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Screening and identification of candidate resistance genes to gibberella ear rot
caused by Fusarium graminearum in maize

Dong Li-Hua, Dong Cheng-Yan, Li Zheng-Nan, Yu Jing, Ye Liang, Liu Fang, and Tan Jing*

School of Agriculture, Yunnan University, Kunming 650500, Yunnan, China

Abstract: Gibberella ear rot (GER) of maize (Zea mays L.), caused by Fusarium graminearum (Fg), is a major factor contribut-
ing to yield losses in southwestern China. In this study, two highly resistant inbred lines (4019 and NMJT) and two highly suscep-
tible lines (Huangzaosi and GEMS61) were selected. Kernels at 15 days after pollination were inoculated with Fg, and samples
were collected at three post-infection time points for transcriptome sequencing. Candidate resistance genes were identified, cloned,
and preliminarily validated through a combination of differentially expressed gene (DEQG) analysis, previous genome-wide asso-
ciation study (GWAS) results, qRT-PCR validation, cloning and sequence alignment, and expression pattern analysis. The main
findings were as follows: (1) Transcriptome analysis revealed a large number of DEGs between resistant and susceptible lines at
all three infection stages. The two resistant lines shared common defense responses, with DEGs significantly enriched in pathways
such as plant secondary metabolism, plant hormone signal transduction, calcium signaling, and the antioxidant system. In addition,
each resistant line exhibited specific defense mechanisms by regulating unique gene expression patterns. (2) Integration of DEG
and GWAS data identified 24 co-localized genes. Based on gene annotation and literature reports, 12 genes were predicted as
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potential candidates for GER resistance. Among these, two genes—Zm00001eb104020 and Zm00001eb195780—were success-
fully cloned and validated by qRT-PCR. (3) Protein sequence analysis revealed shared mutations and deletions between resistant
and susceptible lines. The two candidate genes also showed distinct spatiotemporal expression patterns, with significantly higher
expression levels in resistant lines. Both genes were strongly induced and upregulated in kernels following Fg inoculation. These
results provide a theoretical foundation for further functional characterization of GER resistance mechanisms and the breeding of

resistant maize germplasm.

Keywords: maize; gibberella ear rot; candidate resistance genes; functional site identification; spatio-temporal expression char-

acteristics
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Table 1 Information on maize inbred lines with high resistance and high susceptibility to GER
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Resistance No. Inbred lines Pedigree Source/group
[ R1 4019 G108xG172 o [ A AETEFF AP China / temperate non-stiff stalk group
High resistance R2 NMIJT 5 s o E /IR PR A China / temperate & tropical mixed group

Local germplasm

=y S1  # K. P Huangzaosi ¥ 2{ Huanggai [ /fE PUF-3k China / Tangsipingtou

High susceptibility S2  GEMS61

ARI16026:S17-10-1-B-B 2 [#/#4f USA / tropical group
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Table 2 DEGs between highly resistant inbred R1 and highly susceptible inbreds S1 and S2 under the same treatment at three sam-

pling time points

HE Kb 7 0 hpi 1.5 hpi 6 hpi
Paired samples  Treatment I-3 Up T Down I3 Up T Down [-34 Up T ¥ Down
R1 vs S1 CK 7461 7959 6487 6514 7105 7111
Fg 6593 6624 6896 6709 7161 6789
Fg-CK 1875 1554 2305 2323 2382 2328
R1 vs S2 CK 7047 7552 5918 6826 5451 5752
Fg 5110 5872 4727 5162 6380 6375
Fg-CK 1956 1731 1724 1464 2525 2195

R1: REHUBRE 4019; S1: 5B RIS LU, S2: B8k GEMS61., CK: TG KAb 3 Fe: 3 4b B Fg-CK: 5B T6 i Ak Ab B F B4 4]
HHZEFMIEEF . 0hpi. 1.5 hpi M 6 hpi 53 HIFR S FFRIFE PDA AR F3%55: 0h, 1.5h F 6 h,
R1: highly resistant material 4019; S1: highly susceptible material Huangzaosi; S2: highly susceptible material GEMS61. CK: sterile water

treatment; Fg: inoculation treatment; Fg-CK: genes with background differences between materials under sterile water treatment were re-

moved. 0 hpi, 1.5 hpi and 6 hpi indicated the grains cultured on PDA plate for 0 h, 1.5 h and 6 h, respectively.
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Table 3 DEGs between highly resistant inbred R2 and highly susceptible inbreds S1 and S2 under the same treatment at three sam-

pling time points

4o st 0 hpi 1.5 hpi 6 hpi
Paired samples Treatment A Up T Down i Up T % Down 94 Up T Down
R2 vs S1 CK 7683 7630 5677 5207 7497 7672
Fg 5660 5824 6460 6001 4037 4074
Fg-CK 1175 939 2476 2335 1051 1176
R2 vs S2 CK 7634 7869 5782 6321 5933 6361
Fg 5529 6193 6221 5911 4903 5458
Fg-CK 1687 1517 2575 1695 1753 1654

R2: @HibEE NMIT; S1: g Bbh B #5700 S2: g bk GEMS61. CK: JEH/KAbHE; Fg: HERALHE; Fe-CK: I TC B /K Ab 3 F b4 4
[ 522 5 146K . 0 hpi, 1.5 hpi F1 6 hpi 7353/ FFRLTE PDA F-H E35% 0h, 1.5h Fl 6 he
R2: highly resistant material NMJT; S1: highly susceptible material Huangzaosi; S2: highly susceptible material GEMS61. CK: sterile water

treatment; Fg: inoculation treatment; Fg-CK: genes with background differences between materials under sterile water treatment were re-

moved. 0 hpi, 1.5 hpi and 6 hpi indicated the grains cultured on PDA plate for 0 h, 1.5 h and 6 h, respectively.

A
0 hpi-up 1.5 hpi-up
529 & 673
13
16 27
371
6 hpi-up

B

0 hpi-down 1.5 hpi-down
82
650 851
9
54 62
618
6 hpi-down

1 EELET 2 AMMEMRRBREMHESRENEFERE I MNERHEERE

Fig.1 Venn diagrams of common DEGs between R1 vs S1 & S2 and R2 vs S1 & S2 at three sampling time points

A: [ DEG =5 B [&; B: T4 DEG 9+ B I& ., 0hpi. 1.5 hpi F1 6 hpi /39 FE R AR ZE PDA M FREFE 0h, 1.5 h H1 6 h,

A: Venn diagrams of Up DEGs; B: Venn diagrams of Down DEGs. 0 hpi, 1.5 hpi, and 6 hpi indicated the grains cultured on PDA plate for 0 h,

1.5 h and 6 h, respectively.
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Fig.2 GO and KEGG enrichment analysis of common DEGs between R1 vs S1 & S2 and R2 vs S1 & S2 at three sampling time points
A: 14 DEG B GO 43-#7; B: T4 DEG B GO 43-#7; C: 114 DEG B KEGG 43#7; D: F 4 DEG ) KEGG 43#7. 0 hpi. 1.5 hpi. 6 hpi

43 SRR AFRIAE PDA -4 13555 0 h,

1.5h, 6h, BP: =¥t #; CC: 443 ; MF: Z»TIhfE.

A: GO analysis of up-regulated DEGs; B: GO analysis of down-regulated DEGs; C: KEGG analysis of up-regulated DEGs; D: KEGG analy-
sis of down-regulated DEGs. 0 hpi, 1.5 hpi and 6 hpi indicated the grains cultured on PDA plate for 0 h, 1.5 h and 6 h, respectively. BP: bio-

logical process; CC: cellular component; MF: molecular function.
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Table 4 Co-localization of transcriptome DEGs with previous GWAS results

£R ik
Gene Description
Zm00001eb240340  # ABC ¥4z 8 H 453/ & H i ABC transporter domain-containing protein
Zm00001eb309360 ~ MYB-CC B4 5% [HF LHEQLE & &8 & M1
MYB-CC type transcription factor LHEQLE-containing domain-containing protein
Zm00001eb309010 TR H MR A2 v i K % 2 11 Phosphoglycerate mutase family protein
Zm00001eb070740  PURKE 42 £ 5 (TPR)FE R F % # (1 Tetratricopeptide repeat (TPR)-like superfamily protein
Zm00001eb070690  DNA %4 i DNA polymerase eta
Zm00001eb070770  FF % 1 FLE Accumulation of photosystem |
Zm00001eb354690  FHH 1ML 21 25 3o S AL W T8 5%t 245 A 388 P 75 25 19 Plant heme peroxidase family profile domain-containing protein
Zm00001eb070760 %5 1 5B X A% R 2 Protein argonaute 2
Zm00001eb248650  #HMEJA W& H-T1-3 Cyclin-T1-3
Zm00001eb195760 i & 1 RPMI Disease resistance protein RPM1
Zm00001eb197630 455 BE t(RNA (Gln)BE e R B JE B M- 2344 /48 KL 4
Glutamyl-tRNA (Gln) amidotransferase subunit B chloroplastic / mitochondrial
Zm00001eb070720 & & A5 R MR BY 542 15 B 2 11 i B8 Leucine-rich repeat transmembrane protein kinase
Zm00001eb239920 1l 22 AR /75 AR WslR B Protein-serine/threonine phosphatase
Zm00001eb195720 A U5 # 1 Uncharacterized protein
Zm00001eb195790  TRAF KA K% 8 1 TRAF-like superfamily protein
Zm00001eb195710 {8 5E BY JCHE K % % 11 Putative apyrase family protein
Zm00001eb104020  ®ifAgEE D Phospholipase D
Zm00001eb070750 OSJNBa0008M17.14 #£: 2 4 OSINBa0008M17.14-like protein
Zm00001eb195780  V BIFF ATP BV B0 S1/VOAL B PEA5H B & H F
V-type proton ATPase subunit SI/VOA1 transmembrane domain-containing protein
Zm00001eb106040 PRI BR %S & H RBP45C Polyadenylate-binding protein RBP45C
Zm00001eb070700  LRR Z KL 22 B IR/ & R 55 1118 i LRR receptor-like serine/threonine-protein kinase
Zm00001eb248680 5 NAC 25 #)# i NAC domain-containing protein
Zm00001eb070730 & & A5 R MR BY 42 5 B 2 11 i B8 Leucine-rich repeat transmembrane protein kinase
Zm00001eb354680 5 ALWYIEE Peroxidase
Zm00001eb070740 Zm00001eb070770
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Fig.3 qRT-PCR verification of candidate genes
RI: SHUFE 4019; R2: @HiAf R NMIT; S1: @b kL 8 50 ; S2:
H1 6 hpi 733 F 7R FERLAE PDA AL ER 5% 0h, 1.5 h il 6 he

=B A GEMS61.,CK: JCH /K A3 ; Fg: P 4L 3, 0 hpi., 1.5 hpi

R1: highly resistant material 4019; R2: highly resistant material NMJT; S1: highly susceptible material Huangzaosi; S2: highly susceptible
material GEMS61. CK: sterile water treatment; Fg: inoculation treatment. 0 hpi, 1.5 hpi, and 6 hpi indicated the grains cultured on PDA plate

for 0 h, 1.5 h, and 6 h respectively.
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IR AT TR, RAGFEE Zm00001eb104020 Fi
Zm00001eb195780 K 4wt IX 751, ééttﬁ%*ﬁﬁfm
F I Zm00001eb104020 TE 2 A B0 A 2 /> B kL
RS 137 MEIER(E 4-A); %l Zm00001 e

b195780 TEwFik BE R1 Hh 4t 320 IR, 18
PR R R2 2 A i Bk B R G b 318 S FE R
(B 4-B), 5 2 I%hﬁﬂﬁﬁ%ﬂ@%ﬁ% SIHH L,
Zm00001eb104020 {E 2 A &5 JBAT R g b 1 25 14 P
% 55, 100 ML.EH%%R IR (D) Fl i R (Y) 2
IR S I M A, TE SRR S2 /) 67, 98
117 AbiB BT AREFR(T) . Z2 R BR(L) . AT E R
(F) 3 DRI S AR (K 4-A); Zm00001e

!

A 10 20 30 40 50 60
Consensus sequence .
R1 MIYVHAKGMIVDDEYVILGSANINQRSLAGSRDTEIAMGAYQPHYAWSTKNGHPHGQVYG(m
R2 MIYVHAKGMIVDDEYVILGSANINQRSLAGSRDTEIAMGAYQPHYAWSTKNGHPHGQVYGfﬂ
S1 MIYVHAKGMIVDDEYVILGSANINQRSLAGSRDTEIAMGAYQPHYAWSTKNGHPDGQVYG(w
S2 MIYVHAKGMIVDDEYVILGSANINQRSLAGSRDTEIAMGAYQPHYAWSTKNGHPDGQVYG(”
70 80 90 100 110 120
RI YRTSLWAEHLGTVDDRFKDPSSLECVREVNQIAVENWORF TAEEMS TLQGHLLKYP[VKVE 120
R2 YRTSLWAEHLGTVDDRFKDPSSLECVRFVNQIAVENWORFTAEEMSTLQGHLLKYP vE 120
S1 YRTSLWAEHLGTVDDRFKDPSSLECVRFVNQIAVENWRRYTAEEMSTLQGHLLKYP VE 120
S2 YRTSLWTEHLGTVDDRFKDPSSLECVRFVNQIAVENWLRYTAEEMSTLQGHLLKYP|F VE 120
130
R1 ADGKISPLPDQECFPDV| 137
R2 ADGKISPLPDQECFPDV]| 137

137
137

Sl ADGKISPLPDQECFPDV|
ADGKISPLPDQECFPDYV]

(B 4)
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B 10 20 30 40 50 60
Consensus sequence e
R1 MAAAWEVLAVLLVAAQVASAAQVTAPAFLWAPKNYGFSSDDAKEVVHYQTISPKSLAKSV 60
R2 MAAAWEVLAVLLVAAQVASAAQVTAPAFLWAPKNYGFSSDDAKEVVHYQTISPKSLAKSV 60
S1 MAAAWEVLAVLLVAAQVASAAQVTAPAFLWAPKNYGFSSDDAKEVVHYQTISPKSLAKSV 60
S2 MAAAWEVLAVLLVAAQVASAAQVTAPAFLWAPKNYGFSSDDAKEVVHYQTISPKSLAKSV 60
70 80 90 100 110 120
R1 LEEGGWSNFMCSREDTQNNVDVAIVFIGSKLQSSDISKDKQVDPALADTLKLSFTRSEFS 120
R2 LEEGGWSNFMCSREDTQNNVDVAIVFIGSKLQSSDISKDKQVDPVLADTLKLSFTRSEFS 120
S1 LEEGGWSNFMCSREDTQNNVDVAIVFIGSKLQSSDISKDKQVDPALADTLKLSFTRSEFS 120
S2 LEEGGWSNFMCSREDTQNNVDVAIVFIGSKLQSSDISKDKQVDPALADTLKLSFTRSEFS 120
130 140 150 160 170 180
R1 MAFPYVSTTVDERLEDSLLSSFAENCNNGFGRNRVTYTDTCTGQDLKKYHNMDAINDLVV 180
R2 MAFPYVSTTVDERLEDSLLSSFAENCNNGFGRNRVTYTDTCTGQDLKKYHNMDEINDLVV 180
S1 MAFPYVSTTVDERLEDSLLSSFAENCNNGFGRNRITYTDTCTGQDLKKYHNMDAINDLVV 180
S2 MAFPYVSTTVDERLEDSLLSSFAENCNNGFGRNRITYTDTCTGQDLKKYHNMDAINDLVV 180
190 200 210 220 230 240
R1 SGVASRRVNHPSGQTDVIVFCSGGFENPGTAKSEGELLSQLVDSLDLSGAKYTVLYASQP 240
R2 SGVASRRVNHPSGQTDVIVFCSGGFENPGTAKSEGELLSQLVDSLDLSGAKYTVLYASQP 240
S1 SGVASRRVNHPSGQTDVIVFCSGGFENPGTAKSEGELLSQLVDSLDLSGAKYTVLYASQP 240
S2 SGVASRRVNHPSGQTDVIVFCSGGFENPGTAKSEGELLSQLVDSLDLSGAKYTVLYASQP 240
250 260 270 280 290 300
R1 SGLLESPSGLPLGRHLAEKKTNGTKAVQGEKEKCPGECLVKSSLLEGT FVGIVLLIIILTS 300
R2 SGLLESPSGLPLGRHLAEKKTNGTKAVQGEK(CDGECLVKSSLLEGTFVGEIVLLIILISGL 300
S1 SGLLESPSGLPLGRHLAEKKTNGTKAVQGEK(CDGECLVKSSLLEGTFVGEIVLLIILISGL 300
S2 SGLLESPSGLPLGRHLAEKKTNGTKAVQGEKICDGECLVKSSLLEGTFVGEIVLLIILIISGL 300
310
Rl GLMCMMGID|T[PSR. .. .. 313
R2 MC MGIDTP RFEAPQES 318
S1 MC MGIDTP RFEAPQES 318
S2 MCMMGIIDTPSRFEAPQES 318
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Fig. 4 Amino acid sequence alignment of candidate genes Zm00001eb104020 (A) and Zm00001eb195780 (B) between high resistant

and high susceptibility inbreds
R1: EHUAE 4019; R2: BHA R NMIT; S1:

AR B L s S2: M B GEMS61.

R1: highly resistant material 4019; R2: highly resistant material NMJT; S1: highly susceptible material Huangzaosi; S2: highly susceptible

material GEMS61.
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Fig. 5 Expression profiles of candidate genes Zm00001eb104020 and Zm00001eb195780 in different tissues of four inbreds across
four periods

RL: WP R 4019; R2: FHibTRE NMIT; S1: bt RHE L 00; S2: 3541k GEMS61,

R1: highly resistant material 4019; R2: highly resistant material NMJT; S1: highly susceptible material Huangzaosi; S2: highly susceptible
material GEMS61.
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Fig. 6 Expression profiles of candidate genes Zm00001eb104020 and Zm00001eb195780 in different tissues of four inbreds at two

periods under Fg infection

R1: BEHiAREE 4019; R2: BEHUAT R NMIT; S1: w5 8okhkl 86 00, S2: 5k Bt GEMS61.CK: LR KALIT; Fg: #ERALIT . R: 4R; S:
25; Lo MF: MfiEfE; FF: MEAE; C: FFki. *: P<0.05; **: P <0.01; ***: P <0.001,

R1: highly resistant material 4019; R2: highly resistant material NMJT; S1: highly susceptible material Huangzaosi; S2: highly susceptible
material GEMS61. CK: sterile water treatment; Fg: inoculation treatment. R: root; S: stalk; L: leaves; MF: male flower; FF: female flower; C:

corn grian. *: P <0.05; **: P<0.01; ***: P<0.001.
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Fig. S1 GO and KEGG enrichment analysis of DEGs between highly resistant inbred R1 and highly susceptible inbreds S1, S2 at
three sampling time points
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A: GO analysis of up-regulated DEGs; B: GO analysis of down-regulated DEGs; C: KEGG analysis of up-regulated DEGs; D: KEGG analy-
sis of down-regulated DEGs. 0 hpi, 1.5 hpi, and 6 hpi indicated the grains cultured on PDA plate for 0 h, 1.5 h, and 6 h, respectively. BP:
biological process; CC: cellular component; MF: molecular function.
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Fig. S2 GO and KEGG enrichment analysis of DEGs between highly resistant inbred R2 and highly susceptible inbreds S1, S2 at
three sampling time points
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A: GO analysis of up-regulated DEGs; B: GO analysis of down-regulated DEGs; C: KEGG analysis of up-regulated DEGs; D: KEGG analy-
sis of down-regulated DEGs. 0 hpi, 1.5 hpi, and 6 hpi indicated the grains cultured on PDA plate for 0 h, 1.5 h, and 6 h, respectively. BP:
biological process; CC: cellular component; MF: molecular function.



