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Research progress on the pathogenesis of Fusarium oxysporum f. sp. nive-
um, host resistance mechanism, and integrated green control strategies in

watermelon
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Abstract: Watermelon (Citrullus lanatus) is an economically important horticultural crop of the Cucurbitaceae family
widely cultivated around the world. With the popularization of protected cultivation, soil obstacles caused by continuous
cropping have emerged. Fusarium wilt of watermelon caused by Fusarium oxysporum f. sp. niveum (Fon)poses a serious
threat to the healthy development of the watermelon industry. This paper reviews the pathogenic characteristics, physio-
logical race classification and molecular pathogenic mechanism of Fon, systematically sorts out the genetic basis of dis-
ease resistance and multi-level molecular defense system of watermelon in response to Fon infection, and focuses on sum-
marizing the research progress of cutting-edge integrated green control strategies such as agroecological regulation, utili-
zation of biocontrol microorganisms, application of natural active substances and nanobiotechnology. The core directions
of future research and control of watermelon Fusarium wilt are also prospected. This paper aims to provide theoretical
support and technical references for the precise development of disease-resistant germplasm resources of watermelon, ba-
sic theoretical research on pathogenic mechanism, and green and sustainable control of watermelon Fusarium wilt.
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Table 1 Pathogenicity genes of Fon
s BERAARR AR DREERE Gk 275k
No. Gene name Race Functional annotation Biological function Reference
I FonR3SEI M3 ZEELIVE 3 SRS T T 1= (5 5 B 0 G e [23]
Race 3 Race 3-specific effector Interferes with host immune signaling or targets defense
proteins to promote infection
2 RonSIXS ML AEAUMEA 6 TR RGN B PR RS [24)
Race 1 Secreted in xylem 6 Interferes with the host immune signaling pathways to fa-
cilitate pathogen colonization and expansion
3 FonNADasel /Mfli1 NAD /Kf#lg 1 FfATE £ NAD', BHIT NAD B 5 A5 1) G 88 S L [25]
Race 1 Nicotinamide adenine dinucleotide ~ Degrades host NAD " to block NAD " dependent immune
glycohydrolase 1 responses
4 FonTupl M1 TRMVEHEREE 1 P TCA KeBIED, B BB B UM RS AR (26
Race 1 Thymidine uptakel Regulates key TCA cycle genes to ensure energy supply
during pathogen infection
S FonMDH2  NFI1 RN 2 25 SRR AR A K ST TR [26]
Race 1 Malate dehydrogenase 2 Participates in the TCA cycle to ensure hyphal growth and
spore germination
6 FonNst2 AT BEFRREEREEE 2 HEFF Fon WEEIE LA 5 ) 1 g [27]
Race 1 Nucleotide sugar transporter 2 Maintains Fon sugar transport and endoplasmic reticulum
function
7 FonPAT?2 ANFET R R R Bl 2 VAL B SRR IR A R A AR SR [28]
Race 1 Palmitoyl acyltransferase 2 Regulates intracellular transport to support pathogen devel-
opment and host signal perception
8 FonNatA N1 N-uity SIE R B A LAk FonMeaB, 7EAR 56 %R N i & Fon %53&E % [29]
Race 1 N-terminal acetyltransferase A Acetylates FonMeaB to ensure Fon penetration into the

host under preferred nitrogen sources
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Pe53K . Huang 55958 RO e L THIE K1
FonTupl , % K+ i# i ¥ FonMDH2 %5 = ¥R TR 1
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Table 2 Genes related to watermelon Fusarium wilt resistance
Fe RERATR DIRRERE GeL7/pifid 225 3CHR
No. Gene name  Functional annotation Biological function Reference
1 Cla004916 KA FT/NA PR QTL 047, sE AL T 1 S Y il AR TIRE  [41-46]
Receptor-like kinase R EIE
2 Cla004990 & S8 HH N 11-1, 3% W5 1 g iy 44 Base on the QTL analysis of the watermelon resistance to Race
Endo-1,3-beta-glucanase precursor 1, mapped to chromosome 1, with functions yet to be validated
3 Cla004914  FRYEJLT Gl
4 Cla004920 Acidic class chitinase
5 Cla004921
6 Cla014845 RS & BT /NF 2 LR QTL 4347, B AL T 9 T Bt AH L T e
Lipoxygenase FEIRIE
7 Cla014853 524k Base on the QTL analysis of the watermelon resistance to Race
3 Cla014955 Receptor-like kinase 2, mapped to chromosome 9, with functions yet to be validated
9 Cla014972
10 Cla014725
11 Cla014728
12 Cla014674 et ik S-HeFo i
13 Cla014675 Glutathione S-transferase
14 Cla014676
15 Cla014677
16 Cla017879  AH&R M) & ORI e & E FET /R 2 UM QTL 434, 8 T 10 5 Gt fh, MR ThAE
Bifunctional arginine biosynthetic protein ~ £F4IE
17 Cla017918 244 28 1 Base on the QTL analysis of the watermelon resistance to Race
18 Cla017919  Receptor kinase protein 2, mapped to chromosome 10, with functions yet to be validated
19 Cla018045 IRt eR s A
Lipid transfer protein
20 CIChil JUT i IK AR B 22 AN B BE 5 S R SR 1 [47]
21 CIChi2 Chitinase Hydrolyzes the fungal cell wall and induces systemic defense
22 CIPALI TN R = R AC T A5 B3, T [ P B2 e (48]
Phenylalanine ammonia-lyase 1 Promotes lignin synthesis and reinforces the physical defense
barrier
23 CH4CLI 4-7 TIRHEG A JEHNG I SR A 5T 3 i LA ] 420 38 ) 5 e [49]
24 Cl4CL2 4-Coumarate coenzyme A ligase Synergistically enhances lignin synthesis to reinforce physical
25 CIC4H — WIERR-4-FEIE LR defense barriers
Cinnamate 4-hydroxylase
26 CICCR PIEEBEAH B A i4 )5 B
Cinnamoyl-CoA reductase
27 CICAD PR it 2
Cinnamyl alcohol dehydrogenase
28 CICOMTI  WNHERZ O-H L4751 1 MeJA %5 CICOMTI ;i ikl B R AN R [50-51]
Caffeic acid O-methyltransferase 1 MeJA induces the upregulation of C/COMTI, leading to in-
creased melatonin accumulation
29 CIRBOHD WP IR 5 AL MR R 2 11 D CINR1 /5] NO I CIRBOHD - 3:1) H.0, fRIEAR BSR4 [51]
Respiratory burst oxidase homolog protein D Ji{ , $& &1 B M HT 4
30 CINRI TR E JE i 1 CINRI1- mediated NO and CIRBOHD- mediated H,O, promote
Nitrate reductase 1 melatonin synthesis, enhancing defense resistance
31 CIPSK1 LELY/ T RN % CIPSK1 FIUXT Fon 1455 [52]
Phytosulfokine precursor 1 Knockout of CIPSK] exhibits enhanced resistance to Fon
32 CIMPK3 47447 250 AL 0 Fon {ZH5HAGE Ll FTRES S Fon 5 S MBI ILE 57 = [53-54]
33 CIMPK5 Mitogen-activated protein kinase Its expression is upregulated after Fon infection, suggesting its
34 CIMPK? potential involvement in Fon-induced phosphorylation signaling

transduction
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FHRER & IR T PG &AL (Fon) BUWT 5 V5 TR AL e 456 St B P2 0T S ik

FRALRAR

BRI R G R, S B BT k4, CIPSKI
CIMPK3/5/7 55 J DH 4% % 5€ 9 B 55 A, i B
CIPSK] J& B 9%} Fon i % 84 5859, CIMPK3/5/7
GHRFTE Fon Y e REEE LW, TN T
MAPK 25 [ N %2 5 Fon 5 S IR 1L15 5 4%
ﬂE'A_[53-54]o
3.2 BRPIES KR RET RIEHRES RNA I8

BT S I T A S TR AL 3R TA Y 45 4 it
(WGCNA) %5 =il s 45 R , 75 IV 3. Fon {57 4L ) #%
SKCE SR AR REAE O3 R AR T, NLR 285000 2 4k . 4
L BEAR W IR AR P2 B B PR R RSO
MR TER G 5 2 0 35 22 e 3Rk, L R R R v I 4 2
O] 25 FRIAZ O B SR 8 I 445155590 A 35 I 88 ol i
DAL S N T IR KA ORI ER Bk 4,
L4 tS RNA /E N R M EERN T, 2 50
JPUIR % ARG 41 % . Wang S50 FCIUESE , miR-
NA 2 V5 JRAHRAE Al 2595 110 5C B 1 795 D51, 008 R
T3 i P LE 52 A7 G ) e R AN R ) miRNA 1 4%
% . VU NHCAH Fon 12 44 1 #% 0 4 T ML I 7E T
Cla-miR156h-RsmG 5 BB/ 5 ) 36 i3 . 14
JIAR R38N Cla-miR156h (3235, fRER 1 %40
) % S K7 RsmG 156 3% 5 i), AT 5 5 ROS
iR SRR EZTIR, R G ENE S 5
o Bt F B [ B A A 2R
33 EMBERSESHSTFHEERE

TR S BE 5 7 T X EAE, 2R
PO AE 5 56 S % 0 8 1, M S BT 7 B S B 3k
& . Zhu ORI, PR R 43U (R 7K A R v]
IR BRI E DB VR 4500 & S A s dE DU B,
R BR A= 25 2 T 404 Fon 1€ Bl 512 44 5 b Ab , T
I3 Sh A ) NPRsJAR PYLs %5 F 93 K #E B2 Ff Fon
J i D ARIE X FE R (1) 2 R RIEER T A
R (SAVJALABAD [H) 15 5 22 B, L [A] ik & 75 I
G BB R 88 . Yan O R A DL BB RS
MeJA BA B2 [FVE R, A5 Ak 23T 2 25 38 5 7
JNXS Fon M) HiME . Wang 260t — 07, iR &R
A FIPUR ST NO (4 i, NO 1E N B i
5515 00, K& &R, 30 m Bs T i B 8 &
o Li S5O 50 MIE S, HoS AE N R4 (5 5 4
T, @ A% CIRBOHF A 3 ) H.O, J& R & H i
SRR MelA 15 530 % , 5 25 1 95 74 )N X} Fon
NFP2 P . ERMEGE S 0 TR XA
25, MR T AR R A A BIAE IR R G e 16 2 40
FEM 2

34 EREmEHSAEHFMESFRRA

FAE AR 1) 8] B R (91 SC EE &P 51 (CRISPR/
Cas9) 55 JE K] g 48 H A (1) PO ke, v TR 14
B ) o5 R AR AL T R R R HE R IR AR, B 1) R R
995 (S F D] B A B st 703 P T 1) B2 B SR . Zhang
ZE 558 37 CRISPR/Cas9 7 A Rl B 76 I J86 9 3k [A]
CIPSK1 , 345 1) 4 38 REL B G 2008 e 1k S 35 42 7 AIF
K3 sk BEL T B 1 R A1 D e s R B T A Ak
SRR B0, i TR] 4 4 1 A A 6 TR 22 B ) )
BA TR R A5, AR s PR 26 v R
B AR AL T HR S,

4 VHIAL R0 I 25 5 S OB 42 S

4T Fon B MG M L 3 AF TR RE ) 1%
M7 B A 1 2 B , 4 TR, 2295 B 1 MR — 1k
F WG 1) DUR M AR 3 R 45 9 B A L BT AL R 25
B0 EBT RS AR AR A BT R 25
HEEPEAR R, LI EPE S LSS RS )
[Fl K o
4.1 RIETREESYEERERAKR

DO R AR L 3T 0 5 — A L g S R AR B
AR KB P TR 20 R S R R P Bl 2B SR
SHFFIESE , 155 /N AR AR, A2 24
ARG ZE R AR S PG4 La 55/ Xu 55
WEFLR ], /N2 M 28 AR 2 00 WA S 1k A IR R AR
WP 0 U A R A DL 7 JTURR 28 7 90k (R 0 3
PR 0] 28R PR AT P PR S5 A 283 ) Fon JR 11
WY R 5 R 22 K R BT SR A A Bl L IR S5 AT
o R, D5 B PRR . PR N AR A R
R R TR B AT a0 B S A A I 2%
P, A R RS E AR BRIM AR S, BT Fon 1R Juig 42,
BEAh, & PRACAE R AR Tl e A T R A
P ER AR 5 i, B 0] A7 R0 B AR - 3 P Fon B R 2%

PUPERG A IR 38 24 A 74 AR 7 o B 42 A 2
IR ELIE G N B R T B R o
B 75 AR I 82 T & Bt Fon M 7 19 /N BT AR 1
JREEREAR B, B AR AR ROIEMR AR IR S 450 &
R S Ak R AR 0, T A KL R s SR B AR . T
FER MW, SRR A Py R S AL ) AL Bl o SR A
Wi 5 AP B R 2 3 v 1 AR T AT AR AR
G 152 G 5| R R g e S A A5 A0 o 8 o 7 TR R
R, geAh, B PRG-I Rl AR L
MER—HU I, e ) 50 TR T 559 01 AN 52 R

o ] .
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SRS BT B 2R A TR B R AR LR 1k Y EFF RS R
filiAR, Ho LR G TAGHR  PURE 220 L S8 T 7 B A o 45
P, 3 T R e % /R Hb (10 48 DL _ED 78 IR
R,
42 ERMEINTGES N A

FIFHAR bR A a5 A P CEA AR PR 4 TR PGPR.
A2 BT B D A T IR 2208 2% 5 7 45 R AZ L B R JT 1)
H A O 7 e 3R A5 K & 7 35 UR A€ B AR B A A
GRS (R 3D, FEAE BT A B U T R UE R 2 AT R
(Bacillus  amyloliquefaciens) HSSN09. DHAS5S.
DHAG6.LZNO1.NCPSJ7.B1619.B6 %5 4t 1 B & 1]
FE 7 TR PR g 7€ B8 I % AR VIR, mT3d e 43 WA A
ARMEIE K N BB R BT A R SE M o, 2 40 )
Fon B 22K 57K, thoh, Z R/ F AT
(Paenibacillus polymyxa) WY 110 [ # & 25 # il
Fon ffl 1 B & M1 27 & K B, i 22 1508 100%™
JK-3 AJ 73 WAL AR R BT, B PR 1) 55 7 TR VORI G T D
6 Fon {1 1A & B A B2 0614 H™; WR-2 1£
AHUEAAE R, 77 A 2R T I 2R Y L2 = e i
IR Wy S5 4 B LA &, T R Fon A2
K SR EHR R 1 (Pseudomonas chlororaphis)
HT66 B A B I 7 WA Wy - 1- PR IR - Wy W - 1- F It Jie 25
Wy e ht A R AN Fon 1 22 4K 5 46 11 & P3
FRBEA AT R PR 2= D IFF R R IE R 7
Fili B B 2R SRS U A, 8 B A B AR B e B
T 555 1 iR R AR I 0 R P ST T B A Bk
B . 4 B (Pseudomonas fluorescens) W] ;= 4 Wy
Wk -3- ZLBR AN 2 [T P 7R (i i P TR PR R A al i ok
fige T AR i B ARG, AT PR ARG A 2 0 R A2
B LEAE T H B O, 4% 6K & (Trichoderma
viride) TV41 B Pk e A 25 B AIG 78 IR AR AR 25 N 1
Fon ¥, 4E2% Fon 1E VU AR N IR ZL b RE , B 4%
PE JTCRE 22905 R AE 60% LA %0 1 Ik AR %5 (Tricho-
derma harzianum)T2-16 @i P A € 5l 5 5 %7 AEAE
BB PUR JE R, 775 5 00 TR PR ™ 28 D7 g e
5 IR PR 7S 5 SEEIN P TCR, 2595 10 75 2
15 5 B3 77" M3 W MR AV R 5 A FUIE
A5 5 N, a0 R LA E I 3 E TR AR R B AL
Rk 80% , F i F (2 HE MR AE K™ AR 5
(Trichoderma asperellum)M45a B bk B8 % 175 5 74 JK
W MYB PAL <5 B AR SG 3 IR (R 2R 0%, 1 3 A Jo
RSV AR, W3 B s A B v, 32
e R o A B R AR 2 BE MK TR AR 3 A (A
buscular mycorrhizal fungi) 7% 5 P8 AR 2 73 WA 4% 2K

« 8 -

R RS B, 80 T AR AR B 25
BT T T DR ER A 1 1T 1 g, = 3l A
VIBEVR S50, s AR R B BTG HE . ek, RS0
PEA A8k ) B Fod7 FIER B 153 flGr o R 1 A 1)
AW ¥E 7 F1-35 383 806 76 R SR FT R A 2 )& 1%
HSBAE AR XS Fon B 11 AE 7107,
43 RAEMEMMRABER A

AR LW 1 W) oA 9 Ah 2% 2% TR R ) 4 6
7= i, RERE U R E A BRGNS
MFA, B B K. WF LR BT, AN 0T F2 3
2% F R ] 2 TR 5 Ty R T S 5 ek 2 1 22 R B TR
I 7 A T R 280 s R IR A5 K A e A I
i f ) Fon B 22 A KA 7 7= 48 s H @R &
B, BE AR RS2 T W G B B R A E
AR T 9 5 b SR AR B AR ) 1 B VR 2 RS BRE R
SRR AT MLRR 2 H0 ) Fon, FAEME A2 4R
78 R R BT 10.1%~59.8% Fl 14.4%~
21.4% . DBCERFl 7 H B2 B 1) AG 22 B AN AN e 410 1
R R VIR IR G B = A M B R Rk, I8 g
348 558 AR R PN R SR T P AL I 3o SR AR P T AR
WA RS HUEALBHEE . RAREY RS & o o B
7 1y o] 4 S MR HUBE AR Fon 20 i BE 45 il B , fE BT
PR B, B A 200 it B R 4 S e B 5 5 R
AT T2 teAh, I R FLRS 2 2 AL RS 2
15 755G TR BB 2, 5- RV 3 35 B TR0 24 2
R4 S5 341 BE T3 Fon 40 AE BRAR U L 72 , 5 K9
JiR B TR 22 g5 b se R, B W I AR BT R AN
fHO™,
44 PREPEAREERGIENA

YR A ARG AR LR AR I 22 SRR, 9P R
IES L iR SENE Gt R U s N S o =
SR TR A G0 245 91 386 38 KR AR R R R 22 L B e PR S
P ARKS . B TR e BN E A EESE
5 G RS, A= PR 2% Ea 4 oK URL B AR HE S )
P R AP SIS . BEIEER A, AR D Re A AR A K
MUK AT B3R Fon {2 YL 8504, 3 8 ) B R 1) &
J5& » [F) B A AR B A AL 005 VR R e bt 141
BRUbZ Ak, SA B 2 R GKAE D RINER 1 AR 4l oK Bk
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FETH VG AR DU AL B G 1, 3 SR e /10

5 B H#
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Table 3 Application functions of different biocontrol agents in controlling Fusarium wilt

i Bk Thie 7R
Strain Strain Function Reference
e 2 AT T HSSN09 7 Al T B ) A SR R AR 0, SR T 22 T A9 1 [71]
Bacillus amyloliquefaciens Produces secondary metabolites such as tacrolimus analogues to inhibit hyphal
formation and spore germination
DHAS55 B E R R RGP R S 2 AU W R IR, R R AR [72]
Secretes various antifungal lipopeptides, such as iturin, surfactin, and fengycin,
to exert significant antifungal effects
DHAG6 SR IR G H IR (CLP) 5 3 AL RO IR S5 14 , 401 Fon B 22/ KA T [73]
Wi K
Secretes cyclic lipopeptides (CLPs) to induce oxidative stress and disrupt structural
integrity, thereby inhibiting Fon hyphal growth and spore germination
LZNO1 PR R R AR E A, B B R [74]
Produces antifungal compounds such as granaticin and pterin to exert significant
antimicrobial activity
NCPSJ7 73t C14-Tturin A SEHTIL LS Y, 0] Fon 18 224 K 51Tk [75]
Secretes antifungal compounds such as C14-iturin A to inhibit Fon hyphal growth
and spore germination
B1619 R S 2 A AR A A T P VR AR AR S [76]
Enriches beneficial microbes such as Actinobacteria and Bacillus, enhancing
microbial diversity and community stability
B6 WO FL AL 7 SE(SOD POD) , 5 bk R et (7]
Activates the antioxidant enzyme system (SOD, POD)to induce systemic
acquired resistance(SARDin plants
ZRIGHUTE WY110 N Fon £ (BT A AN, HI 28 8 100% [78]
Paenibacillus polymyxa Significantly inhibited Fon spore germination and germ tube length, with an
inhibition rate of up to 100%
JK-3 SIUHUAE I, 3 T R [79]
Secretes antibiotics to inhibit spore germination
WR-2 SRCA BT A3 R A LS, A 23] Fon [80]
Compound organic fertilizer produces volatile organic compounds(VOCs)that
effectively inhibit Fon
ZREHRA S HT66 SR GRS TR, HH] Fon 1 2228 K 5107 Hf K [81]
Pseudomonas chlororaphis Secretes phenazine antibiotics to inhibit Fon hyphal growth and spore germination
P3 FAFEIURER 772 G B R A8 2 T IR IR & sk R [82]
Possesses multiple lipopeptide synthesis genes, such as bacillomycin, fengycin,
and iturin
A AT FEAE NS -3 - LR AN VG PR R BE R AR R [83]
Pseudomonas fluorescens Produces indole-3-acetic acid and surfactants to promote plant development
S RE TV41 2% Fon {24, A PE IR ZE A Fon $i: [84]
Trichoderma viride Slows down the process of Fon infection and reduces the fungal load of Fon
within the roots and stems of watermelon plants
IR AR E T2-16 5 3 H I A vV O B B PR U E S [85]
Trichoderma harzianum Induces defense enzyme activity in watermelon and reshapes the rhizosphere
micro-ecology
M3 BrE A AR 5 SR B W 45 2 R i 80% [86]
Synergizes with biochar-based fertilizer for stable colonization, achieving a
control efficacy of up to 80%
RIS M45a PG B AHAR CEE A 5 ST A A B 1, SRR A R [87-88]

Trichoderma asperellum

BRI
Arbuscular mycorrhizal
fungi

Activates defense-related genes and antioxidant enzyme activities, inducing the
accumulation of lignin and other metabolites

IR T ATV 5, 2 B IR A M v [89]
Secretes allelochemicals to optimize community structure and enrich the soil

microbial community
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