UNIVERZITA PALACKEHO V OLOMOUCI

Prirodovédecka fakulta

Katedra biochemie

Chemické metody studia strigolaktonii

DISERTACNI PRACE
Autor: Magr. Rostislav Halouzka
Studijni program: P1416 Biochemie
Studijni obor: Biochemie
Forma studia: Prezenéni
Vedouci prace: doc. RNDr. Petr Tarkowski, Ph.D.

Rok: 2020



Prohlasuji, Ze jsem disera¢ni praci vypracoval samostatné s vyznac¢enim vsech pouzitych
prament a spoluautorstvi. Souhlasim se zvefejnénim disertacni prace podle zakona ¢.
111/1998 Sb., o vysokych skolach, ve znéni pozdéjsich predpisti. Byl jsem seznamen S
tim, Ze se na moji praci vztahuji prdva a povinnosti vyplyvajici ze zékona
¢. 121/2000 Sb., autorsky zdkon, ve znéni pozd¢jsich predpisti.

V OIOMOUCE UNE wooeeeeeeeeeee et e et



Podékovani
Tato diserta¢ni prace byla podpofena grantovym projektem IGA_PrF_2017_016.

R4ad bych na tomto mist¢ pod€koval mému Skoliteli doc. RNDr. Petru
Tarkowskému, Ph.D. a Ing. Sanje Cavar Zeljkovié, Ph.D. za odborné vedeni disertacni
préce, jejich cenné rady a pfipominky. Déle bych rad pod€koval Ing. Miroslavu Hyblovi,
Ph.D. a zejména technickym pracovnikim z Vyzkumného ustavu rostlinné vyroby v. v.
1. (pracoviste Olomouc) za pomoc pii péstovani biologického materialu. Dékuji také
Mgr. Tereze Tiché, Ph.D., a Mgr. Pavlovi Jaworkovi, Ph.D. z katedry Biochemie
v Olomouci za pomoc a cenné piipominky pfi interpretaci namétenych dat. Velké diky
patii také v§em mym kolegiim z laboratofe za ochotu pomoci a za pfijemnou atmosféru
na pracovisti. V neposledni fad¢ dékuji rodiné (otec, matka a moje sestra Klara) za jeji
lasku, trpélivost a podporu v kazdodennim Zivot&. Specialni podékovani bych vénoval
mému nejlepsimu priteleli Jakubu Hajnému, ktery byl pro mé vzdy jako bratr a cenny

radce, nejen v zivoté, ale predevsim v otazce védy a vyzkumu.



Bibliograficka identifikace

Jméno a piijmeni autora Rostislav Halouzka

Néazev prace Chemické metody studia strigolaktonii
Typ préace Disertac¢ni

Pracovisté Katedra biochemie

Vedouci prace doc. RNDr. Petr Tarkowski, Ph.D.
Rok obhajoby prace 2020

Strigolaktony patii mezi rostlinné hormony, které hraji velmi dilezitou roli v ristu
avyvoji rostlin. Byly feSeny riizné zpusoby izolace a purifikace strigolaktonti
z rostlinného materidlu (kotfent). Jako vhodny model byl vybran zastupce z Celedi
bobovitych (Fabaceae), bob sety (Vicia faba L). Vybrany izola¢ni protokol byl pouzit
spole¢né s optimalizovanymi podminkami separace UHPLC-MS/MS k Gspésné
identifikaci SL. Dale jsou piedstaveny ambientni techniky jako budouci nastroj
pro analyzu SL. Ob¢ diskutované metody (DART a DESI) vyznamné zjednoduSuji
ptipravu vzorkt. Pfistup DESI navic umoziiuje zaznamenat prostorovou distribuci
analytd Vv fezu pletiva. Strigolaktony jsou pomérné nestabilni latky, které jsou snadno
hydrolyzovany i za mirnych podminek. Jednim z dalSich cili prace bylo otestovani
jejich chemické stability SL. Testovan byl vliv rozpoustédla, kultivaénich médii
0 definovaném sloZeni a n€kolik vybranych pufrti (pH 6,0 a 7,0). Vysledkem byl seznam
doporuceni a zékladnich pravidel pro pouZziti GR24 a ptfirozené se vyskytujicich SL.
Vysledky ziskané z kinetickych, termodynamickych a spektralnich dat reakce GR24 se
sedmi raznymi nukleofily prokazaly, ze reakce probiha prostiednictvim adi¢né-

elimina¢niho mechanismu (Michaelova reakce).

Klicova slova strigolakton, izolace, UPLC-MS/MS, rostlinné
hormony, stabilita

Pocet stran 92

Pocet ptiloh 4

Jazyk Cesky



Bibliographical identification

Author’s first name and Rostislav Halouzka

surname

Title Chemical analysis of strigolactones
Type of thesis Dissertation

Department Department of biochemistry
Supervisor doc. RNDr. Petr Tarkowski, Ph.D.
The year of presentation 2020

Strigolactones are phytohormones which play a key role in plant growth and
development. Various methods of isolation and purification from the plant material
(roots) have been studied. Sown bean (Vicia faba L.) from the family Fabaceae was
chosen as a representative model plant. To successfully identify SL in various plant
materials, the selected isolation protocol was used together with optimized separation
conditions of UHPLC-MS/MS. In addition, ambient techniques were introduced
as future tools for the SL analysis. Both methods (DART and DESI) significantly
simplified sample preparation. Moreover, the DESI approach made it possible to record
the spatial distribution of the analysts in a tissue section. Strigolactones are unstable
substances that are easily hydrolysed even under mild conditions. The study aimed to
examine the chemical stability of SL. The effect of the solvent, plant growing media
with defined composition and several selected buffers (pH 6.0 and 7.0) were tested. The
outcome was a list of recommendations and basic rules on how to use and apply GR24
and naturally occurring SL. Furthermore, the reaction mechanism of hydrolysis was
studied. Results obtained from kinetic, thermodynamic, and mass spectral data of the
reaction between widely used synthetic strigolactone analogue GR24 and seven
different nucleophiles, demonstrated that the reaction proceeded via Michael addition-

elimination mechanism.

Keywords strigolactones, isolation, UPLC-MS/MS, plant
hormones, stability

Number of pages 92

Number of appendices 4

Language Czech



CILE PRACE

1 UVOD

2 TEORETICKA CAST

2.1 Rostlinné hormony strigolaktony

2.1.1 Kanonické strigolaktony

2.1.2 Nekanonické strigolaktony

2.2 Stereochemie strigolaktonii

2.3 Mechanismus hydrolyzy

2.4 Stabilita strigolaktont

2.5 Syntetické derivaty strigolaktona

2.6 Biosyntéza strigolaktonti

2.7 Biologické funkce strigolaktonti

2.7.1 Arbuskularni mykorhiza

2.7.2 Interakce s parazitickymi rostlinami

2.7.3 Vliv na rist postrannich kotfentl a interakce s auxiny
2.8 Izolace a purifikace strigolaktonti

2.8.1 Kofenové exudaty

2.8.2 Rostlinné pletivo

2.9 Chemické metody studia strigolaktont

2.10 Ambientni techniky

2.10.1 DART

2.10.2 DESI

3 EXPERIMENTALNI CAST

3.1 Material a metody

3.1.1 Biologicky material

3.1.2 Hydroponické péstovani a kultivace

3.1.2.1 Ptiprava kultiva¢niho roztoku 2 Hoaglandova média
3.1.3 Metody homogenizace a extrakce

3.1.3.1 Izolaéni protokol A

3.1.3.2 Izolaéni protokol B

3.1.4 Purifikace pomoci extrakce na pevné fazi (SPE)

3.1.4.1 Vybér sorbentil a nastaveni SPE

3.1.5 Chromatografické metody (UHPLC-MS/MS)

3.1.6 Optimalizace detekce MS

3.1.7 Optimalizace identifikace pomoci HR-DART-Orbitrap
3.1.8 Ptiprava fezli pro DESI

3.1.8.1 Optimalizace identifikace pomoci HR-DESI-Orbitrap-MS
3.1.9 Urceni stability GR24 v kultiva¢nich médiich a pufrech
3.1.10 Syntéza reak¢énich produktii GR24 a vybranych nukleofilt
3.1.11 Stanoveni kinetickych parametri

3.2 Vysledky

3.2.1 Selekce a kultivace biologického materialu

3.2.2 Metody izolace a purifikace

3.2.2.1 Stanoveni navratnosti purifikace pro extrakci na pevné fazi
3.2.2.2 Srovnani izola¢nich protokol

3.2.3 Optimalizace metody detekce UHPLC-MS/MS

3.2.4.1 Interpretace charakteristickych fragmenti

3.2.4.2 Identifikace strigolaktont v rostlinnych pletivech pomoci UPLC-MS/MS
3.2.5 Ambientni techniky pro studium strigolaktonti



3.2.5.1 Identifikace strigolaktonti pomoci HR-DART

3.2.5.2 Identifikace a prostorova lokalizace strigolaktonii pomoci HR-DESI
3.2.6 Stabilita strigolaktonii

3.2.6.1 Stabilita strigolaktonti v kultivacnich médiich

3.2.7 Stabilita strigolaktoni ve vybranych pufrech

3.2.7.1 Kratkodobé monitorovani stability GR24

3.2.7.2 Dlouhodobé monitorovani stability GR24 a 5-deoxystrigol

3.2.8 Stabilita GR24 ve vybranych rozpoustédlech

3.2.9 Nukleofilni reakce GR24

3.2.10 Monitorovani nukleofilni reakce GR24 pomoci UHPLC/MS-MS
3.2.11 Regulace auxinové drahy vlivem SLs efektu na endocytosu PIN proteini
3.3 Diskuze

4 ZAVER

5 LITERATURA

6 SEZNAM POUZITYCH ZKRATEK

7 PRILOHY

62
63
66
66
67
67
68
69
70
72
74
76
81
82
91
92



CILE PRACE

Cilem disertacni prace byla aplikace chemickych metod ve studiu strigolaktoni.

Konkrétné byly naplanovany tyto cile:

Selekce vhodnych biologickych modeli pro studium strigolaktonti.
Vyvoj metod izolace a purifikace strigolaktonti z rostlinného pletiva.
Vyvoj UHPLC-MS/MS metodiky pro profilovani strigolaktonti.
Vyuziti ambientnich technik — DART a DESI ve studiu strigolaktond.

Studium stability strigolaktonti a mechanismus hydrolyzy GR24.



1 UVOD

Rostlinné hormony (fytohormony) jsou pfirozené se vyskytujici nizkomolekularni latky,
které ovliviiuji fadu fyziologickych procesu v rostlinach. Jsou aktivni pti velmi nizkych
koncentracich (Davies, 2004). Jinymi slovy, fytohormony jsou chemickymi posly, resp.
signalnimi molekulami, které koordinuji bunéénou aktivitu rostlin (Fleet a Williams,
2011). Existuje devét kategorii fytohormont, které byly doposud identifikovany,
tj. auxinti, cytokinind, giberelind, kyseliny abscisové, ethylen, brassinosteroidy,
salicylaty, jasmonaty a strigolaktony (SL) (Su et al., 2017). SL byly puvodné objeveny
jako rhizosférni signalni molekuly vylu¢ované rostlinami do ptdy, které stimuluji kli¢eni
semen parazitnich rostlin rodu Striga a Orobanche (Cook et al., 1966). Pozd¢ji byla
prokazéana jejich aktivni ucast na interakci mezi hostitelskou rostlinou a arbuskularnimi
mykorhiznimi houbami v symbiotickém vztahu oznacovaném jako arbuskularni
mykorhiza (AM). Pomérn¢ nedavno byly identifikovany dalsi fyziologické funkce
strigolaktont. Jednd se o regulaci stavby a ristu rostlin, véetné¢ vétveni vyhonkl
anékolika dalSich aspektli vyvoje kofenového systému: inhibice nahodného ristu
kofenovych bunék a prodluzovani kotenovych vlaska (Akiyama et al., 2005; Gomez
Roldan et al., 2008; Umehara et al., 2008; Kapulnik et al., 2011; Koltai et al., 2014).



2 TEORETICKA CAST

2.1 Rostlinné hormony strigolaktony
Strigolaktony (SL), diive oznacované jako seskviterpenoidni laktony, jsou biogeneticky
ptibuzné karotenoidum a jejich prekurzorim. Reguluji fadu vyvojovych procesu rostlin
prostiednictvim vzajemné interakce a komunikace (,,cross-talk®) signalnich drah s jinymi
hormony (Xie et al., 2010; Al-Babili a Bouwmeester, 2015). Vyskytuji se napfi¢ celou
rostlinnou fi8i, od nizSich rostlin, jako jsou mechorosty (Physcomitrella patens L.),
az po nahosemenné a krytosemenné rostliny (Proust et al.,, 2011). Doposud byly
detekovany V kofenovych exudatech a pletivech jednodéloznych a dvoudéloznych
rostlin. Je znamo, Ze jednotlivé druhy rostlin mohou produkovat fadu ruznych SL
ve variabilnim poméru a mnozstvi. Uvadi se, ze primérnéd denni produkce se pohybuje
mezi 15-30 pg/rostlina (Sato et al., 2003; Cardoso et al., 2011; Xie et al., 2013).
Mimo jiné je chemicka struktura SL velmi podobna jiné skuping rostlinnym hormontim
giberelinim, z nichz bylo dosud identifikovano vice nez 100 struktur. Na rozdil od SL
pouze n€kolik giberelint vykazuje biologickou aktivitu (Tsuchiyaa McCourt, 2012).
Navic SL interaguji s jinymi fytohormony, zejména cytokininy a auxiny. V pfipadé
auxind jsou schopny modulovat jejich transport a s tim souvisejici procesy, déleni bunék
a distribuce zivin (Gomez-Roldan et al., 2008; Foo et al., 2013).

SL mohou byt rozdéleny do dvou skupin dle struktury, a to kanonické
a nekanonické. Kanonické jsou tvoteny D-kruhem (hydroxymethylbutenolid), ktery je
ptipojeny skrze enol-etherovou vazbu Kk tricyklickému ABC-laktonovému kruhu (Obr. 1).
Druhé skupina, nekanonické SL, postrada jedno nebo vice spojeni mezi jednotlivymi
¢astmi zakladniho tricyklického laktonu za stalého zachovani enol-etherové vazby
a D kruhu. Toto spojeni, jak jiz bylo uvedeno, je esencialni pro vyjadieni biologické

aktivity vsech doposud znamych SL (Yoneyama et al., 2018a).



A [ Spojeni ABC — tricyklicky lakton }

/

A-kruh — cyklohexan, cyklohexen,
epoxycyklohexan nebo aromaticky kruh

D-kruh spojeny skrze enaol-
etherovou vazbu

B { Chybéjici spojeni BC

“\\\\\\

A-kruh — pfevainé cyklohexen

Obr. 1 Strukturni vzorec SL, A) zakladni tricyklicky skelet kanonickych SL, B) modelova
struktura karlaktonu — zastupce nekanonickych SL.

2.1.1 Kanonické strigolaktony

Mezi doposud charakterizované kanonické zastupce patii slouc¢eniny obsahujici ve své
struktufe 19 atomi uhliku (C19 — napt. orobanchol, fabakol apod.) spole¢né se svymi
acetylovymi derivaty (C21 — napf. orobanchyl acetat, fabacyl acetat). Vyjimku tvofi
pouze sorgolakton (C18H200s). VSechny kanonické SL jsou uvedeny v Tab. 1 a jejich
strukturni vzorce na Obr. 2. Kanonické strigolaktony rozdéleny do dvou podskupin:
odvozené od strigolu (1-8) a orobancholu (9-22) (Yoneyama et al., 2018a). Konfigurace
na C-2 'D-kruhu je stejna pro vSechny endogenni SL, jmenovité R formy. Odpovidajici
slouCeniny s konfiguraci S na C-2' jsou vyrazn¢ mén¢ aktivni. Rozdil mezi obéma
skupinami se nachazi v konfiguraci na spojeni kruhit BC: '3aR, 8bS' ('3aa, 8ba') v (+)-
strigolu a ('3aR, 8bR")(-)-orobanchol (Xie et al., 2013; Zwanenburg a Pospisil, 2013; Al-


https://pubchem.ncbi.nlm.nih.gov/compound/Sorgolactone

Babili a Bouwmeester, 2015). Dalsi informace tykajici se stereochemie a chirality budou

detailnéji rozebrany v podkapitole 2.2 Stereochemie strigolaktond.

Tab. 1 Seznam doposud charakterizovanych kanonickych SL.

Cislo Typ Nazev
1 Strigol
strigyl acetat

3 5-deoxystrigol

4 odvozené od Sorgolakton

5 strigolu Sorgomol

6 Strigon

7 4-hydroxy-5-deoxystrigol

8 4-acetoxy-5-deoxystrigol

9 Orobanchol

10 orobanchyl acetat

11 4-deoxyorobanchol

12 Solonakol

13 solonacyl acetat

14 Fabakol

15 odvozené od fabacyl acetat

16 orobancholu 7-oxoorobanchol

17 7-oxoorobanchyl acetat

18 7 a-hydroxyorobanchol

19 7 o-hydroxyorobanchyl acetat
20 7 S-hydroxyorobanchol

21 7 p-hydroxyorobanchyl acetat
22 Medikaol

Napfic¢ rostlinnou fiSi byla analyzovana fada rtiznych druhi rostlin (krytosemennych,
nahosemennych rostlin) na vyskyt a produkci SL. Mezi nejhojnéji zastoupené zastupce
v rostlinné tisi patii SL strigolového nebo orobancholového typu (kanonické SL),
ale obecné plati, ze jednotlivé rostlinné druhy produkuji pouze SL odvozené od jedné
skupiny. Avsak i zde existuje vyjimka v podobé tabaku (Nicotiana tabacum L.), ktery je
schopen syntetizovat latky odvozené od obou uvedenych zastupci kanonickych SL (Xie
et al., 2013). Nahosemené rostliny (Gymnospermae), japonska borovice ¢erna (Pinus
thunbergii L.), cedr (Cryptomeria japonica L.) a jinan dvoulalo¢ny (Gingko biloba L.),
produkuji pouze orobancholové SL (Xie et al., 2016; Yoneyama et al., 2018a, 2018b).
Obdobneg, v ptipadé krytosemennych rostlin (Magnoliophyta), mimo bavlnik (Gossypium
hirsutum L.) ajahodnik (Fragaria vesca L.), byly pozorovany pouze latky
orobancholového typu (Cook et al., 1969; Yoneyama et al., 2008; Yoneyama et al.,



2018a). Kozinec blanity (Astragalus membranaceus L.) je unikatem mezi rostlinami
zrodu Fabaceae, nebot’ produkuje pouze strigolové SL narozdil od vSech ostatnich
bobovitych rostlin. Rod Fabaceae patii mezi nejlépe prozkoumanou a popsanou skupinu

rostlin, co se tyka jejich vyskytu, ktera majoritné¢ syntetizuje SL orobancholového typu

(Yoneyama et al., 2008; 2018a).

Tab. 2 Seznam doposud charakterizovanych nekanonickych SL.

Cislo Nazev
1 Zealakton
Avenaol
Heliolakton
methoxy-5-deoxystrigol (izomer)
*nepotvrzend struktura
Karlakton
karlaktonova kyselina
8 Methylkarlaktonat
*(5) Nekanonicky strigolakton nedavno izolovany z kofenovych exudatu ovsa éerného.
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Obr. 2 Ptehled struktur charakterizovanych kanonickych SL k roku 2018 (pievzato z Yoneyama
et al., 2018a).



2.1.2 Nekanonické strigolaktony

Zakladni struktura nekanonickych SL nedisponuje typickym tricyklickym spojenim
(ABC kruh), ale stale si zachovava vazbu enol etherové skupiny na D kruh. Na rozdil
od kanonickych zastupcti obsahuji navic dalsi atom uhliku (C20) pivodem
z methylesterové skupiny. Na Obr. 3 jsou zobrazeny ruzné strukturni variace
jiz charakterizovanych nekanonickych SL. VSechny nekanonické SL jsou odvozeny
od methylkarlaktonové kyseliny (MeCLA) nebo jejich izomeri a hydroxylovych
derivatd. Stejné jako v ptipad¢ kanonickych SL jsou zde i vyjimky, mezi které patii
karlakton a jeho derivat karlaktonova kyselina (C19). Nekanonické slouceniny
s methoxykarbonylovou by mély byt spravné ozna¢ovany jako methylestery, jako je tomu
v ptipadé¢ MeCLA, nez doposud pouzivany termin lakton (Yoneyama et al., 2018a,
2018b).

COOH COOCH;
O\ N
Y A N
O//,,,, 0] O, 1, O
. o o
— —

7 8

Obr. 3 Prehled nekanonickych struktur SL charakterizovanych kroku 2018 (Pfevzato
z Yoneyama et al., 2018a).



Mezi typické =zastupce rostlin produkujici nekanonické SL (napf. =zealakton,
zeapyranolakton) patii kukufice (Zea mays L.), ktera je znama jako jeden z hlavnich
hostitelt parazitickych travin z rodu Striga (Charnikhova et al., 2017, 2018). Dalsi
nekanonicky SL, heliolakton, byl poprvé izolovan a charakterizovan z kofenovych
exudati slunecnice (Helianthus annuus L.). Pomoci LC-MS/MS analyzy bylo potvrzeno,
ze kukufice i sluneénice neprodukuji Zadné znamé kanonické formy (Ueno et al., 2014).
Obdobné pozorovani jako pii chemické analyze sluneCnice bylo ucinéno pii analyze
exudatt ¢erného ovsa (Avena strigosa L.), u kterych byla pozorovana silna odpovéd
na stimulaci kli¢eni semen parazitickych rostlin z rodu Striga a Orobanche (Kim et al.,
2014). Nekanonické slouceniny jsou mén¢ stabilni nez kanonicke a taktéz byl pozorovan
postupny rozklad béhem procesu izolace, purifikace a skladovani (Akiyama et al., 2010;
Boyer et al., 2012; Yoneyama et al., 2018a).

Dosud bylo charakterizovano méné nez deset nekanonickych zastupci viz Tab. 2.
Je vSak velmi pravdépodobné, Ze budou identifikovany i dalSi nové nekanonické SL,
nebot’ se jednd o velmi rozmanitou skupinu latek dle jejich chemické struktury
(Bertin et al., 2003; Yoneyama et al., 2018b). Kanonické i nekanonické SL jsou
biologicky aktivni signalni latky, které maji vliv na vyvoj a celou jinou fadu
fyziologickych aspekti a funkci rostlin. Naproti tomu omezena distribuce kanonickych
SL a jejich stereospecificky transport z mist biosyntézy do orgdni v nadzemni Casti
naznacuje, Ze ob¢& skupiny disponuji odliSnymi biologickymi funkcemi. Dle novych
poznatkt jsou za inhibici vétveni vyhonkd zodpovédné pouze SL nekanonické povahy

(Yoneyama et al., 2018a).

2.1.2.1 Karlakton

Prvnim znamym nekanonickym SL je zminény karlakton ozna¢ovany jako biosynteticky
prekurzor vSech  doposud znamych a  charakterizovanych  strigolakton
(Alder etal., 2012). Zajimavosti je, ze jeho koncentrace V prytu je ve srovnani
s kanonickymi SL nékolikanasobné vyssi a neni ovlivnéna obsahem fosforu v puadg, resp.
obsazeného ve form¢ fosfatu (Seto et al., 2014). V piipadé nedostatku uvedeného
elementarniho prvku byla pozorovana az 100x vys§i stimulace kli¢eni semen
parazitickych rostlin ve srovnani s kontrolou (Yoneyama et al., 2007b). Vseobecné¢ se
uvadi, ze produkce SL mtize vzrist az 100 000x. Navic dle novych poznatkt I1ze usuzovat,

ze odpoveéd rostliny na jeho nedostatek v ptide je striktné regulovana az v biosyntetickych



krocich po syntéze karlaktonu a jeho prekurzord (Yoneyama et al., 2012; Seto et al.,
2014; Yoneama et al., 2018b).

2.2 Stereochemie strigolaktoni

Zakladni konvenci stereochemie SL je, ze jejich struktury jsou vzdy kresleny s A-kruhem
na levé stran¢ a D-kruhem na pravé strané. Mimo jiné disponuji fadou chirdlnich center,
napiiklad strigol ma tfi centra a existuje osSm moznych stereoisomerd. Z chemického
hlediska spravnym a jednoznaénym zplisobem pro urCeni chirality v piislusnych
stereogennich centrech je pouziti stereodeskriptortt R a S podle sekven¢nich pravidel
(Cahn-Ingold-Prelog model). Pouziti pfedpon ent a epi je v praxi mnohem jednodussi,
pficemz se pod oznafenim enantiomer (ent) rozumi zrcadlovy obraz a epi oznacuje
epimer tj. opa¢né uspoiadani na uvedeném atomu. Pro oznaceni ent nebo epi byla zvolena
referencni sloucenina, nicméné v poslednich 30 letech doslo k fadé zmén v nomenklatuie
SL (Zwanenburg a Pospisil, 2013).

V dobé pred strukturalni korekci orobancholu (5-deoxy-4-hydroxy-strigolu) bylo
pojmenovani SL jednoduché a piimocaré: (+)-strigol byl zvolen jako referen¢ni
sloucenina pro ur¢eni stereochemie v§ech ostatnich latek (Brooks etal., 1985; Ueno et al.,
2011). Pii soucasném pojmenovani nastava problém v okamziku, kdy misto referencni
molekuly strigolu ((+)-(3aR,5S,8bS,2"R)-strigol) je pouzita molekula orobancholu
((-)-(3aR,4R,8bR,2 'R)-orobanchol). Spravné oznaeni struktury orobancholu zni
,pfirodni stereoizomer orobancholu®. Dle Zwanenburg a PospiSil (2013) ma zvolené
oznaceni zabranit Spatné interpretaci a zdméné se strukturou pivodné navrhovaného
orobancholu (Yokota et al., 1998), ktery byl $patné charakterizovan a jeho spravna
struktura byla objasnéna az po témét 13 letech v roce 2011 (Ueno et al., 2011). Absolutni
konfigurace BCD c¢asti kanonickych strigolaktonti ma za nasledek déleni do dvou skupin
viz ptedchozi kapitola 2.1.1 Kanonické strigolaktony.

Scaffidi (2014) navrhl alternativni pojmenovani a zménu ve strukturni korelaci
stereoizomeri. GR24 za pouziti znamych referen¢nich molekul (+)-strigolu
a (-)-orobancholu. To vedlo k zavedeni dvou nazvu pro nékteré stereoizomery napf. ent-
2'-epi-5-deoxystrigol je také oznacovan jako 4-deoxyorobanchol (Scaffidi et al., 2012).
Pti dodrzovani uvedenych pravidel se pfedejde pochybeni v nomenklature. Je vSak

doporuceno uvadet spravny nazev dle [IUPAC (Zwenenburg a Pospisil, 2013).
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2.3 Mechanismus hydrolyzy

SL jsou pomérné nestabilni a snadno podléhaji hydrolyze nebo nukleofilnimu ataku,
pii kterém  dochazi K poruSeni stability enol-etherové vazby a oddéleni
hydroxybutenolidu (D-kruhu) od zakladniho ABC skeletu. Prvni mechanismus
nukleofilniho ataku na molekulu SL byl navrzen v roce 1992 (Mangnus a Zwanenburg,
1992). Reakéni mechanismus je charakterizovan sledem nékolika kroku a byl potvrzen
na zéklad¢ reaktivity syntetického analoga GR24 vici vybranym nukleofilnim latkam
(viz podkapitola 1.5 Syntetické derivaty strigolaktont). Model piedpoklada v prvnim
kroku tzv. Michaelovu reakci, pfi niz dochazi k nukleofilni adici karbanionu nebo jiného
nukleofilu k a/f-nenasycené karbonylové slou¢eniné. Mechanismus reakce spoéiva
v ataku nukleofilniho ¢inidla na enol etherovou vazbu SL, za sou¢asného odstépeni D-
kruhu a tvorby komplexu ABC-nukleofil (Obr. 4A). Vznikly produkt je mozné izolovat
(Mangnus a Zwanenburg, 1992, Zwanenburg a Pospisil, 2013). Avsak tento model byl
kritizovan Scaffidim (2012) ve snaze sjednotit molekuldrni mechanismy karrikinint a SL.
Namisto adi¢niho-elimina¢niho mechanismu byl navrzen alternativni model (Obr. 4B),
ktery predpoklada adici nukleofilu na nenasyceny furanon v pozici C5°. Tento
postulovany model je zalozen na podobnosti reakce mezi nukleofilnimi ¢inidly
s karrikiny, ackoliv substitu¢ni schéma butenolidového kruhu karrikint se vyrazné lisi

od SL (Obr. 4C) (Scaffidi et al., 2012).
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Obr. 4 Navrhované mechanismy u¢inku SL. A) Mechanismus zalozeny na adici nukleofilu
na enol-etherovou vazbu; B) adice na furanon v pozici C5°; C) analogie adice na C5° furan
u karrikining.

2.4 Stabilita strigolaktonu

Chemicka stabilita SL zavisi pfedev§im na zvolenych experimentalnich podminkach: pH,
pouzitém rozpoustédle a piitomnosti nukleofilnich latek. SL jsou stabilni zejména
v kofenovych exudatech, které jsou charakterizované jako olejovité smési tvorené fadou
nizko a vysokomolekularnich latek. Naproti tomu, ve vodnych roztocich byla pozorovana
omezena stabilita, diky enol-etherové vazbe, ktera je pomérné nestabilni a snadno se $tépi
nebo hydrolyzuje 1 za mirnych podminek: zména pH, pfitomnost nukleofilnich ¢inidel,
vysoka teplota a svétlo (Halouzka et al., 2018). Na Obr. 5 je demonstrovana stabilita
syntetického analoga GR24 (Zwanenburg a Pospisil, 2013). Stabilita syntetickych
analogti, zejména GR-série (GR24, GR7 a GRS5), poukazuje na skutecnost, Ze jejich

polocas rozpadu je vyrazné vysSS$i nez v pripad¢ pfirozené se vyskytujicich SL.
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Hydrolyticka stabilita GRS byla méfena v celém rozsahu pH a vysledky ukazaly,
ze rychlost hydrolyzy se timérné zvySuje s rostoucim pH (Johnson et al., 1976, 1981).
Babiker et al. (1988) potvrdil tuto hypotézu za pouziti GR24, které rovnéz vykazovalo
nestabilni chovani, pro které byla charakteristicka velmi rychla hydrolyza v alkalické
oblasti pH. Navic rychlost hydrolyzy vyrazné¢ vzroste po piidavku latky, ktera ma
nukleofilni povahu. Polocas rozpadu GR24 je ptiblizné¢ 10 dni v 3% roztoku methanolu
ve srovnani s 12-15 dny v 20% roztoku ethanolu. Duvodem rozdilu stability
V prezentovanych roztocich je skute¢nost, Ze methanol je silnéjsi nukleofilni ¢inidlo nez
ethanol, a proto v jeho piipadé je rychlost hydrolyzy provazena signifikantné&j$im
ubytkem GR24. Vseobecné SL vykazuji nejvyssi stabilitu v neutralni oblasti pH 6-8, kdy
byl pozorovan zanedbatelny podil hydrolyzy (Akiyama et al., 2010; Boyer et al., 2012;

Kannan a Zwanenburg, 2014).

Obr. 5 Hydrolyza GR24 ve vodném roztoku vedouciho k tvorb¢ tricyklického laktonu ABC-OH
a D-kruhu (hydroxymethylbutenolidu). (Pfevzato Zwanenburg a Pospisil, 2013).
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2.5 Syntetické derivaty strigolaktonii

Syntetické derivaty SL jsou strukturné podobné slouceniny, které si rostlina nedokaze
sama syntetizovat. Slouzi pro pochopeni tady biologickych procesi (biosyntéza,
mechanismus uc¢inku, degradace apod.), pfi¢emz disponuji podobnou biologickou
aktivitou a vyrazné¢ vyssi stabilitou (Besserer et al., 2006; Ruyter-Spira et al., 2011).
Rozlisujeme synteticka analoga, u kterych zustalo zachovano spojeni ptes enol-etherovou
vazbu s ABC kruhem a analoga, ktera postradaji zakladni tricyklickou strukturu. Jejich
pfiprava neni obtizna, jediny pozadavek je zachovani spojeni CD ¢asti zakladni struktury
tricyklického laktonu, které je zodpovédné za biologickou aktivitu. D-kruh je spojen
pomoci enol-etherové vazby s C-kruhem. Pfidanim libovolné ¢asti nebo celé molekuly
dle uvedeného modelu (Obr. 6) Ize imitovat ABC ¢ast, pfi¢emz volba nahrazené ¢asti
zna¢n¢ ovliviuje biologickou aktivitu noveé vzniklého derivatu (pokles nebo nartst
aktivity). Na zaklad¢ uvedené¢ho modelu byla pfipravena a popsana fada riznych analog
strigolaktontl. Prvni série syntetickych slouc¢enin byla popsana ve studii Johnson et al.,
(1981) a nesla oznaceni GR (GR24, 7 a 5), kde zkratka GR oznacuje inicialy Gerryho
Roseberry, ktery slou¢eninu poprvé piipravil (Johnson et al., 1981).

GR24 je velmi aktivni synteticky derivat, ktery je Siroce pouzivan pro indukci
Kliceni semen parazitickych rostlin. Dale slouzi jako referenéni slouc¢enina pro studium
fyziologického tcinku strigolaktond a jejich vlivu na jiné rostlinné hormony, se kterymi
interaguji v fadé biochemickych a fyziologickych procesti. GR24 je biologicky aktivni
i pii velice nizkych koncentracich. Radové se jedna o hodnoty nizsi nez 10°2°mol-1'
(Besserer et al., 2006). Struktura GR7 a GR5 je odvozena od GR24 (Obr. 6). Molekula
GRY7 nedisponuje A kruhem a GRS postrada zaroven i B-kruh. Obé uvedené latky
vykazuji stale biologickou aktivitu i ptes ztratu jednoho ¢i vice laktonovych kruha. Avsak
hodnoty jejich aktivity jsou vyrazné nizsi nez v piipadé GR24. Tento model znazornuje
zavislost pozadované biologické aktivity na strukturnich variacich (Johnson et al., 1981;
Nefkens et al., 1997; Zwanenburg a Pospisil, 2013; Zwanenburg et al., 2016). Uvedené
derivaty vykazuji riznou ucinnost stimulace kliceni. Mimo jiné je jejich ucinnost
do zna¢né miry zavisla na druhu testované parazitické rostliny. Ptikladem mize byt
GR24 a jeho slaby ucinek vici Striga gesneriodes (nejrozsifengjsi paraziticka rostlina
Vv subsaharské Africe napadajici lusténiny) (Ueno et al., 2011; Nomura et al., 2013;
Zwanenburg a Pospisil, 2013; Zwanenburg et al., 2016). Srovnani aktivity GR24, GR7,

(-)-orobancholu a (+)-strigolu naznacuje, ze ¢ast ABC je nutna pro navrhovany analog,
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aby byl aktivni i pro stimulaci rGstu hyf AM hub. Pro kontrolu ristu rostlin pomoci
syntetickych analog a mimik je obecné pozadovan minimalni strukturalni pozadavek.
Posta¢i, aby bylo zachovano spojeni pies enol-etherovou vazbu s D-kruhem (R-

konfigurace) (Zwanenburg et al., 2016).

OH Br_o baze o
’ 0 e
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X ~ % \I;eto

X =Cl, Br, Me
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/ N OH + o / N /é\
K = = E— v 0
X X =

X =H, 2-OH, 4-OH

Obr. 6 Ukazkové modely navrhované syntézy strigolaktonovych analogu.

15



Kromé GR série existuje i fada jinych Siroce testovanych analogt. Nijmegen-1 je velmi
uspéSnym prikladem (Obr. 7). Disponuje vysokou stimulaci klicivosti semen
parazitickych rostlin (> 62 % pii koncentraci 1 mg-1") a chemickou stabilitou (Nefkens
etal., 1997).

Syntéza strukturnich analogti je mnohem jednodussi. Samotny proces zahrnuje jen
nékolik reak¢nich krokt, které nejsou na rozdil od syntézy endogennich SL (vice jak 20
reak¢nich krokt) Casové a finan¢né narocné. Obecné zde nejsou Zzadna omezeni
v piipravé syntetickych derivati, krom¢ jiz zminéné nezbytné piitomnosti
butenolidového kruhu a enol-etherové vazby (Kannan a Zwanenburg, 2014). Vychozi
latkou mohou byt i jednoduché ketony, naptiklad 1-tetralon a l-indanon, jenz jsou
pfevedeny na vysoce aktivni analoga v nékolika jednoduchych syntetickych krocich.
Keto-enoly, jako je hydroxykumarin a dimedon, vyzaduji pouze jediny krok k ziskani
aktivniho analoga (Mwakaboko a Zwanenburg, 201la, 2011b). Tento pomérné
jednoduchy model slouzi k pfipravé neomezeného mnozstvi strukturnich variaci SL
s ruznorodou biologickou aktivitou. Pfedev§im se jednd o snahu pfipravit levny
a komeréné dostupny analog, ktery bude vysoce efektivni v boji proti parazitickym

rostlinam (Zwanenburg et al., 2016).
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Obr. 7 Strukturni variace SL analog, A) systematické zjednoduseni struktury pomoci analog ze
série GR (zleva: GR24, GR7 a GR5), B) analoga odvozena od ketont a cyklickych ketoenold, C)
analoga s heterocyklickou skupinou, D) ptiklady typickych SL analog, E) struktura Nijmegen-1
(ptevzato Zwanenburg et al., 2016).
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2.6 Biosyntéza strigolaktonii

O rostlinnych hormonech obecné plati, ze ptisobi lokaln€ v misté jejich biosyntézy nebo
jsou transportovany pletivy a distribuovany do riznych organti. Mechanismy vzajemné
interakce hormon® mohou byt rtizné. Je zndmo, ze hormonalni signalni drahy interaguji
na Grovni genové exprese. Jednotlivé fytohormony jsou schopny regulovat syntézu
(hormonalni hladinu), citlivost (hormondlni odpovéd’) a transport do mist ucinku
(distribuce hormonti) (Santner et al., 2009; Santner a Estelle, 2009).

Hlavnim mistem biosyntézy SL jsou kofeny, ze kterych jsou SL vyluovany
do rhizosféry nebo distribuovany do prytu, kde ovliviwgji riist stonku a inhibuji vyvoj
novych vyhonki (Gomez-Roldan et al., 2008; Umehara et al., 2008; Xie et al., 2010;
2016). Za pouziti inhibitoru biosyntézy karoteinoidt fluridonu byl objasnén biosyteticky
puvod SL, ktery potvrdil skute¢nost, ze jsou stejné jako kyselina abscisova odvozeny
od karotenoidt a jejich spolecné biosyntetické drahy se rozchazeji u p-karotenu
(Matusova et al., 2005; Lopez-Raez et al., 2010; Rani et al., 2008).

Proces ptemény karotenoidil vyzaduje fadu enzymatickych reaket, které zptisobuji
zmény zakladni struktury molekuly karotenoidu (C40) za vzniku tricyklického laktonu
(hydroxylace, methylace a epoxidace) (Matusova et al., 2005). Na Obr. 8 je uvedena
biosynteticka draha SL popisujici vznik karlaktonu, prekurzoru SL, aZz po vzajemné
pfemény jeho derivatl. Jedna se o sled reakci, které zacinaji reverzibilni konverzi v§ech
trans-p-karotend na 9-cis-karoten, katalyzovanou karotenisomerasou (EC 5.2.1.14).
Vznikly 9-cis-karoten je Sté€pen stereospecifickou monooxygenasou (CCD7) na dvojné
vazbé C9'-C10', ¢imz vznika 9-cis-apo-10'-karotenal (C27) a S-ionon (C13). Ve tietim
kroku jina stereospecifickd monooxygenasa (CCD8) katalyzuje pfeménu 9-cis-$-apo-10'-
karotenalu na karlakton a slou¢eninu C8 w-OH-(4-CHs)heptanal. Primarnim produktem
biosyntetické drahy je molekula karlaktonu (C19), ktera je povazovana za prekurzor
pro kanonické a nekanonické SL. Jeho dalsi pfeména je katalyzovana pomoci enzymu
z rodiny hemovych proteinti cytochromt P450 na dalsi bioaktivni strigolaktony (Booker
et al., 2005). U huseni¢ku rolniho (Arabidopsis thaliana L.) bylo popsana pfeména
karlaktonu na kyselinu karlaktonovou (CLA) pomoci proteinu MAX1/CYP711A, ktera
je nasledovana methylaci karlaktonu za vzniku MeCLA doposud nezndmym enzymem
(Abe et al., 2014). Enzym 2-oxoglutarat-dependentni dioxygenasa nasledné preménuje
MeCLA na prozatim nepopsany a zatim necharakterizovany metabolit (Brewer et al.,

2016). Bylo popsano, ze jeden z péti charakterizovanych homologii MAX1 u ryze
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(Os900/CYPT711A2) je zodpoveédny za oxidaci karlaktonu na 4-deoxyorobanchol (4DO).
Jeho dalsi homolog Os1400/CYP711A3 ma funkci orobancholsynthasy (OS), ktera
katalyzuje preménu 4DO na orobanchol (Zhang et al., 2014). Do biosyntetické drahy SL
patfi i pomérn¢ noveé charakterizovany gen LOW GERMINATION STIMULANTL, ktery
koduje sulfotransferasu zodpovédnou za pieménu 5-deoxystrigolu na orobanchol
vV kofenovych exudatech ciroku dvoubarevného prostfednictvim zatim neznamého

mechanismu schopného regulovat rezistenci vici Striga infekci (Gobena et al., 2017).

19



[ Arabidopsis thaliana |

all-trans-f3-karoten

D27

9-cis-f3-karoten

l CCD7

e

0
. karlakton ‘=<
?
CcO
),

Sorghum bicolor

Ou, O O 0
: o o -
5-deoxystrigol =< 4-deoxyorobanchol == karlakton
l ? l oS ‘\" l AtMAX1

Os,, 0O,

Oy, 0. t,, O, 0}
. o o _
sorgomol = orobanchol karlaktonova kyselina

Oy, O

o
methyl karlaktonat LZ‘

Obr. 8 Biosynteticka draha strigolaktonti a vzajemné pfemény SL. (CO — karlakton oxidasa, OS —
orobancholsyntasa, LBO - ,Lateral Branching Oxidoreductase®. (Pfevzato a upraveno
dle Brewer et al., 2016; Flematti et al., 2016).
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SL byly identifikovany jako latky, jejichz syntéza a transport je kontrolovan pomoci
skupiny gend oznacovanych jako MORE AXILLARY GROWTH (MAX1-4). Genova
rodina MAX, ktera byla charakterizovana u huseni¢ku, ma fadu homolognich gent napf.
u hrachu (Pisum sativum L.) gen RAMOSUS (RMS), u petunie (Petunia hybrida L.) gen
DECREASED APICAL DOMINANCE (DAD) auryze (Oryza sativa L.) gen HIGH-
TILLERING DWARF (HTD) (Lin et al., 2009; de Saint Germain et al., 2013; Mach, 2015).
U mutanti (max/rms/dwarf) se projevuje fenotyp zvySeného vétveni stonku (Obr. 9).
Navic uvedené rostliny jsou necitlivé nebo deficientni na produkci SL dle regulovaného

genu. Umehara (2008) a Gomez-Roldan (2008) jako prvni popsali u¢inky SL jako

rostlinného hormonu, do t¢ doby byly pokladany za sekundarni metabolity (Umehara et
al., 2008; Gomez-Roldan et al., 2008).

Obr. 9 Fenotyp rostlin s mutaci v biosyntéze SL. Ptevzato: A) huseni¢ek (WT — Col-0), B) ryze
(WT — Shiokari), C) hrach (WT — Térése) (ptevzato Lin et al., 2009; de Saint Germain et al.,
2013; Mach, 2015).
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Kli¢ové enzymy v biosyntéze SL zahrnuji karotenisomerasu, oznacovanou jako
DWARF27 (D27) a karotenoid-stépici dioxygenasy oznacované jako CCD7 a CCD8
(Obr. 8). Gen D27 byl poprvé charakterizovan v kofenech ryze a husenicku (Matusova et
al., 2005; Lin et al., 2009; Waters et al., 2012a). Existuje fada riznych ortholognich genti,
které koduji CCD (Alder et al., 2012). Tyto geny jsou uvedeny v Tab. 3 a jsou specificky

oznaceny podle druhu rostliny, ve které byly charakterizovany.

Tab. 3 Geny zodpovédné za biosyntézu a signalizaci SL (Pfevzato a upraveno dle Wang
a Bouwemeester, 2018)

Husenicek Hrach Petinie Ryze Kodovany protein
AtD27 D27 [S-karoten isomerasa
MAX3 RMS5 DAD3 D17 CCD7
MAX4 RMS1 DAD1 D10 CCD8
MAX1 PbMAX1 0s900, Cytochrom P450

0s1400
LBO Oxidoreduktasa
AtD14 RMS3 DAD2 D14 a/B-hydrolasa
MAX2 RMS4 PbMAX2a D3 F-box
PbMAX2b
SMXL6 SMXL7 D53 Tiida | Clp ATPasa
SMXL8

Esencidlni sloZky signdlni drahy SL byly identifikovany pomoci screeningu mutantnich
rostlin necitlivych na aplikované exogenni derivaty SL a byly studovany u ryze,
husenicku, hrachu a petunie. Jedna se o 3 esencialni proteiny (Tab. 3): a/f hydrolasy
(D14/AtD14/RMS3/DAD?2), F-box protein (D3/MAX2/RMS4/PhMAX2A) a proteiny
represoru D53/D53 podobné jako SMXLs u husenicku (Ishikawa et al., 2005; Arite et al.,
2009; Liu et al., 2009; Hamiaux et al., 2012; Waters et al., 2012a; Jiang et al., 2013;
Nakamura et al., 2013; Zhou et al., 2013; Wang a Bouwemeester, 2018). Percepce
signalu je zavisla namechanismu, ktery zahrnuje tvorbu kovalentné¢ vazaného
meziproduktu vzniklého pfivazbé SL nareceptor D14, pficemz ve stejny okamzik

dochazi k jeho hydrolyze (Obr. 10). Pfitvorbé prechodného komplexu SL-D14 je
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iniciovan pfenos signalu na F-box protein, ktery je tvofen repeticemi bohatymi
na aminokyselinu leucin. F-box slouzi jako rozpoznavaci podjednotka komplexu
ubiquitin ligasy SKP1-CUL1-F-box (SCF) ainiciuje protcozomalni podjednotku 26S
pro degradaci transkrip¢nich represort, jako jsou SMXL v husevni¢ku a D53 v ryzi (Jiang
et al., 2013; Soundappan et al., 2015; Zhou et al., 2013; Wang a Bouwemeester, 2018).
D14 obsahuje navic konzervovanou katalytickou triadu aminokyselin serin-histidin-
asparagova kyselina, ktera je esencialni pro hydrolytickou aktivitu D14 proteinu. Ukazalo
se, ze U petanie D14, resp. DAD?2, je SL analog GR24 vazan a hydrolyzovan a mimo jiné
jeho hydrolyticka aktivita je nezbytna pro interakci protein-DAD2 s PAMAX2 (Hamiaux
et al., 2012). Krystalova struktura SL-D-indukovaného komplexu AtD14-D3-ASK1
u husenicku odhalila, Ze pfi hydrolyze SL se protein AtD14 kovalentné vaze na komplex
SL-D kruh a podléha konformaé¢ni zméné pro usnadnéni interakce s D3 (Yao et al., 2016).
Kovalentni vazba D-kruhu prostiednictvim D14 a jeho ortologli byla také prokazana
u hrachu, D14 resp. RMS3 (de Saint Germain et al., 2016) a Striga u ShHTL7?
(Yao et al., 2017).
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Obr. 10 Kovalentni modifikace a funkce SL receptoru D14, A) SL analog GR24 tvoii vazbu
s D14, ktery fixuje ¢ast D-kruhu v aktivnim misté (tridda aminokyselin: serin, histidin a kyselina
asparagova). B) Modifikovany D14 interaguje s D3/MAX2 a D53/SMXL. D14 prochazi
konformaéni zménou, ktera vede k degradaci jak D53/SMXL, tak samotného D14. Degradace
D53/SMXL iniciuje zmény funkce bunék véetné transportu auxinu, genové exprese a spekuluje
se o dalsi fadé jinych funkci (pfevzato a upraveno Wang a Smith, 2016)
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2.7 Biologické funkce strigolaktoni
2.7.1 Arbuskularni mykorhiza

Dalsi vyznamna biologicka funkce SL souvisi se zapojenim v symbiotickém vztahu mezi
vy$§imi rostlinami a houbami, jedna se o tzv. arbuskularni mykorhizu (AM). ZvySena
produkce SL piedstavuje vyssi pravdépodobnost vytvofeni symbidzy s mykorhiznimi
houbami, z oddéleni Glomeromycota; tfida Glomeromycetes (Harrison et al., 2005).
Napt. 5-deoxystrigol, ktery byl izolovan z kofenovych exudati Lotus japonicus,
je zodpovédny za indukci vétveni houbovych hyf v AM a hraje vyznamnou ulohu
V rozpoznani spravného hostitele (Akiyama et al., 2005). Symbioticky vztah je zavisly
na dostupnosti zZivin a minerald. V ptipadé¢ jejich nedostatku zakladnich elementarnich
prvki, zejména fosforu nebo dusiku, dochazi k zvyseni koncentrace SL, které jsou
uvolnovany ve formé exudatu do rhizosféry. AM symbidza je nejrozsifenéjsim vztahem
v rostlinné #i8i (80 % rostlin), diky kterému mohou rostliny zvySovat piijem fosforu. AM
houby chrani rostliny pfed Gtokem riznych patogeni a nadmérnym mnozstvim vody,
nebot’ jsou schopny regulovat jeji piijem a vydej (Lopez-Raez et al., 2008a). Uspéch
symbiotického vztahu zavisi na tom, jak efektivné jsou AM houby schopny kolonizovat
hostitelskou rostlinu. AM houby tvofi rozsdhlou sit’, ktera spojuje kofeny hostitelské
rostliny s houbovymi hyfami a vznika pti kolonizaci kofenového systému rostliny. Navic
je charakterizovdna tvorbou rozsdhlych vétvenych hyf (arbuskul), jejichz rast je
indukovan signalnimi molekulami SL, produkovanymi hostitelskymi rostlinami.
Arbuskuly jsou efemerni struktury, které se méni po urcitém Casovém useku (v ramci
nckolika dni) ve funkéné neaktivni amorfni hmotu. Jsou hlavnim mistem zodpovédnym
za prenos anorganického Pi ajednoduchych sacharidi mezi hostitelem a symbiontem
(Akiyama et al., 2005, 2010).

2.7.2 Interakce s parazitickymi rostlinami

SL byly pavodné identifikovany jako signalni latky, které indukuji kliceni parazitickych
rostlin rodu Striga a Orobanche (Cook et al., 1966). K stimulaci ristu a nastartovani
zivotniho cyklu parazita dochézi jen tehdy, pokud je zachycen signal ve formé¢ molekuly
SL. Koncentrace, ktera je nutna pro jeho vykli¢eni, odpovida hodnoté 1012 M, pfi¢emz
pro hormonalni funkci v rostling je dostadujici koncentrace 10® M. Striga a Orobanche
parazituji na zcela rozdilném hostiteli a vyskytuji se v riiznych castech svéta, ale i presto
je jejich zivotni cyklus do zna¢né miry podobny (Bouwmeester et al., 2003; Humphrey

et al., 2006; Boyer et al., 2012).
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Signalizace mezi hostitelskou rostlinou a parazitem probiha v n€kolika etapach.
ve form¢ molekuly SL, které jsou uvolnény z kotenii hostitelské rostliny do rhizosféry,
kde indukuji kli¢eni parazitickych semen (Obr. 11). Avsak indukce signalu a Gspésné
kliceni nezarucuji pfeziti parazita. Prib¢h infekce je -charakterizovan tvorbou
tzv. apresorii (slouzi pro mechanické naruseni bunécné stény), ze kterych se diferencuji
tenka vldkna — haustoria. Haustorium je specificky organ, ktery usnadiiuje prinik
parazitické rostliny pfes kofenovy systém hostitele (Butler, 1995; Bouwmeester et al.,
2003). Zastupci rodu Striga jsou charakterizovani jako jednoleté hemiparazitické
rostliny. Zptsobuji masivni ekonomické ztraty v ramci milioni az miliard dolart ro¢né.
Mezi hospodaisky nejvyznamnéjsi skidce rodu Striga patii S. hermonthica, S. asiatica
a S. gesnerioides. Dalsim vyznamnym rodem je Orobanche, jehoz zastupci se na rozdil
od rodu Striga fadi mezi obligatni holoparazity, ktefi jsou Zivotné zavisli na svém
hostiteli. Oba rody se lisi svym geografickym vyskytem. Zastupci rodu Orobanche jsou
vice rozsifeny v mirném a subtropickém podnebi severni polokoule (severni Amerika,
zapadni Asie, Blizky vychod, Stfedozemni mofe a jizni Evropa), zatimco vyskyt Striga
pfevazuje v tropickém podnebi subsaharské Afriky, Australie, Ciny a Indie. Parazitické
rostliny jsou schopny produkovat témét statisice semen, ktera piezivaji v pidé az desitky
2012; Rubiales et al., 2009). Byla navrzena fada strategii pro boj S témito parazity.
Nejznaméjsi metoda pro jejich regulaci je oznacovana jako ,sebevrazedné kliceni®.
Spociva v aplikaci roztoku syntetického SL analoga o urc€ité koncentraci pred vysevem
hospodartskych rostlin v polnich podminkach. Po indukci semen parazitickych rostlin
dochazi k jejich vykliceni bez ptitomnosti hostitele. Pokud neni navazany kontakt
s hostitelskou rostlinou dochazi k vycerpani zasob a tthynu parazita (Johnson et al., 1976;
Zwanenburg et al., 2009).
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Obr. 11 Zivotni cyklus Orobanche minor L. (Pfevzato z Xie et al., 2010; Kotistka, 2016).
A) Kli¢eni semen je vyvolano stimulanty uvolnéné hostitelem, véetné molekul SL. B) Tenka
vlakna nov¢ diferencované parazitické rostliny pronikaji skrze buné¢nou sténu kofene hostitelské
rostliny za soucasného vzniku haustoria. (C-D) Parazitické rostliny rostou pod zemi nékolik tydnti
nebo mésict pred vyraSenim dospélé kvetouci rostliny schopné dal§iho rozmnozovani. (E) Parazit
produkuje velké mnozstvi semen, které zlstavaji Zivotaschopné po mnoho let v pude¢.

2.7.3 Vliv na rist postrannich koreni a interakce s auxiny

SL ovliviiuji nejen rust prytu rostlin, kde potlacuji rist auxilarnich pupent a vétveni
stonku, ale také hraji dulezitou roli ve vyvoji kotfene (Kapulnik et al., 2011,
Koltai et al., 2010). Pii nedostatku fosforu dochazi ke zménam kofenového systému
(Lopez-Bucio et al., 2002) a zaroven k ovlivnéni produkce SL. Zmény tvaru a struktury
kofenového systému jsou nutné pro adaptaci, pficemz pokles jeho koncentrace v padé
vede ke zvysenému vétveni, které rostliné umozni se lépe vyporadat s limitujicimi
podminkami prostiedi. Pro rostliny potykajici se s nedostatkem fosforu
je charakteristicky zvySeny rust a prodluZzovani postrannich kofent a tyto projevy jsou
zprostiedkovany endogennimi signalnimi molekulami SL (Ruyter-Spira et al., 2011;
Bonser et al., 1996). Je znamo, Ze po exogenni aplikaci syntetického analoga SL (GR24)

dochazi k poklesu hustoty a délky kotenového vlaseni (pozn. hustota kofenového vlaseni
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se obvykle vyhodnocuje jako pocet vlaski na 1 mm délky kotene) a poukazala
na schopnost stimulovat rist primarniho kofene u semenackt Arabidopsis (Kapulnik
et al., 2011; Ruyter-Spira et al., 2011). Nedavné studie potvrdily vyznamnou roli v fadé
biologickych procest, kde jsou zapojeny do rozsahlé a komplikované sité reakci, znamé
pod pojmem ,,crosstalk®, ve které interaguji S celou fadou jinych rostlinnych hormont,
zejména auxint. Auxin je fytohormon, ktery je nezbytny pro spravny rust a vétveni
stonku neboli apikalni dominanci. Auxiny spoleéné se SL maji vyznamny vliv
na morfologii a tvorbu kofene. Bylo dokazano, ze SL inhibuji polarni transport auxini
V husenicku, rajcatech a ryzi (Koltai et al.,, 2010; Ruyter-Spira et al., 2011,
Sun et al., 2014, 2015). Piedchozi studie potvrdily, ze auxin muze upregulovat expresi
gentl (MAX3 a MAX4) souvisejici se biosyntézou SL, které pak funguji jako tzv. auxinem
indukovani druzi neboli sekundarni poslové (Hayward et al., 2009; Crawford et al., 2010;
Sun et al., 2015). Zavérem lze konstatovat, ze oba uvedené fytohormony se vyznamné
podileji na formovani ristu a vyvoje kotene, kde reguluji béhem uvedenych procesi
endogenni hladiny a distribuci jinych fytohormond, které jsou deaktivovany nebo
aktivovany pomoci zpétnovazebné smycky (Hayward et al., 2009).

Rostlinou regulovana produkce SL nabizi fadu evolu¢nich vyhod, napi. kdyz je
rostlina vystavena limitujicim podminkam, které souvisi zejména s nedostatkem fosforu,
reaguji na n& hned nékolika riznymi zpisoby. Zmény jsou zaméteny na predev§im na
zvySeny piijmu zivin za soucasného snizeni rlistu postrannich kotfend. Vyznam SL
piedevsim spociva v navazani symbiotického vztahu s AM houbami, pro jeho stimulaci
sta¢i velmi nizké koncentrace v fadové 107 M (Umehara et al., 2008; Boyer et al., 2012;

Yoneyama et al., 2012).

2.8 Izolace a purifikace strigolaktont
Piiprava vzorku je nezbytnym a zaroven kritickym krokem pro chemickou analyzu
rostlinnych metabolitl, zejména fytohormoni. SL, jak jiz bylo uvedeno, se vyskytuji
prevazne rostlinou uvolnénych exudatech nebo kofenovém systému, odkud jsou pak dale
transportovany do dal$ich organt (Kohlen et al., 2011; Delaux et al., 2012).

Jejich izolace z kofenovych exudatt je limitovana ptitomnosti anorganickych soli
V pouzivanych kultiva¢nich médiich. Chromatografické metody zvolené pro kone¢nou
analyzu nejsou kompatibilni s tak vysokymi koncentracemi soli, a proto je nutné jejich

opétovné piecisténi. Extrakce navic vyzaduje zpracovani relativné velkych objemi
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média, fadove se jedna o desitky litri. Dale je nutné brat v uvahu dostate¢nou selektivitu
a kapacitu pouzitého rozpoustédla nebo sorbentu.

Na druhou stranu pfi izolaci a purifikaci SL z rostlinného pletiva je dilezité nejen
zakoncentrovani cilovych sloucenin a odsoleni vzorkt, ale také odstranéni interferujicich
latek. V tomto ptipadé vétsinu nechténych kontaminantti predstavuji organické molekuly
s podobnymi fyzikalné-chemickymi vlastnostmi nebo chemickou strukturou. SL svoji
chemickou strukturou a nestabilitou piedstavuji zna¢nou vyzvu pro Siroké spektrum
védnich obort. Na rozdil od jinych rostlinnych hormont je jejich izolace ¢asové naro¢na
a mnohdy nezajistuje uspokojivé vysledky. Prioritou je zabranit jakymkoliv ztratdm
béhem izolacnich a Cisticich krokt, aby se navratnost celého procesu udrzela co nejvyssi.
Historicky prvni izola¢ni postupy zahrnovaly vice nez 25000 rostlin.
AvSak v soucasnosti pii pouziti modernich chromatografickych a technik hmotnostni
spektrometrie se vyznamné snizuje jejich pocet pro analyzu (Mori 1998; Yokota et al.,
1998; Sato et al., 2013; Xie et al., 2015). Navic béhem poslednich dvou desetileti se
pozadované mnozstvi vychoziho rostlinného materidlu pro profilovani SL snizilo
z desitek kilogramu (napt. Yokota et al., 1998) az na stovky miligramti (Rial et al., 2018).
O tento signifikantni pokles se zaslouzily zejména modifikace, resp. odstranéni n¢kterych
nedostatktl a chyb vzniklych pfi izolaci a precisténi SL (Yoneyama et al., 2016; Boutet-
Mercey et al., 2018). Dnes bézn¢ pouzivané protokoly vychazi zejména z publikovanych
praci vyzkumné skupiny vedené prof. Yoneyamou (Obr. 12) (Yoneyama et al., 20073,
2007h, 2013, 2016; Kisugi et al., 2013; Boutet-Mercey et al., 2018).
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2.8.1 Korenové exudaty

Rostlinné exudaty tvoifi komplexni smés bioaktivnich latek zahrnujicich
nizkomolekularni i vysokomolekuldrni slouceniny. Jsou dualezité pro adaptaci rostlin
Vv jejich ptirozeném prostiedi a ochranu (Walker et al., 2003; Merbach et al., 1999).
Exudaty jsou vylucovany prostiednictvim kofenovych vlasku, kalusu nebo suspenznich
bun¢k (Walker et al., 2003).

Kolekce bioaktivnich latek obsazenych v kofenovych exudatech je nedestruktivni
proces, ktery lze provadét opakované, aby se dosahlo ziskani co nejvyssiho mnozstvi
pozadovanych molekul (Bagger et al., 1998; Cai et al., 2012). Semenacky se obvykle
péstuji v hydroponickém kultivacnim systému. Semena jsou nejprve sterilizovana,
ponechana klicit a nékolikadenni semenécky jsou pfeneseny do hydroponického systému
s libovolnym mnozstvi zvoleného kultivaéniho média (Yoneyamaet al., 2007a; Xie et al.,
2015). Voda z vodovodniho fadu nebo demineralizovana voda neobsahujici fosfor
ve form¢ fosfatu (Pi) a bez definovaného slozeni nutrientd mize byt pouzita jako prvotni
médium obvykle po dobu prvnich 3-5 dnu. Jeji aplikace umoznuje rychlejsi adaptaci
rostlin, kdy je pozd¢€ji nahrazena plnohodnotnym médiem s definovanym mnozstvim
minerali a vitamint. Produkce a proces uvolnéni SL do média jsou striktné fizeny
dostupnosti zivin (Yoneyama et al., 2007a; Xie et al., 2010; Yoneyama et al., 2015),
a proto je mozné modifikovat ¢asovy ramec kultivace a nasledny sbér uvolnénych SL
ve form¢ kofenovych exudatii prostiednictvim nutriéniho slozeni média (Yoneyama et
al., 2007a, 2013; Jamil et al., 2011).

V soucasnosti se bézn¢ pouzivaji riiznd kultivaéni média. VétSina védeckych
skupin v ramci studie SL vyuziva Hoaglandovo zivné médium (jeho Y% variantu) (Ueno
et al., 2014; Charnikhova et al., 2017 nebo médium s oznac¢enim ,,Tadano a Tanaka‘“
(Yoneyama et al., 2013). Tato kultivaéni média obsahuji rizné zastoupeni anorganickych
soli, které mohou vazat cilové slou¢eniny na sviij povrch béhem procesu redukce objemu
média a tim ovlivnit navratnost izolovanych SL. I pfes definované mnozstvi prvka je
produkce muze byt kontrolovana nebo zvySena pomoci regulace obsahu Pi, a to
predevsim ucelovym snizenim jejich obsahu v médiu (Yoneyama et al., 2007a). Naopak
prili§ vysokd koncentrace Pi v médiu (> 5 mmol-1") vede ke sniZeni stability viech SL

(Halouzka et al., 2018).
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Nejcastéjsim zpusobem izolace SL z kofenovych exudati je extrakce
kapalina/kapalina (Yoneyama et al., 2013). Kolekce a extrakce jsou opakovatelné
procesy, které Ize aplikovat po nékolik dni, coz zajiStuje ziskani dostacujiciho mnozstvi
cilovych analyta (Yoneyama et al., 2007a). Ethylacetat (EtOAcC) je preferované
rozpoustédlo pro extrakci SL. Doporucuje se jeho opétovna redestilace pred kazdym
pouzitim, protoze snadno hydrolyzuje za vzniku kyseliny octové a ethanol ptipadné mize
obsahovat residua vody. VSechny uvedené faktory maji vliv na stabilitu SL (Halouzka et
al., 2018).

Kolekce exudati miize byt zajisténa také pomoci adsorpce na aktivni uhli (Awad
et al., 2006; Yoneyama et al., 2013). Bohuzel tato metoda neni dostatecné selektivni
a hodnoty navratnosti po eluci acetonem jsou extrémn¢ nizké (Kofistka, 2016). Aby bylo
dosazeno lepsich vysledkt, néktefi autofi pouzivaji pro precisténi extrakci na pevné fazi
(SPE). Silikagel je preferovanym sorbentem (Delaux et al., 2012; Yoneyama et al., 2012;
Boutet-Mercey et al., 2018). Vsechny doposud identifikované SL byly charakterizovany
z izolovanych kofenovych exudati (napt. zealakton) dle postupu, ve kterém jednotlivé
slozky byly frakcionovany dle polarity pomoci SPE, testovany nakliivost vuci
parazitickym rostlinam (Striga nebo Orobanche) a jejich strukturni identifikace byla

potvrzena pomoci nuklearni magnetické rezonance (NMR) (Charnikhova et al., 2017).

2.8.2 Rostlinné pletivo
Pro izolaci SL z rostlinného pletiva obecné plati, ze mnozstvi vychoziho materialu se
fadove pohybuje v jednotkdch grami Preferovanym zplisob zpracovani je homogenizace
Vv plastovych zkumavkéch s vhodnym typem kulicek (karbid wolframu, oxid zirkonicity)
s riznymi organickymi rozpoustédly, které nemaji vliv na jejich stabilitu. Béhem
izola¢niho procesu je nutné vyhnout Se enzymatické nebo chemické degradaci,
ato pomoci chlazeni rostlinného materialu (20 az 4 °C). U&innost extrakce zavisi
na polarité analyzovanych latek a jejich bunééné lokalizaci (Hillman, 1978; Harrison,
2011; Boutet-Mercey et al., 2018). Rostlinné hormony jsou vétsinou asociovany s jinymi
slouc¢eninami: fenoly, lipidy a proteiny. Pouzité extrakéni rozpoustédlo musi byt tedy
schopno minimalizovat v extrakénim kroku interferujici povahu téchto latek a zachovat
maximalni navratnosti analyta (Harrison, 2011).

Mezi tradi¢ni a bézné pouzivanou metodu pro izolaci SL patii macerace, ktera je
zaloZena na ponofeni malych kust nastfihanych kofenli o priméru 2 mm do Cerstvé

redestilovaného EtOAc po dobu nejméné 24-48 hodin. Cilové slouceniny se uvoliuji
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do rozpoustédla a jsou dale zpracovavany (Yoneyama et al., 2016). V soucasnosti byl
navrzen a optimalizovan alternativni zptsob, ktery kombinuje homogenizaci rostlinného
pletiva pomoci tekutého dusiku a jeho naslednou extrakci do zvolené¢ho rozpoustédla
(Boutet-Mercey et al., 2018).

Yoneyama (2016) zaved| standardni izola¢ni protokol (Obr. 12), ktery byl Gispésné
testovan na kofenovém pletivu ¢iroku. Zahrnuje maceraci malych kouskt kotene o stafi
rostlin 2-4 tydnt. Je zajimavé, ze macerace by neméla trvat déle nez tyden, vzhledem
k tomu, Ze muze dochazet k postupné degradaci SL. Z tohoto hlediska je v procesu
izolace rozhodujici stabilita. Na druhou stranu jsou znamy nékteré kroky zabranujici
potencidlnim ztratdm napf. neutralizace pH, odstranéni vody, vylouceni pouziti
nukleofilnich latek nebo rozpoustédel (methanolu). SL navic vykazuji omezenou stabilitu
ve vodnych roztocich na rozdil od béZné pouzivanych rozpoustédel EtOAc nebo acetonu
(Johnson et al., 1976; Boyer et al., 2012; Kannan a Zwanenburg, 2014; Halouzka et al.,
2018).

Po extrakénim procesu je doporuceno piecistit jednotlivé extrakty pomoci SPE.
Pro ptecisténi se pouzivaji rtizné sorbenty, jako je silikagel, C18 nebo polymerni
Strata-X. Nastaveni SPE a pouziti riznych poméru rozpoustédel (EtOAC s hexanem nebo
heptanem) poskytuje fadové deset a vice frakci. SL jsou frakcionovany podle jejich
polarity (Xie et al., 2014; Kim et al., 2014). Obecné se frakcionace pouziva pro zjisténi
biologické aktivity, které poskytuji pfedbézné informace o jejich pfitomnosti pomoci
stimulace kli¢eni parazitickych rostlin nebo jsou vyuzity pro hmotnostni a spektralni
charakterizaci analyzovanych SL (Charnikhova et al., 2017). Hlavnim problémem
pro zavedeni pevné daného protokolu izolace a purifikace je nedostatek znacenych
standardu, které jsou nezbytné pro kvantifikaci vSech pfirozené se vyskytujicich SL. Jako
vhodné feSeni se jevi pouziti relativné levné a komer¢né dostupné slouceniny GR24,
ktera muze zastoupit roli interniho standardu. GR24 disponuje podobnou chemickou
strukturou (Halouzka et al., 2018) i biologickou aktivitou (Akyiama et al., 2005; Boyer
etal., 2012).

Uvedené postupy maji fadu vyhod a nevyhod. 1zolace strigolaktont z exudatt se
zda byt vhodné&jsi metodou, a to diky: opétovnému pouziti rostlin k jejich produkci,
moznosti ovlivnéni vytéZku pomoci fizeného snizeni hladin Pi v kultiva¢nim médium,
jednoduchy sbér v riiznych ¢asovych intervalech a vyssi stabilité. Tyto aspekty zajist'uji,
ze je preferovanym zpusobem izolace doposud neznamych a necharakterizovanych

struktur SL. Nevyhodou tohoto pfistupu je, Ze slozeni kultivaéniho média ovliviiuje
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do zna¢né miry stabilitu a také zahrnuje ¢asoveé naro¢nou vymeénu média (Halouzka et al.,
2018). Naproti tomu izolace z rostlinnych pletiv je jednodussi a kratsi proces, nicmén¢ se
jedna o destruktivni proces s nemoznosti znovu pouzit rostlinny material. Navic izolovana
mnozstvi nejsou dostacujici pro uspésnou identifikaci. Koncentrace SL v nadzemni ¢asti
rostliny je 1000x nasobné nizsi nez v kofenovém systému, coz znesnadiuje detekci,
protoze izolovand mmnozstvi jsou pod limitem detekce dle pouzité instrumentace
(Yoneyama et al., 2007a; Umehara et al., 2010; Xie et al., 2015). Existuji dvé mozna
vysvétleni. Produkce SL je ovlivnéna expresi gent odpovédnych za jejich biosyntézu.
Jejich exprese je mnohem vyssi v kofenovém systému neZ u bun¢k nadzemnich organt
(Booker et al., 2005; Snowden et al., 2005; Foo et al., 2005). Druha hypotéza souvisi se
skute¢nosti, Ze jsou biotransformovany na doposud neidentifikované SL. VSechny zndmé
endogenni SL byly identifikovany jako molekuly produkované kofenovym systémem,
které vykazuji biologickou aktivitu proti parazitickym rostlinam a AM houbam
(Kameoka a Kyozuka, 2017).

2.9 Chemické metody studia strigolaktonii

Nejcastéji pouzivanou separa¢ni technikou pro analyzu SL je ultraac¢inna kapalinova
chromatografie (UHPLC). Na poc¢atku vyzkumu SL byla ale nejprve vyuzivana metoda
HPLC vybavena spektrofotometrickymi detektory (UV nebo DAD). Tato technika byla
omezena nedostatecnou citlivosti a nepfesnou interpretaci UV profil analyzovanych
latek, napf. strigol a orobanchol maji stejny chromofor (Yokota et al., 1998) a tudiz jejich
rozliSeni bylo mozné pouze na zaklad¢ retencnich Casu.

Dalsi separacni chromatografickou technikou, ktera v dneSni dobé uz nema
dostateéné vyuziti ve studii SL, je plynova chromatografie (GC). Yokota (1998)
Ji predstavil jako budouci nastroj pro studium SL ve spojeni s hmotnostni spektrometrii
(MS). Hlavnim pozadavkem pro analyzu GC je tékavost analytu. VVzhledem k tomu,
7ze SL jsou netékavé a termolabilni slouceniny, byla tato nevyhoda feSena pomoci
derivatizace za pouziti tetramethylsilylu (TMSIi). Princip derivatizace byl zalozen
na tvorbé TMSi derivatd, kdy doslo k navazani TMSi na hydroxyskupinu na zakladnim
A/B tricyklickém skeletu, coz usnadnilo identifikaci a rozliSeni strigolu od orobancholu
(Yokota et al., 1998).

Inovaci a velky pokrok v chemické analyze SL prineslo zavedeni U(H)PLC metod
spojenych s MS s trojitym kvadrupolem (Sato et al., 2003). GC byla nahrazena spojenim

LC-MS a dnes slouzi pouze jako podpurna metoda pro potvrzeni spektralnich
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charakteristik SL (Erickson et al., 2001; Sato et al., 2003; Xie et al., 2008).
Pro kvantifikaci a identifikaci SL pomoci kapalinova chromatografie ve spojeni
s tandemovou hmotnostni spektrometrii (LC-MS/MS) se zpravidla pouziva rezim
sledovani produktu rozpadu iontu (MRM), pficemz kapilarni a kuzelové napéti se
standartné pfizptsobuje rezimu pozitivni ionizace s kolizni energii okolo 19 eV (Sato et
al., 2003, 2005; Xie et al., 2010).

Pii vyvoji LC-MS/MS metody je dilezité zajistit efektivni separaci a vysokou
citlivost. Separace latek je dana podminkami LC, resp. pouzitim vhodné
chromatografické kolony a slozenim mobilni faze. Standartné se pouzivaji C18 kolony
a smé&s mobilnich fazi (voda/voda okyselena kyselinou mravenci S rostoucim gradientem
methanolu nebo acetonitrilu). Na druhou stranu MS podminky ovlivnuji citlivost analyzy,
pficemz je preferovana ionizace elektrosprejem (ESI). Chemicka ionizace
za atmosférického tlaku (APCI) vykazuje ve srovnani s ESI vyrazny pokles citlivosti,
040 % (Boutet-Mercey et al., 2018). Je tfeba poznamenat, ze téméf vSechny SL jsou
analyzovany v  pozitivnim iontovém moédu. Pouze CLA je méfena
V negativnim ionizaénim modu elektrospreje (Iseki et al., 2018). Vybér MRM ptechodi
je zavisly na volb& mobilni faze. Tvorba sodnych aduktt [M+Na]" je potlagena pii volbé
okyselené mobilni fazi. Na druhou stranu je podpofena tvorba a nardst intenzity iontt
de/protonovanych molekul, coz se projevi zvySenim citlivosti metody. Vétsina autord
pouzivi MRM piechody sodnych aduktti [M+Na]* s charakteristickym fragmentem
odpovidajici ztraté [M+Na—97]" (Sato et al., 2005; Lopez-Réez et al., 2008a; Xie et al.,
2008; Yoneyama et al., 2011). Uvedeny piechod je sledovan, protoZe vSechny pfirozené
vyskytujici SL obsahuji stejnou ¢ast, D-kruh, ktery pfi odtrzeni dava vzdy stejnou hmotu
(Xie et al., 2010). Tab. 4 prezentuje piehled téméf vSech kanonickych a nekanonickych
SL (dosud charakterizovanych 30) s definovanymi MRM prechody analyzovanych
pomoci LC-MS/MS. Pokud to bylo mozné, pro jednu slouceninu jsou zaznamenany oba
zplsoby monitorovani MRM: [M+H]"; [M+Na]". Je dulezité zdiraznit, Ze historie SL je
od pocatku provazena velkym poctem chyb a jejich naslednou korekei:
alektor/orobanchyl acetat (Ueno et al., 2008; Ueno et al., 2015a) orobancholovy piibéh
(Ueno et al., 2011), nekanonické SL v kukufici (Charnikhova et al., 2017; Xie et al.,
2017) nebo nepiesné stanovené parametry pro MS (zejména selekce spravnych MRM

prechodu).
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Tab. 4 Piehled vyznamnych pfechodtt m/z pro znamé kanonické a nekanonické SL.

Strigolakton [M +H]* MRM1 MRM2 Reference [M + Na]* MRM1 MRM2 Reference
orobanchol 347 347 > 205 347 >97 (Kohlen et al., 2011) 369 369 > 272 (Xie et al., 2009)
orobanchyl acetatat 389 389 > 347 389 > 233 (Kohlen et al., 2011) 411 411> 254 411> 239 (Xie et al., 2008)
4-deoxyorobanchol 331 331> 216 (Iseki et al., 2018)

7-oxoorobanchol 383 383> 286 (Yoneyama et al., 2011)
7-oxoorobanchyl acetat 425 425 > 268 (Yoneyama et al., 2011)
7 a-hydroxyorobanchol 385 385> 288 (Yoneyama et al., 2011)
7 a-hydroxyorobanchyl acetate 427 427 > 270 (Yoneyama et al., 2011)
7 p-hydroxyorobanchol 385 385 > 288 (Yoneyama et al., 2011)
7 B-hydroxyorobanchyl acetat 427 427 > 270 (Yoneyama et al., 2011)
solonakol 343 343> 97 343> 183 (Lopez-Réez et al., 2008b) 365 365 > 268 (Lopez-Réez et al., 2008a)
solonakyl acetat 407 407 > 250 (Xie et al., 2013)
strigol 369 369 > 272 (Sato et al., 2003)
strigyl acetét 411 411> 254 (Sato et al., 2005)
strigon 367 367 >270 (Kisugi et al., 2013)
5-deoxystrigol 331 331> 216 331> 97 (Umehara et al., 2008) 353 353 > 256 (Xie etal., 2007)
sorgolakton 317 317>97 (Delaux et al., 2012) 339 339> 242 (Sato et al., 2005)
sorgomol 369 369>272 (Yoneyama et al., 2010)
fabacyl acetat 405 405 > 231 405 > 97 (Rial et al., 2018) 427 427> 219 427> 242 (Yoneyama et al., 2011)
fabakol 385 385 > 288 (Yoneyama et al., 2011)
heliolakton 361 361> 233 361> 97 (Ueno et al., 2014)

zealakton 377 377 > 345 377> 97 (Charnikhova et al., 2017)

avenaol 377 377> 263 377>97 (Kim et al., 2014)

karlakton 303 303>97 (Iseki et al., 2018)

karlaktonova kyselina* 331 331> 113 (Iseki et al., 2018)

methyl karlaktonat 347 347 > 97 (Abe et al., 2014)

methoxy-5-orobanchol 383 383 > 286 (Xie et al., 2013)

*Karlaktonova kyselina prekurzor [M-H]~.
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2.10 Ambientni techniky
Pro tyto pomérné mladé MS techniky je charakteristickym znakem umisténi nebo fixace
analytu na vhodném povrchu, ktery se nachazi mimo hmotnostni spektrometr (Ifa et al.,
2011; Weston, 2010). V soucasnosti je znamo okolo 30 riznych aplikaci ambientnich
ioniza¢nich technik, pficemz mezi nejcastéji pouzivané patii DART (Direct analysis
in real time) a DESI (Desorption electrospray ionization) (Venter et al., 2008; Weston,
2010). Zna¢na vyhoda ambientnich technik je absence pfipravy a rychlé provedeni
analyzy. Na druhou stranu, v dasledku vnéjsi ionizace ¢eli ambientni techniky problému
s reprodukovatelnosti vysledkii a slozitosti ziskanych spekter. I presto maji velky
potencial jako metody pro rychlou identifikaci Siroké Skaly nizkomolekuldrnich
rostlinnych metaboliti v riznych pletivech jako jsou napf. stonek, kofen, list (Cha et al.,
2008; Nemes et al., 2009; Navare et al., 2010; Dong et al., 2016).

V piedlozené disertaéni praci bylo testovano potencionalni vyuziti techniky
DART, jako rychlé metody pro identifikaci doposud znamych endogennich SL. Dale pak

vyuziti zobrazovaci techniky DESI pro zjisténi jejich prostorové distribuce v fezu stonku

a kotfene vybranych rostlin.

2.10.1 DART
Technika DART byla poprvé popsana v roce 2005 (Cody et al., 2005). Jedna se o velmi

rychlou a snadnou metodu slouZici pro identifikaci Sirokého spektra nizkomolekularnich
latek. DART umozZiuje analyzu latek nezéavisle na jejich skupenstvi. Lze provadét
analyzu plynt, kapalin ¢i pevnych latek za atmosférického tlaku. Technika neni omezena
ani polaritou latky, resp. lze analyzovat 0od nepolarnich az po velmi polarni latky. Dalsi
vyhodou této metody je, Ze analyzovany vzorek muze byt neplanarniho tvaru a povrchu,
aniz by byl ovlivnén vysledek a kvalita analyzy. Manipulace se vzorkem je jednoducha.
Pomoci pinzety ¢i sklenéné tyC€inky je vzorek umistén do prostoru pred vstupem
do hmotnostniho analyzatoru, kde dochéazi k ionizaci. Princip ionizace je zalozen
na tvorbé excitovanych molekul reakéniho plynu pomoci doutnavého vyboje, ktery je
generovan elektrodou s vloZzenym vysokym napétim (3-5 kV). Mechanismus je zalozen
na termalni desorpci, jejimz Cinitelem je pritok ohfatého plynu. Nejcastéji se voli jako
reakéni plyn helium, dusik nebo neon. AvsSak preferovanym plynem je helium, nebot’
disponuje vysokou vnitini energii, a proto snadno ionizuje molekuly vody za vzniku
klastrt [(H20)n+H]". Vzniklé klastry posléze protonizuji molekuly analytu [M+H]".
Princip ionizace lze popsat nasledovné. Dochazi ke vzniku nenabitych metastabilnich
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iontt, které desorbuji a ionizuji molekuly z povrchu analyzovaného vzorku. Opacné
nabité castice jsou odchyleny pomoci série elektrod, coz umozni zamezeni interakce
s analyzovanou latkou. lonizace analytu ptedpokladd piimou Penningovu ionizaci
nebo ion-molekularni reakce, které vedou ke vzniku molekularnich iontd se sudym
poctem elektroni, jako je tomu obdobné u jinych ioniza¢nich technik za atmosférického
tlaku. Desorbované molekuly analytu, které podlehly uspé$né ionizaci, jsou nakonec
transportovany do vstupu MS analyzatoru (Obr. 13), kde dochazi k jejich separaci dle
nastavenych parametri a zvoleného typu MS detektoru (Cody et al., 2005, 2009).
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Obr. 13 Schéma DART-MS.
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2.10.2 DESI

DESI, podobné jako MALDI, patii mezi zobrazovaci hmotnostni techniky (mass
spectrometry imaging), které zprostiedkuji informaci o prostorové distribuci molekul
cilovych analytd (Thunigetal., 2011). Princip metody spociva v kombinaci ESI
a desorp¢ni ionizac¢ni techniky. Metoda je vhodna piedevsim pro nizkomolekularni latky.
Analyzovany vzorek je fixovan na pevny povrch desticky (TLC, sklo, plast apod.)
(Venter et al., 2006; Cabral et al., 2013). Prostor, ve kterém dochazi k ionizaci, se nachazi
mezi sprejovaci kapilarou a vstupem hmotnostniho analyzatoru. Kapilara privadi
rozpoustédlo, které je posléze zmlzovano a ionizovéano. Sprejované rozpoustédlo vytvori
na povrchu analyzovaného vzorku mikrovrstvu, do které jsou vyextrahovany molekuly.
Princip je zalozen na extrakci pevna faze a kapalina (S/L extrakce) a jeji efektivitu lze
ovlivnit sloZzenim rozpoustédla spolecné s polaritou extrahovanych analyti. Molekuly
extrahované v mikrovrstvé jsou pak opakovanym ptevrstvenim rozpoustédla uvolnény
ve formé sekundarnich kapicek (Obr. 14). Tyto drobné kapi¢ky jsou v procesu podobném
ESI ionizovany a fokusovany do MS analyzatoru (Venter et al., 2006; Costa a Cooks
2007, 2008).
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Obr. 14 Schéma principu ionizace na vybrané matrici (rostlinny organ: koten, stonek nebo list).
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Vseobecné se prfi analyze biologické matrice pomoci hmotnostni zobrazovaci
spektrometrie (MSI) nevyhneme aplikaci nékteré z metod piipravy ¢&i predptipravy
vzorku, pficemz piiprava vzorkll z rostlinného pletiva pifinasi mnohem pracnéjsi
2015). U vyssich rostlin piedstavuje zna¢ny problém kutikula, ktera predstavuje bariéru
branici uspé$nému zobrazeni internich metabolitd pomoci MSI aplikaci (Thunig et al.,
2011). Dalsim omezenim je vysoky obsah vody, ktery je znaénou komplikaci pro metodu
kryosekce, neboli fezani pii celkovém zmrazeni vzorku. Navic rostlinné pletivo je
po zamrazeni kieh&i a je komplikované ziskat tenké a neporusené fezy. Casto
pozorovanym jevem je scvrkavani nebo ¢aste¢né odlupovani vzorku pii dehydrataci. Je
tteba poznamenat, Ze tyto faktory vedou k ovlivnéni kvality MSI analyzy a Spatné
interpretaci lokalizace detekovanych latek (Cha et al., 2008).

Prvnim prvkem urcujicim ioniza¢ni ucinnost DESI je slozeni rozprasovaciho
rozpoustédla, které je vzdy optimalizovano s ohledem na polaritu analyzovaného
metabolitu a specifickych charakteristik vzorku (Badu-Tawiah et al., 2010;
Green et al., 2010). Obecné plati, ze S naristem podilu vody roste doba trvani signalu,
zatimco vyssi podil organického solventu (methanolu) mé pozitivni efekt na prostorové
rozliSeni (Manicke et al., 2008). Je-1i nezbytné, muze byt k rozprasovacimu rozpoustédlu
pfidano reaktivni Cinidlo, které selektivné zlepSi ionizacni ucinnost obtizné
se ionizujicich analyti za normalnich podminek (Zhang a Chen, 2010; Muller et al., 2011;
Lostun et al., 2015).

Chemicky nemodifikované a neosetfené rostlinné pletivo je idealni pro DESI
analyzu. Za téchto podminek je zachovano prostorové uspofadani molekul a riziko
chemické kontaminace je minimalizovano. Pti pouZiti ambientnich technik Ize pracovat
jak s vysusenymi preparaty, tak i s Cerstvym pletivem, resp. i s jeho fezy. VétSina vzorkt
rostlin je pied MSI analyzou vysu$ena pod vakuem nebo lyofilizovana. Vakuova desikace
muze byt aplikovana na tenké rostlinné organy, jako jsou listy a kvéty, ale i pfesto stale
dochazi k dehydrataci a scvrkavani fezu (Cha et al., 2008, 2009, Li et al., 2011; Korte et
al., 2012). Slibny zpusob feseni uvedenych limitaci predstavuje tzv. otisk (imprinting),
kde se rostlinné pletivo, resp. cely organ lisuje pomoci aplikace mirného tlaku na porézni
teflon pfi sou¢asném zachovani jejich prostorového rozlozeni (Li et al., 2011, Thunig et
al., 2011). Chemické slozeni matrice vzorku muze ve vétSingé pripadi negativné
ovlivilovat ioniza¢ni efektivitu cilovych analytd. Ackoliv minimdlni Gprava vzorku

a absence separacnich krokt jsou hlavni vyhody MSI. Na druhou stranu MSI jsou velmi
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nachylné k matricovym efektim, které maji znany vliv na pozorovanou prostorovou
distribuci analytti. Ukazalo se, ze jak chemické (tj. vazebna sila a polarita), tak i fyzikalni
vlastnosti (tj. vodivost a nerovnosti na povrchu analyzovaného vzorku) vyrazné ovliviiuji
uspéch analyzy a relevanci dat ziskanych prostiednictvim DESI techniky (Takats et al.,
2005; Ifa et al., 2008, Manicke et al., 2008; Volny et al., 2008; Benassi et al., 2009).
Zejména maji vliv na spodni limity detekce a kvantifikace (LOD, LOQ) analytd, stabilitu
signalu, ale také na reprodukovatelnost a linearni dynamicky rozsah. I presto je uvadén
limit detekce pro malé molekuly mezi 1 az 10 fmol a reprodukovatelnost kvantitativnich
dat v rozmezi 5-10 % (Ifa et al., 2008).
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3 EXPERIMENTALNI CAST

3.1 Material a metody
3.1.1 Biologicky material

Osivo bobu obecného (Vicia faba, odrida Merkur) a hrachu setého (Pisum sativum,
odriida Terno) bylo ziskano prostiednictvim Slechtitelské stanice Selgen a.s. v Chlumci
nad Cidlinou. Osivo vikve seté (Vicia sativa, odradu — Ebena ECN: 05L0300426)
a ¢iroku dvoubarevného (Sorghum bicolor, odrada — Ruzrok ECN: 01Z1500041) bylo
ziskano z kolekce genetickych zdrojii genové banky VURV v. v. i. Praha-Ruzyng. Osivo
raj¢ete (Lycopersicon esculentum Mill, odrida Moravsky granat ECN: 09H6400073)
bylo ziskano ve spolupraci s VURV (Vyzkumny ustav rostlinné vyroby), V. V. i.

v Olomouci-Holici.

3.1.2 Hydroponické péstovani a kultivace

Pro rist rostlin byla vyuzita hydroponickda kultivace Vv Hoaglandové médiu
S definovanym obsahem Pi. VSechny experimenty s rostlinnym materialem byly
provedeny dle nasledujiciho postupu. Sazenice (Vicia faba L. cv. Merkur, Vicia sativa L.
cv. Ebena, Pisum sativum L. cv. Terno, Sorghum bicolor L. cv. Ruzrok) byly péstovany
ve skleniku v kvétinacich s perlitem. Teplotni rozsah byl noc/den 15/24 °C, denni/no¢ni
perioda 16/8 hod. Harmonogram vymény kontrolniho a testovaciho média je uveden
v Tab. 5. Médium bylo ménéno za Cerstvé pripravené kazdy 2-3 den. Posledni den
kultivace byly péstované rostliny pievedeno do vody, aby se kofeny zbavily usazenych

soli z ¥» Hoaglandova média.

Tab. 5 Casovy harmonogram kultivace (kontrolni vs testovaci médium).

Den Kontrolni médium Testovaci médium
1 Destilovana voda Uzitkova voda
5 ¥, Hoagland (+Pi) ¥, Hoagland (+Pi)
14 Y% Hoagland (+Pi) Y Hoagland (-Pi)
21 Destilovana voda Uzitkova voda

3.1.2.1 Priprava kultiva¢niho roztoku 2 Hoaglandova média

Pro ptipravu 10 litri kultivaéniho roztoku 2 Hoaglandova média byly postupné

piptetovany zasobni roztoky dle potadi (Tab. 6), ptidalo se 5,0 g MES a vysledné pH bylo
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upraveno na hodnotu 6,0 pomoci roztoku 0,1 mol-1" NaOH (Waters et al., 2012b). Obsah

fosforu v médiu byl regulovan pridavkem roztoku ¢. V (KH:POs), ve kterém byl obsazen.

Tab. 6 Piiprava kultiva¢nich roztokti Hoaglandova média (v ml na 10 litrti média).

Roztok ) ) ) m)
| 20 20 10 10
| 20 20 10 10
1l 10 10 5 5
v 20 20 10 10
Vv 10 2 1 -
VI 2 2 1 1
VII 5 5 25 2,5
Fe-EDTA 4 4 2 2

A — % Hoagland (250 umol-I? fosfat); B — 5 Hoagland (50 umol-I? fosfat); C — % Hoagland
(25 pmol-I* fosfat); D — ¥ Hoagland bez fosfatu (Pfevzato Kofistka, 2016).

3.1.3 Metody homogenizace a extrakce
3.1.3.1 Izolacni protokol A

Extrakéni protokol byl zaloZzeny na maceraci (Yoneyama et al., 2016) a vyzadoval
3 tydny staré rostliny bobu obecného (Vicia faba L.), které byly péstovany hydroponicky
v perlitu. Do 50-100 ml Erlenmeyerovy baniky bylo odvazeno adekvatni mnozstvi
materialu (nastfihané kusy kotene) a byl ptidan redestilovany EtOAc (na 1 g rostlinné
hmoty 10 ml EtOAc) a synteticky analog GR24, ptipadné pfirozené se vyskytujici
sorgolakton (10 ul; 2:10®° mol-1t). Kofeny byly nastithany na kousky o velikosti cca
2-5mm a poté ponechany macerovat po dobu 24-48 hodin pfi teplot¢ 4 °C ve tmé.
Supernatant byl nasledné prefiltrovan ptes nylonovou sitku (20 x 15 cm, délka 40 cm)

a zakoncentrovan pod dusikem. Vznikly odparek se posléze purifikoval pomoci SPE.

3.1.3.2 Izola¢ni protokol B

Pro optimalizaci extrak¢éniho protokolu dle Boutet-Mercey (2018) byly pouzity kofeny
bobu obecného (Vicia faba L.). Rostlinny material byl nejprve homogenizovan v tekutém
dusiku. Poté bylo odvazeno 0,5-2,0 g homogenizovaného materialu, ktery byl smichan
s redestilovanym EtOAc (1 g rostlinné hmoty na 3 ml extrakéniho rozpoustédla)
ainternimi standardy (GR24 a sorgolakton, 2-10 mol-1?). Vzorek byl sonifikovan
po dobu 1 min (f =25 Hz) a ponechéan 2 h extrahovat za stalého michani pti teploté 4 °C.
Extrakt byl centrifugovan pii 1000x g (10 min, 4 °C) a poté byl supernatant (2,5 ml)
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prenesen do borosilikatové zkumavky. Sediment byl znovu re-extrahovan EtOAc (3 ml),
ponechan v ultrazvuku (1 min, 25 Hz) a poté extrahovan po dobu 12 h pti 4 °C.
Po centrifugaci byly oba ziskané supernatanty smichany a vysuSeny. Suchy extrakt byl
rozpus$tén ve smési rozpoustédel heptan/EtOAc (9:1 V/V; 5 ml) a dale purifikovan pies
SPE kolonu (viz Tab. 7) (Boutet-Mercey et al., 2018).

3.1.4 Purifikace pomoci extrakce na pevné fazi (SPE)

Byla testovana Siroka skala SPE sorbentl s cilem urceni efektivity a G¢innosti v ramci
purifikace SL. Mezi vybrané sorbenty pattily: silikagel (Supelclean LC-Si; 500 mg/3 ml),
C18 (Strata C18-U; 1000 mg/6 ml) a polymerni sorbent (Strata-X; 500 mg/6 ml).
Jednotlivé purifikaéni protokoly jsou uvedeny v Tab. 7-10 a jsou prievzaty,

ptipadné modifikovany dle Kofistka (2016).

3.1.4.1 Vybér sorbentii a nastaveni SPE

SPE frakcionace je vyuZivana po maceraci (Yoneyma et al., 2016) nebo homogenizaci
s naslednou extrakci (Boutet-Mercey et al., 2018). Vzorek je frakcionovan pomoci SPE
kolonek plnénych silikagelem (Supelclean LC-Si; 500 mg/3 ml). Vysledkem je 11 frakci
(Tab. 8), pficemz kazdy izolovany a nasledné purifikovany SL je eluovan vzdy ve frakci,

ktera odpovida jeho chemickym vlastnostem (polarita) (Kisugi et al., 2013).

Tab. 7 SPE kolona obsahujici silikagel (Supelclean LC-Si; 500 mg/3 ml) - dle Boutet-Mercey
(2018).

Krok — rozpoustédlo Objem [ml]
Aktivace — ethylacetat 3
Ekvilibrace — heptan/ethylacetat (90:10) 3
Naneseni vzorku - heptan/ethylacetat (90:10) 3

Eluce — 1. heptan/ethylacetat (75:25)
2. heptan/ethylacetat (50:50) 3
3. ethylacetat (100)
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Tab. 8 SPE kolona obsahujici silikagel (Supelclean LC-Si; 500 mg/3 ml).

Krok — rozpoustédlo Objem [ml]
Aktivace — ethylacetat 3
Ekvilibrace — hexan 3
Naneseni vzorku — hexan 3
Promyti — hexan 3

Eluce (frakcionace)* — hexan/ethylacetat
(100:0-0:100)

*Frakcionace s rostoucim procentovym zastoupenim ethylacetatu — 0-100 % (11 frakci).

Tab. 9 SPE kolona s polymernim sorbentem (Strata C18-U; 1000 mg/6 ml).

Krok — rozpoustédlo Objem [ml]
Aktivace — acetonitril 5
Ekvilibrace — 5% acetonitril 5
Naneseni vzorku - 5% acetonitril 5
Promyti — deionizovana voda 5
Eluce — acetonitril 5

Tab. 10 SPE kolona s polymernim sorbentem (Strata-X; 500 mg/6 ml) - jednotlivé kroky
a objemy rozpoustédel pouzité pii SPE purifikaci (Kofistka, 2016).

Krok — rozpoustédlo Objem [ml]

Aktivace — acetonitril 5
Ekvilibrace — 5% acetonitril (5% ethylacetat) 5
Naneseni vzorku - 5% acetonitril (5% ethylacetat) )
Promyti — deionizovana voda )
5

Eluce — acetonitril

3.1.5 Chromatografické metody (UHPLC-MS/MS)

Pro separaci ptirozené se vyskytujicich SL a syntetického analoga GR24 byla pouzita
chromatograficka kolona Acquity UPLC BEH C18 (50 x 2,1 mm; 1,7 um) s piedkolonou
Acquity UPLC BEH C18 VanGuard. Jako mobilni faze byly pouzity voda (A) a methanol
(B). Priitok mobilni faze byl po celou dobu analyzy 0,5 ml-min™. Kolonovy termostat byl
nastaven na teplotu 40 °C. Pro separaci bylo vyuzito gradientové eluce (Tab. 11). Detekce
probihala na trojit¢ém kvadrupdlovém hmotnostnim analyzatoru za nastavenych

parametrii dle predchozi podkapitoly stanoveni kinetickych parametrt.

44



Tab. 11 Podminky UHPLC analyzy pro separaci SL.

t [min] Pritok [ml-min™] Voda [%] Methanol [%6]
0 60 40
5 60 40
6 40 60
0,50

6,5 0 100

10 60 40

10 STOP

3.1.6 Optimalizace detekce MS

Optimalizace detekce na hmotnostnim analyzatoru (UHPLC-MS) byla provedena pomoci
prutokové analyzy FIA (Flow Injection Analysis), analyza bez kolony s retenénim oknem
do 1 min. Potvrzeni optimalizovanych MRM piechodi (Tab. 12) bylo docileno pouZzitim
kratké chromatografické kolony za izokratickych podminek (50/50 V/V; voda/acetonitril)
pfi pratoku 0,4 ml-min-1 a teploté¢ kolonového termostatu 40 °C. Pfipravené standardy

mély koncentraci 5-10-6 mol-1-! a byly rozpustény ve 100 % acetonitrilu.

Tab. 12 Identifikace pfirozené se vyskytujicich strigolaktoni — prekurzorové ionty a jejich
charakteristické fragmenty (kvantifikacni a konfirmacni pfechody).

Analyt Monitorovaci okno Dwell time MRM CE (V)
(min) (ms)

GR 24 25-35 83 299,00 > 97,00 -22,0
299,00 > 185,10 -9,0
299,00 > 281,10 -7,0
Orobanchol 25-35 83 368,80 > 325,20 -13,0
368,80 > 272,10 -16,0
368,80 > 239,00 -24,0
Strigol 3,3-40 83 369,20 > 271,75 -20,0
369,20 > 257,15 -24,0
369,20 > 351,00 -13,0
Sorgolakton 45-53 126 339,20 > 242,20 -30,0
339,20 > 227,05 -25,0
5-Deoxystrigol 50-55 126 352,80 > 256,15 -18,0
352,80 > 241,15 -23,0

3.1.7 Optimalizace identifikace pomoci HR-DART-Orbitrap
Identifikace SL byla provedena pomoci HR-DART (lonSense, Saugus, USA) spojeného
s MS detektorem Orbitrap Elite (Thermo Fischer Scientific, Brémy, Némecko). Zakladni

parametry pro ionizaci byly nasledujici: ioniza¢ni plyn helium (tlak = 0,65 MPa),
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pozitivni méd ionizace, teplota ionizacniho plynu (300-350 °C). MS podminky: napéti na
elektrodé (300-350 V), teplota a napéti na vyhtivané kapilare (300-350 °C; 50 V), napéti
offsetu prstencové elektrody (100 V), rozsah m/z (50-500). Software Xcalibur (Thermo
Fischer Scientific, Némecko) byl pouzit pro zpracovani ziskanych dat. DART analyza
byla provedena v pozitivnim modu ionizace, kde teoretické monoizotopové hmotnosti
protonovanych molekulovych iontd byly nasledujici hmoty (m/z) - [M+H]*
pro orobanchol (347,1489), 5-deoxystrigol (331,1540), fabacyl acetat (405,1543),
orobanchyl acetat (389,1594) a sorgolakton (317,1383).

3.1.8 Priprava rezii pro DESI

Pomoci skalpelu byly pfipraveny segmenty stonku a kotfene bobu obecného a hrachu
setého (Obr. 15) o velikosti asi 5 mm. Nasledné byly ukotveny do 4% agarosy o teploté
38 °C. Do ztuhnuti agarosy byly segmenty udrzovany v kolmé poloze. Poté byly
vyftezany krychlicky o velikosti asi 1 cm® a byly pfilepeny vtefinovym lepidlem
na podlozku pro umisténi vzorku, kterd se upevnila do vibratomu. Pfi¢né fezy byly
pfipraveny na vibratomu (Leica VT1000S, Leica Biosystems, Némecko). Tloustka fezl
se pohybovala vrozmezi 50-400 pum. Neporusenost fezii byla kontrolovana
pod svételnym mikroskopem pii zvétSeni 10x (mikroskop BX50, Olympus, Japonsko).
Piipravené fezy byly pfipevnény k DESI desti¢ce pomoci oboustranné lepici pasky. Rezy
byly vzdy piipraveny 24 h pfed samotnou DESI analyzou. Po uvedenou dobu byly
uchovany v eksikatoru. Ptiprava fezli byla provedena na Katedfe Biochemie PiF UP

ve spolupraci s Mgr. Terezou Tichou, Ph.D.
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Obr. 15 Nakres modelové rostliny (bob sety) a mista fezu pouzitych pro DESI-MS.

3.1.8.1 Optimalizace identifikace pomoci HR-DESI-Orbitrap-MS

Zobrazovaci analyza (DESI) byla provedena pomoci piistroje Orbitrap Elite Thermo
Fisher Scientific s iontovym zdrojem DESI-2D (Prosolia, Indianopolis, IN). VVzorky byly
fixovany ke sklenénym sklickim (Prosolia, Indianopolis, IN) pomoci oboustranné lepici
pasky. Zobrazovaci experimenty byly provedeny pomoci kontinudlniho snimani povrchu
ve sméru osy x a 'y (pohybujici se proti smeru rozprasovani). Souradnice snimané plochy
byly vzdy pfedem definovany. Pro experiment byla zvolena rozprasovaci kapalina (80%

1 rychlost

methanol/0,2% kyselina octova, V/V) o prutokové rychlosti 2 pl-min
skenovani 65 um-sta geometrie sprejovani (thel) 65°. Méfeni probihalo v hmotnostnim
rozsahu 300-450 m/z. Ziskané udaje byly zpracovany pomoci softwaru BioMap a byly
vytvofeny 2D mapy prostorového zastoupeni vybranych iontl analyzovanych SL. DESI-

MSI analyza byla provedena v pozitivnim modu a latky byly stanoveny ve formé sodnych
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aduktt m/z - [M+Na]": orobanchol (369,1308), 5-deoxystrigol (353,1359), fabacyl atetat
(427,1363), orobanchyl acetat (411,1414) a sorgolakton (339,1202).

3.1.9 Urceni stability GR24 v kultiva¢nich médiich a pufrech

Vsechna méteni chemické stability GR24 a jinych SL (5-deoxystrigol) byla provedena
na spektrofotometru Agilent Cary 8454 (Santa Clara, California, USA). Méfeny roztok
byl pfipraven smisenim 5 ul GR24 (0,01 mol-1* v DMF) s 2995 ul média nebo pufru.
Vsechna méfeni byla monitorovana pii 239 nm po dobu 24 hodin pii 25 °C za stalého
intenzivniho michani, pficemz hodnoty absorbance byly zaznamenany kazdych 60 minut.

Hoaglandovo, Murashige a Skoog (MS) média byla pfipraveny podle protokolt
popsanych v literatute (Waters et al., 2012b; Roycewicz a Malamy, 2012). V piipadé
Hoaglandova roztoku byl testovdn vliv koncentrace fosfatovych iontl
(0,025 — 0,25 mol-1*) na stabilitu GR24.

Testované pufry byly piipraveny dle jejich optimalni pufra¢ni kapacity,
aby odpovidaly vybranym hodnotam pH (6 a 7). HEPES (kyselina 4-(2-hydroxyethyl)-I-
piperazethansulfonova), MES (kyselina 2-(N-morfolino)ethansulfonova), fosfatovy,
fosfat-citratovy a Tris-HCI pufr byly shledany jako vhodné roztoky (pH 6,0; 0,1 mol-17?)
a uchovany ve tm¢ pfti teplot¢ 4 °C. Obdobnym zplsobem byl pfipraven citratovy,
fosfatovy, mravencanovy a acetatovy pufr (pH 6,0; 0,1 mol-1"). Na zavér byl stanoven
vliv koncentrace fosfatovych iontl (0,1-1 mol-1?%) ve fosfatovém pufru (pH 6,0)
na stabiltu GR24. GR24 byl syntetizovan v laboratofi (Radboud University Nijmegen,
Nizozemsko). Deionizovana voda (18,2 MQ-cm™, Direct-Q, Millipore, Molsheim,
Francie) byla pouzita jako slepy vzorek pro vSechny uvedené roztoky, stejné jako pro

jejich piipravu.

3.1.10 Syntéza reakcnich produkti GR24 a vybranych nukleofili

Reakéni produkty byly syntetizovany v souladu s publikovanym protokolem dle
disertacni prace Mangnuse (Mangnus a Zwanenburg, 1992). Béhem syntézy bylo
smichano 0,015 mola GR24 s 0,023 moly 4-methoxybenzylaminu ve 400 ml ethanolu.
Obdobnym zplisobem byly pfipraveny reakéni produkty zbylych nukleofilnich latek
obsahujici dusik (N) pfipadné siru (S) jako centralni atom (N: benzylamin, p-anisidine,
anilin, imidazol; S: benzyl merkaptan, thiofenol). Vsechny uvedené latky byly zakoupeny
od firmy Sigma-Aldrich Chemie (Steinheim, Némecko). Reakéni smés byla vzdy

michana pii laboratorni teploté a pod inertni atmosférou po dobu 24 hodin. Reak¢ni
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produkty byly extrahovany ethylacetatem, ktery byl nasledné po extrakci odpatren. Pro
izolaci a identifikaci jednotlivych komponentt reakéni smés poslouzila chromatografie
na tenké vrstvé (TLC). Struktura kazdého produktu byla stanovena za pomoci interpretace
koliznich spekter ziskanych pomoci LC-MS-8050 (Shimadzu, Handels GmbH, Kyoto,
Japonsko) a analyzou *H-NMR spekter zaznamenanych na 500 MHz Jeol ECA-500.

3.1.11 Stanoveni kinetickych parametri

Reakce GR24 (33 mmol-1) s nukleofilem (330 mmol-1t) (benzylamin, imidazol,
methanol) byla sledovana spektrofotometricky (Agilent Cary 8454, Santa Clara,
Kalifornie, USA) v riznych rozpoustédlech (aceton, acetonitril, methanol a ethanol).
Méieni bylo provedeno pii 240 nm po dobu 24 hodin pii 30 °C za stalého michani
a hodnoty absorbance byly zaznamenavany v 30 min intervalech. VSechny experimenty
byly provedeny ve tiech technickych opakovani.

Pro stanoveni aktivac¢nich parametra reakce, obdobné jako pfi testovani stability
v organickych rozpoustédlech, se GR24 (33 mmol-1?) smisi s nukleofilem
(330 mmol-1"; benzylamin, 4-methoxybenzylamin, p-anisidin, anilin, benzyl merkaptan,
thiofenol, imidazol a hydroxid amonny). Pribéh reakce byl monitorovan
spektrofotometricky (Shimadzu UV-2450 PC (SHIMADZU Handels GmbH, Kyoto,
Japonsko) pii 240 az 244 nm po dobu 3 hodin pfi 25, 30, 35 a 40 °C v 5-15 min
intervalech. Methanol byl pouzit jako rozpoustédlo. Absorp¢ni spektra reakénich smési
byla zaznamenana v rozmezi vinové délky 200 az 450 nm. Termodynamické parametry,
jako byla aktivaéni energie (Ea), aktiva¢ni entalpie (AH¥), aktivaéni entropie (AS¥)
a aktivaéni Gibbsova energie (AG"), byly vypodéteny na zékladé Arrheinovy rovnice
a zékladnich principech chemické kinetiky:

a) kr=AetRTneboInk=-EJ/RT+InA (1)

b) AH*=E.—RT 2)
c) AS*=R[In(h/ksT) +In A-1] (3)
d) AG=-RTInK (4)
e) AG=AH-TAS (5)

Prib¢h reakce byl sledovan na kapalinovém chromatografu Nexera X2 UHPLC
(Shimadzu, Handels GmbH, Kyoto, Japonsko) vybavenym hmotnostnim detektorem
MS-8050 (Shimadzu, Handels GmbH, Kyoto, Japonsko). Chromatograficka separace
byla provedena pomoci analytické kolony AQUILITY BEH C8 (150 x 2,1 mm; 1,7 um;
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Waters, Milford, MA, USA) za nasledujicich podminek: teplot¢ 40 °C kolonového
termostatu a pritoku 0,25 ml-min? (viz gradient Tab. 13). MS/MS kolizni spektra
protonovanych molekulovych iontl byla zaznamenana v pozitivnim reZimu ionizace
(ESI) s nasledujicimi provoznimi parametry: napéti kapilary -3 KV; napéti na rozhrani
4 kV; skenovaci rozsah 50-500 m/z; teplota zdroje 250 °C, desolvatacni teplota 300 °C,
pratok vyhiivaciho a suiciho plynu 10 1'min™; desolvata¢ni plyn dusik s pritokem

3 1'min’™.

Tab. 13 Podminky UHPLC analyzy pro separaci reakénich produktli po reakci GR24
a nukleofilu.

. Pritok o I
t [min] [ml.min] Voda [%0] Acetonitril [%]
0 80 20
1,0 80 20
55 40 60
11,8 20 80

0,25

12,8 20 80
13,2 80 20
14,0 80 20
16,0 STOP
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3.2 Vysledky

3.2.1 Selekce a kultivace biologického materialu

Primarni selekce vhodnych modelovych organismt probé&hla na zakladé¢ literarni reSerSe
a dostupnosti biologického materidlu. Byly vybrany nasledujici organismy: bob sety
(Vicia faba L.), vikev seta (Vicia sativa L.), ¢irok dvoubarevny (Sorghum bicolor L.),
rajée jedlé (Solanum lycopersicum L.), hrach sety (Pisum sativum L.) a kukufice seta (Zea
mays L.). Dilezitou roli pfi vybéru hrala i skutecnost, jestli u daného organismu byla
pfitomnost SL, resp. jejich biologicka aktivita, zjiSténa jiz v minulosti. Z literatury je
znamo, ze rostliny produkuji Siroké spektrum SL Vv extrémné nizkych kvantitach
odpovidajici rozmezi 5-30 pg/den/rostlina (Sato et al., 2005). Cilem bylo optimalizovat
doposud popsané metody izolace a purifikace SL z rostlinnych pletiv a podminky jejich
koncové analyzy pomoci UHPLC-MS/MS. S vyjimkou Vicia sativa byla u uvedenych
modelovych organismi identifikovana a charakterizovana fada SL. Vicia sativa byla
vybrana s predpokladem, ze bude produkovat SL typické pro celed bobovitych
(Fabaceae), do kter¢ patii také V. faba a P. sativum.

Vybrané rostliny byly kultivovany za definovanych podminek rlstu a ptisunu
zivin ve form¢ zivného roztoku (modifikované Hoaglandovo zivné médium) s klesajici
koncentraci Pi. Pro ziskani relevantnich vysledkl bylo dulezité optimalizovat mnozstvi
vychozi materialu (pletiva), které zavisi na rychlosti rastu a délce kultivace. Mnozstvi
rostlinného pletiva potiebné pro tuspéSnou izolaci a purifikaci SL se pohybuje
Vv jednotkach gramt (1-5 g) (Lopez-Raez et al., 2008a; Rial et al., 2018; Boutet-Mercey
et al., 2018). Optimalni doba kultivace se uvadi pfiblizné 2-4 tydny, pii¢emz je zavisla
na druhu experimentu a jeho designu (Lopez-Raez et al., 2008a; Ueno et al., 2015b;
Yoneyama et al., 2015).

Plivodni pocet Sesti testovanych modelli byl zredukovan na Ctyfi. Rajce jedlé
(Solanum lycopersicum L.) nebylo vhodné pro dalsi experimenty kvili pomalému ristu,
a proto nedostatecnou tvorbou biomasy, resp. kofend. Dalsi testovana plodina, kukufice
seta (Zea mays L), byla 1 pfes pomérné rychly rast nevyhovujici kvili absenci
kanonickych SL, jejichz standardy byly na pracovisti dostupné. Pro naslednou
optimalizaci izola¢nich a purifikaénich metod, které jsou podrobnégji popsany nize,

byl tedy nakonec pouzit bob sety, hrach sety, vikev seta a ¢irok dvoubarevny.
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3.2.2 Metody izolace a purifikace

Metody izolace a purifikace SL jsou zdkladnim stavebnim kamenem, od kterého se odviji
uspésna koncova analyza. V ramci disertacni prace byla fesena fada zptisobti izolace SL
z kotenovych pletiv. Nejjednodussim pfistupem zlstava macerace nastithanych kouska
(2-5 mm) kofenu rostlin v EtOAc nebo homogenizace kofeni v tekutém dusiku
s naslednou extrakci EtOAc. Samotné extrakce nezajistuje dostatecné precisténi vzorku,

a proto je vhodné pouzit ve forme extrakce na pevné fazi (SPE).

3.2.2.1 Stanoveni navratnosti purifikace pro extrakci na pevné fazi
Zamérem testovani bylo vybrat vhodny SPE sorbent pro pteciSténi extrahovanych SL.
V navaznosti na praci Kofistka (2016) byly testovany uvedené sorbenty: organicky
polymerni sorbent styren divinilbenzen (Strata-X), silikagel (Supelclean LC-Si)
aCl18 (Strata  C18-U).  Provsechny  sorbenty byla uréena  navratnost
GR24 (2:10° mol-1?) jak z ¢istého rozpoustédla, tak z rostlinného extraktu. V druhém
pfipadé se navic projevuje matricovy efekt, proto bylo nutné stanovit i ndvratnost
extrahovanych analytti z biologického materidlu. Pfi pouziti polymerniho sorbentu
Strata-X byl mimo jiné testovan i vliv pouzitého rozpoustédla, ve kterém byl nanesen
vzorek na SPE kolonu (5% ACN a5% EtOA ve vodé) (Tab. 14). Volba solventd
vychazela ze znalosti stability SL.

Kritériem pii vybéru vhodného SPE sorbentu pro purifikaci SL byla délka
samotné procedury a doba potiebna pro odpafeni vzorku. Pro silikagel byly
charakteristické vysoké hodnoty navratnosti (Tab. 14) s relativné kratkou dobou odpateni
v ramci nékolika malo minut. AvSak pokud byla provadéna frakcionace, jednalo se
V porovnani s ostatnimi testovanymi sorbenty o ¢asov€ pomeérmn¢ narocny krok.
Pro sorbenty Strata C18U a Strata-X byla typicka ¢asové nenaro¢na SPE procedura
s dlouhou dobou odpateni vzorku. Doba odpateni byla ovlivnéna pfedev§im mnozstvim
vody zachycené v sorbentu kolony, kterd nasledné koeluovala s analytem a branila
tak rychlému a efektivnimu zakoncentrovani vzorku. Navic je znamo, Ze stabilita SL je
ve vodnych roztocich zna¢né omezena, proto je nutné rychlé zakoncentrovani vzorku bez
sebemensiho mnozstvi vody (Akiyama et al., 2010; Boyer et al., 2012; Kannan
a Zwanenburg, 2014; Halouzka et al., 2018). Uvedené faktory vyznamné¢ ovliviuji
vyslednou navratnost procesu. Nejvyssich hodnot navratnosti bylo dosazeno pti pouziti
silikagelu. Hodnoty navratnosti po interni piidavku GR24 do Cistém rozpoustédla,
tak do rostlinného extraktu (cca 70 %) jsou uvedeny v Tab 14. Porovnani solvent
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na kolonach Strata-X ukdazalo, ze vzorky nanaSené v 5% EtOAc dosahovaly vyssich

hodnot navratnosti nez v ptipadé druhého testovaného rozpoustédla (5% ACN). Sorbent

cvwr

vhodny.

Tab. 14 Navratnost vybranych sorbentii pro stanoveni navratnosti GR24.

Sorbent GR24
A B
Strata-X? 87,01 £ 2,82 58,90 + 4,41
Strata-X® 74,09 + 6,09 62,90 + 6,39
Silikagel 92,36 +5.10 70,09 + 5,88
C18 69,68 + 3,12 42,71 £3,17

A — v Cistém rozpoustédle; B — v rostlinném extraktu
2 yzorek nanasen v 5 % EtOAc; ? vzorek nanasen v 5 % ACN

3.2.2.2 Srovnani izola¢nich protokoli
Pro dal$i cast prace byla na zaklad¢ dil¢ich experimentli vyselektovdna modelova
rostlina. Jednalo se o 3 tydny staré sazenice V. faba. Jako vhodny SPE sorbent
pro purifikaci SL byl vybran silikagel. Cilem této kapitoly pak bylo otestovat z fady
existujicich purifikaénich metod tii v praxi nej¢astéji vyuzivané protokoly: A) Yoneyama
et al. (2016), B) Kisugi et al. (2013) a C) Boutet-Mercey et al. (2018). Vysledky hodnot
navratnosti jednotlivych postupi jsou shrnuty na Obr. 16. Jako externi standard
pro stanoveni navratnosti byl pouzit GR24, synteticky analog SL, a pfirozené
se vyskytujici sorgolakton, oba o koncentraci 2-10° mol-1%. Yoneyama et al. (2016)
optimalizoval protokol pro izolaci a kvantifikaci sorgomolu a 5-deoxystrigol,
dvou hlavnich SL produkovanych c¢irokem dvoubarevnym. Izolace byla zaloZzena
na nékolika hodinové (24-48 h) maceraci nafezanych kofenti (praimér 2 mm) v EtOAC
a finalni analyze pomoci LC-MS/MS. Kisugi et al. (2013) a Boutet-Mercey et al. (2018)
do svych protokolti navic ptidali purifikaéni krok zalozeny na SPE. Uéelem tohoto kroku
bylo dikladnéjsi precisténi extraktu pred samotnou LC-MS/MS analyzou.

Nejnizsich hodnot navratnosti (14,13 += 1,08 % pro GR24 a 5,60 + 0,88 %
pro sorgolakton) bylo dosazeno za pouziti protokolu A (Yoneyama et al., 2016).
Pti zavedeni SPE frakcionace (Kisugi et al., 2013) byly vytézky pfiblizné¢ ¢tyfnasobné
vyssi, tj. 44,50 = 4,37 % u GR24 a 23,08 + 2,49 % u sorgolaktonu. Nicméné¢ frakcionace

dle protokolu B (Kisugi et al., 2013) byla pomérn¢ namahava, casove naro¢na, a vysledna
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navratnost celého procesu byla stile pod 50 %. Nejvyssi navratnost (65,19 + 3,77 %
pro GR24 a 42,50 + 0,76 % pro sorgolakton) byla dosazena za pouziti protokolu C
(Boutet-Mercey et al., 2018), kde byl hlavni rozdil vedle poétu izolovanych frakci dan

predevsim homogenitou vzorku.
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Oznaceni purifikacniho protokolu

Obr. 16 Testovani navratnosti GR24 (m) a sorgolaktonu (O0) pomoci vybranych izola¢nich
a purifika¢nich postupti z rostlinného pletiva (A — Yoneyama et al. (2016); B — Kisugi et al.
(2013); C - Boutet-Mercey et al. (2018).

3.2.3 Optimalizace metody detekce UHPLC-MS/MS

Tato podkapitola se vénuje optimalizaci metody UHPLC s MS/MS detekci za pomoci
rezimu automatické optimalizace MRM. Ve snaze docilit co nejvétsi citlivosti a ucinné
separace byly testovany rizné LC a MS podminky, tj. sloZeni mobilni faze, podminky
ionizace a vybér optimalizovanych MRM ptechodt. Vzhledem k chemické povaze SL
byla pro jejich separaci zvolena RP-C18 kolona (Acquity UPLC BEH). Optimalizace
podminek byla provedena pro analyzu o délce 10 minut s ménicim se pomérem
(gradientem) vodné a organické slozky mobilni faze. Vybér vhodné mobilni faze
zahrnoval testovani riznych poméra vody (neutralni nebo okyselena) a methanolu. Bylo
testovano nasledujici slozeni mobilni fize: A) 20 mmol-1? octan amonny/methanol,
B) 20 mmol-1? mravenéan amonny/methanol, C) voda/methanol. Nejvyssi citlivost

spolecné s optimalni separaci analyzovanych slozek poskytovala mobilni faze C
(Obr. 17A).
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Dale byl sledovan vliv vybranych mobilnich fazi na absolutni intenzitu
matefskych ionli. Monitorovani probéhlo v rezimu nacitani plnych hmotnostnich spekter
(Full Mass Scan). Ziskana data pomohla s vybérem a optimalizaci MRM pftechodii.
Je dilezité zminit, Ze podminky byly optimalizovany pro orobanchol, strigol, sorgolakton
a 5-deoxystrigol. Pozd¢ji byly do metody zahrnuty i dalsi SL (GR24, fabacyl acetat
a orobanchyl acetat). Vyjma protonizovanych molekularnich ionti GR24 a fabacylu
acetatu [M+H]" (nejsou uvedeny na Obr. 17B) byla pozorovéana nejvyssi intenzita signalu
ve formé& sodnych adukti [M+Na]* SL.

A B
d
d c |
l l
44
b | :
b |
b A
a ! ‘ e
D a c., a
2) a \ A |
: ‘ - 1)
3) c -
2)
2 3 4 5 6 2 3 4 5 6
Rt (min) Rt (min)

Obr. 17 MRM chromatogram smési vybranych endogennich strigolaktont (a — orobanchol, b —
strigol, ¢ — sorgolactone, d — 5DS). A) vliv slozeni mobilni faze na separaci (1 — 20 mM octan
amonny/methanol; 2 — 20 mM mraven¢an amonny/methanol; 3 — voda/methanol, B) vliv vybéru
MRM piechodt na citlivost (1 — sodné adukty; 2 — protonované molekularni ionty).
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3.2.4.1 Interpretace charakteristickych fragmentu

V prvnim kroku bylo potieba vybrat vhodné dcefiné ionty (fragmenty). Automaticka
MRM optimalizace byla provedena dvojim zplsobem: a) pomoci FIA
pro pozitivni/negativni mod ionizace, b) za pouziti kolony a kratkého reten¢niho okna
(do 3 min) v pozitivnim modu ionizace pro sodné adukty [M+Na]® a protonované
molekularni ionty [M+H]". Ob& uvedené metody byly pouZity pro testovani ionizace jak
V negativnim [M-H], tak pro pozitivni méd [M+H]*. V pfipadé negativniho modu
k ionizaci nedochazelo, nebo byla intenzita vzniklych fragmentt pftili§ nizka (napf.
GR24), aproto je nebylo mozné interpretovat. Vysledkem optimalizace byl vybér
kvantifikaéniho (MRM 1) a minimalné jednoho az dvou konfirmacnich ptechodi (MRM
2 a 3) pro kazdy studovany analyt. Dale bylo nutné charakterizovat vzniklé fragmenty.
Podafilo se identifikovat vSechny intenzivni fragmenty, jejich interpretace je zndzornéna
na modelovych ptikladech pro protonovanou molekulu daného SL (orobanchol, strigol,

5-deoxystrigol a sorgolakton; Obr. 18A-D)
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Obr. 18 Priklad interpretace charakteristickych molekularnich fragmentt ziskanych pomoci ESI-
MS/MS prekurzorového iontu [M+H]" vybranych SL (A — orobanchol, B — strigol, C — 5-
deoxystrigol a D — sorgolakton).
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3.2.4.2 Identifikace strigolaktont v rostlinnych pletivech pomoci UPLC-
MS/MS

Finalni metoda UHPLC-MS/MS analyzy zahrnovala optimalizované parametry separace
a detekce vybranych SL: gradientova eluce (H20/MeOH), pozitivhi mod ionizace
apredevsim vyb&r spravnych MRM sodnych adukti [M+Na]®, piipadné
[M+H]". Na zdklad¢ intenzity signdlu MRM pfechodi byly zvoleny kvantifika¢ni
prechody spole¢né s minimalné jednim konfirmac¢nim ptechodem, aby bylo zajisténo
dostacujici potvrzeni identity analyzovanych latek (konfirmacni piechody maji
nastavenou shodu 30 %). Optimalizované kvantifika¢ni a konfirmaéni piechody jsou
shrnuty v Tab. 15, ato v¢etné charakteristickych fragmentd, prekurzorovych iontl
a hodnot pouzit¢ kolizni energie analyzovanych pfirozené¢ se vyskytujicich SL
(orobanchol, strigol, fabacyl acetat, orobanchyl acetat, sorgolakton a 5-deoxystrigolu)
a GR24.

Tab. 15 Ptehled charakteristickych fragmenti a koliznich energii (CE) — pozitivni mod ve formé
[M+Na]".

Analyt Protonované molekulové nebo sodné ionty / kolizni energie
MRM (1) MRM (2) MRM (3)
Orobanchol 368,80 > 325,20 368,80 > 272,10 368,80 > 239,00
-13 eV -16 eV 24 eV
5DS 352,80 > 256,15 352,80 > 241,15 -
-18 eV -23eV -
Sorgolakton 339,20 > 242,20 339,20 > 227,05 -
-17 eV 21eV -
Strigol 369,20 > 271,75 369,20 > 257,15 369,20 > 351,00
-20 eV 24 eV -13 eV
GR24* 299,00 > 97,00 299,00 > 281,10 299,00 > 185,05
-22 eV -7eV -9eV
Fabacyl acetat™ 405,10 > 97,00 405,10 > 231,00 405,10 > 345,20
-30 eV 20 eV -15 eV
Orobanchyl acetat 411,00 > 254,00 411,00 > 239,00 -
-15 eV 20 eV -

*Pro GR24 a fabacyl acetat byly stanovéné MRM piechody ve formé iontd [M+H]".

Optimalizovana metoda UHPLC-MS/MS byla pouzita pro identifikaci SL v ptecisténych
kofenovych extraktech vybranych rostlin: V. faba, V. sativa, P. sativum a S. bicolor.
K izolaci byl pouzit modifikovany protokol dle Boutet-Mercey et al., (2018). Piecisténé
extrakty rostlinného pletiva (kofenti) byly rozpustény ve 100% ACN, aby se zabranilo

pfipadné degradaci SL pred samotnym davkovanim na kolonu. Vysledky identifikace
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jsou prezentovany v Tab. 16. Je dulezité zdlraznit, Ze se jedna o prvni praci pojednavajici
0 analyze SL ve V. sativa, ve které byl identifikovan fabacyl acetat (405,1 > 97,0),
orobanchyl acetat (411,0 > 254,0) a ve stopovém mnozstvi byl detekovan i orobanchol
(368,8 > 325,2,0). Pritomnost uvedenych SL potvrdila o¢ekavani, Ze kompozice
identifikovanych SL bude podobna jako u V. faba a P. sativumMezi bézné vyskytujici se
SL u celedi bobovitych patii také 5-deoxystrigol (352,8 > 256,1), ktery vSak nebyl
v extraktu V. Sativa detekovan, narozdil od extrakti V. faba (Yoneyama et al., 2008;
Gomez-Roldan et al., 2008; Trabelsi et al., 2017) a P. sativum (Yoneyama et al., 2008,
Gomez-Roldan et al., 2008; Xie et al., 2009; Pavan et al. 2016; Boutet-Mercey et al.,
2018).

Dalsi testovanou rostlinou byl S. bicolor, ktery patii mezi nejc¢astéji analyzovany
model vramci SL problematiky. V minulosti slouzil jako modelova rostlina
pro optimalizaci metody izolace a purifikace SL z rostlinnych pletiv (Yoneyama et al.,
2016), navic je znam produkci nékolika dikladné prostudovanych SL: sogolaktonu,
sorgomolu a 5-deoxystrigolu (Sato et al., 2005; Yoneyama et al., 2010; Delaux et al.,
2012). V kofenovém extraktu S. bicolor se podafilo detekovat 5-deoxystrigol
a sorgolakton (339,20 > 242,20). Oba uvedené SL byly identifikovany na zakladné
interpretace shody hmotnostniho spektra, MRM piechodt a retenc¢nich ¢asti s prisluSnymi

standardy (Obr. 19-21).

Tab. 16 Analyza zastoupeni SL v kofenovych extraktech z vybranych rostlinnych druhti pomoci
UHPLC-MS/MS. Pozitivni identifikaci +, negativni -.

Analyt V. faba P. sativum S. bicolor V. sativa
Orobanchol + + - +
Strigol - - - -
5-Deoxystrigol + + + -
Sorgolakton - - + )
Fabacyl acetat + + - +
Orobanchyl acetat + + - +
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Obr. 19 Priklady kvantifikaénich MRM piechodli pro fabacyl acetat (405 > 97) detekovany
v extraktu kofene P. Sativum (A), orobanchyl acetat (411 > 254) a orobanchol (369 > 325)
ve V. faba (BaC).
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Obr. 20 Ptiklad MS/MS spekter identifikovanych SL: fabacyl acetatu, orobancholu a orobachyl
Porovnani spekter pfislusnych standardi (Al, B1 a Cl) s MS/MS spektry SL
detekovanych v extraktu P. sativum (A2, B2) a V. faba. (C2)

acetatu.
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Obr. 21 Priklad ESI-MS/MS sodného aduktu [M+Na]* sorgolaktonu a 5-deoxystrigolu (Al,
Bl - standard, kofenovy extrakt - S. bicolor A2, B2) doplnény o charakterizované hlavni
fragmenty hmotnostniho spektra (C).
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3.2.5 Ambientni techniky pro studium strigolaktonii
3.2.5.1 Identifikace strigolaktonii pomoci HR-DART

Rozhodnuti pouzit ambientni techniky pro identifikaci SL bylo ucinéno s ohledem
na jejich tspesnou identifikaci pomoci UHPLC-MS/MS. Zamérem bylo najit techniku,
kterou by bylo mozné ziskat predbézné informace o pfipadném zastoupeni SL
Vv rostlinném pletivu bez nutnosti komplikované ptipravy vzorku pted instrumentélni
analyzou. Pfedpokladem bylo, Ze vysledky méteni za pomoci ambientnich technik budou
vsouladu s naméfenymi daty pomoci spojeni UHPLC-MS/MS. Byly vybrany dvé
ambientni techniky — DART a DESI.

Prvotni optimalizace identifikace SL pomoci spojeni HR-DART-OrbiTrap-MS
probihala s vyuzitim rostlinnych extrakt (Ciroku, bobu setého, hrachu seté¢ho a vikve)
obohacenych o standardy SL. Pfed analyzou byl rostlinny extrakt pfecistén pomoci SPE
a rozpustén ve 100% ACN. Nasledné byl pfenesen na vzorkovaci ty€inku a umistén
do iontového zdroje MS. Vysledky potvrdily o¢ekavani, bylo detekovano nékolik SL.
Po optimalizaci podminek byla vénovana pozornost hlavnimu ucelu pouziti DART, a to
pfimé analyze rostlinného pletiva bez narocné ptipravy vzorku. Pti¢ny fez stonku nebo
kotene (1 x 0,5 cm) byl pomoci pinzety umistén do iontového zdroje. Vysledkem méteni
bylo hmotnostni spektrum, ze kterého byla extrahovana hmota (m/z) hledanych latek
a porovnana s teoretickou m/z (Tab. 17). Ve vSech piipadech byly sledovany pouze
protonované molekulové ionty. Vystupem bylo uréeni hodnot spravnosti méfeni (mass
accuracy), které jsou uvedeny v Tab. 17. Spravnost méfeni je definovana jako relativni
rozdil mezi experimentdln¢ ziskanou hodnotou a teoreticky vypoctenou hodnotou
m/z sledovaného iontu, vztazeny k teoretické hodnoté. Je to bezrozmérna velicina a je
vyjadifena v ppm. Pro ur€eni spravného elementarniho slozeni se uvadi jako dostatecné
hodnoty mensi nez 5 ppm, kterych bylo dosaZeno u vSech identifikovanych SL. Spojeni
HR-DART-OrbiTrap-MS se jevi jako vhodny nastroj pro studium fytohormont.
Ptredbézné vysledky ukazuji, Ze tato technika disponuje vysokou citlivosti, pfi¢emz jeji

hlavni vyhodou jsou nizké naroky na ptipravu vzorkd.
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Tab. 17 Hodnoty m/z latek detekovanych pomoci HR-DART-OrbiTrap-MS v riiznych druzich
rostlin, které odpovidaji jednotlivym SL (orobanchol, 5-deoxystrigol, fabacyl acetat, orobanchyl
acetat a sorgolakton), a pro né stanovené hodnoty spravnosti méfeni.

Rostlina Latka Kofen Stonek
Hmota Spravnost méireni Hmota  Spravnost méi‘eni
(m/z) (ppm) (m/z) (ppm)
© Orobanchol 347,14975 2,41 347,15048 4,51
8 5-Deoxystrigol 331,15482 2,48 331,15488 2,66
© Fabacyl acetat 405,15483 1,08 - -
-‘>3 Orobanchyl acetat 389,15986 0,97646 - -
Sorgolakton - - - -
S Orobanchol 347,14929 1,08 - -
= 5-Deoxystrigol 331,15462 1,87 331,15485 2,57
3 Fabacyl acetat 405,15521 2,01 - -
'S Orobanchyl acetat 389,15998 1,28 - -
> Sorgolakton - - - -
Orobanchol 347,14957 1,89 347,15044 4,39
g E 5-Deoxystrigol 331,15463 1,90 331,15497 2,93
2 2 Fabacyl acetat 405,15469 0,73 - -
o 3 Orobanchyl acetat 389,16012 1,64 - -
Sorgolakton - - - -
Orobanchol* 347,14978 2,49 347,15024 3,82

5-Deoxystrigol 331,15497 2,93 331,15509 3,29
Fabacyl acetat - - - -

Orobanchyl acetat - - - -
Sorgolakton 317,13901 2,08 317,13966 4,13

Sorghum
bicolor

*V piipadé¢ S. bicolor nelze pomoci techniky DART rozlisit orobanchol od sorgomolu.
Oba uvedené SL maji stejnou m/z.

3.2.5.2 Identifikace a prostorova lokalizace strigolaktoni pomoci

HR-DESI

Druhou pouzitou ambientni technikou bylo spojeni HR-DESI-Orbitrap. Charakteristikou
DESI je schopnost pomoci elektrospreje desorbovat analyt z povrchu a zaroven ho
pfi tom ionizovat. Zamérem bylo kromé detekce 1 vytvofeni 2D mapy prostorove
distribuce SL v fezu stonku a kotfene. Piedpokladem bylo, Ze nejvyssi intenzita signalu
bude pozorovana ve stfedu fezu segmentu v misté, kde se nachazi cévni svazky (xylém).
Vysledky jsou prezentovany stejnym zpuisobem jako v piipad¢ podkapitoly vénujici se
technice DART, a to pomoci tabulky hmot (m/z) latek detekovanych HR-DART-
OrbiTrap-MS v riznych druzich rostlin spolecné se stanovenymi hodnotami spravnosti
meéteni (Tab. 18). Hodnota spravnosti méfeni nesméla presahovat 5 ppm. Dilezité je
zminit, Zze na rozdil od DART bylo hmotnostni spektrum analyzovanych SL tvofeno
prevazné sodnymi adukty [M+Na]®, pfi¢emz protonizované molekulové ionty se
nachazely v minoritnim zastoupeni. Opét byly pozorovany rozdilné hodnoty spravnosti

meéteni pro jednotlivych SL detekovanych v fezu stonku a kotene. V ptipadé DESI-MS

63



byla navic spravnost méfeni vyrazné vyssi v porovnani s HR-DART (< 1 ppm). Pouze
Vv jediném piipad¢é (P. savitum; orobanchyl acetat) byla spravnost méteni nad 1 ppm
(1,25 ppm).

Tab. 18 Hodnoty hmoty m/z latek detekovanych pomoci HR-DESI-OrbiTrap v riznych druzich
rostlin, které odpovidaji jednotlivym SL (orobanchol, 5-deoxystrigol, fabacyl acetat, orobanchyl
acetat a sorgolakton) a pro né stanovené hodnoty spravnosti méreni.

Rostlina Latka Koien Stonek
Hmota Spravnost méieni Hmota Spravnost méfeni
(m/2) (ppm) (m/z) (ppm)
© Orobanchol 369,13089 0,08 369,13068 0,57
3 5-Deoxystrigol 353,13629 0,98 353,13746 4,29
© Fabacyl acetat 427,13644 0,24 427,13607 0,63
-§ Orobanchyl acetat ~ 411,14127 0,37 411,14088 1,32
Sorgolakton - - - -
S Orobanchol 369,13089 0,73 369,13097 0,95
= 5-Deoxystrigol 353,13620 0,72 353,13493 2,87
o Fabacyl acetat 427,13647 0,31 427,13625 0,21
S Orobanchyl acetat  411,14146 0,09 411,14190 1,16
> Sorgolakton - - - -
Orobanchol 369,13062 0,73 369,13083 0,57
g E 5-Deoxystrigol 353,13586 0,24 353,13461 3,78
2.2 Fabacyl acetat 427,13637 0,07 427.,13632 0,04
o g Orobanchyl acetat ~ 411,14091 1,25 411,13988 3,76
Sorgolakton - - - -
Orobanchol 369,13074 0,33 369,13092 0,81

5-Deoxystrigol 353,13599 0,13 353,13529 1,85
Fabacyl acetat - - - -

Orobanchyl acetat - - - -
Sorgolakton 339,12061 0,93 339,12113 2,46

Sorghum
bicolor

*V ptipadé S. bicolor nelze pomoci techniky DESI rozlisit orobanchol od sorgomolu. Oba
uvedené SL maji stejnou m/z.

Jedna o prvni zaznam prostorové distribuce SL pomoci HR-DESI. Dle naSich
predpokladii byla nejvyssi intenzita signalu soustfedéna v centralni oblasti fezu kotene.
Pro ilustraci je zobrazena desticka supevnénym biologickym materidlem
(Obr. 22A — V. faba, C — P. sativum), ktery byl posléze skenovan a vysledkem byl 2D
zaznam intenzit analyzovanych latek (Obr. 22B - orobanchol a 5-deoxystrigol;
D —orobanchol, 5-deoxystrigol a orobanchyl acetat). Skeny fezdi stonku nejsou
prezentovany. Dlivodem, pro¢ byly vybrany jen dvé modelové rostliny, byl problém jiz
pfi samotné piipravé fezll. Bylo nutné zajistit, aby byl vzorek fezu dostatecné
reprezentativni a nebyl zddnym zplisobem deformovany, coz se u ostatnich modela
nepodaftilo. Pfes pomérné velky potencial pro studium SL vSak metoda HR-DESI trpi

fadou nedostatkl, které se tykaji nejen samotné analyzy, ale i pfipravy vzorkd. SL
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jsou velmi labilni slouceniny, které snadno podléhaji rozkladu. Nevime s jistotou, co se
pfesn¢ dé&je po provedeni fezu. Dochdzi naptiklad k vyliti jinych biologicky aktivnich
latek a hydrolytickych enzymu z bunéénych organel, coz mize vyrazné ovlivnit nejen
intenzitu signalu, ale také stabilitu SL. Preparaty navic nebyly nijak chemicky oSetifeny
a vlivem dehydratace dochazelo k jejich smrsknuti a tim zkresleni presné lokalizace
analyzovanych latek. V nékterych ptipadech byl pozorovan pokles intenzity signalu
v pribéhu asu. Rezy, které byly skenovany v pozdéji, se lisily intenzitou signalu

stanoven¢ latky v porovnani s dfive analyzovanymi vzorky.

Orobanchol o 5-deoxystrigol ! Q

Orobanchol 5-deoxystrigol

o

o
™=

Obr. 22 Preparaty pfi¢ného fezu kofene V. faba (A) a P. sativum (C) upevnénych na podloznim
skle. Zaznam 2D mapy prostorové distribuce vybranych SL, B) V. faba, - orobanchol,
5-deoxystrigol, D) P. sativum — orobanchol, 5-deoxystrigol a orobanchyl acetat. Méfeni prob&hlo
na pristroji HR-DESI-Orbitrap.
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Experimenty byly provedeny na pracoviiti Ustav chemie a biochemie, Mendlova
Univerzita v Brn¢, ve spolupraci a pod odbornym vedenim pana prof. RNDr Bofivoje
Klejduse, Ph.D.

3.2.6 Stabilita strigolaktonii

Dalsi kapitola vysledkové ¢asti se vénuje stabilit¢ a mechanismu hydrolyzy syntetického
analogu SL GR24. Tento analog vykazuje vyssi hydrolytickou stabilitou nez pfirozen¢ se
vyskytujici zastupci SL (Johnson et al., 1976, 1981; Nefkens et al., 1997; Kannan
a Zwanenburg, 2014). Z tohoto divodu byl pro srovnani v nékterych experimentech

zahrnut i 5-deoxystrigol.

3.2.6.1 Stabilita strigolaktonii v kultiva¢nich médiich

Cilem tohoto experimentu bylo ovéfit stabilitu SL v riznych kultivaénich médii
a pufrech. Koncentrace analytli byla stanovena spektrofotometricky. Méteni probihalo
v 1 hod intervalech (30 min interval v piipad¢ MS média) po celkovou dobu 24 h
pii vinové délce 239 nm. V uvedenych vysledcich I1ze pozorovat nejvyrazngjsi pokles
koncentrace GR24 0 10 % v % Hoaglandové médiu se zvySenymi koncentracemi Pi, a to
50 a 250 uM (Obr. 23). Nejvetsi tubytek GR 24 byl pozorovan okamzité po zahajeni
experiment (0,5 - 2,5 h). Navic v nekterych pfipadech byl zaznamenan docasny
neocekavany narust koncentrace, ktery byl nasledovan opét jejim poklesem. Divodem
byla nedostacujici rozliSovaci schopnost metody. Béhem prvni hodiny byl pozorovan
ubytek 5 %. V sedmé hodin€¢ doSlo k ustileni. Nicméné v ' Hoaglandové mediu
obsahujicim 25 uM Pi GR24 vykazovalo nejvyssi stabilitu, identickou s Hoaglandovym
médiem bez ptidavku Pi. V obou MS médiich byl pozorovan pokles koncentrace do 5 %

béhem 24 h.

66



o
N
1

GR24 (%)
8

85 T T T T T T T T T T T T T T T T T T T T

0 5 10 a8 (h) 15 20

——1/2 Hoaglandovo médium (250 pM Pi) 1/2 Hoaglandovo médium (50 uM Pi)
—+—1/4 Hoaglandovo médium (25 pM Pi) —1/4 Hoaglandovo médium (- P1})
=#=MS médium(+ sacharosa) MS médium (- sacharosa)

Obr. 23 Srovnani stability GR24 v riznych kultivaénich médii: Hoaglandovo médium testovan
vliv koncentraci Pi (0 — 250 uM) a MS médium (+ sacharosa).

3.2.7 Stabilita strigolaktonii ve vybranych pufrech

3.2.7.1 Kratkodobé monitorovani stability GR24

Stabilita GR 24 byla mimo kultiva¢ni média stanovena ve vybranych pufrech. Pro pH 6,0
byly zvoleny: fosfatovy, mravencanovy, octanovy, citratovy, a pro pH 7,0: fostatovy,
fosfo-citratovy, MES, HEPES, Tris-HCI (Obr. 24A, B). V této oblasti pH vykazuji SL
nejvyssi stabilitu. Jako kontrola byla zvolena Milli-Q voda. Témét u vSech testovanych
pufri byl pozorovan pokles koncentrace o pouhych 5 % za dobu 24 hodin. Lze
konstatovat, Ze jsou vhodnymi roztoky nejen pro experimenty s GR24. Naproti tomu
koncentrace GR24 se v pufrech HEPES a Tris-HCI (pH 7,0) po 24 hodinach snizila
0 15-25 %. Oba testované pufry, HEPES a Tris-HCI obsahuji latky, jeZ jsou schopny
poskytnou elektronovy par a vystupuji jako nukleofily. Jejich pfitomnost v roztoku muize

vést k hydrolyze GR24 a SL. Pouziti téchto pufrl proto neni vhodné.
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Obr. 24 Kratkodobé monitorovani stability GR24 v pufrech o pH 6,0 (A) a pH 7,0 (B).

3.2.7.2 Dlouhodobé monitorovani stability GR24 a 5-deoxystrigol

Zamérem experimentu bylo srovnat stabilitu GR24 a 5-deoxystrigolu. Testovani
probihalo po dobu 4 dn ve 24 h intervalech. Byla pozorovdna vyrazn€ nizsi

stabilita 5-deoxystrigolu nez v piipadé GR24 (Obr. 25A-D). Ztraty se pohybovaly
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v rozmezi od 20 az 95 %. Nejvyssi ubytek koncentrace byl pro oba analyty pozorovan
v Tris-HCl1 pufru (pH 7,0). Po 96 h doslo k vice jak 95% ztrat¢ 5-deoxystrigolu
a 63% GR24 (Obr. 25). Stabilita 5-deoxystrigolu ve vybranych pufrech (pH 6,0)
je uvedena na Obr. 25A. Nejvétsi ubytek pozorovan ve mravencanovém pufru. Oba
analyty vykazovaly nejnizsi ibytek koncentrace v citratovém pufru (pH 6,0). V ptipadé
5-deoxystrigolu doslo k poklesu koncentrace ptiblizné o 33 % za 96 hodin. Tento pokles
je vyrazné nizsi ve srovnani s dalsimi testovanymi pufry (pH 6,0 a pH 7,0). Pozorovano
byl i vyrazny ubytek 5-deoxystrigolu v kontrole (Milli-Q voda), a to ptiblizné 86 % za 96
hodin. Ve srovnani s GR24 v kontrole byl pokles koncentrace okolo 20 %.

BpH7,0
105

xystrigol (%)
5-Deoxystrigol (%)

5-Deo:
/
’

0 24 ] n 96
Cas(h)

+-Mraventanovy + Octanov +Citritovy Kontrola Fosfitovy —=Fosfo-citratovy —MES —=HEPES -=TRIS-C

GR24 (%)
|
GR24 (%)

0 24 48 72 96 0 24 18 72 96
Cas (h) Cas (h)
—Mravenéanovy ——Octanovy = Citritovy Kontrola Fosfatovy -=Fosfo-citratovy —MES -=HEPES -=TRIS-Cl

Obr. 25 Monitorovani dlouhodobé stability (4 dny) 5-deoxystrigolu (A, B) a GR24 (C, D)
v pufrech o pH 6,0 (A) apH 7,0 (B).

3.2.8 Stabilita GR24 ve vybranych rozpoustédlech

Zaémérem experimentu bylo najit vhodné rozpoustédlo, které¢ by bylo v dalsim
experimentu vyuzito pro stanoveni kinetickych a termodynamickych parametrt
pro reakci s GR24. Bylo provedeno ovéfeni stability SL v acetonitrilu, acetonu, ethanolu
a methanolu. GR24 vykazovalo vysokou stabilitu v acetonitrilu, acetonu a ethanolu
(ubytek GR24 <5 %). V roztoku methanolu bylo pozorovano znateln¢ nestabilni chovani

GR24. Tento vysledek byl ocekavany a potvrdil nasi domnénku, Ze nukleofilni povaha
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metanolu dostateéné urychluje pribéh reakce GR24. Aceton a acetonitril byly taktéz
testovany, nicmén¢ stabilita GR24 v téchto rozpoustédlech byla pfili§ vysoka a rychlost

prilis nizka, tudiz nevhodna pro tento experiment.

3.2.9 Nukleofilni reakce GR24

Doposud byly publikovany dva reakéni mechanismy nukleofilniho ataku molekuly
GR24. Nasim zdmérem bylo potvrdit, ze se jedna o adi¢né-eliminacni mechanismus
(Mangnus a Zwanenburg, 1992), kdy se nukleofil vaze na molekulu GR24 za soucasného
oddéleni D-kruhu. Pro potvrzeni mechanismu reakce bylo potieba stanovit kinetické
a termodynamické parametry reakce. Bylo vybrano nékolik nukleofilt. Jednalo se o latky,
které obsahovaly atom dusiku nebo siry (Obr. 26): benzylamin, 4-methoxybenzilamin,
p-anisidin, anilin, thiofenol, benzyl merkaptan a imidazol. Pritbéh reakce byl monitorovan
pomoci spektrofotometru pii rizné teploté (25-40 °C). Teplota 30 °C byla zvolena jako
optimalni pro reakci GR24 s vybranymi nukleofilnimi latkami v metanolu. Vystupem
bylo stanoveni rychlostni konstanty (k) a polo¢asu rozkladu (ti2). Hodnoty obou

jmenovanych parametrt jsou uvedeny v Tab. 19 pro kazdou testovanou latku.

A OCH; ¢  OCHs

NH,

E F G

Obr. 26 Vzorce vybranych potencionalné nukleofilnich latek, které byly testovany jako substraty
pro Michaelovu adici: A) benzylamin, B) 4-methoxybenzylamin, C) p-anisidin, D) anilin, E)
thiofenol, F) benzyl merkaptan G) imidazol.
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Tab. 19 Hodnoty reakéni rychlosti a polocasy rozkladu pro vybrané testované latky s GR24
pii teploté 30 °C.

Nukleofil k x 10° (mol-L*- s?) ti2 (h)
Kontrola (Metanol) 0,50 38,51
Thiofenol 0,67 28,88
Anilin 0,67 28,88
Imidazol 0,83 23,10
Benzyl merkaptan 1,00 19,25
p-Anisidin 1,67 11,55
Benzylamin 9,33 2,06
4-Methoxybenzylamin 11,17 1,72

Na zékladé stanovenych parametrti rychlostni konstanty a polocasu rozkladu bylo
prokazano, ze nukleofilni reakce GR24 je reakci druhého fadu. Rychlostni konstanty
druhého tadu ziskané ze spektrofotometrickych méfeni v podminkach pseudo-prvniho
pofadi jsou uvedeny chronologicky. Nejrychlejsi prubéh reakce byl pozorovan
pro benzylamin a 4-methoxybenzylamin s polo¢asem rozpadu GR24 < 3 h,
zatimco nejpomalejsi reakce zahrnovala nukleofily obsahujici atom siry (thiofenol,
benzyl merkaptan; poloCas rozpadu > 19 hodin). Zjisténé parametry pro reakce
benzylamin a 4-methoxybenzylamin byly pouzity pro vypocet termodynamickych
parametrt reakce (Tab. 20). Kineticka a termodynamicka data, jakoz i reak¢ni produkty
ur¢ené pomoci NMR a HRMS potvrzuji, ze reakce GR24 s nukleofily probiha
bimolekuldrnim mechanismem. V daném ptipadé¢ se uplatituje mechanismus Michaelovy
reakce, kterd je nasledovana eliminaci. Zaporné hodnoty pro AS indikuji asociativni
reak¢éni mechanismus, kde SL a nukleofil tvoti jediny aktivovany komplex ptes adicné-
elimina¢ni mechanismus. Testovani zahrnovalo vlastni syntézu potencionalnich produktt

reakce a jejich naslednou charakterizaci pomoci *H-NMR.
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Tab. 20 Termodynamické vybranych nukleofild pti nukleofilni substituci na molekulu GR24 pii
40 °C.

_ Ea AH? AS? AGH
Nukleofil logA
kJ-Ktmol?  kJ-K1-molt J-mol? kJ-K1-mol*!
Benzylamin 31,62 29,01 -230,86 101,31 15,46
4-Methoxybenzylamin 27,96 25,36 -232,16 98,06 14,16

3.2.10 Monitorovani nukleofilni reakce GR24 pomoci UHPLC/MS-MS

Cilem tohoto experimentu bylo najit vhodnou metodu, ktera by byla schopnd jednozna¢né
identifikovat vznikajici produkty reakce GR24 s vybranymi nukleofily. Pro monitorovani
byla zvolena UHPLC-MS/MS metoda. V daném uspotadani byl experiment navrzen tak,
aby bylo dosazeno uspésné separace vSech slozek reakéni smési. Mezi testované latky
patiily: benzylamin, 4-methoxybenzylamin, p-anisidin, imidazol, thiofenol a benzyl
merkaptan.

Pribéh reakce je znazornén a prezentovan na reakci s 4-methoxybenzylaminem
na Obr. 27. Z poc¢atku byl pozorovan pouze ubytek GR24 (1) a narGst intenzity signalu
nov¢ vznikajiciho komplexu ABC-Nu (2). Po vyCerpani reaktantu (GR24) reagoval
ptebytek Nu s hydroxybutenolidem (hydroxy-D-kruh) za vzniku D-Nu (3). Je dulezité
zminit, ze byl pozorovan dalsi pik se shodnym hmotnostnim a koliznim spektrem jako
ABC-Nu. Jednalo se o epimer ABC-Nu. Pro porovnani je uveden zaznam
spektrofotometrického méfeni, kde nelze jednoznac¢né rozlisit produkty reakce na zakladé
UV profilu. Lze pouze identifikovat nejvice zastoupenou latku. Dle ziskanych vysledkt
D-kruh nereagoval s anilinem, thiofenolem a benzylmerkaptanem ani po 24 h.
Identifikace fragmenti reakce s GR24 a 4-methoxybenzylaminu byla provedena
dle Obr. 28.
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Obr. 27 A) MS zaznam reakéni smési (A) GR24 a 4-methoxybenzylaminu v ¢ase 0, 5 a 24 h.
B) UV profil GR24 (1) a vzniklého produktu (2). (1) GR24; (2) ABC-Nu; (3) D-Nu.
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Obr. 28 Identifikace fragmentt reakce GR24 a 4-methoxybenzylamin: (A) ABC-Nu, (B) D-Nu.

Uvedené fragmenty byly soucasti monitorovani vybranych reakci (MRM). Vzdy byl
zvolen jeden kvantifika¢ni a minimalné jeden az dva konfirmacni pfechody. Tab. 21
ilustruje seznam charakterizovanych nejintenzivnéjSich fragment kolizniho spektra.
V piipadé D-Nu byl ve vsSech piipadech pozorovan fragment o hmoté m/z 97,
ktery odpovidd D-kruhu. Vysledek experimentu je v souladu s postulovanym
mechanismem (Mangnus a Zwanenburg, 1992), kde reakce nastava az po uvolnéni

hydroxybutenolidu.
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Tab. 21 Charakterizované hmoty (m/z) vybranych fragmentt reakénich produkti ABC-Nu
a D-Nu.

Nukleofil ABC-Nu D-Nu
253,05 [M+H]* 166,07 [M+H]*
Imidazol 185,05 [M+H-CsHsN,]* 97,05 [M+H-CsHs03]"*
69,05 [M+H-C1,H;N,0,]* 69,05 [M+H-CsH4N2]*
308,05 [M+H]* 220,05 [M+H]*
p-Anisidin 290,00 [M+H-H,0]* 108,10 [M+H-CsH4NO]*
162,05 [M+H-CyHsO,]* 97,05 [M+H-C;HyNOT*

234,11 [M+H]*
121,10 [M+H-CsH/NO,]*
97,05 [M+H-CgH1;NO]*
91,10 [M+H-CsHoNOs]*

321,14 [M+H]*
4-Methoxybenzylamin 121,10 [M+H-C12H11NO2]*
91,10 [l\/l+H-C:13H13N03]Jr

292,05 [M+H]* 204,10 [M+H]*
. 274,10 [M+H-H,0]* 97,05 [M+H-C7HoNT*
Benzylamin
183,05 [M+H-C¢H;NO]* 91,10 [M+H-CsH/NO,]*

91,10 ['\/|+H-C12H11N02]+

3.2.11 Regulace auxinové drahy vlivem SLs efektu na endocytosu PIN

proteinu

Mezi dal$i feSenou problematiku patfila role SL na konstitutivni recyklaci auxinovych
transportérti. Jednalo se o imunolokalizaci PIN1 v kofenovych buiikach, kde byl sledovan
vliv GR24 na internalizaci BFA téles. BFA (brefeldin A) je po chemické latce lakton,
ktery je produkovany Eupenicillium brefeldianum. Jeho charakteristickou vlastnosti je
schopnost inhibovat transport proteinti (Rothman, 1994).

Mechanismus experimentu je zalozeny na inhibici PIN proteind, které zistanou
lokalizovany 1 mimo plazmatickou membranu v tkz. ve formé BFA télisek. Pridavek
auxinu (NAA) vede k jejich relokalizaci. SL putsobi na auxinem zprostiedkovanou
inhibici PIN endocytové recyklace (Paciorek et al., 2005). Jak jiz bylo dokazano diive,
tak PIN proteiny se hromadily intracelularné po oSetfeni BFA (brefeldin A) a tyto
BFA-indukované internalizace PIN byly inhibovany syntetickym auxin (NAA). Samotné
osetfeni GR24 nevykéazalo zadny uc¢inek na BFA-indukovanou PIN intraceluldrni
akumulaci, ale jasn¢ interferovalo s NAA, pti¢emz vedlo Kk inhibici tohoto procesu.
Podobny téinek vykazoval i ptirozené vyskytujici se SL, 5-deoxystrigol, ktery vedl
ke zruSeni auxinového efektu na inhibici PIN internalizaci po oSetieni BFA viz Obr. 29.
Pro experiment musela byt pouzita vyssi koncentrace GR24/5-deoxystrigol. Nicméné¢ je
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nutné zdiiraznit, Ze uvedeny experiment vyzadoval pomérné vysokou koncentraci GR24.
Dtivodem je, Zze Col-0 je do jisté miry rezistentni viici GR24 (>5 uM GR24 pro vyjadieni
biologické aktivity) (Shinohara et al., 2013; Hu et al., 2014; Bennett et al., 2016; Hu et
al., 2017). Navic jeho vyssi koncentrace mohou mit vliv na signalni drahu fotoreceptoru,
jelikoz se jedna o racemickou smés (rac-GR24), kdy jeho stereoizomery mohou svou
vazbou na receptor spustit signalni kaskadu, kterd neni soucasti SL signaliza¢ni drahy

(Tsuchiya et al., 2010; Scaffidi et al., 2014; Zhang et al., 2020).
.
.

Obr. 29 Vytez n¢kolika bunék kotene A. thaliana (Col-0). A) DMSO (kontrola), B) BFA,
C) BFA+NAA, D) BFA+NAA+SL (GR24/5-deoxystrigol).



3.3 Diskuze

Prezentovana disertacni prace je ¢lenéna do nékolika okruhi: 1) Selekce vhodnych
biologickych modelt pro studium strigolaktonti. 2) Vyvoj metod izolace a purifikace
strigolaktontl z rostlinného pletiva. 3) Vyvoj UHPLC-MS/MS metodiky pro profilovani
strigolaktontl. 4) Vyuziti ambientnich technik — DART a DESI ve studiu strigolaktont.
5) Studium stability strigolakton a mechanismus hydrolyzy GR24.

Jednim z prvotnich cili byla selekce vhodného biologického modelu a kultivaru,
ktery by diky rychlému ristu a relativné vysoké koncentraci produkovanych SL umoznil
vyvoj analytické metody pro profilovani SL. Nejlepsim modelem se ukédzaly byt bob sety,
hrach sety, a ¢irok dvoubarevny. Mezi modelové rostliny jsem zatadil i vikev setou, u niz
nebyla pritomnost SLs doposud publikovana. VSechny uvedené plodiny jsou schopny
béhem Kultivace o délce 3 tydnt vytvofit bohaty kofenovy systém s dostate¢nym
mnozstvim kofenové biomasy. Jako nevhodné pro dalsi praci byly vytazeny rajée jedlé
a kukufice setd. V minulosti byl ¢irok dvoubarevny pouzit jako modelova rostlina
pro optimalizaci protokolu izolace a purifikace SL (Yoneyama et al., 2016). Bob sety
a hrach sety byly vybrany, protoze patii do dobie prostudované cCeledi bobovitych
(Yoneyama et al., 2008; Foo a Davies, 2011 Pavan et al., 2016; Boutet-Mercey et al.,
2018).

Dal8im krokem bylo vybrat vhodnou izola¢ni metodu pro izolaci SL. Hlavnim
omezujicim faktorem je nizkd chemicka stability SL, ktera v kombinaci s nizkou
koncentraci snizuje kone¢ny vytézek a velmi nizkou koncentraci (Kohlen et al., 2011,
Ueno et al., 2015b; Boutet-Mercey et al., 2018; Rial et al., 2018). Testovano bylo nékolik
potenciondlné vhodnych sorbentl — silikagel, polymerni sorbent Strata-X a Strata C18-U.
Vyhodou byla siln4 retence analytu bez potieby pouziti promyvacich kroki, snadna
manipulace, a navic polymerni sorbent disponuje i vyssi kapacitou pro mnozstvi
nanesen¢ho vzorku, a to az 10x. Celkova ndvratnost testované¢ho analytu (GR24)
po izolaci na polymernim sorbentu byla mezi 74-87 % z ¢istého rozpoustédla a 59-63 %
z rostlinném extraktu po piidavku analytu. Dalsi testovany sorbent, silikagel, zastava
dominantni pozici pifi vybéru sorbent v ramci SL problematiky. Vyhoda silikagelu je
moznost frakcionace vzorku, kde je rozdélen na n¢kolik frakci za pouziti tékavych
rozpoustédel hexanu/heptanu a EtOAc. Frakcionace pomoci silikagelu méa predevSim
uplatnéni pro germinacni testy, kdy jednotlivé frakce jsou testovany na SL indukované

kli¢eni parazitskych rostlin (Kisugi et al., 2013). Testovali jsme n&kolik izola¢nich
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a purifikacnich protokolu, které se soucasné vyuzivaji ve védecké praxi: A) Yoneyama
et al. (2016), B) Kisugi et al. (2013) a C) Boutet-Mercey et al. (2018). Nejvyssi hodnota
navratnosti byla stanovena pro protokol C: 65,19 + 3,77 % pro GR24 a 42,50 + 0,76 %
pro sorgolakton. Oba analyty byly interné piidany na zacatku extrakce. Ze ziskanych
poznatkl jsme optimalizovali protokol, ktery kombinuje vyhody dvou piedchozich
publikovanych izola¢nich metod (Kisugi et al., 2013; Boutet-Mercey et al., 2018)
ave vysledku jsme dostali 3 frakce (heptan/EtOAc 75:25, 50:50, 0:100), a to bez
promyvaciho kroku, aby bylo mozné zajistit izolaci i jinych SL (napf¥. 5-deoxystrigol
a sorgolakton) v riznych organismech (napt. S. bicolor).

Metoda UHPLC nabizi, ve srovnani s klasickou HPLC, kratsi doby analyzy a vétsi
ucinnost separace. Ve spojeni s MS/MS tvoii nejii¢ingj$i metodu analyzy SL, stejné jako
v piipadé¢ ostatnich skupin fytohormont (Tarkowska et al., 2014). Pro detekci
a kvantifikaci se vyuziva rezim MRM (monitorovani charakteristickych fragmenti).
Takto je zajisténa vysoka citlivost a selektivita méfeni (Sato et al., 2003; Xie et al., 2010;
Iseki et al., 2018). MRM zaznam je velice dulezity pro jednozna¢nou identifikaci SL,
jak bylo prokazano v nedavno publikovaném ¢lanku Rial et al. (2018). V jejich ptipadé
nedokazali chromatograficky oddglit stereoizomerni slouceniny strigol a orobanchol,
ale byli schopni je rozlisit pomoci pfislusnych ptechodi MRM. Je tfeba poznamenat,
ze vétsina SL je analyzovana V pozitivni modu ionizace. Jedinou vyjimkou je kyselina
karlaktonova, ktera je detekovana v negativnim modu (Iseki et al., 2018). Volba ptechodt
MRM zavisi na slozeni mobilni faze a pH. Nizké pH mobilni faze potlacuje tvorbu
sodnych nebo draselnych adukti ve prospéch protonovanych molekularnich iontt
[M+H]" (Sato et at., 2003; Xie et al., 2008, 2009; 2005 Yoneyama et al., 2008; Yoneyama
et al., 2016, Boutet-Mercey et al., 2018). Nami zvolené piechody vychazely
z automatické MRM optimalizace. Jediny fabacyl acetat poskytoval vyS$i intenzitu
signalu ve formé& protonizovanych molekulovych ionti [M+H]* (405 > 231 a 405 > 97),
coz korespondovalo s praci Rial et al., (2018). V nasem piipadé byla provedena pouze
identifikace SL pro stanoveni pfesné koncentrace jsme nedisponovali potiebnymi
internimi standardy. Doposud byla popséana ptiprava jen n¢kolika znac¢enych pfirozené se
vyskytujicich SL. Obvykle se pouZivaji stabilni izotopy *C nebo 2H, které spliuji
pozadavky kladené na spolehlivost analyzy (Zwanenburg et al., 2016; Boutet-Mercey et
al., 2018). Boutet-Mercey castecne vyfesil piipravu znacenych SL obsahujicich
na A-kruhu acetylovou funkéni skupinu (?Hs-fabacyl a orobanchyl acetat). Alternativou

k internim standardim znaenym stabilnimi izotopy muze byt pouziti syntetického
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analogu SL, GR24 — externi standardizace. Jedna se o slouceninu strukturné i chemicky
blizkou pfirozen¢ se vyskytujicim SL. Preciznost takového stanoveni vSak ovliviiuje
vyrazn¢ vys$si stabilita tohoto analoga. V nedavné dobé byly publikovany pouze dvé
studie, které tento pfistup popisuji (Boutet-Mercey et al., 2018; Rial et al., 2018).
Vsechny nami identifikované SL koresponduji s doposud publikovanou literaturou.

Identifikace pomoci techniky DART-MS nevyZaduje pfipravu vzorku. Technika
DART-MS je vhodna pro analyzu nizkomolekularnich latek s hmotou m/z < 1500 (Yew,
2019). V minulosti byla uspés$né pouzita pro studium fady latek napf. alkaloida (Lesiak
et al., 2016), silic (Giffen et al., 2017), lipidi (Antal et al., 2016), a mastnych kyselin
(Cody et al., 2012). Davodem, pro¢ doposud nenasla $irsi vyuziti pti studiu fytohormoni
je jejich nizka koncentrace. Takovéto experimenty vyzaduji pouziti méné dostupnych,
velmi citlivych hmotnostnich spektrometrti. DART-MS je navic méné vhodny k analyze
termolabilnich latek, pfi pouziti pfili§ vysoké teploty muize dojit k neocekdvané
fragmentaci, coz znemoziuje interpretaci spektra a presné stanoveni hmotnosti intaktnich
molekul (Cody et al., 2009). V daném usporadani HR-DART-Orbitrap-MS byla zjisténa
pfitomnost SL, data byla ovétena pomoci UHPLC-MS/MS. Ve vysledku Ize konstatovat,
ze DART-MS je unikatni metoda, ktera je schopna velmi rychle (bez zdlouhavé
ptedupravy vzorku) a efektivné podat informaci o chemickém slozeni testovaného
biologického materilu.

Dalsi pouzitou ambientni technikou byla HR-DESI-Orbitrap-MS, ktera byla
pouzita pro detekci SL, ale hlavnim zamérem pouziti bylo vytvoreni 2D mapy prostorove
distribuce SL v fezu stonku a kotfene. Kritickou ¢asti je zde ptiprava vzorku. Pro piipravu
fezti byl pouzit vibratom. Usp&iné jsem piipravil reprezentativni fezy V. faba
a P. sativum. V ostatnich pfipadech jsem nebyl schopen pfipravit fezy o definované
tloust'ce, dochazelo k deformaci povrchu segmentli pletiva. DalSim pozorovanym
problém bylo smrst'ovani fezl rostlinnych pletiv, které bylo zptisobeno jeho dehydrataci.
Jako mozné feseni se nabizi otisk segmentu rostlinného pletiva nebo celého organu (napft.
listu). Biologicky materidl je lisovan pomoci mirného tlaku na porézni teflon
pfi souc¢asném zachovani prostorového rozlozeni analyzovanych analytt (Li et al., 2011,
2013, Thunig etal., 2011). V praci Rejsek et al., (2017) byl problém analyzy neplanarnich
povrchii vyfeSen pomoci iontového zdroje s laserovou triangulaci. Pohyb iontového
zdroje po soufadnicich os Xyz umoznuje udrzovat konstantni vzdalenost mezi povrchem
fixovaného vzorku a sprejovaci kapilary. Pohyb je dikladné sniman pomoci laserového

senzoru a nasledné vyhodnocen tak, aby nedoslo k pfimému kontaktu s povrchem vzorku.
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Usporadani HR-DESI-Orbitrap-MS se jevi jako slibny nastroj pro studium fytohormontl.
Budouci vyzvou a tkolem je optimalizovat piedptipravu vzorkl pifed samotnou analyzou.
Zajisténi 2-D prostorové distribuce fytohormont pfinasi velice hodnotnou informaci
pro biology. Muze zodpovédét fadu otazek ohledné transportu latek, jejich regulace
a lokalizaci nejen za normalnich podminek.

Dalsim z cilt bylo ovéfit stabilitu GR24 v riznych kultiva¢nich médii a pufrech,
které¢ doposud nebyly testovany. Zamérem bylo zjistit, jak spravné skladovat vzorky
a ¢asové rozvrhnout experiment, nez dojde k vyznamnému poklesu koncentrace c¢i
uplnému rozkladu SL. Mezi testovand kultiva¢ni média patfilo Hoaglandovo médium
a MS médium, ktera se Casto pouzivaji pro hydroponickou kultivaci rostlin. V ramci
testovani byl pozorovan maximalni ubytek 10 % GR24 v 2 Hoaglandové médiu
(250 uM Pi). V ptipadé MS média byl ubytek mezi 3-5 %. Ziskané vysledky jsou navic
podpofeny dalsi studii, ve které byl testovan vliv 10 mmol-1? fosfatového pufru
s methanolem (3:1; v/v) s poloasem rozkladu 9 h (Rasmussenetal., 2013).
Predpokladame-li, ze fosfatové ionty piisobi jako nukleofilni ¢inidlo stejnym zplsobem
jako ostatni nukleofily, tak jejich pfitomnost bude mit zna¢ny vliv na chemickou stabilitu
pfirozen¢ se vyskytujicich SL. Lze tedy konstatovat, ze celkova koncentrace SL
v kotfenovych exudatech je do zna¢né miry ovlivnéna slozenim média. Hydroponicka
kultivace rostlin bez Pi je bézné vyuzivana pro zvysSeni produkce SL (Lopez-Raez et al.,
2008a; Jamil et al., 2011; Yoneyama et al., 2012). Vyznamny rozdil v koncentraci
produkovanych SL lze pozorovat nejdiive po 24 h od odstranéni P1 z média. AvSak stale
zustava nezodpoveézena otazka, jestli je zvySena koncentrace SL diisledkem nedostatku
Pi (termin — phosphate starvation) nebo se jedna pouze o eliminaci interferujici slozky
ovlivityjici jejich hydrolytickou stabilitu. Dalsi experimenty byly vénovany testovani
stability SLs ve vybranych pufrech o pH 6,0 a 7,0. Kromé GR24 byl do testovani zahrnut
i ptirozené se vyskytujici 5-deoxystrigol. Zamérem bylo kromé zjisténi vhodnosti pouziti
nékterych pufri pfedevS$im demonstrovat rozdil stability mezi syntetickym analogem
a ptrirozen¢ se vyskytujicim SL. Sledovany pokles koncentrace GR24 za 24 hodin
v pufrech s pH 6,0 (octanovy, fosfatovy, mravencanovy a citratovy) a pH 7,0 (fosfatovy,
fosfat-citratovy a MES) byl do 5 %. Vysledky naznacuji, ze uvedené pufry jsou vhodné
pro kratkodobé skladovani a experimenty s GR24. Naopak koncentrace GR24 v pufrech
HEPES a Tris-HCI (pH 7,0) poklesla 0 15-25 % po 24 hodinach méteni. Obé molekuly,
HEPES a Tris-HCI, obsahuji volny elektronovy par, diky kterému mohou pusobit jako

nukleofily, ¢imz hydrolyzuji SL molekulu, a proto nejsou vhodné pro experimenty se SL.
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Vysledky jasné¢ demonstruji nevhodnost pouziti vybranych pufrG pro studium
5-deoxystrigolu. Jediny vhodny puft pro experimenty s nim se jevi citratovy pufr, kde byl
pozorovan pokles koncentrace o 33 % za 96 hodin. NaSe data podporuji diivéjsi
publikace, kde Akiyama et al., (2010) stanovil pro 5-deoxystrigol poloc¢as rozkladu (t1/2)
36 hodin. Dale se stabilité ptirozené se vyskytujicich SL vénovali autofi prace Boyer et al.
(2012), kde byly stanoveny ti» pro solanakol (48 hodin), respektive solanakyl acetat
(96 hodin), ve smési ethanolu a vody (1: 4; v/v). V dalsi ¢asti byl studovan mechanismus
reakce GR24 s vybranymi nukleofily. Nejprve jsem vybral vhodné rozpoustédlo. V ném
reakce probihala dostatecné rychle. GR24 vykazoval vysokou stabilitu v acetonitrilu,
acetonu a ethanolu. V roztoku methanolu vykazoval GR24 znatelné nestabilni chovani.
Bé&hem 24 hodin doslo k 24% poklesu koncentrace GR24. Tyto vysledky koresponduji
s praci Akiyama et al., (2005) a Rasmussen et al., (2013). Poloc¢as rozpadu GR24 byl
Vv ptitomnosti benzylaminu a 4-methoxybenzylaminumensi nez 3 hodiny. Ob¢& uvedené
latky ochotné reagovali s GR24, zatimco nejpomalejsi reakce zahrnovala nukleofily
obsahujici atom siry (thiofenol, benzyl merkaptan; polocas rozpadu > 19 hodin). Pfi¢inou
pomalého pribéhu reakce byla jejich slaba nukleofilita. Na zakladé¢ vysledki bylo
potvrzeno, ze se jedna o adi¢né-eliminaéni mechanismus, ktery byl jiz v minulosti
diskutovan a popsan Mangnus a Zwanenburg, 1992. Tento model pfedpoklada vznik
komplexu ABC-Nu. Nukleofil atakuje enol-etherovou vazbu molekuly GR24, pii¢emz
dochazi navazani na zdkladni skelet tricyklického laktonu (ABC kruhu) a to
za soucasného oddéleni D-kruhu. Stanovené termodynamické parametry reakce
naznacuji, resp. hodnota logaritmu frekven¢niho faktoru (log A), Ze se ve vSech ptipadech
jedna o bimolekularni reakci. Navic zdporné hodnoty pro AS ukazuji, Ze entropie klesa
po vytvofeni pfechodného stavu, coz indikuje asociativni mechanismus. Timto
mechanismem tvoti SL a nukleofil jediny aktivovany komplex, adi¢ni produkt A, ktery je
vysledkem adi¢né-elimina¢niho mechanismu. Zavérem experimentu a zakonceni
kapitoly byl provedeno monitorovani produktu nukeofilni reakce GR24 pomoci UHPLC-
MS/MS. Bylo pozorovana tvorba produktu ABC-Nu, coz opét potvrdilo adi¢né-
eliminacni mechanismus reakce. Dulezité je zminit, Ze reakce probihala v nadbytku
nukleofilu, tudiz po vyCerpani substratu (GR24), ptebytek Nu reagoval z jiz uvolnénym
D-kruhem. Tohoto vysledku bychom bez pouziti MS/MS nedoséhly, protoze v ptipadé
UV zaznamu neni mozné rozeznat UV profil reaktanti od produkti. UHPLC-MS/MS

predstavuje vynikajici metodu pro sledovani prubehu reakce.
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4 ZAVER

Jako modelovy organismus pro studium strigolakton byly vybrany: bob sety
(V. faba), hrach sety (P. sativum), vikev seta (V. sativa) a ¢irok dvoubarevny
(S. bicolor).

Byla testovana tspésnost riznych doposud publikovanych protokold pro izolaci
a purifikaci SL z rostlinného pletiva, pficemz nejvyssi hodnoty navratnosti byly
dosazeny za soucasného pouziti homogenizace a precisténi vzorku pomoci SPE.

Optimalizovana metoda UPLC-MS/MS byla Gispésné pouzita pro identifikaci SL
u vybranych rostlinych modelt: bob sety (orobanchol, 5-deoxystrigol, fabacyl
acetat, orobanchyl acetat), hrach sety (orobanchol, 5-deoxystrigol, fabacyl acetat,
orobanchyl acetat), ¢irok dvoubarevny (5-deoxystrigol, sorgolakton), vikev seta
(orobanchol, fabacyl acetat, orobanchyl acetat).

DART-HR-MS (pfima analyza v realném ¢ase) je vhodnym nastrojem pro rychlou
identifikaci SL. Hlavni vyhodou této metody je minimalni ptiprava vzorku. Jen
mala ¢ast segmentu rostliny (kofen, stonek) byla zavedena ptimo do iontového
zdroje a pouzita pro analyzu k ziskani davéryhodnych vysledki, které byly
podpoteny UPLC-MS/MS analyzou.

DESI-MS prinesla dulezitou informaci o prostorovém zastoupeni SL

ve vybranych rostlinnych pletivech.

Na zaklad¢ testovani stability SL v kultivacnich médiich, pufrech a riznych
rozpoustédlech byla navrZzena nasledujici pravidla pro experimentdlni préci
s roztoky SL.
e Zasobni roztoky SL by méli byt pfipraveny v bezvodych rozpoustédlech,
jako je naptiklad DMF a aceton a skladovany pii -20 °C.

e Kdykoliv je SL rozpustén ve vodném roztoku, musi byt tento roztok pouzit
do 24 hodin.

e Ne¢které pufry jako Tris-HCl a HEPES, jsou nevhodné pro experimenty se
SL.

e Reakce GR24 snukleofilem probihala prostiednictvim adi¢né-
eliminacniho  mechanismu  azasoucasného  oddéleni  D-kruhu
(hydroxymethylbutenolidu). Bylo potvrzeno, ze se jedna biomolekularni
reakci, pro kterou se uplatituje Michaelova reakce (adice) néasledovana
eliminacni reakci.
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6 SEZNAM POUZITYCH ZKRATEK

4-DO 4-deoxyorobanchol

ACN acetonitril

AM arbuskularni mykorhiza

APCI chemicka ionizace za atmosférického tlaku
BFA brefeldin A

CCD karotenoid stépici dioxygenasy

CLA kyselina karlaktonova

DAD detektor diodového pole

DART pfima analyza v redlném Case

DESI desorpcni ionizace elektrosprejem

DMF 2,2-dimethylformamid

DMSO dimethyl sulfoxid

ESI ionizace elektrosprejem

EtOAC ethyl acetat

GC plynova chromatografie

GR5 synteticky analog strigolaktont

GRY7 synteticky analog strigolaktont

GR24 synteticky analog strigolaktonii

HEPES 4-(2-hydroxyethyl)-1-piperazinethansulfonova kyselina
HR vysokorozliSovaci

HRMS vysokorozlisSovaci hmotnostni spektrometrie
LC kapalinovéa chromatografie

LC-MS/MS kapalinova chromatografie ve spojeni s hmotnostni spektrometrii
LOD limity detekce

LOQ limit kvantifikace

MALDI laserovou desorpce a ionizace za ti¢asti matrice
MeCLA methylkarlaktonova kyselina

MES 2-(N-morfolin)ethansulfonova kyselina
MRM selektivni monitorovani vice reakci

MS hmotnostni spektrometrie

MS médium Murashige a Skoog médium

MSI hmotnostni zobrazovaci spektrometrie

NAA kyselina 1-naftyloctova

NMR nukledrni magnetické rezonance

Nu nukleofil

OS orobanchol synthasa

Pi fosfat

PIN vytokové pienosové proteiny

RP reverzni faze

SPE extrakce na pevné fazi

SL strigolakton

TLC Chromatografie na tenké vrstveé

TMSi tetramethylsilyl

WT rostlina divokého typu (,,wild type)*
UHPLC ultraucinna kapalinova chromatografie
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Abstract

Strigolactones (SLs) are structurally diverse class of plant hormones which control plant
development, stimulate symbiotic interaction with arbuscular mycorrhizal fungi, and promote
a germination of root parasitic plants. All of these features make them potentially powerful tool
in the variety of agriculture fields. For this purpose, a vast knowledge of genetics, biochemistry,
and cell biology accompanied by elaborated analytical methods is required. In recent years, a
huge progress of analytical methods was made for detection and quantification of SLs.
However, all of them involve tedious sample preparation. Therefore, we applied ambient
techniques with sample ionization out of a mass spectrometer — DART, DESI — to identify SLs
in several plant samples. Whereas DART significantly simplifies sample preparation, DESI
allows analysis of SLs 2D distribution in plant tissue. Collectively, both approaches open a new
avenue for testing the spatiotemporal distribution of plant hormones within diverse plant tissue.
Moreover, the presence of SLs, particularly 5-deoxystrigol, orobanchol, orobanchyl acetate,

sorgolactone and, fabacyl acetate, in four different plant tissues was confirmed by conventional



UHPLC-MS/MS method. In addition, three the most used isolation protocols were used and

compared.

Keywords: Strigolactones, MS ambient techniques, DART, DESI, UHPLC-MS/MS.

1. Introduction
Strigolactones (SL), as plant hormones, regulate various development processes by interacting
and communicating (“cross-talk™) in signalling pathways with other phytohormones (Matusova
et al., 2005; Xie et al., 2010; Al-Babili and Bouwmeester, 2015). Firstly, they were described
as secondary metabolites that mediate the germination of a parasitic plant belonging to Striga
and Orobanche families (Cook et. al., 1966). On the other hand, they serve as important
signalling molecules for inducing branching of the fungal hyphae by participating in process of
arbuscular mycorrhiza (Akiyama et. al., 2005).
SLs occur in the entire plant kingdom, from moss-like plant or charales to higher plants such
as Pinus or Eucalyptus species (Xie et al., 2010; Delaux et al., 2012). They are produced by
root system from where are either released into the rhizosphere in form of exudates, or
transported to the above-ground part of the plant (Kolhen et al., 2011; Foo et al., 2013).
Individual plant species produce SLs in different structural variations and extremely low
concentration corresponding to 15-30 pg/day/plant (Sato et al., 2005; Cardoso et al., 2011, Xie
etal., 2013).
Therefore, precise sample preparation (isolation and purification) together with highly
sophisticated instrumental equipment are the most important factors that influence the chemical
analysis of the SLs (Kohlen et. al., 2013). Generally, SLs levels were analysed in plants that are
grown in a hydroponic system. The timeframe of SLs production is controlled via a defined
amount of nutrients in the medium. SLs are released into cultivation medium and collected by
adsorption on active charcoal or directly extracted by liquid/liquid extraction with ethyl acetate
(Awad et. al., 2006; Yoneyama et al., 2007; Delaux et al., 2012). In addition, harvested root
tissue or shoots are processed either by maceration or extraction of grinded tissue (Yoneyama
etal., 2012; Yoneyamaet al., 2013, Yoneyama et al., 2016; Boutet-Mercey et al., 2018). Target
molecules migrate into an appropriate solvent, and in the next step are purified via SPE (solid-
phase extraction). The SPE supresses negative effects of interferences with compounds
occuring in much higher concentration than SLs and helps to obtain sufficient recoveries.
Chemically, SLs can be divided into two groups, canonical and non-canonical (Figure 1). The

canonical is formed from the tricyclic ABC-lactone ring which is attached via an enol-ether
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linkage to a D-ring (hydroxylated butenolide). The second group, non-canonical SLs are lacking
the A, B or C ring, but still there is the enol-ether linkage to D ring, which is essential for their

biological activities (Zwanenburg and Pospisil, 2013; Yoneyama et al., 2018).
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Figure 1. Chemical structures of selected strigolactones.

The most used analytical technique for detection and quantification of SLs is ultra-performance
liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS), (Sato et.
al., 2003, Xie et. al., 2010). The MS/MS methods are useful tools that are capable of
simultaneous quantification and identification of metabolites with diverse properties of
phytohormone group/s.

However, ambient mass spectrometry is a relatively novel technique that is used for the
identification of compounds in their native environment. The most common are DART-MS
(direct analysis in real-time) and DESI-MS (desorption electrospray ionization), (Venter et al.,
2008; Weston, 2010). DART surpasses another MS techniques by rapid analysis in the open
laboratory environment with minimal or no sample preparation at all (\Venter et al., 2008). This
technique has a huge potential to be used as a new screening tool for any phytohormones in
plant tissue including SLs. A small part of a tissue can be placed directly into the ion source
and analysed in a few seconds.

DESI belongs to the mass spectrometry imaging (MSI) techniques, which provides information
about the spatial distribution of the target analyte/s. DESI employs charged solvent stream
under a certain angle to ionize analytes from the surface and introduces them into mass analyser.
Samples can be scanned along x and y axis which allows obtaining 2D distribution map of

analyte/s.



Therefore, the MS ambient techniques DART and DESI were used in this study as novel tools
for phytohormones analysis. DART is presented as a screening method for rapid identification
of SLs without any sample preparation, and DESI as a powerful method for determination of
the spatial distribution of target molecules. These two ambient methods can become an
important instrumental setup to get profound knowledge about SLs effect on plant development.
The SLs content was confirmed by UHPLC-MS/MS method. Moreover, this work compares
different protocols of isolation and purification of SLs from four different plant tissues (Vicia

faba, Vicia sativa, Pisum sativum, and Sorghum bicolor) analysed via UHPLC-MS/MS.

2. Material and Methods

2.1.Plants cultivation and growth conditions
Vicia faba and Pisum sativum were obtained from the breeding station Selgen a.s. in Chlumec
nad Cidlinou, Czech Republic, while Vicia sativa and Sorghum bicolor were obtained from the
collection of genetic resources of the gene bank of Crop Research Institute v.v.i. Praha Ruzyné,
Czech Republic.
Plant seedlings (Vicia faba L. cv. Merkur; Vicia sativa L. cv. Ebena; Pisum sativum L. cv.
Terno; Sorghum bicolor L. cv. Ruzrok) were grown in a greenhouse in pots with vermiculite.
The temperature range was 15-24 °C, with light/dark 16/8 hours periods. The medium was
periodically refreshed every 2-3 days. Control medium consisted of tap water (0-5" day), and
later of half-strength-modified Hoagland’s nutrient solution (5"-21% day). Test medium
consisted of tap water (0-5" day), half-strength-modified Hoagland’s nutrient solution (5"-14"
day), and then half-strength-modified Hoagland’s nutrient solution without phosphorus (14"-

21t day). Plants were harvested after 3 weeks.

2.2.Chemicals and reagents

Hexane, heptane, and ethyl acetate were of HPLC grade, and were purchased from Chromservis
(Praha, Czech Republic). Methanol and acetonitrile (ACN) were of LC-MS grade (Sigma-
Aldrich, Corp., St. Louis, MO, USA). Fresh deionized water (Milli-Q) was used throughout the
study. Strigolactones (5-deoxystrigol, orobanchol, and strigol) were purchased from Olchemim
(Olomouc, Czech Republic). Sorgolactone, fabacyl acetate, orobanchyl acetate, and GR24 were
kindly provided from Professor Binne Zwanenburg, Radboud University Nijmegen Nijmegen,
The Netherlands.

2.3.DART analysis



The determination was carried out via DART-Standardized Voltage and Pressure Adjustable
(SVPA) ion source with DIP-it holder module (lonSense, Saugus, USA) coupled to Orbitrap
(HRMS — high resolution mass spectrometry) Elite mass spectrometer (Thermo Fischer
Scientific, Bremen, Germany) through the interface evacuated by the diaphragm pump. The
DART ion source was operated in the positive ion mode with helium ionizing gas at the pressure
0.65 MPa. The beam was heated in the temperature range 300 °C to 350 °C and the grid
electrode voltage was in the range of 300 - 350 V. The parameters of the mass spectrometer
were following: capillary voltage 50 V, tube lens voltage 100 V, skimmer voltage 18 V and
capillary temperature in the range of 300 - 350 °C. All DART mass spectra were acquired over
a mass range of m/z 50-500. Xcalibur software (Thermo Fischer Scientific, Germany) with
DART web-based module was used for the instrument operation, data acquisition and
processing. DART analysis was performed in positive ion mode where monoisotopic masses
of protonated molecular ions were for carlactone (m/z - 303.1954), orobanchol (m/z -
347.1489), 5-deoxystrigol (m/z - 331.1540), fabacyl acetate (m/z - 405.1543), orobanchyl
acetate (m/z - 389.1594), and sorgolactone (m/z - 317.1383).

2.4.Sample preparation for DESI-MSI
The selection of plants was carried out according to their physiological conditions e. g. size of
stems/roots. Vicia faba and Pisum sativum appeared to be the most suitable for DESI-MSI.
Segments of the stems and primary roots were cut into approximately 15 mm size, and their
location is showed by Figure 2. Subsequently, plant segments were mounted to a solution of
4% agarose at 38 °C. Agarose solidification was maintained in the perpendicular position. Then,
cubes of approximately 1 cm? were cut and glued onto a sample hold attached to the vibratome.
Cross sections were prepared on the vibratome (Leica VT1000S, Leica Biosystems, Germany).
Cutting thickness ranged 50 - 400 um. The integrity of the incisions was checked under a 10x

magnification microscope (BX50, Olympus, Japan).
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Figure 2. Selected plant from Fabaceae family (V. sativa). The localisation of sections: stem

(Sample 1) and primary root (Sample 2).

2.5.DESI analysis

DESI imaging analysis was performed using an OrbiTrap Elite (Thermo Scientific, San Jose,
CA) with a DESI-2D ion source (Prosolia, Indianopolis, IN). Samples were fixed to the glass
slides (Prosolia, Indianopolis, IN) by doubled-side tape. Imaging experiments were performed
by continuously scanning the surface in the x-direction and stepping in the y-direction (moving
opposite to the direction of the spray) at the end of each line. Spraying liquid (80% methanol /
0.2% acetic acid mixture, v/v) at flow rate 2 pL/min, scanning velocity 65 um/s and a spray
impact angle of 65° was used. Data were acquired in the mass range m/z 300 - 450. Typical
time of the analysis was less than 100 min. The obtained data were processed by the mean of
the BioMap software and two-dimensional ion images were created. Parameters of the MS
analysis were optimised to following values: nebulizer pressure (N2): 7 bar, capillary heating:
350 °C, spray voltage: 5 kV, lens voltage: 60 V, ion injection time: 400 ms. Two microscans
were carried out for each pixel. DESI-MSI analysis was performed in positive ion mode in form
of sodium adducts for carlactone (m/z - 325.1774), orobanchol (m/z - 369.1308), 5-deoxystrigol
(m/z - 353.1359), fabacyl acetate (m/z - 427.1363), orobanchyl acetate (m/z - 411.1414) and
sorgolactone (m/z - 339.1202).

2.6.Sample preparation for UHPLC-MS/MS analysis
Isolation and purification of SLs from roots were performed by three different methods found
in the literature (Yoneyama et al., 2016; Kisugi et al. 2013; Boutet-Mercey et al., 2018). All

steps are summarized in Figure 3. A 2.5 g of root tissues of 3 weeks old plants were used in all



three protocols, and 7.5 mL of freshly distilled ethyl acetate containing 0.1 nmol of internal
standard (GR24 or sorgolactone). A Supelclean LC-Si (500 mg/3 mL) cartridges (Sigma-
Aldrich Corp., St. Louis, MO, USA) were used for SPE.
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2.7.UHPLC-MS/MS
Purified extracts were analysed on a Nexera X2 UHPLC (Shimadzu, Handels GmbH, Kyoto,
Japan) coupled with an MS-8050 (Shimadzu, Handels GmbH, Kyoto, Japan). Chromatographic
separation was performed with an AQUILITY BEH C18 analytical column (50 x 2.1 mm; 1,7
um; Waters, Milford, MA, USA), under the following conditions: column temperature 40 °C,
flow rate 0.50 mL/min. The mobile phase consisted of water (A) and methanol (B) with elution
as follows: 40% B for 1 min, 60% B 4.00 min, to 100% over 6.00 min, isocratic 100% B for
0,5 min, with gradient to 40% B for 0.5 min and stabilized at this condition for 3.0 min. The
mass spectra were obtained via electrospray ionization in positive mode with the following
operating parameters: capillary voltage -3000 V; interface voltage 4 kV; full scan 50-500 m/z;
interface temperature 300 °C, heating and drying gas flow 10 L/min; nebulizing gas flow 3
L/min. The MS/MS spectra of the protonated molecular ions [M+H]* and sodium adducts
[M+Na]" were acquired. Strigolactones were identified by the comparison of the retention times
(Rt) and MRM channels corresponding to authentic standards. Multiple reaction monitoring
(MRM) transitions, as well as collision energies (CE) were optimized for each analyte, and data
are summarized in Table 1. Software LabSolutions 5.72 (Shimadzu, Handels GmbH, Kyoto,

Japan) was used for processing the data.



Table 1. MRM conditions for endogenous strigolactones and GR24.

Compound MRM (CE)
Quantifier Qualifier 1 Qualifier 2
Orobanchol 368.80 > 325.20 368.80 > 272.10 368.80 > 239.00
(-13eV) (-16 eV) (-24 eV)
5-Deoxystrigol 352.80 > 256.15 352.80 > 241.15
(-18 eV) (-23eV) -
Sorgolactone 339.20 > 242.20 339.20 > 227.05
(-17 eV) (-21eV) -
Strigol 369.20 > 271.75 369.20 > 257.15 369.20 > 351.00
(-20eV) (-24 eV) (-13eV)
GR24 299.00 > 97.00 299.00 > 281.10 299.00 > 185.05
(-22 eV) (-20 eV) (-9eV)
Fabacyl acetate 405.10 > 97.00 405.10 > 231.00 405.10 > 345.20
(-30eV) (-20eV) (-15eV)
Orobanchyl acetate 411.00>254.00 411.00 > 239.00
(-15eV) (-20eV) -

3. Results and Discussion

3.1. DART-HRMS analysis of strigolactones
Plant material for DART analysis was cultivated in phosphate deficient and/or with half-
strength Hoagland medium (Waters et al., 2012; Charnikhova et al., 2017). A small part of root
tissue (1 x 0.5 cm) was inserted with a tweezer into ion source to acquire mass spectra, from
which calculated masses were extracted (Table 2). In all cases, only protonated molecular ions
were observed. The values of the theoretical masses of strigolactones analytes are presented in
the Experimental section. The mass accuracy was less than 5 ppm for all analysed
strigolactones. Referring to the previously published data, selected SLs were already found in
few members of Fabaceae and Poaceae families (Awad et al., 2006; Yoneyama et al., 2008,
Xie et al., 2008; Gomez-Roldan et al., 2008; Foo and Davies et al., 2011; Boutet-Mercey et al.,
2018), and results presented here confirm those previously published findings. SLs were
detected in both roots and stems for Fabaceae family (P. satium, V. faba and sativa) and
Poaceae family (S. bicollor), (Table 2). However, no SLs were detected in leaves, which is in
the agreement with available literature. A limitation of the DART technique is an inability to

distinguish isomers, e. g. orobanchol, strigol, and sorgomol (C19H220¢). Hence, for Sorghum
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bicolor, it cannot be clarified weather orobanchol or sorgomol is detected. Fortunately, by
optimized UHPLC-MS/MS method it is possible to distinguish these geometrical isomers (see
UHPLC-MS/MS section below).

In addition, even ESI-MS/MS and DART are different MS approaches, primarily in the mode
of ionization of analyte, both techniques provide different mass spectra of target molecules, but
with same fragmentation pattern and spectral characteristics. An example was presented in
Figure 4 for 5-deoxystrigol and sorgolactone. Selected protonated ions of 5-deoxystrigol
(217.15 - C14H1702 and 97.05 - CsHsO2) and sorgolactone (133.15 - CioHi3, 97.05 - CsHs0»)
were predominantly observed for both approaches and are in agreement with previously
published data. Mohemed et al. (2018) used these masses as MRM channels for quantification
of strigolactones in sorghum root exudates. The typical losses of protonated butenolide with

mass 97.05 were characteristic for both molecules in both MS techniques (Cavar et al., 2015).
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Figure 4. MS collision spectra of (1) 5-deoxystrigol and (2) sorgolactone obtained by two
different MS techniques.

A) Fragmentation patterns. B) Collision spectra obtained via ESI-MS/MS (CE, -20 eV).
C) Collision obtained via DART-HRMS (CE, -18 eV).
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Table 2. Measured mass (m/z) of endogenous SLs detected in various plant species using

DART-HRMS.
Plant Compound Root Stem
species Mass (m/z) Accuracy Mass Accuracy
(ppm) (m/z) (ppm)
Orobanchol 347.14975 2.405308  347.15048  4.508152
5-Deoxystrigol 331.15482 2476189  331.15488  2.657374

q—c‘; Fabacyl acetate 405.15483 1.076133 - -

3 Orobanchyl acetate ~ 389.15986  0.976463 - -

= Sorgolactone - - - -
Carlactone 303.19617 2.305443  303.19443  3.433429
Orobanchol 347.14929 1.080228 - -

© 5-Deoxystrigol 331.15462 1.872241  331.15485 2.566782

'% Fabacyl acetate 405.15521 2.014047 - -

.§ Orobanchyl acetate 389.15998 1.284820 - -

=> Sorgolactone - - - -
Carlactone 303.19605 1.909659  303.19601  1.777731
Orobanchol 347.14957 1.886798  347.15044  4.392927

= 5-Deoxystrigol 331.15463 1.902438  331.15497  2.929151

-,c% Fabacyl acetate 405.15469 0.730586 - -

&

= Orobanchyl acetate 389.16012 1.644570 - -

E Sorgolactone - - - -
Carlactone 303.19635 2.899120  303.19662  3.789634
Orobanchol 347.14978 2.491726  347.15024  3.816806

S 5-Deoxystrigol 331.15497 2.929151  331.15509  3.291520

% Fabacy! acetate - - - -

E Orobanchyl acetate - - - -

? Sorgolactone 317.13901 2.081111  317.13966  4.130689

” Carlactone 303.19601 1777731  303.19446  3.334483

This paper reports the very first use of DART-OrbiTrap for the screening of
phytohormones, and this system has been proven to be a fast and sensitive method for the
identification of SLs without any sample preparation. This approach was found to be
appropriate for SLs, which are chemically very unstable and produced in extremely low

12



concentrations, and we are certain that it might be suitable for screening of any other class of
plant hormones. Only a part of the plant tissue (e. g. root, leaf, stem) is sufficient for analysis
of molecule/s of interest. DART-OrbiTrap has already established a method for rapid
identification and characterization of a wide spectrum of secondary metabolites and
pharmaceutical drugs which are presented in significantly higher quantities than any of
phytohormones (Chernetsova et al., 2012; Srbek et al., 2014).

3.2.DESI analysis

Another MS ambient approach used with reduced sample preparation was DESI coupled
with Orbitrap. To get a stable signal with good sensitivity, parameters such as spraying solvent
composition, the angle of spraying capillary and speed of scanning were optimized. In contrast
to DART, DESI was performed on sections of plant tissue. Interestingly, sodium adducts
[M+Na]* of SLs were the most abundant in the spectrum. This might be explained by the
different nature of ionization compared to DART, as DESI ionization is similar with
electrospray ionization where single-charge sodium and potassium adducts are commonly
observed. Calculated masses are presented in Table 3. Similarly, the errors (mass accuracy)
obtained via DART-OrbiTrap were mostly below 1 ppm. Values of mass accuracy are
connected to the concentration level of target compounds in plant tissue. In short, lower values
of mass accuracy indicate a higher amount of analyte in the examined sample. It was found
that estimated values of mass accuracy for all canonical SLs from root tissue were
predominantly lower than the section of stems. This might be explained by the fact that
canonical SLs are occurring in approximately 1000 times lower levels in shoots or even are
usually below the limit of detection according to mass spectrometry data (Yoneyama et al.,
2007; Umehara et al., 2010; Xie et al., 2015). On the other hand, carlactone level in plant tissues
is several times higher compared to the levels of canonical strigolactones and is not affected by
phosphorus starvation (Yoneyama et al., 2012; Seto and Yamaguchi, 2014), and it fits with
presented data, where the mass accuracy for both cases (root and stem) is estimated by similar
values. Moreover, a big advantage of DESI is a possibility to obtain the two-dimensional spatial
distribution of molecule/s of interest. This approach was tested on sections of Vicia faba and
Pisum sativum since these provide a well-defined structure important for quality scanning
(Figure 5). Despite, the number of future advantages of DESI, many limitations are occurring
in MSI analysis. The most crucial step in DESI is sample preparation. Without appropriate
sample handling, the sufficient spatial resolution and abundance of targets molecules cannot be
determined (Grassl et al., 2011; Kaspar et al., 2011; Peukert et al., 2012; Spengler, 2014, Dong
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et al., 2016). Simple, handling is the most crucial step for preparation of plant tissue for DESI
approach, as only an appropriate sample preparation can maintain the origin, distribution and
abundance of the molecules, ensuring high quality signals and sufficient spatial resolution
(Grassl et al., 2011; Kaspar et al., 2011; Peukert et al., 2012; Spengler, 2014). Moreover, when
we compare phytohormones (like strigolactones) with some secondary metabolites by MSI,
they are relatively more unstable, occurring in extremely low amounts, decomposed through
exposure to light, heat or pH conditions (Lee et al., 2012, Halouzka et al., 2018), oxidized or
degraded via enzymatic and chemical processes or migrated to other plant compartments/tissues
through diffuse during cross sections or sample fixation (Lee et al., 2012, Dong et al., 2016).

However, our attitude to DESI is multifaceted positive. Despite limitations and contras,
many studies are presenting DESI approach for plant tissue is more challenging than for
mammal tissue. Firstly, soft ionization techniques represented by DESI hard to penetrate the
cuticles of higher plants (Thunig et al., 2011). Moreover, cell wall represents an impartial
barrier which decreased a success of extraction efficiency of target molecules. After cross or
longitudinal sections, samples were very fast dehydrated because of sublimation of water and
started to be a shrink. This process was hardly affected by morphological changes of sample
surface exhibiting by a mismatch between optical image and presumed MS image. Originally,
planar sections became non-planar. Non-planar sections are inappropriate for MSI due to
inaccurate determination of spatial distribution and have an influence on analyte ionization
process (Cha et al., 2008; Benassi et al., 2009; Takahashi et al., 2015; Dong et al., 2015).

In present study, optimization of DESI approach required testing of cross sections of
stems and primary roots with a various time of preparation (6 months, 2 weeks, 24 hrs). The
sample was stored under vacuum in desiccator prior analysis. Cross sections were prepared at
minimum 2 weeks in advance and were exhibited a higher mass accuracy of target compounds
(above 5 ppm) or even compounds were not observed (data are not shown). The time delay
between single preparation and measurement plays a key role in DESI imagining. Itself section
of samples and their storage can be provided by different MSI-compatible embedding mediums
or via vacuum sealing. On the other hand, phytohormones like strigolactones are sensitive to
nucleophiles (e. g. methanol), and can be easily hydrolysed in agueous solution, plus dispersing
of plant juice during the cutting process has an influence on their stability too. Due to these
factors, samples were prepared on a vibratome and mounted on glass slides via double slide
tape to prevent any contamination. The 2-D maps of SL spatial distribution in V. faba and P.
sativum (Figure 5, root tissue) showed that strigolactones are not only concentrated in xylem

parts, i.e. they are found in different concentrations on entire surface of the slice. The reason
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might be due to the fact that non-planar surface is affecting ionization efficiency and therefore
it is difficult to estimate strigolactone maxima in analysed tissue. Moreover, the timeframe of
the imagining process could have influence on the quality of the obtained data too, i.e. reduced
signal intensity was observed in the samples that are analysed later. An imprinting of freshly
cut plant tissue without any chemical modification should give more reliable results (Li et al.,
2011, 2013, Thunig et al., 2011). This approach should provide planar surface and therefore
enchanted ionization efficiency with higher spatial resolution. To conclude, presented DESI-
OrbiTrap technique has potential to be novel method for imagining of the phytohormones and
thereby providing valuable information about their distribution during various developmental
stages, or stress conditions (salinity, nutrient deficiency, drought, etc.) and hint to the supposed
mode of action and transport. Additionally, utilization of DESI would be a great supporting
technique to confocal microscopy data about phytohormones localization (auxin —
DR5rev::GFP, cytokinin — TCSn:: GFP.

Carlactone B . o Orobanchol Carlactone ) S-deoxystrigol

%

- &

S5-deoxystrigol « Q Fabacyl acetate " Orobanchol
&g 2 %

%

—

Figure 5. 2-D scans of spatial distribution of selected SLs in root tissue of V. faba (A) and P.

sativum (B).

Table 3. Measured masses (m/z) of endogenous SLs detected in various plant species using
DESI.

Plant Compound Root Stem

species Mass (m/z) Accuracy Mass Accuracy

(ppm) (m/z) (ppm)
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Orobanchol 369.13089 0.081272  369.13068  0.568904
5-Deoxystrigol 353.13629 0.976961  353.13746  4.290133
{‘; Fabacyl acetate 427.13644 0.236458  427.13607  0.629775
:8 Orobanchyl acetate 411.14127 0.374567  411.14088 1.323146
= Sorgolactone - - - -
Carlactone 325.17743 0.043053  325.17749  0.227568
Orobanchol 369.13089 0.731448  369.13097  0.948174
© 5-Deoxystrigol 353.13620 0.722102  353.13493  2.874247
'% Fabacyl acetate 427.13647 0.306694  427.13625  0.208364
.§ Orobanchyl acetate 411.14146 0.087561  411.14190  1.157752
=> Sorgolactone - - - -
Carlactone 325.17734 0.233719  325.17740  0.049204
Orobanchol 369.13062 0.731448  369.13083  0.568904
c 5-Deoxystrigol 353.13586 0.240701  353.13461  3.780414
-% Fabacyl acetate 427.13637 0.072576  427.13632  0.044482
&
= Orobanchyl acetate 411.14091 1.250178  411.13988  3.755399
E Sorgolactone - - - -
Carlactone 325.17735 0.202966  325.17737  0.141461
Orobanchol 369.13074 0.325088  369.13092  0.812720
S 5-Deoxystrigol 353.13599 0.127430  353.13529 1.854810
% Fabacy! acetate - - - -
E Orobanchyl acetate - - - -
? Sorgolactone 339.12061 0.928874  339.12113  2.462253
? Carlactone 325.17746 0.135311 325.17763  0.658102

3.3.Isolation of SLs for UHPLC-MS/MS analysis
In order to estimate the best conditions for isolation and purification of SLs from root tissue,
three recently published protocols were used in this study: A) Yoneyama et al. (2016), B) Kisugi
et al. (2013) and C) Boutet-Mercey et al. (2018), (Figure 3). The 3 weeks old V. faba was used
in these tests, and the results of recoveries are summarized in Figure 6. Two compounds were
used as internal standard, GR24, a synthetic SL analogue, and natural SL sorgolactone which

is not endogenous for V. faba (Yoneyama et al. 2008), both in the concentration of 0.1 nmol.
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Figure 6. Recoveries of GR24 (m) and sorgolactone (o) in three tested SL isolation and
purification protocols. A - Yoneyama et al. (2016); B - Kisugi et al. (2013); C - Boutet-Mercey
et al. (2018).

Yoneyama et al. (2016) optimized isolation protocol for quantification of sorgomol and 5-
deoxystrigol, the major SLs in sorghum roots. Isolation is based on cutting the fresh roots,
maceration within 24 hrs in ethyl acetate, and LC-MS/MS analysis. On contrary, Kisugi et al.
(2013) and Boutet-Mercey et al. (2018) used solid phase extraction (SPE) to purify the crude
extract prior LC-MS/MS analysis. Presented results clearly show that SPE cannot be avoided
in isolation of SLs. According to presented data, the lowest recoveries (14.13 + 1.08 % for
GR24, and 5.60 + 0.88 % for sorgolactone) were obtained using the protocol of Yoneyama et
al. (2016), i.e. LC-MS/MS analysis of the crude extract. Introducing SPE fractionation (Kisugi
et al. 2013), recoveries were about four times higher, i.e. 44.50 + 4.37 % for GR24, and 23.08
+ 2.49 % for sorgolactone. However, the SPE fractionation into ten fractions in protocol B
(Kisugi et al. 2013) seems quite laborious, and still recoveries are below 50 %. The highest
recoveries (65.19 + 3.77 % for GR24, and 42.50 + 0.76 % for sorgolactone) were obtained using
protocol C (Boutet-Mercey et al. 2018), where the main difference, beside the number of an
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isolated fraction, is the homogeneity of the sample. Presented results clearly show that plant

tissue has to be pulverized prior to extraction.

3.4.UHPLC-MS/MS analysis of strigolactones

To obtain the highest sensitivity and separation, different LC and MS conditions were tested,
i.e. the mobile phase composition and selection of MRM transitions.
The reversed phase C18 column is the most commonly used one for separation of SLs, with a
combination of water (neutral or acidified) and MeOH or ACN as the mobile phase. Here we
tested three mobile phase compositions: (1) 20 mM ammonium acetate/methanol; (2) 20 mM
ammonium formate/methanol; (3) water/methanol; and it was found that the best separation
was achieved with mixture of neutral water and MeOH (Figure 7), and it was found that neutral
mobile phase gives the most appropriate separation.

Since the neutral mobile phase is used, the most abundant ions for all analytes except for fabacyl
acetate and GR24 were sodium adducts, and therefore, they were used as quantifiers (Table 1).
Finally, the method was optimized for separation of 6 naturally occurring strigolactones, i.e.
orobanchol, strigol, fabacyl acetate, orobanchyl acetate, sorgolactone and 5-deoxystrigol, as
well as for synthetic analogue GR24. In the case of Sorghum bicolor, sorgolactone and 5-
deoxystrigol were observed in relatively high levels, and their MRM transitions, MS/MS
spectra (collision energy, - 30 eV) and proposed fragmentation pattern are presented in Figure
8. Spectral data of identified strigolactones from analyzed plant material are summarized in

Supplementary material.

A B

Rt (min) Rt (min)
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Figure 7. MRM chromatograms of a mixture of chosen endogenous strigolactones: (a)
orobanchol, (b) strigol, (c) sorgolactone and (d) 5-deoxystrigol. A) impact of composition of
mobile phase on separation (1 — 20 mM ammonium acetate/methanol; 2 — 20 mM ammonium
formate/methanol; 3 — water/methanol, B) impact of MRM transitions on sensitivity (1 —

sodium adducts; 2 — protonated molecular ions).

Boutet-Mercey et al. (2018) and Riaz et al. (2018) recently validated LC-MS/MS methods for
the routine analysis of SLs. Both methods were successfully used for quantification of
endogenous SL, using GR24 as an internal standard (1S). In addition, Boutet-Mercey et al.
(2018) used deuterium labelled endogenous SLs for fabacyl acetate, orobanchyl acetate and for
orobanchol, GR24 as IS. They were working with CE as we did (Table 1) and were using both
MRM transitions (protonated and sodium adduct) for identification of SLs, which both
occurring when neutral mobile phase. On the other hand, Rial et al. (2018) validated method
for 7 naturally occurring SLs in less than 11 minutes of analysis, but they were not able to
separate all SL standards used. There was coelution of two isomers, strigol and orobanchol,
which normally have same MRM transitions (Sato et al., 2003; Xie et al., 2009). They also
presented very simple sample preparation without any additional purification procedure from
both plant root extract and exudates using MeOH as extraction solvent. MeOH is very strong
nucleophile that hydrolyze SLs (e. g. a half-life for endogenous 5-deoxystrigol in 3% MeOH is
1.5 days), (Akyiama et al., 2005; Halouzka et al., 2018). Moreover, Rial et al. (2018) used
different precursor ions for MRM qualifier and quantifier transitions, i.e. MRM transitions for
strigol were 369>272 and 347>215, which are transitions of sodium adduct and molecular ion,
respectively. Also, CE used in that study seems to be too low, and therefore, Rial et al. (2018)

were not able to quantitatively fragment selected precursor ions.
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Fig. 8. UHPLC-MS/MS analysis using multiple reaction monitoring (MRM) of roots extracts
of S. bicolor. The MRM transition of sodium adducts molecular ions for sorgolactone (A), 5-
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authentic standard, and 5-deoxystrigol, E) root extract, F) authentic standard. G) The proposed



Here, isolated and purified root extracts of V. faba, V. sativa, P. sativum and S. bicolor were
analysed and results are summarized in Table 4. Presented data are in the agreement with those
found in the literature (Awad et al. 2006; Xie et al., 2008; Yoneyama et al., 2008; Gomez-
Roldan et al., 2008; Foo and Davies et al., 2011; Boutet-Mercey et al., 2018), but also confirm
the findings obtained from MS ambient techniques used in this study. Moreover, this is a very
first report on SL analysis of Vicia sativa, where fabacyl acetate, orobanchyl acetate,

orobanchol, and 5-deoxystrigol were identified.

Table 4. The presence of SLs in the roots of four plant species detected by UHPLC-MS/MS.

Compound V. faba P. sativum S. bicolor V. sativa
Orobanchol + + - ¥
Strigol - - - -
5-Deoxystrigol + + + -
Sorgolactone - - + -
Fabacyl acetate + + - +
Orobanchyl acetate + + - +

4. Conclusion

Here, we report a novel application of ambient mass spectrometry methods in phytohormone
analysis applied particularly on strigolactones. DART-MS approach with significantly reduced
sample preparation was found to be suitable for a fast screening method for identification or
semi-quantitative analysis of strigolactones. Moreover, DESI-MS technique for 2-dimensional
imaging to obtain the spatial distribution of strigolactones was successful. Several plant species
(Vicia faba, Vicia sativa, Pisum sativum and Sorghum bicolor) and various plant tissue (root,
stem, leaves) were used. The credibility of presented results is supported by the literature and
by conventional UHPLC-MS/MS method optimized in this work.

Acknowledgements

XXXXXXXXXXX

Reference

21



10.

11.
12.

13.

Matusova R, Rani K, Verstappen FWA, Franssen MCR, Beale MH and Bouwmeester
HJ, The strigolactone germination stimulants of the plant-parasitic Striga and
Orobanche spp. are derived from the carotenoid pathway. Plant Physiol 139:920-934
(2005).

Xie X, Yoneyama K and Yoneyama K, The strigolactone story. Ann Rev Phytopatol
48:93-117 (2010).

Al-Babili S and Bouwmeester HJ, Strigolactones, a novel carotenoid-derived plant
hormone. Annu Rev Plant Biol 66:161-166 (2015).

Cook CE, Whichard LP, Turner B, Wall ME and Egley GH, Germination of witchweed
(Striga lutea Lour.): isolation and properties of a potent stimulant. Science 154:1189-1190
(1966).

Akiyama K, Matsuzaki K and Hayashi H, Plant sesquiterpenes induce hyphal branching
in arbuscular mycorrhizal fung. Nature 435:824-827 (2005).

Delaux PM, Xie X, Timme RE, Peuch-Pages V, Dunand C, Lecompte E, Delwiche CF,
Yoneyama K, Bécard G, Séjalon-Delmas N, Origin of strigolactones in the green
lineage. New Phytol 195: 857-871 (2012).

Kohlen W, Charnikhova T, Liu Q, Bours R, Domagalska MA, Beguerie S, Verstappen
F, Leyser O, Bouwmeester H, Ruyter-Spira C, Strigolactones are transported through
the xylem and play a key role in shoot architectural response to phosphate deficiency in
nonarbuscular mycorrhizal host Arabidopsis. Plant Physiol 155: 974-987(2011).

Foo E, Yoneyama K, Hugill CJ, Quittenden LJ, Reid JB, Strigolactones and the
regulation of pea symbioses in response to nitrate and phosphate deficiency. Mol Plant
6:76-87 (2013).

Sato D, Awad AA, Takeuchi Y, Yoneyama K, Confirmation andquantification of
strigolactones, germination stimulants for root parasitic plants Striga and Orobanche,
produced by cotton. Biosci Biotechnol Biochem 69: 98-102 (2005).

Cardoso C, Ruyter-Spira C, Bouwmeester HJ, Strigolactones and root infestation by
plant-parasitic Striga, Orobanche and Phelipanche spp. Plant Sci 180:414-420 (2011).
h

Kohlen W, Charnikhova T, Bours R, Lopez-Raez JA, Bouwmeester H, Tomato
strigolactones: a more detailed look. Plant Signal Behav 8:e22785 (2013).

Awad AA, Sato D, Kusumoto D, Kamioka H, Takeuchi Y, Yoneyama K,

Characterization of strigolactones, germination stimulants for the root parasitic plants

22



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Striga and Orobanche, produced by maize, millet and sorghum. Plant Growth Regul
48:221-224 (2006).

Yoneyama K, Xie X, Kusumoto D, Sekimoto H, Sugimoto Y, Takeuchi Y, Yoneyama
K, Nitrogen deficiency as well as phosphorus deficiency in sorghum promotes the
production and exudation of 5-deoxystrigol, the host recognition signal for arbuscular
mycorrhizal fungi and root parasites. Planta 227:125-132 (2007).

Yoneyama K, Xie X, Kim HI, Kisugi T,Nomura T, Sekimoto H, Yokota T, How do
nitrogen and phosphorus deficiencies affect strigolactone production and exudation?
Planta 235:1197-1207 (2012).

Yoneyama K, Xie X, Kisugi T, Nomura T, Yoneyama K, Nitrogen and phosphorus
fertilization negatively affects strigolactone production and exudation in sorghum.
Planta 238:885-894 (2013).

Yoneyama K, Xie X, Nomura T, Yoneyama K, Extraction and measurement of
strigolactones in sorghum roots. Bio-protocol 6:e1763 (2016).

Boutet-Mercey S, Perreau F, Roux A, Clavé G, Pillot JP, Schmitz-Afonso I, Touboul
D, Mouille G, Rameau C, Boyer FD, Validated Method for Strigolactone Quantification
by Ultra High-Performance Liquid Chromatography — Electrospray lonisation Tandem
Mass Spectrometry Using Novel Deuterium Labelled Standards. Phytochem Anal
29:59-68 (2018).

Zwanenburg B and Pospisil T, Structure and activity of strigolactones: new plant
hormones with a rich future. Mol Plant 6:38-62 (2013).

Yoneyama K, Xie X, Yoneyama K, Kisugi T, Nomura T, Nakatani Y, Akiyama
K, McErlean CSP, Which are the major players, canonical or non-canonical
strigolactones? J Exp Bot 69:2231-2239 (2018).

Sato D, Awad AA, Chae SH, Yokota T, Sugimoto Y, Takeuchi Y, Yoneyama K.
Analysis of strigolactones, germination stimulants for Striga and Orobanche, by high-
performance liquid chromatography/tandem mass spectrometry. J Agric Food Chem 51:
1162-1168 (2003).

Venter A, Nefliu M, Cooks RG, Ambient desorption mass spectrometry. TrAC 27:284-
90 (2008).

Weston DJ, Ambient ionization mass spectrometry: current understanding of
mechanistic theory; analytical performance and application areas. Analyst 135:661-668
(2010).

23


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kusumoto%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sekimoto%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sugimoto%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takeuchi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17684758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boutet-Mercey%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Perreau%20F%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roux%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Clav%C3%A9%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pillot%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schmitz-Afonso%20I%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Touboul%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Touboul%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mouille%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rameau%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boyer%20FD%5BAuthor%5D&cauthor=true&cauthor_uid=28851101
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xie%20X%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kisugi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nomura%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakatani%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akiyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akiyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29522151
https://www.ncbi.nlm.nih.gov/pubmed/?term=McErlean%20CSP%5BAuthor%5D&cauthor=true&cauthor_uid=29522151

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kisugi T, Xie X, Kim HI, Yoneyama K, Sado A, Akiyama K, Hayashi H, Uchida K,
Yokota T, Nomura T, Yoneyama K. 2013. Strigone, isolation and identification as a
natural strigolactone from Houttuynia cordata. Phytochemistry 87: 60-64 (2013).
Waters MT, Bussel JD and Jost R, Arabidopsis hydroponics and shoot branching assay.
Bio-protocol 2:e264 (2012).

Charnikhova TV, Gaus K, Lumbroso A, Sanders M, Vincken JP, De Mesmaeker A,
Ruyter-Spira CP, Screpanti C, Bouwmeester HJ, Zealactones. Novel natural
strigolactones from maize. Phytochemistry 137:123-131 (2017).

Yoneyama K, Xie X, Sekimoto H, Takeuchi Y, Ogasawara S, Akiyama K, Hayashi
H, Yoneyama K, Strigolactones, host recognition signals for root parasitic plants and
arbuscular mycorrhizal fungi, from Fabaceae plants. New Phytol 179:484-494 (2008).
Xie X, Yoneyama K, Kusumoto D, Yamada Y, Yokota T, Takeuchi Y, Yoneyama K,
Isolation and identification of alectrol as (+)-orobanchyl acetate, a germination
stimulant for root parasitic plants. Phytochemistry 69:427-341 (2008).

Foo E, Davies NW, Strigolactones promote nodulation in pea. Planta 234:1073-1081
(2011)

Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pages V, Dun EA, Pillot J-P, Letisse
F, Matusova R, Danoun S, Portais J-C, Bouwmeester H, Bécard G, Beveridge CA,
Rameau C, Rochange SF, Strigolactone inhibition of shoot branching. Nature 455:189-
194 (2008).

Cavar S, Zwanenburg B and Tarkowski P, Strigolactones: occurrence, ~ structure, and
biological activity in the rhizosphere. Phytochem Rev 14:691-711 (2015).
Chernetsova ES, Bromirski M, Scheibner O, Morlock GE, DART-Orbitrap MS: a novel
mass spectrometric approach for the identification of phenolic compounds in propolis.
Anal Bioanal Chem 403:2859-2867 (2012).

Srbek J, Klejdus B, Dousa M, Bfichac¢ J, Stasiak P, Reitmajer J, Novakova L, Direct
analysis in real time--high resolution mass spectrometry as a valuable tool for the
pharmaceutical drug development. Talanta 130:518-526 (2014).

Umehara M, Hanada A, Magome H, Takeda-Kamiya N, Yamaguchi S, Contribution of
strigolactones to the inhibition of tiller bud outgrowth under phosphate deficiency in
rice. Plant Cell Physiol 51:1118-1126 (2010).

Xie X, Yoneyama K, Kisugi T, Nomura T, Akiyama K, Asami T, Yoneyama K,
Strigolactones are transported from roots to shoots, although not through the xylem. J
Pestic Sci 40:214-216 (2015).

24


https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xie%20X%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sekimoto%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takeuchi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ogasawara%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akiyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hayashi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hayashi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19086293
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xie%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoneyama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kusumoto%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yokota%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takeuchi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17822727
https://www.ncbi.nlm.nih.gov/pubmed/22358998
https://www.ncbi.nlm.nih.gov/pubmed/22358998
https://www.ncbi.nlm.nih.gov/pubmed/25159441
https://www.ncbi.nlm.nih.gov/pubmed/25159441
https://www.ncbi.nlm.nih.gov/pubmed/25159441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Umehara%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20542891
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hanada%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20542891
https://www.ncbi.nlm.nih.gov/pubmed/?term=Magome%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20542891
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takeda-Kamiya%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20542891
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamaguchi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20542891
https://www.ncbi.nlm.nih.gov/pubmed/20542891
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Xiaonan+Xie
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Kaori+Yoneyama
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Takaya+Kisugi
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Takahito+Nomura
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Kohki+Akiyama
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Tadao+Asami
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Koichi+Yoneyama

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

Seto Y and Yamaguchi S, Strigolactone biosynthesis and perception. Curr Opin Plant
Biol 21:1-6 (2014).

Grassl, J., Taylor, N. L., and Millar, A. H. Matrix-assisted laser desorption/ionisation
mass spectrometry imaging and its development for plant protein imaging. Plant
Methods 7:21(2011).

Kaspar, S., Peukert, M., Svatos, A., Matros, A., and Mock, H. P.. MALDI-imaging mass
spectrometry - an emerging technique in plant biology. Proteomics 11,: 1840-1850
(2011).

Peukert, M., Matros, A., Lattanzio, G., Kaspar, S., Abadia, J., and Mock, H. P. Spatially
resolved analysis of small molecules by matrix-assisted laser desorption/ionization mass
spectrometric imaging (MALDI-MSI). New Phytol 193:806-815 (2012).

Spengler, B. Mass spectrometry imaging of biomolecular information. Anal Chem 87:
64-82 (2014).

Dong Y, Lin B, Malitsky B, Rogachev I, Aharoni A, Kaftan F, Svato$ A, Franceschi P.
Sample Preparation for Mass Spectrometry Imaging of Plant Tissues: A Review. Front
Plant Sci 7:60 (2016).

Lee YJ, Perdian DC, Song Z, Yeung ES, Nikolau BJ. Use of mass spectrometry for
imaging metabolites in plants. Plant J. 70: 81-95 (2012).

Thunig J, Hansen, SH, Janfelt C. Analysis of secondary plant metabolites by indirect
desorption electrospray ionization imaging mass spectrometry. Anal Chem 83:3256—
3259 (2011).

Cha S, Zhang H, llarslan HI, Wurtele ES, Brachova L, Nikolau BJ, Yeung ES. Direct
profiling and imaging of plant metabolites in intact tissues by using colloidal graphite-
assisted laser desorption ionization mass spectrometry. Plant J. 55:348-360 (2008).
Benassi M, Wu CP, Nefliu M, Ifa DR, Volny M, Cooks RG. Redox transformations in
desorption electrospray ionization. Int J Mass Spectrom. 28:235-240 (2009).
Takahashi K, Kozuka T, Anegawa A, Nagatani A, Mimura, T. Development and
application of a high-resolution imaging mass spectrometer for the study of plant
tissues. Plant Cell Physiol. 56:1329-1338 (2015).

Dong Y, Guella G, Mattivi F, Franceschi P. High production of small organic
dicarboxylate dianions by DESI and ESI. J Am Soc Mass Spectrom. 26:386-389 (2015).
Li B, Bjarnholt, N, Hansen, SH,Janfelt, C. Characterization of barley leaf tissue using
direct and indirect desorption electrospray ionization imaging mass spectrometry. J
Mass Spectrom. 46:1241-1246 (2011).

25


https://www.ncbi.nlm.nih.gov/pubmed/?term=Dong%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26904042
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rogachev%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26904042
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4748743/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4748743/

49,

50.

51.

Li B, Knudsen, C, Hansen NK, Jorgensen K, Kannangara R, Bak S. Takos A, Rook
F, Hansen SH, Mgller BL, Janfelt C, Bjarnholt N. Visualizing metabolite distribution
and enzymatic conversion in plant tissues by desorption electrospray ionization mass
spectrometry imaging. Plant J. 74:1059-107 (2013).

Rial C, Varela RM, Molinillo IMG, Lopez-Raez JA, Macias FA. A new UPLC-MS/MS
method for the direct determination of strigolactones in root exudates and extracts.
Phytochemical analysis 30:110-116 (2018).

26



Priloha 2 — prvoautorskda publikace

Halouzka R., Zeljkovic SC., Klejdus B., Tarkowski P. (2020). Analytical methods in strigolactone
research. Plant Methods. 16,76.



Halouzka et al. Plant Methods (2020) 16:76
https://doi.org/10.1186/513007-020-00616-2

Plant Methods

REVIEW Open Access
)]

Check for
updates

Analytical methods in strigolactone research

Rostislav Halouzka', Sanja Cavar Zeljkovi¢'?, Bofivoj Klejdus®* and Petr Tarkowski'?"

Abstract

Strigolactones (SLs) are important plant hormones that are produced via the carotenoid biosynthetic pathway and
occur at extremely low concentrations in various plant species. They regulate root development, play important roles
in symbioses between higher plants and mycorrhizal fungi, and stimulate germination of plant-parasitic Orobanche
and Striga species. Chemical analysis is central to research on the biochemistry of SLs and their roles in developmental
biology and plant physiology. Here we summarize key issues relating to the identification and quantification of SLs
isolated from plant tissues and exudates. The advantages and drawbacks of different protocols used for strigolactone
analysis are discussed, and guidelines for selecting a procedure that will minimize losses during isolation and purifica-
tion prior to final analysis are proposed. Hyphenated techniques suitable for SL analysis such as GC-MS and LC-MS/
MS are also discussed, and newer ambient techniques such as HR-DART-MS and DESI-MS are highlighted as tools

with considerable potential in SL research. A key advantage of these methods is that they require only simply sample

preparation.

Keywords: Strigolactones, Isolation, Determination, GC-MS, LC-MS/MS, HR-DART-MS, DESI-MS

Background
Strigolactones (SLs) are a poorly characterized group of
plant hormones [1], although they have been known for
over 60 years because of their interactions with parasitic
weeds such as Orobanche, Striga and Phelipanche. They
occur in diverse plant species, ranging from mosses to
higher plants such as Pinus sp. and Eucalyptus sp. [2-5].
The first SLs to be described were strigol and its acetate,
both of which were isolated from cotton and named after
the plant genus Striga, which is parasitic on cotton [2, 6].
As plant hormones, SLs regulate developmental pro-
cesses including the induction of secondary growth,
acceleration of leaf senescence, stimulation of internode
growth, and root elongation. They also inhibit axillary
bud outgrowth and the formation of adventitious and
lateral roots [7]. Additionally, SLs serve as signaling mol-
ecules with important roles in the induction of hyphal
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branching in arbuscular mycorrhiza (AM) and stimu-
lating seed germination in parasitic plants [1, 8]. Recent
findings indicate variation in the biological activity of
SLs. For instance, orobanchol is highly active towards
AM fungi but is a weaker stimulator of parasitic seed ger-
mination in Striga hermonthica than its biosynthetic pre-
cursor ent-2'-epi-5-deoxystrigol [9].

SL biosynthesis occurs primarily in the roots [3], from
where SLs are either secreted into the rhizosphere or
transported to the shoots [10-12]. They are synthesized
via the carotenoid biosynthetic pathway [1]. In struc-
tural terms, SLs consist of a tricyclic lactone (ABC moi-
ety) and a methylated butenolide (ring D) coupled via an
enol ether linkage. The enol ether is unstable and easily
cleaved or hydrolysed even under mild conditions [13].
Ring D is a characteristic feature of all naturally occur-
ring SLs (Fig. 1), [14]. Minor modifications of the ABC
moiety such as methylation, acetylation, or hydroxylation
influence the compound’s biological activity. Enzymatic
hydroxylation can occur on the AB rings; hydroxylation
at the C-4, C-5, and C-9 positions results in the forma-
tion of orobanchol, strigol, and sorgomol, respectively.
Conversely, no SLs hydroxylated on the C or D rings have

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-7581-7686
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13007-020-00616-2&domain=pdf

Halouzka et al. Plant Methods (2020) 16:76 Page 2 of 13
a b c
(@)
0)
-
f
Y
N
O///,,,,v @)
O
\

SL analogue (GR24)
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yet been reported [9, 15]; such structures would be quite
unstable. There are also non-canonical SLs such as heli-
olactone (Fig. le) from sunflowers [16] and lotuslactone
from Lotus japonicus [17]. These compounds lack the A-,
B-, or C- ring but retain the enol-ether-D ring moiety,
which is essential for the biological activities of SLs.
Chemical analysis of small molecules, including plant
hormones, is central to studies on plant development and
host-microbe interactions. In particular, information on
hormone levels is essential for researchers working on
any kind of hormone-regulated process. The analysis of
phytohormones such as strigolactones is very challenging
because the endogenous concentration of the target mol-
ecules in plant tissues are often very low (on the order
of pg/g fresh weight), so the presence of much more
abundant compounds can cause significant interference.
These problems can be particularly severe if the interfer-
ing compounds have similar structures and/or physico-
chemical properties to the target analytes. Other factors
that complicate hormonal analysis include the high com-
plexity of plant matrices and the limited chemical, light,
and thermal stability of many target compounds [18—20].
Proper purification is necessary to obtain reliable data,
and simplification of purification protocols often inten-
sifies matrix effects, making final analysis very difficult
or even impracticable [21, 22]. The most popular tech-
nique for final analysis of phytohormones over the last
decade has been liquid chromatography-tandem mass

spectrometry, which combines a high-resolution chro-
matographic system with sensitive and acceptably selec-
tive mass spectrometric detection [20].

This review summarizes the advantages and disadvan-
tages of isolating SLs from root tissue and exudates, pre-
sents noteworthy findings related to their qualitative and
quantitative chemical analysis, and offers some future
perspectives on research in this area.

Isolation and purification

Sample preparation is an essential step in any chemical
analysis of plant metabolites, especially phytohormones.
SLs occur mainly in root exudates and root tissues [11,
23] but the SL profiles of root exudates and roots differ,
probably because of the different biological roles of indi-
vidual compounds. Their isolation from root exudates is
limited by the presence of inorganic salts in the medium.
Extracts containing such salts are incompatible with the
chromatographic methods used for final analyses due to
their harmful effects on the detectors. In addition, extrac-
tion requires the processing of relatively large volumes
of media (typically litres). Therefore, the capacity of the
solvent and/or sorbent used must be carefully considered
when analyzing root exudates.

Conversely, isolating and purifying SLs from root tis-
sues requires pre-concentration of the target compounds,
sample desalting, and also removal of interfering sub-
stances. In this case, the main unwanted contaminants
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are organic compounds with physicochemical properties
similar to the target analytes.

SLs are produced in very low quantities, on the order of
15-30 pg/plant/day [18, 24, 25]. It is therefore essential to
minimize losses during isolation and purification in order
to maximize recovery of the target compounds over the
sample preparation process. Isolating SLs from plants is
very laborious, and it is generally impossible to guaran-
tee that the quantities obtained will be sufficient to deter-
mine the structure of previously uncharacterized SLs
[14, 18]. The first SL isolation procedures required over
25,000 plants, but the use of modern chromatographic
and spectrometric methods has significantly reduced the
number of plants needed [26, 27]. Over the last two dec-
ades, the quantity of plant material required for SL pro-
filing has fallen from tens of kilograms (e.g. Yokota et al.
[27]) to grams or even milligrams (e.g. Charnikova et al.
[28] or Rial et al. [29]), mainly because of advances in
instrumentation, but also because of more efficient sam-
ple isolation and purification procedures.

The most common procedures for SL isolation from
root exudates are based on adsorption on charcoal [30-
32]. Many rather similar protocols for isolating and puri-
fying SLs from root tissue have been presented [11, 33,
34]; that developed by Yoneyama et al. [34] is generally
accepted as the standard protocol, but was recently mod-
ified by Boutet-Mercey et al. [35]. They ground the plant
material before extraction, while Yoneyama et al. [34]
extracted intact plant tissue. In addition, Boutet-Mer-
cey et al. [35] purified the extract via SPE. More details
and the differences between these two approaches are
described in the following section.

Isolation of SLs from root exudates

Plant exudates are complex mixtures of bioactive phy-
tochemicals containing both low- and high-molecular
weight compounds that are important for plant adap-
tation and defence [36, 37]. Exudates are generally
secreted by plant root hairs, calli, and suspension cells
[36]. The collection of exuded bioactive phytochemi-
cals is a non-destructive process that can be repeated
several times to obtain higher quantities of the desired
molecules [38, 39]. Plant seedlings for SL produc-
tion are usually grown in hydroponic culture systems.
In these systems, seeds are sterilized and germinated,
then once the seedlings are 2 days old, they are trans-
ferred into a strainer with a sheet of gauze linked to a
slightly larger container containing various volumes of
tap water or nutrient solution [40, 41]. Tap water can
typically be used as the medium for the first 3-5 days
to acclimatize the plants, after which a growth medium
containing nutrients is applied. The medium can be
used throughout the cultivation process, and because
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SL production and exudation are sensitive to nutrient
availability [40-43], the cultivation timeframe can be
tuned. Three different types of cultivation media are
widely used today: most European groups use Hoagland
medium, but Japanese researchers prefer Tadano and
Tanaka medium or a modified Long Ashton nutrient
solution [28, 44, 45]. These cultivation media contain
various inorganic salts, which may bind to target com-
pounds. For instance, higher concentrations of phos-
phate (=5 mM) in the cultivation media negatively
affect both the production and stability of SLs in root
exudates. Rial et al. [29] analyzed both exudates and
root tissues from tomato plants grown under —P and
+P conditions, and observed significantly lower SL
concentrations in samples grown under +P conditions.
We found that phosphate and some other nucleophiles
promoted the degradation of the SL synthetic analog,
GR24 [13]. Phosphate is a good example of an inorganic
ion influencing both SL biosynthesis in plants and their
stability in aqueous solutions.

There are two common approaches for collection/
extraction of SLs from root exudates: (A) combined
collection with charcoal followed by SPE (solid phase
extraction) and (B) direct LLE (liquid/liquid extrac-
tion) of target compounds from the media [23, 30, 40,
43] (Table 1). Combined collection yields relatively low
recoveries—typically, >20%  (Halouzka, unpublished
results)—and the selectivity of adsorption on charcoal
is limited by the large quantities of hydroponic solution
that must be passed through the sorbent. Adsorbed root
exudates are eluted with acetone, evaporated to dryness,
re-dissolved in water, and then extracted with ethyl ace-
tate (EtOAc) via LLE [30]. EtOAc is the preferred extrac-
tion solvent for SLs due to its moderate polarity and low
toxicity. However, the use of freshly distilled solvent is
strongly recommended because residual acetic acid deg-
radates SLs. The EtOAc extracts are then washed with
0.2 M K,HPO, (pH 8.3) to obtain a neutral fraction.
Finally, the extract is dried over anhydrous MgSO, or
NaSO, and concentrated in vacuo [40, 43].

The LLE approach involves directly extracting SLs from
the cultivation media without prior adsorption on a sorb-
ent. The collected root exudates are extracted repeatedly
with an equal volume of EtOAc [43], then the extracts
are combined and neutralized (Fig. 2B). Collection and
extraction are repeatable processes that can be per-
formed over several days [31]. Most SLs characterized to
date were isolated from root exudates [18, 28, 30, 32, 33].

A third way of isolating SLs from exudates was pre-
sented by Rial et al. [29], who analyzed concentrated exu-
dates without pretreatment after dissolution in MeOH.
This resulted in successful quantification even though
the nucleophilicity of MeOH makes it a suboptimal
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solvent for SLs: 5-deoxystrigol reportedly has a half-life
of 1.5 days in 3% MeOH [8, 13].

Isolation of SLs from root tissues
The transfer of target analytes from root tissues to
organic solvents requires either maceration or extrac-
tion of the ground tissue. Maceration involves submerg-
ing the intact tissue in freshly distilled solvent for a few
days, while extraction involves first homogenizing the
plant tissue with a vibration mill or mortar and pestle. To
avoid enzymatic or chemical degradation, the tissue must
be cooled to 4 °C during extraction. The efficiency of
maceration/extraction depends on the target molecule’s
polarity and subcellular localisation. Plant hormones are
usually associated with other compounds such as phe-
nolics, lipids, and proteins. The extraction solvent must
therefore minimize the extraction of interfering sub-
stances and not affect the stability or chemical properties
of the target compounds [34, 46].

Yoneyama et al. [34] established a standard SL isola-
tion protocol (Fig. 2c) that was successfully applied to

sorghum root tissue. This protocol involves macerat-
ing small pieces of roots or shoots from 2 to 4 week-old
plants in EtOAc. Maceration should not be performed for
more than 3 days due to the water content of the plant
tissue; water can easily decompose both SLs and EtOAc
under slightly acidic conditions. Other measures to pre-
vent potential analyte loss include pH neutralization,
water removal, and omitting nucleophilic substances
or solvents (MeOH). EtOAc and acetone are popular
solvents for these processes. The final steps are similar
to those for isolation from exudates, i.e. washing with
K,HPO,, drying over anhydrous MgSO, or Na,SO,, fil-
tration, and evaporation under reduced pressure at tem-
peratures below 35 °C. A very similar isolation protocol
was described by Loépez-Raez et al. [33], who directly
analysed EtOAc extracts of tomato tissues [29, 33].

An alternative approach was developed by Boutet-Mer-
cey et al. [35], who combined the extraction of homog-
enized tissue with purification by SPE (Fig. 2d). Their
protocol was tested and optimized for SLs isolated from
garden peas (fabacyl acetate, orobanchyl acetate, and
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orobanchol). While other phytohormones are often puri-
fied by SPE using hydrophobic C18-type or polymer-type
sorbents, silica is commonly used for SLs. This prevents
the use of aqueous solvents, which has the additional
benefit of improving SL stability and reducing evapora-
tion times [20, 35]. Successful quantitative analysis of SLs
from tissue samples requires both purification and frac-
tionation. However, fractionation requires the handling
of many fractions—more than ten in some cases. To gen-
erate these fractions, elution is performed stepwise while
varying the composition of the eluent. The elution solvent
is typically a mixture of EtOAc with heptane or hexane,
in ratios ranging from 100:0 to 0:100 [31]. The optimized
SPE protocol of Boutet-Mercey et al. [35] generates only
four fractions (2 washing and 2 elutions). These authors
also reported significant matrix effects for fractions con-
taining higher amounts of EtOAc. A drawback of the SPE
procedure is that it increases the total time required for
analysis to over 24 h [29], which is problematic because
the instability of SLs means that time is an important fac-
tor in their analysis. It is therefore necessary to strike a
balance between extraction efficiency and stability. Based
on experience and published results, we make the follow-
ing recommendations for the use of endogenous SL and
synthetic analogues such as GR24 in plant treatments
[13, 31-33]:

a. Stock solutions should be prepared using dry inert
solvents such as DMF, acetone or acetonitrile, with a
maximum storage temperature of — 20 °C;

b. Aqueous solutions containing SLs must be used
within 24 h;

¢. Methanol is not a suitable solvent for experiments
with SLs;

d. EtOAc is a good extraction solvent but must be redis-
tilled before extraction; and

e. Sample preparation (including SPE purification)
should be fast and produce an appropriate number of
fractions.

Identification and quantification

GC-MS

Gas chromatography (GC) is a very important method
in phytohormone analysis, although it is often replaced
by liquid chromatography because it requires the deri-
vatization of non-volatile analytes. Nevertheless, Yokota
et al. [27] showed that GC is a viable tool for study-
ing SLs by using GC coupled with a mass spectrom-
eter (MS) operating in electron ionization mode (EI) to
identify strigol and orobanchol in red clover. They used
a non-polar capillary column packed with 5% (phenyl)
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Fig. 3 EI-MS fragmentation pattern for canonical SLs

methylpolysiloxane, which was also used by Erickson
et al. [47], and Xie et al. [48] (Table 1).

SLs are non-volatile and thermolabile compounds.
Their volatility and stability in the injection port of a GC
system (150-250 °C) can be improved by derivatization
with tetramethylsilane (TMSi), which causes cleavage of
the D-ring.

Electron ionization in GC-MS analyzers is always per-
formed at 70 eV, which is clearly too high for SLs, caus-
ing their molecular peaks to have very low intensities
(approximately 4% of relative abundance). Based on the
data summarized by Cavar et al. [46], we propose that
SLs exhibit the fragmentation pattern shown in Fig. 3
when ionized at 70 eV in a GC-EI-MS analyzer. The base
peak for all SLs analyzed by GC-EI-MS is m/z 97, which
corresponds to the cleaved hydroxymethyl butenolide,
ie. CsH;O,". The peaks corresponding to the ABC-
moiety and its fragments formed by cleavage of the enol
ether [M-126]" and further cleavage of the oxo-group
from the lactone [M-142]% have quite low intensities—at
most 15% of relative abundance.

Since the introduction of HPLC coupled with triple
quadrupole (QqQ) mass detectors for identification of
SLs by Sato et al. [18], GC has largely served as a support-
ing method for confirming the spectral characteristics of
SLs [47, 49].

LC-MS

The most popular separation method for SLs is high-per-
formance liquid chromatography (HPLC). Separation of
SLs is usually performed on a reversed-phase stationary
phase with C18 bonded silica columns. The most com-
mon mobile phases are mixtures of neutral or acidified
water with methanol or acetonitrile (Table 1). In the early
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Table 2 Overview of m/z transitions for known canonical and non-canonical SLs

Strigolactone [M+H]t MRM1 MRM2 References [M+ Na]* MRM1 MRM2 References
Orobanchol 347 347 >205 347>97 [11] 369 369>272 [82]
Orobanchyl acetate 389 389>347 389>233 [11] 411 411>254 411>239 [49]
4-deoxyorobanchol 331 331>216 [52

7-oxoorobanchol 383 383>286 [44]
7-oxoorobanchyl acetate 425 425> 268 [44]
7a-hydroxyorobanchol 385 385>288 [44]
7a-hydroxyorobanchyl acetate 427 427>270 [44]
7B-hydroxyorobanchol 385 385>288 [44]
7B-hydroxyorobanchyl acetate 427 427>270 [44]
Solanacol 343 343>97 343>183 [87] 365 365>268 [33]
Solanacyl acetate 407 407> 250 [25]
Strigol 369 369>272 [18]
Strigyl acetate 411 411>254 [83]
Strigone 367 367>270 [31]
5-deoxystrigol 331 331>216 331>97 [88] 353 353>256 [84]
Sorgolactone 317 317>97 [23] 339 339>242 [83]
Sorgomol 369 369>272 [85]
Fabacyl acetate 405 405> 231 405>97 [29] 427 427>219 427>242 [44]
Fabacol 385 385>288 [44]
Heliolactone 361 361>233 361>97 [16]

Zealactone 377 377 >345 377>97 [28]

Avenaol 377 377>263 377>97 [89]

Carlactone 303 303>97 (52]

Calactonic acid* 331 331>113 [52]

Methyl carlactonate 347 347>97 [86]

Methoxy-5-deoxystrigol 383 383>286 [25]

*Carlactonic acid—precursor ion [M - H]~

days of SL research, HPLC systems equipped with spec-
trophotometric detectors (UV or DAD) were used. The
usefulness of such systems is limited by their sensitiv-
ity and the difficulty of interpreting the UV profiles of
SLs—for example, strigol and orobanchol have the same
chromophore [27, 50]. This problem is illustrated by the
example of Siame et al. [50], who used UV detection and
mistakenly reported that strigol occurred in maize (Zea
mays). Two decades later, Jamil et al. [51] disproved this
finding and showed that neither strigol nor any other
canonical SLs occur in maize. Instead, several non-
canonical SLs were detected in maize root exudates [28,
48, 51].

Traditional HPLC is being replaced by UHPLC (ultra-
high performance liquid chromatography), which offers
shorter analysis times and greater separation efficien-
cies. Routine run-times in UHPLC are typically less than
20 min (Table 1). Quantitation of SLs by UHPLC-MS/
MS (tandem mass spectrometry) is typically performed
using the multiple reaction monitoring (MRM) mode
[3, 18, 52]. The value of this selective detection mode is

demonstrated in a recently published paper by Rial et
al. [29], who could not completely separate the isomeric
compounds strigol and orobanchol by reversed-phase
chromatography but were able to selectively distinguish
them by monitoring the relevant MRM transitions.

It should be noted that most SLs are analyzed in posi-
tive ion mode but carlactonic acid is analyzed in nega-
tive ion mode (Table 2), [52]. Additionally, the choice of
MRM transitions depends strongly on mobile phase com-
position and pH. Acidic conditions suppress formation
of sodium or potassium adducts in favor of protonated
quasi-molecular ions ([M + H] ™). However, most authors
focus on transitions of sodium adduct ions [M+ Na]™,
with the most abundant fragment corresponding to neu-
tral loss of [M+Na—97]" [15, 18, 30, 33-35, 44, 49, 53].
This transition is monitored because all known SLs have
identical D-ring moieties [3]. Table 2 provides an over-
view of canonical and non-canonical SLs with defined
MRM transitions observed in LC-MS/MS experiments.
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Introduction into the DART gas stream

Future tools

Flash chromatography

As demonstrated by the above discussion, there is still
a need for a general and practical tool for SL isolation.
Flash chromatography or extraction using monolithic
sorbents could be attractive alternatives to SPE purifica-
tion. Flash chromatography uses a hybrid medium with
small silica gel particles (250—-400 mesh size) that neces-
sitate the application of positive pressure to force solvent
through the column. Automated flash chromatography
systems are multifunction devices that closely resem-
ble HPLC systems: they have gradient pumps, sample
injection ports, UV detectors, and inbuilt fraction col-
lectors. They can be used to separate target analytes on
scales ranging from a few mg to kilograms, and are much
cheaper than preparative HPLC systems [54]. An alter-
native option is to use monolithic sorbents, whose pore
systems enable their use as general tools for isolating SLs
and separating their stereoisomers. Some monolithic sil-
ica sorbents have additional useful features such as high
linear velocities, which increase separation efficiency and
thus facilitate the isolation of pure isomers [55].

Nuclear magnetic resonance

Mass spectrometric techniques are currently indispen-
sable tools for SL detection. A wide range of techniques
suitable for diverse applications are available. In recent
years, several research groups studying SLs have used a
TOF (time of flight) mass analyser together with a tan-
dem mass spectrometry (MS/MS) setup that enables
fragmentation of separated compounds and analysis of
the resulting ionized fragments [28, 48].

An overlooked technique is LC coupled with on-line
NMR, which enables real-time detection and detailed
characterization of the eluting compounds, including
determination of factors such as their stereochemical
properties [56]. Unfortunately, its sensitivity and selec-
tivity are much lower than those of MS methods, so it
is mainly used for nonselective analysis. The sensitivity

of NMR can be improved by using dynamic molecular
polarization or cryo- and microprobes [57, 58]. However,
even these refinements are insufficient to match the sen-
sitivity and selectivity of MS-based methods, which can
detect target analytes in the pmol to fmol range [59, 60].
On the other hand, NMR offers very high reproducibil-
ity and requires minimal sample preparation [57]. It is
therefore often used in metabolomic fingerprinting stud-
ies that focus on identifying and quantifying compounds
associated with drug metabolism and food intake, and
for NMR-based metabolomics in phytochemical studies
[59-61].

MS ambient techniques

Other important modern methods are ambient tech-
niques (AT) such as DART (direct analysis in real time)
and DESI (desorption electrospray ionization) [62, 63],
which can be used to determine the spatial distribu-
tion of target compounds in a sample. These relatively
new mass spectrometric techniques use an ion source
located outside the mass analyser and are suitable for a
wide range of low molecular mass compounds. A huge
advantage of DART is that it requires minimal or even
no sample preparation; small tissue samples or crude
extracts can be introduced directly into the ion source
[64], (Fig. 4). However, the reproducibility of AT tech-
niques can be limited by problems resulting from outer
ionization. AT techniques could potentially serve as the
basis of a general fast identification method suitable for
detecting SLs in various plant tissues (stems, roots, and
leaves). However, many issues remain to be addressed
including problems with sample shrinkage (due to losses
of water), which changes the nature of the tissue surface
[65-68]. Also, each plant organ has a unique structure
and thus requires separate process optimization. Cou-
pling DART with HRMS (high resolution mass spec-
trometry) could make it possible to determine the mass
(m/z) of any compound in a plant tissue sample with rela-
tively high mass accuracy (below 1 ppm).
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DESI is a mass spectrometry imaging (MSI) technique
that provides information about the spatial distribu-
tion of target analytes [69] by combining electrospray
ionization (ESI) and desorption ionization. It is particu-
larly suitable for low molecular weight compounds such
as SLs. The sample to be analysed is fixed or imprinted
(Fig. 5) onto the solid surface of a plate, which can be a
TLC plate or a plate made from porous Teflon, paper,
glass, or plastic [69-71].

The key advantages of MSI (DESI) are that it requires
minimal sample manipulation and no separation steps.
However, it is very sensitive to matrix effects, which can
significantly affect the observed spatial distribution of
analytes. In particular, physical properties (roughness on
the surface of the analysed sample) can profoundly affect
the analysis and the reliability of results obtained using
this method [72-74]. Rejsek et al. [74] recently showed
that DESI-MS can also be applied to non-planar samples
by using an ion source with a laser triangulation system.
This upgraded DESI setup obviates the need for chemi-
cal pretreatment of samples or sample preparation by
imprinting. Moreover, it preserves the native spatial
distribution of SLs and other target compounds in the
sample.

Another important MSI technique is laser ablation
electrospray ionization (LAESI), which was introduced in
2007 [75]. This method also achieves high spatial resolu-
tions (below 1 pm) and has been used to perform quanti-
tative analyses of tissue samples from several plants. For
example, it was used to study arginine levels in A. cepa
bulbs [76]. However, like DESI, it is limited by being
much less well-developed than MALDI (matrix-assisted
laser desorption/ionization). While DESI and LAESI
cannot yet match the resolution achieved with MALDI,
they are potentially powerful tools for analysing plant
metabolomes and could thus help answer a number of

outstanding questions about chemical organization in
plants [68, 77, 78]. Plant hormones occur in minute quan-
tities, so that sensitive analytical tools are required for
their analyses. The major limitation of MS ambient tech-
niques is their low sensitivity, which could be improved
by increasing either the ionization efficiency or the sen-
sitivity of ion detection. To assess the potential of DART-
and DESI-MS we are currently finalizing a method paper
that discusses this issue.

Conclusions
Chemical analysis is central to research on the biochem-
istry of SLs and their roles in plant development and
physiology. Before performing any such analysis, it is
essential to know at least the main chemical properties
of the target analytes, such as their structures, stability
under certain conditions, and chemical reactivity, as well
as the levels at which they exist in the tissues of interest.
This review summarized the different methods that have
been used to isolate and purify SLs from root tissues and
exudates, and to identify the SLs present in the resulting
isolates. The advantages and drawbacks of each method
have been highlighted, which should be valuable infor-
mation for plant scientists seeking to study these phyto-
hormones. Additionally, we have presented guidelines for
protocol selection that should help minimize losses dur-
ing isolation and purification prior to final analysis.
Qualitative and especially quantitative analyses of
SLs are needed to clarify their roles in regulating plant
development and their interactions with other phyto-
hormones. Of the techniques available for this purpose,
LC-MS/MS continues to be the most generally useful
and widely used [79]. However, more recently developed
highly sensitive analytical methods such as HR-DART-
MS and HR-DESI-MS can provide information that
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cannot be obtained using LC-MS/MS, such as data on
the spatial distribution of target analytes. As such, they
could be valuable complementary tools for semi-quanti-
tative analysis of SLs. Additionally, these methods require
little or no sample preparation, enabling rapid analysis
with minimal risk of analyte degradation.
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Abstract

BACKGROUND: Strigolactones (SLs) are plant hormones that play various roles in plant
development. The chemical stability of SLs depends on the solvent, pH, and the presence of
nucleophiles. Hydrolysis leads to detachment of the butenolide ring, and plays a crucial role
in the initial stages of the signal-transduction process occurring between the receptor and the
SL signaling molecule.

RESULTS: To date, two different mechanisms have been proposed for SL hydrolysis.
Results obtained from kinetic, thermodynamic, and mass spectral data of the reaction
between widely used synthetic strigolactone analog GR24 and seven different nucleophiles,

demonstrate that the reaction proceeds via the Michael addition-elimination mechanism.
CONCLUSIONS: This paper provides valuable information on the chemical stability of

GR24 in different plant growing media and buffers. Such information is valuable for

scientists using GR24 treatments to study SL-regulated processes in plants.
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1. INTRODUCTION
Strigolactones (SLs) are compounds classified as plant hormones.! For more than 60 years,
SLs have been known as signaling molecules that are involved in the stimulation of seed
germination of parasitic plants belonging to the Striga and Orobanche (Phelipanche)
families.” Seeds of these parasitic plants germinate only when they are exposed to SLs
produced by their plant host. SLs also play a crucial role in the symbiosis between higher
plants (compared with the parasitic plants) and arbuscular mycorrhizal fungi.* In addition,
SLs affect many physiological processes (such as regulation of secondary growth,
adventitious root formation, shoot branching, and development) in plants.*
Plant roots are the main site of SL biosynthesis,!> where extremely low quantities (1077
1075 M) of SLs are exuded into the rhizosphere.®” The chemical structure of SLs (Figure 1)
contains a tricyclic lactone (ABC-scaffold) that is connected to a butenolide (D-ring) by an
enol-ether bridge.®® The C-D ring moiety is essential for biological activity toward parasitic
seeds and arbuscular mycorrhizal fungi.>!' Some naturally occurring SLs with oxo and
hydroxy groups in the AB-moiety also exhibit considerable stimulant activity for hyphal
branching.!”> Zhang et al.'* demonstrated that the enzymes responsible for structural
diversification of SLs may lead to modification of the SL composition produced by plant in
certain time and plant organ.
The chemical stability of SLs depends on experimental conditions, such as the solvent, pH,
and the presence of nucleophiles, and must be considered in a study of SLs. SLs are stable in
root exudates, which are usually composed of an oily mixture of various chemicals that play a
key role in the plant defense against pathogenic attack.'* In contrast, SLs exhibit limited
stability in aqueous solutions and may decompose during expulsion (via several extraction
and chromatographic steps) from these solutions.
At present, two main families of natural SLs are known, namely the strigol family and the
orobanchol family with (+)-strigol and (-)-orobanchol BC stereochemistry, respectively (see
Figure 1). The structure of natural SLs is rather complex and accordingly SL synthesis
requires many steps. For example, at least 20 steps are required for the synthesis of
enantiopure (+)-strigol.®!3
The preparation of synthetic SL analogs with the same bioactiphore as natural ones
constitutes an important development in SL research. These synthetic analogs exhibit a
somewhat lower activity, but usually a higher stability, than their natural counterparts.'? '
One of the most potent and commonly used SL analog is GR24, a synthetic analog of strigol,

which was invented by Gerald Rosebery.!” GR24 is widely available and is used as the
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standard for investigating the role of SLs in plant development. Several other synthetic
analogs are now available (see Figure 1 for some of these analogs). Compared with the
natural SLs, these analogs allow more detailed studies of SLs, especially the stability toward
hydrolysis under a variety conditions.

However, little is known about their behavior in aqueous conditions. The hydrolytic stability
of GRS over a range of pH values was measured in 1976, and the results showed that
hydrolysis increases with increasing pH.'® Johnson et al.!” and Babiker et al.!” showed that
GR24 is rapidly hydrolyzed at alkaline pH. In contrast, the rate of hydrolysis decreases
significantly when alcohol is used as a co-solvent.?? The half-life of GR24 is ~10 days in 3%
MeOH!? and ~15 days in aqueous 20% EtOH. On the other hand, negligible hydrolysis
occurs at pH values of 5.0-6.3.2-2! Naturally occurring solanacol, solanacyl acetate, and 5-
deoxystrigol were also investigated. Half-lives of 2 days and 4 days were determined for
solanacol and solanacyl acetate, respectively, in a mixture of ethanol and water (1:4; v/v).2 A
half-life of 1.5 day was determined for 5-deoxystrigol in 3% MeOH.!?

The first-ever mechanism for the hydrolysis of SLs (Figure 2) was proposed in 1992.1° This
mechanism is characterized by several steps. In the first step, a nucleophile is added to the
enol ether unit (an element occurring in all natural and synthetic SLs) through a Michael
addition. Subsequent elimination, as shown in Scheme 1 (Pathway A), leads to detachment of
the D-ring moiety. When a nucleophilic agent is used, the addition product can be isolated.
Scaffidi et al.??> proposed an alternative mechanism (Pathway B) for D-ring detachment,
based on the assumed similarity between the reaction of nucleophiles with SLs and the
reaction of nucleophiles with karrikins, although the substitution pattern of the butenolide
ring occurring in karrikins differs significantly from that of the ring occurring in SLs (Figure
2). The detachment of the hydroxy D-ring via both pathways A and B for the reaction with
water (Nu = H20, Figure 2), yields the formyl-substituted ABC scaffold. Indeed, Hamiaux et
al.?? observed this product and the hydroxy butenolide for the hydrolysis of GR24.

The hydrolysis process plays a crucial role in the initial stages of the signal-transduction
process involving o/ hydrolases.?> The DI14/AtD14/DAD2, i.e., rice D14, Arabidopsis
thaliana (At)D14, and petunia DECREASED APICAL DOMINANCE (DAD?2), were proved
to be the SL-signal receptors. The D14 orthologs consist of a conserved catalytic triad (Ser-
His-Asp), which plays a key role in SL hydrolysis and the signal transduction.?*2> It was
confirmed that, owing to its enzymatic activity, the SL receptor cleaves the hydroxy D-ring

from the SL ligand.?¢-2
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In this work, the chemical stability of GR24 was examined in different cultivation media and
buffers commonly used in plant experimental biology. The aim of the study is to provide
biologists with information about GR24 features that may affect the design of experiments
involving plant treatment with aqueous solutions of GR24. In addition, the hydrolysis of
GR24 in the presence of different nucleophiles was investigated and some of the first-ever
determined thermodynamic and kinetic parameters of this reaction are presented. The data
demonstrate that hydrolysis of SLs in aqueous solutions is governed by an addition-

elimination mechanism.

2. MATERIAL AND METHODS
2.1 Determining the stability of GR24 in different media and buffers
All measurements of the chemical stability of GR24 were performed with an Agilent Cary
8454 (Santa Clara, California, USA) spectrophotometer. A solution containing 5 UL of GR24
(0.01 M in DMF) was mixed with 2995 uL of medium or buffer, and the mixture was stirred
magnetically. All measurements were monitored at 239 nm for 24 h at 25 °C, with readings
every 60 min.
Hoagland medium as well as Murashige and Skoog (MS) medium were prepared according
to protocols described in the literature.?®?° The concentration of phosphate ions (0.025-0.25
M) in the Hoagland medium was varied in these experiments. HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), phosphate, phosphate-citrate, MES (2-(N-morpholino)-
ethanesulfonic acid), and Tris-HCI buffers (pH 7.0) were prepared in 0.1 M concentrations
and stored in the dark at 4 °C. Citrate, phosphate, formate, and acetate buffers (pH 6.0; 0.01
M) were obtained under the same conditions. The effect of the concentration (0.10—1.00 M)
of the phosphate buffer (pH 6.0) was determined.
The chemicals (Sigma-Aldrich Chemical Company, Germany) used were all of the highest
purity available. GR24 was synthesized in our laboratory (Radboud University Nijmegen,
The Netherlands). Deionized water (18.2 MQ/cm, Direct-Q; Millipore, Molsheim, France)

was used as a blank for all tests, as well as in the preparation of aqueous solutions.

2.2 Determination of kinetic parameter s associated with the reaction between GR24 and

different nucleophiles
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The reaction of GR24 (33 mM) with 10 equivalents of nucleophile (benzylamine, imidazole,
methanol) in different solvents (acetone, acetonitrile, methanol, and ethanol) was monitored
spectrophotometrically (Agilent Cary 8454; Santa Clara, California, USA). The
measurements were performed at 240 nm for 24 h at 30 °C, with 30-min reading intervals.
All experiments were performed in triplicate and, in each case, the reaction mixtures were
stirred magnetically.

To determine the activation parameters of the reaction, GR24 (33 mM) was mixed with 10
equivalents of nucleophiles (p-anisidine, benzylamine, 4-methoxybenzylamine, benzyl
mercaptan, thiophenol, aniline, imidazole, and ammonium hydroxide) in methanol and the
reaction progress was monitored spectrophotometrically (Shimadzu UV-2450 PC
(SHIMADZU Handels GmbH, Kyoto, Japon). The measurements were monitored at 240244
nm for 3 h at 25, 30, 35, and 40 °C, with 5-15-min reading intervals. The reaction mixture
was stirred magnetically during each experiment. Methanol was used as a blank.

Absorption spectra of the reaction mixtures were recorded at wavelengths ranging from 200
to 450 nm. Thermodynamic parameters, such as the activation energy (Ea), enthalpy of
activation (DH¥), entropy of activation (DS¥), and Gibbs energy of activation (DG"), were
calculated via the Arrhenius method.

The progress of the reaction was monitored on a Nexera X2 UHPLC (Shimadzu, Handels
GmbH, Kyoto, Japan) coupled with a MS-8050 (Shimadzu, Handels GmbH, Kyoto, Japan).
Chromatographic separation was performed with a AQUILITY BEH C8 analytical column
(150 x 2.1 mm; 1,7 pm; Waters, Milford, MA, USA), under the following conditions:
temperature of the column thermostat: 40 °C, flow rate:0.25 mL/min. The mobile phase
consisted of water (A) and acetonitrile (B) with elution as follows: 20% B for 1 min, 60% B
4.50 min, to 80% over 6.30 min, isocratic 80% B for 1 min, with gradient to 20% B for
0.4 min and stabilized at this condition for 3.4 min. The mass spectra were obtained via
electrospray ionization in positive mode with the following operating parameters: capillary
voltage -3000 V; interface voltage 4 kV; full scan 50-500 m/z interface temperature 300 °C,
heating and drying gas flow 10 L/min; nebulizing gas flow 3 L/min. The MS/MS spectra of
the protonated molecular ions (M+H") were acquired.

The chemicals used (Sigma-Aldrich Chemical Company, Germany) were of the highest

purity available.

2.3 Synthesis of reaction products
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The reaction products were synthesized in accordance with published protocols.’! During
synthesis, 0.015 mol of GR24 was mixed with 0.023 mol of methoxybenzylamine in 400 uL
of ethanol. Another reaction mixture contained GR24 and benzylamine (as the nucleophile)
in the same amounts. These mixtures were stirred at room temperature for 24 h under
nitrogen.

The reaction products were extracted with ethyl acetate, dried under nitrogen. Furthermore,
the structure of each product was determined from MS collision spectra obtained on a LCMS-
8050 (Shimadzu, Handels GmbH, Kyoto, Japan), and via analysis of I|H-NMR spectra
recorded on a 500 MHz Jeol ECA-500.

3-[ (Phenylamino)methylidene] -3,3a,4,8b-tetrahydro-2H-indeno [ 1,2-b] furan-2-one. 'H NMR
(500 MHz, acetone-d6): 8 2.06 (s, 1H), 3.35-3.40 (m, 2H), 4.48 (d, J= 5.8 Hz, NCH>), 4.85—
5.23 (m, NH), 5.77 (d, J = 7.8 Hz, 1H), 6.09 (s, 1H), 6.77-6.83 (m, 5H). ESI-MS: 292.05
[M+H]", 274.10 [M+H-H20]", 183.05 [C13H110*], 91.10 [C7H7]".

3-{[ (4-methoxyphenyl)amino] methylidene}-3,3a,4,8b-tetrahydr o-2H-indeno[ 1,2-b] furan-2-
one. '"H NMR (500 MHz, acetone-d6):  2.07 (s, 1H), 3.38-3.42 (m, 2H), 3.66 (S, OMe), 4.44
(d, J=5.3 Hz, NCH2), 4.78-5.19 (m, NH), 5.74 (d, J = 6.9 Hz, 1H), 6.11 (s, 1H), 6.65-6.79
(m, 5H). ESI-MS: 321.14 [M+H]", 121.10 [CsHyO]", 91.10 [C7H7]".

3. RESULTSAND DISCUSSION
Generally, many biological experiments with SLs are performed in cultivation media or
aqueous buffers and determining the stability of SLs under such conditions is essential.
Hence, the stability of GR24 in a Hoagland medium (a nutrient solution containing different
amounts and types of inorganic salts that are essential for plant growth)?® with different
concentrations of phosphates, and Murashige and Skoog medium?® with and without sucrose
was determined. Spectrophotometric monitoring of the GR24 concentration at 239 nm for 24
h (Figure 3) revealed a relatively small decrease in concentration. For example, 10%
(maximum) of GR24 decomposed in the 2 Hoagland medium with a phosphate concentration
of 50-250 uM. GR24 exhibited very high stability in ¥4 Hoagland medium with and without
25 uM of phosphate. The Murashige and Skoog medium, with and without sucrose, was also
found to be suitable for experiments with GR24, i.e., after 24 h, only 3-5% of GR24

decomposed in these media.
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The results show that increased decomposition of GR24 can be expected in such trials,
especially in the phosphate-containing Hoagland medium. For example, a 10 mM phosphate
buffer combined with methanol (3:1) decreases the half-life of GR24 stability by 9 h.>* We
assume that phosphate ions act as nucleophiles in the same manner as the other nucleophiles
considered in this study (results shown below). Therefore, the concentration of these ions will
have an influence on the chemical stability of both GR24 and naturally occurring SLs. The
concentration of SLs in root exudates is affected by the concentration of phosphates in
growing media. Phosphate-free plant treatments are commonly used to obtain increased SL
yields from root exudates.?!* According to Lopez-Réez et al.?!, a minimum period of 24 h is
required for revealing the difference in SL concentrations in plant treatments with and
without phosphate.

Interestingly, the question remains whether increased concentrations of SLs arise from
phosphate starvation or from their limited decomposition in the presence of low phosphates
in a growing medium.

The hydrolytic stability of GR24 in buffers at two different pH values, pH 6.0 (Figure 4A)
and pH 7.0 (Figure 4B), was also determined. The buffers were selected based on their
buffering capacity at these pH values. Mili-Q water was used as a control, where GR24 has a
half-life of ~11 days. This concurs with previously published data.!?> The concentration of
GR24 in buffers with a pH of 6.0 (acetate, phosphate, formate, and citrate), and some with a
pH of 7.0 (phosphate, phosphor-citrate, and MES) decreased by 5% within 24 h. This
indicates that these buffers are suitable for short-term storage and experiments with GR24. In
contrast, the concentration of GR24 in HEPES and Tris-HCI buffers (pH 7.0) decreased by
15-25% after 24 h of measurement. Both molecules, HEPES and Tris-HCI, contain electron
donor moieties that can act as nucleophiles, thereby hydrolyzing the S molecule and, hence,
these buffers are unsuitable for experiments with SLs.

The hydrolytic stability of GR24 and 5-deoxystrigol in these buffers was also monitored for
96 hours and results consistent with those presented above were obtained. Consistent with
data presented in the literature,'> 5-Deoxystrigol was considerably less stable than GR24,
especially in the Tris-HCI buffer (pH 7.0), where 5-deoxystrigol decomposes more than 95 %
after 96 hours of monitoring (Figure 5A). Stability of 5-deoxystrigol in selected buffers at pH
6.0 is summarized in Figure 5B, where the highest decomposition was observed in formate

buffer.
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Kannan and Zwanenburg?!' determined the hydrolytic stability of various synthetic SL
analogs in ammonium acetate (5 mM; pH=6.0), and estimated a half-life of ~6 days for
GR24. They also showed that SLs were rapidly hydrolyzed at pH >7.5. This indicates that
differences in pH, solvent composition, and temperature affect the half-life of GR24.
Consequently, those media can be used in SL research, although long-term storage will lead
to a decrease in the concentration of SL.

The hydrolysis of SLs in nucleophile-containing solutions was further evaluated, by
considering several nucleophiles in four different solvent systems, i.e., acetonitrile, acetone,
ethanol, and methanol. The progress of the reaction was monitored spectrophotometrically (at
240 nm) for 24 h at 30 °C, in 30-min reading intervals. GR24 exhibited good stability in
acetonitrile, acetone, and ethanol (data not shown), as evidenced by the small amount of
GR24 lost in these solvents in the 24-h period. In contrast, a solution of GR24 in methanol is
extremely unstable (i.e., 24% of GR24 decomposed within 24 h). These results concur with
those obtained by Akiyama et al.'”> and Rasmussen et al.>°

Methanol was selected as the solvent for further kinetic experiments with nucleophiles, as
reactions in acetone were too slow to obtain reliable data for calculations of kinetic and
thermodynamic parameters.

For the addition-elimination mechanism!® 34, the most logical set-up is as follows. The
addition reaction is probably reversible, as proposed in the literature®>, whereas the

elimination reaction is irreversible®. Therefore, k3 is the rate-determining step.

ky
siN =——= A 8 . pup
2

where S = SL, N = Nu, A = addition product, P = product, and D = hydroxy butenolide.

Since v = k3 x [A], [A] / [S] x [Nu] =K, and [A] = K x [S] x [N], then v = ks x K x [S] x
[N]. The [N] can be considered constant, owing to its excess. The reaction is therefore
pseudo-first order in [S]. If k1 >> ko, the reaction is also first order in [S] when [N] can be
considered constant.

For the acyl substitution mechanism??, the kinetic expression is second order, but owing to

the excess Nu, the expression is considered pseudo first order.

P +D

S+ N
The reaction rate is expressed as v = k x [S] x [N]. For [N] >> [S], this yields v = ke x [S]
where, ke =k x [N].

Therefore, the proposed mechanisms are indistinguishable when only kinetic data are

considered.
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The reaction of GR24 with various nucleophiles was investigated in methanolic solution at
30 °C using UV at 240-244 nm (Figure 6).

Nucleophilic reactions of GR24 were, in general, proven to be second order. The second-
order rate constants obtained from spectrophotometric measurements, under pseudo-first-
order conditions are presented in Table 1.

The activation parameters of this reaction (see Table 2) were calculated, using the Arrhenius
and Eyring methods. Values of the logarithm of the frequency factor (log A), in all examined
cases, indicate the bimolecular behavior of the reaction.’® Moreover, negative values for
AS* indicate that the entropy decreases with formation of the transition state, which is often
indicative of an associative mechanism. Through this mechanism, SL and the nucleophile
form a single activated complex, 1i.e., addition product A resulting from the
addition/elimination mechanism (Figure 2).

Consistent with the literature,®'% 34 our results demonstrate that the reaction of GR24 with
nucleophiles can be considered a bimolecular reaction that proceeds in the same manner as
the Michael reaction. The Michael addition-elimination reaction of compounds with vinyl
moiety has been described in the literature.’” Generally, the Michael reaction constitutes one
the most versatile methods in organic synthesis for the construction of new carbon-carbon or
carbon-heteroatom bonds, through a well-established mechanism.’® The kinetic and
activation parameters obtained for this reaction concur with those presented in the
literature.37-40

The products of the reaction between GR24 and benzylamine and 4-methoxybenzylamine
were synthesized following the procedure outlined by Mangnus and Zwanenburg.” The
structures of the products were characterized using NMR and MS techniques (see below for
the corresponding spectral data), and the results concur with those reported in previous
studies.” Reactions between GR24 and other nucleophiles were also monitored using
UHPLC-MS/MS. The developed method provides information on the reaction progress in
relatively short times, without isolation or purification prior to analysis. Therefore, the
possible effect of product isolation on the progress of the reaction is prevented. The reaction
mixture was efficiently separated on the reversed phase and structures of reactants and
products were determined via MS. Furthermore, fragmentation patterns (Figure 7) were
obtained via the multiple reaction monitoring (MRM) method and analysis of the relevant
collision spectra (MS/MS). The product derived from the ABC-scaffold and the product
derived from the reaction of the liberated hydroxy D-ring with the nucleophile were

observed. The hydroxy butenolide is, in fact, a hemi acetal that can react with a nucleophile
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(especially primary amines) and thiols are less reactive in this respect. The mass fragments of
other reaction products are summarized in Table 3.

The results of UHPLC-MS/MS monitoring (Figure 7) show that the ABC-Nu product is
formed first. After almost all GR24 had reacted, excess nucleophile reacted with liberated
hydroxy butenolide (hydroxy D-ring), after ~24 h. Separation on an octylsilane reversed
phase (C8 column) showed that products derived from GR24 with nucleophiles occur as
geometric isomers, which yield identical collision mass spectra (see Table 3).

However, the hydroxy D-ring did not react with aniline, thiophenol and benzyl mercaptan as
nucleophiles, even after 24 h. This is attributed to the fact that reactions involving these
nucleophiles proceed very slowly (Table 1) and within the timeframe considered here the
hydroxy butenolide liberated is insufficient for reaction with the excess nucleophile. This
observation is consistent with mechanistic pathway A, where a reaction occurs after hydroxy
butenolide has been liberated. Pathway B should lead to a reaction with thiophenol, which
results in detachment of the D-ring.

Similar UV profiles (see Figure 8), with maxima of 244 nm for GR24, and 277 for
compounds 2 and 4, are obtained for GR24 and its reaction products, compounds 2 and 4. For
cases where the UV profiles of the reactants are indistinguishable from those of the products,

UHPLC-MS/MS constitutes an excellent method for monitoring the reaction.

4. CONCLUSIONS
The first part of this study considered the chemical stability of the synthetic strigolactone
analog GR24, in different plant growth media and buffers. Most of the tested buffers are
suitable for short-term storage and experiments with SLs. In addition to the temperature,
alkaline pH, a high concentration (>0.5 M) of phosphate or potential nucleophiles have a
significant effect on the chemical stability, leading to increased rates of GR24 decomposition.
Based on our results, we make the following recommendations for the use of GR24 and
naturally occurring SLs in plant treatments:
a. Stock solutions of SLs should be prepared in inert dry solvents, such as DMF, with a
maximum storage temperature of -20 °C.
b. Whenever an SL is dissolved in an aqueous solution, this solution must be used within 24
h.

c. Some buffers, such as Tris-HCI and HEPES, are unsuitable for experiments with SLs.
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The hydrolysis of GR24 in the presence of seven different aromatic nucleophiles was
considered in the second part of this work. The fastest reaction occurred for ammonium
hydroxide, benzylamine, and 4-methoxybenzylamine, with half-lives of <3 h, while the
slowest reaction involved sulfur-containing nucleophiles (half-life >19 h). The kinetic and
thermodynamic data, as well as the structures of the reaction products (determined from their
spectral characteristics) confirm that the reaction of GR24 with nucleophiles proceeds via a
bimolecular reaction. In this biomolecular reaction, a Michael reaction is followed by an
elimination reaction. Negative values for the entropy of activation are indicative of an
associative reaction mechanism, where the SL and the nucleophile form a
single activated complex through an addition/elimination mechanism®* 2>, UHPLC-MS/MS

monitoring of the reaction yielded results consistent with the above-mentioned results.
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Table 1. Reaction rates and half-times associated with the reaction between GR24 and

selected nucleophiles at 30 °C.

Nucleophile k x 107 (mol/L s) ti2(h)
Methanol 0.50 38.51
Thiophenol 0.67 28.88
Aniline 0.67 28.88
Imidazole 0.83 23.10
Benzyl mercaptan 1.00 19.25
p-Anisidine 1.67 11.55
Benzylamine 933  2.06
4-Methoxybenzylamine 11.17  1.72
Ammonium hydroxide 12.67 1.52
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Table 2. Activation parameters for the nucleophilic substitution on GR24 at 40 °C.

. Ea AH? ASt  AGH
Nucleophile logA
kJ/Kmol kJ/Kmol J/mol kJ/Kmol
Benzylamine 31.62 29.01 -230.86 101.31 15.46
4-Methoxybenzylamine 27.96 25.36 -232.16 98.06 14.16
Ammonium hydroxide 24.60 22.00 -233.48 95.11 12.84
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Table 3. Mass fragments (m/2) of the reaction products.

Nucleophile ABC-Nu D-Nu
253.05 [M+H]" 166.07 [M+H]*
Imidazole 185.05 [M+H-CsH3N2]* 97.05 [M+H-CsHcO2]*
69.05 [M+H-C12H7N202]"  69.05 [M+H-C3HaN2]*
308.05 [M+H]" 220.05 [M+H]"
p-Anisidine 290.00 [M+H-H20]" 108.10 [M+H-CsHsNO]*

162.05 [M+H-CoHs02]*  97.05 [M+H-C7HoNOJ*

234.11 [M+H]*

121.10 [M+H-CsH/NO2]*
97.05 [M+H-CsH11NO]*
91.10 [M+H-CcH9oNOs]*

321.14 [M+H]*
4-Methoxybenzylamine 121.10 [M+H-Ci12H11NO2]*
91.10 [M+H-C13H13NOs]*

292.05 [M+H]" 204.10 [M+H]"

274.10 [M+H-H,0]" 97.05 [M+H-C7HsN]*
183.05 [M+H-CsH7NO]" 91.10 [M+H-CsH7NO2]*
91.10 [M+H-C12H11NO2]*

Benzylamine

200.80 [M+H]
Ammonium hydroxide 157.15 [M+H-COz]
139.15 [M+H-CO2Hz]
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Figure 1. General structure of SLs and some naturally occurring and synthetic analogs.
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Figure 5. Stability of 5-deoxystrigol in buffers with a pH of 6.0 (A) and a pH of 7.0 (B).
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Strigolactones inhibit auxin feedback on
PIN-dependent auxin transport canalization
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Directional transport of the phytohormone auxin is a versatile, plant-specific mechanism
regulating many aspects of plant development. The recently identified plant hormones,
strigolactones (SLs), are implicated in many plant traits; among others, they modify the
phenotypic output of PIN-FORMED (PIN) auxin transporters for fine-tuning of growth and
developmental responses. Here, we show in pea and Arabidopsis that SLs target processes
dependent on the canalization of auxin flow, which involves auxin feedback on PIN subcellular
distribution. D14 receptor- and MAX2 F-box-mediated SL signaling inhibits the formation of
auxin-conducting channels after wounding or from artificial auxin sources, during vasculature
de novo formation and regeneration. At the cellular level, SLs interfere with auxin effects on
PIN polar targeting, constitutive PIN trafficking as well as clathrin-mediated endocytosis. Our
results identify a non-transcriptional mechanism of SL action, uncoupling auxin feedback on
PIN polarity and trafficking, thereby regulating vascular tissue formation and regeneration.
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lant development is characterized by self-organizing pro-

cesses, such as the regular patterns of organ initiation at the

shoot apical meristem, branching of roots and shoots, the
connection of newly formed organs with pre-existing vasculature,
or the spontaneous occurrence of vasculature veins in developing
leaves. The plant hormone auxin and its directional transport
through tissues have been implicated in all these traits!. The
process that is called auxin canalization establishes narrow auxin
transport routes between cells and tissues of relatively high auxin
concentration (source), to locations where auxin is being depleted
(sink)>4. A self-reinforcing system has been proposed to drive
canalization. In this system, auxin feeds back on PIN-FORMED
(PIN) auxin transporters by promoting the expression of PIN
genes specifically in auxin transport routes and by localizing PINs
to plasma membrane (PM) domains facing the auxin sink3°.
Auxin is typically transported basipetally from source to sink and
canalization seems to be driven by auxin sink rather than
source®8. For example, developing vasculature tissue is char-
acterized by relatively high auxin contents; therefore, sink
strength in such a system primarily depends on PIN-dependent
auxin flux rates depleting auxin from sources. New vein patterns
in leaves develop away from a localized sink at the base, opposite
to the direction of auxin flow®8. Vasculature formation and its
connection to already existing vascular strands hence is intimately
linked to the effects of auxin flux on the subcellular positioning of
PINs, which in turn defines auxin flux rates and directionality®3.
Related feedback mechanisms controlling PIN polarity have been
described for additional developmental processes, such as
embryonic axis formation®!0, shoot and root organogenesis!!:12
as well as the control of the directional growth of organs!3.

In spite of the biological significance of PIN proteins function,
the mechanisms by which auxin controls polarization of PINs
have remained conceptually unclear. Modeling of auxin-mediated
polarization!4 has linked auxin feedback on PIN polarity to the
auxin effect on PIN subcellular trafficking!>~17. PM-associated
PINs are internalized in clathrin-coated vesicles in a process
called endocytosis!8-20 that might precede PIN relocation to
different (plasma) membrane domains2122, Numerous pharma-
cological and genetic determinants that impact on specific cellular
events in the control of auxin transport have shaped our current
picture of cellular mechanisms and crosstalk therein!. For
example, treatment with the fungal toxin Brefeldin A (BFA)
revealed the constitutive endocytic recycling of PIN proteins. This
requires BFA-mediated interference of GNOM ARF-GEF activity,
causing PM proteins, including PINs, to aggregate in cells!®20.
Notably, auxin itself appears to inhibit the process of endocytosis
and antagonize the BFA effect on PIN recycling!®. In addition to
auxin effects on PINs, various other plant hormones can influ-
ence PIN-dependent auxin transport, such as cytokinins?3,
brassinosteroids?42%, gibberellins2°, salicylic acid?’, abscisic
acid?8, and strigolactones (SLs)2°. However, much remains to be
uncovered about the modes of action, by which these plant
hormones regulate PINs, thereby ultimately defining plant
development.

SLs represent a recently discovered class of plant growth reg-
ulators and their developmental roles and signaling mechanisms
are not yet fully characterized. SLs have been shown to influence a
range of plant traits including shoot branching3%31, shoot grav-
itropism32, secondary growth33, adventitious rooting3* as well as
lateral rooting and root hair elongation3>36. Many of the pro-
cesses targeted by SLs also require auxin transport, specifically its
canalization as proposed for the classical SL effect on shoot
branching®’. This response has been linked to SL-mediated
interference of PIN PM targeting and the modulation of auxin
flux?%37, but we still lack insight into the mechanisms by which
SLs might impact the sorting of PINs.

Our observations in this study extend the spectrum of phy-
siological SL effects on processes associated with auxin transport
canalization, namely leaf venation and vascular tissue regenera-
tion and formation induced by wounding or external auxin
sources. At the cellular level, we show that SLs specifically
interfere with the feedback of auxin on PIN polarization and
clathrin-mediated internalization, providing a mechanistic fra-
mework for the molecular action of SLs in many developmental
processes.

Results

SLs interfere with auxin canalization in pea. Inhibition of shoot
branching is among the best-understood responses of SLs in
flowering plants. This is a process that involves auxin canaliza-
tion, because when buds are released from dormancy, they initiate
the formation of PINI-expressing channels to increase vascular
connections with the main vasculature®. These channels appear
similar to those that form after adding exogenous auxin to the
side of the stem3°. These canalization events can be inhibited by
auxin produced in shoot apices, hinting at a possible mechanism,
by which dominant shoot tips might control branching®. When
SLs are applied directly to buds after decapitation, they inhibit
bud outgrowth3® and reduce the transport of auxin (indole-3-
acetic acid, [*H]-TAA) from buds into the stem (Supplementary
Fig. 1a-d). However, the precise action of SLs in controlling auxin
canalization and vascularization is less obvious3®. Therefore, we
explored the effect of synthetic SL, rac-GR24 (hereafter called
GR24) using intact or fully decapitated pea (Pisum sativum)
plants that had been treated with auxin (indole-3-acetic
acid; TAA).

First, we analyzed PIN1 channel and subsequent vasculature
formation originating from an artificial lateral auxin source.
Lateral, local auxin application in lanolin paste onto pea stems
just below a cut (Fig. 1a) was sufficient to induce the formation of
PIN1-expressing auxin channels and subsequent vascular con-
nections to the stem vasculature®40. In our control situation,
strong PIN1 expression in the vicinity of the local IAA
application was observed with a predominantly lateral PIN1
localization, pointing away from the auxin source (Fig. 1b). An
initially large area of PIN1-expressing cells narrowed down about
5 days after auxin application, resulting in the establishment of
fully defined and strongly polarized narrow PIN1 channels, often
accompanied by differentiated xylem vessels (Fig. 1b). This is in
agreement with the classical canalization hypothesis in the
absence of competing auxin sources’. In contrast, co-
application of GR24 interfered with strongly polarized PIN1
expression as well as with the formation of PIN1 channels and
continuous de novo vasculature; only occasional fragmented
xylem cells appeared instead (Fig. 1b).

Related observations were made when we analyzed PIN1
expression in fully decapitated pea stems. IAA application to the
stump (Fig. 1c) led to a massive increase of PIN1 expression in
the polarized field below the application site within the first
3 days, while the formation of narrow PIN1-expressing channels
accompanied with differentiated xylem strands became visible
after 5 days (Fig. 1d). The simultaneous application of
GR24 strongly inhibited this process, as we failed to observe a
pronounced increase in polarized PIN1 expression and channel
formation under these conditions (Fig. 1d).

Together, our findings suggest an inhibitory role of SLs in
the formation of new auxin-conducting, PIN-expressing
channels induced from auxin sources. This effect of SLs
on auxin canalization would offer a plausible explanation for
how SLs regulate auxin transport, vascularization and
branching.
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Fig. 1 SL effects on PIN-dependent auxin canalization in pea. a Scheme
representing plants wounded below the lower buds. Red arrows represent
auxin (IAA) flow. Red arrows crossed with black X represent inhibited auxin
flow. Lanolin pastes containing IAA or IAA/GR24 (marked in yellow) were
applied to the side of the pea stem below the wound. Dashed red arrow
crossed with dashed black X represents formation of a new auxin flow
route from the auxin source that can be inhibited by GR24 application.

b Immunolocalization of PINT in the primary stem. The concentrations of IAA
and GR24 applied locally in lanolin pastes were 0.16 and 0.09 uM,
respectively. In total, 10 plants were analyzed for each treatment. White
rectangles indicate the places of IAA or IAA/GR24 application. Arrowheads
indicate polarity of the PIN localization. Arrows indicate newly formed auxin
channels. The fluorescence signals were evaluated on Olympus Fluoview 200
confocal scanning microscope with UPlanFl 20x/0.5 and/or UPlanApo 10x/
0.40 objectives. PINT immunolocalization signals (red) are overlaid with the
transmitted light images. Scale bar, 100 pm. ¢ Scheme of decapitated plants
treated with IAA or IAA/GR24 paste on the stump. Red arrows represent
auxin (IAA) flow. Red arrow crossed with dashed black X represents
formation of a new auxin flow route from the auxin application to the stump
that is inhibited by GR24 application. Dashed red arrow crossed with dashed
black X represents intermitted auxin flow after temporary bud activation.
Dashed green arrow represents temporary bud outgrowth. Red arrows
crossed with black X represent inhibited auxin flow. d Immunolocalization of
PINT in the stem of decapitated plants. In total, 10 plants were analyzed for
each treatment. Arrowheads indicate polarity of the PIN localization. Arrows
indicate newly formed auxin channels. The fluorescence signals were
evaluated on Olympus Fluoview 200 confocal scanning microscope with
UPlanFl 20x/0.5 objective. PINT immunolocalization signals (red) are overlaid
with the transmitted light images. Scale bar, 100 pm. The above experiments
were repeated three times with similar results. Images shown are
representative of each treatment.

SLs inhibit vasculature formation and regeneration. To further
explore the role of SLs in other processes that have been
mechanistically linked to canalization, we examined canalization-
dependent vasculature regeneration following wounding?, which

has recently been established in Arabidopsis (Arabidopsis thaliana)
stems?! (Fig. 2a). This allowed us to use the extensive genetic
toolkit in the model species, and also allowed us to test plant-
produced, endogenous SLs rather than relying on synthetic SLs.

In control experiments, we observed vascular regeneration
initiated with a broad PIN1 expression field and auxin
accumulation above the wound about 2 days after wounding.
This was subsequently followed by the establishment of narrow,
polarized PIN1-expressing, auxin-conducting channels circum-
venting the wounded site*! during the next days (Supplementary
Fig. 2a). Strikingly, vasculature regeneration in the SL biosynth-
esis mutants more axillary growth (max)1-1 and max4-1 occurred
as fast as in control (Supplementary Fig. 2b), but the regenerated
vasculature in the mutants was more abundant than that in the
wild-type control (Fig. 2b). To test the effect of increased
endogenous SLs, we employed conditional overexpression of
the cytochrome P450 monooxygenase MAXI in the maxI
mutant background (DEX>>MAXI1 maxlI-1; hereafter named
DEX>>MAXI). In un-induced control plants, the first vessels
around the wound appeared after 4 days and fully regenerated
vasculature was observed after 6 days (Fig. 2c, Supplementary
Fig. 2c). In contrast, although we detected clusters of isolated
vessel-like cells that developed from callus in both untreated and
dexamethasone (Dex)-treated plants (Fig. 2c), there was no
regeneration of vasculature around the wound observed after Dex
induction (Fig. 2¢, Supplementary Fig. 2c). These results are in
line with the observations that we made in pea, substantiating an
inhibitory role for SLs in the regulation of canalization-mediated
vasculature regeneration.

We also determined the efficiency of vasculature regeneration
in mutants affected in SL/karrikin-related signaling, including a
mutant allele affected in the MAX2 F-box protein (max2-3) and a
double mutant affected in SL/karrikin receptors dwarfl4-1
hyposensitive to light-3 (d14-1 htl-3)*2. In both genotypes,
regeneration occurred faster (Fig. 2d) and the regenerated strands
were more abundant compared with wild-type control (Supple-
mentary Fig. 2d), suggesting that SL/karrikin signaling normally
restricts vasculature regeneration.

To directly assess whether SL/karrikin signaling is involved in
auxin channel formation, we analyzed the expression of the DR5
auxin response reporter (DR5rev:GFP) during regeneration.
Comparison between wild type and max2-3 revealed that the
DR5-positive channels formed faster and more abundantly when
SL/karrikin signaling was compromised (Fig. 2e, f). Consistently,
the layer of regenerated vasculature was also formed earlier and
thicker in the max2-3 mutant (Fig. 2e, f).

Together, these results identify SLs as crucial regulators of
vasculature regeneration after wounding, and that increased SL
levels inhibit, whereas decreased SL biosynthesis or compromised
SL signaling promotes, canalization-mediated vasculature regen-
eration. Another presumably auxin canalization-dependent pro-
cess that involves vasculature patterning along auxin channels is
de novo leaf venation formation®%843, We questioned whether
SLs might participate in this process as well, and thus examined
leaf vascular development in presence of GR24 or upon induction
of endogenous SL biosynthesis. After growth on GR24, simplified
leaf vascular network patterns with occasional discontinuities were
detected (Supplementary Fig. 3a, b). Dex-treated DEX>>MAX1
plants also caused more simplified leaf veins with more free ends
(Supplementary Fig. 3c, d). This two-component glucocorticoid
system can occasionally cause non-specific growth defects®4.
However, our Dex-treated transgenic plants expressing only the
chimeric GAL4-VP16-GR (GVG) transcription factor grew
normally and leaf vasculature was unaffected (Dex: 11.1 free-
ending veins per leaf, n=20 leaves; Control: 10.7 free-ending
veins per leaf, n =20 leaves). Therefore, these data support the

| (2020)11:3508 | https://doi.org/10.1038/s41467-020-17252-y | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17252-y

a c Regeneration
(—— in DEX >> MAX1
LS cd ab d ac
100 7 = -
@ 80
C
- < 60
0 o
(- S 40
Wound R
20
0
Day 4 Day 6 Day 6
\4 Regeneration Callus
~—
w B Untr. [ Dex
Cambium [l Auxin-mediated channels
<> Phloem Il Regenerated vessel strands
@ Xylem L1 Group of regenerated vessels
d Regeneration e Regeneration
g ]
in strigolactone and auxin
signaling mutants channel formation
c c ac bcaba bc b a d c aba
100 - - - 100 - - - - -
80 80
% .2 DR5rev::GFP
] I}
s 60 g 60
S 40 S 40 B\
R B
20 20
e e e
0 0 T T T

Day 2 Day 3 Day 4
M Col-0 DR5 channels  Regeneration
I max2-3
O d14-1hti-3 M Col-0 [@ max2-3

Day 1 Day 3 Day 2 Day 3 Day 6

Fig. 2 SL regulation of vasculature regeneration after wounding in Arabidopsis stems. a Scheme representing spatial changes around a wound during
vascular tissue regeneration in incised stems of Arabidopsis. Wounding is made in the basal part of inflorescence stem just above the rosette leaves to
disturb the longitudinal continuum of the vascular cambium. Green line represents development of regenerated vessel strands around a wound. Red line
represents auxin-mediated channels formation. Green circles represent the groups of vessel-like cells developed from outer cortex or callus in the
neighborhood of the wound. b Vascular tissue regeneration in SL biosynthesis defective mutants max7-17 and max4-1. Line segments indicate the thickness
of regenerated vasculature; above the wound (1), close to the wound (2), below the wound (3). Scale bars: 100 um. ¢ Vascular tissue regeneration in
wounded DEX>MAXT plants. Data are expressed as mean £ s.e.m. (n > 22 inflorescence stems). Means with different letters are significantly different at
P <0.05 (one-way ANOVA with Fisher LSD test). d Vascular tissue regeneration in SL/karrikin signaling-defective mutants max2-3 and d14-1 htl-3. Data
are expressed as mean = s.e.m. (n>15 inflorescence stems). Means with different letters are significantly different at P<0.05 (one-way ANOVA with
Fisher LSD test). e, f The formation of auxin channels around a wound as inferred from DR5rev::GFP expression during vascular tissue regeneration. Data
are expressed as mean £ s.e.m. (n> 24 inflorescence stems). Means with different letters are significantly different at P <0.05 (one-way ANOVA with
Fisher LSD test). Right panels in f are merged images of fluorescence and light transmitted signals. Arrowheads indicate abundant channels. Asterisks
indicate regenerated vasculature. Scale bars: 100 um. The above experiments were repeated twice with similar results. Images shown are representative of
each treatment. Source data of c-e are provided in the Source data file.

natural SL, (+)-5-deoxystrigol (5DS), on NAA-mediated PIN2
lateralization and observed an inhibitory response similar to that
of GR24 (Supplementary Fig. 6¢). In contrast, the GR24 effect on
auxin-mediated PIN2 lateralization was diminished in max2-3
(Fig. 3d).

These observations suggest that SLs, acting via a MAX2-
dependent signaling pathway, not only negatively regulate the
canalization processes at the organ and tissue levels, but also
auxin-mediated polarization of PIN transporters at the level of
individual cells.

notion that SLs regulate vasculature regeneration as well as de
novo formation during venation patterning in leaves.

SLs interfere with auxin-mediated PIN polarization. The
mechanism by which a local auxin source promotes the formation
of auxin channels and vascularization is largely unknown. The
classical canalization hypothesis proposes positive auxin feedback
on auxin transport directionality!4, which can be realized at the
cellular level by the effect of auxin on PIN polar distribution. This
can be visualized by auxin-mediated PIN polarity rearrangements
in Arabidopsis roots**>, In primary roots, PIN2 localizes to the

apical side of epidermal cells, and preferentially to the basal cell
side in the young cortex cells?2. Auxin (synthetic 1-
naphthaleneacetic acid; NAA or natural; IAA) treatments led to
rearrangement in PIN2 distribution to the outer lateral sides of
cortex cells* (Fig. 3a—c). This PIN lateralization effect of auxin
was consistently attenuated by induction of SL biosynthesis in the
DEX>>MAX1 line (Fig. 3a, b), and by NAA/GR24 co-treatment in
wild-type seedlings (Fig. 3c). In addition, we tested the effect of a

SLs interfere with auxin effect on PIN endocytic recycling. How
auxin can regulate PIN polarity and, in particular, how a localized
auxin source can lead to the coordinated polarity changes in a
whole field of cells, is conceptually unclear. Modeling of canali-
zation and PIN polarization suggests that auxin feedback on PIN
polarity can be related to the known inhibitory auxin effect on
PIN internalization in individual cells!4. PIN proteins are known
to constitutively cycle between the PM and the endosomes!840,
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This cycling is sensitive to BFA!S, which preferentially inhibits
PIN trafficking to the PM2247, leading to the intracellular accu-
mulation of constitutively cycling PIN proteins!8. Previous stu-
dies have shown that PIN endocytosis and constitutive recycling
are important in determining PIN polarity*8->0, and intracellular
PIN 1asccumulation is rapidly and transiently inhibited by auxin
itself">.
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We investigated the SL effect on auxin-mediated inhibition of
PIN endocytic recycling. As shown previously!®, PIN proteins
accumulated intracellularly after BFA treatment and such
internalization was inhibited by NAA (Fig. 3e). GR24 treatment
showed no effect on BFA-induced PIN intracellular accumulation
(Supplementary Fig. 4a, b), but it clearly interfered with NAA-
mediated inhibition of PIN internalization. This was reflected by
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Fig. 3 SL effect on auxin-regulated PIN subcellular dynamics. a, b Endogenous SL effect on auxin-mediated PIN2 polarity changes in young cortex cells.
Immunolocalization of PIN2 is shown (a). Arrowheads indicate the polarity of PIN localization. Scale bars: 5 um. Ratio between mean fluorescence intensity
of the lateral and basal membrane in young cortex cells was scored (b n >34 cells). ¢ Exogenous SL effect on auxin-mediated PIN2 polarity changes in
young cortex cells. Ratio between mean fluorescence intensity of the lateral and basal membrane in young cortex cells was scored (¢ n > 70 cells). Data are
expressed as mean + s.e.m. Means with different letters are significantly different at P < 0.05 (one-way ANOVA with Fisher LSD test) (b, ¢). d Less
pronounced effect in max2-3 SL/karrikin signaling mutant in terms of GR24 inhibition of NAA action on PIN2 lateralization (d n>30 cells). Data are
expressed as mean £ s.e.m. P value was calculated using Welch's two-tailed t-test. e, f GR24 effect on NAA inhibition of BFA-induced PINT internalization.
Immunolocalization of PINT in root cells is shown (e). Arrowheads indicate PIN1 proteins internalized into BFA compartments. Scale bars: 5um. The
number of BFA bodies per root cell in NAA/BFA- or NAA/GR24/BFA-treated wild-type and max2 seedlings was scored (f n> 425 cells). Data are
expressed as mean £ s.e.m. Means with different letters are significantly different at P<0.05 (one-way ANOVA with Fisher LSD test). g, h Quantification
of PINT internalization in roots. Both synthetic SL GR24 (25 pM, g; 50 uM, h) and natural SL 5DS (50 pM, h) were applied. The same position of root tip
was imaged with the same microscope settings for each independent experiment. The roots (n>5) were then scored blind and the percentage of roots
displaying almost undetectable (Score 0), weak (Score 1), stronger (Score 2), or very severe (Score 3) PIN1 internalization was determined. The above
experiments were repeated three times with similar results. Images shown are representative of each treatment. Source data of b-d and f-h are provided in

the Source data file.

increased accumulation of PIN1 and PIN2 in BFA-induced
compartments, upon co-treatment with NAA/GR24 (Fig. 3e, f,
Supplementary Fig. 4c—e). Similarly, 5DS also interfered with the
auxin effect on the BFA-induced PIN intracellular accumulation
(Fig. 3h, Supplementary Fig. 4f).

Note that some of these short-term pharmacological experi-
ments required high concentrations of rac-GR24. High GR24
concentrations may impact on photoreceptor pathways®! and the
use of rac-GR24 may lead to non-SL responses due to
stereoisomer specificity>2. However, 5 M GR24 or higher can
be required to trigger responses, particularly in roots37->3-5>. We
aimed to resolve these issues by testing the transgenic line
DEX>MAXI that stimulates endogenous SL biosynthesis?®, and
also comparing GR24 treatment responses with SL mutants. The
same antagonistic SL effect on auxin-mediated inhibition of PIN
internalization was observed in Dex-treated DEX>>MAXI line
(Supplementary Fig. 4g-k). Furthermore, we tested whether the
effect of SLs on PIN trafficking depends on SL signaling
components. In the absence of GR24, BFA-induced PIN
internalization or NAA-mediated inhibition was similar in the
max2 SL/karrikin signaling mutant or the dI14 SL-specific
signaling mutant as that of the wild type (Fig. 3e-g, Supplemen-
tary Fig. 4d, e). Importantly, these mutants showed less sensitivity
to GR24 in counteracting the NAA action on PIN endocytic
trafficking (Fig. 3e-g, Supplementary Fig. 4d, e), which appeared
consistent with the results from other pharmacological studies.

In summary, our findings imply that synthetic or endogenous
SLs interfere with the antagonistic auxin effect on BFA-induced
intracellular accumulation of PINs, by acting via D14- and
MAX2-dependent SL signaling.

SLs interfere with auxin effect on endocytosis. PIN proteins are
internalized by clathrin-mediated endocytosis (CME)!® and this
endocytic pathway is inhibited by auxin through a TIRI1-
independent mechanism!®. Notably, in shoots, SL action has
been linked to clathrin-mediated PIN internalization, acting
independently of de novo protein synthesis®’. To gain further
insights into the mode of SL action in uncoupling auxin feedback
on PIN internalization, we asked whether SLs specifically interfere
with the auxin effect on CME in roots. Quantitative evaluation of
uptake of the fluorescent endocytic tracer FM4-64°0 revealed that,
as for BFA-induced PIN internalization (Supplementary Fig. 4a,
b), FM4-64 uptake itself was not influenced by GR24 treatment
(Fig. 4c). However, in contrast, NAA-mediated inhibition of
FM4-64 uptake was clearly suppressed in response to GR24
(Fig. 4a, ).

Auxin inhibition of endocytosis coincides with auxin depleting
clathrin from the PM. A clathrin light chain fused to GFP

reporter protein (CLC-GFP) was found associated with intracel-
lular endomembranes as well as with the PM°7, and NAA
treatment caused a decrease of clathrin-associated fluorescence
preferentially at the PM!%. We then tested the consequence of
GR24 treatment, which revealed no visible effect on CLC-GFP
localization (Fig. 4d). However, upon co-incubation with NAA,
GR24 counteracted NAA-mediated depletion of the PM-localized
CLC-GFP, reflected in an efficient recovery of CLC-GFP signal at
the PM (Fig. 4b, d). Thus, while SLs alone do not have an obvious
effect on PIN internalization, endocytosis or clathrin association
with the PM, they specifically interfere with auxin effects on these
processes.

Notably, the GR24 effect on auxin-inhibited BFA-induced PIN
internalization and FM4-64 uptake could also be observed upon
inhibition of de novo protein synthesis (Fig. 4e, Supplementary
Fig. 5a-d). We further obtained comparable results that affecting
transcription by cordycepin treatments did not influence the
ability of GR24, as it was still effective enough to counteract the
NAA effect on FM4-64 uptake (Supplementary Fig. 5e) and CLC-
GFP depletion from the PM (Supplementary Fig. 5f). Given the
involvement of protein ubiquitination in the control of PIN2
endocytic sorting®®, we determined the 5DS effect on NAA-
regulated PIN2 recycling in presence of avadomide and
carfilzomib, targeting ubiquitination and proteasome activity,
respectively. Both drugs antagonized 5DS effects on NAA-
induced inhibition of PIN2 internalization (Supplementary
Fig. 5g), highlighting an involvement of protein ubiquitination
and proteasome activity in the transmission of the SL effect on
the control of auxin feedback on protein endocytosis.

Together, these results are in agreement with, and further
extend, previous findings for SL effects on PIN internalization in
shoots?’, as they establish a non-transcriptional SL effect
modulating auxin-dependent control of PIN internalization by
CME in roots.

Protein trafficking is linked with auxin canalization. We then
asked if the observed SL cellular effects are functionally related
with SL regulation of auxin canalization. For this purpose, we
tested various mutants defective in CME (chc2-1 and chc2-2
alleles) or the auxin effect on PIN trafficking (docl and big).
Indeed, all these mutants interfered with developmental processes
involving canalization, such as leaf venation patterning (Supple-
mentary Fig. 5h), vascular tissue regeneration and formation
induced by wounding or external auxin sources®. These data
strengthen the previously established connection®® between sub-
cellular trafficking and their dynamic auxin regulations at the
level of individual cells and long-term auxin-induced canalization
processes across tissues.
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Fig. 4 Regulation of auxin-mediated inhibition on endocytosis by SLs in Arabidopsis. a, c, e Effect of GR24 on NAA-inhibited FM4-64 uptake. GR24
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bars: 5 um. Data are expressed as mean * s.e.m. Means with different letters are significantly different at P < 0.05 (one-way ANOVA with Fisher LSD test).
The above experiments were repeated three times with similar results. Images shown are representative of each treatment. Source data of c-e are provided

in the Source data file.

SL/karrikin signaling interferes with auxin feedback. SLs and
karrikins act via MAX2-dependent signaling, and we therefore
questioned whether both signals exert long-term effects on vas-
culature patterning in response to external auxin sources (dro-
plets of auxin in lanolin). IAA application promoted the
formation of PIN1-mediated auxin channels and regeneration of
vascular strands in Arabidopsis, whereas GR24 treatment alone
had no influence neither on auxin channel nor on vascular tissue
formation (Supplementary Fig. 6a, b). Although SL signaling is
essential for lateral bud development, in this experimental set-up,
regardless of the presence or absence of lateral buds, GR24
effectively inhibited IAA-induced formation of PIN1-GFP chan-
nels and vascular strands from the position where IAA and GR24
were co-applied (Supplementary Fig. 6a, b). Notably, antagonistic
effects on auxin channel and vasculature formation were also

observed in response to karrikinolide (KAR;; Supplementary
Fig. 6a, b).

Moreover, we also examined short-term effects of KAR; on auxin
feedback at the subcellular level. As in case with SLs, KAR;
treatment antagonized NAA-mediated PIN2 lateralization (Supple-
mentary Fig. 6¢), and attenuated the NAA effect on BFA-induced
PIN2 intracellular accumulation as well (Supplementary Fig. 6d).

Taken together, these data suggest that MAX2-dependent SL
and karrikin signaling interfere with auxin feedback control of
canalization at the tissue level as well as PIN polarity and
trafficking at the cellular level.

Discussion
Our observations extend the current knowledge about develop-
mental processes regulated by SLs and provide insights into the
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cellular mechanism of SL action. We show that SLs negatively
regulate vascularization of leaves, vasculature regeneration after
wounding as well as de novo formation of vasculature from
artificial exogenous auxin sources. These processes, together with
well-documented effects of SLs on shoot branching, are thought
to at least partially depend on the canalization of auxin flow
through narrowed auxin-conducting channels that demarcate
future vasculature.

Prerequisites for canalization involve the feedback regulation of
directional auxin transport, as manifested at the cellular level by
the auxin effect on polar, subcellular localization of PIN auxin
transporters¥40. Our results show that endogenous as well as
exogenous SLs interfere with canalization-dependent develop-
mental processes, and specifically interfere with auxin feedback
on PIN polarity and clathrin-mediated endocytosis of PIN pro-
teins. This SL action does not require the regulation of tran-
scription and occurs through the known D14- and MAX2-
mediated signaling pathways. Thus, SLs may repress a mechan-
ism that enables auxin to inhibit PIN internalization and polar-
ization or SLs may inhibit auxin bioactivity in this cellular
context. This is indicated by a proposed role for SLs in the reg-
ulation of auxin biosynthesis in context of shoot gravitropism32.
However, auxin biosynthesis and auxin levels could also be
repressed as a consequence of inhibition of auxin transport.
Moreover, in our tests, SLs also inhibit the action of exogenously
applied auxin, suggesting SLs act downstream of auxin
biosynthesis.

It was suggested previously that, in context of shoot branching,
SLs destabilize PINs via promoting their internalization from the
PM?2%37:61, However, our observations in roots suggest that SLs
do not affect endocytosis or PIN internalization per se, but spe-
cifically uncouple the effect of auxin on endocytosis and traf-
ficking processes. Alternatively, SLs could divert endocytic PIN
trafficking into an auxin-insensitive pathway, thus making PIN
retrieval from membranes more efficient and possibly auxin-
insensitive. In any case, given that SLs also interfere with
canalization-mediated processes in context of branching and
vascular tissue formation and regeneration in shoots, it is likely
that the above-mentioned PIN1-GFP-based observations in
shoots??37:01 are in fact results of the here-identified SL effects on
auxin feedback on PIN internalization.

Our findings identify a cellular mechanism, acting down-
stream of D14 and MAX2-dependent SL and karrikin signal-
ing, and provide a mechanistic framework for the important
part of developmental roles of the pathways, including vascu-
larization and the regulation of root and shoot architecture.
Further work should identify the precise molecular links
between the SL/karrikin-related pathways and auxin feedback
on PIN polarity.

Methods

Plant materials. The following transgenic plants and mutants have been described
previously: DR5rev::GFP%2; PIN1::PIN1-GFP'; CLC::CLC-GFP%7; max1-1%3;
DEX>»>MAX1, max1%%; max2-3%%; max4-1%% d14-16; d14-1 hl-3*2.

Arabidopsis was stably transformed with pTA7002%7 to only express the empty
Dex-inducible GVG cassette. This cassette can occasionally cause unspecific growth
and defense defects*4. However, we observed normal plant growth upon Dex
treatment.

Growth conditions. Pisum sativum L. cv. Vladan (Pea) plants were grown in
perlite soaked with Richter’s nutrient solution under a 16-h light/8-h dark cycle at
20°C/18 °C for 7 days. Intact or decapitated (10 mm above the upper bud) plants
were used. Arabidopsis Columbia ecotype (Col-0) adult plants used for inflores-
cence stems wounding were individually grown in pots with a soil and vermiculite
mixture (1:1, v/v) under a 16 h light/8 h dark cycle at 20 °C for 7-8 weeks. Ara-
bidopsis seedlings were grown vertically on half-strength Murashige and Skoog
(MS) agar plates under a 16-h light/8-h dark cycle at 21 °C for 4-5 days.

Drug application and experimental conditions. Exogenous drugs were applied as
following: GR24 (rac-GR24; 50 mM stock in acetone made freshly; Radboud Uni-
versity Nijmegen or Olchemim) (0.01/0.03/0.09/0.1/1/5/10/20/25/50 uM), (4)-5-
deoxystrigol [5DS; 50 mM stock in acetone; Olchemim] (50 pM), karrikinolide
(KAR;; 10 mM stock in methanol; Toronto Research Chemicals) (10/50 uM), dex-
amethasone (Dex; 50 mM stock in DMSO; Sigma) (15/50 uM), indole-3-acetic acid
(IAA; 10 mM stock in DMSO; Sigma) (0.16/10 uM), 1-naphthaleneacetic acid (NAA;
10 mM stock in DMSO; Sigma) (10/30 uM), BFA (50 mM stock in DMSO; Invitro-
gen) (25 uM), cycloheximide (CHX; 100 mM stock in DMSO; Sigma) (50 uM), cor-
dycepin (COR; 50 mM stock in DMSO; Sigma) (50 uM), avadomide (Avad; 349.3
mM stock in DMSO; MedChemExpress) (100 uM), or carfilzomib (CFZ; 100 mM
stock in DMSO; BioVision) (100 uM). Control treatments contained an equivalent
amount of solvent.

For morphological analyses on vein patterning, Arabidopsis seedlings were
grown on solid MS medium supplemented with GR24. Regarding Dex induction
experiments, unless otherwise noted: seedlings were always germinated on medium
containing 50 uM Dex. For vasculature regeneration detection, DEX>>MAX1
plants were treated with 15 uM Dex for 5h by applying Dex directly to the basal
parts of inflorescence stems with a brush. For observations on NAA-induced PIN1
relocation, DEX>>MAX1 seedlings were treated with 50 uM Dex on solid medium
for 24 h. For testing NAA inhibition on BFA-induced internalization, if not
mentioned otherwise: 90 min with 25 uM BFA; or 90 min with 10 uM NAA/BFA
co-treatment after 50 min of NAA pretreatment; or 90 min with NAA/5 uM GR24/
BFA co-treatment after 50 min of NAA/GR24 pretreatment, in liquid half-strength
MS medium. Only for Fig. 3h, i, conditions were slightly different: 60 min with
25 uM BFA; or 30 min pretreatment with 10 uM NAA, followed by 60 min co-
treatment of NAA/BFA; or first a 30 min pretreatment with 25/50 uM GR24 or
50 uM 5DS, then another 30 min pretreatment with NAA/GR24 or NAA/5DS,
followed by concomitant NAA/GR24/BFA or NAA/5DS/BFA treatment for
60 min. For the other 100% stacked column charts: 60 min with 25 uM BFA; or
30 min pretreatment with 10 pM NAA, followed by 60 min co-treatment of NAA/
BFA; or first a 30 min pretreatment with 10 pM NAA, then another 60 min
pretreatment with NAA/50 uM GR24, NAA/50 uM 5DS or NAA/50 uM KAR;,
followed by concomitant NAA/GR24/BFA, NAA/5DS/BFA or NAA/KAR;/BFA
treatment for 60 min. For other BFA related visualization, seedlings were treated by
60 min with 25 uM BFA; or 60 min with 5 uM GR24/BFA co-treatment after
30 min of GR24 pretreatment. For inhibition of de novo protein synthesis in BFA
related visualization, pretreatments of 30 min with 50 uM CHX were always
applied beforehand. For inhibition of ubiquitination and proteasomal degradation
in BFA related visualization, pretreatments of 80 min with 100 uM Avad or 100 uM
CFZ were always applied beforehand. For evaluating NAA-induced PIN relocation,
seedlings were treated by 10 uM NAA for 4 h; 50 pM GR24, 50 uM 5DS, or 50 uM
KAR, for 4h; or NAA/GR24, NAA/5DS, or NAA/KAR, for 4h following 1 h of
GR24, 5DS, or KAR; pretreatment. For observation on FM4-64 uptake, seedlings
were treated by 10 uM NAA, 1 uM GR24, or NAA/GR24 for 80 min, respectively.
For observation on CLC-GFP abundance at the PM, seedlings were treated by
30 uM NAA, 10 pM GR24, or NAA/GR24 for 80 min, respectively. For inhibition
of de novo protein synthesis or transcription in both experiments, 50 uM CHX or
50 pM COR was always applied together with NAA, GR24, or NAA/GR24.

Auxin transport assays in pea. For auxin transport assay on the axillary buds, the
upper axillary buds were treated with water lanolin pastes or pastes with GR24
(0.03 uM). After 4 h, the treated and untreated plants were decapitated 10 mm
above the upper bud. 0.5 pl of [5-3H]-IAA (American Radiolabeled Chemicals,
925 Gbq mmol !, 6666 Bq pul~!) diluted in 50% ethanol was then applied to the tip
of the axillary buds after decapitation in 6 h. Following 1.5 h treatment, the stems at
a distance of 0-4 and 4-8 mm below the upper axillary buds were cut into 4 mm
segments, respectively. All samples were incubated in a dioxane-based liquid
scintillator cocktail overnight. The [3H] activity was then measured with a scin-
tillation spectrophotometer Packard TRI/Carb 2000 (Packard).

Gene expression analyses. For gene expression of PsDRM1, GR24 (0.03 pM) in
water lanolin paste was applied on the upper axillary bud of decapitated plants as a
ring. PSDRM1 expression was then followed in the untreated lower and treated
upper axillary buds.

Total RNA was extracted from buds of pea plants using the RNeasy Plant Mini
Kit (Qiagen). RNase-free DNase I (Qiagen) was used to remove genomic DNA.
RNA was then reverse transcribed using the Superscript III cDNA kit (Invitrogen).
Resulting cDNAs were used to detect PsSDRM1 gene expression by quantitative
Real-Time PCR (qRT-PCR) using LC 480 SYBR Green I Master Mix (Roche
Diagnostics) with the specific primers*’ (Supplementary Table 1). The gene
expression normalization was performed by using the combination of three
reference genes (Psf-tubulin, PsActin, and PsEFI-a).

Vascular tissue formation analyses. Young Arabidopsis plants with inflorescence
stems having primary tissue architecture (vascular bundles separated by inter-
fascicular parenchyma sectors) were used for analyzing vasculature regeneration
and formation after wounding or from local application of compounds according
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to method described in previous study*!:98. Briefly, first step was aimed to obtain a
closed ring of active vascular cambium and secondary tissue architecture in
immature inflorescence stems; second step was to analyze regeneration of incised
vascular cambium and formation of new vessels in wounded stems.

In situ expression and localization analyses. In Arabidopsis, whole-mount
immunolocalization was performed following the published protocol®®. Antibodies
were diluted as follows: 1:1000 for rabbit anti-PIN1!° (produced and processed in
lab); 1:1000 for rabbit anti-PIN270 (produced and processed in lab); and 1:600 for
CY3-conjugated anti-rabbit secondary antibody (Sigma, C2306). In pea, water
lanolin pastes containing IAA (0.16 uM), or IAA/GR24 (0.16 uM/0.09 uM) were
applied on the stem stump or on the stem 2 mm below lateral incision. Immu-
nolocalization was performed on longitudinal pea stem segments as described for
Arabidopsis stem®. The Arabidopsis anti-PIN1 antibody can also recognize the
homologous PIN protein in pea*. Antibodies were diluted as follows: 1:1000 for
rabbit anti-PIN1!® (produced and processed in lab); and 1:500 for CY3-conjugated
anti-rabbit secondary antibody (Sigma, C2306). All the fluorescence signals were
evaluated on Zeiss LSM 700, Zeiss LSM 710, Zeiss Observer. Z1, Leica TCS SP2,
Olympus Fluoview FV1000, or Olympus Fluoview 200 confocal scanning micro-
scopes. Unless otherwise noted, the same microscope settings were usually used for
each independent experiment and pixel intensities were taken into account when
comparing the images between different samples. Images were finally assembled in
Adobe Photoshop CC 2015 and Adobe Illustrator CS6.

Data availability

The data supporting the findings of this study are available within the paper and its

supplementary information files, or from the corresponding authors upon reasonable
request. The source data underlying Figs. 2c-e, 3b-d, f-h, 4c—e, and Supplementary

Figs. 1b-d, 2b, 3b, d, 4a, b, e, f, i-k, 5¢-h, 6b-d are provided as a Source data file.
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ABSTRAKT

Strigolaktony patii mezi rostlinné hormony, které hraji velmi dtlezitou roli v rlstu a vyvoji
rostlin. Byly feSeny rtizné zplsoby izolace a purifikace strigolaktonti z rostlinného materialu
(kofenu). Jako vhodny model byl vybran zastupce z ¢eledi bobovitych (Fabaceae), bob sety
(Vicia faba L). Vybrany izola¢ni protokol byl pouzit spole¢né s optimalizovanymi podminkami
separace UHPLC-MS/MS k uspésné identifikaci SL. Dale jsou predstaveny ambientni techniky
jako budouci nastroj pro analyzu SL. Obé¢ diskutované metody (DART a DESI) vyznamné
zjednodusuji ptipravu vzorku. Ptistup DESI navic umoznuje zaznamenat prostorovou distribuci
analyti Viezu pletiva. Strigolaktony jsou pomérné nestabilni latky, které jsou snadno
hydrolyzovany iza mirnych podminek. Jednim z dalSich cilti prace bylo otestovani jejich
chemické stability SL. Testovan byl vliv rozpoustédla, kultivaénich médii o definovaném
slozeni a n¢kolik vybranych pufri (pH 6,0 a 7,0). Vysledkem byl seznam doporuceni
a zékladnich pravidel pro pouziti GR24 a pfirozené se vyskytujicich SL. Vysledky ziskané
Z kinetickych, termodynamickych a spektralnich dat reakce GR24 se sedmi riznymi nukleofily
prokazaly, ze reakce probiha prostifednictvim adiéné-elimina¢niho mechanismu (Michaelova

reakce).



ABSTRACT

Strigolactones are phytohormones which play a key role in plant growth and development.
Various methods of isolation and purification from the plant material (roots) have been studied.
Sown bean (Vicia faba L.) from the family Fabaceae was chosen as a representative model
plant. To successfully identify SL in various plant materials, the selected isolation protocol was
used together with optimized separation conditions of UHPLC-MS/MS. In addition,
ambient techniques were introduced as future tools for the SL analysis. Both methods
(DART and DESI) significantly simplified sample preparation. Moreover, the DESI approach
made it possible to record the spatial distribution of the analysts in a tissue section.
Strigolactones are unstable substances that are easily hydrolysed even under mild conditions.
The study aimed to examine the chemical stability of SL. The effect of the solvent, plant
growing media with defined composition and several selected buffers (pH 6.0 and 7.0) were
tested. The outcome was a list of recommendations and basic rules on how to use and apply
GR24 and naturally occurring SL. Furthermore, the reaction mechanism of hydrolysis was
studied. Results obtained from kinetic, thermodynamic, and mass spectral data of the reaction
between widely used synthetic strigolactone analogue GR24 and seven different nucleophiles,

demonstrated that the reaction proceeded via Michael addition-elimination mechanism.
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1 CILE PRACE

Cilem disertacni prace byla aplikace chemickych metod ve studiu strigolaktonti.
Konkrétn€ byly naplanovany tyto cile:

Selekce vhodnych biologickych modell pro studium strigolaktond.
Vyvoj metod izolace a purifikace strigolaktonl z rostlinného pletiva.
Vyvoj UHPLC-MS/MS metodiky pro profilovani strigolaktond.
Vyuziti ambientnich technik — DART a DESI ve studiu strigolaktonti.

o B~ W D

Studium stability strigolaktonti a mechanismus hydrolyzy GR24.

Vétsina vysledki disertacni prace je obsahem publikaci v impaktovaném casopise.



2 TEORETICKY UVOD

2.1 Charakterizace strigolaktonii a jejich vyskyt

Strigolaktony (SL), diive oznaCované jako seskviterpenoidni laktony, jsou latky piibuzné
karotenoidim a jejich prekurzorim. Reguluji Siroké spektrum vyvojovych procest rostlin
prostfednictvim vzajemné interakce a komunikace (,,cross-talk®) signalnich drah s jinymi
hormony (Xie et al., 2010; Al-Babili a Bouwmeester, 2015). Vyskytuji se napfi¢ celou
rostlinnou §i8i, od nizSich rostlin, jako jsou mechorosty (Physcomitrella patens L.),
az po krytosemenné rostliny (Proust et al., 2011). Doposud byly detekovany v kotfenovych
exudatech a pletivech Siroké skaly jednodéloznych a dvoudéloznych rostlin. Je znamo,
ze jednotlivé druhy rostlin mohou produkovat fadu riznych SL ve variabilnim poméru
a mnozstvi. Uvadi se, ze primérna denni produkce se pohybuje mezi 15-30 pg/rostlina (Sato et
al., 2003; Cardoso et al., 2011; Xie et al., 2013).

SL mohou byt rozdéleny do dvou skupin dle jejich struktury: kanonické a nekanonické.
Kanonické jsou tvofeny D-kruhem (hydroxymethylbutenolid), ktery je pfipojeny skrze enol-
etherovou vazbu K tricyklickému ABC-laktonovému kruhu (Obr.1). Druha skupina,
nekanonické SL, postradd jedno nebo vice spojeni mezi jednotlivymi ¢astmi zékladniho
tricyklického laktonu za stalého zachovani enol-etherové vazby a D kruhu. Toto spojenti, jak jiz
bylo uvedeno, je esencidlni pro vyjadfeni biologické aktivity vSech doposud zndmych SL

(Yoneyama et al., 2018).
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/
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v

A-kruh — pievainé cyklohexen

Obr. 1 Strukturni vzorec SL, A) zakladni tricyklicky skelet kanonickych SL, B) modelova struktura
karlaktonu — zastupce nekanonickych SL.

2.2 Stabilita a mechanismus hydrolyzy strigolaktonu
Stabilita SL je velmi dilezitym kli¢em k pochopenim jejich biologické aktivity. Jedna se
0 velmi nestabilni latky, u kterych jejich chemicka stabilita zavisi pfedev§im na zvolenych
experimentalnich podminkach: pH, pouzitém rozpoustédle, teploté, intenzité osvétlend,
a predevsim piitomnosti nukleofilnich latek. Naopak vykazuji vysokou stabilitu v kofenovych
exudatech, které jsou charakterizované jako olejovité smési tvofené tadou nizko
a vysokomolekularnich latek (Zwanenburg a Pospisil, 2013; Halouzka et al., 2018).
Mechanismus §tépeni vlivem ataku nukleofilni latky nebo hydrolyzy mé za nasledek
poruseni stability enol-etherové vazby a oddéleni hydroxybutenolidu (D-kruhu) od zakladniho
ABC skeletu. Doposud bylo postulovano nékolik mechanismti nukleofilniho ataku na molekulu
strigolaktonu. Prvni mechanismus nukleofilniho ataku na molekulu SL byl navrzen v roce 1992

(Mangnus a Zwanenburg, 1992; Zwanenburg a Pospisil, 2013). Reak¢ni mechanismus je



charakterizovan sledem né¢kolika krokli a byl potvrzen na zaklad¢ reaktivity syntetického
analoga GR24 vici vybranym nukleofilnim latkdm. Model ptfedpoklada v prvnim kroku tzv.
Michaelovu reakci, pii niz dochazi k nukleofilni adici karbanionu nebo jiného nukleofilu k a/f-
nenasycené karbonylové slouceniné. Mechanismus reakce spociva v ataku nukleofilniho
¢inidla na enol etherovou vazbu SL, za souc¢asného odstépeni D-kruhu a tvorby komplexu ABC-
nukleofil. Vznikly produkt je mozné izolovat (Mangnus a Zwanenburg, 1992, Zwanenburg
a Pospisil, 2013). Avsak tento model byl kritizovan Scaffidim (2012) ve snaze sjednotit
molekuldrni mechanismy karrikinh a SL. Namisto adi¢ni-eliminacniho mechanismu byl
navrzen alternativni model, ktery predpoklada adici nukleofilu na nenasyceny furanon v pozici
C5¢. Tento postulovany model je zaloZzen na podobnosti reakce mezi nukleofilnimi Cinidly
s karrikininy, ackoliv substitu¢ni schéma butenolidového kruhu karrikind se vyrazné lisi od SL

(Scaffidi et al., 2012).

2.3 Metabolismus strigolaktoni a signalizace

Hlavnim mistem biosyntézy SL jsou kofeny, ze kterych jsou nasledné distribuovany
do nadzemnich ¢asti rostliny, kde ovliviwyji nejen rust stonku, ale také reguluji vyvoj novych
vyhonkt. Druhou moznosti jejich distribuce je vylouéeni do rhizosféry pomoci kofenového
systému, za jejich aktivni ucasti na vzniku symbiotického vztahu mezi rostlinou a houbou
(Gomez-Roldan et al., 2008; Umehara et al., 2008; Xie et al., 2010; 2016). V roce 2005
(Matusova et al., 2005) byl objasnén biosynteticky ptivod SL, ktery potvrdil skute¢nost, ze jsou
stejné jako kyselina abscisova odvozeny od karotenoidi (Matusova et al., 2005; Lopez-Raez et
al., 2008; Rani et al., 2008).

Proces pfemény karotenoidi vyzaduje fadu enzymatickych reakci, které zpusobuji
zmény zékladni struktury molekuly karotenoidu (C40) za vzniku tricyklického laktonu
(hydroxylace, methylace a epoxidace) (Matusova et al., 2005). Dilezitym krokem je vznik
karlaktonu, prekurzoru SL, az po vzajemné premény jeho derivati. Jedna se o sled reakei, které
zaCinaji reverzibilni konverzi vSech trans-f-karoteni na 9-cis-karoten, katalyzovanou
karotenisomerasou (EC 5.2.1.14). Karotenisomerasa nese specifické oznaceni DWARF27
(D27). V pripad¢ karotenoid-stépici dioxygenas jsou to zkratky CCD7 a CCD8, které jsou
esencialni slozky pro metabolismus SL. Gen D27 byl poprvé charakterizovan v kotenech ryze
a husenicku (Arabidopsis thaliana L.) (Matusova et al., 2005; Lin et al., 2009; Waters et al.,
2012). Vznikly 9-cis-karoten je Sté€pen stereospecifickou monooxygenasou (CCD7) na dvojné
vazbé C9'-C10', ¢imz vznika 9-cis-apo-10'-karotenal (C27) a f-ionon (C13). Ve tietim kroku

jina stereospecificka monooxygenasa (CCD8) katalyzuje pfeménu 9-cis-f-apo-10'-karotenalu
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na karlakton a slouc¢eninu C8 w-OH-(4-CHs)heptanal. Primarnim produktem biosyntetické
drahy je molekula karlaktonu (C19), ktery je povazovan za prekurzor kanonické a nekanonické
SL. Jeho dal§i pfeména je katalyzovana pomoci enzymii zrodiny hemovych proteint

cytochromi P450 na dalsi bioaktivni SL (Booker et al., 2005).

2.4 Fyziologické funkce strigolaktoni

SL byly ptivodné identifikovany jako signalni latky, které indukuji kli¢eni parazitickych rostlin
rodu Striga a Orobanche (Cook et al., 1966). K stimulaci ristu a nastartovani Zivotniho cyklu
parazita dochézi jen tehdy, pokud je zachycen signal ve formé molekuly SL. Koncentrace, ktera
je nutna pro jeho vykliceni, odpovida hodnoté 10'? M, pii¢emz pro hormonalni funkci
v rostling je dostateéna koncentrace 10 M. Striga a Orobanche parazituji na zcela rozdilném
hostiteli a vyskytuji se v riznych ¢astech svéta, ale i piesto je jejich Zivotni cyklus do zna¢né
miry podobny (Bouwmeester et al., 2003; Humphrey et al., 2006; Boyer et al., 2012).
Signalizace mezi hostitelskou rostlinou a parazitem probiha v nékolika etapach.
molekuly SL, které jsou uvolnény z kofenti hostitelské rostliny do rhizosféry, kde indukuji
kliceni parazitickych semen. Avsak indukce signalu a uspésné kliCeni nezaruCuji preziti
parazita. Pribéh infekce je charakterizovan tvorbou tzv. apresorii (slouzi pro mechanické
naruseni bunééné stény), ze kterych se diferencuji tenka vlakna — haustoria. Haustorium je
specificky organ, ktery usnadnuje prinik parazitické rostliny pres kofenovy systém hostitele
(Butler, 1995; Bouwmeester et al., 2003).

Dalsi vyznamna biologicka funkce SL souvisi se zapojenim v symbiotickém vztahu
mezi vy$§imi rostlinami a houbami, jedna se o tzv. arbuskularni mykorhizu (AM). ZvySena
produkce SL ptedstavuje vyssi pravdépodobnost vytvofeni symbidzy s mykorhiznimi houbami,
z oddéleni Glomeromycota; tfida Glomeromycetes (Harrison et al., 2005). Symbioticky vztah
je zavisly na dostupnosti Zivin a minerali. V piipadé jejich nedostatku, zejména fosforu
nebo dusiku, obsahuji kofenové exudaty vys$Si koncentraci SL. AM symbidza je
nejrozsirenéj$im vztahem v rostlinné #isi (80 % rostlin), diky kterému mohou rostliny zvySovat
ptijem fosforu (Lopez-Raez et al., 2008).

SL ovliviuji fadu aspektil vyvoje a ristu nejen rust nadzemni ¢asti rostlin, kde potlacuji
rast auxilarnich pupenti a vétveni stonku, ale také hraji dulezitou roli ve vyvoji kofene
(Kapulnik et al., 2011; Koltai etal., 2010). Pii nedostatku fosforu dochazi ke zménam
kotfenového systému (Lopez-Bucio et al., 2002) a zaroven k ovlivnéni produkce SL. Zmény

tvaru a struktury kofenového systému jsou nutné pro adaptaci, pficemz zmény koncentrace
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fosforu v pidé vedou ke zvySenému vétveni, které rostliné umozni se Iépe vypotadat
S limitujicimi podminkami prostiedi. Pro rostliny potykajici se s nedostatkem fosforu
je charakteristicky zvySeny rdst aprodluzovani postrannich kofen atyto projevy jsou
zprostifedkovany endogennimi signalnimi molekulami SL (Bonser et al., 1996; Ruyter-Spira et
al., 2011).

2.5 Metody studia strigolaktont

Izolace SL je pomérné€ narocnym procesem vzhledem k tomu, ze jsou produkovany v extrémné
nizké koncentraci, navic je zde i pomérné Casto diskutovana otazka jejich omezené stability.
Preferovanou metodou jejich izolace je extrakce z rostlinnych exudati produkovanych
kofenovym systémem rostliny (Yoneyama et al., 2007). Nejcast&j$im zpusobem izolace SL
z kofenovych exudat je extrakce kapalina/kapalina. Kolekce a extrakce jsou opakovatelné
procesy, které Ize aplikovat po nékolik dni, coZz zajiStuje ziskani dostacujiciho mnozstvi
cilovych analyti (Awad et al., 2006; Yoneyama et al., 2007; Yoneyama et al., 2013).
Alternativni zptisobem kolekce exudatii miize byt zajisténa také pomoci adsorpce na aktivni
uhli (Awad et al., 2006; Yoneyama et al., 2013). BohuzZel tato metoda neni dostate¢né selektivni
a hodnoty navratnosti po eluci acetonem jsou extrémné nizké.

Mimo sbér exudatd jsou SL izolovany z rostlinnych pletiv (kofene), zde ale obecné plati,
ze mnozstvi vychoziho materialu odpovida fadovée jednotkam gramu (Hillman, 1978; Harrison,
2011; Boutet-Mercey et al., 2018. Mezi tradi¢ni a bézné pouzivanou metodu pro izolaci SL
patfi macerace, kterd je zaloZena na ponofeni malych kusl nastfihanych kofend o priméru
2 mm do Cerstvé redestilovaného EtOAc po dobu nejméné 24-48 hodin. Cilové slouceniny se
uvolnuji do rozpoustédla a jsou dale zpracovavany (Yoneyama et al., 2016). V soucasnosti byl
navrzen a optimalizovan alternativni zpusob, ktery kombinuje homogenizaci rostlinného
pletiva pomoci tekutého dusiku a jeho naslednou extrakci do zvoleného rozpoustédla (Boutet-
Mercey et al., 2018).

Nejcastéji pouzivanou separacni technikou pro analyzu SL je ultraa¢inna kapalinova
chromatografie (UHPLC). Na poc¢atku vyzkumu SL byla ale nejprve vyuzivana metoda HPLC
vybavena spektrofotometrickymi detektory (UV nebo DAD). Tato technika byla omezena
nedostate¢nou citlivosti a nepiesnou interpretaci UV profilti analyzovanych latek, napt. strigol
a orobanchol maji stejny chromofor (Yokota et al., 1998) a tudiz jejich rozliseni bylo mozné
pouze na zakladé reten¢nich ¢asi. To samé platilo pro plynovou chromatografii (GC),
ktera v dobé U(H)PLC-MS/MS uz nema pro studium SL dostate¢né vyuziti (Sato et al., 2003,
2005; Xie et al., 2010).
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V posledni dob¢ se zacind diskutovat o moznosti pouziti ambientnich technik (AT)
pro studium rostlinnych hormont. Tyto pomérné mladé hmotnostni techniky maji iontovy zdroj
mimo hmotnostni analyzator a jsou vhodné pro studium Sirokého spektra nizkomolekuldrnich
latek. Mezi nejCastéji pouzivané (AT) patii DART (pfima analyza v redlném case) a DESI
(desorpéni ionizace elektrosprejem) (Venter et al., 2008; Weston, 2010). Zna¢na vyhoda téchto
technik spoc¢ivd v minimalni nebo vibec zadné ptipravé vzorku, jen mald ¢ast rostlinného
pletiva (list, stonek nebo kotfen) nebo surovy extrakt mize byt zaveden pfimo do iontového
zdroje a ptipraven pro analyzu (Cha et al., 2008; Dong et al., 2016). Na druhé strané uvedené
techniky celi problému reprodukovatelnosti vysledku. I presto maji velky potencial pro studium

rostlinnych hormont.
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3 MATERIAL A METODY
Detailni popis pouzitych metod a vybér biologického materialu je uveden v diserta¢ni praci,

piipadné v piilozenych publikacich (Halouzka et. al., 2018; Halouzka et al., 2020).

4 VYSLEDKY
4.1 Selekce vybranych modelovych organismii

Jednim z prvotnich cilii byla selekce vhodného biologického modelu a kultivaru, ktery by diky
rychlému rastu a relativné vysoké koncentraci produkovanych SL umoznil vyvoj analytické
metody pro profilovani SL. Nejlep$im modelem se ukazali byt bob sety (Vicia Faba L.), hrach
sety (Pisum sativum L.), a ¢irok dvoubarevny (Sorghum bicolor L). Mezi modelové rostliny
jsem zaradil i vikev setou, u niz nebyla ptitomnost SL doposud publikovana. VSechny uvedené
plodiny jsou schopny béhem kultivace o délce 3 tydnt vytvofit bohaty kofenovy systém
s dostate¢nym mnozstvim kotfenové biomasy. Jako nevhodné pro dalsi praci byly rajce jedlé
a kukufice setd. V minulosti byl cirok dvoubarevny pouzit jako modelova rostlina
pro optimalizaci protokolu izolace a purifikace SL (Yoneyama et al., 2016). Bob sety a hrach
sety byly vybrany, protoZe patii do dobie prostudované ¢eledi bobovitych (Yoneyama et al.,
2008; Foo a Davies, 2011 Pavan et al., 2016; Boutet-Mercey et al., 2018).

4.2 Vyvoj metod izolace a purifikace strigolaktonu z rostlinného pletiva

Metody izolace a purifikace SL jsou zdkladnim stavebnim kamenem, od kterého se odviji
uspésna koncova analyza. V ramci disertacni prace byla feSena fada zpusobi izolace SL
z kofenovych pletiv. Nejjednodus§sim pfistupem zlstdva macerace nastiithanych kouski
(2-5 mm) kofent rostlin v EtOAc nebo homogenizace kotfent v tekutém dusiku s naslednou
extrakci EtOAc. Samotna prosta extrakce nezajistuje dostatecné precisténi vzorku, a proto je
nutné ptidat izola¢ni krok v podobé¢ extrakce na pevné fazi (SPE).

V ramci studie byly testovany tyto sorbenty: organicky polymerni sorbent styren
divinilbenzen (Strata-X), silikagel (Supelclean LC-Si) a C18 (Strata C18-U). Pro vSechny
sorbenty byla uréena néavratnost GR24 (2:10° mol-1?)jak z gistého rozpoustédla,
tak z rostlinného extraktu. Pro sorbenty Strata C18U a Strata-X byla typicka ¢asové nenaro¢na
SPE procedura s dlouhou dobou odpafovani vzorku. Doba odpaieni byla ovlivnéna piedevsim
mnozstvim vody zachycené v sorbentu kolony, ktera nasledn¢ koeluovala s analytem a branila
tak rychlé prekoncentraci vzorku. Uvedené faktory vyznamné ovliviuji vyslednou navratnost

procesu. Nejvyssich hodnot navratnosti bylo dosazeno pii pouZiti silikagelu, a to pii externi
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aplikaci GR24 v ¢istém rozpoustédle (92 %), tak i do rostlinného extraktu (cca 70 %). Sorbent
Strata-C18U poskytoval nejniz§i hodnoty navratnosti (pouze 43 % z rostlinného extraktu),

byl tedy pro purifikaci SL nejméné vhodny. Hodnoty navratnosti jsou uvedeny v Tab. 1.

Tab. 1 Navratnost vybranych sorbentti pro stanoveni navratnosti GR24.

Sorbent GR24
A B
Strata-X 87,01 +£2,82 58,90 + 4,41
Silikagel 92,36 £5.10 70,09 + 5,88
C18 69,68 = 3,12 42,71 +£ 3,17

A — v ¢istém rozpoustédle; B — v rostlinném extraktu

Pro dalsi cast prace byla na zakladé dil¢ich experimentii vyselektovana modelova rostlina.
Jednalo se o 3 tydny staré sazenice V. faba. Jako vhodny SPE sorbent pro purifikaci SL byl
vybran silikagel. Testoval jsem nékolik izolaénich a purifikaénich protokoli, které se soucasné
vyuzivaji ve védecké praxi: A) Yoneyama et al. (2016), B) Kisugi et al. (2013) a C) Boutet-
Mercey et al. (2018). Srovnani protokolt je prezentovano ve formé Obr. 2. Nejvyssi navratnost
(65,19 + 3,77 % pro GR24 a 42,50 + 0,76 % pro sorgolakton) byla dosazena za pouziti
protokolu C (Boutet-Mercey et al., 2018), kde byl hlavni rozdil vedle po¢tu izolovanych frakci

déan pfedevS§im homogenitou vzorku. Oba analyty byly pfidany na zacatku extrakce.
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Obr. 2 Testovani navratnosti GR24 (m) a sorgolaktonu () pomoci vybranych izola¢nich a purifikaénich
postupt z rostlinného pletiva (A — Yoneyama et al. (2016); B — Kisugi et al. (2013); C - Boutet-Mercey
et al. (2018).
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4.3 Vyvoj UHPLC-MS/MS metody profilovani strigolaktonti

Metoda UHPLC nabizi kratsi doby analyzy a vétsi uc¢innost separace. Ve spojeni s MS/MS tvori
nejucinnéjsi metodu SL identifikace a kvantifikace. Pti detekci a kvantifikaci se vyuZzivé rezim
MRM, ktery slouzi pro monitorovani charakteristickych fragmentl a tim zajiStuje vysokou
selektivitu (Sato et al., 2003; Xie et al., 2010; Iseki et al., 2018). Nejvyssi citlivost spole¢né
S optimalni separaci analyzovanych sloZek poskytovala mobilni fdze o slozeni voda/methanol.
Dale byl sledovan vliv vybranych mobilnich fazi na absolutni intenzitu matefskych iont.
Monitorovani probéhlo v rezimu nacitani plnych hmotnostnich spekter (Full Mass Scan).
Ziskana data pomohla s vybérem a optimalizaci MRM piechodd. Je dilezit¢ zminit,
ze podminky byly optimalizovany pro orobanchol, strigol, sorgolakton a 5-deoxystrigol.
Pozd¢ji byly do metody zahrnuty 1 dal$i SL (GR24, fabacyl acetat a orobanchyl acetat). Vyjma
protonizovanych molekuldrnich ionti GR24 a fabacylu acetatu [M+H]" (nejsou uvedeny

na Obr. 3) byla pozorovana nejvys$$i intenzita signalu ve formé sodnych adukti [M+Na]* SL.

15



d
d c l
| |
94
b | :
e |
b A
a | ‘ C
1 a ot a
2) a A [
- 1)
3) 0
& 2)
2 3 4 5 6 2 3 4 5 6
Rt (min) Rt (min)

Obr. 3 MRM chromatogram smési vybranych endogennich strigolaktond (a — orobanchol, b — strigol,
c —sorgolactone, d — 5DS). A) vliv sloZeni mobilni faze na separaci (1 —20 mM octan amonny/methanol;
2 — 20 mM mravencan amonny/methanol; 3 — voda/methanol, B) vliv vybéru MRM piechodt na citlivost
(1 — sodné adukty; 2 — protonované molekularni ionty).

MRM zéznam je velice dllezity pro jednozna¢nou identifikaci SL, jak bylo prokazano
v nedavno publikovaném c¢lanku Rial et al., (2018.) V jejich piipadé nedokazali oddélit
stereoizomerni slouceniny strigol a orobanchol RP chromatografii, ale byli schopni je rozlisit
pomoci pfislusnych pifechodit MRM. Je tieba poznamenat, ze vétSina SL je analyzovana
V pozitivni médu ionizace. Jedinou vyjimkou je kyselina karlaktonova, ktera je detekovana
V negativnim modu, jako mnoho jinych kyselin (Iseki et al., 2018). Volba pfechodi MRM
zavisi na slozeni mobilni faze a pH. Nizké pH mobilni faze potlacuje tvorbu sodnych nebo
draselnych aduktd ve prospéch protonovanych molekularnich iontd [M+H]*. Preferovanou
volbou fady autorti je neokyselena mobilni faze a s tim spojené monitorovani sodnych adukta
[M+Na]™, pro které je charakteristicky fragment odpovidajici neutralni ztraté [M+Na-97]" (Sato
et at., 2003; Xie et al., 2009; Yoneyama et al., 2008; Yoneyama et al., 2016, Boutet-Mercey et
al., 2018). Nami zvolené pfechody vychazely z automatické MRM optimalizace. Jediny fabacyl
acetat poskytoval vysSi intenzitu signdlu ve formé protonizovanych molekulovych iontd
[M+H]" (405 > 231 a 405 > 97), coz korespondovalo s praci Rial et al., (2018). Vysledky

identifikace jsou prezentovany v Tab. 2.
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Tab. 2 Analyza zastoupeni SL v kofenovych extraktech z vybranych rostlinnych druhii pomoci
UHPLC-MS/MS. Pozitivni identifikaci +, negativni -.

Analyt V. faba P. sativum S. bicolor V. sativa
Orobanchol + + - n
Strigol - - - -
5DS + + + i
Sorgolakton - - + }
Fabacyl acetat + + - +
Orobanchyl acetat + + - +

Je dulezité zdiraznit, Ze se jedna o prvni praci pojednavajici o analyze SL ve V. sativa, ve které
byl identifikovan fabacyl acetat (405,1 > 97,0), orobanchyl acetat (411,0 > 254,0)
a ve stopovém mnozstvi byl detekovan i orobanchol (368,8 > 325,2,0). Pfitomnost uvedenych
SL potvrdila ptedpoklad, ze kvalitativné bude podobna V. faba a P. sativum, protoze vsichni tii
uvedeni zastupci patii do celedi bobovitych a produkuji pro né charakteristické SL. Mezi bézné
vyskytujici se SL u Eeledi bobovitych patii také 5-deoxystrigol (352,8 > 256,1), ktery vsak
nebyl v extraktu V. Sativa detekovan, na rozdil od extrakti V. faba (Yoneyama et al., 2008;
Gomez-Roldan et al., 2008; Trabelsi et al., 2017) a P. sativum (Yoneyama et al., 2008, Gomez-
Roldan et al., 2008; Xie et al., 2009; Pavan et al. 2016; Boutet-Mercey et al., 2018). Dalsi
rostlinou byl S. bicolor, ktery patfi mezi nejCastéji analyzovany model vramci SL
problematiky. V minulosti slouzil jako modelova rostlina pro optimalizaci metody izolace
a purifikace SL z rostlinnych pletiv (Yoneyama et al., 2016), navic je znam produkci nékolika
dukladné prostudovanych SL: sogolaktonu, sorgomolu a 5-deoxystrigolu (Sato et al., 2005;
Yoneyama et al., 2010; Delaux et al., 2012). V kofenovém extraktu S. bicolor se mi podafilo
detekovat 5-deoxystrigol a sorgolakton (339,20 > 242,20). Oba uvedené SL byly identifikovany
na zakladn€ shody hmotnostniho spektra, MRM ptechodl a reten¢nich Cast s pfisluSnymi

standardy (Obr. 4).
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Obr. 4 Piiklad MS/MS spekter identifikovanych SL: fabacyl acetatu, orobancholu a orobachyl acetatu.
Porovnani spekter ptislusnych standardii (A1, B1 a C1) s MS/MS spektry SL detekovanych v extraktu
P. sativum (A2, B2) a V. faba. (C2)

4.4 Vyuziti ambientnich technik —- DART a DESI ve studiu strigolaktonii

Identifikace pomoci techniky DART byla zvolena na zakladé dobrych vlastnosti, kterymi jsou
minimdlni pfiprava vzorku a rychla analyza. Technika DART je vhodnd pro analyzu
nizkomolekularnich latek s hmotou m/z < 1500 (Yew, 2019). V minulosti byla uspé$né pouzita
pro studium fady latek napt. alkaloidd (Lesiak et al., 2016), silic (Giffen et al., 2017), lipida
(Antal et al., 2016), a mastnych kyselin (Cody et al., 2012). Divodem, pro¢ doposud nenasla
vyuziti pfi studiu fytohormonti je extrémné nizka endogenni koncentrace téchto latek.

V daném usporadani HR-DART-Orbitrap-MS byla zjisténa piitomnost SL, ktera se
shodovala s naméfenymi daty pomoci UHPLC-MS/MS. Vystupem méfeni bylo ur¢eni hodnoty
spravnosti méfeni, pro kazdy detekovany SL. Spravnost méfeni je definovana jako relativni
rozdil mezi experimentdlné¢ ziskanou hodnotou a teoreticky vypoctenou hodnotou
m/z sledovaného iontu, vztazeny k teoretické hodnoté. Je to bezrozmérna veli¢ina a je vyjadiena
V ppm. Pro urceni spravného elementarniho sloZeni se uvadi jako dostate¢né hodnoty mensi

nez 5 ppm, kterych bylo dosaZeno u vSech identifikovanych SL.
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Dalsi pouzitou ambientni technikou byla HR-DESI-Orbitrap-MS, ktera byla pouzita pro
detekci SL, ale hlavnim zamérem aplikovat metodu pro vytvoieni 2D mapy prostorové
distribuce SL v fezu stonku a kofene. Pro pfipravu fezl byl pouzit vibratom, diky kterému jsme
zajistili reprezentativni fezy pouze od V. faba a P. sativum. V ostatnich piipadech jsem nebyl
schopen ziskat fezy o definované tloust’ce, dochazelo k deformaci povrchu segmentu pletiva.
Jedna o prvni zdznam prostorové distribuce SL pomoci HR-DESI. Dle nasich ptedpokladt byla
nejvyssi intenzita signalu soustfedéna v centralni oblasti fezu kotfene. Pro ilustraci je zobrazena
desti¢ka s upevnénym biologickym materialem (Obr. 5A — V. faba, C — P. sativum), ktery byl
posléze skenovan a vysledkem byl 2D zaznam intenzit analyzovanych latek (Obr. 5B -
orobanchol, 5-deoxystrigol; 5D - orobanchol, 5-deoxystrigol a orobanchyl acetat). DalSim
pozorovanym problémem bylo smr§tovani fezi rostlinnych pletiv, které bylo zptisobeno jejich
dehydrataci. Jako mozné feseni se nabizi otisk segmentu rostlinného pletiva nebo celého organu
(napt. listu). Biologicky materidl je lisovan pomoci mirného tlaku na porézni teflon pii
soucasném zachovani prostorového rozlozeni analyzovanych analytd (Li et al., 2011, 2013,
Thunig et al., 2011). V praci Rejsek et al., (2017) byl problém analyzy neplanarnich povrch
vyfeSen pomoci iontového zdroje s laserovou triangulaci. Pohyb iontového zdroje
po soufadnicich os Xyz umoznuje udrzovat konstantni vzdalenost mezi povrchem fixovaného
vzorku a sprejovaci kapilary. Pohyb je dikladné sniman pomoci laserového senzoru a nasledné

vyhodnocen tak, aby nedoslo k pfimému kontaktu s povrchem vzorku.
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Obr. 5 Preparaty pfi¢ného fezu kofene V. faba (A) a P. sativum (C) upevnénych na podloznim skle.
Zaznam 2D mapy prostorové distribuce vybranych SL, B) V. faba, - orobanchol, 5-deoxystrigol, D)
P. sativum — orobanchol, 5-deoxystrigol a orobanchyl acetat. Méfeni prob&hlo na piistroji HR-DESI-
Orbitrap-MS.

4.4.1 Stabilita strigolaktonu ve vybranych kultiva¢nich mediich a pufrech

Zamérem bylo sledovat pokles obsahu SL v riznych kultiva¢nich médii nebo ve tlumivych
roztocich (pufrech), coz by poskytlo cenné informace o tom, jak spravné skladovat vzorky
a Casove rozvrhnout biologicky/chemicky experiment, nez dojde k poklesu koncentrace ¢i
uplnému rozkladu SL.

Stabilita GR24 byla stanovena v modifikovaném 2 Hoaglandové zivném médiu (roztok
obsahujici definované mnoZstvi anorganickych soli, které jsou nezbytné pro rist rostlin
s riznymi koncentracemi fosfatu (Pi). Dale bylo testovano Murashige a Skoog (MS) médium
(sacharosa; +/-) (Roycewicz a Malamy, 2012). Spektrofotometrické monitorovani koncentrace
GR24 probéhlo pii 239 nm po dobu 24 hodin. Nejvyraznéjsi pokles koncentrace GR24 (10 %)
by pozorovan Vv ' Hoaglandové médiu s koncentraci Pi 250 uM. GR24 vykazoval velmi

vysokou stabilitu v %4 Hoaglandové médiu (obsahujicim 25 uM +Pi/-Pi). MS médium
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(sacharosa; +/-) bylo také vhodné pro pokusy s GR24, tj. po 24 hodinach se rozlozilo minoritni
mnozstvi odpovidajici 3-5 % GR24. Ziskané vysledky byly navic podpofeny dalsi studii,
ve které byl testovan vliv 10 mmol-1? fosfatového pufru s methanolem (3:1; v/v) s pologasem
rozkladu 9 h (Rasmussen et al., 2013). Piedpokladame-li, Zze fosfatové ionty pisobi jako
nukleofilni ¢inidlo stejnym zpusobem jako ostatni nukleofilni latky (Nu) zvazované v této studii
(napf. methanol), tak jejich ptitomnost bude mit zna¢ny vliv na chemickou stabilitu pfirozené
se vyskytujicich SL.

Lze konstatovat, ze celkova koncentrace SL v kofenovych exudatech je do znacné miry
ovlivnéna slozenim chemickym slozenim kultivacniho média. Hydroponicka kultivace rostlin
bez Pi je bézné pouzivanou metodou pro zvyseni produkce SL a jejich nasledné uvolnéni a sbér
ve form¢ kofenovych exudata (Lopez-Raez et al., 2008; Jamil et al., 2011; Yoneyama et al.,
2012). Vyznamny rozdil v koncentraci produkovanych SL lze pozorovat nejdiive po 24 h
od odstranéni Pi z média. AvSak stale zlstava nezodpovézena otazka, jestli je zvySena
koncentrace SL dusledkem nedostatku Pi nebo se jedna pouze o eliminaci interferujici slozky
ovlivityjici jejich hydrolytickou stabilitu.

Stabilita GR24 byla stanovena pro vybrané pufry o pH 6,0 (Obr. 6A) a pH 7,0 (Obr. 6B).
Pufry byly vybrany na zakladé pufra¢ni kapacity, ktera se nachazela v rozsahu hodnot 6,0-8,0
stupnice pH. V tomto rozmezi pH jsou SL relativné stabilni. Jako kontrola, byla pouzita Mili-
Q voda, kdebyl stanoven polocas rozkladu GR24 ~11 dni, cozje vsouladu s diive
publikovanymi daty (Akiyama et al., 2010). Byla sledovana zména koncentrace GR24
Vv pufrech s hodnotou pH 6,0 (acetatovy, fosfatovy, formatovy a citratovy) a vybranych pufrech
0 pH 7,0 (fosfatovy, fosfat-citratovy a MES). Uvedené pufry vykazovaly pokles koncentrace
opouhych 5 % za dobu 24 hodin. Lze konstatovat, ze jsou vhodnymi roztoky nejen
pro experimenty s GR24, ale také i pro jeho kratkodobé skladovani. Naproti tomu koncentrace
GR24 se v pufrech HEPES a Tris-HCI (pH 7,0) po 24 hodinach snizila o 15-25 %. Oba
testované pufry, HEPES a Tris-HCI obsahuji latky, které funguji jako donor elektronového
paru. Takové slouceniny mohou pusobit jako nukleofilni ¢inidla a jejich pfitomnost v roztoku
mize vést k hydrolyze GR24, resp. molekuly SL, a proto jsou nevhodné.

Dal8im experimentem v ramci testovani bylo srovnat stabilitu GR24 a 5-deoxystrigolu.
Testovani probihalo po dobu 4 dnii ve 24 h intervalech. Bylo potvrzeno, ze 5-deoxystrigol,
jako zastupce pfirozenych SL je méné stabilni nez jeho synteticky analog. Ztraty se pohybovaly
v rozmezi 20 a 95 %. Nejvyssi ubytek koncentrace byl pro oba analyty pozorovan v Tris-HCI
pufru (pH 7,0). Po 96 h doslo k vice jak 95% ztraté 5-deoxystrigolu a 63% GR24. Nejveétsi

ubytek 5-deoxystrigolu byl pozorovan ve mravencanovém pufru. Oba analyty vykazovaly
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k poklesu koncentrace ptiblizn¢ o 33% za 96 hodin. Tento pokles je vyrazn€ nizsi ve srovnani
s dalsimi testovanymi pufry (pH 6,0 a pH 7,0). Pozorovan byl i vyrazny ubytek 5-deoxystrigolu
v kontrole (Milli-Q voda), a to pfiblizné 86 % za 96 hodin. Ve srovnani s GR24 v kontrole byl

pokles koncentrace okolo 20 %.
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Obr. 6 Stabilita GR24 v pufrech o pH 6,0 (A) a pH 7,0 (B).
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4.4.2 Nukleofilni reakce GR24

Pfi studiu mechanismu nukleofilniho ataku byla sledovana efektivita vybranych potencialnich
nukleofilnich latek na rychlost hydrolyzy GR24. Jednalo se zejména o aromatické latky
s dusikem nebo sirou ve své struktuie (benzylamin, methoxybenzylamin, thiofenol, benzyl
merkaptan apod.). Monitorovani reakce bylo provedeno spektrometricky pii 240-244 nm
(30 °C). O SL je vseobecn¢ znamo, zZe jsou nestabilni a snadno podléhaji hydrolyze, pti které
dochazi poruseni stability enol-etherové vazby a oddéleni hydroxybutenolidu od zakladniho
ABC skeletu. V pripad¢ nukleofilni reakce se nukleofil (Nu) vaze na ABC skelet za tvorby
ABC-Nu.

Na zaklad¢ stanovenych parametrii rychlostni konstanty a polo¢asu rozkladu bylo
prokéazano, ze nukleofilni reakce GR24 je reakci druhého tadu. Rychlostni konstanty druhého
radu ziskané ze spektrofotometrickych méfeni v podminkach pseudo-prvniho potadi jsou
uvedeny chronologicky. Nejrychlejsi pribéh reakce byl pozorovan pro benzylamin
a 4-methoxybenzylamin s polo¢asem rozpadu GR24 < 3 h, zatimco nejpomalejsi reakce
zahrnovala nukleofily obsahujici atom siry (thiofenol, benzyl merkaptan; polocas rozpadu
> 19 hodin). Zjisténé parametry pro reakce benzylamin a 4-methoxybenzylamin byly pouzity
pro vypocet termodynamickych parametrt reakce (Tab. 3). Kineticka a termodynamicka data,
jakoz i reakéni produkty uréené pomoci NMR a HRMS potvrzuji, Ze reakce GR24 s nukleofily
probiha bimolekuldrnim mechanismem. V daném piipadé¢ se uplatiiuje mechanismus
Michaelovy reakce, kterd je nasledovand eliminaci. Zaporné hodnoty pro AS indikuji
asociativni reakéni mechanismus, kde SL a nukleofil tvoii jediny aktivovany komplex pfies
adi¢né-eliminacni mechanismus. Testovani zahrnovalo vlastni syntézu potenciondlnich

produkti reakce a jejich naslednou charakterizaci pomoci *H-NMR.
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Tab. 3 Reakéni rychlosti a poloCasy rozkladu spojené s reakci mezi GR24 a vybranymi nukleofily
pti 30 ° C.

Nukleofil k x 10° (mol-L*- s%) ty2 (h)
Methanol 0,50 38,51
Thiofenol 0,67 28,88
Anilin 0,67 28,88
Imidazol 0,83 23,10
Benzyl merkaptan 1,00 19,25
p-Anisidin 1,67 11,55
Benzylamin 9,33 2,06
4-Methoxybenzylamin 11,17 1,72
Hydroxid amonny 12,67 1,52

Cilem tohoto experimentu bylo najit vhodnou metodu, ktera by byla schopna jednoznaéné
identifikovat vznikajici produkty reakce GR24 s vybranymi nukleofily. Pro monitorovani byla
zvolena optimalizovana UHPLC-MS/MS metoda. V daném uspofadani byl experiment navrzen
tak, aby bylo dosazeno Uspésné separace vSech slozek reakéni smési. Mezi testované latky
pattily: benzylamin, 4-methoxybenzylamin, p-anisidin, imidazol, thiofenol a benzyl merkaptan.

Pribéh reakce je zndzornén a prezentovan na reakci S 4-methoxybenzylaminem
na Obr. 7. Z pocatku byl pozorovan pouze ubytek GR24 (1) a narQst intenzity signalu nové
vznikajiciho komplexu ABC-Nu (2). Po vycerpani reaktantu GR24, reagoval piebytek Nu
s hydroxybutenolidem (hydroxy-D-kruh) za vzniku D-Nu (3). Je dilezité zminit, Ze byl
pozorovan dalsi signal se shodnym hmotnostnim a koliznim spektrem jako ABC-Nu. Jednalo
se 0 epimer ABC-Nu. Pro porovnani je uveden zaznam spektrofotometrického méfteni,
kde nelze jednoznaéné rozlisit produkty reakce na zakladé UV profilu. Lze pouze identifikovat
nejvice zastoupenou latku. Dle ziskanych vysledkti D-kruh nereagoval s anilinem, thiofenolem

a benzylmerkaptanem ani po 24 h.
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5 ZAVER

Jako modelovy organismus pro studium strigolaktont byly vybrany: bob sety (V. faba),
hrach sety (P. sativum), vikev seta (V. sativa) a ¢irok dvoubarevny (S. bicolor).

Byla testovana UspéS$nost ruznych doposud publikovanych protokold pro izolaci
a purifikaci SL z rostlinného pletiva, pficemz nejvyssi hodnoty navratnosti byly
dosazeny za soucasného pouziti homogenizace a piecisténi vzorku pomoci SPE.
Optimalizovana metoda UPLC-MS/MS byla uspésné pouzita pro identifikaci SL
u vybranych rostlinych modeli: bob sety (orobanchol, 5-deoxystrigol, fabacyl acetat,
orobanchyl acetat), hrach sety (orobanchol, 5-deoxystrigol, fabacyl acetat, orobanchyl
acetat), Cirok dvoubarevny (5-deoxystrigol, sorgolakton), vikev seta (orobanchol,
fabacyl acetat, orobanchyl acetat).

DART-HR-MS (ptima analyza v realném case) je vhodnym nastrojem pro rychlou
identifikaci SL. Hlavni vyhodou této metody je minimalni ptiprava vzorku. Jen mala
¢ast segmentu rostliny (kofen, stonek) byla zavedena piimo do iontového zdroje
apouzita pro analyzu k ziskdni duvéryhodnych vysledkt, které byly podpoieny
UHPLC-MS/MS analyzou.

DESI-MS pfinesla dilezitou informaci o prostorovém zastoupeni SL ve vybranych

rostlinnych pletivech.

Na zakladé testovani stability SL Vv kultivacnich médiich, pufrech a rtznych
rozpoustédlech byla navrzena nasledujici pravidla pro experimentalni praci s roztoky
SL:
o Zasobni roztoky SL by mély byt pfipraveny v bezvodych rozpoustédlech, jako
je napiiklad DMF a aceton a skladovany piti -20 °C.

o Kdykoliv je SL rozpustén ve vodném roztoku, musi byt tento roztok pouzit
do 24 hodin.
o Nekteré pufry jako Tris-HCI a HEPES, jsou nevhodné pro experimenty se SL.
Reakce GR24 snukleofilem probihala prostiednictvim adi¢né-eliminac¢niho

mechanismu a za soucasného oddéleni D-kruhu (hydroxymethylbutenolidu). Bylo
potvrzeno, Ze se jedna biomolekularni reakci, pro kterou se uplatiiuje Michaelova reakce

(adice) nasledovana elimina¢ni reakci.
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7 SEZNAM POUZITYCH ZKRATEK

AM arbuskularni mykorhiza

AT ambientni technika

DAD detektor diodového pole

DART piima analyza v redlném cCase

DESI desorp¢ni ionizace elektrosprejem

DMF 2,2-dimethylformamid

EtOAC ethyl acetat

GC plynova chromatografie

GR24 synteticky analog strigolaktonti

HEPES 4-(2-hydroxyethyl)-1-piperazinethansulfonova kyselina
HRMS vysokorozlisovaci hmotnostni spektrometrie
LC kapalinova chromatografie

LC-MS/MS kapalinova chromatografie ve spojeni s hmotnostni spektrometrii
MRM selektivni monitorovani vice reakci

MS hmotnostni spektrometrie

MS médium Murashige a Skoog médium

NMR nuklearni magneticka rezonance

Nu nukleofil

Pi fosfat

SPE extrakce na pevné fazi

SL strigolakton

UHPLC ultraucinna kapalinova chromatografie
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