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Abstract: Fruits and vegetables are an important part of the human diet, but during transportation
and storage, microbial pathogens attack and spoil fruits and vegetables, causing huge economic
losses to agriculture. Traditionally used chemical fungicides leave chemical residues, leading to
environmental pollution and health risks. With the emphasis on food safety, biocontrol agents are
attracting more and more attention due to their environmental friendliness. Endophytic fungi are
present in plant tissues and do not cause host disease. The volatile organic compounds (VOCs)
they produce are used to control postharvest diseases due to their significant antifungal activity, as
well as their volatility, safety and environmental protection characteristics. This review provides
the concept and characterization of endophytic fungal VOCs, concludes the types of endophytic
fungi that release antifungal VOCs and their biological control mechanisms, as well as focuses on
the practical applications and the challenges of applying VOCs as fumigants. Endophytic fungal
VOCs can be used as emerging biocontrol resources to control postharvest diseases that affect fruits
and vegetables.

Keywords: postharvest diseases; non-endophytic fungi; endophytic fungi; VOCs; biological control;
control mechanisms; practical applications

1. Introduction

Fruits and vegetables are a crucial part of the human diet. They provide fiber, organic
acids, vitamins, minerals, amino acids, and certain trace elements required by the body.
Thus, they are rich in nutritional value and beneficial to human health [1,2]. However, it is
important to note that fruits and vegetables can develop postharvest rot during various
stages such as sorting, packaging, storage, transport, and marketing [3]. This is due to
their susceptibility to mechanical damage, which can lead to the deposition of microbial
pathogens on their surface. Under the right environmental conditions, these pathogens
can directly invade fruits and vegetables through wounds, leading to postharvest rot [4].
Additionally, natural openings such as lenticels act as penetration sites [5]. Microbe-induced
fruit and vegetable spoilage is a global problem. Fungal genera of Alternaria, Aspergillus,
Botrytis, Fusarium, Geotrichum, Gloeosporium, Monilinia, Penicillium, Mucor and Rhizopus
are the main causative pathogens of postharvest diseases of fruits and vegetables [6]. In
addition to fruit and vegetable rot, these pathogenic fungi also produce other harmful
metabolites, such as aflatoxin from Aspergillus flavus and ochratoxin A from Aspergillus
ochraceus, some of which are also carcinogenic [7,8]. Thus, they pose huge safety risks
to animals and humans [9]. According to the Food and Agriculture Organization of the
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United Nations (FAO), fruit and vegetable loss accounts for at least 40% of the total food
loss produced annually worldwide [10]. Postharvest storage of fruits and vegetables is a
major challenge.

Traditionally, chemical fungicides have been used as the main means of controlling
or preventing the spoilage of postharvest fruits and vegetables. They include hydrogen
peroxide, chlorine, trisodium phosphate, organic acids, and electrolytic water [11]. In
addition, pesticides such as sterol biosynthesis inhibitors and imidazoline are registered for
the control of postharvest diseases [12]. These chemical fungicides can kill microorganisms
to some extent and prolong the shelf life of fresh produce. However, as people’s quality
of life is improving, they are increasingly paying attention to the safety of agricultural
products, which has gradually led to the withdrawal of chemical fungicides. Chlorine re-
leases chlorine gas and produces carcinogenic by-products (trihalomethanes and haloacetic
acids); hydrogen peroxide causes discoloration; and organic acids can damage human
tissue and corrode equipment [13-15]. Chemical fungicides can also cause drug resistance
in pathogenic microorganisms when used for a long period. For example, most citrus
postharvest pathogens have developed substantial resistance to the commonly used fungi-
cides thiamethoxam and imidazoline [16]. In addition, chemical fungicides can remain
in the air, soil, plants, and other non-target organisms, affect water and soil quality, and
cause considerable harm to plants, animals, and the environment [17]. Long-term direct
or indirect pesticide exposure is a serious threat to human health, and the use of chemical
fungicides needs to be reduced. Postharvest fungicide use is banned in some European
countries or limited to a few registered chemicals [18].

Therefore, green environmental protection fungicides are becoming increasingly popu-
lar, and new safe fungicides are continually being sought to substitute chemical fungicides
to reduce the occurrence of postharvest diseases in fruits and vegetables. In recent years,
biological control has been a very promising direction for research and development. Bio-
logical control can effectively inhibit the attack of pathogens and has become a new trend
in postharvest fruit and vegetable preservation [19,20]. As biological control agents, an-
tagonistic microorganisms can use their structures and secondary metabolites to inhibit
or kill pathogenic microorganisms, thereby significantly reducing the use of chemical
fungicides [21]. Volatile organic compounds (VOCs) are released by microbes during their
growth and reproduction and have been extensively studied for their apparent antifungal
activity [22]. Ling et al. [23] found that VOCs from endophytic bacteria (such as Bacillus
spp- and Pseudomonas spp.) have antifungal potential against numerous plant diseases.
Compared with chemical fungicides, microbial VOCs have small molecular weights, are
volatiles and quickly proliferate, and therefore do not easily remain on fruit and vegetable
surfaces, which is beneficial for human health and environmental protection [24]. Sec-
ond, VOCs are relatively safe, and their dosage is small enough to inhibit pathogenic
fungi and are mostly harmless. 2,3-butanedione at 5 puL per plate effectively inhibited
the mycelial growth, spore germination, and sporulation ability of wolfberry pathogenic
fungi Mucor circinelloides LB1, F. arcuatisporum LB5, Alternaria iridiaustralis LB7, and Col-
letotrichum fioriniae LB8 [25]. Pathogen resistance is unlikely to emerge because microbial
VOCs have a variety of resistance mechanisms against pathogenic fungi, such as via the
inhibition of mycelial growth, spore germination, and the disruption of cell walls and
cell membranes [26]. In addition, T. asperellum HbGT6-07 VOCs effectively reduced the
colonial diameter, growth rate, and sclerotia production of two fungal pathogens: Botrytis
cinerea (B05.10) and Sclerotinia sclerotiorum (A367) [27]. Consequently, microbial VOCs are
promising biocontrol agents in terms of postharvest disease applications.

Endophytic fungi have received remarkable attention as microorganisms that can
colonize the internal tissues of host plants without causing disease [28]. They colonize
a wide range of plants and can be isolated from all plant organs, including roots, stems,
leaves, flowers, fruits, and seeds [29]. Currently, some fungi with antagonistic effects, such
as Trichoderma spp., are used in a large number of applications for controlling fruit and veg-
etable postharvest diseases, but the application regarding endophytes is very limited [30].



J. Fungi 2024, 10, 332

30f18

On the other hand, endophytic fungi are considered to have superior properties to non-
endophytic fungi due to their better colonization ability and resistance to many biotic and
abiotic stresses [31]. Endophytic fungi and their host plants have a mutually beneficial and
symbiotic relationship. These fungi produce nutrients (polysaccharides, lipids, minerals
and vitamins) and phytohormones, thereby promoting plant growth [32-35]. Second, they
can improve plant resistance to stress, promote nutrient absorption by plants, and resist
infection by pathogenic fungi [31]. Two endophytic fungi (Penicillium citrinum LWL4 and
Aspergillus terreus LWL5) not only promote the growth of sunflower (Helianthus annuus L.)
but also stimulate plant defense responses through the production of gibberellins, organic
acids, and siderophore [36]. Endophytic fungal Diaporthe sp. CEL3 emits a characteristic
scent (a fruity, sweet camphor odor) and inhibits the growth of 10 fungal pathogens from
wide taxonomic groups like ascomycetes, basidiomycetes, and oomycetes [37]. Primary
VOCs were generated by the endophytic fungus Diaporthe apiculatum strain FPYF 3052 and
can suppress the growth of phytopathogenic fungi (Alternaria alternata, Botryosphaeria doth-
idea, B. cinerea, Cercospora asparagi, Colletotrichum gloeosporioides, F. graminearum, Sphaeropsis
sapinea, and Valsa sordida), having inhibitory activities in the range of 23.8-66.7% within
24 h. Among the primary VOCs, commercial (—)-4-terpineol stood out as the terpenoid
with the strongest inhibitory activity against these phytopathogenic fungi, with up to 100%
inhibition [38]. Endophytic fungi can produce various VOCs with various biological activ-
ities, such as host plant growth promotion and antifungal, antioxidative, and antitumor
activities, which are widely used in agriculture and industry [39]. Among them, VOCs
released by endophytic fungi have strong fungicidal activity. This fungicidal activity is
the main mechanism of antagonizing microbial pathogens after harvesting vegetables and
has attracted significant research attention [40,41]. Naik [42] discusses the production of
VOCs by endophytic fungi in fuel production and their potential applications in biological
control. Studies conducted by Kaddes [41] have highlighted the importance of VOCs as
antimicrobial agents. At present, research on the biocontrol mechanisms and practical
applications of VOCs produced by endophytic fungi has not been sufficiently in-depth and
has not been comprehensively reported yet.

In addition, Endophytic fungi release a wide variety of VOCs, which are still being
explored in the study of mechanisms of resistance to pathogenic fungi. Therefore, special
attention needs to be paid to the important role played by endophytic fungal VOCs in
the control of fruit and vegetable postharvest diseases and to discuss the prospects and
modalities of their application. Firstly, we here review the biological properties of endo-
phytic fungal VOCs and their diversity, as well as types of endophytic fungi that release
antifungal VOCs. Secondly; it also focuses on the mechanisms of endophytic fungal VOCs
against pathogenic fungi, as well as practical applications of VOCs and future challenges
and obstacles. Endophytic fungal VOCs play an important role in the postharvest disease
control of fruits and vegetables as emerging biocontrol resources.

2. Endophytic Fungal Volatile Organic Compounds (VOCs)

Endophytic fungi colonize plant tissues and spend all or part of their life cycle in
the host without inducing any noticeable symptoms of infection. They are widespread in
nature and influence various biological activities in plants [43]. When endophytic fungi
absorb various nutrients through catabolism and anabolism during the metabolic process,
various fungal VOCs are finally produced [44]. VOCs are hydrophobic organic molecular
compounds that evaporate into the gaseous phase at normal temperatures and pressures.
They have a low molecular weight (<300 Da) and high vapor pressure (>0.01 kPa at 20 °C).
They are efficiently transported through air or soil when released [45]. VOCs can hence
spread over a long distance at a high speed [45]. They are widely distributed in air, soil,
water, animals, plants, etc., and can be used in ecosystems comprising various life forms
such as microbes, plants, and insects. Thus, VOCs are crucial signaling molecules mediating
the scientific niche [46,47].
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Current studies on microbial VOCs usually use gas chromatography (GC) coupled
with mass spectrometry (GC-MS) for VOC separation and identification [48]. For example,
the use of SPME-GC/MS identified D. apiculatum strain FPYF 3052 as producing 15 volatile
organic compounds (VOCs) mainly categorized as terpenes, benzene and benzene deriva-
tives, alcohols, and hydrocarbons [38]. According to statistics, more than 250 different
VOCs have been identified in fungi, mainly acids, alcohols, aldehydes, aromatics, esters, het-
erocycles, ketones, terpenes, and thiols [44]. These VOCs can be categorized into five types:
terpenoids, fatty acid derivatives, benzene compounds, acetone, and amino acid derivatives.
VOC:s originate from different anabolic pathways, mainly the manganate/phenylalanine,
mevalonate (MVA), methylerythritol phosphate (MEP), and lipoxygenase (LOX) pathways,
which involve different enzymatic reactions to produce different VOC types [41]. According
to incomplete statistics, more than 500 VOC-producing microbes have been identified and
the VOCs of each strain vary with environmental variables, such as temperature [49]. In
the future, more unique new VOCs will be discovered, and so, this emerging field of fungal
endogenous VOCs is promising.

3. Endophytic Fungal Species Releasing VOCs of Antifungal Activity

In 2001, researchers isolated the endophytic fungus Muscodor albus from cinnamon
trees, which produce five classes of VOCs (alcohols, esters, ketones, acids, and lipids)
that are effective in inhibiting or killing multiple pathogenic microorganisms (Aspergillus
fumigatus, Candida albicans, and F. solani, among others); esters are the most effective
inhibitory compound class [50]. Researchers from various fields are keen on studying
the fungal inhibitory activity of endophytic fungal VOCs. As summarized in Table 1,
recent reports have indicated that endogenous fungal VOCs may be used as protectants
against pathogens damaging stored fruits and vegetables. VOCs are safe and harmless
to the human body within certain limits. For example, 2,3-butanedione, which is used
as an edible additive, exhibited no hazards [51]. It was found that the concentration of
volatile 6-pentyl-a-pyrone (6PP) of T. atroviride IC-11 was around 190 pg/mL, which had
no adverse effect on human cells. Moreover, T. atroviride IC-11 VOCs were not cytotoxic to
intestinal human colon carcinoma cells (Caco-2) [52]. Thus, owing to their advantages of
rapid diffusion, safety, and effectiveness in biological control, endophytic fungal VOCs can
be used as biological control agents.

Table 1. VOCs from endophytic fungi: main chemical components and effect against
phytopathogenic fungi.
. . Endophytic Fungal .
Endophytic Fungi Host Plants Main VOCs Pathogen Pathogen Hosts References
Botrytis cinerea ‘Golden Delicious’
- ‘Redhaven’ peaches 2-phenethyl alcohol Colletotrichum acutatum apples (Malus
Aureobasidium . 1-butanol-3-methyl gyt .
(Prunus persica Penicillium expansum domestica L. Borkh) [53]
pullulans (L1 and L8) 1-butanol-2-methyl ey L . p .
(L.) Batsch) 1 1-2-methvl Penicillium digitatum Navel” oranges (Citrus
propanot-c-methy Penicillium italicum sinensis L. Osbeck)
Candida S
quercitrusa strain Ch%;t;;ts(géiﬁ ) 2-Phenylethanol Phytophthora infestans P?:[ZSO(SSL;TEL;M [54]
Cq-l . .
Leaves of rice
. L (Oryza sativa L.), .
Candida nivariensis . Corn grains
DMKU-CE18 sugarcane (Saccharum 1-pentanol Aspergillus flavus A39 (Zea mays L) [55]
officenarum L.) and corn
(Zea mays L.)
A];Cizrltgsls Wheat grains (Triticum
Daldinia cf. Olive tree (Olea Molds aestivum L.)
concentrica europaea L.) Ketones Aspergillus niger Peanuts (Arachis [56]
P ' Aldehydes pers: 3

Sesquiterpenes

hypogaea L.)
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Table 1. Cont.
. . Endophytic Fungal .
Endophytic Fungi Host Plants Main VOCs Pathogen Pathogen Hosts References
3,4-dihydro-2H-1,5-(3"-t-
Fusarium Argel butyl) benzodioxepine Cochliobolus Okra [57]
solani-F4-1007 (Solenostemma arghel) 4-(2-hydroxyethyl) phenol spicifer-CSN-20 (Abelmoschus esculentus) :
phenylethyl alcohol
. . . . . Rice (Oryza sativa L.)
Geotrichum candidum Eggplant (Solanum Ethyl isovalerate hazocton}a solani Wheat (Triticum 58]
PF005 melongena) Curvularia oryzae .
aestivum L.)
Burseraceae (Bursera
lancifolia)
Hypoxylon Fabacc;:eiil(;f;rzczdla Cherry tomatoes
anthochroum strains P Sesquiterpenes . (Solanum
Celastraceae Fusarium oxysporum . [59]
Blaeg1, Gsegl, . Monoterpenes(eucalyptol) lycopersicum var.
H (Hippocratea ;
aeg?2 and Smeg4 . cerasiforme)
acapulcensis)
Euphorbiaceae
(Sapium macrocarpum)
Acids (acetic acid and
octanoic ac@) Strawberries (Fragaria
Esters (ethyl propionate,
. X ananassa Duch.)
Hanseniaspora Fi . . n-Propyl acetate, Isobutyl . .
igs (Ficus carica L.) Botrytis cinerea Cherries [60]
uvarum 793 acetate, 2-methylbutyl
(Prunus pseudocerasus
acetate, furfuryl acetate, LindL)
phenylmethyl acetate, ’
2-phenylethyl acetate)
1-methyl-1,4-cyclo-
Nodulisporium spp. Lauraceae trees hexadiene Botrytis cinerea Apple (Malus pumila [61]
CF016 (Lauraceae Juss.) {3-selinene Penicillium expansum Mill.)
a-selinene
Ethyl acetate
Phaeosphaeria 3-methyl-1-butanol Plum
P Plum (Prunus domestica) Acetic acid Monilinia fructicola . [62]
nodorum (Prunus domestica)
2-propyn-1-ol
2-propenenitrile
Sarocladium The coastal grass Z_Iﬁ_}éoige_fggl);ltp};s? oV Fusarium oxysporum f. Banana (631
brachiarine HND5 & ’ ysty sp. cubense (FOC) (Musa nana Lour.) N
Caryophyllene
Saccharoryces Fig (Ficus carica L.) 3-methyl-1-butanol Aspergillus flavus Walnuts [64]
cerevisiae NJ-1 & ' y pers (Juglans regia L.)
Sesquiterpenes
(aromanderen, element,
cadinene, and 2-Octanone)
Monoterpene (limonene
Trichoderma virens Crops and bisnorhopane) Rhizoctonia solani Plants [65]
Fatty acids (oleic acid, and
monopalmtin)
Caryophyllene
Thojupsene
I Tijzchader’rma Groundnut (Arachis Isolonglfollan-.7-ol . .. Groundnut
ongibrachiatum T hypogaea 1) Trans-sesquisabinene Sclerotium rolfsii (Arachis hypogaea 1) [66]
(SP)-20 yposaea L. hydrate yposgaea L.
Alkanes Phoma herbarum
Trichoderma 2-year-old healthy Monoterpenes Fusari . .
L . . usarium flocciferum Sangi
koningiopsis YIM Sangi (Panax Aromatic hydrocarbons S . S . [67]
. : cytalidium lignicola (Panax notoginseng)
PH30002 notoginseng) Heterocyclic Epicocciim nierum
Aldehydes P 8
Trichoderma
afroharzianum strain
MFLUCC19-OO9O Schefflera leucantha Phenylethyl alcohol F usarium oxysporui Chili (Capsicum 68]
Trichoderma leaves Fusarium proliferatum annuum L.)

afroharzianum strain
MFLUCC19-0091
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Table 1. Cont.
. . Endophytic Fungal .
Endophytic Fungi Host Plants Main VOCs Pathogen Pathogen Hosts References
Longifolene
. Caryophyllene Sclerotium rolfsii
lon ZZ;Z?Z%ZZ EF5 Rice (Oryza sativa L.) Butanol 2-methyl Macrophomina Plants [69]
8 Cedrene phaseolina
Cuprenene
Trichoderma Roots of heal?hy aPple Fusarium prolzferatym f. Apple (Malus pumila
asperellim 65-2 (Malus pumila Mill.) 6-pentyl-2H-pyran-2-one sp malus domestica Mill,) [70]
P trees MR5 ’
Trichoderma . Rhlz‘osphere‘ of . Blueberry (Vaccinium
- citrus(Citrus reticulata 6-pentyl-x-pyrone Botrytis cinerea [52]
atroviride IC-11 spp.)
Blanco) tree
Trichoderma Thyl-1-hexanol Corynespora cassiicola
Lettuce (Lactuca sativa) 1-nonanol . . Lettuce (Lactuca sativa) [71]
asperellum T1 Curvularia aeria

6-pentyl-2H-pyran-2-one

NS 2P

Endophytic fungi
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The release of VOCs with antifungal activity produced by endophytic fungi is in-
creasingly being reported. The main endophytic fungi that currently produce VOCs with
antifungal activity are Muscodor, Trichoderma spp. and yeasts. The VOCs of Muscodor are a
double-edged sword as they have been summarized as having major antifungal activity in
Kaddes et al. [41] and Naik [42] as well as inhibitory effects on the growth of some plants
(Artemisia annua seedlings) [72]. Trichoderma spp. are a particularly abundant source that
can sustainably resist the growth of various phytopathogens [41,72]. Second, the release of
antifungal active VOCs by yeasts, a generally abundant endophytic fungal species, has also
received considerable research attention [55]. Therefore, this section focuses on Trichoderma
spp. and yeasts. Therefore, Figure 1 summarizes the chemical classes of VOCs released by
various endogenous fungi and their application methods.
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Figure 1. Chemical classification of endophytic fungal VOCs and their application methods.
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3.1. Trichoderma spp.

Trichoderma spp. is a filamentous fungus exhibiting rapid mycelial growth and strong
environmental adaptability. It serves as an antagonist of various phytopathogens and
can be effectively used as a biocontrol agent [73-75]. Trichoderma spp. is among the most
common fungi. It can settle asymptomatically in plant tissues, compete with harmful fungi
for space and nutrition, improve the growth and defense functions of host plants [76], and
play a crucial role in the prevention of pathogenic fungi by releasing antifungal active
VOCs [41].

The endophytic fungus T. koningiopsis YIM PH30002 was isolated from the roots of a
2-year-old healthy sanqi (Panax notoginseng) plant. This fungus produced at least 10 VOCs,
which were identified through the use of GC-MS as alkanes, monoterpenes, aromatic
hydrocarbons, heterocycles, and aldehydes. These compounds could inhibit the root rot
phytopathogenic fungi Phoma herbar, F. flocciferum, Scytalidium lignicola, and Epicoccum
nigrum [67]. T. koningiopsis YIM PH30002 VOCs were expected to act as biological control
agents for Panax ginseng root rot. Phenethyl alcohol, a VOC with antibacterial activity,
could suppress postharvest rot caused by F. incarnatum. Phenylethyl alcohol produced
by T. asperellum T76-14 can cause abnormal changes in the mycelium of the muskmelon
pathogen F. incarnatum, leading to a 62.5% inhibition rate [77]. T. spirale T76-1 volatiles
alcohol and pyran exhibited antifungal activity against Corynespora cassiicola and Curvularia
aeria, with 41.29% and 42.35% inhibition rates [78]. Additionally, different strains of the
same genus of the same plant differ in producing VOCs that exhibit different inhibitory
effects. The isolation of seven T. virens strains from crop roots that release VOCs effectively
inhibited the growth of the pathogenic fungus Rhizoctonia solani. However, VOCs from the
seven strains exhibited different antifungal activities against R. solani strains. Among them,
T. V3 and T. V4 displayed >50% inhibition at 5 days (52.8% and 59.4%), while inhibition
caused by the remaining strains was below 50% [65].

3.2. Yeasts

Yeasts, unicellular fungi, rapidly colonize the surface of fruits and vegetables due
to their high sugar content. They may produce extracellular polysaccharides to protect
against pathogenic fungi and are resistant to long-term colonization under unfavorable
conditions [79]. Yeasts interact with fruit and vegetable pathogens primarily through their
antifungal activity, fungal parasitism, lytic enzyme production, induction of resistance,
competition for scarce nutrients and space, and oxidative stress [80]. In addition, a growing
body of research has found that endophytic yeasts can colonize plant tissues without harm-
ing the plant and can release various active VOCs that inhibit the growth and reproduction
of fungal pathogens [55].

Wickerhamomyces anomalus (BS91), Metschnikowia pulcherrima (MPR3), Aureobasidium
pullulans (PI1), and Saccharomyces cerevisine (BCA61) strains release antifungal active VOCs,
mainly ethanol and ethyl acetate. Furthermore, by incubating for 5 days at 25 °C, the
yeast strains exhibited substantial oxygen consumption and carbon dioxide production.
This acted synergistically with VOCs to exert antagonistic effects, thereby prolonging
fruit and vegetable freshness [81]. The endophytic yeast Geotrichum candidum PF005,
isolated from rice and wheat grains by Mitra et al. [58], releases the main VOC of ethyl
isovalerate, which has significant antifungal activity and can reduce the formation of
plant pathogens Curvularia oryzae and Rhizoctonia solani fungi nuclei, inhibit aerial mycelial
development, and affect chitin distribution as well as mycelial and spore morphology.
Alcohol acetyltransferases (AATs) catalyze ester formation between various alcohols and
acetyl-CoA. The structure and function of AATs were investigated. They were found to be
critical for the synthesis of antifungal volatile acetate by the endophytic fungi G. candidum
PF005 [82]. The yeast Hanseniaspora uvarum 793 isolated from fig was used in in vivo
experiments on strawberries and cherries because of its excellent biocontrol properties.
VOC:s released by H. uvarum 793 reduced the growth of B. cinerea at different temperatures
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(25°Cand 7 °C) [60]. The production of antifungal VOCs by yeast is a promising technology
for extending the shelf life of fruits and reducing food waste and losses in the supply chain

4. Control Mechanism of Endophytic Fungal VOCs on Postharvest Fruit and
Vegetable Diseases

Many microorganisms colonize fruit and vegetable surfaces before or after harvest.
However, they generally cannot cause fruit and vegetable rot [83]. When fruits and vegeta-
bles are in an environment prone to invasion by pathogenic fungi, pathogenic fungi become
extremely active, especially in the postharvest ripening period of fruits and vegetables [4].
Under suitable environmental conditions, these pathogenic microorganisms germinate,
grow, multiply, and colonize rapidly, resulting in the postharvest rot of fruits and vegeta-
bles. Therefore, whether fungal VOCs can inhibit spore germination and hyphal growth
is of great significance for fungal inhibition research [84]. Two strains of Aureobasidium
pullulans (L1 and L8) produced VOCs that were efficient in preventing conidial growth of
P. expansum, P. digitatum, and P. italicum. In vivo investigations revealed that 2-phenethyl
alcohol, the primary component of L1 and L8 VOCs, could dramatically suppress lesions
and reduce lesion diameter by >88% in B. cinerea-inoculated apples [53]. The endophytic
fungi T. asperellum 65-2 was isolated from apple tree roots, and 6-pentyl-2H-pyran-2-one
(6-PP) was the main component of its volatile substance, accounting for 36.45% of its volatile
substance. 6-PP could inhibit Fusarium proliferatum £. sp. malus domestica MR5, which causes
apple replant disease, resulting in twisting, shrinking, swelling, and rupture [70]. VOCs of
the endophytic fungi Phaeosphaeria nodorum could inhibit the mycelial growth of Monilinia
fructicola, resulting in the narrowing of mycelial width [62].

Cell walls and membranes are crucial and essential tissue structures for microbes, with
the function of protecting the cell and participating in the transport of substances. Cell wall
and membrane integrity are critical for the survival of pathogenic fungi [85]. Endophytic
fungal VOCs can damage the cell walls and membranes of pathogenic microorganisms,
leading to changes in microbial morphology and leakage of contents and affecting microbial
physiological function. A mixture of six endophytic fungal VOCs and alcohol synergistically
alters the cell membrane permeability of the plant pathogen F. oxysporum. This causes a
disruption in mycelial morphology as well as the inhibition of respiration and, eventually,
the growth of the pathogen [86]. The VOCs of the endogenous fungus Diaporthe sp. CEL3
treat the pathogenic microorganism Monilinia fructicola and Pythium ultimum, causing
the intracellular discharge of compounds of pathogenic microorganism, and with the
extension of the processing time, the protein discharges also increase [37]. Some endophytic
fungal VOCs can also kill pathogenic microorganisms by damaging their DNA. Single
knockout testing revealed that the DNA repair, DNA metabolic activities, and stress
response pathways of enzyme-deficient Escherichia coli are hypersensitive to Muscodor albus
volatiles. VOCs prevent Escherichia coli from repairing damaged DNA, thereby preventing
DNA replication or transcription. Second, VOCs can change Escherichia coli cell morphology,
interfere with their selective permeability barrier, and make their cell membranes more
permeable [87].

Endophytic fungal VOCs may act as signaling molecules that induce resistance in
the plants that they colonize. They enhance the plant defense system to resist pathogens
and promote plant growth. VOCs released by T. asperloides PSU-P1 increased the gene
expression of the cell wall-degrading enzymes chitinase (CHI) and 3-1,3-glucanase (GLU),
as well as defense-related enzyme (peroxidase (POD)) activity in Arabidopsis thaliana, which
is associated with increased oxidative stress in postharvest fruits and vegetables [88]. Simi-
larly, 3-methyl-1-butanol, 1-decene, and 2-heptylfuran can improve the total chlorophyll
content and fresh weight of Arabidopsis thaliana plants and promote their development [89].
The fungi T. asperellum T1 releases VOCs that increase the activity of cell wall-degrading
enzymes, namely chitinase and 3-1,3-glucanase, in lettuce. The pathogenic fungi cell wall
undergoes morphological alterations owing to the accumulation of cell wall-degrading
enzymes, thereby preventing the growth of the lettuce leaf spot-causing pathogens, Coryne-
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spora cassiicola and Curvularia aeria. Likewise, VOCs of T. asperellum T1 promote lettuce
growth by increasing, for instance, the number of leaves and roots, plant biomass, and total
chlorophyll content [71].

An in-depth understanding of the specific physiological mechanism of the antifungal
activity of endophytic fungal VOCs will help to comprehend the role and efficacy of fungal
volatiles and their application in biocide research. Nowadays, the action mechanisms
of fungal VOCs on pathogens of postharvest fruits and vegetables mainly include the
inhibition of spore germination and mycelial growth of microbial pathogens (Figure 2);
destruction of cell walls and membranes and change in the cell morphology of pathogens,
which causes structural deformation, leakage of contents, and DNA damage and results in
the impairment of physiological functions of pathogens (Figure 2); and the induction of
resistance in fruits and vegetables by enhancing defense enzyme (peroxidase (POD)) activi-
ties, thus resisting postharvest diseases and promoting plant growth (Figure 3). Of course,
fungal VOCs may act against pathogens through one or multiple mechanisms. Sarocladium
brachiariae HND5 VOCs, for example, exhibit many fungi inhibitory mechanisms against
detrimental microorganisms. It can destroy the cell wall and membrane of pathogenic
fungi, leading to cell death. It can also trigger the production of plant chitinase and the
accumulation of reactive oxygen species (ROS) in the pathogenic mycelium [63]. However,
because of the diversity of fungi and their VOCs, the mechanisms of action are still poorly
studied and need to be further explored. Some representative studies are summarized in
Table 2.

' Plant endophytic
¢« fungi

Figure 2. Mechanisms of the effects of endophytic fungal VOCs on postharvest diseases. Created
with BioRender.com.
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Table 2. The mechanisms of endophytic fungal VOCs in the control of postharvest diseases.
Main VOCs Endophytic Fungi Pathogen %‘Si(g)sl;ﬁgc;:;ggil Mechanisms References
Inhibition of pathogen
. 20 pL cell fungal mycelial
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Figure 3. Endophytic fungal VOCs improve defense and promote the growth of fruits and vegetables.
Created with BioRender.com.

5. Application of Endophytic Fungal VOCs as Postharvest Fruit and Vegetable Fumigants

As biological control mechanisms, endophytic fungal VOCs can be used to control
the growth of plant diseases, thereby replacing chemical fungicides and addressing the
issue of easy-lingering chemical fungicides in the environment and contaminating human
health and the environment. Owing to their fast dispersion time, high efficiency, and other
beneficial qualities, VOCs can be widely employed in agriculture. However, VOCs might
be influenced by various circumstances during the application process. The production rate
of VOCs is easily influenced by temperature, time, and culture substrate, as well as microbe-
specific environmental conditions and even interactions with other species [86]. Whenever
a fungus is cultivated in vitro, previously undiscovered VOCs are established, and VOCs
vary with the age of the fungus and intraspecific and interspecific interactions [90]. The
relative abundance of VOCs in Xylaria sp. PB3f3 varied with culture time and strain age.
From the total VOCs, 25, 20, and 22 compounds were, respectively, produced at days 10,
20, and 30 of fungal growth [91]. Secondly, the different times and concentrations that
VOCs access pathogen-infected fruits and vegetables lead to different inhibition effects.
The endophytic fungus Aureobasidium pullulans L1, for example, exhibited good inhibitory
activity against Colletotrichum acutatum and P. expansum for 12 h after apples were inoculated
with the pathogenic fungus; introduced just 6 h after inoculation, it displayed the strongest
inhibitory action against B. cinerea [92]. Candida quercitrusa Cq-1 VOCs effectively inhibited
the growth of Phytophthora infestans mycelium, and the inhibition rate showed a linear
relationship with the concentration of the fungi solution in the lower range. When the
concentration of C. quercitrusa Cq-1 was 10° CFU/mL, Phytophthora infestans mycelium
barely grew, and the maximum inhibition was about 96.79% [54]. The optimal growth
cycles of endophytic fungi are different, resulting in different concentrations of VOCs
released during their growth and metabolism. Therefore, the use of optimum fumigation
time and concentration will be effective in improving the inhibitory activity of endophytic
fungal VOCs.

Fungi are diversified in terms of their generation of VOCs, comprising acids, alcohols,
aldehydes, aromatics, esters, heterocycles, ketones, terpenes, thiols, and various other chem-
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icals [44]. These compounds frequently mix to form complex combinations with inhibitory
effects against one or more pathogenic fungi. VOCs from Daldinia cf. concentrica, for
example, can effectively inhibit both mold growth on wheat seeds and Aspergillus niger in-
fection in peanuts [56]. The volatile eucalyptol of the endophytic fungus Nodulisporium spp.
CMU-UPE34 can control citrus fruit postharvest blight by inhibiting P. digitatum and
P. expansum [93]. Microbial strains are susceptible to interference from various environ-
mental factors. They are not susceptible to normal growth and metabolic activities, or even
survival, under extreme acid-base conditions, too-high or too-low temperatures, extreme
water scarcity, and UV radiation [94], which decreases the ability of microbes to produce
VOCs and unstable effects. Consequently, additional studies need to be conducted on the
biocontrol mechanism of VOCs, the screening of VOCs with broad-spectrum inhibitory
activity and a high control effect, and environmentally resistant cultivars. Although VOCs
do not easily stay on the fruit and vegetable surfaces, a limited percentage of fungal VOCs
are detrimental. VOCs interfere with seed germination, seedling respiration, and root
growth in Amaranthus hypochondriacus, Panicum miliaceum, Trifolium pratense, and Medicago
sativa plants [95]. Therefore, when using endophytic fungal VOCs as control agents, it is
necessary to consider whether VOCs have toxic effects on plants, damage plant cells, and
affect their growth, metabolism, and physiological functions. It is necessary to find safe
biological control agents.

On the market, products that control the consequences of vegetable harvesting are still
controlled by physical methods, such as low-temperature storage, and chemical methods,
such as using fludioxonil [96,97]. Concerning the use of endophytes, as a new concept,
some preparations such as Candifruit™, Shemer™, and Boni-protect™ have successfully
prevented post-traumatic diseases [98]. Although products for endophytic fungal VOCs
are not yet mature, research has been conducted on the subject of replacing chemical
fungicides with endophytic fungal VOC fumigation to maintain the quality of postharvest
fruits and vegetables. Because VOCs are easily volatilized in space, the problems of their
airtightness and stability must be considered in the actual application process. Thus, in the
laboratory, it is mainly taken as a flat plate to buckle and seal with a sealing film to prevent
the volatilization of VOCs and avoid reducing their fungistatic activity [26]. In practical
applications, depending on the type of fruits and vegetables and the storage conditions,
fumigation can be used to achieve antagonistic effects against pathogenic fungi in a closed
environment, such as entire storage rooms and individual transport containers [30]. In this
case, endophytic fungi can be cultivated in a separate chamber, and the VOCs produced
are released into the storage room via a pump without any direct contact with the fruits
and vegetables, preventing infection of the fruits by the strain [40]. Instability caused by
VOCs can be effectively reduced through closed environments. Secondly, VOCs produced
by endophytic fungi can be incorporated into edible films and edible coatings and can
also be used as ingredients in active packaging to effectively control microbial spoilage in
fruits and vegetables and maintain fruit and vegetable quality [40]. Microencapsulation is
a packaging technology that utilizes natural or synthetic polymer film-forming materials
to encapsulate gases, liquids, or solids into particles with a particle size of 1-1000 pum [99].
Natural polymers, such as alginate, pectins, guar gums, and chitosan, are widely used
as materials for the microencapsulation of many bioactive compounds [100]. Preparing
trans-2-hexenal loaded polyurea microcapsules via an interfacial polymerization method
effectively reduced the incidence of seed blight during wheat storage and prolonged the
inhibition of pathogenic fungi [101]. By packaging VOCs in microcapsules, it is possible
to effectively avoid the influence of environmental factors and to tackle the problem of
VOC exposure and instability. In addition, sol-gel technology is used to encapsulate VOCs
and can control the release rate of VOCs. Cross-linking during the sol-gel process can be
controlled to produce a formulation with a constant release rate [102]. At present, VOC
evaporation technology is still in the lab stage, and the development of economical, safe,
and efficient technologies, such as microencapsulation and new packaging, will drive the
industrialization and commercialization of VOCs.
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In addition, the commercialization of endogenous fungal VOCs must take into account
the originality of new technologies, as well as consistency and reliability under different
production lines. Developing the product needs to relate to the business environment to
solve its limitations and consider public acceptance. For large-scale production applications,
the health assessment of the registration process needs to be fully clarified. Endophytic
fungal VOC:s still face great obstacles and challenges in terms of their future practical
applications. (1) There is a wide variety of VOCs, some of which are even trace amounts,
which are difficult to detect and characterize. (2) VOCs exert antifungal activity in the
form of mixtures, and most of the current studies utilize single compounds in their pure
form; therefore, it is necessary to study the antifungal activity of mixtures and explore
whether there are synergistic or antagonistic effects between VOCs. (3) VOCs are highly
unstable due to their volatility and can only be used in a closed environment. Therefore,
the specific application model of VOC commercialization will become a complex issue
and challenge in the future. (4) The mechanism of endophytic fungi VOCs to prevent and
control postharvest diseases in fruits and vegetables is not comprehensive enough, and
whether it affects the taste and nutrition of fruits and vegetables requires further research.
(5) The safety of some VOCs is still a concern because workers who use endophytic fungi
for fumigation with volatile organic compounds will inevitably inhale or be exposed to
these volatile organic compounds during transportation and storage. (6) Most of the current
antifungal applications of VOCs are still concentrated in the laboratory stage, and the gap
between the application conditions in the laboratory and the factory is so large that it is a
great challenge to realize the transition from the laboratory to the factory. The introduction
of natural products into practice is complex, and aspects such as barriers to registration,
difficulties in large-scale production, and industrial acceptance must be considered.

6. Conclusions

Endophytic fungi are isolated from plant tissues, and the use of the VOCs they produce
to control postharvest diseases has received widespread attention. Currently, fungal species
that release endophytic VOCs mainly include Trichoderma spp. and yeasts. Its mechanism
of action is achieved via the disruption of the cellular and molecular structure of pathogenic
fungi and enhancing the resistance of fruits and vegetables. The use of VOCs still faces many
environmental factors and challenges in practical applications, and technical difficulties
must be overcome to achieve commercialization. The application of endophytic fungi
VOCs can effectively replace the harmful dependence on chemical fungicides and achieve
guaranteed food safety in fruits and vegetables.
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