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Uvod
Geminiviridae patii mezi nejdiilezitéjsi Celedi zahrnujici plivodce hospodaisky vyznamnych
virovych chorob mnoha plodin vcetné obilnin a zelenin. Zastupci z jednotlivych rodu této
¢eledi, zejména z rodu Mastrevirus u obilnin a Begomovirus u zelenin, piedstavuji patogeny
s epidemickym vyskytem zpusobujici vysoké vynosové ztraty péstovanych plodin dosahujici
az 100 %. Vyznamnym patogenem obilnin z rodu Mastrevirus je v Ceské republice piedev§im
virus zakrslosti pSenice (Wheat dwarf virus — WDV), jenz lokaln¢é miiZze zpusobit také az 100%
ztraty. Disertacni prace pojednava o soucasném stavu poznani tohoto viru, mozném piistupu
navozeni rezistence ¢i tolerance vii¢i tomuto viru a moznostmi molekularné biologickych

metod pfi pfenosu viru na rostlinu ¢i jeho nasledné detekci.

1 Literarni prehled

1.1 Historické zaznamy

Prvni historicky zaznam o projevu rostlinného viru, piimo viru z ¢eledi Geminiviridae, je
pravdépodobné ve sbirce japonské poezie datované do roku 752 n. I. Basen, pfipisovana
japonské cisafovné Koken, pojednava o podzimnim Zzlutavém vzhledu rostlin béhem 1éta.
Rostliny byly pozdéji identifikovany jako sadce (Eupatorium) (Saunders a kol. 2003), jez pti
napadeni rostlinnymi viry z ¢eledi Geminiviridae vykazuji zmiflované napadné symptomy.
Prvni védecky dolozené zminky 0 projevech rostlinnych virt z ¢eledi Geminiviridae jsou
vV zaznamech amerického ministerstva zemédélstvi o vyskytu vrcholové kadetavosti fepy
(beet curly top disease) v letech 1888-1899 (Bennett 1971) a popis prouzkovitosti kukufice
(maize streak disease) Claude Fullerem v roce 1901 (Fuller 1901) zptsobené piislusnymi

geminiviry.

1.2 Vyznam a ztraty zptisobované rostlinnymi viry z ¢eledi Geminiviridae

Rostlinné viry z ¢eledi Geminiviridae vV soucasnosti ptisobi velké ztraty na vynosech mnoha
hospodarsky vyznamnych plodin (viz také Tabulka 1). Nartst chorob zptuisobenych touto
skupinou rostlinnych virti je zapii¢inén pravdépodobné souhrou vice faktort jako pienos
pomoci hmyzich pfenaSec, vii¢i nimZ je pomérné obtizna ochrana porostu, narist odolnosti
hmyzu vic¢i pouzivanym insekticidnim pfipravkiim, samotnd expanze a migrace hmyzich
pfenasecii do dalSich oblasti, mozné klimatické zmény vedouci k teplejSim zimam a delSimu

piezivani samotnych hmyzich pfenasect v porostu, rozsifovani zemedélsky vyuzivanych ploch



a jejich vznik v novych oblastech, transport infikovaného rostlinného materialu do novych
oblasti, ¢i v neposledni fadé mozné rekombinace riznych geminivira pfi sou¢asném napadeni
rostlin (Vanderschuren a kol. 2007).

Viry z ¢eledi Geminiviridae v soucasnosti zptisobuji velké ztraty zemédélské produkce
a pti klimatickych vykyvech a rostoucich ekonomickych tlacich piispivaji vyznamnou mérou
k destabilizaci regiond siln¢ vazanych na postizenou plodinu. Devastujici pandemie Vviru
mozaiky kasavy (Cassava mosaic virus) ve vychodni a stiedni Africe v devadesatych letech
20. stoleti znemoznila mnoha farmarim vypéstovat urodu jejich tradicniho zdroje obzivy —
kasavy (Strange a kol. 2005). Vyznamné ztraty zpusobuje virus zluté svinutky raj¢ete (Tomato
yellow leaf curl virus) na raj¢atech (témét 100% ztraty Grody napt. v Nikaragui (Rojas a kol.
2000)), virus zlaté mozaiky fazolu (Bean golden mosaic virus) na fazolich, virus kadetavosti
bavlniku (Cotton leaf curl virus) na baviniku ¢i virus prouzkovitosti kukufice (Maize streak

virus — MSV) na obilninach, zejména kukufici.

Tabulka 1. Hospodaisky zavazné choroby zpisobované viry z ¢eledi Geminiviridae (Vanderschuren a kol. 2007).

Choroba Rod pivodce | Hostitelska | Epidemicka oblast Ztraty na urodé Reference
plodina
prouzkovitost Mastrevirus kukufice sub-saharska Afrika | praimé&mé 20 %, az | Bosque-Perez (2000)
kukutice 100 %
mozaika kasavy Begomovirus | kasava Afrika, Indie celkové 15-24%, az | Legg a kol. (2004), Patil a kol.
90 % (2005)
kadefavost Begomovirus | bavina Pakistan pramérné 30 %, az 80 % | Briddon a kol. (2000)
bavlniku
zlata mozaika | Begomovirus | fazole Florida, Stfedni a 10 % — 100 % Blair a kol. (1995), Faria a kol.
fazolu Jizni Amerika (1999)
zlutda mozaika Begomovirus lu$téniny Indie 10 % —90 % Varma a kol. (2003), Malathi a
kol. (2005), Rouhibakhsh a kol.
(2005)
zluta svinutka | Begomovirus | rajcata Evropa, Asie, 20 % — 80 %, az 100 % Moffat (1999), Moriones a kol.
rajcete Amerika, Australie (2000)

1.2.1 Virus zakrslosti pSenice ve svété a v CR

V letech 1902, 1912, 1916 a 1918 byly ve Svédsku zaznamenany ztrity na obilnindch
zpusobené chorobou nazyvanou "slidsjuka" (Nilsson-Ehle 1918, Arend 1999). Siln¢ napadena
byla pfedevsim psenice, kdy mnoho rostlin odumielo. Henning (1918) a Tullgren (1918)
popisovali infikované rostliny jako siln&ji odnozujici, trpici zakrslosti a deformacemi,
kvétenstvi zlstavalo upln€ nebo ¢astecné v nadufelé listové pochvé. Dalsi epidemicky vyskyt

ve Svédsku byl zaznamenan v roce 1942. Pti¢ina tohoto onemocnéni zistava neznama, nicméné



popsané symptomy siln¢ ptipominaji zakrslost pSenice zpiisobovanou virem zakrslosti psSenice.
Samotny virus zakrslosti pSenice byl poprvé popsan a charakterizovan na konci padesatych let
v tehdejsim Ceskoslovensku (Vacke 1961) pii zjistovani p¥i¢in vyssich ztrat na ozimé pSenici
po piedeslé zim¢. Od té doby je virus postupné detekovan v riznych zemich stiedni a vychodni
Evropy. V zépadni Evropé byly popsany epidemie vyskytu tohoto viru az po roce 1989, kdy

Tabulka 2. Prvni zaznamenané (publikované) vyskyty viru zakrslosti pSenice v jednotlivych evropskych a
mimoevropskych zemich.
Zemé Rok Reference Zemé Rok Reference

Ceskoslovensko | 1961 Vacke (1961) Tunisko 2000 Najar a kol.
(2000)
Rusko 1965 Pridanceva Turecko 2003 lbagi a kol.
(1965) (2003)
Svédsko 1970 Lindsten a Zambie 2004 Kapooria a
kol. (1970) kol. (2004)
Ukrajina 1975 Razvyazkina Cina 2007 Xie a kol.
(1975) (2007)
Bulharsko 1981 Stephanov a Syrie 2011 Ekzayez a
kol. (1981) kol. (2011)
Madarsko 1988 Gaborjanyi a fran 2011 Behjatnia a
kol. (1988) kol. (2011)
Francie 1990 Couzin a kol.
(1990), della
Giustina a kol.
(1991),
Lapierre a kol.
(1991),
Bendahmane a
kol. (1995)
Némecko 1990 Huth a kol.
(1993), Huth a
kol. (1994)
Italie 1994 Conti (1994)

Rumunsko 1995 Jilaveanu a
kol. (1995)
Polsko 2001 Jezewska
(2001)
Finsko 2005 Lemmetty a
kol. (2005)
Spanélsko 2006 Achon a kol.
(2006)
Rakousko 2012 Habekuf a
kol. (2012),
Huss a kol.
(2013)
Spojené 2012* Schubert a
kralovstvi kol. (2014)




byl detekovan a popsan poprvé ve Francii jako pivodce zcela nové choroby (Couzin a kol.
1990, della Giustina a kol. 1991, Lapierre a kol. 1991), a v Némecku (Huth a kol. 1993, Huth a
kol. 1994). Po roce 2000 byly zaznamenany jeho vyskyty i v dalekych neevropskych zemich
(viz také Tabulka 2). Virova zakrslost pSenice puisobi zavazné, lokalné az 100% (Sirlova a kol.
2005), ztraty na obilninach. Dobfe dokumentované jsou jeho epidemie na polich obilnin napf.

ve Svédsku v devadesatych letech 20. stoleti (Lindblad a kol. 2002b).

1.3 Prenos viru, seznam hostiteld, Zivotni cyklus hmyziho prenasece

1.3.1 Pienos geminiviri hmyzimi prenaseci

Geminiviry jsou rostlinné viry obecné prendSené hmyzimi ptenaseci. Jednotlivé rody virt
¢eledi Geminiviridae jsou Casto vazany na hmyzi vektory z konkrétni ¢eledi. Viry z rodu
Mastrevirus, kam patii i virus zakrslosti pSenice, jsou pfenaSeny vybranymi druhy hmyzu
z Celedi kiiskovitych (Cicadellidae). Nekteré viry z rodu Mastrevirus jsou pienasené i vice
zastupci kiiskovitych, napt. virus prouzkovitosti kukutice (Storey 1928), u jinych virQ je znam
pouze jeden druh hmyziho ptfenasece. U viru zakrslosti pSenice je vSeobecné znam pouze
prenos kiiskem polnim (Psammotettix alienus Dahlbom 1850), ale Ekzayez a kol. (2011)
uvadgji pienos detekovany i jinym zastupcem kiiskovitych (Psammotettix provincialis Ribaut
1925). Virus je obecné pienaSen cirkulativnim, nepropagativnim zptisobem (Lindsten a kol.
1980, Lindsten a kol. 1991), piedpoklada se ale i necirkulativni nepropagativni zptisob pienosu
(Wang a kol. 2014). V rostlin¢ je pak piitomen v listech, kotenech (Lindsten a kol. 1980),
stéble. Neni pfenosny dale osivem (Vacke 1961) ani mechanicky §t'avou z infikovanych rostlin

(Vacke 1961).

1.3.2 Hostitelské rostliny viru zakrslosti pSenice

Virus zakrslosti pSenice je rozliSovan ve dvou kmenech, pseni¢ném (WDV-W) a je¢ném
(WDV-B), mimo jiné také podle jejich preference hostitele, tzn. piedevSim pSenice seté
(Triticum aestivum L.) respektive je¢émenu setého (Hordeum vulgare L.), v hospodaiském
porostu (Lindsten a kol. 1991, Commandeur a kol. 1999, Koklu a kol. 2007). Pro oba dva
kmeny byly potvrzeny spole¢né rostlinné hostitele jak mezi hospodaisky vyznamnymi, tak
mezi planymi druhy z ¢eledi lipnicovitych (Poaceae): oves sety (Avena sativa L.), chundelka
metlice (Apera spica-venti L.), oves hluchy (Avena fatua L.), lipnice ro¢ni (Poa annua L.),
pohanka hiebenita (Cynosurus cristatus L.), zaje¢i ocasek vejcity (Lagurus ovatus L.).

Nicméné ohledné pSenice a je¢mene u danych kment pravdépodobné panuje vysoka mira



preference: Lindsten a kol. (1991) nezaznamenali zadny uspé$ny pienos jeéného kmene
na psenici, Commandeur a kol. (1999) detekovali jecny kmen v porostu psenice, Mehner
(2005) detekoval oba kmeny v infikovaném hospodaiském porostu je¢mene, Kundu a kol.
(2009) detekovali pseni¢ny kmen i na je¢meni, Schubert a kol. (2007) detekovali pouze jednu
z 328 symptomatickych rostlin psSenice jako skute¢né¢ infikovanou jecnym kmenem a naopak
zadnou ze 113 symptomatickych rostlin je¢mene infikovanou pSeniénym kmenem. Podobné
Tobias a kol. (2011) detekovali je¢ny kmen pouze u jedné rostliny jeémene z cca dvouroéniho
sledovéani porostu v Mad’arsku a na Ukrajiné. Pfi umélém pienosu pomoci agroinokulace
infekénim klonem je¢ného kmenu se rostliny pSenice podafilo infikovat (Ramsell a kol. 2009).
Wang a kol. (2008) detekovali v zasazeném porostu je¢mene i pSeni¢ny kmen, zasazené
rostliny ovSem vykazovaly extrémni zakrslost. Obcasné je tedy patrné mozné detekovat je¢ny
kmen i na rostlinach psenice, podobné pseniény kmen na je¢meni (Ramsell a kol. 2009), ovsem
pravdépodobné velmi sporadicky. Tabulka 3 udava souhrnny seznam znamych hostiteld viru

zakrslosti pSenice s dohledanymi informacemi o projevujicich se pfiznacich nakazeni.

Tabulka 3. Seznam znamych hostitel viru zakrslosti pSenice (Vacke 1972, Lindsten a kol. 1991, Arend 1999, Mehner 2005,

Kundu a kol. 2012-2015, Nygren a kol. 2015, Ripl a kol. 2015).

Hostitelské druhy vykazujici priznaky

oves sety (Avena sativa L.) jilek vytrvaly (Lolium perenne L.)
oves hiebilkaty (Avena strigosa Schreb.) jilek oddaleny (Lolium remotum Schrk.)
Aegilops comosa Sibth. & Smith jilek mamivy (Lolium temulentum L.)

mnohostét valcovity (Aegilops cylindrical = lipnice ro¢ni (Poa annua L.)
Host)
Aegilops juvenalis Eig Zito seté (Secale cereale L.)

Aegilops mutica Boiss., Amblyopyrum triticale (Triticosecale rimpaui Wittm. ex A.

muticum Boiss. Camus)

Aegilops searsii Boiss. pSenice seta (Triticum aestivum L.)
Aegilops sharonensis Eig Triticum boeticum Boiss.

Aegilops speltoides Tausch Triticum dicoccoides Koern. ex Schweinf.

mnohostét Tauschiiv (Aegilops tauschii Coss.)  pSenice nadufela dvouzrnka (Triticum
dicoccon Schrank, Triticum turgidum subsp.

dicoccon Schrank)



Aegilops triuncialis L.

Aegilops umbellulata zhuk.

svefep stoklasa (Bromus secalinus L.)

je¢men sety (Hordeum vulgare L.)

zajeCi ocasek vejéity (Lagurus ovatus L.)

jilek mnohokvéty (Lolium multiflorum Lam.)

Hostitelské druhy bez viditelnych priznaku

pSenice naduiela tvrda (Triticum durum
Desf., Triticum turgidum subsp. durum
Desf.)

pSenice jednozrnka (Triticum monococcum
L.)

pSenice seta Spalda (Triticum spelta L.,
Triticum aestivum subsp. spelta L.)

pSenice Timofejevova (Triticum araraticum
Jakubz., Triticum timopheevii zhuk.)

Triticum urartu Thumanian ex Gandilyan

svefep bezbranny (Bromus inermis Leyss.)

svefep mekky (Bromus hordeaceus L.,
Bromus mollis L.)

srha lalo¢nata (Dactylis glomerata L.)
jezatka kuti noha (Echinochloa crus-galli L.)
pyr plazivy (Elymus repens L., Elytrigia
repens L.)

kosttava luéni (Festuca pratensis Huds.)

chrastice rakosovita (Phalaris arundinacea
L.)

lipnice lu¢ni (Poa pratensis L.)
bér italsky (Setaria italica L.)
bér zeleny (Setaria viridis L.)

kukufice seta (Zea mays L.)

bojinek luéni (Phleum pratense L.)

Dalsi hostitelské druhy bez uvedeni pritomnosti piiznaki

psine¢ek obecny (Agrostis capillaris L.)
psarka Iu¢ni (Alopecurus pratensis L.)
chundelka metlice (Apera spica-venti L.)
oves hluchy (Avena fatua L., Avena hybrida
Peterm.)

oves jalovy (Avena sterilis L.)

ovsik vyvyseny (Arrhenatherum elatius L.)

svefep japonsky (Bromus japonicus Thunb.)
svefep jalovy (Bromus sterilis L.)
svefep stieSni (Bromus tectorum L.)

poharnka hiebenita (Cynosurus cristatus L.)

metlice trsnata (Deschampsia cespitosa L.)

kostiava Cervena (Festuca rubra L.)



svefep rolni (Bromus arvensis L.) je¢men mysi (Hordeum murinum L.)

svefep luéni (Bromus commutatus Schrad.)

1.3.3 Projevy napadeni virem zakrslosti pSenice

Mezi ptiznaky napadeni patii pfedevsim zakrslost (viz také Obrazek 1). Dalsi pfiznaky jako
zloutnuti, skvrnitost ¢i prouzkovitost listli, opozdéné stddium metani ¢i vyrazné vadnuti se
nevyskytuji vzdy, mohou se projevovat v zavislosti na druhu ¢i odradé (Vacke 1972, Ripl a
kol. 2008). Ozimé oslabené rostliny ¢asto nepieziji studené obdobi zimy. Vacke (1972) udava,
ze mladé rostliny pSenice jsou vyrazné nachylnéjsi nez dospélé rostliny. U rostlin pSenice, které
chorobé podlehly, doslo k zastaveni vyvoje ve stadiu odnoZovani, v destivych chladnéjSich
periodach dochazelo k jejich mirné regeneraci ristem novych odnozi nasledované jejich
odumienim do faze DC30 podle Zadoksovy makrofenologické stupnice pro obilniny (konec
odnozovani). Lindblad a kol. (2004) uvadéji piiklad infekci odriudy pSenice, kde konstatuji
prudké snizeni vnimavosti na inokulace virem po probéhnuti faze DC30 Zadoksovy stupnice.
Ripl a kol. (2008) dodavaji, ze nakazené rostliny z podzimniho obdobi, které ob¢as pieklenuly
I tuto fazi, usychaly i vymetané v rizném stupni zakrsnuti az ve stejné dobé jako rostliny

zdravé.

Obrazek 1. Nachylné kultivary pSenice (vlevo) a je¢mene (vpravo) s vyraznymi symptomy napadeni virem zakrslosti
pSenice (Cejnar a kol. 2019) — zakrslosti, Zloutnutim, uvadanim.




1.3.4 Zivotni cyklus kiiska polniho

Obrazek 2. Schématicka reprezentace Zivotniho cyklu kiiska polniho a ozimych obilnin (Abt a kol. 2015a). Vné&jsi kruh
zobrazuje hlavni stadia hospodaiského cyklu ozimych obilnin. Vnitini kruh zobrazuje potencidlné az 4 generace kiiska
polniho. Za optimalnich laboratornich podminek (20 °C, 70-95% relativni vzdusna vlhkost, 18 h denni svétlo) je délka
zivotniho cyklu kiiska polniho od vajicka po thyn dospélce 71 dni (Guglielmino a kol. 1997). Vaji¢ka nakladena na
podzim piezivaji na obilninach zimu a vyvijeji se nasledujici jaro. P&t larvalnich stadii (L1-L5) trva podle (Manurung a
kol. 2005) primérmé 5,9 (L1), 5,1 (L2), 5,6 (L3), 6,3 (L4) respektive 9,4 (L5) dnl. 7denni dospéleci jiz jsou schopni se
parit. Ktisek se béhem piiznivych obdobi vyskytuje v hospodaiském porostu, nicméné béhem Iéta vyuziva také dalsi
divoke hostitele ¢i obilné vydroly.
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Zivotni cyklus kiiska polniho kulminuje typicky dvakrat do roka, na podzim pii jiz zasetych
ozimych odriidach a na jafe, coz pfispiva k velkému rozsifeni nemoci pfedevSim v zemich
s osevem jarniho i ozimého hospodaiského porostu, tzn. zejména v mirném klimatickém
pasmu, kam spadaji vSichni nejvyznamnéj$i producenti pSenice a jecmene. Podrobné byl
cyklus studovan napf. v pracich Guglielmino a kol. (1997), Manurung a kol. (2005), Ripl a kol.
(2008).

Cyklus (viz také Obrazek 2) zacina na podzim nakladenim vaji¢ek do mezofylu listd

obilnin. Mnozstvi nakladenych vajicek je ovlivnéno mnoha parametry, véetné teploty ¢i druhu



hostitelské rostliny. Samotné ptezimovani probiha ve stddiu vaji¢ek. Embryonalni vyvoj
ve vajickach pak zacina se vzrustem okolni denni teploty a prodlouzenim délky dne. Jako
minimalni prah vyvoje larvy ve vaji¢ku se povazuje 8 °C (Lindblad a kol. 2002a), viz také Ripl
a kol. (2008). Vyvoj ve vajickach trva za optimalnich laboratornich podminek (20 °C, 70-95%
relativni vzdus$na vlhkost, 18 h svétlo pfes den) 18 dni a kon¢i vylihnutim nymfy. Nymfa
postupné prochdzi péti vyvojovymi stadii a za optimalnich podminek dokon¢i vyvoj béhem 32
dni. Posledni vyvojové stadium kiiska polniho, vyvin saméich a samicich dospélci,
Vv pfirodnich podminkach nastava na zacatku léta. U kiiska polniho nedochazi k asexualni
reprodukci, jak je tomu napf. u msic. Oplodnéni a kladeni prvnich vajicek je viditelné nejdiive
po 7 dnech stadia dospélce. Souhrnné, za optimalnich podminek cely Zivotni cyklus od vajicka
k vajicku mtize prob&éhnout béhem 58 dni, nicmén¢ délka zivota dospélcii je znacné variabilni,
od n¢kolika dni po cca 10 tydnu (Ripl a kol. 2008). Z n€kolika studii zabyvajicich se popula¢ni
dynamikou kiiska polniho vychazi, Ze hustota hmyzu mtZe dosahnout az 43 dospélct/m?
(Manurung a kol. 2005) a pomér samcich a samicich jedincd se velmi blizi k 1. Klimatické
podminky v teplejSich oblastech mirného pasma (Francie) umoziuji béhem roku dokonéeni az
Ctyt generaci kiiskidl polnich, zatimco podminky ve studenéjSich oblastech (severni Evropa,
severozapadni Cina) umoziiuji pouze dvé generace za rok (Schiemenz 1969). V podminkéach
CR pak dochazi k vyvoji ti generaci, ikdyz tfeti generace je vétinou jen CGasteéna
(Malenovsky 2006). Larvy a dospélce 1ze najit na mladém hospodaiském porostu na jafe a
Vv [ét€ na dozravajici irod€. Dospélce je mozné také najit na rostoucim ozimém porostu na
podzim. Biologicka aktivita dospélcii se snizuje S klesajicimi teplotami, pfi primérné teploté
15 °C je mozné detekovat vysoky vyskyt kiiskd polnich, s teplotami pod 10 °C jejich pohyb
v porostu téméi ustava (Lindblad a kol. 2002a), dospélci pak hynou s ptichodem studeného
zimniho pocasi. Dvoudenni teploty pod minus 5 °C ktisky rovnéz zahubi (Busch 2008).
Kfisku polnimu vyhovuje obecné teplé a suché pocasi. Chladné pocasi v asném lété
ma negativni vliv na vyvoj nymf, coz se muZe projevit snizenim popula¢ni hustoty
nasledujicich generaci a ptetrvat i do dalSiho roku. Naopak teply podzim prodluzuje dobu
kladeni vaji¢ek a nasledny rozvoj populace v dalSim roce. Dospélci i rizna larvalni stadia jsou
schopna bézn¢ prenaset virus zakrslosti pSenice (Lindsten a kol. 1991, Abt a kol. 2015b), u
nymf byla prokdzana o néco vyssi efektivita prenosu viru nez u dospélcti (Ghodoum Parizipour
a kol. 2018). Uvedené faktory znateln¢ ovliviiuji dynamiku $ifeni choroby. | s nizkou hustotou
vyskytu jedinct kiiska polniho se pak virus zakrslosti pSenice mize rozsifit na mnoho rostlin,
diky jeho pienosu larvalnimi stadii a mnoZzstvi jimi navstivenych rostlin. Pro celkové

hospodafské ztraty na trodé ma velky vyznam, zda porost ozimych plodin byl infikovan jiz na
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podzim nebo ne (Roos a kol. 2011). Obecné je nicméné vhodna doba pro rozsifeni infekce
virem zakrslosti pSenice nastésti pomérné tzkd, coz mize byt pri¢inou pouze sporadickych
vyskytl velkych epidemii zamoteni. Na podzim, kdy je kiisek jest¢ aktivni a mlize prenaset
virus do nové osetého porostu, je omezen klesajici denni teplotou a na jafe, kde se v ozimém
porostu $ifi choroba zejména pomoci nymf, musi byt teplota dostate¢na pro jejich vyvoj, avSak
rostliny obilnin musi byt jesté dostate¢né mladé, nez dospé&ji do rezistentnéjsich stadii vyvoje.

Zajimava studie chovani kiiska polniho v porostu se sou¢asnym vyskytem msic ukazala,
7e pritomnost msic pasobi thyn larev kiiska polniho (Alla a kol. 2001b) a pravdépodobné jako
jejich obrannou reakci zpusobuje vys$si pocet jimi navstivenych rostlin (Alla a kol. 2001a). Toto
antagonistické chovani mezi kiiskem polnim a msicemi (pienaseci zluté zakrslosti je¢mene,
Barley yellow dwarf virus — BYDV), dvéma druhy hmyzu bézné se vyskytujicim v porostu
obilnin, tak pfispiva k vétSimu rozsiteni WDV v porostech siln€ji vystavenym 1 riziku
inokulace viru zluté zakrslosti je¢mene, dal§im vyznamnym virovym patogenem obilnin v CR

a Evropé.
1.4 Molekularni podstata WDV

1.4.1 Molekularni podstata a mozZny ptivod geminivirta

Nézev celé Celedi je odvozeni od charakteristickych (dvoj)kapsid kvasi-ikosahedralniho tvaru
nesouci jednovlaknitou virovou DNA (ssDNA) s genomem okolo 2500-3000 pard bazi.
Nekteti zastupci ¢eledi Geminiviridae maji genom cca dvojnasobné velikosti, ovSem rozdéleny
do dvou oddélenych casti. Nékdy jsou také doprovazené velmi rtiznorodymi cirkularnimi
provéazanost geminiviri s ostatnimi rostlinnymi viry.

Podle jedné z hypotéz mohly geminiviry vzniknout rekombinaci plasmidu phytoplasmy,
parazitické bakterie bez bunétné stény, obsahujici gen pro podporu replikace, s RNA
rostlinnym virem s genem pro vhodny obalovy protein (Krupovic a kol. 2009).

Pti replikaci geminiviry plné vyuzivaji rostlinné DNA polymerazy hostitele pro replikaci
Vv rostlinnych bunikach, které obsahuji 1 mechanismy pro dodate¢nou kontrolu a opravu chyb
narozdil od RNA-dependentnich RNA polymerdz replikujicich RNA viry, nicméné studie
zabyvajici se rozmanitosti riznych rostlinnych DNA virti nepotvrdily jejich nizsi rozmanitost
(Garcia-Arenal a kol. 2001). Pro¢ tomu tak je zatim zdstava stale neobjasnéno (viz také prace
Martin a kol. (2011)).
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Obrazek 3. Schéma organizace genomu viru zakrslosti pSenice. Nukleotidy ¢islované podle izolatu viru zakrslosti pSenice
penitného kmene vyskytujiciho se na izemi CR (NCBI accession number FJ546188). MP — pohybovy protein, CP —
obalovy protein, Rep — replikacni protein, Rep A — replikaéni asociaéni protein, LIR — dlouhy mezigenovy Gisek obsahujici
replika¢ni pocatek, SIR — kratky mezigenovy tsek.

LIR

Y .CP

Repintr(')'n

SIR

Maly genom geminiviri vynuceny pravdépodobné nutnosti §ifit se do okolnich
rostlinnych bunék i1 skrz plasmodesmata a nutnost zapojeni replika¢nich enzymi rostlinnych
bun¢k vedou u geminivirQ k silné manipulaci s replikaénim cyklem rostlinnych bunék a
ovlivnéni jejich metabolismu. Jako mozny pozistatek takovychto nasilnych interakci byla
zaznamenana i piitomnost pozustatki DNA sekvenci geminivird v genomu jejich rostlinnych

hostitelti (Bejarano a kol. 1996, Lefeuvre a kol. 2011).

1.4.2 Fyzikalné chemické charakteristiky ¢astic WDV

Viriony viru zakrslosti pSenice jsou castice s kapsidami ovalného tvaru délky cca 30 nm a
praméru cca 18 nm bez vyrazného kapsomerového uspotradani patrného u mnoha ostatnich
geminivirt. Pfiextrakci se tvofi jedna az dvé sedimentujici komponenty se sedimenta¢nim
koeficientem 70 S a ptipadné 50 S. Druha komponenta patrné souvisi s rozpadem dvojkapsid
na samostatné kapsidy. Podil absorbance A260/A280 vychazi cca 1,3-1,4. Nukleova kyselina

tvori cca 20 % slozeni viriont (Lindsten 1991).
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1.4.3 Usporadani genomu mastreviri

Viry rodu Mastrevirus, véetné viru zakrslosti pSenice, maji ssDNA uloZenu v ramci jedné
cirkularni komponenty velikosti 2600 az 2800 part bazi. Genom obsahuje tfi geny, z nichz se
exprimuji Ctyfi rizné proteiny — ctvrty protein vznikd na zakladé rozdilného sesttihu
piislusného transkriptu (Dekker a kol. 1991, Palmer a kol. 1998, Boulton 2002). Geny jsou
rozdéleny do dvou skupin, na geny koédované komplementarné k virové ssDNA
(complementary-sense — C-sense) a na geny kodované ve stejné orientaci jako virova SSDNA
(virion-sense — V-sense) (viz také Obrazek 3). C-sense gen pro replikacni protein (replication
protein — Rep) a pii jiném sestiihu RNA i pro replika¢ni asocia¢ni protein (replication associated
protein — Rep A) je ptepisovan do RNA z vlaken se stejnou orientaci jako pivodni virova
sSDNA a zminéné geny maji kodonovou orientaci shodnou s orientaci komplementarniho
vlakna DNA viici pivodni virové ssDNA. V-sense geny pro pohybovy protein (movement
protein — MP) a obalovy protein (coat protein — CP) jsou piepisovany do RNA z vlakna
komplemetarniho k puvodni virové DNA a maji stejnou kodonovou orientaci jako ptivodni
virové ssDNA vlakno. Genom rovnéz obsahuje dva nepiepisované useky, dlouhy mezigenovy
usek (long intergenic region — LIR) a kratky mezigenovy usek (short intergenic region — SIR),

jez oddéluji useky C-sense a V-sense gentl, Viz také prace Ramsell (2007).

1.4.4 Prenos viru zakrslosti pSenice kiriskem polnim

Wang a kol. (2014) ukazali, Ze po nasati virovych ¢astic kiiskem polnim se virus §ifi také piimo
do slinnych zlaz, kde sice takto vydrzi pouze n€kolik hodin, oviem umoziiuje bezprostiedné
dalsi Sifeni necirkulativnim zptsobem, coz neni u dalSich mastrevirli obvyklé. Standardné se
virus $ifi dale do zazivaciho traktu, kde obalovy protein virovych ¢astic vykazuje specifickou
afinitu k vnitfnostem hmyziho pfenaSece. Tato afinita také determinuje i druhy pfislusného
ptenasejiciho hmyzu (Briddon a kol. 1990, Hofer a kol. 1997). Virové castice nasledné
prostupuji pies hemolymfu zpét do slinnych Zlaz. WDV je tak kiiskem polnim pienasen
zejména cirkulativné-nepropagativnim zptsobem (Lindsten a kol. 1980, Lindsten a kol. 1991),
neni znam Gspé&Sny pienos pies vajicko na potomstvo (Ripl a kol. 2008).

Dinant a kol. (2004) ukazali, ze V-sense geny pro obalovy a pohybovy protein a tedy
formovani novych virovych €astic, maji vysokou expresni aktivitu zejména ve floému, odkud
je také pravdépodobné nejvyssi Sance, Zze budou virové Castice opét nasaty hmyzim pfenaseCem.
V ramci rozdili mezi jednotlivymi mastreviry je WDV c¢astic v infikovanych rostlinach

ve floému relativné malo na rozdil napt. od MSV (Markham a kol. 1989, Lindsten 1991).
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Pro samotné nasati viru z infikované rostliny staé¢i kiisku polnimu nékdy i pouze 5-10
minut (Vacke 1961, Mehner 2005). Infikovani kiisci mohou spé$né pienést virus na zdravou
rostlinu jiz béhem 15minutového sani (Ripl a kol. 2008). Kiisek polni uchovava WDV v téle a
pienasi jej po dobu az 50 dni (je uvadéno i az 100 dni), tzn. prakticky po cely svij zivot (Mehner
2005, Ripl a kol. 2008). Vsechna larvalni stadia jsou také schopna pienaset virus zakrslosti

pSenice, avSak efektivita ptenosu WDV u jednotlivych stadii kolisa (Mehner a kol. 2003).

1.4.5 Replikace a Sireni viru na molekularni arovni

Ktisek polni, jenz pfi inokulaci saje Stavu z rostlin, cilené napichuje pfimo floémové pletivo
(Tholt a kol. 2015) a umoznuje tak vstup virovych ¢astic do bezprostiedni blizkosti bun¢k
floému, kam tyto ¢astice i cili (Dinant a kol. 2004, Tholt a kol. 2018), patrn¢ kvili snadnéjsimu
transportu po rostliné i kvili potencialnimu dal§imu pfenosu hmyzim pienase¢em. Lindsten
(1991) ukazal, ze virové Castice WDV ztraceji infektivitu, pokud jsou vystaveny pisobeni
protedz. Jedinym virovym proteinem pfitomnym ve virové ¢astici blizce ptibuzného MSV pfi
infikaci rostliny je jeho obalovy protein (Mullineaux a kol. 1988). U MSV je rovnéz znamo, ze
jeho obalovy protein, velmi podobny obalovému proteinu WDV, ma zvysenou afinitu k DNA
(Liu a kol. 1997) a také obsahuje nuklearni navadéci sekvenci (Liu a kol. 1999a), ktera sméfuje
virus bunéénym transportem piimo do bunéc¢ného jadra a umozni tak zadit replikaci viru a
expresi virovych gent.

Pro virovou replikaci pomoci rostlinnych polymeraz i pro transkripci V-sense genu je
dulezité vytvoteni dvouvlaknit¢ DNA (dsDNA). U WDV i MSV byla prokazana pfitomnost
cca 80nukleotidového primeru nasednutého na piislusny tsek SSDNA v oblasti kratkého
mezigenového useku, SIR, pobliz struktury mozného replika¢niho pocatku komplementarniho
vlakna. In vitro experimenty prokazaly, Ze iniciace a syntéza komplementarniho vlakna je
mozna z tohoto primeru (Donson a kol. 1984, Hayes a kol. 1988Db).

Protilehly dlouhy mezigenovy usek, LIR, obsahuje potencialni replika¢ni pocatek
virového vlakna. Pravdépodobny replikacni pocatek tvoii vlasenku invertovanymi opakujicimi
se sekvencemi (Arguello-Astorga a kol. 1994) a vrchol této vlasenky tvoii devitinukleotidova
sekvence TAATATTAC (Macdowell a kol. 1985), mezi geminiviry velmi konzervovana
(Howarth a kol. 1986). Ptilehla oblast dulezita pro replikaci pak pokryva ptiblizné 300 bazi
uvnité LIR (Sanz-Burgos a kol. 1998). Ackoliv vytvareni vlasenky na daném misté nebylo
experimentalné potvrzeno, u sekvence pobliz pfislusného mista bylo prokazano prostorové
ohnuti (Suarez-Lopez a kol. 1995). Podobné bylo prokazano, ze samotna sekvence potencialni

vlasenky je dulezitd pro efektivni replikaci, protoze u WDV a MSV mutantli S porusSenou
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sekvenci se vytratila i schopnost replikace ptislusnych virovych konstrukta (Hofer a kol. 1992,
Schneider a kol. 1992). LIR region viru zakrslosti pSenice dale také obsahuje promotory vcetné
TATA-boxt (Arguello-Astorga a kol. 1994), jez tidi expresi C-sense i V-sense gent, tzn.
obousmérné (Morris-Krsinich a kol. 1985, Dekker a kol. 1991). Protilehly SIR region pak
obsahuje prislusné ukoncovaci a polyadenylové sekvence pro C-sense i V-sense transkripty
(Hayes a kol. 1988b).

Protoze geminiviry nekéduji vlastni polymerdzy, jsou zcela zavislé na DNA
aparatu hostitele. Pro geminiviry byly popsany dva potencidlni mechanismy replikace,
jednak replikace pomoci replikace kruhovych plasmidu (rolling circle replication - RCR,
(Saunders a kol. 1991)) a jednak pfipadné i rekombinant-dependentni rekombinace
(recombination dependent recombination — RDR;(Jeske a kol. 2001)). Replikovatelné DNA
meziprodukty, charakteristické pro RCR ¢i RDR, byly vizualizovany pro begomovirus
mozaiky mrac¢naku (Abutilon mosaic virus - AbMV) na 2D gelové elektroforéze z purifikované
virové DNA. Kone¢nym produktem obou mechanismi je kompletni genomova ssDNA,
pfipravena na enkapsidaci do nové vzniklych virovych ¢astic. Ohledné replikace DNA nicméné
stoji za pozornost, ze Macdonald a kol. (1988) izolovali z napadenych rostlin p$enice i virovou
DNA, ktera kromé kompletni genomové DNA WDV obsahovala i cca poloviéni DNA obsahujici
oteviené Cteci ramce pro C-sense geny, potencialni replikac¢ni pocatek ssDNA vlakna i struktury
mozného replikaéniho pocatku komplementarniho vldkna a misto pro nasednuti
80nukleotidového primeru v oblasti SIR ukazujici na moZnost tvorby dalsi intermediatni DNA

Vv pritbéhu vyvoje infekce.

1.4.5.1 Replikace a uloha proteinu Rep

Pro samotnou replikaci viru je z virovych proteini potieba pouze jeho replikaéni protein (Rep),
ktery mé velmi konzervovanou sekvenci v ramci celé celedi geminivird. Otevieny ¢teci ramec
tohoto C-sense genu zahrnuje intron a bez jeho sestiihu z mRNA ptipadné vznika replikacni
asocia¢ni protein (Rep A). Oba proteiny sdileji svoji pocatecni sekvenci (5’-konec mRNA), ale
diky pfitomnosti intronu v jejich DNA se jejich koncova sekvence 1isi (3’-konce transkripti)
(Schalk a kol. 1989, Dekker a kol. 1991).

Rep protein se sekvencné specificky vaze na mista v LIR regionu lokalizovana pobliz
TATA-boxt asociovanych s piislusnymi C- a V-sense promotory (Missich a kol. 2000), kde
vytvaii vysoce afinitni komplexy (Castellano a kol. 1999). Nukleoproteinovy komplex WDV
Rep proteinu a DNA z oblasti LIR byl pozorovan i elektronovym mikroskopem (Sanz-Burgos
a kol. 1998). Rep protein se rovnéz sekvencné specificky vaze v oblasti LIR na sekvenci
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potencialniho replikaéniho pocatku viru zakrslosti pSenice, kde rozpoznava priislusnou
devitinukleotidovou sekvenci na potencialnim vrcholu vlasenky (Heyraud-Nitschke a kol.
1995). WDV Rep zde spolu s DNA vytvaii nizko afinitni komplex a také umoziuje jeji
rozdéleni &i navazani pii replikaci (Castellano a kol. 1999). Stépné misto v DNA (potencialni
pocatek replikace) pro protein Rep bylo experimentalné nalezeno mezi sedmym a osmym
nukleotidem (TAATATT | AC) ve zminéné devitinukleotidové sekvenci (Heyraud-Nitschke a
kol. 1995).

Cast na po&atku Rep proteinu (N-konci) obsahuje postupné ti konzervované motivy
bézné u prokaryotickych proteini pro iniciaci replikace pomoci RCR (Koonin a kol. 1992)
a také NTP vaznou doménu (Gorbalenya a kol. 1989) pottebnou pro ATPazovou aktivitu a
efektivni replikaci (alesponn u monopartitniho begomoviru (Desbiez a kol. 1995)). Bylo
prokazéano, ze WDV Rep interaguje 1 s komplexem pSeni¢ného replikac¢niho faktoru C, jenz je
dulezity pro zapojeni proteinti hostitele do DNA syntézy (Luque a kol. 2002). V replika¢nim
proteinu byly rovnéz identifikovany domény s pravdépodobnou vaznosti na dalsi transkrip¢ni
faktory (myb-podobné transkripéni faktory, (Hofer a kol. 1992)). Navic Liu a kol. (2014)
prokézali u WDV replikacniho proteinu i schopnost potlaceni piipadné RNA interference,
obranného mechanismu rostlin vi¢i pfipadné vysoké transkripci nékterych gend.
U replika¢niho proteinu WDV Rep byla prokazana také tvorba cca osminasobnych homo-
oligomeri a také hetero-oligomerti (s WDV Rep A) (Missich a kol. 2000).

1.4.5.2 Uloha proteinu Rep A

U druhého z produktti C-sense Cteciho ramce, proteinu Rep A nikdy nebyla u mastrevira
prokazana jeho fyzicka pfitomnost v infikovanych bunkach, nicméné vétsina (80 %) C-
sense transkriptu ve WDV €1 MSV infikovanych bunikéach je detekovana jako nesestfihana
(Dekker a kol. 1991, Wright a kol. 1997) a Rep A i Rep proteiny byly izolovany pii umé&lé
bakterialni expresi (Missich a kol. 2000).

Protoze proteiny WDV Rep a WDV Rep A sdileji svoji pocate¢ni sekvenci, domény
nachazejici se v pocatecni casti Rep proteinu (N-konci) jsou také pritomny i na Rep A
proteinu (pro piehled u obdobného MSV viz také prace Shepherd a kol. (2007b)). Na Rep A
proteinu podobné jako na Rep proteinu se nachazeji tedy 1 tfi konzervované motivy bézné
u prokaryotickych proteinti pro iniciaci replikace pomoci RCR (Koonin a kol. 1992) a ma
schopnost rozdéleni ¢i navazani DNA, nicméné Rep A protein jiz neni schopen iniciovat
replikaci (Schalk a kol. 1989, Collin a kol. 1996), pravdépodobn¢ pro chybéjici doménu pro

ATPazovou aktivitu nachazejici se U proteinu Rep az v jeho odlisné ¢asti, u jeho C-konce (viz
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také Desbiez a kol. (1995), Shepherd a kol. (2007b)). Rovnéz tak domény s pravdépodobnou
vaznosti na myb-podobné transkripéni faktory u proteinu Rep A chybi. WDV Rep A tvori,
podobné jako WDV Rep, nukleoproteinové komplexy v oblasti LIR lokalizované pobliz
TATA-boxt asociovanych s C- a V-sense promotory. Tyto nukleoproteinové komplexy jsou
mirné odlisné od komplexi tvoifenych pomoci proteinu WDV Rep (Missich a kol. 2000).

U WDV Rep A proteinu podobné jako u WDV Rep proteinu byla rovnéz prokazana
schopnost potlaceni ptipadné RNA interference (Liu a kol. 2014). V koncové ¢asti WDV
Rep A proteinu odlisné od WDV Rep proteinu byl identifikovan vazny motiv, jez je schopen
vazat tzv. GRAB proteiny (geminivirus Rep A-binding proteins - GRAB), které maji
vyraznou podobnost sekvence k proteinim s NAC doménou (Xie a kol. 1999), jez ovliviuji
vyvoj a starnuti u rostlin, a které, pokud jsou exprimovany, inhibuji replikaci WDV DNA
Vv suspenzni kultufe pseni¢nych bunék.

Hofer (1992) (viz také Collin a kol. (1996)) zmifuje, Ze WDV Rep A obsahuje
nuklearni navadéci sekvenci, zatimco samotny WDV Rep ne.

Rep A protein je dulezity pro expresi V-sense genit WDV. Plasmidovy konstrukt WDV
bez moznosti exprimovat Rep A vykazoval 0 90 % menSi expresi z V-sense promotoru
v pSeniénych protoplastech (Hofer a kol. 1992, Collin a kol. 1996). U WDV Rep A i MSV
Rep A byla prokazana aktivace exprese z V-sense promotoru i v kukuficnych bunkach
(Munoz-Martin a kol. 2003).

Samostatnou kapitolou je interakce proteinu Rep A s lidskymi a rostlinnymi proteiny
podobnymi retinoblastomu (retinoblastoma-related proteins - RBR) ptes identifikovany LxCxE
motiv aminokyselin a jemu pfislusnou pRBR doménu v sekvenci DNA. Prislusny LXCXE
motiv pro interakci Rep proteinu ¢i Rep A proteinu s RBR proteiny je pomérné konzervovany
mezi mastreviry (Xie a kol. 1995). Interakce Rep A s proteiny RBR patrné nuti bunéény cyklus
rostlinnych bunék ptejit do stavu podobného S-fazi pravdépodobné uvolnénim transkripéniho
faktoru E2F z RBR (Gutierrez 2000), podobné jako u lidskych nebo zvitecich bun¢k. Bunky
Vv tomto stavu maji aktivovany aparat pro syntézu DNA a jsou pravdépodobné 1épe schopny
replikovat virovou DNA. Dvé potencialni mista pro vazani E2F transkripéniho faktoru byla
detekovana také v promotorech umisténych v LIR regionu. Interakce mezi jednim z téchto mist
a lidskym E2F byla potvrzena Vv praci Munoz-Martin a kol. (2003), kde byla také prokazana
schopnost WDV Rep A zvysit expresi reportérového genu navazaného na minimalni 35S
promotor doplnény trojitym opakovanim jednoho z E2F-vaznych motivi. WDV Rep A ve
zminéné studii 18krat zvySoval expresi piislusného reportérového genu, WDV Rep A

s poskozenym RBR motivem pouze cca 2krat.
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WDV Rep i WDV Rep A maji pfislusnou pRBR doménu a Collin a kol. (1996)
popisuji, ze WDV Rep i WDV Rep A interaguji s lidskymi RBR. Nicméné Gutierrez a kol.
(2004) uptesnuji, ze s rostlinnymi RBR, jez se od lidskych RBR 1isi na N-konci (Xie a kol.
1996), interaguje pouze WDV Rep A protein a nikoliv WDV Rep protein, stejné jako i
u MSV (Horvath a kol. 1998) nebo u viru zluté zakrslosti fazolu (Bean yellow dwarf virus —
BeYDV) (Liu a kol. 1999b).

Mutace v RBR-vazném motivu siln¢ zredukovala replikaci v kultuie pSeni¢nych
protoplasta (Xie a kol. 1995), ale stejna mutace neméla efekt na replikaci BeYDV (Liu a kol.
1999b), coz ukazuje, ze ruzné druhy mastrevirdt mohou mit odli$né strategie pouzivané pii
replikaci v prostiedi ptislusného hostitele. Rovnéz sekvence celého LIR regionu, jeZ obsahuje
sekvence dulezité pro replikaci, neni nijak moc konzervovana mezi jednotlivymi mastreviry
(Arguello-Astorga a kol. 1994). Za zminku také stoji, ze pti experimentech v burnikach kukufice
WDV Rep A byl schopen aktivovat transkripci z WDV V-sense promotoru nezavisle
na mutacich pfitomnych v pPRBR doméné, ovSem aktivace transkripce z MSV V-sense
promotoru pomoci WDV Rep A na tyto mutace byla citliva (Munoz-Martin a kol. 2003).
Shepherd a kol. (2005) prokazali, ze u MSV mutantti S RBR-vaznym motivem porusenym tfemi
mutacemi nedochazi ke snizeni replikace v kultufe suspenznich bunék podobné jako i
u BeYDV a MSV byl dokonce schopen vyvolat systemickou infekci u svého hostitele, kukufice
seté, byt jen s velmi mirnymi projevy infekce. V populaci mutovaného viru ovSem rychle
prevladl kmen se spontani jednonukleotidovou mutaci, jez sice nevedla k obnoveni RBR-vazné
aktivity, ovSem fakt, ze tento selekéni tlak silné preferoval ptfislusnou mutaci, indikuje, Ze
dany region muze mit i dal$i funkce nez pouze vazbu na RBR proteiny. Mutace RBR-vazného
motivu rovnéz v MSV Rep A také ovlivnila lokalizaci viru v rostliné. Mutanti bez RBR vazné
aktivity nemohli proniknout do bunék mezofylu, pravdépodobné pro vysokou koncentraci RBR
Vv dospélych bunkach mezofylu (McGivern a kol. 2005).

WDV mutanti piimo s deleci WDV Rep intronu a tedy bez moznosti exprese WDV
Rep A proteinu, se stale mohou replikovat v suspenzni kultute bunék (Schalk a kol. 1989).
Navic, takova replikace méla dokonce vyssi vytézek virové DNA (Collin a kol. 1996). Vyssi
uroven replikace bez pfislusného Rep A proteinu byla pozorovana také u MSV a BeYDV
Vv suspenzni kultufe buné€k, ovSem ani jeden z téchto dvou defektnich mastrevirti nebyl schopen
systemicky infikovat hostitelskou rostlinu (Liu a kol. 1998, Boulton 2002). Schopnost replikace
Rep A-deficientnich mutantd pfislusnych mastrevird v suspenznich kulturach bunék ale ne

Vv rostlinach pak muiiZe souviset s faktem, Ze buniky v suspenzni kultufe se aktivné déli a tedy
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Rep A protein neni potfeba pro vyvolani stavu S-faze (Liu a kol. 1998), ptipadné také
s prokazanou transaktivaci transkripce V-sense gent, zodpovédnych za transport viru.

Negativni regulace ¢i efekt Rep A na mnozstvi virové DNA v suspenznich kulturach
bunék je vysvétlovan bud’ jako o néco efektivnéjsi regulace mirné mensiho genomu (bez intronu)
Ci efektivngjsi replikace pokud C-sense transkripty generuji pouze Rep protein (Liu a kol. 1998),
nicméné je mozné, ze v situaci, kdy je naplno rozbéhnuta transkripce Rep proteinu a mize
zacit replikace virové DNA ve velkém méfitku, bunécnd masinerie uz nestiha provadét sestiih
MRNA pro Rep protein, za¢ne spontann¢ vznikat Rep A protein, ktery jednak posune bunéény
cyklus do S-faze a umozni tak samotnou replikaci virové DNA a také zapocne ¢i zvysi
transkripci i V-sense genti a podpofi tak vznik i obalového a pohybového proteinu. Negativni
regulace tvorby Rep skrze mensi pocet C-sense transkriptl ¢i i napf. pres néjakou formu
polofunk¢ni hetero-oligomerizace s Rep proteinem je pouze vedlejsi, ale ne nutné nechtény,
efekt.

1.4.5.3 Uloha proteinii CP a MP

Experimentalné neni potvrzeno, v jaké formé je DNA transportovana po buiice, zda stale jako
cela virova castice, ¢i je DNA nejprve zbavena oballi a az poté navazdna na jednotlivé CP
proteiny. U MSV obalovy protein vaze nespecificky SSDNA i dSDNA in vitro (Liu a kol. 1997)
a je schopen transportovat sSDNA i dsSDNA do jadra bunky, kdyz byl vsttiknut mikroinjekci do
kukufi¢nych ¢i tabakovych bunék (Liu a kol. 1999a). WDV CP je rovnéz nezbytny pro vyvolani
systémové infekce hostitele (Woolston a kol. 1989) a pro akumulaci ssSDNA (Boulton a kol.
1989h), pravdépodobné pro ptipravu novych virovych Castic.

Pohybovy protein, WDV MP, plni pohybové funkce jak uvnitt jednotlivych bunék, tak
mezi nimi. U blizce podobného MSV jeho MP byl zjistén v blizkosti sekundarnich
plasmodesmat (Dickinson a kol. 1996), coz nepfimo ukazuje na jeho roli pfi transportu virové
DNA ¢i DNA-proteinového komplexu mezi bunikami. Navazany MSV MP a zeleny
fluorescenéni protein (green fluorescent protein — GFP) byly schopné se dohromady pohybovat
mezi bunkami daleko 1épe nez samotny GFP (Kotlizky a kol. 2000). V jednotlivych bunkach,
absence MSV MP exprese nesnizovala replikaci viru nebo tvorbu novych virovych ¢astic
(Boulton a kol. 1993), i kdyz je MSV MP také nezbytny pro systemickou infekci hostitele
(Boulton a kol. 1989b). MSV MP nevaze DNA, ov§em bylo prokazano vzajemné vazani MSV
CP a MSV MP proteint (Liu a kol. 2001a, Liu 2008). Mikroinjekéni experimenty potvrdily, ze
MSV MP, pokud je vstiiknut do bunék spolu s DNA MSV a fuzi proteini CP a GFP, nuklearni
akumulace ssDNA i dsDNA je potlacena (Liu a kol. 2001a). MSV MP tak pravdépodobné
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odvadi CP-DNA komplex ¢i, pravdépodobnéji (Liu a kol. 2001b), virovou ¢astici z jadra

na okraj bunék, kde mize byt dale transportovan(a) ptes plasmodesmata do sousednich bunék.

1.5 Zdroje resistence i tolerance vii¢i WDV

Bézné péstované komercni odridy jarni i 0zimé pSenice a jeCmene jsou Casto velmi ¢i
sttedné nachylné (Vacke a kol. 2000, Vacke a kol. 2001, Bartos a kol. 2002, Lindblad a kol.
2002b, Sirlova a kol. 2005), Ize v§ak zaznamenat i mirn¢ nachylné odriady (Ripl a kol. 2013).
Experimentalnich kultivard obilnin slechténych na vysokou odolnost vi¢i WDV je v literatuie
uvadéno rovnéz minimum ((Benkovics a kol. 2010) — psenice, (Habekul3 a kol. 2009) — je¢men).
Molekularn€ genetické postupy pro navozeni rezistence u geminivird jsou shrnuty napft. v praci
Shepherd a kol. (2009). Nicméné jejich aplikace pifimo u rodu Mastrevirus se setkala
S obtizemi. Potencialni navozeni rezistence zaloZzené na molekularné genetické technice RNA-
interference viaci obalovému proteinu WDV bylo patrné aktivné umléovano replikacnim
proteinem WDV (Liu a kol. 2014). AZ experimentalni transgenni kultivar jeémene zalozeny na
technice RNA-interference vuci replikaénimu proteinu WDV vykazoval o¢ekavané piiznaky
rezistence (Kis a kol. 2016). V literatufe je rovnéz zminovan i kultivar jeémene s vysokym
potencialem rezistence vici WDV zaloZzenym na genetické technice CRISPR/Cas9 (Kis a kol.
2019). Nicméné¢ rezistence ¢i $patna interakce s hostitelem vazana na ptesnou nukleotidovou
sekvenci miize byt velmi rychle pfekondna mutacemi v interferujici sekvenci viru, jak je
konkrétné znamo i pfimo u geminivirti (Shepherd a kol. 2005, Mehta a kol. 2019).

Adekvatni obranou vii¢i Sifeni viru v ramci konvenéniho zemédélstvi stale zatim
zustava dodrzovani agronomickych postupd, jez se snazi minimalizovat riziko pfenosu viru
na zékladé¢ znamého Zivotniho cyklu kfiska polniho a podminek vhodnych pro pfenos viru, ¢i

obrana proti samotnému hmyzimu pienaseci (Ripl a kol. 2008, Abt a kol. 2015a).
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2 Cile a hypotézy

2.1 Hypotéza 1 — o moZnosti navozeni rezistence obilnin pomoci transkripce ¢i
exprese nékterych dseki virové DNA

Hypotéza 1: Rezistence obilnin vii¢i viru zakrslosti pSenice mlze byt navozena jejich
transformaci geny odvozenymi od viru pomoci vhodnych vektort.

Cil prace 1: Cilem bude piipravit transformace schopné vektory se zabudovanou sekvenci
genu, kterd do obilniny pfinese pozadovanou genetickou informaci. Zasadni otdzkou bude
vybér vhodného plasmidu a metody zabudovani do genomu obilniny. V piipadné Gspesného
vlozeni sekvence bude ovéfovan vliv vlozené sekvence na vyvoj rostlin a stupen jejich

rezistence vuci viru zakrslosti pSenice.

2.2 Hypotéza 2 — o zhodnoceni moZnosti pienosu viru na rostlinu molekularné
genetickymi technikami

Hypotéza 2: Studium pouZzivanych transformaénich metod rostlin umoziuje ziskané poznatky
aplikovat i pfi zkoumani mechanismu ptenosu viru zakrslosti pSenice do rostlin pomoci
molekularné-genetickych metod. Pouzivané transforma¢ni metody mohou byt pravdépodobné
upraveny K zajisténi pfenosu viru zakrslosti pSenice do rostlin.

Cil prace 2: Ziskani a ovéfeni postupli a metod pro pienos viru zakrslosti pSenice Gpravou
a optimalizaci existujicich molekularné-genetickych metod a ovéfeni jejich UCinnosti

V porovnani s pfenosem viru pomoci hmyziho pfenasece.
2.3 Hypotéza 3 — 0 moZnosti detektce viru WDV dalSimi metodami

Hypotéza 3: Soucasné cilené techniky jsou €asto vyuZivany pro stanoveni rozsahu napadeni
rostliny po konkrétni stanovené dob&. Tyto techniky mohou byt dale optimalizovany
pro piipadné studium €asového vyvoje mnozstvi viru v rostliné. Podobné, soucasny stav Siroce
zamétenych molekularné biologickych technik v sobé skryva, po pfipadné optimalizaci,
potencial i1 pro detekci rostlinnych virt.

Cil prace 3: Cilem bude zamé&fit se na existujici detekeni techniky a pomoci nich 1épe popsat
Sifeni vybraného obilného viru v rostlin€. V piipadé novych technik se pak pokusit pomoci

vybrané techniky detekovat pfitomnost rostlinnych virti v napadeném rostlinném materialu.
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Abstract

Wheat dwarf virus (WDV), an important cereal pathogen, is closely related to Maize streak virus (MSV), a model virus of the
Mastrevirus genus. Based on its similarity to known MSV resistance strategies, a truncated part of the WDV replication-
associated (RepA) gene (WDVRepA215) and the WDV RepA gene with a mutated retinoblastoma-related protein (RBR)
interaction domain (WDVRepA215RBR™!) were cloned into the pIPKb002 expression vector and transformed into immature
embryos of spring barley cv. Golden Promise plants through Agrobacterium-mediated transformation. Adetailed study of T -
generation plants infected by leafhoppers (Psammotettix alienus) fed on infection sources of variable strength was performed
over a 5-week period encompassing the initial stages of virus infection. ADNAWDYV TagMan gPCR assay normalized using
the DNA puroindoline-b SYBR Green qPCR assay for samples on a per week basis revealed an approximately 2-week
delay in WDVRepA215RBR™! plants to WDVRepA215 plants before significant increases in the WDV viral levels occurred.
Both WDVRepA215 and WDVRepA215RBR™! plants showed similar levels of transgenic transcripts over the screened
period; however, the transgenic plants also showed increased numbers of infected plants compared to the control plants.

Keywords: Wheat dwarf virus (WDV), truncated Rep gene, RBR domain, gPCR screening

Nygren et al. 2015). It was first detected in the former
Czechoslovakia (Vacke 1961). WDV is transmitted by a
leafhopper, Psammotettix alienus, in a circulative, non-
propagative manner by both the larval instars and the adult

1. Introduction

Wheat dwarf virus (WDV), belonging to the genus
Mastrevirus of the Geminiviridae family, is an important viral
pathogen of cereal crops worldwide (Kundu et al. 2009;

leafthoppers (Lindsten and Vacke 1991). WDV is a single-
stranded DNA virus with a monopartite circular genome of
approximately 2.7 kb that is divided into several functional
regions: a short intergenic region containing the origin of
replication and sites of potential promoters for viral genes,

which are grouped into two open reading frames for virus
Pavel Cejnar, E-mail: cejnar@vurv.cz; Correspondence Jiban movement and coat protein; a long intergenic region; and
Kumar Kundu, E-mail: jiban@vurv.cz

© 2018, CAAS. Published by Elsevier Ltd. This is an open
access article under the CC BY-NC-ND license (http:// ) o ) )
creativecommons.org/licenses/by-nc-nd/4.0/) protein (Rep) and replication-associated protein (RepA), see

doi: 10.1016/52095-3119(18)62000-3 alsoin Fig. 1. The Rep protein is responsible for replicating

a complementary open reading frame that produces two
other virus proteins through differential splicing — replication
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the virus DNA, and RepA is responsible for enhancing the
production of coat proteins and movement proteins and
also for interactions with plant cell cycle mechanisms. Coat
protein is the only virus protein that is present in the virus
capsid and is responsible for proper circulation of the virus
within the leafhopper insect vector and proper intracellular
movement. The movement protein is required for proper
viral cell-to-cell movement (Boulton 2002).

For geminiviruses, several different molecular engineering
resistance strategies exist, but only a few are known for
the Mastrevirus genus (Shepherd et al. 2009; Kis et al.
2016; Zaidi et al. 2016). For Maize streak virus (MSV), a
successful molecular engineering resistance strategy has
already been performed (Shepherd ef al. 2007a, b) based
on the expression of the truncated MSV RepA protein in
Digitaria sanguinalis and Zea mays plants. In MSV Rep
and MSV RepA proteins, several structural and functional
domains have been identified (Gutierrez 1999; Boulton
2002), and experiments with truncated MSV RepA proteins
of different lengths expressed in transgenic D. sanguinalis
plants produced different results. These results included the
inhibition of plant growth, increased susceptibility to MSV
or significantly decreased susceptibility to MSV (Shepherd
et al. 2007b). An MSV RepA protein that was truncated to
maintain only the first 219 amino acids but still contained
functional DNA-binding domains (Koonin and llyina
1992), the RBR interaction domain (Xie et al. 1995) or the
oligomerization domain (Horvath et al. 1998), was produced
in the transgenic plants and reduced significantly the virus
titres. Subsequently, a three-nucleotide mutation in the
truncated MSV RepA protein gene sequence resulted in the
complete inhibition of MSV in the tested plants (Shepherd
et al. 2007b). This inhibition activity of MSV occurred even
in response to infections caused by more divergent MSV
isolates, but only to a reduced extent (Shepherd et al. 2014).
For Wheat dwarf virus, the domains identified in the MSV
Rep and RepA proteins were also identified in WDV either
directly (Koonin and llyina 1992; Xie et al. 1995) or based
on amino acid sequence homology between the MSV
and WDV proteins (Missich et al. 2000). In this paper, we
performed a functional analysis of the truncated RepA gene
of WDV. Our result has shown that a two-point mutation
in the RBR domain is able to delay the development of
disease symptoms in the barley plants. The delayed disease
symptoms also corresponded to the WDV titres detected
by TagMan gqPCR.

2. Materials and methods
2.1. Construction of expression plasmids

Based on the amino acid sequence homology in the group of

123 WDV isolates obtained from the GenBank database, the
MSV-Kom isolate (GenBank accession number AF003952;
Shepherd et al. 2007b), an exact counterpart of the MSV
RepA truncated 219-amino acid sequence, was identified
as the first 215 amino acids in the WDV RepA protein and
nucleotide sequences (ClustalX 2.1 Software; Larkin et al.
2007). Two expression vectors, pIPKb002+WDVRepA215
and pIPKb002+WDVRepA215RBR™, for the expression
of the identified truncated WDV RepA sequence and the
truncated WDV RepA sequence carrying a mutation in
the RBR interaction domain, responsible for decreased
susceptibility of maize plants to MSV, were manufactured.
The identified 645-bp nucleotide sequence was amplified
from the isolated DNA (GenElute™ Plant Genomic DNA
Miniprep Kit, Sigma-Aldrich, USA) from greenhouse plants
inoculated with leafhoppers transmitting the wild-type Czech
WDV isolate (GenBank accession number FJ546189). The
primer pair used (WDVRepA215CAfw+WDVRepA215-
rv, see Table 1) also contained the CACC sequence for
subsequent cloning and 6 nucleotides of the 3" untranslated
region (3’'UTR) of the RepA gene sequence to maintain
an exact analogue of the WDV RepA Kozak consensus
sequence. An amplified and purified PCR product was
cloned into the pENTR D-TOPO vector () ENTR™/D-TOPO®
Cloning Kit, ThermoFisher Scientific, USA) according to the
manufacturer’s instructions. Using the LR clonase reaction
(Gateway® LR Clonase® Il Enzyme mix, ThermoFisher
Scientific, USA), the donor sequence was transferred into
the pIPKb002 vector (Himmelbach et al. 2007) under the
Z. mays ubiquitin-1 (ZmUbi-1) promoter, along with the
hygromycin phosphotransferase gene (hpt) controlled by
another ZmUbi-1 promoter for selection in plants.

For the WDVRepA215 product carrying the mutation
in the RBR interaction domain (Shepherd et al. 2007b),
a WDVRepA215CAfw+WDVRepA215rv PCR product
was purified and cloned into the pGEM-T Easy vector
(Promega, USA), and a site-directed mutagenesis using
the WDVRepRBRsdm-fw+WDVRepRBRsdm-rv primer
pair was performed. The mutation was confirmed by
digesting with Aflll. The extracted DNA of the pGEM-T
Easy+WDVRepA215RBR™! vector was used as a template
for the creation of the pIPKb002+WDVRepA215RBR™
plasmid as described previously. Both final vectors,
pIPKb002+WDVRepA215 and pIPKb002+WDVRepA-
215RBR™! (see Fig. 1), were sequenced (GATC Biotech,
Germany) to confirm the target sequence.

2.2. Agrobacterium-mediated transformation
The transformation of the expression vector sequences

into spring barley cv. Golden Promise cereal plants was
performed as described by Cejnar et al. (2017) based on a
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Fig.1 Wheat dwarf virus (WDV) genome organization (WDV FJ546189 isolate) with the selected part of the replication-associated
protein used (A) and organization of binary plasmid pIPKb002+WDVRepA215 (B). Rep, replication protein; RepA, replication-
associated protein; MP, movement protein; CP, coat protein; SIR, short intergenic region; LIR, long intergenic region; RBR,
retinoblastoma-related proteins interaction domain; ColE, ColE1 origin of replication; pVS1, pVS1 origin of replication; spec,
streptomycin/spectinomycin adenyltransferase; LB and RB, left and right T-DNA border; ZmUbi-1, maize ubiquitin promoter
followed by maize ubiquitin intron; hpt, hygromycin phosphotransferase; T, terminator; GOI, gene of interest; attB1 and attB2, LR

clonase reaction sites.

Table 1 Primers and probes used in the study

Primer or probe name”

Sequence (5'—3")

Annealing temperature used (°C)

WDVRepA215fw ATGGCCTCTTCATCTGCACC 63
WDVRepA215CAfw CACCACTACCATGGCCTCTTCATCTGCACC 63
WDVRepA215rv TGATTCGAGGCTTACGGAGT 63
WDVRepRBRsdm-fw CTCATTTGCCITAAGACCATTGAAAGCTGGAAAAATGAACATC 65
WDVRepRBRsdm-rv TCAATGGTCTIAAGGCAAATGAGTGATTCGGTTGGAAACTCAG 65
F-Hyg/p204 GATTGCTGATCCCCATGTGT 62
R-Hyg/p204 GCTGCTCCATACAAGCCAAC 62
MRNApIPKbRepA-fw CCCCTTCACCACTACCAT 57
mRNApIPKbRepA-rv GTGGAGCTCTCTAACAGAAG 57
PinB-fw TGCAAGGATTACGTGATG 59
PinB-rv ACATTGTGGTGCTATCTG 59
UnivWDVfw TCCGCGCTAGGACAGTCACT 60
UnivWDVrv AAGATTGGCTCAAGGATATGACTCC 60
6FAM-WDVB-BHQ1 (TagMan) 6-FAM-AGGCGAAGAATGATTCACCCT-BHQ-1 60

"WDVRepRBRsdm-fw and WDVRepRBRsdm-rv mutated nucleotides in the site-directed mutagenesis primers are underlined.

previously published transformation protocol (Ohnoutkova
et al. 2012). From 240 transformed embryos carrying the
pIPKb002+WDVRepA215 vector, 4 independent transgenic
plants were regenerated, and another 10 albino plants
were obtained. Among 150 embryos transformed with the
pIPKb002+WDVRepA215RBR™! vector, six independent
transgenic plants were regenerated, and no albino plants
were obtained. DNA was isolated from the leaf tissue of
the regenerated plants using the procedure reported by

Edwards et al. (1991), and the presence of the genes
of interest and the hpt selection gene were confirmed
(WDVRepA215fw+WDVRepA215rv primer pair, F-Hyg/
p204+R-Hyg/p204 primer pair).

2.3. Nucleic acid extraction protocols

RNA extraction from the barley plants was performed
using TRIzol Reagent (TRIzol Reagent, ThermoFisher
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Scientific, USA) applied on the leaf tissue ground in liquid
nitrogen according to the manufacturer instructions. DNA
extraction was performed using the procedure by Edwards
etal. (1991) and applied on leaf tissue ground in liquid
nitrogen. For screening experiment 2, a combined plant
RNA+DNA extraction protocol was used, meaning that the
TRIzol Reagent protocol for RNA extraction was followed
by the DNA extraction after RNA extraction protocol (Triant
and Whitehead 2009).

2.4. RT-qPCR RNA assays

For screening levels of transgenic WDVRepA215 and
WDVRepA215RBR™! transcripts in plants, regardless of the
presence and levels of the corresponding viral transcripts,
the pIPKbRepA215 AB SYBR RT-gPCR RNA assay with
MRNApIPKbRepA-fw+mRNApIPKbRepA-rv primer pair
was performed. The forward primer mMRNApIPKbRepA-fw
was designed to match the part of the 3"UTR originally
included in the pIPKb002 vector, which differs in sequence
from the corresponding 3'UTR in WDV Rep. The reverse
primer, mRNApIPKbRepA-rv, was designed to recognize
the initial part of the transcript to maintain a small 175-bp
amplicon. For the normalization of the mMRNA expression
levels, the PINB AB SYBR RT-gPCR RNA assay with the
PinB-fw+PinB-rv primer pair was performed. RT-gPCR
RNA assays were performed on an Applied Biosystems
7300 Real-Time PCR System (ThermoFisher Scientific,
USA) in a total volume of 12 uL containing 6 pL of reaction
pre-mix (Power SYBR® Green RNA-to-CT™ 1-Step Kit,
ThermoFisher Scientific, USA), 0.096 pyL of RT Enzyme

Mix (containing ArrayScript™ UP Reverse Transcriptase
and RNase Inhibitor), 2 pL of sample, 0.4 pymol L' each
primer and ddH,0 to the final volume. All the assays were
performed in triplicate for the standard and tested samples.
Thermal profiles, gPCR standards and detected efficiencies
are shown in Table 2.

2.5. qPCR DNA assays

WDV DNA titre analysis was performed using a WDV
Roche TagMan gPCR DNA assay and was run on a
Roche LightCycler® 480 Instrument Il (Roche Applied
Science, Germany) in a total volume of 12 pL containing
6 uL of reaction pre-mix (LightCycler® 480 Probes Master,
Roche Applied Science, Germany), 2 uL of DNA sample,
0.4 ymol L' of each primer, 0.2 umol L' of TagMan probe and
ddH,O up to the final volume. For the normalization of the
extracted DNA from the samples of different growth stages,
PINB Roche SYBR gPCR DNA assay was performed. The
assay was based on the detection of puroindoline-b copies
(2 copies are present in wheat genome (Gautier et al. 2000),
and 4 copies are hordoindoline-b1 and hordoindoline-b2 in
barley genome (Galassi et al. 2012)) in extracted DNA. The
assay was run on a Roche LightCycler® 480 Instrument Il in
a total volume of 12 L containing 6 uL of reaction pre-mix
(LightCycler® 480 SYBR Green | Master, Roche Applied
Science, Germany), 2 L of DNA sample, 0.4 ymol L' of
each primer and ddH,O up to the final volume. Thermal
profiles for both gPCR DNA assays, qPCR standards
and detected efficiencies are shown in Table 2. For the
derivatives of the experimental and theoretical melting

Table 2 RT-gPCR RNA assays and gPCR DNA assays used in the study

Assay

pIPKbRepA215 AB
SYBR RT-gPCR RNA
assay

PINB AB SYBR RT-
gPCR RNA assay

WDV Roche TagMan
gPCR DNA assay

PINB Roche SYBR
gPCR DNA assay

Primer pair used, probe
used

gPCR thermal profile

gPCR standard

gPCR efficiency
(E:1 O(—1/slope); %)
RZ

mRNApIPKbRepA-fw+
mMRNApIPKbRepA-rv

48°C for 30 min; 95°C
for 10 min; 40 cycles of
95°C for 15 s and 57°C
for60 s

The amplified

product from the
plPKb002+WDVRepA215
template cloned into the
pGEM-T Easy vector

97.31

0.9984

The linear standard curve 3.2x10%-3.2x108

interval (copies; Taylor
et al. 2010)

PinB-fw+PinB-rv

48°C for 30 min; 95°C
for 10 min; 40 cycles of
95°C for 15 s and 59°C
for 60 s

The amplified product
(using DNA extracted
from wild-type barley
cv. Golden Promise as
template) was excised
from gel and purified
106.77

0.9938
1.69%x10%-1.69%10"

UniWwDVfw+UniWDVrv,
TagMan probe 6FAM-
WDVB-BHQ1

95°C for 10 min; 40
cycles of 95°C for 15 s
and 60°C for 60 s

The amplified product
(using WDV FJ546193
isolate as template) was
cloned into the pGEM-T
Easy vector

99.49

0.9989
2.9x10%-2.9x108

PinB-fw+PinB-rv

95°C for 10 min; 40
cycles of 95°C for 15 s
and 59°C for 60 s

The amplified product
(using DNA extracted
from wild-type barley
cv. Golden Promise as
template) was excised
from gel and purified
105.32

0.9981
1.69x10'-1.69x107
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curves of PINB Roche SYBR gPCR DNA assay, see
Appendix A.

2.6. Plant growth conditions and virus inoculation

All the plants were grown under controlled conditions
(19/15°C, 16/8 h daylight/night, spectrum adjusted with
high-pressure sodium bulbs) and sown in soil mixed with
the substrate (2:1 autoclaved soil: autoclaved substrate
ratio). In screening experiments 1-3, approximately twice as
many seeds as required for testing were sown and allowed
to grow under controlled conditions. At the 2-leaf stage
(DC 12 by Zadoks, Zadoks et al. (1974)), approximately
5 days before inoculation, the first leaves were removed from
all plants, and RNA was isolated and analysed using the
pIPKbRepA215 and PINB AB SYBR RT-gPCR RNA assays.
Among the plants that were positive for WDVRepA215 or
WDVRepA215RBR™! transcription, the plants with middle
and high levels of transcription were selected. After pre-
screening of the RNA of the tested plants, leafhoppers were
allowed to feed on the selected WDV source of infection for
5 days prior to inoculation and then for 6 days on the tested
plants (approximately DC12-13 by Zadoks). Each plant was
exposed to 3 infected leafhoppers per plant.

2.7. Molecular per week screening of WDV-inoculated
plants

For detailed screening of the changes in the virus titres on
a molecular basis, the plants were sampled once per week,
starting at the 2nd week after the start of inoculation. To
reduce the damage to the plants during screening, each
tested plant was sampled by cutting one leaf each week —
the oldest leaf on the main shoot. This procedure allowed us
to obtain samples of tissue associated with the plant phloem
network, i.e., the tissue targeted by WDV (Dinant 2004),
without interrupting the remaining plant phloem network of
the stem and the other leaves. The screening of one leaf per
plant per week allowed us to eliminate the effects of slight
differences between the individual plants and differences in
the progression of their infection. The controlled growing
conditions for the barley plants were sufficient to produce at
least one new leaf per week after approximately the 2-leaf-
stage in both infected and uninfected plants.

2.8. Phenotype screening of WDV-inoculated plants

For WDV, a significant dwarfing of the WDV-infected
plants is one of the main symptoms. However, when a leaf
from the main shoot was cut each week for the molecular
screening, the reported height of the whole plant could then
be seriously affected. Here, two other parameters were

measured: the height from the soil level (visible height) up
to the axil of the first leaf of the main shoot and the visible
height up to the highest axil of the leaf present on the whole
plant. In detailed studies, the distance between these two
parameters is reported.

3. Results

3.1. Evaluation of T, transgenic plants with WDVRe-
pA215 and WDVRepA215RBR™ transcripts shows
a 2-week delay in significant increase of virus titre

Half of the tillers of the T, successfully regenerated
transgenic WDVRepA215 and WDVRepA215RBR™! barley
plants from 4 different WDVRepA215 transgenic events
(J1-1 to 4) and from 6 WDVRepA215RBR™ transgenic
events (K5-1 to 6) was moved to separate pots at the end
of the tillering stage (DC 28-30 by Zadoks). To limit the
potential acquired mature resistance (Lindblad and Sigvald
2004), the group was pre-screened for resistance to WDV.
The leafhoppers were allowed to feed on a strong source
of infection (FJ546189 and FJ546193 isolate mixture) for
5 days prior to inoculation and then for the subsequent
4 days on the inoculated plants, with approximately
15 leafhoppers per tiller group. The plants presented
only mild symptoms of infection (decreased growth, more
stunted and wilted leaves than in the non-inoculated control
group), and their leaf tissue was sampled at 40 days
following the start-of-inoculation (dpi). One tested plant
died at approximately 30 dpi. The DNA was extracted and
quantified by UV spectrophotometry, and the number of
puroindoline-b reference gene DNA was also determined by
the PINB Roche SYBR qPCR DNA assay. The WDV virus
titres were detected by the WDV Roche TagMan gPCR DNA
assay and showed highly variable results, including plants
with extremely high or extremely low virus titres. For the
T, screening, only the transgenic events with extremely low
virus titres were selected.

For the detailed study of WDV infection progress,
an infection source of 98342 WDV/PINB (WDV isolate
FJ546193) was selected. The screening experiment 1
included 3 inoculated plants from each promising transgenic
event (J1-1, K5-1, K5-3), 3 inoculated wild-type plants
(barley cv. Golden Promise) and 4 non-inoculated controls
(one for each tested group, i.e., 16 tested plants in total).
At the 3-leaf stage (DC13), the infected leafhoppers were
allowed to feed on each plant for another 6 days. For the
next 5 weeks, the plant phenotypes were screened, each
week one leaf was cut to characterize the progression
of WDV infection at the molecular level, and the DNA
was extracted. Once every 2 weeks, the mRNA levels of
WDVRepA215 or WDVRepA215RBR™ ! were monitored
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in the extracted RNA. Both the WDV titre levels and the
phenotypic observations (see Fig. 2-IB and IC) confirmed
that all transgenic plants were infected. However, in the
inoculated control plants, only 1 of 3 control plants was
infected. Significant increases in the virus titres during the
screening period were visible for K5-1, K5-3 and the control
plant, starting at approximately 4 weeks post-inoculation,
and for J1-1 plants starting at approximately 2 weeks earlier

WDV to puroindoline-b DNA ratio
(log, scale)
ro

Transgenic EDVRepA215 and WDVRepA215RBR™
mRNA expression relative to puroindoiline-b

(Iog, scale)
N
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mRNA expression relative to puroindoiline-b
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at 2 weeks post-inoculation. The plants did not show any
other significant differences after the end of screening when
maintained in the controlled greenhouse (see Appendix B).

The biological replicate (screening experiment 2) from
the previous study was run using a final (preselected)
group of 3 inoculated plants of the T, J1-1 transgenic
event, 3 inoculated plants of K5-1, 3 inoculated wild-
type barley cv. Golden Promise controls and 3 barley cv.
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Fig. 2 Detailed screening of J1 (WDVRepA215), K5 (WDVRepA215RBRmut), GP (wild-type control) and GP-hpt (control hpt*) plants
in the first 6 weeks after Wheat dwarf virus (WDV) inoculation in screening experiments 1 (1), 2 (1) and 3 (lll, extra-low strength of
infection source experiment): inoculated plants (white filled shapes) and uninoculated control plants (green filled shapes); plants in
which WDV was detected (red lines) or not detected (green lines) at 6 weeks after inoculation. A, mRNA levels of WDVRepA215
and WDVRepA215RBRmut transgenic transcripts as determined by the pIPKbRepA215 AB SYBR RT-gPCR RNA and PINB AB
SYBR RT-gPCR RNA assays. B, WDV DNA titres detected by the WDV Roche TagMan DNA gPCR assay normalized to the
amount of DNA determined by the PINB Roche SYBR DNA gPCR assay. C, height of the plants measured from the axil of the
first leaf of the main shoot up to the highest axil of the leaf present on the whole plant.
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Golden Promise controls with only the hpt selection gene
and without the WDVRepA215 or WDVRepA215RBR™!
transgene (hpt* control plants, artefacts of screening
for positive transformants from previous Agrobacterium
transformations). In each group, one plant was included
as an a non-inoculated control. The selected source of
infection was determined to be approximately the same
strength (78 315 WDV/PINB, WDV isolate FJ546180) as
applied previously, and the inoculation conditions were also
identical. However, during the screening in this experiment,
a combined RNA+DNA extraction protocol was applied. The
results are shown in Fig. 2-B and C. All the J1-1- and K5-1-
inoculated plants, none of the inoculated hpt* control plants
and one of the wild-type barley cv. Golden Promise plants
were infected. At the molecular level, all the J1-inoculated
plants exhibited earlier significant increases in WDV titres
(2 weeks post-inoculation) compared to the K5-1 plants
and an infected wild-type plant (approximately 4 weeks
post-inoculation). Based on the levels of MRNA transcripts
in screening experiment 1 (Fig. 2-1A), the levels of mMRNA
transcripts in the weekly screening experiment 2 (Fig. 2-11A)
confirmed the stable levels of transgenic transcripts in both
the WDV-infected and -uninfected plants.

3.2. WDVRepA215 and WDVRepA215RBR™" plants
are susceptible to infection even from extra-low-
strength infection sources

To confirm whether the transgenic insert affected the
susceptibility of the plant to WDV through susceptibility to
the reduced virus inoculation dose, screening experiment 3
was performed with an extremely weak source of infection
of 24 855 WDV/PINB (a wild-type plant 2 weeks after
inoculation was used as a new source of infection, WDV
isolate FJ546193). The final tested group of plants included
3 inoculated plants of J1-1, 4 inoculated plants of K5-1, 4
inoculated plants of barley cv. Golden Promise wild-type and
4 inoculated hpt* control plants. There were 15 inoculated
plants in total. In this experiment, no non-inoculated plants
were added. The DNA and RNA from the leaf tissue were
extracted, and the results of the DNA screening for the WDV,
phenotype screening and the levels of RNA transcripts from
the sampled period up to the 6th week post-inoculation are
shown in Fig. 2 (IIIA-IIC). With an extremely weak source
of infection, one J1-1 and one K5-1 plants were infected,
and no control plants (either wild-type or with antibiotic
selection only) were infected. Even in this experiment,
an approximately 2-week shift in the start of the detectable
increase in the WDV titre was observed between J1-1- and
K5-1-infected plants.

3.3. Stability of WDVRepA215, WDVRepA215RBR™!
and barley puroindoline-b mRNA levels during the
first 6 weeks of barley plant growth

As a reference gene for testing the mRNA levels in each of
the first 6 weeks of barley plant growth, the puroindoline-b
gene was selected. The small number of copies present in
the wheat and barley genomes decreases the possibility of
many different promoters. For validation of the stability of
the transcription of puroindoline-b genes in barley at different
growth stages and with or without WDV infection, the data
from detailed studies (screening experiments 1-3) were
collected, and a two-way ANOVA was performed (number of
puroindoline-b copies per ng of extracted RNAin samples)in
R Software (v 3.4). The results did not show any significant
dependence on the week of sampling (Pr(>F)=0.55),
the WDV infection present (Pr(>F)=0.37) or both factors
(Pr(>F)=0.15). This result allowed the use of the levels of
the puroindoline-b gene transcripts as reference values for
normalization of the mRNA transcript levels. We must note
that, for example, the B-tubulin 6 gene (Jarosova and Kundu
2010) did not pass this two-way ANOVA test and showed a
significant dependence on the week of sampling (Cejnar P,
unpublished data). All the transgenic plants in screening
experiments 1-3 confirmed the stable levels of transgenic
transcripts in both the WDV-infected and uninfected plants
(Fig. 2-1A, 1A, and 11IA).

4. Discussion

The different timing in the progression of virus infection
between the transgenic plants — the plants with
WDVRepA215 transcripts compared with the plants with
WDVRepA215RBR™! transcripts, i.e., with two-point
mutations in the RBR interaction domain — was confirmed
in three detailed screening experiments. The tested two-
point mutation in the WDV RBR interaction domain was
not lethal for WDV infection in barley, whereas the closely
related MSV virus in maize, even for WDV, the conserved
sequence of the RBR interaction domain, possibly played
a supporting role in the mechanism of infection through
its potential interaction with host RBR proteins. Even if it
does not halt the infection, disruption of this mechanism is
still likely detectable as a source of the delay observed in
the WDV K5 plants compared with the WDV J1 plants, in
which the regressed timing of infection in the K5 plants was
very similar to the timing observed in the wild-type plants.

All three screening experiments also support the
hypothesis that the transgenic insert of the first 215 amino
acid codons of the WDV DNA sequence (FJ546189 isolate)
enhance the susceptibility of the barley plant to the wild-type
WDV infection, in contrast to the closely related MSV (see
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Shepherd et al. 2007a, 2014). However, even in maize
plants with their increased resistance to MSV, enhanced
susceptibility was detected with shorter transgenic inserts
of the MSV Rep gene. In maize, the increased susceptibility
of plants translating shortened MSV Rep proteins was
likely due to the DNA binding domains that are potentially
responsible for enhanced replication, which could also be
the cause of WDV in barley, in which these domains were
also detected in the WDV sequence (Koonin and llyina
1992). For MSV, the corresponding resistance strategy
significantly reduced the levels of tested virus isolates,
with as little as 60.6% amino acid identity (Shepherd et al.
2014), thus validating the robustness of the amino acid
substitutions. Here, all the experiments were performed
with wild-type WDV isolates, which together showed at least
88% amino acid identity, and none of them showed any
different symptoms or altered disease progression in the
experiments. The detailed screening studies showed that
the virus titres in inoculated transgenic and non-transgenic
plants of the barley cv. Golden Promise at the 5th or 6th
week post-inoculation reached very similar virus titres;
thus, accumulation of the virus in the tested leaf tissues
was likely not affected by either the WDVRepA215 or
WDVRepA215RBR™t products. The detailed studies with
the lower strength infection sources showed the enhanced
susceptibility of the transgenic plants to infection through
the reduced levels of initial virus doses required for infection
compared with the wild-type plants, thus affecting the
general probability of infection of the plant. The potential
mechanism of such a resistance breakdown behaviour could
be either the effect of different virus-host interactions that
evolved through the specialization of mastreviruses to their
preferred hosts (WDV for barley, MSV for maize) or due to
other mutations that occurred as a side effect of any other
reaction to some other virus-host interaction evolutionary
event (see also Shepherd et al. 2005; Guiu-Aragones et al.
2015; Pinel-Galzi et al. 2016).

5. Conclusion

The detailed screening experiments showed the progression
of WDV during the first 6 weeks of infection in wild-type
barley and WDVRepA215 or WDVRepA215RBR™! barley
plants. The significant increase in the WDV titres in response
to tested two-point mutations in the tested transgene RBR
domain region were delayed by approximately 2-week
intervals as a probable result of the potentially disrupted
infection mechanism. However, neither the transgene nor
the included mutation were lethal for virus infection. The
enhanced susceptibility of the transgenic plants to WDV
compared with the wild-type plants was identified as having
increased susceptibility to sources of low infection strength.
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Abstract: We constructed Wheat dwarf virus (WDV) infectious clones in the bacterial plasmids pUC18 and
pIPKb002 and tested their ability to inoculate plants using Bio-Rad Helios Gene Gun biolistic inoculation method
and Agrobacterium tumefaciens agroinoculation method, and we then compared them with the natural inocula-
tion method via viruliferous P. alienus. Infected plants were generated using both infectious clones, whereas
the agroinoculation method was able to produce strong systemic infection in all three tested cultivars of wheat
and Triticum monococcum, comparable to plants inoculated by viruliferous P. alienus. Infection was confirmed
by DAS-ELISA, and WDV titres were quantified using qPCR. The levels of remaining bacterial plasmid DNA
were also confirmed to be zero.
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qPCR detection

Wheat dwarf virus (WDV), from the genus Mas-
trevirus (family Geminiviridae), is a pathogen affect-
ing cereal crops that is transmitted by the leafhopper
Psammotettix alienus (Dahlbom, 1850). It was de-
scribed for the first time in former Czechoslovakia
(VACKE 1961), and it has spread throughout Europe,
Africa and Asia. The virus affects wheat, barley, oat,
and some wild grasses (VACKE 1972; LINDSTEN &
VAackE 1991). Infected plants are dwarfish, with
many tillers, and shrunken or even lacking grains
(Figure 1), which leads to a dramatically lower yield.
It is one of the most dangerous cereal viral pathogens
causing considerable commercial losses, especially
in countries cultivating winter crops (LINDBLAD &
WAERN 2002; SIRLOVA et al. 2005). WDV is trans-
mitted by a leathopper species, P. alienus, in a cir-
culative, non-propagative manner (LINDSTEN et al.
1980; LINDSTEN & VACKE 1991). Two main strains

are known — the wheat-adapted strain (WDV-W),
affecting at least wheat, oat, rye, and some wild
grasses, and the barley-adapted strain (WDV-B),
affecting at least barley and oat (LINDSTEN & VACKE
1991). Oat and some wild grasses were identified
as hosts of both strains (LINDSTEN & VACKE 1991;
VACKE & CIBULKA 1999; RirL & KuNDU 2015). There
are also reports that WDV-W can infect barley and
WDV-B can infect wheat in the field (SCHUBERT et
al. 2007; KUNDU et al. 2009; ToBIAS et al. 2011) or
using infectious clones (RAMSELL et al. 2009).
Similar to other mastreviruses, WDV is a single-
stranded DNA (ssDNA) virus with four coding pro-
teins: replication protein (Rep), replication-associated
protein (RepA), coat protein (CP), and movement
protein (MP). The proteins are encoded both in a
virion-sense orientation (CP, MP) in relation to ssDNA
from the virion and in a complementary sense orien-
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tation (Rep, RepA) (DEKKER et al. 1991) (Figure 2).
The searching for cultivars with resistance to WDV
is made difficult due to the complex ecology and life
cycle of the virus, which is tightly bound to its natural
insect vector and lacks mechanical transmissibility.
No commercially available cultivars of wheat or bar-
ley resistant to this virus are known, and only a few
experimental barley cultivars have been reported in
the scientific literature (HABEKUSS et al. 2009; K1s
et al. 2016). For partial resistance or tolerance to
WDV, only a few cultivars are reported (VACKE &
CIBULKA 2000; SIRLOVA et al. 2005; BENKOVICS et
al. 2010). An important role may also be played by

( A) LIR

new BamHl site inserted(166)
. BamHI{(237)
’

MP

new Hindlll site inserted(2526)

Hindlll (2307)

0
x
K3
0

SIR

Figure 1. Wheat (left) and barley (right) susceptible cultivars infected by Wheat dwarfvirus in the field (Photo: J. Ripl)

e /‘/ .3

the proven natural resistance of some WDV proteins
to gene-silencing mechanisms (L1uU et al. 2014).
Many laboratory workflows for the preparation
of infectious clones of WDV have been previously
described (HAYES et al. 1988; WOOLSTON et al. 1988;
BENDAHMANE et al. 1995; BOULTON 2008; RAMSELL
et al. 2009) together with different methodologies
for age and part of the plant selected for inoculation
(HAYES et al. 1988; DALE et al. 1989; CHEN & DALE
1992; RAMSELL et al. 2009), selected host cultivar
(WooLsTON et al. 1988; BENKoVICS et al. 2010) or
used agrobacterium strain (MARKS et al. 1989). The
different reached agroinoculation efficiencies (DALE

(B)

new Hindlll site
inserted

plasmid DNA

(il

pUC18 + WDV
pIlPKb002 + WDV

L
.

new BamHI H -,
site inserted H 1 H Rep‘i ntron
LIR H >

! Rep

Hindlll

Figure 2. The structure of WDV genome and constructed WDV infectious clones: (A) structure and position of Wheat
dwarf virus open reading frames and their orientation in the circular ssDNA WDV genome: LIR - long intergenic
region with replication origin hairpin, MP — movement protein gene, CP — coat protein gene, RepA — replication-
associated protein gene, Rep — replication protein gene, SIR — short intergenic region and (B) structure of pUC18 +
WDV and pIPKb002 + WDV infectious clones
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et al. 1989; BENDAHMANE et al. 1995; RAMSELL et al.
2009; BENKoOVICS et al. 2010) are then also closely
dependent on selected evaluation schemes for virus
detection and quantification. The DNA of an infec-
tious clone should contain a hairpin sequence of the
circular DNA replication origin at the beginning and
at the end, as this leads to the preferential release of
viral DNA (REDINBAUGH 2003; RAMSELL et al. 2009).
The infectious clone should also contain a replica-
tion origin for plasmid replication in bacteria (e.g.,
E. coli) and genes for plasmid selection. If used for
agroinoculation, the plasmid must contain a replica-
tion origin targeted at replication in agrobacteria.
However, a successful inoculation with an infectious
clone in a prokaryotic bacterial plasmid was only
achieved with the biolistic transformation of wheat
(JoNEs & SHEWRY 2009) or even, with the closely
related virus, Maize streak virus (MSV), via mechani-
cal inoculation (REDINBAUGH 2003). Following up on
this finding in the literature, we constructed a WDV
infectious clone in the bacterial plasmid pUC18, as
well as in the plasmid pIPKb002, also containing the
replication origin for replication in bacteria genera,
and tested their ability to infect plants.

MATERIAL AND METHODS

Construction of infectious clones pUC18+ WDV
and pIPKb002+WDYV. An infectious WDV clone
was carefully constructed to contain a copy of a
replication origin at the beginning and at the end
but not overlapping the other regions outside. A
472 bp selected portion of the WDV genome of
Czech wheat isolate (KuNDU et al. 2009; WDV-W
NCBI accession number FJ546188) was amplified
by PCR from the beginning of circular replication
origin hairpin sequence, adding a HindIII restriction
site, following up to the existing BamHI restric-
tion site (HindIIIREPcutF/WDVBamHIrv primer
pair; Table 1). This product was then ligated into
the target vector pUC18 (Takara Bio, Shiga, Japan)
that had initially been extended with a HindIII-Kpnl
extender (alfw/alrw pair — Table 1), allowing for a
blunt-ended digestion with the EcoRV restriction
enzyme. The subsequent 2684 bp section of the WDV
genome from the existing BamHI restriction site up
to the end including the next copy of the circular
replication origin hairpin sequence was amplified
by PCR, appending a new BamH]I restriction site
to the end (WDVBamHIfw/BamHIMPcutR primer

https://doi.org/10.17221/42/2018-PPS

Table 1. Primers used for construction of WDV infectious
clones derived from the WDV genome (NCBI accession
number FJ546188, primers 1-4). The newly added re-
striction sites are underlined. Primers 5-6, alfw, alrv
are synthesised extenders for the HindIII-KpnI region of
pUC18 plasmid to allow blunt end cloning using EcoRV
restriction digestion

Primer Sequence (5 —3’)

HindIIIREPcutF AAGCTTTCCGGCAGGTCCTTAGCGAAA
WDVBamHIrv GGATCCGGGATTGGAAGGGGTC
WDVBamHIfw GGATCCTCCGACTACGCCTGGC
BamHIMPcutR GGATCCTGGGCTACCACGCACTTCCT
AGCTTCTGTTCGATATCTAGTACGGTAC

CGTACTAGATATCGAACAGA

alfw

alrv

pair; Table 1). This product was then inserted into
the pGEM-T Easy vector (Promega, Madison, USA),
followed by redigestion with the BamHI restric-
tion enzyme. This almost full copy of WDV was
then inserted into the pUC18 target vector with the
HindIIIREPcutF/WDVBamHIrv part from the previ-
ous reaction also being redigested with the BamHI
restriction enzyme (Figure 2).

For the creation of an infectious clone in the pIP-
Kb002 target vector (IPK, Gatersleben, Germany;
HIMMELBACH et al. 2007), the WDV infectious clone
was first constructed in the pENTR D-TOPO vec-
tor (Invitrogen, Waltham, USA) in the same way as
for pUC18+WDYV and then shuffled into the target
vector using the LR-Clonase reaction (Invitrogen,
USA). Both infectious clones were sequenced (GATC
Biotech, Konstanz, Germany) to confirm their se-
quence and orientation.

Plant material. Experiments were performed
on the Triticum aestivum L. winter wheat cultivars
Alana and Svitava, as well as Triticum monococ-
cum L. (accession No. 01C0106429), obtained from
GenBank Prague-Ruzyné, Crop Research Institute,
Czech Republic. The plants were grown in quantities
of 4-5 plants per pot in autoclaved soil and were
cultivated in a 16/8 h, 22/18°C day/night regime. On
the inoculation day, the plants were kept in dark until
inoculation. After inoculation, the plants were left to
grow in the same conditions for the next 6 weeks. Leaf
material from each tested plant was then disrupted
in liquid nitrogen, and the samples were stored at
—80°C until tested (up to 7 days).

WDV biolistic inoculation. The biolistic inocu-
lation of the plants was performed using a Bio-Rad
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Helios Gene Gun (Bio-Rad Laboratories, Hercules,
USA), and the optimal parameters for wheat were
detected using control pIPKb002+GUS plasmid and
subsequent GUS staining. Finally, 0.6 um gold par-
ticles (Bio-Rad Laboratories, USA) with DNA of the
selected infectious clone were prepared with 0.5 pg of
DNA per shot and 0.5 pg of gold projectiles per shot.

Each tested plant from a given growth stage was
shot twice from each bullet cartridge, two cartridges
per plant. Two shots from one cartridge were targeted
at the top of the leaf, and two shots from another
cartridge were targeted at the base of the seedling.
The shooting pressure was 150—180 psi (pounds per
sq. inch, i.e. 1034—-1241 kPa). All the shots were made
with the diffraction screen included.

WDV agroinoculation. The selected pIPKb002+ WDV
clone was transferred together with the pSoup helper
plasmid into Agrobacterium tumefaciens (AGL1
strain). The stock culture was cultivated in LB me-
dium + streptomycin (50 pg/l) + rifampicin (50 pg/l) +
tetracycline (5 pg/l), at 28°C with shaking at 150 rpm,
for 40—48 h, and then centrifuged for 3 min (10°C,
1200 g); the supernatant was removed from the
pellet, and 1 ml of LB was added. The culture was
centrifuged again for 2 min (10°C, 1200 g), and then
the pellet was diluted in 3 ml of sterile distilled water.
Approximately 5-day-old plants were injected with
a Hamilton 1801 RN 10 pl syringe (Hamilton Com-
pany, Reno, USA), 3 times at the base of the seedling
(10 ul), twice vertically and one time horizontally,
as described in BourToN (2008). The plants were
growing in 25/25°C regime for the next two days
and then switched to the regular 22/18°C regime.

WDV inoculation by Psammotettix alienus. The
plants were inoculated at Zadoks stage DC12 or DC13
(Zapoxks et al. 1974). Five days before inoculation,
leathoppers were left feeding on the wheat plants of
cv. Ludwig infected with WDV-W (NCBI accession
No. FJ546188) with significantly developed WDV
infection. On the inoculation day, 10 leafhoppers
were moved to each pot and left there for the next

5 days. Then, the leafthoppers were removed, and the
plants were left to grow for the following 6 weeks.

Quantification of WDV titres. Plant DNA was
isolated by adding 0.5 ml of extraction buffer (1 M
guanidine thiocyanate, 20 mM Na,H,EDTA, 0.1 M
MOPS, pH 4.6, 0.2% mercaptoethanol) to 50—100 mg
of sampled tissue that had been disrupted and ho-
mogenised in liquid nitrogen. The solution was incu-
bated for 30 min in a 60°C water bath with occasional
vortexing followed by phenol-chloroform-isoamyl
alcohol extraction (25:24:1; Affymetrix, Santa Clara,
USA), chloroform extraction, isopropanol, and so-
dium acetate precipitation and two-step 70% ethanol
purification. The gqPCR for WDV detection was run
on a 7300 Real-Time PCR System (Applied Biosystems
by ThermoFisher Scientific, USA) using 6 pl of the
Applied Biosystems™ PowerSYBR Green RNA-to-
C,™ 1-Step Kit without the reverse-transcriptase
component, the U2WDV-fw/U2WDV-rv primer
pair (in final concentration of 0.4 uM; Table 2), and
1 pl of tested sample and then filled with distilled
deionised water up to a 12 pl reaction volume. The
temperature parameters were set to 95°C for 10 min,
40 cycles of 95°C forl5 s, 65°C for 1 min and, then,
for the evaluation of a dissociation curve, 95°C for
15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for
15 seconds. For all samples, the mean detected WDV
concentration was calculated based on the testing
of triplicate samples and subsequently normalised
using the DNA sample concentration detected spec-
trophotometrically.

The amount of potentially remaining infectious
clone plasmid vector DNA alone was quantified
using forward and reverse primers (spec3RT-fw/
spec3RT-rv; Table 2) targeted at a 178 bp amplicon
in the spectinomycin/streptomycin resistance gene
in pIPKb002 plasmid or using forward and reverse
primers (betalac2-fw/betalac2-rv; Table 2) targeted
at a 117 bp amplicon of the beta-lactamase gene in
pUC18 or pGEM-T Easy plasmid. All other condi-
tions were the same as for qPCR for WDV detection.

Table 2. Primers used for the detection of WDV and bacterial plasmids by gPCR

Primer Sequence (5'—3") Origin of the sequence

U2WDV-fw CAGAGCCGAAACAGGCAAT WDV coat protein gene

U2WDV-rv GGTTCACGGTCCACTTCCTT WDV coat protein gene

spec3RT-fw GCAGTAACCGGCAAAATCGC pIPKb001 spectinomycin/streptomycin resistance gene
spec3RT-rv CGCCTTTCACGTAGTGGACA pIPKb0O01 spectinomycin/streptomycin resistance gene

GCAACTTTATCCGCCTCCATC
TGACACCACGATGCCTGTAG

betalac2-fw

betalac2-rv

pUC18 and pGEM-T Easy beta-lactamase gene
pUC18 and pGEM-T Easy beta-lactamase gene
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As a qPCR standard, pGEM-T Easy plasmid was
used with all detected sequences included (U2WDV-
fw/U2WDV-rv primer pair amplicon inserted and
ligated directly into the pGEM-T Easy plasmid and
the spec3RT-fw/spec3RT-rv primer pair amplicon
inserted into the plasmid Sal I restriction digestion
site with primers containing the Sal I restriction
digestion sequence GTCGAC; for the betalac2-fw/
betalac2-rv differential qPCR, the amplicon is already
included in the beta-lactamase gene sequence).

The efficiency factor of qPCR was 99.61% or better
for U2WDYV primer pair and spec3RT primer pair using
the qPCR double standard, and the efficiency factor of
qPCR for the betalac2 primer pair was 98.91%. qPCR
was able to correctly detect the number of copies at
least in the range of 6.68 x 10'-6.68 x 108, All the
samples with WDV infection detected by qPCR were
also tested by DAS-ELISA (rabbit polyclonal antibodies
to WDV, alkaline phosphatase-conjugated antibodies;
SEDIAG, Breteniére, France) for the presence of viral
proteins according to the manufacturer’s instructions.

RESULTS

WDV infectious clone constructs. Two WDV-W in-
fectious clones (pUC18+WDV and pIPKb002+WDV)
for initiating WDV infection in plants were con-
structed. Both infectious clones contain the 1.1 length
of WDV genomic sequence starting from the long
intergenic region with the replication origin hairpin,
going through all viral open reading frames up to
the next added copy of the long intergenic region,
with a terminating replication origin hairpin. The
pUC18+WDYV infectious clone also contains the
Escherichia coli origin of replication pMB1 (ColE1
and pBR322) and the E. coli beta-lactamase/ampicil-
lin resistance gene taken from the original pUC18
plasmid. The pIPKb002+WDYV infectious clone also
contained an E. coli ColE1 origin of replication,
Pseudomonas pVS1 origin of replication for repli-
cation in other bacteria genera such as Agrobacte-
rium tumefaciens, hygromycin phosphotransferase
under the maize ubiquitin promoter for conferring
hygromycin resistance in plants and streptomycin/
spectinomycin adenyltransferase for streptomycin/
spectinomycin resistance, where all added genes
originated from pIPKb002 plasmid. For construc-
tion details see Materials and Methods and Figure 2.

Efficacy of WDV infectious clone using different
inoculation methods. Four hundred sixty-one plants

https://doi.org/10.17221/42/2018-PPS

were agroinoculated in 11 experiments to allow
for the optimisation of agroinoculation parameters
and the testing of the agroinoculation method. No
significant differences were detected when Agrobac-
terium for the inoculum was cultivated on the plate
or in solution with all necessary antibiotics, only
with the antibiotic for the agroinoculation plasmid
(streptomycin) or completely without antibiotics.
Using all of these different protocols, plants with
WDV infection were detected by both qPCR and by
ELISA in only 1-3 cases out of 25-35 tested samples,
and another 1-4 WDV infected plants were detected
only by qPCR. For wheat cv. Svitava and Triticum
monococcum, 3 ELISA and qPCR positive cases out
of 25 were reached, and for cv. Alana, only 1 ELISA
and qPCR WDV infection out of 25 and 1 ELISA and
qPCR WDV infection out of 35 inoculated plants
were detected. This ratio was not improved even
when agrobacterium was induced in induction buffer
(acetosyringone 150 mM, 10 mM MgCl, in sterile
distilled water) for 4 h in dark at room temperature
just before the inoculation. If the plants were inocu-
lated later than at Zadoks DC12 (approx. two weeks
old), the inoculation did not lead to any positive
results, and neither did the agroinoculation of young
plants where the injection of the inoculation solu-
tion was replaced by the submersion of leaves into
the inoculation solution with leaf tips injured with
a razor blade (both 0 out of 16 tested plants). The
visual control of agroinoculated plants does not al-
low clear discrimination of positively infected plants.
Leaf yellowing, mottling or stunting of plants were
often caused only by the agroinoculation treatment
protocol. While dwarfing was detectable, the infected
plants were higher than some wilting agrobacterium-
treated controls.

Two hundred nine wheat plants were inoculated
by biolistic inoculation in 15 different experiments
with infectious clones placed in pUC18 or pIPKb002
plasmids. During the optimisation of the biolistic
inoculation method using GUS staining, an optimal
pressure for the shot was detected as 150-200 psi
with the smallest golden particles (0.6 pm) and the
youngest plants possible (Zadoks stage DC10-11).
Shot particles with a larger diameter (1.0 um) caused
visible damage to target tissues. It was necessary
to fix the Helios Gene Gun device in an additional
rack to ensure that the target part of the plant was
hit. We also tried to test older plants; however, with
plants older than 7 days (Zadoks stage DC12-14), no
positive results were obtained (0/16, pUC18 + WDV
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Figure 3. Yellowing spots appearing 2 days after successful
inoculation of Triticum aestivum cv. Alana, 180 psi helium
shot pressure, 0.6 pm gold particles (0.5 pg/shot), and
0.5 ug of WDV infectious clone DNA per shot

for 10, 14, and 21 days old plants). Using the biolistic
inoculation method, we were able to get ELISA and
qPCR-positive plants for both plasmids tested (for
pUC18+WDV 1 positive case per 12 inoculated plants
and 2 positive cases per 35 inoculated plants, for
pIPKb002 1 positive case per 35 inoculated plants).
In all infected plants, the amount of remaining DNA
was quantified as at most 275 copies/ng of extracted
DNA, i.e., several orders of magnitude less than the
detected amounts of WDV DNA. Plants successfully
inoculated with 0.6 um gold particles showed yellow-
ing spots in the shot area several days after inocula-
tion in comparison with treated controls (Figure 3).
However, for 1.0 pm or larger gold particles very tiny
spots also appeared for treated controls.

Table 3. The best results obtained for different inocula-
tion methods. The number of WDV infected plants out
of all tested plants and the efficiency are depicted for the
experiment with the highest reached efficiency

Winter wheat cv. Triticum
Method - mono-
Svitava Alana coccum
Inoculation by 10/10 10/10 10/10
Psammotettix alienus (100%) (100%) (100%)
Agroinoculation 3/25 1/25 3/25
& (12%) (4%) (12%)
Biolistic inoculation 1/12 1/12 0/35
oustic mocuiatio (8.33%)  (8.33%) (0%)
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Figure 4. The mean WDV titres for each inoculation
method and tested cultivar together with the interval of
plus minus one standard error of the mean (SEM). The
numbers in parentheses show the total number of infected
plants positively detected by both qPCR and DAS-ELISA
for the given method and cultivar

As a control experiment, 10 plants of each tested
cultivar were inoculated by the leafthopper. Success-
fully inoculated plants were obtained with 100%
efficiency of transmission (Table 3). All plants with
qPCR detected WDV infection were also confirmed
as infected by DAS-ELISA. The WDV titres detected
for each inoculation method and tested cultivar are
depicted in Figure 4. The high efficiency of the natu-
ral inoculation method allowed for us to estimate
mean WDV titres for wheat cvs Svitava and Alana
and for Triticum monococcum and to compare them
with those obtained by agroinoculation and biolistic
inoculation using the WDV infectious clone.

DISCUSSION

Wheat dwarfvirus (WDV) is a leafthopper-transmit-
ted virus, and the availability of the P. alienus virus
vector is the only means of plant inoculation. The
creation of an infectious clone of an insect-transmitted
virus and its ability to infect plants independently of
the insect vector may be a powerful tool for plant-
virus interaction studies. Two infectious clones of
WDV from a Czech wheat isolate have been described
in this paper. These infectious clones, pUC18+WDV
and pIPKb002+WDYV, are able to infect wheat and
T. monococcum plants. Two inoculation methods
(biolistic and agroinoculation) were used, and the
agroinoculation with an infectious WDV clone was
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demonstrated as an effective tool for virus inocula-
tion in our hands. The success of agroinoculation
with infectious Maize streak virus (MSV), a closely
related mastrevirus, was described earlier in maize
plants (GRIMSLEY ef al. 1987; BOULTON et al. 1989).
The agroinoculation of plants with pIPKb002+WDV
using the A. tumefaciens AGL1 strain confirmed the
suitability of the constructed infectious clone to ini-
tiate a WDV infection in plants. Promising results
were obtained from the inoculation by the A. tume-
faciens AGLI strain regardless of the induction by
acetosyringone prior to the agroinoculation or the
agrobacterium cultivation method. The inoculation
by A. tumefaciens AGL1 obtained from cultivation
on plates gave similar results to those obtained with
the culture of agrobacterium in a liquid medium. The
reached agroinoculation efficiency for selected culti-
vars (4—12%) is similar to other reported results for
wheat or barley (BENDAHMANE et al. 1995; RAMSELL
et al. 2009), however, the higher reached agroinocu-
lation efficiencies were also reported using different
agrobacterium strains (MARKS et al. 1989; BENKO-
vics et al. 2010). For MSV, comparison studies of its
infectious clones show that the additional promoter
sequence present (similarly to the used pIPKb002
plasmid) could increase the agroinoculation efficiency
as well as the selected virus DNA orientation in the
infectious clone plasmid (MARTIN & RYBICKI, 2000).
However, the similarity of WDV and MSV could be
compromised, while the MSV infectious clone is known
to be mechanically transmissible to its preferential
host — maize (REDINBAUGH 2003), and extremely
high agroinoculation efficiencies were reported for
maize (GRIMSLEY et al. 1987, 1988).

Successful biolistic transformations of wheat or bar-
ley highlight the use of immature embryos or induced
calluses cultivated on agar (JoNES & SHEWRY 2009) or
very young plant tissues for which the Bio-Rad Helios
Gene Gun device is less convenient than, for exam-
ple, the Bio-Rad Helios PDS1000/He with a vacuum
chamber. Despite this, when the optimal parameters
were chosen, WDV-infected plants were obtained
using any of the two constructed infectious clones;
however, the efficiency of transformation using the
biolistic methodology was lower than the efficiency
for agroinoculation. Our results demonstrate that a
phloem-targeted virus such as WDV (DINANT et al.
2004; THOLT et al. 2018) can be successfully inocu-
lated by a leafhopper free system using an infectious
virus clone either by agroinoculation or in a biolistic
manner. Many earlier reports have also shown that

https://doi.org/10.17221/42/2018-PPS

agroinoculation is a very effective system for delivery
of infectious viral DNA into host cells (GRIMSLEY et al.
1986) resulting in the induction of disease symptoms in
plants (CzoSNEK et al. 1993; KHEYRPOUR et al. 1994).
Similarly, biolistic inoculations with infectious viral
DNA have a good efficiency to develop the disease
in plants (LAPIDOT et al. 2007). In monocot plants
such as cereals, tissue biolistic inoculation may be less
effective (HELLOCO-KERVARREC et al. 2002), which
correlates with our results. Quantitative analysis in
our study has shown that in agroinoculated plants,
the WDV titre is much higher than that of biolistic
inoculation and is similar to plants naturally WDV
inoculated by leafthopper.

CONCLUSION

We constructed two different infectious clones, in
the bacterial plasmid pUC18 with a prokaryotic E. coli
replication origin only and in the plasmid pIPKb002
having also the replication origin for E. coli and A. tu-
mefaciens. We were able to obtain infected plants using
both the constructed infectious clones either by biolistic
inoculation or, for the pIPKb002+WDYV infectious clone,
by the agroinoculation method. Successfully infected
plants then showed similar titres of WDV compared
to plants inoculated by insect transmission.
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Abstract: Plant viruses are important pathogens that cause significant crop losses. A plant protein
extraction protocol that combines crushing the tissue by a pestle in liquid nitrogen with subsequent
crushing by a roller-ball crusher in urea solution, followed by RuBisCO depletion, reduction, alkylation,
protein digestion, and ZipTip purification allowed us to substantially simplify the sample preparation
by removing any other precipitation steps and to detect viral proteins from samples, even with
less than 0.2 g of leaf tissue, by a medium resolution nanoLC-ESI-Q-TOF. The presence of capsid
proteins or polyproteins of fourteen important viruses from seven different families (Geminiviridae,
Luteoviridae, Bromoviridae, Caulimoviridae, Virgaviridae, Potyviridae, and Secoviridae) isolated
from ten different economically important plant hosts was confirmed through many identified
pathogen-specific peptides from a protein database of host proteins and potential pathogen proteins
assembled separately for each host and based on existing online plant virus pathogen databases.
The presented extraction protocol, combined with a medium resolution LC-MS/MS, represents a
cost-efficient virus protein confirmation method that proved to be effective at identifying virus strains
(as demonstrated for PPV, WDV) and distinct disease species of BYDV, as well as putative new viral
protein sequences from single-plant-leaf tissue samples. Data are available via ProteomeXchange
with identifier PXD022456.

Keywords: protein extraction protocol; LC-MS/MS; virus detection; viral proteins detection
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1. Introduction

Plant viruses are important pathogens of many agricultural crops worldwide. Streaking epidemics of
plant virus diseases have caused significant crop losses [1] with potential social impact [2,3]. New viruses
or divergent viral strains and isolates have frequently been identified in recent years. Highly specific
molecular detection techniques, like polymerase chain reaction (PCR), reverse transcription PCR
(RT-PCR), quantitative PCR (qPCR), or loop-mediated isothermal amplification (LAMP), are focused
on selected regions which could not be conserved enough among all strains, resulting in false-negative
results. Similarly, serological methods, like enzyme-linked immunosorbent assays (ELISA), are often
targeted to specific epitopes. In the case of new hosts infected by the existing pathogens, or even
pathogens that have undergone evolutionary pressure, there is an increased need for alternative
cost-effective detection techniques to provide tools for independent confirmation of the presence of
virus pathogens.

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) technique is well established
as a wide-screen protein identification technique. However, in comparison to other wide-screen
identification techniques like nucleic acids next-generation sequencing [4,5], its detection threshold,
given by sufficient MS/MS protein fragment identification required, is high. When applied to the
widely used Escherichia coli bacteria samples or HeLa human cell samples, the medium resolution
LC-MS/MS [6] based instruments can identify several hundred or about a thousand proteins [7,8].
After optimization of the protein extraction protocol or using the depletion of the most abundant
proteins, the total count of identified proteins could be increased by another few hundred proteins.
Changing the technology to a high resolution LC-MS/MS could result in several thousands of identified
proteins [9]. Subsequently, when state-of-the-art sample coverage is needed, the fractionation of
samples and a long LC column of LC-MS/MS lead to many thousands of identified proteins [10,11] in
Orbitrap or a quadrupole—time of flight (Q-TOF) mass spectrometers.

Mass spectrometry techniques have been used successfully for the detection of viral proteins [12,13],
and especially for plant viruses [14]. At first, an extraction of virion particles or pure viral proteins was used
and their subsequent identification was carried out by matrix-assisted laser desorption/ionization—time
of flight (MALDI-TOF) or electrospray ionization (ESI). Later, the detection of viral proteins in
total protein extracts was described in studies of differential changes in healthy and infected plant
proteome [15,16], based mostly on 2D gel electrophoresis accompanied by MALDI-TOF and later
directly on LC-MS/MS [16,17]. However, the initial amount of sampled tissue is often mentioned as a
whole plant or a mixture of materials obtained from several plants.

To optimize protein extraction protocols, attention was focused on the precipitation steps
(trichloroacetic acid-acetone, formic acid-acetonitrile, etc. were often used). Such steps add another
source of variability to the results, which could lead to the failure to identify important proteins [18].
To eliminate this negative influence, increased weight of sampled material is required. Even though
there are precipitation techniques reaching up to 100% efficiency [19,20] for small weight leaf samples
(approximately 50-200 mg), we developed an extraction protocol without a chemical precipitation
step. For plant samples, the protein extraction protocol must handle the disruption of cell walls
(freeze-thaw cycle, mechanical disruption in liquid nitrogen, the addition of detergent, denaturation by
heating, mechanical crushing in extraction buffer, etc.), together with the inhibition of any protein
degradation process (adding a chaotropic agent or protease inhibitors) [20,21]. This is often followed
by a selected contaminant removal process [19,22]. For LC-MS analysis, these steps are followed by the
reduction of disulfide bonds, alkylation of free cysteine residues, and enzyme digestion to fragment
proteins into peptides for identification purposes [23,24]. The proper use of all of these techniques
must avoid incompatibility of the added agents with any subsequent enzyme digestion, and thus,
these additional compounds must be often removed either by precipitation, micropipette-tip solid
phase extraction, or at least by dilution to compatible concentrations. Steps leading to any side-effect
modifications [25,26] can also significantly decrease the number of identified peptides. To overcome
the limited LC column total protein capacity anticipating identification of low abundant proteins,
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the samples could be fractionated; however, this significantly increases the amount of LC-MS/MS
analyzed samples. If only one sample should be kept for analysis, the most abundant proteins
unrelated to the study, like RuBisCO (Ribulose-1, 5-bisphosphate carboxylase/oxygenase) for plants,
should be depleted to increase the coverage. Two efficient RuBisCO depletion methods are commonly
used [27-29]: precipitation with protamine sulfate or with phytate in the presence of Ca?* ions.

To successfully identify proteins in plant samples, mass spectrometry techniques compare the
detected peaks of mass spectra with a database of in silico digested proteins potentially present in
the samples [30,31]. Thus, for the identification of virus pathogens, a database of potentially present
viral proteins should be assembled first. Host protein databases must also be used when in vivo
infection or plant-microbe interactions are studied. However, with increasing numbers of virus
or host protein sequences included, the false discovery rate (FDR), maintaining the credibility of
identified proteins above random identification by chance, could eliminate many more identified
sequences [32,33]. To keep the ratio of false-positive results low, only recognized peptides longer than
any certain threshold are used for search, and here, the set of potential virus pathogens tested in each
sample is limited to only those occurring at a given plant genus, using available online databases
like Plant Viruses Online [34] or Descriptions of Plant Viruses [35,36]. For successful identification,
two unique detected peptide fragments, together with their MS/MS fragmentation spectra matching
the supposed sequence with an above-the-threshold score, are considered a confirmed presence for
the tested protein, provided that FDR filtering techniques are also employed on both the peptide
identification and the protein identification level [37,38].

In this work, we present an optimized plant protein extraction protocol (see Figure 1 for a scheme)
enabling the extraction of host and virus proteins and subsequently confirming the presence of viral
proteins, starting from as little as a single leaf of a plant with strong symptoms of infection. Such a
protocol combined with at least medium resolution nanoLC-ESI-Q-TOF could be an efficient virus
confirmation method for plants diagnosed by other low-threshold detection methods and left to develop
strong symptoms. The small amount required for a protocol sample means that the plant need not be
sacrificed, and can subsequently be used for further experiments. We tested the suitability of the protocol
on many different plant species: economically important hosts, both monocots and dicots, such as
barley (Hordeum vulgare), wheat (Triticum aestivum), Chinese cabbage (Brassica rapa subsp. pekinensis),
tobacco (Nicotiana tabacum, Nicotiana benthamiana), plum (Prunus domestica), apricot (Prunus armeniaca),
common bean (Phaseolus vulgaris), goosefoot (Chenopodium amaranticolor), sorghum (Sorghum bicolor),
and maize (Zea mays). Each tested sample was experimentally inoculated by a virus, and the range of
viruses tested includes both the DNA and RNA viruses (seven different virus families): Wheat dwarf
virus (WDV) from Geminiviridae, Barley yellow dwarf virus (BYDV/BYDV-PAV) from Luteoviridae,
Brome mosaic virus (BMV) and Tomato aspermy virus (TAV) from Bromoviridae, Cauliflower mosaic
virus (CaMV) from Caulimoviridae, Tobacco mosaic virus (TMV) and Turnip vein clearing virus
(TVCV) from Virgaviridae, Plum pox virus (PPV), Turnip mosaic virus (TuMV), Bean common mosaic
virus (BCMYV), Sorghum mosaic virus (StMV), Sugarcane mosaic virus (SCMV) all from Potyviridae,
Tobacco ringspot virus (TRSV) and Broad Bean Wilt Virus 2 (BBWV-2) from Secoviridae, see also
Figure 2 and Supplementary Table S1.
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1. crushing step
By pestle in liquid
nitrogen

Trypsin digestion

2. crushing step
By roller-ball crusher
in urea

Removing solids
Centrifugation
10 min, 5000 g

Optional RuBisCO
depletion
By phytate and Ca?*
ions or by protamin
sulphate

Purification and Pepb‘dt:i and Identified
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°°"°;i:$u°" nanoL.C-ESI-Q-TOF identification proteins analysis

MaxQuant R Software

Figure 1. Sample processing scheme used in this work for efficient confirmation of viral proteins from
plant leaf tissue.

Figure 2. Virus-positive sampled plants: (a) barley cv. Doreen—plant with strong dwarfism (WDV)
and a control, (b) wheat (WDV) cv. Fielder (c) Chinese cabbage (CaMV) (d) Chinese cabbage (TVCV)
(e) plum (PPV) (f) apricot (PPV) (g) tobacco (PPV) (h) tobacco (TMV) (i) tobacco (TuMV) (j) common bean
(BCMV) (k) goosefoot (BBWV-2).

2. Results

2.1. Two Crushing Steps Improve Identification of Plant Proteins

To increase the protocol efficiency, two different crushing steps were included: crushing the
material in liquid nitrogen by a pestle (crushing step 1, known from nucleic acids extraction methods)
and crushing by a hand roller-ball crusher in a thick-walled plastic bag with a urea-based preservation
solution (crushing step 2, where roller-ball crusher is often used in DAS-ELISA or similar methods).
To confirm the efficiency of both steps, a reference material (plants of winter wheat, cv. Ludwig) was
cultivated in the greenhouse and their leaves were cut by scissors to small pieces, put in one bag
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and stored at —80 °C. An extraction protocol (without any RuBisCO depletion steps) was applied
either (1) only with crushing step 1, where the preservation solution from crushing step 2 was also
applied, (2) only with crushing step 2, or (3) with both crushing steps, having six technical replicates
per each group (18 in total). The samples were weighed after disruption in liquid nitrogen, just before
adding the preservation solution. Figure 3a shows detailed characteristics of the extracted samples
using UHPLC Dionex Ultimate 3000 RSLCnano connected to a mass spectrometer ESI-Q-TOF Bruker
Maxis Impact for LC-MS/MS analysis. The disruption with a hand roller-ball crusher improves the
number of identified peptides, number of identified proteins, and sample coverage, in comparison to
disruption in liquid nitrogen only. For both crushing steps applied, there is another increase in these
characteristics. The protein concentration of the extracted samples shows the highest correlation with
the initial sample weight (Pearson’s correlation coefficient of 0.71), i.e., almost twice as high as with
any other listed quantity. However, a significant increase in protein concentration can also be seen
when both crushing steps are applied instead of only crushing step 1 (both groups having the same
sample weight mean). To reduce the effect of the initial sample weight on the amount of extracted
proteins, we can use the yield for subsequent comparisons; then, a significant increase is visible when
both crushing steps are applied instead of only one.

In the second experiment, the effect of RuBisCO depletion steps was studied. Several plants of
winter barley, cv. Doreen, cultivated in the greenhouse were cut to small pieces, stored at —80 °C, and the
mixture was used as the reference material. Both crushing steps were applied and the solids were
removed. Before optional depletion steps in the protocol, the supernatant of all the samples was merged
to keep the same initial protein concentrations and then aliquoted to 18 Eppendorf tubes. For three
groups (each having six technical replicates) the rest of the protocol, either (1) without RuBisCO
depletion step (omitting the Optional RuBisCO depletion step), or (2) with RuBisCO depletion by
phytate and Ca?* ions (Optional RuBisCO depletion step, variant A), or (3) with RuBisCO depletion
by protamine sulfate (Optional RuBisCO depletion step, variant B), was applied and the LC-MS/MS
analysis was carried out as before. Figure 3b shows the mean and standard error of the mean
for MaxQuant LFQ normalized intensities for RuBisCO small chain, the protein concentration of
extracted samples after the Optional RuBisCO depletion step, the protein yield per original leaf tissue,
identified peptides and proteins, and sample coverage among technical replicates. For estimation
of RuBisCO intensity, a sum of MaxQuant label-free quantified (LFQ) intensities [30] for all detected
peptides of Ribulose-1, 5-bisphosphate carboxylase/oxygenase small chain was used. For both depletion
methods, there was an approximately 40% reduction in the recorded RuBisCO small chain LFQ intensity.
The RuBisCO large subunit was also detected; however, a RuBisCO small chain was selected as a more
sensitive marker, being less susceptible to cutting the extremely large peaks. It must be also noted that
the MaxQuant protein intensity estimation algorithm attributes all the intensities of identified shared
peptides (intensities of ‘razor peptides’) to the protein group with the largest number of total peptides
identified, and thus, the proper intensity for pure RuBisCO small chain could also differ.

For depletion by protamine sulfate, a significant increase in both the yield and the protein
concentration was visible; however, a reduced number of identified proteins, peptides, and reduced
sequence coverage was also present in these samples. Protamine sulfate, a peptide-based compound,
probably left some traces in the solution in which the BCA assay was carried out, leading to the
overestimation of protein concentration. The reduced amount of leaf tissue proteins in the 1 pg
extract injected to the LC column could result in reduced protein and peptide identification. For the
other depletion step (phytate and Ca®* ions), the increase due to the identification of low abundant
proteins was very small using medium resolution LC-MS/MS, and could improve the detection rates
probably only in combination with high resolution LC-MS/MS. If we want to analyze the consistent
amount of proteins near the limit of the LC column, the protein concentration estimation step should
not be omitted; thus, even though protamine sulfate could effectively reduce the RuBisCO levels,
the interference with protein concentration estimation would be contra productive. For depletion of
RuBisCO in our protocol, the usage of phytate and Ca™ ions is suggested.
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Figure 3. (a) Sample weights, the protein concentration of undiluted samples after the Removing solids
step, protein yield per original leaf tissue weight used, identified peptides and proteins, and sample
coverage for frozen winter wheat leaf tissue disrupted with a pestle in a mortar with liquid nitrogen
(+mé&p), or with a roller-ball crusher in urea solution (+rc), or by both (+mé&p +rc). (b) MaxQuant LFQ
normalized intensities for RuBisCO small chain, the protein concentration of undiluted samples after the
Optional RuBisCO depletion step, protein yield per original leaf tissue weight used, identified peptides
and proteins, and sample coverage for extraction protocol applied to frozen winter barley leaf tissue
without RuBisCO depletion step (none), with a depletion step using phytate and Ca®* ions (+Ca +phy),
or with a depletion step using protamine sulfate (+ps). Error bars represent one standard error of the
mean. All the groups contain exactly six samples (1 = 6). For Identifed proteins, the total counts of
MaxQuant proteinGroups, without contaminants, without proteins from reverse database, and without
proteins only identified by site (by their peptide mass only, without supporting MS/MS spectrum)
are listed.

2.2. Plant Virus Pathogen Capsid Proteins Could Be Efficiently Confirmed in Samples of Plants with Strong
Infection Using the Double Crushing Extraction Protocol Followed by nanoLC-ESI-Q-TOF

For each cultivated host inoculated by a virus, the leaves were sampled and extracted (see Table 1
for a list of hosts and Supplementary File S1 for cultivation and inoculation conditions). The identified
peptides in the samples were searched for pathogen-specific peptides. A list of potentially available
virus pathogens for a given plant taxonomic genus was assembled using two available online databases
of plant virus pathogens: Plant Viruses Online and Descriptions of Plant Viruses. Table 1 shows that
the protocol is able to identify viral capsid proteins and other viral proteins in at least ten different
plant hosts. In Supplementary File S2, all the identified viral proteins with the sequence isoform
with the highest amino acid coverage, identified peptide fragments, and their protein alignments
are listed. All identified peptides of viral proteins were then searched for occurrence in plant host
protein sequences, and no such occurrence was found. Thus, the peptides identified in viral proteins
were unique to identified virus sequences and could not be accidentally interpreted as identified virus
sequences due to their incident colocation in the plant host proteome.
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Table 1. Identified host and virus proteins from single-leaf-tissue samples of virus inoculated plants with strong symptoms.
Sample Ola/E)Iarley Olb/barley  Olc/barley 0z Y}I eat 03;: E[}:;zse Uil:k/)CbZ\;;ese 04a/tobacco 04b/tobacco 04c/tobacco 04d/tobacco 0O4e/tobacco 05/apricot O6a/plum  06b/plum  07/bean  08/goosefoot 09/sorghum  10/maize
Sample weight (g) 0.14 0.34 0.46 0.34 0.52 047 0.47 0.46 0.45 0.55 0.63 0.60 0.60 0.97 0.48 0.63 0.32 0.13
Brassica rapa Brassica Nicotiana
Host taxonomic Hordeum Hordeum Hordeum Triticum P Nicotiana ~ Nicotiana  Nicotiana  clevelandia ~ Nicotiana Prunus Prunus Prunus Phaseolus ~ Chenopodium  Sorghum
. . - " subsp. rapasubsp. o0 0 B o . " . o . Zea mays
classification vulgare vulgare vulgare aestivum X . . : xN. tabacum armeniaca  domestica ~ Pdomestica  vulgaris  amaranticolor  bicolor
pekinensis pekinensis N
glutinosa
UniProt reference UP000011116 UP000019116 UP000011750 UP000084051 *2 3 UP000000226  * UP000000768 UP000007305
proteome used
PREPARATION Reference 189,799 130,673 40,809 73,605 + 53,411 + 74,802 2 155,017 * 30,501 1063 ** 41,380 99,254
genome proteins
Known host
viruses in 66 63 29 369 17 227 378 22 69
online databases
Tested viruses
for sample
(UniProt protein 47 45 24 232 13 151 232 18 52
sequences available)
:Z‘;:;f;‘: peptides 3233 2871 3963 3888 1844 1094 3176 2772 3412 3426 1270 2344 1648 1047 4364 346 1942 1956
;‘:::‘:I‘f“:f host 886 810 1082 1076 537 339 756 668 865 865 287 593 435 362 1163 71 570 549
Barley Turnip . Bean Broad
Wheat yellow Bm-m.e Wheat Cauliflower vein Plum TurmP "l?oba-cco Tomato TObéC.CO Plum Plum Plum common Bean Sorg}-u_lm Sugarca.me
I . mosaic . e . . mosaic  ringspot  aspermy mosaic . . . N S mosaic mosaic
Identified virus dwarf virus dwarf virus dwarf virus  mosaic virus  clearing  pox virus virus virus virus virus poxvirus poxvirus poxvirus  mosaic  Wilt Virus virus virus
(WDV) (];’;‘S;) (BMV) (WDV) (CaMV) (%’\‘/'g\s/) PPV) (faMv)  (TRSV) (TAV) (TMV) (PPV) (PPV) (PPV) (B‘g\‘/ﬁ/) (BBV\ZN_Z) (StMV) (SCMV)
RESULTS Identified virus Geminiviridae Luteoviridae Bromoviridae Geminiviridae Caulimoviridae Virgaviridae Potyviridae Potyviridae Secoviridae Bromoviridae Virgaviridae Potyviridae Potyviridae Potyviridae Potyviridae Secoviridae Potyviridae Potyviridae
family (DNA) (RNA) (RNA) (DNA) (DNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA) (RNA)
Identified capsid 10 2 11 10 10 6 11 14 8 12 12 6 6 5 4 17 9 4
protein peptides **
Capsid protein 1470f260  360f199  1470f189  1470f260  1100f489  820f157  12Of 154 of 1040F 4340018 920f159  860f330 6501330 570330 710f287 2470f599  950f320  590f313
sequence coverage 330 286 513
(AA) ** (56.5%) (18.1%) (77.8%) (56.5%) (22.5%) (522%)  (361%)  (53.8%)  (20.3%) (61.5%) (B7.9%)  (260%)  (197%)  (172%)  (24.7%)  (41.2%) (29.7%) (18.8%)
Capsid protein 1470f189  360f148  1470f152  1470f189  1100f333  820f142  '100f 154 of 1040f  1340f187  920f148  B60f278 6500278 570f278 71of232 2470506  950f211  590f247
sequence coverage 278 210 437
on > 7 amino acid
sequences (AA) ** (77.8%) (24.3%) (96.7%) (77.8%) (33.0%) (57.7%)  (428%)  (733%)  (23.8%) (71.7%) (622%)  (301%)  (234%)  (205%)  (30.6%)  (48.8%) (45.0%) (23.9%)
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Table 1. Cont.
Sample Ola/E)Iarley Olb/barley  Olc/barley 0z Y}I eat 031 E[}:;zse Uil:k/)CbZ\;‘;ese 04a/tobacco 04b/tobacco 04c/tobacco 04d/tobacco  O4e/tobacco 05/apricot O6a/plum  06b/plum  07/bean  08/goosefoot 09/sorghum  10/maize
more than 10
fragments of
other viral other other other other one other
X more than other
2 proteins - more more 10 more 6 more fragment  other more  other more
Other viral fragments movement than 10 than 10 than 10 than10  of genome than 10 than 10
- e . fragments fragments 5
proteins identified - of - protein, - fragments fragments - - £ fragments £ - fragments polyprotein fragments  fragments
** movement reverse of of o of © of from of genome  of genome
- ; replication genome . -
protein transcriptase, genome genome rotein genome o lyprotein genome RNA1 polyprotein  polyprotein
aphid polyprotein polyprotein P polyprotein Ppolyp polyprotein component
RESULTS transmlsslon
protein, etc.
(S:}‘if“ce covered 147 87 147 147 794 82 936 695 104 134 405 291 126 57 380 275 486 343
Putative sequence 147 87 147 147 807 82 1073 734 104 142 405 291 126 57 407 327 522 398
covered (aa) ***
. DAS-ELISA electron
Virus presencealso  DAS-ELISA - “prpep  paspisa PASEUSA  pagprisa  paskrisa PASEMSADASELISA [y gy isp pas-pLisa Das-ELisa PASEMSA DASELISADASELISA 1\ g1 16A microscopy DAS-ELISA DAS-ELISA
confirmed by **** qPCR RFLP qPCR qPCR qPCR qPCR qPCR qPCR RT-PCR

* total count of identified MaxQuant proteinGroups containing only host proteins, without contaminants, proteins from reverse database, and without proteins only identified by site
(by their peptide mass only, without supporting MS/MS spectrum); ** see also Supplementary File S2; *** see also Supplementary File S3 **** see Supplementary File S4 for method details;
*1 used extraction protocol without RuBisCO depletion step; *? tested against UP000084051 reference proteome of Nicotiana tabacum (73,605 proteins) together with assembled proteome for
Nicotiana benthamiana (ref. [39], NbD_AA—53,411 proteins, NbE_AA—74,802 proteins); *3 no reference proteome is available in UniProt database, and thus, tested against all available

protein sequences of Prunus genus;

+4

no reference proteome is available in UniProt database, and thus, tested against all available protein sequences of Chenopodium genus.
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For the total sum of amino acids in a sequence covered by the identified fragments of all detected
viral proteins of inoculated viruses, more than 100 amino acids were covered for each sample, with only
one exception (the 06b/plum sample, 57 amino acid covered sequence); however, in many cases,
this total sum reached several hundreds of amino acids (936 AA at most, for the 04a/tobacco sample).
For the distinct viral proteins of both tested DNA viruses, the highest (for WDV, 147 AA of 260 AA or
56.5%) or second highest (for CaMV, 110 AA of 489 AA or 22.5%) amino acid sequence coverage was
reported for their capsid proteins. For CaMV, the only protein with higher amino acid coverage was its
translational activator (ORF6, 379 AA of 519 AA or 73.0%). For RNA viruses, a genome polyprotein is
often expressed, which is subsequently digested to distinct viral proteins. If only final viral proteins
instead of genome polyprotein are accounted for, then the highest amino acid sequence coverage was
also reached for the capsid proteins. Similarly, if we compare the relative sequence coverage of viral
proteins, the relative sequence coverage for capsid proteins was higher than for other detected viral
proteins; it was at least 17.2% (for PPV capsid protein in the 06b/plum sample or 57 AA of 330 AA).

For mass spectrometry peptide fragment identification, only fragments equal or longer than the
selected threshold are searched, and thus, in Table 1, a sequence coverage on >7 amino acid sequences
is also reported, i.e., the relative coverage for detected fragments on protein sequence, from which all
fragments shorter than a given threshold (seven amino acids) were removed. However, even on these
reduced sequences, the relative coverage does not essentially differ (20.5% to 96.7%, median 43.9%),
in comparison to values on protein sequences of the original length (17.2% to 77.8%, median 32.9%).

If the detected peptide fragments for a given virus protein cannot be aligned to only one protein
sequence from the database, but can be aligned to other known sequence isoform, then these alignments
to other protein isoforms are reported in MaxQuant as different protein groups for the studied protein.
The frequent occurrence of different protein groups for the same viral protein lead as to the construction
of putative protein sequence maximizing the sequence coverage by the detected peptides. Briefly,
for each viral protein, an existing protein sequence with the highest detected sequence coverage was
selected as an original sequence. All peptide fragments detected in the sample were extracted and
locally aligned to the original protein sequence, keeping only the alignments with few modifications
to the original sequence. Then, a putative sequence was constructed based on the original protein
sequence and modifications included in the aligned peptides. The resulting amino acid coverage for
these putative sequences is listed in Table 1. All the constructed putative viral protein sequences with
detected peptide fragments and their alignment are reported in Supplementary File S3. The highest
increase in sequence coverage can be seen for PPV in tobacco (from 936 AA to 1073 AA), SCMV in
maize (from 343 AA to 398 AA), and BBWV-2 in goosefoot (from 275 AA to 327 AA). However, for some
other viruses, even with high amino acid coverage in the capsid protein or polyprotein, no increase is
obtained this way (WDV and BMYV in cereal samples, TMV in tobacco).

Regarding potential misidentification, there is high sequence similarity of StMV and SCMYV,
and thus, many peptides of SCMV were also detected in the sorghum sample. However, only one of
them was an unique peptide for the STMV sequence. Similarly, in the maize sample, several peptides
of SrMV and SCMV shared sequence were also detected in the sample, but no unique peptide was
detected, and thus, there is no entry in the related MaxQuant proteinGroups.txt search results file.
For other samples, occasionally, a few peptides of other viruses can be also detected (e.g., see tobacco
or goosefoot samples), but with, at most, one unique peptide. The other detected peptides are only
those which are also shared with other viral sequences. These occasional occurrences are supposed
to be a computer algorithm artifact (i.e., a fragment identified by chance due to a too large search
protein database and not captured by FDR or target-decoy database search strategy), validating the
requirement for at least two unique peptide fragments to be identified for sequence confirmation.
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2.3. The nanoLC-ESI-Q-TOF Based Detection Method with Optimized Extraction Protocol Allows
Discrimination of Virus Strains or Distinct Disease Species Based on Detected Fragments

For three different virus-caused diseases (WDYV, PPV, and BYDYV), several different virus strains
(for WDV and PPV) or distinct diseases species (for BYDV, where sources of BYDV disease are classified
as distinct virus species) are present in the Czech Republic. We focused on the classification of the
detected disease source in the samples even to specific virus strains or, for BYDV, to the identification
of BYDV distinct disease species.

For WDV, where both WDV-Wheat (WDV-W) and WDV-Barley (WDV-B) strains occur in the
Czech Republic, differences in many regions of the capsid protein amino acid sequence exist among
these strains. Due to the high variability between WDV isolates of both strains, no single strain-specific
sequence exists for many regions, and thus, several strain-specific sequences are often reported
according to sequence subgroups. The high amino acid sequence coverage for tested samples and
frequent strain-specific sequence differences allowed proper classification of the samples to be based
here on many single amino acid differences (see Figure 4). The WDV strain of the barley sample was
determined as WDV-B, and the WDV strain of the wheat sample was successfully determined to be
WDV-W, which is in agreement with the used inoculation strain.

Amino-acid alignment position
according to UniProtKB P06946 | 94-151
(WDV capsid protein)
:)dle’;:f'eld fragment sequence FillocTcyfispEsElir 1 EeErEYEWLVYDAE PKOAPDFTD I FTMPWNLLESEWTVOR
a/barley
Identified fragment sequence FHIQGTCYMSDASAPFIGPVRLYHWLVYDAEPKQAMPDATDIFTMPWNLLPSTWTVQR
02/wheat FHIQGTCYMSDASAPFIGPVRLYHWLVYDAEPKQAMPDATVIFTMPWNLLPSTWTVQR
Common WDV-W sequence FHIQGTCYMSDASAPFIGPVRLYHWLVYDAEPKQAMPDATDIFTMPWNLLPSTWTVQR
FlIQGTCYISDASAPFIGPVRLYHWLVYDAEPKQAMPDATDIFTMPWNLLPSTWTVQR
Common WDV-B sequence TCYfiSDESENFIR HWLVYDAEPKQABPDETD IFTMPWNLLPS OR
IQGTC VSSIYVG: HWLVYDAEPKQASPDSTDIFTMPWNLLPS) OR
Amino-acid alignment position
according to UniProtKB P06946 | 163-172 221-255
(WDV capsid protein)
:’d;';z:z:;'agme"' sequence | wBVNLVEDGR | GALYLEEBTRGGETGDSASEEFEVVCAYTHACYFK
:sze/'::';‘: fragment sequence | LT VDGR | GALYLISSTRGGVTGDSASTAFDVVCAYTHACYFK
Common WDV-W sequence WIVNLVIDGR | GALYLISSTRGGVTGDSASTAFDVVCAYTHACYFK
Common WDV-B sequence
WEVNLVEDGR | GALYLEEBTRGGETGDSASEEFEVVCAYTHACYFK

Figure 4. Alignment of detected discriminating peptide fragments of WDV capsid protein and
strain-specific sequences for a given region in WDV-W and WDV-B strains. The positions with the
same amino acid (yellow), with the detected amino acid in fragments similar to WDV-B (red), and with
the detected amino acid in fragments similar to WDV-W (blue) are highlighted in different colors.

In the case of PPV, PPV-D, and PPV-M strains, these occur in the Czech Republic and Slovakia,
together with their recombined strain PPV-Rec (sharing the C-terminus of NIb and entire capsid
protein amino acid sequence with PPV-M). Most of the identified fragments for all four PPV samples
were detected in regions where strain-specific sequences are equal, and only one or two peptide
fragments were detected and identified in regions where strain-specific sequence differs for tested
strains (see Figure 5). Based on their identification, the 04a/tobacco sample can be determined to be
infected with PPV-M strain or PPV-Rec, the 05/apricot and the 06a/plum as infected with PPV-D strain,
and the 06b/plum as infected with PPV-M or PPV-Rec strain, which is in agreement with the strain
identity of isolates used for inoculation of the tested plants.

Even though only two fragments of the capsid protein of BYDV were detected, these peptides are
part of the region where the BYDV disease species occurring in the Czech Republic (see [40]) differ in
their amino acid sequence. Both detected capsid-protein peptide fragments for BYDV confirmed the
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virus sample to be BYDV-PAV (see Figure 6), which is in agreement with the virus used for inoculation.
Only one of the two detected movement-protein peptide fragments also allowed discrimination of the
BYDV disease species for the detected virus. Even though the fragment is from a region where several
species-specific sequences exist, this fragment also confirmed the virus sample to be BYDV-PAV.

Amino-acid alignment position
according to UniProtKB ESRTT7 | 2775-2789 2904-2919 (94-109 in PPV capsid protein)
(PPV polyprotein)

Identified fragment sequence

KLYTDSEASETEIER DRDVDAGSIGTFAVPR

04a/tobacco
Identlf{ed fragment sequence | SROVDAGSTGT l 5
05/apricot
Identified fragment sequence

——————————————— DRDVDAGSIGTEVPR
06a/plum
Identified fragment sequence | __ DRDVDAGSIGTHEVER
06b/plum
Common PPV-D sequence KLYTDJEASETEIER | DRDVDAGSIGTFVPR

Common PPV-M sequence

KLYTDSEASETEIER DRDVDAGSIGTFAVPR
Common PPV-Rec sequence

Figure 5. Alignment of detected discriminating peptide fragments of PPV polyprotein and strain-specific
sequences for given regions in PPV-D and PPV-M strains. The positions with the same amino acid
(yellow), with the detected amino acid in fragments similar to PPV-D (red), and with the detected
amino acid in fragments similar to PPV-M (blue) are highlighted in different colors. PPV-Rec strain
shares its amino acid sequence at the end of the genome polyprotein (including the capsid protein
sequence) with the PPV-M strain.

Amino-acid alignment position
according to UniProtKB P09510 | 24-35 49-72
(BYDV capsid protein)

Identified fragment sequence

pNR | BCENEMERBECEAEVERFSVDNLK
01b/barley .R-VWQ
Common BYDV-PAV sequence .R.VVVQPNR lG_GlTEVF.FSVDNLK

Common BYDV-PAS sequence | AIREJVVVQPNR | RGPDSIPGSAGRTEVFIFSVDNLK

Common BYDV-MAV sequence | pgppyyyyopNR | BGARLISGPAGRTEVEFSVNDLK

Common BYDV-GAV sequence

Amino-acid alignment position
according to UniProtKB Q45223 | 90-116
(BYDV movement protein)

Identified fragment sequence
01b/barley SQ'SlLSIIHTRPlLRIA.LLNST.

Common BYDV-PAV sequence

nunononon

Common BYDV-PAS sequence | SQiSfiLSLEHTRPPLRRABBLLNSTER

Common BYDV-MAV sequence | SQTSRLSLSHTRPPLQSAQCLLNSTLG

Figure 6. Alignment of detected discriminating peptide fragments of BYDV capsid and movement
protein and strain-specific sequences for a given region in BYDV-PAS, BYDV-PAV, BYDV-MAV
(and BYDV-GAV if the sequences are equal) strains. The positions with the same amino acid among
all sequences (yellow) and positions with the same amino acids as in an identified fragment (red)
highlighted by different colors.
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3. Discussion

Although most methods described in this paper are generally used for proteomic analysis,
the adaptation of the methods to identify viruses that may be present in low abundance is not a routine
process. The presented protocol for protein extraction from leaf tissues employs techniques that are well
known from nucleic acid protocol extractions—i.e., disruption of leaf samples in liquid nitrogen, the use
of a chaotropic agent for protein denaturation, and techniques optimized for DAS-ELISA plant virus
protein targeted methods—applying crushing by a roller-ball crusher in a preserving buffer. The high
concentrations of the chaotropic agent, urea, are lowered by dilution to noninhibiting concentrations
for trypsin digestion to avoid any incompatibility. The final concentration and desalting step are made
using a micropipette-tip solid phase extraction, a technique which is similar to subsequent LC column
protein separation. Such a protocol easily fulfills protein sample limits of LC columns, and subsequent
nanoLC-ESI-Q-TOF identification makes it possible to confirm viral capsid proteins on a wide range of
host plants, including grasses and flowering plants or trees. The number of identified peptides and
high protein sequence coverage of viral capsid proteins even allowed us to discriminate specific virus
strains or disease species based on the viral protein sequence analysis.

Even though the relative coverage of detected peptide fragments on >7 amino acid sequences in
the samples reached 96.7% for BMV capsid protein on barley, for WDV capsid proteins, for example,
this ratio stopped at 77.8%, on both highly infected barley and wheat samples. The identification
of peptide fragments in recorded spectra is still based on the provided protein sequences and their
modifications. Any missed modification in the setup of the database search could lead to missed
identification of peptides, despite the fact that the peaks of these peptides are still present in the
recorded spectra. Even if the proper modifications are included, for some of them, like phosphorylation,
their detection by mass spectrometry techniques is generally complicated due to their different charge
states and subsequent problems with ionization [41].

While the identification of peptides from MS/MS spectra is continuously improving [42,43],
the significant reduction of the assembled protein database to be searched is an important factor for
the elimination of false-negative results, where all these sequences are also used through control
target-decoy database search strategy. For the detection of virus pathogens, a reduction to only a
host and potentially available virus species is suggested. General online sources for potential plant
host-virus interactions are currently not easily available. Frequently used sources, such as Plant
Viruses Online or Descriptions of Plant Viruses, are reportedly not updated, even though they are
still important sources of information. Selective information aggregated by plant hosts can be found
for important agricultural crops and viruses [44,45]; however, a manual search in literature through
protein database sources is required to obtain an up-to-date list of potential virus pathogens for a
specific host, based on existing virus taxonomy [46].

Even though the absolute amino acid coverage and relative coverage of potentially misidentified
sequences in the samples remain zero or very low (for unique detected viral protein fragments) or at
least low (for all detected fragments including the shared ones) in comparison to detected coverages
of proteins supposed for confirmation, the potential random identification of peptides of other viral
sequences requires a relatively high amount of the protein to be present in the sample, resulting in
high sequence coverage with several unique peptides identified. The advantage of the peptide-based
identification method is its ability to reconstruct the protein sequence, provided that the sequence
information is available in proteome databases. Even for the new viruses or mutated virus strains,
if the amino acid sequences of their viral proteins share at least some parts with other related and
already identified viruses, there is a high probability of identification of the part of the protein and
confirmation of its presence. A putative sequence can be then reconstructed if there is an assumption
for mutated virus strain or new virus present. However, a special caution must be made in case of
co-infections. For distinct viruses with viral proteins sharing the large regions of the same protein
sequence, many peptides could be identified from these regions. The decision of whether coinfection
or infection by only a new species occurs will be then dependent on the identification of a few unique
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peptides from regions where the sequences should differ. A high sequence coverage could alleviate the
issue, but generally, confirmation by another detection method would be then required, although the
supporting method could be highly target-specific, like PCR.

The presented double crushing step extraction protocol combined with at least medium resolution
LC-MS/MS allows confirmation of viral proteins even from single-leaf-tissue samples and can serve as
an efficient viral protein confirmation method for highly infected samples.

4. Materials and Methods

4.1. Protein Sample Extraction and Preparation Protocol

Crushing step 1: Leaf tissue was cut and homogenized in liquid nitrogen, ground into a fine
powder using mortar and pestle, and collected in an Eppendorf tube and weighted. Crushing step
2: The tissue from the previous step was transferred (or the remains were eluted by pipette) to a
thick-walled plastic bag, and 5 mL of preservation solution (0.4 M ammonium hydrogen carbonate, 8 M
urea, pH 7.8-8.0) was added. The content of the plastic bags was homogenized with a hand roller ball
crusher homogenizer (Bioreba, Reinach, Switzerland, see Supplementary Figure S1) without removing
the content from the bags. Removing solids: 1 mL of the liquid part was pipetted to an Eppendorf
tube and centrifuged for 10 min at 5000x g to remove any remaining solids. The supernatant was
pipetted to a new tube. Optional RuBisCO depletion step: Optionally, RuBisCO depletion procedure
variant A (using phytate and Ca?*) or variant B (using protamine sulfate) can be subsequently included,
or the extraction can continue directly to the next step (protein concentration estimation). Variant A:
200 pL of supernatant was pipetted to a new tube, and 20 uL of 100 mM CaCl, (dissolved in 8 M urea)
was added. Subsequently, 20 puL of 100 mM phytate (dissolved in 8M urea) was added. The sample
was left incubated for 10 min in a shaker (42 °C, 500 rpm) and centrifuged for 15 min (16,100x g,
room temperature). Variant B: 200 uL of supernatant was pipetted to a new tube, and 20 uL of 5%
protamine sulfate (dissolved in 8M urea) was added. The sample was incubated for 30 min at 4 °C
on ice and centrifuged for 15 min (12,000x g, room temperature). Protein concentration estimation:
For each sample, an aliquot was diluted eight times by distilled deionized water and the concentration
was estimated using the BCA assay (Thermo Fisher Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific, Waltham, MA, USA). Pipetting the same protein amount: For subsequent steps, the same
protein amount (here 100 pg) from each extracted sample of its original concentration (not diluted
as in the previous step) was pipetted to a new tube to proceed to subsequent steps in a convenient
volume. Reduction step: Dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) was added to the final
concentration of 5 mM, and the samples were left in a thermoblock for 30 min (60 °C, 300 rpm).
Alkylation step: After cooling to room temperature, iodoacetamide (Sigma-Aldrich) was added to give
a final concentration of 10 mM. The samples were then left for 30 min at room temperature in the dark.
Neutralization of remains of iodoacetamide: Dithiothreitol was added to give a final concentration of
5 mM, and the samples were left for 30 min at room temperature. Trypsin digestion step: An aliquot of
2 ug of protein was diluted eight times by distilled deionized water, and 1 uL of trypsin (0.1 pg/uL
fresh solution in distilled deionized water) was added. If required, the aliquot used for digestion
can be lowered down to 1 pg of protein, and the dilution ratio can be also optionally lowered to four
times for samples of low protein concentration, to keep the maximum volume of 20 pL for the reaction
mixture in order to maintain the efficiency of the digestion and subsequent concentration. The reaction
mixture was then incubated for 16 h (overnight) at 37 °C. Concentration step: The digestion was
stopped by the addition of 10% trifluoroacetic acid (Sigma-Aldrich) to a final concentration of 0.5%,
and the sample was concentrated using ZipTip (Millipore, Burlington, MA, USA) containing reverse
phase C18 according to the supplied protocol with the elution solution of 5 uL of 50% acetonitrile
and 0.1% TFA in deionized water. The tubes were then left open in air to evaporate the supernatant,
leaving the solid extract.
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4.2. LC-MS/MS

Mass spectrometry measurements were carried out using liquid chromatography column with
nanoliter per min flow ranges (nanoLC), electrospray ionization (ESI), and quadrupole time-of-flight
(Q-TOF) technology; i.e., here a UHPLC Dionex Ultimate 3000 RSLCnano (Dionex, Sunnyvale, CA,
USA) was connected to a mass spectrometer ESI-Q-TOF Maxis Impact (Bruker, Billerica, MA, USA).
The extracted sample was dissolved in the mixture of water:acetonitrile:formic acid (97:3:0.1%), and then
1 pg of peptides in the injection volume of 1 uL was loaded on a trap column, Acclaim PepMap
100 C18 (100 um X 2 cm, particle size 5 pm, Dionex, Germany), with a mobile phase A (0.1% formic
acid in water) flow rate of 5 uL/min for 5 min. The peptides were eluted from the trap column to
the analytical column, Acclaim PepMap RSLC C18 (75 pm x 150 mm, particle size 2 um), by mobile
phase B (0.1% formic acid in acetonitrile) using the following gradient: 0-5 min 3% B, 5-95 min 3-35%
B, 97 min 90% B, 97-110 90% B, 112 min 3% B, 112-120 min 3% B. The flow rate during gradient
separation was set to 0.3 uL/min. The peptides were eluted directly to the ESI source—Captive spray
(Bruker Daltonics, Germany). Measurements were performed in data-dependent analysis mode with
precursor-ion selection in the range of 400-1400 my/z; an MS spectrum was recorded every 3 s and
MS/MS spectra were collected at the speed of 4-16 Hz, depending on the intensity of the precursors.
Dynamic exclusion was set to 1 min, preferred charge state to 2-5, and singly charged precursors were
excluded. Collision induced dissociation MS/MS spectra were recorded in the range of 50-2200 m/z
and profile spectra were saved. The mass spectrometry proteomics data and search results were
deposited to the ProteomeXchange Consortium via the PRIDE partner repository [47] with the dataset
identifier PXD022456.

4.3. Protein Identification and Protein Databases Searched

The peptides in raw spectra were identified and quantified by MaxQuant [11] 1.6.7.0 for Windows
using reverse sequences for target-decoy database search strategy [48] and applying a 1% false
discovery rate (FDR) for both the peptide spectrum match and protein group levels. The processed
files were set as one experiment per each file to report the detected intensities in each of the processed
files separately. Trypsin was set as the proteolytic enzyme and two missed cleavages were allowed.
Cysteine carbamidomethylation was selected as a fixed modification. Oxidation of methionine and
protein N-terminal acetylation were searched as variable protein modifications. Match between runs
was switched off for samples of the same plant genus analyzed together. A Bruker Q-TOF instrument
was selected and default tolerances were used (0.07 Da for the first search and 0.006 Da for the main
peptide search at the MS level). Protein identification was performed using default 40 ppm as the
mass tolerance at the MS/MS level for the TOF analyzer. The minimal required peptide length was
set to seven amino acids. For each tested plant host, either reference proteome with all isoforms was
downloaded from the UniProt protein knowledgebase [49] (accessed 3 January 2020) or, if not present,
all available protein sequences for the given taxonomic plant genus from UniProt were used instead.
For Nicotiana benthamiana, a homology-guided proteome [39] derived from Nicotiana tabacum was
also included (see UniProt identifiers in Table 1). For each tested plant host, a host range property
was searched in Plant Viruses Online [34] and Descriptions of Plant Viruses [35,36] online databases,
and a list of potential virus pathogens for the tested plant genus was assembled. All available
protein sequences for the obtained viruses were downloaded from the UniProt protein knowledgebase
(accessed 3 January 2020, see also the PREPARATION section of Table 1) and their UniProt protein
identifiers were supplied with the “UNIPROT_VIRUS_" prefix to easily identify detected virus proteins
among the MaxQuant results. Thus, a protein sequence database for each tested host consisted of
specific host proteins with original UniProt identifiers and virus proteins of potential virus pathogens
for a selected host (with “UNIPROT_VIRUS_" prefix followed by their original UniProt identifier).
The MaxQuant proteinGroups.txt and peptides.txt files were used for subsequent analyses of detected
proteins and peptides in the samples and are included as Supplementary File S5.
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4.4. Virus Protein Sequence Coverage, Virus Protein Putative Sequence

For each identified virus protein, all amino acid sequence isoforms, listed as separate entries in
MaxQuant proteinGroup file, were examined. As a representative sequence for the isoform, the leading
detected protein in each MaxQuant proteinGroup record was selected; if it was reported as a fragment
in its fasta header, then other proteins of the protein group with the same or longer sequence and with
the same number of detected fragments were considered. All the identified peptide fragments for the
isoforms were aligned to the sequence using R Software 4.0 [50] and in-house scripts (for download,
see http://uprt.vscht.cz/aaseq). The viral protein isoform sequence with the highest sequence coverage
was then selected as a representative sequence for the identified virus protein at all. For these
sequences with highest detected coverages, detected peptide fragments, their alignment, and supposed
trypsin sites, see Supplementary File S2. For viruses expressing the polyprotein, the protein sequence,
detected peptide fragments and their alignment are reported only if peptide fragments were also
detected in other regions than in the capsid protein sequence; otherwise, only their capsid protein
sequence is listed.

In MaxQuant software, minimal length for peptide detection was set to seven amino acids. Thus,
for each reported protein sequence, a relative coverage was also computed for the sequence with all
the peptide fragments shorter than seven amino acids omitted (see Table 1 and Supplementary File S2).
The task was done using the trypsin digest sites detected according to the rules of ExXPASy PeptideCutter
online tool [50] and R Software 4.0 in-house scripts (for download, see http://uprt.vscht.cz/aaseq).

To construct a putative sequence maximizing the sequence coverage by detected peptide fragments,
all the identified peptide fragments in the sample were extracted from MaxQuant search result files.
For each examined viral protein, a protein sequence isoform with the highest sequence coverage was
selected as its original sequence. All the local alignments of detected peptides to the protein sequence
were then determined using R Bioconductor package ‘Biostrings’ (version 2.58). The alignments
overlapping the sequence borders were removed. For each remaining peptide alighment, the number
of modifications (substitutions, insertions, deletions, or improper alignments to trypsin digest sites) to
the original sequence was determined and only peptide alignments with at most | fragment length/7 |
modifications were used. For the conflicting alignments of the peptides, those with the higher ratio of
modifications per length were removed (but are also separately reported). The putative sequence was
then constructed based on the original protein sequence and modifications detected in the aligned
peptides. For constructed putative sequences, detected peptide fragments, their alignment, the peptides
with conflicting alignments, and the putative sequence amino acid coverage, see Supplementary File
S3. The used in-house scripts can be downloaded at http://uprt.vscht.cz/aaseq.

4.5. Identification of Strain-Specific Sequences

For the determination of strain-specific protein sequences (WDV, PPV) or distinct BYDV disease
species protein sequences, all available complete genome nucleotide sequences were downloaded from
the NCBI database [51] for virus strains and BYDV disease species occurring in the Czech Republic,
and the sequences were aligned using the ClustalX 2.1 tool [52]. The sequences of open reading frames
were then translated into an amino acid sequence and the amino acid sequences were aligned again
in ClustalX 2.1. For each tested region and virus strain/pathogen species, the consensus amino acid
sequence was determined and reported as a strain-specific sequence. If no consensus sequence was
detected, then the consensus amino acid sequences for sequence subgroups were determined and
used instead.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/11/966/s1.
Table S1: Taxonomic classification and brief description of tested plant virus pathogens; Figure S1: Mechanical
roller steel-ball crusher homogenizer (Homogenizer Hand Model, Art. No. 400010, Bioreba, Switzerland) for
proper tissue homogenization; File S1: Plant cultivation conditions and virus inoculation for tested hosts; File S52:
Viral protein sequences, detected peptide fragments, their alignment, and amino acid sequence coverage—isolate
sequences with most detected peptides); File S3: Putative viral protein sequences maximizing the sequence
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coverage, together with detected peptide fragments. The sequences are based on identified protein database
sequence with the highest coverage, followed by the inclusion of other detected peptides with only a few
modifications to the original sequence (see the Materials and Methods Section 4.4); File S4: Other Biochemical
methods used for confirmation of detected viral pathogens; File S5: The MaxQuant proteinGroups.txt and
peptides.txt files from virus inoculated samples used for subsequent analyses of detected proteins and peptides.
References [53-86] are cited in the supplementary materials.
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Abstract

Background

Although many genetic manipulations of crops providing biofortified or safer food have been
done, the acceptance of biotechnology crops still remains limited. We report on a transgenic
barley expressing the multi-functional protein osmotin that improves plant defense under
stress conditions.

Methods

An Agrobacterium-mediated technique was used to transform immature embryos of the
spring barley cultivar Golden Promise. Transgenic barley plants of the TO and T1 generation
were evaluated by molecular methods. Transgenic barley tolerance to stress was deter-
mined by chlorophyll, total protein, malondialdehyde and ascorbate peroxidase content.
Methanol extracts of i) Fusarium oxysporum infected or ii) salt-stressed plants, were charac-
terized by their acute toxicity effect on human dermal fibroblasts (HDF), genotoxicity and
affection of biodiversity interactions, which was tested through monitoring barley natural
virus pathogen—host interactions—the BYDV and WDV viruses transmitted to the plants by
aphids and leafhoppers.

Results

Transgenic plants maintained the same level of chlorophyll and protein, which significantly
declined in wild-type barley under the same stressful conditions. Salt stress evoked higher
ascorbate peroxidase level and correspondingly less malondialdehyde. Osmotin expressing
barley extracts exhibited a lower cytotoxicity effect of statistical significance than that of
wild-type plants under both types of stress tested on human dermal fibroblasts. Extract of
Fusarium oxysporum infected transgenic barley was not able to damage DNA in the Comet
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assay, which is in opposite to control plants. Moreover, this particular barley did not affect
the local biodiversity.

Conclusion

Our findings provide a new perspective that could help to evaluate the safety of products
from genetically modified crops.

Introduction

Osmotin is a 26-kDa protein belonging to the 5% class of pathogenesis-related proteins (PR 5)
together with thaumatin, zeamatin and others. Osmotin was first characterized in Nicotiana
tabacum plants adapted to saline conditions [1, 2]. Later, its homologs were found in both
monocots and dicots across the whole plant kingdom [3]. Osmotin is a multifunctional protein
that plays an important role in the plant immune system during stress. Abiotic originators of
stress such as drought, salt and cold induce osmotin expression. As the name indicates, osmo-
tin plays a role as an osmoprotectant, providing enzyme protection and protein chaperone
functions. Biotic stress resistance is related to the ability of osmotin to activate the fungal
receptor that induces the programmed cell death of fungi. Being a promising protein, it has
served as a tool for biotechnology engineering for many decades [1].

The first transgenic plants containing the heterologous osmotin gene in their genomes were
potato and tobacco [4] and many others followed, as summarized in reviews [3, 5]. More
recently, transgenic monocotyledonous plants bearing the osmotin gene were developed as
well. Osmotin was first expressed in a monocot wheat in 2008 [6] followed by rice another
three years later [7]. The genetic manipulation of monocots is a promising and still developing
field, because their agriculture is significantly endangered by climatic changes. Monocots play
an important role in agriculture for animal feed and for human nutrition, as they are among
the most often planted crops (e.g. wheat, barley, rice, maize and others), however, the applica-
tion of their GM variants still remains limited.

Even though transgenic crops are one of the most characterized and toxicologically tested
plants, many of them have never been applied (e.g. Golden Rice [8]). The economic aspects,
environmental benefits and higher yield of GM crops [9] usually do not affect public opinion
significantly. Even though biofortified crops (reviewed e.g. in [10]) with improved properties
and safer food [11] were reported years ago, the usage of GM crops is still restricted. No con-
ventionally bred crop has been so thoroughly tested for toxicity, allergenicity or effect on the
environment, intestinal microbiome and nutrition. However, what is often neglected is the
increased toxicity of crops protecting themselves against harsh environmental conditions.

As a protection against stress, plants have adapted their own immune system [12] in order
to survive. Nonetheless, many of the secondary metabolites formed this way can be toxic com-
pounds, e.g. glycoalkaloids [13], steroidal alkaloids [14], flavonoids [15, 16] and glycosides [17,
18]. Furthermore, the toxicity of plant immune system compounds is often supplemented by
the toxicity of the pathogen’s secondary metabolites, e.g. mycotoxins [19].

The aim of this work is the development of a transgenic barley with improved resistance to
stress originators, documentation of this higher resistance by biochemical methods, and a
proof of better toxicological properties for consumers compared to commercially used crops.
As an often-mentioned disadvantage of GM plants, its influence on biodiversity is described.
Here, we also focused on studying the effect of this GM barley on the spreading of viruses by
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aphids and leathoppers. Two economically most important virus pathogens for barley cereals
in Europe were selected-Barley yellow dwarf virus, transmitted by aphids, and Wheat dwarf
virus, transmitted by leathoppers.

Materials and methods

Barley transformation

The osmotin gene (OSM, GenBank: M29279.1, NCBI) was synthetized artificially (GeneArt
Gene Synthesis, Thermo Fisher Scientific), therefore codon optimization for barley was per-
formed. The osmotin gene was further cloned into the vector pPDONR207 (Invitrogen) by BP
clonase reaction (Gateway, Thermo Fisher Scientific). The construct was verified by digestion.
The osmotin gene was inserted by LR clonase reaction (Gateway LR Clonase, Thermo Fisher
Scientific) into the destination vector pBract214 (http://www.bract.org). The pBract214 vector
was designed for the transformation of barley. The gene of interest is under the control of the
maize Ubi promoter. The vector contains the hpt gene conferring hygromycin resistance under
the CaMV 35S promoter. Correct orientation of the transgene was verified by restriction analy-
sis and sequencing. The Vector pBract214::0sm (S1 Fig) and the helper plasmid pSoup were
transformed into the Agrobacterium tumefaciens strain AGL1 by electroporation. The Agrobac-
terium-mediated transformation of the immature zygotic barley embryo genotype ‘Golden
Promise” was performed according to the transformation protocol by Harwood et al [20].
Explants were cultivated in vitro on selection—callus induction, and regeneration medium and
transferred into soil. Putative transgenic TO plants were screened by PCR analysis. The analysis
was performed with genomic DNA that was isolated from leaf tissue of the regenerated plants.
For PCR reaction, premix REDTaq ReadyMix PCR Reaction Mix (Sigma-Aldrich, USA,) was
used. The presence of the osmotin gene was determined by amplifying a 222-bp fragment using
the primers F: 5" ~GCCCTGCCTTCATACGCTAT-3" and R: 5" -TACGGGCAGTTGTTCCTCA
C-3". The presence of the hpt selection gene by amplifying a 275-bp amplicon using the prim-
ers F: 5" -GATTGCTGATCCCCATGTGT-3 and R: 5" -GCTGCTCCATACAAGCCAAC-3".

Transgene expression was verified at the mRNA level. Where not stated otherwise, all
procedures were done according to the manufacturer’s instructions. RNA was extracted
from young leaf tissue of the transgenic plant with an RNAqueous Total RNA Isolation Kit
(Thermo Fisher Scientific). The sample was treated with a Turbo DNA-free Kit (Thermo
Fisher Scientific) and RNA concentration was assessed spectrophotometrically (DeNovix,
DS-11 Spectrophotometer). 1 ug of total RNA was reverse transcribed using RevertAid H
minus Reverse transcriptase (Thermo Fisher Scientific). To analyze the reaction efficiency,
dilution series of the selected cDNA samples were prepared. The endogenous gene for elon-
gation factor [21] was selected as an internal control. For mRNA expression verification, a
SensiFAST SYBR No-ROX Kit (Bioline) was used. Three-step PCR was conducted using a
MyGo Mini real-time cycler (IT-IS Life Science Ltd.). Primer sequences for osmotin tran-
script detection were F: 5 ~TCAGGTCCAGCTTCGTGTTC-3 "and R: 5" -TACGGGCAGTTG
TTCCTCAC-3"and produced an amplicon of 85 bp. Initial denaturation at 95°C for 180 s
was followed by forty cycles of denaturation at 95°C, annealing at 60°C and elongation at
72°C. Reaction was terminated by a final 5 min extension at 72°C. Melting analysis and elec-
trophoretic separation of PCR products were done to verify primer specificity. Transgenic
barley plants with verified expression of osmotin gene were grown in greenhouse to matu-
rity. Immature embryos (T1 generation) were dissected from young caryopses of TO plants
and were selected on half-MS medium containing hygromycin 75 mg/L. Subsequently, the
germinating plants were transferred to pots. All the germinated plants were analyzed for the
presence of the osmotin and hpt transgenes by PCR.
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Exposure of transgenic and control plants to the stress

Isolated embryos of the T1 generation of obtained GM plants and of the non-GM barley were
sown in individual pots (10 x 10 cm) filled with universal gardening substrate and placed in
growing chambers under controlled conditions (temperature 24/16°C, air humidity 70%, 16/8
day/night). Until 50 days after sowing, all plants had four developed leaves and were divided
into groups according to the planned stress treatment. Each group consisted of 4 transgenic and
4 non-transgenic plants. The control group was planted under the same conditions, another
group was irrigated with 200 mM NaCl every second day, the last group was treated with spores
of Fusarium oxysporum DBM 4199 (OD = 0.7) once per week. One fully developed leaf was cut
off every 3 days and kept at -80°C until the biochemical analysis. 16 days after the beginning of
the stress conditions, all biomass was harvested and lyophilized for toxicity testing.

The BYDV virus infection was implemented using the aphids Rhopalosiphum padi car-
rying the BYDV-PAV species [22]. At the stage of two unfolded leaves, approximately five
viruliferous aphids were transmitted onto each of 6 transgenic and 6 control group plants.
The aphids were maintained there for four days, after that, the plants were treated with
insecticide (Mospilan, Nippon Soda Co.) and kept under controlled conditions (tempera-
ture 19/15°C, 16/8 day/night).

The WDV virus infection was administered using leathoppers Psammotettix alienus carry-
ing the WDV-B barley strain [22]. At the stage of the main shoot and one tiller being detect-
able, approximately five viruliferous leathoppers were transmitted onto each of 6 transgenic
and 6 control group plants. The leathoppers were maintained there for fourteen days, after
that the leathoppers were removed by hand and the plants were closely checked for any miss-
ing leathoppers. The plants were then kept under controlled conditions as before (temperature
19/15°C, 16/8 day/night).

Both WDV and BYDV isolates, as well as infected aphids and leathoppers, were obtained
from the Virus Collection of the Crop Research Institute, Prague (Virus Collection, 2017). The
aphid and the leathopper count of insect vectors required for successful infection were esti-
mated based on the long-term experience with testing of cereal cultivars in the Crop Reseach
Institute, Prague [23, 24].

Biochemical assays

For chlorophyll content determination, 0.02 g of barley leaf tissue was used. Samples were
incubated in 99% alcohol (1:100 (w/V)) in the dark for 24 h. The subsequent measurement
was the same as described in the method by [25]. The preparation of samples for the determi-
nation of protein content and enzyme activities was universal in order to decrease sample
weight and consumption of plant material. 0.1 g of leaf tissue was homogenized in liquid nitro-
gen into powder. Then, 2 ml of extraction buffer (50 mM phosphate buffer, 1 mM EDTA and
2% (w/v) polyvinylpyrrolidone of pH 7.8) was added. The homogenized sample was centri-
fuged at 14,000 x g at 4°C for 30 min. Protein content was measured according to the method
by Bradford [26]. The reaction mixture contained plant extract, extraction buffer and reagent
in the ratio 1:1:8. The reagent and subsequent measurement was the same as in the original
paper. The enzyme activity of ascorbate peroxidase was determined according to [27] without
any modifications. Malondialdehyde content was determined according to [28] with slight
modifications. Extract was prepared by the homogenization of 0.1 g of leaf tissue in liquid
nitrogen and the addition of 2 ml of 80% ethanol followed by centrifugation at 14,000 x g at
4°C for 20 min. In contrast to the original paper, a 0.4 ml aliquot was used for the preparation
of the reaction mixture. After heating followed by cooling, the mixture was centrifuged at
1,000 g at 4°C for 20 min.
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Hemolytic and cytotoxicity studies

Hemolytic activity was determined according to a previous report [29]. 1 pl of plant methanol
extract (100 mg.ml™") was used per spot. Triton X-100 (1%, 1 ul per spot, Sigma Aldrich) was
used as a known hemolytic agent. The toxicity in mammalian tissue culture was studied on
HDF-human dermal fibroblasts, Sigma-Aldrich, 106-05N).

HDF cells were cultivated in DMEM (Sigma-Aldrich) enriched with 10% fetal bovine
serum (Sigma-Aldrich). The cells were maintained in media without antibiotics; however, for
experiments media supplemented with Antibiotic Antimycotic Solution were used (commer-
cial mixture of penicillin, amphotericin and streptomycin, Sigma-Aldrich).

Cells were harvested from exponential-phase cultures by a standardized detachment proce-
dure using 0.25% Trypsin-EDTA, and the cell number was counted automatically using a
Roche’s CASY Cell Counter and Analyzer. 100 ml of 10° cells.ml™ was seeded into the wells
for cytotoxicity experiments. Each concentration was tested in quadruplicate within the same
experiment in the concentration range 62.5-1,000 pg.ml ™. Viability was evaluated after 72 h
by standard resazurin assay [30] using fluorescent measurement (560/590 nm). Viability was
calculated as (sample fluorescence-fluorescence of resazurin) / (fluorescence of cells without
treatment—fluorescence of resazurin).

Genotoxicity assay was determined using Hek 293T cells (Human embryonal kidney cells,
Sigma-Aldrich, USA) according to the Comet assay as previously described [31]. The cells were
cultivated as described for HDF cells. For the experiment, 10° cells.ml™" were seeded into the
12-well plates. After 24 hours of cultivation in CO, incubator, the medium was changed and the
plant extracts were added to the final concentration of 3 mg.ml™. After 24 hours of incubation,
the positive control of genotoxicity was realized by addition of H,O, (4.2 mg.l’l) for 10 min to
the cells. As a negative control served cells without any treatment. After the cells harvesting and
electrophoresis, fluorescent microscopy (Olympus IX81 equipped with Texas Red filtr) was
used for comets visualization and Image] software was used for evaluation TailDNA (%).

Detection of BYDYV infection

RNA was isolated by the traditional method using TRIzol reagent (Thermo Fisher Scientific,
USA). RT-qPCR assay was performed in a Roche LightCycler 480 Instrument II using Light-
Cycler 480 SYBR Green I Master (Roche Applied Science, Germany), RT Enzyme Mix (Array-
Script UP Reverse Transcriptase and RNase Inhibitor, Thermo Fisher Scientific) and PVinterF
and YanRA primers [32]. The RT-qPCR was performed at 48°C for 30 min, 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min and a melting-curve analysis (95°C
155,60°C 1 min, 95°C 155, 60°C 15 s). The qPCR efficiency was determined as E = 105.51%,
R2 = 0.9964 and the linear standard curve interval as 6.89x10'-6.89x10” copies using tripli-
cates for the standard and tested samples. For the standard curve, a specific BYDV nucleotide
sequence (294 bp, primers PVinterF+YanRA) amplified by RT-PCR was inserted into the
vector pGem-T Easy (Promega) and cloned into E. coli JM-109. The selected colony with con-
firmed insertion sequence was cultivated and DNA extracted (Plasmid Plus Midi Kit, Qiagen,
Netherlands) and then excised from the gel (Sigma-Aldrich x-tracta Gel Extraction Tool,
Sigma-Aldrich, USA) and purified (GenElute Gel Extraction kit, Sigma-Aldrich). Thereafter,
tenfold serial dilution of the transcripts were prepared.

For all samples, the mean detected BYDV concentration was calculated based on the tested
triplicates and subsequently normalized using the RNA sample concentration detected
spectrophotometrically. For these normalized BYDYV titers, their log10 values were calculated
and for each week, the log10 mean BYDV titers of the tested group and control group are
depicted, together with the interval of plus and minus one standard error of the mean.
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Detection of WDV infection

DNA was isolated by adding 0.5 ml of extraction buffer (1 M guanidine thiocyanate, 20 mM
Na2H2EDTA, 0.1 M MOPS, pH 4.6, mercaptoethanol added to 0.2% just prior to use) to 50-
100 mg of sampled tissue that had been disrupted and homogenized in liquid nitrogen. The
solution was incubated for 30 min in a 60°C water bath with occasional vortexing followed by
phenol-chloroform-isoamyl alcohol (25:24:1, Affymetrix, USA) extraction, chloroform extrac-
tion, isopropanol and sodium acetate precipitation and two steps of 70% ethanol purification.
The qPCR assay was performed on a Roche LightCycler 480 Instrument IT using LightCycler
480 Probes Master (Roche Applied Science, Germany), UniWDVfw and UniWDVrv primers
[33] and a TagMan probe (6-FAM-AGGCGAAGAATGATTCACCCT-BHQ-1). The qPCR was
performed at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The
qPCR efficiency was determined as E = 99.49%, R* = 0.9989 and the linear standard curve inter-
val as 2.9x10°-2.9x10® copies using triplicates for the standard and tested samples. For the stan-
dard curve, a specific WDV nucleotide sequence (140 bp, primers UniWDVfw+UniWDVrv)
amplified by PCR was inserted into the vector pGem-T Easy (Promega) and cloned into E. coli
JM-109. The selected colony with confirmed insertion sequence was cultivated and DNA
extracted (Plasmid Plus Midi Kit, Qiagen, Netherlands) and then excised from the gel (Sigma-
Aldrich x-tracta Gel Extraction Tool, Sigma-Aldrich, USA) and purified (GenElute Gel Extrac-
tion kit, Sigma-Aldrich). Thereafter, tenfold serial dilution of the transcripts were prepared.
For all samples, the mean detected WDV concentration was calculated based on the tested
triplicates and subsequently normalized using the DNA sample concentration detected
spectrophotometrically. For these normalized WDV titers, their log10 values were calculated
and for each week, the logl0 mean WDV titers of the tested group and control group are
depicted, together with the interval of plus and minus one standard error of the mean.

Statistical analysis of experimental data

The statistical significance of results was tested by analysis of variance followed by Duncan’s
testin STATISTICA 12 (data analysis software system, StatSoft. Inc. 2013). For all statistical
tests, the significance level was established at p < 0.05.

Results and discussion
Transgenic barley expressing tobacco osmotin gene

In order to avoid potential mutations originating from the cloning process, the osmotin gene
was commercially synthetized de novo. The codon optimized osmotin gene was cloned into
the expression vector pBract214. The possibility of tobacco osmotin gene expression under the
constitutive promoter of the cauliflower mosaic virus has been already by our group demon-
strated in barley previously [29]. Therefore, the same promoter was used in this case as well.
Transgenic barley plants expressing the osmotin gene were prepared via Agrobacterium-medi-
ated transformation. In total, 210 immature embryos were transformed, providing 26 regener-
ating plants (S2 Fig) of the T0 generation that were transferred into pots and grown to
maturity in a greenhouse. The presence of the osmotin transgene was confirmed by PCR in 25
regenerated plants (S3 Fig). The ratio corresponds to a transformation efficiency of 12%,
which is typically lower than for the transformation of dicotyledonous plants [34], but compa-
rable with other barley transformation experiments [35]. Notably, transformation efficiency
for Agrobacterium-mediated barley immature embryos utilizing hygromycin selection is 25%
in average [20]. Incomplete T-DNA integration into host genomic DNA might occur during
Agrobacterium-mediated transformation leading to an unintended loss of the selection
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marker. Previously, it was reported that incomplete integration of T-DNA can reach up to
44% in monocot wheat [36]. In our experiment, hpt selection marker was detected in all trans-
genic plants thus confirming complete integration of T-DNA cassette (S4 Fig). Heterologous
peptide expression can be driven by tissue specific or constitutive promoters. [37] demon-
strated usage of root tip specific promoter to induce resistance to biotic stress induced by nem-
atodes. Alternatively, constitutive promoter CaM V35S [38, 39] can be used for heterologous
protein production in plants. In our study, expression of osmotin protein was driven by the
strong constitutive maize ubi promoter that provides strong stable expression in all plant tis-
sues. Broad expression of osmotin should enhance plant response to various biotic and abiotic
stresses such as salt stress or fungal infection whose symptoms are not restricted into specific
plant tissues but more likely tend to affect the whole plant. The expression of the osmotin gene
was confirmed by transgene-specific RT-PCR, while transgene-specific amplicons were not
detected in the WT. The specificity of PCR product was additionally verified by melting analy-
sis after performed PCR reaction. The osmotin gene expression was demonstrated in all trans-
genic plants. There were not observed any visible abnormal phenotypic manifestations of
transgenic plants comparing to WT plants suggesting that accumulation of heterologous
osmotin protein in plant cells of transgenic barley do not affect substantially plant growth per-
formance. Transgenic plants were prepared for the analysis of the effect of biotic and abiotic
stress. First, immature embryos were selected on a medium containing hygromycin. Then,
germinating plants were transferred to the pots and the presence of the osmotin transgene was
verified by PCR. The segregation ratio of the osmotin transgene in the T1 generation showed
Mendelian inheritance. Verified transgenic plants were used in the subsequent experiments.

Higher stress resistance of transgenic barley

Both transgenic and non-transgenic tobacco plants were exposed to stress caused by salinity
(200 mM NaCl) and pathogen infection (Fusarium oxysporum). As can be seen e.g. in the S5
Fig, the transgenic plants showed a significant reduction in disease symptoms. Both types of
stress were able to induce a decrease in protein content in wild-type barley. Many researchers
have reported that the level of total soluble protein in crop plants decreases under abiotic
stress. Stress usually leads to protein damage caused by e.g. reactive oxygen species [40] or by
increased activity of proteases [41]. A downregulation of photosynthesis under several stresses
was reported at the proteome level [42]. Salt and drought induced a decrease in the main pro-
teins of photosystem II and in both chlorophyll a and b binding proteins as well as producing
a downregulation of RuBisCO and key Calvin cycle enzymes in barley and wheat [43, 44].
However, under stress the transgenic barley expressing the osmotin gene maintained the same
protein level as the non-stressed transgenic control plants (Fig 1). Similarly, a higher protein
level was detected in strawberries recombinantly expressing osmotin [45] in comparison to
non-transgenic plants during salt conditions.

As was mentioned above, photosynthesis is significantly affected during stress conditions;
therefore, chlorophyll content in barley was measured in the presence of both types of stressing
factors. Ongoing stress was detected in wild-type barley, where both Fusarium infection and
salinity exhibited an influence on chlorophyll content (Fig 2). However, similarly to protein
content, the transgenic barley maintained the same chlorophyll level as the control non-
stressed plants. In agreement with our results, it has been [46] already reported that transgenic
tomato plants expressing the osmotin gene had higher chlorophyll content during the drought
and salt stress than the non-transgenic plants. Similarly, osmotin-expressing transgenic soy-
bean, chilli pepper and strawberry exhibited higher chlorophyll content than the non-trans-
genic variants during salinity [45, 47, 48]. The connection between osmotin and
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Fig 1. Protein content determined under both types of stress: (a) plants under abiotic stress and (b) plants under biotic stress. WT: non-transgenic (wild type) barley
Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin gene. The results are shown as the average value of four plants measured in four
replicates. Data are presented with the standard error of the mean (SEM). The statistical significance of results was tested by analysis of variance followed by Duncan’s test
(p < 0.05). * the groups were compared by two-choice t-test, the p values are presented.

https://doi.org/10.1371/journal.pone.0212718.9001

photosynthesis has been already reported, demonstrating an osmotin affinity to brassinoster-
oids, plant hormones affecting photosynthesis activity [49, 50].

As a major part of their defense system, plants have evolved an antioxidant strategy for
overcoming stress conditions. Antioxidants (both enzymatic and non-enzymatic) prevent
osmotic stress, oxidative stress, molecular damage, and even cell death [51]. Salt stress induces
the production of reactive oxygen species (ROS), which causes oxidative stress. Therefore, the
amount of antioxidant plays an important role during stressful conditions. Here, attention was
focused on APX (ascorbate peroxidase). When influenced by stress, the transgenic barley
plants exhibited a higher level of this antioxidant (Fig 3), indicating a lower susceptibility to
salinity than the non-transgenic control plants. The connection between a higher level of APX
and salt stress tolerance was demonstrated in genetically modified sweet potato [52]. Similarly

A. salinity B. Fusarium infection
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Fig 2. Chlorophyll content determined in both types of stress: (a) plants under abiotic stress and (b) plants under biotic stress. WT: non-transgenic (wild type) barley
Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin gene. The results are shown as the average value of four plants measured in four
replicates. Data are presented with the standard error of the mean (SEM). The statistical significance of results was tested by analysis of variance followed by Duncan’s test
(p < 0.05).

https://doi.org/10.1371/journal.pone.0212718.g002
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Fig 3. Effect of salinity on lipid peroxidation demonstrated as malondialdehyde (MDA) content (a) and antioxidant activity presented as ascorbate peroxidase
(APX) activity (b). WT: non-transgenic (wild type) barley Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin gene. The results are
shown as the average value of four plants measured in four replicates. Data are presented with the standard error of the mean (SEM). The statistical significance of results
was tested by analysis of variance followed by Duncan’s test (p < 0.05).

https://doi.org/10.1371/journal.pone.0212718.g003

to our results, transgenic chilli pepper and soybean expressing the tobacco osmotin gene
exhibited a higher level of APX and improved salt stress tolerance [48, 53].

Lipid peroxidation is a process caused by free radicals (e.g. ROS) attacking unsaturated lip-
ids in membranes. Malondialdehyde (MDA) is one of the end products of lipid peroxidation
[54]. As we demonstrated that an increased level of APX prevents radical formation in trans-
genic plants, logically, we also found a lower amount of MDA in transgenic plants during
salinity (Fig 4). Less MDA, indicating the effect of osmotin on cell membrane protection from
damage by lipid peroxidation, has been already reported in transgenic olive plants exposed to
drought [55].

Both types of stress led to the induction of stress markers such as a decrease in chlorophyll
and protein content in wild-type barley plants, however, osmotin-expressing barley plants did
not show evidence of ongoing stress, indicating their better preparedness for coping with the
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Fig 4. Cytotoxicity of methanol barley extracts on human dermal fibroblasts (HDF). The toxicity was evaluated after 72 hours of cells cultivation over a range of
concentrations of extracts by standardized resazurin-based viability assay. The results are shown as the average value of four plants measured in four replicates. Data are
presented with the standard error of the mean (SEM). The statistical significance of results was tested by analysis of variance followed by Duncan’s test (p < 0.05).

https://doi.org/10.1371/journal.pone.0212718.g004
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stressful conditions. Moreover, during conditions of salt stress, transgenic barley has a higher
level of antioxidant and corresponding lower amount of MDA.

Lower toxicity of stressed transgenic barley in comparison to WT

At the end of the exposure to stress, the aboveground biomass was extracted by methanol. The
extracts were then added to the growth medium of human fibroblasts in the concentration
range from 0 to 1,000 ug.ml ™. In both types of stress, there is evidence that transgenic plant
extracts are less toxic than these of the non-transgenic (wild-type) ones. The cytotoxicity
experiment was done in four technical repetitions for each plant sample, and the viability of
fibroblasts (Fig 5) was evaluated as the average of four biological repetitions (meaning four
independent plants, both transgenic and wild-type variant). The viability of cells decreased
with a higher concentration of plant extracts. However, the toxicity of wild-type barley extracts
of plants exposed to both types of stress was detected at the lowest tested concentration
(62.5 ug.ml ™). On the other hand, a toxicity of osmotin-expressing barley extracts was detected
at a significantly higher concentration (500 ug.ml™). This finding could confirm our hypothe-
sis that transgenic plants are better prepared for stressful conditions by osmotin expression
and therefore do not produce so many secondary metabolites, which are mostly responsible
for their toxicity. This finding was confirmed by genotoxicity comparison of transgenic and
non-transgenic extracts as well where the plants expose to Fusarium

GM plants, which were modified to cope with environmental stress, have their internal
metabolism significantly changed, preventing plant defense system over-response and the
accumulation of toxicants, anti-nutrients and secondary metabolites during the ongoing stress
[56]. The changes in toxic secondary metabolite content have been already demonstrated [57]
in transgenic potatoes exposed to a pathogen. The genetic manipulation of carbohydrate
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Fig 5. Genotoxicity was evaluated after 24 h of co-cultivation of human embryonic kidney cells with methanol
extracts of both transgenic and non-transgenic barley exposed to Fusarium oxysporum infection. Cells incubated
with H,O, served as a positive control of DNA damage. Cells without any treatment served as a negative control. Data
are presented as the average of 50 individual determinations with the standard error of the mean (SEM).

https://doi.org/10.1371/journal.pone.0212718.9005
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metabolism and pathogen resistance in these potatoes led to changes in the profile of plant
defense compounds, which were mainly characterized by a reduction in the level of the main
glycoalkaloids R-solanine and R-chaconine.

As well as the expression of plant secondary metabolites, the secondary metabolites formed
by the pathogen could have a significant effect on the acute toxicity of crop extracts. In particu-
lar, the toxicity of mycotoxins has been reported many times [58]. A lower amount of myco-
toxins as a secondary effect of genetic manipulation was detected e.g. in a comprehensive study
focused on transgenic maize [59].

The mycotoxins, as a secondary metabolite of fungi, could be responsible for the genotoxi-
city, which we detected in case of methanol extracts from the non-transgenic barleys infected
by Fusarium oxysporum. However, the extracts from transgenic barley expressing the antifun-
gal protein osmotin showed no toxicity in the same test as shown in Fig 5. The genotoxicity
was evaluated after co-cultivation of plant extracts with human embryonal kidney cells (Hek
293T) by standardized Comet assay with appropriate controls.

Weak or no impact of transgenic barley on viral infection spread by aphids
and leathoppers

The influence of GM crops on biodiversity has been discussed and tested many times
(reviewed e.g. by [60] and [61]), mostly demonstrating that GM crops have reduced the
impacts of agriculture on biodiversity. Nevertheless, confirmation of this hypothesis is still
needed. In this paper, we focused on the effect of barley expressing a multi-functional osmotin
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Fig 6. BYDV and WDV titres measured in plant leaves in 42-day period following inoculation (DPI-days post inoculation). BYDV and WDV titres were measured as
the mean qPCR identified in titres from triplicates, normalized to (divided by) the RNA sample concentration (for BYDV) or DNA sample concentration (for WDV) and
then a base-10 logarithm transformation was applied. From each tested period, the mean from all six tested plants of each group is depicted (WT: non-transgenic (wild
type) barley Hordeum vulgare L. var. Golden Promise, T: transgenic barley expressing tobacco osmotin gene). Data are presented with the standard error of the mean
(SEM). The statistical significance of results was tested by analysis of variance followed by Duncan’s test (p < 0.05).
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protein on virus pathogen-host interactions. For barley, the effect of aphids spreading BYDV
and the effect of leathoppers spreading WDV was studied. Both viruses cause worldwide dis-
eases of the most important crops including barley, wheat, rice and maize [62]. As is shown in
Fig 6, the genetic manipulation of barley by the osmotin gene insertion had no effect on
obtained virus titres through the whole tested period of first 6 weeks after inoculation. Both
aphids and leathoppers were able to attack GM barley and insert the virus into the phloem and
to infect the tested plants. For phenotype observations, the difference in plant height and tiller
count between wild-type infected and transgenic infected plants was tested 6 weeks after inoc-
ulation. For both the WDV and BYDV virus, neither the plant height nor the tiller count after
6 weeks from inoculation was proved to differ. The smallest t-test value for two-sample two-
tailed t-test was measured for tiller count for WDV infection (t = 0.086), where the infected
transgenic barley plants showed smaller, but not significantly different, tiller count (2.29) than
the infected wild-type plants (3.38), i.e. exhibiting slightly less severe symptoms of WDV infec-
tion, where strongly infected plants often exhibit a high tiller count at the tillering stage. Simi-
larly no impact of potato genetic manipulation on aphids was determined neither by [63] or by
another research group, which found Bt corn to have no effect on aphids [64].

Conclusions

Many investigations have been carried out to elucidate the mechanisms of the response of the
transgenic plant to abiotic and biotic stress, however, the acceptance of transgenic crops in
agriculture and industry is still limited, particularly in the EU. We compared osmotin-express-
ing GM and non-GM barley exposed to biotic and abiotic stress in order to investigate whether
their toxicity level under adverse conditions is comparable. The results clearly show that our
transgenic barley has a decreased toxicity to human cells under conditions of a/biotic stress for
which it is better prepared and exhibits higher stress resistance. These findings provide a new
perspective that could help to evaluate the safety of products from genetically modified crops.

Supporting information

S1 Fig. Scheme of the expression vector pPBRACT214 containing the osmotin gene.
(TIF)

S2 Fig. Regeneration of transgenic barley var. Golden Promise after transformation with
osmotin gene. a) Regenerating plantlets from calluses after 6 wk on selection medium. b)
Putative transgenic plants on regenerating medium. ¢) Transgenic plants TO generation in
greenhouse.

(TIF)

S3 Fig. Detection of osmotin transgene in the genomic DNA of TO regenerants. Lane 1-11:
samples; lane 12: negative control (DNA/RNA free water); lane 13: positive control (plasmid
pBRACT214::0sm); lane 14: negative control (genomic DNA of WT plants); lane 15: DNA
standard (50 bp DNA ladder, Bioline). Size of PCR product is 222 bp.

(TIF)

$4 Fig. Detection of transgene encoding the marker for selection (hpt gene) in the genomic
DNA of T0 regenerants. Lane 1-3: samples; lane 4: negative control (DNA/RNA free water);
lane 5: negative control (genomic DNA of WT plants); lane 6: positive control (hpt positive
plant), lane 7: DNA standard (2-kb DNA ladder, Bioline). Size of PCR product is 275 bp.

(TTF)
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S5 Fig. Exposition of transgenic and control barley to fungi infection. left: Non-transgenic
barley (left) versus transgenic barley bearing tobacco osmotin gene (right) after biotic stress
(15 days after first spraying of Fusarium oxysporum spores). Right: symptoms recognized on
non-transgenic barley leaves after stress (chlorosis, necrosis, premature leaf drops and wilt of
whole plant).

(JPG)
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4 Sumarni diskuze

4.1 0 moznosti navozeni rezistence obilnin pomoci transkripce ¢i exprese

nékterych useki virové DNA
Shepherd a kol. (2007b) studovali mechanismus replikace u MSV, tzn. prakticky nejbliz§iho
piibuzného viru WDV, z hlediska podobnosti sekvence aminokyselin jednotlivych proteinu,
organizace genomu ¢i mechanismu Sifeni viru. [ kdyz v mnoha ptipadech rezistence na principu
RNA-interference u geminivirti vede k uspésnému navozeni rezistence (Shepherd a kol. 2009),
transkripce zkracenych DNA sekvenci pro Rep v antisense orientaci nemély zadny efekt na
replikaci viru (Shepherd a kol. 2007b) v bun&¢né kultufe kukufi¢nych bunék. Pouze transkripce
nezkracené DNA sekvence pro Rep v antisense orientaci vykazovala snizeni virové akumulace
(Mangwende 2000). Nicmén¢ nékolik rtiznych konstruktl viru s mutacemi uvnité ptivodni
sekvence proteinu Rep bylo schopno prakticky zastavit replikaci viru MSV v bunééné kultuie
kukufiénych bunck. Pfislusnd mutovana sekvence Rep proteinu ovSem v transformovanych
rostlinach zptisobovala fadu rstovych a vyvojovych defektl, coz velmi pravdépodobné souvisi
se zndmymi funkcemi samotného Rep proteinu a jeho interakci s hostitelskymi buiikami.

Fenotypové normdlni zdravé rostliny rezistentni vi¢i viru prouzkovitosti kukufice se podatilo

Obrazek 4. Znamé sekvenéni motivy a funkéni domény MSV Rep proteinu, MSV Rep A proteinu a zkracené verze Rep
proteinu exprimované v transgennich rostlinach (Shepherd a kol. 2007b). Cislovani aminokyselin je relativni vigi
pocateénimu (N-koncovému) methioninu. Potencidlni DNA vazné domény a GRAB-vazna doména jsou zobrazené
na pozicich analogickych jejich lokacim v Rep proteinu begomoviru, respektive v WDV Rep A proteinu.
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Obrazek 5. Srovnani netransgennich (vlevo) a transgennich rostlin kukutice (vpravo) exprimujicich ptislusnou zkracenou
Rep sekvenci cca 30 dni po inokulaci MSV (Shepherd a kol. 2007b).

pfipravit aZ pii pouziti zkracené sekvence proteinu Rep s mutacemi. Ptislusna zkracend verze
Rep sekvence stale zahrnovala motivy pro iniciaci replikace pomoci RCR, motivy pro vazbu
na DNA, doménu pro interakci s RBR (s pfidanymi mutacemi) i motivy pro oligomerizaci,
nicméné jiz tam chybéla jak piislusna homologicka doména pro interakci s GRAB proteiny, tak
doména s moznou vaznosti na dalsi transkrip¢ni faktory (myb-podobné transkrip¢ni faktory),
které mohly zpisobovat pozorované vyvojové defekty u transformovanych rostlin (viz také
Obrazek 4). Rostliny s piislusnou zkracenou verzi replika¢niho proteinu vykazovaly
fenotypové znatelné¢ niz8§i miru infekce (viz také Obrazek 5) i vyS8i pocty piezivSich
infikovanych rostlin nez kontrolni rostliny. Navic 90 % transgennich hybridnich kiiZzenct
vzeslych kiizenim transgenni linie a hospodaisky vyuzivanych, avSak k MSV nachylnych, linii
kukufice vykazovalo zvySenou rezistenci (Shepherd a kol. 2007a). Ptislusny transgen sdili cca
94% podobnost sekvence aminokyselin i s dal§imi, agresivn&j$imi variantami viru MSV
vyskytujicimi se v dané oblasti, a tedy byl pfedpoklad pro dosazeni obecné rezistence viéi

MSV, ktera byla nasledné potvrzena (Shepherd a kol. 2014).
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Obriazek 6. Struktura genomu WDV (izolat WDV FJ546189) s vyznacenou ¢asti pouZitou pro transgenni konstrukt (1A)
a struktura plasmidu pIPKb002+WDVRep215 (1B) pouzitého pro vneseni cilové sekvence do trostlin: (a) Struktura a
pozice otevienych ¢tecich ramcti v sekvenci viru zakrslosti pSenice v cirkularni DNA: MP — pohybovy protein, CP —
obalovy protein, Rep — replikacni protein, RepA — replikacni asociacni protein, LIR — dlouhy mezigenovy usek obsahujici
replikacni pocatek, SIR — kratky mezigenovy usek, RBR — interakéni doména RBR, ColE — ColE1 replikacni pocatek,
pVS1 — pVSI replikaéni pocatek, spec — streptomycin/spectinomycin adenyltransferaza, LB, RB — levy a pravy okraj T-
DNA, ZmUbi-1 — ubikvitinovy promotor nasledovany ubikvitinovym intronem, hpt — hygromycin fosfotransferaza, T -
terminator, GOI — vnaseny gen, attB1, attB2 — reak¢ni mista pro LR klonazu.

2510

1A) . 1B)

~
pIPKb002 +
WDVRepA215
13,024 bp
Fod &
WDVR:pAZIS

RBR interaction motif:
---LICHE--- (WDVRepA215)

---LICLK--- (WDVRepA215RBR™)

V publikaci (Cejnar a kol. 2018b), jez je soucasti této disertacni prace, byla popsana
ptiprava transformacnich plasmidi (viz také Obrazek 6) vhodnych pro pfenos DNA obdobné
¢asti zkraceného replikacniho proteinu WDV Rep do cilovych rostlin. Byl pfipraven jednak
konstrukt pIPKb002 + WDVRepA215 obsahujici sekvenci homologickou k piislusnému
zkracenému Useku MSV Rep schopnému navodit rezistentni chovani u kukufice a rovnéz i
expresni plasmid pIPKb002 + WDVRepA215RBR™" obsahujici obdobnou dvoubodovou
mutaci pro zesileni pfipadného rezistentniho projevu. Oba plasmidy byly konstruovany
z vektoru pIPKb002 (Himmelbach a kol. 2007) pro vneseni DNA do cilovych rostlin za pomoci
agroinokula¢ni metody.

V TO generaci rostlin jecmene svnesenymi useky pro WDVRepA215 a
WDVRepA215RBR™" byly tispéiné regenerovany rostliny ze 4 riiznych transgennich udalosti
WDVRepA215 (J1-1 az 4) a ze 6 transgennich udalostit WDVRepA215RBR™! (K5-1 az 6).
Ptiblizn€ polovina odnozi z kazdého kvétinace tspésné regenerovanych rostlin byla ptesunuta
do oddélenych kvétinact na konci faze odnozovani (DC 28-30 podle Zadokse). Pro zamezeni
projevu ziskané rezistence z divodu inokulace v pfili$ pozdni fazi rastu (viz také (Lindblad a

kol. 2004)) byla tato skupina otestovana na odolnost proti WDV. Kiisci polni byli ponechani
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Obrazek 7. Podrobné sledovani rostlin J1 (WDVRepA215), K5 (WDVRepA215RBR™), GP (kontrola — pivodni rostliny
jeémene odriida Golden Promise) a GP-hpt (kontrolni rostliny hpt+) v prvnich 6 tydnech po inokulaci WDV ve screening
experiment 1 a 2: inokulované rostliny (bila vyplii) a neinokulované kontrolni rostliny (zelena vypli); rostliny, kde byl
detekovan virus WDV (Cervené Cary) nebo nebyl detekovan (zelené ¢ary) 6 tydnii po inokulaci. (A) urovei mRNA
transgennich transkripti WDVRepA215 a WDVRepA215RBR™! stanovenych pIPKbRepA215 AB SYBR RT-qPCR
RNA a PINB AB SYBR RT-qPCR RNA assay. (B) Titry WDV v DNA stanovené WDV Roche TagMan DNA qPCR
normalizované na mnozstvi DNA stanovené PINB Roche SYBR DNA qPCR assay. (C) Vyska rostlin métena od oddéleni

prvniho listu od hlavniho stébla az k jakémukoliv nejvyssimu oddéleni listu kdekoliv na rostling.
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na silném zdroji infekce po dobu 5 dnti pted inokulaci a nasledné po 4 dny na inokulovanych
rostlinach, vzdy ptiblizn€ 15 kiiski na testovanou skupinu odnozi v kazdém kvétinaci. Rostliny
vykazovaly pouze mirné piiznaky infekce (snizeny rist, mensi ¢i chiadnouci listy nez
u neinokulované kontrolni skupiny) a vzorky z jejich listového pletiva byly odebrany 40 dnil
od zahajeni inokulace (days following the start-of-inoculation — d.p.i.). Odnoze jedné
z testovanych rostlin uvadly jiz pfiblizn€ 30 d.p.i. DNA byla extrahovdna a nasledné
kvantifikovana UV spektrofotometricky a stanoven pocet kopii DNA (zde relativné vii¢i poctu
kopii referen¢niho genu puroindolin-b (PINB)). Titry viru WDV vykazovaly vysokou
variabilitu ve vysledcich — byly pfitomné jak rostliny s extrémné vysokym tak s extrémné
nizkym titrem viru. Pro screening T1 generace byly vybrany pouze transgenni udalosti
s detekovanym extrémné nizkym titrem viru.

Pro detailni studium prubéhu infekce WDV v rostlinach byl vybran sttedné silny zdroj
infekce. Screening experiment 1 zahrnoval 3 inokulované rostliny z kazdé slibné transgenni
udalosti (J1-1, K5-1, K5-3), 3 inokulované kontrolni rostliny (odriida jeémene Golden Promise)

a 4 neinokulované kontrolni rostliny (jedna pro kazdou testovanou skupinu, tzn. celkem 16
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testovanych rostlin). Ve fazi tietiho listu (DC13 podle Zadokse) byli kiisci polni z infekéniho
zdroje preneseni na testované rostliny a ponechany po 6 dnii. Po dalsSich pét tydnti byly rostliny
sledovany fenotypove, kazdy tyden byl jeden list odstfihnut pro sledovani priabéhu infekce
WDV i na molekularni Grovni a extrahovana z n¢j DNA. Jednou za dva tydny byla rovnéz
extrahovana mRNA a sledovana troveii transkripce WDVRepA215 ¢i WDVRepA215RBR™,
Zjisténa Groven titru viru WDV i fenotypové pozorovani (viz Obrazek 7 (1B, 1C)) potvrdily
infekci u vSech transgennich rostlin. U inokulovanych kontrolnich rostlin byla infikovana pouze
1 ze 3 kontrolnich rostlin. Vyrazny narust titru viru byl viditelny (pro rostliny z transgennich
udalosti K5-1, K5-3 a kontrolni rostlinu) pfiblizn¢ 4 tydny po zac¢atku inokulace. Pro rostliny
JI-1 byl tento narust patrny jiz zhruba o 2 tydny diive — cca po 2 tydnech od inokulace. Rostliny
nevykazovaly zadné dalsi vyznamné rozdily po ukonceni pokusu, kdy byly déale udrzovany
Vv fizenych podminkach (viz také Obrazek 8).

Biologické opakovani (screening experiment 2) piedchoziho experimentu bylo
provedeno s pouzitim skupiny 3 inokulovanych rostlin T1 generace z transgenni udalosti J1-1,
3 inokulovanych rostlin z transgenni udalosti K5-1, 3 inokulovanych kontrolnich rostlin
(odrtida je¢mene Golden Promise) a 3 rostlin je¢mene odridy Golden Promise s vlozenym
genem hpt pro selekci na antibiotiku ovSem bez transgenu WDVRepA215 ¢i
WDVRepA215RBR™! (hpt+ kontrolni rostliny, artefakty screeningu pozitivnich transformantt
z predchozich transformaci pomoci A. tumefaciens). Ke kazdé skupiné byla piidana jedna
rostlina jako neinokulovand kontrola. Sila zdroj infekce byla stanovena na pfiblizné stejné
urovni jako pro predchozi experiment, podminky a rozsah inokulace zlstaly také zachovany.
Obrazek 7 (2B, 2C) nasledné shrnuje namétené titry viru WDV a vysku rostlin ve sledovaném
obdobi. V8echny inokulované rostliny JI-1 a K5-1, zadna z inokulovanych kontrolnich rostlin
hpt+ a jedna z kontrolnich rostlin ptvodni odridy Golden Promise byly infikovany.
Na molekularni urovni vykazovaly vSechny inokulované rostliny J1 dfivéjsi nastup vyrazného
narustu titru viru WDV v rostliné (2 tydny po inokulaci) ve srovnani s rostlinami K5-1 a
infikovanou kontrolni rostlinou odridy Golden Promise (piiblizné¢ 4 tydny po inokulaci).
S prihlédnutim k trovni transkripce mRNA v pokusu screening experiment 1 uroven
sledovanych transkripti WDVRepA215 & WDVRepA215RBR™! v mRNA v pokusu
screening experiment 2 potvrdila stabilni hladinu transkripce transgennich konstrukti nezavisle
na piitomné WDV infekci ve sledovanych rostlinach (viz také Obrazek 7 (1A, 2A)).

Aby se potvrdilo, zda transgenni rostliny jsou nachylngjsi na WDV prostiednictvim
snizené potfebné inokulacni davky, byl proveden screening experiment 3 s extrémné slabym

zdrojem infekce. Konecna testovana skupina rostlin zde zahrnovala 3 inokulované rostliny
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Obrazek 8. WDV inokulované rostliny a neinokulované kontroly (screening experiment 1) 77 dnt po inokulaci: 1-GP-1
az 4 (je¢men odriida Golden Promise), I-J1-1 aZ 4 (transgenni rostliny s WDVRepA215), I-K5-1-1 a7 4 a I-K5-3-1 az 4
(oboje transgenni rostliny s WDVRepA215RBR™).

T N )

10112

1-K5-1-4 (control/)

/v///
4 /

z transgenni udélosti J1-1, 4 inokulované rostliny z transgenni udélosti K5-1, 4 inokulované

netransgenni kontroly a 4 inokulované hpt+ kontrolni rostliny. S extrémné slabym zdrojem
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infekce byla infikovana jedna rostlina ze skupiny J1-1 a jedna rostlina ze skupiny K5-1 a nebyly
infikovany zadné kontrolni rostliny (ani netransgenni kontroly ani hpt+ kontrolni rostliny).
Dokonce i v tomto experimentu byl mezi rostlinami infikovanymi J1-1 a K5-1 pozorovan
piiblizn¢ dvoutydenni posun na zacatku detekovatelného zvyseni titru WDV.

Razné nacCasovani vyrazného nastupu titru viru mezi transgennimi rostlinami
s transkripty — rostlinami s transkripty WDVRepA215 oproti rostlinam s transkripty
WDVRepA215RBR™, tzn. navic s dvoubodovou mutraci v interakéni sekvenci pro doménu
PRBR, bylo potvrzeno ve vSech tfech pokusech screening experiment 1-3. Pfitomnost
dvoubodové mutace nebyla letalni pro infekci WDV v jeCmeni jak je zndmo napf. u projevi
infekce viru MSV na kukufici, nicméné z pokust je patrné, Ze dand dvoubodova mutace ma
vliv na Sifeni viru WDV v je€meni patrné prostiednictvim ovlivnéni piisluSnych hostitelskych
proteint. I kdyz ptislusnad mutace ptimo nezastavi Sifeni viru v jeCmeni, naruseni mechanismu
infekce je stale patrné detekovatelné jako zdroj zpozdéni pozorovaného vzestupu titru viru
u rostlin WDV K5 ve srovnani s rostlinami WDV J1.

Vsechny tfi pokusy dale podporuji hypotézu, ze vneseny konstrukt prvnich 215 kodonti
aminokyselin pro replika¢ni protein viru WDV pro zvoleny izolat zvySuje nachylnost rostlin
je¢mene Kk infekci WDV pii srovnani s infekci probihajicich na kontrolnich rostlinach, na rozdil
od prab¢hu infekce blizce ptibuzného viru MSV na kukufici (viz také Shepherd a kol., 2007a,
2014). Avsak i u rostlin kukufice seté se zvySenou odolnosti proti viru MSVbyla zjisténa
naopak zvysena nachylnost vii¢éi MSV u rostlin s jesté krat$imi vlozenymi konstrukty sekvence
MSV Rep. Tato zvySena nachylnost rostlin kukufice s vlozenymi velmi kratkymi verzemi
konstrukt sekvence MSV Rep je zplsobena pfitomnosti sekvenci pro vazebné domény
na DNA v daném vytvafeném proteinu, které jsou dale zodpovédné za urychleni mechanismu
replikace viru MSV, coz mize byt také pti¢inou u WDV na jemeni. V piislusné sekvenci
WDV Rep jsou vazebné domény na DNA v odpovidajich Gsecich sekvence rovnéZ ptitomné
(Koonin a Ilyina 1992). Pro MSV odpovidajici strategie rezistence vyznamné snizovala titry
viru MSV i uizolata s max. 60,6% shodou sekvence aminokyselin (Shepherd et al., 2014), ¢imz
byla prokdzana i robustnost takovéto strategie. Zde byly vSechny experimenty provadény s
izolaty WDV bézné se vyskytujicimi v pfirodé, které spole¢n¢ vykazovaly nejméné 88% shodu
sekvence aminokyselin a zadny z nich nevykazoval odlisné ptiznaky nebo zmény v progresi
onemocnéni. Pokusy screening experiment 1-3 rovnéz ukazaly, ze titr virt u inokulovanych
transgennich i netransgennich rostlin jeémene odridy Golden Promise v 5. nebo 6. tydnu po
inokulaci dosahl velmi podobnych hodnot, tzn. akumulace viru v testovanych listovych

pletivech  pravdépodobn¢ nebyla  ovlivnéna  pfitomnosti ~WDVRepA215  ani
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WDVRepA215RBR™!, Priibsh pozdgjsiho pokusu (Cejnar a kol. 2018b) s vyrazné slabsim
zdrojem infekce ukazal zvySenou nachylnost transgennich rostlin k infekci patrné
prostiednictvim snizené pocatecni davky viru nutné pro infekci ve srovnani s rostlinami bez
transgennich konstrukti WDVRepA215 a WDVRepA215RBR™! coz vedlo k ovlivnéni
celkové nachylnosti rostlin k infekci i pfes obdobné cilové hladiny viru v infikovanych
rostlinach.

V experimentech provadénych u transgennich rostlin pSenice (T1 generace rostlin) se
stejnymi vnesenymi useky pro WDVRepA215 a WDVRepA215RBR™! (konstrukty vloZeny
do psenice odrudy Fielder) nicméné nedochazi k projeviim zvysené nachylnosti vici viru WDV
a tyto maji chovani vice podobné transgennim rostlinam kukufice a jejich reakci viici MSV.
Transgenni rostliny pSenice s vnesenymi useky vykazuji po inokulaci virem WDV fenotypové
charakteristiky velmi obdobné neinokulovanym kontrolam (viz Obrazek 9). Potencialni
mechanismus takového rozdilného chovani by se patrné mohl nalézat v odliSnostech
vzajemnych interkaci patogen-host, jez se vyvinuly po specializaci mastreviru na jejich cilové
hostitele (WDV u je¢mene, WDV u pSenice, MSV u kukufice), nebo jako vedlejsi efekt
jakékoliv jiné udalosti reagujici na vzajemnou koevoluci vztahti pathogen-host (viz také

Shepherd et al., 2005), Guiu-Aragones a dalsi (2015), Pinel-Galzi a kol. (2016)).

Obrazek 9. Neinokulované kontroly (vlevo) a rostliny inokulované WDV (vpravo) 2,5 mésice od inokulace kiiskem
polnim (provadéno na T1 generaci rostlin, 3 kiisi na kazdé rostlin€ po dobu 12 dnit): modra — transgenni konstrukt NO2,
zlutd — transgenni konstrukt NAC4, svétle zelena — netransgenni kontroly, bila — transgenni konstrukt J1 (WDVRepA215),
Cervena — transgenni konstrukt K5 (WDVRepA215RBR™),
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4.2 0 zhodnoceni moznosti prenosu viru na rostlinu molekularné

genetickymi technikami

Metody pro inokulaci rostlinného materialu viry jsou zalozené na zjednoduSeni inokulace
piirodni cestou nebo na analogii vnaseni sekvenci DNA do rostlinnych bunék za tcelem jejich
transkripce €i exprese (transformace rostlin). Umélé metody pro inokulaci rostlin slouzi
pfedevSim ke zjednoduSeni testovani chovani viru nebo pro odhad stupné rezistence
ptislusného rostlinného materidlu, pokud pfirodni inokulace je slozita nebo neekonomicka pro
dany ucel. V literatufe je zminiovano mnoho rtiznych metod pro inokulaci rostlinného materialu.
Pokud ovSem je tfeba vyvozovat informace z vysledki inokulace umélymi inokula¢nimi
metodami pro celé rostliny ¢i odridy, zistavame u metod, které nevyzaduji specialni rostlinny
material, jednu konkrétni odriidu, ¢i dlouhou fazi regenerace. Proto se dalsi prace zamétuje
predevsim na uzpisobeni ¢i optimalizaci metod znamych z usp&$ného pienosu DNA do rostlin
pouzivanych zejména u pfipravy transgennich rostlin, jako napt. biolistickd inokulace
¢i agroinokulace. V literatufe jsou zminovany i jiné inokula¢ni metody (napf. inokulace
elektroporaci protoplasti (Lorz a kol. 1985, Woolston a kol. 1989)), ovSem, z vySe zminénych
divodl, metody vyzadujici pied nebo po inokulaci mnoho komplexnich krokii se samotnym
testovanym materidlem nejsou nadale uvazovany. Podobné nékteré nové a velmi inovativni
metody pro vnaseni cizi DNA do genomické DNA hostitele mohou byt patrné uzpiisobeny i
pro vneseni virové DNA, nicmén¢ nadale nejsou uvazovany z diivodu jejich ptekotného vyvoje
V soucasnosti, jez Casto teprve piedchazi jejich uplnému pochopeni a rutinnimu pouziti (prime-
editing (Anzalone a kol. 2019), CRISPR/Cas9 (Cong a kol. 2013)), nékteré jsou navic
doprovazené vysokou cenou pii jejich aplikaci, jako napf. zinc fingers, transcription activator—
like effector nucleases (TALENS) nebo homing meganucleases.

VétSina inokulaénich metod pro viry nepracuje ptimo s virovou DNA, jeZ se nesnadno
ziskava ve vétSich mnozstvich v laboratornich podminkach, ale vychéazi z infekéniho klonu
ptislusného viru. V literatute bylo prezentovano nékolik postupii jak ziskat pfimo infekéni klon
viru zakrslosti pSenice (Hayes a kol. 1988a, Woolston a kol. 1988, Bendahmane a kol. 1995,
Boulton 2008, Ramsell a kol. 2009). Disledné¢ je vétsinou doporuc¢ovano, aby DNA infekéniho
klonu obsahovala dvakrat usek s vladsenkou potencidlniho replika¢niho pocatku, ptislusna
virova DNA se pak preferenéné vystépuje (viz také prace Redinbaugh (2003) a Ramsell a kol.
(2009)). Infekeni klon dale musi obsahovat replikaéni pocatek pro replikaci v bakteriich (napf.
E. coli) a geny pro selekci plasmidu. Pti agroinokulaci je tieba mit infekéni klon i s replika¢nim

pocatkem pro zajisténi stability a mnozeni plasmidu i pfimo v agrobakteriich. Nezavisi-li
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ovSem replikacni metoda na agrobakteriich, bylo dosazeno uspésné inokulace u blizce
ptibuznych virt ¢i pfi biolistické transformaci pSenice i pfi pouziti infekénich klont
Vv jednoduchych bakterialnich plasmidech (Redinbaugh 2003, Jones a kol. 2009).
Agroinokulaéni metoda pifimo pro WDV je popsana napt. v pracich Hayes a kol.
(1988a), Woolston a kol. (1988), Boulton (2008), obecny protokol pro transformace pSenice ¢i
je¢mene pomoci agrobakterii je mozné nalézt napt. v pracich Jones a kol. (2009), Ohnoutkova
a kol. (2012). Z agrobakterii pouzivanych pro transformaci obilnin jsou nejvice pouzivany
kmeny C58C1, AGL1 nebo LBA4404. Jones a kol. (2005) pak doporucuji hypervirulentni
AGL1 ¢&i virulentni C58C1 oproti slabé virulentnimu LBA4404. Boulton (2008) uvadi
podrobné samotny agroinokulacni protokol. Obecné¢ pii piipravé média je doporuceno
kultivovat agrobakterie na miskach misto v roztoku, kdy residudlni antibiotikum muize
zpusobovat u inokulovanych rostlin chlorotické piiznaky. Podle Boulton (2008) technika
kultivace nemé na efektivitu inokulace vliv, a to ani pifi aZ 100ndsobnych rozdilech
v koncentraci agrobakterii v inokulaénim médiu, rovnéz tak indukce agrobakterii
Vv acetosyringonu pred samotnou agroinokulaci (studovano na A. tumefaciens kmenu C58C1, u
ostatnich kmenid muze byt jinak). Podle Boulton (2008) je také vyrazné t€z8i agroinokulovat
jeCmen, naopak snadné je agroinokulovat kukufici. Ramsell a kol. (2009) se zabyvali
agroinokulaci jemene vcetné nékolika alternativnich metod vpraveni agrobakterii do rostliny.
Nejvyssi ucinnosti bylo dosazeno pii pokapani rostlinnych embryi agroinokulacnim roztokem

a pfipadnym naslednym propichem (viz také prace Redinbaugh a kol. (2001)). N¢kteti autofi

Obrazek 10. Struktura genomu WDV a odpovidajici struktura zkonstruovaného infekéniho klonu WDV (a) Struktura a
pozice otevienych ¢tecich ramcti v sekvenci viru zakrslosti pSenice v cirkularni DNA: MP — pohybovy protein, CP —
obalovy protein, Rep — replika¢ni protein, RepA — replikacni asociaéni protein, LIR — dlouhy mezigenovy usek obsahujici
replika¢ni pocatek, SIR — kratky mezigenovy usek. Nukleotidy ¢islované podle izolatu viru zakrslosti psenice pSeni¢ného
kmene vyskytujiciho se na izemi CR (NCBI accession number FJ546188). (b) Struktura infekénich klont pUC18 + WDV
a pIPKb002 + WDV.
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zminuji konkrétni ptipady vird, kdy pii inokulaci hrdlo také vyznamnou roli i piipadné
namoceni semen pred samotnou inokulaci (Chen a kol. 1992, Louie 1995). Je-li WDV zaméten
potencialné na bunky floému, alternativné se nabizi i vpravovat inokulacni roztok piimo
do floému (viz také (Oparka a kol. 1994)).

Biolistické metody pouzivané pro transformaci obilnin jsou popsany napt. v praci Jones
akol. (2009). Pti biolistické inokulaci jsou pouzivany zlaté ¢i wolframové mikrocastice zvolené
velikosti a stejnych aerodynamickych vlastnosti (typicky kulovitého tvaru), na kterych je
vysrazena DNA (riiznymi protokoly zahrnujicimi spermidin, Ca*? ionty a p¥ipadné adhezivum
polyvinylpyrrolidon pro piichyceni mikroc¢astic s DNA Kk povrchu, viz také
(BioRad M1652411 Rev C). Samotna biolisticka transformace je provadéna bud’ ve vakuové
komote (napf. Biorad PDS-1000/He), kdy rychla expanze plynu (hélia ¢i jiného plynu s nizkou
atomovou vahou) nejprve akceleruje tzv. disk makronosi¢e (macrocarrier disk) s nanesenymi
mikrocasticemi (mikronosi¢) s DNA, a ty jsou nasledné¢ narazem vymrStény vuci
transformované casti rostliny. Alternativnim postupem je pak inokulace ¢i biolisticka
transformace pomoci pfenosného biolistického zatizeni, jako napt. Bio-Rad Helios Gene Gun,
kde expanze plynu (opét He) piimo akceleruje Castice v patroné. Vyhodou mobilniho zafizeni
je moznost inokulovat i pouze zvolenou ¢ast pfimo na rostliné, bez nutnosti vkladat rostlinu
do vakuové komory, nevyhodou mize byt naopak prudky vystiel proudu plynu vaci
inokulované ¢asti €1 jejimu nosi¢i, coz vyrazné komplikuje inokulaci kultur kultivovanych
na agaru. U biolistickych transformaci se parametry optimalizuji nejprve pomoci sledovani
transientni exprese plasmidu s reportérovym genem, napf. beta-glukuronidazou (GUS).

Pokud bychom uvazovali i o mechanické inokulaci jako pouzitelné cesté, takova metoda
by musela pieklenout nutnost cileného navadéni virové kapsle s virovou DNA do jadra, at’ uz
pomoci vyrazného nadbytku inokulované DNA nebo napt. alternativné jako piipadna
mechanickd inokulace pfimo extrahovanymi virovymi ¢asticemi S jiZ obsaZenymi proteinovymi
smérovacimi sekvencemi. U geminivir ¢i pfimo mastrevird, v ramci jejich odlisnosti, ovSem
protokoly pro extrakci virovych €astic konkrétniho viru obecné nejsou aplikovatelné Gspésné
na vSechny ostatni pfibuzné viry (viz napt. Dollet a kol. (1986)). Specialn¢ pro WDV zde mutize
hrat nezanedbatelnou roli i nizkd koncentrace WDV virionli v rostlinné $tavé oproti napf.
ptibuznému MSV (Markham a kol. 1989, Lindsten 1991). Kromé& protokolii pro obecnou
extrakei vira (Vajda 1978, Salazar a kol. 1999) je mozné najit i protokoly pfimo pro extrakci
WDV (Lindsten a kol. 1980, Bisztray a kol. 1989), nicmén¢ i kdyZ v tomto sméru byly autorem
provedeny experimentalni pokusy, oproti inokulaci pomoci biolistické metody ¢i agroinokulaci

nebylo dosazeno vyznamnych vysledk.
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V publikaci (Cejnar a kol. 2019), jez je soucasti této disertacni prace, byla popsana
ptiprava infek¢éniho klonu (viz také Obrazek 10) viru WDV. Byly zkonstruovany dva infekéni
klony je¢ného kmene WDV (pUC18+WDV a pIPKb002+WDYV) pro navozeni infekce WDV
Vv rostlinach. Oba infek¢ni klony obsahuji 1,1-nasobek délky sekvence WDV, zalinajici
V dlouhém mezigenovém useku (LIR) obsahujicim potencidlni replikacni pocatek (vlasenku
DNA), prochazejici vSemi virovymi otevienymi ¢tecimi ramci az po dalsi pfidanou kopii
sekvence dlouhé¢ho mezigenového useku véetné sekvence potencidlniho replikacniho pocatku
na konci. Infek¢éni klon pUC18 + WDV obsahuje také pocatek replikace pMBI z bakterie
Escherichia coli (ColEl a pBR322) a gen pro rezistenci na ampicilin (sekvence beta-laktamazy
z E. coli) z ptivodniho plasmidu pUC18 pro Gispésnou fizenou kultivaci v E. coli. Infekéni klon
pIPKb002 + WDV rovnéz obsahuje replikacni pocatek ColEl pro replikaci v E. coli, replika¢ni
pocatek pVS1 (z bakterii rodu Pseudomonas) pro replikaci v dalsich rodech bakterii, jako napf.
Agrobacterium tumefaciens, dale gen pro hygromycin fosfotransferazu (fizeny promotorem
ubikvitinu z kukufice) pro ziskani rezistence na hygromycin v rostlinach a také gen pro
streptomycin/spektinomycin adenyltransferazu pro rezistenci na streptomycin/spektinomycin
Vv bakteriich. VSechny ptidané sekvence gent pochazeji z pivodniho plasmidu pIPKb002.

Pii experimentech s agroinokula¢ni metodou bylo otestovano pies 500 rostlin — pro
optimalizaci parametrii agroinokulace a pro samotné testovani pomoci agroinokulace. Nebyly
zjistény zadné vyznamné rozdily, pokud byly bakterie Agrobacterium pro inokulum
kultivovany na misce nebo v roztoku se v§emi nezbytnymi antibiotiky, pouze s antibiotikem
streptomycin pro agroinokulovany plasmid nebo zcela bez antibiotik. U pouzitych protokold
bylo dosazeno PCR systémove pozitivni a ELISA pozitivni inokulace v 1-3 ptipadech z 25-35
testovanych vzorkti a 1-4 PCR pozitivnich vzorki, ovS§em bez ELISA pozitivniho testu.

Pro ozimou psenici odrudy Svitava a pro pSenici jednozrnku (Triticum monococcum)
se podatilo dosahnout Gspésnosti az tiech ELISA pozitivnich a qPCR pozitivnich piipada
na 25 inokulovanych rostlin a pro psenici odridy Alana se podafilo dosadhnout jednoho ELISA
pozitivniho a qPCR pozitivniho vzorku z 25 inokulovanych rostlin a jednoho ELISA
pozitivniho a qPCR pozitivniho vzorku z 35 inokulovanych rostlin. Tento pomér se nezlepsil
ani v ptipad¢ indukce agrobakterii v indukénim pufru (acetosyringon 150 uM, 10 mM MgCl>
ve sterilni destilované vod¢€) 4 hodiny ve tmé pii pokojové teploté tésné pied inokulaci.
Inokulace rostlin starSich nez ve fazi DCI12 podle Zadokse (cca 2 tydny staré) nevedla
k pozitivnim vysledkiim, rovnéz tak agroinokulace pfi niz misto vpichii do stonku bylo
provadéno nasavani inokulac¢niho roztoku do setiznutych listd (obé€ 0 z 16 testovanych rostlin).

Samotna vizualni kontrola agroinokulovanych rostlin neumoziiovala jasné rozliSeni uspéSné
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infikovanych rostlin. Zloutnuti listd, vadnuti nebo zakrn&lost rostlin byla ¢asto zptisobena
pouze jako vedlejsi efekt agroinokulaéniho protokolu. Samotnd zakrslost byla pozorovatelna,
nicméné infikované rostliny byly Casto vyssi nez nékteré kontrolni rostliny silné trpici pouze
vedlejsim efekty agroinokula¢niho protokolu.

Postupné piiblizn€ 250 rostlin pSenice bylo inokulovano biolisticky s infek¢nimi klony
umisténymi v plasmidech pUC18 nebo pIPKb002. Béhem optimalizace protokolu biolistické
inokulace za pouziti barveni GUS se jako optimalni tlak pro vystrel ukazal tlak 150-200 psi
(1034 — 1379 kPa) s co mozna nejmensimi zlatymi ¢asticemi (0,6 um) a co mozna nejmladsimi
rostlinami (faze DC10-11 podle Zadokse). Vystielované Castice o véts§im praméru (1,0 um)
zpusobovaly viditelné¢ vétsi poskozeni cilovych pletiv. U velmi mladych rostlin bylo nutné
fixovat inokula¢ni zafizeni Bio-Rad Helios Gene Gun v dodate¢ném stojanu, aby byla s jistotou
zasazena cilova oblast rostliny. Pfi inokulaci rostlin starSich nez 10 dni se nepodafilo dosdhnout
ani jednoho pozitivniho zachytu. Pfi pokusech o biolistickou inokulaci rostlin star§ich nez 7 dnit
(DC12-14 podle Zadokse) nebyly ziskany zadné pozitivni vysledky

Obriazek 11. Zluté skvrny
(0/16, pUC18 + WDV u rostlin 10, 14 a 21 dnt1). Pfi pouziti biolistické  objevujici se cca 2 dny
po uspésné inokulaci
inokulace se podafilo ziskat infikované rostliny ELISA pozitivni 1 (pSenice  seta, odrida
Alana), pouzity tlak hélia
qPCR pozitivni pro oba testované infekéni klony (pUCI8 + WDV 1 180 psi, 0,6 um zlaté
Castice, 0,5 pg v kartridzi
pozitivni pfipad z 12 inokulovanych rostlin a 2 pozitivni pfipady z 35  pro vystiel, 0,5 ug DNA
WDV-infekéniho  klonu
inokulovanych rostlin, pro pIPKb002 1 pozitivni pfipad z 35  vkartridzi.

inokulovanych rostlin). U vSech infikovanych rostlin bylo mnozstvi
zbyvajici DNA kvantifikovdno jako nejvySe 275 kopii / ng
extrahované DNA, tj. o nékolik fadi mensi nez detekované mnozstvi

WDV v DNA. Rostliny uspé€$né inokulované za pouziti ¢astic o

priméru 0,6 um vykazovaly za nékolik dni po inokulaci Zluté skvrny i T

Vv oblasti cilové plochy vystielu ve srovnani s oSetienymi kontrolami (viz také Obrazek 11).
Nicméné pii pouziti ¢astic o pruméru 1,0 pm nebo vétsich se objevily také velmi malé skvrny
i U oSetfenych kontrol.

Jako kontrolni pokus bylo deset rostlin z kazdé testované odrtidy inokulovéano kiiskem
polnim. Uspé&iné infikované rostliny byly ziskany se 100% G&innosti pienosu (viz Tabulka 4).
VSechny rostliny s detekovanou infekci WDV pomoci qPCR byly také potvrzeny jako
infikované pomoci ELISA. Obrazek 12 udava namétené titry viru WDV zjisténé pro kazdou
inokula¢ni metodu a testované odriidy. Vysoka ucinnost pfirozené inokulaéni metody nam

umoznila odhadnout primérny titr WDV pro pSenici odriad Svitava a Alana a pSenici
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Tabulka 4. Nejlepsi vysledky dosazené riznymi inokulaénimi metodami. Je uveden pocet infikovanych rostlin ze v§ech

inokulovanych rostlin v pokusu a ptislusnd uspésnost. Vysledky jsou uvedeny vzdy pro pokus s nejvyssi dosazenou

uspésnosti.
Ozima pSenice | Ozim4 pSenice PSenice
Metoda (Svitava) (Alana) jednozrnka
Inokulace kiiskem polnim 10710 10710 10710
(Psammotettix alienus) (100 %) (100 %) (100 %)
3/25 1/25 3/25
Agroinokula¢ni metoda (12 %) (4 %) (12 %)
Biolisticka inokula¢ni 12 V12 0/35
metoda (8,33 %) (8,33 %) (0 %)

jednozrnku a porovnat je s vysledky ziskanymi agroinokulaci a biologickou inokulaci za pouziti
infek¢nich klontit WDV.

Uspéch agroinokulace s infekénim viremu piibuznych vird, jako napi. agroinokulace
s infekénim klonem blizce ptibuzného viru MSV na rostlinach kukufice, byla popséna jiz davno
(Grimsley a kol. 1987, Boulton a kol. 1989a). Agroinokulace rostlin s pIPKb002 + WDV
za pouziti kmene A. tumefaciens AGL1 potvrdila vhodnost zkonstruovaného infekéniho klonu
k zahajeni infekce WDV u rostlin. Bylo dosazeno slibnych vysledk pii agroinokulaci

A. tumefaciens AGL1 at’ uz s, nebo bez ptedchozi indukce acetosyringonem pied agroinokulaci

Obrazek 12. Pramérny titr virn WDV dosaZeny pro zvolenou inokulaéni metodou a testované odridy spolu s intervalem
+jedna standardni chyba priméru (SEM). Cisla v zavorkach ukazuji celkovy pocet infikovanych rostlin potvrzenych gPCR
i DAS-ELISA pro danou metodu a testovanou odriidu.
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nebo s riznymi metodami kultivace agrobakterii. Inokulace pomoci A. tumefaciens AGL1
ziskanych kultivaci na miskach vedla k obdobnym vysledkiim jako pii inokulaci z kultivace
agrobakterii v kapalném médiu. Dosazena ucinnost agroinokulace u testovanych odrud
(4 az 12 %) je podobna jako u jinych autorti (Bendahmane a kol. 1995, Ramsell a kol. 2009),
avSak jsou také uvadény i1 vysledky s vyss$i dosazenou ucinnosti pfi pouziti jinych kment
agrobakterii (Marks a kol. 1989, Benkovics a kol. 2010). Pro obdobny virus MSV ukazuji
srovnavaci studie, ze pfitomnost dodatecné promotorové sekvence (podobné jako u pouzitého
plasmidu pIPKb002) muze zvysit G¢innost agroinokulace podobné jako vybér orientace
vnasené virové DNA u pouzitého plasmidu (Martin a kol. 2000). Nicméné podobnost WDV a
MSV v danych ptipadech nemusi byt smérodatna, protoze u infekéniho klonu MSV je potrzena
i mechanicka pfenositelnost na jeho preferen¢niho hostitele, kukuftici (Redinbaugh 2003) a
rovnéz je v nekterych pracech uvadéna i extrémné vysokéd dosahovana uc¢innost agroinokulace
na kukufici (Grimsley a kol. 1987, Grimsley a kol. 1988), malo bézna pro jednodélozné
rostliny.

Uspé&sna biolisticka transformace p$enice nebo jeémene je zaloZzena na pouziti nezralych
embryi, indukovanych kalust kultivovanych na agaru (Jones a kol. 2009), nebo velmi mladych
rostlinnych pletiv, pro néz je ¢asto Bio-Rad Helios Gene Gun méné vhodny nez napiiklad Bio-
Rad Helios PDS1000/He s vakuovou komorou. Ptesto, pokud jsou nastaveny optimalni
parametry, byly ziskany rostliny infikované WDV za pouziti kazdého ze zkonstruovanych
infekénich klonid. Uginnost transformace pomoci biolistické inokulace vsak byla niz§i nez
uéinnost agroinokulace. Zde uvadéné vysledky ukazuji, ze je mozné ispé$né inokulovat virus
cileny na floém, jako napi. WDV (Dinant a kol. 2004, Tholt a kol. 2018), i bez hmyziho
pienacece, a to za pouziti infekéniho klonu viru a agroinokula¢ni nebo biolistické inokula¢ni
infekéni virové DNA do hostitelskych bun¢k (Grimsley a kol. 1986), jez nasledné je schopna
navodit rozvoj onemocnéni u testovanych rostlin véetné pozorovatelnych symptomi (Czosnek
a kol. 1993, Kheyrpour a kol. 1994). Podobng, i u biolistické inokulace bylo dosahovano
dostate¢né ucinnosti pro uspésny pienos virové DNA na rostlinu a navozeni infekce (Lapidot a
kol. 2007). V jednodéloznych rostlinach, jako jsou obilniny, mize byt biolisticka inokulace
mén¢ U¢inna (Helloco-Kervarrec a kol. 2002), coz se také projevuje i zde. Kvantitativni analyza
zde pak ukazuje, ze v agroinokulovanych rostlinach je v cilové sledované dobé titr WDV
mnohem vys$§i nez pii pouziti biolistické inokulace a je podobny titru viru v rostlinach

inokulovanych pfirozenym zptisobem pomoci kiiska polniho.
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4.3 O moznosti detektce viru WDV dalSimi metodami

Podrobné zkoumani vyvoje choroby na cilovych rostlindch je v soucasnosti limitovano
potiebou pomérné velkého mnozstvi infikovaného materidlu pro uspéSnou kvantifikaci titru
viru, napi. pomoci metody ELISA. V piipad¢ kvantifikace pomoci DNA kvantifika¢nich
metod, jako napi. gPCR (Gadiou a kol. 2012), miize adekvatni potfebné mnozstvi byt mensi,
nicméné extrakce pomoci riznych extrakcnich kit stile vyzaduje pouziti vét§iho mnozstvi
rostlinného materialu, i s ohledem na variabilitu extrahovaného mnozstvi DNA. Pro extrakci
DNA ¢i RNA existuje vice riznych metod (Tan a kol. 2009), jeZ jsou nasledné optimalizovany
pro odli$nosti v cilovém pletivu nebo pro pozadavky na kvalitu ziskané DNA ¢i RNA (Triant a
kol. 2009) a dané tedy nabizi i moznost optimalizovat ptislusny extrakéni protokol tak, aby bylo
mozné sledovat vyvoj titru zvoleného viru i na samostatnych rostlinach v delSim ¢asovém
useku.

V publikaci Viktorova a kol. (2019), jez je soucasti této diserta¢ni prace, byla popsana
optimalizovana metoda pro detekci titru viru WDV a BYDV na bazi detekce nukleovych
kyselin, vyzadujici méné nez jeden list z testované rostliny pro naslednou kvantifikaci titru viru.
Extrakéni protokol byl vyvinut optimalizaci jednotlivych krokd pouZzivanych pfi extraci
nukleovych kyselin (Triant a kol. 2009) a studiem vlivu jednotlivych krokt na vytézek. Pomoci
této uvedené techniky bylo mozné nésledné zkoumat vyvoj titru viru i v jednotlivych rostlindch

Vv delSim Casovém Useku ¢i podrobné¢ analyzovat vznik ptipadnych odlehlych hodnot. Uvedeny

Obrazek 13. Priméry titr viru BYDV a WDV méteny v kontrolnich netransgennich rostlinach (W) a transgennich
rostlinach (T) je¢mene odriidy Golden Promise s vloZenym genem pro expresi osmotinu — genu pro vétsi odolnost viéi
nepiiznivym abiotickym podminkam jako salinita, ¢i sucho (Viktorova a kol. 2019). Titry BYDV a WDV méfené v listech
rostlin ve 42-dennim obdobi po inokulaci. Titr viru BYDV a WDV byl méfen jako primér stanoveny pomoci metody
gPCR (triplikaty) a normalizovany na koncentraci vzorku RNA (pro BYDV) nebo koncentraci vzorku DNA (pro WDV).
Zobrazené hodnoty jsou po transformaci logio. Z kazdého testovaného obdobi je zobrazen primér ze vSech Sesti
testovanych rostlin v kazdé skupiné (W, T) a standardni chyba priméru (SEM). Analyza rozptylu nasledovana
Duncanovym testem (p <0,05) nepotvrdila odlisné hodnoty titru virai pro transgenni a kontrolni skupinu.
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protokol pak umoznil posoudit vliv sledované linie je¢mene na piipadny vyvoj titru viru
Vv rostlinach vici kontrolni skupiné (viz také Obrazek 13).

V ramci moznosti detekce virh pomoci Sirokospektrych technik byla pozornost
zamé&fena na Sirokospektré protecomické techniky, zejména hmotnostni spektrometrii, jez je
V soucasné dob¢ rutinn€ pouzivanou metodou pro analyzu struktury a sloZzeni v mnoha riznych
oblastech. Hmotnostni spektrometriec je pouzivana jako nasledna detek¢éni technika
pro plynovou (GC-MS) ¢i kapalinovou chromatografii (LC-MS), ¢i pro piimou identifikaci
peptidi a proteinti na zakladé laserové desorpéni ionizace z matrice (MALDI-TOF, matrix-
assisted laser desorption/ionization — time of flight). Hmotnostni spektrometrie byla
s uspéchem uplatnéna pro detekci virovych proteind jiz diive (Thomas a kol. 2000, Trauger a
kol. 2003), véetné rostlinnych virG (Blouin a kol. 2010). Ve starsi literatuie se objevovaly
postupy, kdy nejprve byla provedena extrakce virionovych ¢astic nebo cistych virovych
proteind a jejich nasledna ionizace a identifikace byla provedena pomoci MALDI-TOF nebo
ESI-TOF (ionizace vzorku elektrosprejem sdruzena s hmotnostnim spektrometrem rozlisujicim
Castice na zaklad¢ Casu jejich letu, electrospray ionization — time of flight). Pozdé¢ji je detekce
virovych proteinii zmifiovana také v extraktech vsech proteini ze vzorku ve studiich zmén
zdravého a infikovaného rostlinného proteomu (Cooper a kol. 2003, Di Carli a kol. 2012),
vyuzivajicich 2D gelovou elektroforézu doprovazenou TOF (hmotnostné spektrometricky
detektor rozlisujici Castice na zaklad¢ Casu jejich letu, time-of-flight) ¢i pozdéji LC-MS/MS
(kapalinova chromatografie sdruzena sdvéma hmotnostnimi spektrometry propojenymi
v tandemu, liquid chromatography — tandem mass spectrometry) (Di Carli a kol. 2012, Fang a
kol. 2015), nicméné¢ jako vzorkovaci material byla bézné odebirana cela rostlina nebo i vice
rostlin soucasné.

Pro techniku MALDI-TOF analyza naméfenych spekter vzorkti umoznuje identifikaci
peptidi, proteint i piipadné véetné jejich modifikaci (Junkova a kol. 2013, Plaks a kol. 2015,
Sugioka a kol. 2017). Piesna identifikace zmén mezi skupinami vzorkl je Casto provadéna
na zakladé souhrnného (primérného) spektra (Karamonova a kol. 2013, Svobodova a kol.
2017) vizualn¢ identifikujici nejvice rozlisujici pozice s ohledem na zmény v zaznamenané
intenzité, ¢i na zakladé pouziti diskriminacni analyzy na extrahovanych vrcholech intenzit
(Jombart a kol. 2010). Identifikace rozdilt ve vzorcich, jez jsou ovliviiovany mnoha moznymi
faktory, vyzaduje ovSem sofistikovanéjsi analyzu, kde je kazdy faktor identifikovan oddélené
a robustné. Pro snazsi analyzu rozdilii v naméfenych hmotnostnich spektrech byly pfipraveny
dva programy — ms-alone a multiMS-toolbox a informace o nich publikovany v samostatném

¢lanku (Cejnar a kol. 2018a). ms-alone je samostatny program pro rozhrani piikazového fadku,
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ktery umoziuje import dat z béznych formatd, aplikaci zakladnich spektralnich operaci,
identifikaci vrcholt intenzit nalezenim lokalnich maxim nad zvolenou hladinou poméru signal-
Sum, aproximaci vrcholl zvolenou tvarovou funkci pomoci nelinedrni regrese pro presné urceni
polohy maxima intenzity, export seznamu identifikovanych vrcholid a spekter pro analyzu
V jiném softwaru. multiMS-toolbox je softwarovy modul (toolbox) do statistického prostfedi R
(R Core Team 2020), ktery nasledné umoznuje vzajemné ztotoznéni (registraci) ptislusnych
vrcholti nebo klastrl vrcholl z riznych vzorkli pomoci dvoustupnového algoritmu, normalizaci
dat podle zvolené metody a aplikaci pokrocilych statistickych metod (PCA — Principal
Component Analysis, ANOVA — Analysis of Variance) na ztotoznénych vrcholech intenzit ¢i
na puvodnich spektrech a naslednou vizualizaci vysledkl v grafech a textovych vystupech.
Praktické uplatnéni ilustruje 1 jejich uspésné pouziti v dal§ich publikovanych pracich (Bozik a
kol. 2018). Nicmén¢ aplikace techniky MALDI-TOF na celkovy proteinovy extrakt z rostlin
nakazenych virem zakrslosti pSenice nevedla k uspésné detekci virovych proteint ve vzorcich
ani po optimalizacich extrak¢niho protokolu (nepublikovana data). Samotna detekce virovych

proteinl z celkovych extraktli proteinli z nakazenych rostlin tak patrné vyzaduje pouziti

vvvvvv

elektroforézy (2DE/MALDI-TOF) ¢i kapalinové chromatografie (LC-MS/MS).

Pti identifikaci virovych proteinti v celkovych extraktech proteint z rostlinnych vzorkt
pomoci LC-MS/MS je pro potieby vzorkovani bézné odebirana (homogenizovana) cela rostlina
nebo 1 souhrnny vzorek z vice rostlin. Pro Gcely detekce virovych proteini v ramci jedné
rostliny ¢i snizeni potfebného mnozstvi materialu na minimum bylo nutné optimalizovat
extrak¢ni protokol pro extrakci proteinl ze vzorku. Velka pozornost byla vénovéana srazecim
kroktim (Casto jsou v protokolech pouzivany srdzeci kroky na bazi kyselina trichloroctova-
aceton, kyselina mravenci-acetonitril atd.). Srazeci kroky umoznuji odfiltrovat nechténé slozky
ze smési, ale také prinaseji do protokolu potencialné dalsi zdroj variability vysledného vytézku,
ktery by mohl vést k nizké koncentraci sledovanych proteind. K eliminaci tohoto negativniho
vlivu je pak nutna vyssi hmotnost vzorkovaného materialu. I kdyz existuji techniky srazeni
dosahujici az 100% ucinnosti (Crowell a kol. 2013, Feist a kol. 2015), pro vzorky jednotlivych
listl (S hmotnosti ptiblizné 50 — 200 mg), jsme vyvinuli extrak¢ni protokol bez srazecich krok.
U rostlinnych vzorkl musi extrakéni protokol pro proteiny zvladnout naruSeni bunéénych stén
(napt. pomoci cyklu zmrazovani-rozmrazeni, mechanického naruseni v kapalném dusiku,
piidani detergentu, denaturace zahiatim, mechanického drceni v extrakénim pufru apod.) spolu
se soucasnou inhibici jakéhokoliv procesu degradace proteint (napf. pfidanim chaotropniho

¢inidla nebo inhibitort proteazy) (Bodzon-Kulakowska a kol. 2007, Feist a kol. 2015). Na to
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Casto navazuje vybrany proces odstranovani kontaminujicich latek (Burgess 2009, Crowell a
kol. 2013). Pro naslednou LC-MS analyzu po téchto krocich jesté byva aplikovana redukce
disulfidovych vazeb, alkylace volnych cysteinovych zbytki a §tépeni enzymy pro fragmentaci
proteinti na peptidy pro ucely jejich identifikace (Gundry a kol. 2009, Suttapitugsakul a kol.
2017). Spravné pouziti vSech technik musi zabranit nekompatibilité¢ pridanych ¢inidel
s jakymkoliv naslednym $tépenim enzymy, a proto musi byt pfipadna nekompatibilni ¢inidla
odstranéna bud’ srazenim, extrakci Spickou mikropipety s pevnou fazi nebo alespon zfedénim
na kompatibilni koncentrace. Kroky, které jako vedlejsi efekt mohou vést kK modifikacim
peptidi (Sun a kol. 2014, Muller a kol. 2017), vsak také mohou vyznamné snizit pocet
identifikovanych peptidd. Kapacita chromatografické kolony je rovnéz omezena, a pro
identifikaci proteini 0 velmi nizké koncentraci by vzorky sice mohly byt dale
rozfrakcionovany, avsak takové feSeni by zna¢né navySovalo pocet vzorkil analyzovanych na
LC-MS/MS. Pokud by mél, v ramci analyzy jednoho odebraného vzorku, byt zpracovavan na
LC-MS/MS pouze jeden vzorek ¢i pfipadné jen jeho dalsi technicka opakovani, pristupuje se
alespon Kk odstranéni nejhojnéjsich proteint ze vzorku, pokud tyto nesouvisi se sledovanymi
zménami. U rostlinnych vzorki je tak zejména odstrafiovan enzym RuBisCO (Ribul6za-1,5-
bisfosfatkarboxylaza/oxygenaza). Pro jeho odstranéni se bézné pouzivaji dvé G¢inné metody
(Krishnan a kol. 2009, Kim a kol. 2013, Gupta a kol. 2015): srazeni s protamin-sulfatem nebo
srazeni s fytitem v pfitomnosti iontl Ca*2. V praci Cejnar a kol. (2020), jez je soudasti této
disertacni prace, je predstaven optimalizovany protokol extrakce rostlinnych proteint (viz také
Obrazek 14), ktery umoziuje extrahovat proteiny z rostlinnych vzorkt a nasledné potvrdit
pfitomnost virovych proteinti, za pouziti i pouze jediného listu rostliny se silnymi pfiznaky

Obrazek 14. Schéma optimalizovaného protokolu pro identifikaci virovych proteint z rostlinnych vzorka.
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infekce. Navrzeny protokol kombinuje techniky, které jsou dobie znamy z extrakci protokolt
nukleovych kyselin — naruseni bunécné stény a homogenizace vzorkl drcenim listi v kapalném
dusiku, pouziti chaotropniho ¢inidla pro denaturaci bilkovin a technik bézné pouzivanych
pro DAS-ELISA — homogenizace ru¢nim loziskovym drticem v konzerva¢nim pufru. Vysoké
koncentrace chaotropniho ¢inidla, mocCoviny, jsou nasledné snizeny ziedénim na neinhibujici
koncentrace pro Stépeni trypsinem, aby se zabranilo jakékoliv nekompatibilité. Konecné
zakoncentrovani a odsoleni je provedeno pomoci extrakce Spickou mikropipety s pevnou fazi,
coz je technika velmi podobna nésledné separaci proteinii na chromatografické kolon¢€. Takovy
protokol umoziuje dosahnout vytézku postacujiciho pro zaplnéni kapacity LC kolony a
nasledna identifikace pomoci nanoL.C-ESI-Q-TOF umoznila v testovanych vzorcich tspésné
potvrzeni virovych obalovych proteinli na Siroké Skale hostitelskych rostlin, véetné trav,
kvetoucich rostlin nebo stromi. Pocet identifikovanych peptidii a vysoké pokryti sekvenci
proteind u virovych obalovych proteinti dokonce umoznilo rozliit specificky i jednotlivé
virové kKmeny na zakladé analyzy sekvenci virovych proteinti. Uvedeny protokol v kombinaci
s pistrojem nanoLC-ESI-Q-TOF s alespon stiednim rozlisenim se ukazal jako ¢inna metoda
pro potvrzeni virovych proteinli u rostlin diagnostikovanych jinymi nizkoprahovymi
detek¢énimi metodami a ponechanych pro vyvoj silnych piiznakd choroby. PouZiti méné nez
jednoho listu umoziuje uchovat Zivou rostlinu pro dalsi experimenty. Vhodnost protokolu byla
otestovana na vice druzich rostlin, jednodéloznych i dvoudéloznych: je¢men (Hordeum vulgare
L.), pSenice (Triticum aestivum L.), brukev (Brassica rapa subsp. Pekinensis (Lour.) Hanelt),
tabak (Nicotiana tabacum L., Nicotiana benthamiana Domin), svestka (Prunus domestica L.),
meruiika (Prunus armeniaca L.), fazol (Phaseolus vulgaris L.), huseni¢ek (Chenopodium
amaranticolor H.J. Coste & A. Reyn), ¢irok (Sorghum bicolor (L.) Moench) a kukutice (Zea
mays L.). Na jednotlivych vzorcich se podafilo uspésné prokazat ptitomnost riznych virovych
proteind. Detekované viry z riznych vzorkl zahrnovaly Sirokou skalu virti (jak DNA, tak RNA
virtl): virus zakrslosti psenice (WDV — Wheat dwarf virus) z ¢eledi Geminiviridae, virus zluté
zakrslosti je¢mene (BYDV — Barley yellow dwarf virus) z ¢eledi Luteoviridae, virus mozaiky
svefepu (BMV — Brome mosaic virus) a virus aspermie rajcete (TAV — Tomato aspermy virus)
z ¢eledi Bromoviridae, virus mozaiky kvétaku (CaMV — Cauliflower mosaic virus) z ¢eledi
Caulimoviridae, virus tabakové mozaiky (TMV — Tobacco mosaic virus) a virus prosvétleni
zilek vodnice (TVCV — Turnip vein clearing virus) z ¢eledi Virgaviridae, virus Sarky Svestky
(PPV — Plum pox virus), virus mozaiky vodnice (TuMV — Turnip mosaic virus), virus obecné
mozaiky fazolu (BCMV — Bean common mosaic virus), virus mozaiky ciroku (StMV —

Sorghum mosaic virus), virus mozaiky cukrové titiny (SCMV — Sugarcane mosaic virus), vse
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z Celedi Potyviridae, virus krouzkovitosti tabaku (TRSV — Tobacco ringspot virus) a virus
vadnuti bobu 2 (BBWV-2 — Broad bean wilt virus 2) z ¢eledi Secoviridae. Publikovany
protokol tak umoznuje $iroké vyuziti pro studium zmén v proteomu pii virovych chorobach
rostlin ¢i jako G¢inna metoda potvrzeni piitomnosti virového proteinu pro vysoce infikované

vzorky.
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Zavér
Vsechny tfi uvazované hypotézy byly postupné potvrzeny. Byly pfipraveny transgenni rostliny
TO a T1 generace je¢mene odridy Golden Promise s vnesenymi konstrukty WDVRepA215
nebo WDVRepA215RBR™!, Vyznamné zpozdéni naristu titru viru WDV jako odezva
na pfitomnou dvoubodovou mutaci v oblasti domény pRBR ve vnasené sekvenci je
pravdépodobné nasledkem cileného naruseni mechanismu infekce v rostlinach. Nicmén¢ ani
vneseny transgen, ani zahrnutd mutace nevedly k zamezeni Sifeni infekce viru v rostlinach
jecmene. Zvysena nachylnost transgennich rostlin k infekci WDV ve srovnéni s netransgennimi
rostlinami byla identifikovana jako zvySena nachylnost rostlin i vi¢i niz§imu infekénimu tlaku.
U rostlin pSenice nicméné dochazi k vyraznému potlaceni fenotypovych projevil infekce virem.

Byly ptipraveny dva rizné infekéni klony v bakterialnim plasmidu pUC18 s replikacnim
pocatkem pro replikaci v Escherichia coli a v plasmidu pIPKb002 s replikaénim pocatkem jak
pro replikaci v Escherichia coli, tak také i v Agrobacterium tumefaciens. Pomoci téchto
infek¢nich klonti se podatilo navodit infekci v rostlindch za pouziti agroinokulace ¢i biolistické
inokulace, tzn. bez p¥itomnosti pfirozeného hmyziho prenaseée. Usp&iné infikované rostliny
vykazovaly podobné titry WDV ve srovnéni s rostlinami inokulovanymi pfirozenym pfenosem.

Byly optimalizovany metody extrakce nukleovych kyselin z obilnin a nésledné detekce a
normalizace mnozstvi viru WDV tak, Ze bylo mozné podrobné sledovat prubéh infekce WDV
na molekularni trovni v jednotlivych rostlindch béhem prvnich 6 tydnii po inokulaci.

Byl optimalizovan extrakéni protokol pro extrakci proteind z listd rostlin umoznujici
piimou detekci virovych proteini za pouziti kapalinového chromatografu zapojené¢ho
v tandemu s hmotnostnim spektrometrem. Optimalizovany extrakéni protokol vyzaduje méné
nez 0,2 g rostlinného materialu, tzn. typicky méné nez jeden list rostliny, a umoziuje tak
studium zmén V proteomu rostliny ¢i potvrzeni pfitomnosti virovych proteinli bez nutnosti

nendvratného zni€eni sledované rostliny.
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Pouzité zkratky

2DE Dvoudimenzionalni gelova elektroforéza (2D electrophoresis)

ATP adenosintrifosfat (adenosine triphosphate)

BeYDV virus zluté zakrslosti fazolu (Bean yellow dwarf virus)

BYDV virus zluté zakrslosti jecmene (Barley yellow dwarf virus)

CP obalovy protein (coat protein)

CRISPR segmenty nahromadénych pravidelné rozmisténych kratkych
palindromickych repetic (clustered regularly interspaced short
palindromic repeats)

d.p.i. dnt od zahajeni inokulace (days following the start-of-inoculation)

DNA deoxyribonukleova kyselina (deoxyribonucleic acid)

ELISA immunochemicka metoda ELISA (enzyme-linked immunosorbent
assay)

ESI technika ionizace vzorku elektrosprejem (electrospray ionization)

GFP zeleny fluorescenéni protein (green fluorescent protein)

GUS beta-glukuronidaza

LC-MS/MS technika detekce zaloZena na separaci pomoci kapalinové
chromatografie a detekci pomoci hmotnostnich spektrometrii
propojenych v tandemu (liquid chromatography — tandem mass
spectrometry)

LIR dlouhy mezigenovy usek (long intergenic region)

MALDI technika ionizace vzorku laserovou desorp¢ni ionizaci z matrice
(matrix-assisted laser desorption/ionization)

MP pohybovy protein (movement protein)

MSV virus prouzkovitosti kukufice (Maize streak virus)

nanoLC chromatograficka kolona pro kapalinovou chromatografii s pritokem
v fadu priblizné stovek nanolitrli za minutu

NTP nukleosidtrifosfat (nucleoside triphosphate)

PCR polymerazova fetézova reakce (polymerase chain reaction)

PINB puroindolin-b

Q-TOF hmotnostné spektrometrometricky detektor zaloZeny na architektuie
kvadrupdl-¢as letu (quadrupole — time of flight)

gPCR kvantitativni polymerazova fetézova reakce (quantitative polymerase
chain reaction)

RBR proteiny podobné retinoblastomu (retinoblastoma-related proteins)

RCR replikace pomoci replikace kruhovych plasmidu (rolling circle
replication)

RDR rekombinant-dependentni rekombinace (recombination dependent
recombination)

Rep replikacni protein (replication protein)

Rep A replikaéni asociacni protein (replication associated protein)

RNA ribonukleova kyselina (ribonucleic acid)
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RuBisCO Ribuléza-1, 5-bisfosfatkarboxylaza/oxygenaza (Ribulose-1, 5-
bisphosphate carboxylase/oxygenase)

SIR kratky mezigenovy usek (short intergenic region)

sSDNA jednovlaknita DNA (single-stranded DNA)

TOF hmotnostné spektrometrickym detektor rozliSujici ¢astice na zaklad¢
Casu jejich letu (time-of-flight)

wDV virus zarkslosti pSenice (Wheat dwarf virus)
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