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Abstract: Fruit diseases brought on by fungus infestation leads to postharvest losses of fresh fruit.
Approximately 30% of harvested fruits do not reach consumers’ plates due to postharvest losses.
Fungal pathogens play a substantial part in those losses, as they cause the majority of fruit rots
and consumer complaints. Understanding fungal pathogenic processes and control measures is
crucial for developing disease prevention and treatment strategies. In this review, we covered the
presented pathogen entry, environmental conditions for pathogenesis, fruit’s response to pathogen
attack, molecular mechanisms by which fungi infect fruits in the postharvest phase, production
of mycotoxin, virulence factors, fungal genes involved in pathogenesis, and recent strategies for
protecting fruit from fungal attack. Then, in order to investigate new avenues for ensuring fruit
production, existing fungal management strategies were then assessed based on their mechanisms
for altering the infection process. The goal of this review is to bridge the knowledge gap between the
mechanisms of fungal disease progression and numerous disease control strategies being developed
for fruit farming.
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1. Introduction

Nowadays, eating a diverse and balanced diet is important to people. Because of
their high nutritional content, flavor, unique taste, and nutraceutical qualities, as well as
their proven health-promoting effects, fruits are being consumed and accepted by more
people [1,2]. The advantages of regularly consuming fruit for your health have been well
investigated and examined. Fruit is suggested in the dietary standards of many nations,
including Argentina, Bolivia, Chile, Colombia, Costa Rica, and others, since it provides
a range of vitamins (A, B, B9, C, and D) and minerals that reduce malnutrition, such as
calcium (Ca), iron (Fe), magnesium (Mg), iodine (I), manganese (Mn), selenium (Se), and
others [3–5]. They also provide the bioactive substances that the body needs to function
properly [6]. These substances work in a number of ways. The World Health Organization
(WHO) 2021 study states that eating fruit is linked to living a healthy lifestyle. Since fruit
quality and safety are both essential components in guaranteeing fruit production, interest
in high-quality fresh fruit has increased in recent years, mostly as a result of growing
customer demand [7]. Globally, 14% of food is wasted from harvest to sale, worth an
estimated USD 400 billion (FAO, 2019). A further 17% of waste is generated at the retail
and consumer levels (UNEP 2021) [8,9].

Fruits are perishable products [10]. Fruits’ high water content makes them particularly
vulnerable to fungus attack [11]. Approximately 25% of all vegetables and fruits are lost
each year owing to fungal infections in the context of production and postharvest field [12].
Damage and hazards brought on by pathogenic molds add to the vulnerability of pro-
duce. There are various pathogens responsible for blue mold disease among fruit species,
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such as Penicillium expansum [13], which infects apple, kiwi, pome, and stone fruits, and
also P. italicum, which causes infection in the citrus fruits [14]. Additionally, P. digitatum
infects citrus fruit and results in green mold disease [15]. In the litchi fruit, various fun-
gal species such as Aspergillus spp., Alternaria spp., Cladosporium spp., Agrostalagmus spp.,
Colletotrichum spp., Cylindrocarpon tonkinense, Dothiorella sp., Geotrichum ludwigii, G. candidum,
Lasiodiplodia theobromae, Mucor spp., Monilia spp.; Neurospora spp., Peronophythora litchi,
Pestalotiopsis sp., Diaporthe spp., Stemphylium spp., Trichoderma spp. causes infection [16,17].

Additionally, fruits that are prone to mold contamination caused by fungal infection
might release strange odors, such as moldy and earthy odors. The firmness of diseased
fruits might range from mild to severe [18]. Generally, fruit antioxidant activity decreases
when pathogenic fungi are present [19]. Additionally, the quantity and quality of sugar
and nutrients have both significantly decreased [20]. Fruit safety and its derivatives are
significantly impacted by molds, which are unhealthy for consumers. Fruits are often
more susceptible to contamination by foodborne pathogens when they have fungal infec-
tions [21]. In addition, mycotoxins generated by P. expansum (a mycotoxigenic fungus),
which produces mycotoxin patulin (PAT), during fruit infection raise safety issues [21,22].
Typical PAT-contaminated fruits include blackcurrants, cranberries, grapes, sour cherries,
strawberries, pome, pineapples, and passion fruits [23,24]. PAT, which may be generated
by Aspergillus, Byssochlamys, and Penicillium spp., is the major mycotoxin found in fruit [24].
Aspergillus nomius, A. flavus, and A. parasiticus all produce aflatoxins in infected fruits [25].
Fruits and the products they are connected with exhibit the highest concentrations of the
aflatoxin B1 (produced by Aspergillus flavus and A. parasiticus) and G1 (produced by some
Group II A. flavus and A. parasiticus) types [25,26]. Dates, figs, raisins, and citrus fruits
are all contaminated with aflatoxin [27,28]. In dates, Ochratoxin A is also produced by
Penicillium and Aspergillus spp. [29].

According to a postharvest report of 2021, more significant postharvest losses occur
with fruits and vegetables, with estimates of approx 45% [30]. One of the main causes
of these losses is postharvest fruit rotting, which is predominantly brought on by fungal
infections after the ripening phase. Like foliar diseases that take place in the field, a number
of variables, including fungal-based pathogenesis, response to host, and environment,
impact the result of susceptibility or resistance to the host. Fruit ripening, though, is
another crucial element that affects fruit resistance in postharvest infections and must be
taken into consideration. The fast physiological changes brought on by fungal decay in
berries, including color loss, weight loss, hastened softening of tissue, and shorter storage
life, considerably reduces the fruit’s market value [31,32]. In addition to such apparent
quality attributes, a fungal infection changes the chemical composition and nutritional
value of fruits. The chemical alterations include the creation of acid, sugar breakdown, and
microbial metabolites. Critically, increasing mycotoxin production often raises questions
about food safety because these substances are harmful to human health [33]. According
to reports, the process of a fungal infection in fruit involves four major steps, including
adhesion of fungal-spores with the surface of the fruit, stabilizing attachment to the host by
producing infected structures, invasion into host tissues, and colonization and spread of
organisms [34,35]. Fruits’ antifungal defense systems are activated in response to harmful
fungi. Fruits’ primary defensive mechanisms include an increase in phytohormone synthe-
sis, an oxidative burst, defense-related enzyme activation, and pathogen-related protein
overexpression [36]. This review presents a comprehensive understanding of research
progress on the fungal potential entry site for invasion, the genetic and regulatory mecha-
nism of pathogenesis of postharvest fungal infection, and the management approaches of
postharvest diseases in fruits.

2. Pathogens, Their Entry, and Transmission

In Plant Pathology, diseases that affect fruits are referred to as “rot,” and the fungi
that cause them are referred to as “pathogens” [37]. These changes cause deterioration
of the fruit from harvesting to consumption or processing in the postharvest period [37].
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In fruit, the cuticular membrane serves as the main layer of defense against fungi [38].
Invasion into the fruit tissue and breach of this defense mechanism are the first steps in a
successful infection process. Fruit maturity, tannin content on the fruit’s surface, stage of
development, and water activity on the fruit all have an impact on the invasion of fungi
into the fruit tissue. Different pathogens enter through numerous entry points along the
supply chain and during various phases of fruit production. In farmlands, certain latent
diseases start their infectious cycle during fruit and flower growth. When the fruit is in
bloom, Botrytis cinerea infects it and then becomes dormant until the berries mature and
ripen [39]. The most likely way for a disease to enter fruit is by damage from a vector insect,
and enhancement in the diffusion of fungal infections in bunches is attributed to changes
in the vector insect population and behavior [40]. Similarly, microcracks in the cuticular
membrane of fruits have a significant role in raising disease incidence and mechanical
damage in fruit [41]. A fungal infection may also occur in fruits during the supply chain,
including the following steps: picking, sorting, packing and transportation, distribution,
cold storage, retailing, and consumption [42]. Mishandling and physical and mechanical
damage are the leading causes of fruit loss in the supply chain, and these injuries act as
entrance routes for pathogenic fungi [43].

3. Postharvest Fungal Infection

By secreting effector proteins, fungi that are biotrophs feed on live cells and weaken
the immunological response of their hosts. On the other hand, necrotrophic fungi, also
called saprotrophic fungi, have the ability to trigger necrosis and consume the dead cells of
the host [12]. Disease signs appear in fruits that have been infected with postharvest fungal
infections both after harvest and generally during storage. After harvest, fungi spread and
penetrate the host cuticle to access the fruit [44,45]. For this to happen, the fruit cuticle must
be damaged, and the invader must enter through natural host perforations and wounds [12].
The fungus frequently stays latent and restricted to the introduction site when those partic-
ularly sneaky infections come into touch with immature fruit. They remain hidden from
visible inspection until the harvested fruit ripens, which takes months [46]. Numerous
fungi have been found to remain dormant in their hosts until the fruits develop, including
Alternaria, Botrytis, Colletotrichum, Penicillium, Rhizopus, and Monilinia, (Table 1). As the
fruit ripens, postharvest fungal infections grow more active. The fungi are necrotrophs at
this aggressive stage, which means that they destroy the host cell and absorb its nutrition
to cause deterioration and degraded fruit tissue [46]. However, those fungi survive in a
number of ways before reaching this lethal stage. Before the fruit ripens, several fungi,
including Alternaria, Colletotrichum, Lasiodiplodia, Phomopsis, and others, begin to cause stem-
end rot and colonize the stem end by living an endophytic existence [47]. Fungi, such as
Colletotrichum, are categorized as hemibiotrophic since they can exist in unripe fruit cells as
biotrophs without harming them [48]. Botrytis cinerea causes grey mold disease in numerous
fruit species and varieties [49]. Numerous fungi, including Lasiodiplodia pseudotheobromae,
Botryosphaeria dothidea, and Neofusicoccum parvum causes fungal infection in guava, avocado,
and persimmon fruit, respectively [50]. Figure 1 demonstrates how fungi Aspergillus spp. in-
fect the guava fruit by secreting mycotoxins (Aflatoxins, Ochratoxin A, and fumonisin) [51]
that lead to the elevation of cell wall degradation enzymes, oxidative stress, volatile organic
acid, and hormones that damages the fruit.

On unripe fruit, Colletotrichum conidia evolve into appressoria, which form an infection
peg and pierce the fruit cuticle. When C. gloeosporioides reaches the quiescent stage, two
unique structures appear: (1) inflated hyphae that colonize the first epidermal cell layer
but stop there and (2) dendritic-like protrusions that grow within the fruit cuticle [52].
Similar to how it works on green fruit, C. gloeosporioides develops on the cuticle of ripe
fruit and briefly enters a biotrophic stage. However, this time everything happens far more
quickly, and the latent structures start growing necrotrophically right away. This shows that
C. gloeosporioides undergo hemibiotrophic growth in response to fruit cuticle. Contrarily,
Botrytis spore germlings often enter the epidermis or cuticle of immature fruit through tiny
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wounds or fissures and remain limited to the lumen of the wounds [53,54]. The necrotrophic
method of B. cinerea is used when the hemibiotrophic C. gloeosporioides colonizes tiny
wounds of immature fruits, skipping the biotrophic-like stage [52]. Long-term growth
of fungal pathogens is restricted to wounds in unripe fruit, and as the fruit ripens, both
infections turn necrotrophic, damage host tissues, and produce disease symptoms.
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Figure 1. Demonstrate the action of fungus on fruit. During fungal infection, mycotoxins are released
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(like ethylene), and cell wall hydrolases; all these work together that lead to the deterioration of fruit.
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Table 1. Fruits with postharvest fungal infection.

Host Crops Species Common Names Symptoms References

Stone fruits and
Pome fruits Alternaria spp. Alternaria rot

Grey, black, and/or green
spore colonies and sunken

lesions; over-ripe softer
fruits and spots on fruits.

[55]

Blueberries Botrytis cinerea Gray mold Tissue softening. [56]

Guava Botrytis cinerea Grey mold

Soft rotting; water-soaked
parenchyma tissues occur

and prolific grey
conidiophores
with collapsed.

[57]

https://app.biorender.com/biorender-templates
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Table 1. Cont.

Host Crops Species Common Names Symptoms References

Guava, Citrus species,
pome fruits, and mango Penicillium italicum Blue mold

Fruit decay; green or blue
mold; softens fruits and
causes quick senescence.

[58]

Citrus Penicillium digitatum Green mold Fruit decay. [59]

Papaya Stagonosporopsis caricae Dry or Black rot Damages fruit peel and
causes fruit decay. [60]

Apricots, apples, peaches,
pears fruits Monilia fructiocola Brown rot Brown rot; cankers;

blossom blight; fruit rots. [61]

Apples, mangoes,
avocados, bananas, and

pear fruits
Colletotrichum spp. Anthracnose Microbial decay;

brown lesions. [62]

Variety of papaya
(Maradol, Golden, shahi,

and Caribbean red)

Colletotrichum okinawense,
C. plurivorum, C. capsici,

C. truncatum,
C. gloeosporioides
C. magnum; and

C. fructicola

Anthracnose Brown lesions;
microbial decay. [60]

Papaya Rhizopus stolonifera Rhizopus rot Microbial decay, brown
lesions on the fruit surface. [63]

4. Environmental Influence on Fungal Infection

Environmental parameters, such as intrinsic elements such as water availability, pH,
and substrate composition, as well as external ones such as relative humidity, water activity,
temperature, and other microbiota living on the fruit, affect pathogenic fungus infection,
growth, and conidia generation [64,65]. These environmental conditions have an impact on
all phases of fungal development, including spore germination and deposition, sporulation,
germ-tube elongation, mycotoxin buildup, and mycelia growth [66]. Several mycotoxins
generated by typical postharvest phytopathogens are shown in Table 2. It is challenging to
pinpoint a single extrinsic factor that makes postharvest fruit more susceptible to infection.
In order to avoid illness and predict fruit storage conditions, research to determine the
ideal environmental conditions and the impact of extrinsic variables influencing the fruit
infection process is necessary.

Table 2. Mycotoxins produced by various fungi during fruit-fungal infection.

Fruits Phytopathogen Mycotoxin Structure (a)
Mycotoxin

Biosynthesis
Clusters

Reference

Apple, grape Penicillium citrinum Citrinin
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Table 2. Cont.

Fruits Phytopathogen Mycotoxin Structure (a)
Mycotoxin

Biosynthesis
Clusters

Reference

Grape, fig, peach,
pepper, tomato,

apple
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pH is one of the environmental factors and signals another significant factor that affects
all living cells’ ability to grow and survive. Some pathogenic fungi are characterized by
their virulence, pathogenesis, and genetic control. The pathogenic fungus either alkalinizes
the host fruit by secreting ammonia or acidifies it by secreting organic acids in response
to the ambient pH of the host fruit [80]. The postharvest fruit pathogens A. carbonarius,
A. niger, B. cinerea, and Penicillium expansum are among several that have an acidic pH. The
fruits’ pH of 3.46 ± 0.20 means that it has no impact on the pathogenicity of the acidic
fungus. This effect has been confirmed by research into the pathogenic mechanism of PacC
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mutant B. cinerea strains in grapefruit [81]. PacC, a pH-dependent transcription factor (TF),
regulates the pathogenicity, proliferation, and mycotoxin synthesis of pathogenic fungi [82].
As an acidic pathogen, A. carbonarius produces citric acid and D-gluconic acid, which it
releases into the growth medium or fruit tissue to further lower the pH of the surrounding
environment. In contrast, treating A. carbonarius colonies with sodium bicarbonate to
minimize organic acid buildup reduces ochratoxin A (OTA) synthesis and colonization.
Reduced ambient pH stimulates OTA-generating genes and fungal colonization [83,84].
Other infections, including Colletotrichum species, create ammonia to convert the acidic
environment of the host to an alkaline one [80]. These pathogenic elements influence the
pH of the host, promote pathogenesis, and produce mycotoxin.

Uncinula necator, Plasmopara viticola, and B. cinerea spores all sporulate and disseminate
in response to humidity, precipitation, temperature, and dew point [85]. Relative humidity
(RH) is significant in fruit fungal diseases because it influences mycelial development,
spore germination, conidiation, the potential of the pathogen to produce illness, and the
formation of mycotoxin, relative humidity (RH) is significant in fruit fungal diseases.
It has been demonstrated that a 24 h pre-incubation at 100% RH is sufficient to allow
the fungus to colonize and infect grapes incubated at lower RH with Greeneria uvicola
and Colletotrichum acutatum fungi [86]. Fruit rot occurs more frequently when the RH
is high during cold storage [87]. Fungal spores acquire physiological maturity at high
RH levels, break dormancy, and germinate swiftly, with the rate of germination changing
depending on the location [88]. Higher RH was said to be crucial for the development of
nutrients and bioactive compounds in fruit [89]. RH, therefore, promotes the development
of harmful fungus conidia, spore germination, and disease incidence. RH influences rachis
browning, mycotoxin buildup, and disease-causing capability in numerous fruits [90].
Careful RH management is strongly advised during fruit handling and storage to minimize
fungal diseases.

Water activity (wa) is a significant component that affects the development, colo-
nization, and accumulation of mycotoxin in grapes and grape products. The growth of
microbial flora and pathogens is inhibited by wa less than 0.7, although raw grapes have wa
larger than 0.95 [91]. Water activity in grapes thus encourages the development of harmful
fungi. The ideal water content needed for the development and synthesis of mycotoxin
generally varies [92].

5. Fungal Infection Physicological and Physical Process

Spores often enter the fruit surface through the air, soil particles, insect vectors, har-
vesting tools, containers, operators’ hands, or storage areas. The fruit tissue is subsequently
infected by postharvest fungal pathogens in one of three ways: (1) by wounds brought on
by abiotic or biotic agents, (2) through naturally occurring holes in plant organs such as the
stomata and pedicel-fruit interface, and (3) by directly piercing the fruit cuticle [93].

The correct stimulus is often required for the spore to begin germination. Mature fruit
is more vulnerable to infection than unripe fruit as a result of the onset of senescence, which
is characterized by diminished defensive systems, weakened tissues, and increased ethylene
production [12]. The spore typically “scans” the atmosphere before germination to assess
whether it is suitable in terms of excellent pH, temperature, humidity, phytohormone, food
availability, topographic feature, excreted enzyme, fruit lipid, hardness, hydrophobicity,
and other factors [93].

The fungus conidia stick to and start to germinate on the fruit surface. Typically,
modest adhesive forces are employed for attachment, such as hydrophobic interactions
between the surfaces of fruit and conidia [94]. For easier access into the fruit host, the
germ tubes of Colletotrichum gloeosporioides and Botrytis cinerea create an appressorium,
which often forms a penetration peg [31,95]. The germ tube will mechanically penetrate the
host fruit once it is long enough, or it may do so by secreting hydrolytic enzymes such as
cutinases, polygalacturonases (PGs), and lipases [96,97]. The rupturing of the host surface
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and the hydrolysis of fruit cell walls often starts a chain of events in both fungus and fruit
(defense and attack mechanisms).

An oxidative burst, often known as a typical “war,” between the host fruit and the
pathogenic mold is characterized by the exchange of harmful substances [such as the
superoxide radical (O2

•–) and hydrogen peroxide (H2O2)] and hydrolytic enzymes. For
instance, pathogenic mold releases reactive oxygen species (ROS), botrydial, toxins, oxalic
acid, and other substances that lead to oxidative stress and harm fruit tissue.

Due to the emergence of systemic resistance, the diseased fruit also produces a number
of antimicrobial substances, including H2O2 and different flavonoids [98]. Pathogenic fungi
generate a large number of hydrolases, including pectin methylesterases, pectin lyases
(PLs), endo and exo-PGs, and cellulases, to hydrolyze the polysaccharides of the host
cell [99]. Fungi, which exhibit aggressive growth and invasion as well as the generation of
several secondary metabolites, including mycotoxins, will finally follow in their footsteps.
In essence, a potential approach to controlling fungal infections is to restrict the ability of
pathogenic fungi to encourage fruit ripening. In order to make sense of these ideas, further
research is required.

6. Molecular Mechanism of Infection

Producing high-quality fruit and developing fruit handling techniques require an
understanding of the intricate molecular pathways behind disease development in fruits
brought on by fungus. The basic molecular function of the pathogenic fungus is to suppress
or diminish fruit energy metabolism. Glycolysis and the pentose phosphate pathway
(PPP) were down-regulated in A. niger-infected fruit, which decreased the synthesis of
the tricarboxylic acid (TCA) cycle and ATP. The A. niger infection was made worse by
the restriction of ATP generation and sugar metabolism. In fruit infected with A. niger, it
was discovered that the rate-limiting genes of the glycolysis route (phosphofructokinase-
1, hexokinase, and phosphokinase) and the PPP (6PGDH2 and G6PDH2) were down-
regulated [100].

According to Kong An et al. [101], the fungus A. ochraceus increased the quantities
of phenolic compounds along with sugar during infection and encouraged the down-
regulation of genes involved in several pathways, such as the glycolysis, TCA cycle,
phenols pathway, and PPP. According to proteomics analysis by Kupfer et al. [102], fruits
with B. cinerea infection had lower levels of pathogenesis-related proteins smaller than 35
kDa. For possible virulence, colonization, and mycotoxin synthesis, A. carbonarius was
shown to exhibit external pH signaling and acidification of the growing medium at different
stages. A. carbonarius’s pathogenicity and external pH sensing are both mediated by the
pH-responsive TF pacC (produced by the pacC gene). A. carbonarius pacC gene deletion
strains (AcpacC) did not colonize, sporulate, or generate OTA effectively at neutral or
alkaline pH. Furthermore, AcpacC strains expanded regularly in acidic pH environments,
much such as wild-type A. carbonarius strains. The OTA production and pathogenicity
in peaches and nectarine fruits were also decreased by the AcpacC strains. These results
showed that the pacC gene is active at higher pH and is crucial for pathogenicity and
the buildup of OTA through regulating fungal secondary metabolism and the infection
process [83]. Additionally, it was discovered that the activation of the genes responsible
for mycotoxin and virulence was limited by light. In A. carbonarius, the TFs veA and laeA
were activated, leading to an increase in OTA accumulation and a decrease in conidiation
in the dark condition. However, the TFs veA and laeA were repressed in the presence
of light, which led to a considerable decrease in OTA accumulation and an upsurge in
conidiation [103]. During plant-pathogen interactions, sugar molecules are transported
from plants to infection sites since pathogenic fungi require sugar for growth. Pathogenic
fungi rewire fruit molecular networks involved in sugar metabolism and transport, pH
change, energy metabolism, sugar transfer, disease resistance, and host immunity as part
of the pathogenesis process.
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Gene Regulation

Diseases develop as a result of interactions between pathogenic fungi and fruit hosts.
Numerous components, including proteins, small RNA, and secreted phytotoxic com-
pounds, support the infection process. In order to trigger necrosis in the host cells early in
the infection process, postharvest pathogenic fungi release proteins that promote necrosis.
Numerous proteins on the surface of these spores are used to sense environmental and host
fruit stimuli. Examples of this include multiprotein structures, signal transduction systems,
and receptor tyrosine kinases (RTKs). It is also well known that G protein-coupled receptors
(GPCRs) link many signaling pathways, as shown in Figure 2. For a successful infection
process, the fungus must be able to perceive signals, which include ethylene, light, and
pH detection. In vitro experiments have demonstrated that B. cinerea produces ethylene
to support growth. Thus, increased ethylene production was connected to an increase in
disease incidence [104]. P. expansum has the capacity to “alter” the ethylene production in
apples, which allows it to avoid or inhibit the fruit’s defenses and favors colonization [97].
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Figure 2. Fungal infection and signaling mechanism of fruit. On the surface of these spores, several
signaling pathways are linked by proteins such as multiprotein complexes, signal transduction systems,
receptor tyrosine kinases (RTKs), and G protein–coupled receptors (GPCRs), which are employed
to sense environmental and host fruit stimuli. The primary signaling pathways involved in fruit fungal
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infection include MAPK, cAMP, and protein kinases that causes the activation of TF. These TFs trigger
several cell signaling pathways. Similar to fruits cell the toxins produce by these pathway causes
oxidative burst by producing ROS, activation on CWHEs, production of organic acid, volatile acid
compound, and increases the synthesis of glucose that leads to tissue softening and damages fruit.
Figure created with BioRender.com (https://app.biorender.com/biorender-templates)—accessed on
25 November 2022.

Through intricate molecular pathways, fungal spores integrate the infection signal
in response to the relevant environmental stimuli. Several signaling routes are generally
used within the cell to transmit signals (Figure 2). According to Martnez-Soto and Ruiz-
Herrera [105], the primary signaling pathways involved in fruit fungal infection include
mitogen-activated protein kinase (MAPK), cyclic adenosine monophosphate (cAMP), AMP-
activated protein kinase/sucrose non-fermenting 1 (AMPK/SFN1), and high osmolarity
glycerol (HOG). Protein chains known as the MAPK pathways typically assist in signal
transduction from the cell surface to the nucleus [106]. GPCRs change in conformation
when a signal from an extracellular compartment is identified [105,107]. This conversion
will result in the dissociation of the trimeric G proteins into GTP-Gα and Gβ-Gγ. Follow-
ing this dissociation, GTP-Gα will phosphorylate the protein kinases in the downstream
pathway in the form of MAPK kinase (MAPKK), which helps to activate (phosphory-
late) the MAPK protein. Following the hydrolysis of the GTP, the heterodimer Gβ-Gγ is
created [105]. MAPK activation regulates gene expression, which in turn regulates the
outcome of infection processes (Figure 2).

Adenylyl cyclase, an enzyme that catalyzes the conversion of ATP into cyclic cAMP,
is activated by the cAMP-dependent pathway, which helps the body intercept external
signals. PKA, a protein kinase that regulates the metabolism of lipids and glycogen as
well as other cellular functions, is activated by cAMP [105]. In order to understand the
importance of the cAMP signaling system during fungal infection, the cAMP signaling
system was studied. It was observed that it might influence the energy metabolism of
the mold, lessening the severity of the illness. A well-known family of protein kinases
called SNF1/AMPK is present in both fungi and humans. SNF1 controls a variety of
nutrient-sensitive cellular functions, including the transcription of genes and the activity
of metabolic enzymes [105,108]. Researchers looked into the SNF1 gene’s function during
infection because of how important it is for cellular functions. Figure 2 depicts the fungal
infection and signaling process of fruit.

To ensure the efficiency of transcription, TFs must determine the sequences of the
genes to be expressed before they can be transcribed. Particular TFs that can be triggered by
several cell signaling pathways are necessary for certain cell functions. Expression disrup-
tion of the calcineurin-responsive TF crz1 in P. digitatum may have an impact on complete
virulence, conidiation, and demethylation inhibitor (DMI) fungicide tolerance [109]. Fungi
must have their environment’s pH under control to be completely pathogenic. The pH
signaling TF pacC gene in P. digitatum was damaged, which had an impact on the expression
of the PL pnl1 gene and PG pg2 gene and reduced the fungal virulence of citrus [109]. Sterol
regulatory element-binding proteins (SREBPs) are fundamental helix-loop-helix transcrip-
tion regulators that control the expression of the genes involved in sterol biosynthesis,
which is found in fungi. Essential TFs play a significant role in how different MAPK
pathways interact with one another and with other signaling pathways that are engaged in
crucial physiological functions. Most likely, these TFs serve as the link between different
cellular signaling pathways. Thus, a crucial component of infection control techniques is
focusing on crucial TFs to achieve maximum inhibition of the infection process [110]. Key
TFs are phosphorylated and activated to stop extracellular signals that are conveyed via
MAPK pathways. These crucial TFs will, in turn, control the transcription of other TFs
important for the perceived extracellular signal response as well as gene expression. DNA
is compressed into chromatin in the nucleus of eukaryotic cells by certain proteins known
as histones. The cell modifies histones to alter chromosomal shape and control gene expres-
sion. Recently, a virulence deficiency and a decrease in PAT and citrinin accumulation (CIT)
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were caused by the loss of the epigenetic reader SntB. Late LaeA, PacC, and CreA TFs, which
are crucial regulators of virulence and secondary metabolism, were controlled by SntB
in a crucial way [111]. Many cellular activities that are activated in response to infection
stimulation work to speed up the fruit’s infection process. The fungal genes implicated in
the emergence of postharvest fungal infections are shown in Table 3.

Table 3. Fungal genes involved in postharvest fungal infections.

Host Fruit Fungi Gene Name Disease Gene Function
or Conclusion References

Citrus A. alternata Nps6 Anthracnose
Production of siderophores,

non-ribosomal peptide synthase,
required for full virulence.

[112]

Avocado C. gloeosporioides CAP20, CAP22 Anthracnose Appressorium formation. [113]

Plum;
avocado C. gloeosporioides AreA Anthracnose

Conidia production, regulation of
nitrogen metabolism, and

virulence, influence
fungal development.

[114]

Avocado C. gloeosporioides Pelb Anthracnose Decline synthesis of pectinase. [115,116]

Grape B. cinerea BcVelB, BcVeA Gray mold
Response to oxidative stress,

Regulate fungal development,
and virulence.

[117]

Mango C. gloeosporioides TUB 1 and TUB2 Anthracnose Oxidative stress. [118]

Grape B. cinerea SDR1 Gray mold Influence development, growth,
and pathogenicity. [119]

Apple P. expansum VeA Blue mold Regulatory mechanism of
secondary metabolism. [13]

Apple P. expansum PeSte12 Blue mold Influence asexual reproduction
and virulence. [120]

Apple P. expansum LaeA Blue mold Modulates virulence. [121]

Citrus P. digitatum Ste12 Green mold Asexual reproduction. [122]

Citrus P. digitatum Os2 Green mold Virulence functions. [123]

Citrus P. digitatum Pg1; Pg2 Green mold Produce polygalacturonases. [124]

Citrus P. digitatum Mit1 Green mold
Contribution to mycelium

growth, conidial germination,
and sporulation.

[125]

Citrus P. digitatum Ac1 Green mold
Required for conidial growth,

germination, cAMP production,
and virulence.

[126]

Citrus P. digitatum SreA, SreB Green mold Produces aerial mycelia. [127]

Citrus P. digitatum Crz1 Green mold Conidiation, virulence. [109]

Citrus P. digitatum SUT1 Green mold Influence fungicide sensitivity
and contribute to virulence. [128]

Citrus P. digitatum PdMFS1 Green mold

During citrus infection, they
contribute to a variety of
fungicide resistance and

fungal virulence.

[129]

Citrus P. digitatum Slt2 Green mold Control virulence
and sporulation. [130]

TUB—β-tubulin gene; Pg—Polygalacturonase; Ac—Adenylyl cyclase; Sre—sterol regulatory element binding
proteins; Crz1—Calcineurin-responsive transcription factor; SUT1—Putative sucrose transporter; PdMFS1—
Penicillium digitatum major facilitator superfamily; Slt2—mitogen-activated protein (MAP) kinase.
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Reactive oxygen species in living things, such as singlet oxygen (1O2), superoxide
anion (O2

−), hydroxyl radical (OH−), and hydrogen (H2O2), are often formed as byproducts
of metabolic activities [131–134]. Numerous studies have revealed that ROS are essential
for fruit-microbe interactions [98,135,136]. Around the infectious site, fruit cells may
quickly build up a significant quantity of ROS when fungi attack fruits [137]. NADPH
oxidase (Nox) complex is the most significant enzyme for ROS generation in fungi. By
employing NADPH as an electron donor, Nox, which is present in the plasma membrane or
endoplasmic reticulum membrane, transfers electrons across membranes to convert oxygen
molecules to •O2 [138]. NoxR is the common regulatory component that has additive
effects for NoxA and NoxB, and the two catalytic subunits, NoxA and NoxB, are involved
in B. cinerea at various phases of infection [138,139]. NoxR deletion in B. cinerea reduced
virulence, vegetative growth, and conidiation in a range of hosts [140]. The production
of ROS during fruit fungal infection and ROS signaling in the interaction of the fungal
pathogens with their plant host is depicted in Figure 3.
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RBOHs in the plasma membrane and several intracellular organelles. Fungal hyphae generate ROS 

Figure 3. Fungal infection induced ROS generation in fruit. ROS signaling in fungal infections’
interactions with their plant hosts. In response to pathogen detection, plant cells release ROS via
RBOHs in the plasma membrane and several intracellular organelles. Fungal hyphae generate
ROS via Nox complexes, which are primarily found at the plasma membrane or endoplasmic
reticulums and stimulate an oxidative burst response within the pathogen. Scavenging systems,
which include both enzymatic and non-enzymatic systems, work together to maintain intra and
extracellular redox homeostasis in both plants and pathogens. Figure created with BioRender.com
(https://app.biorender.com/biorender-templates)—accessed on 25 November 2022.

7. Modern Methods for Securing Fruit Yield

The discovery of key proteins and genes that are targets for antifungal medications
has come about as a result of research into the molecular underpinnings of postharvest

https://app.biorender.com/biorender-templates


Stresses 2023, 3 243

fruit infections. One of the most popular techniques for reducing harmful fungus infection
involves treating fruits with fungicides.

7.1. Use of Cell Wall, Membrane Degrading Enzymes, and Antifungal Proteins (AFP)

For pathogenic fungi to infect fruit, the plasma membrane and cell wall must be intact.
Degradation of the polysaccharides in fungi’s cell walls can halt fruit infection. Peptidases
and chitinases have been reported to be effective against postharvest fungal infections [141].
Peptidase may harm membrane proteins and cell walls, in contrast to chitinases which can
break down the chitin in the fungal cell wall. It has been demonstrated by da Silva [141] that
these enzymes can stop spore germination successfully. Recombinant alkaline peptidase
made from the yeast Aureobasidium pullulans proved particularly effective at controlling
the development of B. cinerea in vitro. Alkaline serine peptidase was discovered to be
efficient against B. cinerea and Monilinia fructicola infection in apples. This peptidase
restricted B. cinerea infection in apples by causing aberrant enlargement of the hyphae at a
concentration of 62.5 ng/L [141].

The most recent advance in bio-fungicides is the AFP generated by filamentous as-
comycetes. Small cationic proteins called AFPs, which fungi synthesize and exude into
the culture medium, are related to defensin. Direct inhibition of harmful fungi in plants
and fruits is a property of AFPs. PAF (P. chrysogenum), PgAFP (A. giganteus), Pc-Arctin
(A. giganteus), AcAMP (A. clavatus), AcAFP (A. clavatus), and AFPB (P.digitatum) are a
few of the molecules that are present [142]. They are biosynthesized in the host cell in
their pre-programmed state to remain inactive. Most of these AFPs are known to function
internally, permeabilize the plasma membrane, and prevent chitin formation. To make
AFPs on a large scale, Pichia or Saccharomyces have been utilized as biofactories [142].

7.2. Use of Bio-Inhibitors

The process of fruit infection is significantly influenced by several pathogenic fungal
proteins. One of the most important tactics for controlling the infection process is to inhibit
these enzymes. Biochemical compounds called “bio-inhibitors” aim for and deactivate
important proteins that have a role in infection. A protein called phaseolus vulgaris protein
2 prevents the synthesis of PG (PGIP). A PGIP isolated from healthy apples that had
been kept was similarly evaluated in vivo and in vitro against a C. acutatum endo-PG.
However, additional study is required to comprehend the biochemical characteristics of
PGIP and assess how much it reduces soft fruit rot brought on by C. acutatum [143]. The
invasion and growth of B. cinerea inside the fruit have been connected to siderophores.
They may work by trapping the cofactors of infectious fungus enzyme activity. As potential
inhibitors of B. cinerea laccase (LC) and PG, Sansone et al. [144] proposed calcium chloride
(CaCl2), ethylenediaminetetraacetic acid, enterochelin (siderophore produced by Rahnella
aquatilis), and rhodotorulic acid (siderophore produced by Rhodotorula glutinis). As a result,
these products have all been linked to preventive and curative effects against B. cinerea
infections. Enterochelin and CaCl2 were good in treating infections that have existed,
although rhodotorulic acid and EDTA were better at preventing infections. In addition,
it was shown that CaCl2 and enterochelin might stop the release of PG and LC [144].
Researchers have also looked at how different chelators and protease inhibitors affect the
virulence of P. digitatum [145]. The foundation for the creation of innovative alternative
therapies to combat postharvest infections is being laid by studies such as these and others.

7.3. Use of Natural Molecules—Plant Extracts, Essential Oils, Other Solvent Extracted Plant
Molecules, and Molecules of Animal Origin

Plant extracts provide several benefits, including low phytotoxicity, systemic mode of
action, low environmental toxicity, antifungal activity, and decomposability. The capacity
of essential oils (EOs) and other plant compounds that have been extracted using solvents
to prevent pathogenic fungi in fruits has drawn a lot of interest. The biological management
of postharvest infection by bacterial species is shown in Table 4.
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Table 4. Postharvest disease biological control employing bacterial species.

Hosts Diseases Bacterial Phytopathogens Inhibition (%) References

Mango Anthracnose Stenotrophomonas rhizophila Colletotrichum gloeosporioides 89 [146]

Peach Brown rot Pseudomonas synxantha Monilinia fructicola 70 [147]

Apple Brown rot Bacillus amyloliquefaciens Monilinia sp. 75 [148]

Apple Blue mold Pseudomonas fluorescens Penicillium expansum 88 [149]

Banana Anthracnose Pantoea agglomerans Colletotrichum musae 94 [150]

Banana Anthracnose Bacillus subtilis Colletotrichum musae 72 [151]

Melon Rot B. subtilis Alternaria alternata 77 [152]

Grape Gray mold Bacillus sp. Botrytis cinerea 50 [153]

Apple Anthracnose Paenibacillus polymyxa C. gloeosporioides 83 [154]

Apple Blue mold B. amyloliquefaciens Penicillium expansum 80 [155]

EOs are the most significant chemicals generated in various plant parts in terms of
their antifungal effects. Examples of EOs include phenolic components, sesquiterpenes,
terpenes, aldehydes, and ketones [156]. Because of developments in bioinformatics analysis
and the rise of cutting-edge analytical approaches such as transcriptome and proteome
analysis, their mechanism of action is about to be completely known [157]. They work
by altering the cellular metabolism of postharvest fungal infections to prevent fruits from
becoming infected. Due to the synergistic effects of their many volatile components, they
are safe for consumers and the environment, and postharvest pathogenic fungi are unlikely
to develop resistance [158]. A number of postharvest fungal diseases, including B. cinerea,
P. digitatum, C. gloeosporioides, and Molininia fruticola have been demonstrated to be inhibited
and controlled by essential oils of lemongrass, oregano, thyme, citrus, tea tree, along with
citronella oil [159]. The most likely mechanisms by which EOs exert their effects are as
follows: (i) by inhibiting enzymes and altering intracellular processes by forming hydrogen
bonds; (ii) by interacting with membrane enzymes and reducing cell wall firmness and
integrity; (iii) by accumulating in the cell membrane due to its molecular structure, causing
damage to and destabilizing the cell membrane; (iv) by causing cell starvation; and (v) by
changing cytoplasmic membrane permeability and granulation [157].

Due to aqueous and organic solvent extraction, the plant extract is prevalent in sec-
ondary antifungal metabolites, such as alkaloids, flavonoids, tannins, quinones, benzyl
alcohol, phenyl propanoids, saponins, terpenes, sterols, acetaldehyde, ethyl benzoate, ethyl-
benzaldehyde formate, methyl salicylate and ethanol [131,160]. Citrus P. digitatum infection
has also been demonstrated to be resistant to methanolic extracts of Inula viscosa L. and
Cinnamomum cassia L. [161]. Inhibiting the biosynthesis of nucleic acid by altering DNA
gyrase, altering the flow of substances between cells, impeding energy metabolism, dis-
rupting cell respiration, changing cell structure, causing oxidative stress, and changing
the functions of genetic material are all possible effects of plant extracts [59,162,163]. An-
thraquinones, phenols, and flavonoids from plants have been associated with antifungal
properties [161].

A phytopolyphenolic pigment called curcumin, commonly referred to as turmeric
longa, is usually derived from the Curcuma longa L. plant and has a wide range of antifungal
properties. Three MAPK genes, sak1, bmp1, and bmp3, which are involved in vegetative
development, pathogenicity, and osmotic stress response, were shown to be targeted and
controlled by curcumin. According to studies on the impact of curcumin on grey mold
(B. cinerea) degradation in kiwi, curcumin greatly inhibits mycelial growth, germ tube
elongation, and spore germination. Mycelium that has been given curcumin was more
susceptible to osmotic stress. The ability of this mycelium to break down plant cell walls
was reduced. A 400 mg/L dosage of curcumin in kiwifruit can greatly slow the onset of
illness [164].
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Chitosan (CS) and lactoferrin are two compounds with significant antifungal actions
that were derived from animals [165]. The exoskeletons of crustaceans include CS. Its mode
of action entails interfering with nutrition and mineral uptake as well as modifying spore
germination through contact with the spore wall. Chitosan interferes with the fungal cell’s
genetic material to obstruct protein production, permeabilizes the fungal membrane by
altering the function of a particular recognition site on the fungal surface, and induces
stress, which results in cell leakage (Figure 4).
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Pathogenesis-related protein (PR1 and PR5) levels were raised after CS nanoparti-
cles (CSNP) treatment [166]. The maximal peroxidase (POD), polyphenol oxidase (PPO),
and phenylalanine ammonia-lyase (PAL) activity were increased by 1.10, 1.10, and 1.08,
respectively, by CSNPs. Zen et al. [167] reported increases in POD, superoxide dismutase
(SOD) activity, glutathione (GSH), and H2O2 levels in Navel oranges following postharvest
treatment of fruit with CS. POD and PPO are responsible for activating plant defense. In
comparison to the control, CS treatment greatly boosted POD activity and gene expression.

In Rhizopus stolonifera, high CS concentrations can lead to fast potassium efflux, which
lowers H+-ATPase, accumulating protons inside the cell and altering the H+/K+ exchange
transit across the membrane negatively [168]. The mechanism of action of CS has been
excellently elucidated in Figure 4. The lowest disease incidence (10.08%) was obtained
by the researcher after 90 DAT (days after treatment) using a combination CS treatment
(1% seed treatment + 0.5% foliar spray) [169]. As a result, ROS are generated, which
causes cell death [170]. Chitosan largely increased plasma membrane, oxidoreductase,
and transport activity, according to RNAseq data and gene ontology (GO) analysis [171].
Additionally, CS enhances oxidative metabolism, respiration, and GO transport activities
in the model yeast plasma membrane. The cell wall integrity genes and stress response in
Saccharomyces cerevisiae have also been demonstrated to be induced by CS [172].
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7.4. Use of Hot Water Treatment (HWT)

Hot water treatment (HWT) is frequently utilized to prevent fruit infections caused by
pathogenic fungi [173]. HWT stresses the fruit, resulting in a number of physicochemical
alterations. The principal method by which HWTs restrict the spread of infection is by
the disinfection of fruit specimens. Similar to phytoalexins, heat shock proteins, and PR
proteins, hot water encourages the development of secondary metabolites that play a role
in fruit resistance to fungus [174]. HWT encourages the buildup of lignin in diseased fruit,
which serves as a barrier against fungal infection and delays the fruit’s decomposition
for a long time. A significant investigation on the development of resistance in mangoes
following HWT was carried out by Luria et al. [175]. An examination of the mango peel
transcriptome revealed that HWT boosted the expression of genes involved in disease
resistance, as well as genes involved not only in flavonoid and sugar metabolism but also
in chlorophyll degradation [175].

7.5. Use of Irradiation

Ionizing radiation has an antibacterial effect by rupturing the pathogen’s cell mem-
brane, which causes the pathogen to lose its cytoplasmic nutrients. Ionizing radiation
can also harm people directly or indirectly [176]. Ionizing radiation primarily harms a
pathogen’s nucleic acids by damaging its genetic makeup. The forms of DNA damage
induced by irradiation include hydrolytic damage, oxidative damage brought on by direct
contact with ionizing radiation with DNA molecules, and alkylating chemicals. Bases
can also be incorrectly incorporated during the replication process [177]. Multiple breaks
render the virus non-viable, even if single-strand breaks may not be fatal or may result
in a mutation. Ionizing radiation’s indirect impact on infections is caused by interactions
with other atoms or molecules inside the pathogens. Water molecules lose one electron
as a result of radiation, going from H2O to H2O and +e. Molecular hydrogen and oxygen,
H2O2, OH-, hydrogen radicals, and H2O2 are created when these byproducts react with
one another or other water molecules [177]. Ionizing radiation can also have an impact on
proteins, plasmids, or enzymes that are crucial for the development of infections.

The three forms of non-ionizing radiation are UV-A (315 to 400 nm), UV-B (280 to
315 nm), and UV-C (100 to 280 nm) [178]. Fruits include photoreceptors that allow UV
light to affect vegetative tissues and control metabolic processes. The fruit quality might
suffer from excessive UV-C exposure. Citrus fruits’ overall quality is less affected by UV-B
than by UV-C irradiation [179]. Lemon fruits’ cell walls are said to thicken when exposed
to UV-B light, improving the fruit’s defense against harmful fungus. The synthesis of
secondary antifungal metabolites such as polyphenols and phytoalexins is accelerated by
UV radiation, which might reduce the spread of dangerous fungi [179]. By encouraging
phytochemical processes that are affected by the length and temperature of incubation,
UV-C radiation serves as an antifungal agent [180].

7.6. Use of Microbial Antagonists

Microbial antagonists can prevent infections from attaching directly to fruit, compete
with the fruit for resources and space, disable fungal inoculum, and produce enzymes that
break down fungi or cause fruit resistance [119]. They quickly deplete the nutrients on the
fruit’s surface, lowering the number of nutrients that are available to pathogens. Yeasts
also create extracellular polysaccharides that help them survive and stop pathogens from
spreading. The least influence on these creatures is caused by pesticides put on harvested
fruits. Figure 5 represents the mechanism of biocontrol mechanism in fruit and pathogen.

Limitations in nutrients and available space, the creation of different bioactive com-
pounds, the generation of antibiotic activity/CWDE, and the induction of resistance are all
potential defense strategies employed by antagonistic bacteria (mainly Bacillus sp.) against
pathogenic fungus (Lasiodiplodia theobromae, C. gloeosporioides, and Penicillium digitatum).
Contrarily, the effectiveness of Bacillus biocontrol may be influenced by a number of
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variables, such as the kind of host/pathogen, strain type (endophytes or epiphytes), ad-
ministration methods (pre or post-storage/harvest), and others [181–184].
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8. Future Perspectives

The relevance of signaling pathways and molecular processes involved in the sense of
exterior changes during fruit infection by pathogenic mold was validated by this review.
Pathogenic mold infection and proliferation mostly depend on mechanisms involved in
the control of fungal physiology as well as those involved in the production of specialized
structures such as sclerotia or appressorium. However, further investigation is required
to determine how mycotoxins affect the pathogenicity and virulence of mold. Emerging
omics approaches and CRISPR-Cas9-mediated gene editing technologies could be widely
exploited to examine the functions of genes and fungal proteins that are involved in fruit
infection. It may be possible to clarify the fundamental principles underlying eukaryotic
cell signaling systems by studying the molecular mechanisms of fruit infection, especially
MAPK modules. The possible development of novel biotechnological strategies for the
management or prevention of fruit infections, including the use of bio-inhibitors, hydrolytic
enzymes, natural products, and biological control agents, is also important to take into
account. The mechanism of pathogenic fungus infection is shown to be closely tied to
biological control techniques. An adequate application of plant extracts with acceptable
biocontrol agents should be made after HWT and UV irradiation in order to produce
an efficient antifungal management system. The greatest method for preventing fungal
infections is the selective breeding of disease-tolerant fruit cultivars using agricultural
biotechnology. An interesting advance that can help in the selection of genotypes with
higher disease tolerance is the identification of molecular markers and genetic networks
connected to disease resistance. By creating a hostile environment, harmful fungi are pre-

https://app.biorender.com/biorender-templates
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vented from growing and causing as many diseases in the field and storage. Computational
biology and whole-genome sequencing of pathogenic fungi will make it easier to evaluate
antifungal drugs that target particular infections, leading to a more effective approach to
disease control.

9. Conclusions

Researchers are looking at the connections between fruit-pathogenic fungi to solve
the issue of rising fungal infections in fruits. A wide range of physiological, chemical,
environmental, and genetic variables can affect fruit fungal pathology. In recent years, our
knowledge of fungal pathogenesis has improved. Fruits that have suffered from biotic or
abiotic stress are more prone to fungal diseases. Fruits are susceptible to fungal disease
due to water activity, relative humidity, ideal temperature, pH, and substrate concentra-
tion. These factors also affect the pathogenic fungi’s quiescent and necrotrophic life stages.
Changes in host pH, the development of cell wall-degrading enzymes, the formation of
mycotoxins, and the down-regulation of fruit primary and secondary metabolism are some
of the pathogenic processes involved in the fungal pathogenesis of fruits. Phytohormone
synthesis is altered, antifungal compounds are produced, defense-related enzyme produc-
tion is increased, primary and secondary metabolite production is increased, and cellular
signal transduction is all part of a fruit’s defensive mechanism against pathogenic invaders.
It is still unknown exactly what circumstances lead to successful illness or infection toler-
ance. Therefore, additional investigation into the genetic control of fruit disease immunity
and resistance is required in order to create innovative, secure, and high-quality fruit
production techniques.
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