
Academic Editor: Nengguo Tao

Received: 2 December 2024

Revised: 14 January 2025

Accepted: 15 January 2025

Published: 20 January 2025

Citation: Ramudingana, P.;

Makhado, N.; Kamutando, C.N.;

Thantsha, M.S.; Mamphogoro, T.P.

Fungal Biocontrol Agents in the

Management of Postharvest Losses of

Fresh Produce—A Comprehensive

Review. J. Fungi 2025, 11, 82. https://

doi.org/10.3390/jof11010082

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Fungal Biocontrol Agents in the Management of Postharvest
Losses of Fresh Produce—A Comprehensive Review
Phathutshedzo Ramudingana 1,2 , Ndivhuho Makhado 2,3 , Casper Nyaradzai Kamutando 4 ,
Mapitsi Silvester Thantsha 5 and Tshifhiwa Paris Mamphogoro 1,*

1 Gastro-Intestinal Microbiology and Biotechnology Unit, Agricultural Research Council-Animal Production,
Private Bag X02, Irene, Pretoria 0062, South Africa; ramudinganap@arc.agric.za

2 Department of Microbiological Pathology, Tuberculosis Research Unit, Sefako Makgatho Health Sciences
University, Molotlegi Road, Ga-Rankuwa, Pretoria 0204, South Africa; nmakhado@yahoo.com

3 National Health Laboratory Services, Dr George Mukhari Tertiary Laboratory, Pretoria 0204, South Africa
4 Department of Plant Production Sciences and Technologies, University of Zimbabwe, P.O. Box MP167, Mount

Pleasant, Harare 0263, Zimbabwe; kamutandocn@gmail.com
5 Department of Biochemistry, Genetics and Microbiology, University of Pretoria, Private Bag X20, Hatfield,

Pretoria 0028, South Africa; mapitsi.thantsha@up.ac.za
* Correspondence: mamphogorot@arc.agric.za; Tel.: +27-12-672-9046

Abstract: Postharvest decay of vegetables and fruits presents a significant threat confronting
sustainable food production worldwide, and in the recent times, applying synthetic fungi-
cides has become the most popular technique of managing postharvest losses. However,
there are concerns and reported proofs of hazardous impacts on consumers’ health and
the environment, traceable to the application of chemical treatments as preservatives on
fresh produce. Physical methods, on the other hand, cause damage to fresh produce, ex-
posing it to even more infections. Therefore, healthier and more environmentally friendly
alternatives to existing methods for managing postharvest decays of fresh produce should
be advocated. There is increasing consensus that utilization of biological control agents
(BCAs), mainly fungi, represents a more sustainable and effective strategy for controlling
postharvest losses compared to physical and chemical treatments. Secretion of antifungal
compounds, parasitism, as well as competition for nutrients and space are the most com-
mon antagonistic mechanisms employed by these BCAs. This article provides an overview
of (i) the methods currently used for management of postharvest diseases of fresh produce,
highlighting their limitations, and (ii) the use of biocontrol agents as an alternative strategy
for control of such diseases, with emphasis on fungal antagonists, their mode of action, and,
more importantly, their advantages when compared to other methods commonly used. We
therefore hypothesize that the use of fungal antagonists for prevention of postharvest loss
of fresh produce is more effective compared to physical and chemical methods. Finally,
particular attention is given to the gaps observed in establishing beneficial microbes as
BCAs and factors that hamper their development, particularly in terms of shelf life, efficacy,
commercialization, and legislation procedures.

Keywords: biological control agents; postharvest loss; fungal antagonist; fresh produce

1. Introduction
It is expected that population growth in Africa will reach 2.55 billion by the year

2050 [1]. However, in the previous 20 years, production of food in Africa has lagged
behind population growth due to low productivity and high postharvest losses of farm
produce [1]. Increasing the production of food has therefore become a priority in developing
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countries. Additionally, a reduction in postharvest losses is also considered as a viable
solution in increasing food availability at household level. Increasing food availability
neither requires additional resources nor places additional burden on the environment [2].
Different methods, which include physical, biological, and chemical treatments, are in place
for the management and control of losses incurred during the harvesting of agricultural
products; however, the measures in place have not helped in boosting food security in
Africa [3].

The following are some physical and chemical methods used to manage postharvest
losses: (i) temperature and humidity management, where cold chain management uses
optimal temperature and relative humidity throughout the postharvest production path-
way [4]; (ii) intermittent warming, where for example, mature, green and early breaker
fruits are treated to intermittent warming for one day per week at 20 ◦C and then stored at
6, 9, and 12 ◦C for 28 days to reduce microbial decay [5]; (iii) modified/controlled atmo-
sphere [6], which prevents storage rot through the use of films and coatings to alter the air
composition around the produce and/or to reduce water loss [7]; and (iv) UV treatments [8],
which inactivate the microorganisms and prevent microbial replication through creation of
pyrimidine dimers in the DNA [7]. The main disadvantages of physical methods are that
the produce could be damaged during treatment, thereby exposing the crop produce to
infection, and furthermore, they are relatively expensive and thus may not be afforded by
smallholder farmers [9].

Chemical treatments used for the control and management of diseases that cause
spoilage of fresh produce include the use of fungicides and antibiotics. Fungicides and
antibiotics are applied on the surface tissues of produce using smart fog and ultrapure
systems, as well as biocoating, for controlling infections already established [7]. They serve
to inhibit pathogen proliferation by safeguarding plant produce against infections that
primarily arise during handling and storage [10]. Postharvest fungicides are applied as
dips [11], sprays [11], fumigants [12], coatings [13], treated box liners, or in waxes and
wraps [14]. Amongst others, fungicides that are commonly applied include triazoles (e.g.,
imazalil and prochloraz) and benzimidazoles (e.g., benomyl and thiabendazole) [15].

Smart Fog [16] and Ultrapure systems [17] are dry fogging systems used to introduce
antimicrobial sprays onto fruit surfaces. The major challenge with the use of these systems
is that the bottom of the fruit surfaces, which will be in contact with the container, are often
unexposed to the environment and remain unsterilized. Biocoating is the application of
edible food coating (e.g., oils) to uphold the standard of the produce [7]. These edible coats
retard ethylene emission and enhance texture quality thereby enhancing the shelf life of the
plant produce [7,18].

Even though, to date, chemical treatments are considered the primary method used to
control the postharvest decay of fresh produce, their main limitation is that some chemicals
lack approval for postharvest treatment [19]. As a result, these chemicals are withdrawn
from the market due to apprehensions over their potential toxicological risks [20]. Addi-
tionally, there are serious public concerns over the use of fungicides and antibiotics, the
impact of their ecotoxicity and human toxicity, their associated exorbitant expenses and
development of antibiotic resistance in pathogens. Furthermore, the use of chemicals on
fresh produce necessitates intricate utilization, since their efficacy is influenced by both
abiotic and biotic factors, and demands advanced industrial manufacturing. These issues
prompted researchers to explore alternative approaches [3,20,21]. The ideal alternative ap-
proaches should therefore be safe for both the environment and consumers [20]. Biological
control agents are regarded as a potential management option with these desirable features.

Biocontrol is the use of naturally occurring microorganisms or controlled microflora
and (or) their antimicrobial products to enhance the safety of fresh produce while extending
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its shelf life [22]. Examples of biocontrol agents include antagonistic microorganisms and
animal-derived and natural plant compounds [23]. Amongst fungi, yeasts and yeast-like
organisms with antagonistic properties isolated from the surface of leaves, vegetables, and
fruits are used as biological control agents (BCAs) [3,20,24]. The application of fungal BCAs
ensures the production of high-quality fresh produce and prolonged shelf life [25]. The
drawbacks of chemical applications render antagonistic fungi as the preferred strategy for
biocontrol [26]. Furthermore, these antagonists may originate from non-target, non-toxic
microbes, rendering them readily acceptable to ‘eco-friendly’ customers [20]. This is a
novel, cost-efficient strategy that farmers should be urged to implement as an alternative to
chemical treatments. The effectiveness of biocontrol agents at low concentrations reduces
their ecological footprint, which indicates that their use does not place a high demand
on resources, thus making them a more sustainable practice; for example, a study by
Ansari et al. [27] demonstrated that the biocontrol agent T. harzianum was effective at low
concentrations in controlling Fusarium oxysporum f. sp. lycopersici (FOL), underlining the
potential of T. harzianum biocontrol as a cost-effective and environmentally sustainable
alternatives for managing FOL [27,28].

Biocontrol agents operate through multiple modes of action, consequently diminishing
the emergence of resistance. Additionally, they are accessible for local-scale producers
due to their ease of use and are produced in controlled industrial settings [1,3]. Thus, it
is anticipated that the application of biocontrol products will, in the near future, prevail
over the use of agricultural chemicals. Some of advantages of commercial BACs are that
they (i) can be stored for more than 12 months at ambient temperature and for more than
24 months at 4–6 ◦C; (ii) are applicable in organic farming; (iii) reduce the risk of appearance
of resistant strains; (iv) are active at low temperatures; (v) are not phytotoxic; (vi) have
residues that are not typically subject to standard restrictions or maximum residue limits
(MRLs) that apply to other chemicals; (vii) do not affect vinification; (viii) can fit to any
integrated pest management (IPM) program; (ix) are harmless to beneficials; (x) are safe for
both humans and the environment [29].

The aim of this review is to compare the existing methods for postharvest management
of fresh produce decay and to highlight evidence supporting fungal biocontrol agents as
a viable alternative for control of postharvest diseases. We anticipate that this review
will encourage acceptance and support for the introduction of fungal BCAs as a healthier,
affordable, and more environmentally friendly alternative as a replacement for synthetic
chemicals in the management of postharvest fresh produce decay.

2. Characteristics of Ideal Fungal BCAs
Several good character traits desired in fungal BCAs are documented [1,7]. An ideal

fungal antagonist for management of postharvest decay must be (i) able to colonize and
persist on the commodity at effective levels; (ii) compatible with other postharvest practices,
processes, and chemicals; (iii) effective under adverse environmental conditions including
low temperatures as well as, in some cases, controlled-atmosphere conditions; (iv) effective
at low concentrations; (v) genetically stable; (vi) amenable to large-scale production using
low-cost substrates; (vii) easy to dispense; (viii) appropriate for a formulation that main-
tains stability over a lengthy period of time (have an extended shelf life); (ix) non-fastidious
in its nutrient requirement; (x) unable to produce metabolites deleterious to human health;
(xi) not harmful to the host commodity; (xii) compatible to commercial processing pro-
cedures; (xiii) resistant to pesticides; (xiv) adequately effective over a broad variety
of vegetables and fruits; and (xv) adequately effective at combating a wide range of
pathogens [1,3,30]. Based on the traits of an ideal BCA listed above, species of Trichoderma,
mainly T. harzianum, continue to hold a significant position among BCAs in a wide range
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of crop and disease management strategies. Whether used as a standalone treatment or
in combination with other ingredients to form a comprehensive IPM strategy, they are
commonly applied as soil treatment to control soil-borne pathogens such as Fusarium
and Pythium, Phytophthora, and Rhizoctonia [31]. Hence, more studies have focused on
the isolation, identification, and characterization of fungi as potential BCAs in managing
postharvest losses of fresh produce [32–34].

3. Factors Influencing Fungal BCAs Effectiveness
3.1. Microbial Inoculum Pressure

It has been reported that pathogen concentrations determine the sensitivity and efficacy
of the BCAs [1], where an increase in the pathogen spore concentration results in a decrease
in the efficacy of the BCAs [35]. Biological control agents should have the ability to adhere
to plant tissues and pathogens and achieve a certain cell concentration (spores and hyphae)
at the infection site [1,30]. Ideally, the concentration of the BCA should be higher than that
of the target pathogen. For example, Fusarium oxysporum strain Fo47 was reported to be
effective as an antagonist only when introduced at concentrations 10–100 times higher than
that of the pathogen [36]. Reportedly, Fusarium oxysporum CS-20 significantly reduces wilt
incidents in tomato at concentrations of up to 1000 times higher than the concentration
of the pathogen [36]. Therefore, minimizing exposure of fresh produce to pathogens is
essential for the success of postharvest biocontrol [37].

3.2. Formulations of Fungal BCAs

Commercial prepared BCAs should retain their efficacy and possess adequate shelf
life in their final formulated form. Fungal biocontrol product preparations are available
in both dry and liquid formulations [38]. Both types of formulations should include
the exogenous protectant to improve the efficacy of ecological strain in biocontrol and
improve cell viability [39]. The two formulations and studies conducted on them are
discussed below.

3.2.1. Dry Formulation

Freeze-drying is a widely employed technique for obtaining desiccated microorganism
preparations [39,40]. A study by Lee et al. [41] assessed the efficacy, viability, and stability
of freeze-dried Candida sake across various rehydration and protective media [41,42]. They
reported that the highest biocontrol activity was attained when 10% skim milk or 10%
lactose was used a protective agent. Furthermore, incorporating 1% peptone during the
rehydration of cells, before their application, also protected cell viability. However, use of
nutrient protectants at such elevated concentrations would not be viable from an economic
standpoint during large-scale production. In comparison, cryopreservation of cells in liquid
nitrogen caused the most severe damage to the cells, decreasing their viability by 10%.
Freeze-drying is comparatively costly and necessitates the use of specialized machinery for
batch drying. As a result, numerous studies have investigated alternative drying techniques
for the production of biocontrol agents such as fluidized bed drying, vacuum drying, and
spray drying (Table 1).

In their comparative analysis of various formulations methods, including vacuum
drying, liquid formulations, and freeze-drying of Pichia anomala J121, Druvefors et al. [43]
reported that freeze-drying of the yeast resulted in the highest viability. Another study
investigated the efficacy of freeze-drying on Rhodotorula glutinis and Cryptococcus laurentii,
using 5% or 10% of exogenous trehalose as a protective agent. Notably, the initial viability of
the organisms reached 80% [43]. Trehalose concentrations, both exogenous and endogenous,
were found to substantially enhance cell viability [44–46]. According to Lee et al. [41], the
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application of spray drying to C. sake led to a significant degree of cell injury, which resulted
in significant decrease in cell viability.

Some of the advantages of a dry formulation include, among others, preservation of the
product’s integrity through prevention of contamination during storage, extended durabil-
ity during storage at room temperature, and ease of product storage and shipping [44,45].

3.2.2. Liquid Formulation

Liquid media is frequently utilized as a method to generate biocontrol agents for
commercial purposes (Table 1). The efficacy of liquid formulations has not been thoroughly
assessed for fungal-based biocontrol products [39]. Candida sake CPA-1 prepared as a liquid
formulation in sorbitol-modified medium, and subsequently stored in isotonic solution of
trehalose was assessed for ability to preserve cell viability [47]. The results indicated that C.
sake cells exhibited an approximate seven-month shelf life without significant viability or
efficacy loss. The formulation of Rhodotorula minuta in a liquid formulation was assessed
in an additional pilot-scale study whereby 109 CFU/mL of the yeast was formulated in a
phosphate buffer solution, to which xanthan (0.5%) and glycerol (20%) were added; such
formulation effectively inhibited pathogen contamination [47,48]. Furthermore, an assess-
ment was conducted on the viability of P. anomala in a liquid formulation supplemented
with trehalose, glucose, or lactose [48]. Addition of either lactose or trehalose to the storage
medium resulted in a significant degree of viability, sustained for 8–12 weeks across all
evaluated temperatures (−20 ◦C–30 ◦C). In order to boost the survival and efficacy of
Pichia membranaefaciens and Cryptococcus laurentii in a liquid formulation, sugar protectants
(trehalose and galactose) were added together with L-ascorbic acid [49]. The durability of
the yeast was prolonged to 90 days at 4 ◦C and 15 days at 25 ◦C.

Liquid formulations have several advantages, including low cost, since they do not
require rehydration, addition of fillers, or drying. However, oxidative stress may cause
decreased cell viability in liquid media during storage [48,49]. The antioxidant L-ascorbic
acid can be used in liquid formulations to enhance the efficacy of sugar protectants [49].

Table 1. Exemplary investigations on the composition of fungal BCA.

Formulation of BCAs References

Dry
Freeze-drying
Pichia anomala J121 [43,50]
Candida sake CPA-1 [41]
Rhodotorula glutinis, Cryptococcus laurentii [44,45]
Spray-drying
Candida sake CPA-1 [46]
Fluidized bed-drying
Pichia anomala J121 [50]
Aureobasidium pullulans [51]
Vacuum-drying
Pichia anomala J121 [43,50]
Liquid
Rhodotorula minuta [48]
Pichia anomala J121 [38,50]
Candida sake CPA-1 [47]
Cryptococcus laurentii, Pichia
membranaefaciens [49]
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3.3. Delivery Systems of Fungal BCAs

Pathogens can infect fresh produce prior to harvest in the field; therefore, use of
microbial antagonists could be beneficial in managing these diseases both at pre- and
postharvest phases. It is therefore important to consider applying the antagonists prior to
the harvest through soil drenches, seed treatment, irrigation systems, and foliar sprays,
since they are able to establish a presence on the fruit surface as well, both in the agricultural
field and throughout the storage process, and to remain on the fruit surface over time,
thereby ensuring effective management of decay [51–53].

3.3.1. Preharvest Application of Fungal BCAs

Since contamination by microbial agents on fresh produce occurs at any stage in food
production, i.e., prior to harvest, during harvest and transportation, as well as in stor-
age [54], it is vital to explore the best strategy for delivery of antagonistic fungi. Essentially,
fungal antagonists are delivered either at preharvest or after harvest [3]. Preharvest appli-
cation is usually conducted to facilitate pre-colonization of the fruit surface by the fungal
antagonist, allowing for the antagonist to establish itself prior to the pathogen [52]. Hence,
pathogen inhibition by a fungal antagonist is much more if the antagonist is administered
before the occurrence of infection. Preharvest application helps control quiescent field
infections, which are often difficult to control after harvest [3]. Even though some studies
have reported that preharvest application may not be commercially feasible as a result of
the low viability of antagonist under environmental conditions [3], numerous reports on its
effectiveness have been documented [30,54].

A study by Huang et al. [55] reported that antagonist application of Cryptococcus
laurentii and R. glutinis (Fresenius) reduced gray mold from 7% to nearly 1% and 13% to 4%,
respectively, when applied for 3-week prior to harvest [55]. Kheireddine et al. [56] reported
an approximately 50% reduction in the blue mold Penicillium expansum in wounded apples
by C. sake CPA-1, inoculated two days prior harvesting, followed by storage of the apples
in a refrigerated facility for a duration of four months [56].

Preharvest application of the antagonist Aureobasidium pullulans was reported to
significantly reduce strawberry rot in storage [57], cherries [58], apples [59], and grapes [58].
Additionally, Zhang et al. [60] stated that preharvest application of Pichia guilliermondii
reduced incidences of the green mold Penicillium digitatum on grapefruit [60]. Subject to field
conditions, preharvest application of Epicoccum nigrum was shown to have an effect against
citrus and peach brown rots [3]. Furthermore, Ayogu et al. [61] reported that application
of antagonist Metschnikowia fructicola alone or in combination with sodium bicarbonate
and ethanol, close to harvesting, significantly controlled postharvest decays of grapes [61].
Similarly, preharvest application of M. fructicola controlled pre- and postharvest rot in
strawberry fruits [61]. Moreover, preharvest applications with various fungal antagonists
such as Trichoderma harzianum [62], E. nigrum [63], and Gliocladium roseum Bainier [64]
successfully controlled postharvest decay of strawberries where synthetic fungicides had
proven to be ineffective.

3.3.2. Postharvest Application of Fungal BCAs

Application of antagonistic microorganisms is common and appears to achieve effi-
cacy in the management of postharvest diseases of fresh produce [3]. The antagonists are
sprayed directly onto the surfaces of the produce or are applied by dipping and drench-
ing [3]. This strategy has been proven to be an effective approach for strawberries [62],
citrus [63], apples [65–67], peach [68,69], banana [70], mango [71], and tomato [72]. Nujthet
et al. [73] reported that postharvest application of Paecilomyces variotii Bainier, T. harzianum,
Trichoderma viride and Gliocardium roseum was more effective in controlling Botrytis and
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Alternaria rots than when applied at the preharvest stage [73]. Moreover, postharvest
applications of T. harzianum was more effective in controlling Aspergillus and Fusarium rots
in citrus fruits and potatoes. In yet other studies, significant reductions were reported for
yeast antagonist in harvested fruits against storage decay caused by pathogens such as P.
italicum and P. digitatum in citrus [37]; B. cinerea in apples [73]; B. cinerea and P. expansum
in pears [74]; and B. cinerea, Alternaria alternata and Rhizopus stolonifer in tomatoes [35].
Postharvest applications of Trichoderma viride and Debaryomyces hansenii were effective
against P. digitatum in citrus fruit [75,76].

Nevertheless, Ons et al. [3], reported that preharvest application has several drawbacks
and does not effectively address disease management in fruit production for commercial
purposes; for example, the effect of preharvest applications vary depending on the type of
fruit, and the effect preharvest calcium application may reduce cell browning (CB) in some
apple varieties, but not in others. Therefore, the use of postharvest fungal antagonists is
a preferable and practicable technique for management of postharvest diseases of fresh
produce [3].

4. Fungal BCAs in Postharvest Diseases of Farm Produce
Antagonistic microorganisms were successfully isolated, tested, and applied in biologi-

cal management of postharvest infections in perishable crops against fungal spp., including
Candida, Cryptococcus, and Pichia [3]. Others are currently still under varying degrees
of development [3,77]. Despite an increase in the number of commercialized microbial
biocontrol products on the market, these products still represent 1% of all the agricultural
chemical sales [78]. Two available methods use fungi as antagonists to control and manage
postharvest losses, including (i) application of antagonists already present on surfaces of
the vegetables and fruits, e. g., natural fungal antagonists are naturally present on surfaces
vegetables or fruits; following isolation, these fungal antagonists are employed for the
purpose of postharvest decay management; (ii) the artificial introduction of postharvest
pathogens’ antagonists [3,72].

The use of antagonistic yeasts to treat fresh produce is one of the most effective
techniques for preventing postharvest diseases [30]. Various yeast species (Table 2), have
been found to effectively control fruit decay. Nevertheless, the utilization of biocontrol
alone does not yield economically satisfactory disease control in fruits [37,65,79,80].

The development of filamentous fungi as biocontrol agents for management of posthar-
vest diseases is less advanced compared with yeasts. Yeasts generally outperform fila-
mentous fungi in terms of rapid colonization, safety, environmental tolerance, versatility
in mechanisms, adaptability, ease of use, and overall efficacy in biocontrol applications.
Nevertheless, fungal antagonists, such as Homoptera and Muscodor albus, demonstrated a
decrease in citrus fruit postharvest degradation [81–83].
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Table 2. List of fungal BCAs that are currently in use.

Antagonist Disease Target Produce Mechanism of Activity Reference

Cryptococcus laurentii
C. albidus

Gray mold
Brown rot

Monilinia fructicola
Penicillium expansum
Botrytis cinerea

Apple
Tomato
Orange
Sweet cherry Peach
Strawberry

- Induce host defense
responses
- Inducing accumulation of
resistance related enzymes
- ROS tolerance
- Attachment and lytic
enzyme secretion

[84–88]

Pichia guilliermondii
P. menmbranaefaciencs
P. guillermondii

Gray mold
Alternaria rot
Rhizopus rots
Blue mold
Green mold
Anthracnose

Rhizopus stolonifer
Botrytis cinerea
Penicillium expansum
Penicillium digitatum
Collectrichum capsici
Alternata alternata

Tomato
Apple
Citrus
Peach
Grape
Chillie

- Induce host defense
responses
- Attachment and lytic
enzyme secretion

[3,25,37,72,84]

Candida ciferii (283)
C. sake
C. saitoana (240)
C. guilliermondii
C. oleophila (1–182)

Botrytis rot
Penicillium rot
Penicillium rot
Gray mold

Penicillium expansum
Botrytis cinerea

Apple
Orange
Tomato

- Induce host defense
responses
- Adjustment of
population density

[89,90]

Cystofilobasidium
infirmominiatum Botrytis rot Botrytis cynerea Lemon - Iron depletion

- ROS tolerance [91]

Saccharomycess cereviciae
(N.826 and N.831) Penicillium rot Penicillium expansum Grape - Morphology change [92]

Metshnikowia fructicola
(NRRL Y-27328) Botrytis rot Botrytis cynerea Grape - Iron depletion [61]

Trichosporon pullulans Alternaria rot
Gray rot Botrytis cynerea Cherry - Production of lytic

enzymes [84]

Pestalotiopsis neglecta Anthracnose Collectotrichum
gloeosporoides Apricot - Production of lytic

enzymes [93]

Debaryomyces hansenii
Rhizopus rot
Alternaria rot
Gray mold

Botrytis cynerea
Penicillium expansum Tomato

- Induction of host
resistance
- Competition for nutrients
and space

[3]
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Table 2. Cont.

Antagonist Disease Target Produce Mechanism of Activity Reference

Rodotorula glutinis

Blue mold
Gray mold
Alternaria rot
Green mold

Penicillium expansum Botrytis
cinerea

Apple
Orange
Pear
Strawberry
Sweet cheery

- Competition for nutrients
and space
- Site exclusion

[3,67,87,94–96]

Trichordema harzianum Anthracnose
Gray mold

Collectrichum muse
Collectotrichum gloeosporoides

Banana
Strawberry
Pear
Kiwi
Grape

- Production of antibiotics [97,98]

Coprinellus micaceus Not specified Coryanebacterium xeroides Not specified
- Natural bioactive
compounds extracted from C.
micaceus

[99]

Aureobasidium pullulans

Tomato late blight
Blue mold
Gray mold
Rhizopus rot
Botrytis rot
Penicillium rot
Monalinia rot

Phytophthora infestans
Botrytis cinerea
Penicillium expansum
Penicillium spp.
Monilinia laxa

Tomato seeds
Tomato
Peach
Apples
Cherries
Grapes
Bananas

- Not specified [21,58,100,101]

Epicoccum nigram
E. sorghinum

Late blight
Fusarium wilt
Esca disease

F. graminearum
F. verticillioides
F. oxysporum
F. avenaceum,
Colletotrichum falcatum
Ceratocystis paradoxa
Xanthomomas albilineans
Pythium irregulare
Phytophthora infestans
Phaeomoniella chlamydospora
Phaeoacremonium minimum

Tomato
Peas

- Natural bioactive
compounds extracted from
Epicoccum spp.

[3,102–104]

Preussia africana
Fusarium wilt
Alternaria rot
Blast disease

F. solani
C. albicans
Pyricularia grisea

Tomato seeds
Rice - Not specified [105,106]
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5. Mechanisms of Action of Fungal BCAs
Our current knowledge and understanding of the mechanisms by which fungal an-

tagonists function is dependent on our ability to comprehend the interconnections among
the pathogen, antagonist, and host tissue. These interconnections, known as tritrophic
interactions (Figure 1), occur at the site of infection on the fruit and other fresh produce [36].
Nonetheless, these intricate and the precise mechanisms by which fungal BCAs affect
microbial pathogens is not yet fully understood [1], largely due to the challenges associated
with their studies, as their in vitro screening does not always translate into success in vivo).
However, fungal BCAs can influence pathogens through various mechanisms, including,
among others, the production of siderophores, secretion of metabolites, induction of host
resistance, competition for nutrients and space, tolerance to high levels of reactive oxygen
species, and direct parasitism [3].
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Figure 1. The relationship between biocontrol, pathogen, and host (mechanism of biocontrol action) 
is an intricate process consisting of multiple developments. The biocontrol agents impact fungal 
pathogens by instigating oxidative stress that triggers ROS, releases volatile organic acid and dif-
fusible antifungal metabolites, and mycoparasitism via the production of lytic enzymes. In fruits, 
induction of phytoalexins R-protein and PR-protein and an upsurge in ROS generation lead to an 
increase in fruit defense resistance by antioxidant enzymes. 

5.1. Competition for Nutrients and Space 

Competition for nutrients and space at the wound site between the fungal BCAs and 
the pathogen is the basic attribute in biocontrol and plays the most important role in dis-
eases causing decay on fresh produce [1,3,30]. For more effectiveness, fungal BCAs should 
have the capacity to establish themselves at the wound site more quickly than the patho-
gen [1,3,41,106,107]. Thus, adaptation of fungal BCAs to several nutritional and environ-
mental conditions should be superior to that of the pathogen. Researchers have reported 
positive outcomes in this aspect. For example, P. guilliermondii is effective against P. digi-
tatum [79], and Aureobasidium pullulans against P. expansum [108] through competition of 
nutrients and space. In vitro investigations of these interactions indicate that through di-
rect attachment, antagonistic fungal BCAs assimilate nutrients more swiftly than the tar-
get pathogens, thereby establishing themselves and limiting the germination of pathogen 
spores at the wound site [3]. Moreover, competition for resources occurs via iron 

Figure 1. The relationship between biocontrol, pathogen, and host (mechanism of biocontrol action)
is an intricate process consisting of multiple developments. The biocontrol agents impact fungal
pathogens by instigating oxidative stress that triggers ROS, releases volatile organic acid and diffusible
antifungal metabolites, and mycoparasitism via the production of lytic enzymes. In fruits, induction
of phytoalexins R-protein and PR-protein and an upsurge in ROS generation lead to an increase in
fruit defense resistance by antioxidant enzymes.

5.1. Competition for Nutrients and Space

Competition for nutrients and space at the wound site between the fungal BCAs
and the pathogen is the basic attribute in biocontrol and plays the most important role
in diseases causing decay on fresh produce [1,3,30]. For more effectiveness, fungal BCAs
should have the capacity to establish themselves at the wound site more quickly than
the pathogen [1,3,41,106,107]. Thus, adaptation of fungal BCAs to several nutritional and
environmental conditions should be superior to that of the pathogen. Researchers have
reported positive outcomes in this aspect. For example, P. guilliermondii is effective against
P. digitatum [79], and Aureobasidium pullulans against P. expansum [108] through competition
of nutrients and space. In vitro investigations of these interactions indicate that through
direct attachment, antagonistic fungal BCAs assimilate nutrients more swiftly than the
target pathogens, thereby establishing themselves and limiting the germination of pathogen
spores at the wound site [3]. Moreover, competition for resources occurs via iron depletion;
however, this qualitative connection is significantly contingent upon proliferation and
thriving of the fungal BCAs at the wound site [1,3].
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5.2. Production of Metabolites

Fungal antagonists produce an array of antimicrobial metabolites such as antibiotics,
lytic enzymes, and acids [75]. Among these metabolites, antibiotics are considered the
second most significant mechanism by which fungal BCAs inhibit pathogens [3]. Antibiotic
production has been reported for isolates of Trichoderma spp. [109]. Trichoderma virens strain
P produces an antibiotic called gliovirin, effective against P. ultimum but not Rhizoctonia
solani. Strain Q produces an antibiotic gliotoxin, highly effective against R. solani but less
effective against P. ultimum [110]. Currently, researchers are prioritizing the development
of non-antibiotic-generating fungal antagonists to manage postharvest infections of fresh
produce. This shift is due to the harmful impact of antibiotics on both consumer health
and the environment [79]. Given the current debate on antibiotic resistance of human
pathogens, it is doubtful that an antibiotic-producing biocontrol agent would be registered
for use on food or feed.

There are however other non-antibiotic antifungal compounds that have been re-
ported. Examples include phytotoxins such as scopoletin and scoparone in citrus fruit [111].
Additionally, microbial antagonists in fruit wounds can produce substantial amounts of
extracellular mucilage along the cell walls, which are involved cell adhesion. This mucilage
comprises chemical compounds that actively induce a response or reaction, playing a role
in signal recognition, identification, and subsequent reactions, thereby contributing to
protective mechanisms [111]. Furthermore, formation of biofilm has also been reported by
Settier-Ramírez et al. [58], where the formation of biofilm in liquid culture by the strain S.
cerevisiae M25 was closely linked to its capacity to function as a biocontrol agent. The infec-
tion of P. expansum was effectively inhibited by Candida sake, which forms biofilms on the
surface of apple fruit. The biofilm prevents the adhesion and growth of pathogenic fungi
through competition for space and resources on the fruit surface. Moreover, oligosaccharide
fragments derived from yeast cell wall polysaccharides are recognized as potent inducers
of host defensive responses. Santhanam et al. [112] reported that the yeast Pseudozyma
flocculosa produces extracellular fatty acids that control powdery mildew. Fungi are also
involved in the production of lytic enzymes such as chitinase, glucanase, and proteinase,
which aid in the degradation of the cell walls of the pathogen [3,24]. Grady et al. [113]
demonstrated that P. anomala strain K yields high concentrations of ß-1,3-glucanase enzyme.
Agirman et al. [114] reported on the stimulation of ethylene production in grape fruit by
P. guilliermondii and Aureobasidium pullulans. Candida saitoana induces accumulation of
ß-1,3-glucanases, chitinases, and peroxidases in apples [24,115,116]. Other examples are
P. membranaefaciens, which antagonizes Monilinia fructicola, Penicillium expansum, Rhizopus
stolonifera, and Monilinia fructicola on apples. Similarly, C. albidus antagonizes P. expansum
on apples [114] while P. guilermondii [98] antagonizes B. cinerea [24].

In summary, BCAs frequently exhibit antimicrobial activities via the production of
several metabolites, including (i) antibiotics, which hinder pathogen growth by interfering
with the synthesis of cell walls, proteins, and nucleic acids [115]; (ii) volatile organic com-
pounds (VOCs), which can impede pathogen development through several methods, such
as membrane rupture or interference with signaling pathways [111,113,114]; (iii) exoen-
zymes, which have the ability to break down the cell walls of competing microorganisms,
thereby strengthening the dominance of the BCAs in its environment; and (iv) indole and
other molecules, which are signaling molecules that can influence the behavior of other
bacteria, impacting their development and pathogenicity [117].

5.3. Siderophores Production

The other mechanism by which BCAs suppress plant diseases is through the synthesis
of siderophores [118]. Siderophores are iron-chelating compounds with low molecular
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weight that are produced by fungi and bacteria under iron stress conditions [119]. Re-
search has demonstrated that competition for iron is a significant factor in the suppression
of postharvest diseases by antagonistic fungi. Siderophore production by fungal antag-
onists came into the spotlight when Klebba et al. [120] reported the production of an
organoiron pigment by Ustilago sphaerogena, a rust fungus [120]. The yeast Metschnikowia
pulcherrima produces a siderophore called pulcherrimin, which has been shown to impede
the proliferation of certain postharvest fungal infections [121]. Likewise, the siderophore
rhodotorulic acid, produced by Rhodotorula glutinis, effectively suppressed grey mold in ap-
ples [121]. Typically, microbial siderophores are classified into three major groups, namely,
carboxylates, hydroxamates, and catecholates, based on the chemical properties of their
coordination sites with iron [122,123]. Some siderophores are classified as phenolates [124],
while others are categorized as mixed, containing both catecholate functional groups and
hydroxamate [125]. Fungi produce siderophores in response to low iron availability. These
high-affinity iron-chelating chemicals assist fungi in extracting iron, essential for their
development and metabolism, from their surroundings. Iron performs various functions
for the fungi, including, among others, the following: (i) Iron acquisition: Siderophores
bind to ferric iron (Fe3+) and enhance its absorption by fungal cells. This iron is essential for
several enzymatic activities, including those related to cellulose production. (ii) Promotion
of cellulose biosynthesis: Siderophores may influence the control of cellulose synthesis.
The signaling pathways initiated by iron absorption can activate metabolic processes that
enhance cellulose production. (iii) Biofilm formation: Siderophores can facilitate biofilm
development by the fungus. Biofilms create a protective matrix that improves nutrient ab-
sorption and can stimulate cellulose formation, leading to improved BCA yields [119]. That
being said, pathogens also require iron as an essential nutrient for their growth. Therefore,
efficient binding of the iron by high-affinity iron-chelating compounds produced by the
fungal antagonists deprives the pathogens of this crucial nutrient, which slows or stops
pathogen growth.

5.4. Host Resistance

Fruit host resistance can also be induced by microbial antagonists [126]. This mech-
anism of action has been made known through the development of high-throughput
sequencing technologies and DNA microarrays. Reports have indicated alterations in
DNA expression in both yeast and host tissues, contributing to a more comprehensive
comprehension of the functioning of biocontrol systems. For example, in one study, C.
saitana induced chitinase activity in the cell walls of the fruit host (apples) and established
a structural barrier (papillae) against P. expansum [89]. In another study, microarrays were
used to analyze the response of cherry tomatoes to the antagonistic yeast. A study on C.
laurentii revealed an upregulation of genes associated with metabolism, signal transduction,
and stress response. Conversely, genes involved in energy metabolism and photosynthe-
sis were found to be downregulated. These alterations caused by C. laurentii resulted in
heightened immunity against pathogenic infections [127]. Similarly, A. pulilans was shown
to (i) cause a rise in 1,3-glucanase activity, as well as chitinase and peroxidase enzymes;
(ii) stimulate the process of wound healing; and (iii) trigger defensive responses against P.
expansum in apples [78].

Furthermore, application of the yeast M. fructicola on peach fruit induced upregulation
of the genes involved in the pathogenic process and those that are part of the mitogen-
activated protein kinase (MAPK) cascade, which is responsible for defensive signaling.
On the other hand, the genes responsible for antioxidant activity, such as those coding for
peroxidase, superoxide dismutase, and catalase, were downregulated [128]. The set of genes
that were activated by M. fructicola in grape fruit showed a similar pattern with an induced
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resistance response. It was hypothesized that this induced response contributed to the
effectiveness of M. fructicola in combating postharvest pathogens such as P. digitatum [128].
Supplementary to these findings, Zhao et al. [129] conducted a proteomic study and found
out that P. membranaefaciens stimulated the production of antioxidant- and pathogenesis-
related (PR) proteins in peaches. These proteins play an essential role in the control of P.
expansum [129].

The MOA of fungal BCA development via host resistance entails the interactions
between fungi and their host plants, which includes the following: (i) Host recognition:
Fungi identify certain signals from the immune system of the host during invasion. This
signal recognition can elicit defensive reactions in the host, including the synthesis of
reactive oxygen species (ROS) and antibacterial substances. (ii) Fungal stress response:
In reaction to host defense systems, fungi initiate their stress response pathways. This
may result in heightened synthesis of secondary metabolites, such as siderophores, which
facilitate the acquisition of vital nutrients like iron. (iii) Siderophore production: Fungi
generate siderophores to acquire iron under stress, thus augmenting their capacity for
cellulose synthesis, hence enhancing BCA growth. Iron is an essential cofactor for enzyme
cellulose synthase. (iv) Interaction with host defense mechanisms: The presence of cellulose
and other biopolymers enables the fungus to circumvent host defenses, offering a protec-
tive barrier against antimicrobial agents. This contact enables the fungus to endure and
flourish within the host. (v) Regulatory networks: The fungal response to host resistance
is governed by intricate signaling pathways. These pathways regulate the synthesis of
siderophores, cellulolytic enzymes, and other elements that facilitate BCA formation [130].
These mechanisms are the interconnectedness between the MOA of the fungal antagonists
against the pathogen. This is desirable since it is likely that problems similar to those
experienced today, such as development of resistant pathogen strains, would probably
occur if a one-substance effect was the only mechanism involved in pathogen inhibition.

Tolerance to High Levels of Reactive Oxygen Species (ROS)

Fungi frequently experience elevated concentrations of reactive oxygen species (ROS)
as a result of environmental stressors. Antagonistic yeasts induce ROS signaling in host
tissue, thereby acting as elicitors and activating host defenses [116,131–133]. This premise
is supported by studies examining the expression of genes and proteins during yeast–fruit
interactions [129,134]. Proteomic analysis revealed that P. membranaefaciens, an antagonis-
tic yeast, induced production of six antioxidant proteins in peach fruit. These proteins
included peroxiredoxin, glutathione peroxidase, and catalase. Additionally, biocontrol
agents must be resistant to oxidative stress caused by reactive oxygen species (ROS), as this
can compromise their viability and effectiveness [135]. Transcriptome analysis revealed
that the application of M. fructicola induced the activation of peroxidases and superox-
ide dismutase in grapefruit [133]. Anwar et al. [136] examined the correlation between
the ability to withstand oxidative stress and the overall fitness of postharvest biocontrol
yeasts Rhodotorula glutinis LS-11 1 and Cryptococcus laurentii LS-28 [136]. C. laurentii LS-
28 demonstrated superior biocontrol efficacy and elevated colonization of apple fruit in
comparison to R. glutinis LS-11, owing to its greater resistance to ROS-induced oxidative
stress. Verma et al. [109] investigated the oxidative stress responses of Cystofilobasidium
infirmominiatum PL1, M. fructicola, and C. oleophila [110,137,138]. Their results indicated
highest tolerance to exogenous H2O2 by M. fructicola, whereas C. infirmominiatum exhibited
the highest sensitivity [110,137,138]. Specifically, after a 20 min incubation, the survival
rate for M. fructicola was 88% in 200 mM H2O2, 28% in 100 mM H2O2 for C. oleophila, and
23% in 20 mM H2O2 for C. infirmominiatum. Li et al. [139] reported that a substantial drop
in the viability of Pichia caribbica as the concentration of H2O2 increased from 5–20 mM.
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The majority of the yeast cells perished after sixty minutes of exposure to 20 mM H2O2. In
addition to oxidative stress, antagonistic yeasts might be confronted with reduced oxygen
levels that accompany storage in a controlled environment [136,140].

Tolerance of the antagonistic fungi experience to high levels of ROS generally operates
as follows: (i) Synthesis of antioxidants: Fungi generate a range of antioxidant substances,
including superoxide dismutase (SOD), catalase, and glutathione. These antioxidants
neutralize reactive oxygen species, safeguarding cellular integrity and facilitating regular
metabolic activities. (ii) Changes in gene expression: The oxidative stress response can
influence the expression of genes, such as upregulation of genes involved in cellulose
production. This enables the fungus to allocate resources for cellulose biosynthesis, which
preserves cellular health, thereby enhancing BCA synthesis. (iii) Cell wall remodeling:
ROS activate signaling pathways that induce changes in the composition of the fungal cell
wall, hence improving the structural integrity of the fungus. This remodeling can enhance
cellulose synthesis. (iv) Metabolic alterations: Exposure to ROS can induce changes in fun-
gal metabolism, prioritizing pathways that enhance cellulose production and other stress
responses. This versatility enables fungi to flourish in adverse conditions [133,134,137,138].

5.5. Direct Parasitism

Direct parasitism occurs when a particular microbial antagonist directly attacks and
kills the pathogen and/or its propagules [24]. This phenomenon is often known as my-
coparasitism. Parasitism is dependent on intimate recognition and interaction between
the pathogen and the antagonist, secretion of lytic enzymes, and the parasite’s vigor-
ous proliferation within the host [79,88]. Studies on the direct parasitic role of fungal
BCAs in suppression of postharvest fruit diseases are limited [137]. Masumoto et al. [140]
demonstrated that P. guilliermondii cells can attach to P. italicum hyphae. Likewise, antago-
nistic yeast C. saitoana has been reported to directly parasitize P. italicum [141]. Microbial
antagonists display firm adherence properties. Considering this, along with heightened ef-
fectiveness of cell wall-disintegrating enzymes that facilitate penetration by mycoparasites,
it is likely that antagonists have a substantial impact on biocontrol activity.

The mechanism of action through direct parasitism entails the following: (i) Host inva-
sion: Parasitic fungi infiltrate host tissues employing specialized structures, like haustoria
or appressoria, to penetrate and assimilate resources. This invasion frequently elicits a
defensive reaction from the host. (ii) Nutrient acquisition: By parasitizing their host, fungi
extract vital resources such as carbohydrates and proteins. The acquisition of this nutrient
is essential for fungal growth and metabolism, facilitating cellulose synthesis. (iii) Defense
evasion: The synthesis of cellulose and other polysaccharides can provide a protective
barrier around fungal cells, safeguarding them from host defenses. This modification
enables the fungus to endure and flourish within the host. (iv) Symbiotic interactions: In
certain instances, the parasitic fungi may participate in intricate relationships with their
hosts, through which both species obtain mutual benefits. This may enhance cellulose
synthesis when the fungus acclimatizes to its ecological environment [88,140–144].

There are, however, other novel discoveries of the mechanism by which antagonis-
tic yeasts exert their activity. These include a reduction in fruit oxidative injury [141],
their capacity to tolerate salt [142], adjustments to population density, and morphological
changes [142]. More research exploring these mechanisms of action is needed, as there is
currently limited information on them. A deeper understanding of these mechanisms of
action will reveal innovative strategies for proper and effective use of fungal antagonists as
biocontrol agents.
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6. Challenges and Difficulties in Establishing Beneficial Microbes
as BCAs

Despite being well documented, BCAs currently hold a commercial value of less than
5% of the entire fresh produce protection industry [145]. The limited number of licensed
products for biocontrol of plant diseases is significantly linked to the low technology
transfer, implying that the agricultural sector, mainly in developing countries, has yet to
recognize their economic potential. Besides that, for promising microbial agent candidates,
there is a lack of sufficient knowledge regarding the organism-specific research methods
for large-scale production and development, making mass production of the entire microbe
in in vivo conditions both expensive and time-consuming [108].

Notwithstanding the potential advantages of BACs, there are several obstacles to
overcome in their application, particularly when transitioning from laboratory research
to large-scale field use [47]. Selecting an effective BAC strain requires rigorous laboratory
screening processes based on well-established mechanisms such as the activity of antimi-
crobial compounds and extracellular enzymes [146]. However, laboratory screening does
not always translate into success under field conditions, as isolates demonstrating strong
biocontrol capabilities in vitro may not perform equally well in more complex, real-world
environments [147].

Ensuring BCAs reach the right area at the right time, in sufficient density to be effective,
and remain there permanently, are some of the most challenging aspects of their use. Since
biocontrol involves the introduction of non-native living organisms, their application
may come with associated serious ecological impacts. Non-native species, for instance,
may become invasive and trigger harmful environmental consequences if they spread
beyond the area where they were introduced [145]. Moreover, some BCAs exhibit high
efficacy under in vitro laboratory conditions, but ecological restrictions under real full-scale
conditions may hamper their performance [145,148], making them economically non-viable
and less appealing to users. Most BCAs have a limited shelf life, and practical challenges
such as maintaining viability during storage and transport, applying the agents effectively,
and ensuring consistent results can hinder their widespread adoption [149]. Effective
application technologies for BCAs may not be readily available or accessible. Biocontrol
agents require specialized storage and handling procedures to maintain viability and
efficacy. Lack of clear regulatory guidelines and standards for BCAs can create uncertainty
and barriers to their use [150]. Despite efforts to identify effective antagonists, several
promising microorganisms have not advanced to the next stage of research, primarily due
to challenges associated with formulation trials and manufacturing scaling up [147].

BCAs, like synthetic pesticides, are submitted to risk assessments regulated by Eu-
ropean Regulation (EC) No. 1107/2009 before being approved for commercialization.
This regulation prevents the approval of substances that present unacceptable risks to
human/animal health and the environment [35]. By addressing these challenges and
limitations, BCAs can become more mainstream and widely adopted, providing a more
sustainable and environmentally friendly alternative to conventional control methods.

7. Conclusions and Future Trends
There are several strategies, ranging from physical, chemical, and recently, biological

practices, which are currently used for the control and management of fresh produce
postharvest decay. Although some of these approaches, e.g., chemical treatments, are
considered the primary methods for control of pathogens causing the postharvest diseases
of fresh produce, they all have several limitations that hinder their continued use. Physical
methods are undesirable, as their application can damage fresh produce, thereby further
rendering it more susceptible to infections. They are also relatively expensive and thus
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may not be affordable for smallholder farmers. There are serious public concerns over the
use of chemical treatments due to their ecotoxicity and human toxicity, contribution to
development of antibiotic resistance in pathogens, and their associated exorbitant costs.
Furthermore, none of the currently used methods have been able to control these diseases
completely. For these reasons, continuous development of more natural, environmentally
friendly, and affordable methods is of critical importance.

Biological control, using microorganisms as biological control agents (BCAs), holds
promise as such an alternative. These microorganisms are preferred because they are safer,
cheaper, naturally available, have minimal side effects, and are acceptable world-wide.
Fungal antagonists are particularly suitable due to the following properties: (i) they grow
rapidly on surfaces of fresh produce; (ii) they are effective at low dosages; (iii) as opposed
to traditional chemicals, they reduce the risk of development of resistance in pathogens, as
they operate through multiple mechanisms of action; (iv) they tend to be more stable than
chemical fungicides when stored properly; (v) they have lower re-entry intervals; (v) they
are less phytotoxic; and (vi) are accessible to small-scale producers.

The use of fungal antagonists for biological control will not only reduce postharvest
fruit losses, but will also preserve the nutrient content of the harvested commodities as
compared to the use of fungicides and will potentially also improve smallholder farmers’
income. We therefore recommend that more studies be conducted on the use of antag-
onistic fungi in the control and management of fresh produce postharvest. Continuous
advancements in formulation, isolation, and application methods, particularly after harvest
(i.e., during storage), can increase the efficacy of fungal antagonists as BCAs. While chal-
lenges such as inconsistent performance, cost barriers, and regulatory complexities persist,
ongoing research and innovations are paving the way for more effective applications of
BCAs. Along with the previously mentioned factors, the success of biological control also
depends on the ability of scientists to comprehensively document and analyze research
outcomes. This practice allows for researchers to identify weaknesses in BCAs, such as lack
of efficacy, uneven field performance, or unfavorable economic considerations, enabling
them to address these issues in future studies.
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96. Kowalska, J.; Krzymińska, J.; Matysiak, K.; Jakubowska, M. Screening for antagonistic yeasts to manage Alternaria spp. in organic
farming. Agriculture 2022, 12, 1693. [CrossRef]

97. Kumar, V.; Koul, B.; Taak, P.; Yadav, D.; Song, M. Journey of Trichoderma from pilot scale to mass production: A review. Agriculture
2023, 13, 2022. [CrossRef]

98. Li, S.; Zhang, F.M.; Shang, X.J.; Hou, R. Control effect and mechanism of Trichoderma asperellum TM11 against blueberry root rot.
Pol. J. Microbiol. 2023, 72, 325–337. [CrossRef] [PubMed]

99. Hola, B.; Murshed, R.; Jbour, M. Chemical composition and antioxidant activity of some Syrian wild mushroom (Agaricus spp.)
strains. Sci. Rep. 2023, 13, 15896. [CrossRef]

100. di Francesco, A.; Milella, F.; Mari, M.; Roberti, R.A. Preliminary investigation into Aureobasidium pullulans as a potential biocontrol
agent against Phytophthora infestans of tomato. Biol. Cont. 2017, 114, 144–149. [CrossRef]

https://doi.org/10.3390/jof8080818
https://doi.org/10.3390/jof6030158
https://www.ncbi.nlm.nih.gov/pubmed/32878102
https://doi.org/10.3389/fmicb.2022.828914
https://doi.org/10.3390/microorganisms11041044
https://doi.org/10.1007/s11274-019-2728-4
https://doi.org/10.3389/fmicb.2018.02455
https://doi.org/10.1038/s41598-019-54022-3
https://doi.org/10.3390/jof7080598
https://doi.org/10.3390/foods10071650
https://doi.org/10.3390/plants10122641
https://www.ncbi.nlm.nih.gov/pubmed/34961112
https://doi.org/10.3390/biom10091222
https://doi.org/10.17660/ActaHortic.2021.1304.50
https://doi.org/10.1111/jam.12495
https://doi.org/10.3389/fpls.2022.932311
https://doi.org/10.48130/fia-0024-0014
https://doi.org/10.3390/jof9050557
https://www.ncbi.nlm.nih.gov/pubmed/37233268
https://doi.org/10.3389/fmicb.2023.1146065
https://doi.org/10.1007/s41348-017-0086-8
https://doi.org/10.30564/jrb.v2i4.2064
https://doi.org/10.3389/fmicb.2018.00593
https://doi.org/10.3390/agriculture12101693
https://doi.org/10.3390/agriculture13102022
https://doi.org/10.33073/pjm-2023-034
https://www.ncbi.nlm.nih.gov/pubmed/37725898
https://doi.org/10.1038/s41598-023-43265-w
https://doi.org/10.1016/j.biocontrol.2017.08.010


J. Fungi 2025, 11, 82 21 of 23

101. Pereyra, M.M.; Díaz, M.A.; Vero, S.; Dib, J.R. Enhancing biological control of postharvest green mold in lemons: Synergistic
efficacy of native yeasts with diverse mechanisms of action. PLoS ONE 2024, 19, e0301584. [CrossRef]

102. Del Frari, G.; Cabral, A.; Nascimento, T.; Ferreira, R.B.; Oliveira, H. Epicoccum layuense a potential biological control agent of
esca-associated fungi in grapevine. PLoS ONE 2019, 14, e0213273. [CrossRef] [PubMed]

103. Jensen, B.D.; Knorr, K.; Nicolaisen, M. In vitro competition between Fusarium graminearum and Epicoccum nigrum on media and
wheat grains. Europ. J. Plant Pathol. 2016, 146, 657–670. [CrossRef]

104. Li, T.; Im, J.; Lee, J. Genetic Diversity of Epicoccum nigrum and its effects on Fusarium graminearum. Mycobiology 2022, 5, 457–466.
[CrossRef]

105. Matlagh, M.R.S.; Usefipoor, P. Identification of non-pathogenic fungi of rice and the evaluation of their effect on biological control
of Pyricularia grisea, the causal agent of rice blast disease in vitro. Acta Sci. Pol. Hortorum Cultus. 2016, 15, 69–86.

106. Tane, C.; Barbu, L.; Sabina, S.R.; Cojanu, D.; Cosoveanu, A. One strain of endophytic Presussia, a potential biological partner of
tomato seedlings against alternariosis. Biology 2019, 28, 15–19.

107. Moraes Bazioli, J.; Belinato, J.R.; Costa, J.H.; Akiyama, D.Y.; Pontes, J.G.d.M.; Kupper, K.C.; Augusto, F.; de Carvalho, J.E.; Fill, T.P.
Biological control of citrus postharvest phytopathogens. Toxins 2019, 11, 460. [CrossRef]

108. Lahlali, R.; Ezrari, S.; Radouane, N.; Kenfaoui, J.; Esmaeel, Q.; El Hamss, H.; Belabess, Z.; Barka, E.A. Biological control of plant
pathogens: A global perspective. Microorganisms 2022, 10, 596. [CrossRef]

109. Verma, S.; Azevedo, L.C.B.; Pandey, J.; Khusharia, S.; Kumari, M.; Kumar, D.; Kaushalendra; Bhardwaj, N.; Teotia, P.; Kumar, A.
Microbial intervention: An approach to combat the postharvest pathogens of Fruits. Plants 2022, 11, 3452. [CrossRef]

110. Dutta, P.; Mahanta, M.; Singh, S.B.; Thakuria, D.; Deb, L.; Kumari, A.; Upamanya, G.K.; Boruah, S.; Dey, U.; Mishra, A.K.;
et al. Molecular interaction between plants and Trichoderma species against soil-borne plant pathogens. Front. Plant Sci. 2023,
14, 1145715. [CrossRef] [PubMed]

111. Ramírez-Pelayo, C.; Martínez-Quiñones, J.; Gil, J.; Durango, D. Coumarins from the peel of citrus grown in Colombia: Composi-
tion, elicitation and antifungal activity. Heliyon 2019, 5, e01937. [CrossRef]

112. Santhanam, P.; Madina, M.H.; Albuini, F.M.; Labbé, C.; Fietto, L.G.; Bélanger, R.R. A unique effector secreted by Pseudozyma
flocculosa mediates its biocontrol activity. BMC Biol. 2023, 21, 118. [CrossRef]

113. Grady, E.N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z.C. Current knowledge and perspectives of Paenibacillus: A review.
Microb. Cell Fact. 2016, 15, 203. [CrossRef]

114. Agirman, B.; Erten, H. Biocontrol ability and action mechanisms of Aureobasidium pullulans GE17 and Meyerozyma guilliermondii
KL3 against Penicillium digitatum DSM2750 and Penicillium expansum DSM62841 causing postharvest diseases. Yeast 2020, 37,
437–448. [CrossRef]

115. Palmieri, D.; Ianiri, G.; Del Grosso, C.; Barone, G.; De Curtis, F.; Castoria, R.; Lima, G. Advances and perspectives in the use of
biocontrol agents against fungal plant diseases. Horticulturae 2022, 8, 577. [CrossRef]

116. Juan, C.A.; Pérez de la Lastra, J.M.; Plou, F.J.; Pérez-Lebeña, E. The chemistry of reactive oxygen species (ROS) Revisited: Outlining
their role in biological macromolecules (DNA, Lipids and Proteins) and induced pathologies. Int. J. Mol. Sci. 2021, 22, 4642.
[CrossRef]

117. Vaou, N.; Stavropoulou, E.; Voidarou, C.; Tsakris, Z.; Rozos, G.; Tsigalou, C.; Bezirtzoglou, E. Interactions between medical
plant-derived bioactive compounds: Focus on antimicrobial combination effects. Antibiotics 2022, 11, 1014. [CrossRef] [PubMed]

118. Xie, B.; Wei, X.; Wan, C.; Zhao, W.; Song, R.; Xin, S.; Song, K. Exploring the biological pathways of siderophores and their
multidisciplinary applications: A comprehensive review. Molecules 2024, 29, 2318. [CrossRef] [PubMed]

119. Ahmed, E.; Holmström, S.J. Siderophores in environmental research: Roles and applications. Microb. Biotechnol. 2014, 7, 196–208.
[CrossRef]

120. Klebba, P.E.; Newton, S.M.C.; Six, D.A.; Kumar, A.; Yang, T.; Nairn, B.L.; Munger, C.; Chakravorty, S. Iron acquisition systems
of gram-negative bacterial pathogens define tonb-dependent pathways to novel antibiotics. Chem. Rev. 2021, 121, 5193–5239.
[CrossRef] [PubMed]

121. Fernandez-San Millan, A.; Gamir, J.; Farran, I.; Larraya, L.; Veramendi, J. Identification of new antifungal metabolites produced
by the yeast Metschnikowia pulcherrima involved in the biocontrol of postharvest plant pathogenic fungi. Postharvest Biol. Technol.
2022, 192, 111995. [CrossRef]

122. Taha, N.A.; Elsharkawy, M.M.; Shoughy, A.A.; El-Kazzaz, M.K.; Khedr, A.A. Biological control of postharvest tomato fruit rots
using Bacillus spp. and Pseudomonas spp. Egypt. J. Biol. Pest. Control. 2023, 33, 106. [CrossRef]

123. Diabankana, R.G.C.; Frolov, M.; Islamov, B.; Shulga, E.; Filimonova, M.N.; Afordoanyi, D.M.; Validov, S. Identification and
aggressiveness of Fusarium species associated with onion bulb (Allium cepa L.) during storage. J. Fungi 2024, 10, 161. [CrossRef]
[PubMed]

124. Timofeeva, A.M.; Galyamova, M.R.; Sedykh, S.E. Bacterial siderophores: Classification, biosynthesis, perspectives of use in
agriculture. Plants 2022, 11, 3065. [CrossRef]

https://doi.org/10.1371/journal.pone.0301584
https://doi.org/10.1371/journal.pone.0213273
https://www.ncbi.nlm.nih.gov/pubmed/30913218
https://doi.org/10.1007/s10658-016-0950-6
https://doi.org/10.1080/12298093.2022.2148394
https://doi.org/10.3390/toxins11080460
https://doi.org/10.3390/microorganisms10030596
https://doi.org/10.3390/plants11243452
https://doi.org/10.3389/fpls.2023.1145715
https://www.ncbi.nlm.nih.gov/pubmed/37255560
https://doi.org/10.1016/j.heliyon.2019.e01937
https://doi.org/10.1186/s12915-023-01624-z
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1002/yea.3501
https://doi.org/10.3390/horticulturae8070577
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/antibiotics11081014
https://www.ncbi.nlm.nih.gov/pubmed/36009883
https://doi.org/10.3390/molecules29102318
https://www.ncbi.nlm.nih.gov/pubmed/38792179
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1021/acs.chemrev.0c01005
https://www.ncbi.nlm.nih.gov/pubmed/33724814
https://doi.org/10.1016/j.postharvbio.2022.111995
https://doi.org/10.1186/s41938-023-00752-6
https://doi.org/10.3390/jof10020161
https://www.ncbi.nlm.nih.gov/pubmed/38392833
https://doi.org/10.3390/plants11223065


J. Fungi 2025, 11, 82 22 of 23

125. Kahli, H.; Béven, L.; Grauby-Heywang, C.; Debez, N.; Gammoudi, I.; Moroté, F.; Sbartai, H.; Cohen-Bouhacina, T. Impact of
growth Conditions on Pseudomonas fluorescens morphology characterized by atomic force microscopy. Int. J. Mol. Sci. 2022,
23, 9579. [CrossRef]

126. Di Francesco, A.; Martini, C.; Mari, M. Biological control of postharvest diseases by microbial antagonists: How many mechanisms
of action? Eur. J. Plant Pathol. 2016, 145, 711–717. [CrossRef]

127. Lai, J.; Cao, X.; Yu, T.; Wang, Q.; Zhang, Y.; Zheng, X.; Lu, H. Effect of Cryptococcus laurentii on inducing disease resistance in
cherry tomato fruit with focus on the expression of defense-related genes. Food Chem. 2018, 254, 208–216. [CrossRef] [PubMed]

128. Tsalgatidou, P.C.; Boutsika, A.; Papageorgiou, A.G.; Dalianis, A.; Michaliou, M.; Chatzidimopoulos, M.; Delis, C.; Tsitsigiannis,
D.I.; Paplomatas, E.; Zambounis, A. Global transcriptome analysis of the peach (Prunus persica) in the interaction system of
fruit–Chitosan–Monilinia fructicola. Plants 2024, 13, 567. [CrossRef]

129. Zhao, Y.; Li, Y.; Zhang, B. Induced resistance in peach fruit as treated by Pichia guilliermondii and their possible mechanism. Int. J.
Food Prop. 2020, 23, 34–51. [CrossRef]

130. Brown, A.J.P. Fungal resilience and host-pathogen interactions: Future perspectives and opportunities. Parasite Immunol. 2023,
45, e12946. [CrossRef]

131. Zhang, Z.; Chen, J.; Li, B.; He, C.; Chen, Y.; Tian, S. Influence of oxidative stress on biocontrol activity of Cryptococcus laurentii
against blue mold on peach fruit. Front. Microbiol. 2017, 8, 151. [CrossRef]

132. Sahu, P.K.; Jayalakshmi, K.; Tilgam, J.; Gupta, A.; Nagaraju, Y.; Kumar, A.; Hamid, S.; Singh, H.V.; Minkina, T.; Rajput, V.D.; et al.
ROS generated from biotic stress: Effects on plants and alleviation by endophytic microbes. Front. Plant Sci. 2022, 13, 1042936.
[CrossRef] [PubMed]

133. Bano, A.; Gupta, A.; Prusty, M.R.; Kumar, M. Elicitation of fruit fungi infection and its protective response to improve the
postharvest quality of fruits. Stresses 2023, 3, 231–255. [CrossRef]

134. Yang, Q.; Solairaj, D.; Apaliya, M.T.; Abdelhai, M.; Zhu, M.; Yan, Y.; Zhang, H. Protein expression profile and transcriptome
characterization of Penicillium expansum Induced by Meyerozyma guilliermondii. J. Food Qual. 2020, 2020, 8056767. [CrossRef]

135. Sui, Y.; Wisniewski, M.; Droby, S.; Liu, J. Responses of yeast biocontrol agents to environmental stress. Appl. Environ. Microbiol.
2015, 81, 2968–2975. [CrossRef]

136. Anwar, S.; Alrumaihi, F.; Sarwar, T.; Babiker, A.Y.; Khan, A.A.; Prabhu, S.V.; Rahmani, A.H. Exploring therapeutic potential of
catalase: Strategies in disease prevention and management. Biomolecules 2024, 14, 697. [CrossRef] [PubMed]

137. Cheng, Z.; Chi, M.; Li, G.; Chen, H.; Sui, Y.; Sun, H.; Wisniwski, M.; Liu, Y.; Liu, J. Heat shock improves stress tolerance and
biocontrol performance of Rhodotorula mucilaginosa. Biol. Control 2016, 95, 49–56. [CrossRef]

138. Yaakoub, H.; Mina, S.; Calenda, A.; Bouchara, J.P.; Papon, N. Oxidative stress response pathways in fungi. Cell. Mol. Life Sci. 2022,
79, 333. [CrossRef]

139. Li, C.; Zhang, H.; Yang, Q.; Komla, M.G.; Zhang, X.; Zhu, S. Ascorbic acid enhances oxidative stress tolerance and biological
control efficacy of Pichia caribbica against post-harvest blue mold decay of apples. J. Agric. Food Chem. 2014, 62, 7612–7621.
[CrossRef]

140. Masumoto, N.; Suzuki, Y.; Cui, S.; Wakazaki, M.; Sato, M.; Kumaishi, K.; Shibata, A.; Furuta, K.M.; Ichihashi, Y.; Shirasu, K.; et al.
Three-dimensional reconstructions of haustoria in two parasitic plant species in the Orobanchaceae. Plant Physiol. 2021, 185,
1429–1442. [CrossRef] [PubMed]

141. Mapuranga, J.; Zhang, L.; Zhang, N.; Yang, W. The haustorium: The root of biotrophic fungal pathogens. Front. Plant Sci. 2022,
13, 963705. [CrossRef]

142. Marques, J.P.R.; Ho, Y.J.W.; Appezzato-da-Glória, B.; Viveros, A.F.G.; Vieira, M.L.C.; Baisakh, N. Sugarcane cell wall-associated
defense responses to infection by Sporisorium scitamineum. Front. Plant Sci. 2018, 9, 698. [CrossRef] [PubMed]

143. Mamphogoro, T.P.; Babalola, O.O.; Aiyegoro, O.A. Sustainable management strategies for bacterial wilt of sweet peppers
(Capsicum annuum) and other Solanaceous crops. J. Appl. Microbiol. 2020, 129, 496508. [CrossRef] [PubMed]

144. Mishra, S.; Srivastava, A.; Singh, A.; Pandey, G.C.; Srivastava, G. An overview of symbiotic and pathogenic interactions at the
fungi-plant interface under environmental constraints. Front. Fungal Biol. 2024, 5, 1363460. [CrossRef] [PubMed]

145. Bisht, N.; Mishra, S.K.; Chauhan, P.S. Bacillus amyloliquefaciens inoculation alters physiology of rice (Oryza sativa L. var. IR-36)
through modulating carbohydrate metabolism to mitigate stress induced by nutrient starvation. Int. J. Biol. Macromol. 2019, 143,
937–951. [CrossRef] [PubMed]

146. Ramudingana, P.; Mamphogoro, T.P.; Kamutando, C.N.; Maboko, M.M.; Modika, K.Y.; Moloto, K.W.; Thantsha, M.S. Antagonistic
potential of endophytic fungal isolates of tomato (Solanum lycopersicum L.) fruits against post-harvest disease-causing pathogens
of tomatoes: An in vitro investigation. Fungal Biol. 2024, 128, 1847–1858. [CrossRef] [PubMed]

147. Clough, S.E.; Jousset, A.; Elphinstone, J.G.; Friman, V.P. Combining in vitro and in vivo screening to identify efficient Pseudomonas
biocontrol strains against the phytopathogenic bacterium Ralstonia solanacearum. Microbiologyopen 2022, 11, e1283. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms23179579
https://doi.org/10.1007/s10658-016-0867-0
https://doi.org/10.1016/j.foodchem.2018.01.100
https://www.ncbi.nlm.nih.gov/pubmed/29548444
https://doi.org/10.3390/plants13050567
https://doi.org/10.1080/10942912.2019.1705336
https://doi.org/10.1111/pim.12946
https://doi.org/10.3389/fmicb.2017.00151
https://doi.org/10.3389/fpls.2022.1042936
https://www.ncbi.nlm.nih.gov/pubmed/36352882
https://doi.org/10.3390/stresses3010018
https://doi.org/10.1155/2020/8056767
https://doi.org/10.1128/AEM.04203-14
https://doi.org/10.3390/biom14060697
https://www.ncbi.nlm.nih.gov/pubmed/38927099
https://doi.org/10.1016/j.biocontrol.2016.01.001
https://doi.org/10.1007/s00018-022-04353-8
https://doi.org/10.1021/jf501984n
https://doi.org/10.1093/plphys/kiab005
https://www.ncbi.nlm.nih.gov/pubmed/33793920
https://doi.org/10.3389/fpls.2022.963705
https://doi.org/10.3389/fpls.2018.00698
https://www.ncbi.nlm.nih.gov/pubmed/29875793
https://doi.org/10.1111/jam.14653
https://www.ncbi.nlm.nih.gov/pubmed/32248611
https://doi.org/10.3389/ffunb.2024.1363460
https://www.ncbi.nlm.nih.gov/pubmed/39524061
https://doi.org/10.1016/j.ijbiomac.2019.09.154
https://www.ncbi.nlm.nih.gov/pubmed/31739073
https://doi.org/10.1016/j.funbio.2024.05.006
https://www.ncbi.nlm.nih.gov/pubmed/38876537
https://doi.org/10.1002/mbo3.1283
https://www.ncbi.nlm.nih.gov/pubmed/35478286


J. Fungi 2025, 11, 82 23 of 23

148. Lacey, L.A.; Grzywacz, D.; Frutos, R.; Brownbridge, M.; Goettel, M.S. Insect pathogens as biological control agents: Back to the
future. J. Invertebr. Pathol. 2015, 132, 1–41. [CrossRef]

149. Tyagi, A.; Lama Tamang, T.; Kashtoh, H.; Mir, R.A.; Mir, Z.A.; Manzoor, S.; Manzar, N.; Gani, G.; Vishwakarma, S.K.; Almalki,
M.A.; et al. A Review on biocontrol agents as sustainable approach for crop disease management: Applications, production, and
future perspectives. Horticulturae 2024, 10, 805. [CrossRef]

150. Falahzadah, M.H.; Karimi, J.; Gaugler, R. Biological control chance and limitation within integrated pest management program in
Afghanistan. Egypt. J. Biol. Pest Control 2020, 30, 86. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.3390/horticulturae10080805
https://doi.org/10.1186/s41938-020-00264-7

	Introduction 
	Characteristics of Ideal Fungal BCAs 
	Factors Influencing Fungal BCAs Effectiveness 
	Microbial Inoculum Pressure 
	Formulations of Fungal BCAs 
	Dry Formulation 
	Liquid Formulation 

	Delivery Systems of Fungal BCAs 
	Preharvest Application of Fungal BCAs 
	Postharvest Application of Fungal BCAs 


	Fungal BCAs in Postharvest Diseases of Farm Produce 
	Mechanisms of Action of Fungal BCAs 
	Competition for Nutrients and Space 
	Production of Metabolites 
	Siderophores Production 
	Host Resistance 
	Direct Parasitism 

	Challenges and Difficulties in Establishing Beneficial Microbes as BCAs 
	Conclusions and Future Trends 
	References

