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Abstract

Pl assratr e const antol yv aerxipoousse denvi ronment al Stress
causing disease can affect edormdmibadl Ify oidmpo rot
To counter disease devel opmehnatte aanadq tshporreeocaudg,h i t

knowl edge of its pathogenesundenmmisly avred | i mmu noef
responsmgat Pbgen i nt eglaay iocoentsmantoestthllyanclbempalk si n
a ranmgel edul ar processedvenwdemnbeobhogi oal mo
uni guweach pathosystem. Exploriemgt auiblewmagr icoounsp | e
functional anal ysi st harpopwgehapqubte 8 ¢ i M g a amn dMiiygdre s
protein i nter atchtei osmnc oapses aqgfs vatalHaipst tahnadls ifafpeprl eyn t

met hodol ogies to study the mol ec¢Wiltairs pvrionciefsesr
infection with phytopl asmaSahanuiet)inmemr@asi mms
response againegPVyYPptato virus Y

I'n studying -phhyet oprl apenai npeat hopy s memed wan f RN
i solation tphredtfdoccdlenftori sol ati on of tso, t afl r oRMN A,
sampl e'€anodfisdRahtyut o pl a s mph yst ool pdl mifs'enat ed s .gr Oue vi ne
optimized pradcé¢dher e soehabbli on of pure RNA of hi ¢
which we wused f or | i Btrharroyu gphrpeupta Wsaét gi uotnis eairdndga.h i g
prtoei ndpwahshs acoupl ed with masscrspgeapnitbenienrtyar ge
of a pChaatdi vPehtyd o pl asmd f eamtdns Ubsequently con:
interactions bet ween t he ef fecitnor plasnodt ai der
i mmunopr ecihgi treetsiudn.s Tof t hi s fsuthucdyi mfnmdmatd e onr
about t he pmoechayniksnnoswnof phypediphtasdapatf iege mirc
To improve our tulmpdoetrasttoa nidmmnmugn d®V¥ iersfpeomntsieon,o0 w
investigatedatdheTGAIl er s fpotpgubat ory protein
their importananediimtseal ipd yalmithoedahemil dArtagontd opsi s
(Arabi dops).®uitiasdhanlapp epot ato TGA (St TGA) pro
revedlee dnraees eo f  tprr wrn,cedwnimsicec hn a me-8GMms ni ATGMS ni

ar e kmootwwvm Ar abi dvep pies f enfinerdc tdiidrfeaelr anal yses t
the pot &tGA BitMIGA2. 1. The resul ttsh &itf T GARi. sl st

compensat elsi cf oarcisdaldiecfyi ci ency iRVYaontdatas siormmuan e
with otlhergtfhulS9t TGAs t o modul ateh &t aGARr lptiso
i nvol vtehdeeigm | ati on of class 111 peroxi dase ge

computati ongd & iomgshetint o the struct-UI6GAlIfaspeicds.

AltogehbBeresults predemdredt nat ¢ htilse tdppliiscat
analysis methodolpo@iveawi inn il tahlndt smeaantidaon i -s ms o f
pat hdogdrer act ieocnosmiicraltlwo i mpor tgamtpewr e sapac ipe
The newly acquired knowledge i mproves our un:
pl ant di seases, which is critical for $he dev






Povzetek

Rastline so nenehno izpostavljene radltiedgpiim o
bol ezni |l ahko ©prizadenejo gospodarsko pomemb
proizvodnjo hrane. Za preprmieuamaojppddmdibf a i1
Zznanje o0 njeni patogenezi ter o mehani zmih,

I nterakcije med r awteliimaoma iomdvpatag@me miapnesmo | e k|
vkl jucujejo vrsto molekularnih proceg«ov stber i
edinstvene vsakemu patosistemu. Razi skovanije
uporabo razli¢nih pristopov funkcionalne anal
do testov intermkweVtceckwirrou etien odr® inodroiplsakgeo dniallio gi
uporabili razli ¢ne metodoi lmgp | ®&mbme \pvrienusCkeev atnrjt
fitoptl ememani zmov i munskega odzviiwaulskomonpy ir j jaa n
(PVY)

Pri preucevanju paftiotsoplteznae vimgkamjtgit aal i

l
zolacije RNA za ucC¢inkovito iRNAaci i ovzmhkeae |

[

t riokuzene s Jantdoipdémyzamp I'as.maNasp lamtii'mi zi rani I
omogocCi l izolacijo Ciskec®&NAr acisjokkpo kamlislmo i § a
pripravo knjiznic in sekv¥naoadahj e vaa nijysuksasnkpoe z
rastlinskihaptotdeimmekintgaopiCakme cPlhayuop !l as ma

sol apot sebsitl idpwhkikidpi jaciz masno $mekhttomeéentij al
med efektiodbgretm fitremi@aoi neilk d munopr ecinpipglaant @
Rezul tati ptodajpopmeimbeme funkcional nepan@dahor maci
mehani zmi h patogenosahni hi zopfakemrj posredo

Da bi indbpdgpegmevanj e i munskeag aolowWwzbvy ass kDO mp i
raziskali vIiogo krompijrenheGAirte gtul ap rodktmekme asjgs ki h
v model ni rastlini Amalviadops )rscapmif afkoaea& o j(i v
rastlinskposmadcowsdni s . s dlaigail pimrzeet &kiimss kiinho z apc

krompirjevih iTiGAss(oSitglaXAedzoatlneo spr iskr aj s&mi s mpr o
jih poi medi&Aal KreantingiiithiGA nva v a drmmepm j ankiosvoc up oz nani
smo iizvreald!l i ¢ne f unpkdiaolbaid alet karnbarhp rzeefTEGVA mi ni

St TGA2. 1. Rezultati tlea h&ktol GARelskompkanzata, pd

salicilne kislimekpoimpii ivj asnkhesne Pddzviegzmugteeiznidr u
St TGAQl ne ,d@l model aci jo transkripcije. Pokazal
V ur avenaivamngzanj a (greanzorve,dpae riolkisn akaiz!l i napredno
modeliranje za vpogled protenikii@A.ne vidi ke de

Rezulptraetdis,t avl jeni, wrti&jazdij ¢ dood kuggoirja bfou nnkectioo
anal rastVvVinah in prinasajo nova SsSpoznanja 0 m
patogeni pri dveh gospodarsko pomembni h rast/|
Nowo pridobljeno znanje izboljsuje nase razumn

bolezniljkédmnega M@mEomena za razvoj ucd¢inkovitih
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Chapter 1

Int roduction

1.1 Plant Diseases

Pl ant di s etahgee © diumipgtaygtuaanld pr oducti on yield of e

pl ant species wiBOldwifogseddont thre ffiwheara,j or
rn ce, mai z e, potaateo,c aarse ds dybean) 0 der pat hage s
Savary et.Tale. ma2@d@1%)ausal agents of pl ant di s
oomycet es, f u,nmagnid, pnaanaasticSitcsaplgan t& .Fc osteta,s e2 00

out breaks are wusually di fdfiifcfuelrte ntto pmr hdigetn s o
similar agdcdpt omgaceonntel yploavntduec ot iameceus and ¢
evol uti on.t iTohnes ibnetteweaecnp Ipar th®o gemes hinghl y speci
to different outcomes depmeéndingtgn thbd wibretoeama
pat hogen tshtew @i nsudotrh & ag amg Sshpaanae st al ., 2022
Scott , .|l 20b&8)» not feasible tbhygemhelrady zemorse\
while we have |l earned a | ot by studying the
Ar abi dhmpabisddps) s ¢ dah mavdody ste be addressed
and our kncorwolpe ddgies ecafses iis still |l acking.

I n t hé ovisouslge ct iwenshr i efulcye itnwtor ody pes pf pl at
phytopl agsimaalanignfaencdt idoensscri bevenefrepcbasaenypat
det ai | ,t hrBaamdliylPhtyas 9 pl asnmaa sBIl asol aifif '), a caus
t he p@rvd ne Yel |l ows dVisteias ev,ii ne Infgelr rpao ¢ it me v rus Y
considered the most dandeorl ansunvitiusse eiozfeercetti nagl
2019

1.1.1 Phytoplasma Infections

Phytopl asmas are smal/l bacteri al Moghnceames t
(Bertaccini. &Td»en o miioclal)!| vy, they are distribu
their 16S ribosomali gbACammdit'dveety efdBPCM,. 2004)

Unli ke most bacteria, they | ack a celdle wal I a
the phloem tissue and are mainly transmitted
including | eafhopper s, ,( Weliamtr ahudbp p&e rBse, Breaadu dp,es y2|
phytoplasma are difficult to culitmivtae e toatisn fde
pl ant tissue. Phytoplasma are the causal agent
gl obal grapevine production. Infected plants
yell owing or reddening, |leaifveluinhg Deefr naéesds iaes
Bertaccini, Constabl@n a& sMebhcleel,| u2@x7) evel,

photosynthetic proces 3se smeatnadb onmainsi np,u | paatret itchuel ahr
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synthesis, to(Alhteerrt aazdzwiandtagal . , 20009, Bertamini
& Grando, 200 2; Hren et al ., 20009; Sant i, Gri sal
Two of the most damaging Grapeivl awe sYcedal cwevsd d mé ek
associated withC saurbdgr-b@@sY tliérsir V Mur ar i, Mor i, &
1999)achdi somosdagci atCad Pwi tstol'ani ' from the stol bur
A(Quaglino et Thée. patbagenesis of phytopl asma in
studied i n gr apebvoinsendiuoefre atldadvewictebgqauar dot é @ e
statbermastia.et al., 2017)

1111 'Candidatus Phytoplasma solani'

The phytopl &€samaP.s pseocliaensi '' was fQuagleitleasntd i bed i n
is represented by different strains that form a
basis génehiyt oanal ysi g ysécarhcepil6bsg&nBNAand t he

assessment of bi ol oCxri cR]I poloperi tdh @isd s @ifmer Cause

grapevi ne, t he stol bRracdiosseasRenianudi eamateEovei l |l ar
Hernoul d, p@©ONi6tdr ovi ¢ ,etanadl .o,t h2er1 6Wi | d or cul tivat
rednevosvi ¢ et ahd,olB®O7)di seases. I|Its primary hos

are the stiUngi c@) darmd cmiCochwed d/ u(l asGat yeneigsé a

sep) umAl t hough endemic to sout her nhe&Euprogpsee mma t h
ofCa P. sol ani' has been reported in vineyards o
as wel | as North Ameri ca, South Ameri ca, and Oc
Mediterranean Plant Protecti(ERPOrGhobaat Danhalcao b
2022)n the European an@a MBdi sefraaneansrmgiohy tr
the planthdHymdrestvdetSsarghesoketusshieedsf oageséennigy nf

nettle or bindweed, yet only occasionally on gr .
deedd host for (bDer magtoalasmal ., 2017)

The gr atpeiviatmouisres symptoms similar to other Gr e
None of the grapevine culrtoivear sr essti lsd iaend ttou sp hfya
infe¢Al berrtazzi et al ., ;20@Wevieai msromet palant s2@

recover spontdboes@wby hf domease symptoms suddenl
di sappEeMuomilgGar bari no, Mancini Al &h®oghnbahei pr aoeé

underlying grapevine recovery are not well under
changes to the phloem, call ose deposition, chang
has beracted to reactive O(6GCpgnbBoepaccis pPaodact &
Pal mano, & Gri baudo, 2013; Sant i, De. Mar co, Pol i

1.1.2 Viral Infections

Viruses are obligate parasites, unablee to repl
intracel |l ullAecrc omaldt hhiggd @ dytep doaf nt Benati onal Commi tt
Taxonomy ofht Vipsusés ct v. ¢, lacbboaz2l O/ OsOpeacm @ my-/o0 f pl ant
i nfrectviards esd r almo t3¢fda mi (| Weelsk er etThaed .g e n200n2els) o f

pl ant viruses are wusually smal/l yet often compl
frames and encoding multifunctional proteins, S
Prote{(Yaklk Gal | o, Ro eMomial, anks ,Galrécppebzt h@04dB) t hey ¢ a
have different genome organizations, about 80 %
(Mandahar ,RRAMOWI)ruses have ,ainghagesneaetgil @swamriadbislp
usuallydcompmasneg( Ruabriica,ntGal i pi en.s0n,c e& t her rviiala,l 2

par temnctleer s t hiet hoptevieddsly encapsul ated genome
stamrdedplicatindg atnfthei inte The virus can then spi


https://ictv.global/taxonomy/

1.2. Plant Immune Response 3

usi ng wceellll acids tl amge , moVv ¢ menat el y causi(rCglalsysi
& Fontes, 2017, KriZznik, Gruden, & Baebl er, 2
While they can be tramamistimiesdiiom dHgvemaslecwa

most rf famdeal so t hevimdisti nBiedds prpeead es from t
transmitting over 700WLefekuwmwowmnépbtabt svEea@amnsksa
vVirusespensashpatdisemént or per-pessestemanaer s
peirstent transmission, the virustsewoér sshilel ynis
mout hpaanrdt scan be shed by salivary secretion.
ingestednbeceéemtaend att hevartyhmgo aglesbohg mihdg anl
remai nunthiblee end nosfe cith éreetpienaet,e d Ingl amtf *cdn whi cl
f e2ed Sometthiemevs reuvséemsf cm@nce t he behaovrisororofp Itahnet
hosts and tnhaenm ptuol atthee(i t e faedlwvame aeggte al ., 2019)

1121 Potato Virus Y

PV s a filamentotéRptvwnitraimd geeBosyptmraits i nf ect ¢
a range of economically important crops. It
(Kreuze etamd .t,he&0d®ysal agent of potato tuber
can severely affect tuber productiferedt HBedY i s
|l eaokesinfectkar pdant & .Gtsaiyngti2zedhd)e ds eprossd t RN A
genome épobpcodbBagvadn pwvhotcdhi ms e | argely multifunct
in various sftagtisonf wvWhchudi nngndeé plri oathieonpr ma
The viral parddnmlleong arhd wibMtedrx u2@G0 vi r al coa
copies assembled arounec atntdee dRMA | §d €rddkneat rirrm ea el
al ., . 2019)

PVY infection can elicit differeonn trhees pwinrsel
strain and pohetoespbhnsear of susceptilblle cult
symptoms in ttod esawndr el dindesase symptoms and t
culti(Baebl er, Col |, ReGradamt pRgOL&Yo cul tivar
with extreme resistance or hypersensitive resfg
through mechani sms nhBaebuteelal .ey n dZebrésOt)oyopmpler sens

response is pNglnpd eids thayn cttethhpegpe me¢ oi mul ti var Ry
mani fests in the fotmemwffenteicorotsict d eamadnisnhaithb
vi al spPpzajdko etAtalt he 2r@®I8gtchuelygprerisewmeslr esponse
involveproeessas, such as reactive oxygen spe
cell wall ,anmdengtikeédeingg®mne e(xXBaebslsdaro neStt vadli.e,s 20
with transgenic potato plants, impaired in ac:¢
t he SA hpatntowaayl pl ays a crucial role in potato
(Baebler et al ., 2011, 2014 ; LukahpopwBadakel er |

mechani sms of SA perception in potato have no

1.2 Plant Immune Response

Due to their Isa&ssitse d peo npsact htomfeenctia 0 gdeelpye a d s
intracel |l ullant higpmrmoatees semmu,npeatt @esmonseecogni ti on
(PRRisn the plasmacmgmkepaserved moletubvadi pgtt
pat hogens pkantohwagseaai amoel ecul amactpiav dtesraneg! It drck
pat tterringger ed( R TmMmBroimey patbddgenhbe PTI response
effector s, virul ence protdeinsnhaomi s$eddisdadrey erh
respophaets caaeffecbgnsgzarn ar e naptacred | urhost |l y b
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nucl ewitn dierc grnileeh r epe@NLR®mielpy oof protehes. This
ektttori gger ed i nindwmietsy & Blaln)gl , 2006)
Agediesgrece®ncept, pionEkoedi,bhbh842 oindg been valid
based on the hypwahegéemrehatspmwmdiiciotha nfodr ptlhe

pat hogen ioher adc¢tfiean ®mwre cnoogd beyczud dee il ahfEl aorecept or
1942)However, it i s beddmicngpr aprearogatmp t €at i nvo
net wor ks, the result fofyemowmtpoefdst iof.eManey ¢ li wtniso no

pat hogens havfe af déecwoga® zeadt | 9§ ompliametc e gpicod §, by
which someti mes r equibreef corteh etrh amoslloeechusiTlegsra¢lo. act

are many diffeeemtoddisfi prewmedncspetcthifeassv ol ut i on

of ef fectort hprsotresidrikssdameyxeptor net works much m

resittabanges in tHe&EHenWurobmervnina, PRakKamoun,
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Abstract: Bois neir is the most widespread phytoplasma grapevine disease in Burope. It is assoclated
with ‘Candidatus Phytoplasma sclani’, but molecular interactions between the causal pathogen and
its host plant are not well understood. In this work, we combined the analysis of high-throughput
RNA-Seq and sRNA-Seq data with interaction network analysis for finding new cross-talks among
pathways involved in infection of grapevine cv. Zweigelt with ‘Caz. . solani” in carly and late
growing seasons. While the early growing season was very dynamic at the transcriptional level in
asymptomatic grapevines, the regulation at the level of small RN As was more pronounced later in
the season when symptoms developed in infected grapevines, Most differentially expressed small
RNAs were associated with biotic stress. Our study also exposes the less-studied role of hormones
in disease development and shows that hormonal balance was already perturbed before symptoms
development in infected grapevines. Analysis at the level of communities of genes and mRNA-
microRNA interaction networks revealed several new genes (e.g., expansins and cryptdin) that have
not been associated with phytoplasma pathogenicity previously. These novel actors may present a
new reference framework for rescarch and diagnostics of phytoplasma discases of grapevine.

Keywords: ‘Candidatus Phytoplasma solani’; grapevine; bois noir; RNA-Seq; sSRNA-Seq; miRNA;
phasiRNA; harmones; interaction network

1. Introduction

Bois noir is the most widespread phytoplasma disease of grapevines (Vitis vinifera L.)
in Europe and can lead regionally to losses of up to 50% [1]. Its causal agent is ‘Candidatus
Phytoplasma solani” from the stolbur group 165rXI-A [2]. The interactions between
grapevine and ‘Ca. F. solani’ have been extensively studied and are reviewed elsewhere [3].

Int. J. Mol. 5ci. 2021, 22, 5531. https:/ /doi.org /10.3390/1jms22073531
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Several developmental processes and metabolic pathways in the host plant are affected
by infection as revealed at the transcriptional, protein, and metabolic levels [4-8]. In
infected grapevines, several steps in photosynthesis are repressed during infection. There
is growing evidence that feedback inhibition of photosynthesis results in leaf yellowing
(i.e., chlorosis) because of carbohydrate accumulation in the source leaves [9-14]. As
was proposed early in phytoplasma research, this accumulation is a consequence of the
manipulation of the host metabolism by the phytoplasmas, which can turn infected plant
tissues into a carbohydrate sink that provides phytoplasmas with hexoses [8,15,16]. Several
studies have analyzed the expression of genes involved in carbohydrate metabolism and
their enzyme products and sugar metabolites upon infection of grapevines with ‘Ca. P.
solani” [8,16-20]. As a sign of stress conditions, grapevines infected with ‘Ca. P. solani’
accumulate several amino acids, including serine, glycine, valine, leucine, alanine, (-
alanine, threonine, aspartate, pyroglutamate, and proline [17]. In addition, infection with
‘Ca. P. solani’ changes the flavonoid pathways in grapevine [21-26]. Although evidence
points to important roles of the plant hormones in the signaling networks involved in
grapevine responses to ‘Ca. P. solani’, the underlying molecular mechanisms of these
interactions remain poorly understood [27].

While the main plant processes in which phytoplasmas are involved are now rec-
ognized, information is scarce in terms of fine-tuning the expression of the regulators
involved, such as transcription factors and small RNAs (sRNAs). The combination of these
factors defines the genetic regulatory circuits of transcriptional control [28,29]. sRNAs
are involved in multiple cellular processes, and they modulate the expression of other
regulators, including transcription factors [28,30]. In plants, two types of sSRNAs regulate
posttranscriptional gene expression, microRNAs (miRNAs) and phased small-interfering
RNAs (phasiRNAs), although their targets are not well defined. However, several con-
served and species-specific miRNAs have been identified in grapevines [31]. It has also
been shown that miRNAs have an important role in host plant responses to phytoplasma
infections. They have been identified in phytoplasma-infected Mexican lime [32], Ziziphus
jujuba [33], mulberry [34], and paulownia [35], together with their putative targets, which
are genes involved in plant morphology, signaling, nutrient homeostasis, environmental
stress responses, and hormonal metabolism and regulation. In addition, several miRNAs
that respond to phytoplasma infection have been identified in grapevines infected with
Flavescence dorée phytoplasmas [36] and with ‘Ca. P. asteris” [37].

New high-throughput technologies such as whole transcriptome sequencing allow
simultaneous analysis of multiple gene expression snapshots of the same organism or of its
tissues. These can be used for more accurate analysis of time-dependent phenomena, such
as phytoplasma pathogenesis. In the present study, we addressed the temporal dynamics
of the responses of grapevine cv. Zweigelt (Rotburger) to infection with ‘Ca. P, solani” under
natural vineyard conditions in leaf-vein-enriched samples and analyzed gene expression
by RNA-Seq and sRNA profiles by sSRNA-Seq.

As molecules in the cell seldom work completely independently, several interaction
network-based approaches have been adopted as tools of choice to study their intercon-
nectivity [38]. In a study parallel to the present one, we developed methods that can
operate with such information-rich structures and applied these to modeling the bois
noir disease [3%]. The network inference we described offers an exploration of temporal
network dynamics at the level of communities that can be revealed from RNA-Seq data.
This method was developed on grapevine cv. Zweigelt infected with ‘Ca. P. solani” late in
the growing season. In the present study, we aimed to apply this method to grapevines
sampled early in the growing season prior to symptom development, which has not been
investigated in detail to date, and to perform a comparative analysis with the results of
the late growing season. In addition, to reveal hierarchical interactions and co-regulation
among different RNA classes involved in these grapevine infections, data-driven bioin-
formatics approaches were used to analyze the genome-wide data obtained over two
consecutive growing seasons. We have identified complex regulatory networks that pro-
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vide us with a reference framework for detailed studies of the regulation of the main
processes in grapevines infected with ‘Ca. P. solani’.

2, Results and Discussion
2.1. mRNAs and sRNAs Show Differentinl Temporal Invelvement in Grapevine Infected with
‘Ca. P. solani”

High-throughput RN A-Seq (Table 51) and sRNA-Seq (Table S2) were performed on
leaf-vein-enriched samples collected in the early and late growing seasons in 2017; for
mRNAs, this was repeated again early in the season of 2020. For the 2017 experiment, the
grapevines were chosen based on check’mg for phytoplasma infection the previous year, as
presumably uninfected and infected with ‘Ca. P. solani’. The presumed infected grapevines
were asymptomatic at the time of the first sampling in the early growing season. However,
they developed symptoms over the growing season, and the phytoplasma infection with
a nettle type (CPsM4_Atl [40]) was confirmed at the time of the second sampling in the
late growing season. The same grapevines were sampled again in the early growing
season of 2020. In 2020, the grapevines did not develop symptoms over the summer, and
phytoplasmas were not detected in samples from these grapevines later in the growing
season, which suggested that these grapevines had already recovered from their previous
infection or were in the recovery process [41]. Moreover, the RNA-Seq analysis of samples
from these grapevines revealed that there was not even a single differentially expressed
gene defined between the recovered and uninfected grapevines (Table 51), which indicated
that the recovery appeared to have occurred previously, in 2018 or 2019 [20]. Of note, these
samples were collected in a production vineyard where the vines are pruned extensively
each year, which is a practice that can have positive effects on grapevine recovery from
bois noir disease [42].

Analysis of the RNA-Seq data produced an average of 82,335,298 reads per sample that
were aligned to the grapevine reference genome. Qut of the 42,413 annotated genes, 24,279
were removed by filtering out those with raw counts over 50 in less than four samples
(i.e., genes that were not expressed under any of the conditions). From the remaining
18,134 genes, 15,319 genes (correspond to 84% of the 18,134 expressed genes, and 36% of
the 42,413 annotated genes) were significantly differentially expressed in at least one of the
comparisons (Table S1).

sRNA-Seq revealed 178 miRNAs (Table 52) and 261 phasiRNAs (Table 53) with raw
counts over 50 in at least four samples. Of these, 238 (54%) were significantly differen-
tially expressed. Eighteen of the miRNAs were novel (18 novel MIR loci) and might be
involved in novel miRNA-mRNA interactions. Using our pipelines, the novel miRNAs
were grouped into 17 novel miRNA families, with two of the loci grouped into the same
family, miR14 (Table S4). The prevailing number of differentially expressed sRNAs in
the infected grapevines (i.e., 125 sRNAs) in comparison with the number of differentially
expressed sRNAs in uninfected plants (i.e., 54 sRINAs) suggests an important role for
sRNAs in grapevine responses to infection with ‘Ca. P. solani’.

Venn diagrams reveal some interesting comparisons (Figure 1). Gene expression ob-
tained by RNA-Seq was initially compared between the infected and uninfected grapevine
samples (Figure 1a). A total of 6942 and 6288 genes were significantly differentially ex-
pressed in infected grapevines compared to uninfected grapevines in the early and late
growing seasons, respectively. Together with the same average absolute logy value of
fold-change in both cases (i.e., 0.70), these data indicate that the grapevine transcriptional
response to infection with *Ca. P. solani” in the early season is similar to that of the late
growing season. For the differentially expressed genes, 35% (3438 genes) were expressed
differentially in both growing seasons, while the remaining 6354 genes were expressed
differentially, as either in the early (3504 genes) or the late (2850 genes) growing season.
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Figure 1. Venn diagrams showing the significantly differentially expressed genes (a) and sRNA (b) frem the 2017 experiment.
E, early growing season; L, late growing season; U, uninfected; I, infected with *Ca. P. solani’.

In the next step, gene expression was compated between grapevine samples from the
late and early growing seasons (Figure 1a). In total, 10,941 and 10,998 genes were signifi-
cantly differentially expressed in the late growing season compated to the early growing
season in the uninfected and infected grapevine samples, respectively. Together with the
same average absolute logy value of fold-change in both cases (i.e., 1.03}, these data suggest
that the infection itself did not affect the number of differentially expressed genes during
the growing seasons. Moreover, 60% (8187) of the genes were expressed differentially in the
uninfected and infected grapevines, while the other 40% (5565) of the genes were expressed
differentially either in uninfected (2754 genes) or infected (2811 genes) grapevines.

In contrast with the gene expression revealed, the Venn diagram of sSRNAs shows a
different picture (Figure 1b). In infected grapevines compared to uninfected grapevines,
66 and 136 sSRNAs were differentially expressed in the early or late growing season, respec-
tively. Thirty-nine sRNAs (19%) were expressed differentially in both growing seasons,
while the other 163 sRNAs (81%) were expressed differentially either in the early (27 sSRNAs)
or the late (97 sRNAs) growing season.

Most phytoplasma studies have been focused on the symptomatic phases of patho-
genesis, and the consequent conclusions for the more metabolically dynamic late growing
season phase are based on the associated results [3,43]. In this regard, the results of the
present study are striking, as they show that the asymptomatic early phase of the annual de-
velopment of bois noir disease is very active at the grapevine transcriptional level, whereas
its regulation at the level of sSRNAs is more proncunced later on.

Analyzed miRNA and phasiRNA targets have confirmed the growing evidence that
any single miRNA might regulate many genes, as well as that any single gene might be
targeted by a number of miRNAs (Figure 2; Table S2). An interesting observation was that
57% and 53% of the miRNAs detected were down-regulated in grapevines infected with
‘Ca. P solani’ in the early and late growing seasons, respectively (Figure 2). The significance
of this finding is not known at the moment. However, in animals, a global down-regulation
of miRNA expression is often the rule in cancers [44]. While 80% of the same miRNAs
were similarly differentially expressed cither carly or late in the growing scason, 20% of
all miRNAs changed their mode of up-regulation or down-regulation through the year
(Figure 2). Among these, there are the most prominent isomiRs with sequences that varied
with respect to the reference sequences of vri-miR166 and vvi-mik3623 that regulate genes
that encode proteins involved in disease resistance [45].
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2.2. Gene Set Enrichment Analysis Confirms High Transcriptional Activity in the Early
Growing Season

Gene set enrichment analysis is a computational method that determines whether
an a priori defined set of genes shows statistically significant concordant differences be-
tween two biological states. Here it was used to identify any relationships between the
expression and function of the differentially expressed genes in these grapevines infected
with “Ca. P. solani’ (Figure 3). This gene set enrichment analysis showed a very strong
response of grapevine to infection with “Ca. F. solani” early in the growing season, before
symptoms develop. Eight functional bins [46] were differentially up-regulated only in the
early growing season, specifically as: major CHO metabolism.degradation; glycolysis; fer-
mentation; TCA /organic transformation; mitochondrial electron transport/ATP synthesis;
DNA synthesis/chromatin structure; signaling receptor kinases, and cell vesicle transport.
Twelve bins were enriched early and late in the growing season, and six bins only late in
the growing season (Figure 3).

The largest enriched bins (in terms of percentages of genes) were associated with pro-
tein amino acid activation, synthesis of ribosomal proteins, synthesis initiation, elongation,
targeting, degradation, folding, glycosylation, and assembly and cofactor ligation. Early in
the growing season, the majority of the genes in these bins were up-regulated. Late in the
growing season, the majority of the genes in these bins were down-regulated.

The bins related to RNA and transcription factors (i.e., ARE, bHLH, C2C2(Zn) constans-
like zinc finger families) were down-regulated for both growing seasons. On the other
hand, several genes in the bins associated with the cell wall and secondary metabolism
were up-regulated throughout growing seasons.

2.3. Genes and miRNAs Not Associated with Phytoplasma Diseases Contribute to Resolving the
Sanitary Status of Grapevines

Based on their mRNA profiles, uninfected and infected grapevine samples were clearly
separated according to the sanitary status, as well as by the time of sampling (Figure 4a).
In addition to the genes that encode a thaumatin protein from pathogenesis-related protein
from class 5 and pathogenesis-related protein from class 10 (which have been associated
with phytoplasma pathogenesis [3,27]), the other main genes with seasonal variations in
these grapevine samples were ones that still have unclear roles during grapevine infection
with ‘Ca. T. solani’; namely, genes that encode metallothionein, cysteine proteinasel,
cellulose synthase-like G3, chloroplast B-amylase, and a gene related to cold, circadian
rhythm, and RNA binding2 (Table 1).

The genes that best separated the grapevine samples according to their sanitary status
encode metallothionein, which is different from the contributor to the seasonal origin, and
the same genes that contribute to separation by season and encode chloroplast 3-amylase
(i.e., Vitpi02g00605) and a protein from the ubiquitin-protein family. Additional contributors
that separated the infected and uninfected grapevines are involved in photosynthesis, as
the main known process to be down-regulated in phytoplasma-infected grapevines; i.e.,
the gene that encodes ribulose bisphosphate carboxylase (small chain) family protein, and
two genes that encode rubisco activase.
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infection with ‘Ca. P. solani’.

Table 1. The 10 genes with the most important contributions to separation of the grapevine samples according to the early

and late growing seasons (Early /Late), and the same for their sanitary status {Uninfected /Infected), for the grapevines

during infection with ‘Ca. I’ solani’. E, early; L, late; U, uninfected; I, infected.

Gene ID Description Log: FC
E-1: E-U L-1:L-U L-U:E-U L-1:E-1

Early/Late
Vitoi(R2g(1406 Thaumatin family 6.62 3.27 5.52 218
Vitwidog(11696 Metallothionein 1.86 2.88 1.14 216
Vitoi18gl)0674() Granulin repeat cysteine protease family protein 0.93 1.19 1.72 1.98
Vitoi19g00434 Ubiquitin family protein 0.93 0.31 2.10 1.48
Vitoitag1756 Pathogenesis-related protein 10 1.50 0.27 191 0.13
Vitwi2g00605 Chloroplast p-amylase 0.56 0.40 571 4.75
Vitviog01697 Metallothionein 0.55 1.02 —0.43 0.05
Vitwi(2501341 Cellulose synthase-like G3 0.73 113 434 4.75
Vitwi03g0n327 Cold circadian rhythm and RNA binding 2 001 0.28 181 207
Vitoi7g01690 Cysteine proteinasel 1.04 0.96 2.05 1.98
Uninfected/Infected
Vitoi19g01871 Metallothionein 3 1.68 0.47 0.26 1.48
Vitvi2g00605 Chloroplast p-amylase 0.56 0.40 571 4.75
Vitoi(8g(i1245 Rubisco activase -1.14 —1.80 2.25 1.59
Vitoitt1 g0714 Galactinol synthase 4 0.55 0.07 0.87 1.49
Vitwil9¢00549 CDP-L-galactose phosphorylase vitamin C defective 5 -1.13 —1.51 0.54 0.16
Vitvi17g00038 CLPC homolog 1 0.24 1.05 2.01 1.19
Vitwi(5g00563 Early light-induced protein 1, chloroplastic-related 0.24 —0.73 2.00 1.03
Vitoi17g00320 Ribl}]use. 1715P1105p11ate carboxylase (small chain) 114 17 _028 _081

family pretein
Vitoil9g00434 Ubiquitin family protein 093 031 210 148
Vitoilleg()i513 Rubisco activase —1.48 —1.84 —0.35 —0.71

It is worth noting that the Arabidopsis ortholog of chloroplast f-amylase gene
Vitvi02g00605, BAM3 (Atdg17090) encodes one of the six plastidic f-amylases in Ara-
bidopsis, which is transcriptionally induced by cold stress and is dominantly active in
mesophyll cells during the night. This might explain the contribution of a gene related to
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the circadian rhythm to the separation by seasonal origin. The importance of 3-amylase to
multidimensional scaling might at least partially explain the synthesis and accumulation of
starch during phytoplasma infections [9,14,19]. Although one of the prominent symptoms
of phytoplasma infections is an accumulation of starch in leaves [9,11,12], the source of this
starch is not clear. ADP-glucose-pyrophosphorylase (AGPase) is a rate-limiting enzyme
in starch biosynthesis [47]. Hitherto, transcript analysis of the gene that encodes its large
regulatory subunit in grapevine cv. Chardonnay when infected with ‘Ca. . solani’ revealed
its transcriptional up-regulation [20], but no significant difference on AGPase enzyme
activity [19]. Our RNA-Seq of grapevine cv. Zweigelt here showed several genes that
encode AGPase, with differential expression in the uninfected and infected grapevines
for both growing seasons (Table 51). However, non-significant differences were found in
total AGPase enzyme activity (data not shown) in agreement with our previous study [19].
On the other hand, a transcript that encodes chloroplastic 3-amylase was up-regulated
in infected grapevines in the early growing season and less so in the late growing season
(Table 1). This is in agreement with a study on phytoplasma-infected symptomatic mul-
berry leaves in which the transcript levels of the 3-amylase gene were lower compared to
uninfected leaves together with a significant reduction in the corresponding B-amylase
enzyme activity [12]. These results suggested that the accumulation of starch in the infected
leaves results from reduced starch degradation and not from its de-novo synthesis [12].
However, data for f-amylase in mulberry leaves are in agreement with the reduced gene
expression and enzyme activity of x-amylase [12]. This was not the case in grapevines
of cv. Chardonnay infected with ‘Ca. P. solani’, where the infection resulted in increased
expression of an a-amylase gene [8]. In grapevine cv. Zweigelt (this study), infection with
this pathogen was associated with down-regulation of Vitvi03g00500 and Vitvi01g00932,
which are genes that encode a-amylase-like and x-amylase protein, respectively. An ad-
ditional two genes that encode a-amylase-like proteins, Vitvi03¢01571 and Vitvil8g00144,
were up-regulated. Whether these data and the previous data on amylases in infected
plants are species-related or related to ecological factors is currently not known.

miRNA expression data were also plotted with multidimensional scaling, which
clearly revealed the sanitary status of the grapevine samples as well as their early or late
growing season (Figure 4b). Interestingly, among sRNAs that differentiated the grapevine
samples by sanitary status, there were mikINAs (vvi-miR482 4, voi-miR166d.2, vvi-miR482,
and vvi-miR156g.1) that regulated the expression of genes involved in biotic stress, several
disease resistance proteins, a heat shock protein, and -galactosidase (Table 2; Tables 52
and S5). Four sRNAs (z0i-miR166¢-h, voi-miR3623.5, voi-miR3623-5p, and vvi-miR3624-3p)
contributed significantly to both sanitary status and season differentiation. These mainly
regulate the expression of genes involved in RNA regulation of transcription, protein
degradation, and metal transport (Table 2; Tables 52 and S5). The contributors to sanitary
status separation also included vvi-miR162, voi-miR162.3, vvi-miR159¢, vvi-miR159¢.1, and
20i-miR3623.4, which regulate the expression of genes involved in nucleotide metabolism,
RNA processing and degradation, RNA regulation of transcription, posttranslational
protein medification, and protein degradation (Table 2; Tables 52 and S5).
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Table 2. The 10 miRNAs with the most important contributions to separation of the grapevine
samples according to the early and late growing seasons (Early/Late), and the same for their health
status (Uninfected /Infected), for the grapevines during infection with ‘Ca. . solani’. E, early; L, late;
U, uninfected; [, infected.

miRNA ID Logz FC

E-l:E-U L-1:L-U L-U:E-U L-I: E-I
Early/Late
vvi-miR1660-h —1.24 -1.18 0.37 043
voi-miR162 —1.05 —0.77 —0.05 0.24
vvi-miR3623.5 0.05 233 0.65 292
voi-miR3624-3p 0.94 0.83 1.08 0.96
voi-miR3623.4 —0.20 —0.67 0.83 035
poi-miR159%¢ —0.34 —0.06 —0.26 0.02
ovi-miR162.3 —0.84 —0.50 —0.01 0.33
voi-miR3623-5p 0.50 247 0.530 247
voi-miR159¢.1 —0.36 —0.07 —-0.16 012
vvi-miR3634.3 —1.09 —1.84 —0.14 —0.89
Uninfected/Infected
voi-miR3624-3p 0.94 083 1.08 096
ovi-miR3623.5 0.05 233 0.65 292
voi-miR3623-5p 0.50 247 Q.50 247
voi-miR166c-h —1.24 —1.18 0.37 0.43
voi-miR1568.1 —0.42 —0.18 1.74 1.97
vvi-miR482 —0.05 133 —0.05 1.34
v0i-miR398b,c —0.54 —0.43 1.68 179
voi-miR166d.2 —0.63 —1.67 2.08 1.04
voi-miR482.4 0.98 031 1.00 032
ovi-miR168.5 1.05 0.58 1.01 0.55

2.4. The Most Differentially Expressed Genes and sRNAs Are Associated with Different Aspects of
Biotic Stress Signaling

Analysis of the mRNA-Seq and sRNA-Seq data from grapevine cv. Zweigelt during
infection with ‘Ca. P. solani” using the MapMan tool [46] revealed several novel patterns of
gene expression related to the bins that were putatively related to biotic stress. These in-
cluded: cell wall; hormones; proteclysis; NBS-LRR receptors; pathogenesis-related proteins;
signaling, including sugar and nutrient physiology, receptor kinases, calcium signaling,
G-proteins, MAP kinases, and light; transcription factors; and secondary metabolites.

In the bins that included the pathogenesis-related proteins and secondary metabolites,
the analysis of the corresponding gene expression in pre-symptomatic but infected plants
revealed several genes that were highly up-regulated compared to uninfected grapevines,
although their expression decreased late in the growing season (Table S1). Among these,
there were genes that encode for pathogenesis-related proteins from class 1 and 5, chitinases,
and Vitvil6g01336, which encodes 2-oxoglutarate (20G) and Fe(Il)-dependent oxygenase
superfamily protein downy mildew resistance 6 (OMR#) ([43,48]. DMR& has an essential
role in the mediation of salicylic acid homeostasis during plant development, leaf senes-
cence, and pathogen responses and acts as a susceptibility S gene in a class of suppressors
of plant immunity [27].

In agreement with the reported roles of sSRNAs in stresses, the greatest number of
predicted targets of differentially expressed miRNAs and phasiRNAs corresponded to the
bins associated with the biotic stress signaling (Figures 5 and 6). In this group of sSRNAs,
65% of the miRNAs were down-regulated in comparison with the up-regulated miRNAs
in both of the growing seasons.
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Figure 6. Differential expression of the phasiRINAs associated with biotic stress in the grapevines infected with ‘Ca. I. solani’

compared to uninfected grapevines over the growing seasons. T, up-regulated; |, down-regulated.

24.1. Important Involvement of Genes Associated with the Cell Wall in Bois

Noir Pathogenesis

The cell wall bin is putatively associated with biotic stress and comprised 262 dif-
ferentially expressed genes. Carly in the growing season, the second most up-regulated
gene with an almost 8-fold increase was Vitoi02g00653, which encodes expansin-like Bl
(Table $1) and is involved in cell wall processes [46]. On the other hand, a gene with the 1D
VitviG9g00767 that encodes expansin B2 was down-regulated (Table 51) and targeted by
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v0i-miR166d.2 (Table S5). This miRNA was among those, which differentiated the samples
by their sanitary status (Table 2). In the same cell wall bin was also the most down-regulated
gene of all detected differentially expressed genes with a 9-fold decrease. This was the gene
with the ID Vit2i13g00172, which encodes expansin A8 and was expressed in the late grow-
ing season (Table S1). Although the functional roles of the expansin-like A and B family
members remain unclear, a recent study of the expansin-like Bl ortholog in Brassica rapa [49]
suggested their involvement in stress. In addition, the second most down-regulated gene
(logs FC = —6.42) in the early growing season was from the same bin and encodes cellulose
synthase-like G3 (Vitzi02¢00165) (Table S1).

2.4.2. Hormonal Balance Is Disturbed Already in Pre-Symptomatic Phase of
Phytoplasma Infection

Infection of grapevine cv. Zweigelt with “Ca. P. solani’ confirmed the importance of
hormonal regulation in phytoplasma diseases [27].

Salicylic acid studies have revealed that several salicylate biosynthetic, signaling,
or marker genes are up-regulated in leaf-vein-enriched samples and whole leaves of
grapevines infected with phytoplasma ‘Ca. P. solani” [27]. Infection with this phyto-
plasma for grapevine cv. Zweigelt here showed high induction of three transcripts of
several genes that encode for S-adenosyl-L-methionine: salicylic acid carboxyl methyl-
transferase, which catalyzes the formation of the volatile ester methyl salicylate from
salicylic acid (Vitvi04g02117, Vitvi04g02118, Vitvi04g02122); these showed a peak in the
early growing season (Table S1). In agreement with the results from a study of grapevine
cv. Chardonnay infected with “Ca. . solani” [50], the relative expression of non-expressor
of pathogenesis-related protein 1 (NPR1), the receptor for salicylic acid, did not differ
across the infected grapevines of this cv. Zweigelt (Table 51). Among the-several genes that
encode pathogenesis-related proteins, PR-1, PR-2, and PR-5 are induced by salicylic acid
and are commonly used as molecular markers for the salicylic-acid-dependent systemic
acquired resistance signaling; they have also been shown to be induced after phytoplasma
infection [27]. Out of 14 genes that encode PR-1, the transcription of 12 was induced here
in grapevines cv. Zweigelt infected with ‘Ca. F. solani’ (Table S1). The same up-regulation
pattern was shown for 19 genes that encode PR-5 and also for one gene that encodes
PR-2 (Table 81). The DMR6 gene [27] was also highly induced in the infected grapevine
cv. Zweigelt. Similarly, as shown in grapevines infected with Flavescence dorée phyto-
plasma [14], DMR6 expression was higher for the early growing season compared to the
late season (Table S1).

Several genes that encode the major enzymes involved in jasmonate biosynthesis
and modification were differentially expressed (Table S1). Their involvement in phyto-
plasma infections has been shown for grapevines infected with ‘Ca. P solani” before,
although their role in pathogenicity is not clear yet [27]. In general, genes that encode
lipoxygenases are up-regulated upon infection with ‘Ca. I. solani’, and they are sup-
pressed upon infection with Flavescence dorée phytoplasma [43]. Lipoxygenase genes
have also been shown as down-regulated in Arabidopsis infected with "Ca. . asteri’ strain
witches” broom as a result of secreted effector proteinll (SAP11aywp), which destabi-
lizes transcription factor promoting the expression of these genes [51]. A homolog of
SAP11aywe has also been found in the genome of ‘Ca. P. solani” strain SA-1 originally
infecting grapevine [52]. However, our RN A-Seq here revealed three genes that encode
lipoxygenases (Vitvi14g00234, Vitoil4g02539, and Vitvi06g00149) that were either unaffected
or were down-regulated. On the other hand, the transcripts of the genes Vitwi06g00155 and
Vitri06g00158 increased from the beginning to the end of the growing seasons, with the
same shown for genes that encode the PLAT /LH2 domain of plant lipoxygenase-related
proteins (Vitvi01g01562, Vitvi05g00472, Vitvi09g00096, Vitvid1g01562, and Vitvi05g00472).
Similar to a previous study [50], the allene oxide synthase gene (Vitvi03g00395) was up-
regulated at both sampling times, although a transcript of Vitvil8§g00886 was up-regulated
only later in the growing season. In contradiction with the previous reports [50], gene
expression of jasmonic acid carboxyl methyltransferases (Vitvil8g02762, Vitvi18g02763, and
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Vitvil8¢02761) was suppressed in infected grapevines. The opposite grapevine response
when infected with ‘Ca. P. solani” or Flavescence dorée phytoplasma was additionally
supported by induction of gene expression of several 12-oxophytodienocate reductase genes
(Vitwil8g02485, Vitri18g02138, Vitvil8¢02139, Vitvi18g03161, and Viti18g03162) early in the
growing season in grapevine cv. Zweigelt infected with ‘Ca. T solani’. Gene expression of
jasmonic acid ZIM (zinc-finger inflorescence meristem) domain-containing protein, which
was shown to be down-regulated upon infection with Flavescence dorée phytoplasma,
in grapevine cv. Zweigelt depended here on the specific gene: while Vitvi09¢00064 and
Vitvi01g02293 were up-regulated in both growing seasons, Vitvi)1g00473 and Vitvil 7300189
were down-regulated, and Vitvi10g01879 was down-regulated in the early growing season
and up-regulated in the late season. The PR3 /4 marker genes for jasmonic acid metabolism
were up-regulated only in grapevines that recovered from the infection of grapevine cv.
Chardonnay with ‘Ca. I solani’ [50]. On the other hand, in grapevine cv. Zweigelt,
four of the genes that encode PR3/4 (Vitvi04g01049, Vitvi05¢00094, Vitvi05g01366, and
Vitvi05g01575) were not affected, while the transcripts of Vitvi05g02250, Vitvil5¢01035, and
Vitvi15¢01037 (which also encode PR3/4) increased, especially during the early growing sea-
son. The transcript levels of a third jasmonic acid metabolism marker PR6 (Vitvi02¢01273,
Vitvi05g01910, Vitvil8g00852, Vitvil8g03048, Vitvi09g00071, Vitvil1g00061, Viteil17g01613,
and Vitvil7g01121) were higher later in the growing season compared to the early sea-
son. The families of jasmonic acid metabolism genes revealed here included at least one
gene for which expression has been shown previously, which indicates the importance of
high-throughput analysis for interpretation of the not always straightforward functions in
infected plants.

The role of auxins in phytoplasma infections has already been documented [27],
and the present data supported this, with differential expression of more than 200 auxin-
associated genes (Table S1). Small auxin-up RNAs (SAURs) comprise a large multigene
family that is involved in primary auxin responses in plants. These influence nearly all
aspects of plant growth and development through the regulation of cell division, expan-
sion, differentiation, and patterning. However, the functions of the SAUR proteins have
remained elusive, presumably due to extensive genetic redundancy [53]. The present analy-
sis revealed four down-regulated SAUR genes (Vitoi02900507, Vitvi03g01350, Vitvi04g02073,
and Vitvi09¢00046). This is in agreement with a study of a single virulence factor, tengu-su
inducer (TENGU), that is associated with the phytoplasma-infected plant phenotype [54,55].
Among the genes that directly influence the homeostasis of auxins, there is the auxin-
responsive GH3 gene family. The related Vitei03g00586, Vitvi03g00586, and Vitvi07g01644
genes were up-regulated in the infected grapevines of cv. Zweigelt. To date, their role in
phytoplasma infections has not been evaluated.

Fifty-nine of the genes revealed as associated with ethylene metabolism were affected
by infection of grapevine cv. Zweigelt (Table S1). Among these, four were up-regulated
for a more than 3-fold difference in the early growing season: Vit2i07¢02070, which en-
codes ERF098; Vitvi08g 01502, which encodes a transmembrane protein; and Vitvi09g00834
and Vitoi09900837, which encode two integrase-type DNA-binding superfamily proteins.
Vitvil8¢01502 was also induced later in the growing season, together with Vitvi04g00533,
which is alsc an integrase-type DNA-binding superfamily protein. On the other hand,
two genes from the ethylene signaling bin were down-regulated later in the growing sea-
son, with a logs FC greater than 3: Vitvi05g01924, which encodes a 2-oxoglutarate (20G)
and Fe(Il}-dependent oxygenase superfamily protein; and Vitvi04¢01895, which encodes
a PPPDE  (permuted papain fold peptidases of DsRNA viruses and eukaryotes) thiol
peptidase family protein. The significance of the expression of these genes for phytoplasma
pathogenicity has not been explored.

Although less studied, plant hormones such as abscisic acid, gibberellic acid, cy-
tokinins, brassinosteroids, and peptide hormones have important roles in plant defense
against invading organisms through their fine-tuning of the plant responses to
phytoplasmas [27].
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In the early growing season, more than 3-fold increases were seen for gibberellin
3-oxidase 1 (Vitvi04g00435) and a proline-rich protein (Vitvi14g01819). In the later growing
season, an overall decrease in gibberellin oxidase gene expression was seen (Vitvil0g00020,
Viti19900432, Vitvi15g00782, Vitvi09300448, and Vitvil 7g00601).

Although 45 genes associated with abscisic acid metabolism were affected by “Ca. P.
solani” infection (Table S1), their differential expression did not exceed four-fold change,
with the exceptions of the genes Vitvi03g01727 and Vitvil2¢00015, which encode HVA22
protein; these were shown to be involved in abiotic stress in Citrus spp. [56].

For brassinosteroids, high down-regulation in the late growing season was observed
for two members, both of which are invelved in sterol synthesis (Vitpi19g00007 and
Viti01g00319).

We also detected changes in both miRNAs and phasiRNAs associated with predicted
targets in hormone metabolism (Figures 5 and 6). Early in the growing season, one sRNA
associated with genes related to jasmonic acid was up-regulated (pvi-phasiRNA33126),
while vvi-phasiRNA33126 was down-regulated. On the other hand, vvi-phasiRNA25935
and vvi-phasiRNA28764, which are associated with auxins, and voi-novel-miR6-5p, which
is associated with abscisic acid, were down-regulated. Early in the growing season, there
were no differentially expressed sRNAs associated with brassinosteroids or ethylene, While
71% of detected sRNAs that targeted genes in the bin of auxins were down-regulated late
in the growing season (vvi-phasiRNA25935, vvi-phasiRNA28755, voi-phasiRNAG258, and vwi-
phasiRNA22871), two miRNAs were up-regulated (vvi-miR2950.1 and voi-miR2950.2). Later
in the growing season, there was down-regulation of vvi-miR3624.5 and vvi-phasiRNA31318,
which are associated with brassinosteroids and ethylene, respectively. In addition, two
miRNAs that are associated with jasmonic acid were up-regulated (vzi-miR3632-3p and
voi-miR3632.1), while vvi-phasiRNA14040 was down-regulated.

2.5. Known Pathways with the Involvement of Novel Genes

As photosynthesis and secondary metabolism are tightly intertwined with symptom
development in the later growing season [3,43], they have been most studied in plants
infected with phytoplasmas. However, their role in pre-symptomatic plants has been less
considered. Of note, phasiRNAs were up-regulated in the bins associated with photo-
synthesis (Table $3), namely vvi-phasiRNA2814 in PS.lightreaction.photosystemILPSII
pelypeptide subunits in the early and late growing season, as well as vvi-pahsiRNA12216
in PS.calvincycle.rubiscointeracting later in the growing season. These findings appear to
be related to significant decreases in gene transcripts from the same bins.

Glycolysis and oxidative stress processes were also affected in grapevine cv. Zweigelt
infected with phytoplasmas, with up-regulation of several aldolase genes that accelerate
the reversible conversion of fructose-1,6-bisphosphate to dihydroxyacetone-phosphate and
glyceraldehyde-3-phosphate (Vitvil 9¢01724, Vitvi01g00360, and Vitvi08g01506) (Table 1),
and this correlated with detection of the activity increase of their encoded enzymes
(Figure 7). The transcript of Vitvil3g00241 that encodes dehydroascorbate reductase
showed a small increase in the late growing season in response to infection (Table S1),
but its enzymatic activity was significantly higher for both the early and late sampling
times (Figure 7), indicating a possible posttranslational regulation. Lastly here, the ex-
pression of seven ascorbate peroxidase genes (Vitvi04g02166, Vitvi06g00358, Vitvil8¢00256,
Vitvi08g01143, Vitvi03g00137, Vitvi04g00484, and Vitvil8g00445) (Table S1) were differen-
tially regulated in response to infection, likely contributing to a statistically insignificant
difference in total ascorbate peroxidase activity in grapevine cv. Zweigelt (Figure 7). A
role for ascorbate peroxidase in grapevine phytoplasma infections has been shown before,
including in grapevines recovered of disease [57-61].

Previous studies have shown that phytoplasma infections affect carbohydrate
metabolism [14,19,43]. Expression profiling analysis of the infected samples in the present
study revealed several genes that encode starch synthase (Table S1). Three of these
(Vitvi10902394, Vitwil0g00094, and Vitvi14g01968) were down-regulated early in the grow-
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