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á otatio :à G o i gà i ide eà ofà i fe tio sà ausedà à theà ti k‐t a s ittedà p otozoa à pa asiteà
Ba esia spp.àdefi esà a esiosisàasàa àe e gi gàdiseaseàf o àtheàaspe tàofàhu a àa dà ete i a à
edi i e.àTheàthesisàp o idesàa ài sightàtoà iolog àofàt oà ai àage tsàofàhu a à a esiosis,àBa esia 
i oti  a dà Ba esia  di e ge s.à Weà i t odu eà he eà theà full à opti izedà ua tifi atio à odelà ofà

Ba esiaà pa asiteà e a li gà theà detailedà i estigatio à ofà theà pa asiteà de elop e talà leà a dà
ide tifi atio àofà ole ulesàpla i gàaà oleà i à itsà a uisitio àa dà t a s issio à à theà e to à Ixodes 
i i us.àNo elàa dàdetailedài fo atio àa outàBa esiaàdisse i atio à ithi àtheàti kàtissuesàa eàgi e à
à e l à i ple e tedà isualizatio à a dà ua tifi atio à te h i ues.à Spe ialà e phasisà isà paidà toà

pa asiteà de elop e tà i à theà ti kà sali a à gla ds,à theà p i a à siteà espo si leà fo à pa asiteà
t a s issio àf o àtheà e to ài toàtheàhost.àUsi gàge e‐spe ifi àsile i gà eàs ee eàtheàti kài u eà
path a sài ludi gàeffe to à ole ulesàa dàe aluateàthei à oleài àBa esia a uisitio .àWeàalsoàp o ideà
aà detailedà ie à toàBa esiaà pa asiteà se ualà o it e tà à o ito i gà itsà ki eti sà upo à a iousà
sti uli.àMo eo e ,àaà e àdi e tio àofàa ti‐ a esialàthe ap àisàp oposedà à alidatio àofàtheàBa esia 
p oteaso eà asà aà d ugà ta get.à O e all,à theà esea hà p ese tedà i à theà thesisà e te dsà theà u e tà
k o ledgeà ofà theà Ba esiaà pa asiteà iolog à i ludi gà ole ula à i te a tio sà atà theà ti k‐Ba esiaà
i te fa eàa dàthe e à ouldàsig ifi a tl à o t i uteàtoàaàpote tialà o t olàofà a esiosis.à
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à
á otatio :à Duà faità deà l'i ide eà oissa teà desà i fe tio sà à Ba esiaà spp.,à P otozoai eà pa asiteà
t a s isà pa à lesà ti ues,à laà a sioseà està o sid eà o eà aladieà e ge teà e à de i eà
hu ai eàetà t i ai e.àCetteàth seàappo teàu àape çuàdeàlaà iologieàdeàdeu àage tsàp i ipau àdeà
laà a sioseàhu ai e,àBa esia  i otiàetàBa esia di e ge s.àU à od leà ua tifi àduàpa asiteàBa esia 
està p opos ,à pe etta tà u eà tudeà d taill eà deà so à leà deà ieà età l'ide tifi atio à deà ol ulesà
joua tà u à ôleà da sà so à a uisitio /t a s issio à pa à leà e teu   Ixodes  i i us.à Desà i fo atio sà
ou ellesàetàd taill esàsu àlaàdiss i atio àdeàBa esiaàda sàlesàtissusàdeàlaàti ueàso tàappo t esàpa à

lesàte h i uesàdeà isualisatio / ua tifi atio àd elopp es.àLeàd eloppe e tàpa asitai eàda sàlesà
gla desàsali ai esàestàpa ti uli e e tà tudi ,à a àp e ie àsiteà espo sa leàdeà laà t a s issio àduà
e teu à à l'hôte.à Pa à i a ti atio à i l eà deà g es,à ousà a o sà e plo à lesà oiesà duà s st eà
i u itai eà deà laà ti ue,à do tà lesà ol ulesà effe t i es,à età alu à leu à ôleà da sà l'a uisitio à deà
Ba esia.à U eà tudeà d taill eà deà l'e gage e tà deàBa esiaà da sà laà phaseà se u eà està alis e,à e à
sui a tàsaà i ti ueàsousàl'effetàdeàdi e sàsti uli.àDeàplus,àu eà oieà ou elleàdeàlutteàa tipa asitai eà
estàp opos eàe à alida tà leàp ot aso eàdeàBa esiaàe àta tà ueà i leà th apeuti ue.àD'u eàfaço à
g ale,à lesà t a au à p se t sà la gisse tà lesà o aissa esà a tuellesà deà laà iologieà duà pa asiteà
Ba esiaà i lua tà lesà i te a tio sà ol ulai esà à l'i te fa eà ti ue‐Ba esiaà età o t i ue tà do à auà
o t ôleàdeàlaà a siose.à
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PART I. Ge e al i t odu tio  

Pa t I. p o ides a  o p ehe si e  e ie  o   u e t k o ledge of the p o le ati s.  

I  this pa t, t o  e ie  pu li atio s a e i luded, o e pu lished [ ] a d o e i  p epa atio : 

Hajdusek O, “i a R, A llo  N,  Jalo e ka M, Pe e   J, de  la Fue te  J,  et al.  I te a tio  of  the  ti k 
i u e  s ste   ith  t a s itted  pathoge s.  F o t  Cell  I fe t  Mi o iol.  ; : .  doi: 

. /f i . . . Pu Med PMID:  ; Pu Med Ce t al PMCID: PMCPMC . 

Jalo e ka M, Hajdusek O, Kopa ek P, Mala d i  L. Life  le of pi oplas s:  o p ehe si e a al sis. 
I  p epa atio . 

1



Pi oplas s, the ti k‐t a s itted api o ple a  pa asites 

The  g oup  Pi oplas ida  efe s  to  i t a ellula   ti k‐t a s itted  pa asites  hi h  e ei ed  its 

a e  afte   the  pea ‐shaped  pi ifo   i t a‐e th o ti   stages  [ ].  Pi oplas s  possess  a  g eat 

e o o i ,  ete i a  a d  edi al i pa t as o e of the  ost  o o   lood pa asites of  a als. 

The disease  aused   pi oplas s is  o side ed as e e gi g due to the g o i g i ide e i  hu a s, 

li esto k,  ildlife, a d pet a i als [ ‐ ].  

The ta o o i   lassifi atio  pla es Pi oplas ida spe ies i  the ph lu  Api o ple a. Based o  

ulti‐ge e  a al ses,  th ee  ge e a  –  Ba esia,  Theile ia  a d  C tau zoo   –  fo   the  o de  

Pi oplas ida,  losel   elated  to  Plas odiu ,  a   age t  of  ala ia  disease  e.g.  [ ‐ ] .  “ha ed 

o phologi al  a d  de elop e tal  hall a ks  of  Pi oplas ida  a e  api al  o ple   o ga elles,  

a  e ogo   ase ual  ultipli atio   ithi  e th o tes of  e te ate hosts a d se ual  ultipli atio  

follo ed   spo ozoites fo atio  i  the i e te ate hosts [ ]. Classi al ta o o  assig ed the 

Ba esia as a siste   lade of Theile ia  a d C tau zoo   ased o   o phologi al a d/o  de elop e tal 

featu es  e.g. [ ,  ] . Widel  used  ite ia  efe ed Ba esia spe ies as o ga is s t a s itted  ia 

ti k la al p oge   t a so a ial t a s issio  a d  ultipli atio   est i ted to host e th o tes [ ]. 

Alte ati el , Theile ia a d C tau zoo  a e li ited to o l  t a sstadial t a s issio  i   e to  ti ks 

a d u de go the s hizogo  i   u leated  lood  ells p io  the i fe tio  of e th o tes [ ,  ,  ]. 

Ne e theless,  su h  lassifi atio   is  li ited  a d  does  ot  efle t  the  e olutio   a d  di e sit   of 

Pi oplas ida spe ies as  e o e appa e t afte   ole ula  data a aila ilit   e. g. [ ,  ,  ,  ‐ ] . 

Based o   S ge e se ue e, the Pi oplas ida ph loge   as tho oughl   ha a te ized  e.g. [ ,  ‐

]   ut  huge  dis epa   o u ed  a o g  th ee  pi oplas s  ge e a,  Ba esia,  Theile ia,  a d 

C tau zoo   [ ].  Ve   e e t  stud   e og izes  fi e  disti t  li eages  of  pi oplas s  ased  o  

o ge ialit  of  ito ho d ial ge o e se ue es  o ate ated  ith  S se ue es [ ].  i  Ba esia 

se su st i to, the li eage  efe i g to o ga is s t a so a iall  t a s itted i  ti ks a d  ep odu i g 

e lusi e i  host e th o tes  e.g. Ba esia  ovis, Ba esia  ige i a, Ba esia dive ge s .  ii  Theile ia 

a d  C tau zoo ,  the  li eage  o p isi g  o ga is s  t a s itted  t a sstadial   i   ti ks  a d 

ultipli ati g  i   l pho tes o   o o tes p io  the e th o tes  i asio   e.g. C tau zoo  felis, 

Theile ia pa va, Theile ia a ulata .  iii  Theile ia e ui,  fo e l   efe ed as Ba esia e ui  [ ]  ut 

e lassified upo  the des iptio  of  ultipli atio  i   u leated  lood  ells; the u i ue  lade has  ee  

efe ed  as  siste   lade  of  oth  Ba esia  se su  st i to  a d  Theile ia  +  C tau zoo   i   othe  

ph loge eti  studies [ ,  ].  i  Weste  Ba esia g oup  ep ese ted   Ba esia  o adae  p e iousl  

isatt i uted to Ba esia gi so i [ ]  i ludes  ultiple o ga is  ide tified i  the Weste  U“ a d 

e e tl   i  Af i a a d Eu ope  e.g. Ba esia du a i, Ba esia le gau, Ba esia  eh kei  [ ,  ,  ‐

].    Ba esia  i oti  g oup,  p e iousl   efe ed  as  A haeopi oplas ida  [ ,  ,  ],  hi h 
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i ludes a  e te si e  o ple  of spe ies  e.g. Ba esia vulpes, Ba esia  hodai i  that di e ged ea l  

f o  the  o o  a esto  of pi oplas s.  

 

Ba esia, a  o ld ide dist i uted pa asite of  e te ate a i als 

The Ba esia pa asite  as dis o e ed   Vi to  Ba es, Ro a ia   a te iologist,  ho  i    

fi stl  o se ed  i oo ga is s i side  o i e e th o tes [ ,  ]. The pa asite  as late  ide tified 

as a  age t of Te as Cattle Fe e   hi h tu ed out to  e fi st des iptio  of a  a th opod‐t a s itted 

pathoge  of  e te ates  e ie ed i  [ ] . Fe   ea s late , the fi st e ide e of hu a  i fe tio    

Ba esia pa asites  as do u e ted [ ]. “i e the ,  a  of Ba esia spe ies ha e  ee  do u e ted 

a d this  u e   o ti ues to i ease, i di ati g pote tiall  u suspe ted high di e sit  of this g oup 

[ ]. 

The  ell of Ba esia pa asite  is  ha a te ized   a u i ue  olle tio  of o ga elles – a  api al 

o ple  –  hi h ga e a  a e to all Api o ple a  pa asites. The  o ple   is fou d  i  all  i asi e 

stages of  the pa asite a d  ediaties  the atta h e t a d pe et atio   i to  the host  ell  [ ]. The 

api al  o ple  is lo ated at the a te io  e d of the pa asite  ell a d  o sists of skeletal a d se eto  

o po e ts. “keletal  o po e t  o sist of a  o oid, pola   i gs a d  i otu ula  p ot usio s, a d 

the  se eto   o po e t  of  t o  to  eight  hopt ies,  se e al  de se  g a ules  a d  u e ous 

i o e es  [ ‐ ].  I  Ba esia  pa asites,  a  fe   odifi atio s  of  the  api al  o ple   o u .  The 

spe ies of the Ba esia se su st i to  li eage la k the de se g a ule a d i stead possess a  u i ue 

o ga elle, the sphe i al  o ple  [ ,  ,  ]. The api al  o ple  of B.  i oti is fa   o e  edu ed; it 

possesses si gle la ge  hopt  a d la k the  o oid, the pola   i gs a d the  i otu ula  pa t [ ]. 

The host  a ge of Ba esia pa asites is e t e el   ide a d  o p ises hu d eds of  a al hosts 

a d also se e al a ia  a i als. The  o ple  of a i al  ese oi s a d ti k  e to s  akes Ba esia o e 

of  the  ost  o o   g oup  of  lood  pa asites  o ld ide  se o d  afte   t pa oso es   [ ]. 

Although the life  le of  a  Ba esia spe ies has  ot  ee  elu idated  et, the ti ks of the fa il  

I odidae  a e  the  o l   k o   e to s  e ie ed  i   [ ] .  To  date,  o e  possi le  e eptio   as 

do u e ted; the a gasid soft ti k O ithodo us e ati us  as suggested to t a s it Ba esia  e i,  

a pa asite of sa d  ats  Psa o s o esus  [ ].  

Ba esia pa asites  ultipl  e lusi el  i  e th o tes of the  e te ate host a d  ause se e e 

disease s pto s  elated to the host  ells dest u tio . The ase ual  ep odu tio  of Ba esia i  the 

host  ells  la ks  the  s h o i it .  Thus,  the  t ophozoites  a d  e ozoites  of  diffe e t  phases  of 

de elop e t  o u   i   the  lood  st ea   at  the  sa e  ti e.  The  disease  is  ot  a o pa ied   

pe iodi all   elapsi g  s pto s  as  it  is  t pi al  fo   ala ia.  Togethe   ith  pa asite  ase ual 

de elop e tal stages, the fi st se ual stages – ga eto tes – o u  i  the  lood st ea . Usi g the 

3



light  i os op , the ga eto tes a e u disti guisha le f o   e ozoites. The se ual  ep odu tio  

of Ba esia pa asite o u s i  the gut lu e  of the ti k  e to  a d sta ts  ith  atu atio  of i gested 

ga eto tes a d p odu tio  of ga etes. Ga etes – ofte   a ed  a   odies o  “t ahle kö pe  [ , 

]  –  of  Ba esia  pa asite  a e  a iso o phi   ut  the  a o‐  a d  i o‐ga etes  a ot  e 

disti guished  [ ‐ ]. The ga etes  fusio  gi es  ise  to  otile z gote pe et ati g  the pe it ophi  

e a e a d i adi g gut epithelial  ells. He e the pa asite u de goes  eiosis  esulti g i  haploid 

otile  ki etes,  sp eadi g  th ough  the  ti k  i te al  o ga s  i ludi g  o a ies  a d  sali a   gla ds. 

Pa asite is the  t a s itted eithe   ia la al p oge  to eggs a d la ae  t a so a ial t a s issio  

o  t a sstadiall  to  olted stage of the ti k  e to . To fi alize the de elop e t, the spo ogo  takes 

pla e  i   the  sali a   gla ds  a d  full   atu ed  spo ozoites  a e  p odu ed,  a le  to  i ade  the 

e th o tes of the host  ia ti k  ite [ ,  ,  ,  ,  ‐ ]. The life  le of Ba esia pa asites is  o e 

tho oughl   des i ed  i   the  a us ipt  i   p epa atio   Life  le  of  pi oplas s:  o p ehe si e 

a al sis . The u i ue adaptatio s i  the de elop e t of B. dive ge s  Fig.   a d B.  i oti  Fig.   

a e des i ed fu the   Pa t III. a d IV.,  espe ti el .  

 

Ba esiosis, a disease of  ete i a  a d  edi al i po ta e  

Gi e     o ld ide dist i utio  of ti k  e to s,  a esiosis  elo gs to the  ost  o o   lood 

diseases of f ee li i g a i als [ ,  ] a d is  o side ed as a  e e ge t zoo osis of hu a s [ ,  ‐

]. F o  the  ete i a  poi t of  ie , the g eat atte tio  is paid to  o i e  a esiosis, the disease 

espo si le  fo   the  e o ous  e o o i   losses  to  the  li esto k  i dust   [ ]  see  fu the . 

Ne e theless,  a esiosis  affe ts  othe   a i als  a d  these  diseases  a e  ofte   egle ted.  E ui e 

a esiosis  is  the disease of ho ses a d do ke s,  aused   Ba esia  a alli  a d T. e ui , a d the 

i easi g de sities of i fe ted ho ses a d ti ks o u   e ie ed i  [ ,  ] . The i ide e of  a i e 

a esiosis  is  also  o   the  ise  a d  e e tl   the dog diseases  e e  epo ted  f o   a   ou t ies 

o ld ide  e ie ed i   [ ] . The disease  is  aused    a  Ba esia spe ies f o  Ba esia se su 

st i to li eage, Weste  Ba esia li eage a d Ba esia  i oti li eage [ ,  ].  

 

Bo i e  a esiosis 

Ba esia  pa asite  elo gs  to  o e  of  the  ost  i po ta t  a th opod‐t a s itted  pathoge   of 

attle a d the  o i e disease is  e og ized fo  its  ajo  i pa t o  fa  a i al health a d  o e ted 

ith fi a ial losses  o ld ide [ ,  ,  ]. Bo i e  a esiosis,  o o l   alled  ed  ate  fe e , is 

asso iated  ith  o talities,  a o tio s,  de eased  eat  as  ell  as  ilk  p odu tio   a d  despite 

pe a e t epide iologi  su eilla e the  ost of the  ‐   illio   attle a ou d the  o ld a e still 

e posed  to  a esiosis  a d  out eaks  o u   [ ,  ].  Disease  s pto s  i lude  od   eak ess, 

4



a e ia, a o e ia, dia hea, high fe e  a d he oglo i u ia  he e  ed  ate  fe e   ut the disease 

a ifestatio   a   a  i  depe de e of the a i al i u e status, the  u e  of  uesti g ti ks 

a d pa asite spe ies a d/o  st ai   i ule e [ ,  ,  ,  ].  

Fou   o i e Ba esia  spe ies a e  e og ized, B.  ovis, B.  ige i a, B. dive ge s  a d Ba esia 

ajo .  The  o ld ide  dist i utio   of  these  spe ies  is  gi e     the  ti k  e to s,  espo si le  fo  

sp eadi g of the disease  et ee  the  attle.  I  t opi al a d su t opi al a eas of Aust alia, Af i a, 

Asia a d the A e i as, the B.  ovis a d B.  ige i a a e fou d a d t a s itted   Rhipi ephalus spp. 

ti ks. O   the  o t a ,  i  Eu ope  the disease  is  aused   B. dive ge s  a d B.  ajo . The  o i e 

a esiosis  aused   B.  dive ge s  is  fa   the  o e  o o   a d  epo ted  a oss  a   ou t ies 

e ie ed i  [ ] .  

 

Hu a   a esiosis 

Hu a s a e  ot  atu al hosts fo  a  spe ies of Ba esia  ut se e as a ide tal hosts  e ie ed 

e.g. i  [ ] . Despite this fa t, the i ide e of hu a   a esiosis is o  the  ise as  li i al  ases a e 

e e tl   epo ted  f o   a   ou t ies  o ld ide  e ie ed  e.g.  i   [ ,  ] .  Cu e tl ,  hu a  

a esiosis  is  o side ed  as  a   e e gi g  ti k‐ o e  disease  [ ].  The  fi st  epo t  of  fatal  hu a  

disease  aused   Ba esia pa asite  as do u e ted i    i  patie t f o  fo e  Yugosla ia; the 

pa asite  as  ide tified as B. dive ge s  [ ]. “i e  the , B. dive ge s  as  o side ed as  the  ai  

Eu opea   ausati e age t of hu a   a esiosis a d to date  o e tha     ases of fatal disease  e e 

epo ted [ ,  ,  ]. O  the  o t a , i  U“A the  ajo it  of the hu a  diseases is att i uted to the 

B.  i oti  hi h is  o side ed as  ajo  t a sfusio  th eat [ ,  ,  ,  ] . O asio al  ases  aused 

 othe  Ba esia spe ies ha e also  ee  des i ed. I  Eu ope the disease  a   e  aused   Ba esia 

ve ato u  as  as  epo ted i  Aust ia, Ital  a d Ge a  [ ,  ], a d i  U“A   B. du a i [ ,  ]. 

Cases  of  hu a   a esiosis  ha e  also  ee   epo ted  i   Af i a,  Asia, Aust alia  a d  “outh A e i a 

e ie ed e.g. i  [ ,  ,  ,  ]. 

The disease is usuall  t a s itted du i g the ti k  ostl  I odes spp. [ ]   ite  ut i   a e  ases 

a esiosis  a   e t a s itted also    lood t a sfusio  [ ,  ,  ,  ,  ]. Ba esiosis is f e ue tl  

istake  fo   ala ia disease due to  i i  of so ati  s pto s i  the a ute phase  ut la ks the 

t pi al pe iodi it . Most of health  i di iduals suffe  f o  flu‐like s pto s a d  e o e   o pletel  

f o   a esiosis o e  fou  o   o e  eeks  e ie ed e.g. i  [ ,  ,  ,  ‐ ] . The se e e a d  h o i  

i fe tio   ge e all   o u s  i   people  ith  i u osupp essi e  edi atio   [ ,  ],  i   alig a  

[ ], afte  sple e to  [ ‐ ] o   ith HIV  oi fe tio  [ ‐ ]. A o g  ul e a le g oups  elo g 

also the elde l  o   e   ou g people [ ,  ,  ] a d p eg a t  o e  [ ]. I te esti gl , B. dive ge s 

appea s to  ause  o e se e e disease tha  B.  i oti [ ,  ,  ] a d the  o e se e e ill ess o u s 

i  patie ts  o‐suffe i g f o  L e disease as  ell [ ,  ]. The disease is  ost ofte   a ifested   
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fatigue,  alaise, loss of appetite,  eight loss, high fe e  o   hills i  the  o t a  a o pa ied  ith 

la o ato  fi di gs of a e ia, diso de s of  lood  ou t a d ele atio  of li e  e z es [ ,  ]. Also 

he atu ia a d he oglo i u ia  a  o u  i   o e se ious  ases [ ]. Hu a   a esiosis the ap  is 

sta da dl   a ied  out    a  o i atio   of  Az th o i e  a d  Ato a uo e  [ ,  ].  Dosage  is 

elated  to  the  se e it   of  the  i fe tio ,  the  patie t’s  o ditio   a d  pa asite ia,  hi h  o all  

a ges  et ee    –  % [ ],  ut  a   ea h up to  % i  pa ti ula l  se e e  ases [ ,  ]. The e is 

o a ti‐ a esiosis  a i e fo  hu a  usage. The o l   a  to p e e t Ba esia i fe tio  is to a oid 

a eas  ith high o u e e of ti ks o  to ea l  eli i ate the ti k.  

 

Ti ks as  e to s of Ba esia pa asite 

“i  of the se e  ge e a of ha d ti ks  e e de o st ated as e pe i e tal o   atu al  e to s of 

a ious Ba esia  spe ies  [ ].  The  spe ies used  i   the  thesis, B. dive ge s  a d B.  i oti,  a e  the 

spe ies p i a il   t a s itted    I odes  spp.  ti ks.  I   Eu ope,  the  t a s issio   of  oth  spe ies  is 

ediated   I odes  i i us, the ti k  espo si le fo  sp ead of  o i e as  ell as hu a  diseases [ ]. 

I  the thesis, I.  i i us  ep ese ts a  odel  e to  i  the pe fo ed e pe i e ts. The efo e, I fu the  

fo us o l  o  that spe ies,  egle ti g othe  ti k  e to s of Ba esia pa asites.  

 

I odes  i i us, the  ai  Eu opea   e to  of Ba esia pa asites 

The  ide dist i utio  a ea a d a  a iet  of  e te ate hosts  ake I.  i i us ti k o e of the  ost 

i po ta t  e to   of  Ba esia  pa asite.  A tuall ,  the  i ide e  of  a esiosis  is  att i uted  to 

dist i utio  a d de sit  of I.  i i us i  the Eu opea   ou t ies [ ,  ,  ,  ,  ,  ]. I.  i i us se es 

as  ai   e to  of B. dive ge s, the  ost i po ta t age t of  o i e  a esiosis [ ] a d  e e tl  has 

ee  ide tified as the p i a   e to  of B. ve ato u   also  epo ted as Ba esia sp. EU  [ ‐ ]. 

The I.  i i us has  ee  ide tified also as a  o pete t  e to  of Ba esia  ap eoli [ ] a d B.  i oti 

[ ]. Cu e tl , the B.  i oti  i fe ted  I.  i i us ti ks a e  epo ted f o   a  Eu opea   ou t ies 

[ ‐ ].  

The ha d ti k I.  i i us is a th ee‐host ti k  ith a life  le  Fig.   du atio  of  ‐   ea s; u de  

fa ou a le  o ditio s i  the  atu al e i o e t the life  le  a   e  o pleted i  o e  ea . The 

p olo gatio  of ti k life  le is a  esult of thei  adaptatio  lo g‐te  sta atio   hi h ti k  a  su i e 

fo  se e al  ea s i  ad e se  o ditio s. I.  i i us i ha its  elati el  hu id a eas su h as  oodla ds, 

fo ests o  heaths,  he e it  a   e fou d f o  ea l  sp i g u til late fall. The highest a u da e  a  

e  o ito ed i  the sp i g a d autu   ith a de li e du i g the su e . Besides Eu ope, I.  i i us 

o u s i  su ou di g a eas of the Middle East a d No th Af i a [ ]. 
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Figu e  . Life  le of  I.  i i us,  the  ost  o o  ti k  i  Eu ope. “i   legged  la a  is hat hed f o  eggs a d 
su se ue tl  feed usuall  o  the s all  e te ates,  ai l  o   ode ts. Afte   epletio  a d follo ed  olti g 
the eight legged  phs appea  a d feed o   iddle sized a i als like  ode ts o   i ds. Afte  e go ge e t 
the  phs tu  i to adults,  ales a d fe ales. Fe ales the  usuall  su k o  the  igge   e te ates, su h as 
dee , sheep o   attle. Full  e go ged adult fe ale’s o ipositio   esults i to se e al thousa ds of sphe i al eggs. 
Figu e  as adapted f o  the illust atio  desig ed   M. Hajdusko a  . iog aphi . z .  

Mutual i te a tio  of Ba esia pa asite a d ti k  e to  

Since  ti k  se es  as  a  host  a d  e to   of  Ba esia  spe ies,  the  pa asite  u de goes  

o pli ated  de elop e tal  p o edu es  i   the  ti k  i te al  o ga s.  The efo e,  the  i te a tio  

et ee  the Ba esia pa asite a d ti k  e to  o u  a d  ediate thei   utual  elatio ship.  I  effo t 

to  ap  these  i te a tio s,  e  pu lished  a  e ie   I te a tio   of  the  ti k  i u e  s ste   

ith  t a s itted  pathoge s   [ ]  su a izi g  the  k o ledge  a out  the  p o le ati s.  “i e  the 

e ie   as pu lished, o l  fe  studies fo used o  the ti k i u e  ole ules  ediati g i te a tio  

ith  Ba esia  pa asite.  “e e al  a didate  ole ules  he e  ha e  ee   ide tified  i   

sili o    g u t    t a s ipto e a al sis of Rhipi ephalus  i oplus upo  the B.  ovis  i fe tio  

[ ]  ut  esults ha e  ot  ee   e ified    fu tio al  a al ses  et.  Me i o  a d  his  olleagues  

atte pted  to  o fi   a p e iousl  ide tified p o isi g a ti‐ a esial ti k p otei s TRO“PA [ ] a d 

su olesi  [ ], a d sho ed that e pe i e tal  a i atio  of  attle  ith  oth p otei s  e e a le to 

edu e  B.  ige i a  DNA  le els  i   ti ks  fed  o   a i ated  attle  [ ].  O   the  othe   ha d,  the 

pote tial  a ti‐ a esial  fu tio   of  a didate  p otei   al eti uli   [ ]  as  e luded  [ ]. 

No etheless,  o  o e studies a out the p o le ati s ha e  ee   o du ted to date.  
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Pu li atio   I te a tio  of the ti k i u e s ste   ith t a s itted pathoge s  

The  e ie   pages  ‐   su a izes  the  u e t  k o ledge  of  ti k  ole ules  pote tiall  

i ol ed  i   i te a tio   ith  the  th ee  i te si el   studied  ti k‐t a s itted  pathoge s  – Bo elia, 

A aplas a a d Ba esia – i   o te t of thei  de elop e t i  the tissues of  e to  ti ks. I  as i ol ed 

i  the  e ie  of ti k  ole ules i te a ti g  ith Ba esia pa asite.  

8



REVIEW ARTICLE
published: 16 July 2013

doi: 10.3389/fcimb.2013.00026

Interaction of the tick immune system with transmitted
pathogens
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Ticks are hematophagous arachnids transmitting a wide variety of pathogens including

viruses, bacteria, and protozoans to their vertebrate hosts. The tick vector competence

has to be intimately linked to the ability of transmitted pathogens to evade tick defense

mechanisms encountered on their route through the tick body comprising midgut,

hemolymph, salivary glands or ovaries. Tick innate immunity is, like in other invertebrates,

based on an orchestrated action of humoral and cellular immune responses. The

direct antimicrobial defense in ticks is accomplished by a variety of small molecules
such as defensins, lysozymes or by tick-specific antimicrobial compounds such as

microplusin/hebraein or 5.3-kDa family proteins. Phagocytosis of the invading microbes by

tick hemocytes is likely mediated by the primordial complement-like system composed
of thioester-containing proteins, fibrinogen-related lectins and convertase-like factors.

Moreover, an important role in survival of the ingested microbes seems to be played by
host proteins and redox balance maintenance in the tick midgut. Here, we summarize

recent knowledge about the major components of tick immune system and focus on

their interaction with the relevant tick-transmitted pathogens, represented by spirochetes
(Borrelia), rickettsiae (Anaplasma), and protozoans (Babesia). Availability of the tick

genomic database and feasibility of functional genomics based on RNA interference

greatly contribute to the understanding of molecular and cellular interplay at the
tick-pathogen interface and may provide new targets for blocking the transmission of tick

pathogens.

Keywords: tick, tick-borne diseases, innate immunity, phagocytosis, antimicrobial peptides, Borrelia, Anaplasma,
Babesia

TICK-PATHOGEN INTERFACE: GENERAL CONSIDERATIONS

Ticks are the most versatile arthropod diseases vectors capa-
ble to transmit the broadest spectrum of pathogens comprising
viruses, bacteria, protozoa, fungi and nematodes to their ver-
tebrate hosts (Jongejan and Uilenberg, 2004). The tick-borne
diseases, such as Lyme disease, tick-borne encephalitis, rickettsio-
sis (spotted fever), ehrlichiosis or human granulocytic anaplas-
mosis, are of great concern in human health and their serious
threat discourage people from outdoor work or leisure activi-
ties. No less important are tick-transmitted zoonoses, such as
anaplasmosis, babesiosis, theileriosis and African swine fever that
cause substantial economic losses to the livestock production
worldwide.

The success rate of pathogens transmitted by ticks is mainly
given by the favorable aspects of tick physiology arising from
their adaptation to the relatively long-lasting blood feeding. The
modulation of host immune and inflammatory responses by var-
ious bioactive molecules present in the tick saliva (Francischetti
et al., 2009) facilitates pathogen acquisition and transmission.

Furthermore, the long-term persistence of ingested microbes in
the midgut lumen is facilitated by the absence of extracellular
digestive enzymatic apparatus, which is in ticks located inside
the digestive vesicles of midgut cells (Sonenshine, 1991; Sojka
et al., 2013). Nevertheless, ticks possess defense mechanisms that
allow them to maintain the pathogens and commensal microbes
at the level, which does not impair their fitness and further devel-
opment. The long lasting co-evolution of ticks with pathogens
resulted in the mutual tolerance, apparently adapted to the tick
physiological differences (Mans, 2011). Therefore, the detailed
knowledge of tick physiology and behavior is crucial to under-
stand the fate of pathogens within the tick vector. For instance,
the length of feeding, that strikingly differs between the hard
and soft ticks (days vs. minutes, respectively), definitely shape
the course of pathogen transmission. Pathogens transmitted by
the hard ticks (Ixodidae) usually undergo several days of devel-
opment until they infect the host. On the contrary, pathogens
transmitted by the soft ticks (Argasidae) are ready for transmis-
sion immediately after the feeding starts. A good example here
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is difference in the time of transmission between the Borrelia
spirochetes causing Lyme disease (transmission several days after
attachment) and relapsing fever (transmission several minutes
after attachment) vectored by the hard and soft ticks, respec-
tively (Sonenshine, 1991). Another important aspect that should
be taken into consideration is the tick feeding strategy, the differ-
ences between one- and multi-host ticks in terms of transovarial
and transstadial transmission.

The transmitting pathogen acquired from the infected host
has to overcome several tissue barriers within the tick body
comprising midgut, hemocoel and salivary glands or ovary (in
case of transovarial transmission). Each of these compartments
may play a decisive role in the tick vector competence for a
certain microbe. The tick midgut is probably the most impor-
tant tissue for survival and proliferation of the pathogens since
many of them have to persist here until the molting and subse-
quent feeding. On their route from the midgut to the peripheral
tissues, the pathogens are facing cellular and humoral defense
mechanisms functioning within the tick hemolymph. Therefore,
the abilities to cope with or avoid the tick immune responses
are crucial for the pathogen transmission. During the last two
decades, our knowledge about the invertebrate immunity has
rapidly expanded, mainly given by the research on the model
organisms such as fruit fly Drosophila melanogaster (Ferrandon
et al., 2007), horseshoe crab, crayfish or ascidians (Iwanaga and
Lee, 2005; Söderhäll, 2010). A substantial progress has been also
made in the field of blood feeders, such as mosquitoes (Osta
et al., 2004; Hillyer, 2010) and tsetse flies (Lehane et al., 2004).
The information on the tick innate immunity is rather frag-
mentary and allows only approximate comparison with other
invertebrates (Sonenshine and Hynes, 2008; Kopacek et al., 2010).
Nevertheless, even these scattered data indicate that ticks possess
defense mechanisms protecting them against microbial infec-
tion (Figure 1). At the cellular level, they comprise phagocy-
tosis, encapsulation and nodulation of foreign elements. The
humoral defense is based on a variety of pattern-recognition pro-
teins and effector molecules such as lectins, complement-related
molecules and a broad spectrum of common as well as specific
antimicrobial peptides (AMPs) (Kopacek et al., 2010). In addi-
tion, possibly important but rather unexplored role in the tick
defense system is played by the immune molecules of the host
origin.

In this review, we will follow the transmission routes of
pathogens and subsequently enumerate the potential obstacles
they have to evade in the tick body. The general features of tick
immunity will be further discussed in relation to our current
knowledge of tick interaction with the three most intensively
studied agents of tick-borne diseases, represented here by Borrelia
spirochete, intracellular rickettsia Anaplasma, and malaria-like
protozoa Babesia.

TICK IMMUNE SYSTEM

TICK MIDGUT—THE PRIMARY SITE OF TICK-PATHOGEN

INTERACTIONS

Although the midgut of arthropod disease vectors is most likely
the principle organ that determines their vector competence,
the general knowledge of the mutual interplay between ingested

FIGURE 1 | An overview of the tick immune mechanisms and

molecules constituting potential barriers for the pathogen

transmission. The pathogen transmission is tightly linked with physiology

of blood feeding and tick innate immunity. Ingested blood meal is

accumulated in the midgut content (red arrow; only one caecum shown).

Hemoglobin and other proteins are taken up by the tick midgut cells and

digested intracellularly in the lysosome-like digestive vesicles (Sojka et al.,

2013). Liberated amino acids and other compounds are transported to the

peripheral tissues and ovaries, supplying mainly egg development (yellow

arrow). Importantly, the blood meal is concentrated by reabsorption of

excessive water, which is spitted back into the wound by the action of

salivary glands (blue arrow). Tick saliva contains a great variety of

anti-coagulant, immunomodulatory and anti-inflammatory molecules that

facilitate pathogen acquisition and transmission. The ingested pathogens

have to survive the period between detachment and subsequent feeding

of the next tick developmental stage and overcome several obstacles on

its route through the tick body. In the midgut, tick may utilize some of

the host immune molecules (e.g., complement system) for its own

defense against intestinal inhabitants. Hemoglobin fragments, derived

from the host hemoglobin, are secreted into the midgut lumen and exert

strong antimicrobial activity. Tick midgut tissue also expresses a variety

of endogenous AMPs, which sustain the midgut microbes at a tolerable

level. An important, but still poorly understood, role is most likely played

by the maintenance of the redox homeostasis in the tick midgut.

Pathogens intruding into the tick hemocoel can be phagocytosed by tick

hemocytes or destroyed by effector molecules of the humoral defense

system, comprising AMPs, components of the primordial complement

system (thioester-containing proteins (TEPs), convertase-like factors and

fibrinogen-related lectins (FREPs). Ticks probably possess a mechanism

of hemolymph clotting, but genes/proteins putatively involved in the

activation of prophenoloxidase cascade leading to melanization have not

yet been identified in any tick species. Tick salivary glands express also a

variety of AMPs, which may impair pathogen acquisition and persistence

in the tick, as demonstrated for the 5.3-kDa antimicrobial peptides and

their role in the defense against Anaplasma infection (Liu et al., 2012).

Abbreviations: GUT, midgut; OVA, Ovary; SG, salivary glands.

pathogen, commensal microflora and tick itself is still inad-
equate. Unlike in mosquitoes and other insect blood feeders,
the microbes ingested by ticks are not in direct contact with
digestive proteases secreted into the lumen and the highly nutri-
tious broth of concentrated blood proteins, neutral pH and
long-term storage present an ideal environment for microbial
proliferation. Therefore, ticks have to possess efficient defense
mechanisms which maintain the intestinal microflora at tolerable
level.
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Two recent high-throughput mapping projects of the
microflora (microbiome) by the next generation sequencing
were carried out in two tick species, R. microplus (Andreotti
et al., 2011) and Ixodes ricinus (Carpi et al., 2011). These studies
revealed an extreme diversity of the bacterial community (more
than hundred different organisms identified in one tick species),
which apparently reflects tick geographical and environmental
origin as well as developmental stage. However, encounter with
a microbe, which a tick hardly meets in nature, could have a
fatal consequence because of the lack of effective defense. A
good example is the artificial infection of soft tick, Ornithodoros
moubata, with the Gram (−) bacterium, Chryseobacterium
indologenes (Buresova et al., 2006), which resulted in rapid tick
death. Although this soft tick secretes into the midgut lumen at
least two kinds of antimicrobial compounds protecting against
Gram (+) bacteria, lysozyme (Kopacek et al., 1999; Grunclova
et al., 2003) and defensins (Nakajima et al., 2001, 2002), these
molecules apparently fail to protect the ticks against some Gram
(−) bacteria. Defensins have been also frequently reported to
be expressed in the midgut tissues of hard ticks (Hynes et al.,
2005; Rudenko et al., 2005; Zhou et al., 2007), but their secretion
and antimicrobial activity in the midgut lumen has not yet
been unambiguously demonstrated. A defensin-related molecule
named longicin, expressed in the midgut of Haemaphysalis
longicornis, was reported to be active against a variety of microbes
including Gram (+) and Gram (−) bacteria, fungi and various
Babesia species (Tsuji et al., 2007) (see also below).

A specific role of the midgut defense against Gram (+) and
some fungi is played by the antimicrobial activity of large peptides
derived from the host hemoglobin (hemocidins). The antibacte-
rial hemoglobin fragments were initially isolated from the midgut
contents of the cattle tick R. microplus (Fogaca et al., 1999) and
later also identified in the midgut of other soft and hard tick
species (Nakajima et al., 2003; Sonenshine et al., 2005). The gen-
eration of antimicrobial hemoglobin fragments most likely occurs
in the digestive cells during the initial phase of hemoglobin diges-
tion by the synergic action of cathepsin D-type and cathepsin
L-type aspartic and cysteine peptidases, respectively (Horn et al.,
2009; Cruz et al., 2010).

Hemoglobin digestion and the concomitant process of heme
detoxification via hemosome formation (Lara et al., 2003) is nec-
essarily associated with the maintenance of the redox homeostasis
in the tick midgut. Although this process is virtually unknown
in ticks, the paradigm to follow is the recent seminal finding on
the importance of redox balance in the mosquito midgut epithe-
lial immunity. In the malaria vector Anopheles gambiae, a tandem
of heme peroxidase and dual oxidase (Duox) catalyzes forma-
tion of dityrosine network between the midgut epithelium and
lumen. This network prevents delivery of the epithelial immu-
nity elicitors and ultimately results in up-regulation of intestinal
microflora and Plasmodium infection in the lumen (Kumar et al.,
2010). Heme peroxidase and NADPH oxidase 5 (Nox5) were fur-
ther shown to mediate the epithelial nitration of Plasmodium
ookinetes and hereby their opsonization for subsequent lysis by
the complement-like action of thioester-containing protein TEP1
(Oliveira Gde et al., 2012). The redox situation may also indi-
rectly affect the pathogen transmission by changing its balance

with other microflora present in the midgut. An example, how
the midgut microflora determines the competence of A. gam-
biae and malaria parasites was reported recently, showing that
ROS produced by the mosquito midgut dweller Enterobacter sp.
interfere with Plasmodium development (Cirimotich et al., 2011).
The interrelationship between the redox balance and intesti-
nal microflora could be quite complex, as demonstrated using
sugar vs. blood fed mosquitoes Aedes aegypti (Oliveira et al.,
2011). The presence of heme in the mosquito diet caused a
significant decrease of ROS levels, resulting in consequent expan-
sion of midgut bacteria. This phenomenon was interpreted as
a result of the mosquito adaptation against the high oxida-
tive stress potentially caused by reaction of pro-oxidative heme
with high levels of continuously produced ROS (Oliveira et al.,
2011).

By contrast, very little is known about the maintenance of
redox homeostasis in the tick midgut except for one report show-
ing the role of catalase in the regulation of the oxidative stress in
the cattle tick R. microplus (Citelli et al., 2007) and the seminal
work on the heme-detoxification pathway described in the same
species (Lara et al., 2003, 2005). Nevertheless, the genomic and
transcriptomics data from other tick species suggest that ticks do
maintain the redox homeostasis in their midguts as they possess
ROS-generating enzymes, such as NOX5 or DUOX, and arse-
nal of antioxidant enzymes and radical scavengers comprising
catalases, glutathione- and thioredoxin peroxidases, glutathione
S-transferases, and selenoproteins (Anderson et al., 2008; Megy
et al., 2012). Thus, the framework of redox balance and its
direct or indirect impact on the persistence of pathogens in the
tick midgut offers almost unlimited inspiration for the further
research.

IMMUNE REACTIONS WITHIN THE TICK HEMOLYMPH

The major portion of our knowledge on the tick innate immunity
is associated with cellular and humoral immune responses within
the tick hemocoel. The volume of tick hemolymph increases
linearly during the tick feeding from about 2–3 µl in unfed to
almost 150 µl in fully engorged females, as demonstrated for
Dermacentor andersoni (Kaufman and Phillips, 1973). At least
three types of hemocytes, namely plasmatocytes, granulocytes I
and granulocytes II, have been recognized in the hard and soft
ticks, out of which the former two are phagocytic (Sonenshine,
1991; Borovickova and Hypsa, 2005). Several studies demon-
strated the capability of hemocytes from different tick species to
engulf foreign material and different microbes (Inoue et al., 2001;
Loosova et al., 2001; Buresova et al., 2006). In addition, it was
demonstrated that phagocytosis of microbes by the tick hemo-
cytes is associated with humoral defense mechanisms, such as
the production of ROS (Pereira et al., 2001) or complement-like
molecules (Buresova et al., 2009, 2011). The process of hemo-
cytic encapsulation of artificial implants, possibly linked with
hemolymph coagulation and cellular response against Escherichia
coli resembling nodulation, was reported to occur in the hemo-
coel of Dermacentor variabilis (Eggenberger et al., 1990; Ceraul
et al., 2002).

Of special interest is the phagocytosis of tick-transmitted
pathogens, such as Borrelia spirochetes, which seem to be
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engulfed at least in part by the process of “coiling” phago-
cytosis (Rittig et al., 1996). A comparison of the phagocytic
and borreliacidal activity against B. burgdorferi injected into the
hemocoel of natural vector, I. scapularis and a refractory tick
D. variabilis, revealed much stronger immune response against
the spirochetes in the latter immunocompetent tick species
(Johns et al., 2000, 2001a). On the other hand, it was recently
shown that infection of I. scapularis hemocytes by A. phagocy-
tophilum is mediated by the protein named P11 and is required
for successful migration of the pathogen from the midgut to
salivary glands (Liu et al., 2011), meaning that phagocytosis
or engulfment of the pathogen by tick hemocytes does not
necessarily cause its elimination. This rise an interesting ques-
tion whether at least some of the tick-transmitted pathogens
may take an advantage of being engulfed by tick hemocytes
to hide from the attack of humoral immune responses in the
hemocoel.

Effector molecules of several types have been described in
the tick hemolymph, out of which reports on tick defensins are
the most frequent since they have been identified in a number
of hard and soft tick species (Chrudimska et al., 2010; Kopacek
et al., 2010). Moreover, the recent analysis of I. scapularis genome
revealed an extensive expansion of genes encoding for defensins
and defensin-like peptides divided into two multi-gene families
referred to as scapularisins and scasins, respectively (Wang and
Zhu, 2011). Typical mature defensins are ∼4 kDa cationic pep-
tides with a conserved pattern of six paired cysteins, derived by
C-terminal cleavage after the furin (RVVR) motif from ∼8 kDa
pre-prodefensin. Tick defensins are usually active against Gram
(+) bacteria and their interactions with transmitted pathogens
[except for the above mentioned longicin (Tsuji et al., 2007)]
have not been yet unequivocally demonstrated. Varisin, a defensin
isolated from the hemolymph of D. variabilis, exerted a borreliaci-
dal effect in combination with lysozyme (but not alone), which
may in part explain the incompetence of this species to sustain B.
burgdorferi spirochetes (Johns et al., 2001b). Interestingly, deple-
tion of varisin from the D. variabilis hemolymph using RNA
interference resulted in the significant reduction of Anaplasma
marginale infection, indicating that the impact of defense mech-
anisms on a certain pathogen might be quite complex and not
always predictable (Kocan et al., 2008b, 2009).

In addition to defensins, ticks possess a specific class of
histidine- and cysteine-rich antimicrobial peptides of size about
10 kDa, namely hebraein identified in Amblyoma hebraeum (Lai
et al., 2004) and microplusin isolated from the hemolymph of
R. microplus (Fogaca et al., 2004). Unlike defensins, which kill
bacteria in a detergent-like manner by disruption of bacterial
membranes, the bacteriostatic effect of microplusin is based on
its capacity to sequester copper required mainly for bacterial res-
piration (Silva et al., 2009). Another cysteine-rich antimicrobial
peptide, unrelated to microplusin and referred to as ixodidin, was
isolated from R. microplus hemocytes and its antibacterial activity
was proposed to be linked to the inhibitory activity against serine
proteases by yet unknown mechanism (Fogaca et al., 2006).

The process of self/nonself recognition within the tick
hemolymph is believed to involve the interaction of tick lectins
and carbohydrates associated with the invading microbes (PAMPs

or pathogen-associated molecular patterns). The activity of
lectins/hemagglutinins with preferential binding specificity for
N-acetyl-D-hexosamines, sialic acids and glycoconjugates have
been identified in the hemolymph of several hard and soft tick
species (Grubhoffer et al., 2008; Sterba et al., 2011) and is mainly
attributed to the presence of fibrinogen-related proteins (FREPs)
related to Dorin M, isolated and characterized from the soft tick
O. moubata (Kovar et al., 2000; Rego et al., 2006). In contrast to
mammalian ficolins, Dorin M lacks the N-terminal collagen-like
domain and is closely related to the lectins of tachylectin-5 type
known to function as pattern recognition molecules in the horse-
shoe crab immune system (Gokudan et al., 1999; Kawabata and
Tsuda, 2002; Ng et al., 2007). The genomes of I. scapularis and
I. ricinus contain genes encoding for a variety of FREPs named
Ixoderins that can be phylogenetically divided into three major
groups (Rego et al., 2005; Kopacek et al., 2010). Although the
role of FREP family members in the invertebrate immunity may
be multifunctional, as recently suggested for gastropod mollusk
(Hanington and Zhang, 2011), we hypothesize that at least some
tick FREPs play a role in activation of tick complement system,
components of which have been identified in ticks (Kopacek et al.,
2012).

Ticks are unique among other invertebrates in that they pos-
sess representatives of all major classes of thioester-containing
proteins (TEP) known in vertebrates and arthropods: (1)
molecules related to α2-macroglobulins, (2) C3-components of
complement system and (3) insect TEPs and (4) macroglobulin
complement-related proteins (MCR) (Buresova et al., 2006). The
pan protease inhibitors of α2-macroglobulin type were reported
to be present in the hemolymph of soft and hard ticks (Kopacek
et al., 2000; Saravanan et al., 2003; Buresova et al., 2009), where
they presumably protect the ticks against undesired proteolytic
attack of endogenous as well as exogenous proteases including
those of invading microbes. The inhibition of metalloproteases
secreted by the Gram (−) bacterium C. indologenes was shown to
be functionally linked with phagocytosis of this bacteria by the
tick hemocytes (Buresova et al., 2009). Further functional study
of the tick TEPs suggested that phagocytosis of different bacteria
by the tick hemocytes depends on non-redundant involvement
of various tick TEPs with a central role of C3-like molecules
(Buresova et al., 2011). Although nothing is known about inter-
action of the tick TEPs with tick-transmitted pathogens, the
paradigm of A. gambiae TEP1 as a complement-like molecule,
which determines the mosquito competence to Plasmodium para-
sites (Blandin et al., 2004, 2008), should stimulate further research
in this area. In addition to the TEP family, genome of I. scapularis
contains genes encoding for putative C3 convertases (Kopacek
et al., 2012) having the multi-domain architecture similar to that
of factor C2/Bf and LPS-sensitive Factor C activating the ancient
complement-like system in the horseshoe crab (Zhu et al., 2005;
Ariki et al., 2008). These preliminary results suggest that ticks pos-
sess features of a primitive complement system, which evolved
on Earth at least one billion years ago (Nonaka and Kimura,
2006).

The existence of tick molecule related to the horseshoe crab
Factor C, which primarily serves to trigger the limulus clot-
ting cascade upon recognition of bacterial endotoxins (Kawabata,
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2010), may suggest that ticks possess also a system for hemolymph
coagulation. This suggestion was in part corroborated by the
high throughput screening of immune-responsive genes in D.
variabilis challenged with different bacteria. The most inducible
immune gene found among others was transglutaminase, which
acts as a crosslinking enzyme in the terminal phase of clot-
ting mesh formation (Jaworski et al., 2010). However, with a
possible exception of the previous observation, where a fibrous
matrix was formed around the Epon-Araldite particles implanted
under D. variabilis cuticle (Eggenberger et al., 1990), a convincing
evidence of hemolymph clotting in ticks is still missing.

In contrast to other arthropods, ticks most likely lack the
prophenoloxidase (PPO) activation system leading to melaniza-
tion, because no PPO-related gene has been yet identified neither
in the genome of I. scapularis (Megy et al., 2012) nor within the
extensive EST datasets from other tick species (Kopacek et al.,
2010).

IMMUNE REACTIONS WITHIN THE SALIVARY GLANDS

The tick salivary glands and components of tick saliva have been
investigated foremost for their indispensable role in the modu-
lation of host hemostasis, inflammation and immune response
at the tick-host interface (Francischetti et al., 2009). The increas-
ing number of salivary glands transcriptomes (sialomes) from the
hard and soft ticks revealed the expression of a various AMPs,
such as defensins, microplusin/hebraein and lysozymes, in this
tissue (Mans et al., 2008; Karim et al., 2011). A defensin-like pep-
tide named longicornisin was purified from the salivary glands
of H. longicornis (Lu et al., 2010) and two different antimicrobial
peptides unrelated to any known AMPs designated as Ixosin and
Ixosin B were isolated from the salivary glands of Ixodes sinensis
(Yu et al., 2006; Liu et al., 2008). However, it still has not been
demonstrated whether these salivary glands AMPs are secreted
into the tick saliva or hemolymph and if they directly interact
with pathogens. The only exception is the 5.3-kDa antimicrobial
protein, referred to as ISAMP and isolated from the saliva of I.
scapularis, which exerts activity against Gram (−) and Gram (+)
bacteria (Pichu et al., 2009). The transcripts encoding the fam-
ily of secreted 5.3-kDa proteins were previously described to
be significantly enriched in the transcriptome of I. scapularis
nymphs infected with B. burgdorferi (Ribeiro et al., 2006). More
recently, it was demonstrated that the 5.3-kDa family members
were markedly upregulated in the salivary glands and hemo-
cytes during A. phagocytophilum infection and were involved in
the I. scapularis defense against this pathogen. Intriguingly, they
were also shown to be effector molecules regulated by the JAK-
STAT pathway (Liu et al., 2012) and although the I. scapularis
genome contains also components of the putative Toll and Imd
immune signaling pathways (Megy et al., 2012; Severo et al.,
2013), the 5.3-kDa family regulation by JAK/STAT is the only so
far described case of tick antimicrobial response controlled by a
signaling pathway.

RNA INTERFERENCE—AN ANTIVIRAL DEFENSE IN TICKS

The RNA interference (RNAi) is an ancient mechanism evolved
for the inhibition of foreign genetic elements and precise reg-
ulation of the endogenous genes during organism development

(Myers and Ferrell, 2005). The RNAi seems to work very well in
the tick tissues (De La Fuente et al., 2007b) and the genome of
I. scapularis contains all components important for the endoge-
nous and exogenous RNAi machinery including dicers, arg-
onauts, dsRNA binding proteins, exonucleases and surprisingly
also RNA-dependent RNA polymerases (Kurscheid et al., 2009).
The discovery that plant viruses encoded suppressors of the gene
silencing machinery provided a strong support for RNAi func-
tion as a natural defense mechanism against viruses (Lindbo et al.,
1993; Ratcliff et al., 1999). It was shown that viral proteins identi-
fied as suppressors in plants and insect cells were able to abrogate
RNA silencing also in the tick cells (Garcia et al., 2006). In the
context of tick immunity, we can speculate that RNAi could inter-
fere directly with the viral infection or regulate production of
antimicrobial peptides through the expression of microRNAs.

TICK INTERACTIONS WITH TRANSMITTED PATHOGENS

BORRELIA

Lyme disease is an emerging human tick-borne disease of tem-
perate climates with a concurrent distribution spanning North
America and Eurasia. It is caused by Borrelia spirochetes related
to Treponema and Leptospira, mainly by Borrelia burgdorferi sensu
stricto in the US. and B. burgdorferi sensu stricto, B. garinii,
and B. afzelii in Europe (Radolf and Samuels, 2010). Borreliosis
in humans affects multiple body systems, producing a range of
potential symptoms (Burgdorfer et al., 1989). The classical sign
of early infection is circular, expanding, skin rash at the tick bite
site called erythema migrans. Treatment with antibiotics is effec-
tive at this stage of infection. When left untreated, the spirochetes
disseminate throughout the body and are associated with arthritis
(B. burgdorferi sensu stricto), neurological symptoms (B. garinii)
or dermatitis (B. afzelii) (Stanek et al., 2012). Although Lyme dis-
ease is intensively studied, an effective vaccine is still not available
and annual incidence in many countries continues leading over
other human vector-borne diseases (Bacon et al., 2008).

Borrelia spirochetes survive in an enzootic cycle involving
three-host Ixodes ticks and small animals like rodents, birds
and lizards (Steere et al., 2004). The spirochetes are usually
not detected in larger mammals, which are essential in the tick
life cycle as a source of sufficient amount of blood for feeding
females (adult female of Ixodes ticks can take in total about one
milliliter of blood Balashov, 1972), but complement system of the
vertebrate innate immunity lyses most of the bacteria (De Taeye
et al., 2013). Humans are not able to efficiently kill the pathogens
and often get infected. However, they are mostly dead-end hosts
for both the ticks and the pathogens. Transovarial transmission
of Borrelia in ticks is not likely (Rollend et al., 2013) and peo-
ple can contract Lyme disease only by feeding of infected nymphs
or adults, where nymphs play a key role in the epidemiology of
disease because of their small size and relatively short feeding
time.

The interplay between tick proteins, Borrelia spirochetes and
hosts has been mapped by transcriptomics and proteomics stud-
ies (Narasimhan et al., 2007a), antibody-screening assays (Das
et al., 2001) and yeast-surface displays (Schuijt et al., 2011b).
Several tick genes have been identified as crucial for acquisi-
tion of the infection in ticks, Borrelia persistence in the midgut
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and transmission into the next host during subsequent feeding
(Figure 2 and Table 1). Borrelia colonization of the tick midgut
lumen and their persistence until the next feeding is crucial
process for the successful transmission of the parasite. Borrelia
outer surface protein A (OspA) (De Silva et al., 1996), which is
expressed predominantly inside the tick vector, is essential for
pathogen adherence to the midgut cells during the acquisition
phase and plays a significant role in the pathogen persistence.
During the subsequent feeding, OspA expression is suppressed,
but upregulated expression of OspC facilitates invasion of the
tick salivary glands and transmission to the new host (Schwan
et al., 1995). Tick protein called TROSPA (tick receptor for OspA)

FIGURE 2 | Tick molecules involved in Borrelia transmission. Schematic

diagram representing general stages of B. burgdorferi sensu lato infection

and transmission in the Ixodes nymph, the most important developmental

stage for human infection. Tick molecules, for which interference with

Borrelia acquisition, persistence and/or transmission have been proved by

genetic tests, are shown in rectangles (see text and the Table 1 for their

function and references). Borrelia spirochetes, that persisted in the tick

midgut after the previous feeding (transstadial transmission), multiply

rapidly within the newly engorged blood. They remain immobile and

attached to the midgut cells. Around 53–72 h after the placement

spirochetes become motile and swiftly cross the midgut barrier (between

the cells), enter the hemolymph, salivary glands and via the saliva they

infect new host (Ohnishi et al., 2001; Dunham-Ems et al., 2009).

Transovarial transmission of Borrelia does not occur and newly hatched

larvae are not infectious.

has been found to be implicated in the binding of OspA (Pal
et al., 2004). TROSPA is specifically expressed in the midgut and
its mRNA levels increase following the spirochete infection and
decrease in response to engorgement. Importantly, interference
with TROSPA expression by RNAi or its saturation by TROSPA
antisera reduces Borrelia adherence to the midgut surface, pre-
venting pathogen colonization of the vector and reducing its
transmission (Pal et al., 2004).

An antibody-screening assay performed on rabbit sera with
acquired resistance to the tick bites after I. scapularis infesta-
tion identified salivary gland protein called Salp25D (Das et al.,
2001). Salp25D encodes for a glutathione peroxidase, is upreg-
ulated upon feeding, and silencing of this gene by RNAi or
immunization of mice with the recombinant protein impairs
spirochete acquisition by ticks (Narasimhan et al., 2007b). Thus,
Salp25D is most likely important for quenching the reactive oxy-
gen species released from the activated neutrophils and hereby
protects Borrelia during acquisition and colonization of the tick
midgut.

During the tick feeding, Borrelia spirochetes, which multi-
plied previously in the midgut content, cross midgut barrier
(between the cells) to get into the hemolymph and salivary glands
(De Silva and Fikrig, 1995; Hojgaard et al., 2008; Dunham-Ems
et al., 2009). Borrelia enolase, an enzyme found on the surface of
spirochetes, was shown to bind host plasminogen and facilitate
dissemination of Borrelia in the ticks and host (Coleman et al.,
1995, 1997). In the later study, yeast surface display approach
identified that Borrelia outer-surface lipoprotein BBE31 inter-
acted with the tick protein called tre31 (Zhang et al., 2011).
Expression of tre31 is induced in the midgut upon Borrelia infec-
tion and silencing of tre31 by RNAi or blocking of BBE31 using
mice antibodies decreases spirochete burden in the hemolymph
and salivary glands of feeding ticks.

It has been shown before that proteins contained in the tick
saliva had strong pharmacological properties, targeting coagula-
tion, platelet aggregation, vasoconstriction (Chmelar et al., 2012)
and complement system (De Taeye et al., 2013). Salp15 is a sali-
vary gland protein with remarkable immunosuppressive proper-
ties, which is bound by Borrelia OspC surface protein during host
invasion and protects the spirochetes from antibody-mediated
killing (Ramamoorthi et al., 2005). Its expression is upregulated
in salivary glands upon Borrelia infection and silencing of Salp15
by RNAi dramatically reduces the capacity of spirochetes to infect
mice. Moreover, antibodies raised against tick Salp15 protect

Table 1 | Tick molecules interfering with Borrelia acquisition, persistence and/or transmission.

Name Supposed function RNAi effect on the pathogen References

Tick receptor for OspA (TROSPA) Unknown Reduced acquisition Pal et al., 2004

Salivary protein 15 (Salp15) Inhibition of the host complement

system

Decreased transmission Ramamoorthi et al., 2005

Salivary protein 25D (Salp25D) Glutathione peroxidase Decreased acquisition Narasimhan et al., 2007b

Tick histamine release factor (tHFR) Stimulation of histamine release Decreased transmission Dai et al., 2010

Tick receptor of BBE31 (tre31) Unknown Reduced persistence Zhang et al., 2011

Tick salivary lectin pathway inhibitor

(TSLPI, P8)

Inhibition of the host complement

system

Decreased persistence and

transmission

Schuijt et al., 2011a
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mice from the infection (Dai et al., 2009). Tick salivary lectin
pathway inhibitor TSLPI, previously identified by yeast surface
display assay as P8 protein with ability to reduce complement
killing of Borrelia (Schuijt et al., 2011b), interferes with lectin
complement pathway, resulting in impaired neutrophil phago-
cytosis and chemotaxis (Schuijt et al., 2011a). Silencing of this
protein by RNAi or exposure of ticks to TSLPI-immunized mice
decreases persistence of Borrelia in nymphs and hampers their
transmission, respectively. Tick histamine-release factor tHRF is
a saliva protein able to bind host basophils and stimulate his-
tamine release (Dai et al., 2010). This property can be exploited
by Borrelia spirochetes for host infection. Expression of tHRF is
upregulated in Borrelia-infected ticks and silencing of this gene
by RNAi or tHRF blocking by antibodies reduce tick feeding and
decrease spirochete burden in mice. The last molecule that should
be mention is tick salivary protein named Salp20, which is an
inhibitor of alternative complement pathway and partially pro-
tects serum sensitive species of Borrelia from lysis (Tyson et al.,
2007) by displacing properdin from C3 convertase (Tyson et al.,
2008). However, functional genetic studies are needed to prove its
role in vivo.

ANAPLASMA

Anaplasmosis is considered as one of the most important vector-
borne diseases of livestock (Kocan et al., 2010). The genus
Anaplasma (Rickettsiales: Anaplasmataceae) includes six species
of obligate intracellular bacteria, closely related to Ehrlichia,
Wohlbachia, and Neorickettsia, occurring within the membrane-
bound vacuoles called colonies in the host cytoplasm (Dumler
et al., 2001; Kocan et al., 2008a). The Anaplasma rickettsiae prefer-
ably infect vertebrate red blood cells, however A. phagocytophilum
attacks host neutrophils.

A. phagocytophilum infects a wide range of animals. It is
responsible for the human granulocytic anaplasmosis (HGA), an
emerging disease in the US, Europe and Asia, tick-borne fever
in ruminants and equine and canine anaplasmosis (Woldehiwet,
2010). Three Anaplasma species exclusively infect ruminants:
A. marginale, A. centrale, and A. ovis. A. centrale is used as life
cattle vaccine in some regions, because infection with this par-
asite results only in mild clinical symptoms and could leave
cattle persistently infected but immune against A. marginale, the
causative agent of bovine anaplasmosis, which causes economic
losses to the cattle industry worldwide. A. ovis is infective for
sheep and wild ruminants, but infections are usually asymp-
tomatic (Kocan et al., 2010). Also included in the genus
Anaplasma are A. bovis and A. platys, which infect cattle and dogs,
respectively.

All Anaplasma species are transmitted by Ixodid ticks,
although tick transmissibility of A. centrale has been recently
questioned (Shkap et al., 2009). The transmission cycle has been
most extensively studied for A. marginale (Kocan et al., 1986,
1992a,b, 2008a). The developmental cycle in ticks is well coor-
dinated with feeding and two Anaplasma morphotypes, reticulate
(cell-dividing form) and dense core (infective form), can be found
at each site of development (Kocan et al., 2010). Transovarial
transmission of Anaplasma spp. from female ticks to their progeny
does not occur. Therefore, ticks must acquire infection during

blood feeding and the transmission cycles of these bacteria in
nature are dependent upon the presence of infected reservoir
hosts. Transmission by one-host ticks is probably accomplished
by males, which can feed repeatedly and transfer between hosts
(Sonenshine, 1991).

It has been shown that Anaplasma spp. modulate gene expres-
sion in ticks (De La Fuente et al., 2007a; Kocan et al., 2008a;
Zivkovic et al., 2009; Sultana et al., 2010; Villar et al., 2010a,b),
although differences may exist between species (Zivkovic et al.,
2009). Functional studies of tick-Anaplasma interactions have
shown how tick genes may affect bacterial infection (Figure 3 and
Table 2). Four differentially regulated genes/proteins, glutathione
S-transferase (GST), salivary selenoprotein M (SelM), vATPase,
and ubiquitin have been identified by suppression-subtractive
hybridization and differential in-gel electrophoresis analyses
using tick IDE8 cells infected with A. marginale (De La Fuente
et al., 2007a). Glutathione S-transferases are intracellular enzymes
with various functions, mostly accompanying cellular detoxi-
fication, but also signaling (Oakley, 2011). Selenoproteins are
selenocysteine-containing proteins and important antioxidants
(Reeves and Hoffmann, 2009). Vacuolar H+ ATPases are mem-
brane proteins acidifying a wide array of intracellular organelles
by pumping protons across the plasma membranes (Nelson,
2003). Finally, ubiquitins are small regulatory proteins, involved

FIGURE 3 | Tick molecules involved in Anaplasma transmission.

Schematic diagram representing general stages of Anaplasma infection and

transmission (Kocan et al., 2008a). Tick genes, for which interference with

Anaplasma acquisition and/or transmission have been proved by genetic

tests, are shown in rectangles (see text and the Table 2 for their function

and references). Infected red blood cells (neutrophils for A.

phagocytophilum) are engorged by the tick during blood meal. The released

bacteria infect tick midgut cells and develop reticulate (cell-dividing; open

circle) and dense core (infective; filled circle) forms of colonies inside the

cells. During the next feeding, bacteria are released from the cells and

infect other tissues including salivary glands. Here, they multiply inside the

cells and are released into the saliva and transferred into the new host.

Infection of tick hemocytes is required for the pathogen migration from the

midgut to the salivary glands (Liu et al., 2011). Transovarial transmission of

Anaplasma does not seem to occur. Transmission in one-host ticks is

probably accompanied by tick males, which can feed repeatedly and

transfer between hosts.
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Table 2 | Tick molecules interfering with Anaplasma acquisition and/or transmission.

Name Supposed function RNAi effect on the pathogen References

Salivary protein 16 (Salp16) Unknown Decreased acquisition Sukumaran et al., 2006

Subolesin (SUB) Component of the immune signaling

pathways

Decreased acquisition De La Fuente et al., 2006, 2008; Merino

et al., 2011; Busby et al., 2012

Varisin Defensin Decreased acquisition Kocan et al., 2008b

Vacuolar H+ ATPase (vATPase) Acidification of vesicles Decreased acquisition De La Fuente et al., 2007a; Kocan et al.,

2009

Ubiquitin Protein degradation Decreased acquisition De La Fuente et al., 2007a; Kocan et al.,

2009

Glutathione S-transferase (GST) Detoxification and signaling Decreased acquisition De La Fuente et al., 2007a; Kocan et al.,

2009

Salivary selenoprotein M (SelM) Protection against oxidative stress Decreased acquisition De La Fuente et al., 2007a; Kocan et al.,

2009

α-1,3 fucosyltransferase (IsFT) Glycosylation of proteins Decreased acquisition Pedra et al., 2010

G protein-coupled receptor Gβγ

subunits (Gβγ)

Signal transduction Decreased acquisition Sultana et al., 2010

Phosphoinositide 3-kinase (pak1) Cytoskeletal reorganization and signaling Decreased acquisition Sultana et al., 2010

p21-activated kinase (pi3k) Cytoskeletal reorganization and signaling Decreased acquisition Sultana et al., 2010

Protein 11 (P11) Unknown Decreased acquisition Liu et al., 2011

Heat-shock protein 20 (Hsp20) Cellular stress response Increased acquisition Busby et al., 2012

Heat-shock protein 70 (Hsp70) Cellular stress response Decreased acquisition Busby et al., 2012

Janus kinase (JAK) Component of JAK/STAT signaling

pathway

Increased acquisition Liu et al., 2012

Signal transducer and activator of

transcription (STAT)

Component of JAK/STAT signaling

pathway

Increased acquisition and

transmission

Liu et al., 2012

Gene-15 Antimicrobial peptide Increased acquisition and

transmission

Liu et al., 2012

X-linked inhibitor of apoptosis

protein (XIAP)

E3 ubiquitin ligase Increased acquisition Severo et al., 2013

α-fodrin (CG8) Spectrin α-chain Decreased acquisition Ayllón et al., 2013

Porin (T2) Mitochondrial voltage-dependent

anion-selective channel

Decreased acquisition Ayllón et al., 2013

in an intracellular destruction and recycling of proteins in the
proteasome, which is an important process also for the regula-
tion of arthropod immune pathways (Ferrandon et al., 2007).
Silencing of GST, vATPase or ubiquitin by RNAi decreases midgut
Anaplasma acquisition in D. variabilis males fed on A. marginale
infected cows, while silencing of GST or SelM decreases pathogen
infection in the salivary glands of infected ticks fed on naïve
sheep (De La Fuente et al., 2007a; Kocan et al., 2009). As pre-
viously mentioned, silencing of D. variabilis defensin named
varisin that was shown to be expressed primarily in hemo-
cytes, but also in midgut and other tissues (Hynes et al., 2008),
decreased midgut pathogen acquisition in D. variabilis males fed
on A. marginale infected cows and decreased infection in sali-
vary glands of infected ticks fed on naïve sheep with obvious
morphological abnormalities in bacterial colonies (Kocan et al.,
2008b). Moreover, silencing of E3 ubiquitin ligase named x-linked
inhibitor of apoptosis (XIAP) increases colonization of I. scapu-
laris midgut cells and salivary glands by A. phagocytophilum,
attracting even more attention to the ubiquitination process in
ticks (Severo et al., 2013).

Fucosylation, which participates in many pathological pro-
cesses in eukaryotes, has been shown to be modulated in ticks

during Anaplasma infection (Pedra et al., 2010). A. phagocy-
tophilum modulates expression of I. scapularis α-1,3 fucosyltrans-
ferase (IsFT) and uses α-1,3-fucosylation process to colonize the
tick vector. Silencing of IsFT by RNAi reduces acquisition but not
transmission of A. phagocytophilum in ticks.

The arthropod immune responses are generally regulated by
Toll, Imd and JAK/STAT pathways (Ferrandon et al., 2007).
Janus kinase (JAK)/signaling transducer activator of transcription
(STAT) pathway has been shown to play a critical role in the
tick defense against Anaplasma (Liu et al., 2012). Silencing of
JAK/STAT genes by RNAi in I. scapularis causes burden of
A. phagocytophilum in midgut, hemolymph and SG. The gene-
15 of the salivary glands family encoding a member of 5.3-kDa
antimicrobial peptide family is highly induced upon Anaplasma
infection and regulated by JAK/STAT pathway. Silencing of gene-
15 (and also STAT) by RNAi causes increased infection in salivary
glands and transmission to the mammalian host.

Salivary protein 16 (Salp16) is an antigen recognized by tick-
exposed host sera. Silencing of Salp16 by RNAi does not influence
A. phagocytophilum acquisition in I. scapularis midgut, but the
pathogen is not able to successfully infect the salivary glands
(Sukumaran et al., 2006). Furthermore, expression of Salp16 in
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the tick salivary glands is upregulated upon Anaplasma infection.
It has been elegantly shown that Salp16 upregulation is not part of
the tick defense mechanisms, but that Anaplasma selectively alter
Salp16 expression for its benefit (Sultana et al., 2010). A. phago-
cytophilum infection induces actin phosphorylation, which is
dependent on tick p21-activated kinase (ipak1)-mediated signal-
ing. Activity of ipak1 is stimulated via G protein-coupled Gβγ

receptor subunits (Gβγ), which in turn mediate phosphoinositide
3-kinase (pi3k) activation. In association with RNA polymerase II
(RNAPII) and TATA box-binding protein, expression of Salp16 is
selectively promoted. Silencing of ipak1, Gβγ or pi3k by RNAi
reduces actin phosphorylation and Anaplasma acquisition by
ticks (Sultana et al., 2010).

Recently, α-fodrin (spectrin α-chain) and mitochondrial porin
(voltage-dependent anion-selective channel) were shown to be
involved in A. phagocytophilum infection/multiplication and the
tick cell response to infection in I. scapularis (Ayllón et al., 2013).
The pathogen presence decreases expression of α-fodrin in the
tick salivary glands and porin in both the midgut and sali-
vary glands to inhibit apoptosis, subvert host cell defenses and
increase infection. In the midgut, α-fodrin upregulation was used
by the pathogen to increase infection due to cytoskeleton rear-
rangement that is required for pathogen infection. These results
demonstrated that the pathogen uses similar strategies to establish
infection in both vertebrate and invertebrate hosts.

After the initial infection of midgut cells, Anaplasma spread
to other tick organs. However, the exact mechanism mediating
migration to and infection of different tick organs is still not
well known. Secreted I. scapularis protein 11 (P11), induced upon
A. phagocytophilum infection, was shown to be important for
Anaplasma migration from the midgut to the salivary glands,
while being engulfed and hidden in the tick hemocytes (Liu
et al., 2011). Silencing of P11 by RNAi or blocking the P11 with
anti-sera or inhibition of hemocyte phagocytosis by injection of
polystyrene beads into the tick hemolymph resulted in decreased
Anaplasma infection of the tick salivary glands (Liu et al., 2011).

Tick subolesin (SUB), an ortholog of insect and vertebrate
akirins, is possibly involved in several pathways, including innate
immune responses, through a regulatory network involving cross-
regulation between NF-κB (Relish) and SUB and SUB auto-
regulation (Naranjo et al., 2013). SUB is down-regulated during
A. phagocytophilum infection of tick nymphs, but up-regulated
in female midguts and salivary glands infected with A. marginale
or A. phagocytophilum (De La Fuente et al., 2006; Galindo et al.,
2009; Zivkovic et al., 2010; Merino et al., 2011; Busby et al., 2012).
Silencing of SUB by RNAi has strong effect on tick mortality and
feeding and causes degeneration of midgut, salivary glands and
reproductive organs (De La Fuente et al., 2008). After SUB knock-
down, infection with A. marginale is significantly reduced in D.
variabilis male salivary glands, but has only little effect on infec-
tion with A. phagocytophilum (De La Fuente et al., 2006; Ayllón
et al., 2013). Subolesin has been used for vaccination against tick
infestations and pathogen infection (De La Fuente et al., 2011).
Although limited success has been obtained in this area, ongoing
efforts are focused on the characterization of the Anaplasma-tick
interface to develop vaccines for the control of tick infestations
and pathogen transmission (De La Fuente, 2012).

BABESIA

Babesiosis is a tick-borne malaria-like disease affecting health
of many animals and reducing cattle production in tropical
and subtropical regions worldwide. Moreover, human babesiosis
increasingly raises public health concern (Florin-Christensen and
Schnittger, 2009). Babesia, the causative agent of babesiosis, is an
apicomplexan parasite, which is together with Theileria referred
to as piroplasm because of its pear-shape intra-erythrocytic stage.
The genus Babesia constitutes paraphyletic group of parasites
(described in various hosts with discrepancies in developmen-
tal cycles), which can be only distinguished by an appropriate
molecular methods (Allsopp and Allsopp, 2006). They multiply
in vertebrate erythrocytes (asexual stage) and cause severe symp-
toms related to their destruction. In the tick (hard tick), the
parasite undergo sexual development in the midgut content, mul-
tiply in midgut cells and spread to different tissues including the
salivary glands and ovary. Most of Babesia, unlike Theileria, are
capable of transovarial transmission and newly hatched larvae are
infectious to the hosts (Chauvin et al., 2009; Florin-Christensen
and Schnittger, 2009).

It has been shown that infection of ticks with Babesia parasite
pose negative effect on the tick development (Cen-Aguilar et al.,
1998), thus ticks are supposed to evolve defense mechanisms to
control Babesia infection and to regulate their mutual interaction.
Although genomic sequences of Babesia and tick are available
(Pagel Van Zee et al., 2007; Cornillot et al., 2012) and several
projects have identified tick genes differently expressed upon
Babesia infection (Rachinsky et al., 2007, 2008; Antunes et al.,
2012; Heekin et al., 2012), only few tick genes have been shown
to be directly implicated in the vector-pathogen interaction
(Figure 4 and Table 3). First of them, called longicin (Tsuji and
Fujisaki, 2007), is defensin-like protein of H. longicornis exert-
ing anti-microbial and anti-fungal activity. Recombinant longicin
was reported to inhibit proliferation of Babesia (Theileria) equi
merozoites in in vitro cultures and to reduce parasitemia of mice
experimentally infected with B. microti. Moreover, silencing of
this gene by RNAi increased number of B. gibsoni in the tick
midgut content, ovary and laid eggs, pointing to longicin role
in the regulation of H. longicornis vectorial capacity (Tsuji et al.,
2007).

Longipain (Tsuji et al., 2008) is midgut-specific cysteine pro-
tease of H. longicornis, whose expression is upregulated upon
blood feeding. Similarly as for longicin, recombinant protein
inhibited proliferation of Babesia (Theileria) equi merozoites in
in-vitro cultures and silencing of this gene by RNAi resulted
in increased number of parasites in the midgut lumen, ovary,
and hatched larvae. In general, inhibition of tick and para-
site proteases is of interest as both the tick and the parasite
genomes encode for several cysteine proteases important for
blood digestion (Sojka et al., 2008) and host invasion (Florin-
Christensen and Schnittger, 2009), respectivelly. Addition of
various cysteine protease inhibitors into the B. bovis culture
resulted in parasite growth inhibition (Okubo et al., 2007). The
cysteine proteases inhibitor called cystatin-2 (Hlcyst2) from H.
longicornis (Zhou et al., 2006) was overexpressed in midgut
and hemocytes after Babesia infection. Recombinant HlCyst2
had slight effect on B. bovis growth in in vitro assays, but
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its role in the tick infection has never been experimentally
examined.

Three tick genes, namely TROSPA, serum amyloid A and cal-
reticulin has been recently identified by cDNA screen as genes
upregulated after the tick infection with B. bigemina (Antunes
et al., 2012). TROSPA is a midgut receptor with unknown func-
tion, which is used by Borrelia spirochete as a docking protein for
midgut colonization and spirochete persistence (Pal et al., 2004).
Serum amyloid A is a homolog of vertebrate acute phase protein

FIGURE 4 | Tick molecules involved in Babesia transmission. Schematic

diagram representing general stages of Babesia infection and transmission

(Zintl et al., 2003; Chauvin et al., 2009; Florin-Christensen and Schnittger,

2009). Tick genes, for which interference with Babesia acquisition and/or

transmission have been proved by genetic tests, are shown in rectangles

(see text and the Table 3 for their function and references).

Pre-gametocytes in red blood cells, taken up within the blood meal, develop

in the tick midgut content into matured gametocytes and gametes (ray

bodies, Strahlenkörper) with distinctive spine-like projections. They fuse and

give raise to the spherical spiked zygotes, which invade midgut cells. Inside

the midgut cells, the zygotes transform, undergo meiosis and differentiate

into motile prolonged kinetes (ookinetes). The kinetes escape the midgut

cells, enter the hemolymph and invade other tick tissues, including ovary

(transstadial and transovarial transmission, respectively). Here they undergo

asexual reproduction and produce sporokinetes, which further spread the

infection inside the tick or newly emerged larvae. During the next feeding,

the kinetes that invaded salivary glands undergo a final cycle of

multiplication (sporogony) to produce numerous sporozoites, host-invasive

stages of the parasite. The sporozoites enter the tick saliva and infect host.

reacting to inflammation (Urieli-Shoval et al., 2000). Calreticulin
is an intracellular protein with many functions, including cal-
cium binding, protein folding and immune signaling (Wang
et al., 2012). Involvement of these genes in Babesia infection has
been confirmed by RNAi, where silencing significantly reduced
B. bigemina numbers in Rhipicephalus annulatus and R. microplus
(Antunes et al., 2012). Furthermore, RNAi silencing of subolesin
(the previously mentioned ortholog of mammalian akirin) or
vaccination with recombinant SUB strongly reduced acquisition
of B. bigemina by R. microplus fed on an infected cattle (Merino
et al., 2011).

Vitellogenin serves as a storage protein and source of amino
acids during embryogenesis and its uptake is achieved by a specific
vitellogenin receptor, which was identified from H. longicornis
and shown by RNAi to be indispensable for egg development
(Boldbaatar et al., 2008). Interestingly, Babesia DNA was not
detected in eggs lays from ticks with silenced vitellogenin receptor
previously fed on dogs infected with B. gibsoni. This suggests that
impairing the vitellogenin uptake interrupt the parasite transo-
varial transmission.

CONCLUSION—FUTURE PERSPECTIVES

The overall knowledge of tick innate immunity still lags far
beyond the model invertebrate organisms and arthropod dis-
ease vectors. However, the availability of I. scapularis genome
database (Megy et al., 2012), feasibility of functional genomics
based on RNAi (De La Fuente et al., 2007b) and extensive number
of tissue transcriptomes obtained from a variety of tick species
promise to counterbalance experimental difficulties associated
with tick handling and manipulation. Furthermore, introduction
of the artificial membrane feeding (Krober and Guerin, 2007)
extends our possibilities how to simulate the natural infections
of ticks without the need of using laboratory animal models.
These favorable conditions offer almost unlimited perspectives
for the advanced research of the tick immune system and its
impact on pathogen transmission. Among others, we can enu-
merate several high-priority topics, which can significantly aid
to our understanding of the tick-pathogen relationship: (1) the
role of epithelial immunity and maintenance of the redox balance
for the pathogen persistence in the tick midgut; (2) interac-
tions between the pathogens and commensal microflora; (3) tick
antimicrobial peptides and their regulation via the Toll, Imd and
JAK-STAT signaling pathways; (4) the role of tick primordial

Table 3 | Tick molecules interfering with Babesia acquisition and/or transmission.

Name Supposed function RNAi effect on the pathogen References

Longicin Defensin Increased acquisition and transovarial transmission Tsuji et al., 2007

Longipain Cysteine protease Increased acquisition and transovarial transmission Tsuji et al., 2008

H. longicornis vitellogenin receptor

(HIVgR)

Uptake of vitellogenin Decreased transovarial transmission Boldbaatar et al., 2008

Subolesin (SUB) Component of the immune

signaling pathways

Decreased acquisition Merino et al., 2011

Tick receptor for OspA (TROSPA) Unknown Decreased acquisition Antunes et al., 2012

Calreticulin Protein folding and signaling Decreased acquisition Antunes et al., 2012

Serum amyloid A Response to inflammation Decreased acquisition Antunes et al., 2012
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complement system in the immune response against transmit-
ted pathogens; (5) tick molecules involved in the pathogen
acquisition, persistence or transmission as vaccine candidates;
(6) the detailed description of the pathogen transmission cycles
within the tick vector. Taken together, focused research in these
areas can lead to the ultimate goal of efficient control of tick-
borne diseases.
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Ma us ipt i  p epa atio   Life  le of pi oplas s:  o p ehe si e a al sis  

The  ge e al  o se sus  of  pi oplas s  de elop e tal  le  des i es  pa asite  ase ual 

ultipli atio  i  the host  lood  ells a d se ual de elop e t i  the ti k  idgut follo ed   pa asite 

i asio  of i te al ti k tissues  e.g. [ ,  ,  ,  ] . Ne e theless, the diffe e t spe ies of the g oup 

Pi oplas ida possess u i ue adaptatio s a isi g f o  thei   atu al  eha io , a d thus sig ifi a tl  

diffe  a o di g to the  e to  spe ies a d  ese oi  hosts. Mo eo e , the ph loge eti all  disti t 

spe ies  a  i  i po ta t  ha a te isti s of the t a s issio  a d  ultipli atio  i  the host o   e to  

ells.  The efo e,  the  life  le  of  pi oplas s  is  o side ed  as  o l   pa tiall   elu idated  due  to 

i o siste   of  lue  e e ts  i   pa asite  de elop e t.  This  is  gi e     a   pa tial  des iptio s 

sp ead i   a ious pu li atio s, ofte  pu lished lo g ti e ago, a d also due to  e e t  ha ges i  the 

o e latu e  a d  edes iptio   of  a   spe ies  e.g.  [ ,  ,  ] .  I   the  a us ipt  i  

p epa atio   Life  le of pi oplas s:  o p ehe si e a al sis   pages  ‐   e  ade a  effo t to 

su a ize  all  a aila le  k o ledge  of  pi oplas s  de elop e t  a d  ake  a  u ifo   a d 

o p ehe si e  o se sus of the p o le ati s i   o te t of  e e t ph loge eti  studies [ ].  
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PART II. “u a  of  esea h  ethods 

 

Pa t II. is su a izi g  ethods used i  the thesis  ith the e eptio  of p e iousl  pu lished pape s 

[ ,  ,  ] a d  a us ipts i  p epa atio . 

 

I  this pa t, o e  ethodologi al pu li atio  is i luded [ ]: 

Aase A, Hajdusek O, Øi es Ø, Qua ste  H, Wilhel sso  P, He stad TK, Kjella d V, “i a R, Jalo e ka 
M, Li dg e  PE, Aa e ge I“. Validate o  falsif : Lesso s lea ed f o  a  i os op   ethod  lai ed 
to  e useful fo  dete ti g Bo elia a d Ba esia o ga is s i  hu a   lood. I fe t Dis.  ; : ‐
.  
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La o ato  a i als 

We used    eeks old fe ales of BALB/  la o ato   i e  Mus  us ulus , supplied f o  Cha les 

Ri e  La o ato ies  VELA)  o  the Mo golia  ge il  Me io es u gui ulatus; o igi all  o tai ed f o  

the sa e supplie . The gui ea pigs  Cavia po ellus   e e used to esta lish a d  ai tai  Ba esia‐

f ee  ti k  olo .  Both  ge ils  a d  gui ea  pigs  e e  ed  i   a i al  fa ilit   of  the  I stitute  of 

Pa asitolog ,  Biolog   Ce t e  of  CA“,  Cze h  Repu li .  All  e pe i e tal  a i als  e e  t eated  i  

a o da e  ith the A i al P ote tio  La  of the Cze h Repu li  No.  /  “ . a d  ith the 

de ee  /  “ . of Mi ist  of Ag i ultu e o  the p ote tio  of e pe i e tal a i als  i ludi g 

ele a t EU  egulatio s . 

Ti k  eedi g  olo  

The Ba esia‐f ee  olo  of I.  i i us ti ks  as esta lished    olle tio  of adult ti ks i  la ds ape 

ea   Ceske  Budejo i e,  Cze h  Repu li     flaggi g  ethod.  The  adult  fe ales  e e  let  to  full  

e go ge o  la o ato  gui ea pigs  Cavia po ellus  i  the p ese e of ti k  ales. The hat hed la ae 

f o  laid eggs  e e tested fo  Ba esia spp. i fe tio   DNA e t a tio  follo ed   PCR  ith Ba esia 

spp.  S p i e s, Ta .    to e lude pote tial  t a so a ial  t a s issio  of so e Ba esia  spe ies. 

Esta lished  ti k  olo   as  the   ea ed  i   glass  o es  ith  ai   hu idit   ~ %  at  °C  o sta t 

te pe atu e a d photo‐pe iod  h  light a d  h da k at  ti k  eedi g  fa ilit  of  the  I stitute of 

Pa asitolog ,  Biolog   Ce t e  of  CA“,  Cze h  Repu li .  Ti ks  i   all  stages  of  de elop e t  la ae, 

phs  a d  adults   e e  used  i   the  esea h;  spe ifi atio   is  i luded  i   ea h  e pe i e t 

des iptio . 

B. dive ge s i  vit o  ulti atio  

B. dive ge s pa asite  as isolated f o   o i e  lood du i g the a ute phases of  a esiosis as 

des i ed ea lie  [ ] a d  lo ed   li iti g dilutio . B. dive ge s  as  ulti ated  °C,  % CO  i  

a suspe sio  of  o i e  ed  lood  ells  fi al  o e t atio   .  ×    ells/ l  i   ulti atio   ediu : 

RPMI    ediu   o tai i g  L‐gluta i   a d    M Hepes  Lo za   ith  added  ge ta i i    

µg/ l  Lo za , a phote i i  B  .  µg/ l  Lo za  a d  % heat i a ti ated  °C,    i  foetal  alf 

se u   FC“, Lo za . Bo i e  ed  lood  ells  e e o tai ed f o  a pa asite‐f ee  o   ultu e tested  

  asepti   hole  lood  olle tio   f o   i doo   ed  o s  i   a  lo al  slaughte   house.  Blood  as 

a uall   defi i ated  a d    ×  ashed  i   ashi g  ediu   ulti atio   ediu   ithout  FC“   to 

e o e  uff   oat a d se u , a d sto ed at  °C u til use. I  all e pe i e ts des i ed i  the thesis, 

the  lo e B. dive ge s  A G   o igi  Côtes d'A o , F a e   as used, u less othe ise spe ified. 

Pa asite ia of i  vit o  ultu e  as  o ito ed usi g e th o tes s ea s stai ed   Diff‐Quik “tai  

“et  “ie e s ; stai i g p o edu e  as pe fo ed a o di g to the  a ufa tu e 's i st u tio s.  
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To  op ese e  the  i   vit o  ultu e,  i fe ted  ed  lood  ells  pa asite ia  ~ %   e e  spu  

do   g,    i ,  °C  a d the e ui ale t  olu e of FC“  as added to pelleted  ells. The  i tu e 

as the   i ed  ith  % gl e ol  “ig a  i  Alse e ’s “olutio   “ig a  i   atio  : ,  espe ti el  a d 

afte     i  i u atio  at  °C t a spo ted i to li uid  it oge . The de‐f eezi g p o edu e  o sisted 

of  elted  sa ple  ashi g    e t ifugatio   g,    i ,  °C   i   ashi g  ediu ;  pelleted 

pa asites  e e the  added i to the  o i e e th o tes suspe sio  i   ulti atio   ediu    µl  ells 

a d  .   l  edia .  

B.  i oti i  vivo  ai te a e 

B.  i oti  F a a  Rei he o   PRA‐ ™ ,  st ai   Pea od   j .  as  o tai ed  f o  ATCC:  The 

Glo a  Bio esou e Ce te   .at .o g .  Pa asite  as  ai tai ed  i   vivo  i   la o ato  BALB/  

i e a d passaged  outi el  e e  t o  eeks  the i te al  as set up  ased o  B.  i oti g o th 

u e dete tio , see Pa t IV. ; the  o ti uous lo g‐te  i  vit o  ultu e of B.  i oti has  ot  ee  

i t odu ed  et. Passage of the i fe tio  i to  aï e  i e  as pe fo ed  ia i t ape ito eal i je tio  

of  i fe ted  lood  µl pe   aï e  ouse  o tai ed    a dia  pu tu e p o edu e of p e iousl  

a esthetized  i fe ted  i e. As a  a estheti s, the  i tu e of  % Na ka o   “pofa ,  % Ro eta  

“pofa  a d  × PB“  Phosphate Buffe ed “ali e, pH  .   as used i   atio  : : ,  espe ti el . Mi e 

e e a esthetized  ia i t ape ito eal i je tio   ith the dose   µl of a estheti s pe   ouse. The 

i fe ted  lood  as  olle ted i to  it ate‐phosphate‐de t ose solutio   “ig a Ald i h  i   atio  : , 

espe ti el  to p e e t  oagulatio . Pa asite ia i   i e  as  o ito ed o   lood take  f o  the tail, 

s ea ed a d stai ed   Diff‐Quik “tai  set; stai i g p o edu e follo ed  a ufa tu e ’s i st u tio s.  

Pa asites  op ese atio   as pe fo ed    i i g of i fe ted  ouse  lood a d  % gl e ol 

“ig a   i   Alse e ’s  “olutio   “ig a   i   atio  :   follo ed      i   i u atio   i   °C  a d  fi al 

t a spo t i to the li uid  it oge . The de‐f eezi g p o edu e i ol ed di e t i t ape ito eal i je tio  

of  elted sa ple  ~  µl  i to  aï e la o ato   ouse. 

DNA e t a tio  

DNA  as  e t a ted  usi g  Nu leo“pi   Tissue  Kit  Ma he e ‐Nagel   a o di g  to  the 

a ufa tu e 's i st u tio s a d sto ed at  °C.  

RNA e t a tio  a d  DNA p epa atio  

Total RNA f o   hole ti k  odies  as e t a ted usi g Nu leo“pi  RNA II kit  Ma he e ‐Nagel  

a o di g  to  the  a ufa tu e 's  i st u tio s.  RNA  o e t atio   a d  ualit   as  e ified 

spe t o et i all  usi g Na oD op  The o “ ie tifi  a d  . % aga ose  “ig a  gel usi g Ethidiu  

B o ide. E t a ted RNA  as  e e se‐t a s i ed  i to  DNA usi g T a s ipto  High Fidelit   DNA 
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o e t atio     g/ l i   × ““C  uffe  fo     i  at RT a d agai    ×  ashed  ith  × ““C  uffe . 

Afte a ds, sa ples  e e  ou ted o to glass slide usi g Fluo o ou t A ueous Mou ti g Mediu  

“ig a  a d e a i ed    o fo al  i os ope Ol pus FW  u de   the  ag ifi atio   ×  ‐ 

×. Photos  e e p o essed i  Fluo ie  soft a e  FV ‐A“W,  e sio   . . 

T a s issio  ele t o   i os op   TEM  

Disse ted sali a  gla ds  ti k feedi g ti e poi ts a e spe ified i  des iptio  of Fig.    e e 

fi ed o e ight  i  a  i tu e of  % pa afo aldeh de  “ig a  a d  . % gluta aldeh de  “ig a   i   

× PB“ pH  .  at  °C. “u se ue tl , tissues  e e  ashed th ee ti es fo     i  i   ashi g  uffe  

% glu ose  “ig a  i   × PB“, pH  .  a d deh d ated usi g as e di g etha ol dilutio s. Deh d ated 

sa ples  e e i filt ated i  LR White  esi   Lo do  Resi  Co pa  i   atios of  esi : % etha ol 

: ,  : ,  :   .  h ea h,  °C  a d fi all  kept i  pu e LR White  esi  o e ight at  °C. “a ples  e e 

the   t a sfe ed  to  gelati   apsules  Pol s ie es   a d  filled  ith  esi ,  hi h  as  allo ed  to 

pol e ize fo    h at  °C. “a ples  e e  ut to ult athi  se tio s    , pla ed o   oppe  g ids, 

o t asted usi g etha oli  u a l a etate fo     i  a d lead  it ate  “ig a  fo     i . Ti k sali a  

gla ds  e e o se ed i  a JEOL   t a s issio  ele t o   i os ope. 

“tatisti al a al ses 

“tatisti s  as  pe fo ed  i   R  e sio   . . .  At  fi st,  o alit   of  dataset  as  tested  ith 

Kol ogo o ‐“ i o   test  a d  the ho oge eit   of  a ia es  as e aluated usi g Ba tlett  test.  If 

passed,  the pa a et i   statisti al  tests  e e used  t‐test o  ANOVA .  If  failed,  the datasets  e e 

a al zed  usi g  o pa a et i   a ia ts  Ma ‐Whit e   test  o   K uskal‐Walis  test,  espe ti el .  

The tests a e spe ified i  des iptio  of ea h pe fo ed e pe i e t  see Pa t III. a d Pa t IV . The 

g aphs  e e desig ed i  G aphPad soft a e  e sio   .  
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Pu li atio   Validate o  falsif : Lesso s lea ed f o  a  i os op   ethod  lai ed to  e useful fo  

dete ti g Bo elia a d Ba esia o ga is s i  hu a   lood  

Hu a   a esiosis is a disease  ith a g o i g i ide e as appa e t f o  the  e e tl  des i ed 

li i al  ases. Although the o e hel i g  ajo it  of Ba esia  aused diseases a e  epo ted f o  

U ited  “tates  [ ],  ithi   last  te   ea s  the  se e e  a d  so eti es  fatal   i fe tio s  e e 

do u e ted i   a  of Eu opea   ou t ies; e.g. F a e a d the B itish Isles [ ], Cze h Repu li  

[ ], Pola d  [ ,  ],  Fi la d  [ ],  “ ede   [ ], No a   [ ],  Ital   [ ],  “ itze la d  [ ], 

Aust ia [ ], Ge a  [ ], Po tugal [ ] a d Mo te eg o [ ]. Ne e theless, the se op e ale e 

studies  suggested  that  e ists  a  la ge  p opo tio   of  as pto ati   i fe tio s  [ ].  I   ge e al, 

a esiosis does  ot e hi it easil   e og ized  li i al sig s, a d thus diag osti s is  halle gi g [ ,  , 

,  ].  A  defi iti e  diag osis  is  ge e all   dete i ed    i os opi al  e a i atio   of  Gie sa‐

stai ed thi   lood s ea s [ ,  ,  ,  ]  ut at lo  pa asite ia le els the pa asite ide tifi atio  is 

la o ious,  ith  i eased  isk  of  pa asite  o e sight  [ ,  ].  Mo eo e ,  the  o phologi al 

appea a e  of  Ba esia  i t a‐e th o ti   fo s  a   e  so eti es  u disti guisha le  f o   the 

stai i g a tefa ts o   ould  e  isi te p eted as Plas odiu  i fe tio . The PCR  ep ese ts a  o e 

se siti e  ide tifi atio   tool  ut  it  st o gl   depe ds  o   the  oligo u leotides  used  fo   pa asite 

ole ula  dete tio ; the  ethod  ould fa e the p o le  to  o e  all pote tial pa asite ge ospe ies 

[ ]. 

The efo e,  e pa ti ipated i  the stud  d i e    Depa t e t of Ba te iolog  a d I u olog , 

No egia  I stitute of Pu li  Health, Oslo, No a  i  o de  to e aluate  i os op  as diag osti s 

tool  fo   Ba esia  a d  Bo elia   a d  e if   the  i os op   esults    elia le  PCR  ethod.  The 

pu li atio   pages  ‐   o fi ed  that  i os op   ould  falsif   the diag osis  e ause  stai i g 

a tefa ts  e e ofte   isi te p eted as Ba esia  i fe tio . Thus, the defi iti e diag osis of hu a  

a esiosis should i lude the  ole ula  dete tio    PCR  ut  igo ous p e autio s a e  e ui ed to 

a oid false‐ egati e o  false‐positi e  esults. I  as i ol ed i  Ba esia spp. dete tio  i  the hu a  

lood sa ples.  
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Validate or falsify: Lessons learned from a microscopy method claimed to be
useful for detecting Borrelia and Babesia organisms in human blood
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ABSTRACT

Background A modified microscopy protocol (the LM-method) was used to demonstrate what was
interpreted as Borrelia spirochetes and later also Babesia sp., in peripheral blood from patients. The
method gained much publicity, but was not validated prior to publication, which became the purpose
of this study using appropriate scientific methodology, including a control group. Methods Blood from
21 patients previously interpreted as positive for Borrelia and/or Babesia infection by the LM-method
and 41 healthy controls without known history of tick bite were collected, blinded and analysed for
these pathogens by microscopy in two laboratories by the LM-method and conventional method,
respectively, by PCR methods in five laboratories and by serology in one laboratory. Results Microscopy
by the LM-method identified structures claimed to be Borrelia- and/or Babesia in 66% of the blood sam-
ples of the patient group and in 85% in the healthy control group. Microscopy by the conventional
method for Babesia only did not identify Babesia in any samples. PCR analysis detected Borrelia DNA in
one sample of the patient group and in eight samples of the control group; whereas Babesia DNA was
not detected in any of the blood samples using molecular methods. Conclusions The structures inter-
preted as Borrelia and Babesia by the LM-method could not be verified by PCR. The method was, thus,
falsified. This study underlines the importance of doing proper test validation before new or modified
assays are introduced.
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Introduction

The diagnosis of various infections following tick bite may be
challenging.[1–3] Lyme borreliosis (LB), also called Lyme dis-
ease, is caused by infection with the spirochete Borrelia burg-

dorferi sensu lato and remains the most prevalent tick-borne
infection in Europe and Northern America. This bacterium has
a very complex genome and may change phenotypical
expression and biological function depending on natural envi-
ronments (reviewed by Samuels and Radolf [4]) and may
reveal different morphological variants, at least in vitro,
although their role in LB could not be confirmed.[5]

Borrelia miyamotoi is another Borrelia sp. related to the
relapsing fever Borrelia group and has recently been found in
ticks in Norway.[6] Although fever seems to be a common
clinical manifestation of B. miyamotoi infection, other non-
specific symptoms may be present and, unlike B. burgdorferi

s.l., B. miyamotoi is detected in blood of infected patients by
PCR or by microscopy.[7,8]

Direct identification of the B. burgdorferi s.l. in blood by
polymerase chain reaction (PCR) has relatively low diagnostic

sensitivity, assumedly due to the low number of spirochetes
in blood and temporary bacteremic phase,[2,9] whereas PCR
on biopsy material or synovial fluid are more suitable for the
detection of Borrelia spp. in specific disease manifestations.
Accordingly, cultivation of B. burgdorferi s.l. from blood speci-
mens has low sensitivity and, when present, they require spe-
cial growth media and long incubation periods before they
can be detected by microscopy. Hence, indirect detection
methods such as identification of Borrelia-specific antibodies
in serum or cerebrospinal fluid by ELISA or immune blot
remain the most used methods in clinical diagnosis.[2] The
sensitivity of the serological methods has been improved and
the detection rate for disseminated early disease is 70–90%
and for late disease (6–8 weeks after onset of symptoms)
nearly 100%.[10–12] However, the interpretation of positive
samples is hampered by a high seroprevalence of antibodies
against Borrelia spp. in the general population, particularly in
endemic areas.[13–15]

Babesiosis is another tick-borne disease that may affect
humans, particular immunocompromised individuals.[16,17]
Studies from Norway indicate, however, that human
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babesiosis is not a siginificant problem.[18,19] Babesia spp.
are hemoprotozooan parasites that infect erythrocytes and
microscopy of thin blood smears with Giemsa or Wright
stains is a well-recognised method to identify Babesia para-
sites in blood from infected patients.[16,20] However, at low
parasitemia the parasites may be difficult to identify and
overlooked by microscopy, and more sensitive tools such as
PCR assays should be considered.[21,22] The PCR assays, on
the other hand, rely on specific hybridisation of primers and
probes and may, thus, face a challenge to cover all potential
zoonotic genospecies of the Babesia [17] and Borrelia

microbes. Co-infection of both Borrelia and Babesia and other
tick-transmitted pathogens may also occur.[23,24]

Some patients who suffer from long-standing disease attri-
bute their symptoms to ongoing infections by these patho-
gens, although conventional laboratory methods have been
negative for these diagnoses. In order to get a diagnosis and
treatment regimens, they may seek alternative diagnostic
methods. However, several of these alternative methods are
not validated to be used for clinical diagnosis.

Microscopy has been used to identify Borrelia in different
specimens from patients with suspected LB, particularly in
specific biopsy material, e.g. skin biopsies.[2] In a recent
study, microscopy of peripheral blood from patients by a
modified method (the LM-method) was used to demonstrate
what was interpreted as Borrelia spirochetes.[25] The method
was later also used to detect what was assumed to be
Babesia sp. in patients’ blood (unpublished observations). The
LM-method has gained much publicity in Norway and the
patients and their organisations advocated for this test.
However, the original report did not include any control
group, no statistics and the structures observed were not veri-
fied to be Borrelia spirochetes by other technics. The purpose
of this study was to confirm or falsify the reliability of the
published LM microscopy method [25] as a test for Borrelia

and Babesia infections. Blood samples from patients, previ-
ously judged positive for these micro-organisms by the
LM-method and blood samples from healthy controls were
analysed in two laboratories by microscopy either using the
LM-method (looking for Borrelia and Babesia) or conventional
method (looking for Babesia only), by PCR in five independent
laboratories and by serology in one laboratory.

Materials and methods

Patients and controls

The patients recruited to participate in this study had previ-
ously been judged positive for Borrelia and/or Babesia with
the microscopy method evaluated in this study. They came
from different regions of Southern Norway and had initially
heard about the modified microscopy method through media
and patients organisations. They had made contact personally
to the laboratory performing the modified method to have
their blood analysed by this novel method.[25] Many of the
patients attributed their symptoms to what is referred to as
chronic LB. Twenty-one patients were included, with a
median age of 39 years (range ¼ 20–72 years) and 52% were
male. Based upon a questionnaire, 76% had a known history

of tick bite, whereas only 14% recalled to have tested positive
for Borrelia with conventional tests like ELISA or immunoblot.
Most had suffered or were still suffering from various neuro-
logical and muscular symptoms, like fatigue and muscular
pain/weakness, for several years (median ¼ 5 years, range ¼

1–26 years). Eighty-one per cent had received one or several
antibiotic treatments for Borrelia infection according to the
standard Norwegian regimen [3,26] or treatment for an
extended period of time, some with relief of symptoms. Some
patients also reported erythema migrans and some reported
co-infections with other tick-transmitted pathogens.

The control group was recruited among healthy persons
who did not recall to have had any tick-bite. Forty-one indi-
viduals (median age ¼ 40 years, range ¼ 21–64 years, 15%
male) were included in the control group.

The study was approved by the Norwegian Regional
Committees for Medical and Health Research Ethics (2013/
2308) and all participants (both patients and controls) pro-
vided written informed consent to take part in the study.

Blood sampling and shipment to laboratories

The patients’ blood was drawn by their general practitioners,
collected in ethylenediaminetetraacetic acid (EDTA) tubes and
sent to the laboratory at the Norwegian Institute of Public
Health (NIPH). The samples were received within the same or
the next day. EDTA blood from the controls was drawn by
the staff at the laboratory at NIPH. In the laboratory at NIPH
the blood samples were anonymised and given a randomised
number, aliquoted into sterile polypropylene tubes and
shipped to the analysing laboratories by ordinary postal ser-
vice or by courier delivery at ambient temperature. The blood
reached the laboratories regularly within the next 24 h.

In addition, control samples were sent to the laboratories
to check results for consistency, i.e. blood from one of the
control persons was collected at three different timepoints
throughout the collection period. Also, one positive control
sample for Borrelia and one for Babesia were prepared by
adding B. afzelii strain ACA-1 (approximately five Borrelia spi-
rochetes per 100 red blood cells), grown in BSK-II medium
and Babesia divergens infected bovine blood (approximately
five Babesia parasites per 100 red blood cells), respectively, to
extra blood samples from another control person. These con-
trol samples were blinded and sent as normal samples to the
laboratories.

Microscopy

Microscopy in Lab. 1 used the modified protocol, the LM-
method, by the inventors of the method.

Borrelia

The modified protocol has briefly been described in a previ-
ous publication.[25] Six microlitres of blood was placed at the
centre of the lower 1/3 of each microscope slide. A solution
of 250ll sodium citrate (0.65 g/100ml distilled water) was
added next to the blood droplet, touching the droplet and
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left for 1min. Next, a cover-slip (24� 36mm) was carefully
put on so the blood-sodium-citrate mixture seeped in from
the short edge between the cover-glass and the slide. The
slides were put into an immune stain moisture chamber for
24–48 h at room temperature. It is claimed that this will allow
the Borrelia spirochetes to replicate and enhance visualisa-
tion.[25] Then 1–2 drops of a solution of acridine-orange (1:10
000 in sodium citrate solution) was added to the edges of
the cover-slide and incubated for 30min before inspection.
DNA containing nucleoids show as green fluorescent sites
evenly scattered among RNA containing orange-red cyto-
plasm in the fluorescent microscope (450 nm excitation; bar-
rier filter ¼ 570 nm).

Babesia

Ten-to-twenty microlitres of blood was deposited at the lower
part of a clean microscope slide. A blood smear was made by
using another slide at 30� angel. For best staining, the blood
smear dried at room temperature for at least 24 h, preferably
2 days, before continuing. The smears were fixed with 100%
methanol for 2–3min. Next, 1–2ml Giemsa-solution was
dripped onto the smear, after �3min 2ml distilled water was
added. The slides were agitated gently to mix the water with
the colour and after 3min the surplus colour was poured off.
The slides were then washed several times with 96% ethanol.
The preparations were left to air dry at room temperature for
at least 15min. For microscopy, 1–2 drops of immersion oil
were dripped straight on the blood smear. The smears were
then covered with a 0.17mm thick cover glass. It then takes
up to 48 h for the oil to penetrate the blood cells and the
parasites to become clearly visible. The structures observed
and interpreted to be different Babesia stages are often
strongly stained and often expanded due to swelling. They
occur in clusters among vast areas of non-infected cells.

A Zeiss Universal microscope equipped with 100 W halo-
gene lamp, phase-contrast condensor 0.90/1.40, apochromatic
phase optics, Zeiss Ph 63/1.40 oil immersion lens was used
for microscopy. Digital cam: Logitech 5000pro or a Logitech
9000 web camera adapted to the microscope.

Microscopy in Lab. 2 used a conventional method, looking
only for Babesia: Blood smears were stained with Diff-Quick
Stain Set (Polysciences Europe GmbH, Eppelheim, Germany)
and analysed for the presence of Babesia parasites using a
conventional microscope (Olympus BX53F) and conventional
morphological criteria.

Detection of Borrelia spp. and Babesia spp. by PCR

Lab. 2

DNA was extracted from 200ll of human EDTA blood
using commercial DNA isolation kit (Macherey-Nagel, elution
to 100 ll). Quality of the DNA was checked by PCR amplifi-
cation of human control genes.[27] Presence of Borrelia (B.
burgdorferi s.l. and B. miyamotoi) or Babesia spp. DNA in
the extracted samples was tested by PCR, in duplicate
using two different volumes of DNA.[28,29] Babesia or
Borrelia positive samples were sequenced or genotyped by
PCR, respectively.[30]

Lab. 3

DNA from two different fractions of EDTA blood (1.5–5ml)
was isolated for each patient: (1) The blood sample was
homogenised by inverting the tube 5–6 times and 200ll
blood was collected for extraction of total DNA by QIAamp
DNA Mini Kit (Qiagen, Venlo, The Netherlands) as described
by the manufacturer’s instruction. (2) The remaining blood
was centrifuged at 100 g for 15min.[31] The plasma/buffy
coat fraction was collected and centrifuged at 13 000 g for
60min. All material from the pellet in 200ll plasma was
either further processed immediately or stored at �70 �C until
processing. The pellet/plasma sample was incubated in ATL
lysis buffer (Qiagen DNA Mini kit) supplemented with protein-
ase K for 1 h at 56 �C. Thereafter, the sample was processed
as described by the manufacturer’s instruction. The isolated
DNA was stored at �20 �C for later analyses.

Two real-time protocols, targeting the ospA and 16S rDNA
genes of B. burgdorferi s.l, were performed as previously
described.[32] All samples were analysed once, except for one
weak positive sample which was confirmed to be positive by
a second run in triplicate with both PCR protocols on the
same DNA isolate.

Lab. 4

DNA was extracted from a total of 100ll EDTA blood using
the semiautomatic Qiacube instrument (Qiagen, Duren,
Germany). The tissue protocol for DNAeasy mini spin column,
with off board lysis (1.5–3 h) using ATL lysis buffer and
Proteinase K prior to loading onto the instrument. Samples
were stored at �20 �C prior to analysis. Any samples render-
ing any signals/results were re-extracted and re-analysed to
confirm positive/negative results.

Detection of Borrelia spp. was carried out by the multiplex
realtime-PCR, slightly modified from Courtney et al. [33] Each
assay was performed as a single reaction. Realtime amplifica-
tion was performed using Brilliant III Ultra-Fast Probe QPCR
mastermix (Agilent, Santa Clara, CA) and a total of 25ll reac-
tion volume (3 ll DNA) was run on Agilent Mx3005P QPCR
Systems using a standard two step fast protocol (annealing
temperature of 60 �C and 50 cycles) . Methods were previ-
ously tested on positive tick and DNA from animal blood.

Initial screening real-time PCR [34] for detection of Babesia
was performed with Brilliant III Ultra-Fast Probe QPCR master-
mix. Next, an in-house realtime PCR method targeting a dif-
ferent group of Babesia species was run (Øines, unpublished).
Samples containing several non-B. divergens-like species of
Babesia, including the zoonotic B. microti, remain negative
using the standard screening realtime PCR,[34] due to differ-
ences in the DNA, so the additional realtime was used to pick
up additional Babesia spp. which might be present.

Third, a nested PCR protocol [35] for amplification of vari-
ous piroplasm DNA was used, to allow an even broader
approach for detection and characterisation of a range of
various piroplasms, if present in the samples. This method
also allowed characterisation and identification using phylo-
genetic analysis of sequences from the positive spiked sam-
ples identified from the PCR analyses. This approach allowed
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correct species identification of the control, using the condi-
tions previously reported.[36]

All analyses were performed in duplicate. The combination
of methods was selected to enable an as broad as possible
approach for identification of known or unknown species of
Babesia or other related parasites, which may or may not
have been present in any of the samples analysed.

Lab. 5

Total nucleic acid (NA) from 100ll of blood was isolated
using DNeasyVR Blood & Tissue Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol, with the exception
of not adding RNase A to the samples.

Reverse-transcriptase synthesis was performed using
IllustraTM Ready-to-Go RT-PCR Beads Kit (GE Healthcare,
Amersham Place, UK) according to the manufacturer’s proto-
col and 10ll (0.25 lg/ll) random hexamer primers (pd(N)6)
were incubated with 20ll isolated total NA for 5min at 97 �C.
Beads were dissolved in 20ll RNAse free water and trans-
ferred to the solution containing total NA and primers, fol-
lowed by incubation for 30min at 42 �C and subsequently for
5min at 95 �C, resulting in a final volume of 50ll cDNA/DNA.

Four microlitres of cDNA/DNA per reaction were used in a
Light Upon eXtensionTM (LUX) real-time PCR assay to detect a
131 bp long fragment of the Borrelia 16S rRNA gene, using
genus-specific primers, as previously described.[37]

Samples positive by the LUX real-time PCR assay were fur-
ther analysed to identify species by sequencing the non-cod-
ing intergenic spacer regions 5S–23S and 16S–23S, as
previously described.[37]

The method described above was originally developed for
research purposes on ticks. Therefore, we evaluated the
method on blood samples containing 100ll human EDTA
blood spiked with a known number of Borrelia burgdorferi

sensu stricto B31 cells (ranging from 108 cells to 101 cells per
sample). The method was able to detect the Borrelia 16S
rRNA gene in all spiked blood samples.

Lab. 6

DNA extracted by Lab. 3 was delivered by courier to Lab. 6
and analysed for the presence of B. miyamotoi by a real-time
PCR assay with probe and primers specific for a section of
the 16S rRNA gene, as previously described.[6] The samples
identified as Borrelia positive by Lab. 3 were further analysed
by Lab. 6 to identify genospecies by direct sequencing of the

chromosome located rrs (16S)-rrlA (23S) intergenic spacer
(IGS), as previously described.[38]

Serology

The presence of antibodies against Borrelia spp. was ana-
lysed in Lab. 7 with recomBead (Mikrogen GMBH, Neuried,
Germany) [39] and by EnzygnostVR Lyme link VlsE/IgG and
EnzygnostVR Borreliosis/IgM (Siemens AG, Munich, Germany)
according to manufacturer’s instruction. The recomBead
assay quantifies specific antibodies against a range of indi-
vidual B. burgdorferi s.l. antigens and covering several geno-
species (p100, VlsE, p58, p39, OspA, OspC B.burgdorferi

sensu stricto, OspC B. afzelii, OspC B. garinii, p18B.ss., p18
B. afzelii, p18 B. bavariensis, p18 B. garinii, p18 B. spielmanii).
The interpretation of positive and negative results are given
according to diagnostic cut-offs described in the manufac-
turers’ instruction.

Overview of the assays performed and the different labora-
tories is presented in Table 1.

Statistics

The proportion of responders and 95% confidence interval
(CI) from proportion were calculated using GraphPad Prism,
Ver. 6 and GraphPad Instat ver. 2.05 (La Jolla, CA).

Results

Microscopy

In Lab. 1 using the LM-method (modified protocol), both
blood smears stained with Giemsa and blood incubated on
the slide under the cover-glass were inspected regularly for
the next days, using ordinary microscopy and phase con-
trast microscopy. Blood from 21 patients, 41 healthy con-
trols and four control samples were analysed. Structures
interpreted as Babesia were best seen after Giemsa staining,
whereas structures interpreted as Borrelia became best vis-
ible after incubation for hours or days (Figure 1). The pres-
ence of these structures were given a score from negative
to 4þ, depending on how many such structures were
observed. The results are presented in Figure 2. Using the
LM-method, Lab. 1 observed structures interpreted as
Borrelia in 11 patient samples (52%) and Babesia in 12
patient samples (57%) (Table 2). In nine patient samples

Table 1. Overview of assays performed (X) and laboratory.

Microscopy
LM-method

Microscopy
conventional PCR Bb s.l.* PCR B. miyamotoi PCR Babesia spp.

Anti-Borrelia spp.
IgG and IgM

Lab. 1 Xa – – – – –

Lab. 2 – Xb X X X –

Lab. 3 – – X – – –

Lab. 4 – – X – X –

Lab. 5 – – X X – –

Lab. 6 – – – X – –

Lab. 7 – – – – – X

*B. burgdorferi s.l.
aThe method evaluated in this study.
bOnly for Babesia spp.
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(43%) structures interpreted as both Borrelia and Babesia

were seen. In seven of the patient samples (33%) none of
these figures were seen, however, in five of these other
bacteria-like structures were observed.

In the blood samples from the 41 healthy controls,
using the LM-method, Lab-1 found what was considered to
be Borrelia in 25 samples (61%) and Babesia in 35 samples
(85%); 24 samples (59%) were interpreted as positive for
both Borrelia- and Babesia (Figure 1 and Table 2). Only six
samples from the control group (15%) were negative for
these structures, but they all contained other rod-like or
cocci-like structures that were interpreted as bacteria. The
results of the positive Borrelia and Babesia spiked blood
samples and the repeated blood sampling are given in
Table 3.

Lab. 2, which analysed for Babesia by the conventional
microscopy protocol, did not find any Babesia sp. in any of
the blood samples (Table 2).

PCR analysis

DNA analysis for the presence of B. burgdorferi s.l., B. miyamo-

toi and Babesia spp. was performed in different microbio-
logical laboratories (Table 1). The methods employed in this
study cover all the known human pathogenic B. burgdorferi

s.l, B. miyamotoi and various Babesia which have been docu-
mented or are assumed to be present in Norway. Table 3
shows the individual results of the positive PCR results and
the corresponding microscopy results.

All laboratories performing PCR analysis correctly identified
the Borrelia and Babesia spiked positive control samples
(Table 3).

PCR for Borrelia spp

Lab. 2 found Borrelia-specific DNA in five blood samples from
the control group; three of these were weakly positive (1þ)
for what was interpreted as Borrelia by microscopy by the
LM-method in Lab. 1, whereas two were negative by micros-
copy. Four of these were sequenced as B. burgdorferi sensu
stricto and one was only specified as Borrelia sp. (Table 3).

Lab. 3 identified one sample with weak positive signals for
B. burgdorferi s.l. in the control group; the isolated DNA was
confirmed to be positive by a second run in triplicates with
both PCR protocols and was sequenced to be B. afzelii. This
sample was found negative for Borrelia (and Babesia) by
microscopy by the LM-method and was also found to be
negative at the other laboratories doing PCR.

Figure 1. Photomicrograph by Lab. 1 using the modified microscopy method (LM-method), interpreted as: (a) a Babesia-like ‘Maltese cross’ in a sample from a healthy
control subject (subject no. 8), (b) dividing Babesia, probably merozoite pairs, in a sample from a healthy control subject (no. 22, graded as 3þ) and (c) a Borrelia
pearl-chain structure and a nearly straight L-form (lower right) in a sample from a healthy control subject (no. 17, graded as 4þ).
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Figure 2. Microscopy results by the LM-method in Lab. 1. The bar graph showing the distribution of the microscope findings of Borrelia- (left) and Babesia- (right) like
structures, graded from 0 (no Borrelia- or Babesia-like structure identified) to 4þ. The error bars represent 95% confidence intervals from the proportion.

Table 2. Proportion (%) of subjects positive for Borrelia and Babesia like struc-
tures (95% CI) by microscopy; Lab. 1 using the LM-method and Lab. 2 using
conventional protocol of the patient group (n ¼ 21) and the control group (n
¼ 41).

Lab. 1 (LM-method) Lab. 2 (Conventional method)

Patient group Control group Patient group Control group

Borrelia 52 (30–74) 61 (45–76) nd* nd
Babesia 57 (34–78) 85 (71–94) 0 0
Double infection 43 (22–66) 59 (42–74) na* na

nd, not done at this Lab; na, not applicable.
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Lab. 4 found no PCR-positive B. burgdorferi s.l. in any of
the samples from the patient or control groups.

Lab. 5 found one Borrelia PCR-positive sample in the
patient group (no match was found upon sequencing); this
sample was negative for Borrelia as interpreted by microscopy
by the LM-method, and also negative by PCR in the other
labs. In addition, Lab. 5 found three PCR-positive samples in
the control group, one of these was sequenced as B. afzelii,
one other was also positive by PCR in Lab. 2 and confirmed
to be B. burgdorferi s.s. by sequencing in Lab. 2.

Labs. 2, 5 and 6 analysed the samples for the presence of
B. miyamotoi, but no samples were found positive.

PCR for Babesia spp

Labs. 2 and 4, who looked for Babesia spp., did not detect
Babesia spp. by PCR in any of the patient or control samples.

Serological results

Three of the patients’ sera were scored as positive for IgG
antibodies against Borrelia spp. by the Enzygnost assay. These
were all negative by the PCR assays for Borrelia spp., whereas
two were considered positive for Borrelia by microscopy by
the LM-method. Four sera scored positive for IgM antibodies,
both by the Enzygnost and the recomBead assays; these were
also negative by the PCR assays, but three were found posi-
tive for Borrelia by microscopy. Blood from one healthy con-
trol had positive IgG test by the Enzygnost assay; this sample
was found negative by both PCR and by microscopy for
Borrelia.

In addition to interpret sera as positive or negative, the
MicroBead assay also measures IgG and IgM antibodies
against 13 single B. burgdorferi s.l. antigens, representing five
different genospecies (listed in M&M). In the patient group,
six of the 11 samples (55%) that were considered positive for
Borrelia by microscopy were negative against all single

antigens. Of the 25 blood samples in the control group that
were interpreted as positive for Borrelia by the LM-method,
19 (76%) were negative for antibodies against all single anti-
gens, whereas five revealed a weak binding to the VlsE or
p100 antigens.

Discussion

To evaluate the modified microscopy method (the LM-
method) for the detection of Borrelia and Babesia infections
in humans, blood samples from 21 patients who attribute
their symptoms to LB and 41 healthy controls were blinded
and analysed for the presence of Borrelia spp. and Babesia

spp. by microscopy using the LM-method, by a conventional
microscopy protocol (Babesia only), by various PCR methods
and for antibodies against Borrelia spp. By microscopy, using
the LM-method (the method we wanted to evaluate in this
study) Lab. 1 observed structures claimed to be Borrelia- and/
or Babesia in 66% of the blood samples of the patient group
and in 85% of the samples in the control group. The results
suggest that this modified microscopy method does not dis-
tinguish between patients and healthy controls regarding
infections with Borrelia spp. and Babesia spp.

The patient group is rather heterogeneous regarding
symptoms, diagnosis, disease history and previous treatment.
However, the patients included were all chosen among per-
sons who previously had been judged positive for what was
defined as Borrelia and/or Babesia by Lab. 1 using the LM-
method. Only three of them had previously been tested posi-
tive for Borrelia spp. by conventional (serological) tests. Some
have had symptoms for many years, others only for 1–2 years.
However, this patient group is representative for patients
who seek alternative diagnostic tests in their despair and
struggle to get a diagnosis and effective treatment. Many of
these patients ascribed their symptoms to what is referred to
as chronic LB. The control group was adequately age-
matched to the patient group, but it was under-represented

Table 3. Corresponding microscopy findings of the PCR positive samples.

Group
PCR Borrelia

Microscopy Borrelia
PCR Babesia Microscopy Babesia

Patient/control Lab. 2 Lab. 3 Lab. 4 Lab. 5 Lab. 1 (Laane)a Lab. 2 Lab. 4 Lab. 1 (Laane) Lab. 2 (Convent)

P N N N B. sp. 0 N N 2 0
C N N N B. afz. 4 N N 3 0
C N N N B. sp. 4 N N 4 0
C Bb s.s. N N N 0 N N 2 0
C Bb s.l. N N N 0 N N 3 0
C Bb s.s. N N N 1 N N 3 0
C Bb s.s. N N N 1 N N 3 0
C Bb s.s. N N B. sp. 1 N N 1 0
C N B. afz. N N 0 N N 2 0
CtrAb N N N N 2 N N 1 0
CtrAþB.afz B. afz B. afz Bb s.l. B. afz 0 N N 0 0
CtrAþB.divc N nd N nd 2 B.div B.div 3 0
CtrB 1d N N N N 4 N N 4 0
CtrB 2 N N N N N N N 3 0
CtrB 3 N N N N 2 N N 3 0

N, negative; Bb s.l., B. burgdorferi sensu lato; Bb s.s., B. burgdorferi sensu stricto; B. afz, B. afzelii; nd, not done at this Lab.
a0–4 indicate an increasing number of Borrelia- and Babesia-like structures seen (0 ¼ negative).
bCtrA is from a healthy person collected at different time points throughout the study period, CtrA were spiked with B. afzelii at one collection and Babesia diver-
gens infected bovine blood at another collection.

cB. divergens infected bovine blood were added to blood from a healthy control (CtrA); this resulted in rapid agglutination and destruction of the bovine erythro-
cytes and most of the Babesia parasites.
dCtrB is from a healthy person (different from CtrA) collected at different time points throughout the study period (1: 17.06.14, 2: 03.09.14, 3: 16.12.14).
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by males. However, the results do not indicate that gender is
a contributing variable in these assays (data not shown).

The reported incidence of disseminated LB in Norway is
�4–6 per 100 000 annually (www.msis.no), whereas the inci-
dence of localised disease (e.g. erythema migrans, which is
not notifiable in Norway) is probably substantially higher.
Seroprevalence studies show that up to 20% of healthy blood
donors in endemic areas in Norway have antibodies against
B. burgdorferi s.l., indicating exposure to Borrelia sp.[13,15]
Regarding human babesiosis, only one autochthonous case
has ever been described in Norway [18] and analysis of col-
lected ticks identified Babesia spp. only in 0.9% of 1908 col-
lected I. ricinus ticks;[36] thus, the real incidence of human
babesiosis in Norway is not likely to be high. It should, how-
ever, be mentioned that the PCR method used in that study
may have been biased against the B. divergens-like Babesia

spp., as other zoonotic species like B. microti may not have
been identified correctly using this method.

By microscopy using the LM-method, 38 blood samples
were judged positive for what they interpreted as Borrelia

structures; however, only five of these were positive for
Borrelia spp. by PCR and positive PCR results were then only
obtained in one, and for one sample in two, of the five PCR
labs. No samples were positive for Babesia by the PCR meth-
ods used, thus the prevalent structures interpreted as
Borrelia- and Babesia by the LM-method could not be verified
as Borrelia or Babesia by the various PCR methods employed
in this study. The rather inconsistent results from the PCR lab-
oratories were somewhat surprising. Two laboratories identi-
fied Borrelia DNA in five (Lab. 2) and in one (Lab. 3) blood
samples from the control group. The one blood sample iden-
tified by Lab. 3 and one of the samples identified by Lab. 2,
was sequenced as B. afzelii and B. burgdorferi s.l., respectively;
these were from two different healthy donors, but these sam-
ples were in the same shipment as the B. afzelii-spiked blood
sample and, thus, contamination of samples may have
occurred. The two other laboratories doing Borrelia PCR did
not find these samples positive. It can, thus, not be excluded
that there may have been some cross-contamination between
the Borrelia-spiked samples and the other positive samples in
Lab. 2 and Lab. 3. Furthermore, due to the low number of
spirochete present in human samples, methods are designed
to maximise sensitivity, for instance by targeting highly con-
served ‘household’ genes and/or by applying a high number
of PCR cycles. Although this may make the method more sen-
sitive, the risk of acquiring false positive results is also
increased. These points, as well as the fact that these samples
were negative by serology, indicate that the positive results
obtained rather reflect problems with specificity and/or cross-
contamination, than reflecting true positive blood samples.
The PCR laboratories were a mixture of clinical and research
laboratories and our results envisage the need for improved
quality control of the different in-house tests.

PCR on peripheral blood is not routinely used as a diag-
nostic test for LB due to its low diagnostic sensitivity.[9]
Previous studies have shown PCR methods on peripheral
blood may be highly sensitive, not only for hemoparasites
like Babesia spp.,[21] but also for Borrelia spp. when the spiro-
chetes are present in blood, as shown by in vitro studies by

Chan et al. [40] The sensitivity of the PCR in our study could
have been increased further by extracting DNA from an even
larger blood volume. However, if 6–20 ll of blood is sufficient
to see the microbes by microscopy, 100ll to 5ml of blood as
used by the PCR labs should be plenty for DNA extraction
and detection. It is well recognised that Borrelia spp. may
adapt its genetic expression depending on the external envir-
onment. Whether such adaptations might delete all the tar-
geted DNA sequences covered in our PCR assays is highly
unlikely.

The presence of Borrelia-specific antibodies in some of the
patients indicate previous exposure to the Borrelia spp., but
cannot be interpreted as ongoing disease per se.[41]

The Borrelia- and Babesia-spiked samples from a healthy
donor were all identified correctly by the PCR laboratories.
Microscopy by the LM-method in Lab. 1 did not find Borrelia

in the positive control blood, in spite of the high amount of
B. afzelii added (about five Borrelia cells per 100 red blood
cells). On the other hand, in a prior unspiked blood sample
from the same donor collected 5 months earlier, a Borrelia-
score of 2þ was observed using the same method, as was
the same blood spiked with Babesia 1 week later. Similar vari-
able results were observed for the consistency control sample.
Along with this, the patient group was recruited among per-
sons who were all judged positive for Borrelia and/or Babesia
by the LM-method in Lab. 1 prior to this study, but, in the
present study, 33% of the patients’ samples were negative by
microscopy for both these organisms using the same method.
It may be argued that the patients have improved since last
time and that the pathogens had disappeared from the
blood.

Microscopy is regarded as the gold standard test for
detecting Babesia in patients’ blood. Pleomorphic structures,
pyriform ring forms and Maltese crosses are easily seen in
Babesia-infected erythrocytes on Giemsa stained blood
smears. However, these parasites are not normally found in
blood from healthy individuals.[21,22]

The B. divergens-spiked control was scored as 3þ by Lab. 1
using the LM-method, whereas Lab. 2 did not find any
Babesia by conventional microscopy. It should be noted that
the Babesia were cultivated in bovine blood, which was
added directly to the human EDTA-blood collected from a
healthy person. This resulted in massive agglutination of the
bovine erythrocytes due to heterologous (anti-bovine erythro-
cytes) antibodies and, next, to lysis of the bovine blood. The
B. divergens-spiked sample was, thus, not suitable for micros-
copy (whereas the DNA and, hence, the PCR assays is not
affected). Control microscopy of the spiked blood the next
day in the laboratory at NIPH revealed no remaining Babesia.

Some of the patients in this study are strongly affected by
their symptoms and are desperate to find a diagnosis and
treatment. Whether the observed structures considered to be
Borrelia by Lab. 1 using the LM-method might be some non-
pathogenic spirochete like Treponema sp. or other undefined
microbes remains to be determined. However, incubation of
blood in non-physiological conditions on the microscope slide
may facilitate degradation and denaturation of cell structures
that may give rise to ‘pear-like structures’, ‘cystic forms’, ‘red
blood cell blebbing products’ and forms that may possibly
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trap staining material like Giemsa and acridine orange and be
misinterpreted as microbes.[42] Since these structures are
even more prevalent and numerous in blood from healthy
persons, it is unlikely that they are any pathogen or are linked
to the patients’ illnesses. However, given the range of PCR
methods used in this study, and given the results across the
groups, it seems unlikely that these structures are Borrelia

spp. or Babesia spp.

Conclusion

Our results show that the structures claimed to be Borrelia-
and Babesia by the LM microscopy method were equally
found in healthy controls, they could not be verified by PCR.
The microscopy method evaluated in this study can, thus, not
be recommended to identify patients that should be treated
for Borrelia or Babesia infections. This study underlines the
importance of doing proper test validation before new or
modified assays are introduced.[43]
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EDITORIAL COMMENTARY

Microscopy of human blood for Borrelia burgdorferi and Babesia without clinical
or scientific rationale

In Norway, ‘A simple method for the detection of live Borrelia

spirochaetes in human blood using classical microscopy tech-

niques’ has attracted public discussion and media atten-

tion.[1] This method of ‘simple microscopy’ was developed by

Mysterud and Laane from the department of Molecular

Biosciences and Biology at Oslo University. A validation study

has now been performed and published in the current issue

of Infectious Diseases. The ‘simple microscopy’ was assessed

thoroughly and found to be useless.[2] Masked samples from

cases previously judged positive by the ‘simple microscopy’

and from a healthy control group were included. Using the

‘simple microscopy’, more than 50% of cases and more than

80% of controls were judged positive. PCR performed by

independent laboratories did not detect Borrelia or Babesia

DNA. Babesia was also not found by conventional microscopy.

In any case microscopy of blood is not a relevant proced-

ure for the diagnosis of Lyme borreliosis for the following rea-

son. Although haematogenous dissemination has been

demonstrated by PCR and culture, the concentration of B.

burgdorferi has been estimated to be about one bacterial cell

in 10ml of blood in patients with erythema migrans.[3,4]

Thus, the concentration of Borrelia in patients has been

shown to be too low to be found in a droplet of 6ll on a

microscope slide. A 10000-times higher concentration would

be needed to achieve a reasonable sensitivity by microscopy.

‘Simple microscopy’ is not a relevant procedure for Babesia

either, as conventional staining of the blood film is necessary

for visualisation and correct identification.[5]

It would be unlikely that patients assumed to have concen-

trations of 1000 or more microorganisms per millilitre of blood

have heterogeneous chronic symptoms for years without

developing more severe pathology. By comparison, patients

with high concentrations of microorganisms, as is usually seen

with Babesia or relapsing fever Borreliae, are described as

febrile and present with severe acute disease.[4,5]

The problem of misinterpretation and poor preparation of

microscopic slides is historic. Koch,[6] in a publication from

1877, was very particular about methods for microscopy.

Koch warns the reader of a swelling dirty stream [‘. . . zu

einem tr€uben Strohm anschwellen lassen. . .’] of publications

on bacteriology. Koch stressed the importance of preserving

the intact morphology of the microorganisms.

B. burgdorferi, in particular, has become the victim of a

swelling dirty stream of problematic publications. In 2010 an

independent review committee of the Infectious Diseases

Society of America assessed 1025 publications and found a

large volume of uncontrolled observations of doubtful scien-

tific quality.[7,8]

The background for the study by Laane and Mysterud [1]

is a speculative theory that morphological variants of microor-

ganisms play a role in otherwise unexplained persisting

symptoms. The literature does not support any causal

relationship.[9]

Light microscopy is an important basic procedure in micro-

biology using wet mounts and stained preparations. How to

perform microscopy is in the basic curriculum for undergradu-

ate students in microbiology and for laboratory technicians. It

is part of basic training to identify microorganisms and to dis-

tinguish tissue structures or artefacts.

It is reprehensible that pseudoscientific diagnostic testing

was performed on human specimens at Oslo University. This

practice has now been stopped, to my knowledge. However,

non-validated diagnostic procedures are still be provided by

alternative private laboratories and clinics and this has been

warned against previously.[10–12]

If patients do not suffer from Lyme borreliosis or another

tick-borne infection, then what is the problem?

Experience from a Dutch infectious disease clinic special-

ising in suspected Lyme borreliosis found 18 (9%) of 200

consecutive cases to have definite or probable Borrelia

infection.[13] Notably, no alternative diagnosis was found in

77 (39%), despite a multidisciplinary approach. Probably

most of the patients seeking alternative medical attention

for a perceived tick-borne disease are recruited from the

latter group without an ‘alternative diagnosis’. This labelling

illustrates the problem, as the patient may feel rejected

and lose trust. The patients most likely suffer from a soma-

toform disorder and require psychological and social sup-

port.[14] The psychological attention should start concurrent

with the standard clinical work-up, not at a later stage, in

order stop to progression of somatoform disorders. It is

also recommended to avoid unnecessary diagnostic test-

ing.[15] Borrelia serology should be avoided in patients

with diffuse symptoms without objective designs of dis-

ease.[16] The positive predictive values will be low (<1%)

and a positive serology result will only contribute to

unnecessary concern.

In conclusion, Aase et al. [2] should be recommended for

their effort to falsify inappropriate microscopy. The study

shows the fundamental importance of a control group for

evaluation of diagnostic accuracy and that cases with disease

should be selected according to appropriate case definitions.

I hope the study serves as a warning against non-validated

microscopic procedures and helps prevent mismanagement

of patients with chronic complaints, who are lured to seek

improper diagnosis in the future.

INFECTIOUS DISEASES, 2016
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Appe di  to pu li atio   Validate o  falsif : Lesso s lea ed f o  a  i os op   ethod  lai ed to 

e useful fo  dete ti g Bo elia a d Ba esia o ga is s i  hu a   lood  

Fo  the stud ,  e used  ested PCR  ethod  ased o  ide tifi atio  of Ba esia spp.  s ge e 

[ ]. The se siti it  of te h i ue  as e aluated usi g B.  i oti i fe ted  ouse  lood  Fig.  . The 

dete tio   li it  as  dete i ed  of    i fe ted  e th o tes  i   the  PCR  ea tio     ×  ‐   % 

pa asite ia .  Mo eo e ,  the  ethod  dete ts  ide  spe t u   of  Ba esia  spe ies  a d  follo i g 

se ue i g of PCR a pli o  allo s pa asite spe ies ide tifi atio ;  e su essfull  disti guished the 

ost  o o  age ts of hu a   a esiosis, B. dive ge s, B. ve ato u  a d B.  i oti.  

 
Figu e  .  The  se siti it   of  the  te h i ue  used  fo   outi e  Ba esia  spp.  dete tio .  The  ouse  lood  ith 
pa asite ia  . %  as p o eeded  fold se ies dilutio   i  u i fe ted  ouse  lood  a d e t a ted DNA  as 
a al zed   PCR usi g the p i e s fo   S ge e. NC =  egati e  o t ol. PC = positi e  o t ol.  
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PART III. Esta lish e t of Ba esia dive ge s la o ato  
odel a d its e pe i e tal appli atio  

Pa t III. is su a izi g e pe i e ts pe fo ed i  o de  to i t odu e  o plete la o ato   odel of 

B. dive ge s. Although  e did  ot esta lish the  o plete B. dive ge s la o ato   le,  e  epo t 

he e the  o du ted e pe i e ts  u pu lished  a d i lude o e pu li atio  elu idati g the se ual 

o it e t  of  B.  dive ge s.  Mo eo e ,  the  opti ized  te h i ues  e a led  us  to  follo   a  e  

di e tio  of B. dive ge s  esea h, des i ed i  the  a us ipt i  p epa atio   Validatio  of Ba esia 

p oteaso e as a d ug ta get .  

I  this pa t, t o  esea h pu li atio s a e i luded, o e pu lished [ ] a d o e i  p epa atio : 

Jalo e ka M, Bo se ge t C, Hajdusek O, Kopa ek P, Mala d i  L. “ti ulatio  a d  ua tifi atio  of 
Ba esia  dive ge s  ga eto toge esis.  Pa asit  Ve to s.  ; : .  doi:  . /s ‐ ‐

‐ . Pu Med PMID:  ; Pu Med Ce t al PMCID: PMCPMC . 

Jalo e ka M, Ha t a  D, O’Do oghue AJ, Kopa ek P, Hajdusek O., “ojka D. Validatio  of Ba esia 
p oteaso e as a d ug ta get. I  p epa atio .  
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Ba esia dive ge s: i t odu tio  to the p o le ati s 

Based o   the  ost  e e t ph loge eti   a al ses, B.  dive ge s  elo gs  to  the Ba esia se su 

st i to  lade/g oup  hi h  efe s  to  the  o oph leti   g oup  ha a te ized  of  t a so a ial 

t a s issio  i  ti ks a d  ultipli atio  e lusi el  i  e th o tes of the  e te ate host [ ,  ,  ‐

]. Re e tl , B. dive ge s  as se ue ed  ith  o sig ifi a t diffe e es i  size o  st u tu e f o  

the othe  spe ies of Ba esia se su st i to g oup, B.  ovis a d B.  ige i a [ ‐ ]; the ge o e 

size  a ied f o  ~  to ~ .  M p depe di g o  the B. dive ge s st ai s [ ,  ].  

The life  le as  ell as ult ast u tu e of B. dive ge s is  ea l  ide ti al to othe  spe ies f o  

the Ba esia se su st i to g oup [ ]. The  atu al t a s issio   le  Fig.    o p ises  attle as the 

a alia  host a d I odes ti ks as  e to s. A tuall , the  attle is  o side ed as the  ese oi  host 

fo  B. dive ge s [ ]  he e the ase ual  ep odu tio  o u s. A o g ase ual stages, the fi st se ual 

stages – ga eto tes – o u  i  the host e th o tes [ ,  ,  ] a d fu the  de elop i  the ti k 

gut lu e  i to ga etes,  efe ed as  a   odies [ ,  ]. Ga etes the  fuse a d gi e  ise to a z gote 

hi h is diffe e tiati g i to ki etes [ ]. Fo  B. dive ge s,  o postz goti   eiosis  as des i ed  ut 

it is assu ed that B. dive ge s u de goes postz goti  de elop e t as othe  spe ies f o  the g oup 

Ba esia se su st i to [ ]. Ki etes  ig ate to the hae ol ph a d a e sp ead th ough the ti k  od  

i adi g ti k i te al o ga s; fo   phal ti k the i asio  of sali a  gla ds a d follo i g spo ogo  

as do u e ted [ ]. The t a so a ial t a s issio  of B. dive ge s  as p e iousl   epo ted [ ‐

]. The efo e, the pa asite ki etes had to i aded the o a  of adult fe ales a d full   atu ed 

spo ozoites likel  de eloped si e the  esulti g la ae  e e i fe tious to the host [ ].  

 

 
Figu e  . B.  dive ge s  t a s issio   le.  Natu al  t a s issio   le  of B.  dive ge s  i ol es  attle  as  the 
ese oi  hosts a d I.  i i us ti ks as  e to s. Pa asites i   o i e  ed  lood  ells a e take ‐up  ithi  the  lood 
eal of  adult  ti k  fe ale,  he e  the  u de go se ual  ep odu tio  a d  i ade  ti k  i te al  tissues of  ti k 

i ludi g o a  leadi g to the t a so a ial t a s issio  i to the la ae. The  pa asite t a s it t a sstadiall  
to  phs  a d  adults.  Adult  fe ale  the   usuall   sp ead  the  i fe tio   i to  the  aï e  attle  du i g  the 
e go ge e t. Adapted f o  [ ].  
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As  othe   Ba esia  spe ies,  B.  dive ge s  i   host  e th o tes  u de goes  as h o ous 

ultipli atio   esulti g i  the p ese e of  a ious ase ual stages i   loodst ea  at the sa e ti e 

[ ,  ].  The  t ophozoites  a e  ou d o  o al,  o o l   alled  the  i g  stages.  The  t ophozoites 

o ph i to  e ozoites of t pi al pi ifo  shape. Me ozoites o u  i   luste s of t o o  fou ; the fou  

e ozoites  i   o e  ell  a e  o stituted  i to  fo   of  tet ads  a ed  Maltese  oss  [ ].  

The fo atio  of Maltese  oss is u i ue to Ba esia a d se es as disti guishi g featu e. The size 

a d positio  of t ophozoites a d  e ozoites a e usuall  depe de t o  the host spe ies a d i  vivo 

o   i   vit o  ai te a e  [ ,  ‐ ].  To  date,  ult ast u tu al  studies  of  B.  dive ge s  e e 

pe fo ed just fo  stage of  e ozoites [ ,  ] a d  o sig ifi a t diffe e es  e e o se ed i  

o pa iso   ith othe  spe ies of the Ba esia se su st i to g oup [ ,  ,  ].  

 

 
Figu e  . B. dive ge s i   o i e e th o tes  ulti ated i  vit o. “ ea   as stai ed usi g DiffQuik stai i g set. 
M =  e ozoites. MT =  e ozoites  luste ed i to a tet ad. T = t ophozoites. 

 

Cu e tl , epide iologi al su e s ha e do u e ted the p ese e of B. dive ge s th oughout 

a ious Eu opea   ou t ies, dete i ed   the  ide dist i utio  of the ti k  e to , I.  i i us [ ,  , 

,  ,  ,  ]. All th ee life ti k stages appea  to  e a  o pete t  e to  of B. dive ge s [ ,  ]. 

Based o  feedi g p efe e es, the la ae sho  li ited i po ta e i  the  a esiosis epide iolog  

o t a   to  phs  a d  adults;  pa ti ula l   adult  stages  a e  elie ed  to  a ui e  i fe tio   [ ]. 

B.  dive ge s  is  ai tai ed  i   the  e i o e t  pa ti ula l     attle  p e iousl   e o e ed  f o  

disease o   a i g su li i al i fe tio  [ ]. The i ide e of B. dive ge s i  ti k’s  e to s i eases 

ota l   i   a eas  ith  attle  eedi g  i   Eu ope  L.  Mala d i ,  o al  o u i atio .  The  attle 

ep ese t the  ese oi  host of B. dive ge s. Bo i e  a esiosis  aused   B. dive ge s is  o side ed 

as u de esti ated a d e o o i all  i po ta t th eat fo   u e t li esto k i dust  i  Eu ope [ ,  , 

67



] a d  auses se e e epide i s i   attle,  he e the  o talit  of u t eated  ases  a   ea h high 

u e s [ ]. 

Co pa ed  to  othe   o i e  Ba esia  spe ies  pla ed  i   Ba esia  se su  st i to  g oup  [ ] ,  

B.  dive ge s  i fe tio   as  epo ted  i   a  oade   spe t u   of  hosts.  Disease  as  a ifested  i  

sple e to ised  p i ates  [ ],  sple e to ised  ouflo   a d  a ious  dee   spe ies  [ ],  a d 

sple e to ised sheep [ ] as  ell as  i   i ta t  ei dee  [ ] a d sheep [ ]. Ho e e ,  e e t 

des iptio   of  B.  ve ato u   also  epo ted  as  Ba esia  sp.  EU   is  aisi g  uestio   a out  the 

o e t ess of p e ious studies. B. ve ato u  diffe s f o  B. dive ge s   host spe ifi it   a o g 

othe s . Cu e t k o ledge att i ute  e ids  Ce vidae  as the  ese oi  hosts of o l  B. ve ato u  

[ ‐ ], a d  attle  Bos tau us  a e  elie ed to  e the o l   t ue  host of B. dive ge s [ ].  

B. dive ge s  elo gs to the spe ies easil   ulti ated i  vit o [ ,  ]  he e it e hi its lo  host 

spe ifi it  to  lood  ells. The  ai te a e of the pa asite  as su essfull  adapted i   o i e [ , 

],  hu a   [ ,  ],  at  [ ],  ho se  [ ]  a d  sheep  [ ,  ]  e th o tes.  Mo eo e ,  

a  u e  of e pe i e ts  e e atte pted i  o de  to esta lish B. dive ge s i  the la o ato  a i als. 

Co o  la o ato  hosts like  a its [ ],  i e, ha ste s o   ats [ ,  ]  e e  ot sus epti le 

to  the  i fe tio ,  although  the  i fe tio   a   ful i ate  i   sple e to ised  ats  [ ].  The  o l  

la o ato  a i al fou d to  e full  sus epti le  hethe  sple e to ised o  i ta t  is the Mo golia  

ge il  Me io es u gui ulatus  [ ]  ut the  o pletel   o t olled t a s issio   odel Ba esia ‐ ti k 

‐  ge il  has  ot  et  ee   i t odu ed.  Yet,  the  t a s issio   of B.  dive ge s  f o   e pe i e tall  

i fe ted ge il to the ti k I.  i i us  as  o fi ed [ ] a d a othe  stud   epo ted the i fe tio  of 

sple e to ised ge ils   I.  i i us la ae, hat hed f o  eggs laid   adult fe ales p e iousl  fed o  

the i fe ted  alf [ ]. 

 

I  o de  to esta lish the t a s issio   odel of B. dive ge s,  e  o du ted se e al e pe i e ts 

to  ea h the pa asite a uisitio    I.  i i us ti ks. He e  e su a ize the o tai ed data a d e plai  

h  the  o plete B. dive ge s la o ato   le  ould  ot  e i t odu ed.  
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B. dive ge s i fe tio  of Mo golia  ge ils a d ti k feedi g  

A  e ita le issue of t a s issio   odel esta lish e t  as to sele t the suita le a d a essi le 

la o ato  host  fo  B. dive ge s  e ause  attle as a  e pe i e tal a i al possess ad i ist ati e 

o pli atio .  “i e  the Mo golia   ge il  Me io es  u gui ulatus   has  ee   fou d  to  e  a  full  

sus epti le  la o ato   a i al  to B.  dive ge s  i fe tio   [ ],  e  pe fo ed  se e al  atte pts  to 

esta lish the i fe tio  of B. dive ge s i  ge ils a d sta da dize the  ou se of i fe tio . Ge ils kept 

i  la o ato   o ditio s  e e i t ape ito eall   i.p.  i fe ted  ith   µl dose of B. dive ge s i  vit o 

ultu e  at  a  %  pa asite ia  pe   a i al.  Although  e  a aged  su essful  ge il  i fe tio ,  e 

o se ed  o side a le  diffe e es  i   g o th  u es  of  B.  dive ge s  i   ge il  lood  st ea   a d 

a i u  pa asite ia appea ed. It  as p e iousl   epo ted that  a  fa to s  e.g. pa asite dose o  

ge il age   ould i flue e the de elop e t of the B. dive ge s i fe tio  [ ,  ,  ,  ]. Thus, 

e used a i als of diffe e t age a d se   ut  o i fe tio  sta da dizatio   as  ea hed  Fig.  . We 

o se ed that so e e pe i e tal a i als possessed  e  high pa asite ia  ithi  o e  eek afte  

i fe tio   ut it  as  e essa  to eutha ize the a i als  ega di g thei  health  o ditio . I  additio , 

a out  o e  thi d  of  e pe i e tal  a i als  appea ed  to  e  esista t,  o  pa asite  ultipli atio  

o u ed  i   thei   loodst ea . The pote tial e pla atio  of su h  esults  a   e att i uted to the 

ge eti  hete oge eit  of the e pe i e tal ge ils despite the assu ed  ottle e k  of a i als  ed 

i  la o ato   o ditio s. 
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Figu e  . B. dive ge s i fe tio  of Mo golia  ge ils  Me io es u gui ulatus . Ge il fe ales  A  a d  ales  B  
e e i t ape ito eall  i fe ted  ith the sa e dose of pa asites  µl of i  vit o  ultu e  ith  % pa asite ia 

pe  a i al . The  ou se of i fe tio   as  o ito ed dail  f o    DPI up to   DPI. “ ea s  e e stai ed usi g 
DiffQuik stai i g set, pa asite ia  as  ou ted at   RBCs. The lege d  efle ts the age of the e pe i e tal 
a i als   =    o th . Mu = Me io es u gui ulatus. = eutha asia  of e pe i e tal a i als. DPI = da s 
post i fe tio . RBCs =  ed  lood  ells. 

 

Despite  these  o pli atio s,  e  a ied  out  u e ous  atte pts  to  i fe t  phal  ti ks. 

Although  e o tai ed full  e go ged  phs, the  i fe tio   as  ot  t a sstadiall   t a s itted to 

adults. To date, the a uisitio  of B. dive ge s    phal ti ks fed o  ge ils  as  o fi ed o l    

DNA  easu e e ts [ ]. The stud  des i ed the pa asite se ual de elop e t follo ed   ki etes 
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i asio   to  sali a   gla ds  ut  o  t a sstadial  t a s issio .  The  pote tial  easo   of  su h 

phe o e o   a   e  att i uted  to  i o pete e  of  phal  ti ks  to  a ui e  a d  t a s it  the 

pa asite. It is  elie ed that  atu al t a s issio  of B. dive ge s o u s  ia the feedi g of adult stages 

of  ti ks  o   i fe ted  host  a d  su se ue t  t a so a ial  t a s issio   to  la ae.  The  su essful  

B. dive ge s t a s issio   ia la al p oge   as p e iousl   epo ted usi g adult I.  i i us fe ales fed 

o  i fe ted sple e to ised  al es [ ,  ,  ]  ut o l  o e stud  do u e ted the t a s issio  

of B.  dive ge s  to  the  ge il  ia  la ae  feedi g  [ ]. We atte pted  se e al  ti es  to  feed  adult  

I.  i i us fe ales o  i fe ted ge il  ut  e  ould  ot  ea h full  e go ge e t; the dis epa  of  

B.  dive ge s  i fe ti it   a d  ultipli atio   still  pe sisted.  Based  o   o se ed  o pli atio s,  e 

de ided to use a tifi ial feedi g [ ] of ti k fe ales di e tl  o   i  vit o  ultu e of B. dive ge s  i  

o i e e th o tes.  

 

I ple e tatio  of i  vit o feedi g te h i ue fo  ti k i fe tio   ith B. dive ge s 

A tifi ial feedi g te h i ue takes ad a tages of li e a i al  epla e e t   i  vit o  ultu e usi g 

eithe  a sili o e  e a e [ ] o  the ski  of  a it o  ge il [ ,  ]. Ti k a tifi ial feedi g had 

ee  p e iousl   used  fo   a  su essful  a uisitio  of B.  dive ge s  pa asitized  o i e  e th o tes 

ulti ated  i   vit o  i to  the  I.  i i us  ti k  fe ales  ut  the  t a s issio   le  as  ot  o pleted; 

feedi g of i fe ted la ae o  ge ils did  ot  esulted i  host i fe tio  [ ]. “i e the i  vit o feedi g 

of  ti ks  a o di g  K ö e   a d  Gue i   [ ]  as  al ead   i ple e ted  i   ou   la o ato      

olleague  J. Pe e ,  I stitute of Pa asitolog , Biolog  Ce t e of CA“, Cze h Repu li ; Fig.  A ,  e 

adapted  the  te h i ue  fo   a tifi ial  i fe tio   of  adult  I.  i i us  fe ales  o  B.  dive ge s  i fe ted 

e th o tes.  

Adult fe ale ti ks  ed i  la o ato   o ditio s   e e fed o  B. dive ge s  i  vit o  ultu e of 

o i e e th o tes i   ulti atio   ediu   spe ified i  the Pa t II. . U fo tu atel , i  this  ase the 

ti ks  e e  ot a le to full  e go ge  Fig.  B . “u se ue tl   e  epla ed the  ultu e   full  o i e 

lood  e i hed  ith  B.  dive ge s  i fe ted  ed  lood  ells  o tai ed  f o   i   vit o  ultu e .  We 

e ei ed  full   e go ged  ti k  fe ales  Fig.  C   a d  i   thei   o ga s  e  assessed  the  p ese e  of  

B. dive ge s DNA usi g  ested PCR  ith p i e s fo   S ge e  Ta .  . At fi st,  e did  ot dete t a  

pa asite DNA i  ti k o ga s e ept  idgut  data  ot sho ; the positi e pa asite dete tio  i   idgut 

is gi e    a uisitio  of i t a‐e th o ti  ase ual stages   the  lood  eal. The  egati e dete tio  

of pa asite DNA i  ti k o a ies a d sali a  gla ds i plied the i o pete e of pa asite to de eloped 

se uall   a d  fu the   i ade  the  ti k  i te al  tissues.  The pa asite  se ual  ep odu tio   i   the  ti k 

idgut is go e ed   ga eto tes, i t a‐e th o ti  se ual stages i pe ati e fo  ti k i fe tio  [ , 

,  ,  ]. We h pothesized that pa asite lo g‐te  i  vit o  ai te a e di i ished the pa asite 

o pete e  to  p odu e  ga eto tes,  as  it  as  p e iousl   epo ted  fo   Plas odiu   [ ]. 
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The efo e,  e  e ified  the  ga eto tes  p odu tio   i   the  i   vit o  ultu ed  pa asite  usi g  the 

p e iousl   des i ed  a d  alidated  ole ula   a ke s  fo  B.  dive ge s  ga eto tes  [ ,  ].  

The a al sis  o fi ed that the pa asite lost the a ilit  of se ual  o it e t du i g the lo g te  

i  vit o  ulti atio  [ ], a d thus it  a ot i fe t the ti k.  

 

 

Figu e  .  I ple e tatio  of  i   vit o  feedi g  te h i ue  fo  ti k  i fe tio   ith B. dive ge s.  A   Illust atio  of 
feedi g u it  ith  sili o e  e a e.  I.  i i us  fe ales  feedi g o  B. dive ge s  i   vit o  ultu e  B   a d o  
i fe ted full  o i e  lood  C . Photos  e e take  o   th da  of  o ti uous ti k feedi g o   ultu e o   lood  ith 

% pa asite ia. I  vit o  ultu e o  i fe ted  lood  e e  ha ged ea h   hou s.  D  B. dive ge s DNA dete tio  
i   i te al o ga s of full  e go ged ti ks a tifi iall  fed o  eithe  health  o  i fe ted  o i e  lood i ludi g 
dete tio  of I.  i i us DNA as  o t ol. OV = o a ia. “G = sali a  gla ds. MG =  idgut.  

 

With  espe t  to  this  esult,  e  o du ted  the  a tifi ial  feedi g  of  ti k  fe ales  usi g  the  

B.  dive ge s  st ai   ith  e ified  ga eto tes  p odu tio .  We  o fi ed  pa asites  DNA  i   all 

e a i ed o ga s  o a ia, sali a  gla ds a d  idgut  i  ti ks fed o  i fe ted  lood  Fig.  D  i pl i g 

the su essful ti k i fe tio . Yet, the  o ta i atio  of tissues   i fe ted  lood  eal du i g the ti k 

disse tio   ust  e ad itted. U fo tu atel , the ti ks kept fo  la ae hat hi g did  ot su i ed. Ti k 

fe ales laid o l  fe  eggs a d  o la ae  e e hat hed. The o tai ed eggs did  ot  o tai  pa asite 

DNA  ut it  as p e iousl  suggested that the fi st eggs i  the  lut h a e usuall  pa asite‐f ee due to 

the  le gth of se ual de elop e t of pa asite  i  the ti k  i te al  tissues a d the p og ess of eggs 

de elop e t  L.  Mala d i ,  o al  o u i atio .  We  h pothesized  that  the  lo e i g  of  the 

pa asite ia  ould help si e the high  o talit   a   ep ese t a sig  of ti k fe ale i fe tio   e ause 

ti ks fed o   o‐pa asitized  lood laid the sta da d a ou ts of eggs. I  spite of se e al atte pts to 

lo e  the pa asite load i  the ti k  lood  eal, ti ks still died p io  o  sho tl  afte   egi i g of eggs 

la i g.  Thus,  e  had  to  o lude  that  esta lish e t  of  B.  dive ge s  t a s issio   le  i   the 

la o ato   o ditio s  ep ese ts  e  diffi ult  task.  This  fa t  is  suppo ted    the  la k  of  studies, 
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although  the  B.  dive ge s  ai te a e  i   i   vit o  ultu e  is  feasi le  [ ,  ].  Mo eo e ,  the 

autho s of the o l  stud   epo ti g the t a sstadial a d t a so a ial t a s issio  of B. dive ge s   

I.  i i us a tifi iall  fed ti ks did  ot do u e ted the li i g pa asite stages a d  e e  su eeded to 

fi alize the  le   the host i fe tio  [ ] .  

 

Based o  the p e iousl  des i ed  esults,  e de ided to s it h the Ba esia spe ies to B.  i oti 

i  o de  to follo  the ai  of   do to al thesis – the esta lish e t of Ba esia la o ato   le to 

stud   a  utual  i u e  i te a tio   et ee   the  pa asite  a d  the  ti k  e to .  The  esults  a e 

tho oughl  des i ed a d dis ussed i  Pa t IV.  
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Pu li atio   “ti ulatio  a d  ua tifi atio  of Ba esia dive ge s ga eto toge esis  

The pu li atio   pages  ‐  is fo used o  B. dive ge s se ual  o it e t  hi h is still poo l  

u de stood pa t of pa asite de elop e tal  le. Du i g  the opti izatio  p o edu e  i   o de   to 

esta lish B. dive ge s la o ato   le  e  ealized the g eat sig ifi a e of B. dive ge s se ual stages 

– ga eto tes – a  esse tial p e e uisite to i fe t ti ks. Taki g ad a tage of p e iousl  des i ed 

a d  alidated  ole ula   a ke s  fo   B.  dive ge s  ga eto tes  [ ,  ]  –  fi st  se ual  stages 

o u i g i  the  lood st ea  of  e te ate host –  e esta lished a te h i ue fo  the  ua tifi atio  

of B. dive ge s ga eto tes i   ultu es i  vit o. Usi g this te h i ue,  e do u e ted that pa asite 

o pete e to of se ual  o it e t g aduall  de ease du i g the lo g‐te   ulti atio  a d  a  

e lost afte  se e al  ea s of i  vit o  ai te a e. We also  o ito ed the ki eti s of pa asite se ual 

o it e t  upo   the  a ious  sti uli  i   o de   to  ide tif   i e ti es  sig ifi a tl   i easi g  the 

ga eto te ia,  a d  thus  i ease  the  pa asite  t a s issio   effi ie .  The  esea h  p o ided 

i sight i to B. dive ge s se ual de elop e t a d has the pote tial to fa ilitate fu the   esea h i  

the field of Ba esia‐ti k i te a tio s. 
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divergens gametocytogenesis
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Abstract

Background: Babesia divergens is the most common blood parasite in Europe causing babesiosis, a tick-borne

malaria-like disease. Despite an increasing focus on B. divergens, especially regarding veterinary and human

medicine, the sexual development of Babesia is poorly understood. Development of Babesia sexual stages in the

host blood (gametocytes) plays a decisive role in parasite acquisition by the tick vector. However, the exact

mechanism of gametocytogenesis is still unexplained.

Methods: Babesia divergens gametocytes are characterized by expression of bdccp1, bdccp2 and bdccp3 genes.

Using previously described sequences of bdccp1, bdccp2 and bdccp3, we have established a quantitative real-time

PCR (qRT-PCR) assay for detection and assessment of the efficiency of B. divergens gametocytes production in

bovine blood. We analysed fluctuations in expression of bdccp genes during cultivation in vitro, as well as in

cultures treated with different drugs and stimuli.

Results: We demonstrated that all B. divergens clonal lines tested, originally derived from naturally infected cows,

exhibited sexual stages. Furthermore, sexual commitment was stimulated during continuous growth of the cultures,

by addition of specific stress-inducing drugs or by alternating cultivation conditions. Expression of bdccp genes was

greatly reduced or even lost after long-term cultivation, suggesting possible problems in the artificial infections of

ticks in feeding assays in vitro.

Conclusions: Our research provides insight into sexual development of B. divergens and may facilitate the

development of transmission models in vitro, enabling a more detailed understanding of Babesia-tick interactions.

Keywords: Babesia divergens, Gametocytes, bdccp genes, qRT-PCR, Transmission

Background

Babesia are protozoan intracellular parasites infecting

various vertebrates including humans. All representa-

tives of the genus are cosmopolitan, tick-transmitted

pathogens that belong to the most common blood para-

sites of mammals [1]. Babesia forms a sister clade to

Theileria and together they form a group referred to as

Piroplasmida [1, 2]. Babesiosis caused by Babesia diver-

gens, the most common blood parasite in Europe, is a

disease in human and veterinary medicine that is occur-

ring with increasing incidence [3]. Babesia is evolution-

arily related to Plasmodium [2], the agent of malaria,

and both protists share many features in parasite develop-

ment, such as asexual multiplication in the red blood cells

(RBCs) of the vertebrate host and sexual development in

the internal organs of the arthropod vector [4, 5].

Gametocytes represent essential developmental sexual

stages of apicomplexan life-cycles and, in the case of

Babesia, they determine the ability to infect the tick

[6, 7]. The commitment from asexual growth to sex-

ual maturation already occurs in the blood stream of

the vertebrate host [7, 8]. Unlike Plasmodium, Babesia ga-

metocytes are barely distinguishable from other asexual

stages. For this reason, only laborious electron microscopy

has reliably described gametocytogenesis in cultures of

Babesia bigemina [9] or in the blood of hamsters infected

with Babesia microti [10]. The only case of gametocyte de-

tection by light microscopy was described after stimula-

tion of B. bigemina in vitro by addition of xanthurenic acid
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(XA) [11] or a gut homogenate from fully engorged Rhipi-

cephalus (Boophilus) microplus ticks [12].

Babesia gametocytes are also poorly characterized at

the molecular level. Several genes, such as heat shock

protein 20 and rhoptry-associated protein 1a were be-

lieved to be transcribed in B. bigemina sexual stages.

However, transcription of these genes was later found

not to be exclusive for gametocytes and was also de-

tected in other parasite stages [13]. To date, the only

molecular assay enabling specific recognition of Babesia

sexual stages is based on the analysis of a highly con-

served family of proteins named CCp [14]. CCp proteins

are, in general, characterized by the presence of at least

one Limulus coagulation factor C (LCCL) domain

[15, 16] and are often involved in cell adhesion [16]. Gene

orthologs from the highly-conserved CCp family have

been identified in numerous apicomplexan parasites

[16–18], including Babesia and Theileria species [14, 19].

Transcription of ccp genes was found to be restricted to

gametocytes in vertebrate blood, while translation occurs

in the arthropod vector to mediate gamete fertilization

[14, 16, 20–24]. Based on post-genomic bioinformatic

analyses of Babesia and Plasmodium genomes, three

bdccp genes (bdccp1, bdccp2 and bdccp3) were thoroughly

characterized and described as markers of B. divergens

sexual stages [14]. The transcripts of bdccp1, bdccp2 and

bdccp3 genes were also detected in gametocytes appearing

in cultures of B. divergens, B. bigemina, Babesia bovis and

Theileria equi [14, 19]. Moreover, antibody targeted to

BdCCp2 protein enabled visualization of B. divergens sex-

ual stages exclusively in the midgut of Ixodes ricinus [22].

Here, we have established qRT-PCR conditions for the

assessment of the efficiency of B. divergens gametocytes

production in cultures in vitro by measuring the expres-

sion of bdccp genes. This technique is a unique tool to

monitor the kinetics of B. divergens sexual stages. We

analysed changes in expression of bdccp genes following

variations in cultivation conditions and identified stimuli

that significantly increased gametocytemia. Practical ap-

plications of our results have the potential to facilitate

further detailed research in the field of Babesia-tick

interactions.

Methods

Babesia divergens

Strains of B. divergens were isolated from bovine blood

during the acute phases of babesioses as described earl-

ier [25]. 11 isolates of B. divergens from different geo-

graphical locations within France were cultivated and

cloned by limited dilution [26]. The first two digits in

the description of each clone (Additional file 1: Table S1)

refer to the French county of origin. Isolate Rouen 87

originated from human blood [27]. Babesia divergens iso-

lates were cultivated in vitro in a suspension of bovine

erythrocytes obtained from a parasite-free cow (serologic-

ally negative and culture tested) as described [25, 26].

Parasitemia was monitored using the commercial Diff-

Quik Stain Set (Siemens) and RBC smears.

Selection of target and reference genes, primer design,

DNA extraction and PCR

Previously described B. divergens gametocyte-specific

sequences of bdccp1, bdccp2, and bdccp3 (GenBank

Accession Nos. FJ943575.1, FJ943576.1, and FJ943577.1,

respectively; [14]) were selected as target genes to quan-

tify the presence of parasite sexual stages (gametocytes)

in cultures under various conditions (Table 2). Four ref-

erence genes were selected: β-tubulin (b-tubulin), glycer-

aldehyde 3-phosphate dehydrogenase (gapdh), actin

(actin) and the small eukaryotic 18S rRNA (18S). Se-

quences were obtained from the B. divergens genome

database [28] using the nucleotide basic local alignment

search tool (BLAST) [29]. All primers were designed

using Geneious Pro Trial 5.6.6 software; the sequences

and amplicon lengths are summarized in Table 1. The

qRT-PCR primers were designed after analysis for poly-

morphism (see below) particularly towards the con-

served regions, especially towards the 3′ end. Negative

complementarity of all designed primers with bovine

DNA was evaluated in silico using BLAST on-line soft-

ware (blast.ncbi.nlm.nih.gov) and experimentally verified

using PCR in a sample containing parasite-free bovine

DNA. Genomic DNA (gDNA) was extracted according

to the instructions of the Wizard® Genomic DNA Purifi-

cation Kit (Promega) from frozen infected RBCs as de-

scribed [30]. PCR was performed using a GoTaq® Flexi

DNA Polymerase kit (Promega) with an annealing

temperature of 60 °C, using sequencing or qRT-PCR

primers according to the manufacturer’s instructions.

Polymorphism analysis

Polymorphisms in the selected reference and target

genes were evaluated in 11 B. divergens clonal lines from

different locations in France (listed in Additional file 1:

Table S1) and compared to the B. divergens genome and

other available sequences of bdccp genes. Partial gene se-

quences and amplicons for all target and reference genes

were amplified with the sequencing primers, purified

with ExoSAP-IT® (USB) and sequenced. Sequences were

analysed by BioEdit v7.2.5 software.

Quantitative analysis of expression of bdccp genes

Total RNA was extracted by a combination of TRIzol®

Reagent (Ambion) and NucleoSpin® RNA extraction kit

(Macherey-Nagel). Briefly, 50 μl of pelleted RBCs were

mixed with 200 μl of TRIzol and supplemented with

40 μl of chloroform (Sigma-Aldrich), thoroughly vor-

texed and centrifuged (12,000× g, 15 min, 4 °C). The

Jalovecka et al. Parasites & Vectors  (2016) 9:439 Page 2 of 11
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aqueous phase (about 100 μl) was mixed with the

same volume of 70 % ethanol and loaded onto the

NucleoSpin® RNA extraction kit column. Subsequent

procedures were carried out according to the manu-

facturer’s instructions. Evaluation of quantity and quality

of RNA was performed using NanoDrop (Thermo

scientific) and Experion (Bio-Rad) analyses. Residual

gDNA was removed by DNase digestion with TURBO

DNA-free™ Kit (Ambion) according to the manufac-

turer’s protocol. The absence of residual DNA was

verified by lack of amplicon by PCR using qRT-PCR

primers for gapdh.

Reverse transcription was performed by the SuperScript™III

First-Strand Synthesis System for RT-PCR (Invitrogen)

using a combination of Oligo(dT) and random hexamers

according to the manufacturer’s instructions. qRT-PCR

assay was performed using HOT FIREPol® EvaGreen®

qPCR Mix Plus (Rox) (Solis BioDyne) in the 7300

Real-Time PCR System (Applied Biosystems). For

each biological sample, three technical replicates were

performed. Each assay included a standard curve gen-

erated from triplicate reactions of a 10-fold serial di-

lution of template. Based on standard curves, reaction

efficiency and specificity were verified for each assay

and each gene separately; the value of R2 > 0.98 (the

correlating coefficient obtained for the standard curve)

and slopes between -3.58 (reaction efficiency 90 %)

and -3.10 (110 %) were accepted [31]. For all genes,

the dissociation curve analysis was performed to ex-

clude the formation of primer-dimers and to confirm

the specificity of primers. The stability of reference

gene expression was tested and evaluated by compari-

sons of all reference genes.

The qRT-PCR results were analysed using Applied

Biosystems 7300 Real-Time PCR instrument software.

For analysis of the results, a comparative Ct (cycle

threshold) (2-ΔΔCt) method was used [32, 33]. Mean

values from technical replicates were assessed and only

standard deviation (SD) values ≤ 0.5 were accepted.

Target gene expression was normalized using gapdh and

actin and compared using the Student t-test with

Welsh’s corrections.

Analysis of expression of bdccp genes in cultures in vitro

All experiments were designed according to the pre-

viously published data for Babesia and Plasmodium

[8, 11, 34–37] and carried out in vitro. All experiments

were first assayed as pilot experiments using only single

replicates of two B. divergens clones (2210A G2 and

Rouen G11). Based on the results, experiments indicating

fluctuations in bdccp transcripts were carried out in bio-

logical triplicates using B. divergens 2210A G2. Detailed

descriptions of all experiments are summarized in Table 2.

In addition, expression of bdccp genes was analysed in 10

bovine clonal lines from different geographical locations

(listed in Additional file 1: Table S1); the quantitative ana-

lysis was performed 3 days post (culture) initiation (DPI).

Statistical analysis

Statistical analyses were performed in R (version 3.2.2), a

software environment for statistical computing (https://

www.r-project.org/), using the Student t-test with

Welsh’s correction or ANOVA followed by Tukey’s mul-

tiple comparisons test, assuming that the Bartlett test of

homogeneity of variances was passed. Graphs were de-

signed in GraphPad Prism (version 6). For graphical

Table 1 List of oligonucleotides

Gene name and sequence
reference

Sequencing primers qRT-PCR primers

Sequence 5′-3′ and amplicon length (bp) Sequence 5′-3′ and amplicon length (bp)

gapdh
(LK934710)

F: TTGACTGTCGATGGTGCTTC 391 F: TACTTACGAGCAGATCGTTGC 140

R: ACCATGACACAAGCTTCACG R: CGGCCTTGACATCGAAAATG

actin
(LK934710)

F: GCTTTGTTACATTGCCCTCG 437 F: GTCAGCGTATGACGAAGGAG 131

R: CCTCCTTGGTGATCCACATC R: CTGGAAGGTGGAAAGGGATG

b-tubulin
(LK934711)

F: TTCCCCAGACTGCACTTCTT 400 F: GAGTGGATCCCACACAACAC 138

R: TGTGTACCAGTGAAGGAAGG R: CATTGCTGTGAATTGCTCCG

18S
(FJ944825)

– – F: ATGCCTAGTATGCGCAAGTC 131

– – R: AAGCCGACGAATCGGAAAG

bdccp1
(FJ943575)

F: GATCGTTCCTCGCTAGCCTAT 639 F: CGCATGCCAGAAAAACAACC 132

R: TGCACTGATTTACGCAGCTC R: GCGTCTTTCAGACATCCTCG

bdccp2
(FJ943576)

F: GCGGGAGAACATGTAGGATG 701 F: CTGTGAGGCCAACTACTGTG 135

R: TTCGCAACACAGCTCACAAT R: AAGTGGTCCACGGTTTTCTG

bdccp3
(FJ943577)

F: CCCACCTCCTTTGACTTCAG
R: GTGCATCTTGAGCACGAAAA

780 F: GTTGTGGTAAAAGCTGCATGG
R: AGAATCGTGACAACTGCCTC

139
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representations of the results and statistical analyses,

mean values (± standard deviation, SD) from three bio-

logical replicates (independent experiments) were

assessed.

Results
Analysis of gene polymorphisms

Previously, polymorphisms had not been detected in 18S

rDNA sequences from several B. divergens isolates [30].

Hence sequence FJ944825 (GenBank) was used as an

18S rDNA reference gene. For other reference genes, we

did not detect any polymorphisms in the b-tubulin gene

and only two synonymous substitutions in gapdh and

actin genes. bdccp1 was found to be highly conserved

(one synonymous substitution) compared to bdccp2 (6

substitutions in the coding regions, 2 non-synonymous,

resulting in 5 different sequences) and bdccp3 (7 substi-

tutions, 2 localized in introns, all synonymous, resulting

in 7 different nucleotide sequences) genes (Additional

file 2: Figure S1). The qRT-PCR primers were designed

only in the conserved regions.

Optimization of expression of bdccp genes

qRT-PCR was optimized as recommended by MIQE [31]

for reference (18S, gapdh, actin, b-tubulin and 18S), as

well as for target (bdccp1, bdccp2, bdccp3) genes. Stand-

ard curves of reference, target genes and qRT-PCR pa-

rameters are summarized in Additional file 3: Figure S2.

Table 2 Overview of experimental conditions and resulting effects on expression of bdccp genes

Experiment description B. divergens clones Experiment design Expression of bdccp
genes

Continuous culture growth 2210A G2 1802A G8
Rouen G11

The initial parasitemia was set up at 0.1 % and expression of bdccp
genes was analyzed daily for all five days post culture initiation
(DPI); cultivation was performed without medium replacement.

increased*

Long-term cultivation 2210A G2 6903C E2
Rouen F5

B. divergens clones 2210A G2 and 6903C E2, were continuously
propagated in vitro for ≈ 1 year. Samples before and after long-
term cultivation were analyzed; parasitemia was equal for all
analysed samples to minimize variations in the expression of bdccp
genes. Expression of bdccp genes by B. divergens clone Rouen F5
was analyzed by PCR using gDNA and cDNA.

decreased

Imidocarbe treatment 2210A G2 Rouen G11 The range of efficient doses of both drugs was determined following
parasite growth monitoring in vitro for 48 h [66] to select effective
concentrations of drugs (imidocarbe 179.5 nM, 359 nM and 718 nM;
atovaquone 10 nM, 40 nM and 75 nM). The culture without drug
treatment was used as a control. The effect of drug treatment was
measured 2 DPI; starting parasitemia was 2 %.

increased*

Atovaquone treatment increased or
decreased*
(concentration
dependent)

Altered cultivation temperature
and air environment

2210A G2 XA was added at 100 μM concentration and its effect was tested
after 24 h of parasites cultivation either under standard (37 °C, 5 %
CO2) or altered conditions (28 °C, air). As a control, cultures
without XA were used. A starting parasitemia was set up 6 % in
order to reach > 10 % parasitemia level (experiment design setting
taken from [11]).

increased*

XA addition increased*

Combination of altered cultivation
and XA addition

increased*

Co-infection 2210A G2 Rouen G11
7101A D11

Different clonal lines were mixed in the same ratio and expression
of bdccp genes was analysed in cultures cultivated for 24 h and
48 h. As a control, clones were cultivated independently; starting
parasitemia was 2 %.

not affected

RBCs lysate addition 2210A G2 Rouen G11 Lysate of uninfected RBCs was added into the culture to simulate
cultivation medium corresponding with 10 % parasitemia. Analyses
were performed after 24 and 48 h of cultivation; the control was
represented by a culture without lysate addition; starting
parasitemia was 2 %.

not affected

Hematocrit increase 2210A G2 Rouen G11 Hematocrit increase was simulated by doubling the quantity of
RBCs in the medium and analyses were performed after 24 h and
48 h of cultivation; standard in vitro culture was used as a control;
starting parasitemia was 2 %.

not affected

High parasitemia maintenance 2210A G2 Rouen G11 Analyses were performed at the starting point (0 DPI), where
parasitemia was starting at 10 %, and 1 and 2 DPI. Media were
changed daily.

not affected

Cultivation without FCS 2210A G2 Rouen G11 Altered cultivation conditions (cultivation in medium without FCS)
were maintained for 24 h in culture with 10 % parasitemia.
Analyses were performed 0 and 1 DPI; starting parasitemia was
2 %.

not affected

Abbreviations: XA xanthurenic acid, RBCs red blood cells, FCS fetal calf serum, DPI days post initiation

*P < 0.05
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Comparisons between reference genes using Ct values

showed that gapdh and actin were the most stably

expressed (Additional file 4: Figure S3) and these genes

were therefore selected as references for further analyses.

Sample normalization to gapdh or actin were consistent

and no significant differences were recorded.

Expression of bdccp genes under standard cultivation

conditions

All field bovine clonal lines uniformly expressed bdccp

genes, with the bdccp1 gene having the lowest level of

transcripts and the bdccp3 gene having the highest level

(Additional file 5: Figure S4). The influence of long-term

cultivation on expression of bdccp genes was measured

for three clonal lines. The decrease in transcription of

bdccp genes was also noted in the long-term (≈1 year)

cultures of 2210A G2 and 6903C E2 clones (Fig. 1a, b).

B. divergens clone Rouen F5, propagated in vitro for sev-

eral years, had already lost the ability to express bdccp

genes (Fig. 1c). The presence of gametocytes in the ori-

ginal sample of B. divergens clone Rouen F5 was con-

firmed by PCR (data not shown). Asexual multiplication

of the parasite was not affected, as demonstrated by the

continuous presence of parasitemia in blood smears as

well as by expression of the gapdh reference gene.

An increase in expression of bdccp genes was recorded

during continuous growth of all strains of B. divergens.

Using clone 2210A G2, increased transcription of bdccp1,

bdccp2 and bdcpp3 genes was observed in a pilot

experiment (increase 4.7, 4.1 and 3.3 times, respectively;

Additional file 6: Figure S5) and confirmed by repeated

analysis in biological triplicates, where bdccp1 and bdccp2

levels significantly increased from 3 DPI (F(4, 10) =

66.02, P < 0.001) and 2 DPI (F(4, 10) = 73.85, P = 0.033),

respectively. After 5 days of cultivation, bdccp1 and

bdccp2 gene expression increased 3.5 (F(4, 10) = 66.02,

P < 0.001) and 2.7 (F(4, 10) = 73.85, P < 0.001) times,

respectively. The level of the bdccp3 transcript signifi-

cantly increased only 3 DPI (F(4, 10) = 26.26, P = 0.012)

and 5 DPI (2.3 times, F(4, 10) = 26.26, P < 0.001)

(Fig. 2a). A similar pattern was observed for B. divergens

clone 1802A G8, where expression of bdccp1 and bdccp2

genes increased significantly 5 DPI: 1.8 (F(4, 10) =

11.79, P = 0.003) and 2.6 (F(4, 10) = 22.81, P < 0.001)

times, respectively. A significant increase in expres-

sion of the bdccp3 gene was recorded from 3 DPI

(F(4, 10) = 11.11, P = 0.017) and increased 2.1 times on

5 DPI (F(4, 10) = 11.11, P < 0.001) (Fig. 2c).

Expression of bdccp genes under stress conditions

Simulation of stress conditions in B. divergens in vitro by

drug treatment resulted in a significant increase in ex-

pression of bdccp genes (Figs. 3 and 4). Imidocarbe, a

drug routinely used in veterinary medicine to treat

babesiosis [3], almost completely inhibited parasite

growth at a concentration of 718 nM (t(4) = 17.31, P <

0.001). At this concentration, expression of all bdccp1,

bdccp2 and bdcpp3 genes were significantly increased:

1.8 (t(4) = -6.36, P = 0.004), 2.5 (t(4) = -6.96, P = 0.007) and

3.0 (t(4) = -11.07, P < 0.001) times, respectively, but sim-

ultaneously, overall parasitemia was reduced more than

10 times, compared to the control. Treatment with 359

nM imidocarbe showed a moderate killing effect (t(4) =

9.19, P < 0.001), but resulted in a significant increase (1.9

times, t(4) = -9.78, P = 0.005) in expression of only

bdccp3. 179.5 nM imidocarbe decreased parasitemia by

only 1.3 times (t(4) = 4.40, P = 0.018) with no effect on

expression of bddcp genes (Fig. 3a, b).

Atovaquone, another effective anti-babesial drug that

induces cellular oxidative stress and is commonly used

in malaria and human babesiosis treatments [38], caused

a significant reduction in growth of B. divergens at con-

centrations of 40 nM (moderate inhibitory effect, t(4) =

17.88, P = 0.002) and 75 nM (complete inhibitory effect,

a b c

Fig. 1 Long-term cultivation. Influence of long-term [≈1 year (1y)] cultivation on the relative expression of bdccp genes during continuous

growths of B. divergens clones 2210A G2 and 6903C E2 (a, b). Gene expression was normalized using the gapdh reference gene. The expression in

samples collected at the beginning of long-term cultivation (0) was set at 100 %. c Loss of expression of bdccp genes after several years of cultiva-

tion of B. divergens clone Rouen F5 tested by PCR
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t(4) = 22.02, P = 0.002). At a concentration of 40 nM,

drug treatment resulted in significantly reduced expression

of bdccp1 and bdccp2 genes: 2.2 (t(4) = 4.19, P = 0.017) and

2.0 times (t(4) = 4.55, P = 0.032), respectively, whereas at 75

nM, atovaquone significantly increased bdccp3 transcript

levels (1.8 times, t(4) = −4.28, P = 0.016) (Fig. 3c, d).

A reduction in cultivation temperature from 37 to 28 °C

in combination with a change in environmental conditions

from 5 % CO2 to an air atmosphere, resulted in significant

inhibition (t(4) = 9.84, P = 0.004) of parasite division as

well as in a significant increase in expression of

bdccp1 (t(4) = -5.57, P = 0.005) and bdccp2 (t(4) = -8.32, P

= 0.002) genes (Fig. 4a, b). Treatment with XA, a

metabolic intermediate of tryptophan degradation, has

been proposed to increase the development of sexual

stages in B. bigemina in vitro [11]. In our experi-

ments with XA treatment and cultivation at 37 °C

and 5 % CO2 we identified conditions that significantly in-

creased expression of all bdccp1, bdccp2 and bdcpp3

genes: 1.9 (t(4) = -3.97, P = 0.017), 2.4 (t(4) = -11.97, P <

0.001) and 1.6 (t(4) = -5.27, P = 0.006) times, respectively

(Fig. 4a) without any inhibitory effect on culture growth

(Fig. 4b). Combining XA treatment with altered culti-

vation conditions (28 °C, air atmosphere) resulted in

significantly increased expression of bdccp1 (2.0 times,

t(4) = -3.54, P = 0.029) and bdccp2 (2.4 times, t(4) =

-8.39, P = 0.001) genes but culture growth was signifi-

cantly inhibited (t(4) = 10.80, P = 0.002) (Fig. 4b). All

other stress factors tested did not result in a signifi-

cant increase in expression of bdccp genes (Table 2).

Discussion

The production of gametocytes in the host blood is a

prerequisite for successful parasite transmission to the

arthropod vector. Plasmodium gametocytemia, which

could be quantified by simple light microscopy [39, 40],

was demonstrated to closely correlate with mosquito in-

fection [41–44]. However, such a simple morphological

identification is not possible for Babesia gametocytes,

preventing controllable infections of ticks. Based on

similarities between these two parasites [2], we pre-

sumed that similarly to Plasmodium, changes in the ex-

pression of Babesia sexual stage-specific bdccp genes

would correlate with actual numbers of gametocytes in
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Fig. 2 Continuous culture growth. Relative expression of bdccp genes (a, c) and parasitemia levels (b, d) during the continuous growth of B.

divergens clone 2210A G2 and 1802A G8. Gene expression was normalized using the gapdh reference gene. The results represent means of three

independent biological replicates, where the highest expression in the individual replicate 1 DPI was set at 100 % and all other values were

expressed relative to this. *P < 0.05; **P < 0.01; ***P < 0.001 (compared to 1 DPI). Error bars indicate SD
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genes and corresponding parasitemia (b, d) of B. divergens clone 2210A G2. Gene expression was normalized using the gapdh reference gene.

The results represent means of three independent biological replicates, where the highest expression in the individual replicate of untreated
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culture). Error bars indicate SD
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the total intra-erythrocytic parasite population. Using

previously described sequences of bdccp1, bdccp2 and

bdccp3 genes [14], we have developed a qRT-PCR assay

to detect and quantify gametocyte densities in B. divergens

cultures in vitro. Based on comparisons between the refer-

ence genes we chose actin and gapdh as references for

our assays (Additional file 4: Figure S3). The 18S rDNA

exhibited lower stability than actin, gapdh or b-tubulin.

This result differs considerably from the generally ac-

cepted view that 18S rDNA is one of the most stably

expressed genes [45, 46].

The selection of specific target and reference gene

primers, universal for most of the B. divergens strains, was

absolutely critical for further reliable assessment of the ga-

metocytes production efficiency by qRT-PCR. Despite the

fact that CCp proteins are presumed to be conserved

among the apicomplexan parasites [16, 19, 20], no data

were available about single nucleotide polymorphisms of

ccp genes among various strains within one species. We

demonstrated that between the 11 B. divergens clonal

lines, nucleotide sequences of ccp genes varied, especially

for bdccp2 and bdccp3 genes (Additional file 2: Figure S1).

On the contrary, the bdccp1 gene was highly conserved.

The sequences of reference genes seemed to be highly

conserved. Some studies questioned the suitability of actin

and gapdh reference genes because of their variabilities

[45], but our results did not support this (Additional file 2:

Figure S1) and confirmed their suitability.

The appearance of gametocytes in the blood is a crucial

event that it is still not fully understood. Referring to the

recent knowledge on Plasmodium, commitment towards

the sexual development occurs randomly, asynchronously

and is governed by the genetic and environmental factors

[47], as demonstrated by detailed studies performed on

Plasmodium (see reviews [8, 36, 37, 48–50]). To date, only

one study has been dedicated to this subject in Babesia (B.

bigemina) [11].

We tested the effects of various factors and conditions

on gametocytogenesis in B. divergens cultures. Our re-

sults demonstrated the ability of B. divergens to produce

gametocytes (measured by expression of bdccp genes in

several bovine strains; Additional file 5: Figure S4) after

a short term cultivation. On the contrary, long-term cul-

tivation led to a significant decrease or even absence of

expression of bdccp genes (Fig. 1), suggesting that these

cultures had halted production of gametocytes and were

probably no longer infectious for ticks. Similarly to

Babesia, the disappearance of gametocytes from long-

term maintained Plasmodium falciparum cultures has

also been described (reviewed in [37]), therefore only

fresh cultures with low passage numbers should be used

for tick or mosquito infection studies.

The enhancement of Babesia sexual commitment was

observed after several days of cultivation without

medium changes, but minor variations were recorded in

the bdccp genes expression of various B. divergens

strains (Fig. 2, Additional file 6: Figure S5). Such phe-

nomena could be explained by the stochastic differenti-

ation mechanism, that was previously reported for

Theileria [51]. A rapid expansion of a Plasmodium

population (intensive multiplication of asexual stages)

also resulted in an increase in gametocytogenesis [34, 35].

A possible explanation of this phenomenon is the accu-

mulation of metabolites under stress conditions, as high

parasitemia or regular medium exchanges did not alter

levels of bdccp transcripts (Table 2). This change is prob-

ably induced by the accumulation of metabolic waste in

the blood, as an addition of a lysis solution of healthy

RBCs had no significant effect (Table 2). Nevertheless,

hemolysis products of both infected and healthy RBCs in-

fluenced production of gametocytes of P. falciparum in

vitro as well as Plasmodium chabaudi in vivo [52, 53]. As

previously shown, mixed population of Plasmodium spe-

cies could result in an increase of gametocytemia and pro-

moted more successful transmission into the vector [36,

54, 55] despite some contradictory results [56]. We did

not observe this phenomenon for B. divergens isolates

(Table 2), however the choice of strains could greatly in-

fluence results, depending on their modes of interaction

(neutral or synergistic instead of antagonistic).

Addition of inhibitory drugs certainly represents a stress-

ful condition for the parasite. Numerous experiments

performed on Plasmodium proved that treatment with

anti-malarial drugs had an effect on the recruitment of

gametocytes, both in vivo and in vitro (reviewed in

[8, 48, 50, 57]). We have tested the effects of imidocarbe

and atovaquone, the widely used anti-babesial drugs. Imido-

carbe has been used for over 20 years as the drug of choice

for the treatment and prophylaxis of animal babesiosis [58].

The mode of action of imidocarbe still remains unclear, al-

though disruption of polyamine metabolism or a blockage

of inositol influx into parasitized cells was proposed [58]. In

our experiment, imidocarbe treatment significantly in-

creased all three bdccp transcripts, while overall parasitemia

was greatly decreased (Fig. 3). This implies that this drug ei-

ther stimulated sexual commitment to the sexual pathway

or has a lower impact on gametocytes as they are metabol-

ically less active compared to asexual stages.

Atovaquone is widely used to treat babesiosis (and

malaria) in humans [38] and causes oxidative stress in

the parasite by inhibition of the mitochondrial electron

transfer [59]. This drug displayed remarkable activity

against asexual stages. In gametocytes, only bdccp3 gene

transcription was significantly increased (Fig. 3). It was

previously demonstrated that atovaquone treatment had

different effects on the various maturation stages of P.

falciparum gametocytes [60, 61]. Therefore, we speculate

that differences in gene expression of bdccp1 and bdccp2
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compared to bdccp3 upon atovaquone application could

be also related to the age of Babesia gametocytes.

Physical or chemical alterations of the parasite en-

vironment that mimic transition from the blood

stream to the vector gut (temperature decrease from

37 to 28 °C, CO2 decrease from 5 % to air environ-

ment and addition of a gut homogenate from fully

engorged ticks or XA) have been shown to have an

effect on the Babesia sexual development [11, 12, 62].

We observed a similar stimulation of B. divergens sex-

ual commitment after changes in the cultivation en-

vironment and/or XA addition using analysis of bdccp

genes transcription. However, no apparent cumulative

effect was observed when combining these stimuli.

We demonstrated that XA addition into the culture

under standard cultivation conditions (37 °C and 5 %

CO2) significantly stimulated B. divergens sexual com-

mitment without inhibiting parasite growth. This is in

contrast to previously published results for B. bige-

mina, where no change in gametocyte development

occurred upon XA treatment of a culture propagated

under the same conditions [11]. In mosquitoes, XA

naturally produced inside the gut is able to induce

gamete formation and exflagellation of Plasmodium

parasites [63, 64]. As exflagellation does not occur in

the Babesia life cycle, the exact effect of XA on

Babesia sexual development remains to be elucidated.

It is not verified yet whether XA is produced inside

the tick gut. If so, one can speculate that Babesia ga-

metocytes might be stimulated in the host blood by

the tick gut contents regurgitated during the week-

long feeding of the adult tick female. This hypothesis

could be supported by the studies demonstrating that

gametocyte development was stimulated after addition

of tick gut homogenate [12, 62]. Further investigation

is needed to provide an unequivocal answer.

Conclusion

Compared to Plasmodium, sexual development of

Babesia is poorly understood. Our research provided

insight into sexual development of B. divergens during

either standard cultivation conditions in vitro or cultiva-

tion under stress by different stimuli. Using our newly

introduced quantification assay of bdccp genes tran-

scripts by qRT-PCR we have shown that levels of game-

tocytes fluctuate during B. divergens culture in vitro and

identified conditions that significantly increased the

transcription of bdccp genes (and thus gametocytemia).

By setting these conditions we should be able to perform

studies focusing on the transmission and persistence of

Babesia in the tick vector using an artificial membrane

feeding system of ticks [65]. Research aimed to identify

and characterize molecular mechanisms of interaction

between the parasite and the tick vector could accelerate

discovery of effective therapies or vaccines blocking

Babesia transmission.
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Additional file 2: Figure S1. Consensus partial nucleotide sequences of

genes used for design of qRT-PCR primers. (A) gapdh, (B) actin (C), b-tubulin,

(D) bdccp1, (E) bdccp2, (F) bdccpp3. The localization of introns and primers

are indicated in yellow and blue, respectively. The sequences were obtained

from 11 different biological clones from France: Rouen F5 (human origin),

1406B F10, 1505B F4, 1705A G10, 2705A E11, 3601B E2, 4201B D4, 4903A

D11, 5012A G3, 7904B G11, 8706A G8 and from the B. divergens genome

sequence. As previously reported, sequencing of the 18S rDNA revealed no

variation within B. divergens [30], so sequence FJ944825 was taken as

reference. Variable nucleotides are highlighted and the corresponding

clone(s) and modifications are indicated below each consensus sequence

using a color code. (PDF 10 kb)

Additional file 3: Figure S2. Optimization of qRT-PCR. Standard curves

of reference and target genes (A) and qRT-PCR parameters (B). Ct = cycle
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genes using Ct values. The first sample in each gene analysis was set at

100 % and all other values were normalized to this. (PDF 66 kb)

Additional file 5: Figure S4. Relative expression of bdccp genes in

various bovine clonal lines of B. divergens. Gene expression was

normalized using the gapdh reference gene. Expression in the clone

2210A G2 was set at 100 % and all other values were expressed relative

to this. (PDF 49 kb)

Additional file 6: Figure S5. Continuous culture growth. Relative

expression of bdccp genes (A) and parasitemia levels (B) during the
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normalized using the gapdh reference gene. The expression in the

highest individual replicate 1 DPI was set at 100 % and all other values

were expressed relative to this. (PDF 48 kb)
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Additional file 1: Table S1. 

List of B. divergens strains used in this study (a – gene polymorphism analysis, b – analysis of 

expression of bdccp genes). 

Strain County in France Use 

Rouen 87 (clones F5 and G11) Seine Maritime a-b 

1406B F10 Calvados a-b 

1505B F4 Cantal a 

1705A G10 Charente-Maritime a 

1802A G8 Cher b 

2210A G2 Côtes d'Armor b 

2305B E7 Creuse b 

2705A E11 Eure a-b 

3601B E2 Indre a 

4201B D4 Loire a 

4903A D11 Maine et Loire a 

5005A G5 Manche b 

5008A D10 Manche b 

5012A G3 Manche a 

5608A D10 Morbihan b 

6903C E2 Rhône b 

7101A D11 Saône et Loire b 

7904B G11 Deux Sèvres a 

8706A E8 Haute Vienne a 
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Additional file 2: Figure S1. 

Consensus partial nucleotide sequences of genes used for design of qRT-PCR primers. (A) gapdh, 

(B) actin(C), b-tubulin, (D) bdccp1, (E) bdccp2, (F) bdccpp3. The localization of introns and primers 

are indicated in yellow and blue, respectively. The sequences were obtained from 11 different 

biological clones from France: Rouen F5 (human origin), 1406B F10, 1505B F4, 1705A G10, 2705A 

E11, 3601B E2, 4201B D4, 4903A D11, 5012A G3, 7904B G11, 8706A G8 and from the  

B. divergens genome sequence. As previously reported, sequencing of the 18S rDNA revealed no 

variation within B. divergens [30], so sequence FJ944825 was taken as reference. Variable 

nucleotides are highlighted and the corresponding clone(s) and modifications are indicated below 

each consensus sequence using a colour code. 
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gene R2 slope efficiency [%] 

gapdh 0.994 -3.182 106.171 

actin 0.994 -3.261 102.616 

b-tubulin 0.991 -3.161 107.203 

18S 0.994 -3.182 106.214 

bdccp1 0.990 -3.199 105.413 

bdccp2 0.998 -3.318 100.147 

bdccp3 0.997 -3.160 107.227 

  

 

Additional file 3: Figure S2. 

Optimization of qRT-PCR. Standard curves of reference and target genes (A) and qRT-PCR 

parameters (B). Ct = cycle threshold, R2 = correlation coefficient. 
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Additional file 4: Figure S3. 

Comparison of stability of reference genes. Reference genes were evaluated by comparisons of all 

reference genes using Ct values. The first sample in each gene analysis was set at 100 % and all other 

values were normalized to this. 
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Additional file 5: Figure S4. 

Relative expression of bdccp genes in various bovine clonal lines of B. divergens. Gene expression 

was normalized using the gapdh reference gene. Expression in the clone 2210A G2 was set at 100 % 

and all other values were expressed relative to this. 
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Additional file 6: Figure S5. 

Continuous culture growth. Relative expression of bdccp genes (A) and parasitemia levels (B) during 

the continuous growth of B. divergens clone 2210A G2. Gene expression was normalized using 

the gapdh reference gene. The expression in the highest individual replicate 1 DPI was set at 100 % 

and all other values were expressed relative to this. 
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Appe di  to pu li atio   “ti ulatio  a d  ua tifi atio  of Ba esia dive ge s ga eto toge esis  

I itiall ,  e i te ded to  isualize B. dive ge s ga eto tes  e ause the  o it e t to se ual 

atu atio  al ead  o u s i  the  lood st ea  of the  e te ate host [ ,  ]. U like Plas odiu , 

Ba esia  ga eto tes  a e  ha dl   disti guisha le  f o   othe   ase ual  stages,  e ozoites  a d 

t ophozoites. To date, o l  la o ious ele t o   i os op   ep ese ts the  ost  elia le te h i ue to 

stud  Ba esia se ual stages, as  as do u e ted fo  B.  ige i a a d B.  i oti [ ,  ]. Usi g light 

i os op , supposed se ual stages  e e i si uated o l  fo  B.  ige i a afte  sti ulatio  [ ,  ]. 

I  o de  to  isualize B. dive ge s ga eto tes i   o i e  ed  lood  ells,  e i t odu ed a d opti ized 

the te h i ue of fluo es e e  i  situ h idizatio   FI“H  ta geti g to  RNA of  d p  ge e. The 

isualizatio   ased o   RNA stai i g  esulted f o  the  atu al  eha iou  of  d p ge es,  hi h a e 

t a slated  e lusi el   i   the  e i o e t  of  ti k  idgut  lu e   [ ,  ].  Yet,  although  e 

su eeded  ith the esta lish e t of a  e   ethod i  Ba esia spp.  esea h  Fig.  ,  e  e e  ot 

a le to  elia l  disti guish ga eto tes i  pa asitized i  vit o  ulti ated  o i e  ed  lood  ells. Based 

o   dis ussio   ith  d .  Jua   Mos ueda,  stud i g  B.  ige i a  ga e toge esis  [ ],  e 

h pothesizes that the  RNA a u da e of ga eto tes is  e  lo  i  vit o  ultu es,  hi h  o elates 

ith p e ious o se atio s [ ,  ]. Due to  egati e  isualizatio  of B. dive ge s ga eto tes the 

te h i ue  as  ot  i luded  i   the  pu li atio   ut  e  use  it  i   the  fu the   esea h  ith  e  

p o isi g  esults  see Pa t IV., Fig.  .  

 

 
Figu e  .  B.  dive ge s  i   o i e  e th o tes  stai ed    fluo es e e  i   situ  h idizatio   FI“H .  The  
B. dive ge s pa asitized  o i e  ed  lood  ells u de e t the stai i g p o edu e   Ale a   la eled p o es 
spe ifi  to pa asites  RNA  A, C   S; g ee   olo ; the stai i g p o edu e is des i ed i  Pa t II.; the p o es 
se ue es a e spe ified i  Pa t II., Ta .  . Nu lei of  ells  lue  olo   e e stai ed   DAPI  B, C   ', ‐dia idi ‐
‐fe li dol .  Afte   the  stai i g  p o edu e,  the  sa ples  e e  e a i ed    o fo al  i os ope Ol pus 
FW  u de   the  ag ifi atio   ×  ‐  ×.  Photos  e e  p o essed  i   Fluo ie   soft a e  FV ‐A“W, 
e sio   . .  A  B. dive ge s  lood stages stai ed    “  RNA ta geti g p o es.  B  Cells  u lei stai i g   
DAPI.  C  Me ged pi tu e.  
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Ma us ipt i  p epa atio   Validatio  of Ba esia p oteaso e as a d ug ta get  

As  e tio ed p e iousl ,  a esiosis is a  e e gi g disease  ith g eat  ete i a  a d  edi al 

i pa t [ ‐ ]. Despite the g o i g  i ide e of Ba esia‐ aused diseases, the spe ifi  a ti‐ a esial 

the apeuti  age ts a e used o l  i   ete i a   edi i e [ ]. Hu a   a esiosis is usuall  t eated 

 a ti‐ ala ial a d a ti‐ a te ial d ugs [ ]  ut these d ugs a e usuall  asso iated  ith  ajo  side 

effe ts  a d  e e   d ug  failu e  due  to  i ease  of  esista t  pa asites  [ ,  ,  ].  Thus,  the 

de elop e t of  e  a ti‐ a esial d ugs  ith lo  to i it  is highl  desi a le.  

Cu e tl , g eat atte tio  is paid to  e e tl  do u e ted a ti‐pa asiti  effi a  of p oteaso e 

i hi ito s [ ‐ ]. P oteaso e is la ge  ulti‐ o po e t p otei   o ple  i ol ed i   egulatio  

of  a   ellula  p o esses [ ] a d e hi it a  ital i po ta e fo  the de elop e t a d su i al of 

pa asiti  o ga is s [ ]. D ugs f o  the fa il  of p oteaso e i hi ito s  e e  e e tl   epo ted as 

po e ful st ateg  fo   ala ia, leish a iosis, sleepi g si k ess a d Chagas disease t eat e t  ith a 

e a ka le lo  to i it  to  a alia  hosts [ ‐ ]. 

The efo e,  e took a  ad a tage of p e iousl  esta lished B. dive ge s i  vit o  ultu es i  ou  

la o ato   a d  o du ted  the  p i a   s ee i g  o   effe t  of  sele ted  o e iall   a aila le 

o pou ds ta geti g  a esial p oteaso e. Ou   esults, tho oughl  des i ed i  the  a us ipt i  

p epa atio   pages  ‐ ,  alidated  the p oteaso e  i hi ito s  as pote tial  ia le  a ti‐ a esial 

d ugs a d offe  a p o ise as  e t‐ge e atio  of a ti‐ a esial age ts.  
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Pages  ‐   ere re o ed  e ause they  o tai  u pu lished data. If you are i terested, please 
o ta t jalo e ka@paru. as. z.  

   



PART  IV.  Esta lish e t  of  Ba esia  i oti  la o ato  
odel a d its e pe i e tal appli atio  

 

Pa t  IV.  is  su a izi g  all  e pe i e ts  pe fo ed  i   o de   to  i t odu e  o plete  la o ato  

odel s  of B.  i oti  Chapte   . Esta lish e t of B.  i oti la o ato   odel . “u se ue tl , the 

esta lished  odel  as used to i estigate the i u e i te a tio s  et ee  B.  i oti a d I.  i i us 

ti ks  Chapte   .  Effe t  of  ti k  i u e  ge es  o  B.  i oti  a uisitio .  The  o tai ed  esults  a e 

tho oughl  des i ed a d dis ussed to poi t out thei  i te est fo  the s ie tifi   o u it .  

 

I   this  pa t,  o  pu li atio   is  i luded  ut  the  des i ed data  se e  as  esse tial  a kg ou d  fo  

i te ded pu li atio s  o e the e pe i e ts a e  o pleted. At the e d of this pa t, the additio al 

e pe i e ts a e i di ated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The pa t of o tai ed data  as pe fo ed  ith the help of    aste  stude t Ji i TAPAL a d  e e used fo  his 
aste  thesis: Tapal J.,  : Opti aliza e pře oso ho  odelu Ba esia  i oti  [Opti izatio  of Ba esia 
i oti t a s issio   odel. Mg . Thesis, i  Cze h] –   p., Fa ult  of “ ie e, U i e sit  of “outh Bohe ia, 

Ceske Budejo i e, Cze h Repu li . “i e the e pe i e ts  listed i   the Ji i’s  aste  thesis  e e desig ed to 
o plete   do to al  esea h a d  e e o tai ed u de    supe isio , I i lude the  to   do to al thesis. 
The e pe i e ts a e  a ked   a  aste isk  * . 
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Ba esia  i oti: i t odu tio  to the p o le ati s 

Ph loge eti all , B.  i oti  is positio ed o  the  asis of the o de  Pi oplas ida a d togethe  

ith B.  i oti‐like spe ies  lassified as Theile ia a ae o , the  ost  e e tl , B. vulpes [ ]  a d 

B.  hodai i fo s o e  lade/g oup [ ,  ,  ‐ ]. The  u e ous a al ses displa ed the high dista e 

a d di e ge e of the B.  i oti  lade f o  the othe  pi oplas s [ ], gi e    a  ea l  ti e poi t 

of  its  de iatio .  I te esti gl ,  the B.  i oti  lade  o p ises  e   high  di e sit   of  hosts  spe ies 

o ld ide [ ,  ,  ]. F o  the  ole ula  poi t of  ie , B.  i oti is u i ue fo  its  ito ho d ial 

ge o e st u tu e. U like othe  Api o ple a, the  ito ho d ial ge o e of B.  i oti is  i ula  [ , 

]. B.  i oti possesses the s allest ge o e a o g the Api o ple a  spe ies. It  o sists i  th ee 

h o oso es e odi g ∼  pol peptides a d sizes ∼ .  M p  a out  % s alle   o pa ed to 

al ead  se ue ed ge o es of othe  pi oplas s  [ ].  

B.  i oti also diffe s f o  Ba esia se su st i to spe ies ult ast u tu all . The  e ozoites la k 

se e al  o ga elles  like  a  o oid,  pola   i gs  a d  i otu ules.  I t a‐e th o ti   e ozoites  a e 

shaped i egula l  a d possess  u e ous i agi atio s, pseudopods, t isti g a d  oili g [ ]. The 

le la ks the t a so a ial t a s issio  a d o l  t a sstadial t a s issio  o u s i  the B.  i oti 

le  [ ,  ‐ ].  The  p i a   oute  of  pa asite  t a s issio   Fig.    o p ises  la al  ti ks 

i gesti g  lood  eal f o  a  i fe ted  ode t  ese oi . I  the ti k gut lu e , pa asite u de goes  

a se ual  ep odu tio    ga etes fusio  [ ,  ]. ) gote the  pe et ates the pe it ophi   at i  [ ] 

to  i ade gut epithelial  ells  [ ]. He e  it  ultiplies  a d  esulti g  ki etes  a e  elie ed  to  sp ead 

th ough ti k tissues like  eph o tes a d sali a  gla ds [ ]. Afte  la ae feedi g the  olti g to 

phs  o u s.  “po ogo   i   sali a   gla ds  sta ts  afte   phs  atta h e t  to  the  o se ue t 

aï e host [ ], i   atu al  o ditio s  ep ese ted   a  ode t. B.  i oti full   atu ed spo ozoites 

afte   h of ti k e go ge e t [ ,  ,  ,  ],  ead  to i fe t the  e te ate host a d  ep odu e 

ase uall  i  its  ed  lood  ells [ ,  ].  

The host  a ge of B.  i oti  atu al  ese oi s  o p ises pa ti ula l   ode ts [ ]. A p i a  

ese oi  host i  U“A is  ep ese ted    hite‐footed  ouse  Pe o s us leu opus  [ ], k o  to 

t a s it  the  pa asite  i to  the  ti ks  [ ].  Field  su e s  esti ate  that  ~ %  of  these  i e  a e  

B.  i oti  i fe ted  [ ,  ]  a d  the  highest  ese oi   o pete e  a e age  of  . %  of  ti ks 

e a e  i fe ted   is  att i uted  to  the   [ ].  Pu sua t  to  the  se op e ale e  the  eado   oles 

Mi otus  pe s lva i us   has  ee   esta lished  as  a othe   ese oi   host  [ ],  although  less 

a u da t.  I   U“A,  B.  i oti  i fe tio s  e e  epo ted  also  i   the  sh e s  [ ],  a its  a d 

hip u ks [ ],  a oo s [ ] a d fo es [ ]. A o g these, the highest  ese oi   o pete e 

as defi ed fo  sho t‐tailed sh e s  Bla i a  evi auda , a d Easte   hip u ks  Ta ias st iatus  

. % a d  . % i fe ted ti ks,  espe ti el  [ ]. I  Eu ope, the othe  ge e a of  i e  Apode us 

flavi ollis, Apode us s lvati us, Mus spp. , sh e   So e  a a eus ,  oles  Mi otus ag estis, M odes 
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gla eolus   a d  a oo   dogs  N te eutes  p o o oides   has  ee   epo ted  as B.  i oti  atu al 

hosts. M. gla eolus is  o side ed as a p i a  B.  i oti  ese oi  i  the Eu opea   ou t ies [ ,  , 

‐ ]. B.  i oti is also dist i uted i   a ious  ode ts i  Asia, pa ti ula l  i   i e,  oles, sh e s, 

hip u ks o  s ui els [ ,  ].  

The  ole of  p i ipal  e to   fo  B.  i oti  i  U“A  is  att i uted  to  I odes  s apula is  =  I odes 

da i i , k o  as dee  o   la k‐legged ti k [ ],  he e the  uesti g  phs a e sp eadi g the 

i fe tio   a d  a e  espo si le  fo   hu a   a esiosis  [ ,  ].  The  p i a   e zooti   e to   of  

B.  i oti i  Eu ope is  ep ese ted   I odes t ia guli eps, a ti k spe ies that does  ot e go ge o  

hu a s [ ,  ]. This fa t  a  e plai  the  elati el  fe  hu a  diseases  aused   B.  i oti  hi h 

ha e  ee   epo ted i  Eu ope [ ,  ,  ,  ,  ,  ]. The I.  i i us, the Eu opea  sheep ti k 

uesti g la ge a i als a d hu a s, also pla s a  i po ta t  ole i  the t a s issio  of the pa asite 

a o g the field  ode ts [ ]. It has  ee  ide tified as B.  i oti  o pete t  e to  [ ] a d  e e tl , 

the B.  i oti i fe ted I.  i i us ti ks ha e  ee  fou d th oughout Eu ope [ ‐ ]. The B.  i oti 

has  ee  dete ted also i  othe  ti k spe ies, e.g. De a e to   eti ulatus [ ,  ].  

 

 
Figu e  . B.  i oti t a s issio   le. Natu al t a s issio   le of B.  i oti i ol es  ode ts as the  ese oi  
hosts a d I odes ti ks as  e to s. Pa asites i   ed  lood  ells of  ode ts a e take ‐up  ithi  the  lood  eal of 
la al  stage of  ti ks,  he e  the  de elop. Du i g  feedi g  of  the  e t  ti k  stage  –  phal  –  pa asites  a e 
t a s itted  a k i to  ode ts. No t a so a ial  e ti al  t a s issio  o u s i  B.  i oti t a s issio   le. 
Figu e  as adapted f o  the illust atio  desig ed   M. Hajdusko a  . iog aphi . z .  

 

I  la o ato   o ditio s, B.  i oti is ofte  used i  studies e aluati g effe ts of a ti‐pa asiti  

o pou ds  i  vivo  e.g.  [ ,  ,  ] ; al ost e lusi el   i fe ted  la o ato   i e a e used  i  

these  studies.  Beside  the  ouse,  the e  a e  a   sus epti le  la o ato   a i als  like  a a ue 

Ma a a  ulatta  [ ], ge ils  Me io es u gui ulatus  [ ] a d ha ste s  Phodopus su go us a d 
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Meso i etus  au atus   [ ,  ].  To  date,  just  a  fe   studies  atte pted  to  esta lish  B.  i oti 

t a s issio   odel  i to  la o ato   o ditio s,  usi g  sus epti le  la o ato   hosts.  Usi g  the 

ha ste s, the t a sstadial pa asite t a s issio  f o  la ae to  phs  as do u e ted fo  I.  i i us 

[ ]. A alogous stud  usi g ge ils o se ed the sa e la ae to  phs  oute of t a s issio  a d 

de o st ated  also  t a sstadial  t a s issio   f o   phs  to  adult  stages  [ ].  The  autho s 

do u e ted the p e ale e  % i   olted  phs  dete ted i  pools of    phs , fed as la ae 

i  a ute phase of the i fe tio . Adult ti ks possessed p e ale e   –   %  depe de t o  the st ai  

he   a ui ed  the pa asite  as  phs.  Yet,  the  pa asite  did  ot  pe sist  e o d  o e  tha   o e 

olti g step [ ]. I   o t ast,  e  lo  p o a ilit  of t a sstadial t a s issio   oth la ae‐ phs 

a d  phs‐adults   as  do u e ted,  usi g  the  p i a   Eu opea   ti k  e to   of B.  i oti,  the  

I.  t ia guli eps, a d  oles as  e te ate hosts  [ ]. The t a sstadial  t a s issio  of B.  i oti  i   

I. da i i  = I. s apula is   as o se ed fo   oth  outes  la ae‐ phs a d  phs‐adults   ut  o 

data  a out  the  pa asite  p e ale es  a e  a aila le  [ ,  ].  To  date,  the  su essful  pa asite 

t a s issio   f o   ti ks  to ge ils o  ha ste s  as  epo ted o l   fo   the  I.  s apula is  a d  I odes 

pa ifi us  phal  stage  i fe ted  at  the  la a  stage   [ ].  A  e   e e t  stud   epo ted  the 

su essful esta lish e t of B.  i oti t a s issio   odel i to la o ato   o ditio s usi g la o ato  

i e a d Rhipi ephalus hae ah saloides as a ti k  e to ; the pa asite p e ale e i   olted  phs 

a d adults  as  . % a d  . %,  espe ti el , a d su essful t a s issio  f o   phs to  i e 

as  epo ted [ ]. 

 

The  e pe i e ts  pe fo ed  i   o de   to  esta lish B.  i oti  la o ato   odel  a e des i ed 

fu the   Chapte   .  Esta lish e t  of  B.  i oti  la o ato   odel .  “u se ue tl ,  e  used  

the i ple e ted  odel fo  i estigatio  of  utual i u e i te a tio s  et ee  the B.  i oti a d  

I.  i i us  Chapte   . Effe t of ti k i u e ge es o  B.  i oti a uisitio .  
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Dis ussio  a d futu e pe spe ti es 

The esta lish e t of a  o plete la o ato   le is a  u ial step i  i estigatio  of all  iologi al 

aspe ts of Ba esia a d  a esiosis. The  ai te a e of Ba esia pa asites i   la o ato   o ditio s 

ep ese ts a  halle gi g task due to the Ba esia spe ies di e sit  a d  ide spe t u  of e ploited 

hosts a d  e to s [ ]. The diffi ulties a e  ai l   o i g  f o  thei   e to ial  t a s issio   hi h 

i plies  aste i g  pa asite  ai te a e  i   oth  e te ate  a d  i e te ate  hosts  of  hi h  ti k 

ep ese ts the  o e  halle gi g o e. The p i a   e to s of Ba esia a e I odid  ha d  ti ks  ut the 

g oup  o p ises  a  spe ies  ith diffe e t  iologi al  ha a te isti s [ ]. The e olog  of Ba esia 

i ludes  a  a iet   of  ildlife  a i als  as  ese oi   hosts  ut  the  Ba esia‐ aused  i fe tio s  a e 

f e ue tl   epo ted also f o  do esti  a i als a d hu a s [ ] 

I  the thesis, I fo used o  etiologi  age ts of hu a   a esiosis, B. dive ge s a d B.  i oti. The 

t o spe ies e hi it  e a ka l  diffe e t  iolog  a d e olog  [ ]. “u h di e sit   a   e att i uted 

to  thei   e olutio a   dista e  as B.  dive ge s  is  a  t pi al  ep ese tati e  of Ba esia  se su  st i to 

li eage [ ,  ‐ ]  ut B.  i oti is positio ed o  the  asis of the o de  Pi oplas ida a d displa s 

high  dista e  a d  di e ge e  f o   the  othe   pi oplas s  [ ,  ,  ‐ ]. B.  dive ge s  is  atu all  

a ui ed   adult ti k fe ales du i g feedi g o  i fe ted  attle a d su se ue tl  t a s itted  ia 

eggs to la ae  Fig.   [ ]. The t a s issio  of B.  i oti o u s p i a il   ia the la ae i festatio  

a d su se ue t t a s issio  to  olted  phs  Fig.   [ ]  ut t a sstadial t a s issio  f o  

phs to adult stages  as also de o st ated [ ]. “u h  iologi al a d e ologi al  ha a te isti s 

eed to  e take  i to  o side atio   he  i ple e ti g the la o ato  t a s issio   odel. I  the 

thesis, I atte pted to i ple e t the la o ato   odel of  oth B. dive ge s a d B.  i oti  ith the 

espe t to  atu al de elop e tal a d t a s issio  featu es.  

I itiall , I atte pted to esta lish la o ato  t a s issio   le of B. dive ge s  see Pa t III. . The 

Mo golia   ge il  ep ese t  the  o l   k o   la o ato   a i al  full   sus epti le  to  B.  dive ge s 

i fe tio  [ ]. Ho e e , the i fe ted ge ils e hi ited  o side a le diffe e es i  pa asite  u de  

Fig.    hi h  esulted i  diffi ulties to sta da dize  o ditio s fo  pa asite a uisitio    ti ks. It  as 

p e iousl   epo ted  that B. dive ge s  g o th  i   ge ils  a   e  i flue ed    the  size of pa asite 

i o ulu  [ ,  ]. Yet, i  spite of the ide ti al dosage, the ge ils displa ed eithe   esista e o  

de elop e t  of  a  disease  ith  dispa it   of  a i al  pa asite ia.  As  as  p e iousl   sho ,  the 

espo se  of  ge ils  a   a   despite  the  ide ti al  dosage  [ ].  A othe   fa to   pote tiall  

espo si le fo   a iatio s of pa asite g o th is a  age of e pe i e tal a i als [ ]. The efo e,  e 

atte pted to i fe t a i als of diffe e t age a d se   ut  o sta da dizatio   as  ea hed  Fig.  . It 

as p e iousl  do u e ted that i atu e ge ils  ou ge  tha     o th  a e  o e  esista t to the 

olde  a i als  o e tha     o ths  [ ]  ut still o e thi d of ou  a i als displa ed the  esista e 
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to B. dive ge s  ega dless the age. The likel  e pla atio  of su h  esults  a   e att i uted to the 

ge eti  hete oge eit  of ge ils. I  fa t, the ge eti  hete oge eit   ight  e assu ed as a ke  fa to  

ausi g the o se ed dis epa ies,  efle ti g the u ifo  B.  i oti disease de elop e t i  i ed 

la o ato   i e  Fig.  A . Ge ils does  ot  elo g  to  i ed  la o ato  a i als although  it  as 

p e iousl   o fi ed  that  la o ato  ge ils displa  poo  ge eti  di e sit   [ ].  The dispa it  of 

pa asite g o th  a   e also gi e    utilizatio  of ge il itself si e it does  ot  ep ese t the  ese oi  

host fo  B. dive ge s [ ].  

The efo e,  e  opti ized  the  te h i ue  of  a tifi ial  ti k  feedi g  usi g  the  i   vit o  ulti ated 

pa asite  Fig.    si e  B.  dive ge s  a   e  lo g‐te   ai tai ed  i   i   vit o  ulti ated  o i e 

e th o tes [ ,  ]. I  ou  fi st e pe i e ts it  as sho  as a disad a tage si e the lo g te  

i  vit o  ultu e lost the po e  to fu the  de elop i  the ti k  see the pu li atio   “ti ulatio  a d 

ua tifi atio  of Ba esia dive ge s ga eto toge esis  [ ] . These  esults i plied the i po ta e 

of ga eto tes i  the B. dive ge s life le  a d pote tiall  i  all  e to ial  t a s itted p otozoa  

pa asites, e.g. [ ] . Ga eto tes  ep ese t i pe ati e de elop e tal stages of Ba esia life le 

a d dete i e the a ilit  to i fe t the ti k [ ,  ,  ,  ]. Taki g ad a tage of p e iousl  des i ed 

a d  alidated  ole ula   a ke s  fo   B.  dive ge s  ga eto tes  [ ,  ]  e  e ified  the 

ga eto toge esis  of  the  i   vit o  ai tai ed  pa asite.  The  a al sis  sho ed  that  the  pa asite 

o pete e to p odu e ga eto tes  as  lost du i g the lo g te   i  vit o  ulti atio  [ ].  It  is 

e essa  to  o ede that  e ifi atio  of the pa asite i fe ti it  to ti k should ha e  ee  assessed 

p io   the  fi st  a uisitio   e pe i e ts,  taki g  i to  a ou t  p e iousl   des i ed  a d  alidated 

a ke s [ ,  ]. We  epeated the studies usi g a ga eto tes‐p odu i g B. dive ge s st ai  a d 

o fi ed  the  pa asite  a uisitio     ti ks  Fig.    ut  the  pote tial  o ta i atio   of  e a i ed 

tissues    i fe ted  lood  eal  du i g  the  disse tio   p o ess  ust  e  ad itted.  Ho e e ,  the 

t a so a ial t a s issio   as  ot  o fi ed. We h pothesize that the high  o talit  of ti ks fed o  

lood  eal  o tai i g  the  pa asites  ould  e  a  sig   of  ti k  fe ale  i fe tio   si e  ti ks  fed  o   

o ‐pa asitized  lood  eal laid the sta da d a ou ts of eggs. Yet, se e al opti izatio  p o edu es 

did  ot  esult i   o i i g  esult. Thus, the esta lish e t of B. dive ge s  o plete  le appea ed 

as  a  halle gi g  task.  The  issue  is  appa e t  also  f o   the  i o it   of  epo ts  p ese ted  i   the 

lite atu e. To date, o l  fe  studies des i ed the su essful pa asite t a so a ial t a s issio  [ ‐

] a d the e e ists o l  o e stud  do u e ti g the B. dive ge s t a s issio  to la o ato  host 

ia la ae feedi g [ ]. I  the  ajo it  of these studies the ti k fe ales a ui ed the pa asite du i g 

the e go ge e t o  i fe ted sple e to ised  al es [ ]  e ause the  attle  ep ese t the  ese oi  

host  fo   B.  dive ge s  [ ].  Yet,  e pe i e ts  ith  the  o s  a e  e o d  the  s ope  of  this  o k. 

Mo eo e ,  the  studies  epo ti g  the  pa asite  t a s issio   i   la o ato   o ditio s  did  ot 

su se ue tl   o ti ued i  a  e pe i e tal appli atio  of the esta lished  odel like e.g. pote tial 

studies of  utual Ba esia‐ti k i te a tio s. 
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“i e the i po ta e of ga eto tes fo  the B. dive ge s t a s issio   odel  as i plied,  e 

fu the  fo used o  studies  o side i g the B. dive ge s se ual de elop e t a d take a  ad a tage 

of  ell‐esta lished  i   vit o  ultu e  of  B.  dive ge s  a d  te h i ue  of  ga eto tes  ole ula  

dete tio . I  ge e al, the Ba esia ga ogo  sta ts i  the host  loodst ea   he e the ga eto tes 

o u   [ ,  ,  ,  ,  ,  ,  ,  ,  ].  The  p o ess  of  pa asite  se ual  o it e t  is 

o side ed as sto hasti  a d  a   e i flue ed    a  fa to s. As do u e ted fo  Plas odiu , 

the ga eto tes dete i atio  is go e ed   the ge eti  a d e i o e tal fa to s [ ]. Based 

o  p e iousl  des i ed a d  alidated  a ke s fo  B. dive ge s se ual  o it e t [ ,  ],  e 

esta lished a te h i ue fo  the  ua tifi atio  of B. dive ge s ga eto tes. Usi g the te h i ue,  e 

o ito ed the ki eti s of pa asite se ual  o it e t upo  the  a ious sti uli  see the pu li atio  

“ti ulatio   a d  ua tifi atio   of  Ba esia  dive ge s  ga eto toge esis   [ ] .  The  sig ifi a t 

i ease  of  ga eto te ia  as  e o ded  du i g  the  o ti uous  i   vit o  g o th  of  the  pa asite.  

The  phe o e o   is  p o a l   elated  to  a u ulatio   of  eta oli   aste  as  o  ha ges  i  

ga eto te ia  e e  e o ded  afte   additio   of  l sed  health   e th o tes.  This  h pothesis  is 

suppo ted    the  fa t  that  the  ai te a e  of  high  pa asite ia  i   ultu es  o   egula   ediu  

epla e e ts did  ot alte  the pa asite se ual  o it e t. The B. dive ge s se ual de elop e t 

as also sti ulated   additio  of  idel  used a ti‐ a esial d ugs, i ido a e a d ato a uo e [ , 

]. The  esea h of the B. dive ge s se ual  o it e t  as i te ded to defi e the sti ula ts of 

ga eto tes p odu tio , a d thus i ease the pa asite i fe ti it  to ti ks. The o se ed sti uli of 

pa asite se ual dete i atio   ould se e as a  i p o e e t of pa asite a uisitio    ti ks usi g 

the i  vit o feedi g te h i ue. Ne e theless, the ti k feedi g o  pa asite i  vit o  ultu e  ep ese t 

a  odel di e ge t f o   atu al B. dive ge s t a s issio . The efo e,  e de ided to fu the  fo us o  

B.  i oti  see Pa t IV. . The  iolog  of this spe ies allo ed us to use la o ato   i e, a d thus  e 

o e  espe ti e  to  t a s issio   le  of B.  i oti  i   atu al  o ditio s.  The B.  i oti  offe s  a 

u ifo   ou se of i fe tio  i  the la o ato   i e  Fig.  A , a d thus a  ette  sta da dizatio  of 

the t a s issio   odel. With the  espe t to  epo ted  a iatio s  i  B. dive ge s g o th  i  ge ils  

Fig.  , the  o siste t  ou se of B.  i oti i fe tio   ight  e  elated to usage of i ed la o ato  

a i al. The BALB/   i e  elo g to the  ost  idel  used i ed st ai  of la o ato   i e [ ]  hi h 

o t adi ts  ith  utilizatio   of  ge il  as  a   la o ato   a i al,  although  the  ge il  ge eti  

hete oge eit   as  p e iousl   epo ted  as  lo   [ ].  A othe   pote tial  e pla atio   of  o se ed 

dis epa   o elates  ith  atu al hosts of  oth pa asite spe ies si e ge il does  ot  ep ese t 

the  ese oi  host fo  B. dive ge s [ ]  ut  ouse as a  ode t does fo  B.  i oti [ ,  ,  ].  

The B.  i oti g o th  u e  as  atego ized i to th ee phases  Fig.  A   o sisti g of the  apid 

pa asite  ultipli atio   a ute  phase ,  g adual  de ease  of  pa asite ia  de li e  phase   a d  lo  

pa asite ia pe sisti g fo  a lo g pe iod  late t phase . The pa asite a uisitio    la al ti ks du i g 

a ute  phase  appea ed  as  the  ost  effe ti e  fo   su se ue t  t a sstadial  t a s issio   to  olted 

142



ph. Also, ti ks fed o  hosts i  a ute phase of the i fe tio  displa ed the highest i fe ti it  to 

aï e host  Fig.    ut this is  ost likel  gi e    the high pa asite p e ale e i  the ti k pool fed 

o   la o ato   i e. These  esults  full   o espo d  ith  t a s issio  studies e ploiti g  the ge il 

hosts  [ ]  a d  ould  e  elated  to  pa asite  se ual  o it e t.  The  ide tifi atio   of  pa asite 

ga eto te ia  ould ha e  ee  highl  desi a le  ut  o  a ke s fo  B.  i oti ga eto tes ha e 

ee  des i ed a d  alidated so fa . With the  espe t to o se ed sti ulatio  of ga eto te ia 

du i g the  apidl  i easi g pa asite ia of B. dive ge s [ ],  e assu e the sa e phe o e o  

fo   the  B.  i oti  i t a‐e th o ti   ultipli atio .  We  h pothesize  that  the  apid  e pa sio   of  

B.  i oti du i g the a ute phase of the  i e i fe tio  is p o a l   elated to the i ease of se ual 

o it e t, a d thus highe  pa asite i fe ti it  to ti ks. This  ost likel  e plai s the dis epa  

i  pa asite p e ale e  i   ti ks  fed  i  a ute phase  o pa ed to ti ks e go ged du i g de li e a d 

late t phase.  

I te esti gl ,  e  do u e ted  lo   pa asite  p e ale e  i   ti ks  hi h  a ui ed  the  pa asite 

du i g the late t phase of the host i fe tio . Ou   esults full   o espo d  ith the studies  epo ti g 

la k of pa asite  i fe ti it  du i g the  h o i   i fe tio  [ ,  ]. Yet,  it  aises  uestio  a out the 

pa asite  ai te a e i   atu al  o ditio s si e the B.  i oti pa asite ia is  elie ed  ot to e eed 

% i   ildlife  ode ts [ ]. It also e plai s lo  p e ale e of B.  i oti  epo ted fo  the field ti ks 

~  . ‐ %  [ ‐ ]. This issue  ould  e  elated to o se ed pa asite seaso alit   Ta .  . Refle ti g 

u e ous  epeated e pe i e ts,  e o se ed a flu tuatio  of do u e ted pa asite p e ale e i  

ti ks  hi h diffe ed i   elatio  to seaso  pe iods, despite u ifo  e pe i e tal  o ditio s a d ti ks 

ai tai ed i   la o ato   o ditio s. “easo al  a iatio s of Ba esia pa asite ha e  ee  p e iousl  

do u e ted i  ti ks as  ell as field  ode ts [ ,  ], sho i g the i eased pa asite p e ale e 

du i g sp i g  o ths. The o se ed seaso al dispa it   ight  e also  elated to the sp i g peak of  

I.  i i us  uesti g  a ti it   [ ,  ]  si e  the  seaso al  dist i utio   as  epo ted  fo   othe   ti k‐

t a s itted pathoge s [ ]. I  spite of a o da e of ou   esults  ith these o se atio s,  e ha e 

to ad it that  o e additio al e pe i e ts  ould  e  e ui ed to postulate the defi iti e  o lusio .  

The p oposed pa asite seaso alit  is highl  u feasi le fo  a  la o ato  e pe i e ts, although 

it  a   efle t  the  pa asite  iologi al  ha a te isti s.  Thus,  e  i te ded  to  opti ize  the  pa asite 

t a s issio   odel    ha gi g  of  ti k  eedi g  te pe atu es,  as  the  positi e  te pe atu e 

odifi atio   of  ti k  sus epti ilit   to  Ba esia  pa asites  as  p e iousl   epo ted  [ ].  We 

do u e ted  the  e a ka le  i ease of pa asite p e ale e  i   ti k  phs    i u atio  of  the 

la ae ti k stages i  highe  te pe atu es   a d  °C  p io  the pa asite a uisitio   ia feedi g o  

i fe ted host  Fig.  . It  o espo ds to  a alia  host te pe atu e  ~ °C , suggesti g that the 

te pe atu e i ease  a   e the ke  poi t of pa asite effe ti e a uisitio  du i g the ti k feedi g. 

Yet,  it  is  i pe ati e to ad it  that  la ae e posu e to high te pe atu es  ight  ep ese t a st ess 
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o ditio  fo  the ti k. The efo e, it  a  pote tiall   esult i   odifi atio  of ti k i ate p ote tio  to 

the pa asite, a d thus fa ilitate the pa asite a uisitio . The la ae e posu e to high te pe atu e 

also does  ot  efle t the pa asite e olog  a d  iolog  si e lo e  te pe atu es a e p efe ed fo  

the  ti k de elop e t  [ ,  ]. Thus,  the opti ized  la o ato   odel  ight  e di e ge t  f o   

B.  i oti t a s issio  i   atu al  o ditio s. Ho e e , the esta lished  odel offe s a g eat platfo  

fo   stud i g  the  pa asite  iolog   si e  it  allo s  to  get  highe   a e age  pa asite  p e ale e  i  

e pe i e tal ti ks  o pa ed to usual p e ale e i  field ti ks [ ‐ ].  

It  as  p e iousl   epo ted  that B.  i oti  i ades  se e al  ti k  tissues  du i g  the  a uisitio  

p o ess [ ] a d pa asite su i es the ti k e d sis i  the fo  of do a t spo o last i  ti k sali a  

gla ds  as  p o e   i   studies  e ploiti g  I.  s apula is  =  I.  da i i   [ ,  ].  I   a o da e,  e 

do u e ted  the  pa asite  pe siste e  i   ti k  sali a   gla ds  afte   the  ti k  olti g  Ta .  .  

The spo ozoites diffe e tiatio   egi s  ith the  lood uptake a d is assu ed to p o eed at least  h 

[ ,  ,  ,  ].  It  i plies  that  spo ozoites  a   o u   i   the  ti k  sali a  afte     da s  of  ti k 

e go ge e t, a d thus the pa asite t a s issio  i to the host  loodst ea  does  ot o u  at the 

fi st da s of the ti k  ite. Ou  B.  i oti  odel is  ha a te ized   pa asite t a s issio  i to the host 

loodst ea  e lusi el   ia ti ks fed to full  epletio   Fig.  . The  e o al of ti ks du i g the fi st 

h of ti k  ite effe ti el  p e e ted t a s issio  of spo ozoites a le to i du e the host ful i ati g 

i fe tio . I  a  oade  pe spe ti e, su h t a s issio  d a i s  is a  u ial fa t fo  the  a esiosis 

p e e tio  st ateg  si e the ea l  ti k eli i atio   ould p e e t the disease de elop e t.  

Ho e e , the pa asite pe siste e i  a i a   ells of  olted  phs  Ta .   li its the pote tial 

i estigatio  of i te a tio s at Ba esia‐ti k i te fa e usi g the spe ifi  ge e sile i g  e ause the 

te h i ue is  ot  et feasi le i  ti k la ae. “i e the ti k defe si e  e ha is s e hi it a  effi a  

pa ti ula l   i   the  hae ol ph  [ ‐ ],  the  pote tial  a ti‐ a esial  e ha is s  o u   p i a il  

du i g the pa asite a uisitio  du i g the ti k e go ge e t. The efo e, the esta lished t a s issio  

odel possesses a li itatio  fo  the  esea h of  utual Ba esia‐ti k i te a tio s. I  o de  to e ade 

this  i o pati ilit ,  e  esta lished B.  i oti  a uisitio   odel  e ploiti g  the  i festatio   of  ti k 

phs  Fig.  .  Although  e  ust  ad it  that  pa asite  a uisitio     ti k  ph  ti k  is  ot  the 

p i a  t a s issio   oute of B.  i oti, the field studies  o fi  its f e ue t o u e e  e ie ed 

i  [ ] . The pa asite i asio  i to a i a   ells appea s p io  the ti k full e go ge e t  Fig.   a d 

 a d  efle ts the pa asite ga ogo  a d su se ue t ki etes sp ead i  the ti k  od . “i e the 

pa asite disse i atio  is  ediated  ia ki etes  ig atio  th ough the hae ol ph,  e  a  assu e 

that Ba esia  a  i te a t  ith ti k i u e  e ha is s. Ti ks e hi it the po e ful a ti‐ i o ial 

espo se  e ie ed  i   [ ,  ]   hi h  i ludes  the  i u e  sig alli g  path a s  a d  su se ue t 

putati e  p odu tio   of  do st ea   effe to   ole ules.  “i e  o  k o ledge  is  a aila le  a out 

egulatio   of  p otozoa   i fe tio   i   ti ks,  e  e aluated  the  th ee  p i ipal  i u e  sig alli g 
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path a s, the Toll path a , the I d path a  a d the Jak/“tat path a  [ ]. Usi g the te h i ue 

of spe ifi  ge e sile i g  e de o st ated the pote tial  ole of Toll i u e path a  a d plausi le 

oope atio  of Toll a d I d sig alli g  Fig.  A, B, C . Based o  these  esults  e h pothesize that 

ti k  a ti‐ a esial  espo se  is  o hest ated    di e ge t  sig alli g  path a s  tha   espo se  to  

A. phago tophilu ,  hi h appea s to  e p i a il   egulated   Jak/“tat path a  [ ,  ,  ]. 

Mo eo e ,  the  suggested  ole of  Toll  a d  I d  sig alli g  is  o espo di g  to  os uito  o t ol of 

Plas odiu  i asio  [ ].  

I   the  os uitos,  oth  Toll  a d  I d  path a s  e e  p o e   to  egulate  the  os uito  

a ti‐plas odial  espo se  ia sti ulatio  of TEP , the  o ple e t C ‐like p otei  f o  the g oup of 

thioeste ‐ o tai g p otei s [ ]. Ide tifi atio  a d des iptio  the ti k thioeste ‐ o tai g p otei s 

[ ] thus i pl  the pote tial a ti‐ a esial effe t of these  ole ules. This h pothesis is suppo ted 

 ou   esults  Fig.  D a d    hi h i di ate a  o it e t of TEP  thioeste   o tai i g p otei , 

ho ologue of  i se t TEP  a d MCR  a oglo uli   elated p otei s  +   ole ules  i  B.  i oti 

a uisitio    ti ks. Refle ti g the p e iousl  de o st ated a ti‐ a te ial a ti it  of ti k thioeste ‐

o tai i g p otei s [ ,  ,  ],  e  a  h pothesize that ti k a ti‐ i o ial a d a ti‐pa asiti  

espo se  ight  e  egulated    diffe e t  ep ese tati es  of  ti k  thioeste ‐ o tai g  p otei s. 

Mo eo e ,  the  suggested  effi a   of  TEP  ole ule  i   ti k  a ti‐ a esial  espo se  i di ates  that 

e ha is s  o t olli g the p otozoa  i asio  of  os uitos a d ti ks  ight  e higl  si ila , despite 

the  diffe e t  iolog   of  oth  e to s.  Based  o   ou   o te po a   data  e  a ot  o fi   the 

o e tio   oth  NF‐κB‐ elated  path a s  a d  the  ti k  thioeste ‐ o tai i g  p otei s,  like  it  as 

defi ed fo   os uito. “i e these e pe i e ts a e highl  desi a le,  e  u e tl   o ti ue  i   this 

di e tio . To  o lude, the  esea h ta geted to elu idatio  of ti k a ti‐ a esial  espo se p o ides 

a  ie  i to  e ha is s of pa asite  e to ial t a s issio , a d thus pote tiall   ould help to p e e t 

Ba esia  t a s issio     ti ks.  I  a  oade  pe spe ti e,  the  oss‐talk  et ee  the pa asites a d 

e to  o upies  the pathoge   st ategies ofte   el i g o   the passi e o  a ti e host  pa ti ipatio  

[ ]. The ide tifi atio  of su h ge es a d  ole ules  egulati g the pa asite  u de  i  the  e to  

a  fu the  shape the  e to ial  apa it  of pathoge  t a s issio .  

To  suppo t  the  esea h  i   the  field  of Ba esia‐ti k  i te a tio s,  e  u e tl   fo us  o   the 

t a s ipto i   ha a te izatio   the  ti k  a d  a esial  ge es  a ti ated  du i g  the  pa asite 

t a s issio  to the  e to  a d pe siste e i  its sali a  gla ds. We p epa ed the RNA e t a ts of 

sali a  gla ds at diffe e t ti e poi ts of ti k feedi g  h,  h a d  h  usi g highl  i fe ted ti k 

phs  p e ale e > % ; u i fe ted sali a  gla ds  e e used as a  o t ol i  the sa e  a e . 

The  t a s ipto e  a al sis  as  pe fo ed    Ge XP o  http://tools.ge p o. et/   a d  e  ha e 

e e tl   e ei ed the t a s ipto i  data. Data a e  u e tl  a al zed i   olla o atio   ith othe  
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la o ato ies  i  s ope of the p oje t ANTIDotE: a ti‐ti k  a i es to p e e t ti k‐ o e diseases  i  

Eu ope [ ]. 

The platfo  of esta lished la o ato   odel s  e hi its a g eat pote tial  fo   a   esea h 

a s. E ploiti g the te h i ue of Ba esia  ole ula  dete tio  used i  ou   esea h,  e pa ti ipated 

o  the  esea h e aluati g the  i os op  a d PCR as diag osti s tool fo  Ba esia  see pu li atio  

Validate o  falsif : Lesso s lea ed f o  a  i os op   ethod  lai ed to  e useful fo  dete ti g 

Bo elia a d Ba esia o ga is s i  hu a   lood  [ ] . The othe   esea h di e tio   e efits f o  

ell‐esta lished  i   vit o  ai te a e  of  B.  dive ge s  hi h  offe s  a  g eat  odel  fo   testi g 

i o ati e  a ti‐ a esial  the apeuti   t e ds. We  fo used o   the p oteaso e  i hi ito s  hi h a e 

u e tl   epo ted as a po e ful st ateg  fo  t eat e t of pa asiti  diseases [ ‐ ]. Up to  o ,  e 

alidated  the Ba esia p oteaso e as a  alua le d ug  ta get a d  e ified  the st o g a ti‐ a esial 

effe t  of  o e iall   a aila le  o pou ds  see  the  a us ipt  i   p epa atio   Validatio   of 

Ba esia  p oteaso e  as  a  d ug  ta get . We  i te d  to  a   o   ith  desig   of  e   o pou ds 

ta geti g  the  Ba esia  p oteaso e.  “u se ue tl ,  e  ai   to  e if   Ba esia  u de   i   host 

loodst ea   as  ell  as  ithi   the  ti k  o ga s,  a d  thus  e ploit  the  t a s issio   a d  a uisitio  

odels of B.  i oti i  a g eate  e te t. 
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Thesis su a  

The thesis p o ides a   i sight to  iolog  of Ba esia  i oti a d Ba esia dive ge s, age ts of 

hu a   a d  o i e  a esiosis  ith  i easi g  i ide e  o ld ide.  I   the  thesis  e  p o ide  

a  o p ehe si e lite atu e  e ie  a d p ese t the  esults o tai ed du i g the do to al  esea h. 

Thesis i ludes p e iousl  pu lished  esea h a d u pu lished data,  hi h a e tho oughl  des i ed 

a d dis ussed to poi t out thei  i te est fo  the s ie tifi   o u it . 

PART I. GENERAL INTRODUCTION 

The  fi st  pa t  of  the  thesis  p o ides  a  o p ehe si e  e ie   o   u e t  k o ledge  of  the 

p o le ati s. Ba esia is a ge us of  a  spe ies, ta o o i all  pla ed i to the o de  Pi oplas ida 

togethe   ith Theile ia a d C tau zoo  [ ]. Based o   ulti‐ge e a al ses, pi oplas s a e  losel  

elated to Plas odiu , a  age t of  ala ia disease [ ‐ ]. As othe  api o ple a  o ga is s, the 

pa asite  ell  is  e uipped    Api al  o ple .  This  u i ue  olle tio   of  o ga elles  ediates  the 

pe et atio  of the pa asite i to the host  ell, a d thus is fou d i  all i asi e stages [ ].  

Ba esia de elop e tal  le is a se ies of  o ple  e e ts e ploiti g  e te ate o ga is s as 

hosts a d ti ks as  e to s. Cu e t  esea h pa s a g eat atte tio  to pa asite  ultipli atio  i  the 

host  ells. Yet, the pa asite de elop e t i  the ti k o ga is  is poo l  des i ed. This is gi e    

pa tial  life le  des iptio s  s atte ed  i   a   pu li atio s,  o ‐u ifo it   of  i di idual  stages 

o e latu e a d  e e t  edes iptio  of  a  spe ies [ ,  ,  ]. The efo e,  e de ided to 

a al se  the  life le  of  pi oplas s  i   the  a us ipt  i   p epa atio   Life le  of  pi oplas s: 

o p ehe si e  a al sis .  He e  e  p o ide  a  detailed  ie   i to  de elop e tal  e e ts  of 

ep ese tati e  pi oplas s  spe ies  – Theile ia, C tau zoo   a d Ba esia –  i   o te t  of  the  latest 

k o ledge a out the ta o o , u i ue featu es i  thei  life  le a d  o el  o e latu e. 

Ba esia pa asites a e  os opolita  pa asites  ith e t e el   ide host  a ge  hi h i ludes 

hu d eds of  a al hosts. Cu e tl , Ba esia  is  o side ed as  the se o d  ost  o o   lood 

pa asite  o ld ide [ ]. Ba esiosis  is a  e e gi g disease of e o o i al,  ete i a  a d  edi al 

i po ta e. It affe ts li esto k,  ildlife a d  o pa io  a i als [ ,  ,  ‐ ], a d hu a s [ ,  , 

,  ]. Bo i e  a esiosis is  e og ized fo  its  ajo  i pa t o  fa  a i al health a d asso iated 

ith e o ous e o o i  losses the li esto k i dust  [ ,  ,  ]. Hu a   a esiosis is  epo ted as 

u e t  ajo   lood t a sfusio  th eat [ ,  ,  ,  ] a d possess a sig ifi a t  isk pa ti ula l  to 

i u osupp essed patie ts [ ,  ‐ ]. The disease is t a s itted   ti ks a d to date the ti ks of 

the  fa il   I odidae ha e  ee   epo ted as  the e lusi e  e to s of Ba esia pa asites  [ ].  I   the 

Eu ope, Ba esia spe ies a e p i a il  t a s itted   I odes  i i us [ ] a d i ide e of  o i e a d 

hu a  diseases is att i uted to dist i utio  a d de sit  of I.  i i us [ ,  ,  ,  ,  ,  ].  
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“i e  ti k  se es  as  a  host  a d  e to   fo   a   pathoge s  i ludi g  Ba esia  pa asites,  it 

possesses  i ate  i u e  e ha is   i te a ti g  ith  the  t a s itted  i o es.  I   o de   to 

su a ize these i te a tio ,  e pu lished the  e ie   I te a tio  of the ti k i u e s ste   ith 

t a s itted  pathoge s   [ ].  I   the  e ie   e  p o ided  a  o p ehe si e  a al sis  of  the  ti k 

a ti i o ial i u e  e ha is s  ediati g  oss‐talk  ith th ee the  ost i te si el  studied ti k‐

t a s itted pathoge s – Bo elia, A aplas a a d Ba esia – i   o te t of thei   atu al de elop e t 

i  the i te al o ga s of  e to  ti ks. I  this pu li atio , I pa ti ipated o  su a izi g k o ledge 

a out ti k  ole ula   e ha is s i te a ti g  ith‐Ba esia pa asites.  

PART II. “UMMARY OF RE“EARCH METHOD“ 

The se o d pa t su a izes  ethods used i  the thesis i  o de  to esta lish Ba esia la o ato  

t a s issio   odel a d stud  the  ole ula  i te a tio s at the ti k‐Ba esia i te fa e. The  hapte  

des i es  ide  spe t u   of  la o ato   te h i ues  a d  g aphi all   depi t  the  s he es  

of t a s issio  e pe i e ts. We i t odu e he e the  o el  ethods i  Ba esia  esea h like utilit  

of  fluo es e e  i   situ  h idizatio   fo   the  isualizatio   of  pa asite  de elop e t  i side  the  ti k 

sali a  gla ds. The  hapte  i ludes o e  ethodi al pu li atio   Validate o  falsif : Lesso s lea ed 

f o   a  i os op   ethod  lai ed  to  e  useful  fo   dete ti g  Bo elia  a d  Ba esia  o ga is s  

i   hu a   lood   [ ].  The  esea h  p ese ted  i   pu li atio   as  o du ted  i   oope atio   

ith  Depa t e t  of  Ba te iolog   a d  I u olog ,  No egia   I stitute  of  Pu li   Health,  Oslo, 

No a  a d I pa ti ipated o  Ba esia spp. dete tio  i  the hu a   lood sa ples. I  the pu li atio , 

the  i os op   as  diag osti s  tool  fo  Ba esia  a d Bo elia   as  e aluated  a d  o pa ed  ith  

the  ole ula   diag osti   te h i ues.  The  pu li atio   o fi ed  that  i os op   ould  falsif   

the diag osis due to  isi te p etatio  of stai i g a tefa ts. Thus, the  ole ula  te h i ues should 

e used to  o fi  a defi iti e diag osis of hu a   a esiosis  ut  igo ous p e autio s a e  e ui ed 

to  a oid  false‐ egati e  o   false‐positi e  esults.  The  i ide e  of  hu a   a esiosis  is  e e tl  

epo ted i   a   ou t ies  e ie ed e.g. i  [ ,  ] . The efo e, the  elia le diag osti ia  te h i ues 

a e  e ui ed fo  diag osti s a u a  a d fu the  effe ti e t eat e t.  

PART III. Esta lish e t of Ba esia dive ge s la o ato   odel a d its e pe i e tal appli atio  

The  thi d  pa t  of  the  thesis  p o ides  a  o p ehe si e  lite atu e  e ie   a out B.  dive ge s,  

a Eu opea  age t of hu a  a d  o i e  a esiosis, a d su a ize e pe i e ts pe fo ed i  o de  

to i t odu e  o plete la o ato   odel of B. dive ge s. B. dive ge s  elo gs to the Ba esia se su 

st i to  g oup  hi h  is  ha a te ized    t a so a ial  t a s issio   i   ti ks  a d  ultipli atio  

e lusi el   i   e th o tes  of  the  e te ate  host  [ ,  ,  ‐ ].  A  su essful  ti k  i fe tio   is 

depe de t  o   de elop e t  of  pa asite  ga eto tes,  fi st  se ual  stages  o u i g  i   the  lood 

st ea  of  the  e te ate host.  “i e B. dive ge s  is  ai tai ed  i   vit o  a d u de goes  epeated 

passages,  these  se ual  stages  a   e  edu ed o  dispat hed. Based o  p e iousl   des i ed  a d 
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alidated  a ke s  of  B.  dive ge s  ga eto tes  [ ,  ],  e  i t odu ed  the  te h i ue  

of  ga eto tes  ua tifi atio .  The  esults  e e  pu lished  i   the  pu li atio   “ti ulatio   a d 

ua tifi atio  of Ba esia dive ge s ga eto toge esis  [ ]. I  this pu li atio  I pe fo ed all the 

des i ed e pe i e ts usi g the  ua tifi atio  te h i ue a d  ote the  a us ipt.  I also a ted  

as  a  o espo di g  autho  of  the pu li atio .  The  esea h p o ides  a   i sight  i to B.  dive ge s 

se ual de elop e t. We  o ito ed pa asite se ual  o it e t ki eti s upo  the  a ious sti uli 

a d  ide tified  i e ti es  sig ifi a tl   i easi g  the  ga eto te ia.  The  esults  p ese ted  

i   the  pu li atio   has  the  pote tial  to  fa ilitate  fu the   esea h  i   the  field  of  Ba esia‐ti k 

i te a tio s. 

The  hapte   also  i ludes  the  u pu lished  data  o tai ed  du i g  the  esta lish e t  

of  B.  dive ge s  t a s issio   odel  i   the  la o ato   o ditio s.  Usi g  the  p i a   e to   

of B. dive ge s, the ti k  I.  i i us,  e atte pted to  i t odu e the  odel usi g  i  vivo ti k feedi g  

o   i fe ted  ge ils.  The  ge ils  e hi ited  o side a le  a iatio s  i   pa asite  g o th  i   the  host 

loodst ea   hi h  akes diffi ult to sta da dize  o ditio s fo  pa asite a uisitio    ti ks. Thus, 

e de ided to  epla e the la o ato  a i als   a tifi ial feedi g te h i ue [ ]. We do u e ted 

a  su essful  pa asite  a uisitio     fe ale  ti ks  ut  the  t a s issio   le  as  ot  o pleted.  

Due to o se ed diffi ulties du i g the esta lish e t of B. dive ge s la o ato   odel  e de ided 

to atte pt a othe  pa asite spe ies. The B.  i oti  ep ese ts  o e  o e ie t  odel o ga is  due 

to  feasi le  i   vivo  ai te a e  i   la o ato   i e.  The  esults  o e i g  the  B.  i oti  a e 

su a ized i  the fou th pa t of the thesis.  

Yet, the esta lish e t of B. dive ge s i  vit o  ultu e offe ed  e   esea h  a s. The lo g te  

i  vit o  ai te a e of B. dive ge s  ep ese ts a g eat  odel fo  testi g of i o ati e a ti‐ a esial 

the apeuti  t e ds. The de elop e t of  e  a ti‐ a esial d ugs is highl  desi a le due to  ajo  side 

effe ts of  u e t  a esiosis the ap  [ ,  ]. Hu a   a esiosis is usuall  t eated    o i atio  

of a ti ala ial a d a ti a te ial d ugs [ ] a d possess  u e ous side effe ts a d e e  d ug failu e 

elated  to  i ease  of  esista t  pa asites  [ ,  ,  ].  Usi g  esta lished  B.  dive ge s  i   vit o 

ultu es  e  o du ted the p i a  s ee i g of sele ted  o e iall  a aila le  o pou ds a d 

a al sed  thei  a ti‐ a esial  effe t.  The p oteaso e  i hi ito s a e  u e tl   i   the  e t e of high 

i te est  due  to  g eat  a ti‐pa asiti   effi a .  P oteaso e  is  ulti‐ o po e t  p otei   o ple  

egulati g  a   ellula   p o esses  [ ]  a d  e e t  fi di gs  epo ted  p oteaso e  i hi ito s  

as  po e ful  st ateg   fo   t eat e t  of  pa asiti   diseases  [ ‐ ].  The efo e,  e  e ified  

the pote tial of p oteaso e i hi ito s to se e as a ti‐ a esial the apeuti  age ts. Results of this 

esea h  a e  su a ized  i   the  a us ipt  i   p epa atio   Validatio   of  Ba esia  p oteaso e  

as  a  d ug  ta get .  I  as  i ol ed  i   all  e pe i e ts  des i ed  i   the  a us ipt  i ludi g  thei  
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a al sis  a d  i te p etatio .  I  also  pa ti ipated  i   the  a us ipt  iti g.  The  a us ipt  i  

p epa atio   alidates p oteaso e i hi ito s as pote tial  ia le a ti‐ a esial d ugs. 

PART IV. Esta lish e t of Ba esia  i oti la o ato   odel a d its e pe i e tal appli atio  

The fou th pa t of the thesis p o ides a  o p ehe si e lite atu e su a  a out B.  i oti,  

a  age t of hu a   a esiosis, a d des i es u pu lished  esea h  o e i g the esta lish e t of 

B.  i oti  la o ato   odel s .  B.  i oti  is  ph loge eti all   pla ed  o   the  asis  of  the 

o de  Pi oplas ida [ ]. Co pa ed to othe  api o ple a  pa asites, B.  i oti e hi its a  e a ka le 

diffe e es like the  e  s all ge o e [ ] o   edu ed api al  o ple  [ ]. I   o t ast to spe ies 

of Ba esia se su st i to li eage, the B.  i oti  le la ks the t a so a ial t a s issio . The pa asite 

possess o l  t a sstadial t a s issio , usuall  f o  ti k la ae to  olted  phs [ ,  ‐ ]. As 

ese oi  hosts of B.  i oti se e  ode ts [ ]. This  ep ese ts a fa ilitatio  fo  esta lish e t of 

pa asite la o ato   le si e pa asite is feasi le  ai tai ed i   o o  la o ato   i e.  

I   o de   to  i t odu e  the B.  i oti  la o ato   odel,  e  adapted  the  pa asite  i fe tio   i  

BALB/   la o ato   i e  a d  o ito ed  the  sta da d  ou se of  i fe tio .  The  i e  i fe tio   as 

atego ized i to th ee diffe e t phases des i i g the  apid i ease of pa asite ia  a ute phase , 

g adual de ease of i fe ted e th o tes  de li e phase  a d lo g‐te  pa asite pe siste e i   e  

lo  pa asite ia le els  late t phase . The  a i al pa asite ia  as o se ed  th da  post i fe tio , 

ea hi g    ±  . %.  To  espe t  pa asite  atu al  t a s issio ,  e  esta lished  a  odel  usi g 

pathoge ‐f ee  la ae  fed o   i fe ted  la o ato   i e. “u se ue tl ,  e e aluated the B.  i oti 

p e ale e  i   olted  phs a d  o ito  pa asite  t a s issio   to  aï e  i e. We do u e ted 

high p e ale e i  ti ks fed i  a ute phase  %   o pa ed to de li e a d late t phases  . % a d 

. %,  espe ti el . Mo eo e , the pool of   ti ks fed i  the a ute phase t a s itted the pa asite 

i to  all  e pe i e tal  aï e  i e.  Thus,  the  i e  i   a ute  phase  of  the  i fe tio   e e  used  i  

su se ue t  e pe i e ts.  Despite  the  su essfull   esta lished  B.  i oti  la o ato   odel,  e 

do u e ted  the  seaso al  a ia es  i flue i g  the  odel  a hie e e t.  I   a   atte pts  e 

o se ed high pa asite p e ale e i  ti ks du i g sp i g  o ths  o pa ed to  e  lo  p e ale e 

o tai ed  i   autu   a d  i te   seaso . Usi g  la ae  i u atio   i   high  te pe atu es  °C   e 

opti ized the esta lished  odel a d a oid the seaso al  a ia es. E plo i g the opti ized  odel, 

e  assessed  the  pa asite  de elop e t  i   a ious  ti k  tissues.  We  do u e ted  the  B.  i oti 

pe siste e e lusi el  i  sali a  gla ds du i g the ti k  ph p oge . The pa asite p ese e i  

ti k  sali a   gla ds  as  o fi ed    pa asite  spo ozoites  isualizatio   usi g  the  te h i ue  of 

fluo es e e  i   situ  h idizatio .  Mo eo e ,  e  o se ed  the  host  i fe tio   ith  B.  i oti 

e lusi el  afte   ti k  full e go ge e t. This suggests  that de elop e t of  atu ed spo ozoites – 

a le to i fe t  aï e host – lasts   hou s afte   egi i g of ti k e go ge e t. O e all,  e su essfull  

esta lished a d opti ized the B.  i oti  t a s issio   odel. Yet,  the pa asite pe siste e  i   the 
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sali a   gla ds  of  olted  phs  li its  a   i estigatio   of  ti k  i ate  i u it .  The  ti k  a ti‐

i o ial  ole ules  possess  a   effi a   du i g  the  pathoge   i asio   pa ti ula l   i   the 

hae ol ph  [ ,  ,  ,  ,  ].  Thus,  the  pa asite  iolog   i   the  esta lished  odel 

eli i ates  the  esea h  of  Ba esia‐ti k  i te a tio   usi g  the  spe ifi   ge e  sile i g  si e  the 

te h i ue is  ot feasi le i  ti k la ae  et.  

To a oid  this  o pli atio ,  e  i ple e ted a uisitio   odel of B.  i oti. The a uisitio  

odel  is  ased o  the  I.  i i us pathoge ‐f ee  ph e go ged o  i fe ted la o ato   i e. The 

pa asite a uisitio    ti ks is a  o ple  issue  o p isi g pa asite se ual de elop e t i  the ti k 

idgut a d su se ue t i asio  of sali a  gla ds  ia hae ol ph [ ,  ,  ]. Usi g a uisitio  

odel,  e  assessed  the  h o olog   of B.  i oti  disse i atio   i to  the  ti k  sali a   gla ds  a d 

atte pted to  isualize pa asite stages i  a i a   ells. Based o  se e al  epetitio s,  e  o fi ed the 

u ifo it  a d seaso al i depe de e  o pa ed to the p e iousl  esta lished t a s issio   le. 

Thus, the a uisitio   odel is fu the  used i  the  esea h of  utual i te a tio   et ee  Ba esia 

pa asite a d ti k  e to .  

Ti ks possess po e ful a ti‐ i o ial  e ha is s  egulati g pathoge   i asio . The  fo eig  

o ga is s a e  e og ized    the  i u e sig alli g path a s  hi h  fu the  a plif   the  i u e 

espo se   p odu tio  of effe to  a ti i o ial  ole ules. This  hapte  of the thesis des i es the 

th ee  ost  ha a te ized  ti k  sig alli g  path a s  o hest ati g  the  a ti‐ i o ial  espo se  a d 

fu the   e aluates  thei   ole  i   a uisitio   of  Ba esia  pa asites.  Ou   esults  poi ted  out  to  the 

i po ta e t o NF‐κB‐ elated sig alli g path a s – the Toll i ate i u e sig alli g path a  a d 

the I d  i u e defi ie  path a  – i   egulatio  of pa asite a uisitio . We also  i plied the 

a ti‐ a esial  effe t  of  thioeste ‐ o tai i g  p otei s  TEPs .  TEPs  a e  the  ho ologs  of  hu a  

o ple e t  fa to s  [ ]  a d  e e  p e iousl   ide tified  to  ediate  the  I.  i i us  a ti‐ i o ial 

espo se [ ,  ,  ]. Mo eo e , the TEPs  e e dete i ed as do st ea  effe to   ole ules 

of Toll sig alli g path a  i  a ti‐ ala ial  espo se of  os uito  e to  [ ,  ]. We do u e ted 

the  o it e t of t o ti k TEPs –  o ple e t‐like p otei  TEP a d  a oglo uli   elated p otei s 

MCRs  – i  the  egulatio  of B.  i oti a uisitio    ti ks. Although  e ha e  ot  et  o fi ed the 

o e tio  of NF‐κB‐ elated path a s a d ti k TEPs  the e pe i e ts a e o goi g ,  e  a   o lude 

that ti k a ti el   egulates the B.  i oti  i asio   ia  i ate  i u e sig alli g a d a ti‐ i o ial 

e ha is s of ti k  o ple e t s ste .  
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Co ludi g  e a ks  

The thesis p o ides a  o p ehe si e  e ie  of   do to al  esea h. We i t odu e he e full  

opti ized  ua tifi atio   odel of Ba esia pa asite  hi h  is  fu the  used to se e al e pe i e tal 

appli atio s.  We  i estigate  the  pa asite  de elop e t  a d  e phasized  the  B.  dive ge s  se ual 

o it e t. We  ide tified  the  ti k  sig alli g  a d  i u e  e ha is   egulati g  the B.  i oti 

i asio . We p oposed a  e  di e tio  of a ti‐ a esial the ap     alidatio  of the B. dive ge s a d 

B.  i oti p oteaso e as a d ug ta get. O e all, the  esea h p ese ted i  the thesis e te ds the 

u e t k o ledge of the Ba esia pa asite  iolog .  
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R su  de la th se [i  F e h] 

La th se do e u  ape çu de la  iologie de Ba esia  i oti et de Ba esia dive ge s, age ts de 

la  a siose hu ai e et  o i e d'i ide e  oissa te da s  le  o de e tie . Da s la th se,  ous 

appo to s u e  e ue e hausti e de la litt atu e et p se to s les  sultats a uis au  ou s de la 

p iode do to ale. La th se i lut des  sultats pu li s ou  o ,  ui so t d its e  d tails et dis ut s 

pou   ett e e  a a t leu  i t t pou  la  o u aut  s ie tifi ue. 

Pa tie I. I t odu tio  g ale 

Cette p e i e pa tie de la th se fou it u e  e ue d taill e et aussi e hausti e  ue possi le 

des  o aissa es g ales li es à la p o l ati ue. Ba esia est u  ge e  o po ta t u e  e tai e 

d'esp es, pla  ta o o i ue e t da s l'o d e des Pi oplas ida, a e  Theile ia et C tau zoo  [ ]. 

“u   la  ase  d'a al ses  ph log ti ues  e tes  et  ultig i ues,  les  pi oplas es  o t  t  

d o t s  o e  t oite e t li s à Plas odiu , age t  espo sa le de la  ala ia [ ‐ ]. Ba esia 

poss de u   o ple e api al,  a a t isti ue  o u e au   e es du ph lu  des Api o ple es. 

Cet asso ti e t u i ue d'o ga elles assu e  la p t atio  du pa asite da s  la  ellule hôte, et est 

do  p se t  hez tous les stades i asifs [ ]. 

Le  le de d eloppe e t de Ba esia  o po te u e s ie d' e e ts  o ple es e ploita t 

les o ga is es  e t s  o e hôtes et les ti ues  o e  e teu s. Les  e he hes a tuelles so t 

e t es p es ue e lusi e e t su  la  ultipli atio  du pa asite da s les  ellules de l'hôte  e t . 

Le d eloppe e t du pa asite  hez la ti ue est sou e t  glig  et d it de faço  supe fi ielle et 

pa tielle. La diffi ult  p o ie t de do es des ipti es pa tielles  pa pill es da s de  o euses 

pu li atio s,  la  o ‐u ifo it   de  la  o e latu e  utilis e  pou   les  diff e ts  stades  et  la  

e‐des iptio   e te de  o euses esp es [ ,  ,  ]. Nous a o s do  d id  d'appo te  

u e  isio   la plus  o pl te possi le du  le des pi oplas es  hez  la ti ue da s  le  a us it e  

p pa atio   Life le of pi oplas s:  o p ehe si e a al sis . Da s  ette  e ue de s th se,  ous 

appo to s  u e  isio   d taill e  des  e e ts  du  d eloppe e t  hez  le  e teu   des  esp es 

ep se tati es des t ois ge es de pi oplas es – Theile ia, C tau zoo  et Ba esia ‐ da s le  o te te 

des  de i es  o aissa es  su   leu   ta o o ie,  des  a a t es  u i ues  de  eu   le  et  des 

ou elles  o e latu es. 

Les pa asites du ge e Ba esia so t t s  os opolites, a e  u e t s la ge ga e d'hôtes  ui 

i lut des  e tai es d'hôtes Ma if es. A tuelle e t, Ba esia est  o sid   o e  le se o d 

pa asite  sa gui   le  plus  o u   au  o de  [ ].  La  a siose  est  u e  aladie  e ge te 

d'i po ta e  o o i ue  t i ai e  et  di ale.  Elle  affe te  le  tail,  la  fau e  sau age,  les 

a i au  de  o pag ie [ ,  ,  ‐ ] et l'ho e  e fait pas e eptio  [ ,  ,  ,  ]. La  a siose 
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o i e est  e o ue pou  so  i pa t  ajeu  su  la sa t  des a i au  de  e te et asso i e à des 

pe tes  o o i ues  o es  da s  l'i dust ie  du  tail  [ ,  ,  ].  La  a siose  hu ai e  est 

appo t e  o e  ta t u e  e a e  ajeu e pou  les t a sfusio s sa gui es [ ,  ,  ,  ] et pose 

u   is ue sig ifi atif e  pa ti ulie   hez les patie ts i u o‐d p i s [ ,  ‐ ]. Cette  aladie est 

t a s ise pa  les ti ues et a tuelle e t seules les ti ues de la fa ille des I odidae o t  t  ide tifi es 

o e  e teu s des pa asites du ge e Ba esia [ ]. E  Eu ope, les diff e tes esp es de Ba esia 

so t  p i ipale e t  t a s ises  pa   I odes  i i us  [ ],  et  l'i ide e  des  la  a siose  o i e  et 

hu ai e est att i u e à la dist i utio  et à la de sit  d'I.  i i us [ ,  ,  ,  ,  ,  ]. 

Puis ue la ti ue se t de  e teu  à de  o eu  pathog es i lua t Ba esia, elle poss de u  

a is e d'i u it  i  i te agissa t a e  les  i o es t a s is. Nous a o s pu li  u   su  

des i fo atio s  o e a t  es  i te a tio s da s u e  e ue de s th se  I te a tio  of the ti k 

i u e  s ste   ith  t a s itted  pathoge s   [ ,  ].  Da s  ette  s th se,  ous  appo to s  u e 

a al se des  a is es  i u itai es  a ti i o ie s  ui  gisse t  les  i te a tio s a e   les  t ois 

pathog es  t a s is  pa   les  ti ues  les  plus  tudi s  – Bo elia, A aplas a  et Ba esia  –  da s  le 

o te te de leu  d eloppe e t  atu el da s les o ga es i te es des ti ues  e t i es. Da s  ette 

pu li atio ,  j'ai  alis   la  pa tie  o e a t  les  o aissa es  su   les  i te a tio s  i u itai es 

ol ulai es ti ue ‐ Ba esia. 

Pa tie II. R su  des  thodologies 

La se o de pa tie  su e les  thodes utilis es da s la th se da s le  ut d' ta li  u   od le 

de  t a s issio   de Ba esia  et  d' tudie   les  i te a tio s  ol ulai es  à  l'i te fa e  ti ue‐Ba esia.  

Ce  hapit e d it le la ge pa el de  thodes de la o atoi e e plo es et p ise les s h as des 

e p ie es  de  t a s issio .  Nous  a o do s  da s  e  hapit e  des  thodes  ou elles  da s  les 

e he hes su  Ba esia, telles  ue le le FI“H  fluo es e e i  situ h idizatio  pou  la  isualisatio  

du  d eloppe e t  pa asitai e  da s  les  gla des  sali ai es.  Ce  hapit e  i lut  u e  pu li atio  

thodologi ue  Validate  o   falsif   :  Lesso s  lea ed  f o   a  i os op   ethod  lai ed  to  e 

useful  fo  dete ti g Bo elia  a d Ba esia  o ga is s  i   hu a   lood   [ ].  Ces  t a au  o t  t  

e s e   oop atio  a e  le  Depa t e t of Ba te iolog  a d I u olog , No egia  I stitute 

of Pu li  Health, Oslo, No a  et j'ai pa ti ip  à la d te tio  de Ba esia spp. da s les  ha tillo s 

de  sa g hu ai . Da s  ette pu li atio ,  la  i os opie  e   ta t  u'outil  diag osti   pou  Ba esia  

et Bo elia  a  t   alu e et  o pa e a e  des te h i ues  ol ulai es. La pu li atio   o fi e 

ue la  i os opie pou ait  e d e u  diag osti  e o  du à la  au aise i te p tatio  d'a t fa ts 

de  olo atio .  Il  appa aît  do   ue  des  te h i ues  ol ulai es  de aie t  t e  utilis es  pou  

o fi e   le diag osti  de  a siose hu ai e  ais des p autio s  igou euses so t  essai es 

pou   ite  les fau  positifs et les fau   gatifs. L'i ide e de la  a siose hu ai e a  t   e e t 

appo t e  o e e  aug e tatio , et des  as  li i ues so t d la s da s de  o eu  pa s [ , 
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].  Des  te h i ues  de  diag osti   fia les  so t  do   e uises  pou   u e  o e  p isio   et  u  

t aite e t effi a e.  

Pa tie  III. Mise  e   pla e  au  la o atoi e  du  le  de  d eloppe e t  de Ba esia  dive ge s  et  ses 

appli atio s e p i e tales 

La t oisi e pa tie de  la th se fou it u e  e ue  o pl te de  la  litt atu e su  B. dive ge s, 

l'age t  eu op e   de  la  a siose  o i e  et  hu ai e,  et  su e  les  e p ie es  alis es  pou  

ett e e  pla e u   od le  o plet de  t a s issio  de B. dive ge s au  la o atoi e. B. dive ge s 

appa tie t  au  g oupe  des  Ba esia  se su  st i to,  g oupe  a a t is   pa   u e  t a s issio  

t a so a ie e  hez  le  e teu   et  u e  ultipli atio   ellulai e  li it e  au   th o tes de  l'hôte 

e t  [ ,  ,  ‐ ]. L'i fe tio  de la ti ue lo s du  epas de sa g i fe t  est d pe da te de la 

fo atio  pa  le pa asite des ga to tes, p e ie  stade de la phase se u e du pa asite  ui appa aît 

da s  le sa g de  l'hôte  e t . Leu  d te tio  et  leu   ua tifi atio  da s  le sa g pe ette t de 

d te i e   la  apa it  du pa asite  à  t e  t a s is  au  e teu . “u   la  ase de  a ueu s d its 

p ala le e t  o e  sp ifi ues des  stades ga to tes pa   appo t au   stades ase u s  [ , 

],  ous a o s  is e  pla e u e te h i ue de  ua tifi atio  de  es stades. Les  sultats o t  t  

pu li s da s l'a ti le  “ti ulatio  a d  ua tifi atio  of Ba esia dive ge s ga eto toge esis  [ ]. 

Pou   e t a ail, j'ai  alis  l'e se le des e p i e tatio s, j'ai  dig   o  p e ie   a us it et j'ai 

assu   le  ôle  de  o espo di g  autho .  Les  t a au   ai si  alis s  o t  pe is  d'appo te   des 

o aissa es  su   le  d eloppe e t  des  stades  se u s  de B.  dive ge s.  J'ai  ai si  o t   ue  le 

ai tie  à lo g te e e   ultu e i   it o p o o uait la pe te de la  apa it  du pa asite à p odui e 

es  stades,  pou ta t  esse tiels  à  sa  t a s issio .  J'ai  a al s   l'i flue e  de  di e s  sti uli  su   la 

apa it   du  pa asite  à  p odui e  es  stades  et  ai si  pu  ide tifie   des  o ditio s  fa o a les  à  leu  

p odu tio .  Les  sultats  p se t s  da s  ette  pu li atio   de aie t  pe ett e  de  fa ilite   des 

t a au  futu s da s le do ai e des i te a tio s Ba esia – ti ue.  

Ce  hapit e i lut  gale e t des do es  o  pu li es o te ues lo s des te tati es de  ise e  

pla e des  tapes de t a s issio  du pa asite au  e teu  e   o ditio s de la  o atoi e. E  utilisa t le 

e teu  de B. dive ge s, la ti ue I.  i i us,  ous a o s te t  d'i fe te  des ti ues i  vivo à pa ti  de 

ge illes i fe t es. Mais la g a de  a ia ilit  de  oissa e du pa asite da s le sa g de  et a i al 

ous a  o t ai t à  e pla e   le  od le d'i fe tio   ia  l'a i al pa  u e  te h i ue de go ge e t 

a tifi iel  [ ]. L'a uisitio  du pa asite pa  les ti ues fe elles a  t  d o t e,  ais  le  le de 

t a s issio   o plet  'a pas  t  o te u. E   aiso  des diffi ult s  e o t es a e   e pa asite,  ous 

a o s d id  de teste   es  thodologies su  u e aut e esp e pa asitai e. B.  i oti  ep se te  

u  o ga is e  od le plus p ati ue e   aiso  de la possi ilit  de le  ai te i  i   i o e  sou is de 

la o atoi e. Les  sultats  o e a t B.  i oti so t d taill s da s la  uat i e pa tie de la th se.  
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  Cepe da t, la  ise e  pla e la  ultu e i  vit o a offe t des  oies  ou elles de  e he he. Le 

ai tie  i   it o à lo g te e de B. dive ge s  ep se te u  atout pou  teste  de  ou elles  oies 

th apeuti ues  a ti‐Ba esia.  La  e he he de  ou elles d ogues  a ti‐Ba esia  est  i po ta te.  E  

effet,  le  t aite e t  de  la  a siose  hu ai e  o po te  ha ituelle e t  u e  o i aiso   de 

ol ules a ti‐ ala ia et a ti‐ a t ie es [ ]  ui o t de  o eu  effets se o dai es et a e  de 

o eu   he s dus à l'aug e tatio  de pa asites  sista ts [ ,  ,  ]. E  utilisa t les  ultu es 

i   vit o  de  B.  dive ge s,  ous  a o s  alis   u   p e ie   s ee i g  de  ol ules  dispo i les 

o e iale e t et a al s  leu  effet a ti‐Ba esia. Le p ot aso e est u   o ple e e z ati ue 

ulti‐p ot i ue  ui  gule  de  o eu   p o essus  ellulai es  [ ]  et  des  t a au   e ts  o t 

o t   ue  les  i hi iteu s  de  p ot aso e  ep se te t  des  a didats  p o etteu s  pou   le 

t aite e t des  aladies pa asitai es [ ‐ ]. Nous a o s do   ifi  l'i t t de  es i hi iteu s 

o e age ts th apeuti ues  o t e Ba esia. Les  sultats de  es t a au  so t  o pil s da s  le 

a us it e  p pa atio   Validatio  of Ba esia p oteaso e as a d ug ta get . J'ai  alis  l'e se le 

des e p i e tatio s d ites da s le  a us it, ai si  ue l'a al se et l'i te p tatio  des  sultats. 

J'ai  gale e t  pa ti ip   à  la  da tio   du  a us it.  Les  sultats  alide t  les  i hi iteu s  de 

p ot aso e e  ta t  ue  ol ules pote tielles a ti‐Ba esia. 

Pa tie  IV.  Mise  e   pla e  au  la o atoi e  du  le  de  d eloppe e t  de  Ba esia  i oti  et  ses 

appli atio s e p i e tales 

La  uat i e pa tie de la th se appo te u   su  de la litt atu e su  B.  i oti, u  des age ts 

de la  a siose hu ai e, et d it des t a au   o  pu li s  o espo da t à la  ise e  pla e d'u  

od le de la o atoi e de t a s issio  de B.  i oti. B.  i oti est ph log ti ue e t pla  à la 

ase de l'o d e des Pi oplas ida [ ]. B.  i oti se d a ue des aut es pa asites api o ple es pa  

plusieu s  a a t isti ues fo da e tales telles  ue le toute petite taille de so  g o e [ ] ou à 

so   o ple e api al  duit [ ]. Co t ai e e t au  esp es de la lig e des Ba esia se su st i to, le 

le de B.  i oti  e  o po te pas de t a s issio  t a s‐o a ie e. E   o ditio s  atu elles,  le 

pa asite  e se t a s et  ue de faço  t a sstadiale, ha ituelle e t de la es à  phes [ ,  ‐

].  Les  o geu s  se e t de  se oi s à B.  i oti  [ ]. C'est u   si plifi atio   i po ta t pou  

ta li   au  la o atoi e  le  le  du  pa asite  a   elui‐ i  est  ai te u  ais e t  hez  la  sou is  de 

la o atoi e. 

Pou   ett e e  pla e  le  od le de t a s issio  de B.  i oti,  ous a o s  alis   l'i fe tio  

pa asitai e da s des sou is BALB/  de  la o atoi e et sui i  l' olutio   o ale de  l'i fe tio . T ois 

phases  diff e tes  d'i fe tio   o t  t   s pa es :  l'aug e tatio   apide  de  la  pa asit ie  phase 

aigüe , le d li  p og essif de la pa asit ie  phase de d li  et la pe siste e à lo g te e d'u e 

pa asit ie  t s  asse  phase  late te .  La  pa asit ie  a i ale  a  t   o se e    jou s  ap s 

i fe tio ,  a e   des  aleu s  atteig a t    ±  . %.  Pou   espe te   les  odalit s  de  t a s issio  
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atu elle,  le  od le  de  t a s issio   a  t   is  e   pla e  e   utilisa t  des  la es  i de es  de 

pathog es  ue  ous  a o s  go g es  su   des  sou is  i fe t es.  Nous  a o s  e suite  alu   la 

p ale e de B.  i oti  hez les  phes et  o t ôl  la t a s issio  du pa asite de  es  phes 

e s des sou is  aï es. La p ale e d'i fe tio  est t s  le e  hez les  phes issues de la es 

go g es au  ou s de la phase aigüe  %  et fai le  hez les  phes issues de la es go g es au  ou  

de  la  phase  de  d li   ou  late te  espe ti e e t  . %  et  . %, .  De  plus,  les  lots  de    ti ues 

i fe t es au  ou s de la phase aigüe o t t a s is e p i e tale e t le pa asite à toutes les sou is 

aï es.  La  phase  aigüe  de  l'i fe tio   a  do   t   s le tio e  pou   la  suite  des  e p ie es  de 

t a s issio . Cepe da t, des  a iatio s  ue  ous a o s  ualifi es de saiso i es o t i flue es 

l'effi a it   de  la  t a s issio .  A  plusieu s  ep ises,  ous  a o s  o se   de  fo tes  p ale es 

pa asitai es  hez  les  ti ues  lo s ue  les  essais  taie t  alis s  au  p i te ps,  e   o pa aiso   de 

p ale es  t s  fai les  au  ou s  de  l'auto e  et  de  l'hi e .  L'i u atio   des  la es  à  °C 

p ala le e t au go ge e t a pe is d'opti ise  le  od le et d' ite  les  a iatio s saiso i es. 

Les  odalit s de t a s issio   ises e  pla e,  ous a o s  tudi  le d eloppe e t du pa asite da s 

di e s tissus de la ti ue. Nous a o s  o t  la pe sista e de B.  i oti e lusi e e t au  i eau des 

gla des  sali ai es  hez  les  phes.  La  p se e  du  pa asite  da s  les  gla des  sali ai es  a  t  

o fi e pa  la  isualisatio  des spo ozoites pa  FI“H. De plus,  ous a o s o se  l'i fe tio  de 

l'hôte pa  B.  i oti u i ue e t ap s go ge e t  o plet des ti ues i fe t es. Cela sugg e  ue le 

d eloppe e t des  spo ozoites  atu es –  apa les d'i fe te  u  hôte  aïf – du e   h ap s  le 

d ut  du  go ge e t.  Nous  a o s  do   is  e   pla e  et  opti is   le  od le  de  t a s issio   de  

B.  i oti de la la e à la  phe. Cepe da t, la pe sista e du pa asite u i ue e t da s les gla des 

sali ai es  des  phes  li ite  le  ôle  de  l'i u it   i e.  Les  ol ules  a ti‐ i o ie es  so t 

effi a es au  ou s de l'i asio  du pathog e, pa ti uli e e t da s l'h ol phe [ ,  ,  , 

,  ]. Ces  sultats  e de t le  od le  ta li i utilisa le pou  l' tude des i te a tio s Ba esia‐

ti ue a e  l'utilisatio  de l'i a ti atio  des g es puis ue  ette te h i ue  'est pas utilisa le  hez 

les la es. 

Pou   ite   ette  o pli atio ,  ous a o s  is e  pla e u   od le d'a uisitio  de B.  i oti. 

Ce  od le  est  as   su   l'i fe tio   de  phes  sai es  su   des  sou is  de  la o atoi e  i fe t es. 

L'a uisitio  du pa asite pa   les  ti ues  est u  p o essus  o ple e  ui  o po te  la  ep odu tio  

se u e da s le tu e digestif du  e teu  et l'i asio  e suite des gla des sali ai es  ia l'h ol phe 

[ ,  ,  ]. E  utilisa t  e  od le,  ous a o s d te i   la  h o ologie de  la diss i atio  de  

B.  i oti da s les gla des sali ai es et te t  de  isualise  les stades pa asitai es da s les a i i. Ap s 

plusieu s  p titio s,  ous a o s  o fi  la  p ta ilit  et l'i d pe da e saiso i e des phases 

d'a uisitio   du  pa asite,  o t ai e e t  au  od le  p ede t.  Ce  od le  est  do   utilis   pou  

pou sui e les t a au  su  les i te a tio s  utuelles e t e le pa asite Ba esia et so   e teu . 
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Les  ti ues  poss de t  des  a is es  a ti‐ i o ie s  puissa ts  pe etta t  de  gule  

l'i asio  pa  les pathog es. Les o ga is es  t a ge s so t  e o us pa  les  oies de sig alisatio  

i u itai e  ui a plifie t la  po se i u itai e pa  la p odu tio  de  ol ules effe t i es a ti‐

i o ie es. Ce  hapit e de la th se d it les t ois  oies de sig alisatio  les  ieu   a a t is es 

o hest a t la  po se a ti‐ i o ie e, et  alue leu   ôle da s l'a uisitio  des pa asites Ba esia. 

Nos  t a au   i di ue t  l'i po ta e  de  deu   NF‐κB  oies  de  sig alisatio   i u itai e  da s  la 

gulatio  de l'a uisitio  pa asitai e – la  oie i e Toll et la  oie l d  d fi ie e i u itai e . Les 

p ot i es TEPs  thioeste   o tai i g p otei  se le t aussi a oi  u  effet a ti‐Ba esia. Les TEPs 

so t des ho ologues des fa teu s du  o pl e t hu ai  [ ] et o t  t  p ala le e t ide tifi es 

da s la  diatio  de la  po se a ti‐ i o ie e d'I odes  i i us [ ,  ,  ]. De plus, les TEPs 

o t  t   a a t is es  o e des  ol ules effe t i es e  a al de la  oie de sig alisatio  Toll da s 

la  po se a ti‐ ala ia  hez le  ousti ue [ ,  ]. Nous a o s  o t  l'i pli atio  de deu  TEPs 

da s la  gulatio  de l'a uisitio  de B.  i oti pa  les ti ues : la p ot i e TEP t pe  o pl e t et 

des  p ot i es  p o hes  des  a oglo uli es  MCRs .  Bie   ue  ous  'a o s  pas  o fi   la 

o e io  e t e la NF‐κB  oies et les TEPs des ti ues  e p ie es e   ou s ,  ous pou o s  o lu e 

ue  les  ti ues  gule t  a ti e e t  l'i asio   de  B.  i oti  ia  la  po se  i e  et  pa   des 

a is es a ti‐ i o ie s i pli ua t le s st e du  o pl e t des ti ues.  

Co lusio  

La th se fou it u e  ue glo ale de  es  e he hes do to ales. Nous a o s appo t  u   od le 

opti is  et  ua titatif du pa asite pa asite  ui est utilis  e suite da s plusieu s appli atio s. Nous 

a o s  tudi  le d eloppe e t du pa asite et pa ti uli e e t la t a sitio   e s la  oie se u e. Nous 

a o s ide tifi  le  a is e de sig alisatio  et d'i u it   gula t l'i asio  de B.  i oti  hez la 

ti ue. Nous p oposo s u e  ou elle  oie da s  la  lutte a ti‐Ba esia e   alida t  le p ot aso e de  

B.  i oti  et  de  B.  dive ge s  o e  i le  th apeuti ue.  Da s  leu   e se le,  les  e he hes 

p se t es da s la th se  la gisse les  o aissa es a tuelles su  la  iologie du pa asite Ba esia. 
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     poste ,  st  ia ual PARAFRAP  o fe e e, Les E iez Isla ds, F a e 

 
    o al p ese tatio ,  th  I te atio al Co fe e e o  Ti ks a d Ti k‐ o e Pathoge s 

TTP  a d  th Bie ial Co fe e e of the “o iet  fo  T opi al Vete i a  Medi i e 
“TVM , Cape To , “outh Af i a 

 
    o al p ese tatio , Api o ple a i  Fa  A i als, Kusadasi, Tu ke  

 
    o al p ese tatio , Ti ks Meet Mos uitoes –  st t aditio al  et eat  o kshop, Lipka, 

Cze h Repu li  
 

  o al  p ese tatio ,  III.  I te atio al  Gia dia  a d  C ptospo idiu   Co fe e e, 
O ieto, Ital  

 
 –  o    egula   ia ual  o al  p ese tatio ,  I te atio al  Meeti g  of  Cze h  “o iet   fo  

P otozoolog , Cze h Repu li  
 

 

HONOR“, AWARD“ AND FUNDING 
 

  p i ipal  i estigato   of  g a t  ‐ / /P  p o ided    Fa ult   of  “ ie e, 
U i e sit   of  “outh  Bohe ia,  Ceske  Budejo i e,  Cze h  Repu li ;  titled  „Mole ula  
i te a tio s  et ee  the hu a  pa asite Ba esia  i oti a d ti k  e to   

 
  e ei e  of Boeh i ge  I gelhei  Fu ds, Fou datio  fo  Basi  Resea h i  Medi i e 

T a el G a t 
 

  a a d of the  e to   U i e sit  of “outh Bohe ia  fo  e elle t a hie e e t du i g 
the  aste  stud  

 
  a a d fo  the  est p ese tatio  i   atego  of p e‐g adual stude ts,  th I te atio al 

Meeti g of Cze h “o iet  fo  P otozoolog , Cze h Repu li  
 

 –     p e iu  s hola ship fo  outsta di g stud   esults, Fa ult  of “ ie e, U i e sit  of 
“outh Bohe ia, Ceske Budejo i e 
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CERTIFICATE“ AND “KILL“ 
 

  Ce tifi ate  of  o pete   a o di g  to  §    of  the  A t  No.  /   oll.  o  
P ote tio  A i als agai st C uelt  i  p ese t statues at la ge. U i e sit  of Vete i a  
a d  Pha a euti al  “ ie es  B o  a d  Ce t al  o issio   fo   A i al  Welfa e 
CCAW .  

 
  Ce tifi ate  of  T ai i g  o   BD  FAC“Ca toIITM  flo   to ete   a d  BD  FAC“Di a  .  

soft a e 
 
La guages:  E glish  full  p ofessio al  p ofi ie ,  TOEFL  ITP  e tifi ate ,  F e h  i te ediate , 

Ge a   i te ediate , Cze h  ati e . 
 
 
 
PEDAGOGICAL ACTIVITY 

  Biolog  of “ ie e, U i e sit  of “outh Bohe ia, Ceske Budejo i e, Cze h Repu li , 
le to  fo  flo   to et  i  p oje t: EKOTECH – Multidis ipli a  Edu atio  of E pe ts 
fo  the Use of Biote h olog  i  E i o e tal Fields, C). . / . . / .  

 
 –  o   Fa ult  of “ ie e, U i e sit  of “outh Bohe ia, Ceske Budejo i e, Cze h Repu li , 

le to  of i u ologi al  ethods i  p a tise of I u olog   ou se 
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