o p e w i t h 
l o n g i t u d e . 
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TABLE 4 P roport iona l representat ion of ß. burgdorferi sensu lato genospec ies in /. ricinus t icks in Europe 

% prevalence of the indicated genospecies9 

Region 
B. burgdorferi 
sensu stricto B. valaisiana B. lusitaniae B. spielmanii B. bissettiae B. bavariensis B. finlandensis B. afzelii B. garinii 

Iberian Peninsula 0 ± 0 ( 1 ) 0 ± 0 ( 1 ) 0 ± 0 ( 1 ) 0±0 (1 ) 
British Isles 33 ±11 (4) 39 ± 4 (4) 2 ± 2 (3) 30 ±16 (3) 
Western Europe 45 ± 5 (10) 29 ± 5 (10) 6 ±2(10) 17±4(10) 
Scandinavia 61 ±7(10) 24 ±6(10) 6 ±2(10) 8 ±2(10) 
Central Europe 44 ±4(34) 23 ± 2 (34) 15 ± 3 (34) 11 ±2(31) 
Southern Europe 54 ±20 (4) 15 ± 9 (4) 2 ± 1 (4) 5 ± 3 (4) 
Balkan Peninsula 52 ±11 (5) 21 ± 5 (5) 7 ± 5 (5) 5 ± 2 (5) 

100 ±0(1) 0±0 (1 ) 0±0 (1 ) 0±0 (1 ) 
0 ± 0 (3) 0 : 
0.1 ± 0.1 (9) 3 : 
0.3 ± 0.3 (9) 1 : 
6 ± 2 (29) 2 : 

0(3) 
1 (8) 
1 (9) 
1 (27) 

15 ±9(4) 
36 ± 3 (2) 

0 ± 0 (4) 
0±0 (1 ) 

0 ± 0 (3) 0 ± 0 (3) 
0 ± 0 (7) 0 ± 0 (4) 
0 ± 0 ( 9 ) 0.1 ±0.1 (7) 
0.1 ± 0.1 (25) 2 ± 1 (23) 
0 ± 0 ( 4 ) 10 ±10(4) 
0 ± 0 ( 1 ) 0 ± 0 ( 1 ) 

0±0 (1 ) 
0 ± 0 (2) 
0 ± 0 (4) 
0 ± 0 (7) 
0.4 ± 0.4(14) 
0 ± 0 (4) 
0±0 (1 ) 

"Values are means ± standard errors of the means (number of records). 

preva l ence s tud ies have a very l im i t ed va lue in t e rms o f e p i d e m i o l o g i c a l r i s k a s s e s m e n t . 
In cont ras t , i n t eg r a t i on o f the d a t a f r o m s tud ies b a s e d o n s imi la r m e t h o d o l o g i e s a l l ows 
for the analys is o f spat ia l a n d t e m p o r a l va r i a t ions a n d t r ends a n d m a y e v e n reveal 
po t en t i a l m e t h o d o l o g i c a l pit fal ls in d e t e c t i o n o r d i sease d i a g n o s t i c s . This w o r k is a 
successo r t o a p rev ious Eu rope-w ide s tudy d o n e by Rauter a n d H a r t u n g (21), w h i c h was 
based o n da t a c o l l e c t e d f r o m 1984 to 2 0 0 3 . W e a t t e m p t e d t o use the s a m e m e t h o d ­
o l o g y , w h e r e poss i b l e , in o r d e r t o be ab l e t o p e r f o r m d i rec t c o m p a r i s o n s . The analys is 
s h o w e d tha t the ove ra l l m e a n p r e v a l e n c e of B. burgdorferi sensu lato in /. ricinus t icks 
r ea ched 1 2 . 3 % . The p reva l ence in a d u l t t icks (14.9%) was h i g h e r t h a n tha t in n y m p h a l 
t icks (11.8%) , a f i n d i n g in a c c o r d a n c e w i t h da t a p r e s e n t e d b y o thers (21, 27). S ince the 
m i n i m u m in f e c t i on rate was u s e d in case o f p o o l e d s a m p l e s o f n y m p h a l t icks (a s ing le 
pos i t i ve t i ck per p o o l is expec ted ) , t h e c a l cu l a t ed va lues fo r n y m p h s m a y s l ight ly 
u n d e r e s t i m a t e the real p r e va l ence . A l t h o u g h t ransovar ia l t ransfer o f B. burgdorferi sensu 

lato is c o n s i d e r e d d u b i o u s (28), s o m e s tud ies f r o m ou r da t a set r e p o r t e d t h e in f ec t i on 
of larvae w i t h B. burgdorferi sensu lato. A n a l te rna t i ve m e a n s o f i n f e c t i on of larvae m a y 
be i n t e r r u p t e d f e e d i n g . It has b e e n s h o w n p r e v i ous l y tha t i x o d i d t icks are ab l e to 
c o m p l e t e f e e d i n g o n a s e c o n d hos t a f ter i n t e r r up t i on (29); thus , par t ia l l y f e d t icks m a y 
be s a m p l e d as s e e m i n g l y u n f e d larvae. This f i n d i n g , t o g e t h e r w i t h the recen t f i n d i n g s 
tha t /. ricinus larvae are a b l e t o t r ansmi t B. afzelii t o l abo ra to r y m i c e (30), sugges t s the 
po ten t i a l ro le o f larvae in s p r e a d i n g h u m a n LB (30). 

In con t ras t t o ear l ier da t a rev iews , w h e r e m i c r o s c o p i c t e c h n i q u e s we re the m a i n 
t oo l s fo r d e t e r m i n i n g Borrelia p r e v a l e n c e (21, 27), the cu r r en t va lues we re o b t a i n e d 
a l m o s t exc lus i ve l y by u s i n g PCR-based m e t h o d s . M i c r o s c o p i c t e c h n i q u e s , u s e d as a 
s t anda rd p r o c e d u r e in t h e past , d o n o t a l l o w o n e t o d i s t i n g u i s h b e t w e e n g e n o s p e c i e s , 
a n d if n o t used p rope r l y , t hey m a y lead to a n u n d e r e s t i m a t i o n o f Borrelia i n f ec t i on rates 
(27). O n t h e o t h e r h a n d , the p reva l ences of LB sp i roche tes in /. ricinus t icks r e p o r t e d in 

60-
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FIG 1 0 P r o p o r t i o n a l r ep resen ta t i on o f B. burgdorferi sensu lato g e n o s p e c i e s in /. ricinus t icks in Eu rope in d i f fe rent g e o g r a p h i c r eg ions . Each bar represents t he 
m e a n p r o p o r t i o n o f a par t i cu la r g e n o s p e c i e s in a r e g i o n ; error bars, s t anda rd errors o f t he m e a n s . Each s y m b o l (•, o, + , x) ind ica tes a stat is t ica l ly s ign i f i can t 
d i f f e r ence (P < 0.05) in t he p r o p o r t i o n a l r ep resen ta t i on o f a par t i cu la r g e n o s p e c i e s b e t w e e n t w o d i f f e ren t r eg ions , as d e t e r m i n e d by two-way A N O V A f o l l o w e d 
b y Bonfer ron i ' s m u l t i p l e - c o m p a r i s o n test . s .S . , sensu stricto. 
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t h e pas t c o u l d b e a l so ove r e s t ima te s d u e to the m i s i den t i f i c a t i on o f t h e r e l aps ing fever 
s p i r o c h e t e B. miyamotoi by m i c r o s c o p y . 

The PCR-based t e c h n i q u e s are c o n s i d e r e d t h e m o s t sens i t i ve (27) a n d c an d e t e c t a 
Borrelia l oad as l o w as a s ing le sp i r o che t e (31). H o w e v e r , s ingle-ce l l sens i t i v i t y m a y be 
s u p e r f l u o u s in v i e w o f da t a s u g g e s t i n g that a m i n i m u m o f 3 0 0 sp i roche tes m a y be 
requ i r ed in o r d e r fo r a hos t-seek ing n y m p h a l t i ck t o be ab l e to t r ansm i t i n f e c t i on (32). 
In o u r s tudy , w e o b s e r v e d n o s ign i f i can t d i f f e rences in the p reva l ences e s t i m a t e d b y the 
va r ious PCR m e t h o d s — c o n v e n t i o n a l PCR, nes t ed PCR, a n d q P C R — a l t h o u g h q P C R is 
gene ra l l y c o n s i d e r e d the m o s t sens i t i ve o f the th ree (33). W i t h r ega rd t o c h a n g e s in 
p reva l ence ove r t i m e , n o t r ends in i n f e c t i on rates we re o b s e r v e d ove r the cou r se of 10 
years in o u r s tudy or in the ear l ier s tudy of Rauter a n d H a r t u n g (21). O n the o t h e r h a n d , 
d i rec t c o m p a r i s o n o f o u r da t a set t o tha t o f the ear l ier m e t a s t u d y (21) ind i ca tes 
s ign i f i can t c h a n g e s in ove ra l l p r e va l ence . Numer i c a l l y , t h e m e a n i n f e c t i on rates in all 
t icks a n d adu l t s d e c r e a s e d by 1.4% a n d 3 . 7 % , respec t i ve l y , whe reas t h e i n f e c t i on rate 
in n y m p h s inc reased b y 1.7% re lat ive to t h e da t a g i v e n by Rauter a n d H a r t u n g (21). W e 
m a y h y p o t h e s i z e tha t th is d i f f e rence b e t w e e n t h e resul ts o f the m e t a s t u d i e s c o u l d b e 
c a u s e d by the r ecen t l y i nc reased i n v o l v e m e n t of ungu l a t e s (like d e e r o r m o o s e ) , w h i c h 
are gene ra l l y c o n s i d e r e d t r a n s m i s s i o n - i n c o m p e t e n t hosts fo r B. burgdorferi sensu lato 

(34, 35) b u t are f r e q u e n t hosts o f n y m p h a l ra ther t h a n larval /. ricinus t icks (36, 37). A n 
increase in the to ta l a b u n d a n c e o f /. ricinus t icks was a ssoc i a t ed w i t h t h e a b u n d a n c e of 
la rge ungu l a t e s p r e v i ous l y (15, 2 5 , 38). 

As in the s tudy o f Rauter a n d H a r t u n g (21), t h e co r r e l a t i on o f B. burgdorferi sensu lato 

preva l ence in t icks w i t h the t i ck c o l l e c t i o n area s h o w e d a s ign i f i can t t r e n d , w i t h the 
rates i n c reas ing f r o m the wes t t o the east o f Eu rope . The same ef fect was seen for 
n y m p h a l t icks (in con t ras t t o the s tudy o f Rauter a n d H a r t u n g [21]) a n d adu l t t icks 
separa te ly . The west-to-east t r e n d is p r o b a b l y a ssoc i a t ed w i t h the h i g h p r e v a l e n c e o f 
t icks in Cen t ra l Eu rope . Reg ress ion analys is o f t h e p r e v a l e n c e rate a n d l a t i tude was no t 
s ign i f i can t fo r B. burgdorferi sensu lato in n y m p h a l , adu l t , o r al l t i cks . Neve r the l ess , the 
p r eva l ence rate in t icks s a m p l e d near the i r n o r t h e r n d i s t r i b u t i o n l im i t r e a ched va lues 
s ign i f i can t l y h i g h e r t h a n t h o s e in t h e rest of Eu rope . W e h y p o t h e s i z e tha t this m i g h t be 
d u e t o t h e l o w e r hos t spec ies d i ve rs i t y ava i l ab le for t hese n e w l y e s t ab l i shed /. ricinus 

p o p u l a t i o n s , m a k i n g it poss i b l e t o f e e d m o s t l y o n B. burgdorferi sensu lato t r ansmiss ion-
c o m p e t e n t hosts . 

The p r e v a l e n c e o f B. burgdorferi sensu lato in f ema l e s su rpassed the p r eva l ence rate 
in ma les , a n d t h e d i f f e rence was stat is t ica l ly s ign i f i can t w h e n pa i r ed va lues w e r e 
c o m p a r e d . Rauter a n d H a r t u n g (21) a l so o b s e r v e d a h i g h e r i n f e c t i on rate fo r f ema l e s (by 
1.8%). A n o t h e r s tudy d e m o n s t r a t e d a r e l a t i onsh ip b e t w e e n t h e w e i g h t s o f e n g o r g e d 
n y m p h a l i x o d i d t icks a n d the i r resu l tan t sexes, r e vea l i ng tha t t h e m e a n b o d y w e i g h t o f 
e n g o r g e d n y m p h s tha t m o l t e d to f ema les was s ign i f i can t l y g rea te r t h a n tha t of n y m p h s 
tha t b e c a m e ma les (39). A larger b l o o d m e a l m i g h t resul t d i rec t l y in a h i g h e r p r o b a b i l i t y 
of i n f e c t i on a n d m i g h t be assoc i a t ed w i t h p r o l o n g e d f e e d i n g , r esu l t i ng , a g a i n , in a 
h i g h e r c h a n c e of i n g e s t i o n of the sp i roche tes . 

S ince d i f f e ren t g e n o s p e c i e s are i n v o l v e d in d i s t inc t c l in i ca l man i f e s t a t i ons , it is 
i m p o r t a n t t o k n o w accura te n u m b e r s fo r t h e p r eva l ence o f a par t i cu la r spec ies w i th 
rega rd t o risk a s sessmen t . The da t a s h o w tha t B. afzelii is the m o s t c o m m o n g e n o s p e ­
c ies, f o l l o w e d b y B. garinii a n d B. valaisiana, f i n d i n g s cons i s t en t w i t h d a t a p r o v i d e d 
earl ier . In terest ing ly , B. burgdorferi sensu stricto is t h e f o u r t h m o s t c o m m o n spec ies , 
d e s p i t e the d e s c r i b e d d o m i n a n t b e h a v i o r of B. burgdorferi sensu stricto o v e r s o m e o the r 
g e n o s p e c i e s (40). 

G e n o s p e c i e s tha t we re d i f f e r en t i a t ed m o r e r ecen t l y are l ike ly u n d e r r e p r e s e n t e d in 
t h e da t a set, e v e n t h o u g h ze ro p r e v a l e n c e va lues we re i n c l u d e d o n l y if t hey w e r e 
g e n e r a t e d in s tud ies that u s e d a n i den t i f i c a t i on m e t h o d a l l o w i n g t h e d i f f e r en t i a t i on o f 
t h e par t i cu la r g e n o s p e c i e s . In a n u m b e r o f r e v i e w e d s tud ies , o n l y t h e "ma jo r " g e n o ­
spec ies w e r e d i f f e r en t i a t ed a n d t h e d e s i g n a t i o n " N P D " (not poss i b l e t o d e t e r m i n e ) was 
a s s i g n e d t o the o the r , " u n i d e n t i f i e d " g e n o s p e c i e s (see Mate r i a l s a n d M e t h o d s ) . H o w ­
ever , d u r i n g t h e ana lys is o f t hose s tud ies , w e o c c a s i o n a l l y c h e c k e d t h e spec i f i c i t y o f the 
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pr imers u s e d a n d f o u n d tha t m o r e t h a n o n e g e n o s p e c i e s c o u l d b e d e t e c t e d w i t h a 
g i v e n set o f p r imers (e.g., t he p r i m e r set d i s t i n g u i s h e d b e t w e e n B. afzelii, B. garinii, a n d 
B. burgdorferi sensu stricto b u t c o u l d n o t d i s t i n g u i s h , fo r ins tance , b e t w e e n B. burgdorferi 

sensu stricto a n d B. bissettiae). 

The da t a s h o w e d tha t B. valaisiana is t h e th i rd m o s t c o m m o n g e n o s p e c i e s in Europe . 
In t r igu ing ly , this spec ies is o n l y ve ry rarely a s soc i a t ed w i t h h u m a n in fec t i on (8). It was 
d e m o n s t r a t e d in vitro tha t B. burgdorferi sensu lato g e n o s p e c i e s s h o w e d d i f fe rent 
pa t te rns o f res is tance o r sens i t i v i t y t o the c o m p l e m e n t sys tems o f d i f f e ren t ve r tebra tes 
(41). The re fo re , h i g h e r sens i t i v i t y t o s o m e o f the c o m p o n e n t s o f the h u m a n i m m u n e 
sys tem m i g h t b e t h e reason fo r e f f i c ient c l ea rance o f B. valaisiana. 

O v e r recen t d e c a d e s , o u r p l ane t has g o n e t h r o u g h an a p p a r e n t c l ima t e c h a n g e that 
has r e su l t ed , a m o n g o t h e r t rends , in a shif t t o w a r d m i l d e r w in te r s in E u r o p e (42). As a 
c o n s e q u e n c e , t icks have sp read in to h i g h e r l a t i tudes (43) a n d a l t i tudes (44). Interest­
ing ly , the da t a p r e s e n t e d here , t o g e t h e r w i t h the p r e v i ous l y p u b l i s h e d da t a (21, 27), 
c o v e r i n g a p e r i o d of a b o u t 30 years, i nd i ca t e tha t t h e p r e v a l e n c e o f B. burgdorferi sensu 

lato in q u e s t i n g /. ricinus t icks r ema ins r e a s o n a b l y c o n s t a n t s ince t h e b e g i n n i n g o f 
inves t iga t ions i n t o th is issue. The re fo re , the re seems to b e n o g e n e r a l ef fect o f c l ima t e 
c h a n g e o n the p r e v a l e n c e rates o f th is p a t h o g e n . This h y p o t h e s i s c an a lso b e s u p p o r t e d 
by t h e o u t c o m e s o f t h e analys is o n the d e p e n d e n c e o f Borrelia p r e v a l e n c e o n l a t i tude 
a n d l o n g i t u d e . In o u r da t a set, ana lys is o f the p reva l ence rate a n d l a t i tude d i d n o t f i n d 
a s ign i f i can t co r r e l a t i on fo r B. burgdorferi sensu lato in n y m p h a l , adu l t , or al l t icks (as in 
t h e s t u d y o f Rauter a n d H a r t u n g [21]), w h e r e a s a s ign i f i can t e f fect o f l o n g i t u d e o n 
preva l ence was f o u n d . In l igh t of these f i n d i n g s , it m a y a l so b e d e b a t a b l e h o w m u c h , 
in t e rms o f resources , s h o u l d b e inves t ed in fu tu re s tud ies d e t e r m i n i n g the in fec t i on 
rates in hos t-seek ing t icks if n o f u n d a m e n t a l c h a n g e in i n f e c t i on rates has b e e n seen in 
t h e pas t 30 years o f a p p a r e n t c l ima t e c h a n g e . 

M o n i t o r i n g c h a n g e s in t h e p reva l ences o f d i f f e ren t B. burgdorferi sensu lato g e n o ­
spec ies in t icks m i g h t p r o d u c e an i m p o r t a n t i nd i c a to r o f hos t a d a p t a t i o n , w h i c h , in tu rn , 
has b e e n s u g g e s t e d t o c o n t r i b u t e t o d i f fe rences in p a t h o g e n i c i t y in h u m a n s (45). 
Neve r the less , a l t h o u g h w e have r e p o r t e d stat is t ica l ly s ign i f i can t c h a n g e s in the overa l l 
p r e va l ence of B. burgdorferi sensu lato a n d re la t ive ly h i g h g e o g r a p h i c a l var iab i l i t y , these 
d i f f e rences have o n l y a l im i t ed ef fect o n the to ta l i n f e c t i on risk c o m p a r e d w i t h 
d i f f e rences in to ta l t i ck a b u n d a n c e . The re fo re , w e c o n c l u d e tha t de t a i l ed m o n i t o r i n g o f 
B. burgdorferi sensu lato p r e v a l e n c e is i m p o r t a n t m a i n l y in areas u n d e r g o i n g cu r ren t 
d y n a m i c c h a n g e s in t i c k / p a t h o g e n d i s t r i b u t i o n (at t h e l a t i t ud ina l a n d a l t i t ud ina l l imi ts 
of d i s t r i bu t i on ) , whe reas in areas w i t h s tab le v e c to r p o p u l a t i o n s , regu la r e x a m i n a t i o n o f 
long-te rm t rends , i n c l u d i n g hab i ta t-spec i f i c d i s t r i b u t i o n pa t te rns o f v e c t o r / p a t h o g e n 
o c c u r r e n c e , s eems m o r e r easonab l e . C o n c e r n i n g the var iab le p a t h o g e n i c i t y o f B. burg­

dorferi sensu lato g e n o s p e c i e s , i n f o r m a t i o n o n g e n o s p e c i e s va r iab i l i t y m a y b e va l uab l e 
in risk e s t i m a t i o n , espec i a l l y in areas w i t h la rge p r o p o r t i o n s of n o n p a t h o g e n i c / c o n d i -
t i ona l l y p a t h o g e n i c g e n o s p e c i e s . 

MATERIALS A N D METHODS 
A sys temat i c l i terature search (us ing t he k e y w o r d s "Borrelia A N D p reva l ence A N D Ixodes ricinus" a n d 

"Borrelia A N D Ixodes") was car r ied o u t o n the e l e c t r on i c d a t a b a s e P u b M e d , a n d repor ts o n t h e p reva l ence 
o f B. burgdorferi sensu lato in /. ricinus t i cks tha t w e r e p u b l i s h e d in Eng l i sh b e t w e e n J anuary 2 0 1 0 a n d 
D e c e m b e r 2 0 1 6 were ex t r a c t ed . Repor ts i den t i f i ed b y t he da tabase sea rch (>900) w e r e first assessed fo r 
e l i g ib i l i t y by the i r t i t les a n d abstracts , f o l l o w e d by an in-depth analys is fo r re levant da ta r e g a r d i n g B. 
burgdorferi sensu lato p r e va l ence in t icks . 

O n l y d a t a o n q u e s t i n g n y m p h s a n d adu l t s w e r e used . Larvae w e r e no t i n c l u d e d , s ince o n l y a f e w 
stud ies i n c l u d e d larvae in t h e p reva l ence ana lys is . Pub l i c a t i ons w e r e no t i n c l u d e d in t h e analys is if (i) it 
was n o t poss i b l e t o sub t r a c t /exc lude t he rate o f i n f ec t i on w i t h t he re l aps ing feve r s p i r o c h e t e (B. 
miyamotoi), (ii) it was no t poss ib l e t o sub t r a c t /exc lude da ta o n larvae, (iii) d a t a w e r e i n c o m p l e t e , o r 
ser ious d i s c r epanc i e s or errors in n u m b e r s / c a l c u l a t i o n s were n o t i c e d , or (iv) s a m p l e s were c o l l e c t e d 
ear l ier t h a n t he year 2000 . If t he n u m b e r o f in f ec ted /. ricinus t icks was n o t g i v e n , it was ca l cu l a t ed , if 
poss ib l e , b a s e d o n the r epo r t ed t i ck in fec t ion rate a n d the n u m b e r o f t i cks e x a m i n e d . C l e a n i n g t he d a t a 
set by r e m o v i n g i n c o m p l e t e , i naccura te , o r c o n f u s i n g da ta resu l ted in a set of 101 i nd i v i dua l ent r ies o n 
B. burgdorferi sensu lato p r e va l ence a n d 69 entr ies o n B. burgdorferi sensu lato g e n o s p e c i e s i den t i f i c a t i on . 
W h e n t he t icks w e r e co l l e c t ed ove r m o r e years , t he s tudy , if poss ib l e , was d i v i d e d in to separa te entr ies . 
W h e n t h e s a m p l i n g in a s ing le s t u d y was d o n e in severa l coun t r i e s , t h e d a t a w e r e aga in s epa r a t ed in to 
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severa l ent r ies a c c o r d i n g t o t h e c o u n t r y of s a m p l i n g . In s o m e s tud ies , t he n y m p h a l t icks w e r e a n a l y z e d 
as p o o l e d s a m p l e s f r o m m u l t i p l e i nd i v i dua l s . In t h o s e cases, t he m i n i m u m in f ec t i on rate was ca l cu l a t ed 
fo r t h e p u r p o s e o f ou r s t u d y (on the a s s u m p t i o n of a s ing l e pos i t i ve t i ck per pos i t i ve pool ) . 

Data r e g a r d i n g t he area (country ) , its g l o b a l p o s i t i o n i n g s y s t em (GPS) c o o r d i n a t e s , if ava i l ab le (range, 
38 t o 65°N, 9 ° W t o 27.5°E), t he year o f t i ck s a m p l i n g ( range, 2001 t o 2015) , t h e n u m b e r o f t i cks a c c o r d i n g 
t o d e v e l o p m e n t a l stage, gender , infect ion w i th B. burgdorferi sensu lato (and B. miyamotoi w h e n available), 
a n d specif ic B. burgdorferi sensu lato genospec ies were extracted and d o c u m e n t e d . GPS coord inates were 
ei ther stated by the authors or inferred f r o m the descr ip t ion of the s a m p l i n g site. The coord inates were 
r o u n d e d off t o w h o l e degrees . In case of mul t ip le s a m p l i n g points per entry, the range of coord inates was 
recorded , a n d the m e a n va lue was ca lcu la ted. Fur thermore , the m e t h o d s used for B. burgdorferi sensu lato 
de tec t ion a n d genospec ies ident i f icat ion were recorded. 

In o r d e r t o m a x i m i z e t he accu racy o f t h e ca l cu l a t ed i n f ec t i on rates o f B. burgdorferi sensu lato 
g e n o s p e c i e s , t he m e t h o d used t o d i s t i n g u i s h b e t w e e n g e n o s p e c i e s was i n s p e c t e d a n d assessed w i t h 
regard t o h o w m a n y g e n o s p e c i e s t he par t i cu la r m e t h o d c o u l d d i s t i n g u i s h . If t he m e t h o d was no t ab l e 
t o d e t e r m i n e cer ta in g e n o s p e c i e s , t he d e s i g n a t i o n " N P D " (not poss ib l e t o de t e rm ine ) was a s s i gned t o a 
par t i cu la r g e n o t y p e , a n d it was left o u t o f t he c a l cu l a t i on . For t he ca l cu l a t i on of g e n o s p e c i e s p reva lence , 
if a t i ck was m u l t i p l y i n f e c t ed , e a ch g e n o s p e c i e s f o u n d was a d d e d t o t h e c o r r e s p o n d i n g s ing le- in fec t ion 
ca t ego ry . The p r o p o r t i o n a l r ep resen ta t i on o f g e n o s p e c i e s was ca l cu l a t ed as a p e r c e n t a g e o f al l success fu l 
iden t i f i ca t ions . 

Statistical analysis. S tat is t ica l ana lyses w e r e d o n e us ing G r a p h P a d P r i sm , v e r s i on 5.04 (G raphPad 
So f tware , Inc., C A , USA) . A pa i red f test o r an u n p a i r e d f test (with We lch ' s cor rec t ion ) was used fo r t he 
c o m p a r i s o n of t w o g r o u p s . T o assess t he stat is t ica l s ign i f i cance of d i f fe rences a m o n g m o r e t h a n t w o 
g r o u p s , A N O V A w i t h Bonfe r ron i ' s m u l t i p l e - c o m p a r i s o n post hoc tes t was used . N o n p a r a m e t r i c a l t e r n a ­
t ives (the M a n n - W h i t n e y U test , t h e Kruskal-Wall is test) w e r e used fo r da ta l a ck ing no rma l i t y . Re l a t i on ­
sh ips a m o n g quan t i t a t i v e va r i ab les were e x a m i n e d u s i ng l inear regress ion or co r r e l a t i on analys is (the 
Pearson reg ress ion coe f f i c i en t , t h e S p e a r m a n rank test) . The x2 test w a s e m p l o y e d fo r c o m p a r i n g 
p reva l ences b e t w e e n t w o o r m o r e g r o u p s . P va lues o f < 0 . 0 5 w e r e c o n s i d e r e d stat is t ica l ly s ign i f i cant . In 
scat ter p lo ts , po in t s r ep resen t i nd i v i dua l va lues , m i d d l e l ines represen t m e a n s , a n d error bars represent 
s t anda rd errors of t h e m e a n s , un less s ta ted o t h e r w i s e in the f i gu re l e g e n d . 
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Annotation 

The number of human cases of Lyme disease is continuously increasing 

and suspected to be in the hundreds of thousands both in the US and Europe. 

In Europe, there are about 65,000-85,000 documented cases every year. In 

the U S , it is estimated that the number of cases per year surpasses 300,000. 

Despite concerted efforts of scientists, researchers and pharmaceutical 

industry all around the world, a vaccine for Lyme disease is not currently 

available. This review provides a digest of the history of vaccine 

development up to new promising vaccine candidates and strategies that 

are targeted against Lyme disease, including elements of the tick vector, 

the reservoir hosts, and the Borrelia pathogen itself. 
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Abstract 
Lyme borreliosis is a bacterial infection that can be spread to humans by infected ticks and may severely affect many organs and 
tissues. Nearly four decades have elapsed since the discovery of the disease agent called Borrelia burgdorferi. Although there is a 
plethora of knowledge on the infectious agent and thousands of scientific publications, an effective way on how to combat and 
prevent Lyme borreliosis has not been found yet. There is no vaccine for humans available, and only one active vaccine program 
in clinical development is currently running. A spirited search for possible disease interventions is of high public interest as 
surveillance data indicates that the number of cases of Lyme borreliosis is steadily increasing in Europe and North America. This 
review provides a condensed digest of the history of vaccine development up to new promising vaccine candidates and strategies 
that are targeted against Lyme borreliosis, including elements of the tick vector, the reservoir hosts, and the Borrelia pathogen 
itself. 

Keywords Lyme borreliosis • Vaccine candidates • Anti-tick strategies • Human pathogen • Public health 

Introduction 

Lyme borreliosis, or Lyme disease, is the most common tick-
transmitted disease worldwide and is known to infect humans 
as well as domestic animals including cattle, cats, and dogs 
(Krupka and Straubinger 2010). Since the discovery of Lyme 
borreliosis in 1975 (Steere et al. 1977), a great deal of effort 
has been dedicated to the goal of preventing the detrimental 
effects of this disease. Despite improvements in diagnostic 
tests and public awareness of Lyme borreliosis, up to 
300,000 cases in the U S A (Kuehn 2013) and 65,000 cases 
in Europe (Hubalek 2009) are reported. However, the number 
of infections in Europe is likely to be an underestimation, as 
not all countries have made Lyme borreliosis a mandatorily 
notifiable disease (Smith and Takkinen 2006). The agents re­
sponsible for Lyme borreliosis are a diverse group of spiro­
chetal bacteria within the Borrelia genus. Borrelia burgdorferi 
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sensu lato complex comprises at least 20 named species 
(Margos et al. 2019), with most human Lyme cases being 
caused by B. burgdorferi sensu stricto, B. afzelii, B. garinii, 
and B. bavariensis (Stanek et al. 2012). 

B. burgdorferi is an extracellular pathogen (Stmad et al. 
2015) that can infect the skin, heart, and nervous system 
(Cadavid et al. 2000; Stanek and Strle 2018). Ticks of the 
genus Ixodes transmit B. burgdorferi between reservoir hosts 
such as small mammals, lizards, and birds and are the only 
natural agents through which humans have been shown to be 
infected (Steere 2001). The principal vectors are Ixodes 
ricinus in Europe, Ixodes persulcatus in Asia, and Ixodes 
scapularis in North America. The overall prevalence of infect­
ed ticks and Borrelia genospecies distribution are highly var­
iable across geographic locations (Strnad et al. 2017). 

Ticks most often acquire Borrelia from infected rodents 
during their larval feeding. After molting to the next develop­
mental stage, the tick has to find a new host. Upon ingestion of 
new blood, the spirochetes migrate from the midgut to the 
salivary glands of an infected tick followed by entering the 
mammal through the bite site (Ribeiro et al. 1987). The path­
ogen then disseminates throughout the mammalian host to 
establish an infection (Moriarty et al. 2008; Norman et al. 
2008). A l l these concerted movements in the two environ­
ments are assumed or known to involve the process of motility 
and adhesion to cells involving a high number of protein and 
carbohydrate-based interactions (Ebady et al. 2016; Vechtova 
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et al. 2018). Infected nymphal ticks occasionally feed on 
humans and most likely transmit the spirochete and cause 
human Lyme borreliosis as they are abundant in the spring 
and early summer and are small and difficult to detect. 
Unlike B. miyamotoi, B. burgdorferi sensu lato is considered 
not to be transmitted transovarially from female ticks to their 
offspring. However, several recent studies have shown that 
field-collected /. ricinus larvae may contain borrelial D N A 
(Kalmar et al. 2013; Tappe et al. 2014) and are able to transmit 
B. afzelii to laboratory rodents (van Duijvendijk et al. 2016), 
suggesting the potential role of larvae in spreading the Lyme 
borreliosis agent. 

In the absence of antibiotic therapy, disseminated 
B. burgdorferi can persist in an individual for months or years 
even in the face of strong immune response. Currently, anti­
biotic treatment is the only effective tool to clear the infection 
and fight against Lyme borreliosis as no vaccine for humans is 
available. There are a number of new promising vaccine can­
didates being currently developed and tested by the research 
community, representing new hopes for future victims of the 
disease. These direct anti-Borrelia strategies can be 
complemented with anti-tick vaccines to bring a whole new 
level of human protection (Fig. 1), as wi l l be discussed in this 

On-demand treatment strategies 

Most cases of Lyme borreliosis can be easily managed i f treat­
ed early using antibiotics. Post-infection treatment is usually 
managed with antimicrobial agents for 2 to 4 weeks. 
Doxycycline, amoxicillin, penicillin V, and cefuroxime are 

highly effective and are the preferred antibiotics for the treat­
ment of early localized infection (Stanek and Strle 2018). 
Early disseminated infection is usually treated with intrave­
nous ceftriaxone or penicillin (Stanek and Strle 2018) or oral 
doxycycline (Ljostad et al. 2008). The most common routes of 
antibiotic administration are oral administration and intrave­
nous injection. As an alternative approach, the topical appli­
cation of 4% azithromycin cream was tested (Piesman et al. 
2014). The result of the study showed that azithromycin was 
highly efficient when applied topically at the sites of tick bites 
in mice (Piesman et al. 2014). The outcomes of the study were 
however not fully confirmed in human studies (Schwameis 
et al. 2017; Shapiro and Wormser 2017). Azithromycin is an 
attractive possibility because of its good safety profile, long 
half-life in tissues, and potency against various B. burgdorferi 
species (Lee and Wormser 2008). Topical application of anti­
microbial agents is a very attractive delivery method for a 
number of reasons and could be potentially used to stop the 
progression of the disease in the early localized stage of infec­
tion. The advantages include smaller amount of drug to be 
used, avoidance of the metabolic processing of the drug in 
the liver, ease of administration especially for young children, 
higher concentration of the drug to the affected area, and fairly 
diminished effects on nontargeted body locations such as in­
testinal florae. The transdermal route apart from the 
abovementioned advantages may be more convenient also 
for patients who cannot use normal oral intake because of 
swallowing problems such as intubation, deep sedation, or 
concurrent diseases (Tanner and Marks 2008). However, as 
a very motile organism, B. burgdorferi spread readily and very 
fast all over the body from site of skin entrance. Therefore, the 

Anti-tick vaccines Anti-Borrelia vaccines 

m 
Anti-Borrelia vaccines 

Post-infection 
treatment - new 
antibiotics 
against resilient 
forms of 
Borrelia 

- injection (o^cj) " ° r a ^ a P P n c a ^ o n 

Fig. 1 The intensive research areas of current anti-Borrelia strategies. The focus is set on direct prophylactic anti-Borrelia strategies as well as on anti-
tick vaccines 
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risk of Lyme borreliosis is substantially increased when tick 
bites are unrecognized, and the topical treatment of tick bite 
site is not managed soon enough after onset of tick feeding. 

Antibiotic prophylactic treatment, or chemoprophylaxis, 
can be l o o s e l y def ined as the admin i s t r a t ion o f 
drug/antibiotics to prevent the development of a disease at 
the very beginning before the symptoms arise. This treatment 
strategy can also potentially play an important role as a meth­
od to prevent B. burgdorferi dissemination (Lascher and 
Goldmann 2016). Chemoprophylaxis with a single high dose 
of doxycycline after removal of tick from the patients within 
72 h was found beneficial in the U S A . During a 6-week fol­
low-up period, 1 of 235 treated patients developed erythema 
migrans, whereas 8 of247 in the placebo group developed this 
skin condition, showing that antibiotic prophylaxis may sig­
nificantly reduce the chances of developing Lyme borreliosis 
(Nadelman et al. 2001; Warshafsky et al. 2010). However, the 
unnecessary (over)use of antibiotics may lead to accelerated 
antibiotic resistance and is not generally recommended. 

New antibiotics against Lyme borreliosis 

While still a matter of dispute (Auwaerter and Melia 2012; 
Baker and Wormser 2017; Wormser et al. 2017), there are 
several reports of antibiotic treatment unable to fully eradicate 
B. burgdorferi from blood and tissues (Rudenko et al. 2016). 
The phenomenon of tolerance to otherwise lethal doses of 
antibiotics and the antibiotic resistance is often attributed to 
so-called B. burgdorferi persisters. At least three morpholog­
ical forms of persistent B. burgdorferi were described based 
on observations from experimental studies. They are capable 
of forming round bodies, L-forms, and biofilm-like structures. 
Persisters may remain viable despite antibiotic therapy and are 
able to reversibly convert into motile spirochetal forms under 
favorable conditions (Timmaraju et al. 2015; Vancova et al. 
2017; Rudenko et al. 2019). The mechanism that makes the 
bacterium less susceptible to killing by therapeutic doses of 
antimicrobials is not known; however, human neutrophil 
calprotectin was shown to make B. burgdorferi more tolerant 
to penicillin (Montgomery et al. 2006). B. burgdorferi in cul­
ture can also become tolerant to antibiotics used in treating 
Lyme borreliosis such as ceftriaxone, doxycycline, and amox­
icillin (Feng et al. 2014; Sharma et al. 2015). 

If the still limited but slowly growing number of evidence 
supporting the existence of chronic/persistent Lyme borreliosis 
wil l end up being accepted by the Lyme community, new 
antibiotics or targeted designer drugs to treat the Lyme spiro­
chetes wil l be needed to cope more efficiently with the out­
comes of the disease (Strieker and Middelveen 2018). Some 
studies suggest that treatment of a borrelial infection with the 
currently available antimicrobial agents may suppress but not 
eradicate the infection (Middelveen et al. 2018). Therefore, 
new drug candidates have been investigated and found using 

high-throughput screening of existing FDA-approved drugs in 
the U S A (Feng et al. 2014; Feng et al. 2015; Pothineni et al. 
2016), with the ultimate goal of complete microbial eradica­
tion and clinical cure. The usefulness and potential application 
in human medicine wil l have to be evaluated. 

Prophylactic treatment strategies 

Anti-Borre//<7 strategies: human-targeted approaches 

Research efforts have long focused on ameliorating the symp­
toms and consequences of disease through treatment, com­
monly using various kinds of broad-spectrum antibiotics. 
However, prevention of the disease is far preferable to treating 
the short- and long-term often debilitating consequences of the 
disease. Human vaccination has greatly reduced the burden of 
infectious diseases and prevented more suffering than any 
other form of medical activity (Andre et a l . 2008). 
Prophylactic vaccination of humans was the first choice for 
companies and health organizations for prevention of Lyme 
borreliosis. Despite a plethora of highly antigenic and immu­
nologically accessible borrelial surface-exposed proteins 
(Gilmore et al. 1996; Hanson et al. 1998; Probert and 
Johnson 1998; Fikrig et al. 2004), the first and only licensed 
vaccine developed to prevent Lyme borreliosis was 
L Y M E R i x , with efficacy of nearly 80% after all three doses 
had been administered (Nigrovic and Thompson 2007). It 
stayed on the market for only 4 years, and in 2002 it was 
withdrawn from the US market due to several reported cases 
of diversely serious side effects. The most common adverse 
events noted after receiving at least one dose included pain or 
reaction at the injection site, joint pain, muscle pain, and head­
ache. It was hypothesized that the vaccine antigen, outer sur­
face protein A (OspA), behaves as an autoantigen and there­
fore was arthritogenic. The adverse side effects were however 
never fully confirmed (Shaffer 2019). 

V L A 1 5 is the only vaccination program against Lyme 
borreliosis currently under clinical development. To follow 
in the footsteps of L Y M E R i x , V L A 1 5 vaccine candidate de­
veloped by Valneva is also OspA-based compound. However, 
it seeks to improve on efficacy and global applicability of the 
vaccine. L Y M E R i x was a monovalent recombinant vaccine 
based on bacterial O s p A serotype 1 derived from 
B. burgdorferi sensu stricto. This monovalent OspA serotype 
1 vaccine had barely any potential to protect against the dis­
ease outside of North America based on the fact that OspA is 
antigenically very heterogeneous and at least six OspA sero­
types are connected with B. burgdorferi sensu lato species 
present in Europe (Wilske et al. 1993). OspA serotype and 
Borrelia species exhibit a clear connection; B. burgdorferi 
sensu stricto represents OspA serotype 1; B. afzelii OspA se­
rotype 2; B. garinii OspA serotypes 3, 5, and 6; and 
B. bavariensis OspA serotype 4. Since OspA protective 
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function is to great degree type-specific, a candidate vaccine 
designed to confer protection against the majority of Lyme 
borreliosis species has to contain at least two or three antigenic 
variants of OspA. V L A 1 5 targets the six most common types 
of Borrelia (Comstedt et al. 2017). 

A n alternative approach is called pre-exposure prophylax­
is, which is based on OspA-specific human monoclonal anti­
bodies that are borreliacidal against a broad range of Borrelia 
genospecies. Unlike a vaccine, pre-exposure prophylaxis de­
livers a single defensive antibody and can prevent the trans­
mission of the spirochetes from ticks to mice (Wang et al. 
2016). Unless the vaccine is available, the passive administra­
tion of a protective human antibody could be an effective 
approach for borreliosis prophylaxis. The feasibility of using 
human monoclonal antibodies for pre-exposure prophylaxis 
has been already shown to be effective against respiratory 
virus infection (Wang et al. 2011). 

OspA, expressed during the tick stage of the pathogen life 
cycle, is proposed to be an adhesin that binds the spirochetes 
to the midgut cells using the tick receptor molecule, TROSPA 
(Pal et al. 2004). The primary mode of action of OspA-based 
vaccines is to block the migration of the spirochetes from the 
midgut to the salivary glands of the tick. It is a rather unusual 
mechanism as it occurs within the tick vector rather than in the 
vaccinated entity. Several other surface-exposed molecules 
were identified during this time, and their potential suitability 
as vaccine candidates have been examined. These, most often 
lipoproteins, play important roles in various aspects of tick 
colonization (Fikrig et al. 2004), mammalian infection, and 
host immune evasion and persistent infection (Lawrenz et al. 
2004). This is either through direct binding to the target tissues 
or by interacting with host factors to create favorable condi­
tions for Borrelia survival. Decorin-binding protein A (DbpA) 
is an outer surface molecule that is expressed on mammalian 
host-adapted B. burgdorferi. This lipoprotein has exhibited 
vaccine efficacy against experimental infection in the mam­
malian model (Hanson et al. 1998; Cassatt et al. 1998) and 
was shown to be immunogenic during human Lyme 
borreliosis (Cinco et al. 2000). Fibronectin-binding protein 
BBK32 plays an important role in the attachment to the extra­
cellular matrix. BBK32 is highly immunogenic and is present 
in sera of Lyme disease-infected patients (Heikkila et al. 2002; 
Lahdenne et al. 2006). B B K 3 2 antisera can interfere with 
borrelial transmission at various stages of the vector-host life 
cycle (Fikrig et al. 2000). Outer surface protein C (OspC) is 
required for early mammalian infection (Grimm et al. 2004) 
and has been tested as vaccine candidate against 
B. burgdorferi infection with varying results (Zhong et al. 
1999; Earnhart and Marconi 2007). 

Vaccination trials testing various lipoprotein candidates have 
yielded mixed results despite the generation of robust antibody 
titers. In order to improve on the efficacy, vaccine cocktails 
containing multiple immunogens have been formulated and 
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tested. A DbpA/OspA combination vaccine protected against 
100-fold-higher challenge doses than did either single antigen 
vaccine or and conferred protection against various Borrelia 
genospecies (Hanson et al. 2000). Similarly, an OspA/OspC 
combination showed increased vaccine efficacy compared to 
single component immunizations (Wallich et al. 2001). A triple 
combination vaccine of DbpA, BBK32, and OspC was shown 
to be more effective than a single or double antigen vaccine in 
mice. Interestingly, the ratio of each component has an impact 
on the overall vaccine efficacy (Brown et al. 2005). The situa­
tion is further complicated by the existence of at least five 
species of B. burgdorferi sensu lato as causes of human Lyme 
borreliosis: B. burgdorferi sensu stricto, B. afzelii, B. 
bavariensis, B. mayonii and B. garinii. To deal with the high 
degree of heterogeneity of many proteins between the Borrelia 
strains and species, some research groups have focused on the 
development of a combination vaccine containing multivalent 
chimeric vaccinogens with protective effects against diverse 
Lyme species. As a result, multivalent OspC-based (Earnhart 
et al. 2007; Earnhart and Marconi 2007) and OspA-based 
(Wressnigg et al. 2013) chimeric vaccines targeting a broad 
spectrum of Borrelia species have been developed for preven­
tion of Lyme borreliosis in Europe and the USA, and possibly 
worldwide. Notably, certain surface proteins that fail to evoke 
detectable antibody response in the mammalian host during the 
experimental infection are still able to elicit high-titer and long-
term antibody response when applied in a recombinant form 
(Rung et al. 2016). 

Not only the borrelial (lipo)proteins but also glycolipids 
(Schröder et al. 2003) and polymers consisting of sugars and 
peptides (Jutras et al. 2019) have shown to be antigenic and 
could be potential vaccine candidates, or at least serve as ad­
juvants. The glycolipid, acylated cholesteryl galactoside 
(ACGal), acts as a strong immunogen as specific antibodies 
against this compound are frequently found during late stage 
of the disease (Stubs et al. 2009). Notably, all major Lyme 
species possess this antigen (Stubs et al. 2009). The strategy 
to exploit this or somewhat similar molecules is considerably 
appealing for the development of a single universal "pan-vac­
cine" to control multiple infectious agents concomitantly 
(Cabezas-Cruz and de la Fuente 2017). For example, galac-
tose-alpha-l,3-galactose (a-Gal) epitope is highly immuno­
genic in humans and is present on the surface of a number 
of deadly pathogens causing diseases such as malaria, 
sleeping sickness, or Chagas disease. The practical benefits 
of immunization with a-Gal against pathogens with a-Gal 
on their surface have been already demonstrated (Cabezas-
Cruz and de la Fuente 2017; de la Fuente et al. 2019). 

Anti-tick strategies 

Ticks are obligate hematophagous arthropods and are consid­
ered to be second only to mosquitoes as vectors of human 
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infectious diseases worldwide. Predominantly due to climate 
change, ticks have spread to altitudes and latitudes where they 
were not present earlier (Jore et al. 2011; Jore et al. 2014), and 
the pathogens transmitted by ticks represent a new health threat 
in these areas. At least 15 tick-borne bacterial pathogens in­
cluding Rickettsia, Ehrlichia, Francisella, and several species 
of the Borrelia burgdorferi sensu lato complex are known to be 
transmitted by ticks. Viral pathogens that can cause fatal dis­
eases in human such as tick-borne encephalitis virus (TBEV) 
and Powassan virus are found in ticks as are protozoan para­
sites of the genus Babesia (Parola and Raoult 2001; Shi et al. 
2018). Finding an efficient way to prevent ticks from feeding 
and therefore transmitting multiple human pathogens would 
kill more than two birds with one stone and would facilitate 
the management of many emerging infectious diseases. 

Potential vaccine candidates 

The supreme solution to inhibit transmission of multiple path­
ogens from the tick vector to humans would be development 
of single universal vaccine. A n alternate approach to targeting 
antigens that are common to many tick-borne pathogens (as 
discussed above) is to use tick antigens as targets of immune 
intervention. Recently, the identification and development of 
such an anti-tick vaccine has been the subject of intensive 
research (Sprang et al. 2014; Rego et al. 2019). Multiple fac­
tors influence the efficacy of an anti-tick vaccine. As any other 
vaccine candidate, the vaccinogen should firstly be highly 
immunogenic, be able to provide long-lasting immunity, be 
associated with a vital function of the tick, and preferably be 
able to produce cross-protective immune responses against 
different tick species. Additionally, the immunogen should 
be expressed during different stages of the tick's life cycle, 
allowing different tick stages to be targeted. Ideally, future 
anti-tick vaccine should be applicable to wildlife and domestic 
animals and eventually also for humans. 

There are three families of ticks. The family Ixodidae, or 
"hard ticks" and the Argasidae, or "soft ticks" are known to 
transmit pathogens causing diseases to humans. The family 
Nuttalliellidae, represented by a single species confined to 
Southern Africa, is not known as a pathogen-associated vector 
(Keirans et al. 1976). Ticks fromlxodes genus normally take 3 
to 7 days to feed, allowing the host to mount an immune 
response against exposed tick antigens. The pathogens exploit 
saliva-induced modulation of immune defense exerted by the 
host to promote their transmission and infection, so-called 
saliva-assisted transmission (SAT) (Nuttall and Labuda 
2004). Tick saliva, introduced into host skin during the feed­
ing process, contains a wide range of proteins with anti-in­
flammatory, anti-complement, and anti-hemostatic activity 
(Chmelar et al. 2011; Pemer et al. 2018). 

The composition of tick saliva changes during the course of 
tick feeding as the tick counters the dynamic response of the 

host and appears to differ for different pathogens and tick vec­
tor species and possibly can even depend on the mammalian 
host species (Nuttall 2019). At least a few tick salivary gland 
proteins seem to facilitate B. burgdorferi transmission. Tick 
histamine release factor ( t H R F ) is upregulated in 
B. burgdorferi-infected Ixodes scapularis ticks. Silencing 
tHRF by R N A interference significantly impairs tick feeding 
and reduces spirochete burden in mice. Active immunization 
with recombinant tHRF or passive injection of tHRF antiserum 
decreases the efficiency of tick feeding and B. burgdorferi bur­
den in mice (Dai et al. 2010). Additionally, a 15-kDa tick 
salivary gland protein Salpl5 protects the spirochete directly 
from host immune responses by binding to the OspC of 
B. burgdorferi spirochetes (Ramamoorthi et al. 2005). Salpl5 
is also known to be able to suppress host immunity by binding 
to CD4 coreceptor to inhibit C D 4 + T-cell activation, inhibiting 
subsequent receptor ligand-induced cell signaling, and altering 
the expression levels of cytokines (Anguita et al. 2002; Hovius 
et al. 2008). Tick salivary lectin pathway inhibitor (TSLPI) is a 
feeding-induced salivary protein present in I. scapularis 
(Schuijt et al. 2011) and I. ricinus (Wagemakers et al. 2016). 
Unlike Salpl5, TSPLI does not adhere to B. burgdorferi but 
instead interacts with the lectin complement cascade. TSLPI-
silenced ticks or ticks feeding on mice immunized with TSLPI 
are impaired in B. burgdorferi transmission. Moreover, 
B. burgdorferi acquisition and persistence in tick midguts are 
reduced in ticks feeding on TSLPI-immunized mice, signify­
ing a crucial role in both B. burgdorferi transmission to the 
mammalian host as well as B. burgdorferi acquisition and per­
sistence in ticks (Schuijt et al. 2011). 

The design of transcriptomic and proteomic studies for 
conserved tick proteins involved in pathogen transmission is 
quite cumbersome due to the variation in transmission times 
for different pathogens during the tick feeding process. These 
complications could be avoided by targeting the niche organ 
where the spirochete resides before being transmitted - the 
t ick midgut . The t ick midgut protein Bm86 from 
Rhipicephalus microplus has been used as an immunogen in 
two licensed tick vaccines T ickGARD (now discontinued) 
and Gavac since the 1990s (de la Fuente et al. 2007). Bm86-
based vaccines have diverse efficacies reported worldwide 
(45-100%), with the greatest effect on the reduction of larval 
infestations in subsequent generations (Tabor 2018). 
Nevertheless, it has limited efficacy against other tick species 
(de la Fuente et al. 2007). Recently, it has been shown that 
I. scapularis secretes a protein, PIXR, that modulates the tick 
gut microbiome and interfere with the ability of B. burgdorferi 
to colonize the tick midgut (Narasimhan et al. 2017). This 
approach exploits the principle of rendering competent vec­
tors incompetent and targets tick antigens that the parasites 
encounter during their life cycle. The tick microbiome could 
possibly be an additional target for the preventive strategies 
against the tick-bome pathogens (Rego et al. 2019). 
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Non-vaccine anti-tick strategies 

Information campaigns are the most common policy measures 
to reduce the risk of tick-borne diseases. Common recommen­
dations and prevention measures against Lyme borreliosis in­
clude avoiding tick-endemic areas, staying on trails while in 
high-risk areas, the usage of protective clothing, using tick 
repellents, and checking the body for ticks and removing them 
before or as soon as possible after they attach (Connally et al. 
2009; Slunge and Boman 2018). Risk of Lyme borreliosis 
from an ecological perspective is measured in terms of density 
of infected nymphal ticks (Diuk-Wasser et al. 2012). Common 
methods for killing ticks include the application of acaricides 
to tick-rich areas, rodents hosts, or to the host animals 
(Hinckley et al. 2016). The acaricidal treatment of livestock 
remains the most effective way to prevent ticks from biting 
and feeding; however, the adverse effects for environmental 
and public health are more than self-evident (Walker 2014; De 
Meneghi et al. 2016). 

Small mammals are considered the primary hosts of tick 
larvae and therefore form a key determinant for the abundance 
of questing nymphs (Perez et al. 2016). Hence, a possible but 
more difficult strategy to achieve could include landscape 
modifications and vegetation management strategies in urban 
and suburban areas in a way that it favors the small mammal 
species that can build resistance to ticks, a phenomenon in 
which ticks are unable to feed successfully after several tick 
infestations (Perez et al. 2016). As an example, repeated in­
festation of bank voles by larval ticks reduced the feeding 
success, whereas feeding on wood mice did not negatively 
affect the successive feeding of ticks (Humair et al. 1999). 
Changes and growth of agricultural landscapes also signifi­
cantly affect the communities of small mammals. Wooded 
habitats are considered favorable for ticks because of temper­
ature and humidity they constantly provide (Perez et al. 2016). 
Deforestation would definitely be negatively related to tick 
density because woodland areas act as habitats for ticks and 
their hosts but the detrimental effects of this action are obvi­
ous. Consequently, highly unconventional strategies such as 
building artificial wood ant nests would be elegant and eco-
friendly solutions to reduce the tick density (Zingg et al. 
2018), in comparison to rather drastic solutions such as erad­
ication of some mammalian hosts of ticks (Rand et al. 2004). 

Reservoir-based approaches 

Oral vaccinations 

The sources of the microbes that cause infectious diseases and 
where the pathogens can multiply or merely survive until they 
are transmitted are known as reservoirs. Vector ticks must 
acquire B. burgdorferi from wildlife reservoirs as there is no 
clear evidence of a transovarial transmission route (Rollend 

Springer 

et al. 2013). Disrupting B. burgdorferi transmission between 
the tick vector and reservoir hosts is regarded as a promising 
strategy to reduce human exposure to Lyme borreliosis (Melo 
et al. 2016). Rodents are a major reservoir for Lyme 
borreliosis and as such a very promising target to prevent them 
from getting infected with B. burgdorferi. The development of 
a specific, easily distributable, thermostable, and economical­
ly viable oral vaccine for wildlife reservoirs surrounding hu­
man communities could significantly reduce the incidence of 
Lyme borreliosis (Gomes-Solecki et al. 2006). 

Oral vaccination is of high interest as a tool to prevent the 
spread of Lyme borreliosis as it can be used to deliver the 
vaccine to humans, domestic animals, and wildlife reservoirs 
of B. burgdorferi. The immunogen can be administered as a 
purified antigen (Luke et al. 1997) or as a genetically altered 
Escherichia coli (Fikrig et al. 1991). A number of oral vac­
cines based in E. coli expressing recombinant OspC, OspB, 
B B K 3 2 from B. burgdorferi, and Salp25 and Salpl5 from 
Ixodes scapularis were developed. O f the five immunogenic 
candidates, only OspC induced significant antibody response 
in mice when they were immunized by intragastric inocula­
tion. Nevertheless, the antibodies did not prevent dissemina­
tion of B. burgdorferi as determined by the presence of spiro­
chetes in the ear, heart, and bladder (Melo et al. 2016). Again, 
OspA seems to be a more promising oral vaccine candidate as 
oral vaccination of wild white-footed mice resulted in reduc­
tions of 23% and 76% in the nymphal infection prevalence 
(Richer et al. 2014). Significant decreases in tick infection 
were observed within 2-3 years after oral vaccine deploy­
ment. The usage of reservoir-based vaccines as part of a strat­
egy to fight the expansion of Lyme borreliosis is also vastly 
dependent on the development of effective strategies for de­
livery of the immunogen. One of the promising approaches is 
the usage of Lactobacillus plantarum as a live vaccine deliv­
ery vehicle. These bacteria are naturally associated with the 
gastrointestinal tract and generally regarded as safe by the 
F D A . Oral administration of live L. plantarum expressing 
OspA was shown to be effective in blocking transmission of 
B. burgdorferi (del Rio et al. 2008). Not only is the deploy­
ment of borrelial immunogens in oral vaccines achievable but 
also the tick antigens can be used to inhibit the transmission of 
B. burgdorferi. Using the recombinant vaccinia virus, a single 
dose of the subolesin vaccine resulted in strong immune sys­
tem response and partial protection from B. burgdorferi infec­
tion among vaccinated mice (Bensaci et al. 2012). 

Immunization by genome editing 

A novel theoretical model for prevention of tick-borne dis­
eases, using CRISPR-based genome editing technology, has 
been recently suggested (Buchthal et al. 2019). Mice Against 
Ticks is a proof of principle project that aims to heritably 
immunize local wild white-footed mouse populations against 
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Lyme borreliosis and, potentially, against ticks using antibod­

ies derived from natural adaptive immunity, with the ultimate 

goal to reduce the reservoir competence of a host for many 

decades. It is important to emphasize that the protective anti­

bodies have not yet been identified, nor has heritable genome 

editing been ever achieved in white-footed mice. 

Conclusion 

Presently, the use of acaricides constitutes a major component 

of integrated tick control strategies and therefore indirectly 

acts as the first line of human-induced defense against a mul­

titude of tick-bome pathogens. However, this is accompanied 

by the selection of acaricide-resistant ticks and severe pollu­

tion of the environment (Kunz and Kemp 1994). Lyme 

borreliosis is the most common disease spread by ticks in 

the Northern Hemisphere with an ever increasing incidence, 

and as such this disease is a major topic on the public health 

agenda. In order to effectively control the spread of Lyme 

borreliosis, a multifront battle should be seriously considered, 

involving environment management, wildlife and domestic 

animal vaccinations, and of course policymaking. New ap­

proaches and strategies that target against Lyme borreliosis, 

including elements of the tick vector, the reservoir hosts, and 

the Borrelia pathogen itself, are being developed. Human vac­

cination is the most effective means of prevention. However, 

there are a lot of hurdles to overcome, not just regulatory and 

scientific ones, but public acceptance as well. Let us hope that 

the challenges present today wi l l be met and an efficient de­

fense against Lyme borreliosis wil l not only be found but also 

publicly available in the very near future. 
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Strnad, M . , Rego, R. O. M . (2020) The need to unravel the twisted nature 

of the Borrelia burgdorferi sensu lato complex across 

Europe. Microbiology 166: 428-435. 

Annotation 

In Manuscript 1, we have shown that the complex of Lyme disease-

causing Borrelia is still expanding, while the geographical distribution and 

tick prevalences differ greatly across the European countries. It is known 

that different B. burgdorferi sensu lato genospecies are associated with 

overlapping but distinct spectra of clinical manifestations. B. burgdorferi 

sensu stricto is most often associated with arthritis and neuroborreliosis, B. 

garinii with neuroborreliosis, and B. afzelii with various skin conditions 

such as acrodermatitis chronica atrophicans. To date, the vast majority of 

data about borrelial biomolecules and their functions are from genetic 

studies carried out on North American strains of a single species ie., B. 

burgdorferi sensu stricto. Recent whole-genome sequences of several 

European species/strains makes adaptation and use of genetic techniques 

feasible in studying inherent differences between them. This review 

(Manuscript 3) highlights the need in undertaking independent studies of 

genospecies within Europe given the varying genetic content, pathogenic 

potential, and differences in clinical manifestation. 
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The need to unravel the twisted nature of the Borrelia burgdorferi 
sensu lato complex across Europe 
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A b s t r a c t 

Lyme borreliosis is a vector-borne infection caused by bacteria under the Borrelia burgdorferi sensu lato complex, both in 
Europe and North America. Differential gene expression at different times throughout its infectious cycle allows the spirochete 
to survive very diverse environments within different mammalian hosts as well as the tick vector. To date, the vast majority of 
data about spirochetal proteins and their functions are from genetic studies carried out on North American strains of a single 
species, i.e. B. burgdorferi sensu stricto. The whole-genome sequences recently obtained for several European species/strains 
make it feasible to adapt and use genetic techniques to study inherent differences between them. This review highlights the 
crucial need to undertake independent studies of genospecies within Europe, given their varying genetic content and patho­
genic potential, and differences in clinical manifestation. 

INTRODUCTION 
Understanding the roles of genetically encoded virulence 
factors among pathogens is critical for the development of new 
diagnostic and therapeutic tools. Targeted mutagenesis and 
complementation are important methods for studying genes of 
unknown function among most bacterial pathogens, including 
the Lyme borreliosis spirochete. Determining specific gene 
function has been hampered by the intractability of virulent 
strains of this bacterium to genetic manipulation [1]. To date, 
almost exclusively, Borrelia burgdorferi sensu stricto (ss) strains 
have been successfully utilized in genetic studies, since its 
genome was unveiled in 1997 by Fraser and colleagues [2]. As 
a consequence, the vast majority of data about spirochetal genes 
and their roles have come from studies performed on the North 
American species Ixodes scapularis (tick) and B. burgdorferi ss. 
The release of the whole-genome sequences of several European 
species/strains now makes the adaptation and use of genetic 
techniques a more feasible approach in studying the possible 
differences between genospecies from Europe and North 
America and among various European strains [3]. Differences 
in the plasmid/gene content of the major pathogenic B. burg­
dorferi genospecies, the ixodid tick vectors and in the clinical 
manifestations associated with each one, emphasize the need to 
undertake separate studies on the European genospecies/strains. 

B. burgdorferi sensu lato complexity 
B, burgdorferi sensu lato complex (referred to as B, burgdor­
feri) comprises at least 20 named species [4, 5], with most 
human Lyme cases in Europe being caused by B, burgdorferi 
ss, Borrelia afzelii, Borrelia garinii, Borrelia bavariensis and B. 
spielmanii [6]. In the USA, only B. burgdorferi ss and Borrelia 
mayonii [7] are commonly associated with human infection. 
In addition to the recognized Lyme borreliosis-causing 
species, at least three other species are occasionally detected 
in humans: Borrelia bissettii [8,9], Borrelia lusitaniae [10] and 
Borrelia valaisiana [11]. However, the status of B. valaisiana 
as a human pathogen has recently been disputed [12]. What 
increases the complexity of the various species is the unique­
ness of their genomic content at the species/strain levels. Their 
genomes contain a single chromosome and usually a range of 
linear and circular plasmids that are substantially variable in 
sequence between species and whose numbers differ among 
individual strains. It has been suggested that the presence 
of various plasmids enables the spirochetes to survive in a 
diverse range of mammalian hosts [13]. 

In Europe, there are at least 8 named species and 15 different 
sequenced strains of B. burgdorferi (Table 1), with most 
of them being directly associated with the human Lyme 

R e c e i v e d 2 9 N o v e m b e r 2 0 1 9 ; A c c e p t e d 0 7 F e b r u a r y 2 0 2 0 ; P u b l i s h e d 0 3 M a r c h 2 0 2 0 
A u t h o r a f f i l i a t i o n s : ' B i o l o g y C e n t r e , Ins t i tu te o f P a r a s i t o l o g y , C z e c h A c a d e m y of S c i e n c e s , B r a n i s o v s k a 3 1 , 3 7 0 0 5 , C e s k e B u d e j o v i c e , C z e c h R e p u b l i c ; 
2 F a c u l t y of S c i e n c e , U n i v e r s i t y of S o u t h B o h e m i a , B r a n i s o v s k a 3 1 , 3 7 0 0 5 , C e s k e B u d e j o v i c e , C z e c h R e p u b l i c . 
' C o r r e s p o n d e n c e : R y a n O .M . R e g o , r y a n r e g o @ p a r u . c a s . c z 
K e y w o r d s : L y m e b o r r e l i o s i s ; E u r o p e v s N o r t h A m e r i c a ; t i c k ; g e n e t i c m a n i p u l a t i o n s ; Borrelia d i v e r s i t y . 
A b b r e v i a t i o n s : C R A S R c o m p l e m e n t r e g u l a t o r - a c q u i r i n g s u r f a c e p r o t e i n ; C s p A , c o m p l e m e n t r e g u l a t o r - a c q u i r i n g s u r f a c e p r o t e i n 1; D b p A a n d B, 
d e c o r i n b i n d i n g p r o t e i n A a n d B; E M , e r y t h e m a m i g r a n s ; G F P g r e e n f l u r o s c e n t p r o t e i n ; O s p C , o u t e r s u r f a c e p r o t e i n C. 
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T a b l e 1. L i s t of E u r o p e a n B. burgdorferi s t r a i n s t h a t h a v e b e e n 
s e q u e n c e d a n d w h o s e p l a s m i d c o n t e n t is k n o w n 

Strain Geographical 
origin 

No. of 
plasmids 

References/GB 
accession number 

B. afzelii* P K o Germany 17 [92] 

K78 Austria 13 [93] 

A C A - 1 Sweden 14 [92] 

B. garinii* PBr Denmark 12 [92] 

Far04 Denmark 7 [92] 

20 047 France 10 GCAJJ03814405 

B. 
burgdorferi * 

ZS7 

B O L 2 6 

Germany 

Italy 

14 

13 

[94] 

[94] 

B. 
bavariensis* 

P B i Germany 11 [95] 

B. 
finlandensis 

SV1 Finland 10 [96] 

B. 
spielmanii* 

A14S The Netherlands 13 [97] 

B. valaisiana VS116 Switzerland 11 [97] 

B. turdi T1990A Portugal 10 [98] 

TPT2017 Portugal 10 [98] 

T2084 Portugal 9 [98] 

*, confirmed human pathogenic species. 

borreliosis. A recent European meta-analysis showed that B. 
afzelii and B. garinii are the most frequent and most widely 
distributed species in questing ticks, whereas B. burgdorferi 
ss and B. bavariensis are less common [14]. 

Clinical manifestations and epidemiological 
aspects 
Lyme borreliosis is a spirochetal infection with diverse clinical 
features that is transmitted to humans by certain species of 
Ixodes ticks. It is primarily caused by B. burgdorferi ss and the 
more recently identified 5. mayon\\ in North America, and by 
multiple species in Europe. Lyme borreliosis in Europe and 
the USA is very similar in its clinical presentation, but does 
differ between the continents to some extent, presumably 
due to the greater variety of species that cause the disease in 
Europe. The most commonly observed clinical manifestation 
is erythema migrans (EM), which eventually resolves, even 
without antibiotic treatment. In Europe, this early manifesta­
tion caused by B. afzelii generally expands more slowly than 
in the USA in patients with B. burgdorferi ss-caused E M [15]. 

The infecting pathogen can spread to other organs and tissues, 
causing more serious multi-system disorders with skin, 
neurological, cardiac and musculoskeletal manifestations 
[16]. Different B. burgdorferi sensulato species are associated 
with overlapping but distinct spectra of clinical manifestations 
[6,17]: B. burgdorferi ss is most often associated with arthritis 

and neuroborreliosis, B. garinii with neuroborreliosis [18] and 
B. afzelii with various skin conditions, such as acrodermatitis 
chronica atrophicans or borrelial lymphocytoma [19, 20]. 
Notably, even within the same species, there are clear differ­
ences in clinical presentation and invasiveness in humans. 
Jungnick and colleagues [21] showed that B, burgdorferi ss 
from Europe causes neuroborreliosis to a significantly greater 
degree than B, burgdorferi ss in the USA. 

Lyme borreliosis is the most common vector-borne human 
disease in the USA and Europe [6]. Currently up to 300 000 
cases in the USA [22] and 85 000 cases in Europe [23] are 
reported annually. However, the number of those affected in 
Europe is very likely to be an underestimate, since not all 
countries have made Lyme borreliosis a mandatorily notifi­
able disease [24]. Furthermore, inadequate laboratory test 
sensitivity is the leading cause of underreporting of infected 
patients [25]. Last but not least, several lines of evidence 
suggest symptomless infections. In the USA asymptomatic 
infections occur in about 10 % of infected individuals, whereas 
in Europe this number is reported to be much greater [26]. 
Although several attempts to develop an effective vaccine 
have been made, no vaccine for human use is currently avail­
able [27]. 

Transmission dynamics in North America vs Europe 
B. burgdorferi is transmitted by the slow-feeding ixodid ticks 
I. scapularis [28] and Ixodes pacificus [29] in the USA and 
by Ixodes ricinus and Ixodes persulcatus in Europe [30]. The 
generally accepted model of Lyme borreliosis transmission, 
deduced based on research performed on North American 
species, can be outlined as follows. The tick vector becomes 
infected when it takes up an infected blood meal at the larval 
stage. It then moults to a nymph and the B. burgdorferi persist 
in a starvation mode in the midgut of the nymphal tick for 
months [31, 32]. After the tick finds a vertebrate host and 
starts to ingest blood, the spirochetes start to multiply within 
the midgut and traverse the gut epithelium in a highly organ­
ized manner [33]. The spirochetes finally disseminate through 
the haemocoel up to the tick salivary glands. B, burgdorferi 
is then transmitted in tick saliva into the mammalian host, 
where the extracellular matrix appears to provide a protective 
niche for the spirochete [34, 35]. However, recent data show 
that the course of spirochete transmission and especially the 
transmission dynamics can be markedly different in European 
species [36]. 

Transmission of B. burgdorferi spirochetes occurs during 
the process of tick feeding. A decisive factor for successful 
transmission is the duration of attachment of the tick to the 
host. In the USA the B. burgdorferi ss-/. scapularis interaction 
has served as an experimental model for the overwhelming 
majority of transmission dynamics studies. Immunofluores­
cence microscopy has confirmed the presence of B. burgdorferi 
in the nymphal tick midguts as early as 24 h after attachment 
to white-footed mice, before significant amounts of blood 
have been imbibed [37]. Poised to continue in its enzootic 
cycle, B. burgdorferi overcomes a long nutritional drought in 
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the tick midgut, waiting for the right environmental signals. 
With the influx of new blood, B. burgdorferi undergoes anti­
genic changes critical for its further dissemination. In the B. 
burgdorferi ss-I. scapularis experimental model, at least 48 h 
[38-41] or more [33,42] are required to stably infect the tick 
salivary glands and subsequently the mammalian host. 

In comparison with the work done in the USA, research on 
the transmission dynamics of European species has received 
less attention until recently. Examination of I. ricinus in 
Switzerland indicated that, unlike in I. scapularis, B. burg­
dorferi may cause systemic infection and occasionally reach 
the salivary glands even before the onset of tick feeding 
[43, 44]. This observation goes hand in hand with the find­
ings noted by Kahl and colleagues [45], who revealed that 
B. afzelii-infected I. ricinus ticks were only able to infect the 
host after 16.7 h of tick attachment. This was confirmed in 
experiments conducted by Crippa and colleagues [46]. They 
showed that during the first 48 h of tick attachment, B. burg­
dorferi ss-infected ticks were not able to pass the pathogens 
onto the host, whereas B. afzelii-miected ticks infected half 
of the mice during this time interval. This indicated that B. 
afzelii are likely predisposed to being transmitted earlier than 
B. burgdorferi ss by I. ricinus. Stanek and Strle [17] noted that 
14-18 % of Lyme patients who removed a tick within 6 h of 
noticing tick attachment still experienced E M development. 

The earlier results indicating the differences in transmission 
times between European and North American spirochetes 
were further strengthened by a recent study that confirmed 
that B. afzelii requires less time to establish a permanent 
infection when transmitted from the tick [36]. Addition­
ally, a striking difference between B. afzelii-I. ricinus and 
B. burgdorferi ss-I. scapularis was observed in spirochete 
numbers in the nymphal midgut during feeding, where the 
numbers of B. afzelii dramatically decrease in I. ricinus. This 
result clearly differs from the data previously observed in 
B. burgdorferi ss-I. scapularis, where a significant increase 
in spirochete load was observed [38]. Another substantial 
difference was discerned in the number of spirochetes after 
moulting. Whereas B. burgdorferi ss spirochetes multiply 
rapidly in feeding and engorged larvae, followed by a dramatic 
drop in the number of spirochetes during moulting [47], in 
B. afzelii the population grows rapidly in engorged I. ricinus 
larvae and also during moulting to nymphs [36]. These results 
concerning transmission require further investigation to 
understand whether they are just strain-specific or can be 
shown to be species-specific. 

Genetic manipulation of B. burgdorferi 
B. burgdorferi was first genetically manipulated more than 
two decades ago, using the electroporation method [48]. 
Since then, the development of diverse molecular tools has 
enabled investigators to probe and uncover some of the 
underlying pathogenic mechanisms of the spirochete on a 
molecular genetic level [1]. These include the use of targeted 
mutagenesis studies for investigating the role of genes in a 
tick-animal model in a high-throughput manner [49-52], 
the use of the cre-lox recombination system for the deletion 

of a set of genes on a plasmid [53] and the use of reporter 
genes including cat gene [54], lacZ [55, 56], luc [57, 58] and 
GFP [33, 59]. Also published on and in use are experiments 
with an inducible gene expression system when the gene of 
interest is essential for viability and cannot be deleted. The 
two systems that have been used for this when studying B. 
burgdorferi strains of US origin include the tet system [60,61] 
and the lac system [57, 62, 63]. Finally, in the case of gene 
studies where the role of the gene and the protein it encodes 
has been deduced by any of the above methods, gene comple­
mentation in B. burgdorferi includes the use of shuttle vectors 
and trans-complementation for the introduction of the gene 
back into the mutant [64-66] to see i f it restores the wild-type 
phenotype. However, genetic manipulation of B. burgdorferi 
has been greatly hampered by a number of limiting factors, 
including slow growth, low transformation efficiency, loss of 
plasmids during laboratory cultivation, the limited number 
of antibiotic markers for research purposes due to the use of 
antibiotics such as ampicilin and tertracycline being used to 
treat Lyme disease patients, and the lack of a minimal defined 
medium [1, 67]. 

Genetic manipulation of European strains 
The use of genetic approaches to study the factors involved in 
the pathogenesis of North American B. burgdorferi ss is now 
common and new techniques are still being developed [68]. 
Many important insights into the biology of this bacterium 
have been gained, giving us a better chance to cope with this 
malicious agent. However, only a handful of studies involving 
the genetic manipulation of European species have been 
carried out (Fig. 1). 

To the best of our knowledge, very few European strains have 
undergone genetic modification and received mention in a 
scientific publication (Table 2). High-passage, non-infectious 
B. garinii strain G l was successfully transformed with the 
shuttle vector pKFSSl or its derivatives [69]. In this and 
subsequent studies the authors focused on exploring the 
mechanisms by which the pathogenic bacterium evades 
the host immune response, with emphasis on CRASPs [70]. 
Another European strain used in genetic analyses was PKo, 
a B. afzelii strain. Here, Fingerle and colleagues [71] comple­
mented a naturally occurring outer surface protein C (ospC) 
mutant with a wild-type copy of the ospC gene, which led to 
more efficient migration of pathogens from the tick gut to the 
salivary glands, indicating that OspC is necessary for salivary 
gland invasion during Borrelia transmission. By contrast, the 
expression of OspC may not be required for accomplishing 
the gut-salivary gland migration in the case of their coun­
terparts from North America [72]. Recently, two infectious 
European strains, B. afzelii B023 and B. garinii CIP 103362, 
were evaluated as model organisms to study Eurasian Lyme 
borreliosis [73]. Both strains were shown to be transformable 
by the shuttle vector pBSV2, culturable on solid media and 
susceptible to antibiotic selection [73]. In our laboratory, we 
have been able to obtain both red and green fluorescent infec­
tious B. afzelii CB43 (unpublished data), an infectious strain 
from the Czech Republic [36], using shuttle vectors carrying 
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ORTH AMERICA EUROPE 

Ticks / Borrelia species 

I. scapularís /. ricinus 
1. pacificus 1. persulcatus 
B. burgdorferi ss B. afzelii 
B. mayonii B. garinii 
B. bissettii B. burgdorferiss 

B. bavariensis 
B. lusitaniae 
B. spielmanii 
B. valaisiana 
B. finlandensis 

Transmission dynamics 
Midgut -> Salivary glands -> Host Midgut-> Host? 

Genetic methods 
Mutagenesis Complementation 

Complementation Fluorescent reporters 
Inducible gene expression 

Surrogate genetics 
Fluorescent reporters 

Fig. 1 . C o m p a r i s o n of L y m e b o r r e l i o s i s - a s s o c i a t e d f a c t o r s a n d a v a i l a b l e g e n e t i c t o o l s in N o r t h A m e r i c a a n d E u r o p e . T h e r e a r e at l e a s t 
t w i c e a s m a n y B. burgdorferi s p e c i e s c o n n e c t e d w i t h t h e d i s e a s e in E u r o p e c o m p a r e d w i t h N o r t h A m e r i c a . H o w e v e r , t h e n u m b e r of 
g e n e t i c m e t h o d s s u c c e s s f u l l y a p p l i e d to E u r o p e a n s p e c i e s is s u b s t a n t i a l l y s m a l l e r . 

the fluorescent reporter genes dsRED and GFP, respectively. 
Whereas gene complementation into infectious European 
strains has been already successfully performed, to the best 
of our knowledge, targeted gene mutagenesis has yet to be 
achieved. 

Delineation of the protein function in European 
Borrelia species 
Considerable attention has been paid in the last two decades 
to differential gene expression by B. burgdorferi during 
their life cycle. The products of the activated genes can be 
sorted according to their roles during the process of tick and 
mammalian infection. Within the tick vector, proteins that 
are upregulated play a crucial role in adaptation and midgut 
colonization of the tick, or, after finding a new host, these 
antigens help the bacteria to migrate from the gut through the 
salivary glands and into the new host [13]. Once in the host, 
they can either mediate interactions with the host, or compete 
with the host immune system, thus facilitating survival in 
various tissues and organs [13, 74]. 

Until recently, all studies dealing with the biological func­
tion of different (lipo)proteins were performed with North 
American B. burgdorferi ss, and very little attention has been 
paid to the potential differences in the activity among the 
disease-causing European genospecies. However, a small 
number of studies have attempted to compare the func­
tional roles of some infection-associated proteins present 
in European Borrelia species. A popular strategy is to use a 
non-infectious, easily transformable, isogenic strain, such 
as B. burgdorferi B313 or B314, and insert allelic variants of 
virulence genes from different borrelial strains [75-77]. A n 

alternative method is to use deletion mutants of the highly 
transformable infectious strain B. burgdorferi ss. Using this 
strategy, it was shown that B. burgdorferi ML23 harbouring 
allelic variants of virulence genes behave differently during 
animal infection [78]. Specifically, they have shown that 
decorin-binding protein (DbpA) variants alter the ability 
of infectious strains to bind decorin and dermatan sulfate, 
and therefore influence colonization functions and tissue 
tropism. DbpA and DbpB are surface-exposed lipoproteins 
of 20 and 18 kDa, respectively, that bind to the extracel­
lular matrix proteoglycan, which 'decorates' collagen fibres, 
decorin, and also bind to dermatan sulphate. The ability of B. 
burgdorferi to bind decorin is considered to be an important 
factor for the disseminatory pathogenic strategy, enabling 
the bacteria to colonize various tissues and organs with a 
large quantity of decorin, e.g. the endothelium, skin, joints, 
bladder, etc [79]. 

Salo and colleagues [75] found differences in the decorin-
binding activity among B. burgdorferi species using various 
binding assays. Even though B. afzelii is mostly associated 
with chronic skin disorders, such as acrodermatitis chronica 
atrophicans, it turned out that both DbpA and DbpB of B, 
afzelii exhibited no or only minor binding activity towards 
decorin, indicating that there must be another crucial binding 
partner, enabling B. afzelii to efficiently colonize skin tissue. In 
amino acid sequence comparison, only 40-60% similarity is 
seen among the Dbps of the genospecies [80]. The molecular 
mechanisms behind the difference in tissue tropism are not 
fully clear so far, but decorin-binding proteins may well play 
a significant role in varying tissue tropisms associated with 
different Borrelia genospecies. 
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Table 2. S t r a i n s of E u r o p e a n B. burgdorferi s p e c i e s u s e d f o r t i c k - a n i m a l 
m o d e l i n t e r a c t i o n s (b lack ) o r f o r g e n e t i c m a n i p u l a t i o n s (red) o r b o t h 
(blue) 

The association of B. burgdorferi genospecies with vertebrate 
reservoir host species appears to be strongly affected by the 
polymorphism of borrelial proteins [81, 82]. The complement 
sensitivity or resistance of Borrelia genospecies is one of the 
crucial components governing the Borrelia-host relationship. 
The complement system is one of the major innate defence 
mechanisms B. burgdorferi has to overcome to establish a 
stable infection of the mammalian host. Different genospe­
cies of B. burgdorferi differ in their sensitivity to human and 
animal sera [81, 83]. A number of borrelial polymorphic 
proteins may be involved in host-to-host differences in 
complement evasion. CspA fulfils such a role and the lack of 
its production results in the inability of spirochetes to bind to 
factor H , which, in turn, inactivates complement activation 
and promotes serum resistance [77]. The sequences of CspA 
variants among B. burgdorferi are highly polymorphic and 
binding to factor H differs significantly [77, 84], suggesting 
that CspA may play a role in promoting host-specific trans­
mission of the Lyme spirochetes. 

Another known polymorphic protein, OspC, displays variable 
binding activity to human C4b. It was shown that OspC from 

B. burgdorferi and B. garinii restored bloodstream survival 
of ospC knock-out mutants in mice, but B. garinii was more 
susceptible than B. burgdorferi to killing by human serum 
proteins [82]. 

Conclusion 
The genetic diversity and thus the phenotypic differences 
in the symptoms that the various European genospecies of 
B. burgdorferi are responsible for is on a larger scale than 
that seen with US species/strains [85]. This and the mode of 
transmission of different B. burgdorferi species by I. ricinus 
does not make it easy to identify new diagnostic markers or 
ideal vaccine candidates. Added to this is the fact that various 
Borrelia species/strains appear to have their own set of reser­
voir hosts because of certain genetic determinants that help 
them evade and persist within the mammalian host. A good 
example of this is B. bavarensis, which was designated as its 
own species a few years back and not part of the B. garinii 
clade [86, 87]. It is suggested that it diverged at some point 
from B. garinii, which is known to be bird-specific in terms of 
reservoir hosts and made a switch that enabled B. bavarensis 
to be associated with small mammals [5]. Genetic analysis is 
a valuable tool that has been employed extensively to deter­
mine important factors responsible for the pathogenesis of 
many bacterial species and could certainly answer questions 
regarding how genetic composition, including the identified 
CRASP genes, could lead to differences in reservoir host asso­
ciation [81, 88]. Advances in genetic manipulation [89] and 
the release of the complete genome of B. burgdorferi ss [2] has 
allowed investigators to identify the role of individual genes 
in the context of experimental Lyme borreliosis. Researchers 
are now in a unique position to make the next big step in 
order to understand the Lyme borreliosis problem in Europe 
by putting greater emphasis on adapting genetic tools for 
European B. burgdorferi species. This also means the use of 
more bmics'-related technologies for discerning species and 
strain differences. It is desirable that novel strategies against 
the pathogen be developed based on the findings of European 
genospecies and not necessarily the result of investigations 
on US strains. There should be a consensus on the strains 
that are being investigated for each European species rather 
than every investigative group relying on their choice of 
strain. Research in the USA is primarily conducted on two 
B. burgdorferi strains, B31 and N40, or variants of these two 
backgrounds [90]. We suggest that laboratories collaborate on 
working with possibly two strains for a particular European 
species and identify if there is strain-to-strain variation and at 
what level. This may help identify if the differences observed 
are at the strain level or only at the species level. As more 
recent work has shown, even transmission routes may not 
be the same for European and US strains [36], raising the 
question as to what other assumptions have been made based 
on studies of US strains. These could be misleading investiga­
tors working with European B. burgdorferi species. B. afzelii 
strain A C A-1 and other similar strains are known to cause 
acrodermatitis or lesions at the point of the tick bite site in 10 
% of Lyme patients in Europe [91]. Why only specific strains 

Strain/isolate Geographical origin References 

B. afzelii IBS-5 France [99,100] 

C B 4 3 C z e c h Repub l i c [36] 

N E 4 0 4 9 Swi tzer land [101] 

N E 5 0 4 6 Swi tzer land [101] 

N E 4 0 5 3 Swi tzer land [101] 

N E 3 6 Swi tzer land [101] 

N E 4 0 5 4 Swi tzer land [101] 

N E 4 0 5 1 Swi tzer land [101] 

P/sto G e r m a n y [101] 

B 0 2 3 G e r m a n y [73] 

E61 A u s t r i a [101, 102] 

F i n - J y v - A 3 F i n l a n d 103] 

N E 4 9 6 Swi tzer land [46] 

N E 2 9 6 3 Swi tzer land [46] 

A 9 1 F i n l a n d [104] 

P K o G e r m a n y [71] 

B. garinii S B K 4 0 F i n l a n d [104] 

C I P 103362 France [73] 

G l G e r m a n y [69] 

B. burgdorferi N E 1 8 4 9 Swi tzer land [53] 

B R E - 1 3 France [100] 
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are capable of causing these lesions, even with knowledge 
of the whole genome, is something that has yet to be deter­
mined [4]. The incidence of infected ticks and their further 
distribution within Europe as well as the anticipated annual 
increase in patients with Lyme borreliosis is growing larger 
every year. Now is the right time for European investigators 
to work together to develop novel tools and animal models 
to improve our understanding of this pathogens' infectivity 
in nature. Efforts to understand mixed infections of different 
Borrelia species or of Borrelia with other tick-borne pathogens 
need to be supported. Only by combining technologies and 
resources will it be possible to move towards common goals 
for diagnosis, treatments and vaccines. 
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Annotation 

B. burgdorferi is an extracellular pathogen known to interact with distinct 

cell types in the host and its associated molecules, exploiting molecular and 

structural features to establish an infection. Conventional light microscopy 

techniques are often inadequate to study the fine details of spirochete-cell 

interplay. Immunofluorescence techniques might be misleading since the 

relative mutual positioning of a cell and a pathogen is hard to be reliably 

discerned without ultrastructural information. On the contrary, the search 

for spirochetes over large areas using solely electron microscopy can take 

hours due to their size and slender morphology. Correlative light and 

electron microscopy is an imaging technique that enables identification and 

targeting of fluorescently tagged structures with subsequent imaging at 

near-to-nanometer resolution. We have established a novel correlative 

cryo-fluorescence microscopy and cryo-scanning electron microscopy 

workflow, which enables imaging of the studied object of interest very 

close to its natural state, devoid of artifacts caused for instance by slow 

chemical fixation. The correlative workflow was then employed to 

highlight the cell-association mechanisms that accompany and guide the 

pathogenesis of the Lyme disease. 
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C R E P O R T S 
Correlative cryo-fluorescence and 
cryo-scanning electron microscopy 
as a straightforward tool to study 
host-pathogen interactions 
M a r t i n S t r n a d 1 , 2 , J ana E l s t e r o v a 1 , 2 , 3 , J ana S c h r e n k o v a 1 , 2 , Ma r i e V a n c o v a 1 , 2 , R y a n O . M . R e g o 1 , 
L i b o r G r u b h o f f e r 1 ' 2 & J ana N e b e s a r o v a 1 ' 2 , 4 

Correlative light and electron microscopy is an imaging technique that enables identif ication and 
targeting of fluorescently tagged structures with subsequent imaging at near-to-nanometer resolution. 
We established a novel correlative cryo-fluorescence microscopy and cryo-scanning electron microscopy 
workflow, which enables imaging of the studied object of interest very close t o its natural state, devoid 
of artifacts caused for instance by slow chemical f ixat ion. This system was tested by investigating the 
interaction of the zoonotic bacterium Borrelia burgdorferi With two mammal ian cell lines of neural 
origin in order to broaden our knowledge about the cell-association mechanisms that precedes the 
entry of the bacteria into the cell.This method appears to bean unp receden ted l y f a s t (<3 hours), 
straightforward, and reliable solution to study the finer details of pathogen-host cell interactions and 
provides important insights into the complex and dynamic relationship between a pathogen and a host. 

Borrelia burgdorferi is a pathogenic bacterium whose clinical manifestations are associated with Lyme disease. This 
vector-borne disease is one of the major public health concerns in Europe and North America and leads to severe 
arthritic, cardiovascular and neurological complications i f left untreated1. Although B. burgdorferi is primarily 
referred to as an extracellular pathogen, studies performed in vitro have revealed its invasive properties. It has 
been reported that B. burgdorferi is able to invade various nonphagocytic mammalian cells in order to reach an 
immunoprotected niche 2 ' 3. 

Correlative light electron microscopy ( C L E M ) is a method that bridges the gap between light and electron 
microscopy. A limitation of fluorescence microscopy (FM) rests in the lack of structural information about cellular 
architecture together with the impossibility of precisely identifying unlabeled structures. Besides, resolution of 
conventional optical microscopes is limited to approximately 200 nm due to light diffraction4. Electron microscopy 
(EM), on the other hand, is not suitable for screening larger sample areas and is not able to provide any data about 
cell dynamics. The examination of the object of interest provided by C L E M offers important complementary and 
unique information. 

Preparation of biological specimens for C L E M is a time-consuming operation, especially for the most com­
mon combination strategy; correlative F M and transmission electron microscopy (TEM). After light microscopy 
examination at ambient temperature, the fluorescent markers have to be subsequently labeled with immunogold 
and the sample has to be chemically fixed, sequentially dehydrated by alcohols, embedded in resin, polymerized, 
and sectioned 5. A possible alternative, depending on the size of the sample, is to vitrify the biological specimen 
by rapid plunging into liquid ethane/propane or by high pressure freezing with subsequent cryo-sectioning 6. The 
principal benefit of the latter strategy is that the specimen remains in a hydrated state in glass-like amorphous ice, 
free of preparation artifacts caused by chemical fixation, dehydration, and embedding steps7. These artifacts can 
also negatively influence the precise localization of the object of interest in the electron microscope. 
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Figure 1. Schematic d iagram illustrating the c r y o - C L E M workflow. 

A fundamental leap towards direct, fully artifact-free C L E M has been made possible by the introduction of a 
cryo-fluorescence microscope 8 , 9. In order to observe exactly the same instance without any minor modification in 
the structure when using the light microscope and the electron microscope, it is crucial to perform fluorescence 
microscopy after cryo-fixation 1 0. Unlike procedures where the object of interest is studied by F M before vitrifica­
tion, the all-cryo-workflow (cryo-CLEM) obviates all structural or positional changes that may occur during the 
period between fluorescence observation and cryo-immobilization, or during the transfer of the sample to the 
electron microscope 1 1. 

C r y o - C L E M enables direct correlation of the sample in a native state and therefore it allows one to identify and 
visualize features that would otherwise remain hidden. Moving the realm of fluorescence microscopy closer to 
cryogenic applications, traditionally held by electron microscopy, is also motivated by the fact that the fluorescent 
molecules experience reduced photobleaching at very low temperatures 8 , 1 2. There is a dual explanation for this 
phenomenon; reactive molecules such as oxygen or water are frozen and cannot diffuse1 3 and transformational 
changes of fluorophores are reduced 1 4 . Wi th regard to fluorescent tags, c r y o - C L E M is particularly suitable for 
correlating membrane permeable dyes and gene fusion proteins such as green fluorescent protein (GFP) 1 5 . 

The goal of this study is to provide a very fast microscopy procedure (Fig. 1) that is highly convenient for 
high-resolution studies of pathogen-host cell interactions in a native state. Using this novel correlative c ryo-FM 
and cryo-SEM approach, we sought to further define the cell binding properties of B. burgdorferi and the suggested 
propensity of B. burgdorferi towards invasion of nonphagocytic cells. 

Bac te r i a l S t ra in . B. burgdorferi Bb914, a GFP-expressing virulent derivative of strain 297 1 6 was used. B. burg­
dorferi were grown in prepared Barb our-Stoenner-Kelly (BSK-II) medium containing 6% rabbit serum (Sigma-
Aldrich) at 34 °C until mid-log phase (~1 x 107 spirochetes/ml), and enumerated with a Petroff-Hausser counting 
chamber using a dark-field microscope. 

M a m m a l i a n cel l cu l tu res . Human neural cell line U K F - N B - 4 was established from bone marrow metastasis 
harvested in a patient with Evans stage IV neuroblastoma 1 7. Cells were cultured in Iscove's modified Dulbecco's 
Media ( I M D M ) supplemented with 10% fetal calf serum, 1% L-glutamine, and 1% antibiotic-antimycotic solu­
tion (Sigma-Aldrich) at 37 °C with 5% C 0 2 . Mouse neuroblastoma N2a cell l ine 1 8 was cultured i n high glucose 
Dulbecco's modified Eagle's medium ( D M E M ) containing ultraglutamine I (Lonza) supplemented with 10% fetal 
bovine serum and 1% antibiotic-antimycotic solution (Sigma-Aldrich) at 37 °C with 5% C 0 2 . 

Cel l v i a b i l i t y assay . Trypan blue staining was performed to monitor the viability of mammalian cells after 
incubation with B. burgdorferi. Neural cells grown in tissue culture flasks were washed twice with PBS, trypsin-
ized, and enumerated. Both sets of mammalian cells (1 x 10 6 cells) and B. burgdorferi, cultured to mid-log phase, 
were subsequently mixed in fresh cell culture medium at a multiplicity of infection (MOI) of 5,10, and 20. After 1 
and 5 hours of incubation at 34 °C, trypan blue dye (10%) was added and the viable cells were enumerated using 
a Biirker counting chamber. Each infection was performed in triplicate and one hundred cells were assessed for 
their viability. As control, cells without Borrelia were examined. 

6. burgdorferi m o t i l i t y assay . Approximately 1 x 10 7 spirochetes were centrifuged at 1500 g for lOmina t 
15 °C and gently resuspended in 1 m L of either D M E M or I M D M media (with all supplements mentioned above) 
and maintained at 34 °C to test the motility of B. burgdorferi in these media. The motility was monitored for 8 hrs 
at 1 hr intervals on a glass slide using a dark-field microscope. 

6. burgdorferi v i ab i l i t y assays . 1 x 107 spirochetes were centrifuged at 1500 g for 10 minat 15°C and gently 
resuspended in 1 m L of either BSKII or D M E M media (with all supplements mentioned above) and maintained at 
34 °C to test the viability of B. burgdorferi. Every 1.5 hrs equal diluted volumes from both media with borrelia, were 
seperately plated in duplicate. This was done for 4 time points and the plates were then kept at 34°C under anerobic 
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Number of viable cells following B. burgdorferi co-incubation" 

Neural cell 
line MOI 

Borrelia 
(lhr)k 

Borrelia 
(5hrs)b 

No Borrelia 
control (5hrs) 

UKF-NB-4 

5 100 99 

98 UKF-NB-4 10 97 98 98 UKF-NB-4 

20 100 98 

98 

N2a 

5 91 90 

90 N2a 10 89 90 90 N2a 

20 88 88 

90 

Table 1. C e l l viability assay. a100 cells counted (average out of 3 measurements; rounded value). b Cells co-
incubation time with B. burgdorferi. 

conditions for 2 weeks. The colonies formed were then counted. In addition, the same number of spirochetes after 
centrifugation was also resuspended in 1 ml of BSKII or D M E M media and dead cell stain propidium iodide (PI) 
in D M S O was added to a final concentration of 60 |xM/mL. The viability was monitored for 6 hrs at 1 hr intervals on 
a glass slide using a fluorescence microscope (Olympus BX-60 with Olympus DP71 camera). Control experiments 
were performed to test the applicability of PI staining for GFP-expressingBorre//a (Supplementary Figure SI). 

M a m m a l i a n cel l-f i-bur^doz/er/associat ion assay. Neural cells were harvested using trypsin, enumerated 
and 1 x 10 5 cells were seeded 12 hrs before the start of experiment on 3 m m sapphire discs (Leica Microsystems) 
placed on a 24-well plate and allowed to attach at 37 °C with 5% C 0 2 . Prior to this, for orientation purposes, T E M 
finder grids (Electron Microscopy Sciences) were placed on the sapphire discs and carbon-coated to facilitate the 
cell re-localization (sapphire discs were UV-steril ized for 30min after that). B. burgdorferi were centrifuged at 
1500 g for 10 min at 15 °C and resuspended in I M D M or D M E M , depending on the mammalian cells being used. 
The spirochetes (1 x 106) were added to the mammalian cells and incubated at 34 °C for up to 3 hrs. At the same 
time, nuclear stain Hoechst 33342 (Sigma-Aldrich) was added i n a final concentration of 10 [ig/mL. Sapphire 
discs with attached cells and bacteria were washed in PBS, blotted for 2 sec (each side) at room temperature and 
cryo-immobilized i n a home-made plunge freezing device containing liquid propane. 

C r y o - C L E M e x a m i n a t i o n . For c ryo-FM examination, the Leica E M C r y o C L E M (Leica Microsystems) set 
with the Leica DM6000 FS was used. After cryo-fixation, remainders of propane were blotted using pre-cooled 
filter paper and the sapphire discs mounted on the cartridge were loaded directly into the microscope using a 
cryo-transfer shuttle cooled with liquid nitrogen. For imaging, Leica H C X P L A P O 50x/0.9 C L E M objective and 
Leica DFC310FX camera were employed. 

Following c r y o - F M examination, the sapphire discs left mounted on the cartridge were put back into the 
cryo-transfer shuttle, where the whole cartridge was transferred under vacuum into the chamber of the 
cryo-attachment C r y o A L T O 2500 (Gatan, Inc.). The chamber was heated to — 95 °C in vacuo for 5-20 m i n to 
remove the ice contamination by sublimation and subsequently the sample was sputter coated for 40 sec with Pt/ 
Pd before observation. The specimens were observed in F E S E M JEOL 7401F (JEOL Ltd.) operated at 1 k V with a 
working distance around 9 m m and the stage temperature of approximately — 140 °C. 

Image analysis and overlays of images were carried out using LAS X software (Leica Microsystems) and Adobe 
Photoshop CS6. Linear adjustments of brightness and contrast performed on fluorescence microscopy images 
did not obscure, eliminate, or misrepresent any information present in the original images. Final figures were 
constructed using CorelDraw 11. 

Results 
Ce l l v i a b i l i t y assay . The cytopathic effects of B. burgdorferi co-culturing on the well-being of neural cell 
lines was investigated. For the neural ce\\-B.burgdorferi association assay, the neural cells were first seeded on the 
sapphire discs 12 hrs before addition of Borrelia. Although, the doubling times of the respective cell lines in our 
culture conditions were not assessed, the cell viability assay was performed at various multiplicities of infection, 
which should cover the whole range of potential MOIs during the mammalian cell-B. burgdorferi association assay. 
In both analysed cell lines, there were no observable adverse effects on neural cells after co-culturing with B. burg­
dorferi, when compared to the cells alone controls (Table 1). Furthermore, there were no statistically significant 
differences in the number of dead cells at both inspected time intervals, i.e. 1 hour and 5 hours of co-incubation. 
These results confirmed the ability of B. burgdorferi to interact and associate with neural cells without causing any 
observable adverse effects. 

B. burgdorferi m o t i l i t y assay . Since the association assays were carried out in cell culture media, the cyto­
toxic effects of D M E M and I M D M with all supplements on B. burgdorferi had to be determined. The motility 
was monitored every hour for a total of 8 hrs. During the first three examinations, the overwhelming majority of 
spirochetes were motile, indicating good fitness. Subsequent bacterial counts revealed a steady decrease in motility 
with an increasing number of nonmotile spirochetes. After 8 hrs, only Borrelia that formed aggregates were partially 
motile, the rest of spirochetes showed no such signs. 

B. burgdorferi v i a b i l i t y a s says . Having discerned that the antibiotic/antimycotic mixture added to both 
I M D M and D M E M media was the possible reason for the loss of motility, we wanted to confirm whether this 
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Time-point 
(hrs) BSKII (No. of colonies)" 

DMEM (No. of 
colonies)" 

1.5 372 368 

3 380 52 

4.5 382 46 

6 414 0 

Table 2. ß . burgdorferi viability assay using plating. aaverage of two plates. 

Time-point 
(hrs) 

BSKII (No. of dead 
cells)" 

DMEM (No. of dead 
cells)" 

1 0 0 

2 - 1 

3 0 2 

4 - 6 

5 - 12 

6 0 14 

Table 3. ß . burgdorferi in situ viability assay using dead staining. - N o t measured. a100 cells counted (average 
out of 3 measurements; rounded value). 

motility loss was because of non-viable spirochetes. We therefore used only one of the media, D M E M for this 
assay. The number of colonies that grew on the plates (Table 2) indicates a significant drop in the number of viable 
Borrelia at 3 hrs compared to 1.5 hrs between the D M E M medium and the BSKII. But since it is likely that the 
antibiotic/antimycotic mixture may have influenced the multiplication and therefore the apparent viability of the 
spirochetes after antibiotic exposure, we decided to carry out one more viability assay that assessed more accurately 
the viability in situ. Fluorescence microscopy enumeration of live/dead cells revealed a significantly lower increase 
in the number of dead borrelia among those incubated with the D M E M media (Table 3) compared to the numbers 
obtained by the plating of borrelia incubated in the same media. 

M a m m a l i a n cel l-6. burgdorferi a s s o c i a t i o n assay . After tick transmission, B. burgdorferi must cope 
with the strong immune response of the mammalian host. One potential strategy exploited by Borrelia to avoid 
immune clearance might be to invade the host's nonphagocytic cells2. To examine this assumption, the ability of B. 
burgdorferi to associate with one human and with one mouse cell line of neural origin was tested. GFP-expressing 
B. burgdorferi cells were added at M O I of 10 to the cells. O n average, 1 in 5 cells was Borrelia-associated under this 
M O I . The M O I chosen was lower than in previous studies 2 1 9 in order to test the applicability of the cryo-correlative 
workflow for studies of pathogens, which are able to cause an infection at very low numbers. 

The co-incubation time of Borrelia with neural cells was set at 3 hrs for the following reasons. We experi­
enced cell culture contamination without the addition of the antibiotic-antimycotic solution. The addition of the 
antibiotic-antimycotic solution, however, limited the time interval of possible mammalian cell-B. burgdorferi 
co-incubation. Although there was a significant drop in the number of viable Borrelia at 3 hrs indicated by plating, 
the in situ viability assay using dead cell staining revealed the first more significant increase in the number of dead 
cells only after three hours of co-incubation. Moreover, the motility assay has shown that the majority of spirochetes 
were still motile at 3 hrs and because it was found that motility is critical for infection of the mammalian host 2 0, 
we decided to work at this time point. 

Following incubation, c ryo-FM was used to reveal the sparsely distributed spirochetes, which were afterwards 
easily located in the scanning electron microscope. The whole procedure from cryo-immobilization to S E M image 
acquisition (Fig. 1) lasted less than three hours, which is much less than in correlative microscopic studies at 
ambient temperatures. B. burgdorferi were observed to be associated with both cell lines examined. There were 
no indications suggesting that Borrelia can penetrate either of the cell lines within the three hour time period. We 
assume that Borrelia did not have enough time to penetrate the cells. O f course, the possibility that Borrelia either 
were inhibited by antibiotics in the cell medium, or cannot invade the cells used in this study cannot be excluded. 
We observed that the spirochetes retained their spiral-shape during this period of time, touching the neural cells 
only at a few discrete sites, which might also suggest uneven distribution of outer surface proteins important for 
Borrelia-host interplay 2 1. Figures 2 and 3 show representative images of both of the cell lines interacting with 
Borrelia. It is clear from the figures that the Borrelia actively interact with the cells and are not idly lying on the 
cell surface. Low-resolution overview images from a cryo-fluorescence microscope and high-resolution details 
of mammalian cell-B. burgdorferi association acquired by cryo-SEM are displayed. The hydrated specimen was 
coated with a layer of Pt/Pd (2-4 nm) i n the cryo-attachment chamber and observed at l o w k V to avoid charging 
artifacts and decrease sensitivy to beam damage in the microscope. Interestingly, fluorescence was not lost after 
covering the sample surface with a metal layer when re-examined in the cryo-fluorescence microscope (Fig. 3B). 

Discussion 
For many decades, the primary method of choice for imaging host-parasite interactions has been light microscopy, 
especially fluorescence microscopy. However, the interplay between a pathogen and a host cell is characterized by 
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Figure 2. Correlative cryo-fluorescence (A ,B) and cryo-scanning electron microscopy (C,D) of Borrelia 
burgdorferi-GFV on the surface of human neuroblastoma cells grown on carbon-coated sapphire discs. 
A series of images of one particular GFP-tagged spirochete (green) interacting with the cell counterstained with 
Hoechst 33342 (blue). Images of region of interest from low magnification F M to high magnification S E M . The 
cryo-SEM images were acquired after 10 minutes ice sublimation and deposition of Pt/Pd layer onto the sample 
surface. Scale bars: (A) 5011m, (B) 2511m, (C,D) l |xm. 

Figure 3. Demonstration of fluorescence preservation after deposition of P t /Pd layer on the sample 
followed by S E M examination under cryo-conditions. Association of B. burgdorferi-GFP (green) with mouse 
neuroblastoma cells. Cells were counterstained with Hoechst 33342 (blue). Images acquired before (A) and after 
(B) cryo-SEM examination. (B) Image taken after 20 minutes ice sublimation and deposition of Pt/Pd layer on 
the sample surface. (C) C r y o - S E M micrograph of the spirochete-cell interaction shown in (A) and (B). Scale 
bars: (A) 50 (im, (B) 25 (inland (C) 10 (im. 

a cascade of events occurring at the scale that are not resolved by conventional diffraction-limited F M . In order 
to obtain more informative ultrastructural data, some high-resolution microscopy techniques such as electron 
microscopy have to be co-applied 2 2. 

This study describes a complete cryo-correlative workflow for the localization of objects of interest by c ryo-FM 
and their subsequent ultrastructural examination by c ryo -SEM. Due to the fact that F M is performed after 
cryo-fixation and there are no additional procedures between c ryo-FM and cryo-EM, this technique provides the 
ability to obtain the most precise and reliable correlative data. Using this method, one is likely to gain insight into 
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crucial molecular mechanisms that could potentially be exploited for innovative antimicrobial strategies when 
looking at pathogen-host interactions. 

C r y o - C L E M is a state-of-the-art approach and only few applications have been described in literature so far. 
In all the setups, c r y o - F M was combined with cryo-electron tomography to identify GFP-tagged microtubule 
bundles in mammalian cells 8, filament bundles in migrating keratinocytes 9, mitochondria in human endothe­
lial cells 1 5, cytoplasmic bundles of MreB in V. cholerae23, cytoplasmic arrays in R. spheroides24, secretion system 
in M. xanthus25, and to study cell division in Streptomyces26. To the best of our knowledge, we report the first 
cryo-correlation between fluorescence and scanning electron microscopy. Probably the most important advantage 
of our setup over correlating with T E M rests in the fact that no constraints are set on the cell's size. For T E M , cells 
have to grow thinner than 1 u.m, better close to 500 nm, allowing them to be used for c ryo -TEM without the need 
for cryo-sectioning 2 7. Cryo-sectioning is a difficult technique that requires higher level of expertise and special­
ised equipment. Furthermore, correlation with S E M is ideal for study of surface interactions, which could be only 
hardly followed by T E M . Moreover, after c ryo -FM examination, the whole cartridge holding the sapphire disc 
was mounted to the S E M holder. This is generally not possible for highly sophisticated holders used in electron 
tomography. This option is highly convenient because we avoid the possibilty of losing or damaging the sapphire 
disc by direct manipulation. In case of using finder grids, as it is popular practice in the c r y o F M - T E M studies2 4, 
the quite common scenario of bending the grid is also omitted in our setup. 

In our hands, the c r y o - C L E M has proven to be an extremely straightforward and efficient method. Still there 
are few points to keep i n mind. Firstly, transferring the sample from the plunge freezer into the light microscope 
and later on into the electron microscope has to be precisely controlled to avoid any adverse contamination and 
structural damage. It is advisable to maintain sample temperature below — 135 °C 1 0 , preventing vitreous ice from 
crystallizing into cubic or hexagonal ice, which adversely affects the cellular ultrastructure. Secondly, what saved 
time during the cell of interest re-localization was keeping sapphire discs mounted on the cartridge between 
c ryo -FM and c ryo-SEM imaging, as sometimes the lettering of the finder grid pattern marked out on the sap­
phire discs was not clearly discernible. The cartridge clamps securing the sapphire disc from movement provided 
an ideal starting point for E M examination (Supplementary Figure S2). Thirdly, even with great care, slight ice 
contamination is usually formed on the sample surface during the sample manipulation and its transfer 2 8. This 
obscures the visualization of structures of interest and, moreover, it enhances the charge artifacts. In order to 
remove the ice contamination from the sample surface, the cryo-attachment chamber was heated to — 95 °C. The 
vacuum sublimation reduced ice contamination allowing the observation of higher structural details, but on the 
other hand, prolonged heating (generally > 15 min) caused the formation of sublimation artifacts such as small 
pits in the sample surface. 

After cryo-SEM examination under high vacuum (approximately 1 x 10" 5Pa), it was possible to locate again 
the object of interest in the cryo-fluorescence microcope since fluorescence was not attenuated. The resistance to 
fluorescence attenuation was observed with two fluorescent molecules of different colours, namely green fluorescent 
protein and blue nuclear dye Hoechst 33342. The potential reduction in fluorescence intensity was not quantified 
since not enough data had been acquired. O f note, fluorescence was not lost even after deposition of a Pt/Pd layer 
on the specimens in the cryo-attachment chamber of the scanning electron microscope. Preservation of Hoechst 
33342 signal can be rationalized by the fact that this nuclear dye is hidden inside the cells and shielded from the 
metal particles. O n the other hand, the resistance of G F P to fluorescence quenching can be presumably attributed 
to a thin layer of ice covering the GFP-expressing B. burgdorferi. The G F P signal was well-detectable even after 
20 minutes of ice sublimation followed by metal layer deposition. Longer times of ice sublimation were not tested 
since after 20 minutes the cell surface structure was impaired. The observation of fluorescence preservation can 
have fundamental implications for instance on sample preparation for integrated light and electron microscopes 2 9. 
It might also come in useful when an interesting object or phenomenon is spotted using the electron microscope 
and needs to be reassessed with the light microscope. 

B. burgdorferi being a zoonotic pathogen finds itself in two very different environments - a mammalian host 
and the arthropod tick vector. Both of these environments provide enough physical/cellular barriers for the spi­
rochete to be in motility mode or adhering to cells i f not inside certain cells 3 0. In the tick the Borrelia migrate from 
the midgut to the salivary glands of an infected tick upon blood feeding followed by entrance into the mammal 
through the tick bite site. The spirochete also enters a tick that is feeding on a reservoir host by leaving the site of 
tick feeding and entering the naive tick through the bloodmeal. In a mammalian host it has to disseminate from the 
bite site to secondary points of infection and persist within particular niches 3 1. A l l these concerted movements in 
the two environments are assumed or known to involve the process of motility and adhesion to cells 3 2. It has been 
shown that Borrelia initially tether to a cell followed by dragging and then extravasation3 3. These activities require 
the use of a complex of proteins that are being expressed on the surface of the Borrelia. Identification of most of the 
surface adhesins in Borrelia has been through in vitro assays34. Some of these studies have made use of either light 
microscopy techniques or E M to look at the actual state of adhesion. Recent studies exploring the intricacies of B. 
burgdorferi internalization by mammalian cells in vitro have also utilized either immunofluorescence microscopy 2 , 3 

or solely transmission electron microscopy without Borrelia-specific labeling 3 5 for determining the extracellular 
or intracellular location of the spirochetes. Immunofluorescence techniques might be sometimes misleading since 
the relative mutual positioning of a cell and a pathogen is hard to be reliably discerned without ultrastructural 
information. O n the other hand, the search for spirochetes over larger areas (e.g. over the 3 m m sapphire disc) 
using E M can take hours due to their size and their slender morphology. One can see many structures or artifacts 
that can resemble Borrelia by their shape and without specific labeling these structures can be falsely identified 
(Supplementary Figure S3). So that no ambiguity can arise, it is fundamental to use the correlative approach. 

In summary, we have established a very fast, preparation-artifact-free and easily attainable correlative cryo-FM 
and cryo-SEM workflow with the intention to streamline the generally prolonged ambient temperature correlative 
procedures. Using this technique, we have shown that B. burgdorferi associates with mammalian nonphagocytic 
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cells, but is not able to invade them within three hours of co-incubation. The discussed technique is suitable for a 
wide array of applications ranging from single cell studies to whole tissue examination. Especially appealing for 
future work appears to be the combination of cryo-super resolution F M 3 6 and cryo-SEM, which could allow the 
organization of fluorescently labeled surface proteins to be studied with near-to-nanometer resolution. 
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Evans, T.J., Carracoi, V . , Wächter, J., Rosa, P. (2019) Visualization of 

spirochetes by labeling membrane proteins with fluorescent biarsenical 

dyes. Frontiers in Cellular and Infection Microbiology 9: 287. 

Annotation 

In Manuscript 4, we have studied the Borrelia-ce\\ interactions using 

green fluorescent protein-expressing spirochetes, which were created by 

insertion of a gfp expression cassette into the cp26 plasmid of the bacteria. 

Although such mutants are perfectly applicable to a vast majority of 

infectious studies, the bulkiness of G F P (-30 kDa) fusion protein can lead 

to interference with a target protein. It may hinder or impede proper folding 

of the target protein or affect its cellular localization. Additionally, in such 

an assembly, the fluorescence is not spatially localised as the gfp expression 

cassette is not fused to a particular borrelial protein. As my long-term 

intention is to study and visualize the underlying binding mechanisms at 

the borrelia-cell interaction interface, a system that better copes with this 

goal needs to be established. Here in Manuscript 5, we have reported the 

successful adaptation of F l A s H dye for live-cell imaging of two genera of 

spirochetes, Leptospira and Borrelia, by labeling inner or outer membrane 

proteins tagged with tetracysteine motifs. This protein labeling system 

circumvents the above mentioned issues with bulkiness of G F P and its 

derivatives. We have demonstrated by using infectious Borrelia that the 

tetracysteine motif was stably maintained in vivo and did not adversely 

affect infectivity in either the arthropod vector or murine host. The 

biarsenical-bound proteins could be followed over several days, indicating 

that this approach can be used in time-course studies of live cells. 
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Numerous methods exist for fluorescently labeling proteins either as direct fusion proteins 
(GFP, RFP, YFP, e tc .—attached to the protein of interest) or utilizing accessory proteins 
to produce f luorescence (SNAP-tag, CLIP-tag), but the significant increase in size that 
these accompany ing proteins add may hinder or impede proper protein folding, cellular 
localization, or oligomerization. Fluorescently labeling proteins with biarsenical dyes, 
like FIAsH, circumvents this issue by using a short 6-amino acid tetracysteine motif 
that binds the membrane-permeable dye and allows visualization of living cells. Here, 
we report the successfu l adaptation of FIAsH dye for live-cell imaging of two genera 
of spirochetes, Leptospira and Borrelia, by labeling inner or outer membrane proteins 
tagged with tetracysteine motifs. Visualization of labeled spirochetes was possible by 
fluorescence microscopy and flow cytometry. A subsequent increase in fluorescent signal 
intensity, including prolonged detection, was achieved by concatenating two copies 
of the 6-amino acid motif. Overall, we demonstrate several positive attributes of the 
biarsenical dye system in that the technique is broadly appl icable across spirochete 
genera, the tetracysteine motif is stably retained and does not interfere with protein 
function throughout the B. burgdorferi infectious cycle, and the membrane-permeable 
nature of the dyes permits fluorescent detection of proteins in different cellular locations 
without the need for fixation or permeabilization. Using this method, new avenues of 
investigation into spirochete morphology and motility, previously inaccessible with large 
fluorescent proteins, can now be explored. 

Keywords: spirochetes, Borrelia, Leptospira, fluorescent protein, tetracysteine tag, biarsenical dye 

INTRODUCTION 
The phylum Spirochuetes contains multiple members of medical and veterinary concern, which 
include Borrelia species (Lyme disease and relapsing fever) and pathogenic Leptospira species 
(leptospirosis). Both genera exhibit distinctive morphologies with periplasmic flagella encompassed 
between inner and outer membranes, which, combined with their unique shape and structure, 
allow these pathogens to move quickly through tissues during infection. However, the molecular 
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techniques available to identify virulence determinants and key 
cellular factors are rudimentary in spirochetes compared to those 
available for some members of the Enterobacteriaceae. Such 
limitations have hampered efforts to identify proteins involved 
in cell shape, spatial localization of proteins, and transport across 
the periplasmic space while accommodating flagellar rotation. To 
address some of the molecular mechanisms underpinning these 
and other cellular processes, fluorescent proteins and dyes have 
proven to be valuable tools, permitting detection of spirochete-
host interactions (Moriarty et al., 2008; Norman et al., 2008; 
Dunham-Ems et al., 2009; Bockenstedt et al., 2012; Carrasco 
et al., 2015; Teixeira et al., 2016; Krishnavajhala et al., 2017), 
localization or transport of proteins within the bacterial cell 
(Schulze and Zuckert, 2006; Schulze et al., 2010; X u et al., 2011; 
Zhang et al., 2015), or as reporter systems for gene expression 
(Carroll et al., 2003; Bykowski et al., 2006; Clifton et al., 2006; 
Eggers et al., 2006; Miller et al., 2006; Gautam et al., 2008, 2009; 
Whetstine et al., 2009; Aviat et al., 2010; Cerqueira et al., 2011; 
Grove et al., 2017; Matsunaga and Haake, 2018; Takacs et al., 
2018). However, the use of fluorescent protein fusions, most 
commonly with green or red fluorescent protein (GFP or RFP, 
respectively), has limitations: the bulkiness of these proteins, 
typically 25-30 kDa, can lead to atypical protein localization and 
irregular cellular trafficking (Senf et al., 2008), and some FP alleles 
have specific p H or oxygen requirements that are not always 
compatible with the targeted location or underlying biological 
question. More recent adaptations, such as SNAP- and CLIP-
tags, are comparable in size (20 kDA) and require an additional 
extraneous chemical agent that could impact cell growth and 
viability in order to fluoresce. 

In an attempt to subvert size-related problems caused by 
fluorescent protein fusions, Griffin and Tsien developed a 
system for intra- and extra-cellular in vitro protein labeling 
using biarsenical dyes that bind specifically to tetracysteine 
motifs (Griffin et al., 1998). This method uses a synthetic 
fluorescent biarsenical compound, such as Fluorescein Arsenical 
Helix binder (FIAsH) or Resorufin Arsenical Helix binder 
(ReAsH), which forms a stable complex with a tetracysteine motif 
consisting of six amino acids ( C C P G C C ) . The central two amino 
acids of the spacer (proline plus glycine) create a hairpin that 
reduces steric hindrance between the arsenical groups and the 
tetracysteine motif, yielding optimum fluorescence (Adams et al., 
2002). Using this technique, fluorescent live cells can be viewed in 
real-time without the issues typically encountered with GFP and 
other accessory proteins. 

Biarsenical dyes have been widely used to study protein 
dynamics and interactions in various bacteria, viruses and even 
prions. In an attempt to view components of the Type II 
secretion system in Pseudomonas, Senf et al. initially used GFP 
fused to their target protein, but the fusion resulted in a non­
functional and unstable protein (Senf et al., 2008). In contrast, 
the nominal mass added by the tetracysteine motif did not 
perturb the system and allowed successful visualization of the 
Type II secretion system. Likewise, groups studying viral kinetics 
encountered similar obstacles with GFP-fusions of polyproteins, 
which disrupted normal viral function (Panchal et al., 2003; 
Arhel et al., 2006). However, both groups successfully employed 

the much smaller tetracysteine tags coupled with biarsenical 
dyes to visualize H I V infection and Ebola virus assembly Other 
examples of the successful use of tetracysteine tags include 
the visualization of flagellar dynamics in E. coli communities 
(Copeland et al., 2010), Shigella effector components of the Type 
III secretion system entering host cells in real time (Enninga et al., 
2005), and converted forms of prion proteins (Gaspersic et al., 
2010). More recently biarsenical dyes have been used to gain an 
understanding of flagellar elongation and decay in E. coli (Zhao 
et al., 2018). The broad application potential of tetracysteine 
motifs coupled with biarsenical dyes provides an alternative 
fluorescent method to visualize cells and proteins when fusion 
to larger fluorescent proteins may produce aberrant results. 

Here, our group utilized tetracysteine motifs and biarsenical 
dyes to successfully label membrane proteins in live cells of 
the spirochetes Leptospira biflexa and Borrelia burgdorferi. 
We found that the biarsenical dyes can diffuse across the 
outer membranes of these spirochetes, and that concatenating 
two copies of the 6-amino acid tag increased the intensity 
and duration of fluorescence. Mouse-tick infection studies 
of a tetracysteine-tagged B. burgdorferi strain demonstrated 
that the tetracysteine motif was stably maintained in 
vivo and did not adversely affect infectivity in either the 
arthropod vector or murine host. Finally biarsenical-bound 
proteins could be followed over several days, indicating 
that this approach can be used in time-course studies of 
live cells. 

MATERIALS AND METHODS 
Bacterial Strains and Growth Conditions 
A l l strains used in this study are listed in Table 1. Borrelia 
burgdorferi strain B31 A3 is an infectious clonal derivative 
of the type strain B31 (Burgdorfer et al., 1982; Elias et al., 
2002). B. burgdorferi AD109, a previously characterized B31 
A3 mutant lacking a wild-type copy of the plasmid-borne 
gene encoding outer-surface protein (Osp) D, was utilized in 
this study (Stewart et al., 2008). In addition, strain B31 A34, 
a non-infectious and more readily transformed clone that 
lacks restriction modification systems (Jewett et al., 2007), 
was also used. Borrelia cultures were grown at 35°C in liquid 
Barbour-Stoenner-Kelly (BSK)-II medium supplemented with 
6% rabbit serum (Pel Freez Biologicals, Rogers, AZ) or in 
solid BSK medium under 2.5% C 0 2 (Samuels et al., 1994). 
Borrelia growth media were supplemented with antibiotics at 
the following concentrations when appropriate: gentamicin 
(40 (ig/mL), kanamycin (200 (ig/mL), and streptomycin 
(50 (ig/mL). 

Leptospira biflexa serovar Patoc (strain Patoc I) was cultured 
at 30°C in a shaking incubator at 150 R P M in E M J H medium 
(Fisher Scientific). Solid E M J H media for plating included 1.2% 
wt/vol Nobel agar (Fisher Scientific), and plates were inverted, 
sealed with parafilm and incubated at 30°C for up to 1 week. 
Leptospira growth media were supplemented with kanamycin 
(20 (ig/mL) where appropriate. 

Escherichia coli T O P 10 cells (Invitrogen, Carlsbad, CA) 
were used for recombinant D N A cloning purposes unless 
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T A B L E 1 I Strains used in this study. 

Designation Description Purpose 

8. burgdorferi B31 A3 Wild-type infectious (Elias et al., 2002) Parental strain 

8. burgdorferi B31 A34 Non-infectious/high-passage (Jewett et al., 2007) Parental strain 

A34-SV-OspDTC O s p D with a single tetracysteine tag expressed from shuttle vector, 
B31 A34 background (this study). This strain produces both a tagged 
and wild-type form of OspD 

Testing and optimization of FIAsH system in 
B. burgdorferi 

A34-SV-OspD2xTC O s p D with a double tetracysteine tag expressed from shuttle vector, 
B31 A34 background (this study). This strain produces both a tagged 
and wild-type form of OspD 

Evaluating the benefit of concatenating two 
tetracysteine tags to increase fluorescence and 
prolong detection 

A 3 A O s p D 109 ospD deletion strain, A 3 background (Stewart et al., 2008) Parental strain lacking ospD 
AOspD-SV-TC O s p D with a single tetracysteine tag expressed from shuttle vector, 

A 3 A O s p D 109 background (this study) 
Evaluation of f luorescence and duration of fluorescence 
in a strain lacking a wild-type version of OspD 

AOspD-SV-2xTC O s p D with a double tetracysteine tag expressed from shuttle vector, 
A 3 A O s p D 109 background (this study) 

For comparing a double tetracysteine tag to a single 
tag in a strain lacking a wild-type version of OspD; 
used for O s p D re-labeling experiments 

A3-LA7TC LA7 with a single tetracysteine tag created by allelic exchange with the 
endogenous gene 

Used to assess effect of tetracysteine motif on a 
protein that is important in the B. burgdorferi infectious 
cycle 

L. biflexa serovar patoc strain 
Patoc I (Paris) 

Wild-type Parental strain 

OmpATC O m p A with a tetracysteine tag created by integration at the 
endogenous locus (this study). This strain produces both a tagged 
and wild-type form of O m p A 

Testing FIAsH system in Leptospira 

otherwise noted. Final antibiotic concentrations were as 
follows: gentamicin (5 (ig/mL), kanamycin (50 (ig/mL), and 
spectinomycin (100 (ig/mL). 

Mutant Construction and Transformation 
Oligonucleotides used in mutant construction are listed in 
Table 2. A l l plasmids generated in this study were confirmed 
by sequencing and are listed in Table 3. A tetracysteine motif 
was added to the 3' end of a second copy of ompA (Outer 
Membrane Protein A , UniProt accession #: B0SQ62) in L. 
biflexa by targeted integration of a non-replicating plasmid at 
the endogenous locus. First, the primer pair A / B was used 
to amplify the ompA-like coding sequence and clone it into 
pGem-T EZ (Promega Inc., Madison, WI). Next, an inverse 
PCR reaction was used in conjunction with primer pair C / D 
to add the tetracysteine tag (TC-tag) at the 3' end of ompA, 
which results in an in-frame addition of the motif to the 
carboxy-terminus of OmpA. Amplicons were digested, self-
ligated, and transformed into E. coli Top 10 cells. Next, a 
kanamycin resistance cassette suitable for use in L. biflexa 
(flgBp aphl) was cloned into the construct using the available 
X h o l restriction enzyme site. Lastly, the ampicillin resistance 
cassette within pGem-T E Z was inactivated by excising part 
of the coding region with the restriction enzyme A c l l ; the 
plasmid was subsequently self-ligated, transformed into E. coli 
Top 10 cells and selected on kanamycin plates. Colonies 
resistant to kanamycin were replica-plated for susceptibility 
to carbenicillin to demonstrate inactivation of the ampicillin 
resistance cassette. The completed targeted integration construct, 
pGem::OmpA-TC, was transformed into L. biflexa using 
protocols previously established (Louvel and Picardeau, 2007) 

and the resulting strain designated OmpATC. Transformants 
were confirmed by P C R (Figure 1A) and Southern blot analysis 
(data not shown). 

The TC-tag was incorporated into the 3' end of the 
ospD coding sequence by P C R amplification using primers 
G and H , to create ospDTC. This amplicon includes the 
putative promoter 5' of the ospD gene (Stewart et al., 
2008) and 15 bp homologous to the multiple cloning 
site of shuttle vector pKFSSl (Frank et al., 2003) The 
resulting P C R product was cloned into pKFSSl using the 
In-fusion kit (Takara, Mountain View, C A ) , following the 
manufacturers recommendations, and transformed into E. coli 
Stellar cells. 

The ospD-2xTC cassette was cloned into the B. burgdorferi 
shuttle vector pBSV2G (Elias et al., 2003). A n amino acid 
pocket consisting of G D E G was placed between the dual 
tetracysteine motifs, as described previously (Andresen et al., 
2004). Briefly, primer pair I/J was used to PCR- amplify 
O s p D - l x T C and add a second tetracysteine motif at the 3' 
end of the P C R amplicon with primer J. P C R products were 
digested with Sail and ligated into pBSV2G to form the shuttle 
vector pBSV2G::OspD2xTC. 

The coding region of la7 was replaced with la7-TC by 
allelic replacement using a construct encoding TC-tagged L A 7 
cloned into p G E M - T EZ. Briefly, primers L and M were 
used to PCR-amplify la7, including ~500 bp upstream and 
downstream, of B. burgdorferi and clone into p G E M - T EZ. Next, 
the primer pair N / O was used in an inverse P C R reaction to 
add the tetracysteine motif to the 3' end of la7. Amplicons 
were digested, self-ligated, and transformed into E. coli Top 
10 cells. A kanamycin resistance cassette suitable for use in 
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TABLE 21 Primers used in this study. 

Primers 

Name Sequence Function 

LEPTOSPIRA 
A OmpA.SnaBI.For t a c g t a G A G C A G T C C G T T G A C A A G Cloning of ompA 
B OmpA.SnaBI .Rev tacgtaTCG T C T G G T A A G G A T T G G Cloning of ompA 
c iPCR.OmpA.Xhol .For c t cgagGAAATTCTATTTTCTTACTAGAGACC Inverse P C R for addition of tetracysteine motif 

D i PCR .OmpA.TC . 
Xhol.Rev 

c t c g a g T T A A C A A C A T C C A G G G C A A C A T T T A G A A A C G A 
C T T G G A A A G T C A C 

Genetically encoding the tetracysteine motif at the 3' end 
of ompA before the stop codon (underlined) 

E OmpA.Seq1.For T A A A C T A T G G A A A C A T T A A G G C A G G Transformant confirmation by PCR 
F Kan.Out.RC G C A G T T T C A T T T G A T G C T C G Transformant confirmation by PCR 

BORRELIA 

OspDIxTC 
G PospD-TC.SV2.F C G G T A C C C G G G G A T C G G C C A T G G G A A G A A G G A G Amplifying ospD and cloning into pKFSSI 
H OspD-TC.SV2 .RC 

0spD2xTC 

A T G C C T G C A G G T C G A T T A A C A A C A T C C A G G G C A A C 
A A G T A T T T A A C A A G G C C A C A A C T T C 

Genetically encoding the tetracysteine motif at the 3' end 
of ospD before the stop codon (underlined) 

OspD.F.Sall g t c g a c C G T C T C T A C T G T A T T T C C T G C Cloning of ospD 
J OspD.2TC.Sa l l . 

Rev 
g t c g a c T T A G C A A C A A C C T G G G C A G C A A C C T T C A T C T 
C C A C A A C A T C C A G G G C 

Genetically encoding the double tetracysteine motif at 
the 3' end of ospD before the stop codon (underlined) 

K OspD.For 
LA7TC 

GCTCTCAATATCTTGTGTTC Transformant confirmation by PCR 

L LA7.SnaB1.For t a c g t a G C A T C A A G T C T T G G T G A A T C T G Cloning of Ia7 
M LA7.SnaB1.Rev t a c g t a C T A G A A A T A G A C T A T G G G C A A G G Cloning of Ia7 
N iPCR.LA7.Xhol . 

For 

i PCR .LA7 .TC . Xhol.Rev 

TATTctcgagTTTATA I I I I IGATTTTATAGGCTTTAATC Inverse P C R for addition of tetracysteine motif 

0 

iPCR.LA7.Xhol . 
For 

i PCR .LA7 .TC . Xhol.Rev A T c t c g a g T T A A C A A C A T C C A G G G C A A C A A T T C G 
TTAAC A T A G G T G A A A I I I I I I C A A C G 

Genetically encoding the tetracysteine motif at the 3' end 
of Ia7 before the stop codon (underlined) 

P L47 .Seq3 . For G C A C G I I I I I C A C G C T A T G Transformant confirmation by PCR 

Q Kan736.RC A A A G C C G T T T C T G T A A T G A A G G A G Transformant confirmation by PCR 

All oligos are shown in the 5' to 3' orientation. Restriction enzyme sites are depicted in the primer name and sequences are indicated in lower case. Stop codon sequences are underlined 
where applicable. 

described above to generate the completed allelic replacement 
construct, p G E M : : L A 7 - T C . 

Allelic exchange and shuttle vector constructs were 
transformed into B. burgdorferi by electroporation as previously 
described (Samuels et al., 1994). Strains A34-SV-OspDTC and 
A34-SV-OspD2xTC were created in the high-passaged, non­
infectious strain B31 A34, which has a higher transformation 
frequency than the parental strain B31 A3 and also carries 
a wild-type copy of the ospD gene. Strains AOspD-SV-
T C and AOspD-SV-2xTC were produced by transforming 
pKFFSl : :OspDlxTC or pBSV2G::OspD2xTC into A3 AD109, a 
B31 A3 derivative lacking a wild-type copy of ospD (described 
by Stewart et al., 2008). Both OspD tetracysteine constructs 
are on shuttle vectors present at multiple copies per cell in 
Borrelia. Note that strain AOspD-SV-2xTC produces only an 
OspD-TC protein, whereas B31 A34-derived strains produce 
both wild-type OspD (lacking a T C tag) and TC-tagged OspD. In 
contrast, A 3 - L A 7 T C was constructed by an allelic exchange event 
that replaced the wild-type copy of LA7 on the chromosome 
in strain B31 A3. A l l strains were confirmed by restriction 
enzyme digestion, sequencing, PCR, and immunoblotting. 
Rabbit anti-OspD antiserum was used at a dilution of 1:1,000 
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TABLE 31 Plasmids used in this study. 

Function References 

Plasmids 
pGem-T EZ Backbone for ompA 

integration construct 
Promega 

pKFSS I Shuttle vector for 
B. burgdorferi Frank et al., 

2003 
p B S V 2 G Shuttle vector for 

B. burgdorferi E l i ase ta l . , 2003 

pGem::OmpA-TC OmpA-TC suicide vector for 
L. biflexa 

Current study 

pKFFS1 : :0spD1xTC OspD-TC shuttle vector Current study 
pBSV2G : :OspD2xTC OspD-2xTC shuttle vector Current study 
pGEM: :LA7-TC LA7-TC allelic exchange 

vector for B. burgdorferi 
Current study 

B. burgdorferi (flgBp aphl) was added to the construct using the 
available X h o l restriction enzyme site introduced at the previous 
inverse P C R step. Lastly, ampicillin resistance was inactivated as 
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and rabbit anti-LA7 antiserum (kindly provided by Dr. Brian 
Stevenson) at 1:250. 

FIAsH/ReAsH Assays 
Spirochetes were grown to mid-exponential phase (~5 x 107 

cells/mL for B. burgdorferi and ~5 x 108 cells/mL for L. biflexa) 
and harvested by centrifugation (5,800 RCF for B. burgdorferi 
and 4,100 RCF for L. biflexa) for lOmin at room temperature. 
Pelleted spirochetes were then washed with 1 mL FIAsH wash 
buffer (50 m M M O P S p H 7.2, 67 m M NaCl, 20 m M NH 4 C1) . 
Spirochetes were again pelleted and washed in FIAsH wash buffer 
with 20 m M D T T . After the second wash, pelleted cells were 
resuspended in 158 uX of FIAsH solution and incubated in 
the dark at room temperature for 1 h. The FIAsH or ReAsH 
solution for staining spirochetes was prepared as follows: 2 m M 
F l A s H - E D T 2 or 2 m M R e A s H - E D T 2 (ThermoFisher Scientific) 
was resuspended in FIAsH wash buffer at a final concentration 
of 4.75 ( i M , and D T T was added to a final concentration of 
2.5 m M . The solution was then passed through a 0.22 u,M filter, 
and 2 M D T T was added at 1/100 v/v to a final concentration of 
22.5 m M . After labeling, 1 mL of FIAsH wash buffer was added 
and cells were pelleted as described above. Lastly, spirochetes 
were resuspended in ~50 u,L FIAsH wash buffer for visualization. 

Microscopy 
A l l microscopy was done with a Nikon E80i fluorescent 
microscope. Image files were obtained and analyzed using Nikon 
Elements version 4.2 and ImageJ software version 2.0.0-rc-
69/1.52i. FIAsH dye was observed in the FITC channel while 
ReAsH was observed in the Texas Red channel. When comparing 
peak fluorescence, identical settings for exposure and gain were 
used for all images. Peak fluorescence data were obtained by 
setting a constant exposure and gain between strains (typically 
this was an exposure of 1 s with a gain of 9.6x); however, if 
these settings oversaturated the image sensor, the exposure was 
lowered for all strains tested. Average peak fluorescence data 
were obtained by placing a region of interest (ROI) box within 
a spirochete along an area of uniform fluorescence. The peak 
fluorescence of that box was calculated with Nikon Elements 
software and that value represented the peak fluorescence 
intensity for that spirochete. Approximately 250 spirochetes per 
group, and 100 measurements of background, pooled from 3 
independent biological replicates, were analyzed. 

Flow Cytometry 
To assess fluorescence intensity of a larger number of spirochetes, 
cultures were first FIAsH- or ReAsH-stained, incubated with 
Hoechst 33342 D N A stain (20 n M ) (Thermofisher Scientific) 
for 30min at room temperature, and then analyzed with an 
LSR II B D Flow Cytometer. Spirochetes were gated based on 
forward scatter (FSC), side scatter (SSC), and FITC. B31 A34 was 
utilized as a non-fluorescent wild-type control in conjunction 
with Hoechst 33342 to identify the spirochete populations, while 
FITC was used to detect the fluorescent spirochete population. 
B31 A34-derived strains were utilized to avoid introduction 
of infectious material in the flow cytometer. A34-SV-OspDTC 
and A34-SV-OspD2xTC were used to determine the effect of 

concatenating tetracysteine motifs on OspD. Flowjo version 
10.4.2 software was used to analyze data and to calculate 
geometric means of populations. 

Animal Studies 
Rocky Mountain Laboratories (RML) is accredited by the 
International Association for Assessment and Accreditation of 
Laboratory Animal Care. Protocols for animal experiments were 
prepared according to the guidelines of the National Institutes 
of Health and approved by the R M L Animal Care and Use 
Committee. R M L mice are an outbred colony of Swiss-Webster 
mice maintained at Rocky Mountain Laboratories and used 
exclusively throughout this study. Mice were inoculated with 
~5 x 10 3 spirochetes intraperitoneally and 1 x 103 spirochetes 
subcutaneously. Infection was assessed by attempted isolation of 
spirochetes from ear, bladder, and rear ankle joint tissues at 3 
weeks post-inoculation. 

Larval Ixodes scapularis were reared from egg masses laid 
by engorged female ticks purchased from Oklahoma State 
University. A l l ticks were maintained in a temperature- and 
humidity-controlled chamber (Caron Model 7000-25) at 22°C 
with 95% relative humidity. Approximately 100 larvae or 10-20 
nymphs per mouse were allowed to feed to repletion. A subset of 
fed nymphs was crushed and the resulting homogenate serially 
diluted and plated to determine spirochete burden. Fluorescence 
of FlAsH-stained organisms was assessed immediately for 
spirochetes derived from mechanically-disrupted, engorged 
nymph midguts, and from cultured spirochetes isolated from 
ticks and mouse tissues. 

Time-Course of OspD-Biarsenical Dye 
Fluorescence 
To assess the longevity of FIAsH fluorescence during in vitro 
cultivation, B. burgdorferi cells were FlAsH-labeled as described 
above. Strains lacking a tetracysteine tag were used as negative 
controls for the procedure. For heat-killed cells, samples were 
placed at 55°C for 15min post-FlAsH labeling and observed 
subsequently for absence of motility; these cells served as a 
control for passive loss of fluorescence over time. Labeled 
cells were resuspended in 1 -2 mL of B S K - H medium (Sigma) 
with Borrelia antibiotics (20 (ig/ml phosphomycin, 50 (ig/ml 
rifampicin, 2.5 (ig/ml amphotericin B), placed in cryovials 
(Corning), and incubated at 22°C in the dark. Spirochetes were 
counted using Petroff-Hauser chambers to monitor growth, and 
all cultures were imaged every 48 h for 7-8 days. Experiments 
were performed as 3 biological replicates and the images 
shown come from a single experiment representative of the 
trends observed. 

Counter-labeling assays were performed in order to assess 
FIAsH saturation of OspD protein over time. In cells originally 
stained with FIAsH where cell concentrations and images had 
already been obtained for comparison, 400 uX aliquots were 
removed, and a ReAsH assay performed as stated above. 

Statistics 
Statistical analyses were conducted using GraphPad Prism 7 
software. Mann-Whitney statistical analysis was applied when 
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F I G U R E 1 | Confirmation of genetically modified and fluorescent L. biflexa spirochetes by P C R and microscopy. (A) Diagram of relevant genetic loci and 
corresponding agarose gel image of P C R amplicons. The region in blue denotes the integrated plasmid DNA (plasmid sequences between ompA and aphl cassette 
not depicted in diagram), while endogenous loci are depicted in red. Small arrows above diagram indicate oligonucleotides E and F used for P C R confirmation of the 
ompATC integration. Transforming plasmid DNA serves as a positive control (+), while L. biflexa WT DNA serves as a negative control. (B) L. biflexa O m p A 
fluorescence. FIAsH dye-staining of the tetracysteine-tagged O m p A T C strain and WT L. biflexa (negative control). Scale bar 10 | im ; image inverted. 

comparing fluorescence intensity by microscopy, geometric 
mean variation by flow cytometry, and spirochete burden 
in nymphs. 

RESULTS 
Tetracysteine Tags and Biarsenical Dyes to 
Visualize Spirochetes 
As proof of principle, we assessed the use of biarsenical dyes 
in the model organism L. biflexa. Although membrane proteins 
have not been extensively characterized in this spirochete, a 
previous study identified a moderately abundant membrane 
protein, OmpA (Stewart et al., 2016). To assess the functionality 
of the FIAsH dye technique in Leptospira, a tetracysteine tag was 
added to the carboxy-terminus of O m p A encoded by a second 
copy of the gene integrated at the endogenous locus (Figure 1 A) . 
Transformants were confirmed by P C R utilizing a primer pair 
spanning the region between ompA and the kanamycin resistance 
cassette (Figure 1A), and transformed spirochetes fluoresced 
when exposed to FIAsH dye, permitting visualization of the 
helical shape characteristic of Leptospira cells (OmpATC in 
Figure IB). In contrast, cells that did not contain a tetracysteine 
motif (WT negative control, Figure IB) did not fluoresce when 
exposed to the biarsenical dye and only minimal background 
staining was observed. 

To broaden the utility of this technique, we used a 
similar approach in another spirochete, B. burgdorferi, and 
tagged both outer and inner membrane proteins OspD and 

LA7, respectively. These abundant and accessible lipoproteins 
should be suitable candidates for applying the FIAsH dye 
technique in B. burgdorferi. Spirochetes transformed with a 
shuttle vector encoding ospDTC were confirmed by P C R with 
primers specific to the ospD coding region and the tetracysteine 
motif; wild-type cells that did not contain the motif did 
not yield an amplicon (Figure 2A, lower panel). Immunoblot 
analysis of OspD production in all engineered strains indicated 
an increase in OspD protein in strains transformed with a 
shuttle vector encoding either a single tetracysteine motif, A34-
SV-OspDTC, or two tetracysteine motifs, A34-SV-OspD2xT 
(Supplementary Figure 1 A) . LA7, originally proposed to be 
an outer membrane lipoprotein (Grewe and Nuske, 1996), 
but subsequently shown to localize primarily to the inner 
membrane (von Lackum et al., 2007; Yang et al., 2013), was 
chosen as a target to assess the ability of biarsenical dyes 
to freely diffuse across the outer membrane of living B. 
burgdorferi cells. Allelic exchange transformants were screened 
by P C R using a primer set spanning la7 and the kanamycin 
resistance cassette (Figure 2B, lower panel), and spirochetes 
containing a tetracysteine motif engineered on LA7 (strain A3-
LA7TC) produced comparable levels of protein as their wild-type 
counterpart (Supplementary Figure IB). 

After confirming the presence of the tetracysteine motif 
in all strains, we next assessed the FIAsH system in B. 
burgdorferi. Fluorescent spirochetes were observed when the 
tagged strains A34-SV-OspDTC and A 3 - L A 7 T C were exposed to 
FIAsH or ReAsH dye, whereas W T B31 A34 spirochetes (negative 
control) displayed only background fluorescence (Figure 3). 
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F I G U R E 2 | P C R confirmation of genetically modified B. burgdorferi spirochetes. (A) Diagram of relevant genetic loci and corresponding agarose gel image of P C R 
amplicons. Native loci are shown in red, the kanamycin-resistance cassette (flgBp aphl) is in blue, and relevant portions of the shuttle vectors SV-TC and SV-2xTC are 
shown in green. Small arrows above diagram indicate oligonucleotides K and J used for P C R confirmation of the ospDTC gene in B. burgdorferi transformants. The 
endogenous plasmid (Ip38) locus in the parental B. burgdorferi strains ( A 3 A O s p D 109 and B31A34) does not amplify, while the transforming shuttle vector DNA 
serves as a positive control (+). (B) P C R amplification of the chromosomal la7TC region utilizing primers P and Q (small arrows above diagram). Native loci are shown 
in red, while D N A introduced by allelic exchange, including the kanamycin-resistance cassette (flgBp aph1), is shown in green. The parental B. burgdorferi strain (B31 
A3) serves as a negative control, while the transforming plasmid DNA acts as a positive control. 

This demonstrated successful application of the technique to 
inner and outer membrane proteins of B. burgdorferi, and 
thus confirms that biarsenical dyes can diffuse across the outer 
membrane of live spirochetes without the need for fixation or 
permeabilization procedures. 

Optimization of the FIAsH Technique 
Having ensured that biarsenical dyes could be utilized in 
spirochetes, we next assessed whether adding a second 
tetracysteine tag would augment fluorescence. Using identical 
imaging conditions between B31 A34, A34-SV-OspDTC, and 
A34-SV-OspD2xTC, a significant increase in fluorescence 
intensity was observed with addition of a second tetracysteine 
motif onto OspD (Figures 4A,B). while the overall OspD 
protein level appeared similar between strains A34-SV-OspDTC 
and A34-SV-OspD2xTC (Supplementary Figures 1A-D), 
indicating the increase in fluorescence was a result of the second 
tetracysteine motif. FIAsH dye-labeled OspD2xTC spirochetes 
retained motility and grew comparably to unlabeled organisms 
when incubated at 35 degrees, confirming their viability and 
the lack of toxicity of the protocol. Also, the addition of a 

second tetracysteine motif allowed prolonged detection of the 
fluorescent signal (see Supplementary Figure 2). 

FlAsH-labeled spirochetes were also analyzed by flow 
cytometry to quantify and compare fluorescence of a 
larger number of cells (Figure 4C). Using this method, 
we independently validated that two tetracysteine tags 
fused to OspD resulted in a significant increase in mean 
fluorescence relative to cells containing OspD with a single tag 
(Figure 4D). Hence the relative mean fluorescence intensity 
of spirochetes measured by both methods, fluorescence 
microscopy and flow cytometry, were in agreement for these 
B. burgdorferi strains. 

Surprisingly, while optimizing the protocol, we found 
that FIAsH dye would non-specifically bind to heat-killed 
B. burgdorferi cells in the absence of tetracysteine motifs 
(Supplementary Figure 3). The nature of this non-specific 
interaction between the dye and spirochetes lacking an 
engineered tetracysteine pocket is not clear. However, this 
fluorescence requires the FIAsH dye and is only detected in 
the FITC channel, indicating that it does not reflect general 
autofluorescence of dead spirochetes. It should be noted that 
although non-specific staining of heat-killed spirochetes could 
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F I G U R E 3 | Biarsenical dyes effectively label B. burgdorferi with outer and 
inner membrane proteins containing tetracysteine (TC) motifs. Spirochetes 
bearing TC-tagged outer surface protein D (A34-SV-OspDTC) fluoresce when 
exposed to either FIAsH (top panel) or ReAsH (second panel from top). 
Spirochetes synthesizing TC-tagged inner membrane protein LA7 (A3-LA7TC) 
fluoresce when exposed to FIAsH (second panel from bottom). In contrast, 
B31 A34 wild-type B. burgdorferi (negative control, bottom panel) does not 
fluoresce when exposed to FIAsH dye. Scale bar 10 | i m ; images inverted. All 
images were acquired using the same settings. 

be abrogated by increasing the concentration of DTT, there 
was a concomitant decrease in the fluorescence intensity of 
viable spirochetes containing tetracysteine motifs (data not 
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shown). Hence there is a balance to be achieved between the 
concentration of reducing agent and fluorescence intensity. 
Taking these observations into consideration, 20 m M D T T 
was chosen as the optimal concentration, and W T spirochetes 
included as negative controls in all experiments to confirm 
specificity of labeling. 

Tetracysteine Motifs Are Stable 
Throughout the Mouse-Tick Infectious 
Cycle 
In nature, B. burgdorferi cycles between tick vectors and 
vertebrate hosts. Potentially, addition of the tetracysteine tag to 
a protein such as LA7, which is important during tick acquisition 
(Pal et al., 2008), might alter infectivity or destabilize the target 
transcript or protein in vivo. To examine this possibility, we 
needle-inoculated mice with either wild-type A3 or the A 3 -
L A 7 T C strain. A l l mice became infected (5 out of 5 mice for each 
strain), and both strains could subsequently be re-isolated from 
mouse tissues (ankle joint, bladder, and ear). 

Before the A3-LA7TC-infected mice were euthanized for 
attempted spirochete isolation, they were fed upon by naive I. 
scapularis larvae. A subset of replete larvae was mechanically 
disrupted and the resulting homogenates cultured to evaluate 
acquisition of B. burgdorferi and whether spirochetes retained the 
tetracysteine tag. Among larvae that fed on wild-type A3 or A3-
LA7TC-infected mice, 4/5 and 5/5 larvae, respectively, acquired 
spirochetes. Further, upon addition of FIAsH dye, all A 3 - L A 7 T C 
spirochetes isolated from larval ticks fluoresced (Figure 5A, top-
left panel), indicating retention of the tetracysteine motif, while 
A3 spirochetes did not fluoresce (Supplementary Figure 4). 

After molting to the nymphal stage, a subset of unfed 
ticks were mechanically disrupted and cultured to gauge the 
transstadial retention of B. burgdorferi. Of these, all of the A3-
L A 7 T C -infected nymphs (5 out of 5) and 80% of the A3-infected 
nymphs (4 out of 5) maintained B. burgdorferi through the molt, 
and spirochetes cultured from the A 3 - L A 7 T C outgrowths were 
fluorescent when stained with FIAsH dye (data not shown). 

Lastly, transmission was assessed by allowing the remaining 
infected nymphs to feed on naive mice. A l l naive mice fed 
upon by infected nymphs acquired B. burgdorferi (5 out of 5), 
as verified by the presence of spirochetes in tissue outgrowths; 
when spirochetes in a subset of those outgrowths were subjected 
to FIAsH assays, A 3 - L A 7 T C spirochetes were fluorescent 
(Figure 5A top-right panel). In addition, although technically 
challenging due to the absolute number of spirochetes in fed 
nymph midguts, it was possible to detect fluorescent spirochetes 
directly from A 3 - L A 7 T C infected, engorged nymphs that had 
been mechanically-disrupted and FlAsH-labeled (Figure 5A, 
lower right panel). Replete ticks were collected and a subset (4 
per strain) was used to estimate the number of spirochetes per 
tick. O n average, there was no significant difference in spirochete 
burden between A3- and A3-LA7TC-infected ticks (3.04 x 104 

vs. 3.48 x 10 4 spirochetes per tick, respectively; p = 0.89; 
Figure 5B). Taken together, the overall infection and fluorescence 
data demonstrate that spirochetes bearing a tetracysteine motif 
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F I G U R E 4 | Optimization and quantification of the FIAsH dye system for B. burgdorferi membrane proteins containing tetracysteine (TC) motifs. (A) Spirochetes 
bearing O s p D with two tetracysteine motifs fluoresce more brightly than those carrying O s p D with a single T C tag. Unmodified B. burgdorferi strain B31 A34 does not 
fluoresce in the presence of FIAsH dye, but addition of a single tetracysteine-tag to O s p D (A34-SV-OspDTC) allows FIAsH binding and fluorescence. Addition of a 
second tetracysteine motif to O s p D (A34-SV-OspD2xTC) further increases fluorescence. All images were captured with identical exposure times and not inverted. 
Scale bar = 10 |xm. (B) Quantification of differences in relative fluorescence of B. burgdorferi strains by microscopy. Addition of a second tetracysteine motif on OspD 
significantly increased fluorescence intensity (A34-SV-OspDTC 1,136 ± 272.3 MFI vs. A34-SV-OspD2xTC 2,850 ± 628.5 MFI, Mann-Whitney test p < 0.0001). 
Background in areas where there were no spirochetes, as well as of B. burgdorferi cells lacking tetracysteine motifs, were 421.1 ± 95.95 MFI and 524 ± 225.6 MFI, 
respectively. Individual spirochete fluorescence was quantified using Nikon Elements software version 4.2 and compiled to generate an average fluorescence per 
strain. Mean Fluorescence Intensity = MFI. Standard deviation is depicted by error bars (****) P < 0.0001. (C) Detection and differentiation of FIAsH-labeled 
spirochetes containing a single or double tetracysteine motif by flow cytometry. Addition of a second tetracysteine motif on O s p D significantly increased fluorescence 
intensity (geometric mean for A34-SV-OspDTC 2,247 ± 603.5 MFI vs. A34-SV-OspD2xTC 9,079 ± 2,648 MFI, p < 0.0079). FSC-A, forward scatter; SSC-A, 
side-scatter; FITC-A, measure of fluorescence-intensity. (D) Quantification of the geometric mean data from 5 independent flow cytometer runs analyzed in Prism for 
statistical significance. Mean Fluorescence Intensity = MFI. Standard deviation is depicted by the error bars (**) P < 0.008. 
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F I G U R E 5 | B. burgdorferi strain with tetracysteine-tagged inner membrane 
protein LA7 can colonize and be transmitted between the tick vector and 
murine host. (A) FIAsH-labeling of A3-LA7TC after isolation from tick larvae 
that fed on infected mice (left), and from ear tissue of mice fed on by infected 
nymphs (right). Spirochete labeled directly in midgut tissue dissected from an 
engorged nymph (lower panel). Images have been cropped and are 
representative of what was observed. (B) Strain with tetracysteine-tagged LA7 
(A3-LA7TC) colonizes ticks as efficiently as WT (B31 A3). Spirochete burden 
was determined as C F U in fed infected nymphs by individually macerating and 
plating 4 replete ticks per group after feeding on naive mice. The mean and 
standard deviation bars are shown. No significant difference was detected 
between strains using the Mann-Whitney test. Standard deviation is 
represented by the error bars (N.S. = Not Significant) P < 0.89. 

on L A 7 exhibit a W T phenotype throughout the mouse-tick-
mouse infectious cycle and can be FlAsH-labeled either directly 
in tick midgut tissue or after in vitro cultivation of spirochetes 
from tick or murine tissues. 

FIAsH-labeled Proteins Retain 
Fluorescence Over Time 
We utilized biarsenical dyes to assess the length of time F l A s H -
labeled protein could be detected during in vitro cultivation. 

As previously described, we complemented strain A3 A O s p D 
in trans with a double tetracysteine-tagged copy of ospD on a 
shuttle vector (AOspD-SV-2xTC). We used this complemented 
strain in time-course experiments in order to eliminate potential 
competition with W T OspD and have only the tetracysteine-
tagged OspD variant available for processing and insertion 
into the outer membrane. AOspD-SV-2xTC spirochetes were 
pelleted, labeled with FIAsH dye, and then washed and 
resuspended in BSK culture medium. When fluorescence was 
monitored during subsequent in vitro growth at 35°C, the 
signal diminished almost entirely after 24 h (data not shown). 
Presumably this observed loss of fluorescence was due to dilution 
of FIAsH-labeled OspD by growth and cell division that occurred 
within this timeframe (~5 doublings and ~30-fold increase 
in cell number). Therefore, we performed this experiment at 
22°C, a condition in which Borrelia grows more slowly, to 
reduce the dilution of labeled protein resulting from cell growth 
and division. Fluorescence of the AOspD-SV-2xTC strain was 
monitored over the course of 8 days (Figure 6A). Spirochetes 
of the same strain that were FIAsH-labeled and then heat-
killed were included as a metabolically inert control that does 
not undergo cell division or have an active mechanism for 
removing or shedding protein (Figure 6B). AOspD-SV-2xTC 
fluorescence diminished over the time course, compared to day 0, 
but remained detectable. Passive loss of fluorescence of the FIAsH 
signal did not appear to be an issue, as fluorescence was relatively 
stable throughout the time course for the heat-killed samples. 

At each time point, we relabeled the cells with ReAsH, a 
red variant of biarsenical dyes (Figure 6C). This pulse-chase 
style experiment allowed visualization of cells that bound both 
FIAsH and ReAsH over time. At day 0, very little ReAsH was 
taken up by cells, whereas the ReAsH signal grew appreciably 
by days 4 and 8, These data suggest that binding sites for 
ReAsH became available as FIAsH-labeled OspDTC waned 
and unlabeled OspDTC increased in the spirochete membrane 
over time. 

Discussion 
In this study we describe the application of a new technique 
in spirochetes for fluorescently labeling specific proteins using 
tetracysteine tags and biarsenical dyes. This technique allowed 
fluorescent labeling of spirochetes by incorporating a 6 amino 
acid motif at the C-terminus of both inner or outer membrane 
proteins, and staining with a membrane-permeable biarsenical 
dye that binds to this motif. The small increase in protein 
size conferred by the tetracysteine motif minimizes potential 
negative effects that may occur when targets are fused to 
larger fluorogenic proteins (e.g., GFP or RFP), such as steric 
hindrance, causing improper protein folding, trafficking to the 
incorrect cellular location, or inappropriate oligomerization. We 
successfully applied the same protocol to the distantly related 
spirochetes B. burgdorferi, a zoonotic human pathogen, and L. 
biflexa, a free-living saprophyte, suggesting that the FIAsH system 
can be applied broadly across all spirochete species. 

This technique worked well for both the outer membrane 
protein OspD and the inner membrane protein L A 7 of 
B. burgdorferi, indicating that the dye is freely diffusible across 
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Day 8 

F I A s H labeled/ReAsH re-labeled O s p D - 2 x T C 
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F I G U R E 6 | Spirochetes making tetracysteine-tagged O s p D can be labeled with FIAsH and relabeled with ReAsH over time. All samples were imaged by dark field 
and fluorescence microscopy using FITC and Texas Red channels. (A) FIAsH-labeled AOspD-SV-2xTC fluorescence monitored in the FITC channel over time. No 
fluorescence was observed in the Texas Red channel (TxRed). (B) Fluorescence of FIAsH-labeled and heat-killed AOspD-SV-2xTC (control) visualized over time, no 
fluorescence was observed in the Texas Red channel. (C) Fluorescence of AOspD-SV-2xTC spirochetes labeled with FIAsH (monitored in the FITC channel) on Day 0 
and relabeled with ReAsH (monitored in the TxRed channel) at subsequent time points as indicated. All cultures were incubated at 22 °C and analyzed over 8 days. All 
images were acquired using a 1 s exposure for FIAsH and a 2 s exposure for ReAsH . Images have been cropped, are not inverted, and representative of what was 
observed. This experiment was repeated 3 times. 

the intact outer membrane of living spirochetes without the 
need for fixation or permeabilization. Although the membrane 
location of O m p A in L. biflexa has not been definitively verified, 
it is predicted to possess a lipoprotein signal peptide by LipoP 
1.0 (http://www.cbs.dtu.dk/services/LipoP/) and was identified in 
the membrane-associated protein fraction of leptospires (Stewart 
et al., 2016). Further, ompA-TC and la7-TC constructs were 
targeted to their respective endogenous loci, while the ospD-TC 
fusions were expressed in trans from shuttle vectors, indicating 
that single copy (endogenous locus) or multicopy (shuttle vector) 
expression sites are both effective options. 

As with any technique, the FIAsH system has limitations and 
required some optimization. Biarsenical dyes rely on precisely 
spaced and oriented thiol groups to bind and fluoresce. However, 
due to the cellular abundance of protein thiols, non-specific 
binding can occur and occlude proper protein visualization. This 
can be remedied by reducing protein disulfide bonds in the 

cellular environment before labeling with dithiol compounds 
such as 1,4-dithiothreitol (DTT) or 2,3-dimercaptopropanol 
(BAL). Unexpectedly, we noticed that heat-killed, wild-type 
spirochetes will non-specifically bind the FIAsH dye. It does 
not appear to be general autofluorescence of dead spirochetes 
because the fluorescent signal is only detectable in the FITC 
channel, not the Texas Red, or D A P I channels, and requires the 
FIAsH dye. In an attempt to alleviate this issue, we increased the 
D T T levels 10-fold, which lowered fluorescence in both viable 
and dead spirochetes. We speculate that heat-killed spirochetes 
have exposed di-sulfide bonds that are otherwise inaccessible, 
resulting in the observed binding of the biarsenical dye. 

Biarsenical dyes photo-bleach faster than fluorescent proteins, 
and the fluorescent signal of a tetracysteine-tagged protein is 
typically several fold lower than that of a cognate GFP fusion 
(Adams et al., 2002; Crivat et al., 2011). Also, proteins less 
abundant than OmpA, OspD, or L A 7 have not been tested. 
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However, these limitations could potentially be mitigated by 
adding a dual tetracysteine motif to the protein of interest, which 
not only increases signal intensity, but also prolongs fluorescence. 
HeLa cells transiently transfected with a tetracysteine motif 
on a-tubulin indicated a positive linear relationship between 
additional tetracysteine tags and fluorescence intensity (Van 
Engelenburg et al., 2010). Our results with OspD-TC in 
B. burgdorferi agree with this finding. 

We also noted loss of fluorescence within 24 h when F l A s H -
labeled spirochetes were cultured at 35°C, presumably due to 
cell growth and division, where segregation of labeled protein 
to daughter cells combined with synthesis of new protein leads 
to dilution of the signal on individual bacteria. We are not 
aware of similar studies examining the duration of fluorescent 
protein fusions in B. burgdorferi as a comparator. However, when 
grown at 22°C, B. burgdorferi replication is significantly slower 
and fluorescence could be monitored over a longer time frame. 
At this temperature, we were able to follow FIAsH dye-stained 
OspD on the surface of B. burgdorferi for 8 days, albeit with 
diminishing signal. Re-labeling assays (using the red-variant, 
ReAsH) indicated that there was very little OspD available to re­
label at the onset of the experiment, suggesting that the initial dye 
labeling was highly efficient. With time, OspD protein became 
available for re-labeling and we observed increased fluorescence 
with ReAsH. This is in contrast to spirochetes that were heat-
killed and do not lose fluorescence over time. Together, this 
would suggest that the decrease in FIAsH fluorescence with time 
in culture is not due to diffusion of the dye into the media, but to 
cell division and new protein synthesis, leading to dilution of the 
labeled protein in the daughter cells. However, another possible 
explanation for loss of fluorescence could be due to shedding of 
labeled protein into the media via membrane bound vesicles, or 
active release by an undefined mechanism. 

A significant attribute of the biarsenical dye system is the 
small size of the tetracysteine motif, which does not impede 
critical protein function in vivo. Previous work on L A 7 indicated 
a role in tick acquisition, with upregulation of expression of the 
gene encoding LA7 (bb0365) in feeding ticks (Pal et al., 2008). 
LA7-deficient spirochetes were severely impaired in both tick 
acquisition and transmission. Here, we show that a strain with an 
engineered tetracysteine motif on L A 7 is fully competent in an 
experimental mouse-tick-mouse infectious cycle. No difference 
in the spirochete burden per nymphal tick was observed between 
TC-tagged and W T strains. When subjected to FIAsH assays, 
TC-tagged spirochetes isolated from mouse tissues or ticks 
fluoresced, indicating retention of the tetracysteine motif on 
the protein. A further advantage of TC-tagged spirochetes is 
the ability to directly visualize live spirochetes in dissected tick 
tissues, allowing assessment of target gene expression without 
fixation or culturing. Together, these data demonstrate that 
the gene encoding a TC-tagged protein is stably maintained 
throughout the infectious cycle and that addition of the T C tag 
does not interfere with the function of a protein that is important 
for maintenance in the tick. A n additional benefit of this system 
over other fluorogenic methods includes the freely diffusible 
nature of biarsenical dyes, allowing labeling of sub-surface 
proteins in live spirochetes without fixation or permeabilization. 

We demonstrate that tetracysteine motifs coupled with 
biarsenical dyes are capable of labeling abundant membrane 
proteins in both B. burgdorferi and L. biftexa, and likely can be 
extended to proteins in other cellular locations in these and other 
spirochetes. Compared to their fluorescent protein counterparts, 
the small size of the tetracysteine motifs makes them ideal for 
protein localization and trafficking studies. Genetically encoded 
tetracysteine motifs coupled with biarsenical dyes represent a 
novel molecular tool for studying spirochetes, and can provide 
valuable insights into spirochete morphology, protein-protein 
interactions, and cellular trafficking. 
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The Supplementary Material for this article can be found 
online at: https://www.frontiersin.org/articles/10.3389/fcimb. 
2019.00287/full#supplementary-material 
Supplementary Figure 1 | O s p D and LA7 protein levels in B31 strains. 
(A) Immunoblot analysis using antisera recognizing O s p D (—28 kDa). OspD 
protein levels are comparable in strains transformed with SV-OspDTC and 
SV-OspD2xTC (B) Immunoblot analysis using antisera recognizing LA7 (—22 kDa). 
LA7 protein level is comparable between strains B31 A 3 and A3-LA7TC. (C,D) 
Coomass ie brilliant blue-stained polyacrylamide gel indicating relative protein 
loads of samples used for immunoblots in (A,B), respectively. 
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Supplementary Figure 21 Duration of fluorescence increased by the addition of 
a second tetracysteine motif. Fluorescence of strain A34-SV-OspDTC was 
compared to A34-SV-OspD2xTC over time. Videos were taken with Nikon 
Elements software and data analyzed in Prism. Measurements were taken of three 
spirochetes/strain during the same experiment. Fluorescence represents the 
intensity of spirochetes measured with the Nikon Elements software; time 
measured in seconds (s). 

Supplementary Figure 31 Non-specific binding of FIAsH dye to heat-killed 
spirochetes. A 3 spirochetes that do not contain a tetracysteine motif, but were 
heat killed prior to FIAsH staining, readily take up the dye and fluoresce (1 st row) 
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Optical and electron microscopy techniques can provide important insights 

into the host-pathogen interactions (see Manuscript 4 and 5). However, 

these imaging modalities use lenses that exhibit spherical and chromatic 

aberrations. These defects prevent achieving the theoretical resolution 

limits and hinder the use of light and electron microscopy at the molecular 

level. Single-molecule studies are possible using cryo-electron 

microscopy investigations by means of averaging over a large ensemble of 

electron micrographs but only static images can be achieved. Here in 

Manuscript 6, we have employed atomic force microscopy-based system 

to shed light on the dynamics of the underlying functional mechanisms 

defining the Borrelia-host interactions at the single-molecule level. 

Designing a system that mimics natural environmental signals, which many 

spirochetes face during their infectious cycle, we observed that a subset of 

their surface proteins, particularly DbpA and DbpB, can significantly 

enhance the translational motion of spirochetes in the extracellular matrix 

of the host. We have disentangled the mechanistic details of DbpA/B and 

decorin/laminin interactions and showed that spirochetes are able to 

leverage a wide variety of adherence-based strategies through force-tuning 

transient molecular binding to extracellular matrix components, which 

concertedly enhance spirochetal dissemination through the host. 
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B acterial adhesins are cell-surface components that facilitate 
adhesion to other cells or surfaces. The conventional 
viewpoint on adhesins is that they determine bacterial 

attachment and enable them to resist physical removal by shear 
stress caused by hydrodynamic shear forces1. To maximize their 
contact with the environment, adhesins are often present on 
outward hairlike structures such as pi l i and fimbriae. Spirochetes 
do not possess such external structures. Additionally, spirochetes 
differ from most other motile pathogenic bacteria in that the 
spirochetes miss external appendages that are commonly required 
for bacterial motility. The unique corkscrew rotational movement 
is generated by periplasmic flagella hidden beneath the outer 
membrane, which allows them to swim in highly viscous, gel-like 
media that slow down or stop most bacteria with external 
flagella2. 

A typical representative of pathogenic spirochetes, Borrelia 
burgdorferi, expresses several adhesins that enable contact with its 
vertebrate hosts 3. Decorin-binding proteins (DbpA and DbpB) 
and fibronectin-binding proteins BBK32 and RevA belong to 
the most recognized and functionally better characterized adhe-
sins 4~ 6 . D b p A and DbpB mutants show significant attenuation in 
mice, particularly early in infection 7. Disruption of dbpA and 
dbpB decrease recovery of spirochetes from tissues distant to the 
inoculation site 8. Similarly, revA-deficient spirochetes disseminate 
significantly less to distal organs 9. BBK32 mutant exhibits a 
decrease in mice colonization and a delay i n dissemination when 
compared to the parental s train 1 0 . 

The common denominator, for all four adhesins in the context 
of infection, is delayed dissemination and colonization, particu­
larly of distal tissues. Un t i l now, the reason for this remains 
largely obscure as it was differently attributed to the effects of 
acquired immunity 7 , innate immunity 8 , or the inability to adhere 
properly to host E C M components 8 ' 1 0 . Surprisingly, relating the 
dynamic-binding properties of adhesins to borrelial motility or 
propagation within the host has never been attempted, possibly 
due to the absence of a quantitative assay that would allow to 
reliably mimic the movement of the spirochete through the host 
tissues. The goal here was to pursue the assumption that adhesins 
not only provide stationary attachments alone but also tem­
porarily enhance the movement of the spirochetes. 

Results 
Adhesin expression does not enhance motility in standard 
in vitro assays. We set out to study the potential influence of 
selected adhesins on borrelial motility by generating three Bor­
relia adhesin expression mutants. The revA and bbk32 genes were 
inserted into the shuttle vector pBSV2 and transformed into 
adhesin-less B. burgdorferi B313 to generate B313/RevA and 
B313/BBK32. B313/DbpAB has been tested already elsewhere6. 
Immunoblotting of bacterial lysates with antiserum raised against 
recombinant DbpA, RevA, or BBK32 revealed that all adhesin 
expression mutants produced the respective proteins. The pre­
sence of D b p A and DbpB on the surface of B313/DbpAB was 
shown earlier 6, and corroborated i n this study using a proteinase 
K (PK) assay. W i t h the same strategy, the surface localization of 
RevA and BBK32 in B313/RevA and B313/BBK32, respectively, 
was confirmed (Fig. la). 

Plate assays are commonly utilized to quantitatively examine 
bacterial motility on agar plates based on circular turbid zones 
formed by spirochetes migrating away from the point of cell 
seeding 1 1 . To estimate the effect of adhesin expression on 
borrelial motility, two standard experimental approaches to 
characterize the undirected movement were performed. Both 
growth assay (Fig. lb) and swarm motility assay (Fig. lc) showed 
that motility of all adhesin expression mutants (B313/DbpAB, 

2 

B313/RevA, B313/BBK32) was not significantly altered compared 
to the parental wild-type cells, and compared to each other. These 
data show that the adhesins expression does not enhance 
undirected motility in standard i n vitro conditions. 

Spirochetal motility is enhanced in near-natural conditions by 
DbpA/B. The standard methods that are used in studying the 
specific gene effects on borrelial motility are solely in vitro stu­
dies, lacking the vast majority of components and environmental 
signals which the spirochete faces during its infectious cycle. To 
bridge the gap between controllable in vitro motility assays and 
the natural environments that B. burgdorferi encounters, we 
designed a feeding setup mimicking the natural tick feeding on an 
infected host by using a natural E C M analog (Fig. 2a-c). This 
system allows us to imitate the migration of Borrelia in a host at 
the time of spirochete acquisition by a tick and reliably assess and 
quantify the effects of adhesin expression on borrelial motility. 
Tick feeding was induced by placing Ixodes ricinus ticks on fresh 
rabbit blood for 24 h (Fig. 2a). This time period ensured stable 
tick feeding as an attachment in membrane-feeding systems is 
often delayed compared to attachment onto hosts. Next, the 
spirochetes were embedded in the E C M matrix and overlaid with 
rabbit serum (RS) (Fig. 2b). As the primary goal of this study was 
to estimate the effect of adhesins solely on the translational 
movement of Borrelia i n the E C M matrix, inactivated RS was 
used instead of blood during next feeding stages. Blood is known 
to contain many components with adverse effects on the spir­
ochetes that could reduce their vitali ty/motil i ty 1 2 . Moreover, I. 
ricinus is known to feed well on blood serum 1 3 . 

Ticks were allowed to feed and samples of RS were collected in 
duplicates at 1-h intervals, for a total of 4 h (Fig. 2c). Intriguingly, 
we observed that the surface presence of two studied borrelial 
adhesins, D b p A B and BBK32 from B. afzelii A91, increase 
significantly the number of spirochetes i n RS and, therefore, the 
motility of the bacteria, as evidenced by quantitative P C R 
(Fig. 2d). Spirochete burdens of B313/DbpAB in RS were 
significantly higher (approximately 3 times) than control group 
B313/pBSV2 already at 1 hr after spirochete placement, indicating 
the immediate effect of D b p A B on spirochete motility. Presence 
of BBK32 also significantly enhanced the motility but the effect 
was not as strong as of D b p A B . RevA had no significant effect on 
borrelial motility. To determine whether the enhanced transla­
tional motion of spirochetes is caused due to certain specific 
D b p A B - E C M interactions or just due to the sheer presence of 
DbpAB, an inhibition experiment was performed. Blocking the 
availability of D b p A B by soluble decorin resulted i n a significant 
reduction of motility in B313/DbpAB (Fig. 2e) and B. afzelii A91 
(positive control; Fig. 2f) but not in DbpAB-less B313/pBSV2 
(negative control; Fig. 2g). Together, these data show that the 
enhancement of borrelial motility is caused by certain D b p A B -
E C M interactions. 

DbpA/B show stronger interaction with decorin than with 
laminin in single-molecule bond analysis. Borrelial adhesins are 
known to bind to multiple E C M ligands 1 4 . Therefore, we first 
confirmed that D b p A and DbpB interact and bind components of 
the E C M gel (Supplementary Fig. la). Further, adherence to a 
number of highly abundant components of the E C M (laminin, 
fibronectin, collagen, and decorin) was tested using microtiter 
plate assay, revealing that the Dbps showed efficient binding to 
decorin and laminin (Supplementary Fig. lb) . To investigate the 
underlying interaction characteristics of D b p A and DbpB with 
decorin and laminin as representatives of the E C M components 
in detail, we utilized the single-molecule force spectroscopy 
(SMFS) t echn ique 1 5 - 1 8 , based on the wide use of atomic force 
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microscopy ( A F M ) in m i c r o b i o l o g y 1 9 - 2 3 . SMFS directly measures 
dissociation forces by mechanically pulling on molecular inter­
action bonds. Borrelial surface proteins were conjugated to A F M 
tips and E C M analogs to surfaces, respectively, via a 6 n m long 
flexible P E G linker (Fig. 3a) to equip the molecules with sufficient 
motional freedom for unconstrained specific binding. We per­
formed consecutive force-distance cycles, during which an A F M 
tip carrying a borrelial surface protein (DbpA, DbpB) was 
brought into contact with a surface coated with E C M analogs 
(decorin, laminin) so that a borrelial surface pro te in /ECM bond 
was eventually formed. F rom subsequently retracting the A F M tip 
from the surface and pulling on the bond with defined speed, the 
molecular bond was broken at a characteristic measurable dis­
sociation force (Fig. 3b). In force distributions derived from the 
collection of dissociation forces (Fig. 3c), we found that binding 
of D b p A was stronger to decorin than to laminin. DbpB showed 
larger dissociation forces with decorin than with laminin as well. 
The superior binding capacity of Dbps to decorin was also evi­
denced from the binding activity: the binding probability values 
were generally larger for decorin than for laminin binding (Inset, 
Fig. 3c). 

To decipher molecular dynamic and structural features of the 
D b p s / E C M bonds, we extended our SMFS studies to dynamic 
force spectroscopy (DFS) experiments and varied the pulling 
speed. Dissociation forces were measured and individually plotted 
vs. their force loading rates (equal to pulling velocity times 
effective spring constant) (Supplementary Fig. 2). In line with 
Evan's theory that a single energy barrier is crossed in the 

thermally activated regime, a linear rise of the dissociation force 
with respect to a logarithmically increasing loading rate was 
found (Fig. 3d). Averaging the data fits using the equation of Bell 
and E v a n s 2 4 ' 2 5 (Fig. 3d), yielded the kinetic off-rate constant 
(Ko(() extrapolated to zero-force and the length of the force-
driven dissociation path (Xp) for Dbps binding to decorin and 
laminin, respectively (see Table 1). Although more sophisticated 
models are available for complex interactions, the single energy 
barrier m o d e l 2 4 ' 2 5 fitted well with our data. Xp was similar for all 
interactions, indicating comparable dissociation lengths during 
force-induced bond breakages. In contrast, KoS values showed 
pronounced differences. To account for the temporal stabilities of 
the bonds, we calculated average bond lifetimes, T, directly from 
the kinetic off-rates, X o f f , using the relation T = l/Ko(( (eq. 1) 
(Table 1). The lifetime of the DbpB/decorin bond (0.9 s) was 
slightly larger than that of DbpB/laminin (0.6 s). DbpA/decorin 
(25.6 s) complexes, however, were strikingly more stable when 
compared to DbpA/ lamin in (2.3 s), in line with the ultimately 
higher dissociation forces required to disrupt this strong bond 
(Fig. 3c, d). 

DbpA/B has faster association kinetics with decorin than with 
laminin. It should be noted that the Bell-Evans model underlies 
the assumption of a single sharp and force-independent barrier 
transversed i n the energy landscape along the force-driven bond-
dissociation pathway. Thereby, Kaff and Xp, derived from fitting 
the DFS data, characterize the height and the width of the energy 
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r e s to re the m o t i l i t y to the leve l of t he i n f e c t i o u s s t r a i n 8. afzelii A 9 1 . p B S V 2 — f i . burgdorferi B313 c a r r y i n g e m p t y s h u t t l e v e c t o r w a s u s e d a s the c o n t r o l . 
Resu l t s a re e x p r e s s e d as a r i t h m e t i c m e a n a n d w e r e c o m p a r e d by o n e - w a y A N O V A w i t h T u k e y post hoc t e s t w i t h p B S V 2 as a c o n t r o l c o l u m n . E r ro r bars , 
s t a n d a r d d e v i a t i o n of fou r e x p e r i m e n t s . * P < 0 . 0 5 ; * * P < 0 . 0 1 ; * * * P < 0 . 0 0 1 . T h e d a t a s h o w e d tha t D b p A B has the m o s t p r o n o u n c e d e f f e c t o n bor re l i a l 
mo t i l i t y in E C M . e -g T o d e t e r m i n e t he e f fec t of D b p A B - E C M i n t e r a c t i o n s o n the t r a n s l a t i o n a l m o t i o n of s p i r o c h e t e s , t he D b p A B s i t e s w e r e b l o c k e d by 
b i n d i n g to s o l u b l e d e c o r i n . T h e r e s u l t s of t he i n h i b i t i o n a s s a y s s h o w tha t m o t i l i t y is s i g n i f i c a n t l y h a m p e r e d in B 3 1 3 / D b p A B (e) a n d c o n t r o l D b p A B -
e x p r e s s i n g w i l d - t y p e B. afzelii A 9 1 (f), m a r k i n g the i m p o r t a n c e D b p A B - E C M i n t e r a c t i o n s fo r bor re l i a l m o t i l i t y . In the c o n t r o l e x p e r i m e n t , fi. burgdorferi B313 
w i t h e m p t y shu t t l e v e c t o r p B S V 2 w a s no t s i gn i f i c an t l y a f f e c t e d by s o l u b l e d e c o r i n (g). Resu l t s are e x p r e s s e d as a r i t h m e t i c m e a n a n d w e r e c o m p a r e d by 
u n p a i r e d S t u d e n t ' s t t es t . E r ro r ba r s , s t a n d a r d d e v i a t i o n of th ree e x p e r i m e n t s . * P < 0 . 0 5 ; * * P < 0 . 0 1 ; ns no t s t a t i s t i c a l l y s i gn i f i c an t . 

barrier, respectively. Kinetic off-rate constants determined from 
ensemble average methods such as SPR and Q C M 2 6 ' 2 7 , however, 
may deviate from DFS values, i f a different energy well is pro­
minent when no force is applied. 

To investigate the binding dynamics with a different approach, 
we varied the time i n which D b p s / E C M bonds may form during 
force-distance cycles (denoted as dwell time) and monitored the 
binding probability. Arising from the molecular flexibility 
provided by the P E G linker, bond formation may occur within 
a range of about 10 n m (length of the coiled linkers plus attached 
molecules) above the surface and during tip-surface contact 
(about 25 nm, see the linear slope in the force curves of Fig. 3b) 

4 

for both the approaching and retracting part. Thus, the dwell time 
t is given by the overall sum of these lengths divided by the 
vertical scanning speed of the tip. Initially, the binding probability 
increased with the dwell time for all D b p s / E C M combinations 
(Fig. 3e, f). From this well-known behavior, the kinetic on-rate 
constant KOB was retrieved, by approximating with pseudo first-
order kinetics according to dP(f ) /df = Kon • C e f f ( l — P(t)) (eq. 
2)27,28 The e f f e c t i ve concentration C^g is the number of binding 
partners, i.e., effectively one Dbps molecule on the tip, within the 
effective volume V^s accessible for free equilibrium interaction. 
Ve f f can be described as a half-sphere with radius r^g, with the 
latter being the sum of the equilibrium crosslinker length (3 nm) 
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Fig. 3 Single molecular D b p s / E C M bond analysis reveals force-tuned dissociation paths, a S c h e m e of the i m m o b i l i z a t i o n s t r a t e g y of d e c o r i n b i n d i n g 
p r o t e i n c o u p l e d to a n a m i n o - f u n c t i o n a l i z e d A F M t ip e n d v i a a h e t e r o b i f u n c t i o n a l P E G l inker , a n d a t t a c h m e n t of e x t r a c e l l u l a r m a t r i x p r o t e i n o n t o a s i l i c o n 
s u b s t r a t e , b t y p i c a l f o r c e - d i s t a n c e c u r v e s o b t a i n e d by S M F S , f r o m w h i c h t he d i s s o c i a t i o n f o r c e s ( v i s ib l e as s p i k e at a b o u t 5 0 - 1 5 0 n m d i s t a n c e ) of i nd i v i dua l 
D b p s / E C M b o n d s w e r e m e a s u r e d . D i s s o c i a t i o n o c c u r r e d at d i f f e r en t d i s t a n c e s , r e f l e c t i n g v a r i ab l e s t r e t c h i n g l e n g t h s of d e c o r i n o r l a m i n i n . c Force 
d i s t r i b u t i o n s d e p i c t e d as e x p e r i m e n t a l p r o b a b i l i t y d e n s i t y f u n c t i o n s ( P D F s ) w e r e c o n s t r u c t e d f r o m a d d i n g d i s s o c i a t i o n f o r c e s r e p r e s e n t e d by G a u s s i a n s of 
un i t a r y a r e a w i t h w i d t h s c r e p r e s e n t i n g t he m e a s u r e m e n t no i s e ( c an t i l e ve r t h e r m a l f l u c t u a t i o n ) . For e a c h P D F at l eas t 1 0 0 0 fo r ce m e a s u r e m e n t s w e r e 
r e c o r d e d at a r e t r a c t i o n v e l o c i t y of 1 0 0 0 n m / s . P D F s a re e q u i v a l e n t s to c o n t i n u o s h i s t o g r a m s w i t h t he i r m a x i m a b e i n g the m o s t p r o b a b l e d i s s o c i a t i o n 
f o r c e s ( s ee i n d i c a t e d n u m b e r s in g r a p h ) the i r u n c e r t a i n t i e s ( w i d t h s ) r e f l e c t i n g the s t o c h a s t i c na tu r e of the d i s s o c i a t i o n p r o c e s s . Inset. B i n d i n g p robab i l i t i e s 
( f r o m n = 5 0 0 0 f o r c e - d i s t a n c e c y c l e s f o r e a c h c o n d i t i o n , 3-5 d i f f e r en t t i p s ) , c a l c u l a t e d as p e r c e n t a g e s of f o r c e - d i s t a n c e c y c l e s m o n i t o r i n g d i s s o c i a t i o n 
f o r c e s o u t of t he ove r a l l f o r c e - d i s t a n c e c y c l e s p e r f o r m e d , d e t e r m i n e d at a t i p-su r f ace d w e l l t i m e of - 0 . 0 5 s. A f t e r a d d i t i o n of b l o c k i n g a g e n t s ( D b p s ) in to 
t he b a t h s o l u t i o n , the b i n d i n g p r o b a b i l i t y d r a m a t i c a l l y d e c r e a s e d to a r o u n d 5 % , e v i d e n c i n g tha t b i n d i n g w a s of s p e c i f i c n a tu r e , d d i s s o c i a t i o n f o r c e vs . f o r ce 
l o a d i n g rate fo r s i ng l e D b p s / E C M b o n d s , i.e., D b p A / d e c o r i n , D b p B / d e c o r i n , D b p A / l a m i n i n , D b p B / l a m i n i n . A m a x i m u m l i k e l i h o o d a p p r o a c h w a s u s e d to fit 
t he d a t a a n d to e x t r a c t t he k i ne t i c of f-rate c o n s t a n t (Kon) a n d the l e n g t h of the d i s s o c i a t i o n p a t h (Xp) ( s ee T a b l e 1), u s i n g the e q u a t i o n of Bell a n d 
E v a n s 2 4 ' 2 5 ( o r i g i na l d a t a a n d f i ts a re s h o w n in S u p p l e m e n t a r y F ig. 2 ) , e, f b i n d i n g p r o b a b i l i t y a s s a y ( B P A ) . D b p s / E C M b o n d f o r m a t i o n as a f u n c t i o n of the 
d w e l l t i m e , e D b p A / d e c o r i n a n d D b p B / d e c o r i n , f D b p A / l a m i n i n a n d D b p B / l a m i n i n . 

Table 1 Quantification of obtained parameters with dynamic 
force spectroscopy (DFS) and binding probability assay 
(BPA) methods. 

DbpA-
decorin 

DbpB-
decorin 

DbpA-
laminin 

DbpB-
laminin 

X„ [A] 
t [s] 
Kon [ I V r t 

ť [s] 
KD [mM] = K'JK^ 

0 . 0 3 9 ± 0 . 0 3 
4 . 5 6 ± 0 . 3 7 
25 .6 
5.7 x 1 0 4 

1.3 
0.7 
0 .023 
( 0 . 0 0 0 7 ) 

1.1 ±0 .15 
4 . 2 9 ± 0.3 
0.91 
3.6 x 1 0 4 

0.35 
2 . 8 4 4 
0 . 0 0 9 
( 0 . 0 0 3 ) 

0 . 4 3 6 ± 0 . 1 9 
4 .53 ± 0.51 
2.29 
1.7 x 1 0 4 

0.82 
1.22 
0 . 0 4 8 
( 0 . 0 2 5 4 ) 

1.77 ± 0 . 3 9 
3.43 ± 0 . 0 6 
0 .56 
4.1 x l O 3 

and the size of the proteins involved i n binding (7 nm). In 
contrast to our earlier work, where the binding probability went 
into saturation over t ime 2 7 , we here observed a quasi-exponential 
decrease after a local maximum had been reached (Fig. 3e, f). A 
similar behavior was also observed for the adhesion of P-selectin 
to P-selectin glycoprotein-1 2 9 , which was interpreted to bear 
force-dependent rate constants that are important for supporting 
physiological leukocyte rolling. The decay of the binding 
probability with time comes from successive dissociation of Dbps 

from E C M , before the force detection l imit of our SMFS 
experiments (about 5 pN) in the retraction part of the force-
distance cycles has been reached 2 9 . Taking the unforced 
dissociation rate, Koff, during this time into account, the overall 
biomolecular D b p s / E C M reaction kinetics is given by the 
differential equation AP{t)/At = Kon • C e f f ( l - P(t)) - KoffP(t) 

(eq. 3 ) 2 9 . 
A s a result of the binding probability assay (BPA) (Fig. 3e, f), 

data fitting using the above equation yielded a kinetic on-rate 
( K o n ) of DbpA/decorin binding of 5.7 x 1 0 4 M - 1 s _ 1 . This value 
was slightly larger when compared to DbpB/decorin, but 
considerably exceeded the binding rates of Dbps to laminin 
(Table 1). The kinetic off-rates, K'o((, arising from the decaying 
part of the binding probability time course P(t) (Fig. 3e, f), were 
transformed into average bond lifetimes measured at zero-force, 
T 7 , using T' = l/K'oS (eq. 4) (Table 1). For the DbpA/decorin 
bond, r1 taken from this analysis (0.7 s) was dramatically shorter 
(~35x) than T determined from DFS experiments. This indicates 
that the bond becomes greatly stabilized under force load. A 
similar effect, but much less pronounced, was observed for D b p A / 
laminin, whereas the behavior for DbpB/decorin (Table 1) was 
reversed. K a g for DbpB/laminin was very slow under equilibrium 
conditions, as P(t) did not show any decay within the 
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measurement time (Fig. 3f). The macroscopic thermodynamic 
equilibrium dissociation constants KD were measured using an 
extended microtiter plate assay method and Scatchard plot 
analysis (Supplementary Fig. 3). By comparing the KD values 
carried out with B P A and microtiter plate assay at varying 
concentrations, we found that both techniques show similar 
affinity values in the u.M range, and that DbpB/decorin shows a 
slightly higher affinity than DbpA/decorin. F rom our results it is 
quite evident that dissociation of the D b p s / E C M complexes in 
solution do not follow the same dissociation path as when a force 
is applied to the bonds. The considerably longer bond life time of 
DbpA/decorin in SMFS experiments clearly indicates that a much 
higher dissociation energy barrier is involved when the bond is 
force-loaded. Strikingly different is the behavior of the DbpB/ 
laminin bond, which is governed by a much lower barrier under 
force than at equilibrium. 

Discussion 
During its infectious cycle, B. burgdorferi migrates through dif­
ferent shear stress environments. After tick transmission, the 
spirochete interacts with the cells l ining the vascular lumen (high 
shear stress), traverses through the vessel wall (low shear stress), 
and finally infects target tissues (variable/low shear stress). 
Thereafter, when a new naive tick starts feeding on an infected 
host, the spirochete migrates "tick-wards" through the E C M 
(variable/low shear stress). Whereas some of the molecular 
interactions that enable efficient dissemination in high shear 
stress areas have been descr ibed 3 0 ' 3 1 , the effects of adhesins on 
spirochetal motility i n low shear stress niches are unknown. 

As shown by others 3 2 , spirochetes are able to adopt distinct 
motility states and transition between them in the E C M as they 
disseminate within the host. Our results reveal that a possible 
strategy how spirochetes coordinate the transition between these 
motility states, is by forming various bonds of different 
mechanical properties that are tuned by external forces. The 
increased stability of DbpA/decorin when force-loaded is tailored 
for spirochetes to withstand shear stress, thereby facilitating 
dissemination within vascular endothelia in blood vessels. Similar 
bond behavior has been reported to be involved in cellular 
adhesion, including BBK32 of B. burgdorferi30,31, selectin-
mediated b ind ing 2 9 , or ClfA-fibrinogen interaction 3 3 . In the 
milieu with absence of significant shear stress, these binding 
interactions appear to be responsible for the "wriggling" and 
"lunging" motility states that Borrelia establishes for instance 
during colonization of the mouse dermis 3 2 . O n the other hand, 
some of the bonds (as the most striking DbpB/laminin) are better 
adapted to mediate long-term stationary adhesions in equilibrium 
and short-term binding under force. This allows the spirochetes 
to detach easily underflow or during their rotatory movement. 

Although certain binding interactions might prevail at a certain 
motility state, the differing kinetics between the D b p A / B proteins 
and the various components of the E C M need to work together 
synchronously as a single strategy to enhance motility through 
the E C M . It is not probable that spirochetes could actively 
influence which E C M components they wil l bind to and therefore 
the overall net effect of all interactions has to be translocation-
enhancing. Additionally, D b p A and DbpB are not known to be 
downregulated at any phase of mammalian infection, as opposed 
to other infection-associated borrelial surface proteins such OspC 
or V l s E 3 4 , therefore it is not probable that some binding inter­
actions are suppressed at any infection stage. 

High torque generated by the flagellar motor is the essential 
player in generating the force needed for spirochetes to migrate 3 5 . 
However, to be able to squeeze through dense, gel-like matrices 
with pore sizes much smaller than the diameter of their body, 

6 

spirochetes need to form transientiy stable interactions that 
facilitate pushing against the adjacent surface 3 2. We show that 
D b p A / B are multifunctional proteins, which through binding 
either directly to E C M proteins or their associated glycosami-
noglycans side chains 3 6 , are capable to propel and coordinate the 
movement within the E C M . The relatively weak forces between 
D b p A / B and E C M , when compared with higher binding forces 
of adhesins in nonmotile pathogenic b a c t e r i a 3 7 - 3 9 , suggest that 
the spirochetes maintain a very dynamic state in an infected 
h o s t 3 0 - 3 2 . Together, these interactions help spirochetes to reach 
extraordinary high speeds 4 0, which enable them to colonize a host 
and to avoid clearance by the immune system of a host more 
efficiendy. As it is known that bacteria are able to sense and 
respond to physical stimuli to optimize their function and overall 
fitness 4 1, an attractive target of future studies could be to find out 
whether mechanical stress, experienced by spirochetes for 
instance as they penetrate the tight gel matrices, leads to upre-
gulation of proteins such as D b p A / B . 

In summary, we showed that spirochetes, despite a limited 
number of adhesive molecules, are able to leverage a wide variety 
of adhesion strategies in order to streamline their dissemination 
through the host. This unique mode of motility enhancement in 
low shear stress environment exploiting transient binding of the 
spirochete to adjacent surfaces might be common for many 
pathogenic organisms that are able to effectively migrate through 
dense, gel-like matr ices 4 2 ' 4 3 . 

Methods 
Ethics statement. A l l t ick and a n i m a l experiments were approved by the B C 
A S C R a n i m a l ethical commit tee ( A n i m a l protec t ion laws o f the C z e c h Republ ic 
N o . 246/1992 Sb., Ethics approval N o . 79/2013). A l l experiments were performed 
i n accordance wi th relevant guidelines and regulations. 

Bacterial strains and culture conditions. E. coli strains D H 5 a ( N E B ) , N E B 
Express Iq ( N E B ) and M 1 5 [pREP4] (Qiagen) were g r o w n wi th aerat ion i n 
Lysogeny b ro th at 37 ° C under ant ibiot ic selection w i th a m p i c i l l i n (100 ug /mL) o r 
k a n a m y c i n (50 u g / m L ) , where appropriate. 

Recombinan t B. burgdorferi B313 strains ( B 3 1 3 / D b p A B , B 3 1 3 / B B K 3 2 , B313 / 
R e v A ) expressing D b p A and D b p B , B B K 3 2 , and R e v A o f B. afzelii A 9 1 were used 
i n this study. B 3 1 3 / D b p A B together w i th the con t ro l s t rain con ta in ing empty 
shuttle vector p B S V 2 ( B 3 1 3 / p B S V 2 ) were prepared elsewhere 6 . These isolates 
together w i th B. burgdorferi B 3 1 , B. burgdorferi B313, and B. afzelii A 9 1 were 
cul tured i n B a r b o u r - S t o e n n e r - K e l l y ( B S K ) - H m e d i u m (S igma-Ald r i ch ) at 34 °C. 

Generation of recombinant DbpA, DbpB, RevA, and BBK32 proteins. T o 
generate recombinant hist idine-tagged R e v A and B B K 3 2 proteins, the revA and 
bbk32 open reading frames l ack ing the putative signal sequences f rom B. afzelii 
A 9 1 were ampl i f ied us ing the pr imers described i n Supplementary Table 1. 
A m p l i f i e d fragments were engineered to encode a B a m H I site at the 5' end and a 
H i n d l l l site at the 3 ' end. A m p l i f i e d D N A fragments were inserted into T A c lon ing 
vector p G E M - T Easy (Promega). T h e resul t ing plasmids were then digested w i th 
B a m H I and H i n d l l l to release the genes, w h i c h were then inserted into the p Q E 3 0 
(Qiagen) predigested w i th B a m H I and H i n d l l l . T h e resul t ing plasmids were 
t ransformed into E. coli N E B Express Iq ( N E B ) and the p l a s m i d inserts were 
sequenced. T h e cons t ruc t ion o f recombinant strains E. coli M 1 5 expressing D b p A 
and D b p B f rom B. afzelii A 9 1 is described e l sewhere 4 4 . 

Large cultures were induced wi th the use o f i sop ropy l / ? - D - l -
thiogalactopyranoside (final concentra t ion, 0.5 m M ) and lysed by sonicat ion. 
Recombinan t soluble proteins were harvested and pur i f ied under native condi t ions 
us ing P ro t ino N i - N T A Agarose (Macherey-Nagel ) . B o u n d proteins were eluted 
wi th 250 m M imidazole i n T R I S buffer (50 m M , p H 8, 300 m M N a C l ) . The 
proteins were washed, desalted, and concentrated i n A m i c o n Ul t ra -15 3000 
M W C O ( M e r c k M i l l i p o r e ) . Pu r i ty was checked us ing S D S - P A G E and protein 
concentrat ions were measured us ing Bradford assay. 

Immunization of rabbit with DbpA, DbpB, RevA, and BBK32. Female N e w 
Zealand white rabbits (Velaz, C z e c h Republ ic ) were i m m u n i z e d by inject ion sub-
cutaneously w i th 100 ug recombinan t D b p A or D b p B f rom B. afzelii A 9 1 i n T R I S 
buffer (1:1) w i th complete Freund 's adjuvant ( S i g m a - A l d r i c h ) . The rabbit received 
two boosts o f 100 ug recombinant D b p A or D b p B i n T R I S buffer (1:1) w i t h 
incomplete Freund ' s adjuvant ( S i g m a - A l d r i c h ) at 14-day intervals. O n e week after 
the f inal boost, the rabbit was bled to obta in serum. T h e serum was tested qua l i ­
tatively b y Wes te rn b lo t t ing to determine the specificity o f the ant iserum for D b p A 
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and D b p B against recombinant D b p A pro te in and B. burgdorferi lysates. Briefly, 
proteins were separated b y SDS-po lyac ry lamide gel electrophoresis and transferred 
to ni trocellulose. M e m b r a n e s were b locked for 2 h wi th 5% B S A i n TRIS-buffered 
saline w i th 0.05% T w e e n 20 ( T B S - T ) . M e m b r a n e s were washed wi th T B S - T and 
incubated for 2 h at r o o m temperature (RT) w i th D b p A / D b p B antisera d i lu ted 
1:200 i n b l o c k i n g buffer. After washing wi th T B S - T , membranes were incubated for 
1 hr at R T wi th goat anti-rabbit i m m u n o g l o b u l i n G conjugated w i th horseradish 
peroxidase ( H R P ) (Vec tor Laboratories) d i lu ted 1:10,000 i n b l o c k i n g buffer. After a 
final series o f washes w i th T B S - T , b o u n d antibodies were detected by us ing Pierce 
E C L western b lo t t ing chemi luminescence substrate (The rmo Scientific). 

Generation and characterization of B313/BBK32 and B313/RevA T o generate 
the shuttle vectors expressing B B K 3 2 and R e v A proteins, the respective genes w i th 
upstream regions were first P C R ampl i f ied w i th the add i t ion o f a H i n d H I site and a 
B a m H I site at the 5 ' and 3 ' ends, respectively, us ing the pr imers listed i n Sup­
plementary Table 1. A m p l i f i e d D N A fragments were inserted into T A c lon ing 
vector p G E M - T Easy (Promega). The resul t ing plasmids were then digested w i th 
H i n d H I and B a m H I to release the genes, w h i c h were then inserted into the shuttle 
vector p B S V 2 K predigested wi th H i n d H I and B a m H I . 

B. burgdorferi B313 was t ransformed by electroporat ion w i th 40 | i g o f each of 
the shuttle vectors and cul tured i n B S K - H m e d i u m at 34 ° C for 24 h . The 
transformants were selected i n B S K 1 . 5 x semisol id m e d i u m con ta in ing 1.7% 
agarose and 50 u.g/mL k a n a m y c i n at 34 °C for 2 weeks. B. burgdorferi 
transformants were conf i rmed by co lony P C R us ing k a n a m y c i n specific primers. 
The presence o f R e v A / B B K 3 2 was conf i rmed by Wes te rn blot assay us ing sera f rom 
a rabbit i m m u n i z e d wi th recombinant R e v A / B B K 3 2 f rom B. afzelii A 9 1 . 

Surface loca l iza t ion o f the adhesins was performed wi th proteinase K assay 
s imi lar ly as i n the previous s t ud i e s 6 ' 4 5 . Proteinase K was added to the cel l 
suspension at a f inal concent ra t ion o f 100 u.g/mL, incubated at R T for 3 m i n , and 
washed twice w i th P B S before prepar ing the samples for Wes te rn b lo t analyzes. 
An t i - f l age l l in ant ibody (Rockland) (1:5000) w i th anti-rabbit H R P as a secondary 
ant ibody (1:10,000) were used. P ro t e in M a r k e r V I (10-245) prestained 
( A p p l i C h e m ) was used for a l l Wes te rn blots. 

Plate growth and swarm motility assays. F o r growth assay, B S K 1.5x m e d i u m 
for semisol id p la t ing was prepared as described by S a m u e l s 4 6 and 100 spirochetes 
were plated by m i x i n g w i th B S K 1.5x i n a pet r i d i sh . Plates were incubated at 34 °C 
and for 3 weeks i n a m i c r o aerophil ic chamber. C o l o n y images were obta ined i n a 
B i o - R a d C h e m i D o c Imaging System and co lony diameters were measured using 
ImageJ. T h i r t y co lony diameters were measured for each strain. O n e - w a y A N O V A 
test was used to compare the co lony diameters. 

Spirochete cel l mo t i l i t y was de termined by swarm plate assays. S w a r m plates 
were prepared by m i x i n g 50 m L B S K 1.5x m e d i u m , 144 m L Dulbecco ' s Phosphate 
Buffered Saline (PBS), and 60 m L 1.7% agarose. A p p r o x i m a t e l y 1 x 1 0 6 cells i n a 
vo lume o f 5 u L were spotted onto plates. S w a r m plates were incubated at 34 °C and 
for 3 weeks i n a mic roae roph i l i c chamber. Statistical tests were performed as stated 
above for g rowth assay. 

In vitro tick feeding assay. Pathogen-free adult females o f J. ricinus reared i n our 
in-house facility were used for the experiments. The feeding units for membrane 
feeding o f ticks were prepared accord ing to the procedure developed by K r o b e r and 
G u e r i n 4 7 . Rabbi t b l o o d was collected i n the a n i m a l house facil i ty o f the Institute of 
Parasitology, B io logy Center A S C R and manua l ly defibrinated. F o r feeding, 10 ticks 
were placed i n the feeding unit . T o initiate t ick feeding, b l o o d was added into the 
feeding uni t and regularly exchanged at intervals o f 8 h . After 24 h , unattached 
females were removed. T o study the mot i l i t y o f Borrelia, 100 u L o f E C M G e l f rom 
E n g e l b r e t h - H o l m - S w a r m m u r i n e sarcoma ( S i g m a - A l d r i c h , E6909) and 600 u L of 
Borrelia cultures (5 x 1 0 6 cells) were first m i x e d o n ice and then thoroughly m i x e d 
w i th 500 | i L o f 2% low mel t ing point agarose ( S e a P l a q u e ™ , Lonza , 50100) heated 
to 60 ° C and placed into the s ix-wel l cell culture plate ( C o r n i n g Costar) . Once 
solidified, 3.5 m L o f sterile-filtered rabbit serum (Sigma, R4505) was pipetted onto 
the gel-embedded bacteria. The feeding units w i th ticks were submerged into the 
serum and placed i n a water bath heated to 37 °C. Samples o f rabbit serum were 
collected i n duplicates (2 x 200 uL) at 1-hr interval , i n total 4 h . F o r i n h i b i t i o n 
experiments, the spirochetes were preincubated w i th decor in (10 u.g) f rom bovine 
articular cartilage (S igma-Ald r i ch ) at 37 ° C for 30 m i n and the feeding assay was 
done as described above. T h e unpai red Student t test was used to test the statistical 
significance. 

D N A isolation and real-time quantitative PCR. D N A isola t ion f rom rabbit sera 
was performed us ing the N u c l e o s p i n B l o o d ki t as per manufacturer 's instruct ions 
(Macherey-Nagel ) . D N A extracts were examined for B. burgdorferi spirochetes by 
us ing a real- t ime quantitative P C R ( q P C R ) assay w i th Fast Start Un ive r sa l S Y B R 
Green Mas te r K i t (Roche) and p r imers specific for a sect ion o f the 16S r R N A 
gene 4 8 , l isted i n Supplementary Table 1. T o assess spirochete density per sample, a 
standard curve was generated i n log increments ( 1 0 - 1 0 6 ) . T h e numbers o f bor re l ia l 
genomic copies were calculated by com par ing the threshold cycle (CT) values w i th 
the values for serial d i lu t ions o f k n o w n amounts o f B. burgdorferi genomic D N A , 
w h i c h were used as standards. Samples were analyzed us ing a L i g h t C y c l e r 480 

(Roche). The P C R condi t ions were as follows: 95 °C for 5 m i n , fo l lowed by 50 
cycles o f 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s. 

Adhesion of recombinant DbpA and DbpB to E C M gel and E C M components. 
Specific interactions between bor re l ia l adhesins and E C M gel components were 
detected us ing far western b lo t t ing . Briefly, 2 u L o f E C M gel was separated by S D S -
polyacry lamide gel electrophoresis and after b lo t t ing and b l o c k i n g w i th 2.5% B S A , 
recombinant D b p A and D b p B (50 u.g) were added, fol lowed by incuba t ion w i th 
a n t i - H i s T a g - H R P labeled ant ibody ( R & D Systems). 

T h e N u n c M a x i S o r p E L I S A plates ( T h e r m o Scient i f ic) were coated w i t h 1 | ig 
l a m i n i n f r o m h u m a n fibroblasts ( S i g m a - A l d r i c h ) , r e c o m b i n a n t h u m a n col lagen 
T y p e I ( S i g m a - A l d r i c h ) , h u m a n fibronectin ( R & D Systems), o r w i t h deco r in 
f r o m b o v i n e ar t icular cart i lage ( S i g m a - A l d r i c h ) i n 100 | i L / w e l l coa t ing buffer 
( 1 0 0 m M bicarbonate /carbonate buffer [ p H 9.6]) overn igh t at 4 ° C , and b l o c k e d 
w i t h 200 u L o f 2.5% B S A i n T R I S buffer for 1 h at R T . Subsequent ly , the 
respective D b p A (0.5 u.g/well i n 100 | i L T R I S buffer) was added, incuba ted for 1 h 
at R T , a n d washed (wash buffer; T R I S plus 0.05% Tween-20) , fo l lowed b y 
i n c u b a t i o n w i t h a n t i - H i s T a g - H R P (1:10,000) labeled a n t i b o d y i n 50 u L of 
b l o c k i n g buffer for 30 m i n at R T a n d five washes. F i n a l l y , t e t r amethy lbenz id ine 
substrate ( S i g m a - A l d r i c h ) was added . T h e r eac t ion was s topped w i t h 1 M 
sulfuric ac id a n d the absorbance at 450 n m was de t e rmined us ing the Infini te 
200 M P r o mic rop l a t e reader (Tecan) . F o r the extended m i c r o t i t e r plate assay 
m e t h o d we va r i ed the concen t r a t i on o f the l i g a n d a n d fitted the data u s ing a 
Scatchard p lo t b y a p p l y i n g the f o l l o w i n g equa t ion to calculate the d i s soc ia t ion 
constant i C D , B/F= 1/ i C D ( B m a x - B), where B equals the b o u n d molecules a n d F 
the free l i g a n d c o n c e n t r a t i o n 4 9 . 

Conjugation of borrelial surface proteins through histidine residues of His-
tagged protein. A m a l e i m i d e - P o l y (ethylene glycol) ( P E G ) l inker was attached to a 
3-aminopropyl t r ie thoxysi lane ( A P T E S ) - c o a t e d A F M cantilever by incuba t ing the 
cantilevers for 2 h i n 500 u L o f ch lo ro fo rm con ta in ing 1 m g o f m a l e i m i d e - P E G - N -
hydroxysucc in imide ( N H S ) (Polypure) and 30 u.1 o f t r ie thylamine. After three times 
washing w i th ch lo ro fo rm and d ry ing w i th n i t rogen gas, the cantilevers were 
immersed for 2 h i n a mix ture o f 100 u L o f 2 m M t h i o l - t r i s N T A , 2 | i L o f 100 m M 
E D T A ( p H 7.5), 5 u L o f 1 M H E P E S ( p H 7.5), 2 ul o f 100 m M tris(carboxyethyl) 
phosphine ( T C E P ) hydrochlor ide , and 2.5 uX o f 1 M H E P E S ( p H 9.6) buffer, and 
subsequently washed wi th H E P E S buffer. Thereafter, the cantilevers were incubated 
for 4 h i n a mix ture o f 4 u L o f 5 m M N i C l 2 and 100 u L o f 0.2 | i M His- tagged 
borre l ia l surface proteins ( D b p A , D b p B ) . After washing three times w i th H E P E S -
buffer saline ( H B S ) , the cantilevers were store i n H B S at 4 ° C 2 1 . 

Conjugation of extracellular matrix (decorin, laminin) through lysine residues 
to the substrate, l x l c m 2 s i l i con ni t r ide substrates were coated w i th A P T E S , 
before a heterobifunct ional ace ta l -PEG l inker was attached v ia its N H S ester group 
for coup l ing o f decor in f rom bovine art icular cartilage (S igma-Ald r i ch ) or l a m i n i n 
f rom h u m a n fibroblasts (S igma-Ald r i ch ) v i a one o f the lysine residues. The b o n d 
was fixed by reduc t ion w i th N a C N B H 3 . The overa l l procedure was done as 
described be fo re 5 0 . Substrates were washed and stored i n P B S at 4 °C before 
measurements. 

Single-molecule force spectroscopy (SMFS). S M F S measurements were per­
formed at R T us ing bor re l ia l surface prote in conjugated tips w i th 0.01 N / m 
n o m i n a l sp r ing constants ( M S C T , Bruker ) . The deflection sensitivity was calculated 
f rom the slope o f the force-distance curves recorded o n a bare s i l i con substrate. 
Force-distance curves were acquired by record ing at least 1000 curves w i th vertical 
sweep t imes between 0.5 and 10 s and at a z-range o f typical ly 500 n m , resul t ing i n 
load ing rate f rom 100 to 10,000 p N / s , us ing a c o m m e r c i a l A F M (Keysight T e c h ­
nologies, U S A ) . The relat ionship between exper imental ly measured u n b i n d i n g 
forces and the in teract ion potent ial is described by kinet ic m o d e l s 2 4 ' 2 5 . B l o c k i n g of 
a specific in teract ion between bor re l ia l surface pro te in and extracellular mat r ix was 
done by injecting bor re l ia l surface proteins into the bath solut ion, w h i c h resulted i n 
a de-activated E C M o n the surface. A l l S M F S experiments were repeated o n at least 
five different preparat ions o f funct ional ized A F M cantilevers and sample surfaces. 

Statistics and reproducibility. The details about exper imenta l design and statis­
tics used i n different data analyzes performed i n this study are given i n the 
respective sections o f results, figure legends, and methods. A l l A F M experiments 
were performed at least three t imes independent ly. Da ta are presented as mean ± 
standard error o f the mean. The n u m b e r o f experiments, the name o f the statistical 
test, and exact p values are p rov ided i n each figure legend. C o m p a r i s o n s between 
groups were determined us ing Student's t test or A N O V A . Differences were con­
sidered significant at * P < 0 . 0 5 ; * * P < 0 . 0 1 ; * * * p < 0.001. 
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Repor t ing summary. Further information on research design is available i n the Nature 
Research Reporting Summary linked to this article. 

Data availability 
The datasets generated or analyzed during the current study are available from the 
corresponding author on reasonable request. Source data underlying plots shown in 
figures are provided i n Supplementary Data 1. Uncropped scans of Western blots are 
shown i n Supplementary Fig. 4. 
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3.7 Manuscript 7: 

Hejduk, L . , Rathner, P., Strnad, M . , Grubhoffer, L . , Sterba, J., Rego, R. O. 

M . , Mil l ler , N . , Rathner, A . (accepted with minor revisions) Resonance 

assignment and secondary structure of DbpA protein from the European 

species, Borrelia afzelii. Biomol NMR Assign. 

Annotation 

In Manuscript 6, we revealed that DbpA and DbpB from B. afzelii have 

the most pronounced effects on the dissemination and motility of Borrelia 

in the host extracellular matrix. Specifically, we have studied the 

pathogenic dissemination mechanisms at the single-molecular level. As our 

aim is to go even deeper in our understanding of the underlying 

interactions, in Manuscript 7, we have performed backbone and side chain 

resonance assignment, and predicted secondary structure of DbpA from B. 

afzelii by solution N M R spectroscopy. Characterization of backbone 

dynamics is crucial for proper understanding of the key interactions at sub-

molecular level. It allows one to examine the importance of individual 

amino acid residues in DbpA. Structural and dynamics comparison of 

DbpA from various B. burgdorferi sensu lato wi l l help to establish a 

starting point in deciphering exact interaction schemes between DbpA of 

B. afzelii and of other species. This may ultimately help to elucidate the 

species-to-species variation in clinical manifestations of the Lyme disease. 
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Abstract 

Decorin binding proteins (Dbps) mediate attachment of spirochetes in host 
organisms during the early stages of Lyme disease infection. Previously, different 
binding mechanisms of Dbps to glycosaminoglycans have been elucidated for the 
pathogenic species Borrelia burgdorferi sensu stricto and B. afzelii. We are 
investigating various European borrelia spirochetes and their interactions at the 
atomic level using NMR. We report preparative scale recombinant expression of 
uniformly stable isotope enriched B. afzelii DbpA in Escherichia coli, its 
chromatographic purification, and solution N M R assignments of its backbone and 
sidechain 1 H , 1 3 C , and 1 5 N atoms. This data was used to predict secondary structure 
propensity, which we compared to the North American B. burgdorferi sensu 
stricto and European B. garinii DbpA for which solution N M R structures had been 
determined previously. Backbone dynamics of DbpA from B. afzelii were 
elucidated from spin relaxation and heteronuclear NOE experiments. NMR-based 
secondary structure analysis together with the backbone dynamics 
characterization provided a first look into structural differences of B. afzelii DbpA 
compared to the North American species and will serve as the basis for further 
investigation of how these changes affect interactions with host components. 
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Biological context 

Borrelia burgdorferi sensu lato (s.l.) complex of genospecies is the causative 

agent of Lyme disease, the most common tick-borne disease in Europe and North 

America. The Lyme disease manifestation includes tissue tropism related to 

colonisation by particular borrelia genospecies. For instance, B. burgdorferi sensu 

stricto (s.S.) preferentially colonises joints while B. garinii, whose infection leads 

to neuroborreliosis, prefers neural tissues (Wang et al., 1999). The development 

of Lyme disease, primarily during the early phase, proceeds by invasion and 

adhesion of bacteria to different structures in the host organism. The outer surface 

of borrelia is coated with various proteins including adhesins, which mediate 

attachment to cell surface proteins or other molecules in the extracellular matrix. 

Decorin binding proteins (Dbps) are important adhesins exposed on the surface of 

bacteria from the B. burgdorferi s.l. complex. Dbps bind collagen-associated 

protein decorin through glycosaminoglycan (GAG) chain attached to the decorin 

(Fischer et al., 2003). Decorin is a glycoprotein highly abundant in the connective 

tissues associated with collagen fibres. Decorin is modified with various G A G 

chains depending on its presence in different tissues. DbpA and DbpB, two 

homologous Dbps, have been described as important factors for borrelia virulence 
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and host colonization. According to previous research (Shi et al., 2008), 

cooperation of both homologues in binding to decorin is necessary for tissue 

colonisation. DbpA is species variable in its amino acid sequence, whereas DbpB 

is more conserved. The sequence similarity of DbpA across the genospecies is 

above 58 % in contrast to DbpB which lies above 96% (Roberts et al., 1998; Fig. 

3). Based on the sequence identity, DbpA variants also differ in their binding 

affinity to different GAGs attached to decorin (Lin et al., 2014). Combining these 

aspects - tissue tropism of bacteria and structural variability of adhesins including 

Dbps, DbpA-GAG interaction variations are acknowledged to have a considerable 

effect on the pathogenicity of borrelia genospecies. Characterization of DbpA 

from various B. burgdorferi s.l. by solution N M R spectroscopy, i.e. under near-

native conditions will help to establish a starting point in deciphering exact 

interaction schemes between DbpA of B. afzelii and of other species and small 

GAGs which have been studied only in North American borrelia strains so far. 

For comprehensive understanding of these relatively weak interactions assessment 

of the protein backbone dynamics is crucial. 

Methods and Experiments 

Cloning, expression, and purification of DbpA 

The gene coding sequence for DbpA from B. afzelii (strain A91) without the 

transmembrane part of the protein was cloned into pQE30 plasmid, which includes 

the sequence for His6 tag directly attached to N-terminus of the protein. The 

construct was transformed into E. coli M l 5 (pREP4) strain. 20 ml Lysogeny Broth 

(LB) media was inoculated by the cells and grown for 12 h at 37 °C as an overnight 

culture. The culture was used in dilution 1:100 for inoculation of fresh L B medium 

in volume of 250 ml. The cell culture was cultivated at 37 °C with shaking at 200 

rpm and after the optical density (OD 600 nm) reached 0.7, the cells were 

centrifuged at 3000 x g for 30 min. The pelleted cells were resuspended in the 

same volume of M9 minimal media supplemented with 1 5 N (>98%, Cambridge 
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Isotope Laboratories, Inc.) ammonium sulphate (1.5 g/1) and uniformly 1 3 C 

(>99%, Cambridge Isotope Laboratories, Inc.) labelled glucose (2 g/1). The 

temperature was lowered to 25°C, after 1 h the cells were induced by 1 mM IPTG 

and incubated for 18 h at 25 °C with shaking at 200 rpm. The cells were harvested 

and resuspended in 10 ml of buffer A (buffer A: 20 mM Tris, 200 mM NaCl, pH 

7.2; buffer B: 20 mM Tris, 200 mM NaCl, 500 mM imidazole, pH 7.2) with Halt 

Protease inhibitor mix (Thermo Fisher Scientific). Cells were disrupted using 

French press (Stansted Fluid Power Ltd.) at approx. 120 MPa and lysate was 

centrifuged in an ultracentrifuge at 70000 x g for 1 h. The first purification step 

was N i 2 + affinity chromatography performed on 5 ml HisTrap HP column 

(Cytiva). The lysate was directly applied to the column equilibrated with Buffer 

A. Non-specifically bound proteins were washed out by step of 12% buffer B. 

DbpA was received within the gradient elution of 12% - 100% of buffer B. The 

fractions containing DbpA were concentrated by Amicon Ultra 10K filter 

columns. In the second step, the concentrated sample was purified with size 

exclusion chromatography on SuperDex 75 10/300 GL (Cytiva) using a constant 

flow of 0.2 ml/min of running buffer (50 mM K H 2 P 0 4 , 200 mM NaCl, pH 7.2). 

Nuclear magnetic resonance spectroscopy 

A l l N M R experiments were recorded on a 700 MHz Avance III spectrometer with 

an Ascend magnet and TCI cryoprobe (manufactured in 2011 by Bruker). 

Uniformly 1 5 N , 1 3 C labelled DbpA was measured in 20 mM K H 2 P 0 4 , pH 6.0, 10% 

D2O at 470 uM concentration enriched with 1/7 of the sample volume of stock 

solution of Protease cOmplete^ Mini inhibitors cocktail, EDTA free (stock 

solution contained 1 tablet/1.5 ml; Roche). 

To determine the ideal temperature for further measurements, a set of 1 5 N TROSY 

HSQC experiments in thermal gradient was performed at temperatures ranging 

from 288 K to 315 K and back (3 K steps). Best signal-to-noise ratio and peak 

dispersion were observed at 313 K. 
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Spectra recorded for backbone assignment comprised: 1 H , 1 5 N HSQC, 1 H , 1 3 C 

HSQC, 1 5 N TOCSY-HSQC, ^ . " N TROSY-HSQC, HNCO, HNCA, HNHA, 

H N C A C B , CBCA(CO)NH. In addition to mentioned experiments, H(CCO)NH, 

CC(CO)NH, (H)CCH-TOCSY and HCCH-COSY were recorded to assign the 

sidechain atoms. (Sattler et al., 1999; Grzesiek et a l , 1993; Vuister et al., 1993) 

A l l spectra were processed using Topspin 3.6.1 (Bruker). The resonance 

assignment of backbone and side chain resonances of DbpA was accomplished 

manually in C A R A program (Keller, 2004). Secondary structure propensity was 

analysed by online prediction service T A L O S - N based on calculations of 

backbone torsion angles \\i and sidechain torsion angle % from experimentally 

measured chemical shifts (Shen and Bax, 2013). 

Local dynamics was assessed with Ti, T2 and heteronuclear 1 5 N ^H} NOEs 

values. For 1 5 N Tl relaxation times, 2D phase sensitive 1 H , 1 5 N HSQC using 

inversion recovery with PEP (Preservation of Equivalent Pathways) sensitivity 

improvement was recorded using the pulse program hsqctletf3gpsi (inversion 

recovery delays were following: 10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 

900, 1000, 1100 and 1200 ms) (Canavagh et a l , 2007). 1 5 N T 2 relaxation times 

were determined in an analogous way to T, times using a version of the previously 

mentioned 2D experiment specific to T 2 relaxation times, hsqct2etf3gpsi (delays 

of 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 and 120 ms). After 

optimization, relaxation delay parameter (dl) of Is duration was used for both 

experiments. Backbone heteronuclear NOEs were obtained from the phase 

sensitive gradient-enhanced 2D ' H - 1 5 N HSQC using PEP sensitivity improvement 

(hsqcnoef3gpsi pulse program). A l l spectra were processed equally (with the same 

intensity scaling factor) and analyzed in NMRFAM-Sparky (Lee et al., 2015). 
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Extent of assignments and data deposition 

The whole recombinant construct (including the N-terminal His6 tag and linker 

sequence) contains 157 residues from which 135 amino acids were at least 

partially assigned sequence specifically (Fig. 1). Assignments were deposited in 

B M R B under ID 50751. Unassigned remain the His6 tag, GS-linker and 14 

residues from across the protein which makes the total extent of 90.6 % 

assignment of the DbpA sequence (86 % of all amino acids in the construct). We 

have assigned 91.1 % of the backbone, 75.4 % of side chains and 90.7 % of 1 H , 
1 5 N , 1 3 Ca, 1 3 Cb, 1 3 C O , respectively (not taking into account the tag and linker 

residues). From the total of 22 unassigned residues in the protein (14 within the 

original DbpA sequence), 8 were located in 1 5 N HSQC spectra but could not be 

assigned unequivocally due to severe overlap in the center of the 1 5 N HSQC 

spectrum as well as lack of intensity for these systems in 3D spectra (e.g. 1 5 N 

TOCSY HSQC). Systems which were assigned with amino acid type and position 

in sequence also have most of the side chain atoms assigned. 

Results from TALOS-N secondary structure propensity prediction tool reveal that 

the secondary structure profile of European B. afzelii DbpA is generally similar to 

the DbpA solution N M R structures of two borrelia species - B. burgdorferi s.s. 

(North America) and B. garinii (Europe) DbpAs (Fig. 2B, BD). The longest loop 

(res. G38 - G55) of B. afzelii DbpA contains a small approx. one-turn alpha helix 

just like DbpA from B. burgdorferi s.s., whereas in the more sequentially related 

B. garinii DbpA one found a long alpha helix in the same place. The second 

substantial difference we find in the short loop (E85 - G89) region: in B. garinii 

DbpA there is an extended helix while in B. burgdorferi DbpA the disordered 

regions extend from T104 - SI 12. The secondary structure similarity of B. 

burgdorferi s.s. and B. afzelii DbpAs appears to be bigger than the one to B. garinii 

DbpA, although the sequence similarity behaves in the opposite way. These 

structural differences within DbpAs of different borrelia species most likely 

mirror the difference in species specificity for various host tissues. It is also to be 
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expected that these structural characteristics will be responsible for different 

affinities of DbpAs to various G A G chains across borrelia species. 

Sequence specific backbone dynamics of B. afzelii DbpA correlates with TALOS-

N prediction and shows 5 ordered regions corresponding to alpha helical regions 

(Fig. 2C). The most dynamic part of the assigned backbone resonances is the 

longest loop (G38 - G55) which also contains a small helix. A fraction of 32 % of 

dynamic parts was estimated from values of R2/R1 ratios in B. afzelii DbpA 

protein. This is in good agreement with 34 % of dynamic regions found in B. 

burgdorferi s.s. DbpA (PDB: 2MTC; Morgan and Wang, 2015) and slightly 

higher than 24 % of intrinsically disordered parts of B. garinii DbpA (PDB: 

2MTD; Morgan and Wang, 2015). These difference in dynamics are most likely 

linked to differences in binding mechanisms to GAGs. 

In summary, we report the first characterization of DbpA from European B. 

afzelii by solution N M R spectroscopy. Backbone and side chain resonance 

assignments provide a crucial starting point for the comparative study of 

interactions between this DbpA variant and various G A G chains. Secondary 

structure estimates provide important first insight into structural differences 

among DbpA homologues that are most probably linked to their varied 

dissemination strategies. Backbone dynamics (and its changes) can be correlated 

to differential interaction mechanisms between G A G ligands and borrelia DbpA 

variants. 
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sequence. Figure was created using C A R A (Keller, 2004) 
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Fig. 2: Secondary structure propensity and backbone dynamics of DbpA. a: 
Complete amino acid sequence of DbpA from B. afzelii including the N-terminal 
His6tag. b: TALOS-N secondary structure propensity (SSP) of DbpA from 
backbone chemical shifts of all assigned residues. Blue bars represent propensity 
of given amino acid to form alpha helix, no beta sheets were predicted for DbpA. 
Residues with no value shown in the plot were predicted to be random coil. Red 
line indicates random coil index order parameter, c: R2/R1 spin relaxation rates 
ratio for backbone amides of all assigned residues (upper graph) and heteronuclear 
steady state 1 5 N f/H} NOE values for all assigned amino acids (lower graph), d: 
Secondary structures of two DbpA protein homologs from North American 
borrelia are plotted for comparison (DbpA from B. burgdorferi s.s. - PDB ID: 
2MTC; DbpA from B. garinii - PDB ID: 2MTD; both in Morgan and Wang, 
2015). Alignment of all data of DbpA and the secondary structures of other DbpAs 
in this graph is based on their sequential alignment using Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) which can be found in Fig. 3. 
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Fig. 3: Sequence alignment of DbpA from B. afzelii. Comparison of sequences 
of B. afzelii DbpA (1AFZ) with homologous proteins from B. burgdorferi s.s. 
(PDB: 2MTC; Morgan and Wang, 2015) and B. garinii (PDB: 2MTD; Morgan 
and Wang, 2015). 
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4 Conclusion and future perspectives 

The thesis aims to point to and define the status of Borrelia complexity and 

to tackle the resulting issues arising from this matter. The studies have 

focused mainly on the most common European Borrelia species with 

human pathogenic potential and on their virulence-associated proteins, 

especially decorin binding proteins A and B . As nearly all the studies that 

described the biological functions of DbpA and DbpB (and many other 

proteins) have been carried out on North American strains of a single 

species ie., B. burgdorferi s.s., an opportunity was taken to rationalize the 

need to undertake similar studies on European species. Since recent whole-

genome sequences of several European species/strains makes adaptation 

and use of genetic techniques feasible in studying inherent differences 

between them, a manuscript that proposes to perform independent studies 

of genospecies within Europe given the varying genetic content, pathogenic 

potential, and differences in clinical manifestation was prepared [65] 

(Manuscript 3). 

Alongside the question of Borrelia complexity, the central theme of the 

thesis is the application of cutting-edge imaging techniques in spirochete 

research to reveal how structure translates itself into function. Imaging has 

become one of the key tools for the analysis of Borrelia-host/vector 

interactions and it has made a large contribution to our knowledge 

of Borrelia pathogenesis [66]. A significant amount of information about 

the pathogen and its virulence mechanisms can be extracted from the 

equilibrium constants, bands on the gel, or amplification curves, but setting 

these data within a proper context is equally important. Being able to 

visualize the pathogen at a site of interaction with a host brings an 

informative picture on the characteristics of the pathogen, its modes of 

transmission, and mechanisms of infection. 
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The adhesion mechanisms of L D Borrelia were studied using the 

correlative light electron microscopy at the cellular resolution. In order to 

understand the underlying mechanisms and virulence processes at the 

single-molecule and amino acid resolution, atomic force microscopy-based 

single-molecule force spectroscopy and nuclear magnetic resonance, 

respectively, have been utilized to study the Dbps of human pathogenic 

European species. Some of the results, mainly the data on B. afzelii, were 

already published and are part of the thesis. For instance, we have shown 

that DbpA/B can strongly enhance the translational motion of spirochetes 

in the extracellular matrix, enabling the bacteria to relocate faster inside 

their hosts. Thus, we have clearly demonstrated that adhesins not only 

provide stationary/anchoring attachments but might also temporarily 

enhance the movement of the spirochetes. The studies on Dbps of other 

human pathogenic species, especially B. garinii and B. bavariensis, are 

currently in progress but the incomplete results are not disclosed in the 

thesis. Since the motility-enhancing effects were shown on the non­

infectious B313/DbpAB mutants, the next goal is to confirm the data by 

using a fully infectious strain. 

Notably, not only the high gene heterogeneity, but the different surface 

distribution of the DbpA adhesin might be a significant factor responsible 

for the differences in the pathogenicity. In our experiments (unpublished 

data), we have visualized the surface distribution of DbpA in virulent B. 

afzelii A91 and recombinant B. burgdorferi B313/DbpAB, a strain 

complemented with decorin binding proteins from B. afzelii A91 using 

DbpA-specific antibodies with high-resolution S E M (Fig. 3). The 

frequency of labeling was diametrically different from the results obtained 

by Hanson and colleagues [67], who showed much lower labeling density 
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when working with 

the North American 

strain B. burgdorferi 

B31. We aim to probe 

whether different 

species display 

different distribution 

patterns [68] of their 

adhesive molecules, 

which could be one of 

the factors that 

contribute to 

differences in L D 

progression. In 

addition, elucidation 

of the organization of 

the surface proteins 

and possible uneven 

distribution of the 

proteins during the 

adhesion stage could bring up questions on possible "functional 

fragmentation" along the borrelia cell. 

Figure 3. Irnmuno-gold distribution of DbpA on the 
surface of B. burgdorferi showing a similar pattern and 
expression levels in both the strain B. burgdorferi 
B313 complemented with DbpAB on a shuttle vector 
(a-b) and wild type, B. afzelii A91 (c). (d) Negative 
control, B313. 15 nm gold nanoparticles. The 
backscatter mode (a, c, d), Everhart-Thornley detector 
(b). S E M FE-JEOL 7401. 

Adhesins are generally perceived as molecules only responsible for 

mediating interactions with surrounding cells and structures. DbpA and 

DbpB are stably anchored in the outer borrelial membrane and constitute 

an important functional but also structural component. A recent study has 

shown that outer membrane of bacteria is an essential load-bearing element 

and the proteins present in the membrane constitute critical determinants 

for the mechanical properties of the bacterial cell [69]. The study overturns 

the prevailing dogma that the cell wall is the dominant mechanical element 
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within bacteria possessing both an inner and outer membrane (Gram-

negative bacteria), instead demonstrating that the outer membrane can be 

stiffer than the cell wall. As cell stiffness affects the swimming speed of 

Borrelia [70] and at the same time the motility is crucial to the pathogenic 

potential of the spirochete [71], the presence and abundance of DbpA and 

DbpB might have a substantial effect on the swim speed and dissemination 

of Borrelia via modulation of the mechanical properties of the cell. 

Biological-atomic force microscopy ( B i o - A F M ) allows resolving surface 

biological structures in physiological environments with nanometer 

resolution [72]. It has been utilized for probing biological surfaces such as 

proteins, membranes, cells, and bacteria [73-75]. Force mapping-based 

A F M is additionally capable of quantifying local elasticity and adhesion, 

as it has also been evidenced on the surface of bacterial cells [76]. Using 

B i o - A F M , we have started to visualize the structure of borrelial surfaces 

expressing adhesins at the nano-scale (Fig. 4). Additionally, their 

mechanical properties (adhesion, elasticity, Young's modulus) are 

investigated to understand how mechanical parameters might be influenced 

by Dbps and how it concertedly affects the cellular adhesion behaviour at 

the nano-scale. We aim to examine whether the expression of adhesins 

significantly changes the physical parameters of the bacteria in order to 

determine whether there is a correlation between virulence and mechanical 

characteristics of the spirochete. 

Topography Adhesion Elasticity 

Figure 4. B io -AFM images of the living B. burgdorferi B313 complemented with 
DbpAB from B. afzelii. Adhesion and elasticity maps were obtained 
simultaneously with topography. 
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6 List of abbreviations 

A F M - S M F S atomic force microscope-based single-molecule 
force spectroscopy 

C L E M correlative light and electron microscopy 
C S P chemical shift perturbation 
D A B diaminobenzidine 
DbpA, DbpB decorin binding proteins A and B 
E C M extracellular matrix 
E M electron microscopy 
F M fluorescence microscopy 
G A G glycosaminoglycan 
G F P green fluorescent protein 
L D Lyme disease 
L M light microscopy 
N M R nuclear magnetic resonance 
P T L D S post-treatment Lyme disease syndrome 
S E M scanning electron microscopy 
T E M transmission electron microscopy 

118 



7 Curriculum vitae 

Martin Strnad, MSc. 

Institute of Parasitology 

Biology Centre C A S , České Budějovice, Czech Republic 

ResearcherID: AAB-1914-2020 

e-mail: martin.strnad.cze @ gmail.com 

Date & Place of Birth: 17.9.1987, České Budějovice, Czech Republic 

Education: 

2007-2010: B e , Biological Chemistry program, Faculty of Science, 
University of South Bohemia, České Budějovice, Czech Republic 

2007-2010: B S c , Biological Chemistry program, Faculty of 
Engineering & Natural Sciences, Johannes Kepler University Linz , Austria 

2007-2013: M g r . / M S c , Biological Chemistry program, University 
of South Bohemia / Johannes Kepler University, České Budějovice/Linz, 
C Z E / A U T 

2013-: PhD study, Molecular and Cel l Biology and 
Genetics program, Faculty of Science, University of South Bohemia, České 
Budějovice, Czech Republic 

Employment History: 

2013-: Junior Research Scientist, Laboratory of Molecular Ecology 
of Vectors and Pathogens & Laboratory of Electron Microscopy, Biology 
Centre C A S , Czech Republic 

Research Stays: 

2016 (3 months): Laboratory of zoonotic pathogens (PI Patricia 
Ann Rosa), Rocky Mountain Laboratories - N I A I D - National Institutes of 
Health (MT, U S A ) 

119 

http://gmail.com


2016 (2 months): Department of Natural Sciences (PI Vivian 
Kjelland), University of Agder, Norway 

Awards: 

Diploma (master) thesis was awarded Dean's prize for 
Outstanding thesis. 

Winner of the Czechoslovak Microscopy Society award (2019-
2020) - 2 years stipend (annual award granted to one scientist under 35 
years) 

Attended Practical Courses (selection): 

2013: Advanced Techniques in Electron Microscopy, Prague, 
Czech Republic 

2013: Microscopy Methods in Biomedicine, Prague, Czech 
Republic 

2014: E M B O Practical Course on Correlative light electron 
microscopy, Bristol, U K 

2015: Advanced techniques in fluorescence microscopy, Prague, 
Czech Republic 

2017: Linz Winter School on A F M , Linz, Austria 

Research Projects as PI: 

2015-2016: G A J U (South Bohemia University grant): Delineating 
the genetic requirements of the major European Lyme disease spirochete 
Borrelia afzelii for persistence/migration of the bacterium within the tick 
vector 

Recent Scientific Focus: 

molecular biology, light and electron microscopy, virulence studies 
on tick transmitted Borrelia burgdorferi si 

120 



Impacted Publications (12): 

Strnad M . , Oh Y . J . , Vancová M . , Hain L . , Salo J., Grubhoffer L . , 
Nebesářová J., Hytönen J., Hinterdorfer P., Rego R. O. M . (2021) 
Nanomechanical mechanisms of Lyme disease spirochete motility 
enhancement in extracellular matrix. Communications Biology 4: 268. 

Strnad M . , Grubhoffer L . , Rego R. O. M . (2020) Novel targets and 
strategies to combat borreliosis. Applied Microbiology and 
Biotechnology 104 : 1915-1925. 

Strnad M . , Rego R. O. M . (2020) The need to unravel the twisted 
nature of the Borrelia burgdorferi sensu lato complex across 
Europe. Microbiology 166 : 4 2 8 ^ 3 5 . 

Vancová M . , Bílý T., Šimo L . , Touš J., Horodyský P., Růžek D . , 
Novobilský A . , Salat J., Strnad M . , et al. (2020) Three-dimensional 
reconstruction of the feeding apparatus of the tick Ixodes ricinus (Acari: 
Ixodidae): a new insight into the mechanism of blood-feeding. Scientific 
Reports 10 : 165. 

Hillman C , Stewart P.E. , Strnad M . , Stone H., Starr T., Carmody 
A . , Evans T.J., Carracoi V . , Wächter J., Rosa P. (2019) Visualization of 
spirochetes by labeling membrane proteins with fluorescent biarsenical 
dyes. Frontiers in Cellular and Infection Microbiology 9: 287. 

Rego R. O. M . , Trentelman J.J., Anguita J., Nijhof A . , Sprong H., 
Klempa B . , Hajdušek O., Tomás-Corázar J., Azagi T., Strnad M . , et al. 
(2019) Counterattacking the tick bite: towards a rational design of anti-tick 
vaccines targeting pathogen transmission. Parasites & Vectors 12: 229. 

Strnad M . , Oh Y . , Vancová M . , Hinterdorfer P., Grubhoffer L . , 
Rego R .O. M . (2018) Interaction forces between the extracellular matrix 

121 



and variants of borellial decorin binding protein A probed by atomic force 
microscopy. F E B S O P E N BIO, 8 (Suppl.l) p.203. 

Vechtova P., Sterbova J., Sterba J., Vancová M . , Rego R. O. M , 
Seiinger M , Strnad M . , Golovchenko M . , Rudenko N . , Grubhoffer L . 
(2018) A bite so sweet: the glycobiology interface of tick-host-pathogen 
interactions. Parasites & Vectors 11: 594. 

Strnad, M . , Honig, V . , Růžek, D . , Grubhoffer, L . , Rego, R. O. M . 
(2017) Europe-wide meta-analysis of Borrelia burgdorferi sensu lato 
prevalence in questing Ixodes ricinus ticks. Applied and Environmental 
Microbiology 83: e00609-17. 

Vancová, M . , Rudenko, N . , Vaněček, J., Golovchenko, M . , Strnad, 
M . , Rego, R. O. M . , Tichá, L . , Grubhoffer, L . , Nebesářová, J. (2017) 
Pleomorphism and viability of the Lyme disease pathogen Borrelia 
burgdorferi exposed to physiological stress conditions: a correlative cryo-
fluorescence and cryo-scanning electron microscopy study. Frontiers in 
Microbiology 8: 596. 

Strnad, M . , Elsterová, J., Schrenková, J., Vancová, M . , Rego, R. 
O. M . , Grubhoffer, L . , Nebesářová, J. Correlative cryo-fluorescence and 
cryo-scanning electron microscopy as a straightforward tool to study host-
pathogen interactions. Sei. Rep. 5, 18029; doi: 10.1038/srep 18029 (2015). 

Tonk, M . , Cabezas-Cruz, A . , V a l des, J. J., Rego, R. O. M . , 
Chrudimská, T., Strnad, M . , Šíma, R., Bell-Sakyi, L . , Franta, Z. , 
Vilcinskas, A . , Grubhoffer, L . , Rahnamaeian, M . (2014) Defensins from 
the tick Ixodes scapularis are effective against phytopathogenic fungi and 
the human bacterial pathogen Listeria grayi. Parasit Vectors. 7: 554. 

Number of publications in W O S : 12 

H-index: 6 

Total citations without self-citations: 145 

122 


