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Molecular basis of quality and safety and biological control technology of
postharvest fruits and vegetables
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Abstract: Fruits and vegetables are vital for human nutrition and agricultural economies. However, significant postharvest
losses occur annually due to physiological deterioration and pathogen infection. Fungal rot and the associated mycotoxin
contamination further pose serious food safety risks. Addressing these issues requires a deep understanding of the underlying
molecular mechanisms. This review synthesizes recent advances, with emphasis on our systematic research, in elucidating the
molecular basis of postharvest quality and safety in produce. It also prospects the development of targeted, eco-friendly
biocontrol technologies. The review is structured around three interconnected themes. First, we detail the molecular mechanisms
driving postharvest quality deterioration in the host produce. A key focus is the disruption of reactive oxygen species (ROS)
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homeostasis, which accelerates senescence through oxidative damage to mitochondrial proteins, membrane lipid peroxidation,
and the oxidation-mediated modification of key transcription factors. We also highlight the role of membrane proteins, such as
those from the REM1 family, in stress sensing and in regulating ROS bursts and programmed cell death, processes pivotal for
quality preservation. Second, we dissect the molecular basis of pathogenicity and toxigenicity in major postharvest fungal
pathogens. This includes the function of virulence factors like cell death-inducing effector proteins and cell wall-degrading
enzymes. We summarize how environmental cues are integrated via global regulators to modulate virulence. A highlighted
breakthrough is the comprehensive deciphering of the patulin mycotoxin biosynthetic pathway in Penicillium expansum. Our
work identified the complete Par gene cluster, resolved its intracellular trafficking route, and elucidated its multi-layered
regulation by specific transcription factors, global signaling pathways, and epigenetic mechanisms such as histone
H3K4 methylation. Third, building on these molecular insights, we discuss the development of novel biocontrol strategies.
For quality maintenance, we explore the use of plant-derived elicitors to prime the inherent defense responses of produce. For
disease control, promising approaches such as spray-induced gene silencing (SIGS) are examined. For mycotoxin mitigation, we
highlight a significant achievement: the identification and characterization of specific microbial short-chain dehydrogenases that
efficiently degrade patulin into non-toxic compounds, offering a potent enzymatic decontamination strategy. In conclusion, this
review underscores that integrating fundamental research on host physiology and pathogen biology is crucial for innovating
postharvest management. Future perspectives include employing multi-omics and artificial intelligence to discover novel targets,
advancing gene silencing technologies, and leveraging synthetic biology to engineer enhanced microbial biocontrol agents and
horticultural crops, ultimately ensuring a more sustainable and safe food supply chain.

¥ o >
S 5, S
Y % )
% (s
< .
S )
~
N o
S g4 z B
s 5§3: TE =
“ ERE 5 E 2
5 & 2 .z
o= 8 5 g e 5 3 ¢
= e 2 = 2 Z 2 =
S 5 g gz =
2 g 2 > 5 © =
g §i°® Eeg 3
® T g £ —
a® O
5
(<%

Key words: fruits and vegetables; pathogenic fungi; virulence gene; molecular basis; biological control

KA SRR ERN AR RZ0H  EERG R, 202447 2 EKCR A I AL1.98
By e RATE P BA AR S AL ACHT, 77 i k3. 3420 s i SR AN A3 3542 i, 7



584

WR 58,5 R R B A TR B AR B R 1367

2079400 s — 35 B SRS 1 %, S —
W o SR, SRR S A0 G P 5, 9 S P B0
FERESEA A S A B TR R e R B
T4 A EL R [ R . PRI, BT SR B R S
il ST A 4T SEh W RS A iR H R
BEl S e 2 R B L A SCRAETAFR
SRR R Ay RIS R, B AR AR
GRS o 45 A8 I D 0 e 5 A 4 HL, O
JREER A W 45 R AR AE DRI £ & A R SR8 7l
2 J& T A 1 TR o

1 REXREHNEZEEE

11 REREARBERERREE

wAANE ARG R B AR B B, b AR LR
(T E I 5 R, BRI IR A IS 08 | S MR
TN R F5 7 P 3 I . WA RS 8 S BOE 3R
FEINDE, A% TR0 D) AR 4 2R 52 LA R g 2 T i s
PEXE NG | R AN INE I LUt . 15
4 (reactive oxygen species, ROS)FH ZH1 2 2 Ay
HE— 2 MR B R, S BOR B b AR R XU
T o i AR FR A PR A B AT A A
YreEFi il A, S B G 1 ) o il e 72
RAHESRFIEAMIE T A g2 wE R
P& % i BT 45 A8 1 5, SR I AL (AR | RUBR
ek SOE TR R o 3 2 R R A1 48 722
ARG SRR T [, B AR ORI 4 e, T
AR FE FRIHFE S BORG R TS,
T A (B AR SRR R R RS A R
(4 53 F- WL B L sl ) S i ek
KI5 RS A% 0 T )
12 RESHRBEXRFEEXHK

o i PR A e 5 [ ) 2 A i R B R Jm P R 1)
e EBFR, Yagei, 3 ERG AR R
U=y — , HE T E AR A T gk
KoKW FEREE D EE R, G558
(Penicillium) JKF % )8 (Botrytis ) EEM LR B
(Monilia) FEt& )& (Alternaria) . J £ )&
(Colletotrichum ) ¥ )1 5 J& (Fusarium) 2051 Hw,
T 35 ) B 458 32 B R M P A2 A 24, TR
M2 A 245 B 25 o 3 B0 S TR A B2 R AR
FRAALTS Y, 5 R B i & R B A e A K
a5 , A 277l e Fr R S RN 23 DGR B A o

1.3 ERSEFEARERRELTE

H 2 (mycotoxin ) J& FH HL B 7= A R A ARG
TR NS BAT B B R . — 2R
o S LR AE IR YL SR B i A rh S e AR RO
BERE R, 15 e R SN T iy, X9 3% 8 R4 Al
B . HEEE MG R W RN R
(patulin, PAT) Flifi% i1 % 55 2 (ochratoxins, OTs) , ik
T g S5 77 A ) B £ B M 1% 85 2% (trichothecenes ) ,
DA R B A8 7 A 3845 £ 87 K (alternaria toxins )
SRV YL R RO TR A B AR R EE
R A LS AR SRR, 7] FE
MUAH LS 85 B0, A B0l B0 B A AE
Mo 2 THRBERNGEHFN, 2R FELEZHNE
o PSR R R IS R T R PR AR
o, e [l i ] 1 E < AR EGB 2761—2017 B AL
R, DASESL LA A SRR ) s iR 7Kk SRl s ok
KeiZerh o th & 2 00 s BR AR IS 50 pg/ke s
DG R X SR i it v 2 2R A PR SR R A
JLEE R L B i iR BR & 10 pg/kg.

2 RitmRSENS TS RFERERAR

oL FE L AR, 50 HE IR & T T
Yithld . sk i B 22 M i S e AR 22K
AR B 2 R B AE AT R 2R R AT
GNAERZE, USRS SRR S5 55 D R
PElO T TRABIRTE Tk 2 BT R R AL, )
BIHPRGHER PR R 2 0GR ZE (811),

2.1 EUHERPLAERERERELT

TGP (ROS) 24 A AR R ™= 1, 5w
SZ W30 S T A AR B B R AR R
SCELSERR Pt N A A e RS R
YR, B3 25 fF T i AR SR A ROS KB 45 86 11T
R RS S LE M Ko, L A Wi 1, et
Shy JIES 52 P A2 45 L P I e ) i 2% L AN B AR AR
W0 SRR ST LA AR 3, Rk B R A
B HH,0, R, 53R W], ROSTRAS R S hin
BRG] B KRR T
B0, s R R RIS i AL R A B ok
PRAAL A I ROS AY A A, [ st 13 2 1551 g
o7 SE A O ) FE Y A B . IFTE R BN, BE AR
AL LR R e R b & A R AR
1 i RFROS & 50 A APz AL it A



1368 LRI TR2ER (L) 388

ROS and membrane proteins

Control strategies

~

Secondary metabolite
PIPs Luteolin, Coumaric acid ...

‘e

Plant growth regulator
Salicylic acid, BTH ...

lated genes
\\ Defense-related genes

Biocontrol yeast

Pichia membranifaciens ...

J *
Pathogeninfection OS5 ROS generation i High p
Freezing temperature 33~ ROS-induceddamage §& Mechanicalinjury ~PTM- Post-translational modification

Bl EEERSEEAhEEERER 2R S FILS RBEEEREAR
AR | v L S T e TR O LA A S5 0 17551 M 4 (reactive oxygen species,ROS) K AR R , T WU 15T IR FIIE 2454
PR T B, ORISR U ZRL R S SRR JF T YR N RN A . B E 3 FIREM Ll i 5 1 5 e = MR (1 1
4 (4 (CRTD) Wi 25 12414 (BCPL ) A% WAL, & 8 1 (NCBP) HLAE, fi %2 ROSHE % s FERLIIJ3E i MAPK I S 42 5 512
HA P FROSKF-SHIETIH M . SMEEIMA R FZE (luteolin) . Fr FLHR (p-coumaric  acid) FF K AE R , KA (salicylic
acid) AP A KT, LS EBE RS IR RE (Pichia membranifaciens ) 5514 B ERE: , AT BRS80S AL a8 A B 3P 1 o
Figure 1 Molecular mechanisms and precise regulation of ROS-membrane protein synergistic regulation in fruit
and vegetable senescence and resistance

Stresses (i.e. low temperature, high temperature, pathogen infection, and mechanical damage) induce the excessive accumulation of
reactive oxygen species (ROS), which oxidatively damage biological macromolecules including proteins, nucleic acids, and lipids.
These damages further disrupt membrane integrity, impair mitochondria and chloroplasts, and interfere with nuclear gene expression.
The membrane-anchored protein REM1 (remorin 1) triggers ROS burst through interaction with CRTD (Cys-rich and transmembrane
domain-containing protein), BCPL (blue copper protein-like), and NCBP (nuclear cap-binding protein). FERL modulates ROS levels
and cell death in fruit tissues via the MAPK cascade pathway. Exogenous application of secondary metabolites such as luteolin and
coumaric acid, plant growth regulators such as salicylic acid, and biocontrol yeasts such as Pichia membranifaciens, can enhance the
resistance of fruits and vegetables to oxidative stress and senescence.
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Figure 2 Molecular mechanisms and biocontrol technologies of postharvest pathogen infections in fruits and

vegetables

During the occurrence of postharvest diseases in fruits and vegetables, pathogens disrupt host tissue structure and suppress immune
responses by secreting various virulence factors, including effectors, cell wall-degrading enzymes (CWDESs), phytotoxic metabolites,
and small RNAs (sRNAs). Pathogen virulence is regulated not only by intricate internal mechanisms, such as vesicle transport-
mediated secretion of virulence factors and the synthesis and transport of reactive oxygen species (ROS), but also by a complex
network of external environmental signals, including tissue pH, host sulfur sources, and light. Building on an in-depth understanding
of these pathogenic mechanisms, a series of emerging green control strategies have been developed. These primarily involve the
multi-target inhibition of pathogens using natural active substances and antimicrobial peptides, as well as molecular-level precision
interference through technologies such as spray-induced gene silencing (SIGS).
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Figure 3 Biosynthesis regulation of patulin in Penicillium expansum and its biodegradation technologies

The biosynthesis of patulin involves 15 genes and undergoes at least 10 enzymatic reactions. Its intracellular synthesis initiates in the
cytoplasm, proceeds through the endoplasmic reticulum, vacuoles, cytoplasm, and cell wall, and is then transported to the
extracellular space via transmembrane proteins. Patulin biosynthesis is governed by a multi-level regulatory network, in which
pathway-specific regulators, environmental signal-responsive global regulators, and several epigenetic factors are all involved. Owing
to the advantages of high efficiency, strong specificity, and no adverse effects on product quality, enzyme-based toxin degradation
technology exhibits promising application prospects. Several patulin-degrading enzymes derived from microorganisms have been
gradually isolated and identified, these enzymes can degrade patulin into low-toxic or non-toxic metabolites to achieve detoxification.
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