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Abstract

Gray mold (Botrytis cinerea), is a significant postharvest disease of horticultural crops and can cause massive economic losses.
It affects various plant organs including fruits, flowers, leaves, storage organs and shoots. Chemical fungicides are used as the
first measure by most plant growers. However, due to their impact on the environment, the resistance of the pathogen to
various chemicals, and consumer interest in organic consumption, alternative control strategies are increasingly being used.
Recent studies are discussed on the improvement of fruit physiological aspects such as plant hormones and their signal
transduction pathways playing a significant role in the defense against the necrotrophic fungus. Various phytohormones and
plant elicitors can stimulate the defense response and control the outbreak of infection. Thus, these signaling molecules may be
responsible for plant resistance and serve as substitutes for fungicides. The use of nanotechnology to enhance plant resistance
to pathogens and the omics approach to induce disease resistance are pioneering studies to combat the disease. Crop genomics,
metabolomics and transcriptomic studies are making important contributions to the identification of pathogen-plant
interactions and the study of control mechanisms. The review suggests that the use of an integrated pest management approach
could help overcome the high post-harvest food losses that the world has been facing recently. © 2022 Department of
Agricultural Sciences, AIOU
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Introduction with estimates ranging as high as $100 billion. Currently, the

fungus has been ranked as the second most important plant
Botrytis cinereais the anamorph of Botryotinia pathogen due to its commercial and scientific significance.
fuckeliana (Heinrich Anton de Bary) and is an airborne  Controlling this fungus is difficult due to its wide host range,
pathogen that affects over 200 crop species  several attack modalities, and ability to persist in both asexual
worldwide (Williamsonet al., 2007). The fungus is a threat and sexual stages (Hong et al., 2012). To date, synthetic
to all horticultural crops, causing massive losses in the  fungicides have been the primary means of controlling B.
fields and greenhouse at the pre-and postharvest stages or ~ cinerea. However, due to the emergence of resistant strains and
any developmental stages of horticultural crops. Small ~ dangers to human health and the environment, standard
fruits such as strawberries are particularly affected by  fungicides are not an appropriate management method. It is
infection with the pathogen (Collado & Viaud, 2016). A  required to develop such disease management strategies that
genus of fungal species with a wide range of biology, are ecofriendly and cost-effective. Various elicitors and their
ecology, morphological characteristics, hosts and typically ~ role in defense mechanisms of the host plants have been
classified as necrotrophic (Hong et al., 2016). Botrytis ~ recognized and important against fight in Botrytis
cinerea is the most detrimental to developed or senescent  cinerea (Abugamar et al., 2016). Hormones are produced as
tissues of horticultural crops and usually enters these crops ~ secondary metabolites by plant pathogenic microorganisms,
at early stages of crop development and stays dormant fora  and a few pathogenic microorganisms may be able to conquer
long term before hastily killing tissues under favorable  defense responses of the host plant by interfering with
environment when physiology of the host plant changes  hormone signaling of the host using an aggregation of
resulting in massive losses. Besides B. cinerea causes  effectors. Plant infections create effectors that directly alter the
annual economic losses that easily surpass $10 bhillion, hormonal level or mechanisms of hormone signaling network,



Ikram Ullah et al

allowing them to control plant resources for their
benefit (Ahlem et al., 2012). The nature of these
interactions affects the hormone signaling pathways that
integrate functions including nutrient acquisition, defense
mechanism, ensuring growth, and development, as well as
the outcome of host-pathogen interactions. The interactions
between plant and microorganism can be altered by
directly applying plant hormones or interfering with
mechanisms of the hormone signaling network to evaluate
responses affecting host production and defense
mechanisms (Abugamar et al., 2016). Therefore, a clear
perception of plant elicitor and hormonal responses
to Botrytis  cinerea will ~ facilitate  the  successful
management of grey mold and retains plant productivity as
well. This review of recent technologies such as molecular
and omic approaches to induce resistance in plants
against Botrytis cinerea.

Physiological aspects of resistance

Identification and modulation of host disease resistance
mechanisms is becoming increasingly important to
minimize losses as chemical treatment of crops is limited
and pathogen resistance to fungicides becomes more
common. Pre and postharvest cultural measures can help
strengthen natural defenses (Atwell et al., 2015). Other
resistance factors include senescence and membrane
change, cuticle barrier, cell wall barrier, hormonal role in
mitigating B. cinerea, limitation of disease within internal
tissues of the host, and defense proteins are the major ones.
Consequently, resistance to B. cinerea infection can be
influenced by both genetic resistance and environmental
factors that affect the physiological state of host tissues.
Any treatments that accelerate the onset of senescence may
increase the risk of B. cinerea infestation and may also
have the opposite effect. Plant hormones and chemicals
that alter the oxidative status of tissues can be explained
primarily by their effects on senescence and senescence-
related processes (Bartlett et al., 2002). To prevent the
invasion and spread of diseases, the plant employs several
physical and chemical barriers. The balance between host
defense and the ability of the pathogen to overcome these
barriers is influenced by the environment. However, traits
such as senescence rate, the extent of chemical and
structural defenses, and cell wall structure are genetically
determined (Jiang et al., 2016). Horticulturists, in
collaboration with plant breeders, must take steps to limit
gray mold losses to crops, each of which tips the balance in
favor of host plant resistance. Induced resistance is a very
effective and inexpensive plant defense against pathogen
attack. Plants activate the intrinsic immune system that
occurred as a result of plant-pathogen coevolution to
prevent pathogen infection (James et al., 2016). In recent
years, many studies have linked plant growth-promoting
rhizobacteria (PGPRs) that can improve plant vigor by
boosting defenses against a wide pathogenic range (Hong
etal., 2012).

Journal of Pure and Applied Agriculture (2022) 7(2): 63-72

Phytohormones and elicitors induce resistance

against B. cinerea

1. Plant hormones role in the induction of resistance to B.
cinerea

Plant hormones are substances that occur naturally. Low
quantities of plant hormones that control plant growth and
development at several growth phases include auxins,
gibberellins, abscisic acid, cytokinin, and ethylene. Some
hormones that help regulate the plant defense system are
salicylic acid (SA), ethylene (ET), and jasmonic acid (JA) that
are mainly reported to regulate plant defense against various
pathogens and pests. Brassinosteroids (BRs) and abscisic acid
(ABA) are the other phytohormones that can enhance plant
immunity against fungal attack through transcription factors
(TFs) to regulate transcription rate of genetic information flow
from DNA mRNA or camalexin biosynthesis (a phytoalexin)
and callose deposition (Grant-Downton, 2016).

2. The role of plant hormone signaling pathways in
reaction toB. cinerea

Resistance to necrotrophs depends largely on the interplay of
phytohormones such as JA, SA, ET, BRs and ABA, which can
play a fundamental role to control B. cinerea. These
phytohormones are interwoven in an enormous and
multilayered network. Fruit ripening can also influence the
disease susceptibility of fruits (Fig. 1). During the ripening
process, many changes occur in fruit such as activation of
ethylene and synthesis of plant hormones, loosening of cell
wall, pH and cuticular changes, and intensification of soluble
sugars, deterioration of antifungal complexes that bring gray
mold from its dormant state to a necrotrophic pathogenic form.
During fruit ripening, significant physiological changes and
cell wall models (Wang et al., 2022) occur with decreases in
phytoalexin content and biosynthesis of phytoanticipins in the
cuticle (Barik et al., 2010), inducible host defense response, pH
changes and increase in soluble sugars in response to biotic
stress through hormonal changes of ethylene, jasmonic acid,
abscisic acid, and salicylic acid (Arya et al., 2020). All
phytohormones, ABA and ethylene stimulate the ripening
process and can also influence the host defense response with
JA and ethylene resistance and induce susceptibility as
maturation progresses. Ethylene has a dual opposing role and
is considered a key hormone in crop postharvest; it induces
fruit susceptibility at climacteric and also takes a part in
defense along with jasmonic acid. Therefore, the timing of
ethylene release, differentiation, and ethylene levels are
expected to be critical for the outcome of susceptibility or
resistance (Fig. 2). Signaling molecules may be responsible for
plant resistance and act as substitutes for fungicides against
fungal attack and postharvest biotic stress, such as jasmonic
acid and salicylic acid (SA) (Romanazzi et al., 2016). SA
showed a reduction in the incidence of fungal attack and
improved the resistance of horticultural fruits. The resistant
symptoms showed comparatively smaller lesion diameter,
dehydrogenases and different types of proteins (antioxidant
proteins and heat shock proteins) were detected (Romanazzi et
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al., 2016). Tomato fruits treated with exogenous MeJA  Chinese bayberries), SA (sweet cherries), Calcium (grapes) can
exhibited higher resistance and antioxidant activity to  be used as substitutes for fungicides (Romanazzi et al., 2016;
scavenge excess reactive oxygen species (ROS) (Liu et al., Lépez-Galiano et al., 2018; Wu et al., 2020; Chan et al., 2021).
2021). They also reduced oxidative damage to proteins and
stimulated defense responses, etc. Previous studies have
shown that plant hormone such as JA (tomato fruits and
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Fig. 2 Role of phytohormones: ET and ABA activate fruit ripening and defense system together with JA. This interaction leads
to increased tolerance Fruit defense response to fungal pathogens is denoted by phytohormones such as SA, JA, ABA, and ET.
Phtohormone debate may determine fruit tolerance to necrotrophic fungal or biotrophic pathogens. JA and ET are
characteristics of tolerance to necrotrophs and SA to biotrophs, respectively
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3. The role of different elicitors in the induction of plant
resistance to B. cinerea

B. cinerea produces a high number of generations and
easily develops resistance to different classes of fungicides.
Induced resistance consists of the application of treatments
that elicit a host defense response and prevent the outbreak
of infections (Walters et al., 2015). Several resistance
inducers have been used singly or in combination for the
management of B. cinerea mold (Romanazzi et al., 2016).
Resistance to B. cinerea can be induced by biological
control agents (yeasts, yeast-like fungi, and bacteria),
physical agents (UV-C irradiation, heat treatment, and
hypobaric treatment), natural and synthetic chemicals
(salicylic acid, chitosan, benzo thiadiazole, etc.), or
disinfectants (ozone, electrolyzed water, and ethanol) that
elicit a range of host responses that activate most of the
enzymes involved in host-pathogen interactions. Since B.
cinerea is capable of infecting a long list of fruits and
vegetables (Romanazzi et al., 2016), studies of induced
resistance have been conducted on a range of crops and
worldwide, providing a list of information and protocols
that can be applied in different systems. However,
elicitation of resistance also has several positive aspects, as
it does not induce resistance to fungicides, covers a broad
spectrum, can be long lasting, has no side effects, and can
increase the quantity of nutraceutical compounds, which
are usually phenolic (Romanazzi et al., 2016). One of the
most commonly used elicitors against gray mold on
various crops is the biopolymer chitosan, which is derived
from crab shells, making it a perfect example of the
circular economy. This biopolymer has a triple action: it
can trigger host defenses, form a film on the plant surface,
and also has antimicrobial activity (Romanazzi et al.,
2016). These multiple mechanisms of action against B.
cinerea were also highlighted by a meta-analysis
confirming previous findings (Rajestary et al., 2021).

Use of nanotechnology to enhance resistance against B.
cinerea

Nanotechnology is among the recently developed
disciplines that has various potential applications. It is
supposed to offer propitious solutions to assist farmers in
treating diseases and controlling pests. Nanotechnology
has been used to develop fertilizers, herbicides, and
fungicides that have no significant impact on the
environment. Moreover, nanotechnology has been used to
detect plant diseases and pests in the fields via nano Kkits,
nano-sensors and nano-capsules and these diseases can be
controlled in time. Some of the nanomaterials have been
used to increase yields by enhancing the plants capability
to absorb minerals and nutrients (Rai & Ingle, 2012).
Nanotechnology is used to produce nano-particles and use
them in combination with fungicides or alone to protect
plants from diseases. In addition, encapsulation of
fungicides with nanoparticles improves the ability of plants
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to properly absorb the fungicides. Metals including gold (Au),
silver (AQg), titanium (Ti), zinc (Zn) and copper (Cu) have been
noted for their various antimicrobial activities against fungi as
nano fungicides. The broad surface area of these nano
fungicides allows excellent connection of microorganisms with
their surface, which is why there has been a recent increase in
interest in the production and research of nano fungicides.
Most studies have focused on the inhibition of fungal growth,
but their impact on plants and plant pathogens has not been
adequately explored. Recently, silver nano fungicides such as
AgNPs are widely used against fungal and bacterial plant
diseases. These nano fungicides are used because they exhibit
high reactivity by affecting nutrient transport systems and ion
efflux because of the silver (Ag") ions production (Malarkodi
et al., 2014; Balachandar et al., 2022) which penetrate
vigorously into pathogen cells even at little quantities (Kim et
al., 2009; Balachandar et al., 2022). Moreover, these nano
fungicides can destroy nucleic acids, lipids, and surface
proteins of pathogenic cells by generating Ag ions that
consequently form the injurious reactive oxygen species (ROS)
(Storz & Imlay, 1999; Hwang etal., 2008). Silver nano
fungicides have been wused against Botrytis cinerea,
Rhizoctonia solani, Colletotrichum gloeosporioides, Pythium
ultimum, and Magnapor the grisea and were found to be
effective fungicides (Park et al., 2006). Though, little studies
have been conducted on the antifungal activities of nano
fungicides against Botrytis spp. to date. Besides silver nano
fungicides, polymer-based copper nano fungicides have also
been used against B. cinerea (Costa et al., 2022).

Other studies showed that microbial cells of B. cinerea
were damaged by Ag-SiO, nanoparticles. In another study,
silver NP, plant extracts, and microbial culture filtrates were
observed to be efficient against grey mold disease alone or in
combination with the fungicide (Draz etal., 2022). Ag-
chitosan nano fungicides were found to be efficient in
protecting fruits from B. cinerea. The antifungal silver titanate
nanotubes (AgTNTSs) were also found to be effective in
inactivating Botrytis cinerea within 20 minutes. A component
of AgTNTs such as H,Ti;O; nanotubes functionalized with
silver nanoparticles (AgNPs) inactivates B. cinerea by
invagination of the plasma lemma because of oxidative stress
through reactive oxygen. It also increases cytotoxicity and
damages conidial morphology leading to the death of B.
cinerea (Rodriguez-Mansilla et al., 2016). In some studies,
zinc-oxide nano fungicides were used, which reduced conidial
germination and also disrupted cell functions and deformed the
morphology of mycelial partners of B. cinerea (Musarrat et al.,
2010). Other nano fungicides such as nano-CHT composite
caused destruction and lysis of fungal mycelia (Moussa et al.,
2013). In another study, the essential oil of Zataria multiflora
was encapsulated in chitosan nanoparticles and reduced disease
severity and B. cinerea incidence when applied (Mohammedi
etal., 2015).

In another study, 3 general carbon nanomaterials viz,
fullerene, reduced graphene oxide, and multi-walled carbon
nanotubes, and 3 marketable metal oxide NP viz, iron oxide
(Fe,03)-NP, titanium oxides (TiO,)-NP, and copper oxide
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(CuO)-NP were individually applied @ 50 and 200 mg/L
into water-agar filled petri plates. The 6 nano fungicides
suppressed the mycelium of grey mold, but various
concentrations showed varying inhabitation percentage. In
conclusion, nano fungicides inhibit B. Cinerea disease and
can be effectively applied as antifungal agents during plant
growth and development of different flowers including
roses. Recently, the antifungal activity of ZnO nano
fungicides against Aspergillus niger and B. cinerea was
studied. These nano fungicides altered the reproductive
structures (conidiophores) and hyphae of both fungi. In
conclusion, the nano fungicides proved their efficacy
against B. cinerea, especially silver and copper
(Mohammedi et al., 2015). Moreover, unlike commercial
fungicides, the nano fungicides proved to be aggressive
antifungal agents against B. cinerea, even at low doses.
Moreover, they do not have any significant impact on soil
and the environment like commercial fungicides. There is a
need to conduct further studies to understand the toxicity
mechanisms of nano fungicides against B. cinerea. Such
studies would be extremely useful for developing new
strategies to control B. cinerea. In addition, the effect of
nano fungicides on fruit quality should also be examined
(Mohammedi et al., 2015).
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Omics approaches to induce resistance to B. cinerea

Botrytis cinerea is a necrotrophic fungus that destroys the cells
of its host plants before colonizing the dead tissue. For many
years, high doses of fungicides have been used to treat
infections caused by this disease throughout the crop cycle in a
season (De Miccolis Angelini et al., 2014). Recent research
methods have made it possible to investigate the processes
underlying host mechanism to infection by whitefly and
regulate infection development events and pathogen detection
using omic approaches (Shiratake & Suzuki, 2016),
accomplishing it promising to integrate this information into a
framework based on systems biology (Fig. 3). The techniques
of HT-NGS extending from RNAseq to whole-genome
sequencing are rapid, complex, and reliable methods for
identifying the genome of B. cinerea in symptomatic or non-
symptomatic host plants and for studying defense system
related with fungal pathogen (Smith et al., 2014). In addition,
the techniques of HT-NGS show potential for the molecular
study of interaction between Plant and B. cinerea. From the
plant of B. Cinerea, the genomic availability of the fungus, its
host range, diversity, and evolution were known. The
availability of omic data will help us better understand the
infection tactics of B. cinerea and predict plant responses to

Hormonal

gray mold disease in the future (Jiang et al., 2016).
Dallvay Plant response
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Fig. 3 Resistance/tolerance of plants to biotic and abiotic stressors is improved by omics methods

Patho-genomics

Pathogens employ a variety of effector proteins and toxins
that aid in the alteration and repression of host plant
defense mechanisms during infection (Fillinger & Elad,
2016). The oomycete pathogen Phytophthora infestans has
roughly 500 effectors, whereas Pseudomonas syringae
bacterium has a basic core of tem to forty effectors. The
matching of resistance proteins with effector proteins has
been aided by yeast-two-hybrid (Y2H) systems.
Succeeding the identification and characterization of Pto in
tomato. The bacterial effectors were recognized i.e.,
AvrPto and AvrPtoB as its interacting partners using a
Y2H system. Using a Y2H approach, the bacterial effectors
AvrPto and AvrPtoB were identified as Pto's interaction
partners after it was discovered in tomato (Kim et al.,
2009). Besides the Y2H system's initial success, future
research attempting to couple R proteins and effectors were
unsuccessful. In retrospect, this happened as direct R
proteins-effectors interaction seems to be the exception
with accessory proteins often serving as a bridge between

the two. Recent -omics research backs up the assumption that
direct interaction between effectors and R proteins is the
exception rather than the rule (Li et al., 2013).

Genomics

Both traditional Sanger dideoxy nucleotide sequencing and
pyrosequencing are suitable for de novo sequencing and
confirmatory sequencing, and DNA sequencing methods are
still affordable (Pareek et al., 2011). lon Torrent Personal
Genome Machine (PGM), Pacific Biosciences (PacBio), and
Illumina or Solexa, have transformed genetic and genomic
study with their next-generation sequencing (NGS) technology
(Heather and Chain, 2016). B. cinerea has emerged as a model
to understand the intricacy of necrotrophy and pathogenicity in
diverse hosts. B. cinerea strains might be able to withstand a
range of environmental conditions that limit or promote
infection to the host (Ahlem et al., 2012). A gapless genome
sequence of B. cinerea strain B05.10 was recently generated
through a combination of Illumina and PacBio sequencing
techniques (van Kan et al., 2017). The diversity and range of
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secondary metabolism gene clusters (SM) of two tested
pathogenic species genomes differ significantly due to
their different environmental conditions, as do the
sequence and structure of the mating locus (MAT), the
sexual reproductive regulation, and the material of
transportable elements between the two species.
Nevertheless, the genomes of the two species are very
similar in sequence and gene structure, suggesting that B.
cinerea and S. sclerotiorum lack distinguishing features
that can be interpreted as unequivocal indication of their
destructive nature and multigenic pathogenesis.

The environmental and genetic basis of B. cinerea-host
plant specificity can be determined by comparative
genome sequence analyses of B. cinerea strains (Atwell et
al., 2015). The genomes of thirteen various isolates of B.
cinerea were sequenced to assess their genetic diversity,
demonstrating the wide range of the host species and its
promising adaptability to new plant hosts. Arabidopsis is a
flowering plant of great importance in genetics and
molecular  biology. (The Arabidopsis Information
Resource) TAIRL is a public database containing the entire
Arabidopsis genome and genomic maps, as well as
physical and genetic markers, gene expression and
structure, genetic material, DNA, and seed stocks. The
Arabidopsis genome is very flexible and permits
adaptation to a broad environmental range. This has been
confirmed by the 1001 Genomes Project, which examined
the whole-genome sequence diversity of one hundred
Arabidopsis ecotypes from various zones (Gloss et al.,
2022). The availability of genome sequences of B. cinerea
and its host plants has facilitated the discovery of
contender genes for virulence of B. cinerea and potential
target genes for host plant resistance. Genome sequencing
enables breeders in deciphering the "blueprint” of a plant
so that a resistant hybrid can be developed. Through the
analysis of whole-genome gene expression the detection of
crucial factors in the pathogenicity of B. cinerea and
pathogen-derived effectors, molecular events related to
infection mechanism in host, and mechanisms of disease
resistance in hosts and the fungal genomes and its host
have been sequenced.

Metabolomics

Metabolomics can reveal the phenotypic consequences of
stressors on plants by estimating the number of metabolites
genomic downstream, proteomic and transcriptomic
changes, allowing dynamic assessment of phenotypic
responses to environmental stimuli (Hong et al., 2016).
Mass spectrometry (MS) or Nuclear magnetic resonance
(NMR) techniques including liquid chromatography-MS
(LC-MS) and gas chromatography-MS (GC-MS) are
commonly used for metabolome profiling (Gathungu et al.,
2014). Carbohydrate and metabolite microarrays can be
used to detect pathogens, enzyme activity, carbohydrate-
binding screening, and protein/antibody (Yadav et al.,
2015). If plants are exposed to unfavorable environmental
conditions, metabolomic techniques can screen a wider
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range of minute compounds (Zhao et al., 2016). The major
metabolites playing fundamental roles in plant responses to
abiotic stresses include amino acids, sugars, and intermediates
of Krebs cycle. The failure of photosynthesis and osmotic re-
adaptation is considered to be the reasons of their changes
(Arbona et al., 2013). Secondary metabolites that respond to
specific stresses include pathogens, ROS scavengers,
coenzymes, regulatory compounds, and antioxidants.
Secondary metabolites produced by various abiotic stressors
can help bridge the gap between biotic and abiotic stress
responses and provide for biotic cross-protection. According to
Moura et al. (2010), flavonols have been accumulated in
Arabidopsis plants that were treated with UV-B and the
flagellin effector flg22. They were more resistant to B. cinerea,
suggesting that the induced flavonols may protect plants from
biotic stressors. B. cinerea produces nonspecific phytotoxins,
such as secondary metabolites, which serve as lethal weapons
against plant cells, similar to another necrotrophic fungus. B.
cinerea has about 40 gene clusters responsible for the
production of terpenes, alkaloids, non-ribosomal peptides, and
polyketides that means it could produce a wide variety of
metabolites (Collado & Viaud, 2016). The use of 1H NMR to
assess global metabolites shows that healthy and botrytized
grape berries have significant metabolic differences (Hong et
al., 2012). Botrytized berries absorbed large amounts of
glutamate, alanine, proline, and arginine, while sucrose-
producing glycerol, phenylpropanoids, succinate, flavonoids,
and gluconic acid, were significantly destroyed compared to
healthy berries. Camafies et al. (2015) associated B. cinerea
infection with considerable changes in major tomato main and
secondary metabolism in tomato, suggesting extensive
metabolic reprogramming. In Arabidopsis, grape, and tomato,
B. cinerea infection leads to metabolic changes in both the host
and the pathogen.

Transcriptomics

To obtain information on stress inflections of gene expression
in plants, relative studies of gene expression aid to obtain
regulatory data acquired by transcriptomic techniques. High-
throughput transcriptomic methods based on hybridization
(microarray technology) and sequencing (RNAseq) can be
used to study transcriptomes in both model and non-model
species (Warren et al., 2007). Early cell responses to one or
more stressors can often be detected using transcriptome
methods. Plant responses to the pathogen result in
transcriptional reprogramming, implying that DEGs comprise
approximately 12% of the Arabidopsis genome, with 1498
(7%) and 1138 (5%) genes activated and repressed by B.
cinerea, respectively (Sham et al., 2015). To produce tagged
mutants for reverse genetics, genetic mutagenesis and
transcriptomic have been recently introduced (Fig. 4).
Transcriptomics can be used to find potential candidate genes
for plant defense.

On the other hand, mutant lines having deleted and
overexpressed features enable us to determine their function in
the defensive response. Botrytis-induced kinase 1 (BIK1),
expansin-like A2 (EXLAZ2), pentatrico peptide repeat protein

68



Ikram Ullah et al

for germination on NaCl (PGN), and responsive to
dehydration 20 (RD20), were found to be B. cinerea-
sensitive genes, while mutants of these genes showed
differential susceptibility to necrotrophic infection (Sham
et al., 2015). Using RNAseq, the Mediator 18 (MED18)
gene was found to regulate immunological and hormonal
responses in plants. Such B. cinerea-responsive genes play
a role in both disease and abiotic stress responses in the
(Lai et al., 2014). These results suggest that the plant
response to B. cinerea and abiotic stress are linked, with
multiple  hormone  signaling pathways affecting
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photosynthetic performance. These results show stress in
plants, revealing multiple signaling hormone pathways that
affect photosynthesis (Abugamar et al., 2016). Biomarkers for
and nonpathogenic stresses are identified by integrating
genomes, transcriptomic and proteomics. This is done by
merging at least two separate omic datasets (transcriptome and
proteome) into a reference dataset with the same functional
perspective (Haider and Pal, 2013). This method can lead to
the creation of an efficient model of biological systems or
pathways that would include proteins and transcripts.

nteraction

Fig. 4 The interactions between plant-pathogen-environment interactions form a disease triangle. The sequence of a gene is
known through reverse genetics, but the function is unknown. Reverse genetic analysis involves three steps: (1) identification
and functional characterization of candidate genes (e.g., overexpression, knockout), (2) identification of phenotypic effects of
potential genes (resistance/tolerance or susceptibility/sensitivity) and (3) Identification of differentially expressed genes
through transcriptome studies during plant-pathogen interactions

Proteomics

Several protein identifications can be performed to
determine the availability, unavailability, or total amount
of a protein. Proteomic methods help to detect alterations
in protein levels under unfavorable environmental
conditions. For example, calmodulin and calmodulin-like
protein interactions have been detected using protein
microarrays (Popescu et al., 2007). Proteins are made by
post-translational amendments and folding to preserve their
functions on-chip, which is a challenge when creating
protein microarrays (Popescu et al., 2007). Proteins are
detached by chromatography (MALDI-TOF and MALDI
FTICR imaging MS with high mass resolution) or
electrophoresis on one-dimensional (size-only) or two-
dimensional (charge and size) protein gels (Spraggins et

al, 2016). The housekeeping enzymes including
glyceraldehyde dehydrogenases and malate were found to have
a key role in the differential virulence of two fungal strains
(Fernandez-Acero et al., 2007). Shotgun proteomics method
was used for finding 126 proteins that had changed in the B.
cinerea proteome, including 13 pectinases that contribute to
cell wall degradation (Shah et al., 2009). The secretomes of B.
cinerea strain B05.10 showed significant differences between
pH 4-6 (Lai et al., 2014). Proteolysis-related proteins increased
at pH 4, while enzymes responsible for cell wall degradation
were aggregated at pH 6. Proteomics showed variation in 186
proteins in mature green fruit of wild tomato infected with B.
cinerea, but not in red ripe (RR) wild tomato or ripening
inhibited (RIN) mutant fruit. Defence-related proteins were
less altered in mature green wild tomato fruit compared with
RR and (RIN) fruit (Shah et al., 2012).

69



Ikram Ullah et al
Conclusions and future perspective

B. cinerea is a polyphagous fungus attacking a broad range
of crops in a wide range of climates. The fungus is also
capable of developing in response to storage temperatures
and is the most prevalent postharvest pathogen of many
fruits and vegetables. Nanotechnology and omic
technologies help to induce resistance in hosts. Therefore,
an integrated approach to the management of its infections
is imperative as it is essential to decrease infection
inoculum in the field with a range of agronomic, physical,
biological, and chemical treatments that promote the hurdle
concept, each treatment may also not be fully effective but
will help reduce incidence. Disease management must take
into account new research findings; as old fungicides have
already been or are at risk of being withdrawn from the
market. New fungicides are highly specific and the
pathogen develops resistance in a relatively short time.
Accurate management can take into account the use of
predictive models based on recording latent infections that
can predict the extent of disease that may develop over
time in the field and during postharvest storage. In
addition, an integrated approach is required by retailers
who specify high-quality fruit with no or very low
fungicide residues, and growers and plant doctors face the
challenge of finding alternatives to synthetic fungicides
that are effective and increase sustainability of production.

References

Abugamar, S. F., Moustafa, K., & Tran, L. S. (2016).
Omics and plant responses to Botrytis cinerea.
Frontiers in Plant Science, 7, 1-8.

Ahlem, H., Mohammed, E., Badoc, A., & Ahmed, L.
(2012). Effect of pH, temperature and water activity
on the inhibition of Botrytis cinerea by Bacillus
amyloliquefaciens isolates. African Journal of
Biotechnology, 11, 2210-2217.

Arbona, V., Manzi, M., de Ollas, C., & GOmez-Cadenas,
A. (2013). Metabolomics as a tool to investigate
abiotic stress tolerance in plants. International
Journal of Molecular Sciences, 14, 4885-4911.

Arya, G. C., Srivastava, D. A., Pandaranayaka, E. P. J.,
Manasherova, E., Prusky, D. B., Elad, Y., Frenkel,
0., Dvir, H., & Harel, A. (2020). Characterization of
the role of a non-GPCR membrane-bound CFEM
protein in the pathogenicity and germination of
Botrytis cinerea. Microorganisms, 8(7), 1043;
doi: 10.3390/microorganisms8071043

Atwell, S., Corwin, J. A, Soltis, N. E., Subedy, A., Denby,
K. J., & Kliebenstein, D. J. (2015). Whole genome
resequencing of Botrytis cinerea isolates identifies
high levels of standing diversity. Frontiers in
Microbiology, 6, 996; doi: 10.3389/fmich.2015.00996

Balachandar, R., Navaneethan, R., Biruntha, M., Kumar,
K. K. A., Govarthanan, M., & Karmegam, N. (2022).
Antibacterial  activity of silver nanoparticles
phytosynthesized from Glochidion candolleanum

Journal of Pure and Applied Agriculture (2022) 7(2): 63-72

leaves. Materials Letters, 311,
https://doi.org/10.1016/j.matlet.2021.131572

Barik, T. K., Sahu, B., & Swain, V. (2008). Nano-silica-from
medicine to pest control. Parasitology Research, 103,
253-258.

Bartlett, D. W., Clough, J. M., Godwin, J. R., Hall, A. A,,
Mick Hamer, M., & Parr-Dobrzanski, B. (2002). The
strobilurin fungicides. Pest Management Science, 58,
649-662.

Camafies, G., Scalschi, L., Vicedo, B., Gonzélez-Bosch, C., &
Garcia-Agustin, P. (2015). An untargeted global
metabolomic analysis reveals the biochemical changes
underlying basal resistance and priming in Solanum
lycopersicum, and identifies 1-methyltryptophan as a
metabolite involved in plant responses to Botrytis cinerea
and Pseudomonas syringae. The Plant Journal, 84, 125-
139.

Chen, J., Zhu, J. Z., Li, X. G., He, A. G,, Xia, S. T., & Zhong,
J. (2021). Botrytis cinerea causing gray mold of
Polygonatumsibiricum (Huang Jing) in China. Crop
Protection, 140, 105424,
https://doi.org/10.1016/j.cropro.2020.105424

Collado, I., & Viaud, M. (2016). “Secondary metabolism in
Botrytis cinerea: combining genomic and metabolomic
approaches,” in Botrytis-The Fungus, The Pathogen and
Its Management in Agricultural Systems, eds S. Fillinger
and Y. Elad (Cham: Springer International Publishing),
291-313.

Costa, P., Policia, R., Perinka, N., Alesanco, Y., Vifiuales, A.,
Carvalho, E. O. Pereira, N., Fernandes, M. M., &
Lanceros-Mendez, S. (2022). Multifunctional touch
sensing and antibacterial polymer-based core-shell
metallic nanowire composites for high traffic surfaces.
Advanced Materials Technologies, 2101575,
https://doi.org/10.1002/admt.202101575

De Miccolis Angelini, R. M., Rotolo, C., Masiello, M., Gerin,
D., Pollastro, S., & Faretra, F. (2014). Occurrence of
fungicide resistance in populations of Botryotinia
fuckeliana (Botrytis cinerea) on table grape and
strawberry in southern Italy. Pest Management Science,
70, 1785-1796.

Draz, K. A, Tabikha, R. M., Eldosouky, M. 1., Darwish, A. A.,
& Abdelnasser, M. (2022). Biotoxicity of essential oils
and their nano-emulsions against the coleopteran stored
product insect pests Sitophilus oryzae L. and Tribolium
castaneum herbst. International Journal of Pest
Management, 68, 1-15.

Fernandez-Acero, F. J., Jorge, 1., Calvo, E., Vallejo, 1., Carbu,
M., Camafeita, E., Garrido, C., Lopez, J. A., Jorrin, J., &
Cantoral, J. M., (2007). Proteomic analysis of
phytopathogenic fungus Botrytis cinerea as a potential
tool for identifying pathogenicity factors, therapeutic
targets and for basic research. Archives of Microbiology,
187, 207-215.

Fillinger, S., & Elad, Y. (2016). Botrytis-the fungus, the
pathogen and its management in agricultural systems.
Switzerland, Cham: Springer International Publishing.

131572,

70


https://doi.org/10.3390%2Fmicroorganisms8071043
https://doi.org/10.1016/j.matlet.2021.131572
https://doi.org/10.1016/j.cropro.2020.105424
https://doi.org/10.1002/admt.202101575

Ikram Ullah et al

Gathungu, R. M., Bird, S. S., Sheldon, D. P., Kautz, R.,
Vouros, P., Matson, W. R., & Kristal, B. S. (2014).
Identification of metabolites from LC-EC profiling:

GC-MS and re-fractionation provide essential
information  orthogonal to LCMS/microNMR.
Analytical Biochemistry, 454, 23;

doi: 10.1016/j.ab.2014.01.020

Gloss, A. D., Vergnol, A., Morton, T. C., Laurin, P. J.,
Roux, F., & Bergelson, J. (2022). Genome-wide
association mapping within a local Arabidopsis
thaliana population more fully reveals the genetic
architecture for defensive metabolite diversity.
Philosophical Transactions of the Royal Society B,
377, 20200512; doi: 10.1098/rstb.2020.0512

Grant-Downton, R. (2016). Botrytis-biology, detection and
quantification. In Botrytis—the fungus, the pathogen
and its management in agricultural systems (pp. 17-
34). Cham: Springer.

Haider, S., & Pal, R. (2013). Integrated analysis of
transcriptomic  and  proteomic data.  Current
Genomics, 14, 91-110.

Heather, J. M., & Chain, B. (2016). The sequence of
sequencers: the history of sequencing
DNA. Genomics, 107, 1-8.

Hong, J., Yang, L., Zhang, D., & Shi, J. (2016). Plant
metabolomics: an indispensable system biology tool
for plant science. International Journal of Molecular
Sciences, 17(16), 767; doi: 10.3390/ijms17060767

Hong, Y. S., Martinez, A., Liger-Belair, G., Jeandet, P.,
Nuzillard, J. M., & Cilindre, C. (2012). Metabolomics
reveals simultaneous influences of plant defence
system and fungal growth in Botrytis cinerea-infected
Vitisvinifera cv. Chardonnay berries. Journal of
Experimental Botany, 63, 5773-5785.

Hwang, G. J., Tsai, C. C. & Yang, S. J. H. (2008). Criteria,
strategies and research issues of context-aware
ubiquitous learning. Educational Technology &
Society, 11(2), 81-91.

James, M. Heather, J. M., & Benjamin Chai, B. (2016).
The sequence of sequencers: The history of
sequencing DNA. Genomics, 107, 1-8.

Jiang, Z., Dong, X., & Zhang, Z. (2016). Network-based
comparative analysis of Arabidopsis immune
responses to Golovinomyceso rontii and Botrytis
cinerea infections. Scientific reports, 6(1), 1-11.

Kim, K. W, Ahn, J J, & Lee J H. (2009)
Micromorphology of epicuticular wax structures of
the garden strawberry leaves by electron microscopy:
Syntopism and polymorphism. Micron, 40(3), 327-
334.

Lai, Z., Schluttenhofer, C. M., Bhide, K., Shreve, J.,
Thimmapuram, J., Lee, S. Y. Yun, D. J, &
Mengiste, T. (2014). MEDA18 interaction with distinct
transcription  factors regulates multiple plant
functions. Nature Communications, 5(1), 1-14.

Li, Q., Ji, K., Sun, Y., Luo, H., Wang, H., & Leng, P.
(2013). The role of Fa BG 3 in fruit ripening and B.

Journal of Pure and Applied Agriculture (2022) 7(2): 63-72

cinerea fungal infection of strawberry. The Plant Journal,
76(1), 24-35.

Liu, M., Zhang, Z., Xu, Z., Wang, L., Chen, C., & Ren, Z
(2021). Overexpression of SIMYB75 enhances resistance
to Botrytis cinerea and prolongs fruit storage life in
tomato. Plant Cell Reports, 40(1), 43-58.

Lopez-Galiano, M. J., Gonzalez-Hernandez, A. I., Crespo-
Salvador, O., Rausell, C., Real, M.D., Escamilla, M.,
Camaries, G., Garcia-Agustin, P., Gonzélez-Bosch, C., &
Garcia-Robles, 1. (2018). Epigenetic regulation of the
expression of WRKY75 transcription factor in response
to biotic and abiotic stresses in Solanaceae plants. Plant
Cell Reports, 37(1), 167-176.

Malarkodi, C., Rajeshkumar, S., Paulkumar, K., Vanaja, M.,
Gnanajobitha, G., & Annadurai, G. (2014). Biosynthesis
and antimicrobial activity of semiconductor nanoparticles
against oral pathogens. Bioinorganic Chemistry and
Applications, 2014, 347167; doi: 10.1155/2014/347167

Mohammedi, A., Hashemi, M., & Hosseini, S. M. (2015).
Postharvest treatment of nanochitosan-based coating
loaded with Zataria multiflora essential oil improves
antioxidant activity and extends shelf-life of cucumber.
Innovative Food Science & Emerging Technologies,
33, 580-588.

Moura, J. C., Bonine, C. A., Viana, J., Dornelas, M. C., &
Mazzafera, P. (2010). Abiotic and biotic stresses and
changes in the lignin content and composition in plants.
Journal of Integrative Plant Biology, 52, 360-376.

Moussa, S. H., Tayel, A. A, & Al-Turki, A. I. (2013).
Evaluation of fungal chitosan as a biocontrol and
antibacterial agent  using  fluorescence-labeling.
International Journal of Biological Macromolecules, 54,
204-208.

Musarrat, J., Dwivedi, S., Singh, B. R., Al-Khedhairy, A. A,,
Azam, A., & Naqvi, A. (2010). Production of
antimicrobial silver nanoparticles in water extracts of the
fungus Amylomycesrouxiistrain  KSU-09. Bioresource
Technology, 101(22), 8772-6; doi:
10.1016/j.biortech.2010.06.065

Pareek, C. S., Smoczynski, R., & Tretyn, A. (2011).
Sequencing technologies and genome sequencing.
Journal of Applied Genetics, 52, 413-435.

Park, H. J., Kim, S. H., Kim, H. J., & Choi, S. H. (2006). A
new composition of nanosized silica-silver for control of
various plant diseases. Plant Pathology Journal, 22,295-
302.

Popescu, S. C., Snyder, M., & Dinesh-Kumar, S.
(2007). Arabidopsis protein microarrays for the high-
throughput identification of protein-protein interactions.
Plant Signaling & Behavior, 2, 416-420.

Rai, M., & Ingle, A. (2012). Role of nanotechnology in
agriculture with special reference to management of
insect pests. Applied Microbiology and Biotechnology,
94(2), 287-293.

Rajestary, R., Landi, L., & Romanazzi, G. (2021). Chitosan
and postharvest decay of fresh fruit: Meta-analysis of
disease control and antimicrobial and eliciting activities.

71


https://doi.org/10.1016%2Fj.ab.2014.01.020
https://doi.org/10.3390%2Fijms17060767

Ikram Ullah et al

Comprehensive Reviews in Food Science and Food
Safety, 20, 563-582.

Rodriguez-Mansilla, J., Gonzalez-Séanchez, B., De Toro
Garcia, A. Valera-Donoso, E., Garrido-Ardila, E.M.,
Jiménez-Palomares, M., & Gonzalez L6pez-Arza, M.
V. (2016). Effectiveness of dry needling on reducing
pain intensity in patients with myofascial pain
syndrome: a Meta-analysis. Journal of Traditional
Chinese Medicine, 36(1), 1-13.

Romanazzi, G., Smilanick, J., Feliziani, E., & Droby, S.
(2016). Integrated management of postharvest grey
mold on fruit crops. Postharvest Biology and
Technology, 113, 69-76.

Shah, P., Gutierrez-Sanchez, G., Orlando, R., &
Bergmann, C. A. (2009). A proteomic study of
pectin-degrading enzymes secreted by Botrytis
cinerea grown in liquid culture. Proteomics, 9, 3126-
3135.

Shah, P., Powell, A. L., Orlando, R., Bergmann, C.,
&Gutierrez-Sanchez, G. (2012). Proteomic analysis
of ripening tomato fruit infected by Botrytis cinerea.
Journal of Proteome Research, 11, 2178-2192.

Sham, A., Moustafa, K., Al-Ameri, S., Al-Azzawi, A.,
Iratni, R., & Abugamar, S. (2015). Identification of
candidate genes in Arabidopsis in response to biotic
and abiotic  stresses using  comparative
microarrays. PLoS ~ ONE, 10, e125666;  doi:
10.1371/journal.pone.0125666

Shiratake, K., & Suzuki, M. (2016). Omics studies of
citrus, grape and rosaceae fruit trees. Breeding
Science, 66, 122-138.

Smith, J. E., Mengesha, B., Tang, H., Mengiste, T., &

Bluhm, B. H. (2014). Resistance to Botrytis
cinerea in Solanum lycopersicoides involves
widespread  transcriptional  reprograming. BMC

Genomics, 15, 334; doi: 10.1186/1471-2164-15-334

Spraggins, J. M., Rizzo, D. G., Moore, J. L., Noto, M. J.,
Skaar, E. P., & Caprioli, R. M. (2016). Next-
generation technologies for spatial proteomics:
integrating ultra-high speed MALDI-TOF and high
mass resolution MALDI FTICR imaging mass
spectrometry for protein analysis. Proteomics, 16,
1678-1689.

Journal of Pure and Applied Agriculture (2022) 7(2): 63-72

Storz, G., & Imlay, J. A. (1999). Oxidative stress. Current
Opinion in Microbiology, 2(2), 188-194.

Van Kan, J. A. L., Stassen, J. H. M., Mosbach, A., Van Der
Lee, T. A. J, Faino, L., Farmer, A. D., Papasotiriou, D.
G., Zhou, S., Seidl, M. F., & Cottam, E. (2017). A
gapless genome sequence of the fungus Botrytis cinerea.
Molecular Plant Pathology, 18(1), 75-89.

Walters, W., Hyde E. R., Berg-Lyons, D., Ackermann, G.,
Humphrey, G., Parada, A., Gilbert, J. A., Jansson, J. K.,
Caporaso, J. G., Fuhrman, J. A., Apprill, A., & Knight, B.
(2015). Improved bacterial 16S rRNA gene (V4 and V4-
5) and fungal internal transcribed spacer marker gene
primers for microbial community surveys. Msystems 1(1),
€00009-15; doi: 10.1128/mSystems.00009-15

Wang, C., Mao, X., Zhao, D., Yu, H., Duo, H., Sun, E., Lu, Y.,
& Zuo, C. (2022). Transcriptomic analysis reveals that
cell wall-and hypersensitive response (HR)-related genes
are involved in the responses of apple to Valsa mali.
Plant Biotechnology Reports,
https://doi.org/10.1007/s11816-022-00763-z

Warren, S. F., Fey, M. E., & Yoder, P. J. (2007). Differential
treatment intensity research: A missing link to creating
optimally effective communication interventions. Mental
Retardation and Developmental Disabilities Research
Reviews. Special Issue: Language and Communication,
13(1), 70-77

Williamson, B., Tudzynski, B., Tudzynski, P., & Van Kan, J.
A. (2007). Botrytis cinerea: The cause of grey mould
disease. Molecular Plant Pathology, 8(5), 561-580.

Wu, F., Qi, J., Meng, X., & Jin, W. (2020). miR319c acts as a
positive regulator of tomato against Botrytis cinerea
infection by targeting TCP29. Plant Science, 300,
110610.

Yadav, S., Yadav, D. K., Yadav, N., & Khurana, S. M. P.
(2015). PlantOmics: The omics of plant science. In D.
Barh, M. S. Khan & E. Davies (Eds.), Plant glycomics:
Advances and applications (pp. 299-329). New Delhi:
Springer.

Zhao, L., Huang, Y., Hu, J., Zhou, H., Adeleye, A. S., &
Keller, A. A. (2016). 1H NMR and GC-MS based
metabolomics reveal defense and detoxification
mechanism of cucumber plant under nano-Cu stress.
Environmental Science & Technology, 50, 2000-2010.

72


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Warren,+Steven+F
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Fey,+Marc+E
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Yoder,+Paul+J
https://onlinelibrary.wiley.com/journal/10982779
https://onlinelibrary.wiley.com/journal/10982779
https://onlinelibrary.wiley.com/journal/10982779

