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Anotace

Aby rostliny prosperovaly a piezily v neustdle ménicich se nepfatelskych podminkach,
vyvinuly si jedine¢né obranné mechanismy. Vyznamnymi hrac¢i v indukované obran¢ rostlin
proti bylozravcim jsou elektrické a vapnikové signaly a neméné dulezité rostlinné hormony
jasmonaty. Jasmondatova signalni draha je téz klicova pro spravnou funkci pasti nékterych druhii
masozravych rostlin, u nichz je potiebna k iniciaci tvorby enzymut dulezitych pro traveni
zachycené kofisti. Nicmén¢ to, ze jsou jasmonaty zodpoveédné za aktivaci a regulaci traviciho
procesu bylo prokazano jen u tii rodu masozravych rostlin — mucholapka (Dionaea), rosnatka
(Drosera) a lackovka (Nepenthes), vsechny spadajici do fadu hvozdikotvaré (Caryophyllales).
U téchto druhi se predpoklada exaptace jasmonatové signalni drahy od obranného mechanismu
rostlin. To znamend, Ze masozravé rostliny ptevzaly jiz existujici signalni dréhu a pouzily ji pro
své ucely (tzn. indukce tvorby enzymu). V praci jsme ukazali, Ze jasmonatova signalizace
nebyla exaptovana vSemi rody masozravych rostlin a indukce travicich enzymt musi byt
spusténa I jinymi zpusoby, které nejsou dosud znamé. Signalni draha od tvorby elektrického
signdlu pfes akumulaci jasmonati po expresi specifickych genti se da blokovat anestetikem
dietyléterem. Dosud se nevi, jak pfesné rtiznd anestetika liSici se svou chemickou strukturou

pusobi, k rozlusténi by v§ak mohly pomoci rostlinné modelové druhy.



Annotation

Plants have developed unique defense mechanisms in order to survive and prosper in fluctuating
environmental conditions. Electrical and calcium signals, along with equally important plant
hormones jasmonates, play an important role in the induced defense of plants against
herbivores. Jasmonate signalling pathway is also crucial for the proper function of traps of some
carnivorous plant species and are essential to initiate the production of enzymes important for
the digestion of captured prey. It was shown that jasmonates are responsible for activating and
regulating the digestion process in three genera of carnivorous plants - Dionaea, Drosera and
Nepenthes, all of which belong to the order Caryophyllales. In these species, it has been
suggested that jasmonate signalling pathway was co-opted from plant defense mechanism. This
means that carnivorous plants took over the already existing signalling pathway and used it for
their own purposes (induction of enzyme production). Here we showed that jasmonate
signalling has been not co-opted by all carnivorous genera and the induction of digestive
enzymes have to be trigger by other ways, which are not yet known. Signalling pathway from
electrical signal generation through jasmonate accumulation to the expression of specific genes
can be blocked by anaesthetic diethyl ether. It is not yet fully understood how exactly
anaesthetics differing in their chemical structure work, but the model plants could help to

elucidate it.
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CILE PRACE

Hlavnim cilem této disertacni prace je zaméfit velkou pozornost teoretickym zdkladim dané
problematiky, ktera za poslednich par let, v pribé¢hu mého doktorského studia, vyrazné pokrocila
kuptedu. Tato ¢ast je 1 nosnym pilifem autoreferatu. Dosahnuté vysledky jsou zdokumentovany
prostiednictvim pfilozenych publikaci v samotné diserta¢ni praci, aby nedoslo k duplikaci textu

a obrazku.

V prvni kapitole této prace shrnuji dosud ziskané poznatky o slouceninach pro dalkovy
prenos v rostlinach, jak spolu pravdépodobné souvisi a jak jsou regulovany, pfi¢emz jsem se
zameéfila na jeden hlavni stresor, ktery vyvolava tuto systémovou reakci, a to vnéjsi poskozeni,
zahrnujici mechanické poskozeni a poskozeni bylozravcem nebo hmyzem. Je nutno hned na
zacatku podotknout, Ze zname spiSe jen kousky skladacky a ty jsou spojeny do podoby hypotéz,
kterymi se snazime vytvofit komplexni obraz o tom, jak cela systémova signalizace v rostlinach
funguje. Hypotézy ale nejsou ani potvrzeny, ani vyvraceny. Sekvence reakci po poSkozeni je velmi
podobna signalni draze, kterou vyuzivaji nékteré masozravé rostliny. Pribuzenstvi mezi karnivorii
a obrannym mechanismem rostlin se vénuji ve druhé kapitole. Dalsi kapitola je vénovana

principiim, na kterych je zalozena pouzitd metodika.

Samostatné publikace se vénuji dvéma velkym tématiim, ktera jsou propojena skrze jednu
sledovanou signalni drahu. Prvni ¢ast je vénovana masozravym rostlinam (publikace 0., I., I, 111,

a IV.) a druha vlivu anestetik na rostliny (publikace V. a VI.).

Hlavnim cilem prvni ¢asti bylo zabyvat se roli elektrickych signalit a fytohormoni
jasmonatil v indukci enzymatickych aktivit v masoZravych rostlinach, roz§itit znalosti o travicich
enzymech a o zplsobu jejich regulace podnéty ziskanymi z polapené kofisti. Fytohormony
kontroluji vSechny aspekty rtstu a vyvoje rostlin, takze se predpokladalo, ze maji funkci také pti
jejich masozravosti. Ve srovnani s nemasozravymi rostlinami, se hormonalni signalizaci v téch
masoZzravych, vénovalo jen par studii a ty byly omezeny hlavné pravé na jasmonaty. Ty se hromadi
Vv pletivu pasti mucholapky podivné (Dionaea muscipula) bez ohledu na podnét. Jak na
mechanostimulaci spoustéciho vy¢nélku uvnitt pasti, tak na poranéni pasti reaguje rostlina expresi
gend spojenych s masozravosti, a tedy produkci travicich enzymu. To proto, Ze obrana rostlin
a botanicka masozravost mucholapky sdileji stejné signalni drahy. Jak tedy mucholapka pozna, ze
se V jeji pasti nachazi opravdu zivoci$na kofist, aby se ji vyplatilo produkovat mnozstvi travici

tekutiny, coz je energeticky narocné? Jak je regulovan tento proces?



Jasmonaty hraji roli pifi indukci travicich procesii U tfi rodi masozravych rostlin
(mucholapka, rosnatka, laCkovka; Dionaea, Drosera, Nepenthes), které se v této oblasti daji
povazovat za modelové. Vsechny tfi jsou ale pifibuzné aspadaji do tadu hvozdikotvaré
(Caryophyllales). Cilem bylo prozkoumat, zda byla jasmonatova signalizace exaptovana také
jinymi rody neptibuznymi s hvozdikotvarymi. V fadu hluchavkotvaré (Lamiales) jsme se zabyvali
rody tucnice (Pinguicula) a bublinatka (Utricularia), v fadu stavelotvaré (Oxalidales) rodem
lackovice (Cephalotus), a v fadu viesovcotvaré (Ericales) rodem S$pirlice (Sarracenia). Do studie
byly zahrnuty také dal$i neprozkoumané rody z hvozdikotvarych: rosnolist (Drosophyllum)
a aldrovandka (Aldrovanda). Nékteré z téchto roda (napf. Spirlice a lackovice) pouzivaji stejné
travici enzymy nebo stejnou lovici strategii, takze 1ze predpokladat, ze vyuzivaji stejnou signalni
drahu. Na druhou stranu se mnoho rodi spoléhd vice na travici enzymy pochézejici ze
symbiotickych organismil nebo je produkce enzymil spiSe konstitutivni, coZ zpochybtiuje potiebu

jedine¢né signalni drahy.

Pti druhé ¢asti vyzkumu byla pozornost zamétena na komplexni studii, kterd by pokryla
nckolik aspektli anestetickych G€inki na rostliny. Béhem vyzkumu v prvni ¢asti vyzkumu byl
vytvofen velmi dobry experimentdlni systém v masozravé rostliné mucholapce podivné pro
monitorovani odpovédi rostliny na poranéni a mechanickou stimulaci. Cilem bylo vyuzit tento
systém ke zkoumani téchto odpovédi pod vlivem anestetika a bez négj, sledovat elektrickou
signalizaci, akumulaci jasmonati, genovou expresi a produkci proteind. Ve studii Yokawa et al.
(2018) byla jiz prokazana inhibice tvorby akéniho potencialu (AP) anestetikem dietyléterem,
naSim cilem ale bylo prozkoumat efekt inhibice elektrické aktivity na nasledujici reakce.

Jelikoz bylo v prvni ¢asti zjisténo, Ze mucholapka vyuziva k regulaci travicich enzymi
drahu, kterou v priibéhu evoluce exaptovala z obranného mechanismu béZnych rostlin, ptedchozi
znalosti a dovednosti byly vyuZity ke zkoumani toho, zda anestetikum muze zastavit systémovou
obrannou reakci husenic¢ku rolniho (Arabidospis thaliana) v reakci na poskozeni. V mucholapce
anestetika inhibuji AP. V reakci na utok nebo poranéni bylozravci ale rostliny obvykle generuji
variani (VP) a/nebo systémovy potencial. Protoze se AP a VP lisi svym pivodem (AP se Siti
samovolng, zatimco propagace VP zavisi na uvolnéni napéti vodniho sloupce xylému pfti
poranéni), bylo otazkou, zda anestetika mohou inhibovat tvorbu a Sifeni VP a v§echny nasledujici
reakce, tj. Ca?" vinu a/nebo akumulaci kyseliny jasmonové (jasmonic acid, JA) a JA-zavislou

genovou expresi.



1. Obrana rostlin proti byloZraveim
Rostliny pro svou vlastni potfebu produkuji procesem fotosyntézy sacharidy. Tyto latky ale
vyhovuji jako potrava také zivocichim. Na rostlinach jsou zavisla vSechna zvirata, a to at’ primarné
nebo sekundarné. Prisedlé organismy, jakymi jsou rostliny, jsou ale ke svému prostiedi vazany
koteny a nemohou v pfipadé napadeni jednoduse utéct. I pies tento fakt jsou ale rostliny schopny
utoktim odolat. Rostliny a bylozravy hmyz Ziji pospolu po vice nez 400 milionil let a ob& skupiny
si vyviji opravdu rafinované strategie, aby obelstily toho druhého (War et al. 2012).

Obranné mechanismy rostlin mohou byt bud’ mechanického, nebo chemického charakteru.
Mechanické bariéry piedstavuji prvni vrstvu ochrany proti bylozravcim. Odolnost rostlin vici nim
je dana morfologickymi vlastnostmi — UZ jen samotny tvar listu, jako napf. cipaty list cesminy,
odrazuje uto¢niky. Slozkou mechanické obrany rostlin jsou i jejich povrchové struktury.
Ptikladem takovych struktur jsou papily ¢i dlouhé vybézky epidermélnich bun¢k znamé jako
trichomy. Pokozka rostlin je dale ¢asto chranéna vrstvou kutikularnich voskii a mtizeme se setkat
také s riznymi modifikacemi listu, jako jsou napf. trny sukulentd. U€innost tohoto druhu
fyzikalnich bariér vSak zavisi na velikosti a také mechanismu, jakym se krmi dany bylozravec
(War et al. 2012).

Kromé¢ téchto fyzikalnich bariér rostliny vyuzivaji obranu chemickou — produkuji velké
mnozstvi sekundarnich metabolitd, toxind a dale také proteind, jako jsou napft. inhibitory proteaz.
Kromé¢ mechanické a chemické obrany, diky které rostliny konfrontuji bylozravce ptimo (odtud
pifimé obrana), produkuji rostliny také tékavé slouceniny k ptildkani druhl na vyssi trofické
urovni, jako jsou pfirozeni nepratelé¢ utoc¢iciho hmyzu. Vzhledem k tomu, ze t€kavé latky ve
skute¢nosti neptisobi pfimo na bylozravce, ale pouzivaji se jako prostfedniky k pfivolani jinych
organismi na pomoc, tento druh obrany se nazyva nepiima (Mithofer and Boland 2012).

Ptima a nepfima obrana se mize nachazet v rostlin¢ konstitutivné, ale jelikoz je produkce
sloucenin plsobici proti byloZravelim pro rostlinu pomérné nakladné, nékteré obranné metabolity
jsou produkovany az po napadeni byloZzravecem. Tyto metabolity pak nazyvame jako indukovana
obrana (Meldau et al. 2012). Indukovana obrana vyzaduje v téle rostliny dynamickou a rychlou
distribuci informaci. V. mnoha piipadech neni zasaZena cela rostlina, ale pouze organ, nékolik
bunék nebo jen jedna burka rostlinného pletiva. Vazbou ptisluSného ligandu na receptor uvnitt
buiikky nebo na plasmatické membrané se aktivuje vhodny obranny program pifevedenim na
odpovidajici stresovou reakci. Informace pak putuji do sousednich organi, a dokonce i do
sousednich rostlin, a také zde aktivuji pfislusné reakce. Informacni tok je zprostfedkovan bud’
rychle se pohybujicimi malymi metabolity, hormony, proteiny/peptidy, RNA, reaktivnimi
formami kysliku, vapnikovou vlnou a tékavymi latkami, tedy chemickymi signdly nebo

elektrickymi potenciadly a hydraulickymi vlnami, které jsou vSak velmi Uzce spjaty. Signdlni



molekuly se pohybuji z jedné bunky do druhé skrz plasmodesmata, pies apoplast, uvnitt vaskularni
tkané nebo jako t¢kavé latky — vzduchem. Reakce specifické pro poskozeni pravdépodobné
vyzaduji kombinaci riznych cestujicich sloucenin. Své rozmanitosti navzdory, maji signalni
molekuly spolecné rysy. Jejich koncentrace v mistech piisobeni je pfisn¢ kontrolovana, je velmi
nizka v nestimulovanych bunkach, prechodn¢ vysokd v reakci na podnéty a nasledné€ obnovena na
nizkou hladinu bud’ chemickymi reakcemi (napt. degradaci, modifikaci a konjugaci) nebo
rozdélenim do intracelularnich nebo mezibunéénych prostor pomoci aktivnich transportnich
mechanismu. Jelikoz Sifici se signdly musi cestovat pies dlouhé vzdalenosti a vice bariér,
s rostouci vzdalenosti signal obvykle klesa. To vyzaduje trvalé procesy zesileni, zpétnovazebné

smycky a pravdépodobné téz kratkodobou pamét’ (Oelmiiller 2021).

1.1. Elektrické signaly rostlin

Jaka je povaha systémového signalu, ktery je po napadeni Sifen jako prvni po velké ¢asti
rostlinného téla a vede k obranné reakci? Mezi mnoha scénafi, které byly navrzeny, je elektricka
signalizace. Ackoli si rostliny nevytvotily komplexni nervovou soustavu, jakou zname
u zivocichu, elektrické signaly hraji v jejich zivoté podstatnou ulohu. Pojem elektrické signaly je
V této praci pouzit pro udélosti, které jsou detekovany pomoci citlivych elektrod. Obecné podstata
metod, které¢ jsou pouzivany pro meéteni elektrickych signall, pak spo¢iva v tom, ze rostlina
predstavuje zdroj elektromotorického napéti. Je vyuzivano méfeni elektrostatického potencialniho
rozdilu (napéti) mezi mistem na rostlin€, kde je umisténa elektroda a referenénim mistem, kterym
byva z pravidla vodivy plidni roztok. Nasledn€ jsou detekovany bud’ stacionarni hodnoty (klidovy
potencial) nebo ¢asové zmény vyvolané néjakym lokalnim podnétem (Ilik et al. 2010). Evokované
zmény membranového potencialu maji rizné tvary, kinetiku, trvani, vlastnosti a funkce.
V dnesnich dnech rozeznavame tfi rozdilné druhy elektrické signalizace v rostlinach, které se §ifi
na dlouhé vzdalenosti: akéni potencidly (APs), variacni (VPs) také oznacovany jako potencidly
pomalé viny a systémové potencialy (SPs; Obr. 1). Elektrické signaly se mohou skladat z vice

typt, pak je nazyvame jako signaly kompozitni (Farmer et al. 2020).
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Obr. 1: Zakladni typy elektrickych signalti v rostlinach generované po mechanostimulaci nebo
poskozeni. Teckovana linie predstavuje zakladni membranovy potencidl. PIné modré cary
predstavuji zmény membranového potencialu. Cervené Sipky ukazuji smér depolarizace
membrany, kterd je detekovana intracelularnimi elektrodami. Cerné Sipky ukazuji smér
depolarizace, kterd je méfena neinvazivnimi povrchovymi elektrodami. a) Akéni potencidl je
reprezentovan obvykle velmi rychlou depolarizaci i repolarizaci. V tomto piikladu po repolarizace
nasleduje také hyperpolarizace. AP mohou mit variabilni strukturu a hyperpolarizace neni vzdy
zjevna. b) Systémové potencialy jsou depolarizace ¢asto métené extracelularnimi elektrodami.
Hyperpolarizacim casto pfedchazi AP, ktery v ptikladu neni ukazéan c) Varia¢ni potencial se sklada
Z rychlé membranové depolarizace, ktera je nasledovana pomalejSi a Casto nepravidelnou
repolarizaci. Pfevzato a upraveno z Farmer et al., (2020).

1.2. Druhy posel — cytosolicky Ca?*

Ihned po generaci elektrického signalu dochazi v rostlinnych buiikach ke zvyseni koncentrace Ca?*
v cytosolu ([Ca®*]eyt). V eukaryotech od kvasinek pies rostliny az po Zivodichy slouzi v bunééné
signalizaci Ca®" jako druhy posel (Berridge et al. 2000). Pro¢ pravé Ca?* jako signal? Diky své
chemické povaze je za normalnich podminek volny Ca?" v cytosolu udrzovan na nizké urovni
(obvykle kolem 100-200 nM), a to pievazné v dasledku precipitace a chelatace intracelularnim
fosfatem a dal§imi molekulami vazajicimi Ca®". V extracelularnim prostoru (apoplastu) a uréitych
organelovych zasobarnach (napf. endoplazmatickém retikulu) vsak mtize volny Ca®" dosahnout
milimolarnich hodnot, tj. 10 000krat vyssich (Demidchik et al. 2018). Tento gradient poskytuje
hnaci silu pro import Ca?*, ktery pak funguje jako intracelularni signal (Lecourieux et al. 2006).
Dosud neni zcela jasné, jak vapnik mlZe zpusobit zcela specifickou reakci. Nicméné kromé
trvani se signaly Ca?* mohou lisit také svou frekvenci a intracelularnim nebo tkanové specifickym
umisténim (McAinsh et al. 1997; Dodd et al. 2010). Vsechny tyto ¢asoprostorové charakteristiky
vapnikovych signald, tzv. kalciovy podpis, koduji informaci o vyskytujicim se podnétu. Dale,
souhra s jinymi bunénymi posly, jako jsou reaktivni formy kysliku, zmény membranového
potencidlu nebo zmény pH, mulize pienést specifické informace o zméné prostiedi do rostlinné

bunky (McAinsh et al. 1997).



1.3. Dek6dovani Ca%*

Aby rostlinna buiika mohla vyuzit informace o vyskytujicim se stimulu, ktery je zprostfedkovan
specifickym zvysenim [Ca®*]cyt, musi tyto signaly dekodovat a prevést je do naslednych reakci,
jako je genova exprese nebo tvorba metabolitd. Snimani Ca?* jontii Ca?*-vazebnymi proteiny je
prvnim krokem k dekddovani. U huseni¢ku rolniho (Arabidopsis thaliana) bylo identifikovano
priblizng 250 Ca?* snimacich proteind. V§echny nesou alespoii jednu vazebnou doménu pro Ca?*,
tzv. EF-Hand motiv (Day et al. 2002). Tyto domény jsou tvoieny dvéma Sroubovicemi,
nazyvanymi E- a F-helix, které jsou spojeny smyckou vazajici iont Ca?* (La Verde et al. 2018).

Po navazani Ca®* prochazeji tyto proteiny konformacéni zménou, ktera jim umoziiuje vazat
se na nasledujici cil, jakym jsou kindzy, fosfatdzy nebo jiné enzymy, iontové pumpy, kanaly ¢i
transkrip¢ni faktory (Dodd et al. 2010; La Verde et al. 2018). To vede bud’ pfimo ke zméné genové
exprese a tim k uréité stresové reakci, nebo je Ca?* signél interakci s cilem pieloZen do jiného
signalniho rezimu, coz vede k dal$im udalostem pienosu signalu. Kromé& EF-Hands motivu maji
nékteré Ca®" vazebné proteiny daldi funkéni domény. Jsou klasifikovany jako senzorové
respondéry. Ptikladem pro senzorové respondéry je rodina Ca?'-dependentnich proteinkinaz
V huseni¢ku. Tyto proteiny maji krom¢ svych EF-Hand motivu kinazovou doménu, ktera je
aktivovana konformaéni zménou iniciovanou vazbou Ca?* (Sanders et al. 2002). Mohou tak pfimo
transformovat signal na jiné signaly nebo zmény genové exprese.

Kromé senzorovych respondérii méa vétsina rodin Ca?* senzorti zndmych v husenicku
pouze EF-Hand jako funkéni doménu, a proto jsou schopné vézat pouze Ca?*. Rika se jim
senzorova relé. Tyto proteiny potiebuji interagovat s jinymi proteiny, aby transformovaly signal
Ca2" do naslednych signaliza¢nich udélosti nebo stresovych reakci. Mezi skupinou senzorovych
relé jsou rodiny senzort Ca?*, jako jsou proteiny podobné kalcineurinu B, kalmoduliny (CaM)

a proteiny podobné kalmodulinu (Sanders et al. 2002; Dodd et al. 2010).

1.4. Ca?* aktivuje syntézu jasmonati

Zmény v intracelularnich koncentracich Ca?" jsou pravdépodobn& mediatory aktivace syntézy
hormonti v reakci na elektrické signaly. Ve vech listech, které obdrzi Ca?" signal se také b&hem
par minut hromadi fytohormony jasmonaty (Koo et al. 2009; Mousavi et al. 2013; Gilroy et al.
2016). Tésné spojeni mezi zvysenou [Ca®*]cyt @ akumulaci kyseliny jasmonové (jasmonic acid, JA)
prokazaly uz davnéjsi farmakologické studie (Fisahn et al. 2004). Nebylo vSak dlouho zcela jasné,
jak rostliny zpoc€atku aktivuji biosyntézu JA pro obranu rostlin. MoZnym spojenim mize byt
aktivace enzymu 13-lipoxygenazy LOX6 pomoci Ca?*, ktery katalyzuje syntézu prekurzoru JA,
¢imz prispiva k rychlé syntéze JA v systémovych listech (Chauvin et al. 2013). Stejné tak se

uvazuje o uloze mitogenem-aktivovanych protein kindz (MAPK), které interaguji



s kalmodulinem, a mohou fosforylovat a aktivovat klicové enzymy biosyntézy JA, napf. aktivovat
fosfolipazy (Seo et al. 1995; Maffei et al. 2007). Novy pohled pfinesl Yan a kolektiv autort (2018),
ktefi odhalili, ze biosyntézu JA k obrané proti napadeni hmyzem tidi novy komplex represort
JAV1-JAZ8-WRKY51 (Yan et al. 2018). Tento model v8ak nevysvétluje nahlou akumulaci JA
Vv prib¢hu nékolika sekund po poranéni, ktera svou rychlou kinetikou nemiize byt vysvétlena
aktivaci transkripce JA biosyntetickych gent. Studie Kimberlin a kolektivu autorii (2022) ukazuje,
ze Casny narust JA po poranéni huseni¢ku rolniho nezavisi na expresi biosyntetickych geni pro
JA, ale spi$ na rychlé aktivaci (napt. pomoci MAPK) fosfolipaz (napi. DAD1), které uvoliuji
mastné kyseliny z fosfolipidi a galaktolipidii v plastidovych membranach a vytvaii tak substrat
pro syntézu JA. Akumulace JA je totiz tak rychld, Ze za ni nemuize stat genova transkripce
a translace, tento mechanismus vSak muze hrat roli v pozdé&jsi fazi. Krok lipolyzy, ktery vytvari
prekurzory mastnych kyselin, ze kterych se nasledné syntetizuje JA, je povaZovan za prvni
biosynteticky a regulacni krok. Zavisi tedy mozna a pouze na dostupnosti substratu, tedy tzv.

substratové limitaci (Kimberlin et al. 2022).

1.5. Biosyntéza jasmonati

Jasmonaty (jasmonates, JAS) jsou skupinou fytohormont, mezi néz patii JA (chemicky popsana
jako 3-0x0-2-2’-cis-pentenyl-cyklopentan-1-octova kyselina), jeji prekurzory a derivaty. At uz je
syntéza JAs spusténa jakkoliv, v soucasné dobé jsou znamy jiz tfi drahy, kterymi se jasmonaty
syntetizuji. Prekurzory jsou ve vSech ptipadech polynenasycené mastné kyseliny: oktadekanova
draha vychazi z kyseliny o-linolenové (18:3), hexadekanova draha zacina kyselinou
hexadekatrienovou (16:3). Nové navrzena na reduktize kyseliny oxofytodienové (OPDA
reductase 3, OPR3) nezavisla draha startuje sice z kyseliny 12-oxofytodienové (12-0x0-
phytodienoic acid, OPDA), ta je ale produktem kyseliny a-linolenové. VSechny tii drahy vyzaduji
tii reakéni mista: chloroplast, peroxisom a cytoplasmu (Chini et al. 2018; Ruan et al. 2019).
Vyslednym produktem técgto biosyntetickych drah je JA, kterd je uvolnéna do cytoplasmy, kde
muze prochazet dalSi metabolickou pfeménou napiiklad spojenim s riznymi aminokyselinami.
Dlouho byla JA povazovan za bioaktivni jasmonat. Nicméné Staswick and Tiryaki (2004)
aFonseca et al. (2009) odhalili, ze bioaktivni formou je isoleucinovy konjugat kyseliny
jasmonové, jasmonoyl-L-isoleucin (JA-lle). Produkce JA-Ile v cytoplazmé je katalyzovana
amidosyntetazou kyseliny jasmonové (JARL1, JASMONATE RESISTANT 1). Ackoli se JA-lle
stale povazuje za hlavni bioaktivni molekulu, JA konjugéty s jinymi aminokyselinami vykazuji

také biologickou aktivitu (Yan et al. 2016).



1.6. Mechanismus vnimani a regulace genové exprese jasmonaty

Jakmile se JA-lle po urcitych podnétech dostane do jadra, musi se navazat na svij receptor.
V soucasné dob¢ se ma za to, ze JA-lle v jadie podporuje interakci mezi proteiny CORONATINE
INSENSITIVE 1 (COI1) a JASMONATE ZIM DOMAIN (JAZ). COI1 je F-box protein, ktery se
spojuje s proteiny SKP1 a CULLIN za vzniku komplexu SCFC". Tento komplex slouzi jako E3
ubiquitin ligdza. Po navazani JA-lle komplex SCFC" ubikvitinuje proteiny JAZ, coz vede k jejich
degradaci proteazomem 26S (Xie et al. 1998; Zhai et al. 2015). Proteiny JAZ jsou represory
transkripce, vazi se na transkrip¢ni faktory (TF) pii nizkych hladinach JA-lle (Thines et al. 2007,
Chini et al. 2007). V roce 2010 Sheard a kolektiv pomoci analyzy krystalové struktury potvrdili,
ze komplex COIl-JAZ je vysoce afinitni receptor pro bioaktivni JA-Ile; to znamena, ze COI1
a JAZ jsou koreceptory jasmonatové signalizace. COIl obsahuje otevienou kapsu rozeznavajici
JA-lle s vysokou specifitou. Vysoce afinitni vazba hormonu ale vyzaduje bipartitni JAZ
degronovu sekvenci. Tou je Jas doména nachazejici se na C-konci JAZ, obsahujici kratky
konzervativni motiv LPIARR, vytvafejici a-helix. Tato aminokyselinova smycka Vv pfitomnosti
JA-Ile siln¢ interaguje s COI1, uzavie ligand ve vazebné kapse a to vede ke stabilizaci komplexu
COI1-JAZ (Sheard et al. 2010). Tedy vnimani JA-lle koreceptorem umoziuje degradaci proteint

JAZ a tim uvolnéni TF, coz vede k expresi genil relevantnich pro obranu rostlin.

1.7. Proteiny souvisejici s patogenezi v obranné reakci rostlin

Proteiny, které jsou kodované rostlinou za patologickych nebo tomu piibuznych podminek, se
nazyvaji proteiny souvisejici s patogenezi (PRp; pathogenesis-related proteins). Jsou zakladni
slozkou inducibilnich obrannych mechanismi rostlin, ale mohou se vyskytovat také konstitutivng.
Jejich exprese mize byt spusténa jak po infekci patogeny (viry, bakterie, houby, oomycety), tak
po napadeni nematodami, hmyzem nebo byloZzravci. PRp maji nizkou molekulovou hmotnost (6-
43 kDa) a jsou koordinovany na rovni transkripce, kterd je aktivovana signalnimi molekulami,
jako jsou stresové hormony (kyselina sylicylova, JA a jejich metylestery). Jako elicitory exprese
genll mohou pusobit fragmenty chitinu, glykoproteiny, glukany, peptidy, proteiny a oligosacharidy
bakterii a hub. Indukce PRp pii méfeni na casovém méftitku jsou pozdni udélosti a jejich G€¢inek
na Casnou infekci ¢i poSkozeni je omezeny. Lokalizace a distribuce PRp piimo souvisi se
zpusobem a povahou infekce patogenem. PRp byly klasifikovany do riznych rodin na zakladé
sdilené sekvencni homologie. PRp lze také seskupit do riznych tiid na zaklad¢ migrace v nativni
polyakrylamidové gelové elektroforéze, reakce se specifickymi antiséry a mRNA sondami. PRp
byly také klasifikovany na zaklad¢ biologické aktivity indukovanych obrannych proteint. Bylo
identifikovano sedmnact riznych tfid PRp (Sudisha et al. 2012; Sinha et al. 2014).



2. Od obrany k masoZravosti rostlin

Fenomén masozravosti je u rostlin napadnym ptikladem evoluce a adaptability organismil, aby se
vyrovnaly s naroénymi podminkami prostiedi, jako je nedostatek zivin. Masozravé rostliny (MR)
nasly feSeni, jak v takovém prostiedi ziskat pfistup k dusiku, fosfore¢nanu a mineralim. Givnish
a kolektiv autorti navrhli, ze rostlina musi spliiovat dva zakladni pozadavky, aby mohla byt
povazovana za masozravou. Zaprvé musi byt schopna absorbovat ziviny z mrtvé kofisti a tim
ziskat uréité zvysSeni kondice ve smyslu zrychleni procesu fotosyntézy vedouci k intenzivnéj$imu
rustu, dale produkce pylu nebo tvorby semen. Zadruhé rostlina musi mit ur¢itou adaptaci, jejimz
primarnim vysledkem je aktivni ldkani, chytani a/nebo traveni kofisti. Prvni pozadavek je dilezity
k odliseni masozravosti od obrany rostlin, ktera znehybnuje nebo zabiji zvifeci neptatele, aniz by
to vedlo k podstatné absorpci Zivin. Druhy je nutny, protoZe mnoho rostlin miize pasivné profitovat
Z pfijimani nékterych zivin z mrtvych zvifat rozkladajicich se v ptidé nebo na povrchu listd.
Rostlina musi mit alespon jednu adaptaci, aby byla kvalifikovana za masozravou. Mnoho roda
MR néktery z téchto dulezitych znaku postrada (Givnish et al. 1984; Pavlovi¢ and Saganova
2015).

Nespornou adaptaci MR k chytani a/nebo traveni kofisti je vytvoteni si lapacich organt,
které vznikly pfimou vyvojovou preménou listt. Patfi mezi né: lepkavy list neboli adhézni past
rodua tucnice (Pinguicula), rosnatka (Drosera), rosnolist (Drosophyllum), byblida (Byblis); 1acka
neboli gravitaéni past rodu lackovka (Nepenthes), lackovice (Cephalotus), heliamfora
(Heliamphora), darlingtonie (Darlingtonia), $pirlice (Sarracenia); vr$ neboli detentivni past
Spirlice papouséi (Sarracenia psittacina) a rodu genlisej (Genlisea); saci méchyiek neboli
hypotenzni past rodu bublinatka (Utricularia); a sviraci ¢epel neboli mechanicka past rodu
mucholapka (Dionaea) a aldrovandka (Aldrovanda). Tyto lapaci organy se déli na aktivni
a pasivni. U¢inek sacich méchyikli a sviraci ¢epele je jednozna¢né zaloZzen na velmi rychlém
pohybu. Mezi aktivni nebo téz pohyblivé pasti se fadi také adhezivni pasti rodu rosnatka a nékteré
druhy rodu tucnice, které sice lapaji kofist stejné jako typicky pasivni pasti, pozdéji se ale jejich
lepkavé listy davaji do velmi pomalého pohybu a zlepSuji tak styk s kofisti, coz umoznuje lepsi
traveni, ale ma to vyznam i jako ochrana pted ztratou kofisti. Moznosti tohoto pohybu se ale
u riznych druht téchto dvou rodid mohou lisit. Napf. tucnice sina (P. agnata ma listy ploché
a nepohyblivé, zatimco tucnice lusitanska (P. lusitanica) ma listy se siln€ svinutymi okraji.
Rosnatka nitovita (D. filiformis) mize pohybovat pouze stopkatymi zlazami na listu, kdezto
rosnatka kapska (D. capensis) dokaze list prehnout pies kofist. Za zcela nepohyblivé jsou
povazovany pasti typu vrs, pasti vSech rodi s 1ackami a také lepkavé listy u byblid a rosnolistu
(Studnicka 1984; Ellison and Adamec 2018).



Lapaci organy neslouzi jen k polapeni kofisti a jejimu straveni, ale nékteré také spliuji
atribut lakani kofisti. K tomu zneuzivaji reflexti, které zivocichim umoznuji vyhledavat rtizné
zdroje potravy ané€kdy i substraty pro kladeni vaji¢ek. Z tohoto divodu lapaci organy MR
napodobuji svym vzhledem, barvou nebo vini ¢i pachem kvéty jinych rostlin (Spirlice), plodnice
hub (tucnice) nebo kvasici ovoce (lackovky). Ackoliv je viin€ ¢i zapach Spirlic, 1ackovek, tucnic,
rosnatek a rosnolistu pro lidsky ¢ich sotva postiehnutelny, hmyz na né reaguje velmi citlivé.
Lakadlem je 1 nektar vyluCovany na povrchu lapacich orgént lackovek, Spirlic, heliamfor,
darlingtonie a mucholapky nebo tipytivé kripéje na listech rosnatek, rosnolistu, tu¢nic a byblid.
U rostlin, jejichz pasti jsou zévislé na vodnim prostiedi, se pfedpoklada, ze kofist je vabena
vyluCovanym slizem, ktery je tvoren ve specidlnich zlazach lapacich organii bublinatek, genlisei
a aldrovandky (Studnicka 1984).

Vétsina taxond MR patii do tadd hvozdikotvaré (Caryophyllales), hluchavkotvaré
(Lamiales) a viesovcotvaré (Ericales); tfi druhy pak spadaji do fadu lipnicotvaré (Poales)
avyjimetna je lackovice australska (C. follicularis), ktera piedstavuje jediny druh
z monospecifické celedi lackovicovité (Cephalotaceae) a jediny masozravy druh z celého fadu
Stavelotvaré (Oxalidales; (Ellison and Adamec 2018). Nedavno byla objevena zcela nova linie
masozravych rostlin reprezentovana rostlinou Triantha occidentalis spadajici do fadu
zabnikotvaré (Alismatales; Lin et al. 2021). Pfedpoklada se, Ze se v prubéhu evoluce masozravost
Vv téchto Sesti riiznych fadech vyssich rostlin vyvinula nejméné jedenactkrat zcela nezavisle na
sobg, coz piedstavuje konvergentni vyvoj (Ellison and Gotelli 2009; Givnish 2015). Konvergentni
vyvoj nebo téZ konvergentni/sbihava evoluce je proces, pii némz se neptibuzné druhy rostouci ve
vzdalenych oblastech vyvijeji pod podobnymi selekénimi tlaky, tj. v podobném prostiedi a na
zakladé toho dospéji k podobnému vzhledu nebo maji obdobné zivotni strategie (King et al. 2013).
Jelikoz je lackovice z evolu€niho hlediska zcela izolovana od vSech ostatnich MR, dokonce i od
jinych lackovek, udélalo to zni idedlniho kandidata pro studium konvergentni evoluce
masozravosti rostlin (Fukushima et al. 2017). Piiklady konvergence na molekularni urovni jsou
velmi vzacné, pokud je nalezneme, zpravidla je pozorujeme jen mezi taxonomicky blizkymi
skupinami, najit konvergenci u vzdalenych skupin je opravdovou raritou (Holicova 2015).
Fukushima a kolektiv autort (2017) provedli komplexni studii genomu a proteomu této lackovice,
kterd umoznila hluboky vhled do genetickych zmén souvisejicich s masoZravosti rostlin. Kromé
mnoha dal§ich vysledkli prokédzali expanzi genl kodujicich enzymy, které jsou spojovany
s lakanim, chytdnim a trdvenim hmyzu v la¢ce. Pfitomnost a vyuZiti hydrolytickych enzymi
Vv travici tekutiné, které jsou znamé z la€kovky nebo mucholapky, odkazuje na ortologické vztahy
mezi masozravymi rostlinami navzdory jejich mnohocetnému ptvodu. Skute¢nost, ze stejné

zakladni principy masozravosti byly identifikovany jak u lackovice australské, fylogeneticky



izolovaného druhu, tak i U jinych masozravych rostlin, siln¢ podporuje hypotézu, zZe konvergentni
evoluéni strategie tvoii zdklad masozravosti a podporuji jeji vznik v rostlindch. Pokud je vSak tato
hypotéza spravna, existuji zjevnd omezeni pro rozvoj takového zivotniho stylu. Z evolu¢niho
hlediska by méla byt mozna jakakoli cesta k tomuto kone¢nému bodu, ale ptevladajici podminky
stanovuji jista omezeni. MR ziji v chudych a stresujicich prostiedich, a to ovliviiuje ekonomiku
této adaptace (Fukushima et al. 2017).

Vyvoj novych funkci mize byt nakladny, tak pro¢ nepfizpiisobit ty stdvajici? Analyza
proteinti travici tekutiny z laCkovice australské a tfi dalSich masozravych rostlin S nezavislym
masozravym puvodem odhalila opakovanou exaptaci proteinovych linii reagujicich na stres
spojené s konvergentnimi substitucemi aminokyselin k ziskani fyziologie traveni (Fukushima et
al. 2017). Exaptace (ang. Co-option) je evolu¢ni mechanismus, ktery usnadnuje vznik novych
funkci. Ve funkci znaku v pribéhu pusobeni evoluce dochazi ke zméné. Znak, ktery pavodné
slouzil k jedné funkci, je Casem vyuZit na jinou — to mize byt piipad nejen fenotypickych znak,
ale i gent ovliviwjicich chovani. Klasickym ptikladem je pefi u ptaku, jehoz ptivodnim Gcelem
byla termoregulace, ale pozd&ji bylo vyuZito pro plachténi (Gould and Vrba 1982). Cim vice se
0 masozravosti rostlin dozvidame, tim vice si uvédomujeme, Ze jejim evoluénim pozadim je
schopnost rostlin branit se naptiklad proti bylozravému hmyzu. Ma se za to, Zze MR tedy exaptovali
signalni drahu obranného mechanismu rostlin pro sviij tcel — nikoliv k odpuzeni, ale k prilakani,
zabiti a traveni Zivo&isné kofistil.

Uz na prvni pohled mize nékomu pfijit, Ze nékteré struktury v MR jsou podobné
strukturam, které jsou zapojené do konstitutivni ptimé obrany béznych rostlin. Naptiklad zlaznaté
trichomy jsou €asto vyuzivany jak k obrané rostlin, tak k traveni kofisti. V nékterych ptipadech se
dokonce hranice mezi obranou a masozravosti rostlin stira. Nékdy to vede dokonce i ke zmatku
a tvrzenim, ze MR je mnohem vice, coz siln¢ naznacuje piibuznost a spole¢ny ptivod (Chase Fls
et al. 2009). Koncept, Ze botanicka masozravost a obranné mechanizmy spolu vzajemné souviseji,
je stary (Juniper et al. 1989), ale objev, Ze vyuZzivaji stejnou signalni drahu, je relativné novy. Na
Obr. 2 je uvedena pravdépodobna cCasova hierarchie udalosti, které byly detekovany
u masozravych rostlin s aktivnim lapacim mechanismem kromé bublinatky. Na Obr. 3 je poté pro
srovnani ukdzana sekvence po sobé¢ jsoucich udélosti detekovatelnych po poSkozeni béznych

rostlin hmyzem.

1V pribéhu sepisovani této disertace autorka jiz védéla, Ze toto tvrzeni je zcela platné pouze pro fad hvozdikotvaré,
nicméné se snaZi zachytit dobu a mysleni pred publikovanim jejich vlastnich ¢lankd. Par odkazll na pfiloZzené
publikace se ale miZe vyskytnout.
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Obr. 2: Pravdépodobna cCasovana hierarchie po sob¢ jdoucich udalosti detekovatelnych
U masozravych rostlin s aktivnim lapacim mechanismem (vyjimaje bublinatku) v reakci na
zachyceni kofisti, ktera je pfevzata z obrannych mechanismt rostlin (Maffei et al. 2007).
Nejcasnéj$imi metitelnymi udalostmi jsou akéni potencidly generované mechanickymi podnéty
(Williams and Pickard 1980; Hodick and Sievers 1988; Krol et al. 2006; Escalante-Perez et al.
2011) nebo chemickymi podnéty z koftisti (Scherzer et al. 2013), které iniciuji zvySeni koncentrace
vapniku Vv cytosolu (Escalante-Perez et al. 2011) a tvorbu H2O> (Chia et al. 2004; Ibarra-Laclette
et al. 2011). Ca?* v cytosolu je pravdépodobné sniman vazbou na kalmodulin (CaM) nebo jiny
protein vnimajici vapnik, ktery mize interagovat s mitogenem aktivovanymi protein kindzami
(MAPK); tato ¢ast signalni drahy nebyla dosud u masozravych rostlin zdokumentovana. MAPKs
reguluji biosyntézu jasmonatu, které spoustéji expresi genti souvisejicich s masozravosti (Scherzer
etal. 2013; Nakamura et al. 2013; Libiakova et al. 2014; Paszota et al. 2014; Mithofer et al. 2014).
Prevzato z Pavlovi¢ and Saganova (2015).
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Obr. 3: Casovana hierarchie po sobé& jdoucich udalosti detekovatelnych v rostlinnych tkanich,
které jsou iniciovany uUtokem herbivora. NejcasngjSimi méfitelnymi udéalostmi jsou zmény
potencialu na plazmatické membrané (Vm), bezprosttedné nasledované zménami v intracelularni
koncentraci Ca?* a tvorbou H,02. Béhem nékolika minut jsou detekovatelné kinazy a fytohormony
kyselina jasmonova (JA) a salicylova (SA). Aktivace gent a nasledné metabolické zmény jsou
nejdiive patrné asi po 1 hodiné. (Pievzato z Maffei et al. 2007).



ZAVER

Rostliny obecné si vyvinuly komplexni fadu lokalnich a systémovych signaliza¢nich systémd,
které umoziuji integraci a koordinaci jejich fyziologie a vyvoje. V biotopech chudych na ziviny
si specialni skupina rostlin, takzvan¢ masozravych, vyvinula dimysIiné mechanismy, jak chybéjici
ziviny v pid¢ nahradit. Ziskéavaji je z zivocisné koftisti, k cemuz si pfeménily jejich listy na pasti.
Tato schopnost spojuje vSechny druhy z nejriznéjSich podnebnych a zemépisnych oblasti.
Masozravé rostliny reprezentuji ekologicky 1 morfologicky riznorodou skupinu s vice nez 800
druhy, které spadaji do jen vzdalené piibuznych tiinacti ¢eledi s celkem dvaceti rody kvetoucich
rostlin. Charles Darwin ve své knize Insectivorous plants o téchto rostlinach napsal: ,,...vidime,
jak malo bylo rozlusténo ve srovnani s tim, co zdstava nevysvétleno nebo neznamo* (Darwin
1875). To plati ale i dnes, i pfesto ze disponujeme velmi pokrokovymi metodami. Ma prace
pfinesla alesponi par novych dilka skladacky k tomu, abychom pochopili, jak nejen tyto rostliny
funguji.

Ukazalo se, Zze nékteré masozravé rostliny pro chyceni a regulaci traviciho procesu
vyuzivaji elektrickou a jasmonatovou signalizaci. V publikaci Pavlovic¢ et al. (2017), ktera slouzila
jako odrazovy mustek pro tuto disertacni praci a plynule na ni navazuji, bylo dokazéno, ze
sekvence udalosti po chyceni kofisti masozravou rostlinou mucholapkou podivnou pfipomind
dobfe zndmou signalni drahu obrany rostlin v reakci na napadeni patogenem nebo bylozravcem.
Po poskozeni generuji rostliny elektrické signaly, které vyvolaji akumulaci rostlinnych hormoni
jasmondtli nasledovanou expresi geni odpovidajicich na jasmonaty. Mucholapka pak zacne
vylucovat do pasti travici enzymy schopné travit chitin, proteiny, DNA a RNA, tedy molekuly
bohaté¢ hlavné na dusik. Nicméné elektricka signalizace v mucholapce neni specificka, a tak
mucholapka zatiZena evolu¢ni minulosti neni schopna rozeznat, zda je poSkozovana bylozravcem

nebo mechanicky stimulovana opravdovou kofisti (publikace 0.). Az jakmile uciti protein a nikoli
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jasmonatil a aktivit enzymu neZ samostatnd mechanicka stimulace.

V dobé¢ zvetejnéni publikace 0 se mélo obecné za to, Ze masoZravost rostlin byla vyvinuta
Z obranného mechanismu rostlin. Nicméné spole¢né znaky s obrannym mechanismem, tedy to ze
jsou jasmonaty zodpoveédné za aktivaci a regulaci travicich enzym, byly prokazany jen u tii roda
masozravych rostlin: mucholapka (Dionaea), rosnatka (Drosera), a lackovka (Nepenthes) fadu
hvozdikotvaré (Caryophyllales). Jak je jasmonatova signalni draha rozsifena mezi ostatni linie
masozravych rostlin nebylo znamé. Rozhodli jsme se proto prostudovat také ostatni zastupce

masozravych ropstlin: tuénici (hybrid Pinguicula x Tina) a bublinatky (Utricularia reflexa a U.



vulgaris) z fadu hluchavkotvaré (Lamiales), laGkovici australskou (Cephalotus folicularis) z fadu
Stavelotvaré (Oxalidales), Spirlici nachovou (Sarracenia purpurea ssp. venosa) ziadu
viesovcotvaré (Ericales) a také dalsi masozravé rostliny z fadu hvozdikotvaré (Caryophyllales) —
rosnolist lusitansky (Drosophyllum lusitanicum) a aldrovandkau méchyikatou (Aldrovanda
vesiculosa). Ukazalo se, Ze jasmonatova signalizace neni univerzalni a vSudypiitomnou drahou,
kterd je vyuzivana masozravymi rostlinami pro regulaci travicich enzymi. Ackoli masozravé
rostliny z riznych evolucnich linii vyuZzivaji stejné travici enzymy, pfi¢emz nékteré¢ z nich spadaji
do skupiny od patogeneze odvozenych proteinil, regulace jejich aktivit se vyrazné lisi. Prestoze
masozravé rostliny vyuzivaji jasmonaty pro svou odveékou roli — obranu, exaptace jasmonatové
signalizace pro botanickou masozravost se pravdépodobné vyskytla pouze jednou v nejstarsi linii
masozravych rostlin — hvozdikotvaré, a poté jiz nikdy nebyla kooptovana znovu (publikace I1., 1.
alVv).

Nedavno bylo v publikaci Yokawa et al. (2017) zjisténo, ze masozrava rostlina
mucholapka s jeji pohyblivou ¢epeli je dobrym experimentalnim modelem pro vyzkum vlivu
anestetik. Primarnim mistem uc¢inku celkovych anestetik u zivocichti je nervovy systém, kde
anestetika inhibuji pfenos nervového vzruchu. Existuje n¢kolik teorii, jak tato nesourodé skupina
latek ucinkuje. Moderni teorie plisobeni anestetik vychdzeji z existence specifickych receptorii
(napf. receptory kyseliny y-aminomaselné anebo ionotropni glutamatové receptory), v centralnim
nervovém systému, jejich agonistii/antagonistil a pfipadné jsou zalozeny na ovlivnéni akéniho
potencialu nervi, zejména prostfednictvim sodikovych kanali. Ackoli rostliny nemaji neurony,
generuji elektrické signdly v odpovédi na bioticky a abioticky stres. Tyto vjemy rostlina ztraci,
pokud je vystavena ucinku nékterych anestetik. Ukazuje se, ze elektricka signalizace v rostlinach
vyuziva podobné proteiny jako v naSem mozku. A pravé na elektrické signdly anestetika cili také
v rostlinach. Dietyléter kompletné inhiboval tvorbu akéniho potencialu v mucholapce a past
nebyla schopna se pod vlivem anestetika uzaviit. Akéni potencidly byly vSak pln€ obnoveny po
odstranéni anestetika. Dietyléter také kompletné inhiboval dalsi reakce: akumulaci jasmonati
a expresi genll odpovidajicich na jasmonaty. Nicméné externi aplikace kyseliny jasmonové do
pasti obesla inhibici akéniho potencialu a obnovila genovou expresi i pod vlivem anestetika, coz
naznacuje, Ze reakce nasledujici po akumulaci kyseliny jasmonové nejsou inhibovany (publikace
V).

Mucholapka vSak mé jakoZto experimentalni model také své nevyhody jako napt. malé
mnozstvi existujicich a dostupnych mutantd a oproti jinym experimentadlnim rostlindm neni
elektricky signal Sifen systémove. Jasmonaty jsou tak akumulovany pouze v pasti s kofisti nebo
po poskozeni pasti (publikace 0). Elektrické signaly nehraji ale roli pouze v pohyblivych

rostlinach, ale jsou nesmirné dilezité 1 v Zivoté béznych rostlin pfi reakci na rizné bioticke



a abiotické faktory. To, co jsme se naucili na masozravych rostlinach, jsme aplikovali na husenicek
rolni, kde se elektricky signdl $iti také do sousednich listi, abychom proces prozkoumali vice do
hloubky. Bunécénd odpovéd byla v systémovych listech zcela blokovana, nicméné lokalni
poskozeny list stale citil a reagoval na podnéty. Jelikoz je systémové Sifeni elektrického signalu
V huseni¢ku zavislé na kanalech podobnych glutamatovym receptorim, mohl by pravé na né
dietyléter nespecificky cilit. To potvrdila také inhibice glutamatem indukovanych elektrickych
signalli anestetiky (publikace V1.). Inhibice elektrickych signali a jasmonatové odpovédi vlivem
anestetik dokumentuje vyznamnou podobnost mezi signalnimi drahami masozravosti a obrany
rostlin.

Stale ndm ale mnohé zlistava zahaleno a ¢eka na odpovéd:. ..
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Souhrn:

Opakovana mechanickd stimulace spoustécich vyénélki, které vystupuji z pokozky uvnitf pasti
mucholapky podivné (Dionaea muscipula), vyvolava elektrické signaly (akéni potencialy)
a spousti jasmonatovou signalizaci a expresi genu travicich enzymu, které jsou piibuzné s proteiny
souvisejici s patogenezi. Tato sekvence udalosti pfipomina dobfe znamou signalni drahu obrany
rostlin v odpovédi na utok patogena nebo bylozravce. V této studii byla sledovana elektricka
signalizace, hromadéni jasmonat v pletivu pasti a vylu¢ovani travicich enzymi v odpovédi na
chyceni kofisti, umé€lou mechanickou stimulaci spoustécich vy¢nélkli a poranéni, aby byla
dokézana podobnost mezi obrannym mechanismem a masozravosti rostlin. Vysledky ukazaly, ze
mucholapka podivna nedokaze rozpoznat poranéni od mechanické stimulace spoustécich vyénélki
koftisti. Oba typy stimulace vyvolaly stejné akéni potencidly, rychlé sklapnuti pasti, hermetické
uzavieni, akumulaci kyseliny jasmonové (JA) a jejiho isoleucinového konjugatu (JA-lle), sekreci
aspartatovych a cysteinovych proteaz, fosfatdz a chitinaz typu I. Zevni podani JA vyvolalo taktéz
sekreci travicich enzymt, coz potvrdilo zapojeni signalizace kyseliny jasmonové v masozravosti
rostlin.

Navzdory sofistikovanému systému rozpoznavajici kofist tedy tato studie ukazuje, Ze
mucholapka mize byt jednoduSe pomylena poskozenim, typickym aktivatorem obranné reakce
rostlin. U mucholapky poskozeni pasti aktivuje rychlé sklapnuti pasti, jeji hermetické uzavieni
a sekreci travici tekutiny obsahujici enzymy, je vyvoldna tedy typickd masozrava reakce. Tato
skute¢nost je vysledkem jeji evolu¢ni historie a exaptace chovéni, tedy evolu¢niho posunu ve
funkci vlastnosti, coZz naznacuje, Ze tyto rostliny pravdépodobné pouZzivaji stejné vnimani
a signalni drahu a nedokaze rozlisit mezi pfitomnosti kofisti nebo bylozravého hmyzu.

Akumulace jasmonatti a sekrece enzymii v odpoveédi na poranéni i krmeni byla potvrzena
pouze Vv lokalnich pastech, coZ koreluje se Sifenim elektrickych signali. Znamena to, Ze na rozdil
od obranného mechanismu rostlin mucholapka postrada systémovou odpoveéd, coz muze
predstavovat uCinnou strategii Setfeni energetickych zdroji. Pro mucholapku by bylo velmi

energeticky naro¢né produkovat travici tekutinu také v sousednich pastech, které nechytili Zadnou
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kotist. Modifikaci systémové elektrické signalizace znamé u béznych rostlin do lokélni v prabéhu
evoluce tak minimalizovali energetické naklady spojené s masozravosti.

V dob¢ publikovani tohoto ¢lanku se ma za to, Ze botanickda masozravost se vyvinula
Z obrannych mechanismu rostlin, coz podporuje i skute¢nost, ze mnoho proteinit vylucovanych

Vv reakci na zachyceni kofisti souvisi s patogenezi.
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Souhrn:

Chyceni kofisti a trdveni mucholapky podivné je fizeno dvéma typy stimulti — mechanickymi
a chemickymi. Mechanické stimuly spoustécich vycnélkii uvniti pasti, které jsou spojovany
s tvorbou akénich potenciali a zvySenim cytosolické koncentrace Ca®*, jsou dulezité hlavné
Vv prvnich hodindch po chyceni kofisti a jsou zodpovédné za rychlé hermetické uzavieni pasti
a uvoliovani travici tekutiny. Co se ale odehrava v pasti, jakmile stimulace pohybem kofisti ustane
a jak mucholapka poznd, Ze se jedna opravdu o ZivociSnou kofist, aby byla schopna uSetfit své
zdroje? Chemické signaly z Castecné rozlozené koftisti mohou udrZzovat vysokou koncentraci
kyseliny jasmonové a jejiho isoleucinového konjugéatu a produkci tradvicich enzymu zvySenou
| pfesto, ze vyvolani elektrickych signalt kofisti ustane. Vnimani chemickych latek a tzv. pozdni
fazi traviciho procesu se vénuje tato publikace. Bylo k tomu vyuzito dvou na dusik bohatych latek
v pevné formé&, chitinu a proteinu (konkrétné hovéziho sérového albuminu), ve spojeni
s mechanostimulaci citlivych vyenélkll uvnitt pasti. Mnoho vyzkumnikii se pfi jejich studiich
zaméfilo na chitin, protoze vnéjsi kostra hmyzu se sklada prevazné pravé z néj. Ackoli je chitin
pfimého kontaktu, neni pro rostlinu hlavnim zdrojem dusiku v porovnani s proteinem. Chemicka
stimulace proteinem ve spojeni s mechanostimulaci vyvolala nejvétsi akumulaci kyseliny
jasmonové a jejiho isoleucinového konjugatu, stejné jako expresi vybranych gent kodujici cystein
proteazu (dionain) a chitinazu. Také se ukazalo, ze travici tekutina, kterd byla sbirana po 48
hodinach od stimulace, vykazovala fosfatazovou, chitindzovou a proteolytickou aktivitu a tato
aktivita byla ve vSech ptipadech nejvétsi po dodatecné stimulaci proteinem. Taky abundance
enzymi odpovédnych za uvedené aktivity byla nejvyssi po podani proteinu. Chitin nemél zadny
vyznamny aditivni efekt na enzymové aktivity, navzdory tomu stale indukoval vysokou hladinu
jasmonati. Na zaklad¢ téchto vysledki bylo ziejmé, ze enzymové aktivity v mucholapce nejsou
substratove specifické a protein byl nejlepsSim induktorem nejen proteolytickych, ale také ostatnich

aktivit.
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Souhrn:

Pfi studiu masozravych rostlin byla nalezena nova role pro rostlinné hormony jasmonaty —
regulace aktivity travicich enzymi. Piedchozi studie, které odhalily zapojeni jasmonati do
traviciho procesu, byly ale zaméfeny pouze na tii rody masozravych rostlin — rosnatka (Drosera),
mucholapka (Dionaea) a lackovka (Nepenthes), které vSechny spadaji do fadu hvozdikotvaré
(Caryophyllales). V této studii nas zajimalo, zdali je jasmonatova signalizace univerzalni
a vV masozravych rostlinach vSudypfitomnou signalni drahou, ktera tedy existuje i mimo fad
hvozdikotvaré. Aby bylo odpovézeno na tuto otazku, byla pouzita masozrava tucnice (hybrid
Pinguicula x Tina) z fadu hluchavkotvaré (Lamiales) a jako kofist slouzila octomilka (Drosophila
melanogaster). Kofist vyvolala vyznamné zvySenou aktivitu proteaz, kyselych fosfatdz, amylaz
a exochitindz po 2 hodinach po krmeni. Po 24 byly vyznamné zvySené aktivity také dalSich
studovanych travicich enzymi endochitinazy a chitobiositdzy. Obsah kyseliny jasmonové (JA) se
vSak vyznamné nezvysila ani po 2 ani po 24 hodindch od krmeni. Aby se vyloucila moznost, ze
by analyzy byly ovlivnény pouzitim nemodelového rostlinného materidlu, byl list tucnice
opakované¢ poranén jehlou. To oproti krmeni vyvolalo vyznamné zvySeni JA 1 jejiho
isoleucinového konjugatu (JA-Ile). Aby bylo dale vylouceno, Ze se v tucnici jasmonaty opravdu
nepodileji na vylucovani enzymi, byla na list zevné aplikovana kyselina jasmonova a koronatin
(molekularni agonista JA-Ile). Ani jedna chemikalie ale nebyla schopna enzymovou aktivitu
zvysit. Ackoli jsou tedy jasmondty v rostlinném pletivu pfitomny a uplatiiuji se pfi obrané proti
poskozeni, tu€nice nepfevzala jasmondtovou signalizaci pro indukci enzymovych aktivit
Vv odpoveédi na chyceni kofisti a zpisob regulace enzym se 1i§i. Pomoci hmotnostni spektrometrie
bylo dale identifikovano osm enzymi, z nichZ mnohé byly jiZ diive objeveny v jinych rodech
masozravych rostlin. Tomu se vSak vymyka alfa-amylaza, ktera je zatim v masoZravych rostlinach
unikatni. To miZe naznaCovat, Ze pro masozravost byly také exaptovany geny, které nesouviseji
S obrannymi mechanismy rostlin. Navic bylo poprvé ukazéano, ze jako masoZravy organ muze

kromé listu slouzit i kvétni stopka.
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Souhrn:

Suchozemské masozravé rostliny druhti rosnatka (Drosera), mucholapka (Dionaea) a lackovka
(Nepenthes) tadu hvozdikotvaré (Caryophyllales) vyuzivaji k regulaci enzymovych aktivit
fytohormony jasmonaty. V této studii byla pozornost zaméfena na vodni masozravé rostliny,
jejichz morfologické a fyziologické rysy a rhstové strategie jsou zcela odlisné od téch
suchozemskych. Byly vybrany dva rody s odlisnym lapacim mechanismem a z odlisnych celedi
atadu: aldrovandka (Aldrovanda; rosnatkovité, hvozdikotvaré) se sklapavaci pasti a bublinatka
(Utricularia; bublinatkovité, hluchavkotvaré) se sacim typem pasti. Jako kofist slouzil rizny
zooplankton jako lasturnatky, hrotnatky ¢i vznasivky. Aby bylo odpovézeno na otazku, zda jsou
jasmonaty zapojeny do aktivace masozravé reakce podobné jako je to znamo v pastech
suchozemské celedi rosnatkovité (druh rosnatka, mucholapka), byly provedeny fytohormonalni
analyzy a jednoduchy biotest. Vysledky ukdzaly, ze bublinatka na rozdil od aldrovandky
jasmonaty k aktivaci masozravé odpovédi nevyuziva. Totéz bylo diive dokumentovano u hybridu
tuénice (Pinguicula x Tina) a bublinatka je tak druhym rodem v fadu hluchavkotvaré, diky kterému
muzeme fici, ze jasmonatova signalizace nebyla exaptovana ve vSech rodech masozravych rostlin.
V krmenych pastech obou vodnich druhii byly vyznamné zvySeny také hladiny dalSich
fytohormonil — SA a TAA, coz Ize ale pfipsat vysokému obsahu téchto fytohormont v samotném
zooplanktonu, ktery zistal uzavien v pastech a byl tak s nimi spole¢né analyzovan. Biotest
u aldrovandky vSak dokazal fyziologicky efekt pouze JA. Pomoci velmi tenké sklenéné kapilary,
ktera byla napojena na peristaltickou pumpu byly dale odebirany travici tekutiny na proteomickou
analyzu. Analyzy pomoci nano-kapalilové chromatografie ve spojeni s tandemovym hmotnostnim
spektrometrem odhalily, Ze oba rody vylucuji travici tekutinu, ktera obsahuje cysteinovou proteazu
homologni s dionaiem (cysteinova proteaza v mucholapce podivné), ktera je u aldrovandy
indukovéna kofisti a JA a u bublinatky je pfitomna konstitutivné. Ackoli byly pro botanickou
masozravost exaptovany podobné travici enzymy, zpusob jejich regulace se 1isi. M4 se za to, ze
hydrolytické enzymy v travici tekutin€ bublinatky pochdzeji prevazné ze Zijicich organismi uvnitf

pasti, avsak rostliny vylucuji také své vlastni enzymy.
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Souhrn:

V této publikaci byl doplnén obrdzek o zapojeni jasmonatové signalizace do botanické
masozravosti. Jiz bylo zndmo, Ze masozravé rostliny fadu hvozdikotvaré (Caryophyllales)
prevzaly jasmonatovou signalni drahu od obranného mechanismu rostlin pro své ucely, tedy pro
botanickou masozravost. Pokud tyto rostliny, zahrnujici aldrovandku (Aldrovanda), rosnatku
(Drosera), mucholapku (Dionaea) a lackovku (Nepenthes), zaznamenaji mechanické a chemické
podnéty pochdzejici z kofisti, jasmonaty spusti expresi gent souvisejicich s masozravosti vedouci
k produkci a sekreci travicich enzymu. Masozravé rostliny vSak maji nejméné jedenact
nezavislych ptivodu a zde bylo otdzkou, zda signalizace jasmonatu byla opakované exaptovana
Vv riznych evolucnich liniich masozravych rostlin. K tomu byly vyuzity masozravé rostliny ti
riznych fadt: $tavelotvaré (Oxalidales) reprezentovany lackovici australskou (Cephalotus
folicularis), viesovcotvaré (Ericales) reprezentovany $pirlici nachovou (Sarracenia purpurea ssp.
venosa) a hvozdikotvaré reprezentovany rosnolistem lusitanskym (Drosophyllum lusitanicum).
Testované rostliny byly experimentdlné krmeny nebo poranény a také byl do/na pasti/i aplikovan
koronatin, molekularni agonista aktivniho jasmonatu — konjugatu kyseliny jasmonové
s isoleucinem, aby se potvrdila nebo vyvratila tiloha jasmonatii v indukci traviciho procesu.

Nejprve byla naSe pozornost zamétena na Spirlici, u které se vysledky piedchozich studii
zabyvajici se schopnosti produkovat enzymy rostlinného ptivodu lisi. Tato studie potvrdila, ze se
Vv travici tekutiné takovéto enzymy vyskytuji, nicméné rostlina produkuje jen velmi malé mnozZstvi
travici tekutiny. Jelikoz Spirlice nachova postrada vicko, chranici lacku pred destém, enzymy jsou
Vv piirod¢ silné zfedéné dest'ovou vodou a traveni piebiraji mikroorganismy zijici v pastech. Co se
tyCe aktivity enzymt, v reakci na krmeni nebyla zpozorovana stimulace fosfataz, proteolyticka
aktivita ale ano. ZvySené mnoZstvi aspartat proteazy a chitinazy III a aktivity aspartat proteazy po
pfidani destilované vody do pasti vykazuje v pribéhu ¢asu jasny trend v kontrolnich i krmenych
pastech — enzymové aktivity jsou u Spirlice nachové regulovany nejprve spise vyvojove a teprve
pozdéji reaguji na chemické podnéty kofisti. Mladé Spirlice tedy vykazuji slabou stimulaci
enzymové aktivity v reakci na pfidani kofisti, jasmonaty se ale neti€astni signalizace.

Na rozdil od $pirlice nachové, i uzaviené a nezralé pasti laCkovice australské jiz produkuji
stabilni hladinu tekutiny obsahujici travici enzymy. Enzymova aktivita je u lackovice
konstitutivni, coz bylo potvrzeno nezvysSenim enzymové aktivity a mnozstvi aspartat protedzy po

pfidani kofisti. Stejné tak aplikace koronatinu neovlivnila mnozstvi a aktivitu aspartat proteazy,



ani nebyla zmétfena zvySena koncentrace jasmonatt v rostlinném pletivu po podani kofisti, coz
indikuje, ze jasmondtova signalni draha se netcastni reakce ani u této rostliny.

V porovnani se studovanymi la€kovkami je situace u rosnolistu zcela odlisnd. Indukce
enzymovych aktivit a zvySeni mnozstvi enzymil byla jasn¢ prokazana, naznacujici stimulacni
zpusob sekrece travicich enzymu regulovany jasmonaty, jak je znamo u rosnatky a mucholapky.
Na rozdil od nich ale tentakuly rosnolistu nejsou schopny vykondvat zaddny pohyb a také
negeneruji zadné elektrické signdly v reakci na mechanickou stimulaci. Jak je znamo z lackovek,
jasmonaty se mohou akumulovat také bez elektrické signalizace na zakladé chemickych signala
pochézejici z kofisti a toto by mohlo platit také u rosnolistu.

Vsechny tii masozravé rostliny zahrnuté do této studie vyuZzivaji pro traveni aspartat
proteazu. Podle nomenklatury dle Takahashi et al. (2012)? byly nazvany sarraceniasin,
cephalotusin a drosophyllumsin. Tyto proteiny stejné jako dalsi proteiny nalezeny v masozravych
rostlinach (napf. chitindzy, glukandzy, ribonukledzy) spadaji do skupiny od patogeneze
odvozenych proteini. Coz znamena, ze tyto proteiny byly exaptovany od obrany rostlin pro
botanickou masozravost nckolikrat nezavisle na sobé také ve vzdéalen¢ pifibuznych rodech
masozravych rostlin. Oproti tomu je jasmonatova signalizace regulujici aktivitu enzymil zapojena
pouze se masozravych rostlin rodu hvozdikotvaré.

Tato studie jasné ukézala, ze ackoli masozravé rostliny z riiznych evoluénich linii sice
kooptovaly stejné travici enzymy, jak ukazala studie Fukushima et al. (2017)3, regulace jejich
aktivit se vyrazné 1i8i. Pfestoze masoZravé rostliny vyuZzivaji jasmonaty pro svou odvekou roli —
obranu, exaptace jasmonatové signalizace pro botanickou masozravost se pravdépodobné vyskytla

pouze jednou v nejstarsi linii masozravych rostlin — hvozdikotvaré, a poté jiz nikdy nebyla vyuZzita.

2 Takahashi K, Nishii W, Shibata C. 2012. The digestive fluid of Drosera indica contains a cysteine endopeptidase
("Droserain”)  similar to  dionain from Dionaea muscipula.  Carnivorous Plant  Newsletter
41:132-134.

3 Fukushima K, Fang X, Alvarez-Ponce D, et al. 2017. Genome of the pitcher plant Cephalotus reveals genetic
changes associated with carnivory. Nature Ecology and Evolution 1: 1-9.
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Souhrn:

Masozrava rostlina mucholapka podivna (Dionaea muscipula) odpovida na mechanickou
stimulaci mechanosenzitivnich vycnélkti uvnitf pasti nebo poskozeni jeji pasti tvorbou
elektrickych signalii, konkrétné¢ ak¢énich potencialti (AP). Tyto signaly jsou zasadni pro zahéjeni
jasmonatové signalni drahy, ktera spousti expresi genli reagujicich na kyselinu jasmonovou (JA).
Ty v mucholapce koéduji travici enzymy. Tato sekvence signalizacnich udalosti je podobna velmi
dobfe znamé signalni draze v odpovédi na poskozeni nebo utok bylozravee v béznych rostlinach,
coz podporuje hypotézu, ze botanickd masozravost byla vyvinuta z obranného mechanismu
rostlin. Diky své elektrické signalizaci se mucholapka podivna jevi jako zajimavy experimentalni
model pro vyzkum vlivu anestetik na rostliny. Ac¢koli je primarnim mistem plisobeni celkovych
anestetik u zvifat a lidi centralni nervovy systém a rostliny ptimo timto systémem nedisponuji,
jsou také schopné generovat elektrické signaly. Tato studie tedy zkoumala efekt celkového
tékavého anestetika dietyléteru na schopnost mucholapky vnimat potencidlni kofist nebo utok
bylozravce. Ukdzalo se, Ze mucholapka béhem anestezie neni schopna vnimat své prostiedi.
Dietyléter kompletné inhiboval vznik AP, schopnost uzaviit past a také nasledné reakce:
akumulaci JA a expresi vybranych genti (cystein proteazy a chitinazy typu I). Po odstranéni éteru
byly tyto reakce snadno a rychle opét obnoveny. Nicméné jakmile byla u mucholapky pod
anestézou zevné piimo do pasti aplikovana JA, JA byla schopna inhibované akéni potencidly obejit
a obnovila genovou expresi 1 pod vlivem anestetika, coz naznacuje, Ze reakce, které nasleduji ve
zkoumané signalni draze po akumulaci JA nejsou inhibovany. Primarnim cilem anestetika jsou
tomu predchazejici reakce, tedy elektricka signalizace. Tato situace pfipomina u¢inek anestezie na
zivo€ichy, unichz anestezie vede ke ztrat¢ védomi. SkuteCnost, Ze anestezie inhibuje Sifeni
elektrického signalu nejen u zvifat, ale také u rostlin a v obou ptipadech ovliviiuje jejich citlivost

a vnimavost, dokumentuje dals$i pozoruhodnou podobnost mezi zvitaty a rostlinami.
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Souhrn:

Celkova té€kava anestetika (CTA) inhibuji Sifeni elektrického signdlu v ZivociSnych neuronech.
Ackoli rostliny nemaji neurony, rostlinné buiilky maji mnoho vlastnosti, které¢ byly pivodné
pfisuzovany jen neuroniim, vcetné excitabilnich plazmatickych membran s napét'ové fizenymi
iontovymi kanaly, které stoji za generaci pro rostlinu specifickych elektrickych potencidlt
a recyklaci endocytickych vezikul, ktera je podobna té na synapsich zivocichii. Rostliny vyuzivaji
1 identické molekuly k neurotransmiterim v naSem mozku (napt. glutamat)

V této publikaci jsme se zaméfili na efekt CTA dietyléteru na systémovy elektricky signal
a po ném nasledujici reakce v husenicku rolnim (Arabidopsis thaliana). Zjistili jsme, ze Sifeni
elektrického signdlu a doprovazejici vapnikové viny do sousednich systémovych listi byly
dietyléterem zcela potlaceny. Soub&zné se v systémovych listech nezvysila ani hladina jasmonatt
a exprese genil zavislych na jasmonatech (AOS, OPR3, JAZ10) tam také nebyla detekovana.
Vysoké hladiny jasmonati a transkriptii indukovatelné kyselinou jasmonovou se ale stale
vyskytovaly v poskozenych lokalnich listech.

Fakt, Ze CTA inhibuji Sifeni elektrického signalu nejen u zvifat, ale také u rostlin je velmi
zajimavy. Bun&¢na odpoved’ je ale zcela blokovana pouze u systémovych listl; lokalni posSkozeny
list stale reaguje na Skodlivé podnéty. Protoze systémové Sifeni elektrického signalu u husenicku
zavisi na kanalech podobnych glutamatovym receptorim (glutamate receptor-like; GLR)
u zivocichli, mohl by dietyléter nespecificky mifit pravé na néj. To dokazuje také experiment, ve
kterém byla ukézana inhibice elektrické signalizace vyvoldna glutamatem pod vlivem dietyléteru.
Nicméné generace elektrickych signalt v lokélnich listech, ktera byla CTA také inhibovéna, je
nezavisla na GLR, coZ mlZe naznacovat, Ze ucinek dietyléteru neni specificky pouze pro GLR
kanaly. To upfednostituje Mayerovu a Overtonovu lipidovou teorii a jeji modifikace, ktera tika,
ze anestetika mohou cilit na plazmatickou membranu a ovliviiovat rtizné funkce kanald, na rozdil

od proteinové teorie, kde anestetika ptsobi pfimou vazbou na konkrétni protein.
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Podékovani
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na Univerzitu Palackého ptestoupil z Univerzity Komenského v Bratislavé téz mij vedouci.
Katedra biofyziky disponovala pfistrojem na méfeni elektrickych signali v rostlinach, a tak
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doc. Mgr. Andreji Pavlovicovi, Ph.D. za mé vedeni, vzdy vstficny pfistup, a za to ze m¢ vzdy
podpofil at’ se délo cokoliv. Dekuji Mgr. Martinu Petraskovi za nespocet napadi, jak si
v gymnazidlnich letech pfivydé€lat penize. Pravé péstovani a prodej exotickych rostlin
zahrnujici citlivku stydlivou (Mimosa pudica) mé dovedlo az sem. On sice nikdy nepfizna, ze
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téz kolegm ze spolupracujicich instituci, zejména Mgr. Borisi Bokorovi Ph. D. z Katedry
rostlinné fyziologie Univerzity Komenského v Bratislavé za to, Ze mu mtzu kdykoli zavolat,
aby mi poradil ohledné¢ qPCR. Dale doc. Axelu Mithoferovi Ph.D. za vzdy podnétné otazky
a pripominky k mému vyzkumu. Déle celému jeho tymu za vytvafeni skvélych pracovnich
podminek a veskerou pomoc pii mych experimentech v prubéhu mé stdze na Max Plack
Institute for Chemical Ecology v némecké Jené. Mnoho Casu jsem také stravila s Dr.
Lubomirem Adamcem Ph.D. pii opakovanych vyjezdech do Botanického ustavu AVCR
v Tieboni. Dékuji mu za dlouhé diskuse a za vénovani knihy Carnivorous plants, ktera se mi
hodila k dalSimu studiu.
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SEZNAM POUZITYCH ZKRATEK

([Ca*Jeyr)
4,5-ddh-JA
ABA
AHA
ANN
AOC
AQOS

AP

CaM
cDNA
CNGC
coll

CTA
dnOPDA
GLR

HPLC

IAA
JA
JA-lle
JAR1
JAs
JAT1

JAV1
JAZ

JIW
LC
LOX

koncentrace Ca?* v cytosolu

4,5-didehydrojasmonova kyselina (4,5-didehydrojasmonic acid)
kyselina abscisova (abscisic acid)

H*-ATPaza

annexiny

allenoxidcyklaza

allenoxidsyntaza

akéni potencial

kalmodulin

komplementarni deoxyribonukleova kyselina (complementary DNA)
kanal (CYCLIC NUCLEOTIDE GATED CHANNEL)

receptor, jednotka komplexu multiproteinu E3 ubiquitin ligdzy SCF
(CORONATINE INSENSITIVE 1)

celkova tékava anestetika
kyselina dinor-12-oxo-fytodienova (dinor-oxo-phytodienoic acid)

kanal, rostlinny homolog glutamatovych receptorit (GLUTAMATE
RECEPTOR-LIKE)

vysokouc¢inna kapalinova chromatografie (High Performance Liquid
Chromatography)

kyselina indol-3-octova (indol-3-acetic acid)

kyselina jasmonova (jasmonic acid)

jasmonoyl-L-isoleucin, té¢Z konjugat kyseliny jasmonové s isoleucinem
syntetaza JA-lle

jasmonaty (jasmonates)

ABC transportér AtJAT1/AtABCG1 (JASMONIC ACID TRANSFER
PROTEIN 1)

JASMONATE-ASSOCIATED VQ MOTIF GENE 1

negativni regulator signalni drahy kyseliny jasmonové (JASMONATE ZIM
DOMAIN)

komplex JAV1-JAZ8-WRKY51
kapalinova chromatografie (liquid chromatography)
lipoxygenaza
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LTP proteiny prenasejici lipidy (lipid-transfer protein)
MALDI-TOF ionizace laserem za G¢asti matrice ve spojeni s analyzatorem doby letu

(matrix assisted laser desorption ionisation-time of flight)

MAPK mitogenem-aktivovana protein kinaza

MR masozravé rostliny

MS/MS tandemova hmotnostni spektrometrie (mass spectrometry/mass spectrometry)
OPC4 kyselina 4-(3-0x0-2-(pent-2-enyl)cyklopentyl)butanova

OPC6 kyselina 6-(3-0x0-2-(pent-2-enyl)cyklopentyl)hexanova

OPC8 kyselina 8-(3-0x0-2-(pent-2-enyl)cyklopentyl)oktanova

OPDA kyselina 12-oxo-fytodienova (12-oxo-phytodienoic acid)

OPR3 reduktaza kyseliny oxofytodienové (OPDA reductase 3)

PAGE polyakrylamidova gelova elektroforéza (polyacrylamide gel electrophoresis)
PMF peptidové mapovani (peptide mass fingerprinting)

PRp proteiny souvisejici s patogenezi (pathogenesis-related proteins)

PS peptidové sekvenovani (peptide sequencing)

RBOH NADPH oxidaza (RESPIRATORY BURST OXIDASE HOMOLOGS)
ROS reaktivni formy kysliku (reactive oxygen species)

RT-qPCR kvantitativni polymerdzova fetézova reakce v readlném Case
SA kyselina salicylova (salicylic acid)
SDS-PAGE polyakrylamidové gelova elektroforéza v denaturujicich podminkéch

(sodium dodecyl sulphate polyacrylamide gel electrophoresis

SP systémovy potencial

SPE extrakce na pevné fazi (solid phase extraction)

TF transkripcni faktor

TIBA kyselina 2,3,5-trijodbezoova (2,3,5-trilodobenzoic acid)

tnOPDA tetranor-kyselina 12-oxo-fytodienova (tetranor-oxo-phytodienoic acid)
TPC kanal, TWO PORE CHANNELS

TPK1 kanal, TANDEM PORE K+ CHANNEL 1

VP variacni potencial
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CILE PRACE

Hlavnim cilem této disertacni prace je zaméfit velkou pozornost teoretickym zakladim dané
problematiky, kterd za poslednich par let, v pribéhu mého doktorského studia, vyrazné
pokrocila kupfedu. Tato ¢ast je i nosnym pilifem autoreferatu. Dosdhnuté vysledky jsou
zdokumentovany prostiednictvim pfilozenych publikaci v samotné disertacni praci, aby

nedoslo k duplikaci textu a obrazku.

V prvni kapitole této prace shrnuji dosud ziskané poznatky o slou¢eninach pro dalkovy
ptenos v rostlinach, jak spolu pravdépodobné souvisi a jak jsou regulovany, pfi¢emz jsem se
zameftila na jeden hlavni stresor, ktery vyvolava tuto systémovou reakci, a to vnéj$i poskozenti,
zahrnujici mechanické poskozeni a poSkozeni bylozravcem nebo hmyzem. Je nutno hned na
zacatku podotknout, Ze zname spise jen kousky sklddacky a ty jsou spojeny do podoby hypotéz,
kterymi se snazime vytvofit komplexni obraz o tom, jak cela systémova signalizace v rostlinach
funguje. Hypotézy ale nejsou ani potvrzeny, ani vyvraceny. Sekvence reakci po poSkozeni je
velmi podobna signélni dréze, kterou vyuZzivaji nékteré masozravé rostliny. Pfibuzenstvi mezi
karnivorii a obrannym mechanismem rostlin se vénuji ve druhé kapitole. Dalsi kapitola je

vénovana principtim, na kterych je zalozena pouzita metodika.

Samostatné publikace se vénuji dvéma velkym tématim, kterd jsou propojena skrze
jednu sledovanou signalni drahu. Prvni ¢ast je vénovana masozravym rostlinam (publikace 0.,

I, 11, 11l. a IV.) a druha vlivu anestetik na rostliny (publikace V. a VI.).

Hlavnim cilem prvni ¢asti bylo zabyvat se roli elektrickych signald a fytohormoni
jasmonati v indukci enzymatickych aktivit v masozravych rostlinach, rozsifit znalosti
0 travicich enzymech a 0 zpiisobu jejich regulace podnéty ziskanymi z polapené kofisti.
Fytohormony kontroluji v§echny aspekty riistu a vyvoje rostlin, takze se predpokladalo, Ze maji
funkci také pfi jejich masozravosti. Ve srovnani s nemasozravymi rostlinami, se hormondalni
signalizaci v téch masozravych, vénovalo jen par studii a ty byly omezeny hlavné pravé na
jasmonaty. Ty se hromadi v pletivu pasti mucholapky podivné (Dionaea muscipula) bez ohledu
na podnét. Jak na mechanostimulaci spoustéciho vy¢nélku uvniti pasti, tak na poranéni pasti
reaguje rostlina expresi genil spojenych s masoZzravosti, a tedy produkei travicich enzymu. To
proto, ze obrana rostlin a botanickd masozravost mucholapky sdileji stejné signalni drahy. Jak
tedy mucholapka pozna, ze se v jeji pasti nachdzi opravdu zivocisna kofist, aby se ji vyplatilo
produkovat mnozstvi travici tekutiny, coz je energeticky narocné? Jak je regulovan tento

proces?
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Jasmonaty hraji roli pfi indukci travicich procesii U tii rodli masozravych rostlin
(mucholapka, rosnatka, lackovka; Dionaea, Drosera, Nepenthes), které se v této oblasti daji
povazovat za modelové. VSechny tfi jsou ale piibuzné a spadaji do fadu hvozdikotvaré
(Caryophyllales). Cilem bylo prozkoumat, zda byla jasmonatova signalizace exaptovana také
jinymi rody nepfibuznymi s hvozdikotvarymi. V fadu hluchavkotvaré (Lamiales) jsme se
zabyvali rody tuénice (Pinguicula) a bublinatka (Utricularia), v fadu stavelotvaré (Oxalidales)
rodem lackovice (Cephalotus), a v fadu viesovcotvaré (Ericales) rodem $pirlice (Sarracenia).
Do studie byly zahrnuty také dal$i neprozkoumané rody z hvozdikotvarych: rosnolist
(Drosophyllum) a aldrovandka (Aldrovanda). Nékteré z téchto rodt (napt. $pirlice a laékovice)
pouzivaji stejné travici enzymy nebo stejnou lovici strategii, takze lze piedpokladat, ze
vyuzivaji stejnou signalni drdhu. Na druhou stranu se mnoho rodl spoléhd vice na travici
enzymy pochdézejici ze symbiotickych organismi nebo je produkce enzymi spisSe konstitutivni,

coz zpochybiiuje potiebu jedine¢né signdlni drahy.

Pti druh¢ ¢asti vyzkumu byla pozornost zaméfena na komplexni studii, ktera by pokryla
nckolik aspektl anestetickych U€inkl na rostliny. Béhem vyzkumu v prvni ¢asti vyzkumu byl
vytvofen velmi dobry experimentalni systém v masozravé rostliné mucholapce podivné pro
monitorovani odpovédi rostliny na poranéni a mechanickou stimulaci. Cilem bylo vyuzit tento
systém ke zkoumani téchto odpovédi pod vlivem anestetika a bez néj, sledovat elektrickou
signalizaci, akumulaci jasmonatli, genovou expresi a produkci proteini. Ve studii Yokawa et
al. (2018) byla jiz prokazana inhibice tvorby ak¢niho potencialu (AP) anestetikem dietyléterem,
nasim cilem ale bylo prozkoumat efekt inhibice elektrické aktivity na nasledujici reakce.

Jelikoz bylo v prvni ¢asti zjiSténo, ze mucholapka vyuziva k regulaci travicich enzymu
drahu, kterou v prubéhu evoluce exaptovala z obranného mechanismu béznych rostlin,
predchozi znalosti a dovednosti byly vyuzity ke zkoumani toho, zda anestetikum miZe zastavit
systémovou obrannou reakci huseni¢ku rolniho (Arabidospis thaliana) v reakci na poskozeni.
V mucholapce anestetika inhibuji AP. V reakci na Gtok nebo poranéni bylozravcu ale rostliny
obvykle generuji variaéni (VP) a/nebo systémovy potencial. Protoze se AP a VP 1i§i svym
puvodem (AP se $ifi samovolng€, zatimco propagace VP zavisi na uvolnéni napéti vodniho
sloupce xylému pii poranéni), bylo otazkou, zda anestetika mohou inhibovat tvorbu a Sifeni VP
a viechny nasledujici reakce, tj. Ca®" vinu a/nebo akumulaci kyseliny jasmonové (jasmonic

acid, JA) a JA-zavislou genovou expresi.
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1. Obrana rostlin proti byloZravcim

Rostliny pro svou vlastni potfebu produkuji procesem fotosyntézy sacharidy. Tyto latky ale
vyhovuji jako potrava také zivoCichim. Na rostlindch jsou zavisla vSechna zvifata, a to at’
primarné nebo sekundarné. Piisedlé organismy, jakymi jsou rostliny, jsou ale ke svému
prostfedi vazany kofeny a nemohou v ptipad¢ napadeni jednoduse utéct. I pres tento fakt jsou
ale rostliny schopny utokiim odolat. Rostliny a bylozravy hmyz ziji pospolu po vice nez 400
miliont let a obé skupiny si vyviji opravdu rafinované strategie, aby obelstily toho druhého
(War et al. 2012).

Obranné¢ mechanismy rostlin mohou byt bud’ mechanického, nebo chemického
charakteru. Mechanické bariéry ptedstavuji prvni vrstvu ochrany proti bylozravcim. Odolnost
rostlin vici nim je dana morfologickymi vlastnostmi — Uz jen samotny tvar listu, jako napf.
cipaty list cesminy, odrazuje uto¢niky. Slozkou mechanické obrany rostlin jsou i jejich
povrchové struktury. Piikladem takovych struktur jsou papily ¢i dlouhé vybézky epiderméalnich
bun¢k znamé jako trichomy. Pokozka rostlin je dale ¢asto chranéna vrstvou Kutikularnich voskt
a mizeme se setkat také s riiznymi modifikacemi listu, jako jsou napf. trny sukulenttl. Uginnost
tohoto druhu fyzikalnich bariér v§ak zavisi na velikosti a také mechanismu, jakym se krmi dany
bylozravec (War et al. 2012).

Krom¢ téchto fyzikalnich bariér rostliny vyuzivaji obranu chemickou — produkuji velké
mnozstvi sekundarnich metabolitli, toxind a dale také proteinil, jako jsou napf. inhibitory
protedz. Inhibitory protedz jsou schopny véazat se na travici proteiny hmyzu a tim zablokuji
traveni proteinl, coZ ma za nasledek nedostatek aminokyselin, zpozdény vyvoj organismu,
a hladovéni, coZ casto vede k mortalit¢ hmyzu. Kromé mechanické a chemické obrany, diky
které rostliny konfrontuji byloZravce pfimo (odtud pfima obrana), produkuji rostliny také
t€kavé slouCeniny k pfildkani druhii na vyssi trofické arovni, jako jsou pfirozeni nepiatelé
uto¢iciho hmyzu. Vzhledem k tomu, Ze tékavé latky ve skuteCnosti neplisobi pifimo na
bylozravce, ale pouzivaji se jako prostifedniky K pfivolani jinych organismi na pomoc, tento
druh obrany se nazyva nepiima (Mithofer and Boland 2012).

Pfima a nepiim4 obrana se muize nachazet v rostliné konstitutivng, ale jelikoz je
produkce slou¢enin plsobici proti byloZzraveim pro rostlinu pomérné nakladné, nckteré
obranné metabolity jsou produkovany az po napadeni byloZzravcem. Tyto metabolity pak
nazyvame jako indukovana obrana (Meldau et al. 2012). Indukovana obrana vyzaduje v téle
rostliny dynamickou a rychlou distribuci informaci. V mnoha piipadech neni zasazena cela
rostlina, ale pouze organ, nékolik bunék nebo jen jedna buiika rostlinného pletiva. Vazbou
ptislusného ligandu na receptor uvniti buiiky nebo na plasmatické membrané se aktivuje

vhodny obranny program pievedenim na odpovidajici stresovou reakci. Informace pak putuji
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do sousednich organti, a dokonce i do sousednich rostlin, a také zde aktivuji ptislusné reakce.
Informacni tok je zprosttedkovan bud’ rychle se pohybujicimi malymi metabolity, hormony,
proteiny/peptidy, RNA, reaktivnimi formami kysliku, vapnikovou vlnou a t€kavymi latkami,
tedy chemickymi signaly nebo elektrickymi potencialy a hydraulickymi vinami, které jsou vSak
velmi Gzce spjaty. Signalni molekuly se pohybuji z jedné bunky do druhé skrz plasmodesmata,
ptes apoplast, uvnitt vaskularni tkané nebo jako te€kavé latky — vzduchem. Reakce specifické
pro poskozeni pravdépodobné vyzaduji kombinaci rGznych cestujicich sloucenin. Své
rozmanitosti navzdory, maji signalni molekuly spole¢né rysy. Jejich koncentrace v mistech
pusobenti je ptisn€ kontrolovana, je velmi nizkd v nestimulovanych buiikach, ptechodné vysoka
Vv reakci na podnéty a nasledné obnovena na nizkou hladinu bud’ chemickymi reakcemi (napf.
degradaci, modifikaci a konjugaci) nebo rozdélenim do intraceluldrnich nebo mezibunéénych
prostor pomoci aktivnich transportnich mechanismi. Jelikoz Sifici se signdly musi cestovat pies
dlouhé vzdalenosti a vice bariér, S rostouci vzdalenosti signal obvykle klesa. To vyzaduje trvalé
procesy zesileni, zpétnovazebné smycky a pravdépodobné téz kratkodobou pamét’ (Oelmiiller

2021).

1.1. Elektrické signaly rostlin

Jaka je povaha systémového signalu, ktery je po napadeni Sifen jako prvni po velké Casti
rostlinného téla a vede k obranné reakci? Mezi mnoha scénéii, které byly navrzeny, je elektricka
signalizace. Ackoli si rostliny nevytvofily komplexni nervovou soustavu, jakou zname
u zivocicht, elektrické signaly hraji v jejich Zivoté podstatnou tlohu.

anejrychlejsi forma elektrické komunikace, byl objeven u rostlin, konkrétné u masozravé
rostliny mucholapky podivné (Dionaea muscipula) po jejim podrazdéni, uz roku 1873 (Burdon-
Sanderson 1873). V tomto Case jeSt¢ ani nebyla akceptovana bunéna stavba zivocisného
mozku a neurondlni procesy se v ném prave zacaly objevovat. Stejné jako byla nejprve pod
mikroskopem pozorovana rostlinna bunka (Hooke 1665), byl vroce 1930 pomoci
mikroelektrod zaznamenan AP v bunkach fasy sklenénky (Nitella; Umrath, 1930), coz bylo
také diive, nez vznikl prvni intracelularni zaznam AP v buinikach zivoéisnych (Nastuk and
Hodgkin 1950). Poté byl Sibaoka (1962) schopny demonstrovat, Ze $ifeni elektrického signalu
v citlivce stydlivé (Mimosa pudica) vykazuje velmi podobné charakteristiky jako AP v nervech.
Nasledné se zacaly objevovat nazory, Ze vSechny rostliny, nikoliv jen ty senzitivni, by mohly
vyuzivat elektrické signaly pii koordinaci rliznych funkci. Pfehled upevilujici data a myslenky,
které potvrzovaly tento thel pohledu, publikovali Sibaoka (1966, 1969) a Pickard (1973).

V roce 1984 bylo diky technice tercikové zamku umoZznéno poprvé u bunck vyssich rostlin
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studium elektrickych vlastnosti plazmatické membrany odd€lené od tonoplastu. Byl objeven
iontovy kanal selektivni pro K*, ktery je zakladem pro akéni potencial (Schroeder et al. 1984).
Nicmén¢, hlavni proud rostlinné biologie dlouho kompletné nepfijimal rostlinnou
elektrofyziologii jakoZto nov¢ vznikajici obor rostlinnych véd, takze toto pole vyzkumu
ptezivalo v jakémsi dormantnim stadiu az do zacatku 21. stoleti, kdy doslo v biologii rostlin
k pokroku a na tomto poli k dal§im pfevratnym objevim (Baluska et al. 2006). Momentaln¢ asi
nejvyznamnéj$im z nich je identifikovani dvou gen pro kandl podobny glutamatovému
receptoru (glutamate receptor-like; GLR) a to GLR3.3 a GLR3.6, které se podileji na Sifeni
elektrické aktivity z poSkozenych do neposkozenych listi (Mousavi et al. 2013). Od této chvile
se zjistilo o tomto elektrickém fenoménu v rostlindch obrovské mnozstvi udajii, mnohé je ndm

ale stale zahaleno. Nezbytné je napf. identifikovat dalsi geny, které jsou zdkladem tohoto jevu.

1.1.1. Klidovy membranovy potencial

Pojem elektrické signaly je v této praci pouzit pro udalosti, které jsou detekovany pomoci
citlivych elektrod (vice v Metodice, kapitola 3.1). Obecna podstata metod, které jsou pouzivany
pro meéfeni elektrickych signalt, pak spocivd vtom, ze rostlina pfedstavuje zdroj
elektromotorického napéti. Je vyuzivano méfeni elektrostatického potencialniho rozdilu
(napé€ti) mezi mistem na rostling, kde je umisténa elektroda a referen¢nim mistem, kterym byva
z pravidla vodivy padni roztok. Nasledné jsou detekovany bud’ stacionarni hodnoty (klidovy
potencial) nebo Casové zmény vyvolané n&jakym lokalnim podnétem (Ilik et al. 2010).
Elektrické signaly tedy vychazi zklidového membranového potencialu, ktery je dan
nerovnomérnym rozdélenim zékladnich fyziologickych ionti (u rostlin K*, H*, Ca?* a Cl') a je
udrZzovan funkci iontovych kanald, elektrogennich membranovych transportérii a aktivnich
transportnich systému. Diky témto transportnim mechanismim a celkové selektivnim
vlastnostem membrany vznika transmembranovy potencialovy rozdil. Tim je myslen rozdil
mezi napétim vnitini strany membrany vztazenym k vné&j$imu povrchu (Gradmann 2001).
Potencialovy rozdil je utvaren dvéma silami, které ptisobi v daném okamziku na konkrétni ion.
Silou elektrickou, kdy elektrické pole vytvofené na membrane pohani ionty podle jejich polarity
a silou chemickou, kdy na zéklad¢ diftize prechazi ionty z mist o vétsi koncentraci do mist
s niz§i koncentraci. Souhrnné tyto sily pohangjici solut pfes membranu nazyvame gradientem
elektrochemického potencialu (Alberts et al. 2005). Pokud jsou butiky v klidném stavu, je Cisty
tok iontil pfes selektivni membranu roven nule, coZ je stanoveno konvenci. Tomuto stavu se
fikd negativni klidovy membranovy potencial. Znamena to, ze odtoky a pfitoky

transportovanych iontl jsou vyvazené Ve vysledku je pak cytoplasmaticka strana nabita zaporné
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vuci vngjsi strané membrany, kterd je nabitd kladn€. Jakykoli nevyvazeny pohyb iontii ma za
nasledek zmény klidového potencialu (Krol et al. 2010).

Tyto nerovnovahy mohou byt vyvolany riznymi podnéty, jakymi jsou napt. elektricky
proud, svétlo, tlak (mechanicky nebo osmoticky), chemické latky rizného puvodu nebo
poskozeni. VySe uvedené stimuly jsou bud piimo nebo nepfimo zodpovédné za
aktivaci/inhibici iontového kanalu, transportéru nebo pumpy, ktera pfechodné méni
permeabilitu membrany pro odpovidajici ionty, a tim méni klidovy potencial (Gradmann 1976).
Evokované zmény membranového potencialu maji rizné tvary, Kinetiku, trvani, vlastnosti
a funkce. V dnesnich dnech rozeznavame tii rozdilné druhy elektrické signalizace v rostlinach,
které se $iti na dlouhé vzdalenosti: akéni potencidly (APs), variacni (VPs) také oznacovany jako
potencialy pomalé viny a systémové potencialy (SPS). Elektrické signaly se mohou skladat

z vice typd, pak je nazyvame jako signaly kompozitni (Farmer et al. 2020).

1.1.2. AKkéni potencial

Akeni potencialy (Obr. 1) jsou dusledkem neposkozujicich stimul zahrnujici chlad, elektricky
pulz, mechanicky stimul (dotek), ptisobeni nékterych chemikalii a jsou reakci také na pisobeni
svétla nebo stinu (Fromm and Lautner 2007). AP muze byt zaznamenan po velmi slabych
stimulech. Vyjimkou jsou nékteré masozravé rostliny, kdy po poskozeni, konkrétné vpichu
jehlou, byly zaznamenany AP u mucholapky podivné (Dionaea muscipula, Pavlovi¢ et al.
2017), a pravdépodobné také u rosnatky kapské (Drosera capensis; Krausko et al. 2017). U
druhé zminéné se vSak autofi pouze domnivaji, Ze to byl AP, ale nemohou vyloucit, Ze
zaznamenany elektricky signal byl sloZen z vice nez jednoho typu (kompozitni signal sloZeny
z AP, VP nebo SP). Funkce AP, které vznikaji v reakci na dotek u jinych nez masozravych
rostlin nebo poskozeni, neni dosud zcela pochopena. Dulezité je zminit, Ze i slaby stimul je
schopen piekrocit ur¢itou prahovou hodnotu k tomu, aby byl generovan AP, ktery se Sifi
pravidlem ,,vSe nebo nic*. To znamena, Ze elektricka odpovéd nevznika podprahovymi stimuly.
Pokud ale pasobeni né¢jakého stimulu prekroci tuto prahovou hodnotu, AP se §ifi s konstantni
amplitudou a rychlosti. Rychlost se ale 1ii u riznych druhd rostlin (Fromm and Spanswick
1993).

Dalsi charakteristikou AP je, ze je to kratkodoby, samotn¢ se Sitici elektricky signal,
ktery pro své Sifeni potiebuje biologicky aktivni, tedy zivé buiiky. Bunéénym typem, ve kterém
byly AP dosud detekovany napii¢ jednotlivymi druhy, jsou sitkovice floému (Farmer et al.
2020). Muze byt detekovan intracelularnimi elektrodami a poté se sklada ze dvou hlavnich fazi:
rychlé depolarizace (posun elektrického potencidlu napfi¢ plazmatickou membranou do

kladné&jSich hodnot) a repolarizace (obnoveni potencialniho rozdilu na pocatecni hodnotu
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(Sibaoka 1991). Nékdy po repolarizaci nasleduje také hyperpolarizace (posun hodnoty
membranového potencialu do zapornych hodnot; (Felle and Zimmermann 2007). Nicméné APs
mohou mit velmi variabilni strukturu i trvani a hyperpolarizace neni vzdy evidentni. Musi byt
zminéno, ze AP (stejné jako ostatni elektrické potencidly) je ale také casto meéfen
extracelularnimi elektrodami (Felle and Zimmermann 2007; Krausko et al. 2017; Pavlovi¢ et
al. 2017) a v tomto ptipad¢ depolarizaci provazi posun méfeného potencialu do vice zapornych
hodnot, repolarizaci pozitivni posun potencialu do pivodni hodnoty a hyperpolarizaci do vice
kladnych hodnot.

Iontovy pocatek depolariza¢ni faze je zptisoben mechanosenzitivnimi anebo napétové
fizenymi kanaly pro Ca?*, které uvoliuji Ca®" Zz vnitinich (mitochondrie, vakuola
a endoplazmatické retikulum) a vnéjsich zdroju (apoplast) do cytoplazmy (Reddy et al. 2011).
Ptivod tohoto vtoku Ca?* z apoplastu je stale jesté diskutovan. Aktivace nap&tové fizenych Ca?*
kanalt pro AP jesté nejsou spojeny s zadnym specifickym genovym produktem (Demidchik et
al. 2018). V husenicku byly identifikovany dva geny pro GLR kanal (GLR3.3 a 3.6; Mousavi
et al., 2013), AP jsou vsak iniciovany a propagovany nezavisle na téchto kanalech (Hedrich et
al. 2016). Zvyseni koncentrace Ca?* aktivuje aniontové kandly zavislé na Ca?*, pres néz CI°
ionty difunduji elektrochemickym gradientem ven z buniky (Lunevsky et al. 1983) a inaktivuje
H*-ATPazu v plazmatické membrané (Vodeneev et al., 2006; Sukhov and VVodeneev, 2009) .
Rychla depolarizace inaktivuje Ca?* kandly a aktivuje K* kanaly, diky ¢emuz dochézi k vytoku
také K* iontd z bunky (Felle and Zimmermann 2007). Pokles koncentrace Ca?* inaktivuje
aniontové kanaly a reaktivuje H*-ATP4zu a rozviji se faze repolarizace, které dominuje vytok
H*. Nakonec je tfeba obnovit koncentrace Ca?*, CI"a K* na ptvodni hodnotu (Vodeneev et al.,
2006; Sukhov and Vodeneev, 2009). Navzdory znamému iontovému mechanizmu, konkrétni
kanaly, které stoji za pfesunem iontd, nejsou celkem znamé (B6hm and Scherzer 2021).

Tosip a kolektiv autord nedavno (2020) objevili v mucholapce gen pro kanal KDM1,
ktery je zodpové€dny za hyperpolariza¢ni fazi. Elektrofyziologicky je charakterizovan jako
hyperpolarizaci a acidifikaci aktivovany K*-selektivni kanal, ktery umoziiuje zpétny piijem K*
iontl do smyslovych bunék spoustéciho vycnélku uvniti pasti mucholapky. Pro névrat
Z hyperpolarizace do piivodniho stavu H-ATPaza aktivuje obnoveni K* a CI', dokud neni

znovu dosazeno pocatecni rovnovahy (losip et al. 2020).

1.1.3. Systémovy potencial

Systémovy potencial (Obr. 1) byl navrzen jako elektricky signal pohybujici se na dlouhé
vzdalenosti teprve nedavno. Prukopnikem v této oblasti je M. R. Zimmermann, ktery spolu

s kolektivem autorti detekoval SP v bobu obecném (Vicia faba), je¢meni setém (Hordeum
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vulgare) a tabaku virginském (Nicotiana tabacum; Zimmermann et al., 2009, 2016). SP je
samostatné systémové $ifici se hyperpolarizace, kterd dosahuje rychlosti 5-10 cm-min.
Hyperpolarizaci ¢asto pfedchézi AP. Tyto hyperpolarizace jsou vyvolany aplikaci nékterych
chemickych latek, mechanickym poskozenim nebo pozerem bylozravce. Ve vyse uvedenych
rostlinach po aplikaci kationtid (Ca®*, K*) nebo glutamatu do pfedem vytvofené rany byly
zaznamenany hyperpolarizace membrany o rtiznych amplitudach (fadové 10-60 mV) a trvani
(4-30 min; Zimmermann et al., 2009). Po poranéni je SP $ifen po apoplastu. SP Ize od ostatnich
elektrickych signalt odlisit dle pivodu jejich aktivace. Zatimco AP a VP jsou iniciovany
proudénim vapniku ptes plazmatickou membranu, SP zac¢inaji aktivaci protonovych pump (tok
K*, CI, a Ca%" jsou spustény skrz SP). Vyhodou samosificich se SP je, Zze nedodrzuji pravidlo
,»VvSe nebo nic*. Intenzitu SP 1ze tedy modulovat, aby pienaSela informaci o zavaznosti poranéni

(Zimmermann et al. 2009). Dosud neni zaznamenano, ze by SP mél vliv na syntézu hormont
(Farmer et al. 2020).

a) akéni potencial b) systémovy potencial ¢) varia¢ni potencial

100 mV

Obr. 1: Zakladni typy elektrickych signalti v rostlinach generované po mechanostimulaci nebo
poskozeni. Teckovana linie pfedstavuje zékladni membranovy potencidl. PIné modré cary
piedstavuji zmény membranového potencialu. Cervené Sipky ukazuji smér depolarizace
membrany, ktera je detekovana intracelularnimi elektrodami. Cerné Sipky ukazuji smér
depolarizace, kterd je méfena neinvazivnimi povrchovymi elektrodami. a) Ak¢éni potencidl je
reprezentovan obvykle velmi rychlou depolarizaci 1 repolarizaci. V tomto piikladu po
repolarizace nasleduje také hyperpolarizace. AP mohou mit wvariabilni strukturu
a hyperpolarizace neni vzdy zjevna. b) Systémové potencidly jsou depolarizace asto métené
extracelularnimi elektrodami. Hyperpolarizacim casto ptedchazi AP, ktery v ptrikladu neni
ukdzan c) Varia¢ni potencidl se sklada z rychlé membranové depolarizace, kterd je nasledovana
pomalejsi a Casto nepravidelnou repolarizaci. Pfevzato a upraveno z Farmer et al., (2020).

1.1.4. Varia¢ni potencial

Pokud je elektricky signal vyvolan vaznym poskozenim rostlinného pletiva zahrnujici lokalni
popaleni, stiihnuti apod., je jim obvykle VP (Obr. 1). VP ma nékolik specifickych
charakteristik. Jak uz nazev napovida, mé velmi variabilni strukturu, zahrnujici dlouhotrvajici

nebo naopak rychlou depolarizaci a Casto také akénimu potencialu podobné amplitudy. O VP
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se uvadi, ze je to signal slozeny (Van Bel et al. 2014), obsahujici nékteré nebo vSechny
Z nasledujicich komponent: AP, SP a signaly generované po poskozeni jednotlivych bunck
(Farmer et al. 2020). V systémovych listech huseni¢ku VP ¢asto také zac¢ina malou (nékolik
mV) a pfechodnou hyperpolarizaci. MozZnost, ze se jedna pouze o artefakt zaznamu VP za
pomoci extracelularnich povrchovych elektrod spojenych s ptidou pomoci referen¢ni elektrody,
nemuze byt vylouc¢eno (Mousavi et al. 2013), avs$ak v nasich zaznamech byla nalezena stejna
disturbance (Jaksova et al. 2021). Rozdily v architektufe signalu pak nalezneme, porovname-li
ruzné druhy (napi. Boari and Malone, 1993), ale také srovname-li pribéh zaznamenanych VP
v ramci jednoho rostlinného druhu (napt. Malone and Stankovi¢, 1991). VP nikdy nebyva
stejny, a proto se velmi tézko provadi statistickd analyza naméfenych amplitud a trvani
polovié¢ni §irky. Tento typ signdlu se pohybuje rychlosti V rozmezi od 0,2 mm-s? do 20 mm-s™
(Stahlberg, Cleland, et al. 2006) a muze trvat desitky minut nebo déle (Hlavackova et al. 2006;
Sukhova et al. 2017). Tyto parametry zavisi na typu poSkozeni a jeho intenzité. VP se mohou
Sifit z jednoho rostlinného organu do druhého, v mnoha rostlinach ale VP s rostouci vzdéalenosti
od mista poskozeni slabne (Stahlberg, Cleland, et al. 2006). Byly vSak nalezeny také vyjimky,
u kterych se viibec nezda, ze by tomu tak bylo — napf. u sluneénice ro¢ni (Helianthus annuus,
(Stahlberg, Stephens, et al. 2006) a husenic¢ku rolnim (Arabidopsis thaliana; Mousavi et al.
2013). VP je také schopen projit neaktivnimi nebo mrtvymi rostlinnymi pletivy (Fromm and
Lautner 2007). Ukazuje se ale, Ze aby byl signal z mrtvych bunék pfeveden do nasledné reakce,
musi kooperovat s zivymi buitkami (Farmer et al. 2014, 2020).

Po desetileti panuje nazor, ze VP ma dv¢ slozky — jednu elektrickou a druhou
neelektrickou. VP je pravdépodobné lokalni elektrickou odpovédi, ktera je spusténa
hydraulickym (Mancuso 1999) nebo chemickym signalem tzv. Ricca faktorem (Ricca 1926;
Vodeneev et al. 2015), ¢i kombinaci obou (Malone 1994; Vodeneev et al. 2012). Jako skvély
prostiedek pro rychlou vymeénu informaci slouzi voda, ktera je spojovacim médiem kolujicim
mezi jednotlivymi orgdny. Voda je v rostlinach transportovana pod negativnim hydrostatickym
tlakem po kontinuu ptida-rostlina-vzduch diky rostoucimu rozdilu vodniho potencialu, ktery je
do zna¢né miry ur¢eny dostupnosti vody v pudé¢ a vyparu vody z listu (Zimmermann 1983).
Zménou tohoto vodniho tlaku pfi mechanickém poskozeni v xylému cévnich svazki rostlin je
vyvolan hydraulicky signal. Jelikoz ale zmény tlaku nemohou byt vnimany mrtvymi buitkami
xylému, musi byt dekdédovany sousednimi bunikami xylémového parenchymu a dochézet
K jejich interakci. Proto Farmer a kolektiv autort (2014) navrhl squeeze cell hypotézu: Uvolnéni
transpira¢niho napéti vede K rychlému Sifeni mechanického signalu skrze xylém. Vysledny
mechanicky signal pak spousti otevieni mechanosenzitivnich iontovych kanalti v sousednim

xylémovém parenchymu, a to vede ke zvyseni cytosolického Ca®". K tomu miize dojit bud’
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piimo prostiednictvim mechanosenzitivnich kanalii propustnych pro Ca?', nebo napf.
prostfednictvim mechanosenzitivniho prvku, ktery méni membranovy potencidl, a tak neptimo
umoziiuje piitok Ca®* pres vyse zminéné kanaly. Mechanické napéti také indukuje produkci
reaktivnich forem kysliku (reactiove oxygen species, ROS), pravdépodobné prostiednictvim
aktivace enzymu jako je NADPH oxiddza RESPIRATORY BURST HOMOLOG (RBOH),
ktery by mohl sam spustit ptiliv Ca?* skrze ROS-ovladany kanal. Bunéény vapnikovy a/nebo
signal tvofeny ROS by poté mohl spustit naslednou reakci. Kromé toho mohou parenchymové
buniky samy vnimat a prochazet zménami tlaku (turgorové zmény) prostfednictvim elastickych
a odolnych bunécnych stén. Navic je pravdépodobné, ze parenchymové bunky jsou také
schopné prevadét hydraulické signdly na fyziologicky signal pomoci mechanicky citlivych
kanald v plazmatické membrané (Farmer et al. 2014).

Na zakladé nejnovéjsich vysledk Farmer a jiny kolektiv autorti (2020) navrhli novy
model pro elektrickou signalizaci. Ten je zalozen na rychlém elektroosmotickém spojeni mezi
floémem a xylémem. Model naznacuje, ze depolarizace membran v cévni tkani, ktera je
vyvolana fyzikalnimi stimuly a/nebo chemickymi elicitory, je spojena se zménami ve
floémovém turgoru a hraje zasadni roli v $ifeni elektrického signalu z listu do listu. Jednotlivé
kroky jsou pak nasledujici: Poskozeni zptsobi ztratu floémového tlaku a ztratu napéti v xylému.
Homeostatické mechanismy rychle redistribuuji vodu mezi tato pletiva, a to je spojeno s tokem
iontli. Diky zménam tlaku ve floému a xylému, mohou byt elicitory vtazeny do xylému, kde
mohou interagovat s kontaktnimi bunikami, aby byla spusténa dodate¢na membranova
depolarizace. V tuto chvili jsou detekovany elektrické signaly intracelularnimi elektrodami ve
floému nebo povrchovymi elektrodami. Jakmile je tlak ve vaskulatufe obnoven, dochézi
k velkému naristu koncentrace Ca?* v cytosolu ([Ca?*]eyt; Farmer et al. 2020).

Nicméné rychlost Sifeni hydraulického signdlu je v podstaté vétsi neZ rychlost prenosu
VP (Vodeneev et al. 2015), srovnavaci graf rychlosti signalt také v Huber and Bauerle (2016).
D4 se tici, Ze tento mechanismus neni stale dobfe prozkouman, a v soucasné dob¢ existuje vice
hypotéz nez dat. A proto se pozornost staci také na chemické signaly. Dalsi hypotézy tvrdi, Ze
lokalni poskozeni spousti Sifeni specifické chemické latky skrze xylém a ta iniciuje elektrickou
odpovéd (Vodeneev et al. 2015; Sukhov et al. 2016). Dle poslednich vyzkumi by touto
chemickou latkou mohl byt glutamat (Toyota et al. 2018) nebo také ROS (Johns et al. 2021).
Vice o glutamatu v nasledujici kapitole 1.1.6., o ROS v kapitole 1.2.1.

At je elektrickd slozka spuSténa hydraulickym nebo chemickym signdlem, iontovy
mechanismus je navrzen nasledovné. Prvni faze VP je aktivace mechanosenzitivniho nebo na
ligand-dependentniho Ca?* kanélu, ktery je vyvolan hydraulickou vlnou nebo propagaci

specifické chemické latky. Je mozné, Ze nariist koncentrace Ca?* mize byt hlavnim divodem
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pro dlouhotrvajici inaktivaci H*-ATPazy v plasmatické membrang, kterd je zakladem
dlouhotrvajici depolarizace. Neni vylouceno, ze potlaceni aktivnich transportti Ca?* se miize
také podilet na zvyseni koncentrace Ca?* ve spojeni s VP. Nicméné $ifeni prvni rychlé
depolarizace a akénimu potencialu podobné amplitudy je pravdépodobné spojeno s aktivaci
napétové-dependentniho kanalu a pi¥idavné zvyseni [Ca?*]cyt. Tento proces stimuluje aktivaci
Ca?*-dependentni aniontovy kanal a vyvolani elektrické odpovédi, kter je podobnd AP. Zmény
v intracelularnim a extracelularnim pH, koncentraci Ca?* a dalgich iontl jsou silné spojeny

s vyvolanim VP (Sukhov et al. 2019).

1.1.5. Mozné kanaly zapojené do elektrické signalizace — elektrické potencialy
jsou geneticky propojeny s Ca?*

Zatimco je jiz dlouho zndmo, Ze toky Ca?*, K*, CI" a H" pfes membrany vytvateji elektrické
signaly, specifické kanaly a pumpy, které jsou zapojeny do tohoto procesu, teprve zacinaji byt
identifikovany. Moderni genetické metody a ptistupy postupné odhaluji geny zapojené do této
elektrické signalizace, ktera je vyvolana poranénim. Patfi sem geny H™-ATPazy Arabidopsis
(AHA), CYCLIC NUCLEOTIDE GATED CHANNEL (CNGC), TWO PORE CHANNEL1
(TPC1), ANNEXIN1 (ANN1) ajiz diive zminéné glr a rboh (Farmer et al. 2020; Johns et al.
2021; Malabarba et al., 2021).

Je znamo, ze H'-ATPazy jsou deaktivovany b&hem depolarizaéni fize elektrického
signdlu a nasledné znovu aktivovany béhem repolarizace. Jaké konkrétni H*-ATPazy jsou
zapojeny do tohoto procesu, bylo definovéano teprve nedavno. V husenicku rolnim se nachazi
dvanact AHA. Pavodné se nepiedpokladalo, ze by mutanti aha 1, -2 a -3 hrali n¢jakou roli pfi
VP vyvolanym poranénim (Mousavi et al. 2013), nedavna analyza vSak ukazala, ze AHA1 se
na repolarizaci plazmatické membrany po poranéni podili (Kumari et al. 2019). K tomu je
v ahal prodlouzena doba trvani systémového Ca®* signalu, ktery byl vyvolan poranénim, coz
poskytuje dalsi mechanickou vazbu mezi Ca?* vinou, toky iontii a ifenim VP. Samotné GLR
kanaly jsou regulovany pH, coz poskytuje dal§i spojeni mezi pumpovanim H* a Ca®* signdlem
(Shao et al. 2020).

V soucasné dobé mame nejpodrobnéjsi model kanalu GLR, ktery je nedilnou soucasti
VP (Mousavi et al. 2013). GLR jsou neselektivni kationtové kanaly fizené ligandem
(aminokyseminami) propustné pro Na* a Ca?* (Wudick, Portes, et al. 2018; Shao et al. 2020).
GLR kanaly husenicku sdileji rozsahlou sekven¢ni identitu se zvifecimi ionotropnimi
glutamatovymi receptory, které jsou kritické pro u€eni a pamét’ savci, coz naznacuje, ze velmi
odlisné fyziologické procesy mohou byt zprostfedkovany piibuznymi proteiny z rostlinné

a zivodisné fise (Wudick, Michard, et al. 2018). Zivocisné ionotropni glutamatové receptory
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i rostlinné GLR jsou si podobné také doménou vazajici ligand (Lam et al. 1998), kterym je
glutamat. Glutamat pisobi jako excitacni neurotransmiter v centrdlnim nervovém systému
obratlovcu a je také nedavno objevenym vyvojovym signalem u rostlin (Forde 2014). Po
poranéni se V rostlin¢ huseni¢ku glutamat uvoliuje z intracelularnich zdroji a GLR kanaly zde
plsobi jako senzory, které pievadgji tento signal na zvyseni intracelularni koncentrace Ca®*
nasledné¢ Sifici se do vzdalenych organt (Kiep et al. 2015; Nguyen et al. 2018; Toyota et al.
2018). Vapnikova systémova odpoveéd’ byla vyvolana i vnéjsi aplikaci glutamatu, ale ne jinymi
aminokyselinami (Toyota et al. 2018). Moznost aktivace GLR kanali bez jakékoli vazby
ligandu je v rostlinach ale stale mozna (Farmer et al. 2014, 2020; Grenzi et al. 2021). Toyota
a kolektiv autorti (2018) demonstruji, Ze tato dalkovad signalizace je ztracena u rostlin
s mutacemi v GLR3.3 a GLR3.6 (Toyota et al. 2018). Pfesny mechanismus, kterym jsou tyto
kandly aktivovany, a zejména jakd je fyziologicka role jejich vazby na aminokyseliny, vSak
zUstava neobjasnény, nicméné Shao a spolupracujici autofi (2020) zjistili, ze poranéni kofend
nebo aplikace glutamatu na poranéné kofeny byly dostateéné ke spusténi vin Ca?* a VP. Oba
tyto systémové signaly byly inhibovany bud’ narusenim GLR3.3 a GLR3.6, které kéduji GLR
kanaly, nebo konstitutivni aktivaci H*-ATPazy AHAL. Dale bylo ukézano, ze GLR3.3
a GLR3.6 vykazovaly aktivity Ca?-permeabilniho kanilu fizené jak glutamatem, tak
extracelularnim pH. Tyto vysledky spole¢né podporuji hypotézu, Ze poranéni inhibuje aktivitu
H*-ATPazy, coz vede k apoplastické alkalizaci. To spolu s glutamatem uvolnénym
z poskozeného floému aktivuje GLR kandly, coZ mé za nasledek depolarizaci membran ve
form& VP a zvyseni [Ca?]cyt slouziciho k Sifeni systémové signalizace v reakci na poskozeni
(Shao et al. 2020).

CNGC je dalsim slibnym kandidatem pro kanal souvisejici se systémovou signalizaci.
CNGCs jsou kationtové kanaly propustné pro Ca®", které se udajné nachézeji jak na plazmatické
membrané (Meena et al. 2019) tak mozna i vakuole (Yuen and Christopher 2013). CNGC jsou
spojeny s reakcemi na podnéty, o kterych je znamo, Ze spoustéji systémovou signalizaci —
tepelnym stresem, poranéni nebo Gtok patogena. Po poskozeni lokalniho listu mutantni rostliny
huseni¢ku rolniho v genu cngcl9 selhava Gdinnost systémového prenosu Ca®* viny (Meena et
al. 2019). Zda rodina CNGC jako celek hraje v téchto systémovych udalostech tak integralni

roli jako GLR, je tfeba jesté prozkoumat.

1.2. Druhy posel — cytosolicky Ca?*

V tomto moment& signalni kaskady se v rostlinnych buiikach objevuje zvysena [Ca?*]ey,
k ¢emuz dochazi ihned po generaci elektrického signalu. Tato po sob¢ jdouci sekvence udalosti

je potvrzena tim, Ze zatimco nastup elektrického signalu a prvni zvyseni [Ca®*Jcyt se zdaji byt
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pravodni, hlavni cytosolicky vrchol Ca?* nastavd mnohem pozdé&ji neZ pocateéni GLR-
dependentni depolariza¢ni faze (Nguyen et al. 2018).

V eukaryotech od kvasinek pies rostliny az po zivoCichy slouzi v buné¢né signalizaci
Ca?" jako druhy posel (Berridge et al. 2000). Pro¢ pravé Ca®" jako signal? Diky své chemické
povaze je za normalnich podminek volny Ca®* v cytosolu udrzovan na nizké aurovni (obvykle
kolem 100-200 nM), a to ptevazné v dasledku precipitace a chelatace intracelularnim fosfatem
a dalsimi molekulami vézajicimi Ca?*. V extracelularnim prostoru (apoplastu) a ur¢itych
organelovych zasobarnach (napf. endoplazmatickém retikulu) vsak mize volny Ca?* dosahnout
milimolarnich hodnot, tj. 10 000krat vyssich (Demidchik et al. 2018). Tento gradient poskytuje
hnaci silu pro import Ca?*, ktery pak funguje jako intracelularni signal (Lecourieux et al. 2006).

Dosud neni zcela jasné, jak vapnik miize zpisobit zcela specifickou reakci. Nicméné
kromé trvani se signaly Ca?* mohou lisit také svou frekvenci a intracelularnim nebo tkanové
specifickym umisténim (McAinsh et al. 1997; Dodd et al. 2010). VSechny tyto ¢asoprostorové
charakteristiky vapnikovych signalti, tzv. kalciovy podpis, koduji informaci o vyskytujicim se
podnétu. Déle, souhra s jinymi bunéénymi posly, jako jsou reaktivni formy kysliku, zmény
membranového potencidlu nebo zmény pH, mulze pfenést specifické informace o zméné

prostedi do rostlinné bunky (McAinsh et al. 1997).

1.2.1. Ca?* jsou geneticky spojeny s reaktivnimi formami kysliku
Kromé vln Ca?" a elektrickych signalii rostliny navic vyuZzivaji viny ROS jako souéast svého
systémového signalizaniho aparatu. Vlna ROS se miize §ifit vaskularnimi 1 nevaskularnimi
tkanémi v zavislosti na stimulu (Fichman et al. 2019; Lew et al. 2020). Mezi ROS patii
reaktivni chemické latky, které obsahuji kyslik (superoxid a peroxid vodiku) nebo zahrnuji
hydroxylovy radikal (peroxidy a singletovy kyslik). ROS jsou produkovany béhem reakci
V buiice a mohou zplisobit poskozeni biologickych makromolekul, jako jsou proteiny, lipidy
a nukleové kyseliny kviili jejich vysoce reaktivni povaze. Signaly ROS se zdaji byt zavislé na
RBOHD a RBOHF (Zandalinas et al. 2020). RBOHs jsou rodinou NADPH oxidaz a oxidazy
pro oba vyse uvedené geny jsou umistény v plazmatické membrang. Jsou to na Ca?* zavislé
enzymy a o¢ekava se tedy, Ze jejich aktivita je modulovana v odpovédi na zmény [CaZ*]ey,
které jsou spojené s membranovou depolarizaci (Kimura et al. 2012). Jejich enzymaticka
aktivita spociva v odebrani elektronu z NADPH V cytosolu a jeho pfenosu skrze plasmatickou
membranu na molekularni kyslik za vzniku superoxidového radikalu. Superoxiddismutaza pak
pusobi na tuto chemicky vysoce reaktivni formu kysliku za vzniku mnohem stabilnéjSiho

peroxidu vodiku. Ten mize byt dale zpracovan katalazou za vzniku vody a kysliku (Smirnoff
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and Arnaud 2019). O ROS-produkujicich NADPH oxidazach je znamo, Ze jsou ustiednim
prvkem fady signalnich systému od obrany proti patogentim po sucho (Kadota et al. 2015).

Byla identifikovana fada kanalti, u kterych byla regulace ROS bud’ odvozena nebo
pfimo monitorovana, patii mezi né napi. kanal TPC1. Kanaly TPC1 se nachazeji v tonoplastu
a ukézalo se, Ze jsou taktéz diilezité pro Sifeni systémového signalu po poranéni, jejich pisobeni
konkrétné zvysuje [Ca?*]oyt (Kiep et al. 2015). Zda se ale, ze TPC1 plisobi ve shodé s TANDEM
PORE K+ CHANNEL 1 (TPK1) a -3, aby zprostiedkovaval elektrickou excitabilitu tonoplastu
(Jaslan et al. 2019). Pedpoklada se vSak, ze TPK1 a -3 nehraji roli v dynamice VP vyvolané
poranénim (Mousavi et al. 2013). Je ziejmé, Ze jsme teprve na zacatku odhalovani slozitosti
a schopnosti vakuoly jako signalizacniho uzlu.

Johns a kolektiv autord (2021) navrhl novy model pro systémové Sifeni signall
vyvolanymi poranénim pii zapojeni dosud znamych kanalt. Tento model je znazornén na Obr.
2. Proces zacCina aktivaci nékterého z kationtovych kandli (Sedé barva) prostiednictvim vazby
ligandu nebo ROS a piilivem Ca?* do buiiky. Potencialn& k tomu mohou piispét CNGSs a GLRs
na plazmatické membrang. Molekularni identita navrhovaného Ca?*-permeabilniho kanalu
V plazmatické membrané, ktery by byl aktivovan pomoci ROS, zistdva v tomto systému
neznama. GLR kanal na vnitinich membranach endoplazmatického retikula a tonoplastu spolu
s kanaly TPC1 na tonoplastu (Seda barva) by mohly fungovat v amplifika¢nim systému, ktery
by dale podpofil zvyseni [Ca® eyt piilivem Ca?* z t&chto intracelularnich zdroji. Na p¥itok Ca®*
buiika reaguje vytokem Cl~ a Ca?* také inhibuje funkci H*-ATPazy (Servena barva), coz vede
k depolarizaci plazmatické membrany. Procesy zavislé na Ca?* jsou pravdépodobnymi
kandidaty na koordinaci téchto aktivit, ale ¢ekd se na definovani pfesnych molekularnich
mechanismi. Doprovodné zvyseni pH apoplastu v disledku inhibice H*-ATPazy dale aktivuje
domnélou vodivost GLR kanaléi pro Ca?" umisténych na plazmatické membrang. Vysledné
zvyseni [Ca?*]eyt by pak mélo vést k aktivaci NADPH oxidézy a dalsi apoplastické produkci
ROS, a tedy ke smycce podporujici Sifeni signalu z bunky do buiky. Pomaly pfiliv ROS do
cytosolu prostiednictvim akvaporinti by pak mohl inaktivovat TPC1, tzn. inhibovat cytosolicky
zesilovaé Ca?*. Repolarizace by pak byla fizena reaktivaci H*-ATP4zy a uvolnénim K* z buiiky,
¢imz by se obnovil membranovy potencial. Snizeni pH v apoplastu by inhibovalo aktivitu GLR,

coz by dale piispé€lo k resetovani systému (Johns et al. 2021).
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a) depolarizace/zacatek propagace signalu b) repolarizace/terminace
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Obr. 2: Navrzeny model pro systémové §ifeni souvisejici s VP a Ca?* vlnou vyvolanymi
poranénim pii zapojeni znamych kanali. Cely proces je vyjimecné popsan v textu. Pievzato
z Johns et al., 2021 a upraveno v programu Inkscape.

Nicméné stale nebyly identifikovany viechny Ca®" kanaly, které by piispivaly
k systémové signalizaci, ani neni znam jejich piesny zptisob puisobeni. Nékteré studie ukazaly,
7e konvenéni kanaly nemusi byt vzdy zapojené do drah zodpovédnych za vtok Ca?*. Zajimavou
moznosti se tak stdva zapojeni dalsich pasivnich proteinti zprostiedkujicich transport Ca?*, jako
jsou annexiny (Laohavisit and Davies 2011; Davies 2014). Annexiny tvoii rtuznorodou
multigenovou superrodinu Ca?*-zavislych proteini vazajicich se k bun&né membrang.
Schopnost annexind vést Ca?* je evidentni z réiznych in vivo ain vitro testii. Na rozdil od
konvenénich Ca?" kanal@i, které jsou smérovany z Golgiho komplexu, aby sidlily ve specifické
membrané, jsou annexiny schopny obsadit vice bunéénych mist soucasné. Mezi osmi dosud
popsanymi annexiny huseni¢ku rolniho je nejlépe prozkoumanym ANNI. Ten byl nejprve
detekovan v cytosolu bunék, pozdéji v plazmatické membrané, endoplazmatickém retikulu,
vakuole, mitochondriich, chloroplastech a v bun&tné stén¢. Tato charakteristickd vlastnost
umoziuje annexinim rychlou odezvu (Laohavisit and Davies 2011; Clark et al. 2012). V nové
studii Malabarba et al. (2021) se ukazalo, Zze zvyseni [Ca?*]cyt PO poranéni nebo simulované
bylozravosti, bylo naruseno v systémovych listech huseni¢ku rolniho se ztratou funkce annl.
Bylozravost a poranéni vyvolaly obranné reakce jako je akumulace jasmonatu a exprese
obranného genu V lokalnich listech. Tyto reakce zistaly lokédlni a byly siln€ sniZeny v
systémovych listech v rostlindch annl.Tyto vysledky ukazaly, Ze ANNI1 hraje dulezitou roli
v aktivaci spiSe systémové nezli lokalni obrany rostlin napadenych hmyzem (Malabarba et al.

2021). Vyse popsany model tedy pravdépodobné postrada nékteré dulezité prvky.

1.2.2. Dekédovani Ca?*

Aby rostlinna bunika mohla vyuzit informace o vyskytujicim se stimulu, ktery je zprostitedkovan

specifickym zvysenim [Ca®*]cyt, musi tyto signaly dekodovat a pievést je do naslednych reakei,
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jako je genova exprese nebo tvorba metabolittl. Snimani Ca?* ionti Ca?*-vazebnymi proteiny
je prvnim krokem Kk dekédovani. U huseni¢ku rolniho bylo identifikovano piiblizng 250 Ca®*
snimacich proteinti. Vechny nesou alespoii jednu vazebnou doménu pro Ca?*, tzv. EF-Hand
motiv (Day et al. 2002). Tyto domény jsou tvoieny dvéma Sroubovicemi, nazyvanymi E- a F-
helix, které jsou spojeny smyckou vazajici iont Ca?* (Obr. 3, La Verde et al. 2018).

Po navazani Ca?* prochézeji tyto proteiny konformaéni zménou, kterd jim umoziiuje
vazat se na nasledujici cil, jakym jsou kinazy, fosfatdzy nebo jiné enzymy, iontové pumpy,
kanaly ¢i transkripéni faktory (Dodd et al. 2010; La Verde et al. 2018). To vede bud’ piimo ke
zméné genové exprese a tim k urdité stresové reakci, nebo je Ca?* signal interakci s cilem
ptelozen do jiné¢ho signalniho rezimu, coz vede k dal$im udéalostem pfenosu signdlu. Kromé
EF-Hands motivu maji nékteré Ca®* vazebné proteiny dalsi funkéni domény. Jsou klasifikovany
jako senzorové respondéry. Piikladem pro senzorové respondéry je rodina Ca?*-dependentnich
proteinkindz v huseni¢ku. Tyto proteiny maji kromé& svych EF-Hand motivu kinazovou
doménu, ktera je aktivovdna konformacni zménou iniciovanou vazbou Ca®* (Sanders et al.
2002). Mohou tak pfimo transformovat signal na jiné signaly nebo zmény genové exprese.

Kromé senzorovych respondérti méa vétsina rodin Ca?* senzorti znamych v husenicku
pouze EF-Hand jako funkéni domény, a proto jsou schopné vézat pouze Ca®". Rika se jim
senzorova relé. Tyto proteiny potiebuji interagovat s jinymi proteiny, aby transformovaly signal
Ca?* do naslednych signalizaénich udalosti nebo stresovych reakci. Mezi skupinou senzorovych
relé jsou rodiny senzorti Ca?*, jako jsou proteiny podobné kalcineurinu B, kalmoduliny (CaM)

a proteiny podobné kalmodulinu (Sanders et al. 2002; Dodd et al. 2010).

Obr. 3: 3D struktura EF-Hand motivu kalmodulinu CaM7 huseni¢ku rolniho. lont Ca?*
(fialovy) se vaze do smyckové struktury, ktera spojuje E- a F helix. W (8eda) oznacuje molekulu
vody. Prevzato z La Verde et al. (2018).
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1.3. Ca?* aktivuje syntézu jasmonata

Zmény v intracelularnich koncentracich Ca?* jsou pravdépodobné mediatory aktivace syntézy
hormonti v reakci na elektrické signaly. Ve viech listech, které obdrzi Ca?* signdl se také b&hem
par minut hromadi fytohormony jasmonaty (Koo et al. 2009; Mousavi et al. 2013; Gilroy et al.
2016). T&sné spojeni mezi zvysenou [Ca®]¢yt @ akumulaci kyseliny jasmonové (jasmonic acid,
JA) prokazaly uz davnéjsi farmakologické studie (Fisahn et al. 2004). Nebylo vsak dlouho zcela
jasné, jak rostliny zpocatku aktivuji biosyntézu JA pro obranu rostlin. Moznym spojenim muze
byt aktivace enzymu 13-lipoxygenazy LOX6 pomoci Ca?*, ktery katalyzuje syntézu prekurzoru
JA, ¢imz ptispiva k rychlé syntéze JA v systémovych listech (Chauvin et al. 2013). Stejné tak
se uvazuje o uloze mitogenem-aktivovanych protein kinaz (MAPK), které interaguji
s kalmodulinem, a mohou fosforylovat a aktivovat klicové enzymy biosyntézy JA, napf.
aktivovat fosfolipazy (Seo et al. 1995; Maffei et al. 2007). Novy pohled ptinesl Yan a kolektiv
autort (2018), ktefi odhalili, ze biosyntézu JA k obrané proti napadeni hmyzem ftidi novy

komplex represortt JAV1-JAZ8-WRKY51 (JJW; Obr. 4).
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Obr. 4: U zdravych rostlin je komplex JAV1-JAZ8-WRKY 51 vazén a potlacuje tak biosyntézu
JA, aby udrzel JA na nizké bazalni trovni, ¢imz je zajistén spravny rust rostlin. JAZS zde piisobi
jako represor transkripce — potlacuje expresi gend biosyntézy JA. JAV1 i WRKY51 jsou
fyzicky vazany na promotor genil biosyntézy JA, aby nesly JAZ8 smérem k cilovému regionu
promotoru. Kdyz jsou rostliny poranény, poskozeni rychle indukuje zvySeni [Ca®"]eyt
a takovato jedinecna signatura Ca®" je vnimana CaM, ktery déle interaguje s JAV1 a spousti
jeho fosforylaci. Fosforylovany JAV1 nedokaze interagovat s JAZS8, exportuje se z jadra do
cytoplazmy, je oznacen ubikvitinem a podléha degradaci zprostfedkovanou 26S-proteazomem.
Tim je dezintegrovan komplex JJW, aby doslo k derepresi gent biosyntézy JA, coz vede
k rychlému hromadéni JA ve zranéné rostliné (Schéma pievzato z Yan et al., 2018).
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Jakmile Ca?* vIna dorazi to systémovych tkdni, aktivuje na Ca?* zavisly protein CaM, ktery
zase aktivuje proteinkinazu fosforylujici JASMONATE-ASSOCIATED VQ MOTIF GENE1
(JAV1). JAV1 je soucasti represorového komplexu, ktery spolu s JAZ8 a WRKY51 inhibuje
expresi genti dulezitych pro biosyntézu JA. Fosforylace JAV1 zpiisobuje disociaci tohoto
komplexu a spousti ubikvitinylaci JAV1 prostfednictvim E3-ubikvitin ligdzy, ¢imz je cilen
JAV1 do proteazomu 26S k degradaci. Narusenim inhibi¢niho komplexu JJW dochazi k de-
represi genu biosyntézy JA, coz vede K rychlému hromadéni JA ve zranéné rostliné (Yan et al.
2018).

Vyse popsany model vSak nevysvétluje ndhlou akumulaci JA v pribéhu nékolika
sekund po poranéni, kterd svou rychlou kinetikou nemiize byt vysvétlena aktivaci transkripce
JA biosyntetickych gend. Studie Kimberlin a kolektivu autori (2022) ukazuje, ze ¢asny narust
JA po poranéni husenicku rolniho nezavisi na expresi biosyntetickych gent pro JA, ale spis na
rychlé aktivaci (napt. pomoci MAPK) fosfolipaz (napi. DADI), které uvolfiuji mastné kyseliny
z fosfolipidt a galaktolipidd v plastidovych membrandch a vytvari tak substrat pro syntézu JA.
Akumulace JA je totiz tak rychld, Ze za ni nemtiZe stat genova transkripce a translace, tento
mechanismus vSak muaze hrat roli v pozdé&jsi fazi. Krok lipolyzy, ktery vytvaii prekurzory
mastnych kyselin, ze kterych se nasledné syntetizuje JA, je povazovan za prvni biosynteticky
aregulacni krok. Zavisi tedy mozna a pouze na dostupnosti substratu, tedy tzv. substratové

limitaci (Kimberlin et al. 2022).

1.3.1. Biosyntéza jasmonati

Jasmonaty (jasmonates, JAS) jsou skupinou fytohormoni, mezi néz patii JA (chemicky popsana
jako 3-o0x0-2-2"-cis-pentenyl-cyklopentan-1-octova kyselina), jeji prekurzory a derivaty. At uz
je syntéza JAs spuSténa jakkoliv, v souCasné dob& jsou znamy jiz tfi drahy, kterymi se
jasmonaty syntetizuji (Obr. 5). Prekurzory jsou ve vSech ptipadech polynenasycené mastné
kyseliny: oktadekanova draha vychazi z kyseliny a-linolenové (18:3), hexadekanova draha
zaCind kyselinou hexadekatrienovou (16:3). Nov€ navrzena na reduktize kyseliny
oxofytodienové (OPDA reductase 3, OPR3) nezavisla draha startuje sice z kyseliny 12-
oxofytodienové (12-oxo-phytodienoic acid, OPDA), ta je ale produktem kyseliny a-linolenové.
Vsechny tii drahy vyzaduji tii reakéni mista: chloroplast, peroxisom a cytoplasmu (Chini et al.
2018; Ruan et al. 2019).

Uvniti chloroplastii se kyselina a-linoleova preménuje ve tfech krocich na OPDA
astejné tak kyselina hexadekatrienova na Kyselinu dinor-12-oxo-fytodienovou (dnOPDA;
dinor-oxo-phytodienoic acid). Reakce jsou katalyzovany stejnymi enzymy: lipoxygenazou
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(LOX), allenoxidsyntazou (AOS) a allenoxidcyklazou (AOC). OPDA a dnOPDA jsou poté
transportovany do peroxisomu, kde jsou redukovany OPR3 na kyselinu 8-(3-ox0-2-(pent-2-
enyl)cyklopentyl)oktanovou (OPCS8). Dale OPC8 prochazi tfemi PB-oxidacemi. Kazdy B-
oxidacni krok zkracuje karboxylovy postranni fetézec o dva uhliky, coz vede k produkci
kyseliny 6-(3-0x0-2-(pent-2-enyl)cyklopentyl) hexanové (OPC6), kyseliny 4-(3-0xo-2-(pent-
2-enyl)cyklopentyl)butanovou (OPC4) a nakonec vznikne JA (Ruan et al. 2019).

18:3 16:3
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v AOC !
e OPDA B-oxidation o dnOPDA
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Obr. 5: Schéma biosyntézy kyseliny jasmonové Vv huseni¢ku rolnim. Cerné Sipky ukazuji
oktadekanovou drahu, modré Sipky ukazuji hexadekanovou drahu a zelené alternativni na
reduktaze kyseliny oxofytodienové (OPR3) nezavislou drahu. Enzymy jsou oznaceny
nasledovné: LOX pro lipoxygenazu, AOS pro allenoxidsyntazu, AOC pro allenoxidcyklazu,
OPR3 pro OPDA reduktazu, JAR1 pro jasmonovou-amidosyntetazu. Meziprodukty a produkty
jsou oznaCeny nasledovné: 18:3 pro a-linolenovou kyselinu, 16:3 pro hexadekatrienovou
kyselinu, OPDA pro 12-oxo-fytodienovou kyselinu, dnOPDA pro dinor-12-fytodienovou
kyselinu, OPC8 pro kyselinu 8-(3-oxo-2-(pent-2-enyl)cyklopentyl)oktanovou, OPC6 pro
kyselinu 6-(3-ox0-2-(pent-2-enyl)cyklopentyl)hexanovou, OPC4 pro kyselinu 4-(3-oxo-2-
(pent-2-enyl)cyklopentyl)butanovou, tnOPDA pro tetranor-OPDA, 4,5-ddh-JA pro 4,5-
didehydrojasmonovou kyselinu, JA pro jasmonovou kyselinu a JA-lle pro jasmonoyl-L-
isoleucin. Schéma pievzato z Ruan et al., 2019 a upraveno v programu Inkscape.
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Nedavno Chini a kolektiv autorta (2018) ukézali, Ze JA 1ze také produkovat cestou nezavislou
na OPR3 (Obr. 5), kde OPDA piimo prochazi tiemi B-oxida¢nimi cykly, coz vede nejprve
k produkci  kyseliny dinor-12-oxofytodienové (dnOPDA), poté kyseliny tetranor-12-
oxofytodienové (tnOPDA; tetranor-oxo-phytodienoic acid) a nakonec kyseliny 4,5-didehydro-
jasmonové (4,5-ddh-JA; 4,5-didehydrojasmonic acid). 4,5-ddh-JA je pak redukovan pomoci
OPR2 na JA (Chini et al. 2018).

Dlouho byla JA povaZovan za bioaktivni jasmonat. Nicméné Staswick and Tiryaki
(2004) a Fonseca et al. (2009) odhalili, Ze bioaktivni formou je isoleucinovy konjugat kyseliny
jasmonové, jasmonoyl-L-isoleucin (JA-lle). Produkce JA-Ile v cytoplazmé je katalyzovana
amidosyntetazou kyseliny jasmonové (JAR1, JASMONATE RESISTANT 1; Obr. 5). Ackoli
se JA-lle stale povazuje za hlavni bioaktivni molekulu, JA konjugaty s jinymi aminokyselinami

vykazuji také biologickou aktivitu (Yan et al. 2016).

1.3.2. Mechanismus vnimani a regulace genové exprese jasmonaty

V tomto kroku se JA-lle nachazi v cytoplazmé. V nedavné dob¢ byl v huseni¢ku objeven ABC
transportér AtJATL/AtABCGL, dale jen jako JAT1 (JASMONIC ACID TRANSFER
PROTEIN 1), ktery slouzi jako vysokoafinitni transportér pro regulaci subceluldrni distribuce
JA. Ukazalo se, ze JATI1 je lokalizovéan jak na jadernych, tak plazmatickych membranach
rostlinnych bunék a zprostiedkovava transport JA pres plazmatickou membranu a bioaktivniho
JA-Ile ptes vnitini jadernou membranu (Obr. 6). Pti vysoké koncentraci JAs se stava funkce
transportéru umisténého v cytoplasmatické membran€é dominantni, coZ snizuje intracelularni
koncentraci JA a JA-Ile v bunce. Diky transportu JA do apoplastu je aktivovana jasmonatova
signalni draha také v jinych bunikach. JAT1 muze velmi rychle regulovat dynamiku JA/JA-lle
— rychle transportuje JA-Ile do jadra, pokud je rostlina ve stresovych podminkach, stejné tak
rychle sniZzuje mnoZstvi JA v burice, aby nedoslo k inhibici riistu a vyvoje rostliny kvili
obranné reakci (Li et al. 2017).

Jakmile se JA-lle po ur¢itych podnétech dostane do jadra, musi se navazat na svij
receptor. V soucasné dobé se ma za to, ze JA-lle v jadie podporuje interakci mezi proteiny
CORONATINE INSENSITIVE 1 (COI1) a JASMONATE ZIM DOMAIN (JAZ; Obr. 6).
COI1 je F-box protein, ktery se spojuje s proteiny SKP1 a CULLIN za vzniku komplexu
SCFCO!, Tento komplex slouzi jako E3 ubiquitin ligaza. Po navazani JA-lle komplex SCFCO!
ubikvitinuje proteiny JAZ, coz vede k jejich degradaci proteazomem 26S (Xie et al. 1998; Zhai
et al. 2015). Proteiny JAZ jsou represory transkripce, vazi se na transkripéni faktory (TF) pfi
nizkych hladinach JA-lle (Thines et al. 2007; Chini et al. 2007). V roce 2010 Sheard a kolektiv

pomoci analyzy krystalové struktury potvrdili, Ze komplex COI1-JAZ je vysoce afinitni
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receptor pro bioaktivni JA-Ile; to znamend, ze COIl a JAZ jsou koreceptory jasmonatové
signalizace. COI1 obsahuje otevienou kapsu rozeznavajici JA-lle s vysokou specifitou. Vysoce
afinitni vazba hormonu ale vyzaduje bipartitni JAZ degronovu sekvenci. Tou je JAs doména
nachazejici se na C-konci JAZ, obsahujici kratky konzervativni motiv LPIARR, vytvéfejici a-
helix. Tato aminokyselinova smyc¢ka v pfitomnosti JA-Ile siln¢ interaguje s COI1, uzavie
ligand ve vazebné kapse a to vede ke stabilizaci komplexu COI1-JAZ (Sheard et al. 2010).
Tedy vnimani JA-lle koreceptorem umoziuje degradaci proteini JAZ a tim uvolnéni TF, coz

vede K expresi geni relevantnich pro obranu rostlin (Obr. 6).
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Obr. 6: Pracovni model transportu kyseliny jasmonové (JA) a mechanismu exprese genil
odpovidajicich na JA. JAT1: transportni protein kyseliny jasmonové, JASMONIC ACID
TRANSFER PROTEIN1; SCF: SKP1, CULLIN a F-box proteiny; COI1: CORONATINE
INSENSITIVEL; JAZ: JASMONATE ZIM-DOMAIN protein, TF: transkripéni faktor; TPL:
TOPLESS protein, NINJA: NOVEL INTERACTOR OF JAZ; 26S: 26S proteazom. (Pfevzato
z Ruan et al., 2019).

Na této trovni je silné regulovano, jaky proces nakonec probéhne. JAZ proteiny
fungujici jako represory interaguji totiz S n€kolika rodinami pozitivné pisobicich TF, které
spocivaji v promotorové oblasti JA-responzivnich genti a reguluji zapojeni JAs-responzivnich
Tento hlavni regulator ma dvoji roli: plsobi pozitivné na expresi genli odpovidajicich na
poranéni, ale potlacuje geny obrany proti patogeniim (Chini et al. 2009; Pauwels et al. 2009).
Kromé TF MYC nedavné studie ukazaly, ze TF MYB se také vazou s represory JAZ a mohou
byt aktivovany degradaci JAZ v ptitomnosti JA-Ile. Kromé toho je do signalizace JA zapojeno
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také nékolik dalsich TF, jako je NAC, ERF a WRKY. Tyto TF reguluji expresi mnoha gena
zapojenych do rustu a vyvoje rostlin a zejména reakci a adaptaci rostlin na prostedi (Ruan et
al. 2019). Jak bylo napsano vyse, WRKY jsou zapojeny do regulace gent spojenych
s biosyntézou JA jako LOX, AOS, AOC a OPR, zvysujici koncentraci JA a JA-lle v bunice (Yan
et al. 2018).

1.3.3. Lokalni a systémova akumulace jasmonatia v pletivu huseni¢ku rolniho

Lokalni poranéni vede k velmi rychlé syntéze JA a to nejen v lokalnich listech, ale také v listech
od poranéni vzdalenych, coZ je zpusobeno systémovou reakci (Hlavackova et al. 2006; Koo
and Howe 2009). Systémové signaly, které jsou zodpovédné za zvySeni mnozstvi JA ve
vzdalenych listech jsou elektrické signaly (Mousavi et al. 2013), vina Ca?* (Toyota et al. 2018),
ROS (Miller et al. 2009) a/nebo samotna JA (Li et al. 2020) a tyto signaly se §ifi spole¢né
(Gilroy et al. 2014). Ve vsech listech, které obdrzi tento signal, se béhem nékolika minut
nahromadi JA. V minulych letech se ukazalo, ze signalni molekuly se mohou rychle §itit mezi
rostlinou prostiednictvim cévniho systému. Rostlina tak vyuziva systémové spojeni mezi
cévnimi svazky jednotlivych listi a dle toho muZeme pozorovat také reakci pouze
v konkrétnich listech (Mousavi et al. 2013; Salvador-Recatala et al. 2014; Kiep et al. 2015;
Gasperini et al. 2015; Nguyen et al. 2018). U husenic¢ku rolniho jsou tato spojeni vysledkem
vyvoje ruzice (Dengler 2006). Cévni svazky zarode¢nych listt, déloznich listkd a prvnich ¢tyf
juvenilnich listd se vyviji pfimo z cévniho valce hypokotylu. Cévni svazky nasledujicich listl
5 az 8 vznikaji z vétvi vaskularni stopy prvnich ¢tyf lista podle pravidla n+3 nebo n+5, pti¢emz
n je ¢islo predchoziho listu v této stopé€. List 9 a nasledujici listy jsou odvozeny z vétvi podle
pravidel n+8 a n+5 (Kang et al. 2003; Dengler 2006). Stale vsak sdileji neptimé vazby na jiné
listy podle pravidla n+3, tzv. kontaktni parastichy (Dengler 2006; Mousavi et al. 2013).
Vsechny listy v ruzici husenicku jsou tedy spojeny prostiednictvim své vaskulatury s ostatnimi
listy podle pravidel n+3, n+5 a n+8.

Pokud jsou systémové signaly néjakym zplisobem pieruSeny nebo utlumeny, napt.
pouzitim anestetika dietyléteru, v poskozeném, tedy lokalnim listu, je stdle analyzovano
zvySené mnozstvi JAs (JakSova et al. 2021). To muze byt zpisobeno uvolnénim fragmenti
bunécné stény pii poskozeni. Stény rostlinnych bunék jsou sofistikované struktury bohaté na
sacharidy, které predstavuji bezprostiedni kontakt povrchu s extracelularnim prostfedim a ¢asto
slouzi jako prvni bariéra proti biotickym a abiotickym stresiim. Nékolik diikazl naznacuje, Ze
samotnd porucha bunécné stény je schopna vyvolat biosyntézu JA. Konkrétné exogenni
aplikace fragmentd bunécné stény a inhibitort celulézy, enzymi degradujicich bunécnou sténu

a genetické poruchy ve sténach rostlinnych bunék vedou k aktivaci drahy JA. Signalni drahy
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zapojené¢ do vnimani zmén bunéné stény a pifenos informaci intracelularné k zahajeni
produkce JA v plastidech jsou v souc¢asnosti neznamé (Mielke and Gasperini 2019). Nicméné
by to mohlo vysvétlovat, pro¢ je v lokalnich listech stale vysoka hladina jasmonatd s vyrazné

zeslabenymi elektrickymi a ¢asteéné Ca®* signaly.

1.4. Proteiny souvisejici s patogenezi v obranné reakci rostlin

Proteiny, které jsou kodované rostlinou za patologickych nebo tomu piibuznych podminek, se
nazyvaji proteiny souvisejici s patogenezi (PRp; pathogenesis-related proteins). Jsou zakladni
slozkou inducibilnich obrannych mechanismii rostlin, ale mohou se vyskytovat také
konstitutivné. Jejich exprese mize byt spusténa jak po infekci patogeny (viry, bakterie, houby,
oomycety), tak po napadeni nematodami, hmyzem nebo byloZzravci. PRp maji nizkou
molekulovou hmotnost (6-43 kDa) a jsou koordinovany na urovni transkripce, ktera je
aktivovana signalnimi molekulami, jako jsou stresové hormony (kyselina sylicylova, JA a jejich
metylestery). Jako elicitory exprese genii mohou putisobit fragmenty chitinu, glykoproteiny,
glukany, peptidy, proteiny a oligosacharidy bakterii a hub. Indukce PRp pfi méfeni na Casovém
mefitku jsou pozdni uddlosti a jejich Gc€inek na casnou infekci ¢i poSkozeni je omezeny.
Lokalizace a distribuce PRp ptimo souvisi se zptisobem a povahou infekce patogenem. PRp
byly klasifikovany do rtiznych rodin na zakladé sdilené sekven¢ni homologie. PRp lze také
seskupit do riznych tiid na zaklad¢€ migrace v nativni polyakrylamidové gelové elektroforéze,
reakce se specifickymi antiséry a mRNA sondami. PRp byly také klasifikovany na zakladé
biologické aktivity indukovanych obrannych proteind. Bylo identifikovano sedmnéct riznych
tiid PRp (Sudisha et al. 2012; Sinha et al. 2014). Uvedu vlastnosti a funkce tfid, které jsou
dilezité pro tuto disertacni praci.

Ttida PR-1 obsahuje proteiny pojmenované stejné jako celd skupina — s patogenezi
souvisejici proteiny. Tato tfida je nejvice zastoupenou skupinou PRp. Hraji dileZitou roli
Vv rostlinném metabolismu a v obrannych reakcich rostlin v odpovédi na bioticky 1 abioticky
stres. Jejich molekularni funkce ale nejsou presné znamy (Akbudak et al. 2020). PR-1 jsou
vysoce rezistentni k proteolyze a jsou dobie ptizplisobeny extraceluldrnimu prostredi. Mizeme
je rozdélit na proteiny kyselé a bazické. Geny kodujici kyselé PR-1 proteiny neobsahuji Zadnou
sekvenci pro cileni do vakuoly. Bazické PR-1 proteiny obsahuji hydrofobni N-koncovou oblast
z tficeti aminokyselin, kterd funguje jako signalni peptid pro translokaci do endoplazmatického
retikula a C-konec obsahuje signal pro presun do vakuoly (Sudisha et al. 2012).

Do rodiny PR-2 jsou seskupeny glukanazy. Tyto proteiny katalyzuji hydrolytické
Stépeni 1,3-B-D-glukosidickych vazeb v 3-1,3-glukanech (Leubner-Metzger and Meins 1999).

V rostlinach se vyskytuji hojné a byly charakterizovany u Siroké Skaly druhti. Hraji klicovou
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roli v bunécném déleni, transportu materidlti pres plasmodesmata, pti odolavani abiotickym
strestim a podileji se na tvorbé kvétl az po zrani semen. Také chrani rostliny proti houbovym
patogentim bud’ samostatné, nebo ve spojeni s chitindzami a jinymi antifungalnimi proteiny
(Balasubramanian et al. 2012).

Do skupiny PR-3, 4, 8 a 11 spadaji rostlinné chitinazy. Do téchto ¢ty tiid jsou rozd€leny
na zaklad¢ sekvencni homologie a také pfitomnosti nebo neptitomnosti domény vazajici chitin
(Sudisha et al. 2012). Chitin je pfirodni homopolymer f-1,4-vazanych N-
acetylglukosaminovych zbytk. Chitindzy katalyzuji hlavné hydrolytické Stépeni [(-1,4-
glykosidové vazby chitinu a deacetylovanou formu chitinu, ktery je oznacovan jako chitosan,
ale i jiné slouceniny. Chitin a chitosan se hojné vyskytuji v bunéénych sténach hub a nékterych
fas, v bakteriich aV exoskeletu bezobratlych. Bakterialni chitindzy se podileji hlavné na
degradaci chitinu, aby poskytovaly buitkdm vyZzivu uhlikem a dusikem. Chitindzy maji ulohu
také pfi obran€ nebo pfi zvySovani konkurenceschopnosti u vyssich rostlin a zivoc¢ichti, kteti
neobsahuji chitin. V rostlinach se chitinazy podileji na biotickych a abiotickych stresovych
reakcich ataké na rustovych a vyvojovych procesech (Grover 2012). VétSina rostlinnych
chitinaz je endochitinazami, které nahodné $tépi vazby uvniti polymeru. Naopak exochitinazy
Stépi na neredukujicim konci chitinového fetézce. Mnoho rostlinnych exochitindz ma také
lysozymovou aktivitu, hydrolyzujici B-1,4 vazby mezi zbytky N-acetylglukosaminu a N-
acetylmuramové kyseliny v peptidoglykanu bakterii (Collinge et al. 1993). Zda jsou takové
bifunkéni enzymy klasifikovany jako lysozym nebo chitindza, zavisi pravdépodobné na poméru
aktivity lysozymu k chitindze za podminek, které maximalizuji obé& aktivity. Rodiny
chitindzovych genil jsou organizovany do péti tiid, které jsou zaloZené na sekvencni podobnosti
a zékladni homologii. Ttidy I, IT a IV (rodina GH19) sdileji homologni katalytickou doménu,
zatimco tfidy III a V (rodina GH18) jsou vice podobné houbovym a bakteridlnim chitindzam
a maji dodate¢nou lyzozymovou aktivitu (Grover 2012). Chitinazy tiidy I jsou dale dé€leny do
dvou podtiid: podttida Ia s prodlouzenym karboxylovym koncem, které cili chitinazy do
rostlinné vakuoly a podtiida Ib bez prodlouZeného karboxylového konce a chitindza se tak stava
extracelularni (Neuhaus et al. 1991).

Do skupiny PR-5 patii thaumatinu podobné proteiny, vykazujici vysokou homologii
s thaumatinem rostliny Thaumatococcus daniellii. Struktura nékterych proteinti ze skupiny PRS
se také podoba struktufe stresového proteinu osmotinu, odtud pak pochazi oznaceni protein
podobny osmotinu, ktery spadé do této skupiny. Funkci proteinti této skupiny je zabranéni ristu
houbového patogena tim, Ze inhibuje jeho enzymy Stépici polysacharidy bunéénych stén
rostlinnych bunék (napf. xylanasy). Timto zplsoben je znemozZnén vstup patogena do

hostitelské buiky a ¢erpat z ni ziviny (Liu et al. 2010).
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Skupina PR-7 zahrnuje proteiny s endoproteinazovou aktivitou. Proteazy (také
proteindzy ¢i peptidazy) jsou skupinou enzymt, ktera Sté€pi proteiny a patii do tfidy hydroldz.
Hydrolyza peptidické vazby mezi jednotlivymi aminokyselinami je mozna jak ve vnitini ¢asti
peptidovych fetézcli (endopeptiddzami), tak 1 na terminalnich koncich proteint
(exopeptidazami). Endopeptidazy se dale d€li podle katalytickych skupin pfitomnych v mist¢,
kde proteazy na bilkovinu ptisobi do Sesti skupin — cysteinové, serinové, threoninové protedzy,
metallopreteazy, glutamatové a aspartatové proteazy (Sudisha et al. 2012).

Skupina PR-9 obsahuje peroxidazy vykazujici peroxidazovou aktivitu, to znamena, ze
katalyzuji reakci peroxidu vodiku s Sirokym spektrem organickych a anorganickych substratu.
Jedna se o glykoproteiny obsahujici —jako kofaktor hem, vyskytujici se v nékolika isoformach.
Peroxidazy jsou zapojeny do celé fady fyziologickych procest. Maji podstatnou roli pfi obranné
reakci proti patogeniim a mohou tak ptispét k rezistenci rostliny, napt. pomoci hypersenzitivni
reakce, zasitovani polysacharidi, biosyntézou ligninu a suberinu (Sudisha et al. 2012).

Skupina PR-14 zahrnuje proteiny ptenasejici lipidy (lipid-transfer protein; LTP). LTP
jsou rodinou proteint, které se podileji na piesunu lipidi mezi organelami. Jsou vylu¢ovany
také do extracelularniho prostoru, kde se zfejmé podili na modifikacich v rdmci bunécné stény.
LTP jsou polypeptidy o délce 90—95 aminokyselin. Maji globulérni strukturu, ktera se sklada
ze Ctyf o helixii spojenych pruznymi smyckami s hydrofobni dutinou, ktera miize pojmout

Sirokou $kalu lipidt, coz napomaha pfi jejich pfenosu (Garcia-Olmedo et al. 1998).
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2. Od obrany k masoZravosti rostlin

Fenomén masozravosti je u rostlin ndpadnym ptikladem evoluce a adaptability organismi, aby
se vyrovnaly s narocnymi podminkami prostiedi, jako je nedostatek zivin. Masozravé rostliny
(MR) nasly feSeni, jak v takovém prostiedi ziskat piistup k dusiku, fosfore¢nanu a mineraltim.
Givnish a kolektiv autorti navrhli, Ze rostlina musi spliiovat dva zakladni pozadavky, aby mohla
byt povazovana za masozravou. Zaprvé musi byt schopna absorbovat ziviny z mrtvé kofisti
atim ziskat urcit¢ zvySeni kondice ve smyslu zrychleni procesu fotosyntézy vedouci
K intenzivnéj§imu rustu, dale produkce pylu nebo tvorby semen. Zadruhé rostlina musi mit
urc¢itou adaptaci, jejimz primarnim vysledkem je aktivni lakani, chytani a/nebo traveni kofisti.
Prvni pozadavek je dulezity k odliSeni masoZzravosti od obrany rostlin, kterd znehybiiuje nebo
zabiji zvifeci nepratele, aniz by to vedlo k podstatné absorpci zivin. Druhy je nutny, protoze
mnoho rostlin muize pasivné profitovat z pfijimani nckterych zivin z mrtvych zvirat
rozkladajicich se v ptidé nebo na povrchu listd. Rostlina musi mit alespon jednu adaptaci, aby
byla kvalifikovana za masozravou. Mnoho rodi MR néktery z té€chto dulezitych znak postrada
(Givnish et al. 1984; Pavlovi¢ and Saganova 2015).

Nespornou adaptaci MR k chytani a/nebo trdveni kofisti je vytvofeni si lapacich organt,
které vznikly pfimou vyvojovou pfeménou listi. Patii mezi né€: lepkavy list neboli adhézni past
roda tucnice (Pinguicula), rosnatka (Drosera), rosnolist (Drosophyllum), byblida (Byblis);
lacka neboli gravita¢ni past rodt lackovka (Nepenthes), 1ackovice (Cephalotus), heliamfora
(Heliamphora), darlingtonie (Darlingtonia), Spirlice (Sarracenia); vr§ neboli detentivni past
Spirlice papous¢i (Sarracenia psittacina) a rodu genlisej (Genlisea); saci méchytek neboli
hypotenzni past rodu bublinatka (Utricularia); a sviraci ¢epel neboli mechanicka past rodu
mucholapka (Dionaea) a aldrovandka (Aldrovanda). Tyto lapaci organy se déli na aktivni
a pasivni. Uginek sacich méchytki a sviraci Eepele je jednoznaéné zalozen na velmi rychlém
pohybu. Mezi aktivni nebo téZ pohyblivé pasti se fadi také adhezivni pasti rodu rosnatka
a nékteré druhy rodu tucnice, které sice lapaji kofist stejné jako typicky pasivni pasti, pozdéji
se ale jejich lepkavé listy davaji do velmi pomalého pohybu a zlepSuji tak styk s kofisti, coz
umoziuje lepsi traveni, ale ma to vyznam i jako ochrana pted ztratou kofisti. MoZnosti tohoto
pohybu se ale u riznych druhi téchto dvou rodit mohou lisit. Napf. tu¢nice sina (P. agnata ma
listy ploché a nepohyblivé, zatimco tuénice lusitanska (P. lusitanica) ma listy se silné svinutymi
okraji. Rosnatka nit'ovita (D. filiformis) mize pohybovat pouze stopkatymi zlazami na listu,
kdezto rosnatka kapska (D. capensis) dokaze list piehnout ptes kofist. Za zcela nepohyblivé
jsou povazovany pasti typu vrs, pasti vSech roda s lackami a také lepkavé listy u byblid

a rosnolistu (Studnicka 1984; Ellison and Adamec 2018).
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Lapaci organy neslouzi jen k polapeni kofisti a jejimu straveni, ale nékteré také splnuji
atribut lakani koftisti. K tomu zneuzivaji reflexi, které zivocichiim umoziuji vyhledavat rizné
zdroje potravy a nékdy i substraty pro kladeni vajicek. Z tohoto duvodu lapaci organy MR
napodobuji svym vzhledem, barvou nebo vini ¢i pachem kvéty jinych rostlin (Spirlice),
plodnice hub (tu¢nice) nebo kvasici ovoce (lackovky). Ackoliv je viin€ €1 zapach Spirlic,
lackovek, tucnic, rosnatek a rosnolistu pro lidsky ¢ich sotva postiehnutelny, hmyz na n¢ reaguje
velmi citliveé. Lakadlem je i nektar vyluCovany na povrchu lapacich organii 1ackovek, Spirlic,
heliamfor, darlingtonie a mucholapky nebo tipytivé kripéje na listech rosnatek, rosnolistu,
tucnic a byblid. U rostlin, jejichz pasti jsou zdvislé na vodnim prostfedi, se predpoklada, ze
kofist je vabena vyluCovanym slizem, ktery je tvoien ve specialnich zlazéch lapacich organii
bublinatek, genlisei a aldrovandky (Studnicka 1984).

Vétsina taxoni MR patii do fadi hvozdikotvaré (Caryophyllales), hluchavkotvaré
(Lamiales) a viesovcotvaré (Ericales); tfi druhy pak spadaji do fadu lipnicotvaré (Poales)
avyjimetna je lackovice australska (C. follicularis), ktera pfedstavuje jediny druh
z monospecifické ¢eledi lackovicovité (Cephalotaceae) a jediny masozravy druh z celého fadu
Stavelotvaré (Oxalidales; (Ellison and Adamec 2018). Nedavno byla objevena zcela nova linie
masozravych rostlin reprezentovana rostlinou Triantha occidentalis spadajici do fadu
zabnikotvaré (Alismatales; Lin et al. 2021). Predpoklada se, Ze se v prub&hu evoluce
masozravost v téchto Sesti riznych fadech vyssich rostlin vyvinula nejmén¢ jedenactkrat zcela
nezavisle na sobé, coz predstavuje konvergentni vyvoj (Ellison and Gotelli 2009; Givnish
2015). Konvergentni vyvoj nebo téz konvergentni/sbihava evoluce je proces, pii némz se
nepiibuzné druhy rostouci ve vzdalenych oblastech vyvijeji pod podobnymi selekénimi tlaky,
tj. v podobném prostiedi a na zaklad¢ toho dospéji k podobnému vzhledu nebo maji obdobné
zivotni strategie (King et al. 2013). Jelikoz je lackovice z evolu¢niho hlediska zcela izolovana
od vSech ostatnich MR, dokonce 1 od jinych lackovek, udé€lalo to z ni idedlniho kandidata pro
studium konvergentni evoluce masozravosti rostlin (Fukushima et al. 2017). Ptiklady
konvergence na molekularni trovni jsou velmi vzacné, pokud je nalezneme, zpravidla je
pozorujeme jen mezi taxonomicky blizkymi skupinami, najit konvergenci u vzdalenych skupin
je opravdovou raritou (Holicova 2015). Fukushima a kolektiv autort (2017) provedli
komplexni studii genomu a proteomu této lackovice, kterd umoznila hluboky vhled do
genetickych zmén souvisejicich s masoZravosti rostlin. Krom& mnoha dalSich vysledki
prokazali expanzi gent kodujicich enzymy, které jsou spojovany s lakanim, chytanim
a travenim hmyzu v la¢ce. Pfitomnost a vyuziti hydrolytickych enzymi v travici tekuting, které
jsou znamé z lackovky nebo mucholapky, odkazuje na ortologické vztahy mezi masoZravymi

rostlinami navzdory jejich mnohocetnému piivodu. Skutecnost, Ze stejné zékladni principy
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masozravosti byly identifikovany jak u laCkovice australské, fylogeneticky izolovaného druhu,
tak 1ujinych masozravych rostlin, siln¢ podporuje hypotézu, ze konvergentni evolucni
strategie tvoii zaklad masoZzravosti a podporuji jeji vznik v rostlindch. Pokud je vSak tato
hypotéza spravna, existuji zjevnad omezeni pro rozvoj takového zivotniho stylu. Z evolu¢niho
hlediska by mé¢la byt mozna jakékoli cesta k tomuto konecnému bodu, ale pievladajici
podminky stanovuji jistd omezeni. MR ziji v chudych a stresujicich prostredich, a to ovliviiuje
ekonomiku této adaptace (Fukushima et al. 2017).

Vyvoj novych funkci miize byt nakladny, tak pro¢ neptizplsobit ty stavajici? Analyza
proteintl travici tekutiny z laCkovice australské a tfi dalSich masozravych rostlin S nezavislym
masozravym puvodem odhalila opakovanou exaptaci proteinovych linii reagujicich na stres
spojené s konvergentnimi substitucemi aminokyselin k ziskani fyziologie traveni (Fukushima
etal. 2017). Exaptace (ang. Co-option) je evolu¢ni mechanismus, ktery usnadfiuje vznik novych
funkci. Ve funkci znaku v pribéhu ptisobeni evoluce dochazi ke zméné. Znak, ktery ptivodné
slouzil kjedné¢ funkci, je Casem vyuzit na jinou — to mize byt piipad
nejen fenotypickych znakd, ale i genli ovliviiujicich chovani. Klasickym piikladem je pefi
u ptaku, jehoz puvodnim ucelem byla termoregulace, ale pozdé&ji bylo vyuzito pro plachténi
(Gould and Vrba 1982). Cim vice se o masozravosti rostlin dozvidame, tim vice si
uvédomujeme, ze jejim evolu¢nim pozadim je schopnost rostlin branit se napiiklad proti
bylozravému hmyzu. M4 se za to, Ze MR tedy exaptovali signalni drahu obranného mechanismu
rostlin pro sviij Gicel — nikoliv k odpuzent, ale k piildkani, zabiti a traveni Zivo¢isné kotistil.

UZ na prvni pohled miize nékomu pfijit, Ze nékteré struktury v MR jsou podobné
strukturdm, které jsou zapojené do konstitutivni pfimé obrany béznych rostlin. Naptiklad
zlaznaté trichomy jsou €asto vyuzivany jak k obrané rostlin, tak k traveni kofisti. V nékterych
ptipadech se dokonce hranice mezi obranou a masozravosti rostlin stira. Nékdy to vede dokonce
1 ke zmatku a tvrzenim, Ze MR je mnohem vice, coz silné¢ naznacuje piibuznost a spolecny
puvod (Chase Fls et al. 2009). Koncept, ze botanicka masozravost a obranné mechanizmy spolu
vzajemné souviseji, je stary (Juniper et al. 1989), ale objev, ze vyuzivaji stejnou signalni drahu,
je relativné novy. Na Obr. 7 je uvedena pravdépodobna ¢asova hierarchie udalosti, které byly
detekovany u masozravych rostlin s aktivnim lapacim mechanismem krom¢ bublinatky. Na
Obr. 8 je poté pro srovnani ukazana sekvence po sob¢ jsoucich udalosti detekovatelnych po

poskozeni béZnych rostlin hmyzem.

1V pribé&hu sepisovani této disertace autorka jiz védéla, Ze toto tvrzeni je zcela platné pouze pro Fad
hvozdikotvaré, nicméné se snazi zachytit dobu a mysleni pred publikovanim jejich vlastnich ¢lank(. Par odkaz(
na pfiloZzené publikace se ale miZe vyskytnout.
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Obr. 7: Pravdépodobna Casovana hierarchie po sobé jdoucich udalosti detekovatelnych
U masozravych rostlin s aktivnim lapacim mechanismem (vyjimaje bublinatku) v reakci na
zachyceni kofisti, ktera je pfrevzata z obrannych mechanisma rostlin (Maffei et al. 2007).
Nejcasnéjsimi méfitelnymi udélostmi jsou akéni potencialy generované mechanickymi podnéty
(Williams and Pickard 1980; Hodick and Sievers 1988; Krol et al. 2006; Escalante-Perez et al.
2011) nebo chemickymi podnéty z kofisti (Scherzer et al. 2013), které iniciuji zvySeni
koncentrace vapniku v cytosolu (Escalante-Perez et al. 2011) a tvorbu H20> (Chia et al. 2004;
Ibarra-Laclette et al. 2011). Ca?* v cytosolu je pravdépodobné sniman vazbou na kalmodulin
(CaM) nebo jiny protein vnimajici vapnik, ktery mize interagovat s mitogenem aktivovanymi
protein kindzami (MAPK); tato ¢ast signalni drdhy nebyla dosud u masozravych rostlin
zdokumentovana. MAPKs reguluji biosyntézu jasmonatd, které spoustéji expresi genu
souvisejicich s masozravosti (Scherzer et al. 2013; Nakamura et al. 2013; Libiakova et al. 2014;
Paszota et al. 2014; Mithofer et al. 2014). Pievzato z Pavlovi¢ and Saganova (2015).
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Obr. 8: Casovana hierarchie po sobé& jdoucich udalosti detekovatelnych v rostlinnych tkanich,
které jsou iniciovany utokem herbivora. Nejcasnéj§imi mefitelnymi udalostmi jsou zmény
potencialu na plazmatické membran¢ (Vm), bezprostiedné nasledované zménami
v intracelularni koncentraci Ca?* a tvorbou H202. Béhem né&kolika minut jsou detekovatelné
kinazy a fytohormony kyselina jasmonova (JA) a salicylova (SA). Aktivace gent a nasledné
metabolické zmény jsou nejdiive patrné asi po 1 hoding. (Pievzato z Maffei et al. 2007).
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2.1. Elektrické signaly v masoZravych rostlinach

Stejné jako citlivka stydliva (Mimosa pudica) velice rychle sklapi své listy, aby je schovala
pted bylozravci, nékteré aktivni pasti se velmi rychle zaviraji, aby chytily svou kofist.
Masozravé rostliny s aktivnim lapacim mechanismem musi byt néjakym zplisobem na kofist
upozornény, aby zah4jily sviij pohyb. K rychlému uzavieni, ale také k regulaci aktivit travicich
enzymu v reakci na zachyceni kofisti vyzaduji MR vnimajici a komunikac¢ni prvky, a to jiz bez
ohledu na pohyblivost pasti. Nékteré MR k tomu vyuzivaji elektrické signaly, konkrétné AP.

Mucholapka podivna (D. muscipula) je jedinym druhem svého rodu, spadajicim do
Celedi rosnatkovité. Na vnitini stran¢ ledvinovitych laloki velmi dimyslné pasti vycnivaji
Z pokozky citlivé vycnélky. Obvykle byvaji tii, ale mize se jich vyskytnout i vice. Tyto
mechanosenzorické organy piedstavuji misto vnimani signalu. Po jejich doteku mucholapka
aktivuje mechanosenzitivni iontové kandly a generuji receptorovy potencial, ktery ptechazi
v AP. Elektricka signalizace, ktera je spojovédna s uzavienim pasti a také zvySenou spotiebou
energie na traveni kofisti, m& za ndsledek sniZzeni rychlosti fotosyntézy a zvySeni
mitochondrialniho dychani (Pavlovi¢ et al. 2010, 2014; Kruse et al. 2014; Pavlovi¢ and
Saganova 2015). Aby byl pfinos ve formé zvyseni fotosyntézy diky absorpci zivin z chycené
kofisti optimalizovan a byly tak snizeny naklady na tento proces, mucholapka si vyvinula
nekolik kontrolnich mechanismil. Zaprvé, pii pokojové teploté jsou zapotiebi minimalné dva
doteky spoustécich vyénélku, tedy generovani dvou AP, k uzavieni pasti (Brown 1916). Jeden
dotek rovny jednomu AP k uzavieni pasti za béznych podminek nestaci, ¢imz mucholapka
pfedchazi nechténému uzavieni v piipadé dopadu né&jakého nezivého pfedmétu (kapka deste,
semena nebo listy stromil apod.). Za vyssi teploty nebo pii vyvinuti silného tlaku na spoustéci
vycnélek vsak staci i jeden dotek (Burri et al. 2020). Druhym kontrolnim mechanismem je
moznost uniku pfili§ malé kofisti, a to diky mezeram mezi Spi¢atymi vy¢énélky na obvodu pasti.
To Setfi energii, protoze mald kofist by neposkytla takové mnozstvi Zivin, které by
vykompenzovaly naklady spojené se zadrzenim kofisti a jejim trdvenim. Pokud se koftisti podafi
rychle uniknout, past do n€kolika hodin znovu otevte, protoze postrada dostatek stimulii na
produkci travicich enzymu (Libiakova et al. 2014). Pokud kofist zlstane v Kofisti, svym
pohybem a dotykem spoustécich vy¢nélkil vyvolava az stovky dalSich akénich potenciali, coz
vede K fyziologické odpovédi.

Sto let po objevu AP u mucholapky bylo objeveno, ze AP mohou také za ohybovou
reakci tentakul rosnatky, kde ohybani tentakul je umérné poctu spusténych AP (Williams and
Pickard 1972). Elektrickymi signaly rosnatky kapské (Drosera capensis) se podrobn¢ zabyval

Krausko a kolektiv autori (2017). Mechanicky stimul ve formé& polozeni drobnych
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polystyrenovych kuli¢ek na past spustil receptorovy potencial a sérii APs. Vlastnosti a sekvence
APs byly velmi podobné tém, které zpozorovali Williams and Spanswick (1976) v rosnatce
okrouhlolisté (D. rotundifolia) a rosnatce prostfedni (D. intermedia). Williams and Pickard
(1972, 1980) zjistili, ze AP zac¢ina tésné pod hlavickou tentakuly a je Sifen pouze do jeji baze,
nesiti se ale do Cepele pasti. Podle téchto studii se tedy kazda tentakula chova individudlné
a nezavisle na sousednich tentakulach. Otazkou bylo, jak vysvétlit skute¢nost, ze se sousedni
tentakuly, které nejsou v ptimém kontaktu s kofisti, casem pomalu ohybaji k mistu, kde je
zadrzen hmyz. Krausko a kolektiv ukazali, ze zaroven se zpozdénym pohybem okrajovych
tentakul ke stiedu listu, za¢ina rychla oscilace membranového potencialu na spodni strané pasti.
Ohybani okrajovych chapadel, které nejsou v kontaktu s kofisti, tedy neni spustén AP, ale
oscilaci membranového potencialu a také jasmonaty, které se v této chvili za¢inaji hromadit
v pletivu pasti (Nakamura et al. 2013; Krausko et al. 2017). Tyto oscilace jsou pravdépodobné
stupfiovanymi potencialy (graded potentials), které byly zaznamenany ve spodni ¢asti listu
mucholapky podivné v disledku vyvolani AP v pasti (horni ¢asti). Stupiiovany potencial je vina
elektrické excitace, kterda se objevuje jako vysledek kratkodobé depolarizace nebo
hyperpolarizace n&jaké oblasti plasmatické membrany a zmensSuje se vzdalenosti (Volkov et al.
2007). Jak je informace o ulovené kofisti pfevedena do fyziologické odpovédi (tj. zahajeni
travicich procest), zastalo zdhadou dalsi témét puldruhé stoleti od objevu AP u rosnatky
a souvisi pravé s hromadénim rostlinnych hormont jasmonatt v pletivu pasti, 0 cemz se pise
vice v kapitole 2.4.

Aldrovandka méchytkata (Aldrovanda vesiculosa) je jedinym zastupcem botanického
rodu aldrovandka z ¢eledi rosnatkovité (Droseraceae). Ma 3—6 mm velkou sviraci ¢epel, ktera
pfipomind past blizce piibuzné mucholapky: sklad4 se ze dvou konvexnich lalok, které jsou
pfipojeny ke stfednimu zebru. Dvacet az Ctyficet spoustécich vyenélkl je soustfedéno podél
stfedniho Zebra a podél hranice uzaviratelné plochy kazdé pasti (Lloyd 1942; Cross 2012). Po
mechanickém podrazdéni jsou generovany AP. Past se pak uzavie béhem 14-50 ms (lijima and
Sibaoka 1981, 1982). Charakteristiky klidového, receptorového a akéniho potencialu a vzory
prenosu signalu jsou podobné tém v mucholapce (Juniper et al. 1989; Sibaoka 1991). Elektrické
a chemické podnéty také vedou k uzavieni pasti (Ashida 1935). Protoze aldrovandka generuje
AP v reakci na mechanickou stimulaci, nasledna sekvence signalizacnich udalosti je
pravdépodobné také podobna a zahrnuje akumulaci JAs indukovanou Ca?*.

Pohyblivé pasti maji také vodni druhy bublinatek. Jejich saci méchyrky jsou 1-6 mm
velké, diskovité duté méchyiky s pruznymi bocnimi st€énami a obsahuji citlivd pohybliva
dvirka, hermeticky uzavirajici past. Neptetrzité odCerpavani vody z pasti udrzuje uvniti pasti
podtlak, ktery je hnaci silou pro chyceni kofisti (Poppinga et al. 2016, 2018; Adamec 2018).

42



Kdyz se kofist (typicky mali korysi) dotkne jednoho ze spoustécich chloupkli uvniti pasti
bublinatky, také se spusti jeji ultrarychlé sklapnuti. Tento pohyb je nejrychlejsi v rostlinné fisi.
Dosud neni zcela jasné, zda je zakladni proces tohoto pohybu Cisté mechanicky, nebo zda je
zapojena elektricka signalizace stejné jako v mucholapce, aldrovandce a rosnatce. Dosavadni
vysledky ale zatim nasvédcuji tomu, Ze elektricka signalizace v této rostliné neni vyuzivana.
Napi. Masi et al. (2016) méfili pomoci multielektrodového systému elektrické odezvy
v bunkach pasti bublinatky (Utricularia reflexa), ale neprokazali pienos signalu. Pokusy
0 sklapnuti pasti bublinatky elektricky nebyly uspé$né (Sydenham and Findlay 1973),
a pusobenim nizké teploty ¢i blokatort iontovych kanali neovlivnilo spusténi, coz odkazuje na
Cisté mechanicky spoustéci mechanismus (Adamec 2014).

V lackach nebyly dosud naméfeny zadné elektrické signaly (Saganova et al. 2018).

2.2. Ca?* v masozravych rostlinach

Vapnikova signalizace byla dosud nejvice zkoumana u mucholapky. Jak bylo napsano
v piedchozi kapitole, mucholapka velmi rychle sklapne past, aby chytila kofist. Tento pohyb
vyzaduje obvykle dva Uspé$né mechanické stimuly spoustéciho vyénélku uvnité pasti
Vv intervalu pfiblizné€ 30 vtetfin. Mechanicka stimulace vyvolava APs, které se §ifi do obou lalok
pasti (Sibaoka 1966). Predpoklada se, Ze neznamy biologicky systém v mucholapce si
zapamatuje prvni podnét a ptenese signal z citlivého vycnélku uvnitf pasti na Cepel listu
(Juniper et al. 1989). Baze spoustécich vyénélki mucholapky obsahuje bohaté vyvinuté
membrany endoplazmatického retikula, slouzici jako zasobarna Ca?*. Studie, které publikoval
Hodick a Sievers (1988, 1989) ukazaly, ze uzavirani pasti je blokovano inhibitory Ca?* kanald,
které by mély inhibovat zvyseni [Ca?*]eyt v buiikdch, coz zdiraziiuje vyznam Ca?* pii této
reakci. Na zakladé¢ téchto vysledki byl navrzen nasledujici mechanismus paméti mucholapky
(Hodick and Sievers 1988; Hedrich and Neher 2018): 1) [Ca?*]eyt se zvysuje béhem excitace;
2) [Ca®**]et nebo koncentrace nékterych Ca?*-aktivovanych regulaénich molekul musi
dosahnout urcitého prahu, aby byl zah4jen pohyb; 3) jediny akéni potencidl nestaci ke zvySeni
[Ca*]eyt na prahovou hodnotu a ke spusténi pohybu jsou nutné alespont dva akéni potencialy;
4) [Ca®*]cyt klesd po prvnim stimulu a po 30 vtefinach nedoséhne prahu ani p¥i druhém stimulu.
Tato hypotéza ale nebyla dlouho pfimo testovana, protoze chybéla metoda ¢asoprostorového
monitorovani vapniku. To se ale zménilo v roce 2020. Tymu profesora Mitsuyasu Hasebe se
podafila Uisp&na transformace mucholapky exprimujici senzor Ca?" pro sledovani jeho
dynamiky. Prvni mechanicky stimul spoustéciho vyénélku zpisobil zvyseni [Ca?*]cyt zaéinajici
ve vyénélku a $ifici se do &epele pasti. Druhy stimul zvysil [Ca?*]eyt na jestd vyssi uroven

a dosahl prahu, ktery koreluje s uzavienim listové &epele. Protoze [Ca®*Jeyt se po prvnim
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stimulu postupné snizovala, zvyseni [Ca?*]ey, které bylo vyvolano druhym stimulem po vice
nez 30 sekundach, bylo nedostate¢né k dosazeni domné&lého prahu pro pohyb. VIna Ca?*
spousténd mechanickou stimulaci se pohybovala o fad rychleji nez vlna vyvolana poranénim
fapikd husenic¢ku (Suda et al. 2020).

Pravdépodobné zapojeni Ca®* do aktivace jasmonatové signalni drahy u lackovky
banaté (Nepenthes alata) popsal nedavno (Vadassery et al. 2019). Prtisel na to pomoci
neomycinu, coZ je aminoglykosidové antibiotikum, které blokuje uvoliiovani Ca®*
z extracelularnich zdroji. Bylo znamo, Ze u huseni¢ku neomycin ovlivnil akumulaci [Ca?*]cyt
I JA-Ile a také expresi gent odpovidajich na JA-lle (vsp2 a lox2), pokud byly rostliny osetfeny
ustnim sekretem z bylozravych larev (Spodoptera littiralis; Vadassery et al. 2014). V publikaci
Vadassery et al. (2019) byla méfena proteolyticka aktivita nepenthesinu, ktera jak je znamo, je
regulovana JA a to za pfitomnosti nebo nepfitomnosti neomycinu. Neomycin vyznamné snizil
protedzovou aktivitu, z ¢ehoz lze odvodit zablokovéani uvolnéni Ca?* diileZitych pro naslednou

vapnikovou signalizaci.

2.3. Reaktivni formy kysliku v masoZravych rostlinach

Role ROS pfi vyvolani masozravé reakce nebyla dosud podrobné studovéana, nicméné par
autorl se ji zabyvalo. Zahy po chyceni kofisti chyceni kofisti travici zldzy MR zalinaji
vylucovat rizné derivaty naftochinonu, jako je plumbagin a droseron. Naftochinon je
sekundérni metabolit v pfirod¢ se vyskytujici v rdmci riznych ¢eledi rostlin. Naftochinony jsou
popsany zejména jako antimikrobidlni metabolity, proto je zajimavé, Ze byly nalezeny také
v travici tekutin¢ lackovek, napf. droseron (5-O-metyl-droseron) v lackovce khasijské (N.
khasiana; Eilenberg et al. 2010) a plumbagin (7-metyl-juglon) v lackovce biichaté (N.
ventricosa; Buch et al. 2013). Tyto sekundarni metabolity pfichazeji do styku
s elektrontransportnimi flavinovymi enzymy zahrnujici NAD(P)H-dehydrogenazy nebo
oxidazy (diafordzy) na bunécné sténé kofisti a vytvareji tak ROS predurcujici kofist pro
proteolytickou degradaci (Galek et al. 1990; Chia et al. 2004; Eilenberg et al. 2010).
Koncentrace naftochinont v travici tekuting 1a¢kovky byla indukovana chitinem (Eilenberg et
al. 2010). Do tohoto procesu jsou zapojeny pravdépodobné taky peroxidazy, které jsou mezi
enzymy detekovanymi v travici tekutiné mucholapky (Schulze et al. 2012) a dalsich 1a¢kovkach
(Rottloff et al. 2016; Lee et al. 2016). Aby bylo zabranéno skodlivym u¢inkim oxidace, pasti
aktivné odstraiiuji produkty oxidace pomoci specidlnich mechanismi. Ptipadné apoptoze
vyvolané ROS predchazeji syntézou inhibitortt programované bunécné smrti (Bemm et al.
2016). Ptesna role ROS v draze pfenosu signalu a/nebo traveni je u masozravych rostlin ale

nejasna a zaslouzi si dalsi pozornost.
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2.4. Jasmonaty a dalsi rostlinné hormony v masozZravych rostliniach

Fytohormony kontroluji vSechny aspekty ristu a vyvoje rostlin, takze se predpokladalo, ze maji
funkci také pii masozravosti rostlin, kde je travici proces také indukovatelny. Napft. o rosnatce
kapské se veédélo, ze rychla reakce tentakul (béhem 10-30 s), které jsou v piimém kontaktu
s koftisti, je spojena s ak¢nimi potencialy. U pomalé reakce ostatnich tentakul, které nejsou
v piimém kontaktu s kofisti, a zacind az nékolik hodin po stimulaci, se tcast elektrickych
signall neprokazala. S pomalou reakci tentakul zacina i1 vice ¢i méné silné ohnuti celé listové
Cepele, ktera pak obepinad kofist. Pfedpokladalo se tedy, Ze excitatni podmét je prenaSen
rostlinnymi hormony, které zplisobi tento pomaly pohyb tentakul i ohyb listové Cepele.
(Williams and Spanswick 1976; Williams and Pickard 1980). O hormonech podilejicich se na
regulaci tohoto typu pohybu vSak nebylo nic znamo, a proto za ti€elem ziskéani urc¢itého ndhledu
na tento regulacni proces a ti¢ast hormond na ném, aplikovali (Bopp and Weber 1981) na list
rosnatky kapské kyselinu indol-3-octovou (indol-3-acetic acid; IAA) a rizné slouceniny, které
jsou vuci IAA antagonistické jako kyselinu abscisovou (abscisic acid; ABA) a kyselinu 2,3,5-
trijodbenzoovou (triiodobenzoic acid; TIBA). Aplikace IAA bud’ na kofist, nebo na $picku
listu, zesilila ohybovou rekci. TIBA inhibovala ohyb reverzibiln¢ a ABA ireverzibilné.
Aplikace TIBA mezi kofist a Spicku listu sniZovala ohybovou reakci. Aplikace TIBA na bazélni
¢ast listu ale neméla zadny ucinek. Z téchto vysledkd dosli autofi k zavéru, Ze ohyb je
disledkem vnitiniho proudu auxinu od $picky listu do bodu ohybu, vyvolaného kofisti (Bopp
and Weber 1981). Pozdgji se ale ukazalo, ze auxin neni zodpovédny za zahajeni traveni kofisti,
ale je spiSe dusledkem ohybu listu (Nakamura et al. 2013). Roli auxinu v ohybové reakci pasti
rosnatky nedavno ozivil La Porta et al. (2019). Jelikoz vSak ucinek nastava az po nekolika
hodinach, jedna se spis o dusledek nez pfi¢inu ohybové reakce.

Cesta za objevenim slou€eniny, kterd by byla zodpovédna za aktivaci pasti a spusténi
travicich procesii ani po dalSich tficeti letech nebyla uplné jednoducha. Svym zptsobem piispél
Ueda a kolektiv autorti (2010), ktefi hledali néjaky bioaktivni metabolit, ktery by byl postupné
akumulovan v pasti mucholapky v reakci na stimuly, a mohl by byt zodpovédny za jeji
uzavieni. Tuto neznamou molekulu pojmenovali jako faktor uzavirajici past (trap-closing
factor). Nejprve byl proveden biotest, kdy byly jednotlivé listy s pasti ustfizeny a vloZzeny do
nadoby s roztokem vzorkt riiznych slouc¢enin. Roztok se nechal absorbovat do listl transpiraci
a bylo sledovani chovani pasti. Roztok vzorku, ktery zptsobil uzavieni vice nez polovinu v§ech
pasti bez jakéhokoliv podnétu béhem 96 hodin, byl povazovan za biologicky aktivni. Nicméné
pomoci tohoto biologického testu bylo testovano také Sest rostlinnych hormont: 1AA, giberelin,

cytokinin, brassinolid, ABA a JA. Zadny z nich vSak nezpusobil uzavieni pasti pii

45



fyziologickych koncentracich, z ¢ehoz autofi odvodili, Ze uzavieni pasti neni regulovano
rostlinnymi hormony. Pfesto se zde objevil prvni ndznak, Ze se JA ucastni masozravé reakce.
Derivat kyseliny jasmonové, 7-is0-JA-Ile byl slabé uc¢inny, nicméné koronatin, molekularni
napodobenina 7-iso-JA-Ile byl velmi G¢inny — zpusobil uzavieni pasti pti koncentraci pouhych
0,03 uM. V uzaviené pasti byl také identifikovan jasmonatovy derivat B-D-glukopyranosyl 12-
hydroxyjasmonové kyseliny, jehoz 7-is0 forma byla aktivni jiz pii 3 uM. Tento objev poskytl
zéklad pro dalsi zkoumani tohoto fenoménu a umoznil navrhnout vhodné molekularni nastroje
k objasnéni dalsich podrobnosti fyziologického mechanismu zavirani pasti (Ueda et al. 2010).

O rok pozdg¢ji studie profesora Rainera Hedricha a jeho tymu ukézala, Ze mucholapka
pii traveni kofisti akumuluje OPDA, a autofi pfedpokladali, JA-nezavislou a OPDA-zavislou
regulaci travicich procest podobnou popinavé rostlin¢ Bryonia dioica (Escalante-Perez et al.
2011). Avsak aplikace molekularni napodobeniny JA-Ile, koronatinu byla G¢inna pro aktivaci
travicich zlaz mucholapky. Kromé koronatinu, byla spusténa sekrece travicich enzymi, a to
I bez ptedchazejici mechanické stimulace, také po piimé aplikaci OPDA a metylesteru kyseliny
jasmonové do pasti. Tato sekrece enzymu byla doprovdzena pomalym uzavirdnim pasti. Co je
zajimavé, dle autoril jsou jasmonaty aktivni také systémove, protoze aplikace jasmonati do
jedné pasti vyvolalo sekreci a pomalé uzavirani také v ostatnich pastech, nejen v té do které
byla latka aplikovéana. Autofi také uvadi, Ze chyceni kofisti mucholapkou je kromé jasmonatii
modulovano také ABA. Rostliny, které byly vystaveny stresu z nedostatku vody, stejné jako ty,
které byly posprejovany 50 uM ABA, byly méné citlivé na mechanické podrazdéni. Nicméné
ABA neovlivnila zlazovou aktivitu vyvolanou aplikaci OPDA. Tyto objevy demonstruji, Ze
mucholapka kombinuje specialni signalni drdhy. Vypada to, Ze signaly pro pohyb pasti
a sekreci enzymu vyzaduji podobné signalni drahy (Escalante-Perez et al. 2011).

K vyraznému pokroku pfi identifikaci latky zapojujici se do traviciho procesu doslo
s vyvinutim lepSich metod pro identifikaci rostlinnych hormonti z malého mnozstvi rostlinného
vzorku zaloZenych na kapalinové chromatografii ve spojeni s tandemovou hmotnostni
spektrometrii. U nas se o to zaslouzila hlavné Kristyna Flokova a Ondfej Novak z Laboratote
rastovych regulatort v Olomouci — podle jejich postupu v publikaci Flokova et al. (2014) byly
zpracovany nase vzorky masozravych rostlin. Oba jsou spoluautory ¢lanki, kde bylo zjisténo
zvyseni endogennich koncentraci JA a JA-lle v aktivovanych pastech mucholapky (Libiakova
et al. 2014; Pavlovic¢ et al. 2017) a rosnatky (Krausko et al. 2017). V publikaci Pavlovi¢ et al.
(2017) je dokumentovano, Ze by pfirozena endogenni akumulace JA kofisti vyvolala
systémovou reakci, tedy uzavieni a aktivaci traveni také Vv ostatnich systémovych pasti
(Pavlovic et al. 2017). Dalsim prikopnikem v této oblasti je Michael Reichelt z Max Planck

Institutu v némecké Jené, kde jsem byla na stazi. Diky nému byly zjisténo zvySeni endogennich
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koncentraci JA a JA-Ile také v rosnatce (Nakamura et al. 2013; Mithofer et al. 2014) a lackovce
(Yilamujiang et al. 2016). V publikaci Mithofer et al. (2014) byly zvySené hladiny téchto
hormont analyzovany po riiznych stimulech. V pastech, které travily kofist, byly detekovany
vyrazné zvysené hladiny JA i JA-Ile. Poranéni pletiva pasti vyvolalo zvySeni JA, které¢ bylo
srovnatelné se zvySenim po podani Kofisti, ale jen nizkou hladinu JA-lle. Po kombinaci
poranéni a aplikaci ustniho sekretu hmyzu vzrostla koncentrace obou fytohormont rapidné.
Pouze podani kofisti nebo kombinace poranéni a aplikace tGstniho sekretu hmyzu, nikoliv v§ak
poranéni samotné, vyvolala ohybovou reakci rosnatky. Jasmonaty jsou tedy zapojeny jak do
masozravosti, tak stale i do obranné reakce masozravych rostlin vi¢i poskozeni (Mithofer et al.
2014) a rostlina mezi nimi nedokaze vzdy ucinné rozlisit (Krausko et al. 2017). Exogenni
aplikace JA a JA-Ile (pfipadné Koronatinu) byla i¢inna i pii iniciaci sekrece enzymu (Libiakova
etal. 2014; Bemm et al. 2016; Bohm, Scherzer, Krol, et al. 2016; Krausko et al. 2017; Pavlovi¢
et al. 2017). Vsechny tyto vysledky ukazaly, ze JA-lle sim o sob¢ je zodpovédny za zahajeni
traveni. Transkrip¢ni aktivace gend kodujicich enzymy odpovédné za biosyntézu JA-lle byla
dokumentovana v pasti mucholapky po stimulaci kofisti, véetné syntetazy JAR1 zodpovédné
za konjugaci lle na JA (Bemm et al. 2016). Také tc¢ast JA-lle ligandu COI1 a jeho interakce
s JAZ represorem byla nepiimo potvrzena pouzitim inhibitoru koronatin-O-methyloximu, ktery
zabranuje interakci COI1-JAZ u mucholapky (Bemm et al. 2016; Bohm, Scherzer, Krol, et al.
2016), ¢imz autofi vyvratili svou pivodni hypotézu: JA-nezavislou a OPDA-zavislou regulaci
travicich procest v mucholapce.

Existuje také n€kolik dukazi, Ze stresovy hormon Kyselina salicylova (SA), ktery je
Casto v antagonistickém vztahu k JA (Mur et al. 2006), se nepodili na procesech iniciace
traveni, alespon u rodd rosnatka a lackovka (Matusikova et al. 2005; Buch et al. 2015; Krausko
et al. 2017). Krausko a kolektiv autort, ktefi potvrdili blizky vztah mezi obsahem jasmonati
a enzymovou aktivitou u rosnatky kapské, zkoumali také moznou interakci JA s SA a ABA.
Ani SA ani ABA nebyly schopné vyvolat zvySenou aktivitu zkoumanych enzymut. Nicméné
ABA nezménila aktivitu enzymi vyvolanou JA, zatimco SA ji snizila (s vyjimkou
fosfodiesterové aktivity), ackoli ne aZ na zakladni hladinu. Tato ¢aste¢nd inhibice byla ale
pravdépodobné zpusobena reakcei, ktera je podobna hypersenzitivni reakei, protoze listy, na
které byla aplikovana kombinace JA a SA do 48 hodin seschly. Nova publikace (Wan Zakaria
et al. 2019) uvadi, ze ABA by mohla byt zapojena do regulace travicich tekutin v lackovce. Jak

tyto fytohormony interaguji s jasmonatovou signdlni drahou ¢eka na dalsi zkoumani.
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2.5. Enzymy v masozZravych rostliniach

Aby byly masozravé rostliny schopné natravit kotist a ¢erpat z ni ziviny, musi disponovat
travicimi enzymy. Na to, jakym zptisobem masozravé rostliny kofist travi, se snazil pfijit uz
Charles Darwin Darwin (1875) a mnozi dalsi vyzkumnici jeho praci byli inspirovani. Tvorba
travicich enzymi je pro rostliny ale nakladna. Jednim z prostiedkt, kterymi by mohly zlepsit
pomeér nakladl a pfinosti masozravosti je to, aby byly hydrolytické enzymy indukovany pouze
Vv reakci na pritomnost kofisti. Takova regulace vyzaduje, aby rostliny byly schopny vnimat
signaly spojené s kofisti a tyto informace pievést na indukci exprese hydrolaz (Gallie and
Chang 1997).

Masozravé rostliny s aktivnimi lapacimi mechanismy (naptf. mucholapka a rosnatka)
definitivné spoléhaji na mechanickou stimulaci kofisti, kterd indukuje elektrické signaly, a ty
spousti syntézu travicich enzymu (Bemm et al. 2016; Bohm, Scherzer, Krol, et al. 2016;
Krausko et al. 2017; Pavlovic et al. 2017). Pozd¢ji, kdyz boj s kofisti ustane, chemické podnéty
uvéznéné kofisti udrzi travici proces v chodu né€kolik dni (Pavlovi¢ et al. 2014; Krausko et al.
2017). Ne vsechny druhy MR ale disponuji aktivnimi pastmi a travici enzymy Se zde mohou
vyskytovat 1V nepfitomnosti kofisti. Zda se, ze lackovky disponuji autoregulacnim
mechanizmem, kterym si udrzuji uréitou hladinu travicich enzymii i bez podnétti z kofisti (Goh
et al. 2020; Ravee et al. 2021). Po desetileti vSak nebylo jasné, zda i takové MR mohou
aktivovat enzymovou aktivitu v ptitomnosti kofisti. V la¢kach nebyly dosud zjistény zadné
akéni potencialy (Saganova et al. 2018). Zda je i zde exprese hydrolytickych enzymi
potiebnych pro traveni regulovana v reakci na pfitomnost kofisti bylo nejprve zkoumano na
$pirlici nachové (Sarracenia purpurea). Spirlice nevykazovala zadnou indukci sekrece enzymi
v reakci na mechanickou stimulaci, ale zvyseni aktivity proteazy, RNazy, nukleazy a fosfatazy
bylo indukovano v tekutiné neaktivnich pasti pfidanim nukleovych kyselin, proteinu nebo
redukovaného dusiku, coz naznacuje, Ze exprese hydrolaz je indukovéna po vnimani
ptislusného chemického signalu (Gallie and Chang 1997). To, Ze lackovky se musi spoléhat
pouze na chemické podnéty pochazejici z chycené kofisti, potvrzuji 1 pozd¢jsi studie
Yilamujiang et al. (2016) a Saganova et al. (2018). U lackovek se vyzkumnici dlouho
dohadovali, zdali je trdveni provadéno za pomoci bakterii nebo tyto rostliny disponuji svymi
vlastnimi enzymy. Dnes vime, ze oba zplsoby pravdépodobné pfispivaji k rozlozeni kofisti
(Takeuchi et al. 2011).

Nedavné studie ukazaly, ze vSechny studované rody masozravych rostlin v rdmci fadu
hvozdikotvaré¢ bez ohledu na lapaci mechanismy (adhezivni pasti rosnatky, sviraci Cepel

mucholapky, lacky lackovek) akumulovaly JA a JA-Ile v reakci na experimentalni krmeni
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aregulovaly aktivitu travicich enzymu. Jak jiz bylo zminéno vysSe, role endogennich JAS
Vv regulaci botanické masozravosti byla u téchto druhi potvrzena i exogenni aplikaci JA nebo
koronatinu (Nakamura et al. 2013; Libiakova et al. 2014; Mithofer et al. 2014; Buch et al. 2015;
Bo6hm, Scherzer, Krol, et al. 2016; Bohm, Scherzer, Shabala, et al. 2016; Yilamujiang et al.
2016; Krausko et al. 2017; Pavlovi¢ et al. 2017; JakSova et al. 2020).

Mnoho ranych studii se pii charakterizaci enzymi v travici tekutiné spoléhalo pouze
specifické meétfeni enzymovych aktivit. Nové genomické pfistupy, moderni proteomické
analyzy, pokrok v rekombinantnich technologiich a také ¢isténi proteint urychlily identifikaci
a charakterizaci enzymt v MR. Poprvé byly vycistény a prozkoumany enzymatické
a strukturalni vlastnosti dvou kyselych proteaz endogenniho ptivodu (nepenthesins | and 11)
v lackovce (Nepenthes distillatoria; Athauda et al. 2004). Tuto pfelomovou studii nasledovaly
prace Matusikova et al. (2005) a Eilenberg et al. (2006), ktefi nasli chitinasu typu I v travicich
tekutinach rosnatky okrouhlolisté a lackovky khasijské. Hatano a Hamada (2008) provedli
proteomickou analyzu travici tekutiny lackovky banaté (N. alata) pomoci $tépeni v gelu
trypsinem, de novo sestavovani peptidi a vyhledavani homologii pomoci vetejnych databazi,
ve které byly identifikovany sekretované chitindzy, glukandzy, xylosiddzy a protein podobny
thaumatinu. Pozdéji byly stejnymi autory identifikovany také peroxidazy. Nékteré z enzymu se
podafilo naklonovat a blize charakterizovat, napt. chitinazy III a IV (Rottloff et al. 2011;
Ishisaki, Honda, et al. 2012; Ishisaki, Arai, et al. 2012). Nedavno byl u dalsich 1ackovek (N.
ampullaria, N. rafflesiana, N. x hookeriana a N. x ventrata) vyuzit transkriptomicky ptistup
(Wan Zakaria et al. 2016; Zulkapli et al. 2017), ktery mize dobie poslouzit jako referen¢ni
sekvence pro identifikaci dalsich travicich enzymu prostfednictvim proteomické analyzy (Wan
Zakaria et al. 2018). Tento piistup zaloZeny na transkriptomice zvolili (Schulze et al. 2012)
K ur¢eni proteind vysoce exprimovanych v travici tekutiné mucholapky. Objevili koordinovany
mechanismus traveni kofisti usnadnény ruznymi enzymy. Travici tekutina obsahovala
nukleazy, chitinazy, fosfolipazy, fosfatazy, peroxidazy, glukanazy a proteolytické enzymy
zahrnujici cystein protedzu, dvé aspartat protedzy a serin karboxypeptidazu.

Nekteré z téchto proteinti jsou silné strukturalné i funkéné homologni se skupinou
béznych enzymui obrany rostlin, které se podileji na reakci pii patogenezi, tedy PRp. V minulém
desetileti byly identifikovany rizné PRp v proteomu travici tekutiny laékovek a transkriptomu
mucholapek a ziskané z genomu také dalSich masozravych hvozdikotvarych (Caryophyllales;
(Hatano and Hamada 2008, 2012; Schulze et al. 2012; Renner and Specht 2012; Bemm et al.
2016; Butts et al. 2016). Mezi PRp objevenymi v MR patii proteazy, chitinazy, proteiny
podobné osmotinu, proteiny odvozené od patogeneze, proteiny pienasejici lipidy, peroxidazy

a p-1,3-glukanaza. Proteiny v travicich tekutinaich MR byly dale zkoumany, aby se zjistilo,
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jakou roli hraje exaptace v jejich funkéni diverzifikaci. Aby bylo mozné piejit z obrany na
masozravost, bylo mnoho proteinti/travicich enzymi modifikovéano, coz bylo pravdépodobné
fizeno selektivnimi tlaky pfichazejicimi z prostfedi travici tekutiny. Molekularné evolucni
studie odhalily, ze mnoho gent pivodné zapojenych do odpovédi na patogenezi u piedki
nemasozravych rostlin se b&hem evoluce masozravosti duplikovalo a diverzifikovalo
(Eilenberg et al. 2006; Renner and Specht 2012). K ziskani fyziologie traveni bylo vyuzito
proteinovych linii odvozenych od patogeneze spojené s konvergentnimi substitucemi
aminokyselin u nepfibuznych vyvojovych linii MR (Renner and Specht 2012; Arai et al. 2015;
Fukushima et al. 2017).

3. Metodika

Tato kapitola je zaméfena na principy experimentalnich technik, které byly pouzity pro
dosazeni cili této disertani prace. Nicméné konkrétni podrobnosti jsou uvedeny

v odpovidajicich publikacich.

3.1. Méreni elektrickych signala v rostlinach

Pojem elektrické signaly je v této praci pouzit pro udalosti, které jsou detekovany pomoci
citlivych elektrod. Ty mohou byt napichnuté bud’ piimo do bun¢k nebo bunéénych stén
(intracelularni elektrody) nebo umisténé na povrchu rostlinnych organti (povrchové elektrody).
Oba typy elektrod maji své vyhody 1 nevyhody. Intracelularni elektrody poskytuji fascinujici
pohled na excitabilitu riznych typii bun¢k jako napf. sitkovice floému, bunky pokozky nebo
pravodni buiky floému. Nicméné slozeni signali méfenych v kazdém ze zminénych typi
bunék je hodn¢ variabilni, a to 1 kdyz se opakované méfi ve stejném typu buiiky. Povrchové
elektrody podavaji zpravu o elektrickych aktivitdich mnoha bungk. Jejich vyhodou je, Ze jsou
neinvazivni, a proto nekomplikuji studie zahrnujici poranéni rostlinného pletiva. Nevyhodné
je, ze bez relevantnich mutantli obvykle nelze identifikovat bunécny plivod méfené elektrické
aktivity. Kromé toho mohou také zdznam ovlivnit elektrické vlastnosti apoplastu, které jsou
z velké ¢asti neznamé (Farmer et al. 2020).

Pro méfeni elektrickych signaldi Sificich se na dlouhou vzdalenost bylo na Katedie
biofyziky Univerzity Palackého vyvinuto vicekandlové zatizeni, které je podrobné popsano
v publikaci Tlik et al. (2010), proto déle jen struéné. Sifeni elektrického signalu lze timto
zafizenim méfit aZ ¢tyfmi elektrodami pfipojenych k riznym mistim rostlinného téla najednou.
Je vyuzito nepolarizovatelnych povrchovych Ag/AgCl elektrod (primér 1 mm). Tyto elektrody

jsou slozeny ze stiibrného dratku, ktery byl vloZen do roztoku chloridu draselného o standartni
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koncentraci 1M. Tenka vrstva chloridu stfibrného byla vytvofena elektrolyzou chloridu
draselného za pouziti platinové elektrody jako katody, pii plisobeni napéti o 0,5 V na stiibrnou
elektrodu po uréitou dobu (Eggins 1997). Tyto elektrody zahrnuji vyhodu povrchovych
elektrod popsanych vyse, tedy to ze jsou nedestruktivni, obvykle tedy nezpiisobuji stresovou
rekci v rostliné a je zde moznost opakovaného méfeni na téze rostliné. Krom¢ toho maji také
makroskopicky rozmér, diky ¢emuz jsou jednoduse instalovatelné a jejich umisténi je presné
definovéno. Stabilni kontakt elektrod s povrchem rostliny je umoznén diky bézné dostupnému
vodivému gelu, ktery je pouzivan pii elektrokardiografii u lidi. Elektricky potencial konkrétni
¢asti rostliny s pfipojenou povrchovou elektrodou je meéfen proti referencni elektrodé
v kompletnim obvodu. Referenéni elektroda je stejného typu jako méfici elektroda, akorat je
vlozena do sklenéné trubice zakoncenou sklenénou fritou. Trubicka je naplnéna 0,3 M KCI.
Hrot referencni elektrody je pfi méfeni ponofen do podmisky s vodou, kterd je umisténa pod
kvétinaGem s métenou rostlinou (Ilik et al. 2010).

Elektricky signdl je méfen s citlivosti na desitky mikrovolta. Jejich detekce mize byt
snadno narusena vngj$im elektromagnetickym polem nebo Sumem elektrického vedeni.
Jakékoli zapojeni elektrického zatizeni v blizkosti mliZe narusit fddné méteni, proto je rostlina
a elektrody uvnitf Faradayovy klece, kterd je uzemnéna spolu s vyvodem elektrod. Galvanické
odd¢leni méfici jednotky eliminujici rusivé podnéty elektrického vedeni spada také do vyhod
naseho multikandlového meéficiho systému. Vystupni signal z voltmetru je digitalizovan
analogovo/digitalnim pfevodnikem, ktery pfedstavuje data karta v pocitaci (Obr. 8). Zaznamy

elektrickych signalli jsou nasledné zpracovanu softwarem ScopeWin (Ilik et al. 2010).
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Obr. 8: Elektrické schéma nami pouzivaného zatizeni pro méfeni povrchovych elektrickych
potencialit v rostlinach, umisténé uvniti Faradayovy klece. Pierusované cary piedstavuji
obvody, které jsou uzemnény. Signdl je veden pies piedzesilova¢ a optické oddéleni na
prevodnik a pocitaé. (Prevzato z Ilik et al., 2010).
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3.2. Monitorovani fluktuaci intracelularniho vapniku

Pfimé intracelularni monitorovani fluktuaci vapniku in vivo je provadéno bud’ pomoci
fluorescencnich sond, nebo aequorinové technologie zalozené na bioluminiscenci. Nase
experimenty byly provadény dle Kiep et al. (2015), ktetfi vyuzili k monitorovani zvyseni
volného vapniku v cytosolu neinvazivni sledovani celych rozet husenicku rolniho pravé na
zaklad¢ bioluminiscence. Byly vyuzity transgenni rostliny huseni¢ku (Arabidopsis thaliana
Heynh. Col-0 divokého typu) exprimujici gen APOAEQUORIN, ktery je pod kontrolou CaMV
35S promotoru (Kiep et al. 2015). Apoaequorin je proteinovou ¢asti aequorinu (Obr. 9).
Aequorin je ¢lenem rodiny proteint vazajicich vapnik. Tento vapnikem aktivovany fotoprotein
byl poprvé izolovan z meduzy Aequorea victoria a dle ni byl také pojmenovan (Shimomura
1995a). Aequorin je holoprotein slozeny ze dvou odlisnych jednotek: jak jiz bylo napsano,
apoproteinu, ktery se nazyva apoaequorin, o pfiblizné¢ molekulové hmotnost 21 kDa
a prostetické skupiny coelenterazinu, luciferinu (Shimomura and Johnson 1978). To znamena,
Ze apoaequorin je enzym a coelenterazin substrat, jehoz oxidaci enzym katalyzuje (Obr. 9).
Protein obsahuje tfi domény, tzv. EF-Hand, které funguji jako vazebna mista pro Ca®*
(Charbonneau et al. 1985). Vazebné misto pro prvni dva atomy vapniku vykazuje 20krat vétsi
vazebné domény vazou vapnik, byla pozdé&ji zpochybnéna (Deng et al. 2005). Titracni studie
ukazaly, ze vSechna tfi mista vazajici vapnik jsou aktivni, ale ke spusténi enzymatické reakce
jsou potieba pouze dva ionty (Shimomura and Inouye 1996).

Pted kazdym métfenim jsou rostliny postiikdny 10 uM coelenterazinem rozpusténym
v 0,01% Tweenu 20 a poté uschovana na 6 hodin do tmy. Jakmile je rostlina n¢jakym zplisobem
stimulovana, napf. poskozena, Ca?* je navazan na aequorin a protein emituje zafeni. Maximalni
emise aequorinové bioluminiscence zavislé na Ca®" je v rozsahu 440 az 475 nm. Za pouziti
vysoce citlivych chlazenych fotonasobicti a CCD kamer S vysokym rozliSenim jsme schopni

tuto emisi detekovat.
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Obr. 9: Schéma luminiscen¢ni reakce aequorinu. Aequorin se sklada z komplexu apoaequorinu
(apoproteinu) a chromoforu, coelenterazinu. Luminiscenéni reakce je zahdjena vazbou Ca®* na
aequorin ,,nabity koelenterazinem® v ptitomnosti nebo nepfitomnosti molekularniho kysliku.
Obecné plati, Ze maximalni emise aequorinové bioluminiscence zavislé na Ca®" je v rozsahu
440 az 475 nm. (Ptevzato z Jiang et al. (2016).

3.3. Analyza rostlinnych hormonii

Rostlinné hormony (fytohormony) se v rostlinném pletivu vyskytuji v extrémné nizkych
koncentracich (fmol az pmol-g ! gerstvé hmoty rostlinného materialu) spoleéné s molekulami
S podobnymi fyzikalné-chemickymi vlastnostmi. Rostlinné hormony jsou rozdéleny do
nékolika strukturnich tfid. V jedné skupiné fytohormont se pfitom nachazi i n€kolik desitek
derivatt. Jedna se o rizné konjugaty s aminokyselinami ¢i sacharidy, ¢asto jde také o izomery
se stejnou strukturou ale s vyznamné odliSnou biologickou aktivitou. Z téchto davodi je
analyza fytohormonti velmi naro¢na (Podlesakova et al. 2012; Simura et al. 2018). V Laboratofi
ristovych regulatort Univerzity Palackého a Akademie véd Ceské republiky byla oviem
vyvinuta vysoce citliva a u¢innd metoda, ktera umoznila kvantitativni analyzu 16 stresem
indukovanych fytohormonti véetné JA, jejich biosyntetickych prekurzorii a konjugatd, 1AA,
ABA a SA. Pouzitim protokolu, ktery je popsan v publikaci Flokova et al. (2014) jsme byli
schopni dosdhnout vysokého vytézku z minimdlniho mnozstvi rostlinného materialu (4-20 mg
cerstvé hmoty).

Celkovy uspéch analytického stanoveni rostlinnych hormonii zalezi na provedeni
ptipravy vzorka pied samotnou analyzou. Volba vhodné metody ptipravy vzorku rozhoduje
nejen o presnosti stanoveni dané latky (analytu), ale viibec o moZznosti jejiho urceni. PO
homogenizaci a navadZeni rostlinného materialu (vSe probihajici za nizké teploty pii pouziti
tekutého dusiku a nejlépe také suchého ledu, aby neslo k roztopeni vzorku, a tedy degradaci
7adanych analytt), nastava extrakce. Ulohou extrakénich procesi je pievedeni latek, které jsou
pfedmétem naSeho z4jmu, do extrakéniho ¢inidla. Fytohormony jsou obvykle extrahovany do
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organickych rozpoustédel snadno misitelnych s vodou, jako jsou metanol, etanol a aceton.
V naSem piipadé€ byl zvolen 10% metanol. Aby byla moZzna néasledné kvantitativni analyza, je
ke vzorku s rozpoustédlem piidano znamé mnozstvi smési internich standardu, tj. odpovidajici
rostlinné hormony znacené deuteriem nebo jinym stabilnim izotopem. Aby nedoslo v pribehu
extrakce k enzymatické, tepelné ¢i oxidativni degradaci latek, probihé extrakce preventivné za
snizené teploty. Pouzité teplota zavisi na obsahu vodné slozky v extrakénim ¢inidle a pohybuje
se v rozmezi 4 °C az -20 °C (Tarkowski et al. 2004). Tuhé podily jsou nasledné odstranéni
centrifugaci a pfenesenim extraktu do Cist¢ mikrozkumavky.

Pro zesileni signali stopovych sloucenin, jako jsou rostlinné hormony, je (vétSinou)
nezbytné pied instrumentélni analyzou snizit vliv hojnych interferujicich sloucenin pfitomnych
Vv rostlinnych matricich dislednou purifikaci extraktti (Du et al. 2012). K tomu se vyuziva
nejCastéji  precisténi pomoci extrakce na pevné fazi (SPE, solid phase extraction)
S univerzalnimi sorbenty. Purifikace musi poskytnout dostatecny stupeni precisténi, pfitom ale
musi byt zachovana uspokojiva navratnost analytti. Jednotlivé stupné purifika¢niho protokolu
by mély z ptavodniho rostlinného extraktu eliminovat vSechny ostatni latky (sekundarni
metabolity, cukry, peptidy, aminokyseliny, pigmenty apod.). Pfecistény biologicky material by
pak m¢l obsahovat jen pozadované rostlinné hormony, piipadné latky, které naslednou analyzu
nerusi. (Tarkowski et al. 2004). V nasem ptipad¢ byl vyuzit jednokrokovy purifika¢ni protokol
pii pouziti SPE kolonky Oasis® HLB. HLB sorbent je popsan jako makroporézni kopolymer
[poly-(divinylbenzen-co-N-vinylpyrrolidon)] s hydrofilnimi i lipofilnimi reten¢nimi
vlastnostmi. Na tomto sorbentu, pies ktery protéka vzorek, dojde v disledku molekulovych
interakei k zadrZeni pozadované latky. Nezaddouci ptimési jsou z kolonky selektivné odstranény
promytim spravné zvolenym rozpoustédlem (v nasSem piipadé¢ 10% metanol). Na zavér jsou
z kolonky zadouci analyty znovuziskany/eluovany elu¢nim rozpoustédlem (v naSem piipadé
80% metanolem) v podobé vysoce Cistého extraktu. Takovyto extrakt ma ¢asto podstatné vyssi
koncentraci analytu, nez m¢l ptvodni vzorek. Pritok kapalin vedenych ptes kolonku je
urychlovan vakuem na vystupu z kolonky nebo tlakem na vstupu kolonky (Klouda 2003).

V dal§im kroku je nutno provést zahusténi vzorku, na coZ je mozné vyuZit vicero metod
(odpatovanim v proudu dusiku, na rota¢ni vakuové odparce nebo lyofilizaci), v nasem piipadé
bylo zvoleno odpafeni pod proudem dusiku. Do sucha odpateny vzorek je dale rozpustén do
roztoku, ktery odpovida mobilni fazi kapalinové chromatografie (Tarkowski et al. 2004).
V naSem piipad€ do 40 ul 15% acetonitrilu okyselenym 10 mM kyselinou mravenci. Takhle je
vzorek pfipraven pro analyzu.

V pribéhu mého doktorského studia jsem meéla moznost vyzkousSet si 1 jiny zpusob

piipravy vzorkl pro analyzu fytohormont. Ve spolupraci s Mgr. Ondiejem Vrobelem a doc.
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RNDr. Petrem Tarkowskim Ph.D. z oddéleni Fytochemie Centra regionu Hana pro
biotechnologicky a zemédélsky vyzkum byla analyza rostlinnych hormonii provedena dle
postupu popsaném v Simura et al. (2018). Zména v postupu spoéivala V pouziti jiného
extrakéniho ¢inidla (50% acetonitril) a HLB sorbent byl pouZit k zadrzeni moZnych
interferujicich sloucenin, zatimco cilené slouceniny prochéazely ptes sorbent SPE kolony
a jednotlivé frakce byly sbirany do borosilikatovych zkumavek. Nasledné byla kolonka jesté
promyta 30% acetonitrilem a tato frakce byla sesbirana do zkumavky se vzorkem. Spojené
frakce byly odpaieny do sucha pomoci centrifuga¢ni vakuové odparky. P¥i mé stazi na Max
Planck Institutu v némecké Jené byly analyzy fytohormond provadény ve spolupraci s Dr.
Michaelem Reicheltem. Piiprava vzorku zcela postradala purifika¢ni krok a nevyhodou byla
nutnost pouziti vétstho mnozstvi vstupniho rostlinného materiadlu. Cely postup popsan napf.
v Heyer et al. (2018). Naroky na mnozstvi materialu a stupni pro¢isténi jsou totiz kladeny dle
typu analytické metody.

Nejpouzivangjsi metody jsou zalozeny na separaci kapalinovou chromatografii (LC;
liquid chromatography) nebo plynovou chromatografii v kombinaci s tandemovou hmotnostni
spektrometrii (MS/MS; mass spectrometry/mass spectrometry). Hlavni pfednosti téchto
kombinaci je vysoka citlivost a vSestrannost. Dnes ziejmé nejpouzivanéjsi technikou v oblasti
kvalitativni a kvantitativni analyzy rostlinnych hormond je vysokouc¢inna kapalinova
chromatografie (HPLC; High Performance Liquid Chromatography). Vedle vysoké separa¢ni
ucinnosti a rychlosti je jeji velkou vyhodou moZznost spojeni s celou fadou technik findlni
analyzy véetné¢ MS/MS (Tarkowski et al., 2004). Nejmodernéjsim HPLC systémem je ultra
ucinna kapalinovd chromatografie, ktera pracuje za pouziti vysSich tlaka (100 MPa)
a s mensimi velikostmi sorbentll (< 2 um; Motyka and Hlavac 2009).

Dany analyt je identifikovan na zakladé retencniho casu v ¢asti LC a pomoci vysoce
selektivniho monitorovani ptechodi iontt z prekurzoru na produkt v ¢asti MS/MS. Reten¢ni
¢as je zcela specificky pro kazdou molekulu. Je to celkovy cas, jaky stravi ptislusny analyt
Vv separa¢ni koloné zavisejici na molekulovych interakcich analytu ke stacionarni fazi kolony.
Jednotlivé analyty rozdélené na kolon& dale pokracuji do iontového zdroje hmotnostniho
spektrometru. Molekuly vzorku jsou z kapalné faze pievedeny do plynné faze a nasledné
pfevedeny na ionty. Prekurzorovy ion je excitovan v kolizni cele srdzkou s molekulou inertniho
plynu. Dochazi k fragmentaci., tj. rozpadu molekuly na mensi Casti (ionty a neutralni
molekuly). Fragmenty jsou charakteristické pro danou strukturu a fragmentacni spektra lze
vyhledat v databazich. Signal z detektoru je zaznamenavan pomoci pocitace do podoby

chromatogramu. Koncentrace analytu pti kvantitativni analyze je pak zjednodusené vypocitana

55



z plochy pod pikem vzorku a odpovidajici interniho standardu a znamé koncentraci interniho

standardu.

3.4.1zolace RNA a kvantitativni polymerazova retézova reakce v realném ¢ase

K objasnéni exprese klicovych gend, jejichz produkty se podileji na biosyntetické draze JA,
byla pouzita kvantitativni polymerazova fetézova reakce v realném case (RT-qPCR). K tomu
je ale nejprve nezbytnd izolace vysoce kvalitni celkové RNA zrostlinného materialu.
V pribéhu mého doktorského studia jsem si vyzkousela vicero metod izolace RNA: fenol-
chloroformovou izolaci, precipitaci RNA etanolem a octanem sodnym, v naSich publikacich
jsou ale popsany nasledujici dvé. V soucasnosti asi nejpouzivanéjs$i je modifikace tradi¢ni
fenol-chloroformové izolace, kdy se misto fenolu pouziva komeréné dostupné reagencie
TRIzol® Reagent. TRIzol® je jednofizovy roztok fenolu, guanidin isothiokyanatu a dalsich
proprietarnich slozek. Princip této metody je ale stejny jako v pfipadé klasické fenol-
chloroformové extrakce. TRIzoI® slouzi jako extrakéni ¢&inidlo, poté se knému ptida
chloroform a po centrifugaci se homogenat rozdéli na tfi faze: RNA se selektivné extrahuje do
horni ¢iré vodné faze, mezifaze ve form¢ bilého prstence obsahuje DNA a fialova spodni
organicka vrstva obsahuje proteiny. Z vodné faze se RNA vysrazi isopropanolem. Nasledné se
promyva etanolem a vysuSena srazenina se rozpusti ve vodé (Thermo Fisher Scientific Inc.
2016).

V soucasnosti je pro izolaci RNA k dispozici velké mnozstvi komerénich souprav, které
jsou zaloZené na né€kolikero ¢asto velmi podobnych principech, které jsou soucasti patentoveé
ochrany. Rostliny jsou dobfe znamé svou rozmanitosti v sekundarnich metabolitech. Néktera
rostlinnd pletiva jsou obohacena o polyfenolické slou€eniny nebo tfisloviny a jiné jsou
obohaceny o polysacharidy. Tyto sekundarni metabolity Casto interferuji s izolaci RNA
a pouzitim RNA v nédslednych aplikacich. Nami nejvice vyuZzivana je souprava Spectrum™
Plant Total RNA Kit, ktera osvédcené eliminuje tyto interferujici slozky a dalsi vyhodou je, Ze
neobsahuje nebezpecné organické solventy jako je fenol a chloroform. Je to pohodlna metoda
pro purifikaci vysoce kvalitni celkové RNA z naro¢nych rostlinnych druht, jako jsou napf.
pravé masozravé rostliny. Princip této metody spociva vtom, Ze RNA z rozmélnéného
rostlinného materidlu na jemny prasek je extrahovana v lyzacnim roztoku, ktery zaroven
inaktivuje pfitomné ribonukleazy a interferujici sekundarni metabolity. Po odstranéni
bunéénych zbytkl pomoci centrifugace je extrakt smichan s unikatnim vazebnym roztokem
a tento mix je aplikovan na vazebnou kolonku. Vazebny roztok G¢inné zabranuje ucpani kolony
polysacharidy i genomovou DNA. Zbytkové necistoty a zbytky genomové DNA jsou nasledné

odstranény promyvacimi roztoky a ¢istd RNA je na zavér eluovana z kolony vodou, ve které je
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RNA rozpustna (Sigma-Aldrich Co. 2010). Takto purifikovana RNA je pfipravena
k okamzitému pouziti pro rizné aplikace, nicméné v nasem piipadé jest¢ dale pokracuje
V piecisténi a zakoncentrovani RNA soupravou Clean and Concentrator ™, kterd je zaloZen4 na
stejném principu. Takto purifikovana RNA by teoreticky jiz neméla obsahovat Zzadnou
genomickou DNA nebo jen stopova mnozstvi, pro n¢které citlivé aplikace jako je RT-qPCR je
vsak nutné genomovou DNA odstranit, k ¢emuz se vyuziva DNaza ptilozena k soupravé (Zymo
Research 2021). Koncentrace RNA je zméfena na spektrofotometru NanoDrop™ 1000
a integrita RNA byva zkontrolovana pomoci agarové gelové elektroforézy.

Nicméné vstupem do RT-gPCR je komplementdirni DNA (cDNA), ktera je
syntetizovana podle RNA, slouzici jako templat. Metoda PCR je cilena na DNA, proto je
nejprve nutné provést reverzni transkripci, napt. iScript™ cDNA Syntesis Kit. RT-gPCR je
varianta PCR, kde se mnozstvi PCR produktii DNA spektrofluorometricky spocita po kazdém
cyklu amplifikace, tedy v realném case, nikoli na jejim konci jako u klasické PCR. Aby bylo
mozné spektrofluorescencni méteni, je nutné fluorescencni znaceni PCR produktu. K tomu
vyuzivame interkalac¢ni fluorescencni barvivo SYBR Green, které se specificky vaze na
dvojvldknovou DNA. Toto barvivo vykazuje v nevdzaném stavu velmi nizkou fluorescenci, po
vazbé na dvojvlaknovou DNA se fluorescence zvySuje az 1000x. Tento fluorescencni signal je

kontinualn¢ zaznamenavan (Gbelcova et al. 2017).

3.5. Elektroforetické separa¢ni metody

Elektroforéza je metoda pouZivana pro separaci sloucenin, zalozené na pohybu nabitych ¢astic
(molekul) v elektrickém poli. V naSich experimentech byly pouzity dva typy elektroforézy:
elektroforézu na polyakrylamidovém gelu V denaturujicich podminkach pro proteiny
a elektroforézu na agar6zovém gelu pro separaci nukleovych kyselin.

Prvni uvedeny typ elektroforézy je zalozen na separaci v polyakrylamidovém gelu
(PolyAcrylamide Gel Electrophoresis — PAGE). Elektroforeticky gel se pfipravuje ze smgési
monomernich (akrylamid) a dimernich (bisakrylamid) forem. Proporcionalni mnozstvi téchto
dvou slou¢enin ma za nasledek konec¢né vlastnosti gelu, charakterizované velikosti port v gelu,
a tedy kvalitou separace (Riichel et al. 1978). Slozeni gelu je charakterizovano hodnotami T
aC, kde T znamena celkovou (total) koncentraci akrylamidu a bisakrylamidu a C udava
procentualni koncentraci ,.cross-linkeru®, kterym je bisakrylamid. Polymerace roztoku
akrylamidu je iniciovédna pfidanim persiranu amonného, pfi¢emz siranové radikaly slouZi jako
donor elektronti a reakce je katalyzovana N,N,N',N'-tetramethylendiaminem, ktery slouzi jako

nosi¢ elektront.
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Pro elektroforetickou separaci proteint v denatura¢nich podminkach jsme pouzili SDS-
PAGE, kdy se dodecylsiran sodny (SDS; sodium dodecyl sulphate) navaze na proteiny, zptisobi
jejich denaturaci a pfida jim negativni naboj, ktery se vyuziva pii separaci proteini
Vv elektrickém poli. SDS spolu s nékterymi redukénimi cinidly (napf. dithiotreitol,
merkaptoetanol) zptsobuje disociaci kvartérnich a terndrnich proteinovych struktur, ¢imz
dochazi k disociaci proteinovych komplexi na jednotlivé proteiny (Laemmli 1970). Pii SDS-
PAGE jsou proteiny separovany podle jejich molekulové hmotnosti. V naSich experimentech
jsme pouzili Tricinovy Systém (Schiagger 2006)), ktery poskytuje lepsi separaci mensich
molekul. Proteiny v gelech byly bud’ vizualizovany barvenim stiibrem (ProteoSilver; Sigma
Aldrich).

Elektroforéza na agardézovém gelu byla pouzita pro separaci nukleovych kyselin
Kk potvrzeni velikosti produkti PCR amplifikace v experimentech s méfenim genové exprese.
Agardza je polysacharid (linearni polymer D-galaktozy a 3,6-anhydro-L-galaktozy) ziskany
¢isténim agaru, ktery se izoluje z Cervenych tas. Agardza se objevuje obvykle ve formé prasku,
ktery se vafi ve vhodném pufru, nejcastéji 1 x TAE (Tris — acetdt — EDTA) a roztok agardzy po
ochlazeni tuhne. Analogicky jako polyakrylamidové gely maji i agardézové gely sitovitou
strukturu umozilujici separaci nukleovych kyselin podle jejich molekulové hmotnosti. Pohyb
nukleovych kyselin v elektrickém poli je zajistén fosfatovymi skupinami, které molekuldm
udéluji zaporny naboj (Serwer 1983; Zimm and Levene 1992). Po elektroforetické separaci je
alternativou k tradiéné pouzivanému ethidium bromidu. KdyZ je toto barvivo navazano na
nukleovou kyselinu, emituje zelenou fluorescenci, kterou je mozno pozorovat pod UV zafenim

(Serva Electrophoresis GmbH).

3.6. Western blot

Western blot je analytickda semikvantitativni metoda zaloZzend na imunodetekci zdjmového
proteinu (Corley 2005). V naSich experimentech byla pfed Western bloty provedena SDS-
PAGE pro separaci proteint podle jejich molekulové hmotnosti. Nasledné, aby byly proteiny
pfistupné pro protilatky, byly pfeneseny z gelu na nitrocelul6zovou membranu. K pfenosu jsme
pouzili elektroblotovaci postup, ktery vyuziva elektricky proud k vytazeni proteind z gelu na
membranu. Pfed inkubaci membrany v roztoku protilatky musi byt membrana ulozena
V blokovacim roztoku, ktery se sklada z 5 % hovéziho sérového albuminu zifedéného ve
vhodném pufru s detergentem (Tween 20), aby se zabranilo nespecifickym vazbam mezi

protilditkou a membranou. Po zablokovani byly membrany inkubovany ve specifickych
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primarnich protilatkdch. Po promyti membran od primarnich protilatek byly membrany
inkubovany v sekundéarni protilatce (konjugat kozi anti-krdli¢i IgG (H+L) s kienovou
peroxidazou) a nasledné vizualizovany pomoci chemiluminiscenéniho HRP substratu pro
kifenovou peroxidizu (HRP = horseradish peroxidase) Immobilon  Western.
Chemiluminiscencni detekce vyuziva reportérového enzymu kienové peroxidazy, ktery je
obsazen v sekundarni protilatce, ke katalyze reakce, jejichz vysledkem je generace viditelného
zateni. Chemiluminiscen¢ni reakce je zalozena na katalyzované oxidaci luminolu peroxidazou.

Oxidovany luminol emituje zafeni, kdyz se navraci do zakladniho stavu (Millipore).

3.7. Méreni enzymatické aktivity

Enzymaticka aktivita pfedstavuje mnoZzstvi pfeméného substratu enzymem za jednotku casu za
danych podminek. Zakladni jednotkou je 1 Kkatal, ktery se rovna 1 mol's™'. Protoze jde ale
velkou jednotku, v praxi se vyuziva U, které se rovna pmol-min™'. Jedno U odpovida 16.67
nanokatalim. Jednotka proteolytické aktivity je definovana jako vzrist absorbance o 0,001 za
minutu pii 280 nm (Matusikova et al. 2005). Metodické postupy pro jednotlivé enzymy se
v mnohém lisi a konkrétni postup stanoveni jejich aktivity je popsan v materidlu a metodach

publikaci.

3.8. Identifikace neznamych proteint

Postup identifikace neznamého proteinu se sestava z nékolika krokd, jejichz pocet a potadi se
muze lisit v zavislosti na tom, zdali se proteiny $tépi takzvané v roztoku (in solution digestion)
nebo zdali se proteiny nejprve odseparuji pomoci gelové elektroforézy a $tépi se takzvané
v gelu (in gel digestion). V nasich publikacich byly vyuzity oba tyto pfistupy.

Pti §tépeni v roztoku po rozpusténi proteinli ve vhodném pufru nastavaji dva dilezité
kroky —redukce a alkylace. V proteinech se vyskytuji disulfidové vazby vznikajici oxidaci dvou
thiolovych skupin, které jsou soucasti bo¢niho fetézce aminokyseliny cysteinu. Pfed St€penim
proteinu je nutné tyto vazby nejprve pieruSit redukci, k Cemuz se nejCastéji vyuziva
dithiothreitol. Poté je zZadouci zabranit opétovnému sestaveni téchto vazeb napi. v disledku
oxidace vzdusnym kyslikem. K tomu slouZi alkylace alkyla¢nim ¢inidlem (napf. akrylamid,
jodacetamid). Pokud jsou pferuseny disulfidové vazby, které jsou dulezité pro stabilizaci
prostorového uspofadani proteinu, mize se piejit ke St€peni proteinu na mensi fragmenty —
peptidy. Ktomu se mohou vyuzit rizna chemicka Cinidla, nicméné béznéjsi je Sté€peni
proteolytickymi enzymy — protedzami. Nejpouzivangj$i protedzou je trypsin, ktery vykazuje

vysokou specifitu $tépeni (§tépi protein za aminokyselinami lysinem a argininem smérem k C-
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konci) a produkuje peptidy o délce v priméru 7-15 aminokyselin, které jsou vhodné pro
naslednou analyzu.

Pii $tépeni v gelu jsou proteiny nejprve pomoci SDS-PAGE. Pfislusny proteinovy pas
je vyfiznut skalpelem. V ptipad¢ barveni gelu v Coomassie Brilliant Blue je gel nejprve
odbarven vhodnym oraganickym rozpoustédlem. Nasledujici kroky jsou stejné jako pii Stépéni
Vv roztoku. Po Sté€peni jsou vzniklé peptidy extrahovany a pfecistény na mikrokolonkach, které
jsou plnéné reverzni fazi (C18).

Dalsim faktorem, ovliviiujicim potfadi a pocet jednotlivych krokti védoucich
k identifikaci proteinu, je typ hmotnostniho spektrofotometru, ktery je pro identifikaci proteinu
pouzit. Zde opét existuji dva pfistupy, které rozliSujeme: metodu peptidového mapovani
(peptide mass fingerprinting, PMF) a metodu peptidového sekvenovani (peptide sequencing,
PS).

Metoda PMF je zaloZena na tom, Ze $tépenim daného proteinu vznika soubor peptidd,
jejichz velikost je unikatni prave pro dany protein. Tato metoda se typicky vyuziva ve spojeni
S hmotnostnimi spektrometry s konfiguraci MALDI-TOF, tj, ionizace laserem za Gi€asti matrice
(matrix assisted laser desorption ionisation) ve spojeni s analyzatorem podle doby letu (time of
flight). Mé&fenim na MS analyzatoru jsou ziskany mérné hmotnosti (m/z) peptidi, které jsou
zpracovany pomoci bioinformatickych nastroji. Algoritmy jsou schopny porovnat
experimentalni hodnoty s teoretickymi hodnotami mérnych hmotnosti peptida. K tomuto ¢isté
matematickému procesu slouzi cela fada ndstrojl, napt. Mascot, které mohou vyuzivat jak
vetejné dostupnych databazi proteinovych sekvenci umisténych v proteomickych depozitatich
tak i specifickych databazi ptipravenych pro konkrétni projekty.

Pti metodé€ PS je identifikace proteinu provedena na zaklad¢ ¢asti jeho aminokyselinoveé
sekvence, ktera se ziska fizenou fragmentaci proteolyticky nast€penych peptidi s naslednym
stanovenim molekulové hmotnosti fragmentovych iontll. K tomuto pfistupu je nutné pouziti
LC-MS/MS nebo nanoLC-Q-TOF. Finalni identifikace peptidi se provadi prohledavanim
neinterpetovanych MS/MS fragmentacnich spekter proti databazi (Chamrad et al. 2017).

Je nutné podotknout, Ze jsem si pouze jedenkrat vyzkousela ptipravu vzorku (Stépeni

vvvvvv

shodnosti peptidu v databazich.
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ZAVER

Rostliny obecné si vyvinuly komplexni fadu lokalnich a systémovych signaliza¢nich systémi,
které¢ umoziuji integraci a koordinaci jejich fyziologie a vyvoje. V biotopech chudych na Ziviny
si specialni skupina rostlin, takzvané masozravych, vyvinula dimyslné mechanismy, jak
chybéjici ziviny v ptidé nahradit. Ziskavaji je z zivoc¢isné koftisti, k ¢emuz si pteménily jejich
listy na pasti. Tato schopnost spojuje v§echny druhy z nejriznéjsich podnebnych a zemépisnych
oblasti. Masozravé rostliny reprezentuji ekologicky i morfologicky rtiznorodou skupinu s vice
nez 800 druhy, které spadaji do jen vzdalené piibuznych tiinacti ¢eledi s celkem dvaceti rody
kvetoucich rostlin. Charles Darwin ve své knize Insectivorous plants o téchto rostlinach napsal:
»-..vidime, jak mélo bylo rozlusténo ve srovnani s tim, co zlistava nevysvétleno nebo neznamo*
(Darwin 1875). To plati ale i dnes, i pfesto Ze disponujeme velmi pokrokovymi metodami. Ma
prace ptinesla alesponi par novych dilkt skladacky k tomu, abychom pochopili, jak nejen tyto
rostliny funguji.

Ukazalo se, ze nékteré masozravé rostliny pro chyceni a regulaci traviciho procesu
vyuzivaji elektrickou a jasmonatovou signalizaci. V publikaci Pavlovi¢ et al. (2017), ktera
slouzila jako odrazovy mustek pro tuto diserta¢ni praci a plynule na ni navazuji, bylo dokazano,
ze sekvence udalosti po chyceni kofisti masozravou rostlinou mucholapkou podivnou
pripomind dobie znamou signalni drahu obrany rostlin v reakci na napadeni patogenem nebo
bylozravcem. Po poskozeni generuji rostliny elektrické signaly, které vyvolaji akumulaci
rostlinnych hormont jasmonati nasledovanou expresi gent odpovidajicich na jasmonaty.
Mucholapka pak za¢ne vylucovat do pasti travici enzymy schopné travit chitin, proteiny, DNA
a RNA, tedy molekuly bohaté hlavné na dusik. Nicmén¢ elektricka signalizace v mucholapce
neni specificka, a tak mucholapka zatizena evolu¢ni minulosti neni schopna rozeznat, zda je
poskozovana bylozravcem nebo mechanicky stimulovana opravdovou kofisti (publikace 0.).
Az jakmile uciti protein a nikoli chitin, ktery je prvni chemickou latkou, se kterou ptijdou travici
zlazy do styku, protozZe se prevazné z néj sklada exoskeleton hmyzu, spusti sviij travici proces
a vysokou akumulaci jasmonatl a aktivit enzymi neZ samostatna mechanicka stimulace.

V dobé zvetejnéni publikace 0 se mélo obecné za to, Ze masozravost rostlin byla
vyvinuta z obranného mechanismu rostlin. Nicméné spoleéné znaky s obrannym
mechanismem, tedy to Ze jsou jasmonaty zodpovédné za aktivaci a regulaci travicich enzymd,
byly prokéazany jen u tfi rodi masozravych rostlin: mucholapka (Dionaea), rosnatka (Drosera),
a lackovka (Nepenthes) fadu hvozdikotvaré (Caryophyllales). Jak je jasmonatova signalni draha

roz$ifena mezi ostatni linie masozravych rostlin nebylo znamé. Rozhodli jsme se proto
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prostudovat také ostatni zastupce masozravych ropstlin: tucnici (hybrid Pinguicula x Tina)
a bublinatky (Utricularia reflexa a U. vulgaris) z fadu hluchavkotvaré (Lamiales), lackovici
australskou (Cephalotus folicularis) zfadu stavelotvaré (Oxalidales), Spirlici nachovou
(Sarracenia purpurea ssp. venosa) z fadu viesovcotvaré (Ericales) a také dal$i masozravé
rostliny zfadu hvozdikotvaré (Caryophyllales) — rosnolist lusitansky (Drosophyllum
lusitanicum) a aldrovandkau méchyikatou (Aldrovanda vesiculosa). Ukazalo se, zZe
jasmonatova signalizace neni univerzalni a vSudypfitomnou drahou, kterd je vyuzivana
masozravymi rostlinami pro regulaci travicich enzymti. Ackoli masozravé rostliny z riznych
evolucnich linii vyuZzivaji stejné travici enzymy, piicemz nékteré z nich spadaji do skupiny od
patogeneze odvozenych proteinti, regulace jejich aktivit se vyrazné lisi. Pfestoze masozravé
rostliny vyuzivaji jasmonaty pro svou odvekou roli — obranu, exaptace jasmonatové signalizace
pro botanickou masozravost se pravdépodobné vyskytla pouze jednou v nejstar$i linii
masozravych rostlin — hvozdikotvaré, a poté jiz nikdy nebyla kooptovana znovu (publikace 1.,
. a 1V).

Nedavno bylo v publikaci Yokawa et al. (2017) zjisténo, ze masozrava rostlina
mucholapka s jeji pohyblivou ¢epeli je dobrym experimentalnim modelem pro vyzkum vlivu
anestetik. Primarnim mistem uc¢inku celkovych anestetik u Zivoc¢ichill je nervovy systém, kde
anestetika inhibuji pfenos nervového vzruchu. Existuje né€kolik teorii, jak tato nesouroda
skupina latek ucinkuje. Moderni teorie ptisobeni anestetik vychazeji z existence specifickych
receptord (napf. receptory kyseliny y-aminomaselné anebo ionotropni glutamatové receptory),
V centralnim nervovém systému, jejich agonistli/antagonisti a pfipadné jsou zaloZeny na
ovlivnéni akcniho potencialu nervili, zejména prosttednictvim sodikovych kanalt. Ackoli
rostliny nemaji neurony, generuji elektrické signaly v odpovédi na bioticky a abioticky stres.
Tyto vjemy rostlina ztraci, pokud je vystavena ucinku nékterych anestetik. Ukazuje se, ze
elektricka signalizace v rostlindch vyuZiva podobné proteiny jako v naSem mozku. A pravé na
elektrické signaly anestetika cili také v rostlinach. Dietyléter kompletné inhiboval tvorbu
ak¢niho potencialu v mucholapce a past nebyla schopna se pod vlivem anestetika uzavtit. Akcni
potencidly byly vSak pln€ obnoveny po odstranéni anestetika. Dietyléter také kompletné
inhiboval dal$i reakce: akumulaci jasmonatli a expresi genii odpovidajicich na jasmonaty.
Nicméné externi aplikace kyseliny jasmonové do pasti obeSla inhibici akéniho potencialu
a obnovila genovou expresi i pod vlivem anestetika, coz naznacuje, Ze reakce nasledujici po
akumulaci kyseliny jasmonové nejsou inhibovany (publikace V.).

Mucholapka vSak mé jakoZto experimentalni model také své nevyhody jako napt. malé
mnozstvi existujicich a dostupnych mutantll a oproti jinym experimentalnim rostlindm neni

v

elektricky signal Sifen systémove. Jasmonaty jsou tak akumulovany pouze v pasti s kofisti nebo
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po poskozeni pasti (publikace 0). Elektrické signaly nehraji ale roli pouze v pohyblivych
rostlindch, ale jsou nesmirné dulezité i v zivoté¢ béznych rostlin pfi reakci na rizné biotické
a abiotické faktory. To, co jsme se naucili na masozravych rostlindch, jsme aplikovali na
husenicek rolni, kde se elektricky signal §iii také do sousednich listti, abychom proces
prozkoumali vice do hloubky. Bunécna odpovéd’ byla v systémovych listech zcela blokovana,
nicmén¢ lokalni poskozeny list stale citil a reagoval na podnéty. Jelikoz je systémové Sifeni
elektrického signalu v husenicku zavislé na kanalech podobnych glutamatovym receptoriim,
mohl by pravé na né¢ dietyléter nespecificky cilit. To potvrdila také inhibice glutamatem
indukovanych elektrickych signali anestetiky (publikace VI1.). Inhibice elektrickych signala
a jasmonatové odpovédi vlivem anestetik dokumentuje vyznamnou podobnost mezi signalnimi
drahami masozravosti a obrany rostlin.

Stale ndm ale mnohé¢ zlistdva zahaleno a ¢eka na odpovéd.. ..
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Souhrn:
Opakovana mechanicka stimulace spoustécich vy¢nélki, které vystupuji z pokozky uvniti pasti
mucholapky podivné (Dionaea muscipula), vyvolava elektrické signaly (ak¢ni potencialy)
a spousti jasmonatovou signalizaci a expresi genu travicich enzymu, které jsou piibuzné
s proteiny souvisejici s patogenezi. Tato sekvence udalosti pfipomina dobife znamou signalni
drahu obrany rostlin v odpovédi na itok patogena nebo bylozravce. V této studii byla sledovana
elektricka signalizace, hromadéni jasmonat v pletivu pasti a vyluCovani travicich enzyma
Vv odpovédi na chyceni kofisti, umélou mechanickou stimulaci spoustécich vyénélkii a poranéni,
aby byla dokazana podobnost mezi obrannym mechanismem a masozravosti rostlin. Vysledky
ukazaly, ze mucholapka podivnad nedokaze rozpoznat poranéni od mechanické stimulace
spoustécich vyénélka kofisti. Oba typy stimulace vyvolaly stejné akéni potencialy, rychlé
sklapnuti pasti, hermetické wuzavieni, akumulaci kyseliny jasmonové (JA) ajejiho
isoleucinového konjugatu (JA-Ile), sekreci aspartdtovych a cysteinovych proteaz, fosfataz
a chitindz typu 1. Zevni podani JA vyvolalo taktéz sekreci travicich enzymd, coZz potvrdilo
zapojeni signalizace kyseliny jasmonové v masozravosti rostlin.

Navzdory sofistikovanému systému rozpoznavajici kofist tedy tato studie ukazuje, Ze
mucholapka mize byt jednoduSe pomylena poskozenim, typickym aktivatorem obranné reakce
rostlin. U mucholapky poskozeni pasti aktivuje rychlé sklapnuti pasti, jeji hermetické uzavieni
a sekreci travici tekutiny obsahujici enzymy, je vyvolana tedy typickd masozrava reakce. Tato
skutecnost je vysledkem jeji evolu¢ni historie a exaptace chovani, tedy evolu¢niho posunu ve
funkci vlastnosti, coZ naznacuje, Ze tyto rostliny pravdépodobné pouZivaji stejné vnimani
a signalni drahu a nedokaze rozlisit mezi ptitomnosti kofisti nebo bylozravého hmyzu.

Akumulace jasmonatii a sekrece enzymii v odpovédi na poranéni i krmeni byla
potvrzena pouze v lokalnich pastech, coz koreluje se Sitenim elektrickych signald. Znamena to,
ze na rozdil od obranného mechanismu rostlin mucholapka postrada systémovou odpovéd’, coz
muze predstavovat Ui€innou strategii Setfeni energetickych zdroji. Pro mucholapku by bylo
velmi energeticky narocné produkovat travici tekutinu také v sousednich pastech, které
nechytili zddnou koftist. Modifikaci systémové elektrické signalizace zndmé u béznych rostlin

do lokalni v pribéhu evoluce tak minimalizovali energetické naklady spojené s masozravosti.
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Introduction

Plants are sessile organisms that are anchored to the ground
through their root systems, so they have evolved diverse strategies
to combat herbivores. These include mechanical defences such as
prickles in the rose or chemical deterrents such as moroidin in
the stinging tree. However, some plants do not invest in constitu-
tive defensive structures or metabolites and rely on the initiation
of defence responses. This requires sensing and communication
elements. A localized injury activates defence mechanisms
throughout the plant, both in the directly damaged tissue (local
response) as well as the nonwounded areas (systemic response).
The phytohormone jasmonic acid (JA) plays an indispensable
role in this process (Wasternack & Hause, 2013). Jasmonates
exert their protective effects by regulating a wide range of
defence-related processes, including the synthesis of toxic sec-
ondary metabolites (Pauwels ez al., 2009; De Geyter et al., 2012),
the production of morphological barriers (Yoshida ez 4l., 2009)
and changes in the rate of vegetative growth (Yan eral, 2007;
Zhang & Turner, 2008). The isoleucine conjugate of jasmonic
acid (JA-Ile) is the only jasmonate for which the molecular basis
of its gene-regulatory activity has been elucidated. The binding of
JA-Ile to the CORONATINE INSENSITIVE1 (COI1) receptor

© 2017 The Authors
New Phytologist © 2017 New Phytologist Trust

Summary

e In the carmivorous plant Venus flytrap (Dionaea muscipula), the sequence of events after
prey capture resembles the well-known plant defence signalling pathway in response to
pathogen or herbivore attack. Here, we used wounding to mimic prey capture to show the
similarities and differences between botanical carnivory and plant defence mechanisms.

e We monitored movement, electrical signalling, jasmonate accumulation and digestive
enzyme secretion in local and distal (systemic) traps in response to prey capture, the mechani-
cal stimulation of trigger hairs and wounding.

e The Venus flytrap cannot discriminate between wounding and mechanical trigger hair stim-
ulation. Both induced the same action potentials, rapid trap closure, hermetic trap sealing, the
accumulation of jasmonic acid (JA) and its isoleucine conjugate (JA-lle), and the secretion of
proteases (aspartic and cysteine proteases), phosphatases and type | chitinase. The jasmonate
accumulation and enzyme secretion were confined to the local traps, to which the stimulus
was applied, which correlates with the propagation of electrical signals and the absence of a
systemic response in the Venus flytrap.

¢ In contrast to plant defence mechanisms, the absence of a systemic response in carnivorous
plant may represent a resource-saving strategy. During prey capture, it could be quite expen-
sive to produce digestive enzymes in the traps on the plant without prey.

mediates the ubiquitin-dependent degradation of JASMONATE
ZIM-DOMAIN (JAZ) repressors, resulting in the activation of
jasmonate-dependent gene expression (Thines eral, 2007;
Fonseca eral., 2009; Sheard eral, 2010). However, signalling
activity has also been demonstrated for other jasmonate
molecules for which the molecular mechanism is largely
unknown, such as cis-(+)- 12-oxo-phytodienoic acid (cis-OPDA)
or 12-hydroxyjasmonic acid glucoside (Stelmach ezal, 1998;
Blechert et al., 1999; Stintzi et al., 2001; Nakamura ez 2/, 2011).
It has been suggested that the events leading to jasmonate
accumulation distal to the wound (systemic response) can be
reduced by two principal mechanisms: the transport of jas-
monates between cells (cell-nonautonomous pathway typical for
family Solanaceae; Schilmiller & Howe, 2005; Wasternack ez al.,
2006) and a rapid electrical, hydraulic or chemical signal that
triggers JA synthesis in distal leaves (autonomous pathway typical
for the model plant Arabidopsis, Glauser et al., 2008; Koo et al.,
2009; Koo & Howe, 2009; Mousavi etal., 2013; Farmer et al.,
2014; Gaupels ez al., 2017). Moreover, both pathways may work
synergistically to optimize the spatial and temporal expression of
defence responses (Koo & Howe, 2009; Huber & Bauerle,
2016). However, a recent study has demonstrated the importance
of electrical signalling in long-distance communication in
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Arabidopsis (Mousavi et al., 2013). Three main types of electrical
signals have been recognized in plants: action potentials (APs),
variation potentials (VPs) and systemic potentials (SPs; Fromm
& Lautner, 2007; Zimmermann et al., 2009). Of these, APs have
long been understood as rapidly self-propagated electrical signals
evoked by nondamaging stimuli (e.g. cold shock or touch). They
usually have an all-or-nothing character; that is, after a stimulus
reaches a certain threshold, further increases in the strength of the
stimulus do not change its amplitude and shape. By contrast,
VPs are slow-wave potentials (SWPs) evoked by damaging stim-
uli (e.g. burning or wounding), and the strength of the signal
varies with the intensity of the stimulus with longer delayed repo-
larization. The VP is characterized by amplitudes and speeds that
decrease with increasing distance from the site of injury, so it is
nonself-propagating (Fromm & Lautner, 2007; Fromm ezal.,
2013). It has been hypothesized that VPs are induced by axial
hydraulic waves in the xylem that affect the mechanosensitive ion
channel in contact cells by radially transmitted changes in pres-
sure (Cosgrove & Hedrich, 1991; Mancuso, 1999; Farmer ez al.,
2014) or, if a chemical is transported, via the ligand-activated
channel (Malone, 1996). The SPs have only recently been recog-
nized as self-propagating signals with reverse polarity (membrane
hyperpolarization as opposed to the depolarization in APs and
VPs) that display an all-or-nothing character and are not caused
by a hydraulic pressure surge (Zimmermann ez al., 2009, 2016).
Some authors use a different classification for electrical signaling
based on animal electrophysiology and recognize, for example,
electrotonic (or graded) potentials whose amplitude exponen-
tially decreases with distance but that are not caused by a change
in hydraulic pressure (Volkov ez al., 2007, 2008, 2013, 2017). At
all sites that receive the electrical signals, jasmonates accumulate,
and jasmonate-mediated gene expression is activated (Wildon
etal., 1992; Mousavi etal, 2013; Farmer etal, 2014). The
recognition of the jasmonate signal in leaves distal to a wound
initiates a defence reaction and may lead to priming, which evi-
dently comprises changes at the molecular level and leads to a so-
called primed state in undamaged leaves. Leaves in a primed state
are then able, through poorly understood mechanisms, to
respond more quickly or vigorously to herbivore attack should it
occur (Frost et al., 2008).

The fact that electrical signals are important for sensing insect
prey on the surface of a trap in some species of carnivorous plants
has been known for centuries (Burdon-Sanderson, 1873; Hodick
& Sievers, 1988), but the role of jasmonates in botanical car-
nivory has been resolved only recentdy (Ueda eral, 2010;
Escalante-Pérez eral, 2011; Nakamura eral, 2013; Libiakova
etal., 2014). Such similarity to plant defence is not surprising
because it has previously been postulated that botanical carnivory
probably evolved from plant defence mechanisms (Hatano &
Hamada, 2008; Mithofer, 2011; Rottloff ezal, 2011; Schulze
etal., 2012; Nishimura ez al., 2014; Pavlovic & Saganovd, 2015;
Bemm etal, 2016; Krausko eral, 2017). Mechanical stimuli
from prey result in generation of electrical signals, and the subse-
quent accumulation of jasmonates triggers the expression of genes
related to carnivory. For example, touching the trigger hairs on
the surface of the Venus flytrap twice generates two APs that are
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necessary for rapid trap closure at room temperature (Hodick &
Sievers, 1988) and the activation of jasmonate signalling (B6hm
etal., 2016a). Jasmonates trigger the expression and secretion of
digestive enzymes (e.g. cysteine protease dionain and type I chiti-
nase), the ammonium channel, and potassium and sodium trans-
porters (Escalante-Pérez eral., 2011; Scherzer eral., 2013, 2015;
Libiakova ez al., 2014; Paszota etal., 2014; Bohm ezal., 2016a,
b). The electrical and jasmonate signalling in carnivorous plants
resembles the well-known plant defence signalling pathway (Maf-
fei et al., 2007; Pavlovic & Saganovd, 2015; Bemm ez al., 2016),
but there is little information about long-distance signalling in
carnivorous plants.

In the present study, we investigated the long-distance electri-
cal and jasmonate signalling in the Venus flytrap carnivorous
plant. We applied mechanical stimulation (the typical activator
of the carnivorous response) and repeated wounding (i.e. the typ-
ical activator of the defence response) and measured the electrical
signals, jasmonate content and enzyme secretion in local and dis-
tal traps to answer the following questions: can the carnivorous
plant recognize different stimuli to trigger the appropriate
response? Can the trap that successfully captured its prey inform
distal systemic traps about the event and prime them for potential
capture in the sense that if there is one prey item then there may
be more, or does each trap behave independently? The results
presented here support the hypothesis that electrical signalling is
not specific and that each trap behaves independently.

Materials and Methods

Plant material and culture conditions

The Venus flytrap (Dionaea muscipula Ellis.) is native to sub-
tropical wetlands of North and South Carolina on the East
Coast of the United States. Experimental plants were grown
under standard glasshouse conditions at the Department of
Biophysics of Palacky University in Olomouc (Czech Repub-
lic). Well-drained peat moss in plastic pots placed in a tray
filled with distilled water to a depth of 1-2 cm was used as a
substrate. Daily temperatures fluctuated between 20 and 35°C;
relative air humidity ranged from 50% to 100%; and the max-
imum daily irradiance reached 1500 pmol m™s~" photosyn-
thetically active radiation (PAR).

Measurements of electrical signals

The extracellular electrical potential was recorded inside a Fara-
day cage using a noninvasive device according to Ilik ez al. (2010)
and Libiakova ezl (2014) under standard laboratory conditions
(room temperature of 23 £ 1°C and relative air humidity of
50 £ 5%). The electrical signals were measured on two fully
developed traps with nonpolarizable Ag—AgCl surface electrodes
(Scanlab Systems, Praha, Czech Republic) that were fixed to the
abaxial side of the trap or the lower photosynthetic part of the
leaf and moistened with a drop of conductive EV gel (VUP,
Prievidza, Slovakia) that is commonly used in electrocardiogra-
phy. A stimulus was applied to some of the monitored traps,
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which were considered local, and other traps were observed for a
systemic response (Fig. 1). The local trap was fed an insect, and
the electrical response in both the local and systemic traps was
monitored for several hours. Because the live prey did not
provide stable conditions and periodic electrical signals, which
can be directly compared to wounding, and because insect prey
can also contaminate digestive fluid with foreign proteins, we
performed a second experiment. In this experiment, the trap was
closed, gently fixed in a clip and then mechanically stimulated 40
times with the tip of a pipette (which had been melted by heat
and then hardened at room temperature to avoid a wound
response by sharp tip) every 3 min for 2h. In the next experi-
ment, a closed local trap was fixed in a clip and pierced with a
needle 40 times every 3 min. The reference electrodes were sub-
merged in a dish filled with 1-2 cm of water beneath the pot.
The electrodes were connected to two independent channels of
an amplifier that had been made in-house (gain: 1-1000, noise:
2-3mV, bandwidth (—3dB): 10° Hz, response time: 10 s,
input impedance: 10'* Q). The signals from the amplifier were
transferred to an analogue-digital PC data converter (12-bit con-
verter, = 10 V, PCA-7228AL supplied by TEDIA, Plzen, Czech
Republic), and the data were collected every 6 ms. The sensitivity
of the device was 13 V. Moistened electrodes were equilibrated
on the leaves for approximately half an hour before measurement.
At least five measurements were performed for each type of
experiment.

Quantification of phytohormones

In many plant species, not all leaves are directly connected by
vascular bundles, for example, parastichies in Arabidopsis

Hermetically sealed traps (local traps)

Open traps (systemic traps)

Fig. 1 Experimental setup. The local and systemic traps of the Venus
flytrap (Dionaea muscipula) are denoted.
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(Mousavi etal., 2013). Venus flytrap has a rosette with five
to ten leaves that arise from a short, bulb-like, subterranean
stem. The leaves are probably vascularly connected as indi-
cated by isotopic labelling experiments (Fasbender eral,
2017) and the exogenous application of coronatine (Escalante-
Pérez etral, 2011). To avoid uncertainty about the possible
absence of a vascular connection, the three or four traps of a
single Venus flytrap plant were fed insects at different time
points to intensify a possible systemic response, and the fed
traps were harvested at 1, 18, 24 and 168 h (1 wk) after prey
capture. The remaining four fully developed nonfed traps
(systemic traps) within the same rosette of leaves on the same
plants were harvested at the same time (Fig. 1). In the second
experiment, two or three traps were either mechanically stim-
ulated with pipette tips or pierced with a needle 40 times
every 3min, and after 2h, those traps and the traps within
the individual leaf rosettes were harvested. As a control, traps
were also harvested on plants where none of the traps were
fed, mechanically stimulated or injured as a control. Because
wounding leaf tissue by cutting is known to increase the con-
centration of jasmonates, we used a rapid method of sample
collection (Glauser eral, 2008), by which the samples were
cut and immediately (within 10s) frozen in liquid nitrogen
and stored at —80°C until analysis. We analysed JA, JA-Ile,
cis-OPDA, abscisic acid (ABA), salicylic acid (SA) and indole-
3-acetic acid (IAA) contents. Frozen plant material (10 mg)
was homogenized using an MM 301 vibration mill (Retsch
GmbH & Co. KG, Haan, Germany) at a frequency of 27 Hz
for 3 min and extracted with 1 ml of ice cold 10% MeOH/
H,O (v/v) extraction solution in the presence of stable, iso-
topically labelled internal standards (PHgl-(1)-JA, [PH,l-(-)-
JA-lle, [*Hs]-IAA, [*H4)-SA, [*Hgl-(H)-cis,trans-ABA, [*Hs]-
OPDA) provided by Olchemim (Olomouc, Czech Republic).
The samples were incubated for 20 min at 4°C by shaking
using a laboratory rotator and centrifuged (3 min, 36670 g,
4°C). The collected supernatants were further purified by
solid-phase extraction (SPE). After the sample application
onto equilibrated 30 mg polymer-based solid-phase sorbent
(Oasis® HLB, Waters), the columns were washed with 1 ml
of extraction solution, and the analytes were eluted by 3 ml
of 80% MeOH/H,O (v/v). Samples were evaporated to dry-
ness under the nitrogen stream and dissolved in 30 ul of
mobile phase (15% acetonitrile: 85% 10 mM HCOOH, v/v).
The final analysis of the selected phytohormones was per-
formed with an Acquity UPLC® I-Class System (Waters, Mil-
ford, MA, USA) coupled to a Xevo™ TQ-S quadrupole mass
spectrometer (Waters MS  Technologies, Manchester, UK)
under the following conditions. Reversed-phase separation was
performed  using an  Acquity UPLC CSH® Cig
(100 x 2.1 mm; 1.7 um; Waters) column, and the analytes
were eluted with linear (0—5min, 15% A; 5-15min, 45%
A), logarithmic (15-28 min, 48.6% A) and linear (28—29 min,
100% A) gradients of acetonitrile (A) and 10 mM formic acid
(B), as mobile phases, at a 0.4-ml min~" flow rate. Phytohor-
mones were determined in the multiple reaction monitoring
mode using the following mass transitions: 215.2>58.8,
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326.2>151.1, 181.2>134.1, 141.1>96.8, 269.2>159.1,
209.2>58.8, 324.3>151.2, 293.3>275.3, 176.3>130.2,
137.1>92.8, 263.2> 153.1 for [2Hg)-()-JA, [2Hy)-(-)-JA-Ile,
[PHs]-IAA, [PHy]-SA, [PHgl-(+)-cis,transABA, (-)-JA, (-)-JA-
Ile, cis-(+)-OPDA, IAA, SA and ABA, respectively. Optimized
MS/MS measurement parameters were as follows: capillary/
cone voltage, 3kV/23-30V; source/desolvation temperature,
120/550°C; cone/desolvation gas flow, 70/650 Lh™!; collision
energy, 12-23 ¢V; collision gas flow, 0.21 ml min L. Quantifi-
cation was carried out by using the isotope dilution method,
and calibration curves with good correlation coefficients
(0.9963-0.9999) were obtained (Flokovad eral, 2014). Two
independent technical measurements were performed on four
to eight biological replicates.

Biotest

We were interested in whether a trap is more sensitive (i.e. is in
the primed state) when neighbouring traps on the same individ-
ual plant digest animal prey. Therefore, two or three traps on sin-
gle plants were fed, and after 24 h, when the digestive fluid was
secreted, the remaining neighbouring, open, unfed traps (sys-
temic) were tested for sensitivity (Fig. 1) by counting the number
of touches necessary for rapid trap closure. Plants without any
digested animals in the traps were used as a control. Fifteen plants
with several tested traps (three to seven per plant) were used for
each group.

Measurements of enzyme activities

The digestive fluid was collected after 48 h, when a sufficient
amount was secreted, by forcing a pipette in between the trap
lobes. Digestive fluids secreted in response to mechanical stimula-
tion, wounding and the exogenous application of 20 pl of 2 mM
(£)-jasmonic acid (hereinafter referred as JA) were collected. To
measure the activity of acid phosphatases, we used the chro-
mogenic substrate 4-nitrophenyl phosphate (Sigma-Aldrich).
The substrate was prepared in 50 mM acetate buffer (pH 5.0),
and the concentration was 5 mM. Twenty-five microlitres of the
collected fluid was added to 525 pl of 50 mM acetate buffer (pH
5.0) and mixed with 400 pl of the substrate. As a control, 400 pl
of the substrate solution was mixed with 550 pl of the acetate
buffer. Mixed samples were incubated at 25°C for 1 h and then
160 pl of 1.0 N NaOH was added to terminate the reaction.
Absorbance was measured at 405 nm with a Specord 250 Plus
double-beam spectrophotometer (Analytik Jena, Germany). A
calibration curve was determined using 4-nitrophenol.
Endochitinase activity was measured using a chitinase assay
kit (Sigma Aldrich) with 4-nitrophenyl B-D-N,N’',N"-
triacetylchitotriose as a substrate. Twenty-five microlitres of the
collected fluid was added to 175 pl of substrate at a concentration
0.2 mg ml~". Mixed samples were incubated at 37°C for 24 h
and then 400 pl of stop solution (sodium carbonate) was added
to terminate the reaction. As a control, 200 pl of the substrate
solution was also incubated. Absorbance was measured at 405 nm
with a Specord 250 Plus double-beam spectrophotometer
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(Analytik Jena). A calibration curve was determined using 4-
nitrophenol.

The proteolytic activity of the leaf exudates was determined by
incubating 150 pl of a sample with 150 pl of 2% (w/v) bovine
serum albumin (BSA) in 200 mM glycine-HCI (pH 3.0) at 37°C
for 1 h. The reaction was stopped by the addition of 450 pl of
5% (w/v) trichloroacetic acid (TCA). 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 peptides was used
as a measure of proteolytic activity, which was determined by
comparing the absorbance of the supernatant at 280 nm to a
blank sample with a Specord 250 Plus double-beam spectropho-
tometer (Analytik Jena). One unit of proteolytic activity is
defined as an increase of 0.001 per min in the absorbance at 280
nm (Matusikova ez al., 2005).

SDS-PAGE and Western blots

To detect and quantify cysteine protease (dionain), aspartic pro-
tease (dionaeasin) and type I chitinase, polyclonal antibodies
against these proteins were raised in rabbits by Agrisera (Vannis,
Sweden) and Genscript (Piscataway, NJ, USA). The following
amino acid sequences (epitopes) were synthesized: cysteine
protease, (NH,-) CAFQYVVNNQGIDTE (-CONH,) (Agris-
era, Vinnids, Sweden); aspartic protease and type I chitinase,
(NH,-) SAIMDTGSDLIWTQC (-CONH,) and (NH,-) CTS-
HETTGGWATAPD (-CONH,), respectively (Genscript,
Piscataway, NJ, USA). All sequences were coupled to a carrier
protein (keyhole limpet haemocyanin, KLH) and injected into
two rabbits each. 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.

The digestive fluid collected for the enzyme assays was sub-
jected to Western blotting. The samples were heated and dena-
tured for 30 min at 70°C and mixed with modified Laemmli
sample buffer to a final concentration 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
(v/v) SDS-
polyacrylamide gel (Schigger, 2006). The proteins in the gels

digestive fluid was electrophoresed in 10%

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 for 1h at room temperature, and after washing, the
membrane was incubated with the secondary antibody: the goat
antirabbit IgG (H+ L)-horseradish peroxidase conjugate (Bio-
Rad). Blots were visualized and chemiluminescence was quanti-
fied by an Amersham Imager 600 gel scanner (GE HealthCare
Life Sciences, Tokyo, Japan).

Statistical analyses

The results are presented as the means + SE. Significant differ-
ences among the treatments were evaluated by one-way ANOVA
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followed by Tukey’s test (Origin 2015, Northampton, MA,
USA).

Results

Electrical and jasmonate signalling in response to insect
capture

In order to monitor electrical and jasmonate signalling in
response to prey capture, we placed a fly on the surface of a
trap. Touching the trigger hairs twice generated two APs and
rapid trap closure (Supporting Information Fig. S1), and the
struggling insect continued to stimulate the hairs in the closed
trap, resulting in the generation of hundreds of APs. Several
minutes after prey capture, the APs were very frequently
evoked by the frantic movements of the prey inside the closed
trap but were more sporadic later (Fig.2a), and after 4-5h,
the electrical activity usually ceased. The APs did not spread
into the lower photosynthetic part of the leaf; only a small dis-
turbance of membrane potential was sometimes recorded
(Fig. S2). Systemic traps were simultaneously monitored for
electrical activity, but no APs were detected for 5h (Fig. 2a).
We repeated this experiment several times with the same
results. We analysed the tissue phytohormone concentrations
in traps on the same plants that had trapped animal prey for
1, 18, 24 and 168 h to establish different digestion time points
to monitor the systemic response. Due to the huge variance in
the accumulation of jasmonates in the fed traps at the different
time points during the digestive period (1-168 h), no statistical
significance was apparent, but the average concentrations of
JA, JA-lle and c¢iss-OPDA increased 12-, 1.3- and four—fold,
respectively, compared to unfed traps (Fig. 2b). None of the
systemic traps accumulated a significant amount of jasmonates;
the low average values were comparable to the amount in the
control traps (Fig. 2b). The kinetics of jasmonate accumulation
revealed that high concentrations of JA and JA-Ile mainly
accumulated in the local traps in the early phase of the
response (after the first hour when the extensive mechanical
stimulation from the prey elicited hundreds of APs; Fig. 2a)
and then declined. By contrast, a high concentration of cis-
OPDA was accumulated later in the digestive cycle (Fig. S3).
Based on the measurements of the electrical signals and jas-
monate concentrations, the traps that digested insect prey for
different durations did not affect the sensitivity of other traps
on the same plants, which indicated the absence of a systemic
response and priming; two touches were still required for rapid
trap closure (Fig. 2¢).

Wounding mimics the mechanical stimulation by insect
prey

Because the movement of the live prey inside the traps was unpre-
dictable and the insect prey could contaminate the traps with for-
eign animal proteins, we replaced the live prey with mechanical
stimulation of the trigger hairs. This allowed us to perform the
experiment under more controlled conditions because the Venus
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flytrap can count the number of APs (Bohm eral, 2016a).
Touching the trigger hairs two times within 20 s provoked rapid
trap closure (Fig. S1), and mechanical stimulation allowed us to
then periodically deliver stimuli every 3 min. Typical APs were
generated, which induced hermetic trap sealing and the secretion
of digestive fluid within 2 h (Fig. 3a,b; Video S1). To investigate
the wound response, the trap was first pierced with a needle twice
within 20 s to induce rapid trap closure. Then, the local trap was
pierced with a needle at the same time intervals as the mechanical
stimulation, which surprisingly evoked the same APs as those
generated in response to touch and induced hermetic trap sealing
and digestive fluid secretion (Fig. 3¢,d; Video S2). In both cases,
no APs were recorded in the systemic traps (Fig 3b,d). After 2 h
of stimulation, the local and systemic traps were harvested to
investigate the phytohormone concentration, and we found a
183-fold increase in the concentration of JA and a 302-fold
increase in JA-Ile in the local, mechanically stimulated traps but
not in the systemic traps (Fig. 4a). Wounding also increased JA
(51-fold increase) and JA-Ile (14-fold increase) concentrations in
the local but not systemic traps (Fig. 4b). The concentrations of
cissOPDA, ABA, IAA and SA did not change significantly within
2 h.

Enzyme activities

Because wounding and mechanical stimulation induced jas-
monate accumulation in local traps, we exogenously applied JA
on the trap surface as a positive control, after which the local
traps snapped shut within 24 h and the secretion of digestive fluid
was initiated. When a sufficient amount was secreted, the diges-
tive fluid was collected after 48 h for enzyme assay and SDS-
PAGE. The systemic traps remained open and did not produce
any digestive fluid. In all cases, the digestive fluid collected from
local traps exhibited phosphatase, endochitinase and proteolytic
activities. Mechanical stimulation induced phosphatase activity
comparable to that from exogenous JA application, and the activ-
ity was slightly lower in wounded traps (Fig. 5a). The proteolytic
activity did not differ significantly between mechanical stimula-
tion and wounding, but it was strongly increased by the exoge-
nous application of JA (Fig. 5b). The endochitinase activity was
also highest after exogenous JA application (Fig. 5¢). To semi-
quantify the amount of enzymes responsible for these activities in
the digestive fluid, the same volume of digestive fluid was elec-
trophoresed, and the SDS-PAGE revealed the secretion of identi-
cal protein profiles in response to mechanical stimulation and
wounding, and a very similar protein profile in response to the
exogenous application of JA. The intensity of staining revealed
that the highest protein secretion was induced after exogenous JA
application (Fig. 6a). Immunoblot analysis confirmed the pres-
ence of the following dominant digestive enzymes in the fluid:
aspartic protease dionaeasin (Fig. 6b), cysteine protease dionain
(Fig. 6¢) and VF1 chitinase (Fig. 6d). Consistent with the enzyme
activity results, the amounts of the enzymes were comparable
between mechanically stimulated and wounded traps but higher
in response to the exogenous application of JA. Based on the
results presented here, it is obvious that wounding can mimic
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see Supporting Information Video S1 and S2.

mechanical stimulation from insect prey through electrical and
jasmonate signalling and that the response is always local and not
systemic.

Discussion

On the one hand, after prey digestion and nutrient absorption,
the carnivorous plant Venus flytrap can increase its rate of photo-
synthesis (Ay) and growth. On the other, the electrical signalling
associated with prey capture and increased demand for energy
during prey digestion results in decreased Ay and an increased
rate of mitochondrial respiration (Pavlovic eral, 2010; Kruse
eral., 2014; Libiakova ez al., 2014; Pavlovic & Saganova, 2015;
Fasbender ezal., 2017). However, the Venus flytrap has evolved
several control mechanisms to optimize this benefit by reducing
its associated costs. First, at least two touches and two action
potentials (APs) are necessary for trap closure at room tempera-

ture (Fig. S1; Brown, 1916); the lack of response to the first
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touch benefits the plants by preventing accidental closure due to
nonprey items such as wind-blown sand, seeds or raindrops.
Second, if the trap snaps, the small gaps between the marginal
teeth of the trap allow small prey to escape. This second control
point can help save energy because small prey do not provide suf-
ficient amounts of nutrients to compensate for the costs associ-
ated with prey retention and digestion, and the trap slowly
reopens again (Libiakovd eral., 2014). Third, if a larger prey is
secured, repeated mechanical stimulation of the trigger hairs by
struggling prey in the closed trap generates hundreds of APs
(Fig. 2a), causing the trap to narrow and secrete digestive fluid
(Affolter & Olivo, 1975; Lichtner & Williams, 1977). At least
two APs are necessary to activate the jasmonate acid signalling
pathway, and five APs are required to trigger the significant
expression of digestive enzymes. It appears that the Venus flytrap
may control the amount of digestive enzymes produced in and
secreted by the gland cells viz the number of APs activating the
jasmonate signalling pathway (Bohm ezal, 2016a). It has been
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postulated that the Venus flytrap, in contrast to sundew and
pitcher plants, relies more on 72-oxo-phytodienoic acid (OPDA)
than JA or JA-Ile (Escalante-Pérez et al., 2011), but we observed
JA and JA-Ile accumulation in prey-activated traps in this as well
as our previous study (Libiakovd ez al,, 2014). The recent finding
that prey capture induced the transcription of the JASMONIC
ACID RESISTANT1 (JAR1) gene, which converts JA into its
physiologically active form, JA-Ile (Bemm ez al., 2016), support
our findings that JA-Ile is bioactive in the Venus flytrap per se.
This is also strongly supported by the fact that the secretion of
digestive fluid began within 2 h when the JA and JA-Ile contents
were increased due to intensive electrical activity and that the ¢/s-
OPDA concentration was comparable with that of the control
plants (Figs 2a, 4, S3); the concentration of ¢i-OPDA is only
increased in the later phases of digestion (Fig. S3, Escalante-Pérez
etal, 2011; Libiakova et al, 2014). The elevated concentration
of ¢i-OPDA may provide a reservoir for JA synthesis (Koo ezal.,
2009), but the signalling role of ci~OPDA in this phase of
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Fig.5 Measurements of enzyme activity in digestive fluid 48 h after
mechanical stimulation, wounding and exogenous application of 2 mM
jasmonic acid (JA) in local traps of the Venus flytrap (Dionaea muscipula).
Systemic traps did not snap shut or produce any digestive fluid, so their
enzyme activity is zero. (a) Phosphatase activity, (b) proteolytic activity,
(c) endochitinase activity. Different letters denote significant differences at
P <0.05 (ANOVA, Tukey's test). Means + SE, n =4 (chitinase activity)-8
(proteolytic and phosphatase activity).

digestion cannot be excluded. The increased concentrations of JA
and JA-Ile during the first hours after prey capture also has been
documented in carnivorous sundew plants (Mithofer ez al., 2014;
Krausko ezal., 2017).
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Fig. 6 Protein profile and immunodetection of aspartic protease (dionaeasin), cysteine protease (dionain) and VF-1 chitinase in the digestive fluid of the
Venus flytrap (Dionaea muscipula). The digestive fluid was collected 48 h after induction, 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 dionaeasin in response to different stimuli using a protein-specific antibody. (c) Western blot analysis of cysteine protease
dionain using a protein-specific antibody. (d) Western blot analysis of type I chitinase using a protein-specific antibody. MW, molecular weight; M,
mechanical stimulation; W, wounding; JA, 2 mM jasmonic acid. The same volume (8 pl) of secreted digestive fluid was loaded. The blots shown are
representative of three independent experiments, and the signal was quantified by chemiluminescence. Means + SE, n=3.

Despite this sophisticated prey recognition system, the present
study showed that carnivorous plants can be easily misled by
wounding, a typical activator of the plant defence response. In
the Venus flytrap, wounding activates rapid trap closure, her-
metic trap sealing and the secretion of digestive fluid containing
enzymes; together these comprise a typical carnivorous response
(Figs 3¢,d, 5, 6; Video S2). Recently, we found the same reaction
in the Cape sundew (Drosera capensis) but also observed some dif-
ferences (Krausko ez al., 2017). In response to wounding, sundew
plants generate different electrical signals than those generated in
response to mechanical stimulation. This wound-induced electri-
cal signal is probably composed of different types (AP, variation
potentials (VP) and systemic potential (SP)) and not only spreads
systemically to all neighbouring traps and tentacles, but also acti-
vates enzyme secretion in distal traps, a typical systemic response.
It is quite surprising that the Venus flytrap generated APs instead
of VPs, which have been believed to be generated in response to
damaging stimuli (Fromm & Lautner, 2007). It is known that
APs triggered by mechanical stimulation do not even penetrate to
the photosynthetic part of the leaf in the Venus flytrap, so these
two parts of the leaf are probably electrically independent
(Volkov ez al., 2007, 2008, 2013). Only graded potentials, which
have very low amplitude, were recorded in the photosynthetic
part of the leaf (Fig. S2, Volkov etal., 2007). Our study also
showed that wound-induced APs are confined to the local trap in
the Venus flytrap (Fig. 3d). Such restricted propagation of typical
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APs, in contrast to VPs, was also recently documented in noncar-
nivorous plants (Zimmermann ez al., 2016) and is also known in
sensitive plant (Mimosa pudica; Fromm & Lautner, 2007). But
Escalante-Pérez eral. (2011) argued that there is a systemic
response in the Venus flytrap based on experiments involving the
external application of 1 mM coronatine (a structural mimic of
JA-Ile) on local traps. Within 3-24 h, they found an increased
concentration of OPDA in systemic leaves and argued that the
successful capture of one insect leads to the production of OPDA
which is delivered to the other traps in a systemic fashion (cell-
nonautonomous pathway). Such artificial stimulation induced
secretion in all the other neighbouring traps, but this behaviour
has never been observed naturally, indicating that natural prey
capture is a more local than systemic response. Koo & Howe
(2009) criticized such jasmonate application experiments as inad-
equate for inferring a role for endogenous jasmonates in the
wound response, and based on our studies, we can exclude the
propagation of electrical signals (cell-autonomous pathway) and
jasmonates (cell-nonautonomous pathway) to neighbouring traps
after prey capture in the Venus flytrap and Cape sundew
(Krausko ezal., 2017). The fact that the carnivorous response is
always local is strongly supported by the findings of Nakamura
etal. (2013) and Krausko ez al. (2017), who found the accumula-
tion of jasmonates spatially restricted to the bending segment of
the sundew trap with captured prey and that only this segment
generates electrical signals and digestive enzymes. Our results
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agree with those of Mousavi e¢tal. (2013), who demonstrated a
crucial role of electrical signalling in the initiation of defence
responses at remote sites. In this and our previous study (Krausko
etal., 2017), we found a particularly close correlation between
electrical signal propagation, jasmonate accumulation and
enzyme secretion in carnivorous plants, confirming a general
assumption of the importance of long-distance electrical sig-
nalling in the systemic response of plants (Mousavi ez al., 2013).
Based on the results from the sundew plant and the Venus fly-
trap, we can conclude that carnivory is always a local response,
which seems reasonable; it would be quite expensive to produce
digestive enzymes in all the traps on a plant that had not captured
any prey. The regulation of enzyme production is under tran-
scription control and proportional to the number of APs, but
once the chemical component from the prey is sensed, enzyme
production is boosted (Libiakova ez al., 2014; Bemm ez al., 2016;
Bohm eral., 2016a; Krausko eral., 2017). Chemical signals can
keep the concentration of JA and JA-Ile and enzyme production
elevated once the mechanical stimulation from prey cease to occur
(Libiakova ez al., 2014). This type of signalling definitely recog-
nizes entrapped prey. The application of chitin or ammonium
salts activated the jasmonate signalling pathway and the expres-
sion of digestive enzymes probably through the LysM receptor or
the depolarization of the membrane potential in digestive glands,
respectively (Matusikovd et al., 2005; Scherzer et al., 2013, 2015;
Libiakova eral., 2014; Bemm etal, 2016; Jopcik etal., 2017;
Krausko eral., 2017). Chemical sensing is extremely important
for inducing the carnivorous response through jasmonate sig-
nalling in passive Nepenthes pitcher traps, which are probably not
able to generate electrical signals in response to prey capture
(Buch ez al., 2015; Yilamujiang ez al., 2016).

A long-standing question in plant electrophysiology is the
specificity of electrical signalling, for which there is some evi-
dence according to some authors (Fromm eral, 2013). For
example, Fromm ez al. (1995) documented that different, stimu-
lus-dependent electrical signals cause specific ovarian metabolism
responses in Hibiscus plants. However, wounding, heat or electri-
cal currents all lead to the same response in tomato plants, the
activation of Pin2 gene expression (Pena-Cortés etal., 1995;
Herde ezal., 1999). According to Pyatygin et al. (2008), there is
good evidence that the APs of higher plants are a nonspecific bio-
electric signal independent of stimulus origin, so they do not
carry any stimulus-specific information but signal the onset of
adverse conditions in some region of the plant to resting tissues
and organs. From the qualitative perspective, our results are con-
sistent with this opinion, and even electrical signalling in the sun-
dew plant, which generates different electrical signals in response
to wounding and touch, triggers the same response of tentacle
bending and enzyme secretion (Krausko ezal., 2017). However,
from the quantitative perspective, the number of APs is impor-
tant for regulating the strength of the response in carnivorous
plants. Single or double touching or wounding is not sufficient to
trigger the secretion of digestive fluid and enzymes in the Venus
flytrap and Cape sundew (personal observation), and the number
of APs regulates the tentacle-bending reactions in sundew plants
(Williams & DPickard, 1972) and the transcription of genes
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involved in prey digestion and nutrient uptake in the Venus fly-
trap (Bohm ez al., 2016a).

The fact that carnivorous plants cannot discriminate between
wounding and mechanical stimulation by their prey is a result
of their evolutionary history and behavioural exaptation, that is,
an evolutionary shift in the function of a trait, which indicates
that these plants probably employ the same sensing and sig-
nalling pathways, and cannot discriminate between the presence
of prey or herbivorous insects. Recently, Mithofer ezal. (2014)
showed that the combination of wounding and oral secretion in
sundew plants obtained from Spodoptera littoralis larvae had an
even stronger effect on jasmonate signalling than wounding
alone. Chemical cues from entrapped prey are also much better
inductors of enzyme activities than mechanical stimulation alone
(Matusikova et al, 2005; Libiakova etal, 2014; Bemm etal.,
2016; Jopcik eral., 2017; Krausko ezal., 2017). Currentdly, it is
generally believed that botanical carnivory has evolved from
plant-defence mechanisms, and this is supported by the fact that
many proteins secreted in response to prey capture are related to
pathogenesis (Hatano & Hamada, 2008; Renner & Specht,
2012; Schulze eral., 2012; Bemm ez al., 2016; Fukushima ez al.,
2017; Krausko eral., 2017). Higher plants express pathogenesis-
related proteins as a response to attack by a pathogen or chew-
ing insect, and many of these proteins possess hydrolytic activi-
ties that have been exploited by carnivorous plants (Schulze
eral., 2012). It is tempting to assume that the early evolving,
imperfect traps were often damaged by struggling, chewing prey,
as can sometimes be seen even today (wasps can often bite their
way out), which determined the direction of the evolution of
botanical carnivory. In light of a recent study showing that there
are constraints on the available evolutionary routes to botanical
carnivory (Fukushima ezal, 2017), the question of how the jas-
monate signalling pathway became widespread among different
carnivorous plant lineages remains to be investigated.
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Fig. S1 Two touches of trigger hairs (arrow) within approximately 20 seconds generate two

action potentials and rapid trap closure in the Venus flytrap (Dionaea muscipula). In its
closed stage, the trap requires further mechanical stimuli to activate the digestive process;
otherwise, the trap reopens within 24 hours.
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Figure S2 Electrical signals in response to prey capture from the trap and photosynthetic

part of the same leaf in the Venus flytrap (Dionaea muscipula). Trap (upper trace) and

photosynthetic lamina (lower trace).
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Figure S3 Kinetics of jasmonate accumulation in response to prey capture in the Venus
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Video/Movie S1 Time lapse video showing hermetical trap closure in response to mechanical
stimulation every 3 minutes in the Venus flytrap (Dionaea muscipula). In real time, the

reaction took 2 hours and 30 minutes.

Video/Movie S2 Time lapse video showing hermetical trap closure in response to wounding
every 3 minutes in the Venus flytrap (Dionaea muscipula). In real time, the reaction took 2

hours and 30 minutes.
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Souhrn:

Chyceni kofisti a traveni mucholapky podivné je fizeno dvéma typy stimulti — mechanickymi
a chemickymi. Mechanické stimuly spoustécich vy¢nélkl uvnitf pasti, které jsou spojovany
s tvorbou akénich potenciall a zvysenim cytosolické koncentrace Ca?*, jsou dilezité hlavné
Vv prvnich hodinach po chyceni kofisti a jsou zodpovédné za rychlé hermetické uzavieni pasti
a uvolnovani travici tekutiny. Co se ale odehrava v pasti, jakmile stimulace pohybem kofisti
ustane a jak mucholapka poznd, Ze se jednad opravdu o zivoc¢isnou kofist, aby byla schopna
usetiit své zdroje? Chemické signaly z caste¢né rozlozené kotisti mohou udrzovat vysokou
koncentraci kyseliny jasmonové a jejiho isoleucinového konjugétu a produkci travicich enzymu
zvySenou 1 presto, ze vyvolani elektrickych signdlii kotisti ustane. Vniméni chemickych latek
a tzv. pozdni fazi traviciho procesu se vénuje tato publikace. Bylo k tomu vyuzito dvou na dusik
bohatych latek v pevné formé, chitinu a proteinu (konkrétné hovéziho sérového albuminu), ve
spojeni s mechanostimulaci citlivych vy¢nélkt uvniti pasti. Mnoho vyzkumnikt se pfi jejich
studiich zaméfilo na chitin, protoze vnéjsi kostra hmyzu se sklada pfevazné praveé z néj. Ackoli
je chitin pravdépodobné prvni chemickou latkou, se kterou se travici zlazy mucholapky
dostavaji do ptfimého kontaktu, neni pro rostlinu hlavnim zdrojem dusiku v porovnani
s proteinem. Chemicka stimulace proteinem ve spojeni s mechanostimulaci vyvolala nejvétsi
akumulaci kyseliny jasmonové a jejiho isoleucinového konjugatu, stejné jako expresi
vybranych genti kodujici cystein proteazu (dionain) a chitindzu. Také se ukazalo, Ze travici
tekutina, ktera byla sbirdna po 48 hodindch od stimulace, vykazovala fosfatdzovou,
chitindzovou a proteolytickou aktivitu a tato aktivita byla ve vSech ptipadech nejvétsi po
dodate¢né stimulaci proteinem. Taky abundance enzymii odpovédnych za uvedené aktivity byla
nejvyssi po podani proteinu. Chitin nemél Zadny vyznamny aditivni efekt na enzymové aktivity,
navzdory tomu stale indukoval vysokou hladinu jasmonati. Na zakladé¢ téchto vysledkt bylo
zfejmé, ze enzymové aktivity v mucholapce nejsou substratoveé specifické a protein byl

nejlepsim induktorem nejen proteolytickych, ale také ostatnich aktivit.
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ARTICLE INFO ABSTRACT

Hunting cycle of the carnivorous plant Venus flytrap (Dionaea muscipula Ellis) is comprised of mechanism for
rapid trap closure followed by slow hermetical sealing and activation of gene expression responsible for di-
gestion of prey and nutrient uptake. In the present study, we focus on the late phase of Venus's flytrap hunting
cycle when mechanical stimulation of the prey ceases and is replaced by chemical cues. We used two nitrogen-
rich compounds (chitin and protein) in addition to mechanostimulation to investigate the electrical and jas-
monate signalling responsible for induction of enzyme activities. Chemical stimulation by BSA protein and chitin
did not induce any additional spontaneous action potentials (APs). However, chemical stimulation by protein
induced the highest levels of jasmonic acid (JA) and its isoleucine conjugate (JA-Ile) as well as the expression of
studied gene encoding a cysteine protease (dionain). Although chitin is probably the first chemical agent which
is in direct contact with digestive glands, presence of protein in the secured trap mimics the presence of insect

Keywords:

Action potential
Carnivorous plant
Chitinase
Digestive enzyme
Jasmonic acid
Protease

Venus flytrap

prey best.

1. Introduction

The Venus flytrap (Dionaea muscipula) is the most famous plant in
which botanical carnivory has ever been described (Darwin, 1875).
Since that time researchers have been interested in biomechanics and
molecular aspects of its carnivorous lifestyle. The snap-trap of D. mus-
cipula consists of bilaterally symmetric lobes connected by a midrib. On
the inner side of the trap are trigger hairs which are responsible for prey
capture (Juniper et al., 1989). A mechanical stimulus of the trigger hair
delivered by the animal prey initiates electrical signal, namely action
potential (AP), which is capable of triggering a hunting cycle (Burdon-
Sanderson, 1873; Lichtner and Williams, 1977; Volkov et al., 2011).
The hunting cycle is comprised of mechanism for rapid trap closure
followed by slow hermetical sealing and activation of gene expression
responsible for digestion of prey and nutrient uptake (Hedrich and
Neher, 2018). The AP is initiated by opening of mechanosensitive ion
channels, depolarization of the cell membrane and generation of a re-
ceptor potential (Hodick and Sievers, 1988; Sibaoka, 1991; Krol et al.,

* Corresponding author.,
E-mail address: andrej.pavlovic@upol.cz (A. Pavlovic).
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2006; Escalante-Pérez et al., 2011). The receptor potential is amplified
by voltage-gated ion channels and the AP is generated (Juniper et al.,
1989; Volkov et al., 2008). At room temperature, two prey-evoked APs
snap the trap within a fraction of second (Brown, 1916; Hodick and
Sievers, 1988) and third AP results in rise of cytosolic Ca?" level which
decay if no further APs are triggered (Escalante-Pérez et al., 2011;
Hedrich and Neher, 2018). Although some steps in signalling cascade in
carnivorous plants have not been confirmed yet, it was suggested that
they copycat the cascade known from plant defence mechanism in re-
sponse to wounding (Pavlovi¢ and Saganova, 2015; Bemm et al., 2016;
Pavlovic et al., 2017; Pavlovi¢ and Mithofer, 2019). The transient in-
crease in cytosolic Ca®* after third AP is probably decoded by an array
of sensing proteins activating a jasmonic acid (JA) biosynthesis (Fisahn
et al., 2004; Yan et al., 2018). It is initiated in a chloroplast and is
completed by released of JA into the cytosol, where JA conjugates with
isoleucine (Wasternack and Kombrink, 2010). The isoleucine conjugate
of jasmonic acid (JA-Ile) interacts with the CORONATINE-INSENSIT-
IVE1 (COI1) receptor (Staswick and Tiryaki, 2004; Sheard et al., 2010)
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thereby promotes binding of COI1 to JASMONATE ZIM-DOMAIN (JAZ)
repressors. The binding of JA-Ile to COI1 receptor mediates the ubi-
quitin-dependent degradation of JAZ repressors, resulting in the acti-
vation of jasmonate-dependent gene expression (Thines et al., 2007;
Fonseca et al., 2009; Sheard et al., 2010), i.e. carnivory-related genes in
the carnivorous plants (Bemm et al., 2016; Bohm et al., 2016a; Pavlovic
et al., 2017). The JA-Ile was found to accumulate in many genera of
carnivorous plants and is probably bioactive per se (; Libiakova et al.,
2014; Nakamura et al., 2013; Yilamujiang et al., 2016; Krausko et al.,
2017; Pavlovic et al., 2017). Experiments with the JA antagonist cor-
onatine-O-methyloxime (COR-MO), which prevents COI1-JAZ interac-
tion and JAZ degradation support this idea (Bemm et al., 2016). Ex-
ternal application of jasmonates can trigger expression of carnivory
related genes without any preceding mechanical stimuli (Bohm et al.,
2016a; Krausko et al., 2017; Pavlovic et al., 2017). Glands covering the
inner surface of the green stomach start to produce digestive fluid
(Scherzer et al., 2017).

The composition of digestive fluid in Venus flytrap is now well re-
cognized. Proteins of digestive fluid have been studied using high-
throughput techniques and nine different proteins were identified —
peroxidases, nucleases, phosphatases, phospholipases, glucanase, chit-
inases and proteolytic enzymes, including four cysteine proteases, two
aspartic proteases, and a serine carboxypeptidase (Takahashi et al.,
2011; Schulze et al., 2012; Bemm et al., 2016). The regulation of en-
zyme production is under transcriptional control and proportional to
the number of APs triggered (Bohm et al., 2016a). However, the di-
gestive fluid released in response to mechanical stimulation has not the
full power to digest prey. There must be some chemical substances
released from partially decomposed prey, which trigger the full enzyme
activity and keep the digestive process running for several days after
prey movement ceases. Many researchers focused on chitin as con-
stituent of insect exoskeleton which is able to upregulate enzyme ac-
tivity in many carnivorous genera (Dionaea, Drosera, Nepenthes,
Matusikové et al., 2005; Eilenberg et al., 2006; Bemm et al., 2016;
Yilamujiang et al., 2016; Jopcik et al., 2017). Although chitin is prob-
ably the first chemical agent which is in direct contact with digestive
glands, it is not a significant source of nitrogen from prey for carni-
vorous plants in contrast to protein (Pavlovic et al., 2016). The ability
of protein to induce digestive enzyme synthesis/secretion has been
much less studied using modern molecular methods (Gallie and Chang,
1997; Matusikova et al., 2005).

In the present study, we focus on the late phase of Venus's flytrap
hunting cycle when mechanical stimulation of the prey ceases and is
replaced by chemical cues. We used two nitrogen-rich compounds
(chitin and protein) in addition to mechanostimulation to investigate
the electrical and jasmonate signalling responsible for induction of
enzyme activities. We found that the presence of protein in the secured
trap stimulates jasmonate production and mimics the presence of insect
prey best.

2. Materials and methods
2.1. Plant material and culture conditions

The Venus flytrap (Dionaea muscipula Ellis.) is native to subtropical
wetlands of North and South Carolina on the East Coast of the United
States. Experimental plants were grown under standard glasshouse
conditions at the Department of Biophysics of Palacky University in
Olomouc (Czech Republic) and Department of Plant Physiology of
Comenius University in Bratislava (Slovakia). Well-drained peat moss in
plastic pots placed in a tray filled with distilled water to a depth of
1-2 cm was used as a substrate. Daily temperatures fluctuated between
20 and 35 °C; relative air humidity ranged from 50% to 100%; and the
maximum daily irradiance reached 1500umolm~2 s~! photo-
synthetically active radiation (PAR).
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2.2. Experimental setup and biotest

We used solely mechanical stimulation to induce secretion of di-
gestive fluid, or mechanical stimulation combined with chitin and BSA
protein. The chemicals were added in solid phase to avoid dilution of
secreted digestive fluid by water. Four mg of protein (bovine serum
albumin, BSA, Sigma-Aldrich, St. Louis, MO, USA) and 4 mg of chitin
from shrimp shells (95% deacetylated, Sigma-Aldrich) were added into
several open traps within a single plant. Some traps remained empty.
After that, the pipette tip was inserted into some empty traps and each
trap containing BSA and chitin. Touching the trigger hairs twice within
20 s provoked rapid trap closure. Then, the traps were mechanically
stimulated 2h every 3min (app. 40-times) to mimic prey struggle
(Pavlovic et al., 2017). For experiments with abscisic acid (ABA), 25 pL
of 500 uM ABA was pipetted into the Venus flytrap 2h after last me-
chanical stimulus. The tissue samples and digestive fluids were col-
lected at regular time intervals after rapid trap closure up to 48 h. The
number of hermetically sealed traps reopened up to 48 h was evaluated.

2.3. Extracellular measurements of electrical signals

Electrical signals were measured continuously for 48 h on solely
mechanically induced traps and mechanically stimulated and supple-
mented with chemical stimuli (i.e. BSA, chitin). Extracellular mea-
surements were conducted on the trap surface inside a Faraday cage
with non-polarizable Ag-AgCl surface electrodes (Scanlab systems,
Prague, Czech Republic) and moistened with a drop of conductive EV
gel (Hellada, Prague, Czech Republic) commonly used in electro-
cardiography. 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 connected to an amplifier made
in-house [gain 1-1000, noise 2-3 uV, bandwidth (—3dB) 10° Hz, re-
sponse time 10 ps, input impedance 10'?Q]. The signals from the am-
plifier were transferred to an analog—digital PC data converter (eight
analog inputs, 12-bit converter, + 10V, PCA-7228AL, supplied by
TEDIA, Plzen, Czech Republic), collected every 6 ms (Hlavackova et al.,
2006; Ilik et al., 2010).

2.4. Quantification of phytohormones

Traps stimulated solely mechanically, mechanically supplemented
with BSA or chitin as well as open non-stimulated traps were harvested
after 0, 6, 24, and 48 h for quantification of plant hormones and stored
at —80°C. Quantification of JA, JA-Ile, cis-12-oxo-phytodienoic acid
(cis-OPDA) and ABA, was performed according to the method described
previously with minor modifications (Flokova et al., 2014). Briefly,
frozen plant material (20 mg) was homogenized and extracted using
1 mL of ice cold 10% MeOH/H,0 (v/v). A cocktail of stable isotope-
labelled standards was added as follows: 10pmol of [2HglJA,
[He]ABA, and [*Hs]cis-OPDA, and 0.1 pmol of [®H,]JA-Ile (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. Eluent
was evaporated to dryness under a stream of nitrogen. Phytohormone
levels were determined by ultra-high performance liquid chromato-
graphy-electrospray tandem mass spectrometry (UHPLC-MS/MS) using
an Acquity UPLC® I-Class System (Waters, Milford, MA, USA) equipped
with an Acquity UPLC CSH® C18 column (100 X 2.1 mm; 1.7 um; Wa-
ters) coupled to a triple quadrupole mass spectrometer Xevo™ TQ-S MS
(Waters MS Technologies, Manchester, UK). Two or three independent
technical measurements were performed on five biological replicates.

2.5. Real time polymerase chain reaction (qPCR)

Samples were harvested 0, 2, 6, 12, 24 and 48 h after rapid trap
closure, frozen in liquid nitrogen and stored in —80 °C before gene
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expression analyses. Total RNA was extracted using Spectrum Plant
Total RNA kit (Sigma-Aldrich, St. Louis, MO, USA), DNase I treated and
purified by RNA Clean & Concentrator-5 kit (Zymoresearch, USA) ac-
cording to 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
(Thermo Fisher 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)15 primers using
manufacturer's protocol. The primers (Table S1) for dionain, VF chitinase
I and reference genes actin were designated by Primer3plus tool (http://
primer3plus.com/web_3.0.0/primer3web_input.htm). Gradient PCR
was used to determine annealing temperature (T,) of primers (Table
S1). Each amplified product was checked by agarose (2%) gel electro-
phoresis and subsequently sequenced by Sanger method to verify pro-
duct specificity at Department of Molecular Biology, Faculty of Natural
Sciences, Comenius University in Bratislava. The stability of reference
genes was evaluated by 27T method (Livak and Schmittgen, 2001)
and BestKeeper tool (http://www.gene-quantification.info/) and the
actin gene was suitable for gene expression analysis. For real time PCR,
specific gene sequences were amplified by Maxima SYBR Green/ROX
qPCR Master Mix (Thermo Fisher Scientific). Melting curve analysis
was performed at the end of each qPCR run. 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). All samples for PCR experiments
were analysed in three biological and three technical replicates.

2.6. SDS-PAGE and Western blots

For detection and quantification of cysteine protease (dionain), as-
partic protease (dionaeasin) and type I chitinase, polyclonal antibodies
against these proteins were raised in rabbits as described previously
(Pavlovic et al., 2017).

The digestive fluid was collected 48 h after rapid trap closure, when
the sufficient amount was secreted into the digestive cavity. Digestive
fluid was collected in response to solely mechanical stimulation, and
mechanical stimulation supplemented with chitin or BSA using a pip-
ette forced in between the trap lobes. The digestive fluid from 10 dif-
ferent traps were pooled together to have sufficient volume for ana-
lyses. The samples for SDS-PAGE were heated and denatured for
30 minat 70 °C and mixed with modified Laemmli sample buffer to a
final concentration of 50 mM tris-HCI (pH 6.8), 2% SDS, 10% glycerol,
1% [-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 gels were
either visualised by silver staining (ProteoSilver, Sigma Aldrich, St.
Louis, MO, USA) or were transferred from the gel to a nitrocellulose
membrane (Biorad, Germany) using a Trans-Blot SD Semi-Dry Elec-
trophoretic Transfer Cell (Biorad, Hercules, CA, USA). After blocking in
TBS-T containing 5% BSA overnight, the membranes were incubated
with the primary antibody (dilution 1:1000) for 1 h at room tempera-
ture. After washing, the membrane was incubated with the secondary
antibody (dilution 1:10 000); the goat antirabbit IgG (H + L)-horse-
radish peroxidase conjugate (Bio-Rad, Hercules, CA, USA). Blots were
visualised and chemiluminescence quantified by gel scanner Amersham
Imager 600 (GE HealthCare Life Sciences, Japan).

2.7. Measurements of enzyme activities

Digestive fluid collected for Western blotting was also used for en-
zyme assays. To measure the activity of acid phosphatases we used
chromogenic substrates, 4-nitrophenyl phosphate (Sigma-Aldrich, St.
Louis, MO, USA). The substrate was prepared in 50 mM (pH 5.0) acetate
buffer, and the concentration was 5mM. Twenty five pL of collected
fluid was added to 525 pL of 50 mM acetate buffer (pH 5.0), and mixed
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with 400 pL of the substrate. For control, 400 pL of the substrate solu-
tion was mixed with 550 pL of the acetate buffer. Mixed samples were
incubated at 25 °C for 1 h and then 160 puL of 1.0 N NaOH was added to
terminate the reaction. Absorbance was measured at 405nm with
double-beam spectrophotometer Specord 250 Plus (Analytik Jena,
Germany). A calibration curve was determined using 4-nitrophenol.

Endochitinase activity was measured using Chitinase assay kit
(Sigma Aldrich, St. Louis, MO, USA) using 4-nitrophenyl 3-D-N,N’,N"-
triacetylchitotriose as a substrate. Twentyfive L of collected fluid was
added to 175uL of substrate at concentration 0.2mgmL~'. Mixed
samples were incubated at 37 °C for 24 h and then 400 uL of stop so-
lution (sodium carbonate) was added to terminate the reaction. For
control, 200uL of the substrate solution was also incubated.
Absorbance was measured at 405nm with double-beam spectro-
photometer Specord 250 Plus (Analytik Jena, Germany). A calibration
curve was determined using 4-nitrophenol.

Proteolytic activity of leaf exudates was determined by incubating
150 uL. of a sample with 150 pL of 2% (w/v) bovine serum albumin
(BSA) in 200 mM glycine-HCl (pH 3.0) at 37 °C for 1 h. The reaction was
stopped by the addition of 450 uL 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. Absorbance of the supernatant at 280 nm was mea-
sured by double-beam spectrophotometer Specord 250 Plus (Analytik
Jena, Germany).

2.8. Statistical analyses

Before statistical analyses, the data were tested for homogeneity of
variance (Brown-Forsythe test). If the homogeneity was fulfilled, one
way analysis of variance (ANOVA) with Tukey's post-hoc test was used
(Origin 8.5.1, Northampton, MA, USA). If homogeneity was not present
multiple comparisons by Welch's test with Bonferroni corrected alpha
was used (Microsoft Excel).

3. Results
3.1. Electrical activity

Two touches of trigger hairs within few seconds induced two APs
and rapid trap closure. Periodic mechanical stimulation delivered every
3 min interval induced a series of APs during 2h (Fig. 1). After that,
chemical stimulation by BSA and chitin did not induce any additional
spontaneous APs during the course of 48 h (data not shown).

3.2. Factors affecting trap reopening

The induction of the narrowing phase was triggered by both me-
chanical stimulation and mechanical stimulation combined with che-
mostimulation (BSA, chitin) with 100% efficiency and all type of sti-
mulations triggered secretion of digestive fluid. On average, almost
three out of ten, closed traps without any additional chemical

-+
25 mV|

" 50s

Fig. 1. Typical action potentials (APs) generated in response to touching
of trigger hair in Venus flytrap. Two touches generate two APs, and then the
mechanical stimuli were delivered every app. third minute. First 720 s is shown.
No such AP was recorded in response to protein or chitin application during the
course of 48 h.
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Number of reopen traps out of ten after 48 hours

M

CH BSA

Fig. 2. Number of reopened hermetically sealed traps out of ten 48 h after
rapid trap closure. Hermatical trap sealing was induced in 10 traps by me-
chanical stimulation (M) and mechanical stimulation combined with chitin
(CH) or protein (BSA) and the number of reopened traps was evaluated after
48 h since the first mechanical stimulus. Means = S.D., n = 3.
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stimulation reopened within 48 h with digestive fluid reabsorbed/eva-
porated. The presence of protein was the most effective in keeping the
traps hermetically sealed after 48 h. On average, only one out of thirty
traps reopened after 48 h. The presence of chitin was less effective then
protein in keeping the traps hermetically sealed (Fig. 2).

3.3. Jasmonate accumulation in response to mechanical and chemical
stimuli

Stimulated traps were harvested to investigate the concentration of
stress-related phytohormones. At almost each time point, analysis of
treated traps showed that presence of chitin but mainly protein induced
higher accumulation of JA than mechanostimulation alone (Fig. 3A).
The similar trend was found for JA-Ile (Fig. 3B). The rise of cis-OPDA
after addition of protein and chitin was also evident after 6 and 48 h,
respectively (Fig. 3C). The significant increase of ABA was found after
mechanical stimulation supplemented with chitin. Mechanical stimu-
lation and BSA resulted in significant decrease of ABA after 6h
(Fig. 3D).

3.4. Induction of gene expression

Based on the phytohormone analysis, which revealed increased
jasmonate concentration in trap tissue in response to all stimuli, we
analysed the time dependence of mRNA level of two selected JA-re-
sponsive genes: cysteine protease dionain and type I chitinase
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Fig. 3. Timecourse of phytohormone accumulation in response to mechanostimulation, and mechanostimulation supplemented with BSA or chitin. (A)
Jasmonic acid (JA), (B) Jasmonoyl-L-isoleucine (JA-Ile), (C) Cis-12-oxophytodienoic acid (cis-OPDA), (D) Abscisic acid (ABA). Black rhombus — control open traps,
grey circle — 2 h of solely mechanical stimulation, blue square — 2 h mechanical stimulation + chitin, red triangle — 2 h mechanical stimulation + protein (BSA).
Means * S.D., n = 10-15. Different letters denote significant differences at given time point at P < 0.05 (ANOVA, Tukey's test or Welch's test if non-homogeneity
was present). Downward pointing arrows indicate significant decrease in comparison to control traps, upward pointing arrows indicate significant increase in
comparison to control traps. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Timecourse of gene expression in response to mechanostimulation,
and mechanostimulation supplemented with BSA or chitin. (A) Cysteine
protease dionain, (B) type I chitinase. Grey circle — 2 h of solely mechanical
stimulation, blue square — 2 h mechanical stimulation + chitin, red triangle —
2 h mechanical stimulation + protein (BSA). Gene expression for control traps
was set as 1. Mean expression + S.E. from three biological replicates (n = 3).
Different letters denote significant differences at given timepoint at P < 0.05
(ANOVA, Tukey's test or Welch's test if non-homogeneity was present). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

responsible for proteolytic and endochitinase activities, respectively.
All stimuli significantly increase mRNA level encoding both enzymes
but with different kinetic. Whereas induced expression of both genes
was obvious in response to solely mechanical stimulation, mechanical
stimulation supplemented with chitin and mainly mechanical stimula-
tion supplemented with BSA kept the highest pool of mRNA level
(Fig. 4A and B). Whereas, chitin induced high expression of chitinase
mainly after 12h, proteins induced high expression for longer time
period (Fig. 4B). But because of high variability among individual traps,
the statistical significance was evident only for dionain after 24 and
48 h for BSA treatment (Fig. 4A).

3.5. Digestive enzymes and enzyme activities

To semiquantify the amount of secreted enzymes responsible for
activities in the digestive fluid, the same volume of digestive fluid was
elecrophoresed, and the SDS-PAGE revealed the secretion of very si-
milar protein profiles in response to mechanical stimulation and
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mechanical stimulation supplemented with chitin and BSA. The in-
tensity of silver staining revealed that the highest protein secretion was
induced after addition of BSA and the lowest after application of chitin
(Fig. 5A). Immunoblot analysis confirmed the presence of the following
dominant digestive enzymes in the fluid: cysteine protease dionain
(Fig. 5B), aspartic protease dionaesin (Fig. 5C) and VF1 chitinase
(Fig. 5D) in response to all stimuli. The signal intensity for all enzymes
was the highest in response to mechanical stimulation supplemented
with protein. On the other hand, chitin induced the lowest secretion of
cysteine protease dionain but statistical significance was not obvious
(Fig. 5B).

In all cases, the digestive fluid collected after 48 h exhibited phos-
phatase, endochitinase and proteolytic activities and these activities
were in accordance with Western blots the highest after additional
stimulation with BSA. Chitin inhibited phosphatase and protease ac-
tivity in comparison to solely mechanical stimulation (Fig. 6A and B).
Application of chitin increased endochitinase activity by 200% in
comparison to mechanical stimulation but not significantly (Fig. 6C).
The exogenously applied ABA was not able to reverse mechanically
induced enzyme activities (Fig. S1).

4. Discussion

Early electrical events during and after prey capture in Venus flytrap
are known for centuries (Burdon-Sanderson, 1873; Hodick and Sievers,
1989; Volkov et al., 2008) but later elements in signal transduction are
much less understood. Mechanical stimulation and generation of APs
are able to trigger not only rapid trap movement but also hermetical
trap sealing and release of digestive fluid with the enzymes (Lichtner
and Williams, 1977; Libiakova et al., 2014). The synthesis of the en-
zymes is under transcriptional control. More than three APs are re-
quired to trigger an expression of genes encoding the enzymes and this
expression is proportional to the number of APs (Bohm et al., 2016a).
However mechanical stimuli alone are not sufficient to trigger full and
long-term enzyme activity in digestive fluid (Libiakova et al., 2014) and
solely mechanically induced traps reopened soon (Fig. 2). It has been
proposed that various nitrogenous substances, amino acids and ions
present in insect prey are able to trigger and keep hermetical trap
sealing and release of digestive fluid with enzymes. Beneficial to plant,
chemical stimuli may keep the digestive process running for several
days after prey death, otherwise the trap would reopen with in-
completely digested prey after mechanical stimulation by prey ceases.
Among the most effective chemical substances are uric acid, glutamine,
ammonium and sodium (Robins, 1976; Lichtner and Williams, 1977;
Libiakova et al., 2014). However, it is unclear how these chemical
signals keep the digestive process running, whether the electrical sig-
nals are involved or not. Balotin and Di Palma (1962), Scherzer et al.
(2013) and Bohm et al. (2016b) documented spontaneous generation of
APs after application of 3% NaCl and 10 mM NH,Cl. However, APs have
never been recorded in hermetically closed traps containing dead prey
(Affolter and Olivo, 1975), in response to NH4CI applied to non-acti-
vated traps (Scherzer et al., 2013; Libiakova et al., 2014) or protein and
chitin (this study). It is tempting to assume that spontaneous generation
of APs recorded in response to chemical stimuli is reaction to sudden
application of chemicals and thus experimental artefacts, because prey
digestion is rather slow and continuous process, where chemical stimuli
are slowly released from decomposing prey. In this view, it is more
probable that rather slow depolarization of membrane potential in di-
gestive glands occured, as was documented for the uptake of K*, Na™
and NH4* (Scherzer et al., 2013, 2015; Bohm et al., 2016b) and the ion
fluxes may participate to control jasmonate signalling pathway (Lenglet
et al., 2017). Indeed, application of NH4ClI kept higher jasmonate level
and enzyme activity than mechanical stimulation alone after 36-48 h in
Venus flytrap (Libiakova et al., 2014). This is consistent with our re-
sults, where application of BSA protein was the most effective in jas-
monate accumulation, keeping the trap hermetically sealed, and
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Fig. 5. Inmunodetection of digestive enzymes and their quantification from the secreted fluid 48 h after rapid trap closure. (A) Silver-stained SDS-PAGE of
digestive fluid in response to different stimuli, (B) Western blot analysis using antibody against cysteine protease dionain, (C) Western blot analysis using antibody
against aspartic protease dionaeasin, (D) Western blot analysis using antibody against type I chitinase. MW — molecular weight, M — 2 h of mechanical stimulation and
46 h waiting before harvesting, CH — 2h of mechanical stimulation and 48 h of chitin, BSA — 2h of mechanical stimulation and 48 h of protein (BSA). The same
volume (20 pL) of secreted digestive fluid was loaded. The blots shown are representative of three independent experiments and the average signal was quantified by
chemiluminescence. Means *+ S.D., n = 3. Different letters denote significant differences at P < 0.05 (ANOVA, Tukey's test or Welch's test if non-homogeneity was

present).

upregulation of enzyme activity. Scherzer et al. (2013) documented
activity of unknown deaminase which release NH,* from proteins in
digestive fluid of Venus flytrap. Therefore the ability of proteins
keeping the jasmonate level high and digestive process running for
several days after prey capture may be mediated by NH,* (Libiakova
et al., 2014).

Our results clearly showed that the ability to induce enzyme activity
is not substrate specific; BSA protein was the best not only in upregu-
lation of proteolytic activities but also for phosphatase and chitinase
activities (Fig. 6A,B,C). The similar results were obtained in the study of
Saganova et al. (2018) in pitcher plant Nepenthes x Mixta. Gallie and
Chang (1997) also showed that BSA was powerful inducer of proteo-
lytic, phosphatase and RNase activities in the pitcher plant Sarracenia
purpurea. Nishimura et al. (2013) revealed that transcription of S-like
RNase genes was non-specifically induced in response to application of
BSA in Venus flytrap. However, our results are in discrepancy with
studies of Matusikova et al. (2005) and Jopcik et al. (2017) on the
sundew plants Drosera rotundifolia, who found that chitinase activity
was markedly increased due to the induction of chitinase gene ex-
pression upon application of notably chitin. Application of gelatine
protein increased mainly the proteolytic activity of leaf exudates, al-
though chitinase activity was also increased but to lesser extent what
indicated that the reaction of sundew leaves depended more on the
molecular nature of the inducer applied. This discrepancy could be
caused by using different form of chitin and protein applied, by using in
vitro plants in their experiments or different response in the genus
Drosera. Our results of enzymatic activities could be related to the fact,
that carnivorous plants prefer protein over chitin as a source of nitrogen
and only after the protein is tasted the digestive process is fully acti-
vated. The leaf nitrogen content was doubled in protein-fed sundew
plants in comparison to chitin-fed plants indicating that the proteins
were digested more effectively and resulted in significantly higher
chlorophyll contents (Pavlovic et al., 2016). Indeed, the chitin
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exoskeleton of a digested prey seems to be hard dissolved or non-sig-
nificantly affected after digestion in carnivorous plants (Juniper et al.,
1989). Even Darwin has classified chitin among the substances which
are not digested by the secretion of D. rotundifolia (Darwin, 1875).
Chitin did not have any significant additive effect to mechanical sti-
mulation but rather inhibitory on proteolytic activity (Fig. 6B).
Mechanical stimulation alone is sufficient for accumulation of high
level of jasmonates during first 2 h after prey capture (Pavlovic et al.,
2017) but for sustained enzyme production, chemical stimuli from prey
are necessary keeping jasmonate level high. In the present study we
have shown a clear connection between chemical stimuli in the form of
BSA and accumulation of jasmonates. Libiakova et al. (2014) mimicked
a prey and looked at mechanical and chemical stimulation as a device
for prey capture and digestion separately. They showed accumulation
of JA and JA-Ile in response to mechanical stimulation but much higher
in response to chemical stimulation (by KH,PO, and NH,4CI) after
36-48 h. They also found that the external application of JA bypassed
the mechanical and chemical stimulation and induced a high abun-
dance of dionain and proteolytic activity in digestive fluid. These re-
sults documented the role of jasmonates in regulation of proteolytic
activity in response to different stimuli from captured prey. Yilamujiang
et al. (2016) used chitin as component of the insect's exoskeleton which
triggered the accumulation of jasmonates as well as the transcription of
studied genes encoding the aspartic protease nepenthesin I and type III
chitinase in Nepenthes alata plants, but in comparison to insect prey to a
lower level. They suggested that some additional stimuli from insect
prey was necessary to mimic the prey. We think that this additional
stimulus is protein. In our study, the high enzymatic activities after
addition of protein correlate with the high pool of jasmonates (Fig. 3A
and B). There was a clear trend toward higher expression of cysteine
protease in traps which digested the protein (Fig. 4A). The protein was
also the most effective in keeping the traps hermetically sealed (Fig. 2).
On the other hand, the mechanostimulation supplemented with chitin
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Fig. 6. Enzyme activity in digestive fluid 48 h after rapid trap closure. (A)
Phosphatase activity, (B) proteolytic activity, (C) endochitinase activity. M—2h
of mechanical stimulation and 46h waiting before harvesting, CH — 2h of
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and 48h of protein (BSA). Different letters denote significant differences at
P < 0.05 (ANOVA, Tukey's test or Welch's test if the non-homogeneity was
present). Means + S.D., n = 6-7.

induced much higher pool of jasmonates than mechanostimulation
alone (Fig. 3A and B) but the transcript level for dionain was more-less
the same (Fig. 4A), and overall proteolytic activity and abundance of
dionain was rather lower (Fig. 5B, 6B). Such discrepancy between jas-
monate level and gene expression was also documented in response to
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chitin and fruit fly application in Nepenthes alata. Chitin induced higher
accumulation of jasmonates but lower transcript levels than live prey
what indicates additional regulatory elements (Yilamujiang et al.,
2016). It would be tempting to assume that increased level of ABA after
chitin application (Fig. 3D) is involved in suppression of proteolytic
activity. Increased level of ABA after chitosan application was docu-
mented in non-carnivorous plants where it was suggested to mediate
chitin-induced stomata closure after pathogen attack (Iriti and Faoro,
2008; Iriti et al., 2009). However external application of ABA was not
able to significantly inhibit enzyme activity triggered by mechanical
stimulation (Fig. S1). Krausko et al. (2017) also showed that the high
enzyme activity was induced only by JA and ABA did not reverse JA-
induced enzyme activity in sundew plants what exclude the inhibitory
role of ABA on JA-induced secretion in carnivorous plants. The ABA
was found to may affect trap sensitivity through APs (Escalante-Pérez
et al., 2011), however no APs were detected in response to chemical
stimulation in this and previous studies (Affolter and Olivo, 1975;
Libiakova et al., 2014). Thus increased level of ABA does not play any
role in down-regulation of JA-dependent enzyme activity and is a
probably only the consequence of conserved defence mechanisms in
plants.

5. Conclusions

Our study clearly showed that chemical signals from prey are im-
portant for regulation of enzyme activities. Although chitin is rather a
weak stimulant in addition to mechanical stimulation and can even
inhibit protease activity in the fluid, the presence of protein induced the
highest accumulation of jasmonates, mRNA levels, enzyme abundances
and activities of chitinase and protease in digestive fluid. Thus, protein
in traps represents an universal signal for activation of digestive process
in Venus flytrap and most probably also in others carnivorous genera.
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Fig. S1 Enzyme activity in digestive fluid 48 hours after external application of abscisic
acid (ABA). (A) Phosphatase activity, (B) proteolytic activity. Means + S.E., n = 3. No

significant differences were found (Student’s t-test).

Table S1 Primer sequences and properties for the Venus flytrap (Dionaea muscipula).

Ta - annealing temperature.

Primer / accession number | Product Primer sequence (5'- 3" direction) Ta(°C)
size (bp)
actin / KC285589.1. 212 Forward: TCTTTGATTGGGATGGAAGC | 58

Reverse: CTCTCTGGAGGAGCAACCAC

dionain 1 / KP663370.1 161 Forward: ATGGGGCGATGATGATCTTA | 58

Reverse: CTTCTCCGCATCATCCTTGT

chitinase | / KF597524.1 207 Forward: GCTCTGCATTTCACCGTTTT 58

Reverse: ACAATGGAGCCAACATCACC
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Souhrn:

Pfi studiu masozravych rostlin byla nalezena nova role pro rostlinné hormony jasmonaty —
regulace aktivity travicich enzymu. Pfedchozi studie, které odhalily zapojeni jasmonatti do
travictho procesu, byly ale zaméfeny pouze na tii rody masozravych rostlin — rosnatka
(Drosera), mucholapka (Dionaea) a lackovka (Nepenthes), které vSechny spadaji do fadu
hvozdikotvaré (Caryophyllales). V této studii nas zajimalo, zdali je jasmonatova signalizace
univerzalni a v masozravych rostlinach vSudypfitomnou signalni drahou, ktera tedy existuje
I mimo fad hvozdikotvaré. Aby bylo odpovézeno na tuto otazku, byla pouzita masozrava
tuénice (hybrid Pinguicula x Tina) z fadu hluchavkotvaré (Lamiales) a jako kofist slouzila
octomilka (Drosophila melanogaster). Kofist vyvolala vyznamné zvySenou aktivitu proteaz,
kyselych fosfatdz, amylaz a exochitindz po 2 hodindch po krmeni. Po 24 byly vyznamné
zvySené aktivity také dalSich studovanych travicich enzymii endochitinazy a chitobiositazy.
Obsah kyseliny jasmonové (JA) se v8ak vyznamné nezvysila ani po 2 ani po 24 hodinach od
krmeni. Aby se vyloucila moznost, Ze by analyzy byly ovlivnény pouzitim nemodelového
rostlinného materialu, byl list tu¢nice opakované poranén jehlou. To oproti krmeni vyvolalo
vyznamné zvySeni JA 1 jejiho isoleucinového konjugatu (JA-Ile). Aby bylo dale vylouceno, ze
se v tucnici jasmonaty opravdu nepodileji na vylu¢ovani enzymi, byla na list zevn¢ aplikovana
kyselina jasmonova a koronatin (molekularni agonista JA-lle). Ani jedna chemikalie ale nebyla
schopna enzymovou aktivitu zvysit. A¢koli jsou tedy jasmonaty V rostlinném pletivu ptitomny
a uplatiuji se pii obrané proti poSkozeni, tu¢nice nepievzala jasmonatovou signalizaci pro
indukci enzymovych aktivit v odpovédi na chyceni kofisti a zptisob regulace enzymu se lisi.
Pomoci hmotnostni spektrometrie bylo déle identifikovdno osm enzymd, z nichZ mnohé byly
jiz dfive objeveny v jinych rodech masozravych rostlin. Tomu se v§ak vymyka alfa-amylaza,
ktera je zatim v masozravych rostlindch unikatni. To mize naznaCovat, Ze pro masozravost byly
také exaptovany geny, které nesouviseji s obrannymi mechanismy rostlin. Navic bylo poprvé

ukdzano, Ze jako masoZzravy orgdn muze kromé listu slouzit i kvétni stopka.
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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
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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
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*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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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

120z Alenige €0 Uo Jasn oysxoe(ed BNZISAIUN AQ G¥OZL8S/6YLE/Z L/ L L/RI01ME/AX]/W00 dno-olWapESE//:SANY WO} Papeojumoq



Jasmonates were not co-opted for carnivory in Pinguicula | 3757

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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Fig. S1 Protein profile of the digestive fluid from Pinguicula x Tina in response to feeding.
An aliquot (1 mL) of freshly collected digestive fluid secreted in response to feeding was
frozen in liquid nitrogen and lyophilized overnight. The resulting dry residue was taken to 100
uL with 100mM NaCl, 10x cOmplete protease inhibitor cocktail (Roche, Switzerland) and
proteins were precipitated using the TCA/acetone method. The obtained protein pellet was
dissolved in Laemmli sample buffer, separated by SDS-PAGE and stained with colloidal
Coomassie. Then, the gel was divided into 8 slices (shown with numbers) and the resolved
proteins were digested in-gel with trypsin with raffinose-modified trypsin as described
elsewhere. The resultant tryptic digest was cleaned on home-made C18 StageTips and
analyzed by LC-ESI-MS/MS according to Simersky et al. (2017). For more detailed

information, see Materials and Methods and the Supplementary Table 1.
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Souhrn:

Suchozemské masozravé rostliny druhti rosnatka (Drosera), mucholapka (Dionaea) a 1ackovka
(Nepenthes) tadu hvozdikotvaré (Caryophyllales) vyuzivaji k regulaci enzymovych aktivit
fytohormony jasmonaty. V této studii byla pozornost zamétena na vodni masozravé rostliny,
jejichz morfologické a fyziologické rysy a rustové strategie jsou zcela odlisné od téch
suchozemskych. Byly vybrany dva rody s odliSnym lapacim mechanismem a z odlisnych ¢eledi
afadu: aldrovandka (Aldrovanda; rosnatkovité, hvozdikotvaré) se sklapavaci pasti a bublinatka
(Utricularia; bublinatkovité, hluchavkotvaré) se sacim typem pasti. Jako kofist slouzil rizny
zooplankton jako lasturnatky, hrotnatky ¢i vznasivky. Aby bylo odpovézeno na otazku, zda jsou
jasmonaty zapojeny do aktivace masozravé reakce podobné jako je to znamo v pastech
suchozemské Celedi rosnatkovité (druh rosnatka, mucholapka), byly provedeny fytohormonalni
analyzy a jednoduchy biotest. Vysledky ukdzaly, ze bublinatka na rozdil od aldrovandky
jasmonaty k aktivaci masozravé odpovédi nevyuziva. TotéZz bylo difive dokumentovano
U hybridu tuénice (Pinguicula x Tina) a bublinatka je tak druhym rodem v fadu hluchavkotvaré,
diky kterému mizeme fici, Ze jasmonatova signalizace nebyla exaptovana ve vSech rodech
masozravych rostlin. V krmenych pastech obou vodnich druhil byly vyznamné zvySeny také
hladiny dalSich fytohormonti — SA a IAA, coZ lze ale pfipsat vysokému obsahu téchto
fytohormonti v samotném zooplanktonu, ktery zistal uzavien v pastech a byl tak s nimi
spole¢né analyzovan. Biotest u aldrovandky vSak dokazal fyziologicky efekt pouze JA. Pomoci
velmi tenké sklenéné kapilary, ktera byla napojena na peristaltickou pumpu byly dale odebirany
travici tekutiny na proteomickou analyzu. Analyzy pomoci nano-kapalilové chromatografie ve
spojeni s tandemovym hmotnostnim spektrometrem odhalily, Ze oba rody vylucuji travici
tekutinu, ktera obsahuje cysteinovou proteazu homologni s dionaiem (cysteinova protedza
v mucholapce podivné), kterd je u aldrovandy indukovéana kofisti a JA a u bublinatky je
pritomnd konstitutivné. Ackoli byly pro botanickou masozravost exaptovany podobné travici
enzymy, zpusob jejich regulace se lisi. Ma se za to, Ze hydrolytické enzymy v travici tekutiné
bublinatky pochdzeji ptevazné ze zijicich organismil uvnitt pasti, avsak rostliny vylucuji také

své vlastni enzymy.
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Terrestrial carnivorous plants of genera Drosera, Dionaea and Nepenthes within the order Caryophyllales employ
jasmonates for the induction of digestive processes in their traps. Here, we focused on two aquatic carnivorous
plant genera with different trapping mechanism from distinct families and orders: Aldrovanda (Droseraceae,
Caryophyllales) with snap-traps and Utricularia (Lentibulariaceae, Lamiales) with suction traps. Using phyto-
hormone analyses and simple biotest, we asked whether the jasmonates are involved in the activation of
carnivorous response similar to that known in traps of terrestrial genera of Droseraceae (Drosera, Dionaea). The
results showed that Utricularia, in contrast with Aldrovanda, does not use jasmonates for activation of carnivorous
response and is the second genus in Lamiales, which has not co-opted jasmonate signalling for botanical car-
nivory. On the other hand, the nLC-MS/MS analyses revealed that both genera secreted digestive fluid containing
cysteine protease homologous to dionain although the mode of its regulation may differ. Whereas in Utricularia
the cysteine protease is present constitutively in digestive fluid, it is induced by prey and exogenous application
of jasmonic acid in Aldrovanda.

1. Introduction

Carnivorous plants represent an ecological group of ca. 800 species
which capture, kill and digest animal prey in specialised modified leaves
called traps, and use the absorbed nutrients for growth and development
(Ellison and Adamec, 2018). It has been documented that three genera
of carnivorous plants (Dionaea, Drosera, and Nepenthes) from order
Caryophyllales use jasmonates (JAs) for activation of the digestive
process in their traps. Jasmonic acid (JA), its isoleucine conjugate
(JA-Tle) as well as their biosynthetic precursor,
cis-(+)-12-oxo-phytodienoic acid (cis-OPDA), significantly accumulated
in traps over time after experimental feeding and their exogenous
application triggered the secretion of digestive enzymes and formation
of digestive cavity (Escalante-Pérez et al., 2011; Nakamura et al., 2013;
Libiakova et al., 2014; Yilamujiang et al., 2016; Krausko et al., 2017;
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Pavlovic et al., 2017, 2020). In non-carnivorous plants, JAs accumulate
in response to pathogen or herbivore attack and activate plant defense
reactions by transcriptional activation (Wasternack and Hause, 2013). It
has been suggested that the jasmonate signalling pathway as well as
digestive enzymes, which belong to pathogenesis-related proteins, have
been co-opted by carnivorous plants from plant defense to prey digestion
during evolution (Mithofer, 2011; Pavlovic and Saganova, 2015; Bemm
et al., 2016; Pavlovic and Mithofer, 2019). The true bioactive compound
JA-Ile binds to the CORONATINE INSENSITIVE1 (COI1) protein as a
part of a co-receptor complex, mediates the ubiquitin-dependent
degradation of JASMONATE ZIM-DOMAIN (JAZ) repressors, resulting
in the activation of jasmonate-dependent gene expression (Thines et al.,
2007; Fonseca et al., 2009; Sheard et al., 2010); in carnivorous plants, it
initiates the expression of carnivory-related genes, mainly for nutrient
transport and digestive enzymes (Bemm et al., 2016; Bohm et al., 2016;
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Fig. 1. Experimental setup. The plants were fed on aquatic prey for a short period. (A) Aldrovanda vesiculosa; (B) Utricularia reflexa. Arrows show the traps which

successfully trapped prey and were used for analyses as fed traps.

Krausko et al., 2017; Pavlovic et al., 2017; Jaksova et al., 2020). How-
ever, all three genera mentioned above are closely related within the
same order Caryophyllales. It has been recently reported that a carniv-
orous butterwort hybrid Pinguicula x Tina from the family Lentibular-
iaceae (order Lamiales) does not use jasmonate signalling for the
induction of enzyme activities in response to prey capture, indicating
that the jasmonate signalling is not a universal signalling pathway in all
carnivorous plant genera (Kocab et al., 2020).

In this study, we focused on two contrasting species of aquatic
carnivorous plants. Aquatic carnivorous plants include monotypic
Aldrovanda vesiculosa L. (Droseraceae, Caryophyllales) and about 60
submerged or amphibious species of Utricularia L. (Lentibulariaceae,
Lamiales; Adamec, 2018). Although both genera of aquatic carnivores
are ecologically very similar, the structures and functional principles of
their motile traps are very different. Aldrovanda has 3-6 mm large
snap-traps, reminiscent of those of the closely-related terrestrial Venus
flytrap (Dionaea muscipula): two convex trap lobes are attached to a
midrib and after mechanical irritation, generate action potentials and
close within 14-50 ms (lijima and Sibaoka, 1981, 1982; Poppinga et al.,
2018; Westermeier et al., 2018, 2020). Although no digestive enzymes
have been directly identified in the digestive fluid in Aldrovanda traps so
far (Matusikova et al., 2018), exact ultrastructural studies on its diges-
tive glands clearly revealed the stimulation mode of hydrolytic enzyme
secretion after prey capture (Muravnik et al., 1995; Muravnik, 1996;
Atsuzawa et al., 2020).

Suction traps of aquatic Utricularia species are 1-6 mm large, discoid
hollow bladders with flexible side walls and contain a mobile sensitive
trapdoor, hermetically sealing the trap. Continuous pumping of water
out of the trap maintains a negative pressure inside the trap, which is the
driving force for the prey capture (Adamec, 2018; Poppinga et al., 2016,
2018). The reset trap can open (‘fire‘) very quickly after a mechanical
stimulation or spontaneously after a critical negative pressure is reached
(Adamec and Poppinga, 2016) and can repeatedly capture new prey
every 30-60 min. Microbial commensal communities live inside the
traps and function partly as digestion mutualists (Sirova et al., 2018a,b).
Several classes of hydrolytic enzyme activities independent of prey
capture have been reported from Utricularia traps (Sirova et al., 2003),
but again no enzyme has been directly identified from the digestive fluid
(Matusikova et al., 2018).

Analyses of phytohormones in traps were used in this study in two
aquatic carnivores, A. vesiculosa and Utricularia reflexa, to find out
whether their traps accumulate JAs in response to experimental feeding
similar to terrestrial Drosera, Dionaea or Nepenthes. Simple biotests with
JA, abscisic acid (ABA) and salicylic acid (SA) were conducted on the
Aldrovanda trap closing reaction to reveal the possible regulatory effect
of these metabolites on the activation of carnivory. In addition, LC-MS/
MS analyses were used to identify new digestive enzymes in the
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digestive fluid.
2. Materials and methods
2.1. Plant material

Aldrovanda vesiculosa L. (origin from E Poland) and Utricularia vul-
garis L. (from S Moravia, Czech Rep.) were grown outdoors in a 2 m?
(volume 750 L) plastic container, while Utricularia reflexa Oliv. (from
Botswana) and Aldrovanda vesiculosa (from N Australia) were grown
indoors in naturally lit 3 L aquaria at the Institute of Botany in Trebon
(Czech Republic). A litter of robust Carex species was used as a substrate
to mimic natural conditions. The water in both cultures was considered
oligotrophic and moderately humic (for all details, see Sirova et al.,
2003). Adult Aldrovanda plants were 12-20 cm long with traps 3-6 mm
large, while U. reflexa plants were 20-30 cm long with traps 3-6 mm
large and those of U. vulgaris were 60-80 cm long with traps 3.5-4.0 mm
large. The use of U. reflexa was advantageous as this species has a small
number of large traps.

2.2. Experimental design

Approximately 15 h before the feeding experiments, 25 robust plants
of A. vesiculosa from the stock culture were shortened to 10 leaf whorls
with mature traps (from the apex, shoot length 7—8 cm) and their
branches were removed. Simultaneously, 10 plants of U. reflexa with
large traps from the aquarium were shortened to10—15 leaf nodes
(again from the apex, shoot length 6—8 cm) with mature traps; leaves
bearing traps were excised from 3rd-12th mature leaf nodes (from the
apex) of five U. vulgaris plants from the stock culture. The 15 h time
period was chosen as sufficient based on the fact, that JA tissue level
peaked 15-30 min after wounding in systemic tissue and then rapidly
declined within 3 h to basal level (Koo et al., 2009). The plants or leaves
were thoroughly washed in tap water and transferred to small plastic
vessels with ca. 120 ml of filtered cultivation water taken from the
outdoor plastic container. Five shoots (or seven excised leaves of
U. vulgaris) were put in each small vessel. All traps with larger items of
previously captured prey were removed. During ca. 15 h, most of the
Aldrovanda traps were open and all Utricularia traps were reset and
without air bubbles.

Relatively large zooplankton species (ostracods Heterocypris incon-
gruens or diaptomids, copepods or daphnids) were added to the small
vessels to feed the plants. After 20 min, at least 50% of Aldrovanda and
25% of Utricularia traps contained a prey (Fig. 1). Plants were then
thoroughly washed in tap water again and put in small plastic vessels
with ca. 200 ml of fresh filtered cultivation water without zooplankton.
The vessels were transferred to a miniclimabox in continuous light (25
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+ 1 °C, fluorescent light 180 pmol m~2 s~ PAR).

For phytohormone analyses, 2 and 24 h since prey addition, 12-20
traps (usually from 1 to 2 different shoots) with the captured prey, were
cut as fast as possible for one sample and stored in ice-cold water during
the manipulation. As a control, prey-free traps were sampled in parallel.
The excised traps were then promptly (1-2 s) washed in tap water,
blotted dry, weighed for fresh weight (FW), placed immediately in
frozen 2 ml Eppendorf vials and stored in a freezer at —25 °C. Plant
material was lyophilized immediately. Each sample had 1.5-3.7 mg of
dry weight (DW). A DW/FW ratio (DW, 80 °C) was estimated in parallel
material and each variant included 4-5 parallel samples from different
plants. The zooplankton remained enclosed in the trap and it was not
possible to remove it without causing trap damage. To estimate the
hormone content in the prey, ostracods Heterocypris incongruens were
also lyophilized for hormone analyses.

For protein determination experiment, the trap fluid was collected
24 h after feeding using the same set up from 240 fed traps of
A. vesiculosa (unfed A. vesiculosa traps did not contain any digestive fluid
and thus were not collected), 40 unfed and 50 fed traps of U. reflexa, and
26 unfed and 50 fed traps of U. vulgaris. The small glass capillary con-
nected to peristaltic pump was inserted into Utricularia traps through the
trap door or pierced through the Aldrovanda trap wall and digestive fluid
was sampled. By this way, we obtained 130-400 pL of digestive fluid
from different treatments.

2.3. Trap closing experiments

For studying the effect of JA, SA and ABA to induce trap closing,
adult Aldrovanda plants from N Australia growing in indoor 3 L aquaria
were used. Six short shoot segments containing 3rd-4th or 3rd-5th
mature leaf whorls were cut, thoroughly washed in tap water, lightly
blotted dry, and each segment was put in a transparent 30 mL plastic vial
into 10 mL of the filtered cultivation water. The traps were left fully re-
open for ca. 15 h. The individual phytohormones were added at a final
concentration of 0.5 mM JA or 0.5 mM SA or 20 pM ABA at time 0 when
each segment bore 15-23 open traps. These concentrations were chosen
based on previous experiments on carnivorous plants, where they were
found to be biologically active (Escalante-Perez et al., 2011; Nakamura
et al., 2013; Buch et al., 2015; Krausko et al., 2017; Pavlovic et al.,
2017). The segments were exposed under the same conditions as above.
Closed traps were counted after 20, 40, 55, 120 and 180 min and
observed for additional 48 h. Segments without added phytohormones
were used as a control. Digestive fluid from JA-induced closed Aldro-
vanda traps was also collected as described above for MS analyses 24 h
after the application of 0.5 mM JA. Due to spontaneous firing of Utri-
cularia traps several times per day (Adamec, 2011; Vincent et al., 2011),
it was pointless to repeat the same experiment with U. reflexa traps.

2.4. Quantification of phytohormones

The phytohormones were quantified in A. vesiculosa and U. reflexa.
Quantification of phytohormones was performed according to the
method described by Flokova et al. (2014); the extraction process was
modified for a small amount of dry plant tissue. One mL of ice-cold 10%
MeOH/H0 (v/v), internal standards and four small metallic beads were
added to the dry biomass. Dry plant material was homogenized using a
MM 301 vibration mill (Retsch GmbH & Co. KG, Haan, Germany) at a
frequency of 27 Hz for 5 min. The samples were incubated at 4 °C by
shaking using a laboratory rotator for 30 min and centrifuged (20,000
rpm, 4 °C, 15 min). The supernatant was transferred into a new
Eppendorf vial, the volume was measured and the extract of most of the
samples was subdivided (as dependent on the FW) into two aliquots. At
the end, each sample contained stable isotope-labelled standards as
follows: 10 pmol of [2HglJA, [2Hs]OPDA, [2Hg]ABA, ['3Ce]IAA, 0.1
pmol of [2H2]JA-Ile and 20 pmol of [2H4] SA (all from Olchemim Ltd.,
Czech Republic) to validate the LC-MS/MS method. The extracts were
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purified using Oasis® HLB columns (30 mg mL~!, Waters, Milford, MA,
USA) and hormones were eluted with 80% methanol. The eluent was
evaporated to dryness under a stream of nitrogen. Phytohormone levels
were determined by ultra-high performance liquid
chromatography-electrospray tandem mass spectrometry
(UHPLC-MS/MS) using an Acquity UPLC I-Class System (Waters, Mil-
ford, MA, USA) equipped with an Acquity UPLC CSH C18 column (100
x 2.1 mm; 1.7 pm; Waters) coupled to a triple quadrupole mass spec-
trometer Xevo TQ-S MS (Waters MS Technologies, Manchester, UK).

2.5. Protein identification analysis

Protein concentration was determined by the bicinchoninic acid
assay (Smith et al., 1985). Sample of fed A. vesiculosa showed the highest
value of 2.1 mg ml ™! protein, sample of fed U. vulgaris contained 0.1 mg
ml~}; the others had even lower content. All samples were subjected to
SDS-PAGE (Laemmli, 1970) in a 12% T/2.7% C resolving gel and 4%
T/2.7% C stacking gel; 30-uL aliquots in Laemmli sample buffer were
loaded per well onto an 8 x 7 cm minigel, 1-mm thick.
Coomassie-stained protein bands were excised from the gel slab, which
was followed by an in-gel digestion step (Shevchenko et al., 2006). The
resulting digests were purified on ZipTip C18 pipette tips (Merck-Mil-
lipore, Ireland) and the recovered desalted peptides separated by
nanoflow liquid chromatography coupled to electrospray ion trap tan-
dem mass spectrometry (nLC-ESI-IT-MS/MS) on an amaZon speed ETD
instrument (Bruker Daltonik, Bremen, Germany) as already described
(Panacek et al., 2018).

MGF formatted nLC-ESI-IT-MS/MS data files were searched against
Caryophyllales and Lamiales protein sequences downloaded from the
NCBI Protein database (https://www.ncbi.nlm.nih.gov/protein/) in
March 2021, and supplemented with CRAP contaminants database
(https://www.thegpm.org/crap/), using PEAKS X software (Bioinfor-
matics Solutions, Inc., Waterloo, ON, Canada). The data were also
searched against the reviewed database Swiss-Prot (release 2021_01;
https://www.uniprot.org/downloads), taxonomy Vidiriplantae. Pa-
rameters of the searches were as follows: monoisotopic masses; error
tolerance for precursor mass of 50 ppm; error tolerance for fragment
ions of 0.5 Da; semispecific trypsin digestion mode; up to three missed
cleavages; carbamidomethylation of cysteine as a fixed modification;
oxidation of methionine and acetylation of protein N-terminus as vari-
able modifications; three maximum variable modifications per peptide.

Gel-based protein identification after the induction by 0.5 mM JA in
Aldrovanda was not successful because of a low protein content. To
overcome this, a 200-pl aliquot of the digestive fluid was dried out in a
vacuum centrifuge. The solid residue was dissolved in 50 pl of 100 mM
NH4HCOj3 and alkalified by adding 1 pl of 25% (v/v) ammonia. Disul-
fides were reduced by adding 2 pl of 100 mM dithiothreitol (DTT) in 100
mM NH4HCOs and incubating at 37 °C for 30 min. After cooling down, 5
pl of 100 mM iodoacetamide in 100 mM NH4HCO3 were added and the
mixture incubated at 23 °C in the dark for 20 min. Then 2.5 pl of 100 mM
DTT in 100 mM NH4HCO3; were added for quenching the unreacted
alkylating reagent. After 20 min, the solution was adjusted to a total
volume of 300 pl by 50 mM NH4HCOs. Digestion was initiated by 3 pL of
SOLu trypsin (Merck, Germany) and proceeded at 37 °C for 24 h. The
digest was evaporated to dryness in vacuum centrifuge and recon-
stituted in 10 pl of 0.1% (v/v) trifluoroacetic acid. Peptides from the
digest were purified using a ZipTip C18 pipette tip. The procedure of
protein identification was based on nLC coupled via an eluate-spotting
device to MS/MS on a MALDI-TOF/TOF instrument as already
described (Petrovska et al., 2014). MS/MS data were processed by
database searches using PEAKS X as above (plus manually evaluated
using flexAnalysis 3.4 and BioTools 3.2 by Bruker Daltonik); gluta-
mine/asparagine deamidation was an additionally considered variable
modification.
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Fig. 2. Phytohormone trap tissue content. (A) Jasmonic acid, (B) jasmonic acid isoleucine conjugate, (C) cis-12-oxophytodienoic acid, (D) abscisic acid, (E) salicylic
acid, (F) 3-indolacetic acid. Phytohormone content in the prey is shown in upper left corner. Means + S.D., n = 4-10, n.d. — not determined (below detection limit).

2.6. Statistical analyses

Means + SD intervals are shown. The statistically significant differ-
ences between fed variants and unfed controls were tested by the Stu-
dent t-test. If non-homogeneity was present, the Welch t-test was used
(Microsoft Excel).

3. Results and discussion

Morphological and physiological features and growth strategies of
aquatic carnivorous plants are quite dissimilar from those of terrestrial
ones (Adamec, 2018). The submerged aquatic or amphibious species of
Aldrovanda and Utricularia are strictly rootless vascular plants that grow
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in dystrophic, barren waters. Here, we investigated whether the JAs
accumulated in response to feeding in the traps of two distantly-related
aquatic species of carnivorous plants, Aldrovanda vesiculosa and Utricu-
laria reflexa, are similar to that in traps of some terrestrial species.
Aldrovanda vesiculosa accumulated significantly increased levels of
JA, JA-lle, cis-OPDA and ABA in trap tissues after both 2 and 24 h
following experimental feeding on zooplankton. In contrast, Utricularia
reflexa did not accumulate significant levels of these phytohormones in
trap tissues after experimental feeding (Fig. 2A-D). The significant in-
crease in the level of SA and indole-3-acetic acid (IAA) in fed traps of
both species can be attributed to the high content of these phytohor-
mones in the applied zooplankton, which remained enclosed in the traps
and was thus analyzed together with trap tissue (Fig. 2E and F). To verify
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Fig. 4. Sodium dodecylsulfate polyacrylamide gel electrophoresis of digestive
fluids. Protein samples were separated using a 12% resolving gel and 4%
stacking gel. The resolving gel was stained afterwards by Coomassie Brilliant
Blue G-250. The separation lanes show, from the left, a protein marker with the
indicated molecular mass values of its components, and samples of digestive
fluid from: 1 - unfed U. reflexa, 2 - fed A. vesiculosa, 3 — fed U. reflexa, 4 — fed
U. vulgaris, 5 — unfed U. vulgaris. Arrows indicate the visualized proteins bands
(2-a, 2-b, 4-c, 5-d), which were confirmed to contain hydrolytic enzymes as
identified by nLC-ESI-IT-MS/MS.

the physiological effect of JAs; JA, SA and ABA were added into the
cultivation water to a final concentration of 0.5 mM, 0.5 mM and 20 pM,
respectively, and we observed the trap closing reaction. In the trap
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closing experiments on applied phytohormones, all Aldrovanda traps
were closed after the application of JA after 55 min (Fig. 3) and stayed
closed for a period of 48 h. Moreover, traps immersed in the JA medium
for 10 h also stayed closed in the fresh medium without JA for the next
84 h (data not shown). The trap closing reaction was also induced by SA
(Fig. 3), but after 44 h, all traps were damaged by SA and most probably
were dead. After transfer into the fresh medium without SA, the traps
only slightly re-opened but did not react to mechanical stimuli, indi-
cating a pharmacologically damaging effect of SA. ABA was not able to
induce the trap closing reaction at all (Fig. 3) and the traps fully closed
upon mechanical stimulation after 44 h of the ABA treatment.

Despite its aquatic lifestyle, Aldrovanda accumulates JAs in response
to prey capture and responds also to their exogenous application in a
way similar to the terrestrial carnivorous members of Droseraceae,
Drosera capensis and Dionaea muscipula (Nakamura et al., 2013;
Libiakova et al., 2014; Krausko et al., 2017; Pavlovic et al., 2017). As
Aldrovanda generates APs in response to mechanical stimulation (lijima
and Sibaoka, 1981, 1982) like its closest relative Dionaea (Hodick and
Sievers, 1988), the downstream sequence of signalling events is prob-
ably similar and involves Ca®' induced JAs accumulation as is
well-known in non-carnivorous plants (Toyota et al., 2018; Farmer et al.,
2020; Suda et al., 2020). In Dionaea, accumulated JAs activated the
expression of digestive enzymes including cysteine protease dionain and
VF chitinase I (Libiakova et al., 2014; Bohm et al., 2016; Pavlovic et al.,
2017) and we found similar enzyme in Aldrovanda. Based on our
nLC-MS/MS analysis and homology search, we identified a cysteine
protease dionain3 from Dionaea muscipula (accession no. gi|794462956
assigned by a single peptide NSWGTSWGENGYIR to the band 2-b in
Fig. 4) in the digestive fluid collected from fed Aldrovanda traps (we
called it aldrovandain). Digestive fluid collected from hermetically
closed traps induced by exogenously added 0.5 mM JA also contained
cysteine protease in Aldrovanda (identification based on the same
sequence as above). Therefore the mechanism of enzyme synthesis is the
same as in Dionaea. Moreover, putative nucleotide pyrophosphatase/-
phosphodiesterase from Nepenthes mirabilis (accession no. gi|
1002635122) was assigned by a single peptide FLAFGDMGK to the
protein band 2-a in Fig. 4. A recent genomic study has revealed that
Aldrovanda, Dionaea and Drosera have significantly expanded gene
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families related to jasmonate signalling (Palfalvi et al., 2020). Thus, our
phytohormone analyses in Aldrovanda, Drosera (Krausko et al., 2017)
and Dionaea (Libiakova et al., 2014; Pavlovic et al., 2017, 2020) are
important physiological evidence to genome studies supporting the
hypothesis that jasmonate signalling was co-opted for carnivory likely
already in a common ancestor of the Droseraceae (Palfalvi et al., 2020).
Based on the molecular evidence, it was proposed that the snap-traps of
Aldrovanda and Dionaea were derived from a common terrestrial
ancestor that had flypaper-traps (Cameron et al., 2002) which co-opted
JA signalling from plant defense (Palfalvi et al., 2020). Later, probably
terrestrial ancestor of Aldrovanda was becoming adapted to permanently
aquatic lifestyle (Cameron et al., 2002).

On the other hand, the aquatic Utricularia reflexa, which uses
different trapping mechanism and is not related to Droseraceae, does not
accumulate significant amount of JAs in response to feeding. This is in
accordance with genome analysis of U. gibba, where, in contrast with
Droseraceae, gene families related to jasmonate signalling are not
significantly expanded (Ibarra-Laclette et al., 2013; Carretero-Paulet
et al., 2015; Lan et al., 2017). The findings that enzyme activity in
Utricularia bladders is independent of prey capture and is rather
constitutive (Sirova et al., 2003) question the necessity to possess a
JA-inducible system for enzyme secretion. In the trap fluids of Utricu-
laria, there are many species of living bacteria, algae, fungi and protozoa
and it has been suggested that Utricularia are rather more ‘farmers’ than
‘hunters’ (Sirova et al., 2018a,b). Even more, putative losses of the de-
fense response genes in U. gibba are apparent (Renner et al., 2018).
Microbiome organisms certainly contribute to hydrolytic activities in
the digestive fluid, but the plants also secrete their own digestive en-
zymes (Sirova et al., 2003). Using our nLC-MS/MS analyses and ho-
mology search we were unsuccessful to identify any secreted enzyme in
U. reflexa. Therefore, we used another Utricularia species and found that
the major bands in samples from fed and unfed U. vulgaris digestive fluid,
i.e. 4-c and 5-d (Fig. 4), respectively, were assigned by a single peptide
DQGQCGSCWAF to dionain 4 from Dionaea muscipula (accession no. gi|
1114672835) or cysteine protease from Spinacia oleracea (accession no.
gi|222425026). Indeed, the U. gibba genome reveals large expansions of
cysteine protease gene family which are predominantly expressed in
trap tissue (Lan et al., 2017). It seems that different evolutionary line-
ages of carnivorous plants co-opted similar digestive enzymes with
convergent amino acid changes (Fukushima et al., 2017), but the mode
of their regulation may differ. Moreover, there is an obvious difference
in the molecular mass (Fig. 4). Additional protein identifications in
samples including abundant plant intracellular proteins such as actin,
glyceraldehyde-3-phosphate dehydrogenase, fructose bisphosphate
aldolase, triosephosphate isomerase, calmodulin, histones, and ubiq-
uitin were considered contaminants arising from a mechanical injury of
plants during the sample collection process.

In addition to our previous study on Pinguicula (Kocab et al., 2020),
Utricularia is the second genus of carnivorous plant in the order Lam-
iales, which has not co-opted jasmonate signalling for botanical carni-
vory. On the other hand, activation of digestive process in aquatic
Aldrovanda is similar to terrestrial Dionaea and both rely on jasmonates.
Interestingly, both genera of aquatic carnivorous plants used cysteine
protease homologous to dionain for prey digestion, which is prey and
JA-induced in Aldrovanda and constitutively present in Utricularia. Thus,
although the similar digestive enzymes were co-opted for botanical
carnivory, the mode of their regulation may differ in different taxa. How
are the carnivory-related processes activated by prey in other genera of
CPs remains to be investigated.
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V této publikaci byl doplnén obrdzek o zapojeni jasmonatové signalizace do botanické
masozravosti. Jiz bylo zndmo, Ze masozravé rostliny fadu hvozdikotvaré (Caryophyllales)
ptevzaly jasmonatovou signdlni drédhu od obranného mechanismu rostlin pro své ucely, tedy
pro botanickou masozravost. Pokud tyto rostliny, zahrnujici aldrovandku (Aldrovanda),
rosnatku (Drosera), mucholapku (Dionaea) a lackovku (Nepenthes), zaznamenaji mechanické
a chemické podnéty pochazejici z kofisti, jasmonaty spusti expresi genl souvisejicich
s masozravosti vedouci k produkei a sekreci travicich enzyma. Masozravé rostliny vSak maji
nejméné jedenact nezavislych plivodi a zde bylo otdzkou, zda signalizace jasmonatu byla
opakovanég exaptovana v riznych evoluc¢nich liniich masozravych rostlin. K tomu byly vyuzity
masozravé rostliny tfi riznych fada: Stavelotvaré (Oxalidales) reprezentovany lackovici
australskou (Cephalotus folicularis), viesovcotvaré (Ericales) reprezentovany $pirlici nachovou
(Sarracenia purpurea ssp. venosa) a hvozdikotvaré reprezentovany rosnolistem lusitanskym
(Drosophyllum lusitanicum). Testované rostliny byly experimentaln¢ krmeny nebo poranény
ataké byl do/na pasti/i aplikovan koronatin, molekuldrni agonista aktivniho jasmonétu —
konjugatu kyseliny jasmonové s isoleucinem, aby se potvrdila nebo vyvratila uloha jasmonata
Vv indukci traviciho procesu.

Nejprve byla naSe pozornost zaméfena na Spirlici, u které se vysledky predchozich studii
zabyvajici se schopnosti produkovat enzymy rostlinného ptvodu 1isi. Tato studie potvrdila, Ze
se Vv travici tekutin€ takovéto enzymy vyskytuji, nicméné rostlina produkuje jen velmi malé
mnozstvi travici tekutiny. Jelikoz Spirlice nachova postrada vicko, chranici lacku pred destém,
enzymy jsou V ptirod¢ silné ztedéné destovou vodou a traveni piebiraji mikroorganismy zijici
Vv pastech. Co se tyc¢e aktivity enzymi, v reakci na krmeni nebyla zpozorovana stimulace
fosfatdz, proteolytickd aktivita ale ano. ZvySené mnoZstvi aspartat protedzy a chitinazy III
a aktivity aspartat protedzy po ptidani destilované vody do pasti vykazuje v prib¢hu asu jasny
trend v kontrolnich i krmenych pastech — enzymové aktivity jsou u Spirlice nachové regulovany
nejprve spise vyvojove a teprve pozdé€ji reaguji na chemické podnéty kofisti. Mladé Spirlice
tedy vykazuji slabou stimulaci enzymové aktivity v reakci na pfidani kofisti, jasmonaty se ale
neucastni signalizace.

Na rozdil od Spirlice nachové, i uzaviené a nezralé pasti laCkovice australské jiz

produkuji stabilni hladinu tekutiny obsahujici travici enzymy. Enzymova aktivita je u lackovice



konstitutivni, coz bylo potvrzeno nezvySenim enzymové aktivity a mnozstvi aspartat proteazy
po pridani kofisti. Stejn¢ tak aplikace koronatinu neovlivnila mnozstvi a aktivitu aspartat
proteazy, ani nebyla zméfena zvysena koncentrace jasmonatii v rostlinném pletivu po podani
koftisti, coz indikuje, ze jasmonatova signalni dréha se netcastni reakce ani u této rostliny.

V porovnani se studovanymi lackovkami je situace u rosnolistu zcela odlisna. Indukce
enzymovych aktivit a zvySeni mnoZzstvi enzymu byla jasné prokdzana, naznacujici stimulacni
zpusob sekrece travicich enzymii regulovany jasmonaty, jak je znamo u rosnatky
a mucholapky. Na rozdil od nich ale tentakuly rosnolistu nejsou schopny vykonavat zadny
pohyb a také negeneruji zadné elektrické signaly v reakci na mechanickou stimulaci. Jak je
znamo z la¢kovek, jasmonaty se mohou akumulovat také bez elektrické signalizace na zakladé
chemickych signalti pochazejici z kofisti a toto by mohlo platit také u rosnolistu.

Vsechny tfi masoZravé rostliny zahrnuté do této studie vyuZivaji pro traveni aspartat
proteazu. Podle nomenklatury dle Takahashi et al. (2012)! byly nazvany sarraceniasin,
cephalotusin a drosophyllumsin. Tyto proteiny stejné jako dalSi proteiny nalezeny
v masozravych rostlindch (napf. chitinazy, glukanazy, ribonukledzy) spadaji do skupiny od
patogeneze odvozenych proteini. CoZ znamena, Ze tyto proteiny byly exaptovany od obrany
rostlin pro botanickou masozravost nékolikrat nezévisle na sob¢ také ve vzdalené ptibuznych
rodech masozravych rostlin. Oproti tomu je jasmonatova signalizace regulujici aktivitu enzymi
zapojena pouze se masozravych rostlin rodu hvozdikotvaré.

Tato studie jasn¢ ukdzala, Ze ackoli masozravé rostliny z riznych evoluc¢nich linii sice
kooptovaly stejné travici enzymy, jak ukdzala studie Fukushima et al. (2017)?, regulace jejich
aktivit se vyrazné lisi. Pfestoze masozravé rostliny vyuZzivaji jasmonaty pro svou odvekou roli
— obranu, exaptace jasmonatové signalizace pro botanickou masozravost se pravdépodobné
vyskytla pouze jednou v nejstar$i linii masoZravych rostlin — hvozdikotvaré, a poté jiZ nikdy

nebyla vyuzita.

! Takahashi K, Nishii W, Shibata C. 2012. The digestive fluid of Drosera indica contains a cysteine
endopeptidase ("Droserain”) similar to dionain from Dionaeca muscipula. Carnivorous Plant Newsletter
41:132-134.

2 Fukushima K, Fang X, Alvarez-Ponce D, et al. 2017. Genome of the pitcher plant Cephalotus reveals genetic
changes associated with carnivory. Nature Ecology and Evolution 1: 1-9.



Piispéni autori:

Vyzkum:

piiprava a odebirani materiali:

méteni elektrickych signala:
kvantifikace fytohormonti:
méfeni enzymovych aktivit:

SDS-PAGE a Western bloty:

Konceptualizace: A. Pavlovi¢

Supervize: A. Pavlovic¢
Vizualizace: A. Pavlovi¢
Statistika: A. Pavlovi¢
Psani — rukopis: A. Pavlovi¢
Psani — editace: A. Pavlovi¢

Ziskani financovani: A. Pavlovic¢

Podil J. JakSové: 30 %

A. Pavlovi¢

A. Pavlovic¢

J. JakSova, O. Vrobel, P. Tarkowski
J. JakSova

J. JakSova



Phylogeny of jasmonate signaling in the carnivorous plants.

Andrej Pavlovi¢!, Jana Jaksoval, Ond¥ej Vrobel?, Peter Tarkowski?

! Department of Biophysics, Faculty of Science, Palacky University, Slechtitelii 27, CZ-183
71, Olomouc, Czech Republic.

2 Department



Abstract

The carnivorous plants in the order Nepenthales co-opted jasmonate signaling from
plant defence to botanical carnivory. After detection of prey, jasmonates induce
expression and secretion of digestive enzymes. However, carnivorous plants have at
least eleven independent origins and here we ask whether jasmonate signaling has been
co-opted repeatedly in different evolutionary lineages of carnivorous plants.

We experimentally wounded and fed the carnivorous plants (Sarracenia purpurea,
Cephalotus follicularis, Drosophyllum lusitanicum) and we measured electrical signals,
phytohormone tissue level and digestive enzymes activity. Coronatine was added
exogenously to confirm role of jasmonates in induction of digestive process.
Immunodetection of aspartic protease and MS analysis of digestive fluid was also
performed.

Only D. lusitanicum increased enzyme activities in response to prey capture and
coronatine application. In C. follicularis the enzyme activity is constitutive, in S.
purpurea rather regulated developmentaly. Different digestive enzymes were found in
its digestive fluid of D. lusitanicum: xxx.

Although the carnivorous plants from different evolutionary lineages use the same
digestive enzymes, the mechanism of their regulation differs. All investigated genera
use jamonates for their ancient role - defense, but the co-option of jasmonate
signalling for botanical carnivory probably occurred only once in the oldest lineage of

carnivorous plant — Nepenthales.

Key words: aspartic protease, carnivorous plant, digestive enzymes, electrical signal, defense,

jasmonic acid, phytohormone, wounding,



Introduction

Jasmonates (JAs) are important regulators in plant responses to biotic and abiotic stresses as
well as in development (Wasternack and Hause, 2013). Mechanical wounding or herbivore
attack is one of the most prominent examples where JAs are involved as a signal (Koo et al.,
2009). The endogenous rise of JAs upon wounding or herbivore and pathogen attack is
associated with the induction of synthesis of secondary metabolites and activation of defence
response (Wasternack and Hause, 2013). Local wounding by herbivores leads to a burst in
newly synthesized JAs not only in local leaves, but also in leaves distal to wounds activating
systemic response. The signals responsible for systemic JAs accumulation in distal leaves are
electrical signals (Mousavi et al., 2013), Ca?* wave (Toyota et al., 2018), reactive oxygen
species (ROS, Miller et al., 2009; Suzuki et al., 2013) and/or JAs theirself (Li et al. 2020), and
the signals co-propagate together (Gilroy et al., 2014). All leaves that receive the signals
accumulate JAs within few minutes. In the nucleus, the bioactive isoleucine conjugate of JA
(JA-1le) triggers an interaction between the CORONATINE INSENSITIVEL (COI1) receptor
and members of the JASMONATE ZIM-DOMAIN (JAZ) family of repressors. COl1-mediated
degradation of JAZ repressors activates reprogramming of gene expression leading to plant
defence response (Chini et al. 2007, Thines et al. 2007, Fonseca et al. 2009, Sheard et al. 2010).

Jasmonate signaling is very old pathway present already in Bryophyta and first
appeared inthe common ancestor of extant land plants more than 450 Mya ago. Already
liverwort Marchantia polymorpha contain all core components of the jasmonate signaling
pathway (COI1, JAZ etc.) but it is not able to synthesize bioactive ligand JA-Ile known from
flowering plants (Monte et al., 2018), what probably first appeared in Lycophytes (Pratiwi et
al., 2017). Later jasmonate signaling pathway was also co-opted for regulation of fertility in
plants (Monte et al.,, 2018). Thus, it can be suggested that the first flowering plants
(angiosperms) dated to approx. 194 Mya surely has complete jasmonate signaling pathway as

we know today from experimental model plant Arabidopsis thaliana.

In nutrient poor habitats, a special group of so called carnivorous plants have evolved
sophisticated mechanisms how to obtain deficient nutrients in the soil from animal prey. They
modified their leaves into the traps which capture animal prey by five different mechanisms:
adhesive (‘flypaper’) traps with a sticky glandular surface; pitfall (‘pitcher’) traps forming a
central cavity or small tanks; mobile snap-traps with rapidly closing lobes; suction (‘bladder’)
traps actively forming negative pressure inside; and specialized eel (‘lobster-pot’ and ‘cork-

screw’) traps formed by screwed, tubular leaves with a narrow cavity lined with retrorse hairs



(Adamec et al., 2021). The phylogenetically oldest lineage of carnivorous plants is Nepenthales,
dating back to 83-95.1 Mya (Fleischmann et al., 2018), and they surely exploited jasmonate
signaling pathway for defence as we know in non-carnivorous plants (Davila-Lara et al., 2021).
Recent studies have shown that all the studied genera of carnivorous plants within the order
Nepenthales regardless of trapping mechanisms (adhesive traps in Drosera, shap-traps in
Dionaea and Aldrovanda, pitfall traps in Nepenthes) accumulated JA and JA-Ile in response to
experimental feeding. Moreover, the exogenous application of JA (or its molecular mimic
coronatine) induced the carnivorous response, i.e. formation of digestive cavity, expression of
digestive enzymes and transporters (Libiakova et al., 2013, Nakamura et al., 2013; Mithofer et
al., 2014; Buch et al., 2015; Yilamujiang et al., 2016; Bohm et al., 2016a,b; Krausko et al.,
2017; Pavlovic et al., 2017; Jaksova et al., 2020; 2021) confirming the role of endogenous JAs
in regulation of botanical carnivory. Taken into account the phylogenetic age of carnivorous
plants and angiosperms, regulation of carnivory by the JAs is therefore not an ancient character,
but derived from plant defence more recently in evolution. Thus, carnivorous plants co-opted
pre-existing jasmonate signaling pathway from plant defence to botanical carnivory and has
turned defense into offense (Pavlovi¢ and Saganova, 2015; Bemm et al., 2016, Pavlovi¢ and
Mithofer, 2019). However, carnivorous plants have polyfyletic origin and have evolved at least
ten times independently in time span 95,1 — 1.9 Mya (Fleischmann et al., 2018) in six orders,
13 families and 20 genera (Adamec et al., 2021 and updated by the genera Triantha, Lin et al.,
2021). All the studied genera mentioned above belong to the same oldest order: Nepenthales.
Only recently, it was shown that carnivorous plants from the order Lamiales (Pinguicula,
Utricularia) have not co-opted jasmonate signalling pathway for regulation of digestive
physiology despite using similar enzymes (Kocab et al., 2020; Jaksova et al., 2021), indicating

that JAs are not ubiquitous signaling molecules in botanical carnivory.

In this study, we investigate the function of jasmonates in botanical carnivory in three
non-related order of carnivorous plants: Oxalidales (represented by Cephalotus folicularis),
Ericales (represented by Sarracenia purpurea ssp. venosa) and Nepenthales (represented by
Drosophyllum lusitanicum) to complement the picture about involvement of JAs in botanical
carnivory. The tested plants were experimentaly fed or wounded and analysed for
phytohormone tissues level and enzyme activities. Coronatine, a molecular mimic of JA-lle,

was exogenously added to confirm or refuse the role of jasmonates in carnivorous response.



Material and Methods
Plant material and experimental setup

The carnivorous plants Sarracenia purpurea ssp. venosa L., Cephalotus follicularis Labill. and
Drosophyllum lusitanicum (L.) Link (Fig. 1) growing under standard greenhouse conditions at
Palacky University in Olomouc were used in our experiments. In 10 — 20 days old S. purpurea
pitchers after opening, 6 mL of distilled water was added into the pitcher shortly before feeding,
because this species is not able to secrete permanent level of digestive fluid but collect a rainfall
water. In contrast, C. follicularis pitchers are protected by the lid, which prevents rainwater
entering the pitcher, and thus diluting the digestive enzymes inside. The mature fully developed
pitchers of S. purpurea and C. follicularis were fed on two pieces of meal worms (Tenebrio
molitor). The 0.5 mL of digestive fluid was collected from the mature and fully developed
pitchers before feeding (0 hour) and then after 24, 48, 96, 168 hours for enzyme assay and
Western blotting. The 0.5 mL of digestive fluids were also collected from control non-fed
pitchers at the same time points. In a parallel experiment with another group of plants, the lower
digestive part of the pitchers, which have a contact with digestive fluid, were collected before
(0 h) and 2, 24, 48 (96) hours after feeding and immediately frozen in liquid nitrogen for
phytohormone analyses. The lower digestive part of control non-fed pitchers were also
collected at the same time points. Because D. lusitanicum with its sticky leaves is specialized
for smaller prey in comparison to pitcher plants, it was fed on fruit flies (Drosophila
melanogaster). Each investigated 10 - 15 cm long sticky leaf was fed on five fruit flies. Before
(0 h) and 24, 48, 96 hours after feeding three non-fed control and fed leaves were cut off using
a scalpel, and the traps were submerged in 4 ml of 50 mM Na-acetate buffer solution (pH 5.0)
for 3 min to collect the exudates for enzyme assay and Western blotting. In a parallel experiment
with another group of plants, four leaves were collected before (0 h) and 2, 24 hours after

feeding and frozen in liquid nitrogen for phytohormone analyses.

To investigate the possible role of JAs in enzyme induction, the molecular mimic of JA-
Ile, coronatine was added into the pitchers S. purpurea and C. follicularis to final 100 uM
concentrations. The same volume of water was added to control pitcher to avoid dilution of
enzyme in coronatine treated plants. The 0.5 mL of digestive fluid was collected at the same
time points as mentioned above from coronatine-treated and control pitchers. D. lusitanicum
was sprayed by 100 uM coronatine and the exudate was collected by the same way as mentioned
above. The potency of 100 uM used coronatine was tested on Drosera capensis plants, where

it induce strong leaf and tentacle bending reaction on applied as well as systemic leaves.



In wounding experiments, the pitcher plants S. purpurea and C. follicularis were ten
times wounded by needle within one minute in lower digestive part of the pitchers and the same
pitcher part was collected 2 h after wounding for phytohormone analyses. D. lusitanicum was
wounded five times (because it was fed on five fruit flies in previous experiment) and the four

wounded leaves were collected 2 hours after wounding for phytohormone analyses.

For testing developmental control of enzyme secretion, we monitored developing
pitchers in C. follicularis. On the day these pitchers first opened their lids (time point 0), 100

uL of digestive fluid was sampled and then every week for 7 weeks long period.
For testing developmental control of enzyme secretion in S. purpurea ...

Quantitative analysis of phytohormones

Endogenous levels of phytohormones were quantified using isotope dilution LC-MS/MS
method (Ljung et al., 2010). The collected plant tissues were frozen in liquid nitrogen
and ground using mortar and pestle. Homogenized material was extracted and purified
as described in Simura et al., (2018). Briefly, 25 mg of sample were extracted with 1 ml of
ice-cold 50% acetonitrile (ACN) containing a mixture of stable isotope labeled standards.
Unlabeled (SA, JA-Ile) and labeled standards (1*C6-IAA, D4-SA, D2-JA-Ile) were purchased
from OIChemIm (Olomouc, Czech Republic), JA and D5-JA were purchased from Merck
(Germany). The extraction was performed with assistance of an ice-cold ultrasonic bath
for 30 min. After centrifugation (20 000 g, 15 min, 4° C) samples were purified using SPE.
Waters (USA) Oasis™ HLB columns (30 mg, 1 ml cartridge) were activated by 1 ml MeOH
and equilibrated by 1 ml H2O and 1 ml of 50% ACN. During sample loading, flow-through
fraction was collected and pooled with the fraction from a single washing step of 1 ml 30%
ACN. Collected fractions were evaporated under vacuum. If necessary, dried samples were
stored at -20 °C prior to analysis. For analysis, samples were resuspended in 40 ul of mobile
phase, filtered through 0.2 um microspins (Ciro; USA) and analysed by LC-(+)ESI-MS/MS
in multiple reaction monitoring (MRM) mode. LC-MS/MS analysis were performed using
a Nexera X2 modular liquid chromatograph system coupled to an MS-8050 triple quadrupole
mass spectrometer (Shimadzu, Japan) via an electrospray interface. Chromatographic
separation was performed using areverse-phase analytical column Waters CSH™ C18,
2.1 mm x 150 mm, 1.7 um. The aqueous solvent A consisted of 15 mM formic acid adjusted
to pH 3.0 with ammonium hydroxide. Solvent B was pure ACN. Separation was achieved with
gradient elution at a flow rate of 0.4 ml/min at 40 °C. 0-1 min 20 % B; 1-11 min 80 % B linear

gradient followed by washing and equilibration to initial conditions for a further 7 min. If



possible, up to 3 MRM transitions (1 quantitative, the others qualitative; Supplementary Table
X) were monitored for each analyte to ensure as much confidence as possible in the correct
identification of analytes in the different plant matrices. Raw data were processed via Shimadzu
software LabSolutions ver. 5.97 SP1. All data were log-transformed to calculate the results.
To reduce experimental biases, procedure included randomized sample list and the blinding was
imposed on the analyst (OV).

Extracellular recording of electrical signals

The electrical signals were measured using non-invasive, 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 inside a
Faraday cage under standard laboratory conditions (room temperature of 23 + 1°C and relative
air humidity of 50 + 5%) according to Ilik et al. (2010). The electrode was attached to the lower
external part of S. purpurea and C. follicularis pitchers in area where the pitcher is in contact
with digestive fluid inside. After signal stabilization on the leaves for approximately half an
hour, two meals worms were added into the pitchers or the pitcher was wounded in 1 — 2 cm
distance from the recording electrode. In S. purpurea the 6 mL of distilled water was added few
minutes before feeding. In D. lusitanicum, the electrode was attached to stalked tentacle gland
and electrical signals were monitored in response to gentle touch as had been described for
sundew plants (Drosera sp.) before (Williams and Pickard 1972; Krausko et al., 2017) or in
response to leaf wounding 1 - 2 cm distance from the recorded tentacle. The reference electrode
was sub-merged in a dish filled with 1-2 cm of water beneath the pot. The electrodes were
connected to an amplifier (gain: 1-1000, noise: 2-3 mV, bandwidth (-3 dB): 10° Hz, response
time: 10 Is, input impedance: 10'2 Q). The signals from the amplifier were transferred to an
analogue-digital PC data converter (12-bit converter, = 10 V, PCA-7228AL supplied by
TEDIA, Plzen, Czech Republic), and the data were collected every 30 ms. The sensitivity of
the device was 13 pV.

Enzyme assay

Proteolytic activity of digestive fluid was determined by incubating 150 pL of digestive fluid
with 150 pL of 2% (w/v) bovine serum albumin (BSA) in 200 mM glycine-HCI (pH 3.0) at 37
°C for 1 (D. lusitanicum) — 2 h (C. follicularis, S. purpurea). 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 20,000g for 10 min at 4 °C. The amount of released non-TCA-precipitable

peptides was used as a measure of proteolytic activity, which was determined by comparing the



absorbance of the supernatantat 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).

To measure the activity of acid phosphatases, we used chromogenic substrate 4-
nitrophenyl phosphate (Sigma-Aldrich). The substrate was prepared in 50 mM (pH 5.0) acetate
buffer at the concentration 5 mM. 150 uL of collected fluid was added to 400 uL of 50 mM
acetate buffer (pH 5.0), and mixed with 400 uL of the substrate. For control, 400 puL of the
substrate solution was mixed with 550 pL of the acetate buffer. Mixed samples were incubated
at 25 °C for 1 hour, and then, 160 uL of 1.0 N NaOH were added to terminate the reaction.
Absorbance was measured at 405 nm with a double-beam spectrophotometer Specord 250 Plus
(Analytik Jena, Germany).

Western blotting

To detect and quantify aspartic protease and type IlI chitinase, polyclonal antibodies against
these proteins were raised in rabbits by Genscript (Piscataway, NJ, USA). The following amino
acid sequences (epitopes) were synthesized: aspartic protease, (NH2-) SAIMDTGSDLIWTQC
(-CONHy) (based on sequences BAD07474.1, BADO7474.1, AFV26025.1, AFV26024.1 from
N. gracilis and N. mirabilis) and type Ill chitinase (NH2-) CWSKYYDNGYSSAIKD (-
CONH>) (based on sequence ABF74624.1 from N. rafflesiana), respectively (Genscript,
Piscataway, NJ, USA). Because we were not able to detect positive reaction for aspartic
proteases despite their presence in digestive fluid in S. purpurea (Fukushima et al., 2017), we
synthetized new epitope based on the sequence of aspartic protease (BAW35441.1) directly
from S. purpurea ssp. venosa: (NH2-) QQQDPTFDPSKSTTC (-CONH2) (Genscript,
Piscataway, NJ, USA). All sequences were coupled to a carrier protein (keyhole limpet
haemocyanin, KLH) and injected into two rabbits each. 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.

The digestive fluid collected for the enzyme assays was subjected to Western blotting.
The samples were heated and denatured for 30 min at 70°C and mixed with modified Laemmli
sample buffer to a final concentration of 50mM tris-HCI (pH 6.8), 2% SDS, 10% glycerol, 1%
B-mercaptoethanol, 12.5mM EDTA, and 0.02% bromophenol blue. The same volume of
digestive fluid was electrophoresed in 10% (v/v) SDS polyacrylamide gel (Schiagger, 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 for 1 h at room
temperature, and after washing, the membrane was incubated with the secondary antibody: the
goat antirabbit 1gG (H + L)-horseradish peroxidase conjugate (Bio-Rad). Blots were visualized
and chemiluminescence was quantified by an Amersham Imager 600 gel scanner (GE
HealthCare Life Sciences, Tokyo, Japan).

Results
Electrical signals

In contrast to C. follicularis, S. purpurea does not produce significant level of digestive fluid
and relies on collecting of rain water. For this purpose, S. purpurea lacks pitcher lid in contrast
to majority of pitcher plants, where the lid prevents dilution of digestive fluid by rain (Fig. 1a).
Adding the distilled water into S. purpurea pitcher resulted in fast hyperpolarization of
membrane potential (negative voltage shift recorded extracellularly, representing intracellular
depolarization). When the prey was added few minutes later, the membrane potential
repolarized or even hyperpolarized (positive voltage shift recorded extracellularly, representing
intracellular hyperpolarization, Fig. 2a). The pitcher of S. purpurea did not generate electrical
signals in response to wounding regularly, the weak hyperpolarization (negative voltage shift
recorded extracellularly, representing intracellular depolarization) was recorded only
occasionally and resemble typical action potential (AP, Fig. 2a). No changes of membrane
potential were recorded in pitcher of C. follicularis (Fig. 2b) in response to prey addition but
wounding generated hyperpolarization of membrane potential (negative voltage shift recorded
extracellularly, representing intracellular depolarization) representing typical variation
potential (VP, Fig. 2b). The tentacles of D. lusitanicum (Fig. 1c¢) generated weak depolarization
in response to touch stimuli, but the probability that this is an artefact of recording cannot be
excluded. No typical APs, as had been documented in tentacles of sundew plants before
(Drosera spp., Williams and Pickard, 1972; Krausko et al., 2017), were found. Typical VP was

triggered in tentacle in response to leaf wounding (Fig. 2c).
Phytohormone accumulation

The pitcher plants S. purpurea and C. follicularis did not accumulate significant level of JA and
JA-lle in response to feeding in contrast to D. lusitanicum (Fig. 3a-f). But two hours after

wounding, the level of JA and JA-Ile significantly increased in all studied plants, documenting



the ability of carnivorous plants synthetize JAs in response to damaging stimuli as is well
known in non-carnivorous plants (Fig. 3a-f). The other stress-related hormones, ABA and SA,
were not significantly increased in response to feeding or wounding (Fig. 3g-1). Only the content
of ABA was significantly decreased 2 hours after wounding in D. lusitanicum, and 48 hours

after feeding in C. follicularis (Fig. 3h,i).
Enzyme activities

The overal proteolytic activity was significantly higher in fed S. purpurea pitchers in
comparison to control (Fig. 4a). In C. follicularis, the proteolytic activity was constitutive (Fig.
4b). In D. lusitanicum proteolytic activity significantly increased in response to feeding (Fig.
4¢). In S. purpurea, phosphatase activity in digestive fluid increased over time in both control
as well as fed pitchers without significant differences (Fig. Sl1a). In C. follicularis the
phosphatase activity was constitutive without any effect of prey addition on the enzyme
activities (Fig. S1b). In D. lusitanicum the activity significantly increased in response to feeding
(Fig. Sic).

To reveal regulatory role of jasmonates in enzyme activities, 100 uM coronatine (a
molecular agonist of JA-lle) was applied exogenously and the enzyme activities were measured.
As expected from phytohormone tissue level, the strong induction of proteolytic and
phosphatase activities were detected only in D. lusitanicum (Fig. 4f, Fig S1f). The coronatine
also enhanced secretion of sticky mucilage in D. lusitanicum what was observable by our own
eyes. The pitcher plants S. purpurea and C. follicularis did not increase enzyme activities (Fig.
4d,e, Fig. S1d,e) but the traps of C. follicularis, in which the coronatine was applied, got red 20
days after its application. These traps contained significantly less chlorophyll a + b and
accumulated increased concentration of anthocyanins (Fig. S2).

Western blotting

In S. purpurea, the initial concentration of aspartic protease saraceniasin was extremelly
variable among different pitchers. Overall, the concentration of saraceniasin in digestive fluid
increased over time regardless of pitcher feeding status (Fig. 5a). On the other hand, the aspartic
protease cephalotusin was constitutively present in digestive fluid of control as well as fed
pitchers in C. follicularis (Fig. 5b). The enzyme is present in high abundance already in freshly
open pitchers and decreased over time (Fig. S3). In contrast, aspartic protease drosophyllumsin

in D. lusitanicum was clearly upregulated in response to feeding (Fig. 5c).



In coronatine treated traps, the clear upregulation of aspartic protease was detected only
in the case of D. lusitanicum (Fig. 6¢). The abundance of aspartic proteases in digestive fluids
IS in accordance with the measurements of proteolytic activity (Fig. 4f).

Among the other antibodies available from our previous studies on carnivorous plants
we were succesfull in immunodetection of type Il chitinase in S. purpurea. The amount of
chitinase 111 enzyme in digestive fluid increased over time in both control as well as fed pitchers
(Fig. S4), however this upward trend was significantly reduced when coronatine was added into
the digestive fluid (Fig. S5).

Discussion

In this study, we investigated the regulatory role of jasmonates on enzyme activities in three
distantly related taxa of carnivorous plants. The role of jasmonates in regulation of enzyme
secretion has been confirmed in four taxa of carnivorous plants (Aldrovanda, Dionaea,
Drosera, Nepenthes), which are all related and belong to the same order Nepenthales
(Libiakova et al., 2013, Nakamura et al., 2013; Mithofer et al., 2014; Buch et al., 2015;
Yilamujiang et al., 2016; Bohm et al., 2016a,b; Krausko et al., 2017; Pavlovi¢ et al., 2017;
JakSova et al., 2020; 2021). In this study, we were interested in, whether jasmonate signaling

regulates enzyme activities outside the order Nepenthales.

First, we investigated species S. purpurea ssp. venosa. The data about ability of S.
purpurea produce endogenous plant-derived enzymes are contradictory. Some studies showed
that the pitchers have no ability produce plant-derived enzymes (Koller-Peroutka et al., 2019).
Some others showed that the plant secrets limited amount of digestive enzymes into pitcher
fluid but with primary role of microbes in the digestion of prey (Luciano and Newell 2017;
Young et al., 2018). Recently, Fukushima et al. (2017) unequivocally confirmed presence of
plant-derived enzymes in the digestive fluid of S. purpurea and our data are in agrement with
their findings. The plant produces only a few droplets of digestive fluid and due to the absence
of pitcher lid, typical pitchers may contain up to 30 mL of rainwater (Adlassnig et al., 2011).
Thus, the enzymes are strongly diluted in nature, what hampered their identification using less
sensitive methods (Koller-Peroutka et al., 2019), and digestion is taken over by microorganisms
living in these phytotelmata-like traps. We did not observe stimulation of phosphatase, but
proteolytic activity in response to feeding in accordance with the study of Young et al. (2018).
Another studies showed stimulation of both enzyme activities in response to prey or protein

additions (Gallie and Chang 1999; Luciano and Newell, 2017). However, there is a clear trend



toward increased enzyme activities and abundance of aspartic protease and chitinase Il after
addition of distilled water into the trap over time in control as well as fed traps. This agrees
with previous studies which documented that enzyme activites in S. purpurea are first rather
developmentally regulated and only later are responsive to chemical stimuli from prey (Gallie
and Chang, 1999; Luciano and Newell, 2017). The additon of water (or rain in nature) into
freshly open pitcher may also act as stimulus although this probability was refused by Gallie
and Chang (1999) in their experiments. Based on these and our studies, we can conclude that
young S. purpurea pitchers exhibit weak stimulation of enzyme activity in response to prey

addition, but the jasmonates are not involved in signaling.

In contrast to situation in S. purpurea, even closed immature traps of C. follicularis
already contain stable level of plant-derived fluid with digestive enzymes (Adlassnig et al.,
2011; Takahashi et al., 2009; Fukushima et al., 2017). The pitchers are covered by the lid
protecting the digestive fluid against enzyme dilution. Indeed, comparing the enzyme activities
between S. purpurea and C. follicularis confirmed strongly diluted fluid and enzymes in the
former. The enzyme activities and abundance of aspartic protease cephalotusin in the pitcher
fluid did not respond to prey addition, indicating that the enzyme activity in constitutive. The
jasmonates did not accumulate and external application of coronatine had no effect on enzyme
activities and abundance of cephalotusin. In accordance with our study, Nishimura et al. (2013)
reported constitutive expression of S-like RNase in C. follicularis in contrast to its induced
expression in D. muscipula. In this view, the traps of C. follicularis are completely passive
sensu stricto. We observed that coronatine treated pitchers turned red after two weeks,
indicating jasmonate-mediated accumulation of anthocyanins in C. follicularis. Jasmonate-
induced accumulation of anthocyanins in non-carnivorous plants has already been described
(Shan et al., 2009; An et al., 2021).

The situation in D. lusitanicum is completely different in comparison to the studied
pitcher plants. We showed clear induction of enzyme activities and enzyme abundance
indicating stimulatory mode of secretion regulated by jasmonates, as is known in Drosera and
Dionaea plants (Krausko et al., 2017; Pavlovi¢ et al., 2017). However, in contrast to these
plants, tentacles and leaf traps of D. lusitanicum are not capable of any movement and are not
able to generate any APs in response to mechanical stimulation in contrast to sundew plants
(Williams and Pickard, 1976; Krausko et al., 2017). Although there is a clear connection
between fast electrical signals (i.e. APs and VPs) and jasmonate accumulation in non-

carnivorous (Mousavi et al. 2013; Farmer et al., 2020) as well as in carnivorous plants (Krausko



et al., 2017; Pavlovic et al., 2017), the jasmonates can accumulate also without fast electrical
signaling in passive pitcher traps of Nepenthes (Yilamujiang et al., 2016). Recent study has
shown that chemical signals from prey (chitin and protein) are more important for stable and
high accumulation of jasmonates and digestive enzymes in Dionaea than mechanical stimuli
alone (JakSova et al., 2020). Similarly, D. lusitanicum may response mainly to chemical stimuli
from insect prey. In accordance with our study, the ultrastructural study on digestive glands of
D. lusitanicum showed increased surface density of rough endoplasmic reticulum as well as
number of Golgi stacks after stimulation indicating sharp rise in the rate of synthesis and

secretion of digestive enzymes after stimulation (Vassilyev 2005).

All three investigated genera of carnivorous plants in this study use aspartic protease for
protein digestion. According to Takahashii et al. (2012) nomenclature, we called them
sarraceniasin, cephalotusin and drosophyllumsin. The aspartic proteases are used for protein
digestion also by the genera Drosera, Dionaea, Nepenthes and Pinguicula (Athauda et al.,
2004; Schulze et al., 2012; Krausko et al., 2017; Kocab et al., 2020). Together with other
digestive enzymes found in carnivorous plants (i.e. chitinases, glucanases, ribonucleases), they
belong to the group of pathogenesis-related (PR) proteins (Mithéfer, 2011). They were co-opted
from plant defence to botanical carnivory several times independently in distantly related
genera of carnivorous plants, in contrast to jasmonate signalling regulating their activity only

in Nepenthales.

Figure 7 shows involvement of jasmonates in botanical carnivory from the phylogenetic
point of view. Although jasmonate signaling in carnivorous plants has been studied only in 9
out of 20 genera of carnivorous plants so far, it is clearly seen that jasmonates have been co-
opted for botanical carnivory only in the order Nepenthales. Carnivory arose more recently and
four times independently in monocots in orders Poales (genera Catopsis, Brocchinia,
Paepalanthus) and Alismatales (genus Triantha, Lin et al., 2021), however we still don not
have experimental evidence that these plants anyway use endogenous digestive enzymes for
prey digestion. Instead, as in the case of other plant phytotelmata (except Triantha), they
probably rely on symbiotic microorganisms (Adlassnig et al., 2011). Another genus of
carnivorous plant which does not produce digestive enzymes is Roridula (Ellis and Midgley
1996; Plachno et al., 2009). Two species of carnivorous Roridula in the genus Ericales rely on
symbiotic bugs of the genus Pameridea, which consume prey captured by sticky resin mucilage
of the plant and the plant absorbs nitrogen from the liquid hemipteran faeces directly through
the cuticle (Anderson et al., 2005). Thus, it is unlikely that these genera have co-opted



jasmonates for regulation of something what they do not produce indeed. The endogenous
enzyme secretion was dubious also in the genera Darlingtonia and Heliamphora but we can not
completely rule it out as some studies indicates (Jaffe et al., 1992; Koller-Peroutka et al., 2019)
and deserve our further attention. But because the sister Sarracenia does not use jasmonates for
enzyme regulation it is also highly likely the same for Darlingtonia and Heliamphora. The
underground traps of Genlisea complicate rigorous controlled feeding experiments. It is also
still not clear if Genlisea produces its own endogenous digestive enzymes or relies on symbiotic
microorganisms. The sister taxa Utricularia and Pinguicula produce endogenous enzymes,
however do not use jasmonates for their induction (Kocab et al., 2020; JakSova et al., 2021).
Due to their rarity, two genera of carnivorous plant within Lamiales with independent origin of
carnivory, Byblis and Philcoxia remain also totaly unexplored group of carnivorous plants in
the view of digestive physiology. It was suggested that Byblis resembles Roridula and relies on
digestive mutualisms (Ellis and Midgley 1996), however Takahashii et al. (2009) mentioned
unpublished results about protease activity in Byblis liniflora what makes Byblis an interesting
object for the further investigation.

Taken into account that carnivory in Nepenthales (including families Droseraceae,
Nepenthaceae, Drosophyllaceae and Dioncophyllaceae) has evolved only once (Fleischmann
et al., 2018), it is tempting to assume that jasmonate signaling for botanical carnivory has been
co-opted also only once in the last common ancestor before 85.6 Mya. However monophyletic
origin of carnivorous plants within Nepenthales have recently been questioned by Palfalvi et al.
(2020) based on genomic studies within Droseraceae and transcriptomic data for Nepenthes
alata. They suggested that co-option of JA signaling for botanical carnivory has evolved in
most recent common ancestor of Droseraceae (including genera Drosera, Dionaea and
Aldrovanda). However our biochemical data clearly showed that monotypic family
Drosophyllaceae including D. lusitanicum, uses jasmonate signalling for botanical carnivory.
Also previous studies on Nepenthes showed involvement of jasmonates in botanical carnivory
in the family Nepenthaceae (Buch et al., 2015, Yilmujiang et al., 2016). Although the
possibility, that jasmonate signalling has been co-opted three times independently in families
Droseraceae, Nepenthaceae and Drosophyllaceae cannot be completely ruled out, we consider
this scenario as unlikely with an unnecesarry complexity. This can be supported also by the fact
that no other phylogenetic lineage of carnivorous plants investigated so far co-opted jasmonates
for botanical carnivory. To complement the picture about jasmonate signalling in Nepenthales

it remains to investigate the monotypic genus Triphyophyllum (family Dioncophyllaceae)



including T. peltatum. However this plant is extremely rare in nature and is under-represented
in private and scientific collections of carnivorous plants. Moreover it produce only few (3)
carnivorous leaves with mucilage secretion resembling Drosophyllum only during a short part
of its juvenile phase and were not frequently observed (Green et al., 1979; Rembold et al., 2010)
what hampers serious experimental investigation. The part-time carnivorous T. peltatum might
be in evolutionary transition away from carnivory, because consecutive sisters Habropetalum
and Dioncophyllum within Dioncophyllaceae are non-carnivorous (Rembold et al., 2010). T.
peltatum remains an interesting object for investigation of jasmonate signalling in carnivorous

plants.

Our study clearly showed that although carnivorous plants from different evolutionary
lineages co-opted the same digestive enzymes (Fukushima et al., 2017), the regulation of their
activities strongly differs. Although the carnivorous plants use jamonates for their ancient role
- defense, the co-option of jasmonate signalling for botanical carnivory probably occurred only
once in the oldest lineage of carnivorous plant — Nepenthales and was never recruited again.
Our experimental data are in agreement with the genome studies, where expansions of genes
families involved in JA signalling were documented in Droseraceae, but not in Cephalotus, and
even contraction was documented in aquatic Utricularia (Fukushima et al., 2017; Sun et al.,
2018; Palfalvi et al., 2020). Thus, the constraints on the available routes to evolve plant

carnivory are less then was previously thought.
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Figure legends

Fig. 1 Experimental plants. (a) Sarracenia purpurea ssp. venosa. (b) Cephalotus follicularis.
(c) Drosophyllum lusitanicum.
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Fig. 2. Extracellular recording of electrical signals. (a) Changes of membrane potential in
response to water addition (arrow, upper trace), prey (arrowhead, upper trace) and repeated
wounding with needle 1-2 cm distance from recording electrode (arrows, lower trace) in the
pitcher of Sarracenia purpurea. (b) Recording of membrane potential in response to prey
addition (arrow, upper trace) or wounding 1-2 cm distance from recording electrode (arrow,
lower trace) in Cephalotus follicularis. (c) Recording of membrane potential from tentacle of
Drosophyllum lusitanicum in response to mechanical contact (arrow, upper trace) or wounding

of leaf 1 - 2 cm distance from the recorded tentacle (arrow, lower trace).
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Fig. 3 Phytohormone accumulation in response to feeding and wounding. (a-c) Jasmonic
acid (JA); (d-f); isoleucine conjugate of jasmonic acid (JA-lle); (g-i) abscisic acid (ABA); (j-1)
salicylic acid (SA). (a,d,g,j) Sarracenia purpurea ssp. venosa; (b,e,h,k) Cephalotus follicularis;
(c,f,i,) Drosophyllum lusitanicum. Control plants (open circles), fed plants (closed circles),
wounded plants (closed triangles). Significant differences (Student’s t-test) between the control
and treated samples at the same time points are indicated at P < 0.05 (*) and P < 0.01 (**).

Means £ S.D., n =4.
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Fig. 4 Proteolytic activities in digestive fluid of carnivorous plants. (a-c) feeding with insect
prey; (d-f) coronatine application. (a,d) Sarracenia purpurea ssp. venosa; (b,e) Cephalotus
follicularis; (c,f) Drosophyllum lusitanicum. Means + S.D., n = 4. Significant differences
(Student*s t-test) between the control and treated samples at the same time point are indicated,
which appeared at P < 0.05 (*) and P < 0.01 (**).
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Fig. 5 Immunodetection of aspartic protease in digestive fluid in response to feeding. (a)
Sarracenia purpurea ssp. venosa; (b) Cephalotus follicularis; (c) Drosophyllum lusitanicum.
The proteins were separated in 10% (v/v) sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and silver stained (on the left) or subjected to Western blot
analysis (in the middle) and the chemiluminescence signal intensity was quantified (on the
right). Signal intensity at zero time point was set up as 1. Means + S.D., n = 4. Significant
differences (Student*s t-test) between the control and treated samples at the same time point are

indicated, which appeared at P < 0.05 (*) and P < 0.01 (**). Protein marker in the picture of
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immunodetected protein was added manually based on merged image from gel scanner.
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Fig. 6 Immunodetection of aspartic protease in digestive fluid in response to coronatine
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application. (a) Sarracenia purpurea ssp. venosa; (b) Cephalotus follicularis;

Drosophyllum lusitanicum. The proteins were separated in 10% (v/v) sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) and silver stained (on the left) or subjected to
Western blot analysis (in the middle) and the chemiluminescence signal intensity was quantified
(on the right). Signal intensity at zero time point was set up as 1. Means + S.D., n = 4. Significant
differences (Student*s t-test) between the control and treated samples at the same time point are

indicated, which appeared at P < 0.05 (*) and P < 0.01 (**). Protein marker in the picture of

immunodetected protein was added manually based on merged image from gel scanner.
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Fig. 7 Jasmonate signaling in carnivorous plants from phylogenetic point of view.
Carnivorous plants have evolved at least eleven times independently (arrowheads) in six orders
of angiosperms. The genera of carnivorous plants in which the jasmonates are involved in
regulation of enzyme secretion are depicted in red. The genera in which jasmonates do not play
any role in regulation of enzyme activities are depicted in blue. The genera which have not yet
been investigated in this respect are in green. It is clearly seen, that involvement of jasmonates
in regulation of enzyme activities has evolved probably only once in order Caryophyllales.
Estimated phylogenetic age depicted is in millions of years before present according to
Fleischmann et al. (2018). References which first time showed (or did not) increased
endogenous level of bioactive isoleucine conjugate of jasmonic acid (JA-lle) in response to
prey application and enzyme secretion in response to exogenous application of jasmonates or

coronatine are shown.
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Fig. S1 Phosphatase activities in digestive fluid of carnivorous plants. (a-c) feeding with
insect prey; (d-f) coronatine application. (a,d) Sarracenia purpurea ssp. venosa; (b,e)
Cephalotus follicularis; (c,f) Drosophyllum lusitanicum. Means + S.D., n = 4-8. Significant
differences (Student‘s t-test) between the control and treated samples at the same time point are
indicated, which appeared at P < 0.05 (*) and P < 0.01 (**).
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Fig. S2 Pigment content 20 days after 100 uM coronatine application in Cephalotus
follicularis. (a) pitcher coloration; (b) pigment content. Means = S.D., n = 4. Significant
differences (Student‘s t-test) between control and coronatine-treated plants are indicated, which
appeared at P < 0.05 (*) and P < 0.01 (**).
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Fig. S3 Immunodetection of aspartic protease cephalotusin in digestive fluid during
pitcher ontogeny in Cephalotus follicularis. The day the pitcher opened is marked as zero.
The proteins were separated in 10% (v/v) sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and silver stained (on the left) or subjected to Western blot

analysis (in the middle) and the chemiluminescence signal intensity was quantified (on the
right). Means £ S.D., n = 4.
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Fig. S4 Immunodetection of type 111 chitinase in digestive fluid of Sarracenia purpurea
ssp. venosa in response to feeding. The proteins were separated in 10% (v/v) sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and silver stained (on the left) or
subjected to Western blot analysis (in the middle) and the chemiluminescence signal intensity
was quantified (on the right). Signal intensity at zero time point was set up as 1. Means + S.D.,
n = 4. Significant differences (Student's t-test) between the control and treated samples at the
same time point are indicated, which appeared at P < 0.05 (*) and P < 0.01 (**). Protein marker
in the picture of immunodetected protein was added manually based on merged image from gel

scanner.
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Fig. S5 Immunodetection of type 111 chitinase in digestive fluid of Sarracenia purpurea
SSp. venosa in response to coronatine application. The proteins were separated in 10% (v/v)
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and silver stained
(on the left) or subjected to Western blot analysis (in the middle) and the chemiluminescence
signal intensity was quantified (on the right). Signal intensity at zero time point was set up as
1. Means £ S.D., n = 4. Significant differences (Student‘s t-test) between the control and treated
samples at the same time point are indicated, which appeared at P < 0.05 (*) and P < 0.01 (**).

Protein marker in the picture of immunodetected protein was added manually based on merged

image from gel scanner.
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Publikace V.

Anaesthesia with diethyl ether impairs jasmonate signalling in the carnivorous
plant Venus flytrap (Dionaea muscipula)



Nazev: Anaesthesia with diethyl ether impairs jasmonate signalling in the carnivorous
plant Venus flytrap (Dionaea muscipula)

Autori: Pavlovi¢ A., Libiakova M., Bokor B., JakSova J., Petiik I., Novak O., Baluska F.
Status: publikovano v roce 2019 v Annals of Botany 125, 173-183.
DOI: 10.1093/aob/mcz177

Souhrn:

Masozrava rostlina mucholapka podivna (Dionaea muscipula) odpovida na mechanickou
stimulaci mechanosenzitivnich vy¢nélkli uvnité pasti nebo poskozeni jeji pasti tvorbou
elektrickych signall, konkrétné akénich potencidlti (AP). Tyto signély jsou zésadni pro zahajeni
jasmonatové signalni drahy, ktera spousti expresi gent reagujicich na kyselinu jasmonovou
(JA). Ty v mucholapce koduji travici enzymy. Tato sekvence signaliza¢nich udalosti je
podobna velmi dobfe znamé signalni draze v odpovédi na poskozeni nebo utok bylozravce
Vv béznych rostlindch, coz podporuje hypotézu, Ze botanickd masozravost byla vyvinuta
Z obranného mechanismu rostlin. Diky své elektrické signalizaci se mucholapka podivna jevi
jako zajimavy experimentdlni model pro vyzkum vlivu anestetik na rostliny. Ackoli je
primarnim mistem puasobeni celkovych anestetik u zvitat a lidi centrdlni nervovy systém
a rostliny pfimo timto systémem nedisponuji, jsou také schopné generovat elektrické signaly.
Tato studie tedy zkoumala efekt celkového tékavého anestetika dietyléteru na schopnost
mucholapky vnimat potencialni kofist nebo tok bylozravce. Ukdzalo se, Ze mucholapka béhem
anestezie neni schopnd vnimat své prostfedi. Dietyléter kompletné inhiboval vznik AP,
schopnost uzavfit past a také nasledné reakce: akumulaci JA a expresi vybranych gent (cystein
protedzy a chitindzy typu I). Po odstranéni éteru byly tyto reakce snadno a rychle opét
obnoveny. Nicméné jakmile byla u mucholapky pod anestézou zevné piimo do pasti aplikovana
JA, JA byla schopna inhibované akéni potencialy obejit a obnovila genovou expresi i pod
vlivem anestetika, coZ naznacuje, ze reakce, které nasleduji ve zkoumané signalni draze po
akumulaci JA nejsou inhibovany. Primarnim cilem anestetika jsou tomu predchazejici reakce,
tedy elektricka signalizace. Tato situace pfipomind Uc¢inek anestezie na Zivocichy, u nichz
anestezie vede ke ztrat¢ védomi. Skutecnost, Ze anestezie inhibuje Sifeni elektrického signalu
nejen u zvirat, ale také u rostlin a v obou piipadech ovliviiuje jejich citlivost a vnimavost,

dokumentuje dalsi pozoruhodnou podobnost mezi zvifaty a rostlinami.
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* Background and Aims General anaesthetics are compounds that induce loss of responsiveness to environ-
mental stimuli in animals and humans. The primary site of action of general anaesthetics is the nervous system,
where anaesthetics inhibit neuronal transmission. Although plants do not have neurons, they generate electrical
signals in response to biotic and abiotic stresses. Here, we investigated the effect of the general volatile anaes-
thetic diethyl ether on the ability to sense potential prey or herbivore attacks in the carnivorous plant Venus flytrap

(Dionaea muscipula).

* Methods We monitored trap movement, electrical signalling, phytohormone accumulation and gene expression
in response to the mechanical stimulation of trigger hairs and wounding under diethyl ether treatment.

* Key Results Diethyl ether completely inhibited the generation of action potentials and trap closing reactions,
which were easily and rapidly restored when the anaesthetic was removed. Diethyl ether also inhibited the later
response: jasmonic acid (JA) accumulation and expression of JA-responsive genes (cysteine protease dionain and
type I chitinase). However, external application of JA bypassed the inhibited action potentials and restored gene
expression under diethyl ether anaesthesia, indicating that downstream reactions from JA are not inhibited.

* Conclusions The Venus flytrap cannot sense prey or a herbivore attack under diethyl ether treatment caused by
inhibited action potentials, and the JA signalling pathway as a consequence.

Key words:Anaesthesia, anaesthetic, action potential, carnivorous plant, Dionaea muscipula, diethyl ether, elec-
trical signal, jasmonic acid, plant movement, Venus flytrap.

INTRODUCTION

The carnivorous plant Venus flytrap (Dionaea muscipula) has
evolved modified leaves called traps for prey capture (Gibson
et al., 2009). The trap consists of two lobes that close rapidly in
response to a mechanical stimulus delivered to the trigger hairs
protruding from the trap epidermis. Two touches of a trigger
hair by an insect prey within 20 s generate two action potentials
(APs) which trigger the trap closing reaction (Escalante-Pérez
et al., 2011; Volkov, 2019). After rapid closure secures the in-
sect prey, the movement of the entrapped prey in the closed
trap results in the generation of further APs (Affolter and Olivo,
1975; Libiakova et al., 2014). The third touch and AP increase
cytosolic Ca** levels in digestive glands. The Ca?* level decays
if no further APs are triggered (Escalante-Pérez et al., 2011;
Hedrich and Neher, 2018). Prey struggling, repeated mechan-
ical stimulation and the generation of hundreds of APs result in
the accumulation of phytohormones from the jasmonate group
(Escalante-Pérez et al., 2011; Libiakova et al., 2014; Pavlovic¢

et al., 2017). Binding of the isoleucine conjugate of jasmonic
acid (JA-Ile) to the CORONATINE INSENSITIVEI (COI1)
protein as part of a co-receptor complex mediates the ubiquitin-
dependent degradation of JASMONATE ZIM-DOMAIN (JAZ)
repressors, resulting in the activation of jasmonate-dependent
gene expression (Staswick and Tiryaki, 2004; Chini et al.,
2007; Thines et al., 2007; Sheard et al., 2010). Transcriptional
activation leads to the synthesis of transport proteins and di-
gestive enzymes that are secreted into the closed trap cavity
(Scherzer et al., 2013, 2015, 2017; Libiakova et al., 2014,
Bohm et al., 2016a,b). After the prey movement is stopped by
exhaustion or death, chemical stimuli from the prey (e.g. chitin,
ammonia) further enhance the synthesis of digestive enzymes
through jasmonate signalling (Libiakova et al., 2014; Paszota
et al., 2014; Bemm et al., 2016; Pavlovi¢ and Mithofer, 2019).

Several lines of evidence indicate that the generation of elec-
trical signals, jasmonate accumulation and expression of genes
encoding digestive enzymes are tightly coupled in the Venus

© The Author(s) 2019. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For permissions, please e-mail: journals.permissions @oup.com.
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flytrap. First, repeated mechanical stimulation of trigger hairs
is sufficient to induce accumulation of the well-known bio-
active compound JA-Ile within the first hour in stimulated traps
(Pavlovi€ et al., 2017). Just two APs are necessary to induce
transcription of JAZI within 4 h, and after five APs, JAZI tran-
scripts accumulated to the highest level. More than three APs
are necessary to induce significant gene expression of digestive
enzymes (e.g. dionain and type I chitinase), and the magnitude
of expression is dependent on the number of APs triggered.
Gene expression can also be triggered by exogenous applica-
tion of jasmonic acid (JA), JA-Ile or coronatine without any
mechanical stimulus. In contrast, application of the JA percep-
tion antagonist coronatine-O-methyloxime (COR-MO), which
prevents the COI1-JAZ interaction, blocked gene expression
despite triggering 60 APs (Bohm et al., 2016a; Bemm et al.,
2016).

Thus, the sequence of signalling events in Venus flytrap
resembles the well-known signalling pathway in response to
wounding or herbivore attack in non-carnivorous plants (Maffei
et al., 2007), supporting the hypothesis that botanical carnivory
has evolved from plant-defence mechanisms (Pavlovi¢ and
Saganova, 2015; Bemm et al., 2016; Pavlovi¢ and Mithofer,
2019). The fast electrical signals, generated in local leaves in
response to wounding or herbivore attack and propagating to
neighbouring leaves, are the first cellular response to biotic
and abiotic stresses in plants (Maffei et al., 2007). A break-
through study in this regard was that by Wildon et al. (1992),
who revealed the link between electrical signal propagation and
biochemical response in tomato plants. Electrical signals are
often followed by changes in intracellular Ca®* concentration
and generation of reactive oxygen species (e.g. H,0,; Maffei er
al., 2007; Kiep et al., 2015; Nguyen et al., 2018) which often
co-propagate together (Gilroy et al., 2014). A direct link be-
tween increased cytosolic Ca®** and activation of JA biosyn-
thesis genes by Ca?*/calmodulin-dependent phosphorylation
of the JAVI1-JAZ8-WRKYS (JJW) repressor complex was
recently provided by Yan ef al. (2018). As a result, increased
levels of jasmonates (JA-Ile in particular) trigger the expression
of JA-responsive pathogenesis-related (PR) proteins through
a COIl-JAZ-dependent pathway (De Geyter et al., 2012).
Recently, we showed that carnivorous plants are not able to dis-
tinguish between mechanical stimulation and wounding because
these processes share the same signalling pathway with plant
defence mechanisms. Both induce electrical signals, jasmonate
accumulation and digestive enzyme synthesis, confirming the
link among electrical signal propagation, jasmonate accumu-
lation and the expression of digestive enzymes (Krausko et al.,
2017; Pavlovi€ et al., 2017). Moreover, the secreted enzymes
predominantly belong to PR-proteins, indicating that carniv-
orous plants have exploited their hydrolytic properties, further
emphasizing the similarity between botanical carnivory and
plant defence mechanisms (Hatano and Hamada, 2008, 2012;
Schulze et al., 2012).

Recently, we documented that Venus flytraps, sundew traps,
Mimosa leaves and pea tendrils lost both autonomous and
touch-induced movements after exposure to local and general
anaesthetics (Yokawa et al., 2018, 2019). General anaesthetics
(e.g. diethyl ether) are often defined as compounds that induce
a reversible loss of consciousness in humans or loss of righting
reflex in animals. Anaesthesia can also be defined as loss of

responsiveness to environmental stimuli. Clinical definitions
are extended to include the lack of awareness to painful stimuli,
which is sufficient to facilitate surgical applications in clin-
ical and veterinary practice (Franks, 2008). The primary site
of action of general anaesthetics in animals and humans is the
central nervous system, where these molecules enhance inhibi-
tory neurotransmission or inhibit excitatory neurotransmission
(Zhou et al., 2012). Although plants do not have neurons and
lack a central nervous system, they are able to generate elec-
trical signals (Fromm and Lautner, 2007; Hedrich et al., 2016).
Claude Bernard (1878) concluded that volatile anaesthetics
not only act on neurons but also affect physiological processes
in all cells (Grémiaux et al., 2014). The electrical signals in
plants not only trigger rapid leaf movements in ‘sensitive’
plants, such as Mimosa pudica or D. muscipula, but also induce
physiological processes in non-carnivorous plants (Fromm and
Lautner, 2007; Mousavi et al., 2013). Interestingly, our recent
study showed that inhibition of rapid trap closure in Venus fly-
trap by the general anaesthetic diethyl ether is caused by in-
hibition of electrical signalling. There were no toxic impacts
of the anaesthetics used, and the effects were fully and rapidly
reversible after their removal (Yokawa ef al., 2018).

Although carnivorous plants still do not belong to the model
group of plants, the signalling events described above indicate
that Venus flytrap is a suitable model for studying inducibility
and plant responses to external stimuli under anaesthesia due
to its rapid trap movement. Considering the tight coupling be-
tween electrical signal propagation and jasmonate signalling in
carnivorous plants (Bohm et al., 2016a; Bemm et al., 2016;
Krausko et al., 2017), we hypothesize that anaesthesia can im-
pair not only rapid trap movement triggered by APs but also the
cascade of jasmonate signalling events leading to activation of
the digestive process. Our study showed that the Venus flytrap
cannot sense potential insect prey or a herbivore attack under
anaesthesia due to blocked jasmonate signalling.

MATERIALS AND METHODS

Plant material and culture conditions

The Venus flytrap (D. muscipula Ellis.) is native to the subtrop-
ical wetlands of North and South Carolina on the East Coast
of the USA. Experimental plants were grown under standard
glasshouse conditions at the Department of Biophysics of
Palacky University in Olomouc (Czech Republic) and the
Department of Plant Physiology of Comenius University in
Bratislava (Slovakia). As substrate we used well-drained peat
moss in plastic pots placed in a tray filled with distilled water
to a depth of 1-2 cm. Daily temperatures fluctuated between 20
and 35 °C; relative air humidity ranged from 50 % to 100 %;
and the maximum daily irradiance reached 1500 pmol m= s7!
photosynthetically active radiation (PAR).

Experimental set-up

The Venus flytrap plants were incubated in 15 % diethyl ether
for 2 h in a polypropylene bag. The approximate volume of di-
ethyl ether was calculated using ideal gas constant (standard
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state of gas as 22.4 L' mol). To obtain 15 % vapour in 1 litre
of air, a liquid phase of 700 pL diethyl ether (74.12 g mol™,
0.71 g cm™) was allowed to evaporate inside the sealed poly-
propylene bag. This was sufficient to anaesthetize the plants,
as we found in our previous study, and the plants did not react
to mechanical stimulation by rapid trap closure (Yokawa et
al., 2018). Thereafter, one group of plants served as a non-
stimulated control, and the second group was mechanically
stimulated or wounded. For this, a small opening in the poly-
propylene bag was made. For mechanostimulation, the trigger
hairs were mechanically stimulated twice within a short period
of time and then once every 3 min for 2 h (40 times together)
with the tip of a pipette (which had been melted by heat and
then hardened at room temperature to avoid a wound response
by the sharp tip, see Pavlovi€ et al., 2017). In the second experi-
ment, a trap was pierced/wounded with a needle twice within a
short period of time and then 40 times every 3 min. In one of the
experiments, extracellular measurements of electrical signals
were performed on a separate group of plants during stimu-
lation (see below). After 2 h of stimulation, the plants were
removed from the bag to allow the plants to recover from an-
aesthesia. Immediately thereafter, the traps from other groups
of plants were sampled for phytohormone analysis. Ten hours
later, the traps from the third group of plants were sampled for
quantitative PCR (qPCR). At the same time, the non-stimulated
traps under diethyl ether for 4 h were also harvested. Control
plants, bagged non-stimulated plants or identically stimulated
plants but in the absence of diethyl ether were also harvested
for phytohormone analysis and qPCR at the same time points
(Supplementary Data Fig. S1A). For each method, different
groups of plants were used because wounding during sampling
could activate the jasmonate signalling pathway.

Extracellular measurements of electrical signals

Each Venus flytrap incubated in diethyl ether for 2—4 h in a
polypropylene bag with attached electrodes inside was mech-
anically stimulated or wounded as described above. Mechanical
stimulation or wounding was performed through a small
opening in the bag. For recovery, the bag was cut off, and the
trigger hair was touched repeatedly every 100 s. Control traps
without anaesthetics were also measured. APs were measured
on the trap surface inside a Faraday cage with non-polarizable
Ag/AgCl surface electrodes (Scanlab Systems, Prague, Czech
Republic) fixed with a plastic clip and moistened with a drop
of conductive EV gel (Hellada, Prague, Czech Republic) as de-
scribed previously (Ilik et al., 2010; Pavlovic€ et al., 2017).

Quantification of phytohormone tissue level

Two hours after initiation of mechanical stimulation and
wounding under anaesthesia (4 h etherized), trap tissue sam-
ples were collected. Control traps without any stimuli under
anaesthesia, as well as stimulated (positive control) and non-
stimulated (negative control) control traps without anaesthesia
were also harvested. The traps were cut off with scissors and
immediately (within 10 s) frozen in liquid nitrogen and stored

at —80 °C until analysis. Ten minutes after diethyl ether re-
moval the remaining traps on plants were mechanically stimu-
lated to ensure that plants were only anaesthetized and not
dead (the traps had to close). Quantification of JA, JA-Ile,
JA-valine (Ja-Val), cis-12-oxo-phytodienoic acid (cis-OPDA),
9,10-dihydrojasmonic acid (9,10-DHJA), abscisic acid (ABA),
salicylic acid (SA) and indole-3-acetic acid (IAA) was per-
formed according to the method described by Flokova et al.
(2014). Two independent technical measurements were per-
formed on four or five biological replicates.

Real-time gPCR

To study the induction of gene expression in the trap tissue,
two corresponding genes of well-characterized proteins from
digestive fluid were chosen: the cysteine protease dionain
(Schulze et al., 2012; Risgr et al. 2016) and chitinase I (Paszota
et al.,2014). To determine the effect of anaesthesia on gene ex-
pression, we had to find the time point where the induction of
gene expression is high. Therefore, we first collected 100 mg of
trap tissue from plants after 0, 2, 6, 12, 24 and 48 h from initi-
ation of mechanical stimulation, wounding or external applica-
tion of 2 mM JA under a normal atmosphere (air).

Based on this experiment, we chose the 12-h time point for
mechanostimulation and wounding under anaesthesia. First,
the plants were enclosed in polypropylene bags with diethyl
ether for 2 h and then repeatedly mechanically stimulated for
2 h or wounded as described above. After 4 h of anaesthesia,
the plants were removed from the bag. Ten hours later, 100
mg of trap tissue sample was harvested (Supplementary Data
Fig. S1A). Control plants without anaesthesia in the air were
also mechanically stimulated or wounded (positive controls) or
were without any stimulation (in the air and under diethyl ether,
negative controls).

To determine the effect of JA under diethyl ether treatment,
the plants were again enclosed in polypropylene bags with di-
ethyl ether for 2 h. We applied 2 mM JA to the trap surface
(volume dependent on the size of the trap), and the second
group of plants had no JA application but was still under a di-
ethyl ether atmosphere. The same was done in the control air-
only plants. After 7 h, trap samples were collected for gPCR
analyses (Supplementary Data Fig. S1B). The sampling time
was shorter than in the previous experiment because prolonged
exposure of plants to diethyl ether caused damage to trap tissue.
This is probably caused by non-polar aprotic solvent properties
of diethyl ether and its interactions with lipid membranes if ex-
posed for prolonged periods.

To exclude the lethal impact of diethyl ether on plants, the
recovery of gene expression was also investigated. After 2 h in
diethyl ether, the plants were removed from the bag and kept
for 2 h in air. The plants were then mechanically stimulated or
wounded as described above, and after 10 h, trap samples were
collected for qPCR analyses.

RNA extraction and gene expression were performed as de-
scribed previously (Saganova et al., 2018) using the primers
detailed in Supplementary Data Table S1. All samples for PCR
experiments were analysed in four biological and three tech-
nical replicates.
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Western blotting

To detect and quantify cysteine protease (dionain) and type
I chitinase, polyclonal antibodies against these proteins were
raised in rabbits by Agrisera (Vinnids, Sweden) and Genscript
(Piscataway, NJ, USA) as described previously (Pavlovi€ et al.,
2017). Digestive fluid was collected 48 h after the beginning
of mechanical stimulation and wounding only from plants in
the air (no digestive fluid was secreted under diethyl ether).
SDS-PAGE, silver staining and Western-blots were done as de-
scribed previously (Pavlovi€ et al., 2017).

Statistical analyses

All data are from biological replicates, and each biological
sample was analysed in two or three technical replicates. Before
statistical analyses, the data were tested for homogeneity of
variance (Brown—Forsythe test). If homogeneity was fulfilled,
one-way analysis of variance (ANOVA) with Tukey’s post-hoc
test was used (Origin 8.5.1, Northampton, MA, USA). If homo-
geneity was not fulfilled, multiple comparison by Welch’s test
with Bonferroni-corrected alpha was used (Microsoft Excel).

RESULTS

Anaesthesia inhibits electrical signalling and trap closing
reactions

The trap of the Venus flytrap plant generates typical APs
in response to mechanical stimulation of trigger hairs or to
wounding. Two APs resulted in rapid trap closure within 1 s
(Fig. 1A, Supplementary Data Movies S1 and S4). The shape,
duration and amplitude of APs triggered by mechanostimulation
and wounding were the same (Supplementary Data Fig. S2).
However, after 2 h under diethyl ether anaesthesia, the trap lost
the closing response and the ability to generate APs in response
to both stimuli (Fig. 1B, Supplementary Data Movies S2 and
S5). One hundred seconds after removal of diethyl ether, APs
with a reduced amplitude and increased half-width were de-
tected (Fig. 2A), but they were not able to trigger trap closure.
In some traps, the first AP was detected after 200 s during re-
covery. The amplitude and spike half-width of the recorded APs
gradually recovered (recorded every 100 s, Fig. 2B, C). When

the amplitude of APs was lower and the spike half-width longer
during recovery, more touches, and thus more APs, were ne-
cessary to induce rapid trap closure. The closing response of
the trap was fully restored within 10-15 min, and again, only
two touches were sufficient for trap closure after recovery
(Supplementary Data Movies S3 and S6).

Anaesthesia inhibits the accumulation of jasmonates

In a previous study, we found that tissue levels of jasmonate
in Venus flytrap were highest within the first 2 h of stimula-
tion (PavloviC et al., 2017). Therefore, we chose this time
point for phytohormone analysis under anaesthesia. We
found a clear activation of the JA signalling pathway for both
mechanostimulation and wounding, consistent with our pre-
vious study (PavloviC et al., 2017). There was a more than
300-fold increase in the JA tissue level for both types of stimu-
lation in air (Fig. 3A, I). The bioactive compound JA-Ile in-
creased 23- and 13-fold in response to mechanostimulation
and wounding, respectively (Fig. 3B, J). The content of other
oxylipins (JA-Val, cis-OPDA, 9,10-DHJA) did not change sig-
nificantly (Fig. 3C-E, K-M). Under anaesthesia, diethyl ether
completely inhibited jasmonate accumulation in response to
mechanostimulation (Fig. 3A, B). In response to wounding,
there was only a slight but significant increase of jasmonates.
The JA level increased seven-fold, and the bioactive JA-Ile
level increased two-fold (Fig. 31, J). This increase probably did
not reach the threshold level for activation of the JA signalling
pathway, as indicated by the qPCR data (see below). The JA-Val
content decreased in wounded plants under ether atmosphere in
comparison to air (Fig. 3K). A similar, but not significant, pat-
tern was detected also for cis-OPDA (Fig. 3L). The levels of
other plant hormones (ABA, IAA) did not change significantly
(Fig. 3F, H, N, P). There was a trend towards a two-fold non-
significant increase in SA level in response to both stimuli, irre-
spective of treatment (air vs. diethyl ether; Fig. 3G, O).

Transcription of JA-responsive genes is inhibited under
anaesthesia

First, we analysed the time dependence of the mRNA levels of
two selected JA-responsive genes in Venus flytrap: the cysteine

FiG. 1. Electrical signalling in the Venus flytrap (Dionaea muscipula) under anaesthesia with diethyl ether. (A) Two touches of trigger hairs (arrows) or wounds
generate two action potentials and rapid trap closure. (B) Action potentials are not generated in response to two touches (arrows) when exposed to diethyl ether.
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FiG. 2. Recovery of electrical signalling after removing of diethyl ether in the Venus flytrap (Dionaea muscipula). (A) Recovery of action potentials (APs) in

response to mechanical stimulation and wounding. Representative APs from four independent experiments are depicted. (B) Recovery of AP amplitude. (C)

Recovery of AP spike half-width. Black bars — mechanostimulation, red bars — wounding. Data are means =+ s.e., n = 4. There were no significant differences be-
tween APs generated in response to wounding and mechanical stimulation.

protease dionain and chitinase I (B6hm et al., 2016a; Bemm et
al., 2016). The kinetics of the upregulation of mRNA levels for
both genes were similar. The highest mRNA level was found
between 12 and 24 h after the first AP was triggered for both
types of stimulation. At 48 h, the mRNA levels declined. The
kinetics of mRNA levels were different for the external applica-
tion of JA; the mRNA levels of both genes gradually increased
over 48 h (Supplementary Data Fig. S3A, B). The protein

product of these genes was detected in digestive fluid after 48 h
(Supplementary Data Fig. S4). Based on these results, we chose
the earliest possible time point, where the upregulation of gene
expression was evident, to investigate the effect of anaesthesia.
In this experiment, plants were exposed to diethyl ether for 2 h,
and the traps were mechanostimulated or wounded for the next
2 h. The diethyl ether was removed, and the traps were sampled
10 h later (12 h after the first mechanostimulus, Supplementary
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F1G. 3. Accumulation of phytohormones in trap tissue of the Venus flytrap (Dionaea muscipula) 2 h after mechanostimulation and wounding in the air and under

anaesthesia with diethyl ether. (A—H) Mechanostimulation, (I-P) wounding. (A,I) Jasmonic acid (JA), (B,J) isoleucine conjugate of jasmonic acid (JA-Ile), (C,K)

valine conjugate of jasmonic acid (JA-Val), (D,L) cis-12-oxo-phytodienoic acid (cis-OPDA), (E,M) 9,10-dihydrojasmonic acid (9,10-DHJA), (F,N) abscisic acid

(ABA), (G,0) salicylic acid (SA), (H,P) indole-3-acetic acid (IAA). C, control; M, mechanostimulation; W, wounding. Values are means + s.d. from four biological
replicates, n = 4-5. Different lower-case letters denote statistically significant differences at P < 0.05.

Data Fig. S1A). Figure 4 clearly shows that the mRNA levels
of both investigated genes (dionain, chitinase I) were not in-
creased under anaesthesia and were comparable with the
non-stimulated control in air or diethyl ether. Two hours after
removing diethyl ether, the Venus flytrap was again able to
upregulate gene expression in response to mechanostimulation
and wounding (Supplementary Data Fig. S5).

External application of JA bypassed electrical signalling and
restored gene expression under anaesthesia

We used the following experiment to determine whether we
can bypass the inhibition of electrical signalling by direct ap-
plication of JA and thus restore gene expression under anaes-
thesia. The plants were exposed to diethyl ether for 2 h. Then,
a few drops of 2 mM JA were applied to the trap surface, and
the plants were kept for 7 h under anaesthesia, which was the

longest possible time to avoid tissue damage. The traps were
then sampled for qPCR (Supplementary Data Fig. S1B). Figure
5B shows that JA clearly restored the expression of chitinase 1
under diethyl ether. By contrast, Dionain showed a rather weak
non-significant response (Fig. 5A); however, at the 6 h time
point, the increase was not statistically significant in the experi-
ment depicted in Supplementary Data Fig. S3A. This result is
consistent with the finding that chitinase I expression increased
earlier (somewhere between 2 and 6 h) than dionain (between 6
and 12 h, Supplementary Data Fig. S3) in response to mechan-
ical stimulation, wounding and JA application.

DISCUSSION

In this study, we showed that during diethyl ether treatment,
Venus flytrap plants could not sense their environment, and
after ‘waking up’, did not ‘remember’ what occurred. This was
shown by inhibition of APs and trap movement, an inability
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FIG. 4. Gene expression in the air and under anaesthesia with diethyl ether in the Venus flytrap (Dionaea muscipula). The traps were kept in the air or under

diethyl ether for 2 h and then mechanostimulated 40 times or pierced/wounded by needle for the next 2 h. The diethyl ether was then removed and trap tissue

was sampled for qPCR after 10 h. Relative expression of dionain after (A) mechanostimulation and (B) wounding. Relative expression of chitinase after (C)

mechanostimulation and (D) wounding. Gene expression for the non-stimulated control in the air was set as 1. Data show mean expression + s.e. from four bio-
logical replicates (n = 4). Different lower-case letters denote statistically significant differences at P < 0.05.

to accumulate jasmonates and no induction of genes encoding
digestive enzymes and thus no physiological response. Our ob-
servations resemble those in animals and humans where gen-
eral anaesthesia suppresses central nervous system activity. The
volatile anaesthetic halothane (halogenated derivate of ether)
produced a concentration-dependent depression of AP ampli-
tude accompanied by an increased spike half-width with com-
plete inhibition at 3 vol.% in mammalian nociceptors (Maclver
and Tanelian, 1990). Electrical signalling in the Venus fly-
trap was fully recovered in the range of minutes; a similar re-
covery period was recorded in mammal neurons (Maclver and
Tanelian, 1990). During this period, more than two touches
were necessary to induce rapid trap closure, supporting the
summation of smaller subthreshold charges of APs necessary
for trap closing reactions, consistent with electrical memory in
the Venus flytrap (Volkov et al., 2008, 2009). Several previous
studies have indicated that ‘shy’ plants (M. pudica) are also sen-
sitive to anaesthesia. The leaf closing reaction after mechanical
stimulus was inhibited by exposure to diethyl ether, halothane
and lidocaine but not ketamine (Milne and Beamish, 1999; De
Luccia, 2012; Yokawa et al., 2018). Although electrical signals
were not investigated in these studies, it is tempting to assume
that anaesthesia also inhibited electrical signals, because elec-
trical signalling and rapid trap movements are tightly coupled
(Fromm and Lautner, 2007).

Two hypotheses regarding the mechanisms of anaesthetic
action in animals and humans have been proposed: the lipid
(membrane) theory and protein (receptor) theory (Franks,
2008; Rinaldi, 2014), with several modifications (Lerner ef al.,
1997; Tang and Xu, 2002). Meyer (1899) and Overton (1901)
concluded that solubilization of a lipophilic general anaesthetic
in the lipid bilayer of the neuron causes its malfunction and
anaesthetic effect. On the other hand, Franks and Lieb (1984)
demonstrated that the relationship reported by Meyer (1899)
and Overton (1901) could be reproduced using a soluble pro-
tein. Until now, many proteins have been shown to contribute
to general anaesthesia. Among them are y-aminobutyric acid
type A receptor (GABA,), glutamate gated N-methyl-D-
aspartate (NMDA) receptors, and potassium and sodium chan-
nels (Mihic et al., 1997, Orser et al., 2002; Weir, 2006; Zhou
et al., 2012; Herold and Hemmings, 2012.). Diethyl ether was
shown to interact with GABA,, NMDA receptors and the po-
tassium channel TREK-1 in animals (Martin et al., 1995; Patel
et al., 1999; Krasowski and Harrison, 2000; Zhou et al., 2012).
However, the exact nature of general anaesthetic—protein
interactions remains a mystery. Anaesthetics may bind to the
preformed cavities on proteins by fitting into structurally com-
patible pockets (key-lock mechanism), causing structural per-
turbation to the protein channel. Volatile general anaesthetics
may have not changed the structure of the membrane channel
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FiG. 5. Gene expression in response to exogenous application of 2 mM
jasmonic acid (JA) after 7 h in the air or under diethyl ether in the Venus flytrap
(Dionaea muscipula). The plants were kept in the air or under diethyl ether
for 2 h and then a few drops of JA were applied on the trap surface. The plants
were kept in the same conditions for the next 7 h and the traps were then sam-
pled for qPCR. (A) Relative expression of dionain. (B) Relative expression of
chitinase. Data show mean expression + s.e. from four biological replicates (n
= 4). Different lower-case letters denote statistically significant differences at
P <0.05.

by a key-lock mechanism but by changing its dynamics by be-
coming an integral part of amphipathic domains where they
can either disrupt the association of the channel with its sur-
roundings or facilitate the formation of structured water clus-
ters within the protein (Tang and Xu, 2002). Another proposed
explanation is a combination of the lipid and protein hypoth-
eses: anaesthetics alter the cell membrane properties and may
distort the channel protein to block channel function (Lerner et
al., 1997; Andersen and Koeppe, 2007).

Surprisingly, similar proteins that are suspected as possible
targets of the volatile anaesthetic diethyl ether in animals and
humans have also been discovered in plants, where they are also
responsible for electrical signalling. First, glutamate receptor-
like proteins (GLRs) in plants are the most closely related pro-
teins to NMDA channels in mammals. They even share similar
extensive sequence identity and secondary structure (Lam
et al., 1998; Weiland et al., 2016). GLR3.3 and GLR3.6 are
Ca** channels that mediate the propagation of wound-induced
electrical and Ca*" signals in Arabidopsis from damaged to

undamaged leaves (Mousavi et al., 2013; Salvador-Recatala et
al., 2014; Hedrich et al., 2016; Toyota ef al., 2018). Moreover,
glutamate, which acts as an excitatory neurotransmitter in the
vertebrate central nervous system, accumulates in response to
wounding in Arabidopsis, and GLRs act as sensors that con-
vert the wound signal into an electrical signal that propagates
to distant organs where defence responses are induced (Toyota
et al., 2018). Salvador-Recatala et al. (2014) and Hedrich et al.
(2016) extended these studies and found that APs triggered by
cold water and wounding are not inhibited in local leaves of
glr3.3 and glr3.6 double mutants. Therefore, the elicitation and
propagation of APs is independent of GLR3.3 and GLR3.6 in
plants, and they are only important for channelling the signal
to neighbouring systemic leaves. However, systemic elec-
trical signals were not found in the Venus flytrap (PavloviC et
al., 2017). These findings are consistent with the results of De
Luccia, (2012), who found that ketamine, which mediates an-
aesthesia by blockade of the NMDA receptor in animals, had
no effect on the trap closing reaction in the Venus flytrap and
closing leaflets in M. pudica.

In addition to Ca?* influx, which is important for the initial
depolarization during AP generation, efflux of CI~ accelerates
depolarization with the subsequent K* efflux/influx needed
for repolarization (Felle and Zimmermann, 2007). The anion
QUACI-type channels and AKT2/3 and SKOR/GORK-type K*
channels have been proposed to be involved in AP generation
in plants (van Bel ef al., 2014; Hedrich et al., 2016). Indeed,
AKT2 modulates tissue excitability and GORK shapes APs in
Arabidopsis (Cuin et al., 2018). Diethyl ether activated another
potassium channel, TREK-1, causing hyperpolarization of the
membrane in mammals and inhibiting excitability (Patel et al.,
1999; Peyronnet et al., 2014). The most closely related pro-
teins in plants are TPK potassium channels, which are known
to be involved in mechanosensing and controlling membrane
potential (Becker et al., 2004). The third receptor that was sus-
pected to be a target of diethyl ether anaesthesia in animals is
the GABA, receptor. GABA is the main inhibitory neurotrans-
mitter in the central nervous system of vertebrates and exerts its
inhibitory effect by activating CI~ currents through the GABA
receptor, hyperpolarizing the membrane and inhibiting excit-
ability. GABA receptor function is allosterically enhanced
by diethyl ether and its halogenated derivatives (Krasowski
and Harrison, 2000). Decades ago, GABA was shown to rap-
idly accumulate in plant tissue in response to different biotic
and abiotic stresses, but its receptor was unknown. Recently,
the first GABA receptor was found in plants and identified as
aluminium—vactivated malate transporter (ALMT, Ramesh et
al., 2015; Zarsky, 2015). Activation of ALMT results in de-
polarization of the membrane, and inversely, GABA inhib-
ition results in hyperpolarization of the membrane potentials,
generating a state of low excitability (Zarsky, 2015). Although
the outcome is surprisingly similar to the effect of GABA on
animal neurons, there is no sequence homology to the GABA
receptor except for the small region responsible for the GABA
interaction (Ramesh et al., 2015). This finding decreases the
probability that diethyl ether may have the same effect on two
unrelated proteins, even if it is only a positive allosteric modu-
lator. As we lack exact data that would allow us to identify the
molecular bases underlying the initiation and propagation of
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APs in plants, it is impossible to identify the protein target of
an anaesthetic on electrical signals in plants. Either other mol-
ecules represent targets of diethyl ether in plants or the mem-
brane theories proposed by Meyer (1899), Overton (1901) and
Lerner et al. (1997) are relevant in the case of plants as we sup-
posed also in our previous study (Yokawa et al., 2018).

There is an intriguing parallel to the effects of anaesthetics on
animals and humans. Anaesthesia induces loss of responsive-
ness to environmental stimuli as well as loss of pain perception
during surgical operation. Pain sensing in humans results from
the action of prostaglandins on peripheral sensory neurons
(nociceptors) and on central sites within the spinal cord and
the brain (Funk et al., 2001; Ricciotti and FitzGerald, 2011).
Tissue injury triggers cyclooxygenase-2 (COX-2) in peripheral
tissue to convert arachidonic acid to prostaglandin E2 (PGE2),
resulting in stimulation/sensitizing of the nociceptor in per-
ipheral nerves to send a signal for pain to the central nervous
system. The oxylipin pathway leading to prostaglandin syn-
thesis in animals is mimicked in plants by a similar pathway
that leads to the synthesis of jasmonates (Pan er al., 1998). We
do not claim that plants feel pain, but accumulate structurally
similar molecules as warning signals. We believe that the sup-
pression of jasmonate accumulation under anaesthesia is me-
diated by the inhibition of electrical signalling, which is tightly
coupled to the JA response in non-carnivorous plants (Mousavi
et al., 2013; Toyota et al., 2018) and carnivorous plants (B6hm
et al.,2016a; Bemm et al., 2016). However, the mechanism of
action differs strongly between animals and plants. Whereas
the production of oxylipins in plants is mainly downstream
from electrical signalling, in animals, it is upstream (prosta-
glandins sensitize nociceptors for pain). Thus, under anaes-
thesia, the warning signal (prostaglandins) in animals can be
synthesized but is not sensed; in plants, the warning signal (JA)
is not synthesized at all. Because of this, exogenous applica-
tion of JA under anaesthesia can bypass inhibited electrical
signalling in plants and trigger the response (Fig. 5). Although
wounding still slightly increased JA and JA-Ile accumula-
tion under anaesthesia in this study (Fig. 31, J), this increase
probably did not reach the threshold level for activation of
gene expression. This slight increase after wounding but not
mechanostimulation can be explained by disruption of cell
walls and release of cellular contents and signalling molecules
which may activate JA biosynthesis directly or indirectly (Ellis
et al., 2002; Mielke and Gasperini, 2019). A further increase
of JA level is mediated by Ca** which derepresses JA biosyn-
thesis genes, and accumulated JA-Ile may then transcription-
ally activate expression of JA biosynthesis genes by a positive
feedback mechanism (Yan et al., 2018; Wang et al., 2019).
Ca?* is involved in the generation of APs in Venus flytrap, and
its increased level in the cytoplasm was detected after the third
AP (Hodick and Sievers, 1988; Krol, 2006; Escalante-Pérez et
al., 2011). Therefore due to the inhibited APs, Ca** does not
enter the cytoplasm, and this stage of JA accumulation is prob-
ably blocked under anaesthesia.

In conclusion, we have shown that the carnivorous plant
Venus flytrap cannot sense its environment during anaesthesia
with diethyl ether. This situation resembles the effect of general
anaesthesia on animals and humans, resulting in a total lack of
sensation. After removing the anaesthesia, the recovery of sensi-
tivity is very fast. We have shown that one of the many possible

targets of anaesthetics are electrical signals (APs), which affect
the later reactions, such as generation of warning signals (JA)
and transcription of JA-responsive genes. Because jasmonates
are important stress hormones that redirect gene expression
from growth to defence (Pauwels et al., 2009; Attaran et al.,
2014), the use of anaesthesia during vegetative propagation
and plant manipulation in horticultural practice may be plaus-
ible, although more experimental studies with non-carnivorous
plants are needed. The fact that anaesthesia inhibits electrical
signal propagation not only in animals but also in plants, and
that in both it affects their sensibility indicates a remarkable
similarity between animals and plants.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: Timeline
of experimental set-up for diethyl ether treatment. Figure
S2: Comparison of action potentials triggered on the same
plant by mechanostimulation and 200 s later by wounding.
Figure S3: Time course of gene expression in response to
mechanostimulation, wounding and external application of
jasmonic acid over 48 h in the Venus flytrap. Figure S4: Protein
profile and immunodetection of cysteine protease and VF-1
chitinase in the digestive fluid of the Venus flytrap after 48 h.
Figure S5: Recovery of gene expression after anaesthesia in the
Venus flytrap. Table S1: Primer sequences and their properties
for the Venus flytrap. Movie S1: Mechanical stimulation of
trigger hairs twice results in rapid trap closure in the Venus fly-
trap. Movie S2: The trap remains open after repeated mechan-
ical stimulation of trigger hairs under anaesthesia with diethyl
ether in the Venus flytrap. Movie S3: 700 s after removing of
diethyl ether the trap reaction to mechanostimulation is restored
in the Venus flytrap. Movie S4: Wounding the trap by needle
triggers rapid trap closure in the Venus flytrap. Movie S5: The
trap remains open after wounding under anaesthesia with di-
ethyl ether in the Venus flytrap. Movie S6: 700 s after removal
of diethyl ether the trap reaction to wounding is restored in the
Venus flytrap.
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SUPPLEMENTARY DATA

Anaesthesia with diethyl ether impairs jasmonate signalling in the

carnivorous plant Venus flytrap (Dionaea muscipula).

Andrej Pavlovi¢, Michaela Libiakova, Boris Bokor, Jana JakSova, Ivan Petiik, Ondiej Novak,

FrantiSek Baluska
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Fig. S1 Timeline of experimental setup for diethyl ether treatment. (A) The plants were
anaesthetized for 2 hours with diethyl ether (black area, 1). Than the trap was mechanically
stimulated or wounded (M & W) for the next two hours (grey area, 2). After 4 hours under
anaesthesia including 2 hours of stimulation, the trap tissue was sampled for phytohormone
analysis. Diethyl ether was removed and after 10 hours trap tissue for g°PCR was sampled
(yellow area, 3). (B) The plants were anaesthetized for 2 hours with diethyl ether (black area,
1). Then few drops of 2mM JA was applied on trap surface for the next seven hours (grey
area, 2). Then the trap tissue was sampled for gqPCR. For controls black (1) and grey (2) area

is in the air. The non-stimulated control under diethyl ether was without any stimuli.
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Fig. S2 Comparison of action potentials triggered on the same plant by mechanostimulation
(black line) and 200 seconds after by wounding (red line). There are no significant differences

between amplitude, half-width and overall shape of action potential triggered by different

stimuli.
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Fig. S3 Timecourse of gene expression in response to mechanostimulation, wounding and
external application of jasmonic acid during 48 hours in the Venus flytrap (Dionaea
muscipula). The traps were 40-times mechanostimulated or pierced/wounded be needle within
the first two hours. Jasmonic acid was applied during whole 48 hours. (A) Cysteine protease
dionain, (B) type I chitinase. Mechanostimulation (green circle), wounding (red square),
jasmonic acid (blue triangle). Gene expression for Oh (before any stimulation) was set as 1.

Mean expression = S.E. from four biological replicates (n = 4).
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Fig. S4 Protein profile and immunodetection of cysteine protease (dionain) and VF-1
chitinase in the digestive fluid of the Venus flytrap (Dionaea muscipula) after 48 hours. The
digestive fluid was collected 48 h after induction, 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
cysteine protease dionain using a protein-specific antibody. (C) Western blot analysis of type
| chitinase using a protein-specific antibody. MW, molecular weight; M, mechanical
stimulation; W, wounding; JA, 2mM jasmonic acid. The same volume (8 pl) of secreted
digestive fluid was loaded. The blots shown are representative of three independent

experiments.
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Fig. S5 Recovery of gene expression after anaesthesia in the Venus flytrap (Dionaea
muscipula). (A) Timeline of experimental setup for recovery experiments. The plants were
anaesthetized for 2 hours with diethyl ether (black area, 1). For recovery, the diethyl ether was
removed and plants were kept 2 hours in the air (orange area, 2). Than the traps were
mechanically stimulated or wounded (M & W) for the next two hours (grey area, 3). After 10
hours, the trap tissue was sampled for gPCR (yellow area, 4). (B) Relative expression of
cysteine protease dionain. (C) Relative expression of type I chitinase. Mean expression + S.E.,
n = 4. C — control in the air, EC — control in diethyl ether, RecM — recovery after

mechanostimulation, RecW — recovery after wounding.



Table S1 Primer sequences and properties for the Venus flytrap (Dionaea muscipula).

Ta - annealing temperature.

Primer / accession number | Product | Primer sequence (5'- 3" direction) Ta(°C)
size (bp)

actin / KC285589.1. 212 Forward: TCTTTGATTGGGATGGAAGC | 58
Reverse: CTCTCTGGAGGAGCAACCAC

dionain I / KP663370.1 161 Forward: ATGGGGCGATGATGATCTTA | 58
Reverse: CTTCTCCGCATCATCCTTGT

chitinase | / KF597524.1 207 Forward: GCTCTGCATTTCACCGTTTT 58
Reverse: ACAATGGAGCCAACATCACC

Movie S1 Mechanical stimulation of trigger hairs twice results in rapid trap closure in the

Venus flytrap (Dionaea muscipula).

Movie S2 The trap remains open after repeated mechanical stimulation of trigger hairs under

anaesthesia with diethyl ether in the Venus flytrap (Dionaea muscipula).

Movie S3 700 seconds after removing of diethyl ether the trap reaction to mechanostimulation

is restored in the Venus flytrap (Dionaea muscipula).

Movie S4 Wounding the trap by needle triggers rapid trap closure in the Venus flytrap

(Dionaea muscipula).

Movie S5 The trap remains open after wounding under anaesthesia with diethyl ether in the

Venus flytrap (Dionaea muscipula).

Movie S6 700 seconds after removing of diethyl ether the trap reaction to wounding is

restored in the Venus flytrap (Dionaea muscipula).
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Souhrn:

Celkova tékava anestetika (CTA) inhibuji Sifeni elektrického signdlu v zivo€isnych neuronech.
Ackoli rostliny nemaji neurony, rostlinné buniky maji mnoho vlastnosti, které byly ptivodné
pfisuzovany jen neuronim, véetné excitabilnich plazmatickych membran s napétove fizenymi
iontovymi kandly, které stoji za generaci pro rostlinu specifickych elektrickych potenciali
arecyklaci endocytickych vezikul, ktera je podobna té na synapsich zivocichi. Rostliny
vyuzivaji | identické molekuly k neurotransmiterim v nasem mozku (napft. glutamat)

V této publikaci jsme se zaméfili na efekt CTA dietyléteru na systémovy elektricky
signal a po ném nasledujici reakce v husenicku rolnim (Arabidopsis thaliana). Zjistili jsme, ze
Sifeni elektrického signalu a doprovazejici vapnikové viny do sousednich systémovych listl
byly dietyléterem zcela potlaceny. Soubézné se v systémovych listech nezvysila ani hladina
jasmonatli a exprese genil zavislych na jasmonatech (AOS, OPR3, JAZ10) tam také nebyla
detekovéana. Vysoké hladiny jasmonatl a transkripti indukovatelné kyselinou jasmonovou se
ale stale vyskytovaly v poSkozenych lokalnich listech.

Fakt, ze CTA inhibuji Sifeni elektrického signadlu nejen u zvitat, ale také u rostlin je
velmi zajimavy. Bunécné odpovéd’ je ale zcela blokovana pouze u systémovych list; lokdlni
poskozeny list stale reaguje na Skodlivé podnéty. Protoze systémové §ifeni elektrického signéalu
u huseni¢ku zavisi na kanalech podobnych glutamatovym receptorum (glutamate receptor-like;
GLR) u zivocichl, mohl by dietyléter nespecificky mifit pravé na néj. To dokazuje také
experiment, ve kterém byla ukazana inhibice elektrické signalizace vyvolana glutamatem pod
vlivem dietyléteru. Nicméné generace elektrickych signali v lokélnich listech, ktera byla CTA
také inhibovana, je nezavisla na GLR, coZ miize naznafovat, ze UcCinek dietyléteru neni
specificky pouze pro GLR kanaly. To uptfednostiiuje Mayerovu a Overtonovu lipidovou teorii
a jeji modifikace, ktera tik4, Ze anestetika mohou cilit na plazmatickou membranu a ovliviiovat
rizné funkce kanalli, na rozdil od proteinové teorie, kde anestetika plisobi pfimou vazbou na

konkrétni protein.
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ARTICLE INFO ABSTRACT

Keywords: General volatile anaesthetics (GVA) inhibit electrical signal propagation in animal neurons. Although plants do

Anaefmes_ia ) not have neurons, they generate and propagate electrical signals systemically from a local damaged leaf to

2"1117_“101’5“ thaliana neighbouring leaves. This systemic electrical signal propagation is mediated by ligand-gated glutamate receptor-
alcium

like (GLR) channels. Here, we investigated the effect of GVA diethyl ether on the systemic electrical and further
downstream responses in Arabidopsis thaliana. We monitored electrical signals, cytoplasmic Ca®" level
([Ca2+]cyt), ultra-weak photon emission, amino acid contents, phytohormone response as well as gene expression
in response to heat wounding during diethyl ether anaesthesia. We found complete suppression of electrical and
[Ca2+]cyt signal propagation from damaged leaf to neighbouring systemic leaves upon diethyl ether treatment.
Concomitantly, jasmonates (JAs) did not accumulate and expression of JA-responsive genes (AOS, OPR3, JAZ10)
was not detected in systemic leaves. However local damaged leaves still showed increased [Ca2+]cyt and accu-
mulated high level of JAs and JA-inducible transcripts. An exogenously added GLR ligand, L-glutamate, was not
able to trigger Ca®" wave in etherized plants indicating that GLRs are targeted by diethyl ether, but not spe-
cifically. The fact that GVA inhibit electrical signal propagation not only in animals but also in plants is
intriguing. However, the cellular response is completely blocked only in systemic leaves; the local damaged leaf
still senses damaging stimuli.

Electrical signal
Heat wounding
Jasmonic acid

1. Introduction

Plants are sessile organisms permanently exposed to environmental
stimuli and have evolved mechanisms how to rapidly respond to cues
like changes in temperature, light, touch or wounding. The plasma
membrane is the first sensing element able to recognize environmental
changes and triggers downstream cascades of cellular events. Electrical
signals and membrane depolarization are among the first cellular re-
sponses (Maffei et al., 2007). They can propagate through the entire

plant from the point of origin in so called systemic response (Mousavi
et al., 2013). Currently we recognize three types of electrical signals in
plants: action (AP) and variation potentials (VP, or slow wave potential
SWP) which depolarize the membrane (Fromm and Lautner, 2007). The
third one - system potentials (SP) — is a self-propagating hyperpolar-
ization of membrane recognized and characterized by Zimmermann
et al. (2009, 2016). The APs usually have an all-or-nothing character,
that is, after a stimulus reaches a certain threshold (which leads to
membrane depolarization), further increases in stimulus strength do not

Abbreviations: ABA, abscisic acid; AP, action potential; GABA, y-aminobutyric acid; cis-OPDA, cis-12-oxo-phytodienoic acid; GVA, general volatile anaesthetic;
GLR, glutamate receptor like channel; JA, Jasmonic acid; JA-Ile, isoleucine conjugate of jasmonic acid; LA, a-linolenic acid; NMDA, N-methyl-D-aspartate; SA,
salicylic acid; SP, system potential; SWP, slow wave potential; VP, variation potential.
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change its amplitude and shape. In contrast to APs, in VPs the amplitude
varies with the intensity of the stimulus and appears to be a local change
to a hydraulic pressure wave. It can be generated by wounding, organ
excision or flaming, and was studied in numerous plant species (Man-
cuso, 1999; Koziolek et al., 2004; Lautner et al., 2005; Fromm and
Lautner, 2007; Farmer et al., 2014; Krausko et al., 2017; Sukhova et al.,
2018). Recent studies have shown that the SWP can be a composite
signal with AP, VP and SP components (Zimmermann et al., 2016;
Farmer et al., 2020). The strength of physiological response depends on
number and frequency of the stimulus in the case of AP, or on amplitude
in the case of VP (Fromm and Lautner, 2007; Bohm et al., 2016).
Physiological response to SP has not been studied yet (Zimmermann
et al., 2016).

Recent studies showed remarkable similarity between signaling in
animal nervous system and systemic plant signaling. In Arabidopsis
thaliana, glutamate, which acts as an excitatory neurotransmitter in the
vertebrate nervous system, leaks or is actively released from damaged
plant cells upon wounding and activates glutamate receptor-like (GLR)
proteins GLR3.3 and GLR3.6, which are localized in vascular tissue
(Nguyen et al., 2018; Toyota et al., 2018; Shao et al., 2020). Another
possibility of GLR channel activation can be radial pressure changes
dependent on the release of xylem water column tension upon wounding
(Farmer et al. 2014, 2020), because GLR3.3 channels can also be acti-
vated without any ligand binding (Wudick et al. 2018). Anyway, in
Arabidopsis GLRs from a family of cation-permeable ion channels act as
sensors that convert the wound signal into an electrical and Ca®* signals
(Mousavi et al., 2013; Toyota et al., 2018; Shao et al., 2020). The GLR3.3
and GLR3.6 are indispensable in systemic propagation (to neighbouring
leaves) of electrical SWP and Ca®" signals, as glr3.3 and glr3.6 double
mutant has impaired systemic electrical and Ca?" signal propagation
(Mousavi et al., 2013; Salvador-Recatala et al., 2014; Nguyen et al.,
2018; Toyota et al., 2018; Shao et al., 2020). At all leaves that received
the electrical and Ca?* signals, phytohormones of the jasmonate class
accumulated within few minutes (Mousavi et al., 2013; Gilroy et al.,
2016). Jasmonic acid (JA) is synthesized in chloroplast by oxygenation
of a-linolenic acid (LA) and further conversion into a cyclic
cis-(+)-12-oxo-phytodienoic acid (cis-OPDA) intermediate. The
cis-OPDA is translocated to peroxisome for subsequent reduction by
OPDA reductase 3 (OPR3) and f-oxidation to produce JA (Wasternack
and Hause, 2013). Pharmacological studies showed tight connection
between increased cytoplasmic Ca®* level and JA accumulation (Fisahn
et al., 2004). A possible link may be the activation of 13-lipoxygenase
LOX6 by Ca?', catalyzing JA precursor synthesis and, thus, contrib-
uting to rapid JA synthesis in systemic leaves (Chauvin et al., 2013;
Farmer et al., 2020). Another way of activation of JA biosynthesis genes
is by Ca’"/calmodulin-dependent phosphorylation of the
JAV1-JAZ8-WRKYS5 repressor complex (Yan et al., 2018). On the other
hand, wounding itself may trigger accumulation of JAs by releasing of
cell wall fragments or LA from galactolipids in plastid membranes
(Mielke and Gasperini, 2019). Whichever is the origin of JA, it is con-
jugated with isoleucine (Ile) by jasmonoyl-L-amino acid synthetase
(JAR1) in cytoplasm, forming the bioactive compound: isoleucine con-
jugate of jasmonic acid (JA-Ile, Staswick and Tiryaki, 2004). In the
nucleus, binding of JA-Ile to CORONATINE INSENSITIVE1 (COI1) as
part of the receptor complex mediates an ubiquitin-dependent degra-
dation of JASMONATE ZIM-DOMAIN (JAZ) repressors, resulting in the
activation of jasmonate-dependent gene expression (Chini et al., 2007;
Thines et al., 2007; Fonseca et al., 2009; Sheard et al., 2010).

General volatile anaesthetics (GVA) are usually defined as com-
pounds which induce reversible loss of consciousness in humans
(Franks, 2006). In fact, the term anaesthesia was coined to describe what
happens during the process of etherisation and diethyl ether dominated
general anaesthesia for the first 100 years of its existence (for review see:
Urban and Bleckwenn, 2002). However such narrow definition is
applicable only for subset of organisms with cortical networks. Organ-
isms such as single cell Paramecium and plants can be also anaesthetized
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but we cannot consider them as conscious (Taiz et al., 2019; Draguhn
et al., 2020). Therefore, Kelz and Mashour (2019) suggested to define
GVA as compounds which cause disconnection from environment what
is much more suited for whole range of organisms including plants.
Claude Bernard (1878) was the first who performed many anaesthesia
experiments on plants. Several studies have shown that plants exposed
to diethyl ether anaesthesia were not able to sense mechanical stimuli,
wounding or light and lack also expressive motoric responses (e.g. leaf
and trap closing reactions in sensitive plant Mimosa pudica and carniv-
orous plants Dionaea muscipula, Drosera capensis; tendrils of pea (Pisum
sativum) completely stopped their autonomous circumnutations, Ber-
nard 1878; Milne and Beamish 1999; De Luccia 2012; Yokawa et al.,
2018). Only recently, we have shown that general anaesthetic diethyl
ether inhibited one of the well defined electrical signal in plants - APs in
the carnivorous plant Venus flytrap (Dionaea muscipula), a remarkably
similar to the effect of anaesthesia on neuronal pathway in animals
(Yokawa et al., 2018; Pavlovic et al., 2020; Bohm and Scherzer, 2021).
Because the Venus flytrap co-opted plant defense mechanism for
botanical carnivory, as a result of inhibited electrical signals, the plant
does not activate jasmonate signaling and expression of digestive en-
zymes (Pavlovic et al., 2020). However propagation of AP is not sys-
temic in Venus flytrap (Pavlovic et al., 2017) in contrast to systemic
propagation of VPs and SPs in A. thaliana (Mousavi et al., 2013). Due to
the different types of electrical signals and their systemic propagation in
A. thaliana, we were interested if the same GVA diethyl ether would be
able to inhibit systemic long-distance electrical signaling in
non-carnivorous plant. We took advantage of the model plant
A. thaliana, where in contrast to D. muscipula, the molecular mechanisms
involved in long-distance electrical signaling have been elucidated
recently (Mousavi et al., 2013; Toyota et al., 2018). In this study we
investigated the effect of GVA diethyl ether on local and systemic elec-
trical and jasmonate signaling in A. thaliana in response to heat
wounding. We found different effect of anaesthesia on jasmonate
signaling in both local and systemic leaves, indicating different origins
of such signals in local and distal leaves. Moreover, we provided further
evidence for link between electrical and jasmonate response in plants
with use of methods other that molecular biology.

2. Materials and methods
2.1. Plant material and culture conditions

Six weeks old Arabidopsis thaliana (L.) Heynh. Columbia-0 wild-type
and transgenic A. thaliana (L.) Heynh. Columbia-0, expressing the
APOAEQUORIN gene under control of the CaMV 35S promoter, were
grown on a soil substrate (Potgrond H; Klasmann-Deilmann GmbH) in a
growth chamber (AR75L; Percival-Scientific; USA) set to a 8 h: 16 h
photoperiod at 100 pmol m~2 s71, 21 °C: 21 °C, day: night, and 60%
relative air humidity.

2.2. Experimental setup

Before all experiments, the individual leaves of the Arabidopsis ro-
settes were numbered according to their phyllotactic sequence, begin-
ning with the youngest leaves at the centre of the rosette and proceeding
towards the oldest leaf (Fig. S1). To investigate influence of anaesthetic
on local and systemic signaling, the plants were incubated in the air or in
15% diethyl ether (Sigma Aldrich, USA, Catalog No. 309966) for 2.5 h in
a polypropylene bag or beaker, sufficient to anaesthetize the plants as
was found in Yokawa et al. (2018). Thereafter, local leaf (number 8) was
wounded across a midrib with tweezers which had been previously
red-hotted with a lighter (hereinafter referred to as heat wounding). For
this, the polypropylene bag was opened and closed very quickly or in the
case of measuring electrical signals, a small opening in the poly-
propylene bag was made by scissors. Systemic reactions were investi-
gated in adjacent leaf (n + 5), which shares direct vascular connections
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by parastichies to the local leaf, and the opposite leaf (n + 4) without
any vascular connections (Dengler, 2006). One group of non-damaged
etherized plants was removed from the diethyl ether in the bag for 1 h
to allow the plants to recover from anaesthesia and local leaf was heat
wounded as described above. The local (leaf 8), adjacent (n + 5) and
opposite (n + 4) leaves from each groups of plants were sampled for
phytohormone and amino acid analyses, and quantitative PCR (qQPCR) at
1 h after heat wounding. This time point was choosen based on previous
publications to best capture jasmonate response in systemic leaf
(Mousavi et al., 2013; Flokova et al., 2014; Ishimaru et al., 2016).
Control plants and anaesthetized non-stimulated plants were also har-
vested for phytohormone analysis and qPCR at the same time points. For
each method, different groups of plants were used because wounding
during sampling could activate the jasmonate signaling pathway (for
experimental setup see Fig. S2).

For glutamate experiments, 75 mM L-glutamic acid (Sigma Aldrich,
USA, Catalog No. G1251) was dissolved in distilled water and the pH
was adjusted to 5.5. At this pH the L-glutamate anion is formed and it
was applied to a cut surface of leaf 20 min after cutting the apical part
the leaf in control, etherized and recovered plants. This pre-cutting was
necessary to allow reproducible access of the compounds to the leaf
interior according to Toyota et al. (2018).

2.3. Extracellular measurements of electrical signals

For surface potential recordings, a non-invasive non-polarizable
Ag-AgCl electrodes were used (Scanlab systems, Prague, Czech Repub-
lic) and moistened with a drop of conductive EV gel (Hellada, Prague,
Czech Republic) commonly used in electrocardiography. Electrodes
were placed at the base of leaf blade in local, adjacent and opposite
leaves, always at the midrib. The apical part of the local leaf was
wounded with red-hot tweezers. The electrical signals were recorded
inside a Faraday cage according to Hlavackova et al. (2006) and Ilik
et al. (2010).

2.4. Aequorin luminescence imaging

Transgenic A. thaliana (L.) Heynh. Col-0 wild-type expressing the
APOAEQUORIN gene under control of the CaMV 35S promoter, was
used for monitoring cytosolic free calcium [Ca2+]cyt (Kiep et al., 2015).
Aequorin was reconstituted by spraying plants with 10 pM coelenter-
azine (Invitrogen, Eugene, OR, USA, Catalog No. C2944) in 0.01%
Tween 20 (Sigma Aldrich, UK, Catalog No. 93773) and subsequent in-
cubation for 6 h in the dark. Aequorin luminescence imaging was per-
formed using a highly sensitive CCD camera VersArray 1300B
(Princeton Instruments, Trenton, NJ, USA). To reduce the dark current,
CCD camera was cooled down to —110 °C using a liquid-nitrogen
cooling system. The CCD camera was equipped with a 50-mm focal
distance lens with a f-number of 1.2 (Nikon, Tokyo, Japan) to enhance
the light collecting efficiency. Spectral sensitivity of CCD camera was
within the range of A = 200-1000 nm with almost 90% quantum effi-
ciency in the visible range of the spectrum. The spectral sensitivity was
limited to A = 350-1000 nm by the lenses. CCD camera parameters were
as follows: scan rate, 100 kHz; gain, 2. Photons were captured in
photon-counting mode with a 10 s acquisition time. Signal acquisition
and processing were performed with Win View (Princeton Instruments,
Trenton, NJ, USA) and ImageJ 1.49 (NIH, USA), respectively. After each
treatment remaining aequorin was discharged by spraying the rosette
with discharge solution (1 M CaCly in 10% ethanol) while imaging
aequorin luminescence with 1 min acquisition time. The CCD camera
was situated in the experimental dark room (3 x 1.5 x 2.5 m) painted in
black. The door in the experimental dark room was protected completely
with a black curtain to restrict any external light. All experiments were
repeated several times to ensure reproducibility.
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2.5. Imaging of ultra-weak photon emission

The same CCD camera VersArray 1300B (Princeton Instruments,
Trenton, NJ, USA) was used also for the ultra-weak photon imaging
(Rastogi et al., 2014). To reduce the dark current, CCD camera was
cooled down to —110 °C using a liquid-nitrogen cooling system. CCD
camera parameters for ultra-weak photon emission imaging were set up
as follows: scan rate, 100 kHz; gain, 2; and acquisition time, 30 min.

2.6. Quantification of phytohormones

Quantification of phytohormones was performed according to the
method described by Flokova et al. (2014), modified for single leaf.
Briefly, local, adjacent and opposite leaves were harvested from each
group of plants 1 h after treatment (see Fig. S2), frozen in liquid nitrogen
and stored in —80 °C. Frozen plant material was homogenized and 3-15
mg, depending on leaf size, were extracted using 1 mL of ice cold 10%
MeOH/H30 (v/v). A cocktail of stable isotope-labelled standards was
added as follows: 10 pmol of [2Hg]JA, [2Hs]OPDA, [2Hg]ABA, [13Ce]
IAA, 0.1 pmol of [2H,]JA-Ile and 20 pmol of [2H4]SA (Catalog No. 036
2821, 036 6191, 034 2721, 031 7331, 036 6861, 037 6581, respectively,
all from Olchemim Ltd, Olomouc, Czech Republic) per sample to vali-
date the LC-MS/MS method. The extracts were purified using Oasis®
HLB columns (30 mg/1 ml, Catalog No. WAT094225, Waters) and
hormones were eluted with 80% methanol. Eluent was evaporated to
dryness under a stream of nitrogen. Phytohormone levels were deter-
mined by ultra-high performance liquid chromatography-electrospray
tandem mass spectrometry (UHPLC-MS/MS) using an Acquity UPLC
I-Class System (Waters, Milford, MA, USA) equipped with an Acquity
UPLC CSH C18 column (100 x 2.1 mm; 1.7 pm; Waters) coupled to a
triple quadrupole mass spectrometer Xevo TQ-S MS (Waters MS Tech-
nologies, Manchester, UK). All samples were analyzed in four biological
and two technical replicates.

2.7. Quantification of amino acids

Extraction and quantification of free amino acids was performed
according to the method described by Scholz et al. (2015, 2017) and
Crocoll et al. (2016) modified for single leaf. The single leaves were cut,
immediately frozen in liquid nitrogen and 50-200 mg was weighted
depending on the size of the leaf. The leaf material was homogenized in
a Geno/Grinder® 2010 (Spex Sample Prep, Stanmore, UK) equipped
with aluminium racks. The racks were cooled in liquid nitrogen prior to
usage to prevent a thawing of leaf material during the whole homoge-
nization process. The amino acids (including GABA) were extracted with
1 ml of methanol on ice. Ten microliters of the resulting extract was
diluted in a ratio of 1:20 (v:v) in water containing the 13C, 15N labelled
amino acid mix (algal amino acids 3¢, 15N, Isotec, Miamisburg, USA,
Catalog no. 487910, at a concentration of 10 pg of the mix per mL) and 5
pM (Indol-D5)-L-tryptophan (Cambridge Isotope Laboratories, Andover,
USA). The concentration was analyzed by LC-MS/MS according to pre-
vious studies (Crocoll et al., 2016; Scholz et al., 2015) with some
modifications. A QTRAP6500 tandem mass spectrometer (AB Sciex,
Darmstadt, Germany) was operated in positive ionization mode with
multiple reaction monitoring (MRM) to monitor analyte parent ion —
product ion:y-aminobutyric acid (GABA) (m/z 104.1 — 87.0; DP 20, CE
17); this MRM is specific for GABA and does not detect any a-amino-
butyric acid, for all other amino acids see Suppl.Table 1. Individual
amino acids in the sample were quantified by the respective
13¢,15N-labeled amino acid internal standard, except for GABA, tryp-
tophan, and asparagine: GABA was quantified using '3C,!°N-Ala
applying an experimentally determined response factor of 1.0; trypto-
phan was quantified using (Indol-D5)-L-tryptophan (in MRM modus this
generates three different fragments with different degrees of isotopic
labelling: m/z 193, m/z 192; m/z 191; the sum of the three signals is
used); asparagine was quantified using 13C,'°N-Asp applying a response
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factor of 1.0.
2.8. Real time polymerase chain reaction (qPCR)

Local, adjacent and opposite leaves were harvested 1 h after treat-
ment, frozen in liquid nitrogen and stored in —80 °C before gene
expression analyses (see Fig. S2). Extraction of total RNA was done ac-
cording to Jaksova et al. (2020) with minor modifications. Briefly, RNA
was extracted using Spectrum Plant Total RNA kit (Sigma-Aldrich, USA,
Catalog No. STRN50) and DNase I treated and purified by RNA Clean &
Concentrator kit (Zymoresearch, USA, Catalog No. R1013) according to
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 (Thermo Fisher
Scientific, Germany). The synthesis of first strand of cDNA was per-
formed by iScript™ cDNA Synthesis Kit (BIO-RAD, Catalog No.
1708890) using manufacturer’s protocol. A control without reverse
transcriptase was done for each sample to determine traces of genomic
DNA. cDNA samples were 10-times diluted prior to qPCR run.

For real time PCR, specific gene sequences were amplified by Max-
ima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific,
Catalog No. K0221). Primers for amplification of housekeeping gene
sequence (ubiquitin-conjugating enzyme - UBC21) and sequence for gene
of interest (JASMONATE-ZIM DOMAIN 10, JAZ10; OPDA REDUCTASE 3,
OPR3; ALLENE OXIDE SYNTHASE, AOS) were used according to
Mousavi et al. (2013) and Chini et al. (2018), (Suppl. Table 2). We
determined the stability of reference gene, prior to the gene expression
evaluation, by the BestKeeper tool (Pfaffl et al., 2004) using Cr values of
all treatments used in this study. This analysis showed that UBC21 is
stably expressed and thus suitable as a reference gene (low (<1) SD of
the Cr and a low SD (<2) of the fold change of gene expression). Real
time PCR reactions were performed in 96-well plates on Light Cycler II
480 (Roche) device and the relative changes in gene expression were
estimated according to Pfaffl (2001). Melt curve analysis of qPCR
products was included at the end of each qPCR run to verify product
specificity. All samples for PCR experiments were analyzed in three
biological and three technical replicates.

2.9. Statistical analyses

All data are from biological replicates and each biological sample
was analyzed in three or four technical replicates. Before statistical
analyses, the data were tested for homogeneity of variance (Brown-
Forsythe test). If the homogeneity was fulfilled, one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test was used (Origin 8.5.1,
Northampton, MA, USA). If homogeneity was not present multiple
comparisons by Welch’s test with Bonferroni corrected alpha was used
(Microsoft Excel).

3. Results
3.1. Anaesthesia completely inhibits systemic electrical signaling

To investigate the local and systemic electrical signal propagation
under diethyl ether treatment, we attached first electrode on local leaf
and two more electrodes on systemic leaves, adjacent (n + 5) and
opposite (n + 4), always at the midrib (Fig. S1). Heat wounding in local
leaf induced the hyperpolarization of the membrane potential (negative
voltage shift recorded extracellularly, representing intracellular depo-
larization), representing SWP (but showing its composite character with
VP, AP and SP components). Within several seconds after heat wound-
ing, the electrical signal was transmitted to systemic leaves. In opposite
unwounded systemic leaf, only depolarization (representing intracel-
lular hyperpolarization) was recorded, representing SP. In adjacent
systemic leaf, the surface potential recorded was more complex. First,
transient depolarization (representing intracellular hyperpolarization)
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with subsequent hyperpolarization (representing intracellular depolar-
ization) was recorded, or in some cases the initial depolarization was
absent (red line in Fig. 1A). After 2.5 h under diethyl ether, electrical
signal in local leaf was either not detected or only small depolarization
(representing intracellular hyperpolarization) of the membrane poten-
tial was recorded (red line in Fig. 1B). Electrical signals have never been
recorded in systemic leaves (Fig. 1B). One hour after removal of diethyl
ether, heat wounding was able again to trigger the potential changes
comparable to control plants (Fig. 1C).

3.2. Monitoring cytoplasmic Ca®" concentration [Ca®"]ey

Because electrical and Ca?" signals are tightly coupled, we further
monitored [Ca2+]cyt_ First, we tested whether aequorin luminescence in
transgenic A. thaliana expressing the apoaequorin is affected by diethyl
ether treatment. Control and diethyl ether treated plants were dis-
charged by CaCl; in 10% ethanol and luminescence was recorded in 1
min intervals for 9 min. We found that aequorin luminescence under
diethyl ether treatment was reduced in average by ca. 25% (Figs. S3A-E)
but was still clearly detectable (Figs. S3B and D). This indicates that the
experimental system is suitable for investigating the effect of diethyl
ether but the signal intensity comparison among different treatments up
to 25% cannot be considered as significant. This affect resembles effects
of anaesthetics on firefly luciferase based on which the protein theory of
general anaesthesia was established (Franks and Lieb, 1984).

Heat wounding clearly induced a Ca%* wave. First, the signal in-
tensity was increased in local and later on also in adjacent systemic
leaves. In opposite systemic leaves the signal was not detected (Fig. 2A,
Video S1). Under diethyl ether treatment, the Ca”signal was recorded
in local heat wounded leaf but not in any systemic leaves. In some local
leaves, short basipetal transmission of Ca®' wave was detectable
(Fig. 2B, Video S2). After removing of diethyl ether for 1 h, the plant was
heat wounded and the signal propagation was restored (Fig. 2C, Video
S3).

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.plaphy.2021.11.019.

Application of a drop of 75 mM L-glutamate to the middle vein of
pre-cut leaf induced local Ca?* response every time and systemic
response in four out of seven cases (Fig. S4A, Video S4). Under diethyl
ether treatment, small increase [Ca®'] cytin local leaf was also detectable
every time, but systemic response was completely absent (zero out of
five cases; Fig. S4B, Video S5). The plants recovered from anaesthesia
after 1 h and glutamate application triggered systemic response again
(two out of three cases; Fig. S4C, Video S6). Squeezing the leaf between
fingers also induced local increase [Ca2+]cyt, which was lower but not
completely inhibited under diethyl ether atmosphere (Fig. S5, Videos S7
and S8). Application of drop of distilled water on leaf surface, which is
known to induce JA response (Moerkercke et al., 2019), also increased
local [Ca2+]cyt under diethyl ether treatment (data not shown). All these
experiments show that diethyl ether cannot completely block local rise
of [Ca2+]cyt in perturbed leaf, but it completely blocks its systemic
propagation. This indicates that ion channels directly responsible for
transduction of mechanical forces (wounding, touching, squeezing) into
Ca?* signal are not targeted by diethyl ether, in contrast to ion channels
responsible for Ca®* systemic propagation.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.plaphy.2021.11.019.

3.3. Anaesthesia with diethyl ether impairs systemic jasmonate
accumulation

In the local leaf, there was almost a 1000-fold increase of the JA
tissue level 1 h after heat wounding in comparison to control un-
wounded plants. The significant 300-fold increase was also detected in
adjacent systemic leaf but not in systemic opposite leaf. The volatile
anaesthetic diethyl ether significantly decreased JA tissue level in the
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Fig. 1. Surface potential changes generated in local and systemic leaves after heat wounding (W) of local leaf. (A) Extracellular recording of electrical signals in
control plants. (B) Inhibition of electrical signals after exposure of plants to diethyl ether. (C) Recovery of electrical signaling after removing of diethyl ether.
Representative electrical signals from 6 to 7 independent experiments are depicted. Sometimes, two types of surface potential changes were observed on different
plants (black and red lines). Below is a comparison of amplitude and half-width duration of surface potentials (for explanation see Fig. S1). Boxplots show the
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local wounded leaf, but the level was still 300-fold higher in comparison
to resting level in unwounded etherized leaf. However, in adjacent
systemic leaf, the JA tissue level was not significantly higher in com-
parison to etherized control. After 1 h recovery period, the accumulation
of JA in adjacent leaf was restored by heat wounding of local leaf
(Fig. 3A). The similar trend was found for JA-Ile (Fig. 3B) but not for cis-
OPDA (Fig. 3C). The significant increase of ABA was found after heat
wounding in all studied leaves and diethyl ether inhibited its accumu-
lation in both systemic leaves but not in the local leaf. Heat wounding
after 1 h recovery period restored ABA accumulation in both systemic
leaves (Fig. 3D). The significant rise of SA was evident only after
wounding in local leaf (Fig. 3E). The levels of IAA did never change
significantly at the time point 1 h after heat wounding (Fig. 3F).

3.4. Heat wounding triggers accumulation of y-aminobutyric acid
(GABA) but not glutamate in local leaf

Because glutamate was suspected to be responsible for GLR activa-
tion (Shao et al., 2020), we analyzed amino acid contents. We did not
find any significant changes in glutamate concentration in comparison
to control plants in local and systemic leaves. Remaining 17 analyzed
amino acids also did not show significant changes in concentration in
response to wounding and diethyl ether treatments, only some showed
slightly higher concentration during recovery period (Ile, Leu, Lys, Phe,
Trp, Tyr, Val, Fig. 56). But we found more than 15-fold significant in-
crease of non-proteinogenic amino acid, y-aminobutyric acid (GABA). It
accumulated in response to wounding in local leaf and diethyl ether was
not able to inhibit its accumulation (Fig. 4).
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3.5. Transcript level of jasmonic-acid responsive genes remains low in
systemic leaves

To confirm that diethyl ether could impairs jasmonate signaling in
systemic leaves, the expression of marker genes involved in JA biosyn-
thesis (AOS, OPR3) and signaling (JAZ10) was monitored. The expres-
sion pattern (Fig. 5) clearly mirrored accumulation of JA and JA-Ile
(Fig. 3A and B). There was a significant 1500-fold increase of JAZ10
mRNA in response to heat wounding in local leaf and 750-fold increase
in adjacent systemic leaves. Diethyl ether suppressed JAZ10 expression
in wounded local leaf but was still 230-fold higher than in etherized
control. In adjacent systemic leaf of etherized wounded plant, the level
of JAZ10 was not significantly higher than in etherized control leaf.
After 1 h recovery period, the accumulation of JAZI0 in adjacent leaf
was restored upon heat wounding of local leaf (Fig. 5A). Similar trends
were found also for AOS and OPR3, only the recovery for AOS transcripts
was somehow blocked (Fig. 5B and C).

3.6. Ultra-weak photon emission as indicator of LOX activity

Recently it was shown that ultra-weak photon emission is a sensitive
in vivo indicator of LOX2 activity in local wounded leaf (Prasad et al.,
2017). Here, ultra-weak photon emission in wounded local leaf was not
inhibited by diethyl ether, indicating that LOX2 enzyme is active under
diethyl ether atmosphere (Fig. S7).

4. Discussion

In our experiments we used heat wounding for induction of systemic
electrical signal propagation in A. thaliana. The heat wounding has been
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shown to be a sufficiently strong stimulus used in many studies for
monitoring electrical signal propagation in plants (Wildon et al., 1989;
Herde et al., 1996; Koziolek et al., 2004; Lautner et al., 2005; Fromm and
Lautner, 2007; Sukhov et al., 2016). We also chose heat wounding
because it is much stronger stimulus than simple mechanical wounding
which does not trigger systemic response every time (see Table S1 in
Toyota et al., 2018). The electrical signal propagation induced by heat
wounding resembles electrical signal propagation triggered by simple
wounding in A. thaliana (Mousavi et al., 2013): intracellular depolari-
zation (recorded as extracellular hyperpolarization) was recorded in
local and adjacent systemic leaves, whereas opposite systemic leaves
showed intracellular hyperpolarization (recorded as extracellular de-
polarization). Electrical signals are tightly linked genetically with in-
crease of [Ca2+]cyt (Farmer et al., 2020). The relationship between
changes in [Ca2+]cyt and electrical activities is not known but they are
both attenuated in systemic leaves of gIr3.3 glr3.6 double mutants
indicating that they are tightly coupled (Mousavi et al., 2013; Toyota
etal., 2018; Nguyen et al., 2018). Elevated [Ca2+]cyt was documented in
our as well as in previous studies in local and adjacent systemic leaves, i.
e. in leaves which propagate intracellular depolarization (Kiep et al.,
2015; Toyota et al., 2018) and wound-induced membrane depolariza-
tion preceded large Ca?t influx (Nguyen et al., 2018). Changes of
intracellular Ca%* concentrations are probably mediators of jasmonate
synthesis in response to electrical signals (Yan et al., 2018) and all local
and adjacent leaves which received electrical depolarization and Ca®*
signal activate jasmonate mediated signaling (Mousavi et al., 2013;
Toyota et al., 2018; Nguyen et al., 2018).

Here we showed that GVA diethyl ether completely blocked elec-
trical, Ca>* and jasmonate signals mainly in systemic leaves. This
behaviour resembles attenuated systemic signaling in a gIr3.3 gIr3.6
mutant (Mousavi et al., 2013; Toyota et al., 2018; Nguyen et al., 2018)
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Fig. 5. Transcript level of JA-responsive genes in local and systemic leaves after heat wounding. The plants were kept in the air or under diethyl ether for 2.5 h or the
diethyl ether had been removed 1 h before the local leaf was wounded. Local and systemic leaves were sampled for qPCR analysis 1 h after treatment. (A) JAZ10, (B)
OPR3, (C) AOS. C - control plants in the air, CE - plants in ether without any treatment, W — wounded plants in the air, WE — wounded plants in the diethyl ether, R —
wounded plants after recovery. Data show means + S.D., n = 9. Different letters denote significant differences at P < 0.05 (Welch’s test with Bonferroni cor-

rected alpha).

orina Ca%t -permeable vacuolar tpc1-2 mutant (Kiep et al., 2015) what
might suggest that GLR and/or TPC1 are targeted by diethyl ether
directly, or indirectly via changes of membrane properties (Lerner,
1997; Pavel et al., 2020). The Arabidopsis GLRs share extensive sequence
identity with animal ionotropic N-methyl-D-aspartate (NMDA) channels
including ligand binding domain (Lam et al., 1998). Indeed, animal
NMDA as well as plant GLRs are gated by the same ligand: glutamate,
which is released in plant upon wounding (Toyota et al., 2018; Shao
et al., 2020), but the possibility that GLRs are activated without any
ligand binding is still possible (Farmer et al., 2014, 2020; Grenzi et al.,
2020). Several studies have indicated important functional interactions
between GVA and the animal NMDA class of glutamate receptors and
inhibition of post-synaptic neuronal transmission through multiple
allosteric effects on the NMDA-channel activation mechanism and the
glutamate binding site (Martin et al., 1995; Zhou et al., 2012). The
possibility that plant GLR channels are targeted by GVA as in animal
NMDA channels is intriguing. But it is still possible that plant GLR
channels only alter the plant’s ability to propagate SWP without them-
selves being responsible for the major ion fluxes (Farmer et al., 2020). To
resolve how exactly GVAs work in plants, we need to know more details
about function and activation of GLR channels in plants.

However, diethyl ether attenuated electrical signals not only in
systemic but also local damaged leaf although elevated [Ca2+]cyt was
still detectable. In the gir3.3 glr3.6 double mutant, a significant depo-
larization with the same amplitude but reduced duration was still
detected in local damaged leaf indicating that GLR3.3 and GLR3.6 are
only important for channelling the signal to neighbouring systemic
leaves (Mousavi et al., 2013; Hedrich et al., 2016). The fact that gen-
eration of electrical signals in local leaf is GLR3.3 GLR3.6 independent
(Mousavi et al., 2013; Hedrich et al., 2016) and diethyl ether inhibited
generation of local SWP indicates that the effect of diethyl ether is not
specific only to GLR channels. This may favour the Meyer (1899) and
Overton (1901) membrane theory of general anaesthesia and its modi-
fications suggesting that anaesthetics could target the plasma membrane
and affects different channel functions (Lerner, 1997; Tang and Xu,
2002; Pavel et al., 2020) in contrast to protein-theory that anaesthetics
are acting by binding directly to specific sensitive protein (Franks and
Lieb, 1984). Given that the diethyl ether in plants impairs sensation and
interaction with environment in much broader sense (i.e.: germination,
endocytic vesicle recycling, reactive oxygen species (ROS) balance, light
perception and chlorophyll synthesis, Yokawa et al., 2018) indicates
their broad and non-specific functions. Nevertheless, even the physi-
cians who administer these compounds still lack a molecular under-
standing for their action in animals and humans.

The concentration of the putative GLR ligand, glutamate, was neither
affected by wounding nor by diethyl ether treatment in comparison to
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control plants and is probably only released from the damaged cell into
the apoplast as was suggested by Toyota et al. (2018). The absolute
concentration of glutamate is the highest among detected amino acids in
accordance with its high mM concentration in phloem sap needed for
activation of GLR channel (Hunt et al., 2010; Toyota et al., 2018; Shao
et al., 2020), but exogenously added glutamate was not able to activate
GLR channels under anaesthesia (Fig. S4). This indicates that leaf
glutamate level is not affected by anaesthesia, it is probably released by
tissue damage but cannot activate systemic response. Nonetheless, the
accumulation of another neurotransmitter-like signaling molecule
detected in plants, which is synthetized from glutamate (Tarkowski
et al., 2020), y-aminobutyric acid (GABA), was increased in wounded
local leaf within 1 h (Fig. 4). In plants, the non-proteinogenic amino acid
GABA is a ligand of the aluminium activated malate transporter (ALMT)
and probably of the outward-rectifying potassium channel (GORK);
upon binding it induces membrane hyperpolarization (Ramesh et al.,
2015; Zarsky, 2015). However, in contrast to GLR channels there is no
sequence homology of ALMT and GORK to the GABA4 receptor in ani-
mals, except small region responsible for GABA interaction (Ramesh
et al., 2015; Zarsky, 2015; Adem et al., 2020). The GABA is important
signaling molecule which accumulates in response to different biotic and
abiotic stresses in plants (Fromm, 2020). In response to wounding,
GABA accumulated not only in local but also in systemic leaves but Ca?*
and JA -independently (Scholz et al. 2015, 2017). In our study, heat
wounding did not induce systemic accumulation of GABA, and diethyl
ether had no effect on its accumulation in response to heat wounding
indicating its electrical-signal independent accumulation as has been
suggested previously (Scholz et al., 2017).

In accordance with inhibition of electrical and Ca?* signals in sys-
temic leaves, the accumulation of jasmonates and transcripts of jasmo-
nate responsive genes were strongly attenuated under anaesthesia. In
contrast, local damaged leaves still accumulated significant amount of
jasmonates and responsive transcripts. Besides Ca2*, which was still
detected in local leaf at a reduced level and represents a link to JA
synthesis (Chauvin et al., 2013; Farmer et al., 2020; Yan et al., 2018), it
has been believed that jasmonate accumulation in local damaged leaves
is triggered by releasing of cell wall fragments or LA from galactolipids
in plastid membranes (Mielke and Gasperini, 2019). This may explain
why still high level of jasmonates is present in local leaf with signifi-
cantly attenuated electrical and partially Ca2* signals. It is worth
mentioning, that another wound-induced hormone ABA accumulated
not only in adjacent systemic leaves but also in systemic opposite leaves,
where electrical signals and jasmonates were not detected in response to
heat wounding. Interestingly, diethyl ether significantly suppressed ABA
accumulation in all these systemic leaves (Fig. 3D). It was shown that
systemic ABA accumulation is dependent on electrical/Ca%t/ROS wave
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(Suzuki et al., 2013; Devireddy et al., 2018), but ABA is also easily
translocated via vascular tissue (Jaschke et al., 1997). What is behind
this diethyl ether-induced suppression of electrical signal-independent
ABA accumulation remains unknown. Moreover, ABA accumulation
was significantly decreased also in control etherized plants indicating
that even basal level of ABA is affected by diethyl ether (Fig. 3D).

Recently, it has been documented that JA itself acts as mobile signal
and is translocated from local damaged leaf to neighbouring systemic
leaves via JA importers AtJAT3 and AtJAT4, however in co-operation
with GLR3.3 (Li et al., 2020). By this way, only ~1.7% of JA was
translocated but accounted for ~40% of the wound-induced JA in sys-
temic leaves. The authors suggested that GLR-dependent systemic
electrical signals may be decoded to JA/JA-Ile, which in turn promotes
the long-distance transport of JA by inducing expression of At-JAT3/4.
In our study, the JA and transcript levels were completely abolished in
systemic leaves indicating that GVA may also suppress JA translocation
directly or indirectly through inhibited GLR-dependent electrical signals
as suggested.

The effect of anaesthesia with diethyl ether on inhibition of electrical
signaling in Arabidopsis is very similar to our previous study with the
carnivorous plant Venus flytrap (Yokawa et al., 2018; Pavlovic et al.,
2020). The Venus flytrap generates AP and Ca" wave in response to
mechanostimulation of trigger hairs but the signals propagate only in
local trap without any systemic response (Pavlovic et al., 2017; Suda
et al.,, 2020). Diethyl ether completely inhibited APs induced by
mechanostimulation and wounding in local trap but wounding still
induce small accumulation of jasmonates favouring the hypothesis that
leaf tissue damage alone without electrical signal is sufficient to trigger
jasmonate accumulation in local leaf. The mechanosensitive
chloride-permeable ion channel (MscS)-like (MSL) homolog in Venus
flytrap (FLYC1, FLYC2) in combination with mechanosensitive calcium
permeable channel (OSCA) have been suspected to be responsible for
initial AP depolarization in Venus flytrap (Procko et al., 2021). However
they only remain outstanding candidates for this physiological role
because knock-out or knock-down experiments have not been per-
formed. Only recently, Iosip et al. (2020) found that GLR3.6. is among
trigger hair-specifically expressed genes what may also indicate its
participation on generation and propagation of APs and Ca®" wave in
Dionaea but how the glutamate could be released in response to me-
chanical stimulus is not clear.

5. Conclusions

This study clearly showed that GVA diethyl ether inhibited systemic
electrical signal propagation in Arabidopsis and downstream sequence of
responses. It is another evidence for link between electrical signaling
and JA pathway in distal tissues with use of methods other that mo-
lecular biology (i.e. glr mutants). Although our study showed that
diethyl ether inhibited GLR function in long-distance electrical
signaling, it is tempting to assume that the effect is also non-specific on
different groups of ion channels favouring rather non-specific mem-
brane hypothesis of GVA in plants. On the other hand, local leaves still
respond to damaging stimuli, indicating different mechanism of defense
response activation in local and systemic leaves. The mechanosensitive
ion channels which are directly responsible for transduction of wound/
touch stimuli into elevated [Ca2+]cyt are not targeted by GVA in contrast
to GLR responsible for Ca?* long-distance propagation. To resolve how
exactly anaesthetics work in plants, we need to know more details about
function and activation of GLR channels in plants. But the fact that the
GVA inhibits long-distance electrical signal propagation by inhibition of
GLR channels not only in animals and humans but also in plants is
intriguing. It is another piece of evidence that impaired sensation and
interaction with the environment appear to be common anaesthetic
endpoints from single-celled organisms, plants, to primates. This call for
more general definition of anaesthesia as was suggested by Kelz and
Mashour (2019) as compounds which cause disconnection from
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environment, both in receptive (e.g. sensation) and/or expressive (e.g.
motoric responses) arms of interaction.
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Fig. S1 Leaf numbering for experiments on long distance signaling in Arabidopsis thaliana and
parameters of electrical signals. Analyses were performed on local leaf no. 8, adjacent leaf no.
13 and opposite leaf no. 12. Parameters of electrical signals quantified (amplitude and half-
width duration) are depicted. The terminology used (depolarization/hyperpolarization) is from

intracellular point of view.
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Fig S2 Experimental setup. (A) The plants were bagged either in the air (red) or ether (blue)
atmosphere for 2.5 h. The plants were wounded and measured and sampled as indicated. ES,

imaging — electrical signal measurements, Ca?* and ROS imaging.
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Fig. S3 Discharge of Arabidopsis thaliana leaf rosette. Control plants in the air (A,B) or exposed
to diethyl ether (C,D). Plants in visible light (A, C) and representative image of maximum
[Ca?*]qy signal intensity of plant after discharge at time interval 1-2 min (B, D). (E) Average * S.D.

(n = 3). [Ca?*]cyt signal intensity monitored for 9 min (frame exposure time was 1 min).



——local leaf |
804 —— adjacent leaf |

70 o opposite leaf|

60
=] I\

[Caz']m(rel. units)

12:-(J N

B [
TR AR —
0 40 80 120 160 200 240

time after aliitamate annlication (s)

203 —— local leaf
804 —— adjacent leaf
opposite leaf;

[Ca™],,, (rel units)

— local leaf
804 —— adjacent leaf|
s - opposite leaf

= (rel. units)
Lo
o

[Ca™]
N
o

0 40 80 120 160 200 240
time after glutamate application (s)

Fig. S4 Local and systemic [Ca%*]y: signals in whole Arabidopsis thaliana rosette in response to
local L-glutamate application. (A) Plants were kept in the air or (B) under diethyl ether for 2.5 h
or (C) the plant had recovered from diethyl ether treatment for 1 h before L-glutamate was
applied. Representative time courses are shown on the left; average + S.D. (n = 3-7) signal
intensities in local and systemic leaves are shown on the right. Photograph of rosette in visible
light (vis.), the site of glutamate application across a midrib of local leaf is marked with a red
rectangle. The region of interest (ROI) used for signal quantification of local leaf (red), adjacent
systemic (blue) and opposite systemic leaves (green) are depicted. Time course (0-210 s) of
[Ca?*]¢t accumulation in response to glutamate application in local and distal leaves, glutamate
was applied in the range of 0-10 s (frame exposure time is 10 s). Cumulative image of [Ca®*]cyt
dependent photon counts after discharge of the whole rosette (frame exposure time is 1 min).

Movies are available as Supplementary videos 4-6.
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Fig S5 [Ca?*]y: signals in local Arabidopsis thaliana leaf in response to squeezing. The leaf was

squeezed in the range of 0-10 s (frame exposure time is 10 s). Average + S.D. (n = 5).
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Fig S6 Amino acids content in Arabidopsis thaliana local and systemic leaves after heat
wounding. The plants were kept in the air or under diethyl ether for 2.5 h or the diethyl ether
had been removed 1 h before the local leaf was wounded. Local and systemic leaves were
sampled for amino acids analysis 1 h after treatment. C — control plants in the air, CE — plants in
ether without any treatment, W — wounded plants in the air, WE —wounded plants in the
diethyl ether, R — wounded plants after recovery. Data show means £ S.D., n = 8. Different

letters denote significant differences at P < 0.05 (ANOVA, Tukey’s test or Welch’s test if non-

homogeneity was present).



Fig. S7 Imaging of ultra-weak photon emission from WT Arabidopsis thaliana leaves after
heat wounding of local leaf by CCD camera. The ultra-weak photon emission measured from
WT in the air (A, B) and under diethyl ether (C, D). Figure shows photographs (A, C),
corresponding image of ultra-weak photon emission (B, D). To avoid any contribution of
delayed luminescence, Arabidopsis thaliana plants were kept in the darkness for 30 min before

each measurement. The arrows indicate place of heat wounding.



SUPPLEMENTARY TABLES

Table S1:

Details of the analysis of amino acids by LC-MS/MS using an Agilent HPLC

1260/QTRAP6500 instrument in positive ionisation mode. Abbreviations are: Q1, selected m/z

of the first quadrupole; Q3, selected m/z of the third quadrupole; DP, declustering potential (V);

and CE, collision energy (V).

response

amino acid Ql Q3 DP CE int.Std Ql Q3 factor

Ala 90.1| 44.1 20 17 | 13C,15N-Ala 94.1 47.1

Ser 106.0 | 60.1 20 15 | 13C,15N-Ser 110.0 63.1

Pro 116.1 | 70.0 20 19 | 13C,15N-Pro 122.1 75.0

Val 118.1 72.2 20 13 | 13C,15N-Val 124.1 77.2

Thr 120.1 | 74.2 20 13 | 13C,15N-Thr 125.1 78.2

lle 132.2 86.1 20 13 | 13C,15N-lle 139.2 92.1

Leu 132.2 86.1 20 13 | 13C,15N-Leu 139.2 92.1

Asp 1341 | 74.1 20 19 | 13C,15N-Asp 139.1 77.1

Glu 148.1 | 102.1 20 15 | 13C,15N-Glu 154.1 107.1

Met 150.2 | 104.1 20 13 | 13C,15N-Met 156.2 109.1

His 156.2 | 110.1 20 17 | 13C,15N-His 165.2 118.1

Phe 166.2 | 120.2 20 17 | 13C,15N-Phe 176.2 129.2

Arg 175.1| 70.1 20 31 | 13C,15N-Arg 185.1 75.1

Tyr 182.1 | 136.2 20 17 | 13C,15N-Tyr 192.1 145.2

Asn 133.1| 74.1 20 21 | 13C,15N-Asp 139.1 77.1 1.0

Gln 147.1 | 130.0 20 13 | 13C,15N-GIn 154.1 136.0

Lys 147.1| 84.1 20 23 | 13C,15N-Lys 155.1 90.1

GABA 104.1 87.0 20 17 | 13C,15N-Ala 1.0
D5-Trp (sum of

Trp 205.2 | 188.1 20 13 | fragments)
D5-Trp-fragm193 210.0 193.0
D5-Trp-fragm192 210.0 192.0
D5-Trp-fragm191 210.0 191.0




Table S2: Primer sequences used in qPCR.

Gene number Gene name | Primer sequences
At5g13220 JAZ10 forward 5’ -ATCCCGATTTCTCCGGTCCA-3’
reverse 5’ -ACTTTCTCCTTGCGATGGGAAGA-3'
At2g06050 OPR3 forward 5'-GCATGGAAGCAAGTTGTGGAAGCA-3’
reverse 5'-CATGCGCCCCGTGGATCTCAAT-3’
At5g42650 AOS forward 5'-GCGACGAGAGATCCGAAGA-3'
reverse 5'-CTCGCCACCAAAACAACAAA -3
At5g25760 uBc21 forward 5’ -CAGTCTGTGTGTAGAGCTATCATAGCAT-3'

reverse 5 -AGAAGATTCCCTGAGTCGCAGTT-3’




SUPPLEMENTARY MOVIES

Video/Movie S1 Local and systemic [Ca?*].,: signals in whole Arabidopsis thaliana rosette in
response to heat wounding in control plants. Photograph of plant rosette (A), [Ca?*]¢y signal (B),
discharge (C). The site of heat wounding across a midrib of local leaf is marked with a red
rectangle. The leaf was heat wounded between 0-10 s.

Video/Movie S2 Local [Ca?*]cy: signals in whole Arabidopsis thaliana rosette in response to heat
wounding in etherized plants. Photograph of plant rosette (A), [Ca%*].,: signal (B), discharge (C).
The site of heat wounding across a midrib of local leaf is marked with a red rectangle. The leaf
was heat wounded between 0-10 s.

Video/Movie S3 Local and systemic [Ca?*].,: signals in whole Arabidopsis thaliana rosette in
response to heat wounding in etherized plants after recovery. Photograph of plant rosette (A),
[Ca?*]q signal (B), discharge (C). The site of heat wounding across a midrib of local leaf is marked
with a red rectangle. The leaf was heat wounded between 0-10 s.

Video/Movie S4 Local and systemic [Ca?*]: signals in whole Arabidopsis thaliana rosette in
response to L-glutamate application in control plants. Photograph of plant rosette (A), [Ca?*]cyt
signal (B), discharge (C). The site of glutamate application across a midrib of local leaf is marked
with a red rectangle. The glutamate was applied between 0-10 s.

Video/Movie S5 Local and systemic [Ca?*].,: signals in whole Arabidopsis thaliana rosette in
response to L-glutamate application in etherized plants. Photograph of plant rosette (A),
[Ca?*]qy signal (B), discharge (C). The site of glutamate application across a midrib of local leaf is
marked with a red rectangle. The glutamate was applied between 0-10 s.

Video/Movie S6 Local and systemic [Ca?*].,: signals in whole Arabidopsis thaliana rosette in
response to L-glutamate application in etherized plants after recovery. Photograph of plant
rosette (A), [Ca®*]o signal (B), discharge (C). The site of glutamate application across a midrib of
local leaf is marked with a red rectangle. The glutamate was applied between 0-10 s.
Video/Movie S7 [Ca?*].: signals in Arabidopsis thaliana rosette in response to gentle leaf
squeezing in control plants. Photograph of plant rosette (A), [Ca%*].y: signal (B), discharge (C). The

site of local leaf squeezing is marked with a red rectangle.



Video/Movie S8 [Ca?*].: signals in Arabidopsis thaliana rosette in response to gentle leaf
squeezing in etherized plants. Photograph of plant rosette (A), [Ca%*]c: signal (B), discharge (C).

The site of local leaf squeezing between 0-10 s is marked with a red rectangle.
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