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9G 9-glukosid

AMP adenosinmonofosfat

AP alkalicka fosfatasa

B frakce obsahujici volné baze, ribosidy a N-glukosidy
BAP 6-benzylaminopurin

BAP9THP 6-benzylamino-9-(tetrahydroxypyranyl)purin
CK cytokinin

CKX cytokinin oxidasa/dehydrogenasa

cZ cis-zeatin

DHZ dihydrozeatin

ELISA enzymova imunoanalyza

ESI ionizace elektrosprejem

EtOH ethanol

FAD flavinadenindinukleotid

FMN flavinmononukleotid

GC plynova chromatografie

GMP guanosinmonofosfat

HPLC vysokoucinna kapalinova chromatografie
IAA indol-3-octova kyselina

IAC imunoafinitni chromatografie

iP 6-isopentenylaminopurin

IPT isopentenyltransferasa

Kin 6-furfurylaminopurin

LC kapalinova chromatografie
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1 Uvod acile prace

Cytokininy (CK) jsou vyznamnou skupinou rostlinnych hormoni, které ovladaji
fyziologické i vyvojové procesy u rostlin. CK v pfitomnosti auxind stimuluji bunééné
déleni rostlinnych bun¢k. Této vlastnosti je vyuzivano v rostlinnych tkanovych kulturach,
kdy pomoci regulace pomértt CK a auxini dochdzi k ovlivnéni diferenciace totipotentnich

bunék.

Cilem diplomové prace je studium hladin cytokinini a jejich metabolita
v rostlinnych tkanovych kulturach hrachu setého (Pisum sativum L.), konopi setého
(Cannabis sativa L.) a knotovky bilé (Silene latifolia Poir.). Byly studovany tfi kultury
hrachu seté¢ho odlisného stari, dvé kultury konopi setého riznych odrid a dvé kultury
knotovky bilé, kdy jedna regenerovala a druha ne. Ke kvalifikaci a kvantifikaci CK bylo
pouzito UHPLC-ESI-MS/MS.
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2 Cytokininy

vvvvvv

fytohormonil. Strukturng se jedna o N® derivaty adeninu, které dle navazanych substituenti

délime na isoprenoidni a aromatické (Obr. 1) (Mok a Mok, 2001).

Utinek CK — stimulace dé&leni, diferenciace a rast bunék za ptitomnosti auxini dal
zaklad rostlinnym tkanovym kulturam, kdy Skoog a Miller (1957) aplikovali na bunky
tabdku rizné poméry hladin CK a auxinu a sledovali jejich uc¢inky. Pozadované
koncentrace obou fytohormont se 1isi v zavislosti na druhu kultivovanych rostlin. Je vsak

zfejmé, ze CK stimuluji tvorbu vyhonkd, zatimco auxiny stimuluji vznik kofeni.

Pozdé&ji bylo prokéazano, ze CK také v rostlinach reguluji dormanci semen a kliceni,
starnuti, uvolnéni pupentd z apikalni dominance, de novo tvorbu pupenti a stimulaci rastu
listd (Mok, 1994), kontroluji vyvoj organti rostlin a zajist'uji odpovéd’ na vnéjsi faktory
(svételné podminky, dostupnost Zivin a vody) a bioticky i abioticky stres (Werner a
Schmiilling, 2009). Uginnost CK na fyziologické procesy je patrna jiz v nizkych
koncentracich, 10° — 10™®> mol/g &erstvé hmoty (Tarkowski et al., 2004).

isoprenaidni aromaticlke
AR R
iP N/k HMN Kin o
M
a9
DHZ A)V " N/ |\‘
of BAP P
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t7 A/)VOH
i
OH mT L
QOH
(o W’/[
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Obr. 1 Struktury zékladnich isoprenoidnich a aromatickych CK
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2.1  Metabolismus

Jednou z moznosti studia metabolismu CK je sledovani exogenné aplikovanych
radioaktivné znacenych cytokinin do rostlin (Taverner et al., 1999). Pii aplikaci CK na
rostlinna pletiva dochazi k jejich distribuci mezi ptislusné formy nukleotidi, nukleosidi a
bazi, které se dale pfeménuji na degradac¢ni produkty nebo cukerné konjugaty (Letham,
1994). Metabolismus CK muze probihat substitucemi na samotném adeninu nebo pomoci
enzymatickych pfemén postrannich fetézcl. Dle pokrocilych vyzkumui byla potvrzena
shoda mezi modifikacemi adeninu a metabolismem purint (Mok a Mok, 2001). Specificky
enzym pro modifikace adeninového kruhu CK dosud nebyl objeven. Porovname-li v§ak
mnozstvi CK (nM) a ostatnich slou¢enin adeninu (mM) v organismu, enzymy metabolismu
purind jsou dostacujici 1 pro CK. Opacné situace vSak nastdva u modifikaci postrannich

fetézel, kde se enzymy pro CK zdaji byt specifické (Davies, 2010).

2.2.1 Modifikace adeninu

Defosforylace nukleotidi na nukleosidy je katalyzovana pomoci 5°‘-ribonukleotid
fosfohydrolasy (5°-nukleotidasa, EC 3.1.3.5). Dosud jsou znamé dvé aktivni formy: F-I
(110 kD) a F-II (57 kD). Ob¢ tyto formy jsou schopné katalyzovat AMP, iPRMP, GMP a
IMP. Vyzaduji viak pfitomnost dvoumocného iontu, napf. Mg?* (Davies, 2010).

Deribosylace nukleosidi na volné baze je katalyzovana pomoci adenosin
nukleosidasy (EC 3.2.2.7). Tento krok je pro regulaci u¢inku CK velmi dulezity, protoze

volné baze jsou fyziologicky aktivnim metabolitem CK (Davies, 2010).

Konverze volnych bazi na nukleosidy mize byt katalyzovana pomoci purin
nukleosid fosforylasy (EC 2.4.2.1). Reakce je reverzibilni, zvyhodnény je vSak vznik
nukleosidii. Tento enzym je odlisny od inosin-guanosin fosforylasy, ktery se podili na

metabolismu purint (Davies, 2010).

Tvorbu nukleotidi z odpovidajicich nukleosidli mize katalyzovat adenosin kinasa

(EC 2.7.1.20) (Davies, 2010).

Dalsi moznosti konverze volnych bazi na nukleosidy mize byt pomoci adenin
fosforibosyltransferasy (EC 2.4.2.7). V Arabidopsis bylo nalezeno pét gent (APT1 —
APT5), z nichz APT1 — APT3 byly jiz biochemicky popsany (Allen et al., 2002, Schnorr et
al., 1996) (Davies, 2010).

12



Na pozicich 3, 7 a 9 purinového zbytku muze probéhnout N-glykosylace.
Glukosyltransferasa (EC 2.4.1.118) katalyzuje tvorbu 7- a 9-glukosidi pomoci UDP- nebo
TDP-glukosy. Zvyhodnéna je tvorba 7-glukosidd (Entsch et al., 1979). Kromé 3-glykosidu
jsou N-glykosidy v biologickych testech neaktivni (Mok a Mok, 2001). 3-glykosidy je
mozné pomoci B-glukosidasy zpétné hydrolyzovat na volné baze (Brzobohaty et al., 1993).
Posledni vyzkumy zjistily, ze 9-glykosidy jsou vyhodnymi substraty pro nékteré isoformy
CKX (Galuszka et al., 2007, Kowalska et al., 2010).

N-alanylace, tedy pfeména tZ, ¢Z, iP a DHZ na 9-alanyl derivaty je katalyzovana B-
(9-cytokinin)-alanin syntasou (EC 4.2.99.13). Fyziologicky vyznam N-alanylace neni
doposud zndm (Davies, 2010).

2.2.2 Modifikace postranniho fetézce

Zeatin isomerasa, pravdépodobné 68 kD glykoprotein, katalyzuje konverzi cZ na tZ za
pritomnosti flavinu (FAD nebo FMN), svétla a dithiothreitolu. Fyziologicky vyznam této
izomerace neni doposud znam, pravdépodobné vSak souvisi s metabolismem tRNA a tZ

syntézou (Davies, 2010).

Nevratnd konverze tZ na DHZ je katalyzovana zeatin reduktasou (EC 1.3.1.69).
Byly objeveny dvé¢ aktivni formy: isozym HMW (55 kD) a isozym LMW (25 kD), které
maji odlisné elektrické naboje. Obé formy vSak potiebuji kofaktor NADPH a specificky
katalyzuji pouze tZ, nikoliv cZ, iP a derivaty nukleosidu (Davies, 2010).

Konverze CK typu iP na typ tZ je katalyzovana hydroxylasou. Citlivost na
metyrapon (inhibitor cytochromu P450) a zavislost na ptitomnost NADPH ptedpovida, ze

reakce bude katalyzovana enzymem P450 (Davies, 2010).

Isoprenoidni postranni fetézce mohou byt glykosylovany za vzniku O-B-D-
glukopyranosyl derivatl tZ a/nebo c¢Z. Pro jednotlivé typy tZ i ¢Z cytokininti jsou zeatin
O-glukosyltransferasy specifické (ZOG/cZOG) za vyuziti UDP-glukosy. O-glykosylace
patii mezi vratné modifikace, jelikoz jsou zpétné¢ hydrolyzovany B-glukosidasou (EC
3.2.1.21), coz vysvétluje biologickou aktivitu O-glukosylovanych CK v biologickych
testech (Brzobohaty et al., 1993). O-glukosylovany dihydrozeatin (DHZ) je lokalizovan ve
vakuolach (Fusseder a Ziegler, 1988). Je tedy ziejmé, ze O-glykosylace vede ke vzniku
neaktivnich, ovSem stabilnich forem CK vhodnych pro skladovani a nasledné vyuziti.

Tento d¢j hraje dulezitou roli v regulaci hladin CK (Mok a Mok, 2001).
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UDP-glukosa muze byt nahrazena UDP-xylosou za katalyzy O-xylosyltransferasy
(EC 2.4.1.204). O-xylosylace probiha u tZ a DHZ, avsak nikoli u tZR a c¢Z. Doposud byl

O-xylozeatin objeven pouze u Phaseolus (fazol obecny) (Davies, 2010).

2.2 Degradace

Nevratna deaktivace CK je katalyzovana enzymem cytokinin oxidasou/dehydrogenasou
(CKX) (EC 1.5.99.12). Pii degradaci CK dochazi k odStépeni postrannich fetézct za
vzniku samotného adeninu (Davies, 2010). Prub¢h reakce nevyzaduje piitomnost kysliku a
peroxid vodiku neni béhem katalytické reakce produkovan, takze se CKX chova spise jako

dehydrogenasa nez oxidasa (Galuszka et al., 2001).

CKX je zpravidla kddovana malymi rodinami gent. Pocet genil v téchto rodinach je
vSak u rostlin riizny, a to v zavislosti na druhu — naptiklad genom A. thaliana obsahuje 7
gent, Brachypodium 11 a kukufice 13 (Mameaux et al., 2012). Jednotlivé CKX jsou
v rostlinach exprimovany v riznych pletivech a organech a i v jednotlivych etapach vyvoje
(Vyroubalovi et al., 2009). Kazdd CKX m4 odliSnou preferenci substratu a rychlost reakce
(Galuszka et al., 2007, Kowalska et al., 2010).

U vétsiny rostlinnych zdroji bylo prokazano, ze CKX je glykoproteinem
(Armstrong, 1994). CKX u kukufice ma osm glykosylacnich mist. U ostatnich
zkoumanych rostlin  byla nalezena CKX s1-8 glykosylaénimi misty. Vyskyt
neglykosylovanych CKX a/nebo CKX s nizkym stupném glykosylace byl objeven u tabaku
a fazolu (Kaminek a Armstrong, 1990, Motyka a Kaminek, 1994, Zhang et al., 1995,
Motyka et al., 1996, Motyka et al., 2003). U glykosylovanych a neglykosylovanych forem
CKX byly nalezeny velké rozdily voptimech pH. Pfitomnost glykosylovanych a
neglykosylovanych izoforem CKX v kalusech tabaku byla lé¢ena piidanim CK. Zvyseni
aktivity CKX dokazuje spojeni s glykosylovanou formou enzymu (Motyka et al. 2003).
Glykosylace proteini piispiva k regulaci enzymatické aktivity, translokaci a/nebo
proteionové stabilité, ¢imz se stava vyznamnou a dulezitou slozkou regulace CKX

(Schmulling et al., 2003).

Pivodné bylo predpokladano, Ze CKX vyzaduje ke své ¢innosti molekularni kyslik
a v aktivnim centru obsahuje méd’. Proto byl enzym také klasifikovan, jako méd’ amin
oxidasa (EC 1.4.3.6.) (Whitty a Hall, 1974, Hare a Van Staden, 1994). Nasledné bylo
objeveno flavinové vazebné misto (Morris et al., 1999, Bilyeu et al., 2001) a atomovéa
absorpéni analyza dale vyvratila piitomnost médi (Bilyeu et al., 2001). Zarovnani sekvenci
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pomoci Clustal W ukazalo, Zze vazebna doména FAD je dobie konzervovana v N-koncové
polovin¢ vSech znamych CKX sekvenci (Thompson et al., 1994). Hypotéza byla také
potvrzena zjisténim, ze CKX muize pouzivat Sirokou skalu umélych elektronovych donort
za anaerobnich podminek (Galuszka et al., 2001, Frébort et al., 2002). Pfredpoklada se, ze
elektrony jsou transportovany pies flavin kofaktor do druhého redoxniho centra enzymu,
ktery je zprostiedkovava ubichinonu slouziciho jako akceptor elektront (Schmiilling et al.,
2003).

Exprese AtCKX1 byla objevena v cévnim valci postrannich kofenti, AtCKX2 na
vrcholcich prytd a AtCKX3 v mladych pletivech. Exprese AtCKX4 ma vliv na vyvoj
trichomu, praduchu, palisti a kofenovych ¢epicek. AtCKX5 byla exprimovéana v ty¢inkach
pti vyvoji pylu, zatimco AtCKX6 v gyneceu (Frébort et al.,, 2011). Drobné variace
aminokyselinovych zbytki CKX vyznamné pfispivaji k vybéru substratu. AtCKX2 a
AtCKX4 obsahujici glutamat jsou nejvice aktivni enzymy a Vv neutralnim nebo slabé
zasaditém prostiedi davaji pfednost volnym bazim CK, AtCKX1 (alanin misto glutamatu)
preferuje naopak nukleotidy CK a AtCKX7 (serin misto glutamatu) N9-glukosidy
(Galuszka et al., 2007). Substratova specificnost také uzce souvisi se subceluldrni
lokalizaci téchto enzymi. Vakuolarni AtCKX1 preferuje nukleotidy, cytoplazmatické
AtCKX7 N9-glukosidy (Kowalska et al., 2010).
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3 Rostlinné tkanové kultury

Rostlinné tkanoveé kultury jsou metodou umoznujici kultivovat (a mnozit) rostlinné bunky,
pletiva nebo organy izolované z matetské rostliny na umélém médiu. Pouziti této techniky
dovoluje dopéstovat i UpIné rostliny s genetickou informaci identickou s vychozim
explantatem. Rostlinné tkanové kultury vychazi z totipotence rostlinnych bun¢k, ktera
umoziuje vyvoj ruiznym smérem vedoucim i ke vzniku celé rostliny (Motte, 2013). Vyvoj
této metody je dale Uzce spojen s objevem fytohormont a jejich popisem, kdy Skoog a
Miller (1957) zjistili, ze tvorba prytd by mohla byt indukovana pouzitim nizké hladiny
auxinii a vysokou koncentraci CK v ristovém médiu. Nasledovaly dal$i objevy fizeni
aspektii bunécné diferenciace a organogeneze v tkanovych a organovych kulturdch

interakcemi mezi CK a auxiny (George et al.,2008).

Mezi rostlinné tkanové kultury, kdy nedochdzi ke zmén€ genotypu, patii
meristémové, embryonalni a kofenové kultury. Meristémové kultury jsou vhodné pro
péstovani rostlin, které byly zasaZeny virovou infekci. Explantaty jsou odebirany
z vrcholového nebo postranniho meristému. Embryondlni kultury se Casto pouZivaji
naptiklad pro iniciaci tvorby kalusti. Embrya jsou izolovana ze semen a kli¢i in vitro. Tato
metoda se uplatiuje pro rychlou tvorbu sazenic ze semen s velkou periodou dormance.
Kofenové kultury jsou pfipravovany z explantati obsahujicich malé segmenty kotent
S primarnim nebo bo¢nim meristémem, které dale pokracuji v rastu kofenového systému

slozeného z primarnich a postrannich kofent (George et al., 2008).

Naopak genetickou variabilitu zajist'uji kalusové, suspenzni, protoplastove,
pras$nikové a mikrosporové kultury. Kalus je koherentni a amorfni pletivo, které vznika
neuspotadanym zpusobem dé¢leni rostlinné buiiky. Tvorba kalusu muze byt indukovana
ptitomnosti hmyzu, mikroorganismu, stresem nebo in vitro pouzitim fytohormoni. Uzitim
rustovych regulatort je pletivo postupné diferenciovano a dochazi k jeho aktivnimu déleni.
Kalusové kultury slouzi k regeneraci kofeni a prytt, ale i jako vychozi material pro
suspenzni kultury. Rozptylenim drobivych kalust v tekutém médiu vznikaji suspenzni
kultury, které dale délime na davkové kultury (pevny objem média) a kontinualni kultury
(kontinualni dopliovani zivného média). Rist bunék v suspenznich kulturach je oproti
kalusovym kulturam rychlejsi a snadné&ji regulovan. Zakladem pylovych a mikrosporovych
kultur je moznost indukce tvorby haploidnich vegetativnich bunék 2z bunék
gametofytickych. Tvorba rostlin z mikrospor je nazyvana androgeneze, zatimco pfi pouZiti

neoplozenych vajicek se jednd o gynogenezi. Protoplasty jsou rostlinné bunky zbavené
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bunécné stény a mohou byt izolovany z rostlinnych orgdnt stejné jako z tkanovych kultur.
Pomoci vhodného zivného média mize byt opétovné obnovena tvorba bunécné stény a
déleni bunck. Protoplastové kultury se pouzivaji pro vyzkum virovych onemocnéni rostlin,

V genovém inzenyrstvi a pii tvorbé hybridnich rostlin (George et al., 2008).

Vznik rostlinnych tkanovych kultur umoznil primyslovou vyrobu rostlinnych
produkt, rozvoj nékterych aplikaci v zeméd¢€lstvi a v zahradnictvi, zachovani genofondu a

genetické inzenyrstvi rostlin (Dagla, 2012).
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4 Metody studia metabolismu cytokinini

Koncentrace cytokinint v rostlinach se pohybuje v fadech fmol — pmol-g™* &erstvé hmoty.
Hlavnim problémem analyzy téchto latek je odlisit vybrané analyty od necistot, které se
v rostlinném materialu vyskytuji. Vhodna analytickd metoda pro studium metabolismu CK

by tedy méla spojovat efektivni Cistici postup a dostate¢nou analytickou koncovku pro

studia CK a zaroven se snizuje mnozstvi potfebného vstupniho materidlu pro danou

analyzu (Tarkowski et al., 2004).

4.1 Extrakce a ¢iSténi

Extrakce je proces, pfi kterém se prevadi latky z matrice do extrakéniho cinidla
(rozpoustédla). Rozpoustédla jsou vybirana dle povahy analytu. Je nutné dat pozor, aby pti
tomto procesu nedochédzelo k degradaci latek v zavislosti na teploté, enzymatickych
reakcich, apod. Pro extrakci CK je nejéastéji pouzivan viceslozkovy Bielskiho pufr, ktery
minimalizuje G¢innost degradaénich enzymiti, zejména fosfatas (Bielski, 1964).Po extrakci
se pomoci centrifugace oddéli pelet od extraktu analytu. Ten je dale ¢istén od balastnich
latek, které se vyextrahovaly spole¢né s analytem. K tomuto ¢isténi se nejcastéji vyuziva
extrakce na pevné fazi (SPE) a imunoafinitni chromatografie (IAC) (Tarkowski et al.,
2004).

4.1.1 Extrakce kapalina-kapalina (Liquid — liquid extraction, LLE)

Extrakce kapalina — kapalina je zalozena na ustaleni fazové rovnovahy mezi dvéma
nemisitelnymi kapalinami (analyt v roztoku a rozpoustédlo pro pievedeni analytu).
Rozpoustédlo je voleno tak, aby v ném byl analyt rozpustnéjsi, nez je roztok, ve kterém se
aktualné nachazi. Vyssi u€innosti systému se docili pomoci opakované extrakce s mensimi
objemy rozpoustédla oproti extrakci celym objemem najednou. Extrakce lze urychlit

zvétsenim plochy pomoci protiepavani (Stulik et al., 2004).

Extrakce 1-butanolem poskytuje vynikajici metodu pro zakladni cytokininy a jejich
nukleotidy. Je nutné upravit pH extraktu, aby CK zlstaly v méné polarni neprotonizované
form¢. Nepolarni CK, jako je iP nebo kinetin mohou byt extrahovany do ethylacetatu. Toto

rozpoustédlo vSak neni vhodné pro extrakci zeatinu (Horgan a Scott, 1987).
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4.1.2 Extrakce na pevné fazi (Solid phase extraction, SPE)

Extrakce na pevné fazi slouzi k rychlé a selektivni ptipravé vzorkd. Metoda je zaloZena na
mezimolekulovych interakcich, které zplisobuji zachyceni vybranych molekul na tuhém
sorbentu. Extrakt je nanesen na SPE kolonu, kde se analyty zachyti a balastni latky jsou
odmyty. Analyt je ze sorbentu uvolnén elu¢nim cCinidlem. Sorbent muze byt i naopak
vybran k zadrzeni balastnich latek a volnému pratoku analytu. SPE je proti LLE

efektivngjsi a Gsporn&j$i na spotiebu organickych rozpoustédel (Stulik et al., 2004).

Cytokininy jsou amfoterni latky s pKa; kolem 4 (vliv atomu dusiku na C6) a pKa,
kolem 10 (vliv atomu dusiku v imidazolovém kruhu), které umoznuje protonizaci (pH < 3)
nebo deprotonizaci (pH > 11). CK mohou byt snadno ionizovany kromé jejich nukleotidd,
které obsahuji fosfatove skupiny s pKa; kolem 1 a pKa; kolem 6. Tohoto jevu je vyuZito
pfi déleni a ¢isténi CK pomoci kombinovanych SPE (reverzni faze, iontovd vymeéna) (Fu et
al., 2011). Efektivni SPE metoda byla vyvinuta pro prekoncentraci a purifikaci CK z
kokosové vody pomoci C18 a MAX kolon (Ge et al., 2004). C18 je velmi u¢innym
sorbentem pro odstranéni lipidi a rostlinnych barviv. Dal§im purifikaénim krokem je
moznost pouziti iontoméni¢t SPE (MAX — anex, MCX — katex) s dobrou navratnosti
(Hoyerova et al., 2006).

Pro purifikaci CK byly vyvinuty protokoly zalozené na rtiznych kombinacich
reverzni faze a iontové vymény — DEAE Sephadex/RP-C18 (Novék et al., 2003, Hoyerova
et al., 2006), RP-C18 (Novak et al., 2008), SCX (Novék et al., 2003), MCX (Dobrev a
Kaminek, 2002).

4.1.3 Imunoafinitni chromatografie (Imunoafinity chromatography, I1AC)

Imunoafinitni chromatografie je metoda zalozena na selektivit¢ monoklonalni protilatky
tvofici komplex antigen — protilatka. Protilatky mohou byt aplikovany piimo ke vzorku
pomoci tzv. vsddkové metody (Hauserova et al., 2005) nebo navazany na pevny nosic,
ktery muze byt vloZzen do prazdné kolony (cartridge) a nasledné uchovavany v PBS pufru
s NaN3. Extrakt je nanesen nanosi¢ s protilatkou, kde se pozadovany antigen na zakladé
vazby antigen — protilatka zachyti a balastni latky jsou vymyty. Antigen je nasledné
eluovan elu¢nim ¢inidlem, které je schopné prerusit specifickou vazbu komplexu (Hennion
a Pichon, 2003). Tato metoda se bézn€¢ pouziva pro upravu vzorkl pred pouzitim

analytickych metod, jako je LC, GC a CE (Moser a Hage, 2010, Hage, 1998).
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42 GCIMS

Plynova chromatografie (GC) v on-line spojeni s hmotnosti spektrometrii (MS) je bézné
uzivanou metodou pro analyzu fytohormont v rostlinnych pletivech (Morris et al., 1977).
Tato metoda poskytuje vysoké rozliSeni s nizkym limitem detekce, vyzaduje vSak velké
mnozstvi materialu (az desitky gramti) (Balcke et al., 2012). Pfirozené se vyskytujici CK
nejsou tékavé slouceniny, a proto je nutné pied jejich analyzou provést derivatizaci (Novak
et al., 2003). Pii derivatizaci muze dochazet k problémim, jako je hydrolyza derivata,
tvorba vedlejSich produktl ¢i nestabilita nékterych derivath (Tarkowski et al., 2009). Tyto
problémy byly popsany pfti derivatizaci CK za pouziti trimethylsilylu (Horgan a Scott,
1987, Most et al., 1968), permethylu (MacLeod et al., 1976), t-butyldimethylsilylu (Hocart
et al., 1986), trifluoracethylu (Ludewig et al., 1982) nebo acetylu (Bjérkman a Tillberg,
1996). Idealni metodou se jevi silylace s N-methyl-n(trimethylsilyltrifluoroacetamidem
(Birkemeyer et al., 2003). Hlavni vyhodou pouziti GC-MS pro analyzu CK v porovnani
s mékkymi ioniza¢nimi technikami je diferenciace cukernych zbytku (Tarkowski et al.,
2009).

43 LCIMS

Jednou z nejbéznéji pouzivanych technik v oblasti analyzy fytohormonu je kapalinova
chromatografie (LC) ve spojeni s hmotnostni spektrometrii (MS). Doposud bylo pouzito
mnoho riznych ionizaénich technik, jako je elektrosprej (ESI), termosprej (TSI), chemicka
ionizace za atmosférického tlaku (APCI) nebo ionizace rychlymi atomy (FAB) (Novék et
al., 2003). V soucasné dob¢ je pro kvantitativni analyzu pomoci MS nejéastéji pouzivanou
ionizaci ESI, kterd poskytuje dostate¢nou G¢innost ionizace nejen pro CK, ale pro vétsinu
dalsich fytohormona (Novdk et al., 2008, Svacinova et al., 2012, Farrow a Emery, 2012,
Dewitte et al., 1999).

Prvni pouziti LC-MS pro analyzu CK zahrnujici separaci nederivatizovanych CK
publikoval Imbault et al. (1993). Naslednou derivatizaci byla citlivost zvySena na fmol
limit detekce (Astot et al, 1998, Nordstrom et al., 2004). Nové vyzkumy v technologii
separace vedly k zavedeni vysokoucinné LC (HPLC) a nasledné az k ultraa¢inné LC
(UHPLC), ktera poskytuje lepsi vykon, vétsi rozliseni a vyssi citlivost (Novak et al., 2008).

HPLC poskytuje rychlou a vysoce uc¢innou separaci CK pied MS detektorem.
HPLC analyza mtze poskytnout spolehlivou identifikaci CK, ke kvantifikaci se pouziva
izotopicky znacenych standardi pro MS detekci s ionizaci elektrosprejem (LC-ESI-MS)
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(Novék et al., 2003). Volné baze CK a jejich cukerné konjugaty jsou relativné hydrofébni
slouceniny, které se chovaji jako slabé baze. K jejich separaci se vyuziva reverzni faze
(RP-HPLC). Pro separaci a analyzu CK se pouzivaji RP-C18 nebo RP-C8 kolony (Novak
et al., 2003, Ge et al., 2005). Prinsen et al. (1997) popsal spojeni LC-ESI-MS/MS s MRM
(multiple reaction monitoring) pro stanoveni CK, jako rychlou metodu s limitem detekce 1
pmol. Zavedeni kapilarni kolony a zlepSeni elu¢niho gradientu vedlo ke zméné limitu

detekce na hladinu fmol (Prinsen et al., 1998).

UHPLC umoziiuje pratok kapaliny az do 1000 MPa. Tato metoda je tedy schopna
dosahnout rychlejsi separace s naslednym vys$$im rozliSenim a vyssi citlivosti (Von
Schwartzenberg et al., 2007, Novék et al., 2008). UHPLC-MS/MS je postupné zavadéno
pro kvalitativni i kvantitativni stanoveni jak CK tak i dalsich skupin fytohormont (Naito et
al., 2007, Arite et al., 2007, Zentella et al., 2007, Hirano et al., 2007, Novak et al., 2008).

4.4  Imunochemické metody

Ke stopové analyze fytohormonl je mozné pouzit také imulogické metody, které maji
nizky limit detekce (Morris et al., 1993, Wang et al., 1995, Yong et al., 2000). Nasledn¢
byly vyvinuty metody piimo pro detekci CK (Casanova et al., 2004).

Radioimunoanalyza (RIA) je velmi citlivou metodou, kterd je schopna detekovat
koncentrace v fadech nmol az pmol. Své uplatnéni nasla také pfti studiu biochemickych
procest. Kvuli silnym k#izovym reakcim protilatek pro RIA je nutné nejprve z rostlinnych
extraktll odstranit interferujici latky s RIA protilatkami (Cook et al., 2001). V porovnani
SRIA je ELISA levnégjsi a jednodussi provedeni, navic nevznikd radioaktivni odpad.
ELISA je schopna také detekovat fmol hladiny. Pro detekci endogennich hladin CK byly
vyvinuty hapten-homologni a hapten-heterologni ELISA testy bez potieby intenzivni
purifikace. Pro imunodetekci a identifikaci CK je mozné také spojeni HPLC-ELISA
(Strnad et al., 1992). ELISA jsou stale velice pouzivanou metodou (Tarkowski et al.,
2009).

45 Biotesty

Biotesty slouzi k detekci latek nebo ovéfeni biologické aktivity. Pouzivaji se k tomu
jednodélozné i dvoudélozné rostliny. Vysledek testu zavisi na specifi¢nosti a selektivité

sledovanych biologickych reakci na testovany objekt (Nissen, 1985). Doba analyzy je
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dlouhd, v fadech hodin, n¢kolika dnti az tydni. Problémy s pfijmem exogennich latek a
jejich metabolismem mohou vést k nizsi citlivosti. Kvuli dosazeni ptesnosti je nutné ¢etné
opakovani pfinasejici velké mnozstvi rostlinného materialu i testovanych vzorka. Problém
mohou také tvofit necistoty, vcetné¢ inhibitorG ¢i jinych aktivnich molekul. Vyhodou
naopak je jedinecna selektivnost pro nékteré fytohormony. Biotesty jsou také ¢asto nutné
pro uréeni vyznamu fytohormonu ve vybraném rostlinném druhu (Davis et al., 1985). Dle
klasifikace jsou biotesty déleny na Ctyfi typy: bunécné prodlouzeni (cytokininy indukované
prodluzovani koleoptil, cytokininy indukovana expanze), déleni bunck (cytokininy
indukovana tvorba kalusu), funkce bunék (cytokininy indukovanad tvorba pigmentu,
cytokininy zpomalujici senescenci listl, cytokininy stimulovana transpirace) a diferenciace
bunék (cytokininy indukovand morfogeneze) (Gyulai a Heszky, 1994). V dnesni dobé se

jiz uzivaji ptevazné jen k ovéteni biologické aktivity.
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3) Experimentalni ¢ast

5.1 Biologicky material

5.1.1 Hréch sety (Pisum sativum L.)

V roce 1983 byly zalozeny kultury hrachu setého z pryti apikalniho meristému, axilarnich
meristémil déloznich listkli a primérni stupnice klicicich semenacki (Griga et al., 1986).
Tyto kultury byly neustale udrzovany na MS mediu s B5 vitaminy (Gamborg et al., 1968),
20 uM BAP a 0,1 uM NAA (fotoperioda: 16/8, teplota: 20 = 2 °C). Minimalné Ctyficet
100ml Erlenmeyerovych ban¢k s kulturami bylo kazdé 4 tydny pfepasazovano na Cerstva
média (Griga et al., 1984, Griga et al., 1986, Griga a Novak, 1990). Dodnes tedy tato

kontinualni kultura podstoupila minimaln¢ 370 subkulturnich cyklt (Bohatyr 83).

V roce 2004 byla zaloZzena nova kultura (Bohatyr 04), ktera slouzila ke studiu
genetické stability (Smykal et al., 2007).

Pro srovnadni analyzy cytokininii byla zaloZena cerstvd kultura (Bohatyr NS,
nodalni segmenty). K analyze bylo odebrano ¢tyficet jednotlivych vyhonkd ze tii

nezavislych kulturnich systému.

Biologicky material (Pisum sativumL.) byl péstovan pod vedenim Ing. I
Smykalové, Ph.D. a RNDr. M. Cveckové, AGRITEC, vyzkum, §lechténi a sluzby, s.r.o.,

Sumperk.

Obr. 2 Kultury hrachu setého: zleva Bohatyr 83, Bohatyr 04 a Bohatyr NS (Foto: RNDr.
M. Griga, CSc.)
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5.1.2 Konopi seté (Cannabis sativa L.)
Explantaty konopi setého byly péstovany na MS médiu s B5 vitaminy a ptidavkem 20 pM
BAP nebo jeho derivatu 20 uM BAPI9THP (fotoperioda: prvni tfi dny 0/24, poté 16/8).
Kalusy byly pasdZzovany na cerstvé médium kazdé¢ 4 tydny.

Biologicky material (Cannabis sativa L.) byl péstovan pod vedenim Ing. I

Smykalové, Ph.D. a RNDr. M. Cveckové, AGRITEC, vyzkum, §lechténi a sluzby, s.r.o.,
Sumperk.

5.1.3 Knotovka bila (Silene latifolia Poir. — ekotyp TiSnov)

Kultury knotovky bilé byly péstovany na MS médiu s pfidavkem vitamind (Duchefa), 2
mg/l mT a 0,5 mg/l NAA. (fotoperioda: 16/8). Listové disky o priméru 1 cm byly
pasazovany na Cerstva média po 14 dnech. Vzorky pro analyzu byly odebrany po 5
tydnech.

Biologicky material (Silene latifolia Poir.) byl péstovan Ing. V. Hudzieczkem,
Biofyzikalni ustav, AVCR, v.v.i., Brno.

Obr. 3 Kultury S. latifolia Poir., regenerujici explantat (Foto: Ing. V. Hudzieczek)

Obr. 4 Kultury S. latifolia Poir., neregenerujici explantat (Foto: Ing. V. Hudziezcek)
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5.2  Pristrojova technika a chemikalie

K homogenizaci, extrakci a purifikaci rostlinného materialu pro analyzu CK byl pouzit
Kulovy mlynek MM301 (Retsch GmbH & Co. KG, Haan, Germany), Mechanicky rotator
Stuart, Centrifuga Avanti™ (Beckman Coulter, Brea, CA, USA), Spe-ed SPE Cartridge
C18/18%, 100 mg/ 1 ml (Applied Separation), Preimunni (P1) a imunoafinitni (1A) kolony
sagarozovym gelem Affi-Gel 10 (Bio-Rad Labs, Hercules, USA) s monoklonalnimi
protilatkami anticytokininu NZRD nebo 1G6 (Laboratof rustovych regulator, Univerzita
Palackeho, Olomouc), Vakuova rota¢ni odparka Rotavapor® R-200 (Buchi Labortechnik
AG, Postfach, Switzerland), Biological thermostat BT120, MicroTubes Brand a Micro
Insert 0,1 ml, 28x6 mm, with Spring Bottom, Supelco, USA.

Jako interni standardy byly pouZity: volné baze (B): [*Cslcz, [Cs]tz, [PHs]tZR,
[Hs]tZ9G, [*H3]DHZ, [*H3;]DHZR, [*Hs]DHZ9G, [*He]iP, [*He]iPR, [*He]iP9G,
[H;]BAP, [*H7]BAPR, [*H;]BAPIG, [°N,JmT, [*Cs]oT, [°N4K; O-glukosidy (OG):
[*Hs]tZOG, [*Hs]tZROG, [*H7]DHZOG; nukleotidy (NT): [*Hs]tZRMP, [*H3;]DHZRMP,
[Hg]iPRMP, [?H;]IBAPRMP (Laboratof riistovych regulatori, Univerzita Palackého,

Olomouc)

Pouzité chemikalie: Deionizovand (Milli-Q) H,O, Bielsky pufr — modifikovany (60 %
MeOH + 30 % H,O + 10 % HCOOH), Methanol (Gradient grade for liquid
chromatography, LiChrosolv, Merck), Ethylalkohol pro UV Spektroskopii (99,8%,
Lachner, Ceska Republika), Kyselina mravenéi (Merck, Darmstadt, Germany), Hydroxid
amonny (Merck, Darmstadt, Germany), Chlorid sodny, (Lachner, Ceska Republika),
Dihydrat  dihydrogenfosfore¢nanu  sodného  (Lachner,  Ceskd  Republika),
Hydrogenuhli¢itan sodny (Lachner, Ceska Republika), Octan amonny (Sigma-Aldrich,
USA), B-glukosidasa (2,31 U/mg, Sigma-Aldrich, USA), Alkalicka fosfatasa (+3,5 U/mg,
EIA Grade, Invitrogen, USA), PBS (50 mM NaH,PO, - 2 H,O (7,8 g/l) + 15 mMNacCl
(0,877 g/l); pH 7,2), 50 mM NaHCO;3 (420 mg/100 ml; pH 9,6) a 100 mM NH,COOCH;
(770 mg/100 ml, pH 5)

5.3  Priprava vzorku pro analyzu CK

Zlyofilizované¢ vzorky kalusi byly zhomogenizovany a pifesn¢ rozvdzeny do 2 ml

mikrozkumavek po 30 + 5 mg.
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Extrakce vzorki byla provedena do 1 ml modifikovaného Bieleskiho pufru
spoletné s piidanymi internimi standardy cytokininé (10 ul 107 M B, 20 ul 107 M OG, 20
ul 107 M NT) pro kvantitativni stanoveni. Nasledovala homogenizace na kulovém mlynku
(27 Hz; 3 min;4 °C) a ultrazvuku (5 min;4 °C). Extrakce vzorka byla provedenana rotatoru
Stuart pii 4 °C po dobu 30 minut. Pomoci centrifugace (15000 rpm; 10 min; 4 °C) byly
oddé€leny supernatanty a poté byly sedimenty reextrahovany 1 ml modifikovanym Bieleski

pufrem.

Purifikace byla provedena pomoci SPE kolon. Prvni z nich bylo pouziti C18 (100
mg/1 ml). Po kondicionaci a equilibraci C18 kolon byly naneseny spojené supernatanty
extrakce a reextrakce a ihned eluovany 1 ml extrakéniho Cinidla. Takto ziskané eluaty (3
ml) byly odpafeny na vodnou fazi na vakuové odparce. Druhym purifika¢nim krokem bylo
pouziti MCX (30 mg/l ml). Vodné faze byly natedény 3 ml 1M HCOOH a po
kondicionaci a equilibraci MCX kolon byly naneseny. Po promyti byla provedena eluce
nukleotidd (NT) 2 ml elu¢ni smési I (0,35M NH4OH v H,0), nasledné eluce volnych bazi
(B) a O-glukosidi (OG) 2 ml elu¢ni smési 1I (0,35M NH4OH v 60% MeOH). Takto

ziskané eluaty byly odpateny do sucha na vakuové odparce.

Purifikace byla zakoncena imunoafinitni chromatografii (IAC), kterd spociva na
principu interakce protilatka — antigen za vzniku imunokomplexu (Ab-Ag) (Chase, 1983).
Vzorky byly precistény na preimunnich (PI) a imunoafinitnich (IA) kolonkach, na kterych
doslo k oddéleni OG frakce (eluce PBS pufrem) od B frakce (eluce MeOH). Oba eluaty
byly odpateny do sucha na vakuové odparce (Novék et al., 2003).

Po purifikaci byly OG a NT frakce pomoci enzyma B-glukosidasy a alkalické
fosfatasy (AP) ptevedeny na volné baze. Po rozpusténi OG odparkd v 200 pl 100 mM
NH;COOCHS; a 50 pl B-glukosidasy doslo k jejich inkubaci v biologickém termostatu (1
hod; 37 °C; tma) a naslednému pfecisténi na IA kolonkach. Eluce byla provedena 3 ml
MeOH (-20 °C). NT odparky byly rozpustény v 20 ul 70% EtOH, 180 pul NaHCOg3 a 50 ul
AP a opét inkubovany (2 hod; 37 °C; tma). Nasledovalo ptecisténi pomoci Pl a IA kolonek
a eluce 3 ml MeOH (-20 °C). Eluaty byly odpaieny do sucha na vakuové odparce (Novak
et al., 2003).
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54  Analyza CK metodou UPLC-ESI-MS/MS

Separace a kvantifikace CK metabolitli byla provedena pomoci ultraacinné kapalinové
chromatografii (Acquity UPLC™, Waters) ve spojeni s trojitym kvadrup6lovym

hmotnostnim spektrometrem (Xevo™ TQ MS™, Waters) vybavenym elektosprejem (ESI).

Eluaty po IAC byly rozpustény ve 20 pul 10% MeOH v mobilni fazi (15 mM
HCOONH,; pH 4,0) a poté pievedeny do 2 ml vialek s 0,1 ml mikroinsertem. Takto
ptipravené vzorky byly nastfiknuty na kolonu s reverzni fazi (Aquicity UPLC, BEH C18,
1,7 um, 2,1 x 50 mm, Waters). Vzorky byly eluovany v rdmci 5-ti minutového linearniho
gradientu sloZzeného z MeOH (A) a 15mM HCOONHy, (B), ktery byl upraven na pH 4,0 pfi
pratoku 0,5 ml/min, poméru od 10:90 do 100:0 a teploté kolony 40 °C. Equilibrace kolony

na puvodni podminky se provadi pomoci 10% A po dobu dvou minut.

Kvantifikace endogennich CK byla provedena pomoci MRM analyzy (kapilarni
napéti 2,51 kV; teplota zdroje/desolvatacniho plynu 120/550 °C; pritok desolvata¢nim
plynem 600 1/h; LM/HM rozliSeni 12,5; energie iontd 1 0,9 V; energie iontd 2 0,5 V,
vstupni, vystupni napéti a napéti nasobice 2,0 V, 2,0 V a 650 eV. Jako kolizni plyn byl
pouzit argon. Doby prodlevy, napéti kuZele a kolizni energie pro jednotlivé prechody byly
optimalizovany pro maximalni citlivost. Doba prodlevy pro kazdy MRM kanal byla
vypoctena na 16 skenovacich bodl na pik, béhem této doby bylo mezikanalové zpozdéni
0,1 sa doba cyklu byla 0,55 — 0,65 s) (modifikovano Novék et al., 2008: eluce s 5-ti
minutovym linedrnim gradientem metanolem a mravencanem amonnym v poméru od
10:90 do 100:0 pii pratokové rychlosti 0,5 ml/min; retencni Casy sledovanych latek
vrozmezi skenovani pikt: 1,5 az 4,5 minut; kapilarni napéti 2,51 kV; teplota
zdroje/desolvatacniho plynu 120/550 °C; prutok desolvataénim plynem 6001/h; energie
iontd 1 0,9 V; energie iontd 2 0,5 V). Ke kvantifikaci byl pouzit software MassLynx
s metodou porovnani poméru endogennich CK a poméru pouzitych znacenych standarda o

zname koncentraci (Novék et al., 2008).
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6 Vysledky

6.1 Hrach sety (Pisum sativum L.)

Analyzovany byly tfi in vitro kultury hrachu setého rizného staii. Ve vzorcich hrachu bylo
pomoci UHPLC-ESI-MS/MS stanoveno 47 metaboliti CK (Tab. 1, 2).

Koncentrace BAP a jeho derivati byla v nejstarsi kultufe nékolikandsobné vyssi,

nez jakou obsahovaly Ccerstvé kultury. Totéz platilo pro hladiny endogennich

isoprenoidnich CK kromé c¢Z a nékterych jeho metabolitd. Cerstvé kultury obsahovaly

mnohem vice ¢Z nez tZ. Hladiny nukleotidi tZR5’MP a DHZR5’MP byly ve starSich

kulturdch oproti Cerstvym az o dva fady vyssi. Hladiny BAPR5’MP se ale ve vSech

kulturach nelisily. Pfestoze do média byly ptidany pouze aromatické CK, celkova hladina

isoprenoidnich nukleotidl byla mnohem vyssi, nez aromatickych.
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Obr. 7 Hladiny tZR5’MP a DHZR5’MP v kulturach hrachu setého

6.2 Konopi seté (Cannabis sativa L.)

Analyzovany byly dvé odrady in vitro kultury konopi setého, péstované na dvou riznych
kultivaénich mediich, lysicich se pfidanym exogennim cytokininem, BAP resp. BAP9THP

v koncentraci 20 uM. Ve vzorcich konopi bylo pomoci UHPLC-ESI-MS/MS stanoveno 47
metaboliti CK (Tab. 3).

Odrida Monoica obsahovala téméf shodné mnozstvi aktivnich volnych bazi na
obou mediich. Obsah neaktivnich 9-glukosidd, které jsou pro rostlinu toxické, je na obou
médiich naopak velmi nizky. Rostliny péstované na médiu s BAP9THP vSak maji
dvojnasobné vyssi hladiny zasobnich O-glukosidii. Pomér aktivnich a neaktivnich CK byl

vys8i v explantatech péstovanych na BAP9THP.

Odruda KC Dora obsahuje na médiu s BAP9THP vysokou koncentraci aktivnich
volnych bazi. ZvySena je i hladina zasobnich O-glukosida a toxickych 9-glukosid. Pomér

aktivnich a neaktivnich CK byl ovSem téméf shodny.
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7.3

Analyzovany byly dvé in vitro kultury knotovky bilé s rozdilnou regeneraci. Ve vzorcich

Knotovka bila (Silene latifolia Poir. — ekotyp TiSnov)

knotovky bylo pomoci UHPLC-ESI-MS/MS stanoveno 47 metabolitd CK (Tab. 4).

Hladiny mT a jeho derivati byly vyrazné vyssi u neregenerujicich kultur knotovky
oproti hladindm regenerujicich kultur.
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Obr. 11 Hladiny mT a jeho metaboliti v kulturdch knotovky bile
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7 Diskuze

7.1  Hrach sety (Pisum sativum L.)

Klonalni in vitro mnoZeni by mélo vést ke vzniku identickych kopii vybraného genotypu.
V kombinaci se stresem ale mize dojit k poruSe kontrolnich mechanismii a nasledné
nestabilité¢ genomu (Smykal et al., 2007). Vysoké hladiny BAP v kultivaénim médiu
stimuluji v in vitro kultufe hrachu proliferaci jiz existujicich axilarnich meristému, ale také
aktivuji de novo tvorbu novych, ndhodnych (Griga et al., 1986, Griga a Novék, 1990). Toto
spolecné s dediferenciaci kalusu mize vést ke snizeni genetické stability a zvySeni

pravdépodobnosti vzniku mutaci.

BAP je levnym a Siroce pouzivanym ristovym regulatorem, ale ma také negativni
ucinky na rist n€kterych druhi rostlin a plisobi negativné pii zakotfefiovani, coz plsobi
komplikace pfi praci s rostlinnymi tkanovymi kulturami (Aremu et al., 2012). Navic i
dlouhodobé in vitro kultury hrachu mohou vést k tvorbé poskozenych regenerantt
(Gostimskii et al., 1995, Ezhova et al., 1995) v zavislosti na slozeni média a obsahu
rustovych regulatorii (Kumar a Mathur, 2004). SniZené zakofenovani miize byt ¢astecné
spojené stvorbou a kumulaci N-glukosidi zejména v bazalnich ¢astech rostliny. Tyto
metabolity jsou totiz biologicky neaktivni, avSak chemicky stabilni a nevratné (Werbrouck
et al., 1995, Bairu et al., 2011). Problém nastane v dob¢, kdy rostlina vyzaduje CK
signalizaci a zasobni O-glukosidy poskytujici aktivni volné baze CK a CK ribosidy jsou N-
glykosylovany (Bairu et al., 2011, Aremu et al., 2012). Dale bylo zjisténo, Ze piidani IAA
také podporuje tvorbu 9-glukosidu (Bairu et al., 2011).

Jednotlivé nami analyzované kultury hrachu rtizného stati vykazovaly rozdilné
hladiny BAP a veskerych cukernych konjugatti. Cerstvé kultury oproti star§im obsahovaly
mnohonasobné niz$i hladiny. Stejné vysledky plati i pro endogenni isoprenoidni CK kromé
€Z a né¢kterych jeho metabolitd. Vyssi hladiny ¢Z nez tZ (Obr. 6) u Cerstvych kultur
koreluji s vyzkumem u dalSich druhti rostlin (Gajdosova et al. 2011). Hladiny ¢ZOG byly
ale vy$s$i u starSich kultur, coz potvrzuje, ze O-glykosylace zavisi na stari kultury

(Plackova et al., 2015).

Tyto vysledky koreluji s dfive publikovanymi daty, kdy akumulace exogennich CK
z kultiva¢niho média a jejich metaboliti je mnohem vyraznéjsi u starSich in vitro kultur

hrachu. Toto hromadéni CK vysvétluje predchozi zjisténi, kdy se dlouhodobé kultury
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Spatné potykaji s rlistem a vyvojem zakotenénych rostlin (Griga a Stejskal, 1994, Smykal

et al., 2007) a predCasnym starnutim (Aremu et al., 2012).

7.2 Konopi seté (Cannabis sativa L.)

Exogenné pfidané rastové faktory maji vliv na biochemické drahy, které reguluji
endogenni hladiny CK v rostlinach. Isoprenoidni a aromatické CK se svym spektrem
biologické aktivity piekryvaji, avSak nezastupuji (Strnad, 1997). Isoprenoidni CK maji
vysSi ucinek na rastové procesy souvisejici s bunéénym cyklem. Aromatické CK fidi
vyvojové procesy, jako napiiklad morfogenezi a starnuti (Holub et al., 1998). V rostlinach
bez piidavku exogennich cytokinini ptevladaji endogenni formy isoprenoidnich CK
(Aremu et al., 2014).

DalSim faktorem ovliviiujicim hladiny endogennich CK miize byt aktivita CKX.
Vysledky experimentti na dvou riznych odridach hrachu naznacuji, Ze existuji riizné alely
ckx v genomech obou odrad. Aktivita CKX v téchto kultivarech je poté rtizna (Vaseva et
al., 2006).

Predchozi prace (Hrdlicka, bakalarska prace, 2013) se zabyvala hledanim vhodného
slozeni CK v médiu pro regeneraci kultur konopi setého. Opakované in vitro experimenty
Sruznymi odridami konopi ovSem nevedly k GspéSné regeneraci. V pokracujicim
vyzkumu jsme se tedy zaméfili na genotypovou specificnost pii péstovani rostlin na

médiich s BAP a jeho derivatem BAP9THP.
Pomoci analyzy CK v odlisnych odridach konopi jsme objevili rtizné hladiny
cytokininti v jednotlivych odridach (Obr. 8, 9). Kromé jednotlivych hladin se zménil i

pomér aktivnich a neaktivnich forem CK v jednotlivych explantatech (Obr. 10).

Vyznamné rozdily hladin a pomért aktivnich a neaktivnich metabolitli CK znaci, Ze
nejen razné druhy, ale i jednotlivé odridy konopi setého jsou specificky rozdilneé a pro

regeneraci vyzaduji odlisné slozeni CK v regenera¢nich médiich.

7.3 Knotovka bila (Silene latifolia Poir. — ekotyp Ti$nov)

Skoog a Miller (1957) na svych experimentech s bunkami tabaku dokazali, ze vysoka
koncentrace auxini i CK zptsobuje tvorbu nediferenciovaného pletiva, tzv. kalusu.

Nasledné upravy poméru téchto riistovych regulatori jsou zodpovédné za diferenciaci
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kofenti a pryta (obr. 12). V regenerujicich rostlinach by tedy mély klesnout hladiny obou

fytohormontl a jejich nasledujici pomér urci, v jaky orgén se budou bunky délit.
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©0
£
£
%)
c
o
v
c
]
]
=
SE

For explanation see p. 130

Obr. 12 Regulace organogeneze pomoci CK a auxinu (Skoog a Miller, 1957)

Tuto teorii potvrzuji i nase vysledky, kdy neregenerujici kultury knotovky
obsahovaly vysoké koncentrace mT a jeho derivati (Obr. 11) potifebnych pro tvorbu a
udrzeni kalusu. Naopak v regenerujicich kulturdch hladiny mT vyraznéklesly. Toto sniZeni

prispélo k diferenciaci totipotentnich bun¢k v jednotliva pletiva.

34



V ramci této prace byly zkoumany hladiny cytokininti a jejich metabolitt v rostlindch v ramci tii
Kritérii:

1) Kultury stejného druhu rozdilného stati (Pissum sativum L.)

2) Kultury rozdilnych odriad jednoho druhu (Cannabis sativa L.)

3) Regenerujici/neregenerujici kultury stejného druhu (Silene latifolia Poir.)

Ke kvalifikaci a kvantifikaci cytokininii a jejich metabolitd bylo vyuzito metody
UHPLC-ESI-MS/MS. Purifikace vzorkli byla provedena pomoci SPE metod za vyuziti

reverzni faze, iontoménicii a imunoafinitni chromatografie.

V prvnim experimentu byly zkoumany rozdily hladin cytokinint v kulturach hrachu
setého (Pissum sativum L.) zaloZenych v roce 1983, 2004 a nové zalozené Cerstvé kultury.
Vsechny kultury byly péstovany na médiu s BAP. Vysledkem experimentu bylo potvrzeni
teorie, ze kumulace exogennich cytokinind a jejich metabolitd je vyraznéjsi u starSich in
vitro kultur hrachu. Toto hromadéni nejspi$ stoji za problémem horsiho ristu a vyvoje

dlouhodobych kultur a jejich pifed¢asného starnuti.

Druhy experiment zkoumal specificitu rozdilnych genotypti konopi setého
(Cannabis sativa L.) k BAP a BAP9THP. V jednotlivych genotypech byly objeveny

vyznamné rozdily hladin a pomé&ra aktivnich a neaktivnich metaboliti CK.

V tfetim experimentu byly porovnavany hladiny cytokininti a jejich metabolitt
v regenerujicich a neregenerujicich kalusovych kulturach knotovky bilé (Silene latifolia
Poir.) péstovanych na mT. Vysoké hladiny cytokinin v neregenerujicich Kkulturach
koreluji s teorii nutné pfitomnosti vysokych hladin cytokinini (a auxint) pro tvorbu a

udrzeni kalusu.

Vysledky provedenych experimentti potvrdily vyznam exogennich a endogennich

CK pro tspésnost studovanych regeneracnich systémd.
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Abstract Forty-seven endogenous cytokinin metabolites
were determined in samples of long-term in vitro multiple
shoot cultures of pea (Pisum sativum L.). Significant dif-
ferences were found in the levels of all cytokinin groups
except cis-zeatin and some of its derivatives. Old cultures
(30 or 10 years old) contained larger total and active cy-
tokinin pools than freshly prepared cultures. Long-term
shoot cultures maintained on cytokinin-supplemented me-
dia initially exhibit gradually increasing concentrations of
endogenous cytokinins that subsequently stabilise at a high
level, which can make it more difficult to induce rooting
later on. This is consistent with previous findings con-
cerning the growth and development of plantlets derived
from long-term cultures and the generally accepted role of
cytokinins during root development. The results presented
herein demonstrate the utility of long-term pea cultures as
model systems for studying the influence of long-term
cultivation on genetic stability, and suggest ways of cir-
cumventing the rooting problems associated with such
cultures.
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Abbreviations

BAP 6-Benzylaminopurine

cZ cis-Zeatin

DHZ Dihydrozeatin

*9G 9-B-p-Glucopyranosyl derivative

*5'MP 5'-Monophosphate derivative

*0G O-B-p-Glucopyranosyl derivative

tZ trans-Zeatin

UHPLC-ESI(+)-  Ultra high-performance liquid

MS/MS chromatography—electrospray
tandem mass spectrometry

Introduction

Cytokinins are named for their ability to stimulate cell
division (Skoog and Armstrong 1970), which makes them
indispensable in plant tissue culture (Aremu et al. 2012).
They play various important roles in plant development,
including the regulation of root development. The spatial
and temporal maintenance of optimal cellular concentra-
tions of active cytokinin is essential for growth regulation,
and is achieved by a combination of biosynthesis, activa-
tion and catabolism. However, the precise roles of indi-
vidual cytokinins remain to be determined (Del Bianco
et al. 2013). A down-regulation of the cytokinin response is
required for the specification of new stem cell niches
during embryo and lateral root development (Del Bianco
et al. 2013). In the case of root development, once the root
meristem has been established it must grow to its final size,
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stop growing, and then maintain its final size. This se-
quence is vital for the plant’s future fitness, although the
details of the process differ between species adapted to
different environments (Del Bianco et al. 2013). It was
recently shown that after seed germination, root meristem
growth is controlled by increases in the rate of cell dif-
ferentiation relative to cell division, and that cytokinin
signalling is central in this process (Moubayidin et al.
2010). The growth-regulating functions of cytokinins,
which include control of rooting (both in vitro and ex-vitro)
as well as the inhibition of senescence, are also important
during in vitro multiplication (Aremu et al. 2012).

Cytokinins may be conjugated reversibly or irreversibly
with sugars and amino acids in plant tissues. The uncon-
jugated free bases are the most active members of the cy-
tokinin family; conjugation is one way by which their
activity is regulated. Different cytokinin conjugates serve
as storage, transport and/or deactivated forms (Bajguz and
Piotrowska 2009).

6-Benzylaminopurine (BAP) is an important and inex-
pensive cytokinin that is widely used in micropropagation
because of its growth-stimulating properties. However,
BAP is also known to have negative effects on growth,
rooting and acclimatization in some plant species (Wer-
brouck et al. 1995).

The multiple shoot in vitro cultures are frequently used
for purposes including pathogen resistance screening and
genetic transformation (Svabové and Lebeda 2005; Lebeda
and Svibova 2010; Svabovd et al. 2005, 2011; Svibovi and
Griga 2008). Therefore, their long term genetic stability is
very important. Cytokinin treatment of Multiple shoot
culture of dry-seed pea cv. Bohatyr is known to stimulate
the proliferation of isolated shoot apical meristems and
axillary cotyledon meristems. Primary scale cultures of this
species were established in our laboratories for clonal
propagation purposes in 1983 (Griga et al. 1984, 1986;
Griga and Stejskal 1994) and have been maintained ever
since. These in vitro cultures, which have been continuously
maintained on BAP-supplemented media, represent an ex-
cellent model for studying the effects of long-term culture
on genetic (in)stability, or somaclonal variation. A previous
investigation used several molecular techniques to assess
the genetic stability of this long term in vitro culture
(Smykal et al. 2007). No major changes in the culture’s
primary genomic DNA structure or the extent of DNA
methylation were detected, but AFLP analysis revealed
subtle genomic DNA mutations and rearrangements. No
clear evidence of de novo transpositions beyond individual
sample variation were observed for any of the three tested
retrotransposons. These results suggest that long term cul-
tivation of multiple shoot pea cultures can be regarded as a
true-to-type method of multiplying the original genotype
(Smykal et al. 2007). In addition, the pea cultures exhibited

@ Springer

no decrease in multiple-shoot forming capacity and only
very subtle morphological alterations (Griga and Stejskal
1994). However, shoots isolated from the long-term culture
were more difficult to root than shoots isolated from a
freshly established culture (Griga and Stejskal 1994; Smy-
kal et al. 2007). In addition, rooted plantlets from the long-
term culture were less vital ex vitro than plantlets from
freshly established cultures and sometimes exhibited de-
velopmental abnormalities such as parthenocarpy (Smykal
et al. 2007). There have also been a few publications de-
scribing long-term (i.e. at least 10 years old) shoot cultures
of other plant species, including Vanilla planifolia (Sreed-
har et al. 2007), Chrysanthemum morifolium (Jevremovi¢
et al. 2006, 2012), Musa acuminata (Lakshmanan et al.
2007). These cultures are all maintained on media supple-
mented with cytokinins (usually BAP) and auxins (typically
NAA;IAA, IBA) to induce and maintain shoot proliferation
capacity (George and Ravishankar 1997; Jevremovic et al.
2006). Another interesting case is a long-term oil palm
culture (Rival et al. 2003; Inpuay et al. 2012), which is
maintained using an unusual regeneration scheme based on
repetitive somatic embryogenesis in callus/suspension cul-
tures in the presence of synthetic auxins (2,4-D; dicamba).
Our culture is maintained under very different conditions to
those described above, and is therefore unique. In addition,
most studies on long-term culture have focused on the ge-
netic (in)stability of their progeny, which has been
evaluated using molecular markers (Ngezahayo and Liu
2014), and morphological characters, as was done in a
previous study on pea cultures from our group (Smykal
et al. 2007; Fletcher 1994). There are no reported studies on
the phytohormonal status of long-term shoot cultures or the
influence of sustained multi-year exposure to exogenous
cytokinins on the internal phytohormone balance of ex-
plants/clumps of shoots and their rooting ability. The aim of
our study was therefore to measure endogenous levels of all
cytokinin metabolites in long-term in vitro shoot cultures of
pea, compare them to data for fresh cultures, and relate any
identified differences to morphological, physiological and
developmental changes/abnormalities previously observed
in the pea culture established in 1983. The results presented
below provide new insights into our long-term pea shoot
culture and complement previous studies on its morpho-
logical, molecular-genetic, and physiological/biochemical
(specifically, phytohormonal) features.

Materials and methods

Plant material

The model plant material was dry pea seeds of the cultivar
Pisum sativum L. var sativum, cv. Bohatyr. This cultivar,
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which was developed by selection from the cross (Kralicky
Unikum x Pyram) x Dik Trom, was made available for
cultivation in the former Czechoslovakia in 1980 and
subsequently distributed globally due to its extreme growth
plasticity and intermediate growth habit, which make it
very suitable for machine harvesting (http://selgen.cz/lus
koviny/hrach-sety/bohatyr/).

Cultures were established from shoot apical meristems
and axillary meristems of cotyledons and primary scales of
germinated seedlings (Griga et al. 1984, 1986) in 1983 on
media consisting of Murashige and Skoog (1962) salts with
B5 vitamins (Gamborg et al. 1968), 20 uM BAP, and
0.1 uM NAA (16 h photoperiod, temperature 20 & 2 °C).
The induced multiple shoot culture (Griga et al. 1984,
1986) was continually maintained in the medium described
above. A minimum of forty 100 ml Erlenmeyer flasks of
culture were subcultured every 4 weeks (Griga et al. 1984,
1986; Griga and Novak 1990). To date, this continuous
culture, which is referred to as Bohatyr 83, has undergone a
minimum of 370 subculture cycles. In 2004, a new culture
was established for use in a genetic stability study (Smykal
et al. 2007), and continues to be maintained; this culture is
designated Bohatyr 04. Finally, in 2014, a fresh culture was
prepared for comparative analysis in this work; this culture
is referred to as Bohatyr NS, where ‘NS’ stands for nodal
segments. Fifteen individual shoots from three independent
culture systems were sampled for each of the three
cultures.

Cytokinin analyses

Harvested-micropropagated shoots (five for each biological
replicate) were washed, dried with filter paper and imme-
diately frozen in liquid nitrogen. Prepared biological trip-
licates were, after homogenization in liquid nitrogen,
further divided into three technical replicates (each con-
taining around 35 mg of FW plant material) and subse-
quently extracted and purified using a minor modification
of our previously reported method (Novédk et al. 2008).
Prepared samples were extracted in 1 ml modified Bieleski
buffer (60 % MeOH, 10 % HCOOH and 30 % H,O)
(Bieleski 1964) containing a cocktail of 23 deuterium-la-
belled CK internal standards at 1 pmol per sample (2 pmol
for monophosphates and O-B-p-glucopyranosyl deriva-
tives) to assess the recovery of each analyte during pu-
rification and to validate the determination (Novak et al.
2008). The samples were purified using a combination of
C18 (100 mg/1 ml) and MCX cartridges (30 mg/1 ml) and
immunoaffinity chromatography (IAC) based on wide-
range specific monoclonal antibodies against cytokinins
(Faiss et al. 1997). The eluates from the IAC columns were
evaporated to dryness and dissolved in 20 pl of the mobile
phase used for quantitative analysis. The samples were

analyzed using an ultra-high performance liquid chro-
matograph (Acquity UPLC™; Waters) coupled to a
Xevo™ TQ MS™ (Waters) triple quadrupole mass spec-
trometer equipped with an electro-spray interface (ESI).
Thereafter, the purified samples were injected onto a C18
reversed-phase column (Waters Acquity UPLC BEH C18;
1.7 pm; 2.1 x 50 mm). Elution was performed using a
methanolic gradient consisting of 100 % methanol (A) and
15 mM formic acid (B) adjusted to pH 4.0 with ammoni-
um. With a flow rate of 0.5 ml/min and column tem-
perature of 40 °C, the following conditions were applied: a
linear gradient from 10 to 50 % solvent A in 5 min and
100 % solvent A for 1 min. The column was re-equili-
brated at 10 % solvent A for 2 min. Endogenous CK
quantification was achieved by multiple reaction monitor-
ing (MRM) of [M + H]* and the appropriate product ion
(Noviék et al. 2008). For selective MRM experiments, op-
timal conditions (dwell time, cone voltage, and collision
energy in the collision cell) corresponding to exact diag-
nostic transition were optimized for each CK (Novak et al.
2008). Quantification was performed with Masslynx soft-
ware using a standard isotope dilution method. The ratio of
endogenous CK to appropriate labelled standard was de-
termined and subsequently used to quantify the level of
endogenous CKs, based on the known concentrations of the
added internal standards (Novak et al. 2008). Significant
differences between measured values were identified using
Student’s ¢ test with a significance threshold of p < 0.05.

Results

Forty-seven cytokinin metabolites were determined in
samples of multiple shoot in vitro pea (P. sativum L.)
cultures of different age (Fig. 1) by UHPLC-ESI(+4)-MS/
MS. The levels of 44 cytokinin species were found to be
above the detection limit of the UHPLC-MS/MS quan-
tification method used (Novak et al. 2008) and were
therefore quantified in the three pea shoot in vitro cultures.
Cultures of different age exhibited significantly different
levels of BAP and all its sugar conjugates. Specifically, the
concentrations of these compounds in the oldest culture
were several times greater than those in the fresh culture
(Fig. 2, Supplementary material). The same was true for
the levels of endogenous isoprenoid cytokinins other than
cis-zeatin and some of its metabolites (Fig. 3, Supple-
mentary material). Interestingly, in the fresh cultures, the
levels of cis-zeatin (cZ) and its derivatives were much
higher than those of the corresponding tfrans-zeatin
derivatives, which is consistent with previous reports on
other plant species (Gajdosova et al. 2011). In addition, the
extent of cZ O-glucosylation depended on the age of the
culture (Supplementary material). For example, levels of
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Bohatyr 1983

(ca 370 subcultures)

Bohatyr 2004

(ca 120 subcultures)

Bohatyr 2014 — nodal segments
(freshly established)

Photographed at the time of isolation for analysis (photo: M. Griga)

Fig. 1 Multiple shoot in vitro pea (Pisum sativum L.) cultures of different ages, photographed at the time of isolation for analysis

cis-zeatin-O-glucoside (cZOG) in the oldest culture were
around 10 times greater than those in freshly derived ex-
plants (Supplementary material).

The most pronounced differences between the cultures
related to their levels of cytokinin nucleotides: the 1983
culture contained 195 pmol/g and 149 pmol/g of tZR5'MP
and DHZR5'MP, respectively, while the levels of these
metabolites in the fresh culture were two orders of mag-
nitude lower (Supplementary material). However, the
levels of BAPR5'MP levels in the oldest culture and newest
cultures did not differ significantly (Fig. 4). Moreover, the
total levels of isoprenoid nucleotides in all of the cultures
were much higher than those of the corresponding aromatic
nucleotides even though the only exogenous cytokinins
present in the media were aromatic (Fig. 4).

Discussion

In principle, clonal in vitro propagation of plants should
generate identical copies of the selected genotype. However,
stresses experienced during cloning and cultivation could
cause a breakdown of control mechanisms leading to genomic
instability (Smykal et al. 2007). Pea shoot cultures that have
been maintained in vitro on a continuous basis for extended
periods of time provide an excellent opportunity for studying
the effects of long-term culture on various aspects of so-
maclonal variation (Griga et al. 1984, 1986). The high BAP
level in the culture media stimulates serial proliferation of pre-
existing axillary meristems but also triggers de novo initiation
of adventitious ones (Griga et al. 1986; Griga and Novak
1990). This, together with the presence of a dedifferentiated
callus phase, may reduce the cultures’ genetic stability and
increase the likelihood of mutations.

BAP is known to have such a negative effects on the
growth of certain plant species; among other things, it can
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be detrimental to rooting, which is often problematic when
working with plant tissue cultures (Aremu et al. 2012). In
addition, several authors have reported that also long term
in vitro pea cultures can give rise to morphologically de-
viant regenerants (Gostimskii et al. 1995; Ezhova et al.
1995). The incidence of these deviations is reportedly de-
pendent on the composition of the media and its contents of
growth regulators (Kumar and Mathur 2004). Our ex-
perimental model behaved somewhat similarly: the growth
and development of rooted shoots and complete plantlets
derived from our long-term in vitro shoot pea cultures was
limited. Specifically, regenerants often exhibited early se-
nescence in vitro or ex vitro and died after several weeks
without flowering or seed set (Smykal et al. 2007). It was
suggested that this behaviour is linked to problems with
root formation as previously observed in pea shoot ex-
plants, and that the likelihood of such problems depends on
the age of the culture and the BAP concentration in the
cultivation media (Kubalakova et al. 1988). In micro-
propagated plants, there is a positive correlation between
inadequate rooting and reduced ability to successfully ac-
climatize, as shown for Spathiphyllum by Werbrouck et al.
(1996). The reduced rooting capacity of the regenerants
from the long-term cultures may be partly due to the for-
mation and accumulation of BAP-N-glucosides, which are
biologically inactive and chemically stable BAP metabo-
lites (Werbrouck et al. 1995). Extremely high levels of
these metabolites were detected, especially in the basal
portions of the plantlets, which may have reduced their
rooting and acclimatization competence (Werbrouck et al.
1995; Bairu et al. 2011). It was assumed that when plants
are cultured in the presence of exogenous BAP, most of the
BAP that is taken up will be detoxified and inactivated by
irreversible N-glucosylation. This may cause problems
later on, when the plantlets need CK signalling to achieve
various physiological functions because the extensive
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Fig. 2 Cytokinin levels in samples from multiple shoot in vitro pea
(Pisum sativum L.) cultures of different ages determined by UHPLC-
ESI(+)-MS/MS. a 6-Benzylaminopurine, b 6-benzylamino-9-f3-p-
ribofuranosylpurine, ¢ 6-benzylamino-9-p-p-glucopyranosylpurine.
Harvested-micropropagated shoots (five in each case) were washed,
dried with filter paper and immediately frozen in liquid nitrogen. The
prepared biological triplicates were further divided into three
technical replicates and subsequently extracted, purified by C18/
SCX column chromatography followed by batch immunoextraction,
and measured by tandem mass spectrometry. Mean values (£SDs)
from triplicate measurements of three biological replicates are shown.
Letters above the bars indicate: a significantly different from Bohatyr
83; b significantly different from Bohatyr 04; ¢ significantly different
from Bohatyr NS (Student’s ¢ test, p value <0.05)

N-glucosylation will consume the plant’s stored O-glyco-
sylated cytokinins that would otherwise provide a source of
active free base CKs and CK ribosides to support normal
growth and development. This hypothesis is supported by
results observed in Harpagophytum by Bairu et al. (2011),
and was discussed at length by Aremu et al. (2012). In-
creased levels of N-glucosides were also observed in our
cultures, and were presumably connected to the plantlets’
reduced rooting capacity. It has also been reported (Bairu

A
. 501 BAR5'MP
X c
g 40
£
€ 30
[
2
c
8 20 \
£
£
:’49 10 A b
e ]
Bohatyr 83 Bohatyr 04 Bohatyr NS
Plant culture
B
g 0.4 1 tZR5'MP
£
£ 0.3 A
=
3
] 0.2 A
o
Q
£ 0.1 A
(=
£
3 0 0 -
g - Bohatyr 83 Bohatyr 04 Bohatyr NS
Plant culture
Cc
80 104
~
E cZ
& ¥
£ 6
g z 1
g 4 t
£
£ 24
<
8
> 0
© Bohatyr 83 Bohatyr 04 Bohatyr NS

Plant culture

Fig. 3 Cytokinin levels in samples of multiple shoot in vitro pea
(Pisum sativum L.) cultures of different ages determined by UHPLC—
ESI(4+)-MS/MS. a 6-Benzylaminopurine nucleotide, b trans-zeatin
nucleotide, ¢ cis-zeatin. Harvested-micropropagated shoots (five in
each case) were washed, dried with filter paper and immediately
frozen in liquid nitrogen. The prepared biological triplicates were
further divided into three technical replicates and then extracted,
purified by SCX column chromatography followed by batch immu-
noextraction, and characterized by tandem mass spectrometry. Mean
values (£SDs) from triplicate measurements of three biological
replicates are shown. Letters above the bars indicate: a significantly
different from Bohatyr 83; b significantly different from Bohatyr 04;
c significantly different from Bohatyr NS (Student’s ¢ test, p value
<0.05)

et al. 2011) that adding IAA promotes the formation of
9-glucosides and increases the size of the overall CK pool
in BAP-treated cultures. Since auxins generally reduce the
size of the CK pool by suppressing isopentenyladenosine-
5’-monophosphate-independent ~ biosynthetic  pathways
(Nordstrom et al. 2004), the observed increases in the
levels of BAP9G and the size of the total cytokinin pool in
IAA-treated cultures is probably attributable to poor root
development and other developmental disorders (Bairu

@ Springer
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Fig. 4 Cytokinin nucleotide levels in samples of multiple shoot
in vitro pea (Pisum sativum L.) cultures of different ages determined
by UHPLC-ESI(4)-MS/MS. a Isoprenoid versus aromatic bases,
b isoprenoid versus aromatic ribosides, ¢ isoprenoid versus aromatic
nucleotides. Harvested-micropropagated shoots (five in each case)
were washed, dried with filter paper and immediately frozen in liquid
nitrogen. The prepared biological triplicates were further divided into
three technical replicates and then extracted, purified by C18/SCX
column chromatography followed by batch immunoextraction, and
characterized by tandem mass spectrometry. Mean values (£SDs)
from triplicate measurements of three biological replicates are shown.
Letters above the bars indicate: a significantly different from Bohatyr
83 isoprenoid cytokinins; b significantly different from Bohatyr 83
aromatic cytokinins; ¢ significantly different from Bohatyr 04
isoprenoid cytokinins; d significantly different from Bohatyr 04
aromatic cytokinins; e significantly different from Bohatyr NS
isoprenoid cytokinins; f significantly different from Bohatyr NS
aromatic cytokinins (Student’s ¢ test, p value <0.05)

et al. 2011). These contrasting effects of TAA treatment
also highlight the complexity of the auxin—cytokinin in-

teraction, although the profound influence of
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auxin:cytokinin ratios on organogenesis has been recog-
nized for some time (Skoog and Miller 1957).

Our results confirm the previously reported findings
discussed above and clearly show that the accumulation of
exogenous cytokinins from the culture media (and their
metabolites) is much more pronounced in older in vitro pea
shoot cultures than in their fresh counterparts. These results
also explain previous findings (Griga and Stejskal 1994;
Smykal et al. 2007) concerning the poor growth and de-
velopment of rooted shoots and complete plantlets from
long-term cultures, as well as their early senescence when
grown in vitro or ex vitro, which was previously attributed
to altered cytokinin metabolism (Aremu et al. 2012).

Similar changes in abundance were observed for en-
dogenous isoprenoid cytokinins. The only cytokinins of
this class that were abundant in freshly derived explants
were cis-zeatin (cZ) and its metabolites, whose levels re-
mained constant during long-term in vitro cultivation of
these pea shoot cultures. cZ is usually considered to be one
of the less active CKs. However, several reports have
shown that it and/or its derivatives are highly abundant in
algae, mosses, and various seed plants (Gajdosova et al.
2011). It was therefore suggested that cZ-type CKs may be
delicate regulators of CK responses in plants under growth-
limiting conditions. In our opinion, this hypothesis merits
further investigation.

One possible way of eliminating the adverse effects of
in vitro micropropagation in BAP-rich media would be to
replace BAP with a synthetic analogue having similar ac-
tivity such as a topolin, a 9-tetrahydropyranylpurine or an
6-anilinopurine derivative (Strnad 1997; Dolezal et al.
2006, 2007; Sziicova et al. 2009; Zatloukal et al. 2008).
Comparative studies on the regulatory effects of BAP and
such analogues during organogenesis showed the latter to
have different impact on endogenous cytokinin levels
(Bairu et al. 2011; Aremu et al. 2014) and better multi-
plication, rooting, and ex-vitro acclimatization of explants
(Bairu et al. 2011; Mala et al. 2013). Moreover, some of
these BAP derivatives were shown to have much less
severe detrimental effects than BAP on somaclonal varia-
tion of ‘Williams’ banana in vitro regenerants (Aremu et al.
2013). Replacing BAP in culture media with such ana-
logues could thus be an effective way of improving the
fitness of long-term in vitro shoot cultures.

Conclusions

Cytokinin profiling of long-term in vitro pea (P. sativum
L.) shoot cultures maintained on media containing 20 uM
BAP and 0.1 pM NAA revealed that the levels of en-
dogenous cytokinins generally within the cultures initially
increased gradually but subsequently stabilized. Long-term
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cultures exhibited elevated concentrations of both aromatic
and isoprenoid cytokinins (with the exception of cis-zeatin
and some of its metabolites) relative to fresh explants.
These data may partly explain the finding that rooted
shoots and plantlets derived from such long-term cultures

exhibit limited rooting ability and poor growth
performance.
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