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ABSTRAKT

Mech Physcomitrella patens (P. patens) je ve srovnani s jinymi rostlinami
vyjimeény Vvysokou frekvenci homologni rekombinace, haploidnim stadiem
gametofytu a rychlym rastem filament protonemy, coz jej ¢ini vynikajicim
modelovym organismem pro genetické studie 1 biotechnologické aplikace.

Proto se moje diplomova prace Se zabyva mutagenezi indukovanou v jaderné
DNA ptisobenim genotoxiny a jejich analyzou na molekularni irovni sekvenovanim
pravé u tohoto modelového organismu. Byla zjistovana frekvence vzniku apt mutant
(mutation rate) u P. patens divokého typu a linii s defekty v opravé DNA (ppmrell,
pprad50, ppligd a ppku70). U vybranych apt mutant byl mutovany APT lokus
analyzovan sekvenovanim.

Poskozeni DNA bylo indukovano genotoxiny imitujicimi mutagenni jevy v
pfirod¢: bleomycin cytostatikum mimikujici ionizujici zafeni, UV zéfeni a chemicky
mutagen methylmethansulfonat (MMS) zputsobujici alkylaéni poskozeni. Pouzivala
jsem jednodenni kulturu mechu P. patens s 50% dé&licich se apikalnich bungk, ktera je
modelem aktivné rostouci tkané a zaroven je stadiem nejvice nachylnym k indukci

mutaci.

klicova slova: pusobeni genotoxiny, APT mutageneze, biolisticka transformace,

selekce,



ABSTRACT

The moss Physcomitrella patens (P. patens) is in comparison to other plants
exceptional for its high frequency of homologous recombination, haploid state of
gametophyte, and rapid growth of protonema filaments, what makes moss an excellent
plant model for genetic studies as well as biotechnological applications.

Therefore this diploma thesis is focused on genotoxin - induced mutations in
nuclear DNA and their detailed analysis on molecular level by sequencing in model
Physcomitrella patens. Mutation rate of apt appearance was measured in P. patens
wild-type and moss lines with defects in DNA repair (pplig4, ppku70, pprad50,
ppmrell). Mutated APT locus of selected apt mutants was sequenced.

For induction of DNA damage were used genotoxins mimicking mutagenic
attacks in environment: bleomycin — cytostatic drug mimicking ionizing radiation, UV
irradiation and chemical mutagen methyl methanesulfonate (MMS) alkylating DNA.
For this studies was used a one-day-old protonema culture of the moss P. patens with
50% of dividing apical cells, which is a model of an actively growing tissue, the most
vulnerable stage for the induction of mutations.

key words: genotoxin treatment, APT mutagenesis, biolistic transformation, selection



SEZNAM POUZITYCH ZKRATEK

2FA 2-fluoroadenin

6-4PP 6’-4" pyrimidin-pyrimidon fotoprodukt

AP apurinové/apyrimidinové misto

APT enzym (adenin fosforibosyltransferaza)
ATM kinaza (Ataxia telangiectasia mutated)

ATR kinaza (Ataxia telangiectasia Rad3 related)
BER excizni reparace bazi

BLM bleomycin

CPD cyklobutan pyrimidinovy dimer

DMSO dimethylsulfoxid

DNA deoxyribonukleova kyselina

DNA-PKCcs katalyticka podjednotka DNA proteinkinazy
DSB dvouvlaknovy zlom DNA

G418 geneticin sulfat — selek¢ni antibiotikum
gDNA genomova DNA

GUS B- glukuronidaza

HR homologni rekombinace

MRN komplex proteinit MRE11, RAD50 a NBS1
MMS methylmethansulfonat

NER nukleotidova excizni reparace

NHEJ nehomologni spojovani koncii (non homologous end-joining)
PCR polymerazova fetézova reakce

PEG polyethylenglykol

ROS reaktivni kyslikové radikaly (reactive oxygen species)
rpm otacky za minutu

SSB jednovlaknovy zlom DNA

Wit rostlina/linie divokého typu (wild-type)
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2. UVOD

V duasledku industrializace, rozvoje zeméd€lstvi a ostatnich civiliza¢nich vliva
dochazi ptimo ¢i nepiimo k ovlivnéni zivotniho prostiedi. Proto je dilezité tyto zmény
sledovat na fad¢ trovni, od genetickych, fyziologickych, molekularnich, po
ekologické. Vysledky pozorovani pak indikuji konkrétni negativni zmény v oblasti
ekologie. Nékteré z téchto negativné jevl lze pozorovat v kratkém casovém obdobi,
pfestoze Casto z velké Casti jde o zmény, které jsou viditelné az delSim casovém
intervalu. Dnes jiz jde o celou $kdlu negativnich zmén. Piikladem jsou zhorSené
klimatické podminky, zvétSujici se ozoénova dira, tani permafrostu na severni, ale ve
velké mife i na jizni polokouli, snizovani biodiverzity druhti, nartst zasoleni pud v
dasledku sucha, poptipadé vysouseni, zvySujici se koncentrace agrochemikalii a
tézkych kovi v pudée, vysoké davky UV zafeni, kontaminace z industidlnich a
energetickych havarii, a v neposledni fad¢ i nesnaze s likvidaci odpada (Branis, 2004).

Vyjimecné dochazi ke znecisténi pifirodnich zdrojl a ekosystémi zplisobem,
ktery lze snadno zjistit a nasledné sanovat, jako naptiklad dopravni nebo primyslové
havarie. VéEtSim problémem jsou vSak dlouhodobé kontaminace chemikaliemi z
béZnych c¢innosti domacnosti, primyslové ¢i zemédélské vyroby, napf. pouzivani
hnojiv, 1é¢iv a jejich metaboliti. Casto se pak projevuje nizka odolnost piivodnich
druhti a naopak velka ptizpisobivost plevell ¢i parazitl a jejich nasledné premnozeni.
V dalsi fazi se pak tyto nebezpecné latky mohou nenésilné dostat naptiklad do pid a
stat se soucasti potravniho fetézce. Takto mohou ve zna¢né mife kontaminovat nékteré
méné odolné organismy (Kroupa a Riha, 2010).

V kone¢ném diisledku tak dochazi naptiklad ke zvySené rezistenci bakterii vici
antibiotikim, mutacim rostlin, ale i k pozorovatelnym zménam jejich projevu, které
mohou mit nepatrny, ale i vyznamny vliv na fenotyp. Viditelnych ukazatelt
pouzitelnych k detekci poskozeni zakladnich molekularnich struktur bun¢k rostlin je
mnoho, napf. poruchy rustu, pted¢asné starnuti, Zloutnuti listd, defoliace ¢i nekroza
(Alberts a kol., 2004).

Studium takovych biologickych aspektt je nakladné, komplikované a vyzaduje
dlouhodobé pozorovani. V soucasnosti jsou nékteré biologické ucinky kontaminantt
prokazané, nicmén¢ fada dal$ich je stale predmétem diskuzi a vyzkumu (Alberts a kol.,
2004). Jednim z téchto smérd je snaha prokazat kauzalitu vznik poskozeni DNA s

naslednou indukei mutaci, kdy je na zdkladé molekularné biologickych a genetickych
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studii mozné zjistit a publikovat nové, dosud neznamé souvislosti pisobeni vlivu
zivotniho prostiedi.

Takovym vyzkumem se zabyvaji i na Ustavu experimentalni botaniky, AV CR,
kde se osobné podilim na vyzkumu posSkozeni a reparace DNA a indukované
mutageneze na mechu Physcomitrelle patens (P. patens). Pfedmétem diplomové prace
je P. patens (Cepenka odstala), ktera je pouzita jako modelova rostlina pro studium
zmén v duisledku poskozeni a reparace DNA a nasledné mutageneze na molekularni
urovni.

I kdyz se podobny vyzkum na rostlinach provadi ptevazné na Arabidopsis
thaliana (A. thaliana, husenicku rolnim), Zea mays (kukufici seté) nebo Nicotiana
tabacum (tabaku virginském) (Soltis a Soltis, 1999), byl zvolen mech P. patens pro
fadu unikétnich vlastnosti, které z n¢j ¢ini vhodny model pro uvedeny druh vyzkumu.
Jde predevsim o vysokou frekvenci homologni rekombinace (HR), rychly rast filament
- vlaken protonemy, haploidni stidium gametofytu a v neposledni fadé nenaro¢nost
kultivace (Hold a kol., 2013; Smidkova a kol., 2010).

Podobné¢ jako ¢asto u A. thaliana, byl pouzit piistup reverzni genetiky, tedy
metody studia od genu k fenotypovému projevu, pii které se studuje funkce vybraného
genu mutagenezi, t0 je jeho vyfazenim nebo modulaci exprese (Reski, 1998). K
masivnimu vyuzivani reverzni genetiky u A. thaliana ptispiva volné dostupna databaze
genetickych a molekuldrnich dat a v neposledni fad¢ saturovand knihovna inser¢nich
T-DNA mutant. Tato databaze obsahuje predev§im kompletni sekvenci genomu spolu
s anotovanou strukturou jednotlivych genti, informace o expresi, produktech,
genomové mapy a genetické markery (Jander a kol., 2002). Genom P. patens je také
cely sekvenovan a vétSina gend anotovana. Na zaklad¢ téchto informaci a vzhledem k
vysoké HR a haploidnimu stavu vede pifima cest k tvorbé€ inser¢nich, ¢astecné nebo
zcela dele¢nich (replacement) mutant, popiipad¢ mutant vytvorenych na zakladé RNA
interference.

Proto, ze fada mechanismil je univerzalni, t.j. sdilend vS§emi zivymi organismy
(Alberts a kol., 2004), Ize i studiem na rostlinnych modelech ziskat pohled nejen na
zpusoby odpovédi rostlinné buniky na poSkozeni genomu, ale také objasnit dalsi
mechanismy podilejici se na udrZzeni genomové stability.

Diplomova prace se zabyva studiem mutageneze a reparace DNA u divokého

typu a nékterych linii P. patens defektnich v reparaci DNA na molekularni Grovni.
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Vychazi z prace Kamisugi a kol. (2012) a rozsifuje studium genotoxicity u mutantnich
linii ppmrell, pprad50, pplig4 a ppku70.

2.1. Rostlinny model Physcomitrella patens

P. patens je vyuzivan jako experimentalni organismus vice nez 80 let. V
poslednich patnacti letech zajem o vyuziti P. patens vyznamné stoupa kvili unikatnim
vlastnostem, jednoduché a nenarocné manipulaci a znalosti sekvence genomu. V
zivotnim cyklu P. patens ve srovnani s mnohymi jinymi pokusnymi organismy
ptevazuje haploidni stadium a diky tomu umoziuje aplikace experimentalnich technik
podobnym mnohym technikam vyuzivanych na bakteriich. Vzhledem k jednoduchosti
stavby svého téla je také vhodny pro studium vyvoje a ristu. Vyzkum P. patens navic
napomaha objasnit rostlinnou evoluci, kdy se rostliny po piechodu na sous rozdélily
na rostliny cévnaté a mechorosty (Cove a kol., 2009).

Zivotni cyklus P. patens se stejné tak jako u viech mechii vyznaduje stiidanim
dvou generaci. Prvni generaci je haploidni gametofyt a druhou diploidni sporofyt, ve
kterém se vytvareji haploidni vytrusy - spory. Z vytrust vyrustaji vlaknité struktury -
protonemata sloZzené ze dvou typl bunck. Prvnim typem je vétvici se chloronema,
tvofena prevazné chloroplasty, a druhym bunéénym typem je kaulonema, vyznacujici
se rychlym filamentarnim ristem. Pro védecké ucely se vyuzZiva ptrevazné haploidni
stadium (Schaefer a Zryd, 2001).

Kromé pievazujiciho haploidniho stadia vyvoje se P. patens oproti ostatnim
rostlinnym modelovym systémim vyznacuje i celou fadou jinych vyhod. Patii mezi
né mald velikost rostlinky, rychly rist filament béhem ran¢ho vegetativniho stadia,
snadna kultivace na anorganickych médiich a nékolik moZnosti dlouhodobého
skladovani (Hola a kol., 2013).

V neposledni fad¢ je P. patens jednim z mala mnohobunéénych organismi S
vysokou ucinnosti HR, jejiz frekvence je stejné vysoka jako u kvasinek. Diky vysoké
frekvenci HR je mozné snadno pfipravit tzv. knock-out mutanty/cilené vyfazeni genu
(Hohe a kol., 2004). P. patens je jednim z mala organismu, u kterého lze cilené
mutovat geny. Je tedy mozné vybirat konkrétni sekvence, popt. geny, které se daji bud’
pozmeénit, nebo zcela nahradit a misto nich vnéSet sekvence/geny, které jsou
pfedmétem zajmu. Timto se nasledné zjist'uji funkce jak kontrolnich sekvenci, tak

kodujicich sekvenci konkrétnich gent (Trouiller a kol., 2006).
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Chloronemalni
filamenta

Kaulonemalni Rhizoid

filamenta v

Obr. 1: Typy filament protonemy P. patens. Obrazek ukazuje rizné typy filament tkané protonemy
P. patens. Kaulonemalni filamenta jsou siln¢€ pigmentovana s Sikmymi pfi¢nymi sténami a nizkym
poctem chloroplasti. Naopak chloronemalni filamenta maji kolmé bun&cné stény a vice
chloroplastii. Na kaulonemalnich filamentech jsou obvykle tvofeny pupeny, ze kterych se vyvijeji

vlastni dospélé rostlinky - gametofory (upraveno dle Thelander a kol., 2004).

Jeji rastovy vyvoj je relativné prosty a generuje jen nékolik druhd pletiv
obsahujicich omezeny pocet bunécnych typii. Ackoli mechy nemaji cévni svazky,
pravé kofeny, stonky, listy a semena, mnoho signaliza¢nich drah zndmych u
krytosemennych rostlin, bylo objeveno i u mechu. Napiiklad fytohormony auxin,
cytokinin, kyselina abscisova, stejné tak jako fotomorfogenetické pigmenty fytochrom
a kryptochrom, jsou v§echny zapojeny v riiznych, ale piekryvajicich se biochemickych
drahach a jsou spojeny s jasnymi vyvojovymi fenotypy (Cove a kol., 2009).

Moderni historie P. patens popisuje uspesné izolovani a genetické analyzy
auxotrofickych mutanti pro thiamin, kyselinu nikotinovou a para- aminobenzoat.
Tento vyzkum dal podnét skupiné Davida Cova v Cambridgi, pozdéji v Leedsu a
skupin¢ Wolfganga Abela na univerzit¢ v Hamburku k dalsimu rozvoji P. patens jako

modelového genetick¢ého systému. Jejich prace vedla k izolaci a biologické
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charakterizaci nckolika biochemickych mutantd vyvolanych chemickymi
mutagenezemi. Pravé David Cove jako prvni uvedl P. patens do praxe. (Abel a kol.,
1989; Ashton a Cove, 1977; Ashton a kol., 1979; Cove a kol.,1997).

2.2. APT jako selekéni marker mutageneze

APT (adenin-fosforibosyltransferaza) je enzym drahy syntézy nukleotidu,
konkrétn¢ purind, ktery pievadi adenin na AMP (adenin monofosfat). Ztrata jeho
funkce vede ke vzniku linii rostlin rezistentnich k jinak toxickym analogim adeninu,
jako napt. 2-fluoradenin (2FA) (Troullier a kol., 2007, Hola a kol., 2013). Inaktivace
mutaci tak muize byt pouZita jako selekéni marker pro stanoveni mutitorového
genotypu a pro analyzu mutaci v APT lokusu na trovni nukleotid (Hold a kol., 2013).

Tento enzym byl objeven u vSech bakterii, archei i eukaryot, kde je kodovan
APT genem, ktery byl klonovan a sekvenovan u mnoha organismua (Crother a Taylor,
1998). Ackoli se APT doposud nepodatilo krystalizovat, je znamo, ze funguje jako
dimer a ke své funkci vyzaduje ionty Mg? (Crother a Taylor, 1998).

2.3. Mutageneze DNA

Mutagenezi se rozumi proces, pii kterém dochazi k mutacim, tedy zméné
puvodni sekvence DNA, v jejimz dasledku je Gplné, nebo ¢astecné zmeénéna funkce.
K mutacim mtize dochazet spontanné v piirodé, nebo v disledku plisobeni fyzikalnich,
chemickych, ale i biologickych mutagenti. Mutageneze je jako prvni krok casto
spojovana s karcinogenezi (kancerogenezi), protoze mutace v nékterych genech mtze
vést k nekontrolované proliferaci bun€k, tvorbé nadorti, poptipadé riznym formam
dédi¢nych zatézi/onemocnénim (Papavramidou a kol., 2010). Nelze vsak zaménovat
pojem mutagen a karcinogen. Mutagen je Cinidlo (fyzikalni piisobeni nebo chemicka
latka) vyvolavajici zmény genetické informace, zatimco Karcinogen je latka, ktera
vyvolava neregulované rstové procesy v builkach nebo organismech, tedy mutace
pouze ve specifickych genech bun€k nebo tkdnich mnohobunéénych Zivocichi,
vedouci k rakovinnému bujeni. Ackoli mutagen a karcinogen nejsou synonyma,
schopnost latky vyvolat mutace a jeho schopnost vyvolat rakovinu jsou silné
propojeny. Mutageneze se tyka procest, které maji za nasledek genetické zmény, a
karcinogeneze (procesy vyvoje nadoru) ¢asto jsou disledkem mutagennich udalosti.

Ne vzdy vsak u kazdého mutagenu byla prokazana karcinogenita (Ames, 1984).
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Mutageny mohou byt fyzikalniho, chemického nebo biologického ptivodu.
Vétsina chemickych mutagent jsou genotoxiny chemicky modifikujici DNA, jako
napt. alkylacni latky alkylujici v riznych polohéch jednotlivé baze, popiipadé piimo,
nebo v disledku reparace vedou k jedno, nebo dvouvlaknovym zlomum DNA, jako
napf. bleomycin nebo kiizové vazby (cross-links) DNA vytvafejici cisPt. Mezi
fyzikalni mutageny patii rliznd zafeni, napf. gama zéfeni, rentgenové zareni a UV
zafeni, a zafeni Castic, jako je naptiklad zafeni alfa a beta Castic a vyzareni rychle

leticich neutronti (Kodym a Afza, 2003).

2.4. Mutageny pouzité k poSkozeni DNA

Pro vyzkum genetickych mutaci byly pro tuto praci zvoleny mutageny imitujici
mutagenni jevy, ke kterym dochazi ve volné ptirodé spontanné v dasledku riznych
faktori zivotniho prostfedi. Jmenovat lze predevsim pfirozené, nebo indukované
procesy spojené s produkei kyslikovych ¢astic/radikalti (ROS) vedouci k oxidativnimu
poskozeni DNA, fyzikalni poSkozeni v disledku ozafeni nebo chemické kontaminaéni
latky. Od kazdého typu faktoru byl zvolen jeden mutagen — pro oxidativni poskozeni
bleomycin, pro poSkozeni fyzikalnimi jevy UV zafeni a pro chemické poSkozeni

melhyl-methansulfonat (dale jen MMS).

2.4.1. Bleomycin

Bleomyciny jsou klasifikovany jako cytotoxicka glykopeptidova antibiotika,
pivodem z bakterie Streptomyces verticillus. Oznacuji celou rodinu strukturalné
pfibuznych slou€enin. Ve zdravotnictvi se béZné vyuZivaji jako protinadorové
antibiotikum pii 1é¢bé Hodgkinova lymfomu, pii 1écbé koznich naddort a nékterych
dalSich malignich nadort, napt. v genitalni oblasti. Vazou se na DNA rakovinnych
bunék tak, ze se bunky nemohou dé¢lit ani rist (Lewis a Nydorf, 2006). K 1ékaiskému
pouziti jsou komeréné dostupné léky jako napt. Bleomedac (Medac, GmbH), kde
ucinnou latku je bleomycin-sulfat. 1 mg suché hmoty tohoto 1¢ku zde odpovida 1500
az 2000 m.j. bleomycin-sulfatu (Medac, 2015).

Bleomyciny maji schopnost generovat ROS uvniti buniky a jejich interakce s
DNA pak vede k oxidativnimu poskozeni bazi a jedno a dvouvlaknovym zlomim
DNA (Povirk, 1996).
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Kyslikové radikaly kromé indukce fyzikalnim nebo chemickym plsobenim
mohou v bunkach také vznikat ptirozené jako vedlejsi produkt vnitiniho metabolismu
kysliku - Casto za piisobeni vnéjSich podnéti, jako jsou sucho a slanost. Aby bylo
mozné pochopit, jak se rostlina vyrovnava se stresem, je nutné zohlednit jeho celkovy
dopad na rostlinu, ktery ptisobi na v§ech urovnich — od molekularni po celkovy vliv
na organismus, zejména jak oxidacéni stres ovliviiuje geneticky material bunék a jaké
piipadné zmény jsou docasn€ nebo trvale vyjadieny v rostlinném fenotypu (Hola a

kol., 2013).

2.4.2. UV zareni

Ozafeni DNA UV svétlem vede ke specifickému ucinku, nebot’ pohlcovat
ultrafialové paprsky mohou jen molekuly, ve kterych jsou zastoupeny dvojné vazby.
Kazda takova molekula mé své vlastni absorpcni spektrum s maximy pii urcitych
vlnovych délkach. Baze nukleovych kyselin maji maximum absorpce v oblasti 260 —
280 nm. Ultrafialové paprsky v této oblasti vykazuji pfimy ucinek na nukleové
kyseliny (Rosypal, 2000).

Absorbce UV svétla zplsobuje v molekule DNA dimerizaci dvou sousednich
pyrimidinovych molekul nachazejicich se na stejném polynukleotidovém fetézci
(Rosypal, 2000). Nejéastejsimi poskozenimi, které v molekule DNA nasledkem UV
zateni vznikaji, jsou cyklobutan pyrimidinové dimery (CPD) a 6°-4" pyrimidin-
pyrimidon fotoprodukty (6-4 PP) (Hola a kol., 2014).

Vétsina UV fotoproduktl je v rostlinach opravena pomoci enzymu fotolyazy,
kterd se aktivuje modrym (viditelnym) svétlem (320-450 nm). Oprava pii viditelném
svétle je UCinna, bezchybna, nicméné k uplnému odstranéni 6-4 pyrimidin-
pyrimidonovych fotoproduktl je zapotiebi alespon 2 hodiny ¢asu. Béhem této doby
mohou fungovat i jiné opravné mechanismy. Na rozdil od fotoreaktivace na svétle,
oprava ve tmé (dark repair) pfimo neumoznuje zvratit poskozeni DNA, ale nahrazuje
poskozenou DNA za DNA s novymi nepoSkozenymi nukleotidy. Pokud nedochézi k
fotoreaktivaci, jsou fotodiméry obdobné jako u jinych organismi vcetné savci

opraveny pomoci nukleotidové excizni reparace (dale jen NER)

2.4.3. MMS

MMS je alkylacnim ¢inidlem DNA, jiz po mnoho let se vyuziva pro vyvolani
mutageneze a Casto byl uplatiovan i pii studiich rekombinace. MMS modifikuje
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guanin na 7-methylguanin a adenin na 3-methlyladenin, v disledku ¢ehoz zptisobuje
chybné parovani bazi a nasledn¢ blokuje replikaci. Poskozeni DNA zptisobené MMS,
stejné tak jako ostatnimi alkylacnimi latkami, je pfevazné opraveno pomoci bazové

excizni reparace (dale jen BER) (Lundin a kol., 2005).

2.5. Transformace jako zpisob mutageneze

Pro vytvafeni cilenych transgennich organismi se vyuzivaji rizné metody
modifikace jaderné/genomové DNA. Téchto metod existuje cela fada, napt. u rostlin
Ize jmenovat metodu transformace pomoci T-DNA Agrobacteria tumefaciens, nebo
transformaci DNA dopravenou do buriky na pevnych ¢asticich biolisticky, v roztoku
elektroporaci nebo transformaci protoplastd  srazeninou DNA  pomoci
polyethylenglykolu (dale jen PEG) (Kawai a kol., 2010).

V diplomové prace jsem pouzila biolistickou transformaci (bombardovani
rostlinné tkané ¢asticemi) zalozenou na vnaseni DNA pomoci mikroc¢astic zlata nebo
wolframu (Sanford, 1988). Existuji dva systémy pro biolistickou transformaci b&ézné&
pouzivané na urychleni mikro¢astic potazenych DNA pro piimé vneseni do
rostlinnych bunék. Star§i metoda vyuziva zrychleny nosi¢ (macrocarrier) nesouci
mikro¢astice potazené pozadovanou DNA. Nov¢j§i metodou je metoda
mikroprojektilového prenosu DNA, jejimZ principem je vstielovani DNA pomoci
genového déla (Gray a kol., 1994; Smidkova a kol., 2010). U této metody se DNA
nastieluje do rostlinné tkané€, kde je na nosi¢ich navazana na mikrocastice zlata nebo
wolframu za pretlaku helia. Pro nastfelovani mikro€astic jsem pouzivala zafizeni
BioRad Helios Gun (Smidkova a kol., 2010), viz Obr. 2.

Pti této metod¢ se k vnasené DNA bunka chové jako ke dvouvlaknovym
zlomm, opravovanym nehomolognim spojovanim konct (dale jen NHEJ). Nicméng,
pokud vnaSend dvouvlaknovd DNA obsahuje sekvence homologni s genomovou
DNA, dochézi k parovani a rekombinaci (HR) vnasené DNA se stavajici genomovou.
Takto je mozné vyuzit pro cilenou mutagenezi vnaseni DNA, s ¢aste¢nymi, nebo
uplnymi homolognimi sekvencemi cilové oblasti. Pomoci NHEJ se mohou nahodné
integrovat konstrukty, které homologie nemaji (Berezikov a kol., 2004, Smidkova a
kol., 2010).

Mezi vyhody biolistické transformace patii pfedev$im rychly, jednoduchy a

piimocary postup, ktery usnadiiuje ptimou transformaci totipotentnich tkéni, jako pyl,
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embrya, meristémy a morfogenni bunécné struktury. Biolisticka transformace je navic
jedina vhodna pro transformaci organel (Sanford, 1988). Nevyhodou je pak vysoka
mira transientni exprese a Casty vyskyt umlceni genu. V nékterych laboratofich se

tento problém casto obchazi snizovanim mnozstvi DNA pfiddvané do mikroc¢astic

nebo upravenim DNA do linearnich kazet (Fu a kol., 2000).

Obr. 2.: Nastielovani tkané mechu P. patens pomoci BioRad systému ,,Helios Gene Gun*

2.6. Oprava DNA

V zivych organismech se vyvinuly mechanismy, kterymi je poskozeni
genomové DNA opraveno, odstranéno nebo tolerovano. Obecné se oznacuji reparaci
DNA a rozumi se jimi enzymatickd oprava poSkozeni DNA, které vzniklo béhem
replikace, rekombinace nebo plisobenim vnéjSich vlivl a narusuje strukturu DNA tak,
ze nemuze slouzit jako templat replikace. Mezi poskozeni DNAse pocita predevsim
pieruseni fosfodiesterové vazby mezi dvéma sousednimi nukleotidy, tzv. zlomy v
DNA.

Pokud k tomuto pteruSeni dojde pouze v jednom vlakné dvousroubovice,

vznika jednovlaknovy zlom DNA (dale jen SSB) a druhy fetézec DNA zustava
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zachovan. Pokud je ovSem pterusen i druhy fetézec na stejném misté nebo blizko
prvniho zlomu, dochazi k dvouvlaknovym zlomim (déle jen DSB). Dal$im typem
poskozeni DNA je tvorba rtiznych aduktii s externé plisobicimi genotoxiny, vznik

dimert, chybné parovani bazi apod (Rosypal, 2000).

2.6.1. Oprava DSB v DNA

DSB vznikaji béhem replikace, mitotické a meiotické rekombinace a V(D)J
rekombinace. Mohou byt generovany chemickym a fyzikdlnim poskozenim
zpusobenym ionizujicim zafenim, genotoxickymi chemickymi latkami a vedlejSimi
produkty metabolismu - kyslikovymi radikaly (Hopfner a kol., 2001; Lamarche a kol.,
2010). DSB se 1isi od vsech ostatnich typa poskozeni tim, Zze informace o sekvenci
nezbytnd pro provedeni opravy neni pfitomna v duplexni molekule DNA. Patii tak
mezi nejrozsdhlejsi poskozeni DNA, ktera mohou byt pfi¢inou chromozoméalnich
translokaci, ancuploidie a zvySeného vyskytu malignity. Oprava DSB je pomé&rné
dobfe prostudovana u kvasinek a savéich bunék. Dosud byly popsany dvé hlavni drahy
pro opravu DSB: HR a NHEJ. U bakterii a jednoduchych eukaryot, jako napft.
Saccharomyces cerevisiae, je hlavnim typem opravy draha HR, zatimco u savc¢ich
bunék je vice nez 90 % DSB opravovanych drahou NHEJ (Takata a kol., 1998).
Mechanismus opravy HR a NHEJ se v buiice vzajemné dopliuji a kazdy z nich piisobi
za jinych podminek. Rozsah, ve kterém jsou tyto dvé drahy vyuzivany, zavisi na fad¢
faktorti jako: typu bungk, fazi bunéného cyklu ve kterém dochéazi k poskozeni DNA,
a také se li$i mezi jednotlivymi organismy (Lamarche a kol., 2010).

HR je bezchybnym typem opravy, ktery pro poSkozeny usek DNA ziskava
genetickou informaci z neposkozené alely, napf. sesterské chromatidy nebo
homologniho chromozomu. HR je ¢asové omezena u haploidnich organismil pouze na
pozdni S — G2 fazi bunécného cyklu, kdy uz doslo k replikaci DNA, a tudiz je pfitomen
homologni templat pro rekombinaci (Thacker, 1999).

Proces NHEJ je oproti HR nachylny k tvorbé chyb (error-prone), nebot’ pii
opétovném spojovani konci DSB vyuziva omezené nebo vibec zadné sekvenéni
homologie. Proto v misté spoje DSB c¢asto vznikaji rizné dlouhé delece popiipadé
inzerce (Lieber, 2010). Pii spojovani DSB mechanismem NHEJ mize dojit i ke ztraté
presahujicich koncii v oblasti zlomu, coz vede k mutagenité nebo netispésné letalni

opravé (Kanaar a kol.,1998). I pies tyto vlastnosti je NHEJ u eukaryot vyuzivan ¢astéji
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nez mechanismus HR. Tento paradox je vysvétlovan tim, ze strukturdlni integrita
chromatinu zajisténa v€asnym odstanénim DSB je u mnohobunéénych organismu
Na rozdil od HR totiz tento mechanismus probihé jiz v GO a G1 fazi bunécného cyklu
(Takata a kol., 1998).

Pti reparaci DSB pomoci HR i NHEJ hraje vyznamnou roli multifunkéni
proteinovy komplex MRN slozeny z proteint MRE11 (angl. Meiotic REcombination
11), RAD50 (angl. RADiation sensitivity) a NBS1 (angl. Nijmegen Breakage
Syndrome 1), ktery se podili se na detekci a signalizaci DSB a nasledném spousténi
bud’ reparace DNA nebo bunétné apoptdézy a v neposledni fadé i na ochrané a
udrzovani délky telomer (Lamarche a kol., 2010; Moncalian a kol., 2004).

Za normalnich okolnosti je pfitomnost MRN komplexu prvnim krokem,
ktery nastane v misté DBS. Tvorba MRN komplexu napoméha zastaveni buné¢ného
cyklu v kontrolnim bodé prostfednictvim interakce s kindzou ATM (z angl. Ataxia
telangiectasia mutated) a ATR (z angl. Ataxia telangiectasia Rad3 related) a
katalytické¢ podjednotky DNA ProteinKinasy (DNA-PKcs). Tyto proteiny aktivuji
fosforylaci dalsi molekuly potfebné pro zahajeni kaskady procesti vedoucich k opraveé

DSB pomoci NHEJ i pomoci HR (Kamisugi a kol., 2012).

2.6.2. Excizni opravy DNA

Pro opravy poskozeni jednoho vldkna dvousroubovice DNA existuje fada
exciznich mechanismi, které odstraniuji adukty DNA a poskozené nukleotidy a
nahrazuji je nukleotidy nepoSkozenymi, komplementarnimi s parovym fetézcem
DNA. Témito mechanismy jsou BER a NER (Rosypal, 2000, Sinha a Hdder, 2002).

NER je ze vSech typl oprav DNA nejvSestrannéj$im mechanismem. Tento
systém ma schopnost rozpoznat velmi §iroké spektrum rtiznych strukturalné odlisnych,
vetsinou rozsahlych poskozeni DNA a ve vSech organizmech funguje na zéklade
stejnych principti. NER po rozpoznani poskozeni odstranuje objemné DNA adukty,
které narusuji pravidelnou strukturu dvousroubovice. DNA adukty vznikaji pisobenim
mnohych genotoxint jako alkyla¢nich ¢inidel nebo v disledku expozice ionizujiciho
a UV zéfeni. Jedna se o vysoce konzervativni reparacni drahu, kterd zahrnuje okolo 30

ruznych proteint (Friedberg, 2011, Sinha a Hdder, 2002).
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BER poméh chranit buniky pted skodlivymi G¢inky endogenniho poSkozeni
DNA indukované hydrolyzou, reaktivnimi kyslikovymi radikdly nebo jinymi
intracelularnimi metabolity, které modifikuji zakladni strukturu DNA. Kromé toho
BER piedstavuje mechanismus, kterym bunky odstrainuji modifikované baze (vzniklé
napt. pasobenim alkyla¢nich latek nebo nékterymi typy zareni), dale apurinni a
apyrimidinova mista (dale jen AP) a SSB (Hold et al., 2013).

2.6.3. Fotoreaktivace

Oprava DNA pomoci fotoreaktivace spociva ve S§tépeni pyrimidinovych
dimert fotolyazou, ktera se aktivuje viditelnym svétlem o vinové délce 340 — 400 nm.
Plsobi specificky a zavisi pfimo na vlnové délce svétla. Z principu pisobeni nedochéazi

ke vzniku chyb pti opravé DNA (Rosypal, 2000).

2.7. RNA interference

RNA interference (RNAI) je biologicky proces, pii kterém nekodujici RNA
molekuly interferuji (paruji se) s cilovymi tuseky mRNA, coz vede k ¢astecné, ¢i tiplné
degradaci transkriptu RNA s néasledkem omezeni, popt tplnému zabranéni exprese
genu. Vzhledem ke své specifi¢nosti a ucinnosti je RNAi povaZzovana za dilezity
nastroj pro studium funkéni genomiky, kdy jsou konkrétni geny cilené vyfazovany
(Agrawal a kol., 2003).

Ne vzdy je ale mozné funkci genil po jejich vyfazeni studovat. Bez n¢kterych
tzv. esencialnich genil neni rostlina schopna ptezivat. Naopak u nékterych genti
nemusi ani po vytrazeni dojit ke vzniku pozorovatelného fenotypu, protoze jejich
funkci zastoupi ptibuzné geny. Pokud chceme takové geny studovat, mizeme k tomu
Vv obou téchto ptipadech vyuzit utltumovani genti pomoci (RNAI), kdy interference byla
uspesné vyuzita k utlumeni jednotlivych genti nebo genovych rodin u fady organismi,
v¢etné rostlin (Bonoli a kol., 2006; Mahmood-ur-Rahman a kol., 2008) a jeji funk¢nost
byla prokazana i u P. patens (Bezanilla a kol., 2003). Mechanismus RNAI reguluje
geny bud’ transkrip¢im nebo posttranskripénim umlcovanim. Klicovou ulohu v této
regulaci hraji kratké nekodujici RNA, které mohou mit exonenni nebo endogenni
puvod a podle zplisobu vzniku je délime na dvé hlavni skupiny — malé interferujici
RNA (siRNA) a mikroRNA (miRNA). siRNA vznikaji z dlouhych dvouvlaknovych
RNA, zatimco miRNA jsou syntetizovany z kratkych vladsenkovych struktur. SIRNA
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a miRNA kontroluji expresi cilové RNA navazdnim do mista kde jsou k ni
komplementarni. mRNA s navazanou siRNA ¢i miRNA je pak rozstépena a
degradovana, nebo je u ni inhibovana translace (Mahmood-ur-Rahman a kol., 2008).
Pro zatlumovani zdjmovych genii u rostlin se vétSinou vyuzivaji konstrukty, které¢ pod
jednim promotorem nesou sekvenci RNA v piimé a inverzni orientaci, takze tvofi
inverzni repetice, mezi které se vklada DNA sekvence, ktera je oddéluje — napt. intron.
Pti transkripci z tohoto konstruktu pak vznika vlasenkova RNA (hpRNA), kterd je
roz$tépena na kratké RNA interferujici s mRNA vybraného genu (Mansoor a kol.,
2006). RNAi muze byt vysoce specifickd, pokud je pro konstrukci hpRNA vyuzita
unikatni oblast genu, nebo naopak — mRNA je umlc¢ena i v piipadé, ze je s hpRNA
shodna jen z 90%, coZ umoznuje umlcovat riizné sekvenéné podobné geny, napft. ¢leny
genovych rodin (Bezanilla a kol., 2005). Urove tlumeni funkce genu miize byt riizna,
coz umoznuje analyzu funkce esencidlnich genti, navic je mozné ovlivitovat produkci
hpRNA pouzitim inducibiniho promotoru. Do jednoho konstruktu je navic mozné
klonovat vedle sebe i RNA sekvence nepiibuznych genii a jednim konstruktem tak

umlcovat vice riznych gent najednou (Bezanilla a kol., 2005).

2.8. Konstrukce transformacnich vektoru

Klonovanim DNA (klonovéani genti, molekuldrni klonovani) se oznacuje
proces, ktery slouzi k vytvaieni soubort identickych molekul, fragmentt nebo tsekt
DNA, pfipravenych napf. pomnoZenim rekombinantnich molekul DNA v hostitelské
burice (in vivo) nebo polymerazovou fetézovou reakci (dale jen PCR) in vitro. Jako
rekombinantni molekula DNA se oznac¢uje molekula DNA vytvofena in vitro spojenim
usektd DNA razného ptivodu. Klonovacim vektorem (pfenasecem) je molekula DNA,
kterd ma schopnost pfijmout cizorodou DNA, spojit se s ni a autonomné se replikovat
V hostitelské buiice. Cizorodou DNA je jakykoli usek DNA vloZeny do klonovaciho
vektoru. Jelikoz se cizoroda DNA vklada do klonovaciho vektoru za tcelem jeho
klonovani, oznacuje se téZ jako klonovana DNA nebo jako inzert (Rosypal a kol.,
2002).

Molekularni klonovani patii ke stéZejnim metoddm molekuldrni biologie.
Umoznuje predev§im izolovat dil¢i useky z komplexniho genomu, ty ndsledné
namnozit ve formé rekombinantnich Gsekd a zpfistupnit je tak pro dalsi studie. Mezi

hlavni oblasti vyuziti klonovani lze zatadit pfedevSim izolaci genil pro studium jejich
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funkce a struktury, studium regulacnich oblasti, které fidi expresi gent, fyzikalni a
genetickou analyzu genomt a expresi cizich genti v nepfibuznych hostitelich (Rosypal
a kol., 2002).

Standardni metody molekuldrniho klonovani jakéhokoliv fragmentu DNA v
podstaté¢ zahrnuji sedm krokt: 1) Vybér hostitelského organismu a klonovaciho
vektoru, 2) Priprava vektorové DNA, 3) Ptiprava DNA pro klonovani, 4) Vytvofeni
rekombinantni DNA, 5) Zavedeni rekombinantni DNA do hostitelského organismu, 6)
vybér organismii, které obsahuji rekombinantni DNA, 7) screening klonl s
pozadovanymi DNA inzerty a biologickymi vlastnostmi (Brown, 2010).

V ramci diplomové prace jsem se podilela na konstrukci transformacénich
vektori pro tvorbu mutant pomoci RNA interferenci. Kontrolnim markerem
umlcovani specifickych genli RNA interferenci v konstruovanych vektorech se
vyuziva indikatorového genu [B-glukuronidasy (GUS) jehoz experese je snadno

vizualn¢ detekovatelna (Obr. 3).

Intron

Obr. 3: Obecny nasobny RNAI transformaéni vektor s RNAi sekvenci indikatorového genu GUS.

2.9. Analyza poskozeni DNA

Pro studium rdznych typt poskozeni DNA bylo vyvinuto mnoho metod pro
funkéni analyzu DNA. Jmenovat lze napt. metodu FISH (Fluorescenéni in situ
hybridizace), kometovy test, znateni DNA in vivo, analyzu pomoci mikroCipt a
mnoho dalsich. V diplomové praci jsem sekvenovala DNA, jez po tfadu let patii mezi

nejrozsitené;si zpusoby genetické analyzy (Stockert a kol., 2014).
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2.9.1. Sekvenovani DNA

Cilem sekvenovani DNA je uréeni poradi nukleotid v daném fragmentu DNA.
Zéakladnim pozadavkem pro sekvenovani DNA je ziskéni fragmentli s ptresné
definovanymi konci, a proto nejcastéji pouzivanym vychozim materidlem pro
sekvenovani DNA jsou restrikéni fragmenty klonované do vhodného klonovaciho
vektoru nebo fragmenty ziskané PCR (Rosypal a kol., 2002).

Pro sekvenovani DNA se pouzivaji dvé hlavni metody- enzymova (Sangerova)
a chemicka (Maxam-Gilbertova) (Rosypal a kol., 2002, Franca a kol., 2002).
Chemickou metodu sekvenovani vyvinuli v roce 1977 Allan Maxam a Walter Gilbert
pfi studiu struktury nukleovych kyselin. Je zalozena na chemické modifikaci DNA a
nasledném $tépeni specifickych dNTPs (Maxam a Gilbert, 1977). V soucasné dobé¢ je
vyuzivana jen minimaln¢, predevsim z divodu vysoké technické naro¢nosti (Franca
akol., 2002). Podstatn¢ Cast&ji se sekvenuje metodou enzymatické polymerace, kterou
v roce 1977 objevil a popsal Frederick Sanger. Pfi této metodé se vyuziva
jednovlaknova DNA (primer), ktera slouzi jako vzor (templat) pro syntézu druhého
(komplementarniho) vlakna (Sanger, 1977). Po probéhnuti polymerizacni reakce
vytvofené produkty zdenaturuji a rozdéli se na polyakrylamidovém denaturujicim
gelu. Jako primery se obvykle pouzivaji kratké oligonukleotidy o délce zhruba 18 bazi
komplementarnich k ¢asti molekuly DNA, jejiz sekvence se stanovuje (Rosypal a kol.,
2002).

Nejnovejsi variantou enzymoveé metody je automatické sekvenovani DNA, pii
némz se sekvence odecita a vyhodnocuje z gelu automaticky (Rosypal a kol.,2002).
Pro znacéeni nukleotidii se vyuZzivaji rizna fluorescenéni barviva, poté jsou nukleotidy
detekovany pomoci laseru a nasledné tfidény v kapilate naplnéné polyakrylamidovym
gelem. Tato kapilarni elektroforéza s sebou pfinesla vyrazné zjednoduseni a urychleni

pracovniho postupu (Franca a kol., 2002).
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3. CILE PRACE

Hlavni cil:

- Studium indukovanych mutaci u P. patens na molekularni Grovni DNA

Dil¢i cile:
- Péstovani P. patens in vitro
- Analyza APT lokusu indukovanych mutaci sekvenovanim

- Porovnani indukovani mutageneze a schopnosti reparace DNA u jednotlivych

linii mutant mechu P. patens
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4. MATERIALY A METODY

4.1. Rostlinny material

V praci byl pouzit divoky typ (Wt) mechu P. patens (Hedw.) B.S.G. ‘Gransden
2004’ a z n¢] odvozené mutantni linie ppmrell, pprad50, pplig4 a ppku70. Pplig4 a
ppku70 s defekty v opravé pomoci NHEJ byly generovany v laboratofich prof.
Schaefera, Univ. Neuchatel, Svycarsko a Dr. Nogue, INRA, Versailles, Francie, a
poskytnuty Dr. Noguem. Jejich podrobna charakteristika teprve bude publikovana.
Mutantni linie pprad50 a ppmrell byly vytvofeny v laboratoii Dr. Cumminga, CPS,
Univ. Leeds, Velka Britanie. Jejich charakteristika a metody pfipravy jsou popsany v
¢lanku Kamisugi a kol. (2012).

4.1.1. Kultivace P. patens

4.1.1.1. Kultivace mutantnich linii P. patens pro dlouhodobé udrzovani

Pied samotnou kultivaci mechu byly zaloZeny primarni kultury, které pozdé&ji
slouzily k odbéru tkdn€ pro pomnozovani a zaroven jako zalozni konzervy pro piipad
kontaminace.

Cast tkan& byla odebréana sterilni pinzetou a vlozena do kultiva¢ni sklenicky od
détské vyzivy cca 150 ml (baby-jar) s pevnhym BCDAT mediem nalitym do zhruba
tretiny nadoby. SkleniC¢ka je uzaviena plastovym vickem a oblepena lékarenskou
netkanou paskou pro zajisténi vymény vzduchu. Nasledné byly sklenicky s kulturou
uchovavany v kultiva¢ni komote s dennim rezimem 16 hodin svétla pti 22 °C a 8 hodin
tmy pii 18 °C. Zhruba po mésici tkan dostatecné narostla a bylo mozné odebirat ¢asti
pro dalsi péstovani. Zalozni konzervy byly pfendany na stinné misto pro pouhé
udrzovani kultury a aby se zabranilo nadmérné rychlému ristu. Takto pfipravena
konzerva vydrzi zhruba 1 — 2 roky. Vzdy byly udrzovany alespon &tyfi zalozni

konzervy od kazdé linie mechu.

4.1.1.2. Priprava Petriho misek

Ptiblizné€ 30 - 35 ml Cerstvé vysterilizovaného BCDAT média o teploté 50-80 °C

bylo nalito do Petriho misek a bylo ponechano ve FlowBoxu do druhého dne ke

27



ztuhnuti a ,,uzrani pti laboratorni teploté. Nespotiebované Petriho misky s médiem

byly uchovavany v lednici.

4.1.1.3. Priprava celofanovych diski

Celofanové disky o priméru 8 cm (Focus, UK) byly vloZeny do autoklavovatelné
kruhové nadoby tak, aby dosahovaly max. do ¥ vySky nadoby. Nasledné k nim byla
pfidana destilovand voda a pred prvnim pouzitim byly alespont dvakrat az ttikrat

autoklavovany. Mezi jednotlivymi sterilizacemi byla vyménovana voda.

4.1.1.4. PomnoZovani P. patens

Cast tkand mechu z primarni kultury byla odebrana sterilni pinzetou a vloZena do
zkumavky se sterilnim tekutym BCDAT médiem. Nasledné byla homogenizovana
pomoci vysokootackového nozového homogenizatoru IKA Thorax T25 po dobu 1 —2
minut pti 10 000 rpm. Dvoumililitrové alikvoty suspenze mechu pak byly pipetovany
na jednotlivé Petriho misky s pevnym BCDAT médiem pokrytym celofanovym
diskem. Kultivovana byla v kultiva¢ni komote s dennim rezimem 16 hodin svétla pfi
22 °C a 8 hodin tmy piti 18 °C. Zhruba po sedmi dnech byl mech
subkultivovan/pasdZzovan: — seSkrdbnut sterilni pinzetou se zahnutym koncem z
Petriho misky, homogenizovan v tekutétm BCDAT médiu a opét vysazen v 2 ml
alikvotech na Petriho misky. Jedna Petriho miska s dobfe narostlym mechem obvykle

vystacila na rozpéstovani 4 — 7 Petriho misek.

4.1.1.5. Testovani kontaminace

Pii kazdém pasdzovéani byl provadén test pfipadné kontaminace na Petriho
miskach s LB médiem. LB média bylo nalito do Petriho misek zhruba 30 ml a nésledné
bylo ponechdno k zatuhnuti pfi laboratorni teploté. Po pasdzovani bylo na Petriho
misku s LB médiem pipetovano zhruba 5 ul suspenze mechu a ponechano ke kultivaci
v inkubatoru pti 28 °C. V pfipad¢, Ze se na LB médiu objevila kontaminace (obvykle

do dvou dnt), byly mechy zlikvidovany a napéstovany nové.
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4.1.2. APT mutageneze

4.1.2.1. Priprava jednodenni suspenze mechu

Na jeden pokus indukce APT mutageneze byla pouzita jednodenni kultura tkan¢
protonemy ziskana ze sedmi ploten tyden staré kultury mechu. Tkan protonemy byla
homogenizovana jak bylo popsano vyse v 15 ml tekutétho BCDAT média. Suspenze
byla ptelita do Erlenmayerovy barky o objemu 100 ml a nasledné byl doplnén objem
na 54 ml. 4 ml byly pouzity na stanoveni mnozstvi susiny, kdy byla suspenze mechu
pomoci podtlaku zakoncentrovéana na filtru ze sklenénych vladken a vysusena pti 60 °C
1 hodinu. Do druhého dne pak byly filtry ponechany pti laboratorni teploté pro ustaleni
laboratorni vlhkosti do druhého dne a zvazeny. Zbytek suspenze (50 ml) byl do
druhého dne ponechan zregenerovat pti tfepani 100 rpm a pak pouzit na pokus.
Jednodenni suspenzi byla ziskdna vldkna protonemy o délce 3 — 7 bunék, jejichz

koncové, apikélni buniky jsou schopné se délit, zhruba 30 — 50 %.

4.1.2.2. Piisobeni genotoxiny

Na indukci poskozeni byly pouzity 3 druhy mutageni: bleomycin (konkrétné byl
pouzivan piipravek Bleomedac, v némz je u¢innou latkou zastoupen bleomycin
sulfat), MMS a UV zafeni.

Mutageneze UV byla provadéna v pomoci pftistroji ,,Hoefer UV crosslinker®,
kdy jednodenni suspenze mechu vyseta na Petriho misky s pevnym BCDAT médiem
doplnénym 3 pg/ml 2-FA pro selekci byla ozafena davkou UV zafeni 500 Jm™. Petriho
misky s ozafenym mechem byly z divodu blokovani fotolyaz ponechany 24 hodin ve
tmé a teprve poté kultivovany na svétle s dennim rezimem 16 hodin svétla pii 22 °C a
8 hodin tmy pfti 18 °C.

U mutagenezi s mutageny bleomycinu a MMS se mutagen ptidal do suspenze
50 ml mechu v Erlenmayerové bance a nechal akutné pusobit za stalého tfepani 100
rpm. Pro WT byla doba ptsobeni 2 hodiny, pro MRN mutanty 1 hodinu. Po ptisobeni
mutagenem byla suspenze mechu dikladné oplachnuta destilovanou vodou pfes sitko,
vysazena na Petriho misky s BCDAT médiem doplnénym 3 pg/ml 2-FA a kultivovana
ve fytotronu.

Roztoky pro plsobeni bleomycinem byly vzdy pfipravovany cerstvé pred

pusobenim z piipravenych navazek uskladnénych v lednici.
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Pro wurceni koncentrace mutagenti bleomycinu a MMS byl testovan
protonemalni rdst mechu na jamkovych kultivacnich deskdch s BCDAT médiem
doplnénym o koncentraéni fady mutagenti (viz Obr. 4). Toto testovani bylo provadéno

vzdy v duplikatu a tfi tydny sledovano.

wt  ppmrell ppligd ppnbsl pprad51AB pprad50

Bleomycin (ug/mL)

Obr. 4: Citlivost P. patens Wt a linii ppmre 11, pplig4, ppnbs1, pprad51AB a pprad 50 na chronické
pusobeni bleomycinem. Mutantni linie byly kultivovany na BCDAT médiu doplnénym o 0; 0,01;
0,1, a 1 pg/ml, bleomycinu a vyfotografované 10 dni po inokulaci.

Pro piisobeni bleomycinem byly zvoleny nasledujici koncentrace:

wt 50 pg/ml
pplig4 5 pg/ml
ppmrell 1 pg/ml
ppku70 0,4 pg/ml

pprad 50 0,01 ug/ml

a pro indukci mutaci MMS byla zvolena jednotna koncentrace 0,5 mM pro Wt

1 vSechny studované reparacni mutanty.
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4.1.2.3. Selekce mutant

Po dobu tii tydnl rostlinna tkan mechu na Petriho miskach s 2FA postupné
odumira a zacinaji se objevovat viditelnd zelena ohniska (foci) bunék s mutovanym
APT genem, které jsou rezistentni k ptisobeni 2FA, ktery nejsou schopné
metabolizovat (Obr. 5). Celofanové disky s regenerujicimi mutanty jsou po 2-3
tydnech prendany na nové Petriho misky s BCDAT médiem doplnénym 8 pg/ml 2FA.
Po dalsi kultivaci 1-2 tydny jsou zelené kolonie ptezivajicich mutant spocitany a
evidovany. Vybrané ptezivajici apt mutanty, pfiblizn¢ 10 linie/pisobeni, byly dale

pomnozeny a nasledn¢ sekvenovany podle postupu popsaného v kap. ¢. 4.2.2.
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Obr. 5: Petriho misky s apt mutanty P. pates rezistentnimi k 2FA po tfech tydnech selekce. A) Wt
bez pusobeni mutagenu, B) Wt po plisobeni bleomycinem 50 pg/ml po dobu 2 h, C) pplig4 po

pusobeni bleomycinem o koncentraci 5 pg/ml po dobu 1 h.
4.1.3. Nastielovani a selekce transformant

Biolistickou transformaci byly vnaseny plasmidy s potfebnym usekem genu do
kontrolniho kmene Wt.

Piiprava &astic na biolistickou transformaci

Na 12 naboji bylo navazeno 7,2 mg zlatych ¢astic o priméru 0,6 pm. Nasledné
bylo ptidano 250 ul 96% EtOH a tfepano pii 900 rpm po dobu 1 h. Smés ¢astic s EtOH
pak byla centrifugovana 5 sekund pti 13 000 rpm, odsat supernatant a ptidano dalSich
250 pl 96% EtOH a vortexovano po dobu 1 minuty. Proces omyti byl zopakovéan

celkem 3x. Na zavér byla suspenze ¢astic v EtOH zcentrifugovana 5 sekund pii 13 000
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rpm, supernatant odsat a Castice suspendovany ve 250 pl sterilni destilované vody
vortexovanim po dobu 1 minuty. Pfipravené ¢astice byly uchovavany v mrazicim boxu

jako suspenze v 96% EtOH.

Potahovani ¢astic DNA

Suspenze Castic byla 15 minut sonikovéana, aby se rozbily shluky castic, a
nasledn¢ suspendovéna vortexovanim po dobu 3 minut. K suspenzi bylo piidano 30 pl
0,1 M spermidinu a smés vortexovana po dobu 1 minuty. Poté byl pfidan roztok DNA
obsahujici celkové 2,4 ug DNA, coz odpovida 0,2 pg/ naboj a vortexovano 1 minutu.
Mnozstvi DNA v roztoku bylo méteno spektrofotometricky. Ke smési bylo ptidano 75
ul 2,5 M CaClz, 3 minuty vortexovano a inkubovano na ledu po dobu 5 minut. Smés
byla zcentrifugovana po dobu 5 sekund pii 13 000 rpm, byl odstranén supernatant,
pridano 350 ul 70% EtOH a vortexovanopo dobu 1 minuty. Smés byla zcentifugovana
po dobu 5 sekund pii 13 000 rpm, byl odstranén supernatant, ptidano 150 pl 96%
EtOH, 3 minuty vortexovano a dale inkubovano na ledu. Nasledujici kroky byly
provadény sterilné ve flowboxu. Do kazdého naboje bylo naplnéno 10 pl smési, ktera
byla pfed kazdym plnénim dikladné protfepana pomoci vertexu. Poté se nechal
ethanol z naboju zcela odpafit a DNA potazené ¢astice vytvofily prachovy film ¢astic
na vnitini stran€ dutinky naboje, ktery pak byl vymeten a akcelerovan k rostlinné tkani

uvolnénym vysokym tlakem hnaciho plynu (helia).

Nastieleni tkané mechu

Sedm dni stard kultura mechu po pfedchozi subkultivaci byla na Petriho misce
rozdélena na 2 hromadky. Do kazdé hromadky byly nastieleny ¢astice ze vzdalenosti
cca. 5 cm a 3 ndbojt tak, Ze kaZzdou dutinkou se nechal proud vzduchu projit opakované
3X. Mech s nastielenymi ¢asticemi byl do druhého ponechan ke zregenerovani a pak
byl vysazen na BCDAT médium se selekci na rezistenci nesenou na transformujicim

plazmidu (obvykle G418). Postup pfi nastfelovani transformant je znazornén na Obr.6.
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Obr. 6: Postup pti nastfelovani transformant pomoci biolistické transformace. A) Petriho miska se

7 dni starym mechem, B) Rozdéleni mechu na dvé hromadky — cile nastfeleni, C) Nastfelovani
transformant pomoci ,,Helios Gene Gun®, D) Petriho miska s hromadkami mechu po nastieleni

transformant.

Selekce transformant

Po dobu tfi tydnil netransformované buiiky mechu na Petriho miskach s G 418
postupné odumiraly, nez se zacaly objevovat viditelné mutanty rezistentni na G 418.
Tyto mutanty byly dale kultivovany po dobu 10 dnd a poté byl celofanovy disk s
mutanty pifendan na novou misku s BCDAT médiem bez selekce. Po 10 dnech byl
celofanovy disk pfenddn opét na BCDAT médium se selekci. Tento postup byl
zopakovan celkem Ctyfikrat a byl aplikovan proto, aby byly selektovany pouze
mutanty s transformujici DNA integrovanou do genomové, a byly tak eliminovany

mutanty pouze s transientni expresi selek¢niho markeru.
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4.2. Molekularné biologické metody

4.2.1. Klonovani a konstrukce transformac¢nich vektoru

Soucasti mé diplomové prace je priprava vektort pro tvorbu dalSich mutant nez
téch, které jsem studovala zatlumovanim zajmovych genii pomoci RNA interference.
Na konstrukci a klonovani pottebnych konstruktl pracuji paralelné¢ se studiem
mutageneze, a protoze neni dosud ukonceno a stile probihd, neni tato Cast dale
zahrnuta do vysledki a diskuze.

Princip konstrukce téchto vektord je popsan v kapitole 2.7. Pro snadnou
identifikaci rostlin obsahujicich transformaéni vektor, ktery je Gispé$né transkribovan,
je jako vnitini marker RNA interference vyuzit gen pro - glukuronidazu (GUS), jehoz
exprese je snadno vizudlné identifikovand substratem X-Gluc jako modré zbarveni
buné¢k. Z tohoto diivodu je nejprve potieba generovat linii mechu stabiln€ exprimujici
GUS, ktera bude nésledné vyuzita pro transformace RNAi vektory, ktery kromé
zajmovych geni ponese i sekvence pro umlcovani GUS (Obr. 3). Kromé
histochemického barveni pomoci X-Gluc 1ze GUS aktivitu kvantitativné stanovit
pomoci fluorimetru, a tim padem odhadnout, zda a do jaké miry dochazi
pravdépodobné i k utlumeni funkce genu, ktery je pfedmétem zajmu.

Pro ziskani rostliny stabiln¢ produkujici GUS byl zkonstruovan vektor
pKA147, ktery nese gen pro B- glukuroniddzu ve fizi se selekénim genem pro
neomycin fosfotransferazu II, ktery zajiStuje rezistenci na antibiotikum G418.
Transkripce téchto genil je fizena 35S promotorem a terminatorem z viru mozaiky
kvétaku (Cauliflower mosaic virus, CaMV).

Pro zatlumovani GUS byl zkonstruovan vektor pKA217 (Obr. 7), ktery nese
385 bps dlouhy fragment 5’ konce genu pro GUS jednou v pifimé a jednou v inverzni
orientaci. Mezi tyto dva fragmenty GUS genu je vloZen intron kukufi¢ného genu pro
ubiquitin 1 (UBI1). Transkripce je fizena promotorem a termindtorem genu pro
nopalin syntazu (Pnos @ Tnos) Agrobacteria tumefaciens. Mezi intronem a fragmenty
GUS genu jsou na kazdé strané unikatni restrikéni mista, do kterych je mozné klonovat

dal$i DNA pro zatlumovani genti, které budou predmétem studii.

34



B UTR I UTR

1808

Intromn

Obr. 7: Schéma konstrukce GUS RNA1 vektoru

4.2.2. Sekvenovani DNA

Genomova DNA apt mutant pro analyzu APT lokusu a transformant pro
analyzu integrace byla izolovana ze 100 mg rostlinné tkané pomoci izola¢niho
,»DNeasy Plant Mini kitu“ (Qiagen) do 50 pl roztoku 10 mM Tris-Cl, pH = 8,5. 1
mikrolitr DNA byl nasledné pouzit pro amplifikaci cilové sekvence pomoci PCR.
Prvni amplifikaci byl ziskan tsek z genomové DNA pomoci siln€ procesivni error-
free KOD Hot Start DNA polymerazy. Produkt byl piecistén pomoci purifika¢niho
»HighPpure PCR product purification kitu“ (Roche). Nasledné byla provedena
zptestiyjici PCR amplifikace pouzZitim dal§i sady wvnitinich (nested) primerd.
Amplifikovany fragment DNA ocekavané délky byl po analyze elektroforézou
izolovan piimo z elektroforetického agardézového gelu pomoci ,,QIAquick gel
extraction kitu“ (Qiagen) a pouzit jako templat pro sekvenacni reakce, které byly
pfipraveny pomoci ,,Big Dye Terminator v 3.1 Cycle Sequencing Kit* (Perkin-Elmer)
a na zaver precistény na kolonce Sephadexu G25. Sekvence byla prectena metodou
enzymoveé sekvenace ve stfedisku sekvenovani DNA pii Mikrobiologickém ustavu
AV CR, v. v. i. pomoci kapilarového analyzatoru Prism 3130x1 (Applied Biosystems,
USA). Sekvence kazdého klonu byly nasledné spojeny dohromady, zpracovany v

programu Ma-cVector a uvedeny do souladu s nejnovéjsi anotovanou APT sekvenci
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Pplsl14 124V6.1 v databazi zdroji o P. patens COSMOSS (dostupné na

WWW.COSMOSS.0rg).

5. VYSLEDKY

Moje diplomova prace je vénovana studiu mutageneze genotoxinil
modelujicich environmentdlni stres na molekularni urovni za pouziti modelového
organismu mechu Physcomitrella patens s cilem ukazat, ze mutageneze spiSe nez
vlastni poskozeni DNA je divodem citlivého fenotypu. Kromé toho, pokud pouzity
ptistup bude verifikovan, mize byt déale rozvijen jako biomarker poSkozeni zevniho
prostfedi a mech P. patens pro své zna¢né rozSifeni pfimo jako indikatorovy,
popiipadé modelovy organismus.

Mutace, zejména u haploidnich organismi Vv genech kodujicich enzymy
nukleotidového metabolismu, jako je APT, zpusobuji rezistenci rostlin k jinak
toxickym analogim adeninu, napt. k 2FA. Tato vlastnost byla pouzita jako pozitivni
selek¢éni marker pro identifikaci apt mutant. Mutatorovy fenotyp byl hodnoceny na
zaklad¢ ztraty APT genu v disledku chybnych mechanismii opravy poskozeni DNA
(tzv. error-prone) u kontrolniho kmene Wt a linii ppmrell, pprad50, pplig4 a ppku70.

Ve vSech experimentech byla pouzita jednodenni protonemalni tkan P. patens
s fragmenty o délce 3-5 bunék, které byly ziskany intenzivni homogenizaci z

rostoucich protonemalnich vlaken.

5.1. Citlivost Wt a testovanych linii P. patens na bleomycin, UV
zareni a MMS

U Wt a ppmre 11, pprad 50, pplig 4 a ppku70 linii byla analyzovana citlivost
k bleomycinu, radiomimetiku zptisobujicim klastry oxidativniho poskozeni DNA,
tvorbou ROS, UV zafeni vedouci k CPD a 6-4 PP, a alkyla¢ni ¢inidlo MMS. Na
jamkové desticky s BCDAT médiem doplnénym o rizné koncentrace mutagenti bylo
vysazeno vzdy stejné mnozstvi jednodennich protonemélnich tkani P. patens a po
dobu tii tydni kultivovano a sledovano. Obr. 4 je fotografie potfizena po 10 dnech
kultivace, ze které je u jednotlivych mutantnich linii jasné patrna rozdilna citlivost k
bleomycinu, naopak na pisobeni MMS, stejné tak jako na UV zafeni, reaguji vsechny

mutantni linie stejné.
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Po plisobeni bleomycinem byly zjistény dramatické rozdily indukce mutaci.
Zatimco divoky kmen Wt vyzaduje pro indukci alespon n¢kolika apt klond na Petriho
misce 2 hodiny pusobeni bleomycinem o koncentraci 50 pg/ ml, vysoce citliva linie
pprad50 pouze 1 hodinu pasobeni o koncentraci pouze 0,1 ug/ml.

Ostatni linie mechu ppmre 11, pplig 4 a ppku70 byly vyhodnoceny jako linie s
mirnym mutatorovym fenotypem. Pro puisobeni bleomycinem byly na indukci apt
mutant zvoleny koncentrace 1 pug/ ml pro ppmre 11, 5 pg/ ml pro pplig4 a 0,4 pg/ ml
pro ppku 70.

Pro ptisobeni MMS byla zvolena doba ptsobeni 1 hodina a koncentrace 0,5
mM pro Wt i vSechny linie P. patens. U mutageneze UV zafenim byla pro Wt i
v§echny linie P. patens zvolena davka zafeni 500 J/m? po dobu nutnou pro dosazeni

pozadované davky.

5.2. Porovnani testovanych mutantnich linii P. patens z hlediska
prirozenych dispozic k mutacim

Pro porovnani frekvence vzniku mutant u Wt a linii P. patens byl normalizovan
pocet apt mutant na 1 pg/ ml po ptsobeni bleomycinem, 1 mM po pisobeni MMS a
500 J/m? po plsobeni UV zafenim na 1 g susiny. Hodnoty relativniho

(normalizovaného) poc¢tu apt mutant jsou na Obr. 8.

8000 -
7000 - mBLM

6000 - UV
5000 -

4000 - MMS

2000

Relativni pocty apt mutant

1000 -

0 - — - I T — \

wt ppligd ppku70  pprad50 ppmrell

Obr. 8: Relativni po¢ty 2 FA rezistentnich mutant P. patens Wt a linii pplig4, ppku70, pprad50 a
ppmrell selektovanych spontanné a mutant indukovanych 1 pg/ ml bleomycinu, 1 mM MMS a

500 J/m? UV zéafenim a normalizované na 1 g susiny.
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5.3. Analyza mutaci

Nahodné¢ vybrané apt mutanty regenerujici na BDAT médiu doplnénym o 2FA
byly pomnozeny a sekvenovany postupem popsanym V kapitole ¢. 4.2.2. Vysledky
analyzy APT mutaci a jejich kategorizace jsou uvedeny v Tab. 1.

Identifikované mutace byly podle pfedpokladanych mechanismii reparace a
jejich dasledku klasifikovany jako substituce, bodové inzerce, bodové delece a inzerce
a delece o délce vice nez dvou pard bazi jednak v koédujicich sekvencich APT
(exonech) ale i1 v intronech a nepiepisovanych oblastech lokusu APT.

U apt mutant vzniklych ptasobenim bleomycinu byly u Wt i v§ech mutantnich
linii P. patens zjistény pfedevSim tranzice cytosinu za tymin, transverze tyminu za
adenin, adeninu za tymin a guaninu za tymin, a to jak v exonech, tak v intronech.
Kromé toho u linii pprad50 a ppmrell byly v exonech zjistény rozsahlé delece.
Vzniku deleci pti opravé DSB mechanismem NHEJ vysvétlujeme vysokou citlivost
pprad50 a ppmrell k pusobeni bleomycinu.

Po ozafeni UV byly téméf u vSech analyzovanych mutant zjiStény tranzice
cytosinu za tymin, a to pouze v exonech. V ostatnich pfipadech se v exonech jednalo
o tranzice guaninu za adenin, v intronech byly zjiStény transverze a bodové inzerce
adeninu.

Po ptisobeni MMS sice zacalo regenerovat pomérné hodné 2FA rezistentnich
klonti, které vSak obvykle do ¢trnacti dnli po selekci odumtely. Proto se podafilo v
dusledku jejich $patné regenerace analyzovat pouze 3 mutanty u mutantni linie pplig4,
u které byly zjiStény mutace piedev§im v exonech, konkrétné transverze guaninu za
thymin, guaninu za cytosin a adeninu za tymin. Pouze v jednom piipadé se jednalo o
bodovou inzerci guaninu v intronu.

Spontanni mutace byly analyzovany pouze u mutantni linie ppku70. V prvnim
piipadé se jednalo o rozsdhlou deleci 1128 nukleotidii v exonu, ve druhém o tranzici

cytosinu za tymin v exonu a ve tfetim o transverzi v intronu.

5.4. RozloZeni mutaci testovanych mutantnich linii P. patens v
APT lokusu

Umisténi identifikovanych a popsanych mutaci uvedenych v Tab. 1 je graficky
znazornéno v map¢ APT lokusu programem Mac Vector na Obr. 9. Modie jsou

vyznaceny substituce, zelen¢ inzerce a ervené delece. Delece jsou znazornény jako
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obdélniky o velikosti imérné délce. Sipky s &isly od 1 do 8 znazoriuji délky exont
(kédujicich sekvenci DNA) v APT lokusu.

Z obrazku je jasn¢ patrn¢, Ze mutace nejsou v genu rozmisténé nahodné,
nejvice se vyskytuji na zacatku genu, a to ptredevsim v okoli druhého az ctvrtého

exonu.

5.5. Konstrukce transformaénich RNAi vektoru

Pro zatlumovani GUS byl vytvofen GUS RNAI transformacni vektor pKA 217
slouzici jako marker RNA interference (Obr. 7). Linie mechu stabilné produkujici
GUS, kterd bude vyuzita pro transformaci RNAi vektorem, je vytvafena
prostiednictvim biolistické transformace. V soucasné dobé se na transformaci linie

mechu a na cilené modifikaci genti pomoci RNAI stale pracuje.
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Obr. 9. Indukované mutace v APT lokusu u Wt a linii ppmrell, pprad50, pplig4 a ppku70. Typy
mutaci jsou substituce — modré, inzerce — zelené a delece — Cervené.
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mutantni linie INTRONY EXONY
muta.:::ty " substituce ?:zdeorzzl Zj;:eé inzerce =2 | delece »2 | substituce ?::;r;: :liclt:j inzerce =2 | delece =2
himil |T--=A(1436) Al1168)
bimi3 1364:1372
- himis T--3A(747)
himi6 C(720) 5(752)
uv3 A(3199) C-->T(1369)
wv25 | G--=T(2351)
him1 T(2213)
him2 T(1823) 1566:1571
him3 A--=T(1577) 1582:1637
A-->T(1204)
T--=A(1212)
T--=4(1543) T-->C(1407)
bim4 | A-=T(1544) T--=A{1591) G(1640)
G-->T(1546) T-->A{1604)
T-->C(1634)
pprad50 C--=T(1859)
him5 G(1640)
bhim7? B5(752) | T(761) 1166:1914
himi1 |G--=A(2872)
uv? C--=T{1635)
C--=T(1894
w23 c-->TE1895§
uv29 G--=A{1809)
him1i G(715) T(2619) 739:1125
him4 G-->T(2215)
bim6 | G--=T(2871)
ppmrell him9 2908-3061
uv3 C-->T[1613)
uvh C-->T(1853)
him1 Al1130)
him2 T(3653)
him3 (1108) T(1240)
him4 | T--=A(2790)
mmsl G(ZE95) G--=T[1638)
G-->C(1885
mms6 A~>T((188?))
pplig4
G-->C(1885
mms? A-->T((188?))
C-->T{1360
uvd G——>A((15?6))
uvs '22%:?33 C-->T(1834)
uv 2 AR43)
him2 T-->A[1582)
him3  |A--=T(2566)
ppku70 C-->T(1368)
uvi
C-->T{1369)
2fak1 1774-2902
2fak3 C-->T(1815)
2fakt  |G-->C(1563)

Tab. 1: Vysledky sekvenaéni analyzy APT lokusu u P. patens Wt a linii ppmrell, pprad50, pplig4
a ppku70.
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6. DISKUZE

Ve své diplomové prace jsem se zabyvala studiem analyzy fenotypu a
indukovanych mutaci P. patens u Wt a linii ppmrell, pprad50, pplig4 a ppku70 na
zakladé ztraty funkce genu pro APT. Podilela jsem se piedevs§im na indukci apt mutant
a nasledné na jejich analyze sekvenovanim. Kromé APT mutageneze byla v laboratofi
na P. patens také studovana reparacni kinetika SSB, DSB a CPD metodou kometového
testu (comet assay), publikované v ¢lancich Kamisugi a kol. (2012), Hold a kol. (2013)
a Hola a kol. (2014). Oba pfistupy spolu s testem na citlivost k plisobeni genotoxinti
se vzdjemné dopliluji a vytvaii uceleny obrazek jak buniky dané linie nakladaji se
vzniklym poskozenim a jaké jsou dusledky jeho eliminace. Kometovym testem byl
zjistovan vliv vzniklych poskozeni na integritu genomové DNA a rychlost jejiho

znovunabyti, sekvenovanim pak k jakym zméndm v sekvenci DNA pii tom doslo.

6.1. Citlivost na piisobeni mutageny

U mechu P. patens divokého typu Wt a linii ppmrell, pprad50, pplig 4, ppku70
a ppnbsl byl analyzovan fenotyp chronickym pisobenim bleomycinu (Obr.4). Bylo
zjisténo, ze pprad 50 a ppmrell vykazuji stejnou citlivost k bleomycinu, coz souhlasi
s vysledky Kamisugi a kol. (2012).

Kozdk a kol. (2009) dtive ukézali kli¢ovou roli komplexu SMC5/6 pii opravé
DSB indukovanych bleomycinem. V této souvislosti proteiny RADS50 maji podobnou
strukturalni roli v MRN komplexu jako SMC ve struktufe SMC5/6 komplexu (Murray
a kol., 2008). Oba tyto komplexy tak mohou figurovat pii vzajemné stabilizaci, popf.

spojovani koncii dvojvldknového zlomu.

6.2. APT mutageneze

6.2.1. U¢innost testovanych mutagenii

Pocet 2FA rezistentnich apt mutant P. patens Wt a linii pplig4, ppku70,
pprad50 a ppmrell po ozaieni 500 Jm™ jasn& poukazuji na vysokou mutagenitu UV
zéafeni. Podstatna vétSina mutant, kterd po ptisobeni UV zafenim regenerovala byla
nasledné selektovana. Tento jev lze vysvétlit tim, Ze s pomalou, error-free NER

reparacni drahou soupefi rychlejsi, le¢ error-prone mechanismus syntézy DNA pies
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poskozeni (v podstate jde o toleranci a nikoli reparaci) pti némz dochézi k substitu¢nim
tranzicim, tedy poskozeni, ktera byla identifikovana (Tab. 1, Hold a kol., 2014).

Nejvyssi pocCty apt mutant po ptisobeni UV zafenim byly zaznamenany u linii
pplig4 a ppku70 a naopak u Wt a ostatnich linii byly poéty apt mutant relativné nizké.
Posledni vysledky UV mutageneze u linii ppligd a ppku70 vykazuji podstatné vyssi
pocty mutant nez diive publikovana data Hold a kol. (2014). Nicméné v této praci
uvadéné 20x vysSi hodnoty (okolo 6000 apt mutant/g suSené tkané&) oproti
publikovanym nejsou i ptfes opakovani statisticky vyznamné. Tento rozpor je dale
studovan.

Ve srovnani s UV zafenim po plsobeni bleomycinem regenerovalo podstatné
méné apt mutant, ale jednou selektovany dale prezivaly. Oproti tomu vétSina apt
mutantll, kterd regenerovala v prvni fazi po piisobeni MMS, béhem nésledné¢ kultivace
uhynuly, stejn¢ jako spontanni apt mutanty, které byly selektovany na 2FA bez
pusobeni mutagenu. V tomto ptipad¢ lze spekulovat o tom, ze spontanni nebo MMS
mutageneze vede k ,,mekéim* mutacim, které dovoluji pocatecni selekci na 2FA, ale
béhem ndsledné kultivace dochazi k znovuobnoveni funkce APT, a tudiz k eliminaci
puvodné rezistentniho klonu. Nabizi se vSak i vysvétleni, ze kromé apt mutace dochazi
i k ¢astecné inaktivaci nékterého(ych) esencialniho(ych) genu(t), ktera je v priibéhu
nasledné kultivace prohlubovéna a rostlina neni dale schopna piezivat piestoze je stale
rezistentni k 2FA. I tento jev je dale studovan.

O specifické mutagenité¢ UV zafeni svédci 1 nutnost selekce apt mutant na vyssi
koncentraci 2FA. Po plisobeni genotoxiny byla protonemalni tkdin mechu vysazena
nejdfive na 3 pg/ml 2FA a po dobu selekce mutant byla koncentrace 2FA postupné
zvySovana na koncentraci 5 az 10 pg/ml. Zatimco apt mutanty po plsobeni
bleomycinem, MMS a spontanni apt mutanty byly vétSinou selektovany na
koncentraci 3 az 5 pg/ml 2FA. Mutanty indukované UV zafenim regenerovaly
podstatné 1épe a pii selekci 3 az 5 pg/ml 2FA prertstaji. Proto je v prubéhu selekce,
pfiblizné po 2 tydnech potieba zvysit koncentraci 2FA na 8 az 10 pg/ml. Zda potieba
zvySeného selekéniho tlaku v piipad€ témét vyluéné generovanych substitu¢nich

tranzici UV svétlem je jejich specifickou vlastnosti, je také dale studovano.
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6.2.2. Analyza mutaci

Béhem analyzy mutant sekvenovanim byly v zavislosti na typech mutagenti 1
na liniich mutant mechu zjistény velmi rozdilné typy mutaci (Tab. 1). Zatimco UV
zateni vedlo témét vylucné k tranzicim tyminu na cytosin v kodujicich sekvencich,
mutacéni profil bleomycinu byl zcela jiny.

Dle Holé a kol. (2013) a Kamisugi a kol. (2012) P. patens Wt i linie ppmrell,
pprad50, ppligd a ppku70 efektivné opravuji dvouvlaknové zlomy DNA zpiisobené
bleomycinem ve dvou fazich. Opravy u pprad50 a ppmre 11 jsou méné¢ G¢inné v
pribéhu druhé, pomalejsi, faze nez u Wt, ppku70 a pplig4. Béhem prvni, rychlejsi,
faze se u ppmrell a pprad50 vice nez 60% DSBs opravilo jiz béhem 3 minut, ale je
nutné si uvédomit, ze oprava s nejvétsi pravdépodobnosti probihala pomoci NHEJ,
mechanismu velmi nachylného k chybam. Naproti tomu repara¢ni kinetika u ppnbsl a
linii s defekty v opravé pomoci NHEJ - ppligd a ppku70 byla srovnatelna s Wt
(Kamisugi a kol., 2012; Hold a kol., 2013; Hola a kol., 2014). Tato skute¢nost by
mohla vysvétlovat i rozsédhlé delece po piisobeni bleomycinem, které byly zjistény
pravé u ppmrell a pprad50. Je nutné ovSem uvazit i moznost, ze se DSB mohly
opravit 1 méné Castymi, ovSem stejn¢ nepiesnymi nehomolognimi mechanismy —
alternativnim spojovanim koncu (Alt-NHEJ, angl. alternative nonhomologous end-
joining), nebo mikrohomologii zprostfedkovanym spojovanim koncti (MMEJ, angl.
micro-homology mediated end-joining).

Dle Kamisugi a kol. (2012) rychlost opravy navic tzce souvisi s vékem
protonemalni tkané. Protonemalni tkan, ktera byla homogenizovéana a subkultivovana
pouze 1 den, byla tvofena vétSinou kratkymi filamenty o délce 3-5 bunék a vykazovala
nejrychlejsi reparacni kinetiku. 7 dni stara tkan protonemy s filamenty 15-20 bun¢k
opravovala DSB pomaleji a rychlost opravy u 14 denni tkdn¢ s délkou fragmenti vice
nez 30 bun¢k byla jesté pomalejsi (Kamisugi a kol., 2012).

Pii analyze mutant indukovanych UV zifenim byly zjistény piedevSim
tranzice, které¢ spiSe nez moznymi chybami pii opravé DNA pomoci NER mohly
vzniknout mutaci béhem tolerance CPD pfi de novo syntéze pies toto poskozeni, kdy
je prednostné oproti poskozeni inzertovan adenin. Pfi indukci mutaci latkami, které
blokuji syntézu DNA, jako jsou napi. CPD, je nutné, aby byl opravny mechanismus
schopen obejit 1éze tak, Ze bunka zlstane Zivotaschopnd, i kdyz tato léze neni

odstranéna. Syntéza DNA pies poskozeni (translesion DNA synthesis) zahrnuje dva
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kroky: pridani nukleotidu oproti poskozené bazi, preferencné adeninu, a nasledné
syntéze po neposkozeném templatu DNA. Syntéza DNA de novo neni doprovazena
odstranénim CPD, a proto je 1épe hovoftit o toleranci poskozeni, které v DNA zlistava,
nez o reparaci. Viazeni nekomplementarniho nukleotidu vede k substitucim, které v
ptipadé¢ CPD nebo 6-4PP viazenim adeninu oproti pyrimidinu C vede k pozorovanym
tranzicim, viz Tab. 1 (Hola a kol., 2014, Stallons a Mc Gregor, 2010).

Z obr. 9 je zjevné, Ze rozlozeni identifikovanych mutaci testovanych linii P.
patens v APT lokusu neni rovnomérné. Bylo zjiSténo, Ze se mutace nachazeji prevazné
v okoli druhého az ¢tvrtého exonu. Tuto skute¢nost se dosud nepodatilo objasnit a tyto
oblasti byly vyhodnoceny jako ,,hot spots* — mista v genomu, ve kterych k mutacim

obecné dochazi Castéji.
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7. ZAVER

Experimenty vyuzivajici metody kometového testu a sekvenaéni analyzy byly
provadény za ucelem sledovani genotoxickych t€¢inkt bleomycinu, MMS a UV zéfeni
na P. patens Wt a linie ppmrell, pprad50, pplig4 a ppku70. Pro komplexni analyzu
genotoxického stresu byla vyuzivana regenerujici jednodenni protonemalni tkan P.
patens.

Metodou kometového testu byla analyzovana reparacni kinetika DSB P. patens Wt
a linii mutant akutnim ptsobenim bleomycinu. Dospélo se k zavéru, ze DSB jsou
efektivné opravovany ve dvou fazich. Oprava DSB u pprad 50 a ppmre 11 je méné
u¢inna v prub¢hu druhé, pomalejsi faze nez u WT, ppku70 a pplig4.

Pti analyze fenotypu P. patens Wt a linii mutant chronickym pisobenim
bleomycinu bylo zjisténo, ze citlivost k bleomycinu u pprad 50 a ppmrell je o jeden
fad vyssi nez u linii ppku70 a pplig4 a o dva fady vyssi nez u Wt.

Sekvenacni analyzou apt mutant po piisobeni bleomycinem byly vyhradné u
pprad50 a ppmrell zjistény rozsahlé delece, u WT, pplig4d a ppku70 se jednalo
predevsim o bodové mutace: bodové delece nebo delece pouze malého poctu
nukleotidl, inzerce, tranzice a transverze. UV zafeni vedlo u vSech analyzovanych
mutant téméf vyluéné k tranzicim cytosinu na tyminu, a to pouze v exonech.
Spontannich apt mutant selektovanych na 2FA a apt mutant po piisobeni MMS se v
dasledku jejich $patné regenerace nepodafilo pro sekvenac¢ni analyzu ziskat statisticky
vyznamny pocet.

Rozlozeni identifikovanych mutaci u P. patens Wt a testovanych linii neni v APT
nahodné. Mutace se vyskytuji pfevazné v okoli druhého az ctvrtého exonu a tyto

oblasti byly vyhodnoceny jako ,,hot spots®.
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Priloha €. 1: sloZeni roztoku

Roztoky pro kultivaci P. patens

BCDAT médium

Zasobni roztoky:

MgSO4 - 7TH20 5 g doplnit destilovanou vodou do 200 ml
KH2PO4 10g doplnit destilovanou vodou do 200 mi
KNOs3 20,2 g doplnit destilovanou vodou do 200 ml
FeSO4 - 7 H20 0,25 g doplnit destilovanou vodou do 200 mi
Ammonium tartrate 9,2 g doplnit destilovanou vodou do 200 mi

Z kazdého zéasobniho roztoku bylo pfidano 10 ml / 11 ristového média.

Stopové prvky:

CuSOq4 - 5 H.0 55 mg
H3BOs 614 mg
CoCl2 - 6 H.0 55 mg
Na:MoO; - 2 H20 25 mg
ZnS0Oq4 - TH20 55 mg
MnCl; - 4 H20 389 mg
Kl 28 mg
Destilované voda doll

Ze zasobniho roztoku bylo ptidano 1 ml / 11 ristového média.

PH vysledného roztoku BCDAT média by se mélo pohybovat v rozmezi 5,4 — 5,9.
Nakonec bylo do roztoku pfiddno 8 g plant agaru / 1 1 média a sterilizovano
autoklavovanim. Té&sné ptfed nalitim do Petriho misek byl do média pfidan 1 ml 1 M

CaClz/ 1 1 média (kone¢na koncentrace 1 mM).
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LB medium (objem=11)
10 g bacto trypton

10 g NaCl

5 g bacto yeast extract

8 g bacto agar

pH=7

Roztoky pro puasobeni genotoxiny

Zasobni roztok bleomycinu
Zasobni roztok bleomycinul0 mg/ml byl pfipravovan vzdy bezprostfedné pied jeho
pouzitim z navazek, které byly skladovany v lednici. Napft. 1, 5 mg bylo rozpusténo

ve 150 ul destilované vody. Nespotiebovany roztok byl vzdy zlikvidovan.

Zasobni roztok 2 — FA
15,3 mg 2- FA bylo rozpusténo v 10 ml DMSO a pomoci injekéni stiikacky
sterilizovano pres stiikackovy filtr. Zasobni roztok (10 mM) byl rozpipetovan do

zkumavek o objemu 2 ml a skladovan v mrazicim boxu.

Roztoky pro izolaci plasmidové DNA

Roztok pro resuspendovani bakterii
25mM Tris — HCI (pH = 7,4)

10mM EDTA

50 pg/ml RNaza A

Roztok pro promyvani bakterii
200 mM NaCl

10mM EDTA

50 mM Tris HCI (pH = 7,4)

50% Et OH

Lyzovaci roztok
0,2 M NaCH
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1% NaC12H25S04

Neutraliza¢ni roztok
2,55 M CH3;COOK
pH =48

SOB médium (objem =11)
20 g bacto trypton

5 g bacto — yeast extract

0,5 g NaCl

2,5ml 1M KCI

10 ml 1M MgCl,

pH=7 (NaOH)

SOC médium

SOB + 20 mM gluko6za

Nejprve byl pripraven roztok 1M glukdzy, ktera byla sterilizovana ve flowboxu pies
stiikackovy filtr pomoci injekéni stiikacky. Roztok glukozy byl nasledné ptidan do

sterilniho SOB média na kone¢nou koncentraci 20 mM.

Roztoky pro biolistickou transformaci

Ziasobni roztok spermidinu
25, 5 mg spermidinu bylo rozpusténo v 1 ml destilované vody. Zasobni roztok (0,1 M)

byl uchovavan v mrazicim boxu.

Zasobni roztok G418
1g G418 byl rozpustén ve 20 ml destilované vody, sterilizovan pfes stiikackovy filtr
pomoci injek¢ni stiikacky a rozpipetovan do zkumavek o objemu 2 ml. Zasobni roztok

(50 mg/ml) byl uchovavan v mrazicim boxu.
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Priloha €. 2: pouzity material

Kultivaéni sklenicky s plastovymi vicky (Magenta)

Papirova naplast 3M (Micropore)

Petriho misky (Falcon)

Jamkov¢ kultivacni desky (lwaki)

Stiikackové fitry s velikosti port 22 um, material PVDF (Roth)
Papirové filtry s velikosti pora 2, 7 um (Merck millipore)
Erlenmayerovy baiiky o objemu 100ml a 25 ml (Pyrex)

Priloha ¢. 3: pouzité chemikalie
Tris- HCL (Duchefa)
EDTA (Duchefa)

NaCl (Lach — Ner)

NaOH (Lach — Ner)
NaCi12H25S04 (Serva)
CH3COOK (Penta)

MgSOs - 7H20 (Lach — Ner)
KH2PO4 (Lach- Ner)
KNOs (Lach — Ner)
FeSO4 - 7 H20 (Merck)
Ammonium tartrate (Fluka)
CuSOq4 - 5 H20 (Merck)
H3BO3(Penta)

CoClz - 6 H20 (Merck)
Na:MoOs - 2 H2O (Serva)
ZnS04 - TH20 (Merck)
MnClIz - 4 H20 (Sigma)

K1 (Serva)

CaCl (Serva)

D- gluko6za (Duchefa)
MgCl>(Penta)

Tris-base (Duchefa)
CH3COOH (Lachema)

56



CH3COONa (Lach — Ner)

Na;EDTA (Duchefa)

Na2HPOj4 (Penta)

KCI (Serva)

Sephadex (GE Healthcare)

Dimethylsulfoxid (Duchefa)

Bacto trypton (Duchefa)

Bacto yeast extract (Duchefa)

Bleomedac (Medac)

Geneticin sulfat (Gibco)

Methyl methansulfonat (Sigma)

2-Fluoroadenin (Sigma)

Spermidin trihydrochlorid (Sigma)

Primery (Sigma)

Agardza pro elektroforézu (Invitrogen)

Plant agar (Duchefa)

Ethanol denaturovany (P- lab)

Ethanol p.a. 96% (P-lab)

Restrik¢ni endonukleazy (Fermentas)

Restrikéni pufry (Fermentas)

DNeasy Plant Mini Kit (Qiagen)

KOD Hot Start DNA Polymeraza (Millipore/Novagen)
QIAquick gel extractionkit (Qiagen)

High Pure PCR Product Purification Kit (Roche)
Big Dye Terminator v 3.1 Cycle Sequencing Kit (Perkin-Elmer)

Priloha €. 4: pouzité pristroje

Homogenizator Ultra-turrax T 25(IKA, Némecko)

Dispergacni nastavec k homogenizatoru (IKA, Némecko)

Orbitalni tfepacka MS2 basic (IKA, Némecko)

Digitéalni kruhova tiepacka KS 501 (IKA, Némecko)

Orbitalni inkubator I0C.400.XX2.C (Sanyo Gallenkamp, Velka Britanie)
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Ttepacka thermomixer comfort (Eppendorf, Némecko)
Parni Sterilizator PS 20A (Chirana, Ceskoslovensko)
Spektrofotometr WPA Biowave Il (Biochrom)
Laminarni box biohazard tiidy II — typ EF/S 6 (Telstar, Nizozemsko)
Analyticka vaha AB204-S (Mettler Toledo, USA)
Inkubator B 12 (Heraeus, Némecko)

Sekvenator Prism 3130x1 (Applied biosystems, USA)
PCR thermocycler (Bio Rad, USA)

Elektroforetickd vana (Bio Rad, USA)

Zdroj pro elektroforézu Power Pack 300 (Bio Rad, USA)
Sestava na analyzu obrazu (Bio Rad, USA)

Kamera (Jenoptik, Némecko)

Termoblok TB1 (Biometra, Némecko)

UV crosslinker (Hoefer, USA)

Priloha €. 5: pouzity software
Program MacVector 12.7.5. (USA)

Program Clone Manager 9 (USA)
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The moss Physcomitrella patens is unique for the high frequency of homologous recombination, haploid state, and filamentous
growth during early stages of the vegetative growth, which makes it an excellent model plant to study DNA damage responses. We
used single cell gel electrophoresis (comet) assay to determine kinetics of response to Bleomycin induced DNA oxidative damage
and single and double strand breaks in wild type and mutant lig4 Physcomitrella lines. Moreover, APT gene when inactivated by
induced mutations was used as selectable marker to ascertain mutational background at nucleotide level by sequencing of the APT
locus. We show that extensive repair of DSBs occurs also in the absence of the functional LIG4, whereas repair of SSBs is seriously
compromised. From analysis of induced mutations we conclude that their accumulation rather than remaining lesions in DNA
and blocking progression through cell cycle is incompatible with normal plant growth and development and leads to sensitive

phenotype.

1. Introduction

Plants developed several strategies to protect integrity of their
genome against various environmental stresses. Common
denominator of most of them is oxidative stress mediated
by reactive oxygen species (ROS). The origin of ROS within
the cell could be a consequence of physical or chemical
genotoxic treatment, as well as byproduct of internal oxygen
metabolism often triggered by external stimuli as drought
and salinity. To be able to cope with oxidative stress we have
to assess all faces of this challenge for plants; in particular,
how it affects genetic material of the cells and how eventual
changes are temporarily or permanently expressed in plant
phenotype. This is why we need a flexible and robust model
system, which experimentally enables the use of reverse
genetics for genotoxic and biochemical studies. In this paper
we describe a novel system to be considered for genotoxicity
testing in plants.

The moss Physcomitrella patens is an emerging model
plant [1] with the following differences/advantages as com-
pared to other plant test systems: efficient homologous
recombination (enabling reverse genetics of virtually any
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gene), dominant haploid phase (enabling assessment of muta-
tion phenotype), small size plantlets colonies with a quick
and during early vegetative stage also filamentous growth,
easy cultivation in inorganic media and several options of
long term storage. Here we describe and validate a system of
small protonemata fragments with high fraction of apical cells
primarily developed for the purpose of genotoxicity testing.
However, these one-day-old protonemata could be used as a
substitute of protoplasts for other purposes, for example, for
moss transformation [2].

APT (adenine phosphoribosyltransferase) is an enzyme
of the purine salvage pathway that converts adenine into
AMP and its loss of function generates plants resistant to
adenine analogues, for example, 2-FA (2-Fluoroadenine) [3].
Mutational inactivation can be used as selectable marker for
mutator genotyping as well as analysis of mutations in APT
locus on nucleotide level [4-6].

This paper is an extension of our previous study of
Physcomitrella knockout mutants of a key MRN (MREI,
RAD50, and NBSI) complex [6] with a pleiotropic effect
on DSB repair in whole. We explore and validate the above
outlined moss model system for genotoxicity testing in



plants. We describe a parallel use of SCGE (single cell gel
electrophoresis, comet) assay for detection of DNA damage
and its repair and of APT assay with sequencing analysis of
mutants. On example of lig4, mutated in a key component
of nonhomologous DSB-end joining pathway (C-NHE]),
we show consequences of mis repair. For strengthening
the model concept we also present preliminary results of
pprad51AB sensitivity to genotoxin treatment and on ppku70
mutation rate.

2. Material and Methods

2.1. Plant Material. Physcomitrella patens (Hedw.) B.S.G.
“Gransden 2004” wild type and pplig4 were vegetatively prop-
agated as previously described [7]. The lig4 and ku70 mutants
of C-NHE] were generated by D. G. Schaefer, Neuchatel
University, Switzerland, and F. Nogue, INRA, Paris, France,
and kindly provided by F. Nogue. Detailed characteristic of
this mutant will be published elsewhere. Mutant in both
alleles of Physcomitrella RAD5I gene (pprad51AB, clone 721) is
described elsewhere [8] and was kindly provided by B. Reiss,
MPIZ, Cologne, Germany.

Individual plants were cultured as “spot inocula” on
BCD agar medium supplemented with ImM CaCl, and
5mM ammonium tartrate (BCDAT medium) or as lawns of
protonemal filaments by subculture of homogenized tissue
on BCDAT agar medium overlaid with cellophane in growth
chambers with 18/6 hours day/night cycle at 22/18°C.

One-day-old protonemal tissue for repair and muta-
tion experiments were prepared from one-week-old tissue
scraped from plates, suspended in 8 mL of BCD medium, and
sheared by a T25 homogenizer (IKA, Germany) at 10 000 rpm
for two I-minute cycles and let 24 hours to recover in cultiva-
tion chamber with gentle shaking at 100 rpm. This treatment
yielded suspension of 3-5 cell protonemata filaments, which
readily settle for recovery. Settled protonemata could be
handled without excessive losses by tweezers on glass Petri
plates.

2.2. Bleomycin Treatment and Sensitivity Assay. For treat-
ments was used Bleomycin sulphate supplied as Bleomedac
inj. (Medac, Hamburg, Germany). All solutions were pre-
pared fresh prior treatment from weighted substance in
BCDAT medium.

Protonemal growth was tested by inoculating explants
of wild type and 5 mutant lines onto 6 x 4 multiwell
plates organized to allow in line comparison of the effect of
increasing Bleomycin concentrations. The wells were filled
with 2mL of standard growth BCDAT agar medium without
or with 0.01, 0.1, and 1 g mL™" Bleomycin. The experiment
was carried in 3 independent replicas and monitored up to 3
weeks for growth of “spot inocula”

Treatment of one-day-old protonemata was performed
on glass 5cm Petri plates with the aid of bent tweezers to
handle tissue and pipettes to remove excess liquids. Opening
of yellow tips is generally small enough to avoid suction of
moss filaments when drawing majority of liquid from tissue
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prior blotting of collected tissue on filter paper to remove the
rest.

In dose-response and repair kinetic experiments, one-
day-old protonemata were after the Bleomycin treatment
thoroughly rinsed in water, blotted on filter paper, and either
flash-frozen in liquid N, (dose response and repair ¢t = 0)
or left to recover on plates in liquid BCDAT medium for the
indicated repair times, before being frozen in liquid N,.

For induction and regeneration of apt mutants one-day-
old protonemata were after Bleomycin treatment thoroughly
rinsed with H,O, suspended in 2mL of BCDAT medium,
and spread on cellophane overlaid BCDAT agar plates, which
were for selection supplemented with 2-FA (2-Fluoroadenine,
Sigma-Aldrich, cat. Nr. 535087) and further incubated in
growth chamber.

2.3. Detection of DNA Lesions. DNA single and double strand
breaks were detected by a SCGE assay using either alkaline
unwinding step A/N [9, 10] or fully neutral N/N protocol
[11,12] as previously described. In brief, approximately 100 mg
of frozen tissue was cut with a razor blade in 300 uL PBS
+ 10 mM EDTA on ice and released nuclei transferred into
Eppendorf tubes on ice. 70 uL of nuclear suspension was
dispersed in 280 L of melted 0.7% LMT agarose (GibcoBRL,
cat. Nr. 15510-027) at 40°C and four 80 uL aliquots were
immediately pipetted onto each of two coated microscope
slides (in duplicate per slide), covered with a 22 x 22 mm
cover slip and then chilled on ice for 1min to solidify the
agarose. After removal of cover slips, slides were immersed
in lysing solution (2.5 M NaCl, 10 mM Tris-HCI, 0. M EDTA,
and 1% N-lauroyl sarcosinate, pH 7.6) on ice for at least 1 hour
to dissolve cellular membranes and remove attached proteins.
The whole procedure from chopping tissue to placement
into lysing solution takes approximately 3 minutes. After
lysis, slides were either first incubated 10 minutes in 0.3 M
NaOH, 5mM EDTA, pH 13.5 solution to allow partially
unwind DNA double helix to reveal SSBs (A/N protocol) or
without unwinding step (N/N protocol) directly equilibrated
twice for 5 minutes in TBE electrophoresis buffer to remove
salts and detergents. Comet slides were then subjected to
electrophoresis at 1V cm™ (app. 12mA) for 3 minutes. After
electrophoresis, slides were placed for 5min in 70% EtOH,
5min in 96% EtOH, and air-dried.

Comets were viewed in epifluorescence with a Nikon
Eclipse 800 microscope stained with SYBR Gold (Molecular
Probes/Invitrogen, cat. Nr. S11494) according to manufacture
recommendation and evaluated by the LUCIA Comet cyto-
genetic software (LIM Inc., Czech Republic).

2.4. SCGE Assay Data Analysis. The fraction of DNA in
comet tails (% tail-DNA, % T DNA) was used as a measure
of DNA damage. Data for the wild type and the mutant
pplig4 line analysed in this study were obtained in at least
three independent experiments. In each experiment, the %
T DNA was measured at seven time points: 0, 5, 10, 20, 60,
180, and 360 min after the treatment and in control tissue
without treatment. Measurements included four independent
gel replicas of 25 evaluated comets totalled in at least 300
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comets analysed per experimental point. The percentage of
damage remaining as plotted on Figure 2(b) after given repair
time (¢,) is defined as

% damage remaining (t,)

mean % tail-DNA (t,) — mean % tail-DNA (control)

" mean % tail-DNA (t,) — mean % tail- DNA (control)
* 100.

@

Time-course repair data were analysed for one- or two-phase
decay kinetic by Prism v.5 program (GrafPad Software Inc.,

USA).

2.5. Isolation and Analysis of apt Mutants after Bleomycin
Treatment. Mutation rates were measured as the number
of apt mutants that appeared as green foci of regenerating
clones resistant to 2-FA (Figure 3). Treated protonemata were
first incubated approximately 3 weeks on plates with 2 or
3 mM 2-FA until first green foci start to emerge. Then whole
cellophane overlay was transferred to a new plate with 8 mM
2-FA and emerging clones were allowed to form colonies.
Stable clones were then counted.

Some clones were further propagated on plates with
8mM 2-FA and their APT locus was subsequently PCR
amplified and sequenced to identify the mutation(s) respon-
sible for the resistance. Approximately 100 mg of tissue was
used to isolate genomic DNA with DNeasy Plant Mini Kit
(Qiagen, cat. Nr. 69104) using “ball” mill Retsch MM301
to homogenize the tissue in 2 mL round bottom Eppendorf
tubes. APT locus was amplified from isolated genomic DNA
with KOD Hot Start DNA Polymerase (Millipore/Novagen,
cat. Nr. 71086), purified with the QIAquick PCR Purification
Kit (Qiagen, cat. Nr. 28104) and used as a template for
sequencing with BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, cat. Nr. 4337455). Locations of PCR
primers used for APT amplification and sequencing are
depicted on Supplementary Figure 2 and their sequences are
listed in Supplementary Table 1 (see Supplementary Material
available online at http://dx.doi.org/10.1155/2013/535049). To
keep sequencing cost down only half volume of the BigDye
Ready Reaction Mix was used in a standard sequencing
reaction and combined with the same volume of Half-Term-
Dye-Termination mixture (Sigma-Aldrich, cat. Nr. H1282).

2.6. Analysis of Sequencing Data. Sequences of each clone
obtained on genetic analyser Prism 3130x1 (Applied Biosys-
tems, USA) were stiched together with MacVector program
Assembler 12.75 (MacVector, USA) into contigs and aligned
to the latest annotated APT sequence Pplsll4124V6.1 in
the COSMOSS—the Physcomitrella patens resource database
(https://www.cosmoss.org/).

3. Results and Discussion

In all experiments a model Physcomitrella patens has been
used as one day recovered fragments of 3-5 cell size derived
from the lawn of growing protonema filaments by extensive
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ppmrell

ppligd  ppnbsl pprad51AB  pprad50

T

Bleomycin (ug/mL)

FIGURE 1: Sensitivity of the Physcomitrella patens repair mutants
mrell, ligd, nbsl, rad5IAB, and rad50 to chronic exposure of
Bleomycin. Physcomitrella explants were inoculated as “spot inoc-
ula” onto BCDAT-agar plates supplemented with 0, 0.01, 0.1, and
1ugmL™" Bleomycin and photographed 10 days after inoculation.

shearing. Such one-day-old protonemata represent a unique
system among plants to study plant tissue with up to 50%
of apical dividing cells. Convenient mechanical handling
enables quick processing of tissue after the treatment to
address short repair times and with fine tip tweezers also for
uniform spotting to test sensitivity. In this respect one-day-
old protonemata are preferred system to so far widely used
protoplasts, which could be collected only by centrifugation.
Another reason for using protonemata is possibility their
mechanical disintegration by razor blade chopping for rapid
release of nuclei for SCGE assay. In this way direct use of
protoplasts for comet assay is obstructed by nearly instant
regeneration of the cell wall within 4 hours after the release
from cellulase treatment (unpublished observation), because
cell wall prevents DNA movement from nuclei during elec-
trophoresis.

3.1 Sensitivity to Bleomycin Treatment. Moss wild type and
pplig4, mrell, nbsl, rad51AB, and rad50 [6, 8] mutant lines
were analysed for their sensitivity to radiomimetic Bleomycin
in chronic “survival” assay when test plates with various
concentrations of Bleomycin were inoculated with equal
tissue “spots” of one-day-old protonemata and incubated
up to 3 weeks (Figure1). Only rad5IAB and rad50 strains
displayed one order of a magnitude higher sensitivity in
comparison to other tested lines. The survival growth of
ppmrell is somehow in contradiction with pervious results
of Kamisugi et al. [6], but one has to realize different assay
conditions, for example, acute versus chronic exposure and
protoplast cells versus protonemata. In protonema tissue
under permanent genotoxic stress mrell express phenotype
similar to wild type, nbsl, and also lig4. One can speculate that
3" to 5" exonuclease and endonuclease activity associated with
MREI is dispensable for tissue survival, but proteins RAD50
and RAD51 supporting DNA structure are not. Kozak et al.
[12] previously showed crucial role of structural maintenance
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FIGURE 2: SSB and DSB repair kinetics determined by SCGE. One-day regenerated protonemal tissue from wild type and pplig4 lines was
treated with Bleomycin for 1h prior to nuclear extraction and the analysis. (a) Dose-response as the percentage of the free DNA moved by
electrophoresis into comet tail (% T DNA) at the indicated Bleomycin concentrations. DSBs were determined by N/N protocol: green: wild
type, blue: pplig4, whereas SSBs were determined by A/N protocol: red: wild type, dark purple: pplig4. (b) Repair kinetics is plotted as %
of DSBs remaining over the 0, 5, 10, 20, 60, 180, and 360 min period of repair recovery. Maximum damage is normalised as 100% at t = 0
for all lines. SSBs were induced by 1-hour treatment with 2 g mL™" Bleomycin; bright blue: wild type, dark blue: pplig4, and determined by
A/N protocol. DSBs were induced by I-hour treatment with 30 yg mL™" Bleomycin, green: wild type, orange: ppligd, and determined by N/N
protocol. (Error bars-standard error).
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FIGURE 3: Plates with 2-FA resistant foci of wild type Physcomitrella (a and b) and pplig4 (c) after 3 weeks of selection. (a) Untreated
Physcomitrella wild type, (b) 50 ug mL™" Bleomycin treated wild type protonemata for 2 hours, and (c) 5ugmL™" Bleomycin treated pplig4
protonemata for 1 hour prior being spread on plates with BCDAT medium supplemented with 2 4uM 2-FA and cultivated for 3 weeks.

of chromosome complex SMC5/6 in the repair of Bleomycin  3.2. Induction of DNA Lesions and Their Repair. Bleomycin,
induced DSBs. In this context RAD50s have similar structural ~ an ionizing radiation mimicking agent, functions as a catalyst
role in MRN complex as SMCs in the structure of the SMC5/6 ~ activated by interaction with DNA and attachment of Fe**
complex [13]. Both these complexes can function in tethering ~ to produce oxygen radicals leading to lesions as SSBs, DSBs,
of broken ends in close proximity. AP-sites, and damaged bases [14, 15], which all could be
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readily detected by SCGE [16]. DNA breaks and other lesions
converted to breaks lead to DNA fragmentation and nucleoid
unwinding allowing relaxed DNA to move in electric field
from nuclei out to form a “comet” like object in which
increased quantity of fragmented DNA in comet tail (% T
DNA) is proportional to breakage. DSBs are detected by an
N/N assay when pH of lysing and electrophoretic solutions is
kept under pH 10, whilst for the detection of SSBs DNA after
the lysis is allowed to unwind DNA double-helix in alkali [17]
to separate individual strands and expose their fragmentation
(A/N protocol [9]).

Bleomycin fragmentation of genomic DNA by induction
of SSBs and DSBs is documented on Figure 2(a). Ten times
higher efficiency to induce SSBs than DSBs is in agreement
with generally accepted ratio of 1:10, DSBs versus SSBs,
induced by ionizing radiation. Evidently this also applies for
Bleomycin treatment of Physcomitrella. The background level
of genomic DNA damage in wild type and pplig4 is similar,
between 20 and 25% T DNA, indicating that the repair defect
has no significant effect on natural levels of genomic DNA
fragmentation. Nevertheless, in comparison with wild type,
pplig4is vulnerable to Bleomycin induction of DSBs and SSBs.

In both wild type and pplig4 lines, the Bleomycin
induced DSBs are repaired with a rapid, biphasic kinetics
(Figure 2(b)). Half-lives of DSB survival 7, 1.5 min for wild
type and 2.5min for ppligd are similar to 7,;, 2.9 min for
pprads0, 7,;, 4.1 min for ppmrell, and 7y, 1.9 min for ppnbsl
previously reported in [6].

Contrary to DSBs, SSBs are repaired far less efficiently.
Slow SSB repair might be common feature of plants since
Dona et al. [18] recently observed similar phenomenon in
Medicago truncata cell culture irradiated with different doses
of y-ray. The SSB repair kinetic in wild type Physcomitrella
is clearly biphasic and in this respect parallels repair of
MMS induced SSBs in Arabidopsis [19]. In comparison to
DSBs, substantially smaller fraction of SSBs is repaired with
fast kinetics; the defect even more manifested in pplig4.
It suggests an important role for LIG4 in the repair of
DNA lesions like modified basis, AP sites that are usually
detected as SSBs and are repaired via BER (base excision
repair). It is noteworthy that LIG3, the ligase finishing BER
pathway, is not represented in plants. We showed earlier
that principal substitute for LIG3 in Arabidopsis is LIG1 [19].
The repair kinetic of MMS induced SSBs in atligl posed an
exceptional route. After the treatment the number of breaks
continues to increase during the first hour of repair and after
3 hours returns to the level at the end of treatment. Then
repair continues similarly as in the wild type (see Figure 4

n [19]). Because atligl is an RNAi line with only 40% of
remaining LIGI activity, such repair course is a consequence
of unbalanced BER due to attenuated ligation step. Evidently
the knockout mutation in pplig4 does not have such severe
effect on repair of SSBs; nevertheless, the defect clearly shows
that LIG4 is also involved in the repair of SSBs in plants.

3.3. Induction and Analysis of apt Mutants. The mutator
phenotype was assessed as the loss of function of the APT
gene [4] due to presence or error prone repair of endogenous
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DNA damage in the wild-type moss and lig4, mrell, and rad50
repair mutant lines.

We found dramatic, over two orders of magnitude,
variation of mutator phenotype in response to mutagenic
treatment. While wild type Physcomitrella with low mutator
phenotype needed 2 hours and 50 ug mL™" Bleomycin treat-
ment to induce any apt clone, in pprad50 with high mutator
phenotype 1 hour treatment with only 0.1 yg mL™" Bleomycin
was enough for massive induction of apt clones. Other lines,
pplig4 and ppmrell, assumed as having “moderate” mutator
phenotype, were mutagenized either with 5 or, respectively,
lugmL™" Bleomycin for 1 hour. Mutagenesis and clone
selection in Physcomitrella wild type and pplig4 is depicted
on Figure 3. For comparison we normalised the yield of 2-
FA resistant clones to 1 ug mL™! Bleomycin treatment per 1g
dry tissue weight in each line as “relative number of ppapts”
The values of these normalised yields range from 9 in wild
type to 875 for pprad50 (see Supplementary Figure 1 where
are plotted summarized results of Bleomycin mutagenesis in
Physcomitrella wild type and lig4, ku70, rad50, mrell, and nbsl
mutants).

Randomly picked apt clones from selection plates were
further propagated on 2-FA media to provide enough mate-
rial for isolation of genomic DNA and sequencing analysis
of APT locus. Results of sequencing analysis are pictured in
Figure 4 and detailed annotations of identified mutations are
summarized in Supplementary Table 2. In total were analysed
5 clones of Physcomitrella wild type, 4 clones of pplig4, 3
clones of ppmrell, and 6 clones of pprad50 and identified 48
mutations. Mutations were according to assumed mechanism
of formation classified as reversions, single base insertion or
deletion, and insertions or deletions larger than 2 bases either
in coding (exons) or noncoding regions of APT locus.

Most of the identified mutations are as expected localised
within CDS, in particular within exon 4 that is annotated as
coding for adenine salvage activity (see Figure 4). Neverthe-
less, in wt:1, ligd:1, lig4:2, and mrell:6 apt clones, mutations
were identified only in the noncoding region and their con-
tribution to mutated APT phenotype has to be established.
Majority of mutations in CDS are point mutations (base
substitution, single base insertions, and deletions) and it is
difficult to dissect the route of their formation. Some of single
base deletions could come from classical or altered NHE]
repair of DSBs [20], but more likely they represent along with
other point mutations outcome of processing base oxidative
damage. Interesting point is that only single base insertions
were identified in APT CDS of pplig4. Insertion of extra base
might imply defect in BER repair of oxidative damage in the
absence of LIG4 and could be associated with defective repair
of SSBs in pplig4.

Long deletions are clearly associated with NHE] repair
of DSBs, because, besides one rather short (8 bp) deletion
in wt:3 clone, all appear in clones derived from mrell and
rad50 background. This supports our working hypothesis
that MRN-unsupervised repair generates more severe forms
of genomic damage [6].

Only one 4 base insertion was identified in noncoding
region of wt:2.



BioMed Research International

rad50:3
rad50:4
rad50:3
wt:6, wt:1
rad50:7 rad50:4 wt:2 rad50:1
wt:5 lig4:3 wt:2 mrell:4
rad50:4 rad50:4
ATG  rad50:4 radoig wt:2
TATA rad50+4 rad50:4
CAAT lig4:1 de()::é:t rad50:4 || wt:2 wt:2 mrell:6
‘ ligd:3 rad50:4 wt:2 wt:2
N 1
T |_‘1/ T 2 ‘ 8 T
500 1000 15001 3000 3500
mrell:1 ‘ ‘ rad50:7 rad50:1
mrell:1 ‘
wt:l  wt:3 D wt:2
rad50:3
wt:6
rad50:2
rad50:2
rad50:7 ‘
rad50:4
rad50:4
mdl()ﬁ

FIGURE 4: Map of identified mutations within APT locus. Bleomycin induced mutations are identified by color (blue: substitutions, green:
insertions, and red: deletions) and tagged according to background as wt, lig4, mrell, and rad50 and the number of line in which mutation was
detected. Deletions are shown as boxes of size proportional to their length. On the locus map are depicted 500 nucleotide size markers and
eight turquoise hollow arrows representing exons of APT CDS. Detailed description of each mutation is provided in Supplementary Table 2.

4. Conclusions

We validated the use of regenerating one-day-old protone-
mal tissue of Physcomitrella patens for complex analysis of
genotoxic stress by parallel study of DNA damage, its repair,
and mutagenic consequences in wild type and lig4 mutant
plants. From experimental point of view we developed a novel
model system where 3-5 cell protonemata filaments with up
to 50% of apical cells can substitute and surplus protoplasts
use. Bleomycin was used to model DNA oxidative genotoxic
stress with all its consequences as SSBs and DSBs, which
can be followed by SCGE. We confirmed in Physcomitrella
as previously in Arabidopsis rapid DSB repair even in the
absence of LIG4, the key ligase of major DSB repair pathway
by NHE] mechanism [12]. Moreover, we showed crucial role
of LIG4 in the repair of SSBs by BER mechanism, where it
can substitute along with LIGI [19] in plants missing LIG3.
We selected and analysed by sequencing 2-FA resistant clones
with Bleomycin mutated APT locus and found out that
mutation spectra of lig4 mutant reflects rather the defect of
SSB than DSB repair. Nevertheless, as previously described
[6], we interpret that mutations due to the error prone
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repair in pplig4 rather than unrepaired lesions within DNA
and interfering with progression through the cell cycle are
responsible for pplig4 sensitive phenotype.

Abbreviations

A/N:  Comet assay with alkaline unwinding step

AP: Apurinic/apyrimidinic (site)
APT:  Adenine phosphoribosyltransferase
BER:  Base excision repair

CDS:  Coding DNA sequence
DSB(s): DNA double-strand break(s)
2-FA:  2-Fluoroadenine

HR:  Homologous recombination
MMS: Methyl methanesulfonate
NHE]: Nonhomologous end joining
N/N:  Neutral comet assay

ROS:  Reactive oxygen species
SCGE: Comet assay

SSB(s): DNA single-strand break(s)
Ty, Halflife.
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We tested an idea that induced mutagenesis due to unrepaired DNA lesions, here the UV photoproducts,
underlies the impact of UVB irradiation on plant phenotype. For this purpose we used protonemal
culture of the moss Physcomitrella patens with 50% of apical cells, which mimics actively growing tissue,
the most vulnerable stage for the induction of mutations. We measured the UVB mutation rate of various
moss lines with defects in DNA repair (pplig4, ppku70, pprad50, ppmre11), and in selected clones resistant
to 2-Fluoroadenine, which were mutated in the adenosine phosphotrasferase gene (APT), we analysed
induced mutations by sequencing. In parallel we followed DNA break repair and removal of cyclobutane
pyrimidine dimers with a half-life 7 = 4 h 14 min determined by comet assay combined with UV dimer
specific T4 endonuclease V. We show that UVB induces massive, sequence specific, error-prone bypass
repair that is responsible for a high mutation rate owing to relatively slow, though error-free, removal of

photoproducts by nucleotide excision repair (NER).

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

The majority of UVB photoproducts, pyrimidine dimers (CPD)
and pyrimidine(6—4)pyrimidinone dimers (6—4 PP), are removed
in plants by blue light (320—450 nm) induced direct dimer reversal
with photolyases specific for CPDs as well as 6—4 PP (Britt, 1995).
Light repair is efficient and error free, nevertheless half-life of CPDs
removal is about 1 h (Pang and Hays, 1991) and for complete
elimination of 6-4PPs are needed at least 2 h (Waterworth et al,,
2002; Chen et al, 1994), during which other mechanisms can
take place. In contrast to photoreactivation, dark repair pathways
do not directly reverse DNA damage, but instead replace the
damaged DNA with new, undamaged nucleotides. There are
recognized to be two possible mechanisms relying either on exci-
sion of dimers or on their tolerance by trans-lesion synthesis, of
which replicative polymerases are also capable (Rabkin et al., 1983).
CPDs and 6—4 PP are recognized and removed due to their “bulky”
distortion of the DNA double helix by nucleotide excision repair
(NER), a repair mechanism able to cope with a broad spectrum of

Abbreviations: AJN, comet assay protocol with alkaline unwinding step; APT,
adenine phosphotrasnferase; BER, base excision repair; CPD, cyclobutyl pyrimidine
dimer; 2FA, 2-Fluoroadenin; NER, nucleotide excision repair; N/N, neutral comet
assay; 6—4 PP, pyrimidine(6—4)pyrimidinone dimer; SSB, DNA single strand break;
1, half-life; T4EndoV, T4 Endonuclease V.

* Corresponding author.
E-mail address: karel.angelis@gmail.com (K.J. Angelis).

http://dx.doi.org/10.1016/j.plaphy.2014.12.013
0981-9428/© 2014 Elsevier Masson SAS. All rights reserved.

DNA lesions that disturb the conformation of DNA, by error-free
replacement of the DNA strand containing the lesion in a range of
2—4 helical turns (20—40 nucleotides) by a newly synthesized
patch. Both photoreactivation and NER are error free, and so we
asked which mechanism underlay the generally observed high
mutagenic as well as severe carcinogenic risk caused by UV irra-
diation. The most relevant form of UV for the induction of biological
effects is UVB, since UVC hardly penetrates the Earth's atmosphere.
In the present research we used a recently-described approach
employing regenerating one-day-old protonemal tissue of Phys-
comitrella patens (Hola et al., 2013) for complex analysis of UVB
genotoxic stress in laboratory conditions by parallel study of DNA
damage, its repair and its mutagenic consequences in wild type and
pplig4, pprad50, ppmre11, ppku70 mutants, to ascertain the nature of
observed high rates of UV mutagenesis.

2. Materials and methods

Detailed description of Materials and Methods is in Appendix A.
2.1. Plant material

P. patens (Hedw.) B.S.G. “Gransden 2004"wild type and pplig4,
pprad50, ppmrell were described previously (Hola et al., 2013;
Kamisugi et al., 2012) along with cultivation and treatment con-

ditions. The ppku70 mutant in the canonical non-homologous DSB
repair pathway (C-NHE]) was generated and kindly provided by D.

(2014), http://dx.doi.org/10.1016/j.plaphy.2014.12.013

Please cite this article in press as: Hold, M., et al., Mutagenesis during plant responses to UVB radiation, Plant Physiology and Biochemistry

66



2 M. Hola et al. / Plant Physiology and Biochemistry xxx (2014) 1-5

G. Schaefer, Neuchatel University, Switzerland.
2.2. UV and Bleomycin treatment

Laboratory broadband UVB irradiation was carried in a Hoefer
UV crosslinker with the unwanted UVC fraction filtered out by a
cellulose acetate sheet (Britt et al., 1993) overlaying samples and a
crosslinker UV gauge (Figure A.2). Insertion of the sheet increased
by about 20% the time needed for the crosslinker to achieve the set
irradiation dose; e.g. from 40 to 50 s to deliver dose 3 k] m~2. To
block light repair, irradiation and recovery cultivation were per-
formed in dark and collection and freezing of samples under red
light in a darkroom. In mutation experiments, samples were kept in
the dark for 24 h after irradiation to allow induction of mutations.

Bleomedac inj. (Medac, Hamburg, Germany) was used for
Bleomycin treatment as previously described (Hola et al., 2013).

All studies were performed with protonemata 1 day following
homogenisation, having approximately 50% of actively dividing
cells (Fig. A.1).

2.3. Detection of DNA lesions

DNA single strand breaks (SSBs) were detected by an A/N comet
assay using neutral protocol with an alkaline unwinding step
(Angelis et al., 1999; Menke et al., 2001; Olive and Banath, 2006).
For specific detection of CPDs, T4 endonuclease V (T4EndoV)
digestion step was included in the protocol after cell lysis. T4EndoV
enzyme was prepared as a crude lysate from overexpressing bac-
teria (Collins, 2011; Valerie et al., 1985). Thirty minutes digestion of
nuclear DNA of cells irradiated by 3 k] m~2 with T4EndoV diluted
1:500 at room temperature generated app. 95% DNA fragmentation
(Fig. A.3). Without T4EndoV treatment, the fraction of fragmented
DNA in comet tails increased after irradiation only to 10% from 1 to
2 % of background value.

Comets on slides were stained with SYBR Gold (Molecular
Probes/Invitrogen), viewed in epifluorescence with a Nikon Eclipse
800 microscope and captured and evaluated by the LUCIA Comet
cytogenetic software (LIM Inc., Czech Republic).

2.4. Analysis of comet assay data

The fraction of fragmented DNA in comet tails (% T DNA) was
used as a measure of DNA damage, nevertheless for an easy com-
parison of SSBs and CPDs repair kinetics, comet data are rather
expressed as % of remaining damage, where damage after UV
irradiation at t = 0 is set 100% for both lesions (Eq. (A.1)).

Data in this study were obtained in at least three independent
experiments. Measurements of blind-labelled comet slides
included 25 evaluated comets of four independent gel replicas in
each experiment that totalled at least 300 comets analysed per
experimental point. Time-course data were analysed for one-phase
decay kinetics by Prism v.5 program (GrafPad Software Inc., USA).

2.5. Isolation and analysis of APT mutants

The dose 500 ] m 2 was used to induce mutations in APT. After
irradiation, samples were kept in darkness for 24 h to block light
repair and generate mutations. Mutation rates were measured as
the number of APT mutants that appeared as green foci of regen-
erating clones resistant to 2-Fluoroadenine (2FA). Treated proto-
nemata were cultivated on plates with 8 uM 2FA and emerging foci
were allowed to form colonies. Stable clones were then counted.
Randomly selected clones were further propagated and their APT
locus was PCR amplified and sequenced to identify the mutation(s)
responsible for resistance. Details of mutant analysis are in

Appendix Figure A.4 and Table A.1.

3. Results and discussion
3.1. Repair of UVB induced lesions

Repair of CPDs and 6-4PPs by excision NER pathway proceeds in
four steps: Recognition of distorted DNA double helix by a “bulky”
lesion, incision of the DNA strand on both sides of a lesion, filling
the gap by DNA repair synthesis and religation of a newly synthe-
sized patch.

DNA breaks formed during the incision step of dimer repair can
be followed as SSBs by the A/N comet assay because they lead to
fragmentation of nuclear DNA. Kinetics of formation and removal of
SSBs during repair is plotted in Fig. 1 (open circles). Data are
expressed as % of remaining damage, with damage after UV irra-
diation at t = 0 set to 100%. An increased number of SSBs due to NER
is observed during period of approximately 6 h, with a peak at 1 h,
when the number of breaks nearly doubles and is then followed by
a gradual decrease, indicating saturation of repair capacity after 1 h
and steady-state progression of repair afterwards. After 6 h the
level of SSBs is the same as immediately after UV irradiation.

Removal of CPDs from nuclear DNA was followed after their
conversion to SSBs by digestion of nuclei already embedded on
comet slides with the CPD specific endonuclease T4EndoV prior to
DNA unwinding and electrophoresis. TAEndoV has two associated
enzyme activities: pyrimidine dimer glycosylase cleaving the
glycosyl bond of the 5'-pyrimidine of CPD and AP-endonuclease
cleaving the phosphodiester bond at a glycosylase-generated AP
site. The kinetics of CPD removal in P. patens follows first order
kinetics with an estimated half-life 7 = 4 h 14 min (Fig. 1, closed
circles). As reported in Arabidopsis, CPD dark repair is several times
slower than light repair and this might be true also in P. patens (Britt
et al.,, 1993).
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Fig. 1. The repair kinetics of SSBs and CPDs induced by 3 k] m~2 UVB irradiation. Both
SSBs and CPDs were determined in the same sample from which comet slides were
prepared and processed either with or without the T4EndoV digestion step. Data are
expressed as % of remaining damage, when damage after irradiation t = 0 is set to
100%. The number of SSBs first increases as a consequence of NER incisions, reaching a
maximum after 1 h and then as NER proceeds their number decreases (opened circles).
The number of induced CPDs gradually decreases from ¢ = 0 following first order ki-
netics with a CPD half-life 7 = 4 h 14 min (closed circles).
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3.2. UVB mutagenesis

Slow dark NER repair of UV dimers opens the possibility for their
eventual, more rapid error-prone repair or any other error-prone
tolerance mechanism that might underlie observed UV mutage-
nicity. For this reason we decided to detect mutagenesis endpoints
as changes at the DNA sequence level.

Mutations in genes of nucleotide metabolism like APT confer
resistance to halogenated bases like 2FA, which, when utilized by
cell metabolism are toxic. This feature is used as a positive selection
marker for identification of mutants. PCR amplification of the
mutated gene DNA and its sequence analysis provides a description
of the acquired mutations and gives an insight into how they
occurred.

Firstly we examined the number of regenerating APT mutants in
P. patens wild type and pprad50, ppmrell, pplig4 and ppku70 mu-
tants, appearing spontaneously or induced by 500 m~2 UVB, 1 mM
MMS and 1 pg mL~! Bleomycin and normalized the count to 1 g of
dry tissue weight. Results are summarized in Fig. 2 (partial results
of Bleomycin mutagenesis were previously published in (Hola et al.,
2013; Kamisugi et al,, 2012)). UV mutagenesis proved to be effective
in the wt and repair mutants studied. Aside from an exceptional
and enigmatic role of RAD50 in UV mutagenesis, we can speculate
about the higher rate of UV mutagenesis in the pplig4 background.
Hola et al. (Hola et al., 2013) described a repair defect of oxidative
damage by base excision repair (BER) and showed that LIG4,
perhaps along with LIG1 (Waterworth et al., 2009) could substitute
in plants that lacked LIG3 in this pathway. If we assume that
absence of LIG4 abolishes the active error free BER pathway, then
any error-prone repair or bypass of UV induced dimers becomes
more relevant and could contribute to higher rates of mutagenesis.
This is an interesting point, because BER repair of CPDs in plants
was never previously seriously considered (Britt, 1995) regardless
of the fact that this mechanism is active in bacteria (bacteriophage
T4EndoV used in this study for detection of CPDs is an example) and
perhaps also in other organisms.

3.3. Sequence analysis of UVB induced mutations

For detailed analysis of induced mutations we picked at random
clones from mutation experiments and after their propagation
isolated DNA and sequenced the APT locus. In all sequenced APT
mutants we found mainly cytosine to thymine transitions (Table 1)

1000
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400

induced apt- mutants

200
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|

wt pplig4

M

ppku70

that are typically formed after UV irradiation generating nearly
exclusively pyrimidine dimers, but that rarely occur after other type
of treatment like Bleomycin. UVB and Bleomycin induced muta-
tions are summarized in Table B.1.

The production of mutations by agents that block DNA synthe-
sis, such as CPDs, requires that there should be a mechanism to
bypass the lesion so that the cell can remain viable even if the lesion
is not removed. Trans-dimer bypass involves two steps: addition of
a base opposite the damaged site and subsequent synthesis past the
lesion. Error-prone bypass of CPD not compensated by removal of
CPDs is responsible for a high mutation rate. The tendency to insert
adenine opposite the first pyrimidine (and presumably also oppo-
site the second) means that a large proportion of mutations will be
“lost” because of insertion of the “correct” base, because thymine is
the most frequent pyrimidine in dimers. Also, transitions should be
more frequent than transversions because of the preference for
purine insertions opposite pyrimidines (Rabkin et al., 1983). The
high UV mutation rates indicate that in P. patens the error-prone
bypass is very frequent and efficient on CPDs and on 6—4PPs that
have not been removed by photolyases or by NER. This is also
manifested by exclusive localization of UV induced transitions
within exons 3, 4 and 5 in contrast to far more dispersed distri-
bution of Bleomycin mutations (Fig. 3) that range from transitions/
transversions, small (=2 bp) deletions or insertions to large de-
letions up to 748 bp (Table B.1).

In our study we used artificial laboratory conditions (total dark
or red light illumination) to dissect dark repair during dimer repair
or 24-h fixation of mutations. Nevertheless in the real world under
the daylight, when source of UV is sunshine, there is still approxi-
mately a 2-h window between induction of dimers by UV irradia-
tion, before their elimination by light repair (Waterworth et al.,
2002; Chen et al., 1994). NER is even slower than photoreactiva-
tion and thus cannot significantly contribute to offset consequences
of quick error-prone repair. Moreover bypass is independent on the
repair mechanism tested here by studying moss repair mutants and
is solely dependent on ongoing DNA synthesis during irradiation.
This is why we were able to follow the consequences of UV irra-
diation in a 1 day-subcultured protonemal culture with 50% of cells
active in mitosis.

4. Summary

In actively dividing, apical plant cells, exposure to UVB induce

BBLM

Buve

BMMS

B spont

ppmrell

pprads0

Fig. 2. Relative numbers of 2FA resistant mutants of Physcomitrella patens wild type and pprad50, ppmre11, pplig4 and ppku70, differentiated into spontaneously appearing mutants
and mutants induced by 500 ] m~2 UVB, 1 mM MMS and 1 ug mL~" Bleomycin respectively. The number of detected APT mutants is normalised to 1 g of dry tissue weight.

(2014), http://dx.doi.org/10.1016/j.plaphy.2014.12.013

Please cite this article in press as: Hold, M., et al., Mutagenesis during plant responses to UVB radiation, Plant Physiology and Biochemistry

68



4

Table 1

M. Hola et al. / Plant Physiology and Biochemistry xxx (2014) 1-5

Mutations induced by UVB irradiation within the APT locus of wt, pprad50, ppmre11, pplig4 and ppku70. The observed spectra of induced mutations are principally base-

—substitution transitions.

Mutant line Noncoding parts Exons
APT mutant Deletion Insertion Substitution Deletion Substitution
WT uvb3 A(3199) TCCA — T(1369)
uvb25 AGGT — T(2351)
pprad50 uvb2 TTGA — A(1809)
uvh23 TCCA — TT(1894)
uvh29 ACCA — T(1650)
ppmrell uvb3 GCTC — T(1813)
uvb5 TCCA — T(1893)
ppligd uvb4 TCCA — T(1369) CCGA — A(1576)
uvb5 GCCA — T(1834)
uvb20 A(643)
ppku70 uvb1 TCCA — TT(1368)
mre11:uvb3
rad50:uvb29
rad50:uvb2
ligd:uvb4 mre11:uvb5
wt:uvb3 wtiuvb25
lig4:uvb4
ku70:uvb1 rad50:uvb23 lig4:uvb5
ATG
ligd:uvb20 ku70:uvb1 ligd:uvb5 rad50:uvb23 ligd:uvb5
T \ 1 LLLI T i T k \(
400 ‘SUG/ 1 1600 *| 2000 [V2400 || 280 3200 3600
mre11:bim1 | rac!|é|(!!blm4 rad50:bim4 m|re|1|1 :bim1 lig4:blm2
rad50:bIm7 rad50:bim4
rad50:bim4 mre11:blm4 mre11:bim9
mre11:bim1 || rad50:blm2 rad50:bim1 | “rad50:bim11
rad50:bim4 mre11:blmé
rad50:bim4 ligd-blma
rad50:bim4 ku70:blm3
rad50:blm7 rad50:bim4
rad50:bim4
wt:bim16 N
wtbim16 rad50:blm4
rad50:bimd
wtblm15 m ‘ |
rad50:blm7 ‘
rad50:blm2
rad50:bim3
rad50:bim3
rad50:bim3

JJ rad50:bim2

llig4:blm1 rad50:bim5

Fig. 3. Map of UVB and Bleomycin induced mutations within the APT locus. UVB induced mutations are depicted above and Bleomycin mutations below the schematic drawing of
the APT locus, with ATG translation start indicated and exons represented as arrows. Mutation types for UVB are generally base substitutions, predominantly transitions in coding
regions (Table 1 and Table B.1), whereas Bleomycin induces broad spectra of mutations from base substitutions of both types (transitions and transversions), insertions to deletions,
in particular long deletions in pprad50 and ppmre11 (Table B.1).

robust mutagenesis via error-prone CPDs and 6-4PPs bypass DNA
synthesis. Mutagenic activity is limited to DNA replication within
dividing cells. When a mutated cell is not eliminated and mutation
is tolerated during further plant development, then due to the
clonal character of plant tissue it can initiate a change of phenotype

(with or without external selection pressure). These changes do not
need to be recognized as consequence of induced mutation, but
rather considered as physiological effect of UVB. In this respect we
proved the idea that induced mutagenesis due to unrepaired UV
photoproducts could underlie the mechanism of UV impact on
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plant phenotype.
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Abstract A comparative approach in biology is needed
to assess the universality of rules governing this discipline.
In plant telomere research, most of the key principles were
established based on studies in only single model plant,
Arabidopsis thaliana. These principles include the absence
of telomere shortening during plant development and the
corresponding activity of telomerase in dividing (meristem)
plant cells. Here we examine these principles in Physcom-
itrella patens as a representative of lower plants. To follow
telomerase expression, we first characterize the gene coding
for the telomerase reverse transcriptase subunit PpTERT in
P. patens, for which only incomplete prediction has been
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available so far. In protonema cultures of P. patens, grow-
ing by filament apical cell division, the proportion of apical
(dividing) cells was quantified and telomere length, telom-
erase expression and activity were determined. Our results
show telomere stability and demonstrate proportionality of
telomerase activity and expression with the number of api-
cal cells. In addition, we analyze telomere maintenance in
mrel l, rad50, nbsl, ku70 and lig4 mutants of P. patens and
compare the impact of these mutations in double-strand-
break (DSB) repair pathways with earlier observations in
corresponding A. thaliana mutants. Telomere phenotypes
are absent and DSB repair kinetics is not affected in P. pat-
ens mutants for DSB factors involved in non-homologous
end joining (NHEJ). This is compliant with the overall
dominance of homologous recombination over NHEJ path-
ways in the moss, contrary to the inverse situation in flow-
ering plants.

Keywords Physcomitrella patens - Telomere
maintenance - Telomerase - PpTERT structure - DSB repair
mutants

Introduction

Telomeres are the conserved terminal domains of linear
chromosomes, which are essential for protection of chro-
mosome integrity. Telomeres are chromatin structures and
as such they are formed by telomeric DNA and numerous
protein components (reviewed in Fajkus et al. 2005). Tel-
omeres serve multiple roles, but their fundamental func-
tions include demarcation of natural chromosome ends
to distinguish them from unrepaired chromosome breaks
and prevent telomeres from unwanted repair (the so called
end-protection problem) (de Lange 2009). Failure in this
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function results in chromosome fusions and subsequent
genome instability [breakage—fusion—bridge cycle, BFB
(McClintock 1941)]. This function is dependent on spe-
cific telomeric proteins, as well as the protective second-
ary structures (such as G-quadruplexes or t-loops) of telo-
meric DNA itself (de Lange 2009). The second major role
of telomeres is to solve the end-replication problem, i.e. to
ensure stable maintenance of themselves, as the conven-
tional semiconservative replication is not able to replicate
completely the 3’-end of the parental DNA strand synthe-
sized by lagging strand synthesis (Olovnikov 1971). The
most common mechanism to counteract this replicative
telomere shortening is telomere elongation by a specific
ribonucleoprotein complex called telomerase (Greider and
Blackburn 1985, 1987). Telomerase replenishes telomeres
by a reverse transcription mechanism using its catalytic
protein subunit (Telomerase Reverse Transcriptase, TERT)
and template RNA subunit (Telomerase RNA, TR) (Grei-
der and Blackburn 1989) for synthesis of tandem repeats
of T,AyG, units as TTAGGG in vertebrates or TTTAGGG
in most land plants and algae (Sykorova et al. 2003b; Ful-
neckova et al. 2013).

Telomere and telomerase functions are highly con-
served among yeasts, protozoans, plants and animals,
although exceptions were described which show a tel-
omere sequence different from its phylogenetic position
(Sykorova et al. 2003a, b) or even a different (telomerase-
independent) mechanism of telomere synthesis (Pich et al.
1996; Sykorova et al. 2006a). In plants, telomere biology
has been studied mostly in classical model species such as
Arabidopsis thaliana or Nicotiana tabacum (Fajkus et al.
1995, 1996; Fitzgerald et al. 1996) and compared to flow-
ering plants, much less information is available in lower
plants like moss and algae species (Suzuki 2004; Shakirov
et al. 2010; Fulneckova et al. 2012, 2013).

Physcomitrella patens is a species of moss (bryophytes)
which is a basal lineage of land plants, having diverged
before the acquisition of well-developed vasculature
(Fig. 1f). As the oldest living branch in land plant evolution,
it stands in an important phylogenetic position for compar-
ative studies to illuminate the evolution of the mechanisms
behind the complexity of modern plants, including model
organisms, such as Arabidopsis, and crop plants (Rensing
et al. 2008). The body plans of all land plants are shaped
through the actions of apical meristems, tissues composed
of self-renewing stem cells that provide daughter cells for
subsequent differentiation (Graham et al. 2000; Friml et al.
2006; Benkova et al. 2009) and some common pathways
of apical meristem regulation may be conserved between
ancestral plants and present day mosses (Prigge and Beza-
nilla 2010; Viaene et al. 2014).

Unlike its 450 million years younger land plant rela-
tives, Physcomitrella is one of a few known multicellular
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Fig. 1 PpTERT protein, gene, expression and mRNA splicing vari-p
ants. a, b The Physcomitrella (Bryophytes) telomerase reverse tran-
scriptase (TERT) subunit comprises conserved N-terminal telomerase
specific regions [T2(GQ), NLS, CP, QFP, T] and reverse transcriptase
motifs (1, 2, A-E) similar to other TERTSs. The predicted PpTERT
coding DNA sequence (b) from the start (ATG) to the stop (f)
codon was revised and detailed analysis of cloned cDNA sequences
(¢) confirmed the existence of 12 exons in the PpTERT gene and a
high number of splicing events leading mostly to out-of-frame vari-
ants with premature stop codons. Detailed RT-PCR analysis (primer
positions shown in b) and sequencing of purified RT-PCR products
(representative combinations obtained in RNA from 7 day protone-
mata shown in d) demonstrated the major splicing pattern in the exon
1-4 region (1-10Fw and 4-5Rev primers) which confirms data from
all cloned cDNA sequences. In addition, the presence of two abun-
dant mRNA variants corresponding to the in-frame representative
clone 21-3 and the out-of-frame representative clone X1-31 (com-
pare primer combination 6-10Fw and 9-1Rev in d) was revealed
during protonema development (e). The major splicing variant of the
3'region is represented by the in-frame clone 56-35. Besides that,
a low abundance of the out-of-frame variant 56-33 was observed
(10-2Fw and 11-5Rev primers, shown in d). Phylogeny position of
Physcomitrella (f) as a basal plant lineage indicates that its 12 exon
TERT structure as ancestral to plant telomerase TERT genes. An over-
view of land plant phylogeny including the relationship among major
lineages of angiosperms was adapted and modified from (Albert
et al. 2013) (scientific names in parentheses). a Aligned sequences
(phylogeny relationship shown in f) were (i) experimentally verified
TERT sequences from Arabidopsis (Genbank AADS54276.1), rice
(Oryza sativa, AAM21641.1), Doryanthes excelsa (AAX19887.1),
Scilla peruviana (both Asparagales, AAX21217.1); (ii) transcrip-
tome isotig from fern (Lygodium japonicum, isotig24217, http://
bioinf.mind.meiji.ac.jp/kanikusa/) (iii) predicted TERT sequences
from green alga (Micromonas sp. RCC299, Mamiellales, Gen-
bank XP_002505190.1), sacred lotus (Nelumbo nucifera, Proteales,
Genbank XP_010257254.1); (iv) revised TERT prediction from
Amborella trichopoda (basal Magnoliophyta, AmTr_v1.0_scaf-
fold00007, NW_006498404) and Selaginella moellendorffii (Lyco-
podiidae, SELMOscaffold_16, NW_003314277). b Positions of tel-
omerase specific motifs are highlighted in the PpTERT protein and
predicted coding DNA sequence. ¢ Cloned cDNA sequences (clone
names on right with the number of corresponding sequenced clones
given in brackets) show usage of the alternative splice donor sites
(gc.., ct..), and a high number of splicing events either corresponding
(black) or not corresponding (grey) to predicted exon—intron borders
illustrated in part (b). The alternative splice donor site in exon 6 (*)
was found in two clones and it differs in three nucleotides from the
major splice site

organisms with a highly efficient system of homologous
recombination (Schaefer 2002; Kamisugi et al. 2006). Con-
sequently, gene targeting in Physcomitrella is five orders
of magnitude more efficient than in angiosperms and two
orders of magnitude more efficient than in mouse embry-
onic stem cells, thus being comparable with that observed
in Saccharomyces cerevisiae (Kamisugi et al. 2006). In
contrast to seed plants, the dominating generation in the
moss life cycle is the haploid gametophyte and the regen-
erating moss filaments (protonemata) can be directly
assayed using PCR methods without complex back-crosses
(Kamisugi et al. 2006; Smidkova et al. 2010).
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In this paper, we take advantage of the use of P. patens
to perform a comparative investigation of telomere dynam-
ics between this species representing lower plants, and
flowering plants. In contrast to animals, telomerase is not
developmentally silenced during embryogenesis in flower-
ing plants, but remains active throughout entire plant life in
dividing meristem cells (Fajkus et al. 1996; Fitzgerald et al.
1996). This results in the absence of replicative telomere
shortening during individual plant development in contrast
to animals (Fajkus et al. 1998; Riha et al. 1998). However,
experimental support for these conclusions has been only
indirect so far since plant samples used for telomere and
telomerase analyses always contain unknown proportions
of meristem cells in great excess of other cells. In contrast,
the filaments of P. patens protonema grows by apical cell
division and represents a perfect cell-lineage and, therefore,
plant development can be pinpointed to the differentiation
of a single cell. Most importantly, the percentage of api-
cal cells can be quantified exactly, depending on the days
of protonema cultivation (total cell number) and the level
of protonema branching, and thus it is possible to tackle
the telomere and telomerase dynamics experimentally. To
do this, we characterise here the gene coding for telom-
erase reverse transcriptase, PpTERT, in P. patens that we
have predicted previously from genome sequencing data
(Sykorova and Fajkus 2009). We further perform analyses
of PpTERT expression, telomerase activity and telomere
lengths, in samples with a varying percentage of apical
cells during protonema growth. Finally, we examine tel-
omerase activity and telomere lengths in selected mutants
for DNA repair factors which are potentially involved in
P. patens telomere structure, function and maintenance, as
inferred from the corresponding results obtained in land
plants.

Materials and methods
Plant material

Physcomitrella patens (Hedw.) B.S.G. “Gransden 2004~
wild type and the mutants pprad50, ppmrel 1, ppnbsl and
pplig4 were described previously (Kamisugi et al. 2012;
Hola et al. 2013). The pplig4 and ppku70 mutants in the
C-NHE] repair pathway were generated by D. G. Schaefer,
Neuchatel University, Switzerland and F. Nogue, INRA,
Paris, France as gene replacement mutants, and were kindly
provided to us by the authors.

Cultivation of P. patens

P. patens wild type and mutants were propagated vegeta-
tively as described by (Knight et al. 2002). Individual plants
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were cultured as ‘spot inocula’ on BCD agar medium sup-
plemented with 1 mM CaCl, and 5 mM ammonium tartrate
(BCDAT medium), or as lawns of protonemal filaments by
subculture of homogenized tissue on BCDAT agar medium
overlaid with cellophane discs (Focus Packaging & Design,
UK) in growth chambers with 18/6 h day/night cycle at
22/18 °C.

For subculture and preparation of 1-day-old protone-
mal tissue, 1-week-old tissue scraped from plates was
suspended in 8 mL of BCD medium and sheared by a
T25 homogenizer (IKA, Germany) at 24,000 rpm for
two 1-minute cycles and let 24 h to recover in a cultiva-
tion chamber with gentle shaking at 100 rpm. This treat-
ment yielded a suspension of 3-5 cell protonema filaments,
which readily settle for recovery. Settled protonemata could
be handled without excessive losses by tweezers on Petri
plates.

Counting of apical cells in P. patens branching culture

Cells cultivated on agar plates were counted manually by
eye using a stereoscopic binocular light microscope (Olym-
pus SZX16 research stereo microscope), and the field in
sharp focus was evaluated on a computer monitor. Only
objects in the focused area were included for counting.
Specific fields were selected randomly across the plate, and
usually areas with a lower density of cells were considered.
Cells were counted on ten independent plate sections con-
taining 25-204 cells for each time period using four inde-
pendently grown cultures.

Cloning and analysis of PpTERT gene structure

Total RNA was isolated from P. patens cultures using
the RNeasy Plant Mini Kit (Qiagen) followed by DNa-
sel treatment (TURBO DNA-free, Applied Biosystems)
according to the manufacturers’ instructions. cDNA was
prepared by reverse transcription of 1 pg of RNA using
M-MuLV reverse transcriptase (NEB) and Random Non-
amers (Sigma). The predicted PpTERT gene sequence
(Sykorova and Fajkus 2009) was used for designing spe-
cific primers and cloning of the cDNA sequence (Table
S1, Fig. 1 b). RT-PCR conditions for primer combinations
(1Fw or 1-10Fw and 9Rev primers, 9Fw and 12Rev prim-
ers, Table S1) were optimized using gradient PCR and
the PpTERT sequences were amplified with DyNAzyme
II DNA Polymerase (Finnzymes) as follows: 2 min of ini-
tial denaturation and 35 cycles of 30 s at 94 °C, 30 s at
57 °C and 90 s at 72 °C. Sequences covering the overlap-
ping cDNA regions (exons 1-9 and exons 9-12, GenBank
KM886460-KM886468, KP001262, KP091459) were
cloned, sequenced and manually aligned on the predicted
PpTERT gene sequence (Sykorova and Fajkus 2009). The
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prevailing splicing pattern of the PpTERT transcripts was
verified by sequencing of the RT-PCR products span-
ning regions with frequent alternative splicing sites (see
below, Table S1, Fig. 1c). The PpTERT protein sequence
was examined for the presence of conserved motifs and
manually aligned to the experimentally verified plant
TERT sequences of Arabidopsis thaliana, Oryza sativa,
Doryanthes excelsa, and Scilla peruviana (see (Sykorova
and Fajkus 2009) for review), and to predicted sequences
from the transcriptome of Lygodium japonicum (Aya et al.
2015) and the genome scaffolds of Selaginella moellen-
dorffii (Banks et al. 2011), Amborella trichopoda (Albert
et al. 2013), Nelumbo nucifera (Ming et al. 2013) and the
prasinophyte alga Micromonas sp. RCC299 (Worden et al.
2009).

Analysis of the PpTERT gene transcripts

Quantification of the PpTERT transcript levels was done
using FastStart SYBR Green Master (Roche) and primers
derived from the exon 10 coding for the reverse transcrip-
tion domain of the protein (Table S1); ubiquitin was cho-
sen as a reference gene (Harries et al. 2005). One micro-
liter of 2x diluted cDNA (see above) was added to the
20 pl reaction mix, and the final concentration of each
forward and reverse primer was 0.25 WM. Reactions were
done in triplicates; the PCR cycling consisted of 15 min
of initial denaturation followed by 40 cycles of 30 s at
94 °C, 30 s at 56 °C and 30 s at 72 °C. At least two bio-
logical replicates in two technical replicates were ana-
lysed. Relative TERT transcription was calculated by the
AACt method (Pfaffl 2004). Additional RT-PCR experi-
ments were performed to verify exon/intron structure of
the PpTERT gene and the presence of mRNA variants
during development.

Analysis of telomerase activity (TRAP—telomere repeat
amplification protocol)

In vitro analysis of telomerase activity is based on the
elongation of a substrate primer by the telomerase, and the
extension product is then amplified by PCR. A telomerase
extract from P. patens cultures was prepared as previously
described (Fitzgerald et al. 1996; Sykorova et al. 2003a),
and the maximum of telomerase activity was detected in
fractions precipitated by 7.5-10.0 % PEG 8000. The quan-
titative version of the TRAP assay was performed accord-
ing to (Herbert et al. 2006) using FastStart SYBR Green
Master (Roche) and TS21 substrate primer and TelPr
reverse primer (Table S1). Samples were analysed in trip-
licates in a 20-pl reaction mix, and at least two biological
replicates (independently grown cultures) were evaluated.
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Relative telomerase activity was calculated by the ACt
method (Pfaffl 2004).

Analysis of telomere lengths

Analysis of telomere lengths by the Terminal Restric-
tion Fragments (TRF) method is based on the digestion of
genomic DNA by a frequently cutting restriction endonu-
clease without a recognition site in the G-rich telomeric
repeats. After hybridization with a radioactively labeled
telomeric probe, the signal corresponds to non-digested
telomeric tracts (plus subtelomeric regions up to the first
restriction site upstream of the telomeres). Analysis was
performed as previously described (Ruckova et al. 2008;
Jaske et al. 2013). Briefly, a P. patens culture was homog-
enized in liquid nitrogen, DNA was isolated according
to (Dellaporta et al. 1983) and digested by either Msel or
Tag]l restriction enzymes. Southern hybridization was per-
formed with a telomeric probe synthetized as described in
(Ijdo et al. 1991). Signals were visualized on a FLA7000
phosphorimager (FujiFilm). Evaluation of fragment lengths
was done by using the Gene Ruler 1-kb DNA Ladder (Fer-
mentas) as a standard; hybridization patterns were analysed
by Multi Gauge software (FujiFilm). The unweighted mean
telomere length was calculated as >-(OD; x L;)/>2-(0OD;),
where OD; is the signal intensity above background within
interval i and L; is the molecular weight (kb) at the mid-
point of interval i.

Analysis of induced DNA double strand breaks (DSBs)
and of their repair in P. patens

Bleomedac inj. (Medac, Hamburg, Germany) was used for
Bleomycin treatment as previously described (Hola et al.
2013). One day regenerated protonemal tissues (>50 % of
apical cells) from wild type and mutant lines were treated
with Bleomycin for 1 h prior to nuclear extraction and
analysis. DSBs were detected by a comet assay using a
fully neutral N/N protocol (Olive and Banath 2006; Rens-
ing et al. 2008; Kozak et al. 2009). Comets were stained
with SYBR Gold (Molecular Probes/Invitrogen), viewed
in epifluorescence with a Nikon Eclipse 800 microscope
and captured and evaluated by the LUCIA Comet cytoge-
netic software (LIM Inc., Czech Republic). The fraction
of DNA in comet tails was used as a measure of DNA
damage and for calculation of the percentage of DSBs
remaining (Kozak et al. 2009). Data in this study were
obtained in at least three independent experiments. Meas-
urements of blindly labeled comet slides included four
independent gel replicas of 25 evaluated comets with
a total of at least 300 comets analyzed per experimental
point.
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Results and discussion
Structure of PpTERT gene

In order to track a possible involvement of telomerase expres-
sion in P. patens telomere dynamics, we analysed P. patens
TERT gene structure and transcription. According to the P,
patens genome annotation v1.6 (Rensing et al. 2008), the
PpTERT gene sequence was predicted in silico with only
three exons covering the C-part of the PpTERT protein thus
possibly missing specific N-terminal telomerase motifs. Tak-
ing advantage of our knowledge about TERT gene structure
and possible mRNA splicing (Rensing et al. 2005) we pre-
dicted 12 exons in the PpTERT gene (6971 bp long, inside
contig ABEU01012720 (Sykorova and Fajkus 2009), Fig. 1b)
similarly to other known plant TERT genes. To verify the pre-
dicted PpTERT gene and mRNA structure, we cloned cDNA
sequences to cover the entire PpTERT (GenBank KM886460-
KM886468, KP001262). Our gene structure prediction dif-
fered from the experimental results only in details, e.g. align-
ments of cloned PpTERT sequences revealed that exons 1 and
2 used the alternative splice donor site GC (Fig. 1c) instead of
the consensus splice site GT reported in Physcomitrella tran-
scriptome analysis (Rensing et al. 2005). This splicing pat-
tern was found in all cloned cDNA sequences (Fig. 1c) and
confirmed by sequencing of RT-PCR products spanning exon
14 (Fig. 1b, d, e). The exon lengths and cDNA sequence
also correspond to the EST sequence (Genbank CN203080)
covering exons 14 of the putative TERT of the bryophyte
Syntricha ruralis. Moreover, we identified a surprisingly high
number of alternative splicing events in PpTERT. These com-
prise different combinations of alternative donor and accep-
tor sites, especially in the 5'region of the PpTERT transcript,
and retention of the intron 10 (Fig. 1c). Variation between
the predicted and the cloned PpTERT cDNA sequences
originated mostly from alternative splicing of exons 5-7 that
code for a non-conserved protein linker between the nuclear
localisation signal (NLS) and CP telomerase motifs. Major-
ity of identified splicing events lead to out-of-frame mRNA
variants (Fig. 1c). The high number of identified alternative
transcripts necessitated a detailed analysis of major splicing
patterns via sequencing of RT-PCR products that span exons
14, 1-6, 4-7, 7-9 and 9-12 (Table S1, Fig. 1b, d). For the
S'region of PpTERT, the results verified the presence of two
major variants (Fig. 1b—d, primer combination 6-10Fw and
9-1Rev) found in the representative clone 21-3 (in-frame
variant, Genbank KMS886462) and in the representative
clone 31-X1 (out-of-frame, premature stop codon in exon 7).
Sequencing of RT-PCR products for the 3'region of PpTERT
showed the presence of a major variant 56-35 (in-frame,
Genbank KM886460) in addition to a low abundance vari-
ant 56-33 (out-of frame, premature stop codon in intron 10)
(Fig. 1b—d, primer combination 10-2Fw and 11-5Rev). The
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major mRNA splicing represented by in-frame variant clone
56-35 was also verified with the EST sequences from the
GENBANK database (Unigene ID: 2850076).

Analysis of the PpTERT protein sequence (1301 AA,
148 kDa, pl 9.371) clearly showed the presence of all tel-
omerase specific motifs (Fig. 1a) including the conserved
NLS motif and highly conserved regions in the C-terminal
extension similar to other plant TERTs (Sykorova et al.
2006a, b; Sykorova and Fajkus 2009). To compare tel-
omerase structure from evolutionary distinct plant groups
we analyzed a representative set comprising eudicots
(Arabidopsis, sacred lotus), monocots (rice, Doryanthes,
Scilla), basal angiosperm (Amborella), fern (Lygodium),
lycophyte (Selaginella) and green alga (Micromonas). The
experimentally verified sequences and the Lygodium isotig
derived from transcriptome data were used for predic-
tion or improvement of predicted TERT gene and protein
structures (Fig. 1a). For example, analysis of the predicted
Amborella TERT sequence revealed a misanotated gene
structure and analysis of the corresponding genome scaf-
fold clearly showed the presence of 12 exons similarly to
the prediction from Selaginella scaffold 16, and the pre-
dicted Nelumbo TERT. Together with the presented Phy-
scomitrella TERT data, these results suggest a 12 exon gene
structure for an ancestral plant TERT (Fig. 1f) and also
emphasize the necessity of experimental verification of pre-
dicted TERT gene structures.

RT-PCR analysis of PpTERT mRNA variants
during development

The spectrum of PpTERT alternative splicing events is in
agreement with the moss genome re-annotation that was
reported after implementation of Physcomitrella transcrip-
tome data (Zimmer et al. 2013) confirming intron reten-
tion as the most frequent form (~40 %) among gene loci
with alternate transcripts (~21 % of all genes). However, its
abundance in a single gene is quite unusual—for example,
alternative TERT transcripts amount to only a few per cent
in Arabidopsis (Zachova et al. 2013). The almost equal rep-
resentation of in-frame and out-of-frame PpTERT variants
during protonema development (Fig. le) may be of func-
tional relevance, possibly related to the haploid protonema
status. To our knowledge, equimolar representation of more
TERT gene variants was only detected in the polyploid spe-
cies Nicotiana tabacum, where three sequence variants of
the TERT gene derived from the progenitor N. tomentosi-

formis and N. sylvestris genomes were identified (Sykorova
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et al. 2012). However, even in this case the level of the
pseudogene TERT variant transcript was negligibly low
(close to the detection limit). Potential translation of the
out-of-frame PpTERT variant would lead to a protein com-
prising the N-terminal telomerase domain similar to the
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Fig. 2 Telomere dynamics in P. patens protonema. a Morphology of
P. patens cells, b percentage of apical cells, ¢ telomerase activity, d
PpTERT gene transcription, and e telomere lengths in the course of
7-day culturing. A 7-day old culture was mechanically disrupted to
destroy branched cells chains and cultivated under standard condi-
tions. Samples were taken in 1, 3, 5 and 7 days after sub-culturing for
respective analyses. Telomerase activity and TERT gene transcription
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Arabidopsis TERT V(I8) variant. This variant interacts with
POTl1a, one of the paralogs of POT1 (Protection of Tel-
omeres 1), a single-stranded-DNA-binding protein (Ros-
signol et al. 2007) and was suggested to provide additional
telomerase function and regulation (reviewed in Majerska
etal. 2011). Since P. patens also harbours a gene coding for
POT1 protein (only a single-copy) and, moreover, its role
for telomere integrity has already been demonstrated (Sha-
kirov et al. 2010), this hypothesis is plausible.

Telomere dynamics during protonema growth

When sub-culturing the P. patens protonemata, highly
branched chains of cells were mechanically disrupted and
transferred to fresh medium; during the growth phase, the pro-
tonemata lengthened and divided forming branched chains.
Since in higher plants telomerase is active in organs and tis-
sues containing dividing meristem cells (seedlings, root tips,
blossoms, floral buds), we monitored the percentage of apical
cells in a growing P. patens culture and correlated this param-
eter to the telomerase activity, PpTERT transcript levels, and
telomere length. One day after sub-culturing, the level of api-
cal cells was highest and decreased relatively sharply during
the subsequent 2 days, while a further drop was significantly
slower (Fig. 2a, b). Telomerase activity and PpTERT gene
transcripts increased moderately but reproducibly in the first
day after the sub-culturing (Fig. 2¢, d), when about 85 % of
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were related to the values obtained for a 7-day culture. The length of
telomeres is presented using a box-and-whisker plot where the bot-
tom part (gray) and the top (white) of the box are the lower and upper
quartiles, respectively, separated by the median. The ends of the
whiskers represent the minimum and maximum length correspond-
ing to the hybridization signal range. Analyses were performed using
three independently grown cultures

the cells were located at the chain termini (Fig. 2b). In the
following time intervals, telomerase activity and PpTERT
transcripts were at the level comparable to standard 7-day-old
culture which was used as the source culture. Importantly, the
accrual of telomerase activity and transcription after sub-cul-
turing was not correlated with a possible stress connected to
the mechanical disruption of protonemata; telomerase activity
and transcription in the 7-day-old culture collected from the
plate and the same culture after mechanical treatment were
quite comparable (data not shown). Telomere lengths were
stable during the P. patens protonema culturing (Fig. 2e, Fig.
S1) which accords with the results obtained in higher plants
where telomere lengths are preserved in all tissues through-
out development (Fajkus et al. 1998; Riha et al. 1998). Based
on these results, telomerase activity and expression correlates
with the proportion of apical cells in a protonema culture and
telomere lengths remain stable during 7-day culturing in P.
patens. We conclude that our results provide a direct experi-
mental support of the general validity of the key principles
of telomere dynamics during plant development which so far
have only been predicted.

Telomere maintenance in P. patens mutants in selected
DSB repair factors

In the Arabidopsis thaliana model plant, telomere homeo-
stasis was shown to be disrupted in mutants with loss of
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Fig. 3 Telomere length in P. patens mutants. The length of telom-
eric repeats was assayed by the TRF protocol in 7-day old cultures
(two biological replicates are shown). a After hybridization of DNA
digested by a restriction endonuclease against the telomeric probe,
the radioactive signals in mutants lines reflecting the length of tel-
omeres were either slightly shifted towards shorter lengths compared
to wild type (WT) samples (left) or were maintained at the wild type
level (right). Five independent analyses of telomere length were per-
formed, and representative results are presented. b Hybridization sig-
nals were evaluated by MultiGauge software (Fujifilm) and are pre-
sented using a box-and-whisker plot as described in Fig. 2

function of genes coding for proteins involved in repair
and recombination processes (see below). Although one
of the crucial function of telomeres is prevention of aber-
rant recombination events at the chromosome termini, pro-
teins participating in recombination are essential for proper
telomere structure and functions and are even involved in
alternative mechanisms of telomere lengthening (Drasko-
vic et al. 2009; Amiard et al. 2011). We took advantage of
the extremely efficient system of homologous recombina-
tion in P. patens (Schaefer 2002) which enables relatively
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simple and highly effective targeting of any non-essential
gene, and analyse telomere length, telomerase activity and
transcription of the PpTERT gene in mutant lines as fol-
low: (i) In mutants in genes of the MRN complex (mrell,
rad50, nbsl) which is involved in recognition of DSBs in
DNA and subsequent phosphorylation signalling. Ver-
tebrate cells with MREI1 gene loss of function are even
not viable, but in A. thaliana telomere lengthening was
observed and mutants were hypersensitive to DNA damag-
ing agents and suffered from developmental defects (Bun-
dock and Hooykaas 2002). Similarly, RAD50 function is
essential for telomere maintenance in A. thaliana; in plants
with a T-DNA insertion in the AfRADS50 gene a significant
telomere shortening and meiotic and DNA repair defects
were observed (Gallego and White 2001). Finally, A. thali-
ana nbsl mutants are without morphological defects and
telomere length is at the wild type level, but in nsbl/tert
double-mutants telomere erosion was more progressive
compared to fert mutants suggesting interplay of NBS1 and
telomerase in telomere homeostasis processes (Najdekrova
and Siroky 2012). (ii) In a ku70 mutant; KU70 protein is a
part of the KU70/KU80 complex which binds and stabilizes
DSBs. In Arabidopsis, KU70 loss led to the formation of
extra-long telomeres, elongation of single-strand telomere
overhangs and significantly increased level of telomeric
circles (Riha et al. 2002; Gallego et al. 2003; Akimcheva
et al. 2008). (iii) In a /ig4 mutant with loss of function of
the major DNA ligase participating in non-homologous end
joining. In Arabidopsis, telomeres in lig4 mutant are more
heterogeneous but have the same average length as wild
type telomeres (Heacock et al. 2007).

In the P. patens mutants tested, telomerase activity and
TERT gene transcripts assayed by quantitative approaches
do not significantly differ from the values obtained for
wild type cultures (not shown). Interestingly, lengths of
telomeres in mutants, including ku70 mutant, are simi-
lar to the wild type telomeres, and no significant changes
were observed (Fig. 3, Fig. S2). Basic telomere protective
functions appear to be preserved as well, as suggested by
unchanged morphology and growth parameters of mutant
cultures (results not shown). Altogether, malfunction of the
proteins examined involved in repair and recombination
pathways does not influence telomere homeostasis substan-
tially in P. patens, in contrast to the common higher plant
model Arabidopsis thaliana (Table 1). The striking absence
of a telomeric phenotype in ku70 and other mutants in
NHE] factor genes in P. patens presumably corresponds
to the general dominance and higher efficiency of homol-
ogous recombination over NHEJ in this system, contrast-
ing with the opposite situation in flowering plants. These
results further suggest that KU70 is not directly involved in
protection of telomeres in P. patens, contrary to the situa-
tion described in A. thaliana (Kazda et al. 2012).
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Table 1 Comparison of the telomere phenotype in mutants with loss of function of genes involved in the DNA DSB repair pathways in plant

models A. thaliana and P. patens

Mutant Arabidopsis thaliana Physcomitrella patens
mrel 1 Elongated telomeres® No significant changes in telomere lengths
radso Shortened telomeres® No morphological or growth defects in protonema cultures
nbsl ‘WT morphology and telomere length, in nbs/tert more progressive
telomere erosion than in fert mutants®
ku70 Extra long telomeres®
lig4 Length of telomeres heterogeneous®

* Bundock and Hooykaas (2002); b Gallego and White (2001); © Najdekrova and Siroky (2012); d Riha et al. (2002), Gallego et al. (2003) and

Akimcheva et al. (2008); ¢ Heacock et al. (2007)

100
@ wt
@ ppku70

% of DSB remaining

0 y . . ————tp
60 90 120 150 180

repair time (min.)

Fig. 4 DSBs repair kinetics determined by comet assay. One day
regenerated protonemal tissue from wild type and ku70 mutant
lines was treated with 30 pg/ml Bleomycin for 1 h prior to nuclear
extraction and analysis. DSBs were determined by the N/N protocol:
black—wild type, red—ku70. Repair kinetics is plotted as % of DSBs
remaining after 0, 3, 5, 10, 20, 60 and 180 min period of repair. Maxi-
mum damage is normalised as 100 % at t = O for both lines. Error
bars show standard error

Repair kinetics of DSBs in ku70 mutants

In order to assess the interpretation of the surprising
absence of a telomeric phenotype in ku70 mutants, DNA
repair kinetics were analysed in these mutants. The results
of comet assays demonstrate (Fig. 4) that inactivation of the
C-NHEJ pathway in P. patens by knocking out the KU70
gene, whose product is responsible for DSB recognition,
does not affect the overall ability to repair DSBs. Similarly
mutations of LIG4 (Hola et al. 2013), a factor involved
in the final step of C-NHEJ, and of MREI1, RAD50 and
NBS1, components of the key repair complex MRN
involved in both NHEJ and homologous recombination
pathways (Kamisugi et al. 2012), do not affect overall DSB
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repair in P. patens apical cells. In this respect, the moss P.
patens parallels the situation in Arabidopsis where mutants
of KUS0O and LIG4 also efficiently repair DSBs (Kozak
et al. 2009; Amiard et al. 2010; Charbonnel et al. 2010,
2011) but in contrast to Physcomitrella, the Arabidopsis
mutants repair DSBs during the 1st phase even faster than
wt Col0 (Kozak et al. 2009). Thus, P. patens wild type and
mutants used in these studies exercise efficient and rapid
DSB repair that in the case of deprotected telomeres can
detect them as substrates for joining. However, the absence
of a telomere phenotype in the corresponding P. patens
mutants suggests that the loss of neither of these factors
results in telomere deprotection.

Conclusion

We report here on the characterisation of PpTERT gene
and its major splicing variants in growing protonemata.
The overall PpTERT exon structure and the arrangement
of telomerase-specific functional motifs in the amino acid
sequence is conserved with respect to the previously char-
acterised plant TERTs. A surprisingly rich spectrum and
high abundance of alternate splicing products was observed
and subsequent studies should address their functional
importance. Further, we investigated telomere maintenance
in growing P. patens protonemata and our results demon-
strate telomere length stability and association of telomer-
ase activity and expression with dividing apical cells. These
findings provide experimental evidence for previously
anticipated principles governing plant telomere biology
and suggest their general validity among both lower and
land plants. Next, we examined P. patens mutants in DSB
repair factors for a possible telomere phenotype. Particu-
larly interesting is the absence of a telomere phenotype in
mutants depleted of KU70, the key factor in NHEJ, whose
absence in Arabidopsis results in extremely elongated
telomeres. Our results suggest that contrary to the situa-
tion in A. thaliana, KU70 is not essential for protection of
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telomeres in P. patens. Thus, our study identifies both con-
served and distinct features between the telomere biology
of lower and land plants which may initiate further studies
directed to deeper understanding of their strategies to pro-
tect genome integrity.
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