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PROSIRENI SAZETAK

Obitelj MATH-BTB sastoji se od proteina koji sadrze dvije domene, MATH (Meprin and
TRAF Homology) i BTB (Broad-complex, Tramtrack, and Bric-a-brac). U genomima gotovo svih
eukariota, velik broj gena sadrzi funkcionalni slijed koji kodira ili domenu MATH ili domenu BTB
uz barem jednu drugu domenu. Proteini koji sadrze domenu BTB svrstani su u dvije glavne
skupine: oni koji sudjeluju u proteinskim interakcijama posredovanim domenom BTB i oni koji
vezu DNA kako bi regulirali transkripciju (Stogios i sur., 2005). Svi dosad istrazeni proteini koji
sadrze domenu MATH ukljuceni su u regulaciju obrade proteina (Zapata i sur., 2007). Proteini iz
podskupine MATH-BTB, koji sadrze i MATH i BTB domenu, opisani su kao adapteri kompleksa
ubikvitin ligaze E3 zasnovane na proteinu Cullin 3 (CUL3). Ovaj tip ligaze E3 (u daljnjem tekstu:
ligaza CUL3-E3) sudjeluje u proteasomskoj razgradnji ciljnih proteina. Kompleks ligaze CUL3-
E3 ¢ini protein osovine CUL3 koji s jedne strane veze protein RING-BOX1 (RBX1) i preko njega
ubikvitin ligazu E2, a s druge strane veze domenu BTB proteina adaptera. Protein adapter svojom
domenom MATH veze ciljni protein, i time ga dovodi u neposrednu blizinu ligaze E2 koja ga
obiljezava poliubikvitinskim lancem i time ga usmjerava u razgradnju na proteasomu 26S (Chen i
sur., 2013, Gingerich i sur., 2005, Jurani¢ i sur., 2012, Stogios i sur., 2005., izmedu ostalih).
Najranije opisan zivotinjski protein iz obitelji MATH-BTB je protein MATERNAL EFFECT
LETHAL-26 (MEL-26) iz oblica Caenorhabditis elegans. MEL-26 je adapter ligaze E3 koji
posreduje u razgradnji proteina MEI-1, proteina iz skupine katanina s ulogom cijepanja
mikrotubula. Ovaj proces odvija se nakon mejoze i kljuéan je za sastavljanje mitotickog vretena
(Pintard i sur., 2004). Proteini MATH-BTB $iroko su zastupljeni i u biljkama, no detaljno je
prouceno samo nekoliko ¢lanova. Filogeneti¢ka analiza gena MATH-BTB u dvosupnici talijinom
uro¢njaku (Arabidopsis thaliana (L.) Heynh) i jednosupnici rizi (Oryza sativa L.) pokazala je da
geni MATH-BTB grupiraju u dvije skupine: manju, evolucijski ocuvaniju osnovnu skupinu i vecu,
prosirenu skupinu (Gingerich i sur., 2005). Ukljucivanje vise kopnenih biljnih vrsta u filogeneticku
analizu potvrdilo je razdvajanje biljnih gena MATH-BTB u dvije skupine, uz dodatno grupiranje
gena iz proSirene skupine u pet manjih podskupina, nazvanih E1 do E5 (Gingerich i sur., 2007,
Jurani¢ i Dresselhaus, 2014). Dok genom uro¢njaka kodira samo Sest gena MATH-BTB (AtBPM1-
6), koji grupiraju u osnovnu skupinu (Gingerich i sur. 2005; 2007; Jurani¢ i Dresselhaus, 2014),
evoluciju trava (porodica Poaceae) obiljezila je velika ekspanzija gena MATH-BTB, koji specifi¢no

grupiraju u prosirenu skupinu (Gingerich i sur., 2007; Jurani¢ i Dresselhaus, 2014).



Do sada je opisano nekoliko biljnih proteina MATH-BTB. Jedan od njih je protein ZmMAB1
kukuruza (Zea mays L.), protein iz prosirene skupine eksprimiran u muskom i Zenskom gametofitu
(Jurani¢ i sur., 2012). Istrazivanje mutanata sa smanjenom ekspresijom gena ZmMAB1 pokazalo je
da protein ZmMABL1 ima ulogu u pozicioniranju jezgara tijekom prijelaza iz mitoze u mejozu u
muskom i Zenskom gametofitu, kao i u formiranju i funkciji diobenog vretena tijekom mejoze
(Jurani¢ i sur., 2012). Proucena su i dva gena MATH-BTB psenice (Triticum aestivum L.). Dok je
TaMAB1 eksprimiran isklju¢ivo u jajnim stanicama psenice, TaMAB2 je eksprimiran u zigoti i u
dvostani¢cnom proembriju (Leljak-Levani¢ i sur., 2013). Prekomjerna ekspresija rekombinantnog
proteina TaMAB?2 obiljezenog zelenim fluorescentnim proteinom (eng. green fluorescent protein,
GFP) u stanicama duhana BY2, rezultirala je lokalizacijom proteina TaMAB2 u jezgri i oko nje
(Leljak-Levani¢ i sur., 2013).

Obitelj proteina MATH-BTB uro¢njaka (nadalje BPM) detaljnije je proucena. Djelujuéi kao
adapteri ligaza CUL3-E3 specifi¢ni za vezanje supstrata, proteini BPM posreduju u razgradnji
razli¢itih transkripcijskih faktora, te stoga djeluju kao regulatori razli¢itih razvojnih procesa i
odgovora na stres. Primjerice, proteini BPM povezani su s regulacijom odgovora na hormon
abscizinsku kiselinu (ABA), klju¢nog mehanizma odgovora biljke na biotski i1 abiotski stres.
Proteini BPM poti¢u razgradnju transkripcijskog faktora ATHBG6 iz obitelji leucinskih zatvaraca
(eng. homeodomain-leucine zipper; HD-ZIP), koji koci signalni put hormona ABA (Himmelbach
i sur., 2002). Proteini BPM, poticuci njegovu razgradnju, promoviraju signalni put hormona ABA
(Lechner i sur., 2011). Nadalje, proteini BPM3 i BPM5 potic¢u razgradnju protein fosfataza tipa 2C
(PP2C), negativnih regulatora signalnog puta hormona ABA, ¢ime reguliraju koli¢inu raspolozivih
proteina PP2C tijekom odgovora na stres (Julian i sur., 2019). Proteini BPM ukljuceni su i u
regulaciju cvjetanja, poti¢uci razgradnju transkripcijskog faktora MY B56 iz porodice R2R3-MYB,
koji smanjuje ekspresiju gena FLOWERING LOCUS T (FT), klju¢nog aktivatora cvatnje u
uro¢njaku (Chen i sur., 2015). Proteini BPM takoder su povezani s reakcijom na etilen i to putem
interakcije s transkripcijskim faktorima iz obitelji Apetala2/ethylene response factor (AP2/ERF).
Primjerice, proteini BPM destabiliziraju transkripcijski faktor WRINKLED 1 (WRI1) te tako
utjeCu na metabolizam masnih kiselina i razvoj sjemena u uro¢njaku (Chen i sur., 2013). Nedavno
je jo§ jedan clan obitelji AP2/ERF povezan s proteinima BPM, krovni transkripcijski faktor
DEHYDRATION-RESPONSIVE ELEMENT BINDING 2A (DREB2A) uklju¢en u odgovor na

susu 1 toplinski stres u urocnjaku. DREB2A potice ekspresiju mnogih gena osjetljivih na susu 1
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toplinski stres, a i ekspresija gena DREB2A inducirana je stresom (Sakuma i sur., 2006a; 2006b).
Proteini BPM stupaju u interakciju s DREB2A i poti¢u njegovu razgradnju putem aktivnosti
CULS-E3 ligaze, ¢ime reguliraju koli¢inu raspolozivog proteina DREB2A u uvjetima stresa
(Morimoto i sur., 2017).

Prvi cilj ovog rada bila je filogeneticka analiza proteina MATH-BTB pSenice 1 uro¢njaka.
Radi dobivanja uvida u evolucijsku povijest proteina psenice iz obitelji MATH-BTB, temeljem
aminokiselinske sekvence proteina TaMAB?2 pretrazen je genom pSenice u bazi podataka Ensembl
Plants. Ovom pretragom dobivena je lista od 46 gena MATH-BTB, anotiranih kao TaMAB1-46 u
skladu s nomenklaturom predlozenom za gene TaMAB1-2 (Triticum aestivum MATH-BTB;
Leljak-Levanic¢ et al., 2013). Aminokiselinske sekvence proteina TaMAB pretrazene su u bazi
podataka NCBI radi provjere prisutnosti evolucijski o¢uvanih domena MATH i BTB, prema
bazama Protein family (Pfam) i Conserved Domains (CD). Za svih 46 proteina predvideno je
postojanje barem jedne domene MATH 1 jedne domene BTB, dok protein TaMAB46 sadrzi po
dvije kopije domena MATH i BTB. Ovaj rezultat ukazuje na veliku ekspanziju gena MATH-BTB
pSenice, $to je u skladu s postoje¢im podacima o ekspanziji obitelji MATH-BTB u drugim vrstama
trava, kao $to su riza, kukuruz, Sorghum bicolor i Brachypodium dystachion (Gingerich i sur.,
2007; Juranic¢ i Dresselhaus, 2014). 1z baze Ensembl Plants preuzeti su podaci o postojanju varijanti
alternativnog prekrajanja RNA (eng. splicing variants) i broju egzona u kodirajucoj regiji. Dok
vec¢ina gena TaMAB kodira za jednu RNA, cetiri gena TaMAB kodiraju po dvije alternativne
varijante prekrajanja. Najveci broj gena TaMAB sadrzi jedan ili dva egzona, dok manji broj gena
sadrZi tri, Cetiri, pet ili, u jednom slu¢aju, osam egzona u kodirajucoj regiji.
Nadalje, provedena je filogeneticka analiza identificiranih proteina MATH-BTB psenice, zajedno
s proteinima MATH-BTB kukuruza (Jurani¢ i sur., 2012), rize (Gingerich i sur., 2007.) i uro¢njaka
(Gingerich i sur., 2005; 2007). Metodom maksimalne vjerojatnosti utvrdeno je grupiranje proteina
MATH-BTB u dvije skupine, osnovnu i proirenu, uz dodatno razdvajanje gena prosirene skupine
u pet podskupina, nazvanih E1 do E5, prate¢i nomenklaturu iz Jurani¢ i Dresselhaus (2014). Dok
je svih Sest gena urocnjaka grupiralo u osnovnu skupinu, veéina gena pSenice grupirala je u
prosirenu skupinu, sto je u skladu s dosadasnjim saznanjima da je prosirena skupina specificna za
gene MATH-BTB trava (Jurani¢ i Dresselhaus, 2014). Samo cetiri proteina MATH-BTB pSenice
grupirala su u osnovnu skupinu, i oni sadrze po Cetiri ili pet egzona, $to je najcesci broj egzona

gena BPM uro¢njaka. Protein TaMAB2 grupirao je u podskupinu E3 prosirene skupine.
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S ciljem provjere evolucijske o¢uvanosti domena MATH i BTB u osnovnoj i pro§irenoj skupini, iz
baza Pfam i CD preuzete su sekvence navedenih domena svih proteina psenice prosirene skupine,
kao 1 svih proteina pSenice, kukuruza, rize i uro¢njaka iz osnovne skupine. Visestruko sravnjenje
sljedova pokazalo je manju o¢uvanost domene MATH prosirene skupine u odnosu na domenu
BTB, dok je u osnovnoj skupini domena MATH oc¢uvanija od domene BTB. Ovaj rezultat u skladu
je s postoje¢im indicijama o pojacanoj diverzifikaciji domene MATH prosirene skupine, za koju
se smatra da je posljedica diverzifikacije supstrata proteina MATH-BTB kao adaptera CUL3-E3
ligaze (Gingerich i sur., 2007) te je vezana uz okoliSne ¢imbenike koji su specificno oblikovali
obitel] MATH-BTB vrsta iz porodice trava (Juranié¢ i Dresselhaus, 2014).

Drugi cilj ovog rada bio je istraziti funkcije dvaju predstavnika obitelji MATH-BTB, proteina
pSenice iz prosirene skupine, TaMAB2, i proteina uro¢njaka iz osnovne skupine, AtBPM1 (nadalje
BPM1). Budu¢i da utiSavanje gena TaMAB2 u pSenici dovodi do letalnog fenotipa (Bauer i sur.,
2019), za istrazivanje fizioloskih uloga proteina TaMAB2 nije bilo moguce koristiti homologni
sustav. Stoga je za indirektno istrazivanje funkcije proteina TaMAB2 koriStena stabilna
transgeni¢na linija uro¢njaka koja eksprimira protein TaMAB2 obiljezen privjeskom GFP
(TaMAB-GFP; Bauer i sur., 2019). Na sli¢an naéin, za istrazivanje proteina BPM1, koristena je
transgeni¢na linija uro¢njaka koja prekomjerno eksprimira BPM1-GFP. Oba gena stabilno su
integrirana u genom i pod kontrolom su promotora virusa mozaika cvjetace 35S (eng. cauliflower
mosaic virus, CaMV 35S), osiguravajuci konstitutivnu ekspresiju fuzijskog proteina.

Prethodna istrazivanja ukazala su na uloge proteina MEL-26 i ZmMABL kao adaptera ligaze
CUL3-E3, u sklopu koje usmjeravaju ciljne proteine na razgradnju i tako sudjeluju u regulaciji
citoskeleta. Kako bi se provjerila potencijalna povezanost proteina TaMAB2 i regulacije funkcije
citoskeleta, provedena je analiza produznog rasta korijena klijanaca uro¢njaka s prekomjernom
ekspresijom TaMAB2. Duljina primarnog korijena transgeni¢nih klijanaca bila je ista kao kod
divljeg tipa, no duljina epidermalnih stanica korijena bila je statisticki znacajno vecéa kod
transgenicne linije u odnosu na divlji tip, ukazuju¢i na potencijalnu ulogu proteina TaMAB2 u
regulaciji funkcije citoskeleta. Nadalje, transgeni¢ni protoplasti s prekomjernom ekspresijom
proteina TaMAB2 analizirani su metodom Duolink te je utvrdena kolokalizacija proteina TaMAB2
s ubikvitinom u citoplazmatskim nakupinama, ukazujuci na mogucu ukljucenost proteina TaMAB2
u sastav ligaze CUL3-E3 ovisne o ubikvitinu. Ovi rezultati u skladu su s ranije pokazanom

lokalizacijom proteina TaMAB2 u citoplazmi i jezgri (Leljak-Levanic i sur., 2013) te zabiljeZenom
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interakcijom izmedu TaMAB2 i CUL3 (Bauer i sur., 2019). Sustavom dvaju kvascevih hibrida
(eng. yeast two hybrid, Y2H) provjerena je interakcija izmedu proteina TaMAB2 i citoskeletnog
regulatora Katanina iz pSenice, no zbog nespecifi¢ne interakcije u negativnoj kontroli, direktna
interakcija s Kataninom nije potvrdena. Koriste¢i transgeni¢nu liniju uro¢njaka koja prekomjerno
eksprimira TaMAB2 prethodno je proveden eksperiment uzastopne afinitetne kromatografije i
spektrometrije masa (eng. tandem affinity purification-mass spectrometry, TAP-MS), te su
otkriveni potencijalni interaktori proteina TaMAB2, izmedu ostalih, podjedinica A faktora
inicijacije translacije 4 i podjedinica G faktora inicijacije translacije 3 (Bauer i sur., 2019). Oba
proteina analizirana su u sustavu Y2H, no interakcija s proteinom TaMAB2 nije potvrdena.
Dosadasnja istrazivanja opetovano su ukazivala na funkciju proteina BPM uro¢njaka u odgovoru
nastres. S ciljem daljnje analize uloge proteina BPM1 u promijenjenim okoli$nim uvjetima, biljke
divljeg tipa uro¢njaka i/ili transgeni¢ne linije koje prekomjerno eksprimiraju protein BPM1
izloZene su uvjetima suse, solnog stresa, poviSenoj temperaturi te razli¢itim uvjetima osvjetljenja,
te su potom analizirane razli¢itim metodama. U divljem tipu je kvantitativnom metodom reverzne
transkripcije 1 lancane reakcije polimeraze (eng. quantitative reverse transcription polymerase
chain reaction, RT-gPCR) mjerena ekspresija svih $est gena BPM, dok je u transgeni¢nim linijama
hibridizacijom po Westernu mjerena stabilnost fuzijskog proteina BPM1-GFP, dok je njegova
unutarstani¢na lokalizacija analizirana fluorescencijskom mikroskopijom.

U svrhu induciranja solnog stresa, osmotskog stresa i signalne kaskade hormona ABA, biljke su
tretirane natrijevim kloridom, manitolom odnosno hormonom ABA. U divljem tipu, ovi tretmani
nisu uzrokovali znacajnu promjenu u ekspresiji gena BPM, osim u sluc¢aju gena BPM5, &ija se
ekspresija smanjila nakon tretmana manitolom, i gena BPM6, ¢ija je ekspresija porasla nakon
tretmana natrijevim kloridom. U transgeni¢nim linijama, razina proteina BPM1 nije se promijenila
nakon izlaganja osmotskom stresu i hormonu ABA, dok je tretman solnim stresom smanjio
koli¢inu proteina BPM1, najvjerojatnije putem proteasomske degradacije. Nadalje, dok su
osmotski stres 1 ABA inducirali snaznu akumulaciju proteina BPM1 u jezgri stanica korijena, solni
stres je uzrokovao difuziju signala proteina BPM1 duz stele korijena. Osim toga, proveden je test
klijavosti divljeg tipa i transgenicnih linija na hranjivim podlogama s dodatkom natrijevog klorida,
manitola i hormona ABA. Test je pokazao da su transgenic¢ne linije otpornije od divljeg tipa na
osmotski stres i stres uzrokovan hormonom ABA. S druge strane, transgeni¢ne linije bile su

jednako podlozne solnom stresu kao 1 divlji tip urocnjaka. Ovi rezultati ukazuju na potencijalnu



ulogu proteina BPM1 u odgovoru na susu, no ne i na solni stres, pri ¢emu bi nakupljanje proteina
u jezgri i stabilna koli¢ina raspolozivog proteina mogle imati znacajnu ulogu.

Radi provjere ucinka poviSene temperature na ekspresiju gena BPM te stabilnost i lokalizaciju
proteina BPM1, klijanci su inkubirani na 37 °C. U divljem tipu je nakon 3 sata tretmana zabiljezen
porast ekspresije gena BPM1, BPM2 i BPM3, s najve¢im povecanjem izmjerenim za gen BPM2.
Ekspresija gena BPM4 bila je blago smanjena, a gena BPM5 i BPM6 nepromijenjena. Nadalje,
koli¢ina proteina BPM1 znacajno je porasla nakon 1 sat i 3 sata tretmana poviSenom temperaturom,
a analiza korijena klijanaca ukazala je na njegovu snaznu akumulaciju u jezgrama epidermalnih
stanica nakon 6 sati tretmana. Ovi rezultati ukazuju da su u uvjetima povisene temperature, proteini
BPM, osim na razini genske ekspresije, regulirani i na post-translacijskoj razini, odnosno na razini
stabilnosti proteina. Porast genske ekspresije u divljem tipu te stabilizacija proteina u transgeni¢noj
liniji ukazuju na nuznost poveéane i stabilne razine raspolozivog proteina BPM1 u uvjetima
poviSene temperature, §to je u skladu s opisanom ulogom proteina BPM kao regulatora koli¢ine
transkripcijskog faktora DREB2A u sklopu odgovora na toplinski stres, radi sprje¢avanja mogucih
negativnih posljedica nakupljanja DREB2A (Morimoto i sur., 2017).

S ciljem provjere ucinka prekomjerne ekspresije proteina BPM1 na koli¢inu transkripcijskog
faktora DREB2A, napravljena je indirektna analiza ekspresije gena HsfA3 i AT4G36010, ¢iju
ekspresiju inducira DREB2A u uvjetima toplinskog stresa (Sakuma i sur., 2006b). Dok je u divljem
tipu uro¢njaka izlaganje povisenoj temperaturi uzrokovalo oc¢ekivan porast ekspresije gena HSfA3
i AT4G36010, u transgeni¢nim linijama s prekomjernom ekspresijom proteina BPM1 taj je porast
bio znafajno manji, ukazujuéi na smanjenu koli¢inu aktivnog transkripcijskog aktivatora
DREB2A. Ovaj rezultat dodatno potvrduje ulogu proteina BPM1 u degradaciji transkripcijskog
faktora DREB2A.

Za gen BPM2 zabiljezen je najveci porast ekspresije u divljem tipu nakon izlaganja povisenoj
temperaturi. Gen BPM2 ujedno ima i najveci broj varijanti alternativnog prekrajanja RNA, koje
mogu dati pet razli¢itih proteinskih produkata (BPM2.1 — BPM2.5). S ciljem provjere ucinka
poviSene i snizene temperature na alternativno prekrajanje gena BPM2, klijanci divljeg tipa
uro¢njaka izlozeni su 3 sata temperaturama 37 °C odnosno 4 °C te je metodom RT-gPCR mjerena
koli¢ina triju transkripata gena BPM2, to¢nije BPM2.3, BPM2.4 i BPM2.5. Dobiveni rezultati
ukazali su da je koli¢ina transkripta BPM2.5 znac¢ajno porasla nakon oba tretmana, ukazuju¢i na

dominantnu ulogu ove proteinske varijante u oba tipa temperaturnog stresa. Nadalje, poviSena



temperatura povecala je koli¢inu transkripta BPM2.3, a smanjila koli¢inu transkripta BPM2.4, dok
snizena temperatura nije imala znacajnog utjecaja na koli¢ine ovih transkripata. Ovi rezultati
ukazuju na dodatnu razinu regulacije aktivnosti proteina BPM uslijed temperaturnog stresa, uz
regulaciju genske ekspresije i stabilnosti proteina, $to potencijalno omogucava raznolikiji odgovor
biljaka na stres. Osim toga, varijanta BPM2.3, ¢ija se koli¢ina povecava na povisenoj temperaturi,
ne sadrzi potpunu domenu BTB, ¢ime se otvara mogucénost dodatnih uloga proteina BPM u
odgovoru na stres, koje ne zahtijevaju interakciju s proteinom CUL3 posredovanu domenom BTB.
Koli¢ina svjetlosti je, kao 1 temperatura i koli¢ina dostupne vode, okolisni ¢cimbenik koji oscilira s
obzirom na doba dana ili godine. S ciljem provjere u¢inka fotoperioda na ekspresiju gena BPM,
klijanci divljeg tipa uzgajani su u uvjetima dugog dana te su uzorkovani tijekom dana: u 12:00 i
17:00 te u 6:00 (kraj no¢nog perioda). Ekspresija je analizirana metodom RT-gPCR. Za gene BPM2
i BPM6 pokazan je statisticki znacajan porast ekspresije na kraju no¢nog perioda (6:00) u odnosu
na 12:00 i 17:00, dok je kod ostalih gena zabiljezen slican trend, ali bez statistiCke znacajnosti.
Nadalje, klijanci transgeni¢ne linije uzorkovani su svaka 4 sata tijekom perioda od 24 sata i koli¢ina
proteina BPML1 analizirana je imunodetekcijom. Rezultati ove analize pokazali su da se koli¢ina
proteina BPM1 znacajno smanjuje tijekom noci, ukazujuéi na smanjenu stabilnost i degradaciju
proteina. Konacno, s ciljem provjere unutarstani¢ne lokalizacije proteina BPM1 nakon dugotrajnog
izlaganja svjetlosti odnosno mraku, klijanci transgenicne linije analizirani su fluorescencijskom
mikroskopijom. Dok je produljeno izlaganje svjetlosti uzrokovalo karakteristiéno nakupljanje
proteina BPM1 u jezgrama epidermalnih stanica korijena, inkubacija u mraku dovela je do
disperzije signala proteina BPML1 te naposljetku do translokacije u stelu korijena. Ovi rezultati
ukazuju na regulaciju stabilnosti i unutarstani¢ne lokalizacije proteina BPM1 ovisnu o fotoperiodu,
Sto je u skladu s ranijim indikacijama o ulozi proteina BPM u regulaciji cvjetanja, gdje fotoperiod
ima vaznu ulogu (Chen i sur., 2015; Skiljaica i sur., 2020.)

S obzirom na utjecaj povisene temperature na ekspresiju gena iz obitelji BPM, posljednji cilj ovog
rada bio je odabir i validacija referentnih gena za normalizaciju vrijednosti ekspresije u metodi RT-
gPCR, u tkivima uro¢njaka izloZenima poviSenoj temperaturi. Pregledom literature i javno
dostupnih pokusa DNA mikrocipova (eng. microarray) na tkivima uro¢njaka izlozenima raznim
toplinskim tretmanima, odabrano je deset referentnih gena kandidata. Klijanci divljeg tipa
uro¢njaka i odrasle biljke u fazi cvatnje tretirane su s pet razlicitih povisenih temperatura nakon

¢ega su uzorkovani citavi klijanci, komadici listova i cvjetni pupovi. Ekspresija referentnih gena
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kandidata mjerena je metodom RT-gPCR, nakon ¢ega je stabilnost ekspresije analizirana pomocu
Cetiri razli¢ita programa za validaciju referentnih gena. U konacnici je provedena empirijska
validacija najstabilnijih gena u eksperimentu gdje je kao testni gen koristen DREB2A, a razlicite
kombinacije referentnih gena koriStene su za normalizaciju podataka. Za svaku vrstu tkiva
predlozeni su optimalni referentni geni za uporabu u analizama diferencijalne ekspresije gena

urocnjaka izlozenog povisenim temperaturama.

Kljuéne rije¢i: ABA, abiotski stres, Arabidopsis, MATH-BTB, povi$ena temperatura, prekrajanje

RNA, pSenica, referentni geni, stabilnost proteina, ubikvitin
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1. INTRODUCTION

The MATH-BTB family is comprised of proteins containing two domains, Meprin and
TRAF Homology (MATH) and Broad-complex, Tramtrack, and Bric-a-brac (BTB). Several
members of the MATH-BTB subfamily, containing both the MATH and BTB domain, have been
described in animals and plants. These proteins act as substrate-specific adaptors of E3 ubiquitin
ligases mediating proteasomal degradation of target proteins. While the BTB domain binds the
Cullin 3 (CUL3) scaffold protein of the E3 ligase, the MATH domain binds the target protein. The
target protein is thus brought in close proximity to an E2 ligase which ubiquitinates and thereby
designates the protein for degradation on the 26S proteasome (Chen et al., 2013; Gingerich et al.,
2005; Jurani¢ et al., 2012; Stogios et al., 2005, among others). The first animal MATH-BTB
proteins described as substrate-specific adaptor of an E3 ligase is MATERNAL EFFECT
LETHAL-26 (MEL-26) of Caenorhabditis elegans. MEL-26 mediates ubiquitin-dependent
degradation of MEI-1, the microtubule-severing Katanin protein. This occurs after meiosis and the
process is essential for assembly of the mitotic spindle (reviewed in Pintard et al., 2004).
MATH-BTB proteins are also broadly represented in plants. While the Arabidopsis (Arabidopsis
thaliana (L.) Heynh) genome encodes only six MATH-BTB genes (Arabidopsis thaliana BTB/POZ-
MATH1-6; AtBPM1-6), a large expansion of MATH-BTB genes occurred in grasses (Gingerich et
al., 2005; 2007; Jurani¢ & Dresselhaus, 2014). For instance, there are 69 rice (Oryza sativa L.)
MATH-BTB (OsMBTB) genes, and at least 41 estimated MATH-BTB pseudogenes (Gingerich et
al., 2007). Plant MATH-BTB genes cluster into two clades: the smaller, more conserved core clade
and the larger and more diversified expanded clade. While Arabidopsis BPM genes cluster
exclusively into core clade, the expanded clade predominantly contains MATH-BTB genes of
grasses, such as rice, maize, Sorghum bicolor and Brachypodium dystachion (Gingerich et al.,
2005; 2007; Jurani¢ & Dresselhaus, 2014).
A similar expansion of the MATH-BTB family was expected in wheat, another monocot grass
species. Furthermore, different dynamics in sequence conservation were expected between core
clade (Arabidopsis) and expanded clade (wheat) proteins. Therefore, the first research objective of
this work was a phylogenetic analysis of wheat and Arabidopsis MATH-BTB proteins. Firstly, the
Ensembl Plants database was searched against the wheat genome using TaMAB2 amino acid
sequence as query, to retrieve putative MATH-BTB genes of wheat. Putative MATH-BTB proteins

of wheat were subsequently used to build a phylogenetic tree, which also included maize, rice and
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Arabidopsis MATH-BTB proteins. Additionally, amino acid sequences of putative MATH and
BTB domains of selected core and expanded clade proteins were further analyzed to assess their
conservation statuses.

At the beginning of this PhD study, the only functionally analyzed expanded clade protein was the
maize (Zea mays L.) MATH-BTB1 (ZmMABL) protein, expressed in the male and female germ
lineages. Research on RNA interference (RNAI) mutants with downregulated ZmMAB1 showed its
involvement in nuclei positioning during mitosis-to-meiosis transition in the male and female
gametophyte, as well as in spindle apparatus formation and function during meiosis (Jurani¢ et al.,
2012). Two wheat (Triticum aestivum L.) MATH-BTB genes (TaMAB) have also been studied.
While TaMABL1 is expressed exclusively in wheat egg cells, TaMAB2 is expressed in both the
zygote and two-celled proembryos. In tobacco Bright Yellow-2 (BY-2) cells transiently expressing
TaMAB?2 tagged with green fluorescent protein (GFP), the protein localizes in and around the
nucleus, but its function in early embryogenesis has not been elucidated (Leljak-Levani¢ et al.,
2013).

The small family of core clade BPM genes in Arabidopsis has been more extensively studied. By
acting as substrate specific adaptors of CUL3-based E3 ligases, BPM proteins interact with
members of several families of transcription factors and were therefore proposed as important
regulators of various developmental processes and stress response. For instance, by mediating
degradation of transcription factor ARABIDOPSIS THALIANA HOMEOBOX 6 (ATHBG6) and
protein phosphatases type 2C (PP2Cs), BPM proteins regulate the abscisic acid (ABA) response, a
fundamental mechanism of biotic and abiotic stress response in plants (Julian et al., 2019; Lechner
etal., 2011). BPM proteins have also been linked to ethylene response. For instance, BPM proteins
negatively regulate ethylene-responsive transcription factor WRINKLED1 (WRI1), thus affecting
fatty acid metabolism and seed development in Arabidopsis (Chen et al., 2013). BPM proteins are
involved in drought response through interaction with DEHYDRATION-RESPONSIVE
ELEMENT BINDING 2A (DREB2A), a key transcription factor acting in drought and heat stress
tolerance in Arabidopsis (Morimoto et al., 2017). Additionally, BPM proteins were shown to
induce degradation of transcription factor MY B56, thus promoting flowering (Chen et al., 2015).
The second research objective of this work was a functional analysis of TaMAB2 and AtBPM1
(further referred to as BPM1). Based on TaMAB2 gene expression pattern, TaMAB2 is active

during early embryogenesis and not surprisingly, its knockout caused lethality in wheat embryos



(Bauer et al., 2019). Therefore, transgenic Arabidopsis plants overexpressing TaMAB2 (Bauer et
al., 2019) were used for further functional analyses of TaMAB2. Knockout of individual BPM
genes does not cause phenotypic changes (Lechner et al., 2011). Therefore, Arabidopsis plants
overexpressing BPM1 which exhibit multiple phenotypic differences compared to wild type
(Skiljaica et al., 2020) were used for functional analyses of BPM1. Both TaMAB2- and BPM1-
overexpressing transgenic lines were created by stable transformation using Agrobacterium
tumefaciens carrying a plasmid-borne gene cassette encoding green fluorescent protein (GFP)-
tagged TaMAB2 and GFP-tagged BPML, respectively. Both genes are integrated into the genome
and are under control of the cauliflower mosaic virus (CaMV) 35S promoter, ensuring constitutive
transgene expression.

Previous findings on MEL-26 and ZmMABL indicated their involvement in cytoskeletal regulation
via ubiquitin-dependent degradation of target proteins. To test possible involvement of TaMAB2
with cytoskeletal network in Arabidopsis, plants overexpressing TaMAB2 were analyzed for
differences in primary root length and root epidermal cell length. Additionally, to test the
hypothesis that TaMAB2 acts as an adapter in the ubiquitin-dependent Cul3-E3 ligase, the co-
localization of TaMAB2 and ubiquitin was analyzed in situ using Duolink proximity ligation assay
(PLA). Finally, based on results of a previous tandem affinity purification experiment using
Arabidopsis plants overexpressing TAP-tagged TaMAB2, a yeast two hybrid (Y2H) assay was
performed to analyze direct protein-protein interactions of TaMAB2 with two putative interactors,
namely subunit A of the translation initiation factor 4 and subunit G of the translation initiation
factor 3. Additionally, cytoskeletal regulator Katanin from wheat was tested for direct protein-
protein interaction with TaMAB2 in Y2H.

Previous research showed that BPM proteins are involved in various stress response pathways.
Therefore, the initial hypothesis was that various stress conditions and/or changes in environmental
stimuli, such as the amount of light exposure, would affect BPM protein levels, either
transcriptionally at the level of gene expression, or by differential splicing, or post-translationally
at the level of protein degradation. To study the effect of salt stress, osmotic stress, ABA-induced
stress and/or elevated temperature on endogenous BPM genes, wild type Arabidopsis seedlings
were treated with NaCl, mannitol, ABA or elevated temperature, respectively, and differential gene
expression was measured by quantitative reverse transcription PCR (RT-gPCR). To analyze the

stability of transgenic BPML1 protein after exposure to the same stressors, transgenic BPM1-



overexpressing seedlings were treated and subsequently used for whole protein extraction and
Western blotting using anti-GFP antibody. Additionally, subcellular localization of transgenic
BPML1 protein was analyzed by fluorescence microscopy of seedling roots. To analyze tolerance
of BPM1 overexpressors to salt, osmotic and ABA-induced stress, a germination assay was
performed on wild type and transgenic seeds. BPM proteins presumably directly interact with
DREB2A to mediate its proteasomal degradation in conditions of elevated temperature (Morimoto
et al., 2017). To analyze the effect of BPM1 overexpression on the amount of transcription factor
DREB2A, an indirect study was performed, measuring differential expression of DREB2A
downstream targets, HsfA3 and AT4G36010, in seedlings of wild type and BPM1 overexpressors
after exposure to elevated temperature.

Compared to other BPM genes, BPM2 showed highest upregulation after exposure to elevated
temperature. To assess whether temperature affects differential splicing of BPM2 gene, wild type
seedlings were exposed to elevated temperature or cold stress and changes in transcript abundance
of three BPM2 splicing variants were analyzed by RT-qPCR.

Furthermore, the effect of light on BPM gene expression, and BPM1 protein stability and
localization was analyzed. To test whether photoperiod affects expression of endogenous BPM
genes, wild type Arabidopsis seedlings were harvested at different time points during the day and
differential gene expression was analyzed. Additionally, transgenic BPM1 protein stability was
analyzed by Western blotting, using seedlings harvested at different time points of the day. Finally,
to assess whether continuous exposure to light or dark affects subcellular localization of transgenic
BPML1 protein, seedlings were incubated in either light or dark and analyzed by fluorescence
microscopy of seedling roots.

The third objective of this doctoral work was validation of reliable reference genes for use in RT-
gPCR experiments employing elevated temperatures in different Arabidopsis tissues. Ten
candidate reference genes were selected based on literature review and publicly available
microarray data from experiments on Arabidopsis tissues exposed to various heat treatments. Wild
type Arabidopsis seedlings and adult plants were exposed to a series of elevated temperatures,
followed by harvesting of whole seedlings, leaves and flower buds. Expression levels of selected
genes were measured by RT-gPCR. Expression stability of each gene was assessed with four

different types of reference gene validation programs. For each tissue type, an optimal combination



of two reference genes was suggested for use in temperature-dependent relative gene expression

analyses.

2. LITERATURE OVERVIEW

2.1. The ubiquitin pathway

Degradation of cellular proteins is an evolutionarily conserved, highly complex and tightly
regulated process involved in various molecular pathways during a cell’s lifespan. The importance
of protein degradation is highlighted by genomic analyses of plant genomes. For instance, a
remarkable 6% of the Arabidopsis thaliana genome encodes proteins involved in the ubiquitin/26S
proteasome degradation system and related functions. This large assortment of more than 1400
gene loci produces a complex network of proteins which maintain and regulate molecular
mechanisms involved in plant growth, hormonal signaling, abiotic stress, immunity,
embryogenesis, and senescence (Sharma et al., 2016; Vierstra, 2009). The ubiquitin-dependent 26S
proteasome pathway, or the ubiquitin (Ub) pathway is largely responsible for timely degradation
of target proteins. The pathway is driven by the activity of three enzymes, named E1-3. First, the
ubiquitin-activating enzyme E1 activates Ub in an ATP-dependent manner. Next, the activated
ubiquitin is transferred to a cysteine residue of an E2 conjugating enzyme before the ubiquitin is
covalently attached to the substrate protein. Finally, the E3 ubiquitin ligase enzyme plays the role
of a mediator in this process: it “selects” and binds the substrate protein and positions it in close
vicinity of the E2 conjugating enzyme, which allows its ubiquitination (Hershko & Ciechanover,
1998; Smalle & Vierstra, 2004). In general, during target ubiquitination, an isopeptide bond is
formed between the C-terminus of ubiquitin and the &-NH> group on a substrate lysine, and the
protein ends up either monoubiquitinated, multi-monoubiquitinated or polyubiquitinated, the last
modification usually leading to protein degradation in the 26S proteasome. The fate of a
ubiquitinated protein additionally depends on the site of linkage formation within the ubiquitin
molecule. For instance, Lys11-, Lys29-, Lys48-, and Lys63-linked chains often lead to proteasomal
degradation, with Lys11- and Lys48-linked chains triggering degradation more frequently than
other modifications (Komander & Rape, 2012). Additionally, Lys63 polyubiquitination was shown

to have important proteasome-independent roles in cellular processes such as endocytosis,



autophagy and translation, and physiological processes such as hormonal responses, development,
biotic interactions, nutrition and others (Romero-Barrios & Vert, 2018).

In general, plant genomes encode only a few E1 and E2 enzymes, and numerous E3 ligases. For
example, the Arabidopsis genome encodes two E1 enzymes (Hattfield et al., 1997), 37 E2 enzymes
(Kraft et al., 2005), but 1415 predicted E3 ligases (Mazzucotelli et al., 2006). The specificity of the
Ub pathway is largely conferred by the differential activity of E3 ligases and their adaptor
components which recognize and bind different target proteins (Genschik et al., 2013). Plant E3
ligases are classified into three major groups based on their subunit composition: (1) U-box E3
ligases, (2) HOMOLOGOUS TO THE E6-AP CARBOXYL TERMINUS (HECT) E3 ligases, and
(3) REALLY INTERESTING NEW GENE (RING)-finger E3 ligases (Chen & Hellman, 2013).
By regulating protein levels of their target proteins, E3 ligases are involved in many biological and
developmental processes in plants, such as photomorphogenesis, hormone signaling, biotic stress,
as well as abiotic stress responses, such as response to salt, drought, heat, and cold (Chen &
Hellmann 2013; Al-Saharin et al., 2022).

RING-finger E3 ligases can be divided into single-subunit and multi-subunit complexes. The
difference between the two groups of RING E3 ligases is indicated by their name: while the former
type contains a single polypeptide bridge between the E2 enzyme and the substrate, the latter is
constituted by several subunits, each with its own role in the complex. Multi-subunit RING E3s
are the most diverse group of E3 ligases. The common architecture of all multi-subunit RING
ligases is made up of three parts: (1) a central scaffolding subunit made up of a cullin (CUL) or a
cullin-like protein, (2) a RING-finger protein which binds the E2 ligase and (3) an adaptor protein
which binds substrates for ubiquitination. The cullin is bound to the RING-finger protein on one
side and the adaptor protein on the other side (Chen & Hellmann, 2013). In plants, multi-subunit
RING E3 ligases include CUL3-based E3 ligases, CUL1-based SKP1-CULLIN-F-BOX (SCF)
complexes, CUL4-based E3 ligases and the ANAPHASE PROMOTING COMPLEX (APC) based
on a cullin-like protein APC2 (reviewed in Chen & Hellmann, 2013; Genschik et al., 2013;
Risseeuw et al., 2003). The activity of cullin-RING E3s is regulated in different ways. For instance,
the cullin protein can be covalently linked to a small, 76 amino-acid protein called RELATED TO
UBIQUITIN (RUB; known in animals as NEDDS8; neural precursor cell expressed,
developmentally downregulated 8) in a process termed rubylation (neddylation). Cullin rubylation
is promoted by a RING-finger protein RING-BOX 1 (RBX1), which is common for all cullin-



RING E3s. It was proposed that rubylation of cullin causes a conformational change in subdomains
of the cullin and RBX1 subunits, which favors substrate ubiquitination (Schwechheimer &
Mergner, 2014). It was also shown that association of human NEDD8 to CUL3 promotes
dimerization of CUL3 and thus activates the E3 ligase (Wimuttisuk & Singer, 2007). The conjugate
is removed in a process termed derubylation (deneddylation), and research indicates that a
derubylated cullin state is necessary for binding of the exchange factor CULLIN ASSOCIATED
NEDDS8 DISSOCIATED 1 (CANDZ1), which promotes exchange of substrate receptor subunits and
as such modulates the cell’s repertoire of RING-E3s’ substrates (Schwechheimer & Mergner,
2014). Regulation of cullin-RING E3 ligase activity by rubylation and derubylation is essential for
plant growth and development, which is evidenced in Arabidopsis by an embryo lethal phenotype
of a double knockout mutant of two redundant RUB proteins, RUB1 and RUB2 (Bostick et al.,
2004).

Arabidopsis CUL3 proteins come in two functionally redundant forms, CUL3A and CUL3B
(Figueroa et al., 2005; Risseeuw et al., 2003). Due to their functional redundancy, there have been
multiple attempts at obtaining a viable double cul3 mutant in which both proteins are non-
functional. Transgenic plants in which only the CUL3B gene is disrupted by a T-DNA insertion at
the beginning of the coding sequence (cul3b-1 line) develop normally and exhibit full fertility
(Thomann et al., 2005). However, as multiple studies have shown, loss-of-function mutants of both
CULB3A and CUL3B exhibit embryo lethality and plants are unable to develop past the embryonic
stage (Figueroa et al., 2005; Gingerich et al., 2005; Thomann et al., 2005). The next attempt at
creating a viable double mutant consisted in combining two T-DNA insertion lines, the
aforementioned cul3b-1 mutant and a CUL3A mutant called cul3a-3 (Thomann et al., 2009). Like
cul3b-1, the homozygous cul3a-3 mutant plants are fully viable and fertile (Thomann et al., 2005,
2009). The cul3a-3 mutant has an insertion at the very end of the CUL3A coding sequence, which
creates a mutation by which the last two amino acids of the protein are replaced by an eight-residue
peptide. The mRNA transcript is truncated and of lower abundance, and the resulting protein
product is hyper-rubylated (Thomann et al., 2009). As mentioned previously, rubylation is a
covalent modification of a cullin protein, which promotes an active conformational state favoring
substrate ubiquitination by the E3 ligase, while derubylation promotes normal activity of cullin-
RING E3 ligases by means of substrate exchange (Schwechheimer & Mergner, 2014).
Derubylation of modified CUL3A appears to be hindered in the cul3a-3 mutant (Thomann et al.,



2009). The double homozygous cul3a-3 cul3b-1 mutant (termed the cul3 hypomorph; cul3™P) is
viable but a portion of its progeny exhibits several developmental defects, most apparent as
seedlings with a single, three or fused cotyledons and abnormal cotyledon vasculature. At a later
stage of development, cul3™P plants exhibit reduced rosette size and a delay in flowering (Thomann
et al., 2009). These strong and weak double mutant phenotypes suggest an essential role of CUL3A
and CUL3B during embryo development (Figueroa et al., 2005; Gingerich et al., 2005; Thomann
et al., 2005) and post-embryonic stages of development (Thomann et al., 2009), respectively.

2.2. MATH-BTB proteins as adaptors of CUL3-based E3 ligases

Nearly two decades ago, several studies first showed the basic structure of plant CUL3-based E3
ligases. The central scaffold of the complex is the CUL3 protein which binds RBX1 as the RING-
finger protein and a substrate adaptor from a family known as BTB/POZ proteins, or simply BTB
proteins (Dieterle et al., 2005; Figueroa et al., 2005; Gingerich et al., 2005; Weber et al., 2005).
The nucleotide sequence of the BTB domain was originally identified as a motif in a DNA virus
and was later found in all known eukaryotes, in numbers which greatly vary between species. The
BTB domain is a highly versatile protein-protein interaction domain which can enable dimerization
and oligomerization in interactions involving either another BTB protein or a non-BTB protein
(Perez-Torrado et al., 2006). The core BTB sequence consists of 95 amino acids organized in five
a-helices and three B-strands, making up a highly conserved tertiary structure (Stogios et al., 2005).
The variability of BTB domain-containing proteins is maintained through the secondary motif
which usually follows the N-terminal core BTB region. For instance, in plants, the BTB domain is
followed by motifs such as MATH, ankyrin, armadillo, pentapeptide and tetratricopeptide (TPR)
repeats, and transcriptional adapter zinc finger (TAZ), and non-phototropic hypocotyl (NPH3)
domains (Gingerich et al., 2005, 2007; Stogios et al., 2005). Not all secondary motifs are present
in all species. For instance, the Kelch and Zinc finger motifs in combination with the BTB domain
are highly represented in vertebrates but do not appear in higher plants (Gingerich et al., 2005;
Perez-Torrado et al., 2006). Specificities also exist among species of the same kingdom. For
example, BTB-NPH3 proteins are found in Arabidopsis but not in rice (Gingerich et al., 2007).
With their high variability and versatility of association, proteins containing a BTB domain take

part in multiple cellular processes, from actin dynamics (Hara et al., 2004), cell cycle regulation



(Masuda et al., 2008) to hematopoiesis and immunity (Siggs & Beutler, 2012), and their functions
are often executed via transcriptional regulation (Perez-Torrado et al., 2006; Siggs & Beutler,
2012). Although BTB proteins serve a wide variety of purposes, they have been extensively
described as substrate-specific adaptors of CUL3-based E3 ligases. In this complex, the BTB
domain interacts with CUL3 and the specificity of substrate binding is ensured by the secondary
motif, which binds specific substrates and targets them for proteolytic degradation (Canning et al.,
2013; Lechner et al., 2011; Narahara et al., 2019; Weber et al., 2005; Weber & Hellmann, 2009,
among others).

As mentioned previously, one of the secondary motifs present in plants is the MATH domain,
which is also one of the five most prevalent secondary motifs in BTB domain-containing proteins
(Perez-Torrado et al., 2006). The MATH domain is broadly represented in eukaryotes and is
comprised of seven anti-parallel B-helices which allow it to participate in protein-protein
interactions. Proteins containing a MATH domain commonly contain additional domains, such as
peptidases, RING and zinc finger, filamin and RIuA domains, the BTB domain, tripartite motif and
astacin domains. Unlike BTB proteins, MATH-containing proteins seem to be exclusively involved
in regulation of protein processing and ubiquitination (Zapata et al., 2007). Interestingly, in proteins
containing both a MATH and a BTB domain (MATH-BTB proteins), the BTB domain is found C-
terminal to its partner MATH domain, whereas a reversed scenario occurs in other BTB proteins.
Additionally, unlike some other BTB subfamilies, MATH-BTB proteins are highly conserved
across their full length (Stogios et al., 2005). The evolutionary stability of the MATH-BTB family
is also highlighted by a study which calculated the frequency of two-domain combinations in
proteins of organisms with completely sequenced genomes. Here, the MATH-BTB combination
was the 10th most frequent one (Vogel et al., 2004).

In Arabidopsis BPM proteins, the BTB domain is followed C-terminally by the BTB AND C-
TERMINAL KELCH (BACK)-AtBPM-like domain, further referred to as BACK domain (Pfam
database, NCBI). The BACK domain has not been characterized in detail as part of MATH-BTB
proteins in Arabidopsis. However, it was found to be highly conserved in metazoan genomes and
often present in plant BTB-Kelch proteins (Stogios and Privé, 2004).

The first MATH-BTB protein described as a substrate-specific adaptor of a CUL3-based E3 ligase
was MEL-26 of C. elegans. MEL-26 mediates proteolytic degradation of a microtubule-severing

protein MEI-1, which is necessary for normal progression of the meiosis-to-mitosis transition.



Specifically, degradation of MEI-1 is a prerequisite for normal assembly of the mitotic spindle
during early embryogenesis (Pintard et al., 2003). In Drosophila melanogaster, a MATH-BTB
protein called Hh-INDUCED BTB (HIB) regulates the turnover of the transcription factor
CUBITUS INTERRUPTUS (Ci), involved in the Hedgehog signaling pathway, and as such
regulates eye development. By designating Ci for degradation, HIB inhibits its transcriptional
activity in the Drosophila eye disc posterior to the morphogenic furrow, which in turn blocks the
Hedgehog pathway and enables normal development of the eye (Zhang et al., 2006). This
regulatory process is highly conserved between Drosophila and vertebrates. In the mouse genome,
two HIB homologs exist, named SPECKLE-TYPE POZ PROTEIN (SPOP). It was shown that
expression of SPOP in eye discs of Drosophila hib mutants also results in Ci degradation (Zhang
et al., 2006). Additionally, experiments in mammalian cell lines showed that SPOP binds
transcription factors Gli2 and Gli3 (homologs of Ci) and targets them for degradation, playing an
important role during mouse development (Chen et al., 2009). The human genome also contains
two genes encoding SPOP proteins, termed SPOP and SPOPL, which are highly similar in both
sequence and function. Similar to other MATH-BTB substrate adaptors, the SPOP protein has an
N-terminal MATH domain which binds targets for degradation, the internal BTB domain followed
by the BACK domain, and a C-terminal nuclear localization sequence (Errington et al., 2012;
Zhuang et al., 2009). DNA sequence mutations and aberrant expression levels of SPOP have been
observed in human disease, specifically prostate tumors as well as in kidney, breast, colorectal,
thyroid and other cancers (reviewed in Clark & Burleson, 2020).

To date, members of the plant MATH-BTB protein family have been researched in a handful of
species, with A. thaliana being the primary model plant in these studies. The phylogeny and
functions of known plant MATH-BTB proteins will be addressed in the following sections.

2.3. Phylogeny of the plant MATH-BTB family

The MATH-BTB family was shaped by species-specific evolutionary processes, resulting in
different family profiles in species which diverged a long time ago, such as Homo sapiens, C.
elegans and A. thaliana but also between more closely related groups of species. For instance, grass
plant species had their own specific and rather robust evolutionary pathway compared to other land

plant species. In C. elegans, there have been reports of 95 MATH proteins and 178 BTB proteins
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(Stogios et al., 2005 and references cited therein). Of these two largely expanded groups, a subset
of 46 proteins belongs to the MATH-BTB family, which makes this family broadly represented in
C. elegans (Stogios et al., 2005). Like in C. elegans, the H. sapiens BTB family is also expanded,
but the MATH-BTB expansion did not occur. In their review of CUL3-BTB complexes, Pintard et
al. (2004) report 208 BTB proteins in H. sapiens, and a later phylogenetic analysis reports 183
BTB members, of which only two belong to the MATH-BTB family (Stogios et al., 2005).

Plants are equally diverse in this aspect. In A. thaliana, early studies report 59 MATH genes
(Oelmuller et al., 2005) and 77 BTB genes (Stogios et al., 2005). Additional phylogenetic analyses
of the MATH-BTB gene family reveal 80 BTB genes, of which six belong to the MATH-BTB family
(Gingerich et al., 2005, 2007). Together, these early analyses indicate no significant expansion of
the MATH-BTB family in a eudicot species A. thaliana.

However, a significant MATH-BTB expansion occurred in rice, a monocot species. The first
preliminary study of BTB genes in the rice genome reports 112 potential genes (Gingerich et al.,
2005). A more exhaustive study reports 149 BTB domain—encoding genes and 43 putative
pseudogenes, of which at least 69 are MATH-BTB genes, with five additional BTB genes with
MATH-related domains, and another 41 genomic loci predicted to be MATH-BTB pseudogenes
(Gingerich et al., 2007). A phylogenetic inference of BTB domain-containing proteins in the most
recent common ancestor (MRCA) of rice and Arabidopsis revealed an estimate of 56 BTB genes
in the MRCA. While the Arabidopsis BTB family underwent a relatively slight (42%) increase
since the monocot-eudicot split, the rice BTB family nearly tripled in size and this was largely due
to the great expansion of the MATH-BTB family, which went from three members in MRCA to 74
members in rice (Gingerich et al., 2007). Another phylogenetic analysis confirmed the presence of
69 MATH-BTB rice genes (Jurani¢ & Dresselhaus, 2014). However, a more recent study of MATH
domain-encoding sequences in the rice genome reports 69 MATH genes, of which only 55 encode
both a MATH and a BTB domain (Kushwaha et al., 2016).

A significant expansion was also reported in Sorghum bicolor, another grass monocot species, with
41 MATH-BTB genes and at least 27 MATH-BTB pseudogenes (Gingerich et al., 2007). A later
analysis found additional 51 members, making up a total of 92 MATH-BTB genes in Sorghum
(Jurani¢ & Dresselhaus, 2014). These results indicated similar evolutionary dynamics as those that
shaped the rice MATH-BTB family. Two other grass species are characterized by expansion of the

MATH-BTB gene family. Maize, a grass monocot related to Sorghum, contains 31 MATH-BTB
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genes (Jurani¢ et al., 2012) and Brachypodium dystachion, a grass monocot species closely related
to wheat and barley, contains 49 MATH-BTB genes (Jurani¢ & Dresselhaus, 2014).

Not all plant species underwent an expansion of the MATH-BTB family. An analysis of MATH
genes in the Brassica rapa genome revealed 90 MATH domain proteins, of which 11 are MATH-
BTB proteins (Zhao et al., 2013). An analysis of BTB genes in the Solanum lycopersicum genome
revealed 38 BTB genes, of which two are confirmed as MATH-BTB genes and additional three
cluster alongside them into a MATH-related subclade of tomato BTB genes (Li et al., 2018).
Multiple other land plant species, including monocots (ancestral wheat Triticum monococcum, and
banana Musa acuminata), eudicots (Medicago truncatula, poplar Populus trichocarpa and
grapevine Vitis vinifera), gymnosperms (pine Pinus taeda), mosses (Physcomitrella patens) and
bryophytes (Selaginella moellendorffi) were all reported to contain less than eight MATH-BTB
genes, indicating no significant expansion of this gene family (Gingerich et al., 2007; Jurani¢ &
Dresselhaus, 2014).

The two most comprehensive phylogenetic analyses of all known plant MATH-BTB genes have led
to similar yet, in one aspect, markedly different conclusions. The first analysis by Gingerich et al.
(2007) shows clustering of MATH-BTB genes into two distinct clades. One is the smaller core
clade, and the other is the large, expanded clade. The core clade contains MATH-BTB genes of
eudicots A. thaliana, M. truncatula and poplar, and all other non-monocot species in which no
expansion occurred. The core clade also contains two rice and four Sorghum genes, as the only
examples of a monocot species genes. The expanded clade contains the remaining 64 rice and 39
Sorghum MATH-BTB genes as well as the single MATH-BTB gene which was, at the time,
identified in the monocot T. monococcum. The clustering of genes seemed to be based on whether
they belonged to a monocot or a non-monocot species, which led to the hypothesis that the
expanded clade is monocot-specific. The authors suggest that the large expansion of the MATH-
BTB family characterized the evolution of monocot plants, as a means of adaptation to increasingly
dynamic changes in environment following the monocot-dicot split (Gingerich et al., 2007). This
original phylogenetic analysis was extended by Jurani¢ & Dresselhaus (2014) in a study which
includes the MATH-BTB sequences used in Gingerich et al. (2007), and additional sequences of
genomes which have become available in the meantime, such as maize (a grass monocot) and
banana (a non-grass monocot). Again, MATH-BTB genes clustered into core clade and expanded

clade. However, unlike the original analysis in which all monocot species were also members of
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the Poaceae family (grasses), here a non-grass monocot species (banana) was included and
surprisingly, its genes clustered into the core-clade, along with other non-monocot genes, while the
expanded clade consisted exclusively of grasses’ MATH-BTB sequences. This analysis showed that
the expanded clade is, in fact, grasses-specific and that the significant expansion of MATH-BTB
genes is an adaptation to specific evolutionary pathways shaping the Poaceae family, and not the
monocot lineage (Jurani¢ & Dresselhaus, 2014).

The two clades of MATH-BTB genes significantly differ at the level of evolutionary conservation.
The core clade is highly conserved among nine diverse land plant species analyzed in Gingerich et
al. (2007), which was additionally confirmed by the calculation of 60 to 84% amino acid identity
with almost no gaps between sequence alignments of core clade proteins (Jurani¢ & Dresselhaus,
2014). Additionally, core clade genes are conserved at the level of gene structure, with most genes
containing four exons, and the positions of the intron/exon junctions conserved to the nucleotide
(Gingerich et al., 2007). By contrast, the grasses-specific expanded clade shows high levels of
sequence divergence (Gingerich et al., 2007), with an average of 45% identical amino acids
between sequence alignments (Jurani¢ & Dresselhaus, 2014). Sequence divergence among
expanded clade members is particularly prominent within the target-hunting MATH domain, which
is more diverged than the scaffold-binding BTB domain (Gingerich et al., 2007). The highly
divergent expanded clade further clusters into five smaller subclades, annotated E1 to E5 (Jurani¢
& Dresselhaus, 2014). Unlike core clade members, the coding regions of expanded clade MATH-
BTB loci contain only one predicted exon uninterrupted by obvious introns (Gingerich et al., 2007).
Another interesting distinction between core and expanded clade genes is their chromosomal
location. While core clade genes are exclusively single copies scattered on different chromosomal
locations, the majority of Sorghum, Brachypodium, and rice MATH-BTB genes of the expanded
clade are located in gene clusters or in close proximity on the same chromosome (Jurani¢ &
Dresselhaus, 2014).

Clustering of MATH-BTB genes into two groups with distinct evolutionary backgrounds prompted
questions regarding the function of each group. Evolution of protein-coding genes is driven, among
other mechanisms, by point mutations. Point mutations can lead to either a synonymous nucleotide
substitution, encoding the same amino acid as before the mutation, and a non-synonymous
nucleotide substitution, encoding a new amino acid. Evaluation of the ratio of nonsynonymous

distance (Ka) to synonymous distance (Ks) in the core and expanded clades showed that in the core
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clade, the MATH domain is under a strong purifying selection, meaning that synonymous
nucleotide substitutions are favored in order to prevent a change in amino acids. On the other hand,
the diversification of the expanded clade seems to be driven by positive selection of
nonsynonymous substitutions (Gingerich et al., 2007). It was suggested that the overrepresentation
of positively selected sites in the expanded group reflects a pressure for diversification aimed at
coping with diversification of their fast-evolving targets (Gingerich et al., 2007). For instance,
Thomas (2006) suggests that possible substrates of the highly expanded MATH-BTB family in C.
elegans are pathogen proteins, which are under strong positive selection to avoid detection and
inactivation by the host. Conversely, proteins of the highly conserved core group most likely
recognize targets with more stable evolutionary histories, which are possibly involved in essential
cellular functions (Gingerich et al., 2007; Jurani¢ & Dresselhaus, 2014).

2.4. Functional roles of plant MATH-BTB proteins

2.4.1. Maize, wheat, tomato and rice MATH-BTB proteins

The first functionally studied MATH-BTB protein belonging to a grass species was
ZmMABL protein of maize. The ZmMAB1 gene is expressed in the male and female germline,
especially post-meiosis and during early mitotic stages of embryo development (Jurani¢ et al.,
2012; Jurani¢ & Dresselhaus, 2014), as well as in the maize zygote during asymmetric cell division
(Jurani¢ et al., 2012). The maize ZmMAB1 mutant exhibits severe developmental defects in the
male and female germlines. In 40% of mabl (RNAIi) mutants of maize, polar nuclei separation and
migration is arrested during the first mitotic division of female germline cells. Developmental
arrests occur either at the one- or two-nucleate stage, containing both nuclei attached to each other
or two nuclei that are not properly separated (Jurani¢ et al., 2012). Additionally, in a subset of mab1
(RNAI) mutants there is no asymmetric cell division during the first mitotic divisions of the male
germline. Instead, several mutant phenotypes occur, such as the formation of two attached
vegetative-like nuclei of identical size containing large nucleoli but lacking cellularization, or two
separated vegetative-like nuclei lacking cellularization (Jurani¢ et al., 2012). During male meiosis
in mabl (RNAI) mutant microsporocytes, some chromosomes are not properly pulled toward

spindle poles and are lost during the anaphase—telophase transition at meiosis I. During meiosis 11,
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the spindle apparatus is significantly shorter in mutant dyads than in wild type and the resulting
tetrads consist each of two pairs of microspores containing nuclei not properly separated from each
other. A large portion of these tetrads undergo apoptosis (Juranic et al., 2012).

ZmMABL interacts with CULS3, itself and Katanin subunit p60 of Arabidopsis, suggesting
ZmMAB1-mediated regulation of Katanin degradation via CUL3-based E3 ligase activity (Jurani¢
et al., 2012). Expression of two closely related maize MATH-BTB genes, ZmMAB2 and ZmMAB3
is also germline-specific. In the male gametophyte, ZmMAB2 is most strongly expressed during
meiosis and at the uninucleate stage, while ZmMAB3 expression is barely detectable during all
developmental stages. In the female gametophyte, ZmMAB2 is constitutively expressed at all stages
and ZmMAB3 mostly during late cellularization events. Based on their expression profiles, the
authors suggest temporally and spatially specific functions of the three ZmMMAB proteins (Jurani¢
& Dresselhaus, 2014).

To date, three MATH-BTB genes of wheat were studied at the level of gene expression, namely
TaMAB1-3. Similar to ZmMAB genes of maize, TaMAB1 and TaMAB2 exhibit temporally and
spatially different expression profiles during reproductive development of wheat. TaMAB1 is
expressed exclusively in wheat egg cells, while TaMAB?2 is expressed in the zygote and two-celled
proembryos. Conversely, TaMAB3 is expressed in a ubiquitous manner, throughout all tested
generative and vegetative tissues (Leljak-Levani¢ et al., 2013). Finally, in tobacco BY-2 cells
transiently transformed with GFP-tagged TaMAB2, the fusion protein localizes in and around the
nucleus, but its function in wheat reproduction has not been determined (Leljak-Levani¢ et al.,
2013).

Compared to known MATH-BTB genes of maize and wheat, a somewhat different expression
profile has been reported for MATH-BTB genes of tomato, a non-grass species. Here, microarray
data analysis showed that all five BTB genes in a MATH-related cluster are constitutively expressed
in various vegetative tissues at various developmental stages (Li et al., 2018).

Using microarray data, Kushwaha et al. (2016) analyzed the expression of 54 rice genes encoding
a single MATH and a single BTB domain (annotated as OsMB) in order to elucidate genes with
higher expression throughout all developmental stages and tissues, as well as during biotic stresses.
Several highly expressed genes were additionally validated by RT-gPCR after exposure to drought
and salt stress. Out of all highly expressed genes, OsMB11 seems to be ubiquitously expressed in

all the tissues, developmental stages, as well as during biotic and abiotic stresses, however,
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functional analyses are yet to be published (Kushwaha et al., 2016). To the best of my knowledge,
no rice MATH-BTB proteins with more specific expression profiles have been studied in detail at
the time of writing this dissertation.

2.4.2. Arabidopsis BPM proteins

A small family of Arabidopsis MATH-BTB genes (BPMs) was more extensively studied. Lechner
etal. (2011) report similar levels of expression of all six BPM genes in various organs, with highest
expression in flower buds and open flowers. Although two earlier studies report more pronounced
differences in tissue-specific expression levels between individual genes (Weber et al., 2005;
Weber & Hellmann, 2009), all studies confirm constitutive expression of BPM genes and suggest
functional redundancy. Furthermore, Arabidopsis T-DNA insertion lines of several individual
BPM genes were found to exhibit wild type-like phenotype under control conditions (Lechner et
al., 2011).

BPM proteins interact with several types of transcription factors and target them for proteasomal
degradation via CUL3-based E3 ligase activity and thus play regulatory roles in various cellular
and developmental processes (Lechner et al., 2011; Chen et al., 2013, 2015; Morimoto et al., 2017).
For instance, BPM proteins were shown to regulate flowering, a developmental process which is
also dependent on environmental conditions. In Arabidopsis, a transcription factor MYB56 of the
R2R3-MYB family negatively regulates the expression of FLOWERING LOCUS T (FT, also
referred to as the florigen), which is a key activator of flowering (Chen et al., 2015). BPM proteins
are directly involved in regulation of flowering through binding of MYB56, which results in
MYB56 instability and consequently, promotion of flowering (Chen et al., 2015). Similarly, BPM
proteins were shown to directly interact with MYB106, another negative regulator of FT
expression. The authors suggest that MYB106 protein levels are modulated via Cul3-based E3
ligase activity, which in turn regulates FT expression and flowering (Hong et al., 2021).
Involvement of BPM proteins in flowering was also demonstrated by phenotypic changes of
6xamiBPM mutant Arabidopsis lines with significantly reduced expression of all six BPM genes.
Besides a significant delay in primary root growth, reduced number of lateral roots and aberrations

in shoot development, the 6xamiBPM plants are heavily affected in flower development, exhibiting
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a late flowering phenotype, fewer leaves at the beginning of flowering, reduced rosette size and
smaller flowers in fewer numbers (Chen et al., 2013).

Several other MYB transcription factors were indicated as potential targets of BPM proteins,
namely MYB1, MYB25 and MYB109. Although the authors do not directly show that the Cul3-
BPM complex mediates degradation of these transcription factors, they show that BPMs directly
interact with all three transcription factors, and provide evidence that their degradation is mediated
by the 26S proteasome (Beathard et al., 2021). Contrary to the two previously mentioned MYB
transcription factors which are involved in flowering regulation, MYB25 was shown to have a role
in abiotic and biotic stress response (Beathard et al., 2021).

BPMs are additionally involved in regulation of phytohormone ABA response (Julian et al., 2019;
Lechner et al., 2011), a central mechanism by which plants respond to adverse environmental
circumstances. During abiotic and biotic stress, ABA levels generally rise and the newly abundant
phytohormone introduces various physiological changes with the aim to protect the plant from
negative consequences of stress exposure. For instance, ABA promotes stomatal closure to prevent
intracellular water loss and inhibits seed germination to postpone seedling growth to a period of
more favorable external conditions (reviewed in Tuteja, 2007). ABA triggers abiotic stress
response through multiple transcriptomic pathways, i.e. by regulating expression of various stress-
responsive genes (reviewed in Cutler et al., 2010; Sreenivasulu et al., 2012; Vishal & Kumar, 2018,
among others). During drought, ABA triggers accumulation of osmolytes and synthesis of proteins
which maintain cellular water status and protect other proteins and cellular organelles from
collapsing under water stress (Sreenivasulu et al., 2012). Additionally, cellular ABA levels
fluctuate depending on intrinsic developmental programs (Finkelstein et al., 2002; Vishal &
Kumar, 2018). ABA signaling begins with, among others, a class of protein phosphatases type 2C
(PP2Cs) which inhibit the activity of a class of SNF1-related protein kinases (ShnRK2s). Upon stress
exposure, PP2Cs are inactivated and SnRK2s are relieved of inhibition and can phosphorylate and
thus enhance the activity and stability of many ABA-responsive transcription factors, among other
types of mediators. These TFs act as master switches which regulate transcription of downstream
gene targets (reviewed in Cutler et al., 2010). One example is ATHB6, a member of the class |
homeodomain-leucine zipper (HD-Zip) family of transcription factors. ATHB6 binds to its own
promotor and induces ATHB6 upregulation (Himmelbach et al., 2002; S6derman et al., 1999) and

the accumulated TF acts as a negative regulator of ABA response (Himmelbach et al., 2002). This
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is where BPM proteins come into play. First, it was shown that all six BPMs bind ATHB6 and
target it for proteasomal degradation, thus acting as positive regulators of ABA response (Lechner
etal., 2011). Secondly, a recent study reported that two members of the BPM family, namely BPM3
and BPM5 also target the major inhibitors of ABA-response, PP2Cs, for proteasomal degradation
(Julian et al., 2019). This was an important finding in light of the fact that most PP2Cs are
significantly upregulated (up to 75-fold) in response to ABA treatment, drought, salt and osmotic
stress, a phenomenon explained in terms of higher plasticity of ABA response (Szostkiewicz et al.,
2010). Julian et al. (2019) suggest that degradation of PP2Cs by BPMs serves to counteract ABA-
induced accumulation of PP2Cs and to restore phosphatase levels that allow efficient ABA
signaling (Julian et al., 2019). The role of BPM proteins in ABA response was also shown by
phenotypic analyses of mutant plants. The amiR-bpm mutant line with reduced expression of
BPML1, 4, 5, and 6 exhibits reduced leaf blade size, serrated leaves, a reduced, bushy stature and
altered flower development. The flowers have shorter pedicels, exaggerated opening, shorter
stamens, protruding gynoecium and short siliques (Lechner et al., 2011). AmiR-bpm seeds are
ABA insensitive, with no inhibition of germination after ABA treatment. Grown amiR-bpm plants
exhibit reduced stomatal closure after ABA treatment and under nonstress conditions (darkness).
Reduced stomatal closure was also indirectly measured as lower leaf temperature after dehydration
stress (Lechner et al., 2011). These findings were confirmed by Julian et al. (2019), who
additionally generated a loss-of-function double mutant bpm3 bpm5. Similar to amiR-bpm plants,
the bpm3 bpm5 mutant exhibits reduced sensitivity to ABA-mediated inhibition of seedling
establishment and root growth. The mutant also exhibits lower leaf temperature, an indicator of
reduced stomatal closure, but the effect is not as pronounced as in amiR-bpm and the authors
conclude that overall, the mutant shows no significant alteration in ABA-mediated stomatal closure
(Julian et al., 2019). Conversely, overexpression of either BPM3 or BPM5 leads to enhanced ABA
sensitivity, with inhibition of seed germination, seedling establishment, and root growth (Julian et
al., 2019). Plants overexpressing BPM3 or BPM5 also show reduced water loss, which is an
indirect reflection of increased stomatal closure. Additionally, OE BPM5 plants show enhanced
drought resistance under greenhouse conditions (Julian et al., 2019).

Besides ABA, ethylene is another hormone whose production is induced by stress and which
regulates the activity of many transcription factors of the APETALA2/ETHYLENE RESPONSE
FACTOR (AP2/ERF) family. AP2/ERFs contain an AP2/ETHYLENE RESPONSIVE ELEMENT
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BINDING FACTOR (EREB) domain and are divided into four subfamilies, depending on their
DNA binding preferences, i.e. the response elements they recognize (reviewed in Xie et al., 2019).
CUL3-based E3 ligase activity of BPMs has been linked to different AP2/ERFs and consequently
to different physiological processes (Weber & Hellmann, 2009; Chen et al., 2013; Morimoto et al.,
2017).WRI1 is a member of the ERF subfamily which recognizes an ETHYLENE RESPONSE
ELEMENT (ERE) (Xieetal., 2019, and references cited therein) and it was shown that by targeting
WRI1 for degradation, BPMs regulate fatty acid metabolism during seed development (Chen et al.,
2013).

Another AP2/ERF transcription factor is RAP2.4, a member of DEHYDRATION-RESPONSIVE
ELEMENT BINDING (DREB) proteins and additionally categorized within a smaller DREB
subgroup of proteins which recognize both a DEHYDRATION-RESPONSIVE ELEMENT (DRE)
and an ERE (Xie et al., 2019, and references cited therein). RAP2.4 has been described previously
as a regulator of abiotic stress tolerance and red light response (Lin et al., 2008) and BPM proteins
were suggested as mediators of its proteasomal degradation (Weber & Hellmann, 2009).

Another DREB protein has been implicated as a target of BPM proteins (Morimoto et al., 2017).
DREB2A is a key transcription factor acting in drought and heat stress response in Arabidopsis.
Exposure of plants to these stresses induces expression of the DREB2A gene via cis-acting elements
in its promoter (Yoshida et al., 2011), which is followed by transcriptional activation of genes
encoding downstream transcription factors involved in heat and drought stress response (Sakuma
et al., 2006a; 2006b). Heat shock factors (HSF) play a key role in heat-stress response, acting as
transcriptional activators both upstream and downstream of DREB2A; for instance, Hsf1A induces
expression of DREB2A which then regulates expression of downstream target genes in the
transcriptional cascade, such as heat shock proteins (HSPs) (Yoshida et al., 2011). HsfA3 is a well-
characterized DREB2A target, known to be up-regulated by DREB2A in conditions of heat and
drought stress in wild type plants (Sakuma et al., 2006b). Furthermore, accumulation of DREB2A
in the amiBPM line with downregulated BPM genes causes upregulation of HsfA3 (Morimoto et
al., 2017), making it a convenient candidate to indirectly measure levels of available DREB2A. In
order to induce expression of target genes during stress exposure, DREB2A needs to be post-
translationally stabilized via its negative regulatory domain, NRD (Morimoto et al., 2013; Sakuma
et al., 2006b). It was shown that members of the BPM family interact with the NRD of DREB2A,

promote its degradation via CUL3-based E3 ligase activity and negatively regulate heat stress
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response (Morimoto et al., 2017). This is believed to serve as a protective mechanism against any
adverse effects that stress-induced accumulation of DREB2A could have on numerous
physiological processes this protein is involved in (Morimoto et al., 2017). The dynamic between
BPM proteins and DREB2A resembles the proposed model of PP2C protein level regulation by
BPMs during ABA response (Julian et al., 2019).

Via their CUL3-based E3 ligase activity, BPM proteins also regulate members of the basic helix-
loop-helix (bHLH) family of TFs, namely the three MYC proteins, MYC2, MYC3, and MY C4.
MYC proteins are one of the key players of a signaling pathway induced by jasmonates (JAS),
oxygenated lipid derivatives which act as essential phytohormones. JA signaling affects expression
of numerous genes and thus regulates biotic and abiotic stress responses and coordinates several
developmental processes such as root growth and fertility (Wasternack & Hause, 2013). Several
BPMs were shown to regulate MY C levels, most likely to reset JA signaling and to reduce possible
harmful effects of MYC activity (Chico et al., 2020), similar to the hypothesized role of BPMs in
regulation of DREB2A and PP2Cs (Julian et al., 2019; Morimoto et al., 2017). Furthermore, BPM
proteins have been linked to JA signaling via interaction with an AP2/ERF transcription factor
REDOX-RESPONSIVE TF 1 (RRTF1), which promotes resistance to pathogens (Li et al., 2021).
The Arabidopsis plant line bpm235 is a triple mutant obtained by crossing the three T-DNA
insertion lines for bpm2, bpm3 and bpm5 (Chico et al., 2020). According to the characterization of
individual SALK lines, the authors show that the bpm235 line is a knockout mutant for BPM2 and
BPM5, and a knockdown for BPM3. The line exhibits a slightly shorter root than wild type,
indicative of a mild constitutive JA response (Chico et al., 2020).

Taken together, these findings implicate BPMs as posttranslational regulators of proteins involved
in various kinds of abiotic stress response and stress-induced hormone-signaling. Interestingly,
while all six BPMs were shown to interact with proteins such as ATHB6, WRI1, MYB56 and
DREB2A (Lechner et al., 2011; Chen et al., 2013, 2015, Morimoto et al., 2017), only specific
members have been shown to interact with PP2ACs (Julian et al., 2019) and a similar bias exists
between different BPMs for binding of the three MYC proteins (Chico et al., 2020). Additionally,
only BPM1, BPM2 and BPM4 interact with MYB106 (Hong et al., 2021), only BPM1 and BPM3
interact with RRTF1 (Li et al., 2021). This implies both functional redundancy and the existence
of individual roles within this highly conserved protein family, some of which possibly manifest

under specific environmental circumstances.

20



3. MATERIAL AND METHODS

3.1. Material

3.1.1. Bacterial strains

Escherichia coli strain HST04 (Stellar™ Competent Cells, Clontech, #636763) was used for

cloning, as prepared by the manufacturer.

3.1.2. Yeast strains

Saccharomyces cerevisiae strain Hfc7 [MAT ura3-52 his3-200 ade2-101 lys2-801 trp1-901, leu2-
3112 gal4-542 gal 80-538 LYS2::GAL1UAS-G-AL1TATA-HIS3URAS3::GAL417mers (x3) -
CyC1TATA-lacZ)] was used for Y2H screens. The Hfc7 strain contains reporter genes (HIS3 and
lacZ) integrated into the genome (Feilotter et al., 1994).

3.1.3. Arabidopsis plant lines

Arabidopsis thaliana accession Columbia-0 (Col-0) line was used as wild type control in all
experiments, unless stated otherwise. Two previously created Arabidopsis transgenic plant lines
overexpressing TaMAB2-GFP (Bauer et al., 2019) and BPM1-GFP (Skiljaica et al., 2020) were
used for functional analyses of TaMAB2 and BPML, respectively. Both transgenic lines were made
in the genetic background of A. thaliana accession Col-0, with the gene of interest functionally
fused to the GFP sequence and integrated into the genome under control of the CaMV 35S

promoter, ensuring constitutive expression of the fusion protein.
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3.2. Methods

3.2.1. Bioinformatics

3.2.1.1. Phylogenetic analysis

The Triticum aestivum proteome available in Ensembl Plants database (https://plants.ensembl.org)
was searched using the Protein BLAST tool with TaMAB2 amino acid sequence as query. A list
of 46 putative wheat MATH-BTB genes was obtained and annotated TaMAB1-46. Non-redundant
full-length amino acid TaMAB sequences were aligned with known MATH-BTB proteins from
maize, Z. mays (ZmMARB; Jurani¢ et al., 2012), rice, O. sativa (OsMBTB; Gingerich et al., 2007),
and A. thaliana (AtBPM; Gingerich et al., 2005; 2007) using Clustal Omega v1.2.4 (Sievers et al.,
2011). A phylogeny of MATH-BTB sequences was inferred in SeaView v4.6.1 (Gouy et al., 2010)
using the maximum likelihood (ML) method with nearest-neighbor interchange (NNI) and
supported with the Shimodaira—Hasegawa (SH) approximate likelihood ratio test (aLRT) at every

bifurcation. The tree was visually adjusted using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/). Images

were processed in Inkscape 1.0 (https://inkscape.org/).

3.2.1.2. Multiple sequence alignments

For multiple sequence alignments of MATH and BTB domains of all BPM proteins’ splicing
variants, 16 known BPM sequences were pooled from the Ensembl Plants and UniProt database
(www.uniprot.org). For multiple sequence alignments of MATH and BTB domains of all core
clade proteins and expanded clade TaMAB proteins, amino acid sequences of relevant Arabidopsis,
rice, maize and wheat MATH-BTB proteins were used. Each protein sequence was searched
against the corresponding plant genome using NCBI Protein BLAST Tool. From here, putative
MATH and BTB domain sequences were extracted from the Protein family (Pfam) or Conserved
Domains (CD) database. Individual MATH or BTB sequences were aligned using ClustalX v.2.0
(Larkin et al., 2007) or Clustal Omega v1.2.4 (Sievers et al., 2011) and alignments with visible
conservation statuses were displayed using Jalview v.2 (Waterhouse et al., 2009). Exon, 5° UTR

and 3” UTR delineations of BPM2 splicing variants were extracted from the Arabidopsis thaliana
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Araportll genome (genome ID:447) in the Phytozome database (https://phytozome-
next.jgi.doe.gov). For calculation of similarity and identity between multiple sequence alignments,
an online calculator was used to calculate pairwise sequence identities (Stothard, 2000), which
were then averaged to obtain a general sequence identity value. Images were processed in Inkscape
1.0 (https://inkscape.org/).

3.2.1.3. Selection of temperature-stable candidate reference genes

Expression profiling data (ATH1 Genome Array datasets) obtained on several Arabidopsis tissues
exposed to different temperature treatments (4 to 40 °C) were used to select candidate reference
genes with minimum expression variation. Additionally, available literature was searched for
RT-qPCR reference genes adhering to the following criteria: they belonged to traditional reference
genes (“housekeeping genes”) and/or they had already been identified as potential reference genes
for experiments employing specific temperatures in Arabidopsis (Hong et al., 2010). Microarray
data processing and selection of candidate reference genes was performed by Lucija Markulin,

according to the protocol described in Skiljaica et al. (2022).

3.2.1.4. RT-qPCR primer design

To design gene-specific primers suitable for RT-qPCR, genomic sequences and transcript
sequences with designated exons, introns, 5 and 3’ untranslated regions were retrieved from the
Phytozome database. Gene-specific RT-qPCR primers were designed using PerlPrimer software
(Marshall, 2004) with the criteria set to filter primer pairs with amplicon length of 100 to 250 bp,
Tmof 59 °C £+ 1 °C and GC content of 40% to 60%. When possible, primers were designed to span
an exon-exon junction. For genes with multiple transcripts, primers were designed to bind all
transcripts which were known at the time of experimental design, yielding amplicons of identical
sequence and size. Because it was not possible to design primers which would bind all three
splicing variants of endogenous BPM1, two primer pairs were designed, one specific for both
BPML1.1 and BPML1.3, and the other specific for BPM1.2. Three primer pairs used for relative gene
expression analysis of individual BPM2 splicing variants (BPM2.3, BPM2.4 and BPM2.5) were
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designed to bind only the specified splicing variant. The specificity of each primer pair was verified
using NCBI Primer BLAST Tool against the A. thaliana transcript database. Primers were ordered
from Macrogen (Macrogen Europe, Amsterdam, Netherlands) and prepared according to the
manufacturer’s instructions. All primer sequences and corresponding gene annotations, their
average primer efficiencies, amplicon sizes in base pairs (bp) and numbers of primer-bound

transcript variants are listed in Appendix Al.

3.2.1.5. Candidate reference gene expression stability analysis

To assess the expression stability of candidate reference genes in Arabidopsis seedlings, leaves and
buds after temperature treatments, the obtained Cy data was analyzed with four validation
algorithms: BestKeeper, geNorm, NormFinder and comparative ACq method. For each candidate
reference gene, correlation coefficient (BestKeeper), M value (geNorm), stability value
(NormFinder) and meanSD (comparative ACq method) were calculated for individual tissue
samples (seedlings, leaves, buds) and all three tissues combined. Expression stability analysis was
performed by Lucija Markulin, according to the protocol described in Skiljaica et al. (2022). The

entire code used for data analyses is deposited at https://github.com/Edlenil/Reference-genes

(courtesy of Lucija Markulin).

3.2.2. Plant growth conditions

Arabidopsis thaliana seeds (approximately 100 per sample) were washed in 70% ethanol followed
by surface-sterilization for 10 min in 1% Izosan G (100% sodium dichloroisocyanurate dihydrate,
Pliva) and 0.01% Mucasol™ (Sigma-Aldrich). Seeds were rinsed five times in sterile distilled H20
and plated on Murashige and Skoog (MS) medium (Murashige & Skoog, 1962) containing 20 g/L
sucrose, 100 mg/L myo-Inositol, 0.5 mg/L niacin, 0.1 mg/L thiamin, 0.5 mg/L pyridoxine, 2 mg/L
glycine (pH 5.8) and solidified with 0.8 % agar (Sigma-Aldrich). For selection of transgenic plants,
MS medium was supplemented with 30 mg/L glufosinate ammonium (Sigma-Aldrich).
Germination plates were stratified at 4 °C for 3 days, followed by incubation in short day conditions

(8 h light/16 h dark cycles, 120 pmol m™ s, 24 °C) for two weeks. After formation of first leaves
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(not counting cotyledons), plantlets were transferred to a soil mixture of white peat and perlite
(Steckmedium KLASMANN, Klasmann-Deilmann GmbH) and kept for approximately two weeks
in short day conditions. To reach maturity, plantlets were transferred to long day conditions (16 h
light/8 h dark, 120 umol m s%, 24 °C) with 50% relative humidity. For selection and validation of
RT-gPCR reference genes, seeds were plated as described above and kept for 12 days in long day
conditions and a light intensity of approximately 70 pmol m s, Twelve-day old seedlings were
transferred to soil and kept for one week in short day conditions (70 pmol m? s1). Plants were then

transferred to long day conditions (70 pmol m s) until they reached the age of 5 weeks.

3.2.3. Generation of plasmid constructs

Gene-specific primers were designed using In-Fusion Primer Design Tool for cloning into EcoRI
and BamHI restriction sites (Clontech, Takara Bio Inc.; Appendix A2). Genes elF4Al
(AT4G11420) and elF3G1 (AT3G11400) were amplified using the 1x In-Fusion CloneAmp™
HiFi PCR Premix (Clontech, Takara Bio Inc.) according to the manufacturer’s instructions. Coding
sequences for proteins of interest were cloned into the plasmid pGBT?Y, to yield the protein of
interest N-terminally fused with the DNA-binding domain of the GAL4 transcription factor
(pGBT9-elF4A1 and pGBT9-elF3G1). For all cloning procedures, In-Fusion technology
(Clontech, Takara Bio Inc.) was used, following the manufacturer’s instructions (In-Fusion® HD
Cloning Kit User Manual). In-Fusion products were subsequently transformed into E. coli strain
HSTO04 using heat-shock transformation, as follows. Up to 5 ng of DNA (2.5 pL of the In-Fusion
reaction) was added to 45 uL of bacterial cells in a sterile round-bottom tube and the suspension
was incubated on ice for 30 min. The tube was immersed in a water-bath at 42 °C for 45 sec (heat-
shock) and transferred to ice for 2 min. For cell recovery, 500 uL of SOC medium (5 g/L yeast
extract, 20 g/L tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM MgClz, 10 mM MgSOs, 20 mM
glucose) was added to each tube and suspensions were incubated for 1 h at 37 °C and 250 rpm.
Bacterial suspension was plated on solid LB medium (5 g/L yeast extract, 10 g/L tryptone, 10 g/L
NaCl pH 7.0, 15 g/L agar) supplemented with 0.1 mg/mL ampicillin and incubated overnight at 37
°C. For isolation of plasmid DNA, a single colony was picked and cultured overnight at 37 °C and

250 rpm in 3 mL of liquid LB medium (without agar) supplemented with 0.1 mg/mL ampicillin.
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Cells were harvested by one-step centrifugation (5 min, 14000 rpm) and plasmid DNA was isolated
using the Wizard® Plus SV Minipreps DNA Purification System (Promega) according to the
manufacturer’s instructions. Concentrations of plasmid DNA were subsequently measured using
the NanoVue™ spectrophotometer (GE Healthcare, Life Sciences). The sequence of final plasmid
constructs was verified by DNA sequencing (Macrogen Europe, Amsterdam, Netherlands).
Plasmid DNA was stored at -20 °C until further use.

3.2.4. Standard PCR reactions

Standard PCR mixtures contained 1x Emerald Amp® GT PCR Master Mix (Takara Bio Inc.), 300
nM forward and reverse primer and 100-200 ng of DNA as template in a total volume of 25 pL.
PCR was performed in a gradient thermocycler (Eppendorf Mastercycler) with the initial
denaturation step set to 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 58 or 60 °C for 30 s, extension at 72 °C for 3 min and a final extension step at 72 °C
for 5 min. PCR samples were loaded onto a 1% agarose gel in TAE buffer (40 mM Tris base, 20
mM glacial acetic acid, pH 8.0, 1 mM EDTA) and DNA fragments were separated by gel
electrophoresis for 30 min at 100 V (RunOne™ System, Embi Tec). The gel was stained using 10
ng/L ethidium bromide and illuminated by UV light using a Kodak EDAS 290 hood, with 2 s
exposure time and 100% UV strength.

3.2.5. Yeast-two-hybrid (Y2H) assay

Plasmid constructs used for Y2H were described in section 3.2.3. Two previously generated
plasmid constructs were also used, namely pGBT9-KAT, encoding the wheat Katanin protein fused
to the binding domain of GAL4, and pGAD424-TaMAB2, encoding the wheat TaMAB?2 protein
fused to the activation domain of GAL4 (Skiljaica, 2016). Additionally, for positive control,
plasmid constructs pPGAD424-RDM1 and pGBT9-DMS3 were used (described in Sasaki et al.,
2014; courtesy of Zdravko Lorkovi¢). The yeast strain Hfc7 was cultivated in liquid YPD medium
(10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose) and co-transformed with bait and prey

constructs using a standard lithium-acetate (LiAc) technique (Agatep et al., 1988), following the
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protocol described in the Yeast Protocols Handbook (Clontech, Takara Bio Inc.). Co-transformants
were selected on solid YC medium lacking leucine and tryptophan (6.7 g/L yeast nitrogen base, 20
g/L glucose, 0.62 g/L DO Supplement —Leu/~Trp [Takara Bio Inc.]; YC/—Leu/~Trp). For the
histidine prototrophy assay, individual colonies of all co-transformants were scraped from the YC/-
Leu/—Trp plate, diluted in 100 pL sterile distilled water and 10 pL of each suspension was plated
in a grid pattern on selective medium lacking histidine, leucine and tryptophan (prepared as
described before, but using 0.62 g/L DO Supplement—His/—Leu/-Trp [Takara Bio Inc.]). The YC/—
His/~Leu/~Trp medium was supplemented with 13 mM 3-AT (3-amino-1,2,4-triazole) for
elimination of non-specific protein-protein interactions. The B-galactosidase assay was performed
using X-gal (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside) in the Colony-lift Filter Assay
following the protocol described in the Yeast Protocols Handbook (Clontech, Takara Bio Inc.),
with some adjustments. First, individual colonies of all co-transformants were diluted in water and
plated in a grid pattern on a YC/-Leu/-Trp plate, following the same procedure as described for
the His prototrophy assay. For the assay, an 80-mm filter (Whatman) was pressed against the
colonies and immediately immersed in liquid nitrogen several times. The filter was placed in an
open Petri dish and overlaid with a 10 mL solution containing 0.7% agarose in Z buffer (60 mM
NaHPO4 ¢ 7H20, 40 mM NaH2PO4 « H20, 10 mM KCI, 1 mM MgSO4 * 7H20), 165 pL of X-gal
stock solution (20 mg/mL in dimethylformamide) and 27 puL 3 -mercaptoethanol (Sigma-Aldrich).
Colonies which resulted with a detectable blue color in less than 30 min were considered to
represent strong interactions. For detection of weaker interactions, incubations of up to five hours
were allowed. For negative controls, all constructs were co-transformed together with the bait or
prey construct without insertion. All components of DO Supplements are described in the Yeast
Protocols Handbook (Clontech, Takara Bio Inc.). All plates were incubated for 2-3 days at 30 °C
for colonies to appear. Three individual co-transformants of each co-transformation were used for

the His prototrophy and B-galactosidase assay.

3.2.6. Germination assay

Arabidopsis thaliana seeds were sterilized as described in section 3.2.2. and plated on MS medium
supplemented with 0.5 g/L 2-(N-morpholino)ethanesulfonic acid (MES). The MS-MES medium
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was supplemented with different concentrations of NaCl (25, 50 and 100 mM), mannitol (100, 200
and 300 mM) or ABA (0.5 and 1 uM). For ABA treatments, sucrose was omitted from the medium.
For control, seeds were germinated on MS-MES medium. Control medium for ABA treatment did
not contain sucrose. To ensure equal distribution of nutrients among seedlings and uninterrupted
root growth, seeds were plated individually across the surface of the medium. Seeds were stratified
for three days at 4 °C and transferred to a plant chamber with constant light (120 pmol m? s, 24
°C) at 24 °C. Germination rate was measured as percentage of seeds with radicle emergence.
Radicle emergence was evaluated 48 h after imbibition by placing sealed Petri dishes under a
binocular magnifier and counting the seeds with visible embryonic root emerging through the
micropyle. Three independent experiments were performed for all assays, with n > 100 in each

experiment.

3.2.7. Abiotic stress treatments

Seeds were sterilized and germinated as described in section 3.2.2. For ABA, NaCl and mannitol
treatments, 12-day-old seedlings were incubated for 6 h in liqguid MS-MES medium without
sucrose and supplemented with 50 uM ABA, 150 mM NaCl or 300 mM mannitol. These
concentrations were shown to be effective in preliminary experiments performed by NataSa Bauer.
Liquid MS-MES was prepared as described in section 3.2.6, but without the agar and sucrose. For
control, seedlings were incubated in a mock solution (liqguid MS-MES medium without sucrose).
Treatments were performed in 24-well plates, with 3-5 seedlings per well.

Elevated temperature treatments were carried out in Incubator Hood TH 30 (Edmund Biihler
GmbH). Low temperature treatments were carried out in a cold room permanently maintained at 4
°C. Twelve-day-old seedlings on solid MS medium in sealed Petri dishes were incubated for 1, 3
or 6 h at 37 °C or 4 °C. Control plates were kept at 24 °C. There were approximately 50 seedlings
per plate.

For selection and validation of RT-gPCR candidate reference genes, temperature treatments were
carried out in Plant growth chamber RK-500 CH (Kambi¢) at 70 pmol m? s? light intensity.
Three hours after the beginning of light period, 12-day-old seedlings germinated and cultured on
MS medium in sealed Petri dishes and 5-week-old plants in soil were incubated for 3 h at five
different temperatures (22 °C, 27 °C, 32 °C, 37 °C and 42 °C).

28



3.2.8. Root and epidermal cell length measurements

Seeds were sterilized and germinated as described in section 3.2.2. To ensure equal distribution of
nutrients among seedlings and uninterrupted root growth, approximately 15 seeds were plated
individually in a straight line at the top of the plate. After 5 days, plates were scanned using the
Epson Perfection V700 Photo scanner (Epson) and primary root length was measured using the
Segmented Line Tool in ImageJ v.1.49 (Schneider et al., 2012). Two independent experiments
were performed (n = 40). For root epidermal cell measurements, 5-day old seedlings were
transferred to microscopic slides in a drop of water and covered with a coverslip. Images of the
root hair initiation zone were acquired using Zeiss Axiovert 200 M microscopy system (20x
objective) equipped with AxioCam MRc microscope camera and Zeiss binocular magnifier
(STEMI 2000-C). Epidermal cell length was measured in AxioVision v4.5 (Zeiss). Two
independent experiments were performed (n1 = 120, n2 = 75).

3.2.9. Protoplast isolation

Protoplasts were isolated from 14-day-old seedlings using the method described in Zhai et al.
(2009). Seeds were sterilized and germinated as described in section 3.2.2. The following steps
were performed at room temperature. Two grams of seedlings were sliced in 15 mL of TVL
solution (0.3 M sorbitol, 50 mM CacCl,) and the tissue was transferred to a 200 mL beaker along
with 15 mL Enzyme Solution (0.5 M sucrose, 10 mM MES-KOH pH 5.7, 20 mM CacCl,, 40 mM
KCI, 1% Cellulase Onozuka R10, 1% Maceroenzyme Onozuka R10). The tissue was mixed at 35
rpm in the dark for 16-18 h. The released protoplasts were collected into a 15 mL Falcon tube by
sieving through sterile filters (Sysmex CellTrics, 100 um pore size), pre-wet in W5 Solution (0.1%
glucose, 2 mM MES-KOH pH 5.7, 1.84% CaCl, 0.08% KCI, 0.9% NaCl). The filter was washed
with 10 mL of W5 Solution and the protoplasts were carefully overlaid with another 10 mL of W5
Solution. The solution was centrifuged for 7 min at 100 x g. Using a 10 mL pipette and a sterile
tip, 10 mL of solution at the interface of Enzyme Solution and W5 Solution was collected and
transferred to a new 50 ml Falcon tube. Protoplasts were washed twice in 15 mL W5 Solution, with
two centrifugation steps for 5 min at 60 x g. The supernatant was removed after the last

centrifugation and protoplasts were left in approximately 500 puL of solution. Protoplasts were
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pipetted onto positively charged silane-coated slides (BioGnost) and left to adhere for 1-2 h.
Adhered protoplasts were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology) for 10 min,
washed with phosphate-buffered saline (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOs, 1.8 mM
KH2PO4) with 0.5% Triton (PBS-T) for 5 min to ensure membrane permeabilization. Protoplasts
were washed again with PBS for 5 min and left to dry for 20 min. Slides with adhered protoplasts

were stored at 4 °C until use.

3.2.10. Duolink in situ proximity ligation assay (PLA)

Duolink In Situ PLA detects both direct and indirect interactions in situ (Soderberg et al., 2006).
In this test, two secondary antibodies labelled with complementary oligonucleotide probes (PLA
probes) attach to corresponding primary antibodies which are bound to the assumed interactors.
When PLA probes are in close proximity, they can hybridize and form a fluorescent signal through
DNA amplification. Duolink in situ PLA was performed using components of the Duolink in situ
Detection Reagents Red (Sigma-Aldrich, Merck). All volumes and incubation times were applied
according to the Duolink in situ — Fluorescence User Guide (Sigma-Aldrich, Merck). First,
protoplasts were blocked using Duolink PLA Blocking Solution and incubated in Duolink PLA
Antibody Diluent containing custom-choice primary antibodies. The primary antibodies were
mouse monoclonal anti-GFP (1:400, 11814460001, Roche) and rabbit polyclonal anti-ubiquitin
antibody (1:2000, AB1690, Chemicon International). Protoplasts were incubated in primary
antibody solution for 2 h at room temperature followed by overnight incubation at 4 °C, and washed
in Washing Buffer A. This was followed by incubation with PLA probe PLUS (anti-rabbit) and
PLA probe MINUS (anti-mouse) diluted 1:5 in Duolink PLA Antibody Diluent for 1 h, after which
the protoplasts were incubated first in the Ligase solution and then in the Polymerase solution.
After each step, protoplasts were washed twice in Washing buffer A. Finally, protoplasts were
washed twice in Washing Buffer B and once in Washing Buffer B diluted 1:100 in deionized water.
The slides were covered with a coverslip and mounted with a minimal volume of Duolink In Situ
Mounting Medium with DAPI, and left in the dark for 20 min. PLA signals were detected by
fluorescence microscopy (described in section 3.2.16). Three independent experiments were

performed, with detection of at least 30 protoplasts emitting a PLA signal.

30



3.2.11. Plant tissue harvesting and homogenization

Plant tissues were harvested in 1.5 mL tubes containing 5-10 glass homogenization beads
(SiLibeads Type S, Sigmund Linder). Approximately ten 12-day-old seedlings per sample were
harvested for whole protein extraction and RNA isolation. For selection and validation of RT-
gPCR reference genes, ten 12-day-old seedlings, three rosette leaves (approximately 2 cm long
from base to apex) from three individual 5-week-old plants and flower buds from 6-12 individual
5-week-old plants were pooled to comprise the ‘seedlings’, ‘leaves’ and ‘buds’ samples,
respectively. Each sample of ‘seedlings’, ‘leaves’ and ‘buds’ contained approximately 20, 80 and
20 mg of tissue, respectively. Plant samples were frozen along with glass beads in liquid nitrogen
and stored at -80 °C. The tissues were homogenized by bead-induced rupture in a GC Silvermix
90 mixer (GC 900548) at 50 Hz for 8 sec, followed by immersion of the tube in liquid nitrogen and

a second homogenization step in the mixer.

3.2.12. Whole protein extraction and Western blot analysis

Tissue harvesting and homogenization were performed as described in section 3.2.11. Each tissue
sample was mixed with Extraction Buffer (50 mM Tris—HCI pH 6.8, 3% SDS, 10% glycerol, 0.1%
bromophenol blue and 2.5 mM 1,4-dithioerythritol) and the tube was gently shaken until the
material thawed. Samples were incubated at 95 °C for 5 min and centrifuged at 14000 x g for 15
min at 25 °C. During centrifugation, glass beads and tissue fragments were pelleted, and extracted
proteins remained in the supernatant. Protein samples were mixed with the Sample Loading Buffer
(125 mM Tris-HCI pH 6.8, 4% SDS, 32% glycerol, 10% B-mercaptoethanol, 0.01% bromphenol-
blue) and loaded onto polyacrylamide mini gels comprised of a 12% resolving gel and a 4%
stacking gel (components listed in Table 1). Proteins were separated by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) in a Laemmli Buffer (3 g/L Tris, 14.4 g/L
glycine, 1 g/L SDS pH 8.3). Electrophoresis was performed in a MINI Vertical Dual Plate
Electrophoresis Unit (Carl Roth) for 30 min at 90 V, followed by 1.5 h at 190 V (Consort EV243
Power Supply). To standardize protein concentrations, two SDS-PAGE runs were performed. An
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equal volume of each sample was loaded onto the first gel, followed by SDS-PAGE, protein
staining with 0.1% Coomassie Brilliant Blue R-250 in 10% methanol and 10% acetic acid, and
destaining in 10% methanol and 10% acetic acid. The stained gel was scanned and color intensity
of each lane was measured using ImageJ v.1.49 (Schneider et al., 2012). Based on the calculated
difference in concentration, the volumes for the second gel were adjusted so that an equal amount
of protein (approximately 20 ug) was loaded for every sample. This was followed by SDS-PAGE
and transfer to membrane. Proteins were transferred onto a PVDF (polyvinylidene difluoride)
membrane (Immobilon-P, Sigma-Aldrich) for 120 min at 200 mA in a Mini-PROTEAN 3 and
Trans-Blot Cell (BioRad). The electroblotting unit was immersed in pre-chilled Transfer Buffer
(20 mM Tris—HCI, 150 mM glycine, 10% methanol). Precision Plus Protein™ Dual Color Standard
(BioRad) was used as a molecular ladder. The membrane was blocked with Western Blocker™
Solution for HRP detection systems (Sigma-Aldrich) for 1 h. The same solution was used for
dilution of the primary (1:1000, anti-GFP, Roche) and secondary antibody (1:5000, anti-mouse
HRP, Sigma-Aldrich). The membrane was incubated with primary antibody at 4 °C overnight
without shaking, and with secondary antibody at room temperature for 2 h, with gentle agitation
on orbital shaker at 50 rpm. After incubation with antibodies, the membrane was washed three
times in PBS and signals were detected by chemiluminiscence using Luminata Forte Western HRP
substrate (Merck) followed by exposure to autoradiographic film (Hyperfilm, Amersham
Pharmacia Biotech). The membrane was stained with 0.1% Coomassie R-250 in 40% methanol

and 10% acetic acid, and destained in 40% methanol and 10% acetic acid.

Table 1. Components for a polyacrylamide mini gel comprised of a 12% resolving gel and a 4% stacking gel.

COMPONENT RESOLVING GEL (12%) STACKING GEL (4%)
reH20 1.675 mL 1.201 mL
0.5 M Tris-HCI pH 8.8 1.25mL
0.5 M Tris-HCI pH 6.8 - 0.5 mL
30% acrilamide/bisacrilamide 2mL 0.267 mL
10% SDS 50 pL 20 yL
10% ammonium persulfate 25 uL 10 yL

TEMED (N,N,N’,N'-

o 5L 5L
Tetramethylethylenediamine)
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3.2.13. Total RNA extraction

Tissue harvesting and homogenization were performed as described in section 3.2.11. Total RNA
was extracted using the MagMAX Plant RNA Isolation Kit (Applied Biosystems, Thermo Fisher
Scientific) following the manufacturer’s instructions. RNA purity and concentrations were
determined using NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific). Two

independent extractions (biological replicates) were prepared for every sample.

3.2.14. Quantitative reverse transcription PCR (RT-qPCR)

Reverse transcription (RT) was performed in a total volume of 20 uL using 200 units of RevertAid
H Minus Reverse Transcriptase, 1x Reaction Buffer (Thermo Fisher Scientific), 20 units of
RiboLock RNase inhibitor (Thermo Fisher Scientific), 0.5 mM dNTPs (Sigma-Aldrich), 5 uM
Oligo(dT)1s primer (Thermo Fisher Scientific) and 1 pg of total RNA. RT reaction mixture was
incubated for 5 min at 65 °C, 45 min at 42 °C and 15 min at 70 °C. Prior to qPCR, cDNA samples
were diluted five times. For all experiments, the PCR reaction mixture contained 1x GoTaq qPCR
Master Mix reagent, 130 nM of forward and reverse primers and 2 uL cDNA sample in a total
volume of 15 pL. All qPCR reactions were performed in two technical replicates. For the majority
of experiments, gPCR reactions were performed in an optical 96-well plate using an Applied
BiosystemsTM 7500 Fast Real Time PCR system. SYBR Green was used to monitor dsDNA
synthesis. The thermal profile was as follows: 50 °C for 20 s, 95 °C for 10 min followed by 40
cycles 0of 95 °C for 10 s and 58 °C for 40 s, except for OGIO, PP2AA3 and DWAL1 genes where the
annealing/extension step was carried out at 60 °C. The presence of a single amplicon was confirmed
by agarose gel electrophoresis of PCR products (as described in section 3.2.4, but using a 2%
agarose gel) and by the presence of a single peak in the melting curve obtained after amplification
using the following parameters: 30 °C to 95 °C with ramp speed of 1 °C per minute. For each
primer set, Cq values and primer efficiencies were calculated from raw amplification data in the
exponential phase of each individual amplification plot using LinRegPCR software (Ramakers et
al., 2003). For the DREB2A relative gene expression analysis used for validation of selected

candidate reference genes, PCR reactions were performed in strip tubes using a MIC gPCR Cycler
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(Bio Molecular Systems). The thermal profile was as follows: 95 °C for 5 min, 40 cycles of 95 °C
for 10 s, and 60 °C for 10 s and the presence of a single amplicon was confirmed as described
previously. For analysis of relative gene expression of BPM2 splicing variants, PCR reactions were
performed using a MIC qPCR Cycler (Bio Molecular Systems). The thermal profile was as follows:
50 °C for 20 s, 95 °C for 5 min, followed by 40 cycles of 95 °C for 5 s and 59 °C for 10 s. The
presence of a single amplicon was confirmed by a single peak in the melting curve obtained after
amplification using the following parameters: 40 °C to 95 °C with ramp speed of 0.5 °C per minute.
In experiments where the MIC qPCR Cycler was used, Cq values and primer efficiencies were
automatically calculated by the MIC qPCR Cycler software (Bio Molecular Systems). For all gPCR

experiments, one independent experiment was performed.

3.2.15. gPCR data analysis

Cq values obtained for technical replicates were averaged prior to normalization and calibration.
Gene expression was normalized to expression of a reference genes and relative expression profiles
were generated using the AACt method described by Vandesompele et al. (2002). Expression of
BPMs in treated wild type samples was calibrated to expression of BPMs in untreated wild type
control. Expression of HsfA3 and At4G36010 in temperature-treated wild type as well as untreated
and temperature-treated transgenic line(s) was calibrated to expression of HsfA3 and At4G36010,
respectively, in untreated wild type control. Expression of BPM2.3, BPM2.4 and BPM2.5 in
temperature-treated wild type samples was calibrated to expression of BPM2.3, BPM2.4 and
BPM2.5, respectively, in untreated wild type control. Expression of BPM1-6 during daily rhythm
was calibrated to expression of BPM1-6, respectively, at 12 p.m. (noon). For the DREB2A relative
gene expression analysis used for validation of selected candidate reference genes, single and
multiple candidate reference genes were used for data normalization. When multiple genes were
used for normalization, geometric mean values were applied. Expression of DREB2A in samples
corresponding to elevated temperature treatments was calibrated to expression of DREB2A in
samples corresponding to 24 °C treatment. When multiple tissues were analyzed simultaneously,

the calibrator sample was “seedlings at 24 °C”.
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3.2.16. Fluorescence microscopy

For Duolink PLA analysis, Zeiss Axiovert 200 M fluorescence microscopy system was used,
equipped with AxioCam MRc microscope camera and Zeiss binocular magnifier (STEMI 2000-
C), using the 63x objective. Image acquisition was controlled by AxioVision imaging software
v4.5 (Zeiss). Red PLA signals (TX Red) were detected using Zeiss filter set 31 (BP 565/30 nm
excitation, BP 620/60 emission) and blue DAPI signals were detected using Zeiss filter set 49
(G365 nm excitation, BP 445/50 nm emission).

Confocal fluorescence microscopy images were acquired using a Leica TCS SP8X FLIM confocal
microscopy system (Microsystems Wetzlar, Germany) with an Argon laser. Detection parameters
for GFP were set to 488 nm excitation and 500-550 nm emission. Images were acquired via service
of Ruder Boskovi¢ Institute (Zagreb, Croatia), by Lucija Horvat. All images were processed in
Inkscape 1.0 (https://inkscape.org/).

3.2.17. Statistical analysis

All statistical analyses were performed using a two-tailed Student’s T-test. Root length and root
epidermal cell length were analyzed between means of wild type and transgenic line. Germination
rates and expression levels of endogenous BPM genes, HsfA3, At4G36010 and BPM2 splicing
variants were analyzed between means of untreated and treated samples. BPM gene expression
during daily rhythm was analyzed between means of 12 p.m. (control), and 5 p.m. or 6 a.m.
Differences with a P value of < 0.05 were regarded as significant.
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4. RESULTS

4.1. Phylogeny of Arabidopsis and wheat MATH-BTB proteins
4.1.1. Identification of TaMAB2 paralogs

An Ensembl Plants database search against the wheat proteome using the TaMAB2 sequence as
query revealed 46 putative MATH-BTB genes in wheat (Table 2). Gene sequences retrieved in this
search were analyzed for presence of splicing variants and the number of exons within the coding
region, according to estimates available in the Ensembl Plants database at the time of analysis (July
11" 2017). The 44 novel sequences were annotated following the nomenclature previously
proposed for TaMAB1-2 (Triticum aestivum MATH-BTB; Leljak-Levani¢ et al., 2013). The
TaMABS3 clone found in the cDNA transcript library prepared by Leljak-Levani¢ et al. (2013) did
not contain a complete open reading frame (ORF) and does not correspond to TaMAB3 gene listed
in Table 2. Genes were annotated by the order of their appearance on the retrieved TaMAB2
paralog list in the Ensembl Plants database. All putative TaMAB protein sequences were searched
in the NCBI database using the Protein BLAST Tool to retrieve putative MATH and BTB domains.
All TaMAB proteins were predicted to contain an N-terminal MATH domain and a C-terminal
BTB domain. The only exception was TaMAB46, which was predicted to contain two MATH and
two BTB domains. The majority of putative TaMAB genes encode a single splicing variant. Only
four members, TaMAB25, TaMAB36, TaMAB40 and TaMAB41 contain two splicing variants. Plant
MATH-BTB proteins cluster into two clades: core and expanded clade (Gingerich et al., 2007;
Jurani¢ & Dresselhaus, 2014). Four TaMAB proteins (TaMAB28, -33, -39 and -41) cluster into the
core clade and contain four or five exons (Table 2). Forty-two TaMAB proteins, including
TaMAB?2, cluster into the expanded clade. One half of genes encoding expanded clade TaMAB
proteins (21), including TaMAB2, contain a single exon, and the next largest subset is made of 12
genes containing two exons. The remaining expanded clade members contain three, four or, in one

case, eight exons within the coding region (Table 2).
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Table 2. Putative MATH-BTB genes of wheat. Forty-six genes were annotated following the nomenclature proposed
for TaMAB1-3 (Triticum aestivum MATH-BTB; Leljak-Levanic et al., 2013). Listed in the table are each gene’s Locus
ID or sequence identifier from the Ensembl Plants or NCBI database, the number of splicing variants, length of protein
product (aa) and number of exons within the coding sequence as predicted in the Ensembl Plants database. For genes
with two splicing variants, number of aa and exons of the variant which was not used for phylogenetic analysis is listed
in parentheses. Highlighted in blue are TaMAB genes of the core clade. The databases were accessed and the sequences
retrieved on July 11%, 2017.

GENE NUI\SEER LENGTH  NUMBER
SYMBOL SEQUENCE IDENTIFIER (LOCUS ID) SPLICING (32) EXOOFNS
VARIANTS
TaMAB1 ACO56076.1 1 362 1
TaMAB2  TRIAE_CS42_2AL_TGACv1_092982_ AA0268610 1 357 1
TaMAB3  TRIAE_CS42_2AL_TGACv1_096559 AA0319850 1 364 1
TaMAB4  TRIAE_CS42 5AL_TGACv1 377128 AA1244320 1 317 2
TaMAB5  TRIAE_CS42 5AL_TGACv1 377128 AA1244310 1 392 1
TaMAB6  TRIAE_CS42 2AL_TGACv1_ 093589 AA0283260 1 340 1
TaMAB7  TRIAE_CS42 2AL_TGACv1 097139 AA0323130 1 360 1
TaMAB8  TRIAE_CS42 2AL_TGACv1 094207 AA0294330 1 263 1
TaMAB9  TRIAE_CS42_2AL_TGACv1 095687 AA0313810 1 292 3
TaMAB10  TRIAE_CS42 2AL_TGACv1_ 095098 AA0306890 1 350 1
TaMAB11  TRIAE_CS42 5AS_TGACv1l 393725 AA1275520 1 314 2
TaMAB12  TRIAE_CS42 2AL_TGACv1_ 094093 AA0292460 1 362 1
TaMAB13  TRIAE_CS42_4AL_TGACv1_ 289938 AA0979150 1 362 2
TaMAB14  TRIAE_CS42 5AL TGACv1 374946 AA1212500 1 363 2
TaMAB15  TRIAE_CS42 4AL TGACvl 288972 AA0962340 1 356 1
TaMAB16  TRIAE_CS42_1AS_TGACv1 019715 AA0070420 1 348 2
TaMAB17  TRIAE_CS42 2AL_TGACv1_ 094494 AA0298800 1 492 3
TaMAB18  TRIAE_CS42 5AS_TGACv1 393757 AA1275790 1 352 1
TaMAB19  TRIAE_CS42_7AS_TGACv1l_ 570151 AA1831260 1 289 1
TaMAB20  TRIAE_CS42_2AL_TGACv1_093837_AA0287870 1 335 1
TaMAB21  TRIAE_CS42 2AL TGACvl 096120 AA0317270 1 423 2
TaMAB22  TRIAE_CS42 2AL_TGACv1 095938 AA0315890 1 358 1
TaMAB23  TRIAE_CS42_7AL_TGACv1_559365 AA1799340 1 316 4
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Table 2. — continued.

TaMAB24

TaMAB25

TaMAB26

TaMAB27

TaMAB28

TaMAB29

TaMAB30

TaMAB31

TaMAB32

TaMAB33

TaMAB34

TaMAB35

TaMAB36

TaMAB37

TaMAB38

TaMAB39

TaMAB40

TaMAB41

TaMAB42

TaMAB43

TaMAB44

TaMAB45

TaMAB46

TRIAE_CS42_2AL_TGACv1_094138 AA0293200

TRIAE_CS42_6AL_TGACvV1_471674_AA1512560.
2

TRIAE_CS42_5AL_TGACv1_ 374651 AA1205580
TRIAE_CS42_5AS_TGACv1 394663 AA1281400
TRIAE_CS42_2AS_TGACv1_113137_AA0351730
TRIAE_CS42_2AL_TGACv1_ 097570 AA0324530
TRIAE_CS42_2AL_TGACv1_093970_AA0290420
TRIAE_CS42_5AL_TGACv1_ 378253 AA1252240
TRIAE_CS42_3AS_TGACv1_210508_AA0674190
TRIAE_CS42_2AL_TGACv1_ 094379 AA0296760
TRIAE_CS42_7AL_TGACv1 559746 AA1800670

TRIAE_CS42_5AS_TGACv1_393725_AA1275530

TRIAE_CS42_7AL_TGACv1_557344_AA1780000.
1

TRIAE_CS42_2AL_TGACv1l_ 093694 AA0285330
TRIAE_CS42_3AL_TGACv1l 193930 AA0622810

TRIAE_CS42_2AS_TGACv1_112642_AA0342790

TRIAE_CS42_7AS_TGACv1 571267 AA1846430.

1
TRIAE_CS42_5AL_TGACv1_374210_AA1193750.
1

TRIAE_CS42_7AL_TGACv1l 559365 AA1799350
TRIAE_CS42_2AL_TGACv1l 094115 AA0292750
TRIAE_CS42_2AL_TGACv1l_094115_AA0292730
TRIAE_CS42_7AL_TGACv1l_ 560700 _AA1802530

TRIAE_CS42_2AL_TGACv1_095938 AA0315880

348
(367) 372
359
390
268
368
358
351
362
396
363
404
350 (350)
353
344
426
355 (355)
467 (437)
331
323
268
310

504

(2)2

30

4(5)

4.1.2. Phylogenetic tree of plant MATH-BTB proteins

To better understand the phylogeny of wheat MATH-BTB proteins, 46 TaMAB amino-acid

sequences were aligned with six MATH-BTB sequences of Arabidopsis (AtBPM; Gingerich et al.,
2005, 2007), 31 MATH-BTB sequences of maize (ZmMAB; Jurani¢ et al., 2012) and 69 MATH-
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BTB sequences of rice (OsMBTB; Gingerich et al., 2007), and their phylogeny was inferred using
the maximum likelihood method (Figure 1 and Figure 2).

Five Arabidopsis, nine maize and five rice genes encode more than one splicing variant. For those
sequences, one splicing variant was used, as originally selected by Jurani¢ & Dresselhaus (2014).
Two types of phylogenetic trees were built, an unrooted tree portraying relationships between
proteins of different species without assuming ancestry (Figure 1), and an arbitrarily rooted tree
with a single lineage at the base (Figure 2). Protein annotations from different species were labelled
with different colors for convenience. In the rooted tree, every branch node was labelled with an
SH bootstrapping index representing a measure of support for the node, i.e. the probability that the
sequences in the node cluster together and not with any others sequences. The value of 1.0
represents the highest level of support for a node (Figure 2).

The majority of MATH-BTB sequences, however, clustered into the grasses-specific expanded
clade, predominantly in subclades E1, E3 and E4. Interestingly, subclade E2 does not contain any
TaMAB proteins, and subclade E5 contains a single wheat protein, TaMAB1. TaMAB?2 clustered
into subclade E3 along with 13 other wheat (TaMAB3-10, 12, 17, 21, 22, and 46) and three rice
proteins (OsMBTB6-8) but no maize proteins. Of the three rice proteins, OSMBTB7 clustered
together with TaMAB3 with the SH index of 1.0, indicating that the two proteins might be
orthologs. Neither gene contains introns or is predicted to have splicing variants, and the two genes
encode proteins of similar length, 366 and 364 aa, respectively. RNA-Seq expression values
available in the TIGR Rice Genome Annotation Project show that OsMBTB?7 is ubiquitously
expressed, with highest expression value in embryos (12.76), immature seeds (14.40), pistils
(15.74) and post-emergence inflorescence (13.47). Expression in all other tissues is 2-3 times
lower. RNA-Seq expression values of OsMBTB6 and OsMBTBS are 0 in all tissues, indicating no
or very low expression. Gametophyte-specific ZmMAB1 of maize clustered into subclade E2, as
shown previously (Jurani¢ & Dresselhaus, 2014), along with four other maize (ZmMAB2-6) and
four rice proteins (OsMBTB 29, 30, 31, 32).
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Figure 1. Unrooted phylogenetic tree of 152 MATH-BTB proteins from three monocotyledonous plants (Triticum
aestivum (TaMAB), Oryza sativa (OsMBTB) and Zea mays (ZmMAB)), and a dicot Arabidopsis thaliana (AtBPM).
Amino acid sequences of full-length MATH-BTB proteins were used to estimate maximum likelihood phylogeny.
Proteins from each species are designated with a specific color. MATH-BTB proteins cluster into the core clade and
five major subclades of the expanded clade (E1 to E5), which are specified correspondingly. In protein annotations,
the number after the decimal point represents a splicing variant used for the analysis. TaMAB2 of subclade E3 is boxed
in blue. For TaMAB sequence identifiers see Table 2. Rice, maize and Arabidopsis sequences were retieved on July

11t 2017. For statistical support of phylogenetic tree see Figure 2.
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Figure 2. Phylogram of 152 MATH-BTB proteins from three monocotyledonous plants (Triticum aestivum (TaMAB),
Oryza sativa (OsMBTB) and Zea mays (ZmMAB)), and a dicot Arabidopsis thaliana (AtBPM). The tree is based on
the same amino-acid sequence alignment used to build the tree shown in Figure 1. The number at each node represents
the Shimodaira-Hasegawa index of branch support. Proteins from each species are designated with a specific color
(see legend in Figure 1). MATH-BTB proteins cluster into the core clade and five major subclades of the expanded
clade (E1 to E5), which are specified correspondingly. In protein annotations, the number after the decimal point

represents a splicing variant used for the analysis. Arrow points to TaMAB2.
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4.1.3. Arabidopsis BPM protein isoforms

The TAIR, Ensembl Plants and UniProt databases were searched for BPM gene and BPM protein
annotations. According to data available in the Ensembl Plants database, the six known BPM genes
of Arabidopsis encode 17 splicing variants: BPM1 and BPM6 each have three splicing variants,
BPM2 has five, BPM3 has four and BPM4 and BPMS5 each have one splicing variant (Table 3).
These data correspond to data available in the TAIR database, with the exception of BPM3, which
is reported to have only three splicing variants in the TAIR database. For this reason, Ensembl
Plants database was considered as a more definitive source. The protein sequence of the BPM3.4
variant found only in Ensembl Plants database is identical to variant BPM3.3, but the two
transcripts differ in predicted number of exons (Ensembl Plants database; Table 3). An additional
protein isoform of BPM4 was found in the UniProt database, listed in Table 3 as transcript BPM4.2,
but without a specific transcript ID linking it to the Ensembl Plants or TAIR database. Because the
full-length sequence could not be found using Ensembl Plants BLAST Tool, prediction of exon
number was not available. Nevertheless, all 18 BPM protein isoforms were used for multiple
sequence alignments of BPM proteins (section 4.1.4.).

Two BPM genes, BPM1 and BPM2, were functionally analyzed in this work at the level of MRNA
transcript abundance and/or protein stability and subcellular localization. Therefore, their splicing
variants will be discussed in more detail. The BPM1 gene encodes three splicing variants. The
protein sequence of BPM1.1 is identical to protein variant BPM1.3, but the two transcripts differ
in predicted number of exons (Ensembl Plants database; Table 3). The BPML1.2 variant differs
from the other two variants by having a large segment of 35 amino acids within the BTB domain,
while the rest of the sequence is identical in all three variants (see schematic diagram in Appendix
B1). All three variants encode putative MATH, BTB and BACK domains (Table 3).
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Table 3. Splicing variants of Arabidopsis MATH-BTB (BPM) genes. Listed in the table are each gene’s and splicing
variant symbol, gene or protein identifier (ID) from the Ensembl Plants or UniProt database, length of protein product
as the number of amino acids (aa) and number of exons within the coding sequence as predicted in the Ensembl Plants
database. Full-length protein sequences were searched using NCBI Protein BLAST and checked for presence of
putative MATH, BTB and BACK domains in conserved domain databases. The databases were accessed and data

retrieved on January 18" 2022.

SPLICING NUMBER

Ssl\liggL VARIANT GENE/PROTEIN ID LE(’\;‘S)TH OF P[F;SI\D/IIACILESD
SYMBOL EXONS
BPM1.1 AT5G19000.1 407 4 MATH, BTB, BACK
BPM1 BPM1.2 AT5G19000.2 442 5 MATH, BTB, BACK
BPM1.3 AT5G19000.3 407 5 MATH, BTB, BACK
BPM2.1 AT3G06190.1 406 4 MATH, BTB, BACK
BPM2.2 AT3G06190.2 295 4 MATH, BTB
BPM2 BPM2.3 AT3G06190.3 301 4 MATH, BTB
BPM2.4 AT3G06190.4 298 5 MATH, BTB
BPM2.5 AT3G06190.5 355 3 MATH, BTB, BACK
BPM3.1 AT2G39760.1 408 4 MATH, BTB, BACK
BPM3.2 AT2G39760.2 343 3 MATH, BTB, BACK
BPM3 BPM3.3 AT2G39760.3 344 5 MATH, BTB, BACK
BPM3.4 AT2G39760.4 344 4 MATH, BTB, BACK
BPM4.1 AT3G03740.1 465 4 MATH, BTB, BACK
BPM4 BPM4.2 AOA178VoU9 436 unknown MATH, BTB, BACK
BPM5 BPM5.1 AT5G21010.1 410 4 MATH, BTB, BACK
BPM6.1 AT3G43700.1 415 4 MATH, BTB, BACK
BPM6 BPM6.2 AT3G43700.2 363 3 MATH, BTB, BACK
BPM6.3 AT3G43700.3 356 4 MATH, BTB, BACK

The BPM2 gene encodes the largest number of splicing variants (five), which significantly differ
in amino acid content, sequence length and domain content (Table 3, Figure 3). Alignment of
cDNA sequences of BPM2 splicing variants showed high similarity in UTR regions and 1% and 2"
exon between all five sequences, while significant differences exist in the 3 and 4" exon
(Appendix B2). According to sequences retrieved from the Ensembl Plants database, the BPM2.1-
2.5 splicing variants encode 406, 295, 301, 298 and 355 aa-long proteins, respectively. All splicing
variants encode an identical MATH domain (134 aa) at the N-terminal end of the protein. However,
only variants BPM2.1 and BPM2.5 contain a putative BTB domain (121 aa) and BACK domain
(64 and 35 aa, respectively). Variants BPM2.2, BPM2.3 and BPM2.4 contain a truncated BTB
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domain (59, 70 and 70 aa, respectively), recognized as part of a BTB domain in both the Pfam and
CD database. In all three protein variants, the truncated BTB sequence is followed by a 49, 44 and
41 aa-long stretch, respectively, which is not recognized as part of either BTB or BACK domain
in the Pfam or CD database. Overall, variants BPM2.3 and BPM2.4 share 95% sequence identity.
To analyze whether the five BPM2 splicing variants would theoretically be able to bind CUL3,
their BTB domain sequences were analyzed for presence of amino-acid residues presumed to
mediate this interaction. The BTB domain sequences of C. elegans MEL-26 and
Schizosaccharomyces pombe BTBP3, two MATH-BTB proteins acting as substrate adaptors of
CUL3-based E3 ligases, were shown to contain eight specific residues important for interaction
with CUL3 (Geyer et al., 2003; Xu et al., 2003). These eight residues were also found in the
BPML1.1. sequence and are presumed to have the same function (Gingerich et al., 2007). Therefore,
the BTB domain sequences of the five BPM2 variants were aligned with the BTB sequence of
BPM1.1 (Figure 4). In the BPML1.1 sequence used for this alignment, the positions of the eight
prominent residues were Asp-12, His-25, lle-52, 1le-54, Asp-56, Asp-101, Tyr-103 and Leu-105.
All eight residues were also found in the highly similar BPM1.2 variant (not shown here but visible
in Figure 5). The alignment showed that all five BPM2 sequences contain the first four residues,
albeit with two similar substitutions in the BPM2.2 sequence (lle to Leu at position 52 and lle to
Val at position 54). At position 56, variant BPM2.2 underwent a non-similar substitution from
negatively charged Asp to hydrophobic Ala, while all other BPM2 variants still contain the Asp
residue. The remaining three residues are located at the very end of the BTB domain, at positions
101, 103 and 105. Of the two full-length BPM2 variants, both BPM2.1 and BPM2.5 contain the
conserved residues. However, in variant BPM2.1, the Leu at position 105 was substituted for a
similar amino acid residue, Phe. The truncated variants BPM2.2, BPM2.3 and BPM2.4 lack all
three residues. To summarize, the BPM2.5 variant contains all eight fully conserved amino acid
residues important for the interaction with CUL3, BPM2.1 contains seven, BPM2.3 and BPM2.4
contain five, and BPM2.2 only two.
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Figure 3. Putative MATH, BTB and BACK domains of protein isoforms encoded by BPM2 splicing (BPM2.1-2.5). Full-length protein sequences were searched

using NCBI Protein BLAST and putative MATH, BTB and BACK domains were extracted (highlighted in yellow, blue and pink, respectively). Broken lines

represent areas where amino acids could not be aligned. Sequences were aligned in Clustal Omega v1.2.4 (Sievers et al., 2011) and displayed in Jalview v.2

(Waterhouse et al., 2009). Sequences were retrieved on January 18th, 2022.
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BPM1.1 1 65
BPM2.1 1 65
BPM2.2 1 59
BPM2.3 1 65
BPM2.4 1 65
BPM2.5 1 65
BPM1.1 66.VLIHF IYWDELPDMQEL IGTDSTLASTLVAQHLLAAAIDR ERLKAICESKLC 121

BPM2.1 66 MLEHF IYWDEMPDMQDL IGTDLKWASTLVAQHLLAAA|DRR ERLRTICESKLC 121

BPM2.2

BPM2.3
BPM2.4
BPM2.5

Figure 4. Multiple sequence alignments of BTB domains of Arabidopsis proteins BPM1.1 and BPM2.1-2.5. The five
BPM2 sequences represent protein products of five known splicing variants encoded by the BPM2 gene. In the protein
name, the number after decimal point denotes the splicing variant. Identical and similar amino acids are shaded in blue,
with darker shades indicating higher similarity. Black rectangles denote positions of amino acid residues important for
interactions of MATH-BTB proteins Caenorhabditis elegans MEL-26 and Schizosaccharomyces pombe BTB3 with
CULZ3, and presumed to mediate CUL3 interactions of other MATH-BTB proteins (Geyer et al., 2003; Gingerich et
al., 2005; Xu et al., 2003). The BPM1.1 sequence contains all eight conserved residues. Asterisks indicate amino acids
conserved in all five BPM2 variants, either fully or with similar substitutions. Broken lines represent areas where
amino acids could not be aligned. Sequences were aligned in ClustalX v.2.0 (Larkin et al., 2007) and displayed in

Jalview v.2 (Waterhouse et al., 2009). Sequences were retrieved on January 18th, 2022.

To analyze whether expanded clade and core clade MATH-BTB proteins differ in their
conservation status of the two respective domains, MATH and BTB, multiple sequence alignments
of selected sequences were performed. To pool putative MATH and BTB domain sequences, the
full-length protein sequence of each protein was searched in the NCBI database, and sequences
with highest specificity (based on E value) in CD and Pfam databases were retrieved. Forty
expanded clade TaMAB proteins were included in the analysis. According to the initial NCBI
database search performed in July 2017, all TaMAB proteins contained a putative N-terminal
MATH domain and a putative C-terminal BTB domain. Upon repeated NCBI Protein BLAST
search performed in September 2021, a putative MATH domain was no longer reported for the
TaMAB23 protein in any database. TaMAB23 was not omitted from the previously performed
phylogenetic analysis, but it was omitted from the multiple sequence alignments of MATH and

46



BTB domain sequences. Additionally, TaMAB46 was omitted because it was predicted to contain
two MATH and two BTB domains and there were no formal criteria for selection of either of the
two copies. Calculation of sequence identity revealed that, on average, expanded clade MATH
sequences of TaMAB proteins shared 35.94% identical amino acid residues (Figure 5A), while
BTB sequences shared 56.32% identity (Figure 5B). In the expanded clade of wheat TaMAB
proteins, the MATH domain is less conserved than the BTB domain.

To assess whether a different scenario occurs in the core clade, putative MATH and BTB sequences
of all core clade proteins belonging to Arabidopsis, rice, maize and wheat, were aligned and their
sequence identity was calculated. Here, the MATH sequences shared 75.22% identical amino acid
residues (Figure 6A), while the BTB sequences shared 62.53% identity (Figure 6B), the opposite
of what was found for expanded clade wheat proteins.

Finally, to assess the conservation status of the MATH and BTB domain of all known BPM protein
isoforms, putative MATH and BTB domains were retrieved from the NCBI database and multiple
sequence alignments were prepared (Figure 7). As expected for a family of exclusively core clade
proteins, the MATH domain showed high identity (81.25%; Figure 7A), while the BTB domain
showed high variability (48.13% identity; Figure 7B). Clearly, conservation of the MATH domain
in the core clade is even more pronounced when only Arabidopsis MATH-BTB proteins are taken

into consideration.
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Figure 5. Multiple sequence alignments of (A) MATH and (B) BTB domains of expanded clade proteins of wheat (Triticum aestivum; TaMAB). Proteins were
selected based on a phylogenetic analysis of MATH-BTB proteins from wheat, rice, maize and Arabidopsis (Figure 1 and 2).
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Figure 5. — continued.

In the protein name, the number after decimal point denotes the splicing variant. Identical and similar amino acids are
shaded in blue, with darker shades indicating higher similarity. Each amino acid is adjoined with its conservation status
indicated by yellow bars at the bottom of the alignment and numbered 1 to 9, with higher numbers indicating more
conserved amino acids. Asterisks denote 100% conserved amino acids. Broken lines represent areas where no amino
acids could be aligned. Sequences were aligned in ClustalX v.2.0 (Larkin et al., 2007) and displayed in Jalview v.2

(Waterhouse et al., 2009). Sequences were retrieved on September 8th, 2021.
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Figure 6. Multiple sequence alignments of (A) MATH and (B) BTB domains of 20 core clade proteins from Triticum aestivum (TaMAB), Oryza sativa (OsMBTB),
Zea mays (ZmMAB) and Arabidopsis thaliana (AtBPM). Proteins were selected based on a phylogenetic analysis of all MATH-BTB proteins (Figure 1 and 2).
All proteins were searched using NCBI Protein BLAST and putative MATH and BTB domains were retrieved. In the protein name, the number after decimal point

denotes the splicing variant. Identical and similar amino acids are shaded in blue, with darker shades indicating higher similarity.
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Figure 6. — continued.

Each amino acid is adjoined with its conservation status indicated by yellow bars at the bottom of the alignment and
numbered 1 to 9, with higher numbers indicating more conserved amino acids. Asterisks denote 100% conserved
amino acids. Broken lines represent areas where no amino acids could be aligned. Sequences were aligned in ClustalX
v.2.0 (Larkin et al., 2007) and displayed in Jalview v.2 (Waterhouse et al., 2009). Sequences were retrieved on
September 8th, 2021.
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Figure 7. Multiple sequence alignments of (A) MATH and (B) BTB domains of 18 Arabidopsis MATH-BTB protein isoforms (BPM). All proteins were searched
using NCBI Protein BLAST and putative MATH and BTB domains were retrieved. In the protein name, the number after decimal point denotes the splicing variant.
Identical and similar amino acids are shaded in blue, with darker shades indicating higher similarity. Each amino acid is adjoined with its conservation status
indicated by yellow bars at the bottom of the alignment and numbered 1 to 9, with higher numbers indicating more conserved amino acids. Asterisks denote 100%
conserved amino acids. Broken lines represent areas where no amino acids could be aligned. Sequences were aligned in ClustalX v.2.0 (Larkin et al., 2007) and

displayed in Jalview v.2 (Waterhouse et al., 2009). Sequences were retrieved on January 18th, 2022.
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4.2. Functional analysis of wheat TaMAB2
4.2.1. Overexpression of TaMAB?2 affects epidermal cell length

To elucidate possible roles of TaMAB2, a previously established transgenic Arabidopsis line
overexpressing GFP-tagged TaMAB2 under control of the constitutive CaMV 35S promoter
(Bauer et al., 2019) was used. To study whether constitutive overexpression of TaMAB2 affects
longitudinal growth of Arabidopsis roots, 5-day-old seedlings were grown on MS medium in short-
day conditions and subsequently analyzed. TaMAB2 overexpression did not cause a statistically
significant change in primary root length (Figure 8A). However, root epidermal cells exhibited a
significant change in longitudinal length, with average cell length of 230 um in the transgenic line,

compared to 200 um in wild type (Figure 8B).

4.2.2. TaMAB?2 colocalization and protein interaction analysis

To test whether TaMAB2 co-localizes with ubiquitin, a proximity ligation assay (PLA) was
performed in Arabidopsis seedlings overexpressing GFP-tagged TaMAB2 (Bauer et al., 2019). To
assess whether TaMAB2 associates with ubiquitin, protoplasts of 2-week-old seedlings
overexpressing GFP-tagged TaMAB2 were incubated with anti-GFP and anti-ubiquitin primary
antibodies. TaMAB2-GFP co-localized with ubiquitin in foci around the nucleus and possibly in
the nucleus as well (Figure 9A), indicating that TaMAB?2, like its maize and Arabidopsis orthologs,
could be part of a CUL3-based E3 ubiquitin ligase complex.

To identify possible substrates of TaMAB?2 as part of a putative CUL3-based E3 ligase complex,
results of a tandem affinity purification (TAP) combined with mass spectrometry (MS) were used
as a pool of proteins for which an interaction with TaMAB2 could be analyzed in vivo. The
experiment was based on 7-day-old suspension cultures and 12-day-old Arabidopsis seedlings
overexpressing TAP-tagged TaMAB2 (Bauer et al. 2019). Among others, subunit A of the
translation initiation factor 4 (elF4A1) and subunit G of the translation initiation factor 3 (elF3G1)
appeared as putative TaMAB2 interactors.

53



A ROOT LENGTH B EPIDERMAL CELL LENGTH
400
300
350 _ %
300 § 250
£
€ 250 2 200
£ ko)
e —
5 200 S 150
5 ©
— 150 £
9 2 100
=100 a
50 g 50
0 0
WT oeTaMAB2 WT oeTaMAB2

Figure 8. Root and root epidermal cell length in Arabidopsis seedlings overexpressing TaMAB2 (oeTaMAB2). (A)
No difference in primary root length was observed between oeTaMAB2 and wild type (WT). (B) Epidermal cells in
the root hair initiation zone are longer in oeTaMAB?2 line compared to wild type. Both analyses were performed on
five-day-old seedlings of wild type and oeTaMAB2 grown on MS medium in short day conditions. Results of one
independent experiment are shown (for root length: n = 40, for cell length: n = 120), but similar trends were observed
in a second independent experiment (for root length: n = 40, for cell length: n = 75). Bars show mean values = SD.

Asterisk denotes statistical significance between means of wild type and oeTaMAB?2 (Student’s T test, P < 0.05).

To investigate whether TaMAB?2 is capable to directly interact with Arabidopsis elF4A1, elF3G1
and cytoskeleton-related protein Katanin from wheat (TaKAT), a Y2H assay was performed.
Neither elF4A1 nor elF3G1 showed a direct interaction with TaMAB2 (Figure 9B). A positive
result was obtained in the His prototrophy assay for interaction with TaKAT. However, TaKAT
also interacted with empty vector control, indicating a false positive reaction (Figure 9B).
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Figure 9. TaMAB2 colocalizes with ubiquitin but does not interact with putative targets in Y2H (A) TaMAB2-GFP
and ubiquitin co-localize in cytoplasmic complexes in transgenic Arabidopsis protoplasts overexpressing TaMAB2.
Duolink In Situ PLA was performed using primary antibodies against ubiquitin and GFP. When the antibodies are in
close proximity, a Texas (TX) Red fluorescent signal is emitted through amplification of oligonucleotide probes
attached to secondary antibodies. Protoplast nuclei were stained with DAPI and visualized under UV light (left) and
merged with TX red signals (middle). Protoplast is shown in bright field (BF; right). Scale bar = 10 um. PLA signals
were observed in three independent experiments. (B) Y2H protein interaction assay of TaMAB2 with Arabidopsis
eukaryotic translation initiation factors 4 (subunit A; elF4A1) and 3 (subunit G; elF3G1), and wheat Katanin (TaKAT).
Co-transformants were selected on solid dropout medium lacking Leu and Trp (YC) and protein-protein interaction
was detected on dropout medium lacking Leu, Trp and His (YC His’). B-galactosidase assay was performed using X-
Gal as substrate. RDM1-DMS3 interaction served as a positive control. TaMAB2 and RDML1 in the pGAD424
backbone (bait) were co-transformed with interaction partners in the pGBT9 backbone (prey). For negative controls,
prey constructs were co-transformed with empty pGAD424 vector. TaMAB2 does not interact with elF4A1 or elF3GL1.
Interaction with TaKAT is a false positive. Three individual colonies of each co-transformant were analyzed.
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4.3. Functional analysis of Arabidopsis BPM1
4.3.1 ABA and osmotic stress affect BPM1 protein turnover

To examine the role of BPML1 in stress response, wild type and BPM1-overexpressing lines were
subjected to ABA, NaCl or mannitol treatment, which was followed by gene expression analysis
of endogenous BPM genes in wild type, as well as analysis of germination rates, and BPM1-GFP
protein stability and intracellular localization in overexpression lines. Preliminary experiments
revealed the effective concentration range of ABA, NaCl and mannitol (unpublished results,
courtesy of NataSa Bauer) and these concentrations were used for downstream assays.

To test whether ABA, mannitol or NaCl treatment affect the expression of endogenous BPM genes,
a relative gene expression analysis was performed using RT-gPCR. Expression of the majority of
endogenous BPM genes was unaffected by ABA, mannitol or NaCl treatment, the only exceptions
being BPMS5 with slightly decreased expression after mannitol treatment, and BPM6 with slightly
increased expression after NaCl treatment (Figure 10A).

The results of Western blotting showed that 6 h exposure to mannitol and ABA treatment had no
observable effect on BPM1 protein levels (Figure 10B). Conversely, exposure to NaCl correlated
with a decrease in BPM1 protein levels (Figure 10B).

ABA and mannitol treatment caused changes in transgenic BPM1 subcellular localization in
Arabidopsis roots. When seedlings were untreated, BPM1 predominantly localized in root cell
nuclei, with a weaker fluorescent signal present along the root stele (Figure 10C). Treatment with
ABA and mannitol caused a more prominent accumulation of BPM1 inside root cell nuclei, while
NaCl treatment caused a more dispersed protein presence along the root stele (Figure 10C).

Here, ABA, mannitol and NaCl treatments were used to assess the germination rates of plants
overexpressing BPM1. Seeds of wild type and BPM1-overexpressing lines (L003 and L104) were
plated on MS-MES medium supplemented with different concentrations of NaCl (25, 50 and 100
mM), mannitol (100, 200 and 300 mM) or ABA (0.5 and 1 pM). Seed germination rates were
calculated based on observation of radicle protrusion. Generally, seeds of BPM1 overexpressors
showed a slight delay in radicle protrusion compared to wild type but this discrepancy was no
longer observable 48 h after imbibition (Appendix B3). Therefore, the 48-h time point was chosen
for assessment of radicle protrusion. Similar to results of protein stability assays, a trend could be

observed in BPM1 overexpressors’ response to ABA and osmotic stress as opposed to salt stress
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(Figure 10D). Germination rates were higher in seeds of BPM1 overexpressors than in wild type
after exposure to ABA and mannitol. For instance, only 23% wild type seeds germinated when
treated with 1 uM ABA, while this number reached 39-58% for BPM1-overexpressing lines
(Figure 10D). Therefore, transgenic protein stabilization and stable germination rates after ABA
and mannitol treatment indicate that overexpression of BPM1 leads to increased resistance of
transgenic plants to ABA and osmotic stress, implying a possible role of BPM1 in drought
response. Conversely, no difference in germination was observed between wild type and transgenic

lines after NaCl treatment (Figure 10D).

4.3.2. Temperature affects expression of BPM genes and BPM1 protein turnover

To test whether exposure to elevated temperature will induce the expression of all six endogenous
BPMs, wild type plants were exposed to 3 h of incubation at 37 °C, followed by RNA extraction
and RT-gPCR analysis (Figure 11A). Exposure to elevated temperature significantly induced the
expression of endogenous BPM1, BPM2 and BPM3, with the strongest increase measured for
BPM2. Expression of BPM4 was slightly decreased, while expression of BPM5 and BPM6
remained unchanged (Figure 11A). These results additionally indicate involvement of BPM
proteins in heat stress response, and they also show that BPM1-3 might take on different, arguably
more dominant roles than BPM4-6 in conditions of elevated temperature.

Protein stability of BPM1 was analyzed after exposure of 12-day-old seedlings to 37 °C using
Western blotting and confocal fluorescence microscopy. Accumulation of BPM1-GFP was
confirmed by fluorescence microscopy of transgenic seedlings’ roots, where BPM1-GFP highly
accumulated in root cell nuclei after 6 h of incubation at 37 °C (Figure 11B). Additionally, after 1
and 3 h of exposure to elevated temperature, overall BPM1-GFP protein levels increased compared
to control (Figure 11C).
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Figure 10. BPM1-GFP protein stability and germination rate of BPM1 overexpressors increase under ABA and
osmotic stress. (A) Wild type seedlings were exposed for 3 h to either 50 uM ABA, 300 mM mannitol, 150 mM NaCl
or mock solution and sampled for BPM gene expression analysis using RT-gPCR. Expression of BPM genes was
normalized to expression of RHIP1. For all treatments, expression of each individual BPM gene was calibrated to
expression of that gene in untreated control. Endogenous BPM5 expression decreased after treatment with mannitol
(middle) and BPM6 expression increased after treatment with NaCl (right). Other endogenous BPM genes did not

significantly change in response to ABA (left), mannitol or NaCl treatment.
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Figure 10. - continued.

Expression values are shown as mean fold change + SD of two biological replicates. Asterisks indicate statistical
significance (Student’s T test, P < 0.05). (B) Twelve-day old seedlings were exposed for 6 h to either 50 uM ABA,
150 mM NacCl, 300 mM mannitol (MAN) or mock solution. Whole protein extracts were immunoblotted with anti-
GFP antibody (top panel). For loading control, proteins were stained with Coomassie on PVDF membranes (bottom
panel). BPM1 protein levels dropped after exposure to NaCl-induced salt stress but remained stable after ABA
treatment and mannitol-induced osmatic stress. Similar results were obtained in at least three independent experiments.
(C) Twelve-day old seedlings of BPM1 overexpression lines (L104 and L003) were exposed for 6 h to 50 uM ABA,
150 mM NaCl, 300 mM mannitol or mock solution and at least three seedlings immediately analyzed by confocal
microscopy. BPM1-GFP accumulated in root cell nuclei after exposure to ABA and osmotic stress but diminished and
translocated to root vasculature after exposure to salt stress. Fluorescent and merged (bright field and BPM1-GFP
signal) images of L104 are shown. Scale bar = 50 pm. Similar results were obtained in at least three independent
experiments. (D) Seeds of wild type (WT) and BPML1 overexpressors (L104 and L003) were germinated on MS
medium supplemented with varying concentrations of ABA, mannitol or NaCl (denoted on the graphs) and germination
rates were examined after 48 h. BPM1 overexpressors germinated better under ABA and mannitol-induced osmotic
stress compared to wild type. BPM1 overexpressors and wild type are equally susceptible to NaCl-induced salt stress.
Three independent experiments were performed (n > 100). Asterisks indicate statistical significance (Student’s T test,
P <0.05).
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Figure 11. Endogenous BPM gene expression and BPM1-GFP protein levels increase at elevated temperatures. (A)
Wild type seedlings were incubated for 3 h at 24 °C (control) or 37 °C and sampled for gene expression analysis using
RT-gPCR. Expression levels of endogenous BPM1, BPM2 and BPM3 significantly increased after heat treatment, with
the highest increase measured for BPM2. Expression of BPM4 decreased. The blue line indicates expression in
untreated control (calibrated to 1). (B) Twelve-day-old seedlings of BPM1 overexpression lines (L104 and LO03) were
incubated for 6 h at 24 °C (control) and 37 °C in the dark and at least three seedlings were immediately analyzed by
confocal microscopy. BPM1-GFP protein accumulated in root cell nuclei after exposure to 37 °C.
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Figure 11. — continued.

Similar results were obtained in at least three independent experiments. Fluorescent and merged (bright field and
BPM1-GFP signal) images of L104 are shown. Scale bar = 50 um. (C) Six-day-old seedlings were sampled before
treatment (0) and 1 and 3 h after incubation at 37 °C in the dark. Whole protein extracts were immunoblotted with anti-
GFP monoclonal antibody (top panel). BPM1-GFP accumulated after exposure to 37 °C. For loading control, proteins
were stained with Coomassie on PVDF membranes (bottom panel). Similar results were obtained in at least three
independent experiments. (D-E) Expression profiles of DREB2A downstream targets HsfA3 (in D) and AT4G36010
(in E) in BPM1-overexspression lines. Seedlings of wild type and BPM1-overexpressors (L104 and/or L0O03) were
sampled for gene expression analysis prior to treatment (control), after 3 h at 24 °C or after 3 h at 37 °C. The increase
in expression of HsfA3 and AT4G36010 in response to heat treatment was lower in BPM1 overexpression lines
compared to wild type. In A, D, E, expression levels of BPM genes, HsfA3 and AT4G36010 were normalized to
expression of RHIP1 and calibrated to expression of tested gene in untreated wild type control. Expression values are
shown as mean fold change + SD of two biological replicates. Asterisks indicate statistically significant differences
between means of control and treated sample in A, or between means of wild type and BPM1-overexpressor lines for
each sample type (control, 24 °C and 37 °C) in D and E (Student’s T test, P < 0.05).

To indirectly test whether overexpression of BPM1 will cause a comparable change in DREB2A
levels, a gene expression analysis of a DREB2A downstream target, HsfA3, was performed.
Seedlings of wild type and BPM1 overexpression lines (L104 and L003) were incubated at 37 °C
for 3 h and HsfA3 expression levels were estimated relative to wild type levels prior to heat
treatment. As expected, in wild type plants HsfA3 levels significantly increased (20-fold) after heat
exposure (Figure 11D). The HsfA3 levels also increased in BPM1 overexpression lines after heat
treatment but this increase was significantly lower compared to wild type (only sixfold in L104
and eightfold in L003). Additionally, even when no heat treatment was applied (24 °C), HsfA3
expression in BPM1 overexpressing lines was downregulated compared to wild type plants (Figure
11D). To additionally confirm the reduction of DREB2A activity in BPM1 overexpressors,
expression of another downstream target of DREB2A (AT4G36010) was tested in line L104 in
control and heat stress conditions. This gene encodes a pathogenesis-related thaumatin family
protein and was shown to be upregulated in wild type after heat stress as well as in the amiBPM
line (Morimoto et al., 2017; Sakuma et al., 2006b). A similar trend was obtained for AT4G36010,
namely, the 30-fold increase in expression measured in wild type was reduced to an 11-fold
increase in the BPM1 overexpressor (Figure 11E).

The BPM2 protein was highlighted by Morimoto et al. (2017) as a DREB2A interactor after

exposure to heat stress. Interestingly, here the BPM2 gene exhibited the most substantial (12-fold)
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increase in gene expression after exposure to elevated temperature (Figure 11A). For this reason,
BPM2 was selected for analysis of splicing variant expression analysis. Once the BPM2 gene is
transcribed, the primary transcript can be processed into five different splicing variants, BPM2.1 —
BPM2.5 (Table 3). To analyze possible differences in transcript abundance of individual BPM2
splicing variants after exposure to heat, an RT-gPCR analysis was performed. Due to technical
constraints, specific expression of splicing variants BPM2.1 and BPM2.2 could not be analyzed.
For BPM2.1, a primer pair could not be designed due to sequence similarity with other splicing
variants, and for BPM2.2, a single primer pair was designed but, a PCR product could not be
obtained in these experimental conditions. The remaining three variants, however, showed distinct
transcript abundance profiles after a 3 h exposure of 12-day-old wild type seedlings to 37 °C
(Figure 12A). While BPM2.3 and BPM2.5 transcripts were highly abundant (5.2 and 13.5 fold
change, respectively) compared to control, the abundance of BPM2.4 transcript was significantly
downregulated (0.27 fold change) (Figure 12A). These results indicate that individual splicing
variants contributed differently to the overall 12-fold increase in BPM2 expression, which was
measured using a primer pair binding all five splicing variants (Figure 11A). Therefore, conditions
of elevated temperature not only induce BPM2 gene expression but influence differential splicing
of the BPM2 transcript. A slight difference in expression was also measured for BPM1.1 (1.78 fold
change) and BPM1.2 (3.03 fold change) splicing variants (Figure 11A). However, the primers used
for the BPM1.1 variant also recognized the BPM1.3 variant, therefore, the result is not specific for
BPML1.1.

Transcript abundance of BPM1 and BPM2 splicing variants was also analyzed after exposure of
12-day-old seedlings for 3 h to low temperature (4 °C) (Figure 12B and C). Abundance of BPM1.1
and BPM1.3 transcripts (measured with a single primer pair) slightly increased, while abundance
of BPM1.2 decreased after cold treatment (Figure 12B). While there was no difference in transcript
abundance of BPM2.3 and BPM2.4 after cold treatment, it increased 7.23 times for transcript
BPM2.5 (Figure 12C). It appears that, compared to other splicing variants, the BPM2.5 splicing

variant is most significantly upregulated by both heat and cold stress conditions.
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Figure 12. Transcript abundance of BPM1 and BPMZ2 splicing variants after exposure to elevated temperature and cold
stress. (A) Wild type seedlings were incubated for 3 h at 24 °C (control) or 37 °C and gene expression was analyzed
by RT-gPCR. BPM2.3 and BPM2.5 variants were significantly more abundant after exposure to elevated temperature
compared to control. (B-C) Wild type seedlings were incubated for 3 h at 24 °C (control) or 4 °C and gene expression
was analyzed by RT-gPCR. In B, abundance of transcripts BPM1.1 and BPM1.3 (measured using a single primer pair)
slightly increased after cold treatment, while BPM1.2 decreased. In C, splicing variant BPM2.5 was the dominant
variant after cold treatment. In A-C, expression levels of BPM genes were normalized to expression of RHIP1 gene
and calibrated to expression of tested gene in untreated control. Expression values are shown as mean fold change +
SD of two biological replicates. Asterisks indicate statistical significance (Student’s T test, P < 0.05). Fold change
value (relative expression) represents transcript abundance.

4.3.3. Photoperiod affects transgenic BPML1 protein stability

To test whether photoperiod affects expression of endogenous BPM genes, a relative gene
expression analysis was performed on tissues harvested at different time points during the day.
Wild type seedlings were sampled during the light period (at 12 p.m. and 5 p.m.) and at the end of
the dark period (6 a.m.). Expression of each endogenous BPM gene was measured at each time
point and fold change values were estimated relative to the 12 p.m. value. The expression of BPM
genes remained stable during the day and showed a tendency to increase at the end of the dark
period, but with statistical significance only for BPM2 and BPM6 (Figure 13A).
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To assess whether BPML1 protein stability changes relative to photoperiod or duration of light
exposure, 12-day old seedlings were grown in standard conditions and protein accumulation was
analyzed at different time points during the day, or after continuous exposure to either light or dark
for 6 or 15 h (Figure 13B and C). To test the effect of photoperiod, every four hours seedlings
were harvested for Western blotting. BPM1-GFP consistently accumulated throughout the day and
during the first hours of the night (between 10 a.m. and 10 p.m.), with an apparent reduction near
the middle of the night (2 a.m.) and reaching a minimum at the end of the dark period, at 6 a.m.
(Figure 13B).

Continuous exposure to light, regardless of treatment duration (6 or 15 h), caused a characteristic
accumulation of BPM1-GFP in root epidermal cell nuclei of transgenic seedlings (Figure 13C).
On the other hand, incubation in the dark first showed a dispersion of GFP signal (6 h), then
translocation of signal into and along the root stele (15 h) (Figure 13C). Finally, prolonged
incubation in the dark (24 h) resulted in a diffused BPM1-GFP signal along the xylem (Appendix
B4).
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Figure 13. BPM1-GFP protein stability is susceptible to daily rhythm changes. (A) Wild type seedlings were grown
in standard growth conditions and sampled for gene expression analysis at 12 p.m. (noon), 5 p.m. and 6 a.m. (near the
end of the dark period). Expression levels of BPM genes were examined by RT-qPCR. Expression levels of endogenous
BPM2 and BPM6 remained stable during the day and significantly increased at the end of the dark period. A similar
trend wass observed for other BPM genes. Expression of BPM genes was normalized to expression of RHIP1 and
expression at 5 p.m. and 6 a.m. was calibrated to expression at 12 p.m. Expression values are shown as mean fold
change + SD of two biological replicates. Asterisks indicate statistical significance (Student’s T Test, P < 0.05). (B)
Seedlings of BPM1 overexpression lines were cultivated in 16 h day/8 h night regime with the dark period beginning
at 11 p.m. and ending at 7 a.m. (represented by black color in the schematic diagram). Seedlings were sampled every
4 h for protein extraction. Whole protein extracts were immunoblotted with anti-GFP antibody (top panel). BPM1
protein levels dropped during the dark period. For loading control, proteins were stained with Coomassie on PVDF

membranes (bottom panel).
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Figure 13. — continued.

Similar results were obtained in two biological replicates of one independent experiment. (C) Seedlings of BPM1
overexpression lines were incubated in either dark or light for 6 h (left) or 15 h (right) and at least three seedlings were
immediately analyzed by confocal microscopy. BPM1-GFP protein accumulated in root epidermal cell nuclei during
light exposure and in stele during prolonged dark exposure. Similar results were obtained in at least three independent
experiments. Fluorescent and merged (bright field and BPM1-GFP signal) images of L104 are shown. Scale bar = 50

pm.

4.4. Evaluation of reference genes for RT-qPCR gene expression analysis in Arabidopsis

4.4.1. Expression variation of candidate reference genes

Previous chapters showed results of various RT-qPCR experiments, most extensively used in the
analysis of elevated temperature effects on BPM gene expression. According to available literature,
no reference genes were systematically analyzed and validated for use in RT-qPCR experiments
employing elevated temperature in Arabidopsis. Therefore, to procure a list of candidate reference
genes with stable expression after exposure to non-optimal temperatures, publicly available
microarray data as well as scientific literature was searched. Expression profiling data (ATH1
Genome Array datasets) obtained on several Arabidopsis tissues exposed to different temperature
treatments (4 to 40 °C) were used to select candidate reference genes with minimum expression
variation. This analysis yielded ten lists of 100 most stable genes (Top100 lists), from which ten
candidate reference genes were selected for expression stability analysis. The criteria for selection
of candidate reference genes from Top100 lists was the number of their appearances within all ten
lists, with highest priority given to genes with the highest number of appearances. Additionally,
available literature was searched for RT-qPCR reference genes adhering to the following criteria:
they belonged to traditional reference genes (“housekeeping genes”) and/or they had already been
identified as potential reference genes for experiments employing specific temperatures in
Arabidopsis (Hong et al., 2010). The full protocol for microarray data processing and selection of
candidate reference genes is described in Skiljaica et al. (2022). The ten selected candidate
reference genes (DWA1, OGIO, PUX7, TRAPPC6, GLR2, PP2AA3, MON1, RHIP1, TIP41 and
UBC21) are listed in Table 4.
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Table 4. RT-qPCR candidate reference genes selected for evaluation of gene expression stability in Arabidopsis
exposed to elevated temperatures. Genes were selected after screening of publicly available microarray data and
literature, as described in Skiljaica et al. (2022). The table lists each gene’s symbol and identifier (ID) from the TAIR

database, and protein name and function as described in TAIR or UniProt database.

GENE
SYMBOL GENE ID PROTEIN NAME PROTEIN FUNCTION
Transport protein particle Endoplasmic reticulum to Golgi vesicle-
TRAPPC6 AT3G05000 (TRA?PP)F::om orrl)ent 6 mediated transport, pollen tube development,
P regulation of GTPase activity, response to ABA
Plant UBX domain-containing Encodes a nuclear UBX-containing protein that
PUX7 AT1G14570 protein 7 can bridge ubiquitin to AtCDC48A
2-oxoglutarate (20G) and
OGIO AT5G51880 Fe(ll)-dependent oxygenase Oxidoreductase activity
superfamily protein
owp (DDBLincngwindo e Sy b T netate eduiton o
DWA1 AT2G19430 protein) hypersensitive to : S'9 gp Y, P
of ta-siRNAs involved in RNA interference,
ABA 1 . L
protein ubiquitination
Cellular calcium ion homeostasis, response to
GLR2 AT2G17260 Glutamate receptor 2 light stimulus, stomatal movement
PP2AA3 AT1G13320 Protein phosphatase 2A Subunit of protein phosphatase ZA (PP2A),
subunit A3 regulation of phosphorylation
. . Cellular response to glucose stimulus,
RHIP1 AT4G26410 RGSI-HXKI interacting regulation of glucose mediated signaling
protein 1
pathway
TIP41 AT4G34270 TIP41-like family protein TOR signaling, regulation of phosphoprotein
phosphatase activity, signal transduction
Monensin sensitivity 1 - Intracellular protein transport, late endosome
MON1 AT2G28390 i y to vacuole transport, plant organ development,
SAND family protein o
vacuole organization
Ubiquitin-coniuaating enzvme Fatty acid beta-oxidation, peroxisome
UBC21/PEX4  AT5G25760 q Jugating enzy organization, protein import into peroxisome

21/Peroxin 4 matrix, protein ubiquitination

Gene expression stability of candidate reference genes was evaluated by RT-gPCR in three types
of tissues: 12-day-old seedlings, rosette leaves and flower buds of 5-week-old plants. Seedlings
and plants were exposed to a range of elevated temperatures (22 °C, 27 °C, 32 °C, 37 °C and 42
°C) for 3 h, followed by tissue harvesting and RNA extraction. The quality of total extracted RNA
was verified before reverse transcription, with Azsorso ratio of all RNA samples approximately 2
and the Axeo23o ratio 2.0-2.2. Additionally, electrophoresis showed distinct bands of 18S and 28S
ribosomal RNA (Appendix B5). For each gene, primer pairs were designed to generate a g°PCR
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product not longer than 225 bp, the T of each primer was adjusted to 59 °C + 1 °C and GC content
of each primer sequence was 40% to 60%. When possible, primers were designed to span an exon-
exon junction. All primer sequences are listed in Appendix Al. Primers used for DREB2A were
previously published in Morimoto et al. (2017). Successful primer design for ten candidate
reference genes was tested with RT-gPCR. The presence of a single peak in a melting curve was
taken to indicate amplification of a single PCR product and absence of primer dimer formation
(Appendix B6). Furthermore, amplification of a PCR product of expected size was confirmed by
agarose gel electrophoresis (Appendix B6).

Two biological replicates of each temperature-treated tissue were prepared, with two technical
replicates in gPCR reactions. After averaging technical replicates, a dataset of 300 Cq values was
obtained (Appendix B7). Based on the analysis of average Cq values, UBC21 was the gene with
highest expression in all three individual tissues (seedlings, leaves and buds) exposed to five
different temperatures (Figure 14A). Two genes with lowest expression in individual tissues were
GLR2 (seedlings and buds) and MONL1 (leaves) (Figure 14A). When looking at all three tissues
combined, average Cq values of candidate reference genes ranged from 21.95 to 25.82. Again, the
gene with highest expression was UBC21 (Cq mean = 21.95) and the lowest expressed gene was
GLR2 (Cq mean = 25.82) (Figure 14B). Beside lowest expression, GLR2 and MON1 had the
highest overall Cq value dispersion (Figure 14A and B), indicating lower stability in different

experimental conditions.

4.4.2. Evaluation of expression stability of candidate reference genes

To assess the expression stability of candidate reference genes in Arabidopsis seedlings, leaves and
buds after temperature treatments, the obtained Cy data was analyzed with four validation
algorithms: BestKeeper, geNorm, NormFinder and comparative ACq method, according to the
protocol described in Skiljaica et al. (2022). For each candidate reference gene, correlation
coefficient (BestKeeper), M value (geNorm), stability value (NormFinder) and meanSD
(comparative ACq method) were calculated for individual tissue samples (seedlings, leaves, buds)

and all three tissues combined (Table 5).
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Figure 14. Expression profiles of ten candidate reference genes in Arabidopsis tissues exposed to elevated
temperatures. Arabidopsis seedlings, leaves and flower buds were incubated for 3 h at different temperatures (22°C,
27°C, 32°C, 37°C and 42°C) and RT-gPCR analysis was performed. C value variation was calculated for (A) samples
of individual tissues (N = 10 per gene/tissue) and in (B) samples of all tissues combined (N = 30 per gene). Boxes
indicate the 25"/75%" percentiles, the horizontal line in the box represents the median value and the vertical lines mark

5t and 95" percentiles. Outliers are marked with a dot and average values are marked with a red cross.

According to BestKeeper, the most stable gene was DWAL (0.98) in seedlings, PP2A3 (0.964) in
leaves and RHIP1 (0.975) in buds. In all tissues combined, DWAL (0.959) was considered most
stable (Table 5). The version of geNorm used in this work outputs a stability ranking list in which
two genes share the position of the most stable gene. Therefore, according to geNorm, most stable
genes were OGIO/PUX7 (0.159) in seedlings, UBC21/MONL1 (0.167) in leaves and TIP41/UBC21
(0.182) in buds. In all three tissues combined, DWA1/PUX7 (0.271) was considered most stable.

The stability value of the geNorm algorithm is the M value. Generally, genes with the M value
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below 0.5 are considered to be of adequate stability and therefore suitable for use as reference genes
(Hellemans et al., 2007). Here, all genes had M values below 0.5 in individual tissues and all tissues
combined (Table 5). According to NormFinder, the most stable gene was DWA1 (0.10) in
seedlings, UBC21 (0.14) in leaves and TIP41 (0.13) in buds and all tissues combined (Table 5).
When all genes were compared against one another using the comparative ACq method and then
ranked by mean SD values, the most stable gene was TIP41 (0.645) in seedlings, DWA1 (0.789) in
leaves and PP2AA3 (1.055) in buds (Table 5). In all three tissues combined, the most stable gene
was OGIO (1.306). A comprehensive ranking based on outputs of the four algorithms was obtained
using RankAggreg. In this ranking, the most stable candidate reference genes were OGIO and
PUX7 in seedlings, UBC21 and PUX7 in leaves and TIP41 and UBC21 in buds and all three tissues
combined. These results confirm what was shown by individual algorithms, with the top-ranked
genes appearing at least twice in the top three positions of the four algorithms. Interestingly, PUX7
ranked in sixth place in the BestKeeper analysis for seedlings. However, its SD value was 0.34,
which is still among the lowest SD values measured in the BestKeeper analysis (Table 5). Overall,
genes which were consistently top-ranked were OGIO, PUX7 UBC21 and TIP41, while GLR2 and

MON1 were consistently lowest-ranked.

4.4.3. Validation of top-ranked reference genes

To evaluate the reliability of selected reference genes, single or multiple reference genes were used
to normalize the expression of a heat-inducible gene DREB2A. Relative expression levels of
DREB2A upon temperature treatment were evaluated in individual tissues (seedlings, leaves and
buds) and all three tissues combined. Both for individual tissue analysis and group tissue analysis,
data normalization was performed using two respective top-ranked and one lowest-ranked
reference gene according to Table 5. The heat-induced rise in expression levels of DREB2A was
most prominent during the highest temperature treatment (42 °C) in all three tissues, and was higher
in seedlings than in leaves and buds (Figure 15). When either of the two top-ranked reference
genes was used to normalize the data (OGIO or PUX7 for seedlings, UBC21 or PUX7 for leaves
and TIP41 or UBC21 for buds) the resulting expression levels of DREB2A were similar. On the
other hand, using lowest-ranked reference genes for data normalization (MONL1 for seedlings and

GLR2 for leaves and buds) caused an increase in reported DREB2A expression levels (Figure 15A).
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Table 5. Stability ranking of ten candidate reference genes in Arabidopsis tissues exposed to elevated temperatures.
Arabidopsis seedlings, leaves and flower buds were incubated for 3 h at different temperatures (22°C, 27°C, 32°C,
37°C and 42°C) and RT-gPCR analysis was performed. Genes were ranked according to expression stability values
‘r’, ‘meanM’, ‘Stability’ and ‘MeanSD’, as implemented by BestKeeper, geNorm, NormFinder and comparative ACq
method, respectively. Comprehensive ranking derived from RankAggreg is based on individual rankings of the four
algorithms. Protocols of all validation software are available in Skiljaica et al. (2022). Data are shown for individual

tissues and all tissues combined.

(L:E é BestKeeper geNorm 2 NormFinder Comparative ACq AIZZ?Ie(Q
g é GENE r GENE meanM GENE Stability GENE MeanSD GENE
1 DWA1 0.980 DWA1 0.10 TIP41 0.645 OGIO
OGIO/PUX7  0.159
2 MON1 0.964 OGIO 0.14 PUX7 0.672 PUX7
3 OGIO 0.956 TIP41 0.184 PUX7 0.16 OGIO 0.674 DWA1
8 4 RHIP1 0.884 DWA1l 0.197 UBC21 0.18 UBC21 0.705 TIP41
% 5 GLR2 0.875 UBC21 0.228 TIP41 0.19 GLR2 0.723 GLR2
B 6 PUX7 0.873 GLR2 0.252 GLR2 0.23 DWA1l 0.725 UBC21
('-},J 7 TIP41 0.828 TRAPPC6  0.264 RHIP1 0.27 TRAPPC6 0.768 RHIP1
8 TRAPPC6 0.792 RHIP1 0.287 TRAPPC6 0.29 RHIP1 0.845 MON1
9 PP2AA3  0.656 MON1 0.306 MON1 0.30 MON1 0.901 TRAPPC6
10 UBC21 0.516 PP2AA3  0.340 PP2AA3  0.40 PP2AA3  0.993 PP2AA3
1 PP2AA3  0.882 UBC21 0.14 DWA1 0.789 UBC21
UBC21/MON1 0.167
2 OGIO 0.679 TIP41 0.18 OGIO 0.815 PUX7
3 TRAPPC6 0.570 PUX7 0.209 PUX7 0.19 UBC21 0.821 OGIO
n 4 RHIP1 0.553 OGIO 0.283 MON1 0.22 TRAPPC6 0.824 PP2AA3
'-'>J 5 PUX7 0.551 TIP41 0.316 PP2AA3 0.22 PUX7 0.826 TIP41
ﬁ 6 UBC21 0.525 PP2AA3  0.337 OGIO 0.23 TIP41 0.829 TRAPPC6
- 7 TIP41 0.428 TRAPPC6 0.353 TRAPPC6 0.25 PP2AA3  0.843 MON1
8 DWA1l 0.355 DWA1l 0.367 DWA1l 0.29 RHIP1 0.868 DWA1
9 MON1 0.341 RHIP1 0.398 RHIP1 0.35 GLR2 1.383 RHIP1
10 GLR2 0.084 GLR2 0.437 GLR2 0.1 MON1 2414 GLR2
1 RHIP1 0.975 TIP41 0.13 PP2AA3  1.055 TIP41
TIP41/UBC21 0.182
2 DWA1l 0.972 UBC21 0.16 uBC21 1.123 UBC21
3 PUX7 0.970 RHIP1 0.235 RHIP1 0.20 TIP41 1.150 RHIP1
4 UBC21 0.940 DWA1l 0.258 TRAPPC 0.21 TRAPPC6 1.186 DWA1
8 5 TIP41 0.922 TRAPPC6 0.281 DWA1l 0.23 OGIO 1.195 TRAPPC6
g 6 MON1 0.881 PUX7 0.299 OGIO 0.32 DWALl 1.242 PUX7
7 PP2AA3  0.870 MON1 0.318 MON1 0.33 GLR2 1.282 PP2AA3
8 TRAPPC6 0.868 PP2AA3  0.352 PUX7 0.33 RHIP1 1.294 OGIO
9 OGIO 0.851 OGIO 0.382 PP2AA3 0.34 PUX7 1.328 MON1
10 GLR2 0.571 GLR2 0.430 GLR2 0.37 MON1 3.073 GLR2

aThis version of geNorm does not differentiate between the top two positions within a ranking
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Table 5. — continued.

1 DWAL 0.959 * TIP41 013 OGIO  1.306 TIPa1
DWAL/PUX7 0.271
2 RHIP1  0.938 * UBC21 0.14 UBC21 1.319 uBC21
3 PUX7 0.938 * TIP41  0.295 PUX7 0.15 TIPA1  1.324 RHIP1
- TIPA1  0.919 * UBC21 0.310 DWAL 0.16 PUX7 1.368 DWA1
ﬁ 5 0GIO 0914+ TRAPPC6  0.327 TRAPPC6  0.18 DWAL 1.423 TRCAGPP
F 6 TRAPPCE 0893 0GIO  0.352 0GIO  0.18 RHIP1  1.426 PUX7
3 7 UBC21 0.879* RHIP1  0.365 MON1 0.19 PP2AA3 1452  PP2AA3
8  PP2AA3  0.827* MON1 0.379 PP2AA3  0.20 TRAPCCE  1.490 0GIO
9 MON1  0.609 * PP2AA3  0.394 RHIP1  0.22 GLR2 1.612 MON1
10 GLR2  0.499 * GLR2 0.424 GLR2 0.22 MON1 2.687 GLR2

aThis version of geNorm does not differentiate between the top two positions within a ranking

This deviation was most striking in leaves and buds, where bottom-ranked GLR2 was used. For
example, in buds at 42 °C, relative gene expression level of DREB2A was 31.02 and 32.6 when
normalized with TIP41 and UBC21, respectively, and 70.5 when normalized with GLR2 (Figure
15A, right panel). The deviation in DREB2A expression levels was somewhat less apparent in
seedlings, where MON1 was used as a representative of a low-ranked gene (Figure 15A, left panel).
The cause might be the relatively high stability values of MON1, which ranked eight but still had
similar values to those of the first-ranked OGIO. This was especially evident in the BestKeeper
analysis, where MON1 and OGIO had a similarly high Pearson correlation coefficient (r > 0.9).
For comparison, in buds, the r value of the first-ranked reference gene TIP41 was 0.922 and the
last-ranked GLR2 was 0.571. A similar pattern of DREB2A expression was observed when a group
analysis was performed for all three tissues combined (Figure 15B). Here, two top-ranked genes
were TIP41 and UBC21 and the lowest-ranked gene was GLR2. Again, relative expression levels
of DREB2A remained comparable when TIP41 and UBC21 were used for data normalization and
deviated when GLR2 was used.

Candidate reference genes used in this study were selected based on a microarray data analysis of
experiments employing elevated temperatures. The analysis also included experiments employing
low temperature treatments. Although expression stability of candidate reference genes was not
analyzed by RT-gPCR after low temperature treatment, they still represent a pool of genes to
validate for use in conditions of low temperature. Two candidate reference genes, the previously
validated RHIP1 and the unvalidated DWA1 were selected for data normalization in an experiment
where seedlings were incubated at both 37 °C and 4 °C (for experiment details, see section 4.3.3;

expression analysis of BPM2 splicing variants). While RHIP1 was selected based on its previous
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validation in the heat-based experiment, DWAL was selected because it was the second most stable
gene in two large microarray datasets comprised of experiments employing both cold and heat
stress (unpublished analysis, courtesy of Lucija Markulin). The first most stable gene in these
arrays was PP2AA3, which was not used here because it ranked in the last place in the heat-based
group ranking obtained for seedlings (Table 5). Figure 16 shows expression levels of BPM2.3,
BPM2.4 and BPM2.5 at 37 °C (Figure 16A) and 4 °C (Figure 16B). For each gene, expression
data was normalized either to expression of RHIP1 or to a geometric mean of expression of RHIP1
and DWA1, and the obtained fold-change values are shown side by side. At 37 °C, normalization
with RHIP1 resulted in a relative expression increase of 5.2, 0.3 and 13.5 for BPM2.3, BPM2.4 and
BPM2.5, respectively. Surprisingly, when both reference genes were used, fold-change doubled,
measuring 11.3, 0.6 and 29.4 for the three variants, respectively (Figure 16A).

Exposure of seedlings to 37 °C resulted in an increase in DWAL expression which was substantial
enough to create a strong shift in relative expression of tested gene variants. The heat-induced shift
in DWAL expression is clearly evident in a side-by-side comparison of Cq values of RHIP1 and
DWAL at 24 °C (control), 4 °C and 37 °C (Figure 16C). On the other hand, expression of DWA1
did not change in the 4 °C experiment, where relative gene expression remained similar for all
variants regardless of whether RHIP1 was used alone or along with DWA1 for data normalization
(Figure 16B), and stable expression of both genes was evident by their average Cq values (Figure
16C).
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Figure 15. Validation of selected reference genes in individual Arabidopsis tissues exposed to elevated temperatures.
Arabidopsis seedlings, leaves and flower buds were incubated for 3 h at different temperatures (22 °C, 27 °C, 32 °C,
37 °C and 42 °C) and expression levels of DREB2A were calculated using the AACq method with single or multiple
reference genes used for normalization. DREB2A expression was calculated (A) individually for each tissue, using
their respective top- and bottom-ranked genes, and (B) in a group analysis, using the top-and bottom-ranked genes for
all tissues combined. For gene rankings, see Table 5. The left, middle and right side of each panel show seedlings,
leaves and buds, respectively. Results of one independent experiment are shown.
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Figure 16. RHIP1 is a suitable reference gene in experiments employing cold and heat treatments, and DWA1 only in
cold treatment. Wild type seedlings were incubated for 3 h at 4 °C, 24 °C and 37 °C and relative gene expression of
BPM2.3, BPM2.4 and BPM2.5 was analyzed by RT-qPCR. RHIP1 was used for data normalization either alone or in
combination with DWA1. (A) When expression of BPM2.3, BPM2.4 and BPM2.5 after heat treatment is normalized
to expression of RHIP1, fold change levels significantly differ from those obtained using both RHIP1 and DWAL1 for
normalization. (B) Fold change levels of BPM2.3, BPM2.4 and BPM2.5 after cold treatment are similar when RHIP1
is used alone or in combination with DWAL for data normalization. (C) Expression of DWAL is less stable than
expression of RHIP1 at 4 °C, 24 °C and 37 °C. (A-C) Expression values are shown as mean fold change + SD of two

biological replicates. Asterisks indicate statistical significance (Student’s T test, P < 0.05).
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5. DISCUSSION

5.1. Expansion of the MATH-BTB family in wheat

An Ensembl Plants database search against the wheat proteome using the TaMAB2
sequence as query revealed 46 putative MATH-BTB proteins in wheat Triticum aestivum. An
earlier analysis of wheat MATH-BTB proteins revealed 49 putative proteins in total (Skiljaica,
2016). Additionally, the two analyses differed in the numbers of splicing variants predicted for
TaMAB genes encoding the putative TaMAB proteins. In the first analysis, only one splicing
variant was predicted for each gene (Skiljaica, 2016), while in the repeated analysis, four genes
were predicted to contain two splicing variants. Nevertheless, both analyses indicate significant
expansion of the MATH-BTB family in wheat. This result is in accordance with earlier reports of
significant MATH-BTB expansion in several other grass species, such as rice, Sorghum,
Brachypodium and maize (Gingerich et al., 2007; Jurani¢ & Dresselhaus, 2014) as well as in the
nematode C. elegans (Stogios et al., 2005). Out of 42 expanded clade TaMAB genes, 21 contain a
single exon, while the other 21 genes contain two or more exons, with one member having as much
as eight exons. This differs from results of an earlier study reporting that genes of the expanded
clade, unlike the core clade, do not contain introns (Gingerich et al., 2007). This could be something
specific to wheat MATH-BTB genes, as the aforementioned study did not include wheat, or it
might simply reflect the development of sequence prediction software.

The process in which a gene family expands only in a select group of species, such as the expansion
of the MATH-BTB family in wheat and other grasses, has been termed lineage-specific expansion
(LSE) and it has been observed across all kingdoms of biological species (Lespinet et al., 2002).
An early study of LSE events in five eukaryote species, including A. thaliana, showed that LSEs
provide material for specific adaptations and for evolution of new functional systems in different
eukaryotic taxa. LSEs were observed in gene families involved in pathogen and stress response,
transcription regulation, controlled protein degradation mediated by the ubiquitin system, protein
modification, signal transduction, chemoreception, and small molecule metabolism (Lespinet et
al., 2002). Interestingly, in Arabidopsis, plant-specific kinases and plant-specific F-box proteins
(substrate adaptors of E3 ligases) were the two most expanded gene families (Lespinet et al., 2002).

A common denominator in LSE scenarios is a gene duplication event followed by retention in the
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genome due to a functional adaptation (Lespinet et al., 2002). A preferential retention of gene
duplicates was observed in species which underwent several rounds of whole genome duplication,
such as A. thaliana, which was shaped by three distinct genome duplication events, termed a, J3,
and y (Bowers et al., 2003). The genes which were retained after one round of duplication were
more likely to remain in the genome as duplicates following the second round of duplication. This
process was functionally biased, with genes involved in regulation of transcription being highly
over-represented (Seoighe & Gehring, 2004). In general, proteins which require a stoichiometric
balance due to interaction with other proteins are less likely to expand by single gene duplications,
but are more easily retained in the genome following whole genome duplication. The reason for
this phenomenon is that whole genome duplications result in balanced dosages of all proteins
involved in the interaction (Birchler & Veitia, 2007). Interestingly, the MATH-BTB family did not
expand in the A. thaliana genome which was duplicated three times (Gingerich et al., 2005, 2007),
nor did it expand in the Musa lineage (banana), where three rounds of whole genome duplications
occurred (D’hont et al., 2012). According to Jurani¢ & Dresselhaus (2014), this indicates that
expansion of the MATH-BTB family in maize, rice, Brachypodium and Sorghum was biased
relative to grasses-specific functions (Jurani¢ & Dresselhaus, 2014), and a similar bias likely played
a role in retention of the MATH-BTB family in the wheat genome.

The phylogenetic analysis of MATH-BTB proteins of Arabidopsis, wheat, maize and rice,
confirmed what was previously shown by Jurani¢ & Dresselhaus (2014), i.e., the clustering of
MATH-BTB proteins into two distinct clades, the smaller core clade containing all Arabidopsis
proteins and the large, expanded clade containing predominantly MATH-BTB proteins of grasses.
Expanded clade MATH-BTB proteins of wheat clustered into four out of five distinct subclades of
the expanded clade, E1 to E5. Using multiple sequence alignments of core and expanded clade
proteins, | analyzed the conservation status of their individual domains, the MATH and the BTB
domain. This analysis showed that the MATH domain of wheat MATH-BTB proteins of the
expanded clade is less conserved than the BTB domain, which agrees with previous indications
that the MATH domain of expanded clade MATH-BTB proteins is becoming more diversified
(Gingerich etal., 2007). A similar process seems to have shaped another family of E3 ligaze adaptor
proteins, namely the F-box family of proteins. F-box proteins cluster into two subclades, FBA and
FBK, both of which underwent expansion but following different evolutionary patterns. While

subclade FBK expanded near the beginning of land plant evolution, expansion of subclade FBA
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occurred only in flowering plants and most intensely in the Brassicaceae family, with an average
of 200 members in each species. The FBA subfamily evolved by waves of duplication, followed
by sequence conservation of the F-box domain and sequence diversification of the target-recruiting
domain (Navarro-Quezada et al., 2013), similar to what was found here for wheat MATH-BTB
proteins of the expanded clade. The authors postulate that unlike FBK proteins, the majority of
FBA proteins are not involved in basic developmental processes, but were important for adaptation
of specific lineages to their respective environments (Navarro-Quezada et al., 2013). In an earlier
study, Thomas (2006) hypothesized that in C. elegans, both the MATH-BTB and F-box family
expanded to combat viral pathogens or bacterial protein toxins, and this view was shared for rice
MATH-BTB proteins, which underwent similar expansion (Gingerich et al., 2007). Indeed, an
extensive paleogenomic study revealed that the wheat genome, similar to four other grass species
(rice, Sorghum, maize and barley) underwent fast evolution with very active episodes of genome
rearrangements and gene mobility (Salse et al., 2009). The authors suggest that preferential
retention of duplicated genes occurs as an adaptation to rapidly changing biotic and abiotic extrinsic
factors (Salse et al., 2009), which is what most likely shaped the expanded MATH-BTB families
of grasses. To summarize, it is highly likely that expansion of the wheat MATH-BTB family,
combined with the diversification of the MATH-domain, occurred in response to environmental
challenges placing specific constraints on the wheat lineage.

On the other hand, multiple sequence alignments indicated that the core clade MATH domain is
highly conserved. Clearly, two distinct evolutionary processes are shaping the two major clades of
the MATH-BTB family, and both are more pronounced in the MATH domain. Indeed, Gingerich
et al. (2007) show that the core clade of Arabidopsis and rice MATH-BTB proteins undergoes a
purifying selection, especially in its target-binding MATH domain, most likely to facilitate
interaction with a highly specialized set of substrates. Salse et al. (2009) suggest that reversion to
singleton status is more common for genes involved in stable biological processes, and this role
has been most commonly attributed to Arabidopsis MATH-BTB proteins (Gingerich et al., 2007;
Jurani¢ & Dresselhaus, 2014).

5.2. Putative roles of TaMAB2 during wheat embryogenesis
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One of the goals of this research was evaluation of effects that overexpression of TaMAB2 has on
plant morphology and physiology. In the case of TaMAB2, earlier attempts at creating a wheat
knockout mutant resulted in embryo lethal phenotype, indicating its crucial role during wheat
embryogenesis (Bauer et al., 2019). Therefore, a transgenic Arabidopsis line overexpressing GFP-
tagged TaMAB2 under control of the constitutive CaMV 35S promoter was regenerated. These
plants exhibit mild to severe growth defects, such as reduced growth, rugose leaf blades, failed leaf
stalk elongation and no flowering (Bauer et al., 2019). In protoplasts of TaMAB2 overexpressors,
TaMAB2 colocalized with ubiquitin, indicating association with a CUL3-based E3 ligase
mediating ubiquitination of target proteins, as reported previously for ZmMABL (Jurani¢ et al.,
2012). This agrees with the finding that TaMAB?2 directly interacts with Arabidopsis CUL3 in Y2H
(Bauer et al., 2019). TaMAB?2 also strongly interacts with itself, which agrees with the proposed
model of MATH-BTB proteins acting as dimers in CUL3-based E3 ligase complexes (Jurani¢ et
al., 2012; Zhuang et al., 2009). Additionally, root epidermal cell size measurements indicate an
involvement of TaMAB2 in cell size regulation, possibly through an interaction with proteins of
the cytoskeleton and/or its regulatory network. Although the increase in epidermal cell length in
TaMAB2 overexpressors compared to wild type was relatively small, it agrees with a more
pronounced increase in root and epidermal cell length observed in a different Arabidopsis line
overexpressing TAP-tagged TaMAB2 (Bauer et al., 2019). Additionally, crossing of this line with
a microtubule marker line caused disorganization of microtubule bundles in seedling roots (Bauer
et al., 2019), and the TaMAB2 protein co-localized with microtubules in cells during mitosis
(Bauer et al., 2019). Links between BTB-containing E3 ligase adaptors and cytoskeletal regulation
were observed in various eukaryote species. In human cells, a BTB-Kelch substrate adaptor of a
CUL3-based E3 ligase helps regulate mitotic progression and completion of cytokinesis by
mediating degradation of Aurora B (Sumara et al., 2007). In C. elegans, the female germline-
specific MATH-BTB protein MEL26 mediates degradation of a microtubule severing protein
Katanin during the meiosis-to-mitosis transition, which enables formation of long microtubules
necessary for proper anchoring of the spindle apparatus and chromosome segregation (Furukawa
et al., 2003; Pintard et al., 2003). Similarly, in maize, a germline- and zygote-specific MATH-BTB
protein ZmMMABL interacts with the p60 unit of Katanin and regulates spindle length after the
meiosis-to-mitosis transition in the male and female gametophyte. Although ZmMAB1 was shown

to be essential for proper nuclei separation during germline development, it is unknown whether
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interaction with Katanin is necessary for this process to occur (Jurani¢ et al., 2012). Here,
interaction of TaMAB2 with wheat Katanin was detected in the Y2H His prototrophy assay.
However, Katanin also seems to interact with the activation domain of Gal4 (negative control), and
therefore, true interaction with TaMAB2 in Y2H cannot be confirmed. Interaction of TaMAB2
with Katanin was also tested in a pull-down assay in our lab, but here as well, Katanin interacted
with the empty GST tag (negative control), indicating that it might be a sticky protein (data not
shown). A lack of interaction in a Y2H assay was also reported for actinll and four different
tubulin proteins (Bauer et al., 2019). Additionally, no interaction was found in Y2H for two
translation initiation factors, elF4A1 and elF3G1, which were reported as putative TaMAB2 targets
in a TAP-MS analysis (Bauer et al., 2019). Interestingly, a positive result in Y2H was obtained
only for TaMAB2 interaction with CUL3 and itself, and the strongest interaction was its
homodimerization (Bauer et al., 2019). Because all tested interaction partners so far were
Arabidopsis proteins (except Katanin), there is a possibility that amino acid sequences of wheat
and Arabidopsis homologs changed significantly enough for a lack of recognition in a heterologous
system such as yeast. Additionally, these interactions might be conditioned by post-translational
modifications which might not occur in yeasts, or the interaction partners are unable to enter yeast
nuclei, which is where transcription of the reporter gene is induced. Interestingly, out of all
TaMAB?2 interactions studied to date, the previously reported TaMAB2-TaMAB2 interaction
(Bauer et al., 2019) is the only one which could naturally occur, seeing how both interaction
partners come from the same species. In the future, it would be interesting to repeat this experiment
using wheat homologs. Moreover, other techniques for analysis of protein-protein interactions
could be used to analyze possible interaction in vitro (e.g. pull-down, microscale thermophoresis)
or in-vivo (e.g. bimolecular fluorescence complementation).

On a similar note, Arabidopsis represents a divergent host for a wheat protein, and overexpression
of TaMAB?2 in Arabidopsis does not come without caveats, as there is no assurance that the protein
will behave in a physiologically relevant manner. Arabidopsis and wheat belong to families of
eudicots and monocots, respectively, which diverged 140-150 million years ago (Chaw et al., 2004)
and whose members have been shaped by distinct adaptive mechanisms to cope with changes in
their respective environments. Firstly, TaMAB2 is specifically expressed in the wheat zygote and
two-celled proembryo, and is not observed in vegetative tissues (Leljak-Levani¢ et al., 2013). With

this in mind, the results obtained on Arabidopsis seedlings overexpressing TaMAB2 cannot be
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used to draw direct cause-and-effect relationships between the observed phenotypes and the true
physiological roles of TaMAB2 in wheat embryos. Interestingly, analyses of Arabidopsis embryos
overexpressing GFP-tagged TaMAB2 indicated no abnormalities in morphology or arrests in
development (Skiljaica, 2016). However, this could have been due to inactivity of the CaMV 35S
promoter during early embryogenesis, as a GFP signal could not be detected in embryos
overexpressing GFP-tagged TaMAB2 during early embryogenesis (data not shown), similar to
previous findings in cotton (Sunilkumar et al., 2002) and the Arabidopsis line overexpressing
BPM1 (L104; from personal correspondence with NataSa Bauer).

Finally, following the previously proposed hypothesis that MATH-BTB proteins of grass species
have expanded and diversified in response to diversification of their substrates and/or specific
environmental constraints, a question arises on whether TaMAB2 will have true physiological
targets in a species which did not undergo this type of expansion and diversification. However,
based on results obtained in the TAP-MS analysis (Bauer et al., 2019), putative TaMAB2
interactors seem to be proteins involved in fundamental biological processes, such as cytoskeletal
regulation and translation, which are usually conserved across eukaryotes (Erickson, 2007;
Sonenberg & Dever, 2003), and thus contain components which are likely to be recognized by
orthologous interactors. On the very opposite end lies the possibility that precisely the lack of
physiological targets caused a bias of TaMAB2 towards less specific targets in Arabidopsis. At
least in part, the latter hypothesis is discouraged by the fact that maize ZmMAB1 was shown to
have a role in cytoskeletal regulation, in an experiment performed in a homologous system, i.e., in
maize plants (Jurani¢ et al., 2012), and that a direct interaction was reported between wheat
TaMAB2 and Arabidopsis CUL3 (Bauer et al., 2019). In the future, additional efforts will need to
be made to design homologous systems more suitable for investigation of direct protein-protein

interactions of TaMABZ2 and its putative targets in wheat.

5.3. Environmental cues affect BPM1 turnover

5.3.1. BPM1 is involved in drought and heat stress response

ABA and mannitol treatment caused accumulation of BPM1-GFP protein in root cell nuclei, but

did not affect its protein stability. Additionally, BPM1 overexpressors exhibited higher germination
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rates than wild type when treated with ABA and mannitol. These results indicate that BPM1 has
important roles during drought response, and that its stable nuclear localization might have
protective roles in this process. On the other hand, NaCl treatment destabilized BPM1, presumably
through protein degradation, and decreased its nuclear localization. These results indicate that
BPML1 is not required for salt stress response in Arabidopsis. The diffused fluorescent signal along
the root stele might even indicate that the transgenic protein was being actively pushed out of root
cells into the stele, perhaps due to a change in cellular requirements during conditions of salt stress.
Different subcellular localization patterns of BPM1 could also indicate changes in BPM1 stability
in different cell types in the root. Since whole seedlings are used for Western blot analyses, the
information regarding protein stability in different cells is lost, but results of fluorescence
microscopy analysis indicate that BPML1 stability might be cell type-dependent. A more sensitive
in situ assay of root cells exposed to different stressors would be helpful in clarifying the exact
cellular fate of BPML1 in different parts of the root. Furthermore, the striking changes in intracellular
localization of BPML1 in different environmental conditions might be connected to two types of
localization signals present in the BPM1 protein sequence, a nuclear localization signal at the very
C-terminal end, which is sufficient to drive the protein into the nucleus and nucleolus, as well as
two nuclear export signals present within the BTB and BACK domains of BPM1 (Leljak Levani¢
etal., 2012).

The observed stress-tolerant effect of BPM1 overexpressors in the germination assay was generally
more pronounced in line L104 than line LO03, which is in accordance with the previously described
differences between the two lines. Namely, line L104 accumulates more transgenic mRNA and
protein than line LO03, and has a more pronounced phenotype, i.e. smaller rosettes, exaggerated
flower opening, shorter siliques and early flowering (Skiljaica et al., 2020), which might explain
the observed differences in the abiotic stress assays. Interestingly, the differences were least
pronounced after treatment with NaCl, where results obtained for BPM1 overexpressors were
similar to wild type, additionally indicating no involvement of BPML1 in salt stress response.

The results of the protein stability and germination assays agree with previous findings linking
BPM proteins to drought response. Namely, BPM proteins mediate proteolysis of ATHBG6, a
transcription factor which is upregulated in response to conditions of water deficit and ABA
treatment, and has been proposed to function as a regulator of growth and development in response

to limited water availability (Henriksson et al., 2005; Himmelbach et al., 2002; Séderman et al.,

82



1999). ATHBS is a negative regulator of drought response, inhibiting expression of three drought-
and ABA-responsive genes, RESPONSIVE TO ABA 18 (RAB18), RESPONSIVE TO
DESICCATION 29B (RD29B) and RD22. By mediating ATHBG6 proteolysis, BPMs positively
regulate drought response (Lechner et al., 2011). Here, plants overexpressing BPM1 were less
sensitive to drought conditions, exhibiting higher germination rates than wild type. The results of
the protein stability assays indicate that this was possibly mediated by the stable BPM1 protein
level in germinating seeds. However, higher resistance to ABA and/or drought was also shown for
several plant lines with downregulated BPM genes. For example, the amiR-bpm line with down-
regulated BPM1, 4, 5, and 6 is tolerant to ABA (Lechner et al., 2011). Similarly, the double bpm3
bpm5 mutant line with loss-of-function of BPM3 and BPMS5 is more tolerant to ABA, while plants
overexpressing BPM3 and BPM5 are more sensitive to ABA (Julian et al., 2019). On the other
hand, the amiBPM line with downregulated BPM1, 2, 3, 4 and 5 exhibits less tolerance to drought
(Morimoto et al., 2017). These results indicate complex dynamics of individual BPM proteins
during drought response. In the future, it would be interesting to see whether downregulation of
several BPM genes would lead to increased gene expression and/or protein stabilization of other
family members, and, vice versa, if overexpression of selected BPM genes would cause
downregulation of other genes and/or destabilization of their protein products.

Elevated temperature caused stabilization of transgenic BPM1 protein. Relative expression levels
of BPM1-GFP transgene remain unchanged at 37 °C, indicating no induction of the 35S promoter
at elevated temperatures (Skiljaica et al., 2020). Additionally, the protein remains abundant at 37
°C even after treatment with protein synthesis inhibitor cycloheximide (Skiljaica et al., 2020).
These results corroborate the hypothesis that accumulation of BPM1 is a consequence of protein
stabilization and not induced transgene expression. Additionally, elevated temperature treatment
caused upregulation of BPM1-3 in wild type plants. This is interesting in light of the recently
described role of BPMs in degradation of DREB2A, a major transcription factor involved in
dehydration and heat stress response (Morimoto et al., 2017). Although all six BPM proteins are
able to interact with DREB2A, based on the constitutive nuclear localization of BPM2, this member
was studied in more detail, and it was shown that it forms a complex with DREB2A after exposure
to heat (Morimoto et al., 2017). The authors hypothesize that DREB2A levels need to be quickly
fine-tuned in order to achieve optimal levels of available protein relative to external conditions.

This enables plants to adapt to the changing environment but at the same time minimizes the
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possible negative effects of overly abundant DREB2A on plant growth and productivity (Morimoto
et al., 2017). The apparent stabilization of transgenic BPM1 in conditions of elevated temperature
indicates that BPM proteins might be regulated in a similar fashion, with fast stabilization after
exposure to heat stress in order to ensure steady levels of available protein, which can then quickly
and efficiently mediate degradation of DREB2A. Protein levels of DREB2A markedly increase
immediately after exposure to heat stress (0.5 — 1 h), and begin to drop after five hours of
continuous heat stress (Morimoto et al., 2013). This could indicate the time frame in which the
accumulated and stabilized BPM1 and/or other BPMs (especially BPM2) mediate DREB2A
degradation. The link between heat-induced stabilization of BPM1 and degradation of DREB2A
was further corroborated by the downregulation of DREB2A downstream targets HsfA3 and
AT4G36010 in plants overexpressing BPM1. These results strongly suggest that overexpression of
BPM1 leads to a decrease in DREB2A protein levels, presumably due to BPM1-mediated
proteolysis of excess DREB2A in all conditions, but particularly during heat stress when BPML1 is
additionally stabilized, which then affects the expression of its downstream targets. Combined with
the increase in BPM1-3 gene expression after exposure to elevated temperature, it appears that
BPM1 might be regulated both transcriptionally and post-translationally in response to heat stress,

and similar regulatory mechanisms might be employed in regulation of other BPM proteins.

5.3.2. Photoperiod and light signaling affect BPM1 stability

Besides water availability and temperature, light is another environmental signal which triggers a
variety of cellular and systemic responses in plants. Plants with functional green chloroplasts
capture light and use it as a source of energy via the process of photosynthesis. Light also serves
as a trigger in signal transduction pathways which mediate adaptive responses such as phototropism
(orientation of shoot growth towards a light source) and shade avoidance, and developmental
transitions such as germination and flowering (Kami et al., 2010). Transgenic BPM1 was shown
to be stabilized during the light period and degraded during the night period. Additionally,
prolonged exposure to light led to a characteristic nuclear localization of transgenic protein,
whereas prolonged exposure to dark caused diffusion of the BPML1 signal and, eventually,

translocation to the stele. The diffusion of the BPM1 signal after incubation in the dark correlates
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with the drop in BPML1 levels measured during normal photoperiod, indicating roles related to light
signaling.

Results of gene expression analysis do not show significant perturbations in expression of BPM
genes during photoperiod, but the slight increase in expression of BPM genes at the end of the dark
period might suggest a negative feedback mechanism regulating BPM gene expression.
Hypothetically, if protein levels of BPM genes drop during the night and rise up again at daylight,
there would indeed be an increased need for synthesis of BPM proteins at the end of the dark period,
reflected by a rise in gene expression. However, only BPM2 and BPM6 exhibited statistically
significant increase in expression at the end of night period, in an experiment where three points
of measurement were considered. Nevertheless, the two genes make interesting candidates for
further and more detailed research of light-mediated changes in stability and function of BPM
proteins.

BPM proteins have been associated with light signaling via interaction with several transcription
factors belonging to different protein families. For instance, BPMs induce degradation of the
transcriptional inhibitor MYB56, which negatively regulates the expression of FT, a major
activator of flowering. Thus, BPMs act as a positive regulator of flowering (Chen et al. 2015). The
relationship between MYB56 and FT is illustrated by their photoperiod-dependent expression
patterns. While FT expression has two peaks, one around 10 a.m. and one around 6 p.m., with drops
in between (Suarez-Lopez et al., 2001; Chen et al., 2015), expression of MYB56 is highest at 8 a.m.
(when FT expression is still low) and lowest at 6 p.m. (Chen et al., 2015). Clearly, intrinsic levels
of MYB56 and FT transcripts fluctuate depending on time of day. MYB56 protein levels are stable
throughout the day and drop around 6 p.m. (Chen et al., 2015), which follows the course of MYB56
expression, but could also be induced by BPM-mediated degradation. Here, transgenic BPM1
levels remained stable at 6 p.m., indicating that its activity is physiologically required at this time
of day, possibly to maintain MYB56 levels low. Additionally, BPM1 was specifically shown to
mediate degradation of another MYB transcription factor and a negative regulator of FT
expression, MYB106 (Hong et al., 2021). The link between MY B transcription factors, BPMs and
regulation of flowering was also found in the flowering phenotypes of different transgenic plants.
Firstly, null mutants of both MYB56 and MYB106 exhibit an early flowering phenotype (Chen et
al., 2015; Hong et al., 2021). Next, plants overexpressing BPM1 also exhibit an early flowering
phenotype, with a number of growth defects related to inflorescence (Skiljaica et al., 2020). Finally,

85



6xamiBPM plants with reduced BPM expression have a late-flowering phenotype (Chen et al.,
2013). All modified plants studied to date indicate that low levels of MYB TFs and high levels of
BPMs positively correlate with promotion of flowering.

Additionally, MYC2, MYC3, and MYC4 are described as interactors of BPM proteins (Chico et
al., 2020). Protein levels of these transcription factors are fine-tuned during the day/night cycles to
optimize the balance between growth and defense (Shin et al., 2012). However, photoperiod-
dependent MY C2 stability is regulated by the activity of a RING-finger E3 ubiquitin ligase called
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) (Chico et al., 2014), while BPM proteins
were specifically shown not to be involved in photoperiod-dependent degradation of MY C2 (Chico
et al., 2020). This agrees with results of the present work, seeing how both BPM1 (this work) and
MYC2 (Chico et al., 2014) are significantly destabilized in the dark.

BPM1 was also shown to interact with RAP2.4 (Weber & Hellmann, 2009), a transcription factor
involved in ethylene and light signaling. RAP2.4 expression is down-regulated by light and
overexpression of RAP2.4 causes defects in multiple developmental processes regulated by light
and ethylene (Lin et al., 2008). However, involvement of BPM1-mediated regulation of RAP2.4

has not been investigated in more detail.

5.3.3 Transcriptional and post-translational regulation of BPM proteins

BPM proteins act as adaptors of CUL3-based E3 ligases to induce degradation of several
transcription factors. Many of these transcription factors can be simultaneously involved in
multiple processes, for instance, DREB2A is involved in drought and heat stress response, ATHB6
is involved in ABA and light signaling, RAP2.4 in light, salt and drought stress responses and
MY C proteins are involved in light signaling and JA response (Henriksson et al., 2005; Lin et al.,
2008; Lechner et al., 2011; Morimoto et al., 2017; Chico et al., 2020). All of these processes are
related to environmental signaling. Here, BPM proteins most likely play a role in regulating levels
of available transcription factors during stress response, with the aim of avoiding negative
consequences of their overaccumulation (Julian et al., 2019; Morimoto et al., 2017). In turn, BPM
proteins can be simultaneously involved in regulation of multiple processes, and they can target
different proteins involved in the same process. For instance, BPM proteins target ATHB6 and
DREB2A, which have conflicting roles in drought response. While DREB2A positively regulates
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drought response, ATHBG is a negative regulator of ABA signaling as part of drought response
(Lechner et al., 2011; Morimoto et al., 2017). In amiR-bpm plants, the negative effect of ATHB6
accumulation outweighs the positive effect of DREB2A accumulation in drought conditions, with
plants exhibiting drought sensitivity despite the upregulation of DREB2A gene targets involved in
drought response, illustrating the importance of BPM proteins in regulating the strength of stress
response (Morimoto et al., 2017).

In order to maintain optimal levels of all transcription factors necessary for a certain type of stress
response, plant cells need to maintain optimal levels of their regulators, such as BPM proteins. One
possible mode of regulation of BPM proteins is at the level of protein stability. BPM protein
stability differed in response to varying stress conditions, remaining unchanged in drought stress,
increasing in response to elevated temperature and decreasing in response to salt stress. To date,
stability of individual BPM proteins has been the focus of only one research study. Chico et al.
(2020) showed that 1 h and especially 3 h of JA treatment stabilizes BPM3, similar to the
stabilization of BPML1 in response to elevated temperature. Interestingly, although both BPM3 and
BPM6 were described as regulators of MYC2, MYC3 and MYC4 as part of the JA signaling
pathway, JA treatment did not stabilize BPM®, indicating individual physiological responses of the
two proteins. BPM3 and BPM®6 additionally differ in their intrinsic stability, with BPM3, unlike
BPM6, being highly unstable and short-lived (Chico et al., 2020). Despite their sequence
conservation and constitutive gene expression, BPM proteins seem to possess individual
differences, possibly to ensure a more varied stress response. Further research should reveal
whether BPM2-6 are stabilized by drought and elevated temperature as shown here for BPM1. At
least with regards to elevated temperature, increased protein stability of BPM2 would be expected,
based on the significant BPM2 gene expression increase in response to elevated temperature, but
also considering the stable BPM2-DREB2A complex which forms during heat-stress (Morimoto
2017). An important question remains to be answered — how is BPM protein stability regulated?
Treatment with MG132, an inhibitor of 26S proteasome, indicated that BPM3 is degraded by the
proteasome (Chico et al., 2020; Lechner et al., 2011), and a similar result was obtained for BPM1
(Skiljaica et al., 2020), but the exact regulatory mechanism is still unknown. Additional studies
should reveal whether specific post-translational modifications are necessary for the BPM proteins
to be stabilized, or whether an increase in stability is achieved by a decrease in protein levels of an

unknown negative regulator. A Cul3-based E3 ligase might mediate BPM1 degradation, as
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indicated by significant stabilization of recombinant BPM1 after treatment of transgenic plants
with the rubylation inhibitor MLN4924 (Skiljaica et al., 2020).

The second possible mode of BPM regulation is at the level of gene expression. Chico et al. (2020)
show that BPM genes are not transcriptionally regulated by JA (Chico et al., 2020), which is similar
to the results of relative gene expression analyses of endogenous BPM genes after ABA and
mannitol treatment, but different from results of elevated temperature treatment, which did show
significant perturbations in expression of several BPM members. To date, regulation of BPM gene
expression has not been extensively studied. However, a recent study demonstrated that an RNA-
binding protein ARABIDOPSIS PUMILIO PROTEIN 24 (APUMZ24) directly reduces stability of
BPM3 and BPM6 mRNAs via binding of Pumilio response elements in their 3’UTRs (Huang et al.,
2021). BPM proteins mediate degradation of transcription factor WRI1, affecting seed maturation
and fatty acid biosynthesis (Chen et al., 2013), and regulation of BPM expression via APUM24 has
direct consequences on these developmental processes (Huang et al., 2021). It would be interesting
to investigate whether this type of regulation might be involved in environmental responses as well,
especially during heat stress response which seems to invoke differential expression of BPM genes.
A third possible mode of BPM regulation is at the level of RNA splicing, as shown here for BPM2
gene in conditions of elevated temperature and cold stress. In eukaryotes, a gene can be transcribed
into a full-length transcript which is later translated into a fully functional protein, but it can also
give rise to a transcript which contains an in-frame premature termination codon, which can either
be targeted for degradation by nonsense-mediated decay, or translated into a truncated protein with
no or limited activity (Mastrangelo et al., 2012). This process plays an important role in plant biotic
and abiotic stress responses. Interestingly, alternative splicing events in conditions of abiotic stress
have been mostly described for genes with regulatory roles, such as E3 ubiquitin ligases, protein
kinases involved in phosphorylation cascades, transcription factors and others (Mastrangelo et al.,
2012 and references cited therein). To date, specific splicing events in BPM genes, or other plant
MATH-BTB genes, have not been investigated in relation to environmental conditions. However,
the fact that the BPM2.5 transcript becomes highly abundant in conditions of elevated temperature
and cold stress indicates that this protein variant plays a more dominant role in this type of stress
response. This role is most likely related to the known function of MATH-BTB proteins as part of
the CUL3-E3 ligase, as the protein contains full-length MATH and BTB domains, including all
eight amino-acid residues within the BTB domain shown to mediate CUL3-binding of C. elegans
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MEL-26 and S. pombe BTB3, and most likely other MATH-BTB proteins (Geyer et al., 2003;
Gingerich et al., 2005; Xu et al., 2003). The other two splice variants analyzed here are BPM2.3
and BPM2.4. Remarkably, after elevated temperature treatment (but not cold stress), the BPM2.3
transcript was five times more abundant and the BPM2.4 transcript was significantly less abundant
compared to control. The BPM2.4 transcript might be undergoing nonsense-mediated decay, to
prevent accumulation of the truncated protein, but in that case, a similar course of action would be
expected for BPM2.3, as their lengths and amino acid sequences are nearly identical (95% pairwise
identity). The different profiles present a challenging question with regards to post-transcriptional
regulation of different splicing variants. Nevertheless, temperature-induced alternative splicing
offers an additional layer of gene expression regulation, equipping plants with an even more
nuanced stress response. One possible role of alternative splicing is auto-regulation. For instance,
alternative splicing induced by heat stress was found in HsfA2, a gene which encodes a key
regulator of heat stress response in Arabidopsis (Sugio et al., 2009). Another study revealed that
exposure to severe heat generates a cryptic 5’ splice site in the intron of the HsfA2 gene, creating
the HsfA2-111 splice variant, and the resulting protein product promotes self-regulation of HsfA2
expression (Liu et al., 2013). Jurani¢ & Dresselhaus (2014) propose that the number of splicing
variants is related to the number of genes in a family. For instance, the total number of maize
MATH-BTB genes is lower compared to rice, Sorghum and Brachypodium, but maize MATH-BTB
genes contain a higher number of splicing variants, which were speculated to have a role in exerting
regulatory effects on full-length variants (Jurani¢ & Dresselhaus, 2014). Moreover, of the two
human SPOP genes, one was estimated to have as much as 23 splicing variants (Jurani¢ &
Dresselhaus, 2014). Following this hypothesis, the small family of six MATH-BTB genes in
Arabidopsis is even more likely to use its 17 splicing variants for regulatory functions, however,
this is yet to be tested. Perhaps the most interesting finding of the transcript abundance analysis in
conditions of elevated temperature was the highest increase measured for the truncated BPM2.3
and the full-length BPM2.5 variant. The BPM2.3 variant lacks the BACK domain and three
conserved amino acid residues presumed to be important for interaction with CUL3. Therefore, the
BPM2.3 variant is most likely uncapable of a fully functional interaction with CUL3. Why would
this variant be predominantly expressed during heat stress? It is tempting to speculate that BPM
proteins have additional roles, which require their ability to bind protein substrates (i.e. the

presence of a functional MATH domain) but not in a CUL3-dependent manner and therefore
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possibly not related to proteasomal degradation. The existence of different forms of BPM proteins
would allow plants to exert both functions simultaneously, and therefore to combat environmental
stress on multiple fronts.

It appears that BPM proteins can be regulated on multiple levels, either transcriptionally (at the
level of gene expression), post-transcriptionally (at the level of differential splicing), or post-
translationally (at the level of protein stability), and that different environmental cues can induce
some or none of these modes of regulation, depending on the gene or protein member. The results
of this work present the possibility of a fourth mode of BPM regulation, via changes in subcellular
localization. While higher BPM1 protein stability positively correlated with nuclear accumulation,
lower protein stability (such as after salt stress and in the dark) correlated with weaker nuclear
signal and eventually translocation to the root stele. However, it is unclear whether dispersion of
this signal was a consequence of transgenic protein degradation and accumulation in the root stele.
Nevertheless, subcellular localization of BPM1 presents an intriguing topic, seeing how the protein
variant BPM1.1, which was used for generation of BPM1-overexpressing plants (Skiljaica et al.,
2020), possesses both a nuclear localization signal and two nuclear export signals (NES) in its
sequence (Leljak Levani¢ et al., 2012). The BPM1.2 protein variant contains additional 35 amino
acids in the BTB domain, and within it are two additional putative NES sequences (Leljak Levanic¢
et al., 2012), which indicates subtle differences in the roles of the two variants at the level of their
subcellular localizations.

This work gives novel insights into different levels of BPM regulation in response to different
external stimuli. Because changes in environmental conditions are “sensed” on the outside and
communicated to the inside through various channels, depending on the type of environmental cue,
one of the most challenging questions for future research is the point at which all these responses
converge to ultimately affect BPM proteins in a way that ensures optimal levels for all of its various
functions. This is especially important with regards to different environmental stressors, which in
nature often affect plants simultaneously, and which are, with progression of climate change,

becoming leading concerns for scientists in various areas of plant biology.

5.4. Evaluation of RT-qPCR candidate reference genes
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Changes in environmental temperature significantly affect fundamental plant processes such as
photosynthesis, respiration and metabolite synthesis, consequently influencing biomass yield, seed
ripening and germination, as well as shifts between plant developmental programs (Lawlor, 2005).
The currently accepted global climate change model predicts increases in overall temperature in
the upcoming years (Meehl et al., 2007). With the aim of generating more resistant crop species,
the scientific community responded with various gene expression analyses of potential regulators
and other major players in the molecular cascades of plant heat stress response. Many of these
studies use RT-gPCR, a medium-scale gene expression analysis method which offers both speed
and sensitivity. The reliability of RT-gPCR results largely depends on proper implementation of
the method, which, among other procedural requirements, demands the use of suitable reference
genes. Inaccurate normalization of RT-gPCR data can cause misinterpretation of gene expression
results and, ultimately, false conclusions (Bustin et al., 2009).

RT-gPCR was extensively used throughout this work to assess expression of different genes under
various circumstances, including elevated temperature. In these experiments, a single reference
gene, RHIP1, was used for normalization of expression data. RHIP1 was selected based on
previous empirical validation in specific laboratory settings. However, when literature was
searched for more reference genes validated for use in experiments employing elevated
temperatures, detailed validation studies were found for numerous plant species (Gao et al., 2017;
Janska et al., 2013; Jin et al., 2019; Liu et al., 2020; Paolacci et al., 2009), but not for Arabidopsis.
Czechowski et al. (2005) completed the first detailed study based on microarray data, in which
several reference genes suitable for use in RT-qPCR experiments on Arabidopsis are identified and
validated. The study includes data from different developmental stages, abiotic and biotic stresses,
hormone stress and nutrient stress (Czechowski et al., 2005). Another extensive validation study
includes data on seedlings exposed to 16 °C and 23 °C (Hong et al., 2010). In both papers, the
results are based on a single tissue and no more than two temperatures (Hong et al., 2010), or only
cold (4 °C) stress (Czechowski et al., 2005). Moreover, in Czechowski et al. (2005), to validate
reference gene stability, cold stress samples were pooled together with 19 other samples obtained
from different plant tissues, stresses or growth conditions, and no reference genes were proposed
specifically for cold treatment.

Here, the recommended gene combinations for use in gene expression normalization of RT-gPCR

data in experiments employing elevated temperature treatments were as follows: OGIO and PUX7
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in seedlings, UBC21 and PUX7 in leaves, TIP41 and UBC21 in flower buds, and TIP41 and UBC21
in all three tissues combined. Interestingly, UBC21, a traditional reference gene, was shown as the
optimal reference gene in three out of four cases. Similar results were shown previously, as in the
case of stable expression of GAPDH in seedlings of Arabidopsis pumila exposed to 40 °C and 4
°C and TUBo and EF 1o in seedlings of strawberry exposed to 38 °C and 4 °C, respectively (Jin et
al., 2019; Liu et al., 2020). Moreover, expression of MON1, PP2AA3, RHIP1 and TIP41 is
proposed to be stable in the analysis which comprises data from more than one tissue, namely
rosette leaves and flowers (Hong et al., 2010), which implies expression stability of these genes
not only across different temperatures but also across different temperature-treated tissues. Out of
the ten analyzed candidate reference genes, five appear on stability rankings provided by Klepikova
et al. (2016) in an RNA-seq analysis, namely TIP41, MON1, PP2AA3, PUX7 and UBC21. This
analysis, however, did not include temperature-treated tissues other than leaves at 42 °C but did
include various others developmental stages exposed to different abiotic stresses (Klepikova et al.,
2016).

To validate the reliability of top-ranked reference genes, a DREB2A-based relative gene expression
analysis was performed. When geometric mean data of expression of two most stable genes was
used for normalization of DREB2A expression data, relative gene expression levels were more
accurately represented than when only a single gene was used. However, the provided correction
was subtle, probably due to both genes being of similarly high stability. The importance of using
multiple reference genes and the corrective effect of highly stable genes was more apparent in
combination with least stable genes. When the low-ranked gene was individually used for
normalization, DREB2A expression appeared artificially enhanced but when it was used in
combination with top-ranked genes, this deviation was largely corrected, with expression levels
pulled back toward the range provided by top-ranked genes. On the other hand, in the experiment
where DWA1 and RHIP1 were used for normalization of expression in samples of seedlings
exposed to 37 °C and 4 °C, addition of the less stable DWA1 in the heat-based experiment resulted
in a substantial shift in reported expression, which was absent when only RHIP1 was used for
normalization. This indicates that a single reference gene of high stability will give more reliable
results than two genes of which one has more unstable expression in a given set of experimental

conditions.

92



All RT-gPCR experiments described in the first part of this dissertation (analyzing BPM genes,
HsfA3 and AT4G36010) were performed on seedlings. The list of reference genes validated for use
in two additional tissues, leaves and flowers, provides a wide choice of reference genes for use in
further functional analyses of BPM proteins in these tissues. These experiments would be of great
importance for better understanding of the various roles BPM proteins play in specific Arabidopsis
tissues. Flowers might be especially interesting, considering the high expression of endogenous
BPM genes in floral buds and open flowers compared to other tissues (Lechner et al., 2011), as
well as the highest accumulation of BPM1 protein in flowers of BPM1-overexpressing plants
compared to other tissues (Skiljaica et al., 2020).

Furthermore, although this work was focused on validation of reference genes in conditions of
elevated temperature (22 — 42 °C), microarray data obtained from experiments using both low and
elevated temperature treatments was used for selection of candidate reference genes (Skiljaica et
al., 2022). Two genes were indeed shown to have stable expression in an experiment employing 4
°C treatment, DWAL and RHIP1, indicating that the list of candidate reference genes could be used
as a pool of reference genes for further validation studies in experiments employing cold treatment.
Finally, orthologs of the ten reference genes validated in this work could serve as candidate
reference genes in other plant species. This has already been demonstrated in seeds of A. thaliana
and Solanum lycopersicum, where six out of seven reference genes previously confirmed as stable
in A. thaliana were also stable in S. lycopersicum (Dekkers et al., 2012). Similarly, in different
developmental stages and in the cambial region of A. thaliana and hybrid aspen, two out of four
reference genes considered stable in A. thaliana were also found to be stable in hybrid aspen
(Gutierrez et al., 2008). Preliminary research in our laboratory showed that OGIO and PUX7 are
adequate reference genes for use in experiments employing elevated temperatures in Brassica rapa
and that OGIO is stable in Brassica oleracea var. acephala, while neither gene is highly stable in
S. lycopersicum (unpublished data, courtesy of Natasa Bauer and Mirta Toki¢).

Reference genes validated for use in Arabidopsis RT-gPCR experiments employing non-optimal
temperatures provide a valuable source of data for better implementation of the RT-qPCR method.
Whether they are used for research performed in Arabidopsis, or in studies performed in closely
related crop species, suitable reference genes could contribute to the fast-growing field studying
both the consequences of heat stress on plant growth and development, but also the adaptive

capabilities of economically important plants faced with climate change.

93



6. CONCLUSIONS

1. Forty-six putative MATH-BTB genes in the wheat genome indicate a significant expansion of
the MATH-BTB family in wheat. While Arabidopsis BPM proteins cluster into the smaller core

clade, wheat TaMAB proteins cluster into the grasses-specific expanded clade.

2. The MATH domain of expanded clade wheat TaMAB proteins is less conserved than the BTB
domain. The opposite is true for core clade MATH-BTB proteins, indicating different evolutionary
processes shaping the two clades of the MATH-BTB family.

3. TaMAB2 might be part of a CUL3-based E3 ubiquitin ligase complex, with possible roles in
cytoskeletal regulation.

4. The BPM family is regulated on various levels and with dependence on environmental

conditions:

a) Involvement of BPM1 protein in drought response is possibly mediated by nuclear localization
and maintained protein stability, but not through changes in gene expression.

b) Involvement of BPM1 protein in heat stress response is possibly mediated through strong nuclear
accumulation and increased protein stability.

c) Elevated temperature causes upregulation of BPM1, BPM2 and BPM3, indicating regulation at
the level of gene expression. The BPM2.5 splicing variant is significantly more abundant
after exposure to both elevated temperature and cold stress compared to control, indicating
a dominant role of this protein variant as well as regulation at the level of RNA splicing.

d) BPML1 protein stability is sensitive to photoperiod and light exposure, with stabilization and

preferential nuclear localization during the day and degradation during the night.

5. Overexpression of BPM1 results in downregulation of two DREB2A-regulated genes,

confirming a previously shown role of BPM proteins in DREB2A degradation.

6. The recommended reference genes for normalization of expression data in RT-qPCR

experiments employing elevated temperature treatments of Arabidopsis tissues are as follows:
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OGIO and PUX7 in seedlings, UBC21 and PUX7 in leaves, TIP41 and UBC21 in flower buds, and
TIP41 and UBC21 in all three tissues combined.
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APPENDIX
APPENDIX A

Appendix Al. Primer sequences used for RT-gPCR. Listed are gene symbol and identifier (ID) from the TAIR
database, forward (top) and reverse (bottom) primer sequence, average primer efficiency, amplicon size in base pairs
(bp), and number of transcript variants bound by the primer pair (if applicable). For primer pairs that were used in
multiple RT-gPCR experiments, a representative primer efficiency value is indicated (marked with asterisk). The

downstream application is stated in the topmost cell above each subset of primer pairs.

o o FORWARD AND REVERSE FVERACE AMPLICON NUMBER OF
D PRIMER SEQUENCE EFFICIENCY SIZE (bp) TRANSCRIPTS
Expression profiling under abiotic stress and elevated temperature
BPM1 CCCGGTTGCACTGAATGGGA
(AT5G19000.1, cG CATTGTACTTGCTAGATCCG 1.95* 106 20f3
AT5G19000.3) ACGATTCATTGTACTTGCTAGATCCGATT
TGCATAACGATAGAAGACATGG
BPM1.2 1.96* 157 10f3
(AT5G19000.2) AATGGAGCAATACCTTATCCCG
TCTATCCGGGTAATAAGATCGAAGA
BPM2 1.99% 101 all (5)
(AT3G06190) CCTTGGAAACCCTAATTGTGTC
BPM3 AGTGATAGACGACATCGAACCT
1.90* 161 Il
(AT2G39760) CAAGGTCATAGAGGTCAGCA % 6 all )
BPM4 GAAGTTACTGACATGGAGCCT
1.84* 201 all (2
(AT3G03740) CACTGACTCGCACATTAGAC @
BPM5 AAAGGCGTATCAGTCAAATCC 185+ 137 all (1
(AT5G21010) TGTTGGTAAGCGTCTGTCTC ' @)
BPM6 GAACAACAGCGACGTAGTGA
1.95* 137 Il
(AT3G43700) CGGACGGCCTTAATAGGTCA 9 3 al 3
HsfA3 GTCAGACAGCTTAACACTTATG
1.95 141 all (2
(AT5G03720) GCAAGTTTGGTTGGATTGTGG @
TTACGTCATCACTTTCTGTCCT
AT4G36010 1.97 101 all (2)
CGTTTGGAGATGCCTTAGAG
Expression profiling of BPM2 splicing variants under elevated temperature
BPM2.3 TCAAGGATTTTCTGTTTACGAGTG 175 112 1
(AT3G06190.3) AGTAGAAAGATTAAACCTTATCCCG '
BPM2.4 TCAAGGATTTTCTGTTTACGAGTG 184 100 1
(AT3G06190.4) AAATGAAGCAACATCTTATCCCG '
BPM2.5 CCTGAAAGGTACAGAAGATCAC 1o1 114 1
(AT3G06190.5) CCATCACAGCTAAAGAAATTACAG '
Data normalization (for experiments above)
RHIP1 GAGCTGAAGTGGCTTCAATGAC
1.94* 81 all (1)
(AT4G26410) GGTCCGACATACCCATGATCC
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Appendix Al. — continued.

Selection and validation of candidate reference genes

TRAPPC6

CTGAGAATGAAACCCAAGATCC

(AT3G05000) TGACCCGAATCACGAAAGAG 1.80 180 all (1)
PUX7 GTTTCTCAGACTATCAAAGCCA

(AT1G14570) ATCAATTACAAGCACCACGG 1.93 120 all (4)
0OGIO ATCCAAGAGCAGTTCAAGCAAG

(AT5G51880) GAGAGCCATACCTTCCACTG 1.92 130 all (1)
DWA1 AGTTGTGGTGATGATGGTAGAG 103 176 Al (L

(AT2G19430) ACAGACATGGCATTGATCTCAG ' @
GLR2 AGCGATTGTTGATGAACGTCC

(AT2G17260) TCTCCAGTTTCGGATAGACCA 1.92 172 all (1)

PP2AA3 CATGTTCCAAACTCTTACCTGC

(AT1G13320) GGTCTTCACTTAGCTCCACC 1.92 164 all (4)
RHIP1 CTATTGGGATTGGTGTCGCT

(AT4G26410) AGAATTGTGCCTCTTCGCTC 1.92 105 all (1)
TIP41 GCAGCACAATGGAAATTCAGG

(AT4G34270) GCCTCAACCGTTTCTTTGTC 1.93 122 all (1)
MONZ1 TGTCTTCTCATCTCTTGTCCA

(AT2G28390) AGTAGAAGCAAGTCATCGGG 1.89 225 all (1)

UBC21/PEX4 TGCAGTTGACAATTCGTTCTC Lo3 151 A

(AT5G25760) CGGTCCATTTGAATATGTTGGT :

DREB2A ! CAGTGTTGCCAACGGTTCAT Lo 8 A
(AT5G05410) AAACGGAGGTATTCCGTAGTTGAG '

t DREB2A primers were originally published in Morimoto et al. (2017)
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Appendix A2. Primer sequences used for cloning into plasmid pGBT9. Primers were designed using the online In-

Fusion Primer Design Tool (Takara Bio Inc.; https://takara.teselagen.com/#/DesignPage). Listed in the table are gene

symbol and identifier (ID) from the TAIR database, forward and reverse primer sequence and the restriction sites
embedded within the primer sequence which were used for cloning into corresponding sites in the vector backbone.

For each primer set, the table lists annealing temperature (Ta) and elongation time (ELONG.) used for standard PCR
reactions.

GENE RESTRICTION Ta,
SYMBOL GENE ID PRIMER SEQUENCE SITE ELONG.
FwW TGTATCGCCGGAATTCATGGCAGGATCTGCACCAGA EcoRlI
elEAAL AT4G1142 58 C 3
0 min
REV GCAGGTCGACGGATCCCTAGTACGGCAGAGCAAACACA BamHI
FW TGTATCGCCGGAATTCATGACGATCGATTCGCAGC EcoRlI
elF3G1 AT3G1140 60 C 3
0 min
REV GCAGGTCGACGGATCCCTAGGTTGGTCTTGGAGTTGCC BamHI
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APPENDIX B

IFRVL LHFIYWDE
IFKVLPLTLLLIVYSRMYHPGSSPGALLLFSSLLTRDKVLLHFIYWDE

_________
""""""""

BPM1.1 s
BPM1.2

MATH BTB

Appendix B1. Schematic representation of Arabidopsis BPM1.1 and BPM1.2 protein sequences, with a detailed view

of 35 amino acids within the BTB domain present exclusively in the BPM1.2 variant.
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BPM2.1/1-2000
BPM2.2/1-1512
BPM2.31-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.3/1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.31-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.2/1-1512
BPM2.31-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.Y1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.¥1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.Y1-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.31-2331
BPM2.4/1-1995
BPM2.5/1-1942

BPM2.1/1-2000
BPM2.2/1-1512
BPM2.31-:2331
BPM2.4/1-1995
BPM2.5/1-1942

l TCGCAACCTACCAAACTGTTGTGTTTAAAACTT|
1 YCGCAACCTACCAAACTGYTGTGYTTAAAAC‘I’T
AAAACTT] 167

IGATTTTCTGTTTACGAGTGTACAAT
IGATTTTCTGTTTACGAGTGTACAAT 1132
ATGTTGCTTCATTTTATCTACTGGG 1125

134 -

1133 CCBGGACCTTCTCCTGBGGTGCTGCTCCEGTTCTCAAATATTACT CACCCGGGATAAG - 1180

1159 CCBGGACCTTCTCCTGBGGTGCTGCTCCEGTTCTCAA nucrc;«ccceocnmesnvAucnrcncnncrnmcnmc;«VGArmrcrcanTTcccccnscmmnAcnmmuuumruneucncuavvcnorcAAArnrcmcvnrcmcvrrscnrnnm 1351
1126 ATGAAATGCCTGATATGCAAGACTTAATCGGCACAGACETGAAATGGGEATCAACTC- - - - 1182

25 < -- 1213
072 - - - - - - - .- - - - - TTGAGGCT - --- - - - - 1079
1352 'l‘IAAGATTGGTCYY'AGYCGAYGTGCGAGYIT'AGAYCAYGGCTCCYGIAAATTIAAGG"1GAYACAAA1TCCCIICCIYVIGGTYTAIIGYACTTV‘IYYGYYEYYGYTGCAGAYB ATTTTATETACTGEGATGAAATGCCTGATATG AGACT! ATGGGEATBAAC 1544
a1 - - - - - .- - .- - - ATTTTATETACTGGGATGAAATGCCTGATATGH msc CAGACT ATGGG! AC 1270
1183 - - - - - "amncvcmcucmc TGCAG! TTATBCTCTTGAGCGGCTTAGAAGAAT vsce TCAA ACTCTG GAAT! 1217

1218 vcl-mvlecr.slulmcrmuecr Eca nmclc-* B X AA.AATATB.GAGTCAAA.CTCTG.GAAGQA.T*IAT-TAOGGTAGQA. -crvaccchTocA-ecA-Alcula'r TCEABCTGAAABCCBCETEEETCAAATT TATAGCTITECEABARAACCTG 1406

|s¢5 ATETGCTTGOAGCTGCAGABCETTATG corT AATATGEGAGTCAAANCT CTGTGAAGGA TACGGTAGGA cTTGscrc GoA cA'r TTTCEABCTGAAABC TCAAATTTATAGCTTTGCEABAAAACCTG 1737
12n ATETGCTTGCAGCTGCAG, TTATG AGC CTT AATATGCGAGTCAAAACTCTGTGAAGGA, TACGGTAGCA, CTYGGCYG TGC CAT TTTCCAGCTGAAAGC T TCAAATTTATAGCT. C Al CCTG 1463
|21l ACG ‘r ABCABCTTGGCTCTTGCAGAGBAGCATCAT TCCABCTGA, A CCTGCBTCAAATTTATAGCTETGCCAGAAA TG GTACAGAAG) TCCTTGCT TGATCATGTETBAAATCTBAABGECEBEECTTGTAACAARAAGETGTETGTAATTTCT 1470

1407
1080
1738
1464
14n

1600 1792
1234 1426
1931 2123
1857 1849
1664 1856
1793 AACTGGTTCTAATATGTTTGAACAAAAAAGT TCACTAAGCTTTCTTATTTGAGGTCCCAGACAATAACCTTTTGATATGTCCAATAGGACAACTATTTAAGTCTCA 1085
BT AR 1512
2124 AAGTGGTTCYAATATG'|‘fGAACAAAAAAGTTCACTAAGCTTYC\'TAT\‘TGAGGTCCCAGACAATAACCTTYYGAYATGTCCAA'IAGGACAACYATTTAAGYO'{CA 2316
1850 AACTGGTTCTAATATGT TTGAACAAAAAAGT TCACTAAGCTTTCTTATTTGAGGTCCCA - .- <. - 1905
1857 GARRIEATGACCAGAACCOGTTCTCTOAAGEAAAAACTIITCATETGACTTCATIGATARATIGE AT COARMAATGATIGEAG - - - - - - - - -~~~ ==~~~ === ossooooooooooooooooooono .- -- - 1942
1986 ACCACACAACAAAGT 0
2317 ACCACACAACAAAGT 2331
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Appendix B2. Multiple sequence alignments of cDNA sequences of BPM2 splicing variants. Putative 5° UTR, exons
and 3’ UTR regions were delineated according to estimates available in the Phytozome database (genome ID: 447).
Yellow squares mark the first three nucleotides of each exon (E1-E4) and red squares mark the STOP codons. Green
and orange arrows mark the beginning of 5’ UTR and 3° UTR, respectively. Identical and similar nucleotides are
shaded in blue, with darker shades indicating higher similarity. Broken lines represent areas where no nucleotides
could be aligned. Sequences were aligned in ClustalX v.2.0 (Larkin et al., 2007) and displayed in Jalview v.2
(Waterhouse et al., 2009). Sequences were retrieved on January 18th, 2022,
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Appendix B3. Germination rate (percentage of seeds with radicle emergence) for wild type (COL) and lines with
BPML1 overexpression (L104 and L003) one, two or four days after imbibition. Germination rates are shown as mean

values = S.D.. Asterisks indicate statistically significant differences between means of control and tested samples

(Student’s T Test, P <0.01).

GFP

Appendix B4. BPM1-GFP protein diffuses and translocates to root stele during prolonged dark exposure. Seedlings
of BPML1 overexpression line L104 were incubated in the dark for 24 h and immediately analyzed by confocal

microscopy. Fluorescent and merged (bright field and BPM1-GFP signal) images are shown in top and bottom panel,
respectively. Scale bar = 50 um.
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Seedlings Leaves Buds

°C 22 27 32 37 42 22 27 32 37 42 22 27 32 37 42

R1

Azsopgo 219 219 22 22 222 217 218 219 218 204 216 213 214 214 215
Azxorzo 2.52 1.98 1.37 0.99 2.12 2 166 164 193 177 219 194 227 215 2.04

11

Aos0 217 223 222 222 22 216 218 216 21 211 218 216 217 216 214
0.69 287 223 223 244 218 167 16 173 152 188 23 168 196 229

R2

Aa60230

Appendix B5. Quality assessment of RNA extracted from Arabidopsis tissues exposed to elevated temperatures.
Twelve-day-old seedlings, and rosette leaves and flower buds from 5-week-old plants were incubated for 3 h at
different temperatures (22°C, 27°C, 32°C, 37°C and 42°C) followed by RNA extraction. Integrity of RNA was
confirmed by agarose gel electrophoresis and RNA purity was assessed by determination of Azsorzso and Aszsorzo ratios.

Results of two independent experiments (R1 and R2) are shown in top and bottom panel, respectively.
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Appendix B6. Specificity of RT-gPCR amplification. (A) Dissociation curves of ten candidate reference genes
showing individual peaks, based on two technical replicates of 15 cDNAs from three different Arabidopsis tissues
exposed to five different temperatures. (B) Agarose gel showing single gPCR products of ten candidate reference

genes, with expected size (bp) denoted above bands.
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Appendix B7. Cq values of ten candidate reference genes in Arabidopsis tissues exposed to elevated temperatures.

Seedlings, leaves and flower buds of Arabidopsis were incubated for 3 h at different temperatures (22 °C, 27 °C, 32

°C, 37 °C and 42 °C) and RT-gPCR analysis was performed. Raw amplification data was analyzed in LinReg software

and Cq4 values of two technical replicates per sample were averaged. Results of two independent experiments

(biological replicates R1 and R2) are shown.

w g
5 5 28 x 9 z & % 2z 3 2 &8
o F wa < z 8 z g a z = g Q
E & o w o & a [ad )
¢ iE F
g
22°C 23.15 22.68 2246 24.02 26.41 2182 2229 2314 2232 22.03
27°C 2250 2231 2236 2392 26.15 2165 2212 23.04 2234 21.89
R1  32°C 23.00 2241 2249 2410 26.92 2201 2236 2319 2318 2221
n 37°C  23.68 22.87 2249 2461 26.89 22.04 2191 2337 23.09 2286
2 42°C 23.38 2292 2274 2435 26.72 2161 2207 2326 2318 2241
é 22°C 2243 2216 2244 2396 26.29 2327 2231 2291 2246 21.13
% 27°C 2324 23.02 2323 24.82 26.61 24.04 2344 2349 2345 21.96
R2  32°C 2424 2330 2350 2545 27.85 2330 2391 24.07 2471 2258
37°C  23.92 2251 2275 2469 2710 2264 2259 2288 2311 22.27
42°C 23.46 23.33 2325 2493 27.18 23.67 2345 2337 2419 2230
22°C 2477 22.62 2312 25.06 25.82 2345 2430 24.06 2828 22.33
27°C 2432 22.69 23.08 24.63 2526 2313 2340 2361 2817 22.04
R1 32°C 2421 2285 2279 2451 2432 2248 2334 2326 2841 22.08
37°C 2494 2311 2272 2523 2444 2254 2313 2330 28.46 22.38
g 42°C 25.01 23.60 23.19 2554 2434 2367 2338 2408 2870 2252
5 22°C 25.16 23.22 2354 2519 2631 2272 2378 2421 2337 2259
- 27°C 2469 2295 2290 24.80 26.48 2276 23.38 23.67 2316 22.28
R2  32°C 2451 2372 2379 2519 27.29 2322 23.66 2423 2451 23.19
37°C 2395 2278 2249 2538 26.50 2243 2249 2421 2350 2242
42°C 25.04 23.60 23.11 25.07 27.73 23.32 2296 2440 2423 23.16
22°C 2196 21.16 21.62 2276 23.96 21.13 2158 2215 26.15 20.81
27°C 23.81 2353 2250 2474 2568 21.89 2339 2370 2872 2229
R1 32°C 23.87 2345 2294 2454 2530 2166 2348 2349 2842 21.85
37°C 2245 2154 21.33 2327 2368 2077 2138 2194 26.23 20.71
8 42°C 2253 2218 23.15 2392 2559 21.67 2212 2263 2641 21.68
g 22°C 2214 2126 21.71 2280 2410 20.89 21.37 2247 2162 21.00
27°C 2214 2135 2136 2298 2441 20.78 21.17 22.00 21.28 20.70
R2  32°C 2234 2116 2149 2256 2471 21.04 2111 2213 21.24 20.72
37°C  22.64 21.17 21.15 2276 2427 21.24 2136 22.03 21.36 20.87
42°C  22.07 2140 2201 2290 26.23 21.33 2172 2254 21.62 21.27
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LIST OF ABBREVIATIONS

Amino acids

A, Ala — Alanine I, lle — Isoleucine R, Arg — Arginine
C, Cys — Cysteine K, Lys — Lysine S, Ser — Serine

D, Asp — Aspartic acid L, Leu — Leucine T, Thr — Threonine
E, Glu — Glutamic acid M, Met — Methionine V, Val — Valine

F, Phe — Phenylalanine N, Asn — Asparagine W, Trp — Tryptophan
G, Gly — Glycine P, Pro — Proline Y, Tyr — Tyrosine
H, His — Histidine Q, GIn — Glutamine

Bioinformatics

BLAST - Basic Local Alignment Search Tool (search algorithm)

NCBI — National Center for Biotechnology Information

TAIR — The Arabidopsis Information Resource

TIGR — The International Rice Genome, Rice Genome Annotation Project
UniProt — Universal Protein, repository for protein data

Chemicals and solutions

DAPI — 4’ 6-diamidino-2-phenylindole

DO - Dropout, as in Dropout Supplement lacking specific amino acids for yeast selection based
on prototrophy

EDTA — Ethylenediaminetetraacetic acid

LB — Luria Bertani medium, broth for cultivation of bacteria

SOC — Super Optimal Broth with Catabolic Repression, broth for cultivation of bacteria

SYBR - Synergy Brands, Inc. (stock symbol), a fluorescent dye specifically binding dsDNA
Tris — Trisaminomethane

YC - Yeast Complete, growth medium for cultivation of yeast

YPD - Yeast Peptone Dextrose, growth medium for cultivation of yeast

Genetics and molecular biology

BamHI — Bacillus amyloliquefaciens HlI, a restriction endonuclease isolated from B.
amyloliquefaciens strain H

cDNA — complementary DNA

Cqg — quantitation cycle

DNA — deoxyribonucleic acid

dsDNA — double stranded DNA

EcoRI - E. coli RY13 I, a restriction endonuclease isolated from E. coli strain RY13
PCR — polymerase chain reaction

RNA — ribonucleic acid

UTR — untranslated region

116



Standard units of measurement

a.m. — ante meridiem (before noon)
p.m. — post meridiem (after noon)
°C — degree Celsius

cm — centimeter

g-—gram

h — hour

L — liter

M — molar

mg — milligram
min — minute

mL — milliliter
mm — millimeter
mM — millimolar

ng — nanogram

nm — nanometer

nM — nanomolar

ug — microgram

uL — microliter

um — micrometer

uM — micromolar

rpm — revolutions per minute
s —second

SD — standard deviation
U — unit (for enzymes)
w/v — weight to volume
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