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Podékovani

Twvirci ¢innost se nikdy neodehrava v socidlnim vakuu. Véda i psani jsou naro¢nymi femesly,
vyzadujici mnoho Usili, Casu a energie. Proto mi nyni dovolte, abych nejprve podékoval vSem,

kteti mi tim ¢i onim zpiisobem pomohli tuto dizerta¢ni praci dovést do zdarného konce.

M¢ nejvetsi diky si zaslouzi Andrej Pavlovic, ktery na mé jakozto mtj skolitel po celou dobu
dohlizel, poméhal a radil mi, byl na m¢ hodny (podle mého soudu vice, nez bych si zaslouzil)
a sméroval mé studium ke zdarnému konci. Bez jeho pficinéni bych nejenze nestudoval tak
zajimavé téma (kterym masozravé rostliny nepochybné jsou), ale pravdépodobné bych své

studium z vlastniho rozhodnuti 1 pfed¢asné€ ukoncil. Jesté jednou diky!

Dale se slusi podékovat vSem, kteti mi pomohli pfi zvladnuti experimentalni ¢asti ¢i ziskali data
pro mé nedosaZitelnd. Jmenovité si podckovani zaslouzi Luka§ Nosek, ktery mé jiz
v pfedchozich ¢astech studia zasvétil do taji elektroforézy. Dale dékuji Jan€ JakSové, ktera
stanovila hladiny fytohormonti u tu¢nic a kolegialné se mnou sdilela studijni i védecké
poznatky. M¢é diky si zaslouzi Boris Bokor, ktery mi velmi pomohl s qPCR a diky jehoz
pfi¢inéni jsem se podival do zahrani¢i. Dik patfi 1 mnoha dal$im zainteresovanym tvaiim,

zejména spiiznénym biochemikim (kteti zpracovali data pro hmotnostni spektroskopii).

Krom samotného experimentovani a zpracovavani vysledkl si vZdy velmi cenim psychické
podpory. Rad bych podékoval Tereze Stenclové, Ze mi v temnych ¢asech byla oporou; dale

Pette Cechové, kterd po ni tuto Stafetu pievzala. Udélaly jste ze mé (ne)snesitelngjsiho Elovéka.

Pak jsou tu specifické zaleZitosti. Dékuji Hance Crlikové za trpélivost, kterou s mym krajné
zmatenym ja méla pii feSeni fady studijnich nejasnosti. Dékuji své osvédcené korektorce Katce
Cukrové, Ze se 1 v Casovém presu podivala na odborny text a vychytala gramatické nedostatky,
které jsem opomnél. Dékuji vSem svym napomocnym védeckym koleglim; za jejich pomoc a

za to, ze béhem uplynulych let snaseli mou tvrdohlavost, ssmomluvu, vtipy i1 depresivni stavy.

Dé&kuji své rodin€, ze respektuje ma rozhodnuti. Dékuji Ceské autorské komunité a svym
¢tenaftim, ze trpélivé pockali, az studium ukonc¢im. Dekuji vSem, na které jsem snad n&jakym
nedopatifenim zapomnél. A d€kuji i1 tob&, Ctenafi — bez tebe by tento text postradal smysl.

Védu uchovadm ve svém srdci, ale nyni je Cas pokracovat dal...
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1. Uvod

Rostlinnd fiSe zlstava pro ¢loveéka stale velkou hadankou. Oproti mnoha zivocichim se do
rostlinného zptisobu zivota a vnimani existence mizeme vcitit jen s krajnimi obtizemi. I malé
dite€ vi, ze rostliny jsou zivé; nicméné rostliny nevydavaji zvuky, nepohybuji se a vétSinou od
nich nehrozi bezprostfedni nebezpeci. Mozna proto si cela fada lidi mysli, ¢i namlouva, ze
rostlinstvo své okoli nevnimé a nedokaze na néj aktivné reagovat.

Ptitom je pro nas, jakozto zivoCichy pfitomnost rostlinstva naprosto esencialni. Stavba
dom, nabytek 1 lidsky odév — to vSe by bez rostlin vypadalo zcela jinak. Od romantickych gest,
od darovéni rize az po pro zivocCichy esencidlni tvorbu kysliku, jsou to pravé rostliny, které
hybou svétem. Koneckonctl, i tuto autorovu zavérecnou praci byste si bez existence papiru
ptecetli jen stézi.

Pro ¢lovéka je jednim ze zédsadnich ptfinosi rostlin pfirozeny kolobé&h zivota; ¢i 1épe
feceno, zakomponovani stavebnich latek jako dusik, uhlik a dalSich prvki do rostlinné biomasy.
Zivogichové takto dokazou piijimat a zpracovavat hmotu jiz organického ptivodu; nicméné aby
se pottebné latky do jejich potravy dostaly, bez rostlinstva se obejit nelze. Pravé zde ptichazi
ke slovu rostliny a jejich jedine¢ny proces znamy jako fotosyntéza, kterd se u Zzivocich
nevyskytuje.

Fotosyntéza je chemicko-fyzikalni reakci v biologickych systémech umoziujici za
pritomnosti svételného zafeni a vody pfeménu anorganickych latek (energeticky chudych) na
energeticky bohaté organické slouceniny (cukry). Tato reakce probihd v chloroplastech
zelenych rostlin, a dale probiha podobny proces také u fas, sinic ¢i vybranych bakterii (pfi¢emz
fotosynteticka draha zde oproti zelenym rostlinam muize byt odliSna). Jsou zde taktikajic zabity
dvé mouchy jednou ranou, nebot’ praveé tato reakce je zdkladem pro tvorbu atmosférického
kysliku a tvorbu rostlinné hmoty (oboji zivocichové spotiebovavaji, ale nedokaZzou z nezivé
piirody vytézit).

Energie ziskana rostlinstvem je investovana do vyvinu a ristu rostlinnych organti, které
lze rozdélit na vegetativni (kofen, stonek, list) ¢i generativni (kvét, semena, plody). Prvni
jmenované slouzi zejména ke vstiebavani a zpracovavani ziskanych latek, druhé jmenované
pro reprodukci a k uskladnéni zivin pro vznik potomstva rostliny.

V ramci pieziti a zachovani druhu u rostlin vznika adaptace na okolni podminky. Faktory
jako pfiliSna svételnd ozétenost, nedostatek zivin v pudé, vysoka teplota (a mnoho dalSich)
mohou ovlivnit pribéh fotosyntézy ¢i dalsi dilezité bioreakce v téle rostliny. Jelikoz rostliny

jsou svymi kotfeny pevné ukotveny v zemi a nemohou se pfed nezddoucimi vrtochy piirody



skryt, vyvinuly si v ramci evoluce celou fadu specifickych adapta¢nich mechanismii.

Kromé hrozeb pfichéazejicich z nezivé ptirody jsou zde vSak i jiné rostliny, herbivorni
organismy ¢i patogeny (houby, bakterie, viry). Za timto Gcelem se u rostlin vyvinula fada
obrannych mechanismt, jako naptiklad trny, jedy ¢i hypersenzitivni reakce. Co vic, rostliny
jsou schopny vzajemného dorozumivéni, umoziujiciho v€asné varovani rostlin v okoli. U
varovanych rostlin jsou pak nastartovany signdlni drahy vedouci k tvorbé ptislusnych latek.
Tato rostlinna komunikace je uskuteciovana molekulami uvolnovanymi do ovzdusi (coz vSak
muze byt nepraktické pifi neptiznivych povétrnostnich podminkach) ¢i pomoci vzajemné
propojeného kotfenového systému. Druhému jmenovanému je prezdivano ,,rostlinny internet®.
Ten v ramci lest tvofi jakysi ,,superorganismus®, skrze ktery jsou vysildny napftiklad ziviny ¢i
dokonce ¢asti genetické informace od starSich rostlin k mladsim.

Takovy je bézny pohled na rostlinstvo — avSak na planeté se vyvinuly rostliny, u nichz
byla obrana pfetavena v utok a nepfatelé (nejen) z fad ZivoCisSné fiSe zacali byt pozirani. Divody
vzniku masozravosti u rostlin jsou stale studovany. Masozravych rostlin 1ze nalézt po celém
svét¢ mnoho riznych druhd. Studium jejich evoluce a fungovani mize vyrazné napomoct
naSemu pochopeni pfizplsobivosti Zivota, historie vzniku zivota nasi planety a v dasledku 1
rostlin jako takovych.

Tato prace se vénuje vybranym masozravym rostlinam z hlediska regulace jejich
enzymatickych aktivit. Prvnim ze studovanych typi rostlin jsou tucnice (Pinguicula), jejichz
regulace enzymatickych aktivit ani sloZzeni enzym v travicich §tavach doposud nebyla fadné
probadana. Druhym pfedmétem naSeho vyzkumu se stala rozdilnost dvojice vzdjemné
piibuznych druhl 1a¢kovek (Nepenthes), kde byla u kazdé z nich odhalena odlisna strategie
zisku zivin. U obou studovanych ptipadi byly studovany regulaéni mechanismy masozravosti
a slozeni travicich §tav ptisluSnych rostlin. Abychom se vSak na tyto rostliny mohli podivat
podrobnéji, je tfeba Ctendfi nejprve piibliZit masozravé rostliny a zplsob jejich Zivota a

fungovani z hlediska dosavadnich poznatkii.
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2. Masozravé rostliny

U vétSiny rostlin jsou ziviny ziskdvany skrze kotfeny pfimo z piidy. Divod vzniku mixotrofie
masozravych rostlin Ize tedy odvodit z jejich pfirozeného prostiedi rastu. VétSina muze byt
nalezena v proslunénych krajinach, kde jsou svymi koteny ukotveny v podmacené pade neptilis
bohaté na ziviny a s trvale nizkym pH. Tyto vnéj$i podminky jsou rostlinami obvykle vnimany
jako stresové faktory, ¢imz je vytvoten selekéni tlak k adaptaci rostliny.

Pro aktivni pfijem nezbytnych Zivin (uhlik, dusik, fosfor, aj.) se u masozravych rostlin
vyvinuly specidlni organy slouzici k zachyceni hmyzu (¢i jiné drobné kofisti). Tyto organy
nazyvame pasti a béhem evoluce doslo k jejich vzniku morfologickou i funkéni preménou listu.
V soucasné dob¢ je rozliSovano celkem pét typt pasti: adhezni, gravita¢ni, mechanické,
hypotenzni a detentivni (Pavlovic€ a Saganova, 2015).

Adhezni pasti produkuji lepivy sekret na vrcholech napt. tentakuli (drobné Zlaznaté
emergence, umoziujici vypousténi a vstiebavani latek) nachazejicich se na povrchu listu. Hmyz
je prilakan vini ¢i blyStivymi kapkami. Pii doteku s visk6znim lepem rostliny se vSak kofist
nedokéze uvolnit a pti téchto marnych pokusech dochazi k dalsimu kontaktu obéti s rostlinnym
lepem. Obét’ se postupné vysili a je strdvena enzymy vylu¢ovanymi rostlinou. Mnohé adhezivni
pasti mohou disponovat ur¢itou mirou pomalého pohybu celého listu ¢i samostatnych tentakuli,
diky ¢emuz je kofist obklopena vétSim mnozstvim travicich §tav. Typickymi rostlinami
vyuzivajicimi tohoto typu pasti jsou rosnatky (Drosera), rosnolist (Drosophyllum), byblidy
(Byblis) ¢i tuénice (Pinguicula) (Poppinga et al., 2012).

Gravitacni pasti jsou tvofeny prevazné nalevkovitymi utvary zvanymi lacky. Hmyz je
prilakéan viini ¢i zbarvenim rostliny k 0sti 1a4¢ky, odkud spadne do jejiho nitra. Na dn¢ se nachazi
travici viskézni tekutina rostliny, skladajici se prevazné zenzymt a symbiotickych
mikroorganisml. Pokud by kofist unikla tekutin€, je jejimu opusténi la¢ky branéno
prostiednictvim voskové zony nebo trichomy v horni ¢asti pasti. S touto jednoduchou a
efektivni pasti se lze setkat napiiklad u lackovek (Nepenthes), cefalotu (Cephalotus),
darlingtonie (Darlingtonia), Spirlic (Sarracenia) ¢i heliamfor (Heliamphora) (Bohn a Federle,
2004; Gaume et al., 2004).

Mechanické pasti se sestavaji ze dvou protichtidnych Eepeli, z nichZ je kazda pokryta
nékolika citlivymi vy¢nélky. KdyZ se kofist dostane mezi Cepele a senzor je aktivovan jejim
pohybem, spusti se signalni draha, diky niz je rostlina pfipravena na pfitomnost potencialni
kofisti. Je-li v kratkém ¢asovém intervalu spustén dalsi signal, ¢epele rychlym pohybem kofist

seviou a uveézni. Zatimco se kofist pokousi uniknout, opakované je jejim pohybem spousténa
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signalni dréha, vedouci k masozravé reakci. Nejznaméj$im ptikladem je mucholapka podivna
(Dionaea muscipula), ktera je endemitem vyskytujicim se vyhradné v oblasti Jizni Karoliny,
ale naptiklad i u nas rostouci aldrovandka méchytkata (4ldrovanda vesiculosa) (Volkov et al.,
2008).

Hypotenzni pasti jsou drobné méchyiky, vyuzivajici vnitiniho podtlaku. Jakmile je kofisti
aktivovan spousteé¢ pasti, je v reakci odsunuta zaklopka a potrava je pod tlakem vcucnuta do
nitra vacku, kde nésleduje traveni. Tato past vyzaduje vlhké ¢i ptimo vodni prostiedi. Najdeme
ji vyhradné u bublinatek (Utricularia) (Adamec, 2012).

Detentivni past je tunelem s protichidnymi chloupky, jimiz je kofisti branéno, aby pfi
prachodu zménila smér svého putovani. Podobné¢ jako u lacek je zde hmyz nalakan dovnitt bez
moznosti navratu, avSak jeho zachyceni v tomto ptipadné neni otdzkou ptisobeni gravitace. Tato
past je typicka pro genliseje (Genlisea) ale tieba i pro Spirlici (Sarracenia psittacine) (Adamec,
2003).

I pres podobnost jednotlivych typi pasti probihal vyvoj masozravych rostlin po celém
svété z genetického hlediska zcela oddélene (Albert et al., 1992; Givnish, 2015; Fleischmann
et al., 2018). Tento jev se nazyva konvergentni evoluce. Je jim oznaCovan vyvin stejnych
evolucnich znakl vznikajicich pod podobnymi selekénimi tlaky nezéavisle na sobé. Opakem je
evoluce divergentni, pfi niz namisto k oddélenému sméfovani ke stejnému znaku, dochazi
evolu¢né k rozriznovani charakteristickych znakti. Z tohoto divodu je fada rostlin s totoznym
mechanismem lapani koftisti fylogeneticky neptibuznych (konvergence) anebo se v rdmci jedné
celedi stfetdvame s riznymi typy pasti (divergence). (Viz obrazek ¢.1.)

Vegetativni organy a jejich funkce zlistaly u masozravych rostlin zachovany. Za vyjimku
lze povazovat koteny, jejichZz schopnost Cerpat mikroelementy a makroelementy (zejména
dusik, fosfor, draslik) byla zfejmé z vétsi ¢asti prevzata praveé pastmi (Palfalvi et al., 2020).
Kofeny jsou bud’ ¢astecné nebo uplné redukovany (napt. u vodnich masozravych rostlin).
Zelené casti rostlin zUstavaji fotosynteticky aktivni a pfinéseji rostlin€ zejména organicky uhlik.
V ptipad¢ zelenych pasti (listy s tentakulemi, zelené 1aCky, aj.) zlstava proces fotosyntézy
zachovan. U nezelenych podzemnich pasti bublinatek a genlisei fotosyntéza absentuje, a proto
jsou v rostlinném pletivu obsaZeny fotosyntetické proteiny jen ve velmi malém mnoZstvi,
ptipadné vibec. Je predpokladano, ze primarni funkce pasti spo¢iva v ziskévani zivin z koftisti
a proces fotosyntézy je zde tedy utlumen. Na tuto skutecnost miize poukazovat i mala
koncentrace chlorofylu (pigment hrajici roli pii zdchytu svételného zéateni pii fotosyntéze); jeho
nedostatek zplisobuje zbarveni do Cervena, signalizujici pfevladajici roli antokyani ve vabeni

koftisti (Pavlovic a Saganova, 2015).
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Schopnost rostlinné masozravosti v sob¢é zahrnuje schopnost aktivniho lakéani, zachyceni
a traveni kofisti; a to takovym zpisobem, aby rostlina vstiebala z mrtvé kofisti ziviny pro svij
rast ¢i reprodukci. Takto je mozno rostlinnou masozravost odlisit od béznych obrannych
mechanism rostlin (Pavlovi¢ a Saganova, 2015).

Lakani kofisti je obvykle zprostiedkovano skrze vyrazné zbarveni pasti, ptipadné diky
produkci voskl odrazejicich svételné zareni v oblasti viditelného spektra hmyzu. Dalsi strategie
spociva v uvoliiovani viini, ptipadné¢ mize byt vabnickou i samotny pach rozkladajici se kofisti.
V neposledni fadé mtize byt rostlinou produkovan cukernaty nektar, kterym je vaben nejen
hmyz, ale v n¢kterych ptipadech i drobni savci. Ve specidlnich pfipadech miize slouzit jako
lakadlo 1 specificky tvar pasti (Schaefer a Ruxton, 2008; Jiirgens et al., 2009; Bennett a Ellison,
2009).

Jak jiz bylo zminéno vySe, k lapeni kofisti je vyuZivana celd fada pasti. Aby vSak
nedochdzelo k neefektivnimu plytvani energii, musi byt masozravost v reakci na kofist fizena.
Za timto ucelem pasti samotné obsahuji autoregula¢ni systém, ktery signalizuje piitomnost
koftisti a aktivuje (¢i udrzuje) signalni drahy vedouci k masozravému chovani rostliny (Bohm
et al.,2016; Higashi et al., 1993).

V epitelu pasti jsou umistény na pfislusnych mistech zlazy slouzici k vypousténi
rostlinnych enzymu slouzicich k rozkladu kofisti. Ziskané ziviny jsou absorbovany skrze
pienasece nebo endocytdzou v oblasti travicich Zlaz (Adlassnig et al., 2012; Schulze et al.,
1999). Rostlinné enzymy umoziujici travit kofist jsou pfevzaty od obrannych mechanismi
rostliny (Pavlovi¢ a Mithofer, 2019).

O regulaci enzymatické aktivity, rostlinnych travicich enzymech a adaptaci na rizné

druhy kofisti je pojednavano v nasledujicich tfech podkapitolach.
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Obrazek €. 1: Fylogeneticky strom znazornujici pozici rodit masozravych rostlin vici jinym rodum. Jde o ukdzku
konvergentni evoluce, kdy byl stejny typ pasti vyvinut u mnoha rodii nezavisle na sobé bez genetické pribuznosti;
pripadné naopak divergentni evoluce s ruznymi druhy pasti v ramci jedné celedi. Vylucné masozravé celedi
masozravych rostlin jsou zvyraznény zelené, v pripade zastoupeni masozravosti jednim ¢i dvema cleny celedi zluté
a podezienim na masozravost u jednoho ze ¢leni celedi je vyznaceno modre (Obrazek prevzat z Ellison a Gotelli,

2009.)
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2.1. Jasmonatova signalni draha

I ptes odlisnosti jednotlivych typt pasti se ukazuje, Ze obecny princip regulace masozravosti je
u lépe probadanych rodi masozravych rostlin (Dionaea, Drosera a Nepenthes) zalozen na
jasmonatové signalni draze. Jasmonaty patii mezi rostlinné hormony hrajici roli zejména pfti
obrannych mechanismech rostlin. Tim jsou mysleny pfipady mechanického poSkozeni (napf.
napadeni herbivorem), pfitomnosti fytopatogenti ¢i obecné plisobeni stresorti na rostlinu.
Chemicky jde o kratké fetézce alkylcyklopentenonovych a alkylcyklopentanonovych
karboxylat, jejichz biosyntéza vychazi z kyseliny linolenové. Pod vyraz jasmonaty je zahrnuta
kyselina jasmonova (JA) a jeji derivaty, mezi které patii napiiklad konjugat isoleucinu
s kyselinou jasmonovou (JA-Ile), kyselina cis-(+)-12-oxofytodienova (cis-OPDA) ¢i kyselina
12-hydroxyjasmonatova (12-OH-JA, Creelman a Mullet, 1997; Schaller et al., 2004; Howe,
2010).

Obecny mechanismus plsobeni jasmonatll spocivd v navdzani piisluSného ligandu
k odpovidajicimu receptoru, coz vede k aktivaci signalni drahy zodpovidajici za transkripci
konkrétnich gent (a tedy biosyntéze proteinll). Prozatim je vSak z molekularniho hlediska
objasnén pouze regulacni mechanismus skrze JA-Ile. Efekt ostatnich jasmonati doposud nebyl
zcela probadan. Aktivovana molekula JA-Ile je navdzdna na protein CORONATINE
INSENSITIVE1L (COIl), coz je signalni receptor, kterym je zprostiedkovana degradace
(ubiqitinace) represordt JASMONATE ZIM-DOMAIN (JAZ). Odstranéni represortt JAZ ma za
nasledek umoznéni aktivace genové exprese ptivodné blokovanych gent (Chini et al., 2007,
Thines et al., 2007; Fonseca et al., 2009; Sheard et al., 2010).

Jasmonatova signalni draha je u nemasoZravych rostlin aktivovana v pfipadé poskozeni
¢1 obrany, u masozravych rostlin také pti reakci na pritomnost kofisti (Pavlovi¢ a Saganova,
2015; Bemm et al., 2016; Pavlovi¢ a Mithofer, 2019). Zahrnuje rychly i pomaly pohyb listid a
sekreci travicich enzymu (Escalante-Pérez ef al., 2011; Mithofer et al., 2014, Krausko ef al.,
2017). Rostlinou v8ak neni rozliSovani mezi obéma druhy iniciatord (obrana, masozravost), jak
ukazali Pavlovi€ et al. (2017) a Krausko et al. (2017) v ptipadé mucholapky podivné (Dionaea
muscipula) ani rosnatky kapské (Drosera capensis). Bez ptitomnosti kofisti jsou vSak (v
zavislosti na okolni teploté, vlhkosti aj.) pasti rodu Dionaea ptiblizné¢ b&hem dne znovu
rozevieny. Obsahuji-li vSak pasti zivou kofist, mize byt tato doba prodlouzena az na tyden,
behem né&hoz je kofist aktivné rozklddana a ziskané Ziviny jsou rostlinou absorbovany.

Aktivacni stimuly jasmondtové signdlni drahy Ize de€lit na mechanické (po doteku se

vytvari akéni potencial) ¢i chemické (proteiny, chitin, NH4") (Pavlovi¢ a Mithofer, 2019).
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Mechanické stimuly jsou typickym spousté¢em u tentakuli rodu Drosera ¢i dosud otevienych
pasti rodu Dionaea. Chemické stimuly jsou charakteristické pro pasivni pasti typu la¢ek rodu
Nepenthes (Gallie a Cheng, 1997; Yilamujiang et al., 2016; Saganova et al., 2018) ¢i v ptipad¢
jiz zachycené kofisti rostlin Dionaea ¢i Drosera (Libiakova et al., 2014; Bemm et al., 2016;
Krausko et al., 2017; JakSova et al., 2020). Oba druhy stimuli vedou k akumulaci JA-Ile, ktera
je zodpovédna za expresi gent travicich enzymt (Bemm et al., 2016; Yilamujiang et al., 2016;
Pavlovi¢ et al., 2017; JakSova et al., 2020) ¢i sekundarnich metaboliti. Graficky je vyse
popsané znazornéno na obrazku ¢. 2.

Mechanickou stimulaci 1ze dobfe demonstrovat na cyklu masozravosti pasti mucholapky
podivné. Zjednodusen¢ byl tento mechanismus popsan jiz vyse (kapitola 2.), zde bude rozebran
podrobnéji; jeho grafické znazornéni se nachazi na obrazku ¢. 3.

Poté, co se kofist dotkne jednoho ze spoustécich vy¢nélk v pasti rostliny, dojde
k deformaci a stimulaci buné€k, vedouci k otevieni iontovych kanéli (Procko et al., 2021). U
rostlin se jedna konkrétné o ionty draselné (K*), vapenaté (Ca*") a chloridové (CI°). (Pozn.: u
Zivocichl se jedna o ionty draselné K* a sodné Na*.) Vznika receptorovy potencial, ktery je
amplifikaci skrze napétove fizené kandly pfetransformovén v akéni potencidl. Tim je doty¢na
past docasné piepnuta do ,,mdédu vyckavani®, kdy je od pohybujici se kofisti ocekavan dalsi
mechanicky stimul. Dojde-li k nému v rozmezi mezi 20 az 30 sekundami, past je vybuzenim
aditivniho akéniho potenciadlu sklapnuta a kofisti je zabranéno v uniku. Tento mechanismus
dvojitého spousténi je ochranou vii¢i stimuliim nepfichdzejicim od kofisti, naptiklad kapka
vody ¢i spadly list. Je regulovan koncentraci intracelularniho vapniku, ktery rapidné vzroste po
prvni stimulaci, avSak ne natolik dostatecné, aby aktivoval pohyb pasti. Nasledné jeho
koncentrace v prubéhu 20-30 sekund (viz vyse) klesa k ptivodni hlading, pokud nepfijde druhy
stimul, ktery zptisobi pfekroceni prahové hodnoty koncentrace a spusti rychly pohyb pasti
(Suda et al., 2020). Reakce pasti je také ovlivnéna teplotou — chladnéjsi teploty mohou
zpusobovat niz$i reaktivitu pasti.

Je-li kofist chycena, jsou jejimi pokusy o ut€ék mechanicky spoustény dal§i akcni
potencidly, vedouci k hermetickému uzavteni pasti (tzv. ,,zeleny zaludek®). Soubézné jsou
v disledku téchto stimulaci akumulovany jasmonadty, které spousteji expresi travicich enzymi.
Dle velikosti a aktivity polapeného tvora je tak v souladu s mnoZzstvim signalu uvoliiovano
odpovidajici mnozstvi travicich §tav a enzymt (Bohm et al., 2016). Jakmile se kofist zacne
rozkladat, jsou jeji stavebni prvky skrze ptislusné pirenasece pienaseny rostlinou do jejiho
pletiva a vyuzity pro dalsi rist (Adlassnig et al., 2012; Schulze at al., 1999). Po thynu kofisti

nejsou mechanické stimuly nadale buzeny a enzymaticka aktivita je regulovana na zakladé
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chemickych slozek ziskanych z potravy. Jako dominantni regulant se z tohoto hlediska jevi
koncentrace proteint, chitinu a NH4" (Libiakova et al., 2014; Bemm et al., 2016; JakSova et al.,
2020). Zejména v prvopocatcich travicich procest je rozkladan také chitin, tvotici exoskelet
hmyzu, ktery vSak neni povazovavan za snadno rozlozitelny zdroj dusiku (Pavlovi€ et al.,
2016).

Po vstiebani dostupnych latek je past znovu rozeviena. Tento cyklus je u kazdé pasti
zopakovan nékolikrat, az do vycCerpani pasti a jejiho odumfeni. Pokud je past poranéna,
zareaguje diky ptisobeni jasmonatové signalni drahy podobné jako pfi zachytu kofisti. To lze
povazovat za dikaz pievzeti rostlinné masozravosti ze signalnich mechanismti obrany rostlin.
(Pavlovi¢ a Mithofer, 2019).

Podobnym ptipadem, kdy jsou pohybem kofisti vybuzeny elektrické signaly vedouci k
znehybnéni a strdveni kofisti vykazuje naptiklad i rod Drosera (Krausko et al., 2017). Ty jsou
schopny svymi tentakulemi v blizkosti zachytu potravy pohnout tak, aby byly s kofisti v
bliz§im kontaktu. Timto je dosazeno zvétSeni oblasti rozkladu obéti a piijmu Zivin.

V ptipadé rodu Nepenthes je aktivita jasmonatl regulovana chemicky skrze pfitomnost
latek pochazejicich z rozkladajici se kofisti v travici tekutin€ lacky. Samotny piijem Zivin vSak
muze zpusobit depolarizaci membrdnového potencialu, coz vede k aktivaci jasmondtové
signalni drahy (Saganova et al., 2018). Chemické stimuly jsou typicky zprostiedkovany skrze
proteiny, chitinem ¢i pro rostlinu esencialnim dusikem, ktery je z kofisti pfijiman ve formé
NH4" (Libiakova et al., 2014; Yilamujiang et al., 2016; Saganova et al., 2018). Uvolnény
amoniak je vstfebavan skrze pienaseCe amoniaku (AMT1) v travicich Zlazach (Schulze et al.,
1999). Interakce molekuly amoniaku se sténami lacky soucasné dovoluje vpoustét do travici
tekutiny protony H" a okyselovat tak travici tekutinu (Higashi et al., 1993; An et al., 2001),
¢imz je regulovdna katalytickd aktivita uvoliovanych enzymi. Témi je kofist op&tovné
rozkladana a cely cyklus se opakuje. Schematicky kolobéh masozravosti uvnitf 1aky je

znazornén na obrazku ¢. 4.
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Obrazek €. 2: Grafické zndzornéni piisobeni stimulii jasmondatové signalni drahy. Mechanicka stimulace (Ci
poskozeni rostliny) vede ke vzniku akcnich potencialii, jimiz je spusténa molekularni signalizace. Obdobné je jiz
zachycenou koristi vyvoldvdna chemickad stimulace (proteiny, chitin, NHy), vedouci ke spusténi signdlini drdhy.
Chemicky 7izend jasmondtova signalni draha je vyuzivana také v lackovkach. Vyslednym efektem jasmondatii je

regulace enzymatické aktivity ¢i tvorba sekunddrnich metabolitii. (Obrdzek prevzat z Pavlovi¢ a Mithdfer, 2019.)
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Obrazek €. 3: Grafické znazornéni cyklu masozravosti pasti mucholapky podivné (Dionaea muscipula). V prvnim
kroku (nahore) se do oteviené pasti dostane korist a vybudi svym pohybem dva kratce po sobé jdouci akcni
potencialy. Rychlym uzavienim pasti je korist uveznéna a béhem par hodin i hermeticky uzaviena za syntézy
travicich enzymii. Ko¥ist je takto na zakladé stimulace jasmonatové signalni drahy béhem tydne stravena a ziviny
z ni rostlina absorbuje ke svému dalsimu riistu a vyvoji. Znovuoteviena past pak ¢eka na dalsi korist. (Obrazek

prevzat z Hedrich a Neher, 2018.)
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Obrazek ¢. 4: Schématické znazornéni cyklu masozravosti v lacce. Korist zachycend v travici tekutiné je s pomoci
bakteridalnich a rostlinnych enzymit rozebrana na mensi podslozky. Z hlediska regulacnich mechanismii
Jjasmondtové signalni drdhy hraje klicovou roli chitin a velmi pravdépodobné i molekula NH;*. Tyto signdlni
molekuly udavaji informaci o koncentraci kovisti v pasti a vedou k akumulaci jasmonatii, které reguluji mnozstvi
uvoliiovanych travicich enzymii. Soucasné je regulovano pH v travici tekutiné (skrze kandly propoustéjici H),

¢imz je zvySovana ¢i utlumovana aktivita pritomnych enzymui. (Obrazek prevzat z Higashi et al, 1993.)
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2.2. Enzymy masoZravych rostlin

Jasmonatova signalni draha reguluje tvorbu a uvoliiovani enzyma masozravych rostlin. Diky
hmotnostni spektrometrii jich u riznych druht masozravych rostlin bylo objeveno vice nez 20,
podobnych napfic¢ taxony (Eilenberg et al., 2006; Hatano a Hamada, 2008, 2012; Rottloff et al.,
2011, 2016; Lee et al., 2016; Fukushima et al., 2017, Krausko et al., 2017). Tyto enzymy jsou
vétSinou odvozeny ¢i pievzaty od rostlinnych enzymua bézné uplatiiovanych pfi patogenezi.
Jedna se tedy o dalsi z dikazli odvozeni znakli masozravosti z obrannych mechanismu rostliny.
Koktejl travicich §tav je rostlinou vylucovan skrze specifické zlazy; rozlozené stavebni prvky
z kofisti jsou poté skrze dalsi zIazy absorbovany do rostlinnych pletiv (Adlassnig et al., 2012;
Schulze et al., 1999).

Pti zachyceni hmyzi kofisti se travici $tavy nejprve dostavaji do styku s chitinovym
exoskeletem hmyzu. K jeho traveni je vyuzivana chitindza, enzym piivodné slouzici k rozkladu
bunécné stény patogennich hub. Tyto enzymy mlizeme rozdélit do dvou rodin glykosidickych
hydroldz (GH), oznac¢ovanych jako GH18 s GH19 (dle katalytické domény). Chitindzami jsou
hydrolyticky Stépeny B-1,4-glykosidické vazby chitinovych fetézcti N-acetylglukosaminovych
oligomerti, znichZ se chitinovy fetézec sklada. Chitindza mlZe byt dle zpisobu Stépeni
chitinového fetézce délena na exochitindzu (Stépeni vazby na okrajich fetézce) a endochitindzu
(Stépeni vazby uvnitt fetézce).

Chitinaza je délena do celkem Sesti tfid podminujicich jeji charakteristické vlastnosti
(Athuda et al., 2004; Hatano a Hamada, 2008, 2012; Lee et al., 2016; Rottloff ef al., 2016; Wan
Zakaria et al., 2019). V travici tekutiné vSak nemusi byt pfitomno vSech Sest tfid; naptiklad u
rodu Nepenthes byly objeveny jen tii tfidy chitinaz (I, III a IV) (Eilenberg ef al., 2006; Rottloff
et al., 2011; Ishisaki et al., 2012a,b; Lee et al., 2016).

Chitindza I je slozena ze Ctyf na sebe navazujicich domén: hydrofobniho N-konce
véazajiciho chitin, domény bohaté na cystein (formujici disulfidické mustky), variabilni ¢asti
bohaté na prolin a katalytické oblasti. Dodate¢né miize byt ptitomno i prodlouzeni v podob¢ C-
konce, slouZiciho k pfenosu proteinu do vakuoly (Renner a Specht, 2012).

Chitinazu I (GH19) lze rozdélit na dvé podtiidy. V prvni z nich je C-konec ptitomen
(chitindza Ia), ve druhém nikoliv (chitindza Ib). Jsou-li chitindza Ia a Ib uvoliiovany béhem
traveni kofisti, je kazda z podtiid distribuovéana v jiné mite; zatimco chitindza Ia je uvoliiovana
neustale, chitindza Ib je upregulovana v reakci na pfitomnost chitinu. Chitindza la hraje roli pfi
ochrané vii¢i patogentim, Chitinaza Ib i pii traveni kofisti (Renner a Specht, 2012). Predpoklada

se, ze puvodni chitindza I slouzici pfi obran€ byla duplikovana a nésledné duplikaty byly
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neofunkcionalizované na dvé riizne funkce (Renner a Specht, 2012). V masozravych rostlinach
byla poprvé popsdna a charakterizovana v masozravé rosnatce Drosera rotundifolia
(Matusikova et al., 2005), v laCkovce Nepenthes khasiana (Eilenberg et al., 2006) a mucholapce
Dionaea muscipula (Paszota et al., 2014).

Chitinéaza I1I (GH18) nema ve své sekvenci piiliSnou podobnost se ¢leny rodiny GH19.
Postrada oblast pro navazani chitinu (Tuppo et al., 2018) a svou strukturou piipomina spise o/
skladany list (Ubhayasekera et al., 2009; Funkhouser a Aronson, 2007) nezli a-Sroubovici
(typicka spise pro t¥idy chitinaz I, 11, IV). Nejvétsi ptibuznost vykazuje s chitinazou V (taktéz
GH18) skrze charakteristickou sekvenci DXDXE (Ishisaki et al., 2012a), jinak je ovSem jejich
homologie nizka. Clenové rodiny GHI18 jsou vyrazné vice rozptyleni mezi rizné typy
organismu (viry, bakterie, houby, zvitata i rostliny) ve srovnani s ¢leny GH19, které byly
objeveny vylucné v rostlindich a nckterych bakteriich (Funkhouser a Aronson, 2007).
V masozravych rostlinach byla poprvé popsana v lackovce Nepenthes rafflesiana (Rottloff et
al., 2011) a Nepenthes alata (Ishisaki et al., 2012a). Stepi spise delsi chitinové polymery.

Chitinaza IV (GH19) je strukturou podobna chitinaze I, ovsem dosahuje mensich rozmért
v disledku delece, ktera narusuje oblast navazujici chitin a katalytickou oblast (Ubhayasekera
et al., 2009), coz zpusobuje kratsi a Sirsi katalyticky rozstép. Jejich biologicky vyznam tedy
spociva zejména ve Stépeni mensSich substratovych segmentd. V masozravych rostlinach byla
poprvé detekovana pti Nepenthes alata (Hatano a Hamada, 2008; 2012; Ishisaki et al., 2012b).

Natravenim chitinového cytoskeletu je umoznén ptistup ke snadnéji rozlozitelnym (a tedy
preferovanym) castem kofisti (Pavlovi¢ et al., 2016). Ke S$tépeni bilkovin jsou vyuZivany
zejména proteazy, hydrolyticky rozrusujici peptidické vazby mezi aminokyselinami. Proteazy
mohou byt déleny na exoproteazy ($t€pi vazby od koncti fetézce) ¢i endoprotedzy (Stépi vazby
uvnitf fetézce). V masozravych rostlinach hraji ulohu zejména cystein proteazy a aspartat
proteazy, serin carboxypeptidazy a prolyl endoproteazy.

Podle toho, kterda aminokyselina se v aktivnim misté¢ enzymu podili na rozruSeni
peptidické vazby, se protedzy déli do n€kolika skupin, od kterych je odvozen 1 jejich nadzev.
Protedzy se obecné vyznacuji aktivitou pii niz§im pH okolniho prostiedi. Skladaji se z jednoho
polypeptidového ftetézce, ktery zhlediska 3D struktury nabyvé tvaru dvou pftiblizné
symetrickych lalokl (zahybti). Aktivni misto §t€peni se nachazi v rozsedlin€ mezi témito laloky
(Kadek et al., 2014).

Cystein protedaza ma ve svém aktivnim misté konzervovany cystein a histidin. VétSinou
se kovalentn¢ vaze na substrat vytvafenim docasné tiolesterové vazby. Tohoto typu protedz

existuje velké mnozstvi, které se déli na n€kolik superrodin a v uz§im déleni na nékolik rodin.
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V rostlindch se typicky vyskytuje v ovoci (napi. papain v papaji a bromelian v ananasu, podili
se na Stépeni latek ve vakuolach a dozravani ovoce), ale i v fadé jinych typl organismtl.
V masozravych rostlinach plni svou roli v ochrané pted patogeny a pfi traveni kofisti (Butts et
al., 2016). Je syntetizovana jako zymogen, ktery se pii kyselém pH aktivuje odsStépenim
propeptidu. Poprvé byla detekovana v masozravé mucholapce, kde se nazyva dionain
(Takahashi et al., 2011) a v rosnatkach Drosera indica (Takahashi et al., 2012), D. capensis
(Krausko et al., 2017), D. adelae (Fukushima et al., 2017), v nichz se nazyva droserain.
Krystalovou strukturu a bliz8i charakterizaci dionainu uskute¢nili Riser ef al. (2016). Vyrazna
expanze genovych rodin koédujicich cystein protedzy, které se preferencné experimuji v pasti
bublinatek Utricularia gibba, indukuje, ze tenhle rod masozravych rostlin vyuzivéa taky cystein
proteazy (Lan et al., 2017).

Aspartat protedza ma ve svém aktivnim misté konzervovany dvé kyseliny aspartatove,
které napomahaji pii Stépeni dipeptidovych vazeb. Existuje celkem pét superrodin vzniklych
nezavisle na sob¢ a sdilejicich $tépici mechanismus. Na rozdil od cystein protedzy nevytvaieji
béhem Stépiciho procesu kovalentni vazbu — jejich interakce se substratem je pouze
jednokrokové (Rao ef al., 1998). V ptipad¢ masozravych rostlin se vyskytla fada specifickych
aspartat protedz ucinnych pfi traveni kofisti. Prvnimi objevenymi a charakterizovanymi aspartat
protedzami byly dvé aspartat protedzy z laCkovky Nepenthes distilatoria a Nepenthes gracilis
specificky pojmenovany Nepenthesin I a II (Athauda et al., 2004). Od té doby byly popsany
minimalné¢ dalsi ¢tyfi izoformy tohoto enzymu v rtiznych druzich lackovek: nepenthesin I, II,
I, IV, V a VI (Lee at al., 2016; Wan Zakaria et al., 2019). Jsou syntetizovany jako zymogeny,
které se pii kyselém pH aktivuji odstépenim propeptidu. Nepenthesin se od ostatnich aspartat
proteaz odliSuje specifickym NAP inzertem (nepenthesin type aspartate protease) bohatym na
aminokyselinu cystein, coZ mu umoziiuje vytvafet v porovnani snapf. pepsinem vice
disulfidickych mustkl. Athauda et al. (2004) uvadi, Ze prave tenhle NAP inzert je odpovédny
za vysokou odolnost vii¢i zvySené teploté ¢i nizkému pH okolniho prosttedi, nez je bézné u
klasickych aspartat proteaz (Kadek et al., 2014). Podobné¢ se v literatute 1ze setkat (Takahashi
et al., 2009, 2012, Schulze et al., 2012) s pojmy Dionaeasin, Droserasin ¢i Cephalotusin, které
jsou analogickym vyjadienim pfitomnosti NAP specifické aspartat protedzy u ptislusného typu
masozravych rostlin (Dionaea, Drosera, Cephalotus, Fukushima et al., 2017). Diky své vysoké
stabilité a rozdilnému Stépeni peptidd (v porovnani s jinymi enzymy) uz aspartat proteaza
nepenthesin nasla uplatnéni 1 v protemickych studiich (Kadek ez al., 2014).

Serin karboxypeptidaza s aminokyselinou serin v aktivnim misté enzymu je exoproteaza

Stépici peptidy z C-konce proteinu. Poprvé byla identifikovana v masozravé mucholapce
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(Schultze et al., 2012) a né€kolika rtiznych druzich lackovek Nepenthes (Lee et al., 2016;
Rottloff et al., 2016).

Prolyl endoprotedza Stepi peptidickou vazbu na C konci aminokyseliny prolinu a je zatim
posledni (teprve nedavno) objevenou protedzou v masozravych rostlinach. Prolyl endoproteaza
Neprosin I byla poprvé identifikovana v masozravych laCkovkach Nepenthes ventrata (Rey et
al., 2016; Schrader et al., 2017; Lee et al., 2016) a Nepenthes rafflesiana a Nepenthes
ampullaria (Zulkapli et al., 2021). Ukazalo se, Ze tento enzym dokaze Stépit lepek a predstavuje
proto potencialni moznost prirodni 1€cby celiakie (Rey et al., 2016).

Ackoli chitindza, aspartat protedza Ci cystein protedza se jevi jako kliCcové enzymy
traviciho procesu masozravych rostlin, ne vzdy byla zaznamendna ptitomnost vSech tfi.
Naptiklad v travici tekutin€ nékterych druht lackovek (Nepenthes) nebyla v mnoha ptipadech
doposud odhalena cystein protedza; existuji vSak i opacné ptipady, naptiklad u Nepenthes
ampullaria (Zulkapli et al., 2021) ¢ Nepenthes ventricosa (Stephenson a Hogan, 2006).
Sarracenia purpurea a Cephalotus follicularis se taky pii traveni vice spoléhaji na aspartat
proteazu; cystein proteaza zatim u nich detekovana nebyla (Fukushima et al., 2017).

V travicich §téavach bylo analyzovano 1 mnoho dalSich podpirnych enzymd,
katalyzujicich rozklad dil¢ich soucasti rozkladané koftisti. Jako ptiklad budiz uvedeny enzymy
fosfatdza (odstépeni fosfatové skupiny), peroxidaza (Stépeni volnych radikali), nukledza
(Stépeni fosfodiesterové vazby nukleovych kyselin), fosfolipdza (Stépeni fosfolipidi),
glukanézy (Stépeni polysacharidu glukanu) atd. Tyhle enzymy jsou vétSinou studovany v mensi
mife. Jako ptiklad t&chto podpiirnych enzymi jsou zde stru¢né nastinény enzymy ribonukleaza
a glukanaza.

Ribonukledzy (RN4zy) jsou nukledzy umoznujici Stépeni ribonukeovych kyselin (RNA).
Jde zde o hydrolytické Stépeni fosfodiestrovych vazeb (tj. dvé esterové vazby propojené skrze
fosfor). Existuje mnoho variant tohoto druhu enzymu; z hlediska masozravych rostlin je
zajimava S-RNaza (rodina T2), kterd se bézné uplatnuje v rostlinach za icelem obrany proti
patogentim (zejména virim), stresu pii nedostatku fosforu ¢i pti senescenci. V travici tekuting
masozravych rostlin byla poprvé popsdna v rosnatce Drosera adelae, kde se tento enzym
nazyvany S-like RN4aza podili na Stépeni RNA z kofisti (Okabe et al., 2005; Arai et al., 2015).
Pozdé&ji byla detekovana taky v Dionaea muscipula a Cephalotus follicularis, pricemz regulace
jeji exprese je u ruznych druht rozdilna (Nishimura et al., 2013). Existuji dvé tiidy tohoto
enzymu; S-like RNdaza I a II, které se 1181 mnozstvim intront (tj. oblasti vystfizenych z mRNA
pfi tvorbé proteinu), kde tiida I ma tii a tfida II jich ma vice (Nishimura ef al., 2014). Aktivni

misto S-like RNazy sestavaji z jadra stabilizovaného dvéma histidiny (Nishimura et al., 2013).
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Glukanazy slouzi ke Stépeni polysacharidu glukanu, ktery se sklada z nékolika molekul
glukézy. Konkrétn€ jde o hydrolytické Stépeni glukosidickych vazeb. V rostlindch sehravaji
svou roli v mnoha fyziologickych procesech i v obran¢ viic¢i biotickym i abiotickym strestim.
(Michalko a Matusikova, 2012). V ptfipad¢ travicich $tdv masozravych rostlin se hovofii
piedevsim o B-1,3-glukanaze (celym svym nazvem glukan endo-1,3-glukosidaze, pochazejici
zrodiny GH17), které katalyzuji $t€penil,3-B-D-glukosidické vazby (Michalko ef al., 2013,
2017). Mimo antipatogenni ochranu a trdveni hmyzi kofisti tak miZze jit i o enzym
,vegetarianskych® masozravych rostlin, rozkladdajicich pyl, semena, spory, detrit ¢i dalsi
objekty bohaté na glukan. Toto vSak bylo doposud studovano nepiimo, napiiklad krmenim
tucnic pylem borovic v praci Harder a Zemlin (1968), kdy toto stimulovalo rist a kveteni. Dale
se ukazuje, ze B-1,3-glukandza masozravych rostlin svou skladbou spadda mezi glukanazy V
(Michalko ef al., 2017), avSak k Gpln&jsi predstavé bude tfeba dalSich studii.

V riznych druzich masozravych rostlin se zastoupeni jednotlivych enzymu trévici
tekutiny mtize liSit. V nékterych ptipadech je znam vyskyt enzymu specificky pro konkrétni
druh masozravych rostlin — jako ptiklad budiz uvedena amylasa ($t€peni Skrobu na jednodussi
sacharidy) v exudatu listd tuénic (Pinguicula) (Heslop-Harrison a Knox, 1971; Kocab ef al.,
2020). Mnoho enzymu je naopak stejnych napii¢ mnohymi nepiibuznymi fylogenetickymi
skupinami — napftiklad aspartat nebo cystein proteaza (Fukushima et al., 2017).

K traveni kotisti mohou pfispivat i bakterie ¢i houby z okolniho prosttedi, které disponuji
vlastni sadou rozkladnych enzymu (Young et al., 2018). Tyto organismy se do pasti dostavaji
spole¢né s kofisti (viz dale). Zda diky enzymim rostliny ¢i spfiznénych organismii budou
v prostfedi masozZravé rostliny katalyzovany reakce s dostate¢nou tc¢innosti, se odviji od pH
travici tekutiny. Aktivita protedz nabyva nejvyssi t€innost pii pH < 3, zatimco aktivita chitinaz
se blizi maximu pii méné kyselém pH (4 az 7).

Rozkladné procesy mohou byt usnadnény i1 prostfednictvim mutualistickych savci.
Naptiklad u lackovky Lowovy (Nepenthes lowii) ¢i u Nepenthes hemsleyana ptijima rostlina
zivo€ichem jiz predtrdvenou potravu ve formé moci a vykald, které mohou byt rostlinou
zpracovany s niz§im vynalozenim energie. Zachycena mocovina neni metabolizovana v pasti
samotné, ale absorbovana do rostlinného pletiva, kde je rozlozena vSeobecné v rostlinach
pfitomnym enzymem uredza, jenZ katalyzuje hydrolytické St€peni mocCoviny (Yilamujiang et
al., 2017). Ztoho plyne, Ze pro rozklad mutualistickych vyméski lacka dané rostliny

nepotiebuje dodatecné adaptace ke koprofagii.
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2.3. Korist masoZravych rostlin

Ackoli vyuzivanym vyrazem ,kofist je v souvislosti s masozravymi rostlinami povétSinou
myslen ,,hmyz*“, poskytuje tato kapitola pro ucely prace drobné rozsiteni tohoto pojmu.

Jelikoz karnivorie masozravych rostlin nahrazuje ptisun dusiku z ptid chudych na ziviny,
stala se pravé hmyzi kofist idealnim zdrojem dusiku. Hmyz totiz obsahuje n¢kolikandsobné
vy$si koncentraci dusiku a fosforu nez rostlina (Pavlovic€ et al., 2016). Skutecnost, jak moc je
dusik pro rostlinu dilezity, mize byt reflektovana naptiklad s fotosyntézou spiiznénych
proteinech, ¢imz se pro spravny chod rostliny stava tento prvek esencialni. A praveé po Gspésném
straveni kofisti je dusik z hmyzu inkorporovan do fotosyntetického aparatu (Capo-Bauca et al.,
2020). Navzdory vyhodnému pieorientovani na insektivornimu chovani vS§ak mimo hmyz u
nékterych rostlin dochdzi ke specializaci na jiné typy potravy, pravdépodobné v disledku
medzidruhové konkurence, adaptivni radiace a specializace na rizné zdroje dusiku v prostiedi
(Chin et al., 2014). Jedna se zejména o vykaly zvifat ¢i spadeny rostlinny material. Se zménou
stravy navic souvisi i zmény ve slozeni trdvicich §tav ¢i nejruznéjs$i morfologické zmény; ty
mohou past ucinit pro hmyz méné atraktivni (Moran, 1996; Adam et al., 1997; Clarke, 1997;
Moran et al., 2003; Bauer et al., 2011; Chin et al., 2014). JelikoZ je vSak hmyz ve vétSing
ptipadl pro masozravou rostlinu stale nejefektivnéjsim zdrojem dusiku (Pavlovi€ ef al., 2016),
byvaji v porovnani s nimi zdroje potravy jako vykaly (cca polovicni obsah dusiku) ¢i
rozkladajici se listy (cca desetinovy obsah dusiku) vyuzivany méné (Pavlovi€ et al., 2011).
Casto se také stava, Ze dand rostlina nezméni své stravovaci navyky zcela, nybrz si ¢aste¢né
ponecha oteviena zadni vratka pro moznost insektivorie.

Za ptiklad cisté insektivorni rostliny muize byt povazovana napiiklad mucholapka
podivna (Dionaea muscipula). Nékteré rostliny vSak vykazuji preferencni specializaci 1
v oblasti hmyzi kofisti. Naptiklad 1a¢kovka lemovana (Nepenthes albomarginata) tvoti pod
svym obustim trichomy, které se vizualné jevi jako bily pas. Ten je atraktivni pro termity rodu
Hospitalitermes, kteti bilou ¢ast povazuji za liSejnik, slouzici tomuto druhu hmyzu jako potrava
(Moran et al., 2001; Merbach et al., 2002). Zatimco termiti putuji za vidinou potravy, nemala
¢ast konci v lacce a sama se potravou stane (uvadi se, ze az 54 % celkového dusiku v listech
pochézi pravé z tohoto jednoho druhu termiti).

Z tad laické vefejnosti je Casto pokladan dotaz, zda insektivorni rostlina dokéze stravit i
pokrocilejsi Zivocichy nezli hmyz (mysSleno napiiklad malé savce ¢i obojZivelniky).
V nékterych vétsich lackach rodu Nepenthes 1ze skutecné najit roztravené zbytky obratlovc,

avSak jedna se spiSe o vyjimky. Piedpokladd se, Ze tito zachyceni ZivoCichové byli
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handicapovani, diky ¢emuz se nedokazali z pasti osvobodit. Ackoli je tedy rostlina stravit
dokdze, nejsou jejim primarnim cilem, nebot’ rostlina samotna ani nevynaklada energii na jejich
aktivni lakani do pasti. Prili§ velka kofist dokonce mutize vést k zaniku pasti nebo k thynu ¢asti
¢i celé rostliny.

U nékterych druht masozravych rostlin je vzhledem k pfitomnosti drobnych pasti lov
vétStho hmyzu takika nemozny (Friday, 1991). Mezi masozravé rostliny jsou vSak fazeny diky
lovu mensich organismt (zooplankton, rozto¢i, aj.). Do této kategorie spada naptiklad
bublinatka obecna (Utricularia vulgaris).

O castecném odklonu od rostlinné karnivorie se da hovofit napiiklad u lackovky
soudeckové (Nepenthes ampullaria), ktera se ptizptsobila zachytavani detritu (tj. odumirajicich
organickych pozustatkil), zejména pak spadenych listti. Tvar lacky je soudeckovity, tenké vicko
je odklopené dozadu, aby nebranilo priniku dopadajici listové hmoty (Moran et al., 2003;
Pavlovi€ et al., 2011). Mezi dalsi znaky adaptace k ptfevazné saprofagnimu zplisobu zivota
(detritivorie) patii redukce retencnich mechanismt (Gaume et al., 2002; Moran et al., 2010),
absence nektarovych 714z i slabsi okyselovani travici tekutiny rostlinou samotnou (Moran et
al., 2010; Fleischmann et al., 2018). Zména pH v lacce je zpisobena samotnym rozkladem
opadu a je vétSinou vySsi nez optimalni hodnota pro fungovani nepenthesinu (Clarke, 1997;
Moran et al., 2010, Saganova et al., 2018). Hmota spadena do 1a¢ky je do vétsi miry rozkladana
skrze bakterie a houby, uzpisobené Zzivotu v travici tekutiné lacky rostliny. Jelikoz vSak
rostlinnd hmota nepostacuje k ziskani dostatecného mnozstvi Zivin (pochazi z ni pouze 35 %
dusiku vstfebaného do listit), zlistala zde schopnost traveni zivo¢i§né kofisti a produkce enzymi
zachovéana (Zulkapli et al., 2021). VySe zminéni rozkladaci (bakterie, houby) slouzi jako
potrava dal$im organismuim, které se po svém thynu stavaji dalsi slozkou potravy lackovky.

Podle nékterych teorii (viz kapitola 3) jsou zachytu detritu schopny naptiklad i tu¢nice
(Pinguicula), které idajné mohou na lepu svych listli zachytit a stravit pylova zrna jinych
rostlin. Experimentalni pfikrmovani rostlin P. /usitanica pylem borovice vedlo k nérustu listové
hmoty a podpory kveteni (Harder a Zemlin, 1968). Vice o této doposud nepfili§ probadané
rostling jest popsano v kapitole 3.1. Tucnice (Pinguicula).

Nékteré z dalSich forem rostlinné masozravosti mohou byt spojeny s mutualismem
(oboustrann¢é vyhodna symbidza) rostliny s zivo¢ichem. V nékterych ptipadech dokonce i s
hmyzem samotnym, jako je tomu naptiklad u la¢kovky dvojostruhaté (Nepenthes bicalcarata).
Ta skyta ukryt mravencim Camponotus schmitzi, zvanych téz jako ,,mravenci potapeci®. Ti se
jednak zivi na nektaru produkovaném lackou, dale také interaguji se zachycenou kofisti

(Thornham et al., 2012). Ta je bud’ mravenci odnesena k vlastni konzumaci, nebo je kofist
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snazici se o uték shazovana zpét do travici tekutiny. Diky tomuto je u tohoto druhu la¢kovky
redukovana naptiklad voskova zona, bézné se vyskytujici v horni ¢asti lacky. Dalsi profit
rostliny pak spociva v traveni mravenciho trusu, CiSténi peristomu, odhanéni rostling
Skodlivého hmyzu (ktery je mravenci rozeznan) a redukci parazitickych organismu (naptiklad
komatich larev) v lacce (Bonhomme et al., 2011; Merbach et al., 2007; Scharmann et al., 2013).

Mutualismus v$ak neni pouze devizou vztahu rostlina-hmyz. V ptipadé¢ lackovky Lowovy
(Nepenthes lowii) je princip oboustranné vyhodného souziti mozny i v ptipadé savci. Zde
dochazi k interakci s drobnym savcem tana horska (Tupaia montana), ktera rostlinu navstévuje
kvili cukernatému nektaru v horni ¢asti vicka. Zatimco savec okupuje zdroj potravy, jeho mo¢
a vykaly jsou zachytavany do lacky a rozkladany — uvadi se, ze 57 % az 100 % dusiku z této
potravy kon¢i v listech rostliny (Clarke et al., 2009; Chin et al., 2011; Greenwood et al., 2011).
Tato potravni adaptace vSak zpusobila evolu¢ni redukcei insektivorie naptiklad ve vyrazné nizsi
atraktivité pro hmyz, absenci funkéniho peristomu, odklonéného vicka (a tim fedéni travici
tekutiny destém), malé viskozité travici tekutiny ¢i absence voskové zony (Clarke et al., 2009).
Minimalné u dalsich dvou druhi lackovek (Nepenthes macrophylla a Nepenthes rajah) se
setkavame se stejnou strategii. Nepenthes rajah navstévuje v nocnich hodinéach taky vetsi savec,
Rattus baluensis (Greenwood et al., 2011), ¢imZ dochézi k ¢asové segregaci mutualistickych
partnerd (Tupaia montana navstévuje Nepenthes rajah jen v dennich hodinach).

S obdobnym koprofagnim chovanim se lze setkat naptiklad u masozravé rostliny
Nepenthes hemsleyana, u niz se vyvinul mutualisticky vztah s drobnymi vinénymi netopyry
Kerivoula hardwickii. Zatimco lacky slouZi tomuto druhu netopyrd jako denni ukryt, profit

rostliny spociva v ziskani netopytich vymeéskt bohatych na ziviny. Netopyry je tato lackovka

odhalena diky specifickému odrazu zvuku v ramci echolokace (Schoner et al., 2015).

p

Obrazek ¢. 5: VWybrani zastupci masozravych rostlin z rodu Nepenthes a jejich mutualisticti partneri z Fad savcii:
(A) Nepenthes lowii a krmici se Tupaia montana, (B) Nepenthes rajah a krmici se Rattus baluensis, (C) Nepenthes

hemsleyana a Kerivoula hardwickii, nalézajici hnizdisté. (Obrazky byly prevzaty z internetu a upraveny.)
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2.4. Cile prace

V piedchozich kapitolach byl shrnut obecny princip fungovani masozravych rostlin z hlediska
regulace enzymatickych procest. Nasledujici kapitoly jsou zaméieny na obeznameni Ctenaie
s konkrétnimi studovanymi druhy rostlin, které z pohledu vyse zminénych principt budi otazky
ohkedn¢ regulace enzymatické aktivity. Provedend analyza studovanych rostlin je posléze
diskutovana vice do hloubky. Na konci prace jsou tradi¢né pfilozeny vysledky vyzkumu
v podob¢ publikovanych ¢lank.

Za prvni ze studovanych témat byla zvolena regulace enzymatické aktivity v tucnicich
(Pinguicula). Ackoli masozravé chovéani této rostliny bylo pozorovano jiz Charlesem
Darwinem (popsal ji i ve své knize Insectivorous plants z roku 1875), ve védecké literatute ji
nebylo vénovano tolik pozornosti, jako nekterym dal§im druhiim masozravych rostlin (typicky
fad hvozdikotvarych (Caryophyllales). Ackoli stavba rostliny 1 zplsob chytani kofisti jiz v
nckterych star§ich pracich byla zkoumdna, enzymatické slozeni travicich §tédv a regulace
rozkladného procesu doposud nebyly fadné probadany.

Druhym zpracovanym tématem je otdzka enzymatické aktivity v laCkach rostliny
Nepenthes hemsleyana, u niz byl popsan mutualisticky vztah s jednim druhem netopyrt
Kerivoula hardwickii. Tento savec lacky rostliny vyuziva jako denni tikryt vymeénou za netopyti
exkrementy a moc, které rostlina vyuziva jako zdroj Zivin. Dosud vSak nebylo znamo, jak
z hlediska regulace enzymatické aktivity koprofagni chovani ovlivnilo plivodni insektivorii.
Pro lepsi vhled a porovnani byla sou€asné studovana i typicky insektivorni lackovka Raftlesova
(Nepenthes rafflesiana), kterd je geneticky nejblizSim piibuznym rostliny Nepenthes
hemsleyana (v dobé€ psani textu bez oficidlniho ¢eského nazvu).

V souhrnu je tedy v této praci zkoumdna nepfili§ probadana problematiku regulace
enzymatickych procesti v tucnicich (Pinguicula), spadajiciho do tadu hluchavkotvarych
(Lamiales). Dale jsou zkoumany a diskutovany vlivy riznych zdroji dusiku u insektivorni
(Nepenthes rafflesiana) a koprofagni (Nepenthes hemsleyana) masozravé rostliny na

enzymatickou aktivitu obou rostlin pfi krmeni charakteristickym druhem potravy.
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3. Regulace enzymatickych aktivit tu¢nic

Tucnice (Pinguicula) jsou masozravé rostliny z fadu hluchavkotvarych (Lamiales). Stejné jako
ostatni masozravé rostliny vyristaji tu¢nice v podmacenych ptdach s nedostatkem zivin ¢i
raselinistich. Rozifeny jsou az na vyjimky po celém svéts, v Cesku se Ize setkat se dvéma
druhy: tu¢nici obecnou (Pinguicula vulgaris) a tucnici ceskou (Pinguicula bohemica). U druhé
jmenované ovSem panuje spor, zda ji 1ze povazovat za samostatn¢ vyvinuty druh nebo pouze
lokalni poddruh tu¢nice obecné (Studnicka a Hejny, 1992).

Tucnice jsou tvofeny ruzici zelenych listii vej¢itého az elipsovitého tvaru. Kofeny jsou
nevétvené, slouzici zejména pro ukotveni rostliny v padé€. Rostlina tvoii dlouhé stopky s kvéty
nafialovélé barvy. Tu€nice vyskytujici se v teplych oblastech jsou aktivni celorocné, naopak
tucnice rostouci v sezoénnich pasmech po ptichodu chladnéjSiho klimatu docasné ptestavaji byt
masozravé a vytvati pfezimujici pupeny (hibernakula, napt. nase tucnice obecnd). Tteti skupina
tucnic (tzv. mexické tu¢nice) se v pfirodé setkava s vyrazné suchym obdobim, a proto jejich
listy v tomto obdobi ziskavaji sukulentni charakter bez tvorby masozravych struktur (Legendre,
2000).

Na listech i stopce kvétu se nachazeji dva typy Zlaz. Prvni stopkaty typ (ang. stalked
glands) se nachazi na vyvysenych Zlazach, které na své Spicce nesou kapky viskdzniho lepu,
viditelné pouhym okem. Druhy pfisedly typ 714z (ang. sessile glands) je ptisedly v povrchu listu
a vyplavuje travici §tavy po zachytu kofisti (Heslop-Harrison a Knox, 1971; Heslop-Harrison
a Heslop-Harrison, 1980, 1981; Legendre, 2000; Heslop-Harrison, 2004). Lep v této adhezni
pasti v8ak neni natolik silny jako naptiklad u rosnatek, a proto je lapena kofist spiSe drobné&jSiho
charakteru. Nékteré druhy tu€nic v reakci na lapenou koftist ohybaji okraje listu vzhiiru, ¢imz
vnikéd maly ,,bazének* travicich stav (Darwin, 1875; Fleischmann a Roccia, 2018).

Zajimavym Ukazem se jevi pfitomnost enzymu amyldza, katalyzujiciho $t€peni Skrobu.
Ukézalo se, Ze amylaza se vyskytuje zejména v travicich §tavach Zlazek. Na zéklad¢ tohoto
vznikla teorie 0 mozném zachytu a traveni pylovych zrn, ktera v§ak doposud nebyla prokazéana.
Mezi dal$i nalezené enzymy patii protedzy, nukleazy, fosfatazy a dalSi (Heslop-Harrison a
Knox, 1971; Kocab et al., 2020).

V literatue se objevuje urcity rozpor ohledné toho, jestli jde o Zlazy holokrinni nebo
merokrinni. Podle jedné z teorii jsou zlazy pouze jednorazové (holokrinni), tedy jde o vacky
naplnéné predsyntetizovanymi enzymy (Heslop-Harrison a Knox, 1971; Heslop-Harrison a
Heslop-Harrison, 1980). Po zachytu kofisti ihned dojde k rychlému vyplaveni chloridovych

iontl (CI'), coZ ma za nasledek proudéni vody na povrch listu, vyplavujici enzymy vstiic kofisti.
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Jiné prace (Vassilyev a Muravnik, 1988a,b) vSak naopak ukazuji, ze enzymy jsou prubézné
syntetizovany po celou dobu trdveni kofisti, podobné¢ jako je tomu napiiklad u rosnatek ¢i
mucholapky podivné (merokrinni).

Tato prace si klade za cil nahlédnout do hlubin tohoto rozporu a prozkoumat regulaci
enzymatické aktivity u tucnice (fad Lamiales) i z pohledu jasmonatové regulace, ktera byla

doposud studovana jenom u masozravych rostlin z fddu hvozdikotvaré (Caryophyllales).

Obrazek ¢. 6: Tucnice Pinguicula x Tina, ktera se stala predmétem naseho badani. (A) Vzhled rostliny. (B) Kvétna
stopka nesouct kvet, pokryty travicimi zlazami. (C) List pokryty stopkatymi zlazkami s lepem (stalked glands) a
prisedlych zlaz (sessile glands).

31



3.1. Material a metody

Pro ucely experimentu byl vyuzit hybrid Pinguicula x Tina (Pinguicula agnata x Pinguicula
zecheri) vypéstovany v Gartneretit Lammehave (Ringe, Denmark). Dale byla pfi nasem
vyzkumu pouzita Drosera capensis. Rostliny byly péstovany na Oddéleni biofyziky na
Univerzité Palackého v Olomouci (Cesko) za standartnich sklenikovych podminek. Pidou pro
pestovani byla vrchoviskova raselina. Samotné rostliny byly zalévany destilovanou vodou (cca
1 az 2 cm vysSky plastovych kvétinaca). Pred samotnym experimentem bylo na rist rostlin
dohliZeno ve fytotronu pfi primérné teploté 21,5 °C a ozafenosti 100 umol-m™-s! PAR. Perioda
svétlo-tma byla nastavena na 16/8 hodin.

Jako modelovou kofist jsme vyuzili octomilky (Drosophila melanogaster), které byly
péstovany z vaji¢ek v médiu bohatém na sacharidy. Toto bylo poskytnuto Oddelenim genetiky
na Prirodovedeckej fakulte Univerzity Komenského v Bratislave (Slovensko). Pred
experimentem byly pro snadnéj$i manipulaci dospélé octomilky po 15 minut zchlazeny
v lednici pti 4 °C. Na povrch listu nebo stopky kvétu studované rostliny bylo polozeno deset
musek. Po 2 a 24 hodinéach bylo od rostliny oddéleno 10 kontrolnich a 10 krmenych listt. Poté
byly listy béhem 3 minut jeden po druhém proplachovany ve 4 ml 50 mM tlumivém roztoku
octanu sodného (pH 5) kviili zisku exudatt. V piipadé stopek kveéth byla sesbirdna data pouze
pro 24hodinovy experiment z diivodu sezonniho kveteni, a tedy jejich omezeného mnozstvi.

V niZe zminovaném experimentu s jasmondaty byly rostliny sprejovany 1 mM kyseliny
jasmonové (JA) nebo 100 puM koronatinem v 0,001% Tweenu 20. Kontrolni rostliny byly
sprejovany pouze 0,001% Tweenem 20. Exudaty byly poté sesbirany postupem uvedenym vyse.
Pfi tomto experimentu jsme pouzili rosnatky (Drosera capensis) jako pozitivni kontrolu, u niz
JiZ odpovidajici reakce na externi podani JA byla pozorovana (Krausko et al., 2017).

Pti experimentu s hypertonickym roztokem NaCl byly na povrch list aplikovany 20 pl
kapky 5% NaCl ¢i destilované vody (jako kontrola). Po 15 minutach byly tyto kapky pipetou
sesbirdny. (15 minut je dostateCny Casovy interval pro uvolnéni ptredsyntetizovanych enzymu
z experimentd s Dionaea muscipula (JakSova et al., 2020; Pavlovi€ et al., 2020).

U dat v nasledujici kapitole jsou hodnoty uvadény se smérodatnymi odchylkami. Ke
zhodnoceni vyznamnosti rozdili mezi kontrolami a ovlivnénymi rostlinami bylo uzito
dvoustranného Studentova t-testu (Origin 2015, Northampton, MA, USA). Pied zapocetim
statistického testu jsme data analyzovali z hlediska normality a homogenity rozptylu. V piipadée

zjiSténych nehomogenit byl pouzit Welchtv t-test.
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3.1.1. Extracelularni zaznam elektrického signalu

Zmény v povrchovém potencialu byly méteny s uzitim nepolarizovatelnych povrchovych Ag-
AgCl elektrod (Scanlab Systems, Praha, Cesko) zvlhenych kapkou vodivého EV gelu
(Hellada, Praha, Cesko), b&né uzivaného v elektrokardiografii. Elektroda byla pfipojena
k abaxialni stran¢ listu, a to bud’ pod aplikovanou kofist, nebo 1 cm od jednorazového
poskozeni pletiva jehlou. Elektrické signaly byly zaznamenany neinvazivnim zafizenim ve
Faradayové¢ kleci dle Ilik ez al. (2010). Srovnavaci elektroda byla pfipojena na okraj plastového
kvétinace s rostlinou, stojiciho zhruba v 1,5 cm destilované vody. Elektrody byly pfipojeny
k zesilovaéi (zesileni 1 az 1000, Sum 2 az 3 uV, §ifka pasma (-3 dB) 10° Hz, doba odezvy 10
us, vstupni impedance 10'> Q). Signaly ze zesilovate byly pieneseny analogové digitilnim
pfevodnikem (8 analogovych vstupt, 12bitovy konvertor, £10 V, PCA-7228AL, dodano od
TEDIA, Plzen, Cesko) do PC. Ke sbéru dat dochéazelo kazdych 6 ms.

3.1.2. Méreni enzymatickych aktivit
Proteolyticka aktivita travicich §tav byla métfena inkubaci 150 pl sesbiraného vzorku travici
tekutiny a 150 pl 2% (w/v) albuminu hovéziho sérového v 200 mM glycinu-HCI (pH 3) za
teploty 37 °C po 2 hodiny. Reakce byla zastavena pfidanim 450 pl 5% (w/v) trichloroctové
kyseliny (TCA). Vzorky byly deset minut inkubovany v ledu; poté byly deset minut
centrifugovany pii 20 000 g pfi teploté 4 °C. NevysraZené peptidy poté byly uzity k méteni
proteolytické aktivity. Ta byla ddna srovnanim absorbance supernatantu a blanku pii 280 nm
pomoci dvojpaprskového spektrofotometru Specord 250 Plus (Analytik Jena). Jednotka
proteolytické aktivity je definovéana jako vzrist absorbance o 0,001 za minutu pfi 280 nm
(Matusikova et al., 2005).

K urc¢eni aktivity kyselych fosfataz jsme pouzili 5 mM 4-nitrofenylfosfat (Sigma-Aldrich)
v 50 mM acetatovém pufru (pH 5). Do 500 pl acetatového pufru bylo ptidano 50 pl sesbiranych
travicich tekutin; tento roztok byl pak smisen s 400 pl substratu. Jako kontrola pak bylo pouzito
550 pl acetatového pufru s 400 pl substratu. Smés poté byla inkubovéna pii 25 °C po 2 hodiny.
K zastaveni reakce bylo pfidano 160 pl 1 M NaOH. Absorbance byla méfena pii 410 nm pomoci
dvojpaprskového spektrofotometru Specord 250 Plus (Analytik Jena). Kalibra¢ni kiivka byla
stanovena s pomoci 4-nitrofenolu a aktivita byla vyjadiena v umol-ml!-h!,

Amylazova aktivita byla méfena pouzitim amylazového kitu (Sigma-Aldrich). Jako
substrat byl pouzit ethyliden-pNP-G7. Do 96-jamkové titraéni desticky bylo napipetovano 20
ul a doplnéno do 50 pl amylazovym kitem. Nésledovalo pfidani 100 pl vySe zminéného

substratu a inkubace pii 25 °C. Po dv¢ hodiny byla v intervalu 15 minut méfena absorbance pfi
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405 nm pomoci destickové cteCky SynergyMx (BioTek Instruments, Winooski, VT, USA). Jako
pozitivni kontrola byl pouzit enzym amylaza. Dale byl pouzit 4-nitrofenylovy standard
v riznych koncentracich jako kalibracni fada. Pozitivni kontrola i kalibracni fada byly na
titracni desti¢ce inkubovany za stejnych podminek jako zkoumané vzorky.

V ptipadé méfeni chitindzovych aktivit byl vyuzit fluorimetricky chitinazovy kit na
testovani (Sigma-Aldrich). Pouzili jsme 4-methylumbelliferyl N-acetyl-B-D-glukosaminid, 4-
methylumbelliferyl N,N’-diacetyl-B-D-chitobiosid, 4-methylumbelliferyl B-D-N,N’,N"’-
triacetylchitotri6za k urCeni aktivity exochitinazy, chitobiosidazy a endochitinazy (poradi latek
zde sefazujeme s poradim enzymi). Substratovy pracovni roztok v objemu 90 pl byl smichan
s 10 pl sesbirané travici tekutiny v 96jamkové fluorescencni titracni desticce. Tento mix byl po
2 hodiny inkubovan pii 37 °C a poté zastaven piimési 200 pl uhli¢itanu sodného dodaného
v testovaci souprave. Fluorescence uvoliiovaného 4-methylumbelliferonu byla méfena
v zasaditém pH s uZzitim desti¢kové ctecky Synergy Mx (BioTek Instruments, Winooski, VT,
USA). K pozitivni kontrole byla pouzita jiz izolovana chitindza z Trichoderma viride. Dale byla
také napipetovana 4-methylumbelliferon v rozdilnych koncentracich jako kalibra¢ni fada.
Pozitivni kontrola i kalibra¢ni fada byly na fluorescenéni titracni desti¢ce inkubovany za
stejnych podminek jako zkoumané vzorky.

Vsechny enzymové aktivity byly méfeny na souhrnném materidlu z deseti listi ze tii

rostlin, aby byly ziskany dostate¢né koncentrované vzorky v limitu detekce.

3.1.3. SDS-PAGE elektroforéza

Tréavici tekutina sesbirand pro testovani enzymatické aktivity byla analyzovana SDS-PAGE.
Zkouman¢ vzorky byly nejprve zahtaty (denaturovany) pii 70 °C. Nésledné byly smichany
s modifikovanym Laemmliho vzorkovym tlumivym roztokem (50 mM Tris-HCI (pH 6,8), 2%
SDS, 10% glycerol, 1% B-merkaptoethanol, 12,5 mM EDTA a 0,02% bromfenylové modii).
Do jamek v 10% (v/v) SDS-polyakrylamidovém gelu (Schiagger, 2006) byl vzdy napipetovan
stejny objem daného typu vzorku. Proteiny byly zviditelnény pomoci citlivého barveni stfibrem

(ProteoSilver; Sigma-Aldrich).

3.1.4. Proteomicka analyza travici tekutiny

Cerstvé sesbirané travici §tavy z krmenych rostlin byly rozd&leny do 1 ml alikvot, které byly
nasledné zmraZeny v tekutém dusiku a pies noc lyofilizovany. Sucha rezidua (popsano pro
obsah jedné alikvoty) byla doplnéna do 100 ul pomoci 10x cOmplete™ Protease Inhibitor
Coctail (Roche, Svycarsko) v 100 mM NaCl. Poté byly proteiny vysrdZeny s uZitim
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TCA/Acetonové metody. Vzorek byl dikladné promichan s osmi dily ledové vychlazeného
acetonu a jednim dilem TCA; vysledny roztok byl poté 1 hodinu udrzovan v prostiedi o teploté
-20 °C. Proteinovy pelet byl znovuziskdn pomoci centrifugace pii 20 000 g a 4 °C, s dobou
centrifugace 10 minut. Nasledn¢ byl dvakrat vyplachnut dvéma dily ledové vychlazeného
acetonu (Kim et al., 2006), rozpustén v Laemmliho vzorkovém tlumivém roztoku a separovan
pomoci SDS-PAGE (Laemmli, 1970). RozliSené proteiny byly obarveny pomoci koloidniho
Coomassie (Candiano et al., 2004) a rozstépeny v gelu s vyuzitim rafin6zou-modifikovaného
trypsinu (Sebela et al., 2006), jak je popsano v praci Shevchenko et al. (2006). Peptidy byly
ocistény na podomacku vyrobeném C18 StageTips (Rappsilber et al., 2007). Nasledna analyza
pomoci hmotnostni spektrometrie byla provedena na tandemovém hmotnostnim spektrometru
UHR-QTOF maXis (Bruker Daltonik, Bremen, Némecko), sparovaném se systémem
,hanoflow* kapilarni kapalinové chromatografie RSLCnano (Dionex, Thermo Fisher
Scientific, Sunnyvale, CA, USA) skrze online zdroj nanoESI (Bruker Daltonik, Bremen,
Némecko). Specifické nastaveni chromatografického systému a analyzatoru hmotnosti byly
identické s témi, jez jsou popsany v Simersky et al. (2017).

Ziskand data z hmotnostniho spektrometru byla zpracovana bud’ pomoci klasického
hleddni ve vybrané databdzi MASCOT, nebo podrobena sekvencovani de novo. V prvnim
ptipadé byl prekurzor a fragmentacni data extrahovany z nezpracovanych dat, vyuzivajice
DataAnalysis v. 4.3 x64 (Bruker Daltonik, Bremen, Némecko). Ta byla exportovana do souborii
MGF a nahrény do Protein Scape v. 2.1 (Bruker Daltonik, Bremen, Némecko). Hledani proteinti
a peptidi bylo uc¢inéno nasazenim algoritmu MASCOT (v2.2.07, in-house server; Matrix
Science, London, UK) vii¢i databazi proteinil specifickych pro fad Lamiales (NCBI; 325 526
sekvenci; staZzeno k 23. fijnu 2017), kteryzto proces byl doplnén béZnymi proteinovymi
kontaminanty. Pro kazdé hledani skrze MASCOT bylo uzito nasledujicich parametri: tolerance
byla nastavena na + 25 ppm a + 0,03 kDa; trypsin byl navolen jako proteaza a byly povoleny
dvé chybgjici Stépeni; karbamidomethylation cysteinu byl zahrnut jako fixni modifikace;
acetylace proteinového N-konce a oxidace methioninu byly navoleny jako variabilni
modifikace. Kladn¢ identifikovany protein musel spliiovat nasledujici parametry: obsahovat
minimaln¢ jeden peptid se skorem pfislusnosti vypocitanym na zaklad¢ algoritmu MASCOT
(mezni skore pozadované pro piitazené proteiny bylo 25 s P-hodnotou 0,05), a dale piekroceni
mezniho skore proteinu 30.

Pro sekvencovani de novo bylo k vygenerovani plné délky sekvence peptida
z nezpracovanych dat vyuzito algoritmi z DeNovoGUI interface (v1. 16.0; Muth ef al., 2014)
obsahujiciho Novor (Ma, 2015), Direc Tag (Tabb et al., 2008), PePNovo (Frank a Pevzner,
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2005) a pNovo (Chi et al., 2010). Byla pouzita stejnd nastaveni jako pro hledani v MASCOT
(viz vyse). K ptifazeni vSech peptidovych sekvenci obdrzenych de novo bylo vyuzito
vyhledavani skrze lokalni pBLAST vii€i sestavenému seznamu proteint identifikovanych
v travicich stavach vSech doposud zndmych masozravych rostlin. Vystup BLASTu byl
filtrovan na zakladé¢ podobnosti s nasledujicim: sefazeni alesponi péti aminokyselin v fade¢,
mezni hodnoty celkové identity a pozitivity byly nastaveny na 75 %. Po kontrole kvality
peptidového spektra, byly vSechny peptidy pfitazené de novo povazovany za pozitivné

identifikované.

3.1.5. Kvantifikace fytohormonii

Listy, na néz byla aplikovana kofist ¢i byly poranény jehlou (10krat az 15krat), byly po 2 a 24
hodinéch z rostliny odebrany a ihned zmrazeny v tekutém dusiku. Pfed zapocetim analyzy byly
uskladnény pfi teploté -80 °C. Byly zde kvantifikovany fytohormony JA, JA-Ile, cis-OPDA
(vyznam zkratek viz kapitola 2.1.), kyselina abscisova (ABA), kyselina salicylova (SA) a
kyselina indol-3-octova (IAA) dle metody popsané v Flokova et al. (2014).

Obsah fytohormonil byl zjiStén ultra vysoce ucinnou kapalinovou chromatografii —
elektrosprejovou tandemovou hmotnostni spektrometrii (UPLC-MS/MS) s vyuzitim Acquity
UPLC® I-Class Systém (Waters, Milford, MA, USA) vybaveného Acquity UPLC CSH® Cis
kolony (100 x 2.1 mm; 1,7 um; Waters). Soucasné bylo vyuzZito trojit¢ho kvadrupdlového
hmotnostniho spektrometru Xevo™ TQ-S MS vybaveného technikou pro elektrosprejovou
ionizaci (Waters MS Technologies, Manchester, UK).

Byla provedena tfi nezavislé technickd opakovani na 5 az 15 biologickych replikatech.
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3.2. Vysledky

V této kapitole jsou shrnuty vysledky naSich experimentl na tu¢nicich (Pinguicula x Tina).
Prezentujeme zde vysledky studia elektrické signalizace, enzymové aktivity vybuzené hmyzem
a poranénim, a slozeni travicich stév. Dale zde ukézeme, Ze jasmondty u tucnic nejsou
zodpovédné za aktivaci enzymatickych procesii. Nakonec ukazeme, ze rychly vytok kapaliny
z listu odpovidé zvySenému nartstu fosfatdzové aktivity.

Jak ukazuje obrazek €. 7, po aplikaci zivé kofisti na list nedoslo béhem experimentu ke
zmeéne elektrického signalu. Na druhou stranu po poskozeni jehlou se objevil typicky variacni
potencial (VP). Amplituda tohoto VP je 15 az 50 mV a doba trvani 200 az 400 s.

Na obrazku €. 8 je ukdzano, ze aktivity protedz, fosfatdz, amylaz a exochitindz vzrostly
jiz dvé€ hodiny po nakrmeni (grafy A az D). Po 24 hodinach uz vyrazné€ vzrostly aktivity vSech
studovanych enzymu (grafy A az F). Zajimavym Ukazem je narlst enzymatické aktivity u
kvétné stopky po 24 hodinach. Déle se ukazuje, Ze externi aplikace JA nemd na zvySeni

enzymatické aktivity v listech signifikantnéjsi vliv ani po 24 hodinéch.

100 s

Obrazek €. 7: Zaznam extracelularniho elektrického signalu listu tucnice po aplikaci koristi (nahore) a po
poranéni listu jehlou (dole). Sipky oznacuji zacatek aplikace prislusného vnéjsiho stimulu (kovist, poranéni).

Uvedené zaznamy jsou reprezentativni a pochdzeji z péti nezavislych meéreni.
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Obrazek ¢. 8: Grafy enzymatickych aktivit (A) protedz, (B) fosfatiz, (C) amylaz, (D) exochitindz, (E) chitobiositdz, (F) endochitinaz. U kazdé z nich je zobrazena enzymaticka

aktivita listit (po 2 a 24 hodinach) a stopky kvétu (po 24 hodinach). Aktivita u kontrolnich rostlin je oznacena cerné, u krmenych rostliny bile a u rostlin s aplikaci 1 mM JA

Sede. Uvedena data jsou prumérem + SD (n = 5-6); signifikantni rozdily mezi kontrolou a krmenymi rostlinami (popr. kontrolou a rostlinami ovlivnénymi JA) byly znazornény

pomoci Studentova t-testu (*) P < 0,05; (**) P <0,01).
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Tabulka ¢. 1 prezentuje proteinové slozeni travicich $tav. Bylo zde identifikovano 14
proteintl, z toho 8 s katalytickou funkeci. Jmenovité zde byly nalezeny aspartat protedzy, cystein
proteazy, peroxidazy, esterazy/lipazy, endonukleazy a u jinych masozravych rostlin doposud
nedetekovany enzym amylaza.

Na obrazku ¢. 9 je ukazéano, ze hladina JA nevzristd po 2 ani 24 hodinach od nakrmeni.
V reakci na poskozeni listu jehlou vSak hladina JA znaéné vzrostla jiz po 2 hodinach (A).
Podobné tomu bylo i v ptipad¢ JA-Ile, kde se hladina fytohormonu v reakci na kofist zvysila
jen minoritné, zatimco v reakci na poskozeni doslo k vyraznému narastu (B). Prekurzor JA, cis-
OPDA, neukazal zadné vyznacné rozdily mezi krmenim a poSkozenim rostliny (C). U kyseliny
abscisové (ABA) je zjevny v piipad¢ poskozeni nariist po 2 i 24 hodinéch, zatimco v piipadé
krmeni pouze po 24 hodinach (D). Kyselina salicylova (SA) vykéazala u poranénych listl pokles
(u krmenych listi nedoslo k vyraznéj§i zmeén¢), a to az po 24 hodinach (E). V ptipadé kyseliny
indol-3-octové (IAA) se po aplikaci kofisti nevyskytly diraznéjsi zmény (F); analyza
poskozenych listl selhala, neni tedy uvedena.

Abychom ov¢fili, zda jasmonaty v pfipadé tucnic skutecné nesehravaji ulohu v sekreci
enzymd, aplikovali jsme na listy tucnic zevné€ koronatin (molekularni agonista JA-Ile). Jako
kontrolni rostlinu jsme pouzili rosnatku (Drosera capensis), u které je znamé regulace tvorby
enzymu skrze jasmonatovou signalni drahu (viz teorie). Vysledky jsme shrnuli na obrazku ¢.
10. Rosnatka ukdzala oproti kontrole vyrazny nartst proteolytické (A) i fosfatazové (B) aktivity.
Oproti tomu enzymatickd aktivita tucnic zlistala po aplikaci koronatinu pfiblizn€ na Grovni
kontrol.

Vysledky v pfedchozim odstavei popsan¢ho experimentu potvrdila i separace proteint
skrze SDS-PAGE a barveni stiibrem (viz obrazek ¢. 11). Vysledny snimek jasné implikuje, ze
JA, ABA ani koronatin neindukuji sekreci proteind, zatimco aplikace kofisti ano.

Vysledky meéfeni enzymatické aktivity po rychlém vytoku vody z travicich zlaz
(iniciovan hypertonickym 5% roztokem NaCl) se nachdzi na obrazku €. 12. Proteolyticka
aktivita se oproti kontrole (destilovand voda) pftili§ nezménila (B), aktivita amylaz a
chitobiosidazy nebyla detekovana vibec. Slabého, avSak signifikantné vyzna¢ného narlstu
aktivit oproti kontrole doslo u exochitindz (D) a endochitindz (E). Vyrazny nartist enzymatické
aktivity byl vSak pozorovan u fosfataz (C). Nasledna SDS-PAGE a barventi stfibrem (A) tento
trend potvrdili a u vzorkil travicich tekutin z listl ovlivnénych hypertonickym roztokem se

objevil novy zietelny pas proteinti v oblasti okolo 20 kDa.
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Tabulka €. 1: Proteiny v travici staveé tucnice (ziskany 24 hodin po nakrmeni), které byly identifikovany analyzou skrze hmotnostni spektrometrii.

MS data processing

Identification characteristics

method

MASCOT search Detected sequence Assigned protein Accession? MASCOT score Peptides/PSMs/SC”
LAASILR Peroxidase 10-like KZVv23101.1 33.5 1/3/2.1
AVADIVINHR Alpha-amylase EPS60632.1 38.9 1/1/2.8
GILQAAVQGELWR Alpha-amylase KZ\28895.1 39.9 1/4/3.4

De novo sequencing Detected sequence Homologous protein Accession? De novo score pBLAST identity/

pBLAST search positivity®
TVPMVLNGAGLLNMGPPHMK Nepenthesin |l BADO7475.1 30.28 77/88
WESSLNWVLCMK Asp protease GAV80475 1 30.93 75/75
HQMLVALQYYCNR Cysteine protease BAW35427 .1 32.63 83/83
MVQGGSGKVAQQTLAAN Desiccation-related protein BAW35440.1 31.03 75/100
GRLMVAGLGGLGMKER Cinnamyl alcohol dehydro- - 35.07¢ 87/874
PNKFGVGLGGLGLMQR genase 35.08¢ 100/100¢
MPVDFNVTATFHLQ Leu-rich repeat protein - 33.77 75/100

NrLRR1

SLNLNSLRGNVK Peroxidase BAM28609.1 32.28 100/100
YYFNLNYPEGFTK Beta-xylosidase AAX92967 A 40.02 85/85
TLLSDLVNSTTAMMK Peroxidase - 34.23 77/100
ARMTNMRNKVQQVQQNMPR GDSL esterase/lipase XP_004232991 .1 30.64 77777
AQKRNWVQQWQR Endonuclease 2 - 32.59 100/100

2 NCBI database accession. ® PSMs, peptide-spectrum matches; SC, sequence coverage in %. ¢ pBLAST identity and positivity in %. ¢ Characteristics
for two independent peptide hits acquired for the respective protein.
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Obriazek &. 9: Grafy zobrazujici hladinu fytohormonii JA (4), JA-Ile (B), cis-OPDA (C), ABA (D), SA (E), IAA (F) v listech tucnic v ¢ase (0, 2 a 24 hodin). Cerné je vyznacena

aplikace koristi, bile zranéni jehlou (10x — 15x). Data pro IAA po poranéni rostliny nebyla vyobrazena z ditvodu selhani analyzy. Uvedena data jsou priimérem + SD (n = 5-

15), signifikantni rozdily mezi kontrolou (v case 0) a ovlivnénymi rostlinami (krmeni, poraneni) byly zndzornény pomocit Studentova t-testu (*) P < 0,05; (**) P < 0,01.
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Obrazek €. 11: SDS-PAGE travicich tekutin obarvenych stiibrem. Do jamek byl napipetovan stejny objem tekutiny
ziskané 24 hodin po aplikaci koristi, JA, koronatinu ¢i ABA.
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Obrazek €. 12: Grafy enzymatickych aktivit listit tucnic po aplikaci hypertonického roztoku 5% NaCl (jako kontrola slouzila destilovana voda). Zobrazeny jsou detekované
aktivity protedz (B), fosfataz (C), exochitindz (D) a endochitindz (E). Aktivity pro amylazy a chitobiosidazy nebyly detekovany. S vysledky koresponduje i SDS-PAGE pro travici
enzymy z exudati odebranych z listii po aplikaci prislusnych stimulantii — po aplikaci hypertonického roztoku se objevuje jasny pas v oblasti priblizné 20 kDa. Uvedena data

Jsou prumeérem = SD (n = 3-6), signifikantni rozdily mezi vzorky ovlivnénymi H,O a 5% roztokem NaCl byly znazornény pomoci Studentova t-testu (*) P < 0,05, (**) P < 0,01.
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3.3. Diskuze

Ptedchozi vyzkumy regulace enzymatickych procesti byly provadény zejména u rostlin fadu
hvozdikotvaré (Caryophyllales). Jak bylo popsano v tivodni teoretické ¢ésti, masozravost je
regulovdna pomoci jasmonatové signalni drahy, ktera maze byt aktivovana mechanicky (pfimy
kontakt s kofisti) nebo chemicky (zprostiedkovano ziskanymi ionty, zejména NH4"). V piipadé
rodit Dionaea a Drosera jsou vyuzity oba druhy stimulii (mechanicky pii zachyceni kofisti,
chemicky pro udrzovani travicich procesit). U rodu Nepenthes ptevladaji stimuly chemické. My
jsme v této praci zkoumali regulaci enzymatického piisobeni u geneticky vzdaleného rodu
Pinguicula z tadu Lamiales (Albert et al., 1992; Givnish, 2015).

Obdrzené vysledky ukazuji u tucnic nékolik doposud neznadmych specifik. Analyzou
travici tekutiny tu€nic skrze hmotnostni spektrometrii (Tabulka ¢.1) se ukézala pfitomnost
peroxiddz, esterdz/lipaz, endonukledz, cystein protedz a aspartat protedz, tedy enzymd, které jiz
byly detekovany v jinych rodech masozravych rostlin (Hatano a Hamada, 2008; Schulze ef al.,
2012; Lee et al., 2016; Rottloff ef al., 2016; Fukushima et al., 2017; Krausko et al., 2017).
Navrhli jsme pro pifipad tucnice uzivat ndzvu pinguiculain pro cystein protedzu a vyrazu
pinguiculasin pro aspartat proteazu, dle nomenklatury uvedené v Takahashi et al. (2009, 2012).
Dale je tieba brat na zietel, ze seznam objevenych enzymii v Tabulce ¢. 1 neni vyCerpavajici
(ve srovnani s obrazkem ¢. 8 n€které enzymy v tabulce absentuji) a travici tekutiny tu¢nice by
bylo vhodné detailngji probadat béhem dal§iho vyzkumu. Velmi zajimava je vSak 1 pfitomnost
enzymu alfa-amylazy, kterd doposud nebyla u jinych masoZravych rostlin pozorovana. Enzym
amylaza je katalyzatorem $té€peni Skrobu na jednodussi sacharidy; bézn¢ jej 1ze nalézt naptiklad
ve slinach savcil. Toto pozorovani potvrzuje diivejsi studie, kde byla aktivita tohoto enzymu
taktéZ nalezena, ale enzym nebyl detekovan. Nékteré teorie poukazuji na ,,vegetarianské®
chovani tucnic (Harder a Zemlin, 1968), které lepem na svych listech dokaZou zachytavat a
travit pyl jinych rostlin, diky ¢emuz dochazi ke zvySeni poctu listii a kvétt. Jelikoz lep tucnic
je oproti lepu rosnatek znatelné slabsi a nedokaze zadrZet vét§si hmyz (osobni pozorovani
autora), davala by teorie o nepohyblivé kofisti smysl — o jeji vyvraceni ¢i potvrzeni se bude
muset postarat dalsi vyzkum.

Dal$im zajimavym tkazem, u jinych masozravych rostlin doposud nevidanym, je aditivni
schopnost lapat a travit kofist nejen listy, ale 1 stopkou kvétu (viz obrazek €. 6 a 8). I toto nase
zjisténi je v souladu s ptedchozimi vyzkumy u Pinguicula vulgaris a Pinguicula villosa, kde
byl pozorovan piijem dusiku z kofisti zachycené na kvétni stopce (Hanslin a Karlsson,1996).

Daéle je na obrazku ¢. 7 vidno, ze zatimco v reakci na hmyz dochézi k vzristu enzymatické
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aktivity, aplikace JA tento efekt nemda. To je vrozporu s doposud publikovanymi udaji
studovanych rostlin (Dionaea, Drosera, Nepenthes), kde tento fytohormon vyvolava aktivaci
dané signalni drahy (Krausko et al., 2017; Pavlovic¢ et al., 2017).

Jelikoz akumulace jasmonatl je izce spjata s tvorbou elektrickych signala (Mousavi et
al., 2013), zajimalo nés, zdali je tucnice po podani kofisti generuje. Na obrazku ¢. 7 je
jednoznacné vidét, ze po nakrmeni rostliny nevznika zadny elektricky signal, ktery by mohl
iniciovat jasmonatovou signalizaci. Naopak poranéni listu vedlo ke zcela typickému variaénimu
potencialu. Déle jsme otestovali, jaky efekt ma nakrmeni ¢i poranéni listu na produkci
fytohormonii (obrazek ¢. 8). Ukdazalo se, Ze zatimco v pfipadé poranéni doslo opét k vzriistu
hladiny jasmonatd, pfidani kofisti (tedy mechanicky + chemicky stimul) nemélo na mnozstvi
jasmonatli zddny ¢i minimalni vliv. Z toho vyplyva, Ze jasmonaty pti regulaci enzymatickych
aktivit v tucnicich nehraji roli (naopak v obrannych mechanismech rostliny vSak tato signdlni
dréha zlstava zachovana tak, jako u vétSiny rostlin).

Z fytohormond (mimo jasmonaty) na obrazku €. 9 stoji nartst ABA po 24 hodinéach po
krmeni. Tento nartist by mohl byt zptisoben napiiklad pfitomnosti chitinu v exoskeletu hmyzu,
ktery mize hladinu ABA zvysit (Iriti a Faoro, 2008; Iriti et al., 2009; JakSova et al., 2020).
Exogenni aplikace ABA vsak pii pozd¢jsi analyze skrze SDS-PAGE (obrazek €. 11) neukazala
zadny vliv na regulaci masozravosti.

K ovéfeni skutecnosti, Ze jasmonatova signalni draha v masoZravosti tu¢nic nefiguruje,
jsme aplikovali na tucnici a rosnatku koronatin (bakteridlni napodoba JA-Ile). Obé rostliny
vyuzivaji k zisku kofisti adheznich pasti, pficemz u rosnatky jiz byla pozitivni reakce (v podobé
nartistu vyluc¢ovanych enzymi) na podani kyseliny jasmonové ¢i koronatinu zdokumentovana
(Krausko et al., 2017). Vysledky na obrazku ¢. 10 zfetelné ukazuji, Ze u rosnatky se dle
ocekavani oproti kontrole zvysila produkce travicich enzymi, zatimco u tucnice zlstalo
mnozstvi uvolnénych enzymi na trovni kontrolnich rostlin. To indikuje, Ze u tu¢nice (z fadu
Lamiales) zfejmé figuruje jiny princip regulace enzymatické aktivity, nez u masozravych rostlin
z tadu Caryophyllales (kam patii naptiklad zminéna rosnatka). Vysledny snimek z SDS-PAGE
pro travici tekutiny tuc¢nice potvrzuje, Ze aplikace JA ¢i koronatinu na aktivaci vylu€ovani
travicich enzyml nema vliv. Z ptedchozich vysledkl tedy vyplyva, ze stimulace traveni kofisti
je zieyjmée chemického charakteru, ovSem jiného druhu, nez je zndmo naptiklad u Nepenthes
(kde dochazi po nakrmeni k akumulaci JA, uvolnéni travicich enzymi a Upravé pH tekutiny
v lacce, Yilamujiang et al., 2016).

Vyzkum aktivace a regulace travicich procest pasti tucnic zlistava tedy otaznikem a

jednim z moznych cili dalsitho vyzkumu. Moznym voditkem muze byt teorie vyslovena v
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Heslop-Harrison a Knox (1971), podle niZ by enzymy mohly byt pfedsyntetizovany a uloZeny
ve vakuolach, ze kterych by po zachyceni kofisti byly vyplachnuty na povrch rychlym proudem
vody. Tato holokrinni hypotéza zahrnuje Uplnou autolyzu bunék. AvSak podle Vassilyev a
Muravnik (1988a,b) si travici zlazy zachovavaji svou integritu i po zachyceni kofisti a nékteré
enzymy jsou po zachyceni kofisti syntetizovany de novo. Vysledky naseho experimentu na
obrazku ¢. 11C ukazuji, Ze minimalné v ptipad¢ fosfataz, jsou v listech pfedsyntetizovany a po
aktivaci kanalti skrze Cl” ionti vodou vyplaveny na povrch (Heslop-Harrison a Heslop-
Harrison, 1980). Fosfatazy byly lokalizovany v bunéénych sténach travicich zlaz, odkud mohou
byt velmi rychle vyplaveny na povrch listu s kofisti (Ptachno et al., 2006). To ovSem
neznamena, ze nékteré z ostatnich enzymt nemohou byt po zachytu kofisti syntetizovany zcela
nove. Nicméné signalni dréha vedouci k expresi téchto enzymil (pfedev§im protedz a amylaz)

doposud nebyla odhalena.
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4. Vliv potravnich strategii laACkovek na aktivitu enzymi

Lackovky (Nepenthes) jsou masozravé rostliny z fadu hvozdikotvaré (Caryophyllales). Stejné
jako vétSina masozravych rostlin rostou v ptidach s nizkym obsahem zivin. Vyskytuji se
v tropickych ostrovnich oblastech, naptiklad v pralesech Bornea, Sumatry ¢i Filipin.

Lackovky jsou Splhavé rostliny lianovitého typu. K chytani kofisti ji slouzi gravitacni
pasti zvané lacky (Clarke, 1997; Pavlovi¢ et al., 2007; Osunkoya et al., 2007), které jsou
lidnovitou uponkou propojeny s asimilujicimi listy. Okraj lacky je obkrouzen obustim
(peristom), kam je hmyz vaben na sladky nektar. Tento okraj je vSak velmi kluzky, diky ¢emuz
po ztraté stability pada do kyselé travici tekutiny. Spodni ¢ast lacky obsahuje travici zlazy, jimiz
jsou uvoliiovany travici enzymy a zarovei absorbovany Ziviny z rozkladané kofisti. Uniku
hmyzu je branéno viskozitou kapaliny, dale pak voskovou zoénou v horni ¢asti 1a€ky, diky niz
prchajici hmyz ztraci kontakt s povrchem rostliny a padé zpét (Owen et al., 1999; Gaume et al.,
2002; Bohn a Federle, 2004; Gorb et al., 2004; Gaume a Forterre, 2007; Bauer et al., 2007;
Bonhomme et al., 2011; Bazile et al., 2015). Aby nedochdzelo k nafedéni travici kapaliny ¢i
produkovaného nektaru, nachdzi se nad otvorem lacky nepohyblivé vicko, na némz také
dochazi k produkci nektaru.

Ne vsechny lackovky vSak disponuji charakteristickymi znaky tak, jak je popsano vyse.
Lisit se mohou dokonce 1 v ramci jedné rostliny, u niZ jsou obvykle tvofeny dolni (pii zemi) a
horni (ve vzduchu) la¢ky. Dale obvykle dochazi ke specializaci na zaklad¢ biotopu, v némz se
rostlina vyskytuje, a tedy dostupné hmyzi kofisti. Tato se méni dle nadmotské vysky vyskytu
la¢kovek (az 3200 m n. m.). Plati, Ze v pastech 1 v prostiedi s rostouci nadmotskou vyskou klesa
mnozstvi pozemniho hmyzu; naopak roste zastoupeni hmyzu létavého (a obracen¢). Zatimco
létavy hmyz je 1épe zadrZovan ve viskozni kapalin€, na zadrZeni pozemniho hmyzu 1épe piisobi
voskova zona v horni ¢asti 1a¢ky. Tomu odpovida i1 morfologie lacek. Ty s voskovou zénou
nabyvaji protahle podlouhlého tvaru a vyskytuji se u nizinnych druhi, zatimco ty spoléhajici
na viskozitu své tekutiny jsou spiSe rozSiten¢ ndlevkovitého tvaru a jsou typické pro
vysokohorské druhy (Gaume and Di Giusto, 2009; Bonhomme ef al., 2011). Dalsi specializace
se mohou tykat specifickych strategii zisku potravy, které jsou vice rozepsany v jedné
z Gvodnich kapitol. Pro pfipomenuti mizeme zminit rozklad detritu, koprofagii ¢i mutualisticky
vztah se spfiznénymi organismy.

V této praci nas zajima porovnani rozdil enzymatické aktivity koprofagni Nepenthes
hemsleyana a karnivorni Nepenthes rafflesiana. Vzhledem ke koprofagni vyzivé a absenci

nékterych funkénich prvkii masozravosti byla vyslovena hypotéza, Ze se tyhle rostliny vyvijeji
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smérem ke ztraté masozravosti (Fleischmann et al., 2018). Proto je predpoklddana castecna
ztrata enzymatické aktivity vaci typicky insektivorni lackovce. Obé rostliny jsou vyobrazeny

na obrazku ¢. 13.

Obrazek €. 13: Obrazek dvojice studovanych lackovek v jejich prirozeném prostiedi (Borneo). (A) Lackovka

Rafflesova (Nepenthes rafflesiana). (B) Nepenthes hemsleyana, jejiz prodlouzena lacka poskytuje dostatecny denni
ukryt pro netopyry druhu Kerivoula harwickii.

Jak jiz bylo zminéno v pfedchozich kapitolach, u Nepenthes hemsleyana (ve starSich védeckych
pracich znama jako Nepenthes rafflesiana var. elongata nebo Nepenthes baramensis viz Clarke
et al., 2011; Scharmann a Grafe, 2013) se vyvinul mutualisticky vztah s drobnymi netopyry
Kerivoula hardwickii (Grafe et al., 2011; Schoner et al., 2017a). Netopyfi vyuZivaji dutinu lacek
jako denni ukryt. Profit rostliny spo¢iva zejména v ziskavani vykalt a moci netopyrt, které jsou
vyuZzity pii vyZziveé rostliny — idajné je zpracovano az 95 % dusiku z vykalt a mo¢i (Grafe et
al., 2011; Schoner et al., 2017a).

Vzhledem ke koprofagnimu stylu zivota doslo u lacky této pasti k vyraznym zménam.
Jeji 1acka je podlouhld a pfesné odpovida objemu téla netopyrit Kerivoula hardwickii (Lim et

al., 2014). Uroven hladiny travici tekutiny v la¢ce je snizena, aby nepfichazela do styku
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s mutualistickym partnerem. Samotni netopyfi rostlinu dokazi v lesnim porostu vyhledat a
rozli$it od jinych rostlin rodu Nepenthes na zéklad¢ echolokace (orientace v prostoru zaloZzena
na vysilani a pfijmu zvuku). Specificky signal vznikajici odrazem od tvaru lacky netopyrovi
umozni zamifit ke spravné rostliné (Schoner et al., 2015a). Ukazalo se, ze Upravy lacky
(naptiklad ustfizeni vicka) ¢ini rostlinu pro netopyry vyrazné¢ mén¢ atraktivni, nebot specificky
ultrazvukovy odraz nevznika. Naznacuje to, ze drobné Upravy v konstrukci a fyziologii lacky
mohou vést evoluéné k novym zdrojim esencidlnich prvkii pro rostlinu a mohou tak
predstavovat selek¢ni vyhodu oproti klasické, vyhradné hmyzozravé vyzive.

Na druhou stranu je u této rostliny ocekavano potlaceni prvki charakteristickych pro
hmyzozravost. Toto se napliuje napiiklad v jiz zminéné nizsi (avSak velmi visk6zni) trovni
hladiny travici kapaliny (Lim ef al., 2014). Lacka také postrada kontrastni barevné vzory a
tékavé latky k lakani hmyzu (Moran, 1996, Clarke et al., 2011). Nicméné lacka i tak stale
produkuje malé mnozstvi nektaru pro lakani hmyzu (ovSem mnohem nizsi nez Nepenthes
rafflesiana), ma kluzky peristom a voskovou zonu (Bauer et al., 2011). V kyselé tekutiné lacky
byl zaznamenan i1 vyskyt lapeného hmyzu. Zda se tedy, Ze v tomto ptipad€ rostlina nemusi pfi
této adaptaci vynakladat tolik energie, jako pfi lakani a tradveni hmyzu (Schéner ef al., 2015b).
Hypoteticky by se ovS§em dal vzhledem k ptedtravenosti hmyzi potravy netopyrem ocekavat i
pokles enzymatické aktivity v travici tekutiné Nepenthes hemsleyana a tim Céasteéna ztrata
masozravosti. (Fleischmann et al., 2018)

Nejblizsi geneticky spiiznénou rostlinou s Nepenthes hemsleyana je 1ackovka Rafflesova
(Nepenthes rafflesiana), kterou lze povazovat za typického zastupce insektivorni masozravé
rostliny. Patii tedy spiSe k niZinnym druhlim, které se specializuji na pozemni hmyz. Zaméfeni
na pozemni kofist (napf. mravence) odpovida i prezence typickych znakli masozravosti, jako
voskova zoéna v horni ¢asti lacky ¢i méné viskdzni travici tekutina. Vné&jsi ¢ast lacky svym
povrchem umoziuje reflekci pro hmyz viditelnych vinovych délek, napt. UV oblasti (Moran,
1996), ¢imZ dochazi k jejich vabeni k lacce. Enzymatické sloZeni travicich Stav i styl Zivota se
vyrazn¢ neodchyluje od fakti uvedenych v ptedchozich kapitoléach.

Abychom ovéfili hypotézu o nizs§i enzymatické aktivité (zejména protedz) v Nepenthes
hemsleyana v reakci na ziviny dodané netopyry v podobé vykalil (tzv. ecological outsourcing
dle Schoner et al., 2017a), porovnali jsme jeji enzymatickou aktivitu s geneticky nejblize

sptiznénou rostlinou, Nepenthes rafflesiana.
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Indirect arthropod capture by

Direct arthropod capture T ;
more efficient mutualism partner

Obrazek ¢. 14: Znazornéni mechanismu zisku koristi u Nepenthes hemsleyana. Obdobné jako u jinych
masozravych lackovek je schopna lovu hmyzi koristi (,,own performance “). V pripadé Nepenthes hemsleyana vsak
dochazi i k mutualistické interakci s hmyzozravymi netopyry Kerivoula Hardwickii, kteii poskytnou lacce rostliny
nestravené zbytky své potravy (vykaly, moc), kterou nachytali v noci vyménou za denni ukryt. Pro tento zpiisob
zisku predtrdavenych zdrojii Zivin se ustalil vyraz ,,ecological outsourcing “ (zisk z interakci vnéjsiho prostredi), viz

zdroj obrdzku Schoner et al. (2017a).
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4.1. Material a metody

K experimentu byly vyuzity rostliny Nepenthes rafflesiana a Nepenthes hemsleyana,
vypéstované ve sklenicich v Griefswaldu (Némecko) v ¢asovém intervalu od 17. srpna az do
14. prosince 2017. Rostliny byly pé€stovany v substratovém mixu (raselinik, kira, listy, mech)
pti pramérné teploté 23 °C (noc) az 25 °C (den) a vysoké vzdusné vlhkosti (80% — 100%).
Rostliny byly vystaveny svétlu minimalné 12 hodin denné. VSechny testované rostliny mély na
vysku alespon 80 cm a jednu az dvé horni l1acky.

Pro zjisténi miry indukce genové exprese pomoci qPCR se monitoroval vyvin lac¢ek u
vSech experimentalnich rostlin. Jakmile se odklopilo vicko od usti lacky, bylo toto vicko
manualné uzavieno balici folii a vatou zvlh¢enou v destilované vodé (takto bylo zabranéno
pfedcasnému zachytu hmyzu). Jakmile u obou typt rostlin bylo Cerstvé otevieno Sest lacek
béhem sedmi dni, byl jednotlivym lackam pfifazen jeden ze dvou druhil kofisti — hmyz nebo
vykaly. Zméfil se objem travici tekutiny v odmérném valci a urcila se hodnota pH pomoci
testovacich prouzkti (Macherey-Nagel, Diiren, Némecko). Primérné pH bylo vypocteno na pH

kalkulacce, dostupné online (https://www.wgr-sw.com/pH/). Poté byly la€ky nakrmeny 6 mg

hmyzu (Drosophila hydei) ¢i 6 mg vykali (mix zmrazenych vykalt z Myotis bechsteinii, Myotis
nattereri a Plecotus auritus) na 12 ml travici tekutiny, coz odpovidad pfirozenému zachytu
Nepenthes hemsleyana v ptirodé (Schoner et al., 2017b). Po 24 a 48 hodinach bylo odebrano
200 mg Cerstvé vahy travici zony lacky ze vSech hmyzem i vykaly krmenych lacek obou druhti
rostlin. Byly také odebrany kontrolni vzorky bez ptidavku jakékoli kofisti. Ziskana pletiva byla
uloZena do zkumavky Eppendorf a zmraZena v tekutém dusiku. Uskladnéna byla pfi teploté -
80 °C.

V ptipadé¢ hmotnostni spektrometrie, metody western blotting a méfeni enzymatickych
aktivit se u rostlin figurujicich v experimentu op&t monitorovala tvorba ladek. Cerstvé oteviené
lacky se uzaviely zptisobem popsanym vyse. Jakmile byly u obou druht tii oteviené pasti
béhem sedmi dni, byl zméten objem travici tekutiny a jeji pH. Rostliny byly (dle popisu vyse)
krmeny hmyzem, vykaly; pfipadné krmeny nebyly (kontrola). Pfed odebranim vzorku byly
lacky jemné protiepany za Gi¢elem homogenizace travici tekutiny. Z kazdé 1acky byly odebirany
po 0,5 ml travici tekutiny celkem Ctyfi typy vzorkl: pfed krmenim, po 2 dnech, po 4 dnech a
po 6 dnech od nakrmeni. Po kazdém odebrani vzorku byl opétovné vyrovnan objem tekutiny
v lacee ptidanim 0,5 ml destilované vody. Vzorky byly poté uchovany pfi teploté -20 °C.

Ke studiu vyznamnych vnitrodruhovych rozdil mezi druhy aplikované kofisti ¢i mezi

druhy rostlin, na néz byla tato kofist aplikovana, byly uzity parové t-testy (Microsoft Excel).
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4.1.1. Real-time PCR

K prostudovani genové exprese v travici zon¢€ lacek byly zvoleny ¢ty geny odpovidajici dobie
znamym proteinim z tekutiny lackovek: NEPENTHESIN I a II (Athauda et al., 2004),
CHITINASE III (Rottloff et al., 2011; Hatano a Hamada, 2012; Ishisaki et al., 2012a),
CHITINASE IV (Hatano a Hamada, 2008; Hatano a Hamada, 2012; Ishisaki et al., 2012b).
Celkova RNA byla extrahovéna s vyuzitim soupravy Spectrum Plant Total RNA (Sigma-
Aldrich), aplikovana DN4aza I odstranila zbytky DNA a ziskand RNA byla procisténa pomoci
soupravy RNA Clean & Concentrator (Zymoresearch, USA). Integrita RNA byla ovétena
elektroforeticky v 1% agar6zovém gelu. Koncentrace a Cistota vzorku byla méfena pomoci
spektrofotometru NanoDrop™ 1000 (ThermoFisher Scientific, Waltham, MA, USA). Syntéza
prvniho vldkna cDNA byla provedena skrze ImProm-II Reverse Transcription System
(Promega, Madison, WI, USA) s pouzitim Oligo (dT)is primerti. K rozliSeni kontaminace
genomovou DNA byla pouzita pro kazdy ze vzorkd negativni kontrola (bez reverzni
transkriptazy). Primery pro studované¢ geny (NEPENTHESIN I a II, CHITINASE III,
CHITINASE 1V; jako reference pak ACTIN a 18S rRNA) byly navrzeny néstrojem Primer3plus
(Tabulka €. 2).

K ur€eni anelacni teploty nasednuti primeru (annealing temperature; Ta) bylo vyuzito
gradientové PCR (polymerdzova ftetézova reakce; polymerase chain reaction). Kazdy
amplifikovany produkt byl zkontrolovan v 2% agarézovém gelu pomoci elektroforézy a
nasledn¢ sekvencovadn Sagnerovou metodou k ovéfeni vysledné specificity. Stabilita
referen¢nich gentl (viz vyse) byla zhodnocena metodou 2"2¢" (Livak a Schmittgen, 2001) a
nastrojem BestKeeper. Nasledné byly specifické genové sekvence amplifikovany a detekovany
pomoci Maxima SYBRGreen/ROX qPCR Master Mix (ThermoFisher Scientific). Reakce real-
time PCR byly provedeny v 96-jamkov¢ titracni desticce v piistroji Light Cycler II 480 (Roche,
Basel, Svycarsko). Analyza teploty tani amplifikovanych produkti PCR byla zahrnuta
v kazdém z pribéhti qPCR. VSechny vzorky byly analyzovany ve tfech replikatech.

Metodika popisovana v této kapitole byla provedena v laboratotich Katedry molekularne;j
biologie a Katedry fyzioldgie rastlin na Prirodovedeckej fakulte Univerzity Komenského

v Bratislave (Slovensko).

4.1.2. Méreni enzymatickych aktivit
Ke zjisténi proteolytické aktivity v travici tekutiné jsme smichali 150 pl vzorku a 150 pl 2%

(w/v) BSA rozpusténého v 200 mM glycinu upraveného HCI na pH 3. Tuto smés jsme
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inkubovali pii 37 °C po 2 hodiny. Reakce poté byla zastavena ptidavkem 450 pl 5% (w/v)
kyseliny trichloroctové (TCA, viz vyse). Nasledovala desetiminutova inkubace vzorkid na ledu
a centrifugace o 20 000 g a teplotou 4 °C po 10 minut. Mnozstvi nesrazenych kratkych peptidi
(v supernatantu) bylo stanoveno méienim absorbance vzorkt pii 280 nm ve srovnani s blankem
na dvojpaprskovém spektrofotometru Specord 250 Plus (Analytik Jena, Némecko). Za jednotku
proteolytické aktivity se povazuje vzrist absorbance (280 nm) o 0,001 za minutu (Matusikova
et al., 2005).

Pro studium inhibice aspartat protedzy se vyse ur¢ena smes skladala z 3 ul ptidavku 150
UM pepstatinu (inhibitor aspartat proteaz) do smesi 150 pl vzorku a 147 pl 2% (w/v) BSA (viz
vyse). Inkubace i méteni probéhly ve shodé s vyse uvedenym postupem.

Chitinazové aktivity byly méfeny pomoci soupravy pro fluorimetrické stanoveni chitinaz
(Sigma Aldrich). Pro ur¢eni endochitindzovych aktivit byla pouzita 4-methylumbelliferyl B-D-
N,N’,N""-triacetylchitotrioza. Smés 10 pul vzorku s 90 ul substratového pracovniho roztoku byla
inkubovana pii 37 °C. Po jedné hodiné byla reakce zastavena pfidavkem 200 pl uhli¢itanu
sodného. Poté byla pfi pH > 7 zmétena fluorescence uvolnéného 4-methylumbelliferonu na
destickové ctecce SynergyMx (BioTek Instruments, Winooski, VT, USA) za excitace pti 360

nm a emise pii 450 nm. Vysledky jsou prumérem Sesti biologickych replikata.
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Tabulka €. 2: Sekvence pouzitych primerii pro Real-time PCR a jejich viastnosti (T, — anelacni teplota).

Primer Product Primer sequence (5'- 3' direction) Ta
size (bp) (°C)
ACTIN (ACT) 100 Forward: 59
CTCTTAACCCCAAAGCAAACAGG
Reverse:
GTGAGAGAACAGCCTGGATG
1858 rRNA 100 Forward: 59

CTTGATTCTATGGGTGGTGGTG
Reverse: GTTAGCAGGCTGAGGTCTC

NEPENTHESIN 1 193 Forward: 59
(NEPI) CCAACTCTGTCAAGCCCTTC
Reverse:
CCGAATGTGATATTAGGGATGG
NEPENTHESIN II 210 Forward: 59
(NEPII) TTCCTTGCGAGAGCCAGTAT
Reverse: CCGAATCCCTGGTTGTCTT
CHITINASE IIT 213 Forward: 60
(CHITIII) GCTCCGGCATAGCAGTCTAC
Reverse:
CTTGGTTTTGGCATGAGGTT
CHITINASE IV 219 Forward: 59
(CHITIV) ATGTCACGCATGAGACTGGA
Reverse:
CCACCGTTTGAGGTGAGTTT

4.1.3. SDS-PAGE a western blotting

Tréavici tekutina sesbirand za u¢elem enzymatickych testti byla separovana pomoci SDS-PAGE
a analyzovana metodou western blotting. Vzorky o objemu 100 pl byly po deset minut
zahfivany (denaturovany) pii 70 °C. Poté byly smichdny s Laemmliho vzorkovym tlumivym
roztokem (50 mM Tris-HCI (pH 6,8), 2% SDS, 10% glycerol, 1% pB-merkaptoethanol, 12,5 mM
EDTA a 0,02% bromfenylové modii). Do jamek 10% SDS-plyakryamidového gelu (Schégger,
2006) byl napipetovan shodny obsah vzorku (20 pl) a ndsledné byla provedena elektroforeticka
separace.

Proteiny v gelech byly bud’ zvyraznény barvenim stiibrem (ProteoSilver; Sigma Aldrich)
nebo preblotovany z gelu na nitrocelul6zovou membranu (Bio-Rad) pomoci zatizeni Trans-
Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). Po celono¢nim blokovani v TBS-
T s obsahem 5% BSA byly membrany po jednu hodinu inkubovany v primarni protilatce
(fedéni 1:500 az 1:1000) pti pokojové teploté. Po nasledném cyklu promyvani byly membrany
dale inkubovany v sekundarni protilatce (fedéni 1:10000; Bio-Rad). Bloty byly vizualizovany
a kvantifikovany pomoci chemiluminiscence na skeneru gelit Amersham Imager 600 (GE
HealthCare Life Sciences, Tokyo, Japan). Vysledky jsou primérem Sesti biologickych
replikati.
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4.1.4. Hmotnostni spektrometrie

Pro analyzu byla pouzita travici tekutina z kontroly (den 0) a krmenych lacek (dny 2, 4 a 6
smisené dohromady z divoda nedostatku materialu). Alikvota s travici tekutinou (500 pl) byla
vysusena pomoci vakuové centrifugy. K ziskanému peletu bylo pfidano 50 pl 50mM NH4HCO3
a 15 pl mocoviny. Poté byl obsah zkumavky sonifikovan po dobu 5 minut. Nésledné byly
proteiny redukovany ptfidavkem 4 pl 55 mM dithiothreitolu (DTT) a inkubovany pfi teploté 60
°C po 30 minut. Dale byly pfidany 4 pl 330 mM jodoacetamidu a smés byla inkubovéna ve tmé
a za laboratorni teploty po 20 minut. Pfebytek alkylacniho ¢inidla byl zhaSen pomoci 8 pl 55
mM DTT s naslednym piidanim 118 ul 50 mM NH4HCO:s. Stépeni proteinti bylo iniciovano
ptidavkem 1 pl dimethylovaného SOLu-tripsinu (Sigma-Aldrich, Némecko) a ponechano celou
noc pii 37 °C. Vysledny obsah byl vysuSen s vyuzitim vakuové centrifugy a obnoven
pridavkem 10 pl 0,1% kyseliny trifluoroctové a zbaven soli pomoci pipetovych Spicek
s obracenou fazi Zip Tip-Cis (Merck Millipore, Irsko). Odsoleny peptidovy vzorek byl
podroben analyze LC-ESI-MS/MS v zatizeni Q-TOF (Chamrad ef al., 2014). Ziskané soubory
dat byly zpracovany pro vyhledavani v databazi na zakladé¢ homologie programem PEAKS X

(Bioinformatics Solutions, Canada).
4.2. Vysledky

Tato Cast prace prezentuje vysledky naSich experimentli tykajicich se enzymatické regulace
Nepenthes hemsleyana a Nepenthes rafflesiana v reakci na odliSnou kofist (hmyz, vykaly). Je
zde ukazan vysledek analyzy genové exprese, dale také rozbor mnozstvi vybranych enzymu
v obou rostlinach po aplikaci rozdilné kofisti na ¢asové Skale nulty aZ Sesty den. Nechybi ani
enzymatické aktivity studovanych enzymi, zmény pH v tekuting 1a¢ky a proteiny nalezené
v jednotlivych typech vzorkii pomoci hmotnostni spektrometrie.

Vysledky analyzy genové exprese jsou na obrazku ¢. 15. Ukazuje se zde, Ze mRNA
kodujici dalezité enzymy lackovek (nepenthesin I a 1, chitinaza III a chitinaza IV), vzrostly po
48 hodindch v obou druzich studovanych rostlin pro oba typy kofisti (grafy A az H).
Vnitrodruhové srovnani neodhalilo Zadné vyznacné rozdily v reakci na vykaly ¢i hmyz
(mezidruhové srovnani je v tomto piipadé nemozné, zejména kviilli moznosti rozdilné miry
exprese house-keepingového genu v jednotlivych druzich). Data ukazala vysokou variabilitu
v genové expresi. Ukdzalo se, Ze Nepenthes rafflesiana vykazuje vét§si genovou expresi
chitinazy III po nakrmeni hmyzem, neZ je tomu u Nepenthes hemsleyana; naopak po nakrmeni

vykaly je vys$si exprese chitindzy III pozorovana v ptipad¢ Nepenthes hemsleyana, tyhle rozdily
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vSak nebyly signifikantni.

Obrazky €. 16 a 17 ve vysledcich barveni stfibrem a metody western blotting ukazuji, ze
mnozstvi studovanych proteini se v obou typech rostlin zvysilo pfi pridavku vykald i pii
piidavku hmyzu. Jelikoz v jednom gelu byly vzdy analyzovany vzorky od jednoho druhu
rostliny, byli jsme schopni opét studovat efekt daného typu kofisti v rdmci pouze jednoho druhu
rostliny (avSak nikoli mezi obéma druhy rostlin, kvili moznosti riznych sekvenci enzymi a
tim 1 afinity naseho epitopu protilatky).

U travici tekutiny Nepenthes rafflesiana (obrazek €. 16) se aplikaci western blottingu
ukazuje, ze obsah obou nepenthesinti se po pridavku vykalt vyrazné zvysil jiz druhy den po
zacatku experimentu, zatimco po piidavku hmyzu doslo jenom k mirnéjSimu naristu.
Imunodetekce chitindzy III (UspéSna pouze ve 3 z 6 piipadll) byla zaznamenana zejména po
ptidavku hmyzi kofisti. V pfipad€ chitindzy IV naopak imunodetekce odhalila jeji zvySené
mnozstvi spise po pridavku vykalli nezli hmyzu, a to zejména druhy a ¢tvrty den po zahdajeni
experimentu.

Travici tekutina Nepenthes hemsleyana (obrazek €. 17) imunodetekcei odhalila mirné
zvySeny obsah nepenthesinu po nakrmeni vykaly oproti hmyzu. Vysledky pro chitinazu IV u
obou typll potravy ukazaly velmi podobny nartist napii¢ celou dobou trvani experimentu.
Chitindzu III jsme nedokdzali pomoci imunodetekéni metody odhalit — divodem muze byt
nespecificita nami pouZité protilatky nebo nepfitomnost enzymu.

Dal$im nasim krokem byla analyza enzymatickych aktivit (obrazek €. 18), ktera dovoluje
mezidruhové 1 vnitrodruhové srovnani. Ukazuje se, ze aplikace vykali v travici tekuting
vyrazn¢ zvySuje aktivitu proteaz, a to bez ohledu na potravni strategii dané rostliny (A). Z toho
mimo jiné plyne, ze netopyti vykaly jsou lepSim induktorem proteolytické aktivity nez hmyz.
DalSim ptekvapivym vysledkem je minoritni aktivita endochitindz v travici tekutiné Nepenthes
hemsleyana ve srovnani s hmyzoZravou Nepenthes rafflesiana, ktera vSak nebyla signifikantné
vyznamna, kvili velké variabilité dat (B). Do tietice, Nepenthes hemsleyana ma z obou rostlin
mnohem vyraznéjsi schopnost acidifikace své travici tekutiny, a to jak po ptidavku vykal, tak
hmyzi kofisti (C).

Na diikaz toho, Ze za méfenymi proteolytickymi aktivitami stoji aspartdt proteazy, jsme
ucinili experiment s vyuzitim pepstatinu (zndmy inhibitor aspartatovych proteaz), jehoz vystup
1ze analyzovat na obrazku €. 19. Experiment prokazal, Zze 70 az 80 % proteolytické aktivity na
obrazku 18 je disledkem piisobeni aspartat protedzy, ktera je zfejmé pro ob€ rostliny majoritni
protedzou (tedy nepenthesin).

K dodate¢nému ovéfeni pfitomnosti studovanych enzymi jsme vyuzili analyzy skrze
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hmotnostni spektrometrii. Jak prozrazuje tabulka ¢. 3, v obou typech Nepenthes byl nalezen
nepenthesin I, II a chitindza IV a dal$i v tomto rodu diive popsané enzymy. Nepodafilo se nam
vsak identifikovat chitindzu III, ackoli tato byla ptivodné popsana v Nepenthes rafflesiana
(Rottloff et al., 2011). Vzorky byly zna¢né¢ kontaminovany keratinem, coz zamezilo hlubsi
identifikaci, a diky tomu neni seznam identifikovanych proteinli vycerpavajici. V kazdém
ptipad¢ vSak MS data potvrzuji pfitomnost enzyml u obou druhti lackovek bez ohledu na

potravni strategii.
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Obrazek ¢. 15: Grafy ukazujici expresi genii nepenthesin I (A, E), nepenthesin II (B, C), chitindza III (C, G) a chitindza IV (D, H) u rostlin Nepenthes rafflesiana (4 az D) a

Nepenthes hemsleyana (E az F). Genova exprese pred pridavkem koristi (0 h) je nastavena jako 1. Aplikace hmyzu je oznacena cerné, aplikace vykali bile. Uvedend data jsou

primérem = SE (n = 3); v tomto pripadé nebyly v ramci Studentova t-testu zjisteny zadné statisticky vyznacné rozdily.
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od zapoceti experimentu. (4) Elektroforeticky gel s rozseparovanymi proteiny obarveny stiibrem. (B) Western blotting pro detekci nepenthesinii (zde minén nepenthesin I a Il
dohromady). (C) Western blotting pro detekci chitindzy IIl. (D) Western blotting pro detekci chitinazy IV. Pod kazdym Western blottingem je uvddéna kvantifikace
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Studentova t-testu (*) P < 0,05; (**) P < 0,01).
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Obrazek & 17: Shrnuti analyzy skrze SDS-PAGE vybranych enzymii z Nepenthes hemsleyana po krmeni hmyzem ¢i vykaly. Cisla 0, 2, 4 a 6 oznacuji den odbéru travici tekutiny
od zapoceti experimentu. (4) Elektroforeticky gel s rozseparovanymi proteiny obarveny stiibrem. (B) Western blotting pro detekci nepenthesinii (zde minén nepenthesin I a 11
dohromady). (C) Western blotting pro detekci chitinazy IV. Pod kazdym Western blottingem je uvadena kvantifikace chemiluminiscencniho signalu. Uvedena data jsou priimérem

+ SE (n = 6); parovy Studentiiv t-test v tomto pripadé neodhalil statisticky vyznamné rozdily v reakci lacek na hmyz a vykaly.
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Obrazek €. 18: Enzymatické aktivity protedz (A), endochitinaz (B) a zména pH v travici tekutiné (C) po odbéru
vzorku ve dni 0, 2, 4 a 6. Bilé c¢tverecky oznacuji Nepenthes hemsleyana krmenou vykaly, Cerné ctverecky Nepenthes
hemsleyana krmenou hmyzem, bilé kruhy Nepenthes rafflesiana krmenou vykaly, cerné kruhy Nepenthes
rafflesiana krmenou hmyzem. Uvedena data jsou prumérem = SE (n = 6), vyuzito bylo Studentova t-testu.

Signifikantni mezidruhové rozdily jsou znaceny (#), P < 0,05, signifikantni vnitrodruhové rozdily jsou znaceny

(*%), P < 0,01.
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Obrazek €. 19: Graf ukazujici procentudlni zastoupeni aspartat protedzy (70 az 80 %) v celkové proteolytické
aktivité travicich stav. Jsou zde uvedeny hodnoty pro Nepenthes rafflesiana krmenou hmyzem (RI) a vykaly (RF),
dale pro Nepenthes hemsleyana krmenou hmyzem (HI) a vykaly (HF). Uvedend data jsou primérem + SE (n = 5).
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Tabulka €. 3: Proteiny identifikované v Nepenthes rafflesiana a Nepenthes hemsleyana pomoci hmotnostni spektrometrie.

Enzyme Accession No. Organism Sample RC Sample RI Sample RF Sample HC Sample HI Sample HF
Chitinase IV A9ZME]_NEPAL N. alata - yes - yes yes yes
Aspartic protease ADAIL7NZUQ_NEPAL N. alata - - - yes yes -
Aspartic protease (nepenthesin I) NEFP1_NEPGR N. gracilis ves yes ves” yes - yes
Nepenthesin IT AODA193PDPG_NEPAL N. alata - - - yes - yes
Nepenthesin IT AODAOQS3TFL4_9CARY N. rajah - yes yes” - - -
C-terminal peptidase ADA1L7NZU4_NEPAL N. alata - - - yes yes yes
C-terminal peptidase ADAIL7NZU]_NEPAL N. alata yes® yes - yes - yes
Peroxidase ADA140GMMG6 NEPMI N. mirabilis yes® - - yes yes
Purple acid phosphatase ADAIL7NZT7_NEPAL N. alata yes”© - - yes - -
Nepenthesin I ADAIL7NZUG_NEPAL N. alata ves - - yes© - -
Beta-1 3-glucanase I7H30Q8 NEPAL N. alata - ves - - - yes®
Carboxypeptidase ADA140GMLG6_NEPMI N. mirabilis - - - yes® - yes"
GDSL lipase ADAIL7NZTS_NEPAL N. alata - - - yes® - -
Maturase ADA3B5Y4WS5_9CARY N. x ventrata yes" - - - - -
Non-specific LTP-like ADA224ANY4 NEPAL N. alata yes - - yes® yes® -
RNase2 AODAIL7NZUS_NEPAL N. alata - yes - - - -

Samples: C - control non-fed plants, I - fed on insects, F - fed on faeces, H - N. hemsleyana, R - N. rafflesiana.

a

c

assigned to A9ZMF9_NEPAL Aspartic proteinase nepenthesin I from N. alata.
b assigned to AOA140GML5 NEPMI Nepenthesin 2-like from N. mirabilis.
identified by only a single sequenced peptide in this sample.
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4.3. Diskuze

Alternativni potravni strategie lackovek muzou zpusobit atlum typicky masozravych znakii,
mezi které patii naptiklad snizeni investice do lakani a traveni kofisti (Fleischmann et al.,
2018). Pii studiu mutualistické Nepenthes hemsleyana, kterd v odmeéné za hnizdisté ziskava
vykaly netopyrt Kerivoula hardwickii, jsme tedy chtéli ovétit tuhle hypotézu o nizsi efektivité
masozravych procest. Nasledné srovnani s nejblize geneticky piibuznou lackovkou, Nepenthes
rafflesiana, vsak prokazalo, ze v obou druzich rostlin doslo k vyrazné genové expresi travicich
enzyml v odpovédi na hmyz 1 vykaly (obrazek ¢. 15). Nasledny vyzkum pak navzdory
predpokladiim ukazal, Ze tyto enzymy jsou také sekretovany do travici tekutiny obou lackovek
(obrazky ¢. 16 a 17), kde jejich aktivitu zvysuje ptidavek hmyzu i vykali (obrazek €. 18).

Jak je ukdzano v grafu na obrazku ¢. 18-A, indukuje pfitomnost vykald daleko vétsi
enzymatickou aktivitu protedz nez hmyz, a to bez ohledu na rostlinny druh. Déle se ukazuje, ze
chitindzy jsou v Nepenthes hemsleyana stale uzite¢né (viz obrazek 18-B); divodem muize byt
antifungicidni obrana ¢i Stépeni nestravenych zbytkl chitinu ve vykalech hmyzozravych
netopyri (Rottloff ef al., 2011; Kaya et al., 2014). Dale graf na obrazku ¢. 18-C ukazuje, Ze
Nepenthes hemsleyana okyseluje svou travici tekutinu v reakci na oba typy studované kofisti
vyrazné vice nez Nepenthes rafflesiana.

Zde se nabizi otazka, proC si Nepenthes hemsleyana zachovavéa enzymatickou kapacitu
pro traveni kofisti (viz obrazek ¢. 19 a tabulka €. 3), kdyz bézné ziskavaji predtravenou potravu
bohatou na dusik v podobé& netopytich vykalli a mocoviny (Herrera et al., 2006; Kaya et al.,
2014). Skutecnost je vSak takova, Ze 1 Nepenthes hemsleyana je schopna zachytu hmyzu, ackoli
ho v jeji lacce bylo nalezeno asi desetkrat méné nez v Cisté insektivorni Nepenthes rafflesiana
diky snizené efektivité lakani kofisti (Moran, 1996; Gaume a Di Giusto, 2009). Taktéz se
ukazuje, Ze Nepenthes hemsleyana si zachovava tfadu insektivornich prvka lackovek (viz
uvodni ¢ast kapitoly 4).

Tato dvojita strategie zisku potravy tak rostliné umoziuje prosperovat ze zdchytu hmyzu
na mistech, kde se netopyii Kerivoula hardwickii bézn¢ nevyskytuji (Schoner et al., 2013);
navic i na mistech vyskytu tohoto netopyra bylo tidajné€ obydleno beéhem 6,5 tydni pfiblizné 30
% z celkového poctu pasti (Grafe ef al., 2011) v kompetici se svinutymi listy (alternativni
hnizdisté tohoto druhu netopyrti). Maji-li netopyii na vybér, voli si rad€ji mutualistickou
lackovku, ktera je pro né kvalitn€j§im hnizdiStém neZz svinuty list (Schoner ez al., 2013, 2017b).
OvsSem i tak zlstava piiblizné 70 % rostlin bez alternativniho zdroje potravy. Co vic, mladé

laCky nejsou natolik velké, aby pojaly télo netopyra, a tak zlistavaji odkazany na hmyzi kofist
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(Schéner et al., 2013; Lim et al., 2014).

Vyse uvedené je v souladu se zjisténim, ze Nepenthes hemsleyana je schopna profitovat
1 ze zachytu hmyzu, ovSem asimilace zivin je pomalejsi a méné efektivni nez v ptipad¢ vykali,
které jsou jiz predtraveny zazivacim systémem netopyri (Schoner et al., 2017a). Za dalsi,
Nepenthes rafflesiana je taktéz schopna travit hmyz i vykaly, coz indikuje, Ze pro traveni
netopytich vykall neni potfebna zadna dodatecna adaptace (Schoner et al., 2017a; Yilamujiang
etal.,2017).

Krom¢ zminované mocoviny obsahuji netopyii vymésky také amoniak a chitin (Herrera
et al., 2006; Kaya et al., 2014). Obé¢ tyto slozky vykali mohou v la€kovce vybudit travici
procesy (Yilamujiang et al., 2016; Saganova et al., 2018). Jelikoz ke zvySeni proteolytické
aktivity doSlo 1 v Nepenthes rafflesiana, kterda stimto typem kofisti v pfirodé obvykle
neptichazi do styku, jsou vykaly netopyrt ziejmé dobrou ndpodobou kofisti z fad hmyzu.

Jelikoz Nepenthes hemsleyana neni na mutualismu s netopyry vylozené zavisla (Grafe et
al.,2011), doslo u ni pouze ke zménam tykajicich se lakani a hnizdéni netopyrt (Schoner et al.,
2015a), a tedy nikoli radikalnich zmén, jaké mohou nastat pfi silné zavislosti obou mutualist
jeden na druhém. Schopnost traveni proteinti a chitinu spole¢né s dal§imi insektivornimi znaky
u této rostliny tedy zistala zachovana. Jelikoz insektivorni adaptace této lackovky zlstala

neovlivnéna, miize v ptirodé piezivat i bez svého mutualistického partnera.
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5. Zavér

Tato prace byla zamétena na dvoji problematiku. Prvni z nich se tyka regulace enzymatickych
aktivit jasmonatt v rostlinach rodu Pinguicula z fadu Lamiales, kterazto signalni draha byla
doposud studovana zejména u tadu Caryophyllales. Druhou studovanou tématikou byla
hypotetickd redukce enzymatické aktivity u Nepenthes hemsleyana, kterd v ramci svého
mutualismu vykazuje koprofagii, oproti geneticky nejblize sptiznéné insektivorni Nepenthes
rafflesiana.

Vysledky obdrzené pro rod Pinguicula prokézaly, ze tyto rostliny na svych listech 1 kvétni
stopce produkuji podobné travici enzymy, jaké byly zaznamenany i u dalSich masozravych
rostlin (s vyjimkou alfa-amylazy). OvSem ukazuje se, ze signalni drahy vedouci k expresi
enzymu se mohou od dfive studovanych rostlin 1iSit (viz naptiklad Nishimura et al., 2013);
ackoli je totiz reakce na hmyz pozitivni v podobé€ vylu¢ovani travicich enzym, nezda se, Ze by
jasmonaty hraly v procesu signalizace pfitomnosti kofisti né¢jakou roli. Pokusili jsme se ovérit
hypotézu o predsyntetizovani a nasledném vyplaveni enzymu pii zachytu kofisti, avSak tato
teorie z ndmi dosazenych vysledki mize byt aplikovana pouze pro fosfatdzy, ostatni enzymy
jsou pravdépodobné syntetizovany de novo. Zpusob signalizace ptitomnosti lapené kofisti tak
zustava neznamy. Ackoli se tyto vysledky mohou na prvni pohled jevit negativng, vyznamné
rozvijeji naSe poznani o masozravych rostlinach. Za vyznamné se povaZuje zjiSténi, Ze
jasmonatova signalni draha nebyla kooptovana ve vSech vyvojovych liniich masoZravych
rostlin.

Druhé¢é zaméteni této prace prekvapive ukazalo, ze travici tekutina Nepenthes hemsleyana
nema redukovanou enzymatickou aktivitu navzdory mutualistickému vztahu s netopyry. Dale
se ukazalo, Ze na kofist v podobé& vykali reaguje zvySenou proteolytickou aktivitou i Nepenthes
rafflesiana, z c¢ehoZ plyne, ze netopyii vykaly jsou vhodnou napodobou hmyzi kofisti a k jejich
traveni laCkovky nepotiebuji vyraznéj$i zmeny v travicich procesech. Obé studované rostliny
tedy mohou regulovat své travici procesy nezavisle na kofisti v podobé hmyzu ¢i vykala.

V obou tématech byla feSena regulace enzymatickych aktivit v masozravych rostlinach a
dospéli jsme zde k zajimavym a ptinosnym vysledklim. Navazujici prace by se mohly sousttedit
na vyzkum signalnich drah masozravosti v fddu Lamiales (¢i jinych méné probadanych fadech
masozravych rostlin) ¢i na dal$i mutualistické vztahy masoZravych rostlin a Zivo¢ichil vedouci

k obecné¢jsimu vhledu do fyziologickych zmén souvisejicich se vzajemnou adaptaci.
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Abstract

Carnivorous plants within the order Caryophyllales use jasmonates, a class of phytohormone, in the regulation of
digestive enzyme activities. We used the carnivorous butterwort Pinguicula x Tina from the order Lamiales to in-
vestigate whether jasmonate signaling is a universal and ubiquitous signaling pathway that exists outside the order
Caryophyllales. We measured the electrical signals, enzyme activities, and phytohormone tissue levels in response to
prey capture. Mass spectrometry was used to identify proteins in the digestive secretion. We identified eight enzymes
in the digestive secretion, many of which were previously found in other genera of carnivorous plants. Among them,
alpha-amylase is unique in carnivorous plants. Enzymatic activities increased in response to prey capture; however,
the tissue content of jasmonic acid and its isoleucine conjugate remained rather low in contrast to the jasmonate re-
sponse to wounding. Enzyme activities did not increase in response to the exogenous application of jasmonic acid or
coronatine. Whereas similar digestive enzymes were co-opted from plant defense mechanisms among carnivorous
plants, the mode of their regulation differs. The butterwort has not co-opted jasmonate signaling for the induction of
enzyme activities in response to prey capture. Moreover, the presence of alpha-amylase in digestive fluid of P. x Tina,
which has not been found in other genera of carnivorous plants, might indicate that non-defense-related genes have
also been co-opted for carnivory.

Keywords: Butterwort, carnivorous plant, digestive enzymes, electrical signals, jasmonic acid, Pinguicula, protease, variation
potential.

Introduction

The carnivorous plants have evolved specialized leaves or leat least 10 times in several orders of flowering plants (Albert ef al.,
parts that function as traps for prey capture and digestion to ob-  1992; Givnish ef al., 2015; Fleischmann et al., 2018). Whereas
tain scarce nutrients. This adaptation to low nutrient contentin  the mechanisms of prey capture have been studied in great
the soil has independently evolved by convergent evolution at  detail during the past two centuries, the process of digestion
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was almost completely unknown. The first endogenous en-
zyme in carnivorous plants was described only at the begin-
ning of this century in the pitcher plant (genus Nepenthes),
which resolved the longstanding question of whether prey
digestion is mediated by symbiotic microorganisms or plant-
derived enzymes (Athauda et al., 2004). In the decade that
followed, the development of mass spectrometry techniques
enabled the discovery of over 20 other digestive enzymes in
different species of carnivorous plants, which are surprisingly
very similar across distantly related taxa (Eilenberg ef al., 2006;
Hatano and Hamada, 2008; 2012; Rottloff et al., 2011; 2016;
Lee et al., 2016; Fukushima et al., 2017; Krausko et al., 2017).
Yet, the mechanism by which the secretion of these digestive
enzymes is regulated by stimuli from prey remained unknown
until Escalanté-Pérez et al. (2011) found that a phytohormone
from the group of jasmonates, 12-oxo-phytodienoic acid
(OPDA), was responsible for activation of the digestive process
in Venus flytrap (Dionaea muscipula). An increased level of the
true bioactive compound in jasmonate signaling, the isoleucine
conjugate of jasmonic acid (JA-Ile), was later found in Venus
flytrap, sundew plant (Drosera capensis), and the pitcher plant
Nepenthes alata in response to prey capture (Nakamura ef al.,
2013; Libiakova et al., 2014;Yilamujiang ef al., 2016; Krausko
et al., 2017; PavloviC et al., 2017). The binding of JA-Ile to
CORONATINE INSENSITIVE1 (COI1) protein as part of a
co-receptor complex mediates the ubiquitin-dependent deg-
radation of JASMONATE ZIM-DOMAIN (JAZ) repressors,
resulting in the activation of jasmonate-dependent gene ex-
pression (Chini et al., 2007; Thines et al., 2007; Fonseca et al.,
2009; Sheard et al., 2010). In ordinary plants, JA-Ile is respon-
sible for the activation of defense mechanisms after herbivore
attack or wounding, and it was postulated that the carnivorous
plants co-opted the jasmonate signaling pathway for prey cap-
ture (Pavlovi€ and Saganova 2015; Bemm et al., 2016; Pavlovi€
and Mithofer, 2019). Unfortunately, the studies to date have
generally been confined to three genera of carnivorous plants
(Drosera, Dionaea, and Nepenthes), which all are within the order
Caryophyllales (or, according to some authors, the separate
order Nepenthales; Fleischmann et al., 2018) and are mono-
phyletic. Therefore, it remains unclear whether the jasmonate
signaling pathway is a universal and ubiquitous signaling
pathway in other phylogenetic lineages of carnivorous plants.
In this study, we focused on carnivorous plants of the genus
Pinguicula (butterworts), which belongs to the order Lamiales
and is distantly related to the Venus flytrap, sundew, and
pitcher plant (Albert et al., 1992; Givnish, 2015). Most species
of Pinguicula have a basal rosette of compact leaves that are
more or less broadly ovate, and only a few species (Pinguicula
heterophylla, Pinguicula gypsicola) have filiform upright leaves.
Some species can bend their leaf edges slightly in response to
prey capture, while others have no such ability (Fleischmann
and Roccia, 2018). The leaves are covered by two types of
glands. The stalked glands produce sticky mucilage and serve
mainly for prey capture, but with the capacity to produce their
own digestive enzymes. The sessile glands are the main site for
the production of digestive enzymes (Heslop-Harrison and
Knox, 1971; Heslop-Harrison and Heslop-Harrison, 1980,
1981; Legendre, 2000; Heslop-Harrison, 2004). Both types of

digestive glands of Pinguicula share a special characteristic with
the Venus flytrap and sundew in that they do not secrete en-
zymes until stimulated by the presence of prey (Darwin, 1875).
It has been postulated that the glands of Pinguicula undergo a
type of total autophagy and are simply a sac of enzymes that
are discharged in response to prey capture, in contrast to the
jasmonate-mediated expression/secretion of digestive enzymes
in the carnivorous plants within the order Caryophyllales. The
initial event associated with the onset of secretion is the rapid
movement of chloride ions followed by water across the glands,
flushing out the stored enzymes from the cell walls of the
glands (Heslop-Harrison and Knox, 1971; Heslop-Harrison
and Heslop-Harrison, 1980). Contrary to this eccrine hypoth-
esis, Vassilyev and Muravnik (1988a , b) showed that the glands
remain highly active during the entire secretion process and
additional digestive enzymes are synthesized and secreted into
the digestive fluid after stimulation, much in common with the
process in Venus flytrap. In this study, we aimed to shed light
on this discrepancy in the view of jasmonate signaling within
a less-studied genus of carnivorous plant, Pinguicula. We were
interested in whether the jasmonate signaling pathway was
co-opted for plant carnivory outside the order Caryophyllales.
We measured electrical activity, analyzed the composition of
the digestive fluid and its enzymatic activity in response to
prey capture, and assessed endogenous phytohormone content.
We did not find any evidence that butterworts use jasmonate
signaling for the induction of enzyme activities.

Materials and methods

Plant material and experimental setup

We used a horticultural hybrid of Pinguicula X Tina (Pinguicula agnata
X Pinguicula zecheri) purchased from Gartneriet Lammehave (Ringe,
Denmark) and Drosera capensis in our experiments (Fig. 1A). Pinguicula X
Tina is famous for being vigorous and easy to grow, with many flowers,
and producing large leaves with a sufficient amount of digestive fluid for
analyses. Plants were grown at the Department of Biophysics of Palacky
University in Olomouc, Czech Republic, under standard greenhouse
conditions. Plants were grown in plastic pots filled with well-drained
peat moss, placed in a tray filled with distilled water to a depth of 1-2 cm.
During the experiments the plants were placed in a growth chamber
maintained at 21-22 °C and 100 pmol m™ s™' photosynthetically active
radiation, with a 16/8 h light/dark period.

Fruit flies (Drosophila melanogaster) were used as a model prey. Flies were
cultured from eggs in a carbohydrate-rich medium and were provided
by the Department of Genetics, Faculty of Natural Sciences Comenius
University in Bratislava, Slovakia. Before the experiments, adult flies were
cooled in a refrigerator at 4 °C for 15 minutes to facilitate manipulation.
Ten fruit flies were placed on one leaf surface or one flower stalk of plant
under study (Fig. 1B, C). After 2 h and 24 h, 10 control and 10 fed leaves
were cut off the plant using a scalpel, and leaf blades were submerged one
at a time in 4 ml of 50 mM sodium acetate buffer solution (pH 5.0) for
3 min to collect the exudates. Because of seasonal blooming, the limited
number and low biomass of flower stalks available were collected only
after 24 h.

In the experiments with jasmonates (see below), plants were sprayed
with 1 mM jasmonic acid or 100 pM coronatine in 0.001% Tween 20.
Control plants were sprayed with 0.001% Tween 20 only. The leaf exud-
ates were collected after 24 h as described above. For this experiment,
sundew plants (D. capensis) were used as a positive control, as this species
is known to increase digestive enzyme synthesis in response to the ex-
ogenous application of jasmonates (Krausko et al.,2017). For experiments
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Fig. 1. Butterwort Pinguicula x Tina. (A) Whole plant. (B) Flower stalk covered with digestive glands. (C) Leaf covered with stalked and sessile glands.

with hypertonic NaCl solution, 20 pl drops of 5% NaCl or distilled water
(as a control) were applied on the glandular leat surface and collected
using a pipette after 15 min. This time point was chosen as sufficiently
long to induce the flow of water from the glands but too short for the
synthesis and secretion of digestive enzymes de novo (based on our ex-
perience with Venus flytrap; JakSova et al., 2020; Pavlovi€ et al., 2020).
For wounding experiments, a leaf was wounded with a needle once for
electrical signal measurement or 10—15 times for phytohormone analyses
(see below).

Extracellular recording of electrical signals

Changes in the surface potential were measured by using non-polarizable
Ag—AgCl surface electrodes (Scanlab Systems, Prague, Czech Republic)
moistened with a drop of conductive EV gel (Hellada, Prague, Czech
Republic) that is commonly used in electrocardiography. The electrode
was attached on the abaxial side of the leaf either beneath an applied fly
(D. melanogaster) or 1 cm from a wounding site that was made with a
needle. The electrical signals were recorded by a non-invasive device in-
side a Faraday cage according to Ilik ef al. (2010).The reference electrode
was taped to the side of the plastic pot containing the plant, submerged
in 1-2 cm of water in a dish beneath the pot. The electrodes were con-
nected to an amplifier [gain 1-1000, noise 2-3 pV, bandwidth (-3 dB)
10° Hz, response time 10 ps, input impedance 10'? Q]. The signals from
the amplifier were transferred to an analogue—digital PC data converter
(eight analogue inputs, 12-bit converter, 10V, PCA-7228AL, supplied
by TEDIA, Plzeii, Czech Republic), collected every 6 ms.

Measurements of enzyme activities

The proteolytic activity of digestive fluid was determined by incubating
150 pl of the collected sample of digestive fluid with 150 pl of 2% (w/v)
bovine serum albumin in 200 mM glycine—HCI (pH 3.0) at 37 °C for
2 h.The reaction was stopped by the addition of 450 ul of 5% (w/v) tri-
chloroacetic acid (TCA). Samples were incubated on ice for 10 min and
then centrifuged at 20 000 ¢ for 10 min at 4 °C.The amount of released
non-TCA-precipitable peptides was used as a measure of proteolytic ac-
tivity, which was determined by comparing the absorbance of the super-
natant at 280 nm with that of a blank sample with a Specord 250 Plus
double-beam spectrophotometer (Analytik Jena). One unit of proteolytic
activity is defined as an increase of 0.001 min™" in the absorbance at
280 nm (Matusikova et al., 2005).

We used 5 mM 4-nitrophenyl phosphate (Sigma-Aldrich) in 50 mM
acetate buffer (pH 5) to estimate the activity of acid phosphatases. A 50 pl
sample of the collected digestive fluid was added to 500 pl of the acetate
buffer and mixed with 400 pl of the substrate. As a control, 400 pl of
substrate solution was added to 550 pl of buffer. Mixed samples were in-
cubated at 25 °C for 2 h. Thereafter, 160 pl of 1.0 M NaOH was added

to terminate the reaction. Absorbance was measured at 410 nm with a
Specord 250 Plus double-beam spectrophotometer (Analytik Jena). The
calibration curve was determined using 4-nitrophenol and the activities
were expressed in pmol ml™' h™'.

Amylase activity was measured using an amylase assay kit (Sigma-
Aldrich). Ethylidene-pNP-G7 was used as a substrate, which upon
cleavage by amylase generates 4-nitrophenyl. A 20 pl aliquot of collected
digestive fluid was added to a 96-well plate and adjusted to 50 pl with
the amylase assay buffer. Then 100 pl of substrate was added, the reaction
mixture was incubated at 25 °C, and absorbance at 405 nm was meas-
ured every 15 min for 2 h using a SynergyMx microplate reader (BioTek
Instruments, Winooski, VT, USA). Positive control (amylase enzyme) and
4-nitrophenyl standard at different concentrations were incubated under
the same conditions on the same microplate.

Chitinase activities were measured using a fluorimetric chitinase
assay kit (Sigma Aldrich). We used 4-methylumbelliferyl N-acetyl-f3-p-
glucosaminide, 4-methylumbelliferyl N,N’-diacetyl-f-p-chitobioside,
and 4-methylumbelliferyl B-p-N,N’,N”-triacetylchitotriose for the de-
tection of B-N-acetylglucosaminidase (exochitinase), chitobiosidase, and
endochitinase activities, respectively, according to the manufacturer’s
instructions. A 10 pl aliquot of collected digestive fluid was incubated
with 90 pl of substrate working solution at 37 °C and after 2 h the re-
action was stopped by the addition of 200 pl of sodium carbonate pro-
vided in the kit. The fluorescence of liberated 4-methylumbelliferone was
measured in alkaline pH using a SynergyMx microplate reader (BioTek
Instruments, Winooski, VT, USA) with excitation at 360 nm and emis-
sion at 450 nm. Chitinase from Trichoderma viride (positive control) and
4-methylumbelliferone standard at different concentrations were incu-
bated under the same conditions on the same microplate.

All enzyme activities were measured on pooled samples from 10 leaves
from 3 plants to have sufficiently concentrated samples within the limit
of detection.

SDS-PAGE electrophoresis

Digestive fluid collected for the enzyme assays was subjected to SDS-
PAGE. The samples were heated and denatured for 30 min at 70 °C
and then mixed with modified Laemmli sample buffer to a final con-
centration of 50 mM Tris—=HCI (pH 6.8), 2% SDS, 10% glycerol, 1%
B-mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol blue. The
same volume of digestive fluid was electrophoresed in 10% (v/v) SDS-
polyacrylamide gel (Schigger, 2006). The proteins in the gels were visu-
alized by silver staining (ProteoSilver; Sigma Aldrich).

Proteomic analysis of digestive fluid

Freshly collected digested fluid from fed plants was divided into
1 ml aliquots, which were subsequently frozen in liquid nitrogen
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and lyophilized overnight. The dry residue corresponding to one ali-
quot was adjusted to 100 pl with 10X cOmplete™ Protease Inhibitor
Cocktail (Roche, Switzerland) in 100 mM NaCl, and proteins were
precipitated using the TCA/acetone method. Briefly, the protein
sample was thoroughly mixed with 8 volumes of ice-cold acetone and
1 volume of TCA, and the resulting solution was kept at =20 °C for
1 h. The protein pellet was recovered by centrifugation at 20 000 g
and 4 °C for 10 min, rinsed twice with 2 volumes of ice-cold acetone
(Kim et al., 2006), dissolved in Laemmli sample buffer, and separated
by SDS-PAGE (Laemmli, 1970). The resolved proteins were stained
with colloidal Coomassie (Candiano et al., 2004) and digested in-gel
with raffinose-modified trypsin (Sebela ef al., 2006) as described else-
where (Shevchenko et al.,2006). Peptides were cleaned on home-made
C18 StageTips (Rappsilber et al., 2008), and mass spectrometry (MS)
analysis was done on a UHR-QTOF maXis tandem mass spectrom-
eter (Bruker Daltonik, Bremen, Germany) coupled to a RSLCnano
nanoflow capillary liquid chromatography system (Dionex, Thermo
Fisher Scientific, Sunnyvale, CA, USA) via online nanoESI source
(Bruker Daltonik, Bremen, Germany). The specific settings of the
chromatography system and the mass analyzer were identical to those
described previously (Simersky et al., 2017).

The acquired MS data were either processed by classical MASCOT
searches against a selected database or subjected to de novo sequencing.
In the first case, the precursor and fragmentation data were ex-
tracted from raw data using DataAnalysis v 4.3 x64 (Bruker Daltonik,
Bremen, Germany), exported into MGF files, and uploaded to Protein
Scape v. 2.1 (Bruker Daltonik, Bremen, Germany). Peptide and pro-
tein searches were performed employing the MASCOT algorithm
(v2.2.07, in-house server; Matrix Science, London, UK) against an
order Lamiales-specific protein database (NCBI; 325 526 sequences;
downloaded 23 October 2017) that was supplemented with common
protein contaminants. The following parameters were used for each
MASCOT search: MS and MS/MS tolerance were set at £25 ppm and
+0.03 Da, respectively; trypsin was selected as the protease and two
missed cleavages were allowed; carbamidomethylation of cysteine was
included as a fixed modification; and N-terminal protein acetylation
and methionine oxidation were selected as variable modifications.
A positively identified protein had to fulfil the following parameters:
contain at least one peptide with identity score calculated by the
MASCOT algorithm (a cut-off score required for the other assigned
peptides was 25 with P-value of 0.05); pass over a protein cut-off score
of 30. For de novo sequencing, the DeNovoGUI interface (v1.16.0;
Muth et al., 2014) containing the Novor (Ma, 2015), DirecTag (Tabb
et al., 2008), PepNovo (Frank and Pevzner, 2005), and pNovo (Chi
et al., 2010) algorithms was applied to generate full-length peptide
sequences directly from raw data. The same settings were adopted as
for the MASCOT searches described above. To assign all obtained de
novo peptide sequences, a local pBLAST search was carried out against
a compiled list of proteins identified in digestive fluids from all carniv-
orous plant species that have been examined to date. The BLAST hits
were filtered by similarity with following requirements: an alignment
length of at least five amino acids; cut-off values for overall identity
and positivity were set at 75%. After manual quality control of pep-
tide spectra, all assigned de novo peptides were considered as positive
identifications.

Quantification of phytohormones

At 2 h and 24 h after prey feeding or wounding with a needle, leaves
were collected from control and fed plants and immediately (within
10 s) frozen in liquid nitrogen and stored at —80 °C until analysis.
Quantification of jasmonic acid (JA), JA-Ile, cis-12-oxo-phytodienoic
acid (cis-OPDA), abscisic acid (ABA), salicylic acid (SA), and indole-3-
acetic acid (IAA) was performed according to the modified method de-
scribed by Flokova et al. (2014). Briefly, frozen plant material (20 mg)
was homogenized and extracted using 1 ml of ice-cold 10% methanol/
H,O (v/v). A cocktail of stable isotope-labeled standards was added as
follows: 10 pmol of [Hg|JA, [PH,]JA-Ile, [’Hs;]OPDA, [*Hg]ABA, and
[PCg]-IAA, and 20 pmol of [*H,JSA (all from Olchemim Ltd, Czech

Republic) per sample to validate the LC-MS/MS method. The extracts
were purified using Oasis® HLB columns (30 mg 1 ml™', Waters) and
hormones were eluted with 80% methanol. The eluent was evaporated
to dryness under a stream of nitrogen. Phytohormone levels were de-
termined by ultra-high performance liquid chromatography-electrospray
tandem mass spectrometry (UPLC-MS/MS) using an Acquity UPLC®
I-Class System (Waters, Milford, MA, USA) equipped with an Acquity
UPLC CSH® C4 column (100 X 2.1 mm; 1.7 pm; Waters) coupled to
a Xevo™" TQ-S MS triple quadrupole mass spectrometer equipped with
electrospray ionization technique (Waters MS Technologies, Manchester,
UK). Three independent technical measurements were performed on
5-15 biological replicates.

Statistical analyses

Throughout this paper, data are presented as means £SD. To evaluate
the significance of differences between the control and treated plants,
two-tailed Student’s t-tests was used (Origin 2015, Northampton, MA,
USA). Before the statistical tests, the data were analyzed for normality
and homogeneity of variance. When non-homogeneity was present,
the t-test was used with the appropriate corrected degrees of freedom
(Welch’s t-test).

Results
Electrical signaling

The presence of live prey did not elicit any electrical signal in
the leaf for the duration of measurements (6 h). By contrast,
wounding with a needle elicited depolarization of membrane
potential, a typical variation potential (VP) with amplitude
15-50 mV and duration 200—400 s (negative voltage shift re-
corded extracellularly, representing intracellular depolarization;

Fig. 2).

Insect prey-induced enzyme activity

The activities of proteases, acid phosphatases, amylases, and
exochitinases increased 2 h after prey feeding (Fig. 3A-D).
After 24 h, all measured enzyme activities in leaf exudates
were significantly increased (Fig. 3A-F). Surprisingly, the
flower stalk exudates also had increased proteolytic, acid phos-
phatase, amylase, and exochitinase activities 24 h after feeding

(Fig. 3A-D).

ol

100s

Fig. 2. Extracellular membrane potential in response to prey (Drosophila
melanogaster) applied on the trap surface (upper trace) and wounding
(lower trace) in Pinguicula x Tina. Arrows indicate the time point of stimulus
application. These representative records are shown from five independent
measurements.
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Fig. 3. Enzyme activities in Pinguicula x Tina in response to insect prey feeding and jasmonic acid (JA) application. Enzyme activities were measured

2 hand 24 h after feeding in leaf exudates, 24 h after feeding in flower stalk exudates, and 24 h after the application of 1 mM JA on the trap surface.

(A) Proteolytic activity. (B) Phosphatase activity. (C) Amylase activity. (D) Exochitinase activity. (E) Chitobiosidase activity. (F) Endochitinase activity. Data
are mean +SD (n=5-6). Significant differences between control and fed plants, and between control and JA-applied plants, were evaluated by Student’s

t-test: *P<0.05, *P<0.01.

Composition of digestive fluid

Our homology based-identification strategy enabled the iden-
tification of 14 protein sequences covering 8 different cata-
lytic activities, which included aspartic and cysteine proteases,
peroxidases, esterase/lipase and endonuclease. Interestingly, the
presence of alpha-amylase, an enzyme that has not been de-
scribed before in the digestive fluids of the other carnivorous
plants, was identified as well (Table 1; see also Supplementary
Table S1 and Fig. S1 at JXB online).

Jasmonates are not responsible for induction of
enzyme activity

The level of JA did not significantly increase at 2 h or 24 h
after feeding plants with fruit flies. To investigate whether
Pinguicula increases JA in response to damaging stimuli, leaves
were wounded 10-15 times with a needle. Wounding resulted
in a 10-fold increase of JA after 2 h; this increase was significant
(Fig. 4A).While feeding resulted in a slight (1-fold) but signifi-
cant increase of JA-Ile, wounding caused a 200-fold increase
(Fig. 4B).The level of the JA precursor cis-OPDA was not al-
tered significantly (Fig. 4C). Wounding also increased the level
of ABA after 2 h and 24 h, whereas feeding increased the level
of ABA only after 24 h (Fig. 4D).The level of SA did not in-
crease in response to either stimulus, and only a significant de-
crease in response to wounding was detected at 24 h (Fig. 4E).
The level of IAA level remained more or less constant in fed
plants (Fig. 4F); IAA analysis in wounded leaves failed.

To confirm that jasmonates are not involved in enzyme se-
cretion, we applied JA and coronatine (a molecular mimic of
JA-Ile) exogenously. Neither JA nor coronatine was able to
induce enzyme activity (Figs 3 and 5). SDS-PAGE confirmed
that JA, ABA, and coronatine did not induce the secretion of
proteins, and the protein profile of treated plants was com-
parable to that of control plants (Fig. 6). For control experi-
ments, we used sundew plants (D. capensis), which are known
to regulate enzyme production through jasmonates (Krausko
et al., 2017). Sundew plants showed a significant increase in
enzyme activity in leaf exudates after coronatine treatment
(Fig. 5). In response to exogenous coronatine, sundew plants
folded their tentacles and traps not only locally to the site of
coronatine application but also systemically, and both local and
systemic leaves started to secrete digestive fluid. No such be-
haviour was observed in Pinguicula X Tina plants, which cannot
told their leaves.

Rapid efflux of water is responsible for induction of
phosphatase activity

To induce a rapid efflux of water from the digestive glands of
Pinguicula plants, we applied hypertonic 5% NaCl solution to
the glandular leaf surface. The secretion was collected 15 min
later for further analyses. Measurements of enzyme activity
showed a 30-fold increase of phosphatase activity in digestive
fluid within 15 min (Fig. 7B). The proteolytic activity was
not significantly increased in comparison to controls (leaves
treated with water) (Fig. 7C). Amylase and chitobiosidase

1202 Arenigad || uo 1senb Aq G19Z18G/61L€/Z 111 LiooIe/axl/wod dno olwapeo.)/:sdy wolj papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa159#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa159#supplementary-data

3754 | Kocéb et al.

Table 1. Proteins identified by mass spectrometry analysis in Pinguicula x Tina digestive fluid collected 24 h after feeding on fruit flies

MS data processing
method

Identification characteristics

MASCOT search Detected sequence Assigned protein Accession’ MASCOT score Peptides/PSMs/SC?
LAASILR Peroxidase 10-like Kzv23101.1 33.5 1/3/2.1
AVADIVINHR Alpha-amylase EPS60632.1 38.9 1/1/2.8
GILQAAVQGELWR Alpha-amylase KzVv28895.1 39.9 1/4/3.4

De novo sequencing Detected sequence Homologous protein Accession? De novo score pBLAST identity/

pBLAST search positivity®
TVPMVLNGAGLLNMGPPHMK Nepenthesin Il BAD07475.1 30.28 77/88
WESSLNWVLCMK Asp protease GAV80475.1 30.93 75/75
HQMLVALQYYCNR Cysteine protease BAW35427 .1 32.63 83/83
MVQGGSGKVAQQTLAAN Desiccation-related protein BAW35440.1 31.03 75/100
GRLMVAGLGGLGMKER Cinnamy! alcohol dehydro- - 35.07¢ 87/87°
PNKFGVGLGGLGLMQR genase 35.08¢ 100/1007
MPVDFNVTATFHLQ Leu-rich repeat protein - 33.77 75/100

NrLRR1

SLNLNSLRGNVK Peroxidase BAM28609.1 32.28 100/100
YYFNLNYPEGFTK Beta-xylosidase AAX92967 .1 40.02 85/85
TLLSDLVNSTTAMMK Peroxidase - 34.23 77/100
ARMTNMRNKVQQVQQNMPR GDSL esterase/lipase XP_004232991.1 30.64 Yaaas
AQKRNWVQQWQR Endonuclease 2 - 32.59 100/100

@ NCBI database accession. ® PSMs, peptide-spectrum matches; SC, sequence coverage in %. ¢ pBLAST identity and positivity in %. ¢ Characteristics
for two independent peptide hits acquired for the respective protein.
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Fig. 4. Tissue levels of phytohormones in Pinguicula x Tina in response to feeding and wounding. (A) Jasmonic acid (JA). (B) Isoleucine conjugate of
jasmonic acid (JA-lle). (C) cis-12-oxophytodienoic acid (cis-OPDA). (D) Abscisic acid (ABA). (E) Salicylic acid (SA). (F) Indole-3-acetic acid (IAA). Data
are mean +SD (n=5-15). Significant differences between control (time 0) and fed plants after 2 h and 24 h were evaluated by Student’s t-test: *P<0.05,

*P<0.01.

activities were not detected. Exochitinase and endochitinase

Discussion

activities were slightly but significantly increased relative to

controls (Fig. 7D, E). SDS-PAGE showed the clear appear-
ance of some proteins in the digestive fluid of NaCl-treated
leaves. The most prominent was the appearance of a band at
~20 kDa (Fig. 7A).

In order to save available resources in nutrient-poor envir-
onments, carnivorous plants produce digestive enzymes not
constitutively but in response to prey capture. Mechanical and
chemical stimuli from insect prey have an indispensable role
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in this process (for review, see Pavlovi€ and Mithofer, 2019).
The carnivorous plants with active trapping mechanisms (e.g.
Drosera and Dionaea spp.) rely on both stimuli (Libiakova et al.,
2014; Bemm et al., 2016; Krausko et al., 2017; JakSova et al.,
2020).The carnivorous plants with passive trapping mechanisms
(Nepenthes and Sarracenia spp.) rely solely on chemical stimuli
(Gallie and Chang, 1997; Yilamujiang et al., 2016; Saganova
et al., 2018). The presence of chitin, protein, or different ions
(e.g. NH,") has been shown to be effective in induction pro-
cesses (Libiakova ef al., 2014;Yilamujiang ef al., 2016; Saganova
et al., 2018; JakSova et al., 2020). All these stimuli increase the
level of jasmonates, which transcriptionally activate the genes
encoding digestive enzymes (Bemm et al., 2016; Yilamujiang
et al.,2016; PavloviC et al., 2017; JakSova et al., 2020). However,
all these studies were confined to carnivorous plants within the
order Caryophyllales.

In this study, we showed that the butterwort (Pinguicula X Tina,
order Lamiales) had increased enzyme activities in digestive
fluid from leaves in response to prey capture. Interestingly, the
enzyme activities were also increased in flower stalk exudate,
which indicates that the flower stalk of Pinguiculais an additional
carnivorous organ—a unique adaptation among carnivorous
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Fig. 5. Effect of application of 100 pM coronatine on enzyme activities

in leaf exudates of Pinguicula x Tina and Drosera capensis. (A) Protease
activity. (B) Phosphatase activity. Data are mean +SD (n=5). Significant
differences between control and coronatine-treated plants were evaluated
by Student’s t-test: *P<0.05, **P<0.01.

plants. This is consistent with the uptake of nitrogen from prey
captured by the flower stalk, as was previously documented in
Pinguicula vulgaris and Pinguicula villosa (Hanslin and Karlsson,
1996). After prey capture, MS revealed the presence of enzymes
in leaf exudate well known from other non-related genera
of carnivorous plants, such as cysteine and aspartic proteases,
endonuclease, and peroxidase (Hatano and Hamada, 2008,
2012; Schulze et al., 2012; Lee et al., 2016; Rottloff et al., 2016;
Fukushima ef al., 2017; Krausko et al., 2017). We propose the
names ‘pinguiculain’ for cysteine protease and ‘pinguiculasin’
for aspartic protease, following the nomenclature of Takahashi
et al. (2009, 2012). This finding supports the hypothesis that
carnivorous plants with independent origins repeatedly
co-opted the same plant defense protein lineages to acquire
digestive physiology (Fukushima et al.,2017). However, we also
found one unique enzyme that has not been identified in the
secretome of carnivorous plants before: alpha-amylase. Amylase
is an enzyme that catalyzes the hydrolysis of starch, a poly-
saccharide produced by most green plants as an energy store.
Our finding is consistent with the work of Heslop-Harrison
and Knox (1971), which demonstrated amylase activity in the
digestive glands of Pinguicula. The flat leaves of Pinguicula often
trap significant amounts of plant material (Darwin, 1875) and
amylases may help to digest this alternative source of carbon,
implying that Pinguicula is a true mixotroph. When grown in
axenic culture, plants of Pinguicula lusitanica showed significant
increases in the numbers of leaves and flowers when fed with
pine pollen (Harder and Zemlin, 1968).This ‘vegetarianism’ of
carnivorous plants within the order Lamiales is not rare; on the
contrary, it is very common in the genus Utricularia (Peroutka
et al., 2008, Koller-Peroutka et al., 2015) and probably also
in Genlisea (Plachno and Wolowski, 2008). The presence of
alpha-amylase in digestive fluid might represent another ex-
ample of non-defense-related genes that have been co-opted
for the syndrome of carnivory. The class V B-1,3-glucanases
in Nepenthes and Dionaea, like alpha-amylase, are involved in
embryo and pollen development and germination rather than
defense responses (Michalko et al., 2017). The detection of
phosphatase and chitinase activities (Fig. 3) but the absence of
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Fig. 6. Silver-stained SDS-PAGE of digestive fluid released in response
to different stimuli in Pinguicula x Tina. The same volume of digestive fluid
24 h after different treatments was electrophoresed and the proteins were
separated in 10% (v/v) SDS-polyacrylamide gel and silver stained. ABA,
abscisic acid; JA, jasmonic acid.
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Fig. 7. Silver-stained SDS-PAGE and enzyme activities in the digestive fluid released in response to salt application in Pinguicula x Tina. (A) Protein profile
resolved by SDS-PAGE. The same volume of digestive fluids 15 minutes after H,O and 5% NaCl application and 24 h after feeding was electrophoresed
and the proteins were separated in 10% (v/v) SDS-polyacrylamide gel and silver stained. (B) Proteolytic activity. (C) Phosphatase activity. (D) Exochitinase
activity. (E) Endochitinase activity. Data are mean +SD (n=3-6). Significant differences between H,O and 5% NaCl treated plants were evaluated by

Student’s t-test: *P<0.05, **P<0.01

corresponding enzymes in the acquired dataset, together with
rather modest coverages obtained for the assigned sequences,
indicate that our proteomic analysis was not exhaustive and
more enzymes could be present in the digestive fluid of
Pinguicula. The most probable cause of this disparity is the lack
of appropriate genomic background, which is a prerequisite for
each protein identification experiment.

If these proteins were repeatedly co-opted for digestive
physiology, it is tempting to assume that the signaling pathway
would also be. Jasmonate signaling has been investigated in only
three genera of carnivorous plants so far (Dionaea, Drosera, and
Nepenthes), all of which are within the order Caryophyllales.
All of these carnivorous plants increase their endogenous level
of jasmonates (JA and JA-Ile) in response to prey capture and
secrete enzymes in response to the exogenous application of
these jasmonates (Nakamura et al., 2013; Yilamujiang et al.,
2016; Krausko et al., 2017; PavloviC et al., 2017). However, in
this study we showed that neither of these phenomena occur
in Pinguicula. A slight increase in JA-Ile was found in response
to feeding (Fig. 4B), but such an increase could be caused by
the presence of chitin in the applied insect exoskeleton and has
probably no function in plant carnivory. This is supported by
the fact that the exogenous application of JA and coronatine
could not mimic insect prey and enzyme production was not
increased in response to their application (Figs 3 and 5). The
slight increase of endogenous ABA after feeding (Fig. 4B) was
probably also caused by the presence of chitin in the insect
exoskeleton, which may increase ABA concentrations (Iriti
and Faoro, 2008; Iriti et al., 2009, Jaksova et al., 2020). The
SDS-PAGE protein profiles in response to coronatine, JA, and
ABA application strongly differ from those induced by insect
prey and resemble control (unfed) plants, with no detectable
protein bands (Fig. 6). In carnivorous plants of the genera
Drosera and Dionaea, the exogenous application of jasmonates
induces the same protein spectra as the application of live prey
(compare Fig.7 in Krausko et al., 2017, or Fig. 6 in PavloviC€
et al., 2017). In other words, the application of jasmonates to
Pinguicula cannot mimic the presence of insect prey, which is

in contrast to the response to exogenous jasmonates of carniv-
orous plants in the order Caryophyllales. To investigate whether
other plant hormones might activate enzyme secretion by
Pinguicula, we applied 100 uM gibberellic acid (GA3), 250 uM
SA, and 200 nM TAA, but none of these phytohormones was
able to trigger significant enzyme activities in digestive fluid
(data not shown).

The absence of jasmonate signaling in the genus Pinguicula
could be explained by the absence of electrical signaling in
its prey-detection system, in contrast to Drosera and Dionaea
(Bohm et al., 2016; Krausko et al., 2017, PavloviC et al., 2017).
In these genera, electrical and jasmonate signaling enable the
coordinated activation of digestive processes in neighbouring
glands that have not touched the insect prey. In Pinguicula, the
activation of digestive glands is confined to the release of di-
gestive fluid in response to chemical stimuli from the prey
itself and the glands that have made contact with it (Heslop-
Harrison and Knox, 1971). However, in some carnivorous
plant species the presence of chemical signals from insect prey
alone is able to trigger JA accumulation, as was documented
in passive pitcher traps of Nepenthes (Yilamujiang et al., 2016).
This indicates that rapid electrical signals are not necessary for
the induction of JA signaling in carnivorous plants. Thus, their
absence in prey detection cannot account for the observation
that Pinguicula does not use jasmonate signaling for the regula-
tion of enzyme secretion.

The mechanism triggering enzyme secretion in the genus
Pinguicula remains a subject for future research, given that
our findings indicate that the jasmonates were not co-opted
for plant carnivory in this genus. Heslop-Harrison and Knox
(1971) proposed that the enzymes are pre-synthesized and
stored in the vacuoles and cell walls of digestive glands, and
are released only by the flux of water triggered by prey cap-
ture. They suggested total autolysis of the cells, in contrast to
Vassilyev and Muravnik (1988a, b), who argued that secretory
cells of the digestive glands remain highly active during the en-
tire period of prey digestion.Vassilyev and Muravnik (1988a, b)
also suggested that additional digestive enzymes are synthesized
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de novo after stimulation, as occurs in Venus flytrap. Based on our
experiments with NaCl, it seems that at least phosphatases are
pre-synthesized and are only flushed away from the cell walls
of the digestive glands by chloride ion movement (Heslop-
Harrison and Heslop-Harrison, 1980). Indeed, a cytochemical
study of the leaf gland enzymes in Pinguicula showed the pres-
ence of phosphatases in the spongy radial walls of the head of
the unstimulated gland, which are clearly flushed away by the
flux of water (Heslop-Harrison and Knox, 1971). However,
some of the enzymes need to be synthesized de novo (e.g. pro-
teases and amylases). The signal that triggers the expression of
these enzymes remains unknown.

Conclusions

Our study clearly shows that whereas the proteomic com-
position of digestive fluid is similar among different orders of
carnivorous plants (with the exception of alpha-amylase), the
mode of their regulation may differ. This finding is consistent
with the study of Nishimura ef al. (2013), who found S-like
R Nases in three genera of carnivorous plants from two orders,
but with different regulation of their expression. Although the
genus Pinguicula shows strongly enhanced enzyme secretion in
response to prey capture, jasmonates are not involved in this
process. The hypothesis that the digestive enzymes are pre-
synthesized and only flushed away by water outflow cannot be
accepted entirely. The type of signal that is involved after prey
capture in Pinguicula remains unknown.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Protein profile of the digestive fluid from Pinguicula
X Tina in response to feeding.

Table S1. Proteins identified in the digestive fluid of
Pinguicula X Tina.
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ARTICLE INFO ABSTRACT

Keywords: The carnivorous pitcher plants of the genus Nepenthes usually attract, capture and digest arthropod prey to obtain
Bat mineral nutrients. But few members of the genus have evolved specialized nutrient sequestration strategies to
Carnivorous plant acquire nitrogen from the faeces and urine of mutualistic mammals, which they attract. Because the plants obtain
Chitinase significant amounts of nitrogen in a more available form, we hypothesized that they have relaxed the production

Digestive enzyme . . . . . .
& i of digestive enzymes. If so, species that digest mammal faeces should show fewer digestive enzymes than closely

Nepenthes

Nepenthesin related species that rely on arthropods. We tested this hypothesis by comparing digestive enzymes in 1) Nepenthes
Pitcher plants hemsleyana, whose pitchers serve as roosts for the mutualistic woolly bat Kerivoula hardwickii, which also
Proteinase defecate inside the pitchers, and 2) the close relative Nepenthes rafflesiana, a typical arthropod capturing species.

Western blot To investigate the dynamics of aspartic proteases (nepenthesin I and II) and type III and IV chitinases in both
species, we conducted qPCR, western blotting, mass spectrometry, and enzyme activity measurements. We found
that mRNA in pitcher tissue and enzyme abundance in the digestive fluid is upregulated in both species in
response to faeces and insect feeding. Contrary to our initial hypothesis, the final nepenthesin proteolytic activity
in the digestive fluid is higher in response to faeces addition than to insect prey irrespective of Nepenthes species.
This indicates that faeces can mimic arthropod prey triggering the production of digestive enzymes and

N. hemsleyana retained capacity for production of them.

1. Introduction

To persist in their nutrient-poor habitats, the carnivorous plants of
the genus Nepenthes evolved to capture arthropod prey using modified
leaves, so-called pitchers (Clarke et al., 1997; Pavlovic et al., 2007;
Osunkoya et al., 2007). These pitchers act as passive traps that employ
combinations of a slippery peristome, epicuticular wax crystals, an
anisotropic pitcher surface and/or acidic, viscoelastic digestive fluid to
capture and retain arthropod prey (Gaume et al., 2002; Bohn and Fed-
erle 2004; Gorb et al., 2004; Gaume and Forterre 2007; Bauer et al.,
2008; Bonhomme et al., 2011; Bazile et al., 2015). However, few Ne-
penthes species have evolved to exploit alternative sources of nutrients.
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For example, Nepenthes ampullaria captures leaf litter from the canopy
above thereby obtaining up to 35% of foliar nitrogen. For this purpose,
N. ampullaria has modified its pitcher morphology in a rather unusual
way: The plants produce huge ‘carpets’ with hundreds of pitchers sitting
on the soil surface. Unlike in other Nepenthes pitchers, the lid does not
cover the pitcher’s orifice but points away and thus cannot prevent
leaves from falling into the pitcher (Moran et al., 2003; Pavlovic et al.,
2011). Completely different examples of alternative nutrient acquisition
can be seen in three giant montane pitcher plants from Borneo (N. lowii,
N. rajah, N. macrophylla), which capture faeces of small mammals (tree
shrews of the species Tupaia montana; rats of the species Rattus baluensis;
Clarke et al., 2009; Chin et al., 2011; Greenwood et al., 2011). The
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Fig. 1. Studied species in natural habitat in Borneo. (A) Nepenthes rafflesiana, (B) Nepenthes hemsleyana. Note elongated pitcher of N. hemsleyana which provides

sufficient space for bat roosting.

pitchers’ lids of these Nepenthes species produce huge amounts of sweet
exudates on which the mammals feed. At the same time they defecate
into the pitcher’s orifice whose distance to the lid precisely matches the
body length of the mammals (Clarke et al., 2009; Chin et al., 2011). A
similar interaction can be seen in N. hemsleyana, which sequestrates up
to 95% of nitrogen from the faeces and urine of the small woolly bat
Kerivoula hardwickii, which roosts inside the plants’ aerial pitchers above
the digestive fluid (Grafe et al., 2011; Schoner et al., 2017a). The
pitchers of N. hemsleyana not only match the body size of the mutualistic
mammals (Lim et al., 2014); their elongated rear inner pitcher wall also
reflects strong species-specific echoes so that the bats can easily locate
and identify these pitchers (Schoner et al., 2015a). The plant clearly
benefits from faeces by increased growth, chlorophyll content and
overall photosynthetic performance (Schoner et al., 2017a) as was found
for typical arthropod-digesting species (Capo-Bauca et al., 2020;
Pavlovic et al., 2009). No significant costs were found for this interaction
(Schoner et al., 2015b), which can be considered as mutualistic (Grafe
et al., 2011; Schoner et al., 2017a).

Besides morphological pitcher adaptations to lure and accommodate
mutualistic partners, it has been suggested that pitchers also show mo-
lecular adaptations for nutrient digestion. Arthropod prey is a rich
source of nitrogen bound mainly in protein, chitin and nucleic acids
(Pavlovic et al., 2016). The carnivorous plants use different types of
proteases, chitinases and nucleases to digest these macromolecules (for
review see Matusikova et al., 2018). For example, the aspartic proteases
nepenthesins I - VI are responsible for protein digestion (Athauda et al.,
2004; Hatano and Hamada, 2008, 2012; Lee et al., 2016; Rottloff et al.,
2016; Wan Zakaria et al., 2019). Three types of chitinases (type L, IIl and
IV), S-like RNase and endonuclease Endo2 were identified in different
Nepenthes species (Eilenberg et al., 2006; Stephenson and Hogan, 2006;
Rotloff et al., 2011; Ishisaki et al., 2011; 2012; Lee et al., 2016). Bat’s
excrements (faeces and urine) represent a pre-digested nitrogen rich
material excreted mainly as urea. They contain also uric acid, ammonia,
creatinine; and faeces of insectivorous species also high content of chitin
(Herrera et al., 2006; Kaya et al., 2014) in contrast to insect prey with
high protein content (Kourimska and Adamkova, 2016). Although no
urease activity was detected in the digestive fluid of N. hemsleyana, the
plant is clearly able to metabolize isotopically labelled urea by
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endogenous ureases expressed in pitcher tissue. Such ureases are
expressed in almost all plant taxa as part of arginine metabolism and
N. hemsleyana ureases have not evolved towards a specialized function
but carry out their inherent enzymatic activities (Yilamujiang et al.,
2017). This is in huge contrast to typical digestive enzymes in carnivo-
rous plants where functional diversification led to the evolution of en-
zymes devoted to carnivory (Renner and Specht, 2012; Nishimura et al.,
2013; Fukushima et al., 2017; Matusikova et al., 2018). This suggests
that for digesting bat faeces, no additional adaptations have been
necessary indicating an easy switch to N. hemsleyana’s coprophagous
lifestyle (Yilamujiang et al., 2017).

On the other hand, it has been hypothesized that several Nepenthes
species might be on the way to lose their ability of carnivory in favour of
coprophagy or detritivory (Fleischmann et al., 2018). First, the number
of arthropod items found in N. ampullaria, N. lowii and N. hemsleyana is
significantly lower than found in typical arthropod-digesting Nepenthes
species (Moran, 1996; Adam et al., 1997; Clarke 1997; Bauer et al.,
2011; Chin et al., 2014). The slippery peristome of N. lowii pitchers is
strongly reduced and pitchers lack their waxy layer (Clarke et al., 2009).
Lunate cells, which enable an important retention mechanism, are ab-
sent in N. ampullaria (Gaume et al., 2002; Moran et al., 2010). Nectar
glands are also almost absent in N. ampullaria and the amount of nectar
produced by N. hemsleyana is strongly reduced in comparison to
N. rafflesiana (Moran et al., 2003; Bauer et al., 2011). In N. hemsleyana,
complex colour contrast patterns and volatiles that appeal to insect
senses are lacking (Moran 1996; Clarke et al., 2011). Because the plants
have largely transferred capture and pre-digestion of arthropod prey to
their mutualism partners (so-called ecological outsourcing, Schoner et al.,
2017a), it is tempting to assume that in the course of evolution
N. hemsleyana plants also have reduced enzyme secretion in their
digestive fluid, thereby preserving valuable resources. This assumption
is supported by the fact that N. hemsleyana also shows a reduced level of
digestive fluid, an important trait which provides sufficient space for the
roosting bats (Lim et al., 2014).

The aim of the present study is to investigate whether ecological
outsourcing may reduce enzyme activities in N. hemsleyana by
comparing two closely related species of pitcher plants: the typical
arthropod capturing N. rafflesiana and the faeces capturing
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N. hemsleyana (formerly described as N. rafflesiana var. elongata but then
raised to species status; Fig. 1; Clarke et al., 2011; Scharmann and Grafe,
2013). As the bat’s faeces and urine represent an already pre-digested
nitrogen-rich material, we hypothesize that the enzyme activity in
N. hemsleyana digestive fluid will be reduced compared to N. rafflesiana.
Thus, we predicted that the costly production of digestive enzymes,
mainly proteases, would be relaxed in N. hemsleyana. If so, it would be
interesting to find out if this trait is fixed or can be flexible adapted to the
respective prey (insects vs. faeces). To resolve these questions, we
experimentally fed both plant species with insect prey and bat faeces and
afterwards investigated enzyme properties of digestive fluid using
different techniques.

2. Materials and methods
2.1. Experimental setup

We conducted our experiments with cultivated specimens of
N. rafflesiana (n = 27) and N. hemsleyana (n = 27) in the greenhouse in
Greifswald (Germany) from August 17, 2017 to 14 December 2017. We
grew the plants on a mixed substrate (sphagnum/bark/leaves/moss)
with an average temperature of 25 °C during daytime and 23 °C during
night-time and high humidity (80%-100%). The photoperiod was at
least 12 h of light per day. All tested plants were up to 80 cm high with
1-2 upper pitchers.

For measuring the induction of gene expression by qPCR, we moni-
tored developing pitchers in all experimental plants. On the day these
pitchers first opened their lids, the orifice was manually closed with a
wrapping film and cotton wool moistened in distilled water to prevent
the entry of insects. As soon as we had six freshly opened pitchers in both
species within a time period of seven days, these twelve pitchers were
randomly assigned to one of the following feeding treatments: insects
and faeces. We measured the volume of the digestive fluid in these
pitchers with a measuring cylinder (20 ml) and determined the pH value
with pH test stripes (Macherey-Nagel, Diiren, Germany). Average pH
value was calculated using online pH calculator (https://www.wgr-sw.
com/pH/). We then fed the pitchers once with 6 mg FW insects
(Drosophila hydei) or 6 mg FW faeces (mixture of frozen faeces from
Myotis bechsteinii, Myotis nattereri and Plecotus auritus) per 12 ml diges-
tive fluid, which is close to the natural capture rate of N. hemsleyana
(Schoner et al., 2017a). From the previous study we know NPK content
of insect prey; the median N content was 8.19% DW, P content 1.04%
DW, and K content 1.05% DW. In the bat faeces, the median N content
was 7.51% DW, P content 1.39% DW, and K content 1.57% DW (Schoner
etal., 2017a). After 24 h and 48 h we cut off 200 mg of fresh weight from
insect- and faeces-fed pitchers of both species. Control samples without
any prey were also collected. After sampling, we stored the tissue in an
Eppendorf tube, submerged it into liquid nitrogen and stored it at
—80 °C.

For mass spectrometry, western blotting and enzyme activity mea-
surements, we again monitored developing pitchers in all experimental
plants. We closed freshly opened pitchers as described above and started
the experiment as soon as we had three freshly opened pitchers in both
species within a time period of seven days. Then we measured the vol-
ume of the digestive fluid, the pH and started to feed the six pitchers of
the treatments “insects*, “faeces*, and “unfed control“. Again, we fed the
pitchers with 6 mg insects or faeces per 12 ml digestive fluid. Before
taking samples, the pitchers were slightly shaken to homogenise the
fluid. Overall, we took 4 samples (0.5 ml of digestive fluid) per pitcher:
before feeding the pitchers the first time, after 2 days, 4 days and 6 days.
After each sampling we refilled the pitchers with 0.5 ml distilled water
to compensate the fluid loss. Samples were then stored in a freezer at —
20 °C.
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Table 1
Primer sequences and properties. T, — annealing temperature.
Primer Product Primer sequence (5'- 3’ direction) Ta
size (bp) Q)
ACTIN (ACT) 100 Forward: 59
CTCTTAACCCCAAAGCAAACAGG
Reverse:
GTGAGAGAACAGCCTGGATG
18S rRNA 100 Forward: 59
CTTGATTCTATGGGTGGTGGTG
Reverse: GTTAGCAGGCTGAGGTCTC
NEPENTHESIN I 193 Forward: 59
(NEPD) CCAACTCTGTCAAGCCCTTC
Reverse:
CCGAATGTGATATTAGGGATGG
NEPENTHESIN II 210 Forward: 59
(NEPID) TTCCTTGCGAGAGCCAGTAT
Reverse: CCGAATCCCTGGTTGTCTT
CHITINASE II 213 Forward: 60
(CHITIID) GCTCCGGCATAGCAGTCTAC
Reverse:
CTTGGTTTTGGCATGAGGTT
CHITINASE IV 219 Forward: 59
(CHITIV) ATGTCACGCATGAGACTGGA
Reverse:
CCACCGTTTGAGGTGAGTTT

2.2. Real-time PCR

To study induction of gene expression in the digestive zone of the
pitchers, four corresponding genes of well-characterized proteins from
the pitcher fluid were chosen, namely NEPENTHESIN I and II (Athauda
et al., 2004), CHITINASE III (Rottloff et al., 2011; Hatano and Hamada
2012; Ishisaki et al., 2012a), and CHITINASE IV (Hatano and Hamada
2008, 2012; Ishisaki et al., 2012b). Total RNA was extracted using
Spectrum Plant Total RNA kit (Sigma-Aldrich) and DNase I treated and
purified by RNA Clean & Concentrator kit (Zymoresearch, USA) ac-
cording to the manufacturer’s instructions. The integrity of RNA was
checked by agarose (1%) gel electrophoresis. The concentration and
sample purity were measured by NanoDrop™ 1000 spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). The synthesis of first
strand of cDNA was performed by ImProm-II Reverse Transcription
System (Promega, Madison, WI, USA) using Oligo (dT);s primers ac-
cording to the manufacturer’s protocol. To determine traces of genomic
DNA, negative control of each sample (without reverse transcriptase)
was performed. The primers (Table 1) for NEPENTHESIN I and II, CHI-
TINASE III and IV, and reference genes ACTIN and 18S rRNA were
designated by Primer3plus tool (http://prime r3plu s.com/web_3.0.0/-
prime r3web input.htm) from known sequences of Nepenthes species.
Gradient PCR was used to determine annealing temperature (T,) of
primers (Table 1). Each amplified product was checked by agarose (2%)
gel electrophoresis and subsequently sequenced by the Sanger method
to verify product specificity at the Department of Molecular Biology,
Faculty of Natural Sciences, Comenius University in Bratislava. The
stability of reference genes was evaluated by 272€T method (Livak and
Schmittgen 2001) and BestKeeper tool (http://www.gene-quantifica
tion.info/) and only ACTIN gene was suitable for gene expression
analysis (data not shown). For real-time PCR, specific gene sequences
were amplified by Maxima SYBRGreen/ROX qPCR Master Mix (Ther-
moFisher Scientific). Real-time PCR reactions were performed in 96-well
plates on Light Cycler II 480 (Roche, Basel, Switzerland) device and the
relative changes in gene expression were estimated according to Pfaffl
(2001). Melt curve analysis of amplified PCR products was included at
each qPCR run. All samples were analysed in three replicates.

2.3. Enzyme activity measurements

Proteolytic activity of pitcher fluid was determined by incubating
150 pL of a sample with 150 pL of 2% (w/v) bovine serum albumin
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Fig. 2. Gene expression analyses in response to addition of insect prey and faeces into the pitcher of Nepenthes. Nepenthes rafflesiana (A-D) and N. hemsleyana (E-H).
Gene expression before prey/faeces addition (0 h) was set as 1.0. Closed circles — insect, Open circles — faeces, There were no statistically significant differences
between insect and faeces fed plants (Paired Student t-test). Mean expression + SE, n = 3.

(BSA) in 200 mM glycine-HCI (pH 3.0) at 37 °C for 2 h. The reaction was
stopped by the addition of 450 pL of 5% (w/v) trichloroacetic acid.
Samples were incubated on ice for 10 min, and centrifuged at 20,000 g
for 10 min at 4 °C. The amount of released non-TCA-precipitable pep-
tides was used as a measure of proteolytic activity, which was deter-
mined by comparing the absorbance of the supernatant at 280 nm to a
blank sample with a Specord 250 Plus double-beam spectrophotometer
(Analytik Jena, Germany). One unit of proteolytic activity is defined as
an increase of 0.001 per min in the absorbance at 280 nm (Matusikova
et al., 2005). For inhibitory studies, prior incubation 3 pL of 150 pM
pepstatine was added to 150 pL of digestive fluid, 147 pL of 2% (w/v)
BSA was added, incubated, and measured as described above.
Chitinase activities were measured using a fluorimetric chitinase
assay kit (Sigma Aldrich). We used 4-methylumbelliferyl f-D-N,N’N"-
triacetylchitotriose for detection of endochitinase activity according to
manufacturer’s instructions. Ten pL of sample was incubated with 90 pL
of substrate working solution at 37 °C and after 1 h stopped by 200 pL of
sodium carbonate. The fluorescence of liberated 4-methylumbelliferone
was measured in pH > 7 using a microplate reader SynergyMx (BioTek
Instruments, Winooski, VT, USA) with excitation at 360 nm and emis-
sion at 450 nm. The results are the mean of six biological replicates.

2.4. SDS- PAGE and western blotting

For detection and quantification of nepenthesins and type III and IV
chitinase, polyclonal antibodies against these proteins were raised in
rabbits by Genscript (Piscataway, NJ, USA). For detection of nepen-
thesin the following amino acid sequences (epitope) were synthesized:
(NHz-) SAIMDTGSDLIWTQC (-CONH;) (based on sequences
BAD07474.1, BAD07474.1, AFV26025.1, AFV26024.1 from N. gracilis
and N. mirabilis). The epitope encodes active side of the enzyme which is
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highly conserved across species and does not distinguish between
nepenthesins I and II. For detection of type III and IV chitinases, the
following amino acid sequences (epitopes) were synthesized: (NHj-)
CWSKYYDNGYSSAIKD (-CONH3) (ABF74624.1 from N. rafflesiana) and
(NH,-) CNGGNPSAVDDRVGYY (-CONH,) (BAF98919.1 from N. alata),
respectively. They were coupled to a carrier protein (keyhole limpet
haemocyanin, KLH) and each injected into two rabbits. The terminal
cysteine of the peptide was used for conjugation. The rabbit serum was
analysed for the presence of antigen-specific antibodies using an ELISA
test (Saganova et al., 2018).

The digestive fluid collected for the enzyme assays was subjected to
western blotting. 100 pL of the samples were heated and denatured for
10 min at 70 °C and mixed with modified Laemmli sample buffer to a
final concentration of 50 mM tris-HCl (pH 6.8), 2% SDS, 10% glycerol,
1% B-mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol blue.
The same volume (20 pL) of digestive fluid was electrophoresed in 10%
(v/v) SDS-polyacrylamide gel (Schagger, 2006). The proteins in the gels
were either visualized by silver staining (ProteoSilver; Sigma Aldrich) or
transferred from the gel to a nitrocellulose membrane (Bio-Rad) using a
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). After
blocking in TBS-T containing 5% BSA overnight, the membranes were
incubated with the primary antibody (dilution 1:500-1:1000) for 1 h at
room temperature, and after washing, the membrane was incubated
with the secondary antibody (dilution 1:10000): the goat antirabbit IgG
(H + L)-horseradish peroxidase conjugate (Bio-Rad). Blots were visual-
ized and chemiluminescence was quantified by an Amersham Imager
600 gel scanner (GE HealthCare Life Sciences, Tokyo, Japan). The re-
sults are the mean of six biological replicates.
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Fig. 3. Abundance of digestive enzymes in the digestive fluid of Nepenthes rafflesiana in response to feeding on insect prey and faeces detected by western blots using
specific antibodies. The digestive fluid was collected and the proteins were separated in 10% (v/v) SDS polyacrylamide gel and subjected to western blot analysis. (A)
Silver-stained SDS-PAGE of the digestive fluid in response to different stimuli. (B) Western blot analysis of aspartic protease nepenthesin. (C) Western blot analysis of
type III chitinase. (D) Western blot analysis of type IV chitinase. MW, molecular weight. The same volume of digestive fluid was loaded and electrophoresed. The
most representative blots, the closest to the average values from six plants are shown. Chemiluminescence signal was quantified and is shown below each repre-
sentative blot. Statistically significant differences within the same day between insect and faeces treated pitchers were analysed by paired Student’s t-test, and are

denoted as *P < 0.05 and **P < 0.01. Means + SE, n = 6.

2.5. Mass spectrometry

The digestive fluid from control (day 0) and fed pitchers (samples
collected after 2, 4 and 6 days were pooled together) were used for
analyses. An aliquot of the digestive fluid (500 pl) was dried out using a
vacuum centrifuge. Then 50 pl of 50 mM NH4HCO3 and 15 pl of 8 M urea
were added to the residue and the tube content was sonicated for 5 min.
Subsequently, proteins were reduced by adding 4 pl of 55 mM dithio-
threitol and incubation at 60 °C for 30 min. This was followed by adding
4 pl of 330 mM iodoacetamide and incubation at laboratory temperature
(in the dark) for 20 min. Excess alkylating reagent was quenched by 8 pl
of 55 mM dithiothreitol followed by adding 118 pl of 50 mM NH4HCO3.
Protein digestion was initiated by 1 pl of dimethylated SOLu-trypsin
(Sigma-Aldrich, Germany) and proceeded at 37 °C overnight. The
digest was dried out using a vacuum centrifuge, recovered in 10 pl of
0.1% trifluoroacetic acid and desalted using ZipTip-C;s reversed phase
pipette tips (Merck Millipore, Ireland) according to the recommended
protocol. The desalted peptide sample was recovered in 10 pl of 0.1%
trifluoroacetic acid and subjected to an LC-ESI-MS/MS analysis on Q-
TOF instrument performed according to a previous protocol (Chamrad
et al., 2014). MGF formatted MS/MS data files were processed for
homology-based database searches by PEAKS X (Bioinformatic Solu-
tions, Canada). Available Nepenthaceae protein sequences (downloaded
from https://www.uniprot.org/on January 5, 2021) were used as a
target database.

2.6. Statistical analysis

Paired t-tests (pairs from the same sample date) were used to
investigate intraspecific significant differences between treatments (in-
sect prey vs. bat faeces) or interspecific differences between species fed
either on insect prey or bat faeces. Interspecific comparison was done
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only for enzyme assays.
3. Results
3.1. Gene expression analyses

The abundance of mRNA encoding important digestive enzymes
(nepenthesin I and II, type III and IV chitinases) was clearly upregulated
in both species (N. rafflesiana and N. hemsleyana) in response to both
substrates (faeces vs. insect) in the course of 48 h (Fig. 2A-H). Inter-
specific comparison in this type of analyses is unreliable, because
expression data of treated samples are relative to the control sample
(calibrator, hour 0) in each species separately. But intraspecific com-
parison revealed no significant differences in response to faeces vs. in-
sect feeding. The data showed very high variability in gene expression.
Slightly higher expression of type III chitinase was found in N. rafflesiana
fed on insect prey (P = 0.07). On the contrary N. hemsleyana had
somewhat higher expression of type III chitinase in response to faeces
addition (P = 0.09).

3.2. Abundance of digestive enzymes in digestive fluid

The concentration of digestive enzymes in digestive fluid increased
in response to insect and faeces feeding in both species. This is clearly
documented by the intensity of silver staining and western blots of
selected digestive enzymes (Figs. 3 and 4). Again, interspecific com-
parison in this type of experiments was omitted (antibody may bound to
the given protein sequence with different affinity in two species).
Therefore, samples from one species were loaded in the same gels which
enabled us to do intraspecific comparison (insect vs. faeces).

In N. rafflesiana, the abundance of nepenthesins (expected molecular
size at 51 kDa and 45 kDa for nepenthesin I and II, respectively, Athauda
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Fig. 4. Abundance of digestive enzymes in the digestive fluid of Nepenthes hemsleyana in response to feeding on insect prey and faeces detected by western blots using
specific antibodies. The digestive fluid was collected and the proteins were separated in 10% (v/v) SDS polyacrylamide gel and subjected to western blot analysis. (A)
Silver-stained SDS-PAGE of the digestive fluid in response to different stimuli. (B) Western blot analysis of aspartic protease nepenthesin. (C) Western blot analysis of
type IV chitinase. MW, molecular weight. The same volume of digestive fluid was loaded and electrophoresed. The most representative blots, the closest to the
average values from six plants are shown. Chemiluminescence signal was quantified and is shown below each representative blot. There were no significant dif-
ferences within the same day between insect and faeces treated pitchers (paired Student’s t-test), Means + SE, n = 6.

et al., 2004) in digestive fluid was significantly higher on the second day
after faeces addition in comparison to insect feeding. Our antibody does
not recognize different isoforms of the nepenthesin, so the signal rep-
resents the pool of nepenthesins in digestive fluid. Inmunodetection of
type III chitinase (expected molecular size 31.1 kDa, Rottloff et al.,
2011) was successful only in three out of six samples. The higher
abundance was detected in response to insect addition, but the
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differences were not significant. Type IV chitinase (expected molecular
size 29 kDa, Ishisaki et al., 2012b) was immunodetected in all samples
with significantly higher abundance in response to faeces than insect
addition on 2nd and 4th day (Fig. 3).

In N. hemsleyana, the concentration of nepenthesins was slightly but
not significantly higher in response to faeces addition. The amount of
type IV chitinase in digestive fluid was more or less the same in response

Fig. 5. The digestive enzyme activity and pH in
response to addition of insect prey and faeces into the
pitcher of Nepenthes rafflesiana and Nepenthes hem-
sleyana. (A) Proteolytic activity, (B) Endochitinase
activity, (C) pH. Closed circles insect fed
N. rafflesiana, open circles — faeces fed N. rafflesiana,
closed square — insect fed N. hemsleyana, open square
— faeces fed N. hemsleyana. Significant interspecific
differences between species within the same treat-
ment (either fed on insect or faeces) are denoted as P
< 0.05 (#). Significant intraspecific differences be-
tween treatments within the same species are denoted

Insect/faeces application (days)

118

as P < 0.01 (**). Means + SE, n = 3 (pH), n = 6
(enzyme activities).
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Fig. 6. Aspartic protease activity as a percentage of total proteolytic activity
estimated by using pepstatin inhibitor (1,5 pM final concentration). RI — insect
fed N. rafflesiana, RF — faeces fed N. rafflesiana, HI — insect fed N. hemsleyana,
HF - faeces fed N. hemsleyana. Means + S.E., n = 5.

to insect and faeces feeding. We were not able to immunodetect type III
chitinase in any sample. This may be caused by a different sequence of
target enzyme for our antibody, or the enzyme was not secreted at all
(Fig. 4).

3.3. Enzyme activities

The measurements of enzyme activities enable us to do not only
intraspecific but also interspecific comparisons. Proteolytic activity in
the digestive fluid was significantly higher after addition of faeces than
insects. Thus, bat faeces are a better inductor of proteolytic activity than
insect prey irrespective of the two focal Nepenthes species and their
adaptation to different nutritional strategies (Fig. 5A). After addition of
pepstatin, a well-known inhibitor of aspartic proteases, only 20-30% of
proteolytic activity was detected (Fig. 6), indicating that aspartic pro-
teases are the major proteases responsible for activities depicted in
Fig. 5A. Interestingly, N. hemsleyana showed only very weak endochi-
tinase activity in comparison to N. rafflesiana irrespective of substrate
added (faeces vs. insect) but due to high variability of data obtained, the
significance was not obvious (Fig. 5B). Overall, N. hemsleyana had a
higher potential to acidify its digestive fluid than N. rafflesiana. Partic-
ularly, the insect-fed N. hemsleyana plants were able to acidify their
digestive fluid significantly stronger than insect-fed N. rafflesiana plants
(Fig. 5Q).
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3.4. Mass-spectrometry

To verify the presence of nepenthesins and chitinases in digestive
fluid, we analysed the composition of digestive fluid by LC-ESI-MS/MS.
We found nepenthesins I, Il and chitinase IV in both Nepenthes species in
addition to other digestive enzymes described previously in Nepenthes
(purple acid phosphatase, peroxidase, -1,3-glucanase, carboxypepti-
dase, GDSL lipase, maturase, RNase, lipid transfer protein, Table 2). We
did not identify chitinase III despite the fact that the enzyme was orig-
inally described from N. rafflesiana (Rottloff et al., 2011). Unfortunately,
the contamination of the samples by keratin precluded a deeper survey
and label free quantification and the list of proteins identified is not
exhaustive.

4. Discussion

In this study, we investigated whether the production of digestive
enzymes is relaxed in the carnivorous pitcher plant N. hemsleyana, which
has partially transferred prey capture and digestion to its mutualistic bat
partner. For comparison, we chose the closely related but purely
insectivorous pitcher plant species N. rafflesiana (Fig. 1). Contrary to our
expectation, we can conclude that both species induced expression of
digestive enzymes (Fig. 2), which were secreted into the digestive fluid
(Figs. 3 and 4), where they showed activity (Fig. 5) in response to insect
as well as faeces. The most interesting result is that faeces induced
proteolytic activity even better than arthropod prey irrespective of the
species and their different nutrient sequestration specialization
(Fig. 5A). Moreover, N. hemsleyana acidified its digestive fluid even
stronger than N. rafflesiana in our experiments, indicating that acid
proteinase nepenthesins work here at more optimal low pH (Athauda
et al., 2004; Saganova et al., 2018). The ability to acidify the digestive
fluid in N. hemsleyana to values close to pH 2.3 has also been found in an
earlier study (Bazile et al., 2015). On the contrary, the other species with
alternative nutrient sequestration strategies, N. ampullaria kept the pH
value higher (Clarke et al., 1997; Moran et al., 2010), out of the range of
optimal nepenthesin activity (Saganova et al., 2018). For chitinases the
results are less obvious but with a trend towards higher chitinase activity
in N. rafflesiana than in N. hemsleyana (Fig. 5C). The chitinase activity
against oligomeric substrates we used here was ascribed to type IV
chitinase from N. alata (Ishisaki et al., 2012b). Type III chitinase from
N. alata digests rather longer chitin polymers (Rottloff et al., 2011;
Ishisaki et al., 2012a). However, we cannot exclude the possibility that
part of the chitinase activity came from the microorganisms living in the
digestive fluid (Chan et al., 2016; Sickel et al., 2016). Chitinase activity

Table 2

Proteins identified in digestive fluid of N. rafflesiana and N. hemsleyana. The proteins were identified by more (at least two) MS/MS sequenced peptides.
Enzyme Accession No. Organism Sample RC Sample RI Sample RF Sample HC Sample HI Sample HF
Chitinase IV A9ZMK1_NEPAL N. alata - yes - yes yes yes
Aspartic protease AOA1L7NZUO_NEPAL N. alata - - - yes yes -
Aspartic protease (nepenthesin I) NEP1_NEPGR N. gracilis yes yes yes’ yes - yes
Nepenthesin II AO0A193PDP6_NEPAL N. alata - - - yes - yes
Nepenthesin II AOAOS3TFL4_9CARY N. rajah - yes yes” - - -
C-terminal peptidase AOA1L7NZU4_NEPAL N. alata - - - yes yes yes
C-terminal peptidase AOA1L7NZU1_NEPAL N. dlata yes® yes - yes - yes
Peroxidase A0A140GMM6_NEPMI N. mirabilis yes® - - yes yes
Purple acid phosphatase AOA1L7NZT7_NEPAL N. alata yes® - - yes - -
Nepenthesin I AOA1L7NZU6_NEPAL N. alata yes - - yes' - -
Beta-1 3-glucanase 17H3Q8_NEPAL N. dlata - yes - - - yes'
Carboxypeptidase A0A140GML6_NEPMI N. mirabilis - - - yes® - yes'
GDSL lipase AOA1L7NZT8_NEPAL N. dlata - - - yes' - -
Maturase AOA385Y4W5_9CARY N. x ventrata yes® - - - - -
Non-specific LTP-like AO0A224ANY4_NEPAL N. dlata yes - - yes® yes' -
RNase2 AOA1L7NZU5_NEPAL N. alata - yes - - - -

Samples: C - control non-fed plants, I - fed on insects, F - fed on faeces, H - N. hemsleyana, R - N. rafflesiana.

a

¢ identified by only a single sequenced peptide in this sample.

assigned to A9ZMF9_NEPAL Aspartic proteinase nepenthesin I from N. alata.
b assigned to AOA140GML5_NEPMI Nepenthesin 2-like from N. mirabilis.
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in digestive fluid of N. hemsleyana may be still valuable due to its anti-
fungal activity and because faeces of insectivorous bats contain high
amount of chitin (Rottloff et al., 2011; Kaya et al., 2014).

Why did N. hemsleyana retain enzyme capacity for prey digestion, if
the mutualistic bat partner provides a pre-digested nitrogen-rich mate-
rial excreted mainly as urea? A possible explanation is that
N. hemsleyana does not exclusively rely on its mutualistic partner (Grafe
et al., 2011). In fact, N. hemsleyana still captures some arthropods,
although up to ten times less than N. rafflesiana (Moran, 1996; Gaume
and Di Giusto, 2009). For this purpose, N. hemsleyana still produces a
reduced amount of sugars for prey attraction, retained a functionally
slippery peristome for prey capture, and has a waxy layer and acidic,
viscoelastic digestive fluid for prey retention (Bauer et al., 2011; Bazile
et al., 2015). This dual strategy is important when N. hemsleyana plants
grow in habitats where the bats do not occur and where arthropods are
the only source of additional nutrients (Schoner et al., 2013). Even at
sites where N. hemsleyana and K. hardwickii co-occur, the incidence of
plant occupancy was only 28.7% over a study period 6.5 weeks (Grafe
et al, 2011), despite the fact that the bats clearly preferred
N. hemsleyana pitchers over furled leaves (alternative roosting site for
K. hardwickii) indicating that N. hemsleyana provides roosts of high
quality (Schoner et al., 2013, 2017b). This indicates that without the
ability to digest arthropods, over 70% of N. hemsleyana plants would
have been without additional nutrients. The bats occupied only
N. hemsleyana pitchers with sufficient space for roosting, while plants up
to 1.2 m height whose pitchers were too small had to rely on arthropods
(Schoner et al., 2013; Lim et al., 2014). Our study is in accordance with
the finding that N. hemsleyana plants can benefit from arthropod prey
but need longer time to recover from nutrient stress than in response to
faeces. The nutrients from faeces are likely assimilated more efficiently
as they have already been pre-digested from the bats (Schoner et al.,
2017a). Also, the sister-species N. rafflesiana benefits from faeces and
arthropod prey, indicating that no special adaptations are needed for the
digestion of bat faeces (Schoner et al., 2017a; Yilamujiang et al., 2017).

And finally, why do both species of pitcher plants activate digestive
process even better in response to faeces than to arthropods (Fig. 4A)?
Besides urea, the bats faeces contain ammonia and chitin (Herera et al.,
2006; Kaya et al., 2014). Both substances can activate digestive process
if they are added separately to Nepenthes pitchers (Yilamujiang et al.,
2016; Saganova et al., 2018) and ammonium is the form of nitrogen
which is finally taken up by ammonium transporters (AMT1) which is
expressed in digestive glands (Schulze et al., 1999). Ammonium induces
a pH decrease of the digestive fluid by proton excretion from the pitcher
tissue (Higashi et al., 1993; An et al., 2001). Thus, bat faeces apparently
mimic arthropod prey as we have shown for N. rafflesiana causing an
increased expression of digestive enzymes in response to faeces, despite
N. rafflesiana does not get in contact with bat faeces in nature. Because
N. hemsleyana does not exclusively rely on bats, the ability of protein and
chitin digestion was retained during evolution. Only species which
strongly depend on each other may be subject to strong selective pres-
sure that affect each other’s morphology, physiology and behaviour.
Although the pitcher morphology of N. hemsleyana has been strongly
evolved toward bat attraction and roosting (Schoner et al., 2015a), it
retained ability to capture also insect and the digestive physiology has
not been affected, what enables the plant to survive in times when the
bats may be rare and to increase the plants‘ distribution. Similar situa-
tion was recently described in N. ampullaria, which has evolved unique
pitcher morphology to capture leaf litter from the canopy above, but the
digestive physiology has not been strongly affected (Zulkapli et al.,
2021).

5. Conclusions
In conclusion, our study showed that N. hemsleyana has not signifi-

cantly relaxed enzyme production due to its mutualistic interaction with
bats and even the typical carnivorous species N. rafflesiana responds to
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faeces feeding by increased production of digestive enzymes, indicating
that faeces rather mimic arthropod prey and even trigger enzyme pro-
duction better then arthropods do. This indicates that both species have
conserved mechanisms to regulate digestive enzymes.
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Abstrakt

Pro spravnou funkci pasti masozravych rostlin je kliCova jasmonatova signalni draha, ktera
iniciuje tvorbu enzymu slouzici k traveni zachycené kofisti. Zastoupeni travicich enzymu a
zpusob regulace karnivorie se muze liSit dle zpisobu Zivota konkrétniho druhu masozravé
rostliny. Tato disertacni prace se vénuje dvéma souvisejicim tématim.

Prvni téma se zaméfuje na doposud nezkoumanou regulaci enzymatickych aktivit u
tuénic (Pinguicula) z fadu Lamiales. Druha ¢ast prace se zaobira enzymatickymi aktivitami
v travici tekutiné lackovky Nepenthes hemsleyana, u které panovalo podezieni z ¢astecné
ztraty karnivorie v dlUsledku mutualistického (oboustranné vyhodna symbiéza) vztahu
s konkrétnim druhem netopyr( (Kerivoula hardwickii).

Ukazalo se, Ze enzymaticka aktivita tu€nic nejsou fizeny jasmonatovou signalni drahou

a ze karnivorie u Nepenthes hemsleyana zlstava i pfes mutualisticky stav zachovana.

Abstract

Jasmonate signalling pathway plays a key-role in enzyme synthetization of carnivorous plants
traps, which are responsible for digesting of trapped prey. The type of digestive enzymes and
carnivory-regulating pathway can be different due to lifestyle of carnivorous plant species. This
thesis contains two related themes.

The first of them is focused on the unknown mechanism of enzymatic activity regulation
in butterwort (Pinguicula) from order Lamiales. The second part of this work looks closer on
enzymatic activity in digestive fluid of Nepenthes hemsleyana, which was suspected to have
a partial loss of carnivory due to its mutualistic (mutually beneficial symbiosis) relationship with
a specific kind of bats (Kerivoula hardwickii).

Our results show no jasmonate signalling pathway effect in butterwort enzymatic

activities and no effect of Nepenthes hemsleyana mutualism on carnivory of this plant.



Seznam zkratek

(Fazeno abecedné)

12-OH-JA — kyselina 12-hydroxyjasmonatova

ABA — kyselina abscisova

cis-OPDA — kyselina cis-(+)-12-oxofytodienova
COI1 — CORONATINE INSENSITIVE

IAA — kyselina indol-3-octova

JA — kyselina jasmonova

JA-lle — konjugat isoleucinu s kyselinou jasmonovou
JAZ — JASMONATE ZIM-DOMAIN

SA — kyselina salicylova



1. Uvod

Masozravé rostliny se vyskytuji v slunnych, vihkych oblastech s pudou chudou na
ziviny. V ramci adaptace na tyto podminky se u nich vyvinuly specialni rostlinné organy
— pasti. Ty slouzi k aktivnimu lakani, polapeni a straveni kofisti (nejCastéji hmyzu).
Diky tomu jsou schopny ziskavat ziviny z kofisti a ziskavaji tak v daném prostfedi
vyhodu oproti klasickym (nemasozravym) rostlinam. Masozravé rostliny jsou typickym
pfipadem konvergentni evoluce; vyvinuly se pod obdobnymi selekénimi tlaky u
vzajemné vzdalené pfibuznych rostlin na rdznych koutech planety Zemé, a to
nezavisle na sobé (obrazek ¢.1).

Pasti rostlin mizeme rozdélit do 5 typu: adhezni (pfilepeni hmyzu na lepkavy
povrch), gravitaéni (kofist spadne do viskdzni tekutiny pusobenim gravitace),
mechanické (sklapnuti Cepeli pasti na zakladé elektrochemické stimulace), hypotenzni
(nasati kofisti na zakladé podtlaku; typické pro vodni rostliny) a detentivni (kofist muze
vstoupit dovnitf, ale nedokaze vylézt zpét).

| samotna kofist i zpUsob jejiho zisku je rozmanity. VétSina masozravych rostlin
je orientovana na lov hmyzu, avSak nékteré druhy naopak s konkrétnim druhem hmyzu
maji mutualisticky vztah (mutualismus = oboustranné vyhodny symbioticky vztah).
Takovym prikladem muaze byt lackovka dvojstruhata (Nepenthes bicalcarata) a
mravenci Camponotus schmitzi; mravenci pomahaji s chytanim a udrzbou lacek,
odménou jim je nektar produkovany lackou.

DalSi rostliny se pfiklonily k ziskavani energie z detritu (rostlinného opadu).
Lackovka soudeckova (Nepenthes ampullaria) se svou morfologii a fyziologii zaméfila
na tento ,vegetariansky“ zplasob zivota. Rostlinna hmota v8ak neni k vyzivé rostliny
postacujici (obsah dusiku v listech je 10krat niZ8i nez v pfipadé hmyzu) a schopnost
masozravosti tak zlstala zachovana. Vzhledem k méné kyselému pH rostliné v traveni
pomahaji i spfiznéni rozkladaci (bakterie, houby).

Nékteré rostliny vSak maji diky svému ZzZivotnimu stylu prvky hmyzozravosti
(atraktivita, odklopeni viCka, viskozita travici tekutiny, voskova zoéna, aj.) vyrazné
redukované. Jednim z pfikladd je mutualisticky vztah mezi lackovkou Lowovou
(Nepenthes lowii) a savcem tanou horskou (Tupaia montana). Savec se chodi krmit
na cukernatém nektaru v horni €asti vicka, pficemz Casto vyluCuje svoje exkrementy

do nitra lacky. Rostlina poté vyuziva vykall a moci jakozto pfedtravené potravy, a dusik



je tak mnohem lépe pfistupny. Uvadi se, Zze 57 — 100 % dusiku v listech této rostliny
pochazi z vykalu téchto malych horskych savcu.

Samotné vstfebavani a obecné traveni zachycené kofisti je fizeno pfedevSim
rostlinnymi hormony zvanymi jasmonaty. Ty se obecné uplatfiuji pfi obrané rostlin vici
poranéni a patogentm. V pfipadé masozravych rostlin navic také zodpovidaji za fizeni
masozravych procesu, napfiklad produkci enzymu. Jasmonaty jsou chemicky kratké
fetézce alkylcyklopentenonovych a alkylcyklopentanonovych karboxylatu, s vychozi
biosyntézou v kyseliné linolenové. Pod vyraz .jasmonaty“ je zahrnovana kyselina
jasmonova (JA) se svymi derivaty, napfiklad konjugat isoleucinu s kyselinou
jasmonovou (JA-lle), kyselina cis-(+)-12-oxofytodienova (cis-OPDA) ¢i kyselina 12-
hydroxyjasmonatova (12-OH-JA).

Mechanismus pusobeni jasmonatl spociva v navazani konkrétniho ligandu a
receptoru, coz aktivuje signalni drahu odpovidajici expresi a biosyntéze daného
proteinu. V masozravych rostlinach je z hlediska molekularnich procest objasnén
pouze mechanismus regulace skrze JA-lle. Je-li tato molekula aktivovana, navaze se
na signalni receptor CORONATINE INSENSITIVE (COI1). Ten zprostfedkovava
degradaci represort JASMONATE ZIM-DOMAIN (JAZ). Jejich odstranéni ma za
nasledek zpfistupnéni a aktivaci exprese u dfive reprimovanych gena.

Aktivace masozravosti pomoci jasmonatové signalni drahy se odviji od typu
masozravé rostliny. Mdzeme ji indukovat mechanickym podnétem (tvorba akéniho
potencialu po doteku) ¢ chemickymi podnéty (proteiny, chitin, NH4*) (viz obrazek ¢.2).
Jejim dusledkem je mimo jiné produkce travicich §tav, obsahujici koktejl travicich
enzymu. Ty se mohou napfi¢ spektrem masozravych rostlin liSit; v nékterych urcity
druh enzymu nenajdeme, u dalSich se zase muze vyskytovat enzym zcela specificky.
VétSina enzymu je pfevzata z obrannych mechanism rostlin, kde hraji roli pfi obrané
proti patogenezi.

Mezi travici enzymy masozravych rostlin patfi chitinazy (I, Il a IV; slouzi ke
Stépeni chitinu), proteazy (cystein proteaza, aspartat proteaza, prolyl endopeptidaza,
serin karboxypeptidaza), ribonukleazy, glukanazy a dalsi. Uvedené enzymy se mohou
v konkrétnich masozZravych rostlinach liSit — typickym pfipadem je aspartat proteaza,
nazyvana v travici tekutiné lackovek (Nepenthes) jako Nepenthesin (1, 11, Ill, IV, V, VI).
Ten se od béznych aspartat proteaz liSi napfiklad vyssi rezistenci vuci vysoké teploté
Ci nizkému pH. Obdobné existuji napfiklad i Dionaeasin, Droserasin, ¢i Cephalotusin

(odvozeno od pfislusného nazvu masozravé rostliny — Dionaea, Drosera, Cephalotus).
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Vyskyt konkrétnich enzymu a zpuUsob regulace jejich aktivity se odviji od konkrétniho

druhu masozravé rostliny a jejiho zdroje potravy.

———{Amborelia + Nymphaeales |
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Monocots igceae Brocchinia (3),
Bromelecess: 1 Catopsis (1)
;
— U Drosers (~160)
— - ¥ r‘
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[
—{Bruneliaceze | P
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— . Heliamphora (6),
Darlingtonia (1)
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o]
arscess ]
-
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Obrazek ¢&. 1: Fylogeneticky strom zndzornujici pozici rodit masozravych rostlin viici jinym rodim. Jde o ukdazku
konvergentni evoluce, kdy byl stejny typ pasti vyvinut u mnoha rodil nezavisle na sobé bez genetické pribuznosti;
pripadné naopak divergentni evoluce s ruznymi druhy pasti v ramci jedné Celedi. Vylucné masozravé celedi
masozravych rostlin jsou zvyraznény zelené, v pripadé zastoupeni masozravosti jednim ¢i dvema cleny Celedi zluté
(Dioncophyllaceae, Bromeliaceae) a podezienim na masozravost u jednoho z clenut celedi je vyznaceno modre

(Martyniaceae). (Obrazek prevzat z Ellison a Gotelli, 2009.)
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Obrazek €. 2: Grafické zndzornéni piisobeni stimulii jasmondtové signalni drahy. Mechanicka stimulace (Ci
poskozeni rostliny) vede k vzniku akcnich potencidlii, jimiz je spusténa molekularni signalizace. Obdobné je jiz
zachycenou kofisti vyvolavdana chemicka stimulace (proteiny, chitin, NH"), vedouci ke spusténi signdlni drdhy.
Chemicky 7izend jasmondtova signalni draha je vyuzivana také v lackovkach. Vyslednym efektem jasmonatii je

regulace enzymatické aktivity ¢i tvorba sekundarnich metabolitii. (Obrazek prevzat z Paviovi¢ a Mithéfer, 2019.)



2. Vysledky

Mé studium regulace enzymatickych masozravych rostlin Ize rozdélit do dvou
samostatnych oddilt. Prvni z téchto oddili se zabyva doposud nepfili§ probadanou
masozravosti tucnic (Pinguicula). Druhy ma ve stfedu svého zajmu lackovku
(Nepenthes), ktera si vyvinula mutualisticky vztah s jednim druhem netopyru, diky
¢emuz presla na koprofagni vyzivu. Oba zkoumané okruhy jsou blize rozebrany v

nasledujicich samostatnych podkapitolach.

2.1. Regulace enzymatickych aktivit tu€nic

Pfi vétsiné souCasnych experimentl s masozravymi rostlinami je vyuzivano rostlin
z fadu hvozdikatych (Caryophyllales), kam patfi lackovky (Nepenthes), rosnatky
(Drosera) a mucholapky (Dioanea). Existuje vSak i cela rada dalSich masozravych
rostlin, které jiz roku 1875 popsal Charles Darwin ve své knize Insectivorious plants.
Mezi tyto rostliny patfi i z hlediska enzymatickych aktivit nepfilis probadané tucnice
(Pinguicula) z fadu hluchavkotvarych (Lamiales). Kofist chytaji na své lepkavé listy

(obrazek €.3).

Obrazek €. 3: Tucnice Pinguicula x Tina, ktera se stala predmétem naseho badani. (4) Vzhled rostliny. (B) Kvétna
stopka nesouct kvet, pokryty travicimi zlazami. (C) List pokryty stopkatymi zlazkami s lepem (stalked glands) a
prisedlych zlaz (sessile glands).

Vychazeli jsme z pfedpokladu, Ze tuénice budou mit regulaci enzymatické aktivity
fizenu skrze jasmonatovou signalni drahu, jak je to bézné u rostlin hvozdikatych.

Bé&hem prvniho experimentu jsem méfil aktivitu proteaz, fosfataz, amylaz, exochitinaz,



chitobiosidaz a endochitinaz v exudatu (travicich vymeéscich) krmenych a nekrmenych
listd rostliny (po 2 a 24 hodinach). Dle ocCekavani jsme po nakrmeni rostliny
zaznamenali narlst v enzymatické aktivité. Stejny experiment jsme provedli i se
stopkou kvétu, u které se timto zpUsobem také prokazala masozravost; v ramci
masozravych rostlin jde o raritu, protoze neni znama zadna jina rostlina, ktera by
nelapala hmyz pastmi (pasti evoluéné vznikly morfologickou i funkéni pfemeénou lista).
DalSi zajimavosti (znamou jiz ze starSich ¢lanku() je pfitomnost enzymu amylaza, ktera
nebyla u jiného druhu masozravych rostlin doposud pozorovana. (Amylaza je enzym
nachazejici se bézné ve slinach savcl a slouzi ke Stépeni Skrobu. Jeji pfitomnost

v travicich stavach tu¢nice muze znacit moznost zachytu a traveni pylovych zrn.)
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Obrazek €. 4: Grafy enzymatickych aktivit (A) protedz, (B) fosfataz, (C) amylaz, (D) exochitinaz, (E) chitobiositadz,
(F) endochitinaz. U kazdé z nich je zobrazena enzymaticka aktivita listii (po 2 a 24 hodinach) a stopky kvétu (po
24 hodinadch). Aktivita u kontrolnich rostlin je oznacena cerné, u krmenych rostliny bile a u rostlin s aplikaci 1
MM JA Sede. Uvedena data jsou primérem + SD (n = 5-6); signifikantni rozdily mezi kontrolou a krmenymi

rostlinami (popr. kontrolou a rostlinami ovlivnénymi JA) byly zndazornény pomoci Studentova t-testu (*) P < 0,05;

(**) P < 0,01).

Po aplikaci JA na list jsme vSak nenaméfili zadnou (i velmi nizkou) enzymatickou
aktivitu (obrazek €. 4). Je tfeba podotknout, Ze u Iépe probadanych masozravych
rostlin toto vede k obdobné reakci jako pfi nakrmeni hmyzem. Aby se ukazalo, zda je
hladina jasmonatu ve zkoumanych listech zvySena, €ast z nich jsme nakrmili a ¢ast
poranili; biochemickymi metodami poté byly stanoveny hladiny vybranych
fytohormonul. Prekvapivé se ukazalo, ze po nakrmeni (oproti poranéni) zlstavaji

hodnoty jasmonatt JA, JA-lle a cis-OPDA velmi nizké (obrazek €.5).
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Obrazek €. 5: Grafy zobrazujici hladinu fytohormonit JA (4), JA-1le (B), cis-OPDA (C), ABA (D), SA (E), IAA (F)
v listech tucnic v ¢ase (0, 2 a 24 hodin). Cerné je vyznacena aplikace koristi, bile zranéni jehlou (10x — 15x). Data
pro 1AA po poranéni rostliny nebyla vyobrazena z diivodu selhani analyzy. Uvedena data jsou primér £ SD (n =
5— 15); signifikantni rozdily mezi kontrolou (¢as 0) a ovlivnénymi rostlinami (krmeni, poraneni) byly znazornény

pomoci Studentova t-testu (*) P < 0,05; (**) P <0,01.

Zdalo se tedy, ze tu€nice po nakrmeni nevykazuji zvySenou hladinu jasmonatu,
jak je bézné. Bylo tedy provedeno nékolik experimentl k potvrzeni tohoto zavéru. Byl
zmeéfen zaznam extracelularniho elektrického signalu na list( tu€nice pfi poranéni a
po nakrmeni. Je znamo, Ze akumulaci jasmonatu €asto indikuje praveé elektricky signal.
Ukazalo se, ze na poranéni rostlina reaguje typickym variacnim potencialem, zatimco
pfi nakrmeni se takto nedéje (tim byla vylou€ena iniciace jasmonatové signalizace na

zakladé elektrického signalu, jak je znamo u rodu Dionaea a Drosera) (obrazek €. 6).

+|
-1005

Obrazek ¢. 6: Zdznam extraceluldarniho elektrického signalu listii tucnice po aplikaci koristi (nahore) a po
poranéni listu jehlou (dole). Sipky oznacuji zacdtek aplikace prislusného vnéjsiho stimulu (kofist, poranéni).

Uvedené zaznamy jsou reprezentativni a pochdzeji z péti nezavislych méreni.
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Déale byla zméfena fosfatazova a proteolyticka aktivita exudatu u tucnice a
rosnatky, obé& ovlivnéné koronatinem (bakterialni napodoba JA-lle). Rosnatka po
aplikaci koronatinu vizualné prokazala typickou reakci, a i jeji enzymatické aktivity
vyrazné vzrostly. V pfipadé tu¢nic v8ak opét enzymaticka aktivita zlistala na urovni
kontrolnich travici tekutiny (obrazek €.7). Z toho plyne Ze rosnatky i tunice zfejmé

maji zcela jinou drahu regulace enzymaticke aktivity.

A Wl control |
30 wx [ coronatine
T 25} (
3 l
2 20+
g
=
s 15}
@
L
s 10F
o
(0] T
s 5t
o
0 —
Pinguicula Drosera
B

Phosphatase activity (umol-ml™-h™)

Pinguicula Drosera
Obrazek ¢. 7: Grafy zobrazujici proteolytické (4) a fosfatazové aktivity (B) u tucnice a rosnatky po zevni aplikaci

koronatinu. Cerné jsou vyznaceny kontrolni rostliny, Sedé rostliny vystavené piisobeni koronatinu. Uvedend data
Jsou prumérem + SD (n = 5); signifikantni rozdily mezi kontrolami a rostlinami ovlivnénymi koronatinem byly

zndzornény pomoci Studentova t-testu (*) P < 0,05; (**) P < 0,01.

Jako finalni test jsme provedli elektroforetickou separaci, kde byla porovnana
pritomnost enzym v kontrole a exudatu z listdl po aplikaci kofisti, JA, koronatinu ¢i
kyseliny abscisové (ABA). Po obarveni gelu stfibrem se zcela zfetelné ukazalo, Ze

pouze nakrmeni rostlin vykazalo pfitomnost travicich enzyma (obrazek €. 8).
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Obrazek €. 8: SDS-PAGE travicich tekutin obarvenych stribrem. Do jamek byl napipetovan stejny objem tekutiny
ziskané 24 hodin po aplikaci koristi, JA, koronatinu ¢i ABA.

Po téchto zjisténich jsme se obratili zpét ke starSim pracim pfedchozich badateld,
kde jsou zminény dvé hypotézy fungovani travicich Zlaz tuénic. Prvni z nich
predpoklada, ze enzymy mohou byt jiz pfedsyntetizovany a uloZeny ve vakuolach a po
zachytu kofisti jsou tyto enzymy pouze vyplachnuty na povrch. Tato teorie nicméné
predpoklada kompletni autolyzu bunék. Druha teorie pfedpoklada, Ze po zachyceni
kofisti jsou enzymy syntetizovany de novo a travici Zlazy si zachovavaji svou integritu.
K vneseni svétla do tohoto rozporu byl proveden experiment, kdy jsme aplikovali na
listy hypertonicky roztok 5% NaCl (jako kontrola poslouzila destilovana voda). Ukazalo
se, Ze nékteré enzymy maji signifikantné vyznacny narust (fosfatazy, endochitinazy,
exochitinazy) avSak dalSi nebyly pro tento pfipad detekovany vabec (amylazy,
chitobiosidazy). To znaci, ze nékteré enzymy nepochybné predsyntetizovany jsou
(napf. fosfataza, ktera se Casto akumuluje v bunéénych sténach zlaz mnohych
masozravych rostlin) (obrazek. €. 9). Nelze to vSak potvrdit i pro ostatni enzymy (viz
biochemicka analyza zkoumaného exudatu, viz tabulka &. 1), které mohou byt
syntetizovany nové az po zachytu kofisti. Drahu vedouci k expresi téchto enzymu se
nepodafrilo odhalit.
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Obrazek €. 9: Grafy enzymatickych aktivit listii tucnic po aplikaci hypertonického roztoku 5% NaCl (jako kontrola
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slouzila destilovand voda). Zobrazeny jsou detekované aktivity protedz (B), fosfataz (C), exochitinaz (D) a

endochitinaz (E). Aktivity pro amyldzy a chitobiosidazy nebyly detekovany. S vysledky koresponduje i SDS-PAGE

pro travici enzymy z exudatii odebranych z listit po aplikaci prislusnych stimulantii — po aplikaci hypertonického

roztoku se objevuje jasny pds v oblasti priblizné 20 kDa. Uvedend data jsou primérem = SD (n = 3 — 6);

signifikantni rozdily mezi vzorky oviivnénymi H>O a 5% roztokem NaCl byly zndzornény pomoci Studentova t-
testu (*) P < 0,05; (**) P < 0,05.

Tabulka €. 1: Proteiny v travici stavé tucnice (ziskany 24 hodin po nakrmeni), které byly identifikovany analyzou

skrze hmotnostni spektrometrii.

MS data processing
method

Identification characteristics

MASCOT search Detected sequence Assigned protein Accession? MASCOT score Peptides/PSMs/SC”
LAASILR Peroxidase 10-like Kzv23101 1 33.5 1/3/2.1
AVADIVINHR Alpha-amylase EPSB0632.1 38.9 1/1/2.8
GILQAAVQGELWR Alpha-amylase KZV28895.1 39.9 1/4/3.4

De novo sequencing Detected sequence Homologous protein Accession” De novo score pBLAST identity/

pBLAST search positivity®
TVPMVLNGAGLLNMGPPHMK Nepenthesin Il BADO7475.1 30.28 77/88
WESSLNWVLCMK Asp protease GAV80475.1 30.93 75/75
HQMLVALQYYCNR Cysteine protease BAW35427 1 32.63 83/83
MVQGGSGKVAQQTLAAN Desiccation-related protein BAW35440.1 31.03 75/100
GRLMVAGLGGLGMKER Cinnamyl alcohol dehydro- - 35.077 87/879
PNKFGVGLGGLGLMQR genase 35.087 100/100¢
MPVDFNVTATFHLQ Leu-rich repeat protein - 33.77 75/100

NrLRR1

SLNLNSLRGNVK Peroxidase BAM28609.1 32.28 100/100
YYFNLNYPEGFTK Beta-xylosidase AAX92967.1 40.02 85/85
TLLSDLVNSTTAMMK Peroxidase - 34.23 77/100
ARMTNMRNKVQQVQQANMPR GDSL esterase/lipase XP_004232991 1 30.64 77/77
AQKRNWVQQWQR Endonuclease 2 - 32.59 100/100

@ NCBI database accession. ® PSMs, peptide-spectrum matches; SC, sequence coverage in %. € pBLAST identity and positivity in %. ¢ Characteristics
for two independent peptide hits acquired for the respective protein.
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2.2 Vliv potravnich strategii lackovek na aktivitu enzymu
Jak bylo zminéno v pfedchozi podkapitole, lackovky (Nepenthes) patfi do Fadu
hvozdikatych (Caryophyllales). Kofist chytaji do nalevkovitych utvar zvanych lacky,
vyluGovani enzym( a pfijem Zivin z kofisti. Hmyz samotny obvykle sklouzne
z lepkavého obusti lacky (peristom) a spadne do kapaliny. V uniku kofisti brani
viskozita kapaliny a voskova zéna v horni ¢asti lacky (zastoupeni obou téchto faktort
se muze lisit dle specializace na létavy ¢i pozemni hmyz; toto obvykle souvisi
s nadmorskou vySkou vyskytu rostliny). Aby nebyla travici kapalina fedéna destovou
vodou, nachazi se nad ustim lacky vicko.

Morfologie i fungovani lacky se mize mezi rGznymi druhy lackovek vyrazné lisit;
zejména pokud u nich doslo k ¢asteCnému ¢i uplnému odklonu od hmyzoZzravosti.
Obecné se zda, Ze s uzSi specializaci na nové druhy ,kofisti“ se vytraceji

charakteristické znaky typické pro masoZravé rostliny.

Obriazek €. 10: Obrazek dvojice studovanych lackovek v jejich prirozeném prostiedi (Borneo). (4) Lackovka
Rafflesova (Nepenthes rafflesiana). (B) Nepenthes hemsleyana, jejiz prodlouzena lacka poskytuje dostatecny denni
ukryt pro netopyry druhu Kerivoula hardwickii.
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V pralesich Bornea se vyskytuje lackovka Nepenthes hemsleyana, ktera si
vybudovala mutualisticky vztah s drobnymi vinénymi netopyry Kerivoula hardwickii.
Zatimco tito hmyzozravi netopyfi pouzivaji lacky rostlin jako denni noclezisté, uvoliuji
do lacky moc a vykaly, které se pro rostlinu stavaji vydatnym zdrojem dusiku. Na
zakladé tohoto odklonu od masozravosti by se tedy dala oCekavat urcita redukce
charakteristicky masozravych znaku, v€etné zastoupeni enzymua a jejich regulace.
Abychom tuto teorii potvrdili & vyvratili, provedli jsme sérii experimentl, kde
zkoumame miru zastoupeni a aktivit vybranych enzymd (Nepenthesin | a Il, chitinazy
[l a V) v travicich stavach rostliny. Pro srovnani nam poslouZzila hmyzoZzrava lackovka
Rafflesova (Nepenthes rafflesiana), ktera je souCasné i geneticky nejblizSim
pfibuznym Nepenthes hemsleyana (obrazek ¢. 10).

V prvé fadé jsme skrze SDS-PAGE zkoumali zastoupeni vySe uvedenych
enzymu v travici tekutiné odebrané z la¢ek obou typu rostlin (obrazky €. 11 a 12).
K dispozici jsme méli vzorky pfed nakrmenim a dale 2, 4 a 6 dni po nakrmeni. Zdroje
krmiva byly dvoji — bud hmyz nebo vykaly. Po elektroforetické separace se ukazalo,
Zze navzdory naSim prfedpokladim obé rostliny reaguji sekreci enzymu na oba uzité
typy zdroju zivin. Pro Nepenthes hemsleyana jsme ovéem nezaznamenali pfitomnost
chitinazy lll; je mozné, Ze jeji aminokyselinova sekvence se li§i od nami pouzité
protilatky pfi Western blottingu nebo Ze v travici tekutiné této rostliny jednoduse chybi.
Z travicich tekutin jsme u obou rostlin po separaci provedli také obarveni gelu stfibrem,
coz odhalilo pfitomnost velkého mnozstvi proteina.

Dalsim krokem byl prizkum genetické exprese vSech &tyr feSenych enzymu pro
obé rostliny a na né aplikovanych typa krmiva. Tento vyzkum byl proveden béhem
mého pracovniho vyjezdu do laboratofi Katedry molekularnej biolégie a Katedry
fyziologie rastlin na Prirodovedeckej fakulte Univerzity Komenského v Bratislave
(Slovensko). | tyto vysledky potvrdily, ze doSlo k vyrazné expresi travicich enzymu po

aplikaci hmyzu i vykall o obou zkoumanych rostlin (obrazek €. 13).
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Obrazek €. 11: Shrnuti analyzy skrze SDS-PAGE vybranych enzymii z Nepenthes rafflesiana po krmeni hmyzem
¢i vykaly. Cisla 0, 2, 4 a 6 oznacuji den odbéru travici tekutiny od zapoceti experimentu. (4) Elektroforeticky gel
s rozseparovanymi proteiny obarveny stribrem. (B) Western blotting pro detekci nepenthesinii (zde minén
nepenthesin I a Il dohromady). (C) Western blotting pro detekci chitinazy III. (D) Western blotting pro detekci
chitinazy 1V. Pod kazdym Western blottingem je uvdadéna kvantifikace chemiluminiscencniho signalu. Uvedend
data jsou primérem + SE (n = 6), signifikantni rozdily mezi odezvou lacek na hmyz a vykaly byly zndzorneny

pomoci parového Studentova t-testu (*) P < 0,05; (**) P < 0,01).
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Obrazek ¢. 12: Shrnuti analyzy skrze SDS-PAGE vybranych enzymii z Nepenthes hemsleyana po krmeni hmyzem
i vykaly. Cisla 0, 2, 4 a 6 oznacuji den odbéru travici tekutiny od zapoceti experimentu. (4) Elektroforeticky gel
s rozseparovanymi proteiny obarveny stribrem. (B) Western blotting pro detekci nepenthesinii (zde minén
nepenthesin I a Il dohromady). (C) Western blotting pro detekci chitindzy IV. Pod kazdym Western blottingem je
uvadena kvantifikace chemiluminiscencniho signalu. Uvedend data jsou primérem + SE (n = 6); signifikantni

rozdily mezi odezvou lacek na hmyz a vykaly byly zndzornény pomoci parového Studentova t-testu (*) P < 0,05,

(*%) P < 0,01).
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Obrazek €. 13: Grafy ukazujici expresi genii nepenthesin I (4, E), nepenthesin II (B, C), chitinaza Il (C, G) a
chitinaza IV (D, H) u rostlin Nepenthes rafflesiana (A az D) a Nepenthes hemsleyana (E az F). Genova exprese
pred pridavkem koristi (0 h) je nastavena jako 1. Aplikace hmyzu je oznacena cerné, aplikace vykalu bile. Uvedena
data jsou priumérem £ SE (n = 3); v tomto pripadé nebyly v ramci Studentova t-testu zjistény zadné statisticky

vyznacné rozdily.
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Obrazek ¢. 14: Enzymatické aktivity protedz (A), endochitindz (B) a zména pH v travici tekutiné (C) po odbéru
vzorku ve dni 0, 2, 4 a 6. Bilé ¢tverecky oznacuji Nepenthes hemsleyana krmenou vykaly, cerné ¢tverecky Nepenthes
hemsleyana krmenou hmyzem, bilé kruhy Nepenthes rafflesiana krmenou vykaly, cerné kruhy Nepenthes
rafflesiana krmenou hmyzem. Uvedena data jsou priumérem + SE (n = 6), vyuzito bylo Studentova t-testu.

Signifikantni mezidruhové rozdily jsou znaceny (#), P < 0,05, signifikantni vnitrodruhové rozdily jsou znaceny

(*%), P < 0,01.
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Pro lepSi mezidruhové srovnani jsme ucinili analyzu proteolytickych a
endochitinazovych aktivit (obrazek €. 14). Ukazalo se, Ze proteolyticka aktivita ma po
pfidavku vykalu vyrazné vétsi odezvu nez v pfipadé hmyzu, a to bez ohledu na druh
rostliny. V travici tekutiné Nepenthes hemsleyana zUstaly zachovany i chitinazové
aktivity, at uz z davodl antipatogenni ochrany ¢i $tépeni nestravenych pozustatku
chitinu v netopyfim trusu. Nakonec jsme jesté proméfili pH travici tekutiny z obou
ovliviiovanych typu la¢ek; to mimo jiné ukazalo, Ze Nepenthes hemsleyana okyseluje
svou travici tekutinu vyrazné vice nez Nepenthes rafflesiana (obrazek &. 14).

Jelikoz se predchozi vysledky zdaly indikovat, Ze Nepenthes hemsleyana si
zachovava enzymatickou kapacitu i pro traveni hmyzu, provedli jsme experiment
s inhibitorem proteaz (pepstatin). Na zakladé toho urcili procentualni zastoupeni
aspartat proteaz v celkové aktivité travicich stav (obrazek €. 15). Ukazalo se, zZe
aktivita aspartat proteaz je u obou rostlin skute¢né srovnatelna, bez ohledu na typ
potravy. Pro uplnost pfikladam i obdrzena biochemicka data pro pfehled slozeni

zkoumanych typl vzorkd (tabulka €. 2).
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Obrazek €. 15: Graf ukazujici procentualni zastoupeni aspartat protedzy (70 az 80 %) v celkové proteolytické
aktivité travicich stav. Jsou zde uvedeny hodnoty pro Nepenthes rafflesiana krmenou hmyzem (RI) a vykaly (RF),
dale pro Nepenthes hemsleyana krmenou hmyzem (HI) a vykaly (HF). Uvedena data jsou priimérem + SE (n = 5).
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Tabulka ¢&. 2: Proteiny identifikované v Nepenthes rafflesiana a Nepenthes hemsleyana hmotnostni spektroskopii.

Enzyme Accession No. Organism Sample RC Sample RI Sample RF Sample HC Sample HI Sample HF
Chitinase IV A9ZMEKI1_NEPAL N. alata - yes - yes yes yes
Aspartic protease AODA1L7NZUO_NEPAL N. alata - - - yes yes -
Aspartic protease (nepenthesin I) NEP1_NEPGR N. gracilis yes yes yes” yes - yes
Nepenthesin IT A0A193PDP6 NEPAL N. alata - - - yes - yes
Nepenthesin IT ADAO0S3TFL4 9CARY N. rajah - yes yes” - - -
C-terminal peptidase ADAIL7NZU4_NEPAL N. alata - - - yes yes yes
C-terminal peptidase ADA1L7NZU]_NEPAL N. alata yes - yes - yes
Peroxidase ADA140GMM6_NEPMI N. mirabilis - - yes yes
Purple acid phosphatase AOA1L7NZT7_NEPAL N. alata - - yes - -
Nepenthesin I AOAIL7NZU6_NEPAL N. alata - - yes - -
Beta-1 3-glucanase 17H3Q8 NEPAL N. alata - yes - - - yes©
Carboxypeptidase AOA140GML6_NEPMI N. mirabilis - - - yes - yes®
GDSL lipase AODAIL7NZT8 NEPAL N. alata - - - yes - -
Maturase AOA385Y4W5_9CARY N. x ventrata yes: - - - - -
Non-specific LTP-like ADA224ANY4 NEPAL N. alata yes - - yes® yes* -
RNase2 AODAIL7NZU5_NEPAL N. alata - ves® - - - -

Samples: C - control non-fed plants, I - fed on insects, F - fed on faeces, H - N. hemsleyana, R - N. rafflesiana.
* assigned to A9ZMF9_NEPAL Aspartic proteinase nepenthesin I from N. alara.

® assigned to AOA140GML5_NEPMI Nepenthesin 2-like from N. mirabilis.

¢ identified by only a single sequenced peptide in this sample.
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3. Zaver

Ma prace se pod souhrnnym tématem regulace enzymatickych aktivit v masozravych
rostlinach zabyvala dvéma podtématy. V prvnim z nich jsem zkoumal regulaci
enzymatickych aktivit v tucnicich, druhy okruh mapoval potencialni enzymatické
zmény v lackovce, ktera se diky svému mutualistickému vztahu s netopyry
pfeorientovala na koprofagni vyzivu.

Ackoli nase vysledky z oblasti regulacni drahy masozravosti v tucnicich jsou
pfevazné negativni, ve lze je povazovat za prinosny vysledek. Ukazalo se totiz, Ze rod
Pinguicula (z fadu Lamiales) ma zifejmé produkci enzymu regulovanu jinym zptsobem,
nez je znamo u lépe prozkoumanych masozravych rostlin z fadu Caryopyllales. Ackoli
tedy na listech a stopce kvétu tuénice travici enzymy produkuji (pro aspartat proteazu
jsme zde navrhli nazev pinguiculasin a pro cystein proteazu pinguiculain), bude tfeba
dalSiho vyzkumu k odhaleni specifickych cest regulace (nezda se, Ze by v tomto
pfipadé jasmonaty sehraly pfi regulaci sebemensi roli).

Vyzkum travici tekutiny z lackovky Nepenthes hemsleyana pfekvapivé prokazal
nezménénou enzymatickou aktivitu navzdory svému mutualismu s netopyry. Jelikoz
na trus netopyrll velmi dobfe reagovala i Nepenthes rafflesiana, da se z vysledku
experimentd soudit, Ze netopyfi vykaly jsou obstojnou napodobou hmyzi kofisti. Pro
traveni lackovky tedy nepredstavuji vétSi problém a v jejich dusledku nevznikaji
v travicich procesech €i enzymatickeé regulaci Zadné vyraznéjsi zmény.

Obé témata FeSi problematiku regulace enzymatickych aktivit v masozravych
rostlinach a v tomto ohledu jsme dospéli k pfinosnym vysledkim, rozvijejicim nase
poznani v této oblasti. Navazujici prace se mohou vydat rozlicnymi sméry, at uz jde o
vyzkum masozravosti v fadu Lamiales (i jinych nepfili§ zkoumanych fadech
masozravych rostlin) ¢i vyzkumu mutualistickych interakci dalSich masozravych rostlin

s okolnimi organismy.
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