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Understanding the Impact of Plant Nutrition on Pi@amycete Interactions
Wei Wang

ABSTRACT

Plants are surrounded by various threats from the environment such as pathogens, abiotic
stressesand animal attacks. Nutrient content and distribution are essential for plant growth and
development as well as plant immunity. Pathogens extract nutmmentidhbst plants to benefit
their own growth and reproduction. Sulfate, amino acids, and phosphate are indispensable
elements for plant growth, plant nutrition, and plant resistance/susceptibility to disease.
However, the role of these nutrients in ptaninycete interactions is an unexplored area.

We developed a hydroponic system to precisely control the nutrients applied to plants. We used
Arabidopsis thalianandNicotiana benthamianéN. b) as model plantsdyaloperonospora
arabidopsidisas well as twd”hytophthoraspeciesPhytophothora capsi¢P. cap and
Phytophothora nicotiana@. nic) were used as model oomycete pathogdps.is an obligate
biotrophic pathogen that obtains nutrients directly from the host plant without caudidgatil|
while P. capandP. nicare hemibiotrophic pathogens that display a biotrophic phase followed by
a necrotrophic phase where they feed on dead cells. Genomic evidence suggests that these
pathogens might obtain nutrients including sulfur in diffeferms from the host (organic and
inorganic respectively). We have optimized the hydroponic system and used Tagman PCR
assays and sporangiophore counts to assay the influence of sulfur nutridptsamdP. cap
infections. We found that (1) sulfur trggester and metabolism genes play essential roles in
plantoomycete interactions; (2) sulfur is critical components for HR responses ddjaan£B)

low sulfur induces pathogenesis related genes as a systemic acquired responseqRNA
analysis orPhytophhora-infected Arabidopsis suggested that sulfur transport, assimilation, and
metabolism play an important role in plaodmycete interactions. A second project used RNA
seq analysis oR. nicinfectedN. b, to identify potential nutritiomelatedplant gers that are
necessary for full pathogen virulence. RNAi knockdownhl.db AAP6(amino acid permea<®
andPHT4 (phosphate transporter g¢nes showed an inhibition of oomycete colonization. These
experiments together advance the study on the intelpglayeen nutrient

assimilation/metabolism in host plants and oomycete infection which will provide insight into
the mechanisms how pathogens intercept nutrients from host. In theefomghis research

could reveal new traits applicable for disease tasce to promote crop and food production.



Understanding the Role of Plant Nutrition on Pl@umycete Interactions
Wei Wang

GENERAL AUDIENCE ABSTRACT

Plants are surrounded by diverse threats from the environment such as pathogens, abiotic
stresses, and animal attacks. Oomycetes are the most destructive group of pathogens, triggering
severe food security issuéthytophthoras an oomycete genus caussgyious economic loss.
Traditional disease control managements including pesticides, crop rotation and culture
practices, are not timer financially efficient due to the difficulty in managing oomycete

spread and oomycete resistance to chemicals. Tieusplant genes for resistance to oomycete
diseases would have a major impact. Plant nutrients are critically important for plant fitness in
every aspect of plant growth and plant immunity. Cellular regulatory networks for sulfur, amino
acids, and phosphagassimilation and metabolism networks connect to every aspect of plant
activity such as functioning enzymes, formation of chlorophyll, synthesis of proteins, and plant
immunity. These nutrients are part of the plant defense system but also can beabenefici

nutrients fed to the invading pathogens. Studying how nutrients are involved in the responses to
oomycete invasions will provide information to introduce resistance strategies into crops. We
utilized oomycete pathogens with different lifestyles to stiryinteractions and found that

some sulfate transporter genes, an amino acid transporter and a phosphate transporter might be
manipulated by oomycete to obtain nutrients. Sufficient nutrition is a critical factor for
successfully triggering plant immumpibut also could be reprogrammed by pathogens for
successful infection and development. Our studies gave useful information to understand which
plant nutrient genes are important during glantmycete interactions. These findings could be
useful in identifing or engineering new plant genes to control plant diseases.
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Chapter 1

Plant-oomycete interactions and plant immunity against oomycete diseases
Abstract

Oomycetesa | s 0o c al | esd ardiageupeflamentous dnd heterotrophécikaryotic
microorganismsOomycetes are fungdike butare evolved from photosynthetic ancestors and
have a close relationship with algae phylogenetically. Three oomycete pathogessd as an
example in this chapter: (Phytophthora capsici(2) Hyaloperonospora arabidopsidi§3)
Phytophthora nicotiana@Phytophthora parasitica Oomycete pathogens are hard to manage
because: (1) they usually have a wide range of plasiis(2) oomycetesieveloped resistance to
chemicalq3) rare natural resistance against some oomycete sp€hese factors make
oomycete the most threatening pathotfext canrdamag ecosystem and food safefhis

chapter summarizes current knowleadglant and oomycete interactions and plant immunity
against oomycete diseases. Finally, we propose three research questions that my dissertation
research addresses.

Oomycete pathogens are destructive and hard to manage in the field

Oomycetesarea growp of filamentous, eukaryote microbist havecloserelationship with
brown algae and diatom®@omycets contain some of the most problematic pathogbatare
threateningplant and animahealth One of he mostdestructive oomycete genasa
Phytophthoa. Phytophthorameaningiplant destroyer i n , v@snaneekby Anton de Bary
in the 19" century[1]. To date,15 specietiave beercharacterizedh Phytophthoragenusand
mostPhytophthoraspeciedawe a broad range of plant host80 years agd?hytophtora
infestanscaused late blight disease resulting in the Irish potato faamdekilled a quarter of
Irish populationback then which has a faeaching impact, even on the Irish population
nowadayg2-4]. Phytophthora ramorurwas first reportedh 1995, and itauss sudden oak
death and brings great threats to a broad range@&peciesAnd there aranore thar820,000
plants listed as highisk hosts accordingp USDA Animal and Plant Health Inspection Service
[5, 6]. Phytophthora soja&riggers dampingff and root rot diseasés soybearand causes more
than 1 billion dollars loss globally every yd@t. Phytophthora capsidiP.cap was first
reportedon chile peppers in 1922 buat large variety ohost plants were discovered later such as
pepper, cucumber, tomato, lima beans, eggplantspamgkin[8, 9]. Phytophthoracan cause
100% loss in many economically important plgdt3]. P. capcaused 772 million dollars lesn
bell peppers annually in the US in 2Q0H0dbillions of dollars of crops and vegetables are under
high risk. Howeverthe disease incidence causedycapcontinuedo increag [9]. The
Pythiumgenus and downy mildevese also notable oomycete groupgthiumis often used as
necrotrophic model pathogerand it is used tetudy JA/ET signaling pathway$l, 12] Downy
mildew pathogens adopt a biotrophic lifestiyalopeionospora arabidopsidiéHpa), is a
naturally occurring pathogen érabidopsisandit is a biotrophic model species to study plant
pathogerinteractiond12].

Oomycete diseagss difficult to controlwith conventional methodsue to multiple reasongl)
Oomycetes show high evolutionary potential to overcome plant immunity; (2) Oomycete are
resistant to broadpectrum fungicide because they are phylogenetically different from fungi; (3)



Oomycetesre easy to disperse and they are resistanatoymanagement methods such as
chemicals and sanitatiom)(Oomycetes generate persistent oospores which can live in soil for
years[7, 13]. Oosporesrethick-walled and spherical spordgtassist oomycete to overcome
severe weather conditiofis4]. Oosporesanalsobe thefirst sources of inoculum in the field,

by germnating when the weather conditions are suitable and generating sporangia which can
produce zoospores. Zoospores have flagella to enable them swim in water and can be easily
disseminated by the environment through rain, wind and irragdtidnPhytophthora

undergoes sexual reproduction which resulting in their diverse genotypes and ¢8hetics
Virulencefactors from oomycetes can reprogram plant metabolism and suppress plant immunity
to exploit nutrients such as mineral nutrients, sugar, amino acids anlligttese factors

increase the difficulties of managifhytophthoradiseases.

Model oomycete pathogenstHyaloperonospora arabidopsidi®hytophthoraCapsid, and
Phytophthora nicotianae

Hyaloperonospora arabidopsidj46] (Hpa) is a natural downy mildew gzogen ofArabidopsis
while only certain isolates ¢thytophthora capsidiP. cap can infectArabidopsig17, 18] P.
capis an obligate biotrophic pathogen whidpais a necrotrophic pathogeflthough with
different lifestylesthese speciesharesimilaritieswhichinclude sexual and asexual
reproductionUnder unfavorable conditions, oomycete reproduces through sexual cycle by
forming oospores throughating béweenoogonium and antheridiurhindera suitable
environmentpomycete reproduce by asexual reproduction through the formation of
sporangiophore and the release of zoospores from sporangiophoreoBptinesand zoospores
cangerminatejand on andinfect plants. Hyphagerminate from spores, penetrate the host
organ,grow and extendntercellularly between plant celland will differentiate specialized
structure called haustonatracellularly into plant cellsHaustoriaareinterfaces for molecubr
exchanges between host and pathogeosexamplepathogen releases effectors into the plants
to inhibit plant immunityor acquire nutrientdAt the end of the lifecyclesporangiophoresr
oospores artormed,whenthe pathogemill enter a new cycle of infection.

RPPgeneqrecognition of Peronospofarasiticajre resistance genes agaidpa and there are
more than 3RPPand putativeRPPgenesdentifiedin Arabidopsig19, 20} In wild-type
ArabidopsisColumbiaCol-0, RPP4confers resistance tdpaisolate Emwal21]. As an

obligate biotrophic pathogehrlpa must rely on living host plants to obtain nutrition to survive.
In contrastP. capandP. nicadopt a hembiotrophic lifestyle which inkides a necrotrophic
stage on dead plant cells after biotrophic growth on living H2ag&isIn 2010,by comparing the
genome fronPhytophthoraspecies withiHpa, researchers fourtlatHpa lackssulfite, nitrate,
and nitrite reductase genasich could be a feature contributingttee Hpa obligate lifestyle
[23]. Thus, plant host cellsan ke the only source fdipato obtain organic sulfur and nitrogen.

Plant defense

Plants haveleveloped variety of physical, chemical, and biological mechanisms to reduce
colonization byinnumerable microbes that threaten plant he&dtin exampleall land plants have
adapted specialized tissues to serve as physio@isa such as the waxguticleon leavesr bark
on treedo obstructpathogen attachment and invasj@d]. Beyond physical protection, indible
plant immure responses play a critical role agaethogens that can bregahysical barrierso
causdanfection. Typically, plant immunity encompasses two major defense programs: pattern



triggered immunity (PTI) and effectariggered immunity (ETI]25]. During PTI, plansurface
pattern recognitiomeceptor{PRRs)recognize a broad rangeiafection signalsincluding

microbe or pathogerassociated molecular patterfdAMPs orPAMPSs) as well aglamage
associated molecular patteix3AMPs). PAMPs/MAMPs are molecular motifs from micropes
which are often conserved among diverse classes of pathagdree assmated with infections
[25]. Exanples includemotifs from theflagellin proteinof bacterialflagella lipopolysaccharides
from Gramnegative bacteria, peptidoglycans from Gpositive bacteria, rhamnolipids from
various bacterial species; chitin, chitosan, and glucan irefuwetl walls and ergosterol in fuiad

cell membranes; and beggucans in oomycete cell wallstc.[26 , 27, 28] DAMPs are plant
structures or molecules that are released fritantcells due to damage caused by pathogen
invasion. DAMPs such as oligogalacturonides, xyloglucans, and cellodextrins are degradation
produds from pathogen hydrolytic proteins acahelicit plant defense responsebenreleased

from plant cell wall§29]. PAMPs such as flg2@r elf18 from bacteria are frequently used to study
PTl-associated activities. flg22, a-2Minc-acid peptide from an evolutionarily conserved domain
of flagellin proteinscanelicit strong immune responses in many plant species and therefore can be
consideed as arii e | 1 [30].tLikewise, elongation factor Tu (EFu) is a highly conseed and
abundant bacterial protein that is a strong PAMP for Brassicaceae plants, including Arabidopsis.
€lf18 is composed athe first 18 amino acids of EFu [31, 32] These PAMPsgan bind directly to
plant receptor proteins PRRs. PRRgoftenreceptotlike-kinase proteins (RLKgjomposed oén
extracellular domain for the perceptiondAMPs/PAMPS, a transmembrane domain to transmit
information from external stimylandanintracellular kinase domain to translate the signal into
downstream events by phosphorylatidrsobstrate moleculd81].

After recogniion of PAMPs by PRRs,lpnts activate a signaling cascade leadingdecuencef
antimicrobial activities such as the production of ROS (reactive oxygen species), stomatal closure,
plant cell wall reinforcement, antimicrobial biosynthesis, hormone regulation, transcriptional
reprogramming of immuneelated genemcludingPR (pathogemelated) protein expression, and
nutrient restriction at the infection sit&3]. PR proteins are a group of multifunctional proteins
induced by all types of pathogens such asifumgmycetes, bacteria, viruses, viroids, and insects
[34-36]. PRproteinsareeitherextremelyacidic or basito betoxic and cause direct damage to
invading pathogens. Moreover, they are major players in systemic acquired resistance (SAR),
which provides a durable and bregigectrum disease resistarj8é].

flg22/FLS:based immune responses can be used as an example to demonstrate the key steps and
complexily of PTI. BAK1 (BRASSINOSTEROID INSENSITIVE “associated kinase 1) isac
receptor for flagellin, while BIK1 (receptdike cytoplasmic kinase) acts as arezeptor in

BAK16s recogni tcandimd toHRLS2fahddBRKAndudhglacpth@ex forméon
amongFLS2, BAK1, and BIK]1 which enableBAK1 to phosphorylate BIK1. BIK1 then will
transphophorylate BAK1/FLS2 to augment signaling. BIK1 is released from the PRR complex and
proceeds to 1) associate wilerine/Threoninérotein Kinasé’BL2, whichis apositive regulator

of PTI, 2) phosphorylatéhe Respiratory Burst Oxidase Proteint@produce the superoxide anions

(/ ) in the apoplasthat will be later converted o / by superoxide dismutasg./ can

further stimulate calcium influx. At the same time, calcium channels on the plasma membrane
open and lead to an intracellular Ca burst which resultsactiation of CDPKs(calcium

dependent protein kinases)erine/threonine kinase family thahsesand translates calcium
concentrations into protein kinase activity. CDPKs are sensitive to a wide range of biotic and



abiotic stimuli 2) induce nitric oxide.( /) synthesis. / can regulat@ther plant hormone
signaling pathways through the transddpal regulatory proteins NPR1 (Nonexpresser of
PathogenesiRelated Genes 1), JAZ/COI1 (Coronatine Insensitaed, EIN3 (Ethylene
Insensitive)38, 39} 3) Activation ofmitogenactivated protein kinase cascades (MARKS)
MAPKSs are serine or threonine kinases that convert environmental stimuli received by plasma
membram receptors into intracellular responses by activating a cascade of kinases to turn on
defenseelatedgened40]. Synthesis of antimicrobial compounds and transcription factors are
induced by MAPK or CDPK cascades aréfurther regulated by plant hormone signaling
pathways.

Different plant hormone signaling pathways interact and influence eachottegulateplant

immune responsed helifestyle the invading pathogens adopt determimbgh hormonas the
protagonisin the immune responsésl, 42] Pathogen$ive eitherabiotrophic, necrotrophic, or
hemtbiotrophic lifestyle based on how aggressivehe pathogercaninfect the hosts and whether
theycan feed omlead plant cells. Biotrophs depend on living plant cells to proliferate, necrotrophs
kill and feed on dead host cells, dmmi-biotrophs can feed on both living and dead ddll3.

The phytohormone salitic acid SA) is involved in resistance agairjsemt) biotrophs, while

the hormones such g@smonic acid (JA) and ethylene (ET) are involved against necrotamghs
insects The SA and JA/ET pathways are often mutually antagonistic to esfficient and

specific responseagainsiparticular invaderf41, 42]

PTI is sufficient to protect plants from most of the pathogens existing in th@emént but not to

those pathogens who have adapted to escape and suppress PTI. Adapted pathogens evolved to
secretevirulence proteins and small RNAs, edlleffectors, that are capable of manipulating plant
signaling disruptingplantimmunity, or altering plant cell physiologyo benefit theiparasitism
Successfukffectors delivered into plantanreprogram susceptibility factors in hosts and topple

the PTI protections in many wayaich aglisturbingPTI signaling, directing plant nutrient
transportowardsinfection sites, and watexoaking in the apoplaf23]. Effectors can be delivered

into the plant cytosol via haustoria from oomycete andifungtypelll secretion system (T3SS)

from bacteria, orltrough needHike stylets fromnematode$33]. The T3SS has been wsliudied

for several granmegative bacterial species. Generally, the T3SS is composed of two major parts:
the basabodyto stabilize the apparatus to the bacteria membrane and the needle filament to
protect and taranslocateeffectors through highly selective hasembrane$43]. The basal body

of the T3SS localizes between the bacterial inner (IM) and outer membrane (OM) and it consists of
a hydrophobic ring structure inside of membranes angh@dAn peptidoglycan mesh in begen

the IM and OM[43]. Inside of the bacterial cytoplasm, there is an export structure to recruit and
unfold effectors powered by ATP hydrolysis catalyzed by ATPases. At the end of the needle
structure oproteinaceous pilus, a hydrophobic, chadikel translocorcanpenetrate the cell wall

and insert into the plant cell membrgd8]. Haustoria mostly exist in biotrophic fungi and
oomyceteg$44]. Haustorias differentiated from apoplastityphaeand itcan penetrate host plant
cell walls but candét break through plasma mem
t hrough haustori a, and some oomgenssucleas dondét g
Phytophthora palmivoraan establisintracellular hypha&hich mayalso serve as an interface to
translocate effectors into hosf45, 46] Although structureand functionality of haustaiarenot
asclear,it is believed that haustoria are the platformdathogens tgsecret effectors into thHeost

cells. For filamentous oomycetes or fungi, apoplast hyphae can ohittiants from the host



extracellular spaceyhile haustoriearebelieved to be criticab rob nutrientdntracellularlyfrom
the host.

Evolved pathogensmploypathways and structurestransportheir secret agents, effectonsto

host cellso regulatesmmunity and metabolismpathways Consequentlyevolved plant hostsan
express correspaling resistance proteins (R proteins) to monitor certain effettrspathogens
which will activate ETI1.The largest and most important class of R protein is NLR consisting of a
central nucleotiddinding site (NBS) and carboxgrminal leucinerich repeats (LRR) domain

and an amingerminal variable domaif#7]. In contrast td°’RRs that are anchored on the plasma
membrane toecognize PAMPS\LRs are localized in the cytoplasm to detect specific effectors
that are translocated to the interior of plant déi& 49] ETI usually triggers more potent
responses than PTI, as exemplified by the hypersensitive response (HR), a type of programmed
cell death (PCD) that restricts pathogens from expanding their infectionHiRas,effective to

fight agains{hemi)biotrophicpathogens who have a close relationship with host plant[66]ls
Some PRR also trggrs plant cell death, for example, elicitin protein cryptogein from
Phytophthoraspecies can be recognized by EBRK1 and trigger HR51, 52] PTl and ETI
cooperate with each other, supporting by the evidenc@®iast required for ETI and ETI alone is
insufficient to induce ROS production atrdjger HR responsd§3, 54}

ETI was describd in the 1950s by the gefm@-gene model and in the 1980s by the receptor

elicitor model predictingthat R proteins directly bind to their corresponding effectors. However,
subsequent research revealed alternative models for the possible interaction modes between plant

R proteins and effectors. These modes are generally described by the guard model and the decoy
model[55,56] The guard model postul ates that R pr o
will be activated when effectors modify thédrgets or be detected by plants. This model explains

how a single R protein can recognize multiple effectors from diverse pathogens: R proteins guard
targets that are manipulated by multiple effectors from the same or different pathogens. However,
the guard mode of surveillance also has limitations from an evolutionary point of view. The

presence of an R protein puts selection pressures on the guardee to physically interact with the R
protein guard, while maint ai niwomgesduresemightuar deeo
conflict. In this context, another mode of surveillaneasdescribed by the decoy model,

predicing that R proteins guard structural mimics of the effector target. These deegysve no

function in plant cells androbablymake nocontribution to pathogen fitness. Their only function

is to lure the effectors into the immune surveillance system. The different surveillance modes of
direct binding or indirect detection via guarding or deams explairthe strong evolutionary

potentiad of plantsto adapt to rapidly evolving pathogesrsd vice versg5, 56]

Questions that motivated my research

After legislation was initiated in the late'2@entury, some crops started exhibiting sulfur
deficiency phenotypesulfur is a macronutrient that is essential for crop production and fitness.
Sulfur is a critical element for plant immunity and pathogen virulence. Elemental sulfur is one of
the oldest fungicides and sulfur atom is present in 1/3 of the existing ilegiSulfur

containing amino acid methionine is an essential amino acid for human nutrition. However,
besides its importance in human nutrition, sulfur is also essential for microbial fithess and
pathogenesis. For example, sulfuration on secretion pagptaignificant in bacteria. Ax21
sulfuration is important for bacterial virulence, biofilm formation, and mo{#&). In this case,



we want to know if sulfur influence plant resistance/susceptibility of oomycete disease. The
answer will reveal the importance of sulfur in plant defénsseptibilityto oomycete pathogens
and strengthen the benefits of human sulfur nutrient from crops.

The most weklstudied nutrient transporter during pkgp@thogen interactions is SWEET (Sugars

Will Eventually be Exported Transporters). There are emerging evidence ghbairSWEETs

are involved in defense mechanisms or hijacked by pathogens fo{S8ga9][60]. Hpais an

obligate biotrophic oomycete that lacks sulfur reductase genes which results in their dependency
on host plant for organic sulfur nutrients. Moreoweifur has a versatile role in plant

development and plant immunity: (1) Plant and pathogen fioglgulfur nutrients; (2) Sulfur is a
reducing agent that can palliate the damage from cell death such as hypersensitive response; (3)
Sulfur is a common element in plant defense compounds. Oveialypothesized that plant

sulfur transport and metalimm are involved in plant defense against oomycete or a susceptible
target for oomycete to acquire sulfur nutrients. We raised the questioich: sulfur transporters

or assimilation genes are major players in plant resistance/susceptibdityare thee sulfur
genesnfluencing pathogen infectiongfow are the plant sulfur genesgulatedn plant
defense/susceptibilityPhe answers of these two questions will lead us to new novel traits to
enhance resilience to oomycete diseases.
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Chapter 2

Sparkling a sulfur war between plants and pathogens
Abstract

Sulfur (S) is an essential nutrient for all living organisms including plants and microbes and is now
considered as a Afourth macronutrient &Giumh.h.or pl ¢
El ement al sul fur was wutil i z €@l, 62]sndaohaimpodanceagr i ¢
of plant sulfur metabolism for immunity was highlighted in the 1980s by disease outbreaks due to
environmental sulfur deficiencies as an unintended consequence of air pollution control measures.
Considerable attention hascused on plant sulfur metabolism during plant immune responses,
revealing diverse roles for sulfgontaining defense compounds that include direct antimicrobial

effects as well as indirect but critically important roles in interaction with plant hormones
protective redox metabolism, pesanslational modifications, and detoxificatif§8]. Moreover,

recent studies are opening exciting new lines of inquiry into the-pldfur-pathogen interface.

To begin with, genome analysis has revealed a surprising diversity in the mechanismis throu
which pathogens obtain sulfur from their hosts during infection. For example, certain lineages of
obligate oomycete and fungal phytopathogens have lost the capacity to assimilate inorganic sulfate,
implying a dependence on haftrived, organic sourcesf S for nutrition [23, 64]
Transcriptomics has uncovered variations in the modes of S uptake and metabolism during
pathogen infection cycld65]. Functional genomics of pathogen virulence proteins points towards
mechanisms through which the paglen is directly manipulating plant genes to facilitate nutrient
acquisition[66]. Finally, mounting evidence indicate that plants can interpret sulfur deficiency as

a signal of pathogen invasi¢®i7] and can withhold sulfur from pathogens as a component of the
immune responsg8-70]. This aspect of Acompetitiono is
represents a major area of growth in our understanding of the interrelated nature of pathogen
virulence and plant immunity60, 71} Contrasting withiraditional perspectives that focus on S
antioxidant and antibiotic functions, we provide a panoramic viewutitir in plantpathogen
interactions that encompasses sulfurdéds bioche
and from nutritional &lue to its involvement in plant defense or pathogen virulence.

1. Introduction

Tracing back during earthods history, about 2.
luxury of free oxygen as it has now. Organisms éxagtedaround 3.5 Gyrgo mostly likelywere

living in a largely anaerobic environment composed of wétdr,and . . However, the
environmental conditions changed dramat-i cally
mass dependent (NMD) fractions in the sedimentary racksleemed as an indicator of

atmospheric conditions of the distant pdste NMD of sulfuris usedo estimate the oxygen

levels of the prevailing environment millions of years.afwe distinctively decreasing levels of

sulfur NMD was observed frormedmentary rocks after 2-4.3 Gyr ago indicate the occurrence of

the GOE. This imlsomanifested by the discovery of sulfur sediment in the geological records with
the emergence of oxidized soil as well as the disappearadcé @vhich is a main component

pyrite [72-74]. Increases in atmospheric free oxygen promoted thalerce of sulfur in its most
stabilized form, sulfate, which is believed to be the only sulfur nutrient that plants can absorb from
the soil. The GOE event provided a great opportunity for the expansion of life, including the
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emergence of plants, animadsd other eukaryotic organisif¥?]. However, this expansion of life
on earth haprovedadoubleedged swordLife forms that were previously exempt fincoxidative
stresses were then faced with the threat of highly reactive oxygen species\R{0B)s

generated from oxidative reactions. Living organisms from all domains, even for anaerobes,
require metabolic enzymes to reduce the damage caused byNR@Bly, many reducing

activities are sulfur dependdmtcause of its chemical featurrs periodic table, @ifur is in the
oxygenfamily and certainly haa relatively highoxidative functions. Nevertheless, located on one
more period than oxygen, sulfbonds can be created and destroyed easily so that sulfur is much
less electronegative than oxygen anchitstably share electrongith other elementand presents
reducing powe[73]. This property of sulfur makes it a reducing agent that can mitigate damage
from oxidative stresses. Accordingly, sulfur is an essential element for all organisms, including
plants: sulfur metabolite networks connect to every aspect of plant activity such as functioning
enzymes, formation of chlorophyll, synthesis of proteins, and ptantnity. Sulfated peptide
hormones are regulators for plant growth and development process, plant immune responses and
those in pathogens are related to pathogen virulgia¢eThe various research and big data related
to sulfur metabolism regulation are integrategi7is.

Theimportance of sulfur as a defeasdated element has been studied since 1802, when William
Forsyth recommended elemental sulfur as an effective fundi@ld&?2] Likewise, sulfur as a

required nutrienhas beefknown since 1860 with the discovery of nutritional value of sulfur for
plants and proposal to add sulfur fertilizer for crop nutrient ng&ts7/8] Since then, the

importance of sulfur in plant immunity and resistance against diverse pathogens have been further
highlighted. Later in 1980s, the Clean Air Act mandated to redufig sumissions from industry

in Europe, a piece of legislation to protect human and environmental tvealnforced

However, unintended consequences on agricultural productivity were soon apparent as some high
sulfur-demanding crops developed sulfuridieincy symptomsand became more susceptible to
infections. For exampleulfur-deficientoilseed rapglantsweremoresusceptibility to

Pyrenopeziza brassicabkewise, application of sulfur fertilizer on crops decreased disease
incidence and severityaased byP. brassicagl eptosphaeria maculanandHyaloperonospora
parasitica[79).Consequently, in the-ieaarulcyedl 3EGEg,sttame et
coined by Schnug et al. 1995 describe the enhanced resistance from sulfur applid&@sd3].
Additional historical notes on sulfur deficiency in cr@mslthe relationship between sulfur

nutrition and plant disease have been documented in these revimles[84, 85] Plants as a

sessile being, developed physical barriers to insulate themselves from pathogens dagleredti
immune system to fight with invading pathogens. The immune responses include nutrient
remobilization to starve the pathogens, production cértief compound to restrict pathogen
expansion, oxidative burst to limit pathogen growth, induce the expression of dedtated

genes, etf24, 25] In the following sections, we will summarittee current understandings of

plant immunity, sulfurcontaining defense compounds in ptaathogen interactions, and sulfur as

a nutrient in plantesistance/susceptibility and pathogen virulence/avirulence.

2. Sulfur-containing defense compounds
2.1 Elemental Sulfud

3 was the first fungicide applied tsopsandwasthe most widely used fungicide against fungal
and bacterigbathogensn the early 20th centuyd3]. 3 in plantsexistsmostlyin the form of
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octasulfur3 (Fig. 1). This structireis thermostatically stable and not soluble in weelis
presumedo bereleased from thiolsuch as ysteineandglutathiong/62, 86} Its biosynthesis

and metabolism pathway are still unclear. The observati@igpathogen infections can induce
3 productionledto a hypothesis th& is a possible pftoalexin[62, 87] 3 application to soil

or plants presents more advantages over sulfate fertilizers as a sulfur[ddlirdetive defense
from 3 has been detected in five plant families: Leguminosae, Malvaceae, Solanaceae, and
Cruciferae, Sterculiaceae. Tomato and cocoa presented a higher [Bvél af/lem under
incompatible interaction witN'. dahliee while no3 was deteted in multigenic resistance of
strawberry challenged by the same pathogedahliae There is no evidencghowing3 has
antimicrobial function against oomycetes. SimilaByshowed no detrimental effect &
solanacearunf62], so i1 tdés overall i mportance remains t

It is believed tha8 , as a lipophilic agent, can enter the cell membrane of {88¢20]. Being
strongly electronegative and as a strong hydrogen rec8ivaam disturb the mitochondrial
respiration chain in pathogens resulting in the generation of hydrogen s(lfigle( 3 triggers
high levels of oxidative stress andadsic to living cells[90, 91}

2.2 Hydrogen sulfid¢ 3

( 3in plantsis producedrom the sulfateassimilation pathway catalyzed by sulfite reductase
(SiR) and is believed to be important for crop nutritional quality and tolerance to biotic stresses
[44]. Although( 3is a watersoluble and toxic gas, ig an activesignaling molecule in animal
and plant cell$92] [93]. In plant cells ( 3 can be released from cysteine in plastids,
mitochondria, and cytosol. ftas been associated with the regulatioplofsiological processes
such as stomal closure and photosynthesis in pldi®4]. Plants synthesize endogengus3
underno stresgbut its synthesis can be highly induced urtletic stresg95, 96] For example,
Sclerotinia sclerotioruninfection induces high amounts (f 3 during infection of oilseed rape
[97]. Transgenic fants modulating the expressions of exogenous treatmegts3afonor. A ( 3
and scavengdrypotaurineare used to study 3functions[98]. LCD/DCD (cysteine
desulfhydrase) ian enzymeegulating( 3 biosynthesisArabidopsis pretreated with H2S donor
. A (0B overexpressing LCD/DCD present more productiof & resulting in more resistance
against bacteria. The plants treated Witl8 scavenger, hypotauritdT, or knockdown
LCD/DCD present the opposite phenotype, substantiating the influence of this compound in
plantpathogen interactiorf99, 100]

( 3modulates signaling pathways that confer plant resistance such as hormone signaling,
signaling ad ( / signaling pathwaygLO1, 102] ( 3 can react with oxidized molecules swah

( / as areducing agent. It has been proposed tiatan modify proteins podtanslationally
through persulfidation or-Sulfhydration which transforms thiol group$H) into persulfide
groups {SSH) resulting in more nucleophilic and reactive paisl[i03]. ( 3 also disrupts cell
respiration as an inhibitor of cytochrome c¢ oxidg€®]. In a low oxygen environment such as in
plant xylem vessels, root tissues, bacteridilog, pathogens that are unable to detoXify3 face
growth inhibition by( 3[105]. More detailed mechanisms of the biochemical process are still
unclear. Plant hormones such as SA, ABA, JA, ahdlete promoté 3 accumulation in guard
cells, which leads to stomatal closure to restrict pathogen [@dfryBacterial pathogens such as
Xylella fastidioseand Agrobacterium tumefaciersave evolved pathways to detox{fy 3 emitted
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by plants by oxidizind 3into sulfite through the conjunction of a sulfur dioxygenase with a

sulfite exportef106, 107] ( 3 emission from plant defense can cause excision of mobile genetic
elements fronPseudomonas syringae pv. phaseolicdlae genome modifician by ( 3 is
believed to be related to paf98logends ability

2.3 Cysteine

Cysteine is the first amino acid in the sulfur metabolism pathway (Fig. 2§ amtaecursor for all
sulfur-containing compounds includirig 3in plants.( 3can induce persulfidation of cysteine
residues in protein which is a pdastnslational modification to activate 3 downstream signaling
pathway[105]. Cysis animportart functional amino acidndaredox switch108]. Moreover,
Cysplays an essential role in plant immunity. Under stresses, ROS accumulate leading to
reversible Cys thiol oxidations into sulfenic acid@H) and disulfides (8SR&) whi ch can
further oxidized into irreversible pradts such as sulfinic acid {802H) and sulfonic acid (R
SO3H)[109]. The® oxidation processes modify protein structure and thus change protein
function. A recent study identified proteins that underwent Cys oxidation in Arabidopsis during
ETI and summarized that most proteins in ETI proteome have one or more sensitivesCys site
[109]. Cys biosynthesis takes place in the plant cytosol, plastidsnaochondria, and can be
subdivided intahreesteps (Fig. 1)(1) the synthesis of precursordetylserine (OAS), (2) the
reduction of sulfate to sulfide, and ) incorporatiorof sulfide into OAY110]. Cys

homeostasis maintained by the tight regulation of i®synthesigind degradatiorEnzymes

such aserineacetyltransferasesAT), O-acetylserinelyase (OASTL), and cysteine desulfhydrase
(DES) are involved in the regulation of Cys homeosfddi$-113]. Plans contain various SAT,
OASTL, and DES enzymeSAT and OASTL families are responsible f@ysaccumulation while
DES family is responsib for Cys reductionSAT catalyzes the synthesis of OAS from serine and
90% of its activity is detected in mitochondr@ASTL catalyzes the combination between sulfide
and OASmolecules and 80% of its activity is found in the chlorodtas4]. DES catalyzes the
degradation of Cys intsulfide, ammonia, and pyruvatethe cytoso[113, 115, 116]DES and

( 3involved in SA signaling pathway and activation of pathogeretided proteins in plant
immune responsg&05].

Mitochondrial cysteine is responsible for the detoxification of cyanide which is required for plant
responses to pathogei@ytosolic cysteine homeostasgssmportant forplant immunity (Fig. 2)
[117-120]. Increased cysteine contept®mote plant resistante pathogenasal (cytosolic
OAS-A1l defective mutantand desl (cytosolic DES defective mutants) affect the expresfision
defenserelated transcription factorpathogerrelated proteinsand the poduction of antimicrobial
compound glutathiong21]. des] with elevated Cyds more resistant to bactemdile oasal

with reduced Cyss more susceptible. The phenomenon can be explained by two possible
mechanisms: (1) Cysteine is a precursor for SDCs biosyntbesial contains decreased SDCs

(3 and GSH) from cysteine while desl contains increased SDCs; (2) Cysteine is a rederiting ag
influencing host tolerance to oxidative burst:-edsaccumulates more R&@@nerated cell death
while desl is more tolerant to oxidative stresses. For hypothestm&B] has 2428% decrease

and desl has a 14% increase of an SDC, GSH, cofit@idfs GSH deficient mutants present more
susceptibility to some pathogefi®2]. The importance of GSH will be discussed in the following
section.

2.4 Glutathione (GSH)
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The sulfurcontaining antioxidant glutathione (GSIs)derivedfrom cysteine (Fig. 2)GSHwith
the formulao-glutamatecysteineglycineis a lowmolecularweight thiol. GSH acts asradox
buffer protecing plants against oxidative damage&SHis also a major player in plant immunity
[123, 124]with multiple functionsacing as asignalmoleculean antioxidanfor immune
response andetoxification of heavy metals. GSSG is the @medform of GSH GSSG contains
disulfidebonds formed from two thiol groupsovided bytwo GSH molecules. The GFESSG
ratio is a marker ofhe redox state of plant celldnder oxidative stresses, the GSH/GSSG ratio
will decreasendicating excessive prodtion of ROS[125]. Fundamentaplantresponses against
pathogens include tissue nesis and restriction of pathogen growiithough he induction of
ROS isan effectiveway to restrict pathogenROScan also be detrimental ptants Plantstightly
regulateGSH levelsduringthe immure responses to protect plastllsfrom ROS damagésSH is
presumed to form GSNO which can be employed as a NO donor anddistarice signaling
molecule through phloefd26]. NO moiety reacts with Cythiol group and the addition of NO to
Cys is called Sitrosation which causes immunelated protein structure modification and
functional changefL27]. [126] lists plant immunity proteins that are indirectly or directly
regulated by Shitrosation.

Pathogen infectionsmiduce GSH accumulati§h28-131]. For example, Hibiscus chlorotic ringspot

virus (HCRSV) can induce sulfur metabolism pathwaylsast cellsmanifested byncreased
transcriptionlevelsof ul f i t e oxi dase, s ul fphosphosulfaekimasd a s e ,
leading to elevate@SH conten{l132]. Similaly, TMV induces GSH biosynthesis Micotiana
tabacumthrough a pathway involvingPR and GSH1133]. GSH-deficient mutants are more
susceptible to some pathogens. PddbD2gene encodes a 92 glutamyl cys
catalyzes the first step in GSH biosynthesis. Several indepestdeigs have shown that

mutationsimo gl ut amyl cysteine synthetase confer enhsea
pathogens and pedt22]. For examplethe GSH deficiengin pad21 mutant impaired plant

resistanceo the oomycet@hytophthora brassica¢he bacteriunPseudomonas syringaand the
insectSpodoptera littoraliglue to reduced GSH 24, 134] The reduction in SA production, ROS

levels, defense gene expression, and secondary metabolite production (e.g., camalexin and indole
glucosinolates) contribute pad216 s v ul ner abi[l2B8,135] t o pat hogens

In addition to its role as a protective antioxidant during the immune response, GSH also influences
the regulation of immune response genes. For exarg$é] participates in the SA signaling
pathway byactivating theNPR1 protein (Non-expressor of PR1), vich is a master regulator of
immune gene expressidNPR1 is inactive and oxidized by default, comprisingteatmeiinked by

four disulfide bond$136]. This tetramercan be reduced to monomerth thiol groupsunder biotic
stressMonomeric NPR1 is an ace form that can enter the nucleus wheresirecruited to the
promoter regions of the defense genes. Itis suggested that GSH does not directly redy¢8 NPR1
However, GSH/GSS ratio is an indicator of cell redox status and its level correlates to NPR1
conformation change from oligomers to mononf@®a8]. The resulting monomers can then enter
the nucleus and activate downstream defense genes. For eXa@fles,a group of transcriptional
repressorsn oxidized form. Upon infection, it is reduced and forms a complex with monomeric
NPR1to dismiss the repressiqgh39]. Figure3 showed a schematic mechanism of how NPRL1 is
activated and regulates immuredated genesVithout biotic stresses, the two forms of NPR1 are
in homeostasis and a small amount of monomeric NPR1 entersdieeis\which is degraded by a
ubiquitinrdependent proteasome pathwdapder biotic stressethe cell redox potential changes and
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favors the production of monomeric NPR1 and SA molecules. NPR1 is phosphorylated in the
nucleus and is a receptor for SA. NRBA complex is recruited to the promoter region, binds to
TGA, and deactivat es T GAIBY Witheu stimuli, c)isteime residuesd e f e
of TGA form disulfide bonds to preclude interaction with NPR1. Upon stimuli, the same cysteine
residue will be reduced by-@utathionylation such as the covalent attachment of glutathione to
cysteine residue, to assi¥BAL binding ability[140, 141] Phosphorylated NPR1 has a high affinity

with the CUL3 E3 ligase protein complex which mediates NPR1 degradation. The accelerated
turnover of NPR1 promotes the expression of NIPRR, 143] A most recent study showed that
NPR16s ability to sense cell redox status i s
enrichment, which is consistent with the observations of the enrichments of glutathione pathway
components such as glutathiongr&sferase F6 (GSTF6), and glutathionahsferase TAU 19
(GSTU19)[144].

GSH also works as an-&om donor to the biosynthesis of another SDC: camal@xd&-147].
Camalexin will be discussed in section 2.7.

2.5 Glucosinolates

GlucosinolategSgl ucopyranosyl thi ohydr oxhioglacose mojety, GSL s )
a sulfonated oxime moiety, and a variable aglycone side chain derived from amamliploaacid.
Aglycone side chai ns-anano aecidiMorde ¢han 38 diivem stductureS,e r e n t
classified into aliphatic (AG), aromatic, and indolic (IG) GSLsehbeen catalogdd Arabidopss.

Pungent crops in the order Brassicales such as cabbage and nhastardigh levels of
glucosinolates as secondary metaboliless-150].

Glucosinolates are synthesizdd novoupon pathogen infectioand the metabolism pathway of
glucosinolate is shown in Figurg#51]. Native glucosinolates do not have antimicrobial activities;
rather, theantimicrobial forms are produced bynyrosinasecatalyzed hyddysis of GSLs itmo
isothiocyanates (ITC), sulforaphane, and benzyl isothiocyafid&i2]. Pathogen infectianinduce

GSL and myrosinase levelgl53-155] RhizobacteriumBacillus amyloliquefacieng GB03)
promotes plant growth by augmenting sulfusiaslation and accumulation in Arabidop$ib6].

GBO03 treated plants have an induced level of aliphatic and indolic glucosinolates contents and
present more resistance to the insect Spodoptera exigua (beet armyvaim$ulforaphane and

other isothiocyanates have potential medical values to suppress tumor growth and treat Helicobacter
pylorii caused gastritis arefomach cancdi57].

ITCshave a central carbon isothiocyanate boNEC=S)that can interaatith sufhydryl groups,

amino groupsand disulfide bonds amino acids such as lysiaedcysteineor the phenolic group

of tyrosine[158]. | TCs can change proteinsé tertiary s
pathogens (e.g., to inactivate enzymgE}9]. However, nitrile from ITC hydrolysis is not
antimicrobial[160]. ITCs confer resistance agatrpathogens such Bseudomonas syringaand

the fungiFusarium oxysporumBotrytis cinereaAlternaria brassicicola etc.[160-162]. Mutants

that are AGITC deficient present lesgsistance t@8otrytis cinereavhile mutants that overproduce

show more resistancd.60]. The demical structures of ITCs (e.gside chain elongation and
modification of ITCs)influence antibiotic efficacy{155]. Application of longchain ITCs on
pathogens provides more inhibition of fungal radial growth than shbrta i n | TCs Wi -
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methylsulfinyloctyl ITC being the mosffective inhibitor toSclerotinia sclerotiorum Another
modi fication of | TCs, me SSlsglerotiorungooath[k59].| |l TCs, d

In addition totheir antimicrobial effects, GStanactas signaling molecules in PTI responses. For
example IG3-S pathways encompassibgpsynthesis, methoxylation, and hydrolysigre shown

to be required fofig22-induced callose depositida restrict bacterial gnoth [151]. The mechanism

of how glucosinolate affects callose deposition is stiltlear.

2.6 Sulfurrich proteins (SPRs)

SPRs arsmall proteins with disulfide bonds and antimicrobial activity. SPRs can be classified
into three major classedefensins, thionins, and other related polypeptides, based on the variations
of primary anino acid sequences and their distributifi®3]. Alternaria brassicicolanfections
augment metabolisms in Arabidopsisigrhinduce the expressions of defensins and other SDCs
[164]. Most of the SPRs are localized in plant cell walls so that they can counteract invading
pathogensn the gpoplast. The common structure, disulfldlends in SPRs upport pr ot ei n
tertiary structuresMutation of the disulfide bonds in SPRs disrupted cell death and resulted in
suppressed plant defense respofis@S]. Thionins are only found ihigher plants while defensins
exist in plantsinsects, mammals, and mollusksghty defensin genes (PDFs) warlearacterized

in plants and 13 of them wefeund inArabidopsis encoding 11 different defen$i@6]. The

numlers of disulfide bridges varied between plantd other kingdomd$lants defensegeptides

have 212 cysteine residues forming disulfide bofité7]. For exarple, he heveidike,

antimicrobial peptides sweet peppeandlatex both contain 8 disulfidinked cysteine$168].

PDF1.1 and PDF1.2 are induced in Arabidopsis under pathogen infH@&nPDF11 canbind

iron cation under pathogen infection utilizing sulfur (S) atoms as an electnon @obind& A

and& A which can lead to the induction of the JA signaling pathway. Mufiigel.1 without
cysteine residue showed decreased affinity with iron indicating cysteine could be a direct binding
site for iron. Moreover?DFL.1was proposetb bean iron scavenger carrying iron away from
infection siteso make a staationnicheandrestrictpathogen growtfil69]. Thionin genes are
another category of sulfuich, pathogeanduced proteins. Overexpressiof thionin genes makes
plants more resistant to nematode, falngacterial, and oomycete pathogéhg0-175]. The

toxicity from thionins against pathogeissassociatedavith theirinteractions with thenegatively

charged head groups of phospholipids in pathogemeatibrane$l76], disruptingcell

membrane integrity.

2.7 Phytoalexins

Phytoalexins are a group of antimicrobial compounds that are synthdsizedaunder biotic
stress andlistributerapidly throughouthe infection sites. Usually, they are suliantaining
antioxidantswith toxicity to pathogend?athogensantriggerthe synthesiof phytoalexins such as
brassinin and camalexja77]. Camalexin (2hiazol20-yl-indole) was initially identified in
Camelina sativaand is the most important phytoalexin in Arabidop$is7]. Camalexin is derived
from tryptophan catalyzed by cytochrome P450s enzymes. Camalexin is edeeRiHl andits
biosynthesis genes can be induced by a wide range of MAMPs or DAMPs sulahta=ell walt
derived oligogalacturonides, chitos&magcterial flg22 pomycete necrosis, and ethylenducing
peptidel (Nepl)ike proteins and bacterderived peptidoglycarRAD3 (CYP71B15) catalyzes
the final step in camalexin biosynthegpad3mutants with less camalexin production exhibit more
sensilvity to pathogens with different lifestyles including biotrophic, necrotrophic, hemi
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biotrophic, and herbivordd78]. However, the susceptibility causedgsd3mutation is
dependent on pathogems=d3present more susceptibility Adternaria brassicicolabut no
influence onPseudomonas syringaeerenospora parasiticaor Erysiphe orontif179, 180]The
mechaism of antimicrobial function from camalexinusclear but it is known to disrupt fungal
cell membranegl81, 182]

In summary, slfur-containing compounds as antimicrobiaés/e beerstudied from different

angles: defense mechanisms, critical synthesis pathivalyare relatetb antimicrobial activities,
connection with signaling pathways, and pathogen responses to the compounds. Athwough ur 6 s
importance in both PTI and ETI i®w well established, much remains to be learned about
mechanisms. It is worth noting that the success of plant immunity is not only related to the
generation of defense compounds but is also related to the restriction of nutrient supply to
pathogens. A gming body of evidence suggests that plants and pathogens compete for nutrients,
including sulfur. Sulfur nutrients in pathogens must be obtained from the host plants so plant sulfur
metabolism and transport can influence plant resistance to pathogersariiip gendés vi r ul
strategies. These topics are covered in the next section.

3. Examples of how pathogens obtain sulfur and its relation to pathogenicity
3.1 Sulfur metabolism in baata

Bacteria and plants share similar sukgsimilation pathways in general but also differ
significantly. For example, some bacteria easimilate both inorganic and organic sulfur, while
plants can only assimilateorganic sulfur (e.g., sulfate}or bacteriasulfateis theprimary sulfur
souce while xenobioticssulfonates (R3 /) and sulfate esters {R-3 /) are minorsources
Sulfonates and sulfate esters are abundant in soil organic matter. For example, sulfonate comprises
37% of total sulfur quantity in some sediment and humic substance sdt§3g3Nhen sulfate is
limited in soil, these compounds serve as backup nutrients for bacterial assimilation. Bacterial
sulfate metabolism pathways were first studieBscherichiacoli (E. coli) andSalmonella
typhimurium[184, 185] In E. coli, sulfate is transported into bacterial cells byAdifP-binding
cassette (ABGJypetransporterSulfateis integrated intédAPS and PAPS through CysDRysDN
consists okulfate adenylyltransferas@TP sulfurylase subunits, and APS kin&eC. PAPS is
further reduced to sulfite by PAPS reductase CysH and further reduced to sulfide by sulfite
reductase, cycJl and cysG. Thiosulfed® also be assimilated by bacteria throtmbsulfate
permease cysUWA and cyshhiosulfate willbeusedfor S-sulfocysteine biosynthesis which can

A summary of SDCs

x Elemental sulfur is one of the oldest fungicides

x Hydrogen sulfide makes plants more resistant to pathogens

x Cysteine playsentral role in plant immunity through regulating SA signaling pathway
glutathione levels.
Glutathione protects plants from oxidative damage

x Glucosinolate hydrolysis products and phytoalexins display antimicrobial activities

x  Sulfur rich proteins canréictly or indirectly defend against pathogens through varied
mechanisms

be converted into cysteine by releasing a sulfate under an unknown mecha8&m
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Sulfur metabolites have been validatedraportant forbacterialpathogenicity. hrp

(hypersensitive reaction and pathogenicity) genes encode components of type Il secretion systems
and aranvolved inthe secretion opathogenigroteinsand controlling theéranscriptional

activation ofbacterialvirulence genesPlantapoplastic sugaand sulfurcontaining amino acids

such asnethionine, cysteine, and cystjrege necessary to induce hrp expresdiang bacterial
infection[187]. Somesulfur-containing amino acidis apoplast present in low level atigkir

assimilation pathways iR. syringaeare incomplet¢188].

Sulfurationon secreted proteins/peptides from pathogens is an importastgosational process
to control the physical interactions between these proteins and their receptors. One keystone
example is the sulfuration of a tyrosine residue in proteins. Tyredifugation on human
chemokine caeceptors CD4 and CCRS5 is required to bind tchilan immunodeficiency virus
The recognition process is beneficial for the entry of HIV into targeted[t883. Sulfurationis
crucial for bacterial virulence activities. For example, the sulfated peptide Ax21 from Gram
negative bacterixanthomonas oryzgev. oryzae(Xog). Ax21is important for virulence, biofilm
formation, and motility57]. AX21 is recognized by a PRR in rice called XA21. XA#®&diated
immune responses argygered by the sulfuration of AX21 which are mediatecKbpraxP, raxQ
andraxST. These proteins harbor ATP sulfurylase and APS kinase functionsyipahesized

that RaxST binds to PAPS produced by RaxP and RaxQ and transfers a sulfuryl group to Ax21.
They are also responsible for sulfurization on secretion peptides such as PR6 and RaxX.
Sulfuration of avirulence factors required for XA21 and othePRRs tarecognize secretl
peptides fronXoo[190-192].

3.2 Sulfur metabolism in fungi

Like bacteriafungi cantake upboth organic and inorganic sulfur. Not orfdy/  , but also more
reduced forms of inorganic sulf@r/ , 3/ ,3/ and’Y can be transported into fungi

[193]. Moreover organic sulfur in the forms of amino acids or peptidesbeaassimilated by
fungi [33]. Sulfur metabolism is associated with fungal pathogenicityThe.plant pathogen
Puccinia striiformis f. sp. tritictranscriptome data indicates that then8thylmethioninethe
permeasdike geneis expressed specifically in haustofi®4]. Thesulfur assimilation pathway is
essentibfor the virulence of some plant pathog¢h35-197]. For examplelMet6 is a methionine
biosynthesigiene is critical for pathogenicity in tomato leaf mGlidhdosporium fulvunandthe
rice blast funguslagnaporthe oryzafl 98, 199] Met6 mutantsvere deficient in appressorium
mediated penetration and invasive infectious grqd@8]. Two enzymes responsible for
methionine biosynthesis, Cbll (Cystathionbeta lyaspandMsy1 (a Methionine synthase), are
both important for the virulence & graminearun{200].

3.3 Sulfurmetabolism in oomycetes

Sulfur metabolism in oomycete plant pathogens is not as well understood compared to bacteria and
fungi. However, several lines of evidence support its importsBwéatepermease (SulP) domains

are ovetrepresented in oomycete pathogens compared to other eukd@@gite$-or examplethe
averagaedomain abundance ¢#®R011547 Sulphate transporters in oontgée 13.5 while in all

species is 8.58This point wadurther validated by comparing the genomes of two oomycete
pathogensPhytophthora infestangemibiotrophic) andPythium ultimun{necrotrophic) with the

genome of fungi pathogeviagnaporthe oryzaf202]. There are 16 SulPs R infestans@and 10 in
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Py.ultimumwhile there are only 6 iM. oryzag202]. Thebiological significance of having a
relatively large sulfate permeagene familyin oomycetes is unclear but suggests that sulfate
uptake is precisely regulated.

Non-obligate oomycetes can assimilate inorganic sulfate by sulfate sulfurylase. Tramscripti
profiling of Py. ultimumandP. infestangn different infection stages suggested that sulfate
assimilation islevatedn the necrotrophistage duringpotatotuber infection. Genes that are
responsible for the reduction of inorganic sulfate into @ystesuch asulfate sulfurylase, APS,
PAPS, sulfite reductase are inducBdInfestansulfur metabolisnprofiling in the necrotrophic
stage resembles thatBy. Ultimum[65]. The elevation of sulfur metaboliseould lead to two
possible hypothesis (1) suffassimilation is accelerated from &dplants during the necrotrophic
stage; (2) oomycetes demand different amounts of and different forms of sulfur in different life
stages during infection due to the deviation in sulfur gene expressions.

3.4 Inorganicsulfate is not a necessity for obligate biotrophs

Sulfide, cooperating with @cetylserine (OAS) or @cetylhomoserine, is a necessity to

synthesize cystein@he assimilation of inorganic sulfate into sulfide to produce cysappears

to bedispensabléor some oomgetes and othgrathogenic microbes. Some obligate baateri

protistan parasite, fungi, and oomycetes lost the sulfate assimilation oper@xample, the

obligate oomycete downy mildew pathogéfza and fungl rust and powdery mildew patheigs

lost a key gene fanorganic sulfur assimilation pathwayith the degeneration of sulfite reductase

[23, 203] The obligatevhite rustoomycete of Arabidopsiglbugo labachiiis deficient in sulfite
oxidas€g[204]. These findings suggest that obligate pathogens developeeémfstrategies to

obtain organic sulfur nutrients from hosts that are less erengyuming and beneficial to their

fithess. Becausthese pathogendepend totally on host plants to obtain organic sulfur nutrients, it
leads us to ter unanswered questior(®) What sulfur metabolism pathways do obligate pathogens
target in plant hosts to obtain sulfur and benefit their feeding strategy? (2) What defense strategies
didplantse vol ve t o bl ock obligate pathogensd sul fu

4. Evidence for comptition for sulfur betweenplants and pathogens

Recent evidence suggests that plant immunity triggers nutrient remobilization in plant tissues,
aiming at reducing nutrient availability to pathogelRer example, global transcriptome
comparisons in bacterR syringaeexposed to PTio the datan the early naive infection stages,
revealed that 16 bacterial sulfur importers including importers of alkanesulfonate, taurine, and
sulfateare induced wén the bacteria are growing in Pinduced leavef68]. Moreover, bacterial
catabolism genes for sulfonates and taurine were also induced in response to PTI. Because these
are sulfur starvation responsive gerths,authors hypothesized thatlRimits the sulfur resources
and triggers sulfur starvation i syringag183]. Sequestration of sulfur nutrient in apoplast
could be a part of PTI regulation to restrict bacterial replication. However, the sulfur starvation
phenotypes observed could also be explained byaB3dciated oxidative bursts in plants and
bacteria decreagke damages through ireulfur cluster cofactors which are related to the
induction of genes from sulfur assimilation pathways. These two hypotheses are not mutually
exclusive and additional research is necessary to define the physiological causelfdiitisérass
response in this interaction.
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Additional evidence of sulfur starvation in pathogens during infection is observed in
Colletotrichum gloeosporioidg€gm) on roundleaved mallow. cgars (Colletotrichum
gloeosporioides arylsulfatase) is an auifistase enzyme responsible for degrading sulfur
containing compounds to supplement sulfate availability under sulfate starvation environment.
cgars transcription is induced in sulfur deficiency condition and repressed in sulfur replete
conditions. Becausef its stability, high level of induction under sulfur starvation, and minimum
level under sulfucontaining environment, the cgars enzyme is widely utilized as a reporter gene
for sulfate contents in many microorganismsClym cgars was maintained ahggh level in the
biotrophic stage but decreased during the necrotrophic stage of infectious growth if20&hta
This indicates that during the early stage of infection, the pathogen was under a sulfur starvation
stress which was overcome gradually as the pathogen continued gnolagta

The mechanism through which plants restrict sulfuhatinfection site remains to be determined
but might involve plant sulfate transporters. One potential candidate gene is tomato sulfate
transporter 2 (ST2). ST2 is a higffinity transporter and is responsible for sulfate uptake from the
soil. ST2 is ao a sulfur starvation responsive gene in tomato roots. ST2 is induced by flagella but
repressed by effectors during infection®Pseudomonas syringd@8, 70] PathogerVerticillium
dahliaealso induces ST2 and another high affinity transporter LeSinltomato206, 207]This
expression pattern indicates that induction of the sulfate assimilation pathwaghsed in PTI
responses andstcan counteract this mechanism. However, it is unknown whethentgtizated
transport is important for immunity. Data frat2 mutants is critically important to address this
guestion. Additional followup questions includehat pathways PTI utilizes to regulate ST2; does
Pstinduce equivalent transporters in other plants, like Arabidopsis AtSULTRs; what other
components from the sulfur metabolism pathways besides transporters are involved in PTI; why
and how is ST2 expressicuppressed yst?

At the same time, host nutrient metabolism networks can be a target of virulence factors, perhaps
to counteract the plantsd attempts at nutrien
transport and metabolism has been extensively studiédrthamonasiice interaction$58].
Xanthamonascquires carbohydrates from the host apoplast as energy resources by manipulating
rice sugar transporter genes called SWEETs (SMydr&ventually Be Exporteld Xanthamonas
induces the expressions of SWEET genes in rice to promote efflugarf sito the apoplast, to

benefit bacterial fitness. The bacteria activate SWEET genes by secreting transcription activator
like effectors (TAL) that mimic plant transcription factors to activate targeted genes. OSSWEET11
and paralog OsSWEET14 are twowance targets of TAL effectors frokanthomonas oryzae

[208]. Xanthomonasnight also use a similar strategy to manipulate sulfur transpoctBLS256

is a sequenced strain with 24 TAL effectors identified. The effdcitig targets a sulfate

transporter OsSULTRS3;6 in rice and causes lesion expansion and bacteria ex66atitime

ortholog of OsSULTR3;6, iPopulus trichocarpgPtSultr3;5) has high transcript accumulations
during the symbiosis with the funguaccaria bicolorand with the compatible and incompatible
interactions with the fungal rice pathogdelampsora laricipopulina[66, 209] It remains to be
studied if PtSultr3;5 is a virulence target of pathog&isbal gene expression profiling Bt

infected Arabidopsis planshowedhat sulfate transporters along with genes encoding
glucosinolate pathways in plants were induce@bwgcteria phytotoxioronatine (COR)COR
promotes bacterial virulence in many waysanstructurallymimic JA andnduce stomatal

opening for the entry of bacteria, reduce the biosynthesis of secondarycsuifaining
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metabolites such as glucosinolate to suppress SA signaling pathway to inhibit callose deposition
[210, 211] A largescale screen for protein interactions between Arabidopsis and b&gtarad
oomyceteHpa showed that a hub protein LSU (Low Sulfur Upregulated) was one of the most
significant targets by effectof812]. LSUs are involved in plant responses to esvinental
challenges such as sulfur deficiency and plant pathdg@ég@s 213] ATP sulfurylase is a direct
interactor with LSUs in planta and other sulfietabolism genes are in LSU network. It is

unknown if the LSUeffector interactions are related to sulfur competition between plants and
pathogen$76, 214]

In summary, PTI can induce sulfur metabolism in plants and trigger sulfur starvation in some
pahogens to suppress pathogen growth and disease development. Adapted pathogens can
overcome PTI by targeting sulfur metabolism pathways by secreted toxins or proteins. There are
still questions that remain to be investigatedi@pth: (1) What mechanism gtants utilize to
translocate sulfur away from the pathogen or (2) how do the evolved pathogens manipulate plant
sulfur metabolism and transport to obtain more sulfur from host plants; (3) how do plants
balance the synthesis of sulfur compounds to be fasgrant immunity while restricting sulfur
nutrients obtained by pathogens; (4) what sulfur nutrients do pathogens need to obtain from
plants?

5. Summary and future prospects

Plants are static organisms threatened by pathogens existingsurtbending environment and
they canét run away from the challenges | i ke
immune systems to battle against pathogens. PTI and ETI provide protection to plants through
chemical, physical, nutritional defensend programmed cell death. Sulfur nutrients are
indispensable for crop fithess and production in many ways. Sulfur is an important nutrient
required for plant growth as well as an active element to reduce oxidative damage. Its importance
in plant immuniy as a fungicide has been studied since the early 20th century. Since then, the
antimicrobial functions of multiple SDCs were well studied and applied in agriculture.

Nutritional competition between plants and pathogens is not well understood. It isyatomth

that the nutritional resistance started being uncovered such as recent studies revealed that
pathogens target host sulfur sources to satisfy thaiitional requirements and the host

Immunity system cuts the supply of haldrived sulfur sources trestrict pathogen development.

Figureb depicts a schematic modwlsulfur competitiorwithin a generic plarpathogen
interactionThe knowl edge about these pathways wil|l
plantpathogen interactions.

Six questions arise identify the mechanistic interactions between plant sulfur metabolism
pathways and pathogen infections.

1. What are hostlerived sulfur sources that can be utilized by pathogens?

2. Which sulfur metabolism pathways in host plants influencetptacrobe interactions?

3. How is sulfurtaken upby biotrophs? What are the sulfur metabolism pathways in

biotrophic pathogens?
4. How do pathogens, especially biotrophs, manipulate host plants to obtain sulfur nutrients?
5. What are theeffectors involved in olatining sulfur nutrients from host plants?

21



6. How can we utilize information such as the pathways the pathogens attack in genetic
engineering to improve crop security?

Sulfur nutrient acquisition of human pathogens has been well studied and some dtithe sul
metabolism pathways were used as targets for therapeutic intervention. With sulfur already known
to be irreplaceable in plant health and pathogen virulence, unraveling the mechanisms of how
sulfur or sulfurcontaining compounds influence plgrdathogerinteractions will provide us with

more genetic information to be harnessed for genetic engineering and generating pathogen
resistant crops through developed genetic engineering techniques.
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Figure 1. Chemical structure of S8the most common and besknown allotrope of sulfur
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Figure 2. Important sulfur metabolic reactions in plantpathogen interactions.Synthesis of the
metabolites labeled in red can be induced in response to pathogens to function as antioxidants to
reduce the damage from oxidative burst,-amtirobial compounds, or to restrict nutrients supplied

to pathogens.
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Figure 3. GSHchanges the cellular redox status under pathogen attack and participates in the
activation of major transcriptional regulators of plant immunity.

(A) Without external stress, the transcription factor NPRL1 is present as a large cytoplasmic oligomer.
A smal amount of NPR1 will be reduced into monomers facilitated by thioredoxin and GSH. (1)
The small number of monomers are translocated to nucleus. They are recruitedlto PR
transcriptional regulatory region but cannot interact with the transcriptionassepreGA, thus the
defense gene RRis not activated. (2) Subsquently, monomeric NPR1 is ubiquitinated by the CUL3
E3 ligase protein complex and degraded by 26S proteasome. (B) Upon pathogen attack, SA and
GSH accumulate, resultsing in a more reducedrenment that promotes the monomerization of
NPRL1 by reduction of disulfide bonds. Monomeric NPRL1 is translocated into the nucleus. (3) NPR1
monomers are phosphorylated and directly bind to SA to form a dimer. The dimer interacts with the
transcriptional epressor TGA and activate defense responsive genes such -as HRR
unphosphorylated NPR1 can also bind to the transcriptional region and trigger expression of immune
related genes. (4) Phosphorylated NPR1 has high affinity with the CUL3 E3 ligase pootgiex

which mediates NPR1 degradation by 26S proteasome thus the degradation of NPR1 is accelerated.
The rapid turnover for of NPR1 is replacing the old NPR1 with new NPR1 to promote the
transcription cycle of both NPR1 and ARSpoel et al., 2009).
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Figure 4. Pathogen infections induce glucosinolate biosynthesis pathways through MAPK
cascade and hydrolysis pathways catalyzed by myrosinaddnder pathogen attack, a MAPK
signaling cascade is induced to promote I3G accumulation from tryptophan pahdagSL
production from 13G. 13G can also be derived from phenylalanine, which is also a precursor of
salicylic acid. Myrosinase catalyzes the hydrolysis of GSL, and its expression is also induced during
pathogen infection. The breakdown products, isotfdoates (ITCs), are broagectrum defense
compounds against pathogens, nematodes, insects and weeds.
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Figure 5. A holistic model of the sulfur nutrition relationship between plant and pathogen.

Sulfate is taken up by plants and reduced into sulfur containing compounds for various biological
processes. Pathogens can siphon sulfur metabolites from hosts. Some sulfur compounds are part of
the immune responses, (1) acting as direct inhibitors dfogah growth or (2) inducing defense

gene expressions which can include (3) nutritional restrictions to pathogens. Adapted pathogens can
secrete effectors to (4) manipulate host sulfur transport to promote nutrient acquisition and
metabolism and (5) inhibimmunity by disrupting defense gene expression.
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Chapter 3

Plant sulfur transport and metabolism influence oomycete infections
Abstract

Mineral nutrients are important factors in plant growth, development, reproduction, and fitness.
Oomycetes are eukaryote miavoganisms that include some of the most notorious pathogens
threatening agriculture and food safety. Sulfur is a common elemerdst of the plant

produced antimicrobials but is also an essential nutrient acquired by pathogens from host plants
during infection. To date, the relationship between sulfur status and plant susceptibility from a
nutrient perspective is still unclearpesially for oomycetes. We useétyaloperonospora
arabidopsidisas a biotrophic oomycete pathogen of leaves, along with thellietrophic
pathogerPhythophora capsidiP. cap as a root pathogen, aAdabidopsis thalianas a host

plant to investigate th@fluence of various sulfur concentrations (sufficient sulfate: +S and S

and deficient sulfateS) and sulfur mutants on the plasamycete interactions. We optimized a
hydroponic system to manipulate sulfur concentrations and successfully createdreamiio

for sulfur deficiency {S), sufficient sulfur (S), and excessive sulfur (+S)conditions triggered
induction of sulfur deficiency biosensors, indicative of a sulfur deficiency response. Moreover,
sulfur deficientplantsweremore susceptible tamnlent P. capand less resistant to aviruldfipa
Emwal. Contrastingly, plants inr& environment were less susceptible to virulépa Noco2.

Two alfate transporter mutantsultr2;1 andsultrl;2, wereless resistant tblpa pathogens

Emwal and less sosptible to Noco2, indicating thaultr2;1 andsultrl;2 contribute to plant

defense. The immune marker gene PRas induced byS and byP. capandHpa Emwal

infections. SurprisinglysS compromised cell death Hpa Emwal infected tissues. PR

induction but cell death suppression-B plants duringdpa Emwal infection suggested th&

triggers systemic acquired resistance (SAR) which is supported by therféldction in root

tissue. Finally, RNAseq data analysis dthytophthorainfected Arabidopsist O, 3, 6, 12, and

24 hpi revealed that nearly 10% of the genes induced genes by Phytophthora at 3, 6, 12, and 24
hpi are sulfuirelated genes. Overall, these results demonstrate that sulfate uptake and
assimilation play an essential role in plant resistance and susceptibility under oomycete infection.

Introduction

Oomycetes (water molds) are microorganisms that include sorhe pfdst destructive
pathogens for crop production and food security. The oomfatethophthora infestansaused
Great Irish Famine in the T@enturyandit was one of the first plant pathogens that promoted
the establishment of plant pathology as aigls® [215]. Chapter 2 introduced the features of
oomycetes and provided examples of distinguishable dathad oomycetes cause in
agriculture.

Sulfur is an essential element for all living organisms. Sulfur nutrients affect crop growth,
development, and plant immunity. Sulfur containing amino acids in crops are indicators to
evaluate crop quality. Sulfureficiencies in the environment reduce the production of sulfur
containing proteins which consequently decreased nutritional i@Lé<£18].

Plants take up sulfate from soil by sulfate transporters in root tissues. Sulfate can be assimilated
and reduced into sulfur containiesgmpounds oremobilizedto othercellular compartment or

plant tissuedy othergroups ofsulfate transporters (Figulg. Plant sulfate transporters are
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specialized, membrarecalized proteingdentified asO symportes because lower PH
enhancssulfate uptak§219]. There are 12 sulfate transporters identifredrabidopsis. Plants
take up sulfate from the rhizosphere by hafhinity transporters SULTR1;1 and SULTR1;2 in
root epidermal cells. Sulfate in roots is transported to leaves by SULTR2;1, SULTR2;2 and
SULTRS3;5that ardocalized in in xylem parenchynead pericycle cells in roots. Sulfate in both
root and leaves can be transported to plagydSULTR3;1, SULTRS3;2, SULTR3;3 and
SULTR3;4 or stored in vacuddy SULTR4;1 and SULTR4;that ardocalized inthetonoplast
membrand220].

Sulfur deficiency has become a problem after the enforcement of clean air actsvetach
intendedto reduce sulfur emissions in theé@@entury. With sulfur emission decreased, sulfur
availability in soil wasalsodecreasedrhus, sulfur deficiency impaired crop quality and
production. Crops under sulfur stresdibited reduceglant growth and chla@osis appeadon
leaves especially on younger leavEZ1]. Crops with less sulfur supply halver nutritional

values for example, methionine (Met), the essential amino acid for human beings, would show a
lower quantity under sulfur deficien¢®22, 223] Brassicaceae species have a high level of
glucosinolates and their derivatives which are responsible for a distinctive aroma or tastes and
health benefit§224]. Although sulfur deficiency-8) in crops can be reduced by the application
of fertilizers, the timingfertilizer typesand the amount to apply the fertilizen®critically

important for its efficiency but they adfficult to control for different cropand under different
weather In this case, genetic modification and manipulation were suggested to alleviate sulfur
utilization efficiency in economic croj825, 226] Understanding the mechanism of sulfur
regulation pathways is a key to solve the problems related to sulfur deficiency.

Sulfur homeostasis and regulatipathways have been extensively studied in the model plant
Arabidopsis Sulfur deficiency ¢S) inhibits the development of lateral roots and root $igP7,
228]. -S responsiveeguldory cis elementstranscription factors and miRNAs that are
responsible for regulation undes, wereidentified, including SURE element, SLIM1 and
MiRNA395[218]. SLIM1 is a member of EIL (ETHYLENENSENSITIVE3-LIKE) family, and
it is upregulated during sulfur deficiency which in turn induces the expregEsulfate
transporters (SULTR1.2, SULTR1.1, SULTR3.4, and SULTR4.2) and a myrosinase gene
catalyzing glucosinolate biosynthef?4 8, 229] miRNA395 is induced byS which candown
regulate sulfate transporter SULTR2.1 and the three homologousAR8&APS3 andAPS4
encoding the APS enzynji230, 231]

APSA4(ATP sulfurylag 4) andSDI1 (Sulfur deficiency induced 1) are twbiosensas of sulfur
deficiency stress. Sulfur is a central element for plant metabsbgiants have a complicated
pathway to balance sulfur pools undgr Cysteine (Cys) is the first sulfur containing amino acid
in sulfate assimilation pathway, and OAS-&Ceylserine) is a precursor for Cys biosynthesis
and a signaling molecule und&[232]. Sulfur limitation alters OAS levels aPS4andSDI1
were identified to be an OAfsponsive gend233-235]. APS4 is involved in the first step of
sulfate assimilatiomvhich catalyzegshe reaction ofnorganic sulfate with ATP to synthesis

a d e n o phosphosfdif236]. A d e n o sphasghosoIflles the first sulfur containing
compound in sulfate metabolism pathwAyd e n o sphasghosé6lfaliean beutilized in two
divergent pathwaygl)p hos phor yl ated i nt o -phésph®sul{ate)whichp hoad
is a strong sulfate donor for macromoleculé2)rfurtherreduced to sulfle which will be
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incorporatedvith OAS to form cysteineAPS4 is an APS family membethose expressiorae
sensitive to sulfur levels in the environmei@.will induce miRNA395 levels which negatively
regulatesAPS4 APS4is suppressed by under miRNA395 regulation to reserve sulfaben
beingincorporatedinto sulfur metabolite biosynthesj237]. Brassicaceae includir&rabidopsis

has a high level of sulfuGSL is he most abundant sulfur compouratgitakes 10%30% ofall
thesulfur containing compounds in Brassicaceae. SDI1 negatively regulates GSL in root, leaves
and seedf238]. As asecondargulfur containingnetabolite¢ GSL biosynthesis will be restricted
under-S conditionthrough the induction ddDI1 to suppress GSL levels Arabidopsig239].

SDI1 does not respond to any other nutrient deficiency such as nitrogen, carbon, potassium,
magnesium, and phosphoruiug, SDI1 is apecificindicator for sulfur deficiencj240].

Beyondthe regulation of sulfur assimilation and metaboligmder sulfur deficiengyplant
diseasesusceptibility wasnduced in many cases a result ofeduced sulfur availability.

Enhanced resistance against pathogens from the application of sulfur fextiizeduced
resistance against pathogérmsn sulfur deficiency stressegeresubsequentlyeported63, 164,
206, 241243]. The altered resistange sulfurdeficientplants could bedue tothe lower levels

of sulfur containing defense compourttatare involved ipathogen perceptiotriggering
hypersensitive response, signal transductollimitation of pathogen growtfrom their

chemical properties. Plants utilize hormones to modulate and shape plant immunity against
pathogens with different lifestyles and infection strategies, including biotrophy, necrotrophy and
hemtibiotrophy[244, 245] Biotrophic pathogenextendintercellularlythrough hyphaé plant
tissues and invaginate intracellular haustoria to feed on host cells while necrotrophic pathogens
secrete toxins to kilhost cellsand feed othedead cell§245]. Phytohormones salicylic acid

(SA), ethylene (ET) and jasmonate (Bkgthe center of the signaling pathwaysd the most
well-studied hormoneis plantpathogen interactior{g1]. Different hormone signaling

pathways crosstalk with each otheor example, SA antagaes JA, ABA and auxin signaling
while JA and ABA repress SA signaling in tU@2v6]. This strategy ensures thdaptscan

efficiently fend off different pathogenby prioritize the specifitiormone signaling pathway
according to pathogen lifestyl@/hile JA ancET activate resistance against necrotrophic
pathogensSA signaling pathway is predominantly involved in repelling (R#srotrophic
pahogens both locally and systemicdlB47]. Mobile molecules such as methyl salicylate and
SA trigger a series of early defense activities includes the inductdefefise genes such as
pathogenesiselated proteisincluding PR1 [248, 249] With local and systemic defense
accumulation, a wholplant defense ckad systemic acquired resistance (SAR) is induced where
PR-1 plays essential rolg¢247, 249]

In this study we optimized a hydroponic system to manipulate sulfur concentrations and
exami ned s ul domycebasfectionspViecgtiantified the relative biomass of
oomycete pathogerda capandHpausing Tagman-4PCR and quantified the expressaof
sulfate transporter, assimilation genes, and the SA markeReheising reverse transcriptase
g-PCRon plants treated with different sulfur concentratiortsen we compareldpa biomass
and sporulation on sulftrelated knockout mutants witkrabidopsiswild-type Cot0. Next, we
examined cell death of plants undigga Emwal infections with different sulfur supply using
trypan blue staining. Finally, we analyzed Ri$8q data oArabidopsisPhytophthora
interactions from NCBI and founddahl10%of all the significantly induced genes by
Phytophthoraare involved irsulfur transportassimilationand metabolismThese data
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demonstrate the importance and complexity of sulfur transport and metaboAsabidopsis
oomycete interactions.

Results
Establishment of sulfur-excess, sulfursufficient, and sulfur-deficient environments

To manipulatehesulfur supply to the plant, we optimized a hydroponic system that ertaleled
precise control of nutrient concentrations appliedrabidopsisecotype Col plants in a sterile
environmen{250]. A schematic of the hydroponic system is shown in Figure 2A-s#i@hgth
Murashige & Skoog Basal Salts without suliveis used as basal medium and sodium sulfate
was added to the growth media to reach the target concentr&dase oravailableliterature,

we selected 200fM sulfate aghe concentration foexcess sulfate, 508M and 100mM as
sufficient sulfate medim, and 251M and 10nmM as sulfurdeficiencymedia.The hydroponic
96-well plates were made from sterilized mixture508% agarosandliquid mediawith

different sulfate concentrationsach 96well platewasplaced intca petri dish with 25ml liquid
media withcorrespondingulfate concentratioasit is onthe plate One orwo Col0 seed were
sowed into each well and grown in a growth chamber for two weeks before being transferred to
tip boxes that contains 500l sterile liquid media with the same sulfate level. Plant samples
were collected after growing mseries oulfate concentrations for another 2 weeks. Plants in
10nM -S media were smaller than those in +S or Smgtplants were healthy for pathogen
infectionswithout diseassymptomgFigure 2B).

To further confirm the establishment-& condition, wausedg-RT-PCR to quantify the

expressions ofS bio-marker geneSDI1, APS4andSULTR1;1(Figure 2C). Samples in different
sulfate concentrations were collected and RNA was extracted for cDNA synthesis. The transcript
levels of sulfur deficiency marker genes were quantified-BfePCR using SYBRGreen as a
probe.SDI1(Sulfur Deficiency Indaed 1) is a sulfur repressor negatively regulating GSL
biosynthesisSULTR1;1(Sulfate Transporter 1;1) is a sulfate transporter expressed in the
epidermis and cortex of Arabidopsis roots that is responsible for sulfate uptake from rhizosphere
[251]. -S inducesSULTR1;1to promote sulfate uptake from the environmeftinducesSDI1to
suppress the bigathesis of secondary sutfmetabolites and prioritize the biosynthesis of

primary sulfur metaboliteR35, 251] APS4is a gene expressing plastatalized ATP

sul furyl ase which activates s[Ad36]f-adumresdBS4f or m
to prevent sulfate transformation into APS so that more sulfate is reserkeep sulfate
homeostasif252]. As a resultSDItranscriptional levelsvereinduced over 100 and 766Id
respectively in plants under @81 and 10rM sulfate compared to plants under BBDsufate.
SULTR1;1was induced over 30 and 18fld respectively in plants under 28 and 16riM

sulfate compared to plants under BBDsulfate. APS4transcriptonal levelwassuppressed to

half the amount in plants underr@ sulfate compared to plants under B8Dsulfate. The

observation of reduced growtBDI1andSULTR1;lexpression induction and the reduction of

APS4 apressions in 1®M plants validated the establishmensaffur deficiencyenvironment.

Disease resistane or susceptibility under sulfur-sufficient and sulfur-deficient
environments

After the confirmation of successful establishments of +S, S&nde did pathogen biomass
assays to test whether plant resistance against oomycetes is promoted or supyresgads
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sulfur concentrations. We planted wild typeabidopsisCol-0 seeds in hydroponic plates
containing different sulfur contents for two weeks and infected plants with oomycete spores.
Avirulent and virulenHpa strains (Emwal and Noco2) and vimi&hytophora capsidiP. cap
LT263 were usedor infections We quantified the biomass bpa Emwal onwvhole leaf tissue
and sporangiophore cowdn cotyledon(Figure 4A) P. capLT263 on Arabidopsisroottissue
(Figure 4B) anHpa Noco2biomassonthe whole leaf tissu@-igure 4C) We collected samples
at 6 dpifor Hpa biomass quantificationisom 5 biological replicatesvhile collected samples at 1
and 2 dpifor P. capbiomass quantificationfsom 3 biological replicatesAfter we collected
infected plant tissuasndereach treatmeritom at least three replicatd3NA extraction was
done from infected plant tissues whichpathogen biomass was quantified b GR using
Tagman as probeB, capITS region tandicatepathogen biomass ardabidopsisACT2to
indicateplant biomasssaninner referenceFor gPCR, we normalized pathogen DNA to plant
DNA to estimate pathogen relative quantification on plants. For the sporangiophore counts, we
sampleds0 seedlings for each treatment from three technical replicates and repeated the
experiments for five biological replicatddpa Emwalpresented nearlysevenfold higher
relative biomass quantification at 6 @gmidtwice thesporangiophore counat 7dpion -S plants
compared taontrolS plantsSimilarly, P. capbiomass increased nearly 2 times-8rplants at 1
dpi (days post infection) andf8ld at 2dpi onS plants compared to control S plaiiswever,
the opposite phwtype was observed with viruleiHpa Noco2 interactionHpa Noco2 biomass
waslessabundant orS plants than on +S and S plants at &dgh Hpa Noco2 biomass
presented more than 900 times on S plants tha® @hantgFigure 4C). The error bars
represent the standard deviation of ¢h@ t meanfrom all the biological replicatesnd the
asterisk sampldabels thesamples with significant changes compared ta¥®0@om single
factor ANOVA ( =0.05).

Sulfur transporter deficient mutants are less resistant tétHpa Emwal and more susceptible
to Hpa Noco2

To check if sulfur transport or metabolism influenem infection, Hpa biomassassays were
conducted orirabidopsismutantsthat aredeficient in sulfur transport or cysteine metabolism.
The mutants and wiltlype Col0O were grown in soil for 12 days before they were sprayed with
the same amount éfpa sporangiospores. Both avirulent and viruleipia strains Emwal and
Noco2 were used fahe bioassays$ipa-infected samples were collected at 6 dpi for DNA
extraction or for sporangiophore count (FigureNbjitations insultrl;2 andsultr2;1 presened
significantelevatechumbes of bothEmwal sporangiophos@nd Nocoziomassompared to
wild-type Cot0. Sultrl;2andSultr2;1contentchangé Hpa growth andHpafavors plants with
reducedSultrl;2andSultr2;1function, possibly due to thiewer levelof sulfate contentastlA
mutantplants weresignificantly less resistatd Hpa Emwalthan Coi0 suggestinghatcysteine
reductionfavoredHpa EmwalgrowthandOASTLA is a possible geneontributingto plant
resistage Thesultr4;1 mutantwasshowed less susceptibletipa Noco2suggesting Noco2
may hijack vacuole sulfate benefitits infection The other mutants didot showa significant
impacton Hpa growth compared to wildype Col0.

Hpa Emwal infection does not influenceexpression of sulfur genes in leaves

To test whetheHpa Emwal induces host plant sultglated gene expression, we performed g
RT-PCR to quantify théranscript abundanas -S marker geneSDI1andAPS4as well as
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sulfate transportetSULTR1;2andSULTR2;1on leaf and root samples under water (mock) and
HpaEmwal treatments at O dpi and 6 dpi (Figure$)25M and 10vM) conditions induced
SDI1by nearly 6 cycles anHULTR1;2by around 3 cycles while suppresggeS4by around 4

cycles in the leaf samples (Figure 6A). However, there is no significant difference of sulfur gene
expressions betwedipa Emwal infected and water motieated plants. InterestingI$D11,
SULTR1;1SULTR1;2andSULTR2;1showed at least twe the amount of relative transcript

levels inHpa Emwattreated samples compared to water ravelated samples in both S a1
samples (Figure 6B).

HR response inducedvascompromised in-S leavesdut PR-1 was inducedby -Sin roots
and leavesunder Hpa Emwal infection

Hpa Emwal favors plants with less sulfate and does not influence the transcriptional levels of
sulfate genes in the leaf tissue. Howew§ga Emwal induced the transcriptional levels of

sulfate transporter or assimilation geneshe root tissue. We examined whether the decreased
resistance byS could result from alterations in the hypersensitive response (HR), which is a
cellular mechanism plants adopted to inhibit the spread of pathogen infections by inducing
programmed cellehth at the infection site. To assay the HR, we performed trypan blue staining
to observe cell death in plants under different S concentrations (Figure 7A). The HR cell death
lesion counts were reduced-f& conditions (26M and 10vM) compared to +S and &nditions
(Figure 7B), indicating that the HR is inhibited under conditions of sulfate deficiency.

Sulfur deficiency modulates salicylic acid signaling pathwakrabidopsig67]. Accordingly,

we hypothesized tha$ possibly influenced systemic acquired resistance which induced sulfur
transporter and assimilation undépa Emwal infections. To test 45 influenced immune
responses, we quantified the expression levels of the SAR markePgeheRoot and shoot

PR-1 gene expressions were quantified separately-By-6PCR (Figure 8)PR-1 gene

expression was robustly induced{8/andHpa Emwal in roots and leaveBR-1 expression was
induced both locally and systemically, suggesting 18atoud trigger SAR undeHpa Emwal
infection which likely triggered the induction of the sulfur genes expressions in roots (Figure
6B).

RNA-seq data of Phytophthora and Arabidopsis interactionseveals pervasive
upregulation of S-associated genes during infeiin

We used RNAseq data analysis to identify genefirabidopsisthat are differentially regulated
during Phytophthoranfections following the workflow in Figure 9. Previously published,
publicly available RNAseq data of ArabidopsiBhytophthoranteractions were obtained from
NCBI Sequence Read Archive (SRRB3]. Data undePhytophthoranfection with SRA

accession SRP253869 (bioProject: PRINA609590) were downloaded and converted into the
fastq format using SRAToolkiSTAR was used to generate reference index and Featurecount
was used to map the reads onto reference genome. Around 90% of total reads were successfully
assigned alignments which around 0.1% were unassigned no feature counts. The unassigned
counts possilylresulted from the unmapped reads fi@hytophthorao the Arabidopsis

reference genome. We used DESeq2 to do statistical analysis on read counts and identified
differentially expressed genes un@®rytophthoranfections. There were 938 upregulated genes
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and 456 downregulated genes at 3hpi, 1052 upregulated genes and 368 downregulated genes at
6hpi, 801 upregulated genes and 381 downregulated genes at 12hpi, and 743 upregulated genes
and 739 downregulated genes at 24hpi (Figure 10). The number of uprdgydaes peaked at

6hpi while the number of downregulated genes peaked at 24hpi. Waer&31 genes thatere
significantlyup-regulatecat all four timepoints and nearly 10% of them are sui@lated genes

These sulfurrelated genes are involved ialfair transport, sulfur assimilation, and sulfur

metabolism. Thé& ¢ RT values of these genes at each timepoint are displayed in the heatmap
(Figure 12). These genes are categorized into 4 groups: (1) sulfur transport and assi(@ijation
glutathione netabolism pathway$3) glucosinolate metabolism pathwa4) methionine, serine

and phytoalexin metabolism pathways. Not only sulfur related genes, but pathogenesis related
genes were alsoighly inducedoy Phytophthoranfections, includinddMAMIT, PR-1, putative

PR1, PR6 and othePRgenes (Figure 12).

SULTRs expression undelP. capinfections

To confirm thatP. capinfection influences plant sulfur metabolism and to better understand how
sulfur levels influence gene expression dufhgapArabidopsisinteractions, we quantified the
expressions of sulfate transporters edanarker genes in responsdPtacapinfectons under S

and-S at 1, 2 and 3dpi (Figure 13). There are three biological replicates of each treatment under
each timepointSDI1andSULTR2;lexpression levels are the slightly induced by double stresses
(-S stress anB. capstress) (Figure 13). TheRT-PCR result indicates th& capinfection

augments the sulfur deficiency responses@didTR2;1andSDI1 possibly contribute to plants
induced susceptibility t&. cap

Discussion

Sulfur is an active element in plant defense and plant development. However, some biotrophic
pathogens lost sulfate assimilation ability which contributes to its biotrophic lifestyle. Our
research used reverse genetics to identify potential susceptistames genes through disease
assay, realime PCR, trypan blue staining and RNA sequencing. We observed alterations of (1)
pathogen growth on plants with different sulfur levels or sulfur gene mutations; (2) sulfur
transporter and assimilation gene expi@s, (3) defense gene expression and cell death.

External sulfur supply on plant-pathogen interactions

Sulfur is an essential element to maintain fithess of living organism including both host plants
and pathogens. Sulfur assimilation and metabolisrmaodved in plant growth and

development. For example, sulfur is a building block in the biosynthesis and metabolism of
protein, chloroplasts, coenzyme, vitamins, etc., which participate multiple biological processes
such as photosynthesis, respiratiamnfation of cell structurg218]. The chemical propees of
sulfur contribute to its versatility. Sulfur is a notably active element and is aldadbwith

almost all the known elements except for the inert gi&&e. Sulfur is multivalent and its
oxidation number range fror2 to +6. As a result, sulfur is an important reducing ageahitan

most stabilized S formY () his the nutrient form that plants can absorb from the environment.
Although other sulfur compounds can be remobilized throughout the plant, sulfate is still the
most abundant sulfur form in xylem and phloem [&%]. When colonizing, oomycete

pathogens rely on plant hosts as a sink for sulfur nutrients. For the obligate biotrophic pathogen
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Hpa, the host plant is the only sulfur resource sidpa lacks sulfur reduction abilitf23]. For

host plants, sulfur is absorbed for its own development and fithess. With pathogen invasion,
plant hosts induce complicated immune responses incltidéngduction of defense compound
biosynthesis, programmed cell death (HR) and restriction of nutrient remobilization towards the
infection site. HR causes necrosis that results in cell death to inhibit pathogen extension. Low
covalent sulfur, as a redug agent, is involved in HR restriction to minimize the harms to

healthy tissues. Consequently, sulfur related activities in plant hosts are presumed to profoundly
influence plarfoomycete interactions. However, it is still unclear that how sulfur conditio

hosts impact pathogen colonization andchisulfur genes are involved in plant responses

facing oomycete infection. Because of the extensive involvements of sulfur in plant
resistance/susceptibility, pathogen virulence and avirulence and the ppisibaxtivities for

both plants and pathogens, it is of-pathogelat i nt
interactions. Initially, we manipulate sulfur supply to plants and pathogen invasion, by culturing
plants in distinct sulfate conceations: 2006M as +S, 500 and 188 as S and 10 a$.
Establishment of this system enabled us to understand how sulfur supply influences oomycete
infections and sulfate assimilation and metabolism.

We used the hydroponic system to control sulfur sufmpfrabidopsis and we confirmed the
success of sulfur concentration establishments by observing and comparing plant morphology
and marker gene expression during different sulfur treatments (Figure 3). We found suitable
sulfur concentrations to represet®, S, andS conditions for our hydroponic systeAfter 2

weeks of continuous sulfur treatments (+S, S,-&)dplants grew to distinct sizes between +S/S
and-S. Under-S, plants grew slower than plants in +S and S in accordance with previous
studies.The growth rate and sulfur gene expressions between +S and S treated plants are
indistinguishable, probably due to the precise regulation of sulfate uptake from the rhizophore
and the amount of sulfate taken up in both conditions were similar. To fuaidaite the sulfur
deficiency conditionsSDI1andAPS4were used as marker genes to assess physiological
responses to sulfur deficiency (Figure 3B). Transcriptionally, there are clear cutafPSaf
reduction andsDIlinduction between plants under 28 and 10mM, and plants under 50€M

and 100nM and slight cutoff between plants underrd and 10mM, and plants under 2000

mM. In our hydroponic system, 28M and 100rM sulfateappeat o def i ne a At hr esh
betweenS and S and 200@M has the least @ration in those gene expressions indicating the
plants are under the highest level of sulfur egfatesent excess supply.

The success of establishing various sulfur conditions pave a way forward to study how sulfur
content impacts plardomycete interaons. We used virulerR. capLT263 to infect root

tissues along with avirulefitpa Emwal and virulentipaNoco2 to infect leaf tissues (Figure 4).
-S makes plants more susceptible to the virulent oomyPetesplLT263, less resistant to
avirulentHpaEmwal and less susceptible to the virulent oomyideNoco2 under10uM

sulfur. However, although 10®1 and25nM showed-S responses, these plants did not show
less susceptible phenotype as underM ®ut rather, slightly more susceptibility under h®0

and 2%M compared to 50@M. This probably because that sulfur is essential in antimicrobial
synthesis and ndént source foHpa. Less sulfur means less antimicrobial synthesis which is a
resistance factor and less nutrient source+fms which is a susceptible factor. Under H0

and 2%, the slightly decreased resistance probably because that insufficiemtestiial
synthesis weigh more than insufficient nutrient source during the interactions urrddr 10
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Phytophthorauses sulfate as a primary sulfur nutrient, but it can use a wide range of organic
sulfur[256]. Hpahas an impired ability to reduce sulfite due to the absence of sulfite reductase
and oxidase. The less resistance to Emwal and more susceptilflitgapin -S plants could
possibly result from the decrease amount of sulfur containing defense compounds. Elementa
sulfur, cysteine, methionine, glutathione, glucosinolate, defensins and thionine are sulfur
containing defense related compounds. Continuous sulfur deficiency will decrease the levels of
these SDCs. The importance of these SDCs was described in Chapter r2sult is further
validated by the decreased resistance aglipaEmwal observed osultrl;2 andsultr2;1

mutants. The decreased amount of Noco2 biomasS ptants could possibly be due to the
lifestyle of the pathogen. Virulekipaisolate Noc@ presented less virulent e8 plants while

P. cappresented more virulent 68 plants than +S/S plantdpaNoco2 is a virulent pathogen

on landrace Arabidopsis GOlwith no corresponding RPP genes to recognize corresponding Avr
factors and confer resistan@57]. Noco2 establishes biotrophic interactions with-Gdly

producng intracellular structure haustoria which is a platform for pathogen to obtain nutrients
from host plants. With limited ability to reduce sulfur during sulfur assimilakiga must rely

on plants to acquire essential sulfur nutrig@8j. With the ability to evade plants immunity
surveillance and the signature biotrophic lifestyle, Noco2 aneD@uitritional relationship

would be the dominant relationship over plant defense/pathogen virulence relationship. Sulfur
plays an important role in seting virulent factor$190-192]. With less S supply, Noco2 could
present less virulence due to the insufficient sulfur nutrients for growth, development, or
secretion of virulence factors.

SULTR1;1 is localized on root and guard cells in leaves. It is responsible for taking up sulfate
from the environmenSULTR1;ltranscription accumulation is induced by sulfur deficiency in
roots and is more induced h capinfected roots and suppressadeaves at 3dpi (Figure 7B).
SULTRA4;1 localizes on the tonoplast and its expression on roots is indueatéginfection

while noninfluential changes bf. capwere observed at 3dpi on leaves. Plants deficient in
sultr4;1 are less susceptible to @dut have no influence on Emwal. This suggests that
SULTRA41 probably is a susceptibility gene that is targeted by Noco2 virulence factors for sulfur
transport so thatipa can utilize the stored sulfate in the vacuole as a sulfur resource. SULTR1;2
is responsible to take up sulfur in root from the environment, while SULTR2;1 is da-cbibot
sulfate transportesultrl;2 andsultr2;1 mutants present more susceptibility to both virulent and
avirulentHpa pathogens suggesting that these two genes anaties$ar PTI probably by

providing sufficient sulfate for sulfur defense compound production.

Theimmunity marker gen®R-1 gene is induced by Emwal affsl which indicates that SA
signaling pathway is induced by these two stimuli. Recently a paperublished showing that
sulfur deficiency induces SA signaling pathway via inhibit the Nonexpressor of Pathogenesis
Related Gene 1 (NPR1) in Arabidopf3]. SA accumulatig will trigger system acquired
resistance (SAR}he longlasting resistance against secondary infections, wikiabhcompanied
by theglobalactivation of PR genemcludingPR-1 [258, Shah, 2013 #2403lthough with
elevated SAR responseS compromisegell deathocally in the leavesinderHpa Emwal
infections These observationsdicate thasulfur is a critical component to trigger
hypersensitive response (H&)dorchestrat&SAR responseguring Arabidopsisoomycete
interactions
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Finally, we used RNAseq data analysis to obtain a list of sulfelated genes and pathogenesis
related genemduced byPhytophthoraand gRT-PCR to quantify the expressions of sulfur
transporter and assimilation gen@snong the 131 genes that are commonly induced at all four
timepoints, 12 of them are direct correlated with sulfur. R4 results confirmed our findings
that sulfur, including sulfur transport, assimilation, and metabolism, could contribute to plant
susceptibility/resistance during oomycete interactions.

In conclusion, | propose a model of sulfetated responses under +S a8dvith different

oomycete infections. Duringpa Emwal infections, sufficient sulfur in host plants is necessary

to trigger HR whil e sul fur tydodriggercHR @nd cegders o mp r o
plants less resistant pa Emwal. Although incapable of triggering the local HR to resiij

Emwal,-S plants potentially trigger SAR through PR1 and SA signaling pathway which could

trigger more sulfur flow from roots taavds the infection site (Figure 14B% (10uM but not

25uM or 100uM) makes plants less susceptible to virddg@tNoco2 probably because of the

insufficient sulfur nutrient sources that can be obtained by the pathogen. Increased susceptibility
underPhybphthorainfections probably results from insufficient sulfur containing defense

compounds iRS plants.

This is the first paper presenting how sulfur nutrients influence oomycete infections and how
oomycete pathogens impact plant sulfur transport calmadism. We found potential

susceptibility geneSULTR4;1and potential resistance ger®dLTR1;2andSULTR2;1for

oomycete infections. These genes could be analyzed in crops as leads for new traits to produce
more resistance. We also found that Emwal ¢edlPR1 expression arfsl compromises cell

death under Emwal infection, indicating that PR1 is induced as a SAR instead of a local
response. With the information, more questions need to be answered:R1r&mmndHpa
manipulate sulfur deficiency respses differently, and if so, is it because of their lifestyle and
different ways to obtain nutrients or is it a secondary response from plant immunity? (2) Why is
it that ETI is only partially compromised under S deficiency even though the HR is abolished?
Such questions will provide interesting frameworks for future studies.

Materials and Methods
Plant materials and growth conditions

1.Hydroponic systemArabidopsis thaliangdColumbia0) seeds were surfasterilized by

60mg/ml Sodium dichloroisocyanurdta once, washed by ethanol for three times and washed
with sterilized water for one time. Then the seeds were dried in a sterile laminar flow hood. The
dried seeds were germinated@well plates thaare filled of agarose containing different

levels ofsulfate in square petri dishes (120 mm x 120 mm Greiner Bio, USA). After 7 days,
plates were transferred to tip boxes (Olympus brand, Gennesse Scientific, USA) containing
liquid media with the same levels of sulfate. Hatfength Murashige & Skoog Basgdlts

without sulfur (MSP44 from Caisson Labs, 1650mg/L NH4NO3, 6.2mg/L Boric Acid,
332.2mg/L CaCl2, 0.025mg/L CoCI2. 6H20, 37.26mg/L EDTA Disodium Salt Dihydrate,
16.22mg/L FeC_13, 142.93mg/L MgClI2, 19.79mg/L MnCI2. 4H20, 0.25mg/L Na2MoO4.
2H20, 0.82mg/LKl, 1900mg/L KNO3, 170mg/L KH2P0O4, 4.08mg/L ZnCI2) was used as basal
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media. Below is a chart of how much 71g/L NaSO4 or 73g/L NaCl solution to be added into 1L
media to make the media sulfate concentrations tdA1@25yM, 100GvM, 500viM or 2000vM.

How much (ul) added to 1L total media

7?;%15&?10 71g /L Na2S04 solution
10mM 3184 20
25mM 3160 50
100mM 3040 200
500mM 2400 1000
20007M 0 4000

The pH was adjusted to 5%8. For solid media, 5.6g/L agarose was added. The media was
autoclaved before use. Agarose media was casted on the tip rack sealedhulitip@cking tape
(Duck Brand, USA). CaD sterile seeds were suspended in distilled maatd single seed was
placed on every well of the 96 well tip rack. After the seeds were germinated under different
sulfate treatments in square petri dishes for 2 weeks at 22C, 100uE, 10h light, they were
transferred into the tip box to allow sufficiemiage for root extension.

2. Soil growth: Arabidopsis Cdl and mutants were grown in Sungro Professional Growing
Mixture that is pretreated with Miraclero® WaterSoluble AlFPurpose Plant Food (Item#
2000992) for 12 days. 1 teaspoon of Mira@e was duted in 500ml of water. Growing
conditions are 8h of light at 22 and 16h of dark at 20.

Oomycete cultures, zoospores collection and sporangiophore count

Phytophthora capsiavas cultured as describd@59]. Briefly, Phytophthora capsidiT263 was
cultured on clarified 5% V8 agar plates with 0.3% bstasterol. Plates were put under dark
condition at 28C for 10 days to induce sporangiophore production before they were flooded with
distilled water at 25C for 30mins to induce zoospore production. The released zoospores were
counted on a hemocytometer. Tweekold plants were inoculated witloaspores diluted to

v p Ttspores/ml. Every plate of seedlings was removed from the original tip box, treated with
20mL of zoospore suspensions for 18hrs and then transferred to the original tip box with
replaced fresh media.

12-day-old Arabidopsis plants were inoculated wiipa and were induced sporangiophore
production by increasing humidity on 6dpi according2@0] . The sporangiophore counts were
performed under a dissecting microscope. 20 seedlings were sampled from each genotype and
sporangiophores on each cotyledon were cababel recorded. The data were presented as a bar
graph with means of the count with STDEV as errors.

DNA extraction and TagMan g-PCR

The Qiagen Biosprint 15 DNA Plant kit was used to extract genomic DNA from plants or plants
with oomycetes. Nanodrop wased to quantify DNA concentrations. TagMan qPCR was
performed on Applied Biosystems gPCR 7500 thermocycler with Applied Biosystems TagMan
Multiplex Master Mix. In a 20ul gPCR system we are using 300nM F/R primers, 200nM
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fluorescent dye FMA/VIC, 10ul Taghamaster mix and 10ng of genomic DNA. Arabidopsis

Actin2 for TagMan F Arabidopsis Actin2(AtActin2) was used as a reference gene in Arabidopsis

while P. capITS regions andHpaactin was used to quantiBcapor Hpabiomass. Below are

the sequences of primes a n d -3pbr.o bletsAocdt i n2 F: ATCACAGCACTT G(
R: GGGAAGCAAGAATGGAAC.P. capITS F: TTTAGTTGGGGGTCTTGTACCP. capITS

R: CTAGTTAAAGCAGAGACTTTCGT;Arabidopsisprobe: VIG

AGGTCGTTGCACCACCTGAAAGG MGB-NFQ); P. capprobe: 6FAM
CGGACCGAAGTCCAAACATTCGCGMGB-NFQ. Ct values oP. capPdTSand AtAct2were

obtained andised to calculat¥® 0 (Ctvalue ofPcITSi Ctvalue ofAtAct?). Standard

deviation of the meawas calculated as sd =OA 0 A A®K!. O 6

RNA extraction and SYBR-Green ¢RT-PCR

Plant samples (five leaves fHpaexperiments and eight roots fiéhytophthoraexperiments)

were collected into 2ml tubes and were put in liquid nitrogen and stored& @rfreezer and

then disrupted by BeadBugE 6 Mi genRNeaspRiantHo mo g e
spin column kit (Cat No.: 79654) was used for RNA extraction. 1ug of RNA is used for 1 reverse
transcription reaction. Invitrogen SuperScript IV (Cat No.: 18090010) was used for cDNA

synthesis. 5@old diluted cDNA was used to conducRf-PCR wi t h Power UpE SYB
Green Master Mix (Cat No.: A25741) from Thermo Fisher Scientific. FREF-4PCR was setup

as Fisher Scientific SYBRE Green Master Mix p
Applied Biosystems qPCR 7500 thermocychkrabidopsisAdin2 was used as a reference gene.
AtActin2F 39 : AATCACAGCACTTGCAGXKXH®H),: At Actin2 R (5
GAGGGAAGCAAGAATGGAAC. RT-PCR data was analyzed according to (Han, Yang et al.

2013). Each primer pair for each gene has more than 95% amplification efficietioy target

genes. Relative quantifications of target genes were calculated

by ¢

Trypan blue staining

Hpaplant samples were obtained at 6 dpi. The samples wetespted at 99 in 1.5ml tubes

with trypan blue staining solution containing 50g phenol, 50ml lactic acid, 50ml glycerin trypan
blue, 50ml distilled water diluted with two parts of 95% ethanol. Then the staining solutions
were removed, and samples were submerged in 2.8blaral hydrate solutions for 48 hrs.

Finally, the chloral hydrate solutions were discarded, and the samples were mounted in glycerol
and visualized with the microscope.

RNA-seq data analysis

RNA-seq dataseiccession number: PRINA609590 undlkytophhorainfectionwas
downloaded fronERA databasf53]. The data were from eight samples at each of the five
timepoints, Ohpi, 3hpi, 6hpi, 12hpi and 24hpi aRérytophthoranfections and three biological
replicates were analyz¢a53]. Initial read quality assessment was done with Fagi@.1.9)
and adapters were removed using trim_galedes.7)and were run in FastQC again to check
the quality. After creating genome indexes ushngbidopsis thalianareference genome
(TAIR10) and annotation in GTF form@ownloaded from JGI databas#)e trimmed reads
were first aligned to thArabidopsis thalianaeference genome (TAIR10) using STAES1,
262]. featureCounts was then used to obtain the number of reads mapping to an assigned

48



genomic featur§63]. The read counts matrix wgeneratea@s an input t& (version 4.0.5)
packageDESeq?2 for stastical analysis to obtain DEGs that are significantly regulated by
Phytophthoranfections. Upregulated genesere characterizedith | | €C > 1 and~DR-
adjustedp value< 0.05 and downegulated genesere characterized with T EC< -1 and
FDR- adjusted p value < 0.Gbr further analysis.
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Sultr2;2
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Vacuole

—
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Figure 1. Schematic summary of Arabidopsis SULTRs subcellular localization and

functions. Sulfate is initially taken up from the environment by root SULTRs: SULTR1:1,
SULTR1:2, SULTR1:3. SULTR1:3 also expressed in phloem cell to load sulfate into phloem

that is trasported from the leaves to the roots. SULTR2:1, SULTR2:2 and SULTR3:5 are
responsible to load sulfate into xylem that is transported into the l€ave3R3:1, SULTR3:2,
SULTRS3:3 and SULTRS3:4 transport sulfate across chloroplast envelope in the leazes dad
located in root plastids to support sulfur metabolism in the 89LTR4;1 and SULTR4;2 are
localized on the tonoplast membrane to store extra sulfate into the vacuole or unload sulfate from
vacuole to support local or loftjstance sulfate need&rrows in Hue color represersulfate

import andarrows inpurple color represent sulfate export.
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Fill in agarose media into the Sow sterilized Grow in petri Transfer to boxes to Pathogen spray
holes of 96 well plates seeds on agarose  dish for 7 days protect root elongation

complete nutrition after 7 days

media

Figure 2A. Schematic depiction of the hydroponic system used to manipulate nutrient

supply to plants.A hydroponic system is used to precisely manipulate plant nutrients. Four
treatments are applied: excess sulfate (+S, 2000 sufficient sulfate (S, 500M and 100 M),
deficient sulfateS, 25' M and 10° M). Plants are grown in various nutrienincentration

media in petri dishes for 7 days before being transferred into tip boxes to protect plants vertical
growth.After 7 daysgrowingin thetip boxes, plantsvill be inoculated with pathogenRoot

and shoot samples are collected separatedjudiedtime points.
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Biomarker genes for sulfur stresses

SDIT transcription levels o SULTR1,1 transcription levels APS4 transcription levels
¥s g 04 T oo
g 4 ‘E 035 0.0
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g3 q o g 004
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> 01 0.02
< P = 001
I 0.05 et
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& 2000uM 500uM 100uM  25uM  10uM & 2000uM 500uM 100uM  25uM  10uM & 2000uM  500uM  100uM  25uM  10uM

Sulfur concentrations Sulfur concentrations Sulfur concentrations

Figure 2B. Arabidopsis growth rates vared in different sulfur concentrations. Two-week
old plants had similar sizen sulfur concentrations 1084, 500 M, and 2000M but hal a
distinguishretard growthin 10 M and 25 M sulfate concentrations

Figure 2C. Transcription accumulations of sulfur deficiency biosensor geng(SDI1,
SULTR1;1and APS4 under different sulfur concentrations.g-RT-PCR was performed on
SDI1,SULTR1;1andAPS4genesThec ¥ values of sulfur biosensor genes were normalized
to reference gene ACTIin each sample and the mean of three biological replicates are shown
the bar plotsThe error bars represent the standdediationof the mearirom biological

replicates.
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) Hpa Emwal
Phytophth LT263 Hpa Noco2
wytophthora capsica . (pa Noco = Obligate biotrophic

* Hemibiotrophic Obligate biotrophic e Leaf pathosen on Arabidopsis

= Root pathogen on Arabidopsis = Leaf pathogen on Arabidopsis . Av?rullz:ant (s)tgtzmofor \V?ld op

= Virulent strain for wild type = Virulent strain for wild type i i type
Arabidopsis Col-0 Arabidopsis Col-0 Anabidopsis Col-0

= Caused cell death on Col-0 root tissue ~ ® Col-0 doesn’t have RPP5, the ® Col-0 has RPP4 to confer

resistance to Emwal including

resistance gene against Noco2
cell death

Figure 3. Infection strategies ofPhytophthora capsicand Hpa. (A) Plant cells that are
colonized byP. caparelabeledgrey. Yellow lines represent hyphaeRxfcapwith haustoria
interfacing with plant cells. (B) Infection strategiesHyga. Grey lines represent hyphaetjia
with haustoria interfacing with plant celSporangiophoregrow out of stomataCell deaths
labeled in grey.
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Figure 4. Oomycete pathogens biomassare altered by low sulfur -S.

(A) Effects of differensulfur concentrations ohlpa Emwalgrowth on host plant&ffects of
different nutrition concentrations d#pagrowth on host plants. Plants grown inS were
inoculated withHpa (Emwal) with 5%t spores/ml. Samples were collected at 6dpi fCGR
and 7dpi forsporangiophoreounts. DNA was extracted forRCR using TagMan as probes,
Hpaactin primers are used to estimate pathogen biomass and Arabidopsis actin is used for
normalization. 20 seedlings for each technical replicate and total 4 technical replicates were
collected for each biological replicate. $@ogiophorse werecounted on each cotyledon for each
seedling, and 5 biological replicates were collectedifesporangiophoreounts Meansof
sporangiophoreounts on each cotyledoareshown in the figure and standard deviation of the
population is rpresented as error bars.

(B) Effects of differensulfur concentrations oRhytophthora capsiagyrowth onwild-type Cot0
plants.Plants grown in +S (2000M sulfate), S(500 M sulfate),-S (10° M sulfate), were
inoculated withP. capwith 5xp1t spores/ml. Samples were collected at 3dpi. DNA was
extracted for PCR using TagMan as probes. Actin in plant and pathogen were used as
reference and data was normalized to actin in nutrient replete.f@aotsts were randomly
taken from each of the 4 plates undachtreatment

(C) Effects of differennutrientconcentrations ohlpa Noco2 growth on host plants. Plants
grown in+S, S,-S were inoculated withlpaNoco2 with 5%t spores/ml. Samples were
collected at 6dpi ford4PCR. DNA was extracteiiom three biological replicatésr ¢-PCR using
TagMan as probesipaactin primers are used to estimate pathogen biomasarabalopsis
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AtACTis usedas reference gerfer normalizadion. Y axis represents the meancf
(equal toc ¥ ) of pathogens and plants.

ratio
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Figure 5. Mutations in sulfur transporter and assimilation genes influenceHpa biomass.

(A) HpaEmwal sporangiophore production is elevated on mutants that affect sulfur metabolism
and transport. Data are collected from five biological replicates. Counting numbetassified

to 4 categories,-8, 5 to 10, 10 to 15, 15 to 20. And percentage of each category of each mutant
line is presented by different colors. Sinédetor ANOVA was used to determine the significant
difference between testing conditions and thetil. (B) HpaNoco2 biomass is altered by

sulfur metabolism and transport mutants. Data are collected from five biological replicates.
Average number of ¥ ) (Y6 & Ctvalueof HpaNoco2 reference gerieCt value of
ArabidopsisAtACT2reference geras presented in the bar plot and the error bar represents the
standard deviation of the medarslabeled asterisk (*)epresent the data with p.value<0.05
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Figure 6. Hpa Emwal didn dirtfluence sulfur gene expression in the leaves but induse
sulfur genes in the rootsQuantitativereattime -PCR analysis wagerformedon Hpa Emwal

57



treated and water treateplantin different sulfur concentrationgA) Sulfur gene expressions

leaf tissuesValues shown are the mean-délta Ct (Ct value ofipareference genk Ct value

of Arabidopsisreference gene(B) Sulfur gene expressions in root tissiéalues shown are the
meanvalueof ¢ ¥ (Y6 & Ct value ofHpareference gene Ct value ofArabidopsisreference
gene).There data are derived from two biological replicates, each replicate has 4 technical
replicatesand each technical replicate consdt4 plates for each treatmeBtplants were
sampled from each plate apdoledasone sampleError bars represent the standard deviation of
the¢ ¥ valuesbetween biological replicates
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Figure 7. 10H 4 sulfur compromised ArabidopsisHR responsesunder Hpa Emwal
infections (A) The WT Col-0 Arabidopsisnducescell death upoidpa Emwal infection. Plants
were inoculated with spores BHpa Emwal 5% mzoospores/ml. HR responses were visualized
by observing the dead cells on true leaves stained by trypan ainiegtat 6dpi. (B) Bar plot of
HR spots counts in +S, S an8 plants in 5 biological replicates. Thean ofHR spotcounts
from five biological replicatesnder the treatmetd shownand the error bars represent the
standard deviation of the mean.
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Figure 8. Immunity related gene PR1expressions undeHpa Emwal infectionsin
Arabidopsisgrown in different sulfur concentrations. (A) PR1expressiongntissuesunder
wateror Hpa Emwaltreatmenin Arabidopsisroot tissuesppliedwith different sulfur
concentrationsPlantsweregrown in different sulfur concentrations for 14 days and thesated
with wateror Hpa Emwal Samplesvere collected for RNA extraction at 6dpi. Relative
quantification ofPR-1is represented as” (Y6 6 Ctvalue ofPR-1i CT value ofACT2.

(B) PR1expressions on tissues under watedpa Emwal treatment iArabidopsideaf tissues
applied with dfferent sulfur concentration&amples were treated with different treatments,
water mock and Emwal treatments and were collected for RNA extraction at 6dpi. Relative
guantification ofPR-1 is represented as 2feltaCt. deltaCis calculated using the formulB@R-1
Cti ACT2CT.

60



Raw sequence data quality

Fastqc/multigc Trimmomatic/trim_galore
Reads mapping
STAR/HiSat2
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Statistical analysis
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Data visualization
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Figure 9. RNA-seq analysis pipelind(RNA-seq data analysis proceduisdisted in dark grey
boxes and the bioinformatics packages used in eaclsdiged in light grey boxes. The files
obtained from each step were shown in the green boxes.
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Figure 10.Overview of the DEGs that were induced or suppressed byhytophthoraat 3hpi,
6hpi, 12hpi and 24hpi (A) up-regulated DEGs undé&hytophthoranfectionsat 3hpi, 6hpi,
12hpi or 24hp{B) downregulated DEGs undé&hytophthoranfectionsat 3hpi, 6hpi, 12hpi or

24hpi
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Figure 11. Volcano plots oRNA-seq transcriptome data presenting the gene expression
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Figure 12. Heatmap ofthe i T BC values ofsulfur- or pathogenesisrelated DEGs under
Phytophthorainfections. | T EC of sulfur or pathogenesieelated DEGs at each timepoint
wereobtained and used to create the heatmap.
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Figure 13. ¢RT-PCR of sulfur genes §DI1, SULTR1;1, SULTR1;2 SULTR2;1, SULTR4;1)
in roots and leaves treated with waterP. capin different sulfur concentrations. X axis
represents the three timepoints post infection (0, 1, 2dpi) and y axis represents relative
expression of targeted genes normalized to internal referencé\@aidvhich is calculated by
using the formula ¥ (Y6 & Ct values of thedrget gené Ct values of reference gene
AtACT2.
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Chapter 4

Nicotiana benthamianaransporter knockdowns influence oomycete infections
Abstract

Black shank of tobacco is a destructive disease caused by the oomycete pRtydgehthora
nicotianae (P. nic) that can causep tal00% lossn individual tobaccdields. Natural resistance
againstP. nicis rare so we are searching for new plant genes that camdeyedio obtain

resistant plants. Our approach was to characterize candidate disease susceptibility genes by
RNA-seq data analysis, knodown candidate taeg genes using VIGS and test for plant
resistance by gPCR and phenotype observation. ThroughdeyAve found that nutrient
transporters and pathogenestated proteinsRR9 wererobustly induced by. nicbut less

robustly or not at all by the elicitdlag22. ThePRs are potential resistant genes that are induced
by plant defense. We identified upregulated nutrient transporter genes that could be regulated by
P. nicto acquire nutrients. We hypothesized that knockdown of these genes might inhibit
patlogen growth. AccordinglyAAP6(amino acid permeased&)d PHT4 (phosphate transporter

4) RNAI knockdownin Nicotiana benthamianéN. b) plants supported less pathogen growth
compared to the nesilenced plants, suggesting tieaP6andPHT4 could contribute tiN. b
susceptibility avirulence target$or P. nic P. niccould target these nutrient transporteitber

for pathogen feedingrsttegy or suppression of plant immunity. By integrating Rdé4 data
analysis and RNAI techniques, we successfully identified and confirmed the genes contributing
to plant susceptibility. These results will provide a foundation in further understanding the
connectionamongplant nutrition plant immunityand pathogen virulence

Introduction

In 2021, the world population is 7.8 million and is expected to reach to 9.8 million by 2050. With

the high demands for food quality and quantity, scientists arehsegrfor efficient and labor
reducing methods to promote food availability
population. A major threat to crop production comes from pathogens: at 1e&8%20f crops are
estimated to be lost becausalifeases. Plant protection from this biotic stres®w a primary

research focus and is studied from crdsiplinary perspectives. The most notorious oomycete
pathogenPhytophthora infestangaused devastating disease on potato that resulted in Irish

famine with around one million deaths from 1845 to 1@%2]. This disaster promoted the

development of plant pathology, a newly emerging discipline in tied®tury upon which

research remains active today.

Black shank diseas® tobaccas caused by an oomycete nahi®hythophora nicotianae
(hereafter referred to & nig syn:Phytophthora parasiticaP. nicis one of the most
destructive and widespread oomyceiagtially due to itsvide range of host planiscluding
tobacco, tomato, pineapple, citrus and otli26%]. P. nicis a persistent pathogen that can both
live on a host plant and can also form thieélled oospores which are alib survive in soil for
years[14]. When the environment becomes favorabtspores will germinate and differentiate
sporangiophores whialeleasanillions of zoospores. Zoospores are walisswimming spores
Because zoospores able topropagat and swimn water, theyare usually the ones be
disseminate@ndcolonize newhost plant§265, 266] P. nichas biotrophic and necrotrophic
lifestyles to benefit pathogenicignd reproduction. During the biotrophic stagenic
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establishes an intimate relationship with living host cells and produces hyphae with intracellular
haustoria. Haustoria are specialized structures for information exchange between plant and
pathogen angresumably nutrient upta267]. After the biotrophic growth phask, nicenters

the necrotrophic stagehenit induces host cell ddatand acquires nutrients from dead tissues
[265].

AlthoughP. nichas a high economic impact, little is known about the molecular mechanisms
underlyingP. nicdd s a b inféct hbsy plaht®or plants responseP tmicinfection.Nicotiana
benthamianalants trigger PTI againgt. nicthrough the recognition of PAMPs by PRRs, which
can be overcome by effectbiggered susceptibility (ETS). Host resistance agdmsticis rare

so we aim to find genes that contribute to its susceptibiliB. twicinfection. In general, studies

of immunity and susceptibility genes in aboveground tissues are well advanced. Contrastingly,
limited research has been done on root infectiortigodarly for oomycetes. Our data could fill

in the gap by identifying candidate susceptibility genes that can be applied in genetically
modified crops as new disease resistance genes.

Virus-InducedGeneSilencing (VIGS) is a transient gene knockdown technique to generate stable
transgenic plants for characterization of genes functions. VIGS was originally developed in
Nicotiana benthamianf268] and has been used to knock down gemesirious plant families
including SolanaceagBrassicaceaePoaceaeRanunculaceaggndAsteraceads, 269273].

Tobacco Rattle Virus(TRVis one of the moswidely used viruses modified as a vector for VIGS
because: (1) TRV camove in plant meristem; (2) TRV can directly infect younger plants on the
parts below the shoot apical meristem; (3) TRV has a wide host[2rje275] TRV belongs to
Tobravirusgenus, and it is a bipartite singgdganded RNA (ssRNA) viry276]. TRV has been

used to silence target genes with various biological functionsasuplant defense, metabolic
pathways, developmental patterns, in a wild range of genera in the Solanaceae family including
Nicotiana CapsicumLycopersicorandPetunia[277]. The TRV VIGS systeraonsists ofwo

RNA vectors: 1) TRV1 contains genes required for viral replication and movement controlled by
Cauliflower mosaic virus (CaMV) 35S promoter; 2) TRV2 contains a multiple cloning site and
target gene fragments controlled by CaMV 35S promoter.

VIGS takes advantage of posttranscriptional gene silencing (R8¢ commonly calleBRNAI,

to silence target genes. RNAidasatural response of plant innate immunity to defend against viral
invasion[268]. VIGS begins witithe construction of viral vectorehich aremodified viral
genomscarryinga f r agment of t h ecompstruatsnthed can lieadelivgretbin ge n e .
plant tissues itthree ways: mechanical inoculation by directly rubbing the infectious plasmids into
the target leaves, biolistic delivery of the infectious plasmid\grobacteriumnfiltrations (agre
innoculation)[273]. Agrobacterium tumefaciens used for agrannoculation which ias a

modified Tiplasmid consisting of vigenes and -DNA regions. FTDNA are flanked by left

border and right border which are 25bp inverted red@@gj. Plantcells can detect deRNA

generated by virus during virus replication or genome expression. Viral SSRNA is converted into
dsRNA by RNAdependent RNA polymeraseddsRNA induces PTGSs part of thglant

defense mechanisf@79]. During PTGSdsRNA is cleaved by a dsRNgpecific RNAses called
dicerlike proteins DCLs into 22P3nt short interfering RNAs (SIRNA$§280]. The siRNAs will be
recognized by RNAnduced silencing complex (RISC) and form a complex with RISC to degrade
target transcripts. Because the recombinaBiNIA carries the gene fragments of plant target
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genes, the recombinant virus is targeted by host defense system and PTGS targets not only viral
genes but also the endogenous gene expressed by plaf@&#]ls

Pathogens infect host plants to obtain nutrients and benefit their growth and reproduction.
Necrotrophic pathogens express cell wall degrading exoenzymes, toxins to induce disrupt cell
wall, facilitate their entry into plant cells and release nutrients frgtosol[282]. Biotrophic
pathogens and herbiotrophic pathogens regulate plant metabolismpermeabilityrelated

genes to facilitate invasiomd nutrient acquisitiof283]. Plant defense responses can remobilize
nutrients away from infection sites, while adapted pathogens seffiesttors to hijack plant
metabolism for nutants[58, 71, 284286]. Sugar transporters including SWEETs, STPs and
SUTs are extensively studied under plpathogen interactior[285, 287] For example, STP1

and STP13 are proved to remobilize apoplast sugar away from pathogens to restrict bacterial
expansiorf285]. STPs were characterized as potential resistance related proteins against
Phytophthorg287]. The bacterial pathogdRalstonia solanacearusecretes the virulence
effector Riplto manipulate hoSEABA production and retrieve more GABA as a nutriffii].
Xanthomonas oryzae pv. Orygecretes transcription activatike effectors through T3SS to
regulate SWEET gene expressions and obtain $A86t. The amino acid permeases AAP3 and
AAPG6 are thought to be involved in rekimot nemé&deM. incognitaparasitism orArabidopsis
[288]. To date, there is no study abthe relationship betweearutrient transportens plantsand

P. nicinfections. To address this knowledge gap, we used-RébAto identify nutrient
transporters that are robustly regulatedPbyic followed by VIGS to silence nutrient
transporters and-BCR and phenotypic observation to check pathogen biomass on VIGS
mutants. This approach led to the identification of two transpobPHT4and NIAAP6that
appear necessary for full virulencerafnic

Results
Sample collection for RNAseq

Comparative RNAseq data analysis has been used in flantycete interaction tobtain
resistancend susceptibility gend289-291]. By comparing gene expression patterns between
different treatments, we can gain insights into the genes or pathways that are responsible for
molecular mechanism of response regulatiomser certairstimuli. We integrated RNAseq
analysis and virus inded gene silencing to characterratential susceptibility genes in
Nicotiana benthimian@N. b) underP. nicinfection (Figure 1).

N.bplants were cultured in a hydroponic system and the root sisgretreated with water
(mock), the PAMP flag22 #. nic zoosporesr P. niczoospores alon@able 1).5xp ¢P. nic
zoospores were used for tAenictreatment, water as mock treatment, while flg22 peptide as
PAMP treatment and flg22 treated samples 3 hfared>. niczoospore treatment as flg22P+
nic. These treatments were applied to wilgeN. b. Samples were harvested for RMAq at 7
timepoints: 3, 6, 9, 12, 15, 18, 24 h post inoculation ((i@ple 1) These samples were chosen
to encompasthe spanof P. nicbiotrophic phase. Each sample (each treatment at each
timepoint) had four biological replicatésr RNA-seq We performedtrypan blue staining to get
an overview oP. nicinfection progressGerminating cysts werabservedat 3 hpi and haustoria
were visible at 6 hpi indicative &. nicbiotrophic growth. At 24 hpi, plant cell death became
evident which is an indicator dfi¢ transition from biotrophic growth to necrotrophic growth. In
addition, extraradical hyphae were observed at 24 hpi and at 36 hpi and most cells were
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haustoriated (Figure 2). RNA extractions were conducted on the colfectexamples (Table 1)
which were further purified by DNA elimination and reverse transcribed into cDNA. The quality
of the purified RNA was checked before cDNA synthesis by an Agilent 2100 Bioanalyzer, and
the RINs of the samples were above 9.3. The concentration of each RNA samgileited<o
100ng/ul and 10ul RNA was used in a 20ul reverse transcription reaction. RNA samples were
then processeand sequenced by Novogene.

RNA-seq and expression data quality validation

To confirm the technical consistency of RM&q across the whole dataset, the quality of RNA
seq data was evaluatadd visualizeqFigure 3). The expression values and normalized
expression values @fach samplavere plotted in box plots (Figure 3#ad B. The reads count
frequency oeachsampleeas pl otted in Figure 3C. Cookds
reads countineachmgp | e at each ti mepoint to test fo
all the samples at each timepoint were consistent and no oatlensg all the samplegere

detected. Thesesultsindicatedthat the number of reads per sample was evenly laliséxdl
throughout the whole dataset.

Overview of DEGs underP. nic,flag22 and flag22+#. nic stress

A principal component analysis (PCA analysis) of the samples (Figure 4) confirmed that the
seven timepoints undéag22 and watewere clustereavhile thesamples treated witR. nic and
flag22+P. nic weredistinct from the watercontro)) treatmentThe £ "(BC values for edtgene

in all 21 libraries (G4G31) were obtaineffom DEseq2 Gene expression profiles in mock
treatments at each time point/treatment were used as the baselinesv&EG@entifiedf they

have more thantwb ol d di f ference of gene expression
(Figure 5 showed MA plot represging log foldchange versus mean expression between
treatment and moakith y-axis representing T EC and xaxis representing normalized mean
expression(Figure6) presents the venn diagrams generated from threguydated DEGs and
downregulated DEGglentified under three treatmen. (ic flag22 and flag22r. nig) at all
timepoints. 3378 DEGs were upregulated urRlamicstress, including 378 genes specifically
induced byP. nig 215 genes overlapping with flag22 treatment, and 2998 genes thappeel

with flag22+P. nictreatment. 1961 DEGs were down regulated uRd@icstress, including 602
specifically inhibited byP. nic 208 genes that overlapped with flag22 treatment, and 1357 genes
that overlapped with flag22* nictreatment.

To visualize how each treatment influences gene expression profiles, volcano plots were
generatedrom| | &#lata ofall the detectedenes (Figure7). Becausehatflag22 triggers a

small number of DEGandits sampleslustered with watetreated samples in PCA analysist 6 s
believed thaflag22 doesnot haveas significant impact on gene expressions as the other two
treatments. The number of wpgulated DEGs is moabundanthan dowrregulated DEGs in

P. nicsamples and flag22% nicsamples while numbers of ugnd downregulated DEGs in
flag22 samples are similar. These data indicate that R&N&eredimmunity or susceptibility
caused by flag22 in the roots is not as robust as ETI oty FS nic

GO enrichment and KEGG analysis of potentialsusceptibility genegnanipulated by P. nic
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To identify the pathways that are robustly regulate® bgicinfections, Gene Ontology (GO)

term enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEBGisan

were performed on thgenesup-regulated byP. nic. (Figures8A) and(Figure8B) list the top 35

GO terms that have the most abundant gene enrichmentRindieistress. These analyses
showed that plant stress resp@iseluding defense responses, oxidoreduction, metabolism
pathways are significantly induced By nic Each gene that is enriched to the top significant GO
terms are listed in Figure 7C. Figure 8AdaFigure 8B list the top 35 KEGG terms with the most
abundant gene enrichment un@emicstress, including pathogeneseated protein and plant
metabolism. Each gene thaasenrichedto the top significant KEGG terms is listed in Figure
8C.

Expression profiling of DEGs that are potentialsusceptibility genes or defense genes

To classify genes that could serve as susceptibility or defense genesRluriamfection the
DEGsidentified from DESeq2vere categorized into four classes:

Class 1 Genes that are involved in feeding the pathogens through direct or indirect induction by
the pathogens.

Class 2: Genes that are activated as part of
nutrients by actively transporting them to the feeditegs
Cl ass 3: Genes that are activated during the

actively suppressed . nic(e.g., by secretion of RXLR effectors) to counteract the nutrient
diversion strategy.

Class 4: Genes that are activated byphthogen for feeding but suppressed as part of the PTI
program to restrict the pathogends access to

The genes identified for these four classes are derived following the strategies below:
Class 1: Genes induced in responsk.taicbut not fg22

Class 2: Genes that are induced by flag22 buPnaic

Class 3: Genes that are induced by flag22 and but suppresBediby

Class 4: Genes that are suppressed by flag22 but activaRediy

For studying which nutritional genes might be esskfdiahe pathogen to obtain nutrients, we

reasoned that such genes could be revealed by creation of RNAi knockdown plants (referred to

as fAmutantso hereafter) using VI GS and examin
We further reasoned thos¢a€s 1 genes provide the best chance of identifying the candidate

genes which have an impact on pathogen growth or plant susceptibility when they were silenced

by RNAI.

TheN. b genes IDs from Class 1 were obtained and compared with. thgene IDs induced by
anotherPhytophthoraspecied. palmivora[291]. TheDEGs that wereommorty presenin

both studies were kept as a possible shared oomycete infection strategy for further study. Figure
9 represents the heatmap of the cielé top candidates that have the highest positive log2FC

(For nutritional genes) and lowest negative log2FC values (for the PR geResiiainfected

samples compared to mock treated samples.

Vacuum infiltration is a more efficientway to silencetag et genes t han AAgrod
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After selecting the potential susceptibility genes by analyzing RBd\data, we optimized

VIGS to silence thsusceptibilitygene candidates theroots. Transgenibl. bplants that
constitutively expressed a green fluorescent pratamsgenédGFP) were used to visualize and
optimize VI GS efficiency. The GtypP WwithoueGFRB)geni c
plants were silenced with TRVANdTRV2-GFP. Weemployedtwo VIGS methodsAgrodrench

and vacuum infiltrationand compared the efficiency of these two methdtle details to

conduct Agrodrench and vacuum infiltration are explained in the Methods and Materials section.
GFP expressions in 16C and WT after ddyench and vacuum infiltration were observed by
confocal microscope (Figure 10A). For both Agrodrench and vacuum infiltration, the silencing
effects increased over time apaesented the best efficienaythree weeks post infiltration

(wpi). By calculathg the percentage of successfully silenced plants, we selected vacuum
infiltration as a more efficient way to conduct VIGS Nnbwith a60% success rate than
Agrodrench with a 38% success rate (Figure 10B). These results demonstrate that infiltaation is
more efficient meant® induce gene silencing in roots and we adopted this approach for the
experiments that follow.

VIGS didn 6 t i nH. hicbienmassessay

After selecting an effective VIGS technique to conduct silencing, we tested wheth@Gthe
treatment hdan impact orP. nicgrowth, to eliminate the possibility that the changeB.afic

biomass on silenced planterecaused byIGS instead of the silenced target genes (Figure 11).
The symptora of the silenced plants and water treateahfd (norsilenced plants) afté?. nic
infectionweredevelopedt the same pace apdesented the sanevel. Both VIGS plants and
non-silenced plants developed necrosis at 2 dpi and whole plant death at 5 dpi (Figure 12A). The
biomass oP. nichas no gnificant changebsetweenrsilencedand norsilenced plants using q

PCR relative quantification (Figure 12B). These experiments demonstrate that the VIGS
treatment dl not impactN. bsusceptibility taP. nic

AAPG6 and PHT4 are potential susceptibility genes that are manipulated byP. nic

With the confirmation that VIGS has minimal influence on pathogen growth, we performed
VIGS on four genesNbUMAMIT, NbAAP6,NbPHT4 andNbOPT, as potentiasusceptibility
genes targeted . nicto acquire nutrients. They are the DEGs that are highly induc@&d by
nic but not byflag22 g-RT-PCR showed thdtanscriptionalevels of these genes were
significantly decreased on gesienced plants compared to not silenpkht controls (Figure
13), further validating that our protocol for gene silencing is robusiddmtify the candidate
susceptibility genethathave an influence oR. nicinfection, we quantifiedP. nicbiomass
using gPCR on the silenced plants. Four biological replicates were performed with five
technical replicates and 2gedlingsof each RNAiI mutant per biological replicate. A single
factor ANOVA test was done on the four biological replicates wjgha=0.05. A significant
decrease (P.value0.05) ofP. nichiomass was observed bibAAP6andNbPHT4 silenced
plants compared to GUS treated plants (Figure 1KBAAPG6-silenced plants have a slower
pace of symptoms development (Figure 14B). These rasditate thaNbAAP6andNbPHT4
potentially contributes to plants susceptibility durfgnicinfection and silencing these genes
will decrease plants susceptibility and possibly reduce the nutrient supply from plBntsdo

Discussion
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Our study inegrated transcriptomic analysis and RNAI to identify genes that could contribute to
plant susceptibility/defense under oomycete infection. Initially, we identified the DBGDINn

that are involved in PTI and/or ETI triggered by PAMP an&onic Thenwe examined how

the DEGs irN. bdynamically changgunder PAMP and/dP. nicinfections. Among the DEGs

that were identified, we characterized potential defesisgzeptibilitygenes thaP. nicinduces
during ETI or manipulates to obtain nutrients respectively. Finally, we created RNAI mutants
using VIGS among whichap6andpht4 mutants present a reduced pathogen growth compared
to wild-type plants.

The RNA-seq data results gve a higher resdution of the molecular mechanism of plant
oomyceteinteractions

We provide DEGs visualization including volcano plots, MA plots and Venn diagrams of data on

i ndividual ti mepoint (figure S). Througeh all
onN. bplants decreases from 194-tggulated genes and 314 dovagulated genes at 3 hpi to

only 7 upregulated genes and 2 dowwgulated genes at 24hpi. nicinfection has a stronger

and longer influence oN. b, compared to flg22, such that thenmber of DEGs are rising and

reached to a peak at 15 hpi and dropped dramatically 24hpi. The dramatic decrease of responsive
genes at 24 hpi along with the observation of cell death at 24 hpi indicate that the suBcess of

nic colonization by overcomingT® response at a very early timepoint, biotrophy establishment
around 6 hpi and the transition from biotrophy to necrotrophy at 24hpi. The results indicate that
theETSresponse iN. bovercomes the influence of PAMPs before 6 hpi but triggers the

dynamicof ETI and ETS before 18 hpi and trigger major ETS at 24 hpi. Wiithtanse

timepoint sampling, we obtained a clear resolutioR .aficinfection progression and

characterized a list di. bplants genethat ardikely involved in PTI/PTS and ETI/ET@a

comparative RNAseq analysis.

Vacuum infiltration is an efficient way to create RNAiI mutants

The discovery and application of RNAI is one of the most important advances in studying plant
functional genomics and plamait improvement. Virusnduced gene silencing delivers

recombinant viral vectors to plants to create transient gene silencing on target genes. Modified
Agrobacterium tumefacierns used to deliver the recombinant viral vectors carrying partial or

the whoe target gene sequence through its Ti plasmid, and then dsRNA is formed to trigger the

plant antiviral defense system to silence the recombinant viral vectors as well as the target genes.
Al though the knockdown mut an treexprassianisinceawenp | et e
are looking for the genes that could give obvious alteration on their performance facing

oomycete pathogens and the candidate genes can also be used for creating GMOs, it is a useful

tool for us to study gene functionality to creatore pathogen defense. There are limited studies

of VIGS on roots and most of the studies are focused on parialof the plant3Ne optimized

a way to silence genes hbroots.Based on theeports ofsuccessfuhgrodrenchstudieswe
establisheday st em t o do A Adard@@suceassradiedile \aacudm infiltratidn a

had 20% more succeesn N.b plantsbased on the GFP activity assayacuum infiltrationis a

more efficient method possibjuetot he fAf orcedo from vacuum and re
Vacuumgenerates a negative atmospheric pressure whictiezaaasé¢he air space between

plant cells and the release of vacuwiii release the pulled space between plant cells wtach

assist the trasformed vector to enter the plant cells.

77



AAPG6 and PHT4 are possiblesusceptibility genesunder P. nicinfection

Amino acid biosynthesis, defense response, sulfur compound metabolic processes are top KEGG
and GO terms that Class 1 gene were enriched on, which are potential genes that pathogen
acquire nutrients from. To identify nutritionslisceptibility genesve séected amino acid,

sugaror ion transporters for VIGRAP6andPHT4 are two Classl1 genes that were robustly

induced byP. nicinfection. Their RNAI mutants showed decreased athogen biomass assays on
RNAI plants. TRVGUS treated plants are used as a moetment. PCR results showed that

RNAI plants targetindAAP6are significantly less susceptibleRonicinfection and plants with
PHT4silencing are significantly less susceptible in at least 3 out of 4 replicates and showed less
disease symptoms ohe plants compared to GUS treabédo (Figure 15).

Obligate plant pathogens such as nematodesipadequire the uptake of amino acids,
including the essential amino acids, from the host plant. The mosstwdied amino acid
transporter family is thamino acid permease famii92, 293] Amino acid permeasgenes in
multiple plant species were induced by a variety of pathogaAAP3andAtAAP6expression
in Arabidopsiswereinduced bythebeet cyst ematodeHeterodera schachtiGmAAFS in
soybearGlycine maxy soybean cyst nematod¢eteroderaglycines FVAAPs in strawberry
Fragaria vescaby fungalpathogerColletotrichum gloeosporioide€sAAP2AIn cucumber
Cucumis sativuby Phytophthora cubensend SAAP5A/Bin tomatoSolanum lycopersicutmy
Phytophthora infestan294-297]. It is believed thafAP3is responsible to load amino acids
into vasculature andAP6then moves these amino acids towards the feedin{28i8¢ There
are studies that supporting this moaep3 aap6 andaap2mutants significantly reduced
nematode anBhytophthoranfestation levels which is similar result as our studj97-299].
Thus, disturbingAAP6expression ifN. b plants could create resistance agakhstic perhaps
by restricting the amino acid supplyRo nic. Although NPAAP6(Niben101Scf11899g00015) is
a homologusgene with AAAP6through blast searchdbere is no data on MAP6
localization or cellular functiongAdditional experimentare requiredo addresshe
functionality of NbAAP6and rigorously test our hypothesis that NbAAPG is involved in
pathogen feeding

AtPHT4in Arabidopsis involved in defense response to pathogen infection through the SA
signaling pathway and circadian regulations regulated by circadian clock protein CCAl. The SA
signaling pathway is involved in plant defense against broad spectrum of pethigrH TS
negatively regulate rice immunity addPHTs overexpression suppreskrice defense against
pathogendagnaporthe oryzaand Xanthomonas oryzae pv. Ory4&8@0]. AtPHT4and
NbPHT4aree a ¢ h  aclosésematobsin reciprocal blast searches. Thus, they are probably
orthologs but it remains to be determined whether they serve the same functions in both plant
speciesas noted above ftdbAAP6 PHT4was hypothesized a negative regulator of SA
mediated defense supported by the fact thatRiE4 mutant presented enhanced disease
resistance against bacterial pathoseudomonas syringafection[301]. The decrease d.

nic biomass oPHT4 mutants could be due to a higher level of S&RHT4 mutants. We

proposed to examine if there are alterations in the quantity or expression levels of SA or SA
pathway related components such as NPR1, PR proteins Btd T0hRNAI mutants to confirm

the hypothesis. Another possibility is that the insufficient of phosphate supgplyntofrom N.

b. Phosphorus is macronutrient essential for growth and development for plants such as
photosynthesis, APT generation, cell signglamd enzymatic regulation. which might be caused

78



from higher Pi availability to the pathogens from host plants. There are 5 Pi transporter families
and three of them are expressed in chloroplast incluelitd. PHT4 has an influence on Pi

transport and diributions[302, 303] Higher phosphate levels increase susceptitofi rice to

pathogen infectiofB04]. PHT4expression in Arabidopsis root and leaf tissues and has an

impact on starch accumulation, ealall sugar composition, Golgelated process¢303, 305,

306]. The decrease of pathogen growthRdiT4 mutants could also result from the alteration in

the availability of useful metabolites such as Pi from the host plants. To test the hypothesis, more
studies need tbe done to examine the metabolites levels on the infection sitd3. auncl

nutrient marker genes expression levels.

Why are UMAMIT and OPT induced by P.nicbut t heir mutant®ndonodot I
biomass?

RNAI mutants of the other twinpansporter genesodulin MtN21 /EamAlike transporter family

protein(or another name: Usually Multiple Acids Move In and out TranspodtdMAMIT)
andOligopeptide transporterbOPT)d on 6t present altered suscept
were claracterized as DEGs that are highly induced bgicinfection.

UMAMIT are a group of amino acid exporters that are better studied in model plants Arabidopsis
than inN. b[33]. To date there is little information ddbUMAMIT genes i\. bplants nor

NbUMAMIT influence on plants and oomycete interactions. OverexpressftUMAMIT
increasedArabidopsisresistance against oomycete pathogea probably through activation of

the SA signaling pathwgg07]. AlthoughgP CR results di dndédt show a p
decrease oNlbUMAMIT RNAI plants, the plants showed slightly more resistance in that the

symptoms caused . nicdeveloped slower than the witgpe. The conflicts between our data

and published datare possibly due to the different regulation of plant responses bdtwben
andArabidopsis where AUMAMIT is a possible defense gene in Arabidopsis aghipatout

NbUMAMIT is a possible susceptibility gene wigh nicinfection. More experiments are

necessary to test this hypothesis.

OPT (Oligopeptide transporters) deliver small peptides, secondary amino acids that ean com

plex with metals, and the modified tripeptide glutathich®©PTis an iron transporten
Arabidopsisplants,and it has not been reportedNinb andpathogen interactior[808].

AtOPT3 are involved in the transport of iron from xylem to phloem, in loading iron into

phloem, and in the transmission of shtmtoot iron signalind308, 309] Apart rom

Arabidopsis | i ttl e i s known abouNMbthese transporte:l

Besides the possibility thetMAMIT andOPT are not essential genes that are tightly regulated

by P. nig there could be another possibility that gene redundancy exists emcirgyl one gene

in the family wouldndét have a significant inf
also possible that at the timepoint when the sample was collectédyth®IIT andOPTar e n 6 t

the most responsive ®. nic Alternatively, thenduction of the genes is an indirect response

from regulation of other pathways.

Significance and future directions
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Black shank disease causedmynicthreatens ecosystem and lots of crop including tobacco that
has insufficient resistancl. b is a dose relative of tobacco, and it is used as a model plant for
genome editing, gene silencing and expression of heterologous recombinant proteins.

Very little is known about molecular mechanisms of the interactions between plants and
PhytophthorgpathogensThis is the first study on intenseiiyne-resolved transcriptomics

revealing N. b root tissue transcriptome dynamic changes under fg@and flag22 primed

P. nicinfection. This paper is also the first paper using infiltration andutture to dence genes

in N. bseedlings including the root tissue to further confirm the functionality of potential nutrient
susceptibility genes

Our study contains the following limitations: (1) The respons&s mchave not been analyzed
and we could not determine if the reduced pathogen biomass on the RNAiI mutant is due to
increased immunity or reduced metabolites fed to pathogeturiher validate these genes
function during planbomycete interactionsve proposed to furtheheck the metabolite
contents, defense responses and pathogen virulence oRii&senutants (2) Gene silencing

is conducted on the whole plant seedlings insteadlgfan the roots. The gene silencing on
whol e seedlings are 20% more efficient than
settings. The nutrient transporters in the roots are our primary tewgétsly how the primary
nutrient uptake from rhizospreinfluence oomycete infectionbhis problem ould be

overcome by VIGS vector designaaly target theuniqueregions of the genes specifically
expressed in the rodut often, the ofttarget effect€annotbe fully eliminatedln the future,
guestionghat need to be answered include: (1) How do pathogens respond to nutrient
transporterdeficient plants? (2) Will crops be more resistant against oomycetes WitA&@or
PHT4? (3) What other genes could be a susceptibility gene that provide nutrientayoete?

(4) What are the resistance genes that crops can in combination to create resistance?

Materials and Methods
Plant materials and growth conditions

Nicotiana benthamianaeeds were germinated for 4 days on wet paper towels with maale

in a growth chamber under thermal cycleofti6 | i g ht (2/5) at 22 Cnand 8h oark

at 19°C with an average relative humidity of&@0%. Sungro 078213 was used for soil growing
plants. The conditions for the soil growing plants are the same as the germination conditions.

Differential gene expression analysis

Differential expression analysis Bf nicvs control, flag22 vs control and flag22>+ nicvs

control was performed uginthe R package DEse(Release (3.14)n Rstudio IDE 1.4.1106

[310]. Gene ID, sample conditions and read counts of all genes were recorded in a DEsegDataset
as the input (Supplementary data) and the counts were modeled following the negative binominal
distribution model. Thejalues were adjusted from Benjaminiand Haehbg 6 s appr oach
controlling the false discovery rate (FDR). DEGs were determined based-&iDBHorrected
pvalue < 0.05 (alpha=0.05).

GO term and KEGG pathway enrichment analysis
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http://geneontology.orggeneOntology was used to obtain GO terms annotation.
ClusterProfilers was used to enrich DEGs onto corresponding GO terms. Solgenomics
(https://solgenomics.newas used to obtain the sequences of genls lirenthamiaa and

Nb101 ID annotation with GO ID. KAAS job request (https://www.genome.jpfkaas
bin/kaas_main, BBHnethod) was used to get list of KEGG IDs of corresponding sequences
through blast. R package ClusterProfilers was used to enrich the correspondingng@nes o
KEGG terms and GO terms. The results of statistical enrichment of DEGs in KEGG or GO
pathways has statical significance with correctad@ | ue < -@aluee®05.and (¢

VIGS plasmid construction
1. Selection of VIGS target regions

Differential gene epression analysis were performed using DeSeq2 package in R. Our target
gene ID were obtained and the gene IDs were used to extract the genomic sequences from .fasta
files. The sequences for each gene target were blast using SolGenomics (https://solgetpmics

to find the best target regions. Primers were designed flanking the best target regioasieFhe n

size is set to 25bp, fragment length is set to-300bp, mismatclvasset to 0 and databasas

set toNicotiana benthamianal.0.1.

2. TOPO TA cloning

TOPO TA cloningwas used to construct entry clones for the target site sequenaasind
performed following the Invitrogen protocol o
number : K250020). pCRES8/ GWrovahengHordiract vect or ¢
ligation of Tagamplified PCR products, att sites for Gateway LR recombination and

spectinomycin resistance gene for selection of the correct clbaget regions with size of

300-500bp wereamplified by PCRand were added a single deaggnosine (A) to the-&nd by

Taqg polymerase. The PCR products with Asticky
topoisomerase and ligated with the complementary base pairs thymine (T) on the entry vector.

One Shot E. cdiod Lised foransformation and transformed cells were selected on

LB agar ©pl ates cont ai nRrimays folathfifyireggafgetgenespre ct i no m
listed below.

Name Sequence 506to 36 Tm
(°C)
TATGCAGTTGTTTCAGGTGCTATTGG 57.6
Niben101Scf00528g0000] CAGAGCATCAAACACCTTGTATTCCTC 576
GTCTTGCTGAAGGAGTAGCTTTGC 58.1
Niben101Scf01738g0201] TTTCAAATTCACATTAAAAACCGTTTTGAAATAAACAGG 58.2
CTTCTTGTTTACACTCAAAAACCATTTTCCCA 58.2
Niben101Scf01870g00003 ATAGCTTCTACCCCAATCTAGTATGGGA 58.1
CTAACGTTTGCATCGCCATCCA 58.1
Niben101Scf023489g1000¢ CCAAGTGACAGAATACTTTGGAATTTTCCTC 578
Niben101Scf03380g03005 GAATCTCGTTCATCTCACCATACTTGTTAGT 579
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AACCAAACATAAGACCTCCCGTG 572
CCTATCAAGATTGATTTGCTACATGATGCTAATG 579
Niben101Scf06087902007 AGTTCCAAGATAGACAACAACGAATAATCTTCT 575
GCTTTCCCAGGCTATCTATTTCCG 57.5
Niben101Scf12330902013 CTTTGCTTCCAGATATCACTGCCATG 58.0

3. Confirmation of the clones with target sequences

Colony PCR was performed with one forward primer adjacent to the cloning site of the TOPO
vector and one reverse primer specific to the target gene. Colonies with positive results were re
streaked onto new LB plates withO 0 /mEk gpectinomycirand processed for plasmid

extraction using OMEGA E.Z.N.A.® Plasmid DNA Mini Kit ISKU: D694202). 100ng/ul of

plasmids were then sequenced using universal primers M13 F or M13 R to verify the sequence of
the cloned insert.

4. Gateway ¢oning LR cloning

Gateway LR cloning was used to construct destination vectors. 100ng entry clone, 150ng TRV2

vector and GatewéﬁM LR ClonaséM || Enzyme Mix (Catalog Number 1179320) were

mixed to perform LR reactions following Invitrogen protocol. 1ul of each LR reaction was
transformed int@®n e S h ot E. cdli@sBditdselect the transformed cells and colony PCR
were used to confirm the gect clone. Plasmids with target genes fragments were extracted and
transformed intaAgrobacterium tumifacienstrainGV2260.

5. Agrobacterium transformation

Agrobacteria transformation for both TA entry cloning and gateway LR cloning was conducted
folowi ng the commerci al protocol . E@rceli(Cathlagt E T OP
number: C404010) was used to select the correct recombinant clone and propagate the plasmid.

VIGS on N. benthamiana

VIGS were performed following the protocols describefBiL1, 312]

Plant seeds were germinated and grew for 4 days prior to vacuum infiltration. Agrobacteria

GV2260 containing pTRV1, pTRV&OI, or p TRV2GUS (negative control) were cultured from
freezer stock onto LB agar pl atedmbifort h kanamy
overnight at 27°C. Bacterial colonies were transferred into LB liquid media with kanamycin (50
eg/mL), rifampicin (25 e€g/mL) for overnight g
culture was collected by centrifugation at 1,500xg for 3@naind the cell pellets were re

suspended in infiltration buffer and then adjusted OD600 to 1.0. Agrobacterium suspensions
containing pTRV1 were mixing with the same volume of the cultures containing pTRV2

constructs and were incubated at room temperatwtark for 4 hours. The germinated seedlings

were vacuum infiltrated using Eppendorf 5301 Vacufuge Concentrator Centrifuge w/ Vacuum

Pump. The vacuum process lasted for 30 seconds and was repeated for 3 times for each sample.
The infiltrated seedlings weitransferred int6.5" Square Form Pabntaining fertilized soil.

For each treatment, we had 5 pots each containing 5 seedlings that are distributed evenly.
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Different Agrobacteria strains treated plants were grown separately from each other. The plants
were then moved to growth chamber witth | i g ht (2/5) at 2¥Cnemd 8h dark at
19°C with an average relative humidity of-60%.

Phytophthora nicotianaeculture and zoospores production

P. nicRace 1 was obtained from the Chuankiasg Lab (Virginia Tech, School of Plant and
Environmental Sciences). The isolate was cultured on 20% V8 agar plates in an incubator at
263 in the dark. Cultures were transferred weekly to new plates using a large dental amalgam
carrier (3.3mm diameterd transfer a plug from the leading edge of active growth. For zoospore
production, twentfive plugs of weekold cultures were transferred to 250 mL Erlenmeyer

flasks filled with 125 ml of 20% V8 broth at room temperatureZ24 ) under fluorescent light

(56 mMm m2s1 at 200 mm below twoeféot bulbs, Philips F40T12/Cool White Plus). After one
week, liquid was poured into a 500 mL plastic beaker, tissue macerated with-laghéind
immersion blender (KitchenAid-8peed) with 3 pulses of 10 seconds each. MatEsue was
strained using a steel mesh strainer. Any remaining liquid was pressed from tissue with a sterile
metal spatula. Relatively dry, macerated tissue was transferred and evenly spread into 13cm
13cm square petri dishes filled with 2% water g@a mm depth). After one day to dry, plates
were sealed with parafilm. After one week, plates were incubated &irdone hour, 20 mL of
sterile, room temperature water were added to the plate and incubated fatr 3D mins.

Zoospore suspension wastoined with 1 volume of 5% trypan blue staining solution to stop
zoospore motility and stain the zoospores for counting.

RNA extraction and g-RT-PCR

At least five pantrootsamples were collected into 2ml tubes which were put in liquid nitrogen

and stoed in an-8 @ freezer before RNA extraction up to two weeks. Frozen tissues were

di srupted by BeadBugE 6 Microtube Homogenizer
column kit (Cat No.: 79654) was used for RNA extraction. 1ug of RNA is used for 1 reverse
transcription reaction. Invitrogen SuperScript IV (Cat No.: 18090010) was used for cDNA

synthesis. 5dold diluted cDNA was used to conducRf-PCR wi t h Power UpE SYB
Green Master Mix (Cat No.: A25741) from Thermo Fisher Scientific. FRI-4PCR was sefu

as Fisher Scientific SYBRE Green Master Mix p
Applied Biosystems gPCR 7500 thermocycler. Primeid.bénthamianavere listed below to
examine the silencing ef ftRE-PCRsdatowasdiymed get genedod
according to (Han, Yang et al. 2013).

Name Sequence 50to 360 Tm
(°C)
CAGAGCATCAAACACCTTGTATTCCTC 57.6
Niben101Scf00528g0000 ATATTGAATAACCAGCAGTTGATGACATTGC 57.9

CTCATCTCTTGGGCTTCTCTGG 57
Niben101Scf0173890201 GGAGAATCTGATTTCCCTGCTTGG 57.7
ACAAGGTTGGAGTCCCACC 57.1
Niben101Scf01870g0000 CCTTAAAGGAGCGTAGAGGATCATCT 57.8

83



CTTCAATCACTTTTTGGGTTTAATTGGGG 57.7
Niben101Scf023489g1000 CCAAGTGACAGAATACTTTGGAATTTTCCTC 57.2
TCAACTTAACGATGGCCGGTG 57.7
Niben101Scf033809g0300 AACCAAACATAAGACCTCCCGTG 57.4
CCTATCAAGATTGATTTGCTACATGATGCTAATG | 57.6
Niben101Scf0608790200 GCAAGAGGTAATGGCGAGTACAATT 57.9
CCATGGACCTCGATTCTTAATGTTGG 57.2
Niben101Scf1233090201 TTCCGGGCATCAAAAGTGTTGTAC 57.6

g-PCR on pathogen biomass

Fresh infected and neinfected plant tissues were disrupted by BeadBugé Mi cr ot ube
Homogenizer (SKUD#1036). Then the samples were processed using Qiagen Biosprint 15 DNA
Plant kit to extract genomic DNA from plants or plants with oomycetes. Nanodrop was used to
guantify DNA concentrations. TagMan gPCR was performed on égiosystems qPCR

7500 thermocycler with Applied Biosystems TagMan Multiplex Master Mix. 300nM F/R

primers, 200nM fluorescent dye FMA/VIC, 10ul TagMan master mix and 10ng of genomic

DNA were used in a 20utBCR reaction. NAct2genes was used as a refere whileP. nic

ITS regionwas used to quantifly. nic biomass. Below are the sequences of primers and probes

( 5360 ) u s-RCR adsay.rCt values Bf nic ITS and Nict2were obtained and’ Ct values

were calculatedsi (Ctvalues ofP. nicITST Ct values oN. bACT2. Standard error was

calculated sd #li Q0w 'd QW 8

Name Sequence 50 to 30 Tm(°C)
Host Probe VIC - CTATGGTTCGAGCCGTTCG MGB-NFQ 72
Pathogen Probe| 6FAM - ATCAGGCCGAAGCCAAAC- MGB-NFQ 70
Host F Primer 1 | TGAATGGGTGATTCATG 46.3
Host R Primer 1| TACAACACGATCCAACAT 48.4
Path F Primer 1 | AATAGTTGGGGGCTTATT 47.9
Path R Primer 1| GTTAAAGCAGAGACTTTCG 48.5
Host F Primer 2 | GTTGAATGGGTGATTCATGAGTG 54.2
Host R Primer 2| ACGTACAACACGATCCAACAT 54.4
Path FPrimer 2 | CCCAATAGTTGGGGGCTTATT 54.4
Path R Primer 2| GTTAAAGCAGAGACTTTCGCC 54
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Treatments

RNAseq of |C-|emlfy ) Test candidates Time M;ck H%ZZ Pathogen Pathogen+ flg22
infected tissue - candidates via - via transient Points @) ® © ®
bioinformatics gene silencing :
Gl
(1,32,63,94)

= RNA extraction = Use Python and ARC = Use Python to grep G4 G5 G6 G7
= DNA elimination at VT to process the E';Eéeque”ces of (4,35,66,97) (5,36,67,98) (6,37,68,99) (7,38,69,100)
= RNA quality control data S )

* CDNAsynthesis * Rpackage DEseq2 " Use Solganomics to ® w(i?uu . 415?]"2 10, E’}vom a -lGZ}‘\lIM
= Fragmentation of was used to identify design the best target @39,70,101) CALTLIR) (L, 2709 51N 104
cDNA DEGs regions to silence G12 G13 G4 G15
= Adenylation of cDNA * Use Python and ARC DEGs (12,43,74,105) (13,44,75,106) (14,45,76,107) (15,46,77,108)

fragments at VT to classify = TA a_nd GE[QW?Y . o . .
= Addition of adapters DEGs under certain cloning to obtain (_::lﬁ ) 0} 7 Gl18 Ful‘)
= PCR amplification conditions TRV—GOI. _ (16,47,78,109) (17,48,79,110) (18,49,80,111) (19,50,81,112)
= RNA-sequencing = Convert gene ID of - P‘i:“""“ S:LE"C;!‘Q on G20 G21 G22 G23
DEGs in other wild-type Nicotiana b . i
(20,51,82,113) (21,52,83,114) (22,53,84,115) (23,54,85,116)
studies in NB044 to benthemiana
NB101 = Disease assay on G24 G25 G26 G27
* Obtain overlap DEGs silenced plants (24,55,86,117) (25,56,87,118) (26,57,88,119) (27,58,89,120)
between studies G28 G29 G30 G31
(28,59,90,121) (29,60,91,122) (30,61,92,123) (31,62,93,124)

Figurel. Workflow to identify plant nutritional resistance genes.

Table 1. Sample collection strategy diagram Plant samples under each treatment were
collected at each timepoints for RNA extractionG1-G31 represent the codes for each sample.
There are our treatments: A (represents Mock treatment), B (represents Flg22 treatment), C
(represergpathogen treatment), D (represspdithogen treatmetitreehoursafter flg22
treatment)Materials were collected aeven timepoint9, 3,6, 9, 12,15, 18, 24hpi which
encompass the biotrophic phase of the infection c¥gdeh sample represents four technical
replicates (for example G1 contains plant sampi&2163,94).
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Figure 2. Trypan blue staining to showP. nicinoculation progression onN. broots. Roots
infected withP. nicat 3, 6, 12, 12, 24 and 36 hpi were observed aftelisggiathogen
structuresand plant celdeath by trypan blu&erminating cystwereobserved at 3hpi following
by haustoria (Ha) and hyphae (Hy) growth &pg At 12hpi necrosis (N) started to present
followed bya wide range of cell death at Bgi. At 36hpi, most of the cells were coloeid by
intercellularly growing haustoria and intracellularly growing hyphae.
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Figure 3. Distribution of raw read counts and normalized read counts of each RNA
sequencing sample treated with mock®. nic, flag22, or flag22 +P. nicat seven timepoints:
3,6,9, 12, 15, 18, 24 hprhe wo figureson the top represent the raw readridsitand Deseq2
internal normalized read counts of each samie. fWofigureson the bottom represent the read
count distribution of all the samples and
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Figure 4. Principal component analysis (PCAanalysis) PCA analysis showing clustering of
RNA-seq samples by different treatments from seven timepointBC1 accounts for 86% of
the total variance while PC2 accounts for 4% of the total variance. Control samples (water
treated samples) closely clustmgith flag22 treated samples white nictreated samples
closely clustered with flag22 P. nic treated samples.

88



Pnic_Data_MA plot: flag22_Pnlc_Data_MA piot: res_flag22_Data_MA plot:

10
10
B
10

log fold change
log fold change
[}
log fold change
0

-5

-10
L
10
L

-10

1 100 10000 1 100 10000
1 100 10000

mean of normalized counts mean of normalized counts
mean of normalized counts

Figure 5. MA -plots of RNA-Seq data MA plot showing the distribution of upregulated and
downregulated genes by three treatmentB. nic, flag22 +P. nicand flag22.The dots in blue
represent the identified DEGs while the ones in grey represefiDB@s. The blue dots above
the gey area are the DEGs induced by the treatment while the blue dots below the grey area
represent the DEGs suppressed by the treatcoampared to mockreated samples

89



Figure 6. (A) Venn diagrams representing the differentially expressed genes induced specifically
or in commonamongsamples treated witllag22,P. nic or flag22+ P. nic (B) Venn diagrams
representing the differentially expressed genes suppressed spedifidallfommon among

samples treated with. nig flag22, or flag22 . nic
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Figure 7. Volcano plots of gene expressions undéx. nic, flag22+P. nicand flag22

treatments. Volcano plots showing differentially expressed genesréamtment withP. nig

flag22, or flag22+P. nictreatment. Significantly differentially expressed genesagplated by

each treatment (adjusted/BRlue< 0. 05 andfQabdotbhaege > 2) are d
while significantly differentially expressed genes derggulated by each treatment are depicted

in green. The horizontal dashed line represents-traye significance threshold while the

vertical dashed lines repregeér ¢ fédd changehreshold where left line correspondsit@ féld
changevalue-2 and right line corresponds o€ f6dd changevalue 2.
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Figure 8. GO enrichment of DEGs underP. nicinfections. (A) Bar chart of the most
significant GO biological processap regulatedy P. nic Horizontal coordinate represents the
numbers of genes enriched to the term. The color of the bar repradpisted Rralues.

(B) Categorynet plotof GO enrichment analysis of the upregulated gend2. loyc The blue dot
represents significant GO terms that are upregulatd®l bycand the size of the blue dot
represents the number of genes that are enriched taitineliee red dots connecting each term
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represents each that are enriched to the Dot plot of GO enrichment analysis of the
upregulated genes B nic The vertical coordinates are the enriched pathways, and the
horizontal coordinates are the eed gene ratio compared to all theregulated genes ).

nic. The size of each dot represents the number of upregulated genes enriched to the term. The
color of the dot represents the p.adjust value.
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Figure 9. KEGG enrichment of DEGs underP. nicinfections. (A) Bar chart of theop 40
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significant KEGG biological processes-tggulated byP. nic Horizontal coordinate represents
the numbers of genes enriched to the term. The color of the dot repedjaatedP.values(B)

Dot plot of KEGG enrichment analysis of the upregulated gen€s hic. The vertical
coordinates are the enriched pathways] the horizontal coordinates are the enriched gene ratio

compared to all the ugegulated genes . nic The size of each dot represents the number of
upregulated genes enriched to the term. The color of the dot represeadgitited?.values (C)

Category neplot of KEGG enrichment analysis of the upregulated genés bjc The blue

dotsrepresent significant KEGG terms that are upregulatdé. Injyc and the size of the blue dot

represents the number of genes that are enriched to the term. The red dots connecting each term

representhe geneshat are enriched to the term.
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Heatmap of nutrition genes expression under Heatmap of PR genes expression under flag22, P.
flag22, P. nic and flag22+P.nic treatments at all nic and flag22+P.nic treatments at all timepoints
timepoints

Figure 10. Heatmap oftranscriptome expression values ohutrition genes and PR genes
under each treatment atseventimepoints. (A) Expressiorpatternsof the38 nutritionDEGs
inducedby P. nicin eachsample(B) Expression patternsf 21 PR (pathogenesis relateBEGs
underP. nicin eachsample Color-coding is based oh | & #hormalized to mock treatment at
each timepointRedder color represerisi O EIOIE&¥hd green color negative | &#
compared to water mock treatment.
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Agrodrench Vacuum infiltration Agrodrench vs Vacuum infiltration

2wpi 3wpi 1wpi 2wpi 3wpi 3wpi

16C
TRV-GUS

16¢ g
TRV-GFP g

2

wT

TRV-GFP agrodrench vac_infiltration
Methods

Figure 11. GFP silencing efficiency byiiAgrodrencho and vacuum infiltration . GFP activity
in 16C GFP transgenid. bplants treated with TRMGUS and TRVGFPwas recorded at 1

weekspostinfiltration (wpi), 2wpi and 3wpiThesuccess ratef silencing effetby
AAgrodrencto and vacuum infiltration was recordethe mean value of the successful rate from

4 biological replicates wgsresented in the bar plot
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Phytophtora culture Put in fridge to induce Flood pnic plates to
spore production induce zoospore
produgction
-
Normalizing Pnic ~ Target gene
zoospore silenced plants
concentrations)
Pnic zoospore suspension
Water treated
plants

Pni ection

Figure 12. P. nicinfection on VIGS plants.P. nicwas cultured on agar plates for one week
beforeitwasi nduced to produce zoospores. The pl ates
water to induce zoospore production. The suspension of zoospores was adjustedrord x
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Figure13. VI GS d o e sRythdphthorabiomas®ami\. kbplants. (A) Phenotype

observations oR.nicinfectedN. b. Top row represents none silenced GEmtreated with

water. Bottom row represents silenced Gk treated with TRV1 and TRVVBFP. Disease

symptoms were developed simultaneously when necrosis presented on both treated and untreated
plants on 2dpi and whole plant death on both treated andatedrplants on 5dpi. (B)

Quantitative PCR measurify nicbiomass on silenced plants and +sdlenced plantdN. Act2

genes was used as a reference wWRllricITS was used to quantify. nic biomass. Error bar

represents the standard deviation betwhegettechnical replicates.

B
Pythophthora nicotianae relative growth
8

2A-dCT

VIGS silenced plants
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Figure 14. g-PCR to validate the success of gene silencing on the targeted geMMELT,
AAPG6, PHT4 and OPT. GUS treated samples (nsrienced samples) and TRrgetgene
treated samples were collected feR@-PCR. Same amount of cDNA was used f&RT+PCR
on each sample. The figures showedgh& (Y6 & CT value of thetarget genie CT value of
N. bACTZ2as areference). Errobarsrepresent the standard deviation between 4 biological

replicates.
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Figure 15. P. nicdisease assay on plants with knoe@own of nutrition genes. Nutrition
genes were knocked down BRRV1 andTRV2 carrying the target regionB. nicbiomass was
guantifiedby ¢PCR andsymptom development was observadp6(amino acid permease 6)
andpht4 phosphate transporter mutants showed significanPlesgbiomasgp.value 0.05)
compared to the nesilenced plants treated with TRMZUS.aap6andpht4 mutans showed
delayed disease symptoms compared to plants treated with-GRN&R2
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Figure S2. Distribution of raw read counts and normalized read counts of each RNA-
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sequencing sample treated with mock, P. nic, flag22, or flag22 + P. nic at 3hpi. Two pictures on
the top represent the raw read counts and Deseq2 internal normalized read counts of each sample
at 3hpi. The two pictures on the bottom represent the read count distribution of all the samples and

cook’s distance of each sample.
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Figure S3. Volcano plot of all the genes in three treatments at 3hpi (A)
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Figure S6. Bar plot of gene expression distribution at 6hpi
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Figure S7. Volcano plot of data at 6hpi
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