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Abstract: Fungal plant diseases can severely damage oil palm crops and 
compromise agricultural yields. To ensure a high crop yield while keeping the 
fungal pathogens at bay, microbial control to combat such diseases offers a more 
sustainable alternative to chemical control. It is safer to replace chemical 
fungicides with eco-friendly bio formulations containing living fungi or bacteria 
and their products to manage fungal infestations on plants, especially oil palm. 
This is because natural antagonistic microorganisms/substances form components 
of biofungicides and protect plants by various modes of action such as 
hyperparasitism, antibiosis and/or by induction of systemic resistance. Microbial 
agents’ application in managing fungal plant diseases, especially oil palm crop 
diseases, promises a safer and sustainable agricultural system to control fungal 
phytopathogens while ecologically less polluting. This article briefly describes the 
different bioformulations and the mechanism of action of microbial agents to 
manage fungal phytopathogens of crops, especially in oil palm. A summary of 
various merits and demerits of biofungicides over synthetic ones and the future 
outlooks are also highlighted. Bio-based microbial agents for controlling fungal 
phytopathogens, especially in oil palm plants, appear to be a promising fungal pest 
management approach considering the growing need for sustainable practices in 
the agronomic sector. 
 
Keywords: biofungicides, bioformulation, phytopathogens, microbial agent, 
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1. Introduction12 
 
The need for sustainable agriculture has grown 
exponentially over the years following the rise in 
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global crop demand. Due to this increasing 
demand, there is a growing concern as sustainable 
agriculture results from abiotic and biotic 
stressors. The latter involves infections by 
pathogenic microorganisms, such as bacteria, 
fungi, nematodes, and protozoa, while the former 
is due to unfavorable environmental conditions 
that hinder optimal plant growth (Fahad et al., 
2015; Martinez-Soto et al., 2019; de Vilhena 
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Araújo et al., 2020; Rajwade et al., 2020). Plants, 
including oil palm, are exceptional sessile 
organisms, unable to escape potential threats by 
various pathogens, arthropods, or adverse 
environmental conditions (Dean et al., 2012; 
Varma et al., 2015). Over 10,000 identified 
species of plant pathogenic fungi have been 
reported to severely damage global commercial 
crops (Horbach et al., 2011; Cerda et al., 2017; 
Khalili et al., 2017; Khater et al., 2017). The 
combined toll of crops infected by fungi 
contributes between 10-20% of annual yield 
losses (Bhattacharjee and Dey, 2014; Khalili et 
al., 2016; Kumar et al., 2016), and the losses are 
as high as 20-40% in susceptible cultivars 
(Kashyap et al., 2017; Rajwade et al., 2020). 

In some Southeast Asian countries, such 
diseases accounted for a total economic loss of 
between RM225 million to 1.5 billion in a year 
(Onoja et al., 2018; Onoja et al., 2019). 
Ganoderma spp., Phoma herbarum; Fusarium 
oxysporum f. sp. elaeidis, Marasmius palmivorus, 
Phytophthora palmivora, Thielaviopsis paradoxa 
are some of the pathogens that are affecting oil 
palm worldwide (Rees et al., 2012; Alvarez et al., 
2012; Rusli et al., 2015; Hanum et al., 2016; 
Zheng et al., 2017; Maizatul-Suriza et al., 2021; 
Torres et al., 2010).  

A plethora of physical, cultural, chemical, 
and living systems are presently being used to 
control phytopathogens of the oil palm 
(Bargabus et al., 2002, 2004; Benhamou, 2004; 
Heydari and Pessarakli, 2010; Borges Chagas et 
al., 2015; Crozier et al., 2015; Khalili et al., 
2016; Khalili et al., 2018). Synthetic fungicides 
and bactericides are currently the preferred 
means of controlling fungal and bacterial 
phytopathogens (Heydari and Pessarakli, 2010). 
The synthetic chemicals used has raised 
concerns about their long-term impact on public 
health (Ge et al., 2016; Basaid et al., 2021), 
given the unprecedented liberation of high 
quantities of toxic compounds into the 
environment (Oruç, 2010; Chamorro et al., 
2015; Rubio-Canalejas et al., 2016; Topal et al., 
2016; Pradana et al., 2017; Tsatsakis et al., 
2017). Fortunately, we do have options to 
replace the chemicals with eco-friendly and 

more sustainable ones through microbial 
control of plant diseases (Elmhirst et al., 2011; 
Ramli et al., 2016; Chauhan et al., 2016; 
Khalili et al., 2016; Gao et al., 2018; Wallace et 
al., 2018; Raymaekers et al., 2020), and using 
their derivatives to formulate biopesticides. The 
concept of biopesticides was raised after the 
first green revolution, which principally 
reduced the arbitrary use and side effects of 
chemical pesticides. The methods employed for 
crop management are less harmful and are more 
sensible by capitalizing on a wide-ranging soil 
and rhizospheric microorganism to act as bio-
stimulators for plants. On the other hand, 
antagonistic microorganisms help inhibit 
phytopathogens’ growth (Lee et al., 2006; 
Segarra et al., 2010; Brotman et al., 2012; 
Chauhan et al., 2016). (Maheshwari, 2010). 
Biofungicides containing natural suppressor 
compounds to control plant diseases caused by 
fungi are fine examples of the first green 
revolution (Arora et al., 2010; Maheshwari, 
2010; Chauhan et al., 2016).  

Biofungicide” is defined as “specific 
preparations containing microorganism, fungi 
in particular” (Regnault-Roger and Philogène, 
2008; Liu et al., 2021). Specifically, 
bioformulated products derived from beneficial 
microorganisms (bacteria, fungi, yeast, and 
actinomycetes) or their metabolites (Bonaterra 
et al., 2012) are increasingly popular as 
products for plant protection for both individual 
applications and within the Integrated Pest 
Management (IPM) in the modern-day 
agricultural system (Fontenelle et al., 2011; 
Singh et al., 2011; Harman et al., 2012; 
Małolepsza et al., 2017; Liu et al., 2021). These 
naturally occurring substances curb the further 
proliferation of oil palm crop pathogens by 
various modes of action such as 
hyperparasitism and antibiosis, in conjunction 
with enhancing nutrition for crops and induced 
resistance.  

Pertinently, the fungi/bacteria’s ability to 
parasitize and inhibit other pathogenic 
microorganisms underlies the biocides’ industrial 
success in controlling oil palm crop diseases by 
non-toxic mechanisms. Bioformulated products 
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have since progressed substantially in support of a 
greener agronomic pest management approach. 
Having said that, this review focuses on fungi and 
bacteria’s biocides, considering their high 
diversity in infecting oil palm plants and a vast 
number of global crops. The review also 
highlights the different microbial formulations 
(fungicides and bactericides) and their 
mechanisms of action, and briefly the merits and 
demerits of biocides over synthetic ones. 
 
2. Microbial biocides  
Microorganisms, viz. bacteria, fungi or 
protozoans, are potent ecological sources of many 
bioactive compounds (Kim et al., 2020). The 
microorganisms are well-reported producers of 
fungicides (Islam et al., 2005; Gupta and Dikshit, 
2010) that can be used in formulations for more 
ecologically benign and sustainable pest 
management by non-toxic effects. The 
mechanisms are generally classified as plant-
incorporated protectant fungicidal substances, 
where sustainable crop protection comes from 
secondary microbial metabolites (antibiotics) 
(Copping and Menn, 2000; Gupta and Dikshit, 
2010). To date, groups of microbial metabolites to 
be used as microbial fungicides in crop 
management include; Blasticidin S, 
Kasugamycin, Polyoxins, Validamycins, 
Soraphen A, Strobilurin A, Fenpiclonil, 
Azoxystrobin, Tubercidin, Oudemansin A, 
Pyrrolnitrin, Nikkomycins, Phellinsin A, 
Arthrichitin, Aculeacin A, Abikoviromycin, 
Dihydroabikoviromycin, Verlamelin, 
Gloeosporone e.t.c (Vijayakumar et al., 1996; 
Copping and Menn, 2000; Heaney et al., 2000; 
Hwang et al., 2000; Sierotzki et al., 2000; Hwang 
et al., 2001; Bartlett et al., 2002; Kim et al., 2002; 
Maruyama et al., 2003; Lee et al., 2004; Thines et 
al., 2004; Lee et al., 2005; Kim et al., 2006). This 
article’s following sub-sections further describe 
the above-mentioned microbial metabolites and 
their application in managing plant diseases. On 
another note, Nusaibah et al. (2016) reported that 
plant metabolites, mainly lipids and heterocyclic 
aromatic organic metabolites, could be potentially 
involved in early oil palm defense mechanisms 
against G. boninense infection. 

2. 1. Blasticidin S and kasugamycin 
Blasticidin S is an antibiotic derived from a 
microbial metabolite, capable of killing conidia 
or inhibiting conidial germination and mycelial 
growth of the pathogenic ascomycete fungi, 
Magnaporthe species. This substance has been 
used to control plant diseases caused by several 
fungal species. Blasticidin S binds to the 
peptidyl transferase center of bacterial 70S and 
eukaryotic 80S ribosomes which inhibits the 
release stage of translation termination in the 
metabolic pathway for protein synthesis 
(Copping and Duke, 2007; Law et al., 2017; 
Chakraborty et al., 2020). 

Another similar metabolite, the kasugamycin, 
is an aminoglycoside antibiotic produced by 
Streptomyces kasugensis, which inhibits the 
mycelial growth of pathogenic Magnaporthe 
grisea. The compound is also effective against 
specific yeasts infesting crops (Copping and 
Menn, 2000; Pooja and Katoch, 2014; Law et al., 
2017). Another group of microbial antibiotics is 
polyoxins, belonging to the class of peptidyl 
nucleoside antibiotics. The amphoteric 
compounds are particular against phytopathogenic 
fungi, reportedly isolated from the culture of the 
branching filamentous, Gram-positive bacterium 
Streptomyces cacaoi (Li et al., 2012). In addition, 
the metabolite suppresses cell wall chitin 
production in sensitive fungi such as Aspergillus 
fumigatus, Rhizoctonia solani, Botrytis cinerea 
and Trichoderma viride with no adverse effects 
on organisms with deficient chitinous cell walls 
(Li et al., 2012; Lee and Kim, 2015). Polyoxins 
are also effective against fungal pathogens 
infecting vegetables and other fruit plants, such as 
grey mold caused by Botrytis cinerea, and the 
black spot disease which affect pears caused by 
Alternaria kikucihiana S. Tanaka fungus. Another 
microbial metabolite-derived fungicide, the 
validamycin, produced by Streptomyces 
hygroscopicus (Yu et al., 2005; Zhou and Zhong, 
2015) suppresses the activity of the enzyme 
trehalase. The glycoside hydrolase is crucial for 
converting trehalose to glucose by crop 
pathogens. Validamycin has been used with 
success to inhibit diseases caused by Rhizoctonia 
solani. 
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2. 2. Strobilurin A and Fenpiclonil 
Strobilurin A comes from strobilurins, a class of 
microbial fungicides produced by a 
Basidiomycete fungus known as Strobilurus 
tanacellus. Strobilurins are broad-spectrum acting 
fungicides, active against fungal pathogens from 
all four taxonomic groups (Bartett et al., 2001). 
This group of substances inhibits fungal 
mitochondria activity by binding to the quinol 
oxidation (Qo) site in the cytochrome b (Brauer et 
al., 2019; Feng et al., 2020).  

Fenpiclonil is another group of bioactive 
microbial metabolites that contains various 
functional groups such as dichlorobenzene, 
nitrile, and pyrrols (Kilani and Fillinger, 2016). 
The spectrum of antifungal activity of fenpiclonil 
is comparable to iprodione and tolclofos-methyl 
of the dicarboximide and aromatic hydrocarbon 
fungicides. Fenpiclonil is useful for inhibiting 
the growth of pathogenic Basidiomycetes, 
Deutromycetes, and Ascomycetes that cause 
seed-borne diseases. Fenpiclonil inhibits any 
transport-associated phosphorylation of glucose 
and eventually precedes a cascade of metabolic 
events leading to the fungicide’s toxic action. 
Therefore, several phytopathogenic imperfect 
fungi’s mycelial growth becomes impeded by 
the substantial accumulation of amino acids and 
sugars in their system, which are unavailable as 
components for growth (Jespers et al., 1993; 
Kilani and Fillinger, 2016). 
 
2. 3. Azoxystrobin and Soraphen A  
Azoxystrobin is another metabolite-derived 
fungicide that blocks the spore germination of a 
wide-ranging type of pathogenic fungi 
(Ascomycetes, Basidiomycetes and 
Deutromycetes) Bartlett et al. (2002). The 
synthesis of this new fungicide was inspired by 
strobilurins produced by several species of 
Basidiomycete fungi. The problem of 
Azoxystrobin is that it is a xenobiotic and an 
accepted environmental contaminant. 
Azoxystrobin is a methoxy acrylate analog of 
the strobilurin, in which its fungicidal mode of 
an action precludes electron transport and 
energy production via oxidative 
phosphorylation which may interfere and block 

the electron transfer between cytochromes b 
and c1, hindering mitochondrial respiration. A 
recent study found that metabonomic profiles of 
aquatic microbial communities exposed to 
azoxystrobin were profoundly altered. The 
affected microorganisms showed the most 
various metabolites due to changes in their 
metabolic pathways. The pathways involve 
were the citrate cycle, fatty acid biosynthesis, 
and purine metabolism, all of which responded 
to azoxystrobin toxicity (Zhang et al., 2020). 

Similarly, the macrolide of the myxobacterial 
metabolite Soraphen A (Park et al., 2010) 
produced by Sorangium cellulosum 
(Koutsoudakis et al., 2015) is exceptionally 
effective against powdery mildew fungus. 
Initially, it was discovered for its potent and 
broad-spectrum antifungal activity. Soraphen A 
is also a bacterial metabolite inhibitor of the 
Acetyl-CoA carboxylase (EC.6.4.1.2), which 
converts acetyl-CoA to malonyl-CoA. The 
enzyme is responsible for essential cellular 
metabolic processes like fatty acid synthesis and 
the β-oxidation of mitochondrial fatty acid. In 
other words, Soraphen A essentially interferes 
with fatty acid elongation or lipid biosynthesis of 
fungal pathogens. Unfortunately, there are issues 
with the safety of Soraphen following the 
discovery of its teratogenicity (Koutsoudakis et 
al., 2015; Wang et al., 2020). 
 
2. 4. Oudemansins and Pyrrolnitrin 
Oudemansin a fungicidal metabolite produced 
by the Basidiomycetes group of fungi 
especially, Oudemansiella mucida (Fernández-
Ortuño et al., 2010). The substance potently 
binds to the specific site on cytochrome b and 
inhibits the mitochondrial respiration of 
pathogenic fungi (Fernández-Ortuño et al., 
2010). Oudemansin is a fungicide component to 
treat plant diseases, for instance, powdery 
mildew and septoria leaf spot of plants.  

Pyrrolnitrin is a metabolite produced by the 
Pseudomonas species and has been demonstrated 
effective in combating several phytopathogenic 
diseases and against soil and seed-borne plant 
diseases (Pawar et al., 2019). Pyrrolnitrin can 
inhibit Botrytis cinerea’s growth, Magnaporthe 
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grisea, and Sclerotinia sclerotium, pathogens that 
cause stem rot. The substance interferes with the 
terminal electron transport system and inhibits the 
phytopathogens’ cellular respiration, including 
dermatophytic fungi (Selin et al., 2009; Nandi et 
al., 2015). Likewise, the naturally occurring 
nucleoside-peptide antibiotics, nikkomycins, 
produced by Streptomyces ansochromogens (Liao 
et al., 2010), are, in fact, uridine diphosphate-N-
acetyl glucosamine substrate analogs for 
biological activities of chitin synthases (Zhang 
and Miller, 1999; Feng et al., 2014). This group of 
compounds is effective against filamentous fungi 
(yeast), insects, and acarids (Feng et al., 2014). 
Their bioactivity against different pathogenic 
fungi comes from their formidable competitive 
inhibition of chitin synthases, which affect chitin 
cell-wall synthesis, interfering with mycelial 
growth (Liao et al., 2010; Feng et al., 2014). 
 
2. 5. Phellinsin and Arthrichitin 
The phenolic lignin antifungal metabolite 
Phellinsin, is produced by the Phellinus 
species of fungi (Hwang et al., 2000). It 
exhibits biological activities against chitin 
synthases I and II in various pathogens, for 
example, Saccharomyces cerevisiae, 
Rhizoctonia solani, Collectotrichum 
lagenarium, Pyricularia oryzae, and 
Aspergillus fumigatus. It is worth mentioning 
here that chitin synthase I is a non-essential 
repair enzyme of damaged chitin, while chitin 
synthase II is an essential enzyme to form the 
primary septum between mother and daughter 
cells in pathogenic microbes. Interfering the 
enzymes’ cellular function thus precludes the 
upkeep and preservation of cellular chitin in 
the pathogens. Therefore, specific inhibitors 
of the two enzymes make interesting 
bioactive substances in developing antifungal 
agents (Hwang et al., 2000; Sridhar and 
Deshmukh, 2019).  

Arthrichitin is a cyclodepsipeptide which 
forms another bioactive substance produced by 
Arthrinium phaeospermum (Vijayakumar et al., 
1996; Moussa et al., 2020). This metabolite is a 
potent chitin synthesis inhibitor used for inhibiting 
further proliferation of grey mold plant diseases 

caused by Magnaporthe grisea and Botritis 
cinera, respectively (Lee and Kim, 2015). 
 
2. 6. Abikoviromycin and Dihydroabiko-
viromycin 
Pathogenic fungi such as Magnoporthe grisea and 
Colletotrichum lagenarium species are well 
known as producers of pentakitide derivatives 
such as abikoviromycin and 
dihydroabikoviromycin which are known 
antibiotics Maruyama et al. (2003). The two 
substances have been potent in suppressing 
polyketide synthase in melanin biosynthesis by 
the pathogenic Colletotrichum legenarium 
(Dembitsky and Kilimnik, 2016). Both 
compounds’ actions interfere with the ability of 
fungus’ to produce melanin, and hence it becomes 
susceptible to the deactivation of UV from the 
sun. Verlamelin, like the cyclic lipodepsipeptide, 
is a metabolite produced by Acremonium strictum 
(Kim et al., 2002; Lee and Kim, 2015; Mao et al., 
2015). The compound exhibits exceptional in 
vitro and in vivo antifungal activity against an 
array of powdery mildew diseases instigated by 
Alternaria brassicae, Fusarium avenaceum, 
Rhizoctonia solani, Phythium pythioides, 
Marasmius oreades, Sclerotina sclerotiorum, 
Leptosphaeria maculans and Blumeria graminis. 
In vivo, verlamelin demonstrated intense 
protective and curative activities, predominantly 
against barley powdery mildew.  
 
2. 7. Aculeacin A and Gloeosporone 
Aspergillus aculeatus produces the novel 
antifungal antibiotic Aculeacin A, successfully 
inhibits the growth of yeast, and various species 
of bacteria and filamentous fungi (Mizuno et al., 
1977; Yamaguchi et al., 1982; Wang et al., 2017) 
by inhibiting the synthesis of β-1,3-glucan Wang 
et al. (2017). Lastly, the fungicide gloeosporone 
produced by Colletotrichum gloeosporioides 
Chapla et al. (2014) has been shown to inhibit 
conidia germination of Colletotrichum species. 
This self inhibitor of germination also showed 
promising application as a plant protectant against 
plant pathogenic fungi Adam et al. (2014). The 
chemical structure of some microbial fungicides is 
depicted in Fig. 1. 
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Figure 1 Chemical structure of some fungicidal compounds of microbial origion. 
 

It is clear that microbial metabolites with 
antifungal potential significantly influence 
disease management in the agricultural sector, 
championing a more gentle and natural way to 
protect and rid the crops of diseases. The plus 
point of using microbial metabolites is that they 
are relatively easy to obtain by cultivating 
suitable and cost-effective substrates; hence, 
they can be more economical. Moreover, the 
use of novel microbial fungicides to combat and 
manage plant diseases offers a long-term and 
sustainable approach to crop protection. It is 
also an alternative approach to wean the 
agricultural community from their heavy 
dependence on hazardous synthetic fungicides. 

3. Trichoderma species as potent microbial 
fungicides  
So far, the most common groups of fungi used 
as microbial fungicides to combat plant 
diseases include the Trichoderma spp., Botrytis 
spp., Sclerotinia, Cladosporum, Oxysporium, 
Gliocladium, Ampelomyces, Candida, and 
Coniothyrium species (Elad, 2000; Freeman et 
al., 2004; Vinale et al., 2008; Patel and Saraf, 
2017). The past decade has witnessed the 
Trichoderma spp. being the prevalent fungal 
species for antagonistic tests against other 
fungal phytopathogens (Chaube et al., 2004; 
Sundram et al., 2008; Bogumił et al., 2013; 
Keswani et al., 2014; Soliman et al., 2015). 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

7 

Hence, their physical characteristics have been 
rigorously described (Divya and Sadasivan, 
2016) and their biochemical and molecular 
characteristics. Trichoderma species are werll-
reported accomplished producers of microbial 
compounds and inhibiting the plant diseases 
directly or by inducing plant resistance response 
(Shetab Booshehri, 2014). 

Despite the potential use of Trichoderma spp. 
as biocontrol agents, these facultative fungal 
saprophytes are industrially used to synthesize 
enzymes and produce bio fungicides, bio-
fertilizers, and soil amendments (Mohammed et 
al., 2014; Khalili et al., 2016). Trichoderma spp. 
are outstanding transformation agents of the soil 
microenvironment. Their rhizosphere delivers a 
cocktail of polysaccharides, chlorophenols, and 
enzymes that degrade hydrocarbons (Harman et 
al., 2004; Das and Chandran, 2011). Also, the 
Trichoderma spp. have been reported to parasitize 
other microorganisms while some species 
produce antibiotics effective against plant diseases 
(Howell, 2003; Vinale et al., 2008; Kumar et al., 
2017). Different species of Trichoderma produce 
a variety of antimicrobial metabolites showing 
good antibiotic activity against various fungal 
pathogens (Moutassem et al., 2020). Likewise, 
several fungal species also produce several plant 
defenses stimulating substances associated with 
molecular patterns such as xylanase, swollenins, 
peptaibols, and cerato-platanins (Harman et al., 
2004; Shoresh et al., 2010; Druzhinina et al., 
2011; Nitta et al., 2012; Khalili et al., 2016). 
These substances induce the plant defense 
response by altering the microfloral composition 
around the plant rhizosphere. Consequently, the 
changes improve the soil nutrients’ solubility and 
promote fibrous plant roots (Harman, 2000).  

Perhaps one of Trichoderma’s remarkable 
traits is its robustness and the ability to remain 
mostly unaffected by exposure to many toxic 
compounds produced by the soil microflora in 
the rhizosphere. The fungus is also resistant to 
many herbicides, antibiotics, and fungicides 
applied by farmers (Sjaarda et al., 2015; Khalili 
et al., 2016). For instance, T. harzianum 
produce low levels of cell-wall degrading 
enzymes (CWDEs) such as β-glucosidase and 

chitinases into the environment. The produced 
CWDEs then beneficially hydrolyze the fungal 
pathogens’ cell walls upon contact (Khalili et 
al., 2016), with the concomitant liberation of 
cell wall products. Another defense mechanism 
of the T. harzianum where the products 
instigate expression of a mycoparasitic gene 
system, which causes the antagonistic fungus to 
grow and coil in the direction of the pathogenic 
fungi (Hermosa et al., 2013). 
 
4. Modes of action in microbial biological 
control agents 
The fundamental factor in achieving a sufficient 
decline of plant diseases hinges on the modes of 
action of the antagonistic microorganism 
(Bonaterra et al., 2012; Rania et al., 2016). 
Microbial biological control agents’ activity is 
wide-ranging, where some interact with plants 
by inducing resistance without any direct 
interaction with the target pathogen. In contrast, 
certain microorganisms accommodate the 
growth of other microorganisms by providing 
nutrients. Alternatively, certain fungi compete 
for nutrients and exhibit antibiosis and 
hyperparasitism (Köhl et al., 2019; Peters et al., 
2020; Singh, 2014; Singh et al., 2014; Vasebi et 
al., 2013). The mechanisms of action between 
microbial agents and the host in controlling 
plant pathogens are described in Fig. 2. 
 
4. 1. Induction of systemic host resistance 
It is a plant defense system prompted by 
biological or chemical inducers that shields the 
non-exposed plant parts against any impending 
attack by pathogenic microbes viz. fungi, 
bacteria, or herbivorous insects (Kuć, 1982; 
Van Loon et al., 1998; Choudhary et al., 2007; 
Pieterse et al., 2014; Mauch-Mani et al., 2017; 
Zhang et al., 2017). Currently, two major types 
of induced resistance are known to exist; 
namely, i) a localized induced systemic 
resistance (ISR) triggered by root-colonizing 
mutualistic microbes such as Pseudomonas 
fluorescence, Paenibaccillus polymyxa, or 
Trichoderma sp (Bargabus et al., 2002, 2004; 
Alfano et al., 2007; Bae et al., 2011) and ii) a 
systemic acquired resistance (SAR) triggered 
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by plant pathogens (Sequeira, 1983; Champigny 
et al., 2011; Pieterse et al., 2014). According to 
the disease’s nature, plants can instigate a 
distinct defense pathway (Garcia-Brugger et al., 
2006). For instance, when a phytopathogen kills 
the host tissue and feeds on the remains 
(necrotrophs), this triggers a dependent 
response by the release of jasmonic acid (JA) 
and ethylene (ET). On the contrary, the 
liberation of salicylic acid (SA) triggers a 
dependent response when a phytopathogen 
feeds on a living host tissue (biotrophs) (Wu et 
al., 2012; Thakur and Sohal, 2013). 

In the modern perspective of the plant 
immune system, the pathogen-induced systemic 
acquired resistance (SAR) is activated upon local 
triggering of a pattern-triggered immunity or 
effector-triggered immunity response (Mishina 
and Zeier, 2007; Vleeshouwers et al., 2014; 
Wiesel et al., 2014). This response elevates the 
level of the hormone salicylic acid (SA) essential 
for a SAR in the systemic tissue (Vernooij et al., 
1994; van Loon et al., 2006; Vlot et al., 2009). 
The organized triggering of pathogenesis-related 
genes and the encoded pathogenesis-related 

proteins with antimicrobial activity also need to 
initiate SAR. Despite the SA, it is essential to 
note that other metabolites involved in the long-
distance SAR include methyl ester of 
dehydroabietinal, diterpenoid, a glycerol-3-
phosphate-dependent factor, azelaic acid, as well 
as pipecolic acid. Also, a redox-regulated protein 
non-expressor of PR (pathogenesis-related) 
genes 1 (NPR1) in a SAR act as a transcriptional 
coactivator of a large set of PR genes upon 
triggering (Dong, 2004; Pieterse et al., 2012; 
Pajerowska-Mukhtar et al., 2013; Vlot et al., 
2009; Lyu et al., 2016). Similarly, the signaling 
of herbivore-induced resistance in plants is 
triggered upon the release of plant-derived 
signals such as damage-associated molecular 
patterns (DAMPs), herbivore-associated 
molecular patterns (HAMPs) and elicitors 
secreted from the insect’s oral at the site of tissue 
injury (Mithöfer and Boland, 2008; Heil, 2009; 
Wu and Baldwin, 2010; Hogenhout and Bos, 
2011). Consequently, a reduced JA signaling 
pathway also triggers many JA-responsive genes 
(Memelink, 2009; Pieterse et al., 2012; 
Martínez-Medina et al., 2017).  

 

 
 

Figure 2 Mechanisms of action of microbial agents for the control of plant pathogens (Abbasi et al., 2014; 
Heydari and Pessarakli, 2010). 
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Likewise, the glutamate receptor-like proteins 
are essential for triggering wound-induced-
systemic signaling and facilitating wound-induced 
surface potential modifications (Mousavi et al., 
2013). As a result, the dormant signaling 
components’ levels are enhanced, and systemic 
immunity is developed alongside a potentiated 
expression of pathogenesis-related genes 1 (PR-1). 
Priming is also related to chromatin changes in the 
promoters of DNA-binding proteins in the 
transcription factor gene family like the WRKY. 
This gene plays a significant role in plant defense 
to biotic and abiotic stresses, seed dormancy, seed 
germination, and some plant developmental 
processes (Jaskiewicz et al., 2011; Pieterse et al., 
2012; Wu et al., 2012). The induced systemic 
resistance signaling pathway is illustrated in Fig. 3. 
 
4. 2. Competition 
Antagonist microorganisms showing nutrient 
competition mechanism of action have a vast host 
range modulation of environmental conditions due 
to the micro-niche potential affecting various less 
competitive pathogens (Di Francesco et al., 2017). 
Competition at the initial stage of interaction with 
the pathogen depends heavily on the availability of 
growth factors, timing, and antagonist (Kessel et 
al., 2005). Hence, competitive microorganisms are 
germane participants in microbial control via the 
mechanism of action for competition growth factor. 
Competition between microorganisms resulting 
from the shortage or limited growth factors, such as 
nutrients and space, can critically affect the 
pathogen’s development (Howell, 2003; Benítez et 
al., 2004; Viterbo et al., 2007). Competition for 
three above-said components can lead to the 
eventual displacement of the pathogen. Rapid 
growth and substrate colonization are highly 
significant aspects that dictate the survival of the 
microorganism. Various crop pathogenic fungi 
develop an ingenious method of continued feeding 
association with their host’s living cells (Köhl et 
al., 2019), rather than killing the host cells as a 
portion of the infection process, ensuring 
successful colonization. Certain species of 
pathogenic fungi attack the host plant tissue and 
utilize the existing nutrients, although the majority 
are colonizers that destroy host tissues. 

 

 
 

Figure 3 Schematic representation showing the 
induced systemic resistance (ISR) signaling pathway. 
Recognition of microbe-associated molecular patterns 
(MAMPs) of beneficial rhizosphere-colonizing 
microorganisms, such as Pseudomonas fluorescens 
rhizosphere-colonizing microorganisms, such as P. 
fluorescens WCS417 or Trichoderma asperellum T34, 
leads to local activation of the transcription factor gene 
MYB72 in the roots. Subsequently, MYB72 putatively 
interacts with the ethylene-insensitive-like transcription 
factor 3 (EIL3). Downstream of, or in parallel with 
MYB72/EIL3, a so-far unidentified ET signaling 
component is required in the roots for ISR onset in the 
leaves. The ISR signal transduction cascade requires 
NPRI, probably in the systemic tissue. Systematically, 
induction of ISR is associated with priming for 
enhanced expression of a set of jasmonic acid-
responsive and/or ethylene-responsive genes and 
increased callose-containing papillae formation at the 
site of attempted pathogen entry. As depicted on the 
right side of Figure 3, attack by pathogens or insects 
activates defense responses in the plant (yellow arrows) 
is accelerated in ISR-primed plants (combined blue and 
yellow arrows) (Adapted with permission from Van 
Wees et al., 2008). 
 

Interestingly, the same strategy has been 
observed in non-pathogenic fungi to better 
compete for existing nutrients and space. 
Likewise, non-pathogenic fungi that can 
survive on the dead organic matter also have 
the upper hand in substrate competition (Köhl 
and Fokkema, 1998; Köhl et al., 2019). Specific 
microbial control agents can compete with 
other fungi for growth factors and essential 
elements present in the soil and around the 
rhizosphere (Irtwange, 2006). They do so by 
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altering the surrounding acidity of the soil so 
that pathogens are unable to grow (Benítez et 
al., 2004).  

Another competitive method involves the 
availability of free nutrients in fruit plant 
lesions to stimulate infection by different fruit 
diseases (Calvo-Garrido et al., 2014; Di 
Francesco et al., 2016). Highly competitive 
microbial agents must occupy such a niche to 
survive and quickly consume the growth factors 
(sugars, pollen, and plant exudates on plant 
surfaces) so that pathogens cannot infect the 
host (Köhl et al., 2019). Competition for 
carbohydrates and other nitrogen sources, 
including amino acids, plays a significant role 
in determining the interactions between the 
pathogen and the antagonists (Spadaro and 
Droby, 2016). Ferric iron limiting factor is 
another competing microbial component among 
the pathogens and antagonists. Several 
microorganisms were documented to be capable 
of producing different low molecular weight 
siderophores with a high affinity for ferric iron 
(Raaijmakers et al., 1995; van Loon, 2000; 
Whipps, 2001; Lugtenberg and Kamilova, 
2009; Segarra et al., 2010; Di Francesco et al., 
2016; Rania et al., 2016; Lugtenberg et al., 
2017). This exceptional microbial ability can 
potentially inhibit plant diseases via iron 
competition. This mechanism of action lowers 
iron availability to the pathogen (van Loon, 
2000; Whipps, 2001; Wilhite et al., 2001; 
Lugtenberg and Kamilova, 2009).  
 
4. 3. Hyperparasitism 
Parasitism is the direct competitive association 
between two living organisms in which one 
organism obtains nutrients from the other host 
organism. In the situation whereby the host 
organism is also a parasite, as in plant disease, the 
association is hyperparasitism or mycoparasitism 
(Köhl et al., 2019). A specific microbial agent 
launches a direct attack on the pathogen and 
inhibits or kills it. Hyperparasitism is made up of 
an array of activities such as i) the chemotrophic 
growth of the antagonist over the host, ii) 
recognition of the host mycoparasite, iii) 
attachment, iv) excretion of extracellular 

enzymes, v) lysis, and vi) the exploitation of the 
host (Whipps, 2001; Benítez et al., 2004; Viterbo 
et al., 2007). This sort of competitive association 
is regarded as a direct form of antagonism 
involving the growth of a microbial agent towards 
the target organism, coiling, attacking, and finally 
disrupting the target pathogen’s cell wall or 
membrane by secreting enzymes (Altomare et al., 
1999; Junaid et al., 2013; Khalili et al., 2016). 
Similarly, mycoparasitism supports the 
hyperparasite’s survival by relying on the living 
host fungus by gaining nutrients from the host 
cells through parasitic fungal hyphae. The parasite 
then coils and penetrates its host’s tissue and 
absorbs nutrients without killing the host (Jeffries, 
1995; Gomes et al., 2015).  

The most studied hyperparasites are the genera 
Clonostachys and Trichoderma, which possess 
unique features to facilitate attachment and host 
infection. The fungi then inhibit the hosts by 
producing cell wall degradation enzymes 
(CWDEs) (Khalili et al., 2019; Kabbage et al., 
2015), often alongside the production of 
antimicrobial secondary metabolites (Harman et 
al., 2004; Harman, 2006; Mukherjee et al., 2012; 
Karlsson et al., 2017; Nygren et al., 2018), 
triggered by the close contact with the host cell. 
The lytic action of the CWDEs punches holes in 
the cell wall and subsequently disrupts the 
cytoplasm of the parasitic fungus. The same 
disruptive mechanism occurs during 
hyperparasitic activity (Viterbo et al., 2007; 
Zhang et al., 2017). Enzymes known for such an 
action are the chitinase, β-1,3-glucanase, and 
protease or, in the case of hyperparasites of 
oomycote, is the cellulase (Harman et al., 2004; 
Harman, 2006; Mukherjee et al., 2012; Khalili et 
al., 2016; Karlsson et al., 2017; Nygren et al., 
2018; Köhl et al., 2019). CWDEs are also 
responsible for killing or inhibiting mycelial 
growth and spore germination of plant pathogenic 
fungi (Benítez et al., 2004; Lin et al., 2007). The 
examples of hyperparasitism or mycoparasitism 
association of Trichoderma strains against the 
pathogenic fungus-like organism Phytophthora 
cactorum, and pathogenic fungi S. sclerotiorum in 
a dual culture is depicted in Figs. 4 and 5, 
respectively.  
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Figure 4 Microphotographs (A-I) and (J-L) scanning electron microscopic representation showing the 
mycoparasitism of Trichoderma strains to P. cactorum in dual cultures. (A = no invasion on the pathogen colony, B = 
invasion on ¼ of the pathogen colony, C = invasion on ½ of the pathogen colony, D = total invasion on the pathogen 
colony, E = total invasion and sporulation on the pathogen colony; (F-I) optical microscope (40x objective) of the 
interaction zone, F = Adhered hyphae growth. G-H = hyphae coiling. I= vacuolated hyphae;(J-L) scanning electron 
microscope of interaction zone, J = isolate of T. atroviride, K = T. brevicompactum and L = Trichoderma harzianum 
growing near the hyphae of the phytophthora pathogen) (Adapted with permission from Sánchez et al., 2019). 
 
4. 4. Antibiosis 
The most powerful mechanism of action by 
microorganisms in plant disease control is the 
antimicrobial metabolites they produce 
(Raaijmakers and Mazzola, 2012).Utilization of 
microbial metabolites is considered to be a feasible 
and desirable for the control of various plant 
diseases (Bahraminejad et al., 2015; Noureddine et 
al., 2019). Microbial antibiosis destroys 
microorganisms by producing specific or non-
specific metabolites or antibiotics that inhibit the 
growth of another microorganism (Benítez et al., 
2004; Irtwange, 2006; Haggag and Mohamed, 
2007; Viterbo et al., 2007). Antibiotics are organic 
low-molecular-weight secondary metabolites 

produced by microorganisms, and the substances 
are lethal to the growth or metabolic activities of 
other competing microorganisms (Aminov, 2017; 
Lugtenberg et al., 2017). A microorganism’s 
ability to produce multiple classes of antibiotics 
that differentially obstruct an array of pathogens 
can substantially improve microbial control 
(Chaube et al., 2004; Junaid et al., 2013). This is 
because most antibiotics are made only when the 
microbial population reaches specific thresholds 
(Köhl et al., 2019). In most cases, microorganisms 
release minimal quantities of antibiotics into the 
environment. Approximately 2900 and 4900, 
antibiotics were isolated from bacteria and fungi, 
respectively (Berdy, 2005).  
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Researchers have identified several 
antimicrobial metabolites that can significantly 
inhibit the growth of plant pathogens (Lewis et 
al., 1989; Handelsman and Stabb, 1996) by 
either obstructing spore germination 
(fungistatis), or by inhibiting the growth of 
pathogen (antibiosis) (Benítez et al., 2004; 
Haggag and Mohamed, 2007). The excellent 
microbial control activity of the Trichoderma 

and Gliocladium genera stems from their 
antimicrobial metabolites, including 
alamethicins, gliotoxin, viridol, and harzianic 
acid, which inhibit plant pathogens by various 
modes of action (Handelsman and Stabb, 1996). 
For better suppressive effect, the antimicrobial 
metabolites can be used in synergy with CWDEs 
to manage plant diseases (Benítez et al., 2004; 
Woo and Lorito, 2007; Vinale et al., 2008).  

 

 
 

Figure 5 Scanning electron microscopic representation of T. harzianum hyphae attached to S. sclerotiorum hypha using 
scanning electron microscope x 2,300 and x 2, 500. (a) “Hook- like” (HL) and “appressorial-like” (AP) structures on S. 
sclerotiorum hypha (x 2,300 magnification) and (b) attachment, coiling, and penetration of T. harzianum hyphae into S. 
sclerotiorum hypha (2,500 x magnification). Adapted with permission from (Abdullah et al., 2008). 
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However, the in-situ use of antibiotics in the 
soil environment for disease management may 
prove to be a challenging endeavor.Considering the 
half-life of antibiotics produced by the microbial 
control agents may vary according to the type of 
metabolite made, decomposition, and the possible 
physical and/or chemical inactivation of the 
substances (Mudgal et al., 2013; Arseneault and 
Filion, 2017). Furthermore, antimicrobial 
metabolites also control microbial interactions in 
the soil and plant surfaces (Raaijmakers and 
Mazzola, 2012). Small quantities of the substances 
are known to participate in plant cell-to-cell 
communication, signaling, microbial community 
interaction, and biofilm regulation. Long-distance 
interaction among the soil organisms, plus 

predators and bacteria, also occurs through 
antimicrobial metabolites intermediaries 
(Raaijmakers and Mazzola, 2012). Also, surface-
active bacterial antimicrobial metabolites, viz. 
lipopeptides, facilitate bacteria’s movement by 
modifying the viscosity of immediate surfaces to 
guide the bacteria towards nutrient-rich surfaces. 
The same substances also change the availability of 
water on leaf surfaces to destabilize plant disease 
development. Other bacterial antimicrobial 
metabolites such as 2,4-diacetylphloroglucinol and 
redox-active antibiotics can affect the nutritional 
status and promote plant growth activities (Köhl et 
al., 2019). The advantages of microbial fungicides 
over other synthetic chemical fungicides are 
described in Table 1. 

 
Table 1 Merits and demerits of microbial fungicides versus synthetic chemical fungicides. 
 

Microbial fungicides merits  Synthetic chemical fungicides merits 

Microbial biofungicides are non-toxic and non-pathogenic to 
target organisms and the wellbeing offered is their greatest 
strength. 

 Synthetic chemical fungicides are profitable and economical to 
control pests. Small labor involvement is necessary, and they 
can be applied and treated in large spaces rapidly and 
efficiently.  

The success of microbial is specific to a single group of 
species of pests. Therefore, it will not disturb beneficial living 
organisms. 

 Synthetic chemical fungicides can control all pests with the 
variant in nature of action and perseverance. 

Microbial bio fungicides can be used in many environments, 
including banned chemical fungicides in the agricultural 
system. 

 Production of high-quality agricultural products. 

Remains of microbial biofungicides are always non-harmful, 
even when close to the harvesting time of the crops. 

 Production of food mainly for the non-agricultural population 
by the small population of agricultural producers. 

Biofungicides can control fungi and certain pathogenic 
microbes in the pest population or its habitat. They also 
provide control over succeeding generations. 

 Synthetic chemical fungicides are merely obtainable in massive 
amounts, at high quality and affordable price. 
 

Robust selectivity and protection for humans and animals.  Fungicides are frequently utilized to end the spread of the pest. 
The impact of microbial fungicides on the ecological 
environment is sporadic. 

 Synthetic chemicals play a significant role in the stoppage of 
pests to an individual or human population at large. 

Utilization of robust agricultural products.   Synthetic chemicals can be used for a wide range of pest 
control auctions. 

Microbial fungicides demerits   Synthetic chemical fungicides demerits 
Due to the specificity of action, biofungicides may control 
only the fungi present in a field and may not prevent other 
types of pests in treated areas; this can cause continuous 
damage to the diseases. 

 Decrease in beneficial living organisms due to the harmful 
effects of chemical fungicides to non-target pests leading to 
changes in biodiversity of an area and disturbing the natural 
biological stability. 

As heat, UV light, and desiccation decrease microbial 
biofungicides, the provision of supply systems becomes an 
essential factor. 

 Implications of sprays and vapor of chemical fungicides can 
cause severe problems to a different plant, water, and general 
pollution to the environment.  

Special preparation (formulations) of microbial fungicides and 
storage techniques are required. Thus, shelf life is a constraint, 
given their short lives. 

 Due to the persistent use of chemical fungicides in agricultural 
systems, the chemical residues can reach underground aquifers 
and contaminate the water bodies. 

Slow acting.  Health risks to those that apply the agrochemicals. 

 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

14 

5. Future outlook 
The increasing global preference for safer and 
ecologically friendly alternatives to plant disease 
management, especially in oil palm, requires the 
scientific community’s concerted effort to develop 
novel and valuable biofungicides. Considering the 
fear of the hazardous effects of synthetic chemicals 
on plants and human health. More choices of 
biofungicides must be made available to the 
farming community to develop a more sustainable 
agronomic practice and better manage the present 
and future plant diseases (Wallace et al., 2018). 
Correspondingly, the development of 
biofungicides/pesticides may not be too 
problematic, given the push in the right direction. 
Therefore, the search for effective antagonistic 
microorganisms to battle crop diseases has 
continued over the past few decades. Many 
effective microorganisms have been identified, and 
their data are available in several databases.  

However, the bottleneck will probably be the 
unwillingness of large pesticide companies to 
utilize bio-based fungicides/pesticides.So, it has to 
do with the unfamiliarity for the technology to 
mass-produce biofungicides, as well as the 
prohibitive manufacturing cost. Additionally, the 
uncertainty in the effectiveness of biofungicides to 
curb plant diseases, albeit short-term or long-term, 
is something that manufacturers and farmers may 
not be willing to experience. The government 
must address the issues mentioned above, where 
national policy/agenda changes may prove 
mandatory to motivate or entice both parties to 
embrace biofungicides. Special incentives and tax 
relief should be given to parties agreeing to adopt 
a more sustainable agronomic approach. 

Furthermore, commercially available 
biofungicides at affordable prices can positively 
impact the economy and possibly reduce food 
production costs (Abbey et al., 2019). Even the 
partial switch to biofungicides by the agricultural 
community in phytopathogens management 
would translate into the lower user of synthetic 
fungicides. Biocides will have progressive 
consequences on organic crop production systems 
and alleviate the negative impacts of synthetic 
chemicals on the environment (Koul, 2012; 
Abbey et al., 2019).  

The need for safer foods and downstream 
food products increases microbial biopesticide 
formulations with effective antagonism and 
good stability (Keswani et al., 2016). Hence, 
the main concern when developing new 
biofungicides is the shelf life, where longevity 
and high stability of the bio-products during 
storage are essential factors to be considered 
before their application in the fields. An extra 
detail of microbial agents’ preparation is 
required when dealing with living organisms 
and their metabolites. Nonetheless, long-term 
preservation of bioactive compounds is now 
possible with the scientific advancement in 
nanotechnology. The technology currently 
permits ecological friendly microbial 
suspension to be prepared in various forms, 
namely nanocapsule, nanoemulsion, and 
nanosuspension (Glare et al., 2012; Kashyap et 
al., 2017). The bioactive ingredients are better 
protected and result in a controlled release of 
the substances into the environment. This 
approach provides a more extended in-situ 
protection on the plants and reduces the 
likelihood of the bioactive compounds’ rapid 
leaching into the ground. It is expected that 
modern farming systems gradually adopt the 
extension of microbial agent formulations from 
a single microorganism-based formulation to 
microbial or metabolite consortium-based 
formulations and migrate from wettable powder 
and suspension formulations to liquid 
dispersible particles. Using a consortium of 
microbes or metabolites may offer a broader 
range of inhibitory/killing over different kinds 
of crop pathogens. In a nutshell, the switch to 
biofungicides in the modern agricultural system 
will facilitate the production of more natural, 
healthy, and safe foods and enable the farming 
community to satisfy consumer demands.  
 
Declaration of competing interest 
No potential conflicts of interest were reported 
by the authors. 
 
Funding 
This study was supported by the Fundamental 
Research Grant Scheme from the Ministry of 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

15 

Higher Education Malaysia (grant number 
RJ130000.7826.4F649). 
 
References 
 
Abbasi, S., Safaie, N. and Shams-bakhsh, M. 

2014. Evaluation of gamma-induced mutants 
of Trichoderma harzianum for biological 
control of charcoal rot of melon 
(Macrophomina phaseolina) in laboratory 
and greenhouse conditions. Journal of Crop 
Protection, 3(4): 509-521. 

Abbey, J. A., Percival, D., Abbey, L., Asiedu, S. 
K., Prithiviraj, B. and Schilder, A. 2019). 
Biofungicides as alternative to synthetic 
fungicide control of grey mould (Botrytis 
cinerea)-prospects and challenges. Biocontrol 
Science and Technology, 29(3): 207-228. 

Abdullah, M. T., Ali, N. Y. and Suleman, P. 2008. 
Biological control of Sclerotinia sclerotiorum 
(Lib.) de Bary with Trichoderma harzianum 
and Bacillus amyloliquefaciens. Crop 
Protection, 27(10): 1354-1359. 

Adam, G., Anke, H., Boland, W. and Francke, 
W. 2014. RÖMPP lexikon naturstoffe, 1. 
auflage, 1997: Georg Thieme Verlag. 

Alfano, G., Ivey, M. L., Cakir, C., Bos, J., 
Miller, S., Madden, L., et al. 2007. Systemic 
Modulation of Gene Expression in Tomato 
by Trichoderma hamatum 382. 
Phytopathology, 97(4): 429-437. 

Altomare, C., Norvell, W., Björkman, T. and 
Harman, G. 1999. Solubilization of 
Phosphates and Micronutrients by the Plant-
Growth-Promoting and Biocontrol Fungus 
Trichoderma harzianum Rifai 1295-22. 
Applied and Environmental Microbiology, 
65(7): 2926-2933. 

Alvarez, E., Llano, G. A., Loke, J. B. and Chacon, 
M. I. 2012. Characterization of Thielaviopsis 
paradoxa isolates from oil palms in Colombia, 
Ecuador and Brazil. Journal of 
Phytopathology, 160(11-12): 690-700. 

Aminov, R. 2017. History of Antimicrobial Drug 
Discovery: Major classes and health impact. 
Biochemical Pharmacology, 133: 4-19. 

Arora, N. K., Khare, E. and Maheshwari, D. K. 
2010. Plant growth promoting rhizobacteria: 

constraints in bioformulation, comer-
cialization, and future strategies. In: 
Maheshwari, D. K. (Ed.), Plant Growth and 
Health Promoting Bacteria, Springer, pp. 97-
116. doi:10.1007/978-3-642-13612-2_5. 

Arseneault, T. and Filion, M. 2017. Biocontrol 
Through Antibiosis: Exploring the Role 
Played by Subinhibitory Concentrations of 
Antibiotics in Soil and their Impact on Plant 
Pathogens. Canadian Journal of Plant 
Pathology, 39(3): 267-274. 

Bae, H., Roberts, D. P., Lim, H. S., Strem, M. 
D., Park, S. C., Ryu, C. M., et al. 2011. 
Endophytic Trichoderma Isolates from 
Tropical Environments Delay Disease Onset 
and Induce Resistance against Phytophthora 
capsici in Hot Pepper Using Multiple 
Mechanisms. Molecular Plant-Microbe 
Interactions, 24(3): 336-351. 

Bahraminejad, S., Abbasi, S. and Amiri, R. 
2015. The effect of some medicinal and 
ornamental plant extracts against Fusarium 
oxysporum. Journal of Crop Protection, 4(2): 
189-197. 

Bargabus, R., Zidack, N., Sherwood, J. and 
Jacobsen, B. 2002. Characterisation of 
Systemic Resistance in Sugar Beet Elicited 
by a Non-Pathogenic, Phyllosphere-
Colonizing Bacillus mycoides, Biological 
Control Agent. Physiological and Molecular 
Plant Pathology, 61(5): 289-298. 

Bargabus, R., Zidack, N., Sherwood, J. and 
Jacobsen, B. 2004. Screening for the 
Identification of Potential Biological Control 
Agents that Induce Systemic Acquired 
Resistance in Sugar Beet. Biological 
Control, 30(2): 342-350. 

Bartett, D. W., Clough, J. M., Godfrey, C. R., 
Godwin, J. R., Hall, A. A., Heaney, S. P., et al. 
2001. Understanding the Strobilurin 
Fungicides. Pesticide Outlook, 12(4): 143-148. 

Bartlett, D. W., Clough, J. M., Godwin, J. R., 
Hall, A. A., Hamer, M. and Parr-
Dobrzanski, B. 2002. The Strobilurin 
Fungicides. Pest Management Science: 
formerly Pesticide Science, 58(7): 649-662. 

Basaid, K., Chebli, B., Mayad, E.H., Furze, 
J.N., Bouharroud, R., Krier, F., Barakate, M. 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

16 

and Paulitz, T., 2021. Biological activities of 
essential oils and lipopeptides applied to 
control plant pests and diseases: a review. 
International Journal of Pest Management, 
67(2):.155-177. 

Benhamou, N. 2004. Potential of the 
Mycoparasite, Verticillium lecanii, to 
protect citrus fruit against Penicillium 
digitatum, the causal agent of green mold: A 
comparison with the effect of chitosan. 
Phytopathology, 94(7): 693-705. 

Benítez, T., Rincón, A. M., Limón, M. C. and 
Codon, A. C. 2004. Biocontrol mechanisms 
of Trichoderma strains. International 
Microbiology, 7(4): 249-260. 

Berdy, J. 2005. Bioactive microbial 
metabolites. The Journal of Antibiotics, 
58(1): 1-26. 

Bhattacharjee, R. and Dey, U. 2014. An 
overview of fungal and bacterial 
biopesticides to control plant pathogens/ 
diseases. African Journal of Microbiology 
Research, 8(17): 1749-1762. 

Bogumił, A., Paszt, L. S., Lisek, A., Trzciński, 
P. and Harbuzov, A. 2013. Identification of 
new Trichoderma strains with antagonistic 
activity against Botrytis cinerea. Folia 
Horticulturae, 25(2): 123-132. 

Bonaterra, A., Badosa, E., Cabrefiga, J., Francés, 
J. and Montesinos, E. 2012. Prospects and 
limitations of microbial pesticides for control 
of bacterial and fungal pomefruit tree 
diseases. Trees, 26(1): 215-226. 

Borges Chagas, L., Chagas Junior, A., 
Rodrigues de Carvalho, M., de Oliveira 
Miller, L. and Colonia, O. 2015. Evaluation 
of the phosphate solubilization potential of 
Trichoderma strains (Trichoplus JCO) and 
effects on rice biomass. Journal of Soil 
Science and Plant Nutrition, 15(3): 794-804. 

Brauer, V. S., Rezende, C. P., Pessoni, A. M., 
De Paula, R. G., Rangappa, K. S., Nayaka, 
S. C., et al. 2019. Antifungal agents in 
agriculture: Friends and foes of public 
health. Biomolecules, 9(10): 521. 

Brotman, Y., Lisec, J., Méret, M., Chet, I., 
Willmitzer, L. and Viterbo, A. 2012. 
Transcript and metabolite analysis of the 

Trichoderma-induced systemic resistance 
response to Pseudomonas syringae in 
Arabidopsis thaliana. Microbiology, 158(1): 
139-146. 

Calvo-Garrido, C., Teixidó, N., Roudet, J., 
Viñas, I., Usall, J. and Fermaud, M. 2014. 
Biological control of Botrytis bunch rot in 
Atlantic climate vineyards with Candida 
sake CPA-1 and its survival under limiting 
conditions of temperature and humidity. 
Biological Control, 79: 24-35. 

Cerda, R., Avelino, J., Gary, C., Tixier, P., 
Lechevallier, E. and Allinne, C. 2017. 
Primary and secondary yield losses caused 
by pests and diseases: Assessment and 
modeling in coffee. PloS One, 12(1): 
e0169133. 

Chakraborty, M., Mahmud, N. U., Gupta, D. R., 
Tareq, F. S., Shin, H. J. and Islam, T. 2020. 
Inhibitory effects of linear lipopeptides from 
a marine Bacillus subtilis on the wheat blast 
fungus Magnaporthe oryzae Triticum. 
Frontiers in Microbiology, 11: 665. 

Chamorro, M., Miranda, L., Domínguez, P., 
Medina, J., Soria, C., Romero, F., et al. 
2015. Evaluation of biosolarization for the 
control of charcoal rot disease 
(Macrophomina phaseolina) in strawberry. 
Crop Protection, 67: 279-286. 

Champigny, M. J., Shearer, H., Mohammad, A., 
Haines, K., Neumann, M., Thilmony, R., et al. 
2011. Localization of DIR1 at the tissue, 
cellular and subcellular levels during Systemic 
Acquired Resistance in Arabidopsis using 
DIR1: GUS and DIR1: EGFP reporters. BMC 
plant biology, 11(1): 1-16. 

Chapla, V. M., Zeraik, M. L., Leptokarydis, I. H., 
Silva, G. H., Bolzani, V. S., Young, M. C. M., 
et al. 2014. Antifungal compounds produced 
by Colletotrichum gloeosporioides, an 
endophytic fungus from Michelia champaca. 
Molecules, 19(11): 19243-19252. 

Chaube, H. S., Mishra, D. S., Varshney, S. and 
Singh, U. S. 2004. Biocontrol of plant 
pathogens by fungal antagonists: Historical 
background, present status and future 
prospects. Annual Review of Plant 
Pathology (Vol. 2): 2, 1-42. 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

17 

Chauhan, A. K., Maheshwari, D. K., Kim, K. 
and Bajpai, V. K. 2016. Termitarium-
inhabiting Bacillus endophyticus TSH42 and 
Bacillus cereus TSH77 colonizing Curcuma 
longa L.: isolation, characterization, and 
evaluation of their biocontrol and plant-
growth-promoting activities. Canadian 
Journal of Microbiology, 62(10): 880-892. 

Choudhary, D. K., Prakash, A. and Johri, B. 
2007. Induced systemic resistance (ISR) in 
plants: mechanism of action. Indian Journal 
of Microbiology, 47(4): 289-297. 

Copping, L. G. and Duke, S. O. 2007. Natural 
products that have been used commercially 
as crop protection agents. Pest Management 
Science: formerly Pesticide Science, 63(6): 
524-554. 

Copping, L. G. and Menn, J. J. 2000. 
Biopesticides: a review of their action, 
applications and efficacy. Pest Management 
Science: Formerly Pesticide Science, 56(8): 
651-676. 

Crozier, J., Arroyo, C., Morales, H., Melnick, 
R., Strem, M., Vinyard, B., et al. 2015. The 
influence of formulation on Trichoderma 
biological activity and frosty pod rot 
management in Theobroma cacao. Plant 
Pathology, 64(6): 1385-1395. 

Das, N. and Chandran, P. 2011. Microbial 
degradation of petroleum hydrocarbon 
contaminants: an overview. Biotechnology 
Research International, 2011. 

de Vilhena Araújo, É., de Moraes Pontes, J. G., 
da Silva, S. N., da Silva Amaral, L. and Fill, 
T. P. 2020. The chemical warfare involved 
in endophytic microorganisms-plant 
associations. In: Aja, K. and Radhakrishnan 
E. K. (Eds.), Microbial Endophytes Elsevier, 
pp. 125-159. doi:10.1016/B978-0-12-
819654-0.00006-5. 

Dean, R., Van Kan, J. A., Pretorius, Z. A., 
Hammond-Kosack, K. E., Di Pietro, A., 
Spanu, P. D., et al. 2012. The Top 10 fungal 
pathogens in molecular plant pathology. 
Molecular Plant Pathology, 13(4): 414-430. 

Dembitsky, V. and Kilimnik, A. 2016. Anti-
melanoma agents derived from fungal 
species. MJ Pharma, 1(1): 002. 

Di Francesco, A., Martini, C. and Mari, M. 
2016. Biological control of postharvest 
diseases by microbial antagonists: how 
many mechanisms of action? European 
Journal of Plant Pathology, 145(4): 711-717. 

Di Francesco, A., Ugolini, L., D'Aquino, S., 
Pagnotta, E. and Mari, M. 2017. Biocontrol 
of Monilinia laxa by Aureobasidium 
pullulans strains: insights on competition for 
nutrients and space. International Journal of 
Food Microbiology, 248: 32-38. 

Divya, L. and Sadasivan, C. 2016. Trichoderma 
viride laccase plays a crucial role in defense 
mechanism against antagonistic organisms. 
Frontiers in Microbiology, 7: 741. 

Dong, X. 2004. NPR1, all things considered. 
Current Opinion in Plant Biology, 7(5): 
547-552. 

Druzhinina, I. S., Seidl-Seiboth, V., Herrera-
Estrella, A., Horwitz, B. A., Kenerley, C. 
M., Monte, E., et al. 2011. Trichoderma: the 
genomics of opportunistic success. Nature 
Reviews Microbiology, 9(10): 749-759. 

Elad, Y. 2000. Biological control of foliar 
pathogens by means of Trichoderma 
harzianum and potential modes of action. 
Crop Protection, 19(8-10): 709-714. 

Elmhirst, J. F., Haselhan, C. and Punja, Z. 
2011. Evaluation of biological control 
agents for control of botrytis blight of 
geranium and powdery mildew of rose. 
Canadian Journal of Plant Pathology, 33(4): 
499-505. 

Fahad, S., Hussain, S., Bano, A., Saud, S., 
Hassan, S., Shan, D., et al. 2015. Potential 
role of phytohormones and plant growth-
promoting rhizobacteria in abiotic stresses: 
consequences for changing environment. 
Environmental Science and Pollution 
Research, 22(7): 4907-4921. 

Feng, C., Ling, H., Du, D., Zhang, J., Niu, G. 
and Tan, H. 2014. Novel nikkomycin 
analogues generated by mutasynthesis in 
Streptomyces ansochromogenes. Microbial 
Cell Factories, 13(1): 59. 

Feng, Y., Zhan, H., Huang, Y., Bhatt, P. and 
Chen, S. 2020. An overview of strobilurin 
fungicide degradation: Current status and 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

18 

future perspective. Frontiers in 
Microbiology, 11: 389. 

Fernández-Ortuño, D., Torés, J. A., De Vicente, 
A. and Pérez-García, A. 2010. The QoI 
fungicides, the rise and fall of a successful 
class of agricultural fungicides. Fungicides, 
203-220. 

Fontenelle, A., Guzzo, S., Lucon, C. and 
Harakava, R. 2011. Growth promotion and 
induction of resistance in tomato plant 
against Xanthomonas euvesicatoria and 
Alternaria solani by Trichoderma spp. Crop 
Protection, 30(11): 1492-1500. 

Freeman, S., Minz, D., Kolesnik, I., Barbul, O., 
Zveibil, A., Maymon, M., et al. 2004. 
Trichoderma biocontrol of Colletotrichum 
acutatum and Botrytis cinerea and survival 
in strawberry. European Journal of Plant 
Pathology, 110(4): 361-370. 

Gao, P., Qin, J., Li, D. and Zhou, S. 2018. 
Inhibitory effect and possible mechanism of a 
Pseudomonas strain QBA5 against gray mold 
on tomato leaves and fruits caused by Botrytis 
cinerea. PloS One, 13(1): e0190932. 

Garcia-Brugger, A., Lamotte, O., Vandelle, E., 
Bourque, S., Lecourieux, D., Poinssot, B., et 
al. 2006. Early signaling events induced by 
elicitors of plant defenses. Molecular Plant-
Microbe Interactions, 19(7): 711-724. 

Ge, B., Liu, B., Nwet, T. T., Zhao, W., Shi, L. 
and Zhang, K. 2016. Bacillus 
methylotrophicus strain NKG-1, isolated 
from Changbai Mountain, China, has 
potential applications as a biofertilizer or 
biocontrol agent. PloS One, 11(11): 
e0166079. 

Glare, T., Caradus, J., Gelernter, W., Jackson, 
T., Keyhani, N., Köhl, J., et al. 2012. Have 
biopesticides come of age? Trends in 
Biotechnology, 30(5): 250-258. 

Gomes, E. V., do Nascimento Costa, M., De 
Paula, R. G., De Azevedo, R. R., Da Silva, 
F. L., Noronha, E. F., et al. 2015. The 
Cerato-Platanin protein Epl-1 from 
Trichoderma harzianum is involved in 
mycoparasitism, plant resistance induction 
and self cell wall protection. Scientific 
Reports, 5, 17998. 

Gupta, S. and Dikshit, A. 2010. Biopesticides: An 
ecofriendly approach for pest control. Journal 
of Biopesticides, 3(Special Issue): 186. 

Haggag, W. M. and Mohamed, H. 2007. 
Biotechnological aspects of microorganisms 
used in plant biological control. American-
Eurasian Journal of Sustainable Agriculture, 
1(1): 7-12. 

Handelsman, J. and Stabb, E. V. 1996. 
Biocontrol of soilborne plant pathogens. The 
Plant Cell, 8(10): 1855. 

Hanum, H. and Tantawi, A. R., 2016, August. 
Survey of basal stem rot disease on oil 
palms (Elaeis guineensis Jacq.) in Kebun 
Bukit Kijang, North Sumatera, Indonesia. In 
IOP Conference Series: Earth and 
Environmental Science (Vol. 41, No. 1, p. 
012007). IOP Publishing. 

Harman, G. E. 2000. Myths and dogmas of 
biocontrol changes in perceptions derived 
from research on Trichoderma harzianum T-
22. Plant Disease, 84(4): 377-393. 

Harman, G. E. 2006. Overview of mechanisms 
and uses of Trichoderma spp. 
Phytopathology, 96(2): 190-194. 

Harman, G. E., Herrera-Estrella, A. H., 
Horwitz, B. A. and Lorito, M. 2012. 
Trichoderma-from basic biology to 
biotechnology. Microbiology, 158(1): 1-2. 

Harman, G. E., Howell, C. R., Viterbo, A., 
Chet, I. and Lorito, M. 2004. Trichoderma 
species-opportunistic, avirulent plant 
symbionts. Nature Reviews Microbiology, 
2(1): 43-56. 

Heaney, S., Hall, A., Davies, S. and Olaya, G. 
2000. Resistance to fungicides in the Qol-
STAR cross-resistance group: current 
perspectives. Paper presented at the The 
BCPC Conference: Pests and diseases, 
Volume 2. Proceedings of an international 
conference held at the Brighton Hilton 
Metropole Hotel, Brighton, UK, 13-16 
November 2000, 755-762. 

Heil, M. 2009. Damaged-self recognition in 
plant herbivore defence. Trends in Plant 
Science, 14(7): 356-363. 

Hermosa, R., Rubio, M. B., Cardoza, R. E., 
Nicolás, C., Monte, E. and Gutiérrez, S. 2013. 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

19 

The contribution of Trichoderma to balancing 
the costs of plant growth and defense. 
International Microbiology, 16(2): 69-80. 

Heydari, A. and Pessarakli, M. 2010. A review on 
biological control of fungal plant pathogens 
using microbial antagonists. Journal of 
Biological Sciences, 10(4): 273-290. 

Hogenhout, S. A. and Bos, J. I. 2011. Effector 
proteins that modulate plant–insect 
interactions. Current Opinion in Plant 
Biology, 14(4): 422-428. 

Horbach, R., Navarro-Quesada, A.R., Knogge, 
W. and Deising, H.B., 2011. When and how 
to kill a plant cell: infection strategies of 
plant pathogenic fungi. Journal of Plant 
Physiology, 168(1): 51-62. 

Howell, C. 2003. Mechanisms employed by 
Trichoderma species in the biological 
control of plant diseases: the history and 
evolution of current concepts. Plant Disease, 
87(1): 4-10. 

Hwang, B. K., Lim, S. W., Kim, B. S., Lee, J. 
Y. and Moon, S. S. 2001. Isolation and in 
vivo and in vitro antifungal activity of 
phenylacetic acid and sodium phenylacetate 
from Streptomyces humidus. Applied and 
Environmental Microbiology, 67(8): 3739-
3745. 

Hwang, E. I., Yun, B. S., Kim, Y. K., Kwon, B. 
M., Kim, H. G., Lee, H. B., et al. 2000. 
Phellinsin A, a novel chitin synthases 
inhibitor produced by Phellinus sp. PL3. The 
Journal of Antibiotics, 53(9): 903-911. 

Irtwange, S. 2006. Application of biological 
control agents in pre-and postharvest 
operations. Agricultural Engineering 
International: CIGR Journal. 

Islam, M. T., Hashidoko, Y., Deora, A., Ito, T. 
and Tahara, S. 2005. Suppression of damping-
off disease in host plants by the rhizoplane 
bacterium Lysobacter sp. strain SB-K88 is 
linked to plant colonization and antibiosis 
against soilborne Peronosporomycetes. 
Applied and Environmental Microbiology, 
71(7): 3786-3796. 

Jaskiewicz, M., Conrath, U. and Peterhänsel, C. 
2011. Chromatin modification acts as a 
memory for systemic acquired resistance in 

the plant stress response. EMBO Reports, 
12(1): 50-55. 

Jeffries, P. 1995. Biology and ecology of 
mycoparasitism. Canadian Journal of 
Botany, 73(S1): 1284-1290. 

Jespers, A. B., Davidse, L. C. and Dewaard, M. 
A. 1993. Biochemical effects of the 
phenylpyrrole fungicide fenpiclonil in 
Fusarium sulphureum (Schlecht). Pesticide 
Biochemistry and Physiology, 45(2): 116-129. 

Junaid, J. M., Dar, N. A., Bhat, T. A., Bhat, A. 
H. and Bhat, M. A. 2013. Commercial 
biocontrol agents and their mechanism of 
action in the management of plant 
pathogens. International Journal of Modern 
Plant & Animal Sciences, 1(2): 39-57. 

Kabbage, M., Yarden, O. and Dickman, M. B. 
2015. Pathogenic attributes of Sclerotinia 
sclerotiorum: switching from a biotrophic to 
necrotrophic lifestyle. Plant Science, 233, 
53-60. 

Karlsson, M., Atanasova, L., Jensen, D. F. and 
Zeilinger, S. 2017. Necrotrophic 
mycoparasites and their genomes. The 
Fungal Kingdom, 1005-1026. 

Kashyap, P. L., Kumar, S. and Srivastava, A. K. 
2017. Nanodiagnostics for plant pathogens. 
Environmental Chemistry Letters, 15(1): 7-13. 

Kessel, G., Köhl, J., Powell, J. A., Rabbinge, R. 
and Van der Werf, W. 2005. Modeling 
spatial characteristics in the biological 
control of fungi at leaf scale: competitive 
substrate colonization by Botrytis cinerea 
and the saprophytic antagonist Ulocladium 
atrum. Phytopathology, 95(4): 439-448. 

Keswani, C., Bisen, K., Singh, V., Sarma, B. K. 
and Singh, H. B. 2016. Formulation 
technology of biocontrol agents: present status 
and future prospects. In: Arora, N., Mehnaz, S. 
and Balestrini, R. (Eds.), Bioformulations: For 
Sustainable Agriculture, Springer, pp. 35-52. 
doi: 10.1007/978-81-322-2779-3_2. 

Keswani, C., Mishra, S., Sarma, B. K., Singh, 
S. P. and Singh, H. B. 2014. Unraveling the 
efficient applications of secondary 
metabolites of various Trichoderma spp. 
Applied Microbiology and Biotechnology, 
98(2): 533-544. 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

20 

Khalili, E., Huyop, F., Javed, M. A., Mahat, N. 
A., Batumalaie, K. and Wahab, R. A. 2018. 
Assessments on the catalytic and kinetic 
properties of Beta-glucosidase isolated 
from a highly efficient antagonistic fungus 
Trichoderma harzianum. Bioscience 
Journal, 34(4). 

Khalili, E., Huyop, F., Myra Abd Manan, F. and 
Wahab, R. A. 2017. Optimization of 
cultivation conditions in banana wastes for 
production of extracellular β-glucosidase by 
Trichoderma harzianum Rifai efficient for in 
vitro inhibition of Macrophomina phaseolina. 
Biotechnology & Biotechnological 
Equipment, 31(5): 921-934. 

Khalili, E., Javed, M. A., Huyop, F., Rayatpanah, 
S., Jamshidi, S. and Wahab, R. A. 2016. 
Evaluation of Trichoderma isolates as 
potential biological control agent against 
soybean charcoal rot disease caused by 
Macrophomina phaseolina. Biotechnology & 
Biotechnological Equipment, 30(3): 479-488. 

Khalili, E., Javed, M., Huyop, F. and Wahab, R. 
2019. Efficacy and cost study of green 
fungicide formulated from crude beta-
glucosidase. International Journal of 
Environmental Science and Technology, 
16(8): 4503-4518. 

Khater, M., de la Escosura-Muñiz, A. and 
Merkoçi, A. 2017. Biosensors for plant 
pathogen detection. Biosensors and 
Bioelectronics, 93: 72-86. 

Kilani, J. and Fillinger, S. 2016. 
Phenylpyrroles: 30 years, two molecules and 
(nearly) no resistance. Frontiers in 
Microbiology, 7: 2014. 

Kim, H. J., Hwang, I. S., Kim, B. S. and 
Hwang, B. K. 2006. Isolation and in vitro 
and in vivo antifungal activity of 
phenylacetic acid produced by 
Micromonospora aurantiaca strain JK-1. 
Plant Pathology Journal, 22(1): 75. 

Kim, J. C., Park, G. J., Kim, H. J., Kim, H. T., 
Ahn, J. W. and Cho, K. Y. 2002. 
Verlamelin, an antifungal compound 
produced by a mycoparasite, Acremonium 
strictum. The Plant Pathology Journal, 
18(2): 102-105. 

Kim, K., Heo, Y. M., Jang, S., Lee, H., Kwon, 
S. L., Park, M. S., et al. 2020. Diversity of 
Trichoderma spp. in Marine Environments 
and Their Biological Potential for 
Sustainable Industrial Applications. 
Sustainability, 12(10): 4327. 

Köhl, J & Fokkema, NJ 1998, Biological 
control of necrotrophic foliar fungal 
pathogens. in GJ Boland & LV Kuykendall 
(eds), Plant-Microbe Interactions and 
Biological control. Marcel Dekker, New 
York, pp. 49-88. 

Köhl, J., Kolnaar, R. and Ravensberg, W. J. 
2019. Mode of action of microbial biological 
control agents against plant diseases: 
relevance beyond efficacy. Frontiers in Plant 
Science, 10: 845. 

Koul, O. 2012. Microbial biopesticides: 
Opportunities and challenges. Biocontrol 
News and Information, 33(2): 1R. 

Koutsoudakis, G., Romero-Brey, I., Berger, 
C., Pérez-Vilaró, G., Perin, P. M., 
Vondran, F. W. R., et al. 2015. Soraphen 
A: A broad-spectrum antiviral natural 
product with potent anti-hepatitis C virus 
activity. Journal of Hepatology, 63(4): 
813-821. 

Kuć, J. 1982. Induced immunity to plant 
disease. Bioscience, 32(11): 854-860. 

Kumar, A., Singh, R., Yadav, A., Giri, D., 
Singh, P. and Pandey, K. D. 2016. Isolation 
and characterization of bacterial endophytes 
of Curcuma longa L. 3 Biotech, 6(1): 60. 

Kumar, G., Maharshi, A., Patel, J., Mukherjee, 
A., Singh, H. and Sarma, B. 2017. 
Trichoderma: a potential fungal antagonist 
to control plant diseases. SATSA 
Mukhapatra-Annual Technical Issue, 21: 
206-218. 

Law, J. W. F., Ser, H. L., Khan, T. M., Chuah, L. 
H., Pusparajah, P., Chan, K. G., et al. 2017. 
The potential of Streptomyces as biocontrol 
agents against the rice blast fungus, 
Magnaporthe oryzae (Pyricularia oryzae). 
Frontiers in Microbiology, 8: 3. 

Lee, D. W. and Kim, B. S. 2015. Antimicrobial 
cyclic peptides for plant disease control. The 
Plant Pathology Journal, 31(1): 1. 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

21 

Lee, J. P., Lee, S. W., Kim, C. S., Son, J. H., 
Song, J. H., Lee, K. Y., et al. 2006. 
Evaluation of formulations of Bacillus 
licheniformis for the biological control of 
tomato gray mold caused by Botrytis 
cinerea. Biological Control, 37(3): 329-337. 

Lee, J. Y., Lee, J. Y., Moon, S. S. and Hwang, 
B. K. 2005. Isolation and antifungal activity 
of 4-phenyl-3-butenoic acid from 
Streptomyces koyangensis strain VK-A60. 
Journal of Agricultural and Food Chemistry, 
53(20): 7696-7700. 

Lee, J. Y., Moon, S. S., Yun, B. S., Yoo, I. D. 
and Hwang, B. K. 2004. Thiobutacin, a 
Novel Antifungal and Antioomycete 
Antibiotic from Lechevalieria 
aerocolonigenes. Journal of Natural 
Products, 67(12): 2076-2078. 

Lewis, K., Whipps, J. and Cooke, R. 1989. 
Mechanisms of biological disease control 
with special reference to the case study of 
Pythium oligandrum as an antagonist. 
Biotechnology of Fungi for Improving Plant 
Growth (16): 191. 

Li, J., Li, L., Feng, C., Chen, Y. and Tan, H. 
2012. Novel polyoxins generated by 
heterologously expressing polyoxin 
biosynthetic gene cluster in the sanN 
inactivated mutant of Streptomyces 
ansochromogenes. Microbial Cell Factories, 
11(1): 135. 

Liao, G., Li, J., Li, L., Yang, H., Tian, Y. and 
Tan, H. 2010. Cloning, reassembling and 
integration of the entire nikkomycin 
biosynthetic gene cluster into Streptomyces 
ansochromogenes lead to an improved 
nikkomycin production. Microbial Cell 
Factories, 9(1): 6. 

Lin, C., Yang, J., Sun, H., Huang, X., Wang, R. 
and Zhang, K. Q. 2007. Purification and 
characterization of a β-1, 3-glucanase from 
the novel mycoparasite Periconia byssoides. 
Biotechnology Letters, 29(4): 617-622. 

Liu, X., Cao, A., Yan, D., Ouyang, C., Wang, 
Q. and Li, Y. 2021. Overview of 
mechanisms and uses of biopesticides. 
International Journal of Pest Management, 
67(1): 65-72. 

Lugtenberg, B. and Kamilova, F. 2009. Plant-
growth-promoting rhizobacteria. Annual 
review of Microbiology, 63: 541-556. 

Lugtenberg, B., Rozen, D. E. and Kamilova, F. 
2017. Wars between microbes on roots and 
fruits. F1000Research, 6. 

Lyu, X., Shen, C., Fu, Y., Xie, J., Jiang, D., Li, 
G., et al. 2016. A small secreted virulence-
related protein is essential for the 
necrotrophic interactions of Sclerotinia 
sclerotiorum with its host plants. PLoS 
Pathogens, 12(2): e1005435. 

Maheshwari, D. K. 2010. Plant Growth and 
Health Promoting Bacteria (Vol. 18): 
Springer Science & Business Media. 

Maizatul-Suriza, M., Suhanah, J., Madihah, A. 
Z., Idris, A. S. and Mohidin, H., 2021. 
Phylogenetic and pathogenicity evaluation 
of the marasmioid fungus Marasmius 
palmivorus causing fruit bunch rot disease 
of oil palm. Forest Pathology, 51(1): 
p.e12660. 

Małolepsza, U., Nawrocka, J. and Szczech, M. 
2017. Trichoderma virens 106 inoculation 
stimulates defence enzyme activities and 
enhances phenolic levels in tomato plants 
leading to lowered Rhizoctonia solani 
infection. Biocontrol Science and 
Technology, 27(2): 180-199. 

Mao, X. M., Xu, W., Li, D., Yin, W. B., Chooi, 
Y. H., Li, Y. Q., et al. 2015. Epigenetic 
genome mining of an endophytic fungus 
leads to the pleiotropic biosynthesis of 
natural products. Angewandte Chemie, 
127(26): 7702-7706. 

Martínez-Medina, A., Van Wees, S. C. and 
Pieterse, C. M. 2017. Airborne signals from 
Trichoderma fungi stimulate iron uptake 
responses in roots resulting in priming of 
jasmonic acid-dependent defences in shoots 
of Arabidopsis thaliana and Solanum 
lycopersicum. Plant, Cell & Environment, 
40(11): 2691-2705. 

Martínez-Soto, D., Velez-Haro, J. M., León-
Ramírez, C. G., Ruiz-Medrano, R., 
Xoconostle-Cázares, B. and Ruiz-Herrera, J. 
2019. The cereal phytopathogen 
Sporisorium reilianum is able to infect the 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

22 

non-natural host Arabidopsis thaliana. 
European Journal of Plant Pathology, 
153(2): 417-427. 

Maruyama, H., Okamoto, S., Kubo, Y., Tsuji, 
G., Fujii, I., Ebizuka, Y., et al. 2003. 
Isolation of abikoviromycin and 
dihydroabikoviromycin as inhibitors of 
polyketide synthase involved in melanin 
biosynthesis by Colletotrichum lagenarium. 
The Journal of Antibiotics, 56(9): 801-804. 

Mauch-Mani, B., Baccelli, I., Luna, E. and 
Flors, V. 2017. Defense priming: an 
adaptive part of induced resistance. Annual 
Review of Plant Biology, 68: 485-512. 

Memelink, J. 2009. Regulation of gene 
expression by jasmonate hormones. 
Phytochemistry, 70(13-14): 1560-1570. 

Mishina, T. E. and Zeier, J. 2007. Pathogen-
associated molecular pattern recognition 
rather than development of tissue necrosis 
contributes to bacterial induction of systemic 
acquired resistance in Arabidopsis. The 
Plant Journal, 50(3): 500-513. 

Mithöfer, A. and Boland, W. 2008. Recognition 
of herbivory-associated molecular patterns. 
Plant Physiology, 146(3): 825-831. 

Mizuno, K., Yagi, A., Satoi, S., Takada, M., 
Hayashi, M., Asano, K., et al. 1977. Studies 
on aculeacin. The Journal of Antibiotics, 
30(4): 297-302. 

Mohammed, C., Rimbawanto, A. and Page, D. 
2014. Management of basidiomycete root-
and stem-rot diseases in oil palm, rubber and 
tropical hardwood plantation crops. Forest 
Pathology, 44(6): 428-446. 

Mousavi, S. A., Chauvin, A., Pascaud, F., 
Kellenberger, S. and Farmer, E. E. 2013. 
Glutamate receptor-like genes mediate leaf-
to-leaf wound signalling. Nature, 500(7463): 
422-426. 

Moussa, A. Y., Lambert, C., Stradal, T. E., 
Ashrafi, S., Maier, W., Stadler, M., et al. 
2020. New Peptaibiotics and a 
Cyclodepsipeptide from Ijuhya vitellina: 
Isolation, Identification, Cytotoxic and 
Nematicidal Activities. Antibiotics, 9(3): 132. 

Moutassem, D., Belabid, L. and Bellik, Y. 
2020. Efficiency of secondary metabolites 

produced by Trichoderma spp. in the 
biological control of Fusarium wilt in 
chickpea. Journal of Crop Protection, 9(2): 
217-231. 

Mudgal, S., De Toni, A., Tostivint, C., 
Hokkanen, H. and Chandler, D. 2013. 
Scientific support, literature review and data 
collection and analysis for risk assessment 
on microbial organisms used as active 
substance in plant protection products-Lot 1 
Environmental Risk characterisation. EFSA 
Supporting Publications, 10(12): 518E. 

Mukherjee, M., Mukherjee, P. K., Horwitz, B. 
A., Zachow, C., Berg, G. and Zeilinger, S. 
2012. Trichoderma-plant-pathogen 
interactions: advances in genetics of 
biological control. Indian journal of 
Microbiology, 52(4): 522-529. 

Nandi, M., Selin, C., Brassinga, A. K. C., 
Belmonte, M. F., Fernando, W. D., Loewen, 
P. C., et al. 2015. Pyrrolnitrin and hydrogen 
cyanide production by Pseudomonas 
chlororaphis strain PA23 exhibits 
nematicidal and repellent activity against 
Caenorhabditis elegans. PloS one, 10(4): 
e0123184. 

Nitta, M., Shida, Y., Okada, H., Osumi, M. and 
Ogasawara, W. 2012. Hyphal surface 
architecture and cell morphology of 
Trichoderma reesei. Journal of Electron 
Microscopy, 61(3): 187-192. 

Noureddine, R., Abed, H., Dahou, M., 
Mehmah, S. and Benabid, S. 2019. 
Antifungal activity of isolated Bacillus 
species against chickpea Fusarium wilt. 
Journal of Crop Protection, 8(4): 449-464. 

Nusaibah, S. A., Akmar, A. S. N., Idris, A. S., 
Sariah, M. and Pauzi, Z. M., 2016. 
Involvement of metabolites in early 
defense mechanism of oil palm (Elaeis 
guineensis Jacq.) against Ganoderma 
disease. Plant Physiology and 
Biochemistry, 109: 156-165. 

Nygren, K., Dubey, M., Zapparata, A., Iqbal, M., 
Tzelepis, G. D., Durling, M. B., et al. 2018. 
The mycoparasitic fungus Clonostachys 
rosea responds with both common and 
specific gene expression during interspecific 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

23 

interactions with fungal prey. Evolutionary 
Applications, 11(6): 931-949. 

Onoja, E., Chandren, S., Razak, F. I. A. and 
Wahab, R. A. 2018. Extraction of nanosilica 
from oil palm leaves and its application as 
support for lipase immobilization. Journal of 
Biotechnology, 283: 81-96. 

Onoja, E., Chandren, S., Razak, F. I. A., Mahat, 
N. A. and Wahab, R. A. 2019. Oil palm 
(Elaeis guineensis) biomass in Malaysia: the 
present and future prospects. Waste and 
Biomass Valorization, 10(8): 2099-2117. 

Oruç, E. Ö. 2010. Oxidative stress, steroid 
hormone concentrations and 
acetylcholinesterase activity in Oreochromis 
niloticus exposed to chlorpyrifos. Pesticide 
Biochemistry and Physiology, 96(3): 160-166. 

Pajerowska-Mukhtar, K. M., Emerine, D. K. 
and Mukhtar, M. S. 2013. Tell me more: 
roles of NPRs in plant immunity. Trends in 
Plant Science, 18(7): 402-411. 

Park, S. R., Han, A. R., Ban, Y. H., Yoo, Y. J., 
Kim, E. J. and Yoon, Y. J. 2010. Genetic 
engineering of macrolide biosynthesis: past 
advances, current state, and future prospects. 
Applied Microbiology and Biotechnology, 
85(5): 1227-1239. 

Patel, S. and Saraf, M. 2017. Biocontrol efficacy 
of Trichoderma asperellum MSST against 
tomato wilting by Fusarium oxysporum f. sp. 
lycopersici. Archives of Phytopathology and 
Plant Protection, 50(5-6): 228-238. 

Pawar, S., Chaudhari, A., Prabha, R., Shukla, R. 
and Singh, D. P. 2019. Microbial pyrrolnitrin: 
natural metabolite with immense practical 
utility. Biomolecules, 9(9): 443. 

Peters, L. P., Prado, L. S., Silva, F. I., Souza, F. 
S. and Carvalho, C. M. 2020. Selection of 
endophytes as antagonists of Colletotrichum 
gloeosporioides in açaí palm. Biological 
Control, 104350. 

Pieterse, C. M., Van der Does, D., Zamioudis, 
C., Leon-Reyes, A. and Van Wees, S. C. 
2012. Hormonal modulation of plant 
immunity. Annual Review of Cell and 
Developmental Biology, 28. 

Pieterse, C. M., Zamioudis, C., Berendsen, R. 
L., Weller, D. M., Van Wees, S. C. and 

Bakker, P. A. 2014. Induced systemic 
resistance by beneficial microbes. Annual 
Review of Phytopathology, 52. 

Pooja, K. and Katoch, A. 2014. Past, present 
and future of rice blast management. Plant 
Science Today, 1(3): 165-173. 

Pradana, Y. S., Hidayat, A., Prasetya, A. and 
Budiman, A. 2017. Biodiesel production in a 
reactive distillation column catalyzed by 
heterogeneous potassium catalyst. Energy 
Procedia, 143: 742-747. 

Raaijmakers, J. M. and Mazzola, M. 2012. 
Diversity and natural functions of antibiotics 
produced by beneficial and plant pathogenic 
bacteria. Annual Review of Phytopathology, 
50, 403-424. 

Raaijmakers, J. M., Sluis, L. v. d., Bakker, P. 
A., Schippers, B., Koster, M. and 
Weisbeek, P. J. 1995. Utilization of 
heterologous siderophores and rhizosphere 
competence of fluorescent Pseudomonas 
spp. Canadian Journal of Microbiology, 
41(2): 126-135. 

Rajwade, J. M., Chikte, R. and Paknikar, K. 
2020. Nanomaterials: new weapons in a 
crusade against phytopathogens. Applied 
Microbiology and Biotechnology, 104(4): 
1437-1461. 

Ramli, N. R., Mohamed, M. S., Seman, I. A., 
Zairun, M. A. and Mohamad, N., 2016. The 
potential of endophytic bacteria as a biological 
control agent for Ganoderma disease in oil 
palm. Sains Malaysiana, 45(3): 401-409. 

Rania, A. B. A., Jabnoun-Khiareddine, H., 
Nefzi, A., Mokni-Tlili, S. and Daami-
Remadi, M. 2016. Endophytic bacteria from 
Datura metel for plant growth promotion 
and bioprotection against Fusarium wilt in 
tomato. Biocontrol Science and Technology, 
26(8): 1139-1165. 

Raymaekers, K., Ponet, L., Holtappels, D., 
Berckmans, B. and Cammue, B. P. 2020. 
Screening for novel biocontrol agents 
applicable in plant disease management-a 
review. Biological Control, 104240. 

Rees, R. W., Flood, J., Hasan, Y., Wills, M. A. 
and Cooper, R. M., 2012. Ganoderma 
boninense basidiospores in oil palm 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

24 

plantations: evaluation of their possible role 
in stem rots of Elaeis guineensis. Plant 
Pathology, 61(3): 567-578. 

Regnault-Roger, C. and Philogène, B. J. 2008. 
Past and current prospects for the use of 
botanicals and plant allelochemicals in 
integrated pest management. Pharmaceutical 
Biology, 46(1-2): 41-52. 

Rubio-Canalejas, A., Celador-Lera, L., Cruz-
González, X., Menéndez, E. and Rivas, R. 
2016. Rhizobium as potential biofertilizer of 
Eruca sativa. In: de Bruijn F. J. (Ed.), 
Biological Nitrogen Fixation and Beneficial 
Plant-Microbe Interaction, Springer, pp. 
213-220. doi:10.1007/978-3-319-32528-618. 

Rusli, M. H., Idris, A. S. and Cooper, R. M., 
2015. Evaluation of Malaysian oil palm 
progenies for susceptibility, resistance or 
tolerance to Fusarium oxysporum f. sp. 
elaeidis and defence-related gene expression 
in roots. Plant Pathology, 64(3): 638-647. 

Sánchez, A. D., Ousset, M. J. and Sosa, M. C. 
2019. Biological control of Phytophthora 
collar rot of pear using regional Trichoderma 
strains with multiple mechanisms. Biological 
Control, 135: 124-134. 

Segarra, G., Casanova, E., Avilés, M. and 
Trillas, I. 2010. Trichoderma asperellum 
strain T34 controls Fusarium wilt disease in 
tomato plants in soilless culture through 
competition for iron. Microbial Ecology, 
59(1): 141-149. 

Selin, C., Habibian, R., Poritsanos, N., 
Athukorala, S. N., Fernando, D. and De 
Kievit, T. R. 2009. Phenazines are not 
essential for Pseudomonas chlororaphis 
PA23 biocontrol of Sclerotinia 
sclerotiorum but do play a role in biofilm 
formation. FEMS Microbiology Ecology, 
71(1): 73-83. 

Sequeira, L. 1983. Mechanisms of induced 
resistance in plants. Annual Review of 
Microbiology, 37(1): 51-79. 

Shetab Booshehri, S. M. 2014. Effects of 
physical state of formulations on the 
potential of Trichoderma harzianum 199 
against wheat common bunt. Journal of Crop 
Protection, 3(20): 615-624. 

Shoresh, M., Harman, G. E. and Mastouri, F. 
2010. Induced systemic resistance and plant 
responses to fungal biocontrol agents. Annual 
Review of Phytopathology, 48: 21-43. 

Sierotzki, H., Parisi, S., Steinfeld, U., Tenzer, 
I., Poirey, S. and Gisi, U. 2000. Mode of 
resistance to respiration inhibitors at the 
cytochrome bc1 enzyme complex of 
Mycosphaerella fijiensis field isolates. Pest 
Management Science: formerly Pesticide 
Science, 56(10): 833-841. 

Singh, B. N., Singh, A., Singh, S. P. and Singh, 
H. B. 2011. Trichoderma harzianum-
mediated reprogramming of oxidative stress 
response in root apoplast of sunflower 
enhances defence against Rhizoctonia 
solani. European Journal of Plant Pathology, 
131(1): 121-134. 

Singh, H. 2014. Management of plant 
pathogens with microorganisms. 
Proceedings of the Indian National Science 
Academy, 2: 443-454. 

Singh, H., Singh, A., Sarma, B. and Upadhyay, 
D. 2014. Trichoderma viride 2% WP (Strain 
No. BHU-2953) formulation suppresses 
tomato wilt caused by Fusarium oxysporum 
f. sp. lycopersici and chilli damping-off 
caused by Pythium aphanidermatum 
effectively under different agroclimatic 
conditions. International Journal of 
Agriculture, Environment and 
Biotechnology, 7(2): 313-320. 

Sjaarda, C. P., Abubaker, K. S. and Castle, A. J. 
2015. Induction of lcc2 expression and 
activity by Agaricus bisporus provides 
defence against Trichoderma aggressivum 
toxic extracts. Microbial Biotechnology, 
8(6): 918-929. 

Soliman, H. M., El-Metwally, M. A., 
Elkahky, M. T. and Badawi, W. E., 2015. 
Alternatives to chemical control of grey 
mold disease on cucumber caused by 
Botrytis cinerea Pers. Asian Journal of 
Plant Pathology, 9(1): 1-15. 

Spadaro, D. and Droby, S. 2016. Development 
of biocontrol products for postharvest 
diseases of fruit: the importance of 
elucidating the mechanisms of action of 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

25 

yeast antagonists. Trends in Food Science 
and Technology, 47: 39-49. 

Sridhar, K. R. and Deshmukh, S. K. 2019. 
Advances in Macrofungi: Diversity, Ecology 
and Biotechnology: CRC Press. 

Sundram, S., Abdullah, F., Ahmad, Z. A. M. 
and Yusuf, U.K., 2008. Efficacy of single 
and mixed treatments of Trichoderma 
harzianum as biocontrol agents of 
Ganoderma basal stem rot in oil palm. 
Journal of Oil Palm Research, 20: 470-483. 

Thakur, M. and Sohal, B. S. 2013. Role of 
elicitors in inducing resistance in plants against 
pathogen infection: a review. International 
Scholarly Research Notices, 2013. 

Thines, E., Anke, H. and Weber, R. W. 2004. 
Fungal secondary metabolites as inhibitors 
of infection-related morphogenesis in 
phytopathogenic fungi. Mycological 
Research, 108(1): 14-25. 

Topal, A., Oruç, E., Altun, S., Ceyhun, S. B. 
and Atamanalp, M. 2016. The effects of 
acute boric acid treatment on gill, kidney 
and muscle tissues in juvenile rainbow trout. 
Journal of Applied Animal Research, 44(1): 
297-302. 

Torres, G. A., Sarria, G. A., Varon, F., Coffey, M. 
D., Elliott, M. L. and Martinez, G., 2010. First 
report of bud rot caused by Phytophthora 
palmivora on African oil palm in Colombia. 
Plant Disease, 94(9): 1163-1163. 

Tsatsakis, A. M., Nawaz, M. A., Kouretas, D., 
Balias, G., Savolainen, K., Tutelyan, V. A., 
et al. 2017. Environmental impacts of 
genetically modified plants: a review. 
Environmental Research, 156: 818-833. 

Van Loon, L. 2000. Helping plants to defend 
themselves: biocontrol by disease-
suppressing rhizobacteria. In: de Vries, G. E. 
and Metzlaff, K. (Eds.), Developments in 
Plant Genetics and Breeding. Proceedings of 
the Second European Conference on Plant 
Biotechnology, Elsevier, vol 6, pp. 203-213. 
doi:10.1016/S0168-7972(00)801231. 

Van Loon, L. C., Rep, M. and Pieterse, C. M. 
2006. Significance of inducible defense-
related proteins in infected plants. Annual 
Review of Phytopathology, 44: 135-162. 

Van Loon, L., Bakker, P. and Pieterse, C. 1998. 
Systemic resistance induced by rhizosphere 
bacteria. Annual Review of Phytopathology, 
36(1): 453-483. 

Van Wees, S. C., Van der Ent, S. and Pieterse, 
C. M. 2008. Plant immune responses 
triggered by beneficial microbes. Current 
Opinion in Plant Biology, 11(4): 443-448. 

Varma, P. K., Mangala, U. N., Madhavi, K. J. 
and Kumar, K. V. K. 2015. 7 Nutrient 
Supplements for Plant Pathogenic Bacteria. 
Sustainable Approaches to Controlling Plant 
Pathogenic Bacteria, 151. 

Vasebi, Y., Safaie, N., and Alizadeh, A. 2013. 
Biological control of soybean charcoal root 
rot disease using bacterial and fungal 
antagonists In Vitro and greenhouse 
condition. Journal of Crop Protection, 2(2): 
139-150. 

Vernooij, B., Friedrich, L., Morse, A., Reist, 
R., Kolditz-Jawhar, R., Ward, E., et al. 
1994. Salicylic acid is not the translocated 
signal responsible for inducing systemic 
acquired resistance but is required in 
signal transduction. The Plant Cell, 6(7): 
959-965. 

Vijayakumar, E., Roy, K., Chatterjee, S., 
Deshmukh, S., Ganguli, B., Fehlhaber, H. 
W., et al. 1996. Arthrichitin. A new cell wall 
active metabolite from Arthrinium 
phaeospermum. The Journal of Organic 
Chemistry, 61(19): 6591-6593. 

Vinale, F., Sivasithamparam, K., Ghisalberti, E. 
L., Marra, R., Woo, S. L. and Lorito, M. 2008. 
Trichoderma-plant-pathogen interactions. Soil 
Biology and Biochemistry, 40(1): 1-10. 

Viterbo, A., Inbar, J., Hadar, Y. and Chet, I. 
2007. Plant disease biocontrol and induced 
resistance via fungal mycoparasites. The 
Mycota IV: Environmental and Microbial 
Relationships. (eds Kubicek, CP & 
Druzhinina, IS). Springer, Heidelberg, 
Germany, 127-146. 

Vleeshouwers, V. G. and Oliver, R. P. 2014. 
Effectors as tools in disease resistance 
breeding against biotrophic, hemibiotrophic, 
and necrotrophic plant pathogens. Molecular 
Plant-Microbe Interactions, 27(3): 196-206. 



Biofungicides-Fungal plants diseases control _________________________________________ J. Crop Prot.  

26 

Vlot, A. C., Dempsey, D. M. A. and Klessig, D. 
F. 2009. Salicylic acid, a multifaceted 
hormone to combat disease. Annual Review 
of Phytopathology, 47, 177-206. 

Wallace, R. L., Hirkala, D. L. and Nelson, L. 
M. 2018. Mechanisms of action of three 
isolates of Pseudomonas fluorescens active 
against postharvest grey mold decay of 
apple during commercial storage. Biological 
Control, 117, 13-20. 

Wang, D., Hiebl, V., Schachner, D., Ladurner, 
A., Heiss, E. H., Atanasov, A. G., et al. 
2020. Soraphen A enhances macrophage 
cholesterol efflux via indirect LXR 
activation and ABCA1 upregulation. 
Biochemical Pharmacology, 114022. 

Wang, X., Lin, M., Xu, D., Lai, D. and Zhou, L. 
2017. Structural diversity and biological 
activities of fungal cyclic peptides, 
excluding cyclodipeptides. Molecules, 
22(12): 2069. 

Whipps, J. M. 2001. Microbial interactions and 
biocontrol in the rhizosphere. Journal of 
Experimental Botany, 52(suppl_1): 487-511. 

Wiesel, L., Newton, A. C., Elliott, I., Booty, 
D., Gilroy, E. M., Birch, P. R., et al. 2014. 
Molecular effects of resistance elicitors 
from biological origin and their potential 
for crop protection. Frontiers in Plant 
Science, 5, 655. 

Wilhite, S., Lumsden, R. and Straney, D. 2001. 
Peptide synthetase gene in Trichoderma 
virens. Applied and Environmental 
Microbiology, 67(11): 5055-5062. 

Woo, S. L. and Lorito, M. 2007. Exploiting the 
interactions between fungal antagonists, 
pathogens and the plant for biocontrol. In: 
Vurro, M. and Gressel, J. (Eds.), Novel 
Biotechnologies for Biocontrol Agent 
Enhancement and Management, Springer, 
pp. 107-130.doi: 10.1007/9781402057.9916. 

Wu, J. and Baldwin, I. T. 2010. New insights 
into plant responses to the attack from insect 

herbivores. Annual Review of Genetics, 44: 
1-24. 

Wu, Y., Zhang, D., Chu, J. Y., Boyle, P., Wang, 
Y., Brindle, I. D., et al. 2012. The 
Arabidopsis NPR1 protein is a receptor for 
the plant defense hormone salicylic acid. 
Cell Reports, 1(6): 639-647. 

Yamaguchi, H., Hiratani, T., Iwata, K. and 
Yamamoto, Y. 1982. Studies on the 
mechanism of antifungal action of aculeacin 
A. The Journal of Antibiotics, 35(2): 210-219. 

Yu, Y., Bai, L., Minagawa, K., Jian, X., Li, L., 
Li, J., et al. 2005. Gene cluster responsible 
for validamycin biosynthesis in Streptomyces 
hygroscopicus subsp. jinggangensis 5008. 
Applied and Environmental Microbiology, 
71(9): 5066-5076. 

Zhang, D. and Miller, M. 1999. Polyoxins and 
nikkomycins: progress in synthetic and 
biological studies. Current Pharmaceutical 
Design, 5(2): 73-100. 

Zhang, F., Chen, C., Zhang, F., Gao, L., Liu, J., 
Chen, L., et al. 2017. Trichoderma harzianum 
containing 1-aminocyclopropane-1-
carboxylate deaminase and chitinase improved 
growth and diminished adverse effect caused 
by Fusarium oxysporum in soybean. Journal 
of Plant Physiology, 210: 84-94. 

Zhang, M., Liu, W., Qu, Q., Ke, M., Zhang, Z., 
Zhou, Z., et al. 2020. Metabolomic 
modulations in a freshwater microbial 
community exposed to the fungicide 
azoxystrobin. Journal of Environmental 
Sciences, 97: 102-109. 

Zheng, L., Xi, P., SiTu, J., Chen, X., Li, J., Qin, 
X., et al. 2017. First report of Phoma 
herbarum causing leaf spot of oil palm 
(Elaeis guineensis) in China. Plant Disease, 
101(4): 629-630. 

Zhou, T. C. and Zhong, J. J. 2015. Production of 
validamycin A from hemicellulose hydrolysate 
by Streptomyces hygroscopicus 5008. 
Bioresource Technology, 175: 160-166. 



Muhammad et al. _________________________________________________ J. Crop Prot. (2022) Vol. 11 (1) 

27 

 ـپا تیریمـد  منظوربه سبزي  هاکشقارچ عنوانهبی  کروبیمي  هاتیمتابول بالقوه نقش بري  مرور  داری
  ندهیآ دری اهیگي هاي ماریب
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 خطـر به موجب و دینما وارد بیآسی  روغن نخل اهانیگ به شدتبه تواندیمی  قارچي  هايماریب :دهیچک
ي مارگرهـا یب برابـر  در محافظـت  همـراه بـه  بـالا  عملکـرد  داشتن از نانیاطمي  برا. گردد عملکرد افتادن

یی ایمیش ـ کنتـرل  به نسبت دارتریپا نیگزیجا عنوانبهیی  هايماریب نیچني  برای  روبکیم کنترل ،یقارچ
 ستی ـزطیمح ـ با سازگاری  ستیزي  هاونیفرمولاس بایی  ایمیشي  هاکشقارچی  نیگزیجا. شودیم شنهادیپ

ي اه ـیآلودگ تیریمدي  برا ترامن روش است، هاآني  هاتیمتابول و زندهي  هايباکتر ا ی هاقارچي  حاو که
ی ع ـیطبی  ستی ـآنتاگون مـواد /هاسمیکروارگانیم چراکه. باشدیمی  روغن نخل خصوصهب اهانیگ دری  قارچ
 ازجملـه  متفـاوت  عمـل  نحـوه  بـا  اهـان یگ از و باشـند یم ـی  ستی ـزي  هـا کشقارچي  اجزا دهندهلیتشک

 ـیم عوامـل  کاربرد. کنندیم محافظت کیستمیس مقاومتي  القا ای و وزیبیآنت سم،یتیپرپارازیه  دری  کروب
 و امـن ي  کـشاورز  ستمیس ک ی دینوی  روغن نخلي  هايماریب ژهیوبه اهانیگی  قارچي  هايماریب تیریمد
 مقاله. داردی  کمی  آلودگی  کیاکولوژ نظر از که دهدیم را اهانیگی  قارچي  مارگرهایب کنترلي  برا داریپا

 تیریمـد ي  بـرا ی  روب ـکیم عوامـل  عمـل  سمی ـمکان و مختلـف ي  هـا ونیفرمولاس ـ خلاصـه  طـور هب حاضر
 بی ـمعا و ای ـمزا ازي  اخلاصـه  نیچنهم. دهدیم شرح رای  روغن نخل ژهیوبه اهانیگی  قارچي  مارگرهایب

 کـاربرد  رسدیم نظربه. است شده آورده ندهیآ اندازچشم ویی ایمیش انواع به نسبتی ستیزي  هاکشقارچ
 ک ی ـ ،یروغن ـ نخـل  اهـان یگ در ژهیوبه اهانیگی  قارچي  مارگرهایب کنترلي  برای  ستیزی  کروبیم عوامل

 بخـش  در داریپاي  هاروش به روزافزون ازین به توجه بای  قارچ عوامل تیریمدي  برا دوارکنندهیام کردیرو
  .باشدیمي کشاورز

  
  هاکشقارچ ،یکروبیم عوامل ،یاهیگي مارگرهایب ،یستیز ونیفرمولاس ،یستیزي هاکشقارچ :يدیکل واژگان


