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Abstract:
Original Research

Fusarium head blight (FHB), caused by Fusarium graminearum species complex
(FGSC), is one of the most destructive diseases of wheat in warm and humid regions,
particularly when anthesis coincides with heavy rainfall. This study aimed to
systematically analyze time-series microarray data to identify co-expression
modules, key hub genes, and elucidate the molecular mechanisms underlying wheat's
response to FGSC. Gene expression data from two FHB-resistant wheat cultivars,
Nyubai and Wuhan 1, were retrieved from the Gene Expression Omnibus (GEO)
database. After normalization, batch effects were removed using the ComBat
algorithm. Through Gene Correlation Network Analysis (GCNA), 850 genes with
significant condition x time interaction (FDR < 0.05) were identified and clustered
into two distinct modules containing 448 and 402 genes, respectively, based on stress
expression patterns using the k-means algorithm. For each cluster, ten hub genes with
the highest connectivity were selected. Cluster 1, characterized by activation of ABC
transporters, glutathione metabolism, and MAPK signaling pathways, plays a crucial
role in direct defense through chitinase, glucanase, and protease inhibitor genes.
Cluster 2 mediates secondary defense responses via kinase and glucosidase genes
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through involvement in hormonal and systemic signaling pathways. Validation using
an independent RNA-Seq dataset confirmed the reliability of these results. These
results provide valuable insights into wheat defense mechanisms against FHB and
offer candidate genes for future functional studies and resistance marker
development.
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Extended Abstract
Introduction

Wheat (Triticum aestivum L.) is the third most widely
cultivated cereal crop worldwide and constitutes a
cornerstone of global food security. Among the major biotic
stresses threatening wheat production, Fusarium head blight
(FHB) is considered one of the most destructive diseases,
particularly in temperate and semi-humid regions. This
disease is primarily caused by Fusarium graminearum and
leads to substantial yield losses, as well as deterioration of
grain quality. In addition to its agronomic impact, FHB
poses a serious risk to human and livestock health due to the
accumulation of mycotoxins, such as deoxynivalenol
(DON), which contaminate harvested grains and enter the
food chain.

Resistance to FHB is a quantitatively inherited and highly
complex trait governed by multiple genetic and
physiological mechanisms. These mechanisms include
resistance to initial pathogen penetration (type | resistance),
restriction of fungal spread within the spike (type Il
resistance), resistance to kernel infection (type 1l
resistance), tolerance to mycotoxin accumulation (type IV
resistance), and resistance associated with yield preservation
under infection (type V resistance). Due to this complexity,
breeding for durable FHB resistance remains a major
challenge in wheat improvement programs.

Advances in high-throughput transcriptomic
technologies have revealed that thousands of genes exhibit
altered expression in response to FHB infection. These genes
are involved in diverse biological processes, including
pathogen recognition, signal transduction, cell wall
reinforcement, secondary metabolite biosynthesis, and
detoxification pathways. Although differential expression
analyses have provided valuable insights into individual
genes, the coordinated behavior and network organization of
these genes during infection remain incompletely
understood. Since biological responses to stress are typically

regulated through interconnected gene networks rather than

isolated genes, systems-level approaches are required to
elucidate the underlying regulatory architecture.

Gene Correlation Network Analysis (GCNA) is a
powerful systems biology method that enables the
identification of gene modules with highly correlated
expression patterns and the detection of highly connected
hub genes within these modules. Such hub genes often play
central regulatory roles and represent promising targets for
functional validation or marker-assisted breeding.
Therefore, the present study employed co-expression
network analysis of temporal wheat transcriptomic data
following F. graminearum infection to identify pathogen-
responsive gene clusters and key hub genes associated with
FHB resistance. The ultimate aim of this research was to
provide candidate genes and molecular networks that could
be exploited for genetic improvement and the development

of reliable biomarkers for FHB resistance.

Methods and Materials

Gene expression data were obtained from two publicly
available microarray datasets, GSE54552 and GSE54553,
deposited in the Gene Expression Omnibus (GEO) database.
These datasets comprise transcriptomic profiles of two FHB-
resistant wheat cultivars, NuyBay and Wuhanl, following
inoculation with Fusarium graminearum. Samples were
collected at 1, 2, and 4 days post-infection (dpi), along with
corresponding non-infected control samples.

Raw microarray data were preprocessed and normalized
using the Robust Multi-array Average (RMA) algorithm to
ensure comparability across samples. To eliminate
systematic non-biological variation between the two
datasets, batch effects were corrected using the ComBat
function implemented in the svapackage in R. The
effectiveness of batch correction was assessed by principal
component analysis (PCA).

To identify genes exhibiting time-dependent responses to
pathogen infection, a linear modeling approach was applied.
The model incorporated the effects of cultivar, treatment
condition (infected versus control), time point, and their

interactions. Genes showing a statistically significant
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interaction between infection condition and time (false
discovery rate [FDR] < 0.05) were considered differentially
responsive and selected for subsequent network analyses.
The selected genes were clustered based on their
expression patterns under infection conditions using the k-
means clustering algorithm. The optimal number of clusters
was determined using silhouette width and elbow criteria.
For each cluster, a gene correlation network was constructed
using Pearson correlation coefficients between gene
expression profiles, with a correlation threshold of>0.7. The
weighted connectivity (degree) of each gene within the
network was calculated, and up to ten genes with the highest
connectivity in each cluster were designated as hub genes.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were
performed for each cluster to identify overrepresented
biological processes and signaling pathways. To validate the
robustness of the identified hub genes, an independent RNA-
Seq dataset (GSE113128) related to wheat response to F.

graminearum infection was used for cross-validation.

Findings

Application of the ComBat method effectively removed
batch effects between the GSE54552 and GSE54553
datasets. PCA results demonstrated a clear convergence of
sample distributions and a marked improvement in
biological separation between infected and control samples,
indicating successful normalization and correction.

A total of 850 genes exhibited significant interactions
between infection condition and time (FDR < 0.05) and were
selected for downstream analyses. These genes displayed
dynamic expression patterns over the course of infection,
suggesting their involvement in temporal defense responses.

Based on silhouette and elbow analyses, the optimal
number of clusters was determined to be two. Cluster 1
consisted of 448 genes, while cluster 2 comprised 402 genes.
In both clusters, the average gene expression levels under
infection conditions showed an increasing trend compared
with control samples, although the temporal patterns differed

between clusters.

Within each cluster, the ten genes with the highest
connectivity were identified as hub genes. In cluster 1, hub
genes included well-characterized defense-related genes
such as (e.g., Ta.2278.2.51_x_at), pB-1,3-
glucanase (Ta.22562.1.S1 at), Bowman-Birk protease
inhibitors (BBI), and the autophagy-related gene ATGS.

chitinases

Cluster 2 hub genes included glucan endo-1,6-B-

glucosidase, arabinogalactan protein, flavanone 3-
dioxygenase, serine/threonine protein kinases, and uridine
nucleosidase 2. Notably, a substantial proportion of hub
genes in both clusters lacked functional annotation,
highlighting the presence of potentially novel components in
FHB resistance networks.

KEGG pathway enrichment analysis revealed that key
defense-related pathways, including MAPK signaling and
plant-pathogen interaction pathways, were significantly
enriched in both clusters. Cluster 1 showed specific
enrichment in glutathione metabolism and ABC transporter
pathways, which are associated with detoxification
processes. In contrast, cluster 2 was uniquely enriched in
plant hormone signal transduction pathways, reflecting its
role in regulatory and signaling functions.

Cross-validation using anindependent RNA-Seq dataset
confirmed the differential expression of seven out of the
twenty identified hub genes, supporting the reliability and

biological relevance of the network-based findings.

Discussion and Conclusion

This study employed a systems-level approach to
elucidate the molecular networks underlying wheat
resistance to Fusarium head blight. Through co-expression
analysis of temporal transcriptomic data, two major gene
clusters with distinct yet complementary roles in defense
responses were identified.

Cluster 1 primarily encompassed genes involved in direct
defense and detoxification mechanisms corresponding to
type I to 111 resistance. The presence of chitinases and p-1,3-
glucanases among its hub genes underscores the importance
of cell wall-degrading enzymes in inhibiting fungal

penetration and early colonization. The identification of
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Bowman-Birk protease inhibitors suggests a role in
suppressing fungal proteolytic activity, thereby further
limiting pathogen invasion. Moreover, enrichment of
glutathione metabolism and ABC transporter pathways
highlights the involvement of this cluster in mycotoxin
detoxification and export, which is critical for reducing
DON accumulation.

Cluster 2 appeared to function predominantly in
secondary defense responses and signaling coordination.
Hub genes such as glucan endo-1,6-p-glucosidase likely
contribute
(PAMP)
Flavanone 3-dioxygenase, a key enzyme in flavonoid

to pathogen-associated molecular pattern

recognition and basal immune activation.
biosynthesis, is associated with the production of antifungal
phytoalexins. The prominence of serine/threonine protein
kinases and the enrichment of hormone signaling pathways
indicate that cluster 2 plays a central role in integrating
hormonal and MAPK-mediated signaling cascades to
orchestrate systemic defense responses.

The complementary nature of these two clusters suggests
that effective FHB resistance arises from the coordinated
action of localized defense mechanisms and broader
regulatory networks. The presence of uncharacterized hub
genes further implies that novel resistance components
remain to be functionally explored.

In conclusion, this study demonstrates that wheat
resistance to Fusarium head blight is governed by an
interconnected network of gene modules involved in both
direct defense and systemic signaling responses. The
identification and validation of key hub genes provide
valuable candidates for future functional studies, such as
gene silencing or overexpression analyses. Furthermore,
these genes represent promising targets for the development
of molecular markers in breeding programs. By integrating
multiple resistance mechanisms through pyramiding of
complementary genes from distinct defense networks, it may
be possible to develop wheat cultivars with stable, durable,
and multifaceted resistance to FHB. Such advances would
contribute significantly to sustainable agriculture and long-

term food security.

Conflict of Interest

There is no conflict of interest in conducting the present
study.
Ethical Considerations

All ethical principles and standards were fully observed
in the conduct of this research.
Acknowledgments

The authors would like to express their sincere gratitude
to all those who contributed to the various stages of this

study.




FYV-FFY Olxio (F o o P+ W (2L s bow

9 g (50951399 Cad 41 plio PUT 3y 98 30 O Ol by Jukxd
RNA-Seq 3 49157 3 5 sbosts 1 oliiut b igilS gy (otbulis

Ol 5l 3lped olily (55)9liS 0aSutsls (Sl 500l 09,5 I goel 25 )

Oyl 63y 63l ps ol (g5 yglutiS” 08Kl o (S 330LS 09,8 L S50 jan s ¥

Il e s s8I (ol oo bis 5 (65,518 01 535I5515,5T 09,5 B i pm ¥

Ol ol 558 g 9 Ghigel «liiod Glasls (o)l il (ornbo ailio 9 (£5)5lS SBjgel 5 Slasid 35 po ¢ Sl Slasios (i 1 iz b oy 8 ¥
zahrazinati@shirazu.ac.ir :J s st 5 S 2SN Gt

N
Jeol S

e e 31 S Fusarium graminearum S e <55 5 b wd s el ool (soles
SAE s Gl SUL L AUS ey Slesen oS Sl b e 5 p S Gble s ek lags ey VEE OLTYE sndl s 0

_ _ VErE g \Y :_sj_éj-u_-@)u
el e Sl aliln,y laesly Solatags Jlow Gaa b andlle LS o L5 15 OF Ol _
\f,‘f,&a.@.:"‘/ :u:ji.xg'@)t;

Oy o3l oL S dWuhan 1)\ Glass 5 (Nyubai) lss pslie p S (35 55 05 Oby 4T, slaesls
) (SBose el a) (Gdamal 1 psslawl o e

L ol (Batch effect) (glazws Slesledle s sl s C\fwl (Gene Expression Omnibus) GEO 05 ., 5 it s s s el o

Gene ) 5 Stmars a2 ko 5l 6,80 0 b e U3 S 3> ComBat (,.:wjijl 51 eslenal o 52 02 05 0k Gl Jodes O80T

3ad eslish Sl eslis puS

el (FDR <+ 0) Ola x S3ale Loyl oo ls sms JiiSem o L 05 A0 (Correlation Network Analysis

leesls sl eslad b 558 glads olubs

S5 8T S EEA plete asp s g kemeans on S b s 55 L5 s Ol sl alul s sl slasoley RNASEG 5 il
ATIZEEY (£
DOI:

MAPK  jlusoly 5 0556518 eud solie ABC (slaotias izl (gba jone (5ludlad b S 4 5ls 0L 10.22034/1JPP.2026.2021883.505
J;il}.a B "\Sd“ v ).LSJJ..}: e kiSHles )'L}G}J.f olas slads @JJ; 3l v._,i:ma CL;; 35 GAS e
S S 5 S Gbls Gk ) Seatac 5 s Sleoply s 53 SSLEs L ss ad >

LG, mW Cos 5 Jae RNASSeq slacsls oLl bl o SSaauls |y 4l ols o m it

B9a> @Lo.'i\\‘ﬂ"@tw&s}w
ol oy 4 Glaie dlie oyl il
LS 0 r—“‘} seslie sl ohlinl lawy allie ol sl

Lg)'L,JL;'.bJ-,:JUT A S i a gl Ll am s i b SIS 05V ol s il sdes S

S sla Sl ar g 5 oyl (65 Shes Sllae (gl 5 (ghia ) (e s ol geasl s S

CC) (2155 s Gillao ST (g s> &0y

Fusarium graminearum . sG> 55 le sloa = ‘fﬂ“gb/;w 208 50 54ds ) 45,5 e (Y40
s L_J)?.\D .



https://doi.org/10.22034/IJPP.2026.2021883.505
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0

s

XU ) &S o Canilos i Lo 5 a5 goee 40 0301 glaanlins
i b b (56 wans Jlea) Nl g5 gl (et al, 2022
.(Baietal., 2001) &S o e |, LT mazs ils 3 )6 o ga sl
G g conslin alie slapedlSo b (ls S5 0T 2a6) IV g 5 conglie
g5 aslia (Gong et al. 2020) das o tals |y wls ST g
Gl @ ol e Solen it Slge Db (olew 4 Joo) V
Gapel b .(Maetal, 2020) s o il 53l (golaw 31 50 5 Shas
S Llokd plald OF OG5l 3 5 p kS 53 oS oo ol Lo
L5 o 5103 51 ol enl 2 odle Lol 0S5 gn LT I (a0
o Kledd jaseio 63 Shas [l 5l ad gt jessl5sh G 4 Caslie
Sl Ols 53 ol dd oy Dl T S5 s slas Shas
s Jlm b dileds (51080 Ly (FhDI-FhBI) 05 & ¢ oS o
& Caslis i Shdes U oIS 8 S FRD7 5 FRDL & Ly e slaiss
LBlodd Giludilonr adge Sogo a4 b Al emoliss O
.(Ma et al., 2025)

Sl e Gl 03 05 03 05 Ol oS dilesls OLES a0 Ol lallas
SISl W Ssensn Slosely Gl s 5 LS o b p 50558
Al-Hashimi ) waes 855 mul cnl 53 Jobe g3L3lk 5 0508 N
ol Ol gl 5 by Sales o3 oJl- ol b (et al, 2025
5 Olier Dot 55 Glaas seze oS Sl pn 55 bS]y
SFEL ogme SE W05 plS 5 Wsd e oS e b Jled ailolesle
el a3 s s edge ey olwKalen s 1,

Gene Correlation Network) 5  Sces Ko o
dle LS cl SOyl s, S (Analysis=GCNA
55 SN S5 G Lol s 5 b0S e s gl Saaes

5 IS sl sl e S a dCaenl ) S8 slads sl

FYA—FFY NP1 Jlo /F o loi/ 5o o/ 2LS slos slons

Aoddo

25 gl Bld 5l ade oa s Olsie « (Triticum aestivum) oS
Bertassello et ) 5,15 sl oo Coul b 5o (o) s a2 oS
¢b L« (Fusarium head blight) <> 500555 <5 .(al., 2023
S e 058 a5 LIl 5 e bl 50 (head scab) s s S
ol 4 s 4 olew ol 353 0 3! Fusarium graminearum
Ll plaasm B s Lo opde e Jsame 5 Shee
Lpls 5 Oludl cdle Ll 5 55 (Deoxynivalenol) J sl oS 55
.(Maetal., 2025) &5 wag

AUS o e s iae a2 oyl 58 S ol & oS Ss )l
Casby) Cosbge il b s b oS 5 La s ST S Gloj e e &)
o Vs e Lol es Vb glos 5 (pslte (sl S,b L VL s
© JSSS L b Bk 5 b Sl 2B S5 e Ll baadi et Doy
éuwﬂ S L gl Aol ol Jsb s A8 e 35k P kS sl IS
oadsl (Sl boaseslB s 5 Jske oslps (JS5 58 sdiSe o
S Ky Sose Slapslone pozed daalis 0D L sl 2y
sl Bl 5 0301 oo 535 (oot ) o5 plor! 5 caliw a
st sl SOl Solen (oDl K, ek 5 0 AS 5z slaals
slete A8 Shuys 5 S5k 26 Glasslen nle 511 Ol &S Lzen
(Al-Hashimi et al., 2025) &5

sdmy oS Cdo SO pAS 3wk aglip Codl 4 Casles
Coaglio) | g5 Conglin 1355 g0 28 s SIS 5 5lo ey Lo 5 ol
Sl a4y ol e 358 5 gl S5ailpr S dadsl 358 iy 0o
QA ey D5 denSTy g b plaaeslSe 3 b 51 Oljee
(Zhangetal,, 2012) &S o 5,8 dor Jshos o5l 305 Cosits 5 Loy,

Sobew Sl 31 (s 55 olew 5 2eS 035 s5dmee) & Conglis




ceg diigP (5099 5 199 SN 41 pglie P o5 99 30 1y i (Sile ) Jukoi 10y )L g (Gl

{(Kosaka et al. 2015) 55 odd 55 (L3503 VY g gazme 53) I o
Olass pslie o3, 40 by e sla05 Ol 5 55 GSES4553 o315 4s sazes
Lbl o Jols OLSS Jlo slaosl 5 alie Lol 5 s (Wuhan 1) )
£33 Sl Sl LSS 53 5 sl sy sl LSS ) ol LSS b
(Long et al, 2015) (wiped V* gsamme 53 5 S35l o polex
i S e e 2 glacsls Gl (gl lS g5ledle
45 o Wb a3 by el 8 JUS slis sy cnl 5o
A sl badisad das Ol joslie :S0le 455 o sl 5 dd 5 e
s s by plie plial e 258 DSy IS 555 U
5 Slabe sladdd fbl RMA O szl 5 (median polish) «<ls
d | (8.5.1) a5 R l53le 5 Jame 3 (Siles sl sy sl s
L gl 555 sw)p 9 Slaws S menal
b S el b sy il adlae 53 I Laaised oS Ll
A Gl glazws (). Zhang et al., 2020) sva 4. 3l ComBat
2 &) ComBat l de 5 L3 €50 8 5l Ols e slacdl WSL
T s 358 oy s 5t B S oy (asllae KW
3ol sl e (Principal Component Analysis = PCA) Lol «d 5
0391 b s ol (slacus sdoe 1 (SGd plnil glazs 3 G
o594 fCl o3 eslatal esly Glaac sazme oy ews ol SO sl
ComBat 3l s o 55l LS8 s Sle bS50 55 GSES4553
limma <. empirical Bayes s, 3l 5 glazws &l 3 e Sl
ssba LS ol ol s A esliad Wbty glas, sl cas (sl 5
2 el olxdl 5 R sl b )T 05 RalS Sl el
5388 la0j 4 by e ol ol ply S Gl 1y 03152 (el g

il ol s s s blasl Ll Kl 5l 3 FDR galend e

Slalllas 4 ST (Stuartetal,, 2003) w8 o S8 IS oo ais
e2p el ol 5 sl sl Dbl 0 St See gz Sl S Aeals
S 558 i) 5 Sl gleadm pluld 5 age SIS (e S
M‘.w‘a&hgl{cmkf@\bﬁA_E'C.Alf:r:léﬂ))(s‘}sfﬁ
508 ol S bl mp oo 4 Llg e LOSE 5 bl ol
Sl o) Sl LS aan 5 b (S5 Sl sl o5l ltal Ciis
(Sarietal, 2019) xS S (55l pK0255 oS
o301 oS 52 Sl 5 Gles (sbaesls 51 (6 xSe e b e Siassy ool 3
el Gy Sr 5 o S5 S 3l graminearum
ol A eslinad i SIS Gla0s 2l sl 5 Ol Sales sl Sl
5 (Nyubai) gl puS pslie pBl 53 o5 el e s S andllae
AST LS o o g5 5 plalis |y Sa 751 o Wuhan 1)) olays
s g OLES oline Slos gla SN 88 5 5l o S 21005
Slr e S5 G055 el 4 eduns mal gland = 5 ale e
ol slaal s Cuslie e Jlis Olyea (53 ,Shas Sl

L3S o e

bigy g 319

Lasals

Eaelis b 05 Ol sleesls e sams il e ool 8l
Gene ) GEO &3 0l eals s sas oL 5| GSE54553 , GSE54552
45 gazme .23 S 13 eslitul 34 ¢l #=I (Expression Omnibus
slaas = 5l Affymetrix «f,75, sls Ll s> GSE54552 o3l
alie Gua L oS 5 (NyUDAD) (slss ole w0 pslis o)lg S (35
Sl b alie 3 (law bale 0B L (So il il 55 05 0k sla S

L;lj;)lj.ijpij_,)qu)\w)})i)\’ Al uu)w)s a(ui) Jals

¥yv




¥YA

Sl ok e 5 0l . Sle FDR < 0.05) sasolssl 0F » ol
Ll o8 5 Solen bodd Siale oS glak gai gl Bl &)y
Sl S el sy Gl (w33 05 8 Sl 4 53 LS Al
Sl luad s daldos S sl 6,50 5 Solen bokd Siale oy S
Aald oy S gladiss 5 A el (G lew 0 gy 058 LSSl » e
s (e Al 5l

oo 4 by pa0g 8 53 Gboy ks, lul 5 DS gauad s>

Slp by s b oSl el as n WOS s
k-means r:ﬂ)jij\ Shoeslizal b Solen b oods Jiale glad sas
b eslzal b laadi g slas 5 A plil (Hartigan & Wong, 1979)
o=>Ls 5 (Kodinariya & Makwana 2013) (Elbow) @')T 13
Coses s Uil (Rousseeuw, 1987) (Silhouette) < selow
Al ol S S

i Gl 5 aB s B (5laaes

il oS ladsad 5l eslinal L D) 5l slaSis ki a5l
Pearson ) Oyw,m Siwed il s ale Sl L oods
(edge) JL ;2 05 A avslee Lag} T o (Correlation Matrix
Gllas Slade L (Ladl) eVlasl .cs S 15 Soaen Gllas Slais il
5 sl e 3l a5 BT BUs Gl oVl zeS Saan
Ol seas (weighted degree) Jlasl a>js Jlude 05 o glp 5 A
Stuart et al, ) s S awles OF & Jate sladl slacss g yomms
it e b 55 Soen b (eSS L) (2003
Alos 1yl eSS LG s

la 5 58 st

53 05 V! slad) Jlasl s o SVL L 05 65 e ,a

Ot et (S8 05 58 1 s it S5 a0 Ol ey (K2

FYA—FFY NP1 Jlo /F o loi/ 5o o/ 2LS slos slons

Jis gladi s 5 ot ol a0 ameslzel L L)l SO sl
550 b s ol S5k 3550 53 (6t Oliebl Wl e

g;.'S(..A,g shls s plubs

expression ~ cultivar + class Js 5 L s Jibe G 05 gl
vﬁ)&é})ﬁ&ﬁﬁ&kwwbjbﬂ baesls s 35l 0 x Time
Jole GOl a4 od) 5 LS S 5 Koo b s g ol planl &sline
e S Glawey slacsls J s sk 4 (Fixed effect) <ot
Lyl o gedasolis class (e cpl 5o A el Je s (il
Slaesl Gotasolis Time 5 (G4 Solay b odd S3ale) ibes]
imma gas b dae 35l s Jiabe 31 e 3as 8 5 Y ) Sl
class juSea 4 by P uslis . AS plail (Ritchie et al, 2015)
Benjamini — i, L Jseillor monal 5 A3zl 5l x Time
sLoj Olgea 122l FDR<0.05 &5 la0s .4s S ¢l Hochberg
cmb S i gl S 36 L Caua il Ol Hls e oS e sl
33 » 3 aS (class x Time [iiSas 5 sclass ) ol dsb js s«
(cultivar) o3, o soe lagaly cnl 2 S 503 Sl 05 555 0 03 o5
53 O Sl (S5 gl J S e il Jole S oo )
eV s Gl oBl e (sl T B s S Joe 3515 anlllas
S dol s e Gua oA sola 6LA.C‘”L"» b 8 el S5
Sl y ediasolis &S (cultivar x class x Time) < baw Ses
S bl Ol 5 5 (gal3T a5 o3l e ¢35« time x class =l
g e Sl San Wk sad oS sltal 5 LS5 60 bl 5 o
A bl Sesle el 5158 ol e cpl ply 555 LG slas T 5
oatie e S e gl g Al il g rie goll Lsysl 1 b
L S

(Qals 5 55l 4 by o (ki goi SSB) Gl sl SN el




ceg diigP (5099 5 199 SN 41 pglie P o5 99 30 1y i (Sile ) Jukoi 10y )L g (Gl

oslazal b G)LE b sl 3l e Shaw g les a4 el o HC374 ,
BE) ol A}..:‘L..»L.Ja v_uﬂs 6[.&@)" sl 0 a3y RNA‘Seq 6)}[.\.9 )‘
« (Ensembl Plants) alS Lawil ¢35 ol Sl eslizal b asdlas o)

LA gyls s aid RNA-Seq osls as sazes 5 ab 3 0 a0

G5 Ok sekiplnd Sl WSl Sl Olebl sk

Sy dsl el Sol 4 a8 as Glagaly edasoll
e O U Gl S s ) Ol S gl sl
I CI ol (slaesls o 315 0L adsl Gla gy p S gy Ladi gl
Bl el Ll oS L L1 Sl Soletenn slaosl
eSS Ol ez r@ﬁ L SRT IR PREV PR
Stamlin 3 S i ComBat i, 5l eslatal b asal e S 2
ﬂ;u,,@j; ;Cy\,pljhés:l:;)m@Mij{j&th}kiﬁb
o S I 3 il g Sl (adlas ) Laazes o 05 Ol

(O JS8) wsl ialS er 5 LB 5 pba el o) ComBat Jlee! |

a

A S aul=e log2(fold change) ) son J 28 5 i lad sad o
lens Bl Jias (Z-score) Z o pes 4 05 2 (8 s [0B2FC 5l
P S sty Gl gl Al avglie BB kgl e
iyl oslie wl gl adk Jald e Ok el
A (Z-score)

et 3 g ot 3G

bl s 5 (Gene ontology) o5 b gus g3le b 5JUT
Kyoto Encyclopedia of ) 055 5 LS Sl S alisls ol AL
Obo b o3 glaauwls 5l oslicul L (Genes and Genomes = KEGG
T J |

SIS b3 bl i
w8 garme SO 3l Gl anlllas gl glals Blize izl gl
ok Soloy & 8 sl ¢ by e (GSE113128) RNA-Seq ool
OLen 5 oy anllas js .(Panetal, 2018) wd oslinal a3 550558
2018)

kS s Ll Seasin Sudl s el (Pan et al,

T 31 e ar s ) Olass 5 Sbss oo 4 p sl sl V/pB,D)

Boxplot of Original Expression Values per Sample

10

12 14
| |
___u¢]
G O
------- - GEE O
-
G O
(0]
[ _ 0]
[ __)0)
(e
------ - - - D O
(o)

Expression Level

L]
.
{1 ]

I
I
-
-
L1

- [
i

G
aD

0O GSE54552
O GSE54553

¥ya




fre

FYA—FFY NP1 Jlo /F o loi/ 5o o/ 2LS slos slons

b

Boxplot of Batch Corrected Expression Values per Sample

14
|

ioiiiii@

10

12
l

------- - - GEEE—D O

- D ©

Expression Level

[ (g ey
[ [
o B g (S = -L_L_L_L_L_L.L

| e

8 0

e
|
I
|
|
|
|
|
|

O GSE54552
O GSE54553

- - ©
- - - - - - - - GEE— 0D

_I_.I._L_L_L-L-I-_L

adlas g3 o (Glaws F1) SKlatomw SN a5 [l 5 S Fusarium graminearum—f.x:.f r..........‘_,:l.; 2305 Oy palas BF @ e

P e 5l osls saB S 2K w3 (B) aas e DL 1, (o

&, 4 Wuhanl (3 ,) GSE54553 5 (j &, 4 NuyBay o3,) GSE54552

ol 0l 3 5 5 (5 planslie bl 48 glazs

Figure 1. (a) Distribution of gene expression values in wheat-Fusarium graminearum pathosystem before correction, showing

systematic differences (batch effect) between the two studies G

SE54552 (green) and GSE54553 (blue). (b) Uniform distribution of data

after correction for the batch effect, which improves comparability.
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PCA: expression_data — class (color), study (shape), sample (labels)
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Figure 2. Principal component analysis (PCA) was performed to examine the distribution of biological samples in the wheat—

Fusarium graminearum pathosystem before batch effect correction (a) and after batch effect correction (b). The data originate from

two independent studies: GSE54552 (cultivar NuyBay, indicated by ) and GSE54553 (cultivar Wuhanl, indicated by A). The results

show that batch effect correction reduced study-driven variation and increased the overlap of samples based on their biological

characteristics.
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Figure 3. Selection of the optimal number of clusters (k) based on the silhouette method (a) and the elbow method (b). Both

methods independently show that the optimal number of clusters is 2. Based on the silhouette method, the value k = 2 was chosen as

the optimal number due to the largest average silhouette width. Based on the elbow method, the value k = 2 was chosen as the

optimal number due to the sharp decrease in the within-cluster sum of squares (WSS) up to this point and then a slower decrease

thereafter.
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Figure 4. Temporal profiles of mean gene expression under stress and control conditions for clusters 1 (a) and 2 (b). In each cluster,

mean gene expression under Fusarium graminearum inoculation (red line) increased over time, whereas under control conditions

(green line) it either decreased or remained relatively stable. This pattern indicates upregulation of genes under stress compared to

control across the examined time points. The observed upregulation reflects activation of defense-related biological responses in

wheat under fungal stress.
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Figure 5. Heatmap of changes in the expression of hub genes in wheat cultivars (Nyubai and Wuhan 1) inoculated with Fusarium

graminearum at 1, 2 and 4 days after infection expression change, with red representing upregulation and blue representing

downregulation compared to control samples. A color scale is provided alongside the heatmap to allow quantitative interpretation of

Each row corresponds to a hub gene. Color intensity indicates the level of gene .expression changes.
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Figure 6. Principal component analysis (PCA) based on the expression of seven aligned genes (Ta.5024.1.51_x_at,
Ta.2278.2.51_x_at, Ta.21069.2.51_a_at, Ta.4653.1.51_at, TaAffx.131309.1.51_at, Ta.5450.1.A1_at, and Ta.9580.1.51_at) across the
microarray data from the present study and an independent RNA-seq dataset (GSE113128). Sample points are colored according to

susceptibility (blue) and resistance (red), and shaped according to control conditions (circles) and inoculated conditions (triangles). PC1
and PC2 explain 65.6% and 14.2% of the total variance, respectively (79.8% in total). The analysis indicates that the expression of this
small gene set is capable of discriminating susceptible from resistant samples. The separation of groups by these seven genes

strengthens the cross-validation of our results.
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