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Chapter 1

Chapter 1

General Introduction

Sincethe domesticatiorof crops, occurredabout10,000 yars ago, farmers have beemfronted

by a large numberof pests and diseasashich caugd starvation as well as social and economic
upheavalg¢Bebberet al, 2013. Forexamplethe Irish potato faminéate-blight diseas®f potatg)
caused byPhytophthora infestangoomyceté killed more than ne million peoplethe Bengal
famine(brown spot of ricgin India due to the fungublelminthosporium orzaehad a death toll

of between three and five million peogBhattacharya, 2039 More recentlystatistics from a
global survey for assessment of crop losses for five major food, dragphsding rice, wheat,
soybean potatg and maize indicated that the estimated global crop yield losses caused by
pathogens andgsts range between 17&80d 30% for all the five crop3hat is30% for rice,21.5

for wheat,21.4% for soybeanl7.2% for potatpand 22.5% for maizgSavaryet al, 2019.
Although elevated C@concentrationsnight increasehe total aboveground biomass per plant of
some crops like maize and wheanst scientistbelievethat climate change is a significant threat
to crop productior{Kellner et al, 2019 Prior et al, 2005. The changing climatean influence
the relationships among crops, pathogens, pests, and (&edeet al, 2019 Juroszek and Von

Tiedemann, 20LRamestet al, 2017.

Brassica napuss an allopolyploidcrop species (AACC) evolved by hybridization of two diploid
species Brassica rapa/A genomé andBrassica oleracedC genomg, about6800 and 12,5000

years agdqAn et al., 2019. Rapeseed is a major vegetable oil (as edible oil or biodiesel) source,
surpassingcottonseed in the early 20@&nd ranking second in worldwide oilseed production
behind soybean&Carréand Pouzet, 2034 The glob&production of rapeseed oil reached nearly
68.2 million metric tons in 2019/2020, and the leading producing countries are Canada (27.9%),
European Union (24.7%), China (19.2%), and India (1IMRhsaShahbandeh, 2020). Some
commonly occuing rapeseed deases are Phamstem canker (blackled)y Leptosphaeria
maculans(Hwang et al, 2016, stem rot bySclerotinia sclerotiorum(Del Rio et al, 2007,
clubroot causedby Plasmodiophora brassicaHWANG et al, 2019, stem stripingcausedby

Verticillium longispoum (Depotteret al, 201§, Alternaria blight byAlternariaspp.(Meenaet al,
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2016, and light leaf spot biPyrenopeziza brassicgBoyset al, 2007%.
1.1 Sclerotinia stem rot

Sclerotinia stem rot caused By sclerotiorumis one ofthe most seriousdiseases oB. napus
causing yield losses from D% and up to 80% in severely infected fields. The disease also

affectsoil quality byaffecing the contentof fatty acid(Qasimet al, 2020.
1.1.1 Biology of S.sclerotiorum

S sclerotiorum(Lib.) de Bary, the causise agentof Sclerotinia stem rot (SSR), is one of the
mostdestructivefungal pathogendt can colonize more than 400 plant speciesluding many
economically important crops distributed in almost every continent of the ,wmattcularly in
cool and moist cliratic regiongBoland and Hall, 1994 S. sclerotiorumwas aiginally described

as Peziza sclerotiorunin 1837 and finally accepted & sclerotiorum(Lib.) de Baryin 1981
according to the International Rules of Botanical NomenclafBegy, 1884 De Bary, 1887
Libert, 1837%. The Sclerotinia genualso containsanothertwo agriculturally important fant
pathogen speciess. minor and S. trifoliorum. Geographical isolates @&. sclerotiorumfrom
differentarea and differenplants have morphological variability and a high level of intraspecific

phenotypic variability in mycelia growth rate and pigmewota{Kohnet al, 1997).

The fungusS. sclerotiorum overwinters as a hard, black resting structure called sclerotia on
infected tissues or in the soil, and as mycelium in dead or living pl8htrmaet al, 2016.
Sclerotia carstay viable in the soil for 38 years possibly determined by thoil’s biological
componentin contrastsoil temperature, pH value, and moisture seem to have a minor effect on
their survival(Adams and Ayers, 1979This ability to survive undeadverse caditions makes.
sclerotiorumone of the most successfilantpathogens. At certain times of the year, sclerotia can
germinate carpogenically or myceliogenically, functioning either as soilborne or airborne
pathogengleterminedby their intrinsic natureandthe conditionof the surroundingenvironment
(Abawi and Grogan, 1979Sclerotia that germinate carpogenically can form a small; disk
cupshaped apothecium. Subsequently, ascospores are released from the apuothearatravel

long distances by windThey will germinate and initiate infectiomfter landng on the

aboveground senescent parts of susceptible .h8slsrotia that germinate myceliogenically can
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directly infect plant tissuesby produdéng hyphae (Fig. 1) (Agrios, 200% Huang, 198h
Ascosporegreaccountabldor amost allthe infections caused b$. sclerotiorum(Bolton et al,

2008.

The symptoms caused Bysclerotiorumcan be different due tilve hostspeciesor the host pars

that areinfected andalsoaffected bythe environmental conditions. More than sixty names have
been used tdescribe th@lant digases caused I8;/sclerotiorumsuch as white mold of dry bean,
stem rot of rapeseed, Sclerotinia blight of pedafdrteret al, 1997 Purdy, 1979 Tu, 1988
Williams and Stelfox, 1979 In sunflower, three diseaséncludinghead rotmiddle stalk rotand

Sclerotinia wilt,are caused by this pathog@telson and Lamey, 2000

Ascospore lands
and germinates on

plant &
&
’ 00
0 09 Mycelium attacks lower Mycehum mvades su«ulenl White, fluffy myr.ehum grows on
As(ospoves stem, roots etc. tissues rapidly. Cells collapse surface of invaded tissue. Mycelium
discharged continues 10 invade tissues

from asci

Wmﬁf

f Mycelium
Apothecium
W y Sclerotia

Sclerotia germinate to produce Conon soft rotof beanpodsinfield  Lower s(em ot

apothecia or mycelium or In transit
Naa S
¢ ; Camelia flower Cottony soft rot of
Ne " Damping blight

Fungus overwinters as mycelium or
carrot and cabbage

on surface or
in cavities of
infected tissue

Cottony rot of

rotia i ivi i
sclerotia in dead or living plants and stored fruit

in oron soil

Fig. 1 Disease cycle and symptorsused bys.sclerotiorum (sourceAgrios, 2005, p550)

1.1.2 Pathogenicity factors ofS. sclerotiorum

As a necrotrophic pathogeB, sclerotiorumhasevolved competentstrategies to penetratnd
absorb nutentsfrom the dead tissuder growth and reproductiofvan Kan, 2006 Mechanically,

it can releasephytaoxins such asoxalic acid (OA)and multiple cell wall degrading enzymes
(CWDEs) including cellulasesxylanases, pectinases, aspartyl protsasend acidicproteases
(Huanget al, 2008 Poussereaet al, 2001 Yajima and Kav, 2006 These extracellular lytic
enzymescan underminethe plant cell wa$l under acidicambient pHconditionscontributel by

OA (Sharmaet al, 2019. Efficient pathogenesis byS. sclerotiorum requires OA since
UV-irradiatedS. sclerotiorummutants deficient in OA production cannot produce sclerotia and

3
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were nonpathogenion dry beangGodoyet al, 1990. OA isthe most ubiquitoukow molecular
weight organic acid produced by bacteria, fungi, plants, and animalsnwiliiple functiors
(Palmieriet al, 2019. It can alsacause stomatal dysfunction in plant leavesimarferingwith
the ABA pathway (Guimaraes and Stotz, 2004Moreover, it caninhibit host defense by
suppressing thelant oxidative burstduring the initial infection stage and subsequently induce
host programmed cell death (PCi@sponse for successful infectifiim et al, 2008 Williams

et al, 201]). Furthermore, OA also plays\dtal role in balancing bulk calcium levels in plant
tissues toguardthe develging hyphae by chelating aionsfrom the degraded cell wall and
forming calcium oxalate crystal$ieller and WittGeiges, 2018 Over the years, OA is regarded
as the pathogenicity determinant and has received the ma#icit In the last decade, however,
multiple transcriptomgand bioinformatic analyses &. sclerotiorumgenome sequences at the
molecular level have revealed many genes encoding small secretory proteins necessary for the
complete life cycle ofS. sclerdiorum. Some of them are functionally independent of OA,
indicating a much more sophisticated infection process sxflerotiorumthan previously thought.
For example, diruption of SsCafl proteinwhich encodes putative C&-binding EFhand motif
realted in a defect of bothplant pathogenicity andegularsclerotiaestablishmenbut a higher
accumulated level dDA than the wildtype strain(Xiao et al, 2014. Thedysfunctionof another
Ceratoplatanin protein SsCPIn S. sclerotiorum notably reduced its virulence without
influendng the productionof OA (Yang et al, 2018. Some of the other genes are iveal in
fungal morphology and development, and some can suppress host defense, aspiagfias
effectors(as simmarized inTable 1) (Liu et al, 2018a Liu et al, 2018h Seifbarghiet al, 2020

Wanget al, 2016.
1.1.3 Disease management

In the fields, plant diseags caused bys. sclerotiorum have historicaly been challengingo
manag@ due to itsbroadrangeof hostspeciesard the longterm persistencef sclerotia. Currently,
the principal applicationto control this pathogen is probably through integrated -teng
management utilizing a combination of cultural practices, varietal resisgmtheticchemicas,
and biological control practices, targetidigtinctaspecs of the disease triangle, that is, the host,

the pathogen, and the environmé@peltieret al, 2012.
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Tablel List of some characterized pathogenicity factorSdgrotinia sclerotiorum

Genes Full name Functions References
oxalic acid(OA) acidification, chelation, ROS, PCD Cessneet al, 2000; Guimarae:
and Stotz, 2004
gg!ltijclasgstg?ensasespecunase%spartyl protease degrade the plant cell wafhcilitate pathogen invasion ;u;?%ggf Iéifgr%itpa?fj;sozfal

Pkal Protein kinase A sclerotial development Jurick liet al, 2004

Sacl Adenylate cyclase sclerotialdevelopmentinfection cushion formation Jurick liet al, 2004

Pphl -FI}Q)Z?ACZA Ser/Thr phosphatase catalytic subt growth, sclerotial development Erentalet al, 2007

Rgb1 Type 2A Ser/Thr phosphatase B subunit sclerotial developmenyjrulence, ifection cushion formation  Erentalet al, 2007

Smk1l ERK-type MAP kinase sclerotial development Chenet al, 2004

Cnal Catalytic subunit calcineuriancoding gene sclerotial developmentirulence Harelet al, 2006

Pacl pH-Responsive transcription facto sclerotial developmentirulence Rollins, 2003

Cryl Cryptochrome family CRYDASH ortholog apothecial morphogenesis Veluchamy and Rollins, 2008

AXp Ar abi no f uerxylasidase d a s e / p catalyze the hydrolysis of glycosidic bonds Yajimaet al, 2009

Pgl Polygalacturonase 1 virulence Bashiet al, 2012

Nepl Necrosis and ethyleraducing peptides induce necrosis and cell death Dallal Bashiet al, 2010

Nep2 Necrosis and ethylerieducing peptides induce necrosis and cell deathMP signaling Dallal Bashiet al, 2010

Sspl Developmentspecific protein sclerotial development Li and Rollins, 2010

Ssp2 Developmentspecific protein sclerotial development Li and Rollins, 2010

Nox1 NADPH oxidase sclerotial development, virulend®OS regulation Kim et al, 2011

Nox2 NADPH oxidase sclerotial developmenROS regulation Kim et al, 2011

Il Integrinlike protein suppress host JA/ETgiding pathway Zhuet al, 2013

SI2 Cell wall protein sclerotial developmentellular integrity Yu et al, 2012

Hex1 Woronin body major protein maintenance of cellular integrity Yu et al, 2012

Gpd Glyceraldehyde3-phosphate dehydrogenase sclerotialformation Yu et al, 2012

Gotl y-Glutamy! transpeptidase timing of sclerotial development Li et al, 2012

V263 Hypothetical secreted protein virulence Lianget al, 2013

Sod1 Cu/Zn superoxide dismutase sensitivity to ROS stressclerotia development Xu and Chen, 2013

Pth2 Peroxsomnal carnitine acetyltransferase sclerotial, apothecial, and appressorial developme@A Liberti et al, 2013

accumulation

Shki Histidine kinases hyphal growthsclerotial formation Duanet al, 2013

Scfel Sclerotinia culture filtate elicitor 1 evoke MAMRtriggered immune responses Zhanget al, 2013

Cut Cutinase trigger defense responses Zhanget al, 2014
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Table 1 continued

Genes Full name Functions References

Oahl Oxaloacetate acetylhydrolase required for OA acumulation virulence Lianget al, 2015a
Scatl Type A catalase hyperbranching of hyphae, growth rate, sclerotia size Yardenet al, 2014
Na ¢ a Nascent polypeptide s s oci at ed ¢ o sclerotial maturation Li etal, 2015
Mads MADS-box proteins growthrate, virulence Quetal, 2014
Cafl Secreted protein appressorium formation Xiao et al, 2014
Odc2 Oxalate decarboxylase appressorium development, OA accumulation Lianget al, 2015b
Cvnh Cysteinerich protein virulence, sclerotial development Lyu etal., 2015
Pemgl Elicitor-homologous protein virulence, cushion number, CWDEs activities Panet al, 2015
Bil Putative BAX inhibitorl sensitivity to heat and ER stress, virulence Yu et al, 2015
Mat Mating-type gene carpogenic germination, ascosporedarction Doughan and Rollins, 2016
Ssvpl Cysteinerich protein virulence, plant energy metabolism Lyu et al, 2016b
Frkl Atypical forkhead (FKH)box-containing protein  hyphal growth, virulence, sclerotial formation Fanet al, 2017
Xyll Endop-1, 4xylanase sclerotia production, apothecium germination, virulence Yuetal, 2016
Rhs1 Rearrangement hot spot repeantaining protein  morphology, virulence, appressoria formation Yuetal, 2017
Foxe2 Forkheadbox transcription factor apothecia formation Wamg et al, 2016
Sopl Microbial opsin homolog gene sclerotial development, virulence, stress, fungicide resistanc Lyu et al, 2016a
Smk3 [t2 mitogeractivated protein kinase ortholog sclerotia production, hyphae formation, growth rate Bashiet al, 2016
Cpl eratoplatanin protein interact with PR1, virulence Yanget al, 2018
Nsd1l ATA-type IVb zincfinger transcription factor sexual and asexual development, appressoria formation Li etal, 2018a
Ams2 ATA transcription factor appressoria formationjralence, chromosome segregation Liu et al, 2018b
Sthl ATA-box, SNF5 transcription factor growth, ROS accumulation, virulence Liu et al, 2018a
Stel2 ownstream transcription factor of MAPK pathway mycelial growth, appressoria formation, pathogenicity Xu et al, 2018
Scdl Scytalone dehydratase hyphal branching, sclerotial formation, resistance to irradiatiorLianget al, 2018
Thrl Trihydroxynaphthalene reductase hyphal branching, sclerotial formation, resistance to irradiatiorLianget al, 2018
Sml Ceratoplatanin protein hyphae development, infection cushion formation Panet al, 2018
Pks13 Polyketide synthase appressorium pigmentation Li et al, 2018b
Svfl Survival factor 1 homolog oxidative stress sensitivity, appressorium formation Yu et al, 2019
Trrl Thioredoxin reductase oxidative stress tolerance, virulence, sclerotial development Zhanget al, 201%
Fdhl Formaldehyde dehydrogenase sclerotial development, interact with SsNsd1 Zhuet al, 2019
Qdo Quercetin dioxygenase gene flavonol degrdation Chenet al, 201%
Cad Cinnamyl alcohol dehydrogenase linked to the NADPH oxidase pathways Zhouet al, 2020
Os4 Putative MAPK kinase kinase virulence, fungicide sensitivity, phosphorylation of SsHogl Li et al, 2020a
Pptl Phosphopantetheinylansferase hyphal growth, sclerotial development, virulence Li et al, 2020b
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Some culturalvays consist ofthe selection of field, crop rotation, zero tillaggarzaet al, 2002
Mueller et al, 2003, usingcover cropgKoike et al, 199, early planting daté€Sulc and Rhodes,
1997, row spacing(Huang and Hoes, 1980and a balanced fertilizer applicati¢Hu et al,
1999. Fungicides have shown to be more successfuontrolling SSR(Sumidaet al, 2015.
Severakinds offungicides haverovedto beefficaciousfor the managemenof S. sclerotiorum
They include benzimidazolesguinoneoutside inhibitors,succinate dehydrogenase inhibitors
anilinopyrimidines, dicarboxamides, addmethylation inhibitoryDe r by s hi re and Dent
2019. Biological control is another promising disease aggment strategy. Mycoparasite
capable of colozing the hyphae and sclerotia $fsclerotiorum such asConiothyrium minitans

is a commercialbiocontrol productcalled ContangHedke et al, 200). However, due to the
limited efficiency, adverse impact on our environmemtd the emergence of fungicide resistance,
these methods are far from satisfactory. So far,dnifgivels of S. sclerotiorumresistance have
lackedin the maincrop sourcesHowever, the inheritance of resista againstS. sclerotiorumis
guantitative and several partially resistant traits have been identjeshtonGileset al, 2018
Zhao and Meng, 2003 Through multiple crass of (Zhongyou 82484004) x Zhongshuang
No.4, Wang et al. were able to select a distinguished-s@mter B. napusvariety Zhongshuang
No. 9 with rehtively higher resistance t8. sclerotiorum (Hanzhong et al, 2004. While
traditional breeding is timeonsumingand has itsinferiorities regardingalleles with aded
impacs, the identification and cloning gfeculiargenesthrough genetic engineering will be a
practical tool in selecing the specific traits desired and generate fglanith superior SSR

resistanc€Ulukan, 2009.
1.2 Plant defense response

Due to their sssilenature plantscannotescape from adverse environrmaronditions and are
frequently confrontedavith both abiotic (e.g.heat, cold, flood, drough&nd nutrition) and biotic

(e.g, herbivores, nematodes, patjems, and parasitic plahtstress factoréRejebet al, 2014. To

adapt to the environment and protect themselves against pusatial phytopathogenic
pathogens, plants have developed effective and multilayereddedelise strategiesnc
sophisticated signaling pathways that allow the signal perception, transduction, and further

triggeringdownstream defense respon@@snrathet al, 2015)
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1.2.1 Plant innate immunity

Preformed structural features like cuticle, trichomes, stomata, and theatletanact as the outer
passive defensive barrie(duo et al, 201Q Melotto et al, 2008 Stengleinet al, 2005
Underwood, 201p Actively, plasma membrarecalized pattern recognition receptors (PRRs)
can sense microbiabr pathogerassociated wiecular patterns (MAMPs or PAMPS) such as
flagellin, bacterial elongation factdu (EFRTu), fungal chitin, and hostderived
damageassociated molecular patterns (DAMPS) such as Plant Elicitor Peptide 1 (Pepl) and
oligogalacturonides (OGs) to stimulatefelese reactions, named PAMiRygered immunity
(Dressancet al, 202Q Howladeret al, 2020, to impede dirther colonizatio(Matzinger, 2007
Nirnberger and Kemmerling, 2006 According to the zigzag model of plant defense, some
successful pathoge can overcome PTI bgmitting special effector proteins, resulting in
effectortriggered susceptibility (ETS). However, some plants can directly or indirectly recognize
these pecific effectors andoropel a more powerful responsedesignatd as effectortriggered
immunity (ETI) (Jones and Dangl, P@). ETI is triggered when theytosolic resistance proteins
indirectly perceivetheseeffectors These recognition complexes activate downstream signals that
initiate plant defense and usually involve a hypersensitive cell death response (HR) sugroundin
the infection sites to limit thinvasion of thepathogen(ThordalChristensen, 2020 The first
clonedR gene,Hm1 from maize, encodes an NADRk¢pendentHelminthosporium carbonum
(HC) toxin reductas¢hat candetoxify HC toxin secreed byCochliobolus carbonunohal and
Briggs, 1992. Since then,various R genesin plants have beencharacterizd. Through a
comprehensive review, Koureli al. concluded thamostR genes encode surface receptstgh

as receptalike kinases (RLKSs) or intracellular receptors such as nuclebtia#ng leucinerich

repeat receptors (NLRdWost of them function either through the perception of PAMPs or loss of
susceptibility (Kourelis and Van Der Hoorn, 2018The PTI and ETI pathways also involve
numerous defenssignaling genes like mitogeactivated protein kinases (MAPKas well as
transcription factors (TFs) and signaling molecules like phytoaléRiliset al, 2019. A MAPK
cascade is minimally composed of a MAPK (or MPK), a MAPKK (MAPK kinase), and a
MAPKKK (MAPK kinase kinase) to transduce defense signals from the immune receptors to the

downstream proteins. The MAPK module MEKKIKK4/MKK5 -MPK3/MPK6 was responsible
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for the positive regulation of plant defensqAsai et al, 2003, whereas the
MEKK1-MKK1/2-MPK4 cascade shows negative regulation of defémakagiet al, 2019.
WRKY transcription factors are critical components of plant immune signadining as
repressors rad activators in many plant process@rkenbihl et al, 2017 Chenet al, 201%;
Rushtonet al, 2010. WRKY protein function via interactions with diverse array of proteins
such asMAPK cascadeand other WRKY transcription factos eventhemselvegHan et al,

2019.
1.2.2 Plant defense against necrotrophic fungal patbgens

Plant pathogensire divided into three typeaccording tothe nature of their trdpc interaction
with the fost plants Necrotrophic pathogensbtain nourishmentfrom destroyed cells, while
biotrophic pathogens require living host tissue to survivemi-biotrophic pathogens behave
initially as biotrophs (usually durintpe somatic growth stage) and thaanecrotrophs in a later
stage (usually at the spore production stdDe) Silvaet al, 201§. A study abotthe interaction
betweerthe latent period (i.e., the period between infection and the onset of sporulation), trophic
type, and host resistance suggested that the duratibis pktiod of theethree trophic types are
significantly different The necratphs displayed the shortest latent peritmlgain access to all
the necrotic tissue resourcand complete their infection cycle rapidlpré&igout et al, 202Q.
Necrotrophic pathogensncluding fungal, bacterial, or oomycete speciean suppres host
defense and facilitate colonizatigihaluk and Mengiste, 20)0 Some of the economically
important fungal necrotrophs ardotrytis cinerea S sclerotiorum Alternaria spp.,

Pectobacterium carotovoruformerly Erwinia carotovorg, andFusarium graminearum

The development and tolerande different streselemensg of plants are modulaed by diverse
cellular signaling molecules such as plantmones(MunnéBosch and Miler, 2013 Among
them, SA, JA and ETplay critical roles in coordinatingconversationin the course othe
recognitionof pathogen attackisetween different cellsAlthough other plant hormones such as
IAA, CK, GA, ABA, and BR are also rivolved in regulating plant defense, their role in
plantmicrobe interaction is less well studie(Bari and Jones, 2009 Each of these
phytohormones caactivatespecificdownstream targajenedeading to diverse signaling events.
In general SA induces the thioredoxiratalyzed monomerization MPR1 and its subsequent

9
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relocation into the nucleudluclear NPR1 can thdpnind to different WRKY transcription factors
andactivateexpression oPR genes likePR1, PR2 PR5and trigger systerniacquired resistance
(SAR) to biotrophic microbes (Kovacs et al, 2015. By contrast, JAET-dependent defenses
activate plant defensins likeDF1.2andVSP2and trigger Induced Systemic Resista(idesra et
al.,2019, and are more effective against pathogens with necrotrophic lifegtded oonet al,
2006. A consderable work using molecular, biochemicahd genomic toolkas demonstrated
antagonistic crosstalk between SA and/BA signaling pathwayfLi et al, 2019). For example,
WRKY70acts as apositive regulatorof SA-responsivegenesand anegative regiator of
JA-associatedyenes,incorporaing signals from theseeciprocaly antagonistic waygLi et al,
2009. So far, the metabolis and signaling transduction of SA, ,J#d ET have been intensively
studied However, in nature, the interplay between these molecules is highly complaadetthe

mechanisms underlying the crosstalk still require further investigdticet al, 201%).
1.3 Germin and germin-like proteins (GLPSs)

Germin proteins were originallyecognizel in wheat embryos as a protein marker of wheat
developmentwith different isoforms(Dunwell et al, 2008 Lane et al, 1993. They are
evolutionary conservedniversalglycoproteins Based onthe conservation of nine amino acid
residues they are grouped intahe cupin superfamilyThis “germin boX would form a core

B-barrel shapéBarman and Banerjee, 2Q1Bunwell et al, 2004.
1.3.1 Classification and structureof GLPs

Phylogenetic analyses sbmeGLPs from variouscrop specieshavedivided these GLPs into ten
different subgroug, suggesting a complex evolutionary significance within a spe€igs ).
AtGLP5, together with HBER6 from barley and othezight members, belorgjto the GER6

subfamily (Barman and Banerjee, 2018Noo et al. showed thathe barley germin protein
contairs six B—jellyroll monomers locked into a homohexamesfined at a resolution of 1.6 A

(Fig. 3) (Woo et al, 200Q. Thistightly arrangedstructure enables germin peats to be resistant
to various denaturing agents suchhigh temperatureSDS, and extreme pebnditions(Carter

and Thornbtg, 1999 Patnaik and Khurana, 2001
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Fig. 2 Phylogenetic tree of 80 GLPs from total of 26 plant species, includinglordeum vulgarg A.
thaliana, Oryza sativaGlycine maxetc.(source Barman and Banerjee, 2015)

Fig. 3 The structure of the germin homohexamer (a) and the phaseolin monomer shows the close structural
similarity with the germin dimer (bYsourceWoo et al., 2000)

1.3.2 Functions of GLPs in plants
In 1993, wheat germimas identified to possess strongequence similarityvith barley oxalate

oxidase andurther proved to be an oxalate oxidasex@), which canconvet oxalates into
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hydrogen peroxide (#D,) and carbon dioxide (C(Laneet al, 1993. Because ofhis activity,

germin proteins might be beneficial in plant defense by clearing oxalate, a known pathogenicity
factor of oxalate producing pathogens l&esclerotiorum(Magroet al, 1984. Meanwhile it can
produe H,0,, acritical messenger in signal transduction during biotic and abiotic str(Stee

and Yang, 2006 In recent yearsmany studiesinto germin proteins have beararried outin

plants due to their great potential in plant diseaséstance breeding. For exampi@nsgenic
soybeanand sunflower overexpressig wheat gf-2.8 gene successfully enhance plafisease

resistance against sclerotiorum(Donaldsoret al, 2001 Hu et al, 2003.

Despite the high segnce similarity with germin proteins, germiike proteins however,lack

this oxidase activity. Instead, some of them exhalstiperoxide oxidase (SOD) activitiyat can
convertsuperoxide anions intoB,and Q. In 1999, Yamahara etl. first reportedthe isolation

of an extracellular Mi8OD protein fromthe moss which turns out to be a germiike protein
(Yamaharaet al, 1999. At the same time, another group determined a tobacco nectar protein
Nectarin | as a germilike protein, buttould notobserve oxidase activity or any other enzymatic
function (Carter et al, 1999. Based on Yamahara’s discovery,
Nectarinl also possesses SOD activityarter and Thornburg, 2000Jntil now, thee are about

20 germinlike proteins confirmed with SOD activity. part from SOD activity, another
germintlike protein HYGLP1 isan ADP-glucose pyrophosphatase/phosphodiesterase (AGRPase)
which catalyzes thdysis of several NDAmonosaccharidegRodriguez-Lez et al, 2009).
Peruvianinl, sharing a high identity with GLPsepresented the only gerrdike protein with
proteolytic activity suggesting thait is a cysteine peptidag€ruz et al, 2020 da Cruzet al,

2019.

Apart from biochemical propertie§Germinlike proteins also participata plant growth and
resistancegainstpathoges. For example, the riggerminlike protein 21 (OsGLP21) regulatel
seed developmemtirough ABA and GA signaling pathwaygVanget al, 2020). Overexpression
of OsGLP21 results in a higher level of ¥, both before and after pathogen infectiand
guantitatively enhases plant resistande rice blast and bacterial blightsociated with the JA
signaling pathwayLiu et al, 201§. Three new memberd &AhGLPsin peanut are induced under

several conditions, includindifferent hormoral, biotic, and abiotic stressd®Vanget al, 2013.
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The expression of a sugar beet gerika proteinBvGLP1in A. thaliana also inceases kD,
level in the plant and improves plant resistancédth Rhizoctonia solanand V. longisporum
(Knecht et al., 2010 More recently, GhABP10, a germiike protein fromGossypium hirsutum
participatesn plantresistancegainst verticillium and fusarium wilt disea@eeiet al, 2019. In
addition to conferring antbiotic and abiotic stresses, expressbf the Capsicum chinense
CchGLPgene in transgenic tobacco showed higher toleranbedoy metals sicasCadmium

and Aluminium(Cedillo-Jimenezt al, 2020.

The A. thaliana genomeencoas at least 1Zjermintlike proteins(Carteret al, 1999. Theyare
expressedn different tissuest differentdevelopmental stag€Membréet al, 2000. AtGLP4is

highly transcribed in various tissues such as seedlings, leaves, stems, floral organs, and it can be
stimulated by auxin treatment andnbind auxin in vivo However,the affinity is very low(Yin

et al, 2009. Analysis ofthe AtGLP13promoter showed th#tGLP13 wasuniquelyexpressed in
vascular bundles principally in phloem tissues(Yang et al, 2013. A. thaliana
plasmodesmatmcated germirike protein 1 (PDGLP1) was primarily expressed in the,raod
overexpression of AtPDGLP1 disrupted root development probably by regulaing the
phloemmediateddistributionof supples between the primary andéatl root meristemfHam et

al., 2019.
1.4 Plant sucrose transporters

In plants, sugas play important roles as nutrientsé signal molecules andegulatevarious
biological procedues in plant growth and developmentsuch asgermination, seedling
development, floral induction, anle onset of senescen¢¥oon et al, 2020Q. Sucrose, which is

the main carbohydrate for carbon partitioning, is synthesized in the mesophyll and exported from
photosynthetic sourcedges to sink organs such as roots, young leaves, reproductive tissues, and
seedsvia the phloem. The londistance transport of sugars comprises different crucial steps

depending omembranesugar transportef&ig. 4) (Durandet al, 2018 Geiger, 2020

13


https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/principally

Chapter 1

phloem vasculature

véq
3 < > . i
= DA mcz:ﬁhyl cnmcp:"nlon ‘;:‘V:m

oS

source cells
in autotrophic leaves Suc Suc [] Suc

suT []l

é ; ADP ’
HATPase +pil| Suc
oS

collecting phloem Suc

transport phloem

sink cells
in heterotrophic
tissues: phloem
unloading
e.g. in roots

Symplastic

unloading
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1.4.1 Classification of sugar transporters in plants

With the completion oftte A. thaliana genome,it was foundthat sugar transporters belong to
large multigenic dmilies comprising monosaccharide and disaccharide transp@tady et al,
2012. The monosaccharide tiaporteflike (Yadetaet al,201]) superfamily contains 53 members
of the major faciliator superfamily (MFS) class of transporterhich can be grouped into seven
distinct clades(Biitner, 2007). To date, the STHSugar Transporter Proteirs)ibfamily
represerd the bestcharacerized family of hexose transporters contributing to the uptake of
sugars into sink cell@eiger, 202D RNA-Seq analysis in cabbagBréssica oleracepindicated
that a large number dBoSTPsexhibited orgarspecific expression, and twdB¢STP4band
BoSTP12 of the 22BoSTPgenes were upegulated in the clubroatusceptible cabbage at 28
days after Plasmodiophorabrassicaeinoculdion, indicaing that they mightparticipate in
monosaccharide unloading and lwam partitioning during pathogerolonization(Zhanget al,
201%). The release of sucros#o the apoplast ipromoteal by the SWEETS transporteSucrose

is then accumulated in the companion cell (CC) kblye AtSUC2 H/sucrose symporter and
eventudly mowves to the sieve element (SE) through plasmodes(datandet al, 201§. The
Sugar Wil Eventually Be Exported Transporters (SWEET&ve critical roles indistinct
procedues such as apoplastic phloem loading, seed filbegreion of nectar, pollen nutrition,

andsusceptibilityto pathoges (Anjali et al, 2029 Chenet al, 2019. They are often hijacked by
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pathogens for sugar supply as a nutrition source, resulting in successful colon{@atjun,
2020. Several studies reported that various transcription actiikéo(TAL) effectors from
Xanthomonas ogaepv. oryzaesuch as Tal5 as well as a series of artificial TAL effectors can
bind to promoters of rice SWEET genes (i.©sSWEET11 OSSWEET12 OsSWEET13
OsSWEET140sSWEETpandupregulate thesBWEET genes, leading tbhe promoted release

of sucrose of host cells to support bacterial virulgi@eeubelet al, 2013 Zhouet al, 2015. A
similar study in cotton Gossypiumspp.) suggested th&@BhSWEET10was activated by the
transcription activatelike (TAL) effector Avrb6 fromXanthomonas citrsubsp.malvacearum
(Xcm and conferred susceptibility to bacterial blight of cot{@ox et al, 2017. Sucrose
transporters (SUs), also called SUCsS(crose Carriers) belong tothe MFS superfamily
(Nifo -Gonzdez et al, 2019. All described SUTs have a similar structure, with 12 predicted
transmembrane (TM) domains and gestulatel to form a large central cytoplasmic pore for
sucrose, with Nand Gtermini and 5 evemumbered loops located in the cytogshuer, 200)/

1.4.2 Plant sucrose tansporters (SUTS)

SUTs have been classified based on sequence homoltmyhree distinct cladesF{g. 5)
(Lalondeet al, 2004. Clade Iconsiss of SUT1/SUC2 transporters, which are generally high
affinity, low capacity sucrose transporters. To date, all transporters in Clade | are from dicots.
Clade Il contains whas often referred to as SUT4 trsporters. They have a low affinity and high
capacity for sucrose transporters. The remaining clade, clade lll, coBldIF&SUC3 proteins
presented in both monocots and dicots. SUT members can contribute to several processes
including phloem loading andnloading, plant growth, circadian rhythms, respenseabiotic

stress and interactions with pathogen@lisra et al, 2019. For instance, in theZea
maysUstilago maydispathosystem, sucrose transporters fronth barganisms, ZmSUT1 and
UmSrtl, compete for thapoplasmic sugar at the pkmbhgus interfacgWittek et al, 2017.
Eighteendeduced SUT genes were identified in cott@ogsypium hirsutulnexpression anays

of these genes by gFHACR indicated that SUT genes may p&ssentialroles in cotton fiber
elongation Someare involved in distinct regulatory networks to regpalifferently to abiotic
stressessuch adeat, cold, drought, and salinity) and phytwhones (such as IAA, GA, and SA)

(Li et al, 201&). The yield of sweepotato istightly associated witlthe transport andllocaion
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of sugarsfrom photosynthsis A.thaliana transgenic plants overexpressing a novel sywekidto
IbSUT4 gene exhibitechigher accumulation of sucrose in the roots than the leadMssy also
flowered earlier than wildype plants accumulating a higher level of Blegene andAtABI3 an
ABA respmse factor, suggesting thltSUT4is involved in the abiotic stress response through

the ABA signaling pathwagWanget al, 20203.

A. thaliana encoes ninesucrose transporters, AtSU®] and all of them are localized to the
plasma membrane except AtSW, which is targted to the tooplast(Schneideret al, 2012.
AtSUC1-5 show low affinity, whereas, AtSUC8 and AtSUC9 show higher affinity to sucrose and
maltose. PreviouslyAtSUC6 and AtSUC7 have been dagnaed as pseudogenewithout
transporter activity(Sauer et al, 20094. But later, AtSUC6 was demonstrated to exhibit
transporer activity at extremdy low pH values Until now, AtSJC7 does not showvany
transporter activityRottmannet al, 201§. The pression ofAtSUCscan beobserved in several
organs andregulated by phytohormonespbiotic stress, photoperiodind temperature.For
example AtSUC1is highly expressed in roots, polleand trichomes and igtal for regularmale
gametophyte funan (Sivitz et al, 2008. Moreover, he sucrose uptake adtiyv of AtSUCL1 is
required for its induction in roots by exogenlyuapplied sucrosé_asinet al, 2020. AtSUC2is
the besttharacterized membe@&oncerningits function in phloem loading. Mutation iIAtSUC2
results in severe stunting and delayed onset of reproductive gemgthyperaccumulation of
soluble sugar, starch, and anthocyadire tothe impaired phloem transpqi$rivastavaet al,
2009 Srivastaveet al, 200§. Strong expression @&tSUC3wasdeteced in several sink cells and
tissues, such as guarells, trichomes, the developing seed coatpgnating pollen, root tipsand
stipules, indicating a role foktSUC3in the sucrose import into sink tissuéoreover,AtSUC3
expression is strongly enhanced upon woundivigyer et al, 2004. AtSUC4 and AtSUC2 are
significantly induced by abiotic stresses like salt, osmotic, low temperand exogenous ABA
treatment Knockout mutants oAtSUC2and AtSUC4showeda higher corentrationof sugarin

the shootsbut lower in the roots, suggesting that they are required for plant sucrose distribution
and balancéGonget al, 2015. Analysis ofAtSUC5promoter and knochkut nutants ofAtSUC5
revealed thaAtSUCb5playsa vital role in early seed developmeiBaudet al, 2005. The other

four genesAtSUCE9, encode proteins that are-88% identical, raking specific analyses more
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complicatedthan the other family members. Recently, a protoplast asishythe sucrose analog
esculin was successfully applied to analyze the transporter activities of AtSUC1, AtSUC2,
AtSUCS5, AtSUCG6, AtSUCS8, and AtSUC9. Howeatyin contrast to all these AtSUCs, AtSUC7 did
not enable the accumulation of esculin. Siteected mutations of both AtSUC7 amino acids at
site 67 and 436 restored the esculin and sucrose tramspotivity of AtSUC7. Although
AtSUCT7,10has not beeshown with any @nsporter activityo date AtSUC 7.0 might transport
other substrategRottmannet al, 2018. Apart from transporter activityAtSUC9 mutant
accelerated plaritowering undershortday conditiongrobably because of a low concentration of

extracellular sucrose csed by this mutatio(Sivitz et al,, 2007.
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The establishment of utilizg A. thalianaas a model plant taacry out plant biological researches
is acrucial step toward the unification in various aspects of plant biol@gvan and Walsh,
2009. A. thaliana, with the advantages of its available snsiled complete genomic sequence,
an extensive collection of mutants, aspecializedexperimental techniques, is a small, rapid
cycling, selffertilizing member of the Brassicaceae famfKaul et al, 200Q. Creation of
numerous‘gain-of-function” and“lossof-function” mutants viadiverse forward (from phetype

to thegene) and reverse (from gene to phenotype) geneticabolged usto identify genes with
specific functions. Ativationtaggirg was the first approach to generate g#ifunction mutants
to discover novel candidate genes ffarticulartraits (Kondouet al, 2010Q. The system ibased
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on four copies ofan enhancer element from tleauliflower mosaic virus (CaMV) 358ene
incorporated by IDNA into the recipient plant genonte randomly activat@lant gene¢Chaeet

al., 2020. Apart from these technical advages,A. thaliana serves as an excellent reference
source to guide studies of crop plants sucB.asapusin particularsince it also belongs to the
Brassicaceae familySchmidtet al, 200). Comparative mapping betwedh napusand A.
thaliana revealed that there are 21 conserved chromosomal blocks iwrdb&lopsisgenome
which canbe duplicated andeorganize to cover almost 90% of the preselaty B. napus
genome, suggesting that thalianagenome can be exploited to identify candidate genes within
the larger and more complex genome of its close rel&iveapus (Parkin et al, 2005. S
sclerotiorumis a big threat to rapeseed production worldwide. In as early as 1992, Dickman et al.
first started to utilizeA. thaliana as a model plant to study pla®t sclerotioruminteractions
(Dickman and Mitra, 1992 In our studyA. thalianawas introduced to facilitate the functional

analyses of candiade genes in plant defense respons® salerotioruminfection.
1.5 Objective and outline of the study

So far, no effective resistance agaifssclerotorum is avalable and it remains aignificart
challenge to protect crops from the fungal infectionssBcting and understanding molecular
mechanismdetween plan§. sclerotioruminteractionsmay helpus develop new stratégs to
control ths disease. Thprimeaim of this thesis ithefunctional analysis of ArabidopsisGLP5
and AtSUCYin the plantS. sclerotioruminteraction ando elucidatetheir potatial for resistance
breeding. The germihke protein AtGLP5 is an ortholog of BnGLP3 iA. thaliana Since
BnGLP3 is a Superoxide Dismutase (SObgdiaing the reduction of superoxide anions to
hydrogen peroxide (30,) and proved to be involved in plargsistance again§. sclerotiorum
(Rietz et al, 2012) we thus assumed that AtGLP5 might have a sinaitaFfungal function as
obsenred with BnGLP3. In addition to thdisease susceptibility test and gene expressiatysis

of AtGLP5 overexpression andnock out mutants, we further investigated the expression
regulation ofAtGLP5concerningdifferent stress factonsith the aid of aGUSreporter geneWe
demonstrate thaAtGLP5 responds to several stimuli like pathogens,(iS.sclerotiorum V.
longisporum Pst DC3000), flg22, wounding, and plant hormone. FArthermore, we analyzed

another gene, encoding thelasma membrankecalized protein AtSUC7 which had been
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identified by screeningn ArabidopsisT-DNA activatiorttagging populatiofWeigel et al, 200Q.
The Arabidopsis mutanwith an enhanced expression AfSUC7 showed a higér level of
resistance t&.sclerotiorum This demonstrate thatAtSUC7 functionally regulates the expression
of multiple defense and floweringrelated genes, strongly suggesting its dual role in {offde
between plant development and deferresponseThe thesis consists dhe following five

chapters:

Chapte 1: This chapter gives a general introductiortiuding current knowledge about plant
pathogen interactions wienfocus onplantSclerotiniainteractions as well as gerrlike proteins
andsucrose symportgr

Chapter 2: This chapter is submittedmantscript and reports that‘AtGLP5, a germidike
protein of Arabidopsis thalianais a superoxide dismutase and plays an important role in plant
development and innate immune respdnse

Chapter 3: This chapter is a manuscript in prepamgtr submissionWe report that'Enhancing
expression ofAtSUC7encoding a sucrose symporter confers plant defense a&ailesotinia
sclerotiorumand promotes early flowering Arabidopsis thaliand.

Chapter 4: This chaptelepics the promoter analysis data, reviegj a comprehensiveegulation
mechanisnof AtGLP5in response to pathogen attacks

Chapter 5: This chaptés a general discussion, where all data and their significanaefteeted

in the light of curent knowledge and literaturEurthermore, a functionahodel ispresented
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2.1 Abstract

The disease Sclerotinia stem rot, caused Sujerotinia sclerotiorum is one of the most
destructive diseaseof oilseed rape. Germlike proteins play an essential role in plant defense
against theS. sclerotioruminfection. The Arabidopsis thalianagenome cosists of 32 genes
encoding germitike proteins.The bochemical nature and physiological function AGLPs
remain largely unknowrso far. We report that AtGLP5 is an ortholog of BnGLP3Baddssica
napus Transcript profiing and promote®US analysis revealed th&tGLP5 was mainly
expressed in the rootshoot apical stejrand hydathodef the cotyledas, but not in the true
leaves.Interestingly, inthetrue leaves, the expressionAiGLP5was activated by diverse stress
factors, including plant pathoges) SA treatment, woundingand by flg22 eliciting. We
demonstrated that AtGLP5 is a superoxide disee localized in the plasma membrane and
transcriptiomlly regulated by multiplesignaling pathways including the FLS2mediated
signaling route. We demonstrdtthat overexpression gitGLP5in A. thalianaincreased plant
disease resistance to b@h lerotiorumand Pseudomonas syringg®. tomatoDC3000, while

its knockout mutants showed enhanced susceptibility, thus suggedtingtionalrole of AtGLP5

in plant defense response Furthemore our data provide the first evidence thatGLP5

represets a novel playemvolved inplantdeferse-developmentradeoffs.
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2.2 Introduction

Sclerotinia sclerotiorumLib.) de Bary is one of the mostestructivefungal plant pathogens
worldwide and can infect ove400 plant specigsincluding many important cropsuch as
rapeseed, soybean, peanut, sunflpaed nearly all vegetabl¢Saharan and Mehta, 2008/10ost

plants are relatively defenseless agaiissclerotiorumas the fungus has evolved effective
strategies and tactics to achieve its infection process on theShasierotioum exhibits distinct
phases of its life cycle: in the initial stage, the fungus grows and distributes intracellularly without
killing host cells in a brief biotrophic phase, and then undergoes a transition to a necrotrophic
phase and procures nutrientsri the dead host tiss(€abbageet al, 2015. Oxalic acid (OA),
secreted bys. sclerotiorum is regarded as earitical virulence factor by interfering in numerous

plant physiological processes, e.chelate calcium to weaken the host cell wall structure, form
oxalate crystals to occlude xylem vessels, create a low pH environment to enhanceitiydrolyt
enzyme activity, and induce programmed cell death (PCB¥snhat al, 200Q Kabbageet al,

2013 Kim et al, 2008 Williams et al, 201]). Besides a wide array of cell wall degrading
enzymes and secretory proteins or metabolites have been reported ta Hfianetion in
facilitating pathogen penetration, suppressing host defemsk inducing host cell death, thus
providing the fungs abundant nutrition as well a& preferable environment to maximize its
aggressivityLumsden, 1979Riou et al, 1991 Zhuet al, 2013. Another important strategy for

the survival of fingusis to formauniquer ounded structure, termed “sc
viable in the soil for many yearf®errimanet al, 1979. At certain times of the year and in
suitable conditions, the sclerotia germinate to form apothecia and release asceduioheare

the main sarces of inoculum for plan{Sharmaet al, 201§. Due to the limitation of traditional
cultural management and the environmental damages caused by fungicide application, breeding
for resistant cultivars and genetiagineering for plant resistance are more effective and
promising approaches for sclerotia disease control. Recent quantitative trait loci (QTLS) mapping,
genomewide association (GWAS) analysis and Ri{¥8q studies in several crop species
including rapeseednd soybean allowed for the identification of multiple loci being involved in
plant partial resistance, greatly enhanced our understanding of the complex mechanisms

underlying plant quantitative resistanceStsclerotiorum(Arahanaet al, 2001 Wei et al, 2016
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Wenet al, 2018 Zhao and Meng, 2003Wang et alreported a series of plant mitogaativated
protein kinases (MAPKs or MPKs) and WRKY transcription factors includBrgviPK3
BnMPK4 BnMPKG BnWRKY33that are involved in regulating plant defense responeseS.
sclerotiorumin oilseed rapéWanget al, 2019 Wanget al, 2014 Wanget al, 2009 Wanget al,
20201. Other than the previous oversimplified model that JA/ET signaling pathways are
responsible for mediating the defense against necrotrophs, it is now widelyted that the SA,

JA, ET, and ABA signaling pathwaysas well as their crosstallgre all involved inS.

sclerotiorumB. napusinteraction(Nov&ova et al, 2014.

Germinlike proteirs (GLPs) are a class of proteins that show high amino acid identities (average
50%) with wheat germinfDunwell et al, 200Q. Germin, first discovered in wheat embryos, is
well known as a protein marker of wheat development with different isof@@reelczak and
Lane, 1984 LANE et al, 1992. Later, wheat germirwas found to posseskigh sequence
similarity with barley oxalate oxidase aatsoproved to be an oxalate oxidasex(@), catalyzing

the conversion of oxalates into hydrogen peroxidgdgHand carbon dioxide (C{(Laneet al,

1993. Owing to this enzymatic activity, germin proteins are beneficial in plant defense by
clearing oxalee, a known pathogenicity factor of oxalgeducing pathogens likeS.
sclerotiorum(Magro et al, 1989, therebyproducing HO,, which is well known as aritical
messenger in plant signal transduction in response to both biotic and abiotic $8&ssesnd

Yang, 200§. Germin proteins have been therefore widely investigated in plants. For example,
overexpression of whegf-2.8 gene in soybeannd sunflower both successfully enhanced plant

resistance again& sclerotiorun{Donaldsoret al, 2001 Hu et al, 2003.

Despite the high sequence similarity with germin proteins, most gdikaiproteins lack oxidase
activity. Instead, some of them exhila superoxide oxidase (SOD) activity that can generate
H,0, by converting superoxide anions intg@and Q. In 1999, Yamaharat al. first reported

the isolation of an extracellular MBOD protein fromthe moss which turned out to be a
germinlike praein (Yamaharaet al, 1999. Carteret al. determined a tobacco nectar protein
Nectarin | as a germitike protein but could notobserve its oxidase activity or other enzymatic
function (Carter et al, 1999. Later, they demonstrated that Nectarin dlso possesss SOD

activity (Carter and Thornburg, 20p0Until now, there are about 20 gerniike proteins
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confirmed with SOD activity. The germiike protein HvVGLP1 was designated as an
ADP-glucose pyrophosphatase/phosplstirase (AGPPaseyhich catalyzes théysis of some
NDP-monosaccharidegRodriguez-Lgpez et al, 200). The transcriptionof AtGLP4 gene is
stimulated by auxin treatmerand AtGLP4canbind auxin in vivo, although the affinity is very
low (Yin et al, 2009. So far, Peruvianih, sharing a highdentity with several GLPs, represents
the only germidike protein with proteolytic activit{Cruzet al, 2020. Germinlike proteins are
also reported tgarticipatein plant defense against diseases. For instance, overexpression of
OsGLP21 resulted in a higher level of @, and quantitatively enhandelant resistance to rice
blast and bacterial bligltiu et al, 2016. GLPs in peanut are induced undédferenthormoral,
biotic, and abiotic stress€gVanget al, 2013. The expression of a sugar beet gerlika protein
BvGLP1lin A. thaliana also increases 4@, level in the plant It improves plant resistance to
Rhizoctonia solanand Verticillium longisporum(Knechtet al, 2019. GhABP10, a germitike
protein fromGossypium hirsutuprparticipatein plant defense against veiliim and fusarium

wilt disease(Pei et al, 2019. Germinlike proteins also participate in plant growth and
development. For examplé\. thaliana plasmodesmata germiike protein 1 was primarily
expressed in the raand overexpression @éitPDGLP1disrupted root growtiHamet al, 2012.

The ricegermintlike protein 21 (OsGLP21) regulated seed dormancy during seed development
through ABA and GA signaling pathway®Vang et al, 20203. In addition to conferring
anti-biotic and abiotic stresses, expressdf the Capsicum chinens€chGLPgene in transgenic
tobacco showed higher tolerance teavy metals such a€admium and Aluminium (Al)

(Cedillo-Jimenezt al, 202Q.

In our previous work, we investigated a fanof 14 germinlike genes fronB. napus(BnGLF)
and their potential functions in plant defense agasiclerotiorumOne of themBnGLP3 was
upregulated in botlsusceptibleFalcori and tolerantZhongshuang *9B. napusvarietiesat 6 h
after S. scleotiorum infection. As BnGLP3 is @ H,0,-generating superoxide dismutase, early
induction ofBhGLP3is believed to participate in an oxidative burst that may plaigaharole in
deferse of B. napusagainstS. sclerotiorun(Rietz et al, 2012. However, the role oBnGLP3in

theplant defese response remains unsolved.
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The A. thaliana genome contains 32 genes encoding getikin proteins (UniProt,

https://www.uniprot.org/ So far,the biochemecal nature and physiological function AtGLPs
remainlargely unknown. Here, we report that Arabidopsis AtGLP5 is an ortholog of BhGLP3. We
demonstrate thatin Arabidopsis, AtGLP5 is expressed in a tissgpecific and
developmentiependent manner and regps to diverse stress factors. While overexpression of
AtGLPS resulted in increased disease resistance to Botbclerotiorum and Pst DC3000,
knockout of AtGLP5enhanced plant susceptibility. Furthermore, we demonstrated that AtGLP5
exhibits also SOD acivity and is explicity upregulatedin response to flg2ihduced PTI Our

data strongly suggest th&tGLP5is a crucial plagrin theplant immune system.
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2.3 Materials and Methods
2.3.1 Plant materials and cultivation

A. thaliana ecotype Columbi® was used ahé wildtype plant in this study. Plants were grown
at 22€ in a climate chamber under shadidy conditios (8h light/ 16h dark). For the knockout
mutant, two TDNA insertion mutants ithe Col-0 background were ordered from the Nottingham
ArabidopsisStodk Center(NASC): Atglp5-1 (N738879) andAtglp52 (N863003). Homozygous
mutants were verified with-DNA- and genespecific primer combinations by PCR. The absence

of the AtGLP5transcript (knockout) was confirmed bR§PCR with genespecific primers
2.3.2 Vector construction and plant transformation

The full-length open reading frame #tGLP5 (At1g09560) was amplified fronthe cDNA of
Col-0 plants with the primer pai&tGLP5F3 andAtGLP5R3 containingatt-sites for the cloning
into pDONR201 vector (Gatew&ytechnology, InvitrogenjSupplementary Table S1). From the
pDONR201 entry cloneAtGLP5was transferred intthe binary vector pGWB414 producing a
35S promotedriven gene construct with a 3xHAg coding region at the -8hd (Nakagawaet
al., 2007%. In analogy,AtGLP5was cloned into pGWB45ivhich adds a GFBRag coding region
in the frame to the 3end toallow the expression of AtGLPGFP protein. Both constructs were
transformed intdAgrobacterium tumefacienisV3101 strain to facilitate plant transfoation. The
transformation ofA. thaliana plants was conducted lige floral dip method(Clough and Bent,
1998. Transgenic plants were seletten 1/2 MS medium (Murashige and Skoog medium,

Duchefa) supplemented with 50 mg/L kanamycin and further confirmed by PCR.
2.3.3 Infection experiments with S. sclerotiorumand PstDC3000

The S. sclerotiorumsolate used throughout this work was obtained fronfieBsmr W. Qiar{Mei

et al, 201). Infection ofA. thalianaleaves withS. sclerotiorumwas either performed by agar
plug infection or by spray infection with mycelia suspension. In the first appr8ashlerotiorum

was grown on PDA (for transcriphalysis) or a minimal medium (for resistance assay, 1 g NaOH,
2 g DL-malic acid, 1 g KHPQy, 2 g NHINO;, 0.1 g MgSQx 7 H0, 0.5 g yeast extract and 15 g
Bactoagar per liter) at 22C. After two or three dayagarplugs were punched from the

expandingmargin of the mycelium using a 6 mm cork borer and placed on fully developed leaves
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of 5-weekold plants with the mycelium facing the leaf surface. Leaves treated with plain
agarplugs served as control. After 2 days, a digital caliper was used to méasunajor and

minor diametes of the ellipseshapedesions.The area of lesions wasstimaed by multiplying
half the length of the major axis by hFarl f t
the spray infection approach, 15 pieces of q)ags containingS. sclerotiorummycelia were
transferred into 70 ml 40% Czapek Dox medium 363 Czapek Dox, 2 g yeast extract, 2 g malt
extract per liter, pH 5.5) and shaken for 3 days at 22€. Subsequently, the anymie
homogenized for ~35 sec and centrifuged at 6rpadfor 10 min. The sedimented myceivere
weighed and resuspended i® InM MgSQ at a concentration of 1 g/25 mL. Leaves of
5-weekold plants were sprayed with the mycelium suspension. Plants were covered with a
transparent lid to keep high humidigfter two or three days, photos were taken to compare the

severityof sympbms on each plant.

For bacterihinfection, the straifPseudomonas syringa®. tomatoDC3000 Pst DC3000) with
anempty pVSP61 vector was used as described by Aasads et al, 1999. Pst DC3000 was
cultivated on a Petri dish with NYGA medium (5 g bacto peptone, 3 g yeast extract, 30 ml
glycerine and 15 g Bacto agar per liter) plus appropriate antibiotics for 2 days at 28€C. Bacteria
were then collected by washing with 5 mL 10 mM Mg@hd adjusted to Ofg, = 0.2. After
adding 0.04% (v/v) Silwet Gold, the bacteria suspension was sprayesveek®ld A. thaliana
plants until complete wetness and then covered with a transparent lid. rEml ¢ceeatments,
plants were sprayed withsolutioncontainingl0 mM MgC}, 0.04% Silwet Gold. To count the
bacteria growth, leaf discs weescisal at 3 dpi with a cork borer and shaken for 1 BGO [ of

10 mM MgCl with 0.01% Silwet GoldThe bactea number was calculated from serial dilutions

grown on NYGAplates for two days.
2.3.4 DNA, RNA isolation and gRT-PCR analysis

For DNA isolation, plant samples were collected in 1l5mcrocentrifuge tubes and therognd
to afine powder using a plastic pkstn the tube itselfvith liquid nitrogen. DNA was isolated

following the CTAB DNA Miniprep protocol as describgdlarke, 2003.

Total RNA was extracted from plant ties with TRIzol® Reagent (Thermo Fisher Scientific)

according to the manufacturer’ s i nereameasuwedwithn .
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GE Healthcare NanoVue Plus WXs Spectrophotometer and evaluated by electrophoresianon
agarose gelSubsequently, 1 g of RNA wadigested with DNase [Thermo Scientifix for 30 min
and reverse transcribed usindravertAid First Strand cDNA Synthesis Kit (Thermo Scientific). The
cDNA qualitywas checked by RIPCR using the reference gefetin2, and atwenty-fold dilution of
the cDNA was made asPCR template. RT-PCR was conducted it0 pl reactions with Maxima
SYBR Green qPCR Master Mikrhermo Scientifit on a CFX96 Touch Redlime PCR Detection
System (BieRad) using the following conditions: 95&r 3 min; 40 cycles of 95€ for 10 s, 60€C for
10 s and 72€C for 10 s. Relative expression of mMRNA was calculated by thedéditaCT method
(Livak and Schmittgen, 2001 And all values for the mRNA species were normalizedA¢tin2.

gRT-PCR primers can be found 8upplementary Table .
2.3.5 Promoter::GUS analysis

The promoter region oAtGLPS5 (PacLpy Was amplified from genomic DNA with primer
Pairs-F andPacLpsR comprising 1565 bp 5'upstreamitGLP5transcription start. The sequence

was cloned into pPGWB43@\akagaweet al, 2007)in front of the Bglucuronidase (GUS) coding
region. Stable transgeni thaliana plants harboring th@e.ps:GUS construct were generated
throughthe floral dip. For histochemical GUS analysis, plant samples were incubated in GUS
staining solution: 300 luX-Gluc solution (30 mg gIcA in 300 U DMSO), 38 nh 0.2 M
NaH,PQ, solution, 62 0.2 M NgHPQ, solution, 1 dropof Triton X-100,pH 7.0, for overnight

at 37C . On the next day, th@US staining buffer was carefully removed and replaced with 70%
ethanol to bleach the green chlorophyll. Several changes of ethanol may be necessary until the

tissues turned white. Ttatained samples were examined under a stereomicroscope (Zeiss).

For the different stresses, leaves afidekold transgenid\. thalianacarryingPacps:GUS were
collected at 24 hours after infection wihsclerotiumcontaining PDA agar plugs éstDC3000

bacteria suspension and after treatment of plamhdtwes (1 mM SA, 10QM and 500uM JA).

For the wounding and flg22 treatment, leaves were collected at an earlier stage, at 5 hours after
cutting with a pair of scissors or sprayed with 1 mM flg22 csithe plant responded to these
stimuli quite quickly. Control plants were either piveated or sprayed with water. The detached

leaves were then used for GUS staining aRT#-HGCR analysis.
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2.3.6 Subcellular GFP-localization

For subcellular proteitocalizationof AtGLP5, AtGLP5GFP transgenic plants were germinated on
1/2 MS medium with 50 md/kanamycin for one weeklhe positive seedling was then placed on a
slide for observation of GFP under the EclipseENUpright Motorized Microscope (Nikon) connected
to the X-Cite 120 LED light source (Excelitas Technologies) for brigtl and fluorescence imaging

aided with the NISElements AR software (Nikon).
2.3.7 SOD activity assay

Transient expression of the recombinant proteindNicotiana benthamianavas carried out
following the protocol of WittgWitte et al, 2009. In brief, anAgrobacteriumsuspension was
infiltrated from the bottom side of the leand the plants were left to grow contifiyan the
climate chamber. At-6 days post infiltration, leaf material was hested and stored a80C

until further processing.

Total protein was extracted from ~10 mg of transforiNedenthamiandeaf tissue by vigorously
mixing with 110 (L extraction buffer (50 mM Tris/HCI pH 7.5, 2% SDS, 50 mM DTT). After
centrifugation for ® min at 13,000 rprat 10€, 80 ul of the supernatant was supplemented with
20 L 5 x gel loading buffer (0.25 M TrisICl, pH 6.8, 10% SDS, 30% glycerine, 0.02 %
bromophenol blue) and loaded on a 10% $B&E without boiling. An irgel SOD activity
assay ws performed following the protocol of Beauchamp and Fridoyi#auchamp and
Fridovich, 197). The germidike protein 12 fran B. napus(BnGLP12) served aa positive
control (Rietz et al, 2019. For immunodetection, proteins were blotted on a PVDF membrane
and visualized wittan antitHA antibody combinedwith a LumiLight™™YS Western Blotting Kit

(Rocheretal)f ol 1 owing the manufacturer’s instruction
2.3.8 DAB staining to detect HO, production in Arabidopsis plants

S. sclerotiorumwas grown on PDA medim at 22€C. After two or three daysigarplugs were
punched from the expanding margin of the mycelium using a 6 mm cork borer and placed on
leaves of Bveekold plants with the mycelium facing the leaf surface. One day after inoculation,
the leaves wereatached from the plant and immersed in frpetparedl mg/mlDAB staining

solution at RT for overnight. On the next day, the DAB staining buffer was carefully removed and
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replaced with 70% ethanol to bleach the green chlorophyll. Several changes of atapriae
necessary until the tissues turned white. The stained samples were examdexd aun
stereomicroscope (Zeisshhe integrated density of DAB staining was then quantified tieh

ImageJ Colour Deconvolution plugin.
2.3.9 Statistical Analysis

GraphPad Rsm 8 computer software was used to perform all statistical analyses (GraphPad
Prism, San Diego, CA, USA). The results were represented as means + S.E., and different
numbers of asterisks indicated significantly different valdé® significantdifferencebetween

thet wo groups was per ftdestnAndimultipleicamparigorns of meansiwere n t ’ s
analyzed bonewa y ANOVA, followed by Dunnfk tOtO5 P mul t i p

0.01, **P 0.001).
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2.4Results

2.4.1 AtGLPS is the ortholog of BnGLP3 and is induced uponS. sclerotiorum and Pst
DC3000 infection

The A. thalianagenome contains 32 genes that are translated into gékeniproteins (UniProt,
https://www.uniprot.orgl To identify the ortholog of BnGLP3 iA. thaliana we aligned these
sequences with the gerrdike protein family (BnGLPs) oB. napus(Rietz et al, 2012 and
constructed a phylogenetic tree using the MEGAG6 softWeaenuraet al, 2013. As shown in

Fig. 1, only the protein sequence coded Aylg09560was closely related to BnGLP3he
corresponding protein had been named as gelik@rprotein 5 (GLP5) by Carter et §Carteret

al., 1998. Due to their high sequence similarity, we proposed that AtGLP5 represents the
ortholog of BnGLP3 and thus possesses conserved functions bewésaliana and B. napus

andstarted to investigate tlele of AtGLP5in regulating plarpathogen interactions.
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AT5G39180
AT5G39120
AT5G39100
AT5G39110
BnGLP5
BnGLP13
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—————————BnGLPs
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Fig. 1 Phylogenetic tree of germiike proteins fromB. napusand A. thaliana Sequences were aligned
with Dialign2.1, and the tree was calculated using Neigfitioing analysis and Bootstrap method with
500 replications (MEGAP The black arrow indicatete position oAtGLP5 (AT1G09560) and BnGLP3.
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Usually, genes that are participated in plant defense are transcriptionally induced upon pathogen
attack. To check whethé&xtGLP5might beinvolved in plant defense, we infectedv@ekold A.

thaliana leaves with the necrotrojthfungi S. sclerotiorumand the bacteriurPst DC3000 and
compared their transcript levels with control plarfég( 2). Upon S. sclerotioruminfection,
AtGLP5transcription increased at a very early stage (3hpi), peaked at 6 hpi by aboytahdold
thendecreasedyradually Fig. 2A). This result suggested thatGLP5 might function in plant
early-stage defense response. The inductioAt@iLP5can also be observed when the plants were
infected withPst DC3000, although at a relatively slower pa€égy( 2B). Taken together, we
conclude thaAtGLP5is involved ingeneral plantesponses tiungal and bacterial infection.
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Relative expression of A{GLPS upon S. sclerotiorum infection
*
*
*
Relative expression of AtGLP5 upon Pst DC3000 infection
T
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I 1 T ]
Ohpi  3hpi  6Ghpi  12hpi  24hpi  36hpi ohpi 24hpi  48hpi

Fig. 2 Transcriptional regulation cAtGLP5uponS. sclerotiorunand Pst DC3000 infection was analyzed
in wild-type Col0 leaves.(A) AtGLP5 was immediately upegulated uporS. sclerotioruminfection,
reached the highest level at 6 hpi, &imein went down gradually until 36hpi. (B) The expressioAt&LP5
was checked at two time points after &t DC3000 inoculationAtGLP5was also iduced, though at a
slower pace compared with. sclerotiorum The relative expression levels were measured RRCR.
Results are shown as means + SE and bars represent standard errors babeek dndependent
experiments. Asterisks indicate the sigrafit differences determined with emay ANOVA, followed by
Dunnett’s mult i md=enotsignificard*R3i00D, H#R3 0.01¢ ¥*P3 0(001).

2.4.2 AtGLP5expression is tissuespecific andvaries at different developmental stages

To investigate the expression pattermrAGLPS we then cloned its predictgpromoter sequence
and fused it to the-Blucuronidase (GUS) reporter gene and finally transformed gge-£2GUS

construct intdA. thaliana

GUS staining in the transgeni thaliana seedlings revealed that GUS activity was detected

mainly in the roo (Fig. 3A), slightly in the shoot apical meristerRig. 3B), and epithem, the
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loosely arranged cells within hydathode close to the vascular ending of cotyl&tpridE]), but
was absent at the root apex, where cell division océtigs 8C). A weak GUS ativity could be
observed in the stahaped trichomes on the first true leavieg).(3D). Surprisingly, no signal
could be detected in the true leavEgy( 3A). This observation is consistent with the expression
data from theArabidopsiseFP browsemwhich shows an abundant expressiorAtELP5in the

roots at the vegetative stadeid. SJ) (http://www.bar.utoronto.ca/efp/ctiin/efpWeb.cgi. We also

evaluated the transcript level tife GUS gene in the roots anddaves in l1@lay-old transgenic
seedlings by qRPCR. A higherGUS transcription level in the roots as compared with its low
expression in the leaves showed a correlation with the distinct intensities of GUS activities

observed in fferent tissuesasillustrated by histochemical stainingig. 3A and 3F).

o
1

Relative expression of GUS
T %

o
1

Leaves Roots
Fig. 3 Histochemical GUS staining and GUS expression analysis in transpgkmts containing the

PawcLps:GUS construct(A-E) Histochemical GUS staining of 2fayold seedhgs. GUS activity can be
detected maly in the root (A), shoot apical meristem (B), trichome (D), hydathode (E), but not in the root

tip (C). (F) Similarly, the expression of tdJSgene in the roots was significantly higher than in the leaves.
The reldive expression levels were measured by -fRR. Results are shown as means + SE and bars
represent standard errors based on three independent experiments. Asterisks indicate the significant
di fferences deter mi ntest(*F0.05h*P31 Gh0od,d*P8 0.d01)St udent > s t
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Additionally, after the reproductive phase transition, GUS activity was detected in the floral
organs. The GUS activity was also observed in the nectaries at the base of stamens throughout the
maturing processHg. S2. A wed&k GUS staining was given in the style and the narrow replum
structure of the gynoeciuntrig. S2A, B. However, following flower opening, the signal shrank
rapidly to the limited style region of the developing friity. S2Q and finally disappeared as the
siliques were ripeningHig. S2D, B. These observations suggested th@LP5is involved in

multiple plant physiological and developmental processes.

2.4.3 The expression ofAtGLP5 is induced by pathogens and plant hormone salitig acid

as well as by wounding

To understand the transcriptional regulation”AdGLP5 we then tested its responsiveness to
variousbiotic stimuli. Since the expression #tGLP5was upregulated aftehe inoculation of

plant pathogen$. sclerotiorumandPst DC3000 in plantgFig. 2), we first checked theffect of

these two pathogens on GUS expression. As showfRign4A and Fig. S4 a pronounced
induction of GUS activityat the infection sitesvas observed after th@dculdion with both
pathogens. Skingly, an intenseGUS activity wasobserved irmature leaves at the infection sites

In contrast,no GUS staining appeared in the control leaves, thus, strongly suggesting a

pathogerresponsive expression AfGLPS

Next, we tested the effect tie exogenic application of plant hormones, salicylic acid (SA) and
jasmonic acid (JA) ortGLP5expression, respectivelWe observed that only SA could induce
GUS expressiofFig. 4A). In supporof this, even with a higher concentration of 5@ JA, no
GUS expression was induced in the leaves (data not shtVeglso performea gRT-PCR
analysis to determine the regulationXiGLP5expression in response to SA and JA treatment in
wild-type A. thalianaplants. Consistently, the expressionfGLP5was induced by SA but not
by JA Fig. 4B).

In anext step, we examineghether mechanical woundingud activate the GUS expression as
there are several predicted wotnedponsive elements in the promoter sequence. As shdvig. in
5A, an intense GB activity was detected at both sides of the cutting edges, suggesting a

wounding inducing nature of teGLP5expression.
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Fig. 4 Expression ofAtGLP5 in response to pathogen attacks and plant hormaanments(A) GUS
expressionwas activated in transgenic plant leaves treated SuitbclerotiorumPst DC3000, and SA, but

not JA. (B) The transcript level &tGLP5was also significantly upegulated upon SA treatment but not

JA treatment. The relag expression levels were measured by-§RR. Results are shown as means +SE

and bars represent standard errors based on three independent expedsientsks indicate the
significantd i f ferences det er mi n-test(nswnat digificant, 5P810.05 *P3 8.01lp de nt ’ s
***pP 3 0.001).

2.4.4 The expression ofAtGLP5is activated by treatment with flg22

The GUS expression activated by wounding provoked us to address whether the observed
induction of AtGLP5 expression by pathogens might also be a woundifect due to cellular
damage caused by pathogen invasion. To distinguish between these two effects,ed¢hteat
transgenic plants carrying theyg ps:GUS construct with flg22, a synthetic bacterial flagellin
peptide(Misra et al,2019, which can trigger plant immune response without causing mechanical
damage to the plant tissue. As a result, the @kf8ession was induceadso by treatmentwith

flg22 (Fig. 5A), providing evidence thaftGLP5 respomls to plant pathogens and wounding
through two separate signaling pathways. In accordance, the expressiAtGldP5 was

significantly upregulated in Cdl plants aftemjuring or flg22 treatmentKig. 5B).
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Fig. 5 The expression oAtGLP5in response tovounding and flg22 treatment§d) GUS staining can be

detected in transgenic plant leaves treated by wounding or flg22. (B) An accordant higher transcription of
AtGLP5was observed in wounding and flg22 treated leaves compared with that of contrel [€)vEhe

up-regulation ofAtGLP5 by flg22 was abolished in thigs2 mutant. The relative expression levels were

measured by qRIPCR. Results are shown as means +SE and bars represent standard errors based on three
independent experiments. Asterisksindit ¢ t he signi ficant differences d:
t-test fis = not significant*P3 0.05, **P3 0.01, ***P3 0.001).

Flagellin perception in Arabidopsis s&ned by the flagellirsensitive 2 (FLS2) receptdls2 mutants
that lack the FLS2 receptor are expected to be insensitive to flg22 treat@@m¢z-Gdnez and
Boller, 200Q. To confirm the involvement oAtGLP5in the FLS2-mediated plant defense response,
we further analyzed the responsiegpression ofAtGLP5 in Arabidopsisfls2 mutant upon flg22
treatment. Results shown kig. 5C demonstrate that the transcrifin of AtGLP5was not affected
after flg22 treatment ifis2 mutantcompared with that observed in thld-type Cot0 plants These

dataprovethat AtGLP5was induced during PTI
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2.4.5 AtGLP5 is localized at the plasma membrane and exhibits SOD activity

Protein localization in the cell is generaéigsentiafor its biological function and¢anhint about

its actve mode. To determine ¢hsubcellular location of AtGLP5, we fused its coding region with

a green fluorescent protein (GEFR)e expressed this fusion protein AtGLEG-P under the
control of theCaMV 35S promoter stably iA. thaliana The Zday-old seedlings of transgenic
thaliana were used for subcellular localization observation. As showhign 6, in the leaf
epidermal cellsthe GFP fluorescent signal is tightly associated with the cell wall, suggesting its

localization at the plasma membrane.

GFP Bright Field

Fig. 6 Subcellular localization of AtGLP5 under a fluorescence microscbipe AtGLP5GFP construct
was transformed inté. thaliana to observe the protein localization. Leaves afay-old seedlings were
examined under a Nikon Uight Motorized Microscope. AtGLP5 is localized at the plasma membrane.

Up to now, there is no report that AtGLRBsassociated with enzyme activiyince BnGLP3 and
BnGLP12 are provedio possess superoxidéismutase (SOD) activity anparticipatein plart

early defense responséRietz et al, 20129, we assumed that AtGLP&ight have similar
biological activity as its homolog BnGLP3. To test ti$GLP5 protein with a @erminal triple
HA-tag (AtGLP5HA) was transiently expressed lkh benthamiandeaves and extracted in the
presence of 2% SDS and 50 mM DTT. Extraction without SDS or lower concentration did not
yield detectable amounts of AtGLP5:HA (data not shown). Total protein was separated in a
SDSPAGE without prior boiling of e samples and blotted onto PVDF membrane for
HA-specific immunodetection or developed for SOD activity in the gel. We also included the
recombinant BnGLP12:HA proteirshown previously to possess SOD activity as a positive

control. As depicted ifrig. 7B, BnGLP12HA and AtGLP5HA migrated in the gel at higher and
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lower molecular weight sizes. The latter conformed to the calculated molecular weights of both
GLPs of ~29 kDaand the higher molecular weight bands probably represented complex
formations. Whilemost of BnGLP12HA protein migrated at a size above 150 kDagst
AtGLP5HA was present between 380 kDa under this extraction condition. Since the protein
samplesverenot fully denatured by heating prior loading, protein migration in the gel may differ
from the molecular weight standards and allow only limited interpretation of the exact molecule
sizes. When the protein extracts were tested for SOD activity, clear signals appeared in samples
with BnGLP12:HA and AtGLP3HA, demonstrating that AtGLP5 aldmas SOD activity.As

expected, most SOD activity was associated with higher molecular weight compliex&cy.
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Fig. 7 SOD ingel assay with total protein extracts fras benthamiandeaves transientlyexpressing
proteins. (A) Coomassie staining dbtal proteins ofN. benthamiandeaves (B) Immunodetection of
recombinant proteis with HA-specific antibody. €) Protein extracts were tested for SOD activity. N)b.(
nortinfiltrated tobacco leaves se&w as a negative control; BnGLP12:HA: tobacco leaves transiently
expressing BnGLP12:HA served as a positive control; AtGLP5:HA: tobacco leaves transiently expressing
AtGLP5:HA.

Monomeric forms appear to be inactive

2.4.6 AtGLP5isinvolved in regulating plant root growth and development

To observethe role of AtGLP5in plant root development, we first analyzathlp5 knockout
mutantsandtransgenic plants overexpressifitfsLP5compared withwild-type Col0 plants. The
Atglp5 mutants(Fig. S3) showed no significant difference in root length when camegbavith
wild-type. However, overexpression Af{GLP5 resulted in shortened plant primary redEig.

8A), suggesting a functional role AtGLP5in root developmentAuxin is an essential hormone
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regulating root growth and development. To chedkt@GLP5is regulated by auxin, wanalyzed
the GUSexpressiorin 7-day-old transgenic seedlings treated witkogenousuxin application
by incubating the roots in IAA and IBAolution No noticeablechange in GUS activity was
observed compared with dool plants(Fig. $b), suggsting thatAtGLP5 possibly affects root

development through regulation of the auriediated downstream pathway.

Col-0 Afglp5-1  Atglp5-2  AtGLP5-OE-1 AtGLPS5-OE-3

15+
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Fig. 8 AtGLP5 affectsA. thaliana root growth and developmer®verexpession ofAtGLP5reduced the

length of plant primary root, while the knockout mutants displayed no obvious phenotype. Results are
shown as means +SE and bars represent standard errors based on three independent experiments, with at
least 8 plants for evgrindependent experimensterisks indicate the significant differences determined

wi t h unpai rtestds SnotsigndieantP3 0.05, **P3 0.01, ***P3 0.001).

2.4.7 Knock out of AtGLP5reduces plant resistance t&. sclerotiorumand PstDC3000

To testwhether the loss of AtGLP5 function compromises plant resistance, we identified two
independent -DNA insertion mutants in the coding region &tGLP5 that lack AtGLP5
transcripts Fig. S3) and then challenged the mutant plants \&@ttsclerotiorumandPs DC3000.

At two days postnoculation withS. sclerotiorum the lesion sizes oAtglp51 and Atglp52
leaves were significantly largéihhanwild-type Cot0 (Fig. 9A). Similarly, the disease symptoms

on the mutants after challenge wRist DC3000 were alsmore sgere,and the bacteria growth
was enormouly increased inAtglp5-1 and Atglp52 leaves compared with the growth in @ol

(Fig. 9B). These data add more evidentat AtGLP5 plays a rolein plant general disease

resistance.
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Fig. 9 Loss of function ofAtGLP5in response to pathogen infectigh) The knockout mutant developed

larger leaf lesions afte®. sclerotioruminfection than Cel plants. (B) Three days after infection, both
knockout mutantshowed more pronounced disease symptoms and had a higher number of bacteria growth
than Col0 plants. Standard errors are denoted as black lines. Results are shown as means + SE and bars
represent standard errors based on three independent experitgetisks indicate the significant

di fferences deter mi n dedtsvi nothsignificaptP3 0.05,d*PFQ.00,d*¢P3t > s t
0.001).

2.4.8 Overexpression of AtGLP5 enhances plant resistance td. sclerotiorum and Pst

DC3000

To confirm the putative function oAtGLP5 in plantpathogen interaction, we also generated
transgenicA. thalianaplants overexpressingtGLPS5 The transgenic plants were screened by
growing on1/2 MS medium containing 50 migkanamycin, and thelevatedexpression of
AtGLP5in the positive plants was confirmed by gRTR. Two ilependent overexpression lines
were used for further analysiBig. 11A). We then carried out infection experiments to determine

whether overexpression AtGLP5improves plant resistance to pathogens.

For the Sclerotinia disease test, two infection methods were carried out (agar plu§s and
sclerotiorummycelial sipension). At two days pestoculation with agar plugs, the average
lesion sizes on the leaves whnsgenicoverexpression plantaere about 30% smaller than
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wild-type plants Eig. 10A). Likewise, three days after spraying mycelial suspensiendiseas
symptomson the Col0 plantswere more severe thahe transgenicplants Fig. 10B). Since

AtGLP5 was demonstrate exhibit SOD activity, wefurther detected,O, in the transgenic

and wildtype plants at one day aft&. sclerotioruminfection using 3 -Diaminobenzidine

(DAB) staining. DAB can be oxidized by,8, and form a brown precipitate. This precipitate is

used as a stain tobservethe distribution of HO, in plantcellstDa udi and Q’ABri e n,
shown inFig. 10C, bothOE lines accumulated higher level of® in response t&.scleotiorum.

As for the Pst DC3000 infection, more pronounced disease symptoms and a higher level of
bacteria growth wre observed in the GOl plantscompared tdransgenicplants at 2dpi Kig.

10D). These results demonstrated that overexpressidtGfP5increaseglantbasalresistance

against botl$.sclerotiorumandPstDC3000.
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Fig. 10 Overexpression cAtGLP5enhanced plant disease resistanc&.ithaliana (A) Arabidopsis leaves

were inoculated wit agar plugs containing actively growing culturesSofsclerotiorum Disease lesions

were measured at 2dpi. (B) Whole plants were sprayedSwititlerotiorummycelial suspension. A and B

suggested that overexpressionAifsLP5 enhanced plant resistanae $. sclerotiorum (C) AtGLP5OE

transgenic plants produced morgdduponS. sclerotiorumnfection compared with wiktype Cot0 plants.

(D) Col-0 plants exhibited more pronounced chlorosis and veaking phenotype afté?s DC3000

infection. And a laver level of bacteria growth was also observed in the transgenic overexpressing plants.
Results are shown as means + SE and bars represent standard errors based on three independent
experimentsAsterisks indicate the significant differences determinedi witu n p ai r ¢ destfsmdent * s
not significant*P3 0.05, **P3 0.01, **P3 0.001)
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2.4.9 AtGLP5 constitutively activates the expression of defengelated genes

To characterize the role &tGLP5in plant defense response, we then assessed the transcript
levelsof a list of plant defense marker genes in the-inogulated overexpression and wilgbe
plants by gRIPCR. As shown iffrig. 11A, transgenic plants overexpressiigLP5accumulated
higher transcripts oPDF1.2 and NCEDS3 associated with thelant JA and ABA signaling
pathways In A. thaliana flg22 signaling can activate a MAP kinase cascade to regulate the
expression of earlgefense response gen@sai et al, 2003. We found that the expressioh o
MPK3, MPK4, and MPKG6 in transgenic plants were also significantly elevateid. 11B). As
WRKY transcription factors aressentialregulators of numerous defense responses, and 27 of
them werereported to bénduced following flg22 treatmer{Birkenbihl et al, 201§, we further
investigated the expression WRKY genes includingVRKY B, WRKY22 WRKY33 WRKY40
andWRKY53As shown inFig. 11B, all these genes were significantly upregulated irAtigi_P5
overexpression plasit Taken together, we conclude th&iGLP5 activates the expression of a

multiple of defenseelated genes, implgg its vital role inthe plant immune system, in general.
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Fig. 11 Transcript profiles of defenselated genes ilAtGLP5 overexpression plantsompared with
wild-type Col0 plants. AtGLP5 expression dvels were higher in the transgemitants Expression of
PDF1.2 and NCED3 associated wit JA and ABA signaling pathways ag elevated in the transgic
overexpression plant3.he MPK and WRKY family genes were also tpegulated. Results are shown as
meanst SE and bars represent standard errors based on three independent expehistensgs indicate
the significant differ enc e-testfise=tnetsignificart*d3 05, *B3 unpai r e
0.01, ***P3 0.001).
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2.5 Discussion

In our previous workwe demonstrated th&nGLP3is transcriptionally upregulated aft&.
sclerotioruminfection and had SOD activitjRietzet al, 2019. Here, we report thatGLP5 a
homolog gene oBnGLP3in A. thaliang respons not only toS. sclerotiorum but also toPst
DC3000 andbotherstress factors such as woundirgiditionally, our data suggest th&tGLP5
might fulfill multiple functiors in regulating plant physiologicaldevelopmental red defense

processes.

An important finding of this sidy is the orgarspecific expression oAtGLPS In the young
seedlings (vegetative stage), AtGLP5 was mairjyressed in the root tissue, consistaith the

data from its developmental map on the Arabidopsis eFP brew&tP5is highly accumulated

in the root.Neverthelesstransgenic plants expressing gs p5:GUS showed that th&tGLP5
expression was natservedn the root apical meristem. Also, a slight GUS activity was detected
at the shoot apical meristem and hydathode in the margins of rgpedliyledons. The shoot
apical meristem consists of undifferentiated, dividing stem cells located at thethigsbioot It

keeps initiating new organdncluding leaves, stemsand flowers throughout the entire
postembryonic phase of plant li{f€&aillochetet al, 2015. Hydathode is a highly specialized
structure positioned at the femargin which is responsible for mediating the excretion of plant
liquid droplets, a process also called guttation, involving the transport of water, nutrients,
metabolites, hormones, and pathogenedeted proteingPilot et al, 2004 Singh, 2013 Some

of the trichomes on the younigaves also showed a weak GUS expression. Trichomes are
specialized unicellular epidermal cells and existaddénd of defense mechanism of the plant.
They function primarily to blocke.g, harmful UV radiation from reaching the plant leay¥an

et al, 2012. In some species, trichomes contain chemicals that contribute to plant resistance
against herbivorefHandleyet al, 2005 Tian et al, 20129. No GUS activity was detected in the
mature leaves. After the flowering transition (reproductive stage), the shoot apical meristem
ceases to produce vegetative leafy shoots and converts to arsodioce meristem, producing

the sepals, petals, stamens, and carpels of the flower irfsisad201Q.

Interestingly, we observed that the expression of GUS in the meristematic dome also continued
through this floral conversioand was observed in floral organs like nectaries and some parts of
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the gynoeciumThe rectary is known to baccountabldor the synthesis and secretiaf plant
nectar Nectarcomprisessugars andariousothercomponents, including amino acids, altds,
flavonoids,free fatty acidsetc. (Heil, 201). Thes e s e ¢ r e t e functiors aie distinatd s °
ranging from rendering nectar unpalatable to nectar thieves tooffangicrobial infection and
providing additonal nutrition to pollinators to achieve efficient pollinati@onzdez-Teuber and
Heil, 2009 Kram et al, 2009. The gynoecium, the female reproductive organ of angiosperms, is
a highly complex organ. Mphologically, it consists of three distinct regions: the bottom region
gynophore, the middle section ovary, and the apitadt region consistingof style and stigma
(Hawkins and Liu, 2014Trigueroset al, 2009. The style connects the apical stigma with the
sizeabk central ovary. The expressionAtiGLP5observed in nectary and gynoecium suggested
that it might regulate nectar secretion and fruit dguslent. Based on these data, it is reasonable
to speculate thaAtGLP5may be involved in plant growth and development. Secretory tissues
occur in most vascular planlS8ahn, 1988 Thes ¢ s e ¢ r e t oprinyary functioniscmosily ¢ s °
related tothe defense response against both pathogens and herb{Lamge, 201h AtGLPS
expression was tightly associated with hydathodes, trichomesneatdries, which were all
external secretory organs, providestrong hint at its function in regulating the plant secretory

system.

Noticeably, the expression &tGLP5can be highly induced in the leaves in response to various
stress factors. Both theecrotrophic fungiS. sclerotiorumand the hemibiotrophic bacteriuRst
DC3000 can induce GUS expression in the leaVds believe that the gen®GLP5 might be
functional inthe plant immune system against pathogenic attacks in general. Plant hormones als
play a vtal role in plant defense and developmental regulat8inigenagat al, 2017. It is well

known that JA and ethylene (ET) signaling pathways are inducédlilianaafter the infection

with necrotrophic pathogensuch asBotrytis cineregGovrin and Levine, 2002 Differing from

this, in this studythe AtGLP5 expression responded to the necrotrophitgfisS. sclerotiorum

and the plant hormone SAut notto JA This result may exemplify a complex interaction
between different signaling pathways and the underlying crosstalk between these regulations

during plant defense respon@chenke and Cai, 20R0
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Consideringthat there are several predicted wouasgponsive elements in the¢GLP5promoter
region, we also demonstrate experimentally that theesspn ofAtGLP5 can be induced by
wounding. This finding prompted us to address whether the induced expressit@lL&5by S.
sclerotiorum and Pst DC3000is attributed to pathogespecific activation or a mechanical
wounding caused binhe pathogen invden process. Evidently, the treatment by flg22, a synthetic
bacterial flagellin peptide alonalso leads to the GUS expression in leaves, thus demonstrating

thatAtGLP5respond to wounding and plant pathogen attacks independently.

FLS2/flg22 is one of th beststudied receptdigand models inA. thaliana The molecule flg22
caninitiate a mmplicated signaling cascatietrigger plant immune responses demonstrated in
many case¢Benthamet al, 202(Q. This process relies on the receptor FLS2 and Fh&Qiated
sigraling pathway(Jelenskeet al, 2017. The plant receptor kinase BAK1 a@s a partner of
FLS2 to induce an array of immune respong&esinchilla et al, 2009. To verify if AtGLP5
participates in this flg2Pesponsive cascade, we tested the regulatioAtGLP5 upon flg22
treatmen in the fls2 mutant which lacksthe FLS2 receptor and compared with the wiyge
Col-0. As expectedthe induction ofAtGLP5in response to flg22 was impaired in fils2 mutant
compared with the wildype. Even though it iswot clear by what mechanisis AtGLP5
functional in this pathwaythe participation ofAtGLP5in the FLS2mediated signaling pathway
provides a highly interesting aspectunderstand the FLS&ediated plant immune system und
underlying mechanism deeplin the light of its plasmanembranelocalization, as revealed by
GFP detection, we propose that AtGLP5 may function like BAK1 asracaptor or efficiently

activating the FLS2lownstream signalling.

So far, there is no report about gerrike proteins inA. thalianaexhibiting SODactivity. It has
been demonstrated that germin proteins or gelikénproteins are of great potential for genetic
engineering for improving plant resistance, partially because of their enzymatic functie®as O
or SODQ producing HO, which can modulateatl signding. Following this, it is tempting to
believe that AtGLP3night harborSOD activitydue to its homolog BnGLP3. In this study, to our
knowledge, we demonstrate for the first time that AtGLP5 is a superdisdeutase (SOD).
Further analysis fothe role of its SOD activity in regulating plant immune system against

pathogen attacks is needed to shed more light on the underlying mechanisms.
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We comparativelycharacterized the roatevelopment®f AtGLP5 overexpressiomndknockout
transgenic plants copared with wildtype plants. While AtGLP5 overexpressing transgenic
plants showed shortened primary root length, knockbuttglp5 exhibitedaverageroot growth.

A similar observation had been reported Hgm et al. (Ham et al, 2019 that germinlike
proteins PDGLP1 and PDGLP2 interferedth plant root growth and del@ment. The
transgeniglantsoverexpressing PDGLP1/2 proteins displayed shortened primary roots. However,
neither pdglpl or pdglp2 single mutant nopdglpl pdglp2double mutant showed any visible
interrupted root growth phenotyp&he expression of PDGUPand PDGLP2seemed to be
insensitiveauxin(Hamet al, 20139.

Lagly, the AtGLP5gain and loss of function analysis in transgenic plants provide evidence for the
involvement of AtGLP5in plant immune response to pathogen attacks. Our results showed that
overexpression oAtGLP5 enhanced plant resistance, while its kreagk mutants displayed
enhanced susceptibility to both pathogens tested. Besides, we idese¥iedldefenserelated
genes that are affected in transgeplants overexpressingtGLPS including PDF1.2 and
NCED3 As expected, severdlAPK and WRKY genesthat participatein the FLS2mediated
signding pathway were found to be significantly upregulated. Plant WRidiscription factors

are critical regulators in regulating the expression of defaetted genes and the crosstalk
between SA and JA pathwayBor example AtIWRKY53acts in a complex signaling network
regulating plant senescence and biotic/abiotic streféieso et al, 2004. AtWRKY33was
reported to confer plant disease resistance to necrotrophic path@hpenget al, 2009. It is
reasonable to assume thatGLPS5 probably contributes to plant defense by activating these

WRKY transcription factors, finally lefing toplant defense activation
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Fig. S1 Expression patterns oAtGLP5 during Arabidopsis development based on eFP brovidee
expression ofAtGLP5is highest in the rootShe relative intensity of the color indicates mRNA abundance
in different tissues at different developmental stggelow = absent or low, red = high).
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Flower bud Siliques at different developmental stages

Fig. S2 GUS staining assays in floral orga@®JS expression was observed in the nectaries,, stytbthe
replum. However, followindghe flower opening, the signal simk rapidly to the limited style region of the
developing fruit and finally disagared as the siliques are ripening.
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Columbia-0 glp5-1 glp5-2
wild type (N738879) (N863003)
1 p 3 4 5 6

1000 bp
750 bP > he—
500 bp

Relative expression of AtGLP5

1.59

Col-0 Atglp5-1 AtglpS-2

Fig. S3 Confirmation of Atglp5 T-DNA mutants.(A) Homozygosity test of knockout mutantdglp5-1
(N738879) andAtglp52 (N863003). Lane 1,,3and 5 showed the PCR Aplification with genespecific
primers. Lane 2, 4and 6 depicted the PCR amplification with the corresponding LB primer and the reverse
genomic primer. (B) Confirmation AAtGLP5 expression inAtglp5-1 and Atglp5-2 by gRT-PCR. Results
are shown as means SE and bars represent standard errors based on three independent experiments.
Asterisks indicate t he significant-tesd @B 0.85r%P8c ¢ s

0.01, **P3 0.001).

Fig. S4 GUS staining assays after infection 8f sclerotiorum The dustering of hyphae was also
microscopically observed inside the darkly stained regions, indicating that GUS expression was locally

activated at the advancing margins of lesions.
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Control 10 pM TAA 10 pM IBA
6h

24 h ! i
Fig. S5 GUS activity in Pygps:GUS transgenidA. thaliana seedlings in response to auxin treatment.
7-day-old seedlings werincubated in 1QM IAA or 10 uM IBA solutions. After 6 hours and 24 hours, the

plants were stained with GUS staining solution. Seedlings incubated in 0.1% ethanol for the same time,
served as control. The results indicated th&l4°5d i d n’t respond to auxin.
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TableS1Primers for cloning of various constructs and genotyping-DINIA insertion mutarg

Primers Sequence (5’ —-3°)

AtGLP5F1 ATGGCTTCACCAACTCTTAC

AtGLP5-R1 TTTCTTGGGTTGGAACTTGGAT

AtGLP5-F2 CAAAATCAATGGCTTCCCTTGC

AtGLP5-R2 CGAGGACGAAAACGACCTCAGT

AtGLP5-F3 GGGGACAAGTTTGTACAAAAAAGCAGGCT
ATGGCTTCACCAACTCTTAC

AtGLP5-R3 GGGGACCACTTTGTACAAGAAAGCTGGGTC
TCTTGGGTTGGAACTTGGAT

PawcLpsF GGGGACAAGTTTGTACAAAAAAGCAGGCTATAAAGCATCCGTCTTGGTC

PacLesR GGGGACCACTTTGTACAAGAAAGCTGGGTOGGGATTGTGGTAGTGGTG

Atglp5-1 CCCATTTGGACGTGAATGTAGACAC

Atglp5-2 TAGTCTGAATTTCATAACC AATCTCGATACAC

LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC

TableS2 Primers for gRTIPCR analysis.

Primers Forward Reverse

ACT2 ACCTTGCTGGACGTGACCTTACTGAT GTTGTCTCGTGGATTCCAGCAGCTT
AtGLP5 CAAAATCAATGGCTTCCCTTGC CGAGGACGAAAACGACCTCAGT
PDF1.2 CGCTGCTCTTGTTCTCTTTGC TCCATGTTTGGCTCCTTCAA

PR2 CTACAGAGATGGTGTCA AGCTGAAGTAAGGGTAG

GST1 TCGAGCTCAAAGATGGTGAACACA  TCCTTGCCAGTTGAGAGAAGGTTG
NCED3 CGCTTGGGAAGAGCCAGAAA GAGATGATCGGACGGCGAGT
EDS1 ACCAGATCATGGTCAGCC TGTCCTGTGAACACTATCTGTTTTCTACT
MPK3 CCAAGAAGCCATAGCACTCA AGCCATTCGGATGGTTATTG

MPK4 CGTTGTGCCACCCATATTT AAAATTGAACGGCCTCACAC

MPK6 ACCACCACCAACCTCAAAAG CCTCCAGGAGCTTCTGTCAT
WRKY18 GCTCTAGGTGACGGGTTGTC GAAGCACACGTCAGAAACCATC
WRKY22 GAAGCACACGTCAGAAACCATC ATCATCGCTAACCACCGTATCC
WRKY33 GCAAAGGAAAGGAGAGGATGGT GAGGTTTAGGATGGTTGTGGCT
WRKY40 AAATCAGCCCTCCCAAGAAACG CTTCACGACAGTCTCTTCTCTCTG

WRKY53 CAGAGATCAGACGGGGATGC TTTTGGGTAATGGCTGGTTTGAC
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3.1 Abstract

Plants respond to environmental stressi#en by redirecting resourcesetweenthe immune
responsandplant developmentn this work, we report the identification and characterization of
an Arabidopsis mutant, referred to as IRS8Btainedfrom screening a large collection of
Arabidopsis thalianaactivationtagged mutaist The IR0 mutant plants showed increased
diseaseesistance along with an early flowering phenotype. The IRS30nnetatains a -DNA
insertionin the last intron ofAtSAG24 resulting in an upregulated expression of a sucrose
symporter genétSUCT Functional characterization @&tSUC7revealed that iencodes a plant
cell membrandocalized protein. The gene was activated in response to pathogen infection. With
both the IRS30 mutant and transgeASUC7overexpressing plants, we demonstrated a dual
role of AtSUC7in enhancing plant resistance and #s@ing flowering time. Wehowedthat an
enhanced expression AtSUC7led tothe upregulation of plant defeeselatedgenes likePR1,
PDF1.2 and AtWRKY53 a vital transcription factor involved in plant defense and senescence
control In contrasta SAsignaling pathwayassocited geneEDS1was drastically repressed. We
demonstratg that an enhancedtSUC7 expression affects flowering timprobably through
fine-tuning of the autonomous pathway leadinghe repression of the negative regulakirC
causng activation of SOCLltranscription. Taken together, our results highlight a crucial role of

plant sucrose symporters in balancing plant defense and growtloffade
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3.2Introduction

Plants arecontinuously challenged by microbes (bacteritungi, and oomgetes) and have
develomd multilayered defense strategies and sophisticated regulatory pathaegsablethe
perception signal transductigrand further downstream responses to defend themselves against
these microbial pathogerf€onrathet al, 2015 Han, 2019. In addition to preformed physical
and chemical barrier¢Anderson, 198 cell surfacdocalized pattern recognition receptors
(PRRs) can sense pathogessociated molecular patterns (PAMPs) and -Hested
damageassociated molecular patterns (DAMPs) to stimulate defereactions, named
PAMP-triggered immunity (PTI). To counteract this, pathogens have successfully evolved
particulareffector proteins to interfere with PTI. However, some plants can drtebteffectors
andactivate stronger effectariggered immunityETI) (Jones and Dangl, 200€ETI is triggered
when the cytosolic resistance proteins encoded genes directly or indirdly interact with
avirulerce factors, activating plant defeng&€hordalChristensen, 2030 Genetic engineering of
diseaseesistant plants expressiRpenes is one of the major strategies to confer plant resistance

against pathoger{®oltronieriet al, 2020.

Scleroting sclerotiorumis a necrotrophic, nehost specific phytopathogenic fungus that infects a
wide range of economically important plants and causes sclerotinia stem rot (SSR) disease
(Dickman and Mitra, 1992 In nature, infection of a plant b$. sclerotiorumoccurs mostly
through ascospore colonization of senescent flower petaldatihtonthe leaves, petiolesr
stems during the flowering tim@olton et al, 2006 Garget al, 201Q. Necrotic lesions develop
rapidly on the stems and leavdsading topremature wilting, necrosis, stem breakageld
losses, and decreasseed qualitfZhaoet al, 2009. Sclerotia are the primary losigrm survival
structures and can survive in the soil for many yéaodton et al, 200§. Currently,the disease
managenentrelies largely onntegrating partially resistant cultivars with cropping practices, such
asthe alteration of row spacing and varietiespgetherwith chemical control. Although much
more effective than cropping system management, the appliaationgicides islimited by its
negative impacts on the environment, the decreeBedtivenes®f chemicals, andhsufficiency

in determiningthe prger application timéWillbur et al, 2019. Breeding of resistant cultivars is

therefore a promising option to dool this disease. Over the last years, considerable attempts
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have been made filbustrate plant resistance mechanisms and improve plant resistance &ainst
sclerotiorum in various plant species. For instance, plant WRKY transcription factors like
BNnWRKW3, AtWRKY28 and AtWRKY75are reported to positively regulate resistanceSto
sclerotiorum(Chenet al, 2013 Wanget al, 2014. Plant germin and germiike proteins, with
their particular QO (oxalate oxidaseor SOD (superoxide dismutase) enzymatic activities, are
also potentandidates for engineering plant resistance ag&instlerotiorundiseasg¢Donaldson

et al, 200%, Rietzet al, 2012.

Plant flowering is a weltharacterized developmetal process modulaed by several
environmental factors and endogenous sigfdasserde, 2011 In the model planArabidopsis
thaliana the transition from vegetative to reproductive growth t®implextrait regulated by an
intricate ngwork of genetic pathways, including the vernalization, autonomous, gibberellin (GA),
thermosensory, photoperiod (day length, light intensity), and aging (typically miR156 and
miR172dependent) pathway$Amasino, 2005 Bao et al, 202Q Bl&quez et al, 2003
Chowdhury et al, 202Q Junget al, 2011 Khanet al, 2014 Valverde, 2011 These pathways
converge ¢ regulate a set of floral integratomich asFLOWERING LOCUS T ET),
SUPPRESSOR OF OVEREXPRESSION OF CONSTANSSOE), and LEAFY (LFY) that
regulate floral initiation gengd.ee and Lee, 201Moon et al, 2005 Simpson and Dean, 2002
FLC, encoding a MADSlomain transcription factor, isdominantrepressor of flowering via the
vernalization and autonomous pathways by directly inhibiting the expression of floral activators
(Michaels and Amasino, 199%alathiaet al, 2006 Yan et al, 201Q. Various activators and
repressors regulate FLC expressidior examp, FRIGIDA RI) positively activatesFLC
expression that inhibits floweringlohansoret al, 200Q. In contrastanother group of genes,
such as FLOWERING CONTROL LOCUS ACA), FY, FPA, and FLOWERING LOCUS K
(FLK), repressfFLC expression to accekge flowering(Lim et al, 2004 Liu et al, 2010
Marquardtet al., 2008. Also, variouschromatin modificationsncluding nucleosome remodeling,
DNA methylation, and various histone modifications have been shown to med@tegulation

and thus control floweringCrevillen and Dean, 201He, 2012 Jean Finnegaet al, 2005.
Other factorssuch as drought artteat can alsinfluenceflowering time(Barnab&et al, 2008

Choet al, 2017. Apart from GA, salicylic acid (SA) is alsecriminatal in the regulation of
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floral transition in that SAleficient muants are late flowering, although SA alone is not sufficient
to promote flowerindMartiez et al, 2004 Yamada and Takeno, 2014n addition to their roles

of energy resources, sugars also adigisals regulating flowering time and immune responses in
plants (Bolouri Moghaddam and Van den Ende, 20M8 et al, 2013. The transport of
photosynthetically fixed arbon (predominantly as sucrose) from source leaves to sink tissues
such as roots, fruits, flowers, and young leaves is mediated via active,-depegydent sugar
transporters. IA. thaliana two families of transporters are involved in sucrose transpadrose
transporters (SUTLANdré& et al, 2020 or sucrose carriers (SUC§)suchiya and Eulgem, 20),0
and Sugars Will Eventually be Exported Transporters (SWEEdakhartsevet al, 20186.
Sucrose efflux is facilitated by the SWEHIZhenet al, 2012, andis subsequently accumulated

in the phloem sieve elemeocdmpanion cell (SE/CC) complex catalyzed by membtacalized
H*/sucrose symportef&Gottwaldet al, 200Q. RNAI inactivation of theStSUT4gene causes the
transgenic potato to flower earlier and accumulates fewer leaves thartypéldplants
(Chincinskaet al, 200§. Moreover,A. thaliana mutants defective iAtSUC9 which encodes an
ultrahighaffinity sucrose transporter, flower earlier under sldag conditions but not under
long-day conditiongSivitz et al, 2007. It has been recently demonstrated that overexpression of
a SWEET family geneAtSWEET10accelerates flowering through the photoperiodic pathway
involving the activities ofFT and SOC1 (André& et al, 202Q. So far, the mechanisms tha

underpin how sucrose transporters regulate flowering time are still poorly understood.

Activationtagging is a useful tool for genomsde functional studies in plan(®Veigel et al,

2000. Specifically, this system relies on tetramer copies of cauliflower mosaic virus (CaMV) 35S
transcription enhancers incorporated byDNA into the recipient plant genome, thereby
improving the transcription afieighboring genes leading to particular phenotypes. Screening of
the developed mutants for the phenotypic trait of interest and molecular characterization of the
insertion site provides valuable resources to identify genes responsible for biochemical or

developmental phenotypes.

In this study, we conducted a largeale screening of approximately 35,080 thaliana
activationtagged mutants for altered susceptibilityst@clerotiorumand successfully identified a

mutant, referredo asIRS30, which dislayed elevated plant resistance agaBissclerotiorum
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and earlier flowering phenotype. Thus, the disease resistance trait and early bolting were possibly

linked in the IRS30 mutant

We focused on the functional analysisAISUCT which expression is teated in the IDNA
insertion mutant and involved in modulating plant defense and flowering time. Our results suggest
that the elevated\tSUC7expression results in early flowering time mainly by represgiLC
through the autonomous pathwafnd, the entanced S. sclerotiorumresistance might be
attributed to the upregulation of plant defensive genes, incllRiRly PDF1.2 andWRKY53in
IRS30.Intriguingly, we observed a strong inhibition BDS1gene expression in both IRS30 and
AtSUC7?overexpressig transgenic plants. FurthermorAtSUCG6,another transporter gene, was
highly expressedn the AtSUCZOE transgenic plant, suggesting aregulation of both genes.
Finally, we proposed functional model ofAtSUC7in regulating plant defense mechanisms and

flowering time.
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3.3 Materials and Methods
3.3.1 Plant materials and cultivation

A. thaliana ecotype Columbi® (Col0) and Columbi& (Col2) were used as the witglpe
plants in this study. Plants were grown at 22€ in a climate chamber underdstyodonditions
(8h light/ 16h dark cycle) or londay conditions (16h light/ 8h dark cycl@he activatiortagged

mutants were bought from NASC.
3.3.2 Determination of the T-DNA insertion site in activationtagged mutants

Thermo asymmetric interlaced PCR (TARCR) was perfaned as described by Singeragtand
Robinson etal. with a combination of nested-DNA-specific primers (LB) and arbitrary
degenerate primers (ADB(pplementary Table 3 (Robinsonet al, 2009 Singer and Burke,

2003. Specific PCR product with the expected size was excised and purified using the GeneJET
PCR Purification Kit (Thermo Scientific), cloned into the pGHMEasy vector (Invitrogen), and

fully sequenced.

After removing the sequences of pGHVandpSKI015 vectors,he insertion site of the-DNA
activationtagged mutant was determinaging an online BlastN search of the retrieved

TAIL -PCR sequence against the TAIR Arabidopsis database.
3.3.3 Selection of homozygou3-DNA activation-tagged lines

DNA is extracted from a single leaf of the plants and PCR amplified with two primer pairs. The
first pair contains two gergpecific primers that span the predicteBNA insertion site and can

be used to detect the presemiea wildtype copy of the gene. The second pair consists of one
T-DNA-specific primer and one of the gesgecific primers that amplify the-DNA/genomic

DNA junction sequence. A homozygous plant will give no band with the first pair of primers but
will produce a IDNA band with the ssond pair of primers. The wiltype plant will only
produce one band with the first pair of primers. And heterozygotes will be positive for both PCR

reactions, producing a band of the gene and also a band eDiNA.T
3.3.4 S. scerotioruminfection experiments

TheS. sclerotiorumsolate used throughout this work was obtained from Professor W.(lJ&n
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et al, 201). Infection ofA. thalianaleaves withS. sclerotiorumwas either performed by agar

plug infection or by sprainfection with mycelia suspension. In the first appro&:lsclerotiorum

was grown on PDA (for transcript analysis) or a minimal medium (for resistance assay, 1 g NaOH,
2 g DL-malic acid, 1 g KHPQO,, 2 g NHNOs, 0.1 g MgSQx 7 HO, 0.5 g yeast extrachd 15 g
Bactoagar per liter) at 22€C. After two or three days, agligs were punched from the
expanding margin of the mycelium using a 6 mm cork borer and placed on fully developed leaves
of 5-weekold plants with the mycelium facing the leaf surfaceaves treated with plain
agarplugs served as control. After 2 days, a digital caliper was used to measure the sizes of lesion
areas. For the spray infection method, 15 pieces ofggs containing mycelia were transferred

into 70 ml of 40% Czapek Dox edium and shaken for 3 days at 22€C. Subsequently, the
mycelium was homogenized for ~35 sec and centrifuged at 6@0for 10 min. The sedimented
mycelium was weighed and resuspended in 10 mM Mg8Q@ concentration of 1 g/25 mL.
Leaves of Bwveekold plants were sprayed evenly with the mycelium suspension. Plants were
covered with a transparent lid to keep high humidity. Photos were taken every day tahecord

disease development of the infection process.
3.3.5 Flowering time measurement

Flowering time wasneasuredy countingthe number of daysnd the total number of rosette
leaves taken from germination until the emergence of a 1cm bolt in healthy, uninfected plants. At

leastten plants were assessed for the counting.
3.3.6 Isolation of DNA and RNA and gRT-PCR analysis

For DNA isolation, plant samples were collected in 1.5 mL microcentrifuge tubes and
immediately frozen in liquid nitrogen and then ground using a plastic pestle in the tube itself.
Genomic DNA was extracted following the cetyltrimethylammoniurantide (CTAB) DNA

Miniprep protocol as describé@larke, 2003.

Total RNA was isolated from plant tissues using TRizZ&keagent (Thermo Fisher Scientific)
accordingtoh e manufacturer’s instruction. The purit:
with GE Healthcare NanoVue Plus WXs Spectrophotometer and evaluated by electrophoresis

on an agarose gel. Subsequently, 1 g of RNA digested by treatment with DNaseThgermo
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Scientifig for 30 min. Firststrand cDNA was synthesized usingRavertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). TheDNA quality was checked by RPCR using the
reference genéctin2, and a terfold dilution of the cDNA was made as PCR template. The
gRT-PCR was performed in 20 [L reactions with Maxima SYBR Green qPCR Master Mix
(Thermo Scientifit on a CFX96 Touch Redlime PCR Detection System (BRad) using the
following conditions: predenaturation at 95€ for 3 min; then 40legoof denaturation at 95C

for 10 s, annealing at 60€C for 10 s and extension at 72€C for 10 s. Each reaction had three
technical repeats. Relative expression levels of mMRNA were calculaiegl the deltalelta CT
method based on the threshold cyclesntérested genes aritle internal control genéctin2

(Livak and Schmittgen, 2001qRT-PCR primers can be found 8upplementary Table3.
3.3.7 Construction of plant expression vectors

The full-length open reading frame @#tSUC7was amplified from infected leaves of IRS30
plants with the primersSupplementary Table 2) containingatt-sites for the cloningnito the
pDONR201 vectorFrom the pDONR201 entiglone, AtSUC7was transferred into binary vector
pGWB402 producing a 35S promotiiven gene constru¢Nakagaweet al, 2007. In analogy,
AtSUC7was cloned into pGWB4Q5vhich adds a GFeag coding region in the frame to the
3’-end to allow the expression of AtSUGHKFP protai. Both constructs were transformed into

Agrobacterium tumefaciertdV3101 strain to facilitate plant transformation.
3.3.8 Subcellular localization of GFRtagged AtSUC7

For subcellular protein localization of AtSUCAISUCT7-GFP construct was first transiently

expressed in tobacco epidermal cells was performed as described by Spark&perletst al,

2009. Briefly, the Agrobacteriumculture with the AtSUCYGFP fusion protein vector was

prepared and grown in the presenc&®fimg/L kanamycin, pelleted 4i000rpm for 10 min and

diluted b an OD600 of 1.0 in 10 MM MES pH 5.6, 10mMMgCI 150 puM acet os yr i
then infiltrated into the abaxial side of the leaves using a needleless 1ml syringe with gentle
pressure to reduce damage to the leaf. After 2~3 days, leaf tissue withinlthetanfiregion was

excised and GFP was visualized under the EclipseENipright Motorized Microscope (Nikon)

connected to the XCite 120 LED light source (Excelitas Technologies) for brigid and

fluorescence imaging aided with the NEBements AR siiware (Nikon).
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For the stable expressiahge AtSUC7GFPconstruct was introduced infa thalianathroughthe
floral dip method. Transgenic plants were germinated on half MS medium with 50 mg/L
kanamycin for one week, and the positive seedling was tlaeegon a slide for observation of

GFP.
3.3.9 The floral dip-mediated plant transformation

Primary bolts of healthy. thaliana plants were clipped to produce more secondary Jaittd
flowers were then dipped using the floral dip method twicedday/interals to allow late flowers
to be transforme@Clough and Bent, 1998Transgenic plants eve selected on half MS medium

supplemented with 50 gfiL. kanamycin and further confirmed by PCR.
3.3.10 Phylogenetic analysis and multiplesequence alignment

The sequences &. thaliana sucrose symporter proteins were obtained from NCBI and aligned
with ClustalW. And the phylogenetic tree was constructed usingaMegftware(Kumar et al,

2018. The neighbejoining method was used to produce a phylogenetic tree with the following
parameters: bootstrap analysis (500 replicates), Poisson correction, and pairwise deletion.
DNAMAN Software was used to carry out amino acid sequeligenaents among the sequences

of AtSUC7 from different ecotypes.
3.3.11 Statistical Analysis

GraphPad Prism 8 computer software was used to perform all statistical analyses (GraphPad

Prism, San Diego, CA, USA). The results were represented as means = S.E. ffarahtdi

numbers of asterisks indicated significantly different valUd® significantdifference between

thet wo groups was per ftdestnAndimultipleicamparigors of meanaiweren t ’ s

analyzed byonewa y ANOVA, f ol 1 o weple camparisbns test B* t0t03, &P mu 1 t i
0.01, **P  0.001).
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3.4Results
3.4.1 Identification of the IRS30 mutant with improved S. sclerotiorumtolerance

Initially, in an attempt to screen plants with increaSestlerotiorumtolerance and identify novel
genetic regulators that mediate thissedise resistance, a population of around 35,000
activationtagged A. thaliana mutant lines was sprayed with fresh sclerotiorum mycelia
suspension. In this way, we obtained 32 plants that survived at 7 daysqmesation (dpi),
showing somehow elevateesistance t&. sclerotiorum(Fig. 1A). One of the isolated mutants,
designated as IRS30IntreasedResistance toS sclerotiorun), was selected for further

investigation in this report.

To determine the gene responsible for the phenotype of the IR&2dtmwe carried out thermal
asymmetric interlaced (TAILPCR(Singer and Burke, 2003Weidentified a TDNA insertion in
the last intron oAT1G66580encoding a senescenassociated gene 2&i¢. 1B). According to
Weigel etal., overexpressed genes iretlactivatiortagged mutants are almost always found
directly nextto the inserted CaMV 35S enhancévgeigel et al, 200Q. The gene upstream of
AtSAG24is AtSUCT7 (sucroseproton symporter 7) at a distance of 1.9, kdmd the gene
downstream iSAtCOX191 (cytochrome c oxidase 1B at a disince of 1.2 kb. So we next
examined the expression of baAtSUC7andAtCOX191 in the IRS30 mutant via gRFCR.Fig.

1C showed that the transcript abundanceAt8UC7was elevated 3®ld in the IRS30 mutant,
whereas that oAtCOX191 displayed no signifiant difference. Therefore, our hypothesis was
that theS. sclerotiorumresistant phenotype of the IRS30 mutant is probably caused by the

overexpression of thatSUC7gene.
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A Increased resistance to
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Fig. 1 Isolation and molecular characterizationttoé gainof-function IRS30 mutant with increased disease
resistance(A) A pool of approximately 35,000 activatidaggedA. thalianamutant seeds were germinated

and the seedlings were then sprayed with fissclerotiorunmycelium suspension. Individuplants that

survived at 7dpi regarded as plants with higher resistance were isolated and transplanted into another pot so
that the fungus will not kill the plant finally. (B) Diagram illustrating th®NA insertion site at the last

intron of AtSAG24in the IRS30 mutant. The genes upstream and downstreat$AG24vasAtSUC7and

AtCOX19 respectively. (C) Transcript levels atSUC7 and AtCOX19in Col-2 wild-type and IRS30

mutant plants were determined by gRTR. The expression oAtSUC7 was activatedin the
activationtagged mutant, blAtCOX19expression remained unalteréd) The average lesion size of the

IRS30 mutant was significdly smaller compared with wiltype Col2 plants Results are shown as means

+ SE and bars represent standard erraased on three independent experimeAsterisks indicate the
significant differences deastthszxnotisignficantR3 0.0b, *B3n0pP0%,1 r e d St
**pP 3 0.001)
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3.4.2 The IRS30 mutant enhances disease resistance mainly by modulating the expression

of plant defenserelated genes

After harvest, seeds from the IRS30 mutant were germinated and genotyped to identify
homozygous individuals (datnot shown). Progenies of the homozygotes were used to confirm
the heritability of disease resistance dadfurther analysisAs shown inFig. 1D, the average
lesion size of the IRS30 mutant was signifitt smaller compared with wittype Col2 plantsat

2dpi. Thus, the IRS30 mutant exhibits an inherited increased disease resisfuscéetotiorum

To urravelthe molecular mechanisms by which IRS30 mutant regulated plant resistance &gainst
sclerotiorum we compared the expression levels of smvelant defenseelated genes in IRS30
mutant and wiledype plants. The relative expression of genes HR4 and WRKY 53abouttwo

times higher in IRS30 compared with the wijghe plants Interestingly, another gen&DS]
displayed an inhibited exprésn in the IRS30 mutant a®mmpared withthe wildtype plants Fig.

2). This result indicates that the elevated expressidtRdifandWRKY53might be crucial for the
enhanced disease resistance in the IRS30 mutant. On the other hand, higher expristit@70f

resulted in suppression BDS1

4 -
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ns

Relative expression of defensive genes in IRS30 mutant
N
1

wkk

PR1 PDF1.2 WRKY53  EDS1

Fig. 2 Expression of defenselated genes in the IRS30 mutantawild-type Col2 plants by gRIPCR.

Plant defenseelated gene®R1and WRKY53were upregulatedvhile EDS1was represd in the IRS30

mutant. Results are shown as means +SE and bars represent standard errors based on three independent
experimentsAs t eri s ks indicate the significant-tesifisEference
not significant*P3 0.05, **P3 0.01, **P3 0.001)
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3.4.3 The IRS30 mutant flowered earlier and altered the transcription levels of major

flower-related genes

Theapparentifference of flowering times between Eland IRS30 mutant plants was observed

under both shortlay (data nbshown) and longlay (Fig. 3A) conditions, suggesting thatSUC7

positively accelerated plant transition to flowering independently of day length. The average

flowering time of IRS30 mutants was abdive days shorter than that of the wilgbe Cot2

plants Fig. 3B). And the number of rosette leaves at bolting was 8 in the IRS30 mutants, which

were only about half of that observed in Qgblants Fig. 3C).
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mutant. The IRS30 mutant flowered several days earlier and accumulated fewer rosette leaves at bolting

under longday conditions. (D) The expressionffC was downregulated, whil8OC1lwas upregulated in

the IRS30 mutan Results are shown as means + SE and bars represent standard errors based on three

independent experimentds t er i s ks indicate

t-test fis = not significant*P3 0.05, **P3 0.01, ***P3 0.001)
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To clarify the nature of the IRS30 mutant on flowering time, the expression levels of several

major flowering regulators, includifgT, FLC, SOC1 andLFY, were evaluated. Ashown in Fig.

3D, the mRNA level ofFLC was signiicantly repressed, where&OClexpression was slightly

upregulated in theRS30 mutant compared with wilgpe Col2 plants. Sincd-LC repressed
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SOC1by direct binding to its promotdtLee and Lee, 2030the upregulation 050OC1in ISR30
mutants might be due to the redu¢ddC levels. The expression of two other floral geri€sand
LFY, however remained unaffected. €ke resultsuggest thaAtSUC7promoted flavering by

repressindg-LC and activatingsOC1lexpression.

In A. thaliang FLC expression is regulated l®gveralgenes, including variouBLC activators
and repressordo determine the upstream factors that downregia@expression, we checked
the relatve expression of tefrLC activators and ninéLC repressors in the IRS30 mutant.
Throughout all of the 19 genes, only twaC repressorsiFCA and REFG showed a significant
change in their transcript abundance in the IRS30 mutant, thus suggesting thmetheation of
FCA and REF6 expression might result in the repressiorFafC (Fig. 4). Since bothFCA and
REF6 belong to the autonomous pathwityjs possiblethat enhanced expression AfSUC7

promotes plant floweringy interfering with the autonomesipathway.
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Fig. 4 Transcript levels ofFLC activation and repression gené4) Two FLC repressorsi-CA and REF6

were upregulated in the IRS30 mutant. (B) The expression oFlt€hactivators remained unaffected.

Results a& shown as means + SE and bars represent standard errors based on three independent
experimentsAs t eri sks indicate the significant-tesifisEference
not significant*P3 0.05, **P3 0.01, ***P3 0.001)
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3.4.4 AtSUCT7is induced by S. sclerotiorum infection, and the protein is localized at the

plasma membrane

The mechanism of the increased disease resistance and earlier flowering phenotype of the IRS30
mutant was further investigad by functional analysis of the geA&SUCT Firstly, to determine
whetherAtSUCT7functions in defense responses to pgtn attack, we infect the witgpe plants

with S. sclerotiorum The inoculated leaves were collected at local tissues vatrkaboer at 3

hpi (hours posinoculaion), 6 hpi, 12 hpi, 24 hpi, and 36 hpi, separately, while-infected leaf

tissues served as a control. We found that at the early infection stage, the expreAs8isGi

was significantly upregulated #treehpi, as déermined by gRIPCR.After reaching a peak at 12

hpi, the transcript level ditSUC7was drastically downregulateBig. 5).

To assess the subcellular localization of AtSUC7 protein, the green fleatgwotein (GFPjag

was fused to theAtSUC7 coding rgion. The construct was transiently expressedNin
benthamiandeaf epidermal cells. Leaf discs collected at 2 days post infiltration were observed
under a fluorescence microscope. As showridn 6, the fluorescence signal of tA¢SUC7-GFP
construct apeared in the plasma membrariesides the AtSUC7-GFP construct was also
transformed intA. thalianaby the agrobacterium mediated transformation. Again, we observed
that AtSUC7 was predominantly localized at the plasma membrane in both leaves afigoots

6).

3.4.5 Sclerotinia rot disease tolerance phenotype can be recapitulated by overexpressing

AtSUC7in wild -type A. thaliana

Sequencing of the cloneAtSUC7ks3o gave a fullength sequence encoding for a protein
consisting of 491 amino acids. When compargith the sequence described in the TairlO
(https://lwww.arabidopsis.org/index.jsp), we found several variations in the nucleotide sequence
resulting in eight different amino acid residues. More interestingly AtiS8JC{rs30 S€quence
shared a higlhevel of sequence identity withtSUCTys of the ecotypaNVassilewskija {Vs-0) as
described by Sauer et §6aueret al, 2009, in whichAtSUCTrssocarries an isoleucine residue (1)

whereaAtSUCTs contains a valine (V) instea#if. S1).
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Relative expression of AtSUCT upon S. sclerotiorum infection

wxx .

T T T
Ohpi  Shpi  6hpi 12hpi 24hpi  36hpi

o
1

Fig. 5 Responsive expression AISUC7to S. sclerotioruninfection. Relative expressionf AtSUC7was
determined by gqRPCR at 0, 3, 6, 12, 24, and 36 h after ilation. Results are shown as means +SE and
bars represent standard errors based on three independent expersienisks indicate the significant
difference det er mi ned wi t-test( §.06,i*P2 A01,3*tP8 0.@0h)t * s t

Bright Field

Transient explesswu
A. thaliana leaves N. benthamiana leaves

A. thalianaroot

Constitutive expression

A. thalianaroot
apex

Fig. 6 Plasma rambrane localization of AtSUGGFP in tobacco and transgerfic thalianaplants. The
coding sequence dAtSUC7was fused to a GFRagand was either transiently expressed in the tobacco
leaves or stably transformed imothaliana GFP signal can be observed in both leaf and root tissues in the
transgenic AtSUCIGFPplants.
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To discern whether the overexpressionrAtSUC7can cause¢he same phenotype as IRS30, we
generated transgenic plants carrying tWeSUC7 proteincoding sequence under the
transcriptional control by th€aMV 35S promoter in the Cdl background. Two independent
lines overexpressingtSUC, referredto asAtSUC7ZOE-3 and AtSUC7?OE-4, were selected for
further analysis. In ann-vitro infection experiment, leaves from the transgenic planid a
untransformed wildype plants were detached and subsequently inoculatedSwghblerotiorum
mycelial plugs. The results shed that the average lesion sizeAdSUC7ZOE plants was about
30% smaller thanvild-type control plantsKig. 7A). And, in anin-vivo experiment plants were
infected by spraying. sclerotiorunmycelial suspension. As shown kig. 7B, all the infected
plants showd disease symptoms and displayed less differenoeerningdisease progression at
2 dpi. However, at 3 dpi, on the contafl Col-0 plants, disease symptoms were becoming more
severe, while,in contrast, the transgenic plants showed much lesuidi damagéhan the
wild-type control. These results provide evidence that the overexpressidtSbfC7triggers
plant resistance t8. sclerotiorumsupporting that the resistant phenotyp¢hef IRS30 mutant is

attributed to the activation of ti@SUC gene in IRS30.
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Col-0 AtSUC7-OE-3  AtSUC7-OE-4
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Fig. 7 Overexpression oAtSUCT7recapitulated the diseasesistant phenotype of the IRS30 muta)

Leaves ofAtSUC7OE and Col0 plants were detached and inoculated Bitlsclerotiorummycelium plugs.

The average lesion sizes of transgempilants were smaller than witgipe plants. (B) Sweekold

AtSUC*?OE and Col0 plants wereevenly sprayed withS. sclerotiorunmycelial suspension. The disease

symptom was more severe in the ©oplants compared withidnsgenicAtSUC7OE plants. Results are

shown as means +SE and bars represent standard errors based on three independent exfistémskgs
indicate the significant di f f eestfa=znotsignfieant®3 Gdb,ne d wi t
*P3 0.01, **P3 0.001)

To explore the molecular mechanisms underlying All@UC7triggeredS. sclerotiorumdisease
resistance, we then compared the expression levels of several plant-deli@ieskgenes between
the AtSUC7OE transgenic and willype Col0 plants. As shown ifig. 8, the level ofAtSUC7
transcript abundance was significantly higher in the transgenic phamsvild-type ColO plants
as measured bgRT-PCR. The relative expression BDF1.2 was about Jold higher in the

AtSUC?OE plants han in Col0, andWRKY53was also upregulated in thg¢SUCZOE plants,
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whereadPR1remained unaffected. Consistent with the inhibited expressi&b8sfLin the IRS30
mutant, AtSUC7OE plants also showed a downregulated expressi&D31(Fig. 8). Thus, we
conclude that the enhanced expressionAMBUCY in plants results in the activation of
defenseelated genes, conferring plant resistance, while a high expression leye¢50C7

represses thEDSlexpression.

3.4.6 Overexpression of AtSUC7 promotes flowering through regulating FLC and SOC1

expression

To further validate the function oAtSUC7in accelerating plant flowering, we recorded the
flowering time of bothAtSUCZOE and the wildtype Col0 plants. Strikingly, the flowering time

of AtSUCZOE plants was isnilar to that recorded on the IRS30 mutant, showing an early
flowering phenotypeHig. 9). Under longday conditions, two independent linesAASUC7ZOE
plants flowered about 3 days earlier than-Cgllants. The average leaf number was 10 for@Col

at bdting, but 8 forAtSUC7-OE plants.

In the next step, we examined the expression levels of major flowering geneding FT, FLC,
SOC1 andLFY in AtSUC?OE plants and compared them with the wilgpe controlplants
Coincidently, the expression level FLC was lower inAtSUC7OE plants compared with Cdl
plants. In contrastSOC1was upregulated ilAtSUCZOE plants Fig. 9D). Therefore, we
conclude that overexpression AfSUC7can promote plant flowering via the regulation BEC

andSOC1] as obsered in IRS30.

Next, we performed an expression analysiBldE activators and repressorsAtSUC7ZOE plants.

As expected, transcriptional levels &CA and REF6 were also elevated in transgenic
AtSUC?OE plants. Additionally, we found another repressor g€, which regulates the
flowering process in the autonomous pathway, expressed at a higherHigvel(). The FLC
repressor genebLK and LD and several activator genes were all slightly activated in the
AtSUC?OE plants. These results provide addiabrevidence that an enhanced expression of
AtSUC7 accelerates plant vegetatit@reproductive transition via the regulation of the

autonomous pathway to reprédsC while elevaing SOCZlexpression in plants.
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Fig. 8 Expressio of defenseelated genes il\tSUCZOE plants. Overexpression oAtSUC7led to an

upregulation oPR1, PDF1.2andWRKY53 Consistent witlthe IRS30 mutanEDS1was also repressed in

AtSUC?ZOE plants. Results are shown as means +SE and bars repremeddarst errors based on three
independent experimentd.s t er i s ks indicate the significant diffe
t-test (*/P3 0.05, **P3 0.01, **P3 0.001)
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Fig. 9 Early flowering of AtSUC?OE plants.(A-C) Both independemitSUC?ZOE lines showed an early

flowering phenotype with a shorter number of days and fewer rosette leaves at D)ige expression

of four floral integrators was analyzed. The floral repressor §diie was repressed, whereas the floral

integrator gen&SOC1 which positively regulates plant floweringias activated in th&tSUC7OE plants.

Results are shown as meafisSE and bars represent standard errors basedhoee independent
experimentsAs t eri sks indicate the significant-tesifisEference
not significant*P3 0.05, **P3 0.01, ***P3 0.001)
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Relative expression of FLC repressors in AtSUC7-OF plants.
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Fig. 10 Transcript analysis dfLC regulators inAtSUC7ZOE plants.(A) SeveralFLC repressorsincluding
FCA, FLK, LD, FY, andREF§ were upregulated. (B) Except f&RlI, all the othef~LC adivators tested
were also upregulated. Results are shown as means +SE and bars represent standard errors based on three

independent experimentds t er i s ks indicate
t-test fis = not significant*P3 0.05, **P3 0.01, ***P3 0.001)
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3.4.7 Reakttime gRT-PCR analysis ofA. thaliana sucrose symporter family members

AtSUC7is a member of the sucrose symporter gene family composed of nine members in

thaliana and several genes have been functionally charaeti{tialondeet al, 1999. Sequence

diffe

comparisons suggested that the nine sucrose transporters share between 45.3 and 97.1% identical

amino acids. Among themAtSUC6 AtSUCT7 AtSUCS8 and AtSUC9are most closely related
(Saueret al, 2004. The phylogenetic tree constructed through neigidiaong analysis indicates

that AtSUC7 exhibits a close genetic relationship ASUC6 (Fig. S2. We also analyzed the

expression oéll the nine sucrose symporter genes in both transde¢8idC7OE and wildtype

Col-0 plants bygRT-PCR. Genespecific primers were designed and optimized to ensure

specificity. As a result, we found thatSUC1 AtSUC2 AtSUC3 AtSUC5were ceupregulatedn
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the AtSUC?OE plants, from which, to our surprise, the expressioAt8lUC6was upregulated up
to about 300 folds as compared with the vijide control. GeneAtSUC4 AtSUC8 andAtSUC9
remained transcriptionally unaltergéfig. 11). These results sggst a functional interaction

betweemAtSUC7and the other sucrose symporter genes, espeli8lyCo6

400-

350+ _|_

300+
250+

200 \
10 9

r 4

*k

(=]
1

4- Kk
*kk ns ns

; 1
2a I ns T

L
- = -

1 I ] 1
AtSUCT  AtSUC2  AtSUC3  AtSUC4  AtSUC5  AtSUCE  AtSUC7  AtSUC8  AtSUC9
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Fig. 11 Transcript analysis of Arabidopsis sucrose symporter family membefgSHWC7?OE plants.
Among the eightAtSUCs AtSUC1 AtSUQ, AtSUC3 AtSUCH and AtSUC6 were activated by the
overexpression oAtSUCT AtSUC6 which is the closest tA&tSUC7Y was extremely upregulated. Results
are shown as means = SE and bars represent standard errors based on three indepemiieantexp
Asterisks indicate the significan ttestdh$ =nbdtesignificante s
*P3 0.05, *P3 0.01, **P3 0.001)

78

det e



Chapter 3

3.5Discussion

In this work, we isolated the IRS30 mutant from an activatiggedA. thalianaseed pob
(Weigel et al, 2000 and uncovered a genetic integrafkiSUC7associated with plant defense
and early flowering. AfterS. sclerotiorumchallenge, we obtained 32 planteshich showed
weaker disease susceptibility. One of them, IRS30, also displayearlgar flowering phenotype
compared to the wildype plants. Through sequencing, we identified@NA insertion in the last
intron of AtSAG24 leading to activation of thedjacentAtSUC7 gene. AtSUC7 has been
previously described as a member of #hethaliana sucrose symporter famjlyvhich shows
neither sucrose nor esculin transport func(i@onttmannet al, 2018 Saueret al, 2009. Firstly,
the progenies of the T1 plant were used to confirm the heritable mutant phendtiyge
full-length AtSUC7 cDNA was cloned and overexpressed An thaliana plants for further

molecular and functional characterizationfaSUC7

Consistent with the IRS30 mutant, an enhanced digeas#ant phenotype agains.
sclerotiorum was observed in theAtSUC?OE transgeit plants, supporing the enhanced
expression oAtSUC7was responsible for th®. sclerotiorunresistance observed in IRS3the

plant defense mechanism is regulated by a complex network and the crosstalk between multiple
signal transduction pathways/hich allow plantsto activatethe most efficient and optimum
defense response against specific attackBchenke and Cai, 20R0It is well known that
sdicylic acid (SA), jasmonic acid (JA), and ethylene (ET) etigical players in the regulation of
signaling pathways in plants. To understand the molecular mechanism underlying
AtSUC7mediated plant defense, we analyzed the expression levels of sevardl pl
defenserelated marker gengmcludingPR1 PDF1.2 WRKY53andEDSL1 In the IRS30 mutant,
transcripts ofPR1and WRKY53were slightly upregulatedvhile in the AtSUG7-OE transgenic
plants, the expression d&?DF1.2 and WRKY53was highly upregulatedit is reasonable to
speculate thatSUC7might positively affect th&VRKY53expressionBesidesthe upregulation

of PDF1.2 and PRL1 indicates their involvement in both SA and JA signaling pathways.
Intriguingly, the expression dEDS1was almost abolishely activation or overexpression of
AtSUCT7in plants, suggesting a speciticiverg effect of AtSUC7on EDS1 Enhanced disease

susceptibility 1 (EDS1) is a nuclaytoplasmic protein which forms several molecularly and
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spatially distinct complexes with Ploalexin deficient 4 (PAD4) and a Senescence associated
gene 101 (SAG101) acting downstream of R protein activation to redadatd plantdefense
(Cuiet al, 2017 Lapinet al, 202Q Wagneret al, 2013. We assume that repressioneddS1by
AtSUCT7may reflect a result of the cretak between plant hormones $fd JA, benefiting the
plant JAdependent resistance response to necrotrophic pathogens SudtlasotiorumFurther

experiments are needed to get more insight into the underlying mechanism.

Under longday conditions, the early flowering phenotype RE30 mutant was also observed in
the transgenictSUC?ZOE plants, supporting that the early flowering phenotype of IRS30 was
resulted by an elevated expressiolAtBUCT7in plants. The early flowering phenotype was even
more conspicuous under shddy caditions as the IRS30 mutant flowered with about 25 rosette
leaves In contrastthe wildtype plants flowered only after producing more than 40 leaves (data
not shown). This observation suggests that the acceleration of flowering tilASbyC7is
indepement of the photoperib pathway. In either activatielagged or stably transgenic
AtSUCT?OE plants, the floral integrator ger®0C1 which positively regulates plant flaing

time, was significantly upegulated SOClis activated by the photoperiod pathywand repressed

by FLC, a central repressor of flowering tiniie which expression is regulated via both the
autonomous and vernalization pathways. As in our dals€,was dramatically downregulated
We believe thadtSUC7might regulate flowering by repreisg FLC expression. To gain more
insight into which pathway i8tSUC7involvedin regulating FLC, we analyzed the expression of
19 related genes, representiRgC activators or repressors through either the autonomous or
vernalization pathway. We foundathin the IRS30 mutant, tweLC repressorsi-CA andREFG
which belong to the autonomous pathway, were upregulated. Thus, it is most likely that the
activation of AtSUC7in the IRS30 mutant results am increase in the expression BEA and
REF6 and theupregulation of thes€LC repressors, finally leading to the repressiorFbt.
While theFLC expression is depressed, the expression of the positive flowering reCx@dr

is increased, consequently resulting in early flowgritt is interesting to olesve that the
transcription of all theFLC activators remained unaffected in this study. In consigtencthe
AtSUC?OE plants, bothFCA and REF6were upregulated, and othELC repressors, including

FY, LD, andFLK, were found to be also upregulated.
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Nevertheless, a slight activation of almost all #1eC activators except foFRI was observeih
AtSUC7OE plants. In plants, flowering time control involves the integration of multiple signals.
The FCA-mediated repression oFLC might be the besinderstod mechanism of the
autonomous componenf#/u et al, 2020. FCA encodes an RNAinding protein containing two
RNA-binding domains and a WW prateinteraction domain. Jung ef. (Junget al, 201)
reported thaFCA could promote the processing of primary transcripts of miR172 in response to
changes in ambient temperature, suggestimgore complicated role &fCA in flowering time
regulation.REF6 belongs to another group of gertbat encode histone demethylases that alter
epigenetic marks at tHeLC locus to represBELC expression and promote flowerig@howdhury

et al, 2020Q Lu et al, 201]). Therefore the repression dfLC by an enhanced expressiatsUC7

in the IRS30 and\tSUC7ZOE plants might be not only simply regulated by thEE€ activators

or repressors (i.eFCA and REF6, but also be the result,of.g, RNA processing or histone
methylation. It is interestingo determinewhether a sucrose transporter ydaa role inFLC

chromatin modifications in the future.

The observation of the recapitulated phenotypAt&UC7ZOE transgenic plants as that in IRS30
mutant supports that the diseaesistant and early flowig phenotypes were attributed to the
activation of a singleAtSUC7gene expressiormwo distinct signaling pathways regulate plant
defense and flowering timélowever, under adverse eronmenal conditions plants do not only
initiate defense reactiormit also take advantage of an elaborate signaling network to coordinate
their growth and defense for survival and to maximize their fithess Loon, 201 There have
been several investigations into the crosstalk between plant defense and flowering time control. A
couple of studies showed that the two pathwagslinked via the SA pathway. For example,
HOPW-1-INTERACTING3 (WIN3) was reported to act with SA regulators to affect SA synthesis
to control broaespectrum disease resistance to biotrophic and mepiot pathogens and
contributeto flg22-induced PTI, ad simultaneously affect the expressionFfC and FT to
repress floral transitioffWang et al, 2011). Overexpression of another zibinding nuclear
protein HIPP3 upregulated the expression of many geinethe salicylate pathway and delayed
flowering (Zschiescheet al, 2015. PUB13, a Wbox/ARM E3 ligase, negatively regulates plant

defense to biotrophic pathogens but positively regulates resistance to nédcopafhogens.
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Besides, it negatively regulates flowering time under middke and longday conditions, in a
photoperioddependent mannéki et al, 2012aLi et al, 2012h. Histone methylation could also

be a joint in regulating crosstalk between diverse developmental and physiological processes.
Dutta et al. found that an Arabidopsis JmjC DOMAIRONTAINING PROTEIN 27 (IMJ27)
regulates pathogen defense and flowering time by controlling methylation levels of H3K9
histones of plant defenselated genes such &R1and WRKY25as well as major flowering
integrators likeCO and FLC (Duttaet al, 2017. In addition toWRKY 25 several other WRKY
transcription factors were also demonstrated to affect flowering. For example, both AtWRKY12
and AtWRKY13 can interact with SPL10 and bind to the promotemi®®172bto regulate
agemediated floweringMa et al, 2020. AtIWRKY53 a senescengelated factor, is a positive
regulabr of plant flowering initiation(Miao et al, 2004. Here, we showed thaAtSUC7
accelerated plant flowering by represskigC expression. The SA signaling pathway marker gene
PR1was slighly upregulated in the IRS30 mutamind the JA signaling pathway marker gene
PDF1.2was also upregulated in theSUCZOE transgenic plantsNVRKY53was upregulated in

both IRS30 mutant and\tSUCZOE transgenic plants. Interestingly, another gefieS]
knodk-out of which lead to SAleficient mutant, was inhibited in both mutants expressing a
higher level of AtSUC7 Thus, it seems likely thaftSUC7 might regulate flowering time

independent of thEDStmediated SA signaling pathway.

Increasing evidence sugis the signal crosstalk between flowering and defense response, but the
mechanisms underlying this process are poorly understood. Here, we report a sucrose symporter
gene AtSUC7 acting as a positive regulator of both plant flowering and disease resigtance
modulating the expression of several defens@d floralrelated genesas summarized in the
proposed modelFig. 12). In summary,AtSUC7is a plasma membrane protein containing 12
transmembrane domains induced By sclerotioruminfection. Activationof AtSUC7regulates

plant defense again§. sclerotiorummediated by elevatinR1, PDF1.2, and WRKY53gene
expression, while inhibiting the SA signaling pathweiated geneEDSL1. This regulation
consequently accelerates plant flowering by represBIlig expression. Furthermore, our data
suggest thatAtSUC7 may affect FLC expression through the autonomous pathway eby,

upregulating=LC repressors lik&-CA andREFG& Whether chromatin modification is involved in
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the repression dfLC in this study remias unexplored and needs to be investigated in the future.
Further characterizationf dhe sucrose symporter geneatSUC6G and AtSUC1 AtSUC3 and
AtSUCb5are of great interestlt may shed more light on the molecular mechanism underlying

these sucroseansportersind their contribution tthedeferse and growth tradeoffs of plants.

AtSUC7 Plasmamembrane
A FLC
v
S0C1
Defense response
v

Early flowering

Fig. 12 A proposed functional model depicting the roleAdSUC7in modulating plant defense response
and flowering timeOverexpression ahe sucrose symporter geAESUC7can trigger the upregulation of

PDF1.2 involving JA signaling pathwayAtSUC7accéeraied plant floral transition mainly by repressing
the expression of theritical floral repressor gené&LC.
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Supplementary data

Col-0 MSDLCANKDETTVDRCSSSSVDLDGPSPLRKMISVASIAAGICFGWALCLSLLTPYVCLLGVPEKWPSFIWLCGPVSGLLVCPSVGYFSDRCTSREGRRR 100
IRS$30 mutant MSDLQANKDETTVDRQSSSSVDLDGPSPLRKMISVASIAAGIQFGWALQLSLLTPYVQLLGVPHKWSSFINLCGPVSGLLVCPSVGYFSORCTSREGRRR 100
¥ MSDLCANKDETTVDRCSSSSVDLDGPSPLRKMISVASIAAGIQFGWALCLSLLTPYVCLLGVPHKWSSFIWLCGPVSGLLVQPSVGYFSDRCTSREGRRR 100

B3

Col-0 PFIATGALLVAVSVVLIGYAADFGHSMGDKIDKPVRMRAVVIFALGFWILDVANNTLQGECRAFLGDLAAGDACKTRTANAFESFFMAVGNVLGYARGSY 200
IRS30 mutant  pETATGALLVAVSVVLIGYAADFGHSMGDKIDKPVKMRAVVIFALGFWILDVANNTLCGPCRAFLGDLAAGDACKTRTANAFFSVEMAVGNVLGYAAGSY 200
w3 PFIATGALLVAVSVVLIGYAADFGHSMGDKIDKPVRMRAVVIFALGEFWILDVANNTLCGPCRAFLGDLAAGDACKTRTANAFFSVEFMAVGNVLGYAAGSY 200

B3

Col-0 TNLYKIFPFTMTKACDIYCANLKSCFFLSITLLLVVTIIALWYVEDKCWSPKADSDNEKTPFFGEIFGAFKVMKREMWMLLIVIALNWIAWFPFLLYDTD 300
IRS30 mutant N7 yYRTFPFTMTKACDIYCANLKSCFFLSITLLLVVTIIALWYVEDKCWSPKADSDNEKTPFFGEIFGAFKVMKREMWMLLIVTALNWIAREPFLLYDTD 300
INLYRIFPFIMTKACDIYCANLKSCFFLSITLLLVVIIIALWYVEDRCWSPKADSDNEKTPFFGEIFGAFKVMKRPMWMLLIVIALNWIAWFPELLYDTD 300

3

Col-0  WMGREVYGGDSKGDDKMKKLYNQGIHVGALGLMLNSIVLGVMSLGIEGISRKMGGAKRLWGAVNIILAVCLAMTVLVTKKAEERRRIAGPMALPTDGIRA 400
IRS30 mutant MGREVYGGDSKGDDKMKKLYNCGIHVGALGLMLNSIVLGVMSLGIEGISRRKMGGAKRLWGAVNIILAVCLAMTVLVTKKAEEHRRIAGEMALPTDGIRA 400

Ws WMGREVYGGDSKGDDRMKKLYNCGIHVGALGLMLNSIVLGVMSLGIEGISRKMGGAKRLWGAVNIILAVCLAMTVLVTKKAEEHRRIAGPMALPTDGIRA 400

Col-0 GALII.EAI.LGIEEAITESIPEALASIISSSSEAGCRLSLGVI.NMAIVIPQMIVSEGVGPIBALEGBGNLPGFVVGAIAAA@SSIVAETVL 490

IRS30 “““"";‘ GALTLFALLGIPEAITENIPFALASIISSSSDAGQGLSLGVLNMAIVIPQMIVSFGVGPIDALFGGGNLPGEVVGAIARAISSIVAFTVL 490
s

GM.‘II.EAI.I.GIPEAITE),IIPFALASIISSSSDAGQGLSLGVLNMAIVIPQMIVSEGVGPIDALEGGGNLPGEVVGAIAAA!SSIVAETVL 490

Fig. S1 Amino acid sequence alignment AfSUC7from different ecotypesncluding Col0 (Tair 10), Ws
(Sauer et al., 2004), and the IRS30 mutAtBUC7rs30Sequence matched almost perfectly with AtSWYEC7

with only one mutation at position 481. There were eight amino acid exchanges between R d$d0d
AtSUCT7cq0. The sequences were aligned with the DNAMAN Software. Similar residues are shaded gray
and identical residues are shaded red.

92 — AtSUCH1

0 L AtSUC5

100 AtSUC2

AtSUC4

100

00— AtSUC3

AtSUC9

AtSUC6

48 L———— AtSUC7

AtSUCS8

Fig. S2 Phylogenetic tree of. thaliana sucrose symportersg-ull-length proteins of the nine sucrose
symporter mmbers were retrieved from the NCBI nucleotide database and aligned using ClustalW. The
phylogenetic tree was constructed using MegaX softw@he neighbojoining method was used to
produce a phylogenetic tree with the following parameters: bootstrapsenél 000 replicates), Poisson
correction, and pairwise deletion
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TableS1Primers used fomutant characterization.

Primer Sequence Purpose

AD1 NGTCGASWGANAWGAA AD primer for TAIL-PCR

AD2 TGWGNAGSANCASAGA AD primer for TAIL-PCR

AD3 AGWGNAGWANCAWAGG AD primer for TAIL-PCR

ADG6 WGTGNAGWANCANAGA AD primer for TAIL-PCR

SK_LB1 TTCTCATCTAAGCCCCCATTTGG T-DNA-specific primer for TAILPCR
SK_LB2 TGGACGTGAATGTAGACACGTCG T-DNA-specific primer for TAILPCR
SK_LB3 ATACGACGGATCGTAATTTGTCG T-DNA-specific primerfor TAIL-PCR
GABI-Kat LB ATAATAACGCTGCGGACATCTACATTTT T-DNA-specific primer for TAILPCR
AtSAG24R TGACGGTTAGCCAATGGACC Genespecific primer for genotyping

TableS2Primers used for vector construction

Primer Sequence Purpose
AtSUCT-F GGGGACAAGTTTGTACAAAAAAGCAGGC Forward primer forthe amplification of
TTCGTGAAGAAGATGAGTGACCTCC AtSUCT7coding region

AtSUC7R1 GGGGACCACTTTGTACAAGAAAGCTGGG Reverse primer fothe amplification of
TCCTATTTTTAAGGTAAAACGGTAAATGC AtSUCT7coding region (folOE)

AtSUCTR2 GGGGACCACTTTGTACAAGAAAGCTGGG Reverse primer fothe amplification of
TCAGGTAAAACGGTAAATGCCAC AtSUC7coding region (for GFP)
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TableS3 Genespecific primers used igRT-PCR

Gene Forward Reverse

AtCOX19 GGCAGGTGGAGCATTTGGAG GCCATATCCTGCTTTGCCATC
AtSAG24 TGGTGTGCCAGATCCCAAAA AGCTCCAGCACACGAAAGCA

AtSUC7 CCTGTCTCCGGCTTGCTTGT CATGCTGTGGCCGAAATCAG

ACT2 ACCTTGCTGGACGTGACCTTACTGAT GTTGTCTCGTGGATTCCAGCAGCTT
PR1 TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG

PDF1.2 CGCTGCTCTTGTTCTCTTTGC TCCATGTTTGGCTCCTTCAA

EDS1 ACCAGATCATGGTCAGCC TGTCCTGTGAACACTATCTGTTTTCTACT
WRKY53 CAGAGATCAGACGGGGATGC TTTTGGGTAATGGCTGGTTTGAC

FT TTGTCAGAGGGAGAGTGGCTG GGCATCATCACCGTTCGTTAC

SOC1 TCTCATGAAAGCGAAGTTTGGTC AGAACAAGGTAACCCAATGAACAAT
FLC CCGTGACTAGAGCCAAGAAGAC CTGCTCCCACATGATGATTATTCT
LFY ACAGAGGGAGCATCCGTTTATC CTGAATACTTGGTTCGTCACCTTG
LHP1 ACAGCATCTGTATCAGACAATGT GAACACAACGAACCCGAGG

FRI TTTAGGAGTACAGATTTGCTGGAT GCCAAAGGTATAAACCATTTCAAG
FCA GAACTGGACAGCAGCAAGGCTGTTG AGGGTGCCTATGCGTTCTCTCTCC
FPA TGGGTGTCGATGAGAGGTCAT CAATTGACGACCTCAGGCAGT

FLK CCACCAATGGTCGCTCAGCAAG ATCCGTAGCGTATCCTCCAGGCG
FRL1 TCACAAGTTCCAGTTCCGAGTCAGCA  TTGAGGCGGCAACACATATCCAGTTT
HUA2 CTTACCCTTTCCCACCTCAACGTGAT TCTGGGGAGCAGTATGACCTGGAAT
PIE1 TGCTGCAGAGAACCGTTACAGGAATG GAGATTCGGATCATTTGGCCTAACCC
VIP4 GCCAGACCGTCAAGACGTCAAATGGAG ATCCTTCTCTGCCCTACCTCCCGCAA
ELF7 CCTGGCACATACCTGGTATCATTTGAC ACCAACCCTAGAAGAGTAAACCCCTGA
FLD CTCTCTTGATCGCGTTGGTT GGACATTTATTCCTTGAGGTTCA

LD CAACTAATCCTGGAATGAGTGG GGTTGTTGAGATTGGTTGTTGT

FY GATGCCTGGATCAATGGGAATG TGCTGCTGTTGGAAAGGGTTGT
REF6 CGGAATACCGTGTTGCAGGTTAG CCGGATAGCAGCATCTTTAGCCA
ARPG6 GTACCTGAGACGTTATTCCAGCCTGC  CTCCATACACCTAGTATGGGGTCCTC
SERRATE CGGATATAAACCCACCACCAATGCTG  AGCATCTAGGTCTTGGTAGCTGCGCA
SUF4 ATTCTTATGCCTCTGGCCCAAACACT CTGCATTTATCGAGTTCATCTGGCTGG
PEP TCTGGTGCATCAGTTGSTATTT CTCATCCTGTGCAGCATAAAAC
AtSUC1 CTCTCCTCCTCATCGTCACC CGATCCAGTTTAAGGCCGTG

AtSUC2 TTCGCCATCCTCGGTATCC CGCCAATACACCACTTACCG

AtSUC3 TTGAACCAATGTGTCAGCGG CTGCGGTTCTTGTTGTTTCG

AtSUC4 TGGGTGCACTTGGTTTGATG ATTAACACAGCAGCAAACACG
AtSUC5H CTCAAGTGGACCATTGGACG ATCCCATAGCCCCTGACATG

AtSUC6 AATATCATCCTCGCCGTGTG CGGAGCTGCTAGAGATTATGG
AtSUCS8 TGAATATCATCCTTGCTGTGTG CCGGAACTACTTGAGATTATGG

AtSUC9

CTTCTTTGGCGAGATCTTTGG

CCCCAACGAACCAACTTGG
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4.1 Abstract

Our previous study demonstratédat AtGLP5 is predominantly expressed in the root but
activated in leaves by diverse stress factors, including pathogen atiagksver, he reguladry
mechanism underlying thiexpression patterremains unsolvedlo address thé&ranscriptional
regulaton of AtGLP5S we performed theAtGLP5 promoter analysis in transgenic Arabidopsis
expressing variou®ac ps:GUS deletion constructs and challenged theth different stress
factors including infectionwith Verticillium longisporumand treatmentby flg22, respectively
GUS staining assays revealed a constitutive repecific GUS expression under the
transcriptional control othe AtGLP5promoter,which isconsistent withour previous data. Much
to our surprise, we found that the GUS expression in neaisrepressegdalong with the infection
progression oV. longisporum But, the GUS activity in leaves was detected at theirdéetion
stage in response toV. longisporum and after spraying of flg22, supporting its
pathogerresponsive expression. Alsthe flg22induced GUS expression was found to be
significantly mitigated on Arabidopsis leaviesthe fls2 background, thuproviding eviderce for
the involvementof AtGLP5 in the FLS2/flg22mediated signaling pathwayand immunity
Furthemore the promoer deletion analysis unvei severalcis-element candidates within a
240bp regiorof the AtGLP5promoter,which is mainly responsible for the regulation AtGLP5

expression
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4.2 Introduction

Plants have developed a set of fineed mechanisms teeactto pathogen attaskincluding the
transcript accumulation ahany defenserelated genegNeukermanset al, 2015. In Brassica
napus sclerotinia stem rot caused by the necrotrophic furgplisrotinia sclerotiorums one of
the most important diseases leading teesecrop yield lossegDel R et al, 2007. Genetic
engineering offers gromising strategy tocontrol the diseas@unja, 2001 Numerous studies
have contributed tthe improvementof host resistance agairStsclerotiorum For instance,he
WRKYtranscription factorsthe second largest groupAfabidopsisthalianatranscription factors,
are nvolved indiversephysiologicalprocesses and plant response to biotic and abiotic stresses
(Ulker and Somssich, 2094 Overexpressionof AtWRKY75 in A. thaliana elevate plant
resistance t@. sclerotiorumby activating the JA/ET pathwagChenet al, 2013. Transgenic
oilseed rapeglantsexpressing a wheat oxalate oxidase (Oxi@played in anincreasein plant
OxO activity and improved plant resistance to both oxalate aci, (Be main pathogenicity
factor of S. sclerotiorum)and the pathoge8. sclerotiorum(Dong et al, 2008. In soybeanthe
transcriptlevel of a germidike protein, GmGLP10, was induced by plant hormones SA, MeJA
ET, and plantpathogenS. sclerotiorum Overexpression ofGmGLP10 in tobacco plants

remarkablyincreasd plant resistance agairstsclerotiorum(Zhanget al, 2018§.

Germin proteinwas first discovered as a molecular marker during wheat embryo germination
(Grzelczak and Lane, 1984 ANE et al.,, 1992. Both germin and germilike proteins are

glycosylated and resistant tagh temperaturesodium dodecyl sulfate (SDS), and extreme pH

(Dunwell et al, 2008. Unli ke t he “true?” ger mi ns, wh i

germinlike proteins are encoded by multigene familiesaimostall angiospermgBernier and
Berna, 2001 Most of the analyzed germlike proteins possess antBrminal cretory signal,
indicaing a roleassociated witlzell wall function or defenseesponse tplant pathogengCarter

et al, 1999. A key mechanism for their antimicrobial capability is the superoxide dismutase
(SOD) activity, which can generate hydrogen peroxidgOgd a multi-functional signaling
molecule that catalyzes cretasking of cell wall components and triggers signal transduction
pathways in plant defense responses and cell ¢sbthdy et al, 1996 Yamaharaet al, 1999.

For example, wo germinlike proteins BnGLP3 and BnGLP12 iB. napus had been
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demonstrated to possess SOD activity aadtribute to plantesistanceagainstS. sclerotiorum
(Rietz et al, 2019. Pei et al. reported that GhAB®1a germinlike proteinfrom Gossypium
hirsutum exhibits SOD activity anénhanceglant defense against verticilliuamdfusarium wilt
(Pei et al, 2019. Neverthelessthe functiors of GLPs inregulating plant developmentand

responsefo stress are poorly understosa far

The A. thaliana genomecontainsat least 12 GLRoci corresponding t@9 expressed sequence
tags (ESTs|Carteret al, 1999. AtGLPsare differentilly expressed in plant tissues aedulae
plant growth and development. In 19%embréet al. reported thathe AtGER3promoter is
expressedh plant leaves but not roots, aitds involved in circadian clock regulatigMembréet

al., 1997. Later, Schlesiett al.demonstrated the existence of AtGER3 proteiA. thalianaroot
extracts through proteome analyéBchlesieret al, 2004. Furthermore, ectopiexpression of a
sugar beet germilike protein BvGLP1 into A. thaliana resulted in an enhanced plant disease
resistanceo V. longisporumand Rhizoctonia solai (Knechtet al, 2010, suggestinga general

role of GLPs in plant response to pathagen

Flg22 is asynthetic 22amino acid peptide corresponding to a conserved bacteria flagellin domain
adequatdo trigger plant defense respon@éaito et al, 2007. The gene induction by flg22 is

rapid and transient, as the response diminished slowly and returned to the basal level by 24h
(Denouxet al, 2009. In A. thaliana, the perception ofig22 is based othe flagellinsensitive 2

(FLS2) receptqgras #te mutations in FLS2 caused abolished flg22 bindWgreover, he plant
receptor kinase BAK1/SERK3 (BRHssociated kinase lyas identified as acoreceptorof
ligand-binding leucinerich repeat receptor kinasesyuch asghe immune receptor FLS2 and the
brassinosteroid receptor BR[Chinchilla et al, 2009. bakl mutants showstandardflagellin

binding but are less sensitive to flg22 treatr{@ftinchillaet al, 2007.

In our pevious work we demonstratedhat AtGLP5is predominantly expressed in the rdmit
activated in leaves by diverse stress factors, including pathogen atickaddress the
transcriptional regulation oAtGLPS we characterized theAtGLP5 promoter in trasgenic
Arabidopsis expressing series ofPxg ps:GUS constructs and challenged themith different
stress factorsincluding the infectionwith Verticillium longisporumand treatmentby flg22,
respectively We report that AtGLP5 was repressed in the rodissuesby infection of V.
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longisporum We observed that in leaves, the expressioAtGfLP5could be activated explicitly
by pathogen attacksis demonstrated by flg22 leaf sprayingirtRermore we report that the
FLS2/flg22mediated signaling pathwayleances the expressionAiGLPS Finally, we describe
severalkis-elements in a 240 region AtGLP5promoter, which may play agssentiatole in the

regulation ofAtGLP5expression
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4.3 Materials and Methods
4.3.1 Plant materials andcultivation

A. thalianawas grown at 22€ in a climate chamber under stt@y condition (8 h light/ 16 h
dark). Transgenic plants expressing Gt#gged fulllength or truncatedtGLP5promoter were
generatedn our lab Zheng Zhou kindly providethe fls2 mutant andhakl mutant in the CaeD

background
4.3.2 Plasmid construction and plant transformation

The constructs in our study were cloned through Gateway clof@ageway technology,
Invitrogen). The AtGLP5related fragments were first amplified using PhuSistigh-Fidelity
Polymerase (Thermo Fisher Scientific) with corresponding prinfupplementary Table S]

and cloned into the pDONR201 entry vector using BP clohageyme mix. The positive clones
were sequenced to ensure that no mutations were introduced during PCR amplification. Entry
vectors with the right sequence were then combined into different destination vectors (pGWBSs)
by LR reaction fowvariousresearch purposdéslakagaweet al, 2007. For examplepGWB433

was usedor promoter:GUS analysis, pGWB451 for GRBgged subcellular localization analysis,
and pGWB414 was used for overexpressionASELPS All binary vector constructs were
introduced intoAgrobacterium tumefaciertdV3101 strairand transformed inté. thaliana Col-0

plants through the floral dip metho(Clough and Bent, 1998 Additionally, full-length
PacLps:GUS construct was also transformed into fils& mutant. The § generation seeds were

first selected orl/2 MS plates with appropriate antibiotics and further confirmed by PCR.
4.3.3 V.longisporuminfection on agar plates

V. longisporumisolate VL43 was provided by Dr. Elke Diederichsen (FU Berlin, Germarhg. T
infection process was described by BehrBehrenset al, 2019. Shortly, four days after plant
germination, Arabidopsis seedlingere transferred onto squared plates contairfifty MS

medium and grown vertically in the growth chamber for more days. On the day of inoculation, 22%
glycerol conidia stocks were thawed, centrifuged at 5,000 rpm for 10 min, and resuspended in
sterile Czapk-Dox medium to a final concentration of 2X16onidia/m. Then the conidia

suspension was evenly spread on the roots with a sterilized brush. After 3, 6, and 9 days, the

96



Chapter 4

whole seedlings were stained with GUS staining solutiarbgerve GUS activity chge during

different infection stages. Nanfected plants were used as control.
4.3.4 Flg 22 treatment

OnemM flg22 was prepared andrsyedevenlyonto A. thaliana seedling(Zhou et al, 2017.
Briefly, A. thaliana seedlings were grown in soil for three weeks. €Rperimental groups were
thenevenly sprayed with 1 mM flg22, while the control groups were sprayed with water. Five
hours after flg22 treatment, the plant leaves were then usedther &US staining or gPCR

analysis.
4.3.5 S.sclerotioruminfection

TheS. sclerotiorumsolate used throughout this work was obtained from Professor W.(K&n

et al, 201). S. sclerotiorumwas grown on a minimal medium at 22C. Three days later,
aga-plugs were punched from the expanding margin of the mycelium using a 6 mm cork borer
and placed on fully developed leaves efvdekold plants with the mycelium facing the leaf
surface. Plants were covered with a transparent lid to keep high humidiy. 48 hours, the

leaves were detached from the plants and used for GUS staining.
4.3.6 Wounding and plant hormone treatment

For the wounding treatment;wleekold plant leaves were cut with a pair of scissors. After 5
hours,the leaves were detached from thanp$ and used for GUS stainirkpr the SA treatment,
4-weekold plant leaves were sprayed with 1 mM SA or water as a control. After 24 bHoars,
leaves were detached from the plants and used for GUS stdtointhe IAA and IBA treatment,
7-day-old seetings were incubad in 10uM IAA or 10uM IBA solutions, 0.1% ethanol was used

as control. After 6 and 24 hours, the whole seedlings were used for GUS staining.
4.3.7 Gus stainingassays

For histochemical GUS analysis, plant samples werabiied infresh GUS staining buffer
overnight at 3Z . On the next day, theUS staining buffer was carefully removed and replaced

with 70% ethanol to bleach the green chlorophyll. Several changes of ethanol may be necessary
until the tissues turned white. The stained samplese examined under a stereomicroscope

(Zeiss).
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4.3.8 Isolation of plant genomic DNA

For DNA isolation, plant samples were collected in 1.5 mL microcentrifuge tubes and
immediately frozen in liquid nitrogen and then ground using a plastic pestle in the delfie it
DNA was isolated following the cetyltrimethylammonium bromide (CTAB) DNA Miniprep

protocol as describdlarke, 200%.
4.3.9 Isolation of plant RNA and gRT-PCR analysis

Total RNA was extracted from plant tissues with TRIzBleagent (Thermo Fisher Scientific)
according to the manufacturer’ s i n eremeasuredi ons .
with GE Healthcare NanoVue Plus WXs Spectrophotometer and evakedtby electrophoresis
onanagarose gel. Subsequently, 1 g of RNA viigested with DNase Thermo Scientifig for

30 min and reverse transcribed usindgRavertAid First Strand cDNA Synthesis Kit (Thermo
Scientific). ThecDNA quality was checked by RPCR using the reference gedetin2, and a
1:20 dilution of the cDNA was made aa PCR template. RT-PCR was conducted it0 H
reactions with Maxima SYBR Green gPCR Master Kikermo Scientifit on a CFX96 Touch
RealTime PCR Detection System (BRad) uing the following conditions: 95€C for 3 min; 40
cycles of 95€ for 10 s, 60€C for 10 s and 72€ for 10 s. Relative expression of mRNA was
calculated by the dehldelta CT methodLivak and Schmittgen, 2001And all values for the
MRNA species were normia¢d to Actin2. gRT-PCR primers can be found Bupplementary
Table S2.

4.3.10 Statistical analysis

GraphPad Prism 8 computer software was used to perform all statistical analyses (GraphPad
Prism, San Diego, CA, USA). The results were represented as means, saSdEdifferent

numbers of asterisks indicate significantly different valiié® significantdifference betweethe

two groups wa s p e r f otetaste Multipies compgrisonshoé means weree nt ’ s
analyzed bonewa y ANOVA, f ol 1 o witiple copnparisDaitastilRe t0t03, ¥*P m

0.01, **P 0.001).
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4.4 Results
4.4.1 |Insilico analysis ofthe AtGLP5 promoter sequence

To gain insight into thecis-regulation mechanism oAtGLP5 expression, we undertook am
silico analysis of a ~1.5 kb sequence upstréamme start codon dktGLP5using the PlantCARE
online program(Lescot et al, 2002) Several putative regulatory motifelatedto different
tolerance factors were identified within this regidig( 1). For example, a Vidox (fungal elicitor
responsiveelement) was located &206 bp, and there were also many ligigponsive elements
(ACE, MRE, GTImotif, Box 4, CCAAFbox) as well as wountksponsive elements
(WUN-motif, WRE3). Moreover, several other types a$-elements were also found in the
promoer sequence, including a few MYB binding sites (CCA®K, MYB, MRE), a circadian
element, an @site (zein metabolism regulatip an ARE motif (involved in anaerobic induction)
and a CAMbox which is related to meristem expression. Multiple copies of @womoter
elements like TATAbox and CAAThox were also identifiedn Fig. 1, some motifs were selected
and visualized using a cisHighlight tool written by  Sebastian  Wolf
(https://msbi.ipkhalle.de/cisHighlight/). The presence and frequency of theséateguelements
suggested that the promoter AfGLP5 might be involved in plant pathogen, woundirzgnd
light-related responsivenesses.

4.4.2 V. longisporuminterferes with the expression ofAtGLP5

V. longisporumis a soilborne fungal plant pathogen which stéit infection through plant root,

then gradually colonize the xylem vessels and finally spread into plant stems and leaves. In
PacLrs:GUS transgenidA. thaliana seedlings,GUS expression wasriginally detected in the

roots but not in the leavesonsstent with the transcript analys{Eig. 2B). Interestingly, we
noticed that at 6 days after infection\dflongisporum when the funigreacted the upper part of

the plantand leaves, GUS activity wasepresed in the roos (Fig. 2C). However a strong
induction of GUSactivity wasconcurrerty given in the infected leave@ig. 2B). A similar
suppression of GUS expressionthe rootscould also be observed in syncytia inducedHy

schachtii(datanot shown).
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+ AMATAAAGC ATCCGTCTTG GTCTTTTGTA GTATGCATAT GTTTTTCTEANFATAGAAACT CAATTATAAT
= TTTTATTTCG TAGGCAGAAC CAGAAAACAT CATACGTATA CAAAAAGAAT ATATCTTTGA GTTAATATTA

+ TGAAGACCAG AGAGTGAGAG AGAGAGAATT GCATTAAAGA CCAGTCATAG TCATAAGAGA GATTTATTAA
- ACTTCTGGTC TCTCACTICTC TCTCTCTTAA CGTAATTTCT GGTCAGTATC AGTNENGNEENCTAATAATT

AAGAA-motif
+ GATATTTTICT TTCCTTAATT AGAAMAAGTA CATACATCAT GGACATGATT CATGATCTTG CEATEIGTAA
- CTATAAMGA AAGGAATTAA TCTTTTTCAT GTATGTAGTA CCTGTACTAA GTACTAGAAC GGTAAACATT ACE
+ ATCACAAGAT CGTACTGAAG AATGTGACTG ATAGACCACA ACTTTGGGGC CTAAMCIATTAccceTiil ARE
= TAGTGTTCTA GCATGACTTC TTACACTGAC TATCTGGTGT TGAAACCCCG GATTTGGAGG TAATGCGAGG
I carearT AGGEERAGAA ATTAAGATTT TCACGAAACT GIJlftGT ATCTTTCGTT GTATATTTTC AT~TATA-box
- TAMCTAGTAAMICCARTTCTT TAATTCTAAA AGTGCTTTGA CGGTGGAACA TAGAAAGCAA CATATAAMG Box 4
+ ATGTARATAT TTAAGGATGA SIGACACTC ASGRABETGT CACTTCATTT CATCAATAGG TTAGGTTTAA
- TACATATATA AATTCCTACT AAACTGTGAG TACTTCAACA GTGANGEARAJGEAGREATCC AATCCAAATT CAAT-box
+ MCTAGTTTT AGAACAAGTC AGTTTTGTGA TTGGGCTTTT ATTTAAGTGG TGCAAGATTA TATTHENAGG CAT-box
- TIGATCAAAA TCTTGITCAG TCAAAACACT AACCCGAAAA TAAATTCACC ACGTTCTAAT ATAATTATCC
+ G TCAAATTCA CACTATTACT CATATAATAG TCAGAAGTAT AGAGTTCATENATATAATTCC CCART-box
~ CAAATAATTA AAGTTTAAGT GTGATAATGA GTATATTATC AGTCTTCATA TCTCAAGTAA TATATTAAGG ERE
¢ AATTTTCTTT TCACCAAAAT CTGCAGAACA GAAAGTCTCA GGAATCTTCA AACATTTTGA AAAAATGGTC P
- TTAAMGAAA AGTGGTTTTA GACGTCTTGT CTTTCAGAGT CCTTAGAAGT TTGTAAMACT TTTTTACCAG GT1-motif
+ CTGAAAAGTG GAAAGAAATT TCAGATTTTG CTTGCAAGAG TTCAAAMAGC TACTAGAERANAGATTIEATA HD-Zip 1
- cacrrrreac TG TCTAMAC GAACGTTCTC AAGTTTTTCG ATGATCTGTT TCTAAAGTAT
+ CAMMAAGTG TGGAAAGGTC TTENNEANEIIGEGAT'AAGC TTTCAATTAC CGTTTAMGA CTTGTAAATA MRE
- GITTTTTCAC ACCTTTCCAG AAGTTATTAA CACTAATTCG AAAGTTAATG GCAAATTTCT GAACATTTAT MYB

+ AMATTTAATC AATCTTTTCA CTAATAAATT TAACCAATTC TATTTTCTCT ACATCATGCA CTAGTAAAAA
= TTTAAATTAG TTAGAAMAGT GATTATTTANENEEGBTTAAG ATAAMAGAGA TGTAGTACGT GATCATTTTT

+ AAMATTTGCC TCGAAACAAA AAAAAACACA CGATGCCGTA TAGGAAGGAA GCAATAAAGA ATTCAAAACG
= TTTTAAACGG AGCTTTGTTT TTTTTTGTGT GCTACGGCAT ATCCTTCCTT CGTTATITCT TAAGTTTTGC

MYB recognition site
MYB-like sequence

+ ATTTGTTGTT CCGTCTTCAA TGCATTACGC GTCGTATTAG ATGAGGCTTT TAACACTAAA AAGCCC MiC

- TAAACAACAA GGCAGANGTT ACGTAATGCG CAGCATAATC TACTCCGAAA ATTGTGATTT TTCGGGTTIG MYC

ERAGEETATC GGGTATTATC ACCTAAACCC AACCCATTAA AGACAACGCG TAGCTTCACG CGCTTCACGA 0-si

- [EEEATAG CCCATAATAG TGGATTTGGG TTGGGTAATT TCTGTTGCGC ATCGAAGTGC GCGAAGTGCT 02-site

+ TTCGCGTGAG AAGAACTAAC CCTGAAACGC GGACGTTGCA GATTAACGGT GAGGCATGAA CGAGCGIGTT TATA-box

- AAGCGCACTC TTCTTGATTG GGACTTTGCG CCTGCAACGT CTAATTGCCA CTCCGTACTT GCTCGCACAA U )

n

+ AATATATAAT GATTCTTCTC TCACGATGAT CAAAATACAG AAGCCAACAA GTAAAATTAG TTTATGCAGA namess -

- TTREASATTA CTAAGAAGAG AGTGCTACTA GTTTTATGTC TTCGGTTGTT CATTTTAATC AAATACGTCT Unnamed 4

+ TAAGACAACA TTTATTACCT GATACATACT TTATTAGGTG ATAATAATTG ATAATTGITT TTTATANGEGH W b -

- ATTCTGTTGT AMATAATGGA CTATGTATGA AATAATCCAC TATTATTAAC TATTAACAAA AAATATTCGG 2

BUABEAATAATT AAATAAAAAT AATATCAGTA CCGTGTAAAA GCAAMACTAG TGTAAACATA AATTTTCAAT WRE3

= TGATTATTAA TITATTTTTA TTATAGTCAT GGCACATTIT CGTTTTGATC ACATTTGTAT TTAAAAGTTA HUN-ot i £
-motl

# TGGCAAAGCT CTGATCCATC CGTTTTAGTA ATTCGTTGAC CTTTGACATT TCACTTAGAC AGATGIGTGC

= ACCGTTTCGA GACTAGGTAG GCAAAATCAT TAAGCAACTG GAAACTGTAA AGTGAATCTG TCTACACACG circadian

+ AAGAAAGAAA AACAGCATGT TGCTTGCTTT TTCCCTCAAC GAGAAMAGTC ACCCTCTCTT CAATTCTTCA
= TTICTTTCTTT TTGTCGTACA ACGAACGAAA AAGGGAGTTG CTCTTTTCAG TGGGAGAGAA GTTAAGAAGT

+ At AT T AATTCAT TAATTCICTT CTCTCTCAAC AACTACTTGT TTAGAGAGAG
- TAAGAGGAGG GAAATATTTG GTATTAAGTA ATTAAGAGAA GAGAGAGTTG TTGATGAACA AATCTCICTC

+ TCCCACCACC ACCACTACCA CAATCCCAAT
= AGGGTGGTGG TGGTGATGGT GTTAGGGTTA

ATG

;
I,

e

} MRE [ GT1-motif | WUN-motif | CAT-box [ W box

Fig. 1 Putative cis-acting elements within theAtGLP5 promoter sequence were analyzed using the
PlantCARE online programifferent colors represeadl different motifs. Somewere then selected and
visualized with a cisHighlight tool written by Sebastian Wolf at IPB Halle. The arrowshe boxes
indicated sense or antisense direction
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Control

Fig. 2 GUS activity was induced in leaves but suppressed in rootsipongisporuninfection. (A) The
nonstained plantsanindicate the infection progress 9f longisporum(B) GUS activity carbe observed

after GUS staining in the root but not in the leaves ininéected seedlings. At three days posiculation,

there is no noticeable change in GUS activity. However, as the pathogen colonized the plant, GUS activity
was inhibited in the rodiutinduced in the infected leavd€) GUS activity was repressed in the roots.

4.4.3 The induction of AtGLP5by flg22 is interrupted in two receptor mutants

In A. thaliang the plant flg22 signaling is mediated by the receptor FLS2 and its coreceptor
BAK1. Our previous transcript analysis reveatbat flg22 ould induce AtGLP5 expression in
Arabidopsisplants andactivateGUS expressiorin the transgeni®agLps:GUS plantsMaoreover,

the abolishment dhe flg22inducedAtGLP5expressionn Arabidopsisfls2 mutantsupports that
AtGLP5is involved in the FLBIg22-dependent signaling pathway. §ain adeeperinsightinto

the role ofAtGLP5we further analyzed the expressionfdaGLP5in bothfls2 andbaklmutans.

As shown inFig. 3A, knockout of FLS2 and BAKdid not affectAtGLP5expressionUpon flg22
treatment AtGLP5was upregulateéh the wildtype plant However, itwasalmostabolished in

the fls2 mutant The expressiorievel of AtGLP5 in the bakl mutant was markedy lower
compared with CeD (Fig. 3). This resultsuggestghat the flg22 sensingto indue AtGLP5

expression strictly reliesn a functional FLS2 receptor.
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Fig.3 AtGLP5expression irfls2 and bakl mutants.(A) The expression oAtGLP5was rot altered in the

flg22 receptormutants. (B)AtGLP5 can be induced it€ol-0 andbakl mutant by flg22but notin fls2

mutant. Results are shown as means + SE and bars represent standard errors based on three independent
experimentsAsterisks indicate the significant differences determined with unp8iredu d e-test fiss= t

not significant*P3 0.05, **P3 0.01, ***P3 0.001)
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Ladder % Col-0 fls2
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Control

P y1p5::GUS
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- i
Fig. 4 GUS activity can be induced by flg22 in the transgditg2 mutant transformed wittAtGLP5
promoter. (A) Transgenicfls2 mutant harboringPacLps:GUS construct was confirmed by PCR. ol
served as a negative ¢orl of both theGUS gene and DNA insertion. (B)GUS activity was mainly

detected in the roots in the transgeflg2 mutant expressingPacLps:GUS. (C) GUS expression was

activated by flg22 in thé g ps:GUSHIS2 transgenic plants, though not as pronced as in transgenic
Col-0 plants expressingac ps:GUS.
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Next, we transformed th@a ps:GUS construct intcArabidopsisfls2 mutant plantgFig. 4A).
Similarly, GUS expressioncould bedetected in the rostof fls2 transgenic plants expressing
Pawcips::GUS (Fig. 4B). Interestingly, asshownin Fig. 4C, an unexpected induction @&US
activity by flg22 wasobserved in théls2 mutantplantstransformed witiPag ps:GUS. However,
the signal is lessmitensethantransgenic CaeD plants expressingacLes::GUS (Fig. 4C andFig.
S1). This result may refledhe effect of anectopic expression &tGLP5promoterin Arabidopsis

and the complexity of flg22 sensing induced signaling pathways in plants

4.4.4 Deletion analysis of AtGLP5 promoter reveals a 240bp regin crucial for the

regulation of AtGLP5 expression

To identify the necessary region for the function of Mt&LP5 promoter, we constructed three
truncated promoters with 5° serial del etions
them into A. thaliana (Fig. 5A). All the three promoterconstructswere able to drivea
root-specific GUS expressionas observed witlthe full-length promoterexcept thathe GUS

expression intensitywas dramatically reduced in the P3 promatanstructFig. 5B).

A
ATG
GLPS I\l 8 11 /| E_RR
'} ] ' | N L L]
-1571| AtGLP5-1571 |_| GUS lFuIlsequence
989 AtGLP5-989 ]_l GUS lneleuon-l(m)
478 AtGLPS-478 l_l GUS IDeIetlonVZ(PZ)
} MRE { GTi-motif | WUN-motif J cAT-box J W box
B

Full sequence P1 P2 P3

FigbProgressive 5° sAGLR5promotgreA) Schématic sepreséntatiorh af the three
truncated fragments (P1, P2, and P3) fused to the GUS. Different colors represent different motifs predicted
with PlantCARE online program. (B) GUS activitan be observed in the roots of all the three truncated
promoters. However, the shortest P3 promoter showed dramatically reduced GUS intensity.
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Next, we challenged the transgenic plants expressing diffea@®LP5 promoter deletion
constructswith various biotic/abiotic stimuli.As shown inFig. 6, the GUS expressionwas
detectedn none of the untreated control leaves. However, after treatmahts. sclerotiorum
SA, wounding, and flg22eaf spraying P1 and P2 promotegavea similarGUS expressioas
observedwith the fulFHlength promoterHowever theP3 promoter, which is only 246p shorter
than P2 could nottrigger theGUS expression in transgenic plan®hus, we conclude thake

240bp region in the promoter sequerfBg) is pivotal for theregulation ofAtGLP5expression

Full length Bl P2 P3

S. sclerotiorum

100uM SA

Fig.6 Anal ysis
promoter activityUponS. sclerotiorumSA, wounding, and flg22 treatments, P1 and P2 promoters showed

similar stresgesponsive patterns withthe fdlle n gt h promoter. In contrast, th
respond to any of these stimul
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4 5Discussion

In our previousstudy, we found thabtGLP5is constitutivelyexpressed in plant raobut not in
leaves.The model othe function of AtGLP5in plant development and defenresponse remains
unsolved. To address the transcriptional regulation AMGLP5 we perfomed the AtGLP5
promoter analysis in transgenic Arabidopsis exprefBingers:GUS construcby challengng the

plantswith Verticillium longisporumandflg22 leaf-spraying, respectively.

The fungusV. longisporumenters the plants via the root and cdtes the planvascularsystem.
After reaching theplant's aerial partghe fungus starts to invade leaf tissues and switches from
biotrophic to a necrotrophic lifestyl®euscheet al, 2013. Re@nt studiesuggesthat different
signalingpathwaysare involved in the host response t¥. longisporum(H&fner et al, 2014. In

A. thaliana the ABA biosynthesis gendCED3is upregulatedn Arabidopsis roots rad leaves
uponV. longisporuminfection But in oilseed rapeoots this upregulation is only observédthe
leavegBehrenset al, 2019). A constitutive expression &tGLP5in A. thalianaroots may reflect

its functional role in fant innate immunity protecting plant roots from pagln attacks. In
supportof this scenario, the expressionAtfGLPS in leaves is merely activated in pesmse to the
pathogen infection. A pathogénduced expression oAtGLP5 in leaves offers a unique and
valuable system foa more indepthcharacterization of the regulatory mechanism governing the

AtGLP5expression.

The ativation of the defense respomsby flg22relies onthe membrane resident receplite
kinase FLS2 (Gdnez-Gdnez et al, 2001 Gdnez-Gdnez and Boller, 2000 Shortly after
flagellin perception by FLS2, BAKI1s recruited mto the receptorcomplex functioning as a
coreceptor in assisting the ligabthding receptoin transmittingthe signal from the outside of
the cells to the insidéChinchilla et al, 2009 Heeseet al, 2007. It has been shown that
Arabidopsisbakl mutants show normal binding but reduced sensitivit§l @2, indicatingthat
BAK1 acts as a positive regulator in signal{@hinchillaet al, 2007%. The residual sensitivity to
flg22 observed ibakl mutants suggested that there might be a functional redundancy with other
SERK proteingAlbert et al, 2015. In accordanceye observed that thaduction of AtGLP5in
thefls2 mutantis abolishedandreduced in thdaklmutant. Howeverthe observation dimited
GUS expressionoccurringin the transgenidls2 mutants expressing th&tGLP5 promoterby
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flg22 supports for a complex and redundant mechanism of flg2Zeption and signal
transduction and activation pfant defense response plants This resultcan also explain why
Arabidopsisbakl mutans did notexterminateAtGLP5induction upon flg22 treatmenit. would

be highly interesting toclarify the flg22activated AtGLP5 expression and its role in plant

immunity.

An important finding of this study iteidentification ofa 240bp region ofthe AtGLP5promoter
sequence that wasssential for the regulath of AtGLPS A similar GUS expression pattern
activated bydifferent stimuli observed inthe fulklength, P1 and P2 promoteiconstructs
suggeshg that the P2 promoter stitontainsthe essentiatis-elements responsible fdhe
regulation of AtGLP5 expression while the P3 promoterconstruct vas not sufficient to induce
GUS expressiomnderall given treatmentsTherefore,we analyzd the promoterregion from
-478 t0-238in more detail and proposeigtcrucial for the regulationf AtGLP5. Transcripion of
geneswas regulated bytranscription factorshat specificallybind to cis-regulatory element§ he
W box [(T)TGAC(C/T)] is the binding site for WRKY transcription factors agpresents major
class ofcis-acting elements responsible for the pate or SA-inducedgeneexpression in plants
(Li et al, 2006 Rustton et al, 199§. It was shown that wour@nd pathogeinduced signaling
consists of networks with some shared compon@&udmeiset al, 1999. Ourin silico analysis of
the AtGLP5 promotersequence identified a subsetai$-elementsrelated to defenseesponse
Among themthere exists &V boxat the position 0f206 bp. The notif GT-1 is knownto mediate
pathogen and lighihduced gene expressiofLam and Chua, 1990Park et al, 2004. A
meristemspecific elemenCAT-box is presentn the 24®p region(Honget al, 201]). Thus, it is
reasonable to believe that thesponse oAtGLP5to various stimulimight be controlledby the
cis-elements likehe GT-1 motif or CAT-box located withinthe 240bp regiorfurther analysis is

neeckd to understand the regudat of AtGLP5expressiomegardingts functional relevance.
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Supplementary data

P jicLps:GUS
Col-0

P yicLps:GUS
fls2

Fig. S1Transformation oPugps:GUS construct into ths2 mutant.In transgenic Ce0 plants expressing
AtGLP5 promoter, GUS activity was induced by flg22. Unexpectedly, in the transdis@ianutant
transformed withPyg ps:GUS construct, GUS activity was also induced after flg22 treatment. Plants
sprayed wih water served as control

TableS1Primers used in this study.

Primer Sequence Purpose

PacirsF1 GGGGACAAGTTTGTACAAAAAAGCAGGC CloningF1 AtGLP5promoter
TGCAGAACAGAAAGTCTCAGG

PaclrsF2  GGGGACAAGTTTGTACAAAAAAGCAGGC CloningF2 AtGLP5promoter
TTAACGGTGAGGCATGAACG

PaclrsF3 GGGGACAAGTTTGTACAAAAAAGCAGGC Cloning F3 AtGLP5promoter
TCAAAGCTCTGATCCATCCG

PawLrsR GGGGACCACTTTGTACAAGAAAGCTGGG Cloning of AtGLP5promoters
TCTGGGATTGTGGTAGTGGTG

ACT2-F ACCTTGCTGGACGTGACCTTACTGAT gRT-PCR

ACT2-R GTTGTCTCGTGGATTCCASCAGCTT gRT-PCR
AtGLP5F CAAAATCAATGGCTTCCCTTGC gRT-PCR
AtGLP5-R CGAGGACGAAAACGACCTCAGT gRT-PCR
GusF GTTGACTGGCAGGTGGTGG gRT-PCR
GusR GGTAGATATCACACTCTGTCTGG gRT-PCR
fls2_LP1 TGTCCGGTGATGTTCCTGAG Genotyping thdls2 mutant
fls2_RP1 CAGCTCTCCAGGGATGTTC Genotyping thdls2 mutant

LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping thdls2 mutant
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General Discussion

This studyutilized the Arabidopsis thaliangSclerotinia sclerotiorunpathosystem to discover
valuablerapeseed stem rot diseassiseance engineering traitsth activationtagging, transgenic
overexpressing, and-DNA insertion knockout mutants. By comparing their different disease
resistance phenotypes and analyzing the expression of several pathway associated genes, we have
gota relativelydetailedknowledge about the molecular mechanism for thegattiogen function

of the two membrantcalized proteins, AtGLP5 and AtSUC7. AtGLP5 is also further
demonstrated to possess SOD activity and has a pivotal role inddsgéated fg22 signaling
particularly. AtSUCTY previously regarded as a pseudogene encodingfumational sucrose

transporter, is proved to be involved in disease resistance and flowering time control.

5.1Plasma membrane proteins play atal role in plant defense respnse and are
promising candidates for genetic engineering increased disease resistance in

plants

Plasma membrane (PM), or plasmalemma, is a thin (typically between 4 and 10 nm) but highly
elaborated structure that forméivang cell's protective outer bawlary It can serve ashabstacle
keeping the ells' ingrediens in and unneessaryelemeants out, or a entrancetransporing
fundamentahutrientsinto the cellanddeliveringthe wastes out ofthe cell(Murphy et al, 2010.
According to the SingeNicolson fluidmosaic membrane model, the PM is a mosaic of
componentsincluding phospholipids, cholesterol, and proteins thaterfoeely and fluidly in the
plane of the membrane. The lipid bilayer builds uguadamentaltwo-dimensional matrix
consisting of amphipathic lipid molecules with a polar or hydrophilic head group andpoiaon

or hydrophobic tailNicolson, 2014 Singer and Nicolson, 19Y.2Embeddedn the lipid bilayer
are large proteingssociatedwith the cell membranéRobertson, 2018 These proteins can
function either apatts or transporter® facilitatethe movement of compounds acrossplaEsma
membranegitheras receptors or structural proteifisischnig and Vert, 201Renet al, 2019

Sussman, 1994
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To determine the subcellular localization of AtGLP5 and AtSUC7, seneoding both proteins
were placed in a plant expression veq@@WB405wi t h a 3’ fluorescent
then introduced inté\. thaliana Via fluorescent microscopy, we could observe a PM localization
of both proteins. Since the Pbutlines the boundarybetween the cell ands surroundingsit
serves as théundamentalsite for signalpercepion and transduction to downstream signaling
cascadegFurt et al, 201). The sensing ofdanger signals is the initial step in the activation of
plant immuneresponses. AftelS. sclerotiorum inoculation, bothAtGLP5 and AtSUC7 were
induced within 3 hours and then went down after 12 or 24 hours, indicatingelatre active at
the early stages of the infection procefkerefore, it isreasonable to assumeaththe early
induction of AtGLP5 and AtSUC7leads to the timely activation of defense to restrict fungal
growth and colonization. In support of this, transgenic plants overexpressind\i@itP5 and
AtSUC7show enhanced resistance agaBstclerotioruminfection inA. thaliana. Furthermore,
transcription analysis of several defemskted genes revealed that b&BRF1.2and WRKY 53
were constitutively upregulated BtGLP5OE and AtSUC7ZOE transgenic plants, respectively.
PDF1.2is a marker gene ahe JA/ET signaling pathwayKravchuket al, 201]). This result
suggests that botAtGLPS5 and AtSUC7 are involved inactivating the JA signaling pathway
known for plant resistance aigst necrotrophgEl Oirdi et al, 201). WRKY 53s a transcription
factor involved in leaf senescen¢iliao et al, 2009 and a positive regulator of plant basal
resistancéHu et al, 2012 Murray et al, 2007. We found that, ilAtGLP5OE transgenic plants,
the expression level @NHANCED DISEASE SUSCEPTIBILITYEIDSY) was elevatedtabout

2 times as compared with witgipe, while a strong downregulation &DS1was given in
AtSUC?OE transgenic plantEEDS1and its interacting partnePHYTOALEXIN DEFICIENT 4
(PAD4), encode lipasdike proteins are believed taontrolsignal antagoism between SA and JA

defenseg(Xing and Chen, 2006 The MAP kinase 4(MPK4) gene negatively regulates the

expressiorof EDS1and SAdependent defense responses but stimulates the JA signaling pathway

conferring resistance towards the necrotrophic fumgternaria brassicicola(Brodersenret al,
2006 Peterseret al, 200Q. In similar, we observed th&tGLP5 and AtSUC/seem to interact
with EDSland enhance the expressiorPaiF1.2 a marker gene of JA signaling pathw@hang
et al, 2020, strongly indicating a functional role bbth AtGLP5and AtSUC7in activatng plant

resistance response & sclerotiorumvia enhancing JA signaling pathway. Nevertheless, the
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transcription level ofPR1, a signaling pathway marker ge(ghanget al, 2020, was about 2
times higher inAtSUC7ZOE transgenic plantshan the wildtype plants. Thus, it is lidy a

reflection of distinct function models of both genes in regulating signaling pathways.

5.2 AtGLP5 exhibited SOD activity and elevated HO, production in transgenic

AtGLP5-overexpressing plantaupon pathogen attack

Initially, “true germig” present onlyn true cereals such as wheat and barley were proved to
possess oxalate oxidasex(@ activity, which can oxidize oxalic acid (OA) into hydrogen
peroxide H,0,), making them potential resistance candidate genes againste®ating
pathogens such & scleotiorum (Davidsonet al, 2009. Apart from the ability to clear the toxin
OA secreted by the fungus, the productioigD,, which is an important second messenger, also
contribute to plant defense response by a direct toxic action towards pathogens, ac@lating
wall crosslinking of polysaccharides and proteitisat strengten the cell wallbarrier, and
triggering stomatal closure and appropriate ceHldael responses to restrict pathogen
colonization (Marcec et al, 2019. Although sharing a high sequence similarity, gerfika
proteins (GLPs), which are quite ubiquitousnrany landplant species including monocots
dicots, and mosshave not been shown to displ@xO actvity. Instead, several studies
demonstratedhat some GLPs possess superoxide dismutase (8@dyjnatic propertywhich

can produce hydrogen peroxide by conversogeroxide anions intd,O, (Barman and Banerjee,
2015. BnGLP3, a germitike proteinexhibiting SOD activityin B. napuswas upregulated at 6h
afterS. sclerotioruninfection in both susceptiblé-alcori and tolerantZhongshuang’®B. napus
varieties, suggesting that BnGLP3 might be responsible for plant basal defense 8gainst
sclerotioruminvasion at early stageRietz et al, 2012. In our current research, the SOD
enzynatic activity of AtGLP5 and the highaccumulatiorlevel of H,O, observedn A. thaliana
leaves of AtGLP5OE plants compared with Cdl in response td. sclerotiorum might also
contribute to the antifungal property AtGLPS As shown inFig. 1, upon pé&togen infection,
AtGLP5, which exhibits SOD enzymatic activity, rapidly converts superoxide anionslito
apoplasticH,O, is then transported into the cytoplasm probably by aquaporin and act as a
transducing signal in cytosolic signaling cascadesiggdr downstream defense respon$giset

al., 2019.
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5.3AtSUC7playsa role in S. sclerotiorumresistance

The A. thaliana genomeexpresses total ofnine sucrose transporters, AtSU®1 AtSUC1L5
showslow affinity, while AtSUC8 and AtSUC9 show higher affinity to sucrose and maltose
(Sauer, 200)¢ Despite transporter activiiyj phloem loadingthe weltcharacterizeddtSUC2can
also be induced by several abiotic stresses sucHtassaotic, low temperature, and exogenous
phytohormone ABA treatmenand the promoter chktSUC2was further established as a powerful
tool to study phloem physiology and developm@tadler and Sauer, 201@\t first, AtSUC6and
AtSUC7 have been described asepdogenesncodingaberrantproteins without functional
sucrose transporter activit(fSaueret al, 2004. Through heterologous expression in yeast,
AtSUC6 wasthen demonstratedo take up sucrose and maltpsé¢houghat a muchlower pH
value (Rotmann et al, 201§. However, until now,AtSUC7 does not showany transporter
activity. Here, we presented thatSUC7encoded a plasma membrdnealized protein involved
in plant defense against the necrotrophic fuBgiclerotiorumand plant flowerig time control
(Fig. 1). Upon S. sclerotioruminfection, AtSUC7transcription was immediately activated in 3h
after inoculation. Overexpression #ftSUC7in transgenic plants consitutively activated the
expression ofPDF1.2 which is a JAET signaling pattvay associated marker gentaus

enhanced plant disease resistance agaissterotiorum

Moreover, we compared the transcriptional level of all the o#t8tJCsbetweenAtSUC7?OE
transgenic and wildype plants. W observedsignificartly upregulated exgssion ofother
sucrose symporter gepesuch asAtSUCE AtSUCI AtSUC2 AtSUC3 and AtSUC5 The
transcript level of other gene&tSUC4 AtSUC8 and AtSUC9 remained uchangd. These
results indicated somehow the interaction betw&&UC7 and the otheisucrose symporter

members, especialtSUCE
5.4 AtGLP5and AtSUC7are involved in plant developmentand defense tradeoffs

Apart from the disease resistance phenotypes, we were also able to observe a stunted root growth
of AtGLP5OE transgeit plants and edér flowering in AtSUCZOE transgenic and the IRS30

activationtagging mutant.

Both AtGLP5OE and AtGLP5-GFP transgenic plantslisplayel abnormal development with

114



Chapter 5

disrupted root growth. Histochemical analysis of Mi&LP5promoterdemonstratd thatAtGLP5
was mainly expressed in the root but not at the root apex. Plant rooscassaryor the general
development and growthf the plant by providing anchorage in the soil arlde assimilaton of
nutrients and waterRoot growth is the product of iterat cell division, elongation, and
differentiation (Sebastian ah Lee, 201R The absent expression AfGLP5 at the root apical

meristem implies thaAtGLP5is probably not involved in the root development.

An interesting observation is that both tBeéSUC7 activationtagging mutant (IRS30) and
AtSUC7OE transgeniglants showed early flowering, differing from the report made by Sivitz et
al. (Sivitz et al, 2007 that knock out of the sucrose transporter gat®UC9in A. thaliana
which encodes an ultrahigiffinity sucrose transporter resulted in early flowering under
shortday but not longday conditions. It is discussed thSUC9might preventearly flowering

by retairing a lowlevel of extracellular sucrose. Sugars pkssentiatoles as nutrientsna signal
molecules(Morkunas and Ratajczak, 2018meeken®t al, 2010. Until now, AtSUC7did not
show any kind of sucrose substrate transporter ac{Risgtmann et al, 2018. Thus, the opposite
effects of AtSUC7and AtSUC9in this regard might illustrate a functional antagonism between
two sucrose transporter family memberssllikely that AtSUC7accelerateshe plant flowering
process by maintaining adtier level of extracellular sucrose at a cellular level. Overexpression
of a SWEET gene family membAtSWEET 1@&ccelerates flowering through the activation of the
photoperiodic pathway involving regulation BT andSOC1(André et al, 2020. We examined
the expression of several floral gengsluding FT, FLC, SOC1 andLFY. We found that the
flowering repressor geneELC was significantly repressed, while the positive regulator gene
SOC1 was upregulated in the both IRS30 mutant ASUC7OE transgenic plants. Thus, we
conclude thaAtSUCTis functionally involved in the plant flowery control by, amongst others,

regulatingFLC andSOC1

Plants havalevelogd a finetuned immune system tiagght againststress factorswhich often
compromiseggrowth and development. Therefore, a tradeoff between growth /development and
defense response often modulated by crosstalk between diverse signaling pathivag®t al,

2019. Recent researches demonstrate that plant hormones like SA can stimulate plant immunity

to various pathoges but suppress growth and developmérdn Butselaar and Van den
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Ackerveken, 202D The tradeoff also works the other way round, where active growth and
developmental processes cappress SA production and plant immurfitgn Butselaar and Van

den Ackerveken, 2020UponPstDC3000 infectionEDS1quicky enhance$§A biosynthesis and
activates expression adefenserelated genes, whereas pathogen infection can stabilize DELLA
proteins to restrict plant growth. However, the stabilized DELLA proteins can interact with EDS1
to suppresshe excessiveproductionof SA, thusforming a feedback regulatotpop by which

plants maintain the subtle balance between defense and growth in response to constant pathogen
attack(Li et al, 2019. Recently, researchers from different groups demonstratetlA®60, an
N-terminal acetyltransferase, can supprasabidopsisdevelopment and induce stress defense
(Fenget al, 202Q Hartman, 202D NAA50 can directly interact with ENHANCED DISEASE
RESISTANCE 1 (EDR1), a negative regulator of SA and ET pathways, and negativdbtasg
defense respongdleubauer and Innes, 202Qoss of function ohaa50represses plant growth

and causedccumulation of proteins involved in stress signaling, and this phenotype could be
rescued by the expression of active HsSNAA5O0 from human and AtNAAS5O from plants but not
ScNAA50 from yeast(Armbrusteret al, 2020. Here, we presented that overexpression of
AtGLP5 and AtSUC7 enhances disease resistance but caused abierant root growth or
accelerated boltingConstant activation athe JA signaling pathway and upregulation of WRKY
transcription factors in the transgenic plants might explaisetheansgenic plants' abnormal

growth and development
5.5AtGLP5 is a novel gayer in FLS2-flg22 interaction

A critical step that distinguishes between resistant and susceptible plants is the timely recognition
of pathogen attack anthe rapid activation of downstream defense signaling pathways. The
slower and weaker response tahmayen invasion leads to the failure to restrict pathogen growth
and spread, and even be killed by pathogen infedtifamg et al, 1997. The activation of
defense responses in plantdaanchel by the percepion of elicitors(Bent and Makey, 2007

Jones and Takemoto, 2Q0Many elicitors fromS. sclerotiorurrhave been reported in the past
decadeas summarized in chapter3till, less has been known on plants, such as plant resistance

genes, resistance respoyeed molecular plarfungus interactions.

A well-known plant pattern recognition receptor (PRR) is Anabidopsisreceptodike kinase

116



Chapter 5

FLS2, which recognizes a conserved 22 amino acierMinal sequence of flagellin
(GdmezGanez et al, 2001, Gdnez-Gdnez and Boller, 2000 Boththe extracellular leucingch
repeat domain and the kinase activity of FLS2 are required for specific flagellin binding and
defense regmse activation(GdnezGdnez et al, 200). The plant receptor kinase BAK1
(BRASSINOSTEROID INSENSITIVE “ssociated kinase 1) can bind directly to FLS2 and act
as a cereceptor by recognizing the C terminus of the Fb82nd flg22 to induce plant immunity
(Sunet al, 2013. Plants carryingbakl mutations show normal flagellin binding but are less
sensitive to flg22 treatment, indicating that BAK1 is a positive regulator in this signaling
(Chinchilla et al, 2007. In our study, the expression A&fGLP5is induced in the wildype Col0

but abolished irfls2 mutant and reduced ibakl mutant upon flg22 treatment. These results
suggest thatAtGLP5 xpression is regulated bhe FLS2/flg22 PTI signaling pathwayAlso,
promoter.GUS assays reveal a slightly induced GUS activity by flg22 in fis2 mutant
transformed withPag ps:GUS construct compared with transgeRige ps:GUS plants in the
Col-0 background. Thus the deficiencyftd2 mutantto bind flg22 seems to some extent rescued
by the overexpression étGLPS This partially functional complementation of FLS2 AGLP5

in fls2 mutant may highlight a more valuable role and functioAt@&LP5in participating in plant
immune system in gered. However, further experiments are needed to elucidate underlying

mechanisms.
5.6 Perspectives

Taken together, an enhanced disease resistance a§asegtrotiorumaccompanied by growth
and development tradwfs was demonstrated bgnhaning the expressin of AtGLP5 and
AtSUCY7in A. thaliana Basedon our present results, we propose a model to illustrate the role of
AtGLP5andAtSUCTin plant early immune responses when challenged @wigtlerotiorum(Fig.

1). Attacks onA. thalianaplants byS.sclerotorumcan induce the expression of bdttGLP5and
AtSUCT Overexpression ofAtGLP5 stimulated HO, production, which can further inhibit
pathogen growth, stimulate cell wall crdsking, and mediate signaling for transcriptional
changes of PR genes. Moker, there was a positiassociatiorbetween AtGLP5 and FLS2na
flg22 receptor, since we demonstrated that AtGL&Hdpartially rescughefunction of FLS2 in

the fls2 mutant. AtGLP5 overexpression constitutively upregulated the expressidi pathway
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marker genePDF1.2 and ABA pathway marker gen®lCED3 as well asmany of theWRKY
transcription factors such a&RKY18 WRKY22 WRKY33 WRKY40 and WRKY53 which is
related to plant senescence. OverexpressioAt8tIC7conferred disease resistance mainy
activating JA signaling pathway marker gé?ieF1.2 AtSUC7also upregulated the expression of
WRKY53. Moreover,AtGLP5and AtSUC7are involved in thdradeoffs between plant defense
and development, since overexpressioiBLP5represses root grotyt and overexpression of
AtSUC7accelerates plant flowering developmeitreducedrFLC expressiormight explain the
molecular mechanism of the early flowering phenotypat8UC7Zoverexpressing plants.

This finding will increase our knowledge about the nungus interaction andffer novel
strategies facilitating breeding resistance aga$hsclerotiorum e.g, rapeseed. Nevertheless,
Both AtGLP5andAtSUC7belong to large gene familieShus it is imperative to distinguish each
member's role and mod# functionin plantpathogen ad plant growth and development and
their expression patterns in response to various stress factors. For this, further molecular
characterizatiomnd genetic modificationsith the help of transgenic approaches (overexpyassi
and knockout) as well as plant genome editing by CRIS&®9 may shed more light on
underlying mechanisms and potential for thkant breedingpractice (Ahmad et al., 2020
Pribsting et al, 202Q Shehryaret al, 2020, which maysignificartly contribute to integrated
disease management that combines tiemagineering and effective fungicide applications to

protect crops from the threat made$gclerotioruminfectionand sustainable agriculture
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S. sclerotiorum infection

O

AtG LP5 Atsuc7 Plasmamembrane

Cytoplasm
HZOZ
FLC
JA/ABA S0cC1
Root growth Flowering
development
Defense l

T

Fig. 1 A proposed working model for AtGLP5 and AtSUGVregulating plant defense and development.
Upon S. sclerotioruminfection, both ofAtGLP5and AtSUC7were upregulated at early stages, suggesting a
potential role in regulating plant early defense respoA$&LP5 encodes a SOD enzymehich can
catalyzethe production of kD, an important signaling molecule triggering downstream defense signals.
Overexpression oAtGLP5can activate®DF1.2andNCED3 involved inJA- andABA-signaling pathwas.
While overexpression ofAtSUC7 can positively regulate)A-signaling pathwaymarker genePDF1.2
leading to defense response. Mmrer, AtGLP5and AtSUC7are involved in thdéradeoffs between plant
defense and developmesince overexpression oftGLP5 represses root growth, and overexpression of
AtSUC7accelerats plant flowering development.

Trade-offs
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Due to their sssilenature plants cannot escape from adveeseironmental conditions and are
frequently confronted with diverse abiotic and biotic stress factors. The production of oilseed rape
(Brassica napuys a major vegetable oil source, is continuously threatened by various diseases.
Sclerotinia stem rowhichis caused bysclerotinia sclerotiorumis one of the major diseaseskf
napus It canlead toyield losses of 120 % and up to 80% in severely infected fieldsS.
sclerotiorumrepresents one of the most devastating fungal pathogens and can aolorgzban

400 plant species, including many economically important crops in almost every continent of the
world. So far, no efficient and effective resistance ag&nstlerotiorums available. It remains a
significantchallenge to protect crops fromigHungal disease. The establishmenAddbidopsis
thaliana as a model plant to study the pl&ht sclerotioruminteraction has accelerated our
molecular understanding of plant disease and defessponseas well aghe identification of
candidate geneg\ deeper understanding of the mechanism underlying the-Blatierotiorum
interaction may help developing novel strategies and appro&ciesmtrol ths disease. In this
thesis, in addition to the general introduction (Chaptendlganeraldiscussbn (Chapter 5)three
research chapters are presenteduding the main results regardintpe molecular identification

and characterization of candidate genes involved in plant resistance resp8nselyotiorum
infection inA. thaliana

Chapter 2 ist i t At&LdP5, & germidike protein of Arabidopsis thalianais a superoxide
dismutase and plays an important role in plant development and innate immune respense
report thatAtGLP5, an ortholog oBnGLP3of B. napusis transcriptionally upreguied in both
susceptibleand tolerantB. napusvarieties uponS. sclerotioruminfection BnGLP3 exhibits a
superoxide dismutase (SOD) activithat can activate plantefenseby producing H,O,.
Transcript profiling and promoter::GUS analysis revealed Ab@t. P5 was mainly expressed in

the roots Additionally, GUS activity waslsodetectedn the shoot apical stem, hydathode of the
cotyledons and floral organs such as nectary agythoecium.The expression oAtGLP5was
activated by diverse biotic and ab@stress factors, such as plant pathodggnsclerotiorumand

Pst DC3000, salicylic acid, wounding, and flg22 leaf spiislypreover,we demonstratéor the
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first time thatAtGLP5 possesses SOD activity andadsalizedatthe plasma membranatGLP5
alsorepresats a novel playein the FLSmediatedplant immunity Overexpression of AtGLP5
disturbed plant root growthi-urthemore, the overexpression cAtGLP5in A. thalianaenhanced
the expression afeveraldefenserelated genedt increased plant diseasesistance in association
with a higherlevel of H,O, in plants,while its knockout mutants showed enhanced susceptibility
These data strongly suggest a crucial rolAt@&LP5in plant defere response.

Chapter 3describes t hEnhanCingnegression ofAtSULCT encoding a sucrose
symporter confers plant defense agaBderotinia sclerotiorunand promotes early flowering in
Arabidopsis thaliand The IRS30 mutantwasobtained by screening a poptiten of A. thaliana
activationtaggng mutans. The IRS30 mutant plants showed increased disease resistance
accompaniedyy an early flowering phenotype. The IRS30 mutant containd&lA insertion at
the last intron ofAtSAG24 resulting in an upregulated expression of a sucrose symporter gene
AtSUCT The functional characterization oAtSUCY revealed that it encodes a placell
membrandocalized proteinand is activaed in response to pathogen infection. With both the
IRS30 mutant and transgenftSUC7overexpressing plants, we demonstrated a dolal of
AtSUCT7in enhancing plardiseaseesistance and accelerating flowering time. 3hewedthat an
enhanced expression @itSUC7 led to the upregulation of plant deferrséated genes like
PDF1.2 and AtWRKY53 a vital transcription factor involved iplant defense and senescence
control In contrasta SA signaling pathwagissociated geneDS1was drastically repressed. We
provedthat an enhancedtSUC7expression affects flowering time through finming of the
autonomous pathway leading to the ragren of the negative regulateL.C but theactivation of

the postive regulatorSOC1 Our results highlighthe crucial role of plant sucrose symporters in
balancing plant defense and growth tradeoffs.

Chapter 4r e p o r t Rromatei analysi§ reveals ansprehensive regulatory mechanism of
AtGLP5 in plant defense resporiseOur previous study demonstrated th&tGLP5 was
predominantly expressed in the root but activated in leaves by diverse stress iiaclioisg
pathogen attacks. The regulation medtian underlying remains unsolved. To address the
transcriptional regulation AAtGLPS we performed thétGLP5 promoter analysis in transgenic
Arabidopsis expressindacLps:GUS constructby challengng the plantswith Verticillium

longisporumand by flg22eaf-spraying.Much to our surprise, we fodrthat GUS expression was
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depressed in roots, along with the infection progressiovi. tdngisporum However the GUS
activity in leaves was first detected at the late stag¥. tdngisporuminfection and by drect
spraying of flg22 on leaves as well, thus supporting its pathaesaonsive expressioBesides
the flg22induced GUS expressi was significantly mitigatech Arabidopsis leavem the fls2
background, thus evidencing for direct involvementAGLPS in the FLS2/flg22mediated
signaling pathway and plant immunity. Further on, the promoter deletion analysis unveiled several
cis-element candidates within a 240bp region of &&LP5 promoter, whichis probably
responsible for the complex regulatiditioe AtGLP5expression.

Taken togetherthis work demonsates avital role of AtGLP5 and AtSUC7 in plant deferse
response to pathogen attacksighlights a valuable stratedgr employingcandidate genes from
A. thalianato improve plant disease ist&nce.Molecular and functional characterization on
AtGLP5 and AtSUC7 also providesan in-depth insight into the complex plaathogen
interaction emphasizingheir roles in plant defase responseral balancingthe tradeoff between

growth /developmerand defense response of plants.

135



Zusammenfassung

Zusammenfassung

Aufgrund ihrer sessiletebensweisekhnen Pflanzen unginstigen Umweltbedingungen nicht
entkommen und sind haufig mit diversen abiotischen und biotischen Stressfaktoren konfrontiert.
Die Produktion von Olrps Brassica napus einer wichtigen Pflanzendquelle, ist standig von
verschiedenen Krankheiten bedroBklerotinia Stangelfaule, die durch den Pilz Sclerotinia
sclerotiorum verursacht wird, ist eine der Hauptkrankheiten VBn napus Sie kann zu
Ertragverlusten von 120 % und auf stark infizierten Feldern bis zu 806 fithren. S.
sclerotiorumist einer der verheerendsten Pilzpathogene und kann mehr als 400 Pflanzenarten
besiedeln, darunter viele wirtschaftlich wichtige Nutzpflanzen auf fast allen Kotgimder Welt.
Bislang ist keine effiziente und effektive Resistenz ge§ersclerotiorumverfigbar. Es bleibt
daher eine gr&e Herausforderung, Nutzpflanzen vor dieser Pilzkrankheit zu schii2én.
Etablierung vorArabidopsis thalianaals Modellpflanze ar Untersuchung der Wechselwirkung
PflanzeS. sclerotiorumhat unser molekulares Verstdadnis von Pflanzenkrankheiten und
Abwehrreaktionen sowie die Identifizierung von Kandidatengenen beschletmigtieferes
Verstdandnis des Mechanismus, der der Intei@kizwischen Pflanze urfdl. sclerotiorunzugrunde

liegt, kann dazu beitragen, neue Strategien und Ansdze zur Bekdnpfung dieser Krankheit zu
entwickeln.In  der vorliegendeissertation werden neben der allgemeinen Einfihrung (Kapitel

1) und der Schlussskussion (Kapitel 5) drei Forschungskapitel vorgestéliese behandeln

die wichtigsten Ergebnisseder molekularen Identifizierung und Charakterisierung von
Kandidatengenen, die an der pflanzlichen Resistenzantwort auf eine InfektiSnguoiérotiorum

bei A. thalianabeteiligt sind.

Kapitel 2t r 4 gt dAGLP5,Taigerraidike firotein ofArabidopsis thalianais a superoxide
dismutase and plays an important role in plant development and innate immune respimse
konnten zeigendassAtGLPS5, ein Qtholog vonBnGLP3in B. napus nach einer Infektion mib.
sclerotiorum sowohl bei anfdligen als auch bei tolerantdh napusSorten transkriptionell
hochreguliert wird. BnGLP3 weist eine Superoxiddismutagétivitd (SOD) auf, die die
Pflanzenabwehr dah die Produktion von ¥D, aktivieren kann. Transkrigerofiling undeine

Promotor::GUSAnalyse ergab, dasAtGLP5 haupts&hlich in den Wurzeln exprimiert wird.
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Dariber hinaus wurde GU@ktivitd auch am apikalen Sprossstiel, an der Hydathode der
Keimbl&ter und an floralen Organen wie Nektarium und Gynoeceum nachgewiBgen.
Expression vonAtGLP5 wurde durch verschiedene biotische und abiotische Stressfaktoren
aktiviert, wie z.B.durchdie Pflanzenpathogen®. sclerotiorunmund Pst DC3000, Salicylsaure,
mechanische Verwundungnd das Besprihen miflg22. Dariber hinaus zeigen wir zum ersten
Mal, dassAtGLP5 SOD-Aktivitd besitzt und an der Plasmamembran lokalisiert A4GLP5 stellt

auch einen neuartigen Akteur in der Fi&'mittelten Pflanzenimmunitd daPflanzenimmunitd

dar. Die Uberexpression VoAtGLP5 stdte das Wurzelwachstum der Pflanzéariber hinaus
erhdnte die Uberexpression voRtGLP5in A. thalianadie Expression mehrerer abwehrrelevanter
Gene. Sie erhihte die Resistenz gegen Pflanzenkeigthin Verbindung mit einem hderen
H,0,-Gehalt in Pflanzen, wérend ihre KnockeMutanten eine erhite Anfdligkeit zeigten.
Diese Daten deuten stark auf eine entscheidende Roll&N&IoP5 bei der Abwehrreaktiom
Pflanzen hin.

Kapitel 3 beshreibtd ¢ F e s t s t Enhahang expressioa #tSUC7encoding a sucrose
symporter confers plant defense agaBderotinia sclerotiorunand promotes early flowering in
Arabidopsis thaliana Die IRS3GMutante wurde durch Screening einer Population ¥on
thaliana-Aktivierungsmutanten gewonnen. Die Pflanzen mit IR®80ationzeigten eine erhihte
Krankheitsresistenz, begleitet von einem frihblihenden Phéothe IRS30Mutante enthdt
eine FDNA-Insertionim letzten Intron vorAtSAG24 was zu einer hochgelierten Expression
eines SaccharosgymportergensitSUCT fihrt. Die funktionelle Charakterisierung vaxtSUC7
ergab, dass es fir ein ider Pflanzenzelle membranlokalisiertes Protein kodiert und als Reaktion
auf eine Pathogeninfektion aktiviert wirdowohl mit der IRS3@Mutante als auch mit den
transgenem\tSUC7iberexprimierenden Pflanzen konnten wir eine Doppelrolle %8UC7bei

der Verbesserung der Resistenz gegen Pflanzenkrankheiten und der Beschleunigung der Blitezeit
nachweisenWir zeigten, das eine erhthte Expression vakitSUC7zur Hochregulierung von
Genen der Pflanzenabwehr wieDF1.2 und AtWRKY53 fihrte, einem lebenswichtigen
Transkriptionsfaktor, der an der Pflanzenabwehr und der Seneszenzkontrolle beteiligt ist.
Gegensatz dazu wurdineSA-Signalwegassoziiertes GeBEDS1starkunterdrickt. Wir konnten
nachweisen, dass eine verstaktddSUCZExpression die Bliezeit durch eine Feinabstimmung

des autonomen Pfades beeinflusst, was zur Unterdrickung des negativen Regill&@oaber
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zur Aktivierung des positiven RegulatoSOCL1 fihrt. Unsere Ergebnisse unterstreichen die
entscheidende Rolle der PflanzZ8accharos&ympathisanten beim Ausgleich zwischen
Pflanzenschutz und Wachstumskompromissen.

In Kapitel 4 wird berichtet, dass‘Promoter aalysis reveals a comprehensive regulatory
mechanism ofAtGLP5in plant defense resporisdJnsere frihere Studie zeigte, das8sGLP5
vorwiegend in der Wurzel exprimiestird, aber in den Bldtern durch verschiedene Stressfaktoren,
darunter auch durch Pathewangriffe, aktiviert wurde. Der  zugrundeliegende
Regulierungsmechanismus bleibt ungeldtm die Transkriptionsregulation voAtGLP5 zu
untersuchen, fihrten wieineAnalyse deAtGLP5Promotors in transgenen ArabidopBilanzen
durch, dieein PacLps:GUS-Konstrukt exprimieen Diese Pflanzen wurden mit Verticillium
longisporuminfiziert, sowiebesprint mitflg22. Zu unserer grofn Uberraschung stellten wir fest,
dass die Expression des GUS in den Wurzeln zusammen mit dem Infektionsverlauf von
longispprum depressiv waDie GUSAKktivitd in den Bldtern wurde jedoch erst im Spdstadium
der V. longisporurdnfektion und durch direkte8egrihen mit flg22 auch auf den Bldtern
nachgewiesen, wodurch die auf den Erreger ansprechende Expression untenstdet w
Auferdem war die flg2anduzierte GUSExpression in ArabidopsiBldtern mit fls2-Hintergrund
signifikant abgeschwa&ht, was auf eine direkte Beteiligung voitGLP5 am
FLS2/flg22vermittelten Signalweg und an der pflanzlichen Immunitd& hindeutet.weiteren
Verlauf enthiite die Analyse mehremds-ElementKandidaten innerhalb einer 240Region des
AtGLP5Promotors, @ wahrscheinlich fir die komplexe Regulierung verantwortlgihd
Zusammengenommen demonstriert diese Arbeit eine entscheidendevlol&tGLP5 und
AtSUCT7bei der Pflanzenabwehr als Reaktion auf PathogenandBiteibt weiterhin wertvolle
Anreize fir die Untersuchung von Kandidatengenen voA. thaliana zur Verbesserung der
Resistenz gegen Pflanzenkrankheitdbie molekulare und foktionelle Charakterisierungon
AtGLP5 und AtSUC7 bietet auch einen vertieften Einblick in die komplexe
PflanzePathogernteraktion, wobei ihre Rolle bei der Abwehrreaktion von Pflanzen
hervorgehoben wird und der Kompromiss zwischen Wachstum/Entwickinhg\bwehrreaktion

von Pflanzen ausgeglichen wird.
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Materials and Methods

This chapter includes several tables listing all the matersalsh as machines, chemicals,
organisms, softwarelatabasesand somecomprehensiv@rotocols for thechief procedurs used
in this study. Abrief description of all the methods used in each chapter can be found in the

2

“Materials and met hods section of the corresp
Materials

Tablel Machines and devices used in this study.

Machine Model Company
Aerospace yimatic Vernier Caliper 0-150 mm Aerospace
Autodave VX-75 Systec
Blotting cell TransBlot® SD SemiDry Bio-rad
Electrophoretic
Camera D3000 Nikon
Centrifuge mini G IKA®
Centrifuge 5417 R Eppendorf
Centrifuge Heraeus Multifuge X3R Thermo Fisher 8entific
Climate chamber VB0714 Vdsch Industrietechnik
CoolNat chip icemachine ZBE 3010 ZIEGRA
Drying oven Venti-line VL115 VWR
Gel documentation Gel Doc™ XR+ Bio-Rad
Gel electrophoresishamber Mini-Sub® Cell GT Bio-Rad
Gel electrophoresigower supply PowerPac™ Basic Bio-Rad
Homogenizer D-8 MICCRA
Homogenizer Precelly§ Evolution Bertin Technologies
Incubator Excellent UFE 40600 Memmert
Incubator, shaking CERTOMAT® IS Sartorius Stedim Biotech
Light Thermostats germination 1301 Rubarth Apparate
chamber
Magnetic stirrer Combimag REO IKA®
Microscope Stereo Discovery.V20 Carl Zeiss
Microwave hNN-E235M Panasonic
PCR thermocycler C1000 Touch™ Bio-Rad
PCR thermocycler Biometra TOne 96 Analytik Jena
pH meter inoLab pH 720 WTW
Pipetes 2.5, 204, 2004, 1000y, 5ml Eppendorf
Realtime PCR System CFX96 Touch Realime PCR Detection Bio-Rad
System
Scale ABJ80-4M KERN & SOHN
Scale KB12002 KERN & SOHN
Shaker Vibramax 100 Heidolph Instruments
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Table 1 continued

Machine Model Company

Spectrophotometer NanoVue Plus GE Healthcare Life Science
Thermomixer BiometraTSC ThermoShaker Analytik Jena

Upright Microscope Eclipse Ni Nikon

UV-VIS Spectrophotometer UVmini-1240 Shimadz

Vortex MS 2 IKA®

Water bath Immersion Circulators Mdel 1112A VWR

Water bath, shaking 1083 GFL Gesellschaffir Labortechnik

mbH

Workbench, sterile HERAsafe™ KS 12 Thermo Fisher Scientific

Table2 Chemicals used in this study.

Chemical Article number Company
30%Acrylamide 1610158 Bio-Rad

Acetic acid 3738.2 Roth
Acetosyringone 38766 Fluka

Ammonium acetate 7869.2 Roth

Ampicillin K0291.1 Roth

APS (Ammonium peroxodisulphate) 9592.2 Roth

BactoAgar 214010 OTTO NORDWALD
Biozym LE-Agarose 840004 Biozym
Bromophenol blue A512.1 Roth

CacCl, (Calcium chloride) CN93.2 Roth

CaClLO, (Calcium hypochlorite) 51641 Roth

Chloroform 3313.2 Roth

CTAB (cetyltrimethylammonium bromide) 9161.2 Roth

Czapek Dox Broth C1714.1000 Duchefa Biochemie
D(+)-Saccharose 4621.2 Roth

D(+)-Sucrose 4321.2 Roth

DAB (3 3-diaminobenzidine tetrahydrochloride) = CN75.3 Roth

DEPC (diethyl pyrocarbonate) K0282 Roth

DL malic acid 1003820250 Merk

DMSO (dimethyl sulfoxide) 4720.2 Roth

dNTP Mix R0181 Thermo Fisher Scientific
EDTA (ethylenediaminetetraacetic acid) 8043.2 Roth

Ethanol 9065.5 Roth

Ethidium bromide 22182 Roth

GeneRuler DNA Ladder 1kb SM0311 Thermo Fisher Scientific
Gentamycin G0124.0025 Duchefa Biochemie
Gibberellin G09070001 Duchefa Biochemie
Glycerol 4043.1 Roth

H3BO; (Boric acig 6943.1 Roth
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Table 2 continued

Chemical Artic le number Company

HPLC water A511.3 Roth

IAA 10901.0005 Duchefa Biochemie
IBA 10902.0005 Duchefa Biochemie
Isoamylalcohol 8930.1 Roth

Isopropanol 20842.330DB VWR

Jasmonic acid J0936.0250 Duchefa Biochemie
Kanamycin T832.3 Roth

KH,PQ, (Potassiuntdihydrogen phosphate) 3904.1 Roth

KNO; (Potassium nitrate) 8001.3 Roth

KOH (potassium hydroxide 6751.3 Roth

MES 4256.2 Roth

Methanol 4627.5 Roth

MgCl, (magnesium chloride kk36.2 Roth

MgSQ, (magnesium sulfaje P027.3 Roth

MOPS (3(N- morpholino}propanesulfonic acid) 6979.3 Roth

MS basal salts ingHing Vitamines andMES M0255.0050 Duchefa Biochemie
Na,HPQ, (disodium phosphate) X987.2 Roth

NaCl (sodium chloridg 3957.2 Roth

NaH,P O, (monosodium phosphate) K300.2 Roth

NaOH (sodium hydroxidg 6771.2 Roth

NH4NO; (Ammonium nitrate) A9642-500g SigmaAldrich

PDB (Potatedextrose broth CP74.2 Roth

Phenol 0038.3 Roth

Phyto Agar P1003 Duchefa Biocherne
Potassium acetate T874.1 Roth

Rifampicin R0146.0005 Duchefa Biochemie
Salicylic acid S1367.0506 Duchefa Biochemie
SDS (sodium dodecy! sulfate) 4360.2 Roth

Silwet Gold AM6A12W004 Spiess Urania
Spectinomycin S40145g SigmaAldrich
TEMED (tetraméhylethylenediamine) 2367.3 Roth

TRIS (tris(hydroxymethyl)aminomethane) 5429.3 Roth

TRIS-HCI (Tris-hydrochlorde) 9090.3 Roth

Triton X 100 3051.3 Roth

TRIzol’ 15596018 Life Technologies
Tryptone/Peptone 8952.3 Roth

Tween20 9127.1 Roth

Water 31%5.2 Roth

X-glcA X1405.1000 Duchefa Biochemie
YeastExtract 2904.3 Roth
B-mercaptoethanol 4227.1 Roth
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Table3 Enzymes and kits used in this study.

Enzyme / Kit Article number Company

DNAse | EN0521 Thermo Fisher Scientific
Dream TacDNA Polymerase EP0704 Thermo Fisher Scientific
Gateway™ BP Clonase™ 11 11789020 Invitrogen
Gateway™ LR Clonase™ 1 11791020 Invitrogen
Lumi-LightPLUS Western BlottingKit 12015218001 Roche

Maxima SYBR Green/ROX gPCR MasteiixM2X) K0222 Thermo Fisher Scientific
NucleoSpin Gel and PCR Cleéip 740609250 Macheey-Nagel
NucleoSpinPlasmid Kit 740688.250 Macheey-Nagel
PhusioiM High-Fidelity DNA Polymerase F530S Thermo Fisher Scientific
RevertAid First Strand cDNA Synthedist K1622 Thermo Fisher Scientific

Table4 Softwares and online databases or tools used in this study.

Software/ Database Company/ Source

Arabidopsis eFP Browser http://bar.utoronto.ca/efp/cgiin/efpWeb.cgi
AxioVision rel. 4.8 Carl Zeiss

BLAST https//blast.ncbi.nim.nih.gov/Blast.cgi
CFX Maestro™ Soft walime Bio-Rad

PCR Instruments

cisHighlight https://msbi.ipkhalle.de/cisHighlight/

DNAMAN Lynnon Biosoft

I mage Lab™ Bio-Rad

MegaX https://www.megasoftware.net/

Microsoft® Office Microsoft Corporation

NCBI https://www.ncbi.nlm.nih.gov/

PlantCARE http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

Primer Premier 5

Prism 8

SIGNAL T-DNA Primer Design
The Arabidopsis Information Resource

PREMIER Biosoft

GraphPad Software
http://signal.salk.edu/tdnaprime2shtml
https://www.arabidopsis.org/
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Table5 Organisms used in this study.

Organisms Isolate/ Genotype Source
Agrobacterium tumefaciens GV3101 lab stock
Escherichia coli DHS a lab stock
Pseudomonas syringagv. DC3000 provided byProf. Dr. M. SautefCAU Kiel, Geimany)
tomato
Sclerotinia sclerotiorum 1980 provided by Prof. Dr.W. Qian (SWU Chongqing
China)
Verticillium longisporum VL43 provided byDr. E. Diederichsen (FU Berlin, Germany
Arabidopsis thaliana Col-0 lab stock
Col-2 lab stock
Atglp5knockout mutans NASC
(N738879; N863003)
AtGLP5OE (in Col-0) self-provided

AtGLP5-GFP(in Cd-0)

PacLps:GUSHull sequence
(in Col-0)

provided by Dr. Steffen Rietz

provided by Dr. Steffen Rietz

PacLps:GUS-P1(in Col0) self-provided
PacLps:GUS-P2(in Col-0) self-provided
PacLps:GUS-P3(in Col0) self-provided
Activation-tagging mutants ~ NASC
(in Col-2)
AtSUCT7-GFP(in Col-0) self-provided
AtSUC?OE (in Col-0) self-provided
fls2 knock-out mutant NASC
(SALK_062054)

Nicotianabenthamiana lab stock

Table6 Buffers and media used in this study.

Buffer/ Medium Composition

2x CTAB 200 mM Tris/HQ (pH 7.5)
20 mM EDTA (pH 8.0)
1.4 M NacCl
2% CTAB (w/v)

TE Buffer 10 mM Tris/HQ (pH 8.0)

1 mM EDTA (pH 8.0)

GUS staining buffer

30 mg XglcAin 300 4 DMSO for 100 ml

50 mM NaHPO, (pH 7)
50 MM NaH,PO, (pH 7)
10% TritonX 100 (500 /100 mi)
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Table 6 continued

Buffer/ Medium Composition
10x Loading buffer 5 ml TA buffer
5 ml Glycerol

10 mg Bromophenol blue

Protein extraction wiffer

50 mM Tris/HCIpH 7.5
2% SDS
50 mM DTT

Stackirg gel (5% 5 ml; for SDSPAGE)

1.9 ml H,O

1.7 ml 30%Acrylamide
1.3 ml 1.5 M Tris, pH 8.8
0.05 ml 10% SDS

0.05 ml 10% APS

0.002 ml TEMED

Separating g€/10%, 1 ml; for SDSPAGE)

0.68 ml HO

0.17 ml 30%Acrylamide
0.13ml 1 M Tris, pH 8.8
0.01 ml 10% SDS

0.01 ml 10% APS
0.001 ml TEMED

5x Gel loading buffer (without DTT; for SDSAGE)

0.25M TrigHCI, pH 6.8
10% SDS

30%Glycerine

0.02 %Bromophenole blue

10x Running buffer (for SDSPAGE)

15.15 g/l Tris
729/l Glycine
5 g/l SDS

10x Transfer buffer (400ml)

29.9 g Tris
14.65 gGlycine
25 ml 10% SDS

10x TBST

12.11 g/l Tris
87.6 g/INaClpHto 7.5
1% Tween 20

Reaction solution (for detection of SOD activity)

100 mMPotassium phosphate buffer, pH 7.8
5 mM Riboflavin
100 /30 ml TEMED

Infiltration medium

(for transient expression in tobacco)

10 mM MES
10 mM MgCh
0.15 mMAcetosyringone

YEB medium

5 g/l Beefextract

1 g/l Yeastextract

5 g/l Sucrose

0.49 g/l MgSQ x 7 H,0
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Table 6 continued

Buffer/ Medium

Composition

NYGA medium (forPstDC3000)

5 g/l Tryptone/Peptone
3 g/l Yeastextract

20 ml/I Glycerol

15 g/l Bacto Agar

% MS mediunm(for plants)

0.5x MS salts inclVitamines and MES
5 g/l Sucrose

pH 5.8 (adjust with KOH)

8 g/l Phytoagar

PDA medium (forS. sclerotiorum

1x PDB(pH 5.6)
15 g/IBactoagar

Czapek Doxmedium (forV. longisporum

1x CDB (pH 638)

Malic acid (MA) medium(for S. sclerotiorum

1 g/l NaOH

2 g/l DL malic acid

1 g/l KH,PO,

2 g/l NH,;NO,

0.1 g/l MgSQ x 7 H,O
0.5 g/l Yeast Extract
pH5.5

1.5 % Bactcegar

LB medium (forbacteria

10 g/l Tryptone/Peptone

5 g/l Yeastextract

10 g/INaCl (pH 7)

15 g/l Bactoagar (for solid medium)

Methods
Isolation of plant genomic DNA with CTAB

Total gDNA was isolated following the cetyltrimethylammonium bromide (CTAB) DNA

Miniprep protocol as described with slight modificati¢@sarke, 2009.

1. Collect plant tissue and directly grind the

tissua time powder in 1.5 ml tubes either with a

plastic pestle using liquid nitrogen or with a homogeniBeecelly§ Evolution).

2. Add 1 ml of prewarmed 2x CTAB buffer

to each tissue@a and mix thoroughly with a

vortex. Then transfer the tubes into a water bath at 65€ for 30 min with intermittent shaking.

3. Add 200 d of chloroformand mix thoroughly with a vortexacubate at RT for 5 min.

4. Centrifuge at 12,000 rpm for 10 minRiL.
5. Carefully transfer the aqueous layer into a

using an equal amount of chloroform.

6. Add an equal amount of cold isopropanol,

at-20 € for 10 min.
7. Centrifuge at 12,000 rpm for 10 min at RT.

clean 1.5 ml tube and repeat the extractiongjsteps 3

mix thoroughly with a vortex. Incubate the samples
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8. Discard the supernatant and wash the pellet with 1 ml of cold 70% ethanol. Centrifuge briefly
to secure the pellet. Repeat the wash for one more time.

9. Remove all the ethanol and dry the pellgheair for seeral minutes.

10. Dissolve the DNA in 260 d of HPLC water.

Isolation of plant total RNA with TRIzol

Total RNA was isolated following the user guide for TRfzBleagentexceptthat all the steps

were performed on ice and centrifuged at 418vitrogen).

1. Add 1 ml of TRIzol to the grounded tissue samples in 1.5 ml tubes and mix thoroughly with a
vortex. Incubate on ice for 5 min to permit complete dissociation of the nucleoproteins complex.
2. Add 0.2 ml of chloroform to each tube, secureyp the tube, and then mix thoroughly with a
vortex. Incubate on ice for 5 min.

3. Centrifuge at 12,000 rpm for 10 min at 4 €.

4. Carefully transfer the aqueous phase containing the RNA to a new tube. Notice that it is very
important to avoid transferinany of the interphase or organic layer into the pipette when
removing the aqueous phase.

5. Add an equal amount of cold isopropanol to the aqueous phase and mix thoroughly with a
vortex.Incubate at20 € for at least 30 min.

6. Centrifuge at 12,000 rpfor 10 min at 4 €.

7. Discard the supernatant and wash the pellet with 1 ml of cold 70% ethanol (prepared with 0.1%
DEPCtreated water to inactivate RNase).

8. Centrifuge briefly to secure the pellet. Repeat the wash for one more time.

9. Remove all thethanol and dry the pellet theair for several minutes.

10. Dissolve the RNA in 280 | of RNasefree water.

cDNA synthesis and gRTPCR

Synthesis othe first-strand cDNA from total RNA templates was performed following the user
guide for The Thermo @entific™ RevertAid" First Strand cDNA Synthesis Kit (Thermo
Scientific).

1. Assess RNA integritheforecDNA synthesis bylectrophoresis d.5 g of total RNA on 1.5%
agarose gel at 120V for 15 miBoth 18S and 28S rRNA should appear as sharp bandshe

28S rRNA band should be approximately twice as intense as the 18S rRNA. A lower molecular
weight ofthe 5S rRNA band can also be observed on the gel. New total RNA should be prepared
if any smearing of RNA bands occurs.

2. The concentration of RNAwas measured with GE Healthcare NanoVue Plus\VisVv

Spectrophotometer.

3. Remove gDNA from the RNA samples with DNase | by adding to an Rinsséube:
RNA 119

10X reaction buffer with MgGl 1d

DNase | 1

RNasefree water tol0d
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Incubate at 3% for 30 min. Add 1 of 50 mM EDTA and incubate at 65 € for 10 min to
terminate the reaction.

4. Add the following reagents into a nucledsse tube on ice:

Template RNA 1
Oligo (dT)g primer 1d
5X Reaction buffer 4
RiboLock RNase Inhibito 1d
10 mM dNTP Mix 2
RevertAid MMuLV RT 1d
RNasefree water to20

Mix gently and centrifuge briefly. Firsincubate at 42 € for 60 min and then terminate the
reaction by heating at 70 € for 5 min. TRDNA quality was finally checked bRT-PCR using
the reference gengctin2, and a 1:20 dilution of the cDNA was madeaeBCR template. cDNA
was stored a20 € or -80 € for longer storage.

gRT-PCR was conducted in 10 | reactions with Maxima SYBR Green gPCR Master Mix
(Thermo Scientifit on a CFX96 Touch Redlime PCR Detection System (BRad) using the
following conditions: 95€ for 3 min; 40 cycles of 95€C for 10 s, 60€ for 10 s and 72€ for 10 s.
Relative expression of mRNA was calculated by the didtea CT method(Livak and
Schmittgen, 2001 And all values for the mRNA species were normalizeédtn2. gRFPCR
primers can be found supplementary tables attached to each telnap

The reaction tubes were prepared by adding the following components on ice:

Maxima SYBR Green qPCR Master Mix (2X) 54

Forward Primer 1d
Reverse Primer 1d
Template cDNA 1d
Nucleasefree water 2

Plasmid vector preparation via Gateway claing

The overexpression (OE), and HAGFR or GUStagged constructs oAtGLP5 and AtSUC7
were prepared via Gateway cloning using Invitrogen BP and LR cloning kits.

The sequences of interest were amplified from either gDNA (for promoter sequence) or EDNA o
Arabidopsis plants with the correspondent primer pairs containingitest with PhusioiM
High-Fidelity DNA Polymerasdor the cloning into pDONR201 vector. From the pDONR201
entry clonethe sequences were then transferred into Gateway binary veatbraspGWB414
producing a 35S promoteériven gene construct with a 3xHAg coding region at the -8nd for
AtGLP5 pGWB402 producing a 35S promotiniven gene construct for overexpression of
AtSUC; pGWB405 and pGWBA451 fdeFPtagged subcellular locaktion analysis oAtSUC7

and AtGLP5 respectivelyand pGWB433 fused with adducuronidase (GUS) coding region for
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determination of tissuspecific expression patterns AfGLPS Table 7 describethe information
of these pGWB vectors briefly

Table7 Commercial pGWB vectors used in this study.

Vector name  Gateway cassette Bacterial  Markers Type

selection  for plant

pGWB402 PsssattR1-Cml-ccdB-attR2-Tyos Spc Km' 35S pro, no tag
pGWB405 PsssattR1-Cmf-ccaB-attR2-sGFRTyos Spc Km' 35S pro, GsGFP
pGWB414 PsssattR1-Cmf-ccaB-attR2-3xHA-Tyos Spc Km' 35S pro, C3xHA
pGWB433 attR1-Cni-ccdB-attR2-GUS Tyos Spc Km' no pro, GGUS
pGWB451 PsssattR1-Cml-ccdB-attR2-G3GFR Ty os Spc Km' 35S pro, G G3GFP

1) Procedure for BP Recombination reaction:

1. Mix:

attB PCR product (260 fmoles) 0.53.54
pDONR201 vector (150 ng/Q) 054
1x TE Buffer, pH 8.0 au

2. Vortex BP Clonase Il briefly and add 1 ( to the mixture.

3. Incubate at 25 € overnight.

4. Add 1 ( of 2 g/ Proteinase K and incubate at 37 €rfd0 min to improve efficiency.
5. Transform the reaction product into competebli cells.

6. After transformationthe plasmid DNA of the positive clones were isolated with the
NucleoSpin Plasmid Kit from Macherdyagel, further confirmed with vectoand genespecific
primers and then sequenced.

2) Procedure for LR Recombination reaction:

1. Mix:

Entry clones (10 fmoles) 0.5-3.54
pDONR201 vector (150 ng/{) o054
1x TE Buffer, pH 8.0 au

2. Vortex LR Clonase briefly and add 1 [ to the mixur

3. Incubate at 25 € overnight.

4. Add 1 ( of 2ug/u Proteinase K and incubate at 37 € for 10min to improve efficiency.
5. Transform the reaction product into competewbli cells.

6. After transformation, plasmid DNA of the positive clones westated, confirmed with vecter
and genespecific primersand then transformed into competégrobacteriuntumefacienstrain
GV3101 cells.

7. After transformation into GV3101, positive clones were further checked with vectdr
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genespecific primers amhfinally used for plant transformation.

Agrobacteriummediated transformation of Arabidopsis thalianathrough the floral dip
method

All binary vector constructs were introduced itgrobacterium tumefacierGvV3101 strainand
transformed int@\. thalianaplants through the floral dip meth¢@lough and Bent, 1998

1. Grow healthy, vigorous (a major factor affecting transformation rates) Apigdplants first
under shortday conditions to produce strong plants and then move them into greenhouse under
long-day conditions to accelerate flowering.

2. Clip first bolts to encouragbe proliferation of many secondary bolts.
3. Grow the prepared beial in LB medium with antibiotics at 28€C.

4. Spin down Agrobacterium at 1,000 rpm for 10 min. Resuspend to OD600 = 0.8 in 5% sucrose
solution.

5. Add Silwet Gold to a concentration of 0.05% and mix well before dipping.

6. Dip the nflorescence of thplants intothe Agrobacteriumsolution for 10 s. Keep the plants at
ahigh relative humidity in a black plastic bag for one day.

7. The next day, remove the plastic bag and return plants to their previous growing conditions.
After one week, the plants mighe dipped for one or two more times to achieve higher rates of
transformation if they are stith very good condition.

8. Water and grow plants normally, harvest dry seeds.

9. After vernalization, seeds can be sterilized and grown on 1/2 MS platesppitbpriate
antibiotics to select positive transformants.

Cultivation and inoculation processes foiS. sclerotiorum PstDC3000,and V. longisporum

Infection ofA. thalianaleaves withS. sclerotiorunwas either performed by agar plugéofion or

by spray infection with mycelia suspension. In the first appro&chkgclerotiorumwas grown on

PDA (for transcript analysis) or MA (for resistance assay) medium at 22€C. After two or three
days agarplugs were punched from the expanding mauafithe mycelium using a 6 mm cork
borer and placed on fully developed leaves-afeekold plants with the mycelium facing the leaf
surface. Leaves treated with just plain agiaigs served as control. Aftéwo days, a digital
caliper was used to measthe major and minor diameters of the elljsbaped lesions. The area

of lesions was estimated by multiplying half the length of the major axis by half the length of the
minor axis, then multiplying by m. Fplugs t he
containing mycelia were transferred into 70 ml 40% Czapek Dox medium and shakereéor
days at 22€C. Subsequently, the mycelium was homogenized with a homogdbi8gfdr 35 s

and centrifuged at 6,000 rpm for 10 min. The sedimented mycelia veégbed and resuspended
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in 10 mM MgSQ at a concentration of 1 g/25 mL. Leaves efvéekold plants were sprayed
with the mycelium suspension. Plants were covered with a transparent lid to keep high humidity.
After two or three days, photos were taken tmpare the severity of symptoms on each plant.

PstDC3000 was cultivated on a Petri dish with NYGA medium plus appropriate antibiotics for 2
days at 28€C. Bacteria were then collected by washing with 5 mL 10 mM May@l adjusted to
ODgoo= 0.2. After addig 0.04% (v/v) Silwet Gold, the prepared bacteria suspension was sprayed
onto 5weekold A. thaliana plants until saturation when the leaves appear evenly wet and then
covered with a transparent lid. For control treatments, plants were sprayed with ansoluti
containing 10 mM MgGl 0.04% Silwet Gold. Tealculatethe bacterimmumber leaf discsfrom

the infected leavesere excised at 3 dpi using a cork borer and shaken for 530ipl of 10 mM

MgCl, with 0.01% Silwet GoldThe bacteria number was caldeld from serial dilutions grown

on NYGA plates for two days.

The infection process &f. longisporumwas described by Behre(Behrenset al., 2019. Shortly,

four days after plant germination, Arabidopsis seedling were transferred onto squared plates
containing 1/2 MS medium and grown vertically in the growth chamber for more days. On the
day of inoculation, 22% glycerol conidia stoaksre thawed, centrifuged at 5,000 rpm for 10,min

and resuspended in sterile Czajidx medium to a final concentration of 2X1@nidia / mL.

Then the conidia suspension was spread on the roots with a sterilized brush. Afterd39 @lays,

the whole sedlings were stained with GUS staining solution to allow us to observe the change of
GUS activity during different infection stages. Niofiected plants were used as control.

Plant treatment with flg22 and phytohormones

For the different stresses, leaves afidekold transgenid\. thalianacarryingPacps:GUS were
collected at 24 hours after treatmefiptant hormones (1 mM SA, 106M and 500uM JA, 10

MM IAA or 10 uM IBA). As for the wounding andd22 treatment, leaves were collected at an
earlier stage, at 5 hours after cut with a pair of scissors or sprayed with 1 mM flg22, singe plant
responded to these stimuli quite quickly. Control plants were eithetreated or sprayed with

water. The deiched leaves were then used for GUS staining RiePECR analysis.

GUS staining analysis

For histochemical GUS analysis, plant samples were incubated in fresh GUS staining buffer
overnight at 3 . On the next day, the GUS staining buffer was carefullyoxea and replaced

with 70% ethanol to bleach the green chlorophyll. Sevinas of ethanolchangesmay be
necessary until the tissues turned white. The stained samples were examied aun
stereomicroscope (Zeiss).
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Immunodetection of recombinant proteirs and detection of SOD activity

Transient expression of the recombinant proteirid. ilenthamianavas carried out following the
protocol of Witte(Witte et al, 2004) In brief, anAgrobacteriumsuspension was infiltrated from
the bottom side of the leadnd the plants were left to grow contitlyan the climate chamber. At
5-6 days post infiltration, leaf material was harvested and stor8@@tuntil further processing.

Total protein was extracted from ~10 mg of transforiNedenthamiandeaf tissie by vigorously

mixing with 110 | of extraction buffer. &er centrifugatiorfor 10 min at 13,000 rpm80 J of

the supernatdnwas supplemented with 20 x5gel loading buffer and loaded on a 10%
SDSPAGE without boiling. The SD®AGE was run at 90 ¥or 60 minuntil the loading buffer

had reached the edge of the gel. For immunodetection, proteins were blotted on a PVDF
membrane and visualized witim antF-HA antibody combinedwith a LumiLight”’S Western
Blotting Kit (Rocheretal) f o1 1 owi ng t he manuf a-gel 8QDeactiVity i nstr
assay was performed following the protocol of Beauchamp and FridgBeauchamp and
Fridovich, 197}). The gel is incubated in 0.1% (w/v) nitro blue tetrazolium (NBT) and riboflavin
with TEMED and then exposed to ligfithe rboflavin is first exited by phons and then reduced

due tothe oxidation of the electron donor TEMED. This reduced form redugés €uperoxide
anions redudéng NBT to violet formazan. As SOPandismutateO? to H,0,, the areas of the gel
where SOD is gsent remain yellowish transparent because NBT is not reduced thergh€irst

gel was shaken in 25 mM T+HCI (pH 7.5) with 200 mM NacCl for 10 min and washed i5OH

Next, it was shaken for 10 min in 30 ml substrate solution. After washing again ¥@thtkvas

shaken in the dark ithereaction solution for 15 min. Most of the solution was discarded the

gel was exposed to a neon lamp until it turned dark violet and yellow bands became visible. The
remaining reaction solution was discarded andacsal with HO, which was renewed regularly

until the desired signal intensity had been obtained. The gel was stored at 4C overnight to
increase the color iahsity and scanned the next day

DAB staining to detect HO, production in Arabidopsis plants

S.sclerotiorumwas grown on PDAt 22€. After three daysagarplugs were punched from the
expanding margin of the mycelium using a 6 mm cork borer and placed on fully developed leaves
of 5-weekold plants with the mycelium facing the leafrfaee. One day after inoculation, the
leaves were detacheohd immersed in fresh prepargédng/ml DAB staining solution at RT for
overnight. On the next day, the DAB staining buffer was carefully removed and replaced with 70%
ethanol to bleeh the green chlorophyll. Several changes of ethanol may be necessary until the
tissues turned white. The stained samples were examined under a stereomicroscope (Zeiss).

The integrated density of DAB staining was then quantified wtik ImageJ Colour
Decawolution plugin choasg “ H D Aa8the stainQuantify the picturewi t h  “ C:l our 27
the title by measuing “ Me an gr aandav a‘l RieesVindow wilf pop up with the
guantification in units of intensity.
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