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Annotation:

Lyme disease is the most common vector-borne iwiedn the Western world with an
annual incidence usually in excess of 100 cased @000 people in temperate areas of the
United States and Europe. Same as other infeatisesses, Lyme borreliosis wreaks havoc

on the host they have invaded.

B. burgdorferj the causative agent of this diseasegulates among wildlife vertebrate hosts
andIxodestick vectors but may sometimes infect humansnéisiral enzootic cycle usually

occurs as follows: The larval/nymphal stage tickd® on an infected host. During this
engorgement, the spirochetes reach the tick gutstmdconfined to it. After the tick molts

into the next developmental stage, it finds a sddoost. The new bloodmeal triggers the
spirochetes to multiply within the gut and travetise gut endothelium in a highly organized
manner. They finally disseminate through the herabop to the tick salivary glands and
into the new host. We studied whetlerburgdorferiis capable of reaching the tick salivary

glands during the first infective feeding period mnfected ticks.
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CLEM - correlative light electron microscopy
EM - electron microscopy
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1 INTRODUCTION

1.1 Lyme Disease

Lyme disease, or Lyme borreliosis, is the most commector-borne infection in the
Western world with annual incidence exceeding tbendary of 100 cases per 100 000
people in temperate areas of the United StateskEamdpe (Bacoret al, 2008). If not
recognized or treated appropriately, Lyme borrgiosight lead to a wide array of
complications. The symptoms of Lyme disease vauy,share some common features such
as flu-like iliness and erythema chronicum migrésisn rash). Afterwards, symptoms like
arthritis, skin disorders and various neurologicaiplications may occur (Barboet al.,
1983). Lyme borreliosis was first recognized whaatistically unlikely cluster of juvenile
rheumatoid arthritis appeared in 1975 in Old Lyn@®mnnecticut (USA). After intense
clinical and epidemiologic research, it became agpathat the arthritis was a late
manifestation of a tick-transmitted illness. Twoak® later, Lyme disease was finally
reported as an infectious disease by Steere (St¢ele 1977). The causative agent of the
disease, a spirochete-like bacteria, was identifigtie early 1980s by medical entomologist
Willy Burgdorfer and subsequently named in his horBorrelia burgdorferi Nevertheless,

it lasted more than three decades after Burgdasridiscovery to find out that the causative
agent is part of a wider grouping of spirochetesvkm asBorrelia burgdorferisensu lato
(Hovius et al, 2007). Borrelia burgdorferi sensu lato complex comprises 18 named
spirochete species, out of which 3 commonly and@casionally infect humans (Ruden&b
al., 2011).

1.1.1 B. burgdorferi anatomy and genomic organisation

Borrelia burgdorferiis a pathogenic organism that is capable of coiogia wide array of
animals, i.e. arthropods, birds, or mammals. & iypical representative of spirochete-like
bacteria, usually 20-30 pm long and 0.2-0.5 um wi8arbour and Hayes, 19868.
burgdorferi have a protoplasmic cell cylinder which includég plasma membrane and
peptidoglycan layer, and an outer membraieguie 1. The region between the
peptidoglycan layer and the outer membrane formaspiriplasmic space. Because of its
double-membrane envelopB, burgdorferi are often mistakenly classified among Gram

negative bacteria. The lack of lipopolysaccharidesl the presence of major surface



lipoproteins is what distinguishes them markedbnfrGram negative species (Samuels and
Radolph, 2010a).

Motility in 8 hawpdorfes is provided by bundles of between 7 - 11 periplasfiagella
(PFs), which are anchored to motor complexes situatear the ends of the spirochete
(Wolgemuthet al, 2006). In contrast to the majority of bactetiee PFs do not extend out of
the surface into the surroundings. Rather, theeflag filaments are enclosed in the
periplasmic space. The major constituent of PFa fkagellin protein, FlaB. The PFs are
rotated by the flagellar nanomachines, imposingBanrelia the characteristic flat-wave
morphology. As a consequence of its unique morml8.burgdorferiare able to pass
through viscous gel-like media in which most otfiegellated bacteria are not able to move
(Kimsey and Spielman, 1990). When the flagellineg#aB is mutated, the spirochetes lose
their motility, and in addition to that, acquirea-shape morphology (Motale al.,, 2000).

It has now been shown that this loss of motilitgrigcial for infectivity ofB. burgdorferiin
the mouse-tick infectious cycle (Sultahal., 2013). One more peculiarity d8. burgdorfer;

it is not an alternative sigma factof®, so typically employed in flagella biosynthesis in
many other bacteria species, but rather the prirsigma factos’® that was proven to be the

main regulator of the flagella synthesis and chemxist(Geet al, 1997).

BbCRASP

Osp (e.g. OspA,

OspC)
: ! Quter membrane
BamA O ODAD0EEONTES

i [

Inner-membrane Export system PTS sugar - .

protein (e.g. GlpF) transport ABC transporter | Ol|gopept|c!e )
system (e.g. Opp system) substrate-hinding

protein (e.g. OppAl)

Figure 1. The schematic overview of the borreliall @nvelope. Osp, outer surface protein;
BbCRASP, complement regulator-acquiring protein;mBa B-barrel outer-membrane-spanning
protein. Reproduced from Radolphal (2012).



The first complete genome sequenceBotburgdorferistrain 31 has been known for more
than 10 years (Fraset al, 1997). The linear chromosome is relatively smathpared with
the overwhelming majority of bacteria, includinghet spirochetes. It has about 950 kb in
length and carries the majority of th®usekeeping genes. The chromosome is fairly
invariable in gene composition and organizatione Tinodest size of the chromosome with
only a minimum of genes encoding for biosyntheticl anetabolic reactions is consistent
with dependence on a bountiful host environment.aldo implies Borrelia in-vitro
cultivation in the laboratory being an exactingkta&enes governing cell wall synthesis;
DNA, RNA and protein biosynthesis and glycolysidong among the units of heredity
encoded on the linear chromosome (Samuels and Btadad10b). Although more than half
of the genes found on the linear chromosome acepakssent within other bacterial species,
the vast majority of genes encoded on plasmidsgeitomosomal genetic elements) seem
to be completely unique to thBorrelia genus.B. burgdorferiisolate B31, the first
sequenced. burgdorferistrain, contains at least 12 linear plasmids (ce=shdp’) (Ip5, Ipl17,
Ip21, 1p25, 1p28-1, Ip28-2, 1p28-3, Ip28-4, 1p3p3B, Ip54, and Ip56) and 9 circular plasmids
(denoted ‘cp’) (cp9, cp26, cp32-1, cp32-3, cp32@32-6, cp32-7, cp32-8, and cp32-9).
This assortment of plasmids totals together ab60tkb (Fraseet al, 1997; Casjenst al,
2000). Nevertheless, the number of replicons vdretsveenB. burgdorferiisolates from
distinct geographic areas. At least 9 new plasiypes different from that found in the first
sequenced B31 isolate were observed (Schetzar, 2011). Determining the exact figure of
plasmids is often hindered by the presence of pgoais sequences on different plasmids in
the same cell, thus making the plasmid identifaratrery complicated (Casjessal, 2000).
Plasmid-encoded genes have been reported to besaegdor infectivity and persistence in

the arthropod or the vertebrate host (see detd#s in ‘Introduction’).

B. burgdorferistrain identification is first and foremost based rucleotide sequences of
either of theospC gene (coding for outer surface protein C), or thiergenic spacer 1
(IGS1) (reviewed by Travinskgt al, 2010). By genotyping thespCgene, more than 20
specific genotypes have been defin@dpClocus is of special relevance as it codes for a
protein that is a major surface lipoprotein produdsy B.burgdorferiwhen infected ticks
feed (Grimmet al, 2004; Pakt al, 2004). There are some reports endeavouringnkotiie

disease severity anl. burgdorferigenotypes (Wormseet al, 2008; Dykhuizeret al,



2008), even though typing only a single locus stionbt be adequate for plausible
assessment and prediction of strain’s virulencem@l (Travinskyet al, 2010).

1.1.2 Transmission of spirochetes

At the onset of study of the Lyme disease, thers gentle discord among scientists about
how vector ticks actually transmit this new pathag@urgdorferet al (1989) suggested that
transmission of the spirochetes could be associat#d fecal contamination or tick
regurgitation. These ways of transmission becamprabable after the bacteria were
confirmed in the hemolymph (Bena@t al, 1987) and salivary glands of feeding ticks
(Zung et al, 1989). These findings demonstrated tBatburgdorferi spirochetes infect
vertebrate hosts via a salivary gland route. Traasal transmission has been mentioned
regularly in the literature since the discoveryLgme borreliosis. Burgdorfeet al (1983)
reported transovarial transmission rates of 100% &8% of a pair oflxodes ricinus
females. However, new studies do not reckon thassimission pathway among well-
established phenomena (Rolleeidal, 2013). On the basis of published data (Nefedziva
al., 2004; Lane and Burgdorfer, 1987), transovarehgmission does not seem to play any

essential role in the maintenanceBairrelia in their enzootic cycle.

1.1.3 Transtadial transmission of spirochetes

The genusBorrelia is conventionally divided into two groups (fams)e those causing
Lyme disease and those giving rise to relapsingerfevn addition to thesefowmatio
categories, a new group of reptile-associdBedrelia has been reported (Takaet al,
2011).

Transstadial (from one developmental stage of tleetor to its subsequent stage)
transmission is common within all three groups, éeer, the Lyme disease and reptile-
associated spirochetes are primarily confined éogit of the tick after the molt (Piesman,

1995). The dissemination from the gut to the sajivdlands is initialized by attachment of

the tick to a new host. Relapsing fever spirochatespresent also predominantly in the gut
after the molt but further they can reach and peiisi other tissues including the salivary
glands (Schwan and Piesman, 2002; Takatoal, 2012). The consequence of this
phenomenom is that relapsing fevBorrelia can be transmitted to a new host within

minutes after attachment.



1.1.4 Spirochete multiplication

When a tick in the larval stage ingests blood dairig spirochetes from an infected host,
the bacteria, after reaching the gut, start mufitg vigorously. They proliferate in the
replete tick until the nymphal molt, when an inemkecrease in spirochete numbers occurs
(Burkot et al, 1994). Gut immunity is probably the critical fac of tick competence. The
gut lumen is a hostile milieu for ingested pathagdhis mainly due to the antimicrobial
activity of hemoglobin fragments formed during diien of the host blood cells. Reactive
oxygen species presumably also play a crucialimtiek-pathogen interactions (Kogek et

al., 2010). At the time, before the tick finds artthehes to a new host, the spirochetes
generally lie dormant in the lumen of the gut. Hesv bloodmeal triggers the spirochetes to
multiply within the gut and traverse the gut endditm in a highly organized manner
(Schwan and Piesman, 2002).

Dunham-Emset al (2009) demonstrated that disseminatiomoburgdorferiwithin ticks is
not solely motility driven. They proposed a so-edll,biphasic mode of dissemination®.
Herein, in the initial phase of gut evasion, theahetes multiply substantially and coalesce
into adherent networks of non-motile individualattslowly proceed toward the basolateral
membrane while ,adhering to differentiating, hypephying, and detaching epithelial
cells." Afterwards, in the second phase, the norden@pirochetes transition to motile
phenotype that breackja an extracellular route, the basement membrdrt@eogut and
enter into the hemocaoélhe dissemination of spirochetes is enhanced bwadtheisition of
plasminogen, a precursor of trypsin-like serine tgaee plasmin, which facilitates
penetration of the basement membré@elemanet al, 1997). Once in the hemocoel, the
spirochetes must contend with the mediators of timkate immunity, hemocytes and
defensins, as they traffic toward the salivary da(Sonenshine and Hynes, 2008). The
chemooHoctiae effect ofsolvony Qionds wior fhowas to By 0 mode b0 the aovbohion of the

sakochketes fShh et o), 2002 therefore, & oo ooy contribal to toesmksos of the
hocherio ond e tobdtshment of sro e oion efection Tar et o, 20121



1.1.5 Gene products required for infectivity and persistere during enzootic cycle

Considerable attention has been paid lately t@dfftial gene expression By burgdorferi
during the tick feeding. The products of the adedagenes can be sorted out according to
their roles, which they play in the process of @gid mammalian infection; either mediate
interactions with the host, or compete with thethmsnune system, thus facilitating survival

in various tissues and organs (Tidial, 2008).

B. burgdorferi spirochetes have to adapt in two totally dissimiailieus during their
enzootic cycle. When infected nymphal ticks engptige antigenic composition &orrelia
alters fundamentally. Signals that provoke the esgion of a new set of proteins are
believed to be rather external than internal. Dytime tick feeding, temperature in the tick
gut raises from 23°C up to 37°C (Piesnearal, 2001). In addition, the pH value drops from
7.4 down to 6.8 (Yangt al, 2000).

The most thoroughly studied borrelial lipoprotesnouter surface protein OspA, which was
shown to be abundant on the surface of spirochetasnfed nymphal and adult ticks
(Barbouret al, 1983). OspA serves as an adhesin to the gud. deknhances retention of
spirochetes in the gut during off-host periods ickd. TROSPA, a receptor for OspA
binding, which mediates spirochetal attachmentubepithelial cells, was identified (Pet
al., 2004b). OspA is gradually downregulated duricl teeding, allowing the bacteria to

leave the gut and disseminate through hemocoethetsalivary glands.

Among the other expressed genes that facilitateBireelia survival within the tick gut
belongospD (Li et al, 2007),bptA (Revel et al., 2005), andospB (Fikrig et al, 2004).
OspB, another surface-exposed lipoprotein, is siratly similar to OspA. In addition, both
are encoded on the same linear plasmid |p54 (Fedsalr, 1997). A receptor molecule for
OspB, however, has not been identified yet (Neeltket al, 2007). The study carried out
by Neelakantaet al (2007) indicates that OspB-deficient spirochegegilarly to OspA-

deficient bacteria, have impaired ability to suevin the tick gut.



Factors essential for survival Bf burgdorferiwithin a mammalian host have been under the
scope of science more than those that are reqtoretick vector colonization. The reason
for this is that these outer membrane proteins (§MBuggest themselves as potential
vaccine candidatesl éble ). OMPs comprise a wide range proteins and thaivaléves

(e.g. lipoproteins), including the outer surfacetpms (Osp).

Table 1. Localization and function of importahtburgdorferigenes.

Gene/Gene product | Gene location Function of gene product

0SpA Ip54 Tick gut adhesin

ospB Ip54 Tick gut adhesin

ospC cp26 Tick-host transmission

dbpA Ip54 Binds decorin; host colonization

dbpB Ip54 Binds decorin; host colonization

VISE Ip28-1 Enhances borrelial immune evasion

bbk32 Ip36 Binds fibronectin; host colonization

p66 chromosome Binds integrin; host colonization

erpP, erpA erpC cp32 Inactivation of the host complement pathway

(Reviewed by Singh and Girschick, 2004)

Schwanet al (1995) described a reciprocal expression of theeg encoding OspA and
OspC during the transmission cycle of spirochet®hile OspA is downregulated during
tick feeding, ospC gene is activated. OspC is much more polymorphiantOspA
(Nordstrandet al, 2000). Its diversity may be caused by various hmaesms, including
host-stimulated immunological selection, intragermmecombination, and changes in
environmental conditions. Of these factors, immogaal pressure is probably the striking
force in maintaining the variation of OspC (Waeteal, 1999).

The opinions on OspC diverge with regard to itscfiom. It has been shown that OspC
production is distinctively upregulated during wamssion from the tick vector to the
mammalian host (De Silva and Fikrig, 1995). Theref®@spC might be engaged in escaping
from the gut, invading the salivary glands, andgstablishing the mammalian infection.
Though the sphere of activity of OspC has beenietiuidd many laboratories, no unanimous
verdict on its impact has been truly accepted.



Among the first works touching population dynamafsOspC and OspA durinBorrelia
dissemination from the ticks gut to mice belongs gudy carried out by Ohniskt al.
(2001). He proposed that the role of OspC is omlgliowing the spirochetes to leave the gut
in order to reach the hemocoel. His results shotrad a vast majority of spirochetes
invading the tick salivary glands were neither Os@C OspA-positive. The same holds true
for spirochetes that reached the dermis of the huoate. Additionally, this work
demonstrated that ticks had to be attached to ruceat least 53 hr to enable stable
transmission of spirochetes into the mammalian .hdke immature specimens, which
invaded the mice earlier produced predominantly ADapd, moreover, were not able to

establish infection.

Pal et al. (2004a) focused in his research on clarificatibrine role of OspC during the
invasion of the tick salivary glands. He found that spirochetes producing OspC were able
to reach the salivary glands, but the OspC-deficleacteria were not. Once the OspC-
deficient spirochetes were complemented with pldsieontaining theospC gene, the
settlement of the salivary glands was completedyored. These results indicate that OspC is
a very important constituent enabling spirochetesvade the tick salivary glands. Grimm
et al. (2004) investigated the capability o$pCmutant to disseminate from the gut to the
salivary glands during tick feeding. Her resultssigeely correlate with the findings of
Ohnishiet al. (2001) in a way that OspC is not required Banrrelia migration from the gut

to the salivary glands. Another substantial obgewmain this study was that OspC is an
essential virulence factor required during thetfidsys of mammalian infection. These
results were confirmed by Tillgt al. (2006 and 2009). ThespCgene is completely shut off
after few weeks of mammalian infection (Liaegal, 2002). Once the spirochetes adapt to a
mammalian host, they can infect and proliferatetha absence of OspC. Interestingly,
constitutive expression obspC has fundamentaly adverse effects on spirochetes in
immunocompetent hosts (Xet al, 2006). Therefore, it is hypothesized that another
lipoprotein present on host-adapted spirochetesesaout the same vital function initially
performed by OspC. This, until now unknown proteauabstitute for OspC and is produced
during the persistent infection (Tillgt al, 2009). Variable surface antigen VISE, another

surface-exposed lipoprotein, may be the candidate.



The biological function of VISE has not been congle clarified yet, but there is evidence
showing that VISE is a significant virulence factaithin mammalian hosts. Its pronounced
antigenic variation plays an important roleBnburgdorferiimmune evasion (Couttet al,
2009). Thevls locus consists of an expression site for the Vilg&protein and 15 upstream
silent cassetes which have been shown to recomite the vISE region, imposing a
substantial antigenic variation so important in ioma evasion (Zhang and Norris, 1998).
Interestingly, VISE and OspC share some genenattsiral features. For instance, membrane
proximal parts of both molecules form long heli¢ésckenet al, 2002). Loss of |p28-1,
plasmid containing/IsE coding sequence, imposed a decrease of infeciivithe mouse
model (Purser and Norris, 2000).

1.1.6 Correlation between plasmids and infectivity

A considerable body of evidence proves, beyondoredtde doubt, thaB. burgdorferi
plasmids are deeply associated with pathogenesis Wwell demonstrated thah-vitro
passage causes loss of many plasmids€iXal., 1996; Barbour, 1998). Interestingly, the
loss of cp26, which contains thespC coding sequence, has never been noted in any
examined isolates (Terekhoetal, 2006). Norriset al. (1995) showed that high- and low-
infectivity clones exist side-by-side within a pdgtion, but plasmid-deficient (low-
infectivity) subclones prevail in higher (>1Bj}-vitro passages. The plasmid content differs
even within the three most pathogenic strains foma&ns;B. burgdorferi sensu stricto.

garinii, andB. afzelii (Purser and Norris, 2000).

Some of the plasmids, which are undisputedly comaeegith pathogenesis and infectivity in
the mammalian host and, to a lesser extent, ini¢kevector have been already identified.
For instance, 1p25, 1p28-1, Ip36, Ip54 and cp26emaroven to exhibit a direct correlation
with persistent infection within micePgrser and Norris, 2000; Labandeira-Rey and Skare,
2001; Jewett et al., 2007; Hagman et al., 1998). The plasmids being reported to take part in
the establishment of infection and disseminatiothiwithe tick vector include Ip25, Ip54,
and cp26 (Grimnet al, 2005; Yanget al, 2004; Palet al, 2004a). However, the studies
claiming that cp26 or, strictly speaking, cp26-edex ospC gene is not required for
migration from the tick's gut to the SGs decidediytnumber the studies that state

otherwise.



1.1.7 Indispensable gene products for mammalian iattion

Early studies have demonstrated that the foremastiemce factors participating in
establishment of vertebrate infection are presenthe linear plasmids 25 and 28-1. The
enzyme (encoded on Ip25) shown to be essentiddoelial survival, and a key infectivity
determinant in a mammalian host, is nicotinamid@s®ecA), involved in NAD production
(Purseret al, 2003). The mystery of Ip28-1 determinant hashs&n unravelled yet, but the
surface exposed lipoprotein VISE is the likely adate. The bacteria lacking Ip25 are
considered to be noninfectious, while those misgag-1 are deemed low- or intermediate-
infectious. For maximal infectivity both must beepent. The [p28-1-deficiel@orrelia are
able to invade various mammalian tissues such ias Bladder, and/or joint cells but are

capable of maintaining only in the jointsibandeira-Rey and Skare, 2003).

1.2 Ticks

Ticks are obligate hematophagous parasites oflesptbirds and mammals. The order
Ixodida include three families; thdxodidae the Argasidae and the Nuttalliellidae
(Hoogstraal, 1985). The majority of hard ticksodidag are known as three-host ticks, each
tick developmental stage (larvae, nymph, adultd$een a different host={gure 3. The
principal (competent) tick vector of Lyme borrei@spirochetes in Europe lisodes ricinus
which is found mainly in cool humid environmentsy(eforests)l. ricinus transmits a broad
range of bacterial pathogens to humans, inclu@agelia burgdorferj Babesia bigemina
andAnaplasma phagocitophylurim addition, tick-borne encephalitis, a viralanfion of the
central nervous system, is spread by this tickispg&strada-Peret al,, 2004).
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1.2.1 Salivary glands of ixodid ticks

Salivary glands of ixodid ticks are paired struetuthat fill up approximately the anterior
one-third of the tick’'s hemocoel. They are consisté three types of acini, one agranular
(type | acini) and two granular (type Il and llliai§. The salivary excretions released into
the feeding site influence the host immune systechhreemostasis. Moreover, salivary glands
play a vital role in osmoregulation (Amoreaak al, 2003). The type | acini are located
closest to the tick mouthpart, draining directlyoirthe main salivary duct. Acinus | is
responsible for secretion of a hyperosmotic (vexiyy? fluid facilititating the water uptake
when the tick is off its host. Type Il and Il acproduce a wide array of bioactive proteins
and lipids, acting as immunosuppressants and agfidants during tick feeding. Unlike
acinus |, acini Il and Il enlarge markedly durifegeding (reviewed by Bowman and Sauer,
2004). When on-host, ticks regularly alternate blamgestion and salivation, each period
taking approximately 10 - 15 min (Francischettial, 2009). The salivary glands perform
another important function; produce a cement-likbssance that strengthen the attachment

of the tick hypostome to the skin of its host.
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Tick salivary proteins considerably affect the estEocycle of B. burgdorferi Whether it
concerns their transmission from the host to ttievector (Narasimhaet al, 2007), owice
versa The most interesting from the latter categorg multifunctional protein Salp15. First,
Salpl5 exerts immunosuppressive effects on thelweate host, such as inhibiting CD4+ T-
cell activation (Anguitaet al, 2002). Secondly, binding of Salp1l5 to OspC putstehe
bacteria from antibody-mediated killing by the h¢Ramamoorthiet al, 2005; Hoviuset
al., 2008).

1.2.2 Salivary glands degeneration

The onset of degeneration in adult ticks (no liter@ available pertaining to nymphs to date)
from a family Ixodidae is characterized by a decline in cells secretiotipwing with
changes in size and shape of cells and nucleinwiio fragmentation, and formation and
release of apoptotic bodies (Furquieh al, 2008). The study made by Furquim (2008)
showed that the rate of degeneracy is asynchroamasg acini of different types. Type |
acini that are involved in off-host osmoregulatizeve been proven to be the least rapidly
degenerating, whereas the changes in types IINAdini (Rhipicephalus sanguinetss 4
types of acini) were much more prominent duringtfidays post-detachment. In adult
females, one of the triggering stimuli of degeneratis surpassing a ‘critical weight'
(Friesen and Kaufman, 2009). Among the other siifelong a so-called ‘male factor’, a
set of undefined biochemical substances transntisiéemales during mating (Kaufman and
Lomas, 1996). Salivary glands degeneration is cenably delayed if the adult females are
virgin (Friesen and Kaufman, 2009). The degenemabiccurs through apoptosis rather than
necrosis. The executive chemical messenger redgen$or the autolytic process is
ecdysteroid (Lomaet al, 1998). Ectysteroid is also a common insect mglihormone,
which is probably the reason why many scientisigebe that salivary glands degenerate
during the juvenile ticks molt to such an extenattlit cannot transpass tHgorrelia
burgdorferispirochetes into the next developmental stage.

12



1.3 Atrtificial feeding of ticks

Various artificial feeding systems have been teskedughout the past few decades. The
obvious question which comes up to one‘s mind iatwhk the advantage to feed tidks
vitro. Besides the ethical aspects of using experimamiahals, the expenditures on rearing
hosts for ticks are eminent. In addition,vivo trials with animals require repetitions due to
the inherent variations between individual expentakanimals. That means a lot of ticks,
time, and other products are frittered away (Krédoedt Guerin, 2007a).

1.3.1 Short history of tick-feeding assays

The first assays for artificial tick-feeding arecdmented in the 1950s. At that time ticks
were successfully fed upon the air sac membrarembiryonated chicken eggs (Burgdorfer
and Pickens, 1954) and upon blood-filled capilldampes positioned over the ticks’'s
mouthparts (Chabaud, 1950). The capillary tube ifgedystem was modified lately by
Purnell and Joyner (1967). They allowed ticks t®-fad on their natural animal hosts before
putting them on the glass capillary tube systene @iisadvantage of this system was that
ticks were not capable to feed to repletion. Kesal (1975) achieved >50% moult by
engorged larvae of the cattle tiBoophilus micropluged on culture medium through thin
(0.3-0.5 mm) skin slices of cattiéoluntary attachment and blood-feeding of ixodaks on

an artificial membrane (glue-impregnated Baudructeambrane) was documented first by
Waladdeet al (1979). The use of a silicone-impregnated mend(&tadebank and Hiepe,
1993) and consequent implementation of elastic gnas of skin into the membrane
(Krober and Guerin, 2007a) permitted higher ticka@iment rates. Semi-artificial skin
membrane feeding is a method of choice for tickcegsewith shorter hypostome that are
unable to completely penetrate the artificial meamnler (Bonneket al, 2007; Hattaet al,
2012).

1.4 Microscopy in cell biology

The first half of the twentieth century is relatetth a major explosion in the biological
fields such as cell biology, molecular biology oiogdhysics. It was caused by the
development of electron microscopy and by the im@neents in the light microscopy
techniques (Masters, 2009). Cell biology is an weti@drterm, which encompasses the study

of cell organelles, structure, reproduction, andngwnication with its environment.
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Depending on the investigation interest and sizeéhef studied structure, researchers can
choose from a wide array of (live-) imaging methods

1.4.1 Fluorescence light microscopy

According to the equation proposed by Ernst Abbé bord Rayleigh, light microscopes
cannot resolve two separate entities that are rclibsa one-half the wavelength of light,
approximately\200 - 300 nm (Abbe, 1873; Rayleigh, 1896). Theadiings implied that the
resolution of an image is not limited by the pemiance of the instrument, but only by the
wavelength of light and the numerical apertureeokes (Corteset al, 2009). Since this so-
called ‘diffraction limit* was considered a law agture for over a century, it considerably
constrained the development of optical microscdpystafsson, 2008). Recently, however,
the diffraction limit has been beaten by severatcsd approaches, where the spatial

resolution on the order of few tens of nanometeaas achieved (Cortest al, 2009).

Apart from the conventional fixed-cell imaging, salled live-cell fluorescence microscopy
has become a requisite tool in many modern cellogiolaboratories. The most critical
challenge for executing successful live-cell imggexperiments is to retain the biological

system in a healthy state and functioning normaltyle being under investigation.

1.4.2 Electron microscopy

To enhance the resolving power of a light microscepher the finite aperture of lenses has
to be increased, or the wavelength of the illumomahas to be shortened. For EM the latter
case holds true. The wavelength of electrons isllysemaller than 1A, depending on the

accelerating voltage (Masters, 2008M can usually reveal cellular structures with a
resolution of single nanometers. Nowadays, howesdrnanometer resolution EM is not a

science fiction (Seryshew al, 2008).

There are several factors that hinder EM from ikhing. EM requires fixation of the
studied material, resulting in static images withpossibilty of live observation (van
Rijnsoeveret al, 2008). Difficult localization of regions of intest is another drawback of
EM. The time invested in locating the area of ies¢rmay sometimes exceed the time
required for actual data acquisition (Kolotuet al, 2009). Last but not least, electron

microscopes are extremely expensive.
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Several types of electron microscopes have beamnied to investigate different aspects of
a specimen. The two most common types are a trasgmi electron microscope and a
scanning electron microscope. Transmission electmacroscope was the first electron

microscope to be developed. It can be compared avshide projector. In TEM, the light

source is replaced by an electron source, the tpasges are replaced by (electro)magnetic
lenses, and the projection screen is replaced bynaging device such as a fluorescence
screen or a CCD (charge-coupled device) camerasaimple being studied by TEM has to

be thin enough to allow the electrons to peneitate/ww.fei.com).

SEM is a method of choice if you want to look a¢ gurface of the sample. It works by
scanning the surface of the specimen with an eectseam (primary electrons) and
detecting electrons that are reflected (backseattezlectrons; BSE) or knocked away
(secondary electrons; SE) from the sample surfaébe.resolving power of SEM is lower

than that of TEM, roughly by an order of magnitubhereased magnification is produced by

decreasing the size of the scanned area.

One of the state-of-art devices for SEM is a fietdission scanning electron microscope
(FESEM JEOL 7401F). It incorporates a cold cathiveld emission gun, ultra high vacuum
(107 Pa), and high-tech modules for high resolutiomi) imaging. By using a Gentle
Beam™ method, this microscope yields very high resohitieven at low acceleration

voltage (0.1 kV) (www.speciation.net).

1.4.3 Correlative light and electron microscopy

Correlative light electron microscopy (CLEM) is atimad that bridges the gap between light
and electron microscopy. A limitation of fluoresceright microscopy (FLM) is that it lacks
fine structural information; precise identificatioh unlabeled structures is impossible (van
Rijnsoveret al, 2008). Moreover, false-positive signals causgddn-specific staining or
autofluorescence cannot be ruled out. Furthemanmeyentional FLM is not able to provide
near-atomic-level spatial resolution. Where FLMlidashort of performance, there EM
hurries to help. The resolving power of the trarssion microscope is about two orders of
magnitude greater and, moreover, EM provides theded reference space, where both
labeled and unlabeled structures can be visualgmaxed (Corteseet al, 2009). Even
though the new super resolution FLM techniques tem®st cleared away the resolution
gap between FLM and EM, their availability stillgkbehing (Corteset al, 2012). The
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need for specific and expensive equipment and ijie complexity of the protocols is what
hold back the fast expansion of CLEM (Schwarz andhBel, 2007). Nevertheless, today is

CLEM one of the most intensively developing elestroicroscopy techniques.

The ideal CLEM probe is visible by FLM as well ag BM. These probes can be either
combinatorial or possess the intrinsic propertidsictyv allow observation at both FLM and
EM (Sosinskyet al, 2007). In the combinatorial design, both a fastrome and an
electron-dense gold particle are conjugated to sdame antibody. In early attempts the
colloidal-gold-conjugated antibodies were testad,ibwas ascertained that fluorescence is
quenched by colloidal gold (Powedt al, 1998). This issue can be overcome by using
nanogold particles (e.g. FluoroNanogdlyi covalently linked to the antibody fragment. The
shortcoming of FluoroNanogol is that the gold particles are only 1.4 nm in déen,
therefore, silver enhancement is necessary. Golpigated antibodies aimed directly
against fluorochromes were also documented (van &aah, 1991). An example of probes
that possess the intrinsic properties to be ddikrta both FLM and EM are luminescent
semiconductor QDs, which are highly convenient fioultiprotein labeling (Giepmans,
2008). The drawback of QDs is that they are small their electron density in not as high
as of the gold patrticles, therefore, their detectiocell cultures (especially when contrasted
with uranyl acetate/lead citrate) is difficult (penal discussion with Marie Vancova).
Another method for correlated microscopy exploitthg phenomenom of photoconversion.
Fluorescent probes (e.g. green fluorescent protaie) able to generate highly reactive
singlet oxygen species. These oxygen species caarbessed to oxidize diaminobenzidine
(DAB). The oxidized DAB forms polymers that are asphilic and readily detectable at
EM (Sosinskyet al, 2007).
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2 GOALS OF THE WORK

* Implementation and optimization of amrvitro tick feeding method.

« Assessment of the use of an artificial silicone rmeme feeding technique as a
reliable tool to achieve borrelial infection inkg

* Attempt to challenge the conventional viewpointttBarrelia can disseminate from
the tick gut to the salivary glands only duringc¢sed” feeding.

* To correlate dissemination ability Bf burgdorferiwith plasmid content.

» Detection ofB. burgdorferispirochetes using correlative light electron micogpsy.

e To bring new insights into the molting process giphal ticks and touch on the

possibility of transstadial transmissionBxdrrelia inside the tick salivary glands.
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3 MATERIAL

Chemicals:

Table 3. Material used for fluorescence microsoegmination.

- BSA Sigma, MO (USA)
Mt;grrg:gsnce Blocking buffer Nonfat-dried milk | Sigma, MO (USA
Py Glycine Sigma, MO (USA)

Primary 1gG

rabbit antiBorrelia
IgG (polyclonal)

Thermo Scientific,
MA (USA)

mouse anti-OspC
IgG (monoclonal,
BBM45)

Baxter, Austria
(from lanLivey)

Secondary IgG

(FITC)-conjugated
goat anti-mouse
IgG

(TRITC)-
conjugated goat
anti-rabbit IgG

Jackson Immuno
Research Labs, P4
(USA)

Mounting medium
(self-prepared)

polyvinylalcohol-
DABCO

2.5% DABCO
10%
polyvinylalcohol
5% glyrerol
25 mM Tris buffer

pH 8.7
Table 4. Material used for correlative light electmicroscopy examination.
Correlative Light Sigma-Aldrich,
Electron Microscopy Cryoprotectant 2.3 M Sucrose MO (USA)
Aurion,
BSA-C Netherlands
. . . Sigma-Aldrich,
Blocking buffer Nonfat-dried milk MO (USA)
Glvcine Sigma-Aldrich,
y MO (USA)
Primary 1aG rabbit anti- Thermo Scientific,
Y19 Borrelia IgG MA (USA)

(FITC)-conjugated

Jackson Immuno

Secondary IgG goat anti-rabbit | Research Labs, P
lgG (USA)
(gold)-conjugated
mouse anti-FITC Aurion
Tertiary 1gG IgG ’
(MAFITC-10 nm Netherlands
gold)
VECTASHIELD® Vector
Mounting medium Ha_rdSetTM_ Laboratories, CA
Mounting Medium (USA)
with DAPI

Pad
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Table 5. Material used for agarose gel electropisre

6x Orange DNA S

E@%?r?sﬁ oﬁailis Loading buffer (+ dye) Loading Dye (+ Thel\r/ln;\o(Sgi)ntlﬂc,
P SYBR Green)
O'GeneRulel” Fermentas, MA
DNA ladder 1Kb (USA)
1x TAE (Tris-acetate-EDTA] 40 mM Tris, 20 mM acetic acid, 1 mM
buffer EDTA
Ticks

Ixodes ricinusadults and nymphs were used for the experimenysngdal ticks were
collected by flagging lower vegetation in the fatrelose taCeské Budjovice. Adult males
and females were obtained from the rearing faciifythe Biology Centre, Institute of

Parasitology, Academy of Sciences of the Czech Blepu

Bacteria

The B31 and ZS7 strains 8brrelia burgdorferi(origin: J. F. Anderson, The Connecticut
Agricultural Experiment Station, CT, USA) were grmovat 34°C for 1 week in BSK-H
medium (Sigma) with 6% rabbit serum (Sigma-AldricMO, USA) and ATB
[phosphomycin (0.02 mg/ml), rifampicin (0.05 mg/idjmphotericin B (2.1g/ml)].
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4 METHODS

4.1 In-vitro feeding of ticks

4.1.1 Feeding units preparation

A lens cleaning paper (KodaR, NY, USA) made of regenerated cellulose (rayon) is a
backbone of the membrane, whose goal is to imitatehuman/animal skin. The silicone
mixture used for impregnation of the rayon papersses the elasticity of the membrane and
ensures closure of penetration sites to prevesdleabe of blood through the membrane. The
silicone mixture consists of silicone glue RTV-la&iosi® E4 (Wacker, DE), silicone oll
(30% DC 200; Fluka, CH), ElastagilColor Paste FL white RAL (Wacker, DE) and hexane
(Sigma-Aldrich, MO, USA). The rayon papers weraeltied to a sheet of glass covered with
a layer of polyethylene kitchen roll, the siliconexture was spread out on the cleaning
papers and allowed to dry for about 24 hr. Aftedgathe feeding tubes were fastened to the
artificial membranes using the silicone glue. Themmbranes of the thickness between 50 -

150 um were used.

The membranes were checked for leaks by placindetb@ing tubes into 70% ethanol for
about 15 min. The leaky membranes were discardedttaa feeding tubes glued to new
membranes. To enhance the attachment of the teksircular piece (with a radius
corresponding to the radius of the feeding tubefilmérglass mosquito netting (1.4 mm
mesh) serving as a physical support was stuck tmoartificial membrane inside the
feeding tube using silicone glue. Proper and umfaticking of the mosquito netting to the
membrane was ensured by applying a slight pressutie mosquito netting. A cow hair
extract was utilized as an additional tick-feedatgactant. About 7@l of the hair extract

solution were dropped to each membrane and allaweelvaporate for 30 - 60 min. A

cotton-wool- in-tissue stopper was inserted inmfgeding unit to confine the ticks inside.

The feeding tubes with ticks (10 females and 5 mpkr feeding unit) already inside were
transferred into the six-well cell culture plateogtar, USA) with pre-heated bloodmeal to
37°C in the water bath. The water bath was paytiabvered to increase the relative

humidity in the feeding chamber and to avoid thetamination of the water in the bath.
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4.1.2 Blood

Blood from rams or cattle was collected monthlyniran abattoir, defribrinated with 4 mm

glass beads by shaking for several minutes to farmlot attached to the glass beads.
Defribrinated blood was poured into a sterilizedtleoand supplemented with glucose (2
g/L) to stabilize erythrocytes and kept at 4 °Glurge (Kuhnert, 1995).

To control microbial growth, gentamycin solutiony&mL, Sigma, MO, USA) and nystatin
solution (100 i.u./ml, Sigma) were added to theolloight before the blood was exchanged
in the wells. ATP (1 mM, Fluka, CH), a tick-feedirsimulus, was added to the blood
afterwards. (Values in brackets represent finakeatrations in blood). All steps were done
in a sterile flow-box. The 6-well plate was covereith a lid and the blood was warmed to
37 °C in the water bath before it became availdabléhe ticks. Blood in the wells was
replaced at 10 - 15 hr intervals. At each bloochexge, the lower side of the membrane, in
contact with the blood, was rinsed with sterile PBBe volume of the blood needed for one
well is 3.1 mL (Krober and Guerin, 2007c).

The B. burgdorferispirochetes were added into bloodmeal at evergdokexchange. 1 mL
(>3x10 of bacteria) of culture medium with spirochetessveantrifuged at no more than
4 000 rpm for 5 min at RT. The supernatant was diethand the pellet was resuspended in
1 mL of blood and transferred into the feeding chamIn control ticks, nd@orrelia were
added to the blood.

4.2 Detection ofB. burgdorferi within salivary glands

4.2.1 Fluorescence microscopy

For fluorescence microscopy, salivary glands and geere dissected from partially-fed (24
and 48 post-attachment) adult ticks and placed an@6-well microplate. The organs were
immersed for 1 hr at room temperature (RT) in 4¥%nfaldehyde/ 0.1% glutaraldehyde in
0.1 M PB solution, pH 7.4, and subsequently fon#f at -20°C in ice cold methanol. After
incubating in blocking buffer (3% BSA/ 1% nonfatett milk/ 0.02 M glycine in PBY for

1 hr at RT, the salivary glands and guts were iatedbfor 1 hr at RT (or overnight at 4°C)
in rabbit polyclonal antBorrelia burgdorferi(40-50ug/mL in PBS) and mouse monoclonal

anti-OspC (20ug/mL in PBS) antibodies. Samples were rinsed finee$ in ten times

' PBS =0.01 M PB + 0.15 M NaCl
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diluted blocking buffer. The spirochetes were dit@dy incubation for 60 min at RT with
(FITC)-conjugated goat anti-mouse 1gG (218/mL in PBS) and/or (TRITC)-conjugated
goat anti-rabbit IgG (2.8g/mL in PBS). Each sample was then washed five timgsPBS,
stained with DAPI (5ug/mL in PBS), washed again with PBS, and mounted in
polyvinylalcohol-DABCO for examination. Epifluoresece microscopy was performed on
an Olympus BX-60 microscope equipped with a Olym@e030 ZOOM camera. Confocal
microscopy was performed on an Olympus FV-1000akgrseries images were acquired in

blue, red and green channels. In control samgies,$e of primary antibody was omitted.

4.2.2 Scanning electron microscopy

For electron microscopy, isolated salivary glandsnf partially-fed (48 and 72 hr post-
attachment) adult tick females were immersed i@2dutaraldehyde in 0.1 M PB and
allowed to fix at 4°C for 48 hr. They were then tvag in 4% glucose in 0.1 M PB (3 x 15
min), postfixed in 2% osmium tetroxide, washed % glucose in 0.1 M PB (3 x 15 min)
and dehydrated by passing the specimens throughdadj series of acetone-water mixtures;
30%-50%-80%-90%-95%-100% acetone. The specimeng weded in a Pelco CPD2
critical point dryer using carbon dioxide at 1206i,pand 42°C. The dry organs were
mountedon aluminium stubsiusing a double adhesive carbon tape. Afterwardssdhgples
were coated with gold using a BAL-TEC SCD-050 sputtoater, and observed and
photographed by a JEOL 7401-F scanning electronostope.

4.2.3 Correlative light electron microscopy

For correlative light electron microscopy, dissdcsalivary glands from partially-fed (72 hr
post-attachment) adult tick females were rinsedhwRBS, chemically fixed in 4%
formaldehyde/ 0.1% glutaraldehyde in 0.1 M PB, p#, Tor 2 hr at RT, washed in 0.1 M
PB with 0.02 M glycine (3 x 15 min) to block angér aldehyde groups and cryoprotected by
immersion in 2.3 M sucrose for 5 days at 4°C. Sserafiltrated specimens were frozen by
plunge freezingn liquid nitrogen, and stored in liquid nitrogentil they were sectioned.
The sectioning was performed in a cryo-ultramiono@o(Leica EM UCT equipped with
cryochamber Leica EM FC6). Sections of the thickrn&#0.6 - 0.9um were obtained. Semi-
thin sections were picked up using a drop of 2.8udrose/ 2% methyl cellulose (1:1) (Liou
et al, 1996) and thawed on Superfrost®Plus glass sli@ieaermo Scientific, MA, USA)

which were specially modified (see later in sectiRasults’), and processed further for light
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microscopy. Thawed cryosections were stored ata®’@escribed by Griffith and Posthuma
(Griffith and Posthuma, 2002). The sections wereethwith distilled water at 4°C (3 x 15
min) to wash off the pick-up solution, incubated fohr at RT in 5% BSA/ 1,5% nonfat-
dried milk/ 0.02 M glycine in PBS(To block non-specific binding of antibodies, 0.1%
Tween-20/ 0.15 M NaCl in PBS were added in onehefdxperiments). Then the primary
antibody(40-50ug/mL in PBS) was applied, and the slides were iatedh overnight at 4°C
in a humidified chamber. After six times washingttwi0.05% Tween-20 in PBS, the
specimens were labeled with the secondary anti§@d/ug/mL in PBS) at RT. Sections
were washed six times with 0.05% Tween-20 in PB& rmounted with Vectashield (with
DAPI) antifade and coverslipped. Images were acduig epifluorescence (Olympus BX-

60) and confocal microscopy (Olympus FV-1000).

After examination with fluorescent microscopy, thgecimens were processed further for
scanning electron microscopy. The sections werabaied overnight at 4°C in PBS to
soften the mounting medium, the cover slip was reedoand the specimens washed five
times with PBS. The slides were incubated30 min at RT in 5% BSA/ 1.5% nonfat-dried
milk/ 0.02 M glycine in PBS. Then the sections wie@ded with the mouse anti-FITC:40

in 1x diluted blocking buffrtertiary antibody conjugates to 10 nm gold p&tqAurion,
NL) for 90 min at RT, followed by washing (thrice PBS or 0.05% Tween-20 in PB
containing 0.3 M NaCl). To stabilize the ultrasttue and enhance the contrast for SEM,
the specimens were post-fixed in 1% osmium tet*at 1 hr at RT. The slides were then
washed twice with PBS. To minimize tissue distartithe specimens were dehydrated in a
graded ethanol series from water through 30%-50%-80%-95%-100% ethanol, followed
by dehydration in ethanol:t-butyl alcohol (2:1; 1112) mixture. Every step took about 3
min at RT. Afterwards, the glass slides were intetban 100% tertiary butanol for about 15
min at 4°C. The samples were freeze-dried undenwacin a BAL-TEC SCD-050 sputter
coater. The frozen t-butyl alcohol was completelplsnated after 30 min. The glass slides
were broken apart and the pieces with specimens fastened on an aluminium specimen
carrierusing a double stick tape. The samples were coaitbdgold in a BAL-TEC SCD-
050 sputter coater for 20 sec right before the msimopy examination. Scanning electron
microscopy was performed by a JEOL 7401-F. Schenmitline of the correlative light

electron microscopy procedure is depicted inRiugire 3below.
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Figure 3. Schematic overview of CLEM procedura) (The specimen infiltrated in sucrose is
sectioned with a diamond knife. Cryosections aléeced with a drop of methylcellulose/sucrose
solution and transferred to a glass side). A z-dimension stack of cryosections cut on the
ultramicrotome. €) A gridded glass slide with a simplified mappingstem enabling easy

localization of the fluorescing sections (here AFEI L) in the electron microscope.
Comment:

A high-scale sample preparation for fluorescenceroscopy is a very tedious process. To
set up a 96-well plate, it takes thousands of pipgsteps. In addition, when working with
very small samples, much of the material getsdosing the whole laborious procedure. To
speed it up and to make sure that no specimenwasted, we were advised by Yannick
Schwab (IGBMC, Strasbourg) to use the following moetblogy:

The 1 mL pipette tips are cut about 2 cm from naremding. The narrow end is heated up
to melt slightly and glued to fine net fabri€igure 4f). The sample is placed inside the cut
tip onto the fabric. Several such modified tips eagerted into each other. Using the pipett
the samples are flushed with desired solutlegure 43. Make sure that the cut pipette tips
fit correctly. Otherwise it is not possible to pup the liquid.
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This methodology worked well but it did not complgt solve our problem of high-scale
sample preparation. We did not have so many ppettailable. Futhermore, the samples
may be mutually contaminated. Therefore, we maodifiee system to fulfil our needs.
Again, the sample was placed inside the cut tig. tBis time, the 96-well plate was pre-
filled with the desired solutions (fixation, blodg and washing buffers, antibodies, etc) and
transferred the tips from well to anothéidure 4¢. This allowed us to skip all the tedious
“pipette-in“ and “pipette-out” steps, which one hasendure under normal circumstances.

This technique saves a lot of time, samples andenezlls.
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Figure 4. Cut pipette tips glued to fine net falanmzi(a) attached to the pipettéh) in detail;(c)
placed in the 96-well plate.

4.3 Detection of plamids

B. burgdorferiwere grown to a density >4fnL in BSK-H culture medium.

4.3.1 DNA extraction

For DNA extraction a Wizard® Genomic DNA Purifiaati Kit (Promega) was used. The
original procedure for ‘Isolating Genomic DNA fro@ram Positive and Gram Negative
Bacteria® was slightly modified. Borrelia burgdorferi culture (8-10 mL; >10
spirochetes/mL) was centrifuged at 8,000 rpm fomdi at 20°C to pellet the cells. The
supernatant was removed and Q0of Nuclei Lysis Solution were pipetted to thelsel
After 5 min at 80°C, the lysate was cooled dowrRiD and 3uL of RNase Solution was
added, then allowed to incubate for 15 min at 37A@erwards, 200uL of Protein
Precipitation Solution was added and allowed taildate for 5 min on ice. The sample was
centrifuged at 13,000 rpm, the supernatant comtgithe DNA was transferred to a 1.5 mL

microcentrifuge tube containing 6@ of isopropanol and gently mixed by inversion. The
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sample was centrifuged again at 13,000 rpm for Dan10°C. The supernatant was poured
off and 600uL of 70% ethanol were added to wash the pelletefards, the sample was
centrifuged at 13,000 rpm for 10 min at 10°C. Etllamas drained carefully and the pellet
was allowed to air-dry for 10 min. Finally, 1. of DNA Rehydration Solution were

added and the DNA was stored overnight at 4°C ltg fahydrate.

4.3.2 PCR Analysis

The presence of individual plasmids was confirmgdPR. Preparation of PCR mixture
(per reaction) is summarized frable 6 The program used for amplification is presented i
Table 7 The primers used in the PCR reaction are presémfeable 8.

Table 6. Components for a single reaction mixtoreXCR amplification.

10x PCR Reaction Buffer (Qiagen) 2
dNTPs mix (contains 1.25 mM/each dNTP 2
Primers (F + R) (20 pmols) 1+1
HotStarTaq DNA Polymerase (Qiagen) 0.1
dd H,O 12.9
DNA Extract (approx. 50 ng) 1
total 20

The PCR reaction mixtures were pipetted into a 88 RCR plate. PCR was run on a Bio-
Rad T100M Thermal Cycler under the following conditions:

Table 7. Program for PCR.

1 initialization 94 5 min

2 denaturation 94 30 sec
3 annealing 55 30 sec
4 elongation 72 1 min
5 Cycle to step 2 for 29 more times

6 final elongation 72 7 min




Table 8. Primer sets specific for plasmids of ®itfburgdorferiB31 and ZS7. Lp25(a) and 1p25(g)
designate oligonucleotides specific BrafzeliiandB. garinii, respectively.
Plasmid | Primer | Sequenc

cp9 F456¢ | 5'GGA CTG GTATTT ACT CCG GCT GAT AGA GC
R456¢ | 5'CCT TAA TGA TGA GGC CGA TGA AGT TGC
p17 F450: | 5'ACT GCA ATC TGC CCA AGC TAC ATAATC T
R450¢ | 5' AAG GTA AGG ACG GTT GTC TACATG GAT T
Ip21 F456: | 5'TGT GGT TGC TAA AAC CCAAGC GT ¢
R456: |5'TTGTTT CTA ATT GCT CTG AAT TGC ATC C
025 F451] | 5'AGAATTATGTCG GTG GCGTTG T

R448¢ | 5'ATT AAAGCC GCCTTT TCCTTG GT
[025(1) F459¢ | 5'TTG CTG CCATTT CTC ACT TGG TAA

R459: | 5'ATA AAA GCG ACA GGT TAT CGT GCA G ¢
- 5'GTG CAC CTATTG GAA AGG T(3'
- 5' GGG CAT GTT GCA CAT ACG TT
[p28-1 F434( | 5'CGG GGA TCC AGC CA/GTT GCT GAT AAG GAC GAC CC .
R408¢ | 5'ACG GCA GTT CCA ACA GAA CCT GTACTATCT ¢
[p28-1(1) | F459¢ | 5'TTC TGA TGG CAC TGA GCA AAC CA !
R459¢ | 5'AACCCT TTACACTIT CTT CGATTG CGC T
[p28-2 F452: |5'CCCTCATCAAGT TTTTCCATGTGT TTT T ¢
R452¢ | 5'AGG TGG CCT TTC CGA GCT TGT ACCTTAC
[028-3 F453¢ | 5' AAC ACT ATC TTA AAT GTC CCC CAC AA ¢
R453t | 5'GTG GAA GAG TGG TTATGG TCAATTTT .
[p28-4 F452¢ | 5'TCA CCT CAG CTAATCTATTTATCGACAC:
R452¢ | 5' AAG CGC GGA GTT TTC GGC TG

Ip25(2)

[n36 F451¢ |5'TTCTTATCC CTGACT TTCACT TTT GAG G
R451¢ |S'TCCTTTACT TCTATGTITTTACTTTCCTTG GT

[p38 F450t | 5' AGC AIGGC AGA ACA AAA CAT GCAAAAACT G3
R450¢ | 5'TCC AAG CTATTT CTA CGG CCT CTT TAG C

054 F453¢ | 5'GCA AAATGT TAGCAG CCT TGA CGA GAAA ¢
R453¢ | 5'TAGATC GTACTT GCCGTCTTIT GTT TTT T

Ip56 F456¢ | 5' ACT ATT AAG ACG AGC AAT AAAAAGTCCAZ
R4567 | 5' GAC GAA GCA AAG AAG GAT TTG GAT CAC C 3

Cp2€ F453¢ | 5' ATA GCC CAT TCC AGA CAT TAAACCGCCT:

R4537 | 5' AGT TCC CCA AAT AAC AGC AAT CTG CGA 3
cp3z-1 F4571 | 5' ACG ATA GGG TAA TAT CAA AAA AGG 3
R457: | 5'AGT TCATCT AAT AAA AAT CCC GTG 3
Cp32z-2 F4577 | 5'GGA ATG TAT TAATTG ATA ATT CAG 3
R457¢ | 5'GCG AAC TAA ATA GTG CCT TAT GGG ¢
cp3z-3 F452¢ | 5' GCA AGT TCC CAC GAT AACACACCCGTAT
R453( | 5'TTT TCA TAT CCC CTC CTAGCT TTATTG CC
Cp32-6 F457¢ | 5'GAC TTT ACATAG TAT AAATGC TTT TGG ¢
R457¢ | 5' TCT CGT TAT TAT AAA ATA AGT AGG ¢
cp3z-8 F457¢ | 5' GAA GAT TTA AAC AAA AAA ATT GCG 3'
R458( | 5'GTAATCACT TCTTTT TTACCATCG .
cp3z-9 F4581 | 5'TAT CAA AAA AGT GCT GTT TTATAG 3
R458: | 5'TAATCT CAAATATTCTTCTTT ATG 3'

- 5'ACG CAG ATG GGG TGG GGG AT .
- 5'GGC AGT GGC GGT CCT TCT GC
[p25(a) - 5'TGT GCC GGC TTIGTC GTC GG ¢
- 5'GTG CCC ACACTC TAT TGC ACG GG

Ip25(a)
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4.3.3 Agarose gel electrophoresis

Agarose Gel Electrophoresis was run according édltbberty 120 High-Speed Gel System
(Biokeystone, USA)‘ user manual. Supplementaryrimiation:

* 1% agarose (in 1x TAE buffer) gel was used

e 1x TAE was used as running buffer

e gelrunat 250V, 25 min

4.4 Microscopy examination of I. ricinus nymphs molting to adults

4.4.1 Light microscopy observation of internal morphology

Four molting nymphs (2 in early-molting phase andh2advanced-molting phase) were
dissected to confirm/disprove the presence of thkveasy gland acini. During the
investigation, images of the ticks inner structwere acquired to give insights into the
morphological changes that accompany the nymph mwefzhosis. The examination was
performed by a Olympus SZX-10 stereomicroscope.

4.4.2 Fluorescence miscroscopy examination of salivaryajhds

The salivary glands isolated from nymphs in theasded-molting phase were immersed for
1 hr at RT in 4% formaldehyde/ 0.1% glutaraldehyu®.1 M PB solution, pH 7.4, and
subsequently for 20 min at -20°C in ice cold methaAfter incubating in blocking buffer
(3% BSA/ 1% nonfat-dried milk/ 0.02 M glycine in PBfr 1 hr at RT, the organs were
stained in rabbit polyclonal anti-Borrelia burgdaif(40-50ug/mL in PBS), washed six
times with 0.05% Tween-20 in PBS, incubated for BhRT in (TRITC)-conjugated goat
anti-rabbit 19G (2.8ug/mL in PBS), washed six times with 0.05% Tweeni2@®BS and
stained with DAPI (5ug/mL in PBS). The specimens were washed four timiés 0.05%
Tween-20 in PBS and mounted with PVA-DABCO antifao&l coverslipped. The images
were acquired by a confocal microscope Olympus BoE1l
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5 RESULTS

5.1 In-vitro feeding

Ticks Ixodes ricinuswere used for then-vitro feeding Figure 5. The attachment rate of
adult ticks fluctuated around 70%. The ticks weoe pretreated in any way before the onset
of the feeding. Artificial silicone membranes ofickness between 60 150 pm were
employed successfully. Addition of a plastic gaskéh a radius that precisely fits into the
glass feeding tube prevented the ticks from getihgk to the membrane, therefore, it

considerably reduced the tick mortality rate.

After successful implementation of-vitro feeding system for adult ticks, we attempted to
adjust the set for nymphal feeding. The membrarthiokness around 55 pm was used and
additional components such as a plastic c(esgure 53 were utilized.Unfortunately, the
nymphal feeding has not been brought to successfdlyet. Almost all the nymphs died

during the procedure.

Figure 5.(a) Six-well plate with feeding units. A plastic crassprovide additional bordefb) One
feeding unit depicting the ricinus ticks feeding on blood through the membrane. Aga&rrow)
to prevent ticks from attachment to the siliconeessive part of the membrane.
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5.2 Detection ofBorrelia using immunofluorescence microscopy

At the 24-hour time point (one day after attachmemgh numbers of each low-passd&gje
burgdorferiZS7 and high-passad® burgdorferiB31 were observed in the gut of ticks, yet
not in the salivary glands. The spirochetes inghewere mostly OspC-negative, only few
specimens close to the gut surface expressediplogrotein Figure 66). At the 48-hour
time point, the low-passage strain was alreadygmtewithin the salivary glands, namely on
the acinar surface and in/on the salivary dukigure 6f-f). The numbers of spirochetes
varied, we estimate 20 organisms per salivary gldihé high-passage strain also appeared
in the salivary ducts, however, very sporadicallg. (<5 spirochetes/salivary gland), and in

only very few samples<{gure 6¢.
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Bb B31 24h

Bb ZS7 48h 1oum | Bb B31 48h

Bb ZS7 48h «m | Bb ZS7 48h Bb ZS7 48h
Figure 6. Localization oB. burgdorferi spirochetes within the tick gut and salivary gleriy a

Olympus FV-1000 confocal microscoe. - c) Presence ofB. burgdorferiB31 (arrows) in the gut
tissue at 24 hi(a) DAPI counterstainingb) detection of OspC-positive spirochetés,detection of
spirochetes with rabbit anli- burgdorferiand TRITC-labeled anti-rabbit antibodg-h) Presence of
B. burgdorferiZS7 (passage 3-4) and B31 (passage 15) withinalnegy glands; merged images,
nuclei stained with DAPI, spirochetes with rabbitieB. burgdorferiand TRITC-labeled anti-rabbit
antibody.(d, f, h) Spirochetes on the surface of granular acini (&¢)g)Borrelia associated with the
salivary duct (sd);d’ and ‘e’ images, the color of TRITC was changed to yelfowbetter visibility

of spirochetes.
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5.3 Detection ofBorrelia using scanning electron microscopy

Once B. burgdorferiZS7 were positively localized in the tick salivaglands by using
immunofluorescence confocal microscopy, we attethpte obtain detailed structural
information of the tissue-spirochete interactionusyng scanning electron microscopy. At
48 and 72 hours after attachment, the salivarydglavere isolated, fixed, dehydrated, dried,
and coated with gold. No antibody labeling of tpeachetes was performed. Unfortunately,
this methodology did not allow us to observe anyogihetes within the salivary glands. As
it turned out, the amount of bacteria in the tissas too low, furthermore, the surface of the
salivary glands was covered occasionally with fillke contaminations, which made the
unambiguous spirochete identification impossiblgre 7.

SE GB-L LEI 4.0k X1.200 WD 15.1mm 10pm SE GB-L LEI 4.0KY

Figure 7. Scanning electron microscopy of salivglgnds isolated from femaldgodes ricinus

infected withB. burgdorferiB31 at 72 hr after attachmend) Low magnification overview showing
a part of the salivary acini (ac) and salivary disct). ) Potential spirochete on the acinar surface

(arrow).

5.4 Pilot trials of detection of Borrelia using correlative light electron
microscopy

To overcome the difficulty with the bacteria localiion on electron microscopes, we
decided to employ a recently emerging techniquerretative light electron microscopy. At
72 hours after attachment, the salivary glands wgelated, cut to sections and prepared for
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immunofluorescence microscopy to reveal the presef@orrelia. Afterwards, the same

specimens were modified so that they can be vidwagsing scanning electron microscopy.

Before the desire@orrelia localization within the salivary glands could becamplished,

we had to overcome many obstacles throughout thetieg procedure.

» First, a widget that enable easy processing of f@asgzrtions has been invented. We
have developed a mapping system that noticeablglerated the retrospective
localization of the region of interest (sample et withB. burgdorferispirochetes

in our case)Kigure §.

F | H I|J

5
o | € ‘Q

Figure 8. A simplified system of coordinates wasved into the glass slide by using a
diamond knife. When a positive (fluorescing) settieas spotted, the appropriate letter was
written down. Afterwards, when the glass slide waamined on the electron microscope,

the location of the region of interest was detegdiwith ease.

» Secondly, the procedure of specimen preparatiomnsensely difficult. The sample
had to be manipulated in a way that it is possiblexamine it both on light and
electron microscopes, though each device works rurmdasiderably different
operating conditions. The procedure that is listed section ‘Methods’ is the one
with which the best results were obtained; lowegb#iuorescence and non-specific

antibody binding together with best structural preation.

e Thirdly, the operating parameters of the scannihgcteon microscope were

optimized.
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1. Detector - Three different detectors were tested to deterntéh gives the
best images; two secondary electron detectorspparuetector§El) and a
lower detector EI), and an AutrataYAG (yttrium aluminium garnet)
backscattered electron detector. The SEI mode patter resolved images,
however, because of the surface charging it wasuitdable for the analysis.
The better results were achieved by LEI and YAGdets. The LEI mode
provided good topological contrast with very lowaofing. The YAG
detector was of choice when the gold nanoparticle® detected, since here
an output signal that is generated is based upemlifference in the atomic
number, therefore, giving the best contrast engbline localization of

nanoparticle markers.

2. Working distance (WD) - WD is the distance between the front edge of the
objective lens and the specimen surface. We datexdthat 12 - 15 mm is an
optimum distance which provided the best imageityuahen LEI and YAG

detectors were used.

3. Accelerating voltage -The best image quality was obtained with accelegati
voltage between 4-6 kV. The output signal was digptawith voltage lower
than 3 kV, giving inferior contrast. On the othemd, higher voltage caused

charging of the sample and its deterioration.

Despite enormous effort (the procedure was repeatézhst ten times with various staining
protocols), the successful localization d&orrelia using correlative light electron

miscroscopy has not yet been accomplished. Theebigtjfficulty encountered so far is the
chitin autofluorescence of the salivary ducts amel non-specific antibody binding. When
the samples were sectioned, it readily happenet ttie salivary ducts cross-sections

strongly fluoresced, and therefore resembled (@vehape) the spirochetes.

See the imagesF(gure 9 and 1P acquired by fluorescence and scanning electron

microscopes.
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Figure 9. LocalizatioB. burgdorferiZS7 (passage 4) within salivary glands on thawgdsections
by using correlative ligh electron microscopy) Detection of spirochetes with rabbit aBti-
burgdorferi and FITC-labeled anti-rabbit antibody. Here, howevibe spirochete-like objects
(arrows) are noBorrelia, but false positives caused by non-specific anfyboinding as revealed by
using SEM. b)) The same section taken with Nomarski objectivewshg the salivary gland acini
(arrows). €) Again, as in the picturea‘, non-specific antibody binding and chitin autaftescence

of the salivary ducts hindered the localizatiofBofrelia spirochetes.d) DAPI staining.
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SE GBL LEI 4.0k X850 WD 15.0mm 10pm SE SEM YAG 50KV X25000 WD 8.0mm 1pm

SE SEM LEI 5.0kV X500 WD 124mm  10um SE SEM YAG 5.0k X1,000 WD 124mm  10pum

Figure 10. Salivary glands on cryosections imaggdubing scanning electron microscopg) (
Salivary gland acinus (highlighted) with fine stwral details, but partial material loss) (Surface
of the salivary gland acinus with non-specificaligund gold nanoparticles (arrowsg) Salivary
gland acinus (highlighted) with very good structymaservation and a salivary duct draining inte th
acinus (arrow).d) Again, salivary gland acinus (highlighted) witteal structural preservation and a

salivary duct draining into the acinus (arrow).

5.5 Correlation of plasmids and dissemination ability

To clarify the above findings concerning the diéfietr dissemination propensity of low- and
high-passag®orrelia, we checked and compared the plasmid profileheddBorrelia. It
has been shown by others (Purser and Norris, 2D80andeira-Rey and Skare, 2001),
plasmids are the decisive factors of borrelial ¢tifety. The bacterial DNA was extracted,
plasmid primers were used and completed PCR reectiere loaded onto the agarose gel
for electrophoretic separation. In the first runwipassage (6B. burgdorferiZS7 Figure
11) and high-passage (>18) burgdorferiB31 (Figure 12 and 1)3were examined. Low-
passage (5. burgdorferiB31 were used as positive contrblqure 14.
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9 10 11 12 13 14 15 16 17 18 19 20

Figure 11. Plasmid profile d. burgdorferiZS7 (passage 6). Lpl7, 1p28-1, 1p28-2, Ip28-3, 1328
Ip36, Ip54, cp26, cp32-1, cp32-3 are present. Colaombers are assigned to particular plasmids in
Table 9below. M - O’GeneRulél 1kb DNA ladder.

Table 9. Column number with a respective plasmid.

Column| 1 2 3 4 5 6 7 8 9 10
Plasmid | Ip17 | Ip21 | Ip25 | Ip25(1) | 1p28-1 | Ip28-1(1)| 1p28-2 | 1p28-3 | 1p28-4 | 1p36
Column | 11 | 12 | 13 14 15 16 17 18 19 20
Plasmid | Ip38 | Ip54 | Ip56 | cp26 | cp32-1| cp32-2 | cp32-3| cp32-6| cp32-8| cp32-9

9 10 11 12 13 14 15 16 17 18 19 20

iR =

- —

Figure 12. Plasmid profile d@. burgdorferiB31 (passage 17+). Vast majority of plasmids was lo
duringin-vitro cultivation. Only 7 plasmids remain (Ip17, Ip5426, cp32-1, cp32-3, cp32-8, cp32-

9). Column numbers are assigned to particular ptésim Table 10 M - O'GeneRule?™ 1kb DNA
ladder.
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Figure 13 Plasmid profile oiB. burgdorferiB31 (passage 21). Several plasmids are missing
Ip21, Ip25(1), Ip284, Ip38, cp3-6, cp328. Column numbers are assigned to particular pEsini
Table 10 M - O'GeneRule!" 1kb DNA ladder.

9 10 11 12 13 14 15 16 17 18 19 20

3

Figure 14 Plasmid profile of thccontrol sampleB. burgdorferiB31 (passage !. All but one plamid
(cp9) are present. Column numbers are assignedrticydar plasmids irTable 10below. M -
O’GeneRulel" 1kb DNA laddel

Table 10.Column number with a respective plast

Column| 1 2 3 4 5 6 7 8 9 10
Plasmid | cp9 | Ip17 | Ip21 | Ip25(1) | I1p28-1 | Ip28-1(1)| 1p28-2 | 1p28-3 | Ip28-4 | Ip36
Column | 11 | 12 | 13 14 15 16 17 18 19 20
Plasmid | Ip38 | Ip54 | Ip5€ | cp26 | cp32-1| cp32-2 | cp32-3| cp3z-6 | cp32-8| cp32-9

From the obtained plasmid profiles it is appardat burB. burgdorferiB31 (passage 17+)
isolate contained much less plasmids than the tesalasignated aB. burgdorferi B31
(passage 21), indicating that the number of pas in this instancelid not correspond to
the reality, or that it is a differeBorrelia strain. Nevertheless, we focused on the plas
that were proven to beonnected with pathogenesis and infectivity in t@mmalian hos
and in the ticks. Namely, Ip25, Ip-1, Ip36, Ip54, and cp26. Lp54 and cp26 were preise
all tested isolate®. burgdorferiB31 (passage 17+) lacked Ip25, IpR8p36, meaning th
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this isolate should be able to disseminate witluk & vector, but it should not be infective
for a hostB. burgdorferiB31 (passage 21) amdl burgdorferiZS7 (passage 6) possessed all
of the aforementioned essential plasmids but Ip25.

New PCR analysis was performed to make sure tt2& ip really absent. This time with
three different sets of primers against Ip23Bofburgdorferiand one set of primers against
Ip25 of B. afzeliiand B. garinii. The control detection corrected the previous ItesB.
burgdorferi B31 isolates still lacked Ip25, however, it turnedt B. burgdorferi ZS7
possessed this linear plasmidgure 19.

1p25
Ip25{1)
Ip25{2})
Ip25{g}
Ip25{a)
x
Ip25
Ip25(1
lp2s(q)
fp2sfal
x
Ip25
Jjp25idl
P23(2]
Ip25{g}
Ip25{a)

ipasia]

B31(15+) B31(21) ZS7(6)

M

=
—
.
[ =}

Control(+) Control(-)

Figure 15. Control detection of the Ip25 within ttiéferent borrelia isolates. It showed up tiiat
burgdorferiB31 (passage 15+ and 21) really lacked this plagmide genomeB. burgdorferiZS7,
however, contained the Ip25. The Ip25 of the CB#3&irs of B. afzeliiwas detected by primers
denoted a$p25(g) andlp25(a). These are primers designed for screelngarinii andB. afzelij
respectivelyLp25, Ip25(1) andlp25(2) denote three different PCR primer sets specificregdp25
of B. burgdorferiB31 and ZS7. Negative control: PCR run without DNPsitive control: DNA of
B. burgdorferiB31 (passage 5).
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5.6 Light microscopy examination of nymphs molting to aults

Two infected nymphs in the early-molting phase amd in the advanced-molting phase
were examined to confirm the presence of the diffesalivary gland acinar cells during
metamorphosis, i.e. to probe the possibility ohssdadial transmission @orrelia within
the salivary glands. The salivary glands were ofegkrwithin all four ticks by light
microscopy. Unfortunately, the salivary glands frdm nymphs in the early-molting phase
(new cuticle is not present yet) were too minuscsiteit was not possible to pick them up
and examine more thoroughly, i.e. to determine,cttiypes of acini (I, Il and Ill) were
present. The salivary glands from the nymphs inlgter-molting phase (new cuticle is
already present) were isolated successfully andmereal. Fluorescence microscopy
confirmed that type-Il and -IIl acini were pres¢higure 1§. Optical microscopy affirmed
the presence of type-l acinFigure 18in Appendix). The antibody specific fdorrelia
burgdorferi did not convincingly prove the occurence of théraghetes Figure 19in

Appendix).

Figure 16. Salivary glands of moltingodes ricinusnymphs. DAPI nuclear counterstain confirmed

the presence of the granular (type-1l and -llnaci
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6 DISCUSSION

6.1 In-vitro feeding

The procedure described in the section ‘Methodsa islightly modified version of the
original created and described by Krober and Gu@@®7b). This method has been so far,
to the best of our knowledge, successfully apptednly adultixodes ricinusticks. The
attachment efficacy is strongly dependent on ticksd in the experiment, strictly speaking,

on the size of their hypostome (Tajeri and Razi®i,13.

Kréber and Guerin (2007c) achieved an attachmestafino less than 75% with ticks
ricinus. Our attachment rate fluctuated around 70% with same species. However, we
omitted some of the prolonged preconditioning stéms instance, they reported that ticks
must be pretreated for 3 weeks at 20 to 23°C afd ®698% relative humidity to enhance
attachment. We completely left out this phase aseduticks that underwent no special
pretreatment. The reason behind this decision besdes saving time, that in our first trials
the preconditioning had rather negative influence the well-being of the ticks.
Furthermore, cow hair cut serving as an additideatling stimulant in experiments carried
out by Kréber and Guerin (2007b) was not appliednduour experiments. They also stated
that the thickness of the artificial membrane stdoubt exceed 11@im. We successfully
utilized membranes of thickness between 140 - iB® with no apparent impact on
attachment rate. The problem that we had to facengluour trials was that ticks
preferentially attach at the margin of the membyavteere the glass feeding tube is glued to
the artificial membrane. That means, at a placerevihedundant silicone glue frequently
covers the surface of the membrane, making it wigky and impenetrable for the tick
hypostome. We addressed this challenge by usingstéiphasket with a radius that precisely
fits into the glass feeding tube. It prevented tibks from getting stuck to the membrane,
therefore, it considerably reduced the tick maigaiate. In the latest experiments, we have
even omitted the use of a cow hair extract. No emiveeffects of this step have been
observed so far. Last but not leastpber and Guerin worked with a thermostatted water
bath with a tilted cover to keep the air above fbeding chambers near 100% relative
humidity. In our experience, the increased humidiggatively influenced fitness of the

ticks, making them more susceptible to death.
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The silicone-mebrane basad-vitro feeding system has proven itself as a powerful
technigue to obtain infected adult ticks. Additioina plastic gasket has turned out to be an
astute manoeuvre, which prevents ticks from attagtirto the silicone-excessive part of the
membrane. The reason why, in our case, the inateasktive humidity adversely
influenced fitness of adult ticks during feedinggitti reside in that we did not precondition
the ticks in any way, therefore, they were not cameto sustain such an intense
environmental change. The average attachment satilabed around 70%. It is a value
comparable with conventional feeding on animalsl tdoerefore, fully satisfying. Speaking
in generaljn-vitro feeding has an unquestionable advantage ioveivo feeding in that no
ethical issues must be considered. It saves lif@sioals, not to mention the money spent

on their rearing.

After successful implementation of-vitro feeding system for adult ticks, we attempted to
adjust the set for nymphal feedirf§jze of hypostome df ricinus nymphs is about 170m
(Kréber and Guerin, 2007a). Therefore, the thicknasthe artificial membrane with which
we have mostly worked so far (90 - 18@n) should have been thin enough to allow the
nymphs penetrate the barrier. However, it showedhapit was an incorrect presumption.
Afterwards, the thickness of the membrane was dset down to about 55m. However,
the attachment rate did not rise markedly, stdl dot overcome a 10% level. To tweak the
system, a plastic cross was placed onto the membiamprovided an additional border
where ticks prefer to attach. Nevertheless, tharetbsoutcome was not obtained. Even

though the attachment rate slightly increasedstimeival rate remained close to 0%.

The system for nymphah-vitro feeding has been optimizing. Unfortunately, theres are

so far of little avail.Neither of attempts to tweak the-vitro feeding system have brought

the highly-anticipated results. To further utilitkis methodology for investigations of

important tick-pathogen interactions, the wholedfeg system have to be customized for
nymphal ticks feeding, since ticks in a nymphagsetare the most common transmitters of
Lyme diseaseEmpirical observation of the whole-vitro feeding procedure has brought us
to conclusion that preconditioning of ticks, moteant any substantial changes in the
membrane properties, may lead to successful emplayofethe silicone-membrane based

in-vitro feeding system into nymphal tick-pathogen studiéss technique holds potential to
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become a first method, which would produce nympilkstwith almost absolute certainty of

borrelial infection.

6.2 Borreia plasmid content and dissemination ability

The bottom line of our study was to investigate pléential ability ofB. burgdorferisensu
stricto spirochetes to traverse the tick gut aaéfitr directly to the salivary glands during a
single tick feeding on an infected host. Our mdiora has come partly after reading an
article from Joseph Piesman al. (1987). In short, they investigated time intesvakeded
for infected nymphs to infect rodents. They found thatB. burgdorferispirochetes were
transmitted to 1 of 14 rodents exposed for 24 lof, B4 rodents exposed for 48 hr, and 13 of
14 rodents exposed for 72 hr or more. This studsickerably challenges the contemporary
view on transmission dynamics, which highlight thgportance of the preparatory phase of
spirochetes in the tick gut and practically excltige possibility that infection can occur in
less than 72 hr (e.g. Dunham-Egtsal, 2009). Therefore, we have decided to further @rob
the significance of the ‘in-gut’ phase. We haveradded another pillar of tieansmission
process oBorrelia, which says that during the first feeding of & ton an infected hosB.
burgdorferi spirochetes reach solely the gut of a tick, orffgrasecond feeding on different

host, the bacteria disseminate into the tick safigéands and further to a new host.

To confirm the presence of spirochetes within thévary glands, confocal microscopy
investigation was performed. Our examinations rkgeaquite unexpectedly, theB.
burgdorferiis really able, depending on the plasmid contentraverse the membrane of the
tick gut and traffic directly to the salivary gladuring a single tick feeding. It turned out
that the decisive factor that probably underminkd propagation of high-passade
burgdorferiwas the lack of I[p25. The unquestionable drawbdabuo study resides in fact
that we compared two differe®. burgdorferistrains; high-passage B31 and low-passage
ZS7. The reason behind is that low-pasdagpirgdorferiB31 were not available that time.
We are going to perform the experiment with lowgaageB.burgdorferiB31 in the near
future. Then it will be possible to compare mordaldy the passage-dependence (i.e.
plasmid-dependence) 8orrelia on the dissemination ability, furthermore, to camglow-
passageB.burgdorferi B31 and ZS7 for the very same aptitude. In case-passage

B.burgdorferiB31 with complete plasmid profile will not readhettick salivary glands, it
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may signify that another auxiliary plasmid-indepentdmechanism may contribute to the
dissemination process, as proposed by McDogtedl. (2001).

The first Borrelia individuals (low-passag®. burgdorferi ZS7) were observed on the
salivary glands 48 hr after attachment, in amourds greater than 30 spirochetes per
salivary gland. The bacteria were present excllsive the acinar surface and on/in the
salivary ducts, not yet inside the acini. The 48+htome frame nicely corresponds to results
obtained by Ohnishet al. (2001), who observed that the route from the gok up to the
mammalian host lasts at least 53 hr. Our findings aso in good accord with results
achieved by Dunham-En#t al (2009), who documented that the vast majoriti3ofrelia
escapes from the gut in a highly organized manmarearly than 48 hr after attachment.
Interestingly, this would suggest tHBorrelia need only ~5 hr to breach the membrane of
the salivary glands and reach the host. It impied Borrelia are extremely well adept at

overcoming the acinar barrier.

It is important to note that the spirochetes weareatserved within all the examined salivary
glands. We estimate thBbrrelia were localized in about one third of ticks (aboQtti€ks
were examined). Surprisingly, the number of spieteb did not seem to increase during
next 24 hr of feeding (i.e. 72-hour time point).siiggests that only a handful of aberrant
individuals is able to reach the salivary glandad ahe overwhelming majority of

spirochetes stays confined to the tick gut.

A chance thaBorrelia got into the salivary glands in other way than bigut-hemocoel-
salivary glands can be reliably excluded. Isolatminthe organs was performed very
carefully with multiple washing steps, therefoilee probability that the salivary glands were
tainted by spirochetes from an impaired tick gunisimal. Additionally, the bacteria could
not reach the salivary glands directly from thek trnouthpart (i.e. blood-salivary glands
route), becausBorrelia were localized on the acinar surface, furthermibrere would be no
difference in spirochete numbers between low- aigth-passagaBorrelia in the salivary
glands.

In order to elucidate in detail the interaction$ween spirochetes arixlodes ricinugissues
(salivary glands), we employed another non-dynawstialization technique - scanning
electron microscopy. SEM is a method that wouldvalus to scrutinize the salivary gland-

Borrelia interface. However, right after first attemptsbiécame apparent that pursuing
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Borrelia by using SEM is a process akin to searching ferpttoverbial needle in a haystack.
The numbers of organisms within the salivary glawdse minuscule, furthermore, the non-

labeled spirochetes would be barely discerniblenftbe surrounding tissue.

To cope with the lack of resolution of fluorescemoiroscopy and with the difficulty of
Borrelia localization by using electron microscopy, the ptisd application of correlative
light electron microscopy in pathogen detection hasn tested. CLEM is a cutting-edge
approach, which same as other new techniques, Eoko$t) any kind of standardized
protocols. Albeit we have surpassed many obstacldge way to unanimous localization of
Borrelia by CLEM, we have not been able to bring our effora successful conclusion. The
greatest difficulties were caused by autofluoresedn the chitinous structures of the gland
acini and by non-specific binding of antibodies. Wave decided to address these
obstructions by usingorrelia with stably integrated RFP (red fluorescent proteaporter

(prepared by Ryan Rego). Our study will continus@an as the clondgbrrelia are ready.

The transstadial transmission Bbrrelia burgdorferi inside thelxodes ricinussalivary
glands is considered to be impossible becauseeofjldnds degeneration during the molt.
We have decided to conduct a cursory investigatoimd out, whether the salivary glands
really degenerate to such an extent, which decydedicludes the possibilty of this
phenomenom. We observed the salivary glands ofitke in the early-molting phase, as
well as of the ticks in the advanced-molting phasght microscopy observation and DAPI
staining of the glands in the advanced-molting phiadicated that all three types (denoted |,
I, 1) of acini were present. This finding deftely does not exclude the possibility of the
transstadial transmission of the bacteria insigestdivary glands. Of course, the question is
whether the type Il and Il acini were present dgrithe entire molt (i.e. did not completely
degenerate), or whether these are already newlglalgad acini. To find the answer, the
examination of the salivary glands has to be cotaduthroughout the molt in regular time

intervals.

During the search for the salivary glands in theselcted ticks, we decided to also document
the visually appealing internal morphology of theltimg I. ricinus nymphs. The goal of this
operation was not bigger than to give interestimgghts into what actually happens under

the cuticle (se€igures 17 and 1 Appendix).
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7/ CONCLUSION

* In-vitro silicone membrane feeding method was successbpliynized and applied

to adult ticksixodes ricinus

» Conventional viewpoint thaB. burgdorferican disseminate to the salivary glands

only during “second” feeding was challenged.

» Dissemination ability oB. burgdorferiand their plasmid content were correlated.
Linear plasmid Ip25 seems to be the reason ofrdiftepropagation ability of low-
passag®. burgdorferiZS7 and high-passage burgdorferiB31.

» Correlative light scanning electron microscopy bagn tested and optimized so it
can be further used in our research. To the besupknowledge, this state-of-art

techniqgue has not been used in any other laborgédry

* New insights were brought into the molting procegssnymphal ticks and the
possibility of transstadial transmission Bbrrelia inside the salivary glands was
probed.
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APPENDIX

Figure 17. Examination df ricinus nymph in the early-molting phas@) The tick just before a
dissection(b) Internal structrure after dissection of the nynighw cuticle is not present yet, but the
salivary glands are (arrowc) A detailed image of the internal structure witle thalivary glands

(arrow).

Figure 18. Examination df ricinus nymph in the advanced-molting pha&®. The tick with greyish
cuticle.(b) Internal structrure after dissection of the nymidbw cuticle was already strong enough
to allow us to pull the freshly developing adultt af the old armour(c) Mouthparts with a
hypostome (white arrow) and a bundle of salivaigndgk (red arrow) connected by a salivary duct

(yellow arrow).
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Figure 19. Salivary glands of moltigodes ricinusnyymphs. Potential spirochetes (arrow) detected
with rabbit antiB. burgdorferiand TRITC-labeled anti-rabbit antibody. Counterstdi with DAPI.

Merged image.
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