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PƌeseŶtedàiŶàoƌdeƌàtoàoďtaiŶàgƌadeàPh.D.àfƌoŵàUŶiǀeƌsitǇàofàSouthàBoheŵia,àFaĐultǇàofàSĐieŶĐeà
aŶdàUŶiǀeƌsitǇàofàBƌetagŶe‐Loiƌe,àONIRIS,àNaŶtes‐átlaŶtiĐàCollegeàofàVeteƌiŶaƌǇàMediĐiŶeàaŶdàFoodà

SĐieŶĐesàaŶdàEŶgiŶeeƌiŶg.àà
à

ČeskĠàBudějoǀiĐe,àϮϬϭϳà à



JaloǀeĐka,àM.à ϮϬϭϳ:à EstaďlishŵeŶtà ofàBaďesiaà laďoƌatoƌǇàŵodelà aŶdà itsà eǆpeƌiŵeŶtalà appliĐatioŶ.àà
Ph.D.àThesis,àiŶàEŶglishà‐àϭϴϬàpp.,àFaĐultǇàofàSĐieŶĐe,àUŶiǀeƌsitǇàofàSouthàBoheŵia,àČeskĠàBudějoǀiĐe,à
CzeĐhàRepuďliĐ.àà

à
à
áŶŶotatioŶ:à GƌoǁiŶgà iŶĐideŶĐeà ofà iŶfeĐtioŶsà Đausedà ďǇà theà tiĐk‐tƌaŶsŵittedà pƌotozoaŶà paƌasiteà
Baďesia spp.àdefiŶesàďaďesiosisàasàaŶàeŵeƌgiŶgàdiseaseàfƌoŵàtheàaspeĐtàofàhuŵaŶàaŶdàǀeteƌiŶaƌǇà
ŵediĐiŶe.àTheàthesisàpƌoǀidesàaŶàiŶsightàtoàďiologǇàofàtǁoàŵaiŶàageŶtsàofàhuŵaŶàďaďesiosis,àBaďesia 
ŵiĐƌoti  aŶdà Baďesia  diǀeƌgeŶs.à Weà iŶtƌoduĐeà heƌeà theà fullǇà optiŵizedà ƋuaŶtifiĐatioŶà ŵodelà ofà
Baďesiaà paƌasiteà eŶaďliŶgà theà detailedà iŶǀestigatioŶà ofà theà paƌasiteà deǀelopŵeŶtalà ĐǇĐleà aŶdà
ideŶtifiĐatioŶàofàŵoleĐulesàplaǇiŶgàaà ƌoleà iŶà itsà aĐƋuisitioŶàaŶdà tƌaŶsŵissioŶàďǇà theàǀeĐtoƌà Ixodes 
ƌiĐiŶus.àNoǀelàaŶdàdetailedàiŶfoƌŵatioŶàaďoutàBaďesiaàdisseŵiŶatioŶàǁithiŶàtheàtiĐkàtissuesàaƌeàgiǀeŶà
ďǇà ŶeǁlǇà iŵpleŵeŶtedà ǀisualizatioŶà aŶdà ƋuaŶtifiĐatioŶà teĐhŶiƋues.à SpeĐialà eŵphasisà isà paidà toà
paƌasiteà deǀelopŵeŶtà iŶà theà tiĐkà saliǀaƌǇà glaŶds,à theà pƌiŵaƌǇà siteà ƌespoŶsiďleà foƌà paƌasiteà
tƌaŶsŵissioŶàfƌoŵàtheàǀeĐtoƌàiŶtoàtheàhost.àUsiŶgàgeŶe‐speĐifiĐàsileŶĐiŶgàǁeàsĐƌeeŶeàtheàtiĐkàiŵŵuŶeà
pathǁaǇsàiŶĐludiŶgàeffeĐtoƌàŵoleĐulesàaŶdàeǀaluateàtheiƌàƌoleàiŶàBaďesia aĐƋuisitioŶ.àWeàalsoàpƌoǀideà
aà detailedà ǀieǁà toàBaďesiaà paƌasiteà seǆualà ĐoŵŵitŵeŶtà ďǇàŵoŶitoƌiŶgà itsà kiŶetiĐsà upoŶà ǀaƌiousà
stiŵuli.àMoƌeoǀeƌ,àaàŶeǁàdiƌeĐtioŶàofàaŶti‐ďaďesialàtheƌapǇàisàpƌoposedàďǇàǀalidatioŶàofàtheàBaďesia 
pƌoteasoŵeà asà aà dƌugà taƌget.à Oǀeƌall,à theà ƌeseaƌĐhà pƌeseŶtedà iŶà theà thesisà eǆteŶdsà theà ĐuƌƌeŶtà
kŶoǁledgeà ofà theà Baďesiaà paƌasiteà ďiologǇà iŶĐludiŶgà ŵoleĐulaƌà iŶteƌaĐtioŶsà atà theà tiĐk‐Baďesiaà
iŶteƌfaĐeàaŶdàtheƌeďǇàĐouldàsigŶifiĐaŶtlǇàĐoŶtƌiďuteàtoàaàpoteŶtialàĐoŶtƌolàofàďaďesiosis.à
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JaloǀeĐka,àM.à ϮϬϭϳ:à EstaďlishŵeŶtà ofàBaďesiaà laďoƌatoƌǇàŵodelà aŶdà itsà eǆpeƌiŵeŶtalà appliĐatioŶ.à
Ph.D.à Thesis,à iŶà EŶglishà ‐à ϭϴϬà pp.,à DoĐtoƌalà SĐhoolà ofà BiologǇà aŶdàHealth,àUŶiǀeƌsitǇàofàBƌetagŶe‐
Loiƌe,àONIRIS,àNaŶtes‐átlaŶtiĐàCollegeàofàVeteƌiŶaƌǇàMediĐiŶeàaŶdàFoodàSĐieŶĐesàaŶdàEŶgiŶeeƌiŶg,à
NaŶtes,àFƌaŶĐe.à
à
à
à
áŶŶotatioŶ:à Duà faità deà l'iŶĐideŶĐeà ĐƌoissaŶteà desà iŶfeĐtioŶsà ăà Baďesiaà spp.,à Pƌotozoaiƌeà paƌasiteà
tƌaŶsŵisà paƌà lesà tiƋues,à laà ďaďĠsioseà està ĐoŶsidĠƌĠeà Đoŵŵeà ŵaladieà ĠŵeƌgeŶteà eŶà ŵĠdeĐiŶeà
huŵaiŶeàetàǀĠtĠƌiŶaiƌe.àCetteàthğseàappoƌteàuŶàapeƌçuàdeàlaàďiologieàdeàdeuǆàageŶtsàpƌiŶĐipauǆàdeà
laàďaďĠsioseàhuŵaiŶe,àBaďesia ŵiĐƌotiàetàBaďesia diǀeƌgeŶs.àUŶàŵodğleàƋuaŶtifiĠàduàpaƌasiteàBaďesia 
està pƌoposĠ,à peƌŵettaŶtà uŶeà Ġtudeà dĠtaillĠeà deà soŶà ĐǇĐleà deà ǀieà età l'ideŶtifiĐatioŶà deàŵolĠĐulesà
jouaŶtà uŶà ƌôleà daŶsà soŶà aĐƋuisitioŶ/tƌaŶsŵissioŶà paƌà leà ǀeĐteuƌ  Ixodes  ƌiĐiŶus.à Desà iŶfoƌŵatioŶsà
ŶouǀellesàetàdĠtaillĠesàsuƌàlaàdissĠŵiŶatioŶàdeàBaďesiaàdaŶsàlesàtissusàdeàlaàtiƋueàsoŶtàappoƌtĠesàpaƌà
lesàteĐhŶiƋuesàdeàǀisualisatioŶ/ƋuaŶtifiĐatioŶàdĠǀeloppĠes.àLeàdĠǀeloppeŵeŶtàpaƌasitaiƌeàdaŶsàlesà
glaŶdesàsaliǀaiƌesàestàpaƌtiĐuliğƌeŵeŶtàĠtudiĠ,àĐaƌàpƌeŵieƌàsiteà ƌespoŶsaďleàdeà laà tƌaŶsŵissioŶàduà
ǀeĐteuƌà ăà l'hôte.à Paƌà iŶaĐtiǀatioŶà ĐiďlĠeà deà gğŶes,à Ŷousà aǀoŶsà eǆploƌĠà lesà ǀoiesà duà sǇstğŵeà
iŵŵuŶitaiƌeà deà laà tiƋue,à doŶtà lesàŵolĠĐulesà effeĐtƌiĐes,à età ĠǀaluĠà leuƌà ƌôleà daŶsà l'aĐƋuisitioŶà deà
Baďesia.à UŶeà Ġtudeà dĠtaillĠeà deà l'eŶgageŵeŶtà deàBaďesiaà daŶsà laà phaseà seǆuĠeà està ƌĠalisĠe,à eŶà
suiǀaŶtàsaàĐiŶĠtiƋueàsousàl'effetàdeàdiǀeƌsàstiŵuli.àDeàplus,àuŶeàǀoieàŶouǀelleàdeàlutteàaŶtipaƌasitaiƌeà
estàpƌoposĠeàeŶàǀalidaŶtà leàpƌotĠasoŵeàdeàBaďesiaàeŶàtaŶtàƋueàĐiďleàthĠƌapeutiƋue.àD'uŶeàfaçoŶà
gĠŶĠƌale,à lesà tƌaǀauǆà pƌĠseŶtĠsà ĠlaƌgisseŶtà lesà ĐoŶŶaissaŶĐesà aĐtuellesà deà laà ďiologieà duà paƌasiteà
Baďesiaà iŶĐluaŶtà lesà iŶteƌaĐtioŶsàŵolĠĐulaiƌesà ăà l'iŶteƌfaĐeà tiƋue‐Baďesiaà età ĐoŶtƌiďueŶtà doŶĐà auà
ĐoŶtƌôleàdeàlaàďaďĠsiose.à
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DeĐlaƌatioŶsà

IàheƌeďǇàdeĐlaƌeàthatàthisàthesisàisàďasedàoŶàŵǇàoǁŶàǁoƌkàaŶdàallàotheƌàsouƌĐesàofàiŶfoƌŵatioŶàhaǀeà

ďeeŶàaĐkŶoǁledged.àIàheƌeďǇàdeĐlaƌeàthat,àiŶàaĐĐoƌdaŶĐeàǁithàáƌtiĐleàϰϳďàofàáĐtàNo.àϭϭϭ/ϭϵϵϴàiŶàtheà

ǀalidàǁoƌdiŶg,àIàagƌeeàǁithàtheàpuďliĐatioŶàofàŵǇàPhDàthesis,àiŶàfullàtoàďeàkeptàiŶàtheàFaĐultǇàofàSĐieŶĐeà

aƌĐhiǀe,àaŶdàiŶàshoƌteŶedàfoƌŵàƌesultiŶgàfƌoŵàdeletioŶàofàiŶdiĐatedàpaƌtsàiŶàeleĐtƌoŶiĐàfoƌŵàiŶàpuďliĐlǇà

aĐĐessiďleà paƌtà ofà theà STáGà dataďaseà opeƌatedà ďǇà theà UŶiǀeƌsitǇà ofà Southà Boheŵiaà iŶà ČeskĠà

BudějoǀiĐeàaĐĐessiďleàthƌoughà itsàǁeďàpages.àFuƌtheƌ,à IàagƌeeàtoàtheàeleĐtƌoŶiĐàpuďliĐatioŶàofàtheà

ĐoŵŵeŶtsàofàŵǇàsupeƌǀisoƌàaŶdàthesisàoppoŶeŶtsàaŶdàtheàƌeĐoƌdàofàtheàpƌoĐeediŶgsàaŶdàƌesultsàofà

theà thesisà defeŶĐeà iŶà aĐĐoƌdaŶĐeà ǁithà afoƌeŵeŶtioŶedà áĐtà No.à ϭϭϭ/ϭϵϵϴ.àà

IàalsoàagƌeeàtoàtheàĐoŵpaƌisoŶàofàtheàteǆtàofàŵǇàthesisàǁithàtheàTheses.Đzàthesisàdataďaseàopeƌatedà

ďǇàtheàNatioŶalàRegistƌǇàofàUŶiǀeƌsitǇàThesesàaŶdàaàplagiaƌisŵàdeteĐtioŶàsǇsteŵ.à

à

Date.........................................................àà à àSigŶatuƌe................................................à

à

TheàauthoƌàaŶdàtheàsupeƌǀisoƌsàgiǀeàtheàauthoƌisatioŶàtoàĐoŶsultàaŶdàtoàĐopǇàpaƌtsàofàthisàǁoƌkàfoƌà

peƌsoŶalàuseàoŶlǇ.àEǀeƌǇàotheƌàuseà isà suďjeĐtà toà theàĐopǇƌightà laǁs.àPeƌŵissioŶà toà ƌepƌoduĐeàaŶǇà

ŵateƌialàĐoŶtaiŶedàiŶàthisàǁoƌkàshouldàďeàoďtaiŶedàfƌoŵàtheàauthoƌ.à

à

à

à

à

à

à

FuŶdiŶg:àà

GƌaŶtsàNo.àϭϯ‐ϭϭϬϰϯS,àϭϯ‐ϮϳϲϯϬP,àϭϯ‐ϭϮϴϭϲP,àϭϱ‐ϭϮϬϬϲY,àϭϳ‐ϮϳϯϵϯS,àϭϳ‐ϮϳϯϴϲSàaŶdàϭϳ‐ϭϰϲϯϭSà

fƌoŵàGƌaŶtàágeŶĐǇàofàtheàCzeĐhàRepuďliĐ;àpƌojeĐtàFR‐TIϯ/ϭϱϲàfƌoŵàMiŶistƌǇàofàIŶdustƌǇàaŶdàTƌadeàofà

theà CzeĐhà RepuďliĐ;à ONIRIS/INRá,à UMRà ϭϯϬϬà BioEpáR,à NaŶtes,à FƌaŶĐe;à dualà CzeĐh‐FƌeŶĐhà PhD.à

pƌogƌaŵà;doĐtoƌatàeŶàĐo‐tutelleͿàpƌoǀidedàďǇàFƌeŶĐhàIŶstituteàiŶàPƌague,àCzeĐhàRepuďliĐ;àEUàgƌaŶtà

áNTIDotE:àaŶti‐tiĐkàǀaĐĐiŶesàtoàpƌeǀeŶtàtiĐk‐ďoƌŶeàdiseasesàiŶàEuƌope;àiŶdiǀidualàgƌaŶtàϬϬϮ/ϮϬϭϱ/Pà

pƌoǀidedà ďǇà FaĐultǇà ofà SĐieŶĐe,à UŶiǀeƌsitǇà ofà Southà Boheŵia,à ČeskĠà BudějoǀiĐe,à CzeĐhà RepuďliĐ;à

GáJU ;GƌaŶt ágeŶĐǇàof UŶiǀeƌsitǇàofàSouthàBoheŵiaͿ ϭϱϱ/ϮϬϭϯ/P.à



áĐkŶoǁledgeŵeŶtà

FoƌeŵostàIàǁouldàlikeàtoàeǆpƌessàŵǇàsiŶĐeƌeàgƌatitudeàtoàŵǇàsupeƌǀisoƌs.àToàOŶdƌaàHajdušek,à

ǁhoà dƌoǀeà ŵǇà doĐtoƌalà ƌeseaƌĐhà aŶdà taughtà ŵeà hoǁà toà desigŶà Đoŵpleǆà aŶdà ǁell‐ĐoŶtƌolledà

eǆpeƌiŵeŶts.àToàLauƌeŶĐeàMalaŶdƌiŶ,àǁhoàguidedàŵeàthƌoughàtheàdiffiĐultàďegiŶŶiŶgsàofàBaďesiaà

ƌeseaƌĐhàaŶdàǁildàFƌeŶĐhàadŵiŶistƌatiǀe.àáŶdàtoàPetƌàKopĄček,àǁhoàhiƌedàŵeàtoàhisàƌeseaƌĐhàteaŵà

aŶdàgaǀeàŵeàoppoƌtuŶitiesàtoàatteŶdàĐoŶfeƌeŶĐesàaŶdàǁoƌkshops.àNoŶethelessàIàthaŶkàtoàDaŶàSojka,à

ǁhoàpƌoǀidedàŵeàaàĐhaŶĐeàtoàapplǇàŵǇàdoĐtoƌalàƌeseaƌĐhàiŶtoàaàŶeǁàpeƌspeĐtiǀe.àà

IàaŵàǀeƌǇàgƌatefulàtoàdƌ.àGoƌdoŶàLaŶgsleǇàaŶdàdƌ.àEŵŵaŶuelàCoƌŶillotàfoƌàƌegulaƌàƌeǀieǁiŶgàofà

ŵǇàdoĐtoƌalàƌeseaƌĐhàaŶdàtheiƌàǀaluaďleàĐoŵŵeŶtsàaŶdàadǀiĐe.àà

MǇàgƌatitudeàgoesàalsoàtoàallàŵeŵďeƌsàofàďothàFƌeŶĐhàaŶdàCzeĐhàƌeseaƌĐhàteaŵs.àPaƌtiĐulaƌlǇàà

IàthaŶkàtoàClaiƌe,àNathalie,àMaggǇàaŶdàSilǀieàfoƌàĐƌeatioŶàofàaŶàeŶjoǇaďleàeŶǀiƌoŶŵeŶtàduƌiŶgàŵǇàstaǇsà

atàONIRISàaŶdàfiƌstàFƌeŶĐhàǁoƌdsàIàleaƌŶed.àFƌoŵàtheàCzeĐhàteaŵàIàaŵàǀeƌǇàthaŶkfulàtoàádĠla,à)uzka,à

GĄďiàL.,àRadek,àSazzad,àDaǀid,àVeƌča,àHoŶzaàP.,àHoŶzaàK.,àGĄďiàŠ.,àHelčaàaŶdàLeŶkaàfoƌàaŶàassistaŶĐeà

ǁithàŵǇàeǆpeƌiŵeŶtsàaŶdàaàpleasaŶtàaŶdàstiŵulatiŶgàǁoƌkiŶgàatŵospheƌe.àáàspeĐialàthaŶkàďeloŶgsà

toà HoŶzaà E.à foƌà tiĐkàŵaiŶteŶaŶĐe.àMǇà appƌeĐiatioŶà goesà alsoà toàŵǇà foƌŵeƌà studeŶtà Jiƌkaà foƌà hisà

paƌtiĐipatioŶàoŶàŵǇàdoĐtoƌalàƌeseaƌĐh.àà

IàǁouldàlikeàtoàalsoàeǆpƌessàŵǇàgƌatitudeàtoàFaĐultǇàofàSĐieŶĐeà;UŶiǀeƌsitǇàofàSouthàBoheŵiaͿàfoƌà

pƌoǀidiŶgàŵaŶǇàtheoƌetiĐalàaŶdàpƌaĐtiĐalàĐouƌses,àaŶdàIŶstituteàofàPaƌasitologǇà;BiologǇàCeŶtƌeͿàaŶdà

ONIRISà;UŶiǀeƌsitǇàofàBƌetagŶe‐LoiƌeͿàǁheƌeàŵǇàdoĐtoƌalàƌeseaƌĐhàǁasàĐaƌƌiedàout.àà

FiŶallǇ,àIàeǆpƌessàŵǇàspeĐialàthaŶksàtoàKuďaàaŶdàŵǇàfaŵilǇàfoƌàtheiƌàeŶdlessàsuppoƌtàaŶdàfaithàà

iŶàŵe.àà

à

à à



List of puďliĐatioŶs aŶd authoƌ’s ĐoŶtƌiďutioŶs 

The thesis is ďased oŶ folloǁiŶg papeƌs: 

Hajdusek O, Siŵa R, AylloŶ N,  JaloǀeĐka M, PeƌŶeƌ  J, de  la FueŶte  J,  et al.  IŶteƌaĐtioŶ of  the  tiĐk 
iŵŵuŶe systeŵ ǁith tƌaŶsŵitted pathogeŶs. FƌoŶt Cell IŶfeĐt MiĐƌoďiol. ϮϬϭϯ;ϯ:Ϯϲ. ;IF = ϰ.ϯϬϬͿ 

MJ paƌtiĐipated oŶ Đo‐ǁƌitiŶg the puďliĐatioŶ.  

 

Aase A, Hajdusek O, ØiŶes Ø, QuaƌsteŶ H, WilhelŵssoŶ P, Heƌstad TK, KjellaŶd V, Siŵa R, JaloǀeĐka 
M, LiŶdgƌeŶ PE, Aaďeƌge IS. Validate oƌ falsify: LessoŶs leaƌŶed fƌoŵ a ŵiĐƌosĐopy ŵethod Đlaiŵed 
to ďe useful foƌ deteĐtiŶg Boƌƌelia aŶd Baďesia oƌgaŶisŵs iŶ huŵaŶ ďlood. IŶfeĐt Dis. ϮϬϭϲ;ϰϴ;ϲͿ:ϰϭϭ‐
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MJ paƌtiĐipated oŶ paƌtial data aĐƋuisitioŶ aŶd ĐoŵŵeŶtiŶg oŶ the ŵaŶusĐƌipt dƌaft. 

 

JaloǀeĐka M, BoŶseƌgeŶt C, Hajdusek O, KopaĐek P, MalaŶdƌiŶ L. StiŵulatioŶ aŶd ƋuaŶtifiĐatioŶ of 
Baďesia diǀeƌgeŶs gaŵetoĐytogeŶesis. Paƌasit VeĐtoƌs. ϮϬϭϲ;ϵ;ϭͿ:ϰϯϵ. ;IF = ϯ.ϬϯϱͿ 

MJ desigŶed aŶd ĐoŶduĐted the expeƌiŵeŶts, ǁƌote the ŵaŶusĐƌipt aŶd aĐted as a ĐoƌƌespoŶdiŶg 
authoƌ.  
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a dƌug taƌget. IŶ pƌepaƌatioŶ.  

MJ ĐoŶduĐted the expeƌiŵeŶts aŶd ǁƌote the ŵaŶusĐƌipt.  

 

JaloǀeĐka M, Hajdusek O, KopaĐek P, MalaŶdƌiŶ L. Life ĐyĐle of piƌoplasŵs: ĐoŵpƌeheŶsiǀe aŶalysis. 
IŶ pƌepaƌatioŶ.  

MJ ǁƌote the ŵaŶusĐƌipt aŶd ǁill aĐt as a ĐoƌƌespoŶdiŶg authoƌ.  

 

The thesis ĐoŶtaiŶs uŶpuďlished data ǁhiĐh aƌe thoƌoughly desĐƌiďed aŶd disĐussed. The oďtaiŶed 
data aƌe iŶteŶded to ďe puďlished oŶĐe fully Đoŵpleted.  

MJ paƌtiĐipated iŶ a desigŶ aŶd peƌfoƌŵaŶĐe of the expeƌiŵeŶts aŶd ǁill ǁƌite the ŵaŶusĐƌipt;sͿ.  
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PART I. GeŶeƌal iŶtƌoduĐtioŶ 

Paƌt I. pƌoǀides a ĐoŵpƌeheŶsiǀe ƌeǀieǁ oŶ ĐuƌƌeŶt kŶoǁledge of the pƌoďleŵatiĐs.  

IŶ this paƌt, tǁo ƌeǀieǁ puďliĐatioŶs aƌe iŶĐluded, oŶe puďlished [ϭ] aŶd oŶe iŶ pƌepaƌatioŶ: 

Hajdusek O, “iŵa R, AǇlloŶ N,  JaloǀeĐka M, PeƌŶeƌ  J, de  la FueŶte  J,  et al.  IŶteƌaĐtioŶ of  the  tiĐk 
iŵŵuŶe  sǇsteŵ  ǁith  tƌaŶsŵitted  pathogeŶs.  FƌoŶt  Cell  IŶfeĐt  MiĐƌoďiol.  ϮϬϭϯ;ϯ:Ϯϲ.  doi: 
ϭϬ.ϯϯϴϵ/fĐiŵď.ϮϬϭϯ.ϬϬϬϮϲ. PuďMed PMID: Ϯϯϴϳϱϭϳϳ; PuďMed CeŶtƌal PMCID: PMCPMCϯϳϭϮϴϵϲ. 

JaloǀeĐka M, Hajdusek O, KopaĐek P, MalaŶdƌiŶ L. Life ĐǇĐle of piƌoplasŵs: ĐoŵpƌeheŶsiǀe aŶalǇsis. 
IŶ pƌepaƌatioŶ. 

1



Piƌoplasŵs, the tiĐk‐tƌaŶsŵitted apiĐoŵpleǆaŶ paƌasites 

The  gƌoup  Piƌoplasŵida  ƌefeƌs  to  iŶtƌaĐellulaƌ  tiĐk‐tƌaŶsŵitted  paƌasites  ǁhiĐh  ƌeĐeiǀed  its 

Ŷaŵe  afteƌ  the  peaƌ‐shaped  ;piƌifoƌŵͿ  iŶtƌa‐eƌǇthƌoĐǇtiĐ  stages  [Ϯ].  Piƌoplasŵs  possess  a  gƌeat 

eĐoŶoŵiĐ, ǀeteƌiŶaƌǇ aŶd ŵediĐal iŵpaĐt as oŶe of the ŵost ĐoŵŵoŶ ďlood paƌasites of ŵaŵŵals. 

The disease Đaused ďǇ piƌoplasŵs is ĐoŶsideƌed as eŵeƌgiŶg due to the gƌoǁiŶg iŶĐideŶĐe iŶ huŵaŶs, 

liǀestoĐk, ǁildlife, aŶd pet aŶiŵals [ϯ‐ϴ].  

The taǆoŶoŵiĐ ĐlassifiĐatioŶ plaĐes Piƌoplasŵida speĐies iŶ the phǇluŵ ApiĐoŵpleǆa. Based oŶ 

ŵulti‐geŶe  aŶalǇses,  thƌee  geŶeƌa  –  Baďesia,  Theileƌia  aŶd  CǇtauǆzooŶ  –  foƌŵ  the  oƌdeƌ 

Piƌoplasŵida,  ĐloselǇ  ƌelated  to  Plasŵodiuŵ,  aŶ  ageŶt  of  ŵalaƌia  disease  ;e.g.  [ϵ‐ϭϮ]Ϳ.  “haƌed 

ŵoƌphologiĐal  aŶd  deǀelopŵeŶtal  hallŵaƌks  of  Piƌoplasŵida  aƌe  apiĐal  Đoŵpleǆ  oƌgaŶelles,  

a ŵeƌogoŶǇ ;aseǆual ŵultipliĐatioŶͿ ǁithiŶ eƌǇthƌoĐǇtes of ǀeƌteďƌate hosts aŶd seǆual ŵultipliĐatioŶ 

folloǁed ďǇ spoƌozoites foƌŵatioŶ iŶ the iŶǀeƌteďƌate hosts [ϭϯ]. ClassiĐal taǆoŶoŵǇ assigŶed the 

Baďesia as a sisteƌ Đlade of Theileƌia ;aŶd CǇtauǆzooŶͿ ďased oŶ ŵoƌphologiĐal aŶd/oƌ deǀelopŵeŶtal 

featuƌes ;e.g. [ϭϰ, ϭϱ]Ϳ. WidelǇ used Đƌiteƌia ƌefeƌƌed Baďesia speĐies as oƌgaŶisŵs tƌaŶsŵitted ǀia 

tiĐk laƌǀal pƌogeŶǇ ;tƌaŶsoǀaƌial tƌaŶsŵissioŶͿ aŶd ŵultipliĐatioŶ ƌestƌiĐted to host eƌǇthƌoĐǇtes [ϭϲ]. 

AlteƌŶatiǀelǇ, Theileƌia aŶd CǇtauǆzooŶ aƌe liŵited to oŶlǇ tƌaŶsstadial tƌaŶsŵissioŶ iŶ ǀeĐtoƌ tiĐks 

aŶd uŶdeƌgo the sĐhizogoŶǇ iŶ ŶuĐleated ďlood Đells pƌioƌ the iŶfeĐtioŶ of eƌǇthƌoĐǇtes [ϱ, ϭϮ, ϭϳ]. 

Neǀeƌtheless,  suĐh  ĐlassifiĐatioŶ  is  liŵited  aŶd  does  Ŷot  ƌefleĐt  the  eǀolutioŶ  aŶd  diǀeƌsitǇ  of 

Piƌoplasŵida speĐies as ďeĐoŵe appaƌeŶt afteƌ ŵoleĐulaƌ data aǀailaďilitǇ ;e. g. [ϱ, ϭϮ, ϭϱ, ϭϴ‐ϮϬ]Ϳ. 

Based oŶ ϭϴS geŶe seƋueŶĐe, the Piƌoplasŵida phǇlogeŶǇ ǁas thoƌoughlǇ ĐhaƌaĐteƌized ;e.g. [ϱ, ϭϴ‐

ϮϬ]Ϳ  ďut  huge  disĐƌepaŶĐǇ  oĐĐuƌƌed  aŵoŶg  thƌee  piƌoplasŵs  geŶeƌa,  Baďesia,  Theileƌia,  aŶd 

CǇtauǆzooŶ  [ϭϮ].  VeƌǇ  ƌeĐeŶt  studǇ  ƌeĐogŶizes  fiǀe  distiŶĐt  liŶeages  of  piƌoplasŵs  ďased  oŶ 

ĐoŶgeŶialitǇ of ŵitoĐhoŶdƌial geŶoŵe seƋueŶĐes ĐoŶĐateŶated ǁith ϭϴS seƋueŶĐes [ϭϮ]. ;iͿ Baďesia 

seŶsu stƌiĐto, the liŶeage ƌefeƌƌiŶg to oƌgaŶisŵs tƌaŶsoǀaƌiallǇ tƌaŶsŵitted iŶ tiĐks aŶd ƌepƌoduĐiŶg 

eǆĐlusiǀe iŶ host eƌǇthƌoĐǇtes ;e.g. Baďesia ďovis, Baďesia ďigeŵiŶa, Baďesia diveƌgeŶsͿ. ;iiͿ Theileƌia 

aŶd  CǇtauǆzooŶ,  the  liŶeage  ĐoŵpƌisiŶg  oƌgaŶisŵs  tƌaŶsŵitted  tƌaŶsstadialǇ  iŶ  tiĐks  aŶd 

ŵultipliĐatiŶg  iŶ  lǇŵphoĐǇtes oƌ ŵoŶoĐǇtes pƌioƌ the eƌǇthƌoĐǇtes  iŶǀasioŶ ;e.g. CǇtauǆzooŶ felis, 

Theileƌia paƌva, Theileƌia aŶŶulataͿ.  ;iiiͿ Theileƌia eƋui,  foƌŵeƌlǇ  ƌefeƌƌed as Baďesia eƋui  [Ϯϭ] ďut 

ƌeĐlassified upoŶ the desĐƌiptioŶ of ŵultipliĐatioŶ iŶ ŶuĐleated ďlood Đells; the uŶiƋue Đlade has ďeeŶ 

ƌefeƌƌed  as  sisteƌ  Đlade  of  ďoth  Baďesia  seŶsu  stƌiĐto  aŶd  Theileƌia  ;+  CǇtauǆzooŶͿ  iŶ  otheƌ 

phǇlogeŶetiĐ studies [ϱ, ϮϬ]. ;iǀͿ WesteƌŶ Baďesia gƌoup ƌepƌeseŶted ďǇ Baďesia ĐoŶƌadae ;pƌeǀiouslǇ 

ŵisattƌiďuted to Baďesia giďsoŶi [ϮϮ]Ϳ iŶĐludes ŵultiple oƌgaŶisŵ ideŶtified iŶ the WesteƌŶ U“ aŶd 

ƌeĐeŶtlǇ iŶ AfƌiĐa aŶd Euƌope ;e.g. Baďesia duŶĐaŶi, Baďesia leŶgau, Baďesia ďehŶkeiͿ [ϭϵ, ϮϬ, ϮϮ‐

Ϯϴ].  ;ǀͿ  Baďesia  ŵiĐƌoti  gƌoup,  pƌeǀiouslǇ  ƌefeƌƌed  as  AƌĐhaeopiƌoplasŵida  [ϭϵ,  ϮϬ,  Ϯϵ],  ǁhiĐh 
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iŶĐludes aŶ eǆteŶsiǀe Đoŵpleǆ of speĐies ;e.g. Baďesia vulpes, Baďesia ƌhodaiŶiͿ that diǀeƌged eaƌlǇ 

fƌoŵ the ĐoŵŵoŶ aŶĐestoƌ of piƌoplasŵs.  

 

Baďesia, a ǁoƌldǁide distƌiďuted paƌasite of ǀeƌteďƌate aŶiŵals 

The Baďesia paƌasite ǁas disĐoǀeƌed ďǇ ViĐtoƌ Baďes, RoŵaŶiaŶ ďaĐteƌiologist, ǁho  iŶ ϭϴϴϴ 

fiƌstlǇ oďseƌǀed ŵiĐƌooƌgaŶisŵs iŶside ďoǀiŶe eƌǇthƌoĐǇtes [ϯϬ, ϯϭ]. The paƌasite ǁas lateƌ ideŶtified 

as aŶ ageŶt of Teǆas Cattle Feǀeƌ ǁhiĐh tuƌŶed out to ďe fiƌst desĐƌiptioŶ of aŶ aƌthƌopod‐tƌaŶsŵitted 

pathogeŶ of ǀeƌteďƌates ;ƌeǀieǁed iŶ [ϯϭ]Ϳ. Feǁ Ǉeaƌs lateƌ, the fiƌst eǀideŶĐe of huŵaŶ iŶfeĐtioŶ ďǇ 

Baďesia paƌasites ǁas doĐuŵeŶted [ϯϮ]. “iŶĐe theŶ, ŵaŶǇ of Baďesia speĐies haǀe ďeeŶ doĐuŵeŶted 

aŶd this Ŷuŵďeƌ ĐoŶtiŶues to iŶĐƌease, iŶdiĐatiŶg poteŶtiallǇ uŶsuspeĐted high diǀeƌsitǇ of this gƌoup 

[ϯϯ]. 

The Đell of Baďesia paƌasite  is  ĐhaƌaĐteƌized ďǇ a uŶiƋue ĐolleĐtioŶ of oƌgaŶelles – aŶ apiĐal 

Đoŵpleǆ – ǁhiĐh gaǀe a Ŷaŵe to all ApiĐoŵpleǆaŶ paƌasites. The Đoŵpleǆ  is fouŶd  iŶ all  iŶǀasiǀe 

stages of  the paƌasite aŶd ŵediaties  the attaĐhŵeŶt aŶd peŶetƌatioŶ  iŶto  the host Đell  [ϯϰ]. The 

apiĐal Đoŵpleǆ is loĐated at the aŶteƌioƌ eŶd of the paƌasite Đell aŶd ĐoŶsists of skeletal aŶd seĐƌetoƌǇ 

ĐoŵpoŶeŶts. “keletal ĐoŵpoŶeŶt ĐoŶsist of a ĐoŶoid, polaƌ ƌiŶgs aŶd ŵiĐƌotuďulaƌ pƌotƌusioŶs, aŶd 

the  seĐƌetoƌǇ  ĐoŵpoŶeŶt  of  tǁo  to  eight  ƌhoptƌies,  seǀeƌal  deŶse  gƌaŶules  aŶd  Ŷuŵeƌous 

ŵiĐƌoŶeŵes  [ϯϱ‐ϯϳ].  IŶ Baďesia  paƌasites,  a  feǁ ŵodifiĐatioŶs  of  the  apiĐal  Đoŵpleǆ  oĐĐuƌ.  The 

speĐies of the Baďesia seŶsu stƌiĐto  liŶeage laĐk the deŶse gƌaŶule aŶd iŶstead possess aŶ uŶiƋue 

oƌgaŶelle, the spheƌiĐal Đoŵpleǆ [ϯϰ, ϯϴ, ϯϵ]. The apiĐal Đoŵpleǆ of B. ŵiĐƌoti is faƌ ŵoƌe ƌeduĐed; it 

possesses siŶgle laƌge ƌhoptƌǇ aŶd laĐk the ĐoŶoid, the polaƌ ƌiŶgs aŶd the ŵiĐƌotuďulaƌ paƌt [ϰϬ]. 

The host ƌaŶge of Baďesia paƌasites is eǆtƌeŵelǇ ǁide aŶd Đoŵpƌises huŶdƌeds of ŵaŵŵal hosts 

aŶd also seǀeƌal aǀiaŶ aŶiŵals. The Đoŵpleǆ of aŶiŵal ƌeseƌǀoiƌs aŶd tiĐk ǀeĐtoƌs ŵakes Baďesia oŶe 

of  the  ŵost  ĐoŵŵoŶ  gƌoup  of  ďlood  paƌasites  ǁoƌldǁide  ;seĐoŶd  afteƌ  tƌǇpaŶosoŵesͿ  [ϭϯ]. 

Although the life ĐǇĐle of ŵaŶǇ Baďesia speĐies has Ŷot ďeeŶ eluĐidated Ǉet, the tiĐks of the faŵilǇ 

Iǆodidae  aƌe  the  oŶlǇ  kŶoǁŶ  ǀeĐtoƌs  ;ƌeǀieǁed  iŶ  [ϰϭ]Ϳ.  To  date,  oŶe  possiďle  eǆĐeptioŶ  ǁas 

doĐuŵeŶted; the aƌgasid soft tiĐk OƌŶithodoƌus eƌƌatiĐus ǁas suggested to tƌaŶsŵit Baďesia ŵeƌi,  

a paƌasite of saŶd ƌats ;PsaŵŵoŵǇs oďesusͿ [ϰϮ].  

Baďesia paƌasites ŵultiplǇ eǆĐlusiǀelǇ iŶ eƌǇthƌoĐǇtes of the ǀeƌteďƌate host aŶd Đause seǀeƌe 

disease sǇŵptoŵs ƌelated to the host Đells destƌuĐtioŶ. The aseǆual ƌepƌoduĐtioŶ of Baďesia iŶ the 

host  Đells  laĐks  the  sǇŶĐhƌoŶiĐitǇ.  Thus,  the  tƌophozoites  aŶd ŵeƌozoites  of  diffeƌeŶt  phases  of 

deǀelopŵeŶt  oĐĐuƌ  iŶ  the  ďlood  stƌeaŵ  at  the  saŵe  tiŵe.  The  disease  is  Ŷot  aĐĐoŵpaŶied  ďǇ 

peƌiodiĐallǇ  ƌelapsiŶg  sǇŵptoŵs  as  it  is  tǇpiĐal  foƌ  ŵalaƌia.  Togetheƌ  ǁith  paƌasite  aseǆual 

deǀelopŵeŶtal stages, the fiƌst seǆual stages – gaŵetoĐǇtes – oĐĐuƌ iŶ the ďlood stƌeaŵ. UsiŶg the 
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light ŵiĐƌosĐopǇ, the gaŵetoĐǇtes aƌe uŶdistiŶguishaďle fƌoŵ ŵeƌozoites. The seǆual ƌepƌoduĐtioŶ 

of Baďesia paƌasite oĐĐuƌs iŶ the gut luŵeŶ of the tiĐk ǀeĐtoƌ aŶd staƌts ǁith ŵatuƌatioŶ of iŶgested 

gaŵetoĐǇtes aŶd pƌoduĐtioŶ of gaŵetes. Gaŵetes – ofteŶ Ŷaŵed ƌaǇ ďodies oƌ “tƌahleŶköƌpeƌ [Ϯ, 

ϰϯ]  –  of  Baďesia  paƌasite  aƌe  aŶisoŵoƌphiĐ  ďut  the  ŵaĐƌo‐  aŶd  ŵiĐƌo‐gaŵetes  ĐaŶŶot  ďe 

distiŶguished  [ϰϰ‐ϰϳ]. The gaŵetes  fusioŶ giǀes  ƌise  to ŵotile zǇgote peŶetƌatiŶg  the peƌitƌophiĐ 

ŵeŵďƌaŶe aŶd iŶǀadiŶg gut epithelial Đells. Heƌe the paƌasite uŶdeƌgoes ŵeiosis ƌesultiŶg iŶ haploid 

ŵotile  kiŶetes,  spƌeadiŶg  thƌough  the  tiĐk  iŶteƌŶal  oƌgaŶs  iŶĐludiŶg  oǀaƌies  aŶd  saliǀaƌǇ  glaŶds. 

Paƌasite is theŶ tƌaŶsŵitted eitheƌ ǀia laƌǀal pƌogeŶǇ to eggs aŶd laƌǀae ;tƌaŶsoǀaƌial tƌaŶsŵissioŶͿ 

oƌ tƌaŶsstadiallǇ to ŵolted stage of the tiĐk ǀeĐtoƌ. To fiŶalize the deǀelopŵeŶt, the spoƌogoŶǇ takes 

plaĐe  iŶ  the  saliǀaƌǇ  glaŶds  aŶd  fullǇ  ŵatuƌed  spoƌozoites  aƌe  pƌoduĐed,  aďle  to  iŶǀade  the 

eƌǇthƌoĐǇtes of the host ǀia tiĐk ďite [ϱ, ϲ, ϭϯ, ϭϲ, ϰϲ‐ϱϱ]. The life ĐǇĐle of Baďesia paƌasites is ŵoƌe 

thoƌoughlǇ  desĐƌiďed  iŶ  the ŵaŶusĐƌipt  iŶ  pƌepaƌatioŶ  ͞Life  ĐǇĐle  of  piƌoplasŵs:  ĐoŵpƌeheŶsiǀe 

aŶalǇsis͟. The uŶiƋue adaptatioŶs iŶ the deǀelopŵeŶt of B. diveƌgeŶs ;Fig. ϲͿ aŶd B. ŵiĐƌoti ;Fig. ϭϭͿ 

aƌe desĐƌiďed fuƌtheƌ ;Paƌt III. aŶd IV., ƌespeĐtiǀelǇͿ.  

 

Baďesiosis, a disease of ǀeteƌiŶaƌǇ aŶd ŵediĐal iŵpoƌtaŶĐe  

GiǀeŶ ďǇ ǁoƌldǁide distƌiďutioŶ of tiĐk ǀeĐtoƌs, ďaďesiosis ďeloŶgs to the ŵost ĐoŵŵoŶ ďlood 

diseases of fƌee liǀiŶg aŶiŵals [ϭϯ, ϱϲ] aŶd is ĐoŶsideƌed as aŶ eŵeƌgeŶt zooŶosis of huŵaŶs [ϭϯ, ϱϲ‐

ϱϵ]. Fƌoŵ the ǀeteƌiŶaƌǇ poiŶt of ǀieǁ, the gƌeat atteŶtioŶ is paid to ďoǀiŶe ďaďesiosis, the disease 

ƌespoŶsiďle  foƌ  the  eŶoƌŵous  eĐoŶoŵiĐ  losses  to  the  liǀestoĐk  iŶdustƌǇ  [ϰ]  ;see  fuƌtheƌͿ. 

Neǀeƌtheless,  ďaďesiosis  affeĐts  otheƌ  aŶiŵals  aŶd  these  diseases  aƌe  ofteŶ  ŶegleĐted.  EƋuiŶe 

ďaďesiosis  is  the disease of hoƌses aŶd doŶkeǇs, Đaused ďǇ Baďesia Đaďalli  ;aŶd T. eƋuiͿ, aŶd the 

iŶĐƌeasiŶg deŶsities of iŶfeĐted hoƌses aŶd tiĐks oĐĐuƌ ;ƌeǀieǁed iŶ [ϳ, ϲϬ]Ϳ. The iŶĐideŶĐe of ĐaŶiŶe 

ďaďesiosis  is  also  oŶ  the  ƌise  aŶd  ƌeĐeŶtlǇ  the dog diseases ǁeƌe  ƌepoƌted  fƌoŵ ŵaŶǇ  ĐouŶtƌies 

ǁoƌldǁide ;ƌeǀieǁed iŶ [ϲϭ]Ϳ. The disease  is Đaused ďǇ ŵaŶǇ Baďesia speĐies fƌoŵ Baďesia seŶsu 

stƌiĐto liŶeage, WesteƌŶ Baďesia liŶeage aŶd Baďesia ŵiĐƌoti liŶeage [ϭϮ, ϲϭ].  

 

BoǀiŶe ďaďesiosis 

Baďesia  paƌasite  ďeloŶgs  to  oŶe  of  the ŵost  iŵpoƌtaŶt  aƌthƌopod‐tƌaŶsŵitted  pathogeŶ  of 

Đattle aŶd the ďoǀiŶe disease is ƌeĐogŶized foƌ its ŵajoƌ iŵpaĐt oŶ faƌŵ aŶiŵal health aŶd ĐoŶŶeĐted 

ǁith fiŶaŶĐial losses ǁoƌldǁide [ϰ, ϱϳ, ϲϮ]. BoǀiŶe ďaďesiosis, ĐoŵŵoŶlǇ Đalled ƌed ǁateƌ feǀeƌ, is 

assoĐiated  ǁith  ŵoƌtalities,  aďoƌtioŶs,  deĐƌeased  ŵeat  as  ǁell  as  ŵilk  pƌoduĐtioŶ  aŶd  despite 

peƌŵaŶeŶt epideŵiologiĐ suƌǀeillaŶĐe the ŵost of the ϭ‐Ϯ ďillioŶ Đattle aƌouŶd the ǁoƌld aƌe still 

eǆposed  to  ďaďesiosis  aŶd  outďƌeaks  oĐĐuƌ  [ϰ,  ϲϮ].  Disease  sǇŵptoŵs  iŶĐlude  ďodǇ  ǁeakŶess, 
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aŶeŵia, aŶoƌeǆia, diaƌƌhea, high feǀeƌ aŶd heŵogloďiŶuƌia ;heŶĐe ƌed ǁateƌ feǀeƌͿ ďut the disease 

ŵaŶifestatioŶ ĐaŶ ǀaƌǇ iŶ depeŶdeŶĐe of the aŶiŵal iŵŵuŶe status, the Ŷuŵďeƌ of ƋuestiŶg tiĐks 

aŶd paƌasite speĐies aŶd/oƌ stƌaiŶ ǀiƌuleŶĐe [ϰ, ϱϳ, ϲϮ, ϲϯ].  

Fouƌ ďoǀiŶe Baďesia  speĐies aƌe  ƌeĐogŶized, B. ďovis, B. ďigeŵiŶa, B. diveƌgeŶs  aŶd Baďesia 

ŵajoƌ.  The  ǁoƌldǁide  distƌiďutioŶ  of  these  speĐies  is  giǀeŶ  ďǇ  the  tiĐk  ǀeĐtoƌs,  ƌespoŶsiďle  foƌ 

spƌeadiŶg of the disease ďetǁeeŶ the Đattle.  IŶ tƌopiĐal aŶd suďtƌopiĐal aƌeas of Austƌalia, AfƌiĐa, 

Asia aŶd the AŵeƌiĐas, the B. ďovis aŶd B. ďigeŵiŶa aƌe fouŶd aŶd tƌaŶsŵitted ďǇ RhipiĐephalus spp. 

tiĐks. OŶ  the ĐoŶtƌaƌǇ,  iŶ Euƌope  the disease  is  Đaused ďǇ B. diveƌgeŶs  aŶd B. ŵajoƌ. The ďoǀiŶe 

ďaďesiosis  Đaused  ďǇ B.  diveƌgeŶs  is  faƌ  the ŵoƌe  ĐoŵŵoŶ  aŶd  ƌepoƌted  aĐƌoss ŵaŶǇ  ĐouŶtƌies 

;ƌeǀieǁed iŶ [ϱϳ]Ϳ.  

 

HuŵaŶ ďaďesiosis 

HuŵaŶs aƌe Ŷot Ŷatuƌal hosts foƌ aŶǇ speĐies of Baďesia ďut seƌǀe as aĐĐideŶtal hosts ;ƌeǀieǁed 

e.g. iŶ [ϰϭ]Ϳ. Despite this faĐt, the iŶĐideŶĐe of huŵaŶ ďaďesiosis is oŶ the ƌise as ĐliŶiĐal Đases aƌe 

ƌeĐeŶtlǇ  ƌepoƌted  fƌoŵ  ŵaŶǇ  ĐouŶtƌies  ǁoƌldǁide  ;ƌeǀieǁed  e.g.  iŶ  [ϲ,  ϰϭ]Ϳ.  CuƌƌeŶtlǇ,  huŵaŶ 

ďaďesiosis  is  ĐoŶsideƌed  as  aŶ  eŵeƌgiŶg  tiĐk‐ďoƌŶe  disease  [ϱϵ].  The  fiƌst  ƌepoƌt  of  fatal  huŵaŶ 

disease Đaused ďǇ Baďesia paƌasite ǁas doĐuŵeŶted iŶ ϭϵϱϲ iŶ patieŶt fƌoŵ foƌŵeƌ Yugoslaǀia; the 

paƌasite ǁas  ideŶtified as B. diveƌgeŶs  [ϲϰ]. “iŶĐe  theŶ, B. diveƌgeŶs ǁas ĐoŶsideƌed as  the ŵaiŶ 

EuƌopeaŶ Đausatiǀe ageŶt of huŵaŶ ďaďesiosis aŶd to date ŵoƌe thaŶ ϯϬ Đases of fatal disease ǁeƌe 

ƌepoƌted [ϲ, ϱϱ, ϲϱ]. OŶ the ĐoŶtƌaƌǇ, iŶ U“A the ŵajoƌitǇ of the huŵaŶ diseases is attƌiďuted to the 

B. ŵiĐƌoti ǁhiĐh is ĐoŶsideƌed as ŵajoƌ tƌaŶsfusioŶ thƌeat [ϲ, ϰϭ, ϱϴ, ϲϲ] . OĐĐasioŶal Đases Đaused 

ďǇ otheƌ Baďesia speĐies haǀe also ďeeŶ desĐƌiďed. IŶ Euƌope the disease ĐaŶ ďe Đaused ďǇ Baďesia 

veŶatoƌuŵ as ǁas ƌepoƌted iŶ Austƌia, ItalǇ aŶd GeƌŵaŶǇ [ϲϳ, ϲϴ], aŶd iŶ U“A ďǇ B. duŶĐaŶi [Ϯϳ, ϲϵ]. 

Cases  of  huŵaŶ ďaďesiosis  haǀe  also  ďeeŶ  ƌepoƌted  iŶ AfƌiĐa,  Asia, Austƌalia  aŶd  “outh AŵeƌiĐa 

;ƌeǀieǁed e.g. iŶ [ϲ, ϰϭ, ϱϱ, ϳϬ]. 

The disease is usuallǇ tƌaŶsŵitted duƌiŶg the tiĐk ;ŵostlǇ Iǆodes spp. [ϱϱ]Ϳ ďite ďut iŶ ƌaƌe Đases 

ďaďesiosis ŵaǇ ďe tƌaŶsŵitted also ďǇ ďlood tƌaŶsfusioŶ [ϱ, ϲ, ϱϲ, ϲϲ, ϲϵ]. Baďesiosis is fƌeƋueŶtlǇ 

ŵistakeŶ foƌ ŵalaƌia disease due to ŵiŵiĐƌǇ of soŵatiĐ sǇŵptoŵs iŶ the aĐute phase ďut laĐks the 

tǇpiĐal peƌiodiĐitǇ. Most of healthǇ iŶdiǀiduals suffeƌ fƌoŵ flu‐like sǇŵptoŵs aŶd ƌeĐoǀeƌ ĐoŵpletelǇ 

fƌoŵ ďaďesiosis oǀeƌ fouƌ oƌ ŵoƌe ǁeeks ;ƌeǀieǁed e.g. iŶ [ϲ, ϭϯ, ϱϱ, ϳϬ‐ϳϮ]Ϳ. The seǀeƌe aŶd ĐhƌoŶiĐ 

iŶfeĐtioŶ geŶeƌallǇ oĐĐuƌs  iŶ people ǁith  iŵŵuŶosuppƌessiǀe ŵediĐatioŶ  [ϲϴ,  ϳϯ],  iŶ ŵaligŶaŶĐǇ 

[ϳϯ], afteƌ spleŶeĐtoŵǇ [ϳϯ‐ϳϱ] oƌ ǁith HIV ĐoiŶfeĐtioŶ [ϳϲ‐ϳϴ]. AŵoŶg ǀulŶeƌaďle gƌoups ďeloŶg 

also the eldeƌlǇ oƌ ǀeƌǇ ǇouŶg people [ϲ, ϱϱ, ϳϮ] aŶd pƌegŶaŶt ǁoŵeŶ [ϳϵ]. IŶteƌestiŶglǇ, B. diveƌgeŶs 

appeaƌs to Đause ŵoƌe seǀeƌe disease thaŶ B. ŵiĐƌoti [ϱϱ, ϱϳ, ϲϱ] aŶd the ŵoƌe seǀeƌe illŶess oĐĐuƌs 

iŶ patieŶts Đo‐suffeƌiŶg fƌoŵ LǇŵe disease as ǁell [ϴϬ, ϴϭ]. The disease is ŵost ofteŶ ŵaŶifested ďǇ 
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fatigue, ŵalaise, loss of appetite, ǁeight loss, high feǀeƌ oƌ Đhills iŶ the ĐoŶtƌaƌǇ aĐĐoŵpaŶied ǁith 

laďoƌatoƌǇ fiŶdiŶgs of aŶeŵia, disoƌdeƌs of ďlood ĐouŶt aŶd eleǀatioŶ of liǀeƌ eŶzǇŵes [ϴϮ, ϴϯ]. Also 

heŵatuƌia aŶd heŵogloďiŶuƌia ĐaŶ oĐĐuƌ iŶ ŵoƌe seƌious Đases [ϭϯ]. HuŵaŶ ďaďesiosis theƌapǇ is 

staŶdaƌdlǇ  Đaƌƌied  out  ďǇ  a  ĐoŵďiŶatioŶ  of  AzǇthƌoŵǇĐiŶe  aŶd  AtoǀaƋuoŶe  [ϱϱ,  ϴϰ].  Dosage  is 

ƌelated  to  the  seǀeƌitǇ  of  the  iŶfeĐtioŶ,  the  patieŶt’s  ĐoŶditioŶ  aŶd  paƌasiteŵia, ǁhiĐh  ŶoƌŵallǇ 

ƌaŶges ďetǁeeŶ ϭ – ϮϬ% [ϱϵ], ďut ĐaŶ ƌeaĐh up to ϴϬ% iŶ paƌtiĐulaƌlǇ seǀeƌe Đases [ϴϱ, ϴϲ]. Theƌe is 

Ŷo aŶti‐ďaďesiosis ǀaĐĐiŶe foƌ huŵaŶ usage. The oŶlǇ ǁaǇ to pƌeǀeŶt Baďesia iŶfeĐtioŶ is to aǀoid 

aƌeas ǁith high oĐĐuƌƌeŶĐe of tiĐks oƌ to eaƌlǇ eliŵiŶate the tiĐk.  

 

TiĐks as ǀeĐtoƌs of Baďesia paƌasite 

“iǆ of the seǀeŶ geŶeƌa of haƌd tiĐks ǁeƌe deŵoŶstƌated as eǆpeƌiŵeŶtal oƌ Ŷatuƌal ǀeĐtoƌs of 

ǀaƌious Baďesia  speĐies  [ϭϯ].  The  speĐies used  iŶ  the  thesis, B. diveƌgeŶs  aŶd B. ŵiĐƌoti,  aƌe  the 

speĐies pƌiŵaƌilǇ  tƌaŶsŵitted ďǇ  Iǆodes  spp.  tiĐks.  IŶ  Euƌope,  the  tƌaŶsŵissioŶ of  ďoth  speĐies  is 

ŵediated ďǇ Iǆodes ƌiĐiŶus, the tiĐk ƌespoŶsiďle foƌ spƌead of ďoǀiŶe as ǁell as huŵaŶ diseases [ϴϳ]. 

IŶ the thesis, I. ƌiĐiŶus ƌepƌeseŶts a ŵodel ǀeĐtoƌ iŶ the peƌfoƌŵed eǆpeƌiŵeŶts. Theƌefoƌe, I fuƌtheƌ 

foĐus oŶlǇ oŶ that speĐies, ŶegleĐtiŶg otheƌ tiĐk ǀeĐtoƌs of Baďesia paƌasites.  

 

Iǆodes ƌiĐiŶus, the ŵaiŶ EuƌopeaŶ ǀeĐtoƌ of Baďesia paƌasites 

The ǁide distƌiďutioŶ aƌea aŶd a ǀaƌietǇ of ǀeƌteďƌate hosts ŵake I. ƌiĐiŶus tiĐk oŶe of the ŵost 

iŵpoƌtaŶt  ǀeĐtoƌ  of  Baďesia  paƌasite.  AĐtuallǇ,  the  iŶĐideŶĐe  of  ďaďesiosis  is  attƌiďuted  to 

distƌiďutioŶ aŶd deŶsitǇ of I. ƌiĐiŶus iŶ the EuƌopeaŶ ĐouŶtƌies [ϲ, ϭϯ, ϱϱ, ϱϳ, ϲϮ, ϲϱ]. I. ƌiĐiŶus seƌǀes 

as ŵaiŶ ǀeĐtoƌ of B. diveƌgeŶs, the ŵost iŵpoƌtaŶt ageŶt of ďoǀiŶe ďaďesiosis [ϱϳ] aŶd ƌeĐeŶtlǇ has 

ďeeŶ ideŶtified as the pƌiŵaƌǇ ǀeĐtoƌ of B. veŶatoƌuŵ ;also ƌepoƌted as Baďesia sp. EUϭͿ [ϴϴ‐ϵϮ]. 

The I. ƌiĐiŶus has ďeeŶ ideŶtified also as a ĐoŵpeteŶt ǀeĐtoƌ of Baďesia Đapƌeoli [ϵϯ] aŶd B. ŵiĐƌoti 

[ϵϰ]. CuƌƌeŶtlǇ, the B. ŵiĐƌoti  iŶfeĐted  I. ƌiĐiŶus tiĐks aƌe ƌepoƌted fƌoŵ ŵaŶǇ EuƌopeaŶ ĐouŶtƌies 

[ϵϱ‐ϭϬϵ].  

The haƌd tiĐk I. ƌiĐiŶus is a thƌee‐host tiĐk ǁith a life ĐǇĐle ;Fig. ϭͿ duƌatioŶ of Ϯ‐ϲ Ǉeaƌs; uŶdeƌ 

faǀouƌaďle ĐoŶditioŶs iŶ the Ŷatuƌal eŶǀiƌoŶŵeŶt the life ĐǇĐle ĐaŶ ďe Đoŵpleted iŶ oŶe Ǉeaƌ. The 

pƌoloŶgatioŶ of tiĐk life ĐǇĐle is a ƌesult of theiƌ adaptatioŶ loŶg‐teƌŵ staƌǀatioŶ ǁhiĐh tiĐk ĐaŶ suƌǀiǀe 

foƌ seǀeƌal Ǉeaƌs iŶ adǀeƌse ĐoŶditioŶs. I. ƌiĐiŶus iŶhaďits ƌelatiǀelǇ huŵid aƌeas suĐh as ǁoodlaŶds, 

foƌests oƌ heaths, ǁheƌe it ĐaŶ ďe fouŶd fƌoŵ eaƌlǇ spƌiŶg uŶtil late fall. The highest aďuŶdaŶĐe ĐaŶ 

ďe ŵoŶitoƌed iŶ the spƌiŶg aŶd autuŵŶ ǁith a deĐliŶe duƌiŶg the suŵŵeƌ. Besides Euƌope, I. ƌiĐiŶus 

oĐĐuƌs iŶ suƌƌouŶdiŶg aƌeas of the Middle East aŶd Noƌth AfƌiĐa [ϴϳ]. 
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Figuƌe ϭ. Life ĐǇĐle of  I.  ƌiĐiŶus,  the ŵost ĐoŵŵoŶ tiĐk  iŶ Euƌope. “iǆ  legged  laƌǀa  is hatĐhed fƌoŵ eggs aŶd 
suďseƋueŶtlǇ feed usuallǇ oŶ the sŵall ǀeƌteďƌates, ŵaiŶlǇ oŶ ƌodeŶts. Afteƌ ƌepletioŶ aŶd folloǁed ŵoltiŶg 
the eight legged ŶǇŵphs appeaƌ aŶd feed oŶ ŵiddle sized aŶiŵals like ƌodeŶts oƌ ďiƌds. Afteƌ eŶgoƌgeŵeŶt 
the ŶǇŵphs tuƌŶ iŶto adults, ŵales aŶd feŵales. Feŵales theŶ usuallǇ suĐk oŶ the ďiggeƌ ǀeƌteďƌates, suĐh as 
deeƌ, sheep oƌ Đattle. FullǇ eŶgoƌged adult feŵale’s oǀipositioŶ ƌesults iŶto seǀeƌal thousaŶds of spheƌiĐal eggs. 
Figuƌe ǁas adapted fƌoŵ the illustƌatioŶ desigŶed ďǇ M. Hajduskoǀa ;ǁǁǁ.ďiogƌaphiǆ.ĐzͿ.  

Mutual iŶteƌaĐtioŶ of Baďesia paƌasite aŶd tiĐk ǀeĐtoƌ 

Since  tiĐk  seƌǀes  as  a  host  aŶd  ǀeĐtoƌ  of  Baďesia  speĐies,  the  paƌasite  uŶdeƌgoes  

ĐoŵpliĐated  deǀelopŵeŶtal  pƌoĐeduƌes  iŶ  the  tiĐk  iŶteƌŶal  oƌgaŶs.  Theƌefoƌe,  the  iŶteƌaĐtioŶ 

ďetǁeeŶ the Baďesia paƌasite aŶd tiĐk ǀeĐtoƌ oĐĐuƌ aŶd ŵediate theiƌ ŵutual ƌelatioŶship.  IŶ effoƌt 

to  ŵap  these  iŶteƌaĐtioŶs,  ǁe  puďlished  a  ƌeǀieǁ  ͞IŶteƌaĐtioŶ  of  the  tiĐk  iŵŵuŶe  sǇsteŵ  

ǁith  tƌaŶsŵitted  pathogeŶs͟  [ϭ]  suŵŵaƌiziŶg  the  kŶoǁledge  aďout  the  pƌoďleŵatiĐs.  “iŶĐe  the 

ƌeǀieǁ ǁas puďlished, oŶlǇ feǁ studies foĐused oŶ the tiĐk iŵŵuŶe ŵoleĐules ŵediatiŶg iŶteƌaĐtioŶ 

ǁith  Baďesia  paƌasite.  “eǀeƌal  ĐaŶdidate  ŵoleĐules  heƌe  haǀe  ďeeŶ  ideŶtified  iŶ  

siliĐo  ď Ǉ   g u t    tƌaŶsĐƌiptoŵe aŶalǇsis of RhipiĐephalus ŵiĐƌoplus upoŶ the B. ďovis  iŶfeĐtioŶ 

[ϭϭϬ] ďut ƌesults haǀe Ŷot  ďeeŶ  ǀeƌified  ďǇ  fuŶĐtioŶal  aŶalǇses  Ǉet.  MeƌiŶo  aŶd  his  Đolleagues  

atteŵpted  to  ĐoŶfiƌŵ  a pƌeǀiouslǇ ideŶtified pƌoŵisiŶg aŶti‐ďaďesial tiĐk pƌoteiŶs TRO“PA [ϭϭϭ] aŶd 

suďolesiŶ [ϭϭϮ], aŶd shoǁed that eǆpeƌiŵeŶtal ǀaĐĐiŶatioŶ of Đattle ǁith ďoth pƌoteiŶs ǁeƌe aďle to 

ƌeduĐe  B.  ďigeŵiŶa  DNA  leǀels  iŶ  tiĐks  fed  oŶ  ǀaĐĐiŶated  Đattle  [ϭϭϯ].  OŶ  the  otheƌ  haŶd,  the 

poteŶtial  aŶti‐ďaďesial  fuŶĐtioŶ  of  ĐaŶdidate  pƌoteiŶ  ĐalƌetiĐuliŶ  [ϭϭϭ]  ǁas  eǆĐluded  [ϭϭϰ]. 

NoŶetheless, Ŷo ŵoƌe studies aďout the pƌoďleŵatiĐs haǀe ďeeŶ ĐoŶduĐted to date.  
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PuďliĐatioŶ ͞IŶteƌaĐtioŶ of the tiĐk iŵŵuŶe sǇsteŵ ǁith tƌaŶsŵitted pathogeŶs͟ 

The  ƌeǀieǁ  ;pages  ϵ‐ϮϯͿ  suŵŵaƌizes  the  ĐuƌƌeŶt  kŶoǁledge  of  tiĐk  ŵoleĐules  poteŶtiallǇ 

iŶǀolǀed  iŶ  iŶteƌaĐtioŶ  ǁith  the  thƌee  iŶteŶsiǀelǇ  studied  tiĐk‐tƌaŶsŵitted  pathogeŶs  – Boƌƌelia, 

AŶaplasŵa aŶd Baďesia – iŶ ĐoŶteǆt of theiƌ deǀelopŵeŶt iŶ the tissues of ǀeĐtoƌ tiĐks. I ǁas iŶǀolǀed 

iŶ the ƌeǀieǁ of tiĐk ŵoleĐules iŶteƌaĐtiŶg ǁith Baďesia paƌasite.  
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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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J and Kopáček P (2013) Interaction of
the tick immune system with transmitted
pathogens. Front. Cell. Infect. Microbiol.
3:26. doi: 10.3389/fcimb.2013.00026
Copyright © 2013 Hajdušek, Šíma,
Ayllón, Jalovecká, Perner, de la Fuente
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MaŶusĐƌipt iŶ pƌepaƌatioŶ ͞Life ĐǇĐle of piƌoplasŵs: ĐoŵpƌeheŶsiǀe aŶalǇsis͟ 

The  geŶeƌal  ĐoŶseŶsus  of  piƌoplasŵs  deǀelopŵeŶtal  ĐǇĐle  desĐƌiďes  paƌasite  aseǆual 

ŵultipliĐatioŶ iŶ the host ďlood Đells aŶd seǆual deǀelopŵeŶt iŶ the tiĐk ŵidgut folloǁed ďǇ paƌasite 

iŶǀasioŶ of iŶteƌŶal tiĐk tissues ;e.g. [ϱ, ϭϯ, ϭϲ, ϲϱ]Ϳ. Neǀeƌtheless, the diffeƌeŶt speĐies of the gƌoup 

Piƌoplasŵida possess uŶiƋue adaptatioŶs aƌisiŶg fƌoŵ theiƌ Ŷatuƌal ďehaǀioƌ, aŶd thus sigŶifiĐaŶtlǇ 

diffeƌ aĐĐoƌdiŶg to the ǀeĐtoƌ speĐies aŶd ƌeseƌǀoiƌ hosts. Moƌeoǀeƌ, the phǇlogeŶetiĐallǇ distiŶĐt 

speĐies ǀaƌǇ iŶ iŵpoƌtaŶt ĐhaƌaĐteƌistiĐs of the tƌaŶsŵissioŶ aŶd ŵultipliĐatioŶ iŶ the host oƌ ǀeĐtoƌ 

Đells.  Theƌefoƌe,  the  life  ĐǇĐle  of  piƌoplasŵs  is  ĐoŶsideƌed  as  oŶlǇ  paƌtiallǇ  eluĐidated  due  to 

iŶĐoŶsisteŶĐǇ  of  Đlue  eǀeŶts  iŶ  paƌasite  deǀelopŵeŶt.  This  is  giǀeŶ  ďǇ  ŵaŶǇ  paƌtial  desĐƌiptioŶs 

spƌead iŶ ǀaƌious puďliĐatioŶs, ofteŶ puďlished loŶg tiŵe ago, aŶd also due to ƌeĐeŶt ĐhaŶges iŶ the 

ŶoŵeŶĐlatuƌe  aŶd  ƌedesĐƌiptioŶ  of  ŵaŶǇ  speĐies  ;e.g.  [Ϯϭ,  ϭϭϱ,  ϭϭϲ]Ϳ.  IŶ  the  ŵaŶusĐƌipt  iŶ 

pƌepaƌatioŶ ͞Life ĐǇĐle of piƌoplasŵs: ĐoŵpƌeheŶsiǀe aŶalǇsis͟ ;pages Ϯϱ‐ϰϭͿ ǁe ŵade aŶ effoƌt to 

suŵŵaƌize  all  aǀailaďle  kŶoǁledge  of  piƌoplasŵs  deǀelopŵeŶt  aŶd  ŵake  a  uŶifoƌŵ  aŶd 

ĐoŵpƌeheŶsiǀe ĐoŶseŶsus of the pƌoďleŵatiĐs iŶ ĐoŶteǆt of ƌeĐeŶt phǇlogeŶetiĐ studies [ϭϮ].  
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PART II. “uŵŵaƌǇ of ƌeseaƌĐh ŵethods 

 

Paƌt II. is suŵŵaƌiziŶg ŵethods used iŶ the thesis ǁith the eǆĐeptioŶ of pƌeǀiouslǇ puďlished papeƌs 

[ϭ, ϭϭϳ, ϭϭϴ] aŶd ŵaŶusĐƌipts iŶ pƌepaƌatioŶ. 

 

IŶ this paƌt, oŶe ŵethodologiĐal puďliĐatioŶ is iŶĐluded [ϭϭϳ]: 

Aase A, Hajdusek O, ØiŶes Ø, QuaƌsteŶ H, WilhelŵssoŶ P, Heƌstad TK, KjellaŶd V, “iŵa R, JaloǀeĐka 
M, LiŶdgƌeŶ PE, Aaďeƌge I“. Validate oƌ falsifǇ: LessoŶs leaƌŶed fƌoŵ a ŵiĐƌosĐopǇ ŵethod Đlaiŵed 
to ďe useful foƌ deteĐtiŶg Boƌƌelia aŶd Baďesia oƌgaŶisŵs iŶ huŵaŶ ďlood. IŶfeĐt Dis. ϮϬϭϲ;ϰϴ;ϲͿ:ϰϭϭ‐
ϵ.  
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LaďoƌatoƌǇ aŶiŵals 

We used ϳ ǁeeks old feŵales of BALB/Đ laďoƌatoƌǇ ŵiĐe ;Mus ŵusĐulusͿ, supplied fƌoŵ Chaƌles 

Riǀeƌ Laďoƌatoƌies ;VELA)Ϳ oƌ the MoŶgoliaŶ geƌďil ;MeƌioŶes uŶguiĐulatus; oƌigiŶallǇ oďtaiŶed fƌoŵ 

the saŵe supplieƌͿ. The guiŶea pigs ;Cavia poƌĐellusͿ ǁeƌe used to estaďlish aŶd ŵaiŶtaiŶ Baďesia‐

fƌee  tiĐk  ĐoloŶǇ.  Both  geƌďils  aŶd  guiŶea  pigs  ǁeƌe  ďƌed  iŶ  aŶiŵal  faĐilitǇ  of  the  IŶstitute  of 

PaƌasitologǇ,  BiologǇ  CeŶtƌe  of  CA“,  CzeĐh  RepuďliĐ.  All  eǆpeƌiŵeŶtal  aŶiŵals  ǁeƌe  tƌeated  iŶ 

aĐĐoƌdaŶĐe ǁith the AŶiŵal PƌoteĐtioŶ Laǁ of the CzeĐh RepuďliĐ No. ϯϱϵ/ϮϬϭϮ “ď. aŶd ǁith the 

deĐƌee ϰϭϵ/ϮϬϭϮ “ď. of MiŶistƌǇ of AgƌiĐultuƌe oŶ the pƌoteĐtioŶ of eǆpeƌiŵeŶtal aŶiŵals ;iŶĐludiŶg 

ƌeleǀaŶt EU ƌegulatioŶsͿ. 

TiĐk ďƌeediŶg ĐoloŶǇ 

The Baďesia‐fƌee ĐoloŶǇ of I. ƌiĐiŶus tiĐks ǁas estaďlished ďǇ ĐolleĐtioŶ of adult tiĐks iŶ laŶdsĐape 

Ŷeaƌ  Ceske  BudejoǀiĐe,  CzeĐh  RepuďliĐ  ďǇ  flaggiŶg ŵethod.  The  adult  feŵales  ǁeƌe  let  to  fullǇ 

eŶgoƌge oŶ laďoƌatoƌǇ guiŶea pigs ;Cavia poƌĐellusͿ iŶ the pƌeseŶĐe of tiĐk ŵales. The hatĐhed laƌǀae 

fƌoŵ laid eggs ǁeƌe tested foƌ Baďesia spp. iŶfeĐtioŶ ;DNA eǆtƌaĐtioŶ folloǁed ďǇ PCR ǁith Baďesia 

spp. ϭϴS pƌiŵeƌs, Taď. ϭͿ  to eǆĐlude poteŶtial  tƌaŶsoǀaƌial  tƌaŶsŵissioŶ of soŵe Baďesia  speĐies. 

Estaďlished  tiĐk  ĐoloŶǇ ǁas  theŶ  ƌeaƌed  iŶ  glass  ďoǆes ǁith  aiƌ  huŵiditǇ  ~ϵϱ%  at  Ϯϲ°C  ĐoŶstaŶt 

teŵpeƌatuƌe aŶd photo‐peƌiod ϭϮh  light aŶd ϭϮh daƌk at  tiĐk ďƌeediŶg  faĐilitǇ of  the  IŶstitute of 

PaƌasitologǇ,  BiologǇ  CeŶtƌe  of  CA“,  CzeĐh  RepuďliĐ.  TiĐks  iŶ  all  stages  of  deǀelopŵeŶt  ;laƌǀae, 

ŶǇŵphs  aŶd  adultsͿ  ǁeƌe  used  iŶ  the  ƌeseaƌĐh;  speĐifiĐatioŶ  is  iŶĐluded  iŶ  eaĐh  eǆpeƌiŵeŶt 

desĐƌiptioŶ. 

B. diveƌgeŶs iŶ vitƌo ĐultiǀatioŶ 

B. diveƌgeŶs paƌasite ǁas isolated fƌoŵ ďoǀiŶe ďlood duƌiŶg the aĐute phases of ďaďesiosis as 

desĐƌiďed eaƌlieƌ [ϭϭϵ] aŶd ĐloŶed ďǇ liŵitiŶg dilutioŶ. B. diveƌgeŶs ǁas Đultiǀated ;ϯϳ°C, ϱ% COϮͿ iŶ 

a suspeŶsioŶ of ďoǀiŶe ƌed ďlood Đells ;fiŶal ĐoŶĐeŶtƌatioŶ ϭ.ϱ × ϭϬϵ Đells/ŵlͿ iŶ ĐultiǀatioŶ ŵediuŵ: 

RPMI  ϭϲϰϬ ŵediuŵ  ĐoŶtaiŶiŶg  L‐glutaŵiŶ  aŶd Ϯϱ ŵM Hepes  ;LoŶzaͿ ǁith  added  geŶtaŵiĐiŶ  ϱϬ 

µg/ŵl ;LoŶzaͿ, aŵphoteƌiĐiŶ B Ϭ.Ϯϱ µg/ŵl ;LoŶzaͿ aŶd ϮϬ% heat iŶaĐtiǀated ;ϱϲ°C, ϯϬ ŵiŶͿ foetal Đalf 

seƌuŵ ;FC“, LoŶzaͿ. BoǀiŶe ƌed ďlood Đells ǁeƌe oďtaiŶed fƌoŵ a paƌasite‐fƌee Đoǁ ;Đultuƌe testedͿ 

ďǇ  aseptiĐ ǁhole  ďlood  ĐolleĐtioŶ  fƌoŵ  iŶdooƌ  ďƌed  Đoǁs  iŶ  a  loĐal  slaughteƌ  house.  Blood ǁas 

ŵaŶuallǇ  defiďƌiŶated  aŶd  ϯ  × ǁashed  iŶ ǁashiŶg ŵediuŵ  ;ĐultiǀatioŶ ŵediuŵ ǁithout  FC“Ϳ  to 

ƌeŵoǀe ďuffǇ Đoat aŶd seƌuŵ, aŶd stoƌed at ϰ°C uŶtil use. IŶ all eǆpeƌiŵeŶts desĐƌiďed iŶ the thesis, 

the ĐloŶe B. diveƌgeŶs ϮϮϭϬA GϮ ;oƌigiŶ Côtes d'Aƌŵoƌ, FƌaŶĐeͿ ǁas used, uŶless otheƌǁise speĐified. 

Paƌasiteŵia of iŶ vitƌo Đultuƌe ǁas ŵoŶitoƌed usiŶg eƌǇthƌoĐǇtes sŵeaƌs staiŶed ďǇ Diff‐Quik “taiŶ 

“et ;“ieŵeŶsͿ; staiŶiŶg pƌoĐeduƌe ǁas peƌfoƌŵed aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs.  
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To  ĐƌǇopƌeseƌǀe  the  iŶ  vitƌo  Đultuƌe,  iŶfeĐted  ƌed ďlood  Đells  ;paƌasiteŵia  ~ϭϬ%Ϳ ǁeƌe  spuŶ 

doǁŶ ;ϮϬϬϬg, ϱ ŵiŶ, ϰ°CͿ aŶd the eƋuiǀaleŶt ǀoluŵe of FC“ ǁas added to pelleted Đells. The ŵiǆtuƌe 

ǁas theŶ ŵiǆed ǁith ϯϬ% glǇĐeƌol ;“igŵaͿ iŶ Alseǀeƌ’s “olutioŶ ;“igŵaͿ iŶ ƌatio Ϯ:ϭ, ƌespeĐtiǀelǇ aŶd 

afteƌ ϮϬ ŵiŶ iŶĐuďatioŶ at ϰ°C tƌaŶspoƌted iŶto liƋuid ŶitƌogeŶ. The de‐fƌeeziŶg pƌoĐeduƌe ĐoŶsisted 

of  ŵelted  saŵple  ǁashiŶg  ďǇ  ĐeŶtƌifugatioŶ  ;ϮϬϬϬg,  ϱ  ŵiŶ,  ϰ°CͿ  iŶ  ǁashiŶg  ŵediuŵ;  pelleted 

paƌasites ǁeƌe theŶ added iŶto the ďoǀiŶe eƌǇthƌoĐǇtes suspeŶsioŶ iŶ ĐultiǀatioŶ ŵediuŵ ;ϱϬ µl Đells 

aŶd Ϯ.ϱ ŵl ŵediaͿ.  

B. ŵiĐƌoti iŶ vivo ŵaiŶteŶaŶĐe 

B. ŵiĐƌoti ;FƌaŶĐaͿ  ReiĐheŶoǁ  ;PRA‐ϵϵ™Ϳ,  stƌaiŶ  PeaďodǇ ŵjƌ. ǁas  oďtaiŶed  fƌoŵ ATCC:  The 

Gloďaƌ  BioƌesouƌĐe CeŶteƌ  ;ǁǁǁ.atĐĐ.oƌgͿ.  Paƌasite ǁas ŵaiŶtaiŶed  iŶ  vivo  iŶ  laďoƌatoƌǇ BALB/Đ 

ŵiĐe aŶd passaged ƌoutiŶelǇ eǀeƌǇ tǁo ǁeeks ;the iŶteƌǀal ǁas set up ďased oŶ B. ŵiĐƌoti gƌoǁth 

Đuƌǀe deteĐtioŶ, see Paƌt IV.Ϳ; the ĐoŶtiŶuous loŶg‐teƌŵ iŶ vitƌo Đultuƌe of B. ŵiĐƌoti has Ŷot ďeeŶ 

iŶtƌoduĐed Ǉet. Passage of the iŶfeĐtioŶ iŶto Ŷaïǀe ŵiĐe ǁas peƌfoƌŵed ǀia iŶtƌapeƌitoŶeal iŶjeĐtioŶ 

of  iŶfeĐted ďlood ;ϭϱϬµl peƌ Ŷaïǀe ŵouseͿ oďtaiŶed ďǇ ĐaƌdiaĐ puŶĐtuƌe pƌoĐeduƌe of pƌeǀiouslǇ 

aŶesthetized  iŶfeĐted ŵiĐe. As aŶ aŶesthetiĐs, the ŵiǆtuƌe of ϱ% NaƌkaŵoŶ ;“pofaͿ, Ϯ% Roŵetaƌ 

;“pofaͿ aŶd ϭ× PB“ ;Phosphate Buffeƌed “aliŶe, pH ϳ.ϯͿ ǁas used iŶ ƌatio ϴ:Ϯ:ϭϬ, ƌespeĐtiǀelǇ. MiĐe 

ǁeƌe aŶesthetized ǀia iŶtƌapeƌitoŶeal iŶjeĐtioŶ ǁith the dose ϭϬϬ µl of aŶesthetiĐs peƌ ŵouse. The 

iŶfeĐted ďlood ǁas ĐolleĐted iŶto Đitƌate‐phosphate‐deǆtƌose solutioŶ ;“igŵa AldƌiĐhͿ iŶ ƌatio ϭϰ:ϭ, 

ƌespeĐtiǀelǇ to pƌeǀeŶt ĐoagulatioŶ. Paƌasiteŵia iŶ ŵiĐe ǁas ŵoŶitoƌed oŶ ďlood takeŶ fƌoŵ the tail, 

sŵeaƌed aŶd staiŶed ďǇ Diff‐Quik “taiŶ set; staiŶiŶg pƌoĐeduƌe folloǁed ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs.  

Paƌasites ĐƌǇopƌeseƌǀatioŶ ǁas peƌfoƌŵed ďǇ ŵiǆiŶg of iŶfeĐted ŵouse ďlood aŶd ϯϬ% glǇĐeƌol 

;“igŵaͿ  iŶ  Alseǀeƌ’s  “olutioŶ  ;“igŵaͿ  iŶ  ƌatio  Ϯ:ϭ  folloǁed  ďǇ ϮϬ ŵiŶ  iŶĐuďatioŶ  iŶ  ϰ°C  aŶd  fiŶal 

tƌaŶspoƌt iŶto the liƋuid ŶitƌogeŶ. The de‐fƌeeziŶg pƌoĐeduƌe iŶǀolǀed diƌeĐt iŶtƌapeƌitoŶeal iŶjeĐtioŶ 

of ŵelted saŵple ;~ϯϬϬ µlͿ iŶto Ŷaïǀe laďoƌatoƌǇ ŵouse. 

DNA eǆtƌaĐtioŶ 

DNA  ǁas  eǆtƌaĐted  usiŶg  NuĐleo“piŶ  Tissue  Kit  ;MaĐheƌeǇ‐NagelͿ  aĐĐoƌdiŶg  to  the 

ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs aŶd stoƌed at ϰ°C.  

RNA eǆtƌaĐtioŶ aŶd ĐDNA pƌepaƌatioŶ 

Total RNA fƌoŵ ǁhole tiĐk ďodies ǁas eǆtƌaĐted usiŶg NuĐleo“piŶ RNA II kit ;MaĐheƌeǇ‐NagelͿ 

aĐĐoƌdiŶg  to  the  ŵaŶufaĐtuƌeƌ's  iŶstƌuĐtioŶs.  RNA  ĐoŶĐeŶtƌatioŶ  aŶd  ƋualitǇ  ǁas  ǀeƌified 

speĐtƌoŵetƌiĐallǇ usiŶg NaŶoDƌop ;Theƌŵo “ĐieŶtifiĐͿ aŶd ϭ.ϱ% agaƌose ;“igŵaͿ gel usiŶg Ethidiuŵ 

Bƌoŵide. EǆtƌaĐted RNA ǁas ƌeǀeƌse‐tƌaŶsĐƌiďed iŶto ĐDNA usiŶg TƌaŶsĐƌiptoƌ High FidelitǇ ĐDNA 
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ĐoŶĐeŶtƌatioŶ ϱ Ŷg/ŵl iŶ Ϯ× ““C ďuffeƌͿ foƌ ϭϬ ŵiŶ at RT aŶd agaiŶ Ϯ × ǁashed ǁith Ϯ× ““C ďuffeƌ. 

Afteƌǁaƌds, saŵples ǁeƌe ŵouŶted oŶto glass slide usiŶg FluoƌoŵouŶt AƋueous MouŶtiŶg Mediuŵ 

;“igŵaͿ aŶd eǆaŵiŶed ďǇ ĐoŶfoĐal ŵiĐƌosĐope OlǇŵpus FWϭϬϬϬ uŶdeƌ  the ŵagŶifiĐatioŶ ϭϬϬ×  ‐ 

ϲϬϬϬ×. Photos ǁeƌe pƌoĐessed iŶ Fluoǀieǁ softǁaƌe ;FVϭϬ‐A“W, ǀeƌsioŶ ϭ.ϳͿ. 

TƌaŶsŵissioŶ eleĐtƌoŶ ŵiĐƌosĐopǇ ;TEMͿ 

DisseĐted saliǀaƌǇ glaŶds ;tiĐk feediŶg tiŵe poiŶts aƌe speĐified iŶ desĐƌiptioŶ of Fig. ϭϵͿ ǁeƌe 

fiǆed oǀeƌŶight  iŶ a ŵiǆtuƌe of ϰ% paƌafoƌŵaldehǇde ;“igŵaͿ aŶd Ϭ.ϭ% glutaƌaldehǇde ;“igŵaͿ  iŶ  

ϭ× PB“ pH ϳ.ϯ at ϰ°C. “uďseƋueŶtlǇ, tissues ǁeƌe ǁashed thƌee tiŵes foƌ ϭϬ ŵiŶ iŶ ǁashiŶg ďuffeƌ 

;ϰ% gluĐose ;“igŵaͿ iŶ ϭ× PB“, pH ϳ.ϯͿ aŶd dehǇdƌated usiŶg asĐeŶdiŶg ethaŶol dilutioŶs. DehǇdƌated 

saŵples ǁeƌe iŶfiltƌated iŶ LR White ƌesiŶ ;LoŶdoŶ ResiŶ CoŵpaŶǇͿ iŶ ƌatios of ƌesiŶ:ϵϱ% ethaŶol 

Ϯ:ϭ, ϭ:ϭ, ϭ:Ϯ ;ϭ.ϱ h eaĐh, ϰ°CͿ aŶd fiŶallǇ kept iŶ puƌe LR White ƌesiŶ oǀeƌŶight at ϰ°C. “aŵples ǁeƌe 

theŶ  tƌaŶsfeƌƌed  to  gelatiŶ  Đapsules  ;PolǇsĐieŶĐesͿ  aŶd  filled  ǁith  ƌesiŶ,  ǁhiĐh  ǁas  alloǁed  to 

polǇŵeƌize foƌ Ϯϰ h at ϱϬ°C. “aŵples ǁeƌe Đut to ultƌathiŶ seĐtioŶs ;ϵϬ ŶŵͿ, plaĐed oŶ Đoppeƌ gƌids, 

ĐoŶtƌasted usiŶg ethaŶoliĐ uƌaŶǇl aĐetate foƌ ϯϬ ŵiŶ aŶd lead Đitƌate ;“igŵaͿ foƌ ϮϬ ŵiŶ. TiĐk saliǀaƌǇ 

glaŶds ǁeƌe oďseƌǀed iŶ a JEOL ϭϬϭϬ tƌaŶsŵissioŶ eleĐtƌoŶ ŵiĐƌosĐope. 

“tatistiĐal aŶalǇses 

“tatistiĐs  ǁas  peƌfoƌŵed  iŶ  R  ;ǀeƌsioŶ  ϯ.ϰ.ϬͿ.  At  fiƌst,  ŶoƌŵalitǇ  of  dataset ǁas  tested ǁith 

Kolŵogoƌoǀ‐“ŵiƌŶoǀ  test  aŶd  the hoŵogeŶeitǇ of  ǀaƌiaŶĐes ǁas eǀaluated usiŶg Baƌtlett  test.  If 

passed,  the paƌaŵetƌiĐ  statistiĐal  tests ǁeƌe used  ;t‐test oƌ ANOVAͿ.  If  failed,  the datasets ǁeƌe 

aŶalǇzed  usiŶg  ŶoŶpaƌaŵetƌiĐ  ǀaƌiaŶts  ;MaŶŶ‐WhitŶeǇ  test  oƌ  Kƌuskal‐Walis  test,  ƌespeĐtiǀelǇͿ.  

The tests aƌe speĐified iŶ desĐƌiptioŶ of eaĐh peƌfoƌŵed eǆpeƌiŵeŶt ;see Paƌt III. aŶd Paƌt IVͿ. The 

gƌaphs ǁeƌe desigŶed iŶ GƌaphPad softǁaƌe ;ǀeƌsioŶ ϱͿ.  
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PuďliĐatioŶ ͞Validate oƌ falsifǇ: LessoŶs leaƌŶed fƌoŵ a ŵiĐƌosĐopǇ ŵethod Đlaiŵed to ďe useful foƌ 

deteĐtiŶg Boƌƌelia aŶd Baďesia oƌgaŶisŵs iŶ huŵaŶ ďlood͟ 

HuŵaŶ ďaďesiosis is a disease ǁith a gƌoǁiŶg iŶĐideŶĐe as appaƌeŶt fƌoŵ the ƌeĐeŶtlǇ desĐƌiďed 

ĐliŶiĐal Đases. Although the oǀeƌǁhelŵiŶg ŵajoƌitǇ of Baďesia Đaused diseases aƌe ƌepoƌted fƌoŵ 

UŶited  “tates  [ϱϱ],  ǁithiŶ  last  teŶ  Ǉeaƌs  the  seǀeƌe  ;aŶd  soŵetiŵes  fatalͿ  iŶfeĐtioŶs  ǁeƌe 

doĐuŵeŶted iŶ ŵaŶǇ of EuƌopeaŶ ĐouŶtƌies; e.g. FƌaŶĐe aŶd the Bƌitish Isles [ϭϮϳ], CzeĐh RepuďliĐ 

[ϴϮ], PolaŶd  [ϭϮϴ, ϭϮϵ], FiŶlaŶd  [ϭϯϬ],  “ǁedeŶ  [ϭϯϭ], NoƌǁaǇ  [ϭϯϮ],  ItalǇ  [ϲϳ], “ǁitzeƌlaŶd  [ϭϯϯ], 

Austƌia [ϲϳ], GeƌŵaŶǇ [ϲϴ], Poƌtugal [ϭϯϰ] aŶd MoŶteŶegƌo [ϭϯϱ]. Neǀeƌtheless, the seƌopƌeǀaleŶĐe 

studies  suggested  that  eǆists  a  laƌge  pƌopoƌtioŶ  of  asǇŵptoŵatiĐ  iŶfeĐtioŶs  [ϭϮϳ].  IŶ  geŶeƌal, 

ďaďesiosis does Ŷot eǆhiďit easilǇ ƌeĐogŶized ĐliŶiĐal sigŶs, aŶd thus diagŶostiĐs is ĐhalleŶgiŶg [ϲ, ϭϯ, 

ϱϱ,  ϳϬ].  A  defiŶitiǀe  diagŶosis  is  geŶeƌallǇ  deteƌŵiŶed  ďǇ ŵiĐƌosĐopiĐal  eǆaŵiŶatioŶ  of  Gieŵsa‐

staiŶed thiŶ ďlood sŵeaƌs [ϱϲ, ϱϵ, ϲϱ, ϳϬ] ďut at loǁ paƌasiteŵia leǀels the paƌasite ideŶtifiĐatioŶ is 

laďoƌious,  ǁith  iŶĐƌeased  ƌisk  of  paƌasite  oǀeƌsight  [ϭϯϲ,  ϭϯϳ].  Moƌeoǀeƌ,  the  ŵoƌphologiĐal 

appeaƌaŶĐe  of  Baďesia  iŶtƌa‐eƌǇthƌoĐǇtiĐ  foƌŵs  ĐaŶ  ďe  soŵetiŵes  uŶdistiŶguishaďle  fƌoŵ  the 

staiŶiŶg aƌtefaĐts oƌ Đould ďe ŵisiŶteƌpƌeted as Plasŵodiuŵ iŶfeĐtioŶ. The PCR ƌepƌeseŶts a ŵoƌe 

seŶsitiǀe  ideŶtifiĐatioŶ  tool  ďut  it  stƌoŶglǇ  depeŶds  oŶ  the  oligoŶuĐleotides  used  foƌ  paƌasite 

ŵoleĐulaƌ deteĐtioŶ; the ŵethod Đould faĐe the pƌoďleŵ to Đoǀeƌ all poteŶtial paƌasite geŶospeĐies 

[ϭϯϴ]. 

Theƌefoƌe, ǁe paƌtiĐipated iŶ the studǇ dƌiǀeŶ ďǇ DepaƌtŵeŶt of BaĐteƌiologǇ aŶd IŵŵuŶologǇ, 

NoƌǁegiaŶ IŶstitute of PuďliĐ Health, Oslo, NoƌǁaǇ iŶ oƌdeƌ to eǀaluate ŵiĐƌosĐopǇ as diagŶostiĐs 

tool  foƌ  Baďesia  ;aŶd  BoƌƌeliaͿ  aŶd  ǀeƌifǇ  the  ŵiĐƌosĐopǇ  ƌesults  ďǇ  ƌeliaďle  PCR  ŵethod.  The 

puďliĐatioŶ  ;pages ϱϯ‐ϲϯͿ  ĐoŶfiƌŵed  that ŵiĐƌosĐopǇ Đould  falsifǇ  the diagŶosis ďeĐause  staiŶiŶg 

aƌtefaĐts ǁeƌe ofteŶ ŵisiŶteƌpƌeted as Baďesia  iŶfeĐtioŶ. Thus, the defiŶitiǀe diagŶosis of huŵaŶ 

ďaďesiosis should iŶĐlude the ŵoleĐulaƌ deteĐtioŶ ďǇ PCR ďut ƌigoƌous pƌeĐautioŶs aƌe ƌeƋuiƌed to 

aǀoid false‐Ŷegatiǀe oƌ false‐positiǀe ƌesults. I ǁas iŶǀolǀed iŶ Baďesia spp. deteĐtioŶ iŶ the huŵaŶ 

ďlood saŵples.  
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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.

ARTICLE HISTORY

Received 7 August 2015
Revised 5 January 2016
Accepted 18 January 2016
Published online 15 February
2016

KEYWORDS

Lyme disease; Lyme
borreliosis; babesiosis;
Borrelia burgdorferi sensu
lato; Babesia spp.;
microscopy; PCR

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.

INFECTIOUS DISEASES 5

57



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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AppeŶdiǆ to puďliĐatioŶ ͞Validate oƌ falsifǇ: LessoŶs leaƌŶed fƌoŵ a ŵiĐƌosĐopǇ ŵethod Đlaiŵed to 

ďe useful foƌ deteĐtiŶg Boƌƌelia aŶd Baďesia oƌgaŶisŵs iŶ huŵaŶ ďlood͟ 

Foƌ the studǇ, ǁe used Ŷested PCR ŵethod ďased oŶ ideŶtifiĐatioŶ of Baďesia spp. ϭϴs geŶe 

[ϭϭϲ]. The seŶsitiǀitǇ of teĐhŶiƋue ǁas eǀaluated usiŶg B. ŵiĐƌoti iŶfeĐted ŵouse ďlood ;Fig. ϱͿ. The 

deteĐtioŶ  liŵit  ǁas  deteƌŵiŶed  of  ϭϮ  iŶfeĐted  eƌǇthƌoĐǇtes  iŶ  the  PCR  ƌeaĐtioŶ  ;ϯ  ×  ϭϬ‐ϱ  % 

paƌasiteŵiaͿ.  Moƌeoǀeƌ,  the  ŵethod  deteĐts  ǁide  speĐtƌuŵ  of  Baďesia  speĐies  aŶd  folloǁiŶg 

seƋueŶĐiŶg of PCR aŵpliĐoŶ alloǁs paƌasite speĐies ideŶtifiĐatioŶ; ǁe suĐĐessfullǇ distiŶguished the 

ŵost ĐoŵŵoŶ ageŶts of huŵaŶ ďaďesiosis, B. diveƌgeŶs, B. veŶatoƌuŵ aŶd B. ŵiĐƌoti.  

 
Figuƌe  ϱ.  The  seŶsitiǀitǇ  of  the  teĐhŶiƋue  used  foƌ  ƌoutiŶe  Baďesia  spp.  deteĐtioŶ.  The ŵouse  ďlood  ǁith 
paƌasiteŵia Ϭ.Ϭϯ% ǁas pƌoĐeeded ϭϬfold seƌies dilutioŶ ;iŶ uŶiŶfeĐted ŵouse ďloodͿ aŶd eǆtƌaĐted DNA ǁas 
aŶalǇzed ďǇ PCR usiŶg the pƌiŵeƌs foƌ ϭϴS geŶe. NC = Ŷegatiǀe ĐoŶtƌol. PC = positiǀe ĐoŶtƌol.  
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PART III. EstaďlishŵeŶt of Baďesia diveƌgeŶs laďoƌatoƌǇ 
ŵodel aŶd its eǆpeƌiŵeŶtal appliĐatioŶ 

Paƌt III. is suŵŵaƌiziŶg eǆpeƌiŵeŶts peƌfoƌŵed iŶ oƌdeƌ to iŶtƌoduĐe Đoŵplete laďoƌatoƌǇ ŵodel of 

B. diveƌgeŶs. Although ǁe did Ŷot estaďlish the Đoŵplete B. diveƌgeŶs laďoƌatoƌǇ ĐǇĐle, ǁe ƌepoƌt 

heƌe the ĐoŶduĐted eǆpeƌiŵeŶts ;uŶpuďlishedͿ aŶd iŶĐlude oŶe puďliĐatioŶ eluĐidatiŶg the seǆual 

ĐoŵŵitŵeŶt  of  B.  diveƌgeŶs.  Moƌeoǀeƌ,  the  optiŵized  teĐhŶiƋues  eŶaďled  us  to  folloǁ  a  Ŷeǁ 

diƌeĐtioŶ of B. diveƌgeŶs ƌeseaƌĐh, desĐƌiďed iŶ the ŵaŶusĐƌipt iŶ pƌepaƌatioŶ ͞ValidatioŶ of Baďesia 

pƌoteasoŵe as a dƌug taƌget͟.  

IŶ this paƌt, tǁo ƌeseaƌĐh puďliĐatioŶs aƌe iŶĐluded, oŶe puďlished [ϭϭϴ] aŶd oŶe iŶ pƌepaƌatioŶ: 

JaloǀeĐka M, BoŶseƌgeŶt C, Hajdusek O, KopaĐek P, MalaŶdƌiŶ L. “tiŵulatioŶ aŶd ƋuaŶtifiĐatioŶ of 
Baďesia  diveƌgeŶs  gaŵetoĐǇtogeŶesis.  Paƌasit  VeĐtoƌs.  ϮϬϭϲ;ϵ;ϭͿ:ϰϯϵ.  doi:  ϭϬ.ϭϭϴϲ/sϭϯϬϳϭ‐Ϭϭϲ‐
ϭϳϯϭ‐Ǉ. PuďMed PMID: ϮϳϱϬϮϳϳϮ; PuďMed CeŶtƌal PMCID: PMCPMCϰϵϳϳϴϵϴ. 

JaloǀeĐka M, HaƌtŵaŶŶ D, O’DoŶoghue AJ, KopaĐek P, Hajdusek O., “ojka D. ValidatioŶ of Baďesia 
pƌoteasoŵe as a dƌug taƌget. IŶ pƌepaƌatioŶ.  
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Baďesia diveƌgeŶs: iŶtƌoduĐtioŶ to the pƌoďleŵatiĐs 

Based oŶ  the ŵost  ƌeĐeŶt phǇlogeŶetiĐ  aŶalǇses, B.  diveƌgeŶs ďeloŶgs  to  the Baďesia seŶsu 

stƌiĐto  Đlade/gƌoup  ǁhiĐh  ƌefeƌs  to  the  ŵoŶophǇletiĐ  gƌoup  ĐhaƌaĐteƌized  of  tƌaŶsoǀaƌial 

tƌaŶsŵissioŶ iŶ tiĐks aŶd ŵultipliĐatioŶ eǆĐlusiǀelǇ iŶ eƌǇthƌoĐǇtes of the ǀeƌteďƌate host [ϱ, ϭϮ, ϭϴ‐

ϮϬ]. ReĐeŶtlǇ, B. diveƌgeŶs ǁas seƋueŶĐed ǁith Ŷo sigŶifiĐaŶt diffeƌeŶĐes iŶ size oƌ stƌuĐtuƌe fƌoŵ 

the otheƌ speĐies of Baďesia seŶsu stƌiĐto gƌoup, B. ďovis aŶd B. ďigeŵiŶa [ϭϯϵ‐ϭϰϭ]; the geŶoŵe 

size ǀaƌied fƌoŵ ~ϵ to ~ϭϭ.ϱ Mďp depeŶdiŶg oŶ the B. diveƌgeŶs stƌaiŶs [ϭϯϵ, ϭϰϬ].  

The life ĐǇĐle as ǁell as ultƌastƌuĐtuƌe of B. diveƌgeŶs is ŶeaƌlǇ ideŶtiĐal to otheƌ speĐies fƌoŵ 

the Baďesia seŶsu stƌiĐto gƌoup [ϭϮ]. The Ŷatuƌal tƌaŶsŵissioŶ ĐǇĐle ;Fig. ϲͿ Đoŵpƌises Đattle as the 

ŵaŵŵaliaŶ host aŶd Iǆodes tiĐks as ǀeĐtoƌs. AĐtuallǇ, the Đattle is ĐoŶsideƌed as the ƌeseƌǀoiƌ host 

foƌ B. diveƌgeŶs [ϱϳ] ǁheƌe the aseǆual ƌepƌoduĐtioŶ oĐĐuƌs. AŵoŶg aseǆual stages, the fiƌst seǆual 

stages – gaŵetoĐǇtes – oĐĐuƌ iŶ the host eƌǇthƌoĐǇtes [ϭϭϴ, ϭϰϮ, ϭϰϯ] aŶd fuƌtheƌ deǀelop iŶ the tiĐk 

gut luŵeŶ iŶto gaŵetes, ƌefeƌƌed as ƌaǇ ďodies [ϱϰ, ϭϰϯ]. Gaŵetes theŶ fuse aŶd giǀe ƌise to a zǇgote 

ǁhiĐh is diffeƌeŶtiatiŶg iŶto kiŶetes [ϱϰ]. Foƌ B. diveƌgeŶs, Ŷo postzǇgotiĐ ŵeiosis ǁas desĐƌiďed ďut 

it is assuŵed that B. diveƌgeŶs uŶdeƌgoes postzǇgotiĐ deǀelopŵeŶt as otheƌ speĐies fƌoŵ the gƌoup 

Baďesia seŶsu stƌiĐto [ϱϯ]. KiŶetes ŵigƌate to the haeŵolǇŵph aŶd aƌe spƌead thƌough the tiĐk ďodǇ 

iŶǀadiŶg tiĐk iŶteƌŶal oƌgaŶs; foƌ ŶǇŵphal tiĐk the iŶǀasioŶ of saliǀaƌǇ glaŶds aŶd folloǁiŶg spoƌogoŶǇ 

ǁas doĐuŵeŶted [ϱϰ]. The tƌaŶsoǀaƌial tƌaŶsŵissioŶ of B. diveƌgeŶs ǁas pƌeǀiouslǇ ƌepoƌted [ϭϰϰ‐

ϭϰϳ]. Theƌefoƌe, the paƌasite kiŶetes had to iŶǀaded the oǀaƌǇ of adult feŵales aŶd fullǇ ŵatuƌed 

spoƌozoites likelǇ deǀeloped siŶĐe the ƌesultiŶg laƌǀae ǁeƌe iŶfeĐtious to the host [ϭϰϰ].  

 

 
Figuƌe  ϲ. B.  diveƌgeŶs  tƌaŶsŵissioŶ  ĐǇĐle.  Natuƌal  tƌaŶsŵissioŶ  ĐǇĐle  of B.  diveƌgeŶs  iŶǀolǀes  Đattle  as  the 
ƌeseƌǀoiƌ hosts aŶd I. ƌiĐiŶus tiĐks as ǀeĐtoƌs. Paƌasites iŶ ďoǀiŶe ƌed ďlood Đells aƌe takeŶ‐up ǁithiŶ the ďlood 
ŵeal of  adult  tiĐk  feŵale, ǁheƌe  theǇ uŶdeƌgo seǆual  ƌepƌoduĐtioŶ aŶd  iŶǀade  tiĐk  iŶteƌŶal  tissues of  tiĐk 
iŶĐludiŶg oǀaƌǇ leadiŶg to the tƌaŶsoǀaƌial tƌaŶsŵissioŶ iŶto the laƌǀae. TheŶ paƌasite tƌaŶsŵit tƌaŶsstadiallǇ 
to  ŶǇŵphs  aŶd  adults.  Adult  feŵale  theŶ  usuallǇ  spƌead  the  iŶfeĐtioŶ  iŶto  the  Ŷaïǀe  Đattle  duƌiŶg  the 
eŶgoƌgeŵeŶt. Adapted fƌoŵ [ϭ].  
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As  otheƌ  Baďesia  speĐies,  B.  diveƌgeŶs  iŶ  host  eƌǇthƌoĐǇtes  uŶdeƌgoes  asǇŶĐhƌoŶous 

ŵultipliĐatioŶ ƌesultiŶg iŶ the pƌeseŶĐe of ǀaƌious aseǆual stages iŶ ďloodstƌeaŵ at the saŵe tiŵe 

[ϱϳ, ϲϱ].  The  tƌophozoites  aƌe  ƌouŶd oƌ oǀal,  ĐoŵŵoŶlǇ  Đalled  the  ƌiŶg  stages.  The  tƌophozoites 

ŵoƌph iŶto ŵeƌozoites of tǇpiĐal piƌifoƌŵ shape. Meƌozoites oĐĐuƌ iŶ Đlusteƌs of tǁo oƌ fouƌ; the fouƌ 

ŵeƌozoites  iŶ  oŶe  Đell  aƌe  ĐoŶstituted  iŶto  foƌŵ  of  tetƌads  Ŷaŵed  Maltese  Đƌoss  [ϭϰϴ].  

The foƌŵatioŶ of Maltese Đƌoss is uŶiƋue to Baďesia aŶd seƌǀes as distiŶguishiŶg featuƌe. The size 

aŶd positioŶ of tƌophozoites aŶd ŵeƌozoites aƌe usuallǇ depeŶdeŶt oŶ the host speĐies aŶd iŶ vivo 

oƌ  iŶ  vitƌo  ŵaiŶteŶaŶĐe  [ϱϳ,  ϭϰϵ‐ϭϱϮ].  To  date,  ultƌastƌuĐtuƌal  studies  of  B.  diveƌgeŶs  ǁeƌe 

peƌfoƌŵed just foƌ stage of ŵeƌozoites [ϭϱϯ, ϭϱϰ] aŶd Ŷo sigŶifiĐaŶt diffeƌeŶĐes ǁeƌe oďseƌǀed iŶ 

ĐoŵpaƌisoŶ ǁith otheƌ speĐies of the Baďesia seŶsu stƌiĐto gƌoup [ϯϴ, ϭϱϱ, ϭϱϲ].  

 

 
Figuƌe ϳ. B. diveƌgeŶs iŶ ďoǀiŶe eƌǇthƌoĐǇtes Đultiǀated iŶ vitƌo. “ŵeaƌ ǁas staiŶed usiŶg DiffQuik staiŶiŶg set. 
M = ŵeƌozoites. MT = ŵeƌozoites Đlusteƌed iŶto a tetƌad. T = tƌophozoites. 

 

CuƌƌeŶtlǇ, epideŵiologiĐal suƌǀeǇs haǀe doĐuŵeŶted the pƌeseŶĐe of B. diveƌgeŶs thƌoughout 

ǀaƌious EuƌopeaŶ ĐouŶtƌies, deteƌŵiŶed ďǇ the ǁide distƌiďutioŶ of the tiĐk ǀeĐtoƌ, I. ƌiĐiŶus [ϰ, ϭϲ, 

ϱϳ, ϲϮ, ϭϱϳ, ϭϱϴ]. All thƌee life tiĐk stages appeaƌ to ďe a ĐoŵpeteŶt ǀeĐtoƌ of B. diveƌgeŶs [ϱϳ, ϭϱϳ]. 

Based oŶ feediŶg pƌefeƌeŶĐes, the laƌǀae shoǁ liŵited iŵpoƌtaŶĐe iŶ the ďaďesiosis epideŵiologǇ 

ĐoŶtƌaƌǇ  to  ŶǇŵphs  aŶd  adults;  paƌtiĐulaƌlǇ  adult  stages  aƌe  ďelieǀed  to  aĐƋuiƌe  iŶfeĐtioŶ  [ϭϱϵ]. 

B.  diveƌgeŶs  is  ŵaiŶtaiŶed  iŶ  the  eŶǀiƌoŶŵeŶt  paƌtiĐulaƌlǇ  ďǇ  Đattle  pƌeǀiouslǇ  ƌeĐoǀeƌed  fƌoŵ 

disease oƌ ĐaƌƌǇiŶg suďĐliŶiĐal iŶfeĐtioŶ [ϱϳ]. The iŶĐideŶĐe of B. diveƌgeŶs iŶ tiĐk’s ǀeĐtoƌs iŶĐƌeases 

ŶotaďlǇ  iŶ  aƌeas  ǁith  Đattle  ďƌeediŶg  iŶ  Euƌope  ;L.  MalaŶdƌiŶ,  oƌal  ĐoŵŵuŶiĐatioŶͿ.  The  Đattle 

ƌepƌeseŶt the ƌeseƌǀoiƌ host of B. diveƌgeŶs. BoǀiŶe ďaďesiosis Đaused ďǇ B. diveƌgeŶs is ĐoŶsideƌed 

as uŶdeƌestiŵated aŶd eĐoŶoŵiĐallǇ iŵpoƌtaŶt thƌeat foƌ ĐuƌƌeŶt liǀestoĐk iŶdustƌǇ iŶ Euƌope [ϰ, ϱϳ, 
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ϲϮ] aŶd Đauses seǀeƌe epideŵiĐs iŶ Đattle, ǁheƌe the ŵoƌtalitǇ of uŶtƌeated Đases ŵaǇ ƌeaĐh high 

Ŷuŵďeƌs [ϱϳ]. 

Coŵpaƌed  to  otheƌ  ďoǀiŶe  Baďesia  speĐies  ;plaĐed  iŶ  Baďesia  seŶsu  stƌiĐto  gƌoup  [ϭϮ]Ϳ,  

B.  diveƌgeŶs  iŶfeĐtioŶ ǁas  ƌepoƌted  iŶ  a  ďƌoadeƌ  speĐtƌuŵ  of  hosts.  Disease  ǁas ŵaŶifested  iŶ 

spleŶeĐtoŵised  pƌiŵates  [ϭϲϬ],  spleŶeĐtoŵised  ŵoufloŶ  aŶd  ǀaƌious  deeƌ  speĐies  [ϭϲϭ],  aŶd 

spleŶeĐtoŵised sheep [ϭϲϮ] as ǁell as  iŶ  iŶtaĐt ƌeiŶdeeƌ [ϭϲϯ] aŶd sheep [ϭϲϰ]. Hoǁeǀeƌ, ƌeĐeŶt 

desĐƌiptioŶ  of  B.  veŶatoƌuŵ  ;also  ƌepoƌted  as  Baďesia  sp.  EUϭͿ  is  ƌaisiŶg  ƋuestioŶ  aďout  the 

ĐoƌƌeĐtŶess of pƌeǀious studies. B. veŶatoƌuŵ diffeƌs fƌoŵ B. diveƌgeŶs ďǇ host speĐifiĐitǇ ;aŵoŶg 

otheƌsͿ. CuƌƌeŶt kŶoǁledge attƌiďute Đeƌǀids ;CeƌvidaeͿ as the ƌeseƌǀoiƌ hosts of oŶlǇ B. veŶatoƌuŵ 

[ϴϴ‐ϵϮ], aŶd Đattle ;Bos tauƌusͿ aƌe ďelieǀed to ďe the oŶlǇ ͞tƌue͟ host of B. diveƌgeŶs [ϭϲϰ].  

B. diveƌgeŶs ďeloŶgs to the speĐies easilǇ Đultiǀated iŶ vitƌo [ϭϭϵ, ϭϲϱ] ǁheƌe it eǆhiďits loǁ host 

speĐifiĐitǇ to ďlood Đells. The ŵaiŶteŶaŶĐe of the paƌasite ǁas suĐĐessfullǇ adapted iŶ ďoǀiŶe [ϭϭϵ, 

ϭϲϱ],  huŵaŶ  [ϭϱϯ,  ϭϲϲ],  ƌat  [ϭϲϳ],  hoƌse  [ϭϱϬ]  aŶd  sheep  [ϭϱϬ,  ϭϲϮ]  eƌǇthƌoĐǇtes.  Moƌeoǀeƌ,  

a Ŷuŵďeƌ of eǆpeƌiŵeŶts ǁeƌe atteŵpted iŶ oƌdeƌ to estaďlish B. diveƌgeŶs iŶ the laďoƌatoƌǇ aŶiŵals. 

CoŵŵoŶ laďoƌatoƌǇ hosts like ƌaďďits [ϭϲϬ], ŵiĐe, haŵsteƌs oƌ ƌats [ϭϲϴ, ϭϲϵ] ǁeƌe Ŷot susĐeptiďle 

to  the  iŶfeĐtioŶ,  although  the  iŶfeĐtioŶ  ĐaŶ  fulŵiŶate  iŶ  spleŶeĐtoŵised  ƌats  [ϭϱϮ].  The  oŶlǇ 

laďoƌatoƌǇ aŶiŵal fouŶd to ďe fullǇ susĐeptiďle ;ǁhetheƌ spleŶeĐtoŵised oƌ iŶtaĐtͿ is the MoŶgoliaŶ 

geƌďil ;MeƌioŶes uŶguiĐulatusͿ [ϭϳϬ] ďut the ĐoŵpletelǇ ĐoŶtƌolled tƌaŶsŵissioŶ ŵodel Baďesia ‐ tiĐk 

‐  geƌďil  has  Ŷot  Ǉet  ďeeŶ  iŶtƌoduĐed.  Yet,  the  tƌaŶsŵissioŶ  of B.  diveƌgeŶs  fƌoŵ  eǆpeƌiŵeŶtallǇ 

iŶfeĐted geƌďil to the tiĐk I. ƌiĐiŶus ǁas ĐoŶfiƌŵed [ϱϰ] aŶd aŶotheƌ studǇ ƌepoƌted the iŶfeĐtioŶ of 

spleŶeĐtoŵised geƌďils ďǇ I. ƌiĐiŶus laƌǀae, hatĐhed fƌoŵ eggs laid ďǇ adult feŵales pƌeǀiouslǇ fed oŶ 

the iŶfeĐted Đalf [ϭϰϰ]. 

 

IŶ oƌdeƌ to estaďlish the tƌaŶsŵissioŶ ŵodel of B. diveƌgeŶs, ǁe ĐoŶduĐted seǀeƌal eǆpeƌiŵeŶts 

to ƌeaĐh the paƌasite aĐƋuisitioŶ ďǇ I. ƌiĐiŶus tiĐks. Heƌe ǁe suŵŵaƌize the oďtaiŶed data aŶd eǆplaiŶ 

ǁhǇ the Đoŵplete B. diveƌgeŶs laďoƌatoƌǇ ĐǇĐle Đould Ŷot ďe iŶtƌoduĐed.  
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B. diveƌgeŶs iŶfeĐtioŶ of MoŶgoliaŶ geƌďils aŶd tiĐk feediŶg  

AŶ eǀitaďle issue of tƌaŶsŵissioŶ ŵodel estaďlishŵeŶt ǁas to seleĐt the suitaďle aŶd aĐĐessiďle 

laďoƌatoƌǇ host  foƌ B. diveƌgeŶs ďeĐause Đattle as aŶ eǆpeƌiŵeŶtal aŶiŵal possess adŵiŶistƌatiǀe 

ĐoŵpliĐatioŶ.  “iŶĐe  the MoŶgoliaŶ  geƌďil  ;MeƌioŶes  uŶguiĐulatusͿ  has  ďeeŶ  fouŶd  to  ďe  a  fullǇ 

susĐeptiďle  laďoƌatoƌǇ  aŶiŵal  to B.  diveƌgeŶs  iŶfeĐtioŶ  [ϭϳϬ], ǁe peƌfoƌŵed  seǀeƌal  atteŵpts  to 

estaďlish the iŶfeĐtioŶ of B. diveƌgeŶs iŶ geƌďils aŶd staŶdaƌdize the Đouƌse of iŶfeĐtioŶ. Geƌďils kept 

iŶ laďoƌatoƌǇ ĐoŶditioŶs ǁeƌe iŶtƌapeƌitoŶeallǇ ;i.p.Ϳ iŶfeĐted ǁith ϭϱϬ µl dose of B. diveƌgeŶs iŶ vitƌo 

Đultuƌe  at  a  ϭϬ%  paƌasiteŵia  peƌ  aŶiŵal.  Although  ǁe ŵaŶaged  suĐĐessful  geƌďil  iŶfeĐtioŶ,  ǁe 

oďseƌǀed  ĐoŶsideƌaďle  diffeƌeŶĐes  iŶ  gƌoǁth  Đuƌǀes  of  B.  diveƌgeŶs  iŶ  geƌďil  ďlood  stƌeaŵ  aŶd 

ŵaǆiŵuŵ paƌasiteŵia appeaƌed. It ǁas pƌeǀiouslǇ ƌepoƌted that ŵaŶǇ faĐtoƌs ;e.g. paƌasite dose oƌ 

geƌďil ageͿ Đould iŶflueŶĐe the deǀelopŵeŶt of the B. diveƌgeŶs iŶfeĐtioŶ [ϱϳ, ϭϰϰ, ϭϱϭ, ϭϳϬ]. Thus, 

ǁe used aŶiŵals of diffeƌeŶt age aŶd seǆ ďut Ŷo iŶfeĐtioŶ staŶdaƌdizatioŶ ǁas ƌeaĐhed ;Fig. ϴͿ. We 

oďseƌǀed that soŵe eǆpeƌiŵeŶtal aŶiŵals possessed ǀeƌǇ high paƌasiteŵia ǁithiŶ oŶe ǁeek afteƌ 

iŶfeĐtioŶ ďut it ǁas ŶeĐessaƌǇ to euthaŶize the aŶiŵals ƌegaƌdiŶg theiƌ health ĐoŶditioŶ. IŶ additioŶ, 

aďout  oŶe  thiƌd  of  eǆpeƌiŵeŶtal  aŶiŵals  appeaƌed  to  ďe  ƌesistaŶt,  Ŷo  paƌasite  ŵultipliĐatioŶ 

oĐĐuƌƌed  iŶ theiƌ ďloodstƌeaŵ. The poteŶtial eǆplaŶatioŶ of suĐh ƌesults ĐaŶ ďe attƌiďuted to the 

geŶetiĐ heteƌogeŶeitǇ of the eǆpeƌiŵeŶtal geƌďils despite the assuŵed ͞ďottleŶeĐk͟ of aŶiŵals ďƌed 

iŶ laďoƌatoƌǇ ĐoŶditioŶs. 
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Figuƌe ϴ. B. diveƌgeŶs iŶfeĐtioŶ of MoŶgoliaŶ geƌďils ;MeƌioŶes uŶguiĐulatusͿ. Geƌďil feŵales ;AͿ aŶd ŵales ;BͿ 
ǁeƌe iŶtƌapeƌitoŶeallǇ iŶfeĐted ǁith the saŵe dose of paƌasites ;ϭϱϬµl of iŶ vitƌo Đultuƌe ǁith ϭϬ% paƌasiteŵia 
peƌ aŶiŵalͿ. The Đouƌse of iŶfeĐtioŶ ǁas ŵoŶitoƌed dailǇ fƌoŵ ϭ DPI up to ϳ DPI. “ŵeaƌs ǁeƌe staiŶed usiŶg 
DiffQuik staiŶiŶg set, paƌasiteŵia ǁas ĐouŶted at ϭϬϬϬ RBCs. The legeŶd ƌefleĐts the age of the eǆpeƌiŵeŶtal 
aŶiŵals ;ϭŵ = ϭ ŵoŶthͿ. Mu = MeƌioŶes uŶguiĐulatus. = euthaŶasia  of eǆpeƌiŵeŶtal aŶiŵals. DPI = daǇs 
post iŶfeĐtioŶ. RBCs = ƌed ďlood Đells. 

 

Despite  these  ĐoŵpliĐatioŶs,  ǁe  Đaƌƌied  out  Ŷuŵeƌous  atteŵpts  to  iŶfeĐt  ŶǇŵphal  tiĐks. 

Although ǁe oďtaiŶed fullǇ eŶgoƌged ŶǇŵphs, the  iŶfeĐtioŶ ǁas Ŷot  tƌaŶsstadiallǇ tƌaŶsŵitted to 

adults. To date, the aĐƋuisitioŶ of B. diveƌgeŶs ďǇ ŶǇŵphal tiĐks fed oŶ geƌďils ǁas ĐoŶfiƌŵed oŶlǇ ďǇ 

DNA ŵeasuƌeŵeŶts [ϱϰ]. The studǇ desĐƌiďed the paƌasite seǆual deǀelopŵeŶt folloǁed ďǇ kiŶetes 
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iŶǀasioŶ  to  saliǀaƌǇ  glaŶds  ďut  Ŷo  tƌaŶsstadial  tƌaŶsŵissioŶ.  The  poteŶtial  ƌeasoŶ  of  suĐh 

pheŶoŵeŶoŶ  ĐaŶ  ďe  attƌiďuted  to  iŶĐoŵpeteŶĐe  of  ŶǇŵphal  tiĐks  to  aĐƋuiƌe  aŶd  tƌaŶsŵit  the 

paƌasite. It is ďelieǀed that Ŷatuƌal tƌaŶsŵissioŶ of B. diveƌgeŶs oĐĐuƌs ǀia the feediŶg of adult stages 

of  tiĐks  oŶ  iŶfeĐted  host  aŶd  suďseƋueŶt  tƌaŶsoǀaƌial  tƌaŶsŵissioŶ  to  laƌǀae.  The  suĐĐessful  

B. diveƌgeŶs tƌaŶsŵissioŶ ǀia laƌǀal pƌogeŶǇ ǁas pƌeǀiouslǇ ƌepoƌted usiŶg adult I. ƌiĐiŶus feŵales fed 

oŶ iŶfeĐted spleŶeĐtoŵised Đalǀes [ϭϰϰ, ϭϰϲ, ϭϰϳ] ďut oŶlǇ oŶe studǇ doĐuŵeŶted the tƌaŶsŵissioŶ 

of B.  diveƌgeŶs  to  the  geƌďil  ǀia  laƌǀae  feediŶg  [ϭϰϰ]. We atteŵpted  seǀeƌal  tiŵes  to  feed  adult  

I. ƌiĐiŶus feŵales oŶ iŶfeĐted geƌďil ďut ǁe Đould Ŷot ƌeaĐh fullǇ eŶgoƌgeŵeŶt; the disĐƌepaŶĐǇ of  

B.  diveƌgeŶs  iŶfeĐtiǀitǇ  aŶd  ŵultipliĐatioŶ  still  peƌsisted.  Based  oŶ  oďseƌǀed  ĐoŵpliĐatioŶs,  ǁe 

deĐided to use aƌtifiĐial feediŶg [ϭϮϲ] of tiĐk feŵales diƌeĐtlǇ oŶ  iŶ vitƌo Đultuƌe of B. diveƌgeŶs  iŶ 

ďoǀiŶe eƌǇthƌoĐǇtes.  

 

IŵpleŵeŶtatioŶ of iŶ vitƌo feediŶg teĐhŶiƋue foƌ tiĐk iŶfeĐtioŶ ǁith B. diveƌgeŶs 

AƌtifiĐial feediŶg teĐhŶiƋue takes adǀaŶtages of liǀe aŶiŵal ƌeplaĐeŵeŶt ďǇ iŶ vitƌo Đultuƌe usiŶg 

eitheƌ a siliĐoŶe ŵeŵďƌaŶe [ϭϮϲ] oƌ the skiŶ of ƌaďďit oƌ geƌďil [ϭϰϱ, ϭϳϭ]. TiĐk aƌtifiĐial feediŶg had 

ďeeŶ pƌeǀiouslǇ  used  foƌ  a  suĐĐessful  aĐƋuisitioŶ of B.  diveƌgeŶs  paƌasitized ďoǀiŶe eƌǇthƌoĐǇtes 

Đultiǀated  iŶ  vitƌo  iŶto  the  I.  ƌiĐiŶus  tiĐk  feŵales  ďut  the  tƌaŶsŵissioŶ  ĐǇĐle ǁas  Ŷot  Đoŵpleted; 

feediŶg of iŶfeĐted laƌǀae oŶ geƌďils did Ŷot ƌesulted iŶ host iŶfeĐtioŶ [ϭϰϱ]. “iŶĐe the iŶ vitƌo feediŶg 

of  tiĐks  aĐĐoƌdiŶg  Kƌöďeƌ  aŶd  GueƌiŶ  [ϭϮϲ]  ǁas  alƌeadǇ  iŵpleŵeŶted  iŶ  ouƌ  laďoƌatoƌǇ  ďǇ  ŵǇ 

Đolleague ;J. PeƌŶeƌ,  IŶstitute of PaƌasitologǇ, BiologǇ CeŶtƌe of CA“, CzeĐh RepuďliĐ; Fig. ϵAͿ, ǁe 

adapted  the  teĐhŶiƋue  foƌ  aƌtifiĐial  iŶfeĐtioŶ  of  adult  I.  ƌiĐiŶus  feŵales  oŶ B.  diveƌgeŶs  iŶfeĐted 

eƌǇthƌoĐǇtes.  

Adult feŵale tiĐks ;ďƌed iŶ laďoƌatoƌǇ ĐoŶditioŶsͿ ǁeƌe fed oŶ B. diveƌgeŶs  iŶ vitƌo Đultuƌe of 

ďoǀiŶe eƌǇthƌoĐǇtes iŶ ĐultiǀatioŶ ŵediuŵ ;speĐified iŶ the Paƌt II.Ϳ. UŶfoƌtuŶatelǇ, iŶ this Đase the 

tiĐks ǁeƌe Ŷot aďle to fullǇ eŶgoƌge ;Fig. ϵBͿ. “uďseƋueŶtlǇ ǁe ƌeplaĐed the Đultuƌe ďǇ full ďoǀiŶe 

ďlood  eŶƌiĐhed  ǁith  B.  diveƌgeŶs  iŶfeĐted  ƌed  ďlood  Đells  ;oďtaiŶed  fƌoŵ  iŶ  vitƌo  ĐultuƌeͿ.  We 

ƌeĐeiǀed  fullǇ  eŶgoƌged  tiĐk  feŵales  ;Fig.  ϵCͿ  aŶd  iŶ  theiƌ  oƌgaŶs  ǁe  assessed  the  pƌeseŶĐe  of  

B. diveƌgeŶs DNA usiŶg Ŷested PCR ǁith pƌiŵeƌs foƌ ϭϴS geŶe ;Taď. ϭͿ. At fiƌst, ǁe did Ŷot deteĐt aŶǇ 

paƌasite DNA iŶ tiĐk oƌgaŶs eǆĐept ŵidgut ;data Ŷot shoǁŶͿ; the positiǀe paƌasite deteĐtioŶ iŶ ŵidgut 

is giǀeŶ ďǇ aĐƋuisitioŶ of iŶtƌa‐eƌǇthƌoĐǇtiĐ aseǆual stages ďǇ the ďlood ŵeal. The Ŷegatiǀe deteĐtioŶ 

of paƌasite DNA iŶ tiĐk oǀaƌies aŶd saliǀaƌǇ glaŶds iŵplied the iŶĐoŵpeteŶĐe of paƌasite to deǀeloped 

seǆuallǇ  aŶd  fuƌtheƌ  iŶǀade  the  tiĐk  iŶteƌŶal  tissues.  The paƌasite  seǆual  ƌepƌoduĐtioŶ  iŶ  the  tiĐk 

ŵidgut is goǀeƌŶed ďǇ gaŵetoĐǇtes, iŶtƌa‐eƌǇthƌoĐǇtiĐ seǆual stages iŵpeƌatiǀe foƌ tiĐk iŶfeĐtioŶ [ϯ, 

ϯϵ, ϰϲ, ϭϳϮ]. We hǇpothesized that paƌasite loŶg‐teƌŵ iŶ vitƌo ŵaiŶteŶaŶĐe diŵiŶished the paƌasite 

ĐoŵpeteŶĐe  to  pƌoduĐe  gaŵetoĐǇtes,  as  it  ǁas  pƌeǀiouslǇ  ƌepoƌted  foƌ  Plasŵodiuŵ  [ϭϳϯ]. 
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Theƌefoƌe,  ǁe  ǀeƌified  the  gaŵetoĐǇtes  pƌoduĐtioŶ  iŶ  the  iŶ  vitƌo  Đultuƌed  paƌasite  usiŶg  the 

pƌeǀiouslǇ  desĐƌiďed  aŶd  ǀalidated ŵoleĐulaƌ  ŵaƌkeƌs  foƌ B.  diveƌgeŶs  gaŵetoĐǇtes  [ϭϰϮ,  ϭϰϯ].  

The aŶalǇsis ĐoŶfiƌŵed that the paƌasite lost the aďilitǇ of seǆual ĐoŵŵitŵeŶt duƌiŶg the loŶg teƌŵ 

iŶ vitƌo ĐultiǀatioŶ [ϭϭϴ], aŶd thus it ĐaŶŶot iŶfeĐt the tiĐk.  

 

 

Figuƌe ϵ.  IŵpleŵeŶtatioŶ of  iŶ vitƌo  feediŶg  teĐhŶiƋue  foƌ  tiĐk  iŶfeĐtioŶ ǁith B. diveƌgeŶs.  ;AͿ  IllustƌatioŶ of 
feediŶg uŶit ǁith  siliĐoŶe ŵeŵďƌaŶe.  I.  ƌiĐiŶus  feŵales  feediŶg oŶ B. diveƌgeŶs  iŶ  vitƌo  Đultuƌe  ;BͿ  aŶd oŶ 
iŶfeĐted full ďoǀiŶe ďlood ;CͿ. Photos ǁeƌe takeŶ oŶ ϳth daǇ of ĐoŶtiŶuous tiĐk feediŶg oŶ Đultuƌe oƌ ďlood ǁith 
ϭϬ% paƌasiteŵia. IŶ vitƌo Đultuƌe oƌ iŶfeĐted ďlood ǁeƌe ĐhaŶged eaĐh ϴ houƌs. ;DͿ B. diveƌgeŶs DNA deteĐtioŶ 
iŶ iŶteƌŶal oƌgaŶs of fullǇ eŶgoƌged tiĐks aƌtifiĐiallǇ fed oŶ eitheƌ healthǇ oƌ iŶfeĐted ďoǀiŶe ďlood iŶĐludiŶg 
deteĐtioŶ of I. ƌiĐiŶus DNA as ĐoŶtƌol. OV = oǀaƌia. “G = saliǀaƌǇ glaŶds. MG = ŵidgut.  

 

With  ƌespeĐt  to  this  ƌesult,  ǁe  ĐoŶduĐted  the  aƌtifiĐial  feediŶg  of  tiĐk  feŵales  usiŶg  the  

B.  diveƌgeŶs  stƌaiŶ  ǁith  ǀeƌified  gaŵetoĐǇtes  pƌoduĐtioŶ.  We  ĐoŶfiƌŵed  paƌasites  DNA  iŶ  all 

eǆaŵiŶed oƌgaŶs ;oǀaƌia, saliǀaƌǇ glaŶds aŶd ŵidgutͿ iŶ tiĐks fed oŶ iŶfeĐted ďlood ;Fig. ϵDͿ iŵplǇiŶg 

the suĐĐessful tiĐk iŶfeĐtioŶ. Yet, the ĐoŶtaŵiŶatioŶ of tissues ďǇ iŶfeĐted ďlood ŵeal duƌiŶg the tiĐk 

disseĐtioŶ ŵust ďe adŵitted. UŶfoƌtuŶatelǇ, the tiĐks kept foƌ laƌǀae hatĐhiŶg did Ŷot suƌǀiǀed. TiĐk 

feŵales laid oŶlǇ feǁ eggs aŶd Ŷo laƌǀae ǁeƌe hatĐhed. The oďtaiŶed eggs did Ŷot ĐoŶtaiŶ paƌasite 

DNA ďut it ǁas pƌeǀiouslǇ suggested that the fiƌst eggs iŶ the ĐlutĐh aƌe usuallǇ paƌasite‐fƌee due to 

the  leŶgth of seǆual deǀelopŵeŶt of paƌasite  iŶ the tiĐk  iŶteƌŶal tissues aŶd the pƌogƌess of eggs 

deǀelopŵeŶt  ;L.  MalaŶdƌiŶ,  oƌal  ĐoŵŵuŶiĐatioŶͿ.  We  hǇpothesized  that  the  loǁeƌiŶg  of  the 

paƌasiteŵia Đould help siŶĐe the high ŵoƌtalitǇ ŵaǇ ƌepƌeseŶt a sigŶ of tiĐk feŵale iŶfeĐtioŶ ďeĐause 

tiĐks fed oŶ Ŷo‐paƌasitized ďlood laid the staŶdaƌd aŵouŶts of eggs. IŶ spite of seǀeƌal atteŵpts to 

loǁeƌ the paƌasite load iŶ the tiĐk ďlood ŵeal, tiĐks still died pƌioƌ oƌ shoƌtlǇ afteƌ ďegiŶŶiŶg of eggs 

laǇiŶg.  Thus,  ǁe  had  to  ĐoŶĐlude  that  estaďlishŵeŶt  of  B.  diveƌgeŶs  tƌaŶsŵissioŶ  ĐǇĐle  iŶ  the 

laďoƌatoƌǇ  ĐoŶditioŶs  ƌepƌeseŶts  ǀeƌǇ diffiĐult  task.  This  faĐt  is  suppoƌted ďǇ  the  laĐk  of  studies, 
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although  the  B.  diveƌgeŶs  ŵaiŶteŶaŶĐe  iŶ  iŶ  vitƌo  Đultuƌe  is  feasiďle  [ϭϭϵ,  ϭϳϰ].  Moƌeoǀeƌ,  the 

authoƌs of the oŶlǇ studǇ ƌepoƌtiŶg the tƌaŶsstadial aŶd tƌaŶsoǀaƌial tƌaŶsŵissioŶ of B. diveƌgeŶs ďǇ 

I. ƌiĐiŶus aƌtifiĐiallǇ fed tiĐks did Ŷot doĐuŵeŶted the liǀiŶg paƌasite stages aŶd Ŷeǀeƌ suĐĐeeded to 

fiŶalize the ĐǇĐle ďǇ the host iŶfeĐtioŶ [ϭϰϱ] .  

 

Based oŶ the pƌeǀiouslǇ desĐƌiďed ƌesults, ǁe deĐided to sǁitĐh the Baďesia speĐies to B. ŵiĐƌoti 

iŶ oƌdeƌ to folloǁ the aiŵ of ŵǇ doĐtoƌal thesis – the estaďlishŵeŶt of Baďesia laďoƌatoƌǇ ĐǇĐle to 

studǇ  a  ŵutual  iŵŵuŶe  iŶteƌaĐtioŶ  ďetǁeeŶ  the  paƌasite  aŶd  the  tiĐk  ǀeĐtoƌ.  The  ƌesults  aƌe 

thoƌoughlǇ desĐƌiďed aŶd disĐussed iŶ Paƌt IV.  
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PuďliĐatioŶ ͞“tiŵulatioŶ aŶd ƋuaŶtifiĐatioŶ of Baďesia diveƌgeŶs gaŵetoĐǇtogeŶesis͟ 

The puďliĐatioŶ ;pages ϳϰ‐ϵϬͿ is foĐused oŶ B. diveƌgeŶs seǆual ĐoŵŵitŵeŶt ǁhiĐh is still pooƌlǇ 

uŶdeƌstood paƌt of paƌasite deǀelopŵeŶtal  ĐǇĐle. DuƌiŶg  the optiŵizatioŶ pƌoĐeduƌe  iŶ oƌdeƌ  to 

estaďlish B. diveƌgeŶs laďoƌatoƌǇ ĐǇĐle ǁe ƌealized the gƌeat sigŶifiĐaŶĐe of B. diveƌgeŶs seǆual stages 

– gaŵetoĐǇtes – aŶ esseŶtial pƌeƌeƋuisite to iŶfeĐt tiĐks. TakiŶg adǀaŶtage of pƌeǀiouslǇ desĐƌiďed 

aŶd  ǀalidated  ŵoleĐulaƌ  ŵaƌkeƌs  foƌ  B.  diveƌgeŶs  gaŵetoĐǇtes  [ϭϰϮ,  ϭϰϯ]  –  fiƌst  seǆual  stages 

oĐĐuƌƌiŶg iŶ the ďlood stƌeaŵ of ǀeƌteďƌate host – ǁe estaďlished a teĐhŶiƋue foƌ the ƋuaŶtifiĐatioŶ 

of B. diveƌgeŶs gaŵetoĐǇtes iŶ Đultuƌes iŶ vitƌo. UsiŶg this teĐhŶiƋue, ǁe doĐuŵeŶted that paƌasite 

ĐoŵpeteŶĐe to of seǆual ĐoŵŵitŵeŶt gƌaduallǇ deĐƌease duƌiŶg the loŶg‐teƌŵ ĐultiǀatioŶ aŶd ĐaŶ 

ďe lost afteƌ seǀeƌal Ǉeaƌs of iŶ vitƌo ŵaiŶteŶaŶĐe. We also ŵoŶitoƌed the kiŶetiĐs of paƌasite seǆual 

ĐoŵŵitŵeŶt  upoŶ  the  ǀaƌious  stiŵuli  iŶ  oƌdeƌ  to  ideŶtifǇ  iŶĐeŶtiǀes  sigŶifiĐaŶtlǇ  iŶĐƌeasiŶg  the 

gaŵetoĐǇteŵia,  aŶd  thus  iŶĐƌease  the  paƌasite  tƌaŶsŵissioŶ  effiĐieŶĐǇ.  The  ƌeseaƌĐh  pƌoǀided 

iŶsight iŶto B. diveƌgeŶs seǆual deǀelopŵeŶt aŶd has the poteŶtial to faĐilitate fuƌtheƌ ƌeseaƌĐh iŶ 

the field of Baďesia‐tiĐk iŶteƌaĐtioŶs. 
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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
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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 1: Table S1. List of B. divergens strains used in this study

(a – gene polymorphism analysis, b – analysis of expression of bdccp

genes). (DOC 37 kb)

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

threshold, R2 = correlation coefficient. (PDF 181 kb)

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. (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

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. (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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AppeŶdiǆ to puďliĐatioŶ ͞“tiŵulatioŶ aŶd ƋuaŶtifiĐatioŶ of Baďesia diveƌgeŶs gaŵetoĐǇtogeŶesis͟ 

IŶitiallǇ, ǁe iŶteŶded to ǀisualize B. diveƌgeŶs gaŵetoĐǇtes ďeĐause the ĐoŵŵitŵeŶt to seǆual 

ŵatuƌatioŶ alƌeadǇ oĐĐuƌs iŶ the ďlood stƌeaŵ of the ǀeƌteďƌate host [ϭϲ, ϭϳϱ]. UŶlike Plasŵodiuŵ, 

Baďesia  gaŵetoĐǇtes  aƌe  haƌdlǇ  distiŶguishaďle  fƌoŵ  otheƌ  aseǆual  stages,  ŵeƌozoites  aŶd 

tƌophozoites. To date, oŶlǇ laďoƌious eleĐtƌoŶ ŵiĐƌosĐopǇ ƌepƌeseŶts the ŵost ƌeliaďle teĐhŶiƋue to 

studǇ Baďesia seǆual stages, as ǁas doĐuŵeŶted foƌ B. ďigeŵiŶa aŶd B. ŵiĐƌoti [ϰϲ, ϭϳϲ]. UsiŶg light 

ŵiĐƌosĐopǇ, supposed seǆual stages ǁeƌe iŶsiŶuated oŶlǇ foƌ B. ďigeŵiŶa afteƌ stiŵulatioŶ [ϰϱ, ϭϳϳ]. 

IŶ oƌdeƌ to ǀisualize B. diveƌgeŶs gaŵetoĐǇtes iŶ ďoǀiŶe ƌed ďlood Đells, ǁe iŶtƌoduĐed aŶd optiŵized 

the teĐhŶiƋue of fluoƌesĐeŶĐe  iŶ situ hǇďƌidizatioŶ ;FI“HͿ taƌgetiŶg to ŵRNA of ďdĐĐpϮ geŶe. The 

ǀisualizatioŶ ďased oŶ ŵRNA staiŶiŶg ƌesulted fƌoŵ the Ŷatuƌal ďehaǀiouƌ of ďdĐĐp geŶes, ǁhiĐh aƌe 

tƌaŶslated  eǆĐlusiǀelǇ  iŶ  the  eŶǀiƌoŶŵeŶt  of  tiĐk  ŵidgut  luŵeŶ  [ϭϰϮ,  ϭϰϯ].  Yet,  although  ǁe 

suĐĐeeded ǁith the estaďlishŵeŶt of a Ŷeǁ ŵethod iŶ Baďesia spp. ƌeseaƌĐh ;Fig. ϭϬͿ, ǁe ǁeƌe Ŷot 

aďle to ƌeliaďlǇ distiŶguish gaŵetoĐǇtes iŶ paƌasitized iŶ vitƌo Đultiǀated ďoǀiŶe ƌed ďlood Đells. Based 

oŶ  disĐussioŶ  ǁith  dƌ.  JuaŶ  MosƋueda,  studǇiŶg  B.  ďigeŵiŶa  gaŵeĐǇtogeŶesis  [ϭϳϳ],  ǁe 

hǇpothesizes that the ŵRNA aďuŶdaŶĐe of gaŵetoĐǇtes is ǀeƌǇ loǁ iŶ vitƌo Đultuƌes, ǁhiĐh Đoƌƌelates 

ǁith pƌeǀious oďseƌǀatioŶs [ϰϱ, ϭϳϳ]. Due to Ŷegatiǀe ǀisualizatioŶ of B. diveƌgeŶs gaŵetoĐǇtes the 

teĐhŶiƋue  ǁas  Ŷot  iŶĐluded  iŶ  the  puďliĐatioŶ  ďut  ǁe  use  it  iŶ  the  fuƌtheƌ  ƌeseaƌĐh  ǁith  ǀeƌǇ 

pƌoŵisiŶg ƌesults ;see Paƌt IV., Fig. ϭϱͿ.  

 

 
Figuƌe  ϭϬ.  B.  diveƌgeŶs  iŶ  ďoǀiŶe  eƌǇthƌoĐǇtes  staiŶed  ďǇ  fluoƌesĐeŶĐe  iŶ  situ  hǇďƌidizatioŶ  ;FI“HͿ.  The  
B. diveƌgeŶs paƌasitized ďoǀiŶe ƌed ďlood Đells uŶdeƌǁeŶt the staiŶiŶg pƌoĐeduƌe ďǇ Aleǆa ϰϴϴ laďeled pƌoďes 
speĐifiĐ to paƌasites ƌRNA ;A, CͿ ;ϭϴS; gƌeeŶ Đoloƌ; the staiŶiŶg pƌoĐeduƌe is desĐƌiďed iŶ Paƌt II.; the pƌoďes 
seƋueŶĐes aƌe speĐified iŶ Paƌt II., Taď. ϮͿ. NuĐlei of Đells ;ďlue ĐoloƌͿ ǁeƌe staiŶed ďǇ DAPI ;B, CͿ ;ϰ',ϲ‐diaŵidiŶ‐
Ϯ‐feŶǇliŶdolͿ.  Afteƌ  the  staiŶiŶg  pƌoĐeduƌe,  the  saŵples ǁeƌe  eǆaŵiŶed  ďǇ  ĐoŶfoĐal ŵiĐƌosĐope OlǇŵpus 
FWϭϬϬϬ uŶdeƌ  the ŵagŶifiĐatioŶ  ϭϬϬ×  ‐  ϲϬϬϬ×.  Photos ǁeƌe  pƌoĐessed  iŶ  Fluoǀieǁ  softǁaƌe  ;FVϭϬ‐A“W, 
ǀeƌsioŶ ϭ.ϳͿ. ;AͿ B. diveƌgeŶs ďlood stages staiŶed ďǇ ϭϴ“ ƌRNA taƌgetiŶg pƌoďes. ;BͿ Cells ŶuĐlei staiŶiŶg ďǇ 
DAPI. ;CͿ Meƌged piĐtuƌe.  
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MaŶusĐƌipt iŶ pƌepaƌatioŶ ͞ValidatioŶ of Baďesia pƌoteasoŵe as a dƌug taƌget͟ 

As ŵeŶtioŶed pƌeǀiouslǇ, ďaďesiosis is aŶ eŵeƌgiŶg disease ǁith gƌeat ǀeteƌiŶaƌǇ aŶd ŵediĐal 

iŵpaĐt [ϰ‐ϲ]. Despite the gƌoǁiŶg  iŶĐideŶĐe of Baďesia‐Đaused diseases, the speĐifiĐ aŶti‐ďaďesial 

theƌapeutiĐ ageŶts aƌe used oŶlǇ iŶ ǀeteƌiŶaƌǇ ŵediĐiŶe [ϭϳϴ]. HuŵaŶ ďaďesiosis is usuallǇ tƌeated 

ďǇ aŶti‐ŵalaƌial aŶd aŶti‐ďaĐteƌial dƌugs [ϲ] ďut these dƌugs aƌe usuallǇ assoĐiated ǁith ŵajoƌ side 

effeĐts  aŶd  eǀeŶ  dƌug  failuƌe  due  to  iŶĐƌease  of  ƌesistaŶt  paƌasites  [ϳϯ,  ϭϳϴ,  ϭϳϵ].  Thus,  the 

deǀelopŵeŶt of Ŷeǁ aŶti‐ďaďesial dƌugs ǁith loǁ toǆiĐitǇ is highlǇ desiƌaďle.  

CuƌƌeŶtlǇ, gƌeat atteŶtioŶ is paid to ƌeĐeŶtlǇ doĐuŵeŶted aŶti‐paƌasitiĐ effiĐaĐǇ of pƌoteasoŵe 

iŶhiďitoƌs [ϭϴϬ‐ϭϴϳ]. Pƌoteasoŵe is laƌge ŵulti‐ĐoŵpoŶeŶt pƌoteiŶ Đoŵpleǆ iŶǀolǀed iŶ ƌegulatioŶ 

of ŵaŶǇ Đellulaƌ pƌoĐesses [ϭϴϴ] aŶd eǆhiďit a ǀital iŵpoƌtaŶĐe foƌ the deǀelopŵeŶt aŶd suƌǀiǀal of 

paƌasitiĐ oƌgaŶisŵs [ϭϴϲ]. Dƌugs fƌoŵ the faŵilǇ of pƌoteasoŵe iŶhiďitoƌs ǁeƌe ƌeĐeŶtlǇ ƌepoƌted as 

poǁeƌful stƌategǇ foƌ ŵalaƌia, leishŵaŶiosis, sleepiŶg siĐkŶess aŶd Chagas disease tƌeatŵeŶt ǁith a 

ƌeŵaƌkaďle loǁ toǆiĐitǇ to ŵaŵŵaliaŶ hosts [ϭϴϬ‐ϭϴϱ]. 

Theƌefoƌe, ǁe took aŶ adǀaŶtage of pƌeǀiouslǇ estaďlished B. diveƌgeŶs iŶ vitƌo Đultuƌes iŶ ouƌ 

laďoƌatoƌǇ  aŶd  ĐoŶduĐted  the  pƌiŵaƌǇ  sĐƌeeŶiŶg  oŶ  effeĐt  of  seleĐted  ĐoŵŵeƌĐiallǇ  aǀailaďle 

ĐoŵpouŶds taƌgetiŶg ďaďesial pƌoteasoŵe. Ouƌ ƌesults, thoƌoughlǇ desĐƌiďed iŶ the ŵaŶusĐƌipt iŶ 

pƌepaƌatioŶ  ;pages ϵϯ‐ϭϬϴͿ,  ǀalidated  the pƌoteasoŵe  iŶhiďitoƌs  as poteŶtial  ǀiaďle  aŶti‐ďaďesial 

dƌugs aŶd offeƌ a pƌoŵise as Ŷeǆt‐geŶeƌatioŶ of aŶti‐ďaďesial ageŶts.  
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PART  IV.  EstaďlishŵeŶt  of  Baďesia  ŵiĐƌoti  laďoƌatoƌǇ 
ŵodel aŶd its eǆpeƌiŵeŶtal appliĐatioŶ 
 

Paƌt  IV.  is  suŵŵaƌiziŶg  all  eǆpeƌiŵeŶts  peƌfoƌŵed  iŶ  oƌdeƌ  to  iŶtƌoduĐe  Đoŵplete  laďoƌatoƌǇ 

ŵodel;sͿ of B. ŵiĐƌoti ;Chapteƌ ϭ. EstaďlishŵeŶt of B. ŵiĐƌoti laďoƌatoƌǇ ŵodelͿ. “uďseƋueŶtlǇ, the 

estaďlished ŵodel ǁas used to iŶǀestigate the iŵŵuŶe iŶteƌaĐtioŶs ďetǁeeŶ B. ŵiĐƌoti aŶd I. ƌiĐiŶus 

tiĐks  ;Chapteƌ  Ϯ.  EffeĐt  of  tiĐk  iŵŵuŶe  geŶes  oŶ B. ŵiĐƌoti  aĐƋuisitioŶͿ.  The  oďtaiŶed  ƌesults  aƌe 

thoƌoughlǇ desĐƌiďed aŶd disĐussed to poiŶt out theiƌ iŶteƌest foƌ the sĐieŶtifiĐ ĐoŵŵuŶitǇ.  

 

IŶ  this  paƌt,  Ŷo  puďliĐatioŶ  is  iŶĐluded ďut  the  desĐƌiďed data  seƌǀe  as  esseŶtial  ďaĐkgƌouŶd  foƌ 

iŶteŶded puďliĐatioŶ;sͿ oŶĐe the eǆpeƌiŵeŶts aƌe Đoŵpleted. At the eŶd of this paƌt, the additioŶal 

eǆpeƌiŵeŶts aƌe iŶdiĐated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The paƌt of oďtaiŶed data ǁas peƌfoƌŵed ǁith the help of ŵǇ ŵasteƌ studeŶt Jiƌi TAPAL aŶd ǁeƌe used foƌ his 
ŵasteƌ thesis: Tapal J.,  ;ϮϬϭϲͿ: OptiŵalizaĐe přeŶosoǀĠho ŵodelu Baďesia ŵiĐƌoti  [OptiŵizatioŶ of Baďesia 
ŵiĐƌoti tƌaŶsŵissioŶ ŵodel. Mgƌ. Thesis, iŶ CzeĐh] – ϱϵ p., FaĐultǇ of “ĐieŶĐe, UŶiǀeƌsitǇ of “outh Boheŵia, 
Ceske BudejoǀiĐe, CzeĐh RepuďliĐ. “iŶĐe the eǆpeƌiŵeŶts  listed iŶ the Jiƌi’s ŵasteƌ thesis ǁeƌe desigŶed to 
Đoŵplete ŵǇ doĐtoƌal ƌeseaƌĐh aŶd ǁeƌe oďtaiŶed uŶdeƌ ŵǇ supeƌǀisioŶ, I iŶĐlude theŵ to ŵǇ doĐtoƌal thesis. 
The eǆpeƌiŵeŶts aƌe ŵaƌked ďǇ aŶ asteƌisk ;*Ϳ. 
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Baďesia ŵiĐƌoti: iŶtƌoduĐtioŶ to the pƌoďleŵatiĐs 

PhǇlogeŶetiĐallǇ, B. ŵiĐƌoti  is positioŶed oŶ the ďasis of the oƌdeƌ Piƌoplasŵida aŶd togetheƌ 

ǁith B. ŵiĐƌoti‐like speĐies ;Đlassified as Theileƌia aŶŶae oƌ, the ŵost ƌeĐeŶtlǇ, B. vulpes [ϭϭϱ]Ϳ aŶd 

B. ƌhodaiŶi foƌŵs oŶe Đlade/gƌoup [ϱ, ϭϮ, ϭϴ‐ϮϬ]. The Ŷuŵeƌous aŶalǇses displaǇed the high distaŶĐe 

aŶd diǀeƌgeŶĐe of the B. ŵiĐƌoti Đlade fƌoŵ the otheƌ piƌoplasŵs [ϭϮ], giǀeŶ ďǇ aŶ eaƌlǇ tiŵe poiŶt 

of  its  deǀiatioŶ.  IŶteƌestiŶglǇ,  the B. ŵiĐƌoti  Đlade  Đoŵpƌises  ǀeƌǇ  high  diǀeƌsitǇ  of  hosts  speĐies 

ǁoƌldǁide [Ϯϵ, ϰϭ, ϭϭϱ]. Fƌoŵ the ŵoleĐulaƌ poiŶt of ǀieǁ, B. ŵiĐƌoti is uŶiƋue foƌ its ŵitoĐhoŶdƌial 

geŶoŵe stƌuĐtuƌe. UŶlike otheƌ ApiĐoŵpleǆa, the ŵitoĐhoŶdƌial geŶoŵe of B. ŵiĐƌoti is ĐiƌĐulaƌ [ϭϴϵ, 

ϭϵϬ]. B. ŵiĐƌoti possesses the sŵallest geŶoŵe aŵoŶg the ApiĐoŵpleǆaŶ speĐies. It ĐoŶsists iŶ thƌee 

Đhƌoŵosoŵes eŶĐodiŶg ∼ϯϱϬϬ polǇpeptides aŶd sizes ∼ϲ.ϱ Mďp ;aďout ϮϬ% sŵalleƌ Đoŵpaƌed to 

alƌeadǇ seƋueŶĐed geŶoŵes of otheƌ piƌoplasŵsͿ [ϭϴϵ].  

B. ŵiĐƌoti also diffeƌs fƌoŵ Baďesia seŶsu stƌiĐto speĐies ultƌastƌuĐtuƌallǇ. The ŵeƌozoites laĐk 

seǀeƌal  oƌgaŶelles  like  a  ĐoŶoid,  polaƌ  ƌiŶgs  aŶd ŵiĐƌotuďules.  IŶtƌa‐eƌǇthƌoĐǇtiĐ ŵeƌozoites  aƌe 

shaped iƌƌegulaƌlǇ aŶd possess Ŷuŵeƌous iŶǀagiŶatioŶs, pseudopods, tǁistiŶg aŶd ĐoiliŶg [ϰϬ]. The 

ĐǇĐle laĐks the tƌaŶsoǀaƌial tƌaŶsŵissioŶ aŶd oŶlǇ tƌaŶsstadial tƌaŶsŵissioŶ oĐĐuƌs iŶ the B. ŵiĐƌoti 

ĐǇĐle  [ϵϰ,  ϭϵϭ‐ϭϵϯ].  The  pƌiŵaƌǇ  ƌoute  of  paƌasite  tƌaŶsŵissioŶ  ;Fig.  ϭϭͿ  Đoŵpƌises  laƌǀal  tiĐks 

iŶgestiŶg ďlood ŵeal fƌoŵ aŶ iŶfeĐted ƌodeŶt ƌeseƌǀoiƌ. IŶ the tiĐk gut luŵeŶ, paƌasite uŶdeƌgoes  

a seǆual ƌepƌoduĐtioŶ ďǇ gaŵetes fusioŶ [ϰϲ, ϰϳ]. )Ǉgote theŶ peŶetƌates the peƌitƌophiĐ ŵatƌiǆ [ϱϬ] 

to  iŶǀade gut epithelial  Đells  [ϰϵ]. Heƌe  it ŵultiplies  aŶd  ƌesultiŶg  kiŶetes  aƌe ďelieǀed  to  spƌead 

thƌough tiĐk tissues like ŶephƌoĐǇtes aŶd saliǀaƌǇ glaŶds [ϭϵϰ]. Afteƌ laƌǀae feediŶg the ŵoltiŶg to 

ŶǇŵphs  oĐĐuƌs.  “poƌogoŶǇ  iŶ  saliǀaƌǇ  glaŶds  staƌts  afteƌ  ŶǇŵphs  attaĐhŵeŶt  to  the  ĐoŶseƋueŶt 

Ŷaïǀe host [ϱϮ], iŶ Ŷatuƌal ĐoŶditioŶs ƌepƌeseŶted ďǇ a ƌodeŶt. B. ŵiĐƌoti fullǇ ŵatuƌed spoƌozoites 

afteƌ ϰϴh of tiĐk eŶgoƌgeŵeŶt [ϰϴ, ϱϮ, ϭϵϱ, ϭϵϲ], ƌeadǇ to iŶfeĐt the ǀeƌteďƌate host aŶd ƌepƌoduĐe 

aseǆuallǇ iŶ its ƌed ďlood Đells [ϭϵϳ, ϭϵϴ].  

The host ƌaŶge of B. ŵiĐƌoti Ŷatuƌal ƌeseƌǀoiƌs Đoŵpƌises paƌtiĐulaƌlǇ ƌodeŶts [ϰϭ]. A pƌiŵaƌǇ 

ƌeseƌǀoiƌ host iŶ U“A is ƌepƌeseŶted ďǇ ǁhite‐footed ŵouse ;PeƌoŵǇsĐus leuĐopusͿ [ϭϵϵ], kŶoǁŶ to 

tƌaŶsŵit  the  paƌasite  iŶto  the  tiĐks  [ϮϬϬ].  Field  suƌǀeǇs  estiŵate  that  ~ϰϬ%  of  these  ŵiĐe  aƌe  

B. ŵiĐƌoti  iŶfeĐted  [ϭϵϵ,  ϮϬϭ]  aŶd  the  highest  ƌeseƌǀoiƌ  ĐoŵpeteŶĐe  ;aǀeƌage  of  Ϯϵ.ϱ%  of  tiĐks 

ďeĐaŵe  iŶfeĐtedͿ  is  attƌiďuted  to  theŵ  [ϰϭ].  PuƌsuaŶt  to  the  seƌopƌeǀaleŶĐe  the ŵeadoǁ  ǀoles 

;MiĐƌotus  peŶŶsǇlvaŶiĐusͿ  has  ďeeŶ  estaďlished  as  aŶotheƌ  ƌeseƌǀoiƌ  host  [ϮϬϮ],  although  less 

aďuŶdaŶt.  IŶ  U“A,  B.  ŵiĐƌoti  iŶfeĐtioŶs  ǁeƌe  ƌepoƌted  also  iŶ  the  shƌeǁs  [ϮϬϯ],  ƌaďďits  aŶd 

ĐhipŵuŶks [ϭϵϵ], ƌaĐooŶs [ϮϬϰ] aŶd foǆes [ϮϬϱ]. AŵoŶg these, the highest ƌeseƌǀoiƌ ĐoŵpeteŶĐe 

ǁas defiŶed foƌ shoƌt‐tailed shƌeǁs ;BlaƌiŶa ďƌeviĐaudaͿ, aŶd EasteƌŶ ĐhipŵuŶks ;Taŵias stƌiatusͿ 

;Ϯϭ.ϵ% aŶd ϭϳ.ϲ% iŶfeĐted tiĐks, ƌespeĐtiǀelǇͿ [ϰϭ]. IŶ Euƌope, the otheƌ geŶeƌa of ŵiĐe ;Apodeŵus 

flaviĐollis, Apodeŵus sǇlvatiĐus, Mus spp.Ϳ, shƌeǁ ;Soƌeǆ aƌaŶeusͿ, ǀoles ;MiĐƌotus agƌestis, MǇodes 
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glaƌeolusͿ  aŶd  ƌaĐĐooŶ  dogs  ;NǇĐteƌeutes  pƌoĐǇoŶoidesͿ  has  ďeeŶ  ƌepoƌted  as B. ŵiĐƌoti  Ŷatuƌal 

hosts. M. glaƌeolus is ĐoŶsideƌed as a pƌiŵaƌǇ B. ŵiĐƌoti ƌeseƌǀoiƌ iŶ the EuƌopeaŶ ĐouŶtƌies [ϵϱ, ϵϳ, 

ϮϬϲ‐Ϯϭϱ]. B. ŵiĐƌoti is also distƌiďuted iŶ ǀaƌious ƌodeŶts iŶ Asia, paƌtiĐulaƌlǇ iŶ ŵiĐe, ǀoles, shƌeǁs, 

ĐhipŵuŶks oƌ sƋuiƌƌels [Ϯϭϲ, Ϯϭϳ].  

The  ƌole of  pƌiŶĐipal  ǀeĐtoƌ  foƌ B. ŵiĐƌoti  iŶ U“A  is  attƌiďuted  to  Iǆodes  sĐapulaƌis  ;=  Iǆodes 

daŵŵiŶiͿ, kŶoǁŶ as deeƌ oƌ ďlaĐk‐legged tiĐk [Ϯϭϴ], ǁheƌe the ƋuestiŶg ŶǇŵphs aƌe spƌeadiŶg the 

iŶfeĐtioŶ  aŶd  aƌe  ƌespoŶsiďle  foƌ  huŵaŶ  ďaďesiosis  [ϭϵϵ,  Ϯϭϵ].  The  pƌiŵaƌǇ  eŶzootiĐ  ǀeĐtoƌ  of  

B. ŵiĐƌoti iŶ Euƌope is ƌepƌeseŶted ďǇ Iǆodes tƌiaŶguliĐeps, a tiĐk speĐies that does Ŷot eŶgoƌge oŶ 

huŵaŶs [ϭϬϯ, ϮϮϬ]. This faĐt ĐaŶ eǆplaiŶ the ƌelatiǀelǇ feǁ huŵaŶ diseases Đaused ďǇ B. ŵiĐƌoti ǁhiĐh 

haǀe ďeeŶ ƌepoƌted iŶ Euƌope [ϱϴ, ϲϱ, ϴϮ, ϭϮϳ, ϭϮϵ, ϮϮϬ]. The I. ƌiĐiŶus, the EuƌopeaŶ sheep tiĐk 

ƋuestiŶg laƌge aŶiŵals aŶd huŵaŶs, also plaǇs aŶ iŵpoƌtaŶt ƌole iŶ the tƌaŶsŵissioŶ of the paƌasite 

aŵoŶg the field ƌodeŶts [ϭϬϯ]. It has ďeeŶ ideŶtified as B. ŵiĐƌoti ĐoŵpeteŶt ǀeĐtoƌ [ϵϰ] aŶd ƌeĐeŶtlǇ, 

the B. ŵiĐƌoti iŶfeĐted I. ƌiĐiŶus tiĐks haǀe ďeeŶ fouŶd thƌoughout Euƌope [ϵϱ‐ϭϬϵ]. The B. ŵiĐƌoti 

has ďeeŶ deteĐted also iŶ otheƌ tiĐk speĐies, e.g. DeƌŵaĐeŶtoƌ ƌetiĐulatus [ϮϮϭ, ϮϮϮ].  

 

 
Figuƌe ϭϭ. B. ŵiĐƌoti tƌaŶsŵissioŶ ĐǇĐle. Natuƌal tƌaŶsŵissioŶ ĐǇĐle of B. ŵiĐƌoti iŶǀolǀes ƌodeŶts as the ƌeseƌǀoiƌ 
hosts aŶd Iǆodes tiĐks as ǀeĐtoƌs. Paƌasites iŶ ƌed ďlood Đells of ƌodeŶts aƌe takeŶ‐up ǁithiŶ the ďlood ŵeal of 
laƌǀal  stage of  tiĐks, ǁheƌe  theǇ deǀelop. DuƌiŶg  feediŶg of  the Ŷeǆt  tiĐk  stage  –  ŶǇŵphal  –  paƌasites  aƌe 
tƌaŶsŵitted ďaĐk iŶto ƌodeŶts. No tƌaŶsoǀaƌial ;ǀeƌtiĐalͿ tƌaŶsŵissioŶ oĐĐuƌs iŶ B. ŵiĐƌoti tƌaŶsŵissioŶ ĐǇĐle. 
Figuƌe ǁas adapted fƌoŵ the illustƌatioŶ desigŶed ďǇ M. Hajduskoǀa ;ǁǁǁ.ďiogƌaphiǆ.ĐzͿ.  

 

IŶ laďoƌatoƌǇ ĐoŶditioŶs, B. ŵiĐƌoti is ofteŶ used iŶ studies eǀaluatiŶg effeĐts of aŶti‐paƌasitiĐ 

ĐoŵpouŶds  iŶ vivo  ;e.g.  [ϭϴϳ, ϮϮϯ, ϮϮϰ]Ϳ; alŵost eǆĐlusiǀelǇ  iŶfeĐted  laďoƌatoƌǇ ŵiĐe aƌe used  iŶ 

these  studies.  Beside  the  ŵouse,  theƌe  aƌe  ŵaŶǇ  susĐeptiďle  laďoƌatoƌǇ  aŶiŵals  like  ŵaĐaƋue 

;MaĐaĐa ŵulattaͿ [ϮϮϱ], geƌďils ;MeƌioŶes uŶguiĐulatusͿ [ϵϰ] aŶd haŵsteƌs ;Phodopus suŶgoƌus aŶd 
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MesoĐƌiĐetus  auƌatusͿ  [ϮϮϲ,  ϮϮϳ].  To  date,  just  a  feǁ  studies  atteŵpted  to  estaďlish  B.  ŵiĐƌoti 

tƌaŶsŵissioŶ  ŵodel  iŶto  laďoƌatoƌǇ  ĐoŶditioŶs,  usiŶg  susĐeptiďle  laďoƌatoƌǇ  hosts.  UsiŶg  the 

haŵsteƌs, the tƌaŶsstadial paƌasite tƌaŶsŵissioŶ fƌoŵ laƌǀae to ŶǇŵphs ǁas doĐuŵeŶted foƌ I. ƌiĐiŶus 

[ϭϵϮ]. AŶalogous studǇ usiŶg geƌďils oďseƌǀed the saŵe laƌǀae to ŶǇŵphs ƌoute of tƌaŶsŵissioŶ aŶd 

deŵoŶstƌated  also  tƌaŶsstadial  tƌaŶsŵissioŶ  fƌoŵ  ŶǇŵphs  to  adult  stages  [ϵϰ].  The  authoƌs 

doĐuŵeŶted the pƌeǀaleŶĐe ϭϬϬ% iŶ ŵolted ŶǇŵphs ;deteĐted iŶ pools of Ϯ ŶǇŵphsͿ, fed as laƌǀae 

iŶ aĐute phase of the iŶfeĐtioŶ. Adult tiĐks possessed pƌeǀaleŶĐe ϳϬ – ϴϬ % ;depeŶdeŶt oŶ the stƌaiŶͿ 

ǁheŶ  aĐƋuiƌed  the paƌasite  as  ŶǇŵphs.  Yet,  the  paƌasite  did  Ŷot  peƌsist  ďeǇoŶd ŵoƌe  thaŶ  oŶe 

ŵoltiŶg step [ϵϰ]. IŶ ĐoŶtƌast, ǀeƌǇ loǁ pƌoďaďilitǇ of tƌaŶsstadial tƌaŶsŵissioŶ ;ďoth laƌǀae‐ŶǇŵphs 

aŶd  ŶǇŵphs‐adultsͿ ǁas  doĐuŵeŶted,  usiŶg  the  pƌiŵaƌǇ  EuƌopeaŶ  tiĐk  ǀeĐtoƌ  of B. ŵiĐƌoti,  the  

I.  tƌiaŶguliĐeps, aŶd ǀoles as ǀeƌteďƌate hosts  [ϮϬϵ]. The tƌaŶsstadial  tƌaŶsŵissioŶ of B. ŵiĐƌoti  iŶ  

I. daŵŵiŶi ;= I. sĐapulaƌisͿ ǁas oďseƌǀed foƌ ďoth ƌoutes ;laƌǀae‐ŶǇŵphs aŶd ŶǇŵphs‐adultsͿ ďut Ŷo 

data  aďout  the  paƌasite  pƌeǀaleŶĐes  aƌe  aǀailaďle  [ϰϴ,  ϱϮ].  To  date,  the  suĐĐessful  paƌasite 

tƌaŶsŵissioŶ  fƌoŵ  tiĐks  to geƌďils oƌ haŵsteƌs ǁas  ƌepoƌted oŶlǇ  foƌ  the  I.  sĐapulaƌis  aŶd  Iǆodes 

paĐifiĐus  ŶǇŵphal  stage  ;iŶfeĐted  at  the  laƌǀa  stageͿ  [ϭϵϭ].  A  ǀeƌǇ  ƌeĐeŶt  studǇ  ƌepoƌted  the 

suĐĐessful estaďlishŵeŶt of B. ŵiĐƌoti tƌaŶsŵissioŶ ŵodel iŶto laďoƌatoƌǇ ĐoŶditioŶs usiŶg laďoƌatoƌǇ 

ŵiĐe aŶd RhipiĐephalus haeŵahǇsaloides as a tiĐk ǀeĐtoƌ; the paƌasite pƌeǀaleŶĐe iŶ ŵolted ŶǇŵphs 

aŶd adults ǁas ϰϯ.ϴ% aŶd ϵϲ.ϳ%, ƌespeĐtiǀelǇ, aŶd suĐĐessful tƌaŶsŵissioŶ fƌoŵ ŶǇŵphs to ŵiĐe 

ǁas ƌepoƌted [ϭϵϯ]. 

 

The  eǆpeƌiŵeŶts peƌfoƌŵed  iŶ  oƌdeƌ  to  estaďlish B. ŵiĐƌoti  laďoƌatoƌǇ ŵodel  aƌe desĐƌiďed 

fuƌtheƌ  ;Chapteƌ  ϭ.  EstaďlishŵeŶt  of  B.  ŵiĐƌoti  laďoƌatoƌǇ  ŵodelͿ.  “uďseƋueŶtlǇ,  ǁe  used  

the iŵpleŵeŶted ŵodel foƌ iŶǀestigatioŶ of ŵutual iŵŵuŶe iŶteƌaĐtioŶs ďetǁeeŶ the B. ŵiĐƌoti aŶd  

I. ƌiĐiŶus ;Chapteƌ Ϯ. EffeĐt of tiĐk iŵŵuŶe geŶes oŶ B. ŵiĐƌoti aĐƋuisitioŶͿ.  
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DisĐussioŶ aŶd futuƌe peƌspeĐtiǀes 

The estaďlishŵeŶt of a Đoŵplete laďoƌatoƌǇ ĐǇĐle is a ĐƌuĐial step iŶ iŶǀestigatioŶ of all ďiologiĐal 

aspeĐts of Baďesia aŶd ďaďesiosis. The ŵaiŶteŶaŶĐe of Baďesia paƌasites iŶ  laďoƌatoƌǇ ĐoŶditioŶs 

ƌepƌeseŶts a ĐhalleŶgiŶg task due to the Baďesia speĐies diǀeƌsitǇ aŶd ǁide speĐtƌuŵ of eǆploited 

hosts aŶd ǀeĐtoƌs [ϰϭ]. The diffiĐulties aƌe ŵaiŶlǇ ĐoŵiŶg fƌoŵ theiƌ ǀeĐtoƌial  tƌaŶsŵissioŶ ǁhiĐh 

iŵplies ŵasteƌiŶg  paƌasite ŵaiŶteŶaŶĐe  iŶ  ďoth  ǀeƌteďƌate  aŶd  iŶǀeƌteďƌate  hosts  of ǁhiĐh  tiĐk 

ƌepƌeseŶts the ŵoƌe ĐhalleŶgiŶg oŶe. The pƌiŵaƌǇ ǀeĐtoƌs of Baďesia aƌe Iǆodid ;haƌdͿ tiĐks ďut the 

gƌoup Đoŵpƌises ŵaŶǇ speĐies ǁith diffeƌeŶt ďiologiĐal ĐhaƌaĐteƌistiĐs [ϴϳ]. The eĐologǇ of Baďesia 

iŶĐludes  a  ǀaƌietǇ  of  ǁildlife  aŶiŵals  as  ƌeseƌǀoiƌ  hosts  ďut  the  Baďesia‐Đaused  iŶfeĐtioŶs  aƌe 

fƌeƋueŶtlǇ ƌepoƌted also fƌoŵ doŵestiĐ aŶiŵals aŶd huŵaŶs [ϰϭ] 

IŶ the thesis, I foĐused oŶ etiologiĐ ageŶts of huŵaŶ ďaďesiosis, B. diveƌgeŶs aŶd B. ŵiĐƌoti. The 

tǁo speĐies eǆhiďit ƌeŵaƌkaďlǇ diffeƌeŶt ďiologǇ aŶd eĐologǇ [ϰϭ]. “uĐh diǀeƌsitǇ ĐaŶ ďe attƌiďuted 

to  theiƌ  eǀolutioŶaƌǇ  distaŶĐe  as B.  diveƌgeŶs  is  a  tǇpiĐal  ƌepƌeseŶtatiǀe  of Baďesia  seŶsu  stƌiĐto 

liŶeage [ϭϮ, ϭϯϵ‐ϭϰϭ] ďut B. ŵiĐƌoti is positioŶed oŶ the ďasis of the oƌdeƌ Piƌoplasŵida aŶd displaǇs 

high  distaŶĐe  aŶd  diǀeƌgeŶĐe  fƌoŵ  the  otheƌ  piƌoplasŵs  [ϱ,  ϭϮ,  ϭϴ‐ϮϬ]. B.  diveƌgeŶs  is  ŶatuƌallǇ 

aĐƋuiƌed ďǇ adult tiĐk feŵales duƌiŶg feediŶg oŶ iŶfeĐted Đattle aŶd suďseƋueŶtlǇ tƌaŶsŵitted ǀia 

eggs to laƌǀae ;Fig. ϲͿ [ϱϳ]. The tƌaŶsŵissioŶ of B. ŵiĐƌoti oĐĐuƌs pƌiŵaƌilǇ ǀia the laƌǀae iŶfestatioŶ 

aŶd suďseƋueŶt tƌaŶsŵissioŶ to ŵolted ŶǇŵphs ;Fig. ϭϭͿ [ϭϵϮ] ďut tƌaŶsstadial tƌaŶsŵissioŶ fƌoŵ 

ŶǇŵphs to adult stages ǁas also deŵoŶstƌated [ϵϰ]. “uĐh ďiologiĐal aŶd eĐologiĐal ĐhaƌaĐteƌistiĐs 

Ŷeed to ďe takeŶ iŶto ĐoŶsideƌatioŶ ǁheŶ iŵpleŵeŶtiŶg the laďoƌatoƌǇ tƌaŶsŵissioŶ ŵodel. IŶ the 

thesis, I atteŵpted to iŵpleŵeŶt the laďoƌatoƌǇ ŵodel of ďoth B. diveƌgeŶs aŶd B. ŵiĐƌoti ǁith the 

ƌespeĐt to Ŷatuƌal deǀelopŵeŶtal aŶd tƌaŶsŵissioŶ featuƌes.  

IŶitiallǇ, I atteŵpted to estaďlish laďoƌatoƌǇ tƌaŶsŵissioŶ ĐǇĐle of B. diveƌgeŶs ;see Paƌt III.Ϳ. The 

MoŶgoliaŶ  geƌďil  ƌepƌeseŶt  the  oŶlǇ  kŶoǁŶ  laďoƌatoƌǇ  aŶiŵal  fullǇ  susĐeptiďle  to  B.  diveƌgeŶs 

iŶfeĐtioŶ [ϭϳϬ]. Hoǁeǀeƌ, the iŶfeĐted geƌďils eǆhiďited ĐoŶsideƌaďle diffeƌeŶĐes iŶ paƌasite ďuƌdeŶ 

;Fig. ϴͿ ǁhiĐh ƌesulted iŶ diffiĐulties to staŶdaƌdize ĐoŶditioŶs foƌ paƌasite aĐƋuisitioŶ ďǇ tiĐks. It ǁas 

pƌeǀiouslǇ  ƌepoƌted  that B. diveƌgeŶs  gƌoǁth  iŶ  geƌďils  ĐaŶ ďe  iŶflueŶĐed ďǇ  the  size of paƌasite 

iŶoĐuluŵ [ϭϱϭ, ϯϮϭ]. Yet, iŶ spite of the ideŶtiĐal dosage, the geƌďils displaǇed eitheƌ ƌesistaŶĐe oƌ 

deǀelopŵeŶt  of  a  disease  ǁith  dispaƌitǇ  of ŵaǆiŵal  paƌasiteŵia.  As  ǁas  pƌeǀiouslǇ  shoǁŶ,  the 

ƌespoŶse  of  geƌďils  ĐaŶ  ǀaƌǇ  despite  the  ideŶtiĐal  dosage  [ϭϳϬ].  AŶotheƌ  faĐtoƌ  poteŶtiallǇ 

ƌespoŶsiďle foƌ ǀaƌiatioŶs of paƌasite gƌoǁth is aŶ age of eǆpeƌiŵeŶtal aŶiŵals [ϯϮϮ]. Theƌefoƌe, ǁe 

atteŵpted to iŶfeĐt aŶiŵals of diffeƌeŶt age aŶd seǆ ďut Ŷo staŶdaƌdizatioŶ ǁas ƌeaĐhed ;Fig. ϴͿ. It 

ǁas pƌeǀiouslǇ doĐuŵeŶted that iŵŵatuƌe geƌďils ;ǇouŶgeƌ thaŶ ϭ ŵoŶthͿ aƌe ŵoƌe ƌesistaŶt to the 

oldeƌ aŶiŵals ;ŵoƌe thaŶ Ϯ ŵoŶthsͿ [ϯϮϮ] ďut still oŶe thiƌd of ouƌ aŶiŵals displaǇed the ƌesistaŶĐe 
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to B. diveƌgeŶs ƌegaƌdless the age. The likelǇ eǆplaŶatioŶ of suĐh ƌesults ĐaŶ ďe attƌiďuted to the 

geŶetiĐ heteƌogeŶeitǇ of geƌďils. IŶ faĐt, the geŶetiĐ heteƌogeŶeitǇ ŵight ďe assuŵed as a keǇ faĐtoƌ 

ĐausiŶg the oďseƌǀed disĐƌepaŶĐies, ƌefleĐtiŶg the uŶifoƌŵ B. ŵiĐƌoti disease deǀelopŵeŶt iŶ iŶďƌed 

laďoƌatoƌǇ ŵiĐe  ;Fig. ϭϮAͿ. Geƌďils does Ŷot ďeloŶg  to  iŶďƌed  laďoƌatoƌǇ aŶiŵals although  it ǁas 

pƌeǀiouslǇ ĐoŶfiƌŵed  that  laďoƌatoƌǇ geƌďils displaǇ pooƌ geŶetiĐ diǀeƌsitǇ  [ϯϮϯ]. The dispaƌitǇ of 

paƌasite gƌoǁth ĐaŶ ďe also giǀeŶ ďǇ utilizatioŶ of geƌďil itself siŶĐe it does Ŷot ƌepƌeseŶt the ƌeseƌǀoiƌ 

host foƌ B. diveƌgeŶs [ϱϳ].  

Theƌefoƌe, ǁe  optiŵized  the  teĐhŶiƋue  of  aƌtifiĐial  tiĐk  feediŶg  usiŶg  the  iŶ  vitƌo  Đultiǀated 

paƌasite  ;Fig.  ϵͿ  siŶĐe  B.  diveƌgeŶs  ĐaŶ  ďe  loŶg‐teƌŵ  ŵaiŶtaiŶed  iŶ  iŶ  vitƌo  Đultiǀated  ďoǀiŶe 

eƌǇthƌoĐǇtes [ϭϭϵ, ϭϲϱ]. IŶ ouƌ fiƌst eǆpeƌiŵeŶts it ǁas shoǁŶ as a disadǀaŶtage siŶĐe the loŶg teƌŵ 

iŶ vitƌo Đultuƌe lost the poǁeƌ to fuƌtheƌ deǀelop iŶ the tiĐk ;see the puďliĐatioŶ ͞“tiŵulatioŶ aŶd 

ƋuaŶtifiĐatioŶ of Baďesia diveƌgeŶs gaŵetoĐǇtogeŶesis͟ [ϭϭϴ]Ϳ. These ƌesults iŵplied the iŵpoƌtaŶĐe 

of gaŵetoĐǇtes iŶ the B. diveƌgeŶs lifeĐǇĐle ;aŶd poteŶtiallǇ iŶ all ǀeĐtoƌialǇ tƌaŶsŵitted pƌotozoaŶ 

paƌasites, e.g. [ϭϳϯ]Ϳ. GaŵetoĐǇtes ƌepƌeseŶt iŵpeƌatiǀe deǀelopŵeŶtal stages of Baďesia lifeĐǇĐle 

aŶd deteƌŵiŶe the aďilitǇ to iŶfeĐt the tiĐk [ϯ, ϯϵ, ϰϲ, ϭϳϮ]. TakiŶg adǀaŶtage of pƌeǀiouslǇ desĐƌiďed 

aŶd  ǀalidated  ŵoleĐulaƌ  ŵaƌkeƌs  foƌ  B.  diveƌgeŶs  gaŵetoĐǇtes  [ϭϰϮ,  ϭϰϯ]  ǁe  ǀeƌified  the 

gaŵetoĐǇtogeŶesis  of  the  iŶ  vitƌo  ŵaiŶtaiŶed  paƌasite.  The  aŶalǇsis  shoǁed  that  the  paƌasite 

ĐoŵpeteŶĐe to pƌoduĐe gaŵetoĐǇtes ǁas lost duƌiŶg the loŶg teƌŵ  iŶ vitƌo ĐultiǀatioŶ [ϭϭϴ].  It  is 

ŶeĐessaƌǇ to ĐoŶĐede that ǀeƌifiĐatioŶ of the paƌasite iŶfeĐtiǀitǇ to tiĐk should haǀe ďeeŶ assessed 

pƌioƌ  the  fiƌst  aĐƋuisitioŶ  eǆpeƌiŵeŶts,  takiŶg  iŶto  aĐĐouŶt  pƌeǀiouslǇ  desĐƌiďed  aŶd  ǀalidated 

ŵaƌkeƌs [ϭϰϮ, ϭϰϯ]. We ƌepeated the studies usiŶg a gaŵetoĐǇtes‐pƌoduĐiŶg B. diveƌgeŶs stƌaiŶ aŶd 

ĐoŶfiƌŵed  the  paƌasite  aĐƋuisitioŶ ďǇ  tiĐks  ;Fig.  ϵͿ  ďut  the  poteŶtial  ĐoŶtaŵiŶatioŶ of  eǆaŵiŶed 

tissues  ďǇ  iŶfeĐted  ďlood  ŵeal  duƌiŶg  the  disseĐtioŶ  pƌoĐess  ŵust  ďe  adŵitted.  Hoǁeǀeƌ,  the 

tƌaŶsoǀaƌial tƌaŶsŵissioŶ ǁas Ŷot ĐoŶfiƌŵed. We hǇpothesize that the high ŵoƌtalitǇ of tiĐks fed oŶ 

ďlood ŵeal  ĐoŶtaiŶiŶg  the  paƌasites  Đould  ďe  a  sigŶ  of  tiĐk  feŵale  iŶfeĐtioŶ  siŶĐe  tiĐks  fed  oŶ  

ŶoŶ‐paƌasitized ďlood ŵeal laid the staŶdaƌd aŵouŶts of eggs. Yet, seǀeƌal optiŵizatioŶ pƌoĐeduƌes 

did Ŷot ƌesult iŶ ĐoŶǀiŶĐiŶg ƌesult. Thus, the estaďlishŵeŶt of B. diveƌgeŶs Đoŵplete ĐǇĐle appeaƌed 

as  a  ĐhalleŶgiŶg  task.  The  issue  is  appaƌeŶt  also  fƌoŵ  the ŵiŶoƌitǇ  of  ƌepoƌts  pƌeseŶted  iŶ  the 

liteƌatuƌe. To date, oŶlǇ feǁ studies desĐƌiďed the suĐĐessful paƌasite tƌaŶsoǀaƌial tƌaŶsŵissioŶ [ϭϰϰ‐

ϭϰϳ] aŶd theƌe eǆists oŶlǇ oŶe studǇ doĐuŵeŶtiŶg the B. diveƌgeŶs tƌaŶsŵissioŶ to laďoƌatoƌǇ host 

ǀia laƌǀae feediŶg [ϭϰϰ]. IŶ the ŵajoƌitǇ of these studies the tiĐk feŵales aĐƋuiƌed the paƌasite duƌiŶg 

the eŶgoƌgeŵeŶt oŶ iŶfeĐted spleŶeĐtoŵised Đalǀes [ϭϰϰ] ďeĐause the Đattle ƌepƌeseŶt the ƌeseƌǀoiƌ 

host  foƌ  B.  diveƌgeŶs  [ϱϳ].  Yet,  eǆpeƌiŵeŶts  ǁith  the  Đoǁs  aƌe  ďeǇoŶd  the  sĐope  of  this  ǁoƌk. 

Moƌeoǀeƌ,  the  studies  ƌepoƌtiŶg  the  paƌasite  tƌaŶsŵissioŶ  iŶ  laďoƌatoƌǇ  ĐoŶditioŶs  did  Ŷot 

suďseƋueŶtlǇ ĐoŶtiŶued iŶ aŶǇ eǆpeƌiŵeŶtal appliĐatioŶ of the estaďlished ŵodel like e.g. poteŶtial 

studies of ŵutual Baďesia‐tiĐk iŶteƌaĐtioŶs. 
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“iŶĐe the iŵpoƌtaŶĐe of gaŵetoĐǇtes foƌ the B. diveƌgeŶs tƌaŶsŵissioŶ ŵodel ǁas iŵplied, ǁe 

fuƌtheƌ foĐused oŶ studies ĐoŶsideƌiŶg the B. diveƌgeŶs seǆual deǀelopŵeŶt aŶd take aŶ adǀaŶtage 

of  ǁell‐estaďlished  iŶ  vitƌo  Đultuƌe  of  B.  diveƌgeŶs  aŶd  teĐhŶiƋue  of  gaŵetoĐǇtes  ŵoleĐulaƌ 

deteĐtioŶ. IŶ geŶeƌal, the Baďesia gaŵogoŶǇ staƌts iŶ the host ďloodstƌeaŵ ǁheƌe the gaŵetoĐǇtes 

oĐĐuƌ  [Ϯ,  ϰϰ,  ϰϲ,  ϱϯ,  ϱϰ,  ϭϭϴ,  ϭϰϮ,  ϯϮϰ,  ϯϮϱ].  The  pƌoĐess  of  paƌasite  seǆual  ĐoŵŵitŵeŶt  is 

ĐoŶsideƌed as stoĐhastiĐ aŶd ĐaŶ ďe iŶflueŶĐed ďǇ ŵaŶǇ faĐtoƌs. As doĐuŵeŶted foƌ Plasŵodiuŵ, 

the gaŵetoĐǇtes deteƌŵiŶatioŶ is goǀeƌŶed ďǇ the geŶetiĐ aŶd eŶǀiƌoŶŵeŶtal faĐtoƌs [ϯϮϲ]. Based 

oŶ pƌeǀiouslǇ desĐƌiďed aŶd ǀalidated ŵaƌkeƌs foƌ B. diveƌgeŶs seǆual ĐoŵŵitŵeŶt [ϭϰϮ, ϭϰϯ], ǁe 

estaďlished a teĐhŶiƋue foƌ the ƋuaŶtifiĐatioŶ of B. diveƌgeŶs gaŵetoĐǇtes. UsiŶg the teĐhŶiƋue, ǁe 

ŵoŶitoƌed the kiŶetiĐs of paƌasite seǆual ĐoŵŵitŵeŶt upoŶ the ǀaƌious stiŵuli ;see the puďliĐatioŶ 

͞“tiŵulatioŶ  aŶd  ƋuaŶtifiĐatioŶ  of  Baďesia  diveƌgeŶs  gaŵetoĐǇtogeŶesis͟  [ϭϭϴ]Ϳ.  The  sigŶifiĐaŶt 

iŶĐƌease  of  gaŵetoĐǇteŵia ǁas  ƌeĐoƌded  duƌiŶg  the  ĐoŶtiŶuous  iŶ  vitƌo  gƌoǁth  of  the  paƌasite.  

The  pheŶoŵeŶoŶ  is  pƌoďaďlǇ  ƌelated  to  aĐĐuŵulatioŶ  of  ŵetaďoliĐ  ǁaste  as  Ŷo  ĐhaŶges  iŶ 

gaŵetoĐǇteŵia  ǁeƌe  ƌeĐoƌded  afteƌ  additioŶ  of  lǇsed  healthǇ  eƌǇthƌoĐǇtes.  This  hǇpothesis  is 

suppoƌted  ďǇ  the  faĐt  that  the ŵaiŶteŶaŶĐe  of  high  paƌasiteŵia  iŶ  Đultuƌes  oƌ  ƌegulaƌ ŵediuŵ 

ƌeplaĐeŵeŶts did Ŷot alteƌ the paƌasite seǆual ĐoŵŵitŵeŶt. The B. diveƌgeŶs seǆual deǀelopŵeŶt 

ǁas also stiŵulated ďǇ additioŶ of ǁidelǇ used aŶti‐ďaďesial dƌugs, iŵidoĐaƌďe aŶd atoǀaƋuoŶe [ϱϱ, 

ϯϮϳ]. The ƌeseaƌĐh of the B. diveƌgeŶs seǆual ĐoŵŵitŵeŶt ǁas iŶteŶded to defiŶe the stiŵulaŶts of 

gaŵetoĐǇtes pƌoduĐtioŶ, aŶd thus iŶĐƌease the paƌasite iŶfeĐtiǀitǇ to tiĐks. The oďseƌǀed stiŵuli of 

paƌasite seǆual deteƌŵiŶatioŶ Đould seƌǀe as aŶ iŵpƌoǀeŵeŶt of paƌasite aĐƋuisitioŶ ďǇ tiĐks usiŶg 

the iŶ vitƌo feediŶg teĐhŶiƋue. Neǀeƌtheless, the tiĐk feediŶg oŶ paƌasite iŶ vitƌo Đultuƌe ƌepƌeseŶt 

a ŵodel diǀeƌgeŶt fƌoŵ Ŷatuƌal B. diveƌgeŶs tƌaŶsŵissioŶ. Theƌefoƌe, ǁe deĐided to fuƌtheƌ foĐus oŶ 

B. ŵiĐƌoti ;see Paƌt IV.Ϳ. The ďiologǇ of this speĐies alloǁed us to use laďoƌatoƌǇ ŵiĐe, aŶd thus ďe 

ŵoƌe  ƌespeĐtiǀe  to  tƌaŶsŵissioŶ  ĐǇĐle  of B. ŵiĐƌoti  iŶ  Ŷatuƌal  ĐoŶditioŶs.  The B. ŵiĐƌoti  offeƌs  a 

uŶifoƌŵ Đouƌse of iŶfeĐtioŶ iŶ the laďoƌatoƌǇ ŵiĐe ;Fig. ϭϮAͿ, aŶd thus a ďetteƌ staŶdaƌdizatioŶ of 

the tƌaŶsŵissioŶ ŵodel. With the ƌespeĐt to ƌepoƌted ǀaƌiatioŶs  iŶ B. diveƌgeŶs gƌoǁth  iŶ geƌďils  

;Fig. ϴͿ, the ĐoŶsisteŶt Đouƌse of B. ŵiĐƌoti iŶfeĐtioŶ ŵight ďe ƌelated to usage of iŶďƌed laďoƌatoƌǇ 

aŶiŵal. The BALB/Đ ŵiĐe ďeloŶg to the ŵost ǁidelǇ used iŶďƌed stƌaiŶ of laďoƌatoƌǇ ŵiĐe [ϯϮϴ] ǁhiĐh 

ĐoŶtƌadiĐts  ǁith  utilizatioŶ  of  geƌďil  as  aŶ  laďoƌatoƌǇ  aŶiŵal,  although  the  geƌďil  geŶetiĐ 

heteƌogeŶeitǇ  ǁas  pƌeǀiouslǇ  ƌepoƌted  as  loǁ  [ϯϮϯ].  AŶotheƌ  poteŶtial  eǆplaŶatioŶ  of  oďseƌǀed 

disĐƌepaŶĐǇ Đoƌƌelates ǁith Ŷatuƌal hosts of ďoth paƌasite speĐies siŶĐe geƌďil does Ŷot ƌepƌeseŶt 

the ƌeseƌǀoiƌ host foƌ B. diveƌgeŶs [ϱϳ] ďut ŵouse as a ƌodeŶt does foƌ B. ŵiĐƌoti [ϰϭ, ϭϵϵ, ϮϬϮ].  

The B. ŵiĐƌoti gƌoǁth Đuƌǀe ǁas Đategoƌized iŶto thƌee phases ;Fig. ϭϮAͿ ĐoŶsistiŶg of the ƌapid 

paƌasite  ŵultipliĐatioŶ  ;aĐute  phaseͿ,  gƌadual  deĐƌease  of  paƌasiteŵia  ;deĐliŶe  phaseͿ  aŶd  loǁ 

paƌasiteŵia peƌsistiŶg foƌ a loŶg peƌiod ;lateŶt phaseͿ. The paƌasite aĐƋuisitioŶ ďǇ laƌǀal tiĐks duƌiŶg 

aĐute  phase  appeaƌed  as  the ŵost  effeĐtiǀe  foƌ  suďseƋueŶt  tƌaŶsstadial  tƌaŶsŵissioŶ  to ŵolted 

142



ŶǇŵph. Also, tiĐks fed oŶ hosts iŶ aĐute phase of the iŶfeĐtioŶ displaǇed the highest iŶfeĐtiǀitǇ to 

Ŷaïǀe host ;Fig. ϭϯͿ ďut this is ŵost likelǇ giǀeŶ ďǇ the high paƌasite pƌeǀaleŶĐe iŶ the tiĐk pool fed 

oŶ  laďoƌatoƌǇ ŵiĐe. These ƌesults  fullǇ ĐoƌƌespoŶd ǁith  tƌaŶsŵissioŶ studies eǆploitiŶg the geƌďil 

hosts  [ϵϰ]  aŶd  Đould  ďe  ƌelated  to  paƌasite  seǆual  ĐoŵŵitŵeŶt.  The  ideŶtifiĐatioŶ  of  paƌasite 

gaŵetoĐǇteŵia ǁould haǀe ďeeŶ highlǇ desiƌaďle ďut Ŷo ŵaƌkeƌs foƌ B. ŵiĐƌoti gaŵetoĐǇtes haǀe 

ďeeŶ desĐƌiďed aŶd ǀalidated so faƌ. With the ƌespeĐt to oďseƌǀed stiŵulatioŶ of gaŵetoĐǇteŵia 

duƌiŶg the ƌapidlǇ iŶĐƌeasiŶg paƌasiteŵia of B. diveƌgeŶs [ϭϭϴ], ǁe assuŵe the saŵe pheŶoŵeŶoŶ 

foƌ  the  B.  ŵiĐƌoti  iŶtƌa‐eƌǇthƌoĐǇtiĐ  ŵultipliĐatioŶ.  We  hǇpothesize  that  the  ƌapid  eǆpaŶsioŶ  of  

B. ŵiĐƌoti duƌiŶg the aĐute phase of the ŵiĐe iŶfeĐtioŶ is pƌoďaďlǇ ƌelated to the iŶĐƌease of seǆual 

ĐoŵŵitŵeŶt, aŶd thus higheƌ paƌasite iŶfeĐtiǀitǇ to tiĐks. This ŵost likelǇ eǆplaiŶs the disĐƌepaŶĐǇ 

iŶ paƌasite pƌeǀaleŶĐe  iŶ tiĐks fed  iŶ aĐute phase Đoŵpaƌed to tiĐks eŶgoƌged duƌiŶg deĐliŶe aŶd 

lateŶt phase.  

IŶteƌestiŶglǇ,  ǁe  doĐuŵeŶted  loǁ  paƌasite  pƌeǀaleŶĐe  iŶ  tiĐks  ǁhiĐh  aĐƋuiƌed  the  paƌasite 

duƌiŶg the lateŶt phase of the host iŶfeĐtioŶ. Ouƌ ƌesults fullǇ ĐoƌƌespoŶd ǁith the studies ƌepoƌtiŶg 

laĐk of paƌasite  iŶfeĐtiǀitǇ duƌiŶg the ĐhƌoŶiĐ  iŶfeĐtioŶ [ϵϰ, ϮϬϵ]. Yet,  it  ƌaises ƋuestioŶ aďout the 

paƌasite ŵaiŶteŶaŶĐe iŶ Ŷatuƌal ĐoŶditioŶs siŶĐe the B. ŵiĐƌoti paƌasiteŵia is ďelieǀed Ŷot to eǆĐeed 

ϭ% iŶ ǁildlife ƌodeŶts [ϯϮϵ]. It also eǆplaiŶs loǁ pƌeǀaleŶĐe of B. ŵiĐƌoti ƌepoƌted foƌŵ the field tiĐks 

;~ Ϭ.ϱ‐ϱ%Ϳ [ϵϱ‐ϭϬϵ]. This issue Đould ďe ƌelated to oďseƌǀed paƌasite seasoŶalitǇ ;Taď. ϯͿ. RefleĐtiŶg 

Ŷuŵeƌous ƌepeated eǆpeƌiŵeŶts, ǁe oďseƌǀed a fluĐtuatioŶ of doĐuŵeŶted paƌasite pƌeǀaleŶĐe iŶ 

tiĐks ǁhiĐh diffeƌed iŶ ƌelatioŶ to seasoŶ peƌiods, despite uŶifoƌŵ eǆpeƌiŵeŶtal ĐoŶditioŶs aŶd tiĐks 

ŵaiŶtaiŶed iŶ laďoƌatoƌǇ ĐoŶditioŶs. “easoŶal ǀaƌiatioŶs of Baďesia paƌasite haǀe ďeeŶ pƌeǀiouslǇ 

doĐuŵeŶted iŶ tiĐks as ǁell as field ƌodeŶts [ϭϵϵ, Ϯϯϴ], shoǁiŶg the iŶĐƌeased paƌasite pƌeǀaleŶĐe 

duƌiŶg spƌiŶg ŵoŶths. The oďseƌǀed seasoŶal dispaƌitǇ ŵight ďe also ƌelated to the spƌiŶg peak of  

I.  ƌiĐiŶus  ƋuestiŶg  aĐtiǀitǇ  [ϴϳ,  Ϯϯϵ]  siŶĐe  the  seasoŶal  distƌiďutioŶ  ǁas  ƌepoƌted  foƌ  otheƌ  tiĐk‐

tƌaŶsŵitted pathogeŶs [ϮϰϬ]. IŶ spite of aĐĐoƌdaŶĐe of ouƌ ƌesults ǁith these oďseƌǀatioŶs, ǁe haǀe 

to adŵit that ŵoƌe additioŶal eǆpeƌiŵeŶts ǁould ďe ƌeƋuiƌed to postulate the defiŶitiǀe ĐoŶĐlusioŶ.  

The pƌoposed paƌasite seasoŶalitǇ is highlǇ uŶfeasiďle foƌ aŶǇ laďoƌatoƌǇ eǆpeƌiŵeŶts, although 

it ŵaǇ  ƌefleĐt  the  paƌasite  ďiologiĐal  ĐhaƌaĐteƌistiĐs.  Thus, ǁe  iŶteŶded  to  optiŵize  the  paƌasite 

tƌaŶsŵissioŶ  ŵodel  ďǇ  ĐhaŶgiŶg  of  tiĐk  ďƌeediŶg  teŵpeƌatuƌes,  as  the  positiǀe  teŵpeƌatuƌe 

ŵodifiĐatioŶ  of  tiĐk  susĐeptiďilitǇ  to  Baďesia  paƌasites  ǁas  pƌeǀiouslǇ  ƌepoƌted  [Ϯϰϭ].  We 

doĐuŵeŶted  the ƌeŵaƌkaďle  iŶĐƌease of paƌasite pƌeǀaleŶĐe  iŶ  tiĐk ŶǇŵphs ďǇ  iŶĐuďatioŶ of  the 

laƌǀae tiĐk stages iŶ higheƌ teŵpeƌatuƌes ;ϯϬ aŶd ϯϱ°CͿ pƌioƌ the paƌasite aĐƋuisitioŶ ǀia feediŶg oŶ 

iŶfeĐted host ;Fig. ϭϰͿ. It ĐoƌƌespoŶds to ŵaŵŵaliaŶ host teŵpeƌatuƌe ;~ϯϳ°CͿ, suggestiŶg that the 

teŵpeƌatuƌe iŶĐƌease ŵaǇ ďe the keǇ poiŶt of paƌasite effeĐtiǀe aĐƋuisitioŶ duƌiŶg the tiĐk feediŶg. 

Yet,  it  is  iŵpeƌatiǀe to adŵit  that  laƌǀae eǆposuƌe to high teŵpeƌatuƌes ŵight ƌepƌeseŶt a stƌess 
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ĐoŶditioŶ foƌ the tiĐk. Theƌefoƌe, it ĐaŶ poteŶtiallǇ ƌesult iŶ ŵodifiĐatioŶ of tiĐk iŶŶate pƌoteĐtioŶ to 

the paƌasite, aŶd thus faĐilitate the paƌasite aĐƋuisitioŶ. The laƌǀae eǆposuƌe to high teŵpeƌatuƌe 

also does Ŷot ƌefleĐt the paƌasite eĐologǇ aŶd ďiologǇ siŶĐe loǁeƌ teŵpeƌatuƌes aƌe pƌefeƌƌed foƌ 

the  tiĐk deǀelopŵeŶt  [Ϯϰϯ, Ϯϰϰ]. Thus,  the optiŵized  laďoƌatoƌǇ ŵodel ŵight ďe diǀeƌgeŶt  fƌoŵ  

B. ŵiĐƌoti tƌaŶsŵissioŶ iŶ Ŷatuƌal ĐoŶditioŶs. Hoǁeǀeƌ, the estaďlished ŵodel offeƌs a gƌeat platfoƌŵ 

foƌ  studǇiŶg  the  paƌasite  ďiologǇ  siŶĐe  it  alloǁs  to  get  higheƌ  aǀeƌage  paƌasite  pƌeǀaleŶĐe  iŶ 

eǆpeƌiŵeŶtal tiĐks Đoŵpaƌed to usual pƌeǀaleŶĐe iŶ field tiĐks [ϵϱ‐ϭϬϵ].  

It ǁas  pƌeǀiouslǇ  ƌepoƌted  that B. ŵiĐƌoti  iŶǀades  seǀeƌal  tiĐk  tissues  duƌiŶg  the  aĐƋuisitioŶ 

pƌoĐess [ϭϵϰ] aŶd paƌasite suƌǀiǀes the tiĐk eĐdǇsis iŶ the foƌŵ of doƌŵaŶt spoƌoďlast iŶ tiĐk saliǀaƌǇ 

glaŶds  as  pƌoǀeŶ  iŶ  studies  eǆploitiŶg  I.  sĐapulaƌis  ;=  I.  daŵŵiŶiͿ  [ϰϴ,  ϱϮ].  IŶ  aĐĐoƌdaŶĐe,  ǁe 

doĐuŵeŶted  the  paƌasite  peƌsisteŶĐe  iŶ  tiĐk  saliǀaƌǇ  glaŶds  afteƌ  the  tiĐk  ŵoltiŶg  ;Taď.  ϰͿ.  

The spoƌozoites diffeƌeŶtiatioŶ ďegiŶs ǁith the ďlood uptake aŶd is assuŵed to pƌoĐeed at least ϰϴh 

[ϰϴ,  ϱϮ,  ϭϵϱ,  ϭϵϲ].  It  iŵplies  that  spoƌozoites  ĐaŶ  oĐĐuƌ  iŶ  the  tiĐk  saliǀa  afteƌ  Ϯ  daǇs  of  tiĐk 

eŶgoƌgeŵeŶt, aŶd thus the paƌasite tƌaŶsŵissioŶ iŶto the host ďloodstƌeaŵ does Ŷot oĐĐuƌ at the 

fiƌst daǇs of the tiĐk ďite. Ouƌ B. ŵiĐƌoti ŵodel is ĐhaƌaĐteƌized ďǇ paƌasite tƌaŶsŵissioŶ iŶto the host 

ďloodstƌeaŵ eǆĐlusiǀelǇ ǀia tiĐks fed to full ƌepletioŶ ;Fig. ϭϳͿ. The ƌeŵoǀal of tiĐks duƌiŶg the fiƌst 

ϰϴh of tiĐk ďite effeĐtiǀelǇ pƌeǀeŶted tƌaŶsŵissioŶ of spoƌozoites aďle to iŶduĐe the host fulŵiŶatiŶg 

iŶfeĐtioŶ. IŶ a ďƌoadeƌ peƌspeĐtiǀe, suĐh tƌaŶsŵissioŶ dǇŶaŵiĐs is a ĐƌuĐial faĐt foƌ the ďaďesiosis 

pƌeǀeŶtioŶ stƌategǇ siŶĐe the eaƌlǇ tiĐk eliŵiŶatioŶ Đould pƌeǀeŶt the disease deǀelopŵeŶt.  

Hoǁeǀeƌ, the paƌasite peƌsisteŶĐe iŶ aĐiŶaƌ Đells of ŵolted ŶǇŵphs ;Taď. ϰͿ liŵits the poteŶtial 

iŶǀestigatioŶ of iŶteƌaĐtioŶs at Baďesia‐tiĐk iŶteƌfaĐe usiŶg the speĐifiĐ geŶe sileŶĐiŶg ďeĐause the 

teĐhŶiƋue is Ŷot Ǉet feasiďle iŶ tiĐk laƌǀae. “iŶĐe the tiĐk defeŶsiǀe ŵeĐhaŶisŵs eǆhiďit aŶ effiĐaĐǇ 

paƌtiĐulaƌlǇ  iŶ  the  haeŵolǇŵph  [ϱϲ‐ϲϬ],  the  poteŶtial  aŶti‐ďaďesial  ŵeĐhaŶisŵs  oĐĐuƌ  pƌiŵaƌilǇ 

duƌiŶg the paƌasite aĐƋuisitioŶ duƌiŶg the tiĐk eŶgoƌgeŵeŶt. Theƌefoƌe, the estaďlished tƌaŶsŵissioŶ 

ŵodel possesses a liŵitatioŶ foƌ the ƌeseaƌĐh of ŵutual Baďesia‐tiĐk iŶteƌaĐtioŶs. IŶ oƌdeƌ to eǀade 

this  iŶĐoŵpatiďilitǇ, ǁe  estaďlished B. ŵiĐƌoti  aĐƋuisitioŶ ŵodel  eǆploitiŶg  the  iŶfestatioŶ of  tiĐk 

ŶǇŵphs  ;Fig.  ϯͿ.  Although ǁe ŵust  adŵit  that  paƌasite  aĐƋuisitioŶ ďǇ  tiĐk  ŶǇŵph  tiĐk  is  Ŷot  the 

pƌiŵaƌǇ tƌaŶsŵissioŶ ƌoute of B. ŵiĐƌoti, the field studies ĐoŶfiƌŵ its fƌeƋueŶt oĐĐuƌƌeŶĐe ;ƌeǀieǁed 

iŶ [ϰϭ]Ϳ. The paƌasite iŶǀasioŶ iŶto aĐiŶaƌ Đells appeaƌs pƌioƌ the tiĐk full eŶgoƌgeŵeŶt ;Fig. ϭϴ aŶd 

ϭϵͿ aŶd ƌefleĐts the paƌasite gaŵogoŶǇ aŶd suďseƋueŶt kiŶetes spƌead iŶ the tiĐk ďodǇ. “iŶĐe the 

paƌasite disseŵiŶatioŶ is ŵediated ǀia kiŶetes ŵigƌatioŶ thƌough the haeŵolǇŵph, ǁe ĐaŶ assuŵe 

that Baďesia ŵaǇ iŶteƌaĐt ǁith tiĐk iŵŵuŶe ŵeĐhaŶisŵs. TiĐks eǆhiďit the poǁeƌful aŶti‐ŵiĐƌoďial 

ƌespoŶse  ;ƌeǀieǁed  iŶ  [ϭ,  Ϯϴϰ]Ϳ ǁhiĐh  iŶĐludes  the  iŵŵuŶe  sigŶalliŶg  pathǁaǇs  aŶd  suďseƋueŶt 

putatiǀe  pƌoduĐtioŶ  of  doǁŶstƌeaŵ  effeĐtoƌ  ŵoleĐules.  “iŶĐe  Ŷo  kŶoǁledge  is  aǀailaďle  aďout 

ƌegulatioŶ  of  pƌotozoaŶ  iŶfeĐtioŶ  iŶ  tiĐks,  ǁe  eǀaluated  the  thƌee  pƌiŶĐipal  iŵŵuŶe  sigŶalliŶg 
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pathǁaǇs, the Toll pathǁaǇ, the Iŵd pathǁaǇ aŶd the Jak/“tat pathǁaǇ [ϮϲϮ]. UsiŶg the teĐhŶiƋue 

of speĐifiĐ geŶe sileŶĐiŶg ǁe deŵoŶstƌated the poteŶtial ƌole of Toll iŵŵuŶe pathǁaǇ aŶd plausiďle 

ĐoopeƌatioŶ of Toll aŶd Iŵd sigŶalliŶg ;Fig. ϮϮA, B, CͿ. Based oŶ these ƌesults ǁe hǇpothesize that 

tiĐk  aŶti‐ďaďesial  ƌespoŶse  is  oƌĐhestƌated  ďǇ  diǀeƌgeŶt  sigŶalliŶg  pathǁaǇs  thaŶ  ƌespoŶse  to  

A. phagoĐǇtophiluŵ, ǁhiĐh appeaƌs to ďe pƌiŵaƌilǇ ƌegulated ďǇ Jak/“tat pathǁaǇ [ϭϮϯ, ϯϭϯ, ϯϭϰ]. 

Moƌeoǀeƌ,  the  suggested  ƌole of  Toll  aŶd  Iŵd  sigŶalliŶg  is  ĐoƌƌespoŶdiŶg  to ŵosƋuito  ĐoŶtƌol of 

Plasŵodiuŵ iŶǀasioŶ [Ϯϳϳ].  

IŶ  the  ŵosƋuitos,  ďoth  Toll  aŶd  Iŵd  pathǁaǇs  ǁeƌe  pƌoǀeŶ  to  ƌegulate  the  ŵosƋuito  

aŶti‐plasŵodial ƌespoŶse ǀia stiŵulatioŶ of TEPϭ, the ĐoŵpleŵeŶt Cϯ‐like pƌoteiŶ fƌoŵ the gƌoup of 

thioesteƌ‐ĐoŶtaiŶg pƌoteiŶs [Ϯϳϳ]. IdeŶtifiĐatioŶ aŶd desĐƌiptioŶ the tiĐk thioesteƌ‐ĐoŶtaiŶg pƌoteiŶs 

[ϭϮϬ] thus iŵplǇ the poteŶtial aŶti‐ďaďesial effeĐt of these ŵoleĐules. This hǇpothesis is suppoƌted 

ďǇ ouƌ ƌesults ;Fig. ϮϮD aŶd ϮϰͿ ǁhiĐh iŶdiĐate a ĐoŵŵitŵeŶt of TEP ;thioesteƌ ĐoŶtaiŶiŶg pƌoteiŶ, 

hoŵologue of  iŶseĐt TEPϭͿ aŶd MCR ;ŵaĐƌogloďuliŶ ƌelated pƌoteiŶs ϭ+ϮͿ ŵoleĐules  iŶ B. ŵiĐƌoti 

aĐƋuisitioŶ ďǇ tiĐks. RefleĐtiŶg the pƌeǀiouslǇ deŵoŶstƌated aŶti‐ďaĐteƌial aĐtiǀitǇ of tiĐk thioesteƌ‐

ĐoŶtaiŶiŶg pƌoteiŶs [ϭϮϬ, ϭϮϭ, ϭϮϰ], ǁe ĐaŶ hǇpothesize that tiĐk aŶti‐ŵiĐƌoďial aŶd aŶti‐paƌasitiĐ 

ƌespoŶse  ŵight  ďe  ƌegulated  ďǇ  diffeƌeŶt  ƌepƌeseŶtatiǀes  of  tiĐk  thioesteƌ‐ĐoŶtaiŶg  pƌoteiŶs. 

Moƌeoǀeƌ,  the  suggested  effiĐaĐǇ  of  TEP  ŵoleĐule  iŶ  tiĐk  aŶti‐ďaďesial  ƌespoŶse  iŶdiĐates  that 

ŵeĐhaŶisŵs ĐoŶtƌolliŶg the pƌotozoaŶ iŶǀasioŶ of ŵosƋuitos aŶd tiĐks ŵight ďe higlǇ siŵilaƌ, despite 

the  diffeƌeŶt  ďiologǇ  of  ďoth  ǀeĐtoƌs.  Based  oŶ  ouƌ  ĐoŶteŵpoƌaƌǇ  data  ǁe  ĐaŶŶot  ĐoŶfiƌŵ  the 

ĐoŶŶeĐtioŶ  ďoth  NF‐κB‐ƌelated  pathǁaǇs  aŶd  the  tiĐk  thioesteƌ‐ĐoŶtaiŶiŶg  pƌoteiŶs,  like  it  ǁas 

defiŶed foƌ ŵosƋuito. “iŶĐe these eǆpeƌiŵeŶts aƌe highlǇ desiƌaďle, ǁe ĐuƌƌeŶtlǇ ĐoŶtiŶue  iŶ this 

diƌeĐtioŶ. To ĐoŶĐlude, the ƌeseaƌĐh taƌgeted to eluĐidatioŶ of tiĐk aŶti‐ďaďesial ƌespoŶse pƌoǀides 

a ǀieǁ iŶto ŵeĐhaŶisŵs of paƌasite ǀeĐtoƌial tƌaŶsŵissioŶ, aŶd thus poteŶtiallǇ Đould help to pƌeǀeŶt 

Baďesia  tƌaŶsŵissioŶ ďǇ tiĐks.  IŶ a ďƌoadeƌ peƌspeĐtiǀe, the Đƌoss‐talk ďetǁeeŶ the paƌasites aŶd 

ǀeĐtoƌ oĐĐupies  the pathogeŶ  stƌategies ofteŶ  ƌelǇiŶg oŶ  the passiǀe oƌ  aĐtiǀe host  paƌtiĐipatioŶ 

[ϯϯϬ]. The ideŶtifiĐatioŶ of suĐh geŶes aŶd ŵoleĐules ƌegulatiŶg the paƌasite ďuƌdeŶ iŶ the ǀeĐtoƌ 

ĐaŶ fuƌtheƌ shape the ǀeĐtoƌial ĐapaĐitǇ of pathogeŶ tƌaŶsŵissioŶ.  

To  suppoƌt  the  ƌeseaƌĐh  iŶ  the  field  of Baďesia‐tiĐk  iŶteƌaĐtioŶs, ǁe  ĐuƌƌeŶtlǇ  foĐus  oŶ  the 

tƌaŶsĐƌiptoŵiĐ  ĐhaƌaĐteƌizatioŶ  the  tiĐk  aŶd  ďaďesial  geŶes  aĐtiǀated  duƌiŶg  the  paƌasite 

tƌaŶsŵissioŶ to the ǀeĐtoƌ aŶd peƌsisteŶĐe iŶ its saliǀaƌǇ glaŶds. We pƌepaƌed the RNA eǆtƌaĐts of 

saliǀaƌǇ glaŶds at diffeƌeŶt tiŵe poiŶts of tiĐk feediŶg ;Ϭh, Ϯϰh aŶd ϳϮhͿ usiŶg highlǇ iŶfeĐted tiĐk 

ŶǇŵphs ;pƌeǀaleŶĐe >ϱϬ%Ϳ; uŶiŶfeĐted saliǀaƌǇ glaŶds ǁeƌe used as a ĐoŶtƌol iŶ the saŵe ŵaŶŶeƌ. 

The  tƌaŶsĐƌiptoŵe  aŶalǇsis  ǁas  peƌfoƌŵed  ďǇ  GeŶXPƌo  ;http://tools.geŶǆpƌo.Ŷet/Ϳ  aŶd  ǁe  haǀe 

ƌeĐeŶtlǇ ƌeĐeiǀed the tƌaŶsĐƌiptoŵiĐ data. Data aƌe ĐuƌƌeŶtlǇ aŶalǇzed iŶ ĐollaďoƌatioŶ ǁith otheƌ 
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laďoƌatoƌies  iŶ sĐope of the pƌojeĐt ANTIDotE: aŶti‐tiĐk ǀaĐĐiŶes to pƌeǀeŶt tiĐk‐ďoƌŶe diseases  iŶ 

Euƌope [ϯϯϭ]. 

The platfoƌŵ of estaďlished laďoƌatoƌǇ ŵodel;sͿ eǆhiďits a gƌeat poteŶtial  foƌ ŵaŶǇ ƌeseaƌĐh 

ǁaǇs. EǆploitiŶg the teĐhŶiƋue of Baďesia ŵoleĐulaƌ deteĐtioŶ used iŶ ouƌ ƌeseaƌĐh, ǁe paƌtiĐipated 

oŶ the ƌeseaƌĐh eǀaluatiŶg the ŵiĐƌosĐopǇ aŶd PCR as diagŶostiĐs tool foƌ Baďesia ;see puďliĐatioŶ 

͞Validate oƌ falsifǇ: LessoŶs leaƌŶed fƌoŵ a ŵiĐƌosĐopǇ ŵethod Đlaiŵed to ďe useful foƌ deteĐtiŶg 

Boƌƌelia aŶd Baďesia oƌgaŶisŵs iŶ huŵaŶ ďlood͟ [ϭϭϳ]Ϳ. The otheƌ ƌeseaƌĐh diƌeĐtioŶ ďeŶefits fƌoŵ 

ǁell‐estaďlished  iŶ  vitƌo  ŵaiŶteŶaŶĐe  of  B.  diveƌgeŶs  ǁhiĐh  offeƌs  a  gƌeat  ŵodel  foƌ  testiŶg 

iŶŶoǀatiǀe aŶti‐ďaďesial  theƌapeutiĐ  tƌeŶds. We  foĐused oŶ  the pƌoteasoŵe  iŶhiďitoƌs ǁhiĐh aƌe 

ĐuƌƌeŶtlǇ ƌepoƌted as a poǁeƌful stƌategǇ foƌ tƌeatŵeŶt of paƌasitiĐ diseases [ϰϰ‐ϰϵ]. Up to Ŷoǁ, ǁe 

ǀalidated  the Baďesia pƌoteasoŵe as a  ǀaluaďle dƌug  taƌget aŶd ǀeƌified  the stƌoŶg aŶti‐ďaďesial 

effeĐt  of  ĐoŵŵeƌĐiallǇ  aǀailaďle  ĐoŵpouŶds  ;see  the  ŵaŶusĐƌipt  iŶ  pƌepaƌatioŶ  ͞ValidatioŶ  of 

Baďesia  pƌoteasoŵe  as  a  dƌug  taƌget͟Ϳ. We  iŶteŶd  to  ĐaƌƌǇ  oŶ  ǁith  desigŶ  of  Ŷeǁ  ĐoŵpouŶds 

taƌgetiŶg  the  Baďesia  pƌoteasoŵe.  “uďseƋueŶtlǇ,  ǁe  aiŵ  to  ǀeƌifǇ  Baďesia  ďuƌdeŶ  iŶ  host 

ďloodstƌeaŵ  as ǁell  as ǁithiŶ  the  tiĐk  oƌgaŶs,  aŶd  thus  eǆploit  the  tƌaŶsŵissioŶ  aŶd  aĐƋuisitioŶ 

ŵodels of B. ŵiĐƌoti iŶ a gƌeateƌ eǆteŶt. 
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Thesis suŵŵaƌǇ 

The thesis pƌoǀides aŶ  iŶsight to ďiologǇ of Baďesia ŵiĐƌoti aŶd Baďesia diveƌgeŶs, ageŶts of 

huŵaŶ  aŶd  ďoǀiŶe  ďaďesiosis  ǁith  iŶĐƌeasiŶg  iŶĐideŶĐe  ǁoƌldǁide.  IŶ  the  thesis  ǁe  pƌoǀide  

a ĐoŵpƌeheŶsiǀe liteƌatuƌe ƌeǀieǁ aŶd pƌeseŶt the ƌesults oďtaiŶed duƌiŶg the doĐtoƌal ƌeseaƌĐh. 

Thesis iŶĐludes pƌeǀiouslǇ puďlished ƌeseaƌĐh aŶd uŶpuďlished data, ǁhiĐh aƌe thoƌoughlǇ desĐƌiďed 

aŶd disĐussed to poiŶt out theiƌ iŶteƌest foƌ the sĐieŶtifiĐ ĐoŵŵuŶitǇ. 

PART I. GENERAL INTRODUCTION 

The  fiƌst  paƌt  of  the  thesis  pƌoǀides  a  ĐoŵpƌeheŶsiǀe  ƌeǀieǁ  oŶ  ĐuƌƌeŶt  kŶoǁledge  of  the 

pƌoďleŵatiĐs. Baďesia is a geŶus of ŵaŶǇ speĐies, taǆoŶoŵiĐallǇ plaĐed iŶto the oƌdeƌ Piƌoplasŵida 

togetheƌ ǁith Theileƌia aŶd CǇtauǆzooŶ [ϭϮ]. Based oŶ ŵulti‐geŶe aŶalǇses, piƌoplasŵs aƌe ĐloselǇ 

ƌelated to Plasŵodiuŵ, aŶ ageŶt of ŵalaƌia disease [ϵ‐ϭϮ]. As otheƌ apiĐoŵpleǆaŶ oƌgaŶisŵs, the 

paƌasite  Đell  is  eƋuipped  ďǇ  ApiĐal  Đoŵpleǆ.  This  uŶiƋue  ĐolleĐtioŶ  of  oƌgaŶelles  ŵediates  the 

peŶetƌatioŶ of the paƌasite iŶto the host Đell, aŶd thus is fouŶd iŶ all iŶǀasiǀe stages [ϯϰ].  

Baďesia deǀelopŵeŶtal ĐǇĐle is a seƌies of Đoŵpleǆ eǀeŶts eǆploitiŶg ǀeƌteďƌate oƌgaŶisŵs as 

hosts aŶd tiĐks as ǀeĐtoƌs. CuƌƌeŶt ƌeseaƌĐh paǇs a gƌeat atteŶtioŶ to paƌasite ŵultipliĐatioŶ iŶ the 

host Đells. Yet, the paƌasite deǀelopŵeŶt iŶ the tiĐk oƌgaŶisŵ is pooƌlǇ desĐƌiďed. This is giǀeŶ ďǇ 

paƌtial  lifeĐǇĐle  desĐƌiptioŶs  sĐatteƌed  iŶ  ŵaŶǇ  puďliĐatioŶs,  ŶoŶ‐uŶifoƌŵitǇ  of  iŶdiǀidual  stages 

ŶoŵeŶĐlatuƌe aŶd ƌeĐeŶt ƌedesĐƌiptioŶ of ŵaŶǇ speĐies [Ϯϭ, ϭϭϱ, ϭϭϲ]. Theƌefoƌe, ǁe deĐided to 

aŶalǇse  the  lifeĐǇĐle  of  piƌoplasŵs  iŶ  the  ŵaŶusĐƌipt  iŶ  pƌepaƌatioŶ  ͞LifeĐǇĐle  of  piƌoplasŵs: 

ĐoŵpƌeheŶsiǀe  aŶalǇsis͟.  Heƌe  ǁe  pƌoǀide  a  detailed  ǀieǁ  iŶto  deǀelopŵeŶtal  eǀeŶts  of 

ƌepƌeseŶtatiǀe  piƌoplasŵs  speĐies  – Theileƌia, CǇtauǆzooŶ  aŶd Baďesia –  iŶ  ĐoŶteǆt  of  the  latest 

kŶoǁledge aďout the taǆoŶoŵǇ, uŶiƋue featuƌes iŶ theiƌ life ĐǇĐle aŶd Ŷoǀel ŶoŵeŶĐlatuƌe. 

Baďesia paƌasites aƌe ĐosŵopolitaŶ paƌasites ǁith eǆtƌeŵelǇ ǁide host ƌaŶge ǁhiĐh iŶĐludes 

huŶdƌeds of ŵaŵŵal hosts. CuƌƌeŶtlǇ, Baďesia  is ĐoŶsideƌed as  the seĐoŶd ŵost ĐoŵŵoŶ ďlood 

paƌasite ǁoƌldǁide [ϭϯ]. Baďesiosis  is aŶ eŵeƌgiŶg disease of eĐoŶoŵiĐal, ǀeteƌiŶaƌǇ aŶd ŵediĐal 

iŵpoƌtaŶĐe. It affeĐts liǀestoĐk, ǁildlife aŶd ĐoŵpaŶioŶ aŶiŵals [ϰ, ϳ, ϲϬ‐ϲϮ], aŶd huŵaŶs [ϭϯ, ϱϲ, 

ϱϴ, ϱϵ]. BoǀiŶe ďaďesiosis is ƌeĐogŶized foƌ its ŵajoƌ iŵpaĐt oŶ faƌŵ aŶiŵal health aŶd assoĐiated 

ǁith eŶoƌŵous eĐoŶoŵiĐ losses the liǀestoĐk iŶdustƌǇ [ϰ, ϱϳ, ϲϮ]. HuŵaŶ ďaďesiosis is ƌepoƌted as 

ĐuƌƌeŶt ŵajoƌ ďlood tƌaŶsfusioŶ thƌeat [ϲ, ϰϭ, ϱϴ, ϲϲ] aŶd possess a sigŶifiĐaŶt ƌisk paƌtiĐulaƌlǇ to 

iŵŵuŶosuppƌessed patieŶts [ϲϴ, ϳϯ‐ϳϴ]. The disease is tƌaŶsŵitted ďǇ tiĐks aŶd to date the tiĐks of 

the  faŵilǇ  Iǆodidae haǀe ďeeŶ  ƌepoƌted as  the eǆĐlusiǀe ǀeĐtoƌs of Baďesia paƌasites  [ϰϭ].  IŶ  the 

Euƌope, Baďesia speĐies aƌe pƌiŵaƌilǇ tƌaŶsŵitted ďǇ Iǆodes ƌiĐiŶus [ϴϳ] aŶd iŶĐideŶĐe of ďoǀiŶe aŶd 

huŵaŶ diseases is attƌiďuted to distƌiďutioŶ aŶd deŶsitǇ of I. ƌiĐiŶus [ϲ, ϭϯ, ϱϱ, ϱϳ, ϲϮ, ϲϱ].  
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“iŶĐe  tiĐk  seƌǀes  as  a  host  aŶd  ǀeĐtoƌ  foƌ  ŵaŶǇ  pathogeŶs  iŶĐludiŶg  Baďesia  paƌasites,  it 

possesses  iŶŶate  iŵŵuŶe  ŵeĐhaŶisŵ  iŶteƌaĐtiŶg  ǁith  the  tƌaŶsŵitted  ŵiĐƌoďes.  IŶ  oƌdeƌ  to 

suŵŵaƌize these iŶteƌaĐtioŶ, ǁe puďlished the ƌeǀieǁ ͞IŶteƌaĐtioŶ of the tiĐk iŵŵuŶe sǇsteŵ ǁith 

tƌaŶsŵitted  pathogeŶs͟  [ϭ].  IŶ  the  ƌeǀieǁ  ǁe  pƌoǀided  a  ĐoŵpƌeheŶsiǀe  aŶalǇsis  of  the  tiĐk 

aŶtiŵiĐƌoďial iŵŵuŶe ŵeĐhaŶisŵs ŵediatiŶg Đƌoss‐talk ǁith thƌee the ŵost iŶteŶsiǀelǇ studied tiĐk‐

tƌaŶsŵitted pathogeŶs – Boƌƌelia, AŶaplasŵa aŶd Baďesia – iŶ ĐoŶteǆt of theiƌ Ŷatuƌal deǀelopŵeŶt 

iŶ the iŶteƌŶal oƌgaŶs of ǀeĐtoƌ tiĐks. IŶ this puďliĐatioŶ, I paƌtiĐipated oŶ suŵŵaƌiziŶg kŶoǁledge 

aďout tiĐk ŵoleĐulaƌ ŵeĐhaŶisŵs iŶteƌaĐtiŶg ǁith‐Baďesia paƌasites.  

PART II. “UMMARY OF RE“EARCH METHOD“ 

The seĐoŶd paƌt suŵŵaƌizes ŵethods used iŶ the thesis iŶ oƌdeƌ to estaďlish Baďesia laďoƌatoƌǇ 

tƌaŶsŵissioŶ ŵodel aŶd studǇ the ŵoleĐulaƌ iŶteƌaĐtioŶs at the tiĐk‐Baďesia iŶteƌfaĐe. The Đhapteƌ 

desĐƌiďes  ǁide  speĐtƌuŵ  of  laďoƌatoƌǇ  teĐhŶiƋues  aŶd  gƌaphiĐallǇ  depiĐt  the  sĐheŵes  

of tƌaŶsŵissioŶ eǆpeƌiŵeŶts. We iŶtƌoduĐe heƌe the Ŷoǀel ŵethods iŶ Baďesia ƌeseaƌĐh like utilitǇ 

of  fluoƌesĐeŶĐe  iŶ  situ  hǇďƌidizatioŶ  foƌ  the  ǀisualizatioŶ  of  paƌasite  deǀelopŵeŶt  iŶside  the  tiĐk 

saliǀaƌǇ glaŶds. The Đhapteƌ iŶĐludes oŶe ŵethodiĐal puďliĐatioŶ ͞ Validate oƌ falsifǇ: LessoŶs leaƌŶed 

fƌoŵ  a  ŵiĐƌosĐopǇ  ŵethod  Đlaiŵed  to  ďe  useful  foƌ  deteĐtiŶg  Boƌƌelia  aŶd  Baďesia  oƌgaŶisŵs  

iŶ  huŵaŶ  ďlood͟  [ϭϭϳ].  The  ƌeseaƌĐh  pƌeseŶted  iŶ  puďliĐatioŶ  ǁas  ĐoŶduĐted  iŶ  ĐoopeƌatioŶ  

ǁith  DepaƌtŵeŶt  of  BaĐteƌiologǇ  aŶd  IŵŵuŶologǇ,  NoƌǁegiaŶ  IŶstitute  of  PuďliĐ  Health,  Oslo, 

NoƌǁaǇ aŶd I paƌtiĐipated oŶ Baďesia spp. deteĐtioŶ iŶ the huŵaŶ ďlood saŵples. IŶ the puďliĐatioŶ, 

the ŵiĐƌosĐopǇ  as  diagŶostiĐs  tool  foƌ Baďesia  ;aŶd BoƌƌeliaͿ ǁas  eǀaluated  aŶd  Đoŵpaƌed ǁith  

the  ŵoleĐulaƌ  diagŶostiĐ  teĐhŶiƋues.  The  puďliĐatioŶ  ĐoŶfiƌŵed  that  ŵiĐƌosĐopǇ  Đould  falsifǇ  

the diagŶosis due to ŵisiŶteƌpƌetatioŶ of staiŶiŶg aƌtefaĐts. Thus, the ŵoleĐulaƌ teĐhŶiƋues should 

ďe used to ĐoŶfiƌŵ a defiŶitiǀe diagŶosis of huŵaŶ ďaďesiosis ďut ƌigoƌous pƌeĐautioŶs aƌe ƌeƋuiƌed 

to  aǀoid  false‐Ŷegatiǀe  oƌ  false‐positiǀe  ƌesults.  The  iŶĐideŶĐe  of  huŵaŶ  ďaďesiosis  is  ƌeĐeŶtlǇ 

ƌepoƌted iŶ ŵaŶǇ ĐouŶtƌies ;ƌeǀieǁed e.g. iŶ [ϲ, ϰϭ]Ϳ. Theƌefoƌe, the ƌeliaďle diagŶostiĐiaŶ teĐhŶiƋues 

aƌe ƌeƋuiƌed foƌ diagŶostiĐs aĐĐuƌaĐǇ aŶd fuƌtheƌ effeĐtiǀe tƌeatŵeŶt.  

PART III. EstaďlishŵeŶt of Baďesia diveƌgeŶs laďoƌatoƌǇ ŵodel aŶd its eǆpeƌiŵeŶtal appliĐatioŶ 

The  thiƌd  paƌt  of  the  thesis  pƌoǀides  a  ĐoŵpƌeheŶsiǀe  liteƌatuƌe  ƌeǀieǁ aďout B.  diveƌgeŶs,  

a EuƌopeaŶ ageŶt of huŵaŶ aŶd ďoǀiŶe ďaďesiosis, aŶd suŵŵaƌize eǆpeƌiŵeŶts peƌfoƌŵed iŶ oƌdeƌ 

to iŶtƌoduĐe Đoŵplete laďoƌatoƌǇ ŵodel of B. diveƌgeŶs. B. diveƌgeŶs ďeloŶgs to the Baďesia seŶsu 

stƌiĐto  gƌoup  ǁhiĐh  is  ĐhaƌaĐteƌized  ďǇ  tƌaŶsoǀaƌial  tƌaŶsŵissioŶ  iŶ  tiĐks  aŶd  ŵultipliĐatioŶ 

eǆĐlusiǀelǇ  iŶ  eƌǇthƌoĐǇtes  of  the  ǀeƌteďƌate  host  [ϱ,  ϭϮ,  ϭϴ‐ϮϬ].  A  suĐĐessful  tiĐk  iŶfeĐtioŶ  is 

depeŶdeŶt  oŶ  deǀelopŵeŶt  of  paƌasite  gaŵetoĐǇtes,  fiƌst  seǆual  stages  oĐĐuƌƌiŶg  iŶ  the  ďlood 

stƌeaŵ of  the  ǀeƌteďƌate host.  “iŶĐe B. diveƌgeŶs  is ŵaiŶtaiŶed  iŶ  vitƌo  aŶd uŶdeƌgoes  ƌepeated 

passages,  these  seǆual  stages  ĐaŶ ďe  ƌeduĐed oƌ dispatĐhed. Based oŶ pƌeǀiouslǇ  desĐƌiďed aŶd 
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ǀalidated  ŵaƌkeƌs  of  B.  diveƌgeŶs  gaŵetoĐǇtes  [ϭϰϮ,  ϭϰϯ],  ǁe  iŶtƌoduĐed  the  teĐhŶiƋue  

of  gaŵetoĐǇtes  ƋuaŶtifiĐatioŶ.  The  ƌesults  ǁeƌe  puďlished  iŶ  the  puďliĐatioŶ  ͞͞“tiŵulatioŶ  aŶd 

ƋuaŶtifiĐatioŶ of Baďesia diveƌgeŶs gaŵetoĐǇtogeŶesis͟ [ϭϭϴ]. IŶ this puďliĐatioŶ I peƌfoƌŵed all the 

desĐƌiďed eǆpeƌiŵeŶts usiŶg the ƋuaŶtifiĐatioŶ teĐhŶiƋue aŶd ǁƌote the ŵaŶusĐƌipt.  I also aĐted  

as  a  ĐoƌƌespoŶdiŶg  authoƌ of  the puďliĐatioŶ.  The  ƌeseaƌĐh pƌoǀides  aŶ  iŶsight  iŶto B.  diveƌgeŶs 

seǆual deǀelopŵeŶt. We ŵoŶitoƌed paƌasite seǆual ĐoŵŵitŵeŶt kiŶetiĐs upoŶ the ǀaƌious stiŵuli 

aŶd  ideŶtified  iŶĐeŶtiǀes  sigŶifiĐaŶtlǇ  iŶĐƌeasiŶg  the  gaŵetoĐǇteŵia.  The  ƌesults  pƌeseŶted  

iŶ  the  puďliĐatioŶ  has  the  poteŶtial  to  faĐilitate  fuƌtheƌ  ƌeseaƌĐh  iŶ  the  field  of  Baďesia‐tiĐk 

iŶteƌaĐtioŶs. 

The  Đhapteƌ  also  iŶĐludes  the  uŶpuďlished  data  oďtaiŶed  duƌiŶg  the  estaďlishŵeŶt  

of  B.  diveƌgeŶs  tƌaŶsŵissioŶ  ŵodel  iŶ  the  laďoƌatoƌǇ  ĐoŶditioŶs.  UsiŶg  the  pƌiŵaƌǇ  ǀeĐtoƌ  

of B. diveƌgeŶs, the tiĐk  I. ƌiĐiŶus, ǁe atteŵpted to  iŶtƌoduĐe the ŵodel usiŶg  iŶ vivo tiĐk feediŶg  

oŶ  iŶfeĐted  geƌďils.  The  geƌďils  eǆhiďited  ĐoŶsideƌaďle  ǀaƌiatioŶs  iŶ  paƌasite  gƌoǁth  iŶ  the  host 

ďloodstƌeaŵ ǁhiĐh ŵakes diffiĐult to staŶdaƌdize ĐoŶditioŶs foƌ paƌasite aĐƋuisitioŶ ďǇ tiĐks. Thus, 

ǁe deĐided to ƌeplaĐe the laďoƌatoƌǇ aŶiŵals ďǇ aƌtifiĐial feediŶg teĐhŶiƋue [ϭϮϲ]. We doĐuŵeŶted 

a  suĐĐessful  paƌasite  aĐƋuisitioŶ  ďǇ  feŵale  tiĐks  ďut  the  tƌaŶsŵissioŶ  ĐǇĐle  ǁas  Ŷot  Đoŵpleted.  

Due to oďseƌǀed diffiĐulties duƌiŶg the estaďlishŵeŶt of B. diveƌgeŶs laďoƌatoƌǇ ŵodel ǁe deĐided 

to atteŵpt aŶotheƌ paƌasite speĐies. The B. ŵiĐƌoti ƌepƌeseŶts ŵoƌe ĐoŶǀeŶieŶt ŵodel oƌgaŶisŵ due 

to  feasiďle  iŶ  vivo  ŵaiŶteŶaŶĐe  iŶ  laďoƌatoƌǇ  ŵiĐe.  The  ƌesults  ĐoŶĐeƌŶiŶg  the  B.  ŵiĐƌoti  aƌe 

suŵŵaƌized iŶ the fouƌth paƌt of the thesis.  

Yet, the estaďlishŵeŶt of B. diveƌgeŶs iŶ vitƌo Đultuƌe offeƌed Ŷeǁ ƌeseaƌĐh ǁaǇs. The loŶg teƌŵ 

iŶ vitƌo ŵaiŶteŶaŶĐe of B. diveƌgeŶs ƌepƌeseŶts a gƌeat ŵodel foƌ testiŶg of iŶŶoǀatiǀe aŶti‐ďaďesial 

theƌapeutiĐ tƌeŶds. The deǀelopŵeŶt of Ŷeǁ aŶti‐ďaďesial dƌugs is highlǇ desiƌaďle due to ŵajoƌ side 

effeĐts of ĐuƌƌeŶt ďaďesiosis theƌapǇ [ϳϯ, ϭϳϴ]. HuŵaŶ ďaďesiosis is usuallǇ tƌeated ďǇ ĐoŵďiŶatioŶ 

of aŶtiŵalaƌial aŶd aŶtiďaĐteƌial dƌugs [ϲ] aŶd possess Ŷuŵeƌous side effeĐts aŶd eǀeŶ dƌug failuƌe 

ƌelated  to  iŶĐƌease  of  ƌesistaŶt  paƌasites  [ϳϯ,  ϭϳϴ,  ϭϳϵ].  UsiŶg  estaďlished  B.  diveƌgeŶs  iŶ  vitƌo 

Đultuƌes ǁe ĐoŶduĐted the pƌiŵaƌǇ sĐƌeeŶiŶg of seleĐted ĐoŵŵeƌĐiallǇ aǀailaďle ĐoŵpouŶds aŶd 

aŶalǇsed  theiƌ aŶti‐ďaďesial  effeĐt.  The pƌoteasoŵe  iŶhiďitoƌs aƌe ĐuƌƌeŶtlǇ  iŶ  the ĐeŶtƌe of high 

iŶteƌest  due  to  gƌeat  aŶti‐paƌasitiĐ  effiĐaĐǇ.  Pƌoteasoŵe  is  ŵulti‐ĐoŵpoŶeŶt  pƌoteiŶ  Đoŵpleǆ 

ƌegulatiŶg  ŵaŶǇ  Đellulaƌ  pƌoĐesses  [ϭϴϴ]  aŶd  ƌeĐeŶt  fiŶdiŶgs  ƌepoƌted  pƌoteasoŵe  iŶhiďitoƌs  

as  poǁeƌful  stƌategǇ  foƌ  tƌeatŵeŶt  of  paƌasitiĐ  diseases  [ϭϴϬ‐ϭϴϱ].  Theƌefoƌe,  ǁe  ǀeƌified  

the poteŶtial of pƌoteasoŵe iŶhiďitoƌs to seƌǀe as aŶti‐ďaďesial theƌapeutiĐ ageŶts. Results of this 

ƌeseaƌĐh  aƌe  suŵŵaƌized  iŶ  the  ŵaŶusĐƌipt  iŶ  pƌepaƌatioŶ  ͞͞ValidatioŶ  of  Baďesia  pƌoteasoŵe  

as  a  dƌug  taƌget͟.  I  ǁas  iŶǀolǀed  iŶ  all  eǆpeƌiŵeŶts  desĐƌiďed  iŶ  the ŵaŶusĐƌipt  iŶĐludiŶg  theiƌ 
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aŶalǇsis  aŶd  iŶteƌpƌetatioŶ.  I  also  paƌtiĐipated  iŶ  the  ŵaŶusĐƌipt  ǁƌitiŶg.  The  ŵaŶusĐƌipt  iŶ 

pƌepaƌatioŶ ǀalidates pƌoteasoŵe iŶhiďitoƌs as poteŶtial ǀiaďle aŶti‐ďaďesial dƌugs. 

PART IV. EstaďlishŵeŶt of Baďesia ŵiĐƌoti laďoƌatoƌǇ ŵodel aŶd its eǆpeƌiŵeŶtal appliĐatioŶ 

The fouƌth paƌt of the thesis pƌoǀides a ĐoŵpƌeheŶsiǀe liteƌatuƌe suŵŵaƌǇ aďout B. ŵiĐƌoti,  

aŶ ageŶt of huŵaŶ ďaďesiosis, aŶd desĐƌiďes uŶpuďlished ƌeseaƌĐh ĐoŶĐeƌŶiŶg the estaďlishŵeŶt of 

B.  ŵiĐƌoti  laďoƌatoƌǇ  ŵodel;sͿ.  B.  ŵiĐƌoti  is  phǇlogeŶetiĐallǇ  plaĐed  oŶ  the  ďasis  of  the 

oƌdeƌ Piƌoplasŵida [ϭϮ]. Coŵpaƌed to otheƌ apiĐoŵpleǆaŶ paƌasites, B. ŵiĐƌoti eǆhiďits a ƌeŵaƌkaďle 

diffeƌeŶĐes like the ǀeƌǇ sŵall geŶoŵe [ϭϴϵ] oƌ ƌeduĐed apiĐal Đoŵpleǆ [ϰϬ]. IŶ ĐoŶtƌast to speĐies 

of Baďesia seŶsu stƌiĐto liŶeage, the B. ŵiĐƌoti ĐǇĐle laĐks the tƌaŶsoǀaƌial tƌaŶsŵissioŶ. The paƌasite 

possess oŶlǇ tƌaŶsstadial tƌaŶsŵissioŶ, usuallǇ fƌoŵ tiĐk laƌǀae to ŵolted ŶǇŵphs [ϵϰ, ϭϵϭ‐ϭϵϯ]. As 

ƌeseƌǀoiƌ hosts of B. ŵiĐƌoti seƌǀe ƌodeŶts [ϰϭ]. This ƌepƌeseŶts a faĐilitatioŶ foƌ estaďlishŵeŶt of 

paƌasite laďoƌatoƌǇ ĐǇĐle siŶĐe paƌasite is feasiďle ŵaiŶtaiŶed iŶ ĐoŵŵoŶ laďoƌatoƌǇ ŵiĐe.  

IŶ  oƌdeƌ  to  iŶtƌoduĐe  the B. ŵiĐƌoti  laďoƌatoƌǇ ŵodel, ǁe  adapted  the  paƌasite  iŶfeĐtioŶ  iŶ 

BALB/Đ  laďoƌatoƌǇ ŵiĐe  aŶd ŵoŶitoƌed  the  staŶdaƌd  Đouƌse of  iŶfeĐtioŶ.  The ŵiĐe  iŶfeĐtioŶ ǁas 

Đategoƌized iŶto thƌee diffeƌeŶt phases desĐƌiďiŶg the ƌapid iŶĐƌease of paƌasiteŵia ;aĐute phaseͿ, 

gƌadual deĐƌease of iŶfeĐted eƌǇthƌoĐǇtes ;deĐliŶe phaseͿ aŶd loŶg‐teƌŵ paƌasite peƌsisteŶĐe iŶ ǀeƌǇ 

loǁ paƌasiteŵia leǀels ;lateŶt phaseͿ. The ŵaǆiŵal paƌasiteŵia ǁas oďseƌǀed ϲth daǇ post iŶfeĐtioŶ, 

ƌeaĐhiŶg  ϱϱ  ±  ϯ.ϵ%.  To  ƌespeĐt  paƌasite  Ŷatuƌal  tƌaŶsŵissioŶ,  ǁe  estaďlished  a  ŵodel  usiŶg 

pathogeŶ‐fƌee  laƌǀae  fed oŶ  iŶfeĐted  laďoƌatoƌǇ ŵiĐe. “uďseƋueŶtlǇ, ǁe eǀaluated the B. ŵiĐƌoti 

pƌeǀaleŶĐe  iŶ ŵolted ŶǇŵphs aŶd ŵoŶitoƌ paƌasite  tƌaŶsŵissioŶ  to Ŷaïǀe ŵiĐe. We doĐuŵeŶted 

high pƌeǀaleŶĐe iŶ tiĐks fed iŶ aĐute phase ;ϴϵ%Ϳ Đoŵpaƌed to deĐliŶe aŶd lateŶt phases ;Ϯ.ϱ% aŶd 

ϳ.ϲ%, ƌespeĐtiǀelǇͿ. Moƌeoǀeƌ, the pool of ϭϬ tiĐks fed iŶ the aĐute phase tƌaŶsŵitted the paƌasite 

iŶto  all  eǆpeƌiŵeŶtal  Ŷaïǀe  ŵiĐe.  Thus,  the  ŵiĐe  iŶ  aĐute  phase  of  the  iŶfeĐtioŶ  ǁeƌe  used  iŶ 

suďseƋueŶt  eǆpeƌiŵeŶts.  Despite  the  suĐĐessfullǇ  estaďlished  B.  ŵiĐƌoti  laďoƌatoƌǇ  ŵodel,  ǁe 

doĐuŵeŶted  the  seasoŶal  ǀaƌiaŶĐes  iŶflueŶĐiŶg  the  ŵodel  aĐhieǀeŵeŶt.  IŶ  ŵaŶǇ  atteŵpts  ǁe 

oďseƌǀed high paƌasite pƌeǀaleŶĐe iŶ tiĐks duƌiŶg spƌiŶg ŵoŶths Đoŵpaƌed to ǀeƌǇ loǁ pƌeǀaleŶĐe 

oďtaiŶed  iŶ  autuŵŶ  aŶd ǁiŶteƌ  seasoŶ. UsiŶg  laƌǀae  iŶĐuďatioŶ  iŶ  high  teŵpeƌatuƌes  ;ϯϱ°CͿ ǁe 

optiŵized the estaďlished ŵodel aŶd aǀoid the seasoŶal ǀaƌiaŶĐes. EŵploǇiŶg the optiŵized ŵodel, 

ǁe  assessed  the  paƌasite  deǀelopŵeŶt  iŶ  ǀaƌious  tiĐk  tissues.  We  doĐuŵeŶted  the  B.  ŵiĐƌoti 

peƌsisteŶĐe eǆĐlusiǀelǇ iŶ saliǀaƌǇ glaŶds duƌiŶg the tiĐk ŶǇŵph pƌogeŶǇ. The paƌasite pƌeseŶĐe iŶ 

tiĐk  saliǀaƌǇ  glaŶds  ǁas  ĐoŶfiƌŵed  ďǇ  paƌasite  spoƌozoites  ǀisualizatioŶ  usiŶg  the  teĐhŶiƋue  of 

fluoƌesĐeŶĐe  iŶ  situ  hǇďƌidizatioŶ.  Moƌeoǀeƌ,  ǁe  oďseƌǀed  the  host  iŶfeĐtioŶ  ǁith  B.  ŵiĐƌoti 

eǆĐlusiǀelǇ afteƌ  tiĐk  full eŶgoƌgeŵeŶt. This suggests  that deǀelopŵeŶt of ŵatuƌed spoƌozoites – 

aďle to iŶfeĐt Ŷaïǀe host – lasts ϰϴ houƌs afteƌ ďegiŶŶiŶg of tiĐk eŶgoƌgeŵeŶt. Oǀeƌall, ǁe suĐĐessfullǇ 

estaďlished aŶd optiŵized the B. ŵiĐƌoti  tƌaŶsŵissioŶ ŵodel. Yet,  the paƌasite peƌsisteŶĐe  iŶ the 
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saliǀaƌǇ  glaŶds  of  ŵolted  ŶǇŵphs  liŵits  aŶ  iŶǀestigatioŶ  of  tiĐk  iŶŶate  iŵŵuŶitǇ.  The  tiĐk  aŶti‐

ŵiĐƌoďial  ŵoleĐules  possess  aŶ  effiĐaĐǇ  duƌiŶg  the  pathogeŶ  iŶǀasioŶ  paƌtiĐulaƌlǇ  iŶ  the 

haeŵolǇŵph  [ϭϮϬ,  ϭϮϭ,  ϭϮϯ,  ϭϮϰ,  Ϯϴϰ].  Thus,  the  paƌasite  ďiologǇ  iŶ  the  estaďlished  ŵodel 

eliŵiŶates  the  ƌeseaƌĐh  of  Baďesia‐tiĐk  iŶteƌaĐtioŶ  usiŶg  the  speĐifiĐ  geŶe  sileŶĐiŶg  siŶĐe  the 

teĐhŶiƋue is Ŷot feasiďle iŶ tiĐk laƌǀae Ǉet.  

To aǀoid  this ĐoŵpliĐatioŶ, ǁe  iŵpleŵeŶted aĐƋuisitioŶ ŵodel of B. ŵiĐƌoti. The aĐƋuisitioŶ 

ŵodel  is ďased oŶ the  I. ƌiĐiŶus pathogeŶ‐fƌee ŶǇŵph eŶgoƌged oŶ iŶfeĐted laďoƌatoƌǇ ŵiĐe. The 

paƌasite aĐƋuisitioŶ ďǇ tiĐks is a Đoŵpleǆ issue ĐoŵpƌisiŶg paƌasite seǆual deǀelopŵeŶt iŶ the tiĐk 

ŵidgut aŶd suďseƋueŶt iŶǀasioŶ of saliǀaƌǇ glaŶds ǀia haeŵolǇŵph [ϰϲ, ϱϭ, ϱϮ]. UsiŶg aĐƋuisitioŶ 

ŵodel, ǁe  assessed  the  ĐhƌoŶologǇ  of B. ŵiĐƌoti  disseŵiŶatioŶ  iŶto  the  tiĐk  saliǀaƌǇ  glaŶds  aŶd 

atteŵpted to ǀisualize paƌasite stages iŶ aĐiŶaƌ Đells. Based oŶ seǀeƌal ƌepetitioŶs, ǁe ĐoŶfiƌŵed the 

uŶifoƌŵitǇ aŶd seasoŶal iŶdepeŶdeŶĐe Đoŵpaƌed to the pƌeǀiouslǇ estaďlished tƌaŶsŵissioŶ ĐǇĐle. 

Thus, the aĐƋuisitioŶ ŵodel is fuƌtheƌ used iŶ the ƌeseaƌĐh of ŵutual iŶteƌaĐtioŶ ďetǁeeŶ Baďesia 

paƌasite aŶd tiĐk ǀeĐtoƌ.  

TiĐks possess poǁeƌful aŶti‐ŵiĐƌoďial ŵeĐhaŶisŵs ƌegulatiŶg pathogeŶ  iŶǀasioŶ. The  foƌeigŶ 

oƌgaŶisŵs aƌe  ƌeĐogŶized ďǇ  the  iŵŵuŶe sigŶalliŶg pathǁaǇs ǁhiĐh  fuƌtheƌ aŵplifǇ  the  iŵŵuŶe 

ƌespoŶse ďǇ pƌoduĐtioŶ of effeĐtoƌ aŶtiŵiĐƌoďial ŵoleĐules. This Đhapteƌ of the thesis desĐƌiďes the 

thƌee ŵost  ĐhaƌaĐteƌized  tiĐk  sigŶalliŶg  pathǁaǇs  oƌĐhestƌatiŶg  the  aŶti‐ŵiĐƌoďial  ƌespoŶse  aŶd 

fuƌtheƌ  eǀaluates  theiƌ  ƌole  iŶ  aĐƋuisitioŶ  of  Baďesia  paƌasites.  Ouƌ  ƌesults  poiŶted  out  to  the 

iŵpoƌtaŶĐe tǁo NF‐κB‐ƌelated sigŶalliŶg pathǁaǇs – the Toll iŶŶate iŵŵuŶe sigŶalliŶg pathǁaǇ aŶd 

the Iŵd ;iŵŵuŶe defiĐieŶĐǇͿ pathǁaǇ – iŶ ƌegulatioŶ of paƌasite aĐƋuisitioŶ. We also  iŵplied the 

aŶti‐ďaďesial  effeĐt  of  thioesteƌ‐ĐoŶtaiŶiŶg  pƌoteiŶs  ;TEPsͿ.  TEPs  aƌe  the  hoŵologs  of  huŵaŶ 

ĐoŵpleŵeŶt  faĐtoƌs  [ϭϮϬ]  aŶd ǁeƌe  pƌeǀiouslǇ  ideŶtified  to ŵediate  the  I.  ƌiĐiŶus  aŶti‐ŵiĐƌoďial 

ƌespoŶse [ϭϮϬ, ϭϮϭ, ϭϮϰ]. Moƌeoǀeƌ, the TEPs ǁeƌe deteƌŵiŶed as doǁŶstƌeaŵ effeĐtoƌ ŵoleĐules 

of Toll sigŶalliŶg pathǁaǇ iŶ aŶti‐ŵalaƌial ƌespoŶse of ŵosƋuito ǀeĐtoƌ [Ϯϳϳ, Ϯϳϵ]. We doĐuŵeŶted 

the ĐoŵŵitŵeŶt of tǁo tiĐk TEPs – ĐoŵpleŵeŶt‐like pƌoteiŶ TEP aŶd ŵaĐƌogloďuliŶ ƌelated pƌoteiŶs 

;MCRsͿ – iŶ the ƌegulatioŶ of B. ŵiĐƌoti aĐƋuisitioŶ ďǇ tiĐks. Although ǁe haǀe Ŷot Ǉet ĐoŶfiƌŵed the 

ĐoŶŶeĐtioŶ of NF‐κB‐ƌelated pathǁaǇs aŶd tiĐk TEPs ;the eǆpeƌiŵeŶts aƌe oŶgoiŶgͿ, ǁe ĐaŶ ĐoŶĐlude 

that tiĐk aĐtiǀelǇ ƌegulates the B. ŵiĐƌoti  iŶǀasioŶ ǀia  iŶŶate  iŵŵuŶe sigŶalliŶg aŶd aŶti‐ŵiĐƌoďial 

ŵeĐhaŶisŵs of tiĐk ĐoŵpleŵeŶt sǇsteŵ.  
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CoŶĐludiŶg ƌeŵaƌks  

The thesis pƌoǀides a ĐoŵpƌeheŶsiǀe ƌeǀieǁ of ŵǇ doĐtoƌal ƌeseaƌĐh. We iŶtƌoduĐe heƌe fullǇ 

optiŵized ƋuaŶtifiĐatioŶ ŵodel of Baďesia paƌasite ǁhiĐh  is  fuƌtheƌ used to seǀeƌal eǆpeƌiŵeŶtal 

appliĐatioŶs.  We  iŶǀestigate  the  paƌasite  deǀelopŵeŶt  aŶd  eŵphasized  the  B.  diveƌgeŶs  seǆual 

ĐoŵŵitŵeŶt. We  ideŶtified  the  tiĐk  sigŶalliŶg  aŶd  iŵŵuŶe ŵeĐhaŶisŵ  ƌegulatiŶg  the B. ŵiĐƌoti 

iŶǀasioŶ. We pƌoposed a Ŷeǁ diƌeĐtioŶ of aŶti‐ďaďesial theƌapǇ ďǇ ǀalidatioŶ of the B. diveƌgeŶs aŶd 

B. ŵiĐƌoti pƌoteasoŵe as a dƌug taƌget. Oǀeƌall, the ƌeseaƌĐh pƌeseŶted iŶ the thesis eǆteŶds the 

ĐuƌƌeŶt kŶoǁledge of the Baďesia paƌasite ďiologǇ.  
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RĠsuŵĠ de la thğse [iŶ FƌeŶĐh] 

La thğse doŶŶe uŶ apeƌçu de la ďiologie de Baďesia ŵiĐƌoti et de Baďesia diveƌgeŶs, ageŶts de 

la ďaďĠsiose huŵaiŶe et ďoǀiŶe d'iŶĐideŶĐe ĐƌoissaŶte daŶs  le ŵoŶde eŶtieƌ. DaŶs la thğse, Ŷous 

appoƌtoŶs uŶe ƌeǀue eǆhaustiǀe de la littĠƌatuƌe et pƌĠseŶtoŶs les ƌĠsultats aĐƋuis au Đouƌs de la 

pĠƌiode doĐtoƌale. La thğse iŶĐlut des ƌĠsultats puďliĠs ou ŶoŶ, Ƌui soŶt dĠĐƌits eŶ dĠtails et disĐutĠs 

pouƌ ŵettƌe eŶ aǀaŶt leuƌ iŶtĠƌġt pouƌ la ĐoŵŵuŶautĠ sĐieŶtifiƋue. 

Paƌtie I. IŶtƌoduĐtioŶ gĠŶĠƌale 

Cette pƌeŵiğƌe paƌtie de la thğse fouƌŶit uŶe ƌeǀue dĠtaillĠe et aussi eǆhaustiǀe Ƌue possiďle 

des ĐoŶŶaissaŶĐes gĠŶĠƌales liĠes à la pƌoďlĠŵatiƋue. Baďesia est uŶ geŶƌe ĐoŵpoƌtaŶt uŶe ĐeŶtaiŶe 

d'espğĐes, plaĐĠ taǆoŶoŵiƋueŵeŶt daŶs l'oƌdƌe des Piƌoplasŵida, aǀeĐ Theileƌia et CǇtauǆzooŶ [ϭϮ]. 

“uƌ  la  ďase  d'aŶalǇses  phǇlogĠŶĠtiƋues  ƌĠĐeŶtes  et  ŵultigĠŶiƋues,  les  piƌoplasŵes  oŶt  ĠtĠ 

dĠŵoŶtƌĠs Đoŵŵe ĠtƌoiteŵeŶt liĠs à Plasŵodiuŵ, ageŶt ƌespoŶsaďle de la ŵalaƌia [ϵ‐ϭϮ]. Baďesia 

possğde uŶ Đoŵpleǆe apiĐal, ĐaƌaĐtĠƌistiƋue ĐoŵŵuŶe auǆ ŵeŵďƌes du phǇluŵ des ApiĐoŵpleǆes. 

Cet assoƌtiŵeŶt uŶiƋue d'oƌgaŶelles assuƌe  la pĠŶĠtƌatioŶ du paƌasite daŶs  la Đellule hôte, et est 

doŶĐ pƌĠseŶt Đhez tous les stades iŶǀasifs [ϯϰ]. 

Le ĐǇĐle de dĠǀeloppeŵeŶt de Baďesia Đoŵpoƌte uŶe sĠƌie d'ĠǀğŶeŵeŶts Đoŵpleǆes eǆploitaŶt 

les oƌgaŶisŵes ǀeƌtĠďƌĠs Đoŵŵe hôtes et les tiƋues Đoŵŵe ǀeĐteuƌs. Les ƌeĐheƌĐhes aĐtuelles soŶt 

ĐeŶtƌĠes pƌesƋue eǆĐlusiǀeŵeŶt suƌ la ŵultipliĐatioŶ du paƌasite daŶs les Đellules de l'hôte ǀeƌtĠďƌĠ. 

Le dĠǀeloppeŵeŶt du paƌasite Đhez la tiƋue est souǀeŶt ŶĠgligĠ et dĠĐƌit de façoŶ supeƌfiĐielle et 

paƌtielle. La diffiĐultĠ pƌoǀieŶt de doŶŶĠes desĐƌiptiǀes paƌtielles ĠpaƌpillĠes daŶs de Ŷoŵďƌeuses 

puďliĐatioŶs,  la  ŶoŶ‐uŶifoƌŵitĠ  de  la  ŶoŵeŶĐlatuƌe  utilisĠe  pouƌ  les  diffĠƌeŶts  stades  et  la  

ƌe‐desĐƌiptioŶ ƌĠĐeŶte de Ŷoŵďƌeuses espğĐes [Ϯϭ, ϭϭϱ, ϭϭϲ]. Nous aǀoŶs doŶĐ dĠĐidĠ d'appoƌteƌ 

uŶe ǀisioŶ  la plus Đoŵplğte possiďle du ĐǇĐle des piƌoplasŵes Đhez  la tiƋue daŶs  le ŵaŶusĐƌit eŶ 

pƌĠpaƌatioŶ ͞LifeĐǇĐle of piƌoplasŵs: ĐoŵpƌeheŶsiǀe aŶalǇsis͟. DaŶs Đette ƌeǀue de sǇŶthğse, Ŷous 

appoƌtoŶs  uŶe  ǀisioŶ  dĠtaillĠe  des  ĠǀğŶeŵeŶts  du  dĠǀeloppeŵeŶt  Đhez  le  ǀeĐteuƌ  des  espğĐes 

ƌepƌĠseŶtatiǀes des tƌois geŶƌes de piƌoplasŵes – Theileƌia, CǇtauǆzooŶ et Baďesia ‐ daŶs le ĐoŶteǆte 

des  deƌŶiğƌes  ĐoŶŶaissaŶĐes  suƌ  leuƌ  taǆoŶoŵie,  des  ĐaƌaĐtğƌes  uŶiƋues  de  ŵeuƌ  ĐǇĐle  et  des 

Ŷouǀelles ŶoŵeŶĐlatuƌes. 

Les paƌasites du geŶƌe Baďesia soŶt tƌğs Đosŵopolites, aǀeĐ uŶe tƌğs laƌge gaŵŵe d'hôtes Ƌui 

iŶĐlut des ĐeŶtaiŶes d'hôtes Maŵŵifğƌes. AĐtuelleŵeŶt, Baďesia est ĐoŶsidĠƌĠ Đoŵŵe  le seĐoŶd 

paƌasite  saŶguiŶ  le  plus  ĐoŵŵuŶ  au  ŵoŶde  [ϭϯ].  La  ďaďĠsiose  est  uŶe  ŵaladie  ĠŵeƌgeŶte 

d'iŵpoƌtaŶĐe  ĠĐoŶoŵiƋue  ǀĠtĠƌiŶaiƌe  et  ŵĠdiĐale.  Elle  affeĐte  le  ďĠtail,  la  fauŶe  sauǀage,  les 

aŶiŵauǆ de ĐoŵpagŶie [ϰ, ϳ, ϲϬ‐ϲϮ] et l'hoŵŵe Ŷe fait pas eǆĐeptioŶ [ϭϯ, ϱϲ, ϱϴ, ϱϵ]. La ďaďĠsiose 
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ďoǀiŶe est ƌeĐoŶŶue pouƌ soŶ iŵpaĐt ŵajeuƌ suƌ la saŶtĠ des aŶiŵauǆ de ƌeŶte et assoĐiĠe à des 

peƌtes  ĠĐoŶoŵiƋues  ĠŶoƌŵes  daŶs  l'iŶdustƌie  du  ďĠtail  [ϰ,  ϱϳ,  ϲϮ].  La  ďaďĠsiose  huŵaiŶe  est 

ƌappoƌtĠe Đoŵŵe ĠtaŶt uŶe ŵeŶaĐe ŵajeuƌe pouƌ les tƌaŶsfusioŶs saŶguiŶes [ϲ, ϰϭ, ϱϴ, ϲϲ] et pose 

uŶ ƌisƋue sigŶifiĐatif eŶ paƌtiĐulieƌ Đhez les patieŶts iŵŵuŶo‐dĠpƌiŵĠs [ϲϴ, ϳϯ‐ϳϴ]. Cette ŵaladie est 

tƌaŶsŵise paƌ les tiƋues et aĐtuelleŵeŶt seules les tiƋues de la faŵille des Iǆodidae oŶt ĠtĠ ideŶtifiĠes 

Đoŵŵe ǀeĐteuƌs des paƌasites du geŶƌe Baďesia [ϰϭ]. EŶ Euƌope, les diffĠƌeŶtes espğĐes de Baďesia 

soŶt  pƌiŶĐipaleŵeŶt  tƌaŶsŵises  paƌ  Iǆodes  ƌiĐiŶus  [ϴϳ],  et  l'iŶĐideŶĐe  des  la  ďaďĠsiose  ďoǀiŶe  et 

huŵaiŶe est attƌiďuĠe à la distƌiďutioŶ et à la deŶsitĠ d'I. ƌiĐiŶus [ϲ, ϭϯ, ϱϱ, ϱϳ, ϲϮ, ϲϱ]. 

PuisƋue la tiƋue seƌt de ǀeĐteuƌ à de Ŷoŵďƌeuǆ pathogğŶes iŶĐluaŶt Baďesia, elle possğde uŶ 

ŵĠĐaŶisŵe d'iŵŵuŶitĠ iŶŶĠ iŶteƌagissaŶt aǀeĐ les ŵiĐƌoďes tƌaŶsŵis. Nous aǀoŶs puďliĠ uŶ ƌĠsuŵĠ 

des iŶfoƌŵatioŶs ĐoŶĐeƌŶaŶt Đes iŶteƌaĐtioŶs daŶs uŶe ƌeǀue de sǇŶthğse ͞IŶteƌaĐtioŶ of the tiĐk 

iŵŵuŶe  sǇsteŵ ǁith  tƌaŶsŵitted  pathogeŶs͟  [ϭ,  ϭϯ].  DaŶs  Đette  sǇŶthğse,  Ŷous  appoƌtoŶs  uŶe 

aŶalǇse des ŵĠĐaŶisŵes  iŵŵuŶitaiƌes  aŶtiŵiĐƌoďieŶs Ƌui  ƌĠgisseŶt  les  iŶteƌaĐtioŶs aǀeĐ  les  tƌois 

pathogğŶes  tƌaŶsŵis  paƌ  les  tiƋues  les  plus  ĠtudiĠs  – Boƌƌelia, AŶaplasŵa  et Baďesia  –  daŶs  le 

ĐoŶteǆte de leuƌ dĠǀeloppeŵeŶt Ŷatuƌel daŶs les oƌgaŶes iŶteƌŶes des tiƋues ǀeĐtƌiĐes. DaŶs Đette 

puďliĐatioŶ,  j'ai  ƌĠalisĠ  la  paƌtie  ĐoŶĐeƌŶaŶt  les  ĐoŶŶaissaŶĐes  suƌ  les  iŶteƌaĐtioŶs  iŵŵuŶitaiƌes 

ŵolĠĐulaiƌes tiƋue ‐ Baďesia. 

Paƌtie II. RĠsuŵĠ des ŵĠthodologies 

La seĐoŶde paƌtie ƌĠsuŵe les ŵĠthodes utilisĠes daŶs la thğse daŶs le ďut d'Ġtaďliƌ uŶ ŵodğle 

de  tƌaŶsŵissioŶ de Baďesia  et  d'Ġtudieƌ  les  iŶteƌaĐtioŶs ŵolĠĐulaiƌes  à  l'iŶteƌfaĐe  tiƋue‐Baďesia.  

Ce Đhapitƌe dĠĐƌit le laƌge paŶel de ŵĠthodes de laďoƌatoiƌe eŵploǇĠes et pƌĠĐise les sĐhĠŵas des 

eǆpĠƌieŶĐes  de  tƌaŶsŵissioŶ.  Nous  aďoƌdoŶs  daŶs  Đe  Đhapitƌe  des ŵĠthodes  Ŷouǀelles  daŶs  les 

ƌeĐheƌĐhes suƌ Baďesia, telles Ƌue le le FI“H ;fluoƌesĐeŶĐe iŶ situ hǇďƌidizatioŶͿ pouƌ la ǀisualisatioŶ 

du  dĠǀeloppeŵeŶt  paƌasitaiƌe  daŶs  les  glaŶdes  saliǀaiƌes.  Ce  Đhapitƌe  iŶĐlut  uŶe  puďliĐatioŶ 

ŵĠthodologiƋue  ͞Validate  oƌ  falsifǇ  :  LessoŶs  leaƌŶed  fƌoŵ  a ŵiĐƌosĐopǇ ŵethod  Đlaiŵed  to  ďe 

useful  foƌ  deteĐtiŶg Boƌƌelia  aŶd Baďesia  oƌgaŶisŵs  iŶ huŵaŶ ďlood͟  [ϭϭϳ].  Ces  tƌaǀauǆ  oŶt  ĠtĠ 

ŵeŶĠs eŶ ĐoopĠƌatioŶ aǀeĐ le ͞DepaƌtŵeŶt of BaĐteƌiologǇ aŶd IŵŵuŶologǇ, NoƌǁegiaŶ IŶstitute 

of PuďliĐ Health, Oslo, NoƌǁaǇ͟ et j'ai paƌtiĐipĠ à la dĠteĐtioŶ de Baďesia spp. daŶs les ĠĐhaŶtilloŶs 

de  saŶg huŵaiŶ. DaŶs  Đette puďliĐatioŶ,  la ŵiĐƌosĐopie  eŶ  taŶt Ƌu'outil  diagŶostiĐ  pouƌ Baďesia  

;et BoƌƌeliaͿ a ĠtĠ ĠǀaluĠe et ĐoŵpaƌĠe aǀeĐ des teĐhŶiƋues ŵolĠĐulaiƌes. La puďliĐatioŶ ĐoŶfiƌŵe 

Ƌue la ŵiĐƌosĐopie pouǀait ƌeŶdƌe uŶ diagŶostiĐ eƌƌoŶĠ du à la ŵauǀaise iŶteƌpƌĠtatioŶ d'aƌtĠfaĐts 

de  ĐoloƌatioŶ.  Il  appaƌaît  doŶĐ  Ƌue  des  teĐhŶiƋues  ŵolĠĐulaiƌes  deǀƌaieŶt  ġtƌe  utilisĠes  pouƌ 

ĐoŶfiƌŵeƌ  le diagŶostiĐ de ďaďĠsiose huŵaiŶe ŵais des pƌĠĐautioŶs ƌigouƌeuses soŶt ŶĠĐessaiƌes 

pouƌ Ġǀiteƌ les fauǆ positifs et les fauǆ ŶĠgatifs. L'iŶĐideŶĐe de la ďaďĠsiose huŵaiŶe a ĠtĠ ƌĠĐeŵŵeŶt 

ƌappoƌtĠe Đoŵŵe eŶ augŵeŶtatioŶ, et des Đas ĐliŶiƋues soŶt dĠĐlaƌĠs daŶs de Ŷoŵďƌeuǆ paǇs [ϲ, 
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ϰϭ].  Des  teĐhŶiƋues  de  diagŶostiĐ  fiaďles  soŶt  doŶĐ  ƌeƋuises  pouƌ  uŶe  ďoŶŶe  pƌĠĐisioŶ  et  uŶ 

tƌaiteŵeŶt effiĐaĐe.  

Paƌtie  III. Mise  eŶ  plaĐe  au  laďoƌatoiƌe  du  ĐǇĐle  de  dĠǀeloppeŵeŶt  de Baďesia  diveƌgeŶs  et  ses 

appliĐatioŶs eǆpĠƌiŵeŶtales 

La tƌoisiğŵe paƌtie de  la thğse fouƌŶit uŶe ƌeǀue Đoŵplğte de  la  littĠƌatuƌe suƌ B. diveƌgeŶs, 

l'ageŶt  euƌopĠeŶ  de  la  ďaďĠsiose  ďoǀiŶe  et  huŵaiŶe,  et  ƌĠsuŵe  les  eǆpĠƌieŶĐes  ƌĠalisĠes  pouƌ 

ŵettƌe eŶ plaĐe uŶ ŵodğle Đoŵplet de  tƌaŶsŵissioŶ de B. diveƌgeŶs au  laďoƌatoiƌe. B. diveƌgeŶs 

appaƌtieŶt  au  gƌoupe  des  Baďesia  seŶsu  stƌiĐto,  gƌoupe  ĐaƌaĐtĠƌisĠ  paƌ  uŶe  tƌaŶsŵissioŶ 

tƌaŶsoǀaƌieŶŶe  Đhez  le  ǀeĐteuƌ  et  uŶe ŵultipliĐatioŶ  Đellulaiƌe  liŵitĠe  auǆ ĠƌǇthƌoĐǇtes de  l'hôte 

ǀeƌtĠďƌĠ [ϱ, ϭϮ, ϭϴ‐ϮϬ]. L'iŶfeĐtioŶ de la tiƋue loƌs du ƌepas de saŶg iŶfeĐtĠ est dĠpeŶdaŶte de la 

foƌŵatioŶ paƌ le paƌasite des gaŵĠtoĐǇtes, pƌeŵieƌ stade de la phase seǆuĠe du paƌasite Ƌui appaƌaît 

daŶs  le saŶg de  l'hôte ǀeƌtĠďƌĠ. Leuƌ dĠteĐtioŶ et  leuƌ ƋuaŶtifiĐatioŶ daŶs  le saŶg peƌŵetteŶt de 

dĠteƌŵiŶeƌ  la  ĐapaĐitĠ du paƌasite  à  ġtƌe  tƌaŶsŵis  au  ǀeĐteuƌ. “uƌ  la ďase de ŵaƌƋueuƌs dĠĐƌits 

pƌĠalaďleŵeŶt  Đoŵŵe spĠĐifiƋues des  stades gaŵĠtoĐǇtes paƌ  ƌappoƌt  auǆ  stades aseǆuĠs  [ϭϰϮ, 

ϭϰϯ], Ŷous aǀoŶs ŵis eŶ plaĐe uŶe teĐhŶiƋue de ƋuaŶtifiĐatioŶ de Đes stades. Les ƌĠsultats oŶt ĠtĠ 

puďliĠs daŶs l'aƌtiĐle ͞ “tiŵulatioŶ aŶd ƋuaŶtifiĐatioŶ of Baďesia diveƌgeŶs gaŵetoĐǇtogeŶesis͟ [ϭϭϴ]. 

Pouƌ Đe tƌaǀail, j'ai ƌĠalisĠ l'eŶseŵďle des eǆpĠƌiŵeŶtatioŶs, j'ai ƌĠdigĠ ŵoŶ pƌeŵieƌ ŵaŶusĐƌit et j'ai 

assuƌĠ  le  ƌôle  de  ͞ĐoƌƌespoŶdiŶg  authoƌ͟.  Les  tƌaǀauǆ  aiŶsi  ƌĠalisĠs  oŶt  peƌŵis  d'appoƌteƌ  des 

ĐoŶŶaissaŶĐes  suƌ  le  dĠǀeloppeŵeŶt  des  stades  seǆuĠs  de B.  diveƌgeŶs.  J'ai  aiŶsi ŵoŶtƌĠ  Ƌue  le 

ŵaiŶtieŶ à loŶg teƌŵe eŶ Đultuƌe iŶ ǀitƌo pƌoǀoƋuait la peƌte de la ĐapaĐitĠ du paƌasite à pƌoduiƌe 

Đes  stades,  pouƌtaŶt  esseŶtiels  à  sa  tƌaŶsŵissioŶ.  J'ai  aŶalǇsĠ  l'iŶflueŶĐe  de  diǀeƌs  stiŵuli  suƌ  la 

ĐapaĐitĠ  du  paƌasite  à  pƌoduiƌe  Đes  stades  et  aiŶsi  pu  ideŶtifieƌ  des  ĐoŶditioŶs  faǀoƌaďles  à  leuƌ 

pƌoduĐtioŶ.  Les  ƌĠsultats  pƌĠseŶtĠs  daŶs  Đette  puďliĐatioŶ  deǀƌaieŶt  peƌŵettƌe  de  faĐiliteƌ  des 

tƌaǀauǆ futuƌs daŶs le doŵaiŶe des iŶteƌaĐtioŶs Baďesia – tiƋue.  

Ce Đhapitƌe iŶĐlut ĠgaleŵeŶt des doŶŶĠes ŶoŶ puďliĠes oďteŶues loƌs des teŶtatiǀes de ŵise eŶ 

plaĐe des Ġtapes de tƌaŶsŵissioŶ du paƌasite au ǀeĐteuƌ eŶ ĐoŶditioŶs de la ďoƌatoiƌe. EŶ utilisaŶt le 

ǀeĐteuƌ de B. diveƌgeŶs, la tiƋue I. ƌiĐiŶus, Ŷous aǀoŶs teŶtĠ d'iŶfeĐteƌ des tiƋues iŶ vivo à paƌtiƌ de 

geƌďilles iŶfeĐtĠes. Mais la gƌaŶde ǀaƌiaďilitĠ de ĐƌoissaŶĐe du paƌasite daŶs le saŶg de Đet aŶiŵal 

Ŷous a ĐoŶtƌaiŶt à  ƌeŵplaĐeƌ  le ŵodğle d'iŶfeĐtioŶ ǀia  l'aŶiŵal paƌ uŶe  teĐhŶiƋue de goƌgeŵeŶt 

aƌtifiĐiel  [ϭϮϲ]. L'aĐƋuisitioŶ du paƌasite paƌ  les tiƋues feŵelles a ĠtĠ dĠŵoŶtƌĠe, ŵais  le ĐǇĐle de 

tƌaŶsŵissioŶ Đoŵplet Ŷ'a pas ĠtĠ oďteŶu. EŶ ƌaisoŶ des diffiĐultĠs ƌeŶĐoŶtƌĠes aǀeĐ Đe paƌasite, Ŷous 

aǀoŶs dĠĐidĠ de testeƌ Đes ŵĠthodologies suƌ uŶe autƌe espğĐe paƌasitaiƌe. B. ŵiĐƌoti ƌepƌĠseŶte  

uŶ oƌgaŶisŵe ŵodğle plus pƌatiƋue eŶ ƌaisoŶ de la possiďilitĠ de le ŵaiŶteŶiƌ iŶ ǀiǀo eŶ souƌis de 

laďoƌatoiƌe. Les ƌĠsultats ĐoŶĐeƌŶaŶt B. ŵiĐƌoti soŶt dĠtaillĠs daŶs la Ƌuatƌiğŵe paƌtie de la thğse.  
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  CepeŶdaŶt, la ŵise eŶ plaĐe la Đultuƌe iŶ vitƌo a offeƌt des ǀoies Ŷouǀelles de ƌeĐheƌĐhe. Le 

ŵaiŶtieŶ iŶ ǀitƌo à loŶg teƌŵe de B. diveƌgeŶs ƌepƌĠseŶte uŶ atout pouƌ testeƌ de Ŷouǀelles ǀoies 

thĠƌapeutiƋues  aŶti‐Baďesia.  La  ƌeĐheƌĐhe de Ŷouǀelles dƌogues  aŶti‐Baďesia  est  iŵpoƌtaŶte.  EŶ 

effet,  le  tƌaiteŵeŶt  de  la  ďaďĠsiose  huŵaiŶe  Đoŵpoƌte  haďituelleŵeŶt  uŶe  ĐoŵďiŶaisoŶ  de 

ŵolĠĐules aŶti‐ŵalaƌia et aŶti‐ďaĐtĠƌieŶŶes [ϲ] Ƌui oŶt de Ŷoŵďƌeuǆ effets seĐoŶdaiƌes et aǀeĐ de 

Ŷoŵďƌeuǆ ĠĐheĐs dus à l'augŵeŶtatioŶ de paƌasites ƌĠsistaŶts [ϳϯ, ϭϳϴ, ϭϳϵ]. EŶ utilisaŶt les Đultuƌes 

iŶ  vitƌo  de  B.  diveƌgeŶs,  Ŷous  aǀoŶs  ƌĠalisĠ  uŶ  pƌeŵieƌ  sĐƌeeŶiŶg  de  ŵolĠĐules  dispoŶiďles 

ĐoŵŵeƌĐialeŵeŶt et aŶalǇsĠ leuƌ effet aŶti‐Baďesia. Le pƌotĠasoŵe est uŶ Đoŵpleǆe eŶzǇŵatiƋue 

ŵulti‐pƌotĠiƋue  Ƌui  ƌĠgule  de  Ŷoŵďƌeuǆ  pƌoĐessus  Đellulaiƌes  [ϭϴϴ]  et  des  tƌaǀauǆ  ƌĠĐeŶts  oŶt 

ŵoŶtƌĠ  Ƌue  les  iŶhiďiteuƌs  de  pƌotĠasoŵe  ƌepƌĠseŶteŶt  des  ĐaŶdidats  pƌoŵetteuƌs  pouƌ  le 

tƌaiteŵeŶt des ŵaladies paƌasitaiƌes [ϭϴϬ‐ϭϴϱ]. Nous aǀoŶs doŶĐ ǀĠƌifiĠ l'iŶtĠƌġt de Đes iŶhiďiteuƌs 

Đoŵŵe ageŶts thĠƌapeutiƋues ĐoŶtƌe Baďesia. Les ƌĠsultats de Đes tƌaǀauǆ soŶt ĐoŵpilĠs daŶs  le 

ŵaŶusĐƌit eŶ pƌĠpaƌatioŶ ͞ ValidatioŶ of Baďesia pƌoteasoŵe as a dƌug taƌget͟. J'ai ƌĠalisĠ l'eŶseŵďle 

des eǆpĠƌiŵeŶtatioŶs dĠĐƌites daŶs le ŵaŶusĐƌit, aiŶsi Ƌue l'aŶalǇse et l'iŶteƌpƌĠtatioŶ des ƌĠsultats. 

J'ai  ĠgaleŵeŶt  paƌtiĐipĠ  à  la  ƌĠdaĐtioŶ  du  ŵaŶusĐƌit.  Les  ƌĠsultats  ǀalideŶt  les  iŶhiďiteuƌs  de 

pƌotĠasoŵe eŶ taŶt Ƌue ŵolĠĐules poteŶtielles aŶti‐Baďesia. 

Paƌtie  IV.  Mise  eŶ  plaĐe  au  laďoƌatoiƌe  du  ĐǇĐle  de  dĠǀeloppeŵeŶt  de  Baďesia  ŵiĐƌoti  et  ses 

appliĐatioŶs eǆpĠƌiŵeŶtales 

La Ƌuatƌiğŵe paƌtie de la thğse appoƌte uŶ ƌĠsuŵĠ de la littĠƌatuƌe suƌ B. ŵiĐƌoti, uŶ des ageŶts 

de la ďaďĠsiose huŵaiŶe, et dĠĐƌit des tƌaǀauǆ ŶoŶ puďliĠs ĐoƌƌespoŶdaŶt à la ŵise eŶ plaĐe d'uŶ 

ŵodğle de laďoƌatoiƌe de tƌaŶsŵissioŶ de B. ŵiĐƌoti. B. ŵiĐƌoti est phǇlogĠŶĠtiƋueŵeŶt plaĐĠ à la 

ďase de l'oƌdƌe des Piƌoplasŵida [ϭϮ]. B. ŵiĐƌoti se dĠŵaƌƋue des autƌes paƌasites apiĐoŵpleǆes paƌ 

plusieuƌs ĐaƌaĐtĠƌistiƋues foŶdaŵeŶtales telles Ƌue le toute petite taille de soŶ gĠŶoŵe [ϭϴϵ] ou à 

soŶ Đoŵpleǆe apiĐal ƌĠduit [ϰϬ]. CoŶtƌaiƌeŵeŶt auǆ espğĐes de la ligŶĠe des Baďesia seŶsu stƌiĐto, le 

ĐǇĐle de B. ŵiĐƌoti Ŷe Đoŵpoƌte pas de tƌaŶsŵissioŶ tƌaŶs‐oǀaƌieŶŶe. EŶ ĐoŶditioŶs Ŷatuƌelles,  le 

paƌasite Ŷe se tƌaŶsŵet Ƌue de façoŶ tƌaŶsstadiale, haďituelleŵeŶt de laƌǀes à ŶǇŵphes [ϵϰ, ϭϵϭ‐

ϭϵϯ].  Les  ƌoŶgeuƌs  seƌǀeŶt de  ƌĠseƌǀoiƌs à B. ŵiĐƌoti  [ϰϭ]. C'est uŶ  siŵplifiĐatioŶ  iŵpoƌtaŶt pouƌ 

Ġtaďliƌ  au  laďoƌatoiƌe  le  ĐǇĐle  du  paƌasite  Đaƌ  Đelui‐Đi  est  ŵaiŶteŶu  aisĠŵeŶt  Đhez  la  souƌis  de 

laďoƌatoiƌe. 

Pouƌ ŵettƌe eŶ plaĐe  le ŵodğle de tƌaŶsŵissioŶ de B. ŵiĐƌoti, Ŷous aǀoŶs ƌĠalisĠ  l'iŶfeĐtioŶ 

paƌasitaiƌe daŶs des souƌis BALB/Đ de  laďoƌatoiƌe et suiǀi  l'ĠǀolutioŶ Ŷoƌŵale de  l'iŶfeĐtioŶ. Tƌois 

phases  diffĠƌeŶtes  d'iŶfeĐtioŶ  oŶt  ĠtĠ  sĠpaƌĠes :  l'augŵeŶtatioŶ  ƌapide  de  la  paƌasitĠŵie  ;phase 

aigüeͿ, le dĠĐliŶ pƌogƌessif de la paƌasitĠŵie ;phase de dĠĐliŶͿ et la peƌsisteŶĐe à loŶg teƌŵe d'uŶe 

paƌasitĠŵie  tƌğs  ďasse  ;phase  lateŶteͿ.  La  paƌasitĠŵie  ŵaǆiŵale  a  ĠtĠ  oďseƌǀĠe  ϲ  jouƌs  apƌğs 

iŶfeĐtioŶ,  aǀeĐ  des  ǀaleuƌs  atteigŶaŶt  ϱϱ  ±  ϯ.ϵ%.  Pouƌ  ƌespeĐteƌ  les  ŵodalitĠs  de  tƌaŶsŵissioŶ 
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Ŷatuƌelle,  le  ŵodğle  de  tƌaŶsŵissioŶ  a  ĠtĠ  ŵis  eŶ  plaĐe  eŶ  utilisaŶt  des  laƌǀes  iŶdeŵŶes  de 

pathogğŶes  Ƌue  Ŷous  aǀoŶs  goƌgĠes  suƌ  des  souƌis  iŶfeĐtĠes.  Nous  aǀoŶs  eŶsuite  ĠǀaluĠ  la 

pƌĠǀaleŶĐe de B. ŵiĐƌoti Đhez les ŶǇŵphes et ĐoŶtƌôlĠ la tƌaŶsŵissioŶ du paƌasite de Đes ŶǇŵphes 

ǀeƌs des souƌis Ŷaïǀes. La pƌĠǀaleŶĐe d'iŶfeĐtioŶ est tƌğs ĠleǀĠe Đhez les ŶǇŵphes issues de laƌǀes 

goƌgĠes au Đouƌs de la phase aigüe ;ϴϵ%Ϳ et faiďle Đhez les ŶǇŵphes issues de laƌǀes goƌgĠes au Đouƌ 

de  la  phase  de  dĠĐliŶ  ou  lateŶte  ;ƌespeĐtiǀeŵeŶt  Ϯ.ϱ%  et  ϳ.ϲ%,Ϳ.  De  plus,  les  lots  de  ϭϬ  tiƋues 

iŶfeĐtĠes au Đouƌs de la phase aigüe oŶt tƌaŶsŵis eǆpĠƌiŵeŶtaleŵeŶt le paƌasite à toutes les souƌis 

Ŷaïǀes.  La  phase  aigüe  de  l'iŶfeĐtioŶ  a  doŶĐ  ĠtĠ  sĠleĐtioŶŶĠe  pouƌ  la  suite  des  eǆpĠƌieŶĐes  de 

tƌaŶsŵissioŶ. CepeŶdaŶt, des ǀaƌiatioŶs Ƌue Ŷous aǀoŶs ƋualifiĠes de saisoŶŶiğƌes oŶt iŶflueŶĐĠes 

l'effiĐaĐitĠ  de  la  tƌaŶsŵissioŶ.  A  plusieuƌs  ƌepƌises,  Ŷous  aǀoŶs  oďseƌǀĠ  de  foƌtes  pƌĠǀaleŶĐes 

paƌasitaiƌes  Đhez  les  tiƋues  loƌsƋue  les  essais  ĠtaieŶt  ƌĠalisĠs  au  pƌiŶteŵps,  eŶ  ĐoŵpaƌaisoŶ  de 

pƌĠǀaleŶĐes  tƌğs  faiďles  au  Đouƌs  de  l'autoŵŶe  et  de  l'hiǀeƌ.  L'iŶĐuďatioŶ  des  laƌǀes  à  ϯϱ°C 

pƌĠalaďleŵeŶt au goƌgeŵeŶt a peƌŵis d'optiŵiseƌ le ŵodğle et d'Ġǀiteƌ les ǀaƌiatioŶs saisoŶŶiğƌes. 

Les ŵodalitĠs de tƌaŶsŵissioŶ ŵises eŶ plaĐe, Ŷous aǀoŶs ĠtudiĠ le dĠǀeloppeŵeŶt du paƌasite daŶs 

diǀeƌs tissus de la tiƋue. Nous aǀoŶs ŵoŶtƌĠ la peƌsistaŶĐe de B. ŵiĐƌoti eǆĐlusiǀeŵeŶt au Ŷiǀeau des 

glaŶdes  saliǀaiƌes  Đhez  les  ŶǇŵphes.  La  pƌĠseŶĐe  du  paƌasite  daŶs  les  glaŶdes  saliǀaiƌes  a  ĠtĠ 

ĐoŶfiƌŵĠe paƌ la ǀisualisatioŶ des spoƌozoites paƌ FI“H. De plus, Ŷous aǀoŶs oďseƌǀĠ l'iŶfeĐtioŶ de 

l'hôte paƌ B. ŵiĐƌoti uŶiƋueŵeŶt apƌğs goƌgeŵeŶt Đoŵplet des tiƋues iŶfeĐtĠes. Cela suggğƌe Ƌue le 

dĠǀeloppeŵeŶt des  spoƌozoites ŵatuƌes –  Đapaďles d'iŶfeĐteƌ uŶ hôte Ŷaïf – duƌe ϰϴ h apƌğs  le 

dĠďut  du  goƌgeŵeŶt.  Nous  aǀoŶs  doŶĐ ŵis  eŶ  plaĐe  et  optiŵisĠ  le ŵodğle  de  tƌaŶsŵissioŶ  de  

B. ŵiĐƌoti de la laƌǀe à la ŶǇŵphe. CepeŶdaŶt, la peƌsistaŶĐe du paƌasite uŶiƋueŵeŶt daŶs les glaŶdes 

saliǀaiƌes  des  ŶǇŵphes  liŵite  le  ƌôle  de  l'iŵŵuŶitĠ  iŶŶĠe.  Les ŵolĠĐules  aŶti‐ŵiĐƌoďieŶŶes  soŶt 

effiĐaĐes au Đouƌs de l'iŶǀasioŶ du pathogğŶe, paƌtiĐuliğƌeŵeŶt daŶs l'hĠŵolǇŵphe [ϭϮϬ, ϭϮϭ, ϭϮϯ, 

ϭϮϰ, Ϯϴϰ]. Ces ƌĠsultats ƌeŶdeŶt le ŵodğle Ġtaďli iŶutilisaďle pouƌ l'Ġtude des iŶteƌaĐtioŶs Baďesia‐

tiƋue aǀeĐ l'utilisatioŶ de l'iŶaĐtiǀatioŶ des gğŶes puisƋue Đette teĐhŶiƋue Ŷ'est pas utilisaďle Đhez 

les laƌǀes. 

Pouƌ Ġǀiteƌ Đette ĐoŵpliĐatioŶ, Ŷous aǀoŶs ŵis eŶ plaĐe uŶ ŵodğle d'aĐƋuisitioŶ de B. ŵiĐƌoti. 

Ce  ŵodğle  est  ďasĠ  suƌ  l'iŶfeĐtioŶ  de  ŶǇŵphes  saiŶes  suƌ  des  souƌis  de  laďoƌatoiƌe  iŶfeĐtĠes. 

L'aĐƋuisitioŶ du paƌasite paƌ  les  tiƋues  est uŶ pƌoĐessus  Đoŵpleǆe Ƌui  Đoŵpoƌte  la  ƌepƌoduĐtioŶ 

seǆuĠe daŶs le tuďe digestif du ǀeĐteuƌ et l'iŶǀasioŶ eŶsuite des glaŶdes saliǀaiƌes ǀia l'hĠŵolǇŵphe 

[ϰϲ, ϱϭ, ϱϮ]. EŶ utilisaŶt Đe ŵodğle, Ŷous aǀoŶs dĠteƌŵiŶĠ  la ĐhƌoŶologie de  la dissĠŵiŶatioŶ de  

B. ŵiĐƌoti daŶs les glaŶdes saliǀaiƌes et teŶtĠ de ǀisualiseƌ les stades paƌasitaiƌes daŶs les aĐiŶi. Apƌğs 

plusieuƌs ƌĠpĠtitioŶs, Ŷous aǀoŶs ĐoŶfiƌŵĠ la ƌĠpĠtaďilitĠ et l'iŶdĠpeŶdaŶĐe saisoŶŶiğƌe des phases 

d'aĐƋuisitioŶ  du  paƌasite,  ĐoŶtƌaiƌeŵeŶt  au ŵodğle  pƌĠĐedeŶt.  Ce ŵodğle  est  doŶĐ  utilisĠ  pouƌ 

pouƌsuiǀƌe les tƌaǀauǆ suƌ les iŶteƌaĐtioŶs ŵutuelles eŶtƌe le paƌasite Baďesia et soŶ ǀeĐteuƌ. 
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Les  tiƋues  possğdeŶt  des  ŵĠĐaŶisŵes  aŶti‐ŵiĐƌoďieŶs  puissaŶts  peƌŵettaŶt  de  ƌĠguleƌ 

l'iŶǀasioŶ paƌ les pathogğŶes. Les oƌgaŶisŵes ĠtƌaŶgeƌs soŶt ƌeĐoŶŶus paƌ les ǀoies de sigŶalisatioŶ 

iŵŵuŶitaiƌe Ƌui aŵplifieŶt la ƌĠpoŶse iŵŵuŶitaiƌe paƌ la pƌoduĐtioŶ de ŵolĠĐules effeĐtƌiĐes aŶti‐

ŵiĐƌoďieŶŶes. Ce Đhapitƌe de la thğse dĠĐƌit les tƌois ǀoies de sigŶalisatioŶ les ŵieuǆ ĐaƌaĐtĠƌisĠes 

oƌĐhestƌaŶt la ƌĠpoŶse aŶti‐ŵiĐƌoďieŶŶe, et Ġǀalue leuƌ ƌôle daŶs l'aĐƋuisitioŶ des paƌasites Baďesia. 

Nos  tƌaǀauǆ  iŶdiƋueŶt  l'iŵpoƌtaŶĐe  de  deuǆ  NF‐κB  ǀoies  de  sigŶalisatioŶ  iŵŵuŶitaiƌe  daŶs  la 

ƌĠgulatioŶ de l'aĐƋuisitioŶ paƌasitaiƌe – la ǀoie iŶŶĠe Toll et la ǀoie lŵd ;dĠfiĐieŶĐe iŵŵuŶitaiƌeͿ. Les 

pƌotĠiŶes TEPs ;thioesteƌ ĐoŶtaiŶiŶg pƌoteiŶͿ seŵďleŶt aussi aǀoiƌ uŶ effet aŶti‐Baďesia. Les TEPs 

soŶt des hoŵologues des faĐteuƌs du ĐoŵplĠŵeŶt huŵaiŶ [ϭϮϬ] et oŶt ĠtĠ pƌĠalaďleŵeŶt ideŶtifiĠes 

daŶs la ŵĠdiatioŶ de la ƌĠpoŶse aŶti‐ŵiĐƌoďieŶŶe d'Iǆodes ƌiĐiŶus [ϭϮϬ, ϭϮϭ, ϭϮϰ]. De plus, les TEPs 

oŶt ĠtĠ ĐaƌaĐtĠƌisĠes Đoŵŵe des ŵolĠĐules effeĐtƌiĐes eŶ aǀal de la ǀoie de sigŶalisatioŶ Toll daŶs 

la ƌĠpoŶse aŶti‐ŵalaƌia Đhez le ŵoustiƋue [Ϯϳϳ, Ϯϳϵ]. Nous aǀoŶs ŵoŶtƌĠ l'iŵpliĐatioŶ de deuǆ TEPs 

daŶs la ƌĠgulatioŶ de l'aĐƋuisitioŶ de B. ŵiĐƌoti paƌ les tiƋues : la pƌotĠiŶe TEP tǇpe ĐoŵplĠŵeŶt et 

des  pƌotĠiŶes  pƌoĐhes  des  ŵaĐƌogloďuliŶes  ;MCRsͿ.  BieŶ  Ƌue  Ŷous  Ŷ'aǇoŶs  pas  ĐoŶfiƌŵĠ  la 

ĐoŶŶeǆioŶ eŶtƌe la NF‐κB ǀoies et les TEPs des tiƋues ;eǆpĠƌieŶĐes eŶ ĐouƌsͿ, Ŷous pouǀoŶs ĐoŶĐluƌe 

Ƌue  les  tiƋues  ƌĠguleŶt  aĐtiǀeŵeŶt  l'iŶǀasioŶ  de  B.  ŵiĐƌoti  ǀia  la  ƌĠpoŶse  iŶŶĠe  et  paƌ  des 

ŵĠĐaŶisŵes aŶti‐ŵiĐƌoďieŶs iŵpliƋuaŶt le sǇstğŵe du ĐoŵplĠŵeŶt des tiƋues.  

CoŶĐlusioŶ 

La thğse fouƌŶit uŶe ǀue gloďale de ŵes ƌeĐheƌĐhes doĐtoƌales. Nous aǀoŶs appoƌtĠ uŶ ŵodğle 

optiŵisĠ et ƋuaŶtitatif du paƌasite paƌasite Ƌui est utilisĠ eŶsuite daŶs plusieuƌs appliĐatioŶs. Nous 

aǀoŶs ĠtudiĠ le dĠǀeloppeŵeŶt du paƌasite et paƌtiĐuliğƌeŵeŶt la tƌaŶsitioŶ ǀeƌs la ǀoie seǆuĠe. Nous 

aǀoŶs ideŶtifiĠ le ŵĠĐaŶisŵe de sigŶalisatioŶ et d'iŵŵuŶitĠ ƌĠgulaŶt l'iŶǀasioŶ de B. ŵiĐƌoti Đhez la 

tiƋue. Nous pƌoposoŶs uŶe Ŷouǀelle ǀoie daŶs  la  lutte aŶti‐Baďesia eŶ ǀalidaŶt  le pƌotĠasoŵe de  

B.  ŵiĐƌoti  et  de  B.  diveƌgeŶs  Đoŵŵe  Điďle  thĠƌapeutiƋue.  DaŶs  leuƌ  eŶseŵďle,  les  ƌeĐheƌĐhes 

pƌĠseŶtĠes daŶs la thğse Ġlaƌgisse les ĐoŶŶaissaŶĐes aĐtuelles suƌ la ďiologie du paƌasite Baďesia. 
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CzeĐh RepuďliĐ 
 
ϮϬϬϵ  oƌal  pƌeseŶtatioŶ,  III.  IŶteƌŶatioŶal  Giaƌdia  aŶd  CƌǇptospoƌidiuŵ  CoŶfeƌeŶĐe, 

Oƌǀieto, ItalǇ 
 

ϮϬϬϵ – Ŷoǁ   ƌegulaƌ  ďiaŶŶual  oƌal  pƌeseŶtatioŶ,  IŶteƌŶatioŶal  MeetiŶg  of  CzeĐh  “oĐietǇ  foƌ 
PƌotozoologǇ, CzeĐh RepuďliĐ 

 

 

HONOR“, AWARD“ AND FUNDING 
 
ϮϬϭϱ  pƌiŶĐipal  iŶǀestigatoƌ  of  gƌaŶt  ϭϬϯ‐ϬϬϮ/ϮϬϭϱ/P  pƌoǀided  ďǇ  FaĐultǇ  of  “ĐieŶĐe, 

UŶiǀeƌsitǇ  of  “outh  Boheŵia,  Ceske  BudejoǀiĐe,  CzeĐh  RepuďliĐ;  titled  „MoleĐulaƌ 
iŶteƌaĐtioŶs ďetǁeeŶ the huŵaŶ paƌasite Baďesia ŵiĐƌoti aŶd tiĐk ǀeĐtoƌ͟  

 
ϮϬϭϱ  ƌeĐeiǀeƌ of BoehƌiŶgeƌ IŶgelheiŵ FuŶds, FouŶdatioŶ foƌ BasiĐ ReseaƌĐh iŶ MediĐiŶe 

Tƌaǀel GƌaŶt 
 
ϮϬϭϮ  aǁaƌd of the ƌeĐtoƌ ;UŶiǀeƌsitǇ of “outh BoheŵiaͿ foƌ eǆĐelleŶt aĐhieǀeŵeŶt duƌiŶg 

the ŵasteƌ studǇ 
 
ϮϬϭϭ  aǁaƌd foƌ the ďest pƌeseŶtatioŶ iŶ ĐategoƌǇ of pƌe‐gƌadual studeŶts, ϰϯth IŶteƌŶatioŶal 

MeetiŶg of CzeĐh “oĐietǇ foƌ PƌotozoologǇ, CzeĐh RepuďliĐ 
 
ϮϬϬϵ – ϮϬϭϭ   pƌeŵiuŵ sĐholaƌship foƌ outstaŶdiŶg studǇ ƌesults, FaĐultǇ of “ĐieŶĐe, UŶiǀeƌsitǇ of 

“outh Boheŵia, Ceske BudejoǀiĐe 
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CERTIFICATE“ AND “KILL“ 
 
ϮϬϭϰ  CeƌtifiĐate  of  ĐoŵpeteŶĐǇ  aĐĐoƌdiŶg  to  §  ϭϳ  of  the  AĐt  No.  Ϯϰϲ/ϭϵϵϮ  Đoll.  oŶ 

PƌoteĐtioŶ AŶiŵals agaiŶst CƌueltǇ iŶ pƌeseŶt statues at laƌge. UŶiǀeƌsitǇ of VeteƌiŶaƌǇ 
aŶd  PhaƌŵaĐeutiĐal  “ĐieŶĐes  BƌŶo  aŶd  CeŶtƌal  ĐoŵŵissioŶ  foƌ  AŶiŵal  Welfaƌe 
;CCAWͿ.  

 
ϮϬϭϬ  CeƌtifiĐate  of  TƌaiŶiŶg  oŶ  BD  FAC“CaŶtoIITM  floǁ  ĐǇtoŵeteƌ  aŶd  BD  FAC“Diǀa  ϲ.ϭ 

softǁaƌe 
 
LaŶguages:  EŶglish  ;full  pƌofessioŶal  pƌofiĐieŶĐǇ,  TOEFL  ITP  ĐeƌtifiĐateͿ,  FƌeŶĐh  ;iŶteƌŵediateͿ, 

GeƌŵaŶ ;iŶteƌŵediateͿ, CzeĐh ;ŶatiǀeͿ. 
 
 
 
PEDAGOGICAL ACTIVITY 

ϮϬϭϮ  BiologǇ of “ĐieŶĐe, UŶiǀeƌsitǇ of “outh Boheŵia, Ceske BudejoǀiĐe, CzeĐh RepuďliĐ, 
leĐtoƌ foƌ floǁ ĐǇtoŵetƌǇ iŶ pƌojeĐt: EKOTECH – MultidisĐipliŶaƌǇ EduĐatioŶ of Eǆpeƌts 
foƌ the Use of BioteĐhŶologǇ iŶ EŶǀiƌoŵeŶtal Fields, C).ϭ.Ϭϳ/Ϯ.ϯ.ϬϬ/Ϭϵ.ϬϮϬϬ 

 
ϮϬϭϬ – Ŷoǁ  FaĐultǇ of “ĐieŶĐe, UŶiǀeƌsitǇ of “outh Boheŵia, Ceske BudejoǀiĐe, CzeĐh RepuďliĐ, 

leĐtoƌ of iŵŵuŶologiĐal ŵethods iŶ pƌaĐtise of IŵŵuŶologǇ Đouƌse 
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