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Annotation 

In this thesis, the molecular and functional characterization of the insulin receptor signaling 

pathway (ISP) in hard tick Ixodes ricinus was characterized. As obligatory blood-feeding 

ectoparasites, ticks play a crucial role in the transmission of various pathogens, including bacteria, 

viruses, and protozoa, which has a significant impact on human and animal health. The parasite is 

strictly bonded with its host through a unidirectional transmission of nutrition for its survival, 

development, and reproduction. The ISP, a highly conserved system, regulates numerous 

physiological and anabolic processes to nutritional availability. This study aims to investigate the 

functionality of key components of the ISP pathway identified in the midgut transcriptome, namely 

the insulin receptor (MnR) , the protein kinase B called A K T (TrAKT), and the target of rapamycin 

(ZrTOR). To achieve this goal, the expression profiles of these components in tick tissues during 

feeding and after detachment were investigated using qRT-PCR. Additionally, R N A i silencing of 

individual components was performed, and the phenotype of the ticks was observed. To further 

clarify the effects of ISP, immunization of rabbits with recombinant M n R protein and tick 

infestation were investigated. 
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Ticks are blood-feeding arachnids transmitt ing a var iety of pathogens to humans and animals. A unique trait i n 
t ick physiology is their abi l i ty to engorge and digest large amounts of host b lood , ensuring their h igh repro­
ductive potential . Ac t i va t ion o f the b lood digestive machinery i n the t ick gut, as we l l as processes control l ing 
maturat ion o f ovaries, are triggered upon b lood meal uptake by st i l l largely unknown mechanisms. Sensing of the 
nutr i t iona l status i n metazoan organisms is facil itated by the evo lut ionar i ly conserved Insul in Signal ing Pathway 
(ISP) and the inter l inked Target of Rapamyc in (TOR) pathway. Recently, we have identi f ied three components of 
these pathways i n the hard t ick Ixodes ricinus midgut transcriptome, namely a putative insu l in receptor (InR), and 
the downstream intracel lular serine/threonine kinases A K T and TOR. 

In this study, we pr imar i l y focus on the molecular and functional characterizat ion o f the I. ricinus insul in 
receptor ( M n R ) , the first InR characterized i n Chelicerates. A phylogenetic analysis across the major Ar thropod 
lineages demonstrated that t icks possess only one gene encoding an InR-related molecule. Tissue expression 
prof i l ing by quantitative PCR in semi-engorged I. ricinus females revealed that the M n R , as we l l as A K T (IrAKT) 
and TOR (IrTOR) are expressed i n var ious organs, w i th the highest expression being detected i n ovaries. 

We have further evaluated the impact of RNAi -mediated knock-down (KD) o f M n R , JrAKT, and IrTOR on t ick 
blood-feeding and reproductive capacity. Weights o f engorged M n R KD females and la id egg clutches were 
reduced compared to the contro l group, and these quantitative parameters clearly correlated w i t h the efficiency 
of R N A i - K D achieved i n ind i v idua l ticks. The most str iking phenotype was observed f o r l r A K T KD that impaired 
t ick feeding and completely aborted egg product ion. A recombinant extracel lular fragment of the M n R a-subunit 
was used to produce antibodies i n experimental rabbits to assess its potential as a protective antigen against t ick 
feeding and reproduction. 

Our data clearly indicate the functional i ty of the ISP in ticks and demonstrate the need for further investi­
gation of specific roles played by the endogenous insul in- l ike peptides i n t ick physio log ical processes. 

1. Int roduct ion 

T i c k s a r e g l o b a l l y i m p o r t a n t pa ras i t e s a n d v e c t o r s o f a w i d e v a r i e t y 

o f agents i n f e c t i o u s t o h u m a n s , l i v e s t o c k o r w i l d l i f e (de l a F u e n t e et a l . , 

2 0 0 8 ) . D u r i n g h u n d r e d s o f m i l l i o n s o f y e a r s o f e v o l u t i o n o f a n a n c e s t r a l 

m i t e t o a n o b l i g a t o r y b l o o d - f e e d i n g l i f e s ty l e , t i c k s h a v e a c q u i r e d a 

n u m b e r o f spec i f i c p h y s i o l o g i c a l t r a i t s t h a t s epara te these ec toparas i t e s 

f r o m o the r a r t h r o p o d b l ood - f e ede rs as w e l l as t h e i r v e r t e b r a t e hos ts 

( M a n s et a l . , 2 0 1 6 ) . A f a s c i n a t i n g t r a i t i n t i c k p h y s i o l o g y , n o t c o m m o n to 

a n y o the r h e m a t o p h a g o u s pa ras i t e , i s t h e i r c a p a b i l i t y t o inges t e x t r e m e 

a m o u n t s o f b l o o d ( K a u f m a n , 2 0 0 7 ) . A n a d u l t h a r d t i c k f ema l e , s u c h as 

the E u r o p e a n L y m e b o r r e l i o s i s s p i r o c h e t e v e c t o r Ixodes ricinus, engorges 

a m o u n t s o f i n g e s t ed hos t b l o o d tha t exceeds b y m o r e t h a n o n e h u n d r e d 

t i m e s t h e w e i g h t o f the u n f e d t i c k , a n d c o n v e r t s t h e a c q u i r e d n u t r i e n t s 

i n t o the p r o d u c t i o n o f t h o u s a n d s o f l a i d eggs ( S o n e n s h i n e a n d R o e , 

2 0 1 4 ) . H o w e v e r , d esp i t e i ts i m p o r t a n c e , the k n o w l e d g e o f m e c h a n i s m s 

c o n t r o l l i n g b l o o d m e a l d i g e s t i o n a n d subsequen t processes i n v o l v e d i n 

t i c k d e v e l o p m e n t a n d r e p r o d u c t i o n a r e s t i l l v e r y l i m i t e d . 
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In m e t a z o a n o r g a n i s m s , t h e i n s u l i n s i g n a l i n g p a t h w a y ( ISP) , t oge ther 

w i t h the d o w n s t r e a m i n t e r - l i n k e d targe t o f r a p a m y c i n ( T O R ) p a t h w a y 

are e v o l u t i o n a r i l y c o n s e r v e d m e c h a n i s m s a c t i n g as sensors o f n u t r i t i o n a l 

s tatus a n d c o n t r o l a v a r i e t y o f m e t a b o l i c a n d p h y s i o l o g i c a l processes 

i n c l u d i n g r e p r o d u c t i o n ( B a d i s c o et a l . , 2 0 1 3 ) . T h e f i rs t c o m p o n e n t o f ISP 

is t h e t r a n s m e m b r a n e i n s u l i n r e c e p t o r ( InR) tha t b e c o m e s a c t i v a t e d 

u p o n b i n d i n g o f i t s a gon i s t i n s u l i n or , m o r e g e n e r a l l y , i n s u l i n - l i k e pep ­

t ides ( ILPs) ( D e M e y t s a n d W h i t t a k e r , 2 0 0 2 ) . V e r t e b r a t e s possess th r e e 

d i f f e rent I n R s tha t c o u l d b i n d i n s u l i n o r i n s u l i n - l i k e g r o w t h fac tors , 

w h i l e the p r esence o f o n l y one g ene e n c o d i n g I n R - r e l a t e d m o l e c u l e s h a d 

p r e v i o u s l y b e e n i d e n t i f i e d i n i n v e r t eb ra t e s ( H e r n a n d e z - S a n c h e z et a l . , 

2 0 0 8 ) . H o w e v e r , m u l t i p l e I n R s h a v e b e e n f o u n d i n s e v e ra l i nsec t o rde rs , 

a n d p h y l o g e n e t i c r e c o n s t r u c t i o n p o i n t s t o m a j o r d u p l i c a t i o n s ( a n d los­

ses) o f InR i n insec ts ( K r e m e r et a l . , 2 0 1 8 ; S m y k a l et a l . , 2 0 2 0 ) . S i n c e the 

d i s c o v e r y o f t h e f i rs t I L P t e r m e d b o m b y x i n f r o m the s i l k m o t h ( N a g a -

s a w a et a l . , 1 9 8 4 ) , the ISP a n d i ts c o m p o n e n t s h a v e b e e n w i d e l y 

e x p l o r e d i n insec t p h y s i o l o g y a n d i n n a t e i m m u n i t y ( A h l e r s et a l . , 2 0 1 9 ; 

L u c k h a r t a n d R i e h l e , 2 0 0 7 ; V a f o p o u l o u , 2 0 1 4 ) . 

B y con t ras t , t h e k n o w l e d g e o f ISP i n t i c k s a n d o the r a r a c h n i d s is s t i l l 

r a t h e r l i m i t e d a n d lags far b e h i n d insec ts . T h e f i rs t r epo r t s a b o u t the 

po s s i b l e p r e s ence o f ILPs i n s y n g a n g l i o n s ( b r a i n - l i k e o rgans ) o f t w o t i c k 

spec ies w e r e b a s e d o n p o s i t i v e i m m u n o r e a c t i o n s w i t h a n t i - h u m a n i n ­

s u l i n a n t i b o d i e s ( D a v i s et a l . , 1 9 9 4 ; Z h u a n d O l i v e r , 1 9 9 1 ) . T h e ex i s t ence 

o f i n s u l i n - r e s p o n s i v e m a c h i n e r y w a s l a t e r d e m o n s t r a t e d i n in vitro 

s tud ies u s i n g t h e B M E 2 6 c e l l l i n e d e r i v e d f r o m e m b r y o n i c c e l l s o f the 

ca t t l e t i c k Rhipicephahis ( f o r m e r l y Boophilus) micropkis, w h e r e the 

a d d i t i o n o f e x o g e n o u s ( h u m a n ) i n s u l i n i n t o the c u l t u r e r e s u l t e d i n 

e l e v a t ed l e v e l s o f c e l l g l y c o g e n (de A b r e u et a l . , 2 0 0 9 ) . A t r a n s c r i p t 

e n c o d i n g t i c k I L P has b e e n i d e n t i f i e d i n the s y n g a n g l i o n t r a n s c r i p t o m e 

f r o m the A m e r i c a n d o g t i c k Dermacentor variabilis ( D o n o h u e et a l . , 

2 0 1 0 ) . M o r e r e c en t l y , f ou r genes e n c o d i n g I LPs f r o m the g e n o m e o f the 

b l a c k l e g g e d t i c k , Ixodes scapularis h a v e b e e n i d e n t i f i e d a n d c h a r a c t e r ­

i z e d ( S h a r m a et a l . , 2 0 1 9 a ) . T h e p h y s i o l o g i c a l f u n c t i o n o f ser­

i n e / t h r e o n i n e k i n a s e s T O R a n d A K T h a v e b e e n e x a m i n e d b y R N A 

in t e r f e r ence i n the h a r d t i c k Haemaphysalis longicornis ( U m e m i y a - S h i r -

afuj i et a l . , 2 0 1 2 a , b). These s tud i e s d e m o n s t r a t e d tha t H / T O R p l a y s a n 

i m p o r t a n t r o l e i n v i t e l l o g e n e s i s a n d p r o d u c t i o n o f eggs ( U m e m i y a -

Sh i ra fu j i et a l . , 2 0 1 2 a ) w h i l e H / A K T is e s sen t i a l f o r c o m p l e t i n g the 

processes a s soc i a t ed w i t h b l o o d - f e e d i n g ( U m e m i y a - S h i r a f u j i et a l . , 

2 0 1 2 b ) . A n o t h e r s t u d y o f the r o l e o f th ree c o m p o n e n t s o f t h e ISP a n d 

T O R s i g n a l i n g p a t h w a y s ( A K T , T O R a n d g l y c o g e n s yn thase k i n a s e -

G S K 3 ) i n e m b r y o g e n e s i s o f R. microplus w a s r e p o r t e d r e c e n t l y ( W a l t e r o 

et a l . , 2 0 1 9 ) . 

In o u r p r e v i o u s m i d g u t t r a n s c r i p t o m e s t u d y oil. ricimis, w e i d e n t i f i e d 

a n u m b e r o f t r a n s c r i p t s e n c o d i n g m o l e c u l e s p o t e n t i a l l y i n v o l v e d i n 

n u t r i t i o n a l u p t a k e , s e n s i n g a n d s i g n a l i n g ( P e r n e r et a l . , 2 0 1 6 a ) . A m o n g 

t h e m , th r e e p u t a t i v e c o m p o n e n t s o f I. ricimis ISP w e r e f o u n d to be 

exp ressed i n t h e t i c k m i d g u t , n a m e l y the I nR ( M n R , I r - 1 2 0 8 3 7 ) , A K T 

( J rAKT , I r - 1 0 3 6 5 9 ) , a n d T O R ( J rTOR , I r S i g P - 1 0 8 1 9 0 ) . 

In th i s w o r k , w e m a i n l y f ocus o n t h e m o l e c u l a r a n d f u n c t i o n a l 

c h a r a c t e r i z a t i o n o f M n R , as th i s r e c e p t o r has n o t y e t b e e n ( to the best o f 

o u r k n o w l e d g e ) f u n c t i o n a l l y c h a r a c t e r i z e d i n a n y che l i c e r a t e , i n c l u d i n g 

t i cks . In a d d i t i o n , w e a l s o e x a m i n e d t h e p h e n o t y p e s o f I. ricimis T O R 

(J rTOR) a n d A K T ( J r A K T ) u p o n t h e i r R N A i - m e d i a t e d k n o c k d o w n ( K D ) 

to e v a l u a t e the p o t e n t i a l o f these i n t r a c e l l u l a r k i n a s e s as d r u g targets . 

2. Mater ia l s a n d methods 

2.1. Ticks and animals 

A d u l t f ema l es a n d m a l e s o f J . ricimis w e r e c o l l e c t e d b y f l a gg ing 

a r o u n d C e s k e B u d e j o v i c e , the C z e c h R e p u b l i c , a n d m a i n t a i n e d i n sepa­

ra te v i a l s i n the a n i m a l r e a r i n g f a c i l i t y o f t h e Ins t i tu te o f P a r a s i t o l o g y , 

w i t h a h u m i d i t y o f a b o u t 9 5 %, t e m p e r a t u r e o f 2 4 °C, a n d d a y / n i g h t 

p e r i o d set t o 1 5 / 9 h . F o r m o s t e x p e r i m e n t s d e s c r i b e d b e l o w , J . ricimis 

f ema l es w e r e f ed n a t u r a l l y o n l a b o r a t o r y g u i n e a p igs , w h i l e l a b o r a t o r y 
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r a b b i t s w e r e u s e d fo r v a c c i n a t i o n e x p e r i m e n t s . A l l l a b o r a t o r y a n i m a l s 

w e r e t r ea t ed i n a c c o r d a n c e w i t h the A n i m a l P r o t e c t i o n L a w o f t h e C z e c h 

R e p u b l i c N o . 2 4 6 / 1 9 9 2 Sb . , e th i c s a p p r o v a l N o . 2 5 / 2 0 1 8 . 

2.2. Identification of genes and phylogenetic analysis 

T r a n s c r i p t s e n c o d i n g J r l n R w e r e i d e n t i f i e d i n t r a n s c r i p t o m e s f r o m 

p a r t i a l l y o r f u l l y f ed J . ricimis f ema les , n a m e l y t r a n s c r i p t I r - 1 2 0 8 3 7 f r o m 

the m i d g u t ( P e r n e r et a l . , 2 0 1 6 a ) , a n d I r - S i g P - 2 6 4 4 9 _ F R l _ 9 9 - 1 6 4 9 f r o m 

s a l i v a r y g l a n d s ( P e r n e r et a l . , 2 0 1 8 ) . T h e i r s i m i l a r i t y t o i n s u l i n r e cep to r 

o r i n s u l i n - l i k e g r o w t h fac to r r e c e p t o r t r a n s c r i p t s o f o t h e r o r g a n i s m s 

w e r e c o n f i r m e d b y B L A S T ana l y s e s ( N a t i o n a l C e n t e r fo r B i o t e c h n o l o g y 

I n f o r m a t i o n ( N C B I ) , N a t i o n a l Ins t i tu te o f H e a l t h ; h t t p s : / / b l a s t . n c b i . n l m . 

n i h . g o v / B l a s t . c g i ) . F o r a l i g n m e n t o f t h e sequences , C l u s t a l O m e g a (h t t 

p s : / / w w w . e b i . a c . u k / T o o l s / m s a / c l u s t a l o / ) u s i n g the C l u s t a l W m e t h o d 

w a s u s e d a n d p r e s e n t e d u s i n g B o x S h a d e ( h t t p s : //embne t . v i t a l - i t . ch/so f 

t w a r e / B O X _ f o r m . h t m l ) so f tware . T h e s i g n a l p e p t i d e w a s p r e d i c t e d u s i n g 

the S i n a l P se rve r ( h t t p : / / w w w . c b s . d t u . d k / s e r v i c e s / S i g n a l P / ) . P r o t e i n 

d o m a i n s w e r e i d e n t i f i e d o n - l i n e w i t h I n t e r P r o ( h t t p s : / / w w w . e b i . a c . u k / 

i n t e rp ro/sea r ch/sequence/ ) . I nR f r o m ve r t eb ra t es , m o l l u s c s , insec t s a n d 

c rus t a c eans w e r e r e t r i e v e d f r o m G e n B a n k ( h t t p s : / / w w w . n c b i . n l m . n i h . 

g o v/genbank/ ) . R e m a i n i n g c h e l i c e r a t e InRs w e r e i d e n t i f i e d i n the 

G e n B a n k p r o t e i n da tabase a n d t r a n s c r i p t o m e s h o t g u n a s s emb l i e s ( TSAs ) 

u s i n g B L A S T P a n d t B L A S T n , r e spec t i v e l y . P r o t e i n sequences w e r e 

a l i g n e d u s i n g the C l u s t a l W a l g o r i t h m i n G e n e i o u s P r i m e ( w w w . g e n  

e i o u s . c o m ) , p o o r l y a l i g n e d v a r i a b l e N - a n d C- t e r m i n i w e r e m a n u a l l y 

t r i m m e d , a n d the r e s u l t i n g a l i g n m e n t i s a v a i l a b l e o n request . T h e 

p h y l o g e n e t i c t ree w a s r e c o n s t r u c t e d u s i n g W - I Q - T R E E 1.6.11 (h t tp :// iq t  

r e e . c i b i v . u n i v i e . a c . a t ; ( T r i f i n o p o u l o s et a l . , 2016 ) ) u n d e r the W A G + 

F+ I + G 4 m o d e l ( i d e n t i f i e d as the Best - f i t m o d e l ) w i t h 1 0 0 boo t s t r ap 

r ep l i c a t e s ( s t andard ) . T h e t ree w a s v i s u a l i z e d i n F i g T r e e v l . 4 . 4 (ht tp ://t  

r ee .b io . ed .ac .uk/so f tware/ f i g t r ee/ ) a n d the t a x o n o m i c d e s c r i p t i o n w a s 

a d d e d i n A d o b e I l lus t ra to r . 

2.3. Total RNA isolation and relative expression profiling by qRT-PCR 

T issues ( o va r i e s , s a l i v a r y g l ands , t r a c h e a e w i t h fat b o d y , m i d g u t , 

M a l p i g h i a n t u b u l e s a n d the rest o f t h e b o d y ) w e r e d i s s e c t ed f r o m s e m i -

e n g o r g e d I. ricimis f ema l e s ( f ed fo r 5 d) u n d e r a d r o p o f D E P C ( d i e th -

y l p y r o c a r b o n a t e ) P B S (8 % N a C l , 0 .2 % K C l , 1.8 % N a 2 H P 0 4 , 0 .14 % 

K H 2 P 0 4 i n 1 0 0 0 m L o f 0.1 % D E P C - t r e a t e d d i s t i l l e d H 2 0 , p H = 7, 

au t o c l a v ed ) . F o r the d e t e r m i n a t i o n o f e x p r e s s i o n d y n a m i c s d u r i n g 

f e e d i n g a n d af ter d e t a c h m e n t , o v a r i e s w e r e d i s s e c t ed f r o m I. ricimis fe­

m a l e s a f ter the f o l l o w i n g t i m e i n t e r v a l s : u n f e d , f ed fo r 1 ,3 , 5 d , f u l l y f ed , 

a n d t i c k s 3 , 6 a n d 12 d a f ter d e t a c h m e n t f r o m the g u i n e a p i g . T o t a l R N A 

w a s e x t r a c t e d f r o m t i ssues u s i n g N u c l e o - S p i n R N A II K i t ( M a c h e r e y -

N a g e l , D i i r e n , G e r m a n y ) , the s a m p l e s w e r e t r ea t ed w i t h the r e c o m b i n a n t 

D N a s e ( C A S 9 0 0 3 - 9 8 - 9 ) o n a s i l i c a m e m b r a n e a c c o r d i n g to the m a n u ­

f a c tu r e r ' s p r o t o c o l a n d t h e absence o f g e n o m i c D N A t races w a s v e r i f i e d 

b y the agarose g e l e l e c t r opho r e s i s . T h e c o n c e n t r a t i o n o f e l u t e d t o t a l 

R N A w a s d e t e r m i n e d u s i n g a N a n o d r o p U V - v i s s p e c t r o p h o t o m e t e r 

( T h e r m o F i s h e r S c i e n t i f i c ; W a l t h a m , M A , U S A ) a n d 2 0 0 n g o f t h e R N A 

i so l a t e w a s t r a n s c r i b e d i n t o c D N A u s i n g the T r a n s c r i p t o r H i g h - F i d e l i t y 

c D N A S y n t h e s i s K i t ( R o c h e D i a g n o s t i c s G m b H ; M a n n h e i m , G e r m a n y ) 

a n d o l i g o - d T p r i m e r s a c c o r d i n g t o t h e m a n u f a c t u r e r ' s m a n u a l . S a m p l e s 

w e r e a n a l y z e d i n i n d e p e n d e n t t e c h n i c a l a n d b i o l o g i c a l t r i p l i c a t e s b y the 

q u a n t i t a t i v e r e a l - t i m e P C R ( q R T - P C R ) u s i n g a L i g h t C y c l e r 4 8 0 ( R o c h e 

D i a g n o s t i c s G m b H ) ; a n d Fas t S t a r U n i v e r s a l S Y B R G r e e n M a s t e r M i x 

( R o c h e D i a g n o s t i c s G m b H ) a n d p r i m e r p a i r s InR F - InR R, AKT F - AKT 

R, a n d TOR F - TOR R ( S u p p l e m e n t a r y T a b l e S I ) f o r a m p l i f i c a t i o n o f 

M n R , J r A K T , a n d IrTOR, r e spec t i v e l y . T h e a m p l i f i c a t i o n p r o g r a m c o n ­

s i s ted o f i n i t i a l d e n a t u r a t i o n at 9 5 °C for 5 m i n , f o l l o w e d b y 5 0 c yc l e s o f 

d e n a t u r a t i o n at 9 5 °C for 2 0 s, a n n e a l i n g at 6 0 °C for 3 0 s a n d e x t e n s i o n 

at 7 2 °C for 3 0 s. T h e r e l a t i v e e x p r e s s i o n w a s c a l c u l a t e d u s i n g the 

m a t h e m a t i c a l m o d e l o f the A A C t m e t h o d (P fa f f l , 2 0 0 1 ) a n d n o r m a l i z e d 

to e l o n g a t i o n f a c t o r - l a iefld) ( N i j h o f et a l . , 2 0 0 9 ) u s i n g EFF a n d EFR 
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p r i m e r s ( S u p p l e m e n t a r y T a b l e S I ) . 

2.4. RNA interference 

F r a g m e n t s o f M n R , J r A K T , a n d J r T O R genes w e r e P C R a m p l i f i e d 

u s i n g c D N A f r o m o v a r i e s o f s e m i - e n g o r g e d I. ricinus f ema l es as a t e m ­

p la te . P r i m e r p a i r s InR-apa - InR-xba, AKT-apa - AKT-xba, a n d TOR-apa 

- TOR-xba ( S u p p l e m e n t a r y T a b l e S I ) , w e r e d e s i g n e d b a s e d o n the 

r e spec t i v e s equences u s i n g P r i m e r B l a s t ( h t t p s : / / w w w . n c b i . n l m . n i h . 

g o v / t o o l s / p r i m e r b l a s t / ) , P r i m e r 3 I npu t ( h t tp : //p r imer3 .u t . e e/ ) , a n d 

R e s t r i c t i o n M a p p e r ( h t t p : / / w w w . r e s t r i c t i o n m a p p e r . o r g / ) . T h e a m p l i -

c ons w e r e p u r i f i e d f r o m a 2 % aga rose g e l u s i n g G e l a n d P C R C l e a n - u p 

K i t ( M a c h e r e y - N a g e l ) . J r l n R , J r A K T , J r T O R , a n d t h e c o n t r o l g r e en f luo ­

rescent p r o t e i n ( G F P ) d s R N A s w e r e s y n t h e s i z e d u s i n g t h e M E G A s c r i p t 

T 7 t r a n s c r i p t i o n k i t ( A m b i o n ; V i l n i u s , L i t h u a n i a ) a c c o r d i n g to the p re ­

v i o u s l y d e s c r i b e d p r o t o c o l ( H a j d u s e k et a l . , 2 0 0 9 ) . U n f e d I. ricinus fe­

m a l e s w e r e i n j e c t ed w i t h 0 .5 ^1 (3 ^ig/^1) o f r e spec t i v e d s R N A s , o r G F P 

d s R N A i n t h e c o n t r o l g r o u p a n d m a i n t a i n e d at 2 4 °C to rest f o r o n e day . 

T h e f ema les w e r e t h e n a l l o w e d to f eed n a t u r a l l y o n g u i n e a p i g s i n the 

p r esence o f a n e q u a l n u m b e r o f m a l e s u n t i l r ep l e t e , excep t fo r t h r e e t i cks 

f r o m e a c h g r o u p t h a t w e r e f o r c i b l y r e m o v e d o n the 3 r d d a y o f f e e d i n g to 

e x a m i n e the l e v e l o f R N A i K D i n o v a r i e s b y q R T - P C R . T h e e n g o r g e d t i cks 

w e r e v i s u a l l y c h e c k e d , w e i g h e d , a n d m a i n t a i n e d i n separa te v i a l s to 

e v a l u a t e o v i p o s i t i o n b y w e i g h i n g egg c l u t c h e s a n d v i s u a l s c o r i n g o f the 

h a t c h i n g success: (0) - n o n e ; (+) - 3 0 %; ( ++ ) - 5 0 - 6 0 % ; ( + + + ) 

- 8 0 - 1 0 0 % h a t c h i n g rate . 

2.5. Experimental vaccination of rabbits with recombinant MnR fragment 

for protection against tick infestation 

T h e g ene p r o d u c t o f 9 0 6 bps e n c o d i n g t h e 3 3 k D a f r a gmen t o f the 

M n R N - t e r m i n a l e x t r a c e l l u l a r p o r t i o n w a s P C R a m p l i f i e d u s i n g c D N A 

f r o m o v a r i e s o f s e m i - e n g o r g e d I. ricinus f ema l es as a t e m p l a t e a n d 

p r i m e r s InR_pET100S2 a n d InR_pET100AS2 p r i m e r s ( S u p p l e m e n t a r y 

T a b l e S I ) . T h e P C R p r o d u c t w a s c l o n e d i n t o the p E T l O O / D - T O P O v e c t o r 

o f Champion™ p E T d i r e c t i o n a l e x p r e s s i o n k i t ( I n v i t r o gen , C a r l s b a d , C A , 

U S A ) e xp r e s s ed i n E. coli B L 2 1 Star™ ( D E 3 ) c o m p e t e n t ce l l s , p u r i f i e d 

a n d r e f o l d e d as d e s c r i b e d p r e v i o u s l y ( H a j d u s e k et a l . , 2 0 1 0 ) . T h e re­

c o m b i n a n t J r l n R f r a g m e n t ( 1 0 0 ^ig/mL) w a s m i x e d w i t h i n c o m p l e t e 

F r e u n d s a d j u v a n t ( S i g m a - A l d r i c h ; St. L o u i s , M O , U S A (1:1) a n d u s e d to 

i m m u n i z e th r e e r a b b i t s i n f o u r doses ( w e e k s 1 , 3 , 5 a n d 7) . O n e n e g a t i v e 

c o n t r o l r a b b i t w a s i n j e c t ed w i t h i n c o m p l e t e F r e u n d s a d j u v a n t o n l y . T w o 

w e e k s af ter t h e las t i m m u n i z a t i o n , b l o o d s a m p l e s w e r e c o l l e c t e d f r o m 

the r a b b i t s ' ears t o e x a m i n e the spec i f i c r e a c t i o n o f i m m u n e s e r a w i t h 

the r e c o m b i n a n t M n R a n t i g e n b y W e s t e r n b l o t ana l y s i s . R a b b i t s w e r e 

t h e n in f e s t ed w i t h 5 0 u n f e d I. ricinus f ema l e s p l a c e d i n t w o c y l i n d e r s 

g l u e d o n the s h a v e n b a c k s o f i m m u n i z e d r a b b i t s ( i n the p r e s ence o f a n 

e q u a l n u m b e r o f ma les ) a n d a l l o w e d t o feed n a t u r a l l y u n t i l r ep le te . 

E n g o r g e d t i c k s w e r e v i s u a l l y c h e c k e d , w e i g h e d , a n d m a i n t a i n e d i n 

separa te v i a l s as d e s c r i b e d a b o v e to e v a l u a t e o v i p o s i t i o n b y w e i g h i n g 

egg c l u t c h e s a n d b y s c o r i n g l a r v a l h a t c h i n g (see above ) . 

2.6. Statistics 

S t a t i s t i c a l a n a l y s i s w a s p e r f o r m e d i n G r a p h P a d P r i s m v e r s i o n 6 .04 

for W i n d o w s ( G r a p h P a d So f tware ; S a n D i e g o , C A , U S A ; w w w . g r a p h p a d . 

c o m ) . D a t a w e r e a n a l y z e d b y A N O V A o r n o n - p a r a m e t r i c M a n n - W h i t n e y 

test. M e a n ( ± S D , s t a n d a r d d e v i a t i o n ) o r m e d i a n ( IQR, i n t e r q u a r t i l e 

rates) v a l u e s w e r e c o u n t e d f r o m the b i o l o g i c a l t r i p l i c a t e s ( i n d e p e n d e n t 

e xpe r imen t s ) a n d u s e d fo r the g r a p h i c a l r ep r e s en t a t i ons o f the resu l ts 

a n d t h e i r s t a t i s t i c a l ana l y s e s ( for d e t a i l s , see the f i gu re l egends ) . A P -

v a l u e o f < 0 . 0 5 w a s c o n s i d e r e d as s t a t i s t i c a l l y s i gn i f i c an t . 
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3. Results 

3.1. Sequence and phylogenetic analysis of the I. ricinus insulin receptor 

T h e s equence e n c o d i n g MnR ( d e p o s i t e d i n G e n B a n k u n d e r a c c e s s i o n 

N o . M N 2 0 7 0 6 5 ) w a s c o m p l e t e d f r o m t r a n s c r i p t I r - 1 2 0 8 3 7 ( G e n B a n k 

G E F M 0 1 0 0 5 3 9 5 ) i d e n t i f i e d i n the J . ricinus m i d g u t t r a n s c r i p t o m e 

( P e rne r et a l . , 2 0 1 6 a ) a n d t r a n s c r i p t I r - S i g P - 2 6 4 4 9 _ F R l _ 9 9 - 1 9 6 9 ( G e n ­

B a n k G E G O 0 1 0 0 6 5 8 2 ) o b t a i n e d f r o m R N A s e q a n a l y s i s o f I. ricinus 

s a l i v a r y g l a n d s ( P e r n e r et a l . , 2 0 1 8 ) . T h e 4 5 8 1 b p l o n g c D N A encodes 

the Z r lnR p r e c u r s o r ( G e n B a n k Q G N 0 3 4 6 7 ) o f 1 5 2 6 a m i n o - a c i d r es idues 

w i t h a t h e o r e t i c a l mass o f 1 6 8 . 3 k D a , i n c l u d i n g a 21 a m i n o a c i d - l o n g 

s i g n a l p e p t i d e a n d b o t h a a n d p s u b u n i t s o f 8 0 . 6 k D a a n d 6 5 k D a , 

r e spec t i v e l y , p r e s u m a b l y p o s t - t r a n s l a t i o n a l l y c l e a v e d i n t h e c o n s e r v e d 

a r g i n i n e - r i c h m o t i f ( S u p p l e m e n t a r y F i g . S I ) . M u l t i p l e s equence a l i g n ­

m e n t s w i t h i n s u l i n r e c ep to r s f r o m se l e c t ed v e r t eb ra t e s a n d i n v e r t eb ra t e s 

( S u p p l e m e n t a r y F i g . S I ) , as w e l l as in-sUico p r e d i c t i o n o f c o n s e r v e d 

d o m a i n s ( F i g . 1A ) , c o n f i r m e d the c o r r e c t i d e n t i f i c a t i o n o f M n R as the 

i n s u l i n r ecep to r . In o r d e r t o e x c l u d e the p o s s i b i l i t y o f gene d u p l i c a t i o n o f 

InRs i n t i c k s , as d e s c r i b e d i n n u m e r o u s m e t a z o a n o r g a n i s m s ( S m y k a l 

et a l . , 2 0 2 0 ) , w e p e r f o r m e d p h y l o g e n e t i c a n a l y s i s o f a r t h r o p o d InRs 

f r o m 2 4 a c a r i ( t i cks a n d mi t es ) , 6 a r a c h n i d s ( i n c l u d i n g 2 spec i es o f 

s c o rp i ons ) , h o r s e s h o e c r a b {Limulus polyphenols), r e p r e s e n t a t i v e h e x a -

p o d s ( insec ts , C o l l e m b o l l a ) , a n d Daphnia. M o l l u s k s , sea u r c h i n a n d 

ve r t eb ra t es s e r v e d as o u t g r o u p s . T h e t ree t o p o l o g y w a s c ons i s t en t w i t h 

the e v o l u t i o n o f p a r t i c u l a r t a x o n o m i c g r oups , i n c l u d i n g a r t h r o p o d l i n ­

eages, w h e r e MnR w a s u n a m b i g u o u s l y nes t ed w i t h i n P a r a s i t i f o r m e s 

nex t t o the I nR o f r e m a i n i n g t i c k spec i es ( F i g . I B ) . In t h e case o f the 

h o r s e s h o e c r ab , t w o InR p a r a l o g s w e r e i d e n t i f i e d , w h e r e a s o n l y one I nR 

gene w a s p resen t i n a l l r e m a i n i n g che l i c e ra t e s . M o n o p h y l y o f Limulus 

w i t h A r a n e a a n d S c o r p i o n e s w a s s t r o n g l y s u p p o r t e d ( boo t s t r ap 9 9 %), 

c l e a r l y sugge s t i ng a Iŕmuíus-specific gene d u p l i c a t i o n even t , i n d e p e n ­

d e n t o f I nR m u l t i p l i c a t i o n o b s e r v e d i n insec ts ( i n c l u d e d w i t h i n H e x -

apoda ) . F u r t h e r m o r e , the p o s i t i o n o f I nR f r o m m o l l u s k s a n d 

d e u t e r o s t o m i a n l ineages , r ep r e s en t ed b y sea u r c h i n (S t r ong -

y l o c e n t r o t u s ) , a n d ve r t eb ra t es , a l s o agrees w i t h t h e e x p e c t e d p h y l o g e ­

ne t i c r e l a t i o n s h i p . In v e r t eb ra t es , t w o a d d i t i o n a l gene d u p l i c a t i o n s l e d 

to the I n R - r e l a t e d r e c e p t o r ( IRR) a n d i n s u l i n - l i k e g r o w t h fac to r 1 re­

c e p t o r ( I G F 1 R ) genes. T h u s , the a n a l y s i s a l s o c l e a r l y r e v e a l e d tha t a l l 

a r t h r o p o d I n R s a r e bona fide i n s u l i n r ecep to rs , d esp i t e t h e i r o c c a s i o n a l 

a n n o t a t i o n as I R R - l i k e o r I G F l R - l i k e genes. 

3.2. Sequences of I. ricinus serine/threonine kinases IrAKT and IrTOR 

T h e t r a n s c r i p t I r - 1 0 3 6 5 9 ( G e n B a n k G E F M 0 1 0 0 2 7 2 9 ) f r o m the 

I. ricinus m i d g u t t r a n s c r i p t o m e ( P e r n e r et a l . , 2 0 1 6 a ) c o n t a i n e d the f u l l 

1 5 9 3 b p l o n g n u c l e o t i d e s e q u e n c e e n c o d i n g a p r o t e i n o f 5 3 0 a m i n o - a c i d 

r e s i dues ( p r e d i c t e d m a s s 6 0 . 2 k D a ) . T h e p r o t e i n s equence ( G e n B a n k 

J A P 7 3 0 6 7 ) l a c k s the s i g n a l p e p t i d e a n d cons i s t s o f h i g h l y c o n s e r v e d P H 

( P l e c k s t r i n h o m o l o g y ) a n d C - t e r m i n a l s e r i n e / t h r e o n i n e k i n a s e s d o m a i n s 

a n d i ts m u l t i p l e a m i n o - a c i d s equences a l i g n m e n t w i t h h o m o l o g o u s 

p r o t e i n s f r o m o t h e r o r g a n i s m s ( S u p p l e m e n t a r y F i g . S2) c o n f i r m e d its 

a n n o t a t i o n as J r A K T ( d e p o s i t e d i n the G e n B a n k u n d e r a c c e s s i on N o . 

M N 2 0 7 0 6 4 ) . 

T h e f u l l c o d i n g s e q u e n c e o f I. ricinus ta rge t o f r a p a m y c i n ( f r TOR ) 

( d epos i t ed i n the G e n B a n k u n d e r a c c e s s i on N o . M N 2 0 7 0 6 3 ) w a s 

c o m p l e t e d f r o m three o v e r l a p p i n g t r a n s c r i p t s I r S i g P - 1 0 8 1 9 0 , 

I r H e m S g M g - 2 4 0 8 0 9 , a n d I r - 2 3 8 2 3 8 f r o m I. ricinus m i d g u t ( P e rne r 

et a l . , 2 0 1 6 a ) , h e m o c y t e s ( K o t s y f a k i s et a l . , 2 0 1 5 b ) , a n d s a l i v a r y g l ands 

( P e rne r et a l . , 2 0 1 8 ) . T h e 7 5 1 8 b p l o n g m R N A e n c o d e s a p r o t e i n o f 2 5 0 5 

a m i n o a c i d s ( G e n B a n k Q G N 0 3 4 6 5 ) w i t h t h e t h e o r e t i c a l m a s s o f 2 8 4 . 2 

k D a l a c k i n g a s i g n a l p e p t i d e a n d c o n t a i n i n g o n l y o n e l a r g e p h o s p h a t i -

d y l i n o s i t o l k i n a s e d o m a i n b e l o n g i n g t o t h e T E L 1 s u p e r f a m i l y . B L A S T 

a n a l y s i s as w e l l as m u l t i p l e a m i n o - a c i d s equence a l i g n m e n t ( S u p p l e ­

m e n t a r y F i g . S3) c o n f i r m e d i ts h o m o l o g y to the s e l e c t ed p r o t e i n s a n ­

n o t a t e d as T O R s . 
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Ixodes ricinus 
QGN03467 (JAR88822) 

signal peptide furin-like cysteine-rich domain 

i 250 aa , 

fibronectin type III domain protein tyrosine kinase domain 

receptor L-domain 

1526 aa 

transmembrane region 

B P A R A S I T I F O R M E S 
Ixodes ricinus M N 2 0 7 0 6 5 , J A R 8 8 8 2 2 

Ixodes scapularis M O Y 3 6 7 9 2 

Ixodes holocyclus G I B Q O I 0 4 4 8 5 5 

Dermacentor variabilis G G T Z 0 1 0 0 0 5 8 2 

Rhipicephalus sanguineus H A C W 0 1 0 0 1 9 0 3 

Rhipicephalus pulchellus J A A 5 9 6 4 7 

Hyalomma dromedarii G F G I 0 1 1 0 4 6 6 5 

Amblyomma aureolatum J A T 9 5 2 6 7 

Ornithodoros turicata G D I C 0 1 0 1 8 7 6 8 

Ornithodoros rostratus G C J J 0 1 0 0 4 1 1 5 

Ornithodoros moubata J A W 0 5 9 9 3 

100 i Varroa Jacobson! GETO01002489 

Tropilaelaps mercedesae O Q R 7 0 4 9 7 

Dermanyssus gallinae G A I F 0 1 0 1 0 7 4 9 

^—^— Galendromus occidentalis XP 0 1 8 4 9 7 6 4 7 

Sarcoptes scabiei K P M 0 7 6 6 9 

— Dermatophagoides pteronyssinus X P 0 2 7 2 0 1 1 8 3 

< 
O 

< 
Achipteria coleoptrata G E X X 0 1 0 5 8 0 0 3 

Hermannia gibba G E Y B 0 1 0 5 7 6 4 4 A C A R I F O R M E S 

Nothrus palustris GEYJ01004742 
Steganacarus magnus GEYQ01023008 
— Dinothrombium tinctorium R W S 0 8 2 7 0 

100 i Panonychus i / / m / 'GCAC01005733 

Tetranychus urticae XP_015788259 

< 
L U 
O 

o 

Centruroides sculpturatus X P _ 0 2 3 2 1 0 8 0 8 

Tityus serrulatus G B Z U 0 1 0 2 0 2 8 0 

Tengeila perfuga G G O F 0 1 0 5 7 6 6 2 

— Parasteatoda tepidariorum XP_O-\ 5 9 1 2 6 3 5 

Nephila clavipes G F K T 0 1 3 5 6 5 1 1 1 

Pardosa pseudoannulata G G R D 0 1 1 0 1 4 9 8 

S C O R P I O N E S 

A R A N E A 

< 
Q 

O 

< 
< Limulus polyphemus X P _ 0 2 2 2 5 3 6 8 1 

Limulus polyphemus X P _ 0 1 3 7 7 5 1 2 8 X I P H O S U R A _ M 

( 2 2 ) H E X A P O D A + C R U S T A C E A 

(2) M O L U S C A 

Strongylocentrotus purpuratus X P _ 0 1 1 6 6 8 2 9 4 

(3) I R R 

- ^ Q ] l G F 1 R V E R T E B R A T A 

< 
Q 
O 
Q_ 
O 

< 

I n R 

M M E R O S T O M A T A 

F i g . 1. In silico analysis of Ixodes ricinus insu l in receptor ( M n R ) . (A) schematic depict ion o f protein domains recognized i n the M n R protein sequence (GenBank 

QGN03467) reconstructed from transcript JAR88822 . (B) phylogenetic tree of arthropod insu l in receptors where mol lusks, sea urch in , and vertebrate sequences 

served as outgroups. The numbers i n condensed branches indicate the numbers o f species studied. The topology was inferred using W-IQ-TREE 1.6.11 m a x i m u m 

l ike l ihood a lgor i thm w i th W A G + F+I + G4 model (LogL = -99721.039). The branching support (>50 %) is shown as the bootstrap values calculated from 

100 replicates. 

3.3. Expression profiling of MnR, IrAKT, and IrTOR in I. ricinus tissues 

E v e n t h o u g h the t r a n s c r i p t s e n c o d i n g J r l n R , J r A K T , a n d J r T O R w e r e 

f i rs t i d e n t i f i e d i n the J . ricinus m i d g u t t r a n s c r i p t o m e ( P e r n e r et a l . , 

2 0 1 6 a ) w e a l s o e x a m i n e d the e x p r e s s i o n o f the c o r r e s p o n d i n g genes b y 

q R T - P C R a n a l y s i s i n o t h e r t i ssues tha t c a n b e d i s s ec t ed f r o m 

s e m i - e n g o r g e d I. ricinus f emales . T h i s t i s sue e x p r e s s i o n p r o f i l e r e v e a l e d 

the h i ghes t l e ve l s o f J r l n R t r a n s c r i p t i n t h e o v a r i e s a n d t o a l o w e r ex t en t 

i n the m i d g u t , s a l i v a r y g l ands , M a l p i g h i a n t u b u l e s , f a t -body a s soc i a t ed 

w i t h t r a c h e a , a n d t h e rest o f t h e b o d y ( F i g . 2 A ) . T h e J r l n R m R N A l eve l s 

i n o v a r i e s g r a d u a l l y i n c r e a s e d d u r i n g the c o u r s e o f on -hos t f e ed ing , 

r e a c h i n g t h e i r m a x i m a i n fu l l y - f ed f ema les a n d t h e n r e m a i n e d r e l a t i v e l y 

s tab l e o v e r the en t i r e of f -host d i g e s t i o n p e r i o d a n d v i t e l l o g enes i s 

(F i g . 2B ) . A s i m i l a r t i s sue t r a n s c r i p t i o n p ro f i l e s w i t h the h i ghes t 

e x p r e s s i o n i n the o va r i e s a n d the g r a d u a l i n c r e a s e o f m R N A l e v e l s d u r i n g 

f e e d i n g w a s a l s o o b s e r v e d fo r the d o w n s t r e a m k i n a s e s J r A K T a n d J r T O R 

(F i g . 2 C - F , r e spec t i v e l y ) . These d a t a i m p l i c a t e f u n c t i o n i n g o f the ISP 

across t i ssues , i n d i c a t i n g p r esence o f s y s t e m i c s i g n a l i n g p a t h w a y o f t i c k 
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F i g . 2. M n R , /rAKT, and /rTOR tissue expression prof i l ing and expression dynamics in ovaries o f Ixodes ricinus dur ing feeding and after detachment. Relative 
quantitative real-time PCR (qRT-PCR) prof i l ing of M n R , /rAKT, and /rTOR in tissues of semi-engorged females (A, C, E) and dur ing feeding in ovaries (B, D , F), 
respectively. Ov - ovaries, SG - sal ivary glands; Tr + FB - trachea + fat body; M g - midgut; M T - Ma lp i gh ian tubules; REST - rest of body; U F - unfed ticks; I D - one 
day of feeding; 3D - three days of feeding; 5D - five days of feeding; FF - ful ly fed females; 3 A D - three days after detachment; 6AD - six days after detachment; 12AD 
- twelve days after detachment. Each co lumn represents the mean of b io log ica l ly and technical ly independent tripl icates; error bars indicate standard deviations. 

f e ed ing s tatus . 

3.4. Functional assessment of I. ricinus ISP components by RNA 

interference 

T o assess the p h e n o t y p e o f the M n R K D , th ree i n d e p e n d e n t R N A i K D 

e x p e r i m e n t s o f M n R t r a n s c r i p t s w e r e p e r f o r m e d . U n f e d J . ricinus f ema les 

w e r e i n j e c t ed w i t h M n R d s R N A o r G F P d s R N A for c o n t r o l a n d a l l o w e d to 

feed o n g u i n e a p i g s u n t i l r ep l e t e . T o e v a l u a t e the e f f i c i ency o f R N A i K D , 

the m R N A l e v e l s w e r e q R T - P C R q u a n t i f i e d i n o v a r i e s d i s s ec t ed f r o m 

three f ema les r e p r e s e n t i n g e a c h c o h o r t tha t w e r e f o r c i b l y r e m o v e d o n 

the 3 r d d a y o f f e ed ing . T h e e f f i c i ency o f R N A i K D m a r k e d l y d i f f e r ed i n 

t w o o u t o f th ree i n d e p e n d e n t b i o l o g i c a l r ep l i c a t e s i n w h i c h g ene 

e x p r e s s i o n w a s r e d u c e d to 13 %, 11 % c o m p a r e d to the G F P c o n t r o l 

(F ig . 3 A ) . T o assess the c a p a c i t y o f the t i c k s t o f u l l y engorge , l i k e l y 

t h r o u g h i n s u l i n - m e d i a t e d n u t r i t i o n a l s ta tus s ens ing , w e a l l o w e d M n R 

K D f ema les to feed n a t u r a l l y o n t h e g u i n e a p i g s a n d c o m p a r e d the i r 

e n g o r g e d w e i g h t s w i t h t h e c o n t r o l t i c k s i n j e c t ed w i t h G F P d s R N A . T h e 

w e i g h t s a n d b o d y s i zes o f M n R d s R N A - i n j e c t e d e n g o r g e d f ema l e s w e r e 

s i g n i f i c a n t l y l o w e r t h a n t h e c o n t r o l g r o u p (F i g . 3 B ) . A s t a t i s t i c a l l y s ig ­

n i f i c a n t r e d u c t i o n w a s a l s o o b t a i n e d i n the w e i g h t s o f l a i d eggs ( F i g . 3 C ) 

h o w e v e r , w i t h n o a p p a r e n t d i f f e rences i n l a r v a l h a t c h i n g ( d a t a n o t 

s h o w n ) . A s w e o b s e r v e d a w i d e r a n g e o f w e i g h t s o f f u l l y e n g o r g e d M n R 

K D t i c k s r a n g i n g f r o m 1 7 0 t o 4 2 0 m g (F i g . 3 B ) , w e e n q u i r e d to c o r r e l a t e 

a c h i e v e d e n g o r g e d w e i g h t (s ize ) w i t h R N A i e f f i c i ency . T h e m o s t o b v i o u s 

s ize d i f f e r ences b e t w e e n t h e G F P d s R N A - i n j e c t e d a n d M n R d s R N A -

in j e c t ed f ema les w e r e n o t e d t o w a r d s the e n d o f f e e d i n g (7d ) . T o 

d e m o n s t r a t e the c o r r e l a t i o n o f the o b s e r v e d p h e n o t y p e w i t h t h e l e v e l o f 

R N A i K D , w e h a v e s e l e c t ed f i ve r ep r e s en ta t i v e f ema l es f r o m the G F P 

c o h o r t a n d t en f ema l e s f r o m the M n R K D c o h o r t tha t w e r e fu r the r 

v i s u a l l y d i v i d e d i n t o l a r g e a n d s m a l l g r o u p ( f i ve each ) . T h e r e l a t i v e M n R 

e x p r e s s i o n w a s v e r i f i e d i n the o v a r i e s f r o m e a c h i n d i v i d u a l f ema l e b y 

q R T - P C R . T h e r esu l t s s h o w n i n the F i g . 3 D c l e a r l y d e m o n s t r a t e the 

r e l a t i o n s h i p b e t w e e n the t i c k s i z e a n d t h e e f f i c i ency o f R N A i K D . 

A s a n a l t e r n a t i v e t o R N A in t e r f e r ence , w e e x a m i n e d t h e effect o f 

i n j e c t i n g the c o m m e r c i a l i n s u l i n r e c e p t o r a n t a g o n i s t S 6 9 1 ( IRA ) , w h i c h 

w a s p r e v i o u s l y s h o w n to i n h i b i t i n s u l i n a c t i o n i n m a m m a l i a n sys t ems in 

vitro a n d in vivo (Scha f f e r et a l . , 2 0 0 8 ) . H o w e v e r , t h e i n j e c t i o n o f 2 0 0 n g 

o f I R A i n t o u n f e d I. ricinus f ema l es h a d n o s t a t i s t i c a l l y s i g n i f i c a n t effect 

o n t i c k f e e d i n g n o r o v i p o s i t i o n ( S u p p l e m e n t a r y F i g . S4 ) . 

F u r t h e r i n v e s t i g a t i o n o f the ro l e s o f the d o w n s t r e a m k i n a s e s J r A K T 

a n d J r T O R i n t i c k ISP b y R N A i r e s u l t e d i n a n e f f i c i en t a n d r e p r o d u c i b l e 

r e d u c t i o n o f t h e i r m R N A l e v e l s t o 3 % a n d 2 4 % (F i g . 4 A , B ) , respec­

t i v e l y . T h e m o s t s t r i k i n g p h e n o t y p e e x e r t ed b y t h e J r A K T K D t i c k s w a s 

that t h e y w e r e m o s t l y n o t c a p a b l e o f c o m p l e t i n g t h e i r b l o o d f e ed ing 

d u r i n g the m a r k e d l y p r o l o n g e d f e e d i n g t i m e s o f 1 0 - 1 2 d ( F i g . 4 C ) . A f t e r 

d r o p p i n g o f f the g u i n e a p igs , the J r A K T d s R N A in j e c t ed f ema les d i d n o t 

succeed i n l a y i n g eggs ( F i g . 4 D ) . T h e w e i g h t s o f J r T O R K D f ema les as 

w e l l as the success o f o v i p o s i t i o n ( w e i g h t o f l a i d eggs) w e r e s l i g h t l y , y e t 

s t a t i s t i c a l l y s i g n i f i c a n t l y r e d u c e d c o m p a r e d t o t h e G F P c o n t r o l g r o u p 

(F i g . 4 C , D ) . 

3 .5 . Experimental vaccination of the rabbits with MnR recombinant 

protein 

T h e p r o m i s i n g p h e n o t y p e u p o n M n R K D (F igs . 3 ) , e n c o u r a g e d us to 

p e r f o r m e x p e r i m e n t a l v a c c i n a t i o n o f r a b b i t s w i t h a r e c o m b i n a n t ex t ra ­

c e l l u l a r p o r t i o n o f M n R ( S u p p l e m e n t a r y F i g . S I , F i g . 5 A ) . T h r e e r ab b i t s 

w e r e i m m u n i z e d w i t h M n R r e c o m b i n a n t p r o t e i n i n f o u r doses a n d o n e 

c o n t r o l r a b b i t w a s i m m u n i z e d w i t h i n c o m p l e t e F r e u n d ' s a d j u v a n t o n l y . 

A f t e r the las t i m m u n i z a t i o n , b l o o d w a s t a k e n f r o m t h e r a b b i t s ' ears a n d 

the p r o d u c t i o n o f the M n R - s p e c i f i c a n t i b o d i e s w a s v e r i f i e d b y W e s t e r n 

b l o t a n a l y s i s (F i g . 5B ) . D e s p i t e the s t r o n g a n d spec i f i c r e a c t i o n o f s e ra 

f r o m i m m u n i z e d r a b b i t s w i t h t h e r e c o m b i n a n t a n t i g e n , n o i m p a i r m e n t 

o f t i c k i n f e s t a t i on o r a b i l i t y t o p r o d u c e eggs w a s o b s e r v e d (F igs . 5 C , D ) , 

w h i c h d i s q u a l i f i e s t h e r e c o m b i n a n t e x t r a c e l l u l a r d o m a i n o f M n R f r o m 

b e i n g u s e d as a c a n d i d a t e p r o t e c t i v e a n t i g e n . 
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F i g . 3. R N A i knock down of M n R and the effect on Ixodes ricinus phenotype. (A) Ver i f icat ion of M n R R N A i KD efficiency from two independent experiments (three 
randomly selected females fed for 3 d were examined from each cohort). (B) The weight differences of M n R dsRNA injected females compared to the GFP contro l 
group. (C) The weights of eggs la id by M n R dsRNA injected females compared to the GFP control group. Data were analyzed by the Mann-Whi tney test: A — P = 
0.0087; B—P < 0.0001; C—P = 0.0343. (D) Relat ionship between body size and the efficiency of R N A i KD of M n R . Upper panel - Relative M n R m R N A expressions in 
ovaries i n each group of ind i v idua l ticks. Lower panel - Images of the ind i v idua l control (GFP dsRNA) females and two groups (large and small) of M n R dsRNA-
injected females used for the analysis. Each M n R group was compared to the GFP control group using the Mann-Whi tney test P = 0.0317 (GFP vs. M n R - large) 
and P = 0.0079 (GFP vs. M n R - small ) . Lines or co lumns indicate the medians; error bars indicate the interquarti le rates. 

4. D iscuss ion 

In th i s w o r k w e h a v e f u n c t i o n a l l y c h a r a c t e r i z e d a n i n s u l i n r e cep to r , 

M n R , a n d d o w n s t r e a m k i n a s e s J r A K T a n d J r T O R , w h o s e t r a n s c r i p t s w e r e 

p r e v i o u s l y i d e n t i f i e d i n the m i d g u t t r a n s c r i p t o m e ( P e r n e r et a l . , 2 0 1 6 a ) . 

T o the best o f o u r k n o w l e d g e , a n i n s u l i n r e c e p t o r has n o t y e t b e e n 

e x p l o r e d i n a n y t i c k spec ies a n d t h u s i ts f u n c t i o n a l c h a r a c t e r i z a t i o n c a n 

c o n t r i b u t e t o a n d c o m p l e m e n t the s ca rce a n d f r a g m e n t e d i n f o r m a t i o n 

a v a i l a b l e a b o u t c o m p o n e n t s o f ISP i n t i c k s ( S h a r m a et a l . , 2 0 1 9 a ; 

U m e m i y a - S h i r a f u j i et a l . , 2 0 1 2 a , b ; W a l t e r o et a l . , 2 0 1 9 ) . T h e i d e n t i f i ­

c a t i o n o f J r l n R as a n i n s u l i n r e c e p t o r w a s u n a m b i g u o u s l y c o n f i r m e d b y 

m u l t i p l e a m i n o - a c i d s equence a l i g n m e n t s w i t h r e p r e s e n t a t i v e InRs f r o m 

se l ec ted o r g a n i s m s ( S u p p l e m e n t a r y F i g . S I ) as w e l l as b y t h e c o n s e r v e d 

a r r a n g e m e n t o f t h e s i g n a t u r e p r o t e i n d o m a i n s (F i g . 1A ) . 

G i v e n the c o m p l e x e v o l u t i o n o f i n s u l i n r e cep to rs a n d r e l a t e d v a r i a n t s 

o f I nR ( S m y k a l et a l . , 2 0 2 0 ) , f u r the r c o m p l i c a t e d b y v a r i o u s a n n o t a t i o n s 

o f t i c k r e c ep to r s i n G e n B a n k , w e f i rs t p e r f o r m e d a s y s t ema t i c r e c o n ­

s t r u c t i o n o f I nR e v o l u t i o n i n t h e m a j o r A r t h r o p o d l ineages , w i t h 

p a r t i c u l a r f ocus o n Che l i c e r a t e s . N o t a b l y , o u r a n a l y s i s r e v e a l e d 

t axon -spec i f i c I nR d u p l i c a t i o n i n t h e h o r s e s h o e c r a b . S i m i l a r i n d e p e n ­

den t I nR gene m u l t i p l i c a t i o n s w e r e p r e v i o u s l y r e p o r t e d i n P l a -

t h e l m i n t h e s , N e m a t o d a , Daphnia (C rus tacea ) , a n d insec ts ( for m o s t 

r ecen t o v e r v i e w see ( S m y k a l et a l . , 2 0 2 0 ) . In t h e case o f insec ts , the I nR 

d u p l i c a t i o n a l l o w e d v e r s a t i l e r e g u l a t i o n o f w i n g p o l y m o r p h i s m b y ISP 

( L i n et a l . , 2 0 1 8 ; S m y k a l et a l . , 2 0 2 0 ; X u et a l . , 2 0 1 5 ) . S i m i l a r l y , I R R a n d 

I G F 1 R o r i g i n a t e d f r o m ve r t eb ra t e - spec i f i c d u p l i c a t i o n , a n d , t oge the r 

w i t h l i g a n d c o e v o l u t i o n , p r o v i d e y e t a n o t h e r l e v e l o f c o m p l e x i t y i n the 

r e g u l a t i o n o f v e r t e b r a t e m e t a b o l i s m a n d d e v e l o p m e n t (De M e y t s a n d 

W h i t t a k e r , 2 0 0 2 ; D u p o n t a n d L e R o i t h , 2 0 0 1 ) . W h e t h e r Limulus InRs 

h a v e d i s t i n c t o r i d e n t i c a l r o l e s is , at t h i s p o i n t , u n c l e a r . 

T i s sue e x p r e s s i o n p r o f i l i n g o f J r l n R m R N A s r e v e a l e d tha t th i s t r a n ­

sc r ip t i s n o t s o l e l y gu t spec i f i c b u t i s p resen t i n o th e r t i ssues , w i t h the 

h i ghes t e x p r e s s i o n i n o v a r i e s ( F i g . 2 A , B ) . W e o b s e r v e d a l m o s t i d e n t i c a l 

t i ssue e x p r e s s i o n a n d d y n a m i c e x p r e s s i o n p ro f i l e s fo r the d o w n s t r e a m 

k i n a s e s J r T O R a n d J r A K T ( F i g . 2 C - F ) , w h i c h is i n a g r e e m e n t w i t h the 

d a t a p u b l i s h e d for T O R a n d A K T e x p r e s s i o n i n H. longicornis ( U m e ­

m i y a - S h i r a f u j i et a l . , 2 0 1 2 a , b) . U b i q u i t o u s e x p r e s s i o n o f I nR i n m u l t i p l e 

t i ssues w a s r e p o r t e d fo r the m o d e l i nsec t Drosophila mekmogaster 

( r e v i e w e d i n ( W u a n d B r o w n , 2 0 0 6 ) , w i t h the h i ghes t e x p r e s s i o n b e i n g 

i n the o v a r i a n n u r s e c e l l s a n d the c e n t r a l n e r v o u s s y s t e m ( C N S ) . T h e 

r e cen t s t u d y o f I nR f r o m t h e t r i a t o m i n e b u g Rhodnius prolixus ( 5 t h ins tar ) 

d e m o n s t r a t e d the h i ghes t e x p r e s s i o n o f t h e I nR gene i n t h e C N S a n d i n 

s a l i v a r y g l a n d s (De f f e r ra r i et a l . , 2 0 1 8 ) . T w o p a r t i a l s equences a l m o s t 

i d e n t i c a l t o / r l n R ( G e n B a n k G B B N 0 1 0 0 7 4 2 6 a n d G B B N 0 1 0 0 1 0 6 8 ) c o u l d 

i n d e e d be f o u n d i n the s y n g a n g l i o n t r a n s c r i p t o m e f r o m the c l o s e l y 

r e l a t e d spec i es J . scapularis ( E g e k w u et a l . , 2 0 1 4 ) . W e d i d no t a t t e m p t to 

q u a n t i f y the r e l a t i v e e x p r e s s i o n o f J r l n R t r a n s c r i p t i n the s y n g a n g l i o n o f 

I. ricinus f ema l es g i v e n t h e d i f f i c u l t i e s a s soc i a t ed w i t h a c h i e v i n g a r e l i ­

ab l e d i s s e c t i o n o f t h i s t i ssue . H o w e v e r , a r e l a t i v e l y l o w e x p r e s s i o n o f 

M n R t r a n s c r i p t i n the r e m a i n i n g pa r t s o f t h e t i c k b o d y c o n t a i n i n g the 

s y n g a n g l i o n ( t agged as R E S T i n F i g . 2 A ) does no t i n d i c a t e p r e d o m i n a n t 

l e v e l s o f J r l n R m R N A i n s y n g a n g l i o n s r e l a t e d to o t h e r t i c k t issues. 

It i s s t i l l a n u n r e s o l v e d q u e s t i o n w h e t h e r the i n c r e a s i n g e x p r e s s i o n o f 

ISP c o m p o n e n t s d u r i n g f e e d i n g i s c a u s e d b y the i n i t i a l d i g e s t i o n o f n u ­

t r i en t s o r w h e t h e r the i n c r e a s e d e x p r e s s i o n o f the ISP t r i gge rs a c t i v a t i o n 

o f the t i c k d i g e s t i v e s y s t e m ( S o j k a et a l . , 2 0 1 3 ) . 
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F i g . 4 . R N A i knock down of IrAKT, and JrTOR and the effect on Ixodes ricinus phenotype. 
(A, B) Ver i f icat ion of I rAKT and IrTOR R N A i knockdown efficiency from three independent experiments (three randomly selected females fed for 3 days were 
examined from each cohort). (C) The weight differences of J rAKT and IrTOR dsRNA injected females compared to the GFP control group. (D) The weights of eggs la id 
by I rTOR dsRNA injected females compared to the GFP control group. N o eggs were la id by females injected w i th I rAKT dsRNA. Data were analyzed by the Mann-
Whitney test: A — P < 0 .0001; B — P = 0.0019; C—P = 0.0433 (GFP vs. IrTOR) and P < 0.0001 (GFP vs. I rAKT) ; D—P = 0.0299. Lines or co lumns indicate the medians; 
error bars indicate the interquarti le rates. 

T h e e f f i c i ency o f R N A i K D o f M n R w a s h i g h l y v a r i a b l e b e t w e e n i n ­

d i v i d u a l f ema les . H o w e v e r , f e e d i n g w a s c l e a r l y i m p a i r e d i n the f ema les 

i n w h i c h the M n R m R N A l eve l s w e r e m a r k e d l y r e d u c e d u p o n i n j e c t i o n 

o f M n R d s R N A (F i g . 3 D ) . In o u r e xpe r i ence , R N A i K D o f m e m b r a n e 

p r o t e i n s is g e n e r a l l y less e f f ec t i ve a n d r e p r o d u c i b l e i n c o m p a r i s o n to the 

K D o f s ec r e t ed o r i n t r a c e l l u l a r p r o t e i n s a n d the r e s u l t i n g p h e n o t y p e s a r e 

o f t en less e xp r e s s ed g i v e n the l o w e r t u r n o v e r rates o f m e m b r a n e p r o ­

te ins. A success fu l R N A i K D o f the i n s u l i n r e c e p t o r w a s r e p o r t e d i n the 

t issues o f the m o s q u i t o CuLex quinquefasciatus ( N u s s et a l . , 2 0 1 8 ) . 

K n o c k - d o w n o f t h e m o s q u i t o I nR n e g a t i v e l y a f f ec ted t r y p s i n - l i k e a c t i v i t y 

i n the m i d g u t a n d e c d y s t e r o i d p r o d u c t i o n i n o va r i e s , a n d i n t r i g u i n g l y , i t 

b l o c k e d the l a r v a l d e v e l o p m e n t o f the filarial pa ra s i t e Wuchereria ban-

crofd i n i n f e c t e d m o s q u i t o e s ( N u s s et a l . , 2 0 1 8 ) . O n the o the r h a n d , n o 

c l e a r p h e n o t y p e w a s r e p o r t e d fo r I nR K D i n t h e k i s s i n g b u g R. prolixus 

(De f f e r rar i et a l . , 2 0 1 8 ) . 

D e s p i t e the h i g h s i m i l a r i t y b e t w e e n h u m a n a n d t i c k i n s u l i n re ­

cep tors , i n j e c t i o n o f m a m m a l i a n i n s u l i n r e c e p t o r a n t a g o n i s t S 6 9 1 

(Schaf fer et a l . , 2 0 0 8 ) i n t o J . ricinus f ema l es d i d n o t i m p a i r t i c k f e ed ing 

o r o v i p o s i t i o n ( S u p p l e m e n t a r y F i g . S4 ) . T h i s r e su l t suggests tha t I R A is 

n o t c a p a b l e o f b i n d i n g J r l n R w i t h h i g h e r a f f i n i t y t h a n e n d o g e n o u s ILPs . 

T r e a t m e n t o f a m a m m a l i a n breast c a n c e r c e l l l i n e w i t h S 6 9 1 d o w n -

r e g u l a t e d e x p r e s s i o n o f I nR a n d s u p p r e s s e d g r o w t h o f the c a n c e r ce l l s 

( S h a r m a a n d K u m a r , 2 0 1 8 ) , b u t i n j e c t i n g th i s c o m p o u n d i n t o u n f e d 

I. ricinus f ema l e s d i d n o t af fect J r l n R e x p r e s s i o n i n t i c k t i ssues ( d a t a n o t 

s h o w n ) . 

In c on t r a s t t o the m o d e r a t e l y r e p r o d u c i b l e effect o f J r l n R K D , w e 

o b s e r v e d m u c h a s t r onge r p h e n o t y p e u p o n R N A i K D o f the i n t r a c e l l u l a r 

k i n a s e J r A K T . T i c k s in j e c t ed w i t h J r A K T d s R N A c o u l d n o t c o m m e n c e the 

r a p i d e n g o r g e m e n t phase , e v e n d u r i n g p r o l o n g e d f e e d i n g fo r a b o u t 2-3 

d ( F i g . 4 C ) , a n d the p a r t i a l l y f ed f ema l e s tha t d r o p p e d o f f the hos t 

p r o d u c e d n o eggs ( F i g . 4 D ) . Thes e r esu l t s c o n f i r m the e a r l i e r R N A i - b a s e d 

f u n c t i o n a l s t u d y i n the t i c k H. longicornis, d e m o n s t r a t i n g t h a t H i A K T is 

e s sen t i a l t o c o m p l e t e the b l o o d f e e d i n g process , a c c o m p a n i e d b y the 

g r o w t h o f i n t e r n a l o r gans i n a d u l t t i c k s ( U m e m i y a - S h i r a f u j i et a l . , 

2 0 1 2 b ) . S u c h a s t r o n g p h e n o t y p e p o i n t s t o t i c k A K T as a p o t e n t i a l d r u g 

target . 

T h e f u n c t i o n o f T O R w a s p r e v i o u s l y e x a m i n e d i n t w o t i c k spec ies , 

H. kmgcornis ( U m e m i y a - S h i r a f u j i et a l . , 2 0 1 2 a ) a n d , m o r e r e c en t l y , i n 
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A B 

F i g . 5. Exper imental vacc inat ion of rabbits w i t h a recombinant extracel lular M n R fragment. (A) Distr ibut ion of extracel lular, transmembrane and intrace l lu lar parts 
of M n R predicted using the T M H M M software (http://www.sacs.ucsf.edu/cgi-bin/tmhmm.py). Highl ighted i n red is the recombinant M n R fragment used for rabbit 
immuniza t i on (see also Supplementary F ig . SI ) . (B) Ver i f icat ion of the @ M n R antibodies i n the immunized rabbits. M - molecular markers; Prote in-CBB - Prote in 
load of the M n R recombinant fragment (200 ng of protein per lane) stained w i t h Coomassie Br i l l i ant Blue; WB@InR (1,2,3) and WB@Cont ro l - Western blot t ing w i th 
the sera of three immuni zed rabbits and one control rabbit , respectively. P r imary antibody: A n t i - M n R sera 1:5,000, secondary antibody: Anti-Rabbit/peroxidase 
conjugate 1:5,000. V isual i zed using ChemiDoc™ Imaging System (Bio-Rad). (C) Weights of ful ly engorged Ixodes ricinus females infested on immunized rabbits. 
Statistical analysis (Mann-Whitney test) d id not show any signif icant differences between immunized and contro l rabbits. (D) Weights o f eggs la id by the females 
infested on immunized rabbits. Statistical analysis (Mann-Whitney test) d id not show any signif icant differences between immunized and control rabbits. Lines 
indicate the medians; error bars indicate the interquarti le rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 

R. microphis ( W a l t e r o et a l . , 2 0 1 9 ) . B o t h s tud i e s d e m o n s t r a t e d tha t T O R 

gene s i l e n c i n g h a d l i t t l e o r n o effect o n t i c k f e e d i n g b u t s t r o n g l y r e d u c e d 

the s yn thes i s o f y o l k p r o t e i n s ( v i t e l l o g en ins ) , p r o d u c t i o n o f eggs i n 

o va r i e s , a n d h e a v i l y i m p a i r e d e m b r y o n i c d e v e l o p m e n t a n d l a r v a l 

h a t c h i n g . D e s p i t e q u i t e e f f i c i ent r e d u c t i o n o f J r T O R m R N A l e v e l s u p o n 

i n j e c t i o n o f J r T O R d s R N A (F i g . ' IB) , w e o b s e r v e d o n l y s l i g h t l y r e d u c e d 

pos t - engo r g emen t w e i g h t s o f J . ricinus f ema l es a n d egg p r o d u c t i o n 

(F ig . 4 C , D ) . T h e r e a s o n for th i s d i f f e r ence r e m a i n s u n c l e a r . 

T o test t h e s e n s i t i v i t y o f J r A K T a n d J r T O R to c o m m e r c i a l l y a v a i l a b l e 

i n h i b i t o r s , w e a d m i n i s t e r e d spec i f i c A K T i n h i b i t o r A - 4 4 3 6 5 4 ( H a n et a l . , 

2 0 0 7 ) a n d T O R i n h i b i t o r r a p a m y c i n ( V e z i n a et a l . , 1975 ) t o J . ricinus 

f ema l es v i a in vitro m e m b r a n e f e e d i n g ( P e r n e r et a l . , 2 0 1 6 b ) . H o w e v e r , 

the tes ted i n h i b i t o r c o n c e n t r a t i o n s r a n g i n g f r o m 1 0 n M u p to 1 0 0 p:M d i d 

no t cause a n y s i g n i f i c a n t d i f f e r ences i n w e i g h t d i s t r i b u t i o n b e t w e e n 

f ema les m e m b r a n e - f e d o n the d i e t w i t h the i n h i b i t o r s a n d t h e i r so l v en ts 

u s e d as a m o c k ( S u p p l e m e n t a r y F i g . S 5 A , B ) . 

A l t h o u g h R N A i K D is o f t en p r e s e n t e d as a use fu l t o o l f o r t h e d i s ­

c o v e r y o f c a n d i d a t e a n t i - t i c k p r o t e c t i v e an t i g ens , r e p o r t e d cases 

d e m o n s t r a t i n g a s t r o n g R N A i - b a s e d p h e n o t y p e c o n f i r m e d b y a subse­

q u e n t success fu l e x p e r i m e n t a l v a c c i n a t i o n w i t h a r e spec t i v e r e c o m b i ­

n a n t m o l e c u l e a r e s t i l l q u i t e r a r e (de l a F u e n t e et a l . , 2 0 1 6 ) . T i c k m i d g u t 

m e m b r a n e p r o t e i n s , s u c h as B m 8 6 f r o m the ca t t l e t i c k R. microphis 

( W i l l a d s e n et a l . , 1 9 9 5 ) , r ep resen t i n t u i t i v e l y t h e f i rs t l i n e targets tha t 

c a n b e b l o c k e d b y a n t i b o d i e s i n g e s t ed i n b l o o d f r o m i m m u n i z e d hosts 

( R i c h a r d s et a l . , 2 0 1 5 ) . D e s p i t e o u r t h e o r e t i c a l e x p e c t a t i o n s o n J r l n R , 

e x p e r i m e n t a l v a c c i n a t i o n w i t h the e x t r a c e l l u l a r d o m a i n o f t h i s m o l e c u l e 

h a d n o effect o n t i c k f e e d i n g a n d r e p r o d u c t i o n ( F i g . 5 ) . T h i s r e su l t 

suggests t h a t M n R e x t r a c e l l u l a r d o m a i n m o s t l i k e l y does n o t face the 

m i d g u t l u m e n to b i n d to t h e e x o g e n o u s i n s u l i n o f hos t o r i g i n b u t r a t h e r 

serves as r e c e p t o r fo r e n d o g e n o u s I LPs at the m i d g u t 

e p i t h e l i u m - h e m o c o e l in t e r face . T h i s e x p l a n a t i o n is f u r t h e r s u p p o r t e d b y 

the r e cen t i d e n t i f i c a t i o n o f f ou r i n s u l i n - l i k e p e p t i d e s ( J s I L P l , 7sILP3, 

Js ILP4 , a n d 7sILP5) i n I. scapularis ( S h a r m a et a l . , 2 0 1 9 a ) t h a t m o s t l i k e l y 

act as the n a t u r a l l i g a n d s o f t i c k InR. T h e t i ssue e x p r e s s i o n p ro f i l e s o f 

JsILPs s h o w s o m e t i s sue spec i f i c i t y , e.g. J s I L P l a n d 5 w e r e r e p o r t e d 

m a i n l y t o b e e xp r e s s ed i n the s y n g a n g l i o n , w h i l e 7sILP3 a n d 4 are m o r e 

s 

http://www.sacs.ucsf.edu/cgi-bin/tmhmm.py
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spec i f i c for s a l i v a r y g l ands . In c on t r a s t t o t h e e x p r e s s i o n o f Z r lnR s h o w n 

here , t h e a u t h o r s r e p o r t e d the h i ghes t e x p r e s s i o n o f m o s t M L P s i n u n f e d 

t i cks a n d v e r y l o w e x p r e s s i o n i n I. scapularis o v a r i e s ( S h a r m a et a l . , 

2 0 1 9 a ) . W e c o u l d find c l e a r o r t h o l o g s o f J . scapularis I LPs t a g g ed 

a c c o r d i n g l y as / r I L P I , 7 r ILP3 , 7r ILP4 i n the I. ricinus m i d g u t a n d s a l i v a r y 

g l a n d t r a n s c r i p t o m e s ( G e n B a n k : G A N P 0 1 0 0 2 3 8 0 , G A N P 0 1 0 1 4 4 4 6 , 

G A N P 0 1 0 1 3 8 2 1 , r e spec t i v e l y ) ( K o t s y f a k i s et a l . , 2 0 1 5 a ) , a n d M L P 5 i n 

the I. ricinus w h o l e b o d y t r a n s c r i p t o m e ( G e n B a n k : G I D G 0 1 0 0 4 4 9 9 ) 

( V e c h t o v a et a l . , 2 0 2 0 ) . T h e ex i s t ence o f s e v e r a l I LPs a n d o n l y one f o r m 

o f I nR suggests tha t the s p e c i f i c i t y o f t h e e n d o c r i n e r e g u l a t i o n c o n t r o l l e d 

b y ISP i n d i f f e ren t t i c k o r g a n s is d e t e r m i n e d b y the e x p r e s s i o n a l d y ­

n a m i c s a n d s p a t i a l d i s t r i b u t i o n o f t i c k ILPs . T h e e l e gan t s t u d y d e m o n ­

s t r a t i ng the spec i f i c r o l e o f Aedes aegypd I L P 3 i n m o s q u i t o m e t a b o l i s m 

a n d egg m a t u r a t i o n ( B r o w n et a l . , 2 0 0 8 ) , a n d o t h e r s tud i e s o n the 

f u n c t i o n o f ILPs i n m o s q u i t o e s ( r e v i e w e d b y ( S h a r m a et a l . , 2 0 1 9 b ) 

e n c o u r a g e d us to f o cus nex t o n a f u n c t i o n a l s t u d y o f i n d i v i d u a l t i c k ILPs 

a n d t o d e c i p h e r t h e i r spec i f i c r o l e s i n p h y s i o l o g i c a l p rocesses c o n t r o l l e d 

b y t i c k ISP. 

A l t o g e t h e r , t h e m o l e c u l a r a n d f u n c t i o n a l c h a r a c t e r i z a t i o n o f i n s u l i n 

r e c ep t o r f r o m J . ricinus a d d s a n i m p o r t a n t p i e c e o f k n o w l e d g e o n ISP i n 

t i cks . O u r t i s sue e x p r e s s i o n d a t a as w e l l as R N A i K D o f Z r lnR a n d the 

d o w n s t r e a m i n t r a c e l l u l a r k i n a s e s J r A K T and J r T O R i m p l y t h a t t i c k ISP is 

i n v o l v e d i n t i c k f e ed ing , d e v e l o p m e n t , a n d r e p r o d u c t i o n . I n v e s t i g a t i n g 

the spec i f i c p h y s i o l o g i c a l r o l e s tha t t i c k ISP p l a y s i n the n u t r i t i o n a l 

s tatus s ens ing , r e g u l a t i o n o f the d i g e s t i v e s y s t e m , v i t e l l o g enes i s , a n d 

e m b r y o g e n e s i s p resen ts e x c i t i n g c h a l l e n g e s fo r f u tu r e s tud i es . 
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