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“Quanto manca alla vetta?

-Tu sali e non pensarci!”

F. Nietzsche



Introduction

1. Ticks

Ticks are obligate hematophagous arthropods that parasitize every class of vertebrates (1) and
vector-borne diseases are among the leading causes of sanitary concern worldwide, being
responsible for millions of deaths every year (2). Although most vectors (such as mosquitoes)
mainly exert their toll on developing countries, ticks are also widespread in the Northern
hemisphere and are indeed considered the most important vectors in Europe and Nord America
(3). The major tick families are three: i) the Ixodidae (C.L. Koch, 1844), also called “hard
ticks” because of their sclerotized dorsal plate, are the most important family in numerical
terms and in medical importance, ii) the Argasidae, called “soft ticks” because of their flexible
cuticle (1) and iii) the Nuttalliellidae which differ from others for a combination of
characteristics including the position of the stigmata, strongly corrugated integument and form
of the fenestrated plates (4). According to the most commonly used classification (5), the
family Ixodidae consists of two major groups, the Prostriata and the Metastriata (Fig.1). Ticks
are currently grouped with members of the subclass Acari, which is the largest subclass in the
class Arachnida of the suborder Ixodida within the order Parasitiforms.

Ticks have been recognized as human parasites for thousand years and were described by
ancient Greek writers, including Homer and Avristotle (1). While having been studied for a
long time, the first demonstration that ticks may transmit infectious diseases were made at the
end of 19th century (3). Lyme disease, caused by Borrelia burgdorferi (6), was described in
1975 and is currently one of the most important vector borne disease in Europe and the United
States. Ticks may also act as reservoirs of tick-transmitted bacteria. In these cases, bacteria
are transmitted trans-stadially (from stage to stage) and/or trans-ovarially (from one generation
to the next one). Given that each tick species requires optimal environmental conditions, this
determines their geographic distribution and the risk areas of tick borne diseases.
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Figure 1. Hoogstraal classification

2. Ixodes ricinus

Approximately 900 tick species have been described (7), nearly 10% of which have an impact
on human and animal health (8). The Ixodidae are capable of transmitting numerous viral,
bacterial and protozoan pathogens through the blood meal. Hard ticks, in particular, are
dangerous vectors and, among them, the sheep tick Ixodes ricinus (Fig. 2) is one of the most
relevant species. It has an XX: XY sex determination system (9).



Figure 2. Ixodes ricinus

The importance of Ixodes ricinus is due to its wide area distribution (i.e. Europe and Northern
Africa), to its low host specificity and capacity to parasitize humans and to its central role in
the transmission of multiple infectious agents (10). Borrelia spp, the causative agent of Lyme
disease, is possibly the most important microorganism vectored by I. ricinus. This bacterium
is responsible for hundreds of thousands of novel infections each year and its role in multiple
chronic pathogenesis is currently being investigated (11). Requiring a relative humidity of at
least 80%, I. ricinus is sensitive to climatic conditions, and is restricted to areas of moderate
to high rainfall. While being primarily observed in deciduous woodland and mixed forest, it
can be found in a range of habitats that support its blood hosts and a moist microclimate. The
prevalence of ticks is on the rise throughout Europe due to environmental changes including
climate (12), forestry and wildlife management (e.g. increasing deer population) (13).
Nowadays, I. ricinus is found at higher latitudes and altitudes than just a few decades ago (14)
and it is also increasingly found in urban parks, recreational areas, private garden and

cemeteries (15). Therefore, 1. ricinus represents a considerable hazard not only for specific
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risk groups such as foresters, agricultural workers and livestock, but also for the general
population and companion animals (16). Moreover, 1. ricinus is capable of transmitting
numerous other bacteria, such as Rickettsia spp. and Ehrlichia spp., but also the flavivirus
responsible for Tick Borne Encephalitis and the etiological protozoan agents of babesiosis
(17). In addition to the before mentioned pathogens, 1. ricinus harbours a recently described
bacterium named Midichloria mitochondrii (18), although the biological role of this new
endosymbiont is not understood yet.

2.1 Anatomy of I. ricinus

Ticks are large-body-size (2-30 mm) acarines. Adults and nymphs have four pairs of walking
legs, and larvae have three. All stages have no antennae and, unlike insects, their bodies are
not divided into a distinct head, thorax, and abdomen (19). The anterior part of the body, the
capitulum, bears the mouthparts, including sensory organs, cutting organs, and a median
immobile organ (the hypostome) with numerous recurved teeth that anchor the tick to the host
skin. The ixodides are characterized by the presence of a sclerotized plate, the scutum, on the
dorsal surface of the body, and the remainder of the body is able to expand during feeding
(Fig. 3). Ticks possess a circulatory system and a circulating fluid, the haemolymph, wets all
organs and tissues. Ticks have a variety of peripheral sensory organs which include hair-like
structures on the body, legs, mouthparts and a sensory complex located on the dorsal surface
of the tarsus of leg | that contains a cluster of olfactory and gustatory receptors, the Haller’s
organs. These sensory organs are evidently important in enabling ticks to locate their hosts
and to communicate with other ticks.
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Figure 3. Anatomy of I. ricinus
2.2 Life cycle and feeding

The lifecycle of the tick includes three instars: larva, nymph and adults, which all require a
blood meal from a vertebrate host before progressing to the next instar or laying eggs. The
blood host of larvae are typically small rodents, for nymphs, medium sized mammals and
birds, while the adult female feed of larger ungulates (20-23). One replete, the tick detaches
and, after dropping from the host, finds a resting place where digests blood meal and molts to
the next feeding stage, or enter in diapause, a state characterized by reduced metabolism and
delayed development (Fig. 4).



Larva

Feeds on large and medium sized mammals
and humans

Feeds on small
mammals

! ;

,( ) Nymph

Feeds on small and medium sized
mammals

Figure 4. Schematic view of the life’s cycle of I. ricinus

Mating generally occurs on the host; thereafter the females detach and drop off the host to
digest their blood meal. They then lay their eggs (from 400 to > 20,000 depending on the
species), in a sheltered environment and die (24). The life cycle of ixodid ticks is usually
completed in 2-3 years, although it may take 6 months to 6 years, depending on environmental
conditions, including temperature, relative humidity, and photoperiod. There is no or little
ingestion of blood during the first 24-36 hours of attachment and penetration and attachment
are the predominant activities. The salivary secretions produced by ixodid ticks include a
cement to anchor the mouthparts to the skin of the host; enzymes; vasodilators; anti-
inflammatory, antihemostatic and immunosuppressive substances. These facilitate successful
blood feeding and an anaesthetic present in the saliva makes the bite of ixodid ticks usually
painless. Ixodid ticks feed for extended period, and 2-15 days are required for a complete
blood meal to be ingested, depending on the feeding stage, species of tick, type of host, and
site of attachment. An initial slow feeding period (3-4 days) is followed by a period of a rapid
engorgement (1-3 days) when ticks, particularly females, may increase their body weight up
to 120-fold.
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3. Diseases caused by Ixodes ricinus bite

The characteristics of the tick bite such as absence of pain, rarity of immediate symptoms and
misinformation in the population, make estimating the actual health impact of this parasite
difficult. While the impact on human health of these occult infections is a matter of debate,
most authors agree in considering the tick bite as a risk factor for the development of various
chronic degenerative diseases. The most discussed correlation is between tick bite and
Amyotrophic Lateral Sclerosis (ALS), for which several lines of evidence have been reported
(25).

The tick-borne diseases associated with the bite of /. ricinus with major impact on public
health in Europe and the United States were recognized with the emergence of B. burgdorferi
as the etiological agent of Lyme disease. To follow, Francisella tularensis as the agent of
Tularemia, Babesia microti as the agent of Babesiosis, the Flavivivus as agent of TBE (Tick
Borne Encephalitis) and Erhlichia caffeensis as the agent of Ehrlichioses (Fig. 5).
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Figure 5. A) Borrelia burgdorferi. B) Francisella tularensis C) Babesia microti
D) Flavivirus E) Erhlichia caffeensis
12



3.1 Lyme disease

Lyme disease was first recognized in 1975 in the city of Lyme, Connecticut (USA). The
disease is caused by Borrelia burgdorferi, B. garinii, B. afzelii, gram-negative microaerophilic
mobile spirochetes (26). The course of Lyme disease presents three stages: i) in the first stage
infection is localized and the erythema migrans occurs; ii) in stage two infections become
disseminated with lesions that involve skin, eyes, heart and nervous system; iii) in the third
stage skin abnormalities may be observed, intermittent attacks of joint swelling and pain,
fatigue, ocular and neurological signs (27). The diagnosis is made on the basis of clinical and
epidemiological findings and serological testing. Specific antibodies against Borrelia can be
detected by ELISA (28) or by applying PCR to amplify B. burgorferi DNA in blood, skin,
synovial fluid and urine samples from infected patients (29). In the early stages, doxycycline
is the recommended treatment. Nowadays is also available the vaccine against the Lyme
disease (30). Liguria, Veneto, Friuli-Venezia Giulia and Trentino Alto Adige are the Italian
regions mainly affected by this disorder.

3.2 Tularemia

Francisella tularensis is the causative agent of Tularemia. It is a small, aerobic, gram-negative
coccobacillus. The incubation period of Tularemia averages 4-5 days (31). The onset of the
disease is variable and depends on the involved organism. The most common characteristic
form is the ulcero glandular one, in which a papule develops at the tick bite site, becomes
pustular and then ulcerated, and is associated with regional lymphadenopathy. Although
mortality has been estimated to be ~7%, it was probably much higher (around 33%) before the
introduction of antibiotics (31). The disease is diagnosed by use of a serological test and
doxycycline is the conventional drug.

3.3 Babesiosis
I. ricinus is able to transmit Babesia microti, a protozoan parasite that infects red blood cells
causing a special type of anaemia called haemolytic anaemia. The infected people develop

nonspecific flu-like symptoms, such as fever, chills, headache and loss of appetite, nausea and
fatigue. The disease is diagnosed by examining blood specimens under microscope.
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3.4 Tick borne encephalitis

Tick borne encephalitis (TBE) is a human viral infectious disease involving the central
nervous system. The causative agent is a member of the family Flaviviridae, which was
isolated in 1937. The incubation period is usually between 7 and 14 days and is asymptomatic.
The most common clinical abnormalities are low white blood cell count and a low platelet
count. There is no specific drug therapy for TBE.

3.5 Ehrlichioses

Erlichiae are obligate intracellular small gram-negative cocci, and are the agent of human
granulocytic Ehrlichiosis (HGE). The symptoms include fever, headache, muscle aches and
general feeling of weakness and fatigue. In some cases, the symptoms may progress to include
nausea, vomiting, cough, diarrhoea, loss of appetite and confusion. If the disease is left
untreated, kidney failure and respiratory problems may develop. A specific diagnosis of
ehrlichiosis may be made by observing morulae in leukocytes, by serological tests or by
molecular methods (32,33).

4. Midichloria mitochondrii

The numerous tick-associated bacteria have been called symbiont, microsymbiont or
endosymbiont (34). The bacteria may have a negative, positive, or no effects on their arthropod
hosts, and prediction of whether symbionts found in ticks may be human pathogens is not
possible yet (3). Midichloria mitochondrii is one of the “unknown” endosymbiont present in
I. ricinus and the basis of the symbiosis is not well understood.

“Candidatus Midichloria mitochondrii” belongs to the phylum Proteobacteria, to the class
Aphaproteobacteria and to the order Rickettsiales. It is assigned on the basis of the 16S rRNA
(AJ566640) and gryB (girase B) gene sequences (AM159536) (Fig. 6).

14
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Figure 6. Phylogenetic tree based on near full-length 16S rRNA gene sequences showing the

position of “Candidatus M. mitochondrii”. The tree was generated using MrBaye (18).

The genus name Midichloria is derived from the midichlorians, organisms within the fictional
Star Wars universe. Midichlorians are microscopy symbionts that reside inside the cells of
living things and “communicate with the force” (18). Midichloria mitochondrii is a Gram-
negative bacterium with a bacillus shape of = 0.45 um in diameter and 1.2 um in length. It is
observed within lumenal cell, funicular cell and oocytes of the tick I. ricinus. The bacterium
appeared for the first time during an electron microscopy (EM) study on the ovary of I. ricinus
in England (35) and it was found inside the mitochondria as well as in the cytoplasm. In a
further EM study using engorged female ticks collected in Italy, bacteria were seen colonizing
mitochondria in the periplasmic space between the inner and outer membranes (36). The
bacteria seem to consume the inner part of the mitochondria and multiply therein, as the
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development of the oocytes proceeds. This results in the reduction of mitochondrial matrix
and some mitochondria appear as sacs full of bacteria, from a single bacterium to over 20 (36)

(Fig. 7).
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Figure 7. A) An infecting bacterium (b) can be observed between the outer and the inner
membranes of mitochondria (m). B) Transverse section of an infected mitochondrion with
three bacteria (b) encircled by the inner mitochondrial membrane. C) The end of the
parasitic activity: the mitochondria are transformed in a swollen empty sac containing a rich
population of bacteria. D) A vitellogenic oocyte rich of bacteria (36).
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Despite the high number of mitochondria consumed by the bacterium, the eggs of the tick
develop normally. The symbiont seems to be widespread in the female of I. ricinus with a
prevalence of 100%, while a lower prevalence is observed in male ticks (44%) (18, 37).
Furthermore, M. Mitochondrii is vertically transmitted to the progeny, as indicated by PCR
evidence in eggs and larvae (18, 36), but also to the humans during the blood meal (38). Sybr
green real time qPCR protocols allowed to examine the dynamic population of the symbiont
during the host’s cycle life. The increase in the gyrB copy numbers following engorgements
of each three stages indicated that the bacterial growth is, most likely, linked to the blood meal
(39).

The genome of M. mitochondrii consists of a single 1,183,732 bp circular chromosome with
a Gb C content of 36.6% (Fig. 8).

Figure 8. The genome of M. mitochondrii. The two outermost circles show all predicting
coding regions; the fifth circle shows the location of the flagellar genes in red (40).
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Among the identified genes, 26 (i.e. fliC, fliD, flgL, flgK, flgE and others) encode a flagellum
which include all key components, such as the hook, filament and basal body. The function of
these genes is therefore unclear. The hypothesis is that the flagellum might be assembled in
as-yet-unexplored stages of the bacterium cycle and may also play a role in the invasion of
tick mitochondria. A second set of genes is predicted to encode a cytochrome cbbs. The
presence of the cytochrome may enable M. mitochondrii to synthesize ATP at oxygen
concentrations that are suboptimal for the mitochondrion (40).
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Materials and Methods

1. Tick collection, DNA and protein extraction

One hundred and twenty semi-engorged I. ricinus ticks were collected from roe dears
(Capreolus capreolus) of the Chize forest (Northern France) in February 2014. Semi-engorged
ticks were selected as, at this stage, they present the highest development of the two organs
investigated e.g. ovaries (OV) and salivary glands (SG), and also a high concentration of
Midichloria mitochondrii symbiont (39). Ticks were manually dissected under Leica
stereomicroscope (Wentzler, Germany) to collect organs. In particular, twenty ticks were
pooled in 100 pl PBS containing 1.5 pl of 1X protease inhibitor (Sigma). After mechanical
disruption of tissues, 20 ul of lysate were recovered for subsequent DNA extraction. The
remaining volume was subjected to sonication (Digital Sonifier 450, Branson Ultrasonic
Corporation, USA) applying three five-second treatments in a row. Each sample was then
centrifuged at the maximum speed (14,000 rpm) for 10 min and the supernatants were stored
at -80°C until use. DNA from each sample was extracted using the Quiagen DNeasy Blood
and Tissue Kit (Hilden, Germany) following manufacturer instructions. DNAs were eluted in
50 pl of sterile water and stored at -20°C until molecular analysis.

2. PCR

The presence of common tick-borne pathogenic bacteria (41) in the extracted DNA was
screened using previously described PCR protocols for Borrelia burgorferi (42), Anaplasma
spp., Ehrlichia spp. and Rickettsia spp. (43). Samples negative for the presence of pathogens
were subsequently analysed for absolute quantification of M. mitochondrii. Sybr green real-
time gPCR protocols were designed for the following: (i) the gyrB gene (coding for the protein
gyrase B) of M. midichloria (primers CTTGAGAGCAGAACCACCTA [forward] and
CAAGCTCTGCCGAAATATCTT [reverse]; amplifying 125 bp); (ii) the 1. ricinus nuclear
gene cal (coding for the protein calreticulin) (primers ATCTCCAATTTCGGTCCGGT and
TGAAAGTTCCCTGCTCGCTT; amplifying 109 bp). PCR cycling for gyrB and cal was as
follows: 95°C for 2 min, 40 cycles at 95°C for 15 s and at 60°C for 30 s, and melt curve from
55 °C to 95 °C with increasing increments of 0.5 °C per cycle. All reactions were performed
in 25 ul of Milli-Q water containing 400 nM of each primer, 12, 5 pl of iQ Sybr green
supermix, and 1 pl of DNA. PCR products were sequenced to confirm PCR specificity and
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then ligated into the pPGEM-T Easy vector and cloned. Purified plasmids containing the desired
fragments were serially diluted to evaluate the efficiency and detection limit of each PCR

protocol (10 copies in each case) (39). Results were expressed as ratio of gyrB/cal copy
numbers.

3. Protein assay

The Bicinchoninic Acid (BCA) assay was applied to obtain the exact concentration of each
pool of proteins extracted from SG and OV (44). Bovine serum albumin was the standard
protein used for the production of calibration curves in the range of concentration between 2,5
and 25 pg/mL.

4. 2-DE

About 250 pg of extracted proteins were dissolved in 125 ul of rehydration buffer (8M urea,
4% CHAPS (w/v), 65 mM DTE, 0,8% carrier ampholytes (v/v), 0,5% bromophenol blue) and
loaded onto 7 cm IPG strips, with nonlinear (NL) pH 3-10 or linear pH 4-7 gradient range (GE
Healthcare, UK). Strips were rehydrated without applying voltage for 1h at 20°C. The first

dimensional IEF was carried out at 15°C using an Ettan IPGphor 3 system (GE Healthcare,
UK) (Table 1).
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Table 1. Isoelectrofocusing steps

Time Current Temperature
8h 30V 16°C
1h 120V 16°C
30 min 500 vV 16°C
30 min 1000 V 16°C
ON (>7h) Constant 5000V (to 16°C
reach a total of 25-27
kV/h)

Three hours after the start, the IEF run was stopped to allow positioning of small pieces of
paper between the IPG strip and electrodes. Reduction and alkylation steps were performed
between the first and the second dimension. The focused IPG strips were incubated for 15 min
at room temperature in 6M urea, 2% (w/v) SDS, 50 mM Tris pH 6.8, glycerol 30%, containing
2% (w/v) DTE, followed by a second incubation step of 15 min in the same buffer containing
2,5% (w/v) iodoacetamide and 0,5% bromophenol blue. At the end of the IEF step, strips were
hold in place with 0,4% low melting temperature agarose and loaded onto 8 x 6 cm slabs,
12,5% SDS polyacrylamide gels. Electrophoresis was carried out at a constant current of 10
mA per gel in a PROTEAN I xi 2-D BioRad Cell equipment (Berkeley, California), until the
buffer front line was 1 mm from the bottom of the gel.

5. Protein detection

The 2-DE gels were stained with “Blue silver” (colloidal Coomassie G-250 staining) (45).
This staining method has a sensitivity of 5-10 ng per spot and is compatible with mass
spectrometry detection.

In the first step, proteins were fixed in the gel by treatment for one hour with 40% methanol
and 7% acetic acid. Then, gels were incubated overnight in the staining solution (10%
orthophosphoric acid, 10% ammonium sulphate, 20% methanol and 0,12% Coomassie
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Brilliant Blue G-250). Gels were bleached initially with 5% acetic acid and then with water
until a transparent background was obtained.

6. Reproducibility of study

To verify the reproducibility of the study, 2-DE maps were obtained in triplicate for each of
the analysed SG and OV pools. Those presented in this report are the best representative gels
among all generated that showed spots consistently present. Experimental steps concerning
sample preparation, electrophoretic run and gel staining were performed “in parallel” on both
pools.

7. PD- quest analysis

Digital image of stained gels was acquired using the VersaDoc Imaging Model 3000 (Bio Rad)
equipment and then subjected to qualitative and quantitative analysis using the PD-Quest
version 8.0.1 software (Bio Rad). Thanks to the advanced algorithm of the software, the scanned
images were filtered and smoothed to remove background noise, vertical or horizontal streaking
and gel artefacts. They were also normalized to eliminate the variability of each sample. The
software determined the number of spots present and calculated their intensity by applying the
following algorithm: peak value (ODs/image units) *ox*cy (standard deviations in x and y).
The following step was the creation of a “Match Set” necessary to compare all the gels of a
single group and to match the spots present. A synthetic image (called Master Gel) containing
the information about all the spots of Match Set was created. The Master Gels of every group
were finally compared each other through a Higher Master Set to create a Higher Master Gel
(HGM) that contained all information about the whole analysis.

The HGM gives the chance to observe the presence/absence of a given spot and to determine
the intensity value of common ones that can later be submitted to statistical analysis.
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8. Western Blotting

Western blot analysis was performed starting from 100 pg of proteins from the OV and SG
pool that exhibited the highest concentration of M. mitochondrii based on GryB/cal gene ratio.
Separated proteins were transferred onto a PVDF membrane by using a Trans-Blot Turbo
Transfer System that applied a current of 1.3 A up to 25V for 7 min. To verify the transfer of
proteins, the membrane was stained with Ponceau Red and washed with PBS (10 ml) for 10
min. After 1h incubation in 5% milk (10 ml) diluted in PBS and three additional washes with
PBST (0,1% Tween, 10 ml), the membrane was incubated overnight with the polyclonal
antibodies against the M. mitochondrii flagellar protein FIiD (38) at a dilution 1: 5000 in 2%
milk. After washing the membrane three times with PBST (10 ml), incubation was carried out
for 1h at room temperature with the secondary antibody (polyclonal goat anti-rabbit
immunoglobulin, Dako, Glostrup, Denmark) diluted 1:2000 in 1% milk in PBST. The
membrane was finally washed three times with PBS and incubated in ECL Prime Solution (GE
Healthcare). Immunoblots were acquired with the ImageQuant LAS 4000 analyzer (GE
Healthcare).

9. In situ enzymatic digestion

The gels pieces containing the selected spots were carefully excised, placed into Eppendorf
tubes and broken into smaller snippets. This material was then washed twice with aliquots (200
pl) of 200 mM ammonium bicarbonate buffer pH 7.8, 50% acetonitrile (ACN) and kept under
stirring overnight, until complete destaining. Gels were dehydrated by addition of ACN (100
ul). After removal of the organic solvent, reduction was performed by addition of 50 pl of 10
mM Dithiothreitol (DTT) solution (40 min at 37°). DTT was replaced by 50 ul of 55 mM
iodoacetamide that was incubated for 45 min at 56°C. This solution was removed and the gel
pieces were washed twice with 200 pl of 200 mM ammonium bicarbonate for 10 min, while
vortexing. The washing solution was removed and gel dehydrated by addition of 200 pl of
ACN until the gel pieces became an opaque-white colour. ACN was finally removed and gel
pieces were dried under vacuum. Gels were rehydrated by addition of 75 pL of 100 mM
ammonium bicarbonate buffer pH 7.8, containing 20 ng/ul sequencing grade trypsin (Promega,
Madison, WI, USA) and digestion was performed by incubating the mixture overnight at 37°C.
The resultant peptides were extracted from gel matrix by a three-step treatment (each step at
37°C for 15 min) with 50 pl of 50% ACN in water, 5% trifluoroacetic acid (TFA) and finally
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with 50 ul of 100% ACN. Each extraction involved 10 min of stirring followed by
centrifugation and removal of the supernatant. The original supernatant and those obtained
from sequential extractions were pooled, dried and stored at -80°C until mass spectrometry
analysis. At the moment of use, the peptide mixture was solubilized in 100 pl of 0,1% formic
acid (FA) for MS analysis.

10. LC-MS/MS

Identification of the protein(s) under the spots was carried out on an LC-MS/MS (Thermo
Finnigan, USA) system consisting of a thermostated column oven Surveyor autosampler
controlled at 25°C, a quaternary gradient surveyor MS pump equipped with a diode array
detector, and a Linear Trap Quadrupole (LTQ) mass spectrometer with electrospray ionization
ion source (ESI) controlled by Xcalibur software 1.4. Analytes were separated by RP-HPLC
on a Jupiter (Phenomenex, USA) Cis column (150 x 2 mm, 4 um, 9 A particle size) using a
linear gradient (2-16% solvent B in 60 min) in which solvent A consisted of 0.1% aqueous FA
and solvent B consisted of ACN containing 0.1% FA. Flow-rate was 0,2 ml/min. Mass spectra
were generated in positive ion mode under constant instrumental conditions: source voltage
5.0 kV, capillary voltage 46 V, sheath gas flow 40 (arbitrary units), auxiliary gas flow 10
(arbitrary units), sweep gas flow 1 (arbitrary units), capillary temperature 200 °C, tube lens
voltage -105 V. MS/MS spectra, obtained by CID studies in the linear ion trap, were performed
with an isolation width of 3 Th m/z, the activation amplitude was 35% of ejection RF amplitude
that corresponds to 1.58 V. Data processing was performed using Peaks studio software. An
“ad-hoc” system database was obtained selecting from the NCBI database all the protein
sequences belonging to the following taxonomic groups: Ixodida (taxid: 6935), Cervidae
(taxid: 9850), Borrelia (taxid: 138), Rickettsiales (taxid: 766). The mass lists were searched
against the Swiss Prot and the “ad-hoc” protein database under continued mode (MS plus
MS/MS), with the following parameters: trypsin specificity, five missed cleavages, peptide
tolerance at 0.2 Da, MS/MS tolerance at 0.25 Da, peptide change 1,2,3+, and experimental
mass values: monoisotopic.
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11. Protein extraction and nanoflow liquid chromatography
electrospray ionisation tandem mass spectrometry

To solubilise proteins after protein extraction, the pellets were sonicated on ice in 5 mM
ammonium bicarbonate (Sigma) and 0.05% (w/v) Rapigest (Waters, UK). Proteomic-grade
trypsin was added at a protein: trypsin ratio 50:1, and samples were incubated at 37° overnight
before removal of Rapigest by TFA precipitation. Peptide mixtures (2 ul) were analysed by
online nanoflow liquid chromatography using the nanoACQUITY-nLC system (Waters)
coupled to an LTQ-Orbitrap Velos (ThermoFisher Scientific, Germany) mass spectrometer
equipped with the manufacturer’s nanospray ion source. The analytical column was
maintained at 35°C and a flow-rate of 300 nl/min. The gradient consisted of 3-40% ACN in
0,1% FA for 90 min, followed by a ramp of 40-85% ACN in 0.1% FA for 3 min. Full scan
MS spectra (m/z range, 300-2000) were acquired by the Orbitrap. Identification of peptides
was obtained using Mascot (v.2.2.03, Matrix Science). Thermo RAW files were imported into
Progenesis LC-MS (version 4.1, Nonlinear Dynamics, UK), and runs were time-aligned using
default settings. Tandem MS data were searched against Swiss-Prot and the “ad-hoc” database.

12. Bioinformatic analysis

To perform a bioinformatic analysis of data, different gene function prediction programs were
utilized. The first databases that were exploited were UniProtKB (http://www.uniprot.org/), a
free accessible resource of protein sequence and functional information (that contains the
Swiss-Prot section where a knowledgebase is present) and NCBI (The National Center for
Biotechnology Information, http://www.ncbi.nml.nih.gov/) for obtaining information about
gene and their related nomenclature, maps, pathways, variations, phenotypes and links to
worldwide resource. To integrate the information obtained with UniProt, other bioinformatic
tools were employed. One of them was the STRING database (Search Tool for the Retrieval
of Interacting Genes, http://string-db.org), an online database resource that provides predicted
protein to protein interaction information. In this database, interaction and accessory
information such as protein domains and 3D structure are provided with a confidence score.
The input proteins are presented in the context of a graphical network interaction partner that
provides also accessory information on a protein or on the evidence behind a proposed
connection. Then the network display can be modified by adding or removing proteins,
26



http://www.uniprot.org/
http://www.ncbi.nml.nih.gov/
http://string-db.org/

changing the required confidence level and by selecting or de-selecting evidence types. STING
is a database of known and predicted protein interactions. The interactions include direct
(physical) and indirect (functional) associations derived from four sources: genomic context,
high-throughput experiments, co-expression (conserved) and previous knowledge (46,47).

PANTHER (Protein Analysis Through Evolutionary Relationship, http://pantherdb.org) was
used to categorize the identified proteins. It a comprehensive database of functional
information about protein-coding genes. Functional annotations are updated using the models
generated by the Gene Ontology Phylogenetic Annotation Project (48).

Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genomejp/kega/ or
http://www.kegq.jp/) was also used. This system develops large metabolic pathway databases
and it can be considered an integrated database resource for deciphering the genome.
Experimental knowledge on systemic functions of the cell and the organism is represented in
terms of molecular networks using KEGG pathway. The KEGG pathway maps are graphical
diagrams representing molecular interaction and reaction networks for metabolism, genetic
information processing, environmental information processing, cellular process, organism
systems, diseases and drug developments (49-51).
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Aim

The main purpose of my PhD project was to develop a serological test to detect whether a
human or animal subject has been parasitized by I. ricinus. The setting up of an innovative
serological method for the diagnosis of the I. ricinus bite will allow to achieve future important
results in medicine and veterinary.

To obtain this goal, | started widening the knowledge of I. ricinus protein profiles by applying
“in gel” analysis. Two-dimensional electrophoresis and protein identification by LC-MS/MS
wee the tools applied to compare the protein pattern of the ovary, the principal tissue that
contains M. mitochondrii; with that of salivary glands, where the presence of the symbiont has
also been observed.

To improve the “in gel” results and to understand more in depth the relation between the tick
and its endosymbiont, a high-resolution shotgun proteomics approach was also performed.
This part of my work was done at the University of Liverpool (UK) where | spent three months.
The “off gel” technique offered the opportunity to: i) identify thousand tick and symbiont
proteins; ii) compare differential expressed proteins in five different stages of engorgement
and iii) make a comparison between the proteomic profile of field ticks and pathogen free
(without M. mitochondrii) ticks.

In addition, immunoproteomic experiments using the sera from patients parasitized by |I.
ricinus and those from infested experimental rabbits were performed. This procedure allowed
to detect tick and symbiont markers potentially able to produce antigenic molecules. Work is
in progress to set-up an ELISA assay for a first application and validation of a serological test
to study the immunology of tick bite.
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Chapter 1

Detection and identification of proteins in different organs/tissues, with the aim of
understanding whether they represent an attractive tool for monitoring alterations in these
districts is currently an area of increased interest. Recently, studies have been focused on the
characterization of I. ricinus ovary and salivary gland proteomes, to better understand the role
of these organs, fundamental in the tick bite and metabolism (52, 53). The first goals of this
study were the following: i) obtain the proteomic profile of I. ricinus ovary and salivary
glands; ii) identify the differentially expressed proteins between these tissues and iii) provide
clues on the symbiotic relationship between the tick and its endosymbiont.

Results

1. PCR

Concentration of M. mitochondrii and presence of tick-borne pathogens was assessed in all
the ovary (OV) and salivary gland (SG) pools by performing PCR on the DNA extracted from
the samples. Two out of six OV and SG pools were positive to tick-borne pathogens and were
thus excluded from subsequent analysis. PCR for the detection on M. mitochondrii was
performed on the remaining samples and all OV and SG pools resulted, as expected, positive
to the symbiont (Table 2).
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Table 2. GyrB and Cal gene copy numbers, GyrB Cal gene ratio and PCR positivity to

Borrelia burgdorferi, Anaplasma spp., Ehrlichia spp., and Rickettsia spp.

GyrB cal copies gyrB/cal
copies ratio x 1000
Pool
code
oVv1 373899,9594 37,66598829 9926726,373
SG1 13880,81163 34,89770488 397757,1499
oVv2 1872603,455 1500,759257 1247770,718
SG2 168,2698052 9,937737539 16932,40585
ov3 3738999,594 1060,761728 3524825,128
SG3 2437,79344 487,6015747 4999,560228
oVv4 1265223,304 328,3030099 3853827,916
SG4 116,9799564 88,44119687 1322,686265

2. Two-dimensional electrophoresis with nonlinear pH 3-10
gradient range

To identify proteins of I. ricinus differentially expressed between OV and SG, and proteins of
the M. mitochondrii symbiont, 2-DE analyses were performed “in parallel” on the samples
that were infected by M. mitochondrii but resulted free from other bacterial pathogens. Gels
were scanned and spots were detected using the spot detection wizard tool, after defining and
saving a set of detection parameters. The original gel scans were filtered and smoothed to
clarify spots, remove vertical and horizontal streaks, and remove speckles. Three dimensional
Gaussian spots were then created from filtered images. Three images were created from the
process: the original raw 2-D scan, the filtered image and the Gaussian image. A match set for
each pool was then created for comparison after the gel image had been aligned and
automatically overlaid. If a spot was saturated, irregularly shaped, or otherwise of poor quality,
then the Gaussian model was unable to accurately determine the quantity. In these cases, the
spot was defined in the filtered image using the spot boundary tools. Thus, for each pool, a
master gel was produced which included protein spots only if present at least in two out of the
three gels. The mean spot number in Coomassie stained gels was 235+29 in SG and 221+21
in OV. A few spots chosen from the two master gels were excised, destained, digested with
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trypsin, and peptides were submitted to LC-MS/MS. The MS fragmentation data were
searched against the SwissProt studio 4.5 software. In total, 47 proteins (20 from SG and 27
from OV) were identified. (Supplementary Materials Table S1).

The master gel from both SG and OV pools showed similar patterns of proteins such that they
could be matched each other. This facilitated the correlation of the gels and the creation of a
virtual image, indicated as high master gels (HMG), comprehensive of all matched spots
derived from master gels (Fig. 9).
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Figure 9. A) 2-DE maps of three different pools of SG and OV of I. ricinus, obtained by
performing IEF on 7 cm IPG strips with 3-10 NL pH range and SDS-PAGE in the second
dimension on 12.5% T gels. B) SG and OV master gels produced by merging the three gels
for each sample type. C) High Master Gels created comparing the SG and OV.
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3. Differentially expressed proteins

Comparison of 2-DE patterns for SG and OV revealed several qualitative and quantitative
differences between the two sets of pools. In terms of presence/absence of spots, qualitative
differences are represented in Fig.10. As shown, while the majority of spots was common to
both SG and OV (170+£25, evidenced in green), some protein spots present in SG profile were
absent in the OV and vice versa. In particular, 81 spots (marked in red) were exclusive of SG
and 57 spots (labeled in blue) were detected solely in OT.
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Figure 10. High Master Gel, showing qualitative differences between the SG and OV.
Labelled in green: spots (n= 170+25) common to both SG and OV. Labelled in red: spots
(n=81) exclusive of SG. Labelled in blue: spots (n=57) detected solely in OV.
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Spots quantities of all gels were normalized to remove non-expression-related variations in
spot density and data were exported as clipboard for further statistical analysis. The raw
amount of each protein in a gel was divided by the total quantity of all proteins that were
included in the gel. The results were evaluated in terms of spot optical density (OD). Statistical
analysis of PDQuest data allowed to assess differences in protein abundance on a protein-by-
protein basis. Only the spots that showed a change in density at p value<0.01 (by Student’s t-
test) were considered “differentially expressed” in the two pools of samples. Using these
criteria, 21 spots differed by the ratio indicated above and were selected by the statistical
program as spots having a significant difference in the relative abundance between SG and
OV. Ten among these spots, indicated by numbers 1 to 10 in Fig.10, showed 4- to 18-fold
increase/decrease in density. A set of panels, shown in Fig.11, was generated to highlight
density variances of these spots between the pools.
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Figure 11. Set of panels showing the density variances between SG and OV pools for spots
1 to 10 excised from 2-DE gel 3-10 NL pH gradient. In each panel, the region of stained gel
containing the spots of interest was magnified and the up-/down-regulation graphically
represented. The p value indicating statistically significant variance is reported in each panel.

Efforts have been devoted to the identification of these proteins, to understand whether they
might be involved in the biological process characteristic of ovaries and salivary glands, or in
the interaction between M. mitochondrii and I. ricinus. These spots were thus carefully excised
from the gel, destained, proteins digested with trypsin, and peptides submitted to LC-MS/MS.
The MS fragmentation data were searched against the SwissProt and the ad-hoc designed
protein database, and the queries were performed using Peaks studio 4.5 software. All but two
(spots 2 and 9) of the proteins were identified (Table 3). The low abundance of proteins
included in spots 2 and 9 most likely determined the poor quality of their MS signals and the
failure in their identification. The fact that unique proteins were identified for all other
analyzed spots suggested that, at least for these, spot overlap was minimized.
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Table 3. Up and down-regulated proteins identified by LC-MS/MS. Accession number,
theoretical pl, molecular mass, percent of sequence coverage and the number of peptides
identified are reported.

Spot Accession Description Mass Score Coverage Query
(%) (%) matched
1 gi|442756551 |gb |JAA70434.1 | Putative heat shock 70 kda 72,595 99 8,05% 5
protein 5 [Ixodes ricinus]

2 / Not detected / / / /

3 gi|322422107|gb| ADX01224.1| Beta actin [Ixodes ricinus] 16,038 90 6,94%

4 gi|215497327|gb | EEC06821.1] Enolase, putative [Ixodes 21,493 90 4,52% 1

scapularis]
5 gi|442753241|gb|JAA68780.1| Putative enolase [Ixodes 47,145 99 23,79% 6
ricinus]
6 £i]215491972|gh | EEC01613.1| Protein disulfide isomerase, 54,929 98 6,38% 4
putative [Ixodes scapularis]
7 gi|442748259 |gb|JAA66289.1 | Putative 3-hydroxy-3- 10,741 20 22,43% 2
methylglutaryl-coa reductase

[Ixodes ricinus]

8 gi|597718071|gb | AHN19768.1| Serum albumin, partial 66,15 75 6,67% 4
[Cervus nippon]

9 / Not detected / / / /

10 gi|442754645|gb|JAA69482.1| Putative heat shock protein 36,782 82 4,01% 2

[Ixodes ricinus]

4. Western blotting

One of the goal of my PhD project was to evaluate whether it is possible to detect proteins
from the bacterial symbiont M. mitochondrii starting from protein extracts of ovaries and
salivary glands of the hard tick I. ricinus. To achieve this goal, the pool that exhibited the
highest concentration of M. mitochondrii was transferred onto PVDF membranes and
incubated with the polyclonal anti-FIliD antibody, followed by anti-rabbit antibody. Based on:
1) its positions (pl/Mr) on the PVDF membrane and ii) its identification by the antibody, the
protein spot indicated by an arrow in panel A (OV pool) of Fig.12, was tentatively assigned to
FIliD.
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Figure 12. Immunoblotting of proteins from SG and OV profiles generated as indicated
in Fig 9. PVDF membrane were incubated with the rabbit polyclonal antibody anti-FIliD of
M. mitochondrii. The spot indicated by an arrow in panel A (OV pool) was assigned to FIiD.
Panel B shows the SG profile in which the FIiD spot is undetectable.

As shown in Panel B of Fig.12 despite the appearance of interfering spots, the hypothetical
FIiD spot was undetectable in the SG profile. To achieve identification, the immunoreactive
protein spot was thus excised and submitted to LC-MS/MS. The results, shown in Table 4,
confirmed that the analyzed spot was a mixture of at least three components, i.e. Endoplasmic
reticulum protein 60, putative actin 2, and an unknown protein of Borrelia.
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Table 4. List of proteins identified under the immunoreactive spot.

Accession Description Mass Score Coverage Query
(%) matched
(%)

0i|442747467|gb|JAA65893.1]  Putative erp60 [Ixodes 52,115 98 6,45% 3
ricinus]

0i|556065071|gb|JAB75571.1|  putative actin-2 [Ixodes 36,27 89 9,79% 2
ricinus]

0i|6841058|gb|AAF28881.1| unknown [Borrelia 29,518 25 3,92% 1
hermsii]

We hypothesized that the failure in detecting the putative flagellar protein FIiD was due to its
lower abundance compared to that of other proteins present in the spot. Obviously, these
results made it difficult to confirm the presence of FliD protein under the spot considered.
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5. 2-DE with pH 4-7 gradient range and identification of FIiD

To overcome the limitations indicated above and to definitively establish (or exclude) the
presence of FIiD under the spot of the OV pool examined, we worked on the optimization of
the electrophoretic conditions. After performing an extensive set of trials with various
electrophoretic conditions, the best option was the application of a different pH range (linear
pH 4-7). This provided a better resolution of proteins, minimizing their overlapping (Fig.13).
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Figure 13. A) 2 DE map of OT obtained by performing IEF on a 4-7 linear pH range and
SDS-PAGE on a constant 12,5%T in the second dimension, to separate proteins clustered in
the apparent single spot shown in fig. 12. B) Immunoblotting of the gel slab indicated in
Panel A.

The immunoreactive spot (indicated by an arrow in Panel B), was evidenced in OV profile
obtained under the experimental conditions mentioned above. After spot excision and tryptic
digestion, LC-MS identification confirmed the presence of flagellar protein FIiD under this
spot (Table 5).
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Table 5. List of proteins identified under the spot indicated by an arrow in Fig.13 B.

Accession Description Mass Score  Coverage Query
(%) matched
(%0)
/ Flagellar protein FLID 100,58 84 14,64% 13
OS=Midichloria
mitochondrii
Qi|442747467|gb|JAA65893.1| Putative erp60 [Ixodes 52,115 98 6,45% 3
ricinus]

6. Functional classification of differentially expressed proteins

Using the PANTHER tool, the altered proteins identified (shown in Table 3) were categorized
into different groups based on their Gene Ontology terms. In particular, 62% of the proteins
have a molecular function, 25% are involved in a biological process (i.e. glycolytic process)
and 13% represents a cellular component. A pie chart with the different GO Terms is shown
in Figure 14,

13%
Biological process

terms
25%
Molecular function

62% terms
o

Cellular component
terms

Figure 14. Pie chart built using Gene Ontology information merged with the application of
the PANTHER tool. Altered protein identified were categorized into different groups based
on their function.
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As shown in Figure 15, the prevalent biological process (with 40 % of proteins involved) was
the glycolytic pathway.

m glycolitic process

H protein folding

= cell redox
homeostasis

Figure 15. Pie chart of biological process associated with identified proteins, built using
Gene Ontology data merged with the use of PANTHER tool.
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Discussion

7. Analysis of common proteins differentially expressed

In the first part of my project, a total of 47 spots, 27 from OV and 20 from SG were selected
and identified. The results were fully congruent with those previously published (54)
validating the applied approach and confirming the variability in the expression level between
OV and SG of a number of proteins, such as Heat shock protein, Protein disulfide isomerase,
Enolase, Actin, Hemelipoglycoprotein precursor etc. This effort allowed detection of only
proteins belonging to the tick proteome but did not reveal the presence of proteins belonging
to the bacterial symbiont M. mitochondrii. To evaluate whether detection of symbiont proteins
was possible, a specific immunoproteomic approach was designed.

To explore qualitative and quantitative differences between SG and OV of I. ricinus infected
by M. mitochondrii, and to identify tissue-specific proteins, as well as proteins involved in the
interaction between the bacterium and the tick, the proteomic profiles of these tissues were
compared. The reproducible patterns generated for both tissues evidenced 170£25 spots shared
between SG and OV. In addition, 81 proteins spots were exclusive of SG and 57 spots were
detected solely in OV. The 10 spots that exhibited the largest changes in density were selected
and investigated.

Proteins under spots 1 and 10, both identified as putative heat shock proteins (HSP), were
heavily differentially expressed. Putative HSP70 detected under spot 1 was 6-fold more
abundant in SG than in OV. By contrast, the putative HSP identified under spot 10 was 11-
fold more abundant in OV than in SG. Heat shock proteins are chaperones that, together with
other stress response, are well known to protect cells and organisms from environmental stress.
HSP70 is involved in many cellular processes, including folding and refolding of nascent
and/or misfolded proteins, protein translocation across membranes, and degradation of
terminally misfolded or aggregated proteins (55). The role played by HSP proteins in the
growth and survival of 1. ricinus is potentially very important. Being involved in the binding
and presentation of antigens to the immune system, they constitute candidate molecules that
could be involved in tick immunoresponse to pathogen infection. Interestingly, a connection
may exist between the pathogen infection and tick response to stress conditions. In response
to heat and other stress, nearly all ticks undergo diapause. Indeed, HPSs involved in the
diapause of multiple species of insects have been reported (56), suggesting that many of them
play key roles in the physiological response to stress of other arthropods, such as a tick. HPS70
42



is more expressed in salivary glands than ovaries and its expression increase with female tick
feeding, suggesting a possible role of this protein during blood ingestion and/or digestion (57).
We speculated that this could be ascribed to the great changes in structure that the salivary
glands of hard ticks undergo during blood feeding with an increase in size and the acceleration
of protein synthesis (58). However, the fact that HSP70 was found to be down regulated in
Anaplasma phagocytophilum infected guts and salivary glands of Ixodes scapularis ticks, guts
and salivary glands (57), may suggest that these proteins have a different function during
pathogen infection.

The protein identified under spot 3 was f-actin. The reason of its 5-fold higher expression in
SG compared to OV is still a matter of speculation. First, we hypothesized that this was a
consequence of the importance of SG in tick feeding. Actin is an important structural protein
required for esoskeleton rearrangement during tick engorgement (59) and is a common target
on many bacterial proteins. It has been shown that cellular responses induced by a variety of
stimuli and pathogens involve changes in cell morphology and the polymerization state of
actin (60-62). Studies in prokaryotes and eukaryotes demonstrated that nutrition and stress
affect the expression of housekeeping genes (63). For example, the low expression of actin
shown in the unfed first instars nymphs of I. scapularis is likely due to their low nutrition
level. Since they have not yet taken the blood meal, the nutrients incorporated into the eggs
have been depleted by larval development (64). The significant differences observed during
and immediately after feeding in females are likely related to the dynamic changes that occur
in the physiology of ticks preparing for reproduction. It has also been shown that silencing the
expression of actin in the soft tick Ornithodoros moubata resulted in impairment of tick
feeding by a global attenuation of tick activity unrelated to specific function associated with
engorgement (63). Finally, further aspects should be taken into consideration. I. ricinus, as I.
scapularis, are vectors of bacterial pathogens including A. phagocytophilum, and B.
burgdorferi (64,65). To persist in their hosts, obligate intracellular bacteria have evolved a
variety of mechanisms including modulating host signaling and the actin cytoskeleton (66). If
this hypothesis proves correct, it may be speculated that the high concentration of actin
detected in SG of I. ricinus could be the result of a sort of survival strategy of development by
the symbiont M. mitochondrii to persist in the arthropods vector.

Putative enolase was identified under spots 4 and 5. Alpha-enolase, one of the most abundantly
expressed proteins in human cytosol, is a key glycolytic enzyme that converts 2-
phosphoglycerate to phosphoenolpyruvate (67). In blood-feeding arthropods, this protein is
secreted in saliva and inoculated into the host during feeding. The finding of 4-fold higher
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expression of enolase in SG compared to OV was not surprising. This result may account for
one of the pivotal roles of the enzymes. Enolase, in fact, is shown to act as a plasminogen
receptor (68) that promotes fibrinolysis and maintains blood fluidity during blood ingestion
and distribution in the tick midgut. Fibrinolysis is the natural process of fibrin clot that might
be formed during feeding, as well as preventing clotting of the ingested blood meal in its
midgut (69). The higher expression level in OV (10 fold more expressed than in SG) of another
enolase (spot 4) was a result apparently in contradiction with the previous one. However, the
multifunctionality of this protein in both prokaryotes and eukaryotes may probably account
for this founding. In fact, it has been shown in Rhipicephalus microplus (70) that, to support
the energy intensive processes of embryogenesis, before blastoderm formation, glycogen
reserves are preferentially mobilized. As a consequence, protein degradation and
gluconeogenesis intensify to supply the embryo with sufficient glucose to allow glycogen re-
synthesis. If glycogen is the main energy source during the early stages of R. microplus
embryogenesis, protein degradation increases during late embryogenesis (70). Thus, the use
of amino acids as a substrate for gluconeogenesis and a subsequent glycogen re-synthesis plays
an important role during stages of R. microplus embryogenesis. Protein metabolism depends
strongly on the substantial expression and activity of carbohydrate metabolism enzymes and
alpha-enolase is a key glycolytic enzyme (71).

The protein identified under spot 6 was disulfide isomerase (PDI), a 55 kDa multifunctional
protein that participates in protein folding, assembly, and post-translational modification in
the endoplasmic reticulum (72). The fact that it was 18-fold-more expressed in SG than in OV
was not surprising. This protein, together with other saliva enzymes which are putatively
associated with antioxidant functions (i.e. glutathion-S-transferase, cytochrome C oxidase,
oxidoreductase, NADH dehydrogenase), plays an important role in oxidative stress (73). Tick
feeding, in fact, induces injuries and oxidative stress leading to production of reactive oxygen
and nitrogen species (ROS and RNS) as part of the wound healing mechanism and anti-
microbial defense. Several lines of research have shown that many parasites including ticks
are susceptible to ROS and RNS, as revealed by high expression of anti-oxidant enzymes in
these parasites or improved survival of these parasites when anti-oxidant system of their hosts
are impaired (73). The production of antioxidant enzymes can be considered an evasion
mechanism of the immune response used by tick-borne diseases. It is also interesting to note
that, given that the tissue destroying effects of oxidative stress products are non-selective,
there is a possibility that tick saliva anti-oxidants are protective to host tissue (73).
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In conclusion, the results of experiments described in this chapter allowed to establish a
method for the characterization of the proteome of I. ricinus that was applied to the detection
of multiple proteins exhibiting a differential expression. Additionally, the immune-proteomic
approach allowed the unambiguous identification of the protein FliD from the M. mitochondrii

symbiont.
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Chapter I1

Ixodes ricinus is the most important carrier of vector-borne pathogens in Europe. To have a
faster control of this disease vector, a better understanding of the tick and its endosymbiont
would be necessary. In this context, genome coding sequences will indeed pave the way for
comprehensive proteomic and transcriptomic studies. However, despite the high prevalence
in Europe of I. ricinus, and the scientific potential of a complete annotated genome, the first
reference genome for this species was published only recently by Cramaro et al (16, 74). Thus,
in an effort to integrate the “in gel” results and to explore more in depth the relation between
I. ricinus and M. mitochondrii, a high-resolution shotgun proteomic approach was performed.
Aim of this chapter is to outline the “state of the art” of proteomic profile of I. ricinus and its
endosymbiont. This work was carried out at the Institute of Infection & Global Health of the
University of Liverpool (UK) where | spent three months to perform the experiments.

Results

1. Overview of protein identification

In this study, | took advantage of the remarkably close relationship between 1. ricinus and I.
scapularis to refine MS search database using a proteogenomic approach based on gene
predictions from both species (74) (Fig. 16). | identified 2335 (59%) I. ricinus proteins, 1571
(39%) 1. scapularis proteins and 92 (2%) M. mitochondrii proteins in 5 stages of engorgement
(Fig. 17) (Supplementary materials Table S2).
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2%

M 1. ricinus
M I. scapularis

M M. mitochondrii

Figure 17. Pie chart of identified proteins ranked in: I. ricinus (59%), I. scapularis (39%)
and M. mitochondrii (2%).

2. Gene ontology analysis of proteins from 1. ricinus and I.
scapularis

As above mentioned, the label free proteomic approach allowed the identification of 2335 I.
ricinus proteins and 1571 proteins of I. scapularis. The GO analysis of these proteins led to
their classification into three categories: molecular function, biological process and cellular
component. The most prevalent molecular functions were: i) ATP binding, metal ion binding,
metalloendopeptidase activity and RNA binding for I. ricinus (Fig. 18, panel A) and ii)
catalytic activity, binding, hydrolase activity, protein binding, nucleic acid binding and
structural molecule binding for I. scapularis (Fig. 18, panel B).
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Figure 18. Pie charts of the most representative molecular functions of I. ricinus (panel A)
and I. scapularis (panel B) proteins.

The most considerable biological processes were: i) carbohydrate metabolic processes,
evasion of tolerance of host defense response, intracellular protein transport and metabolic
processes for 1. ricinus (Fig. 19, panel A), ii) metabolic and cellular processes, protein

metabolic processes, localization and nucleobase containing compound transport for 1.
scapularis (Fig. 19, panel B).
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Figure 19. Pie charts of molecular functions of I. ricinus (panel A) and I. scapularis (panel
B) proteins.

Lastly, the predominant cellular components were: i) integral components of membrane,
cytoplasm, ribosome, nucleus and intracellular for I. ricinus (Fig. 20, panel A) and ii)
intracellular, cell part, cytoplasm, organelle and macromolecular complex for I. scapularis
(Fig. 20, panel B).
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Figure 20. Pie charts of the predominant cellular components of I. ricinus (panel A) and I.

scapularis (panel B) proteins.

3. Proteins of Ixodes differentially expressed in
salivary glands

ovaries and

To understand the patterns of differentially regulated proteins in OV and SG between the
different stages of engorgement (from stage 1 to 3) a hierarchical clustering map was built

(Fig. 21). All the differentially regulated proteins were mapped to various
using GO annotation.
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Figure 21. Heat map analysis of differential expressed Ixodes proteins in OV and SG in 5 different stages of engorgements,

with a p value<0.05. The bar code represents the relative scale of abundance.
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4. KEGG pathway analysis of Ixodes proteins

The KEGG pathway analysis evidenced the involvement of Ixodes proteins in many different
pathways. The list of these pathways can be found in table S3 of Supplementary Materials.
Sixteen proteins, among those detected, which belonged to a variety of pathways (oxidative
phosphorylation, porphyrin metabolism, RNA degradation, DNA replication, proteasome and
endocytosis), were identified for the first time. Table 6 summarizes the newly identified

proteins, the respective pathways according to KEGG and their accession number.

Table 6. Newly identified proteins, their pathway according to KEGG, name and accession

number of proteins.

KEGG
PATHWAY NAME OF THE PROTEIN
Oxidative Ndufa7: Putative nadh: ubiquinone oxidoreductase
phosphorylation ndufa7/b14.5a subunit [Ixodes ricinus]
[isc00190]

Ndufabl: Putative acyl carrier protein/nadh-
ubiquinone oxidoreductase ndufabl/sdap subunit
[Ixodes ricinus, JAA71849.1]

a : ATP synthase FO subunit 6 (mitochondrion) [Ixodes
ricinus, AEM23569.1]

QCR2: Putative ubiquinol cytochrome c¢ reductase
subunit gcr2 [Ixodes ricinus, JAB74170.1]

COX4: COX4 neighbor protein, putative [Ixodes
scapularis, EEC00167.1]

COX6B: cytochrome c¢ oxidase subunit vib isoform 1,
partial [Ixodes ricinus, JAB80661.1

F: Putative vacuolar h+atpase v1 sector subunit f
[Ixodes ricinus, JAA68519.1]
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Porphyrin
metabolism
[1sc00860]

RNA
degradation
[isc03018]

DNA
replication
[1sc03030]
Proteasome
[isc03050]

Endocytosis

[isc04144

HemA: putative glutamyl-tRNA synthetase
mitochondrial, partial [I1xodes ricinus, JAB78034.1]

CNOT4: putative ccrd-not transcription complex
subunit  4-like protein, partial [Ixodes ricinus,
JAB74316.1]

Lsm4: putative small nuclear ribonucleoprotein snrnp,
partial [Ixodes ricinus, JAB77406.1]

MCM4: putative DNA replication licensing factor
mcm4 component [Ixodes ricinus, JAB77642.1]

Rptl: Putative 26s proteasome regulatory complex
atpase rptl, partial [Ixodes ricinus, JAA73429.1]

Rpt4: Putative 26s proteasome regulatory complex
atpase rpt4 [Ixodes ricinus, JAA68966.1]

Rpnl2: Putative 26s proteasome regulatory complex
subunit [Ixodes ricinus, JAA69645.1]

Rpt5: putative 26s proteasome regulatory complex
atpase rpt5 [Ixodes ricinus, JAB82925.1]

Rabll: Putative ras-related protein rab-1la [Ixodes

ricinus, JAA67216.1]
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5. Gene ontology analysis of M. mitochondrii proteins

The 92 proteins identified in M. mitochondrii applying the label free proteomic approach were
classified into molecular function, biological process, and cellular components based on gene
ontology annotation. The most prevalent molecular function was structural constituent of
ribosome (23%) and other functions were: ATP binding (14%), rRNA binding (12%), DNA
binding (8%), translation elongation factor activity (5%), tRNA binding (5%) and RNA
binding (2%) (Fig. 22, panel A).

The biological processes were represented by: protein translation (39%), protein folding
(10%), transcription DNA template (9%), cell redox homeostasis (7%) and tricarboxylic acid
cycle (5%) (Fig. 22, panel B). The cellular components involved were: cytoplasm (30%),
ribosome (27%), integral components of membrane (11%), cell (7%), small ribosomal subunit
(7%), large ribosomal subunit (5%), plasma membrane (5%), proton transporting ATP
synthase complex, catalytic core F (1) (4%) and intracellular components (4%) (Fig. 22, panel
C).
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CELLULAR COMPONENT
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Figure 22. GO annotations of M. mitochondrii proteins concerning molecular function
(panel A), biological processes (panel B) and cellular components (panel C).
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6. Heat map of proteins differentially expressed in endosymbiont

The heat map rows were clustered to highlight proteins with similar or different expression
between the different samples (OV and SG) in 5 different stages of engorgement. As shown

in figure 23, only the proteins with a p value < 0.05 according to the ANOVA test have been
reported.

1elative

row max

acc Description

[T AFIB5402.1  hypothetical protein midi 01125 [Candidatus Midichleria mitechondrii Irich/&]
AEIBB3692.1 phosphatidylzerine decarboxylase [Candidatus Midichloria mitechondrii IricV A
AEIBB252.1 translation elongation factor Tu [Candidatus Midichloria mitechondrii IricVAl
AEIBS193.1 ribosomal protein L13 [Candidatus Midichleria mitechondrii IricWAl

AEIR2478.1 hypothetical protein midi 00158 [Candidatus Midichloria mitechendrii IrichA]
AEIBB587.1  cysteine desulfurase [Candidatus Midichloria mitochondrii Inic\A]

AEIB3424.1 putative membrane protein [Candidatus Midichloria mitechondrii Iricy/ Al
AEIB2613.1 Uncharacterized protein censerved in bacteria [Candidatus Midichleria mitechondrii IriclW Al
Tl AFIB8480.1 thioredoxin [Candidatus Midichloria mitochondrii IricW/A]

L AEIBB348.1 ribosomal protein 510 [Candidatus Midichloria mitochondrii IricVA]

AEIBE351.1 ribosomal protein L23 [Candidatus Midichleria mitechondrii IricWAl

Figure 23. Heat map of differentially expressed proteins of M. mitochondrii with a p
value<0.05. The bar code represents the relative scale of abundance.

7. KEGG pathway analysis

According to KEGG, the identified proteins were classified into 12 pathways: citrate cycle,
oxidative phosphorylation, purine metabolism, pyrimidine metabolism, cysteine and
methionine metabolism, glutathione metabolism, pyruvate metabolism, glyoxylate and
dicarboxylate metabolism, biotin metabolism, folate biosynthesis, ribosome and RNA
polymerase. The general scheme is shown in figure 24.
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Figure 24. The most representative KEGG pathways. Panel A : cytrate cycle, glutathione
metabolism and oxidative phosphorilation. Panel B: folate metabolism, biotin metabolism
and pyruvate metabolism.Panel C: ribosome and RNA polymerase. In all panels, the
proteins identified in my work have been labelled in yellow.

64




Discussion

The I. scapularis genome is approximately 2.1 Gb in size and contains nearly 70% repetitive
DNA (75, 76). The gene counts included 28.486 high confidence protein-coding genes, 316
non-coding genes and 20,771 transcripts (77). While, 1. ricinus genome size was 2.65 Gb (16)
and it was 0.5 Gb or 26% larger than the genome of I. scapularis. Among the 25,0000
sequences annotated, hypothetical proteins, zinc finger proteins and metallopeptidases were
the largest protein categories. I. ricinus scaffolds of high sequencing quality were blast-
searched against proteins annotated in I. scapularis to match annotations to the I. ricinus
sequences. More than 50% of I. ricinus sequences complied significantly with 1. scapularis
protein sequences, with similar identity distribution in the different protein categories (16).
This may demonstrate a high level of protein coding sequences conserved between the two
species.

Gut microbiota have an important function in shaping host immunity in a number of organisms,
including model arthropods (78). Several studies have established that immune reactivity
within the fly gut ensures preservation of beneficial and dietary microorganisms, while
mounting robust immune responses to eradicate pathogens (79). There are two models of fly
immunity for sensing and preserving beneficial bacterial association while eliminating
potentially damaging ones (80). They work together to maintain effective gut microbe
homeostasis. The dual oxidase and peroxidase enzymes play a key role in this process (81),
while a number of other regulatory molecules (shown in Table 7) may participate in gut
homeostasis.
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Table 7. List of proteins involved in gut homeostasis and their accession number.

Name of proteins Accession

number
Putative phospholipid- JAAT72909.1
hydroperoxide glutathione

peroxidase, partial [Ixodes ricinus]

putative glutathione peroxidase JAB71340.1
[Ixodes ricinus]

thioredoxin peroxidase, putative EEC18992.1

[Ixodes scapularis]

glutathione peroxidase [Ixodes ACI149692.1
ricinus]
Dual oxidase maturation factor, EEC14047.1
putative

[ Ixodes scapularis]

Dual oxidase plays an essential role in gut mucosal immunity and homeostasis (82). It is a
member of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, NOX family,
and is a source of microbicidal reactive oxygen species (ROS) within the fly gut (81).
Furthermore, DUOX is able to catalyze the formation of a cellular molecular barrier in the

luminal space along the gut epithelial during feeding (83). The barrier decreases the gut
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permeability to various immune elicitors protecting the gut microbiota. Further studies on how
dual oxidase and peroxidase systems maintain gut microbiota in I. scapularis and I. ricinus
could give novel insights into how pathogens, which are transmitted through ticks, are able to
evade the immune system and persist within the vector.

A group of carbohydrate-binding proteins called lectins (84), produced especially in gut,
hemocytes or fat bodies, could be key mediators of agglutination, a biological phenomenon
by which cells or particles clump together (85). As reported for many arthropod vectors,
agglutination has a role: i) in the recognition of receptors for pathogen-associated molecular
patterns (86) and ii) in the pathogen-host relationship (87). In I. ricinus the hemagglutination
was characterized as Ca?* dependent binding, and this activity suggests that lectins may
function as recognition molecules of the immune system tick, implying that they could
influence the persistence of tick borne, as B. burgdorferi (77). Specifically, it was also
suggested that the cooperation between lectins and other digestive enzymes facilitates the
persistence of Gram-negative bacteria (e.g. M. mitochondrii) through the gut lumen. Lectin
activities were also documented in salivary glands. According to my data, galectin was over-
expressed in SG in the last stage of engorgement. The presence of lectins in SG could influence
pathogen transmission; in fact, a tick mannose-binding lectin inhibitor that is produced in the
SG has been shown to interfere with the human lectin complement cascade, significantly
impacting the transmission and survival of B. burgdorferi (88). In conclusion, as shown in
table 8, lectins and correlated proteins, could play a role in the immunity of I. ricinus.
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Table 8. Lectins and correlated proteins with their accession numbers.

Name of protein

Accession number

Putative ferritin [Ixodes ricinus]

Butative beta-galactosidase
[Ixodes ricinus]

Beta-galactosidase, putative
[Ixodes scapularis]

Galectin, putative [Ixodes
scapularis]

Putative ficolin/ixoderin [Ixodes
ricinus]

Ixoderin B, putative [Ixodes
scapularis]
Hemelipoglycoprotein
precursor, putative [Ixodes
scapularis]

Sodium/proton exchanger,
putative [Ixodes scapularis]

Lectin, putative [Ixodes
scapularis]
Mannose-binding endoplasmic
reticulum-golgi intermediate
compartment lectin [Ixodes
scapularis]

JAAG7728.1

JAB69297.1

EEC01299.1

EEC12826.1

JAAG9712.1

EEC11754.1

EEC13578.1

EEC12213.1

EEC17711.1

EEC01036.1
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Table 9. Protease inhibitors with their accession numbers.

Name of protein Accession number
Putative  salivary  serpin JAA66279.1
[Ixodes ricinus]

Putative  salivary  serpin JAA69032.1
[Ixodes ricinus]

Putative  salivary  serpin, JAAT72940.1
partial [Ixodes ricinus]

Serpin-4  precursor [Ixodes ABI194057.1
ricinus]

Serpin-4 precursor, putative EEC19558.1
[Ixodes scapularis]

Putative  heparan  sulfate JAB75895.1
proteoglycan 2, partial [Ixodes

ricinus]

Protein disulfide isomerase 1, EEC04085.1
putative [Ixodes scapularis]

Putative alkaline phosphatase JAB71539.1
tissue-nonspecific isozyme

[Ixodes ricinus]

Putative atp-dependent zinc JAB69344.1
metalloprotease ymel [Ixodes

ricinus]

In Table 9 different proteins with the activity of specific protease or protease inhibitors have
been reported. Proteases, especially serine protease, have a key role in the immune response
pathway, including coagulation, antimicrobial peptide synthesis and melanization of pathogens
(89). When these proteins are present, clotting factors, that are stored within hemocytes, are
readily released into the hemolymph to immobilize the invasive pathogens (90). The group of
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serpins contributes to the regulation of inflammation, blood coagulation and complement
activation in mammals (91). Mulenga et al. (92) reported the presence of at least 45 serpin
genes within the 1. scapularis genome, most of which are differentially expressed in the gut
and salivary glands, and it was speculated that ticks could utilize some of these serpins to
manipulate host defense to facilitate tick feeding and subsequent disease transmission. Most
recently, a novel serpin, IRS-2, was described in I. ricinus (93). IRS-2 was shown to inhibit
cathepsin G and chymase, host inflammation and platelet aggregation. Further studies are
needed to explore the potentiality of serpins as a targeting antigen for development of a tick
vaccine.

Heme and iron homeostasis in most eukaryotic cells is based on a balanced flux between heme
biosynthesis and oxygenase-mediated degradation. Unlike most eukaryotes, ticks possess an
incomplete heme biosynthetic pathway (94) (Fig. 25). Heme synthesis is a series of eight
reactions beginning in the mitochondria by condensation of succinyl coenzyme A with glycine,
continuing in cytoplasm, and ending in the mitochondria with the final synthesis of the heme
molecule.

o
\ Biliverdin + CO + ‘°J

Figure 25. General scheme of heme biosynthetic and degradative pathways in the eukaryotic
cell.
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The tick genome contains only genes encoding the last three mitochondrial enzymes of heme
biosynthesis, namely, coproporphyrinogen-Ill oxidase, protoporphyrinogen oxidase and
ferrochelates. All the three proteins are up-regulated in OV compared to SG and none of other
proteins of the pathway was identified in M. mitochondrii proteins. One of the future goal will
be to understand by which way the tick is able to complete the syntheses and the degradation
of heme.

Phagocytosis is a central mechanism in the tissue remodeling, inflammation and defense
against infectious agents. A phagosome is formed when the specific receptors on the
phagocyte surface recognize ligands on the particle surface. The fusion between phagosomes
and lysosomes releases toxic products that destroy most bacteria strategies to escape the
bactericidal mechanism associated with phagocytosis and survive within host phagocytes.
This process is considered a major evolutionarily conserved cellular immune response in
arthropods (95), and is mediated by blood cells, also known as hemocytes, which are primarily
present in the hemolymph. Phagocytosis of microbes plays a critical role in the arthropod
defense, for example the ability to survive after bacterial infection (96). Table 10 shows some
of the proteins involved in the pathway of phagocytosis; further studies would provide insight
into whether or how pathogens are phagocytized, as well as how tick-borne pathogens or
symbiont, as if M. mitochondrii, are able to escape this cellular immune response.

Table 10. Proteins involved in phagocytosis pathway.

Name of protein Accession number
Putative integrin beta subunit JAAT73253.1
[Ixodes ricinus]

Putative cadherin egf lag seven JAB79221.1

pass g-type receptor, partial
[Ixodes ricinus]

Integrin beta subunit, partial EEC03623.1
[Ixodes scapularis]
integrin  alpha-ps,  putative EEC04600.1

[Ixodes scapularis]
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Rho GTPase-activating protein EEC03631.1]
RICHZ2, putative [Ixodes

scapularis]

Synaptobrevin  1-2,  putative EEC01169.1
[Ixodes scapularis]

Thrombospondin, putative |[EEC07256.1

[I1xodes scapularis]

The genome of M. mitochondrii consists in a single 1,183,723 bp circular chromosome. Most
of the genome content of M. mitochondrii is typical of other members of the Rickettsiales (40).
Thus, M. mitochondrii possesses a relative scarcity of gene encoding amino acid and
nucleotide biosynthesis pathways compared with free-living a-proteobacterial relatives.
Although M. mitochondrii has diminished biosynthetic capabilities, like many others
Rickettsiales (97), it does possess genes for the production of several cofactors, including
coenzyme A, biotin, lipoic acid, tetrahydrofolate, panthotenate, heme and ubiquinone.
Midichloria mitochondrii may supply host cells with these essential cofactors. The protein 2-
amino-4-hydroxymethyldihydropteridine pyrophosphokinase (folK), is involved in the folic
pathway and it was found over-expressed in OV, probably due to the essential functions of
folate in cell growth and cell division (98, 99). Folate is required during the period of rapid
cell growth and cell division inside hosts, including the engorgement stage after blood meals
in arthropod hosts (100). A readily available source of folate synthesized by M. mitochondrii
may promote rapid cell proliferation not only for the bacterium but also for the tick.

Biotin synthase (bioB) was up-regulated in the last stage of engorgement in SG. BioB is
involved in the biotin pathway that synthesizes biotin from 7,8-diaminononanoate. Nikoh et
al (101) studied the relationship between the bedbug Cimex lectularius and its endosymbiont
Wolbachia. The lab-strain C. lectularius feeded with rabbit blood, supplemented with all B
vitamins, showed normal growth and reproduction. When biotin was selectively omitted from
the B vitamin supplemented blood meal, the insects exhibited significantly reduced adult
emergence rates in comparison with C. lectularius reared on the blood meal supplemented
with all B vitamins. This confirmed that the biotin synthetic pathway plays an important role
in the bedbug fitness. The finding of bioB and enoyl - (acyl-carrier protein)-reductase in M.
mitochondrii may suggest that the biotin pathway is active and probably the function of the
biotin is the same played into C. lectularius. This close correlation between the tick and its
endosymbiont in terms of fitness, confirms one again the importance of the endosymbiosis.
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Midichloria mitochondrii is inferred to have a functional Krebs cycle, gluconeogenesis
pathway, and pyruvate dehydrogenase complex, and almost all enzymes required for
glycolysis. Aconitate hydratase (acnA), malate/lactate dehydrogenase (mdh), succinyl-CoA
synthetase alpha (sucD) and beta subunit (sucC) and citrate synthase I (gltA) were found to be
involved in the TCA cycle and Carbon metabolism. These data suggested that the bacterium
is able to produce energy for itself and perhaps for the tick, especially during the diapause.

Furthermore, M. mitochondrii is able to synthesize ATP. The presence of the protein ATP
synthase subunit alpha (atpA) and ATP synthase subunit beta (atpD) that promote ATP/ADP
translocase, indicated that it may also be able to import/export ATP from/to host. Like other
Rickettsiales, M. mitochondrii possesses genes encoding type 1V and Sec-independent protein
secretion systems, ankyrin repeat proteins, and various putative membrane associated proteins.
These genes may be associated with the symbiont’s unique ability to invade host mitochondria.

About 30% of identified proteins were ribosomal proteins especially belonging to the large
subunit. Moreover, a lot of proteins are involved in the multi-chaperone system, i.e.: ATP-
dependent chaperone (clpB), molecular chaperone DnaK (dnaK), molecular chaperone GrpE
(9rpE) and chaperone protein HtpG (htpG).

Overall, M. mitochondrii’s genome does not provide a clear answer to the question of whether
it is engaged in a mutualistic or parasitic relationship with its tick host.
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Chapter I11

The presence of the symbiont M. mitochondrii in the mammalian host after I. ricinus bite and
its capacity to induce an antibody response was proven by Bazzocchi et al (102). However,
whether the inoculation of M. mitochondrii could lead to the infection of the host, thus
inducing possible pathological alterations, is still unknown. Aim of this chapter is to describe
experiments designed at detecting tick and symbiont markers that may produce antigenic
molecules. To this purpose, rabbits have been infested with wild I. ricinus ticks and with lab
strain 1. ricinus ticks, which did not have M. Mitochondrii. This work was performed thanks
to a collaboration with the Department of Veterinary of the University of Milan.

Results

1. Experimental infestation

The experiment was carried out on six 10-weeks-old New Zealand White female rabbits that
were divided in two groups composed by three individuals each: R1, R2 and R3 parasitized
by 20 pathogen-free ticks, and R4, R5 and R6 parasitized with 20 wild ticks each. In both
cases, ticks were un-engorged. The ticks were placed on the ear of the rabbit and a cotton ball
was stuffed in the inner ear to prevent ticks to fall into it. To study the kinetics of the antibody
response against both M. mitochondrii and I. ricinus SG antigens, nine blood samplings were
done, the first indicated as To (7 days before the infestation) and the last as Tg (16 weeks after
infestation), as shown in Table 11.

This study was carried out in strict accordance with good animal care practices recommended
by the European guidelines. The protocol was approved by the Ethic Committee for Animal
Experiments of the region Pays de la Loire (CEEA PdL 06) (Permit Number: 2015-29).
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Table 11. Indication of blood/serum and time of collection.

Blood/serum Time of
samples collection
To - 1 week
T: +1 week
T, +2 weeks
T3 +3 weeks
Ty +4 weeks
Ts +6 weeks
Te +8 weeks
T7 +12 weeks
Ts +16 weeks

2. PCR and gPCR

The presence of common tick-borne pathogenic bacteria in the DNA samples extracted from
SG pools was screened using previously described PCR protocols. Three out of ten wild 1.
ricinus SG pools resulted positive to tick-borne pathogens and were thus excluded from
subsequent analysis. The SG pools from the lab strain ticks were all negative for the presence
of tested pathogen. gPCR analyses were performed to determine the richest M. mitochondrii
wild SG pool and to evaluate the M. mitochondrii load in the SG pools of lab strain. The pool
with the highest M. mitochondrii load was chosen for the serological analysis.
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3. ELISA assay

The sera sampled from the six rabbits (from To to Ts) were analyzed by ELISA assays. Three
different antigens were tested on the sera: i) wild SG protein extract, ii) lab strain SG protein
extract and iii) M. mitochondrii FliD protein.

ELISA assay using wild SG protein extract on serum indicated that the rabbits infested with
lab strain ticks (R1 to R3) presented lower OD values compared to the ones infested with wild
I. ricinus (R4 to R6). These results are shown in Figure 26.
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Figure 26. Antibody response, detected by ELISA, against wild I. ricinus salivary glands

antigens

76



The second ELISA assay was carried out using the lab strain SG protein extract. The data
evidenced no difference between the kinetics of antibody response in the two groups of
infested rabbits (Fig. 27).
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Figure 27. Antibody response, detected by ELISA, against lab strain I. ricinus salivary glands

antigens

The third ELISA test was performed on sera from rabbits R1-R6 using M. mitochondrii FliD
protein as antigen. Serum-conversion against FIiD could be observed at one week after the
infestation with wild 1. ricinus (Fig. 28).
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Figure 28. Antibody response, detected by ELISA, against FliD protein.

The antibody response against the flagellar protein seemed to be higher between the first and
the fifth week after tick infestation, with a decrease around the end of the screening.

4. 2-DE and Western Blotting analysis

To detect I. ricinus proteins immuno-reactive to the sera of rabbits, 2DE followed by Western
Blotting analysis was performed. About 100 pug of SG proteins were loaded on 7cm strips,
with NL 3-10 pH gradient. Proteins were then transferred onto a PVDF membrane, and
incubated with R3 serum at two different times of collection To (- 1 week) and Ts (+6 weeks)
(Fig. 29). The serum choice relapsed on R3, because this was the one showing an optimal
kinetics of serum-conversion.
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R3Ts

L by
- -

Figure 29. A) 2-DE map of SG obtained by performing IEF on a 3-10 NL pH range and
SDS-PAGE on a constant 12,5% T in the second dimension. B and C) PVDF membrane
incubated with serum R3 at To and Tsrespectively. The spots indicated by an arrow in panel
C were the immuno-reactive spot after 6 weeks from the bite of wild I. ricinus.
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5. Identification of immunoreactive spots

To achieve identification of the proteins immuno-reactive to serum after 6 weeks from the bite
of wild I. ricinus, the positive spots were excised, digested with trypsin and submitted to LC-
MS/MS. The results, shown in Table 12, confirmed the presence of a single protein under each

spot.

Table 12. List of proteins identified under the immunoreactive spots.

Accession Description Score pl
%

putative cytosol aminopeptidase, 28,39 7,6

0i|556064409|gb|JAB75240.1| partial [Ixodes ricinus]
Putative catalase pediculus us corporis 14,04 8,1

gi|442757299|gb|JAAT0808.1| catalase [Ixodes ricinus]
Putative mitochondrial/plastidial beta- 11,49 7,4

0i|442746363|gb|JAAG5341.1| ketoacyl-acp reductase [Ixodes ricinus]

gi|442749025|gb]JAAGB6672.1| Putative metalloprotease [Ixodes 7,07 6,2

ricinus]

To validate the identified proteins, the antigenic peptide was synthesized. To recognize the

antigenic epitopes, three different bioinformatic tools were applied: SVMtrip, Imed and

Emboss Antigenic. The results obtained were interesting, and the antigenic peptides, positive
in two cases out of three (Table 13), were considered suitable for the synthesis.
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Table 13. List of peptides synthesized.

Name of protein Antigenic Epitope

Putative catalase pediculus us QDVVFLDEMAHFDRE

corporis catalase [I. ricinus]
ITKYCKAAIFNQVGK

Putative metalloprotease [I. CAKKYGYLTSLLDDT
ricinus]




6. Discussion

To determine the time of serum-conversion and to identify immuno-reactive spots, an
immuno-proteomic approach was carried out on a vertebrate model parasitized by wild and
lab-free I. ricinus. ELISA tests performed on SG protein extracts from wild 1. ricinus showed
an interesting trend of serum-conversion in contrast with the data obtained with lab strain ticks.
For this reason, the further experiments were done on SG extracts from wild ticks exclusively.
The experimental infestation showed the first serum-conversion of a vertebrate model against
I. ricinus bite. In addition, the western blotting data confirmed that the serum-conversion
occurred around the first and the second week with a peak after 6 weeks from tick infections.
Although the immuno-reactive spots have been identified, additional studies are needed to
develop a possible marker for I. ricinus bite detection. To obtain preliminary data the antigenic
portions of identified proteins were synthesized. This work is still in progress.

Most likely, the antigenic epitopes could help in the future to design vaccine components and
immuno-diagnostic reagents.
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Conclusions

This proteomic study aimed to widen the characterization of the proteome of I. ricinus and its
endosymbiont M. mitochondrii. In particular, | carried out two complementary “in gel” and
“of gel” approaches on the principal tissues containing M. mitochondrii.

Upon the application of 2DE followed by LC-MS/MS a total of 47 proteins, 27 from OV and
20 from SG have been identified. Among the common proteins, 21 were found differentially
expressed with a pvalue < 0.01. In addition, an immunoproteomic approach confirmed the
presence of the symbiont inside SG and OV (103).

In an effort to integrate the “in gel” results and to explore more in depth the relation between
I. ricinus and M. mitochondrii, a high-resolution shotgun proteomic approach was also
performed. A whole of 3998 proteins were identified, of which 3906 belonging to I. ricinus
and 92 to the symbiont. To understand the role of these proteins, different bioinformatics tools
(e.g. GO, PANTHER, KEGG) were applied. Sixteen proteins, among those detected for I.
ricinus, which belonged to a variety of pathways, were identified for the first time. A huge
number of tick proteins were involved in the gut homeostasis, agglutination, protease
inhibition, iron homeostasis, phagocytosis and energetic pathway. The M. mitochondrii
proteins were implicated in the folic pathway, biotin synthesis, TCA cycle, ATP synthesis and
carbon metabolism.

These data suggested that the bacterium was able to produce energy for itself and for the host
especially during diapause, but none of these data provided a complete answer about the
endosymbiotic relationship between M. mitochondrii and tick.

Lastly, to develop a serological test to detect whether a human or animal subject was
parasitized by I. ricinus, | designed an immunoproteomic experiment with infested rabbits.
The experimental infestation showed the first seroconversion of a vertebrate model against I.
ricinus but, although the immunoreactive spots have been identified, additional studies are
needed to develop a possible marker for I. ricinus bite detection.

In conclusion, my thesis work introduces a methodological framework that will pave the way
for the future studies on the proteomics of I. ricinus, with the goal of better understanding the
biology of this vector and its endosymbiont M. Mitochondrii. It also intends to become the
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basis of immunoproteomic approaches that could prove useful for detecting novel antigenic
proteins for innovative diagnostic and vaccination approaches.
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SUPPLEMENTARY MATERIAL

Table S1. Complete list of 47 identified proteins, 27 from ovaries (S1A) and 20 from

salivary glands (S1B).

Table S1A
ACCESSION PM SCORE Description
%
gi|215494047 |gb | EEC03688. 71,1 99 Heat shock protein, putative [/. scapularis]
1] 6
gi|597718071|gb| AHN19768. 66,1 99 Serum albumin, partial [Cervus nippon]
1] 5
gi|215491972|gb | EEC01613. 54,9 98 Protein disulfide isomerase, putative [/.
1] 2 scapularis)
gi|215497327|gb | EEC06821. 21,4 90 Enolase, putative [/. scapularis)
1] 9
gi|442760941|gb|JAA72629. 34,8 99 Putative carbonic anhydrase, partial [/.
1] 9 ricinus]
gi|442753241|gb|JAA68780. 47,1 99 Putative enolase [I. ricinus]
1| 4
gi|442747467 |gb|JAA65893. 52,1 99 Putative erp60 [I. ricinus)
1] 1
gi|442747295|gb |JAA65807. 54,7 99 Putative erp60 [l. ricinus]
1] 0
gi|122555|sp|P02073.1|HBB 16,2 99 RecName: Full=Hemoglobin subunit beta
_ALCAA 2
gi|122678|sp|P21380.1|HBB 16,1 99 RecName: Full=Hemoglobin subunit beta
_RANTA 6
gi|556054634|gb|JAB70362. 161, 99 Putative vitellogenin-2 [/. ricinus]
1| 4
gi|556054820|gb|JAB70455. 175, 99 Putative vitellogenin-2 [I. ricinus]
1] 6
gi|215508461|gb | EEC17915. 151, 95 Hemelipoglycoprotein precursor, putative
1] 6 [I. scapularis]
gi|215504084 |gb | EEC13578. 177, 92 Hemelipoglycoprotein precursor, putative
1| 6 [I. scapularis]
gi|215505979|gb | EEC15473. 56,9 99 Protein disulfide isomerase, putative [/.
1] 1 scapularis)
gi|215495481|gh | EEC05122. 60,4 99 Chaperonin subunit, putative [/.
1| 8 scapularis]
gi|215495481|gh | EEC05122. 60,4 99 Chaperonin subunit, putative [/.
1] 8 scapularis)
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gi|442757975|gb | JAA71146.

1]

gi| 556054818 | gb | JAB70454.

1

gi| 442746893 | gb | JAA65606.

1]

gi|442756551 | gb | JAA70434.

1|

gi|442756551 | gb | JAA70434.

1]

gi| 215510729 gb | EEC20182.

1]

gi| 215491972 | gb | EEC01613.

1]

gi| 442747295 | gb | JAA65807.

1

gi|442758229|gb | JAA71273.

1]

gi| 215504607 | gb | EEC14101.

1]

gi|215510720| gb | EEC20173.

1]

47,8

15,2

17,1

72,5

72,5

14,8

54,9

54,7

39,1

39,4

79,1

99

90

99

99

99

99

99

99

99

99

90

Putative protein disulfide-isomerase [/.
ricinus]
Putative ml domain-containing protein [/.
ricinus]
Putative nucleoside diphosphate kinase [/.
ricinus]
Putative heat shock 70 kda protein 5 [/.
ricinus]
Putative heat shock 70 kda protein 5 [/.
ricinus]
Fatty acid-binding protein FABP, putative
[I. scapularis]
Protein disulfide isomerase, putative [/.
scapularis)
Putative erp60 [/. ricinus]

Putative fructose-biphosphate aldolase [/.
ricinus]
Fructose 1,6-bisphosphate aldolase,
putative [I. scapularis]
Elongation factor, putative [I. scapularis]
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Table S1B

ACCESSION PM SCORE Description
%
gi|556054634|gb|JAB7036 161,482 99 Putative vitellogenin-2 [I. ricinus]
2.1|
gi|556054820|gh|JAB7045 175,61 99 Putative vitellogenin-2 [I. ricinus]
5.1]
gi|215504084 |gb |EEC1357 177,65 99 Hemelipoglycoprotein precursor, putative [/.
8.1| 4 scapularis)
gi|442753241|gb|JAA6878 47,145 99 Putative enolase [I. ricinus]
0.1]
gi|442752113|gb|JAA6821 55,243 99 Putative imp dehydrogenase/gmp reductase
6.1] [1. ricinus]
gi|215491939|gb | EEC0158 47,043 99 IMP dehydrogenase, putative [I. scapularis]
0.1]
gi|556066176|gb|JAB7611 42,73 99 Putative imp dehydrogenase/gmp reductase,
4.1| partial [/. ricinus]
gi|442757299|gb |JAA7080 57,181 99 Putative catalase pediculus us corporis
8.1| catalase [I. ricinus]
gi|215491559|gb | EEC0120 49,612 90 D-3-phosphoglycerate dehydrogenase,
0.1] putative [/. scapularis]
gi|215507080|gb |EEC1657 59,844 90 FOF1-type ATP synthase, alpha subunit,
4.1| putative [/. scapularis]
gi|322422107|gb|ADX012 16,038 90 Beta actin [/. ricinus]
24.1
gi|215494293|gb | EEC0393 37,593 99 Actin, putative [I. scapularis]
a.1|
gi|442760565|gb |JAA7244 22,911 99 Putative thioredoxin peroxidase, partial [/.
1.1 ricinus]
gi|556084942|gh|JAB8289 20,241 99 Putative alpha crystallins [/. ricinus]
2.1|
gi|122678|sp|P21380.1|H 16,167 73 RecName: Full=Hemoglobin subunit beta
BB_RANTA
gi|215510489|gb |EEC1994 17,424 68 Small heat shock protein, putative [/.
2.1 scapularis]
gi|215495480|gb | EEC0512 10,868 95 Heat shock protein [/. scapularis]
1.1]
gi|442752151|gb|JAA6823 14,78 90 Putative pterin carbinolamine dehydratase
5.1| pcbd [I. ricinus]
gi|215510489|gb |EEC1994 17,424 74 Small heat shock protein, putative [/.
2.1 scapularis)
gi|215510489|gb |EEC1994 17,424 63 Small heat shock protein, putative [/.
2.1) scapularis)
gi|39725997 |gb|AAR2995 47,377 98 Calreticulin [I. minor]
0.1]
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gi| 215505979 gb | EEC1547
3.1|

gi| 604824672 | gb | JAC3467
3.1|

gi| 556053694 | gb | JAB6989
2.1|

gi|442757321|gb | JAA7081
9.1|

gi| 215495481 | gb | EEC0512
2.1|

gi| 556063403 | gb | JAB7473
7.1|

gi| 215498464 | gb | EEC0795
8.1

gi| 556054818 | gb | JAB7045
41|

gi| 442746893 | gb | JAA6560
6.1

gi|122555|sp|P02073.1|H

BB_ALCAA

gi|376324229|gb | AFB2147

0.1

56,912
61,067
37,871
56,896
60,484
44,872
16,858
15,293
17,198
16,223

99,128

99

99

90

99

99

92

90

90

99

99

22

Protein disulfide isomerase, putative
[I.scapularis]
Putative chaperonin subunit [Amblyomma
triste]
Putative calreticulin [I. ricinus]

Putative protein disulfide-isomerase [/.
ricinus]
Chaperonin subunit, putative [I. scapularis]

Putative glutamine synthetase [I. ricinus]

Actin depolymerizing factor, putative
[I.scapularis]
Putative ml domain-containing protein
[L.ricinus]
Putative nucleoside diphosphate kinase [/.
ricinus]
RecName: Full=Hemoglobin subunit beta

DNA polymerase | [Rickettsia canadensis str.
CA410]
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Table S2. List of 92 proteins of M. mitochondrii.

Description Accession GENE names

malate/lactate dehydrogenase [Candidatus Midichloria mitochondrii AEI89207 mdh midi_00923

IricVA] 1

molecular chaperone DnaK [Candidatus Midichloria mitochondrii IricVA] AEI89491  dnaKmidi_01215
1

ribosomal protein L3 [Candidatus Midichloria mitochondrii IricVA] AEI88349  rplC midi_00023
1

chaperonin GroEL [Candidatus Midichloria mitochondrii IricVA] AEI89468  grol midi_01192
1

superoxide dismutase [Candidatus Midichloria mitochondrii IricVA] AEI88755 sodAmidi_00448
1

ribosomal protein S4 [Candidatus Midichloria mitochondrii IricVA] AEI88541  rpsD midi_00223
1

DNA-directed RNA polymerase, beta' subunit [Candidatus Midichloria AEI88813  rpoC midi_00506

mitochondrii IricVA] A

hypothetical protein midi_00158 [Candidatus Midichloria mitochondrii AEI88478 midi_00158

IricVA] 1

cysteine desulfurase [Candidatus Midichloria mitochondrii IricVA] AEI88597  nifS iscS, midi_00282
1

transcription termination factor Rho [Candidatus Midichloria mitochondrii ~ AEI88510 rho midi_00191

IricVA] 1

thioredoxin [Candidatus Midichloria mitochondrii IricVA] AEI89480 midi_01204
1

amino-acid ABC transporter binding protein [Candidatus Midichloria AEI89282  his) midi_01002

mitochondrii IricVA] 1

2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase AEI89217 folK midi_00936

[Candidatus Midichloria mitochondrii IricVA] i

transcription elongation factor GreA [Candidatus Midichloria mitochondrii AEI88514  greA midi_00195

IricVA] 1

peptidoglycan-associated lipoprotein [Candidatus Midichloria AEI88792 midi_00485

mitochondrii IricVA] 1

ribosomal protein L30 [Candidatus Midichloria mitochondrii IricVA] AEI88367 rpmDmidi_00041
1

rod shape-determining protein MreB [Candidatus Midichloria mitochondrii  AEI88505 mreBmidi_00185

IricVA] Nl

ribosomal protein L27 [Candidatus Midichloria mitochondrii IricVA] AEI88584  rpmAmidi_00269
1

outer membrane protein [Candidatus Midichloria mitochondrii IricVA] AEI88721 midi_00412
1

ribosomal protein S10 [Candidatus Midichloria mitochondrii IricVA] AEI88348  rps) midi_00022
1

elongation factor Ts [Candidatus Midichloria mitochondrii IricVA] AEI88954  tsf midi_00657
1

succinyl-CoA synthetase, beta subunit [Candidatus Midichloria AEI89160 sucC midi_00874

mitochondrii IricVA] 1

ribosomal protein L23 [Candidatus Midichloria mitochondrii IricVA] AEI88351  rplW midi_00025
1

ribosomal protein L2 [Candidatus Midichloria mitochondrii IricVA] AEI88352  rplIB midi_00026
1

replicative DNA helicase [Candidatus Midichloria mitochondrii IricVA] AEI88564 dnaBmidi_00248
1

elongation factor G [Candidatus Midichloria mitochondrii IricVA] AEI89114  fusA midi_00824
1
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trigger factor Tig [Candidatus Midichloria mitochondrii IricVA]
peptidase S1C, Do [Candidatus Midichloria mitochondrii IricVA]

hypothetical protein midi_00335 [Candidatus Midichloria mitochondrii
IricVA]

alkyl hydroperoxide reductase/ Thiol specific antioxidant/ Mal allergen
[Candidatus Midichloria mitochondrii IricVA]

ribosomal protein L1 [Candidatus Midichloria mitochondrii IricVA]

ompH family outer membrane protein [Candidatus Midichloria
mitochondrii IricVA]
DNA-binding protein HU [Candidatus Midichloria mitochondrii IricVA]

30S ribosomal protein S2 [Candidatus Midichloria mitochondrii]

1-deoxy-D-xylulose-5-phosphate synthase [Candidatus Midichloria
mitochondrii IricVA]

probable integral membrane proteinase [Candidatus Midichloria
mitochondrii IricVA]

protein-export protein SecB [Candidatus Midichloria mitochondrii IricVA]

ribosomal protein S7 [Candidatus Midichloria mitochondrii IricVA]

polyribonucleotide nucleotidyltransferase [Candidatus Midichloria
mitochondrii IricVA]

Uncharacterized protein conserved in bacteria [Candidatus Midichloria
mitochondrii IricVA]

citrate synthase I [Candidatus Midichloria mitochondrii IricVA]

ATP synthase subunit beta [Candidatus Midichloria mitochondrii IricVA]
recombinase A [Candidatus Midichloria mitochondrii IricVA]

enoyl-(acyl-carrier-protein) reductase [Candidatus Midichloria
mitochondrii IricVA]
putative membrane protein [Candidatus Midichloria mitochondrii IricVA]

transcriptional regulator XRE family [Candidatus Midichloria mitochondrii
IricVA]

phosphate regulon transcriptional regulatory protein PhoB [Candidatus
Midichloria mitochondrii IricVA]

translation elongation factor Tu [Candidatus Midichloria mitochondrii
IricVA]

toluene tolerance transporter, putative [Candidatus Midichloria
mitochondrii IricVA]

30S ribosomal protein S1 [Candidatus Midichloria mitochondrii IricVA]

DNA-directed RNA polymerase, beta subunit [Candidatus Midichloria
mitochondrii IricVA]

ribosomal protein S8 [Candidatus Midichloria mitochondrii IricVA]
Hflc protein [Candidatus Midichloria mitochondrii IricVA]

ribosomal protein L11 [Candidatus Midichloria mitochondrii IricVA]

excinuclease ABC subunit A [Candidatus Midichloria mitochondrii IricVA]

AEI89067
ol
AEI89257
1
AEI88645
A
AEI89212
1
AEI88808
A
AEI88498
1
AEI88824
Al
CBJ3619
7.1
AEI89013
Al
AEI89064
1
AEI88677
ol
AEI89113
1
AEI88762
ol
AEI88613
1
AEI89177
d
AEI89394
1
AEI88565
A
AEI88694
1
AEI88424
ol
AEI89325
1
AEI89122
ol
AEI88862
1
AEI88724
d
AEI88883
1
AEI88812
A
AEI88363
1
AEI89063
ol
AEI88807
1
AEI88992
ol

tig midi_00777
midi_00976
midi_00335
midi_00929

rplA midi_00501
hlpA midi_00178
midi_00519

rpsB

dxs midi_00719
midi_00774
secB midi_00367
rpsG midi_00823
pnp midi_00455
midi_00303

gltA midi_00893
atpD midi_01117
recA midi_00249
fabl midi_00384
midi_00102
midi_01048

phoBmidi_00834

tufB tuf, midi_00560

midi_00416

rpsA midi_00583
rpoB midi_00505
rpsH midi_00037
hflC midi_00773
rplK midi_00500

uvrA midi_00695
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peroxiredoxin reductase [Candidatus Midichloria mitochondrii IricVA]

phosphatidylserine decarboxylase [Candidatus Midichloria mitochondrii
IricVA]

hypothetical protein midi_01125 [Candidatus Midichloria mitochondrii
IricVA]

uncharacterized protein conserved in bacteria [Candidatus Midichloria
mitochondrii IricVA]

chaperonin GroS [Candidatus Midichloria mitochondrii IricVA]

TrpR like protein, YerC/YecD [Candidatus Midichloria mitochondrii IricVA]

succinyl-CoA synthetase, alpha subunit [Candidatus Midichloria
mitochondrii IricVA]

DNA-directed RNA polymerase, alpha subunit [Candidatus Midichloria
mitochondrii IricVA]

ribosomal protein L4 [Candidatus Midichloria mitochondrii IricVA]

uncharacterized protein conserved in bacteria [Candidatus Midichloria
mitochondrii IricVA]

type | secretion outer membrane protein [Candidatus Midichloria
mitochondrii IricVA]

ribosomal protein S17 [Candidatus Midichloria mitochondrii IricVA]

chaperone protein htpG [Candidatus Midichloria mitochondrii IricVA]
peroxiredoxin [Candidatus Midichloria mitochondrii IricVA]

ribosomal protein L16 [Candidatus Midichloria mitochondrii IricVA]
hypothetical protein midi_01103 [Candidatus Midichloria mitochondrii
IricVA]

ribosomal protein L9 [Candidatus Midichloria mitochondrii IricVA]
ribosomal protein L19 [Candidatus Midichloria mitochondrii IricVA]
ribosomal protein L7/L12 [Candidatus Midichloria mitochondrii IricVA]
putative Extracellular ligand-binding receptor [Candidatus Midichloria
mitochondrii IricVA]

TPR domain protein [Candidatus Midichloria mitochondrii IricVA]
ribosomal protein S9 [Candidatus Midichloria mitochondrii IricVA]
Translation elongation factor P [Candidatus Midichloria mitochondrii
IricVA]

NADP-dependent malic enzyme [Candidatus Midichloria mitochondrii
IricVA]

leucyl aminopeptidase [Candidatus Midichloria mitochondrii IricVA]
single-strand DNA-binding protein [Candidatus Midichloria mitochondrii
IricVA]

Biotin synthase [Candidatus Midichloria mitochondrii IricVA]

aconitate hydratase [Candidatus Midichloria mitochondrii IricVA]

transcription antitermination protein [Candidatus Midichloria
mitochondrii IricVA]

AEI88711
1
AEI88692
Al
AEI89402
1
AEI88591
Al
AEI89467
1
AEI88520
A
AEI89159
1
AEI88372
A
AEI88350
1
AEI88981
ol
AEI88376
1
AEI88358
A
AEI89378
1
AEI89139
A
AEI88355
1
AEI89380
ol
AEI88335
1
AEI88849
ol
AEI88811
1
AEI89090
d
AEI88722
1
AEI89192
A
AEI88449
1
AEI89239
ol
AEI88516
1
AEI88840
ol
AEI88447
1
AEI88620
A
AEI88806
1

ahpDmidi_00401
psd midi_00382
midi_01125
midi_00276

groS groES, midi_01191
midi_00202

sucD midi_00873
rpoA midi_00046
rpID midi_00024
midi_00684

tolC midi_00050
rpsQ midi_00032
htpG midi_01101
ahpCmidi_00851
rpsC midi_00029
midi_01103

rpll midi_00009
rplS midi_00544
rplL midi_00504
midi_00800
midi_00414

rpsl midi_00908
efp midi_00128
maeBmidi_00958
pepB pepA, midi_00198
midi_00535

bioB midi_00126
acnAmidi_00310

nusGmidi_00499
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pyruvate phosphate dikinase [Candidatus Midichloria mitochondrii IricVA] AEI88566  ppsAmidi_00250

2-dehydro-3-deoxyphosphooctonate aldolase [Candidatus Midichloria ;:EI88970 kdsA midi_00673
mitochondrii IricVA] 1
ribosomal protein L13 [Candidatus Midichloria mitochondrii IricVA] AEI89193  rplM midi_00909
ribosomal protein L5 [Candidatus Midichloria mitochondrii IricVA] ;:EI88361 rplE midi_00035
FOF1 ATP synthase subunit alpha [Candidatus Midichloria mitochondrii] .ClBJSGZO atpA
ribosomal protein S10 [Candidatus Midichloria mitochondrii IricVA] ilElI88356 rplP midi_00030
molecular chaperone GrpE (heat shock protein) [Candidatus Midichloria ;AlEI89206 grpE midi_00922
mitochondrii IricVA] A
ATP-dependent chaperone ClpB [Candidatus Midichloria mitochondrii AEI89231  clpB midi_00950
IricVA] 1
Table S3. List of I. ricinus pathway
Pathway KEGG code
Glycolysis and Gluconeogenesis ISC00010
TCA cycle 1ISC00020
Pentose phosphate pathway ISC00030
Galactose metabolism ISC00052
Fatty acid degradation ISC00071
Synthesis and degradation of ketone ISC00072
bodies
Arginine biosynthesis 1ISC00220
Purine metabolism ISC00230
Pyrimidine metabolism 1ISC00240
Lysine biosynthesis and degradation ISC00300; ISC00310
Tryptophan metabolism ISC00380
Beta-alanine metabolism ISC00410
Selenocompound metabolism ISC00450
Glutathione metabolism ISC00480
N-Glycan biosynthesis ISC00510
Amino sugar and nucleotide metabolism 1ISC00520
Arachidonic acid metabolism ISC00590
Sphingolipid metabolism ISC00600
Pyruvate metabolism ISC00620
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Glycosylate and dicarboxylate
metabolism
One carbon pool by folate
Vitamin B6 metabolism
Retinol metabolism in animals
Ammino-tRNA biosynthesis
Metabolism of xenobiotics by
cytochrome P450
Insect hormone biosynthesis
Ribosome
RNA transport
MRNA surveillance pathway
Ubiquitine mediated proteolysis
Snare interactions in vesicular transport
Protein processing in endoplasmic
reticulum
Lysosome
WNT signaling pathway and ECM-
receptor

ISC00630

ISC00670
ISC00750
ISC00830
ISC00970
1ISC00980

ISC00981
ISC03010
ISC03013
ISC03015
ISCO04120
ISC04130
1ISC04141

1ISC04142
ISC04310-1SCO04512
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A sieeral e Becoscienons | Asmeratnen, LK. 52rips were relvpdral af w il applying woltge for
1 Ban 2070 T f i dirneroiomal TEF whs carded oot st 1|70 meing an Eoan TP Gplor spstem
| Asre sl Bioaienos ], pegrammad with e following vollagegradiont: 30V fard b, 120V
fr 1 b, 500V for &5 E, DI W for 005 b and 000 V onil o etal of 3577 B 8 wes el
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:E'I‘Pms | onNt e i Cariee i s i vt oy i e © crmppratives Pt

Rsuscn o sl i sl s weere sagepllind] Bt 1 e il vl it e e o ol fierncationn. The

fiwe el TPOC st e oot iy 15 i il s Merperatiore Bn € M e, 2% {wiv) 5T,
S0 M T pH &8, ghyee il 30%, comia ining 3% | wiv] T'TE, fellowed by a secoad ook Son
o 15 amin in e same butler oontaining L3% | w/e | iosdoacet amide and 003% Bramogh enol
Bidue. Al e end of B [EF stop, @ were bodd in place with 04% bow melting temperature
g o e o Bl cori o B o allabes, | 159 506 oy crplasmide gl Elaot mypdaresis wi -
riad ool o @ covten 1c aerent of 10 mA per g in o PROTEAN Ixi 2- 0Ol agoipenent Bas-
Raad { Berkeley, Califrnia), wnbl te bafle r fromt lne was | o froon e botemad thegeda
Thee 2-IVE i weere fladned with "Bl dlver ™ | dolboida | Cosrmie T- 250 sta indng], acoonding
iz Ui S 1 aal | L8] . Tt ad oo e o sl e s e sy slin @ WiersalDer Tsvaiogy
Wil 30000 (B} e o it e qpusalifguson Wit Biwe e byt sy 1ot P (s

| BaoRaad) wersion 8 01 sofiwe e 5 annad innges wene {iherad and s ooth of o nemmese b k-
i rean o e, ey Tical acs i el o sy sared e e o it e e v 11 e i
e vty of e s srple. Thee sl Twsare Been Setermined Sa arnoan] of spols present and
waboubute 1 baciy inilcnuty by apply o e Solkorwiong wkyorith o pol wboe | OV e wnita)
et | st wf Bewafioos in rand §lo

Reproducibility of the study

T werify 1 hee represucibiling of tee stody, 1-TVE s w e ol inadin 1pdica i for sach of e
arrallyzed s Beary gl | 0] o nd ovary T (O] pools. These presentad in Bis = por ane
et Bl ey tive ek rrceng sl gene o e B slowed spots osessent by poese sl Egperi-
iyl slieges ey ing sarmpde e o, e T oplvrelic ron and ge shinieg Werepe
T d “in pasm el on ol mmples

In sitw enzymatc digestion

Enryeatic digedion we perfarmnad as previsndy describeald [19]. Briefly, te sdeoial apats
wiere carel oy enched froem e g, placed inte Eppe folord tobes and Borode o in e anall

[ Tk v e | i ey i o ol e it ot {2000 L) o 0 00D s M sy iy
Bz arbowreratt e Bl e |pH 7.5, 509 sace tewmitrile | TN | and e pa onder sfirsing oweraigh L wnbl
cmriphete dedaini iy, il were debpdratod by addition of ACN {100L). After nemmoral of
e g i i, e Gon wae [periaranad by o dditon of 30 gL of 10 e M Dtk breied
(DT} sodotion {40 minat 37C) DTT was sephac ol with 301 of 55 mb Gades ot amide for
45 minin al SETL Thkesedufion was remevad and thegd phaces we e wisled fwice with 2001
o 100 e v s Bicarbenrane for 10 i, wikile worie sin g, The wash sedotion w

e ez aned gl delvpdrated by additon of 200 gL of A CW antilibe gel pieos becamean
e - il ooy AT e (ieeally o v o o el e i i e o el i ol st e, D
wiere nedvpdratad by addition of 75 gLod 100 b asm oodoen Bicarbe e bofler pH 7.3, com-
e weg 20 weg Rl smcpuees g grade ey pain (P agm, Madtees, W, LTSA | a sl digeaion was
e rlaranad inooka Gng evernight at 3770 Pollowing on oy afic Jigest on, B resalian pep-
tides were extr iod soguentiadly {nam pd st by a the - siep tnotme nt {cach siepat 370
fir 15 s n] with 50 Lo 50% ACH in waler, 5% triflooros cotic acsd | TRA ] and fisally with
50l of 100% ACH. Each extrac Gom invelnad 10 min of stirring followed by oo rifagason
e e o e cp ervatant. Thee oy i | supere ] and S ol inad from egoental
el radlions we s poalad, dricd and mered a1 300 ool s spad nednelric o e A e
1 el o e, et [l e pridtnre was sodobilized in D0 gl of OUI%E ferenic acid | FA) fer
WIS e fpasci.
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LC-MSIMS

Allian lyses weere cardied ol enian LE-MS | Thesn o Finnigan, San Jose, CA, USA] apstem oon.
aatirgy o e e vt iad oodunn oven Sorvepos anbenpler aontrolad @ 157, @ guteriry
gradicnt Suveyer M3 pasnp aguipped witha dicle array et aoes, andan Linear Trap Ooad
gk (L] s sqpee et e iy e s ety o stvierce: cosmitreddiend By Mizallibvnr
wnftware L4, Amalyies werne se paratad by RP-HP LT o6 @ Jopiter | Pheneone nex, Tormance, TA,
Uth'i.lt,.mhmﬂiﬂllmm,#p\ﬂ.ﬁ.piﬂ i) oingg o Bnear gradien 1 {1-80% sodweni
B inéidsin) i whedh sdee st A cosoiated of 000% o geeoam FA and sovent B osssied of ACW
coml adnieg 0. 1% FA Flow- rte wiei 0.0 sal e, Wi speoiva wene generated n pocii e on
nade wnder cosroitand drstnanne it oonditor: sons e voltge 20KV, capillary vl ge 467,
ot s Mot A0 i it oy ionita | o ool o e St 1 O arbitrary wnit]), swesp g flaw 1
{aurbsitrary wnital, oo pillory lesmgeera tose IO, Db ber wedtage - 105 W METNGE gpoctr,
vk e By CITD st o e vy o vy, ‘where vl ol wiith o Sk widthad 3 Th
s, | b s v alinn wnplitede was 396 ofej obon RF aoplitale il oore guands i 1 58 W

Thiat i e ey woas prerboronad ooy Peals stodin 4.5 sl tvare. Ao il b b sk
bk trend sede ctingg froven dhee WA a b sl thes [prvilisin e e ces o ey o T Solllow ineg.
N e e Dappaichs | sl £935 |, Cenvid { sl S350, Rermlis ki1 3], Ricken.
sdles an3ATEE | Thee ines Bty were s rollend g et e Sz Priot sl ithee sad- bew: st i
i tdbger ey ooviinoad mcsde (WS plos MEME], with the follawin g paransst e ppsin
spercf iy, frwe o e lewvages, pepiide ioderanc e al (03 Thiy, MEMS toleran ce al 325 D, page
ke buarge 1, 1, 34, and e Epeeriomeilal s s S mlogi.

Westsm Blotting

Wmitern Bt u i wies e Hactad st rifeg Troen D00 e sog s s o] pooisins e soied from
ke T el 50 ol Bt ewlliolinnd e Mgl oo snlraatnres o M. somil et B vy

(i B e vt Sepra s [poosd v wee o v foll evemd ooy mitresoedloboe sremm bra ne by
ke i Trieis Bkt Flevt sosplocsressin T suicder i Il { BanRluad ] ool ppllying u corsent of X0 mA
feor 1200 b in sonn g Besfler {25 el Tria pHE3, 192 o gy, 209 st sl T werify
e tramder of pooisi, B menibrane was sbaned with Ponosn Redand wasbal wih PRE

| Ul fer I s Ades U Gescnbet Som i 5% sndllc] 10 mold] dilote d in PR and dores addinbora
i ailbess Wit PES TR 00 % Twsozn | D0 mnd L, e sisrndsrane wa s bnooba el owernighl with Uh poly-
¢ oorea e oo s g saiowit e M. somitrdboncbedi Shagedbar protetn FEIY | D00 an s ket s 15000 in
1% e dle. After washing the membrane thres Gres with PRET {10im ), o ol Gon with fe s
b oy sesvibndy | Thaloo, O bestrop, Dhere k. wie carsded ot for | bt s e pe s dare with
proshy o sl gt st iovemvesnogglobealin dilotnd 300068 1% milkin PRST. The smem-
Eriarne e fivea Iy weslbend three e with PBS and incobatadin ECL P éme soloGan $GE
Huzabbscare, Ulpipocaka, Sweden]. T onobbois werne acguinad with the T age ot 1. AS 4000
asuadyner | GE Heabbcane].

Resuits
PCR

Connee itrafion of M. ssitedesndei o nd presence of G- Borne poatbegens wis iooe sl in allibe
OT and 50 sl by prerforniog PCR on e DNA exrac il from the somple. Twe oot of d@o
VT s tud 57 ol ‘weens il e 1y - B [pratboceg v st 1 wer 1 v et ey sondbeie-
uen L asrdyie s POR for the deter fomn of M. ssilsckandeii wios pedormed on e nenmdnin g

s vl el T el 505 jpronls sl ], s ez e, pesiitive 1o M. msitockaamdrii. The copy
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e A caiw o DR s s o S5 e oy Gl ok Carmparative. Protacrms

mioen b s f gy B sl ol e o el 1 o e Plced w000 i o s el im 50 Tabbe o S
[proriingy Tnder ool G

Twe-dimensional ekectrophoress with nonlinesr pH 310 gradient rangs
Te iently I riciaw procin different tlly cnpe ol botween 0T and 506, w wdl as proicin
o e M. weilarkasdedl spmbaomn, paralld 2. DF o mlyses were periomed om e oo salvary
hands (505 and owary G | OT) of I sicines adol tids ta wereinfamed by M_sitwobos.
hrii Bt resnlied free froom onber baclerial patfegren pusiene & Giols wene scanme d ol spots
wies detane d g e spol detent on wikand tonl, afier defining and @ ving o s of dete aian
[ e . Pllovfing apast detertfom , B oo | el s o were file e f an d srneetiend te -
iy s, e e e o hoall and besSeontal ae e, and remese spaciiles. Thie e dinne sl
i amsiitan Apoits were then creatad from fllenad images. Thnee G ges were cxatad from e
[prostssee e corigin | raw 2. 10 secan, ke flerad Goage, amnd e Gamsston Grmage. A maich e for
eacth posd was hen creatad oy oommparisen afie r the gl e ge s b Been allignod o nd o ol -
cally overkad. W a spet was salos e, irepolarly dhagad, or ot berwie of poor gualliry, e nike
Ciansieiton Frocsdeling wie rabde o sconrate by determmine quanting. In e case, B spd Wi
e fined in e fiheral noge g 1 g boondary ok Thic, Jor s jasl, @ dader gl
whi prosfsond wiich indluded poetein spets only ifjpresent an b in oy oot of e Bree gela
Thee: e 1 dapeel. ieeey’ G Ciosdirouiciis staineed ge b was 235219 in S0 and 2 E2 20 Gn OT. A s
] st 2 oy e e e st gell wene encie d, destain o, dige aad with rppein, and
e e we g sbunine d 1o L. MEME. The M5 fragen ental s data wene soarclind it the
Fwice Pt s red e cad- B e i ool onodke tabmaias, s 10 1 e o s weere jrerBonr mmad wsking,
e Pealis s 4.5 anfiware A taal of 47 prodsin were ientifind, 20 from S0 and 27 from
OT. A complae Bt of e idenifiad protein b presentad in D Tabie

T mvea ey ek froom Banlh S0 and OFT jpusals alevived sioniba r patierns of prodcin aodh ik
ey conedhd Be vo telend te ek cieer. Thits Sacilitaned e oo bafioon o ke and 1 e cnaaien of
@ wirtuad inege, indicaind s bigh ueter gl HWG L compe bemive of wll scbe dagpot
e dved from nuder gebs The prcodure descrded i dum aoised in Fg L

Differentally sxpressed profineg

g s of 2. TE paberns for 505 and OT e bed several goaliative and guantitaive 41 -
Terenos betwesn the Iwoests of prads. Talerrs of presencelaboe nee of gpots, goaltafive difler-
e a re represenladin Fig 2 As alewn, wiile the s ity of spods wes o on 1o b 56
and OT {170 + 35, evidencnd in graen | sane purolein spls present in 55 prodile wene absent
Toman Bhee DT ituioe iaed] w6 eveeri. I prrBonkas, 81 gpots fmasle d in ral) we e ardloie of 556G
and 57 apats flabellad in bl | were detertiad andedy in OT.

Sl puanitit s o alll e were s er e e nesrove Sen cX P - rekite Wi Saliid in
spend Grilen sy, @ mad da a wene exporied s s clipbssard for forfeer oot ol o by The raw
amsnl af eacdh proicin ina gel was dividad by S ol quantiny of ol protcies | gpos ] 1
wiem incloded in Bt el The neols we s evalod o in e ool ol opbo ] density §00]. 55 -
0 el s s o PO isee it a allboviwned] o s il Mmoo a B i e v . -
nesin- by - e anbus A cosalang b gosdeline tor difle Tl posdain i s e by only sps
e sbeviwend @ cloargpe in density el g o W01 By Rolent's im0 werecomsidenad “diflerent tallly
& Eprckind " in e 1w pusids of seeples. This Lesmn o sl e meaning Siffercnal prosin
b e et fn i od by sy el g, inc beding Jougesin gootsin by ol e nd
il i afien o Segrmdation Uising fhese orite fa, 21 spots Jiff e d by 1 e o ndie ied o
amd wenesdher ind by e staatic al [proga ona s spots ba ving dgnificas st differenoss in e reda-
T albvenads sice b Tween 50 and OT. Tn parokar, Ten a1 e apots findicaad by
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Salivary glands

High master gel
Fig L (A 2-OEmapac! hmedith poaa o sver y ghand (S0, M) 4 o rtan Saoece (OF, fght)
of I doirars, obtained by pedcomnng EF on 7 an NG arion with 3-10 ML pH mngeard SOSPAGE in
.t-:-u.-.-—o--u-a-h.mI.‘s“”n‘ﬂ--r.ﬁm-p
B Sree ook foceach sarpie ty e, ) 20 € H G M e Gl ¢ oo bed compar g B S0 et OF guia.

Gt 10151 foumad porm D1 3842 01

neokes 13 106 HMG of Eg 2) showed 4- 10 18 %0dd incraue) docraoe inde nlty. Aset of
panch, sbown inFg 3, was generadod 10 hig hlg M denity virsond es of thawe spots betw oen the
Two sets of ponds (Le 5G and OT).

In theie punchi the reghon of Sdnad gl conaining hespot of intereit wis 2o edand up-/
Sownregubdion guphicdly reproe sied ESorts have boen devated o theide stificaion of
These proacing, 10 in vesBgae wiset her they might havean imvolvem ent in the bidogd gro-
o owra Cler e of ovarics 4 nd s bvary ghonds, or in the intes clion betwee n M. sitackor-
drii wnd I & dnws.

These spoti we e thw carel uly e wiied frommthe g, & Lained, digaand with wrypain, and
peptide we e scbnmine d to LC-MS/MS fallowing the pacedare dete lod in the Maderadiand
Methods section. The MS frig ments Son &t we x scurche d againg She Swind ot andthe af.
b design o prodcin dut e, an d The querics were perfommne d uaing the Pado stodio 45
software All but two Gpots 2 and 91 of the gue Sod prodcin were ideatificd. The low sban-
dance of grodeins correponding 10 apots 2 and 9 moat Ble by determine d the poor guadity of
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P2 Hgh Vi ter gul showng Qualitetiw d%eru re e et en Bhe S0 and OT 20 muster gl patter rm (ML, 04 310 gradient mimgel. Labw et
et spats in = 10 25 comenn B o S0 edOT. Lbded et spo (o = 87) wokisive of S0 Ldeled I B oot (00 57 detbected sy inOT.

ek 100 0T ¥ pnrrad o O T2 080

their MS sigrodi w od floe in their idemt ifiction. The Sct Sl onigue prodeing were identifiod
for sl ctber s oadyvod spots sugie R od thag, @ oot for Saie Pots, ot ove dip was minkmized.
Detalad i ntification dits, indoding e codbon number, thoom Sod pf modecubar i
perent of soguen ecoverage, nunber of pe piide iden tificd, s nd MOWSE scox of caxh of e
nine profeing identiiadare reportad in Table 1.
AddiSorad indormuon comcerning the phunry soque nce of wll peptides identifiad for cuch
prodein andyre d was indoded in 53 Talic of Sapporting Indorm on.

Westam biotting

CGitven theaim of our stady, prossing fram SG and OT prafile of the pool ut et bited the

B et concent = Sors of M. meiteckandsiw ere o mderred onto PV DF membrans: and incu-
Bated with S polyciorad wnti-FED 2 stbodics, follow od by 4 08 rablit s stbody Baed o i)
s pocation (pUMs) onthe PVDF membrancand 5] 1t recogaiion by the antbody, the prdein
spot indicaed by an arsvw in pand A (OT poal) of Fig 4, wis tentativdly ssaigned o FiiD. As
ahorwen in pand B of Fiz 4 dopite the appeers noe ofin terfering spots, the hypathetica ! FED
SOt wieh undeter tdde in the 5G profile This st Gexgpactad wnd the load of M. mitockandril
bt cleria i v b Biigher i ooviaries Shan Snsalivary ghonds (S Tabk) 110, 11).
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A ¢ || B
Fo A mmuncticting of orote s fom S0 ard OF profles grrum i d o A sted o g 1 IVOF marnt IO st W e btst
poiycionsd s ibod ke ethF 100! M mfocfondi( fdowedby ot e ibody. Thepooten soo ) ndodwd by w srow i P A0O7T pool wes
- ot 0 PO P |5 sbows hwe S0 wlrwiechibe 1F30 oo tetdd e

o 100 TST Vparrad v 0TS82 008

{3 Borselic Tadorsadson conce min g the primury sogoence of all pepGdes ide ntifiad Sor cach
proscin s sadyred buve been indaded in54 Tabilde of Suppofting Infomn aion.

We bypotheiize d that the Sct S the putative fige ba s procin FED wis, maot By, loa
abun dant compared 1 the bulk of ather prodsing proe at in the pot, prevented it idemifice-
o This by pat hesin wis strengg henad by the poor guality of M5 seguence duts obtained from
thind spodt (or chuter of spats). This indeod made it difficudt 1 define cractly whether e FiD
protsin of wis st fly pree ot within the spotis) andderad

Two-dmensional electrophoress wath pH 4-7 gradient range:
identficaton of AID
10 wn efiort 1 overcoane S St S indicatod above wn d 1o definit vedy el (or
cxdode] the preie nce of FED unde r the spon(s) e minad in the OT pood, wewarkod an the
optim aton of She dactrophoretic condiions. After peforming 4 e cmive st of trids with
Wi S0 dex tropharetic condit tun, The et opton wis focnd 1o be the o pplicaton of 4 mrow
rasge pH gradicnt (hEoser pH 4-7). This providad o betie « resolut iom of prodsin, minim iing
pote sl spot overbign (Eg SAL The imm undreiclive prodein spot findiced by wn wrrowin
PVDFmembvane B) wis eviden cad in OT profile oltained ander the egperime ntd conditions
menBonod o

Asa vaidagion of s ducssed above, 50 St Wi reacive 2 gansd The s ntbody in 5G pro-
e Gaa oot shown). After ot exciion and Ly pic Sgetion, LE-MS e ntificatoncan -
fisnedihe praenceof fageller pastein Rl under thiapet (Tubic 3).

Taon 2 Ut of protena identfied sndi ¢ e onem anonm ctrwe .

Ae o e O mcdgtion Moo Scom W) Covemna(™) G vy i Sctha
PR A0 g Ak | P w0 oo e ) CXEY - s 3
- X al Pt -2 P o) - - RS 2
PES b ARSI 1| e | Sorred b bwecrroedl =swe = Lms t

et 10 T Vnrrad e DTS2 000
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The prisury soguence of peptides found for st Ficuion of paie ina sy el w indok d
in 55 Tubds of Supparting Infarsmtion

Discussion
Analysis of common proteins differentially expressed

A rece st Qody pre sied the entification of hunde & of patcin in sy gand of Lrici-
mus inthe prsen e of the pa thogen i 1ick borne jpirochete B. bugdosferi, demoratrating Sut
1he egpresabon of protsin madulated by infoction difle wdas s funcioned the varios strain
of B burgdofes | 20]. In the present stody, 4 ol of 47 spets, 27 fromm OT and 20 fom 5G
wes scdoctad for soguencing. Our rewults were fully con groent with those previously pobiiabed
v ing our approach end confirming the hgh cxpoesion bowd of 1 number of prateim,
such w Heat shodk proasin, Pratein dadfide somence, Enolise, Actin, Hemdipogycopratein
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