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ABSTRACT

Sclerotinia stem rot (SSR), caused by the soil-borne fungus Sclerotinia sclerotiorum, adversely
impacts seed quality in rapeseed (Brassica napus) causing a 10-20% reduction in crop yield.
The biological control agent Pseudomonas chlororaphis PA23 can protect rapeseed from the
deleterious effects of the hemibiotrophic fungus S. sclerotiorum by inducing systemic
resistance. However, little is known about the molecular mechanisms underlying defense
priming and its regulatory processes. In this study, we amid to identify the protein-protein
interaction (PPI) networks, with a particular focus on potential hub genes, gene ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and regulatory network analysis
including hub genes promoter analysis and miRNA prediction in canola plants pre-treated by
PA23 in the presence of S. sclerotiorum using transcriptome data. Using the computational
algorithms of the CytoHubba plugin in the Cytoscape platform, nodes with the highest
interactions within the gene network were identified as hub genes, which are mainly involved in
the maintenance and retrieval of metabolic pathways and photosynthetic activities, controlling
cellular oxidation/reduction (redox) status, biosynthesis of aromatic amino acids and plant
hormones, activation of MAPK-mediated defense signals, regulation of sulfur assimilation and
cysteine biosynthesis. Using clustering analysis based on the IPCA algorithm in the Cytocluster
plugin, functional modules effective in defense priming against SSR infection were identified.
These modules were primarily involved in the biosynthesis of aromatic amino acids and the
production of defensive metabolites in the shikimate pathway. The promoter analysis of SUTR
region of hub genes identified various cis-regulatory elements (CREs), such as auxin signaling-
responsive motifs involved in regulating defense responses against S. sclerotiorum infection.
Prediction of miRNAs targeting hub genes, using the web-based psRNATarget program,
revealed that miRNAs belonging to the families miR172, miR395, miR6028, miR6029,
miR6032, miR6035, miR166, miR156, miR396 and miR824 play key roles as regulatory
elements in the gene expression network of hub genes. These findings can aid in establishing
biological control systems for plant disease management and protection of agricultural systems,
as well as in advancing the fundamental mechanisms for developing disease-tolerant varieties.
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Figure 1. PPI network of up-regulated (green) and down-regulated (red) genes in response to S. sclerotiorum
infection following PA23-induced defense priming, using Cytoscape software. Network details: Number of
Nodes: 59; Number of Edges: 363; Average Number of Neighbors: 12.89; Characteristic Path Length: 1.98;

Clustering Coefficient: 0.577; Network Density: 0.234.



Sclerotinia sclerotiorum yly 3 15 cl6y ailob Wl > 2Sg5g) slogS andald § (55 4 (il o 1898 32,b (098 9 52l \Al

@ ol lam ] cdls b 5l g Ded o sl
5 395 33 (OAS) ey Jih O gnS S
(Kopriva, 2006) 555 o  yiimwomw ddsf o
2l s i S sl (N S 5 oyl ot
Lol izg dnsegily o issio 1lo Sl 5
Sg- e 4SS 4 Siituog g (slaog)S g oy 1S
Nakai and Maruyama-Nakashita 2020; Li et )
(al., 2020

S slapj 55 S, BnaC02g25850D
—alllS 3T A () Jsas) Adl e 0id plolis
3 45 4S e 55 1, (GAPDH) 305 5,05 claué-¥
oot V) b5 13 (CBC) " ppguim ngllS 42
l) (GAP) cled—Y-soil,wuls 4 oyl saus
(Cséke and Buchanan 1986) .S - ;JLSK
b Y- a8 S 3l Lt 3] cllas
e dily (2185 slagluyply il JUS L (GAP)
aile Slot g5 ¢ugig) 4505 <l s MAPK
I ol L S o bl 1y 5 ey 51 sy sl
=18 i ol Gilo b pogad ) ook Slelel
A il aS o)l 2929 Jojgiw 3 GAP dla wlg 4y
Zuo et ) 5y ;5 eSS sliandan 9 (S5 lalllas
(al., 2024

= el (3o JUb )3 (oS laj 1 S (S
S. SNy Ny pPA2Z L g
(V Jgis) 2L 0 BnaA03g01690D sclerotiorum
4 aS WS e oS ) sl T W aslg g a8
S > Ceys 20 S350 Lol ) (S olsie
sbapi s (A Olillbe ail o0 glao (gt 5
(Sotes SI,T (55 ) dg] SarSid somwo )3 3o
Iy Mg oo Silog,l dipol (gladwl jrimwen 4 o oS
Blumeria z,L8 3545 ;1 )5 95 oLS csglis jo
EP9 Siw 5)lew Jole graminis f. sp. hordel
(Hu etal., 2009) wsg 03,5 4l

9. Glyceraldehyde-3-phosphate dehydrogenase
10. Calvin-Benson cycle (CBC)
11. Anthranilate synthase alpha subunit 1

oS ela 5 150 S BnaC04g56880D
el SSR (Sog ] alle  oldd gl )3 o aislis
=) SlasSubghud =Y o] 3,5 3L aS (V Jgis)
Jrsgsm Jool =D ples 48) 'Syl Juiny (S90S
ot i cawl jlipw (EPSP) Glind Y oSyl
YT Jtd b Slog| aiuol (glason Ag5 5o
2 S 3 Sl o)l st 5 g cass
13 03 5ind e dly 48 ol SposS Aol oo
(Lagsls 5 Lacs iSL) baeusilS)lg o 9 Jlo (lalS
9 Olojn)eS Fiwgn ) (oo i 9 2950 Bl
Stallings et al., ) 1S o £loy) Slog,l anel (sl
juwge o(1991; Santos-Sanchez et al., 2019
e G o 3 ane e 5 5 Sitlog| el lnre
5olS b lial jl (S0 plate 4 sl SeaiSid
Parthasarathy et al., ) cewl (gy9,5 LacgySio
ocy90y98 Siiusgn )3 Bl oo w3l nl izran (2018
Wby slaieiS s alS ae clacdglie b
ke cdolio plus 9 SA daJd dasdgighe (S
Priestman ) ._sb aily id olS gl j3 g0 aygils
J(etal., 2005; Achary et al., 2020
oS la il 1S S BnaA09g20370D
APS 4551 () Jgis) adllas oyl 3 0iid glli
lapil 3l (S lyis @ a5 w8 o 5], T3S,
(S) 3,555 sl gkan il (g Msnsel 5215
S5 wal p0 &S cosl (5)9p0 pate
o Sl ok I 258 )b Sl (i cilke
23 4 Plysilgw ATP 031 by Clidgw JS3
Prioretti €t ) 595 o 345 (APS) ' Clilgugiens—'0
Lol Cuilgws 4 S 93, APS Luwgs APS (al., 2014
il 4 (SIR) jS 53) Colgus Lausgs g 5 003
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. Shikimic acid

. APS reductase

. sulfate assimilation

. ATP sulfurylase
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. Sulfite reductase (SIR)
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1. Phosphoserine aminotransferase

2. 3-phosphohydroxypyruvate

3. 3-phosphoserine

4. Phosphorylated pathway of serine biosynthesis (PPSB)
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Figure 2. A subnetwork of hub genes and their interactions with other genes in response to S. sclerotiorum
infection following PA23-induced defense priming using the CytoHubba plugin. (magenta: hub genes, black:
up-regulated genes, and green: down-regulated genes). Network details: Number of Nodes: 48; Number of

Edges: 337; Average Number of Neighbors: 14.042; Characteristic Path Length: 1.747; Clustering
Coefficient: 0.623; Network Density: 0.299.
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Table 1. Ranking of identified hub genes in response to S. sclerotiorum infection following PA23-induced
defense priming in rapeseed using CytoHubba plugin

03 P 0 3, 8es Sy o yo5! Of bl 4,
Gene Description and Gene name Ranking Method Gene 1D Rank
Glutathione reductase (EMB2360 ,GR, ATGRZ) DMNC, MCC BnaC04926180D 1
Aldolase-type TIM barrel family protein DMNC, MCC BnaC03g44420D 1,2
Aldolase-type TIM barrel family protein MCC, DMNC BnaA03g57920D 1,2
3-phosphoshikimate 1- carboxyvinyl transferase
(Belongs to the EPSP synthase family) DMNC, MCC BnaC04g56880D 14
APS reductase 1 (APR1, APR, PRH19, ATAPR1) MNC, Degree BnaA09920370D 2
Glyceraldehyde-3 -pho(sgl/l;l}t)ec %eilzlgfdrogenase of plastid 2 MNC, Degree BnaC02g25850D 3
tryptophan biosynthesis 1 (TRP1, PATI) MCC, MNC, Degree BnaA10g16850D 34
Anthranilate synthase alpha subunit 1
(ASA1, TRPS, AMT1, WEI2, JDL1) MCC, DMNC BnaA03g01690D 35
Phosphoserine aminotransferase (PSAT) Degree, MNC BnaC03g62400D 5
tryptophan synthase beta subunit 1 DMNC BnaA10g09090D 5

(TSB1, TRPB, TRP2, ATTSB1)




vy WY 50l FY ol O o)led qomdylen Jlo (i slyj GlalS (6y5ldcus; ole 4,

2 oad oLl (Sdplie oy (0 Sligen
LT eas lolus (65,Slee sla Jo5le ¢ KEGG
S s lgie 4 s (pl &S 5,8 W0l cabades
P aS Heblen bl o g ydes 135 6LS ;5 SSR
Slog,] diel (sladwl siiwgn 1 0 )lil 15 YU Cuonid

Al (GAiagS (o)
S odlizl | 55 csloog S (shivads ) Jols cleSlb]
0351 ¥ Jods > Cytocluster 45938l IPCA 53]
Lad s Sab oS 2 lis (ga0g)S (pl .Cawl o
a bype (lojne ¥ B gy ad) 55 ol Cany
o 5 oY1t (gt Aol (clossal sy
9 oM (2w o plio BO (sl o plia
Ol Lo S pite aiel laspl jrasgn 9 06855
9V o) 4, b alaades > b op)S cots ¢ Jl
4 j2 3555 madplio g (igete g (el mad plie
Lad odaliin ¥ oV a s, b oledded o ladd iy

e Gyl 5 gl jlend Bt a9l lacglbio g
o Gl 3 (ot A SlafasS g Sl SorSd
Ol )¢9y ol 1)l LS 5 [ jloy Jels
slalon plp o olS cblis d900 4 Bl o youme

S Shls S8 2lS

Observed gene count Biological process (BP) ‘

60

Molecular Function (MF) I [ Cellular Component (CC)
Glutathione peroxidase activity E Chloroplast thylakoid membrane Carbon fixation in photns_rnmﬂic,, -
Sulfate adenylyltransferase..f= Chloroplast thylakoid N Photosy nmfﬁ“ -
o = Chloroplast envelope Vitamin B6 metabolism =
Phosphoribosylanthranilate... = Thylakoid Cysteine and methionine metabolism s
Carbon-carbon lyase activity E Plastid "'“_ elope Sulfur metabolism
Glutathione binding = Crtosol Glutathione mmlml.!sm —
= - Carbon metabolism j—
Pevexldase activity E Chloroplast stroma Glycine, serine and threonine metabolism —
Prephenate dehydratase activity == Chloroplast Phenylalanine, tyrosine and. . j—
Antiosidant activity [ Intracellular membrane-.. Biosynthesis of amino acids  p——
L |e— Intracellular organelle Biosvathesis of secondary metabolites ————
Small molecule binding  je———— . -
 — Cytoplasm Metabolic pathways ———
Catalytic activity ; \
N © 2 2 0 o O 10 20 30 40 50 60 0 10 0 30 40
Observed gene count Observed gene count Observed gene count

Sl 4 gl > STRING jl ol b (cullS (sl KEGG (¢l yuuno g Gene Ontology (gjlw sé oy Y JSud
1515 olS 9 PA23 5l Jols el slobs 5@l > & S. sclerotiorum

Figure 3. Gene ontology enrichment and KEGG pathways of hub genes using STRING in response to S.
sclerotiorum infection following PA23-induced defense priming in rapeseed
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Table 2. Clustering analysis of subnetwork of expressed hub genes in response to S. sclerotiorum

infection following PA23-induced defense priming in rapeseed using the IPCA algorithm in the

CytoCluster Plugin
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Table 3. Conserved motifs identified in the promoter region of hub genes using MEME tool
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Figure 4. Prediction of potential miRNAs involved in regulating the expression of hub genes in response to
S. sclerotiorum infection, following PA23-induced defense priming in rapeseed using the psRNATarget tool
(orange triangles represent miRNAs, and purple circles represent miRNA target genes).
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