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Podékovani

Rada bych na tomto misté podékovala vSsem, ktefi mi v obdobi vzniku
teto prace byli nablizku a pfimo &i nepfimo pfispéli k jejimu dokonceni. V prvni
fadé je mi milou povinnosti podékovat Petru Volfovi za to, Zze mé viibec pfived|
na mySlenku zabyvat se studiem tak zajimavého oboru, jakym parazitologie je.
Za to, Ze mé& naucil zakladiim védecké prace, potéseni i odfikani, které obnasi.
Za to, Zze mé privedl do pfijemného kolektivu katedry parazitologie a ze mi
umoznil zapojit se do jeho vyzkumného tymu. Bez jeho rad, vedeni a pomoci
by tato prace nevznikla. Dale pak moje podékovani patfi kolektivu
flebotomarek — Soné, Ivé, Eve, Alené, Vére, Jitce, Anitce, Petfe, Lucce S. i
Lucce L. — holky, bez vas by nebyly flebici :0) a ja si nedovedu pfedstavit, jak
by se pracovalo bez vasSi ucCasti a pomoci. Milené Svobodové bych rada
podékovala nejen za pomoc a rady odborné, ale i za lidskou pomoc pfi feSeni
nejruznéjSich Zivotnich situaci a za tu nejlepsi zpétnou vazbu. Moje diky patfi
téz Honzovi Votypkovi za obrovskou energii, kterou mi vzdy pfedaval, za usili,
které vynalozil pfi vznikani spoleéné publikace, a za obrovsky entuziasmus,
ktery znéj vzdy séalal a kterym mi dobijel baterky. Dale pak bych chtéla
podékovat Helence Kulikové, nasi duSiCce zachranafce, ktera byla vzdy
nablizku, kdyz bylo tfeba, a svoji radou a dobrym slovem lécila pracovni i
soukromé neduhy a DuSanovi EremiaSovi, jenz nikdy nevahal ,stréit ruku do
ledu“ a pomoci i s ,tézkou” praci. Za nezbytné povazuji podékovani celému
kolektivu parazitologie, at jiz pod vedenim pana profesora Kuldy, Petra Horaka
¢i Honzy Tachezyho, za pratelskou atmosféru a tvarc¢i prostredi, které mi pro
praci vytvofili. Moje diky patfi téz Davidu Kralovi z katedry zoologie za
pratelské rady a podnéty. Jané Nebesarové a kolektivu pracovisté elektronové
mikroskopie na akademii véd v Ceskych Budé&jovicich dé&kuji pak za cenné
rady, pfipominky a praktickou pomoc pfi experimentech.

Dale musim podékovat Paulu Pimentovi z Centra de Pesquisas Rene
Rachou, Belo Horizonte za umoznéni a organizaci moji tfimési¢ni staze na
jeho pracovisti, Nagile Secundino pak za pomoc a vytvofeni pratelského
prostiedi béhem mého pobytu v Brazilii. Mattovi Rogersovi patfi mé diky za
podnétné rady a pfipominky a za spolupraci pfi nékterych experimentech.
Panu profesoru Changovi bych téZz rada podé€kovala za rady a pomoc pfi
vytvareni spole¢né publikace.

V neposledni fadé chci podékovat téz Ivu LukeSovi a potazmo firmé
Olympus za sponzorovani moji u¢asti na nékterych konferencich. Ivovi pak téz
za pratelské a cenné Zivotni rady.

Moje diky patfi téz Filovi za to, ze mi ukazal, jak krasny mize svét byt
z vrcholu skaly, Georgovi za jeho pochopeni a vzdy pfipravenou ,helping
hand“, Katé a lgorovi za to, ze zlstavaji prateli i v t&Zké nepohodé a Ondrovi
za jeho véény optimismus a silu, které Sifi kolem sebe. Rodi¢um pak za to, ze
mé béhem meého studia podporovali a za to, ze vim, co znamena ,doma“.
Sestie a Svagrovi za ochotu pomoci jakkoli a kdykoli a Ludkovi za trpélivost a
toleranci pfi spoleéném souziti a za duSevni podporu a energii, kterou mi
dodava.

Uplné na zavér pak dékuji radiu BEAT a rockové hudbé jako takové za
vytvareni té spravné atmosféry pfi studiu, praci i relaxaci.
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1. Clenéni dizertaéni prace

DizertaCni prace je €lenéna do Ctyf Casti, z nichz prvni popisuje cile prace
(Cile dizertacni prace), druha pak (Literarni vod) pojednava obecné o dané
problematice. Nasleduje Cast treti (Vysledky), ktera zahrnuje tfi samostatné
publikované ¢lanky. Shrnuti dil€ich vysledku, vlasti zavéry a Gvahy jsou naplini
kapitoly posledni (Souhrn vysledkd a zavéry). Na zavér prace je v pfiloze
pfipojena publikace nepfimo souvisejici s tématem dizertacni prace, ktera
vznikla béhem staZze v Centro de Pesquisas René Rachou v Belo Horizonte
v Brazilii, jez byla absolvovana b&éhem postgraduainiho studia.




2. Cile dizertacni prace

Tématem dizertaCni prace jsou nékteré aspekty interakce Phlebotomus —
Leishmania. Leishmanie b&hem svého vyvoje prochazi nékolika klicovymi
momenty, jejichz pfekonani je zakladem pro Uspésné vyvinuti infekce a jejiho
pfenosu na hostitele. Prvnim z téchto ddlezitych momentd je rezistence vici
travicim enzymim a lektindm vektora, dale pak unik z peritrofické matrix,
pfichyceni leishmanii ke stfevnim epitelialnim bufikam a nasledné pak
uspésna anteriorni migrace a pranik do hostitelské tkané.

V této praci byly sledovany tfi hlavni problémy — nachylnost flebotom( vidi
raznym druhim leishmanii, funkce metaloproteazy gp63 pfi vyvoji leishmanii
ve vektoru a mechanismus ,regurgitacni teorie”.

A. Zjistit nachylnost Phlebotomus (Adlerius) halepensis viéi rGznym
druhiim leishmanii a porovnat infekce s prokazanymi pfirozenymi
prenaseci.

Jednotlivé druhy flebotomd se vyznacduji specifickym a druhové odliSnym
prostfedim traviciho traktu; téZ adaptace leishmanii na toto prostfedi je Casto
druhové specificka. Stale neni zcela znamo, které druhy flebotomi mohou
uspésné prenaset vice druhu leishmanii. Mnoho nejasnosti je i u podrodu
Adlerius, jehoz zastupci jsou prokazanymi prenaSedi leishmanii v nékterych
zemich Evropy i Asie. Nékteré druhy podrodu Adlerius jsou vektory visceralni
leishmanidzy, jiné pak leishmaniézy kozni. Druhova specifita vdak neni dosud
urCena, protoze podrod Adlerius se vyznacuje velmi obtiznou taxonomii
(taxonomickeé znaky odliSujici jednotlivé druhy od sebe jsou pfitomny pouze u
samcu). Kolonie podrodu Adlerius pouZzitelné pro experimentalni infekce jsou
navic ve svétovych laboratofich velmi vzacné.

Dilci cile:

- provést experimentalni infekce druhu Phlebotomus (Adlerius) halepensis
dvéma druhy leishmanii — Leishmania major a Leishmania tropica

- porovnat intenzitu a lokalizaci infekci L. major a L. tropica v Phlebotomus
(Adlerius) halepensis s infekcemi druhl Lutzomyia longipalpis, P. duboscqi
a P. sergenti

- pokusit se o experimentalni prenos infekce L. major zinfikovanych
flebotom( vSech tfi vy$e uvedenych druhd

- zjistit hostitelskou preferenci druhu Phlebotomus (Adlerius) halepensis

B. PFinést nové poznatky o funkci metaloproteazy gp63 ve vektoru.

Adaptaéni faktory, které se uplatiiuji pfi kolonizaci traviciho traktu flebotom
jednotlivymi druhy leishmanii, nejsou zcela znamy, proto dalSim z témat této
prace bylo studium Ulohy duleZité povrchové molekuly leismanii — gp63.
Funkce této metaloproteazy v obratlovéim hostiteli jsou pomérné znamy, jeji
uloha v prenasedi vsak nikoli. Byly vysloveny hypotézy, Ze gp63 se ucastni
degradace hemoglobinu a proteint v krevni sloZce potravy i Ze by mohla mit



ochrannou funkci proti travicim enzymim vektora. Nékteré experimenty (viz
literarni uvod) naopak dokazuji, Zze gp63 zadnou kli¢ovou roli v pfenaseci
nezastava.

Diléi cile:

- provest experimentalni infekce s pouzitim mutantl Leishmania amazonensis
liSicich se v expresi gp63

- porovnat intenzitu infekce v raném stadiu (druhy den po sani) a v pozdnim
stadiu (devaty den po sani)

- pokusit se o reizolaci leishmanii ztraviciho traktu flebotomd zpét do
selekéniho media, abychom prokazali, Ze b&hem vyvoje ve vektoru nedochazi
k odvrZeni plasmidu nesouciho gen ovliviiujici expresi gp63

C. Objasnit mechanismus ,regurgitacni“ teorie - zjistit poSkozeni ¢i
blokaci stomodealni valvy flebotomi v pozdnich stadiich infekce
leismaniemi

Dal8im kliCovym momentem Zivotniho cykiu leishmanii je jejich anteriorni
migrace do oblasti stomodedlni valvy a nasledny pfenos do hostitele.
Mechanismus pfenosu leishmanii do hostitele stale jeSté neni zcela presné
objasnén a existuje fada hypotéz. Mezi hlavni patfi inokulace promastigot(
pfitomnych v proboscis flebotoma v okamziku sani nebo regurgitace parazitu
zpUsobena raznymi obtizemi pfi sani krve. Mezi tyto popisované obtize se fadi
mechanické zablokovani stomodealni valvy produkty leishmanii a
leishmaniemi samotnymi, néktefi autofi dokonce popisuji i poskozeni
stomodedlni valvy a jeji chitinové vystelky.

Dil¢ci cile:

- provést experimentalni infekce rlznych druht flebotoml (Lutzomyia
longipalpis / Leishmania infantum, P. papatasi / L. major, P. duboscqi / L.
major)

- pomoci transmisni elektronové mikroskopie zobrazit eventuaini poSkozeni
stomodealni valvy flebotomi

- pomoci rastrovaci elektronové mikroskopie zdokumentovat zpusob
parazitarni kolonizace traviciho traktu flebotom

- pouzitim mutantnich kmenlU Leishmania amazonensis overexprimujicich
chitinazu provést experimentalni infekce v Lutzomyia longipalpis a pomoci
transmisni elektronové mikroskopie zobrazit zmény na kutikularni vystelce
stomodealni valvy

- porovnat zpusob parazitarni kolonizace traviciho traktu, eventualni
poskozeni stomodealni valvy a zmény na kutikularni vystelce valvy mezi
flebotomy (model Phlebotomus / Leishmania sp.) a jinymi nematocernimi
dvoukfidlymi  infikovanymi trypanosomami (model Culex pipiens /
Trypanosoma corvi)



3. Literarni uvod

3.1. Leishmanioéza

Leishmani6za je epidemiologicky i klinicky velmi variabilni onemocnéni, které
je zpusobeno rlznymi druhy prvokQl patficich do rodu Leishmania
(Kinetoplastida: Trypanosomatidae). Paraziti jsou prenaseni bodnutim
krevsajicim hmyzem, flebotomy (Diptera: Psychodidae). Leishmanie se
vyskytuji ve dvou hlavnich morfologickych formach (promastigotni a
amastigotni) a prezentuji se Sirokym rozsahem klinickych syndromd od
samovolné se vyhojujici kozni infekce pfes destrukéni mukokutanni obli¢ejové
léze az po fatalni formy visceralni.

Leishmaniéza je svétové rozSifené onemocnéni, vyskytujici se ve vice
nez 80 zemich na péti kontinentech - Africe, Asii, Evropé&, Severni a Jizni
Americe - s prevalenci témé&F 12 miliona lidi a s lidmi v ohrozeni témér 350
miliond. Kazdy rok se objevuji 1,5 - 2 miliony novych pfipada leishmanioézy
(860 000 muzd a 1,2 miliéna zen).

Leishmanidza je kiasifikovana étyfmi hlavnimi formami
(pokud neni léCena) az 100% mortalitu. Je charakterizovana nepravidelnymi
horeCnatymi zachvaty, podstatnou ztratou télesné hmotnosti, zvétSenim
slinivky a jater a anémii. Epidemiologicky - 90% veskerych pfipadl visceralni
leishmanidzy je z BangladéSe, Brazilie, Indie, Nepalu a Sudanu — s 500 000
novych pfipadd zaznamenavanych kazdy rok. Tuto formu onemocnéni
zpusobuji leishmanie druhu L. donovani a L. infantum.

2. Mukokutanni leishmaniéza (MCL) - neboli espundia - byla poprvé
klasifikovana v Novém svété z infekce zplisobené druhem L. braziliensis.
Prabéh nemoci zacina koznimi lézemi, které se rozSifuji a zpusobuji masivni
destrukci tkani, zejména nosni a ustni sliznice a hrdelni tkané. Devadesat
procent mukokutannich leishmaniéz se vyskytuje v Bolivii, Brazilii a Peru.

3. Kozni leishmaniéza (CL) — nejrozSifenéjSi forma, ktera se projevuje
jednou az nékolika malymi koznimi [ézemi na exponovanych €astech téla (tvar,
paze, nohy), u nichz dochazi ke spontannimu vyhojeni b&€hem nékolika mésicu,
které vSak zanechavaji jizvy (napf. Baghdad ulcer, Delhi boil nebo Buton
d’'Orient). Kozni forma leishmaniézy je nejbéznéjSi a representuje 50-75%
vS§ech novych pfipadl leishmaniézy. Devadesat procent pfipadd se vyskytuje v
Afghanistanu, Brazilii, Irdnu, Peru, Saudské Arabii a Syrii. Celosvétové je
ro¢né evidovano 1-1,5 miliénu novych pfipadd. Tyto kozni formy onemocnéni
jsou zpusobovany zejména druhy L. major a L. tropica.

4. Difuzni kozni leishmaniéza (DCL) produkuje roztrouSené a chronicke
kozni léze, které se nehoji spontanné, jsou velmi obtizné lécitelné a maji
tendenci relapsovat; jsou zapfi¢inéné druhy L. amazonensis a L. aethiopica.

Epidemiologie leishmaniézy je extrémné rozdilna: 20 druhd rodu
Leishmania je patogennich pro ¢lovéka a z az 700 znamych druhd flebotomu
pouze okolo 30 bylo pozitivné identifikovano jako prokazatelni vektofi
leishmanidzy. Leishmanidza je vétSinou zoono6za, rezervoarovym hostitelem je
Zivodich a ¢lovék je pouze nahodnym hostitelem, existuji v8ak pfipady, kdy
leishmanie dosud nebyly nalezeny v zadném rezervoarovém Zivocichovi a



jedinym hostitelem je pro né ¢lovék. Jedna se o druhy L. tropica a L. donovani
a tyto leishmanidzy jsou povazovany za antroponotické.

Vyskyt leishmani6z je podporovan zménami zivotniho prostiedi, jako je
odlesinovani, stavéni pfehrad, nova zavlaZovaci schémata, urbanizace a
migrace neimunnich lidi do endemickych oblasti. Hlavni strategii kontroly
leishmanidézy je nalez, diagnostika a léEba spolu s kontrolou vektorli a
eventualné s kontrolou zvifecich rezervoar(. Pro visceralni leishmaniézu se
pro  sérologickou diagnostiku pouziva pfimy aglutinacni test (direct
agglutination test - DAT), dale test rekombinantniho dipsticku pK39 a latexovy
aglutinacni test mocCe. Parazitologicka diagnostika je zaloZzena na aspiratech
ze sleziny, kostni dfené nebo lymfatickych uzlin. Pro 1&Cbu se pouZzivaji
zejména slouc€eniny pétimocného antimonu (Sb5+), dale pak amphotericin B a
Ambisome (amphotericin B v liposomech) — ten vSak kvdli vysoké cené
vétSinou jen ve vyspélych primyslovych oblastech. V pfipadech koznich forem
leishmani6z je parazitologicka diagnostika zaloZzena na roztérech odebranych
z koznich lézi a léCebné preparaty jsou postaveny na  slou€eninach
pétimocného antimonu. Tyto jsou aplikovany lokalné v pfipadé malého poctu
malych lézi, v pfipadé velkych nebo i vice€etnych lézi je pak nutna systemicka
|é¢ba. Zdroj http://www.who.int/tdr

V poslednich letech je velkd pozornost vénovana téZz koinfekci

Leishmania/HIV. Stale vice pfipadl se objevuje v rliznych svétovych oblastech
a tyto pfipady jiz nejsou omezeny pouze na endemické oblasti. Do dneSniho
dne na 33 zemi potvrdilo vyskyt koinfekce Leishmania/HIV.
Geograficky prekryv vyskytu viscerélni leishmaniézy a AIDS se v mnoha
rozvojovych zemich neustale zvétSuje predevSim kvili dvéma hlavnim
faktorim : AIDS se pandemicky §ifi jak v pfiméstskych tak i v zemé&délskych
oblastech svéta a simultanné s timto se Sifi VL ze zemé&dé&lskych oblasti do
oblasti pfiméstskych.

Oblasti vyskytu koinfekce Leishmania | HIV

, Countries reporting leishmaniasis/HIV co-infection ’

:?‘7

Soute WHICTD, (997

Zdroj http://www.who.int/tdr




3.2. Flebotomové

Hmyzi vektofi leishmaniozy, flebotomové rodu Phlebotomus a Lutzomyia, jsou
rozsSifeni zejmena v tropickych oblastech, ale je mozno je nalézt i v mirném
pasu. Flebotomové se vyskytuji v Sirokém spektru biotopl a jednotlivé druhy
mivaji Casto velmi specifické naroky na Zivotni prostfedi. Jsou mali (1,5 az 3,5
mmy), ochlupeni, maji Uzka kfidla, dlouhé nohy, stihla téla a éerné odi.

Dospélci jsou aktivni zejména v ¢asnych rannich hodinach, k veéeru a
v noci, mohou v8ak sat krev i b&hem dne, jsou-li vyru$eni. Pokud nejsou
aktivni, dospéli flebotomové maji sva mista, kde odpocivaji. Mista odpocinku
jsou vétsinou velmi podobnéa nebo alespon blizko mista, kde probihal larvaini
vyvoj a jsou relativné chladnd, vlhka a tmava. Obé pohlavi se Zivi cukernymi
Stavami zrostlin (Schlein a Warburg, 1986) nebo medovici, ktera je
produkovana homopternim hmyzem (Killick-Kendrick a Killick-Kendrick, 1987,
Moore a kol., 1987), pouze samice potfebuji krev pro vyvoj vajec. Nékteré
druhy jsou schopny prvni sniSky bez nasati krve (autogenni druhy - El
Kammah, 1973), jeden druh je dokonce jak autogenni, tak partenogeneticky
(Oliveira a kol., 1994). Podle chovani, pfi kterem flebotomové spiSe poskakuiji
nez létaji, bylo dfive usuzovano, Ze se po vylihnuti z kukly pfili§ nevzdaluji od
mista, kde probihal jejich larvaini vyvoj. Bylo vSak prokazano, Ze pfi hledani
krevniho zdroje (vétSinou v podvecer ¢i v noci) jsou samice schopny létat az
nékolik stovek metrd od mista vylihnuti (Quate, 1964, Yuval a kol., 1988,
Kamhawi a kol., 1991, Alexander a Young, 1992). Stale vSak jsou flebotomové
povazovani za velmi Spatné letce — jsou schopni letét maximalni rychlosti
necely jeden metr za sekundu (Killick- Kendrick a kol., 1986).

Samice flebotoml saji krev z mnoha druh( obratlovcu, zejména ze
savcl. Nékteré druhy saji na ptacich, plazech i dokonce obojzZivelnicich.
Samice veétsSiny druhu jsou exofagni a exofilni. Ke kopulaci dochazi vétSinou
na hostiteli nebo v jeho tésné blizkosti. Nékteré druhy kopuluji pfed nasatim,
jiné pfi a dalSi po nasati krve. Samci nejméné dvou druhl flebotomd - Lu.
longipalpis (Jarvis a Rutledge, 1992) a P. argentipes (Lane a kol., 1990) —
prilétaji na hostitele jako prvni, kde vytvafeji individualni teritoria a Cekaji na
samice, kterym se pak dvofi (chovani nazyvané lekking). Bylo prokazano, ze
samice rodu Lutzomyia rozeznavaji své kopulaéni partnery pomoci feromond,
které samci produkuji ve zlazach na zade¢ku (Ward a Morton, 1991) a byly
vysloveny téZ domnénky, Ze urditou roli mize hrat i zvuk. Zadné podobné
feromony v§ak zatim nebyly popsany u rodu Phlebotomus, jehoz samci, jak se
zda, nemaji zadné abdominaini zlazy (Ward a kol., 1991b). Je mozné, ze
vibrace kfidel samcl by mohla byt téz dulezita k podniceni samic ke kopulaci.

Samice kladou vejce rozptylené do mista potencialné vhodneho pro
larvalni vyvoj, jako jsou nory ur€itych hlodavcl, kira starych stromd,
rozpadajici se budovy, v prasklinach stén domt a v domovnim odpadu -
v mistech, kde larvy mohou najit organickou hmotu, teplo a vihkost nezbytné
pro jejich dalsi vyvoj (Killick - Kendrick, 1987). Vajicka dozravaji béhem
jednoho aZ dvou tydnl. Larvy jsou apodni, eucephalni a maji Ctyfi instary.
Palearktické druhy pfezimuji v diapauzujicim ¢tvrtém larvainim stadiu (Killick-
Kendrick a Killick-Kendrick, 1987, Schlein a kol., 1990a), v oblastech teplejSich
a vihgich diapauzuji nékteré druhy ve stadiu vajicka (Lawyer a kol., 1991).
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Larvy Ctvrteho instaru vytvaii kuklu a metamorfuji do dospélce. Vyvoj kukly trva
5-10 dni, zacCinaji se lihnou samci. Dospélci se lihnou z kukel pfevazné ve tmé.
Samotny Zivotni cyklus flebotoml trva vétSinou 20-40 dni — podle druhu,
rychlosti traveni potravy a okolni teploty. Diapauzujici druhy, které mohou
pozastavit svllj vyvoj, pokud okolni podminky nejsou dobré pro jejich dalsi
vyvoj, mohou mit Zivotni cyklus prodlouzeny o dobu stravenou v diapauze —
tfeba o nékolik mésica.

Ackoli jsou flebotomové rozsifeni zejména v teplejSich oblastech svéta
(vCetné jizni Evropy, Asie, Afriky, Australie a stfedni a jizni Ameriky), jejich
vyskyt saha az k 50° severni $ifky v jihovychodni Kanadé (Young a Perkins,
1984) a tésné pod tuto hranici v severni Francii a Mongolsku (Lewis, 1982),
smérem Kk jihnu pak az ke 40° jizni Sitky — nevyskytuji se v8ak na Novém
Zélandu a ostrovech Tichého oceanu (Lane, 1993). Vyskova distribuce saha
az do nadmorskych vysek 3300 metrl nad mofem (Afghanistan - P. rupester)
(Artemiev, 1980). Celkem je znamo okolo 700 druht flebotom(, z nichZz o 70
se predpoklada, ze pfenaseji nemoci na lidi, 30 z nich jsou pak potvrzenymi
vektory leishmaniozy.

Kontrola vektorl v pfipadech prenosu leishmaniézy v blizkosti sidel
nebo uvnitf sidel je provadéna postfikem domi residualnimi insekticidy
(obvykle pyrethroidy). Flebotomové jsou na insekticidy stale velmi citlivi. Tato
metoda je v8ak bohuzel zcela nedc€inna na ty druhy flebotomu, které saji mimo
budovy — napfiklad druhy flebotom( v jihoamerickych lesich. Postfiky
rezidualnimi insekticidy jsou pouzivany téz proti komarim rodu Anopheles a
jsou tedy efektivni nejen proti leishmaniéze, ale i proti malarii. Zvifeci
rezervoary visceralni leshmaniézy (L. infantum) jsou kontrolovany eliminaci
toulavych séropozitivnich psu, rezervoary kozni leishmanidzy pak pouzivanim
jedovatych navnad pro hlodavce ¢&i kontrolou Zivotniho prostiedi téchto
hlodavcl — skladky apod. (napt. pouziti rodenticidl proti Rhombomys opimus
ve stfedni Asii). Kochrané domacich psi jsou Casto pouzivany obojky
s repelenty.

Ochrana lidi pfed vlastnim bodnutim flebotomy je téZ pomérné slozita.
Flebotomové jsou schopni proniknout pod b&zné moskytiéry, proti nim je nutno
pouzivat moskytiéry specialni s velmi jemnou strukturou. Tyto jsou vS§ak méné
prody$né a ve vlhkych tropickych oblastech velmi nepohodiné. Chemicke
repelenty (DEET, DMP) jsou ucinné pfi aplikovani na odévy &i moskytiery,
av8ak pfi ptimé aplikaci na kuzi ztraceji kvali perspiraci velmi brzy ucinnost.
Insekticidni postfiky lihnist jsou téZ potencialni strategii boje proti flebotomudm,
velmi malo je v8ak o lihniStich znamo.

Zdroj:
http://www.museums.org.za/bio/insects/flies/psychodidae/phlebotominae.htm

Flebotomové pfenaseji na ¢lovéka kromé leishmanioz i fadu virovych i
bakterialnich onemocnéni. Mezi nejznamé;jsi patfi Sandfly Fever Virus — virus
patfici do skupiny flebovirl, ktery zpusobuje hore¢ku papataci (nebo téz
sandfly fever). Je pfenasen flebotomy (zejména druhem P. papatasi (Lewis,
1973, Lane, 1993, Service, 1996) v mediteranu a na stfednim vychodé. Mezi
dalsi fleboviry Starého svéta patfi Toscana virus vyskytujici se v severni a
zapadni ¢asti mediteranu pfenaseny druhem P. perniciosus. V Novém svété
jsou pak medicinsky vyznamné Chagres a Punta Toro viry pfenasené druhy Lu.
trapidoi a Lu. ylephiletor. Mezi nejvyznaméjsi bakterialni onemocnéni patfi
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Bartonella bacilliformis, bakterialni pdvodce nemoci zvané bartonellosis (nebo
tez Oroya fever, Carrion's disease, Verruca peruana) v severozapadni jizni
Americe (v Peru, v Kolumbii a Ekvadoru). Je pfenasen (a to zfejmé
mechanicky) druhem Lutzomyia verrucarum.

Flebotomové patfi do podfadu Nematocera, tadu Diptera. DalSi
klasifikace neni jednotna a neni univerzalné pfijimana (Lane, 1993), ale
zpravidla jsou Ffazeni do Celedi Psychodidae, pod¢eledi Phlebotominae. Lane
(1993) rozeznava Sest rodu (viz nize), z nichz pouze dva rody maji medicinsky
vyznam, jmenovité Phlebotomus ve Starém svété, ktery je dale rozdélovan do
12 podrodd a Lutzomyia v Novém svété, ktery je dale rozdélovan do 25
podrodl a skupin druhd. VSichni potvrzeni vektofi leshmaniéz patfi do téchto
dvou rodd.

Flebotomové Nového svéta

Rod: Brumptomyia Franca et Parrot

Rod: Lutzomyia Franca - jediny rod flebotomu, ktery saje krev na lidech
v Novém svété, vyskytuje se zejména v zalesnénych oblastech tropu.

Rod: Warileya Hertig
Flebotomové Starého svéta

Rod: Phlebotomus Rondani - vyskytuje se zejména v semiaridnich oblastech a
v savanach. Jediny rod flebotomu, ktery pfenadi choroby na lidi v téchto
oblastech.

Rod: Sergentomyia Franca et Parrot — saje zejména na plazech, ob&as pfenasi
protozoalni parazity rodu Sauroleishmania. Vzacné saje na lidech, ale dosud
nebyl potvrzen pfenos néjaké choroby na lidi.

Rod: Chinius Leng

3.3. Leishmanie

3.3.1. Fylogeneze a systematika rodu Leishmania

Leishmania je monofyleticky taxon zceledi Trypanosomatidae, Fadu
Kinetoplastida. O pavodu digenetickych trypanosomatid( existuji dvé zakladni
hypotézy. Prvni zastava teorii, Ze se vyvinuli z monogenetickych parazitl
bezobratlych Zivogicht. Toto tvrzeni by mohl podporovat Cast&jsi vyskyt
monogenetickych bigikovcl v riznych bezobratlych hostitelich, vyvoj v zadni
gasti stievniho traktu a kontaminativni pfenos spolu s pohlavnim
rozmnoZovanim v hmyzim pfenaseci. Druhou hypotézou je teorie, Ze puvod
digenetickych trypanosomatidli je v obratlovcich a Zze pfenos do krevsajicich
bezobratlych byl pouze nahodny. Toto tvrzeni miZe byt podpofeno CastéjSim
vyskytem monogenetickych bi¢ikoved v téch Celedich bezobratlych, které se
sivi sanim krve (review Lainson a Shaw, 1987, Sadlova, 1999). Pavod rodu
Leishmania z monogenetickych bigikovcl je obecné vice pfijiman.
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Rod Leishmania se déli na dva hlavni podrody Leishmania a Viannia,
které byly od sebe oddéleny zhruba pfed 90 miliony lety, v dobé&, kdy se oddélil
africky a jihoamericky kontinent. Oddéleni a nasledna nezavisla evoluce téchto
dvou podrodl je potvrzena kladogramem Thomaz-Soccol a kol. (1993a).
Podrod Sauroleishmania (plazi parazité) se oddélil od podrodu Leishmania az
poté, co byla tato skupina oddélena od podrodu Viannia (Noyes a kol. 1998).
Dnesdni klasifikace je zaloZzena na diferenciaci druhl rodu Leishmania
zruznych geografickych oblasti. Moderni imunologické, biochemické a
genetické metody jsou pouzivany pfi charakterizaci rlznych geografickych
izolatd. Podle Shawa (1994) v souCasné dobé existuje 30 pojmenovanych
druhd rodu Leishmania izolovanych ze savcl, 10 ve starém svété a 20
v novém svété. Klasifikace a zakladni charakteristiky pojmenovanych druhu
leishmanii jsou v review Sadlové (1999).

Béhem vyvoje ve vektoru leishmanie prochazeji slozitym vyvojovym
cyklem. Existuji tfi hlavni modely vyvoje a diverzifikace leishmanii ve vektoru —
Peripylaria (podrod Viannia), Suprapylaria (podrod Leishmania) a Hypopylaria
(pouze plazi parazité, rod Sauroleishmania). Peripylaria maji sv(j vyvoj
lokalizovan do zadni &asti traviciho traktu (hindgut), nasleduje anteriorni
migrace promastigotu to thorakalniho stfeva (thoratic midgut) a pfedniho
stfeva (foregut). Pfi opétovném sani krve dochazi k pfenosu leishmanii do
hostitele. Suprapylaria maji svij vyvoj limitovan do oblasti pfedni ¢asti traviciho
traktu (midgut a foregut) — parazité jsou pfenaseni téz pfi bodnuti pfi sani krve.
Hypopylaria maji svdj vyvoj limitovan do zadni ¢asti traviciho traktu (hindgut) a
prenos je kontaminativni. Tyto modely — Peripylaria, Suprapylaria, Hypopylaria
- v§ak nemaji zadny taxonomicky status.

3.3.2. Struktura buriky a morfologické formy leishmanii

Zakladni bunécna ultrastruktura leishmanii je stejnd jako u ostatnich
eukaryotickych bunék. Leishmanie maji specialni subpelikularni korset pod
plasmatickou membranou, ktery je tvofen siti mikrotubularni cytoskeletu a
probiha ve spiralnich drahach podél longitudinalni osy celé bunky.
Mitochondrialni DNA obsahuje az 20% veSkeré buné&tné DNA a je
kondenzovana v pravidelné usporadanych fibroznich sitich ve zvlastni Casti
mitochondrie zvané kinetoplast. Ten je zpravidla situovan nad jadrem a pod
bazalnim t&liskem biciku. Velikost kinetoplastu a minikrouzkd je stalou a
charakteristickou vlastnosti jednotlivych druhl trypanosomatidd (Luke$ a kol,
2002, Luked a Votypka, 2000). Bi¢ik je pfitomen pouze v promastigotnim
stadiu leishmanii (viz dale). Rota¢ni pohyb bi¢iku zajiStuje pohyb buriky vpred.
Leishmanie jsou digeneticti bicikovci a vyskytuji se (podle mikrohabitatu
v hostiteli nebo v pfena$eéi) ve dvou hlavnich morfologickych formach -
promastigotni a amastigotni. B&éhem vyvojového cyklu v pfenaseci prochazeji
nékolika transformacemi — nékteré modifikace obou zéakladnich forem byly
popsany a pojmenovany (Killick-Kendrick, 1979, Walters, 1993, Schlein, 1993).
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Promastigotni stadium — dlouha, bi¢ikata forma vyskytujici se extracelularné
v travicim traktu flebotomd.

procyklické promastigotni stadium — je prvni formou promastigotniho stadia
vyvijejici se z amastigotl nasatych spolecné s krvi z obratlovéiho hostitele.
Transformace amastigotnich stadii do promastigotnich je vzdy provazena
ur€itou mortalitou (Pimenta a kol., 1997), proto hlavni Glohou procyklickych
promastigotl je mnozeni se v energeticky bohatém prostiedi a iniciace
infekce.

nektomonadni promastigotni stadium — nalézame vétSinou v abdominalni ¢asti
stfeva. Byly zaznamenany dva typy nektomonad — dlouhé (s délkou vice nez
12um) a kratké (s delkou 6,5 — 11,5um a s bi¢ikem vzdy delSim nez télo).
Jedna se o stadium pomalu se pohybujici, elektrondensni, délka bi¢iku je
velmi variabilni. Nektomonady se pohybuji anteriorné smérem ke stomodealni
valve, do oblasti zvané cardia.

haptomonadni promastigotni stadium — je nepohyblivé, télo ma kratsi a Sirsi,
elektronlucidni, bez bi€iku je délka téla menSi nez 12um. Bigik je schopen se
prichytavat k chitinu pomoci spoji podobnych hemidesmosomalnim.
paramastigotni staddium — je nejb&znéjSim morfologickou formou v predni
(foregut) a zadni (hindgut) ¢asti travici trubice flebotomG. Od promastigotnich
stadii se liSi zejména kinetoplastem lezicim vedle &i lehce posteriorné od jadra.
Tyto formy se pfichytavaji na kutikularni vystelku stomodealni valvy a k
mikrovilum thorakalniho stfeva flebotomu

metacyklické promastigotni stadium — malé (méné nez 8 ym dlouhé), velmi
pohyblivé, nedélici se, biCikaté infekéni formy prenaSené do obratlov€iho
hostitele.

Amastigotni stadium — malé, ovalné ¢i kulaté formy, bez biciku, které jsou
lokalizovany intracelularné v makrofazich obratlovéiho hostitele. Residuum
bi¢iku je omezeno na pfitomnost v bi¢ikovém reservoaru.

Dalsi informace o transformaci a vyznamu jednotlivych forem jsou uvedeny
v kapitole o vyvoji leishmanii ve flebotomech.

3.3.3. Enzymy a povrchové molekuly leishmanii

Velka pozornost je vénovana enzymim a molekuldm leishmanii, které se zdaji
byt dilezité ¢i dokonce nezbytné pro invazi a prezivani v hostiteli ¢i prenaseci.
Superoxid dismutaza (SOD) bakterialniho typu je pfitomna v leishmaniich,
katalazova aktivita je velmi nizk4 nebo dokonce nulova. Namisto glutathionu
obsahuji  leishmanie  glutathionyl-spermidinovy  konjugat trypanothion.
Trypanothion a SOD spole¢né s trypanothion peroxidazou vytvafi hlavni linii
obrannych mechanizmu proti oxidativnim metabolitdm hostitele. (Chang, 1997)

Na povrchu promastigotl leishmanii byly identifikovany dvé hlavni
skupiny glykokonjugatd ukotvenych GPI kotvou k membrané. Prvni skupinu
tvofi GPl ukotvené glykolipidy (hlavni povrchova molekula leishmanii -
lipofosfoglykan (LPG) a pfibuzné molekuly glykosylinositolfosfolipidy (GIPLs)
(Mc Conville, 1991, McConville a Homans, 1992). Druhou skupinu pak tvori
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GPI ukotvené glykoproteiny. Z nich je nejvice zastoupena gp63, dale pak
promastigotni povrchovy antigen 2 - promastigote surface antigen-2 (PSA-2)
(objeven v L. major Murrayem a kol., 1989) nebo gp46 (z L. mexicana (Kahl a
McMahon, 1987) - review Moody, 1993. Dal$i dlleZité glykokonjugaty jako je
fosfoglykan (phosphoglycan - PG - Handman a kol., 1984)) nebo
proteofosfoglykan (proteophosphoglycan - PPG) jsou exkretovany, posledné
jmenovany - PPG — mGZe byt téZ vazan GPI kotvou. VySe uvedené povrchové
molekuly jsou velmi dileZité pro prezivani parazitd ve vektoru i v hostiteli,
proto je jim vénovana znacna pozornost i v této praci — s dlrazem na vyvoj
leishmanii ve vektoru — hlavnimu tématu prace.

3.3.4. GP63

GP63 je hlavni proteinem povrchu leishmanii a je exprimovana v mnoZstvi
odpovidajicimu zhruba 1% celkového objemu buné&¢nych proteinl (Bahr a kol.,
1993). U L. major bylo dokazano, Zze geny koédujici gp63 jsou exprimovany
razné — geny 1-5 jsou exprimovany ve vys$Sich hladinach pouze u
promastigott, zatimco gen 6 je exprimovan pouze v niz$i hlading, ale jak u
promastigot, tak i u amastigot( (Voth a kol., 1998).

Gp63 je endopeptiddza znaméa pod nazvem leishmanolysin nebo téz
pod pojmenovanim promastigotni povrchova proteaza (promastigote surface
protease - PSP), ktera ma velmi Sirokou substratovou specifitu (Chaudhuri a
Chang, 1988, Bouvier a kol., 1989, Ip a kol., 1990, Bouvier a kol., 1990). Je to
metaloenzym s dvojmocnym zinkem v aktivnim misté (Colomer-Goud a kol.,
1985, Etges a kol., 1985, 1986a, 1986b, 1989, Bouvier a kol., 1987, 1989,
Chaudhuri a kol., 1989, Bouvier a kol., 1995). Ma podle substratu zavislé pH
optimum (Chaudhuri a Chang, 1988, Ip a kol. 1990, Tzinia a Soteriadou,
1991), optimalni aktivitu vykazuje v kyselém prostfedi (llg a kol., 1993). Gp63
hydrolyzuje Sirokou fadu substratd véetné kaseinu, azokaseinu, Zelatiny,
albuminu, hemoglobinu a fibrinogenu (Chaudhuri a kol., 1989, Bouvier a kol.,
1989, 1990, Ip a kol., 1990, Tzinia a Soteriadou, 1991).

Gp63 je zastoupena zejména v promastigotnich stadiich leishmanii a to
na celém povrchu bunky véetné bi¢iku (Fong a Chan, 1982, Russel a Wilhelm,
1986, Kweider a kol., 1987, Bouvier a kol., 1987, Etges, 1992). Byla objevena
také u amastigotnich stadii, avSak v mensi mife a jinak lokalizovana.
V amastigotech je lokalizovana zejména ve flagelarni kapse. Amastigoti L.
mexicana maji proteazu gp63 lokalizovanu do velkych lysosomd nazyvanych
megasomy (Bahr a kol., 1993, llg a kol., 1993).

Bylo prokazano, Ze gp63 je velmi dileZitou molekulou s vice ulohami
pfi infekci v obratlovéim hostiteli. Pokryti lysosom( nativni gp63 s pinou
enzymatickou aktivitou je nutné pro jejich ochranu proti fagolysosomaini
degradaci v makrofazich (Chaudhuri a kol., 1989). Podle téchto studii je tento
enzym zodpovédny za rezistenci leishmanii vic¢i cytolyze indikované
komplementem (Brittingham a kol., 1995) a za vazbu k makrofagim (Wilson a
Pearson, 1986, Russell, 1987). Interakce s makrofagy zahrnuje jak pfimou
vazbu ligandli k hostitelskym receptorim (Blackwell a kol., 1985, Handman a
Goding, 1985, Russell a Wright, 1988, Rizvi a kol., 1988, Mosser a kol., 1987),
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tak vazbu opsonind (komplementu a fibronektinu) k jejich pfisluSnym
receptordm (Mosser a Edelson, 1985, Wyler a kol., 1985, Mosser a kol., 1992).
Dal$i pravdépodobnou tlohou gp63 je absorpce promastigotd makrofagy (Liu
a Chang, 1992), ochrana proti intracelularni degradaci ve fagolysosomech
(Chaudhuri a kol.,, 1989, McGwire a Chang, 1994) a inhibice chemotaxe
monocytd a neutrofill (Sorensen a kol., 1994). Je téz zapojena do procesu
patogeneze — degraduje extracelularni matrix a vytvari 1éze v hostitelich
(McMaster a kol., 1994), zejména relevantni je toto tvrzeni pro volnou formu
gp63 (McGwire a kol., 2002, 2003).

Uloha gp63 pro leishmanie ve vektoru je méné probadana. Byla
vyslovena domnénka, 2e gp63 by mohla degradovat hemoglobin a dalSi
proteiny v krvi nasaté spolu s parazity do vektora a tim ziskavat Zziviny
potfebné pro rist promastigotl (Schlein, 1993). Tato a mozné dalSi funkce
mohou byt dale podpofeny nalezem podobnych ektoprotedz v dalSich
trypanosomatidech v&etné monoxennich druht jako Crithidia a Herpetomonas
(napf. Etges, 1992, Inverso a kol.,, 1993). Fakt, Zze pfitomnost gp63 byla
detekovana na povrchu promastigotl ve stfevé experimentainé infikovanych
flebotom( (Grimm a kol., 1987, Davies a kol., 1990), a obtize pfi demonstraci
pfitomnosti této protedzy v amastigotech téz nasvédcCuji hypotéze, Ze uloha
gp63 je v travicim traktu hmyziho vektora (Etges a kol., 1992).

Konkrétni tloha metaloproteinazy gp63 v Zivotnim cyklu leishmanii v3ak
stale jeSté neni zcela znama. Cilend nahrada ¢i knockautovani genl je
nastrojem pro uréeni funkce specifickych genl. Pouzitim této techniky byly
modifikovany kmeny L. major, které mély zablokovanu produkci gp63 (delece
genll 1-6 gp63) a byl sledovan jejich vyvoj ve vektoru (Joshi a kol., 1998,
2002). Podle téchto studii gp63 hraje zanedbatelnou &i dokonce nehraje
Zzadnou ulohu ve vektoru, protoZze mutanti s knokautovanymi geny pro gp63 se
vyvijeli a prezivali srovnatelné s kmeny kontrolnimi (Joshi a kol., 1998, 2002).

3.3.5.LPG

LPG je hlavnim glykokonjugatem na povrchu promastigota leishmanii. Je
exprimovan po celém povrchu promastigotd a vytvari silny plast s tésne
nahlou¢enymi molekulami, které ucinné maskuji dalSi molekuly jako treba
gp63 (Pimenta a kol., 1991).

LPG je tvofeno &tyfmi strukturainimi doménami. Sestava se z patefni
nékolikrat opakované fosfodisacharidové jednotky -6Galg1,4Mana1-PO4-,
ktera je bud nesubstituovana nebo substituovana rlznymi postrannimi
polysacharidovymi Fetézci. Fosfoglykanové fetézce jsou pfes hexasacharidove
glykanové jadro pfipojeny k 1-O-alkyl-2-lyso-fosfatidylinositollipidu, ktery je
kotvi k plasmatické membrané. Retézec je ukonéen neutralni nefosforylovanou
oligosacharidovou &epickou (review McConville a Blackwell, 1991, Turco a
Descoteaux, 1992). Pritomnost fosforylovanych hexoz, neacetylovaného
glukosaminu a lysoalkylglycerolovych slozek je zcela vyjimecnou vlastnosti
LPG. Ruzné druhy leishmanii maji heterogenni LPG, stejné tak se LPG
strukturalng li§i u rdznych vyvojovych stadii. Patefni opakujici se
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disacharidova jednotka muze byt v C-3 misté Gal zbytku nesubstituovana
(sudansky kmen L. donovani), nebo Caste€né substituovana glukézovymi
postranimi fetézci (indicky kmen L. donovani, L. mexicana a L. chagasi) nebo
kompletné substituovana sacharidovymi fetézci. Tyto pak mohou byt primarné
zakonleny galaktézou (L. major) nebo glukézou a arabindzou (L. tropica)
(McConville a kol., 1995, Thomas a kol., 1992, Turco a Descoteaux, 1992).
Molekularni variabilita LPG je rozhodujici pro preziti parazitQ, jejich nachylnost
a zivotaschopnost a pro formu onemocnéni, které zpasobu;ji.

PFi studiu LPG v hostiteli bylo prokazano, ze LPG se Uc¢astni inhibice
chemotaxe monocytt a neutrofild (Lo a kol., 1998, Frankenburg a kol., 1990,
1992). LPG se pfimo vaze na CR3 receptor, mandzo-fukézovy receptor a
fibrinogenni receptor (Talamas-Rohana a kol.,, 1990, Kelleher a kol., 1995,
Wilson a Pearson, 1986), LPG tvofi bariéru branici inserci MAC (membrane
attack complexes) (Puentes a kol, 1990), chrani leishmanie pired
intracelularni degradaci ve fagolysosomech (McNeely a kol., 1989, McNeely a
Turco, 1990, Proudfoot a kol., 1995, 1996), potlacuje expresi cytokinl v
monocytech (Frankenburg a kol., 1990, Hatzigeorgiou a kol., 1996) a inhibuje
fagolysosomalni fuzi (Desjardins a Descoteaux, 1997)

O funkci LPG ve vektoru existovaly dvé hlavni hypotézy. Prvni byla, ze
LPG podporuje prezivani promastigotl ve stfevé inhibici uvolfiovanych
stfevnich proteaz (Schlein a kol. 1990b) a ochranuje povrch parazitl pred
proteolyzou (Pimenta a kol.,, 1997). Proti tomuto tvrzeni se vSak postavily
vysledky Saraivy a kol. (1995), ktefi zaznamenali zpozdéni exprese LPG na
povrchu L. majorv P. papatasi do objeveni se nektomonad (tfeti den po sani),
zatimco vrchol proteazové aktivity v tomto druhu flebotoma byl zaznamenan
24 — 34 hodin po sani (Dillon a Lane, 1993a).

Uginnym nastrojem pro definovani funkce nékterych molekul
zodpovédnych za komplikovanou strukturu LPG se ukazalo pouZiti
specifickych mutantt deficientnich v biosyntéze téchto molekul. Gen Ipg1 je
zodpovédny za pfipojovani galaktofuran6ézy ke glykanovému jadru LPG
(Huang a Turco, 1993, Ryan a kol., 1993) - to znamena, Ze mutanti defektni v
lpg1 stale vytvareji a sekretuji dalSi proteinové fosfoglykany (Spath a kol.,
2000), nikoli v8ak LPG. Ipg2 kéduje transportér pro pfenos GDP-Man do
Golgiho aparatu. To znamena, ze mutanti bez [pg2- jsou deficientni v synteze
vSech fosfoglykant (Descoteaux a kol., 1995, Ma a kol., 1997). U mutantd
defektnich v Ipg1 (R2D2 - L. donovani, L. major Ipg1-) byl zaznamenan pouze
slaby pokles naristu promastigotd v rané fazi infekce ve stfevech flebotomul
(Sacks a kol., 2000). Naproti tomu, mutanti postradajici gen Ipg2 (C3PO - L.
donovani, L. major Ipg2-) byli zni¢eni béhem prvnich 24 hodin po nasati do
stteva. Z toho vyplyva, Ze dal§i uvolfiované molekuly obsahujici
fosfoglykanové struktury (napf. sAP nebo PPG) hraji dlleZitou Ulohu v ochrané
parazitll pfed travicimi enzymy ve stfevé flebotoml v raném stadiu infekce.
Tato zjistdni zaroved vyvraceji prvni hypotézu o funkci LPG ve streve
flebotom(l — proteolyticka aktivita k ochrané pred hmyzimi proteazami neni
primarné zajistovana LPG.

Exprese LPG koreluje s dobou uniku promastigoti z intraperitrofickeého
prostoru, coz by podporovalo vice druhou teorii o funkci LPG ve vektoru a to
prichyceni promastigott ke stfevni sténé (Pimenta a kol., 1992, Sacks a kol.,
1994). Uloha LPG v pfichycovani ke stfevni sténé je zaloZzena zejména na
faktech, Ze purifikovany LPG se vaze ke stfevni sténé in vitro (Pimenta a kol.
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1992) a ze LPG inhibuje vazbu promastigott ke stfevu in vitro (Pimenta a kol.,
1992, Sacks a kol, 1995). Dale pak je znamo, Ze druhové specificky
polymorfismus ve struktufe LPG pfeduréuje druhovou diferenciaci - schopnost
jednotlivych druhll leishmanii persistovat ve stfevé po defekaci je rizna u
rdznych druht flebotomu (Pimenta a kol., 1994).

Stale se v8ak vedou spory o receptorech, na které se LPG vaze.
Nékolik studii predpovédélo, Zze by za tuto vazbu mohly byt zodpovédné
stfevni lektiny flebotomd (Wallbanks a kol., 1986, Svobodova a kol., 1996, Volf
a kol., 1998, 2002,). Recentni studie Kamhawi a kol. (2004) tato zjiSténi
potvrdila. Bylo prokazano, Zze LPG L. major se vaze na galektiny stfeva P.
papatasi (Kamhawi a kol., 2004).

Schopnost pfichyceni leishmanii je téZ vyvojové regulovana modifikaci
LPG, kterou s sebou pfinasi transformace promastigotu z procyklickych do
metacyklickych forem. U L. major se jedna o ¢astenou substituci terminainé
exponované galaktdzy arabindézou (Pimenta a kol., 1992). Infekéni metacyklicti
promastigoti tak ztraceji schopnost se vazat ke stfevnimu epitelu.

3.3.6. sAP - secreted acid phosphatase — sekretovana kysela fosfataza

Promastigoti leishmanii syntetizuji sAP a uvolfuji ji z flagelarni kapsy
(Bates a kol., 1989) ve formé& monoméra &i dimeért (Doyle a Dwyer, 1993,
Shakarian a Dwyer, 2000b). Sekretovana kysela fosfataza je bohata na serin a
threonin, mnoho zrezidui je modifikovano fosfoglykany (Stierhof, 1998).
Kyselé fosfatazy jsou skupinou hydrolytickych enzymu, které zfejmé podporuji
rezistenci parazitu proti destrukci hostitelem a jeho patogenité a dale pak maji
urcitou Glohu nutriéni (Lovelace a kol., 1986) — to kvli jejich Siroké substratové
specifité (Gottlieb a Dwyer, 1982). Pokusy s mutanty defektnimi v Ipg2 — viz
vySe — podporuji tvrzeni, Ze sAP se podili na defosforylaci a tim inhibici aktivity
travicich enzymu flebotoma.

3.3.7. PPG - proteofosfoglykany

Filamentarni proteofosfoglykan (fPPG) se skiada zejména z fosfoglykanu
(96% w/w) a malého mnozstvi aminokyselin (4% w/w) - ser, ala, pro, ktere jsou
bohaté glykosylovany (review llg, 2000). Svymi vlastnostmi (vysoky obsah
karbohydratl, vysoky obsah glykosylovanych aminokyselin, enormni mnozstvi
molekul, vysoky negativni naboj, filamentarni struktura, pfitomnost za sebou
se opakujicich glykosylovanych domén, formace sitovych struktur, viskozita a
vytvaieni gelu ze stfedné& koncentrovanych roztoku) pfipominaji savCi muciny
(review llg, 2000).

Promastigoti leishmanii maji tendenci k tvorb& agregati, které drzi pfi sobe
gelozni latkou. Pomoci elektronové mikroskopie byl tento gel klasifikovan jako
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sit fibroznich filament, které jsou jako produkty sekrece vyluCovany ve
flagelarni kapse (Stierhof a kol. , 1994). Filamentarni molekula, ktera vytvari
sit a zda se byt asociovana s buné¢nou agregaci je fPPG (lig a kol., 1996).
Leishmanie vytvareji pevnou hmotu parazitd zabudovanych ve filamentarni
gelovité matrix v oblasti cardie a stomodealni valvy (Walters a kol., 1989,
Lawyer a kol., 1990) a to velmi pravdépodobné zpUsobuje tézkosti, které maji
infikovani flebotomové pfii opétovném sani krve na hostiteli (Killick-Kendrick,
1979, Beach a kol.,, 1985). Bylo téz prokazano, ze pfi sani flebotomové
uvoliuji do hostitele spolu s parazity a slinami i malé mnozstvi gelovité hmoty,
kterd je recentné popisovana jako PSG (promastigote secretory gel) a jejiz
hlavni slozkou je pravé fPPG (Rogers a kol., 2002, 2004). Tento gel byl az do
souCasnosti pozorovan u vSech studovanych modell Phlebotomus -
Leishmania. Experimenty s mutanty selektivné deficientnimi v PPG, LPG, sAP
(Rogers a kol., 2004) byla potvrzena i pifedpokladana funkce fPPG (llg a kol.,
1999) — zvySeni pravdépodobnosti UspéSného prfenosu paraziti do hostitele
(Rogers a kol., 2004).

Membranové vazany fosfoglykan (mPPG) je pfipojen k membrané pres
GPI kotvu na C terminalni doméné a muze byt az nékolik stovek nanometrti
dlouhy (llg a kol.,, 1999). N-terminalni doména ukazuje urcitou homologii
s povrchovym proteinem leishmanii — komplexu PSA/gp46 (llg a kol., 1999).
mPPG je exprimovan na povrchu promastigotd L. major a je pritomen i u
amastigotl avdak v mens§im mnozZstvi (Piani a kol., 1999). Podobné molekuly
byly téz detekovany u druhl L. mexicana a L. donovani (Piani a kol., 1999).
Uloha mPPG neni jesté zcela pfesné znama, délka molekuly mPPG vsak
napovida, ze mPPG by mohl byt potencialnim ligandem pro makrofagy a
receptory ve stfevé flebotomd by mohly téZ byt komplementarnim akceptorem
— tyto funkce byly pfipisovany zejména LPG (review llg, 2000).

Amastigoti druhu Leishmania mexicana nesyntetizuji LPG (Bahr a kol.,
1993) ani fosfoglykosylované sAP (llg a kol., 1991, 1994), ale sekretuji
amastigotni PPG (neboli aPPG) do parasitoforni vakuoly hostitelskych
makrofagt (llg a kol., 1995). aPPG obsahuje vSechny glykany, které byly
identifikovany v L. mexicana promastigotnim fosfoglykanovym antigenem LPG
(llg a kol., 1992) a sAP (llg a kol., 1994), vétSina glykan( je vSak specificka pro
amastigoty Ci jsou to zcela nové struktury (llg, 2000). aPPG - je jedinym
sekretovanym produktem amastigot, ktery byl identifikovan v infikované
hostitelské tkani (llg a kol., 1998). Je obecné pfijimano, Ze sekretované a na
povrchu exponované antigeny intracelularnich patogenu jsou primarnim
teréem pro detekci hostitelskym imunitnim systémem (Overath a Aebischer,
1999). Komplexni glykosylace aPPG, jak se zda, zabrafuje produkci antigend
a tim inhibuje prezentaci této abundantni molekuly hostitelskému imunitnimu
systému (Aebischer a kol., 1999, Overath a Aebischer, 1999). Dale je znamo,
Ze nizkd koncentrace polyanioickych komponent vede k vakuolizaci —
akumulaci v sekundarnich lysosomech (lig a kol., 1995). aPPG je polyanickym
polysacharidem, ktery zfejmé indukuje tvorbu lysozomalnich vakuol v
makrofazich (Peters a kol., 1997).

Promastigoti Leishmania mexicana sekretuji promastigotni PPG2 (pPPG2) a
tento pPPG je morfologicky odlisny od sAP i fPPG / mPPG (lig, 2000)
Biochemické a imunologické nalezy vSak ukazuji, ze pPPG2 ma stejny
polypeptidovy Fetézec jako aPPG (Klein a kol., 1999). Existuji vsak velke
rozdily mezi aPPG a pPPG2 v jejich molekulové hmotnosti, ultrastrukture,
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proteinazove senzitivité, které jsou zfejmé disledkem glykosylace specifické
pro vyvojova stadia.

3.3.8. GIPLs - glykoinositolfosfolipidy

Nizkomolekularni  glykoinositolfosfolipidy jsou hlavni skupinou GPI -
ukotvenych glykolipidd, které byly charakterizovany v L. major (McConville a
Bacic, 1989, McConville a Bacic, 1990, McConville a kol., 1990a, McConville a
Homans, 1992) a v L. donovani (McConville a Blackwell, 1991). GIPLs jsou
exprimovany v ustaleném mnozstvi v obou vyvojovych stadiich — amastigotnim
i promastigotnim (McConvill a Blackwell, 1991, Schneider a kol., 1993).
Existuji druhové, kmenové i podle vyvojového stadia specifické strukturalni
rozdily fetézch v populaci GIPLs (review McConville, 1991, McConville a
Homans, 1992). V hostiteli GIPLs pravdépodobné vytvafi ochranu pied
lysosomalnimi hydrolazami (Opat a kol., 1996) a jsou duleZité zejména u
amastigotud, ktefi nejsou chranéni LPG. Zufferey a kol. (2003) na zakiadé
pokusu s mutanty defektnimi ve tvorbé GIPLs vyslovil hypotézu, Ze GIPLs jsou
nezbytné pro preziti amastigotll v obratlovéim hostiteli a Ze lyso-alkyl nebo
alkylacyl-GPI kotvy mohou inhibovat aktivaci makrofagu.
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3.4. Interakce parasit - vektor — hostitel

3.4.1. Zivotni cyklus leishmanii

Leishmanie jsou parazité vyskytujici se ve dvou hlavnich morfologickych
formach — jako promastigoti ve vektoru, kde se vyvijeji extracelularné
v travicim traktu a jako amastigoti v hostiteli, kde prezivaji a mnozi se
intracelularné — ve fagolysosomalnich vakuolach hostitelskych makrofagu.
Zivotni cyklus leishmanii za¢ina v okamziku, kdy infikovana samice flebotoma
inokuluje metacyklické promastigoty pfi sani do obratlov€iho hostitele (1).
V krevnim fecisti jsou prazité fagocytovani makrofagy (2), ve kterych se vyvijeji
do amastigotnich forem (malych, kulatych, bezbi€ikatych stadii) (3) a mnoZi se.
Ve fagolysosomech se dale pomnoZuji az do zaniku hostitelské buriky (4), kdy
se amastigoti uvolfuji a infikuji dalsi fagocytické buriky a pokracuji v cyklu.
Amastigoti jsou nasavany flebotomy spole¢né s krevni potravou (5). Infikované
buriky krevniho feciSté nebo podkoznich tkani jsou pohiceny vektory (6),
amastigoti prochazeji nékolika transformacemi (7) a mnozi se do
promastigotnich forem (8). Pfi opétovném sani krve se metacyklicni
promastigoti (vysoce pohyblivé, infekéni formy) dostavaji do hostitelské tkané
(1) a cyklus se uzavira.

Life Cycle:
Sandfly Stages Human Stages
Sandfly takes a blood meal .
0 (mjec"'s promastigote siage e Promastigotes are

phagocylized by

into the skin}
L T macrophages
Divide in midgut and — - J
migrate to proboscis
9 P ,.?/\ 7
15,‘,'_.,:_

W a

Amastigotes transform into
0 promastigote stage in midgut

©

Promastigotes transform
into amastigotes inside
macrophages A

& R % Amastigotes multiply in cells

e /\ —_ (including macrophages) of

bl A \ s Vou various tissuesA
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Schéma prevzato z http://www.dpd.cdc.gov/dpdx/HTML/Leishmaniasis.htm
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Leishmanie se béhem svého Zzivotniho cyklu ve vektoru musi vyrovnat
s nékolika hlavnimi pfekazkami, jejichz prfekonani je nutné k dokonéeni vyvoje
a uspésnému prenosu do hostitele.

Mezi tyto bariéry patfi zejména travici enzymy ve strevé flebotomu, peritroficka
matrix, exkrece s nestravenymi zbytky krve, uUspé&Sna anteriorni migrace,
metacyklogeneze a inokulace infekénich metacykll do hostitelské tkané. Pro
zjednoduseni problematiky se v objasfiovani vySe uvedenych témat omezuji
pouze na suprapylarni druhy, které byly pfedmétem studia dizertaéni prace.

3.4.2. Nachylnost parazitd ke strevnim enzymim v krevni potravé
flebotomu

Nasati krve do stieva flebotomu indukuje syntézu a sekreci travicich enzym
jako je trypsin, chymotrypsin, nékteré aminopeptidazy, karboxypeptidazy a
alfa-glukosidazy do lumen stfeva. Tyto enzymy jsou uvoliovany do
ektoperitrofického prostoru. Signifikantni hladina proteaz je produkovana jiz
cca 10 hodin po sani, vrcholl produkce proteaz je dosazeno nékdy mezi 18-48
hodinami, podle druhu flebotoma a puvodu krve (Borovsky a Schlein, 1987,
Daba a kol., 1997a, Dillon a Lane, 1993a). Domnénku, Ze vyvoj leishmanii ve
vektoru by mohl byt ovlivnén hladinou proteaz, potvrzuji pokusy Schleina a
donovani v P. papatasi korelovalo s ¢asovym posunem a niz$i hladinou
vrcholl proteazoveé aktivity. V dalSich pfipadech, kdy byla proteolyticka aktivita
travicich enzymu sniZzena pfidanim sojového inhibitoru trypsinu, bylo téz
podpofeno prezivani L. donovani v P. papatasi vranych fazich infekce
(Borovsky a Schlein, 1987, Pimenta a kol., 1997). Vyvstava otazka, zda
parazité jsou schopni prezit diky své rezistenci vuci travicim enzymum vektora,
nebo diky své schopnosti potlaCovat expresi enzymu, kterym jsou vystaveni.
Experimentalné bylo potvrzeno, ze parazité maji inhibi¢ni efekt na traveni krve
ve vektorech. Schlein a Romano (1986) a Borovsky a Schlein (1987) zjistili, ze
proteolytické enzymy, které produkoval P. papatasi béhem traveni, byly pfi
infekci promastigoty L. major (pfirozeny model vektor — parazit) inhibovany,
nebo alespofl byla opoZzdéna jejich produkce. Tyto enzymy v8ak nebyly
nikterak ovlivnény infekci L. donovani (nepfirozeny model vektor — parazit).
Podobné Dillon a Lane (1993b) prokazali, ze pfidani amastigotd L. major do
lidské krve opozdilo a snizilo vrcholy protedzové aktivity ve stfevé P. papatasi.
V druhu P. langeroni pfidani L. infantum vyustilo v pokles enzymatické aktivity
a zpomalilo traveni krevnich proteint, pfidani L. major (nepfirozeného
parazita) nikoli (Daba a kol., 1997a, 1997b). Bohuzel v3ak existuje velmi malo
studii, které by ukazovaly, zda jsou paraziti skute¢né ni€eni ¢&i pfimo zabijeni,
jsou-li vystaveni Gc¢inku téchto enzymu (Pimenta a kol., 1997). To znamena, ze
fakt, zda prezivani parazitl pfimo zavisi na modulaci proteolytické aktivity
travicich enzym0 vektort, zlstava stale jen hypotézou.

Vysledky experimentl popsanych vySe indikuji, Ze prostfedi Cerstvé
nasatého stfeva by mohlo byt pro vyvijejici se parazity potencialné letalni a ze
produkce uréitych molekul (druhové i vyvojové specifickych) pomaha
parazitim prezit a rast b&éhem proteolyzy nasaté krve. PouZitim mutantu
postradajicich gen pro Ipg2- (Descoteaux a kol., 1995, Ma a kol., 1997) bylo
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prokazano, ze fosfoglykany (PPG, sAP) hraji ur€itou roli pfi rané fazi infekce,
ziejmé pravé inhibici aktivity travicich enzyma flebotomu.

Jednou z dalSich parazitickych molekul, o které se téz predpoklada, ze
hraje urcitou roli v pfeZivani parazitl ve stfevé vektora je gp63. Jeji funkci by
mohla byt ochrana leishmanii proti proteolytickym enzymim flebotomu.
Pfitomnost gp63 u monoxennich trypanosomatidi (Etges, 1992) by tuto
domnénku podporovala, naproti tomu Joshi a kol. (1998, 2002) npfi
experimentalnich infekcich gp63 mutanty nenasli zadné rozdily v ristu a vyvoiji
parazitl ve vektoru.

3.4.3. Unik z endoperitofického prostoru

V krevsajicich nematocernich dvoukfidlich je peritroficka matrix (PM)
sekretovana stfevnim epitelem a vytvafi cylindricky obal, ktery uplné obklopuje
potravu v abdominalnim stfevé (Blackburn a kol., 1988, Gemetchu 1974,
Walters a kol., 1993a). Je sloZena ze sité chitinu v matrix vytvofené z proteinu
a proteoglykanl. Funkci PM je vytvofeni permeabilni bariéry propustné pro
travici enzymy. Podle Pimenty a kol. (1997) tim zaroven dochazi k ochrané
parazitd proti vlivu téchto travicich enzymli vdobé, kdy se amastigoti
transformuji a jsou vaci nim extrémné citlivi. Pfidani exogenni chitinazy do saté
krve P. papatasi, kterd uplné zablokovala formaci PM, zplsobilo masivni
destrukci parazitl nékolik hodin po sani infekéni krve.

V pozdéjsi fazi infekce se PM muze stat fyzikalni bariérou infekce. Ztrata
infekce kvlli neuspésné penetraci pfes PM byla popsana na modelu a L.
panamensis | P. papatasi (Walters a kol., 1992) — parazité uvéznéni uvnitf
endoperitrofického prostoru byly ze stfeva exkretovani. Stejné tak se nejlépe
vyvijely kmeny L. major v P. papatasi, které unikly z endoperitrofického
prostoru nejdfive (Cihakova a Volf, 1997). Fakt, Ze PM je bariérou, jejiz
prfekonani je nezbytné nutné pro dalSi vyvoj paraziti v pfenasecich, byl
potvrzen i na jinych modelech (napfiklad microfilarie Onchocerca volvulus v
muchni¢kach Simulim damnosum, ookinety rodu Plasmodium v komérech rodu
Anopheles) (Billingsley a Rudin, 1992, Shahabuddin a kol., 1993).

Na rozdil od neinfikovanych flebotom(, kde k poruSeni PM dochazi
nejprve na posteriornim konci, u infikovanych flebotomi je PM degradovana
nejprve na konci anteriornim, kde se nachazi vétSina paraziti (Walters, 1989a,
1989b). Tato zjisténi vedla - po identifikaci chitinolytickych enzymi
v leishmaniich - k domnénce, Zze degradace PM je zplsobovana chitinazou
parazita (Schlein a kol., 1991). V dobé cca 72 hodin po sani krve v8ak
dosahuje maxima i chitindza produkovana flebotomy (Ramalho-Ortigao a
Traub-Cseko, 2003); ta se ucastni procesu degradace PM téz. V sou€asnosti
je naklonovan a osekvenovan gen pro chitindzu leishmanii (Shakarian a Dwyer,
1998) a bylo zjisténo, Ze chitinaza leishmanii vykazuje jak exo- tak
endochitindzovou aktivitu a Ze je antigenné i enzymaticky konzervovana u
raznych druh( leishmanii (Shakarian a Dwyer, 1998, 2000a). Konstrukci a
pouzitim mutantld overexprimujich chitinazu bylo zji§téno, Ze chitinaza je
produkovana nejen promastigotnimi, ale i amastigotnimi formami leishmanii a
Ze hraje urcitou ulohu i v obratlov€im hostiteli (Joshi a kol., 2005).
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3.4.4. Prichyceni parazitu ke stfevnim epitelialnim burikam

VétSina studii mapujicich vyvoj rdznych druhl leishmanii v nepfirozenych
vektorech nepotvrdila inhibici ristu a pfezivani parazit( v ranych fazich infekci.
Ke ztraté infekce dochazelo pozdéji a tato ztrata byla spojena s exkreci
nestravenych zbytkd krve. Studie byly provadény predev§im s vektorem P.
papatasi (L. donovani - Heyneman (1963) a Pimenta a kol. (1994), L. tropica -
Kamhawi a kol. (2000a), Killick-Kendrick (1985), a Pimenta a kol. (1994) a L.
panamensis - Walters a kol. (1992).

Killick-Kendrick a kol. (1974) jako prvni pozoroval v elektronovém
mikroskopu ukotveni promastigotl L. amazonensis k epitelialni vystelce stfeva
Lu. longipalpis — leishmanie vkladaly bi€iky mezi mikrovili. Takovéto pfichyceni
promastigota bylo pozorovano na mnoha modelech Leishmania - Phlebotomus
(Kaddu a M, 1981, Lawyer a kol., 1990, Molyneux a Killick-Kendrick, 1987,
Walters a kol.,, 1987, 1989b, Warburg a kol., 1986). Tato vazba ochraruje
parazity pfed peristaltickymi pohyby stfeva. Hlavni role vtéto vazbé byva
pfipisovana LPG. Nékolik studii potvrzuje tuto funkci LPG - in vitro pozorovana
vazba promastigotl L. major ke stfevu P. papatasi byla inhibovana pouzitim
LPG (Pimenta a kol., 1992), LPG zprostfedkovana vazba L. donovani ke
stfevu P. argentipes nebo L. tropica ke stievu P. sergenti (Sacks a kol., 1995,
Kamhawi a kol., 2000a). V experimentech in vivo bylo prokazano, Zze
schopnost paraziti persistovat ve stfevé po defekaci byla kompletné ztracena
pfi infekcich LPG deficientnimi mutanty ( Sacks a kol. 2000).

Nékteré druhy flebotomU jsou nachylné pouze na jeden druh leishmanie,
v nékterych se naopak mohou vyvinout infekce nékolika druhd. Phlebotomus
papatasi je nachylny pouze na L. major, coz prokazaly pokusy napf. Pimenty a
kol. (1994.), ktefi inkubovali promastigoty L. major, L. donovani, L. tropica, L.
amazonensis se stfevem P. papatasi — pouze promastigoti L. major zustali
prichyceni po oplachu stfeva. Stejné tak P. sergenti vykazoval vazbu pouze
k promastigotiim L. tropica (Kamhawi a kol., 2000a). Naproti tomu, stfeva jak
druhu P. argentipes, tak Lu. longipalpis véazala promastigoty vétSiny
testovanych druhl leishmanii. Tato zji§téni koreluji stvrzenim, ze P.
argentipes a Lu. longipalpis narozdil od P. papatasi a P. sergenti, jsou
permisivni pro infekce mnoha druh( leishmanii (Molyneux a Killick-Kendrick,
1987, Pimenta a kol., 1994, Walters a kol., 1989a, 1993b).

Mezidruhové i vnitrodruhové specificky polymorfismus fosfoglykanovych
domén LPG by mohl naznacovat, Ze druhové i kmenové omezena vazba
leishmanii ke stfevnim burikdm predeterminuje druhové a kmenové
specifickou kompetenci jednotlivych druht flebotomG k jednotlivym druhdm
leishmanii. Na zakladé laboratornich experimentl Ize vyslovit dva zakladni
nazory. Pfirozeny vektor téch druhd leishmanii, které maji velmi vétvene,
druhové omezené LPG struktury, se vyznacuje velmi specifickou kompetenci;
a pfirozeny vektor téch druhl leishmanii, které maji nesubstituovany (nebo
velmi malo) LPG, je naopak velmi permisivni pro vice druh( leishmanii (review
Sacks a Kamhavi, 2001).

Do soucéasnosti neni zcela znamo, jaké molekuly ve stfevech flebotomu
se Udastni vazby k parazitdrnimu LPG. Recentné byly popsany galektiny ve
stfevech P. papatasi, u kterych bylo potvrzeno, Ze jsou specifickymi receptory
pro L. major LPG (Kamhawi a kol., 2004). Bylo téZ potvrzeno, Ze exprese
PpGalec (specifického receptoru procyklického LPG L. major) je omezena
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pouze na dva druhy flebotom( — P. papatasi a P. duboscqi — pfirozené vektory
L. major (Kamhawi a kol., 2004).

3.4.5. Anteriorni migrace leishmanii ve stievé flebotomu

Po opusténi endoperitrofického prostoru a po preziti defekace leishmanie
migruji do pfedni Casti traviciho traktu. Tato migrace promastigotd do
thorakalniho stfeva a do oblasti stomodealni valvy je obecné pfipisovana
pohybu leishmanii podle koncentraéniho gradientu cukrli — cukry se postupné
rozlévaiji z oblasti cropu do anteriorni ¢asti stfeva. Tento chemotakticky pohyb
promastigotd v pfitomnosti cukrd byl prokazan in vitro (Bray, 1983, Oliveira a
kol. 2000), naproti tomu vSak anteriorni migrace byla pozorovana téz
v pfipadech, kdy flebotomové neméli k cukerné potravé pristup (Warburg a
Schlein, 1986). Co indikuje anteriorni migraci leishmanii tedy stale neni zcela
znamo.

3.4.6. Metacyklogeneze

Ve finélni fazi zivotniho cyklu leishmanii ve flebotomech dochazi k procesu
zvanému metacyklogeneze - kdiferenciaci procyklickych promastigotd
v metacyklické. Co pfesné indikuje tento proces zlstava stale neobjasnéno —
jde zfejmé o celou fadu faktord, jak endogennich, tak exogennich. Je znamo,
Ze promastigoti acidifikuji medium, ve kterém jsou péstovani, a ze pfi nizkém
pH v kultufe dochazi k narlstu po¢tu metacykia (Bates a Tetley, 1993, Zakai a
kol., 1998). Pokud vezmeme v uvahu tento fakt, pak by se urditd dloha
v iniciaci metacyklogeneze mohla pfipisovat i kyselému fPPG, ktery je jednou
z hlavnich molekul gelu sekretovaného promastigoty (Stierhof a kol., 1999, lig
a kol., 1996, Rogers a kol, 2002). Déale pak bylo prokazano, ze
metacyklogeneze je indikovana téz anaerobidéznimi podminkami in vitro
(Mendez a kol., 1999) a gelovita struktura promastigoty sekretovaného gelu
(PSG) (Rogers a kol., 2002) spole¢né s vysokou hustotou paraziti by mohla
zapficinit lokalni nedostatek kysliku v anteriorni oblasti stfeva. DalSim moznym
faktorem, ktery by mohl ovliviiovat genezi metacykld, jsou sliny flebotomu. Bylo
prokazano, Ze mnozeni L. amazonensis bylo zastaveno pfidanim homogenatu
slinnych Zlaz Lu. longipalpis (Charlab a kol., 1995). Téz se zda, Ze hemin
(produkt traveni krve) naopak inhibuje viiv slin tim, Ze udrZuje promastigoty
neustale se délici (Charlab a kol., 1995). Z toho vyplyva, Ze ucinek slin spolu
s odstrafiovanim stravené krve by mohl slouzit jako exogenni faktor pro
diferenciaci délicich se procyklickych promastigotd na nedélici se metacyklické
promastigoty.

Pfi transformaci procyklickych promastigotd L. major v metacyklické
dochazi téméf ke zdvojeni poétu opakujicich se disacharidovych jednotek LPG
a k jejich zakonéeni arabindzou, coz efektivné maskuje galaktézové struktury
slouZici k vazbé& L. major na stfevni epitel flebotomt (McConville a kol., 1992,
Sacks a kol., 1990). U L. tropica a L. amazonensis dochazi zfejmeé
k podobnym modifikacim — bylo prokdzano, ze monoklonalni protilatky, které
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rozeznavaji procyklicky LPG se na metacyklicky nejsou schopny navazat
(Courret a kol., 1999, Lira a kol., 1998). VySe popsané modifikace LPG
dokazuji, Ze béhem metacyklogeneze dochazi ke ztraté terminalnich cukra,
které jsou zapojeny do vazby ke stfevnim burikam — metacykli¢éni promastigoté
se na stfevni sténu nevazou.

3.4.7. Prenos leishmanii do hostitele

O mechanismu pfenosu existuje v souasnosti nékolik teorii, nejstarsi z nich
pfedpoklada, Ze leishmanie jsou do kize hostitele pouze mechanicky
deponovany v sosaku. Sadlovd a Volf (1999) naznadili i moZnost
kontaminativniho prenosu: béhem sani na hostiteli dochazi k prediurezi
(vyluCovani moci), ktera u nakazenych flebotoml obsahuje zivé leishmanie.

NejCastéji pfijimana teorie pfenosu je vSak zalozena na fyziologickych
zménach, ke kterym dochézi ve stfevé infikovanych samic flebotomd. Prvnim
pfedpokladem pro uspé&3ny prenos infekce je pfitomnost parazitl v anteriorni
casti mesenteronu. Parazité zde vytvari jakousi zatku, ktera omezuje sani krve
(Beach a kol., 1985, Killick-Kendrick a kol., 1977, Killick-Kendrick a Molyneux,
1981). To, jak se zda, podporuje regurgitaci infekénich promastigoti z oblasti
stomodealni valvy, ktefi jsou vypuzovani do hostitele béhem sani. Jednou ze
slozek této ,zatky" jsou zcela jisté promastigoti samotni, ktefi jsou bud
pfichyceni ke stomodealni valvé nebo uvéznéni za valvou v gelovitém
materialu, ktery omezuje jejich pohyblivost a zptsobuje zdufeni valvy (Lawyer
a kol., 1990, Warburg a kol., 1986, Warburg a Schlein, 1986). Stierhof a kol.
(1999) pomoci imunologického znaceni a elektronové mikroskopie na dvou
modelech Leishmania - Phlebotomus prokazali, Zze gelovitd hmota, ktera je
vytvarena v oblasti stomodealni valvy, je morfologicky a imunologicky identicka
s filamentarnim PPG, ktery parazité produkuji in vitro.

Téz byla pozorovana destrukce vystelky stomodealni valvy, ziejmé
pusobenim parazitické chitinAzy. To zpusobi permanentni otevieni
stomodealni valvy a tim naslednou regurgitaci a vyplaveni metacyklickych
promastigotll ze sajici samice do hostitele (Schlein a kol., 1992). Zabranéni
pfijmu cukerné slozky potravy nhibuje pfenos infekce, zfejmé& proto, ze
produkce parazitické chitinazy je blokovana hemoglobinem (Schlein a
Jacobson, 1994).

3.4.8. Iniciace infekce v hostitelské tkani

Interakce mezi vektorem a pfenosem infekce nekoné&i pouhou inokulaci
leishmanii do hostitelské tkané. Infikované samice spolu s parazity inokuluji téz
malé mnozstvi slin, které téz ovliviiuji vysledek infekce. Flebotomové patfi
mezi thelmofagy, coz znamend, Ze saji krev zranky, kterou vytvofi, nikoli
pfimo z krevnich kapilar, a do této vypousti malé mnozstvi slin (review Ribeiro,
1987 a Ribeiro, 1995). Proteiny slin indukuji vasodilataci a zabraruji koagulaci
krve, dale maji vlastnosti imunosupresivni a imunogenni, které modifikuji
imunitni reakci hostitele.
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Experimentalni injekce parasitd spole¢né s homogenatem slinnych zlaz
zpusobuje podstatné zvétSeni lézi ve srovnani s injekci samotnych parazitQ
(Belkaid a kol., 1998, Donnelly a kol., 1998, Mbow a kol., 1998, Lima a Titus,
1996, Samuelson a kol., 1991, Theodos a kol., 1991, Titus a Ribeiro, 1988).
Imunomodulacni aktivity slin mohou zpusobovat inhibici nékterych funkci
makrofagll, jako je prezentace antigenl, IFN-y indukovana genova exprese
iINOS a produkce NO, indukce proliferace T-bunék (Hall a Titus, 1995, Katz a
kol., 2000, Theodos a Titus, 1993).

Maxadilan, ktery byl prokazan ve slinach Lu. longipalpis (Lerner a kol.,
1991), je téZ znam svymi imunomodulaénimi ucinky. Inhibuje T aktivaci, TNFa
a indukuje tvorbu IL-6, IL10 a prostaglandin( E2 v makrofazich (Bozza a kol.,
1998, Lanzaro a kol.,, 1999, Soares a kol., 1998). Namisto maxadilanu P.
papatasi disponuje farmakologicky vyznamnou hladinou vasodilatacniho
adenosinu a 5AMP (Ribeiro a kol, 1999). Adenosin je molekula
s protizanétlivymi ucinky, u které bylo prokazano, Ze inhibuje produkci IFN-y,
IL12, TNFa a NO a zvySuje produkci IL10 (Hasko a kol., 1996).

DalSimi molekulami slin flebotomd, o kterych je znamo, ze maji
imunomodula¢ni  Uc€inky, jsou hyaluroniddza a adenosindeaminaza.
Hyaluronidaza byla nejprve idenfifikovana druht u L. longipalpis a P. papatasi
(Charlab a kol. 1999, Ribeiro a kol. 2000). Pozdégji bylo potvrzeno, ze se
vyskytuje ve slinnych zlazach nejméné Sesti druhG flebotoml — s ur€itymi
rozdily ve struktufe a vlastnostech (Cerna a kol., 2002). Hyaluronanové
fragmenty vzniklé Sté€penim extracelularni matrix omezuji produkci IFN-y a
indukuji expresi gend pro chemokiny a iNOS v makrofazich (Horton a kol.,
1998, McKee a kol., 1997). Adenosindeaminéza, identifikovana v L. longipalpis,
(nikoli v§ak v P. papatasi), zabranuje apoptdze T bunék zapfi¢inéné akumulaci
adenosinu (Charlab a kol., 2000). Inosin, vedlej8i produkt degradace
adenosinu adenosindeaminazou, inhibuje produkci zanétlivych cytokind —
IL12 a IFN-y (Hasko a kol., 2000). Tyto studie ukazuji, ze rdGzné molekuly slin
flebotomU maji imunomodulaéni efekt na hostitele.

Sliny obsahuiji téz imunogenni molekuly, které vyvolavaiji protilatkovou i
buné&énou odpovéd hostitele. Pfenos leishmanii do hostitele, ktery byl pfedtim
Géinktim slin vystaven (napf. opakovanym bodnutim neinfek&nimi samicemi),
vyvolava imunitni odpovéd v misté vpichu. Tato imunitni odpovéd pak
ovliviiuje celkovy vyvoj infekce (Belkaid a kol., 1998, Kamhawi a kol., 2000b).
Ochrana proti leishmaniové infekci u hostitelll preexponovanych postipani
flebotomy by mohla vysvétlit fakt, Ze vendemickych oblastech kozni
leishmaniozy je domorodé obyvatelstvo podstatné odoln&jSi vaci infekci nez
nové prichozi. Valenzuela a kol. (2001) potvrdili, Ze Ize vyvolat protektivni
imunitu vakcinaci hostiteld rekombinantnimi proteiny ze slin flebotomu.
Antigeny ze slin se tak stavaji potencionalnimi kandidaty na vakcinu blokujici
prenos leishmanii.
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Phlebotomus (Adlerius) halepensis vector competence
for Leishmania major and Le. tropica

J.SADLOVA, M. HAJMOVA and P. VOLF
Department of Parasitology, Charles University, Prague, Czech Republic

Abstract. In Eurasia, phlebotomine sandflies of the subgenus Adlerius (Diptera:
Psychodidae) comprise about 20 known species. Some are suspected vectors of
visceral leishmaniasis (VL) and at least one species has been implicated as a vector
of cutaneous leishmaniasis (CL). We tested Phlebotomus (Adlerius) halepensis
Theodor (Jordan strain) for CL vector competence, compared with three standard
vectors: Phlebotomus (Phlebotomus) duboscqi N-L. from Senegal, Phlebotomus
(Paraphlebotomus) sergenti Parrot from Turkey and the Neotropical Lutzomyia
longipalpis (L. & N) (Jacobina strain). Sandfly females were membrane-fed on
amastigote suspensions of Leishmania major Y. & S. and Le. tropica (Wright)
(Kinetoplastida: Trypanosomatidae) and examined for parasite development 3, 6
and 10 days post-infection.

Phlebotomus halepensis showed high susceptibility to both leishmanias, support-
ing typical suprapylarian parasite development similar to the other vectors.
Phlebotomus halepensis infection rates were ~90% for Le. major and ~80% for
Le. tropica, with high parasite densities. Development of infections was relatively
fast, colonizing the thoracic midgut by 6 days post-bloodmeal in every case and
reaching the stomodeal valve in >80% of flies. In late-stage infections, 10 days
post-bloodmeal, nearly all P. halepensis females had cardia and stomodeal valve
filled with very high numbers of parasites and some Le. tropica-infected females
had promastigotes in the pharynx and proboscis.

Host choice experiments in the laboratory showed that P. halepensis females fed
readily on rat or rabbit and preferred the human forearm. In view of its vector
competence and partial anthropophily, we infer that P. halepensis is a potential
vector of cutaneous as well as visceral leishmaniases.

Key words. Adlerius, Leishmania major, Leishmania tropica, Lutzomyia
longipalpis, Phlebotomus duboscqi, Phlebotomus halepensis, Phlebotomus sergenti,
host preference, sandfly, vector competence.

Introduction

Phlebotomine sandflies of the subgenus Adlerius apparently
transmit Leishmania parasites in various Eurasian coun-
tries, but the species involved have seldom been identified
because, despite the taxonomic efforts of Artemiev (1980)
and others, about 20 Adlerius species are generally
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recognized on the basis of male morphology. Laboratory
colonies of Adlerius are seldom available for experimental
studies of their female vector competence and bio-
systematics.

Among suspected vectors of visceral leishmaniasis (VL),
Phlebotomus (Adlerius) turanicus Artemiev is regarded as
the vector of Leishmania infantum Nicolle in Turkmenistan
(Lesnikova & Sabitov, 1995), whereas P. (A.) chinensis
Newstead apparently transmits this parasite in China
(Killick-Kendrick, 1999). Parasites of the Le. donovani
(Laveran & Mesnil) complex developed well in P. chinensis
and were transmitted to chinese hamsters by bites of females

© 2003 The Royal Entomological Society
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experimentally infected from dogs (Feng & Chung, 1941) as
well as naturally infected females of P. chinensis (Chung
etal., 1951). Similarly, Strelkova & Dergacheva (1986)
succeeded with experimental transmission of Le. infantum
by bites of P. (A4.) longiductus Parrot and concluded that
this species is a vector of VL in Kazakhstan, as indicated by
field observations (Dergacheva etral., 1981; Dergacheva &
Strelkova, 1985). Experimentally, P. simici Nitzulescu was
infected with Indian Le. donovani (Adler & Theodor, 1957)
and Leishmania DNA was amplified from this species in a
VL focus near Greece (Aransay et al., 2000). According to
Lewis & Ward (1987), P. simici ‘evidently transmits
Le. infantum in eastern Mediterranean’ and at least two
more Adlerius species are suspected vectors of Le. infantum:
P. brevis in Kazakhstan and P. kyreniae in Cyprus.

Regarding the vector role of Adlerius for cutaneous
leishmaniases (CL), Jacobson etal. (2003) isolated two
genotypes of Le. tropica from P. (A.) arabicus Theodor in
northern Israel where 5.2% (5/97) of these sandflies were
infected with Le. tropica identical to those in humans and
hyraxes nearby. To assess the CL vector competence of
another Adlerius species, we used P. halepensis for infection
experiments with Le. major and Le. tropica, the two most
important parasites causing CL in the Old World. Criteria
for implication of leishmaniasis vector status include
demonstration that the suspected sandfly species is
anthropophilic and commonly feeds on the reservoir hosts
(Killick-Kendrick, 1990). Females of our P. halepensis colony
readily bite humans or rabbits but blood-feed less avidly
on golden hamsters and mice. To assess the relative anthro-
pophily of P. halepensis, we compared their propensity to
feed on different hosts under laboratory conditions.

Phlebotomus halepensis has widespread occurrence from
Turkey to Israel and Jordan, across Transcaucasia
(Azerbaijan, Armenia, Georgia) to Iran and southern
Turkmenistan. Theodor (1958) first described P. halepensis
as a subspecies of P. chinensis and it was elevated to species
rank by Artemiev (1980). The vector status of P. halepensis
remains unclear. Its distribution coincides with both visceral
(Le. infantum) and cutaneous (Le. major, Le. tropica) leish-
maniases. Lewis & Ward (1987) suggested that P. halepensis
probably transmits visceral leishmaniasis in southern states of
the former USSR, whereas Killick-Kendrick (1990) accepted
the interpretation by Russian investigators (vide supra) that
P. longiductus is the vector involved in Kazakhstan. However,
in the former Nakhichevan ASSR (transcaucasian part of
southern Azerbaijan, near the Iran border), P. halepensis is
one of the predominant sandfly species in the VL focus at
Ordubad (38°54’' N, 46°02' E), so there it is a suspected vector
of Le. infantum (Tagi-zade et al., 1989).

Methods
Sandflies

The Phlebotomus (Adlerius) halepensis colony, established
from flies collected in Jordan, was obtained from Professor

Leishmania vector competence of P. halepensis 245

R. Killick-Kendrick (Imperial College at Silwood Park,
Ascot, U.K). Standard colonies of Lutzomyia longipalpis
(from Jacobina, Brazil), Phlebotomus (Phlebotomus) duboscqi
(Senegal origin) and Phlebotomus (Paraphlebotomus) sergenti
(Turkish origin) were used for comparison.

Sandfly larvae were fed on composted and powdered
mixture of rabbit faeces and rabbit food pellets with addi-
tion of dried Daphnia powder. Adults were maintained at
>70% relative humidity (RH) and 25-26°C in 14:10h
light: dark photoperiod. Both sexes had access to dietary
choice of 50% sucrose and 50% honey plus small slices of
apple. Once or twice a week, females were allowed to feed
on hamster, rabbit or human volunteer.

Leishmania infection of sandflies and rodents

The parasite strains Leishmania major LV561 (MHOM/
IL/67/LRC-L137 Jericho I1) and Le. tropica (MHOM/TR/
99/Vedha) were maintained alternatively in SNB-9 blood
agar and BALB/c mice (Le. major) or hamster (Le. tropica).
Animals were inoculated after two in vitro passages with 10’
promastigotes into the footpad. The lesions were dissected
and homogenized in Schneider’s Drosophila medium with
gentamycin.

Sandfly females were infected by feeding through a chick-
skin membrane on suspension of amastigotes mixed 1:1
with rabbit blood (final concentration 10® amastigotes/ml).
After batches of each sandfly species had fed in parallel on
the same infective blood-source, engorged females were
separated, maintained in the same conditions as the colonies
and dissected 3, 6 or 10days after the infective feed. The
location of any infections with Leishmania in the sandfly
(proboscis, pharynx, stomodeal valve, thoracic or abdom-
inal midgut, within peritrophic sac or in the ectoperitrophic
space) was determined by dissection and examination under
a light microscope. The infection intensity was estimated, as
described previously (Cihakova & Volf, 1997), by scoring
the proportions of sandflies with light (<100 parasites/gut),
moderate (100-500 parasites/gut), heavy (500-1000 para-
sites/gut) or very heavy (>1000 parasites/gut) infections in
the gut lumen. To test whether female sandflies infected
with Le. major could transmit the parasite, they were
allowed to feed on anaesthetized hamsters 6-15days
post-infection. Females were dissected immediately after
feeding and the gut checked for presence of remaining para-
sites. Hamsters were examined for leishmanial lesions weekly
for up to 6 months. When no lesions appeared, attempts were
made to isolate parasites from the skin of the site bitten and
by draining lymphatic nodes, spleen and liver.

Sandfly host preference

A row of three connected cages (each 40cm cubic) was
employed to investigate sandfly host preference, starting
with 250 females of P. halepensis placed into the central
cage and left for habituation for 1h. Assessment of host
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Fig.1. Leishmania major infection rates in Phlebotomus halepensis, P. duboscqi and Lutzomyia longipalpis examined 3-10days after the
infective bloodmeal. Intensity of infection categorized as: light, <100; moderate, 100-500; heavy, 500-1000; very heavy, >1000 parasites/

sandfly gut.

preference involved pair-wise comparisons between three
types of host: anaesthetized rat (Rattus rattus), ears of a
restrained rabbit (Oryctolagus cuniculus) or the forearm of a
human volunteer. Examples of two host types (rat vs. rab-
bit, rat vs. human, rabbit vs. human) were placed in each of
the lateral cages and partitions with the central cage were
opened. After 40 min, the cages were separated and closed,
host animals removed and the numbers of blood-fed sand-
flies in each host cage were counted. Each pair of different
hosts was tested twice, with the hosts alternated between
lateral cages. Experiments were conducted in darkness at
59-61% RH and 26-27°C. Mortality of fed female sandflies
was recorded for 7days post-feeding, then they were
allowed to oviposit in a breeding pot and the number of
laid eggs was recorded.

Statistical analysis

Leishmania infection rates in the different vector species
were compared first by log-linear analysis, then non-
parametric Kruskal-Wallis tests compared the rates for
each experimental day. In the host preference experiment,
differences between (i) the numbers of females fed on each
host, (ii) their mortality rates and (iii) the numbers of eggs
laid eggs were compared by Pearson chi-square test. All
statistical treatments were performed using the programme
Statgraphics version 5.0 (Manugistics Inc., Rockville, MD,
U.S.A.: www.statgraphics.com).

Results
Sandfly infection with Leishmania major

Rates of sandfly infection with Le. major differed
between vector species (x>=29.25, d.f. =8, P=0.0003)

and depended on the development period before examina-
tion (x2=89.47, d.f. =8, P<0.0001). When flies were dis-
sected and examined 3 days after the infective feed, midgut
infection rates were high (~90%) with a majority of heavy
or very heavy infections (Fig. 1): differences between the
three species tested were insignificant (H=4.4528, P=
0.1079). By this time, parasites started escaping from the
peritrophic sac into the ectoperitrophic space of the abdom-
inal midgut and even the thoracic midgut of some females
(Table 1); escape from the peritrophic sac was slowest in
P.duboscqi. In P. halepensis long nectomonads (free-swimming
forms) predominated and the presence of parasites in the
residual bloodmeal within the peritrophic sac was
sporadic.

On days 6-10 post-infection, infection rates were high
(>90%) in P. halepensis and Lu. longipalpis but slightly
lower in P. duboscqi (715-78%). In all three species, the
bloodmeal was digested and the remnants defaecated by
day 6 and the parasites had migrated anteriorly to colonize
the thoracic midgut or even the stomodeal valve (Table1).
In P. halepensis all infections were heavy or very heavy,
whereas significantly weaker infections occurred in both
Lu. longipalpis and P. duboscqi (H=9.7550, P=0.0076).
By day 6, among the positive females, the stomodeal valve
was colonized in 88% of P. halepensis and 67% of
P. duboscqi but only 28% of Lu. longipalpis, with the majority
of infected Lu. longipalpis harbouring the parasites in the
abdominal (72%) and/or thoracic (48%) midgut (Table ).

By day 10, heavy infections predominated (Fig. 1), with
no significant difference between the three species tested
(H=4.6030, P=0.1001) with respect to infection rate and
location: colonization of the thoracic midgut and stomodeal
valve occurred in most females (Table1). In addition,
pharyngeal infections were observed in P. duboscqi and
Lu. longipalpis (one female of each) and two promastigotes
were observed in the proboscis of another Lu. longipalpis female.
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able 1. Location of Leishmania major in guts of three species of sandfly examined 3-10days after the infective bloodmeal. PS, peritrophic
ic; AMG, abdominal midgut; TMG, thoracic midgut; SV, stomodeal valve; PHAR, pharynx; PROB, proboscis.

Percentage of positive flies with infection reaching:

pecies Days post-infection  No. (%) infected/dissected  PS AMG TMG SV PHAR PROB
. halepensis 3 22/25 (88) 18 68 14 0 0 0
6 25/27 (93) 0 0 12 88 0 0
10 35/37 (95) 0 0 3 97 0 0
. duboscqi 3 35/37 95) 63 28 9 0 0 0
6 30/40 (75) 0 0 33 67 0 0
10 32/41 (78) 0 0 3 94 3 0
u. longipalpis 3 24/25 (96) 42 37 21 0 0 0
6 21/22 (96) 0 24 48 28 0 0
10 36/38 (95) 0 0 14 80 3 3

In transmission attempts, nine golden hamsters were bit-
:n by a total of 137 females of three sandfly species with
ite-stage infections of Le. major, comprising 13 P. halepensis
n five hamsters (1-5/hamster), 28 P. duboscqi (3 and 25/
amster) and 96 Lu. longipalpis (19 and 77/hamster).
\though a small pit developed temporarily at sites bitten
y P. halepensis on two hamsters and slight transient
edema of the footpad occurred in three other animals, all
ultivation attempts were negative.

sandfly infection with Leishmania tropica

In P. halepensis the infection rate of Le. tropica was
'$-76% during the whole period of observation (days 3-10
fter the infective feed), not significantly different from
nfection rates of 72-86% in P. sergenti (Table2). Slight
sontrasts between the intensity of infection (Fig.2) were
w0t significantly different between P. halepensis and
P. sergenti. However, a pronounced contrast was observed
between vector species with respect to the timing of pro-
mastigotes escaping from the peritrophic sac into the ecto-
peritrophic space (Table 2). This process occurred sooner in
P. halepensis: on day3 only 47% of infections remained
within the peritrophic sac, vs. 70% in P. sergenti. By
day6, all infections had reached the anterior midgut
(SV+TMG in Table2) and had reached the stomodeal
valve in 83% of P. halepensis and 75% of P. sergenti. By
day 10, massive infections of the stomodeal valve predomi-
nated in both sandfly species, the foregut (mainly pharynx)

was colonized in some females (15% and 18% of the posi-
tive P. halepensis and P .sergenti, respectively) and free-
swimming promastigotes were observed in the proboscis
of one P. halepensis and two P. sergenti females.

Host feeding experiment

In the reciprocal host choice experiments, without com-
pensating for differential host size, P. halepensis females
clearly preferred man over rabbit: 81 vs. 21 females
(xz= 35.294, P <0.0001) and, to a lesser degree, man over
rat: 50 vs. 31 females (x*>=4.457, P=0.035). Rabbit was
also preferred over rat: 61 vs. 18 females (y°=23.4051,
P <0.0001).

The host type had no significant effect on mortality rates
of blood-fed females (xz= 1.199, d.f.=2, P=0.55): the
numbers of females that survived until oviposition were 42
(32%), 21 (26%) and 13 (27%) of those which fed on man,
rabbit or rat, respectively. Similarly, their fecundity was not
significantly affected by host type: the mean numbers of
eggs laid/female were 18.6, 10.3 and 14.1 from those blood-
fed on man, rabbit or rat, respectively.

Discussion

The development of Le. major and Le. tropicain P. halepensis
was typically suprapylarian and generally consistent with
the infection pattern described for proven vectors of these

Table2. Location of Leishmania tropica in guts of two species of sandfly examined 3-10days after the infective bloodmeal. PS, peritrophic
sac; AMG, abdominal midgut; TMG, thoracic midgut; SV, stomodeal valve; PHAR, pharynx; PROB, proboscis.

Percentage of positive females with infection reaching:

Sandfly Days post-infection ~ No. (%) infected/dissected  PS AMG T™MG Y% PHAR PROB
P. halepensis 3 19/25 (76) 47 37 16 0 0 0
6 12/16 (75) 0 0 17 83 0 0
10 21/28 (75) 0 0 5 80 10 5
. P.sergenti 3 23/29 (79) 70 13 17 0 0 0
‘ 6 12/14 (86) 0 0 25 75 0 0
10 23/32 (72) 0 0 0 82 9 9
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Fig.2. Leishmania tropica infection rates in Phlebotomus halepensis and P. sergenti females examined 3-10 days after the infective bloodmeal.
Intensity of infection categorized as: light, <100; moderate, 100-500; heavy, 500-1000; very heavy, >1000 parasites/sandfly gut.

two CL parasites (Shatova eral., 1984; Warburg et al., 1986,
Lawyer et al., 1990; Killick-Kendrick eral., 1995; Cihakova
& Volf, 1997). After breakdown of the peritrophic matrix,
promastigotes escaped into the ectoperitrophic space of the
abdominal midgut, attached to microvilli and migrated
anteriorly to the thoracic midgut. Development of midgut
infections was fast and the parasites attained high popula-
tion intensity. Six days after the infective bloodmeal, all
Le. major and Le. tropica infections colonized the thoracic
midgut and more than 80% of them reached the stomodeal
valve. In late-stage infections, 10-days post-bloodmeal,
nearly all P. halepensis females had the midgut cardia and
stomodeal valve filled with very high numbers of parasites.
In 15% of infected P. halepensis females, promastigotes of
Le. tropica were found in the pharynx (3/21) and the pro-
boscis of one.

These findings show that, under laboratory conditions,
the Jordan strain of P. halepensis was highly susceptible to
both Le. major and Le. tropica, supporting multiplication
and development of both parasite species as in their natural
vectors P. duboscqi and P. sergenti, respectively. In some
ways, the development of infection in P. halepensis was even
faster than in proven vectors. For example, 3days after
infective feeding, the proportion of Le. major infections
that colonized the ectoperitrophic space was 82% for
P. halepensis but only 37% for P. duboscqi. Likewise for
Le. tropica infections, the proportion was 53% of P. halepensis
but only 30% of P. sergenti. Similar development of
Le. major in Neotropical Lu. longipalpis has only theoretical
significance, since this parasite/vector combination does
not occur together naturally, and confirms previous obser-
vations by other workers (Molyneux etal., 1975; Walters
etal., 1993) that Lu. longipalpis is susceptible to various
alien Leishmania species including Le. major.

The evolutionary fit between sandfly vectors and some
Old World leishmaniases is remarkably close. All proven
vectors of Le. major (P. duboscqi, P. papatasi, P. salehi) are
closely related members of subgenus Phlebotomus sensu

stricto (Killick-Kendrick, 1999). Experimental infections
have shown that the midgut of P. papatasi is an unfavour-
able medium for Leishmania species other than Le. major
(Shatova et al., 1984; Killick-Kendrick et al., 1994; Pimenta
etal., 1994). Similarly, Le. tropica shows high specificity for
P. sergenti, unlike Le. major and Le. donovani (Killick-
Kendrick etal., 1994, 1995, Kamhawi et al., 2000). Failure
of parasite development in P. papatasi and P. sergenti coin-
cides with defecation of the bloodmeal remnants, being
correlated with the ability of promastigotes to attach to
the sandfly midgut by this time (Sacks, 2001). The attach-
ment is controlled by polymorphic, specific structures on
the parasite lipophosphoglycan (LPG) as shown by binding
of purified LPG to midguts in vitro and by LPG inhibition
of the binding of promastigotes in vitro (Pimenta etal.,
1994; Kamhawi et al., 2000) and by failure of LPG-deficient
mutants to persist in the sandfly after bloodmeal excretion
in vivo (Sacks etal., 2000). Strong vector competence of
P. papatasi and P. sergenti is attributed to selection for the
unique, highly substituted LPG of both Le. major and
Le. tropica, which can bind to specific midgut receptors of
these sandflies (Sacks, 2001).

By contrast to P. papatasi and P. sergenti as highly specific
vectors of particular leishmanias, some other species of
sandflies are capable of supporting a broad range of
Leishmania species. For example Lu. longipalpis, the natural
vector of neotropical Le. chagasi, is permissive to complete
development of Le. amazonensis, Le. major and Le. mexicana
(Molyneux etal., 1975; Walters etral., 1993; Ismaeel eral.,
1998). Low vectorial specificity was also demonstrated for
another VL vector: P. (Euphlebotomus) argentipes, the
proven vector of Le. donovani in India, is permissive to
Le. amazonensis, Le. major and Le. tropica (Pimenta
etal., 1994; Kamhawi etal., 2000). Similarly P. (Adlerius)
halepensis, a suspected vector of Le. infantum, showed low
vectorial specificity in our experiments. Mechanisms
underlying this broad susceptibility of some sandfly
species are currently under investigation.
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This work demonstrates the feasibility of P. halepensis
being a CL vector, but this species of Adlerius has not yet
been proved to transmit Le. major or Le. tropica in nature.
Even so, the vector status of Adlerius has been established
for P. (A.) arabicus with Le. tropica in Israel (Jacobson
etal., 2003). According to Killick-Kendrick (1990, 1999),
the status of any given sandfly species as a vector of a
particular Leishmania can be inferred from four criteria,
only two of which have so far been fulfilled for
P. halepensis, namely: the sandfly supports development of
the parasite after the infecting bloodmeal has been digested
and defecated, also the sandfly will feed on man and animal
reservoir host(s). We showed that P. halepensis females bite
various types of mammalian host opportunistically, going
for the larger animal in each bilateral choice test, whereby
the human forearm was preferred to rat or rabbit. As with
other sandfly species (Harre etal., 2001), survival and
fecundity rates of P. halepensis were unaffected by the
mammalian host type of bloodmeals. Although the natural
habitat of P. halepensis is among rocks, the adults also enter
houses (Artemiev, 1980) and bite humans naturally. Two
other criteria that have not yet been satisfied are the isola-
tion of Leishmania parasites from wild-caught P. halepensis
and their transmission by bite.

Adlerius sandflies are widely regarded as the vectors of
visceral leishmaniases (WHO, 1990) and are associated with
many foci of Le. tropica causing cutaneous leishmaniasis.
Our experiments on P. halepensis together with the field
data on P. chinensis in China (Zhang & Leng, 1997) and
P. longiductus in Central Asia (Dergacheva & Strelkova,
1985) show that these Adlerius are quite anthropophilic.
Our demonstration of the extremely high susceptibility of
P. halepensis to experimental infections of Le. major and
Le. tropica, plus the recent finding of P. arabicus heavily
infected with Le. tropica of two genotypes in the field
(Jacobson et al., 2003) suggest that Phlebotomus (Adlerius)
species are broadly competent vectors for Old World leish-
manias across much of Eurasia. Their local roles in Leish-
mania transmission should be clarified and, where possible,
counteracted by standard methods of sandfly control
(Alexander & Maroli, 2003).
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Abstract

The zine protease (gp63) of promastigotes was found to play a role in the sand fly part of the Leishmania life cycle. Lutzomyia longipalpis
females were fd with promastigotes (10° per ml) of a Leishmania amazonensis clone whose gp63 was up- and down-regulated by directional
cloning into P6.5 for sense- and anti-sense transcription. Early development was found to differ significantly between the sense- and anti-sense
wansfectants 2 days post-feeding. The sense transfectants overexpressing gp63 were found similar to those with the vector alone: both
developed in the gut at high rates of ~90-100% and at a high density with moderate to heavy parasite loads in >70% of the infected females.
In contrast, the anti-sense wansfectants with gp63 down-regulated developed at a lower rate (=70%) and. significantly, at a very low density.
with moderate to heavy parasite loads only in ~30% of the infected females. On day 9 post-feeding, all three groups of transfectants developed
ata similar rate of ~50% with comparable parasite loads. Thus, gp63 plays a role at the early stage of L. amazonensis establishment in

L. longipalpis.
©2004 Elsevier SAS. All rights reserved.

Kevwords: Leishmania development: Sand (ly; Zine protease gp63

1. Introduction

The major surface glycoprotein of Leishmania, gp63, is
especially abundant in the vector stage or promastigotes. It is
azinc protease known as leishmanolysin [ 1], which has been
reported o play multiple roles in Leishmania infection of the
vertebrate host. The enzyme is responsible for resistance of
these parasites to serum complement-mediated cytolysis |21,
uptake of promastigotes by macrophages [3], protection
from intracellular degradation in the phagolysosome [4], and
inhibition of monocyte and ncutrophil chemotaxis [S]. It is
also involved in pathogenesis via degradation of the extracel-
Jular matrix and lesion formation in animals [6]. Especially
relevant to this is the released form of gp63 17,81,

The role of gp63 for Leishmania in the vector is less clear.
Ithas been suggested that gp63 may degrade hemoglobin and
other proteins in the blood meals, thereby providing nutrients
needed for the growth of promastigotes [9]. This and addi-
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tional functions may be further suggested by the finding of
similar ectoproteases in other trypanosomatids (e.g.
[ 10~-12]). In contrast, gp63 is thought to play little or no role
for L. major in the vectors, since knockout mutants were
found to develop and survive as well as the wild type in three
Old World Phlebotomus species |13, 14].

Here, we report that down-regulation of gp63 in a Leish-
mania amazonensis clone adversely affects its development
in a ncotropical sand fly, Lutzomyia longipalpis. L. longipal-
pis is a natural vector of L. chagasi [15] but in laboratory
conditions, supports the full growth of L. amazonensis as
well other Leishmania species [16.17]. The results we gotin
a L. longipalpis—L. amazonensis model suggest that gp63 is
functionally important for promastigotes of this species in
the sand flies and that this may vary with the parasite—vector
combinations examined.

2. Material and methods

2.1. Parasites

L. amazonensis LV 78 (MPRO/BR/72/M 1845) promas-
tigotes of a virulent clone 12-1 were transfected as follows:
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rector alone (P0.5). P6.5 with gp63 gene in the same orien-
ation with reference to the selectable marker, nagt [18]
P6.5/1.9) and P6.5 with this gene in a reverse orientation
P6.5/1.9R) [19]. Transfectants were maintained as promas-
igotes at 25 °C in medium 199 with 10% heat-inactivated
etal bovine serum and 25 mM HEPES (pH 7.4) under the
elective pressure of tunicamycin (10 pg/ml). Western blot
malysis, flow cytometry and confocal microscopy of the
hree transfectants prior to experimentation revealed that
gp63 is up- and down-regulated, versus the P6.5 control, in
ransfectants with P6.5/1.9 and P6.5/1.9R, respectively [19].
Parasites were reisolated on days 2 and 9 post-feeding into
medium containing tunicamycin (10 pg/ml) to gauge the
plasmids of the transfectants after development in the flics.

22. Sand flies

L. longipalpis (Jacobina colony) was maintained at 26 °C
under a 14/10 light/dark photoperiodicity. Adults had perma-
nent access to cotton wool soaked with sugar solution. Once
a week females were allowed to feed on an anesthetized
mouse.

23 Sand fly infection

Females. 3-6 days old (kept in 26 °C with access to sugar
solution), were fed through a chick skin membrane with
S-day-old promastigotes (late log phase) at a cell density of
10° cells per ml in heat-inactivated rabbit blood. Blood-
engorged females were separated and maintained on 50%
honey solution at 23 °C. They were sacrificed for micro-
scopic examination and enumeration of promastigotes in the
midguts on days 2 and 9 after the blood meals. Parasite
density was graded according to the criteria reported previ-
ously [20), i.e. low parasite loads <100 parasites per gut;
medium parasite loads 100-500 parasites per gut; heavy
parasite loads 2500 parasites per gut. This method is only
semiquantitative, but for weak infections provides more ac-
aurate data than the hemocytometer counting and also incor-
porates the promastigotes attached to the midgut tissue.

24. Swatistical analysis

The cxperiment was repeated five times and data were
evaluated statistically using the Statgraphics 4.2 programme.
Numbers of sand flics from five experiments were pooled and
7-test was used for comparison of rates and density.

3. Results

Fig. | shows that various transtectants were found to differ
significantly in the early development in the midgut on day
2 post-feeding. The transfectants with their gp63 down-
regulated (P6.5/1.9R) were much lower in number than
dither the control (P6.5 with the vector alone) or those with
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Fig. 1. Rates and density of L. amazonensis transfectants in the midgut of
L. longipalpis days 2 and 9 post blood-feeding. Parasite loads were graded
microscopically according to the criteria established previously as: low
(white; £100 parasites per gut), medium (gray: 100-500 parasites per gut) or
heavy (black: 2500 parasites per gut). The number at the top of cach
quadrant icans the number of examined flies.

up-regulated gp63 (P6.5/1.9), according to the development
rate (42 = 13.0, P = 0.001) and parasite loads (¢° = 31.1.
P = 0.00002). The transfectants overexpressing gp63
(P6.5/1.9) behaved similarly to the controls, developed at
~90-100% of females and a high parasite density (~80%
medium to heavy parasite loads). In contrast, the gp63 down-
regulated transfectants (P6.5/1.9R) developed at a lower rate
of ~70% and a very low parasite density of only ~309%
medium to heavy parasite loads (Fig. 1).

When assessed on day 9, all three groups of transfectants
were found similar in their development rate of ~50%
(x* = 0.1, P = 0.97) and parasite loads (x° = 0.7, P = 0.99)
(Fig. 1). In all cases, heavy parasite loads of the midgut were
observed with colonization of the stomodeal valve. From
days 2 to 9, the rates of parasite development declined in all
groups. This is statistically significant for gp63 up-regulated
transfectants P6.5/1.9 (x> = 18.2, P = 0.00002) and the
control with P6.5 alone (* = 17.0, P = 0.00004). but not for
gp63 down-regulated transtectants P6.5/1.9R (4* = 3.2,
P = 0.07). Parasite density was significantly different be-
tween days 2 and 9 for all three groups of transfectants
(P6.5/1.9, y* = 250, P = 0.00001; P65, z° = 22.5,
P = 0.00005; P6.5/1.9R, #* = 23.6, P = 0.00003). The mor-
tality of sand fly females was similar in all groups (about
209%).

Parasites [rom flies 2 and 9 days post-feeding all grew up
equally well as the original transfectants in media with tuni-
camycin (10 ug/ml). This observation suggests that there is
no significant decrease in the copy number of the plasmids in
all transfectants during development in the fly guts.

4. Discussion

The results obtained suggest that the gp63 of L. amazon-
ensis plays a role in development of this species in L. longi-
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palpis. There is a significant decrease in the early establish-
ment of this parasite (Fig. 1) when its gp63 is specifically
down-regulated. The loss of successful development is evi-
dent only at the early stage, e.g. 2 days after feeding exam-
ined in the present study. However, P6.5/1.9R differs from
the controls in population dynamic from days 2 to 9 (Fig. 1).
Whether this may contribute to their qualitative differences
and thus their subsequent transmissibility or infectivity
awaits further study. The promastigotes taken in by the flies
may include a small number of the transfectants with
P6.5/1.9R whose gp63 may be incompletely down-regulated,
giving rise eventually to a population of promastigotes as
large as those seen in the controls on day 9. An incomplete
down-regulation of gp63 may be expected, resulting from the
absence of selective pressurc in the sand fly gut, even though
promastigotes recovered from infected flies seem to be
equally resistant to tunicamycin in all cases. Alternatively,
down-regulation of gp63 may be compensated for by the
expression of “alternative or back-up genes” or the occupa-
tion of the “gp63-evacuated sites” by other pre-existing mol-
ecules, which functionally substitute gp63 only in its absence
[21,22]. This alternative possibility cannot be ruled out here,
asis also true for the observations that gp63 null mutations of
L. major produce no adverse effects in its development in the
sand fly vector [ 13,14]. Notably, these previous studies were
performed at 28 °C, in contrast to 23 °C used in the present
work. It is known that Leishmania development in sand flies
can be significantly affected by using different ambient tem-
peratures; L. major grew better in Phlebotomus papatasi in
23 °C than in 28 °C [23]. The possibility also exists that gp63
may function differently for these two different Leishmania
spp. in their interactions with different vector species.

Gp63 can be envisioned to function in several different
ways to help promastigotes survive and grow in the midgut of
the sand fly vectors. Leishmania together with blood meals
are taken into the intraperitrophic space of the midgut, where
gp63 may assist the proteolysis of hemoglobin to yield heme,
amino acids and peptides as nutrients essential for the growth
and development of promastigotes [24.25]; recent data indi-
cate, however, that a significant part of hemoglobin is endo-
cytosed and degraded intracellularly [26]. In addition, gp63
may protect promastigotes from degradation by the midgut
digestive enzymes. Blood-feeding is known to up-regulate
the expression of midgut proteases, i.e. trypsin and chymot-
rypsin [27], which appear to reach peak activities about
2 days after feeding (28], interfering with parasite develop-
ment [28,29]. A protective function for gp63 against these
hydrolytic enzymes is suggested by the finding that gp63
down-regulated promastigotes decrease in number precipi-
tously at this time in the fly gut (Fig. 1).
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\bstract

The regurgitation of metacyclic stages from the sand fly cardia is thought to be the prevailing mechanism of Leishmania transmission. This
egurgitation may result through damage of the stomodeal valve and its mechanical block by the parasites. We found this phenomenon in
hree sand fly-Leishmania models and also in avian trypanosomes transmitted by Culex mosquitoes. Phlebotomus duboscqi, Phlebotomus
upatasi, Lutzomyia longipalpis, and Culex pipiens were membrane-fed on blood containing Leishmania major, Leishmania chagasi (syn.
nfantum) and an unidentified avian Trypanosoma from Trypanosoma corvi clade, respectively. Females with the late-stage infections were
ocessed for the optical and transmission electron microscopy. Localization of the parasites and changes to the stomodeal valve were in
ome aspects similar in all vector-parasite pairs studied: (i) a large plug of flagellates was observed in cardia region, (ii) parasites were
iached to the chitin lining of the stomodeal valve by the formation of zonal hemidesmosome-like plaques. Leishmania promastigotes were
fund both attached to the valve as well as unattached in the lumen of midgut. The stomodeal valve of infected sand flies was opened, its
Aitin lining was destroyed and the unique filamentous structures on the apical end of cylindrical cells were degraded. In the Culex—
Iypanosoma model, the whole population of epimastigotes was found in close contact with the chitin lining, and degenerative changes of the
nlve were less pronounced. We suggest that the phenomenon involving a blocked valve facilitating the regurgitation of parasites into the
wertebrate host may occur generally in heteroxenous trypanosomatids transmitted by the bite of nematoceran Diptera.

02004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Stomodeal valve; Midgut; Sand fly; Mosquito; Leishmania; Trypanosoma

1. Introduction the midgut is of endodermal origin and its surface is covered
by microvilli. The junction between foregut and midgut is
Transmission from an insect vector to a vertebrate host is located at the point where the midgut epithelium is linked to
ikey moment in the life cycle of heteroxenous parasites, the reflected wall of the oesophagus. In Diptera, this
including trypanosomatids of the genera Leishmania and complex structure is called the cardia and it consists of the
Typanosoma. The anatomy of the alimentary tract of the stomodeal valve (valvula cardiaca, cardiac valve) and the
wctor and the localization of the parasite development most anterior part of the midgut epithelium (for review see
within the tract play important roles in this event. The insect Romoser, 1996).
dimentary canal is formed by three major regions: foregut, The stomodeal valve is of ectodermal origin and
midgut and hindgut. The foregut and hindgut arise as an consists of a ring of cylindrical epithelial cells that bulges

as mushroom-shaped extension of foregut cells into the
cardia region. In nematoceran Diptera, including mosqui-
toes and sand flies, the main role of the stomodeal valve is
to ensure the ‘one-way’ flow of food during feeding and to
*Corresponding author. Tel.: +420 2 2195 1815; fax: +420 2 2491 prevent regurgitation of the gut contents. In sand flies the
7104, valve is also supposed to play a role in controlling the

E-mail address: volf@cesnct.cz (P. Volf). destination of meals; during feeding the blood is directed to

ttodermal invagination and retain the capacity to secrete a
chitin layer continuous with the integumentary cuticle while

020-7519/$30.00 © 2004 Australian Society for Parasitology Inc. Published by Elscvier Ltd. All rights reserved.
4i:10.1016/).i)para.2004.07.010
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midgut while the sugar meal is diverted to the crop

ng and Ward, 1998).

sand fly females infected with Leishmania have

iculty in engorging the meal during the second blood-

ling and they probe several times when biting (for
iew see Molyneux and Jefferies, 1986). This phenom-

n of the ‘blocked fly’, first mentioned by Shortt and
aminath (1928), was later accepted by other authors.

asites colonizing the anterior part of the gut, limit the
 of the bloodmeal, and cause a backflow that carries the
asites and results in their deposition into the host skin

illick-Kendrick et al., 1977; Jefferies et al.,, 1986;
lyneux and Jefferies, 1986). Moreover, promastigotes
the cardia region are entrapped in a viscous gel-like plug
toccludes the gut lumen and contributes to the blockage

the stomodeal valve (Lawyer et al.,, 1987, 1990;
alters et al., 1987, 1989a,b; Killick-Kendrick et al,
88; Lang et al,, 1991; Rogers et al., 2002). Recently,
erhof et al. (1999) showed that the gel-like mass is
mmed mainly by a parasite-derived mucin-like filamentous
oteophosphoglycan.

In addition to this mechanical block, Leishmania
fections cause pathological changes in the sand fly
imentary canal. Schlein et al. (1991, 1992), working on
hlebotomus papatasi and Leishmania major, described
image to the chitin lining of the stomodeal valve by heavy
fections, presumed to be caused by chitinolytic enzymes
fthe parasite. These pathological changes may influence
ie function of the valve and lead to the regurgitation of
arasites with a backflow of ingested blood. Transmission
ccurs when infective parasites from the mass in the cardia
:gion are regurgitated with repeated pump pulsation which
re then ejected into the host tissue (Schlein et al., 1992;
ichlein, 1993).

In the present work, we investigated the pathological
hanges of the stomodeal valve in different Leishmania-sand
ly models and showed that the phenomenon of the ‘blocked
nlve’ occurs more generally in trypanosomatids transmitted
y the bite of nematoceran Diptera. In addition, we described
ifilamentous structure in cylindrical cells of the stomodeal
valve, which could be important for understanding the
pathological changes that occur in infected vectors.

1 Materials and methods
11. Insect colonies and parasite cultures

Laboratory colonies of Phlebotomus duboscqi (origin
fom Senegal), P. papatasi (Turkey), Lutzomyia longipalpis
(lacobina, Brazil), and Culex pipiens quinquefasciatus
(India) were used. Adults were maintained on a 50%
sucrose diet, in >70% relative humidity at 25 °C. Females
were allowed to feed on anaesthetized mice once a week.
Different trypanosomatid parasites were used: L. major
LV561 (MHOMY/IL/67/LRC-L137 Jericho II), Leishmania

chagasi (syn. infantum) M4192 (MHOMY/BR/76/150406)
and Trypanosoma sp. (ICUL/CZ/1999/CULI), an avian
trypanosome isolated from Culex pipiens pipiens (Votypka
et al,, 2002); based on phylogeny inferred from small-
subunit rDNA this trypanosome belongs to Trypanosoma
corvi clade (Votypka et al.,, 2004). Parasites were main-
tained on SNB-9 blood agar.

2.2. Experimental infections

Female sand flies, 4-6 days old, were infected by feeding
through a chick-skin membrane on heat inactivated rabbit
blood containing 10° Leishmania promastigotes/ml from a
5-day old culture. Three natural parasite-vector combi-
nations were tested: L. major—-P. papatasi and P. duboscqi,
and L. chagasi-L. longipalpis.

Twelve to 14-day old Culex females were infected
with Trypanosoma sp. using membrane feeding on duck
blood containing 10’ promastigotes/ml from a 7 day old
culture. Laboratory infections mimic well the natural
infections observed in wild-caught mosquitoes (Votypka,
unpublished).

2.3. Light and transmission electron microscopy

Engorged female sand flies and mosquitoes were
separated and maintained for 10-12 days at 23 °C and a
14 h light/10 h dark photoperiod. They had free access to
50% sucrose solution. Females were anaesthetized on ice
and fixed in 4% glutaraldehyde in PBS for 24 h at 4 °C.
Then, the samples were washed with PBS and post-fixed
in 1% osmium tetroxide for 1 h, dehydrated in a graded
ethanol series and propylene oxide and embedded into
Epon. For light microscopy, semithin sections (I pm
thick) were stained with toluidine blue. Thin sections of
the cardia region were mounted on carbon-coated copper
grids with Formwar film and stained with uranyl acetate
and lead citrate and observed with 1200 JEOL electron
microscope. Uninfected females, 10-12 days post blood
meal, were processed in the same way and used as
controls.

3. Results

In uninfected females, the stomodeal valve had a typical
mushroom-like shape (Fig. 1). The apical ends of the
cylindrical cells of the valve were rich in filamentous
structures and covered by a thin electron-dense chitin layer
(Figs. 2 and 3). Cells with these filamentous structures are
present in the inner part of the valve close to the opening
into stomodeum. Their position in the stomodeal valve (sv)
is showed by arrows on Fig. 1.

Late stage infections of Leishmania in the sand flies
P. papatasi, P. duboscqi and L. longipalpis resulted in high
numbers of parasites which filled the whole gut lumen of
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5.1-3. Stomodeal valve of uninfected sand fly females. Semithin section of Phlebotomus duboscqi embedded in LR White resin and stained by toluidin
+.The position of filamentous structures in the stomodeal valve is showed by arrows (Fig. 1). Electron microscopy of the cylindrical cells in the inner part of
somodeal valve of P. duboscqi (Fig. 2) and Phlebotomus papatasi (Fig. 3). Abbreviations: cr, crop; cu. cuticle; fs, filametous structures; mi, mitochondria;
midgut; mg + 1. midgut containing Leishmania; mu, muscles; mv, microvilli of the thoracic midgut; n, nucleus of epithelial cells of the stomodeal valve; fl,
hmania flagellum; 1k, Leishmania kinetoplast; In, Leishmania nucleus; oe, oesophagus; ph, pharynx; sg, salivary glands; sv, stomodeal valve; t,
pnosoma; arrowheads, hemidesome-like plaques on parasite flagellum; *, degradation of the chitin layer.
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Figs. 4-6. Stomodeal valve of sand fly females infected by Leishmania parasites. Semithin section of Phlebotomus duboscqi infected by Leishmania major.
Sample is embedded in LR White resin and stained by toluidin blue. The position of degraded filamentous structures in the stomodeal valve is showed by
arows (Fig. 4). Electron microscopy of the cylindrical cells of the stomodeal valve in sand flies infected by L. major pathological changes of the filamentous
suctures and the chitin lining of Phlebotomus papatasi (Fig. 5) and P. duboscqi (Fig. 6). For abbreviations refer the caption of Figs. 1-3.

the cardia and anterior midgut. Some promastigotes were opened, its shape was changed and cylindrical cells appear
found in close contact with the midgut microvilli or with to be reduced in size (Fig. 4).
the cuticle lining of the valve, others were swimming freely Under the electron microscope, degenerative changes of

inthe midgut lumen. The stomodeal valve was permanently the cylindrical cells were observed in all heavily infected
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figs. 7-11. Culex pipiens quinquefasciatus infected by Trypanosoma sp. Semithin sections of the stomodeal valve embedded in LR White resin and stained
by toluidin blue (Figs. 7-8). Electron microscopy of the apical end of cylindrical cells and the chitin lining (Figs. 9-11). For abbreviations refer the caption of
figs. 1-3.
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flies. The chitin layer was separated from the apical end of the
cell and the filamentous structures were degraded. However,
the nuclei and mitochondria of cylindrical cells appeared
the same as in uninfected controls. The Leishmania promas-
ligotes attached to the chitin layer of the valve by their
flagella, the adhesions occurred by the formation of zonal
hemidesmosome-like plaques. On some occasions, electron-
dense debris of the chitin layer were observed between the
apical end of the cells and the lining (Figs. 5 and 6).

Avian trypanosomes developing in C. pipiens quinque-
fasciatus caused the enlargement of the stomodeal valve of
infected females; these changes were visible even during
the dissections under the stereomicroscope. Trypanosoma
epimastigotes were found attached to the stomodeal valve of
Culex mosquitoes (Figs. 8 and 9) and, in contrast to the
Leishmania-sand fly model, no free parasites were observed
swimming in the lumen of mosquito cardia. Epimastigotes
were orientated with their apical ends to the chitin lining of
the valve and were attached by flagella forming hemi-
desmosome-like plaques. Destruction of the valve, the
apical end of the cylindrical cells and their chitin lining
appeared to be less pronounced than in Leishmania
infections (Figs. 7-10).

4. Discussion

Our study showed that various trypanosomatid parasites
colonizing the anterior part of the midgut of nematoceran
Diptera used the same ‘strategy’, they block the cardia
region and the stomodeal valve of the vector. Destruction of
the valve or impairment of its function could facilitate the
transmission of these parasites into their vertebrate hosts. In
sand flies this is supposed to be a prevailing mechanism of
Leishmania transmission (Schlein et al.,, 1992; Schlein,
1993). Data obtained in the Culex-Trypanosoma model
showed that this specific feature of vector—pathogen
interaction is similar to changes caused by late-stage
infections of Leishmania in sand flies.

In sand flies, the damage occurring to the stomodeal
valve during heavy Leishmania infections was first
described by Schlein et al. (1992). They presented a picture
drawn from sections and a scheme for the feeding
mechanisms of P. papatasi showing the permanently
opened valve and explaining the impaired ingestion of
blood in females infected by L. major. They also reported
various degrees of disruption of cylindrical cells of the
valve, separation of individual cells from the tissue and a
decrease in their volume or the loss of the cell membrane. In
our study, some of these pathological changes were
observed in semi-thin or ultra-thin sections. The valve of
heavily infected females was opened and the cytoplasm of
cylindrical cells was separated from the chitin layer. Similar
detachment of the valve lining from the epithelial cells was
also visible in electron micrographs presented by Walters
et al. (1987, 1989b) and Walters (1993) in three Lutzomyia

species, and we conclude that it is a general feature
accompanying heavy Leishmania infections.

Filamentous structures at the apical end of cylindrical
cells were observed in females of all models studied,
including the Culex mosquitoes. They have not been
described in previous ultrastructural studies; however,
similar structures appear to be present in the micrographs
of Walters (1993). The filaments connect the cell membrane
to the inner layer of the chitin lining of the valve. We
suggest that these structures are contractile and participate
in the function of the stomodeal valve as a pump and/or
valve. In the micrographs presented by Schlein et al. (1992)
the filaments are not seen because of the orientation of the
ultra-thin sections. They are present only in cells at the
apical end of the valve where the valve closes the entrance
into the midgut and where the cylindrical cells are needed to
control the valve entrance. In infected sand fly females these
filaments were separated from the chitin layer of the valve
and were degraded.

Schlein et al. (1991, 1992) presumed that the chitinolytic
enzymes of the parasite degraded the inner softer layer of
the chitin of the stomodeal valve. Recent data obtained
using Leishmania mutants differing in their production of
chitinase (Rogers et al., unpublished) suggest that this
enzyme really has an important role in the damage of the
stomodeal valve. Such degradation of the chitin lining may
cause its detachment from the cylindrical cells and expose
the underlying tissues to the harmful effects of other
parasite-secreted substances. Pathological changes observed
in our experiments on the apical end of cylindrical cells,
mainly the destruction of filamentous structures, suggest
that Leishmania proteases such as leishmanolysin gp63
could be involved in this process.

In conclusion, the mechanical block of the stomodeal
valve by the parasites embedded in the gel-like matrix
resulted in partial dysfunction of the stomodeal valve and
facilitates the transmission of the Leishmania and Trypa-
nosoma parasites into the vertebrate host. In Leishmania
infection this event is also facilitated by destruction of the
chitin lining of the valve and by the degradation of the
cylindrical cells, especially their apical ends with unique
filamentous structures. We propose that the phenomenon of
the ‘blocked valve’ may occur more generally in trypano-
somatids transmitted by the bite of nematoceran Diptera.
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5. Souhrn vysledku a zavéry

5.1. Nachylnost Phlebotomus (Adlerius) halepensis vu¢i riznym
druhim leishmanii

Podrod Adlerius (Diptera: Psychodidae) zahrnuje cca 20 znamych druht
roz8ifenych ve Starém svété. Jejich taxonomie je velmi obtizna a je zaloZena
zpravidla na morfologickych znacich pfitomnych u samcl. Nékteré druhy jsou
suspektnimi vektory visceralni leishmaniézy, nejméné u jednoho druhu, P.
arabicus, byl potvrzen pfenos kozni leishmaniozy ptsobené druhem L. tropica
(P. arabicus (Jacobson a kol., 2003)).

Vyskyt druhu Phlebotomus (Adlerius) halepensis se shoduje s vyskytem
jak kozni (L. major, L. tropica), tak i visceralni (L. infantum) leishmaniozy.
Abychom posoudili vektorovou kompetenci druhu ke koznim leishmaniézam,
provedli jsme experimentalni infekce druhu leishmaniemi L. major a L. tropica
a porovnali jsme je s infekcemi v jejich pfirozenych (L. major — P.duboscqi, L.
tropica — P. sergenti) i nepfirozenych vektorech (Lu. longipalpis).

PFi infekcich flebotoml P. halepensis, P. duboscqi a Lu. longipalpis
druhem L. major bylo tfeti den po sani nakazeno vice nez 90% samic vSech
zkoumanych modeld. Pfevladaly silné az velmi silné infekce. Treti den po sani
parazité pocali unikat pres peritrofickou matrix do ektoperitrofického prostoru —
nejpomaleji u druhu P. duboscgqi. U druhu P. halepensis v tu dobu pfeviadaly
dlouhé nektomonady lokalizované v ektoperitrofickém prostoru a pfitomnost
parazitd ve zbytku nestravené krve uvnitf peritofické matrix byla velmi
sporadicka. Sesty den po sani byly infekce opét u vice nez 90% samic druhd
P. halepensis a Lu. Longipalpis, u druhu P. duboscqi bylo nakazeno 75-80%
samic.

Do Sestého dne po sani byla stravena veSkera krev a nestravené zbytky
byly defekovany u v8ech druhd. Leishmanie migrovaly anteriorné smérem ke
stomodealni valvé. Infekce u druhu P. halepensis byly silné az velmi silné, u
druh( P. duboscqi a Lu. longipalpis byly signifikantné slabsi. Do Sestého dne
po sani byla kolonizovana stomodealni valva z 88% u druhu P. halepensis, ze
67% u druhu P. duboscqi , naproti tomu u druhu L. longipalpis pouze z 28%.
Desaty den po sani prevladaly u vSech zkoumanych druhi silné infekce —
parazité kolonizovali thorakalni stfevo a stomodealni valvu ve vétSiné pfipadu.
Infekce v proboscis a pharynx byly pouze ojedinélé.

Pti infekcich flebotomu P. halepensis a P. sergenti druhem L. tropica
bylo po celou dobu sledovani (od tfetiho po desaty den po sani) nakazeno
mezi 70 a 85% samic obou druht. Rozdil byl patrny mezi pozorovanymi
vektory pouze v dobé, kdy leishmanie unikaly z peritrofického prostoru.
Zatimco u druhu P. halepensis bylo tfeti den po sani v endoperitofickem
prostoru pouze 47% leishmanii, u druhu P. sergenti jich zustavalo 70%. Do
Sestého dne po sani byly vSechny leishmanie v oblasti thorakalniho stfeva a
do oblasti stomodealni valvy dosahovaly u druhu P. halepensis z 83% a u
druhu P. sergenti ze 75%. Desaty den po sani prevliadaly u obou druhi
masivni infekce stomodealni valvy, v nékterych pfipadech infekce dosahovala
az do pharynx a proboscis.

Studium experimentalnich infekci druhl L. major a L. tropica prokazalo,
Ze P. halepensis je vysoce nachylny na oba uvedené kmeny leishmanii a ze
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vyvoj téchto druhd leishmanii je zcela srovnatelny s jejich vyvojem
v pfirozenych vektorech.

NaSe experimentalni studie prokazala, ze P. halepensis by mohl byt
vektorem kozni leishmani6zy. Podle Killick- Kendricka (1999) musi byt spinéna
Ctyfi zakladni kritéria, aby mohl byt urlity druh flebotoma povazovan za
potvrzeného pfenasece urcitého druhu leismanie. Prvni z nich je persistence
parazitd pfi experimentalni infekci, v€etné prestani defekace (viz vysledky
vyse), druhou pak schopnost sani na ¢lovéku a zvifecim rezervoaru.

My jsme pozorovali, Ze samice druhu P. halepensis pfi sani preferovaly
Clovéka pred kralikem (81 vs. 21 samic), dale ¢lovéka pfed krysou (50 vs. 31),
stejné pak kralika pfed krysou (61 vs. 18). To znamena, Ze samice vzdy
preferovaly jako zdroj krevni potravy vétSiho zivocicha. Vybér hostitele nemél
zadny signifikantni vliv ani na mortalitu samic ani na jejich plodnost (pocet
nakladenych vajec) ve srovnani s ostatnimi druhy flebotomd (Harre a kol.,
2001).

Treti kritérium pro Uspésné potvrzeni vektora leishmaniézy je Gspésny a
zdokumentovany pfenos leishmanii sanim na dalSim hostiteli (Killick-Kendrick,
1999). V nasi studii jsme se o tento pfenos pokusili, celkem 137 samic v§ech
tfi druhl v pozdnim stadiu infekce salo na deviti kfeccich. Ackoli se u dvou
kfeCka objevily v mistech vpichu samic slabé edémy, veskeré kultivacni
pokusy zUstaly negativni. Experimentalni pfenos L. major druhem P.
halepensis se tedy prozatim nezdafil.

Poslednim (Ctvrtym) kritériem pro potvrzeni P. halepensis jako
pfenadeCe L. major by byla izolace paraziti zflebotoml odchycenych
v terénu. Toto kritérium téz do dnesniho dne nebylo naplnéno zejména kvuli
determinacnim obtizim pfi ur€ovani samic podrodu Adlerius.

5.2. Nové poznatky o roli metaloproteazy gp63 v prenaseci

Gp63 je hlavnim povrchovym proteinem leishmanii, ktery je pfitomen
zejména v promastigotnich stadiich leishmanii. V hostiteli zastava fadu funkci,
jeho funkce ve vektoru v8ak zlGstava neobjasnéna. Byla vyslovena domnénka,
Ze gp63 by se mohla G&astnit pfi ziskavani Zivin z krevni potravy degradaci
hemoglobinu a dalSich proteind (Schlein, 1993). V naSi studii jsme pro
experimentalni infekci druhu Lu. longipalpis pouZili tfi linie L. amazonensis
liSici se expresi metaloproteindzy gp63 na svém povrchu: kontrolni (s béznou
arovni exprese), mutanty, ktefi méli produkci gp63 zablokovanu a mutanty,
ktefi gp63 everexprimovali. Porovnavali jsme infekce téchto ffi
experimentalnich skupin mezi sebou.

Linie L. amazonensis se signifikantné liSily v ranych fazich infekce, to
jest druhy den po sani. Kontroly a overexprimujici mutanti ukazovali vy3Si
infektivitu pro flebotomy (okolo 90%), prevazoval vyskyt stiednich a velmi
silnych infekci (az 80%). Naopak mutanti se zablokovanou expresi gp63 méli
infektivitu okolo 70%. Prevazovaly stfredni a slabé infekce, velmi silnych infekci
bylo dosazeno pouze ve 30% pfipadi. Vysledky nasvédéuji, Zze gp63 hraje
urcitou Ulohu ve vyvoji L. amazonensis a to zejména v rané fazi infekce.

Naproti tomu v pozdnich fazich infekce (devaty den po sani) se
jednotlivé linie od sebe signifikantné neodliSovaly. VSechny se vyskytovaly
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zhruba u 50% samic s maximalné prevazujicimi velmi silnymi a stfednimi
infekcemi. Ve vSech pfipadech byla infekce lokalizovana do oblasti
stomodealni valvy a thorakalniho stfeva.

Stav infekce a jeji nesignifikantni rozdily u zkoumanych skupin mutantu
v pozdnim stadiu je mozné vysvétlit nékolika zplGsoby. Teoreticky by bylo
mozné, Ze produkce gp63 nebyla u této linie potlatena irreverzibilné a ze
v nepfitomnosti selekéniho tlaku tunikamycinu se béhem vyvoje ve
flebotomech obnovila. Reizolace parazitl ze stfev infikovanych samic do
meédia obsahujiciho tunikamycin vSak tento vyklad vyloudila. Reizolace
parazitd byla usp&Sna jak druhy tak devaty den po infekci flebotomu.
K odvrzeni plasmidu zodpovédného za regulaci produkce gp63 tedy b&hem
vyvoje ve vektoru nedochazi. Je v8ak mozné, ze funkce gp63 byla u mutanta
nahrazena expresi jinych proteind (Chakrabarty a kol., 1996, McGwire a kol.,
2002).

Experimenty s gp63 mutanty provadéli téz Joshi a kol. (1998 a 2002) u
L. major. Tito autofi nezaznamenali Zadné rozdily ve vyvoji a sile infekce mezi
skupinou s knockakutovanymi geny pro gp63 a kontrolni skupinou produkujici
gp63 v bézné mife. Experimenty vSak byly provadény pfi 28°C, narozdil od
nasSich experiment(, které byly provadény pfi 23°C. Je znamo, Ze vyvoj
leishmanii ve vektoru je ovliviiovan teplotou okolniho prostiedi a vyvoj infekci
L. major je rychlejsi pfi teploté 28°C nez pfi teploté 23°C (Leaney, 1977). Dale
pak je samoziejmé& mozné, Ze gp63 muze mit riznou funkci ve zkoumanych
druzich leishmanii (rozdil mezi L. major a L. mexicana) a v jejich interakci
s rdznymi vektory (P. papatasi oproti Lu. longipalpis).

5.3. Mechanismus ,regurgitacni“ teorie - zjiSténi posSkozeni ¢i
blokace stomodealni valvy flebotoml v pozdnich stadiich infekce
leismaniemi

V nematocernich dvoukfidlych je hlavni Galohou stomodealni valvy (SV)
zajisténi jednosmérného toku potravy béhem sani a zabranéni regurgitace
stfevniho obsahu. U flebotomu je ulohou SV navic smérovani potravy podle
jejiho charakteru bud do stfeva nebo do volete (Tang a Ward, 1998). Bylo
popsano, ze samice flebotomud infikované leishmaniemi maji problémy
s opétovnym sanim krve na hostiteli — saji opakované a kratce (review
Molyneux a Jefferies, 1986). Leishmanie kolonizuji pfedni ¢ast stfeva, omezuji
pfijem krve a zapfi¢inuji zpétny tok stfevniho obsahu spole¢né s parazity do
hostitelské tkané (Killick- Kendrick a kol, 1977, Jefferies a kol., 1986, Molyneux
a Jefferies, 1986). Navic u pIné rozvinutych infekci jsou promastigoti v oblasti
SV obklopeni visk6znim gelem. Ten je vytvafen parazity (Stierhof a kol.,1999)
a zfejmé se podili na blokaci SV (Lawyer a kol., 1987, 1990; Walters a kol.,
1987, 1989a,b; Killick-Kendrick a kol.,1988; Rogers a kol., 2002). Zarovefi
byly popsany degenerativni patologické zmény stomodealni valvy (Schlein, a
kol., 1992, Schlein 1993). V téchto studiich byly prezentovany rizné stupne
destrukce cylindrickych bunék formujicich valvu, separace individualnich
bunék od tkané& a jejich zmenseni nebo ztrata jejich buné¢né membrany.
Naruseni funkce SV opét zpUsobuje regurgitaci obsahu mesenteronu do
potravni léze (Schlein a kol., 1992; Schlein, 1993). Tato zajimava hypotéza o
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naruSeni SV v8ak nebyla pfesvédCivé prokdzana a nedostatec¢ny material
v publikacich Schleina a kol. (1992), Walterse a kol., (1987, 1989b) a Walterse
(1993) byl pfedmétem spord mezi zastanci a odpurci této teorie.

Abychom potvrdili &i vyvratili Schleinovu hypotézu, pokusili jsme se o co
nejdokonalejSi zobrazeni leishmanii v travicim traktu flebotomd a o
zdokumentovani pfipadnych zmén, ke kterym pfi infekcich dochazi v oblasti
stomodealni valvy. Nejprve jsme inkubovali stfevo se SV infekénich samic
flebotomt s FITC znaéenymi protilatkami proti tubulinu (poskytnuty MBU
AVCR, Praha Kr&) pro zobrazeni leishmanii. Pro znadeni struktur traviciho
traktu jsme vyzkouS$eli dva lektiny (WGA a PNA), protilatky proti kutikularni
vystelce (prof. Pimenta, Centro de Pasquisas Rene Rachou, Belo Horizonte,
Brazilie) a calcofluor (opticky béli¢, ktery se vaze na celulézu a chitin).
Pozorovani byla provadéna na fluorescenénim mikroskopu Olympus BX51 a
na konfokalnim mikroskopu Olympus Fluoview. Vysledky nebyly uspokojivé,
protoZze samotna inkubace stfeva in vitro s uvedenymi latkami patrné nebyla
dostacujici k jejich proniknuti do tkani a neposkytla moznost pozorovat
leishmanie uvnitf stomodealni valvy a stfeva.

Poté byla vyuzita technika kapilarového sani, kdy jsou samice
flebotomd pfinuceny sat pfesné definovany roztok (v tomto pfipadé smési
protilatek uvedené vySe) ztenké kapilary, ktera je jim nasazena na ustni
ustroji. Ohrnuti spodniho pysku pfitom spousti samovolny saci reflex.
Fluorescenéné znacene protilatky se tak mohly dostat do traviciho traktu samic
in vivo. Pozorovani na konfokalnim mikroskopu Olympus Fluoview v8ak presto
nedala uspokojivou odpovéd na otazku zplsobu pfichyceni parazitli a opét
nebylo mozné pozorovat ani pfipadna poskozeni stomodealni valvy.

Proto jsme pfistoupili k pfipravé vzorka pro elektronovou mikroskopii.
Pomoci transmisni elektronové mikroskopie (1200 Jeol) jsme pofidili detailni
fotodokumentaci zdravé stomodealni valvy. Apikalni konce cylindrickych bunék
valvy jsou u zdravé stomodealni valvy pokryty tenkou elektrondensni
chitinovou vystelkou a v oblasti vnitini ¢asti valvy u jejiho otevirani se do
stomodea jsou patrné filamentarni struktury. Tyto filamentarni struktury dosud
nebyly popsany v zadné studii ultrastruktury flebotomt, ackoli podobné
struktury jsou patrné i na mikrofotografiich prezentovanych Waltersem a kol.,
(1987, 1989b) a Waltersem (1993). Filamenty spojuji buné&nou membranu a
vnitfni vrstvu chitinu SV; jsou zifejmé kontraktilni a hraji ulohu pfi pohybech
valvy. Ve Schleinovych studiich (Schlein a kol.,1992) tyto filamenty nejsou
patrné kvlli nevhodné orientaci ultratenkych fezd pouZitych pro
fotodokumentaci. Tyto filamentarni struktury jsou pfitomny pouze v bufikach
apikalniho konce valvy, kde se valva uzavira a kde cylindrické buriky kontroluji
vstup do valvy a tim do stfeva.

Pomoci transmisni a rastrovaci elektronové mikroskopie jsme
pozorovali téZ vyvinuté infekce leishmanii ve flebotomech (10-12 dni po sani).
Parazité zcela zaplfiovali lumen anteriorni Casti stfeva. Leishmanie byly
pfichyceny ke stfevnim mikrovillim a chitindzni vystelce stomodealni valvy
nebo se volné pohybovaly v lumen stfeva. Stomodealni valva byla oteviena a
méla pozménény tvar. Chitindézni vystelka valvy byla odtrzena od apikalnich
koncd bunék, filamentarni struktury v apikalnim konci SV byly degradované.
Naproti tomu jadra a mitochondrie cylindrickych bunék zlstaly nezménéné.
Leishmanie se pfichytavaly k chitindzni vystelce pomoci hemidesmozomd,
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v nékterych pfipadech byly u apikalnich koncu cylindrickych bunék pozorovany
zbytky degradovaného chitinu.

Schlein a kol. (1991, 1992) vyslovili hypotézu, Ze k degradaci chitindzni
vystelky SV dochazi zifejmé plsobenim parazitické chitinazy. K potvrzeni této
domnénky jsme provedli infekce mutantnimi kmeny L. amazonensis
overexprimujicimi chitindzu. Infekce témito mutanty ukazala vétSi poSkozeni
stomodealni valvy ve srovnani s kmeny produkujicimi normalni uroven
parazitické chitinazy (Rogers a kol., nepublikovano). Degradace chitindézni
vystelky by mohla vystavovat tkané lezici pod ni G¢inku dalSich hydrolytickych
enzym parazita, jako napfiklad metaloproteazy gp63.

Pro srovnani vlivu parazitll na stomodealni valvu jinych pfenaSecu jsme
provedli infekce komarl trypanosomami. Trypanosomy zplsobovaly zbytnéni
stomodealni valvy, které bylo pozorovatelné jiz béhem pitvani pod
stereomikroskopem. Pomoci transmisni a rastrovaci elektronové mikroskopie
byly zobrazeny epimastigoti trypanosom v pozdnich stadiich infekce — (12-14
dni po sani). Parazité byli pfichyceni ke stomodealni valvé, na rozdil od
leishmaniovych infekci nebyly pozorovany Zadné trypanosomy lokalizované
volné vlumen stfeva. Destrukce kutikularni vystelky valvy a cylindrickych
bunék formujicich valvu nebyla tak vyrazna, jako u leishmaniového modelu,
ale byla téz patrna.

Nase studie ukazala, ze ruzni trypanosomatidé kolonizuji anteriorni ¢ast
stfeva nematocernich Dipter a blokuji oblast SV svého vektora. Destrukce
valvy nebo blokace jeji funkce a nasledna regurgitace parazitd do hostitele pfi
sani krve je zfejmé vSeobecngjSim fenoménem vyskytujicim se u
trypanosomatidl pfenaSenych nematocernim dvoukridlym hmyzem.
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fract

nd flies are leishmaniasis vectors in vertebrates including man, from whom female flies get their blood meal to have their eggs
loped. Hematophagy is an exclusive behavior of females, which have the blood meal stored and digested in their midgut. The physiology
ad fly alimentary tract greatly influences its vectorial capacity in transmitting diseases since the pathogens are ingested with the blood
. We describe and compare the spatial organization and the modifications of the midgut muscle fibers after the blood meal process of two
maniasis vectors, Lutzomyia longipalpis and Phlebotomus duboscqi. Muscular components are placed in the entire midgut region as
Jar and longitudinal fibers forming a well-arranged muscle network. The muscle fibers are striated due to the alignment of the actin
ients demonstrated by Phalloidin labeling. The thoracic midguts do not distend after blood meal and do not change the arrangement of
muscle networks. On the other hand, abdominal midguts suffer several modifications in the muscle network organization, which
ared to be related to the blood meal passage. After the digestion of the blood meal has finished, the muscle fibers of the P. duboscqi
ut returned to a better-reorganized muscle network than those of L. longipalpis. Knowledge on the structure of the sand fly midgut
les is important for a better understanding of the organ physiology and events accompanying disease transmission by these insects.
05 Elsevier Ltd. All rights reserved.

ords: Muscle network; Actin; Leishmaniasis vectors

troduction can adapt to the gut environment of some sand fly

species and be transmitted from one vertebrate to

and flies of the genera Lutzomyia and Phlebotomus
kishmaniasis vectors, important infectious diseases
spical and subtropical regions. Sand flies are able to
on plant nectars and vertebrate blood, but
tophagy is an essential and exclusive behavior of
les, which need the blood meal to have their eggs
loped. During blood ingestion, the sand fly gut can
xposed to pathogens like helminthes, bacteria,
s and protozoa. Several pathogens like Leishmania
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another (Schlein and Romano, 1986; Pimenta et al.,
1982; 1994; 1997a,b; Dillon and Lane, 1993a,b; Schlein
and Jacobson, 1998; Nieves and Pimenta, 2000; 2002).
Therefore, the physiology of sand fly alimentary tract
may greatly influence its vectorial capacity in transmit-
ting diseases.

The alimentary tract of insects is generally divided
into three regions: foregut, midgut and hindgut (for
review see Billingsley, 1990). The midgut itself can be
divided into two topographic regions, according to their
location: thoracic and abdominal midguts (Billingsley
and Lehane, 1996). Histological studies have shown that
the sand fly midgut is composed by a columnar single
epithelium of microvillar cells supported by a basal
membrane. This membrane forms a continuous sheet

72



168

N.F.C. Secundino et al. / Arthropod Structure & Development 34 (2005) 167-178



N.F.C. Secundino et al. / Arthropod Structure & Development 34 (2005) 167-178 169

:neath the epithelium, which is surrounded by muscle
sers (Gemetchu, 1974; Rudin and Hecker, 1982). The
inctions of these muscle fibers are related with
stension and contraction of the organ, as well as the
rristaltic movement control, which determines the
inctional compartmentalization of the food passage
rroughout the alimentary tract.

Sand flies, like mosquitoes, store and digest blood meal
1the midgut. In mosquito vectors of human diseases, some
Ivestigations have shown distinct structural aspects of the
wscle fiber network over the external side of the midgut.
chaeffer et al. (1967), using transmission electron
licroscopy, described in Anopheles quadrimaculatus mid-
ut a network of longitudinal and circular fibers composed
f myosin filaments surrounded by actin ones. Recently,
ark and Shahabuddin (2000) have compared the structural
rganization and modification of the midgut muscle fibers
uring blood meal ingestion in Aedes aegypti and Anopheles
ambiae. There is no similar information on sand flies.
nmediately after the blood ingestion, the sand fly midgut
xpands about five times its original volume to accommo-
ate a large amount of meal, but after 2—6 days, as a result of
1e digestion and excretion processes, the organ returns to
soriginal shape (Nieves and Pimenta, 2002). How the sand
y midgut is adapted to such large variation is unknown.
he muscles surrounding the midgut have to regulate their
onfiguration to adapt its shape during the feeding process.
deed, the structural organization and changes in the
lidgut muscles of the sand fly, during the ingestion and
igestion of the blood meal, have not drawn attention up to
1e present moment and no investigation has yet raised this
isue.

In the current work, we are aimed at studying how the
and fly midgut proceeds to keep changes related with the
ematophagy behavior. To do so, we have compared
1e spatial organization and the modifications of the midgut
wscle fibers in blood-fed sand flies, Lutzomyia longipalpis
nd Phlebotomus duboscqi. These are two important
tishmaniasis vectors in the New and Old World, respect-
vely. We have used two parallel techniques: fluorescent
halloidin as a marker for actin filaments to unveil muscle
ibers under fluorescence microscopy and the scanning
lectron microscopy to show the topography of the muscle
bbers on the midgut. In fact, we show a number of novel
eatures of the muscle arrangement concerning the midgut
unction.

2. Material and methods

2.1. Sand flies

Luizomyia longipalpis colony (origin Lapinha cave,
35 km from Belo Horizonte) and P. duboscqi colony (origin
Senegal) were maintained in standard conditions. Young
females (3—4 days-old L. longipalpis and 5-6 days-old P.
duboscqi) were fed on anesthetized hamsters. The fully
engorged ones were separated and maintained on 50%
sucrose ad libitum at 25° C.

2.2. Midgut dissection and fixation

The sand fly midguts were dissected in phosphate buffer
saline (PBS) solution, pH 7.2, unfed or at different periods
after blood meal up to the time of complete digestion (72 h
for L. longipalpis and 96 h for P. duboscgi). The samples
were fixed in 4% formaldehyde solution in PBS buffer for
the actin labeling or in 2.5% glutaraldehyde solution in
0.1 M caccodylate buffer for scanning electron microscopy.
The samples were incubated in the fixatives at room
temperature for 2 h and stored in PBS buffer at 4 °C until
processing (Pimenta and De Souza, 1983).

2.3. Actin labeling

The formaldehyde-fixed midguts were washed three
times with PBS buffer and incubated in fluorescent
Phalloidin-Alexia® (Molecular Probes, Eugene, OR)
diluted in the same buffer (1:100) for 1 h in the dark on
ice. After incubation, the samples were washed several
times in the same buffer, mounted with Vectashield®
medium (Vector) and observed under fluorescence
microscope.

2.4. Scanning electron microscopy (SEM)

The samples were processed as described previously
(Pimenta and De Souza, 1983; Secundino and Pimenta,
1999). Briefly, the glutaraldehyde-fixed midguts were
washed three times in PBS and post-fixed in 1% osmium
tetroxide solution in 0.8% potassium ferrycianide and 0.1 M
caccodylate buffer at pH 7.2. The samples were dehydrated
in a graded acetone series, dried by critical point method

iigs. 1-6. Fluorescent midguts labeled with Phaloidin. Views of unfed blood midguts. Fig. 1: Observe the structural array of the muscle fibers forming a muscle
etwork over the entire organ in L. longipalpis. Th, thoracic midgut; Ab, Abdominal midgut. Magnification: 350 X. Fig. 2: Details of the thoracic regions of L.
ogipalpis. showing the presence of more compacted fibers in this region. Magnification: 650X . Fig. 3: Observe the structural array of the muscle fibers
orming a muscle network over the entire organ in P. duboscqi. Magnification: 350X . Fig. 4: Fluorescent midguts labeled with Phaloidin. Details of the
horacic regions of P. duboscqi, showing the presence of more compacted fibers in this region. The muscle fibers have a spccial array in the globular area of the
tomodaeal valve, which separate the abdominal midgut from the anterior gut. Magnification: 700X. Fig. 5: Fluorcscent midguts labeled with Phaloidin.
ispect of the cytoskeleton of the midgut epithelial cells (asterisks) beneath the muscle fibers (arrows). Magnification: 700 X . Fig. 6: Thirty-minute blood-fed
ridguts of L. longipalpis, it is possible to observe a completely stretched muscle network with a concentric array surrounding the pyloric region (Pt).

fagnification: 350 X.
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sing liquid CO,, coated with gold and analyzed by SEM
JEOL JSM 5600).

3. Morphometry

The whole midguts and details of actin labeled muscle
ibers were measured under optical or fluorescence
nicroscope, using a microscopic scale. Measurements and
JEM pictures of the midguts and their muscle fibers were
arried out with an analytical software program from the
JEM (JEOL JSM 5600).

). Results

The organization of the muscle network in the sand fly
nidguts was analysed immediately after blood meal
ngestion until its complete digestion, following the periods
ip to 72 h for L. longipalpis and up to 96 h for P. dubosqi,
ince they finished their digestive processes at different
imes.

3.1. Actin labeled muscle fibers

The fluorescent Phalloidin labeled the sand fly muscle
fibers demonstrating the presence of actin filaments. In the
infed midgut of both sand fly species, the muscle fibers
formed a network over the entire midgut (Figs. 1 and 3). The
retwork was more compact in the thoracic midgut (Figs. 2
aind 4) and was composed of circular fibers forming a ring
around the organ and the longitudinal fibers disposed as a
tontinuous tape over the circular ones (Figs. 1-4 and 6). The
tircular fibers appeared to be thicker and sometimes
composed by two units with a small bifurcation joining
wo rings, distinctly from the thinner single longitudinal
fibers (Figs. 2 and 4). The muscle fibers revealed that the
sarcomeres are organized in parallel arrays and double helix
structures. In the thoracic midgut (Figs. 2 and 4), they
appeared individualized mainly in the circular fibers, since
these are less stretched in this region. In some midguts, the
actin labeled cytoskeleton of epithelial cells was seen
beneath the muscle fibers (Fig. 5).

In blood-fed females of both species, the thoracic
midguts did not change their volume after the blood

ingestion (not shown). The muscle fibers in this region
have the same appearance when compared with the unfed
sand flies. In contrast, the muscle fibers of the abdominal
midguts changed, depending on the period after the blood
meal. At 30 min after the blood meal, the muscle network
was completely extended and concentric arrays of circular
fibers were seen in the pylorus region (Fig. 6). Under large
magnification, it was also possible to distinguish the
polygonal epithelial cells, which were more extended than
in the unfed midguts (Fig. 7).

At 3-24 h after the blood meal, the muscle network
appeared to be well formed but the muscle fibers were less
extended (Figs. 8-11). Tiny actin filaments connected the
circular fibers but were absent in the longitudinal ones (Fig.
10). The nuclei of muscle cells were seen in the circular
fibers (Fig. 9) and the epithelial cells with polygonal shapes
were visualized beneath the muscle fibers (Figs. 9 and 10)
The longitudinal fibers of the P. duboscqi midguts presented
several ramifications (Fig. 11), which were not seen in the L.
longipalpis midguts (Figs. 9 and 10). However, the specific
aspects of the sarcomeres with parallel arrays and the
double-helix organization, very similar to that observed in
the thoracic midgut of unfed sand flies, was observed in both
sand fly species (Figs. 12 and 13).

At 48 h after the blood meal, the anterior portion of the
abdominal midgut was almost empty contrasting with the
presence of an amount of digestive bolus in the posterior
portion (Fig. 14). Consequently, the muscle network was
completely disorganized in anterior portion but remained
well organized in the posterior one (Figs. 14 and 15). In L.
longipalpis, the digestion process was finished and remains
defecated 72 h after the blood meal. The muscle network
was completely disorganized with discontinuous fibers (not
shown). The similar aspects appeared in the P. duboscqi
midgut when the digestion was finished (Fig.16).

3.2. Scanning electron microscopy

The measurement of the midguts of unfed sand flies
under SEM confirmed the sizes of the organs observed by
the optical microscope (not shown). L. longipalpis midgut
(length 877 £ 28.8 pm and width 97.1 + 12.4 pm) showed to
be smaller than that of P. duboscqi (length 1250+0.2 um
and width 196 +41 pm).

figs. 7-13. Fig. 7 shows the polygonal aspects of extended epithelial cells with the cytoskeleton labeled (asterisks), located beneath the muscle net (arrows).
Magnifications: 1200 X . Fig. 8: Three-hour blood-fed midgut of P. duboscqi revealing a well-formed muscle network with less stretched fibers. Magnification:
100X . Fig. 9: Details of 3 h blood-fed midgut of L. longipalpis showing the nuclei of circular muscle fibers (arrows) and labeled epithelial cells with polygonal
ihapes bencath the fibers. Magnifications: 1200 X. Fig. 10: Details of 3 h blood-fed midguts of L. longipalpis. Tiny filaments are connecting the circular fibers
It several sites (arrows). Magnifications: 1200X. Fig. 11: Details of 3 h blood-fed midgut of P. duboscqi showing several ramifications of the longitudinal
ibers (arrows). Magnification: 900X. Fig. 12: Large magnification view of the muscle nets showing 12 h blood-fed midgut of L. longipalpis. Note the details
of the sarcomeres presenting intercalated dark and fluorescent areas due to the actin labeling (asterisks) and the helicoidal shapes casily shows in the
ongitudinal fibers. Magnification: 1800X. Fig. 13: Large magnification view of the muscle nets showing 24 h blood-fed midgut of P. duboscqi. Note the
fetails of the sarcomeres presenting intercalated dark and fluorescent areas due to the actin labeling (asterisks) and the helicoidal shapes easily shows in the

ongitudinal fibers. Magnification: 1600 X.
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Figs. 14-16. Fluorescent midguts labeled with Phaloidin. Fig. 14: Forty-cight h blood-fed midgut of L. longipalpis showing partially digested blood meal in the
posterior region (B) still showing an organized muscle network. Note that the anterior region is almost empty of blood with a disordered muscle network
(asterisks). The muscle network in thoracic midgut (Th) is completely organized. Magnification: 750X . Fig. 15: Large magnification of the posterior regions of
48 h blood-fed midgut. Note the details of the extended fibers linked by tiny and small filaments (arrows) and the muscle fiber nuclei (asterisks). Magnification:
1600 X . Fig. 16: Seventy-two-hour blood-fed midgut of P. duboscqi showing a completely disorganized muscle net. Note also the presence of muscle fibers
linked by small and tiny filaments (arrows). Magnification: 1200X.
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The SEM showed the general structural topography of
he outer surface of the sand fly midguts (Fig. 17) and
onfirmed that the entire organ was externally covered by a
nuscle network composed by circular and longitudinal
ibers (Figs. 17-31), as visualized in the actin labeled
reparations. In the unfed midguts, mainly in the thoracic
iart, the muscle network was relaxed and some fibers had
vavy shape (Figs. 18 and 19). The longitudinal fibers were
ositioned always over the circular ones (Figs. 18-22), this
spect was more obvious in the thoracic midgut (Figs. 18
nd 19). In the stomodaeal valve, the muscle fibers were
arger (Fig.18) and in the pyloric region, they were
ompletely packed covering the whole region (Fig. 22).

The freshly fed midguts of L. longipalpis (up to 24 h) and P.
luboscqi (up to 48 h) showed an increased stretching of the
auscle fibers revealing better details of their structures. The
ransitional area between the thoracic and abdominal midguts
howed stretched fibers dislocated from the organ surface (Fig.
3). The longitudinal fibers were seen in parallel arrays (Figs.
4-26) with some ramifications in the P. duboscqi midguts
Fig. 25). The presence of several tiny fibers linking each other
) the stretched circular fibers was observed, being better
isualized in P. duboscqi (Figs. 27-29).

Rounded protuberances detected in both, circular and
ngitudinal fibers are probably nuclear projections of the
wscle cells. They were seen in a smaller number in the
mgitudinal fibers and well aligned in the circular ones
“igs. 25 and 29). Small membrane shrivels seen on the
irface of muscular fibers were probably myofibrils from
ie sarcomer units (Figs. 27, 29 and 31). They were better
isualized in the longitudinal fibers of the P. duboscqi
idguts as the blood meals were digested and the muscle
bers shrank (Fig.31).

After the digestion of the blood meals, 72h for L.
ngipalpis and 96 h for P. duboscqi, the midguts of both
ind flies appeared contracted with a disorganized muscle
stwork (Figs. 30 and 31). In L. longipalpis, the longitudinal
sers lost their original parallel arrangements, distinctly
om the circular ones that kept their displays. In several
aces, large and small pieces of the basal lamina bud off
stween the muscle fibers (Fig. 30). Distinctly, the
ngitudinal fibers of P. duboscqi midguts kept their parallel
rangements, but it was not possible to visualize the
rcular ones. They were covered by the basal lamina, which
id off small pieces all over the muscle network between
e fibers, and made the midgut surface appear completely
rrugated (Fig. 31).

Discussion

We have analyzed the midgut muscle organization of two
ecies of sand flies, important vectors of human leish-
aniasis. We have also provided a physiological expla-
tion of how the organ suddenly changes its morphology
increasing its volume, in order to accommodate a large

amount of ingested blood meal, and returning to its original
shape after digestion. The importance of the muscle fiber
organization in the changes of the organ during the feeding
process has been distinguished. The gut enlargement is
possible due to the presence of a muscle network
surrounding the entire organ. This network is formed by
well-organized interconnections of longitudinal and circular
muscle fibers. Although this muscle network is covering the
entire organ, its arrangements only permit the enlargement
of the abdominal midgut, the place where the ingested blood
is stored and digested. In the fully engorged midgut, the
muscle fibers are completely stretched and when the
digestion process is completed, they return to their original
morphology.

Digestion process in blood-fed females of sand flies
differs according to temperature and species studied. In
general, it takes from 2 to 6 days (Killick-Kendrik, et al.
1977; Lawyer et al., 1990; Volf and Killick-Kendrick, 1996)
and is preceded by mighty diuresis (Sadlova et al., 1998).
Accordingly, various sand fly species appear to differ in
dynamics of midgut protease activities after blood feeding
(Schlein and Romano, 1986; Dillon and Lane, 1993a,
Pimenta et al., 1997a,b). The time required for blood
digestion in P. duboscqi is longer than in L. Longipalpis fed
with the same type of blood meal. Although the organization
of muscle fibers in the two studied sand flies has shown to be
similar in their general arrays, the muscle network in the P.
duboscqi midgut is more complex with more extensive
interconnections between the longitudinal fibers. The large
number of interconnected and branched longitudinal fibers
present in the muscle network of P. duboscqi might help the
distention of the organ in order to have a higher storage
capacity, and consequently, a longer time for digestion
requirement. Therefore, the midgut physiology of these two
sand fly vectors has to deal with distinct vectorial capacity
for pathogens. For instance, it is has been demonstrated that
the digestive enzymes affect the pathogens survival inside
the midgut (Dillon and Lane, 1993a; Pimentaet al., 1997a,b;
Borovsky and Schlein, 1987; Schlein and Romano, 1986)
and, only after the blood digestion, Leishmania parasites are
differentiated into vertebrate infective form inside the
midgut (Sacks and Perkins, 1985; Sacks, 1989)

As observed in other insects, the thoracic midguts of the
two sand flies do not distend after the blood meal. The
muscle fibers in this region are closer to each other forming
a condensed network, probably sustaining the tubular
structure for the thoracic midgut not to change its volume.
A detailed observation on the longitudinal fibers over the
midgut have shown the same units running all over the
organ, but after they reach the abdominal midgut, they
become more distant from each other forming a more
expanded network. In bloodsucking Nematocera, including
sand flies, blood is directed through the thoracic midgut into
the abdominal midgut where it is stored and digested. The
digestion is accompanied by the production of digestive
enzyme, formation and degradation of peritrophic matrix,
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absorption of the nutrients, and finally by the elimination of
the non-digested food throughout the hindgut (Beaty and
Marquardt, 1996). The organization and the changes in the
muscle network over this part of midgut appeared to be
completely related to the blood meal passage. The sand fly
abdominal midgut enlarges rapidly to hold a relatively large
amount of blood in a very short period of time (1-3 min.,
personal observation) and the only part of the organ
containing blood, appeared to be retained by stretched
fibers until the excretion of the non-digested meals.

Sand flies as other Diptera have gonadotrophic regu-
lation, i.e. after the blood meal digestion, they develop and
lay eggs. Consequently, observation of the structures of
genital organs is used in epidemiological evaluations for
distinguishing parous from nulliparous sandflies (Scorza et
al., 1968; Chaniotis and Anderson, 1967; Chaniotis and
Anderson, 1968). In new tropical sand flies, morphological
changes of the ovaries and accessory glands can be used
routinely (Lewis et al., 1970) but in the Old World species
these aspects are not so easy to be recognized (Foratini,
1973). Therefore, changes in other structures such as the
Malpighian tubules and fat body after blood meal have been
also proposed for the recognition of parous females
(Detinova, 1962) but they are not useful for most of the
sandflies (Lewis, 1965; Chaniotis and Anderson, 1967). In
our study, it is remarkable that after digestion of the blood
meal has been finished, the midguts showed complete
disorganized muscle network, with the muscle fibers of P.
duboscqi midgut returned to a better-organized network
than those in L. longipalpis. This fact could be due to the
differences in the arrangements of the muscle network of the
two sand fly midguts. Therefore, our results demonstrated
that after the blood meal, at least in two studied species of
Lutzomyia and Phlebotomus sand flies, the muscle network
organization changed drastically. These aspects can be used
as an exceptional mark to recognize female sand flies that
were already blood fed and consequently reached the
gonadotrophic cycle.

Muscle fibers, in general, are responsible for contraction
and distention of any organ that contains muscular tissues
including the ones responsible for body movements. The
muscle contractions can be voluntary or not. In vertebrates,
the muscle fibers related to voluntary movements are
composed by striated fibers (i.e. skeleton muscles) con-
trasting with those, which cannot be controlled by the

individual, which are formed by smooth fibers (i.e. visceral
muscles) (Bloom and Fawcett, 1975). This concept does not
apply to the insect visceral muscle including the sand flies.
Smith et al. (1966) and Nagai and Graham (1974) described
the visceral muscles of insects as containing striated fibers.
In the sand fly midguts, the muscle fibers are striated due to
the alignment of the filaments, clearly demonstrated by
Phalloidin labeling and SEM. Therefore, they resemble
skeletal muscles contrasting with the visceral muscles of
vertebrates, which are not striated. The striations of the
muscular fibers are due to the arrangements of their
molecules such as actin, myosin and tropomyosin, forming
units called ‘sarcomeres’ (Bloom and Fawcett, 1975). The
actin filaments consist of two chains of actin molecules
twisted around each other. In skeletal muscles, flight
muscles and visceral muscles each myosin filament is
surrounded by 12 actin filaments (Smith, 1984). The
sarcomeres were revealed here in the midguts of the two
sand fly species mainly by actin fluorescent staining. They
were arranged helicoidally in the midgut fibers. These
aspects were also visible by the SEM in relaxed muscle
fibers. Similar aspects have been recently observed in the
midguts of Aedes aegypti and Anopheles gambiae (Park and
Shahabuddin, 2000). These authors also observed that the
longitudinal and circular muscles lie more or less orthogonal
to form a grid.

In conclusion, the actin labeling with fluorescent
Phalloidin and SEM methodologies allowed us to
visualize in details the midgut muscle organization of
two sand fly species. The muscular components are
placed over the entire midgut region as circular and
longitudinal fibers, forming a well-arranged muscle
network. This muscle network in the midguts presented
structural modifications related with ingestion, storage
and digestion of the blood meals. It is interesting to
note that although L. longipalpis and P. duboscqi have
been evolutionarily separated for millions of years
(Harland et al., 1982), their midgut muscle network
has shown a similar general pattern, differing from each
other in some morphological details, which might
mirror their molecular and cellular different aspects.
Such knowledge allowed us to better understand the
organ physiology and disease transmission by these
insects.

Figs. 17-23. SEM images. Fig. 17: Whole midgut of P. duboscqi showing the thoracic (Th) and the abdominal (Ab) regions. Muscle fibers are forming a muscle
aetwork over the entire organ. Note also the presence of several tracheoles over the organ (arrows). Magnification: 200X . Fig. 18: Unfed blood midgut
showing thoracic regions of L. longipalpis. Ev, stomodaeal valve. Magnifications: 630 X. Fig. 19: Unfed blood midgut showing thoracic regions of P.
duboscqi. The muscle fibers are seen very relaxed with a wavy aspect. Note the longitudinal fibers over the circular ones in this figure. Magnifications: 2100 X.
Fig. 20: Unfed midgut of P. duboscqi showing the thoracic regions. The muscle network is very relaxed revealing aspect of the protruding basal lamina
‘asterisks). Tracheoles, arrows; Malpighian tube, Mt. Magnification: 700 X. Fig. 21: Unfed midgut of P. duboscqi showing the abdominal region. The muscle
1etwork is very relaxed revealing aspect of the protruding basal lamina (asterisks). Tracheoles, arrows; Magnification: 1300 X. Fig. 22: Unfed midgut of L.
'ongipalpis showing the limit region between abdominal midgut and the non-extended hindgut (arrows). Note the pack of muscle fibers around the pyloric
‘egion (Pt) and the insertion of the Malpighian tubules, Mt. Magnification: 700X. Fig. 23: Thirty-minute blood-fed midgut of L. longipalpis showing the
ransitional area(arrows) between the thoracic (Th) and abdominal (Ab) regions (arrows). Magnification: 700 X.
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