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Abstract: Tea plant (Camellia sinensis) is a globally important economic crop. Anthracnose, a major fungal disease caused by
Colletotrichum camelliae, seriously threatens tea plant growth and leaf quality. Members of the ethylene response factor (ERF)
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family are key regulators in plant disease resistance signaling pathways. To identify critical genes involved in tea plant defense,
this study screened differentially expressed genes based on previously obtained transcriptome data from tea plants inoculated with
C. camelliae strain LS 19. From these, the candidate gene CsERF9 was selected for systematic investigation. Subcellular local-
ization analysis confirmed that CSERF9 is localized in the nucleus, consistent with its predicted function as a transcription factor.
Promoter cis-element analysis revealed that the CsERF9 promoter region is enriched with various defense- and hormone-response
related elements, suggesting its potential involvement in pathogen-induced hormonal signaling. RT-qPCR results showed that
CsERF9 expression was significantly induced upon C. camelliae infection and remained upregulated during later stages (24 h
post-inoculation and beyond). Functional validation demonstrated that transient overexpression of CsERF9 in tea leaves signifi-
cantly reduced resistance to anthracnose. Compared with the empty vector control, lesion areas in CsERF9-overexpressing leaves
increased by 170.6%, 48.9%, and 40.7% at 24, 48, and 72 h post-inoculation, respectively, indicating that CsERF9 acts as a nega-
tive regulator of tea plant resistance to anthracnose. Further analysis revealed that CsERF9 overexpression significantly sup-
pressed the expression of the salicylic acid (SA) pathway marker gene CsPRI, while upregulating the jasmonic acid/ethylene
(JA/ET) pathway marker gene CsPR3. These findings suggest that CSERF9 may negatively regulate the tea plant’s immune re-
sponse to C. camelliae by suppressing SA-mediated defenses and activating JA/ET signaling, thereby disrupting the balance be-
tween distinct disease-resistance pathways. This study provides novel insights into the molecular network of tea plant resistance to

anthracnose and identifies CsERF9 as a potential candidate gene target for breeding disease-resistant tea cultivars.
Keywords: tea plant; C. camelliae; ethylene-responsive transcription factors; CsERF'9; molecular mechanism

W (Camellia sinensis) 23X [E 5 E i) i FH 28 5%
PRI, FLF= R T 32 3090 5 e A e SR
e 2B B SR S — 32 A AR I Y L i
F, T RETEERX, OB HI 25 W @R L
PRSI R 2 P BT, BRI 5 R AR RS
o B TR L AE 21 A Fh S 1 AR S R, e LIS
KIE W Colletotrichum camelliae (C. camelliae) Fl
Colletotrichum fructicola (C. fructicola)y F E A H
R AT

AU RV, MR 5l K R
(jasmonic acid, JA) . 7KA% 2 (salicylic acid, SA). ZJF
(ethylene, ET)TEZH 5 B BAF h & 4% 3 H 24
FHU=T, 2 45 i B [K - (ethylene responsive factors,
ERFs)#&2 AP2/ERF (APETALA2/cthylene responsive
factor) % s [N ¥ e h i) — KRB WK, 2 MmfE
I P SCHE N WA R, SRR T 1995 AR AR A B
(Nicotiana tabacum) 8% % ' ERF & % & 47
1 RS AP2/ERF DNA 25 & 45M) 5k, 12454
W 60 2 70 PNEEMANM, IR FERNEE S
GCC-box 8 DRE/CRT %5 =045 o4, 845 F g dk
223k ERFs 1] i B 22 b a6 15 5 g . I
M. ER . TR, JRTEARE AT 222 51k
P FIBRII, DT AR ) 1 2 0 5 AR A Wy Pl a0 g 25
Hh AR R

WFFER ], ERF 5% 5 K1 BE al LAVE N IE 4%
THOEAEY) UME, WATRES S foH . B,
ZmERF21 1E 4% E KA 5 E"3); TaELP4 W 4734
5N T FERE Y, ZmEREB179 J T 5 1 17 8 4 Ji
U3 OsERF7 G i #5 /RE %48 K EURT 1728 KA 3L

PEDOL 5F ik OsERF922 4| T B AR X3 R iy 22
ik, BT XHREARS A BB, ACERFS 38 i i
JUTJ5 7 0 67 9 47 % L R H i AR AR R v, 2D
A 1k 7K A 1R T % O U 4 6 A0 B T A M SRME B A
PEUSI e Ah, AtERF2 & TA Wi 137 57 T05E DR A4 1F 1%
K ¥, $& A R J 761 5 J1 T (Fusarium oxysporum)
MIPE, T AtERF4 @t 6] JA R B T3 56 A,
& 15 AF W) 0T BE AR B 37 R AR O 16 ik T TR Y R
PEUOT 254, AtERF1 7E N JA 5 ET (558 A%
ST S, AR 2 AP S S B Y, X s gl R [H]
#4751 ERF & FITEAE D B LS i s 2 ek 5
=R/

ERF F:HTE ZFED P fE I A8 8148 R
AW, ABAEZM b, AR T RE A B9 1 A 7
gy, BERTEALRIA G B AT, UG D dRiE S
/N T HBARThEE, H1U0 CsERF105 BiESEIE ) JH 4
AP A B P HERY . R, WRASE R AW S
59 JE MR B ERF R ILGY, X T b A5 S el
TSR B M EAHEEE L RMIRETE K
Fe W2 B IFL G 5 S A B Y, TRk R T — A
ZJWhiE 3515 S ERF #% 5% K7, fir44 i CsERF9,
ARG CSERFO HY 20 i 17 eIk, 56
TR X Z B e SR PO A R AR L, O A ATy 3 ik
WEAT 5 R PO 9 T HLE, S B BT 43
T B AR AT A

1 #MR57a%

1.1 X5 #
ABIFTE LU AR T # VA8 B0 P X AR Al



o 4 3]

Wi R T CsERFO 835 25 B e R Bt il 2 T HL I BT 1105

b2 8 2% WA 90 T 1 00 2% el A S R b R O 43
(Longjing 43, LJ43)F1#i4& 12° (Zhenong 12, ZN12)
R RE . ICLIA3 R L | 25 AEFIRP T AER
[EEERERET R At S 2 X G SV v | YA et 7/ ) STE RN
Hirf, DILI43 —2F— bR, 7E 4°CAM TR 4 )
REFR O, 1. 3. 12, 24, 48 Fl 72 h LABLHUK IR e ;
W AR TR AL 0, 3, 6. 9, 12, 151 18d
DAL T S in . EA i ab b, DLLI43—2F
— M NRRE, INESIRIE C. camelliae {74 0, 3. 6.
12, 24, 36, 48 Fl 72 h LABLHUR F it . fr b B
WucE 3 M EYEER .

JFH T S0 240 B 2 A7 7 0 e 4 AR LA RN A 36
TR S8 2T 46 566 R 1 (H2B-RFP) 4 75 56 R A #5122,
TEZE R H AT 5% 3~4 Ji 5 TR 205 .

INZEHIH C. camelliae ¥7 4= B E Ak LS_19 224
ARSI ERAF, BEFRAE 28 C A1 T A D A 4
WG (potato dextrose agar, PDA)EFE 5L |,
1.2 RNARH., REFRMEERKESH

ffil FastPure il FHAEL YA RNA 4350 &
(RC411, Vazyme, " E)FEBESHEEHE RNA, B 1
ug RNA #£: 54, fii ] HiScript 111 55 —4f cDNA 4 it
FE(R312, Vazyme, H[E) 5554 K cDNA, fifi [

F1 FHARPEAERANSIY

ChamQ SYBR qPCR WIR I (Q711, Vazyme, 1 [)ilf
FTSEmt 3¢ G 2 PCR (RT-qPCR)K&M, A CsPTB
WS IEHP F LS AR CsERF9 DL KR
LR JEA Y CsPR G0 B K 1 3R 387K F- (51 W 17 971
WK 1o RNAKFRKARFZ B & vl v B 1T,
IR 278y R R AR X A
1.3 CsERFI EEMTESRIEHMEME

WRYHE L0345 CsERF9 FEHFH, S54kk
PRI 2H 93 Al GenBank ™Y P H AT HUXT, BReZHIA
CsERF9 JEHT I, J-ARYE CsERF9 LR W) 4wt X )7
SRR BRSSO R S 1 5 1 GR 1) Kb, 1
## pCAMBIA2300 #ARBERE R YIAL 5 Kpn 1 Fil
BamH 1, #J# pBinGFP4 2 /& 1t £ AU 17 254 Kpn
1 F1 Sal 1. PAZEHT cDNA M4, f# H Phanta Max
Super-Fidelity DNA polymerase = {4 B [iff (Vazyme,
ED#FFT PCR 73, S0 AR 3 FIRR Iy 2444 BE i3 1]
B BEHAT. K PCR Y& Inziftb s, FIH
ClonExpress II One Step Cloning Kit (Vazyme, H[E)
TC 8% v R &, 43 il 5 28 M N R 1) 4 P Ak 1Y
pCAMBIA2300 1 pBinGFP4 kAR 7E47 A H F 4 . 1%
FE WAL = R AT RS2 S A, 28U PCR i
TE R P HEE S, e 2R AT R A Y EE 2 TR

Table 1 Primers used in this study
Gl 1975 H
Primer name Primer sequence (5'-3') Purpose
p2300-CSERF9-F ATTTGGAGAGGACAGGGTACCATGGCGCCCAAGGAAAAA I FRRIR M
p2300-CSERF9-R  TCCTCCTCCTCTAGAGGATCCGGCGGTTTCAGGCGGCGG Construction of overexpression vectors
pGFP4-CSERF9-F  ATTTACGAACGATAGGGTACCATGGCGCCCAAGGAAAAA V20 LA i 2% (A by

pGFP4-CSsERF9-R

qPCR-ERF9-F AGAGCAGTACCGTCGAGTCT
qPCR-ERF9-R AGACTGAGATCGAGCGGAGG
qPCR-CsPR1-F CCTCCTATGCCCAAAACTCA
qPCR-CsPR1-R CAGCAAGGTTCTCCCCATAA
qPCR-CsPR3-F GATTGCTGCTTTCTTGGCCC
qPCR-CsPR3-R AGTAGTCAGGAGGGTTGCCT
qPCR-CsPR4-F TGTGGGACAACCGATGACTA

qPCR-CsPR4-R
qPCR-CsPR5-F
qPCR-CsPR5-R
qPCR-CsPR10-F
qPCR-CsPR10-R
qPCR-CsPTB-F
qPCR-CsPTB-R

GTCCACAAAAGGCAGTCCAT
ACCAGCCAAAAAGCATCATC
TGAGCTGACATAGCCACCAC
CTCATTTGCCACATTACACC
ACATTCTGTTGGCTGCTACT
TGACCAAGCACACTCCACACTATCG
TGCCCCCTTATCATCATCCACAA

GCTCACCATGGATCCGTCGACGGCGGTTTCAGGCGGCGG

Construction of subcellular localization vectors
SRSt E 7 PCR
RT-qPCR
SER 5 AE it PCR
RT-qPCR

FHF PG & PCR
RT-qPCR

SRSt E 7 PCR
RT-qPCR
SEAF 5 5E i PCR
RT-qPCR

FHF P & PCR
RT-qPCR

SRS E 7 PCR
RT-qPCR




1106 fE W 2

52 %

1.4 CsERFI WEME R FSH

{#iF ProtParam (http://web.expasy.org/protparam/)
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Fig. 1 Expression analysis of TEA007038

A: RNA-seq 508 19 FPKM {8, & B R F- 2 [E+b5 #E 1R (n = 3); B: RT-qPCR JE TEA007038 78 LI43 Z 1IN RIE T LS_19 ANz

e i Be A X ZRak 0, BB S BIE AR E R (n = 3); C: RT-qPCR U %E TEA007038 1£ ZN12 %

INAS B LS_19 AR FE YL b B

HAXSRIK, B BEE N P BEARED(n = 6); D: TEA007038 {EFMIA R LA e FoKF, B b BE 0 P EARER @ = 3); E:
TEA007038 FEARIR M0 T 0 5 F oK, P B 8 P B {H AR HE R (n = 3); F: TEA007038 76T AT W5 FOKF, B8l 734
HAPRUERR (n = 3), BT R85 X BUAAAH LUAPAE 35 25 5, 2 il r R, *: P < 0.05; **: P<0.01.,

A: FPKM values of TEA007038 from RNA-seq data, data are presented as mean £ SEM (n = 3); B: relative expression of TEA007038 in LJ43
during C. camelliae LS_19 infection, data are presented as mean = SEM (n = 3); C: relative expression of TEA007038 in ZN12 during C.
camelliae LS 19 infection, data are presented as mean £ SEM (n = 6); D: transcript levels of TEA007038 in different tissues of tea plant, data
are presented as mean £ SEM (n = 3); E: transcript levels of TEA007038 under 4°C cold stress, data are presented as mean = SEM (n = 3);
F: transcript levels of TEA007038 under drought stress, data are presented as mean = SEM (n = 3). Asterisks indicate significant differ-

ences compared with the control group, as determined by the Student’s ¢-test (*: P < 0.05; **: P <0.01).
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Table 2 Details of cis-elements analysis in the CsERF9 promoter region
A FH TC 1 gl T G Bt
Cis-element Sequence Predictive function Quantity
TC-rich repeats GTTTTCTTAC [5F5 40 00 38400 1, I8 #2 JC 4 Regulatory element of defense and stress responsiveness 1
TGACG-motif TGACG SR F 2 F g A % g6/ Response element for methyl jasmonate 2
TCT-motif TCTTAC M 7 TG4 Response element for light 3
Box4 ATTAAT Y6 )3 T4 Response element for light 8
GATA-motif GATAGGA Y6 )3 T4 Response element for light 1
ARE AAACCA R 5 S0 JCF Anaerobic induced response element 2
02-site GATGACATGG T k&HE A B R CE Regulatory element of zein metabolism regulation 1
GCN4_motif TGAGTCA MEFL X IHHE T Regulatory element of endosperm expression 1
AT-rich element ATAGAAATCAA AT %4 DNA %54 8 F (ATBP-1)#Y%5 4 fiL 5. Binding site of AT-rich DNA binding 1
protein (ATBP-1)
EBS ATGTAT EIN3 45437 &5 EIN3-binding site 3
GCC-box GCCGCC ERF %54 {3 /5, ERF-binding site 1
*
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EjERF11 89
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PtERF9 _FNVK L. KNYTRTDSNKKAASSOOR - © © oo 111
NtERF9 NNT,GVK TNKNTNDDNNREPSOSS TVRSSSRUGT.SPAVMYDSSE . TONSHG . o - o oo oot e e e s VEEPEONHOFRTSPTSGGFSECGETGAT 172
VrERF4 NTN. e NNNOGPSOSSTVRESSSREGFSPATMVDSSE . TDIINTT HAGGVGVGVGVGVGAAAGYATATREPROHHOTOVSS PSP . AAGTVRTGGT, 169
HIERF4  NRENNTNVINVNKKN]NOSIPSOSSTVESSSREP . . . ATMTRSSP. [DINTGHGFGS. . ... . .ANSSA. . ... VREPFOT. . ... APAVGTVYE.MPS... 162
TcERF4  NGSNCNDNDNNNNSNNOSPSOSSTVESSSREP . . . STMTYSSE . FDINTGHAAVAG. . .. . . FRTPA. . ... VREPROO. . . .VSPVTGVFARGTRA. .. 166
EjERF11 NVTKNNNNKTSSGSNNOGPSOSSTVESSSRECP . . ALMVDSSE. LDLNLAHGVSSG. . . . . GEGSAP..... MREPFQHH. . .QVPGFGAVIE.VEssA. 171
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CsERF9b  .AAN.OTEYEDATTRSGRMNODFTRY. .TONORMKAAARFRVAAHGEG . . . AQSDSDESSUTBINT NDVKPHR . . ATCTDLINHPPRPRET 249
AtERF9 _.AG...FREEDP . SRAASTRARTSRVCPVRERP. .. ... .. VN TRTSTETRRTVKVA. . . . . BRR . . RLNT.RENT ARBVYD 199
PERE S Ll 111
NtERF9  PAVNHHEMYYTEATARAGVTNT RKHOO. .RKTVDFTGANGGHGGSSAAESGSGTOSESDSSSVT DFMRNDVKPP TR TTINTDINFPPPENY 259
VrERF4 PAAN . HT.EYEDAMT RTGRVNODFOR . . .TREDR . . AASDFRAATTGG . - . . VOSDSDSSSVVDTNHNDTKPRARVTIDTLDLNRPPPRE T 248
HIERF4 .. TNOQVIYERPYVHAGT VNGHNHOT.ORTREDHOASHNFHARSFAGG . . . . AQSDSDSSSVVDTNHNDO.BRR . . TEDLRLNFPPE RV 241
TcERF4 LVASPOTFYEDS FVRPGAVKGOOYOR . .MREDHNDFH. . . .ATFNGE. . . . VOSDSDSSSVVDTNHHR TKQRP . . TINTRINOPATL PR T 242
EjERF11  AAAANQVIY¥EDSVFRAGVMKNHQFHP .RMRFDLPNFHRPDFHS.AGE. . . . AOSDSDSSSVVDLNONDL . PRG . . GGGFPLNLPPPPEL 251

Consensus

B 2 CsERF9 5H({t#E4) ERFs 8 R %% B #0551 bk 3
F1g 2 Phylogenetic analysis and sequence alignments of CSERF9 and ERFs from other plants

A: W CsERF9 547+ ERF S5 11 19 R G HEALME; B: CSERFO 5 A R H) )l R I 2R 11 19 )79 LU RS . PRSI AP2/ERF 2544 38
H:jéIde‘T/Ta YRh 2 GenBank %55 S5 A AN, SIHEF: AtERF9 (NP_199234.1); #H: PtERF9 (Pt2g011090); 4H%E: NtERF9 (NP_001311661.1);
%L: PpPERF9 (Pbr000398.1), A [ B SRR 1 AW 1 () TEA007038,
A: phylogenetic tree of CSERF9 and ERF family proteins from Arabidopsis thaliana. B: multiple sequence alignment of CSERF9 with ho-
mologous proteins from other plant species. The conserved AP2/ERF domain is indicated by a red line. Species and GenBank accession
numbers are as follows, Arabidopsis thaliana: AtERF9 (NP_199234.1); Poncirus trifoliata (L.) Raf.: PtERF9 (Pt2g011090); Nicotiana ta-
bacum: NtERF9 (NP_001311661.1); Pyrus spp.: PpERF9 (Pbr000398.1). The protein marked with an asterisk is TEA007038 in figure A.
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Fig. 3 Analysis of cis-elements in CsERF9 promoter region
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4 CsERF9 7EHE M F b 9 T 40 i 5 i
Fig. 4 Subcellular localization of CSERF9 in tobacco leaf cells
FrR=20 um, Scale bar = 20 um.
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Fig. 5 CsERFY negatively regulates tea plant resistance to C. camelliae

A: Wk ik CsERF9 (OE-CsERF9) Ko 238 BRSNS BU(CK) I AT M |, FERERN BIH K C. camelliae LS_19 J5 MY & F A, AT
RIS 24, 48 1 72 h (hpi). HBIR =1 cm. B: RT-qPCR K illl 4% AL BLAA M H- v CsERFO (AT Fak /Ko 1 P B di o 7 2 (s v 1
(n=3), C: #MFM R EAERE RS BB - PR ER (0 = 6). hpi RS IIZE FAIE RS R E] o 25 R 5%
IRAU LAFFE B 25 5, 28 il i « R, *: P < 0.05; **: P<0.01,

A: disease symptoms in tea leaves transiently overexpressing CsERF9 (OE-CsERF9) and in control leaves carrying the empty vector (CK)
following inoculation with C. camelliae LS_19. Photographs were taken at 24, 48, and 72 hours post inoculation (hpi). Scale bar = 1 cm. B:
relative expression level of CsERF9 in OE-CsERF9 and EV-treated leaves, as determined by RT-qPCR. Data are presented as mean + SEM
(n = 3). C: quantification of lesion diameter (mm) on inoculated leaves. Data are presented as mean + SEM (n = 6). hpi indicates hours post

inoculation with C. camelliae. Asterisks indicate statistically significant differences compared with CK, determined by Student’s #-test (*: P <
0.05; **: P<0.01).
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Fig. 6 CsERFY regulates the expression of pathogenesis-related (PR) genes

A Fil B: RT-qPCR 43 i 2SR i Fr 7E 2R LI AS SR I 1A (C. camelliae LS_19)J5 AN RIET#] CsPRs IARXS ik &, C A D: HEFILZ SIS,
X B4 (CK) R 32K (OE-CsERFO) JiHf CsPRs AN ikt o BB P 2948 + FRifEii(n = 3)o hpi KR HRl L 28 PO G A I
[, *: P <0.05; **: P<0.0l,

A and B: relative expression levels of CsPRs in tea leaves at different stages after inoculation with C. camelliae LS 19. C and D: relative
expression levels of CsPRs in leaves of the CK and OE-CsERF9 after inoculation with C. camelliae LS_19. Data are presented as mean +

SEM (n = 3). hpi indicates hours post inoculation with C. camelliae. *: P < 0.05; **: P <0.01.
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