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AMC — 7-amino-4-methylcoumarin
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IrCC —Ixodesricinus, cathepsin C
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MT — Malpighian tubules
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gRT-PCR — quantitative real time PCR
PBS —phosphate saline buffer

RFU — relative fluorescent units

RNAI — RNA interference

RT — room temperature

SG- salivary glands
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UF — unfed females
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1. Introduction

Acari are the most diverse and abundant groupl @rathnids and include terrestrial as well
as aquatic species living virtually in every habitBhe group is divided into 2 superorders:
Acariformes and Parasitiformes.

Ticks, order Ixodida, superorder Parasitiformes, @ligatory blood-sucking ectoparasites of
terrestrial vertebrates. The order Ixodida cont&iterge families: Ixodidae family formed by
702 so far known species and Argasidae family casimy 193 species (Guglielmone et al.,
2010). The family Nuttalliellidae represented bgiagle speciesuttalliella namaqua has
been considered as the evolutionary missing linkween the other two families
(Mans et al., 2011).

Beside the negative effect of imbining large voluofehost blood, ticks are of the major
concern given to their capability to transmit a evichriety of pathogens comprising bacteria,
viruses and protozoa (Jongejan et al., 2004) cgusnous diseases to human and domestic
animals (de la Fuente et al., 2008). Ticks and-hctne diseases affect animal and human

health worldwide and are the cause of significaenemic losses.

1.1. Argasidae (soft ticks)

Argasidae, also known as soft ticks, behave asalmlis ectoparasitic species living in arid
and semi-arid areas of the world. They have legthaticle without the presence of dorsal
sclerotized scutum. Gnathosoma, the mouth papiased on ventral subterminal side of the
body. Life cycle of soft ticks includes a bloodd&®g larva, several nymphal stages
(often 3 to 4) depending on the blood volume upi@dikeng feeding. After molting from last
nymphal stage to adult ticks, both sexes, with maiisexual dimorphism, can suck blood.
The feeding period usually takes about an houro@laptake is not dependent on mating
which occurs mostly off the host. Adult femalesdeepeatedly and lay a small batch of eggs
after each blood-meal (Jongejan et al., 2004; Ssinea et al., 2014).



1.2. Ixodidae (hard ticks)

Ixodidae, also known as hard ticks, are obligatbigod-feeding ectoparasites of all

vertebrates. Their dorsoventrally flattened bodg kalerotized scutum on dorsal side of
the body. The scutum covers about 1/3 of nymphad #&@male body whereas the

sclerotization of male body covers almost wholesdbisurface. All developmental stages
(larvae, nymphs and adults) feed once and usuallgiferent hosts. Males from the genus
Ixodes do not suck blood; they only fertilize fepsal Ixodidae ticks are mainly three-host
species with few exceptions of one- or two-hostcigse This characteristic depends on the
number of host animals to which they attach witthair life cycle (Jongejan et al., 2004).

The feeding takes several days (6-8 days in catenudles) when ticks can imbibe enormous
blood volume facilitated by highly elastic cuticlearvae and nymphs molt to another instar
after feeding. Females feed for consecutive pradocof huge batch of eggs and die
(Schmidt et al., 1996; Sonenshine et al., 1991hlef4 shows the major known differences

between Argasidae and Ixodidae families.

Table 1. Major differences between Argasidae and bdidae family. Adapted according to
Sonenshine et al., 1991; pictures adapted from &tcdd., 2007.

Ixodidae Argasidae

Body morphology
Body shape Dorsoventrally flattened Oval shaped
Gnathosoma (GN) Terminal Ventral
Present
SR ) (1/3 of female body, whole male body) Absent
Life cycle 3 life stages (larvae, nymphs, adults) More nyr.nphfsl! stages and
ovipositions
Males are markedly smaller than
Sex dimorphism  females and scutum covers their whole Almost none
dorsal side
: . Multiple per life stage,
Feeding strategy Once per life stage, takes days

takes about an hour

Female dies after 1 oviposition of huge
Oviposition batch of eggs, usually 1 000-10 000
eggs, Amblyomma up to 23 000 eggs)

200-300 eggs after each
feeding of females




1.3. Ixodesricinus

Ixodes ricinus belongs to the largest tick genugodes, comprising more than 240 species
(Jongejan et al., 2004l).ricinus occurrence ranges across the Europe but it carbal$ound

in the Middle East and North Africa. It prefers hdnareas (mostly forests and grasslands)
and mild climate; therefore the tick abundance éases mainly in the spring and
subsequently in the fall. Another factor for tickcarrence is winter climate and it has been
observed that mild winters resulted in a higher sitgnof ticks during the year
(Lindgren et al., 2000). ricinus has typical tree-host life cycle and every paiasie-stage
(except adult males) feeds on a different hosts Tbimplete cycle takes commonly 2-3 years.
The six-legged larvae feed on small birds and rtejestrop off and molt into eight-legged
nymphs which prefer bigger vertebrate hosts. Afteslting from nymphal stage, adult
females usually feed on bigger wild or domesticaais. Humans can be host of every
feeding instar (Volf et al., 2007).

I. ricinus capitulum has specific pentagonal basis with & loone-shaped hypostome with
concentric denticule rows (Mariana et al., 2008paa of palps and chelicerae. It lacks eyes
but possess a sensory Haller's organ at the tetsé@gment of the®ipair of legs. It serves as
a detector of changes within the environment (sash temperature, carbon dioxide
concentration, humidity and vibrations) while quegtfor the host. The process of attachment
to the host has several important steps: i) theugig®n of the host skin via hypostome and
chelicerae and insertion to the host (Richter e28l13); ii) the attachment and fixation to the
host skin by special cement-like protein produced shlivary glands (Goddard, 2008);
iii) the salivary glands secretion of protein angbid factors with anti-coagulative,
anti-inflammatory and immunosuppressive effect voié the host immune response, host
blood coagulation and vasoconstriction (Bowman ki a004; Sauer et al., 2000);
Iv) the osmoregulation and water return to the hesdured by salivary glands and their

aquaporine water channels (Bowman et al., 2004).

I. ricinus is a vector of several extremely dangerous diseasg Lyme disease, caused by
spirochetes of theBorrelia burgdorferi sensu lato complexand encephalitis, caused by
tick-borne encephalitis flavivirus (Nuttall, 199%)ther rather neglected diseases transmitted
by I. ricinus are babesiosis, caused by the malaria-like protogmaasites of the genus
Babesia spp. (Becker et al., 2009) and ehrlichiosis (also knasrtick-borne fever) caused by

the bacteriaAnaplasma phagocytophilum (Stuen, 2007).

4



1.4. Reproduction

Soft ticks can mate, feed and oviposit small numbkreggs several times during the
adulthood. By contrast, hard ticks undergo thiscess only once in their lifespan laying a
single massive batch of eggs. Ixodidae ticks fram genuDer macentor, Amblyomma, and
Rhipicephalus are sexually mature (capable to mate) immediatigr molting from nymphs.

In the genudxodes, gametogenesis is initiated during the moltingqeefrom nymphal stage
to the adults and it is fully completed in maleghivi this period. Females finish their
gametogenesis after the feeding completion. Uhght the oocytes remain in a diapause,
at an early previtellogenic developmental stagesZ&iski et al., 2001). Fertilized females
start to lay eggs several weeks after feeding cetigol. Each individual egg is coated with
hydrophobic lipid-like secretion from Gene’s orgqmaired egg-waxing secretory organ, to
protect eggs from dehydration (Booth, 1989; Soneesti991). Important regulating factors
which play a crucial role in tick reproduction grieeromones, chemicals produced by one tick
to influence the social and sexual behavior of th&ngorged and unengorged (questing)
females emit volatile substance attracting males iaducing their pre-copulatory behavior
e.g. localization of female and its gonopore, hypmsinsertion into the female’s gonopore
(Bouman et al., 1999). Zeme et al. (2002) investigdhe attractiveness bfricinus females

in different feeding status (unfed, semi-engorged angorged females). The study showed
that males are attracted mainly to unfed and semoged femaledxodes female was also
reported to be capable of repeated inseminatianyisiy that multiple paternity ih. ricinus

is quite likely to happen (Hasle et al., 2008).

1.5. Blood meal digestion

Hematophagy, the blood-feeding process, developgahrately more than 20 times in

arthropods such as ticks, mosquitoes, lice, matldsflaas (Mans, 2011). It plays an essential
role in the development and reproduction of theoeeders and concomitantly, in the

transmission of serious human and animal dise@eed-feeding habit of ticks serves as a
source of nutrients and energy for basal metaboéinthegg production (Sonenshine, 1991).
Blood digestion in mosquitoes, sand flies, tsefies and other blood-sucking insects, is a
rapid process that takes place in the gut lumensantediated by trypsin-like serine proteases

active in alkaline pH (Wu et al., 2009). By contrasticks, the blood digestion is a slower
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process occurring intracellularly in the midgut I€e{Sonenshine et al., 2014) and the
digestion is accomplished by a network of acidisteyne and aspartic proteases (Horn et al.,
2009; Sojka et al., 2013).

1.5.1. Feeding periods ofi. ricinus female

Blood feeding ofl. ricinus female takes about 6-9 days. The feeding processha divided
into 3 consecutive stages: i) preparative attachmgmase; ii) slow-feeding period;
iii) the phase of rapid engorgement (Figure 1). ibgr the preparative phase
(first 24-36 hours) the female firmly attaches ke thost by cement protein (Coons et al.,
1986) and starts to feed. The attachment is folkkbwg slow-feeding period when ticks
consecutively uptake small amount of host bloode Blood digestion is initiated and slowly
continues during this phase. Acquired energy framhost blood proteins (Arthur, 1970) is
used on the cuticle synthesis as the female bodella expands during the last phase of
feeding (Kaufman, 1989). The rapid engorgement gghaso named as ‘big sip’ (usually
starts from the Bor 6" day of feeding) refers to the time when femalesks of about two-
thirds of the total blood meal and the rate of gigm increases rapidly. It is generally
accepted presumption that rapid engorgement phaserso only in previously fertilized
females. After the completion of blood feeding, &es detach from the host and digest the
imbibed blood to have enough nutrient supply anetrgynfor egg production and oviposition
(Sonenshine, 1991).

AT SF RE
I " 1
v o 2 O
| ~ W |
7 YN 1cm
UF 2d 4d 6d FF

Figure 1. Feeding periods of adult. ricinus female. Feeding process of adult female from the attachrwen
the detachment phas&T — attachment preparatory phaS€, — slow-feeding periodRE — rapid engorgement
phaseUF — unfed,2d-6d — days of feeding;F — fully fed female.



1.5.2. Gut morphology and physiology

Tick gut is morphologicall and functionallydivided into 3 main sections: the egut, midgut
and hindgut. Thentracellulardigestion part principallypccurs in the midg (Figure 2), the
major part of the gut hich penetrates almost all body during the fee. It comprises the
central stomach (ventriculus) ¢ several pairs of blind, cylindritircate caeca (diventricula).
The tick gut lumen is considered to be a storageepfor nourishmeruptake (Coons et al.,
1999).

Figure 2. Midgut of I. ricinus (Franta, 2012). A — scheme of tick midgut S - stomach,
DV — diventriculaeB — dssecte midgut from partially fed female (6 days of feed. The white thin tubules
around DV (in part B) are Malghian tubules and trachea-fat body complex.

The gut epithelium consists of a sinicell layer tacked téhe basal laminand inclosing the
inner gut cavity — thegut lumer. Muscle fibersaround the cell layer ensure the paltic
movement®f ingested alimentatic (Balashov et al., 1983).

The whole midgut is covered by peritrophiatrix synthezed at the beginning of feed.i.
The matrix thickenswith the growing amount of ingested blood (Zhu &t 4991).
Hegedus et al. (2009howe that peritrophic membrane of arthropods serves asarder
essential to prevent pathogens as well as indigeraacteria frompenetrating the gut
epithelium.The protecting effecof peritrophic matrixwas shown also fruit fly Drosophila
melanogaster, the common model of developmental biology (Kuraet al., 2013 Another
recently publishedstudy (Narasimhan et al., 2014) presented peritcoptatrix in Ixodes
scapularis as the shield of spirochetes protecting ttagainst hostile environment blood-

filled gut lumen.

Adult hard ticks undergo 3 digestive phases corresponair®) feedingand 1 post-feeding
period (slowfeeding, rapid engorgement and |-detachment period). Previdy published

papers focused odifferent species of hard ticks (eDermacentor variabilis, Rhipicephalus
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appendiculatus) described many different morphological and fumal features of digestive
cells (Coons et al.,, 1999). Today’s implicit theasy based on Coons et al. (1986) and
assumes the existence of only one type of multtfanal digestive cells (DC) which undergo
several differentiations during the digestive plsasthe first continuous digestive phase
evolves usually from the"2day of feeding towards the end of slow-feedingquerDuring
this phase, the narrow gut lumen expands with tmiruous diet uptake. Undifferentiated
digestive cells (also called reserve cells; UDQ@rtsto change into initial digestive cells
where endosomes, lysosomes, hemosomes and lipisleacare formed (Agyei et al., 1995;
Lara et al., 2003). Endosomes, membrane-boundegarbments, transport diet components
to the digestive cells. Lysosomes contain protetsgdigest the ingested diet compartments.
The excess of heme resulting from hemoglobin digestorms non-crystaline aggregates
stored in hemosomes. These intracellular organeliatigestive cells play a major role in
heme detoxicifation (Lara et al., 2003). Four dafter attachment, first residual bodies with
condensed heme products in hemosomes start torapgether with detached digestive cells
(DDC) (Lara et al., 2003). It was previously demoaied thatR. microplus lacks the heme
synthesis pathway (Braz et al., 1999). In our labmy we have recently approved, that heme
biosynthesis is missing also in tlheodes sp. ticks. Heme needed for tick metabolism and
exogenous hemoproteins originates exclusively ftlmenhost hemoglobin and is consequently
stored in eggs, bound to vitellins (Perner etrabnuscript in preparation). Second digestive
phase starts 6 days post attachment and involMes af fully developed digestive cells
(Figure 3). This phase of rapid digestion may odiwely only in fertilized females. More
DDC are deplenished by peristaltic movements thnotng rectal sac (Sonenshine, 1991).
The DDC are renewed by reserve digestive cells @ispared to differentiate. Last digestive
phase is initiated right after detachment from Hust. The acquired energy is used for

vitellogenesis and oviposition (Coons et al., 1986)

Figure 3. Midgut epithelium scheme of partially fed female. Midgut morphology of female in
rapid-engorgement phase of feedingDC - undiferentiated digestive celldDC - digestive cells,
DDC - detached digestive cellBL — basal laminaHs — hemosomed: + Ly — endosomes and lysosomes,
LV - lipid vacuolesN — nucleus(RB) — residual bodies (adapted from Franta et al.0p01



1.5.3. Uptake of blood meal

Hemoglobin and albumin are the most abundant pratenstituents of host blood and tick
main source of nutrients and amino acids. Laral.e(2805) reported 2 different types of

endocytosis which serve to transport those macrecotds from the gut lumen to the

digestive cells. Hemoglobin is transported via pteemediated endocytosis (including

specific hemoglobin receptors), while albumin tggors is assured by pinocytosis of small
globules known as fluid phase endocytosis (Laid.eP005). The aggregations of transported
vesicles fuse into endosomes, subsequently mergle mrimary lysosomes and create
secondary lysosomes where the digestion is caoiddin acidic pH (Lara et al.,, 2003;

Sojka et al. 2013).

1.5.4. Tick digestion of host blood

In contrast to most hematophagous arthropods wiigbst the host blood extracellularly,
tick digestion takes place inside the digestivésoai midgut epithelium. The only exception
is the hemolysis which occurs in the midgut lum8orienshine, 1991; Hovius et al., 2007).
The hemolysis mechanism in ticks has not yet besnptetely understood, however, the
presence of serine proteases (with optimum at pHvBas shown in the midgut lumen during
the hemolysis of host erythrocytes Haemaphysalis longicornis (Miyoshi et al., 2007) and
Dermacentor variabilis (Tarnowski et al., 1989). Once the hemoglobirelsased, it tends to
form quite large crystals (Smit et al., 1977) wuthclear function. The crystals may serve as
a reserve stock of nutrients or a protection aganmsotential danger from hemoglobin excess
(Sojka et al., 2013). Previous thought, that theists only one digestive enzyme, referred to
as hemoglobinase, was displaced by the evidenaenamber of hemoglobinolytic proteases
characterized in different tick species (Table [Rfracellular blood digestion in ticks is
processed by cysteine and aspartic proteases (8ojkh, 2008; Horn et al., 2009). This
digestive system more resembles nematodes andhetaigths (Williamson et al., 2003;
Delcroix et al., 2006). Blood digestion in ticks targeted to secondary lysosomes by
heterophagy (i.e. fusion of endosomes with printgggsomes) (Sonenshine, 1991).



Table 2. Cysteine and aspartic proteases from diffent hard tick species participating in
blood digestion.

Species Protease Specificity Tissue Reference
Longepsin Cathepsin D G, SG Boldbaatar et al., 2006
Haemaphysalis Longipain Cathepsin B G Tsuiji et al., 2008
longicornis H1CPL-A Cathepsin L G Yamaji et al., 2009
HilLgm Legumain G Alim et al., 2008
Rhipicephalus BmAP Cathepsin D G Cruz et al., 2010
microplus BmCL1 Cathepsin L G Cruz et al., 2010
IrCB Cathepsin B G Franta et al., 2010
IrCL CathepsinL G, SG, Ov, MT Franta et al., 2011
Ixodesricinus IrCC CathepsinC S, SG, OV, MT Franta et al., 2010
IrAE Legumain G Sojka et al., 2007
IrCD Cathepsin D G Sojka et al., 2012

G — gut,SG - salivary glandsQv — ovariesMT — Malpighian tubules

In 1. ricinus, the hemoglobinolysis occurs at the acidic range-85 pH of the digestive
vesicles (Sojka et al., 2013). Hemoglobin digestiora process of consequent cleavages
(mediated by several digestive enzymes) into largeotein fragments, small
hemoglobin-derived peptides and dipeptides or siaghino acids (Horn et al., 2009). Figure
4 presents the hemoglobinolytic pathway and showsdtion of heme aggregates and
antimicrobial fragments (hemocidins). Antimicrobilagments may be acquired from
different parts of hemoglobin protein molecule ahnave antimicrobial activity against
Gram-positive bacteria and fungi (Fogaca et al991€ruz et al., 2010). The initial cleavage
Is assured by 3 endopeptidases: cathepsin@Dy), cathepsin LI(CL) and legumainl(AE).
Small hemoglobin fragments are then derived frorgdaragments by cathepsin BCB)
and cathepsin L endopeptidase activity. The finelavage into dipeptides is made by
exopeptidase activity of cathepsin GC) and cathepsin B (Sojka et al., 2013). The final
cleavage into single amino acids is assured by peptedases, namely a serine carboxy-

peptidase and a leucine metallo-aminopeptidasen(eioal., 2009).
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Figure 4. Pathway ofl. ricinus hemoglobinolysis (adapted from Horn et al., 2009)A model for the
proteolytic pathway of hemoglobin cleavage in difatiated digestive cells of midgut epithelium. Bige oval
represent the heme prosthetic group forming hengeeggtes accumulated finally in hemosomes (Lara. gt
2003). IrCD — cathepsin D (Sojka et al., 2012)AE — legumain (Sojka et al., 2007),CL — cathepsin L
(Franta et al., 2011)rCB — cathepsin B antirCC — cathepsin C (Sojka et al., 2008; Franta et24110),
AF — antimicrobial fragments.

1.6. Digestive proteases

In our laboratory, we have focused on the reseafédhmajor types of digestive proteases in

I. ricinus tick described in detail further in the text.
1.6.1. Aspartic proteases

Three paralogs of aspartic cathepsin D endopegtida@dan AA, family A1) were identified

in the genome dataset biodes scapularis : ISCW013185, ISCW003823, and ISCW023880
named as cathepsin D1, cathepsin D2 and cathep8in ABcordingly, orthologs of
the cathepsins D isoforms were identified.imicinus tick and named cathepsin Dit@¢D1),
cathepsin D21¢(CD2) and cathepsin D3rCD3) — for GenBank numbers see tablér&D1

is synthesized in digestive cells in the form oé-proenzyme. This precursor of inactive
proenzyme (~47 kDa) includes a signal sequencthétransport to the lysosomes where it is
activated by autocatalytic reaction in acidic pH flrm an activelrCD (~40 kDa)
(Sojka et al., 2012)IrCD1 (along with cysteine proteas&sAE and IrCL) initiates the
hemoglobin cleavage into the secondary large fragsne the polypeptides (Horn et al.,
2009).

" - http://merops.sanger.ac.uk/cgi-bin/clansum?cleh=
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1.6.2. Legumain-like asparaginyl endopeptidases

Legumain-like asparaginyl endopeptidateAE) was identified inl. ricinus by Sojka et al.
(2007).IrAE belongs to the cysteine proteases from clan famjly C13. Its pro-enzyme
has molecular weight of approximately 47 kDa aral iolecular mass of the actit&E is
~38-40 kDa.IrAE is active at acid pH, optimally at 4.0-4.5 pHoji& et al., 2007). The
enzyme has strict cleavage specificity with the assgine residue at the P1 position
(Chen et al., 2000). IrAE participates in cleavafidilemoglobin into large fragments. In our
laboratory, we currently distinguish 2 paralogdegfumain:IrAE1 (GenBank accession No.
AY584752) (Sojka et al., 2007) andAE2 which has not yet been deposited in GenBank
(I. ricinus sequence was determined based on Itlseapularis legumain with GenBank
accession No. XM_002402043).

" - http://merops.sanger.ac.uk/cgi-bin/famsum?fan@ly3

1.6.3. Papain-like cysteine proteases

Papain-like cysteine proteases belong to the clanf@mily C1. Sojka et al. (2008) and
Franta et al. (2010) identified 3 major types obpgia-like proteases ih ricinus. cathepsin L
(IrCL), cathepsin BI(CB) and cathepsin GrCC).

" - http://merops.sanger.ac.uk/cgi-bin/famsum?fantly

The sequence, phylogenetic relationship and cheraation oflrCL was described by Sojka
et al. (2008). The moleucular mass of the proenzisne40 kDa and active fornrCL is
~28 kDa. This endopeptidase is active in acidic (@gtimum 4.0).IrCL cleaves the
hemoglobin into large fragments and also partieipah the cleavage into small peptides
(Horn et al., 2009). The detailed biochemical andcfional characterization ¢fCL1 was
described by Franta et al. (2011). Later, two otkeforms of cathepsin L were identified in
our laboratory. Further studies suggest th@t.3 likely plays a role in the later stage of blood

digestion while the function df CL2 still remains unclear.

IrCB has a dual function in hemoglobinolysis. It sa$¢san endopeptidase, cleaving the large
hemoglobin fragments into small fragments, and alemerts an exopeptidase
(carboxy-dipeptidase) activity in the last parth@imoglobin cleavage. Regarding the amount

of each proteasdrCB is the most abundant enzyme in the hemoglohiicolyathway
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(Horn et al., 2009)IrCB proenzyme has about 36 kDa and its active enagn3®-32 kDa
(Sojka et al., 2008).

IrCC cysteine protease is an exopeptidase that dedyseptides from the substrate
N-terminus, therefore it is also named as dipgppeptidase 1IrCC is active mainly during
the cleavage of small hemoglobin peptides into mlides (Sojka et al., 2008; Horn et al.,
2009).

1.7. Artificial ( in vitro) feeding of ticks

The attempts to feed hard ticksvitro on membranes date back to 1956, when the air cell
membrane was made from an embryonated hen eggé¢Ried Pierce, 1956). First silicone
membrane for tick feeding was made by Habedank-aepde in 1993 andl. ricinus tick was
firstly successfully fedn vitro in 1996 (Kuhnert, 1996). The development of aniii feeding
techniques is an extremely difficult process. Thenplexity of tick feeding behavior bears
many variables (e.g. duration of feeding, tempeeatoumidity, olfactory attachment stimuli,
blood supplements etc.) which must be optimizeadboieve similar efficiency to compare
invitro feeding as theén vivo feeding. However, artificial feeding brings mamvantages
such as reduced number of laboratory animals, iigyato define the nutrient diet source
and the conditions (Krober and Guerin, 2007). Nayad the in vitro feeding techniques
based on Krober and Guerin (2007) offer promisingeraatives to explore the
tick-host-pathogen interactiorfanally, the automation and miniaturizationiofvitro feeding

in multi-well plates would help to establisigh-throughput systems to test products against

ticks and the pathogens they transmit (Krober andri@, 2007).
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. Objectives

»= To reveal the effect of fertilization d%odes ricinus females on blood feeding

= To measure the activity of digestive enzymes (ngnmdthepsin B, L, C and
legumain) in virgin and mated females during bléeetling period

» To detect tissue specificity for individual isofesnof digestive enzymes (namely
cathepsins B, L1, L3, C, D1, D2, D3 and legumairS1AAE2) by quantitative
real-time PCR method

= To disclose the dynamic expression profiles of éhgigestive enzymes depending on
two diet types: hemoglobin-rich (whole blood) areihrtoglobin-poor (serum), using
in vitro membrane feeding technique

= To explore the effectiveness of RNA interference farther studies of genes
expressed during on-host feeding and off-host tigeperiods
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3. Materials and methods

3.1. Collecting and rearing ticks

Ixodes ricinus virgin females used in this work were reared ie #mimal facility of the
Institute of Parasitology, Biology Centre, Czechademy of Sciences;eské Budjovice.
Ticks were kept in optimal conditions: 25 °C and®@@umidity. To prevent mating, adult
I. ricinus females and males were separated immediately mibéiing from nymphal stage.
Subsequently, both groups were let 5 weeks to mdiafore the following feeding/mating

experiments.

For other experiments in the thedig;icinus females were collected by flagging in the forests

aroundCeské Budjovice, Czech Republic.

Females were naturally fed on the guinea pigs é2%afes each) in the presence of the same
amount of males. In case of virgin females, theyewfed without the males to prevent from
mating. Females were forcibly removed from the gaipigs at specific time points during
feeding (see results 4.1). Unfed females from ew&mydied group were included for

consequent methods and experiments.
3.2. Tick gut dissection and its homogenization for actity assays

Pooled gut tissues from each time point (from egiwhup) were dissected under the stereo
microscope with LED illumination (Stemi DV4, Zeisahd were used for activity assays of
digestive peptidases. Dissected gut tissues weshedain sterile PBS (Table 3) to remove
excessive blood from gut lumen without the disrapf gut epithelial cells.

Dissected gut samples were distributed in 300 ptefcold Na-acetate buffer (Table 3) in
1.5 ml Eppendorf tube and homogenized by 3 timpstitgon of freezing in liquid nitrogen
and subsequent grinding with sterile plastic pestiext, the plastic pestles were washed
with 200 ul Na-acetate buffer and the homogenatese wsupplemented with CHAPS
(Table 3) to a final concentration of 1%. Finaltlge samples were 30 minutes incubated in
thermomixer (Eppendorf) (4 °C, 1400 rpm) and cleasg centrifugation (16 000xg, 4 °C,
10 min) in Multifuge 3 (Hereaus). The supernatdiguats were stored in -80 °C until being

used for activity measurements.
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Table 3. Solutions for tissue dissection and homogization

Solution Composition
PBS 137 mM NacCl, 2.7 mM KCI, 10 mM N&PQO, 2 mM KH,PO,
in distilled H,O
Na-acetate 0.1 M sodium acetate buffer, pH 5.0
10% 3-[(3-Cholamidopropyl)dimethylammonio]-1-proganlfonate
(SIGMA-ALDRICH) in distilled H,O

CHAPS

3.3. Determination of individual peptidase activities

The level of peptidases during feeding was analyzgdactivity profiling in gut extracts.
Relative enzymatic activity olrCB, IrCL, IrCC and IrAE was detected by specific
fluorogenic substrates using the Infinite M 200 q@®) 96-well microplate fluorimeter.
Table 4 summarizes the specific substrates, pHranditors used for measuring the activity
of individual peptidases in 360/465 nm excitatiomi&sion. Gut extracts were appropriately
diluted in the assay buffers to achieve approxilgat®00 RFU/min. Enzyme activity was
measured for at least 10 minutes and calculated fh® linear portion of the kinetic curve.
All measurements were performed in three techn@alicates. The measured activities were
mathematically normalized per one tick gut (RFU/fapirt).

Table 4. Assay conditions for the fluorimetric measrements of digestive peptidases
activities

R e e o o Substrate Shielding inhibitor
(final concentration) (final concentration)

0.2 M NahPO,

IrCB  2.5mM DTT 55  ZAGAIG-AMC ;
1 M EDTA (5 uM)
0.05 M citric acid

e 0.1 M NahPO, 40 Z-Phe-Arg-AMC* CA-074
0.1 M NaCl ' (5 uM) (2.5uM) °
25mMDTT®
0.05 M citric acid

AR 0.1 M NaHPO, 40 Z-Ala-Ala-Asn-AMC* CA-074
0.1 M NaCl ' (10 uM) (2.5uM) °
25 mMDTT®
0.1 M NaHPO,

IrCC  0.025 M NaCl 55 Gly-Arg-AMC ;
2.5mM DTT (40uM)

* — AMC fluorogenic substrates (Bacher},dithiothreitol (Thermo Scientificf,— specific inhibitor of
cathepsin B (Sigma-Aldrich)
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3.4. In vitro tick feeding
3.4.1. Diet preparation

Bovine blood was acquired from the slaughterhoGsské Budjovice. It was immediately,

cooled on ice and defibrinated by stirring. Neki remaining fibrinogen was disposed by
filtration through the sterile strainer and the ddowas supplemented with sterile-filtered
glucose (final concentration 2 g/l) and stored aC4(Kuhnert, 1996). Serum was prepared
from filtered blood by centrifugation (2 500xg/10nmnslow deceleration), subsequent serum
phase collection and additional centrifugation QD0xg/10 min). Final serum phase was

glucose-supplemented (final concentration 2 g/t) stored at 4 °C.
3.4.2. Cow-hair extract preparation

The volume of 250 ml of dichloromethane (DCM) wasled to 50 g of cow hair and left to
shake for 20 min/RT. The half volume was collectids: second half was replenished with
100 ml of fresh DCM and shaken for additional 20vmihe process was repeated twice. All
collected solutions were combined and solid parisrewdisposed by filtration. The
concentration of cow-hair scent extract was assdsgeveighing the dry matter from 1 ml of

the extract.
3.4.3. Preparation of feeding units

Feeding unit (FU) preparation mostly followed thébjishedin vitro feeding assay protocol
(Kréber and Guerin, 2007); except the using oftidasU (Miroslav Kubik — PLEXICeské
Budgjovice) instead glass FU. Preparation of 10 mendsancluded 15 g of the silicone
(Wacker silicone E4), 5 g of the silicone oil (FLBKDC 200 silicone oil), 0.15 g of the color
paste (Wacker FL colour paste) and 2.9 g of n-heX&WR chemicals). The upper edges of
lens cleaning papers (Tiffen) were attached tcstheoth plastic board. The prepared silicone
mixture was spread with silicone spatula over #resIpapers and was let dry overnight. The
membrane thickness was measured with micrometet different places within the paper
range and only those with thickness of 60— 100 were used for FU completion.
Subsequently, thin silicone layer was applied ahtoFU bottom rim; FU were stuck to the
membranes and let harden. Membranes were cut tistatie FU shape. For tick attachment
support, the circular grids were stuck to the Flttdsn and the plastic tile spacers were glued
to the grid center for elasticity reduction (Figie Before tick placing, each FU membrane
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was perfumed with 640 ng of cow scent (approprateount of cow-hair extract on the

membrane was let dry overnight).

Figure 5. Feeding unit folding.All components used for FU preparation. Arrows shiba/folding concept of
FU. A — lens cleaning papéB, — silicone membrané; — plastic gridD — plastic tile spaceFU — feeding unit.

3.4.4. Tick emplacement into feeding units

Feeding units with the same parameters were preare@ach diet. Fifteen adult tick females
were put into each FU and were let 24 hours tocltt® the membrane. Afterwards,
non-attached females were taken out. The equal euwibadult tick males was put inside
each FU to ensure full engorgement of the femdles.females were fed, forcibly removed at

specific time points or let finish the feeding.

3.4.5. Diet supply

Both diets (blood and serum — Figure 6) were chareyeery 8 hours. Each well was filled
with 3.1 ml of diet and subsequently supplementét WTP" (final concentration 1 mM) and
gentamicin (Sigma) antibiotic (final concentratibrug/ml). Each FU was washed in sterile
0.9% NaCl before the transfer to the fresh diets.aEsure natural-like conditions during
feeding, plastic plates with diet and FUs were @thim water bath filled with distilled water
(37 °C).

" -10mM ATP (FLUKA), filter-steriled, (0.22 pm fir)
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Figure 6. Females fedn vitro on blood and serum diet. A— Blood fed female® — Serum fed females.
* - Fully engorged females. Scale bar — 0.5cm.

3.5. Tick dissection for RNA isolation and reverse transription

Sterile PBS in DEPC ¥ was used to dissect tissues (gut, salivary glaodsyies,
trachea-fat body complex, Malphigian tubes and oésthe bodies) from each time point
(from each group) under the stereo microscope WHD illumination (Stemi DV4, Zeiss).
To remove excessive blood from gut lumen or fromodlcontaminated tissues, the tissues
were washed in PBS (in DEPG®) without the disruption of gut epithelial celldext, total
RNA was isolated following the protocol (NucleoSPRNA, Macherey-Nagel) except
elution volume which was 40 ul / sample. To veltifye isolation, samples concentrations
were measured by the spectrophotometer (NandMrp00) and subsequently the quality of
RNA was checked on the 1% agarose gel (see reBudtges 13, 14). Isolated RNA samples
were used for cDNA synthesis following the Transtmr High Fidelity cDNA Synthesis Kit
(Roche) protocol using the anchored-oligo (@pyimer.

" - see PBS in table 3 + diethyl pyrocarbonate 2afilsted in distilled HO, autoclaved, filtered (0.22 pm filter)
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3.6. Quantitative real-time PCR

The cDNA tissue samples served as templates forfdlh@wving expression analyses by
quantitative real-time PCR (qRT-PCR) using the RotightCycler 480 instrument and
SYBR green chemistry. For primers used for indieidproteases and reference genes, see
Table 5.

A universal scheme for 1 reaction master mix (tetdlime 25 pl):

12.5 pl Master mix (FastStart Universal Sybr Grslaster, Rox)

0.25 ul Forward primer (100uM)

0.25 ul Reverse primer (100uM)

10 pl KO (nuclease free)

2 pul template

Reaction conditions followed protocol (95 °C/10sdenaturation, 60 °C/10s — annealing,
72 °C/10s — extension) in 50 cycles and includedntelting curve analysis. The expression
profiles from adult. ricinus females tissues were normalized to actin (refergeme) and the
gut tissue samples expression profiles were noredlito elongation factor ol
(Urbanova et al., 2014).
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Table 5. List of qRT-PCR primers used for individud proteases and reference genes expression assay

Gene GenBank Primer names Forward primer Reverse primer Amplicon length
accession No.
B-RealTime-S
IrCB EF428206 B-RealTime-AS tcaacaagatcaacacaacttgg tcatggagatggatttgtcg 60 nt
CatL1-gPCR-F
IrCL1 EF428205 CatL1-gPCR-R agaaccagggacagtgtgga ctcttgcggaagtgctgtc 76 nt
IrCL3-RealTh-S
IrCL3 XM_002405329% IrCL3-RealTh-AS aatgcgtcttcgacaagtcc gtctcgtcgcectgtcetge 73 nt
IrAE-RT-S
IrAE1 AY584752 ITAE-RT-AS cgaaaccgtgctttcctg tcagtcttctcagcgtcacc 77 nt
IrAE2-RT-S
IrAE2 XM_002402043 ITAE2-RT-AS cattcttgcaagcggtga gctcggtttttcaacggtaa 72 nt
CathC_S-realT
IrCC EU128750 CathC_AS-realT caccaagaacagggtgaagaa ctcgcaaccctgagagtagg 76 nt
CathD1-RT-S
IrcD1 EF428204 CathD1-RT-AS gacagaaggcggacagtacc cggaaattgtgaaggtgacat 74 nt
CatD2-gPCR-F
IrCD2 HQ615697 CatD2-qPCR-R agtgccctttcaccaacatt ctcgacttgcggctgtagta 61 nt
IrCD3-RT-S
IrCD3 HQ615698 IrCD3-RT-AS ctcaagatcacgcagtttgg aatgtccagccccacaaag 60 nt
EFF
EFla GUQ074769.1 EF R acgaggctctgacggaag cacgacgcaactccttcac 80 nt
. Actin F
Actin AY898751.1 Actin R gatcatgttcgagaccttca cgatacccgtggtacga 92 nt

EF1a — elongation factord (reference gene), *Ixodes ricinus sequences were determined based oh gwapularis genome sequencing, not yet deposited in the GdnBan
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3.7. SDS-polyacrylamide gel electrophoresis and Westeliot

Solutions used for this method are described inTihlele 6. Gut tissues dissected from
6 females per each time point were homogenized aradétate buffer (without adding
CHAPS — see chapter 3.2). Gut extracts were thgroppately diluted in sample
reduction buffer, denatured (10 min/100 °C) andtrifeiged (16 000xg/5 min). Sample
volume was calculated to contain ~0.13 gut per .ld®tein marker was used as a
standard. The SDS-polyacrylamide gel electropherg8DS PAGE) was run in
5% - 17.5% polyacrylamide gradient gel in electanetic buffer (100 V/10 min and
subsequently 200 V). Proteins were subsequentipsfieared from the gel to the
polyvinylidene fluoride (PVDF) membrane (Immobiloklillipore) previously immersed
in methanol. The western blot sandwich was budtfifilter papers, PVDF membrane and
gel pre-soaked in blotting buffer. Protein transteas run in constant electric current
(150 mA/90 min). Protein marker transferred to thembrane was stained in staining
solution and the background was washed-out in ohés¢a solution. The rest of the
membrane was incubated 1 hour/RT in the blockinffebuBlocked membranes were
incubated 2 hours/RT separately in primargL1 and IrCL3 antibodies diluted in
blocking buffer (1:50). Before applying the secanydantibodies, the membranes were
thoroughly washed 3 times for 10 min in PBS-Twe8rcondary anti-rabbit antibodies
conjugated with peroxidase (Anti-Rabbit 1gG (wholenolecule)-Peroxidase,
Sigma-Aldrich) were diluted in PBS-Tween (1:20083ancubated 1 hour/RT. To remove
excess unbound antibodies, the membranes wereultarefished 5 times for 10 min in
PBS-Tween. Finally, the specific antigens were cteté by the peroxidase reaction using
DAB substrate buffer.

" - Primary antibodies were previously preparedinlaboratory according to the protocol described i
Kopacek et al., 2003, Franta et al., 2011.
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Table 6. Solutions for SDS PAGE and Western blot alysis

Solution Composition
0.75 M Tris/HCI, pH 6.8, 5% SDS (w/v), 50% (v/v)ygkrol,
32 mM DTT, 0.25% (w/v) bromophenol blue
Electrophoretic buffer 25 mM Tris, 192 mM glycine, 0.1% SDS (w/v)
0.05% Coomassie Brilliant Blue R-250, 50% (v/v) heatol,
10% (v/v) acetic acid

Sample reduction buffer

Staining solution

Destaining solution 50% (v/v) methanol, 10% (v/v) acetic acid
Blotting buffer 25 mM Tris, 192 mM glycine, 20% methanol, 0.04%WWw&DS
Protein marker (LMW) LMW Electrophoresis Calibration Kit (GE Healthcare)
PBS-Tween 1x PBS, 0.05% (v/v) Tween 20
Blocking buffer 5% (w/v) nonfat skim milk in PBS-Tween

100 mM Tris-HCI pH 7.5 with added.B, (100 ul/100 ml) and

SISl G LRl 3-3'diaminobenzidine (DAB) (50 pg/100 ml)

3.8. Silencing gene expression by RNA interference

RNA interference (RNAI) gene silencing was perfodniellowing the protocol routinely
used in our lab (Buresova et al., 2009; Hajdused.e009). Briefly, 403 bp longCL1
fragment was amplified from partially fed femalet gggsue cDNA using specific forward
5-ATGGGCCOCAGTGTGGATCCTGCTGG-3' and reverse 5-ATTCTAGHC
TCGTCGTACACACCG-3' primers (previously designed ki et al, 2011). Fragment
(376 bp) wused forIrCL3 silencing was amplified using designed forward
5-ATGGGCCQCAACAGCTTCAGAGGAGTCAG3 and reverse S5ATTCTAGAGA
AGACGCATTGACCATCCTGS3' primers. Both primer pairs includedpal and Xbal
restriction sites (underlined). The amplifiegpal/Xbal restricted PCR products were
cloned into restricted linearized pll10 plasmidsubsequently transformed into
One Shdt TOP10 Chemically Competeht coli and grown overnight on LB plates in the
presence of ampicillin (100ug/ml). White coloniesrertested for positivity by PCR using
M13 forward and reverse primers from TOPO cloning (kivitrogen). Following the
protocol, pll10 plasmids were isolated by Nucleo8bditra Midi/Maxi kit
(Macherey-Nagel). Purified linearized plasmids wikie IrCL1/IrCL3 inserts served as
templates for sSRNA synthesis by MEGA script Thséaiption kit (Ambion). Purified
ssRNAs were equally hybridized overnight and th&N& quality was checked on
1% agarose gel. dsRNA (0.5 ul of 3 pg/ul) was tegednto the hemocoel of unfed female
ticks using a micromanipulator (Narishige) undex stereomicroscope. Control ticks were

injected with the same volume of previously synitex$ gfp dsRNA. Injected females
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were allowed to rest for 3 days and then placedywinea pigs to naturally feed. Gut
tissues from injected females were dissected atifspdeeding time points and were
processed to RNA isolation and reverse transcnpts described above). Each time point
sample from each group was made in biologicalit@pé. Prepared cDNAs were used for
gene silencing verification by qRT-PCR using SYBfRen dye and gene-specific primers
(Table 5). The relative expressionlo€L1, IrCL3 andgfp genes was normalized to the

elongation factor d (reference gene).
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4. Results

4.1. The effect of fertilization of tick | xodes ricinus females on blood

feeding and digestion of host blood

This part of the work is focused on the fertilipatiinfluence ofl. ricinus females and its
impact on the dynamics of digestive enzymes aas/itluring blood-feeding period on the
host. To prevent mating, addltricinus females were separated from males immediately
after molting from nymphal stage. Virgin femalesreveallowed to feed naturally on
laboratory guinea pigs (25 females on each). Bnstip of virgin females was fed without
the presence of males, second group was fed tageitire males as the control (mated
females).

4.1.1. Virgin and mated female weights comparison

Firstly, mated and virgin females were forcibly mrad from the guinea pigs at specific
time points of feeding (2, 4, 6 days post attachiinedecondly, the rest of females from
both groups (virgin and mated females) were letdcomplish the feeding. Unfed, fed and
fully fed females (8 females/group/time point) wereighed during the feeding (Figure 7).

The whole experiment was repeated 3 times.

The weights of virgin and mated females showed ifferdnce in unfed females and in
females 2 days after attachment to the host. Tise dvident weight difference between
virgin and mated females was observed after 4 ddygeeding. The biggest weight
differences of both groups were detected 6 andy8 déier attachment that corresponded
to the rapid-engorgment phase (Franta et al., 20Mated females weighed
almost 10 times more than virgin females at theeséime points. All mated and virgin
females detached from the guinea pigs 8 days ptsthanent. However, virgin females
did not evidently reach the rapid engorgement plaasewere not capable to fully engorge
(Figure 7, 8).
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Figure 7. Virgin and mated females weights comparén. For each time poin{)(— unfed;2, 4, 6, 8days of
feeding), 8 females from both groups (virgin/matethales) were weighed. The experiment was made in
three biological replicates. Error bars represkatstandard errors of three independent biologegaicates.
Mated females were capable to imbibe the largedigmoof blood volume during rapid engorgement ghas
Virgin females did not get into this stage.
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Figure 8. Size differences of virgin and matedl. ricinus females.Differences were assessed after 8 days of
feeding.A - fully fed mated female® - virgin females.

4.1.2. Activity profiles of digestive enzymes of virgin ad mated|. ricinus females

during blood-feeding on the host

Virgin and mated female gut extracts were used tasure the activity of 4 major
digestive peptidases: cathepsin BCB), cathepsin LI(CL), cathepsin CI{CC) and
legumain [rAE). Female gut tissue extracts were prepared frisgin and mated females
at specific time points: unfed females; femaled,%, 7 days post attachment and fully fed
females. The experiment was performed in 3 bioklgieplicates: set A, B and C (set A
includes females only from the"5day of feeding to fully fed females). Specific
fluorogenic substrates (Table 4) were used to tétecactivity of digestive peptidases in

relative fluorescent units (RFU).
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IrCB activity was negligible in unfed females and&®/sl post attachment to the host in all
sets (Figure 9). The low level activity bfCB in virgin females did not remarkably change
during the whole feeding period. It slightly incsed the B day of feeding in virgin
females set A and C, and in fully fed virgin fensafeom set B. By contrast, the activity of
IrCB in mated females dramatically increased foursdpgst attachment in all sets,
reaching its maxima in semi-engorged female® @ay of feeding). Fully fed mated

females had the relative activity wfCB at about 60 % of their measured maxima.

IrCB
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Figure 9. 1rCB dynamic profiles in gut extracts from virgin and mated females during feedingRelative

enzymatic activities measured in the gut homogenatre normalized per one gut tissue. Lines sheat8
(A, B, C) of virgin and mated femaldsCB activities which correspond to three biologiogplicates. The
points display average activities obtained frone¢htechnical replicates (standard deviations wéfé of

the average values and are not shown)virgin femalesM — mated female&)F — unfed FF — fully fed.

IrCL activity in virgin females was imperceptible finst two days of feeding, gently
increased after 4 days of feeding, but its maxitha 6" day of feeding) corresponded to
approximately 20 % of the mated females maximauif@d.0). The exponential increase of
IrCL proteolytic activity in mated females reached thaxima in semi-engorged females
(the 8" day of feeding) and decreased in fully fed femé&em set B and C to 50 % of its
maxima.lrCL activity in set A of fully fed mated females deased rapidly almost to zero

values.
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Figure 10. IrCL dynamic profiles in gut extracts from virgin and mated females during feeding.
Relative enzymatic activities measured in the gunbgenates were normalized per one gut tissuesLine
show 3 setsA, B, C) of virgin and mated femalelsCL activities which correspond to three biological
replicates The points display average activitiesioled from three technical replicates (standandatiens
were <5% of the average values and are not shavnyirgin femalesM — mated femaledJF — unfed,

FF — fully fed.

Virgin females had very low and constant levelr&E activity during the whole feeding
on the host (Figure 11). By contrast, the actietyrAE in mated females was increasing
from the 29 day towards the'sday of feeding. Afterwards, the activity in fullgd mated

females steeply declined in all sets, mainly infset
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Figure 11. IrAE dynamic profiles in gut extracts from virgin and mated females during feeding.
Relative enzymatic activities measured in the gunbgenates were normalized per one gut tissuesLine
show 3 setsA, B, C) of virgin and mated femaldsAE activities which correspond to three biological
replicates. The points display average activitieimed from three technical replicates (standawdations
were <5% of the average values and are not shavnyirgin femalesM — mated femaledJF — unfed,

FF — fully fed.
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IrCC activity in virgin females was slowly increasifigm unfed females towards the end
of feeding (Figure 12). The activity fCC in mated females started to rapidly increase
from the 4" day of feeding; reaching its maxima 6 days aftezchment to the host and it
stayed at high level activity in fully fed femal€Bhe maximal activity level ofrCC in

virgin females was almost 4 times smaller than ated females.
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Figure 12. IrCC dynamic profiles in gut extracts from virgin and mated females during feeding.
Relative enzymatic activities measured in the gunbgenates were normalized per one gut tissuesLine
show 3 setsA, B, C) of virgin and mated femaldsCC activities which correspond to three biological
replicates. The points display average activitieimed from three technical replicates (standawdations
were<5% of the average values and are not shoWn)virgin femalesM — mated femaled)F — unfed,

FF — fully fed.

4.1.3. The rate of fertilized females from the nature

Our results confirmed that entering the rapid eggorent stage of feeding is conditioned
by the previous fertilization of female. The loragth practice, used in our or other
laboratories, is based on the presumption that l'emating occurs mainly during on-host
feeding. To assess the rate of fertilized fematemfthe nature, fiftyl. ricinus females
were collected by flagging in locations aroubelské Budjovice, Czech Republic. Half of
them were fed on guinea pig without males; secaitivas fed together with males as the
control group. Subsequently, the numbers of fematas both groups were compared.
The experiment was repeated twice.

At least 92% of females collected from the natwié/fengorged when fed without males
(Table 7) which was almost identical with the numbkfemales that could fully engorge
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in the presence of males. These results clearlyodstrated that fertilization of females

occurs in the nature almost exclusively prior ta@tment to the host.

Table 7. Number of completely engorged females frotine nature

Experiment FE females fed without males FE females fed with males (control)
1% 23 of 25 24.0f 25
2" 22 of 25 23 0f 25

FE — fully engorged females (rest of females didewhplete engorgement).

4.2. Tissue specificity of peptidases ih. ricinus female tick during blood

feeding

Previously published tissue expression profilesl.oficinus digestive peptidases were
achieved mainly by reverse transcription PCR usadimited number of tissues
(Sojka et al., 2008). This part of my work exteadahsl precise our previous data on tissue
expression profiles of digestive peptidase by ekplp quantitative real-time PCR
(QRT-PCR). The main goal was to reveal tissue $ipegi of each known peptidase
isoforms: cathepsin BIfCB), cathepsin L1 and L3rCL1, IrCL3), legumain 1 and 2
(IrAE1, IrAE2), cathepsin CI(CC), and cathepsin D1, D2 and D3GD1, IrCD2 and
IrCD3). . ricinus female ticks were fed on guinea pig in the presesfdhe same amount
of males. Nine females were forcibly removed 4 dafter attachment; other 9 females
were allowed to accomplish feeding. Tissues (galivary glands, ovaries, trachea-fat
body complex (Tr-FB), Malpighian tubules and resth@ bodies) from these time points
were dissected in 3 biological replicates (3 femadach) and were processed for total
RNA isolation. RNA quality was checked on 1% agargsl giving a clear 18S ribosomal
band, whereas the 28S ribosomal band is less @isblis the frequent case reported also
for other arthropods (Winnebeck et al., 2010) (Fegd3, 14). After successful RNA
isolation, single stranded cDNA was reversibly s@ibed and expressions of peptidases

were detected by qRT-PCR in biological and tecHnrgalicates.
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Biological replicate 1 Biological replicate 2 Biological replicate 3

M| G SG Ov TR MT R | G SG Ov TR MT R | G SG Ov TR MT R

Figure 13. Quality check of total RNA isolated fromtissues of 4 days fed femaleShree biological tissue
replicates (200 ng/lane) on 1% agarose Nel— 100 bp marker (GeneRul¥r100 bp; MBI Fermentas),
G — gut, SG - salivary glandsQv — ovaries,TR — trachea-fat body compleXT — Malpighian tubules,
R — rest of the bodies including the cuticle.

Biological replicate 1 Biological replicate 2 Biological replicate 3

M I7G SG Ov TR MT R G SG Ov TR MI R | M G SG Ov TR MT R

Figure 14. Quality check of total RNA isolated fromtissues of fully fed femalesThree biological tissue
replicates (500 ng/lane) on 1% agarose el— 100 bp marker (GeneRul¥r100 bp; MBI Fermentas),
G — gut,SG — salivary glandsQv — ovaries,TR — trachea-fat body comple¥T — Malpighian tubules,
R — rest of the bodies including the cuticle.

IrCB, IrCL3, IrAEL, IrAE2 andIrCD1 were expressed solely in gut tissues wini(&.1,
IrCC andIrCD2 were not strictly specific only to gut tissudey were expressed also in
salivary glands and Tr-FB (Figure 139yCD3 was equally expressed in all examined
tissues except for the rest of the body. The mRKkgessions were evidently up-regulated
during the feeding period. All MRNA expressions evep-regulated in fully fed females
exceptlrCL1 gut tissues which were more up-regulated 4 ddier attachment than in

fully fed females.
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Figure 15. Peptidases mRNA expressions of 6 tissudstected four days after female attachment to the
host and in fully fed femalesTissues were dissected and processed for total RblAtion (3x 3 females —
biological triplicate); cDNA was synthesized frolfNR. Enzyme gene expressions were determined by gRT-
PCR, using actin as a reference gene. Error bpregent the standard errors of three independeludital
replicates. Expressions were related to the maxirm@@asured level set as 10086.— 4 days of feedind;F

— fully fed females; SG - salivary glands, OV

— ovaries, TR

MT — Malpighian tubulesRest- rest of the body including the cuticle.
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4.3. Pilot screening of digestive peptidases expressiafter differential

in vitro feeding on blood and serum

To assess whether the expression of tick digegiidases depends on the presence of
hemoglobin, ann vitro membrane feeding system was implemented allowiedirfg of
ticks on whole blood and serum (hemoglobin-rich Bachoglobin-poor diet, respectively).
Invitro fed I. ricinus females were able to accomplish feeding on botls diatil full
engorgement (Figure 6). Pools of gut tissues wessedted (5 females in each pool) and
processed for isolation of total RNA checked onraga gel. The samples were obtained
from unfed females, 3 time pointsiofvitro feeding period (3 and 5 days of feeding, fully
fed females) and from 2 time points after the dataent from the membrane (2 and 6 days
after detachment). Next, cDNA was reversibly traibed. The mRNA expression of each
peptidase 1€CB, IrCL1, IrCL3, IrAE1, IrAE2, IrCC, IrCD1, IrCD2 andIrCD3) was
determined by gRT-PCR

Unfed females had minimal mRNA expression leveldibrtested peptidases (Figure 16).
The up-regulation of gene expressions towards tite af feeding period was noticed
almost in every protease except the expressioh ¢téveCL3 andlrCD2. Up-regulation of
IrCL3 andIirCD2 gene expression was observed after the detatHroen the membrane.
The results proposed thatCC was more up-regulated in blood fed than in sefed
females.IrCL3 expression was highly up-regulated in serumféeadales post detachment.
The differences in other peptidases between bleddahd serum fed females were not
significant. These findings were used as a pilatvesyi and required verification by

following in vitro feeding experiment performed in 3 independentgickl replicates.
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Figure 16. Expression of digestive peptidase mRNABS . ricinus females duringin vitro feeding on the

whole blood and hemoglobin-depleted serum: Analysis pooled samplesGut tissues were dissected and

total RNA isolated from a pool of 5 females in edicie point; cDNA was synthesized from RNA by reseer
transcription. Gene expression of the enzymes wéarimhined by gqRT-PCR (in technical triplicates)ings

elongation factor d as a reference gene. Expressions were relatdsetonaximum measured level set as

100 %.BL — blood fed femaless — serum fed femaleg&lF — unfed female3D, 5D— 3 and 5 days of feeding
on the membran&F - fully fed females?2 AD, 6 AD— 2 and 6 days after detachment from the host.
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4.4. Expression of digestive peptidases in response terhoglobin-rich and

hemoglobin-poor diet

Previous results described mRNA expression levielaaor digestive peptidases in pooled
gut tissues from blood and serumvitro fed females. Next, we decided to verify those
results in three independent biological replicatedal RNA from 9 female gut tissues from
each time point and both diet types (blood andrsgnwere isolated (3 females for each
replicate), checked on agarose gel and processexveose transcription (cDNA). Dynamic

profiles acquired by gRT-PCR are further showrhim ¢hapter separately for each peptidase.

IrCB was slightly transcribed in unfed females (Fegai7). The mRNA level ofrCB was
markedly up-regulated in blood fed ticks, reachtd maxima already five days post
attachment and decreased in fully fed females getstchment. In contrast, mRNA level of
serum fed ticks was significantly lower for all exaed time intervals. The mRNA
maximum level in blood fed females was ~4 timegédarthan the maximal level in serum
fed females. This result implied that expressioirGB, the major peptidase in thericinus
digestive machinery, was substantially dependerthempresence of hemoglobin in the tick
diet.
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Figure 17.1. ricinus cathepsin B (rCB) mRNA expression dynamics in blood and serunin vitro fed
females.IrCB mRNA expression was measured in three biologigplicates of gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosea®NA was reversibly synthesized. Gene expression of
IrCB was determined by gRT-PCR (in technical trighks, using elongation factonlas a reference gene.
Error bars represent the standard errors of thméepiendent biological replicates (expressions \nwaleged to

the maximum measured level set as 100 Bt).— blood fed femaless — serum fed females)F — unfed
females,3D, 5D — 3 and 5 days of feeding on the membrate - fully fed females2 AD, 6 AD-2 and 6
days after detachment from the membrane.
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IrCL1 mRNA expression ratio in blood fed females dot show significant difference
between blood and serum fed females durmgtro feeding and post-detachment period
(Figure 18).IrCL1 dynamic profile of mMRNA expression displayedpeession maxima
the 8" day post attachment. The mRNA expression droppathatically in fully fed ticks
and held at the same level post detachment frorm#mabrane.
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Figure 18. I. ricinus cathepsin L1 (rCL1) mRNA expression profile in blood and serumin vitro fed
females.IrCL1 mRNA expression was measured in three biological reglicaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosed®@NA was reversibly synthesized. Gene expression of
IrCL1 was determined by qRT-PCR (in technical trigiés), using elongation factoa hs a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions naleted to

the maximum measured level set as 100 Bb).— blood fed femalesS — serum fed femaled)F — unfed
females,3D, 5D - 3 and 5 days of feeding on the membré&te- fully fed females2 AD, 6 AD— 2 and 6
days after detachment from the membrane.

IrCL3 mRNA expression was marginally perceptible aip days after attachment, raised to
its maxima in fully engorged blood fed females @days post detachment in serum fed
females (Figure 19). This dynamic profile furthepports our concept th&tCL3 functions
as a ‘late’ peptidase playing a role mainly durihg off-host digestive phase. There was an
evident up-regulation ofrCL3 mRNA level in fully engorged females fed on duo

compared to those fed on serum, suggesting itskpesegulation by hemoglobin presence.
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Figure 19.1. ricinus cathepsin L3 (rCL3) mRNA expression dynamics in blood and serunm vitro fed
females.IrCL3 mRNA expression was measured in three biological reglicaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosed®NA was reversibly synthesized. Gene expression of
IrCL3 was determined by qRT-PCR (in technical trigiés), using elongation factoa hs a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions waleted to

the maximum measured level set as 100 Bh).— blood fed femaless — serum fed femaled)F — unfed
females,3D, 5D — 3 and 5 days of feeding on the membrd&te- fully fed females2 AD, 6 AD— 2 and 6
days after detachment from the membrane.

IrAE1 mRNA expression profile (Figure 20) is equal both types of diet (blood and
serum). The expression starts on zero values iadufémales then increases rapidly from
the 3% day post attachment to its maxima 5 days posttattant and subsequently declines

in fully fed females and females 2 and 6 days pgestchment to 30 % of its maxima.

IrAE1
5 100+ B BL
E —J S
= 80+ I
Q
2
o 604
Q.
x
o 404
[«}]
2
s
[-}}
x

N

204 i ’:I-‘ ﬂ
0 I 1 1 I 1 .I
Ll

YV ©

Figure 20. 1. ricinus legumain 1 (IrAE1) mRNA expression dynamics in blood and serunmn vitro fed
females.IrAE1 mRNA expression was measured in three biological reekcaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosea®NA was reversibly synthesized. Gene expression of
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IrAE1 was determined by qRT-PCR (in technical triplisqtaising elongation factorulas a reference gene.
Error bars represent the standard errors of thméepiendent biological replicates (expressions \nwaleged to
the maximum measured level set as 100B}.— blood fed females$ — serum fed femalesJF — unfed
females3D,5D— 3 and 5 days of feeding on the membré&ifies- fully fed females2 AD, 6 AD— 2 and 6 days
after detachment from the membrane.

IrAE2 was the only peptidase with relatively high egsion in unfed females (Figuzd).
Blood fed females had a rising tendency from 3 dpgst attachment to 2 days post
detachmentlrAE2 expression 6 days post detachment was almaestl ég the maxima in

2 days post detachment. Serum fed fem&téd&2 expression slightly diminished from
unfed to fully fed females and repeated this trpadt detachment. The maxima reached in

serum fed females corresponded to 50 % of maxinesured in blood fed females.
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Figure 21.1. ricinus legumain 2 (rAE2) mRNA expression dynamics in blood and serunmn vitro fed
females.IrAE2 mMRNA expression was measured in three biological reelicaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosea®NA was reversibly synthesized. Gene expression of
IrAE2 was determined by gRT-PCR (in technical trigiés), using elongation factoe hs a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions waleted to

the maximum measured level set as 100 Bb).— blood fed femalesS — serum fed femaled)F — unfed
females,3D, 5D - 3 and 5 days of feeding on the membrdate- fully fed females2 AD, 6 AD—- 2 and 6
days after detachment from the membrane.

IrCC mRNA expression was evident from tfitday of feeding in both diet types of feeding
(Figure 22). The expression stayed at similar leleging feeding on blood and increased
slowly in post-detachment period reaching its maxiéndays after blood meal. TheCC

expression in serum fed females had one peak"th#ag of feeding. After detachment, it

38



raised continually to the maximal expression (Z28rhigher than in blood fed ticks) reached

6 days after feeding completion.
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Figure 22. 1. ricinus cathepsin C (rCC) mRNA expression dynamics in blood and serunmn vitro fed
females.IrCC mRNA expression was measured in three biological reglicaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosed®NA was reversibly synthesized. Gene expression of
IrCC was determined by gRT-PCR (in technical trigés3, using elongation factonlas a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions \nwaleged to

the maximum measured level set as 100 Bh).— blood fed females$ — serum fed femaled)F — unfed
females,3D, 5D - 3 and 5 days of feeding on the membré&te- fully fed females2 AD, 6 AD— 2 and 6
days after detachment from the membrane.

IrCD1 mRNA expression of blood fed females lineangvg throughout the whole feeding
period, stayed at the maxima level 2 days postcatant and steeply declined 6 days post
detachment (Figure 23). By contraBiCD1 expression in serum fed females displays two
maxima: first peak 5 days post attachment and sepeak, 2 days after detachment. Steep
decrease 6 days after detachment was evidentumded females as well.
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Figure 23. 1. ricinus cathepsin D1 (rCD1) mRNA expression profile in blood and serunin vitro fed
females.IrCD1 mRNAexpression was measured in three biological regelécaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosed®NA was reversibly synthesized. Gene expression of
IrCD1 was determined by gRT-PCR (in technical tragis), using elongation factoo As a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions waleted to

the maximum measured level set as 100 Bh).— blood fed femaless — serum fed femaled)F — unfed
females,3D, 5D — 3 and 5 days of feeding on the membré&te- fully fed females2 AD, 6 AD— 2 and 6
days after detachment from the membrane.

IrCD2 was second peptidase aftegZL3 which was clearly up-regulated in post-detaahime
period, more markedly in blood-fed females (Figa4). IrCD2 expression level was
negligible during the whole feeding period. It &drto increase in fully fed females and
steeply raised 2 days post detachment (stayingeatame level in serum fed females 6 days
post detachment). Following declined expressiona§sdafter detachment in blood fed

females was comparable to expression level in fiigorged females fed on blood.
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Figure 24. 1. ricinus cathepsin D2 (rCD2) mRNA expression profile in blood and serunin vitro fed
females.IrCD2 mRNAexpression was measured in three biological regglécaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosed®NA was reversibly synthesized. Gene expression of
IrCD2 was determined by gRT-PCR (in technical tragis), using elongation factoo As a reference gene.
Error bars represent the standard errors of thm@epiendent biological replicates (expressions waleted to

the maximum measured level set as 100Bk.— blood fed femalesS — serum fed femaledJF — unfed
females 3D, 5D— 3 and 5 days of feeding on the membré&ifier- fully fed females2AD, 6AD — 2 and 6 days
after detachment from the membrane.

IrCD3 had very low expression level throughout th@Mteeding on the membrane as well
as 2 days post detachment in both diet types (Eig&). The only time point with high level
of expression was 6 days after detachment fronmia@brane in blood fed females.
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Figure 25. 1. ricinus cathepsin D3 (IrCD3) mRNA expression profile in blood and serunin vitro fed
females.IrCD3 mRNAexpression was measured in three biological regglécaf gut tissues (3 guts in each).
Total RNA was isolated, checked on 1% agarosea®NA was reversibly synthesized. Gene expression of

IrCD3 was determined by gRT-PCR (in technical tragis), using elongation factoa &s a reference gene.

41



Error bars represent the standard errors of thm@epiendent biological replicates (expressions \nwaleged to
the maximum measured level set as 100 Bh).— blood fed femaless — serum fed femaled)F — unfed
females,3D, 5D - 3 and 5 days of feeding on the membré&te- fully fed females2 AD, 6 AD— 2 and 6

days after detachment from the membrane.

4.5. IrCL1 and IrCL3 immuno-detection (western blot analysis)

Based on previous resulisCL1 andIrCL3 dynamic profiles of mMRNA expression showed
different up-regulation during feeding and postdiag period (Figure 18, 19)rCL1 gene
expression was upregulated during feeding perioginiy from the & to the %' day of
feeding, whereas the mRNA expressiohr@fL3 was upregulated in fully fed females and in
post-detachment period. This experiment should icofdonfute this statement at the
protein level by western blot (WB) immuno-detectibrricinus females fed on guinea pigs
were forcibly removed and gut tissues were disse@eand 8 days post attachment
(5 females each). Other females were allowed tsHifeeding and 5 females were dissected
in 4 time points: 5, 7, 10 and 15 days post detatiimSamples for WB analysis were
electro-transferred onto a PVDF membrane (0.13&gptied per lane) and immuno-detected
by specificlrCL1 andirCL3 antibodies.

IrCL1 immuno-detection (Figure 26) distinguished 3jandands. The size of the largest
band (~40 kDa) corresponded to the theoretical outde weight of IrCL1 inactive
pro-enzyme, whereas the middle-size band (~28 kbaklated with the predicted mass of
thelrCL1 activated enzyme. The smallest bands apparesphgesented the inactive cleaved
form of IrCL1. Double bands probably correspond to two digldifferent cleavage
products ofrCL1.
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Figure 26. Immuno-detection of cathepsin L1I§CL1) in the gut of Ixodes ricinus female during feeding
and post-detachment period.Western blot analysis difCL1 in gut homogenates (0.13 gut/lane) electro-
transferred onto PVDF membrane. Primary rabbit baxly against recombinarrCL1 (dilution 1:50).
Secondary antibody — swine anti-rabbit-peroxidasgugate (dilution 1:2000 M — LMW protein markers,
RE - rapid engorgement6( 8 - days of feeding),ABM (5, 7, 10, 15)— days after blood meal.
Pro-IrCL1 — inactive pro-enzyme ofCL1, IrCL1 — active form ofrCL1.

IrCL3 immuno-detection (Figure 27) recognized 3 banizés. The largest band (~40 kDa)
correlated to the theoretical molecular weightlid@2L3 inactive pro-enzyme, whereas the
middle-size band (~32 kDa) corresponded to It 3 activated enzyme. The smallest
bands visible 10 and 15 days post detachment aptharepresented the inactive cleaved

form of IrCL3.
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Figure 27. Immuno-detection of cathepsin L3 [rCL3) in the gut of Ixodes ricinus female during feeding
and post-detachment period.Western blot analysis dfCL3 in gut homogenates (0.13 gut/lane) electro-
transferred onto PVDF membrane. Primary rabbit baxly against recombinarrCL3 (dilution 1:50).
Secondary antibody — swine anti-rabbit-peroxidasgugate (dilution 1:2000 M — LMW protein markers,
RE - rapid engorgement6( 8 - days of feeding),ABM (5, 7, 10, 15)— days after blood meal.
Pro-IrCL3 — inactive pro-enzyme ofCL3, IrCL3 — active form otrCL3.
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4.6. IrCL1 and IrCL3 RNA silencing

In order to unequivocally distinguidhCL1 andIrCL3, RNA silencing method should be
used. However, it was not clear, whether inject@indsRNA into unfed females will
maintain the reduced mRNA levels lofCL1 andIrCL3 during the entire period of on-host
feeding and off-host digestion. Therefore, | fiestalyzed the effectiveness bfCL1 and
IrCL3 RNAI that would be used for further investigatiof IrCL1/IrCL3 function in blood
digestion. RNAi was accomplished by injecting oeparedIrCL1 and IrCL3 dsRNA
(Figure 28) into 25 unfed female ticks per eacheg€ifp dsRNA, previously prepared in our
lab, was injected into 25 unfed female ticks asrmrol group. Females were fed on 3 guinea
pigs (1 guinea pig/gene) three days after the dsRijg&tion. Total RNA was isolated from
each dissected gut tissue in four time points ¢S/gme point): 6 and 8 days post attachment
and 2 and 6 days post detachment in each group.dyhamic expression of peptidase
knockdown (KD) was detected by gRT-PCRCL1 and IrCL3 KD expressions were

compared with the KD control grougfg).

Figure 28.1rCL1 and IrCL3 dsRNA control. Check of the dsRNA quality on the 1% agarose gellrCL1
dsRNA control B —IrCL3 dsRNA controll - unlinearized PII10 plasmid with clon&dCL1/IrCL3 insert,

2 - Apal linearized PII10 plasmid3 - Xbal linearized plasmid4 - ssRNA cut with APA restrictast,- SSRNA
cut with XBA restrictasef - dsSRNA
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The decrease inrCL1 transcript level (afteirCL1 RNAIi) was significant (60-70 %
reduction) in 6 and 8 days of feeding (Fig@&. ThelrCL1 silencing could not be clearly
demonstrated for later time intervals where expoessf IrCL1 in bothgfp control and

IrCL1 KD was too low.
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Figure 29. RNA interference silencing of. ricinus cathepsin L1 (rCL1). Adult I. ricinus females (25 ticks

per each group) were injected witCL1 ds RNA (dsRNA) ogfp dsRNA as a control group, and allowed to
feed naturally on guinea pigs. Gene expressionrGL.1 and gfp was determined by gRT-PCR (in five
biological replicates), using elongation factords a reference gene. Error bars represent théastharrors of
three independent biological replicates (expressiaere related to the maximum measured level set as
100 %).KD IrCL1 — knockdown of cathepsin LGFP — control group6D — 6 days of feedind;F — fully fed
females2ABM - 2 days after blood me&ABM — 6 days after blood meal.

Expression level ofr CL3 was very low during feeding period and the efigf KD was not
apparent (Figure 30JrCL3 mRNA was mainly expressed after detachment froenhibst
and its RNA silencing resulted in only about 1/31 &3 reduction 2 days and 6 days after
blood meal, respectively. This result indicatedt tfa effective IrCL3 RNA silencing,

a re-injection of dsRNA into fully engorged femalesuld be necessary.
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Figure 30. RNA interference silencing ot . ricinus cathepsin L3 (rCL3). Adult I. ricinus females (25 ticks

per each group) were injected wittCL1 ds RNA (dsRNA) ogfp dsRNA as a control group, and allowed to
feed naturally on guinea pigs. Gene expressionrGt.3 and gfp was determined by gRT-PCR (in five
biological replicates), using elongation factords a reference gene. Error bars represent théastharrors of
three independent biological replicates (expressiaere related to the maximum measured level set as
100 %).KD IrCL3 — knockdown of cathepsin L&FP — control grouppD — 6 days of feedind;F — fully fed
females2 ABM — 2 days after blood me&, ABM — 6 days after blood meal.
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5. Discussion

This work was focused on the factors influencing #xpression and activity of digestive
enzymes inl. ricinus females during the feeding and post-feeding peribidk blood
digestion is an intracellular process occurring anidic vesicles of digestive cells
(Sonenshine, 1991). Digestion of hemoglobin.imicinus has been studied in our lab for
almost a decade and progressively revealed thdviewent of a complex multi-enzyme
network of cysteine and aspartic proteases (rewdawé&ojka et al., 2013). We have outlined
the activity and gene transcription of five majayesbtive proteasesrCB, IrCL, IrCC, IrAE
andlrCD) during blood feeding on the host (Franta et28110; Konvickova, 2013). The aim
of this work was to further extend our current kihenge about the proteolysis in the
I. ricinus blood digestive system.

One of the main tasks of this work was to enlightem effect of fertilization of. ricinus
females on blood feeding and digestion of host dildérstly, the groups of naturally fed
virgin and mated females were compared in body hisigvirgin females weighed 10 times
less than mated females and they did not evideetlgh the rapid engorgement phase. This
proved the generally accepted idea that fertilaais absolutely required for females to be
able to reach the rapid engorgement phase of fgeg@onenshine, 1991). Secondly, the
dynamic profiling of digestive peptidasdsCL, IrCB, IrAE, IrCC) further strengthened this
opinion in both, virgin and mated females. Almosglgible protease activities were
detected in virgin females, whereas the enzymatiiviges of mated females (the control
groups) showed the substantial activity increapecgfly from the day 4 of feeding towards
the end of the feeding. In control groups, the mess values and dynamic profiles of
digestive enzymes activities corresponded to oewipus proteolytic data (Franta et al.,
2010; Konvickova, 2013). Finally, the fertilizatioate of females collected from the nature
was observed. At least 92 % of females fed withthatmales were able to reach the rapid
engorgement stage demonstrating that they werdiziedt before the feeding. The similar
ratio of successful feeding was obtained for thetrad group of females fed in the presence
of males. Despite the majority of females were obsly fertilized from the nature, the
females in the control groups were evidently matiggin with the males on the host (guinea
pig). This observation supported the data publighetiasle et al. (2008), who reported that
multiple paternity inl. ricinus is likely to happen. It is also in line with theo by
Kiszewski et al. (2001) who proposed that ticksrfrgenusixodes may copulate in the
absence of hosts as well as during female engardiliggether, these results corroborate
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that hemoglobinolytic apparatus in adult ticks asrhonally regulated following the female
fertilization. On the other hand, it is still unodged issue, which mechanism triggers the
up-regulation of hemoglobinolytic enzymes activityring the feeding and molting of the

I. ricinus nymphs described earlier (Konvickova, 2013).

For deeper understanding bf ricinus digestive enzymes and their function, the tissue
specificity screening of all studied protease isof® (rCB; IrCL1, IrCL3; IrAEL, IrAEZ2;
IrCC, IrCD1, IrCD2, IrCD3) was performed. Each individual protease waatied in
partially fed (4 days post attachment) and fullgenged females tissues by gqRT-PCR. The
MRNA expression levels ofCB, IrCL3, IrAE1L, IrAE2 andIrCD1 were observed solely in
the gut suggesting their exclusive role in bloodzhtigestionIrCL3, IrCC andirCD2 were
detected not only in the gut tissues but also linag glands and trachea-fat body complex.
These proteases probably undertake different fonstiin different tissues. The results
presented here confirmed previously published datan partially fed (5 days post
attachment) females (Sojka et al., 2007; Sojkd.eR@08; Franta et al., 2011; Sojka et al.,
2012) and extended them with the proteases exprepsofiles in trachea-body complex and
rest of the bodies. The only protease with mRNAreggion detected in all tissues (except
the rest of the body) wdsCD3. This result revises the previous report th@aD3 isoform is

expressed solely in the ovaries (Sojka et al., 2012

Lara et al. (2005) suggested that hemoglobin abdnaih proteolysis is spatially separated
in different digestive vesicles &. microplus digestive cells. The hemoglobin is taken by
a receptor-mediated endocytosis, whereas the afbumii absorbed by a fluid-phase
pinocytosis (Lara et al., 2005). In order to inigetie the specific features and possible
differences of hemoglobin and albumin digestionl.inicinus, we exploited the recently
implementedin vitro feeding technique developed for this species (Kr@mnd Guerin,
2007). Usingin vitro feeding, we succeeded to fekdicinus females on the whole blood
(hemoglobin-rich) and serum (hemoglobin-poor) dietisd compared the expression
differences of above mentioned digestive proteahesg the feeding and post-feeding
period.

At first, the pooled gut tissues from blood-fed a®ilum-fed females dissected at different

time points were used for the preliminary analyBlata obtained by qRT-PCR screening

displayed only marginal differences in the relatesgressions of most digestive proteases

for both examined diet types. The dynamic expresgioofiles of digestive enzymes

corresponded to those observed in naturally fedakesn(Sojka et al., 2013). The only
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apparent difference was obtained IfCL3 and IrCC expression leveldrCL3 results
revealed up-regulation in serum-fed females, whileC seemed to be up-regulated in
blood-fed females. In order to verify this piloreening, another experiment was performed
in three independent biological replicates carrmd in the same feeding conditions.
In contrast to the previous findingsCC expression did not show any clear up-regulation
blood-fed femaleslrCL3 expression levels contradicted the serum-fedegplation shown

in the pooled gut tissues. On the contrary, thjgeexnent from individual replicates showed
the conclusive up-regulation in blood-fed femalRegardless the served diet, the dynamic
profiles of IrCL1 andIrCL3 expression profiles confirmed again the€L1 andIrCL3
function as the ‘early expressed’ and ‘late exprdsgsoforms, respectively. These results
are consistent with two peaks WfCL activities already measured in naturally fed das
(Konvickova, 2013). First peak monitored in semg@ryed females probably reflects to the
activity of IrCL1 isoform while the second peak observed in offtlperiod in last few days
right before oviposition follows the expressionlate’ IrCL3 isoform. Regarding theAE1
andIrAE2 isoforms, they also seemed to work slightlyandem as early and late proteases
(IrAE1 and IrAE2, respectively). IrAE activities measured in the previous work
(Konvickova, 2013) depicted two individual peakstie partially fed females and right at
the end of feeding period. That could also sigrttie role of two different isoforms
(IrAE1 andIrAE2, respectively).

Furthermore]rCB andIirCD2 were expressed more in females fed on hemoglodh diet.
IrCB expression increased rapidly in blood-fed femélem the &' to the §' day of feeding
and linearly decreased from fully fed females tmzaealues 6 days post detachment. While
IrCB is the most abundant peptidase of the hemoghbliio pathway (Franta et al., 2010),
the mMRNA expression dfCB in serum-fed females persevered in relatively level and
reached its maxima in thé“3lay of feeding. The maxima corresponded to onbua0 %

of maxima obtained in blood-fed femalesCD2 expression level increased in fully
engorged females fed on hemoglobin-rich diet andchred its maxima 2 days post
detachment. The enhancementid@@D2 mRNA expression at the end of feeding was also
described by Sojka et al. (2012). ConsiderabléD2 expression differences between
blood-fed and serum-fed ticks were observed faly fahgorged females and 2 days after
detachment suggesting that the hemoglobin preseficences mainly the early stage of

IrCD2 transcription.
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The results of biological triplicates of serum-aad blood-fed females indicated that despite
the differences in expression levels of all studsaforms, none of the enzyme mRNAs is
completely absent in the serum-fed females. Thezefee assume that the albuminolysis is
conducted by the same or similar multi-enzyme ngtwals hemoglobinolysis described
earlier (Horn et al., 2009). However, this hypotbéms to be confirmed by the measurement
of enzyme activities in gut homogenates from sefednticks. Another step to progress our
knowledge of hemoglobin and albumin proteolysis. mcinusis offered by transcriptomics.
We have recently accomplished a next generationeseing of guts from blood-fed and
serum-fedl. ricinus females. The Hi-Seq and MiSeq data (lllumina platfpoare currently

being analyzed and put in correlation with herespnéed data acquired by gqRT-PCR.

Last but not least, the conspicuous distribution ‘edrly expressed’IrCL1 and ‘late
expressedirCL3 seen in mentioned gRT-PCR profiles was furtadied (Figure 18, 19).
The protein immuno-detection supported thalL1 is the isoform active during on-host
feeding whereasrCL3 plays this role in fully fed females and durin§-host digestive
stage. The confirmation &fCL1/IrCL3 up-regulation during/post feeding on the protnd
MRNA levels led us to the requirement to unequillgcaentify the IrCL isoforms by
RNAI. According to the gRT-PCR results, th€€ L1 RNAi worked well in the comparison
with gfp control and corresponded to the silencing efficiedemonstrated previously by
Franta et al. (2011). Unfortunately, th&€€L3 was not sufficiently silenced and as only a
limited decrease in mMRNA expression was detectadu(é 30). The gene silencing
technique (Buresova et al.,, 2009; Hajdusek et20009) brought back our long-lasting
concern, that a single dsRNA injection into unfecthéles is not capable of maintaining the
reduced mRNA levels during the whole process ohoBt digestionTherefore, re-injection
of dsRNA after the completion of feeding shouldttve first and necessary step which might
solve this problem for our future analysis. Anotimaportant issue to be studied is whether
RNAI silencing of one peptidase mRNA would be congaged by up-regulation of another
isoform or even different type of peptidase frora thigestive apparatus.

In vitro feeding method, albeit quite demanding, would &ey/ \helpful technique for further
investigations of all vital nutritional componenteeded for the tick development and
reproduction. The ability to modify the served dreta defined way (e.g. by adding specific
peptidase inhibitors) opens up a new perspectivduidher investigation of tick digestive
system. More generally, artificial feeding of tickeuld be exploited for testing anti-tick,

compounds, vaccines and importantly, minimize tinewant of treated laboratory animals.
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6. Conclusion

The main aim of this work was to reveal the effetffertilization and diet types on the

feeding and digestion @fricinus females.

We showed that fertilization is essential for feesato be able to reach rapid engorgement
phase and hereby proved the generally acceptedrppti®n that only fertilized females can
complete the feeding. The activities of digestivezygnes in virgin females were almost
negligible compared to the mated females, sugggestiat up-regulation of blood digestion

in adult females is hormonally controlled.

Expression profiles of the malnricinus digestive proteases were detected in tissue samples
from partially and fully fed females naturally fed the guinea pigs. The majority of tested
proteases were expressed solely in the gut andfewlpf them were expressed also in other

tissues.

The dynamic expression profiles of all studied digee proteases were observed in females
fed in vitro on hemoglobin-rich and hemoglobin-poor diet. Thsults of artificial feeding
disclosed several proteasdsOB, IrCL3, IrAE2, IrCD2) which were up-regulated in the
presence of hemoglobin-rich nourishment. Regardtaeg mMRNA levels, all proteases
detected in blood-fed females were also presenseirum-fed females suggesting that
albuminolysis is conducted by the same or at lesstilar enzymatic network as
hemoglobinolysis. Artificial feeding can bring nefwmdings and knowledge about tick
digestion and results from this work representfits¢ attempt towards the understanding of
regulation oflxodes ricinus digestive apparatus.

Gene silencing ofrCL1 isoform of cathepsin L was successful, while #tmockdown
efficiency of later expressddCL3 was much lower. This result underscores thessaty of
dsRNA re-injection for silencing the genes importaior off-host digestion and

vitellogenesis.
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