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AHOTALIA

YEH JKYH. Crilikicts mimen rapOysa Ta TPaHCKPHIITOMHHUIM aHAMI3 PeaKilii
0aThKIBCHKMX TEHOTHUIIIB Ha (¢y3apio3 Ta ramoBi Hemaroau. — Ksamidikariiina
HayKOBa Mpallsl Ha PaBax pPyKOIIHCY.

Hucepramiss Ha 3100yTTS HAYKOBOTO CTymeHS mAokTtopa dinocodii 3a
cunemianbHicTIO 201  «ArpoHoMis». — CyMChKUH HalllOHAJIBHUNA —arpapHuit
yHiBepcuTeT, MiHICTEPCTBO OCBITH 1 HayKku YKpainu, Cymu, 2026.

IcTopis mocnimxensb. ['apOy3 (Cucurbita moschata (Duchesne ex Lam.)
Duchesne ex Poir.) € OCHOBHOIO MiJIIENO0, 110 BUKOPUCTOBYETHCSA y LIEIIICHH]
OamTaHHUX KyaeTyp. BiH Xapakrepusyerbcs 100pe PO3BUHEHOIO KOPEHEBOIO
CUCTEMOI0, BHCOKOIO CYMICHICTIO Ta CTIMKICTIO JI0 I'PYHTOBUX 3aXBOpIOBaHb. 3i
CTPIMKHAM PO3BUTKOM T'aly31 BUPOIyBaHHs OAllITAHHUX OBOYIB, iX CIeliaNi30BaHe
Ta IHTEHCUBHE BUPOILYBAaHHS B PI3HUX PET1OHAX CIPUYUHUIIO CEpHO3HI MPOOIEMH,
MOB’s13aH1 3 HEMOXKJIUBICTIO Oe3mepepBHOrO BUpoIlyBaHHs. Dy3apio3 Ta KOpEHEBa
HEMaToAa € HaA3BUYalHO pPyHHIBHUMHM IPYHTOBMMH MaTOreHamMu OalllTaHHUX
KYJBTYp, SKI MOXYTh BM)KMBAaTH B I'PYHTI IPOTSATOM JEKUIBKOX POKIB 1 X BaXKKO
3uuIKTyd. Hapasi He icHye MOBHOTO BUpILIEHHS wi€l mpobseMu. Cenexiis CTIiKuX
TEeHETUYHUX PEeCcypciB Ta MiAIIEN € HaWOLIbIl €KOHOMIYHUM, €(EeKTUBHUM Ta
EKOJIOTTYHUM 3axofioM 0o0poTbOu 3 ¢y3apiozoM Ta Meloidogyne incognita y
OalTaHHUX KyJIbTypax. Buxonsuu 3 1poro, BUSIBIECHHS T'€HIB CTIMKOCTI Ta aHaJl3
MEXaHI3MIB CTIMKOCTI /IO TATOTeHIB 3a JOMOMOTOK TPAHCKPUNTOMIKM Ta
0101H(pOPMATUKN MAIOTh BEJIUKE 3HAYEHHS JUIsl IPUCKOPEHHS CEJIEKIIi Ha CTIHKICTh

JI0 XBOPOO.



HaykoBa iHHOBauiiiHicTh  pe3yabrariB  gociaimkenns.  [lnsxom
KOMOIHYBaHHS Pi3HUX TiOpUAHHUX KOMOiHawiid rapOy3a Ta OaThbKIBCHBKUX COPTIB,
Bi10paHuX MiJ yac iHKyOarii 3 ¢y3apio3HuM B’ sitHeHHSIM Ta Meloidogyne incognita,
y IIbOMY JOCTIKeHH1 Oys10 BUsBICHO T10puaHi koMOiHalii rapOy3a Ta 6aThKiBChK1
COpTH, CTIHKI 5K 70 y3apio3HOTO B’ STHEHHS, TaK 1 10 Meloidogyne incognita, a came
marepiainu 3 MOABIMHOIO cTiiikicTio. Ha 1t ocHOBI Oyno J0AAaTKOBO 3’sICOBAHO
MEXaHI3M CTIMKOCTI Ta MEXaHI3M PErysiii CTIHKUX MaTepiaiiB 10 Py3apio3HOTrO
B’ siHeHHs Ta Meloidogyne incognita.

IIpakTyHe 3HA4YeHHs PpPe3yJbTaTiB AOCIIIKeHHsA. PekoMeHayeThes
IPOBOAUTH CKPHUHIHT PE3UCTEHTHUX PECYPCIB LUISIXOM OKPEMOIO 3apakKCHHs
dby3apiozHuM B’siHeHHSIM Ta Meloidogyne incognita, mo € cneuu@iyHuM Ta
LIJIECITPSIMOBAHUM IT1JIXO/I0M, SIKHi1 3a0€31euy€e TOUHICTh OLIIHKU KOXKHOTO OKPEMOTO
pecypcy. HeoOximHO TIPOBOAUTH KOMIUIEKCHUWA CKPUHIHT Yy TIO€AHAHHI 3
MOKa3HUKaMU  pocTy Ta  (Di310JIOTIYHUMHM  TOKa3HUKaMH, IOKa3HUKaMU
PE3UCTEHTHOCTI, AKTUBHICTIO AHTHOKCHJAHTHUX (EPMEHTIB Ta IHIIUMHU
NoKa3HUKaMu. Pe3ynbraty MoKa3yroTh, 0 OKPEMHUM MOKA3HUK HE MOXKE TOYHO
B1JIOOpa3UTH PIBEHb PE3UCTEHTHOCTI PI3HUX TIOpUIHUX KOMOIHAIINA rapOy3a Ta
0aTbKIBCHKUX (POpM.

MeToro JaHOro AOCHIKEHHS OyJ0 BUBYEHHS CTIMKOCTI Pi3HUX T10pUIHUX
KoMOIiHalii rapOy3a Ta ix OarTbKiBCbKUX (hopM 10 (Py3apio3HOrO B’SHEHHS Ta
KOPEHEBHX raJIoBUX HEMATOJ B YMOBAaX 3apaK€HHS MIATOr€HAMHU, a TAKOXK MONEPEIHE
3’CyBaHHS MOJIEKYJISIPHUX OCHOB CTIMKOCTI rapOy3a 10 ¢y3apio3HOrO B’SIHEHHS Ta

KOPCHCBHUX I'aJIOBUX HEMATOA 3a JOIIOMOI'OXO BUCOKOIIPOAYKTUBHOI'O CCKBCHYBAHHA
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TPaHCKpUIITOMA JUJIsl aHamizy TreHiB 3 audepeniiiioBanoo ekcmpeciero. s
JOCSITHEHHSI 3a3HAUYC€HUX LiJedl Oylo MOCTaBICHO TaKi 3aBIaHHS: BU3HAUUTHU
CTIHKICTh PI3HUX TiOpUAHUX KOMOIHAIW Ta OaTbKiBChKUX ¢GopMm rapOy3a [0
¢y3apio3HOro B’SHEHHS B YMOBaxX 3apakeHHs 30ymHUKOM (py3apiosy; BU3HAUUTHU
CTIHKICTh PI3HUX TiOpUIHUX KOMOIHAIi Ta OaTbKiBCBKUX ¢GopMm rapOy3a o
KOPEHEBUX HEMATO]] 32 YMOB 3apaXCHHS KOPEHEBUMH HEMATOJaMU; TPOaHai3yBaTu
TeHU, MO JU(EPEHIIHO EKCIPECYIOThCS MDK CTIMKUMU Ta CIPUUHATIUBUMU
OaTbKiBCbKUMU (popmamu rapOy3a 3a yMOB 3apaxeHHs (y3apio3HUM B’SIHEHHS Ta
KOPEHEBHUMHM HEMaTOAaMH, a TAKOX 3PO3YMITH MEXaHI3M CTIMKOCTI Ta MEXaHI3M
peryisiii cTiikux ¢popM 10 Qy3apiozHoro B’siHeHHA Ta Meloidogyne incognita.

J10 3MICTY TOCIIII>)KEHHS yBIMIILIA OLlIHKA CTIMKOCTI 24 T10puaHuX KoMOiHAIIH
rapOy3a Ta 12 OaTbKIBCBKHUX cOpTIB rapOy3a 10 (y3apio3HOTO B’SHEHHS Ta
KOPEHEBHUX TajlOBUX HEMAaTO/A, a TaKOX aHalll3 TPaHCKPUITOMa Ta TEHIB 3
nudepeHIliioBaHO0 EKCIIPECi€ro, M0 BU3HAYAIOTh peakilii Ha CTpec, Y CTIMKOro
0aTbKIBCBKOTO cOpTy «Xeroy A2» Ta CHPUMHATIMBOIO OaThbKIBCBKOTO COPTY
«Jlinuyanb Cly». O0’ektoMm nociikeHHs 0yB rap0y3 (Cucurbita moschata). 3mict
JOCJIIKEHHS BKIIIOYaB OiojoriyHi crpecu (1Hp1KyBaHHS (Py3apio3HUM MATOTEHOM,
1H(}IKYBaHHS KOPEHEBOIO TaJlOBOI0 HEMAaTOAOK0), IITY4YHI YMOBH, a TaKOX
EKOHOMIYHY Ta €Heproe(eKTUBHICTh BUPOILYBaHHA rapOy3a B COHSIUHUX TETUIUISX
B [HCTUTYTI HAayKH 1 TEXHOJIOT1i XeHaHb, MicTO CiHBCSH, POBIHIIL XeHaHb, KuTaii.

Y upoMy JocCHiIpKEHHI MEXaHI3MHU ajanTaiii marepiaiiB rapOysa o
OlonoriyHux crpeciB  (iHGIKyBaHHS 30yOIHUKOM (Qy3apiody Ta 1H(IKYBaHHS

KOPCHCBUMU HCMaTOI[aMI/I) BUBYAJIHNCS HTIIISAIXOM BI/IMipIOBaHHSI ITOKa3HUKIB POCTY Ta
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¢b131010T1UHUX TApaMeTpiB, AKTUBHOCTI AHTHOKCHIAHTHUX (PEPMEHTIB, BMICTY
ManoHoBoro gianpaeriny (MIA), po34MHHHX IKpIB Ta POZYMHHHUX O1JIKIB Y JIUCTI,
crebnax 1 KOpeHAX cakaHIiB 24 TiOpuaHux komOiHamid rapOy3a Ta 12
0aTBbKIBCHKUX COPTIB rapOy3a. Matepian rapOy3a MTy9YHO 1HOKYTIOBAIN 30y THHKOM
dy3apiody Ha cTafii capKaHIlIB METOIOM 3aHYPEHHsS KOPEHIB, BUKOPHUCTOBYIOUH
CYCIIeH3it0 criop y KoHIleHTparttii 1x107 ciop/mit; CycreH3it0 FOBeHUTbHUX 0COOMH 2 -
ro BIKy y KoHueHtpauii 100 Hemaron/mi 30HMpanu Ta 1HOKYJIIOBAJIA METOAOM
MIPOKOJIIOBaHHSI KOpeHeBOi 30HU. CKaHyBaHHS KOPEHIB MPOBOAWIM B JIOTKAX JJIst
KOpEHIB 3a gonomoror ckanepa kopeHiB (EPSON Perfection 4990 PHOTO, Seiko
Epson (China) Co., Ltd.). Ilicns o0poOku BijckaHOBaHI 300pa’K€HHSI KOPEHIB
aHaJI3yBaJIM 3a JOMOMOIOK Mpo¢eCiiHOro MPOrpaMHOTO 3a0e3MeUeHHS st
ananizy kopeniB (WinRHIZO Pro 2007, 13 6epe3nst 2007 p.) 1uist OTpUMaHHS TaKUX
napameTpiB, sIK 3arajbHa JIOBXHHA KOPEHIB, 3arajibHa MpOEKIiiiHa MIolia, Mioma
MOBEPXHI KOPEHIB, CEpeAHId laMeTp KOPEHIB, 3arajbHUM 00’€M KOpEHIB Ta
KUIBKICTh KIHYMKIB KOpEHIB. Pe3ynbTaru mokazajid, 0 AOCTIIHKYBaHUM 30yaHHUK
¢dy3apiozy OyB BHCOKOINATOTEHHUM, a CHUMITOMH OyJid HaAWOUIBII BUPA)KEHUMH
yepe3 20 IHIB MICIs IHOKYJIALII. 32 MOKa3HUKAMH POCTY, TAKUMH SIK BUCOTA POCIIMHH,
niaMeTp crebiia Ta BMICT xsopodity, ridpuaHi komOiHalii, 30kpema 360-3x487, ta
OaThKIiBChbKI cOpTH, 30Kkpema Renhe-1, 112-2, Xingtai-23, BHUSBWIMCS MEHIII
BPa3JIMBUMHU JI0 YPAXKCHHS MTATOT€HAMU Ta MPOAEMOHCTPYBAIHM BUCOKY CTIHKICTh /10
dy3apiozHoro B’siHeHHs. ['10puaHa komOiHais Yanbian-4x041-1 Ta GaTbKiBCHKI
coptu Fangshan, 112-2 mnpoaeMOHCTpyBaidM BHCOKY CTIMKICTh /10 KOPEHEBHUX

HEMaroI, a JiaMeTp ix creler 3auIaBcs BITHOCHO CTa0OLUTBLHUM 32 000X CTPECIB.
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CriliKicTh 10 XBOpPOO OINIHIOBAJIM Ha OCHOBI 1HICKCY 3aXBOPIOBAHOCTI. bymo
Bi10paHo Ti6puIHI KOMOIHAIIT 3 MOMIPHOIO CTIHKICTIO 10 (py3apio3HOTO B’ SIHEHHH,
30kpeMa Yanbian-3x360-3, Yanbian-2x041-1 ta 360-3x487, a Takox OaTbKIBCHKI
COPTH 3 TIOMIPHOIO CTiiKicTIO, Taki Ak Renhe-1 ta Hetou a2. Cepen Hux riOpunna
koMOiHariss  360-3x487 mpomeMOHCTpyBasla HaA3BHYAWHO HU3BKUN  1HJIEKC
3aXBOPIOBAHOCTI CTEOEN Ta BUIATHY 3JaTHICTh KOPEHIB 10 CaMO3axucTy. Y
NOEHAHHI 3 KJIACTEPHUM aHaJI30M Ta 3HAUYCHHAM (QYHKIII NPUHAIEKHOCTI
Yanbian-3x%360-3, Yanbian-2x041-1 ta 360-3x487 Oynu BU3HAYCHI K MaTepiaj,
CTIMKI A0 KOpeHeBUX Hemarol, Tol sk 112-2 ta Lingchuan C1 Oynu Bu3HauyeH!1 sk
yyTnuBl Marepiand. L1 ABa pe3ynbTaTu OLIHKK OyJud B OCHOBHOMY Y3TO/KEHUMHU.
HocnimxenHs (i310J10TIYHUX MEXaHI3MIB MOKa3aJl, 110 aHTHOKCHUJAHTHI pPeakili
rapOy3a Ha (y3apio3He B’SHEHHS Ta KOPEHEBY TrajloBy Hemaromy Oyiu
cnemudiuaumu g crpecy. CAT BimirpaBaB JOMIHYIOUY poOJib MIiJ 4Yac CTpECY,
cupuurHeHoro (Qy3apio3HuM B’sHeHHAM, ToAl ak SOD ta CAT chninbHO Opanu
y4acTh y 3axHUCTI BiJi KOpeHeBOi rajgoBoi Hemarogu. Bmict MDA wmoxHa
BUKOPUCTOBYBATH SIK BXKJIMBUI MOKA3HUK JUIsl OLIIHKUA CTPECOCTINKOCTI rapOys3a.
AHani3 Mop¢oJIorii KOpeHiB MMOKa3aB, 10 KOPEHEBAa HEMATOAa 3HAYHO CTUMYJTIOBAJIA
npodidepanito qpiOHUX KOPEHIB Ta KOPEHEBUX BOJIOCKIB, MIJBUIYIOUYH CTIMKICTD 32
paxyHOK TMONIMIICHHS NONIMHAHHS Ta (i3uyHoro Oap'epy. HaromicTs 30ymHHK
¢dy3apio3y B OCHOBHOMY Yypa)kaB CYAMHHI MYYKH, 110 MPU3BOIUIIO JO 3HM>KECHHS
(GyHKIIIT KOPEHIB Ta CIa0KOro po3BUTKY JpiOHUX KOPEHIB 1 KOPEHEBUX BOJIOCKIB.
BukopucTtoBytour pe3ucTeHTHHI OaThbKiBChbKHIl copT rapOy3a Hetou a2 ta

crpuiHATIUBHN OaThkiBebkui copT Lingchuan C1 sk BuxigHuii marepial, 3a
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nonomoroto TexHonorii RNA-seq Oyno mpoBeaeHo oOpoOKy 3 iH(IKyBaHHAM
dy3apiozom (48 roxm, 96 TomT) Ta KOPCHEBUMH raJJOBUMHU HeMaTtofamu (24 rox, 48 rox).
3a 10TOMOTOI0 CEKBEHYBaHHSI TPAaHCKpUTITOMA Ta 0101H(OPMAIIIITHOTO aHai3y OyJ10
JTOCITIDKEHO TeHW 3 Iu(dEepeHIliiOBaHOI0 EKCIIPECi€l0 Ta OCHOBHI MeTaboiuHi
IIUISIXYA MK PE3UCTEHTHUMH Ta CIIPUHHATIMBUMHU OAThKIBCBKUMU JIIHISIMHA, a TAKOXK
IpOaHaTi30BaHO paHHI MOJIEKYJSIPHI MEXaHI3MH peakilii rapOy3a Ha JBa MaToreHa,
110 NepeNarThes Yepe3 IPyHT. Pe3ynpratu nokasainu, 0o 3arajoM Oyja0 OTPUMaHO
254,55 I'0 BUCOKOSIKICHUX OUMILEHUX JaHUX Ta 310paHo 33 673 yHIreHH, cepell SIKux
28 977 Gynu QpyHKIIOHAIBHO aHOTOBAHI. SIKICTh JaHUX Ta LIICHICTh aHOTAI1i OyJIn
HaJIMHUMU, 10 3aKJaJ0 MIIHY OCHOBY I MOJAJBIIOTO aHami3zy. AHa3
nu(epeHiaabHol  eKcrpecii  MMOoKa3aB, IO PE3UCTEHTHI Mareplaid 3HayHO
MIJBUIYBJIM €KCIPECII0 BEIUKOI KIJTBKOCTI TEHIB, MOB’S3aHUX 13 3aXUCTOM, Ha
paHHIN CTafll CTpecy, TOAl SIK COPUIHATIMBI Mareplaju JAEMOHCTPYBaJIH 3HAYHE
3HMKEHHSI €KCIIpecii TeHIB Ha Mi3HIM cTaaii cTpecy, 10 BKa3ye Ha Te, IO
BIJIMIHHOCTI B PE3UCTEHTHOCTI Oy TICHO MOB’A3aH1 31 IIBUAKICTIO, IHTEHCUBHICTIO
Ta CTaOUIBHICTIO peakuiil Ha cTpec. AHani3 30arayenns 3a Meronamu GO ta KEGG
MOKa3aB, 10 TeHu 3 AudepeHIIMoBaHOK EKCIpeciclo Oynu 3Ha4YHO 30aradeHi B
OCHOBHHUX 3aXHCHUX IUIAXaX, TAKUX SIK B3a€MOJIiS POCIUHA-TIATOTeH, CUTHAIbHUHN
nuisx MAPK, nepemada curHadiB pOCIMHHUX TOPMOHIB Ta OIOCHHTE3
(beHLIIpPOonaHoiiB, Kl Oyl BUCOKOKOHCEPBATUBHUMH 32 000X BUIIB O10J0TTYHOTO
cTpecy. AHami3 ekcrpecii NUIsIXy B3aeEMOJIii POCIMHA-TIATOTeH Ta KIOYOBUX T€HIB
MOKa3aB, 110 PE3UCTEHTHI MaTepiaju IIBUIKO aKTUBYBAJIU 3arajbHy EKCIIPECIIO

uporo nuisixy. Cepen Hux RBOH neMoHCTpyBaB 0COOIMBO BUCOKY €KCIPECIIO Y



CTIMKOCTI 0 MaroreHiB 3a 000X CTPECiB, BUCTYMAIOYM KIIOYOBUM T€HOM IS
IITUPOKOTO CIEKTPY cTiiikocTi 10 matoreHiB. PR1 ta FLS2 Bussnsnu cienudivni as
cTpecy naprepHi peakirii. 3a momomororo WGCNA 0ymo i1eHTH()IKOBaHO 3arajiom
33 Momyi koekcmnpecii reHiB, cepen skux ME17 Ta ME9 no3uTuBHO Ta HETaTUBHO
peryaoBaiy CTIHKICTD 10 IIMPOKOTO CIEKTPY 3aXBOPIOBaHb BiAMOBiAHO, a ME20 Ta
MES Opanu yuacTs y crieriudi4HIX peakilisx Ha CTpec, CIPUIMHEHUN (y3apio3HUM
B’SIHEHHSIM Ta KOPEHEBUMH HEMATOaMH BIAMOBIAHO. byso mpoBeneHo 10AaTKOBUM
ckpuHIHT 30 OCHOBHHUX T€HIB-Xa0iB, 1 OyJI0 MIATBEPHKEHO, IO TPAHCKPHUIILIIHI
¢dakropu, Taki sk DOF ta ERF, yTBOpIOIOTH 6aratopiBHEBY PEryJIsiTOPHY MEPEKY
CTIMKOCTI J0 XBOpPOO, HAIUIIOIOYKCh HAa MNPOMOTOPHI AUISHKM TEHIB-Xxa0lB Ta
perymoroun ix. Cepen HuX ocHOBHa peryiasitopHa Bicb CmoDof-PMEI,
11eHTU(IKOBaHA B LBOMY JOCHIJKE€HHI, MPOAEMOHCTpyBajla BUCOKY HAJIMHICTb
3aBJISAKU TMOPIBHAHHIO (DYHKIIA TOMOJOTIYHUX T€HIB Ta MEPEBIPIl JITEPATYPHUX
JaHUX 1 OyJ1a KIIFOYOBOIO PETYISATOPHOIO OJUHULEIO €(PEKTUBHOT CUCTEMH 3aXUCTY Y
coptry Rifu. ITincymoBytroun, 11e T0CTIIKEHHS TO3BOJIWIIO BUSIBUTH MOJICKYJISIPHUIN
MEXaHI3M IIMPOKOTO CIIEKTpa CTIMKOCTI rapOy3a 10 XBOpoO, 10 0a3yeThcs Ha
MIBUIKIM paHHIN aKTWBAIlli IMYHHMX LUISX1B, crlelu(piyHiil BHCOKIN ekcrnpecii
KJIFOYOBUX T€HIB Ta CHHEPIeTUYHIN PEeryisiii YMCICeHHUX MOAYIIB, 110 3a0e3nedye
BAYKJIMBI TEHETUYHI PECYPCU Ta TEOPETUYHY OCHOBY JIJIsl MOJIEKYJISIPHOT CEJIEKIIIT Ha

CTIMKICTb JIO MaTOTeHIB y OaIlITaHHUX KYJIBTypaXx.
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ABSTRACT

Chen Rui. Screening of Resistant Pumpkin Rootstocks and
Transcriptomic Analysis of Resistant/Susceptible Parents in Response to
Fusarium Wilt and Root-Knot Nematode. — Manuscript.

Dissertation for a Doctor of Philosophy degree (PhD): Specialty 201 —
Agronomy. — Sumy National Agrarian University, Ministry of Education and
Science of Ukraine — Sumy, 2026.

Research Background. Pumpkin (Cucurbita moschata (Duchesne ex Lam.)
Duchesne ex Poir.) is the main rootstock used in grafted cultivation of cucurbit crops.
It has the characteristics of well-developed root system, good compatibility, and
resistance to soil-borne diseases. With the rapid development of the cucurbit
vegetable industry, specialized and intensive cultivation in various regions has
caused serious problems of continuous cropping obstacles. Fusarium wilt and root-
knot nematode are extremely destructive soil-borne diseases of cucurbits, which can
survive in soil for several years and are difficult to eliminate. At present, there is no
complete solution. Breeding resistant germplasm resources and rootstocks is the
most economical, effective and environmentally friendly measure to control
fusarium wilt and Meloidogyne incognita in cucurbits. On this basis, mining
resistance genes and analyzing disease resistance mechanisms via transcriptome and
bioinformatics are of great significance for accelerating disease-resistant breeding.

Scientific Innovation of Research Results. By combining different pumpkin
hybrid combinations and pumpkin parents screened under inoculation with fusarium

wilt and Meloidogyne incognita, this study identified pumpkin hybrid combinations
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and parents with resistance to both fusarium wilt and Meloidogyne incognita,
namely dual-resistant materials. On this basis, the resistance mechanism and
regulatory mechanism of resistant materials to fusarium wilt and Meloidogyne
incognita were further revealed.

Practical Significance of Research Results. It is recommended to screen
resistant resources under separate inoculation of fusarium wilt and Meloidogyne
incognita, which is specific and targeted, ensuring the accuracy of evaluation for
single resource. It is necessary to conduct comprehensive screening combined with
growth and physiological indexes, resistance indexes, antioxidant enzyme activities
and other indicators. The results show that a single index cannot accurately reflect
the resistance level of different pumpkin hybrid combinations and parents.

This study aimed to investigate the resistance of different pumpkin hybrid
combinations and parents to fusarium wilt and root-knot nematode under pathogen
and nematode infection, and to preliminarily clarify the molecular basis of resistance
to fusarium wilt and root-knot nematode in pumpkin using high-throughput
transcriptome sequencing to analyze differentially expressed genes. To achieve the
above objectives, the following tasks were set: to determine the resistance of
different pumpkin hybrid combinations and parents to fusarium wilt under fusarium
pathogen infection; to determine the resistance of different pumpkin hybrid
combinations and parents to root-knot nematode under root-knot nematode infection;
to analyze differentially expressed genes between resistant and susceptible pumpkin

parents under fusarium pathogen and root-knot nematode infection, and to
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understand the resistance mechanism and regulatory mechanism of resistant
materials to fusarium wilt and Meloidogyne incognita.

The research contents included the resistance of 24 pumpkin hybrid
combinations and 12 pumpkin parents to fusarium wilt and root-knot nematode, as
well as transcriptome and differentially expressed gene analysis of resistance
responses in the resistant parent Hetou a2 and susceptible parent Lingchuan C1. The
research object was pumpkin (Cucurbita moschata). The research contents included
biological stresses (fusarium pathogen infection, root-knot nematode infection),
artificial conditions, and the economic and energy efficiency of pumpkin cultivation
in solar greenhouses at Henan Institute of Science and Technology, Xinxiang City,
Henan Province, China.

In this study, the adaptation mechanisms of pumpkin materials to biological
stresses (fusarium pathogen infection and root-knot nematode infection) were
investigated by measuring growth and physiological parameters, antioxidant
enzyme activities, malondialdehyde (MDA) content, soluble sugar and soluble
protein contents in leaves, stems and roots of seedlings of 24 pumpkin hybrid
combinations and 12 pumpkin parents. Pumpkin materials were artificially
inoculated with fusarium pathogen at the seedling stage by root-dipping method
using a spore suspension of 1x107 spores/mL; a 2nd-stage juvenile suspension of
100 nematodes/mL was collected and inoculated by the root-zone punching method.
Root scanning was performed in root trays using a root scanner (EPSON Perfection
4990 PHOTO, Seiko Epson (China) Co., Ltd.). After processing, the scanned root

images were analyzed with professional root analysis software (WinRHIZO Pro
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2007, March 13, 2007) to obtain parameters such as total root length, total projected
area, root surface area, average root diameter, total root volume and number of root
tips. The results showed that the tested fusarium pathogen was highly pathogenic,
and the symptoms were most significant 20 days after inoculation. Based on growth
indexes including plant height, stem diameter and chlorophyll content, hybrid
combinations such as 360-3x487 and parents such as Renhe-1, 112-2, Xingtai-23
were less affected by pathogen infection, showing strong resistance to fusarium wilt.
Hybrid combination Yanbian-4x041-1 and parents Fangshan, 112-2 exhibited high
resistance to root-knot nematode, and their stem diameters were relatively stable
under both stresses.

Disease resistance was evaluated based on disease index. Moderately
fusarium wilt-resistant hybrid combinations including Yanbian-3%360-3, Yanbian-
2x041-1 and 360-3x487, and moderately resistant parents such as Renhe-1 and
Hetou a2 were screened. Among them, hybrid combination 360-3x487 showed an
extremely low stem disease index and outstanding root defense ability. Combined
with cluster analysis and membership function value, Yanbian-3x360-3, Yanbian-
2x041-1 and 360-3x487 were identified as root-knot nematode-resistant materials,
while 112-2 and Lingchuan C1 were identified as susceptible materials. The two
evaluation results were basically consistent. Physiological mechanism studies
showed that the antioxidant responses of pumpkin to fusarium wilt and root-knot
nematode were stress-specific. CAT played a dominant role under fusarium wilt
stress, while SOD and CAT were jointly involved in defense against root-knot

nematode. MDA content could be used as an important indicator for stress resistance
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evaluation in pumpkin. Root morphology analysis showed that root-knot nematode
significantly induced the proliferation of fine roots and root hairs, enhancing
resistance by improving absorption and physical barrier. In contrast, fusarium
pathogen mainly infected vascular bundles, leading to declined root function and
weak development of fine roots and root hairs.

Using the resistant pumpkin parent Hetou a2 and susceptible parent
Lingchuan C1 as materials, RNA-seq technology was used to perform treatments of
fusarium infection (48 h, 96 h) and root-knot nematode infection (24 h, 48 h).
Through transcriptome sequencing and bioinformatics analysis, differentially
expressed genes and core metabolic pathways between resistant and susceptible
parents were explored, and the early molecular mechanisms of pumpkin in response
to two soil-borne diseases were analyzed. The results showed that a total of 254.55
Gb high-quality clean data were obtained, and 33,673 Unigenes were assembled,
among which 28,977 were functionally annotated. The data quality and annotation
integrity were reliable, laying a solid foundation for subsequent analysis. Differential
expression analysis showed that resistant materials significantly up-regulated a large
number of defense-related genes at the early stage of stress, while susceptible
materials showed extensive down-regulation of genes at the late stage of stress,
indicating that resistance differences were closely related to the speed, intensity and
stability of stress responses. GO and KEGG enrichment analysis showed that
differentially expressed genes were significantly enriched in core defense pathways
such as plant-pathogen interaction, MAPK signaling pathway, plant hormone signal

transduction, and phenylpropanoid biosynthesis, which were highly conserved under
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both biological stresses. Expression analysis of the plant-pathogen interaction
pathway and key genes showed that resistant materials rapidly activated the overall
expression of the pathway. Among them, RBOH showed specifically high expression
in disease resistance under both stresses, serving as a key gene for broad-spectrum
disease resistance. PRI and FLS2 exhibited stress-specific response patterns. A total
of 33 gene co-expression modules were identified by WGCNA, among which ME17
and ME9 positively and negatively regulated broad-spectrum disease resistance,
respectively, and ME20 and MES participated in specific stress responses to
fusartum wilt and root-knot nematode, respectively. Thirty core hub genes were
further screened, and transcription factors such as DOF and ERF were confirmed to
form a multi-level disease resistance regulatory network by targeting and regulating
the promoter regions of hub genes. Among them, the CmoDof-PMEI core regulatory
axis identified in this study showed high reliability through homologous gene
function comparison and literature verification, and was a key regulatory unit of the
efficient defense system in the Rifu cultivar. In summary, this study revealed the
molecular mechanism of broad-spectrum disease resistance in pumpkin through
rapid early activation of immune pathways, specific high expression of key genes,
and synergistic regulation of multiple modules, providing important gene resources
and theoretical basis for molecular breeding of disease resistance in cucurbit crops.

Keywords: Fusarium wilt, stress, cadmium pollution, plant development,
variety, yield, pests, transcriptome analysis, gene expression, DNA, soil infection,

inoculation, protein, range, diseases
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INTRODUCTION

Reasons for Choosing This Research Topic. Pumpkin (Cucurbita moschata
(Duchesne ex Lam.) Duchesne ex Poir.) is the main rootstock in grafted cultivation
of cucurbit crops. It is characterized by a well-developed root system, good
compatibility, and resistance to soil-borne diseases. With the rapid development of
the cucurbit vegetable industry, specialized and intensive cultivation in various
regions has led to serious problems of continuous cropping obstacles in cucurbit
vegetables. Fusarium wilt and root-knot nematode are extremely destructive soil-
borne diseases of cucurbits. They can survive in the soil for several years and are
difficult to eliminate, and there is currently no complete solution. Breeding resistant
germplasm resources and rootstocks is the most economical, effective and
environmentally friendly measure to control fusarium wilt and Meloidogyne
incognita in cucurbits. On this basis, isolating and identifying resistance genes to
fusarium wilt and root-knot nematode in cucurbit germplasm, then introducing them
into cultivated cucurbit varieties via transgenic technology to directionally breed
new varieties with stably inherited resistance traits, is of great significance for
solving the damage caused by fusarium wilt and root-knot nematode in cucurbits.

Connection of the Study with Scientific Programs, Plans and Topics. The
study was carried out in accordance with the thematic plan of Henan Institute of
Science and Technology and national scientific research projects, and was supported
by the Special Project for Post Experts of the Bulk Vegetable Industry Technology

System of Henan Province (HARS-22-07-G6), the National Natural Science
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Foundation of China (No. U2004161), and the Major Science and Technology
Special Project of Henan Province in 2024 (241100110200).

This study aimed to investigate the resistance of different pumpkin hybrid
combinations and pumpkin parents to fusarium wilt and root-knot nematode under
infection of fusarium wilt pathogen and root-knot nematode, and to preliminarily
clarify the molecular basis of resistance to fusarium wilt and root-knot nematode in
pumpkin by analyzing differentially expressed genes using high-throughput
transcriptome sequencing.

To achieve the above objectives, the following tasks were set in the study:

To determine the resistance of different pumpkin hybrid combinations and
pumpkin parents to fusarium wilt and root-knot nematode under fusartum wilt
pathogen infection.

To determine the resistance of different pumpkin hybrid combinations and
pumpkin parents to fusarium wilt and root-knot nematode under root-knot nematode
infection.

To analyze differentially expressed genes between resistant and susceptible
pumpkin parents under infection of fusarium wilt pathogen and root-knot nematode,
and to understand the resistance mechanism and resistance regulation mechanism of
resistant materials to fusarium wilt and Meloidogyne incognita.

The research contents included the resistance of 24 pumpkin hybrid
combinations and 12 pumpkin parents to fusarium wilt and root-knot nematode, as
well as transcriptome and differentially expressed gene analysis of resistance

responses in the screened resistant pumpkin parent Hetou a2 and susceptible parent
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Lingchuan C1.

The research object was pumpkin (Cucurbita moschata). The research
contents included biological stresses (fusarium wilt pathogen infection, root-knot
nematode infection), artificial conditions, and the economic and energy efficiency
of pumpkin cultivation in solar greenhouses at Henan Institute of Science and
Technology in Xinxiang City, Henan Province, China.

Research Methods. The study adopted general scientific methods (hypothesis,
analysis, synthesis, extrapolation and generalization) as well as special research
methods. Visual methods were used to observe disease symptoms of plants under
infection of fusarium wilt pathogen and root-knot nematode; measurement and
weighing methods were used to determine morphological parameters and
performance of plants; chemical methods were used for enzyme analysis and
determination of soluble sugar and soluble protein contents; mathematical and
statistical methods were used for analysis of variance to evaluate the reliability of
the obtained results; calculation and comparative analysis were used to evaluate the
resistance of different pumpkin hybrid combinations and pumpkin parents to
fusarium wilt and root-knot nematode. High-throughput transcriptome sequencing
was used to analyze differentially expressed genes to understand the resistance
mechanism and resistance regulation mechanism of resistant materials to fusarium
wilt and Meloidogyne incognita.

Scientific Innovation of the Results Obtained. By combining different
pumpkin hybrid combinations and pumpkin parents screened under infection of

fusarium wilt and Meloidogyne incognita, this study obtained pumpkin hybrid
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combinations and parents with resistance to both fusarium wilt and Meloidogyne
incognita, namely dual-resistant materials. On this basis, the resistance mechanism
and resistance regulation mechanism of resistant materials to fusarium wilt and
Meloidogyne incognita were further revealed.

The research results have important practical significance. It is
recommended to screen resistant resources under separate inoculation of fusarium
wilt and Meloidogyne incognita, which is specific and targeted, ensuring the
accuracy of evaluation for a single resource. It is necessary to conduct
comprehensive screening combined with growth and physiological indexes,
resistance indexes, antioxidant enzyme activities and other indicators. The results
show that a single index cannot accurately reflect the resistance level of different
pumpkin hybrid combinations and pumpkin parents.

Contribution of the PhD Candidate. The contribution includes: searching,
analyzing and systematically organizing scientific research achievements of
scientists at home and abroad. The main contents of the experimental part of the
study include: implementation of experimental research; generalized summary of
results; mathematical and statistical processing of data; formation of conclusions;
and proposal of production recommendations. The scientific argumentation of this
dissertation was developed by the author under the guidance of the supervisor.

Recognition of Dissertation Achievements. The main research results of the
doctoral dissertation have been recognized at several international scientific-
practical conferences: X International Scientific and Practical Conference “Modern

problems of science, education and society”(Kyiv, Ukraine,2023); XI International



25
Scientific and Practical Conference “Modern problems of science, education and
society”’(Kyiv, Ukraine,2024).

Publications. The main contents of this dissertation have been published in 5
scientific works, including 2 articles in professional Ukrainian journals; 1 article
indexed in the international scientometric citation databases Scopus and Web of
Science; 2 articles in international scientific-practical conferences.

Structure and Scope of the Dissertation. The dissertation includes an
introduction, 4 chapters, conclusions, practical recommendations and a list of
references, as well as appendices. The main text of the dissertation is 194 pages long,
containing 9 tables, 33 figures and 11 appendices. The reference list includes 215

publications.
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SECTION 1

LITERATURE REVIEW

1.1. Research Progress on Pumpkin Rootstocks

With the rapid development of the cucurbit vegetable industry, specialized and
intensive cultivation in various regions has caused serious continuous cropping
obstacles in cucurbit vegetables. The incidence rate increases year by year with
continuous cropping, resulting in severe production losses [1-3]. Pumpkin is widely
used as a rootstock for cucurbit grafting [4-11]. Grafting is an effective strategy to
improve the resistance of cucurbits and solanaceous vegetables to soil-borne
diseases and pests [12-15]. Previous studies have shown that grafting can alleviate
the stress of continuous cropping obstacles on grafted watermelon seedlings [16, 17],
reduce damage caused by adverse stress to watermelon plants [18, 19], enhance plant
vigor and yield of small-fruited watermelon, reduce the application of chemical
fertilizers and pesticides [20], and improve nitrogen use efficiency in watermelon
[21].

It has been reported that after grafting and root replacement of vegetables,
grafted plants develop vigorous root systems with enhanced absorption capacity, and
exhibit different physiological and ecological responses compared with own-root
seedlings [22, 23]. Grafting can significantly enhance cold resistance and promote
root nutrient absorption, growth and development [24]. Therefore, the use of disease-

resistant pumpkin as rootstocks can reduce the occurrence of soil-borne diseases in
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cucurbits, especially fusarium wilt and root-knot nematode [25]. Grafting and root
replacement cultivation can effectively control fusarium wilt of cucurbits and
increase yield, which has been widely applied in disease-resistant cultivation of
watermelon and cucumber [26-28].

The use of interspecific hybrids of disease-resistant pumpkin as rootstocks [29,
30] can significantly enhance the vigor and stress resistance of watermelon,
effectively prevent soil-borne diseases, reduce the adverse effects of protected
continuous cropping obstacles, and ultimately achieve the goals of disease resistance,
high quality and high yield, compared with intervarietal hybrids [31, 32]. Huo
Yumeng et al. [33] constructed a cloning vector of a specific expression promoter
induced by root-knot nematode, but there is still no simple and feasible method to
control root-knot nematode. Breeding root-knot nematode-resistant varieties is also
an important approach. Screening rootstocks resistant to root-knot nematode [34]
can save a great deal of labor and material resources, reduce vegetable product
pollution caused by chemical control, and thus has broad prospects [35-38].

Research on cucurbit grafting technology began in Japan as early as the 1920s.
After the 1980s, vegetable grafting also received extensive attention in China,
America, Europe and other regions, and has been applied in the production of most
cucurbit and solanaceous vegetables [39-44]. According to statistics, 95% of
greenhouse watermelons, 92% of open-field watermelons, and 95% of greenhouse
cucumbers in Japan are produced using grafting technology [45-47]; more than 90%
of watermelons and over 80% of melons in South Korea are cultivated by grafting

[48], which can not only increase yield but also improve quality [49-63]. With the
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popularization of vegetable grafting [64-67], the demand for rootstocks has
increased rapidly. Rootstock breeding has attracted the attention of world-famous
seed companies, including Monsanto, Syngenta, Rijk Zwaan, and Nunhems,

indicating that commercial rootstock breeding has been widely valued [68].

1.2. Research Progress on Fusarium Wilt of Cucurbits

Fusarium wilt of cucurbits, also known as wilt disease or vine blight, is one of
the most important diseases of cucurbits. The damage caused by fusarium wilt [69-
83] has become a critical problem urgently to be solved in cucurbit production.
Cucumber and watermelon are the most severely affected, followed by wax gourd
and melon. Symptoms appear successively after flowering and fruiting: leaves turn
yellow gradually from bottom to top, wilt as if lacking water, and recover at night;
after a period, the whole plant turns yellow and wilts, and the vascular bundle of the
root discolors until the plant dies.

Fusarium wilt of cucurbits is a fungal soil-borne disease caused by Fusarium
oxysporum Schl. of the genus Fusarium (Tuberculariaceae, Moniliales,
Imperfectifungi). The pathogen infects crops from the roots and damages the host
by blocking vessels and secreting toxic substances [84-94]. It generally reduces
cucurbit yield by 20%—-30%, and can reach 50%—60% or even total crop failure
under severe conditions [95, 96]. It was first reported in Minnesota, USA [97]. The
pathogen overwinters as mycelium, sclerotia and chlamydospores in soil, diseased

residues, uncomposted fertilizer, and also on seeds [98-105]. Fusarium wilt pathogen
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can survive in soil for several years, and new populations can emerge through
continuous variation, making it difficult to prevent and eliminate [106-117].
According to surveys, the incidence rate of fusarium wilt in common disease fields
ranges from 12.30% to 56.75%, while in severely infested fields it exceeds 85% or
even leads to total death, causing huge economic losses to cucurbit production [118-
124].

In terms of resistance and control, resistance to fusarium wilt in cucurbits is
mainly inherited as a quantitative trait, regulated by both major QTLs and minor
polygenes. At present, several fusarium wilt resistance-related genes have been
isolated and cloned from cucurbit crops, and phenylpropanoid metabolism,
pathogenesis-related (PR) proteins, and hormone signaling (SA, JA/ET) have been
identified as core defense pathways. Grafting, crop rotation, chemical pesticides and
biological control are the main control measures in production, among which
pumpkin rootstock grafting is the most stable and efficient green control strategy

[125-128].

1.3. Research Progress on Root-Knot Nematode of Cucurbits

Root-knot nematodes (Meloidogyne spp.) are a group of plant-parasitic
nematodes with numerous species, wide host ranges and severe damage [129-131].
They mainly damage plant roots, forming bead-like root knots, destroying the
differentiation and physiological activities of root tissues, and affecting the growth

and development of aboveground parts [132-138]. According to statistics, there are
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more than 90 species, which can infect more than 3,000 plant species [139], causing
annual economic losses of billions of dollars worldwide [140].

Root-knot nematodes mainly infect Cucurbitaceae, Solanaceae, Brassicaceae
and other plants [132], and are particularly severe on vegetables such as tomato and
cucumber [141, 142]. They are mainly transmitted via soil, diseased residues,
irrigation water and agricultural machinery [143]. At present, nearly 100 species of
root-knot nematodes have been reported worldwide [144, 145]. The common species
in agricultural production include Meloidogyne incognita, M. arenaria, M. hapla and
M. javanica [146, 147], among which M. incognita is dominant [148]. Crop losses
caused by these four species account for more than 90% of the total losses caused
by root-knot nematodes [ 149, 150].

At present, root-knot nematode-resistant varieties of tomato and pepper have
been bred and applied in production [151-154]. Many nematode resistance genes
have also been mapped in potato [155, 156]. Louws F J et al. reported that grafting
cultivated watermelon onto wild watermelon accessions conferred resistance or
moderate resistance to M. incognita, while four gourd rootstocks and one pumpkin
hybrid (C. moschata x C. maxima) were highly susceptible, with only partially
tolerant materials obtained [157-159]. Studies by Bin Liu et al. showed that African
wild cucurbits are highly resistant to M. incognita and fusarium wilt [160]. Overall,
root-knot nematode-resistant germplasm in cucurbits is still scarce, and further
exploration of new resistance resources and broad-spectrum resistance genes is

needed to meet production needs.
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1.4. Overview of Transcriptomics in Plant Response to Biotic Stress

Transcriptomics (RNA-seq) enables global analysis of gene expression
dynamics under stress and systematic identification of key genes, regulatory
pathways and transcription factor networks, and has become a core technical tool in
the study of plant biotic stress response mechanisms [161]. Under biotic stresses
including fungi, nematodes and bacteria, transcriptomics can efficiently screen
differentially expressed genes (DEGs) and reveal the response patterns of conserved
pathways such as pattern recognition receptors (PRRs), MAPK cascades, hormone
signaling (SA/JA/ET), secondary metabolism (phenylpropanoids, terpenoids), and
ROS metabolism. Meanwhile, combined with transcription factors (WRKY, NAC,
MYB, etc.) and co-expression network analysis, the regulatory hierarchy of stress
response can be constructed and core hub genes rapidly identified.

In stress resistance research of cucurbits and pumpkin, transcriptomics has been
widely used in studies of fusarium wilt [162, 163], root-knot nematode [164-167],
and grafting rootstock-scion interaction [168], successfully identifying numerous
candidate genes for disease and stress resistance, and clarifying the key roles of
multiple metabolic and signaling pathways. The recently developed spatiotemporal
transcriptomics, single-cell transcriptomics and multi-omics integration have further
enabled precise analysis at the cellular and dynamic temporal levels, promoting

mechanistic research from the tissue level to the cellular and molecular levels.
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Conclusions to section 1

Resistant rootstocks are ideal materials for controlling soil-borne diseases and
improving stress resistance in cucurbits, and have important value in both production
and basic research. Fusarium wilt and root-knot nematode of cucurbits are both
highly destructive soil-borne diseases; single infection alone can cause significant
yield loss, while combined infection aggravates damage, forms complex interactions,
and greatly increases the difficulty of control.

At present, considerable progress has been made in physiological and
biochemical characteristics, resistance genetics and molecular mechanisms under
single stress. Transcriptomics provides a powerful tool for mining stress resistance
genes and analyzing regulatory pathways. However, most existing studies focus on
single disease, and systematic understanding is still lacking regarding the immune
crosstalk, signal crosstalk, defense trade-offs and molecular networks of cucurbits
under combined fusarium wilt and root-knot nematode stress. Meanwhile, the
screening of pumpkin rootstock resources adapted to combined resistance, as well
as the cloning and mechanistic analysis of key genes, are obviously insufficient,
which can hardly meet the needs of precise breeding and green control.

Therefore, conducting transcriptomic analysis of pumpkin in response to
combined fusarium wilt and root-knot nematode stress, systematically mining core
resistance genes and regulatory pathways, and clarifying the molecular mechanism
of combined stress response, have important theoretical significance and application
value for breeding multi-resistant rootstocks, overcoming continuous cropping

obstacles, and ensuring high-quality and high-yield cucurbit production.
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SECTION 2
OBJECTIVES AND CONTENTS
2.1. Research Objectives

Pumpkin (Cucurbita moschata (Duchesne ex Lam.) Duchesne ex Poir.) is one
of the most widely used grafting rootstocks for cucurbit crops and has been
extensively applied in protected cultivation[1].

Fusarium wilt and root-knot nematode (RKN) are extremely destructive soil-
borne diseases of cucurbits. They can survive in soil for several years and have
become major constraints limiting the development of the protected vegetable
industry. Due to the difficulties in eradication, no fully effective control method is
currently available. Breeding resistant germplasm and rootstocks is the most
economical, effective, and environmentally friendly strategy for managing cucurbit
fusarium wilt and Meloidogyne incognita.

Isolating and identifying resistance genes to fusarium wilt and RKN in cucurbit
germplasm, then introducing them into cultivated cucurbit varieties via transgenic
technology to directionally breed new cultivars with stably inherited resistance, can
greatly shorten the breeding cycle, representing a novel approach in crop breeding
in recent years[2].

With the deepening understanding of plant resistance mechanisms to fusarium
wilt and RKN, as well as the clarification of molecular mechanisms underlying
pathogen-host interactions, progress has been made in screening resistant
germplasm and applying resistant rootstocks in grafting[3-5]. However, the number

of resistant germplasm resources identified so far remains limited, and they are far
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from being applied in production to reduce losses caused by fusarium wilt and RKN.
Benefiting from the rapid development of bioinformatics, transcriptome
sequencing combined with bioinformatic analysis can reveal the resistance and
regulatory mechanisms of resistant materials to cucurbit fusarium wilt and M.
incognita, laying a foundation for further dissecting resistance mechanisms and

mining resistance genes[6].

2.2. Research Contents

In this study, 24 pumpkin hybrid combinations and 12 parental lines were used
as materials to evaluate their resistance to cucurbit fusarium wilt and root-knot
nematode. Highly resistant pumpkin hybrid combinations were screened as potential
rootstocks, providing a reference for grafted cultivation in production.

Transcriptome sequencing and differentially expressed gene (DEG) analysis
were performed on the resistant parent Hetou a2 and susceptible parent Lingchuan
C1 using the Illumina NovaSeq6000 high-throughput sequencing platform. Several
DEGs closely related to resistance to fusarium wilt and RKN were identified,
preliminarily revealing the molecular mechanism of pumpkin resistance to these two

diseases, and providing a basis for subsequent functional verification.
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Conclusions to section 2

Pumpkin is an important grafting rootstock for cucurbits. Fusarium wilt and
root-knot nematode are soil-borne diseases that severely restrict protected cucurbit
production. Breeding disease-resistant rootstocks is an economical and efficient
control strategy.

At present, disease-resistant germplasm resources are scarce and the resistance
mechanisms remain unclear. Mining resistance genes and dissecting disease
resistance mechanisms via transcriptomics and bioinformatics are of great
significance for accelerating resistance breeding.

In this study, 24 pumpkin hybrid combinations and 12 parental lines were used
to screen elite rootstocks with comprehensive resistance to cucurbit fusarium wilt
and root-knot nematode. The resistant parent Hetou a2 and susceptible parent
Lingchuan C1 were selected for high-throughput transcriptome sequencing to
analyze differentially expressed genes, which preliminarily clarified the molecular
basis of pumpkin resistance to fusarium wilt and root-knot nematode. The results
provide a theoretical foundation for further mining and functional verification of

disease resistance genes.
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SECTION 3
SCREENING OF PUMPKIN ROOTSTOCKS AND
RESISTANT/SUSCEPTIBLE PARENTS FOR RESISTANCE TO

FUSARIUM WILT AND ROOT-KNOT NEMATODE

With the rapid development of the cucurbit vegetable industry, specialized and
intensive cultivation in various regions has caused serious problems of continuous
cropping obstacles. In particular, the incidence of soil-borne diseases of cucurbits
has increased year by year, resulting in severe production losses.

Cucurbit fusarium wilt, also known as blight disease, occurs from the seedling
stage to the adult plant stage. After infection by fusarium wilt fungi, the most
intuitive phenotypic change is plant morphological alteration. At the seedling stage,
infected plants show wilting of the apex, wilting and drooping of cotyledons and
true leaves, browning and rot at the base of stems and vines, leading to damping-oft
of seedlings[1]. The pathogen can survive in soil for several years and overwinter
on seeds, making it extremely difficult to eradicate.

Root-knot nematodes (Meloidogyne spp.) are plant-parasitic nematodes with a
wide host range and high damage, and have become one of the major constraints
limiting the development of the protected vegetable industry, causing billions of
dollars in economic losses worldwide annually. At present, there is no complete
solution to fusarium wilt and root-knot nematode. In production, screening
rootstocks resistant to fusarium wilt and root-knot nematode to reduce the damage

caused by these pathogens can not only save a lot of labor and material resources,
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but also reduce vegetable product pollution caused by chemical control.

In this experiment, 24 pumpkin hybrid combinations and 12 pumpkin parents
were used as materials to evaluate their resistance to fusarium wilt and root-knot
nematode. Highly resistant pumpkin hybrid rootstocks and parents were screened,
providing a reference for the selection of resistant varieties to cucurbit fusarium wilt

and root-knot nematode in practical production.

3.1. Materials and Methods

3.1.1 Materials

A total of 24 pumpkin hybrid combinations (rootstocks) and 12 pumpkin
parents were provided by the Pumpkin Research Group, College of Horticulture and
Landscape Architecture, Henan Institute of Science and Technology. 24 pumpkin
hybrid combinations (rootstocks): Hetou a2 x 041-1, Yanbian-3 x Lingchuan CI,
Yanbian-3 x 360-3, Hetou a2 x 360-3, Yanbian-4 x Lingchuan C1, Yanbian-2 x 041-
1, 360-3 x 041-1, Renhe-1 x 041-1, 041-1 x Xingtai, Yanbian-4 x 041-1, Xingtai x
Lingchuan C1, Xingtai x Yanbian-4, 041-1 x Hetou a2, Xingtai x 487, Xingtai X
041-1, Hetou a2 x Lingchuan C1, Lingchuan C1 % 360-3, Lingchuan C1 x Xingtai,
Hetou a2 x 112-2, Zhangzhou x 041, Renhe-1 % 360-3, Yanbian-4 x 360-3, 360-3 x
487, Renhe-1 % Lingchuan C1. 12 pumpkin parents: 041-1, 112-2, 360-3, 487,
Renhe-1, Hetou a2, Yanbian-3, Xingtai-23, Lingchuan C1, Fangshan, Wan 95-24,
Daziwang-24. Fungus: Fusarium oxysporum f. sp. cucumerinum; Nematode:

Meloidogyne incognita. Both were provided by the Institute of Vegetables and
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Flowers, Chinese Academy of Agricultural Sciences.

The experiment was conducted in the solar greenhouse (east campus) and the
Physiology and Biochemistry Laboratory of the College of Horticulture and
Landscape Architecture, Henan Institute of Science and Technology, from August
2023 to December 2024.

3.1.2 Methods
3.1.2.1 Seedling Preparation

Uniform and plump seeds were selected and disinfected in hot water at 55 °C
for 10 min with constant stirring. After the water temperature cooled to room
temperature, the seeds were soaked for § h.

The soaked seeds were spread evenly on wet towels, wrapped, and placed in a
28 °C incubator for germination. After approximately 24 h, when the radicles
reached 2-3 mm in length, the seeds were sown in plug trays filled with mixed
substrate previously sterilized with carbendazim.

Seedlings were grown in a greenhouse at about 28 °C and used for inoculation
when two cotyledons were fully expanded and the first true leaf emerged.

3.1.2.2 Preparation of Fusarium Wilt Inoculum

The pathogen strain was retrieved from the stock culture, inoculated onto potato
dextrose agar (PDA) slants, and activated at 28 °C. After mycelial growth, a small
agar block was transferred to a PDA plate and cultured at 28 °C for 8—10 days.

The spores were washed off with sterile water, and the suspension was filtered
through three layers of sterile gauze to remove mycelia. Spore concentration was

determined using a hemocytometer under a microscope with three replicates.
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The spore density was calculated as: average spores per grid x 4x10° per mL.
The spore suspension was adjusted to 1x107 spores/mL with sterile distilled water
for inoculation.

Fusarium Wilt Inoculation Method. Seedling root-dipping method was used
for artificial inoculation. Roots of pumpkin seedlings were rinsed with water, slightly
wounded at the root tips, and dipped in the prepared spore suspension for 30 min.
Seedlings were then transplanted into plastic pots filled with nursery substrate. Each
material included 3 biological replicates, with 20 plants per replicate (60 plants total).
A control group was included with 10 plants per material treated with sterile water
only.

During the first week after inoculation, plants were watered 1-2 times daily to
maintain soil moisture. The greenhouse temperature was maintained at 23—-30 °C and
relative humidity at 60%—80%]2].

Measurement of Experimental Indicators.

Growth and Physiological Indicators. At 10, 20, and 30 days after inoculation
(DAI), plant height, stem diameter, chlorophyll content, and leaf number were
measured in inoculated and control plants. Plant height: distance from soil surface
to apical meristem, measured with a ruler. Stem diameter: measured at half the
distance between the stem base and cotyledons using a vernier caliper. Chlorophyll
content: SPAD value of the second true leaf from the base, measured with a portable
chlorophyll meter (SPAD-502). Each treatment was performed in triplicate, with
three plants per replicate, and the relative growth of pumpkin materials was

calculated (1).
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Relative growth rate = (value of inoculated plants/value of control plants) x 100% (1)

(2) Antioxidant Enzyme Activities and MDA Content. At 30 DAI, the second
true leaf from the base was sampled to measure the activities of superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and malondialdehyde (MDA)
content. Three replicates were used per material, with three plants per replicate.
Activities of SOD, POD, CAT and MDA content were determined according to Li
et al.[3].

Fresh leaf samples (0.5 g) were ground in an ice bath with 1 mL pre-cooled
phosphate buffer, then buffer was added to a final volume of 5 mL. The homogenate
was centrifuged at 3000 rpm for 10 min, and the supernatant was used as the crude
enzyme extract. SOD activity: NBT method, absorbance at 560 nm. POD activity:
guaiacol method, absorbance at 470 nm. CAT activity: potassium permanganate
titration method. MDA content: thiobarbituric acid (TBA) method. 0.5 g leaf tissue
was homogenized in 5mL 5% trichloroacetic acid (TCA) and centrifuged at
3000 rpm for 10 min. 2 mL supernatant was mixed with 2 mL 0.67% TBA, heated in
a 100 °C water bath for 30 min, cooled, and centrifuged again. Absorbance was
measured at 450 nm, 532 nm, and 600 nm.

(3) Root Morphological Indicators. At 30 DAI, three plants per material were
randomly selected. Roots were washed gently with tap water and placed in a root
scanning tray (EPSON Perfection 4990 PHOTO). Root images were analyzed using
WinRHIZO Pro 2007 to determine total root length, total projected area, root surface
area, average root diameter, total root volume, and number of root tips.

(4) Soluble Sugar Content. Anthrone-acetic acid reagent was prepared by
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dissolving 2 g of anthrone in 100 mL ethyl acetate and stored in the dark. A 0.3 g leaf
sample (second true leaf) was extracted twice in 10 mL distilled water in a boiling
water bath for 30 min each. The extract was filtered into a 25 mL volumetric flask
and diluted to volume. Sucrose standard solutions (0, 20, 40, 60, 80, 100 pg/L) were
prepared. 0.5 mL of standard or sample solution was mixed with 1.5 mL distilled
water, 0.5 mL anthrone reagent, and 5 mL concentrated sulfuric acid. After mixing,
the mixture was incubated in a boiling water bath for 1 min, cooled to room
temperature, and absorbance was measured at 630 nm. Soluble sugar content was
calculated based on the standard curve.

(5) Soluble Protein Content. Coomassie Brilliant Blue G-250 reagent was
prepared and stored in the dark. Standard protein solutions (20, 40, 60, 80,
100 pg/mL) were prepared. A 0.2 g leaf sample was homogenized in 5 mL distilled
water and centrifuged at 10000 rpm at 4 °C for 10 min. 1 mL supernatant was mixed
with 5 mL Coomassie brilliant blue reagent and incubated for 2 min. Absorbance
was measured at 595 nm. Soluble protein content was calculated using the standard
curve.

(6) Disease Resistance Indexes. Disease incidence was investigated at 10, 20,
and 30 DAI. Leaf symptoms were graded and recorded. At 30 DAI, stems were
dissected, and vascular discoloration was scored. Leaf disease grading was
performed according to Luo et al.[4] (Table 3.1). Stem-dissection disease grading
was performed according to Zhang[2] (Table 3.2). Resistance evaluation was
classified according to Luo et al.[4] (Table 3.3). Disease incidence (2) and disease

index (3) were calculated according to Guo et al.[5].
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Disease incidence (%) = (number of diseased plants/total number of plants) X 100%  (2)

Disease index (DI) — Y.(disease grade X number of plants in that grade) % 100% (3)

(highest disease grade X total number of plants)

Table 3.1 Leaf Grading Standard for Fusarium Wilt

Grade Symptoms of plant diseases

0 No symptoms;

1 1-2 cotyledons slightly yellowed, normal growth;

2 1-2 cotyledons yellowed or necrotic; true leaves slightly yellowed and wilted;

Cotyledons dead; true leaves obviously wilted; growth inhibited and slight

3
dwarfing;

4 Whole plant severely wilted, leaves yellow and dry;
5 Plant dead or lodged.

Table 3.2 Stem-dissection Grading Standard for Fusarium Wilt
Grade Symptoms of plant diseases
0 Vascular bundle without discoloration;
1 Discolored area < 1/4 of total,
2 Discolored area 1/4—1/2 of total;
3 Discolored area 1/2-2/3 of total;

4 Plant dead.
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Table 3.3 Resistance Evaluation Standard for Fusarium Wilt

Resistance DI range

High Resistant (HR) 0<<DI<15.0
Resistant (R) 15.0<DI<35.0
Moderately Resistant (MR) 35.0<DI<55.0
Susceptible (S) 55.0<DI<75.0
High Susceptible (HS) DI>75.0

3.1.2.3 Hatching of Root-Knot Nematode Second-Stage Juveniles

Egg masses of root-knot nematode were placed on two layers of gauze in a Petri
dish containing sterile water, and incubated at 28 °C in a growth chamber for 3—5 d.
Sterile water below the sieve was collected every 1d to obtain second-stage
juveniles (J2).

Inoculation Method for Root-Knot Nematode. Root-zone punching was used
for inoculation. The collected J2 suspension was inoculated onto the roots of
pumpkin seedlings, with 500 J2s per plant. Each material included 3 biological
replicates, with 20 plants per replicate (60 plants total). A control group was included
with 10 plants per material. Plants were carefully uprooted 60 d after inoculation to
investigate root damage[6,7,8,9,10].

Measurement of Experimental Indicators.

(1) Growth indicators. At 35 d after inoculation with root-knot nematode, plant
height, stem diameter, chlorophyll content (SPAD-502), and leaf number were
measured in inoculated and control plants. Three replicates were used per material,

with three plants per replicate. Each treatment was performed in triplicate, with three
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plants per replicate, and the relative growth of pumpkin materials was calculated (4).
Relative growth rate = (value of inoculated plants/value of control plants) X 100% (4)

(2) Physiological indicators. (3) Root morphological indicators. (4) Soluble
sugar content. (5) Soluble protein content. All were determined as described in
3.1.2.2.

(6) Disease resistance indicators. Root gall grading was performed according
to Zhang[11] (Table 3.4), Gall index (GI) (5), egg granule index (EI) (6),
reproduction frequency (RF) (7), and disease index (DI) (8) were calculated using
the integrated method of Boiteox & Charchar[12] and Liu[13], using the following

formulas:

. number of root nodules of a single pumpkin rootstock
Root nodule index(GI) = ! f asingle pump (%)

fresh weight of roots of a single pumpkin rootstock

number of eggs in the root system of a single pumpkin rootstock
Egg Index(EIl) = f c99 4 f asingle pump (6)

fresh weight of the root system of a single pumpkin rootstock

number of eggs in the root system of a single pumpkin rootstock (7)

Nematode reproduction coef ficient(RF) = _ , - -
inoculation amount of a single pumpkin rootstock

. . Y (number of diseased pumpkin rootstocks at all levels)X(the disease level)
Disease index(DI) = ! Py

(investigate the total number of pumpkin rootstockxhighest disease level) x100% (®)

(7) Subordinate function values after nematode infection. Subordinate function
values were calculated according to Song et al.[14]. Subordinate function values for
growth indices of pumpkin materials were calculated according to Formula (9), and

those for disease resistance indices of pumpkin rootstocks according to Formula (10).

A higher subordinate function value indicates stronger resistance to Meloidogyne

incognita.
X)) = X — Xmin)/ Kmax — Xmin) )
X() =1— X = Xnin)/ Kmax — Xmin) (10)
Where:

X = each index of pumpkin materials;
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Xmax = maximum value of the index;
Xmin = minimum value of the index.

Table 3.4 Root Gall Grading Standard

Grade Symptoms of plant diseases

0 No galls in the whole root system;

1 Galls indistinct, accounting for 1%—5% of the total root area;
2 Galls accounting for 6%—25% of the total root area;

3 Galls accounting for 26%—-50% of the total root area;

4 Galls accounting for 51%—75% of the total root area;

5 Galls covering more than 75% of the total root area.

3.1.3 Data Processing
Experimental data were analyzed and averaged using Excel 2003. Analysis of
variance (ANOVA) and cluster analysis were performed using SPSS 27, and cluster

analysis was conducted using the Euclidean distance method.

3.2 Results and Analysis
3.2.1 Effects of Fusarium oxysporum Infection on Growth Indicators of
Pumpkin
Relative growth can reflect the resistance level of pumpkin to fusarium wilt.
Higher relative growth indicates weaker inhibition by fusarium wilt and stronger
resistance, and vice versa.
At the early stage (Figure 3.1-A1), XingtaixYanbian-4 was significantly higher

than other hybrid combinations in plant height. 360-3x487 was significantly higher
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in stem diameter. Lingchuan C1xXingtai was significantly higher in chlorophyll
content. Renhe-1x041-1 was significantly higher in leaf number. At the middle stage
(Figure 3.1-A2), 360-3x487 and Zhangzhoux041 were significantly higher in plant
height. Xingtaix487 was significantly higher in stem diameter. Lingchuan C1x360-
3 was significantly higher in chlorophyll content. Renhe-1xLingchuan C1 was
significantly higher in leaf number. At the late stage(Figure 3.1-A3), Hetou a2x112-
2 was significantly higher in plant height. Lingchuan CI1x360-3, Hetou
a2xLingchuan C1, and Xingtaix041-1 were significantly higher in stem diameter.
Lingchuan C1x360-3 was significantly higher in chlorophyll content. Hetou
a2xLingchuan C1 was significantly higher in leaf number.

At the early stage (Figure 3.1-B1), Xingtai-23 was significantly higher than
other parents in plant height. Renhe-1 and 112-2 were significantly higher in stem
diameter. Yanbian-3 and 112-2 were significantly higher in chlorophyll content.
Renhe-1 was significantly higher in leaf number. At the middle stage (Figure 3.1-
B2), Renhe-1 was significantly higher in plant height. 112-2 was significantly higher
in stem diameter. Wan 95-24 and Hetou a2 were significantly higher in chlorophyll
content. Yanbian-3 was significantly higher in leaf number. At the late stage(Figure
3.1-B3), Xingtai-23 was significantly higher in plant height. Yanbian-3 was
significantly higher in stem diameter. Renhe-1 was significantly higher in
chlorophyll content. Daziwang-24 and 360-3 were significantly higher in leaf
number.

According to the coefficient of variation (Table 3.5), for pumpkin hybrids, the

coefficient of variation for leaf number was the largest at 10 d and 20 d (13.23% and
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10.93%, respectively). At 30 d, chlorophyll content showed the largest coefficient of
variation (12.17%), and leaf number was the second (10.92%). For pumpkin parents,
chlorophyll content showed the largest coefficient of variation at all three stages
(8.14%, 11.19%, and 9.93%, respectively). The coefficient of variation for stem
diameter was the lowest in both hybrids and parents at all stages, indicating that stem

diameter was less affected by pathogen infection.
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Figure 3.1. Growth and physiological indicators of pumpkin materials at 10,
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20, and 30 d after inoculation with Fusarium oxysporum.

(A1, A2, A3) Pumpkin hybrids; (B1, B2, B3) Pumpkin parents.

Table 3.5 Coefficients of variation of relative growth of pumpkin after Fusarium oxysporum infection

Coefficient of Variation / %

Pumpkin Materials
Plant Height Stem Diameter Chlorophyll Leaf Number
Hybrids 10 d 8.94 6.32 8.85 13.23
Hybrids 20d 7.67 7.08 8.50 10.93
Hybrids 30d 8.76 6.35 12.17 10.92
Parents 10 d 6.98 4.71 8.14 6.83
Parents 20 d 7.76 6.09 11.19 8.96
Parents 30 d 6.20 4.57 9.93 6.56

3.2.2 Effects of Fusarium oxysporum Infection on Resistance Indicators
of Pumpkin

Disease incidence and disease index were calculated after inoculation. 30 days

after inoculation, among the 24 pumpkin hybrid combinations (Figure 3.2-A),

Yanbian-3x360-3, Yanbian-2x041-1, 041-1xXingtai, 041-1xHetou a2, and 360-

3x487 were classified as moderately resistant (MR). Their leaf disease indices were

52.67, 54.67, 48.67, 48.67, and 53.33, and stem-dissection disease indices were

37.92,45.83, 52.92,47.50, and 5.00, respectively. Yanbian-3xLingchuan C1, Hetou

a2x360-3, Yanbian-4xLingchuan C1, 360-3x041-1, and Lingchuan C1x360-3 were

classified as susceptible (S). Their leaf disease indices were 83.00, 83.33, 80.00,

82.67, and 71.33, and stem-dissection disease indices were 59.58, 74.58, 62.92,

67.92, and 59.17, respectively. Hetou a2x041-1 was classified as highly susceptible

(HS), with a leaf disease index of 95.33 and a stem-dissection disease index of 87.92.

30 days after inoculation, among the 12 pumpkin parents (Figure 3.2-B),
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Renhe-1 and Hetou a2 were classified as moderately resistant (MR). Their leaf
disease indices were 44.67 and 51.33, and stem-dissection disease indices were
48.75 and 33.33, respectively. 112-2, Lingchuan C1, and Daziwang-24 were
classified as susceptible (S). Their leaf disease indices were 64.67, 64.67, and 60.00,
and stem-dissection disease indices were 72.08, 72.08, and 75.00, respectively.
Fangshan was classified as highly susceptible (HS), with a leaf disease index of
100.00 and a stem-dissection disease index of 100.00.
Comprehensive analysis showed that there were significant differences
between the disease index, resistance classification, and growth performance of the
tested materials, indicating that good plant growth could not directly reflect strong

disease resistance.
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Figure 3.2. Disease index and resistance grades of pumpkin materials at 30 d
after inoculation with Fusarium oxysporum.
(A) Pumpkin hybrids; (B) Pumpkin parents.
Note: In resistance grades, HR = highly resistant, MR = moderately resistant, S =

susceptible, HS = highly susceptible.
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3.2.3 Effects of Root-Knot Nematode Infection on Growth Indicators of
Pumpkin Rootstock Hybrids

Relative growth reflects the resistance of pumpkin rootstock hybrids to root-
knot nematode. Higher relative growth indicates weaker inhibition by nematodes
and stronger resistance, and vice versa.

Xingtaix041-1 and Yanbian-4x041-1 were significantly higher than other
hybrids in plant height. Yanbian-4x041-1 and Renhe-1x041-1 were significantly
higher in stem diameter. No significant difference was observed in chlorophyll
content among all hybrids. XingtaixLingchuan C1 was significantly higher in leaf
number (Figure 3.3-A). Fangshan was significantly higher than other parents in plant
height and chlorophyll content. 112-2 was significantly higher in stem diameter and
leaf number (Figure 3.3-B).

According to the coefficient of variation (Table 3.6), chlorophyll showed the
largest coefficient of variation in both hybrids (10.59%) and parents (19.67%). Stem
diameter showed the smallest coefficient of variation (4.83% and 6.91%,
respectively). These results indicate that chlorophyll was strongly affected by root-

knot nematode infection, while stem diameter was less affected.
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Figure 3.3. Growth and physiological indicators of pumpkin materials

inoculated with root-knot nematode.

(A) Pumpkin hybrids; (B) Pumpkin parents.

Table 3.6 Coefficients of variation of relative growth of pumpkin after root-knot nematode infection

Coefficient of Variation / %

Pumpkin Materials
Plant Height Stem Diameter Chlorophyll Root Fresh Weight
Hybrids 9.97 4.83 10.59 7.06
Parents 11.06 6.91 19.67 13.11
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3.2.4 Effects of Root-Knot Nematode Infection on Resistance Indicators
of Pumpkin Rootstock Hybrids

Resistance indicators reflect the resistance level of pumpkin rootstock hybrids
to root-knot nematode. Higher values indicate lower resistance, and vice versa.

Yanbian-3x360-3 was significantly lower than other hybrids in all four
resistance indicators. No significant differences were observed in egg index and
reproduction factor between Yanbian-3x360-3, Hetou a2x112-2, and 360-3x487. No
significant difference was observed in disease index between Yanbian-3x360-3 and
Yanbian-2x041-1. Zhangzhoux041 was significantly higher than other hybrids in
gall index. Hetou a2x041-1 and 360-3x041-1 were significantly higher in
reproduction factor. Renhe-1x041-1, XingtaixLingchuan C1, and XingtaixYanbian-
4 were significantly higher in disease index. Xingtaix041-1 was significantly higher
in egg index (Figure 3.4-A1, 3.4--A2, 3.4- A3).

360-3 was significantly lower than other parents in all four resistance indicators,
with no significant differences from Hetou a2 and Xingtai-23. No significant
difference in disease index was observed between 360-3 and Renhe-1. Lingchuan
C1 was significantly higher than other parents in disease index. 112-2 was
significantly higher than other parents in gall index, egg index, and reproduction
factor (Figure 3.4-B1, 3.4-B2, 3.4-B3).

According to the coefficient of variation (Table 3.7), gall index showed the
largest coefficient of variation in both hybrids (23.72%) and parents (35.04%).
Disease index showed the smallest coefficient of variation (4.29% and 20.16%,

respectively). These results indicate that gall index is more effective for evaluating



the resistance of pumpkin rootstocks to root-knot nematode.
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Figure 3.4. Resistance indicators of pumpkin materials inoculated with root-knot
nematode.

(A1, A2) Pumpkin hybrids; (B1-B3) Pumpkin parents.

Table 3.7 Coefticients of variation of resistance indicators of pumpkin after root-knot nematode infection

Coefficient of Variation / %

Pumpkin Materials
Gall Index Egg Index Reproduction Factor Disease Inde
Hybrids 23.72 12.52 8.11 4.29
Parents 35.04 34.70 30.43 20.16

3.2.5 Subordinate Function Values of Related Indicators of Pumpkin
Infected by Root-Knot Nematode
Yanbian-3x360-3 had the largest total subordinate function value (7.10), while
XingtaixYanbian-4 had the smallest (1.74) (Figure 3.5-A). Fangshan had the largest
total subordinate function value (6.04), and Lingchuan C1 had the smallest (2.02)

(Figure 3.5-B). These results indicated that the hybrid combination Yanbian-3x360-
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3 and the parent line Fangshan exhibited the strongest resistance to root-knot
nematode, whereas XingtaixYanbian-4 (hybrid) and Lingchuan C1 (parent) showed
the weakest resistance.

Based on the total subordinate function values, the resistance order of pumpkin
hybrids to root-knot nematode was: Yanbian-3x360-3 > Yanbian-2x041-1 > Hetou
a2x360-3 > Hetou a2x112-2 > 360-3x487 > Yanbian-3xLingchuan C1 > Yanbian-
4xLingchuan C1 > Hetou a2x041-1 > 360-3x041-1 > Hetou a2xLingchuan C1 >
Renhe-1xLingchuan C1 > Xingtaix487 > Renhe-1x360-3 > Yanbian-4x041-1 >
Yanbian-4x360-3 > 041-1xHetou a2 > Lingchuan C1x360-3 > 041-1xXingtai >
Lingchuan ClxXingtai > Zhangzhoux041 > XingtaixLingchuan C1 > Renhe-
1x041-1 > Xingtaix041-1 > XingtaixYanbian-4.

The resistance order of pumpkin parents was: Fangshan > 360-3 > Xingtai-23 >
Hetou a2 > Daziwang-24 > Yanbian-3 > Renhe-1 > 487 > 041-1 > Wan 95-24 > 112-

2 > Lingchuan C1.
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Figure 3.5. Subordinate function values of related indicators of pumpkin
materials inoculated with root-knot nematode.
(A) Pumpkin hybrids; (B) Pumpkin parents.
3.2.6 Cluster Analysis of Resistance Indicators of Pumpkin Infected by
Root-Knot Nematode
Cluster analysis was performed for pumpkin hybrid combinations based on the

four resistance indicators (Figure 3.6-Al). At an Euclidean distance of 25, the
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hybrids were divided into two groups: resistant and susceptible. The resistant group
included: Hetou a2x360-3, Yanbian-2x041-1, Yanbian-3x360-3, 360-3x487, Hetou
a2x112-2. Cluster analysis was performed based on gall index (which had the largest
coefficient of variation) (Figure 3.6-A2). At an Euclidean distance of 25, hybrids
were divided into resistant and susceptible groups, with Renhe-1x041-1 as the
resistant combination. Cluster analysis based on egg index (Figure 3.6-A3) showed
that at an Euclidean distance of 25, resistant group was Xingtaix041-1. Cluster
analysis based on reproduction factor (Figure 3.6-A4) showed that at an Euclidean
distance of 25, resistant hybrids included: Yanbian-2x041-1, Hetou a2x112-2, 360-
3x487, Yanbian-3x360-3. Cluster analysis based on disease index (Figure 3.6-A5)
showed that at an Euclidean distance of 25, resistant hybrids included: Hetou
a2x360-3, 360-3x487, Hetou a2x112-2, Yanbian-2x041-1, Yanbian-3x360-3. These
results indicated that the clustering result based on disease index was completely
consistent with that based on the four resistance indicators, suggesting that disease
index can accurately reflect the nematode resistance of pumpkin hybrids.

Cluster analysis was performed for pumpkin parents based on the four
resistance indicators (Figure 3.6-B1). At an Euclidean distance of 25, parents were
divided into resistant and susceptible groups. Resistant parents: 360-3, Fangshan,
Hetou a2, Xingtai-23, 487, Yanbian-3, Renhe-1, 041-1, Daziwang-24, Wan 95-24,
112-2. Susceptible parent: Lingchuan C1. Cluster analyses based on gall index, egg
index, and reproduction factor (Figure 3.6-B2, 3.6-B3, 3.6-B4) showed the same
grouping at an Euclidean distance of 25. Cluster analysis based on disease index

(Figure 3.6-B5) showed that at an Euclidean distance of 25, resistant parents: 360-3,
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Fangshan, Hetou a2, Xingtai-23, 487, Yanbian-3, Renhe-1, 041-1, Daziwang-24,
Wan 95-24. Susceptible parents: Lingchuan C1, 112-2. These results indicated that
clustering results based on gall index, egg index, and reproduction factor were
completely consistent with those based on the four resistance indicators. Although
the result of disease index was not fully identical, Lingchuan C1 was always
identified as susceptible, demonstrating that all four resistance indicators can

reliably evaluate the nematode resistance of pumpkin parents.
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Figure 3.6. Subordinate function values of related indicators of pumpkin
materials inoculated with root-knot nematode.

(AT1-AS5) Pumpkin hybrids; (B1-B5) Pumpkin parents.
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3.2.7 Effects of Fusarium oxysporum and Root-Knot Nematode
Infection on Antioxidant Enzyme Activities and MDA Content in Pumpkin
Parents

Under Fusarium oxysporum infection (Figure 3.7-A), significant differences
were observed in antioxidant enzyme activities and MDA content among different
pumpkin parents. SOD and POD activities showed no significant differences among
parents, indicating that they were not the core antioxidant enzymes in response to
fusarium wilt stress. In contrast, Fangshan and Wan 95-24 exhibited significantly
higher CAT activity than other parents, suggesting that they could alleviate cell
damage caused by oxidative stress by efficiently scavenging H.O.. MDA content
was significantly negatively correlated with antioxidant enzyme activities. Fangshan
and Wan 95-24 had significantly lower MDA content, with slighter membrane lipid
peroxidation and higher integrity of cell membrane structure. However, 112-2
showed significantly higher MDA content, with serious cell membrane damage and
relatively weak disease resistance.

Under root-knot nematode infection (Figure 3.7-B), the response pattern of the
antioxidant system was obviously different from that under fusarium wilt stress. 112-
2 showed significantly higher SOD and CAT activities than other parents, while
POD activity showed no significant difference among parents. Renhe-1 also showed
high SOD activity and significantly lower MDA content than other parents, with the
least membrane damage, indicating strong antioxidant defense and membrane

protection ability.



S0D{U/mg-FW) POD(U/mg-FW) CAT{U/mg-FW) MDA(umol/g-FW)

220 2
200 { 2
180 J_
160 b
I bec b
140 T B
cd J—
120 I d
100 J- E
80 A Z a a ; fg
I of el =F a } a b
50 T 1 " I J- b b
7 h b :[ I
40 ab a ab abc J-hcd \a b T L ]r
& cd - I e
20 i a I a a ) 1 ] g f a f ef
a a a a a a ]: a a
o La I I T T T T T T 1] x|
M A el A a% ¥ " o e e
A e Ak = v H
d;\, N'{L ,,;QQ e 55‘?’ &% e & & ';;@ o 0%’\.
AN & & &
‘:}Q% K Q,g»
Pumpkin parents
120 S50D(U/mg-FW) POD{U/mg-FW) CAT{U/mg-FW) MDA pmal/g-FW)
a
110
100 b ab
ab C
be ab ab ab I bc T bec
an T I x I - I de cd
bc  f ef T I ef
80 ]: I I
70
cd
&0
50 de 4
e
40 a de de
: (
30 a 2 a
a
20 “'
. 1 L ] L2 b l
10 a8 bed C T e _ |bcd becd -
I I a I | b ald 2|4 a cd I J_ I I ik
; f (A B B !
N a2 el Al o , ] $el O (N ™ i
@‘N \’{u 4}@ o g\\e. o7 & @\’b N o & ¢q}
L & ,b{@ e 5\‘5 {(.é&’ A T
Ry A + \}(@, 5 Qﬁm‘

Pumpkin parents
Figure 3.7. Antioxidant enzyme activities and MDA content of different
pumpkin parents under biotic stress.
(A) After Fusarium oxysporum infection; (B) After root-knot nematode
infection.

SOD: Superoxide dismutase activity (U/mg FW);
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POD: Peroxidase activity (U/mg FW);

CAT: Catalase activity (U/mg FW);

MDA: Malondialdehyde content (umol/g FW).

Different lowercase letters above bars indicate significant differences among
different pumpkin parents at P < 0.05.

3.2.8 Effects of Fusarium oxysporum and Root-Knot Nematode

Infection on Soluble Sugar and Soluble Protein Contents in Pumpkin Parents

Under Fusarium oxysporum infection (Figure 3.8-A), soluble sugar content
remained at an extremely low level (<0.01%) with no significant differences among
parents.Soluble protein content differed significantly, and Wan 95-24 showed
significantly higher soluble protein content than other materials, indicating that it
may enhance cell structural stability and disease-related enzyme activities by
accumulating defense-related proteins, thereby improving resistance to fusarium
wilt. Under root-knot nematode infection (Figure 3.8-B), no significant differences

were observed in soluble sugar or soluble protein content among parents.
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(A)After Fusarium oxysporum infection; (B) After root-knot nematode infection.
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3.2.9 Root Hair Number and Root Morphological Indicators of
Pumpkin Parents after Fusarium oxysporum and Root-Knot Nematode
Infection

After scanning with a root system scanner, root images were observed to
evaluate root hair number of different pumpkin parents under Fusarium oxysporum
and root-knot nematode infection. By comparison (Figure 3.9-A, 3.9-B), under root-
knot nematode infection, the number of fine roots and root hairs was significantly
higher than under Fusarium oxysporum infection, indicating that root-knot
nematode stress significantly induced the development of fine roots and root hairs
in pumpkin.

Under Fusarium oxysporum infection (Figure 3.9-Al, 3.9-A2, 3.9-A3),
significant differences were observed in root morphological indicators among
different pumpkin parents. 360-3 showed significantly higher projected area, root
surface area, and root volume than other parents, with no significant differences from
Xingtai-23 and Daziwang-24. Meanwhile, 360-3 had significantly longer root length
than other parents, with no significant difference in projected area and root surface
area from Yanbian-3, and no significant difference in root volume from 041-1.
Yanbian-3 had the highest number of root tips, and Lingchuan C1 had the largest
average root diameter, both significantly higher than other parents. These results
indicated that 360-3, Yanbian-3, and Lingchuan C1 had strong root expansion ability
and high biomass accumulation, which could effectively expand the absorption
range and strengthen the physical barrier against pathogens, showing strong disease

resistance. In contrast, root length, number of root tips, projected area, and root



90
surface area of Lingchuan C1, as well as average root diameter and root volume of
487, were significantly lower than those of other parents, indicating poor root
development and weak disease resistance.

Under root-knot nematode infection (Figure 3.9-B1, 3.9-B2, 3.9-B3), the
response pattern of root morphological indicators was obviously different from that
under fusarium wilt stress. 041-1 showed significantly higher root length, number
of root tips, projected area, root surface area, and root volume than other parents.
Yanbian-3 had the largest average root diameter, significantly higher than other
parents. These results indicated active development of fine roots and root hairs,
which could compensate for root function damage caused by nematodes and
maintain water and nutrient balance. However, root length, number of root tips,
projected area, and root surface area of Yanbian-3, average root diameter of
Fangshan, and root volume of Renhe-1 were significantly lower than those of other

parents, indicating serious root atrophy and weak nematode resistance.
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(A, A1-A3) Fusarium oxysporum infection;

(B, B1-B3) root-knot nematode infection.
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Conclusions to section 3

1. Investigation showed that control plants of all pumpkin hybrids and parents
grew normally without disease symptoms. After inoculation with Fusarium
oxysporum, plants showed typical symptoms: At the early stage, seedlings were
stunted; cotyledons turned yellow, developed necrotic spots, and gradually shrank
and dried. At the middle stage, true leaves chlorotic and yellowed; stem base
constricted with longitudinal cracks; white or pink mold appeared under humid
conditions; brown streaks occurred at nodes. At the late stage, severely infected
plants became fully yellow, collapsed, and died. These results confirmed that the
Fusarium oxysporum isolate used in this study had strong pathogenicity.

2. Disease tolerance generally refers to the ability of plants to maintain growth
under disease stress. Disease incidence and mortality rate reflect tolerance level;
high incidence with low mortality usually indicates strong tolerance. Wang et al.
(2020) [15] reported that symptoms appeared at 7 d, and developed most rapidly
from 9 to 11 d after inoculation. In this study, the most obvious symptoms were
observed at 20 d after inoculation, which was consistent with the results of Xu et al.
(2021) [16].

3. Analysis of growth and physiological indicators showed that, under
Fusarium oxysporum infection: Among hybrids, 360-3x487 performed best in early
plant height and late stem diameter; Lingchuan C1x360-3 was superior in middle
and late chlorophyll content and late stem diameter; Hetou a2xLingchuan CI

excelled in late stem diameter and leaf number. Among parents, Xingtai-23 had the
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highest early and late plant height; Renhe-1 performed best in early stem diameter,
leaf number, middle plant height, and late chlorophyll content; 112-2 was superior
in early and middle stem diameter and early chlorophyll; Yanbian-3 excelled in early
chlorophyll, middle leaf number, and late stem diameter. These materials showed
the highest overall relative growth, were less affected by pathogen infection, and
exhibited strong resistance to fusarium wilt.

Under root-knot nematode infection, the hybrid Yanbian-4x041-1 performed
best in plant height and stem diameter. Among parents, Fangshan excelled in plant
height and chlorophyll content, and 112-2 in stem diameter and leaf number,
indicating strong resistance to root-knot nematode. Comparison of coefficients of
variation showed that stem diameter was relatively stable and less affected by both
stresses in both hybrids and parents.

4. For the classification of fusarium wilt resistance, Luo (2011) [4] used the
disease index as the evaluation criterion, and Martyn et al. (1989) [17] based their
evaluation on disease incidence. Although the two methods were slightly different,
both could effectively evaluate disease resistance. In this study, the resistance grades
of all pumpkin materials were evaluated according to the method of Luo (2011) [4],
based on the disease index.

The results showed that among the hybrid combinations, Yanbian-3x360-3,
Yanbian-2x041-1, 041-1xXingtai, 041-1xHetou a2, and 360-3x487 were classified
as moderately resistant (MR). Their leaf disease indices were 52.67, 54.67, 48.67,
48.67, and 53.33, and stem-dissection disease indices were 37.92, 45.83, 52.92,

47.50, and 5.00, respectively. Among them, 360-3x487 had a stem-dissection
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disease index of only 5.00, indicating that its root system had extremely strong
defense ability against fusarium wilt pathogen. Among the pumpkin parents, Renhe-
1 and Hetou a2 were classified as moderately resistant (MR), with leaf disease
indices of 44.67 and 51.33, and stem-dissection disease indices of 48.75 and 33.33,
respectively.

Analysis of resistance indicators to root-knot nematode showed that the hybrid
combination Yanbian-3x360-3 and the parents 360-3, Hetou a2, Xingtai-23, and
360-3x487 exhibited the lowest values in all four resistance indicators, and were the
least affected by root-knot nematode, with the strongest resistance. Comparison of
coefficients of variation showed that the gall index had the largest coefficient of
variation in both pumpkin hybrids and parents, indicating that gall index could more
accurately reflect the resistance of pumpkin hybrids and parents to root-knot
nematode.

In a seed germination experiment conducted under cadmium (Cd) stress, 19
distinct pumpkin hybrid combinations were evaluated. Seven hybrids with strong Cd
tolerance were ultimately identified. Among these, the combinations Yanbian-
3x360-3 and Yanbian-2x041-1 exhibited superior cadmium tolerance, verifying
their resistance not only to fusarium wilt and root-knot nematode but also to
cadmium toxicity[18].

5. Cluster analysis groups materials based on genetic distance and trait
similarity without artificial thresholds, thus reducing subjective bias. However, it
cannot directly quantify resistance level. Subordinate function value can

quantitatively reflect resistance but is inconvenient for classification. Therefore, this
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study comprehensively evaluated materials using both methods.

Based on four resistance indicators to root-knot nematode, 24 hybrids and 12
parents were divided into resistant and susceptible groups. Combined with
subordinate function values: Resistant hybrids had total values higher than 4.88,
mainly including Yanbian-3x360-3, Yanbian-2x041-1, Hetou a2x360-3, Hetou
a2x112-2, 360-3x487. Susceptible hybrids ranged from 1.74 to 4.88. Resistant
parents had values higher than 2.90; susceptible parents (mainly 112-2, Lingchuan
C1) lower than 2.90. Overall, the clustering results were consistent with the order of
subordinate function values.

6. Antioxidant responses of different pumpkin parents showed obvious stress
specificity to fusarium wilt and root-knot nematode. CAT activity played a dominant
role under fusarium wilt stress. Fangshan and Wan 95-24 exhibited significantly
higher H:0.-scavenging capacity and effectively alleviated oxidative damage.
Under nematode stress, SOD and CAT jointly participated in defense, and 112-2
showed significantly higher SOD and CAT activities. Notably, 112-2 had
significantly higher MDA content under fusarium wilt stress, indicating more severe
membrane damage. MDA content can be used as an important physiological index
for evaluating stress resistance in pumpkin. Renhe-1 had the lowest MDA content
and high SOD activity under nematode stress, showing strong antioxidant and
membrane protection ability.

7. Analysis of root hair number and root morphological indicators showed that
the number of fine roots and root hairs was significantly higher under nematode

infection than under fusarium wilt infection, indicating that root-knot nematode
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stress significantly induced the development of fine roots and root hairs. Fine roots
and root hairs are the main sites for water and nutrient uptake and important
structural barriers against biotic stress. Under nematode stress, pumpkin
compensated for root function damage and strengthened physical defense by
increasing fine roots and root hairs.

In contrast, fine root and root hair development was weak under fusarium wilt,
possibly due to vascular infection and root lignification caused by Fusarium
oxysporum. This stress-specific root response pattern reflects the adaptive
regulatory mechanism of pumpkin to different biotic stresses and provides important
morphological evidence for elucidating molecular mechanisms and breeding

broad-spectrum resistant rootstocks.
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SECTION 4
TRANSCRIPTOMIC ANALYSIS OF RESISTANT AND SUSCEPTIBLE
PUMPKIN PARENTS IN RESPONSE TO FUSARIUM WILT AND ROOT-

KNOT NEMATODE INFECTION

Transcriptomics is a major approach for studying gene expression. Through
transcriptomic analysis, the activation or inhibition of disease resistance-related
genes and metabolic pathways can be revealed, leading to a deeper understanding of
the plant immune response process [1]. Fusarium wilt and root-knot nematode are
highly destructive soil-borne diseases, and grafted seedlings are commonly used for
their control in production. At present, some scholars have conducted transcriptome
studies under fusarium wilt and root-knot nematode stress in different crops [2], but
there are few reports on transcriptomic analysis of cucurbit crops infected by
Fusarium oxysporum and Meloidogyne incognita.

To understand the changes in early defense-related substances in resistant and
susceptible pumpkin parents after infection by Fusarium oxysporum and root-knot
nematode, RNA-seq technology was used in this study. The selected resistant
pumpkin parent Hetou a2 and susceptible parent Lingchuan C1 were used as
materials, and treated with Fusarium oxysporum infection (48 h, 96 h) and root-knot
nematode infection (24 h, 48 h), respectively. Through transcriptome sequencing
and bioinformatics analysis, differentially expressed genes and core metabolic
pathways between resistant and susceptible parents were identified, and the early

molecular mechanism of pumpkin in response to infection by the two soil-borne
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diseases was elucidated. This study provides a theoretical basis and technical support
for the cloning, functional verification and molecular breeding of resistance genes
to fusarium wilt and root-knot nematode in pumpkin.

4.1 Materials and Methods
4.1.1 Experimental Materials
The dual-resistant pumpkin parent Hetou a2 and dual-susceptible pumpkin
parent Lingchuan C1 were used as experimental materials, provided by the Pumpkin
Research Group, College of Horticulture and Landscape Architecture, Henan
Institute of Science and Technology. Pathogen: Fusarium oxysporum f. sp.
Cucumerinum. Nematode: Meloidogyne incognita, both were provided by the
Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences.
4.1.2 Experimental Methods
4.1.2.1 Collection of Pathogen and Nematode
The methods were the same as those described in Section 3, 3.1.2.
4.1.2.2 Seedling Raising and Inoculation
Healthy and plump seeds of the dual-resistant pumpkin parent Hetou a2 and
dual-susceptible parent Lingchuan C1 were selected. The inoculation procedures
were the same as those described in Section 3, 3.1.2. Seedling leaves were collected
at 48 h and 96 h after inoculation with Fusarium oxysporum, and seedling roots were
collected at 24 h and 48 h after inoculation with root-knot nematode. Both inoculated
treatments and controls were set with three biological replicates. Resistant control
groups: K1, K2; Susceptible control groups: K3, K4; Resistant fusarium wilt

treatment groups (48 h, 96 h): KB1, KB2; Susceptible fusarium wilt treatment
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groups (48 h, 96 h): GB1, GB2; Resistant root-knot nematode treatment groups (24
h, 48 h): KC1, KC2; Susceptible root-knot nematode treatment groups (24 h, 48 h):
GC1, GC2. At each sampling time point, 6 plants were collected for each sample
with three replicates. All samples were immediately frozen in liquid nitrogen and
stored at -80 °C until use. All samples were sent to Biomarker Technologies
Corporation (Beijing) for transcriptome sequencing and subsequent data processing
and analysis.
4.1.2.3 Transcriptome Sequencing and Bioinformatics Analysis

The experimental pipeline of RNA-seq included sample quality control,

library construction, library quality inspection, and on-machine sequencing.
4.1.2.3.1 Sample Quality Control

To ensure qualified samples for transcriptome sequencing, Biomarker used
advanced molecular biological equipment to detect the purity, concentration, and
integrity of the extracted total RNA with strict quality control. The quality
assessment methods for total RNA were as follows: (1) NanoDrop 2000
spectrophotometer: used to detect the purity and concentration of RNA; (2) Agilent
2100 / LabChip GX: used to accurately detect the integrity of RNA.

4.1.2.3.2 Library Construction

After passing quality control, library construction was performed with the
main procedures as follows: (1) Eukaryotic mRNA was enriched using magnetic
beads with Oligo(dT); (2) Fragmentation Buffer was added to fragment the mRNA
randomly; (3) Using the fragmented mRNA as a template, the first-strand and

second-strand ¢cDNA were synthesized, followed by cDNA purification; (4) The
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purified double-stranded cDNA was subjected to end repair, A-tailing, and ligation
of sequencing adapters, and then fragment size selection was performed using
AMPure XP beads; (5) Finally, the cDNA library was obtained by PCR enrichment.

4.1.2.3.3 Library Quality Control
After library construction, initial quantification was performed using a Qubit
3.0 fluorometer, with a required concentration above 1 ng/puL. The insert fragment
size was then detected using a Qsep400 high-throughput analysis system. When the
insert fragment met the expected size, the effective concentration of the library (> 2
nM) was accurately quantified by q-PCR to ensure library quality.
4.1.2.3.4 On-Machine Sequencing
After passing library quality control, sequencing was performed on the
[llumina NovaSeq 6000 platform in the PE150 mode.
4.1.2.3.5 Analysis Pipeline
After sequencing, data analysis was performed using the bioinformatics
pipeline provided by the Biomarker Cloud Platform (BMKCloud,
www.biocloud.net). Raw sequencing data were filtered to obtain clean data, which
were then aligned to the designated reference genome to obtain mapped data.
Subsequent analyses included library quality assessment, structural-level analysis,
differential expression analysis, gene functional annotation, and functional
enrichment.
4.1.2.4 Analysis of Transcriptome Sequencing Data
The genome sequence of Cucurbita moschata was used as the reference

genome for sequencing. Raw data were filtered to remove redundant sequences and
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low-quality reads, yielding high-quality clean data. Clean reads were rapidly and
accurately mapped to the reference genome using HISAT?2 [3] to obtain positional
information on the reference genome. The aligned reads were then assembled using
StringTie [4] to reconstruct the transcriptome for subsequent analysis.

4.1.2.4.1 Sequencing Data Quality Control
The cDNA library was sequenced using the Illumina high-throughput
sequencing platform, generating large quantities of high-quality data (raw data).
Most base quality scores reached or exceeded Q30.
4.1.2.4.2 Sequencing Quality Control
Before data analysis, strict quality control was performed to ensure high-
quality reads for accurate downstream analysis. The filtering steps were as follows:
(1) Remove reads containing adapter sequences; (2) Remove low-quality reads
(reads in which the proportion of N exceeded 10%; reads in which bases with quality
score Q < 10 accounted for more than 50% of the total read length). High-quality
clean data were obtained after the above quality control procedures.
4.1.2.4.3 Base Quality Score Statistics
The base quality score (Q-score) is an integer mapping of the base-calling

error probability. The commonly used Phred quality score formula [5] is (1):
Q =—-10 X lOg10P (1)
Where: P represents the probability of base-calling error.

The corresponding relationships between Q-score and base recognition

accuracy are listed in Table 4.1.
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Table 4.1 Correspondence between base quality score and base-calling error probability

Q-score Incorrect base recognition Correct base recognition rate
Q10 1/10 90%
Q20 1/100 99%
Q30 1/1000 99.9%
Q40 1/10000 99.99%

4.1.2.4.4 Unigene Functional Annotation

The assembled transcripts were aligned against public databases (COG, GO,
KEGG, KOG, Pfam, SWISSPROT, eggNOG, and NR) using BLAST. Gene
Ontology (GO) is a biological ontology language that annotates gene products and
proteins from three aspects: biological process, molecular function, and cellular
component. KEGG 1is a database integrating genomic, chemical, and systemic
functional information, among which the KEGG Pathway database focuses on
molecular interactions and regulatory networks. Gene similarity alignments were
mainly based on the BLAST algorithm [6]. Unigene sequences were aligned against
NR [8], Swiss-Prot [9], GO [10], COG [11], KOG [12], KEGG [13], and eggNOG
databases using BLAST [7] software. KOBAS 2.0 [14] was used to obtain KEGG
Orthology results of unigenes in KEGG. After predicting the amino acid sequences
of unigenes, the HMMER software (Eddy et al., 1998) was used to align against the
Pfam [15] database to obtain unigene annotation information. TransDecoder
software was used to predict the coding sequences and corresponding amino acid

sequences of unigenes.
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Reads from 36 samples were aligned to the unigene library using Bowtie [16].
Based on the alignment results, expression levels were estimated using RSEM [17].
The expression abundance of unigenes was represented by FPKM values. FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) [ 18] represents the
number of reads per kilobase of transcript per million mapped reads, and is a
standard method for estimating gene expression levels in transcriptome analysis.
Gene expression calculated by FPKM is not affected by gene length or sequencing

depth, allowing direct comparison of gene expression differences among samples.

The FPKM formula is (2):
FPKM = cDNA Fragments Mapped Fragments(Millions) X transcriptLength(kb) 2)

Where:

cDNA Fragments: number of cDNA fragments mapped to a transcript;

Mapped Fragments (Millions): total number of mapped fragments (in 10°
units);

Transcript Length (kb): length of the transcript (in 10° bases).

Differential expression analysis among different samples was performed
using DESeq [19] to identify differentially expressed gene sets between samples at
different stages. The screening thresholds were P-value <0.01 and fold change (FC)
> 2. FC represents the expression ratio between inoculated samples and blank
controls at different time points. Functional annotation was performed for the
screened differentially expressed genes (DEGs). Based on the annotation results, GO
functional enrichment and KEGG metabolic pathway enrichment analyses were

conducted for DEGs.



108
4.2 Results and Analysis
4.2.1 Sequencing Data Statistics

After filtering and quality control of the raw data, 254.55 Gb of clean data
were obtained. The clean data for each sample reached 6.41 Gb, and the percentage
of Q30 bases in all samples was not less than 97.14%, indicating high reliability
(Table 4.2).

A total of 33,673 unigenes were assembled from the clean reads, with an N50
of 1,968 bp and a total length of 49,822,917 bp. The longest unigene was 16,728 bp,
the shortest was 96 bp, and the average length was 1,479.61 bp (Figure 4.1). In terms
of unigene length distribution, the number of sequences longer than 2,000 bp was
the largest (8,076). Combined with key indices including an N50 value of 1,968 bp
and an average length of 1,479.61 bp, the results indicated that the unigenes obtained
in this sequencing and assembly had high integrity and a high proportion of long
fragments, which could provide a reliable foundation for subsequent functional

analysis.
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Samples Read Number Base Number GC Content %>Q30
K1-1 21761865 6507782698 45.34 97.91
K1-2 21664347 6480025633 45.16 98.21
K1-3 24689864 7385145888 45.31 97.75
K2-1 21835200 6530477701 45.03 98.24
K2-2 21425740 6411775102 44.99 97.56
K2-3 23807521 7125046186 45.28 97.66
K3-1 24035712 7192241776 44.94 98.17
K3-2 21719074 6492437916 44.65 98.01
K3-3 26758547 8004800049 45.03 97.51
K4-1 24460404 7322740438 44.94 98.15
K4-2 21589634 6455213657 45.15 97.85
K4-3 23315237 6971615749 45.1 97.36

KBI1-1 23020625 6889173029 44.97 97.85
KB1-2 28663136 8578820240 45.26 98.21
KB1-3 22418438 6703660739 44.98 97.82
KB2-1 28664285 8569088773 45.43 97.44
KB2-2 22303097 6669039646 45.29 98.33
KB2-3 23595754 7063352452 45.29 98.11
GB1-1 22250116 6660495067 45.68 97.66
GB1-2 23249234 6954852563 45.56 97.74
GB1-3 22995259 6880438389 45.42 97.79
GB2-1 23374784 7001317909 45.57 97.94
GB2-2 23383644 6996418339 45.38 98.18
GB2-3 22567697 6717787619 44.03 97.14
KC1-1 23193410 6934265700 44.74 98.42
KC1-2 23903701 7150875643 44.81 98.37
KC1-3 23457074 7013846482 44.93 98.41
KC2-1 22592350 6760062642 44.83 98.18
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Figure 4.1. Length distribution graph of de novo Unigenes of infected

4.2.2 Functional Annotation of Unigenes

Cucurbita moschata

The unigenes were aligned against public databases (COG, GO, KEGG, KOG,

Pfam, SWISSPROT, eggNOG, and NR). The results showed that 28,977 unigenes

were annotated, and 506 new genes were identified. 9,447 unigenes were annotated

in the COG database, accounting for 32.60%; 24,125 unigenes were annotated in the
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GO database, accounting for 71.60%; 20,277 unigenes were annotated in the KEGG
database, accounting for 60.20%; 15,469 unigenes were annotated in the KOG
database, accounting for 45.90%; 23,930 unigenes were annotated in the Pfam
database, accounting for 71.10%; 21,261 unigenes were annotated in the
SWISSPROT database, accounting for 63.10%; 24,629 unigenes were annotated in
the eggNOG database, accounting for 73.10%; 28,899 unigenes were annotated in
the NR database, accounting for 85.80%. Among them, 5,884 unigenes were
annotated in all eight databases (Figure 4.2). Of the 28,899 unigenes annotated in
the NR database: 25,107 unigenes (86.88%) were mapped to the Cucurbita moschata
genome; 1,020 unigenes (3.53%) were mapped to the Cucurbita pepo genome; 613
unigenes (2.12%) were mapped to the Cucurbita maxima genome; 532 unigenes
(1.84%) were mapped to the Cucumis melo genome; 456 unigenes (1.58%) were

mapped to the Cucumis sativus genome (Figure 4.3).

E__ HEINIIRIN]

30000

Figure 4.2. Upset plot of unigenes annotated in COG, GO, KEGG, KOG,
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Pfam, SWISSPROT, eggNOG, and NR databases in pumpkin.

NR Species distribution

[ cucurbita moschata [25107]

M cucurbita pepo [1020]
Cucurbita maxima [613]
Cucumis melo [532]
Cucumis sativus [456]

] Momordica charantia [202]
Vitis vinifera [63]
Malus domestica [40]
Cannabis sativa [36]

I other [830]

Figure 4.3. Species distribution of pumpkin sequences aligned against the NR
database.
4.2.3 Gene Expression Level Analysis
The FPKM values of protein-coding genes detected by transcriptome
sequencing spanned six orders of magnitude from 1072 to 10* [20], indicating high

sensitivity of the detection (Figure 4.4).
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Figure 4.4. Alignment of FPKM density distribution in all samples
Note: The abscissa represents the logarithmic value of FPKM, and the ordinate
represents the probability density. Curves of different colors represent different
samples.
4.2.4 Analysis of Differentially Expressed Genes
By aligning the sequencing reads to the sequences in the Unigene library, the
expression abundance information of Unigenes in the corresponding samples was
obtained. According to the differences in gene expression levels between resistant
and susceptible varieties in the inoculated treatment groups (Fusarium oxysporum
and root-knot nematode) and the control groups, differentially expressed genes

(DEGs) were screened based on the criteria of p-adjust < 0.05 and |log2FC| > 2.
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The data were divided into 20 comparison groups for DEG analysis:
K1 vs K2, K3 vs K4, KBl vs KB2, GBIl vs GB2, KCI1 vs KC2,
GCl1_vs GC2, K1 _vs K3, K1 vs KB1, K1 _vs KCI, K3 vs GBI, K3 vs GCl,
KBI vs GBI, KC1 vs GCI,K2 vs K4,K2 vs KB2, K2 vs KC2,K4 vs GB2,
K4 vs GC2, KB2 vs GB2, KC2 vs GC2. The scatter distribution of DEG
expression levels is shown in (Figure 4.5). The number of up-regulated and
down-regulated genes varied among different treatment groups. Combined with the
phenotypic characteristic map (Figure 4.6) and the distribution map of DEG
numbers (Figure 4.7): Resistant treatment groups (KB1/KB2/KC1/KC2): The
number of up-regulated genes was significantly higher than that of down-regulated
genes in most groups, indicating that resistant materials mainly initiate defense by
activating gene expression. Susceptible treatment groups (GB1/GB2/GC1/GC2):
The number of down-regulated genes was higher than up-regulated genes in the
late-stage treatment groups, suggesting that the normal physiological functions of
susceptible materials were severely disturbed, leading to disordered gene expression
regulation. Control groups (K1/K2/K3/K4): The number of up-regulated genes was
higher than down-regulated genes, but the total number of DEGs was much lower
than that in treatment groups, indicating small differences in basal expression. The

large differences among treatment groups were mainly induced by stress.
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KBI vs KB2 KC1 vs KC2 K3 vs GBIl K3_vs_GCl

GBI _vs GB2 GCl_vs_GC2 KBI_vs GBI KC1_vs_GCl

K1 _vs_K3 K4 vs_GC2

K2 vs K4 KZ_\.'S_KB 2 KB2 vs_GB2 KC2 vs_GC2
Figure 4.5. Scatter distribution diagram of differentially expressed genes in
different pumpkin treatment groups

Note: Red represents up-regulation, blue represents no change, green represents

down-regulation.

Figure 4.6. Phenotypic characteristics of pumpkin under different treatments
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Figure 4.7. Distribution of the number of differentially expressed genes in
different treatment groups
Note: Red represents up-regulation, blue represents down-regulation.
4.2.5 GO Enrichment Analysis of Differentially Expressed Genes
GO enrichment analysis (Figure 4.8) showed that the functional enrichment
patterns of differentially expressed genes among different comparison groups were
generally conserved and highly consistent. In biological process (BP), DEGs were
significantly enriched in 23 GO terms, among which cellular process, metabolic
process, biological regulation, and response to stimulus were the core enriched terms,
indicating that the basic life activities and defense regulatory networks of pumpkin
were highly conserved in response to the two biotic stresses. In cellular component

(CC), DEGs were mainly located in cellular anatomical entity, intracellular, and
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protein-containing complex, which were closely related to core functions such as
cellular metabolism and signal transduction. In molecular function (MF), DEGs
were mainly enriched in binding, catalytic activity, transcription regulator activity,
and transporter activity, suggesting that differentially expressed genes mainly
participated in disease and nematode resistance responses by regulating molecular
binding, enzymatic reactions, and transcriptional regulation. Notably, resistant
materials showed higher enrichment of relevant functional terms at the early stress
stage (48 h after Fusarium infection, 24 h after root-knot nematode infection), and
the regulation tended to be stable over time. In susceptible materials, a large number
of genes were down-regulated at the late stress stage (96 h after Fusarium infection,
48 h after root-knot nematode infection), with more disordered functional regulation.
These results indicated that the resistance differences between resistant and
susceptible materials were closely related to the timing, intensity, and stability of

stress responses.
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Figure 4.8. Significant GO function analysis of differentially expressed genes

in each treatment group

4.2.6 KEGG Metabolic Pathway Analysis of Differentially Expressed
Genes

KEGG enrichment analysis (Figure 4.9) showed that under infection by
Fusarium oxysporum and root-knot nematode, the differentially expressed genes
(DEGs) of different comparison groups exhibited highly consistent core
characteristics in metabolic pathway enrichment, as well as specificity related to
stress type and resistance difference. DEGs in all groups were significantly enriched
in defense and metabolic pathways including Plant-pathogen interaction, MAPK
signaling pathway-plant, Plant hormone signal transduction, Phenylpropanoid
biosynthesis, and alpha-Linolenic acid metabolism, indicating that the core defense

regulatory network of pumpkin was conserved in response to the two biotic stresses.



121
Under Fusarium oxysporum infection, antioxidant and secondary metabolic
pathways such as Glutathione metabolism and Phenylalanine metabolism were more
prominently enriched. Under root-knot nematode infection, basic metabolic
pathways such as Carbon metabolism and Biosynthesis of amino acids, as well as
membrane lipid-related pathways such as Biosynthesis of unsaturated fatty acids,
were more significantly enriched, reflecting different infection strategies of different
pathogens. At the early stress stage (48 h after Fusarium infection, 24 h after root-
knot nematode infection), resistant materials showed higher enrichment and more
precise regulation of core defense pathways. At the late stress stage (96 h after
Fusarium infection, 48 h after root-knot nematode infection), susceptible materials
showed disorder in more basic metabolic pathways and decreased enrichment of
defense pathways, indicating that resistance differences were closely related to the
timing, regulatory stability, and activation intensity of core pathways in stress

responsces.
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Figure 4.9. Top 20 bubble plots of KEGG enrichment for DEGs in each
treatment group
Note: The X-axis represents the enrichment score. Larger bubbles indicate
more DEGs included in the term. The color of the bubble represents the enrichment
p-value: smaller p-value indicates higher significance.
4.2.7 Expression Pattern Analysis of Core Immune Pathways and Key
Genes
Analysis of the plant—pathogen interaction pathway (ko04626) and core genes
showed that the heatmap (Figure 4.10-A) revealed significant differentiation in the
overall expression pattern of this pathway between resistant and susceptible
pumpkin materials. After treatment with fusarium wilt and root-knot nematode stress,
a large number of differentially expressed genes in this pathway showed a significant

up-regulation trend in resistant materials, while susceptible materials mainly
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exhibited gene down-regulation. Further cluster analysis showed that samples under
the same stress type and time point clustered closely, confirming good experimental
repeatability and high data reliability.

To identify core regulatory nodes in the pathway, the expression
characteristics of three key immune genes, RBOH (CmoCh04G007610), PRI
(CmoCh01G015070), and FLS2 (CmoChi8G008180), were further validated
(Figure 4.10-B). The results showed that: RBOH, a respiratory burst oxidase
homolog gene involved in both the MAPK signaling pathway and plant—pathogen
interaction pathway, was specifically and highly expressed in resistant materials
under both stresses, serving as a broad-spectrum key regulatory gene for pumpkin
resistance to biotic stress. The expression patterns of PR/ (receptor tyrosine kinase
CEPR1) and FLS2 (LRR receptor kinase) showed stress-specific differentiation.
PRI was significantly more highly expressed in susceptible materials under
root-knot nematode treatment. FLS2 was sharply up-regulated in resistant materials
under fusarium wilt stress. These results indicated that pumpkin defends against
different pathogens through a pattern dominated by broad-spectrum resistance genes
and coordinated by stress-specific genes. RBOH, PRI, and FLS2 play distinct
regulatory roles in signal transduction, pathogen recognition, and stress response,
respectively, and jointly constitute the molecular basis of disease resistance in
pumpkin. This provides key candidate genes and theoretical support for further

dissecting the stress resistance mechanism and molecular breeding of pumpkin.
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Root-knot Nematode Fusarium Wilt
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|\|
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Figure 4.10. Analysis of the plant—pathogen interaction pathway and
expression patterns of core genes

(A) Heatmap of gene expression in the plant—pathogen interaction pathway.

Rows represent differentially expressed genes in the pathway; columns
represent different treated samples. The color bars at the top indicate the time point
(Time), stress type (Stress), and genotype (Genotype) of samples. Color changes
from blue to red indicate increasing gene expression levels (row-standardized
values).

(B) Expression levels of core immune genes under different stresses.

The figure shows the mean FPKM values (+ SD) of three core immune genes
RBOH, PRI, and FLS2 in resistant and susceptible pumpkin materials under

root-knot nematode and fusarium wilt stresses.
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4.2.8 WGCNA Analysis of Differentially Expressed Genes

4.2.8.1 Global Module Construction and Trait Association

To systematically dissect the molecular regulatory mechanism of pumpkin in
response to Fusarium oxysporum, root-knot nematode infection, and disease
resistance, weighted gene co-expression network analysis (WGCNA) was
performed based on transcriptome sequencing data to construct a global gene
co-expression network. A total of 13,299 differentially expressed genes were
combined from Fusarium and nematode samples. After filtering out low-expression
and low-variation genes, 10,000 genes were finally selected for WGCNA
construction. When the optimal soft threshold B = 12, R* approached 0.8 and the
average connectivity tended to 0, indicating that this power value could generate a
qualified scale-free network (Figure 4.11). Meanwhile, a hierarchical clustering tree
was constructed. Using the dynamic tree cut algorithm, genes with significantly
synergistic expression patterns were clustered into independent co-expression
modules, and 33 differentially expressed co-expression modules were finally
obtained (Figure 4.12). The modules showed reasonable size distribution, with the
number of genes ranging from 44 to 1,263. The largest module was ME1 and the

smallest was ME32 (Figure 4.13).

To screen core co-expression modules closely associated with target traits, the
correlations between module eigengenes and three key traits (disease resistance,
Fusarium infection, and nematode infection) were further analyzed (Figure 4.12-B).

Using the screening criteria of absolute correlation |r| > 0.6 and p < 0.05, 6 specific
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co-expression modules significantly associated with target traits were identified.
ME17 showed an extremely strong positive correlation with disease resistance (r =
0.98, p < 5e-25). ME9 showed an extremely strong negative correlation with disease
resistance (r =-0.89, p <4e-13). Both modules jointly participate in the bidirectional
regulation of plant disease resistance. ME20 was strongly positively correlated with
Fusarium infection (r = 0.70, p < 3e-06). ME26 was strongly negatively correlated
with Fusarium infection (r = -0.76, p < 7e-08), representing specific functional
modules in response to Fusarium infection. MES was strongly positively correlated
with nematode infection (r = 0.69, p < 3e-06). ME23 was strongly negatively
correlated with nematode infection (r = -0.65, p < 2e-05), mediating specific

responses to root-knot nematode infection.
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Figure 4.11. Determination of soft threshold power value

(A) Scale-free network model diagram; (B) Network average connectivity.
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P .
J Module-trait relationships

Figure 4.12. Weighted gene co-expression network analysis
(A) Hierarchical clustering tree and module division diagram;

(B) Correlation heatmap between co-expressed gene modules and traits.
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4.2.8.2 Detailed Analysis of Core Modules
4.2.8.2.1 Resistance-Related Modules: ME17 (+), ME9 (-)

Module-trait association analysis showed that ME17 was extremely
significantly positively correlated with plant resistance (r = 0.98, p < 5e-25), and
MED9 was extremely significantly negatively correlated with resistance (r = -0.89, p
< 4e-13). Further tests on the expression differences of module eigengenes (Figure
4.14-A, 4.14-B) showed that the eigengene expression of ME17 was significantly
higher in resistant samples than in susceptible samples (P < 5.41e-25), while the
eigengene of ME9 was markedly up-regulated in susceptible samples (P < 6.94e-10).
Their expression patterns were consistent with module-trait correlation results,
indicating that ME17 positively regulates resistance, while ME9 negatively
regulates resistance. On this basis, the overall expression patterns of genes within
the modules were analyzed (Figure 4.14-C, 4.14-D). Genes in ME17 and ME9 both
showed co-expression trends highly consistent with the module eigengenes, further
confirming the stability and reliability of module expression. GO/KEGG enrichment
analysis (Figure 4.14-E, 4.14-F) revealed that: ME17 was significantly enriched in
disease resistance-related pathways, including PR protein synthesis, ROS
scavenging, and salicylic acid signal transduction, serving as a key module involved
in resistance activation. ME9 was mainly enriched in processes related to cell growth
and gibberellin signaling pathways, suggesting that plants may coordinate and
allocate resources between defense responses and growth/development under biotic

stress.
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Figure 4.14. Expression patterns and functional enrichment analysis of ME17
and ME9 modules
A-B: Boxplots of module eigengene expression for ME17 (A) and ME9 (B) in
high-resistance and low-resistance samples;
C-D: Heatmaps of gene expression in ME17 (C) and ME9 (D) modules.
Samples were grouped by high-resistance and low-resistance;
E—F: Bubble plots of GO/KEGG enrichment analysis for genes in ME17 (E)

and ME9 (F) modules.
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4.2.8.2.2 Fusarium-Specific Response Modules: ME20 (+), ME26 (-)

For the specific response to fusarium wilt stress, module-trait association
analysis showed that ME20 was significantly positively correlated with plant
fusarium wilt resistance (r = 0.32, p < 0.017), while ME26 showed no significant
correlation with fusarium wilt resistance (P > 0.05). Further tests on the expression
differences of module eigengenes (Figure 4.15-A, 4.15-B) showed that the
eigengene expression of ME20 was significantly higher in resistant samples than in
susceptible samples (P < 0.017), whereas the eigengene of ME26 showed no
significant expression difference between resistant and susceptible samples (P >
0.05). Their expression patterns were consistent with module-trait correlation results,
indicating that ME20 may positively regulate fusarium wilt-specific resistance,
while ME26 showed no significant regulatory association with fusarium wilt
resistance in this study. On this basis, the overall expression patterns of genes within
the modules were analyzed (Figure 4.15-C, 4.15-D). Genes in ME20 showed a co-
expression trend highly consistent with the module eigengene, further confirming
the stability and reliability of module expression. Genes in ME26 showed relatively
dispersed expression patterns, which was consistent with its lack of significant
association with resistance. GO/KEGG enrichment analysis (Figure 4.15-E, 4.15-F)
revealed that: ME20 was significantly enriched in pathways closely related to
fusarium wilt resistance, including plant—pathogen interaction, phenylpropanoid
metabolism, and response to biotic stress, serving as a key module involved in the
activation of fusarium wilt-specific resistance. ME26 was mainly enriched in basic

metabolic processes such as starch and sucrose metabolism and amino acid
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metabolism, suggesting that it is more likely involved in basic physiological

functions rather than specific resistance regulation.
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Figure 4.15. Expression patterns and functional enrichment analysis of ME20
and ME26 modules
A-B: Boxplots of module eigengene expression for ME20 (A) and ME26 (B)
in high-resistance and low-resistance samples;
C-D: Heatmaps of gene expression in ME20 (C) and ME26 (D) modules.
Samples were grouped by high-resistance and low-resistance;
E—F: Bubble plots of GO/KEGG enrichment analysis for genes in ME20 (E)

and ME26 (F) modules.
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4.2.8.2.3 Root-Knot Nematode-Specific Response Modules: MES (+),
ME23 (-)

For the specific response to root-knot nematode stress, module-trait
association analysis showed that MES had no significant correlation with plant root-
knot nematode resistance (P > 0.05), and ME23 also showed no significant
correlation with root-knot nematode resistance (P > 0.05). Further tests on the
expression differences of module eigengenes (Figure 4.16-A, 4.16-B) showed that
the eigengene of MES exhibited no significant expression difference between
resistant and susceptible samples (P > 0.05), and the eigengene of ME23 also showed
no significant difference between resistant and susceptible samples (P > 0.05). Their
expression patterns were consistent with the module-trait correlation results. MES
and ME23 showed no significant regulatory association with root-knot nematode
resistance in this study. On this basis, the overall expression patterns of genes within
the modules were analyzed (Figure 4.16-C, 4.16-D). Genes in both MES and ME23
showed relatively dispersed expression patterns, without highly consistent co-
expression trends with the module eigengenes, which was consistent with their lack
of significant association with resistance. GO/KEGG enrichment analysis (Figure
4.16-E, 4.16-F) revealed that: MES was significantly enriched in processes including
plant—pathogen interaction, RNA transport, and base excision repair, suggesting that
it may participate in the regulation of plant basal immunity and general stress
responses. ME23 was mainly enriched in basic physiological processes such as
homologous recombination, cell cycle, and amino acid metabolism, indicating that

it is more involved in plant growth, development, and basal metabolism rather than



specific root-knot nematode resistance responses.
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Figure 4.16. Expression patterns and functional enrichment analysis of MES5
and ME23 modules
A-B: Boxplots of module eigengene expression for ME5 (A) and ME23 (B) in
high-resistance and low-resistance samples;
C-D: Heatmaps of gene expression in ME5 (C) and ME23 (D) modules. Samples
were grouped by high-resistance and low-resistance;
E—F: Bubble plots of GO/KEGG enrichment analysis for genes in MES (E) and

ME23 (F) modules.



139
4.2.8.2 Cross-Module Comparison and Global Validation

Comparative analysis of gene composition among the three core positively
correlated disease-resistance modules (ME17, ME20, MES) was performed. Venn
diagram results (Figure 4.17-A) showed that the number of shared genes among the
three modules was 0, and the proportion of unique genes in each module was 100%,
indicating that plant resistance responses to different pathogens (general resistance,
Fusarium, root-knot nematode) are highly pathogen-specific. Correlation heatmap
of eigengenes from the six core modules (Figure 4.17-B) showed significant positive
correlations among modules of the same type and significant negative correlations
among modules of different types, confirming that the regulatory pattern of positive
activation and negative inhibition is conserved in plant disease resistance responses.
GO/KEGG enrichment analyses were performed on unique genes of the three
positively correlated modules (Figure 4.17-C, 4.17-D). The results showed that:
Unique genes in ME17 were significantly enriched in broad-spectrum defense
pathways such as PR protein synthesis and salicylic acid signal transduction. Unique
genes in ME20 were significantly enriched in Fusarium-specific resistance
pathways such as phenylpropanoid metabolism and plant—pathogen interaction.
Unique genes in MES were significantly enriched in root-knot nematode-specific
response pathways such as RNA transport and base excision repair. These results
indicate that when plants respond to different pathogenic stresses, conserved basal
defense mechanisms coexist with specific response mechanisms activated against

particular diseases.
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(A) Venn diagram of three gene sets (ME17, ME20, MES5);
(B) Correlation heatmap of eigengenes from six core modules;
(C) GO/KEGG enrichment plots of unique genes from the three positively
correlated modules (ME17, ME20, MES).
4.2.8.4 Screening and Expression Validation of Hub Genes

To identify core regulatory nodes in each module, hub genes were screened
based on module membership (MM) and network connectivity (KME), with a
threshold of KME > 0.8 (Figure 18-A). The results showed that all six core modules
(ME17, ME9, ME20, MES, ME23, and ME26) contained highly connected genes
meeting the threshold, indicating that these genes occupied central regulatory
positions in their respective modules.

Network topological characteristic analysis (Figure 4.18-B) verified the
reliability of the co-expression network from multiple perspectives: Topological
index comparison (Figure 4.18-B1) revealed significant differences among the six
modules in average degree, clustering coefficient, and average path length, reflecting
the specificity of different modules in network structure and functional division.
Scale-free topology validation (Figure 4.18-B2) showed that R? = 0.82, consistent
with the scale-free property of real biological networks in which a few nodes are
highly connected while most nodes have low connectivity, providing a stable
topological basis for hub gene screening. Centrality analysis (Figure 4.18-B3) used
the scatter distribution of degree and betweenness centrality to directly reflect the
core status of hub genes in the network. These genes had both high connectivity and

efficient information transmission, serving as key nodes regulating module functions.
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Based on the above criteria, a total of 30 core hub genes were identified, and
a hub gene co-expression network was constructed (Figure 4.18-C). Visualization
showed extensive co-expression associations among hub genes from different
modules, forming functional regulatory units centered on each module. Among them,
CmoCh01G000940 and CmoCh02G013370 showed the highest connectivity and
occupied central positions in the global regulatory network.

Spatio-temporal expression patterns of hub genes (Figure 4.18-D) further
revealed the complex regulatory relationships of each module under different
stresses: Hub genes of ME17 and ME9 were highly expressed in susceptible samples
(GC, GB), showing an antagonistic pattern of defense activation and inhibition. This
suggests that plants actively initiate defense responses in the susceptible state, but
are simultaneously restricted by pathogen interference or endogenous negative
regulators, resulting in a dynamic balance. ME20 and MES showed obvious stress
specificity: Hub genes of ME20 were significantly up-regulated in
fusartum-susceptible samples (GB), acting as host response genes preferentially
induced by pathogens. Hub genes of MES were highly expressed in both susceptible
(GC) and resistant (KC) root-knot nematode samples, implying more complex
functions that may function throughout the whole nematode stress process, requiring
further experimental verification. Hub genes of ME23 were more highly expressed
in resistant samples (KC, KB), suggesting a possible role in negative feedback
regulation after full defense activation to avoid excessive defense responses that
impair plant growth.

Collectively, plant resistance regulation is not a simple linear relationship of
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positive regulation for resistance and negative regulation for susceptibility, but a
complex network shaped by both genetic background and stress conditions.
Accurate dissection of module functions requires comprehensive evidence from
module—trait associations, functional enrichment, and spatio-temporal expression

patterns.
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B. Network Topological Characteristics and Hub Gene Centrality Analysis of 6 Core Co-expression Modules
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D. Spatiotemporal Expression Profiles of Hub Genes in Root Tissues of Resistant/Susceptible Pumpkin Under and Fusarium i
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Figure 4.18. Screening and expression validation of hub genes

ME17

(A) Boxplot of kKME distribution for hub genes;
(B) Network topological characteristics of the six core modules;
(B1) Bar plot of topological index comparison;
(B2) Scale-free topology validation (R? = 0.82);
(B3) Centrality scatter plot;
(C) Co-expression network of hub genes from six core modules;
(D) Spatio-temporal expression heatmap of hub genes.
4.2.8.5 Transcription Factor Regulatory Network Analysis of Hub Genes
The transcription factor (TF)-hub gene regulatory network (Figure 4.19-A)
showed that CmoChl16G001930 was the core transcription factor located at the
center of the regulatory network. It could target multiple hub genes simultaneously,

forming a many-to-many transcriptional regulatory relationship, indicating that this
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TF plays a key upstream regulatory role in the resistance regulatory network.
The expression heatmap of transcription factors and hub genes (Figure 4.19-
B) showed that core transcription factors and their target hub genes exhibited
obvious co-expression trends and highly similar expression patterns across different
resistance and stress samples, further supporting the existence of authentic
transcriptional regulatory relationships between them.
Topological analysis of promoter regulation in core hub genes (Figure 4.19-
C) showed that TF binding sites in the promoter regions of hub genes were mainly
enriched within 2000 bp upstream and downstream of the transcription start site
(TSS), a typical core region for gene transcriptional regulation. Among them, key
transcription factors such as CmoCh20G011790 showed characteristic distributions
in the promoter regions of hub genes, indicating that they can participate in the
transcriptional regulation of hub genes by directly binding to promoter regions,
thereby exerting important regulatory functions in plant disease and stress resistance.
Collectively, the identified core transcription factors can participate in the
regulatory pathways of plant resistance to Fusarium oxysporum and root-knot
nematode by targeting and binding to the promoters of hub genes and regulating

their expression.
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Expression Patterns of Rifu-specific Hub Genes Under Fusarium and Nematode Stresses
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Figure 4.19. Transcription factor regulatory network analysis of hub genes
(A) Transcription factor regulatory network of hub genes (triangles represent
transcription factors, circles represent hub genes, and lines represent regulatory
relationships);
(B) Expression heatmap of transcription factors and hub genes;
(C) Promoter regulation topology of core hub genes.
4.2.8.6 Multi-Dimensional Bioinformatics Validation and Dissection of
the Unique Regulatory Mechanism in Rifu
4.2.8.6.1 Synergistic Functional Enrichment Analysis of TF Families and
Hub Genes
To dissect the functional synergy between transcription factors (TFs) and hub

genes in the resistance regulatory network, GO functional enrichment and KEGG
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pathway enrichment were performed for both groups (Figure 4.20). GO functional
enrichment analysis (Figure 4.20-A) showed that hub genes were significantly
enriched in terms such as jasmonic acid (JA) signaling pathway and regulation of
transcription factor activity, mainly participating in the transduction and execution
of defense signals. Transcription factors were significantly enriched in terms
including response to wounding and endopeptidase inhibitor activity, acting more in
stress perception and early defense responses. KEGG pathway analysis (Figure 4.20-
B) further confirmed their functional differentiation: Hub genes were significantly
enriched in core resistance pathways, including MAPK signaling, plant—pathogen
interaction, and hormone signal transduction, directly mediating defense responses.
TFs were enriched in pathways such as transcriptional regulation, phenylpropanoid
biosynthesis, and starch metabolism, participating in the synthesis of defense-related
compounds and metabolic reprogramming. Collectively, transcription factors
perceive external stress and regulate downstream gene expression, while hub genes
mediate resistance responses by activating multiple defense pathways. They form a
synergistic regulatory network that jointly contributes to plant resistance against

pathogens.
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Figure 4.20. Synergistic functional enrichment analysis of TF families and
hub genes
(A) Synergistic GO functional enrichment analysis;
(B) Synergistic KEGG pathway enrichment analysis.
4.2.8.6.2 Position-Specific Analysis of TF Binding Sites in Promoter
Regions
Position-specific analysis of transcription factor (TF) binding sites in
promoter regions (Figure 4.21) showed that 41.1% of DOF family binding sites and
46.9% of ERF family binding sites were concentrated in the 1500-2000 bp core
regulatory region upstream of the TSS. The overall distribution followed the typical
pattern of transcriptional regulation in eukaryotic genes, ruling out the possibility of

random matching of binding sites.
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Positional Distribution of TF Binding Sites
Percentages indicate the proportion within each TF family’s total binding sites
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Figure 4.21. Bar plot of TF binding site distribution in hub gene promoter
regions
4.2.8.6.3 Sequence Conservation Analysis of Rifu-Specific TF Binding
Sites

The sequence identity of the Rifu-specific DOF binding site (AAAG motif)
in the promoter regions of homologous genes from Cucumis melo and Cucurbita
pepo was above 90%. WebLogo analysis showed that the conservation score of the
core nucleotides (A/A/A/G) of this motif was > 3.5, confirming that it is an

evolutionarily conserved functional regulatory site (Figure 4.22).
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Phylogenetic Persistence of the Dof-Binding Motif

Conserved AAAAA Core Across Three Cucurbit Genera
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Figure 4.22. Multiple-species alignment of hub gene promoter sequences
4.2.8.6.4 Co-expression and Functional Enrichment Analysis of Core
TFs and Hub Genes in WGCNA Modules
The co-expression heatmap of core transcription factors and hub genes (Figure
4.23-A) showed the expression patterns and module affiliations of core regulatory
pairs under different treatments. In WGCNA analysis, the core transcription factor
CmoCh03G007050 and hub gene CmoCh08G006540 both belonged to the
nematode-resistant module MES. Their pairwise correlation coefficient was r = 0.83
(p < 0.001), indicating a strong and significant co-expression relationship at the
transcriptional level, which indirectly supports the regulatory effect of this
transcription factor on the PRS5 gene. Notably, CmoCh03G007050 also acted as a
core hub gene (PR)J) in the regulatory network. This dual role suggests that it may
function as a key regulatory hub in nematode resistance, receiving upstream signals
and regulating the expression of downstream defense genes.

GO functional enrichment analysis of genes co-expressed with core
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transcription factors and hub genes (Figure 4.23-B) revealed significant enrichment
in enzyme inhibitor activity, protein localization, and protein transport, indicating
that these co-expressed genes function importantly in biochemical defense and
protein trafficking. KEGG pathway enrichment analysis (Figure 23C) further
showed that co-expressed genes were significantly enriched in core defense
pathways including Phenylpropanoid biosynthesis, Plant—pathogen interaction, and
Plant hormone signal transduction, which was highly consistent with the predicted

function of the co-expression regulatory network.
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Figure 4.23. Co-expression and functional enrichment analysis of core
transcription factors and hub genes
(A) Co-expression heatmap of core transcription factors and hub genes.
(B) GO functional enrichment analysis.

(C) KEGG metabolic pathway enrichment analysis.
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4.2.8.6.5 Literature Evidence and Functional Validation of Homologous
Genes

To further verify the reliability of the core regulatory axes identified by
WGCNA, this study used the principle of functional conservation of homologous
genes in plants and supported the key regulatory relationships with published
research. Previous studies have shown that the regulatory mode of homologous
transcription factors on key downstream disease-resistance genes is usually highly
conserved in closely related species, which can provide indirect evidence for the
regulatory axes identified in this study. The core disease-resistance regulatory axis
obtained by WGCNA consists of three Dof transcription factors (CmoCh03G007050,
CmoChl16G001930, CmoCh04G003470) and their downstream hub gene
(CmoCh08G06540).

At the regulatory mechanism level: the Dof family has been confirmed as an
important transcription factor family involved in stress responses in Cucurbitaceae
crops. Studies in watermelon showed that Dof genes exhibited significant induced
expression patterns under various abiotic stresses [21]. Genome-wide analysis in
cucumber further confirmed that Dof transcription factors can regulate the
expression of downstream target genes through the conserved AAAG cis-element,
providing evolutionary and molecular evidence for the CmoDof regulatory network
identified in this study [22].

At the functional execution level: the hub genes and some core transcription
factors screened in this study contain a PMEI (pectin methylesterase inhibitor)

domain. Recent studies in pumpkin/cucumber grafting systems have shown that
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PMEI family genes play key roles in cell wall stability, stress response, and defense
[23], which is highly consistent with the functional annotation of hub genes in this
study.

Taken together, evidence from closely related species including watermelon,
cucumber, and pumpkin indicates that the CmoDof-PMEI regulatory axis identified
in this study is highly conserved and reliable. It represents an important regulatory
unit underlying the efficient disease-resistance defense system in the Rifu cultivar,
and further supports the accuracy and rationality of the WGCNA results.

4.2.8.6.6 TF Regulatory Characteristics and Species-Specific Analysis in

Promoter Regions of Core Hub Genes
4.2.8.6.6.1 Enrichment Pattern and Regulatory Hotspot Characteristics
of Rifu-Specific TF Binding Sites

There were significant species-specific differences in the distribution of
transcription factor (TF) binding sites in the promoter regions of core hub genes
between Rifu and Rimu, in which Rifu showed a much denser enrichment of
regulatory sites. Taking the key hub gene CmoCh08G006540 as an example,
intuitively shows the overall distribution of transcription factor binding sites in its
promoter region (Figure 4.24-A). In Rifu, the number of DOF family binding sites
on this gene promoter reached 40, whereas no corresponding sites were detected in
Rimu. Meanwhile, binding sites of different transcription factor families such as
DOF and BPCI1 overlapped highly, forming distinct regulatory hotspots in the
promoter region, whereas no similar enriched regions were observed in Rimu.

Genome-wide statistical analysis of the number of transcription factor binding sites
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for each family (Figure 4.24-C) showed that the total number of binding sites for
stress- and disease-resistance-related families such as DOF and ERF in Rifu was 5—
10 times higher than that in Rimu, with the most prominent difference observed in
the DOF family. This further confirmed the specific regulatory preference of Rifu at
the transcriptional level. Integrated analysis of binding site distribution in the
promoter regions of 20 core hub genes (Figure 4.24-D) revealed that the above
high-density regulatory hotspots were not unique to individual genes, but a shared
regulatory feature of core hub genes. Compared with Rimu, TF binding sites in Rifu
were more prone to concentrate in the core promoter region 0—0.5 kb upstream of
the transcription start site (TSS), whereas Rimu showed low overall site density and
no obvious enrichment regions. This indicates that the unique TF enrichment pattern
in Rifu represents a material-specific regulatory characteristic, rather than a
conserved structure common among Cucurbita species.

4.2.8.6.6.2 Synergistic Regulatory Mode of Transcription Factors in
Promoter Regions
Obvious synergistic regulatory relationships exist among different types of
transcription factors in the promoter regions of core hub genes, and this pattern is
particularly typical in Rifu. As shown in Figure 4.24-A, binding sites of transcription
factors within the same family, such as DOF5.1 and DOF5.8, are enriched in tandem
on the promoter. These regions also overlap with binding sites of other transcription
factor families including ERF and DREB, forming multi-factor regulatory units that
provide a structural basis for rapid and stable transcriptional responses in plants

under stress conditions. Comparison of promoter structures among multiple core hub
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genes (Figure 4.24-D) revealed that this multi-site, multi-family synergistic
regulatory mode is not an isolated phenomenon, but is widespread among core
disease-resistance genes, reflecting the systematicity and stability of the regulatory
network. Multi-species sequence conservation analysis (Figure 4.24-B) showed that
key regulatory elements highly enriched in Rifu, such as DOF and ERF binding sites,
exhibit high sequence conservation in Cucurbita species and closely related relatives
such as melon (Cucumis melo). This indicates that these regions are functionally
conserved segments retained during evolution, and the synergistic regulatory pattern
they form likely represents an adaptive regulatory mechanism gradually established
in Rifu under long-term soil-borne disease stress.

4.2.8.6.6.3 Multifunctional Integration Characteristics of Core Hub
Genes

The five core hub genes identified in this study possess both disease resistance
functions and multi-pathway regulatory capacities, showing typical characteristics
of multifunctional integration and multi-factor regulation in the regulatory network.
This provides an important molecular basis for dissecting the broad-spectrum
disease resistance mechanism of Rifu. Taking a single core hub gene as an example
(Figure 4.24-A), its promoter region contains multiple disease resistance-related
transcription factor binding sites, including DOF, ERF, and BPC, indicating that this
gene is co-regulated by multiple transcription factor families and reflecting the
complexity and precision of the regulatory network. Comprehensive analysis of
promoter patterns in multiple hub genes (Figure 4.24-D) further confirmed that

multi-factor synergistic regulation is a common feature of core hub genes. Combined
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with functional annotation, these hub genes not only encode disease resistance-
related functional proteins such as PRS and protein kinases, but also participate in
multiple biological processes including signal transduction and cellular defense,
showing significant advantages in functional integration. Statistical results (Figure
4.24-C) showed that multiple disease resistance-related transcription factor families
were specifically enriched in Rifu, providing a structural basis for multi-pathway
and multi-level regulation of hub genes. Ultimately, the disease resistance regulatory
network of Rifu exhibits stronger robustness and broad-spectrum resistance,

enabling effective defense against various soil-borne pathogens.

Phylogenetic Footprinting Analysis of Hub Gene Regulation
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Figure 4.24. TF Regulatory Characteristics and Species-Specific Analysis in
Promoter Regions of Core Hub Genes

(A) Distribution of TF binding sites in the promoter regions of core hub genes;

(B) Multi-species sequence conservation alignment of key regulatory regions;

(C) Differences in the number of TF family binding sites between different
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materials;
(D) Density distribution of TF binding sites in the promoter regions of core hub

genes.
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Conclusions to section 4

In this study, resistant and susceptible pumpkin materials were used to
systematically dissect the molecular mechanisms underlying responses to Fusarium
oxysporum and root-knot nematode stresses using transcriptome sequencing. A total
of 254.55 Gb of high-quality clean data were generated, and 33,673 Unigenes were
assembled, among which 28,977 Unigenes were functionally annotated. The data
quality and annotation integrity were sufficient to provide a reliable foundation for
subsequent analyses.

Differential expression analysis revealed that the resistant material
significantly upregulated numerous defense-related genes during the early stress
stage, whereas the susceptible material showed extensive gene downregulation at
the late stage. This indicates that the difference between resistant and susceptible
genotypes is closely related to the speed, intensity, and stability of stress responses.

GO and KEGG enrichment analyses showed that differentially expressed
genes were significantly enriched in core defense pathways including plant—
pathogen interaction, MAPK signaling pathway, plant hormone signal transduction,
and phenylpropanoid biosynthesis, which were highly conserved under both biotic
stresses.

Expression analysis of the plant—pathogen interaction pathway and key genes
demonstrated that the resistant material rapidly activated the overall expression of
the pathway. Among them, RBOH showed specifically high expression in resistant

plants under both stresses, serving as a key broad-spectrum disease-resistance gene.
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PR1 and FLS2 exhibited stress-specific response patterns.

WGCNA identified 33 co-expression modules, among which ME17 and ME9
positively and negatively regulated broad-spectrum disease resistance, respectively,
while ME20 and MES participated in specific responses to Fusarium oxysporum and
root-knot nematode stresses, respectively.

The study further screened 30 core hub genes and revealed that transcription
factors such as DOF and ERF can form a multi-layered disease-resistance regulatory
network by targeting and regulating the promoter regions of hub genes. The
identified CmoDof-PMEI regulatory axis was verified to be highly reliable through
homologous gene comparison and literature evidence, representing a key regulatory
unit underlying the efficient defense system of the Rifu cultivar.

In summary, this study revealed the molecular mechanism by which pumpkin
achieves broad-spectrum disease resistance through rapid early activation of
immune pathways, specific high expression of key genes, and synergistic regulation
of multiple modules. These results provide valuable gene resources and a theoretical

basis for disease-resistance molecular breeding in Cucurbitaceae crops.
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CONCLUSIONS

In this study, different pumpkin hybrid combinations and their parents were
used as materials to systematically conduct phenotypic identification, physiological
response analysis, and transcriptomic regulatory mechanism dissection under
fusarium wilt and root-knot nematode stresses. The resistance differences, response
patterns, and defense mechanisms of pumpkin against two important soil-borne
diseases were comprehensively clarified from phenotypic, physiological, to
molecular levels. A number of excellent disease-resistant germplasms and core
functional genes were screened and obtained, which can provide theoretical basis
and gene resources for pumpkin disease-resistant rootstock breeding and green
prevention and control of soil-borne diseases in cucurbit crops. The main
conclusions are as follows:

1. Disease characteristics and growth-physiological response rules of
pumpkin under fusarium wilt and root-knot nematode stresses

After inoculation with fusarium wilt fungus, pumpkin plants showed a typical
disease process: at the early stage, seedlings were stunted, cotyledons were yellowed,
necrotic, shrunken, and dried; at the middle stage, true leaves lost green color and
turned yellow, the basal stem constricted and the epidermis cracked longitudinally,
white or pink mold layers developed under humid conditions, and brown stripes
appeared on stem nodes; at the late stage, severely diseased plants were fully
yellowed, wilted, and even collapsed and died, indicating that the pathogen used in

this study had strong pathogenicity and the inoculation system was stable and
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reliable. According to dynamic growth surveys, disease symptoms were most
obvious at 20 days after inoculation, which can be used as the key observation period
for resistance identification of pumpkin to fusarium wilt.

Analysis of growth and physiological indexes showed that stem diameter had
the smallest coefficient of variation under both fusarium wilt and root-knot
nematode stresses, was less affected by pathogen infection and remained stable, and
can be used as an important reference index for evaluating pumpkin growth stability
and rootstock performance. Indexes such as chlorophyll content and leaf number
were easily disturbed by stress and varied greatly. Under fusarium wilt stress, hybrid
combinations 360-3x487, Lingchuan C1x360-3, Hetou a2xLingchuan CI1, and
parents Xingtai-23, Renhe-1, 112-2, Yanbian-3 exhibited the best overall relative
growth, were less inhibited by pathogens, and showed strong disease tolerance.
Under root-knot nematode stress, hybrid combination Yanbian-4x041-1 and parents
Fangshan, 112-2 performed prominently in plant height, stem diameter and other
traits, suffered less damage from nematodes, and possessed strong stress resistance
and compensatory ability.

2. Comprehensive evaluation of pumpkin resistance to fusarium wilt and
root-knot nematode and screening of excellent resistant germplasms

Pumpkin materials were graded for fusarium wilt resistance based on disease
index. A total of 5 medium-resistant pumpkin hybrid combinations were screened:
Yanbian-3x360-3, Yanbian-2x041-1, 041-1xXingtai, 041-1xHetou a2, 360-3x487,
and 2 medium-resistant parents: Renhe-1 and Hetou a2. Among them, hybrid

combination 360-3x487 had a stem disease index of only 5.00, with extremely
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strong inhibition ability against the invasion and expansion of fusarium wilt
pathogen in roots, making it a highly valuable fusarium wilt-resistant material.

The results of root-knot nematode resistance identification showed that root-
knot index had the largest coefficient of variation and the strongest ability to
distinguish the nematode resistance level of pumpkin, and can be used as a core
index for rapid evaluation of nematode resistance. Comprehensive identification
combined with membership function method and cluster analysis showed that highly
root-knot nematode-resistant hybrid combinations were Yanbian-3x360-3, Yanbian-
2x041-1, Hetou a2x360-3, Hetou a2x112-2, 360-3x487; highly resistant parents
included Fangshan, 360-3, Xingtai-23, Hetou a2, etc., while Lingchuan C1 and 112-
2 were susceptible to root-knot nematode. Comprehensive phenotypic evaluation
showed that there was no direct correlation between plant growth vigor and disease
resistance, and systematic and objective resistance evaluation must be carried out by
combining multiple indexes such as disease index, root-knot index, and stem
incidence.

3. Specific responses of antioxidant system and root morphology to
different biological stresses

The antioxidant defense system of pumpkin against fusarium wilt and root-
knot nematode showed obvious stress specificity. Under fusarium wilt stress, CAT
played a dominant role in reactive oxygen species scavenging; Fangshan and Wan
95-24 efficiently degraded H2O- through high CAT activity and reduced membrane
lipid peroxidation damage. Under root-knot nematode stress, SOD and CAT were

jointly involved in antioxidant defense; Renhe-1 exhibited stronger cell membrane
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protection ability due to low MDA content and high SOD activity. MDA content can
be used as a stable physiological index for evaluating the stress resistance level of
pumpkin, which can directly reflect the degree of cell membrane damage and the
resistance level of materials.

In terms of root morphology, the response patterns of the two stresses were
significantly different. Root-knot nematode stress significantly induced the massive
occurrence of fine roots and root hairs. Pumpkin increased nutrient absorption
capacity and enhanced physical barrier by increasing absorption area and
constructing a denser root network, thereby reducing nematode damage. In contrast,
fusartum wilt pathogen mainly infected through the vascular bundle system, leading
to root lignification and functional decline, making it difficult for plants to achieve
compensatory growth through root proliferation. Such stress-specific root response
patterns reveal the adaptive strategies of pumpkin to different soil-borne diseases
and provide an important basis for screening morphological indexes of disease-
resistant rootstocks.

4. Molecular mechanism of transcriptional regulation in pumpkin in
response to fusarium wilt and root-knot nematode stresses

A total of 254.55 Gb high-quality clean data were obtained by transcriptome
sequencing, and 33,673 Unigenes were assembled, among which 28,977 were
functionally annotated. The data quality and annotation integrity were good,
providing reliable support for subsequent molecular analysis. Differential expression
analysis showed that resistant materials could rapidly and massively up-regulate

defense-related genes at the early stage of stress, while susceptible materials showed
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extensive down-regulation of genes at the later stage, indicating that the difference
in pumpkin disease resistance was essentially closely related to the initiation speed
of immune response, intensity of gene regulation, and expression stability.

GO and KEGG enrichment analysis showed that differentially expressed
genes were significantly enriched in core defense pathways such as plant—pathogen
interaction, MAPK signaling pathway, plant hormone signal transduction, and
phenylpropanoid biosynthesis, which were highly conserved under both biological
stresses, forming the core molecular basis of pumpkin resistance to soil-borne
diseases.

5. Key disease resistance genes and co-expression regulatory networks

The expression patterns of key genes showed that RBOH was specifically
highly expressed in resistant materials under both fusarium wilt and root-knot
nematode stresses, and was a core functional gene regulating reactive oxygen
species burst and participating in broad-spectrum disease resistance in pumpkin.
PRI and FLS2 showed obvious stress-specific responses and played important roles
in systemic acquired resistance and pathogen pattern recognition, respectively.

A total of 33 gene co-expression modules were identified by WGCNA, among
which ME17 module positively regulated broad-spectrum disease resistance, ME9
module negatively regulated disease resistance, and ME20 and MES5 modules
specifically responded to fusarium wilt and root-knot nematode stresses,
respectively. Thirty core hub genes were further screened, and it was confirmed that
transcription factor families such as DOF and ERF could form a multi-dimensional

and multi-level disease resistance regulatory network by targeting the promoter
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regions of hub genes. The CmoDof-PMEI (PR5/CmoCh08G006540) regulatory axis
identified in this study has high reliability and conservation verified by homologous
gene function comparison and literature evidence, and is a key regulatory unit for
the formation of an efficient defense system in Rifu-type resistant materials,

providing clear targets for subsequent functional verification.
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RECOMMENDATION

Based on transcriptome sequencing, differential expression analysis and
WGCNA co-expression network analysis, this study systematically elucidated the
molecular response mechanism of pumpkin to fusarium wilt and root-knot nematode
stresses, and screened a number of core pathways, key genes and transcriptional
regulatory axes closely related to disease resistance, which provided a solid
theoretical basis and gene resources for subsequent functional verification and
molecular breeding. Combined with the research results, in-depth research will be
focused on the following directions to further verify the functions of core genes,
clarify the disease resistance regulatory mechanisms, and promote the
transformation of research results from transcriptome analysis to functional
verification and application. The details are as follows:

1. Functional verification and expression characteristic analysis of core
genes

Priority will be given to systematic functional verification of the four screened
key core genes (RBOH, PRI, FLS2, PR5/CmoCh08G006540). qRT-PCR technology
will be used to further verify their expression patterns in resistant and susceptible
pumpkin materials, under different stress types (fusarium wilt, root-knot nematode)
and at different time points, so as to clarify their expression specificity and timeliness,
and make up for the limitations of indirect evidence from transcriptome sequencing.
Meanwhile, gene editing (CRISPR/Cas9), overexpression and RNAi silencing

technologies will be used to construct core gene knockout lines, overexpression lines
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and silencing lines. Through artificial inoculation stress experiments, changes in
plant disease resistance phenotypes (incidence rate, disease index, plant growth
vigor) and physiological indexes (reactive oxygen species content, PR protein
activity, etc.) will be observed to clarify the specific functions and action modes
(positive regulation / negative regulation) of each core gene in the disease resistance
process of pumpkin. The functions of RBOH as a key broad-spectrum disease
resistance gene and PR)5 as a unique disease resistance hub gene in Rifu will be
verified, and the core roles of FLS2 in pathogen recognition and PR/ in systemic
acquired resistance will be clarified, laying a foundation for the subsequent analysis
of molecular regulatory mechanisms.

2. In-depth analysis of the molecular mechanism of the core
transcriptional regulatory axis

Emphasis will be placed on analyzing the mechanism of the DOF—-PRS core
regulatory axis, focusing on the targeted regulatory relationship between DOF
family transcription factors (CmoCh03G007050, CmoChl6G001930, etc.) screened
in this study and PR5/CmoCh08G006540. Yeast one-hybrid (Y 1H), dual-luciferase
(LUC) assay and other technologies will be used to verify the binding specificity of
DOF transcription factors to the promoter region of the PR5 gene, clarify the
molecular mechanism by which DOF family transcription factors regulate its
expression by binding to the AAAG conserved motif in the PR5 promoter, elucidate
the specific action mode of the DOF-PR)5 regulatory axis in pumpkin disease
resistance, improve the multi-module synergistic regulatory network discovered in

this study, and enrich the molecular regulation theory of pumpkin disease resistance.



173

3. Supplement and improvement of disease resistance co-expression
networks

In this study, disease resistance-related gene co-expression networks have
been constructed via WGCNA, and key modules such as ME17, ME9, ME20 and
MES5 have been obtained. On this basis, further research can be expanded. On the
one hand, in-depth mining of potential hub genes not screened in each core co-
expression module will be carried out to verify their interaction with known core
genes (RBOH, PR3, etc.). On the other hand, the synergistic regulatory mechanisms
among modules such as ME17 (positive regulation of broad-spectrum disease
resistance), ME9 (negative regulation of disease resistance), ME20 (specific
response to fusarium wilt) and MES (specific response to root-knot nematode) will
be clarified, so as to gradually clarify the complete disease resistance pathway of
pumpkin through pathogen recognition, signal transduction and defense execution,
and systematically improve the molecular regulatory network of broad-spectrum
disease resistance in pumpkin.

4. Application expansion of core genes and molecular breeding practice

The industrial application of core disease resistance genes will be promoted.
The core disease resistance genes with clear functional verification (such as RBOH,
PR5) will be used as molecular markers in pumpkin disease resistance molecular
marker-assisted breeding, to quickly screen pumpkin germplasm resources with
strong disease resistance, cultivate new high-quality pumpkin varieties resistant to
fusarium wilt and root-knot nematode, shorten the breeding cycle and improve

breeding efficiency. At the same time, the homologous genes of core genes will be
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further explored to investigate their conservation and functional differences in other
cucurbit crops (watermelon, cucumber, summer squash), so as to realize the cross-
species utilization of disease resistance gene resources and provide broader gene
resources and new ideas for broad-spectrum disease resistance molecular breeding
of the whole cucurbit family.

5. Optimization of research methods and multi-omics combined analysis

In view of the deficiencies in this study, more biological replicates and stress
time points will be supplemented in the future to reduce experimental errors and
improve the reliability and repeatability of the results. At the same time, breaking
through the limitations of single transcriptome analysis, combined with multi-omics
technologies such as proteomics and metabolomics, the regulatory mechanisms and
metabolic pathways of core genes will be comprehensively analyzed from the
transcriptional, translational and metabolic levels, enriching the research content of
pumpkin disease resistance molecular biology, and providing new ideas and methods
for the study of soil-borne disease resistance in cucurbit crops.

In addition, resistance evaluation under combined stress of fusarium wilt and
root-knot nematode can be carried out in the future to construct a pumpkin disease
resistance identification system closer to production practice, screen broad-spectrum
resistant materials with both fusarium wilt resistance and root-knot nematode
resistance, further improve the practicability and application value of the research
results, and provide technical support for the green and sustainable development of

the pumpkin industry.
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APPENDICE

APPENDICES A.1

Growth Physiological Indices of Pumpkin Materials Combinations at 10 Days After Inoculation with Fusarium Wilt Fungus

Relative growth rate / %

Pumpkin Materials

Plant height(cm) Stem diameter(mm) Chlorophyll(SPAD) Number of leaves

Hetou a2 x041-1
Yanbian-3xLingchuan C1
Yanbian-3x360-3
Hetou a2 x360-3
Yanbian-4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2
Xingtaix487
Xingtaix041-1
Hetou a2 xLingchuan C1
Lingchuan C1x360-3
Lingchuan C1xXingtai
Hetou a2 x112-2
Zhangzhoux041
Renhe-1x360-3
Yanbian-4x360-3
360-3x487
Renhe-1xLingchuan C1

041-1

94.90+5.27ccdefg
96.19+3.31cdef
94.44+2 41defgh
85.62+4.60abcde
98.35+6.52bcdef
98.48+5.26bcdef
98.04+7.11bcdef
98.38+20.72abcdef
99.24+7.83abcdef
107.14+10.32abc
102.44+11.54abcde
111.40+13.07a
89.63+10.67fgh
90.37+7.78efgh
83.01+7.61ghi
88.15+11.04fgh
82.00+7.48hi
105.83+8.61abcd
103.33+6.83abed
105.56+7.86abcd
110.00+12.65ab
74.3145.54i
103.88+14.31abcd
75.51+£8.061

84.48+6.81fg

100.64+3.66bc

97.85+4.78bc

100.24+3.87bc

98.14+7.32bc

99.63+2.93bc

97.26+2.15bc

97.60+4.73bc

96.80+5.15bc

95.63+8.51bc

92.62+8.72cd

104.62+10.36b

104.40+1.73b

94.81+6.77¢c

99.96+5.30bc

94.40+6.49¢cd

93.46+4.77¢cd

94.96+6.82¢

94.66+7.60cd

102.03+3.94bc

97.53+£16.02bc

97.82+4.89bc

85.32+8.61d

121.7543.29a

100.56+8.89bc

94.3244.22¢

103.40+6.48bcde

101.16+3.66bcdef

104.99+2.65bcd

90.04+2.68bcdef

101.05+0.80bcdef

105.04+9.07bcd

100.63+5.42bcdef

98.06+6.05cdef

86.41+33.51f

94.87+3.27def

97.91+7.64cdef

102.78+10.58bcdef

92.69+7.89def

112.10£11.76abc

100.07+9.30bcdef

87.09+8.53ef

100.374£9.90bcdef

124.13+11.91a

115.04+8.38ab

101.64+13.33bcdef

95.2246.93def

95.48+5.78cdef

107.94£10.69abcd

100.86+14.63bcdef

95.2745.63de

116.67+28.87ab

116.67+28.87ab

116.67+28.87ab

93.33+11.55bcde

100.00+0.00bcde

100.00£0.00bcde

111.11£19.25abc

120.00+0.00a

100.00+0.00bcde

88.89+17.21def

120.00+25.30a

105.56+13.61abcd

90.48+11.66de

100.00£0.00bcde

94.44+13.61cde

90.48+11.66de

70.83+10.21F

70.83+18.82f

83.33£12.91ef

106.67+20.66abcd

113.33+16.33abc

70.83+10.21F

111.11+17.21abc

85.71+0.00ef

79.17£10.21e
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112-2 96.00+6.33d 104.71+4.59a 104.75+14.48a 100.00-£0.00cd
360-3 93.06+8.19¢ef 93.50+5.97¢ 103.39+15.58bcd 91.67+12.91d
487 114.29+6.02c 95.79+4.72de 85.71+10.56e 100.00+£0.00cd
Renhe-1 123.96+15.52b 115.18+£3.96a 100.93+7.52bcd 155.56+£27.22a
Hetou a2 99.12+6.15de 104.93+7.84bc 106.29+11.71bc 104.17+10.21cd
Yanbian-3 99.36+12.5de 111.02+7.90ab 124.03+£14.65a 125.00+0.00b
Xingtai-23 155.56+14.34a 102.34+7.68¢ 95.83+8.07cde 108.33+12.91¢
Lingchuan C1 76.39+£11.08g 102.97+11.20c 93.59+11.06de 100.00+15.81cd
Fangshan 83.33+0.00g 104.85+0.00bc 93.83+0.00de 100.00-£0.00cd
Wan 95-24 96.00+0.00de 106.41+0.00bc 107.35+0.00b 133.33+0.00b
Daziwang-24 100.00+0.00de 101.56+0.00cd 100.58+0.00bcd 100.00-£0.00cd
APPENDICES A.2

Growth Physiological Indices of Pumpkin Materials Combinations at 20 Days After Inoculation with Fusarium Wilt Fungus

Pumpkin Materials

Relative growth rate / %

Plant height(cm)

Stem diameter(mm)

Chlorophyll(SPAD)

Number of leaves

Hetou a2 x041-1
Yanbian-3xLingchuan C1
Yanbian-3x360-3
Hetou a2 x360-3
Yanbian-4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2

Xingtaix487

97.48+2.18ef
91.11+4.25fg
98.6142.41ef
85.62+4.60gh
96.96+2.64ef
97.58+5.74ef
92.6242.63fg
117.89+8.95bc
112.59+8.74cd
115.94+13.38cd
105.80+5.94de
127.93+12.64ab
91.16+15.20fg

84.85+8.50gh

95.7343.65defgh

94.10+5.37efghi

100.31£7.03abcdef

98.14+7.32bcdefg

93.36+3.79efghi

99.90+5.91abcdefg

96.8943.2cdefgh
92.51£3.39fghi
90.06+8.94¢ghi
103.3£3.42abcde

106.61+8.28abc

101.83+6.90abcdef

95.2148.51defgh

108.66+9.07a

100.37+2.67bc

90.94+2.10bcde

102.04+5.15b

90.04+2.68bcde

97.5445.88bcd

100.22+10.04bc

99.71+£2.25bc

90.06+8.71bcde

83.62+11.45¢ef

88.09+6.98cde

92.51+6.54bcde

92.77+4.28bcde

90.62+13.74bcde

97.84+9.26bcd

94.44+9.62bcdef

88.89+19.25def

101.11£18.36bed

93.33+11.55cdef

100.00+0.00bcde

100.00£0.00bcde

93.33+11.55cdef

84.85+9.39¢f

103.33+15.06abcd

93.94+7.42bcdef

103.70+11.48abcd

100.00+£12.65bcde

90.91+11.50cdef

90.91+11.50cdef



Xingtaix041-1
Hetou a2 xLingchuan C1
Lingchuan C1x360-3
Lingchuan C1xXingtai
Hetou a2 x112-2
Zhangzhoux041
Renhe-1x360-3
Yanbian-4x360-3
360-3x487
Renhe-1xLingchuan C1
041-1
112-2
360-3
487
Renhe-1
Hetou a2
Yanbian-3
Xingtai-23
Lingchuan C1
Fangshan
Wan 95-24

Daziwang-24

91.53+7.071g
92.16+10.45fg
75.13£8.67h
78.57+£7.4%h
111.32+5.72cd
130.83+10.21a
113.04+15.31cd
93.94+7.96fg
131.2949.10a
92.73+10.97fg
98.33+3.50d
96.00+11.06cd
98.21+7.05d
95.37+8.18d
142.42+13.69a
102.56+15.13cd
78.17+6.80¢
127.38+10.51b
58.80+7.74f
0+0g
118.75+0.00b

107.14+0.00c

107.37+7.56ab
100.06+11.79abcdefg
104.80+6.34abcd
86.93+8.69hij
92.95+11.94fghi
98.83+11.97abcdefg
89.98+5.73ghi
79.18+7.68j
107.124+4.35ab
84.96+8.66ij
99.86+6.68cd
104.7145.34a
94.14+14.10def
89.3442.62fg
92.23+4.75¢efg
78.47+4.35h
104.63+6.80bc
87.00+11.58¢
98.10+6.70cde
0£0i
109.09+0.00b

95.08+0.00def

96.94+12.6bcd

90.47+11.72bcde

123.39+18.11a

87.51+6.04cdef

74.56+2.35¢

93.96+11.28bcde

85.05+7.47def

93.42+16.29bcde

91.80+7.46bcde

96.95+10.62bcd

104.71+£6.58ab

104.75+10.70abc

82.13+6.93de

90.64+11.13cd

73.02+32.41e

106.29+13.62a

101.46+11.33abc

81.80+8.47de

82.60+5.88de

0+0f

107.89+0.00a

92.25+0.00bcd
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90.91+0.00cdef
118.52+11.48a
106.67+10.33abc
91.6749.13cdef
91.67+9.13cdef
100.00+12.65bcde
110.00+16.73ab
81.82+9.96f
106.06+13.69abc
91.6749.13cdef
86.67+10.33de
100.00+8.16¢cd
96.67+15.06¢cd
90.48+7.38cde
123.33+15.06b
96.67+15.06¢cd
141.67+12.91a
83.33+0.00e
100.00+17.89¢
0+0f
125.00+0.00b

125.00+0.00b

APPENDICES A.3

Growth Physiological Indices of Pumpkin Materials Combinations at 30 Days After Inoculation with Fusarium Wilt Fungus

Pumpkin Materials

Relative growth rate / %

Plant height(cm)

Stem diameter(mm)

Chlorophyll(SPAD)

Number of leaves

Hetou a2 x041-1
Yanbian-3xLingchuan C1

Yanbian-3x360-3

89.78+2.75¢ef

86.91+1.86ef

92.15+3.77def

91.78+1.85defg
90.55+1.12fg

96.55+1.04bcdefg

95.65+2.40bcd

93.84+3.48bcde

101.61£12.95bc

91.07+7.78bcde

94.44+9.62bcd

106.67+11.55ab



Hetou a2 x360-3
Yanbian-4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2
Xingtaix487
Xingtaix041-1
Hetou a2 xLingchuan C1
Lingchuan C1x360-3
Lingchuan C1xXingtai
Hetou a2 x112-2
Zhangzhoux041
Renhe-1%360-3
Yanbian-4x360-3
360-3x487
Renhe-1xLingchuan C1
041-1
112-2
360-3
487
Renhe-1
Hetou a2
Yanbian-3
Xingtai-23

Lingchuan C1

91.27+4.31def

90.02+9.64¢ef

92.09+3.65def

88.63+6.96ef

84.57+6.38f

85.48+8.35f

116.98+11.93b

86.89+9.89ef

102.26+9.92cd

95.24+9.63def

92.59+10.51def

111.67£10.90bc

91.23+11.53def

85.71+£5.68f

87.78+9.81ef

143.26+16.74a

88.71+10.94ef

116.98+6.31b

88.89+10.04ef

97.85+14.38de

110.06+8.74bc

89.78+2.75ef

86.91+1.86ef

92.1543.77def

91.27+4.31def

90.02+9.64ef

92.09+3.65def

88.63+6.96ef

84.57+6.38f

85.48+8.35F

93.78+1.30cdefg
93.10+2.23defg
93.90+0.22cdefg
87.12+0.65gh
88.05£6.26gh
90.76+10.84efg
96.16+9.84bcdefg
102.69+7.96abc
105.5+7.34ab
98.67+9.31bcdef
103.93+7.28ab
111.38+9.77a
111.18+7.77a
111.54+8.98a
80.26+7.83h
91.99+6.68defg
98.18+7.23bcdef
92.15+8.06defg
80.25+8.52h
100.94+5.84bcd
100.16£9.51bcde
91.78+1.85defg
90.55+1.12fg
96.5541.04bcdefg
93.78+1.30cdefg
93.1042.23defg
93.90+0.22cdefg
87.12+0.65gh
88.05£6.26gh

90.76+10.84efg

94.13+15.26bcde

89.57+2.63cde

102.88+17.00bc

96.99+16.03bcd

94.06+11.34bcde

104.63+£13.93bc

99.22+16.81bcd

101.34+12.86bc

99.82+2.12bcd

88.51+18.45¢cde

93.29+17.36bcde

100.28+11.02bcd

78.37+7.72¢

155.05+26.68a

88.15+10.83cde

91.88+11.31bcde

107.30+11.09b

88.53+11.76¢cde

83.85+13.71de

98.72+11.71bcd

90.79+8.92bcde

95.65+2.40bcd

93.84+3.48bcde

101.61£12.95bc

94.13+15.26bcde

89.57+2.63cde

102.88+17.00bc

96.994+16.03bcd

94.06£11.34bcde

104.63+£13.93bc
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100.00+0.00abcd
90.48+16.50cde
101.11+18.36abed
94.4449.62bcd
86.11+6.80def
91.6749.13bcd
106.06+13.69abc
100.00+9.96abed
97.44+7 94abed
103.03+9.39abc
97.22+6.80abcd
100.00+9.96abed
112.12+13.69a
102.78+12.55abc
75.56+10.89¢f
105.13+6.28abc
86.11£6.80def
94.87+11.58bcd
73.81+5.83f
100425.28abed
105.56+13.61abc
91.07+7.78bcde
94.4449.62bcd
106.67+11.55ab
100.00+0.00abcd
90.48+16.50cde
101.11+18.36abcd
94.4449.62bcd
86.11+6.80def

91.67+9.13bcd
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Fangshan 116.98+11.93b 96.16+9.84bcdefg 99.22:+16.81bed 106.06+13.69abc
Wan 95-24 86.89:9.89¢f 102.69+7.96abc 101.34+12.86bc 100.00+9.96abed
Daziwang-24 102.26+9.92cd 105.5+7.34ab 99.82+2.12bcd 97.447.94abed
APPENDICES A.4

Disease Index and Disease Resistance Grade of Pumpkin Materials at 30 Days After Inoculation with Fusarium Wilt Fungus

The number of the disease Number Total
Resist disease
incidence about different level of Number Disease Index
Pumpkin Materials level
(leaf/stem) Diseased of
0 1 2 3 4 5 Plants Plants leaf/stem leaf/stem
Hetou a2 x041-1 0 o o0 1 12 47 60 60 95.33+8.08a HS
Yanbian-3xLingchuan C1 0 0 0 29 31 0 60 60 87.92+8.04a HS
Yanbian-3x360-3 0 0 0 5 41 14 60 60 83.00+4.58b HS
Hetou a2 x360-3 0 17 9 28 6 O 60 60 59.58+4.73¢ S
Yanbian-4xLingchuan C1 0 0 32 18 10 O 60 60 52.67+1.53¢ MR
Yanbian-2x041-1 0 34 22 3 1 0 60 60 37.92+£1.91d MR
360-3x041-1 0 0 0 4 42 14 60 60 83.33+6.35b S
Renhe-1x041-1 0 4 12 25 19 0 60 60 74.58+16.27ab S
041-1xXingtai 0 0 0 0 60 O 60 60 80.00+0.00b S
Yanbian-4x041-1 0 4 23 32 1 0 60 60 62.92+4.73bc S
XingtaixLingchuan C1 0 0o 25 27 7 1 60 60 54.67+0.58¢ MR
XingtaixYanbian-4 0 34 9 10 7 O 60 60 45.83+8.32d MR
041-1xHetou a2 0 0 0 10 32 18 60 60 82.67+2.89b S
Xingtaix487 0 8 9 35 8 0 60 60 67.9246.17bc S
Xingtaix041-1 0 0 12 47 1 0 60 60 56.33+6.35fgh S
Hetou a2 xLingchuan C1 0 26 13 21 0 O 60 60 47.92421.45defg MR
Lingchuan C1x360-3 0 0 34 26 0 0 60 60 48.67+5.6%h MR
Lingchuan C1xXingtai 0 0 53 7 0 0 60 60 52.92+45.05cdef MR
Hetou a2 x112-2 0 0 33 25 2 0 60 60 49.67+4.04h MR
Zhangzhoux041 0 6 14 40 0 O 60 60 64.17+18.76bcd S
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Renhe-1x360-3
Yanbian-4x360-3
360-3x487
Renhe-1xLingchuan C1
041-1
112-2
360-3
487
Renhe-1
Hetou a2
Yanbian-3
Xingtai-23
Lingchuan C1

Fangshan

Wan 95-24

Hetou a2 x041-1
Yanbian-3xLingchuan C1
Yanbian-3x360-3
Hetou a2 x360-3
Yanbian-4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2

Xingtaix487

53

40

26

60

20

13

12

40

26

40

60

20

12

26

19

12

20

34

14

34

21

20

12

40

20

21

20

48

60

26

20

54

48

26

54

13

40

20

54

54

21

54

35

34

40

34

13

33

21

13

20

26

27

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

56.00+3.46fgh
28.334+5.77hi
60.00+0.00fefg
33.3348.78¢ghi
48.674+4.62h
47.50+10.90defg
58.00£3.46fgh
25.00+0.00i
56.00+3.46fgh
52.50+25.37cdef
58.00+3.46fgh
50.00£7.50defg
71.33£19.63cd
59.17+8.87bcde
62.00+3.46defg
35.8349.46fghi
62.00+3.46defg
47.92+14.05defg
58.00+3.46fgh
33.3348.78ghi
60.33+6.03efg
25.00+0.00i
64.67+10.07def
41.67+14.43fghi
53.33+7.02gh
5.00+4.33j
68.67+4.62de
44.58+5.91efgh
69.00+3.46bc

50.83+0.72¢

MR

MR

MR

MR

MR

MR

MR

MR

HR

MR

MR



181

Xingtaix041-1 0 0 0 46 14 0 60 60 64.67+4.04cd S
Hetou a2 xLingchuan C1 0 0 7 53 0 0 60 60 72.08+5.05b S
Lingchuan C1%360-3 0 0 0 46 14 0 60 60 64.67+4.04cd S
Lingchuan C1xXingtai 0 14 33 13 0 O 60 60 49.58+14.43c MR
Hetou a2 x112-2 0 0 0 60 0 O 60 60 60.00=0.00d S
Zhangzhoux041 0 33 27 0 0 O 60 60 36.25+4.33d MR
Renhe-1x360-3 0 0 46 14 0 O 60 60 44.67+4.04f MR
Yanbian-4x360-3 0 14 32 13 0 O 60 60 48.7549.01¢c MR
360-3x487 0 0 26 34 0 0 60 60 51.33£7.51e MR
Renhe-1xLingchuan C1 0 40 20 0 0 O 60 60 33.33+8.13de R
041-1 0 0 0 60 0 O 60 60 60.00+0.00d S
112-2 0 33 27 0 0 O 60 60 36.25+4.33d MR
360-3 0 0 0 27 33 0 60 60 71.00+3.46b S
487 0 27 3 0 0 O 60 60 38.75+4.33d MR
Renhe-1 0 0 0 46 14 0 60 60 64.67+4.04cd S
Hetou a2 0 0 7 5 0 0 60 60 72.08+5.05b S
Yanbian-3 0 0 0 0 0 60 60 60 100.00+0.00a HS
Xingtai-23 0 0 0 0 60 O 60 60 100.00+0.00a HS
Lingchuan C1 0 0 0 60 0 O 60 60 60.00+0.00d S
Fangshan 0 60 0 O 0 O 60 60 25.00+0.00e R
Wan 95-24 0 0 0 60 0 O 60 60 60.00+0.00d S
Daziwang-24 0 0 0 60 0 O 60 60 75.00+0.00b S

Appendix A1-A4: Growth and Physiological Responses and Disease Resistance
Identification of Pumpkin Hybrid Combinations and Parental Lines After Infection
by Fusarium Wilt Pathogen

Note: Different lowercase letters in the same column show significant difference

(P<0.05).



APPENDICES B.1

Effects of Root-Knot Nematode Infection on Growth Indicators of Pumpkin Materials

Relative growth rate / %

Pumpkin Materials Stem
Plant height(cm) Chlorophyll(SPAD) Root Fresh Weight
diameter(mm)
Hetou a2 x041-1 81.95+0.59f 84.6+0.57¢ 87.54+1.71a 85.36+0.47gh
Yanbian-3xLingchuan C1 91.51+1.17bedef 90.78+1.64abc 89.64+2.28a 91.01+0.84efgh
Yanbian-3x360-3 96.74+0.73bcdef 97.52+0.74abc 98.71+0.86a 98.56+0.67defg
Hetou a2 x360-3 93.65+1.17bcdef 94.57+0.48abc 95.11£1.97a 92.32+1.62defgh
Yanbian-4xLingchuan C1 90.97+0.38cdef 90.73+1.65abc 92.03+1.47a 92.16+0.55defgh
Yanbian-2x041-1 96.68+0.73bcdef 97.18+0.66abc 98.18+0.43a 97.01+0.29defg
360-3x041-1 84.90+3.91ef 86.95+1.61bc 86.00+3.57a 86.07+0.72fgh
Renhe-1x041-1 94.4349.66bcdef 106.41+17.38a 93.79+7.22a 108.04+8.99cd

041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2
Xingtaix487
Xingtaix041-1
Hetou a2 xLingchuan C1
Lingchuan C1x360-3
Lingchuan C1xXingtai
Hetou a2 x112-2
Zhangzhoux041
Renhe-1%360-3
Yanbian-4x360-3
360-3x487
Renhe-1xLingchuan C1

041-1

110.88+1.56abcd

129.52+16.76a

82.39+12.05f

102.13£10.03bcdef

89.59+10.97def

102.11+22.82bcdef

127.79+13.69a

113.12423.71ab

84.39+14.92¢f

91.95+14 9bcdef

92.09+23.88bcdef

112.33+12.50abc

87.44+17.55¢

105.83+7.14bcde

88.20+10.68ef

84.95+3.72ef

111.11+6.23de

96.13+8.34abc

105.52+20.90a

94.02+1.17abc

96.42+3.99abc

98.73+2.50abc

101.03+5.57abce

99.90+3.25abc

96.34+2.23abc

101.05+3.52abc

103.3+2.05ab

90.04+5.22abc

95.65+13.33abc

98.61+1.40abc

93.60+9.90abc

90.32+2.68abc

96.62+3.78abc

106.88+5.54ab

87.36+19.62a

102.8+7.95a

87.73+7.96a

93.02+13.86a

99.90+18.10a

96.48+14.01a

95.77x16.61a

102.00£6.60a

99.03+7.406a

86.68+19.87a

100.04+7.16a

101.78+13.52a

93.57423.91a

93.88+29.88a

84.45+8.49a

112.46+4.36a

46.59+12.95¢

126.13+16.51b
126.90+23.32b
150.37+18.56a
98.5548.00defg
118.46+13.61bc
105.56+7.02cde
76.53+15.88h
101.76+7.30def
96.87+13.68defg
102.79+7.27¢cde
104.62+0.87cde
103.36+5.59¢cde
104.42+13.77cde
96.35+10.50defg
99.65+5.17defg
100.05+0.68defg

120.93+37.49¢
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112-2 93.59+23.98fg 116.16+10.65a 63.81+13.02bcd 306.39+£31.73a
360-3 98.1£13.11ef 88.41+10.32d 54.92+13.79cde 85.8+12.09f
487 81.19+11.43gh 96.71+3.62cd 50.4+8.99de 186.44+13.69d
Renhe-1 123.85+7.97cd 92.84+7.31d 39.54+8.72¢ 57.72+15.08h
Hetou a2 83.33+10.5gh 106.74+12.36b 72.07+19.96b 63.25+13.69gh
Yanbian-3 135.63+16.12¢ 102.55+12.3bc 74.33+25.33b 120.9+£15.77¢
Xingtai-23 78.32420.45h 89.724+10.03d 78.36+25.14b 71.77+10.05fgh
Lingchuan C1 123.98+21.1cd 103.31£10.84bc 67.53£19.59bc¢ 186.36+36.59d
Fangshan 238.46+0a 111.07+0ab 136.61+0a 82.11+0fg
Wan 95-24 120+0d 106.19+0b 63.95+0bcd 211.63+0c
Daziwang-24 200+0b 108.05+0ab 143.08+0a 234.85+0b
APPENDICES B.2

Effects of Root-Knot Nematode Infection on Growth Indicators of Pumpkin Materials

Pumpkin Materials

Gall Index

Egg Index

Reproduction Factor

Disease Inde

Hetou a2 x041-1
Yanbian-3xLingchuan C1
Yanbian-3x360-3
Hetou a2 x360-3
Yanbian-4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchuan C1
XingtaixYanbian-4
041-1xHetou a2
Xingtaix487

Xingtaix041-1

21.87+1.81cde

15.74+1.59¢cde

3.72+0.57¢

9.77+£2.30cde

14.47+1.73cde

5.50+0.60de

20.92+2.37cde

29.97+1.35bc

12.59+1.96¢cde

15.53+2.63cde

14.27+3.86¢cde

20.30+1.44ab

12.28+5.97cde

12.45+4.53cde

23.72+8.78ab

4417.15+114.85¢
3068.37+34.81cde
741.55+28.62h
1914.15+102.32fg
2900.704+205.07¢ef

1091.02+97.07gh

4340.58+245.13cd

3068.86+179.84cde

2263.80+401.07ef

2475.184+637.46de

2123.89+228.40ef

3144.384+473.71ab

1765.77+331.90ef

1980.99+170.81cde

4102.65+1606.51a

7.54+0.22a
5.58+0.05de
1.46+0.07i
3.530.15¢
5.35+0.35¢
2.1240.19h
7.4740.40a
6.62+0.53b
5.63+0.37de
6.09+0.51bcd
6.35+0.60bc
6.15+0.41bcd
4.12+0.26fg
4.18+0.44f

5.94+0.89cde

56.33+1.53d
46.67+1.15f
19.0041.00j
26.67+1.15i
42.0041.00g
19.670.58]
51.33+0.58¢
76.332.52a
66.3344.04b
68.33%1.53b
75.33+1.53a
76.00+3.46a
60.3320.58¢
57.00+3.00cd

66.3343.51b



Hetou a2 xLingchuan C1
Lingchuan C1x360-3

Lingchuan C1xXingtai

Hetou a2 x112-2
Zhangzhoux041

Renhe-1x360-3

Yanbian-4x360-3

360-3x487

Renhe-1xLingchuan C1

041-1
112-2
360-3
487
Renhe-1
Hetou a2
Yanbian-3
Xingtai-23
Lingchuan C1
Fangshan
Wan 95-24

Daziwang-24

10.50+2.11cde
22.54+1.91bcd
19.28+3.24cde
6.69+0.93de
18.12+14.62a
11.64+6.00cde
14.14+4.16¢cde
5.66+2.76de
14.66+5.67cde
0.65+0.18b
0.65+0.18b
0.17+0.12¢
0.38+0.09def
0.40+0.20cde
0.25+0.31defg
0.44+0.07cd
0.22+0.10efg
1.02+0.40a
0.20+0.00fg
0.71£0.00b

0.58+0.00bc

2120.74+365.67¢f

2299.19+525.62de

2134.73+365.30def

597.37+84.82h

1998.82+170.89b

1955.51+218.45¢ef

2330.06+407.32ef

706.05+94.31h

2081.68+141.14ef

118.62+33.21b

118.94+34.88b

32.57+22.56f

70.48+16.84cde

71.73+31.19¢cd

47.64+57.85def

76.18+13.53cd

41.06+18.24def

186.91+£72.65a

36.24+0.00ef

132.53+0.00b

103.10+0.00bc

4.28+0.44f
4.36+0.36f
4.37+£0.61f
1.25+0.18i
4.12+0.16fg
4.07+0.54fg
4.44£0.40f
1.400.14i
4.17+0.31f
2.42+0.48¢cd
5.20%1.12b
0.8120.55¢
1.53+0.29de
1.30+0.66de
0.8140.91¢
2.43+0.24cd
0.79+0.35¢
10.18+2.06a
0.73+0.00¢
4.82+0.00b

3.20+0.00c
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55.33+3.51d
58.33+3.06¢cd
56.334+2.89d
33.00+1.00h
57.33+1.53cd
56.33+1.53d
56.67+3.79cd
33.33+3.7%h
58.00+5.20cd
46.67+6.67c
64.44+3.85a
22.22+7.70e
35.56+7.7cd
22.22+10.18¢
20.00£13.33¢
35.56+7.70cd
26.67+6.67de
62.22+3.85b
20.00+0.00e
40.00-+0.00bc

40.00-0.00bc

APPENDICES B.3

Effects of Root-Knot Nematode on Growth and Membership Function Values of Resistance Indexes in Pumpkin Hybrid

Combinations
Plant Stem Root Gall Egg
Chlorophyl Reproductio  Diseas
Pumpkin Hybrid  heigh  diamete Fresh  Inde Inde Total Rank
1 n Factor e Inde

t r Weigh X X
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Hetou a2 x041-1
Yanbian-
3xLingchuan C1
Yanbian-3x360-3
Hetou a2 x360-3
Yanbian-
4xLingchuan C1
Yanbian-2x041-1
360-3x041-1
Renhe-1x041-1
041-1xXingtai
Yanbian-4x041-1
XingtaixLingchua
nCl
XingtaixYanbian-4
041-1xHetou a2
Xingtaix487
Xingtaix041-1
Hetou a2
xLingchuan C1
Lingchuan
C1x360-3
Lingchuan
C1xXingtai
Hetou a2 x112-2
Zhangzhoux041
Renhe-1x360-3
Yanbian-4x360-3

360-3%x487

0.61

0.78

1.03

0.93

0.69

1.00

0.62

0.14

0.10

0.15

0.01

0.07

0.00

0.08

0.13

0.18

0.04

0.01

0.07

0.13

0.08

0.14

0.16

0.58

0.65

1.00

0.64

0.55

0.93

0.45

0.21

0.17

0.40

0.20

0.19

0.14

0.31

0.24

0.20

0.21

0.27

0.00

0.06

0.11

0.22

0.40

0.05

0.00

0.60

0.13

0.05

0.25

0.00

0.65

0.42

0.75

0.36

0.49

0.58

0.67

0.67

0.90

0.79

0.48

0.80

0.93

0.69

0.61

0.59

0.86

0.77

0.51

0.65

0.77

0.57

0.87

0.86

0.84

0.90

1.00

0.19

0.56

0.49

0.11

0.62

0.58

0.55

0.93

0.00

0.54

0.68

0.50

0.92

0.94

1.00

0.97

0.94

0.99

0.92

0.00

0.60

0.50

0.54

0.33

0.61

0.60

0.21

0.67

0.26

0.37

0.80

0.41

0.63

0.54

0.84

0.88

0.91

1.00

0.95

0.92

0.98

0.88

0.26

0.47

0.41

0.50

0.24

0.60

0.54

0.00

0.50

0.46

0.50

0.89

0.54

0.55

0.45

0.86

0.00

0.31

0.97

0.64

0.35

0.86

0.01

0.15

0.30

0.23

0.19

0.22

0.54

0.53

0.25

0.52

0.51

0.50

1.00

0.54

0.55

0.49

0.98

0.35

0.52

1.00

0.87

0.60

0.99

0.44

0.00

0.17

0.14

0.02

0.01

0.28

0.34

0.17

0.37

0.31

0.35

0.76

0.33

0.35

0.34

0.75

4.25

4.88

7.10

5.77

4.87

6.58

4.19

2.26

3.08

3.49

2.83

1.74

3.31

3.56

1.79

3.95

3.16

3.04

5.25

2.94

3.51

3.48

5.07

22

18

14

21

24

16

12

23

10

17

19

20

13

15
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Renhe-
0.06 0.36 1.00 0.56 0.53  0.51 0.54 0.32 3.88 11
IxLingchuan C1

APPENDICES B.4

Effects of Root-Knot Nematode on Growth and Membership Function Values of Resistance Indexes in Pumpkin Parents

Root
Plant Stem Gall Egg Reproduction Disease
Pumpkin Parents Chlorophyll ~ Fresh Total Rank
height diameter Index Index Factor Inde
Weight

041-1 0.40 0.61 0.20 0.08 043 044 0.82 0.40 3.38 9
112-2 0.13 0.30 0.40 0.67 043 044 0.53 0.00 2.90 11
360-3 0.40 0.53 0.49 0.15 1.00  1.00 0.99 0.95 5.51 2
487 0.59 0.05 0.32 0.09 0.75 0.75 0.92 0.65 4.11 8
{=F0-1 0.45 0.43 0.00 0.00 073 0.75 0.94 0.95 4.24 7
Tk a2 0.07 0.90 0.34 0.01 090  0.90 0.99 1.00 5.11 4
hia-3 0.00 1.00 0.16 0.35 0.69 0.72 0.82 0.65 4.39 6
M&-23 1.00 0.00 0.42 0.01 094 094 0.99 0.85 5.16 3
&)1l C1 0.43 0.37 0.16 1.00 0.00  0.00 0.00 0.05 2.02 12
J7ih 0.74 0.90 0.42 0.04 097  0.98 1.00 1.00 6.04 1
Bt 95-24 0.20 0.64 0.01 0.46 036 0.35 0.57 0.55 3.14 10
KHIFHE-24 0.28 0.72 1.00 0.32 052  0.54 0.74 0.55 4.67 5

Appendix B1-B4: Growth Responses and Comprehensive Resistance Evaluation of
Pumpkin Rootstock Hybrid Combinations and Parental Lines Under Root-Knot
Nematode Infection

Note: Different lowercase letters in the same column show significant difference

(P<0.05).
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APPENDICES C

ID and Functional Annotation of 30 Core Hub Genes

Gene ID Module kME_Value NR_annotation
CmoCh20G004420 ME17 0.938604 triosephosphate isomerase, cytosolic-like [Cucurbita moschata]
CmoCh20G011790 ME17 0.931598 thioredoxin-like protein YLS8 [Cucumis sativus]
CmoCh12G008560 ME17 0.915295 F-box protein SKIP1-like [Cucurbita moschata]
CmoCh02G005650 MEL17 091377 probable calcium-binding protein CML20 [Cucurbita moschata]
CmoCh02G013370 ME17 0.906355 putative axial regulator YABBY 2 isoform X1 [Cucurbita moschata]
protein ASPARTIC PROTEASE IN GUARD CELL 1-like [Cucurbita
CmoCh01G013700 ME20 0.94177
moschata]
CmoCh15G014290 ME20 0.939067 peroxidase 2-like [Cucurbita moschata]
CmoCh19G010650 ME20 0.933837 uncharacterized protein LOC111454865 [Cucurbita moschata]
CmoCh19G007930 ME20 0.929501 expansin-like A2 [Cucurbita moschata]
CmoCh06G001350 ME20 0.927398 hypothetical protein Csa_010510 [Cucumis sativus]
CmoCh01G015120 ME23 0.943313 phosphoenolpyruvate carboxykinase (ATP) [Cucurbita moschata]
CmoCh01G003210 ME23 0.927164 UDP-glucuronic acid decarboxylase 2-like [Cucurbita moschata]
CmoCh14G020350 ME23 0.922485 uncharacterized protein LOC111432091 [Cucurbita moschata]
CmoCh14G013030 ME23 0.921032 PRAI family protein F3-like [Cucurbita moschata]
CmoCh06G014030 ME23 0.921003 folate-biopterin transporter 1, chloroplastic-like [Cucurbita moschata]
CmoCh18G000410 ME26 0.940643 reticulon-like protein B9 [Cucurbita moschata]
CmoCh06G014460 ME26 0.938414 uncharacterized protein LOC111456543 [Cucurbita moschata]
inactive protein RESTRICTED TEV MOVEMENT 2-like [Cucurbita
CmoCh11G007950 ME26 0.927772
moschata)]
CmoCh12G008210 ME26 0.923401 uncharacterized protein At1g08160 [Cucurbita moschata]
CmoCh04G010140 ME26 0.922918 early nodulin-like protein 3 [Cucurbita moschata]
CmoCh11G004390 MES 0.967458 heptahelical transmembrane protein 2 [Cucurbita moschata]
mannose-1-phosphate guanyltransferase alpha-B-like [Cucurbita
CmoCh10G001630 MES 0.965469
moschata]
CmoCh03G007050 ME5 0.954519 thaumatin-like protein 1 isoform X1 [Cucurbita moschata]



CmoCh07G007090

CmoCh08G006540

CmoCh13G007330

CmoCh13G003480
NewGene 2423
NewGene 1791

CmoCh01G000940

MES5

ME5

ME9

ME9

ME9

ME9

ME9

0.949113

0.948153

0.972324

0.955749

0.954696

0.954034

0.953286
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floral homeotic protein APETALA 2-like isoform X1 [Cucurbita
moschata)]

uncharacterized protein LOC111464187 [Cucurbita moschata]

large ribosomal RNA subunit accumulation protein YCED homolog 1,
chloroplastic-like [Cucurbita moschata]

ras-related protein RABB1c-like [Cucurbita moschata]

NA

NA

protein IQ-DOMAIN 14-like isoform X1 [Cucurbita moschata]

Note: This table contains the complete information of the 30 core hub genes screened by WGCNA

analysis in this study, including gene module affiliation, connectivity, and functional annotation.

The complete data file is available in the supplementary materials of the paper:

Supplementary Table S1 30 Hubs Annotation.csv



APPENDICES D

Full Table of TF-Gene Regulatory Relationships in Rifu and Rimu

TF Gene 1 Target Hub Distance FIMO Pv. =~ WGCN Regul
TF_Family matched sequence
D _ID _to TSS alue A Cor ation
CmoCh01G CmoCh03G Negati GACGGCGGAGG
ERF9 -586 1.43E-09 -0.62173
003210 007050 ve CGGCGGTG
CmoCh01G CmoCh03G Negati GACGGCGGAGG
ERF9 -586 1.43E-09 -0.7451
015120 007050 ve CGGCGGTG
CmoCh01G CmoCh03G Negati TCACCGCCGCCT
SI-ERF _C 6 -586 3.94E-09 -0.62173
003210 007050 ve CCGCCGTC
CmoCh01G CmoCh03G Negati TCACCGCCGCCT
SI-ERF _C 6 -586 3.94E-09 -0.7451
015120 007050 ve CCGCCGTC
CmoCh01G GLYMA- CmoCh03G Negati GACGGCGGAGG
-586 5.83E-09 -0.62173
003210 12G117000 007050 ve CGGCGG
CmoCh01G GLYMA- CmoCh03G Negati GACGGCGGAGG
-586 5.83E-09 -0.7451
015120 12G117000 007050 ve CGGCGG
CmoCh01G CmoCh03G Negati GGCGGAGGCGG
DREB2G -583 7.90E-09  -0.62173
003210 007050 ve CGG
CmoCh01G CmoCh03G Negati GGCGGAGGCGG
DREB2G -583 7.90E-09 -0.7451
015120 007050 ve CGG
CmoCh01G CmoCh03G Negati ACCGCCGCCTCC
SI-ERF F 4 -587 7.98E-09 -0.62173
003210 007050 ve GCCGTCA
CmoCh01G CmoCh03G Negati ACCGCCGCCTCC
SI-ERF F 4 -587 7.98E-09 -0.7451
015120 007050 ve GCCGTCA
CmoCh01G CmoCh03G Negati TGACGGCGGAG
RAP2-6 -587 1.18E-08  -0.62173
003210 007050 ve GCGG
CmoCh01G CmoCh03G Negati TGACGGCGGAG
RAP2-6 -587 1.18E-08 -0.7451
015120 007050 ve GCGG
CmoCh01G CmoCh03G Negati TTTTTTTTTTATT
DOF3.6 -151 1.42E-08 -0.62173
003210 007050 ve TTTTTTTT
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CmoCh01G CmoCh03G Negati TTTTTTTTTTATT
DOF3.6 -151 1.42E-08 -0.7451
015120 007050 ve TTTTTTTT
CmoCh01G CmoCh03G Negati CCGCCGCCTCCG
SI-ERF_F_5 -586 1.62E-08  -0.62173
003210 007050 ve CCGTC

Note: This table contains 16,275 records of regulatory relationships between transcription factors
(TFs) and target genes. The meanings of core columns correspond strictly to the actual fields in
the table.

The complete data file is available in the supplementary materials of the paper:

Table S2 Final Optimized.csv
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APPENDICES E

Photo of the field experiment at Henan Institute of Science and

Technology, Xinxiang, China: Field hybridization and seed production

Photo of the plastic greenhouse experiment at Henan Institute of Science and



Technology, Xinxiang, China: Nursery preparation

Photo of the laboratory experiment at Henan Institute of Science and

Technology, Xinxiang, China: Collection of root galls and observation of egg masses

Photo of the laboratory experiment at Henan Institute of Science and

Technology, Xinxiang, China: Hatching and observation of J2
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Photo of the laboratory experiment at Henan Institute of Science and

Technology, Xinxiang, China: Propagation and observation of Fusarium wilt pathogen
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Photo of the plastic greenhouse experiment at Henan Institute of Science and
Technology, Xinxiang, China: Inoculation with Fusarium wilt pathogen and root-knot nemat

ode
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Photo of the laboratory experiment at Henan Institute of Science and

Technology, Xinxiang, China: Determination of leaf antioxidant enzyme activities, MDA

content, soluble sugar content and soluble protein content



