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Preface

Crops must be continuously monitored for diseases from the early stages of growth
until they are ready for harvest, as plant diseases caused by various organisms like
fungi, bacteria, viruses, phytoplasma, spiroplasma, and nematodes lead to signifi-
cant agricultural losses. The traditional approach to monitoring plant diseases is
time-consuming and involves techniques such as human eye observation, microscopic
examination, molecular analysis, serological testing, and microbiological methods for
disease diagnosis and detection. The field of nanotechnology and nano-diagnostics
is incredibly captivating and rapidly progressing, particularly in the detection of both
living and nonliving stressors as well as pathogenic ailments in agricultural produce; 
these approaches, whether direct or indirect, display a high level of sensitivity and 
technique specificity. At present, the most encouraging methods involve sensors that
detect reflectance, temperature, or fluorescence. Assessing plant health relies on the
use of digital photographic images, which are crucial tools in the field of plant pathol-
ogy. Digital cameras provide a user-friendly and straightforward way to capture RGB 
digital images, which are utilized for identifying and quantifying diseases. These
RGB-color images, comprising red, green, and blue channels, have proven effective
in detecting biotic stress in plants. The alterations in reflectance caused by plant
pathogens and diseases can be attributed to damage in the leaf structure and chemi-
cal makeup of the tissue as the disease progresses. Chlorophyll fluorescence imaging 
devices that measure photosynthetic electron transfer often use LED or laser light
sources as active sensors. Plant researchers utilize chlorophyll fluorescence param-
eters to measure variations in the photosynthetic performance of plants. The leaf
surface displays differences in photosynthetic activity resulting from biological and 
environmental influences. Fluorescence imaging combined with image analysis meth-
ods proves valuable for distinguishing and measuring fungal infections. Advanced 
technologies now make it possible to closely track plant health and promptly identify
diseases using image processing, specifically convolutional neural network (CNN) 
methods, resulting in precise prediction of plant diseases. Several methods have
been utilized to create automatic and semi-automatic plant disease detection sys-
tems, which have proven to be quicker, more cost-effective, and more precise than
the conventional approach. Recently, artificial intelligence (AI) technologies have
been utilized in plant pathology to detect plant irregularities and infestations. Deep
learning (DL) and machine learning (ML) technologies have proven to be effective in
identifying and examining lesions caused by significant abiotic stresses like drought
and have improved the detection and management of crop and plant infestations. 
In order to effectively detect diseases, it is crucial to integrate meteorological and 
plant health information, including temperature and humidity, to identify diseases. 
Plants are impacted by a range of biotic and abiotic stress caused by global warming 
and environmental pollution, leading to noteworthy decreases in yield. Trichoderma, 
present in various environments, effectively controls a wide variety of plant diseases
in an eco-friendly manner by competing for nutrients, engaging in mycoparasit-
ism, producing antibiotics and hydrolytic enzymes, and promoting induced plant
resistance mechanisms. The application of this method can enhance soil nutrient

XII
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absorption, foster plant development, bolster the plant’s resilience to environmental 
stresses, and diminish the occurrence of plant diseases. The evolution of plant patho-
gens due to the widespread use of pesticides and climate change presents significant 
challenges in the modern era.

The revised book titled Challenges in Plant Disease Detection and Recent Advancements 
comprehensively addresses the detection and management of economically sig-
nificant diseases. Detection of plant pathogens at an early stage is crucial for timely 
management approaches, as they are responsible for significant losses in yield and 
quality. The revised book will be beneficial to students, scientists, teachers, extension 
personnel, and researchers, and the editor would like to acknowledge the valuable 
contribution and cooperation of the authors of each chapter. I would like to extend my 
heartfelt thanks to everyone who contributed directly or indirectly to the preparation 
of the book. I am delighted to extend my heartfelt thanks to IntechOpen Limited, 
located at Great Portland Street, London, W1W 5PF, UK, for their efficient and 
prompt publication of this edited book.

Dr. Amar Bahadur
Assistant Professor, Plant Pathology,

College of Agriculture,
Tripura, India
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Chapter 1

Chlorophyll a Fluorescence: A 
Method of Biotic Stress Detection
Carlos Eduardo Aucique-Perez  
and Andrea Elizabeth Román Ramos

Abstract

Plant diseases are a major threat to food security, causing drastic alterations 
in plant metabolism upon infection by pathogens. This often results in decreased 
biomass accumulation, slowed growth rates, and diminished yield components. 
Pathogens, through various lifestyles such as biotrophic, necrotrophic, and hemibio-
trophic, disrupt photosynthesis, the primary metabolic process, via functional and 
structural damages. Furthermore, the CO2 assimilation in plants is severely altered 
by pathogens regardless of their lifestyles. Photosynthetic determinations allow us 
to establish a perspective about the physiological impairment caused by pathogens 
related to alterations in the CO2 flow from the atmosphere to carboxylation sites, 
stomatal limitations, and photosynthetic performance of photosystem II (PSII). From 
the changes in the energy, dissipation is possible to establish the functional status of 
the photochemistry machinery under stress conditions. For the above, chlorophyll a 
fluorescence (CF) and CF imaging (CFI) arose as a method highly sensible to deter-
mine the damage caused by pathogens in plants. This review shows a practical per-
spective on CF tools using visual method and rapid fluorescence induction kinetics 
(OJIP-test), for disease detection associated with plant-pathogen interaction studies 
from the physiological viewpoint, their implications for plant pathology research, 
applications for the plant phenotyping field, and biotic stress detection.

Keywords: photosynthesis, pathogen, plant-pathogen interaction, primary 
metabolism, plant phenotyping

1. Introduction

The photosynthetic process is one of the most important metabolic pathways 
through which plants transform the sunlight into chemical energy obtaining car-
bohydrates to be used in other metabolic events [1]. In plants, the sunlight energy 
may be dissipated by photochemistry (photosynthesis light reactions), chlorophyll 
fluorescence (photon re-emission), and heat (Figure 1) [2]. Metabolic process of 
photosynthesis has been studied in two stages: (i) light reactions: these processes allow 
the solar energy contained in photons of sunlight to be processed in the membranes 
of chloroplasts to produce adenosine triphosphate (ATP) and nicotinamide adenine 
dinucleotide phosphate (NADPH) and (ii) the Calvin-Benson cycle, which produces 
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triose-P and, as a result, the recovery of ribulose 1,5-bisphosphate (RuBP), in which 
how CO2 is reduced [3, 4]. Chlorophyll fluorescence occurs when the electron transfer 
from a chlorophyll molecule at the reaction center of the photosystem II (PSII) to a 
plastoquinone molecule within the plastoquinone transporter, results in fluorescence 
emission [2]. Finally, the energy cannot be dissipated by photochemistry or fluores-
cence, and it is dissipated by heat emission [5, 6]. Under this perspective, plants utilize 
the sun’s energy mainly to supply the demands of the primary metabolism; however, 
external (stresses) and intrinsic (diffusional and biochemical limitations) factors 
related to the photosynthetic process induce alternative pathways such as fluorescence 
and heat emission to help in the energy dissipation process to reduce functional and 
structural damages in the plant cell derivatives of energy accumulation [2].

To study the photosynthesis, several methodologies have been developed involving 
determinations based on changes in CO2 and water vapor differential concentrations 
using infrared sensors (infrared gas analyzer (IRGA)) through which it is possible 
calculate the leaf gas exchange parameters such as net CO2 assimilation rate (A), 
stomatal closed (gs), CO2 intercellular concentration (Ci), and transpiration rate (E) 
[7]. Other methodologies developed in the biochemistry field are commonly applied 
in photosynthesis studies such as the quantification of the carbohydrates or enzymatic 
activities of the biochemical components associated with this pathway [8, 9]. Under 
plant stress, the photosynthetic activity is a main physiological pathway evaluated, as 
the functionality of the photosynthetic machinery is affected by stress factors [10].

On the other hand, the chlorophyll a fluorescence (CF) has been a non-invasive 
and non-destructive method successful to study photosynthetic responses from 
plants under different conditions [11]. Currently, the CF method is applied in diverse 
fields, especially for rapid diagnosis of abiotic or stress biotic [12, 13] based on 
changes in the energy dissipation magnitude in the photochemical reactions [10]. 
Basically, the CF method has been developed from “Kautsky’s effect,” which was stud-
ied when the photosynthetic sample was transferred from the dark to the light, the 
CF yield increased over a time span of about 1 second. This effect led to increases in 
the CF yield with a consequent reduction of electron acceptors in the photosynthetic 

Figure 1. 
Energy dissipation pathways (photochemistry (A), chlorophyll fluorescence (CF), and heat (H)) in leaves under 
non-stress and stress conditions and its effect on plant growth. Photochemical dissipation: PC; non-photochemical 
dissipation: NPC. Design figure credit by Carlos Eduardo Aucique-Perez.
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pathway inducing quinone A (QA) reduction due to one electron reception which 
must be transferred to quinone B (QB), ensuring the linear electron flow [5]. 
Therefore, variations in CF characteristics can be indicative of various stresses, 
including nutrient deficiencies, water deficit, pathogen infections, and high light 
intensity [2]. By monitoring the CF, scientists, agronomists, and other professionals 
can gain insights into plant performance and make informed decisions regarding crop 
management and stress mitigation strategies. In this sense, the CF can be used as a 
diagnostic tool for assessing plant health and stress responses.

For the plant pathology field, the CF tool has been used for the detection of 
changes in the energy dissipation pattern in several pathosystems related to fungi, 
viruses, bacteria, and oomycetes, for example, Bipolaris sorokiniana [14], Fusarium 
spp. [11, 15], Oculimacula acuformis [11], Puccinia triticina [16], Puccinia coronate 
[17], Bremia lactucae [18], Pseudomonas syringae [19], Grapevine leafroll-associated 
virus 3 [20, 21], and so on. Advances in the CF instrumentation, including portable 
devices and remote sensing techniques, have expanded the accessibility and appli-
cability of this technology. In recent years, an increase of portable user-friendly and 
non-invasive chlorophyll fluorometers had been used for research in the plant pathol-
ogy field. However, despite the simplicity of the utilization of equipment, the theory 
and interpretation of data arising from analysis continues to be complex [22].

The use of these devices has allowed crop monitoring on the field and under 
controlled conditions, plant health management, and ecosystem dynamics [23]. 
Additionally, the CF imaging technique enable the spatial and temporal visualization 
of photosynthetic activity, allowing for the assessment of plant performance and 
the detection of heterogeneity in responses [6]. The integration of the CF with other 
“omics” technologies further enhances our understanding of photosynthetic regulation 
and stress responses at the molecular, metabolic, genomic, and phenomic level [24]. 
Overall, the CF technique plays a crucial role in advancing our knowledge of plant 
function and resilience. In this sense, the aim of the review was describing the use of 
the CF as a technique of determination of biotic stress in the plant pathology field.

2. Chlorophyll a fluorescence: method and application

The CF has been used as a technique in photosynthesis research, providing 
valuable information on the structure and function of the photosynthetic apparatus 
[10, 12]. In this sense, the photosynthetic response can be estimated by fluorescence 
changes which study through two types of CF measurement such as continuous 
excitation and pulsed excitation [5].

Firstly, a method uses pulse amplitude modulation (PAM). The PAM method 
measures CF induced by high-frequency, modulation pulses (MP) at different 
stages of the system dynamics driven by saturation pulses (SP) or actinic light (AL) 
[25, 26]. Thus, the relative yield of fluorescence can be measured in the presence 
of illumination or can be conducted at field condition [5]. Fundamentally, the CF 
method determines values associated with basal (F0 and F0′) and maximal (Fm and 
Fm′) fluorescence on dark and light-adapted leaves from which it has been possible to 
derive parameters to estimate specific responses of the energy dissipation through the 
photochemical pathway [5]. Experimentally, F0, F0′, Fm, and Fm′ are obtained from a 
sequence of light supplying to different intensities which simulated the change from 
darkness to light adaptation through photosynthetic excitation (Figure 2). For obtain-
ing F0, the dark-adapted leaf is illuminated with weak, modulated measuring pulse 
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(L1 = 0.03 μmol m−2 s−1). Immediately, a light saturate pulse (SP = 8000 μmol m−2 s−1) 
is applied for 0.8 s to ensure maximal fluorescence emissions (Fm). Subsequently, on 
light-adapted leaves, the steady-state fluorescence yield (Ft) is measured following a 
saturating light pulse (SP = 8000 μmol m−2 s−1, 0.8 s) that was applied to achieve the 
light-adapted maximal fluorescence (Fm′). The actinic light (AL) is then turned off 
and far-red illumination was applied (2 μmol m−2 s−1) to measure the light-adapted 
basal fluorescence (F0′) [7].

The second method is based on the increase in the CF yield observed when leaves 
pass through dark to light in a short time period. This induction and fast dynamic 
changes of CF occur when dark-adapted samples are exposed to light known as 
Kautsky’s effect, as explained above [27], and it is observed as a polyphasic curve, 
giving information about the efficiency of electron transport through PSII [28, 29]. 
The CF variations on the OJIP induction curve are also well-known as the OJIP-test. 
From the O-step to the J-step, it reflects high-order nonlinear dynamics of PSII result-
ing from light excitation, energy transfer, energy dissipation, and photochemical 
reactions [25], see Table 1 for more details. The technique is based on the theory that 
energy flux through PSII reaction centers can be quantified to provide information 
about structure and function of the photosynthetic apparatus [33].

Several CF parameters are commonly used to evaluate the performance of the 
photosynthetic apparatus, such as the maximum quantum yield of photosystem II 
(PSII), often represented as the Fv/Fm, provides information about the maximum 
efficiency of PSII photochemistry [5]. The effective quantum yield of PSII (ΦPSII) 
reflects the actual efficiency of light energy conversion in PSII [2] and non-photo-
chemical quenching (NPQ ) that represents the dissipation of excess light energy as 
heat, thereby protecting the photosynthetic machinery from photodamage [34]. The 
increases in non-photochemical quenching (measured as NPQ and/or qN), photoinhi-
bition detected by decreases in Fv/Fm, and inhibition of the electron transport chain 
can be observed in cases of a stress condition is prolonged [10]. For a higher under-
standing of the fluorescence parameters, Table 2 describes the main parameters, their 
description, calculation, and physiological interpretation.

Figure 2. 
Fluorescence determination routine. Lowing intensity light (L1); light saturated pulse (SP); actinic light on 
(ALon) and off (ALoff); basal (F0) and maximal (Fm) fluorescence in dark-adapted leaf; basal (F0′) and 
maximal (Fm′) fluorescence in light-adapted leaf; fluorescence level immediately before the SP (Ft). Figure 
adapted from Baker [2].
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Technical fluorescence parameters

Area Area between fluorescence curve and FM

M0
Slope of the curve at the origin of the fluorescence rise. It is a measure of the rate of the 
primary photochemistry.

Vj Relative variable fluorescence at 2 ms

Vi Relative variable fluorescence at 30 ms

SM = Area/FV
Normalized total complementary area above the OJIP transient (reflecting multiple-turnover 
QA reduction events). It expresses the total electron carriers (EC) per RC.

N The number of rotations: number of QA reduction events between time 0 and t FM.

Energy fluxes

ABS The photon flux absorbed by the antenna of PSII units

TR The portion of ABS trapped by the active PSII units that leads to QA reduction

DI The portion of ABS dissipated in PSII antenna in process other than trapping

ET The energy flux associated with the electron transport from QA
− to the intersystem electron 

acceptors

RE The energy flux associated with the electron transport from QA
− to the final electron 

acceptors of PSI

Quantum yields or flux ratios

ϕPo = TR0/ABS Maximum quantum yield of primary photochemistry (at t = 0)
ϕPo = (FM – F0)/FM

ψEo = ET0/TR0

Probability (at t = 0) that a photon trapped by the PSII reaction center enters the electron 
transport chain
ψEo = 1 – Vj

ϕEo = ET0/
ABS

Quantum yield of electron transport (at t = 0)
ϕEo = [(1 – F0/FM) × (1 – Vj)]

ϕDo = DI0/ABS Quantum yield (at t = 0) of energy dissipation.
ϕDo = (F0/FM)

ϕRo = RE0/
ABS

Quantum yield of an electron transport from QA
− to the final electron acceptors of PSI.

ϕRo = [(1 – F0/FM) × (1 – Vi)]

δ Ro = RE0/ET0
Efficiency with which an electron from PQH2 is transferred to final PSI acceptors
δ Ro = (1 – Vi)/(1 – Vj) = (FM – F)/(FM – Fj)

Specific fluxes or specific activities (expressed in arbitrary units)

ABS/RC

Effective antenna size of an active reaction center (RC). Expresses the total number of 
photons absorbed by chlorophyll molecules of all RCs divided by the total number of active 
RCs
ABS/RC = (M0/Vj)/ϕPo

TR0/RC
Maximal trapping rate of PSII. Describes the maximal rate by which an excitation is trapped 
by the RC
TRo/RC = M0/Vj

ET0/RC Electron transport in an active RC
ETo/RC = (M0/Vj)/ψEo

DI0/RC Dissipated energy flux per RC
DI0/RC = ABS/RC – TR0/RC

Phenomenological fluxes or phenomenological activities (expressed in arbitrary units)

ABS/CS0
Absorption per cross-section (CS)
ABS/CS0 ≈ F0 and ABS/CSM ≈ FM
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Parameter Description Formula/interpretation

F0; F0′
Basal or initial fluorescence from dark and 
light-adapted leaves, respectively

Level of florescence when all PSII center 
open (oxidated status)

Fm; Fm′
Maximal fluorescence from dark and light-
adapted leaves, respectively

Level of florescence when all PSII center 
closed (reduced status)

Fv; Fv′
Variable fluorescence from dark and light-
adapted leaves, respectively

Fm – F0

It is value associated with the PSII capacity 
to perform photochemistry

Fv/Fm Maximum quantum yield of PSII
(Fm – F0)/Fm

Maximum efficiency at which light 
absorbed by PSII is utilized to reduce QA

Fv′/Fm′
Capturing efficiency of the excitation energy by 
the open PSII reaction centers (Fm′ – F0′)/Fm′

qP Coefficient for photochemical quenching (Fm′– Ft)/(Fm′ – F0′)
Actual photochemical capacity

qN Coefficient for photochemical quenching
1 – [(Fm′ – F0′)/Fm – F0]
Non-photochemical process activation 
during the light period

ΦPSII Actual quantum yield of PSII electron transport (Fv′/Ft)/Fm′

NPQ Non-photochemical quenching (Fm – Fm′) – 1
Apparent heat loss rate from PSII

ETR = J Rate of electron transport PPFD × ФPSII × ƒ × α

PPFD is the photosynthetic photon flux density. ƒ is a factor that accounts for the partitioning of energy between PSII 
and PSI and is assumed to be 0.5, which indicates that the excitation energy is distributed equally between the two 
photosystems; and α is the leaf absorbance by the photosynthetic tissues and is assumed to be 0.84.
Adapted from reference [2, 5, 10, 29–31].

Table 2. 
Chlorophyll fluorescence parameters used for studies of photosystem II (PSII) photochemistry.

Technical fluorescence parameters

TR0/CS Trapping per cross-section
TR0/CS = (TR0/ABS) × (ABS/CS)

ET0/CS Electron transport per cross-section
ET0/CS = (ET0/ABS) × (ABS/CS)

RE0/CS Electron flux from QA
− to final PSI acceptors per cross section of PSI

RE0/CS = (RE0/ABS) × (ABS/CS)

Performance indexes

PIABS
Performance index on adsorption basis
PIABS = (RC/ABS) × [ϕPo/(1 – ϕPo)] × [ψEo/(1 – ψEo)]

PIABS, total
Total performance index on absorption basis
PIABS, total = PIABS × [δR0/(1 – δR0)]

PICS
Performance index on cross section basis
PICS = PIABS × (ABS/CS)

PICS, total
Total performance index on cross section basis
PICS, total = PIABS, total × (ABS/CS)

Adapted from reference [30–32].

Table 1. 
Parameters and definition related to energy fluxes obtained from OJIP-test.
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The CF parameters obtained from measurements can provide valuable informa-
tion about the plant’s photosynthetic efficiency, tolerance to stress (abiotic and 
biotic), or normal physiological condition [6, 35]. Therefore, measuring changes 
in fluorescence parameters such as Fv/Fm, ΦPSII, and NPQ provides insights into the 
functionality and regulation of PSII and can indicate early stress detection [34]. In 
this context, the NPQ represents the protective mechanism employed by plants to dis-
sipate excess absorbed light energy as heat, reducing the potential for photodamage 
[22]. In addition, the NPQ is influenced by factors such as light intensity, tempera-
ture, and the availability of energy sinks within the plant [36]. In practice, the NPQ 
determination requires leaves’ full adaptation to darkness in such a way it reflects the 
energy dissipation capacity in excess, especially under stress conditions [6]. Recently 
Tietz et al. [37] proposed the characterization a new set of parameters, NPQ (T), that 
can be used without dark adaptation and can be rapidly applied during steady-state 
illumination, potentially even under field conditions.

On the other hand, in the last years, with the developments in optical sensors, 
the CF imaging (CFI) technique emerged as a powerful tool to study plants under 
different growth conditions, especially stress factors. In this case, the fluorescence 
spectral considers the wavelength from UV to infrared, allowing the examination 
of the spectral region’s keys for the plant’s physiology responses. In addition, the 
physical characteristic is related to the emission of fluorescence when the energy is 
absorbed in the UV region, invisible to the human eye, and posterity is emitted in the 
visible region and can facilitate obtaining images [38]. Basically, a CFI system utilizes 
a camera with a long-pass filter, while hindering shorter wavelengths. From the 
images captured, they are segmented and CF parameters are calculated for each pixel, 
finishing with the visualization of CF images [39]. With this technique, the obtaining 
of images from each parameter associated with the CF such as Fv/Fm, ΦPSII, NPQ , 
and ETR allows the visual exploration of changes in these parameters per area unit 
[40] and spatial heterogeneity distribution of CF [41]. It has been such a sensibility in 
this technique that the CFI sensors have been coupled to plant phenotyping systems, 
obtaining interesting results on indoor and outdoor platforms [10].

3. Photosynthetic alterations by pathogen infection

Under biotic stress, the CO2 assimilation in plants is severely altered by pathogens 
infection regardless of their lifestyles (e.g., biotrophic, necrotrophic, and hemi-
biotrophic) [1, 42]. The biotrophic pathogens get to grow and feed on living plant 
tissue colonizing plant cells undetected through mechanisms that suppress the plant 
responses to infection [43]. The biotrophic strategy is considered obligatory parasit-
ism, where the pathogen establishes a molecular and physiological manipulation of 
the plant cell, and this way it obtains the energy for the growth, such as the causal 
pathogens associated with rust (e.g., Hemileia vastatrix) (Figure 3A) and powdery 
mildew (e.g., Erysiphales sp.) diseases [44, 45]. In contrast, the necrotrophic fungi 
from the first infected plant cell induces rapid cell death using enzymes and toxins to 
degrade plant tissues, and in this way, the necrotrophic pathogen colonizes the rest of 
the plant structures [43]. Botrytis cinerea, Alternaria brassicicola, and Neopestalotiopsis 
sp. (Figure 3B) are species commonly related to the necrotrophic strategy as they 
have a molecule pool with a high destructive power of the plant’s tissues from the 
first time of the interaction with the host plant [46–48]. Finally, hemibiotrophic 
fungi have the capacity to combine both biotrophic and necrotrophic strategies [49]. 



Challenges in Plant Disease Detection and Recent Advancements

10

For this strategy, a biotrophic phase allows the colonization of the first plant cell 
to establish the invading hypha that later deploys other invasive structures in the 
necrotrophic phase to cause plant cell destruction [50]. An excellent example of the 
hemibiotrophic strategy is Pyricularia oryzae fungi (Figure 3C) [51].

During the plant-pathogen interactions, plants infected by pathogens have 
reported reductions in CO2 assimilation, stomatal dynamic alterations (stomatal 
closure), chronic inhibition of the photosystems, higher dissipation of energy by 
chlorophyll a fluorescence (non-photochemical mechanisms), alterations in the 
concentration of photosynthetic pigments, chloroplasts structural damage, losses 
in leaf area index, changes in the source-sink ratio, and changes in the profiles of 
genes, proteins, and metabolic related to photosynthesis [1, 8, 9, 52]. The pathogen 
infection in the foliar tissue causes loss in the sunlight conduction capacity due to the 
cellular damage affecting the photosynthetic activity and consequent development of 
chlorotic and necrotic zones product of the action of hydrolytic enzymes, non-host 
selective toxins, and reactive oxygen species (ROS) [1, 53]. While, the plant cell after 
detection of the pathogen, genes related to photosynthesis are transcript down-regu-
lated to protect the photosynthetic apparatus against the oxidative damage [1, 42].

CO2 assimilation by the photosynthetic process is a permanent source of primary 
metabolism, and their products are the main energetic nutrient for pathogens colonizing 
plant tissues, as well as molecules related to metabolic pathways from secondary metabo-
lism [1, 54]. Studies performed in the last 20 years have allowed understanding how 
pathogens reprogram the metabolic flux of the carbohydrate’s metabolism in detriment 
of the plant growth and yield demands [1, 8, 42, 54]. From the metabolic perspective, 
several pathogens rapidly metabolize sucrose through invertase enzymes which hydrolyze 
sucrose to fructose and glucose increasing the hexoses pool [8, 14, 55]. Metabolites such as 
fructose, glucose, and hexoses are energetic substrates for other metabolic pathways more 
complex that under biotic stress those molecules become a nutrient source for patho-
gens; however, alterations in the sugar concentrations induce the expression of defense 
genes and cell death considering that sugars act as signaling molecules to regulate the 
expression of some genes [56]. In the case of foliar pathogens, increases on the invertases 
activities cause changes in the source-sink relationship dynamic [14, 23, 57].

Figure 3. 
Leaf symptoms caused by biotrophic (A; Hemileia vastatrix), necrotrophic (B; Neopestalotiopsis sp.), and 
hemibiotrophic (C; Pyricularia oryzae) fungi in coffee, wheat, and eucalyptus plants, respectively. Picture credits 
by Carlos Eduardo Aucique-Perez.
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On the other hand, studies have reported that the damage caused by pathogens 
on leaves led to significant reductions in the net CO2 assimilation rate (A), stomatal 
closed (gs), and transpiration rate (E), as well as alteration in plant water balance and 
foliar temperature [7, 8, 52, 58–60]. In the case of biotrophic fungi as Hemileia vasta-
trix, Austropuccinia psidii, and Phakopsora pachyrhizi infecting coffee, eucalyptus, and 
soybean, respectively, after evidencing symptoms, experiments have demonstrated 
reductions between 20 and 50% in A, while gs and E showed higher reductions than A 
in leaves with severity oscillated between 30 and 50% [45, 61, 62].

Studies focused on energy dissipation through CF have allowed an understanding 
of the physiological events that happened during the asymptomatic and symptomatic 
disease phases. It is well-known that the Fv/Fm index is the most extensively utilized 
chlorophyll a fluorescence parameter stress level determination of abiotic and biotic 
factors [2]. Under non-stressed conditions, healthy leaves show Fv/Fm values around 
0.80–0.83, while inferior Fv/Fm values indicate that a proportion of photosystem 
II (PSII) reaction centers have been harmed, which induces the photo-inhibitory 
effect on the photosynthetic machinery and is often led to oxidative stress on plants 
[63, 64]. In practice, the Fv/Fm parameter is a powerful tool for judging plant photo-
chemical capacity because it acts as a stress indicator for plants; in other words, Fv/Fm 
measures the operational capacity of the leaf to perform photosynthesis [2, 5, 63, 64].

In the plant pathology field, the use of Fv/Fm has been efficient to measure the 
pathogen infection damage on the photosynthetic response depending on pathogen 
lifestyles [10]. However, CF parameters related to photochemical and non-photo-
chemical energy dissipation also have showed interesting findings in plants infected. 
For instance, in coffee plants with rust symptoms, the values of the yield for dis-
sipation by down-regulation [Y(NPQ ) = (Fs/Fm′) – (Fs/Fm)] and the yield for other 
non-photochemical (non-regulated) losses [Y(NO) = Fs/Fm] were lower and higher, 
respectively, for the inoculated plants compared to non-inoculated plants, suggesting 
that H. vastatrix after the plant cell colonization reduces the protection capacity of 
the photosynthetic machinery through antioxidative pathways and inducing a high 
energy dissipation by heat [65]. In the case of plant virus, high NPQ values showed to 
be more efficient for the detection of Potato virus Y in tobacco plants overproducing 
endogenous cytokinins [66]. Based on studies performed until now, we can confirm 
that the CF is a methodology efficient for plant-pathogen interaction studies and with 
high potential of adaptation in the plant phenotyping approaches.

In the plant resistance field, the photosynthetic damage leads to intrinsic reduc-
tions in the defense capacity against the pathogen, and it can reach a higher intensi-
fication when abiotic stress factors such as drought, high temperature, or nutritional 
deficiency/excess participate along the biotic interaction [8, 67, 68]. As known, stud-
ies demonstrated that pathogens secret their effectors for linking to receptor specifics 
in chloroplasts looking for a reduction drastic in the ROS controlling the plant defense 
mechanisms, suggesting the crucial role of the photosynthetic machinery in the basal 
plant resistance against pathogen infection [69]. In this sense, the manipulation of 
photosynthetic activity using photosynthesis inhibitor-specific (DCMU) in wheat 
cultivars with differential basal resistance to Pyricularia oryzae showed increases in 
the blast severity in both cultivars as a consequence of a low photosynthetic activity 
affecting the enzymatic responses related to plant resistance such as phenylalanine 
ammonia-lyase (PAL) and reinforced the concept that photosynthesis was important 
for wheat resistance to blast [70].

In short, photosynthesis is affected by pathogen infections, and their effects led to 
reductions in CO2 assimilation, losses in growth, and crop yield, suggesting that just 
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like abiotic stress, biotic factors threaten food production, as has been reported from 
the famine in Ireland at XVIII caused by the potato blight epidemic. For the above 
reasons, deep knowledge about the pathogen strategies to cause disease in plants and 
how they affect plant metabolism is crucial to designing management alternatives in 
all fields of agronomy.

4. CF tool to study the plant-pathogen interaction

The use of CF tools in recent years has revealed the utility of this tool from a plant 
pathology perspective, and CF imaging (CFI) techniques have been used in several 
plant pathology interactions. However, the equipment for CFI can be expensive, and 
it is necessary to handle due to the dark adaptation, increasing the time required with 
a large numbers of plants to test [6]. Today, portable instruments are commercially 
available being used at field conditions. For instance, CF using the OJIP-test, that is, 
an induction curve from the O-step to the J-step reflects high-order nonlinear dynam-
ics of PSII resulting from light excitation, energy transfer, energy dissipation, and 
photochemical reactions (Table 1) [33]. As a result, OJIP-test is fast, non-invasive, 
and sensitive technic [6, 11], becoming an alternative for physiological and plant 
pathogen studies. Also, this technique allows screening and phenotyping large 
number of plants (e.g., approximately 500 plants per day) under field conditions, as 
was reported by Ajigboye et al. [71].

Both techniques offer important information on the PSII damage caused by the 
infection of pathogens in plants; however, CFI has been more frequently used to detect 
CF changes in response to foliar diseases in different genotypes due to their visual 
advantages [8, 40, 72]. In this context, CFI has been used to screen resistant wheat 
genotypes as well as the early detection of leaf rust caused by Puccinia triticina [73]. 
Kuckenberg et al. [74] observed alteration in F0 and Fm parameters in asymptomatic 
wheat leaves affected by powdery mildew and rust. Ralstonia solanacearum is a devastat-
ing disease for tomato seedling; in a study using CFI, Fv/Fm values between 0.55 and 0.65 
were detected, and as a result, the infection was predicted 2 days before visual symp-
toms [75]. Likewise, CFI was used for the detection of potato virus X (PVX) in Nicotiana 
benthamiana plants; the study demonstrated that ΦPSII and NPQ parameters in infected 
areas were different significantly starting from the second day after the detection of 
the virus, considering the CFI as reliable pre-symptomatic detection a viral infection 
[76]. Also, the CFI was able to detect biotic and abiotic stress in tomato plants, as was 
reported by Moustaka et al. [77]. In this study, it was able to detect early biotic stress of 
Spodoptera exigua after 15 min of feeding and 30 min after Botrytis cinerea inoculation on 
the onset of water-deficit stress determining as a tool for early stress detection.

On the other hand, Fv/Fm and Y(II) parameters were sensible on coffee leaves 
inoculated with H. vastatrix and fungicide-sprayed ones (Figure 4). Those experi-
mental results showed a significant reduction in Fv/Fm and Y(II) values, and they 
were identified in deep sky blue (Fv/Fm) and yellow-red areas [Y(II)] from 10 days 
after inoculation with H. vastatrix, suggesting that those CF parameters can be used 
to detect rust symptoms before reaching the incubation period. In coffee plants 
sprayed with fungicide, Fv/Fm and Y(II) images did not evidence changes in the color 
patterns and have been similar to control plants (0 days after inoculation), suggesting 
that the CFI method is an efficient technique for determining photosynthetic altera-
tions caused by H. vastatrix as well as effects induced by the fungicide application on 
the pathogen and the plant, in parallel.
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The combination of the CFI with other techniques allows an important way to 
study plant-pathogen interaction. In a study, combining CFI and leaf thermography 
from thermal infrared (TIR) imaging, among sweet potatoes infected by Sweet 
potato feathery mottle virus (SPFMV, genus Potyvirus) and Sweet potato chlorotic 
stunt virus (SPCSV, genus Crinivirus), demonstrated that the Fv/Fm and qP were the 
most sensitive parameters for the quantification of virus effects [78]. In oil palms 
affected with bud rot and lethal wilt, using several CF parameters showed anomalies 
in the photosynthetic system due to reductions in Fv/Fm and ΦPSII values, as well as 
increases in the leaf temperature in response to both diseases [79]. At field condi-
tions, a study carried out by Mahlein et al. [80], using a combination of three types 
of sensors—infrared thermography, CFI, and hyperspectral imaging—symptoms 
caused by Fusarium graminearum and Fusarium culmorum were detected successfully. 
Additionally, the disruption in photosynthetic activity was confirmed through the 
measurement of Fm in spikelets at 5 dai.

The detection of some diseases in the most cases results in a difficult task due to 
the complexity between symptomatology observed. In this respect, the combination 
of CFI and ROS activities detects brown spot and anthracnose in cucumber plants. 
The difference of the activity levels of the ROS-scavenging enzymes and CFI param-
eters discriminated cucumber diseases [81]. Likewise, an important disease in citrus 
such as Citrus Huanglongbing (HLB) had been rapidly detected with high accuracy 

Figure 4. 
The maximum quantum yield of PSII (Fv/Fm) and the effective PSII quantum yield [Y(II)] images in coffee 
plants infected with Hemileia vastatrix (Hv) sprayed with fungicide (Hv + Fg). The color bar represents the scale 
from near zero (dark orange) to near one (dark violet). Image supplied by Carlos Eduardo Aucique-Perez.
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with the combination of reflectance images and multicolor fluorescence images, 
which relate to photosynthesis and secondary metabolites [82]. The study demon-
strated that the combination of the techniques can effectively detect HLB disease 
in different infected statuses and cultivars, making it a promising tool for high-
throughput HLB disease detection in citrus orchards. Currently, the increases in the 
interest on artificial intelligent (IA) in the recent years demonstrated the versatility of 
the CFI for the development of possible tools that discriminate biotic stress. Recently, 
Sapoukhina et al. [83] proposed a new methodology to develop a data set to generate 
images from CFI of plants infected by Pseudomonas syringae pv. in tomatoes for an 
automated lesion annotation applied in deep learning, suggesting that IA technology 
can help to improve the detection levels of diseases and their quantification.

On the other hand, the CF by OJIP-test has been used in several studies to deter-
minate the effects over PSII performance. In this case, Ajigboye et al. [11] using CF 
determines that existing changes related to the maximum efficiency of PSII photo-
chemistry (Fv′/Fm′), as well as flux of dissipated (DIo/RC), trapped (TRo/RC), or 
absorbed (ABS/RC) energy per active reaction centers during the attack of necrotro-
phic pathogens such as Oculimacula spp., F. culmorum, or F. avenaceum. The use of CF 
measurements and confocal laser-scanning microscopy was used for the detection of 
Rosellinia necatrix that produce white root rot (WRR) disease [84]. This study reveals 
early stages of WRR disease affect leaf photochemistry before aboveground symp-
toms appear. Notably, there were significant reductions in photosystem-II trapping 
efficiency (Fv′/Fm′) and the minimal fluorescence yield (Fs/F0).

In another study, the use of OJIP-test showed that DIo/RC parameter is the best 
indicator for the diagnosis of Bursaphelenchus xylophilus that is a pinewood nematode 
(PWN) of Pinus thunbergia [85], suggesting that this method may assist in disease 
detection localized in other plant organs, such as roots. In other interaction, it was 
demonstrated that Fv/F0, F0, Fm, and ABS/RC parameters were useful for identifying 
the physiological changes produced by F. verticillioides infection in maize plants [86]. 
Furthermore, the structural and functional features from OJIP-test was used for the 
development of a discriminant model for rapid HLB detection [87]. In this study, 
healthy, asymptomatic, and symptomatic HLB-infected leaves of two different citrus 
cultivars produced specific changes in the fluorescence patterns. Specifically, HLB-
infected symptomatic leaves showed significant reduction in Fv/F0, ΦEo, ψEo, ΦRo, ΦPo, 
PIABS, PItotal, Fm, RE0/RC and ET0/RC, and a significant increase in TR0/RC, F0, ABS/
RC, and DI0/RC, see Tables 1 and 2 for details. This research can potentially be used 
for high-throughput HLB detection when combined with advanced machine learning 
techniques, offering a promising approach to address the challenges posed by this 
devastating citrus disease. Overall, these studies have shown that the OJIP-test is a 
powerful tool to know with higher detail the functional damages caused by pathogens 
on the photosynthetic machinery.

The CF methodology has been successful in several studies to determine the 
effect of fungicides on PSII activity during disease control, as mentioned above 
(Figure 4). For instance, the use a fungicide such as isopyrazam and epoxiconazole 
increased PSII efficiency, ameliorate biomass and grain yield, and reduce disease 
pressure. Also, the two fungicides increased the efficiency of PSII photochemistry 
(Fv’/Fm′), as well as improved photosynthetic gas exchange and increased rates 
of electron transport [71]. In another study, the application of dimethyl sulfoxide 
(DMSO) in Solanum lycopersicum and Lactuca sativa plants for the control of Botrytis 
cinerea did not change the chlorophyll fluorescence (Fv/Fm and ΦPSII) [88]. However, 
one research determined negative alterations on photosynthetic parameters in 
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coffee plants sprayed with tebuconazole and trifloxystrobin, which caused reduc-
tions in Fv/Fm, ΦPSII, and ETR, suggesting that there are fungicides that limit the 
photosynthetic capacity of plants despite disease management [45]. Therefore, the 
CF methodology contributed to the determination of the physiological effects of 
fungicides on plants.

Additionally, this tool can be used for phenotyping in breeding programs. In this 
context, a study conducted by Suarez et al. [89] using CF determination showed that 
common bean lines induced by biotic stress can be classified as resistant or susceptible 
phenotypes according to the changes in F0, Fm, and consequent alteration in Fv/Fm. 
In barley genotypes infected with Fusarium culmorum, alterations in the energy flux 
associated with the energy dissipation at the PSII (<DI0/RC), limitations in the energy 
absorption by PSII reaction centers (<TR0/RC), and low energy used for electron 
transport (<ET0/RC) were determined factors to demonstrate that this response 
pattern can be used for the selection of barley doubled haploid lines resistance [90].
Those studies indicated the adaptability of CF or CFI techniques associated with plant 
pathology for the identification of biotic stress, phenotyping, diseases management, 
and how those technics can be combined with others.

5. Conclusions

The CF is a versatile technique that offers valuable insights into the efficiency 
and performance of the photosynthetic apparatus. With advancements in methodol-
ogy and instrumentation, the CF has become an indispensable tool in plant science 
research, specifically in the plant pathology field.

The measurement setup, parameters obtained, and data interpretation are cru-
cial aspects of the Chl a fluorescence methodology. Researchers employ specialized 
fluorometers, measure fluorescence parameters such as Fv/Fm, ΦPSII, and NPQ , and 
interpret the obtained data in conjunction with other physiological measurements 
for biotic stress detection. However, other parameters have shown high sensitiv-
ity depending on the pathosystem, so more studies are necessary for confirming 
responses and developing new research approaches to improve our knowledge 
about pathogen infection strategies. Plant physiologists and plant pathologists, 
as well as plant breeders, hope that, in the next few years, new advances in CF 
technology will allow a higher understanding of plant responses under pathogen 
infection, as well as become a powerful tool to support the disease management in 
issues related to fast detection, evaluation of efficiency in control strategies, and 
also improving the selection criteria for resistant phenotypes to disease within plant 
breeding programs.
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Chapter 2

Detection of Phytopathogens 
in Agricultural Crops Using 
Nanodiagnostic Techniques
Enespa and Prem Chandra

Abstract

One of the main things restricting yields of crops is diseases that affect plants. 
Which continue to be the major agricultural threat in the globe and drastically reduce 
yields of crops internationally, creating serious issues for the availability of food. 
Despite the fact that chemical-based medication persists as the main tactic for lowering 
the incidence of agricultural ailments, their frequent usage can make the microorgan-
isms less likely to spread. Consequently, effective screening techniques for the immedi-
ate detection of plant-borne pathogens in the initial phases of infection have becoming 
vital to preserving sustainable farming and adequate nutrition. Quantum dots (QDs), 
nanoparticles, and nanotechnology have become crucial instruments for the rapid 
and highly accurate assessment of a specific biochemical marker. Tools including such 
as biosensors, QDs, nanostructured platforms, nanoimaging, and nanopore DNA 
sequencing have an opportunity to enhance infection detection’s accuracy, precision, 
and efficiency. They can also make rapid analysis easier and be utilized for crop protec-
tion and high-quality monitoring. Additionally, nanodiagnostic tool technology enables 
professionals to assist producers in avoiding the emergence of pandemics by swiftly 
and simply identifying potentially hazardous pathogenic organisms in crops.

Keywords: nanotechnology, nanoparticles, agriculture, nano sensor, disease 
management, quantum dots

1. Introduction

The worldwide transmission of plant pathogens has grown, although the expense 
associated with identification of pathogens and eradication are relatively low (i.e., 
less than 3% of the overall expenses associated with agricultural output). According 
to estimates, 14% of global losses were attributed to pests of insects, 13% to cultivar 
ailments, and 13% to herbicides [1, 2]. It was estimated that this crop loss costs the 
United States $2000 billion year. Due to the creation of persistent stressful diseases 
pathogens limit plant development and output, and precise diagnosis and treatment 
techniques are costly [3]. Several efforts have been made to produce crops more safely 
in various conditions using safeguards or optimal managing practices. However, crop 
protection is essential for ensuring sustained crop output, particularly in challenging 
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situations [4]. In institutions around the world, conventional molecular diagnostic 
procedures are frequently utilized to detect phyto pathogenic microorganisms hav-
ing an elevated level of sensitivity as well as specificity. However, almost all of the 
aforementioned techniques cannot be used in rural areas (on-site detection) or in 
low-income developing countries [5]. In addition, the use of conventional molecular 
techniques in emerging economies is constrained by the expensive nature and brief 
lifespan of particular molecular biology ingredients, such as catalysts and primers [6].

A vast field, the nanotechnology integrates information from sciences such as 
chemistry, physics, along with other academic areas. Nanotechnology, as defined by 
Joseph and Morrison [7], is the technique of arranging tiny atoms, molecules, which 
are or molecular groups into nanostructures to create substances that are capable of 
carrying out one-of-a-kind or very varied activities. The use of nanotechnologies in 
farming has the potential to transform farming research as well as bring about the 
development of innovative instruments for the early and immediate identification of 
plant-borne infections and illnesses [8]. Because they typically range in size from 1 to 
100 nm and can provide enhanced surface-to-volume ratios as well as special chemi-
cal, optical, and electrical properties that are not present in their bulk substitutes, 
nanoparticles are outstanding options for enabling the identification of plant-borne 
pathogens [9]. Cylindrical fragments, cubes, rods, wires, plates, prisms, core-shell 
frameworks, and other structures with three dimensions are just a few of the configu-
rations that nanostructures can take [10].

One of the most well-known detecting techniques used by nonmaterial is their 
capacity to alter their form when exposed to various environmental stimuli, which 
affects physical and chemical characteristics. It therefore has an enormous capacity to 
identify infections more quickly and correctly than other pathogen detection tech-
niques now in use [11]. We focused on the recently created uses of nanotechnology 
instruments for detecting pathogens in plants and diagnosing agricultural illnesses.

2. Types, synthesis, and characterization of nanoparticles used in plants

Microscopic molecules or structures known as nanoparticles usually have a size 
between 1 and 100 nm. Compared to its mass equivalent, they are more effective, 
quick to respond, reliable, and operationally engaged [12]. The term “nanotech-
nology” was first defined scientifically by Norio Taniguchi of Tokyo, Japan. It is 
the research of atomic or molecular scales of matter. Currently, different kinds of 
nanoparticles are known to exist [13]. Several factors, including functionalization, 
surface appearance, chemical nature, physicochemical qualities, scale, genesis and 
origin, magnetic characteristics, crystalline structure, etc. are taken into account 
when classifying nanoparticles [14]. Metals and metallic oxide nanoparticles are 
frequently utilized in crops. Both bottom-up and top-down strategies are two 
essential ideas that are capable of helping create nanoparticles in physical, chemical, 
and natural (green synthesis) ways. The first technique uses physical and chemi-
cal processes to break down macro-scale or bulky substances into extremely small 
particles (1–100 nm). Top-down techniques are used to lower the atom size, including 
mechanical machining, etching, the process of s electro-explosion, and ablation with 
lasers [15]. The synthesis of green nanoparticles employing living things and plants is 
a component of the strategy known as bottom-up. Various processes, including chemi-
cal vapor deposition, laser pyrolysis, and atomic the process of condensation, are used 
in this technique for assembling very small atoms into nanoparticles [16]. The physical 
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properties of nanoparticles can be modified by altering reaction circumstances such 
as chemical concentrations of substances, reaction duration, temperature, and pH. 
Therefore, anyone is able to create their chosen nanomaterials by altering these 
parameters [17].

3. Diagnosis of phytopathogens

A method that has promise for locating infections is the advancement or incorpo-
ration of molecular detection on a microscopic level. Nanomolecular evaluation, often 
known as nanodiagnostics, is the application of nanobiotechnology to the diagnosis 
of plant illnesses [18]. The sequencing of individual DNA molecules especially makes 
use of a number of tiny devices and nanosystems. Testing methods that examine 
DNA sequences and identify diseases are getting quicker, easier to modify, and more 
powerful with the introduction of nano-size devices [19].

It is interesting that this tendency is likely to be supported by novel methods of 
detection that use nano-biosensors to identify pathogens. Phytopathologists used 
visual evaluation to recognize plant ailments in the 1980s and 1990s. The standard 
methods to detect crop infections can take several days, thus researchers require quick 
detection instruments that can yield results in a few hours [20]. Nanotechnologists 
and phytopathologists are continually collaborating to create such detecting tech-
nologies. Researchers in nanotechnology and/or the phytopathology are working to 
create a simple, portable assessment that is reliable and does not require a complicated 
technique so that growers can make use of the transportable laboratory independently 
to identify particular ailments [21].

Previously created nanoparticles with unique nanoscale properties could represent 
a significant advance in identifying the presence of contaminants and pathogens [15]. 
Lab-on-a-chip devices for monitoring micronutrients in water used for irrigation, 
identifying poisoning in waterways, and regulating the nutritional value of food are 
also being developed as a result of nanotechnology [22, 23]. The scientific discipline 
of nano-phytopathology uses nanotechnology in the early phases of disease detection, 
diagnosis, and management in plants. Nano-phytopathology provides data that can 
be utilized to identify and track the traits associated with plant illnesses, identify dan-
gerous toxins, evaluate the sustainability of the environment, and spot relationships 
between pathogenic microbes and their hosts [21, 24]. A more affordable method of 
protecting plants involves recognizing, detecting, and controlling plant diseases when 
they are still in their initial phases. Immediate phyto disease detection with nanotech-
nology-based assays is possible for more cost-effective plant protection control. They 
are quick and extremely sensitive [25]. Additionally, biological barcoding technique 
based on nanotechnology provides extremely high specificity for DNA and protein 
identification. It is possible to create packages for the quick and on-site identification 
of plant ailments using barcode-based technologies [26]. As a whole, there are many 
potential uses for nanotechnology with regard to plant monitoring (Figure 1).

One of two methods can be used to apply nanoparticles for crop safeguarding: 
either the microscopic particles themselves protect agricultural products, or they 
operate as carriers for active ingredients like double-stranded RNA (dsRNA), which 
can be applied by spraying or wet into the seeds, foliar connective tissue, or roots [27].

Particles as carriers can have a number of benefits, such as (i) an extended shelf 
life, (ii) improved pesticide aqueous fluctuation, (iii) decreased toxic effects, and 
(iv) more site-specific incorporation into the pest being targeted [28]. Improved 
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functionality and longevity of small-molecule pesticide under environmental stress 
(UV and rain) could be another advantage of nanocarriers [29].

This would lead to significantly less usage, minimal negative outcomes, and 
lower costs (Figure 2). This schematic diagram shows different nanomaterials as 
either protectants or carriers for actives such as insecticides, fungicides, herbicides, 
or RNA-interference molecules, targeting a wide range of pests and pathogens. It 
also highlights the potential benefits of nanomaterial applications, such as improved 
shelf-life, target site-specific uptake, and increased solubility, while decreasing soil 
leaching and toxicity [27].

4. Diagnostic techniques of phytopathogens

Plant disease detection and identification can be done directly or indirectly. The 
examination of plant pathogens, such as bacteria, oomycetes, fungi, and viruses, as 
well as bio molecular markers, such as nucleic acids, proteins, and carbohydrates, 
isolated from diseased plant tissues, is the norm for direct techniques [30]. Through 
changes in physiological or histological markers including variations in leaf surface 

Figure 1. 
Potential nanotechnology applications in plant pathology: (A) plant disease control and (B) detection of plant 
pathogens.
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temperature or humidity, spectroscopic properties of plant tissues, shape, growth 
rate, and emissions of volatile organic compounds (VOCs), indirect diagnostics can 
identify plant illnesses [31]. Numerous spectroscopic, electrochemical, or molecular 
technologies may be used as direct or indirect detection techniques [32].

4.1 Nanobiosensors: a tool for plant pathogens diagnosis

Nano biosensors are nanosensors with bioreceptor devices immobilized that are 
unique for the molecules that are in the material being studied and have the beneficial 
properties of being portable, small, and adaptable to real-time screening, accurate, 
computational, reliable, stable, repeatable, and resiliency for identifying expected 
and complicated plant health issues [33]. Toxins, viruses, bacteria, fungi, and other 
bio dangerous substances are some examples of the pollutants that have already been 
identified and measured using this equipment in the food and agricultural industries. 
As a result, these nanosensors might have a big impact on precision agricultural meth-
ods [34]. Early on-site diagnosis of cultivar diseases using portable nano biosensors 
can also result from the study of disease epidemiology and the creation of ailment-
prevention techniques. For real-time ailments, quality of soil, and crop wellness 
tracking, these sensors can be positioned throughout the agricultural area and linked 
to a Global Positioning System [35, 36].

By integrating biotechnological and nanotechnological strategies, biosensors could 
be created that have greater sensibility, allowing an earlier reaction to changes in the 
environment and the incidence of diseases [37]. Plant illnesses will be straightforward 
to manage since we will be able to identify them before any visible symptoms show 
up. Biosensors will promote precision farming, which will increase productivity and 
output in agriculture by giving precise data and supporting farmers to make superior 
choices [38].

Figure 2. 
Nonmaterial as protectants or carriers to provide crop protection.



Challenges in Plant Disease Detection and Recent Advancements

30

Due to their large particular area of surface, size-dependent electrical char-
acteristics, and ability to facilitate machine restructuring, nanostructures have 
been exploited as creative sensing platforms as a consequence of breakthroughs 
in nanotechnology and biotechnology [39]. In order to identify microorganisms 
and mycotoxins, a nano sensing platform was created employing nanomaterials 
like carbon nanomaterials (nanotubes and graphene), nanofibers, nanotubes, and 
nanostructured metal oxide nanoparticles [40]. This process speeds up the recogni-
tion of microorganisms. Nanostructures based on microfluidic platforms are also 
effective at promptly and accurately detecting diseases. Food rot triggered by bacte-
rial and fungal pathogens can be detected using a variety of nanostructured devices 
[41]. Inbaraj and Chen [42], created a structure that contained tens of thousands 
of nanomaterials that changed color when they got into proximity to food-borne 
pathogens.

In order to immobilize r-IgG and BSA for the identification of OTA (Aspergillus 
ochraceus), [43] found that an immunoelectrode made of nanoSiO2 and chitosan 
worked best. In order to detect very small quantities of AFM1 (up to 0.01 ppb) pro-
duced by A. flavus in food, [44] used magnetic nanoparticles to build an electrochem-
ical immunosensor [45], created a prototype that measures zearalenone produced by 
Fusarium sp. quickly, cautiously, and precisely by employing a microfluidic chip and 
an electro kinetic magnetic bead-based electrochemical immunoassay. Furthermore, 
an ultrasensitive immunosensor developed for the precise and speedy determination 
of zearalenone in samples of maize silage using continuous-flow technology and 
multiwall carbon nanotubes.

4.1.1 Colorimetric biosensors

Colorimetric biological sensors are intriguing optical biosensors since they can 
quickly and accurately identify visually by a color shift the presence of hazardous 
bacteria in the sample without requiring the application of any extra instruments or 
chemicals [46]. Similar to how the lateral flow test works, the solution-based colo-
rimetric sensor also measures flow. When target pathogens interact with a colloidal 
gold nanoparticle-mounted receptor, the color of the nanoparticles changes from 
red to purple as a result of agglomeration. Horizontal flow immunoassays based on 
colloidal gold-plated nanoparticles have been developed for a number of agricul-
tural diseases, including Potato Virus X in potatoes, Fusarium species in maize, and 
Pantoea stewartii bacteria in maize [41]. Although it is a serious drawback, all lateral 
flow assays-based biosensors lacked a high level of sensitivity. Artificial biology and 
bio sensing technologies are now being used to quickly, accurately, and successfully 
diagnose plant diseases. However, before they are extensively utilized and applied in 
plan disease diagnostics, there are a few more aspects and potential obstacles to take 
into account, such as previous understanding of agricultural systems, a sufficient 
in-field sampling approach, and a suitable biological concentration of targeted 
pathogenic [47].

While data-based biological sensors have certainly grown in importance, there 
are now fewer opportunities for research. An adequate campaign is expected to 
motivate scientists to refocus their attention on botanical pathogen evaluation and 
other abnormalities facets employing nanobiosensors due to the importance of 
plant infectious agent evaluation, the current state of nanobiosensors, and addition-
ally the drawbacks of presently accessible assessment approaches and progressed 
 nanomaterials [34].
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4.1.2 Array-based nanosensors

Modern multi-chromophores array-based sensing gatherings, which are analogous 
to the human sense of smell and have the ability of multiplexed and distinguishing 
between different investigations [48]. A common variation of the array-based sensor 
is the “electronic nose” (e-nose), which replaces the chemical sensors in the array with 
electronic transducers. Because of its capacity to assess chemical fingerprints and 
cross-reactivity, the array-based technique is useful in discriminating analysis com-
binations that are similar to one another. It is possible to obtain remarkably precise 
and prognostic results from supervised or unattended chemometric analysis of the 
heterogeneous data output of sensing arrays [49]. Unlike e-nose signals, array-based 
chemical sensors can produce visual readout (such as colorimetric or fluorescent), 
which is easier to perceive and analyze. Chemical sensor networks are also less expen-
sive, simpler to build, and more immune to outside influences like shifts in tempera-
ture and humidity than the bulk of e-nose devices [46]. They also typically have much 
better chemical specificity because they have their foundation on a particular chemi-
cal reaction. Numerous analyteresponsive dyes, such as Lewis acid-based colorants, 
Bronsted acidic or basic colorants, solvatochromic or vapochromic dyes, and redox 
indicator colorants, could be embedded in hydrophilic nano porous materials, like 
altered silica sol-gels, to create chemical detector panels with ease [50].

4.2 Nano barcode assay

Advances in nanotechnology have contributed to the development of a novel tech-
nique termed “bio-barcoding” for the identification of enzyme-free ultra-sensitive 
proteins and DNAs. Protein barcode assays would be more complex, delicate, and 
thorough than conventional ELISA-based assays that rely on target and sample densi-
ties [51]. The nanoparticle-based bio barcode test is sensitive to identifying pathogens 
and aids in the early detection of plant ailments when compared with different com-
monly used methods like ELISA, qPCR, etc. Two devices are used in the bio barcode 
approach [52].

Nanotechnology advancements have led to changes in bio barcode technology. 
It is an excellent technique for identifying protein complexes and nucleic acids 
without requiring the use of enzymes or PCR. Modifications have been implemented 
in a number of categories to expand the usefulness of bio barcodes across multiple 
domains [53]. DNA barcoding has been suggested as a method for identifying fun-
gus. Standardization, scalability, reproducibility of protein-coding area copies, and 
accessibility should all be features of a DNA barcode. Gold nanoparticles and the 
fluorescence bio-barcoding technology are used to identify P. aeroginosa. In order to 
determine a specific DNA at the other side of the probe 1 bio barcode DNA, which 
acts as a signal identifier, a second probe has been established [25].

As a consequence of this, the two probes formed covalent connections with their 
appropriate sequences and became triggered. Fluorescence spectroscopy is used to 
show that this test has a broad linear range of measurement (5–200 ng/mL) and is 
quick, simple, sensitive, and reliable [54]. When molecular targets use a specific gene 
as a linker, the oligo-AuNP sensors hybridized with magnetic micro particle (MMP) 
probes having oligonucleotide functionality. Following magnetic separation of these 
complicated systems, the oligonucleotides were subsequently freed from the Oligo-
AuNP tags. These emitting bio barcodes are quantitatively analyzed by the sciento-
metric test [55]. Under optimal conditions, the test is particularly interesting since it 
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can swiftly detect nucleotides at higher zeptomolar levels and protein complexes at 
lower up to mole amounts. Similar methods can be established for the fast and on-site 
detection of agricultural illnesses like viruses, in order to reduce losses in crops [24].

4.3 Quantum dots (QDs)

Quantum dots (QDs), a luminescent semiconductor nanocrystal, produce photons 
at a certain spectrum depending on their dimension. With magnitude, an infrared 
light’s intensity lengthens [56]. They come with a number of benefits over organic 
dyes because of their broad stimulation spectra. Quantum dots are resistant to light 
bleached due to their 10–100 times higher molar attenuation value, distinguishable 
tunable fluorescence peak, and extended fluorescence lifetime [57]. The aforemen-
tioned features of quantum dots make them brighter than conventional fluorophores 
since they may be activated in a variety of colors from just one source without their 
emission impulses conflicting [58]. Due to these benefits, QDFRET-based nanosen-
sors have become widely used in the farming and accompanying applications. The 
measurement of enzyme and nucleic acid activation is the most widespread applica-
tion for these types of sensors [57]. It was shown that single-cell yeast was able to 
forming crystallites of cadmium sulfide (CdS) when subjected to cadmium salt expo-
sure, which led to the finding of semiconductor nanomaterials mycosynthesis [59].

Numerous microbes, including fungi, have the potential of biosynthesizing 
nanoparticles; the internal production of metal nanoparticles may result from the 
decreased levels of ionized metals by proteins found in the cell membranes. For 
example, when reacting with a mixture of CdCl2 and SeCl4 at ambient temperature, 
Fusarium oxysporum was capable of to generate extremely luminous CdTe quantum 
dots [60]. Knudsen et al. [61] showed that QD-based nanosensors may demonstrate a 
variety of enzyme activity. In recent years, CdTe quantum dots coated with particular 
antibodies that target the glutathione S transferase (GST) protein found in Polymyxa 
beta have been employed as biosensors that work [62].

Quantum dots have been placed close enough to one another to make room for 
the resonant dipole–dipole relationship necessary for fluorescence resonance energy 
transfer (FRET) due to their shared attraction for antigen and antibody, rhodamine 
and CdTe [63]. The created immunosensor showed sufficient sensitivity and specific-
ity and was successfully used for rapid screening for plant tests, producing results 
in less as 30 minutes. In an associated discovery, demonstrated a 100% accuracy for 
determining the presence of lime plants infested with phytoplasma (P. aurantifolia) 
using a nano biosensor utilizing quantum dots (QDs) [64]. In recent years, a DNA 
biosensor comprising an artificial quantum dot (QD) and an optical fluorescence 
resonance energy transfer (FRET) base was created to detect a specific DNA sequence 
of Ganoderma boninense. A single-stranded DNA probe (ssDNA) has been linked to an 
enhanced quantum dot (5–8 nm) with carboxylic acid groups through an amide cou-
pling [65]. It has been shown that a QD-FRET-based sensor can recognize Polymyxa 
betae, the sole known vector of the beet necrotic yellow vein virus (BNYVV), which 
infects beetroot crops. Cadmium selenide (CdSe) quantum dots (QDs) were used 
[66], as signal amplifiers for more accurate and reliable diagnosis of the banana 
bunchy top virus. The recombinant coat protein of BBTV was employed to create 
the primary antibody in the present investigation. This assay’s impulses of electricity 
might be enhanced substantially by CdSe QDs, which makes it suitable to use in a lab 
[67]. Very little investigation has been performed on applying QD-based biosensors 
for the detection of crop infections, despite the fact that they have just emerged as 
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an additional kind of sensor and are projected to offer fresh possibilities for accurate 
identification of pathogenic organisms in plants [68]. It is possible to forecast that 
quantum dots will play a role in an upcoming breakthrough in the area of agriculture 
detection of pathogens if the distinctive photo physical properties of quantum dots 
are put into consideration as an interface element [69].

4.4 Diagnosis of phytopathogens using NPs

Plant illnesses are typically acknowledged directly by human assessors, and then 
diagnosed through microscopic examination. The pathogen morphology including 
spore shape, color, and pattern, mycelium, and flowering bodies—is a component of 
microbial diagnostics. For later treatment and research, pathogens can be separated 
and grown on specific culture media [70]. These procedures that are regularly carried 
out in academic institutions and enterprises take time, money, skilled labor, and 
laboratory space. Their extensive application in identifying illnesses has been con-
strained by these constraints, particularly in underdeveloped nations. Additionally, 
genetic, serological, and microbiological investigations are used to find seedling ill-
nesses [71]. For the purpose of tracking plant diseases, a number of direct techniques 
can be used, including PCR-based nucleic acid identification, fluorescence in situ 
hybridization, enzyme-linked immunosorbent assay (ELISA), immunofluorescence, 
flow cytometry, and methods that are indirect like thermography, fluorescence 
imaging, Hyperspectral approaches, and gas chromatography [25]. Examples of this 
include diagnosing plant pathogens and investigating fungicide resistance in wheat 
are both done using molecular techniques. These studies’ initial results have aided 
in the creation of more effective fungicides and resistant hybrids. Additionally, the 
study of phytopathogen species and how they communicate with plants has been 
done using molecular approaches [72]. Lateral rotation Erwinia amylovora (fire 
blight), Phytophthora infestans (late blight), Ralstonia solanacearum (brown rot), 
Pepino mosaic virus, Tomato mosaic virus, Potato virus Y, and Potato virus X were all 
identified using ELISA [73]. Techniques that are automated, inexpensive, portable, 
exact, dependable, and capable of detecting are needed for the advancement of 
phytopathological disease diagnosis in the years to come. The majority of phytopatho-
logical research must be devoted to creating biosensors for the diagnosis of vegetative 
diseases [74].

The created detectors are capable of detecting variations in tissue of plants color, 
leaf shape, transpiration rate, canopy morphology, plant density, and fluctuation 
in wavelength of reflected light from the leaves. They can monitor the reflectance, 
temperature, and fluorescence of a canopy [75]. There are now being developed new 
NP-based sensors that could quickly, cheaply, and effectively identify pathogenic 
organisms in plants. They are giving producers the tools they need to spot infections, 
volatile substances, chemical residues in crops, and changes in the environment [76]. 
The most often employed NPs in farming are metal, carbon, and metal oxide NPs. 
The widespread use of nanosensing tools coupled with fresh, cutting-edge approaches 
will undoubtedly revolutionize farming. The following describes a few different kinds 
of nanosensors [77].

4.5 Diagnosis through magnetic NPs

Due to their size being similar to the proportions of the magnetically domain, 
magnetic NPs have unique features. They exhibit both single-domain ferromagnetism 
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and superparamagnetism as dual behaviors. Although it is not a brand-new idea, 
pathology of plants has not entirely investigated the use of magnetic nanoparticles 
(NPs) in biological research [78].

It has been possible to see the route, accumulation, and transportation of mag-
netic nanoparticles inside plant cells by using carbon-coated magnetic NPs. Using 
magnetic nanotags on a spin valve sensor surface immobilized with trap antibodies, 
a unique NP immunoassay was created to detect the quantity of mycotoxins, which 
in vegetation in instantaneously [79]. Super paramagnetic NPs were used to create a 
dependable and quick ELISA approach that decreased the time needed for coating, 
enzyme preventing, and competitiveness. Magnetic NPs that have been packed with 
vegetation-protection compounds can be used in a novel way to fill the within-cell 
gaps of plant cells [80]. Such particles can be directed to disease-specific locations in 
crops with the aid of strong magnets. They can be utilized to create developed, target-
specific compounds for discharge and to create a method to monitor the motion of 
internalized magnetic NPs. For instance, carbon-coated magnetic NPs have been 
created to enable visualization of the transportation channel and NP deposit within 
the plant [81].

4.6 Diagnosis through polymeric NPs

The phrase “polymer nanoparticle” especially encompasses tiny spheres and 
nanocapsules made from either synthetic or natural polymers, including as albumin, 
alginates, chitosan, DNA, gelatin, gliadin, and poly (L-lactides). Synthetic poly-
mers include polyacrylamide, polyacrylate, polyanhydrides, and polycaprolactone 
[82]. While conductive substances like polyacetylene, polyaniline, or polypyrrole 
transform biological messages into electrical signals, polymeric nanomaterials are 
especially utilized for creating biosensors. Conjugated polymer nanoparticles have 
been shown to be effective as a transferring carrier for the transport of short interfer-
ing RNA (siRNA) in plant protoplasts. Other transfected techniques on the market 
result in a 40% loss of viable protoplast [83, 84]. However, during the first 24 hours 
after their delivery, CPN-assisted delivery only results in a 5–25% loss of protoplasts. 
Due to its biological compatibility, high surface area, and significant porosity, find-
ings support the use of chitosan nanofibrous membranes in the immobilization of 
enzymes [85].

The technique center around chitosan is now able to be utilized to create biosen-
sors. By using a carbon electrode transformed with a tyrosinase-Fe3O4 magnetic 
nanoparticles-chitosan nanobiocomposite film, phenolic chemicals were detected 
using a tyrosinase biosensor [86] Glutathione has a widely recognized function as 
a signaling molecule in plant’s defense mechanism. By permanently immobilizing 
glutathione oxidase on the surface of gold-coated magnetic nanoparticles-modified Pt 
electrodes, amperometric nanobiosensors have been produced to determine glutathi-
one content. The ability to identify the presence of glutathione was highly sensitive 
when glutathione oxidase, chitosan, and gold-coated magnetic nanoparticles were 
integrated [87].

4.7 Diagnosis through carbon NPs

Among the more prevalent substances on Earth, carbon serves as the build-
ing block for the majority of biological processes. Compared to other elements, 
carbon has several unique benefits. As a consequence, of all of the synthesized 
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nanomaterials, carbon NPs are the most commonly employed NPs [9]. Carbon 
allotropes known as CNTs are cylindrical and promote the development of plants by 
improving water intake. CNTs are employed as parts in biosensors because of their 
distinct electrochemical characteristics. Their characteristics comprise having the 
capacity to combine using any kind of chemical organisms, a higher length to dimen-
sion ratio, and fast electron transfer kinetics [88, 89]. Since most phytopathological 
disorders can be connected to alterations in the absorption and utilization of fragrant 
chemicals, CNTs are being used to detect metabolites from plants and diagnose plant 
diseases. Phenolic chemicals, which are volatile compounds, are crucial in controlling 
diseases of plants [90].

Because phenols are easily oxidized, they can be identified with amperometric and 
potentiometric instruments. However, electrode corrosion in electrochemical sen-
sors is a significant downside brought on by phenol being exposed, which produces 
dimeric or polymeric oxidation products [91]. By collecting biomolecules like nucleic 
acids, electrodes built of CNT minimize the effect of the electrode’s outer contamina-
tion. In order to detect phenolic compounds, CNTs are either utilized alone or in 
conjunction with enzyme. The main hormone controlling the development of plants, 
indole-3-acetic acid (IAA), is linked to numerous processes related to development. 
The coating of DHP (dihydropyran)-stabilized MWCNT scattering onto a carbon 
electrode has been used to create sensors for IAA identification. CNTs have been 
used to construct a variety of electrolytic nanosensors, including DNA hybridization 
biological sensors and amperometric enzymatic electrodes [92].

5. Metal or metalloid nanoparticles

Inorganic material nanostructures including Ag, Au, Si, and other metal oxide 
nanoparticles belong to a class of nanosensors that are able to identify and measure 
molecular targets of interest using signal transducers and identification ligands like 
antibodies or DNA oligos [93]. These tiny particles can be used as special sensing 
instruments to examine relationships in vitro or in living systems of plants between 
the nanoparticles and bioanalytes that are specifically relevant for agricultural 
diseases. Changes in the surface-enhanced optical properties, which result from the 
localized surfaces plasmon resonance (LSPR) of tiny particles, are frequently used 
to record distinctive sensor responses [94]. To create accurate and target-specific 
nanobiosensors, a wide range of oligonucleotide- or protein-based formed them-
selves nanomaterials have been investigated [95]. For instance, substrate enhanced 
Raman spectroscopy (SERS) has been frequently employed to identify different plant 
illnesses or generated poisons utilizing Ag nanorods as sensor substrates. Matrix-
assisted laser desorption/ionization mass spectrometry (MALDI MS) was enhanced 
significantly to identify plant-associated bacteria in soil and carrots by the incorpora-
tion of Pt nanosensors personalized with IgG antibodies [96]. It has been established 
that fluorescent silica nanoparticles coupled with a secondary antibody and doped 
with a Ru (II) complex may effectively identify plant-borne pathogens like X. camp-
estris that cause bacterial spot sickness in nightshades plants. Although the procedure 
was extremely delicate, the concerns about the environment raised by the usage of 
potentially hazardous heavy metal complexes were not taken into consideration [97].

The genomic DNA of R. solanacearum, a transmitted by soil organism that could 
trigger potato wilt due to bacteria, was detected using au nanoparticles modified 
with a particular single-stranded DNA at concentrations as low as 15 ng. However, 
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additional quantitative calibration information at the lower observable spectrum was 
not accessible, despite the test exhibiting an adequate degree of sensitivity toward the 
target DNA [98]. Additionally, pesticides, fertilizers, and numerous additional crop-
related characteristics are detected and controlled by nanosensors or nanobiosensors, 
which provides current data for precise choice-making and agricultural manage-
ment. For sensor use in agricultural precision farming, extra field validation tests are 
nonetheless required [99].

A list of representative nanosensors or biosensors used for plant disease diagnosis, 
their detection mechanisms, and associated performance is summarized in Table 1.

6. Post-harvest plant products and food

Films produced using cardamom or oregano oil, nanoparticles of zinc or calcium, 
or additional substances that destroy germs are currently being tested as antibacterial 
packaging for consumable foods [109]. Another effort to ensure the integrity of food 
is environmentally friendly packaging, which uses nanofibers produced from organic 
maize or lobster shells (both of which are antibacterial and compostable). Packing 
materials with endurance, protective qualities, and resilience to both heat as well as 
cold are necessary for enhanced food packing [110]. These are achieved with the use 
of nanocomposite substances.

The ‘Durethan’ nanocomposite coating, created by Bayer Polymers, is loaded with 
silicate nanoparticles to inhibit the entry into oxygen and other pollutants while main-
taining humidity and avoiding food spoilage [111]. In future generations, contaminating 
will be prevented by adding silver, magnesium oxide, or zinc oxide nanoparticles (which 
can destroy hazardous microbes) to foodstuff or beverage packaging. Prospects for 
the future call for the ability to incorporate nano-sensors to food packaging to impart 
antimicrobial properties [112]. These tiny sensors may be utilized to identify pollutants, 
infections, and poisons in nourishment, according to McHugh. Upcoming packaging for 
food may contain RFID tags for radio frequency identification (RFID). These allow the 
identification of hundreds of tags in a second and do not require the line of sight process-
ing like bar codes do. The properties of food packaging are currently being enhanced by 
the incorporation of nanowheels, nanofibers, and nanotubes [113].

7. Conclusions

Since only a few years ago, the number of people has been growing at a pace that 
is unprecedented, leading to the growth of industry, the reduction of land used 
for agriculture, and an increasing urbanization of territory. Immediate and highly 
sensitive disease probing made possible by nanotechnology technologies provide 
substantial advancements in the field of agricultural detection of pathogenic organ-
isms. The present-day plant technology for diagnosis continues to face certain 
substantial obstacles, though. Whenever any tiny sensors are utilized in their natural 
environment, safety risks have to be addressed since some micron-sized particles like 
QDs may be hazardous. Health and safety evaluation and monitoring must be more 
stringent. The starting forecast of longer-lasting and more resilient sensors that can 
tolerate an extensive variety of ambient fluctuations is necessary for nano-based 
instruments. This calls for more thorough research on the novel sensor ingredients, 
such as nonmaterial and substances resilient to the surroundings.
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Model-Based Experimental Design
to Optimize Moroccan Sweet
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Phytophthora capsici Management
Using Experimental Factorial
Design
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Abstract

This research addresses the challenge of managing Phytophthora capsici in nurser-
ies, emphasizing an integrated approach for optimal pepper health employing model-
based experimental design. The study employs a factorial design and randomized
block experiment to manipulate factors such as pathogen inoculum, Trichoderma
treatment, and indoor environmental conditions. The factorial design provides
insights into the intricate interactions that influence Phytophthora capsici dynamics. By
identifying pathogen inoculum thresholds varying the amount [0; 500,000; 1000,000
(CFU/ml)], optimizing Trichoderma concentrations giving the range of [0; 1000;
10,000,000 (CFU/ml)], and assessing the impact of environmental conditions, we
can enhance our understanding of biocontrol efficacy. The results offer valuable
insights for the development of effective and tailored disease management strategies.
The study’s implications extend to efficient resource utilization identifying optimal
environmental conditions; T° > 20°C, RH% < 80%, and biocontrol treatment optimal
concentration of 10,000,000 CFU/ml for the development of targeted disease
management strategies. This research highlights the importance of experimental
factorial design in understanding the complexity of Phytophthora communities
applying a more flexible structured approach; blocking factors in 3x2 and 2x2x2x2,
to improve the accuracy of treatment effect estimation, the results have significant
implications for future research in Phytophthora root rot diseases control and
monitoring.

Keywords: phytophthora dynamics, disease management in the nursery,
model-based factorial experiment design, empirical, biocontrol
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1. Introduction

1.1 Pepper production, and disease management impact

Moroccan sweet peppers, along with other solanaceous vegetable crops, hold a
pivotal position as primary target products in horticulture due to their significant
dominance in volume to meet global market demands [1]. However, high-yield pro-
duction potential is challenged by unsustainable management practices and diseases
including root rot disease caused by Phytophthora capsici, which threatens overall
productivity. Phytophthora capsici is a significant threat to a variety of horticultural
plants, including the Moroccan sweet pepper cultivation. The impact of Phytophthora
capsici on pepper is influenced by various factors such as inoculum prevalence during
and after infection, and environmental conditions. This monocyclic disease is initiated
by triggering oospore germination under optimal conditions, such as heavy rains and
high soil moisture. The zoospore cycle is critical for infection at different stages of
pepper growth, causing seed rotting and damping-off during pre-emergence and
contributing to symptoms such as root rot and plant death at later stages [2, 3].

Successful adaptation of root rot disease control in off-season-pepper-nurseries
cultivation is particularly focused on environmental conditions control that is moni-
toring high humidity, and temperature and optimizing soil drainage. Implementing
transplanting technology management and monitoring environmental systems in
nurseries improves the health of pepper seedlings. Emphasizing the importance of
such practices is crucial, not least in addressing the demands of the competitive
pepper market. In the integrated management of root rot disease, implementing
preventive measures can be more effective creating an inhospitable environment for
the inoculum source of Phytophthora. One valuable strategy to enhance disease man-
agement is the incorporation of beneficial biological control agents (BCAs) in seedling
and during transplantation. In nursery settings, it is equally important to take a
preventive approach by monitoring and regulating environmental factors [4, 5].

1.2 Importance of model-based experimental design in Phytophthora
management in nurseries

To prevent disease development, the identification of potential stressors in the
nursery is paramount. To systematically study the effects of multiple factors, a well-
structured design of experimental units is essential. Within this experimental design,
specific combinations are assigned to screen for Phytophthora capsici and to select
Trichoderma isolates with potential biocontrol effect [6, 7].

In the context of biocontrol agents, it is important to consider real-world applica-
bility and empirical approaches and field experiments are crucial in this regard
[4, 8]. Still, the integration of model-based with pre-defined criteria into the experi-
mental approach, including the combination of multiple factors as well as their
interactions, provides a powerful strategy for understanding and selecting effective
biocontrol agents. This integration of correlated structures for Trichoderma treatment
and other environmental factors enables accurate estimation of plot-to-plot
variability [8–10].

Phytophthora capsici poses formidable challenges due to its complex biology and
diverse life cycle. The importance of experimental factorial design in disease control
strategies is crucial. Here’s an exploration of why this approach is critical [6, 9–13].
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i. Experimental factorial design allows for the systematic manipulation of
multiple factors simultaneously, providing a nuanced view of biocontrol
dynamics.

ii. Factorial experiments facilitate the quantification of pathogen inoculum
thresholds, which is critical for identifying critical thresholds associated with
reduced Phytophthora incidence.

iii. It enables researchers to optimize biocontrol measures by assessing the
effectiveness of different Trichoderma concentrations.

iv. This allows researchers to study how environmental conditions like
temperature and humidity affect the efficacy of biocontrol agents to support
the integration of new monitoring tools into biocontrol trials and contribute
to the evaluation of their efficacy.

v. It allows researchers to test multiple variables simultaneously, optimizing the
use of resources.

vi. It also contributes to the development of customized disease management
strategies that are adapted to specific conditions.

In summary, factorial design is a key tool for reducing the incidence of
Phytophthora capsici. Its ability to dissect complex interactions, account for variability
and optimize biocontrol measures positions it as a cornerstone in the development of
effective and tailored strategies for managing this challenging pathogen. Indeed, the
application of factorial design in horticulture recognizes practical constraints and
optimizes resource use in root rot disease management.

To investigate the effectiveness of different Phytophthoramanagement strategies, a
randomized block design was implemented in a controlled nursery environment. Also,
we investigate the complex dynamics of Phytophthora inoculum in nurseries using a
factorial design. The study aims to elucidate interactions between multiple factors,
including pathogen inoculum levels,Trichoderma concentrations, and environmental
conditions, to optimize root rot disease management [8–10, 14].

2. Material and method

2.1 Obtaining culture of Phytophthora

A culture of Phytophthora capsiciwas obtained by isolating Phytophthora mycelium
from pepper roots exhibiting blight disease at the IAV CHA greenhouse in Ait-
melloul, Morocco. To achieve this, pepper roots displaying clear symptoms of rot were
identified and collected. Surface baiting was performed on the selected roots using
two different agar media: corn meal agar (CMA) and a modified CMA selective
medium (CMAm), following the method proposed by Tsao and Ocana in 1969. The
roots were disinfected by immersing root fragments, ranging from 5 to 10 mm, in a
10% solution of sodium hypochlorite. After disinfection, the fragments were rinsed
for 1 minute in distilled deionized water to remove any residual disinfectant. Finally,
the disinfected root fragments were dried on sterile filter paper to remove excess
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moisture. The dried root fragments were placed on the surface of corn meal agar
medium (CMA) and incubated in the dark at a constant temperature of 21°C for 5 to
7 days [15].

2.2 Preparation of Phytophthora capsici zoospores inoculum

To prepare the inoculum of Phytophthora capsici, consisting of sporangia and zoo-
spores, the method outlined by Chen and Zentmyer [16] was meticulously followed.
The mycelium culture was grown in a V8 agar medium and then carefully cut into 5 to
7 cm pieces under aseptic conditions to serve as the source for inoculum preparation.

To ensure cleanliness, all cut pieces underwent two aseptic washes using sterilized
deionized water. The washed mycelium pieces were then placed in sterile glass petri
dishes and flooded with 10 ml of sterilized deionized water. The washed mycelium
pieces were then placed in sterile glass petri dishes and flooded with 10 ml of sterilized
deionized water. Non-sterile soil was added to the water in the petri dishes. The petri
dishes were prepared and then incubated at 22°C for 3 days [16].

2.3 Assessment of zoospores release

To evaluate sporangia production after 3 days of incubation, sporangia were
observed microscopically. Zoospore release was induced by subjecting the glass petri
dishes containing mycelium pieces to a thermal shock. The dishes were placed at 4°C
for 30 to 60 minutes, followed by a return to the incubator at 22°C for 15 to
20 minutes. The method of thermal shock, described by Chen and Zentmyer (1970),
Dhingra and Sinclair (1985), Guo and KO (1993), and Nielsen et al. (2006), facilitated
the release of zoospores [16–19].

2.4 Obtaining Trichoderma subculture

The standard procedure for soil sampling was followed to collect soil samples near
Argania roots in the Argania forest, Agadir province, Morocco [20]. The dilutions
(ranging from 10�2 to 10�5) were spread on a potato dextrose agar (PDA) medium
supplemented with ascorbic acid and incubated at room temperature for 1 to 2 weeks.
The collected samples were then suspended and diluted. Colonies resembling
Trichoderma spp. were isolated from the plated dilutions and transferred to fresh PDA
plates. For subculture preparation, 10 μl of sterile saline spore solution was added to
each colony. Each spore suspension was then inoculated onto the surface of a fresh 3%
malt extract agar (MEA) plate. The subculture rounds were incubated for 2 to 4 days
at 28°C. The purified subcultures were grown and maintained on MEA or PDA
medium. They were identified at the genus level based on their morphological and
cultural characteristics, as described in previous work [21].

2.5 Pepper root-dipping inoculation

For each cultivar, the roots were dipped in a spore suspension of Trichoderma
species. This study aims to examine the preparation of Phytophthora inoculum, inocu-
lation procedures, and disease assessment, with and without Trichoderma spp. treat-
ments. Both Trichoderma and Phytophthora were in suspension and diluted to a fixed
concentration in sterile deionized water before inoculation. The root-dipping method
was selected as the inoculation technique for this research to facilitate the rapid and
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direct percolation of Trichoderma spore suspensions into the root tissue of host plants.
During transplanting, pepper seedling roots were immersed in fungal suspensions.
Initially, the roots were dipped in a suspension containing 108 conidia/ml of various
Trichoderma spp. for 15 to 20 minutes. The roots were immersed in a suspension
containing 5.105 conidia/ml of Phytophthora zoospores for 3 to 5 minutes. This process
was repeated as described in Ref. [22].

2.6 Disease incidence evaluation

Disease incidence was evaluated by quantifying the percentage of plant units
displaying typical symptoms associated with each corresponding pathogen. The dis-
ease incidence percentage (DI%) was calculated by dividing the number of plant units
with typical symptoms by the total number of plant units and multiplying by 100 (see
Eq. (1)).

DI% ¼ Number of infected plant units
number of plants

∗ 100 (1)

DI% was evaluated in both above-ground and root units. Symptoms such as
yellowing and necrosis in leaves, wilt and/or stunt in shoots, and rots and discolor-
ation in stems were identified and measured. Furthermore, symptoms and signs
retrieved from roots, crowns, stems, and leaves were documented for each pathogen.
The study examined signs of pathogen components, such as mycelium and propa-
gules, under microscopic observation [23, 24].

2.7 Randomized complete block

2.7.1 Experimental design

Pepper cultivars were grown for 4 weeks in 77 peat trays. Upon transplantation
into 3 L pots, seedlings were successively inoculated with the pathogen and the
biocontrol. The pots were filled with sterile substrate at a 3:1 w/w peat-to-sand ratio
and fertilized using a composition of NPK and oligo-elements (20-20-20 hydrosoluble
NPK plus magnesium, iron, and manganese) at a concentration of 250 mg/l.

The experimental design consisted of four randomized complete blocks, each with
four replicates in every experimental unit [25]. Each experimental unit was composed
of four pots (Figure 1).

2.8 Full factorial experimental design

The study employed a full factorial experimental design to investigate the rela-
tionships between Phytophthora incidence, biocontrol measures, and environmental
monitoring in nursery settings. The methodology comprises two experiments, each
focusing on specific factors that influence disease dynamics [8, 10, 14].

2.8.1 Experiment 1

In this first model-based factorial experiment, controlled variables were deliber-
ately selected for both the pathogen and biocontrol agent. The aim was to investigate
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the direct correlation between overall DI% and the concentration of the pathogen
inoculum, as well as the application of Trichoderma treatment. Each factor has three
established levels.

The levels of pathogen inoculum concentration were set at 0, 500,000 and
1000,000 colony-forming units per milliliter (CFU/ml), and the levels of
Trichoderma treatment were set at 0, 1000 and 10,000,000 (CFU/ml). This design
enables a confident evaluation of the impact of different inoculum concentrations and
Trichoderma treatments on the incidence of Phytophthora.

2.8.2 Experiment 2

The second experiment examines the complex interactions among four critical
input factors: pathogen inoculum (Pi), biocontrol treatment (Tt), temperature (T°),
and relative humidity (RH%) monitoring. A full factorial design is used to assess two
levels for each factor, resulting in a comprehensive matrix of experimental conditions
(see Figure 2). The pathogen inoculum concentration levels are 0 and 1000,000

Figure 1.
The experimental design consisted of four randomized complete blocks representing the first initial nine runs, for a
total of 16 runs the same design is replicated four times.

Figure 2.
Blocking factorial in a 3x3 arrangement (a), with four repetitions across four blocks. And (b) blocking factorial in
2x2x2x2 configuration for the combination of all four factors (pathogen inoculum (Pi), biocontrol treatment
(Tt), temperature (T°), and relative humidity (RH%) with only one replicate.
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(CFU/ml), while the Trichoderma treatment levels are 0 and 10,000,000 (CFU/ml).
The temperature levels tested were 20 and 40°C, while the relative humidity levels
were 30 and 80%.

To ensure robustness, the first design was evaluated in a 3x3 arrangement, with
four repetitions across four blocks. The second design employed a more intricate
2x2x2x2 configuration, featuring a single repetition. This design facilitated a thorough
examination of both interaction and main effects (refer to Figure 2(a) and (b) in the
result).

3. Results

3.1 Phytophthora capsici culture

Phytophthora capsici was confidently isolated and identified using a selective CMA
medium. The white mycelium exhibited an alternate diffusible structure on CMA
selective media, and microscopic observation revealed non-septate mycelium and char-
acteristic lemon/olive-shaped sporangia structures. Sub-culturing the mycelium on PDA
improved the visibility of the alternate structure, making it easier to obtain a pure
culture of the pathogen. A culture-based approach successfully identified the fungi at
the genus level, highlighting the significance of culture characteristics in identifying
fungi based on mycelium and propagule morphology.

3.2 Phytophthora capsici zoospore

The artificial infection method was successful in identifying the pathogenicity of
Phytophthora. Zoospores were effectively produced, as shown in Figure 3.

Trichoderma subcultures were successfully developed on PDA, with colonies iden-
tified as Trichoderma spp. based on their distinct morphological characteristics, such
as colony color. The colonies displayed a diverse range of colors, from yellowish to
dark green. Pure cultures of Trichoderma isolates were successfully obtained after
multiple rounds of sub-culturing.

Figure 3.
Zoospores release from sporangia, magnification 400X.
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3.3 Phytophthora treatment in randomized complete block

The randomized complete block experiment showed that Trichoderma spp. root-
dipping treatments significantly reduced the incidence of rots in pepper (P = 0.000).
The results are summarized in Table 1, which shows the treatments and their
corresponding DI% values.

Disease incidence in pepper plants was recorded by observing brown to black
rots in roots, crowns, or stems. The Trichoderma treatment resulted in a DI% of
6.3%, compared to DI% = 100% in CTRL+ and DI% = 0.0% in healthy plant CTRL-
(Figure 4).

Trichoderma exhibits effectiveness in treating infected pepper plants in each block
group within every treatment. However, the random assignment of treatments
(Trichoderma) or healthy plants’ controls (CTRL-) within each block constrains the
exploration of all conceivable combinations of factor levels to a limited set, such
as in the control (CTRL-) where there is no inoculation at all and CTRL+ (a high level of

Figure 4.
CTRL-; healthy pepper with no pathogen or Trichoderma inoculation, CTRL+; pepper root infected with
Phytophthora capsici inoculum; Trich; Trichoderma as biocontrol treatment against Phytophthora infection.

Treatments DI%*

CTRL+ 100% � 0.0a

CTRL- 0.0% � 0.2d

Trichoderma 6.3% � 0.1a

CTRL+: Pepper plant infected with Phytophthora, and CTRL-: non-inoculated healthy plant. The means of four
replicates (16 replicates) in four blocks are represented by the standard deviation �. Significant differences were
determined using Tukey’s test grouping at p = 0.05 and letters were assigned accordingly.

Table 1.
DI% for pepper plant inoculated with Trichoderma.
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pathogen amount). This design may fall short in capturing interaction effects between
factors, as it does not ensure a balanced representation of all possible combinations.

3.4 Deducing Phytophthora treatment in a full factorial design

3.4.1 2-factorial regression analysis

In this factorial experiment, a comprehensive regression analysis was conducted to
investigate the effects of Phytophthora inoculum and Trichoderma treatment on
disease incidence (DI%). The experimental design included three levels of pathogen
inoculum (Pi); 0, 500,000, and 1000,000 CFU/ml and three levels of Trichoderma
treatment (Tt); 0, 1000, and 10,000,000. The regression model effectively captures
and explains the complex relationship between the studied factors and disease inci-
dence. The coefficient of determination (R-sq) was significantly high at 98.84%,
indicating that the model effectively explained a substantial portion of the variability
in DI%. Further supporting the model’s effectiveness, the adjusted R-squared
(R-sq(adj)) stood at 98.50%.

The statistical significance of the model was confirmed through analysis of vari-
ance (ANOVA) (p < 0.001). All main effects and interaction terms were significant,
indicating a substantial influence of both inoculum and treatment factors, as well as
their interaction, on DI%.

Eq. (2)’s coefficient reveals the impact of the pathogen inoculum on DI%, showing
a significant positive effect at higher inoculum levels (500,000 and 1000,000).
Treatment with Trichoderma at levels 0 and 1000 had a positive influence on DI%,
while treatment at level 10,000,000 had a notable negative impact on DI%.

39,369� 39, 37Pinoculum_0þ 18, 24Pinoculum_500000þ 21, 13 Pinoculum_1000000þ
18, 30 Ttreatment_0þ 17, 13 Ttreatment_1000� 35, 43 Ttreatment_10000000

(2)

(refer to the supplementary document for the complete regression equation).

3.4.2 Main and interaction effect

The results in the main effect of factors combination provide a comprehensive
understanding of the relationships between Phytophthora capsici inoculum as a factor
influencing DI% and the effective performance of Trichoderma treatment as a bio-
control (Figure 5). The interaction terms further clarified the combined effects of
pathogen inoculum and treatment on DI% (Figure 6).

3.4.3 Multifactorial (4-factor) design 2x2x2x2

The study demonstrated that the multifactorial design, characterized by a
2x2x2x2 configuration, effectively explains the variation in DI% with a remarkable R-
squared value of 100.00%. The adjusted R-squared, which considers the number of
predictors, remained high, affirming the model’s robustness.

The analysis of variance (ANOVA) for the general factorial regression model
yielded significant results, highlighting the collective impact of factors such as
Phytophthora inoculum (Pi), Trichoderma treatment (Tt), temperature (T°), and
relative humidity (RH%) on the response variable (DI%). The observed variation
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Figure 6.
The graph of interaction effect shows the combined effects of Phytophthora inoculum (Pinoculum) and
Trichoderma treatment (Ttreatment) on DI% which is in harmony with the main effect plots result. Notably,
different intercepts are observed at all levels, indicating different effects of Pinoculum and Ttreatment on DI%. The
highest levels 500,000 and 1000,000 CFU/ml of Phytophthora inoculum (Pinoculum) are both associated with
the highest mean of DI%. Whereas, the lowest levels of Trichoderma treatment (Ttreatment) 1000 and 0 CFU/ml
are the ones associated with the highest mean of DI%.

Figure 5.
Main effect plot of the Phytophthora inoculum (Pinoculum) and Trichoderma biocontrol (Ttreatment)
on DI% represented by a non-horizontal line with a higher DI% mean in 500,000 and 1000,000 CFU/ml for
(Pinoculum) and 1000 and 0 CFU/ml for (Ttreatment). The slope inclination of each line shows the magnitude of
the DI% response.
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indicates that the linear main effects of Pi, Tt, T°, and RH% are all significant
(p < 0.05), signifying the individual influence of each factor on DI%.

The main effects plot shows that the magnitude of the highest and lowest mean
for each factor is strongly high, as observed by the slope lines. The impact on the
response variable (DI%) is more pronounced with steeper slopes. All pairs of
factors (Pi*Tt, Pi*T°, Pi*RH%, Tt*T°, Tt*RH%, T°*RH%) show significant interactions,
highlighting the combined effects when considering two factors simultaneously. The
interaction plot illustrates how the joint influence of two factors varies (Figure 7).

Interpreting the slopes and patterns in Figure 7 provides valuable insights into the
combined effects of factors influencing DI%. For optimal control of DI%, it is
recommended to monitor the temperature at its highest (40°C) and maintain the
relative humidity at its lowest (30%). Even at the most favorable temperature condi-
tion of 20°C for Phytophthora, maintaining a relative humidity of 30%minimizes DI%.

The study found significant three-way interactions (PiTtT°, PiTtRH%, PiT°RH%,
TtT°RH%) and a significant four-way interaction (PiTtT°*RH%), highlighting the
collective impact of all four factors when considered together. It is important to note
that the influence is primarily attributed to specific combinations, as shown in the
Pareto chart in Figure 8. The Pareto chart identifies the ‘vital few’ as portions A and B,
which significantly repress DI%. The cumulative line, crossing 80% with A, B, C, and
D, underscores the substantial contribution of these major combinations to the overall
impact on DI% evolution.

3.4.4 Multifactorial regression equation analysis

To ensure more effective solutions through the representation of the relationship
between different factors and the predicted (DI%) response, it is crucial to prioritize

Figure 7.
Interaction effect plot of every pair of factors (Pi*Tt, Pi*T°, Pi*RH%,Tt*T°,Tt*RH%,T°*RH%) with simultaneous
influence on the variable response (DI%) with the main effect plot highlighting the magnitude of response (DI%)
at different factor level.
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coefficients with the highest impact. The examination of the interaction reveals coef-
ficients of �3.563 (Pi*Tt*T°*RH%; 1000,000*10,000,000*40*30) and 5.687 (Pi*Tt;
0*10,000,000), indicating that the influence of Phytophthora inoculum (Pi) and
Trichoderma treatment (Tt) on DI% varies depending on the levels of other factors,
such as temperature (T°) and relative humidity (RH%). However, caution is

Figure 8.
Patero chart of portion with factors’ combinations with significant impact on DI%, adjacent Table 2 represents the
factors’ combinations with a succession (Pi*Tt*T°*RH%) representing the portion A, B, C, and D.

Portion Factors’ combinations

A 0*10000000*20*30

0*0*40*80

1000000*10000000*40*30

0*10000000*40*30

0*10000000*40*80

0*0*20*80

0*10000000*20*80

0*0*20*30

0*0*40*30

B 1000000*0*40*80

1000000*10000000*20*30

C 1000000*10000000*40*80

D 1000000*0*40*30

Table 2.
Factors’ combinations with a succession (Pi*Tt*T°*RH%) representing the portions A, B, C, and D.
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necessary when interpreting significant interactions. For instance, when examining
the Pi*Tt interaction with coefficients of �5.687 (Pi*Tt; 0*0) and 3.563 (Pi*Tt*T°*RH
%; 1000,000*0*40*30), it is essential to acknowledge that combinations of factors
and their interactions can result in subtle effects.

Coefficients may not apply universally to every situation, and general trends
should be interpreted with caution. As shown in Figure 9, the biocontrol effect at this
level may interact with other conditions.

4. Discussion-conclusions

This research highlights the importance of using experimental factorial designs to
study Phytophthora communities in nurseries, especially when resources are limited
and greenhouse environments are controlled. The study demonstrates the crucial role
of experimental factorial design in effectively managing the complexities inherent in
the Phytophthora population. To comprehensively understand the interactions and
variations that influence disease dynamics, researchers manipulate multiple factors
simultaneously. In real-world conditions, external variations can impact study out-
comes. Therefore, the incorporation of multiple-blocking factors, such as pairs of
columns and rows, proves instrumental in controlling variability. This enhancement
in precision enables a more accurate estimation of treatment effects, which is crucial
for drawing confident conclusions about the true impacts of our treatments [6, 8, 9].

The experimental units are grouped into rows in a randomized complete block
design, as shown in Figure 1, based on their similar characteristics or conditions
within the greenhouse. The treatments, including Trichoderma, CTRL+, and CTRL-,
are randomized within each block and represented in columns. This means that any
observed differences in DI% are more likely to be due to the treatments
(Trichoderma, CTRL+, and CTRL-) rather than block-specific factors [8, 25].

Blocking in factorial design enhances the precision of treatment effect estimation
by minimizing the impact of external variations, similar to a completely randomized

Figure 9.
Multivariate chart: Factors’ combinations and dynamic of significant impact on DI%.
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block design. However, factorial designs explicitly address interactions between fac-
tors, providing a more nuanced understanding of how different elements combine to
affect DI%. This is especially important when multiple factors are involved, making it
more efficient in terms of resource utilization compared to a completely randomized
block design.

In a two-factor factorial design, such as pathogen inoculation and Trichoderma
treatment, the main effects of each factor and their interaction are simultaneously
investigated to understand how they may work together to influence DI%. The corre-
lation between Phytophthora inoculum levels (500,000 and 1000,000 CFU/ml) and
DI% is strong. This has important implications for biocontrol strategies, as it suggests
that the effectiveness of biocontrol measures may be limited at these elevated inocu-
lum levels. Therefore, treatment concentrations may need to be reassessed at higher
concentrations. It is worth noting that the potential failure of biocontrol in
suppressing root rot disease becomes more prominent when targeting inoculum con-
centrations below 1000 CFU/ml.

In 2x2x2x2 factorial design, the systematic variation of conditions is extended to
include additional factors such as temperature and relative humidity. Monitoring
relative humidity at its lowest point (30%) is effective in minimizing DI%, particu-
larly in the context of favorable temperature conditions (<20°C) for Phytophthora.
This provides insights into how these climate variables may influence disease dynam-
ics, along with pathogen and treatment effects. Moreover, similar to the two-factor
scenario, blocks in this factorial configuration can be defined based on sources of
variation that are not the primary focus of the study but might impact DI%. For
example, different sections of the greenhouse could be considered, which is a crucial
aspect for developing targeted management strategies [8, 9, 14].

4.1 Implications for disease management in nurseries

In summary, the systematic planning of experiments with model-based factorial
design optimizes resource utilization in nurseries. This is particularly important as
characterizing Phytophthora communities can be labor-intensive. By facilitating con-
trolled variation of multiple factors influencing inoculation or infection methods,
experimental conditions that closely mimic real-world scenarios within nurseries are
created through factorial design, providing more realistic insights into Phytophthora
dynamics. That is, factorial design enhances the reproducibility of experiments, which
is a crucial aspect in nurseries where consistency is paramount [6, 8, 10].

Additionally, a structured approach guides the implementation of cost-effective
strategies, particularly when leveraging newer technologies. On the other hand,
effective nursery management requires consideration of various factors beyond the
conventional focus on temperature and humidity. While these factors are undoubt-
edly important, a holistic approach to greenhouse performance demands attention to
dynamic environmental changes, energy efficiency, comprehensive control systems,
water management strategies, and disease prevention caused by Oomycetes and in our
case Phytophthora. Greenhouse efficiency depends on an integrated approach that goes
beyond simplistic factorial models. It is important to recognize the multifaceted
nature of factors that influence protected vegetable crop health and its overall pro-
duction [14].

In conclusion, this study emphasizes the crucial role of model-based experimental
factorial design in understanding the complexities of Phytophthora communities.
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The insights gained from this structured approach make a significant contribution to
disease management strategies in nurseries, demonstrating the potential for impactful
and resource-efficient research in controlled environments. The implications of our
findings are significant for future research in Phytophthora control and monitoring, as
we have developed the study to establish and model the stage for such endeavors
using factorial design.
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Chapter 4

Disease Diagnosis in Tea  
(Camellia sinensis (L.) Kuntze): 
Challenges and the Way Forward
Ganga Devi Sinniah and Niranjan Mahadevan

Abstract

Derived from the Camellia sinensis (L.) Kuntze plant, tea is the most widely 
consumed natural beverage in the world. Tea is a perennial woody plant. 
Monoculturing tea on a large scale makes it susceptible to many perennial and sea-
sonal diseases. The leaves, stems, and roots of tea plants are susceptible to fungal, 
bacterial, and viral pathogens. Tea is predominantly grown in Asian and African 
regions; hence, conventional methods including symptomology and signs, and 
microbiological and microscopic methods are mainly used in disease diagnosis and 
pathogen identification. Accurate and rapid identification of diseases and patho-
gens is imperative for the sustainability of tea plantations. Thus, the technological 
advancement in plant disease diagnosis also embraces the global tea industry. This 
chapter discusses new technological advances in tea disease diagnosis, focusing on 
molecular biological methods, whole genome sequencing, and remote sensing and 
image analysis methods. Further, it highlights the challenges in disease diagnosis 
as a perennial woody plant and pins down available opportunities that could be 
successfully adopted to overcome the issues.

Keywords: disease diagnosis, image analysis, PCR, symptoms, whole genome 
sequencing

1.  Introduction

Tea (Camellia sinensis (L) O. Kuntze), belonging to the Family Theaceae, is a cash 
crop extensively cultivated in regions spanning Asia, Africa, and South America. 
Prominent tea-producing countries include India, China, Kenya, Sri Lanka, Vietnam, 
and Indonesia [1]. The global tea trade holds a substantial value of approximately 
USD 9.5 billion, serving as a crucial source of export earnings. Young succulent leaves 
are the harvestable part of the tea plant being used to manufacture the second most 
consumed nonalcoholic healthy beverage in the world. Tea production faces a signifi-
cant challenge from microbial pathogens. These pathogens not only directly lead to 
crop losses but also shorten the plant’s lifespan, impair the quality of processed tea, 
and necessitate increased investments in disease management. Annual crop losses 
ranging from 10 to 30% have been documented due to microbial diseases in tea.



Challenges in Plant Disease Detection and Recent Advancements

66

Diseases affecting tea plants are categorized as leaf or foliar diseases, stem diseases, 
and root diseases. A variety of pathogens such as fungi, bacteria, viruses, and algae are 
responsible for causing diseases in tea plants. However, fungal diseases pose substantial 
issues in major tea-producing nations, and about 350 fungal diseases are associated with 
tea plants [2]. Table 1 summarizes the most common diseases of the tea plant.

Diseases and causative 
organism/s

Symptoms Signs

Leaf disease

Blister blight 
Exobasidium vexans

• Initial symptom is the emergence of pale-yellow 
translucent spots.

• These spots transform into blisters leading to the 
formation of an indentation.

• Subsequently, the blisters undergo necrosis.

• Blister on tender stems produce distorted stems 
and shoot dieback.

• Blisters are character-
ized by a white-colored 
hymenium on the 
swollen surface.

• Basidiospores are 
produced at the tips of 
basidia, located outside 
the leaf tissues.

Gray blight Pestalotiopsis 
like species

• Appears as small, brown-colored spots that 
gradually enlarge and turn gray.

• The margins of the lesion retain their brown 
color, displaying concentric rings.

• Black acervuli can be 
observed on the lesion.

Brown blight 
Colletotrichum spp.

• Appear as water-soaked, yellowish-green lesions 
that subsequently enlarge and become deep 
brown necrotic lesions.

• The lesion margins may display a yellowish-
green tint with concentric markings.

• Black acervuli can be 
observed.

Red rust (Algal disease) 
Cephaleuros parasiticus, 
C. mycoidea)

• Algae manifest as red spots (5–7 mm) on leaf, 
imparting a rusty appearance.

• Spots can become lichenized and turn in to white 
in color.

• The leaves take on a variegated appearance 
(yellow or white).

• Infected stems become more rigid and produce 
longitudinal cracks.

• Rusty appearance is pro-
duced by the upright red 
filamentous structures 
carrying sporangia laden 
with spores.

Bacterial leaf and shoot 
blight Pseudomonas 
syringae pv. theae, 
Acidovorax avenae

• Water-soaked spots appear first in young leaves.

• As disease progresses, spots merge together into 
large patches, killing the leaves.

• Symptoms in young shoots become visible after 
about 2 weeks of leaf infection.

• Bacterial streaming 
under microscope.

Viral diseases Tea plant 
necrotic ring blotch 
virus (TPNRBV) and 
tea plant line pattern 
virus (TPLPV)

• Leaf discoloration including albino and chlorina.

• Necrotic ring blotch can be seen.

• Premature defoliation of leaves may occur.

• Weaken growth.

Tea white scab disease 
Phyllosticta theaefolia, 
Elsinoe leucospila

• Appear as small red spots with a grayish white or 
grayish brown center.

• As disease progresses, the spots become Bird’s 
eye shape, round necrotic spots.

• Under favorable conditions, spots cover the 
entire leaf and cause deformity and death.
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Diseases and causative 
organism/s

Symptoms Signs

Tea leaf spot Didymella 
segeticola var. camellia 
(Basionym: Phoma 
segeticola)

• Appear as small pinhead-sized spots.

• Black-brown color spots can reach up to 1.2 mm 
in diameter.

• Leaf growth can be decelerated.

Alternaria longipes • Appear as round (4–6 mm in diameter), brown 
color spots.

• The center of the spot will turn into white in color.

Epicoccum nigrum • Spots first appear at the margins.

• Gradually expand and become irregularly 
shaped, dark brown color, necrotic lesion.

E. layuense • Small brown and necrotic spots on young and 
mature leaves.

• Spots later become large brown lesions.

E. sorghinum • Light or dark brown color, irregular spots appear 
at the margin.

• As diseases progress necrosis at the initial infec-
tion site can be seen.

Lasiodiplodia 
theobromae

• Initially chlorotic spots appear that gradually 
become large irregular brown spots.

• Spots cover entire width of the leaf with bark 
brown or black center.

• Finally, dried leaves are dropped.

New leaf blight disease 
Muyocopron laterale

• Reddish brown lesions at the leaf margin. • Sometimes black 
ascocarp can be seen on 
leaf surface.

Arthrinium arundinis • Appear as gray-brown dots.

• Dots expand to produce irregularly shaped dark 
brown color lesions (3–4 cm).

Alternaria alternata • Grayish brown patches first appear around tips 
and margins of young leaves that later expand 
toward the midrib.

• Leaf curl, death of leaves, and defoliation.

Stem diseases

Stem and branch canker 
Botryosphaeriaceae spp. 
(formally Macrophoma 
theicola)

• At its onset, an oval, sunken, dark lesion appears 
that causes bark to decay and detach from the wood.

• Callusing around the lesion’s edges forms 
thickened bark areas known as cankers which 
may gradually expand and encircle the stem.

• Under severe infection, leaf yellowing, necrosis, 
dieback, and eventual leaf shedding can be seen.

• Perithecia, varying in 
color from ash to black, 
are infrequently sighted 
as the disease progresses 
to more advanced stages 
such as wood decay.

Collar canker and die 
back Phomopsis theae, 
Fusarium solani species 
complex

• Cracks and bark peeling occur in the collar 
region, either at the soil level or just below it.

• Heavy flowering and fruiting are commonly 
followed by canopy thinning.

• Progressive dieback of branches results in bare 
bushes.

• Under damp and moist 
conditions, reddish, tiny 
superficial perithecia 
are visible in bushes 
infected by F. solani 
species complex.
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Diseases and causative 
organism/s

Symptoms Signs

Root disease

Red root disease Poria 
hypolateritia (current 
name – Ceriporiopsis 
hypolateritius), 
Ganoderma philippine

• Infected roots exhibit a mottled appearance. 
Over time, both the root surface and inner 
tissues turns through colors of white, red, and 
eventually brick red.

• With time, the infected roots disintegrate into a 
soft pulp.

• Leaf yellowing, wilting and dieback.

• A fine layer of white 
mycelium and white 
mycelial cords are 
noticeable between the 
wood and the bark and 
on the root surface, 
respectively.

• As time progresses, 
these white mycelial 
cords turn in to red and 
fuse together, giving 
rise to a network that 
spreads across the root.

Brown root disease 
Phellinus noxius

• The roots are encrusted with a compact mass of 
soil and small stones that are difficult to remove 
by washing or rubbing.

• As disease progress, the inner tissues of the 
roots decay, resulting in the formation of a 
honeycomb-like structure.

• Leaf yellowing, wilting and dieback.

• White to brown woolly 
masses of mycelia are 
found attached to the 
encrusted mass of 
earth.

• These mycelial masses 
gradually turn in to dark 
brown in color.

Black root disease 
Rosellinia arcuate, R. 
bunoides

• Gray to black coloration is observed on the root 
surface, extending to the collar region and above 
in some cases.

• The stem’s bark near the soil surface may be 
found dead, spanning a length of 7.5–10 cm.

• Leaf yellowing, wilting and dieback.

• White to black 
strands of mycelia 
firmly adhere to the 
roots, forming a loose 
cobweb-like mass.

• Numerous small, white, 
star-shaped mycelial 
structures develop 
on the wood’s surface 
beneath the bark.

Armillaria root rot 
Armillaria spp.

• Premature flowering and somewhat stunted 
growth are evident.

• Longitudinal cracks are typically present above 
the soil level on the collar, as well as on the 
taproot and lateral roots.

• Leaf yellowing, wilting, and dieback.

• Creamy white, fan-
shaped mycelia can be 
seen under the bark.

• Additionally, dark brown 
to black rhizomorphs 
with a white interior 
develop beneath the 
bark.

• Clusters of 5–21 basidi-
omata can be seen.

Charcoal root disease 
Ustulina zonata U. 
deusta

• Black, irregular double lines are visible in the 
wood.

• This is often accompanied by leaf yellowing, 
wilting, and sudden death of the bushes.

• White color, large, 
fan-shaped patches of 
mycelium are seen on 
wood surface upon the 
removal of bark.

Table 1. 
Use of symptoms and signs in the diagnosis of tea diseases.
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1.1  Leaf diseases

Blister blight (Exobasidium vexans), brown blight or anthracnose (Colletotrichum 
species complex), gray blight (Pestalotiopsis-like species), and bacterial blight 
(Pseudomonas syringae pv. theae and Acidovorax avenae) are the major foliar diseases of 
tea. The diseases are problematic in all the tea-growing countries in Asia. Gray blight 
is problematic in African tea-growing countries as well. The crop loss recorded from 
blister blight and gray blight ranges from 20 to 50% and 10 to 20%, respectively. The 
extent of crop loss caused by the other diseases is considerable, even though exact 
figures are unavailable. In addition to crop loss, leaf diseases impact the quality of the 
final product by altering the biochemical constitution of the leaves. Foliar diseases 
become problematic generally under cool and humid weather conditions.

1.2  Stem diseases

Cankers are widely reported stem diseases in tea, prevalent in almost all tea-growing 
countries. The pathogen/s attack twigs and stems, kill or griddle branches, and ultimately 
kill the entire bush. Cankers on the stems and or branches are referred to as stem and 
branch cankers. Cankers that originate from the collar region near the soil surface are 
termed collar cankers (Figure 1I–J). Botryosphaeriaceae fungi Lasiodiplodia theobromae, 
Botryosphaeria dothidea, and B. mamanae are reported to cause stem and branch cankers. 
Phomopsis theae (Diaporthe) and Fusarium solani species complex have been identified as 
pathogens that cause collar cankers. Cankers are persistent and highly influenced by soil 
conditions, dry weather, plant nutritional status, and agronomic practices. Hypoxylon 
wood rot, caused by Nemania diffusa, and thorny stem blight, caused by Tunstallia acu-
leata (formally known as Aglaospora aculeata) are two other less common stem diseases.

Figure 1. 
Symptomology of tea diseases. (A) Blister blight, (B) brown blight, (C) gray blight, (D) red rust disease, (E) 
Phyllosticta leaf blight, (F) red root disease, (G) black root disease, (H) brown root disease, (I) stem and branch 
canker, and (J) collar canker.
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1.3  Root diseases

Root rots are widespread among tea-growing countries. Root infections result 
in the sudden death of branches or entire bushes. Some root infections lead to the 
gradual death of bushes following fruiting, flowering, and defoliation. Armillaria 
spp. Poria hypolateritia (Ceriporiopsis hypolateritia), Rosellinia arcuata (Dematophora 
arcuata), Phellinus noxius (Pyrrhoderma noxium), and Ustulina zonata (Kretzschmaria 
zonata) are major root pathogens in tea. The symptoms of infection expressed on the 
root by each of the pathogens are unique (Figure 1F–H).

Accurate disease diagnosis, identification of the pathogen, and disease quantifica-
tion are crucial steps at the forefront of effective disease management. Early diagnosis 
assumes paramount importance as it enables timely intervention and targeted treat-
ment strategies. Furthermore, accurate estimation of disease incidence and severity, 
along with a comprehensive study of the detrimental impacts of diseases on both 
harvest quality and quantity, has gained significant importance in various facets of 
crop cultivation. This chapter summarizes the novel and advanced approaches now 
in use in disease diagnosis and pathogen identification and quantification in tea and 
sheds light on the general approaches in this area.

2.  Techniques used in tea disease diagnosis

2.1  Symptomology and signs

Symptomology, a fundamental and oldest tool in plant disease diagnosis, 
involves the observation and interpretation of visible alterations in plant appear-
ance caused by pathogens. By closely examining leaf, stem, and root discoloration, 
lesions, deformities, wilting, the presence of pathogen structures, and other abnor-
malities, such as cankers, rots, etc., pathologists have long been able to diagnose 
diseases efficiently.

The symptomology and signs of various widespread tea diseases are well-
documented (Table 1 and Figure 1). Yet, tea disease diagnosis is frequently 
complicated by overlapping symptoms, leading to confusion. For example, gray, 
brown, and black lesions on the leaf surface are defined symptoms of gray blight, 
brown blight, and black blight diseases, respectively. Nevertheless, the subjective 
nature of color recognition can introduce confusion in disease diagnosis, particu-
larly considering the absence of distinct demarcations among these three colors. 
Further challenges arise with newly reported leaf spot diseases that often exhibit 
similar symptoms [3, 4]. Diagnosing stem and root diseases in tea is exceptionally 
challenging, especially during the early stages of infection. Symptomology and 
signs of these diseases are often concealed beneath the densely covered tea canopy 
and the soil, respectively. Even when diseases progress, foliar symptoms tend to 
resemble one another, including leaf yellowing, necrosis, and branch and bush 
dieback. Consequently, meticulous observation of symptomology and signs on 
stems and roots often requires the uprooting or removal of branches, highlighting 
the difficulty of diagnosis. This process involves labor-intensive field operations. 
On the other hand, the distinct symptoms that are being used to diagnose root 
diseases appear at later stages of disease progression. Hence, early diagnosis using 
this method is extremely challenging.
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2.2  Microbiological and microscopic methods

Microbiological and microscopic methods commonly involve the collection 
of samples from infected plant tissues, followed by culturing them on specialized 
microbiological media to isolate and identify the target pathogen(s). This process 
relies on observing the culture morphology and characteristics of asexual and sexual 
structures under a microscope for accurate identification. Additionally, microscopic 
methods can be employed to study infected plant tissues, focusing on identifying 
tissue deformities and the presence of pathogen structures within the tissues.

Culturing and microscopy for correct diagnosis hold significant importance in tea 
pathology. There are scenarios where a single disease or closely resembling symptoms 
can be caused by more than one species of pathogens. For instance, multiple species 
of Colletotrichum and Pestalotiopsis have been identified as pathogens of brown blight 
and gray blight diseases. Leaf spot disease can be caused by Didymella segeticola, 
Alternaria longipes, and different species of Epicoccum [5–7]. Several species within the 
Botryosphaeriaceae family have been identified as pathogens causing stem and branch 
cankers in Sri Lanka [8]. Collar canker disease can be caused either by P. theae or F. 
solani species complex [9]. Poria hypolateritia (currently classified as Ceriporiopsis hypo-
lateritius) and Ganoderma philippine have been documented as the causes of red root 
disease. Hence, in the absence of well-developed novel technologies, accurate diagnosis 
of most tea diseases relies heavily on microbiological and microscopic methods.

Since the majority of fungal tea pathogens are necrotrophs, they can be cultivated on 
commonly used microbiological media like potato dextrose agar (PDA). These pathogens 
thrive under standard environmental conditions, displaying specific cultural morpholo-
gies that are easily recognizable to skilled pathologists. For example, P. hypolateritia, P. 
noxius, and R. arcuata yield white color colonies on PDA. Over time, these colonies trans-
form into milky white, yellow to brown, and black colors, respectively. Such distinctive 
color changes provide valuable cues for identification up to the genus level (Figure 2).

Light microscopy has been used for disease diagnosis in tea since the blister blight 
pathogen was first identified in 1898. Fluorescence microscopy and electron micros-
copy have been used to study the infection process of E. vexans [10] and to study 
the difference between E. vexans infected and healthy tea leaves [11]. Fluorescence 
microscopy using calcofluor white and wheat germ agglutinin stains and scanning 
electron microscopy of E. vexans inoculated tea leaves has been successfully used as a 
tool to study and diagnose the germination and infection stages of the pathogen [10].

Figure 2. 
Culture morphology (upper surface of 10 days old culture) of tea root pathogens (A) Poria hypolateritia (red root 
disease), (B) Rosellinia arcuata (black root disease), and (C) Phellinus noxius (brown root disease).
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2.3  Molecular biological methods

Molecular biological methods in plant disease diagnosis involve the analysis of genetic 
material, such as DNA or RNA, to identify plant pathogens and eventually diagnose dis-
eases. These techniques have gained popularity in plant pathology due to their accuracy 
and specificity. Common molecular biological methods used for plant disease diagnosis 
include polymerase chain reaction (PCR) and its variants, loop-mediated isothermal 
amplification (LAMP), nucleic acid hybridization, nucleic acid amplicon sequencing and 
phylogenetics, CRISPR-Cas-based methods, metagenomics, etc.

2.3.1  Loop-mediated isothermal amplification (LAMP)

Loop-mediated isothermal amplification is a rapid disease diagnosis tool becoming 
increasingly popular in plant pathology due to its high sensitivity, cost-effectiveness, and 
ability to visually verify positive results. A LAMP reaction consists of three steps, namely 
the initial step, the cycling amplification step, and the elongation step. In this method, 
six unique sequences present in the targeted nucleic acid are identified by a set of two 
internal primers, one backward loop primer, and a set of two outer primers. In tea, 
LAMP methodology has been developed for the detection of the blister blight pathogen 
E. vexans [12] and on-site diagnosis of the anthracnose pathogen C. siamense [13].

2.3.2  Polymerase chain reaction

Polymerase chain reaction has revolutionized plant disease diagnosis and patho-
gen detection by offering a highly sensitive and specific tool for identifying the 
presence of pathogens in plants. PCR operates by amplifying specific segments of 
the pathogen’s nucleic acid through a series of temperature cycles, including dena-
turation, annealing, extension, and final extension. By utilizing primers that are 
specific to the target pathogen’s genetic material, PCR allows for the identification of 
pathogens. Conventional end-point PCR, quantitative PCR (qPCR), multiplex PCR, 
and nested PCR are some variations of PCR methods that are widely used in plant 
pathology. PCR products are subjected to sequencing and compared with the existing 
data in the NCBI GenBank. This comparison process allows for the development of 
species-specific primers as needed, ensuring a more precise and tailored approach for 
pathogen identification.

The sequence information for most tea pathogens is limited. Hence, universal 
primers are used in most studies investigating the molecular identification and diver-
sity of tea pathogens. Using the 28SrRNA sequence of E. vexans available in the NCBI 
GenBank, Chaliha et al. [10] developed a species-specific primer pair for the selective 
amplification of E. vexans (EVLSUF-EVLSUR). However, the combination of univer-
sal forward primer ITS1F and species-specific reverse primer EVLSUR allows for the 
identification of multiple strains, resulting in a larger PCR product.

An RT-qPCR method has been developed to quantify the C. camelliae (tea 
brown blight or tea anthracnose disease) fungal biomass in tea leaves. This 
method uses species-specific primers (Table 2) and tea plant-specific prim-
ers (forward primer: 5′-GACTCCGCTGGCACCTTAT-3′; reverse primer: 
5′-GCCCTTCCGTCAATTCCT-3′) for normalization [14]. Compared to the tradi-
tional lesion area measurement approach, the proposed RT-qPCR method is highly 
sensitive and rapid. Further, this method allows for the differentiation of small 
differences in disease severity levels that may be undetectable by lesion size alone.
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Pathogen [Reference] Method Name Primer sequences

Exobasidium vexans
[10, 12]

LAMP Inner 
primers 
(EV_FIP, 
EV_BIP)

F-TACGGGGCTCTCACCCTCTATG + 
TGTAGAGGATGCTTTTGGCG
R-GACCACCGAGCCTCTGTAAAGC + 
AGAAGACGTACACCTCCCAT

Loop 
primers 
(EV_LF, 
EV_LB)

F-TTCCAGGGAACTCGGAAGGCA
R-TCCTTCGACGAGTCGAGTAGTTTGG

Outer 
primers 
(EV_F3, 
EV_B3)

F-TCTCTGGCCGGTATTTAGCT
R-TGAAATCTGGCCGCAAGG

End-point 
PCR

EVLSUF-
EVLSUR

F-GCCGGATGAGCTCAAATTTG
R-CCAAAACTGATGTTGGCCTG

ITS1F-
EVLSUR

F-CTTGGTCATTTAGAGGAAGTAA
R-CCAAAACTGATGTTGGCCTG

Colletotrichum siamense
[13]

LAMP Inner 
primers 
(FIP, BIP)

F-GAAAAAGCACCGTCGTAGCCA+ 
TGAAGGATACCGACTCCGAA 
R-ATATGTTGACTCTGAATAGG+ 
ATGACGTGACGCAACTCG

Loop 
primers 
(F-loop, 
B-loop)

F-AGCCTCGCGAATCTCCTC
R-TCTTTGACCGCGACAACAAC

Outer 
primers 
(F3, B3)

F-ACTATGATGGCCCGCAAGA
R-GCTTCTCACCAATGGAGGTC

End-point 
PCR

P-Cs F-TGCTTTTTCGCTGCGATAT
R-CCATGACGCATACCAATCAA

C. camelliae
[14]

RT − qPCR S572/S573 F-CCCGCATCTGGTAGACAAGA
R-TGATAGCATGTGTCCCTCCG

S576/S577 F-AAAGGTAGTGGCGGACCCT
R-CCCAGTGCGAGACGTAAAGT

Tea Plant Necrotic Ring 
Blotch Virus
[15]

RT − qPCR qTPNRBV1 F-TGTGCGACGGACTCATTCTC
R-TCAAGCATGCGAGTTTCCCT

qTPNRBV2 F-CCCGTCATCGATACGCTCAA
R-TACCTGGGGGAAGGTCTGAA

qTPNRBV3 F-GATCGTCCTTCCCGATCTGC
R-GTGCAGGCGTTCGCTTATTG

qTPNRBV4 F-TTGGTTCGCTGTCCACCATT
R-GAGCTGAAGCTGACGCATGA

Tea plant necrotic ring 
blotch virus
[16]

RT-PCR TPNRBV1 F-GCCCTGACAACGCAAAAGAACTGATG
R-GTGACGGGATATTTTTGGACGACTGT

TPNRBV2 F-GGGCCGGGGTGTGGAAAAACTT
R-TTCTTATCATCCCGGCAAAACACA

TPNRBV3 F-TTCGCCACTCACAAAGACAACAAACT
R-GTAGCGGAGCGGAAAGAAAAGACT

TPNRBV4 F-TCAGTGGCGCGATTATCAGAAGGTA
R-CGCGCAAGAAGTCGGTCAAAAC
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Species-specific internal transcribed spacer (ITS) markers have been developed 
for stem and branch canker pathogens B. dothidea and L. theobromae, allowing detec-
tion through conventional PCR methods. This method is useful for identifying the 
latent infection of the pathogen in planting material and targeting species-specific 
fungicide treatment in infected tea plants [8].

Viral diseases are uncommon in tea. Recently, Tea Plant Necrotic Ring Blotch Virus 
(TRNBV) and Tea Plant Line Pattern Virus (TRLPV) have been identified in China. The 
genome of TRNRBV has four positive-sense single-stranded RNA, and TRLPV has three 
segments of single-strand RNA [16, 18]. Conventional and a SYBR Green RT-qPCR 
method have been developed for the detection of four different segments of TPNRBV 
RNA [15, 16]. Importantly, the RT-qPCR method offers a significant advantage: it is 
100-fold more sensitive than conventional detection methods. Table 2 provides details 
of specific primers for PCR and LAMP-based diagnosis of diseases in tea.

2.3.3  Metagenomics

Metagenomic sequencing is a cutting-edge technique in which the genetic material 
of entire communities of microorganisms in a particular sample is evaluated. This 
method delves into the hidden and complex world of microorganisms by directly 
sequencing and analyzing DNA or RNA extracted from a particular sample. In plant 
disease diagnosis, metagenomics provides an unbiased, comprehensive approach to 
identifying pathogens associated with the disease symptoms. This technique has the 
added advantage of identifying unculturable, unexpected emerging pathogens often 
missed by standard approaches. The first application of the metagenomics approach 
to pathogen identification in tea was performed in China. In this study, researchers 
identified seven putative viruses including two novel species, TPNRBV, and TPLPV 
from tea leaves exhibiting albino and chlorina symptoms [16].

2.3.4  Nucleic acid amplicon sequencing and phylogenetics

Nucleic acid sequencing and phylogenetic analysis have revolutionized plant disease 
diagnosis. These tools allow for accurate pathogen identification, disease origin track-
ing, and a deeper understanding of the evolutionary relationships between different 
pathogen strains. By sequencing specific genetic markers (e.g., 16S ribosomal RNA (16S 
rRNA) for bacteria and internal transcribed spacer (ITS) within ribosomal RNA for 

Pathogen [Reference] Method Name Primer sequences

[17] RT-PCR TPNRBV F-CCTTATGTCGACAGTTGCTAC
R-CTAAGTCATCCATATGTGTGG

Tea plant line pattern 
virus
[16]

RT-PCR TPLPV1 F-AAGGTGGCGAGGTCAGTTTCAGTTCA
R-TCCCCATAGGTTCATCTTGTAGCAGTCG

TPLPV2 F-CCTATGGAGCTCTATGACGCAAATGAT
R-TCGACAGAGAAGTGATGGGGAAATAC

TPLPV3 F-TCAGATGCGACCAATGGAACTCAACT
R-CCCGCGCTAATCCTCTCAAGACTAACTA

F, forward primer, R, reverse primer.

Table 2. 
Species-specific primers for polymerase chain reaction (PCR) and loop-mediated isothermal amplification 
(LAMP)-based diagnosis of fungal and viral disease in tea.



75

Disease Diagnosis in Tea (Camellia sinensis (L.) Kuntze): Challenges and the Way Forward
DOI: http://dx.doi.org/10.5772/intechopen.1004903

fungi) and comparing them against a reference database, pathogen/s can be precisely 
identified. While 16S rRNA and ITS are widely used, they often lack the resolution 
needed to distinguish closely related strains. In these cases, sequencing additional marker 
genes and follow-up phylogenetic analysis significantly increases taxonomic accuracy.

DNA sequencing and phylogenetic analysis have significantly advanced tea pathol-
ogy, revealing unknown pathogens and correcting misidentifications. For instance, 
increasing leaf blight reports from India and China show symptom similarity, leading to 
misdiagnosis. DNA sequencing revealed at least three distinct pathogens, Muyocopron 
laterale [3], Alternaria alternata [19], and Arthrinium arundinis [20]. Similarly, diverse 
pathogens were identified for leaf spot diseases across China (Table 1) [4, 5, 21–23].

Macrophoma theicola was long thought to cause stem and branch canker. However, 
recent studies utilizing DNA sequencing and phylogenetic analysis have refined this 
identification to three species within Botryosphaeriaceae family [8]. Controversy 
surrounds the identity of the pathogen causing tea white scab disease, with some 
suggesting Phyllosticta theaefolia or Elsinoe leucospila. However, a comprehensive 
approach using DNA sequencing, morphological characterization, and pathogenicity 
tests identified E. leucospila as the prominent pathogen [24].

Multigene phylogenetic analysis has revealed that gray blight disease in 
tea is caused by a diverse group of species belonging to at least three genera: 
Pseudopestalotiopsis, Neopestalotiopsis, and Pestalotiopsis [25–32]. According to the 
earliest known report by Massee from Sri Lanka, brown blight disease in tea is caused 
by C. camelliae. However, recent multi-locus phylogenetic approaches have revealed 
at least 17 Colletotrichum species can cause the same disease with varying degrees of 
severity [33–38].

2.3.5  Whole genome sequencing

Whole genome sequencing (WGS) provides a comprehensive analysis of a patho-
gen’s genetic blueprint, providing in-depth insights into its biology, virulence factors, 
and evolution. Unlike PCR-based methods and amplicon sequencing, whole genome 
sequencing can be conducted without the need for specific primers. In tea, genome 
sequencing of only very few pathogens is available. However, there is no evidence to 
show its application in pathogen identification yet. Kong et al. [38] sequenced the 
whole genome (67.74 Mb) of tea brown blight pathogen C. camelliae using the PacBio 
RSII sequencing platform and identified the pathogenicity-related gene clusters. The 
genome of tea leaf spot pathogen D. segeticola (33.4 Mb) has been sequenced, and its 
importance in studying pathogenicity determinants, pathogen evolution, and disease 
control strategies has been highlighted [15]. The whole genome of Ps. theae (50.41 Mb) 
has been sequenced and deposited at GenBank under the accession number 
JACWGD000000000 [39]. Whole genome sequences of two different strains of tea 
plant virus TPNRBV (Chinese isolate and Japanese isolate) are available [16, 18]. This 
information proved valuable to the design of species-specific primers for PCR-based 
diagnosis of viral diseases in tea.

2.4  Remote sensing and image analysis methods

Remote sensing and image analysis have emerged as powerful tools in the field 
of plant disease diagnosis, revolutionizing the way we detect, monitor, and manage 
diseases in agricultural and natural ecosystems. Remote sensing involves the use of 
specialized sensors attached to satellites, drones, or ground-based instruments, to 
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capture data from a distance. These sensors collect a wide range of data, including 
optical, thermal, and hyperspectral images. Infrared thermal imaging, red, green, 
and blue (RGB) imaging, multispectral imaging, hyperspectral imaging, chlorophyll 
fluorescence imaging, 3D sensors, etc., are some examples of remote sensing and 
imaging technologies widely used in plant disease diagnosis.

2.4.1  Multispectral and hyperspectral imaging

Spectral imaging provides a marker for a plant’s health by using single or multiple 
wavelengths in the electromagnetic spectrum. Healthy plants with their higher 
chlorophyll content absorb more red light and therefore reflect a higher proportion 
of near-infrared (NIR) than diseased plants. A diseased plant does the opposite. The 
information is combined in the form of different vegetation indices to estimate the 
plant’s fitness or performance.

Hyperspectral imaging technology has been employed to identify anthracnose 
disease in tea [40, 41]. Compared to healthy leaves, diseased leaves exhibited reduced 
spectral reflectance near 550 nm and 770 nm, with an increase observed around 
680 nm. The accuracy of the method was 94.12–94.28% [40].

Hyperspectral signatures in the wavelength range of 700 to 1000 nm (NIR region) 
differentiated blister blight-infected leaves from healthy ones [42]. Blister blight 
disease progresses through the translucent spot, mature blister, and necrotic stages. 
The reflectance decreased by 2.4, 4.5, and 30.3% as the disease progressed from the 
translucent spot to the necrotic stage, respectively. Spectral wavelengths at 560, 640, 
and 780 nm differentiated anthracnose, brown leaf spot disease, and tea white star 
diseased leaves from healthy leaves [43]. A hyperspectral image classification model 
CARS-LSTM (The competitive adaptive reweighted sampling-Long short-term 
memory) achieved 95% accuracy in identifying tea coal disease (Neocapnodium theae 
Hara), outperforming the RGB model, WT-ResNet18 [44].

2.4.2  RGB imaging

RGB imaging in plant disease diagnosis involves capturing digital images of plants 
using standard cameras, including smartphones and specialized imaging devices, and fol-
low-up analysis and comparisons of its three features: color, texture, and shape. Artificial 
Intelligence (AI) and Machine Learning (ML) play pivotal roles in image analysis, revolu-
tionizing how we interpret and extract meaningful information from visual data.

In the recent past, there has been a noticeable rapid increase in the use of RGB 
image analysis for tea disease diagnosis. The targets are foliar diseases, including blis-
ter blight, gray blight, brown blight/tea anthracnose, tea coal disease, algal leaf dis-
ease, leaf spot diseases, etc. Importantly, multiple diseases together with pest-infested 
leaves, were utilized to improve the differentiation potential and classification 
accuracy. Further, the above approach has laid the foundation for diagnosing multiple 
diseases and pest attacks on the same tea leaf. Among ML algorithms, Convolutional 
Neural Networks (CNNs) stand out as a popular choice, primarily attributed to their 
exceptional capabilities in image classification (Table 3).

Disease monitoring is also achieved with imaging and ML techniques. Analysis of 
RGB images using YOLOv8 and Residual Network 50 (Resnet50) CNN models have 
been effective for diagnosing and assessing the severity of blister blight disease [61]. 
Edwin Raj et al. [62] used RGB images to develop a methodology to spatially assess 
the percentage of disease with 95% accuracy. Furthermore, the method facilitates the 
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mapping of disease occurrences at the estate level using smartphone GPS data and 
Geographic Information System (GIS).

Dahanayake et al. [63] developed an Android app for diagnosing tea leaf diseases 
using smartphone images. This app with Artificial Neural Networks (ANNs) allows 
farmers to diagnose diseases on-site, saving time and money. A study developed a 
CNN model and deployed it to the Platform-as-a-Service cloud for classifying tea leaf 
disease using smartphone images. Hence, the digital images captured using smart-
phones can be uploaded to predict the disease automatically [64].

Diseases Classification algorithm/architecture Average accuracy Ref.

Gray blight Deep CNN based on MobileNet and 
VGG19 Net

98.99% [45]

Gray and brown blights, algal, 
and red spots, Helopeltis pest 
attack

Deep CNN 96.56% [46]

Red rust, red spider, thrips, 
and Helopeltis pest attack

Multi-class support vector machines 83% [47]

Red, white, and algal leaf 
spots, bird’s-eye spots, gray and 
brown blights

Deep CNN model (LeafNet) 90.16% [48]

Algal leaf disease Ensemble neural network 91% [49]

Brown blight and algal spots Support vector machine classifier 90% [50]

Leaf blight diseases Faster region-based convolutional neural 
networks (Faster R-CNN), and VGG16

84% [51]

Tea red scab, tea red leaf spot, 
and tea leaf blight

Conditional deep convolutional 
generative adversarial networks 

(C-DCGAN), VGG16

90% [52]

Tea red leaf spot and tea red scab Gradient Boosting Decision Tree (GBDT) 95% [53]

Leaf and bud blight and red 
scab

Custom DCNN 92.5% [54]

Leaf lesions Faster R-CNN and cascade R-CNN 
(CRCNN)

74–76.6% [55]

Blister blight Deep hashing with integrated 
autoencoders (DHIA) consisting of basic 

model (BM) and autoencoders (AE)

>97% [56]

Algal leaf spot, gray and brown 
blight, white spot, red scab, 
and bud blight

CNN 94.45% [57]

Algal leaf spot, anthracnose, 
and bird’s-eye spot

CNN 95% [58]

Algal leaf spot, leaf and bud 
blight, white scab

AX-RetinaNet 93.83% [59]

Leaf blights Lightweight and efficient LC3Net model 
with integration of a channel attention 

module (CAM)

92.29% [60]

Table 3. 
RGB imaging techniques and machine learning algorithms are used for artificial intelligence-based diagnosis of 
tea diseases.
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3.  Challenges in tea disease diagnosis

Tea is grown as an intensive monoculture crop. This system is vulnerable to the 
rapid spread of pests and diseases, making the problem unmanageable within a short 
time. Early detection and accurate identification of diseases and their causal agents 
are paramount for efficient and economically viable disease management. With the 
advancement of science, a combination of traditional and modern techniques is used 
in the diagnosis of tea diseases. However, there are several challenges to be faced. This 
section analyses the major challenges faced in tea disease diagnosis.

3.1  Disease symptoms with a wide range of characteristics

Some diseases may produce easily recognizable symptoms such as discoloration, 
wilting, or visible lesions, while others may exhibit subtle or less distinct symptoms 
that are easily overlooked. For instance, blister blight disease develops through dif-
ferent stages over 2 to 4 weeks. Though the leaf and stem blisters are easily identified 
and captured by various techniques, the first visible tiny to small translucent spots 
generally go unnoticed and are difficult to sense by imaging techniques. This makes 
early detection of the disease challenging even with modern imaging techniques.

3.2  Similar symptoms produced by different diseases/factors

Leaf blights caused by different pathogens show symptoms that overlap (Section 
2.1). For example, brown blight and gray blight share common features in their symp-
tom expression. Delimitation of these two diseases only by symptomology is always 
impossible. Under such conditions, culturing techniques or DNA-based techniques 
help with accurate identification. Leaf spot diseases also share common phenotypical 
expressions. Nutrient deficiency symptoms resemble leaf blights and leaf spots.

Sudden death of a branch or whole plant with attached leaves occurs when tea 
plants are infected with root pathogens. Though root symptoms may be different, the 
above-ground symptoms are common for most of the root diseases. Death of plants 
due to drought, white grub infestation, and root diseases also share similar features 
and always demand careful diagnosis for differentiation.

3.3  Simultaneous occurrence of more than one disease

Under certain environmental conditions, co-infections of fungal pathogens are 
common. Brown blight infection generally follows blister blight disease. The occur-
rence of brown blight and gray blights on the same leaf or plant is a common feature. 
The application of imaging techniques or DNA-based techniques is difficult under 
such conditions.

3.4  Tea canopy architecture and leaf orientation

Naturally, the tea plant grows as a tree in the wild. Periodic pruning and frequent 
harvesting maintain the plant as a bush. Close planting (12,500 plants per hectare in 
Sri Lanka) helps to form a continuous harvesting table. There are several generations 
(different age groups) of tea shoots at a time on the tea canopy. The overlapping shoot 
arrangement and leaf orientation always challenge image-based techniques in disease 
diagnosis.
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Similarly, stem diseases such as cankers, wood rots, and stem blights cannot be 
diagnosed early with imaging techniques or monitoring at a distance. Careful obser-
vation of stems and branches is necessary to identify such conditions, as they may 
only become visible during pruning operations.

3.5  Asymptomatic infections

Several species of Botryosphaeriaceae, Pestolotiopsis, Phomopsis (Diaphorthe), etc., 
occur as endophytes or latent infections in tea plants where the pathogen(s) are 
present in the plant but do not cause visible symptoms. This can lead to undetected 
infections and disease spread.

3.6  Environmental factors, plant nutrient status, and plant factors

Environmental conditions, such as weather, humidity, soil quality, and plant 
nutrient status, can influence the development and appearance of disease symptoms. 
Different tea plant varieties respond to certain diseases differently, which can com-
plicate diagnosis because the same pathogen may have different effects on different 
varieties. These variabilities can make it challenging to establish a definitive diagnosis 
protocol.

3.7  Limited diagnostic tools and expertise

The global tea industry slowly and gradually grabs new and modern technologies 
as tea is mostly produced in relatively low-income countries [65]. There is limited 
access to advanced diagnostic tools, such as imaging and image analysis, DNA-based 
tests, or specialized equipment and trained personnel, which are essential for accurate 
disease diagnosis in most of the tea-producing countries.

3.8  Climate change

Tea is produced in narrowly defined agroecological conditions as a rain-fed 
monocrop. The changes in the rainfall patterns, rising temperature, and increasing 
events of floods and drought events would lead to the emergence of new pathogens. 
The possible emergence of new diseases and changes in existing pathogen populations 
would make disease diagnosis challenging, demanding more sophisticated methods 
and techniques.

4.  Way forward

It is forecasted that the global tea industry will grow with a compound annual 
growth rate (CAGR) of 6.7 percent from 2022 to 2031. Minimizing crop loss due to 
pests and diseases while ensuring pesticide-free quality products is a challenge to the 
growing tea industry under current climate change. There are several opportunities 
for improving tea disease diagnosis, which can lead to more effective disease manage-
ment and increased crop yield in the tea industry. These opportunities encompass 
technological advancements, research, and collaboration.

As many tea-growing countries share common disease problems, global collabora-
tion in disease diagnosis and studies on pathogens would help to bring appropriate 
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technology rapidly at a shared cost. Once such technology is developed with coor-
dinated effort, refinement at local conditions can be carried out. This collaborative 
approach could minimize duplication of work among tea-growing countries on the 
same disease problem. The traditional method of disease diagnosis with culturing and 
disease symptomology has been supported by DNA-based methods in the recent past 
for many tea diseases. The available information can be used by tea pathologists with 
modification if required.

The establishment of disease surveillance networks that involve collaboration 
among tea growers, researchers, and government agencies, along with timely sharing 
of disease data, can facilitate rapid response and containment. Training and educa-
tional programs for tea growers and plantation workers to enhance their knowledge 
of disease symptoms, prevention, and early detection techniques could help manage 
resource limitations.

Whole genome sequences are available only for brown blight pathogen C. camel-
liae, tea leaf spot pathogen D. segeticola, P. theae, and two different strains of tea plant 
virus TPNRBV despite more than 300 fungal pathogens being reported in tea. With 
global collaboration and wise utilization of resources, it is imperative to generate 
whole genome sequences of major tea pathogens. This information would help develop 
and implement advanced diagnostic tools, as well as high-throughput assays. These 
technologies can provide rapid and highly accurate identification of tea pathogens.

Although imaging and remote sensing technology are developing rapidly, 
most of the works are from academic research limiting agricultural applications. 
Hyperspectral imaging may be promising due to its high specificity and rapid data 
analysis. However, the use of drones or unmanned aerial vehicles for collecting 
data would remain challenging in situations where tea is grown under shade trees, 
particularly in India and Sri Lanka. To get the maximum potential of machine learn-
ing techniques, a large, verified dataset of images of diseased and healthy plants is 
essential. The establishment of quality data sets may overcome the problems faced by 
data scientists. Smartphone and mobile phone-based diagnostic tools will help share 
knowledge and improve the diagnostic capabilities of even the tea growers.

There are unexplored horizons in tea disease diagnostic methods. Nanotechnology-
based pathogen detection, biosensors based on highly selective bio-recognition 
elements, and CRISPR-Cas-based detection systems have so far not experimented with 
tea pathogens. Although the application of ELISA for tea disease detection has not 
been reported much, the fabrication of test strips based on ELISA will be an innovative 
strategy for the detection of tea viruses in the future due to its ease of handling. Lateral 
flow assays would favor in-field quick diagnosis. It would be advantageous to develop 
multiple pathogen detection systems rather than the detection of a single pathogen.

5.  Conclusions

An early and precise diagnosis of diseases is crucial, enabling prompt interven-
tion and precise disease management plans. The global tea industry is gradually 
embracing modern methodologies rather than relying solely on symptomatic and 
culture-based methods. DNA and RNA-based diagnosis, genome sequencing, remote 
sensing, machine learning, and image processing technology to achieve automatic 
detection are widely used in tea. The adoption of current techniques and their field-
level applications are, however, influenced by several factors. The future needs are 
discussed in detail.
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Chapter 5

Trichoderma spp.: Approach for 
Bio-Control Agent
Lovely Bharti, Kajol Yadav and Ashok Kumar Chaubey

Abstract

The novel technologies in all areas of agriculture have improved agricultural 
production, but some modern practices cause environmental pollution and human 
hazards. The recent challenge faced by advanced farming has been to achieve higher 
yields. Thus, there is an immediate need to find eco-friendly solutions. Among 
the various types of species being used as biocontrol agents, fungi of the genus 
Trichoderma are a very large group of microorganisms widely used as biocontrol 
agents against different kinds of plant pathogens. Trichoderma spp. are asexual, free-
living organisms that are abundantly present in all types of agricultural soils. Recent 
studies have shown that Trichoderma can not only prevent diseases but also promote 
plant growth, improve nutrient utilization efficiency, enhance plant resistance, and 
improve the agrochemical pollution environment. Trichoderma spp. behaves as a 
low-cost, effective, and eco-friendly biocontrol agent for different crop species. This 
chapter provides information on Trichoderma as a biocontrol agent, its biocontrol 
activity, and plant disease management programs.

Keywords: Trichoderma, biological control, plant growth, agriculture, plant pathogens

1. Introduction

Plant diseases caused by viruses, bacteria, fungi, or other macroorganisms have a sig-
nificant impact on the reduction in food production, growth, and development in agri-
culture, which results in serious economic losses every year. The first option that farmers 
frequently use to control plant diseases is chemical pesticides. The primary benefit of 
these pesticides is their immediate use and “solution” to the issue. Chemical pesticides 
used over an extended period of time can contaminate soil and water, affecting both 
humans and animals, while occasionally leaving toxic residues that can encourage the 
growth of particular resistant species. In addition, pesticides have negative impacts on 
soil microbiomes, soil-dwelling species (such as beneficial insects, like pollinators), and 
the overall health of terrestrial and aquatic ecosystems [1]. In recent decades, Chemical 
pesticides, which are the most widely used technique for defending plants against fungal 
diseases, have placed serious pressure on the agricultural environment [2].

In order to avoid the negative effects of chemical pesticides, researchers are 
searching for alternate solutions to these issues, such as the use of biocontrol agents 
(BCAs) for disease control, minimizing the damage caused by plant pathogens, and 
an integrated approach with other chemicals that is environmentally safe. One of 
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these methods is the use of BCAs, which are based on living microorganisms or their 
metabolites and products of natural origin that reduce the population of plant patho-
gens [3]. These biological disease management strategies are effective, long-lasting, 
eco-friendly, affordable, and safe for human health. At present, integrated pest 
management strategies and avoidance or regulation of pesticides by using Aspergillus, 
Gliocladium, Trichoderma, Ampelomyces, Candida, and Coniothyrium are some 
examples of fungal agents, and other bacterial agents include Pseudomas, Bacillus, and 
Agrobacterinum [4]. Among these BCAs, Trichoderma spp. is one of the most adapt-
able and has been used for a long time to control plant pathogenic fungus and lessen 
the usage of pesticides on economically significant crops. T. harzianum and T. virens 
prevented the pathogenic fungus from the growth of Ganoderma [5].

Fungi that act as biocontrol agents have become useful tools in the modern agri-
cultural system. They have the capacity to ameliorate abiotic stresses like drought, 
salinity, extremely high or low temperatures, and heavy metal impacts, as well as the 
harmful effects of plant pathogens. Trichoderma spp., which are beneficial fungi, 
have received a lot of attention because of their high reproductive capacity, ability 
to survive in adverse conditions, prolific production of secondary metabolites, and 
resistance to plant pathogenic fungi [6]. Additionally, they have been used in biotech-
nological applications and are crucial to agricultural endeavors because of their capac-
ity to reduce biotic (species and vegetable variety and edaphic microbial interactions) 
and abiotic stresses (type of soil, water potential, temperature, and pH) and improve 
plant growth and yield [7]. Colonization with Trichoderma and plant root is the initial 
stage of successful interaction, signal exchange, and elicitor generation that results in 
symbiotic relationship between them. Produced enzymes and antibiotics move toward 
fungal pathogens, successfully breaking down their hyphae to allow entry into the 
host cell. Both enzymes and antibiotics have antifungal properties and work together 
to combat fungi [8]. Trichoderma are known to be resistant to Alternaria alternate, 
Botrytis cinerea, Rhizoctonia solani, Sclerotinia sclerotiorum, Pythium spp., and Fusarium 
spp. [9, 10], as well as nematode [11]. After successful colonization, they cause 
induced systemic resistance (ISR) in the plant, which results in the signaling of several 
hormones and eventually promotes development [8]. Abiotic factors like salt, drought, 
heavy metal buildup, and severe temperatures have an impact on crop yield all around 
the world. However, recent studies have shown that Trichoderma induces tolerance 
against abiotic stresses and improves growth in plants [12] like radish, cucumber, pep-
per, bottle gourd, periwinkle, bitter gourd, chrysanthemum, lettuce, and tomato [13]. 
Trichoderma-colonized plants produce substances like auxins (indole-3-acetic acid: 
IAA), ethylene (ET), gibberellins (GA), plant enzymes, antioxidants, phytoalexins, 
and phenols that offer long-lasting resistance to abiotic stresses and improve the root 
system’s ability to branch. The main advantage of priming the plant for certain stress 
responses is that it provides a faster and stronger response if the stress occurs again.

The purpose of this chapter is to describe the role of Trichoderma species in detail 
as a biocontrol agent and biofertilizer and provide a brief overview of the commer-
cially available products of Trichoderma species for application.

2. An overview of the genus Trichoderma

Trichoderma is a genus of filamentous, facultative, primarily asexual  
(the teleomorphic forms are Hypocrea), and anaerobic fungus that are widely dis-
tributed around the world and typically colonize decaying wood and other types 
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of organic plant matter. Trichoderma is an essential component in the mycobiome 
of a wide range of soil ecosystems (such as farmland, prairie, forests, salt marshes, 
and deserts), including temperate and tropical areas, Antarctica, and tundra [2]. 
Trichoderma genus is a group of saprotrophic fungi that are widely distributed and 
frequently inhabit woody plants as endophytes [14]. The systematics and taxonomy 
of these fungi have changed when Persoon first coined the word “Trichoderma” in 
1794 [15]. According to the present genus, it is a member of the eukaryota domain, 
fungi kingdom, ascomycota division, pezizomycotina subdivision, sordariomycetes 
class, hypocreales order, and hypocreaceae family. Over 370 Trichoderma species have 
previously been identified in the genus Hypocrea/Trichoderma, such as T. harzianum, 
T. viride, T. asperellum, T. hamatum, T. atroviride, T. koningii, T. longibrachiatum, and 
T. aureoviride [16, 17]. Trichoderma species are effective biocontrol agents in soil 
ecosystems because of their capacity for rapid growth, ability to use a variety of 
substrates, and resistance to numerous toxic chemicals, including fungicides (such as 
azoxystrobin, 3,4-dichloroaniline, and trifloxystrobin), herbicides, and other organic 
pollutants [18, 19].

Trichoderma species have the potential to act as biological plant protection agents. 
This was initially described in the early 1930s. According to the findings of researcher 
Weindling [20], the T. lignorum strain uses necrotrophic mycoparasitism to defend 
citrus seedlings from the pathogen Rhizoctonia solani. Since then, Trichoderma’s bio-
control properties have been thoroughly studied for the treatment of diseases caused 
by several types of soil phytopathogens [21]. The mechanisms by which Trichoderma 
decreases the occurrence of plant diseases include competition for nutrients and 
space, the synthesis of antifungal metabolites, mycoparasitism, production of lytic 
enzymes that degrade the cell walls of fungal plant pathogens, as well as the induction 
of plant resistance [2]. According to Di Marco et al. [22], the T. harzianum, T. hama-
tum, T. longibrachiatum, T. koningii, T. viride, T. polysporum, and T. asperellum have the 
most effective biocontrol capabilities. Numerous studies have shown that the majority 
of Trichoderma spp. can create bioactive compounds and have antagonistic effects on 
plant pathogenic fungi [23]. These bioactive compounds, such as cell wall-degrading 
enzymes and secondary metabolites, can effectively increase crop resistance, lower 
plant illnesses, and stimulate growth of plants [24].

Trichoderma has a wide range of applications in agriculture due to its biocontrol, 
biostimulation, and biofertilization abilities. Trichoderma is recognized as the genus 
with the highest potential for biocontrol as it has the most isolated antifungal bioac-
tive chemicals [25]. According to Rush et al. [25], Trichoderma species account for 
more than 60% of the fungal BCAs. For example, approximately 250 Trichoderma-
derived biofungicides are used in India, but compared to biological management, 
Indian farmers still rely more heavily on synthetic chemical fungicides [26].

2.1 Trichoderma biology

The mycoflora of the genus Trichoderma, which are typically global in distribution 
and exhibit a wide range of genetic variety, are generally found in areas with access to 
decomposing plant materials, primarily cellulosic materials [27]. Trichoderma species 
are considered to be an imperfect fungus that belongs to the order Hypocreales of the 
Ascomycota. They can be easily separated from natural soil, decaying plant organic 
matter, and wood. Trichoderma multiplies and grows very quickly in different nutri-
ent sources like Malt Agar (MA), Czapek Dox Agar (CDA), and Potato Dextrose Agar 
(PDA). It also produces conidia/spores of various shades that are characterized by a 
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green color, especially at the center of a growing spot or in concentric ring-like zones 
on the agar surface (Figure 1), and some species also produce thick-walled chla-
mydospores. The most significant characteristic of this genus is its ability to parasitize 
other pathogenic mycoflora, particularly those that are associated with root rot and 
wilt diseases [29]. Trichoderma species have been described as endophytic fungi, even 
though they are typically found as opportunistic plant symbionts in all types of soil, 
including agricultural soil, orchard soil, and forest soil [30].

2.2 Morphological characteristics

Trichoderma species are mostly identified based on their morphology, although 
this method is not precise enough to distinguish between species’ differences in 
diversity. According to [31], most Trichoderma cultures develop quickly in the ideal 
range of 25–30°C but not at 35°C, yet some species grow well at 35°C. This plays a key 
role in differentiating species with similar morphology. T. harzianum can be distin-
guished from species like T. atroviride and T. aggressivum that have a similar morphol-
ogy by growing it at 35°C. After 96 hours, T. harzianum develops well and sporulates 
at 35°C, whereas T. aggressivum and T. atroviride cannot have colonies with a radius 
higher than 5 mm after 96 hours. Mycelia development and color features can be more 
easily identified in a rich media like Potato Dextrose Agar (PDA). Trichoderma uses 
a number of compounds, including carbon and nitrogen sources, for its sporulation. 
Sporulates of Trichoderma also produce powder masses with branched conidiophore 
bearing bright green, or occasionally colorless, grayish, or brownish, conidia [32], 
which is characteristic of genera such as Myrothecium, Clonostachys, and Aspergillus as 
well as Penicillium, respectively. Most of the time, their surfaces are smooth, but other 
species, such T. viride, have rough conidia [31]. The conidiophore is poorly defined, 
but it is mostly branched and contains unicellular conidia and phialides at the tip of 
the branched hyphal system that are not visible on one-week-old media. Phialides 
of Trichoderma spp. are often sterile hyphae creeping septate, forming a flat, firm, 
and tuft conidiophores erect originating from a short branch, whereas conidia have 
double-layered walls that have an electron-dense rough outer layer (epispore) and a 
moderately electron-dense inner layer. Conidia color morphology varies from spe-
cies to species, but it is normally green or can be gray, white, and yellow. Colonies of 
Trichoderma spp. can develop slowly or swiftly, depending on the species. Their aerial 
mycelium is frequently restricted, floccose to arachnoid, and reverse colorless to dull 

Figure 1. 
Three different isolated strains of Trichoderma spp. [28].
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yellow. Various isolates have a distinct aroma that is similar to coconut. Conidiation 
may be variously vibrant, loosely tufted, or produce compact pustules that initially 
appear white but eventually turn green (rarely brown). The conidiophores of  T. 
harzianum  with phialides and phialospores are depicted in   Figure 2  . Shah et al. [ 33 ] 
claim that the light green conidia of  T. viride  are globose to subglobose, whereas those 
of  T. harzianum  are globose.  T. pseudokoningii  showed little, light green conidia.  

    3. Biocontrol mechanisms of  Trichoderma  spp. against phytopathogens 

 Plant diseases are caused by the interaction among various components, including 
the host, pathogens, and environment, that is, the disease triangle. Bioagents are the 
organisms that prevent disease by interacting with different disease triangles. The 
interaction of pathogens and bioagents allows for modification of the soil environ-
ment to establish favorable conditions for effective biocontrol techniques against 
plant disease. Biocontrol agents involve a variety of processes in achieving disease 
control. However, conclusive evidences for the involvement of a specific factor 
in biological control are identified by the strong correlation between the factor’s 
appearance and biological control. The study of various strategies for managing 
phytopathogens and plant diseases is the most significant and fascinating aspect 
of  Trichoderma .  Trichoderma  uses competition, parasitism, antibiosis, induction of 
defense responses in host plants, and/or a combination of these strategies to control a 
variety of organisms. 

  3.1 Mycoparasitism of  Trichoderma

 A complex mechanism known as mycoparasitism or hyperparasitism allows 
an antagonistic fungus (mycoparasite) to parasitize on another fungus (host) and 
ultimately result in the death of pathogen cells [ 2 ]. The majority of the  Trichoderma
fungus is classified as a necrotrophic mycoparasite.  Trichoderma  parasitize a variety 
of mycoparasites, especially soilborne pathogens. Over 75  Trichoderma  species have 
been identified with high mycoparasite potential and have the ability to lyse and 
attack plant pathogenic fungi like A lternaria alternata, Botrytis cinerea, Rhizoctonia 

  Figure 2.
  Phialides and phialospores of (a)  Trichoderma harzianum  and (b)  Trichoderma viride  (taken from the 
Université de Bretagne Occidentale website).          
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solani, Sclerotinia sclerotiorum, Pythium spp., and Fusarium spp. [10]. Trichoderma 
necrotrophs have a mycoparasitic effect on fungi, which involves chemotaxis and prey 
sensing, attachment to the host, and physical attack through vigorous branching and 
coiling around the hyphae of the host. Moreover, Trichoderma can also create penetra-
tion structures that are similar to pathogen appressoria, or appressoria-like structures 
[34]. The act of mycoparasitism consists of three fundamental phases. This role can 
be performed in the rhizosphere of plants, an ecosystem where Trichoderma has suc-
cessfully colonized and where the biological control of potential pathogens is crucial 
to prevent plant diseases. First, Trichoderma identifies its host (or potential plant 
pathogenic fungus), in which the formation of oligochitins has been considered as a 
sensor molecule [35]. Similar to this, it is understood that during the preceding stage, 
a number of gene-encoding proteases and oligopeptide transporters are expressed 
prior to interaction with the fungal host. Second, hydrophobin-like proteins might 
be useful when Trichoderma comes into contact with the plant pathogenic fungus, 
which results in the production of papillae or appressoria-like structures. The third 
step takes place when Trichoderma coils around the pathogen hyphae and begins to 
degrade it by producing cell wall-degrading enzymes (CWDE), such as cellulases and 
hemicellulases, chitinases, proteases, xylanase, pectinase, lipase, amylase, arabinase, 
protease, 1,3-glucanases, and lytic enzymes among other secondary metabolites 
(Table 1 and Figure 3), which are essential for the mycoparasitism/biocontrol process 
[41]. These enzymes degrade the pathogen cell walls, which are composed of chitin 
and glucan polysaccharides. Production and regulation of lytic enzymes, which 
include the chitinolytic enzymes β-N-acetyl glucosaminidase, endochitinase, and 
chitobiosidase, are essential for promoting cell wall degradation, mycelial autolysis, 
chitin assimilation, and fungal parasitism and inhibiting spore germination of other 
plant pathogenic fungi, which are produced by T. harzianum, T. atroviride P. karst, 
and T. asperellum [42]. For plant protection, Trichoderma produces several types of 
volatile metabolites, such as 6-n-pentyl-2H-pyran-2-one (6-PAP) [43]. The enzymes 
β-1,3- and β-1,6-glucanases determine the hyperparasitic capability of Trichoderma in 
response to Phytophthora sp. and Pythium species. Endo- and exoproteases are proteo-
lytic enzymes of Trichoderma that are responsible for enzyme secretion for the control 
of Botrytis cinerea, Rhizoctonia solani, and Fusarium culmorum. Ceratin cellulase 
enzymes, such as exo-β-1,4-glucanases, endo-β-1,4-glucanases, and β-glucosidases, 
synthesized by antagonists, also play a key role in hyperparasitism. Chemical attack 

Secondary Metabolites effect Reference

Peptaibols Inhibit the activity of β-1,3 glucan 
synthase

[36]

Gliotoxin, Gliovirin, Koninginins, Trichothecenes, 
and 6-Pentyl-Α-Pyrone (6-PAP)

Antifungal [37]

Trichodermin, Suzukacillin, and Alamethicin Assist in destroying the cell walls of 
other pathogenic fungi

[38]

Harzianic acid, Tricholin, Massoilactone, Viridin, 
Glisoprenins, and Heptelidic acid

Antibiotic [37]

Jasmonic acid and Terpenes Repel insects from consuming plant 
leaves

[39]

Table 1. 
Secondary metabolites produced by Trichoderma spp.
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and degradation of the pathogen’s cell wall by hydrolytic enzymes and antifungal 
compounds produced by Trichoderma is the final stage of the mycoparasitic interac-
tion, ultimately causing host death (Figure 4) [44].

Numerous Trichoderma genes that code for proteases and oligopeptide transport-
ers have been identified during interactions between different Trichoderma species 
and the host. Additionally, it has been proposed that pathogenic host sensing is 
mediated by class IV G-protein-coupled receptors (GPCRs), which operate as sensors 

Figure 3. 
Example of SMs produced by Trichoderma spp. chemical structure of 1 6-pentyl-α-pyrone, 2 koninginin A, 
3 viridin, 4 harzianopyridone, 5 harzianic acid, 6 harzianolide, 7 T39butenolide, 8 dehydro-harzianolide, 9 
cerinolactone, 10 gliotoxin, 11 coprogen, 12 aspinolide C, 13 trichodiene, 14 harzianum A [40].
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for oligopeptides and other chemicals released from phytopathogen cell walls by the 
activity of protease enzymes [ 10 ]. The conserved signaling cascade of G-proteins, 
which consists of the Gα, Gβ, and Gγ subunits, is used for further signal transduc-
tion. Mutants of  T. atroviride  that lack the Gα subunit are completely incapable of 
mycoparasitism, have decreased chitinolytic activity, and are unable to produce the 
antifungal chemical 6-pentyl-α-pyrone [ 10 ]. Furthermore, during mycoparasitism in 
Trichoderma , mitogen-activated protein kinases (MAPKs), particularly pathogenicity 
MAPK (TmkA and Tmk1), are implicated in signal transduction pathways [ 46 ]. The 
antagonistic interactions between  S. rolfsii, R. solani , and  Pythium ultimatum  and  T. 
virens  are reduced when TmkA is removed. 

Trichoderma’s  mycoparasitism extends beyond the host’s pathogenic hyphae, and 
these fungi may use the pathogen’s conidia as a source of further biocontrol. The 
Trichoderma  TkZ3A0 strain’s hyphae were able to parasitize phialides with macro-
conidia of the  F. culmorum  phytopathogen (isolated from winter wheat with severe 
fusariosis symptoms) and exhibited clear chemotaxis and adhesion to their struc-
tures. This strain has a high degree of similarity to the  T. koningiopsis  species. Even in 
the initial phases of the interaction, macroconidia’s shape changed and their ability to 
germinate was inhibited (mycostasis) [ 47 ].  

  3.2 Competitive role of  Trichoderma

 Starvation is the most prevalent cause of mortality for all living organisms. 
Microorganisms typically die from starvation because there are not enough nutrients 

  Figure 4.
  Mycoparasitism by  Trichoderma . (A) Interaction between colonies of  Trichoderma  and a fungal prey. (C) 
Main factors and structures used by  Trichoderma  during antagonistic interaction. (B and D) Host invasion. 
Transmission electron micrographs of  T. Atroviride  parasitizing  Rhizoctonia solani . (B)  T. Atroviride  (T) 
penetrates  R. solani  (R). (D)  T. atroviride  (T) grows inside  R. solani  (R) hypha [ 45 ].          
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in their local surroundings, which include soil and plant surfaces. Trichoderma 
successfully established themselves in the environment, both pathogens and bio-
control agents are competing hard with one another for resources like food and 
space. Competition is a process that occurs between microorganisms when there is 
a scarcity of micro- and macronutrients, and the competition for those nutrients 
results in the natural management of fungal communities and the development of 
phytopathogens [48]. Competition for micro- and macronutrients, which are carbon, 
nitrogen, and iron, is essential for the interactions between beneficial and harmful 
fungi and is associated with biocontrol systems. Trichoderma is usually considered as 
a strong competitor against soilborne fungal pathogens. It exhibits higher capacity 
to mobilize and quickly absorb the nutrients needed for the growth of the pathogen 
fungi, leading to nutritional deficit and preventing the growth and reproduction of 
the pathogenic fungi [49]. Rapid germination rate of Trichoderma has produced a 
wider accessible area and a greater supply of nutrients for growth. The most effective 
utilization of nutrients depends upon the ability of Trichoderma spp. to obtain energy 
from the metabolism of carbohydrates such as cellulose, chitin, glucan, and glucose, 
which are frequently present in the mycelial environment [50]. Trichoderma has a 
strong capacity for environmental adaptation [51]. It can seize nutrients and space 
close to the plant rhizosphere by its rapid growth and reproduction, consume oxygen 
in the air, and inhibit the growth of plant pathogenic fungi [52]. Trichoderma can 
effectively suppress the growth of plant pathogenic fungi since its growth rate is much 
faster than that of plant pathogenic fungi. After 24 hours in the soil, Trichoderma 
can quickly attach to plant roots for reproduction, and the hyphae quickly wrap 
plant roots to create a protective layer that prevents pathogen invasion and removes 
surrounding pathogens. According to Risoli et al. [53], T. harzianum grew 2.0–4.2 
times more quickly than B. cinerea. Trichoderma mycelium competed with Fusarium 
graminearum by adhering, twining, interpenetration, and other mechanisms, causing 
Fusarium graminearum’s mycelium to become distorted and subsequently disap-
pear [54]. Through rapid growth and reproduction, Trichoderma can weaken and 
exclude the gray mold pathogen in the same habitat by capturing water and nutrients, 
occupying space, using oxygen, and other things [55]. Trichoderma accomplishes 
this by biosynthesizing and releasing organic acids including gluconic, citric, and 
fumaric acids to cause a decrease in soil pH. Additionally, these organic acids help to 
dissolve micronutrients and mineral cations such phosphates, iron, manganese, and 
magnesium.

Siderophores, which are formed under iron-deficiency stress and have a low 
molecular weight (less than 10 kDa) chelator molecule with a high affinity for iron 
(Fe), are considered to be of the greatest significance in relation to the competi-
tive phenomenon in Trichoderma [56]. The Fe ions serve as cofactors for numerous 
enzymes and are crucial for the healthy growth and development of both microbes 
and plants. Generally, the three classes of microbial siderophores—hydroxamate, 
catecholate, and carboxylate—are separated based on the chemical structure and 
the position of their coordination sites with iron [57]. The majority of the times, 
fungi produce hydroxamate-type siderophores, like coprogens, ferrichromes, and 
fusarinines, which have the structural component N5-acyl-N5-hydroxyornithine [58]. 
Iron is mostly found in soil in the form of Fe3+ under neutral pH conditions and in the 
presence of oxygen. Fe tends to produce insoluble iron oxides in the aerobic environ-
ment, making it unavailable to plants. Siderophores have the ability to interact with 
insoluble iron (Fe3+) and subsequently change it into soluble Fe2+, which is readily 
absorbed by plants and microbes (Figure 4).
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In the absence of iron supplies from an associated niche, Trichoderma may inhibit 
the growth and activity of target soil pathogens. The interaction of the pathogens 
Fusarium acuminatum, Alternaria alternata, and Alternaria infectoria with T. har-
zianum was studied in vitro, and the results revealed that the studied fungi died 
from nutrient starvation. Further, the iron competition was suggested as one of the 
essential components in T. asperellum’s antagonistic relationship with F. oxysporum f. 
sp. lycopersici and tomato plants’ defense against wilt disease. Trichoderma has been 
shown to successfully compete with phytopathogens from the genera Colletotrichum 
sp., Botrytis sp., Verticillium sp., and Phytophthora sp. for simple and complex carbon 
substrates [59]. Further, the powerful inhibitory impact of Trichoderma on the 
pathogens B. cinerea, F. graminearum, and Macrophomina phaseolina was mediated by 
enzymes that create competition for nutrients and space [60].

Therefore, the coordination of many strategies, including the competition for 
nutrients, which is considered to be among the most essential, is required for the con-
trol management of some pathogens (such as B. cinerea) by using Trichoderma [61].

3.3 Induced systemic resistance of Trichoderma

One of the most significant mechanisms of Trichoderma’s biocontrol actions is 
induced systemic resistance. It is well-known that Trichoderma spp. are able to induce 
systemic and local resistance in plants against plant pathogens through alterations 
in their physiological and biochemical processes, as a result of complex interactions 
between microbial biomolecules and plant receptors [62]. While preventing the 
pathogenic fungus from proliferating and growing, it can also encourage crops to pro-
duce self-defense mechanisms for obtaining local or systemic disease resistance. This 
causes the synthesis of regulatory plant proteins that may contribute in the defense 
mechanism by recognizing the microbial biomolecules, as well as the formation of the 
defense-enhancing chemical salicylic acid throughout the entire plant as a systemati-
cally induced defense mechanism [63]. Trichoderma-induced plant disease resistance 
is achieved by two methods: first, regulate the elicitors or effectors that initiate the 
plant disease resistance response, and second, the cell wall-degrading enzymes (such 
as celluloses, chitinases, and glucanases) produced by Trichoderma release oligosac-
charides that can induce plant resistance [64]. Elicitors play a key role in the initiation 
of Trichoderma-induced systemic resistance (TISR) in plants. Currently, there are 
more than 10 Trichoderma elicitors known to promote plant resistance, including 
Sm1, QID74 hydrophobic protein, MRSP1, chitin-degrading enzyme, xylanase, cel-
lulase, endopolygalacturonase, sucrase, and antibacterial peptides. These substances 
primarily come from five Trichoderma species: T. asperellum, T. viride, T. atroviride, T. 
harzianum, and T. virens [65–68].

The elicitors are divided into two categories: (1) race-specific elicitors that only 
activate gene-to-gene defense in particular host cultivars and (2) general elicitors 
released from pathogenic and nonpathogenic strains that activate non-race-specific 
defense in both host and nonhost plants. Numerous classes of elicitors have been 
identified, such as oligosaccharides (glucans, chitins, and oligogalacturonides), 
proteins and peptides (elicitins and endoxylanase), glycopeptides and glycoproteins 
(e.g., glycopeptide fragments of invertase), glycolipids (e.g., lipopolysaccharides), 
and lipophilic substances (e.g. fatty acids). In plants, the activation of signal 
transduction pathways by elicitors causes physical, biochemical, and molecular 
changes such as ion flow across the membrane, the production of reactive oxygen 
species (ROS), the construction of a physical barrier that inhibits the spread of 
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phytopathogens (callose deposition and reinforcement of the plant cell wall), and 
the synthesis of various defense compounds (such as phytoalexins, volatile organic 
compounds, enzymes, and phytohormones) [69].

Numerous plant species, including monocotyledonous and dicotyledonous, have 
an enhanced immune response when nonpathogenic Trichoderma fungi are present. 
The recognition of conserved domains, such as the pathogen-associated molecular 
pattern (PAMP) or the microbe-associated molecular pattern (MAMP), is the main 
component of the plant defense response. Both MAMP-triggered immunity (MTI)/
PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) are induced 
by these domains in plants [47].

According to Saravanakumar et al. [70], Trichoderma-coated maize seeds sig-
nificantly increased in peroxidase (POD) and phenylalanine ammonia lyase (PAL) 
activity, and the plants were resistant to curvularia leaf spot of maize.

3.4 Antibiosis effect of Trichoderma

The biological control mechanism referred to as antibiosis involves the production 
and excretion of secondary metabolites, including compounds of a different chemical 
nature with cytotoxic activity, which can reduce or inhibit the growth of phytopatho-
gens by secreting antagonistic substances [71]. Trichoderma species have the ability 
to create antimicrobial secondary metabolites, such as trichomycin, gelatinomycin, 
chlorotrichomycin, and antibacterial peptides, which may inhibit the development of 
several types of pathogens. This inhibiting process is known as antibiosis. Antibiosis is 
one of the primary mechanisms by which Trichoderma and other biological pest con-
trollers, such as plant growth-promoting bacteria (PGPB), work [72, 73]. More than 
180 secondary metabolites of Trichoderma have been classified into different categories 
of chemical compounds based on their roles in competition, iron-chelating metabo-
lites, inducers of plant resistance, plant growth-promoting metabolites, and antibiotics 
[40]. These substances can be divided into peptaibols, water-soluble substances, and 
volatile or nonantibiotic substances. These substances have a variety of roles in the 
biological control of various pathogens and are also able to function as antibacterial 
agents, encourage plant growth, and serve as valuable building blocks for the creation 
of agricultural antibiotics [74]. Some secondary metabolites have the ability to modify 
the metabolism and growth of plants. Some Trichoderma strains, including T. viride, T. 
harzianum, and T. koningii, have been shown to be able to produce and secrete 6-PAP, a 
volatile metabolite that can inhibit the growth of colonies to varying degrees, and some 
of them can inhibit the growth of colonies by more than 80% [75–77]. These volatile 
metabolites are crucial to the biocontrol of a variety of pathogenic species, including 
Fusarium oxysporum, Botrytis cinerea, and Rhizoctonia solani [78]. For example, T. virens 
species produce trichodermamides, whereas T. koningii produce Koninginins, both of 
which have antibacterial and antifungal activity. Additionally, in T. harzianum and T. 
virens substances like azaphilones, viridins, nitrogen heterocyclic compounds (such 
harzianopyridone and harzianic acid), and volatile terpenes have been characterized 
and are used in the biocontrol of pathogenic fungus [79]. Different Trichoderma spp. 
have also been studied for their ability to produce hydrolytic enzymes and proteases, 
including exo- and endochitinases, chitinases, xylanases, glucanases, lipases, and 
endo- and exopeptidases, among others, with antifungal activity [80]. The most preva-
lent volatile organic compound (VOC) from T. atroviride is 6-pentyl-2H-pyran-2-one 
(6-PP), which, together with other VOCs produced by the fungus, promotes plant 
growth and controls sugar transport in Arabidopsis roots [81].
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4. Trichoderma as biocontrol agent against soilborne pathogen

The rapid use of chemical fertilizers considerably contributes to the current 
condition of environmental deterioration through the use of fossil fuels, the 
production and release of carbon dioxide, and the contamination of water sup-
plies. Globally, environmental deterioration is currently a major concern. The most 
effective way to prevent environmental deterioration is by using biological agents 
[82]. Biocontrol is the use of biological populations to control the proliferation of 
pests. A few of the biocontrol mechanisms by which BCAs can prevent the growth 
of soilborne pathogens include the capability to grow faster than soilborne patho-
gens for nutrients and space, the production of numerous potent plant-degrading 
enzymes like lytic enzymes and proteolytic enzymes, and the production of more 
than 200 antibiotics that are extremely toxic to all macro- and microorganisms. It 
is believed that the ability to produce various antibiotics will enhance biological 
control by preventing a variety of microbial competitors, some of which are likely 
plant diseases [28].

Antibiotics such as 2,4-diacetylphloroglucinol, produced by Pseudomonas fluores-
cens F113 against Pythium species, which causes damping-off disease, and gliotoxin, 
produced by Trichoderma virens against Rhizoctonia solani, which causes plant 
root rot, have been reported to be involved in the suppression of plant pathogens. 
Furthermore, BCA enzymes can also hydrolyze chitin, proteins, cellulose, and hemi-
cellulose. As a result, plant pathogens are quickly inhibited. Several types of BCAs can 
produce enzymes that are beneficial against particular plant diseases [83].

Trichoderma has a significant application value and potential for biological man-
agement of plant diseases. The use of Trichoderma to control plant diseases has been 
studied all around the world. Trichoderma spp. are effective biocontrol agents that 
are widely used against soilborne diseases. Some of the important gene types that 
are essential to the function of biocontrol include protease, chitinase, glucanase, 
tubulins, cell adhesion proteins, and stress-tolerant genes. These genes play a role in 
the degradation of cell walls, hyphal growth, stress tolerance, and parasitic activity. 
For example, chitinase breaks down glycosidic linkages, while xylanase breaks down 
hemicellulose and so forth. Trichoderma fights against other plant pathogenic fungi 
and promotes the growth of the plant and its roots. For plant pathogenic diseases, 
it uses a variety of management strategies, such as antibiosis, mycoparasitism, 
induced host cell resistance, and competition for nutrients and space. The antago-
nist’s proliferative potential in the soil is a key factor in the efficient biocontrol of 
soilborne pathogens. Trichoderma species are recognized as prospective biologi-
cal control agents due to their capacity to either increase resistance or restrict 
the growth of a number of phytopathogenic fungus. Trichoderma’s induction of 
systemic resistance is another important method of pathogen resistance. Through 
mycoparasitism, competition, or the production of antibiotics, plants can defend 
themselves directly [84].

As a biocontrol agent, T. viride and T. harzianum are known to have various 
degrees of inhibitory effects on pathogens including Fusarium oxysporum, Rhizoctonia 
solani, Pythium aphanidermatum, Fusarium culmorum, Gaeumannomyces graminis var. 
tritici, Sclerotium rolfsii, Phytophthora cactorum, Botrytis cinerea, Pseudocercospora spp., 
Colletotrichum spp., and Alternaria species [85–90]. Trichomonas has been widely used 
in the biological management of tobacco root rot, tomato, potato, rice, wheat, and 
other plant diseases (Table 2).
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5. Trichoderma as biofertilizers

Severe environmental conditions are one of the factors that have decreased 
crop growth and productivity. Crop productivity would suffer as a result of abiotic 
stresses caused by climate changes, such as temperature rise, increased carbon 

Disease Crop Pathogen Biocontrol strain References

Root rot 
disease

Soybean (Glycine max (L.) 
Merr. cv)

Pythium arrhenomanes f. 
sp. adzuki

T. viride [91]

Corn (Zea mays) Fusarium oxysporum f. sp. 
adzuki

Cocoyam (Xanthosoma 
sagittifolium)

Pythium myriotylum T. asperellum [92]

Pepper plants (Capsicum 
annuum)

Rhizoctonia solani T. harzianum [93]

Eggplant (Solanum 
melongena L.)

Macrophomina phaseolina T. harzianum, T. 
polysporum, T. viride

[94]

Damping-off Pepper (Capsicum annuum) Phytophthora capsici T. harzianum [95]

Cucumber (Cucumis 
sativus)

Pythium sp. T. harzianum [96]

Cotton (Gossyphtm 
hirsutum)

Rhizoctonia solani T. harzianum [97]

Cotton (Gossyphtm 
hirsutum)

Pythium aphanidermatum, 
Pythium ultimum, 
Rhizopus oryzae

T. virens [98]

Wilt Tomato (Solanum 
lycopersicum)

Fusarium oxysporum f. sp. 
Lycopersici (FOL)

T. asperellum [99]

Melon (Cucumis melo) F. oxysporum T. harzianum T-78 [100]

Fruit rot Chili (Capsicum annuum) Alternaria tenuis T. harzianum [101]

Tomato (Solanum 
lycopersicum)

Rhizoctonia solani T. viride, T. virens,
T. harzianum

[102]

Brown spot Tobacco (Nicotiana 
tabacum)

Alternaria alternata T. harzianum [103]

Brown root rot Peanut (Arachis hypogaea) Fusarium solani T. harzianum [104]

Anthracnose 
gray mold

Strawberry (Fragaria 
ananassa)

Colletotrichum acutatum, 
Botrytis cinerea

T. hamatum, 
T. atroviride, T. 
longibrachiatum

[105]

Head blight Wheat and other small 
grain cereals (Triticum 
aestivum)

Fusarium graminearum, 
Fusarium culmorum

T. gamsii [106]

Sheath blight Rice (Oryza sativa) Rhizoctonia solani T. harzianum [107]

Blossom blight Alfalfa (Medicago sativa) Sclerotinia sclerotiorum T. atroviride [108]

Web blight Bean (Phaseolus vulgaris) Sclerotinia sclerotiorum T. viride [102]

Collar rot Tomato (Solanum 
lycopersicum)

Sclerotium rolfsii T. virens, T. 
harzianum

[102]

Table 2. 
Various diseases controlled by Trichoderma spp.
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dioxide levels, protracted drought, and hurricanes [109]. Additionally, these cir-
cumstances have an impact on the proliferation and distribution of plant pathogens 
and pests, adding to the biotic stresses imposed on crops [110]. Genetically uniform 
improved crop are frequently vulnerable to invasion caused by non-native pests and 
pathogens. Irrigation practices in dry environments affect soil nutrients and increase 
salinization. Salinization has been associated to decreased soil microbial activity 
and also has an impact on physical properties of soil, such as producing compaction. 
Compacted soil with low oxygen content affects root growth, which limits nutrient 
and water intake and reduces the production of plants. As a result, reports indicate 
that the average production of important crops is facing losses of up to 50%. In order 
to maintain agricultural production and productivity under various environmental 
challenges, Trichoderma spp. application as biofertilizer offers a sustainable and 
environmentally friendly alternative. In addition, they also play an essential role as 
a biocontrol agent, protecting plants from a variety of disease attacks. Trichoderma 
spp. interacts with plants to promote root growth, assist in nutrient uptake, and 
enhance the plant’s resistance to abiotic stresses, all of which increase the production 
of agricultural products [47]. According to previous studies, Trichoderma was able 
to colonize roots and affect the transcriptome, proteome, and epigenome of plants, 
improving their capacity to tolerate external stresses. In the presence and absence 
of abiotic stress factors, Trichoderma spp. treatment has positive effects on plants 
(Table 3).

5.1 Plant growth enhancement by Trichoderma spp.

Trichoderma frequently coexists with the root ecosystems of the host plants. 
Therefore, Trichoderma is generally referred to as a genus of symbiotic, opportu-
nistic, and nonpathogenic microorganisms that colonize the roots and regulate 
plant pathogens. Trichoderma spp. not only inhibit the growth of pathogens but also 
increase plant growth, serve as a biofertilizer, and stimulate plant defense mecha-
nisms. According to Hyakumachi and Kubota [112], plant growth-promoting fungi 
(PGPF) are fungi that can play a role in the growth of plants. The main effects of 
PGPF are frequently seen in the production, quality, and growth of the crop. Recent 
studies have shown that Trichoderma spp. can make a great PGPF. It has been shown 
that some Trichoderma strains may penetrate the epidermis and create a robust and 
persistent colonization of root surfaces. Trichoderma species have positive impacts 
on plants, such as promoting growth, enhancing seed germination and viability, 
improving root structure and condition, and increasing photosynthetic efficiency, 
blooming, and yield quality [113]. Trichoderma has been shown to enhance the 
growth of lettuce, pepper plants, and tomatoes. The production of phytohormones 
and phytoregulators is the most significant stimulating factor at almost all stages of 
plant growth and development by creating a favorable environment and production 
of a large amount of secondary metabolites [47]. Trichoderma spp. produce secondary 
metabolites that regulate plant growth, such as koningin A (Trichoderma koningii) 
and 6-pentyl-alpha-pyrone (T. harzianum). Other significant activities carried out by 
Trichoderma spp. include increased solubilization of phosphate minerals (such as Fe, 
Mg, and Mn), reduction in soil pH, and formation of gluconic and citric acids as well 
as micronutrients.

The main advantage of Trichoderma spp. for plant growth is the develop-
ment of roots. This theory is confirmed by recent studies [114] that have shown 
Trichoderma spp. produces or controls plant hormones like auxin, harzianic acid, 
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Strain as
biofertilizer

Crops Application 
mode

Beneficial outcome

T. azevedoi Lettuce Simple exposure Increases carotenoids and chlorophyll with 
reduction in the white mold attack to about 
78.83%

T. afroharzianum Tomato Seed inoculation 
or treatment

Helps in the secretion of phytohormones 
like homeostasis, antioxidant activity, 
phenylpropanoid biosynthesis, and 
glutathione metabolism

T. harzianum, Chinese 
cabbage

Irrigation Increased yield by 37%; Increased enzyme 
activity in the soils and providing more 
inorganic nitrogen and phosphorus content 
to the soil

T. asperellum,

T. hamatum,

T. atroviride

T. brevicompactum, Tomato Seedling 
drenching

Improved growth and yield due to the 
production of indole-3 acetic acidT. gamsii,

T. harzianum,

T. harzianum Rifai, Tomato Seed treatment Improves phosphorus uptake

T. asperellum,

T. brevicompactum, Tomato Seed drenching Improves phosphorus solubilization

T. gamsii,

T. harzianum

T. erinaceum Rice Seed treatment Improves germination, vigor, and yield

T. harzianum T22 Tomato Seed treatment Improves soil fertility, level of minerals and 
antioxidants, nutrient uptake, and yield

T. harzianum T22 Tomato Soil amendment 
as compost

Increase in yield to about 12.9%

T. viride Sugar cane Powder as 
fertilizers

Improves nutrient uptake

T. asperellum T34 Cucumber Seedling 
drenching

Enhanced nutrient uptake

T. harzianum All crops Compost Enhances residue decomposition resulting 
in availability of soil nutrients

T. simmonsii Bell pepper Seedling 
drenching

Improves yield to about 67%

T. reesei Chickpea Seed treatment Enhanced mineral uptake

T. harzianum Mustard Soil inoculation Improved nitrogen absorption and 
increased yield to about 108 and 203%

T. harzianum Chili Soil inoculation Increased yield

T. harzianum Barley Seed inoculation 17% increase in yield

T. viridae Wheat Soil and seed 
inoculation

75.8% increase in yield with improved 
nutrient absorption

T. viridae Potato Soil inoculation Increased yield with an average of 16.25 
tubers/plant

T. viridae Red beet 
cabbage

Seed inoculation 29% increase in yield
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Strain as
biofertilizer

Crops Application 
mode

Beneficial outcome

T. harzianum Onion 
seedlings

Seedling 
inoculation

Enhanced growth and yield

T. asperellum Maize Soil granules Improves yield

Table 3. 
Trichoderma spp. as biofertilizers function in increasing plant production and growth [111].

and harzionalide, which are responsible for promoting root development. According 
to Yedidia et al. [115], it was found that plants inoculated with T. harzianum on the 
28th day developed significantly greater roots. Additionally, this study found that the 
content of Cu, P, Fe, Zn, Mn, and Na increased in the inoculated root (Figure 5). At 
the same time, it was found that the concentration of Mn, Zn, and P had increased 
by 70%, 25%, and 30%, respectively, in the plant’s shoot. The study supports the 
theory made by Contreras-Cornejo et al. [116] that a high root surface area caused 
by Trichoderma spp. inoculation permits the root to explore a larger area of soil. 
This makes it possible for plants to absorb more macronutrients and micronutrients 
from the soil, which is advantageous for them when fighting for minerals with other 
organisms or when there is a lack of minerals. The identification of Trichoderma spp. 
metabolites could be helpful in the application of novel biofertilizers in agriculture 
as an alternative to synthetic/chemical fertilizers. To increase crop yield, using 
Trichoderma spp. as a biofertilizer in combination with fungi as inoculants may be 
beneficial. Additionally, it reduces pollution caused by the overuse of synthetic/
chemical fertilizer in the agricultural sector (Figure 6).

Figure 5. 
Transformation of the insoluble form of iron (Fe3+) into a soluble and easily assimilating form (Fe2+) by 
siderophores produced by Trichoderma fungi [117].
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5.2 Plant root colonization by Trichoderma Spp.

Many rhizosphere Trichoderma species may colonize the root surfaces of mono-
cotyledonous and dicotyledonous plants, which may have a significant effect on the 
plant’s metabolism. Trichoderma species recognize the host plant and adhere and 
penetrate plant roots to colonize it. Trichoderma spp. colonization of plant roots 
enhances plant defense by causing the production of 1,3-glucanase, peroxidases, 
phenylalanine, chitinases, and hydroperoxidase, which activated signaling of the 
plant’s biosynthetic pathways and led to the accumulation of low-molecular weight 
phytoalexins. Since it colonized such a diverse range of host plants, Trichoderma most 
likely developed efficient techniques to get over plant defenses. Trichoderma harzia-
num and plant interacted physically in a symbiotic way where Trichoderma stimulate 
the increased activity of metabolites such as peroxidase and chitinase, thus protecting 
the plant from disease in exchange for it providing a nutritional niche for the fungus. 
Yedidia et al. [119] used an electron microscope to investigate the physical interaction 
between T. harzianum T-203 and a cucumber plant and discovered that the fungus 
pierced the root and spread across the epidermis and outer cortex, which prompted 
the production of more peroxidase and chitinase. Consequently, the interaction seems 
to be a symbiotic one in which Trichoderma lived in the nutritional niche offered by 
the plant and the plant was protected from disease.

Various studies have confirmed Trichoderma’s capacity to colonize the root surface 
in addition to the rhizosphere soil. Previously, the root hair and elongation zone was 
the main area where Trichoderma colonized the roots. However, recent research has 
shown that these fungi have colonized the root cap border cells (RBCs) zone. RBCs 
play a vital role in the interaction between plants and soil microbes. During root exten-
sion, the RBCs are discharged into the soil environment from the cap cells’ outer layer. 
These cells are thought to be a valuable source of nutrients and biologically active 
substances for microorganisms, along with the related root exudates. Additionally, 

Figure 6. 
Trichoderma spp. increase the nutrients uptake by root improvement [118].
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RBCs have an impact on the structure and content of the microbial rhizosphere 
population and serve as attractants for microbes, promoting interaction with plants 
and root colonization. RBCs are also considered to be an important factor in protect-
ing plants from a variety of biotic and abiotic stresses [120]. The ability of Trichoderma 
to colonize RBCs, as shown for the wheat roots injected with DEMTkZ3A0 strain 
conidia, suggests a major role of these fungi in the indirect defense mechanism against 
phytopathogens through the creation of a mantle-like structure.

6. Commercially available Trichoderma-based bioproducts

Trichoderma spp. are considered as one of the most extensively studied fungal 
agents as microbial biocontrol agents (MBCAs) in agriculture and are sold as biopes-
ticides, biofertilizers, growth promoters, and naturally occurring resistance-induc-
ing agents. Since these compounds are developed to protect plants from adverse 
environmental conditions, it is important to establish set standards for their produc-
tion and maintenance because changes in pH, temperature, and other environmental 
factors may have an impact on the formulation’s activity. Additionally, it should not 
be phytotoxic, be economical, dissolve quickly in water, be easy and affordable to 
obtain carrier materials for, and be compatible with agrochemicals. The distribution 
of the different Trichoderma spp.-based products for important agricultural diseases 
is listed in Table 4.

Bioproducts name Species strain Company, Country

Topshield, Rootshield T. harzianum T-22 Bioworks, Geneva, N.Y.

T35 T. harzianum Makhteshim-Agan Chemicals, Israel

Harzian 20, Harzian 10 T. harzianum Natural Plant Protection, Noguerres, 
France

F-stop T. harzianum Eastman Kodak Co., United States TGT 
Inc., New York

Supraavit T. harzianum Bonegaard and Reitzel, Denmark

Solsain, Hors-solsain, 
Plantsain

Trichoderma spp. Prestabiol, Montpellier, France

ANTI-FUNGUS Trichoderma spp. Grondontsmettingen De Ceuster, 
Belgium

Ty Trichoderma spp. Mycontrol, Israel

GlioGard and SoilGard T. virens (Gliocladium virens) Grace-Sierra Co., Maryland, USA

Bip T T. viride Poland

Promot Plus WP Promot 
PlusDD

Trichoderma spp., T. koningii, T. 
harzianum

Tan Quy, Vietnam

TRiB1 Trichoderma spp. National Institute of Plant, Vietnam

TRICÔ-DHCT Trichoderma spp. Can Tho University, Vietnam

Vi – DK Trichoderma spp. Pesticide Corp., Vietnam

NLU-Tri Trichoderma virens Ho Chi Minh University of Agriculture 
and Forestry, Vietnam

Biobus 1.00WP Trichoderma viride Nam Bac, Vietnam
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7. Conclusion

Currently, the primary strategy for controlling plant diseases is chemical control, 
which is accomplished by spraying pesticides and fungicides. Although chemical 
control has a positive effect and is beneficial in boosting agricultural production, it 
also has negative effects on people and the environment and increases pathogens’ 
resistance. Scientists and their studies have demonstrated that Trichoderma is non-
pathogenic to plants and exhibits various biocontrol features, which makes it one of 
the most efficient organisms against several types of plant pathogens, and reduces 
the use of harmful pesticides in the agricultural sector. Trichoderma spp., which are 
primarily found in soil and the rhizosphere region, are antagonistic to the majority of 
plant pathogens. A biocontrol program is only established when the biocontrol agent 

Bioproducts name Species strain Company, Country

Bio – Humaxin Sen Vàng 
6SC, Fulhumaxin 5.15SC

Trichoderma spp. An Hung Tuong, Vietnam

BioSpark Trichoderma T. parceramosum, T. pseudokoningii, 
and Ultraviolet irradiated strain of T. 
harzianum

BioSpark Corporation, Philippines

Biocure F T. viride T. Stanes and Company Limited, 
European Union, available in India

Trichoderma viride 
powder

T. viride Organic Dews, Bio Organic, India

Bio-Shield, Bioveer T. viride Ambika Biotech, India

Mycofungicyd, 
Trichodermin

T. viride 16, T. lignorum Bizar-agro LTD, Ukraine

ICB Nutrisolo SC e WP T. viride, T. harzianum, T. koningii 
and Trichoderma spp.

ICB BIOAGRITEC Ltd., Brazil

Trichosav-34 T. harzianum A-34 Institute for Research in Plant 
Protection (INISAV), Cuba

Trichosav-55 T. harzianum A-55 Institute for Research in Plant 
Protection (INISAV), Cuba

Antagon TV T. viride Green Tech Agroproducts, Tamil Nadu, 
India

Trichostar T. harzianum Green Tech Agroproducts, Tamil Nadu, 
India

Gliostar T. virens GBPUAT, Pantnagar, India

Bioderma T. viride, T. harzianum Biotech International Ltd., India

Bio Fit T. viride Ajay Biotech (India) Ltd., India

Ecofit T. viride Hoechst Schering Afgro Evo Ltd., India

Trichoguard T. viride Anu Biotech Int. Ltd. Faridabad, India

Biocon T. viride Tocklai Experimental Station Tea 
Research Association, Jorhat (Assam), 
India

Table 4. 
Description of commercially available bioactive products of Trichoderma spp. worldwide [111].



Challenges in Plant Disease Detection and Recent Advancements

110

Author details

Lovely Bharti*, Kajol Yadav and Ashok Kumar Chaubey
Nematology Laboratory, Department of Zoology, Chaudhary Charan Singh 
University Meerut, UP, India

*Address all correspondence to: lovely13589@gmail.com

is able to successfully control the relationship between the host plant and pathogen. 
Trichoderma has a well-established ability to control this interaction. It has also been 
shown that the fungi improve plant defense mechanisms. Furthermore, Trichoderma 
provides a variety of control strategies for various plant pathogens, which gives it 
an edge over other phytopathogen control strategies. Mechanisms that are usually 
involved are mycoparasitism, antibiotics, competition for nutrients, and stimulation 
of systemic resistance in plants. Another fascinating feature is that Trichoderma spe-
cies produce a number of secondary metabolites that significantly affect plant growth 
or prevent pathogen growth along with promoting localized and systemic resistance 
as well as stress tolerance in plants. Currently, Trichoderma species are being used 
in the sustainable disease management system for managing plant diseases. These 
methods of managing plant diseases may be safer for the agroecosystem, overall 
environment, the health of the soil, and human health. They would also be the proper 
move in sustaining agricultural output to satisfy the demands of growing popula-
tions. As a result, farmers have the choice of using it to enhance agricultural yields 
and produce higher quality. Trichoderma spp. can be used for waste/organic material 
decomposition, contaminated area purification, and decreasing diseases and enhanc-
ing plant growth.
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Chapter 6

Trichoderma: A Game Changer in 
the Modern Era of Plant Disease 
Management
Zakir Amin, Fayaz A. Mohiddin and Shazia Farooq

Abstract

Trichoderma has been found to have effectiveness against a vast range of plant 
diseases and can be a good alternative biocontrol strategy in the modern era of plant 
disease management. It has been found effective against soil borne pathogens and 
nematodes. Trichoderma has been isolated from variable soils and has multifaceted 
application other than disease management. Trichoderma enhances plant growth and 
development by boosting the plant’s capacity to absorb nutrients, increasing systemic 
resistance to pest and/or pathogen attacks in the future, increasing tolerance to abiotic 
stresses (such as salinity, drought, and low temperatures). For instance, the stress 
on organic management in the modern cropping system, Trichoderma is a promising 
soil enhancer and can have handful applicability for diseases particularly those of soil 
borne ones. Its competitive mechanism and antagonistic approaches to compete with 
other pathogens makes it a good fit for future crop management strategies.

Keywords: Trichoderma, root rot, apple, competition, antagonist

1. Introduction

Plant disease management is one of the important strategies for a way forward 
towards sustainable agriculture and food security. Presently, crop output is being 
increased by applying herbicides, fungicides, insecticides, fertilizers, nematicides, and 
soil amendments [1]. Although using pesticides has some advantages, worries about 
pesticide residue in food are constantly growing. There is growing evidence that pesti-
cide residue in food can have negative effects on both human health and the environ-
ment [2]. Most of these pesticides cause chronic toxicities such as genotoxicity, causing 
disruption in hormonal functions particularly endocrine, kidney damage, reproductive 
toxicity, alterations in metabolism, liver and bladder toxicity, gastrointestinal problems, 
etc. in addition to being potential human carcinogens, mutagens, and acetylcholines-
terase inhibitors [3–5]. Taking account to a Joint UNEP and WHO research, 3 million 
people worldwide are poisoned by pesticides each year, killing about 200,000 people 
worldwide [6]. Even while high-income countries utilize large quantities of pesticides, 
the vast majority (95%) of pesticide poisoning incidents take place in developing 
countries as a result of ignorance, abuse, inappropriate management, etc. [7].
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As a result, in recent years, consumers have grown increasingly concerned about the 
detrimental effects these synthetic fungicides have on both human well-being and the 
environment. Therefore, research into alternate methods of crop protection has been 
mandated and has gathered considerable interest from scientists all around the world. 
The use of biological controls by means of advantageous microorganisms has become 
increasingly important among these alternatives. Over millions of years of evolution, 
microorganisms have evolved the ability to detoxify heavy metal ions and pesticides 
and have become resistant to intoxicants. As a result, they have contributed to the long-
term environmental benefits of restoring degraded environments to their natural state 
[8]. Several biological control agents (BCAs), including Streptomyces, Trichoderma, 
Clonostachys, Bacillus, Pantoea, Pseudomonas, Burkholderia, and specific yeasts, have 
been tested. However, the comparative effectiveness of the biocontrol agents against 
the chemical pesticides particularly in disease control is yet to be achieved. Therefore, 
the need arises for an alternative to these hazardous chemicals which could be safer to 
environment as well as to the humans. Although, biological control has shown a prom-
ise and effectiveness owing to their safe use and the various interactive mechanisms 
with plants and pathogens. However, the considerable effectiveness of the biocontrol 
agents with respect to the chemical pesticides particularly in disease control is yet to 
be achieved. There has been a debate on these biocontrol agents in terms of economics 
and technological perspectives worldwide leading to certain political scenarios in many 
countries where few protective plans to reduce the pesticide use even by up to 50% 
have been implemented for sustainable agriculture [9–11].

Among the various biocontrol agents like bacteria, fungus and others, the use of 
Trichoderma based formulations has grown in popularity due to its special mecha-
nisms to compete with the various pathogens and also its growth enhancing charac-
ters. It has been thought that this particular kind of fungi is particularly advantageous 
for many phases of life owing to its distant sensing properties, and is quick to target 
and stop the spread of plant diseases, boosts plant development, and has several 
other features. The most significant genus of filamentous fungi in biological control 
techniques for managing phytopathogens is Trichoderma [12, 13]. Rhizospheric soils 
have largely been used to separate soil microorganisms, particularly the species of 
Trichoderma [14] which are considered as the probable contenders for the biocontrol 
aspect of plant disease management because of their critical role in inhibiting the 
activity of up to 80% of some economically significant plant pathogens [15] and 
nematodes (Table 1) [13]. They also play a significant role in the production of a 
variety of metabolites [28].

Studies across the world have revealed that Trichoderma species possess an 
outstanding ability to solubilize minerals in the soil, create hormones that promote 
plant growth, encourage water usage efficiency, stimulate defenses in the host, 
and antagonize pathogens, all of which together lead to a notable improvement 
in crop health [29]. It may create a variety of secondary chemicals and easily 
activates other fungi, creating important enzymes including chitinase, proteases, 
and β-1,3-glucanase that cause plant defense, systemic resistance, and fierce fight 
against plant diseases. In order to minimize the toxicity released by plant pathogens, 
it participates in a crucial detoxification process. In order to promote sustainable 
agriculture, it is crucial to emphasize Trichoderma’s significance in the treatment of 
plant diseases [30]. The majority of Trichoderma species are soil-dwelling, globally 
distributed molds. They take in a range of organic materials and produce a number 
of enzymes and secondary metabolites that could be advantageous. A few species 
are aggressive and dangerous to any industry that cultivates specialized edibles, 
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including mushrooms. Positively, a number of species have been exploited as bio-
logical control agents because of their traits that are hazardous to plant infections. 
Furthermore, several Trichoderma species are used to promote plant development 
[31]. Trichoderma can adapt to diverse environmental circumstances and recognize 
the host, and the existence of a host is important for the successful colonization of 
the rhizosphere, plants, and soil [32]. Trichoderma is able to respond to the host by 
progressively releasing pathogenesis-related proteins (PR-Proteins), such as prote-
ases, chitinases, and glucanases [31].

2. Morphological identification of Trichoderma

A unique sweet or coconut aroma is given off by several species. When examined 
under a microscope, conidiophores are either borne by the sparse aerial hyphae or 
are heavily branching, loosely or compactly tufted, frequently formed in various 
concentric rings, and so on. It is presumable that the typical Trichoderma conid-
iophore will have a pyramidal shape with paired branches. Phialides can have an 
enlarged center and can be cylindric or almost subglobose in shape. Chlamydospores 
could be produced by any species. Even while chlamydospores can be found inside 
hyphal cells, they are often unicellular subglobose and end short hyphae. Most 
strains of Trichoderma do not have a sexual stage and solely generate asexual spores. 
They can be identified by the growth of fleshy stromata that are light or dark brown, 
yellow, or orange in color. The ascomycete genus Hypocrea contains species that are 
the teleomorph stage of the Trichoderma fungus [33]. The development of fleshy 
stromata in hues of light or dark brown, yellow, or orange is what distinguishes 
them. Ascospores have two cells and tend to be green in color [34]. There are numer-
ous species of Trichoderma which have been found to have application in the crop 
disease and pest management. Examples of those species have been documented in 
a wide range of environments, like that of soil from woodlands, vegetable gardens, 
rotting wood, cultured mushroom compost, grains of cereal, and coastal environ-
ments. Include Trichoderma harzianum, T. asperellum, T. virens, T. aggressivum,  
T. longibrachiatum, T. reesei, T. citrinoviride, T. ghanense, T. hamatum, T. pseudokoningii, 
T. polysporum, T. tomentosum, T. atroviride and T. gamsii etc. [35–37].

Species/strain Biocontrol option Reference

T. longibrachiatum T6 Pepper damping off [16]

Cereal cyst nematodes [17]

T. harzianum Pepper and Potato Phytophthora blight [18–21]

Phytopthora cactorum [22]

T. asperellum Apple canker [14]

Pythium and Fusarium; corn sheath blight [23, 24]

T. harzianum Rhizoctonia solani; Pythium aphanidermatum [25]

T. viride Fusarium oxysporum f. sp. Adzuki; Pythium 
arrhenomanes

[26]

T. virens Pythium ultimum; Pythophthora [27]

Table 1. 
Trichoderma species as efficient biocontrol agents against various plant diseases.
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3. Mechanism of Trichoderma

As biocontrol agents against plant fungal infections, Trichoderma has been 
reported to have numerous strains. In order to combat the disease or act as a growth 
stimulant may be attributed to its enormously efficient mechanisms like antibiosis, 
parasitism, promoting host-plant resistance, and competition. Trichoderma virens and 
Trichoderma harzianum are active rhizosphere colonizers that produce heat-stable 
metabolites like ethyl acetate [38] as well as antibiotics like gliotoxin, viridin, and 
some enzymes that break down cell walls [39, 40]. These chemicals could contribute 
to the prevention of disease or the stimulation of plant growth [41]. When used as 
biocontrol agents, the species is particularly efficient against soilborne root diseases 
like root rot (Rhizoctonia solani), cereal take-all (Gaeumannomyces graminis), gray 
mold (Botrytis spp.), wilts (Sclerotinia sclerotiorum, Verticillium dahliae) and damping 
off (Pythium spp.). Conidiophores and chlamydospores are being produced on a large 
scale, and specialized delivery methods for these spores are being actively developed. 
Because of their mycoparasitic features along with their capacity to enhance plant 
health as well as defense, fungi from the genus Trichoderma can be typical biocontrol 
alternatives in agriculture. Consequently, it is a better plant symbiont at protecting 
the host from phytopathogens. Trichoderma works by secreting secondary metabolites 
and effector molecules that facilitate the advantageous interaction of Trichoderma 
with plants and confer tolerance to biotic and abiotic stimuli. Here, we go over the 
most recent developments in our knowledge of how this opportunist plant symbiont 
operates as a means of biocontrol and a plant growth booster [30]. The Trichoderma 
with its modes of action encompasses a range of procedures notably the synthesis 
of antibiotics, mycoparasites, competition, and systemic resistance. It also has the 
capability to encourage plant defense. These are the several modalities of action 
mentioned below [42].

3.1 Mycoparasitism

Mycoparasitism refers to the direct attack of one fungus on another, also known as 
direct antagonism [43]. This idea was first proposed in the work of Weindling [44], 
who revealed how Trichoderma virens hyphae could possibly parasitize Rhizoctonia 
solani hyphae to suppress citrus seedling disease. Other studies have also demon-
strated Trichoderma species’ mycoparasitism of Pythium ultimum and Sclerotium rolfsii 
[45]. According to Dix and Webster, mycoparasitism is a three-step, complex process 
that entails chemotrophic development and identification, coiling and interact-
ing hyphae, and the production of certain lytic enzymes [43]. In order to produce 
infectious structures and secrete enzymes, Trichoderma engages in a mycoparasitic 
interaction with other filamentous fungi that appears to be automated by host signals 
[46]. The chemotropic progress of the mycoparasite’s hyphae towards a target is the 
first noticeable contact between Trichoderma and its host in vitro and is probably a 
reaction to diffusible signals like oligochitins [47, 48]. Mycoparasite hyphae often coil 
around or attach to the host by forming hook-like structures when they reach it.

It was speculated decades back that mycelium permeates the host by gradually 
degrading its cell wall [49]. Following that, it became apparent that Trichoderma 
does, in fact, emit a sophisticated set of CWDEs (cell wall degrading enzymes) that 
break down cell walls and membranes [50–52]. The production of CWDEs, includ-
ing chitinases, proteases, and β-1,3-glucanases, is what enables Trichoderma spp. to 
function as mycoparasitic fungi [31, 49, 53]. These results eventually contributed to 



125

Trichoderma: A Game Changer in the Modern Era of Plant Disease Management
DOI: http://dx.doi.org/10.5772/intechopen.1003126

the identification of the very first genes that contribute to mycoparasitism, whose 
expression is transcriptionally responsive to the existence of specific microbial host 
[50, 51]. The vast majority of mycoparasitism-related genes that have been revealed 
so far encode CWDEs, which are believed to operate in collaboration with secondary 
metabolites and are speculated to play a role in Trichoderma’s antagonistic ability [54]. 
In reality, the genus Trichoderma most likely descended from a distant relative that 
consumed either fungus or arthropods, according to a recent phylogenomic investiga-
tion of Hypocrean fungi (which included nine Trichoderma spp.). According to the 
research, entomoparasitic fungi and the monophyletic family Hypocreaceae had a last 
common ancestor [55].

It is interesting to take into account that signals leading to the synthesis of cell 
wall-degrading enzymes, the signal these enzymes produce, and the regulation 
of their expression in Trichoderma mycoparasitism exhibit significant similarities 
to insect pathogenicity in species of Metarhizium, possibly the most thoroughly 
noticed group of entomopathogenic fungi [50, 51, 56, 57]. Additionally, similar to 
Trichoderma, some Metarhizium species have recently been found to be rhizosphere 
competent and to form advantageous relationships with plants [58–60].

Furthermore, at least three Trichoderma genomes (T. atroviride, T. reesei, and T. 
virens) have had their genomes sequenced, each of which contains genes linked to 
the synthesis of secondary metabolites. The majority of NRPS are found in T. virens 
(28), subsequently followed by 19 alongside 16 in its two most close rivals T. atroviride 
and Fusarium graminearum, respectively. It is important to point out that the genetic 
material of T. reesei genome lacks half the number of secondary metabolite clusters 
of genes observed in T. virens and T. atroviride, which have been determined to be 
productive mycoparasites [61]. Genome-wide gene expression investigations were 
made possible by the development of genomic technology and consequently, 66 genes 
that were overexpressed during the start of mycoparasitism were identified by an 
EST-based investigation of gene expression during the interaction of T. atroviride with 
Botrytis cinerea/R. solani [62]. The majority of genes were associated with the trans-
mission of signals, amino acid metabolic processes, post-translational processing, and 
fat catabolism.

Comparative transcriptome analysis revealed that before coming into contact 
with the host hyphae, the Trichoderma species viz., T. virens, T. reesei and T. atro-
viride responded in dramatically different ways. The gliotoxin-producing genes 
were expressed by T. virens, whereas the secondary metabolite-producing genes, 
β-glucanases, different proteases, and minute secreted cysteine-rich proteins were 
produced by T. atroviride. It’s important to note that T. reesei boosted the expression 
of genes related to cellulose breakdown [63]. As a result, various Trichoderma species 
and even isolates employ a variety of methods, which might constitute an important 
aspect in the synthesis of biofungicides.

3.2 Plant interactions

Trichoderma accelerates plant development and growth on an array of crops when 
used in the field as well as axenic environments [64, 65]. In this regard, to help with 
nutrition and water uptake, the fungal mycelium secretes substances that encour-
age root growth [66]. Trichoderma species can also alter plant defense mechanisms 
by engaging with their various signaling pathways. It is widely acknowledged that 
manipulating the SA route makes it feasible for there to be a link between the fungus 
T. harzianum and the plant Arabidopsis thaliana because SA limits the volume of 
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root tissue that T. harzianum can colonize [67]. However, fungi like T. atroviride 
have the ability to delicately alter both the SA and JA pathways to enhance resistance 
[68]. Secreted proteins are crucial in enabling connection between Trichoderma and 
plants, as has been demonstrated through interactions between plant-pathogens 
and mycorrhizae. The Trichoderma genomes contain hundreds of possible effector 
proteins, according to recent research [18, 32, 69, 70]. In a few cases, evidence has 
been established that confirms the involvement of effectors in the establishment of 
the Trichoderma-root interaction. In addition to effectors, T. virens secretes chemicals 
associated to secondary metabolism that aid the fungus in scavenging reactive oxygen 
species and hydrolyzing the plant cell wall, according to protein profiles derived 
from maize root tissue in interaction with the organism [70]. Using the projected 
secretome, researchers demonstrated differential expression of thioredoxin (tatrx2) 
from T. atroviride-derived genes with predicted activities pertaining to differ-
ent families throughout the Trichoderma-plant interaction. Thioredoxins serve as 
essential effectors due to their ability to counteract the apoptotic events brought on 
by stress-activated signaling through mitogen-activated protein kinases (MAPK) 
cascades [71, 72]. The positive interaction between T. atroviride and Arabidopsis which 
leads in plant resistance may be mediated by tatrx2, which could play a part. It was 
also found that the CFEM (Common in Fungal Extracellular Membrane) proteins, 
which have a significant role in appressorium development in Magnaporthe oryzae, are 
expressed variably by the T. atroviride tacfem1 gene [73]. The genes encoding mem-
bers of the LysM repeats family, tvlysm1 and talysm1 from T. virens and T. atroviride, 
respectively, showed differential expression as a result of the Trichoderma-Arabidopsis 
interaction. When LysM proteins bind chitin oligomers generated by the fungus, they 
prevent the plant from recognizing them and promote colonization [74], so that they 
might strengthen Trichoderma’s propensity to associate with plants. Finally, the T. 
virens gene tvhydii1—encoding a class II hydrophobin—plays an instrumental part in 
the colonization of plants [18].

The synthesis of phytohormones is an intriguing idea that might help to explain 
how We surveyed the T. atroviride genome for this review to recognize genes that 
may be related to the synthesis and signaling of substances like SA or JA, as well as 
other phytohormones. The SA, JA, Auxins, CKs, GAs, Et, and ABA pathway protein 
sequences in A. thaliana that are involved in biosynthesis and signaling were used 
as the seed in a BLASTP analysis against the T. atroviride genome database (v.2.0). 
The sequences with the highest similarity scores for each protein were selected using 
BLASTP against the genomes of Marchantia polymorpha and Physcomitrella patens in 
addition to this method.

3.3 Priming of plant defense responses

The molecular basis of the induced systemic resistance (ISR) brought on by T. 
hamatum in A. thaliana has been explored through microarrays. It was determined 
utilizing mutants impaired in multiple defense-related pathways that treatment 
with T. hamatum expedited the stimulation of the defensive response towards B. 
cinerea, which was perceived as an ISR-boost [75]. Similar to this, Morán-Diez et al. 
[76] examined A. thaliana gene expression alterations in response to T. harzianum 
exposure and discovered changes in genes relevant to abiotic as well as biotic stress 
responses, involving a number of signal transduction pathways regulated by plant 
hormones. Their findings are consistent with the theory that the presence of T. 
harzianum in A. thaliana resulted in the downregulation of genes associated to SA 
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and JA and the upregulation of numerous genes involved in abiotic stress responses. 
They therefore proposed the theory that plant defenses mediated by JA and SA are less 
early in the encounter, allowing for root colonization. As a result, the host plant did 
not perceive Trichoderma as a threat, yet continued exposure to Trichoderma might 
activate both local and systemic defense responses. The function of some effector 
proteins has been thoroughly studied since they may be responsible for the activa-
tion of the plant defense response. While its T. atroviride ortholog (Epl1) produces 
systemic resistance to disease in cotton along with maize towards Colletotrichum spp., 
the T. virens hydrophobin-like protein Sm1 confers resistance in tomato plants from 
the diseases A. solani and B. cinerea. The level of expression of genes related to the JA 
defense mechanism or those that code for peroxidase and α-dioxygenase activity are 
correlated with this protection [77, 78]. Sm2 and Epl2, their paralogs, appear to be 
crucial for the Trichoderma-maize interaction in addition to Sm1 and Epl1, improving 
resistance and limiting the degree of leaf lesions driven by Cochliobolus heterostrophus 
[79]. Likewise, the T. longibrachiatum hydrophobin HYTLO1 triggers amplification of 
genes engaged in the SA and JA driven defense pathways, boosting protection against 
B. cinerea in tomato and pepper plant cultivars [80], TasSwo from T. asperellum also 
does the same for cucumber plants [81]. Other Trichoderma compounds that are not 
protein-based have the power to activate plant defense mechanisms. The tomato 
marker genes for both JA/Et and SA mediated defense pathways were expressed more 
frequently as a result of the secondary metabolite harzianolide from T. harzianum 
[82]. Thus, it is suggested that effector proteins and secondary metabolites are impor-
tant for the development of the Trichoderma-plant symbiosis as well as for initiating 
plant defensive responses by promoting the production of SA and/or JA. However, it is 
conceivable that Trichoderma could also directly convey these signaling molecules in 
addition to the release of protein effectors.

3.3.1 Salicylic acid

One of the most crucial defenses against biotrophic fungus is facilitated by 
salicylic acid (SA), a phenolic molecule that is accountable for a variety of physi-
ological actions in plants. It also serves as a signal molecule during plant defense. The 
isochorismate pathway (IC) and the phenylpropanoid pathway are the two processes 
through which SA is produced in plants. Both pathways start with chorismate as a 
precursor, which is the end product of the shikimate pathway [83]. Whereas PAL is 
an important enzyme that catalyzes the preliminary step in the phenylpropanoid 
route, converting phenylalanine into cinnamic acid, IC synthase (ICS or SID2) is an 
important enzyme which catalyzes the initial part of the IC pathway, transforming 
chorismate into isochorismate [83].

3.4 Plant growth stimulation

Numerous studies showing that Trichoderma spp. increase nutrient solubility and 
root capacity when applied to soil, seeds, or plant surfaces support the effectiveness of 
these organisms as biofertilizers. Trichoderma has a positive impact on plants, which 
can be attributed to the fungus’ ability to modify root architecture and/or its synthesis 
of siderophores and organic acids, which boost nutrient availability [84]. Recent 
research has revealed that pathogenic fungus-plant interactions are significantly 
influenced by phytohormones produced by fungi. However, there is little evidence on 
their involvement in advantageous interactions between fungus and plant.



Challenges in Plant Disease Detection and Recent Advancements

128

3.4.1 Auxins

Auxins are a series of indole-derived substances that, among other biological 
functions, control root initiation, cell division, and elongation in plants. Auxin-
producing fungi, that mainly affect the germination of spores and elongation of 
cells, have been illustrated to encompass certain phytopathogenic fungi, notably 
species of Fusarium, Rhizoctonia, and Colletotrichum gloeosporioides [85, 86]. Auxins 
appear to have a physiological function in Phycomyces blakesleeanus as evidenced 
by the fact that exogenous delivery of auxins stimulated the growth of the fungus 
and the sporangiophore developing zone [87]. Tryptophan (Trp)-independent and 
Trp-dependent pathways make up the majority of the very complicated biosynthesis 
of auxins in plants [88]. In order to synthesize IAA, four Trp-dependent routes have 
been proposed: indole-3 pyruvic acid (IPA), indole-3 acetaldoxime (IAOx) pathway, 
indole-3 acetamide (IAM), and the YUCCA (YUC) pathways [88, 89]. Through the 
application of the IAM pathway in species of Fusarium and C. gloeosporoides and 
the IPA pathway in Ustilago and Rhizoctonia species, the fungi have been shown to 
produce auxin [86, 90]. Auxin production is perceived to guide plant root develop-
ment since T. virens is capable of producing at least two auxin-related substances, 
commonly indole-3-acetic acid (IAA) and indole-3-acetaldehyde (IAAld), by means 
of a Trp-dependent mechanism [91]. The speculated connection among the auxins 
generated by the fungus and the regulation of the architecture of roots, however, 
is still up for question [92, 93], because volatile organic compounds produced by 
various Trichoderma strains also stimulate changes in root architecture [93]. In fact, 
there are evidences which suggest that the volatile 6-pentyl-2H-pyran-2-one (6-PP) 
generated by T. atroviride alters the architecture of the roots of Arabidopsis, resulting 
in an increase in plant biomass [66].

3.4.2 Cytokinins

Plant hormones known as cytokinins play functions related to nutrition bal-
ance, stress tolerance, root and shoot division, and cell differentiation [94]. CKs 
play a central role in the development of defensive mechanisms and plant-microbe 
interactions. Exogenous administration of CKs to A. thaliana renders the infectious 
agent Hyaloperonospora arabidopsidis resilient to them. Because plants do not acti-
vate their defenses in response to cytokinin treatment in the absence of a pathogen 
challenge [95], cytokinins may also serve as priming agents. Multiple investigations 
on the priming of advantageous fungi reveal that different Trichoderma species 
can activate plant defenses [96, 97]. However, CKs encourage hyphal branching in 
ectomycorrhizal mycelia [98]; and aid M. oryzae in tolerating oxidative stress [10, 99]. 
Isopentenyl transferase (IPT) or tRNA-IPT, which uses the substrate dimethylallyl-
diphosphate (DAMPP) in the first phase of cytokinin biosynthesis in plants, produces 
N6-(2-isopentenyl) adenosine-5′-triphosphate and -diphosphate ribonucleotides 
(iPRTP and iPRDP, respectively). Both products are afterwards transformed into 
trans-zeatin ribonucleotides (tZRTP/tZRDP) by cytochrome P450 monooxygenases 
(CYP735A1 and CYP735A2). The LONELY GUY (LOG) family of enzymes is used to 
create the active CK forms in the end [100]. The probable IPT and LOG genes have 
been described in M. oryzae [99] and Claviceps purpurea [101], and these fungi may 
produce CKs. At least three receptors, including histidine kinase 2 (AHK2), histidine 
kinase 3 (AHK3), and histidine kinase 4 (AHK4/CRE1/WOL), are implicated in plant 
CKs signaling in A. thaliana.
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3.4.3 Gibberellins

Gibberellins are the plant hormones that promote growth by breaking down 
the DELLA proteins that inhibit it [102]. Since its discovery in Gibberella fujikuroi, 
a fungus that causes stupid seedling disease and is where the term “gibberellins” 
originated, in the 1920s, they have been well-known among fungi. Although many 
fungi, including Neurospora crassa, produce these hormones, the biological function 
of GA in fungi is still not entirely understood [86]. Ent-kaurene is formed by the 
following processes: (i) biosynthesis from geranyl geranyl diphosphate (GGDP); (ii) 
cytochrome P450 monoxygenase converts ent-kaurene to GA12; and (iii) cytoplasmic 
synthesis of GA19 and GA20. There are three stages in the creation of GAs in plants. 
Salazar-Cerezo and colleagues [103] recently analyzed the parallels and convergence 
in the GAs biosynthesis pathway between plants, fungi, and bacteria [103]. In 
contrast to plants, fungi have clusters of genes that are involved in the biosynthesis 
of GAs, including three cytochrome P450 monoxygenases (P450-1, P450-2, and 
P450-3), one desaturase (2-oxoglutarate-dependent dioxygenase, or DES), one 
ent-copalyl diphosphate synthase, and one GGDP synthase gene (ggs2). GAs are less 
researched in plant-microbe interactions, but their potential significance could make 
for a fascinating subject for study. The JA signaling repressor JAZ1 is known to be 
released by the breaking down of DELLA proteins via GAs signaling, which increases 
SA signaling and increases biotroph resistance while lowering the expression of genes 
that respond to JA [104, 105]. Salazar-Cerezo and colleagues claim that while GAs as 
secondary metabolites are not necessary for fungal development or growth, they may 
have been helpful for survival in their ecological niche because they are primarily 
produced when the environment is hostile to the fungi [103]. By raising the concen-
tration of GAs in the plant, Trichoderma could promote plant growth and increase 
plant biomass.

3.4.4 Ethylene

A gaseous phytohormone called ethylene is involved in the germination of seeds, 
fruit ripening, and senescence of plants [106]. By influencing simultaneously the SA 
and JA pathways, ethylene also contributes to plant immunity [105]. Sadenosyl-L-
Methionine (S-AdoMet) and 1-aminocyclopropane-1-carboxylic acid (ACC) serve 
as the precursors for the manufacture of ethylene in plants. The key enzymes that 
catalyze this route are S-AdoMet synthetase (SAM), ACC synthase (ACS), and ACC 
oxidase (ACO) [107]. Numerous fungi, particularly Penicillium digitatum, B. cinerea, 
as well as F. oxysporum, have been reported to generate ethylene [85, 86]. Et has an 
impact on hyphal development and spore germination in fungus. It is known that B. 
cinerea utilizes methionine as a precursor of α-keto-methylthiobutyric acid (KIMBA), 
which in turn produces ethylene [108]. Six genes associated with Ethylene biosynthe-
sis have been identified in the T. atroviride genome that were previously unknown to 
exist in B. cinerea, T. asperellum, P. patens, or Pseudomonas sp. [109]. The genes encod-
ing an S-adenosylmethionine synthetase, a 1-aminocyclopropane-1-carboxylate syn-
thase, and a member of the Iron/ascorbate family of oxidoreductases are thought to 
be involved in Et biosynthesis [107]. This fungus may have a functional ACC synthase 
pathway that produces Ethylene. Ethylene affects the physiology of the plant directly 
and also has a connection to nutritional stress. The amount of ethylene increases 
when the plant is subjected to nutritional limitation, which improves auxin sensitivity 
and ethylene sensing and increases stress tolerance [110]. Enhanced biotic and abiotic 
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stress resistance is one advantage of the plant’s interaction with Trichoderma [65]. 
Given that T. atroviride genome contains genes for Et biosynthesis, it is possible that 
the fungus’s production of this chemical contributes to the plant’s ability to withstand 
a variety of stresses.

3.4.5 Abscisic acid

A plant hormones called abscisic acid is a compound that modulates the dor-
mancy of seeds and development, stomatal aperture, and enables plants withstand 
abiotic conditions including drought and excessive salinity [111]. ABA can have 
either an advantageous or detrimental effect on defense in plant-pathogen interac-
tions [112]. For instance, ABA has a favorable effect when interacting with Alternaria 
brassicicola and a negative effect when engaging with Pseudomonas syringae [112]. 
For instance, ABA has a favorable effect when interacting with Alternaria brassici-
cola and a negative effect when engaging with P. syringae. Although the molecular 
specifics are still poorly known, according to Flors and collaborators [113]; ABA can 
also impact SA-JA cross talk, controlling basal defenses. Numerous fungi have been 
shown to produce ABA [86]. As it has been confirmed to be active in the M. oryzae-
rice [114] interaction and that accumulates during the early phases of the Ustilago 
maydis-maize interaction, the primary function speculated for this fungus phytohor-
mone is as a virulence factor stimulating plant infection [115] the primary function 
speculated for this fungus phytohormone is as a virulence factor stimulating plant 
infection. B. cinerea has a biosynthetic route from isopentenyl diphosphate that has 
been described [116], It involves the genes bcaba1, bcaba2, bcaba3, and bcaba4 [117], 
which are homologs to the Arabidopsis ataba1, ataba2, ataba3, and ataba4 genes that 
catalyze the final steps of ABA production [118]. T. virens and T. atroviride are capable 
of modulating ABA in plants, as shown by Contreras-Cornejo and colleagues’ [91] 
discovery that strains of both species may affect stomatal aperture of A. thaliana and 
leaf transpiration by activating an ABA receptor. Trichoderma might be able to assist 
plants in reducing the negative impacts of environmental stress through yet another 
pathway like this. Additionally, in order to modulate stomatal aperture in Arabidopsis 
and increase the plant’s resistance to water stress, ABA precursor from Trichoderma 
may be helpful.

4. Conclusion

Although increasing crop productivity, the indiscriminate use of chemical pes-
ticides has created environment related problems. The microbial application having 
role in green technologies may offer alternative to chemical pesticides. Trichoderma 
evolved as a versatile microorganism to address environmental issues. The research-
ers have realized the usefulness of Trichoderma species but general and marginal 
farmers have remained unaware about its effectiveness. An awareness among farm-
ers along with the identification of indigenous isolates of Trichoderma species is the 
need of an hour.
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Abstract

Among the many plant diseases, those brought on by soil-borne pathogens are 
the ones that result in significant losses. Rhizoctonia solani, one of many soil-borne 
pathogens, has been identified as a potential culprit for yield loss due to its broad host 
range. Prior to the development of extremely potent and selective fungicides, chemi-
cal treatment is not a practical option. However, the dangers associated with agro-
chemicals are reducing their use. Scientists are becoming more interested in biological 
management in this situation because it is an environmentally beneficial method. 
Biological control is the process through which one organism controls another. 
Trichoderma has become one of the most important biocontrol agents currently avail-
able due to its extensive antagonistic pathways. There are 89 species in this genus, and 
numerous strains have been discovered to be powerful biocontrol agents for plant dis-
eases. The species T. viride, T. hamantum, T. koningii, and others make up the majority 
of the Trichoderma biocontrol agents. Direct and indirect antagonistic mechanisms 
are the two categories. Mycoparasitism, antibiosis, and pathogen enzyme inactivation 
are examples of direct methods. Indirect mechanisms include competition for nutri-
ents and space, the activation of plant defensive systems (such as induced systemic 
resistance), and others. Their antagonistic characteristics are affected by a number of 
variables, including pH and temperature.

Keywords: antibiosis, parasitism, Rhizoctonia solani, stimulants, Trichoderma

1.  Introduction

Both prices are rising as a result of major losses in both quality and quantity caused 
by plant diseases. Since the beginning of the green revolution, controlling plant 
diseases and pests has become more and more dependent on the extensive use of 
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dangerous chemicals. The cost of attaining the green revolution, however, was incal-
culable since agrochemicals damaged the ecosystem and upset the delicate balance 
between its various components. Recent research revealing that the widespread use 
of pesticides in the previous 10 to 15 years has had little effect in lowering the losses 
due to pests and diseases demonstrate that chemical use has reached a saturation 
point. As a result, we now need to decide whether or not supporting the use of these 
substances is a wise course of action. According to this viewpoint, environmentally 
friendly crop pest and disease management has been recognised as a substitute and 
essential element of sustainable agriculture. In the natural environment, microorgan-
isms have been parasitizing both uncultivated and domesticated plants for millions 
of years. However, scientists have recently become interested in the phenomenon of 
employing bacteria for disease management, also referred to as biological control. As 
a biological control agent for soil-found plant pathogenic fungus, Trichoderma species 
have been investigated [1]. Several strains of Trichoderma considerably lessened 
the severity of plant diseases caused by pathogens such Gaeumannomycesgraminis 
var. tritici, Sclerotium rolfsii, Phythiumaphanidermatium, Fusarium oxysporum, and 
Rhizoctonia solani in greenhouse and field conditions. Based on findings from several 
studies [1–4]. Trichoderma strains have the capacity to either directly or indirectly 
inhibit fungal phytopathogens. Mycoparasitism, antibiosis, and pathogen enzyme 
inactivation are examples of direct techniques. Examples of indirect pathways include 
competition for resources and space, environmental changes, and the activation of 
plant defence mechanisms [5]. Salinity, alkalinity, nutritional insufficiency, drought, 
and other environmental factors all allow Trichodema to survive [6, 7]. This chapter 
will clearly explain the many mechanisms involved in Trichoderma’s antagonistic 
behaviour.

Trichoderma interact with pathogenic fungi to advantageously reduce the growth 
of pathogens. In the past, Howell et al. [8] demonstrated that, in the presence of 
favourable growth conditions, Trichoderma rapidly filled the culture space and grad-
ually covered the agar plate’s surface, preventing the growth of the pathogenic fungus 
R. solani. Infections with hyperparasites are one of the key ways that Trichoderma 
species eliminate infections [9–11]. The identification of pathogens and hyperparasite 
signalling were greatly aided by the markedly increased gene expression of proteases 
linked to host recognition, oligopeptide transporters, and GPCRs during hyperpara-
site infection [12–14]. During the hyperparasite infection of Trichoderma in hosts, 
there was a considerable upregulation of the expression of genes associated with 
hydrolase secretion. Trichoderma’s capacity to become hyperparasitic in hosts was 
decreased by deleting these genes.

2.  Role of Rhizoctonia solani in causing plant diseases

Soil-borne fungus is the primary reason for the fall in crop productivity. 
Currently, R. solani is one of 1258 different fungus species that have been identi-
fied as potential crop diseases [15–17]. Plant roots and lower stems can become 
infected by the fungus pathogen R. solani. There are few options for controlling 
R. solani infections because of the variety of hosts and lack of resistant plant spe-
cies. The majority of researchers are more interested in biological control among 
the several methods for preventing soil-borne diseases that have been suggested 
(Tables 1 and 2) [15, 23–25].
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3.  Different mechanisms involved in the antagonism of Trichoderma

There are broadly two different mechanisms in which Trichoderma inhibits the 
growth of phytopathogenic fungus.

1. Direct mechanism

2. In direct mechanism

3.1  Direct mechanism

In this approach, the biocontrol agent uses many mechanisms, such as mycopara-
sitism, antibiosis, pathogen enzyme inactivation, etc. to directly impede the growth 
of the phytopathogenic fungus.

3.1.1  Mycoparasitism

Mycoparasitism is another name for this biocontrol mechanism. This is an instance 
of another fungus parasitizing a harmful fungus. Fungi are recognised to cause the 
bulk of plant diseases, and it is well-known that many fungi can parasitize other fungi. 
The phenomenon of one fungus parasitizing another is referred to as mycoparasitism, 
hyperparasitism, direct parasitism, and interfungal parasitism. Coiling (Figure 1), 
hooks, and appressorium-like structures are used by Trichoderma species to adhere 
to host hyphae before secreting lytic enzymes to compromise the host cell wall [27]. 
Mycoparasites are fungi that may infiltrate other fungi and scavenge nutrients for 
their own growth by generating enzymes that breakdown cell walls. The majority of 
phytopathogenic fungi have an amorphous arrangement of the structural component 

Trichoderma spp. Metabolites Disease control

T. lignorum, T. virens, T. hamatum, T. 
harzianum and T. pseudokoningii (Rifai)

Unknown inhibitory substances; 
Extracellular metabolites or antibiotics, or 
lytic enzyme action

Damping-off of 
bean

T. virens isolates GL3 and GL21 Antibiotics gliovirin and gliotoxin Damping-off of 
cucumber

Table 1. 
Trichoderma spp. antagonism against diseases caused by R. solani.

Trichoderma spp. Reference

T. viride, T. harzianum [18]

T. viride [19]

T. harzianum, T. virens and T. atroviride [20]

Trichoderma spp. Isolates [21]

T. asperellum [22]

Table 2. 
Uses of various Trichoderma spp. for the control of sheath blight of rice.
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chitin and the filler substance b-1,3-glucan in their cell walls. B-1,3-glucanases and 
chitinases have been discovered to directly affect how Trichoderma species interact 
with their hosts during mycoparasitism [27]. The Trichodermaschitinolytic system 
(NAGase) is composed of two different types of enzymes: chitinases and N acetyl-
b-D-glucosaminidase. Despite multiple studies, it is still unclear how Trichoderma 
produces and controls chitinolytic and glucanolytic enzymes [23, 27].

3.1.2  Antibiosis

The biological control agent’s capacity to suppress pathogenic organisms by 
secreting toxic or inhibitory substances is known as antibiosis. This occurs when a 
biocontrol agent and a pathogenic fungus interact, and some strains of Trichoderma 
produce low molecular weight diffusible compounds or antibiotics that inhibit the 
growth of other bacteria. The majority of Trichoderma strains release toxic com-
pounds, both volatile and nonvolatile, that prevent fungus they have antagonised 
from colonising. Heptelidic acid, alamethicins, tricholin, peptaibols, 6-penthyl-
pyrone, massoilactone, viridin, gliovirin, and glisoprenins are a few of the metabo-
lites created [28]. Gliovirin can be produced by the strains of T. virens that are most 
effective for biocontrol [29]. Furthermore, the strains’ performance was undoubtedly 
correlated with the pyrone antibiotics they produced, which are produced by the 
most effective isolates of T. harzianum against Gaeumannomycesgraminis var. tritici. 
Combining hydrolytic enzymes and antibiotics results in greater antagonism than 
using each strategy separately (Table 3) [29, 32].

3.1.3  Pathogen enzyme inactivation

Trichoderma degrades the toxic compounds that pathogenic bacteria secrete, 
which reduces their capacity to inhibit Trichoderma growth through the utilisation 

Figure 1. 
Transmission electron microscopy of T. Harzianum mycelium growing on R. solani. The arrow indicates the 
T. Harzianum coiling. Bar = 10 mm (source: Ref. [26]).
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of heat shock proteins, ABC transporter proteins, and other mechanisms [33–35]. 
In order to prevent Trichoderma from growing and to offset the host’s inhibition 
during contact between the two organisms, the host pathogen secretes several toxic 
substances. Transmembrane proteins with specific roles include ABC Transporter 
proteins. These proteins have two ends, one of which is referred to as a ligand binding 
domain and the other as an ATP binding domain. The ligand binding domain only 
permits a limited number of molecules to enter the cells, but the ATP binding domain 
eliminates any harmful substances that enter the cell. These ABC transporter proteins 
are triggered when some inhibitors of the host enter the cell of the biocontrol agent, 
and they force the toxins out of the cell before they can harm the cells [33–35].

3.2  In direct mechanism

By competing for nutrients and available space, the biocontrol agent indirectly 
prevents the growth of pathogenic fungus, a process known as induced systemic 
resistance (ISR).

3.2.1  Competition for nutrients and space

One of the most frequent causes of death for microorganisms is starvation, and 
fungal phytopathogens are biologically controlled by competition for few resources [36]. 

Proteins Encodinggene Accession number 
(Gene Bank)

Trichoderma spp.

Peptaibol N.A. N.A. Trichoderma spp.

Lipoxygenase N.A. N.A. T. atroviride

Polyketide synthases (PKS) pks4 N.A. T. atroviride

pks4 N.A. T. reesei

pks4 N.A. T. virens

GliCCytochromeP450 gliC N.A. T. virens

gliF N.A. T. virens

ɣ-glutamylcyclotransferase-
likeprotein

gliK N.A. T. virens

Glutathione S-transferase gliG N.A. T. virens

NRPSmodules gliP N.A. T. virens

O-methyltransferase gliM N.A. T. virens

Cytochrome P450 monooxygenases tri4 FN394496 T. arundinaceum

Major facilitator super family 
transporter

Thmfs1 JN689385 T. harzianum

L-amino acidoxidase Th-LAAO GU902953 T. harzianum

ABC transporters Taabc2 AY911669 T. atroviride

N.A.: Not available.

Table 3. 
Trichoderma spp. proteins associated with antagonism and involved in the synthesis of secondary metabolites 
deleterious to R. solani [30, 31].



Challenges in Plant Disease Detection and Recent Advancements

146

 The majority of filamentous fungus need iron to survive, and when iron is scarce, 
the majority of fungi produce siderophores, low molecular weight chelators that are 
specific to ferric iron, to mobilise ambient iron [37]. The iron is then taken out of 
the ferri-siderophore complexes using specialised uptake processes. According to 
studies by [1], some Trichoderma isolates produce potent siderophores that chelate 
iron and inhibit the growth of other fungi (Table 4). Pythium is affected by the soil’s 
composition and iron availability as well as Trichoderma’s capacity to biocontrol it. 
Furthermore, T. harzianum competes with Fusarium oxysporum for nutrients and 
rhizosphere colonisation, preventing it from growing and boosting the efficiency 
of biocontrol when nutrient concentrations fall [38]. It has been discovered that 
Botrytis cinerea, the pathogenic agent that is most common throughout the pre- and 
post-harvest period in many countries, is particularly significant for the biocontrol 
of phytopathogens [39]. Because of its enormous genetic variability, the fungus can 
develop resistance to new chemical fungicides almost immediately after exposure 
[39]. The advantage of using Trichoderma to manage B. cinerea is that it allows mul-
tiple mechanisms to function at once, virtually preventing the generation of resistant 
strains. The most crucial of these mechanisms is nutritional competition since B. 
cinerea is so susceptible to food shortages. Trichoderma has a greater ability than other 
species to move and absorb soil nutrients (Figure 2).

3.2.1.1  Stimulation of plant defence mechanism induced systemic resistance (ISR)

When plants are exposed to specific signal molecules made by PGPR or other non-
pathogenic fungus biocontrol agents, a phenomena known as ISR occurs. These signal 
molecules are circulated throughout the plant’s entire system, activating its defences. 
Trichoderma strains added to the rhizosphere shield plants from a range of diseases, 
including viral, bacterial, and fungal pathogens, by inducing resistance mechanisms 
similar to the hypersensitive response (HR), systemic acquired resistance (SAR), and 
insensitive shock response (ISR) in plants [41, 42]. Resistance causes an increase in 
the concentration of metabolites and protective enzymes including phenylalanine 
ammoniolyase (PAL) and chalcone synthase (CHS), which are responsible for the 
formation of phytoalexins (HR response), chitinases, and glucanases. These comprise 
pathogenesis-related proteins (PR) (SAR response) and oxidative stress-responsive 
enzymes [43]. A range of chemicals that bacteria (elicitors) emit cause plant genes 

Proteins Encodinggene Accession number (Gene Bank) Trichoderma 
spp.

High-affinity 
glucosetransporterGtt1

Gtt1 AJ269534 T. harzianum

EndopolygalacturonaseThpg1 Thpg1 AM421521 T. harzianum

Harzianic acid N.A. N.A. T. harzianum

Proteases TaPapA AAT09023 T. asperellum

TaPapB AAU11329 T. asperellum

N.A.: Not available.

Table 4. 
Trichoderma spp. associated with antagonism with R. solani and involved in the competition [30, 31].
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to respond. As a result, a pathogen is not necessarily necessary to initiate a plant’s 
defence systems. Adding Trichoderma metabolites, which could trigger plant resis-
tance. If added, Trichoderma elicitors, which are crucial for preventing infections in 
fruits after harvest, could have a similar result. When a plant is exposed to pathogens 
(fungi, bacteria, viruses, or nematodes), phytoalexins, antimicrobial peptides, and 
tiny proteins (such as thionins, defensins, hevein-like proteins, and knottin-like 
peptides) are created, and a number of antimicrobial proteins are upregulated [44, 
45]. When Trichoderma, a plant pathogen, interacts with biocontrol agents, elicitors 
are produced. These elicitors cause plants to release something akin to PR proteins. 
These proteins prevent or eliminate the infection (Tables 5 and 6).

3.2.1.2  Factors influencing antagonistic activity of Trichoderma species against 
pathogens

The two elements that affect the antagonistic property are temperature and pH 
[22]; they have carried out an in vitro experiment to test the biocontrol performance 
of various Trichoderma isolates on R. solani at various temperatures and pH levels. 
At 25°C and 30°C, the three Trichoderma species (T. asperellum, T. harzianum, and 
Trichoderma spp.) showed their maximum mycelial development, however at 20°C, 
the growth rate was noticeably slower and they hardly colonised 1/4th of the medium 
surface. The pH range of 5 to 6 was the most acidic, while 6.5 to 7.0 is where mycelium 
grows at the slowest rate. Above these pH limits, there was either no or very little 
growth (0.9–1.2 cm).

Figure 2. 
Activities of Trichoderma spp. in rhizosphere against R. solani (source: Ref. [40]).
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4.  Role of Trichoderma for management of abiotic stress

In the short term, using biological agents such as water deficit-tolerant 
Trichoderma may be an affordable, sustainable, and eco-friendly way to lessen 
the effects of drought [46, 47]. However, the interactions between particular 
fungal isolates and plant cultivars are complicated, and our understanding of the 
mechanisms behind the drought tolerance that Trichoderma colonisation induces 
in plants is lacking. According to Hoeksema [48] coevolution involving heritable 
genetic variation in both plants and microbes that promote colonisation as well as 
abiotic stress responses may be the basis for adaptation to mutualism as a strategy 
of survival under harsh environmental conditions. According to Kubicek et al. [49], 
Trichoderma is a “environmental opportunist and generalist” that can quickly adapt 
to flourish as a free-living organism or a plant symbiont in novel or challenging situ-
ations. The asexual conidiospores and chlamydospores that the fungi can produce 
are resistant to harsh environmental conditions. Stress caused by a water scarcity 
considerably reduces crop quality and output. Trichoderma inoculation may help 
promote plant growth and lessen the harmful effects of water deficiency stress 
[50, 51]. It has been shown by Mastouri et al. [52, 53] that Trichoderma inocula-
tion affects plant performance, but only in stressed conditions. According to their 
research, when tomato seeds were cultivated in conditions of water deprivation, 
the T22 inoculation enhanced germination and other growth metrics. According to 

Proteins Encodinggene Accession number 
(Gene Bank)

Trichoderma spp.

Seven-transmembrane receptorGpr1 gpr1 N.A. Trichodermaatroviride

G-proteinone N.A. FD484960 T. asperellum

G-protein ypt3 N.A. FD486508 T. asperellum

G-protein rab2 N.A. FD485766 T. asperellum

α-subunit of G protein1 tga1 AY036905 T. atroviride

α-subunit of G protein3 tga3 AF452097 T. atroviride

Mitogen-activatedprotein kinases 
(MAPK)

tmkA AY141978 T. virens

tvk1 AY162318 T. virens

Adenylate cyclase Tac1 tac1 EF189190 T. virens

pHregulator PacC pacC N.A. T. virens

pHregulator Pac1 pac1 EF094462 T. harzianum

Transcription factorThCtf1 ctf1 EU551672 T. harzianum

VELVETProteinVel1 vel1 N.A. T. virens

XylanasetranscriptionalregulatorXyr1 xyr1 N.A. T. atrovide

N.A.: Not available.

Table 5. 
Trichoderma spp. proteins associated with antagonism and involved in R. solani recognitions, signal transduction 
and genetic reprogramming of gene expression [30, 31].
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Proteins Encoding 
gene

Accession number (Gene 
Bank)

Trichoderma spp.

41-KDachitinase chit41 N.A. T. flavus

Chitinase1 N.A. FD484447 T. asperellum

33-KDa Endochitinases chit33 JK840912 T. harzianum

Tv-cht1 AF395753 T. virens

Tv-cht2 AF395754 T. virens

36-KDa Endochitinases chit36Y AF406791 T. asperellum

42-KDa Endochitinases chit42 N.A. T. atroviride

echi42 FD485995 T. asperellum

chit42 S78423 T. harzianum

Tv-ech1 AF050098 T. virens

Tv-ech2 AF395760 T. virens

46-KDa Endochitinase chit46 N.A. T. asperellum

Endochitinases (GH18) crchi1 X80006 T. harzianum

N-acetyl-β-Glucosaminidases exc1Y AJ314642 T. asperellum

nag1 N.A. T. atroviride

eng18B N.A. T. atroviride

nag1 N.A. T. harzianum

Tvnag1 AF395761 T. virens

Tvnag2 AF395762 T. virens

b-1,3-glucanases tag83 EU314718 T. asperellum

lam1.3 AJ002397 T. harzianum

29-KDab-1,3-Glucanase N.A. N.A. T. harzianum

36-KDab-1,3-Glucanase N.A. N.A. T. harzianum

78-KDab-1,3-Glucanase bgn13.1 X84085 T. harzianum

b-1,6-glucanase bgn16.2 N.A. T. harzianum

Tvbgn3 AF395757 T. virens

b-1,3-glucanase N.A. N.A. T. koningii

Tvbgn1 AF395755 T. virens

Tvbgn2 AF395756 T. virens

Endo-1,3(4)-b-Glucanase N.A. FD486867 T. asperellum

Asparticproteases TaAsp EU816200 T. asperellum

TaPAPA AAT09023 T. asperellum

Sa76 EF063645 T. harzianum

P6281 AJ967001 T. harzianum

N.A. FD485588 T. asperellum
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Bashyal et al. [51], plants inoculated with Trichoderma showed higher expression 
levels of genes linked to photosynthesis, including those encoding for photosystem I 
subunits, photosystem II core complex proteins, osmotin-like proteins, and stoma-
tal development, in comparison to non-inoculated controls. Improved physiological 
health is shown by plants infected with Trichoderma during water scarcity [46, 54, 
55] According to reports, plants injected with Trichoderma species accumulate more 
metabolites, such as proline, flavonoids, and phenolics. These metabolites boost 
antioxidant activity and guard against photooxidative damage to photosynthetic 
pigments and pathways [56–58]. It is thought that plants respond to droughts by 
increasing the amount of abscisic acid in their tissues, which controls stomatal 
motions and aids in maintaining water balance. According to Martinez-Medina et al. 
[59], compared to non-inoculated control plants, Trichoderma harzianum colonised 
plants showed greater expression levels of the ABA-responsive marker gene involved 
in various defence-related pathways.

5.  Benefits and limitations

5.1  Benefits

1. Trichomonia is widely used to treat post-harvest infections. Phytophthora, 
Sclerotium, Fusarium, and other fungal infections are said to respond favour-
ably to it.

2. Trichoderma strains may solubilise phosphates, which really aids in plant growth 
in general.

3. Trichoderma strains are essential for bioremediation of pesticide and herbicide-
contaminated soil. They are able to degrade pesticide residues made of organo-
chlorines, organophosphates, and carbonates.

4. Trichoderma contains a large number of biocontrol genes. The endochitinase 
gene from Trichoderma has been introduced in plants, including tobacco and 
potato plants. These plants demonstrated enhanced infection resistance.

5. Rhizobium, Azospirilium, Bacillus subtilis, and other biofertilizers are compatible 
with Trichoderma as are organic manures. It works well on the seeds treated with 
metalaxyl and thiram, but not on seeds treated with mercurials.

Proteins Encoding 
gene

Accession number (Gene 
Bank)

Trichoderma spp.

Serineproteases Spm1 FD486577 T. asperellum

prb1 AAA34209 T. harzianum

tvsp1 AY242844 T. virens

prb1 AAA34209 T. harzianum

N.A.: Not available.

Table 6. 
Trichoderma proteins associated with mycoparasitism of R. solani [30, 31].
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5.2  Limitations

1. For up to 4 to 5 days after using Trichoderma, no chemical fungicides should 
be used.

2. Trichoderma needs adequate moisture to flourish, thus the field should not be dry.

3. Trichoderma-treated seeds should be dried in the shade, away from direct sunshine.

6.  Conclusion

Global population pressures are increasing on scarce agricultural areas, calling for 
an increase in productivity. On the other hand, risky pesticide effects are restricting 
their use, which could temporarily lower production levels. It has been determined 
that using environmentally friendly pest and disease management techniques is 
pertinent in this situation as a component of sustainable agriculture. Because most 
biocontrol agents are part of natural biodiversity and are safe for the environment, 
biological control has therefore become increasingly important. Trichoderma has 
become quite important since it is an excellent biocontrol agent that can work against 
a variety of pathogenic soil fungus. Scientists are attempting to discover the genes 
that are responsible for its biocontrol activity in the hope of creating transgenic plants 
that are similar to Bt cotton using the data from recent investigations, which have 
yielded many hints for future research.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

Safeguarding Citrus: Exploring 
State-of-the-Art Management 
Strategies for Bacterial Citrus 
Diseases
Aditya Kukreti and Namburi Karunakar Reddy

Abstract

Bacterial diseases pose significant risks to the citrus industry, causing major 
economic losses and threatening global production. The most severe threats include 
citrus canker (Xanthomonas citri) which leads to visible lesions on leaves, fruit, and 
stems and Huanglongbing (HLB) (Candidatus Liberibacter spp.) which results in 
mottled leaves, stunted growth, and deformed, bitter fruit. Beyond these major 
diseases, citrus blast and citrus variegated chlorosis (CVC) are emerging concerns. 
Citrus blast, caused by Pseudomonas syringae pv. citri, results in leaf lesions, cankers, 
and defoliation, managing it involves copper-based bactericides, removing infected 
branches, and cultural practices to reduce spread. CVC, caused by Xylella fastidiosa, 
is a vascular disease leading to chlorosis, leaf scorch, and dieback. Management 
strategies for CVC include controlling insect vectors with insecticides and develop-
ing resistant citrus varieties. Integrated disease management is crucial, focusing on 
sustainable approaches that combine cultural practices, biological control agents, 
and resistant varieties. Advances in technology, such as molecular diagnostics, 
remote sensing, and precision agriculture, are improving early detection and 
monitoring. Public awareness and education are keys to encouraging growers to 
adopt best practices. Collaboration among researchers, growers, and policymakers 
remains essential to tackle the complex challenges of bacterial citrus diseases and 
ensure the citrus industry’s sustainability.

Keywords: citrus blast, citrus variegated chlorosis, citrus canker, Huanglongbing, 
management

1.  Introduction

Citriculture holds significant global economic importance, benefiting from the 
adaptability of citrus varieties to diverse regions within the intertropical range [1]. 
Engaging at least 140 countries, citrus cultivation yields an annual production exceeding 
122 million tons of fruits. According to the United States Department of Agriculture 
(2023), China holds the top position as the leading citrus producer, particularly excelling 
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in tangerines/mandarins, with an anticipated output of 26.5 million tons. Despite its 
economic prominence, citriculture faces threats from diseases that pose substantial 
risks to production due to their widespread occurrence. Bacterial diseases, such as 
citrus variegated chlorosis (CVC), Huanglongbing (HLB), citrus canker and citrus 
blast, contribute to significant economic impacts on the global citrus industry [2]. 
These diseases, each characterized by distinct pathogen disease cycles and reproductive 
strategies, exhibit broad host ranges, pathogenicity, and genomic variations, indicating 
horizontal gene transfer of pathogenicity factors. Monoculture practices in commercial 
citrus groves, where a limited number of varieties cover extensive areas, lack natural 
variation in resistance, further aggravating disease susceptibility [3]. To study these 
pathogens and to manage them, it is essential first to differentiate between parasitism 
and pathogenicity. While a parasite can derive nutrition from its host without necessarily 
causing disease, a pathogen induces disease but not always on all hosts. For instance, a 
Liberibacter-infected pear tree may display no symptoms [4]. Pathologists traditionally 
focus on pathogens affecting commercially vital crops, overlooking potential wider 
parasitic host ranges. Overlapping host ranges among bacterial species and the potential 
for insect vectors to disguise host range limitations contribute to emerging and severe 
disease threats. The introduction of vectors with broad host ranges, encompassing weeds 
or arboreal crops, can facilitate horizontal gene transfer events, intensifying recombina-
tion frequencies across species and genera. Transcontinental dispersal of pathogens 
and vectors further amplifies the risk of horizontal gene transfer [3]. In light of these 
concerns, this chapter comprehensively explores major diseases affecting global citricul-
ture, including citrus canker, HLB, CVC, and citrus blast. The discussion covers topics 
ranging from the causes and symptoms of the disease to strategies for control, diagnostic 
methodologies, and recent advancements in alternative management approaches.

2.  Etiology and symptoms of bacterial threats in citrus

Citriculture, a crucial economic activity in many countries, faces significant chal-
lenges arising from the prevalence of various diseases that pose a considerable threat 
to production. The frequency of occurrence and the extensive damage inflicted by 
these diseases have heightened concerns within the global citrus industry. Important 
bacterial diseases involved are mentioned in Table 1.

2.1  Citrus canker

Citrus canker is an important bacterial disease of citrus generally linked to two 
bacterial species within the Xanthomonas genus. X. citri subsp. citri (Xcc) is responsi-
ble for causing citrus canker A, which is identified as the most aggressive strain, pos-
ing a significant threat in Asia and South America and will be discussed here whereas 
X. citri subsp. aurantifolii pathotypes B and C (XauB and XauC) causing citrus canker 
B and C, respectively, exhibit lower aggressiveness. Citrus canker B is prevalent in 
Paraguay, Argentina, and Uruguay whereas citrus canker C has been restricted to Sao 
Paulo state in Brazil [18, 19].

The formation of biofilms by Xcc bacteria is a critical virulence factor, playing a 
significant role in the initial stages of infection and the colonization of hosts [20, 21]. 
The characteristic symptoms of asiatic citrus canker include the development of 
necrotic lesions with moist edges, the presence of chlorotic rings in leaves, stems, 
and fruits [20, 22] and heightened mitotic cell division leading to the formation of 
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cankers [23, 24]. Severe asiatic citrus canker cases can lead to defoliation, dieback, 
and fruit drop, resulting in reduced fruit value or complete unmarketability. While 
most commercial citrus varieties exhibit varying degrees of susceptibility, grapefruit 
stands out as the most vulnerable [25]. The transmission of the disease is facilitated by 
rain splash and wind, with the extent of bacterial aerosol spread ranging from a few 
centimeters in mild rain without wind to several kilometers during tropical storms 
and hurricanes, with the latter conditions intensifying the outbreak [26, 27]. The 
severity of Asiatic citrus canker outbreaks is heightened in regions where the Asian 
citrus leaf miner (Phyllocnistis citrella) and citrus canker overlap, due to the insect-
feeding activities that result in wounds that expose leaf mesophyll tissues to splashed 
inoculum, thus significantly increasing the likelihood of infection [28, 29]. Asiatic 
citrus canker exhibits high contagion, often spreading through human-mediated 
means such as contaminated clothing, vehicles, equipment (e.g., pruners, hedgers, 
mowers, ladders, harvesters), or animals, whether in commercial or residential citrus 
environments; the bacteria is released from hyperplastic lesions on wetted foliage and 
can be transferred to susceptible foliar tissues on neighboring or distant trees when 
coming into contact with the bacterial ooze through mechanical devices, humans, or 
animals [3].

2.2  Huanglongbing

Generally known as Huanglongbing (HLB) in the Americas, it initially gained 
recognition under different names in various regions. In South Africa, it was referred 
to as Greening, while in the Philippines, it was identified as Mottle Leaf. In India, 
the disease was termed Dieback, and in Indonesia, it was recognized as Vein Phloem 
Degeneration. These diverse names reflect the global distribution and regional aware-
ness of the same underlying threat to citrus crops, showcasing the widespread impact 
of this disease on citrus cultivation across different continents [30, 31].

Jagoueix et al. were pioneers in employing 16S rDNA sequence comparisons to 
establish that this citrus pathogen belongs to the alpha subdivision of proteobacteria 
and categorized it under the provisional taxon Candidatus. Liberibacters constitute 
a closely related cluster of alphaproteobacteria within the Rhizobiaceae family. HLB 
is induced by three Gram-negative bacteria which were named based on the conti-
nents where they were initially identified: Candidatus Liberibacter asiaticus (CLas), 
Candidatus Liberibacter americanus (CLam), and Candidatus Liberibacter africanus 
(CLaf) [32–34]. Additionally, the bacteria growth in planta is systemic, phloem 
limited and circulative in its psyllid vectors Diaphorina citri and Trioza erytreae. 
Intriguingly, they display a higher degree of adaptation to their insect hosts than to 
plant hosts. They can spread both inter- and intracellularly across various tissues in 
insect hosts, including salivary glands, alimentary canal, midgut epithelium, base-
ment membrane, Malpighian tubules, hemolymph, muscle and fat tissues, and ova-
ries. Remarkably, there is little to no evidence of pathogenic effects associated with 
this spread in insect vector [35]. The intensity of symptoms is linked to the duration 
of the plant’s infection. Following the initial infection, a notably extended incubation 
period, typically lasting at least 6 months, is minimal before any observable symp-
toms as CLas will try to suppress the immune response by its citrus host [3, 36].

The primary identifiable symptoms of HLB disease include the yellowing of 
branches, the distortion of small leaves accompanied by yellow spots, fruit deformi-
ties, seed abortion, premature leaf and fruit shedding, as well as the death of sprouts. 
The visual characteristics of symptomatic leaves closely resemble those resulting 
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from deficiencies in zinc, manganese, and iron, as documented by various researchers 
[30, 31, 37, 38]. CLas and CLam in citrus exhibit notable differences in multiplica-
tion and symptom induction. CLas demonstrates a tenfold higher multiplication in 
citrus compared to CLam, yet CLam induces more severe symptoms of HLB despite 
having a lower titer [39]. Grafting budwood for CLas transmission achieves nearly 
100% efficiency, while CLam transmission through grafting is typically below 50%. 
Comparable data for CLaf are currently unavailable. Natural transmission by psyllids 
is influenced by various factors, with bacterium multiplication and temperature being 
crucial. The transmission of CLas by D. citri is affected by CLas titer in citrus, with 
efficient transmission occurring from citrus to citrus, while CLam transmission is less 
efficient [3].

2.3  Citrus blast

Citrus blast, commonly referred to as black pit, is caused by Pseudomonas syringae 
pv. syringae (Pss) bacterium, a Gram-negative, chemoorganotrophic bacterium 
belonging to the Gammaproteobacteria. The Pss bacterium is naturally present in 
citrus leaves and various plant species. Elevated populations of Pss strains which are 
associated with blast and black pit, proliferate on the surfaces of citrus leaves and 
twigs during extended periods of fog, rain, and low temperatures [40].

Pss bacterium infects susceptible citrus tissues, including shoots, twigs, young 
petioles, or fruit, entering through wounds caused by hail, wind, or abrasions 
[10, 41]. Lesions initially form on the leaf petiole or wing of citrus and appear as small 
water-soaked or dark spots. These lesions rapidly expand towards the leaf midvein, 
twig, and axil tissues, causing the leaves to wither, curl, and turn brown, eventually 
dropping, often without petioles. Severe attacks can lead to the death of entire twigs, 
contributing to the tree’s blasted appearance, a condition sometimes mistaken for 
frost damage. Black pit symptoms are visible on citrus fruits, particularly lemons, 
which are highly susceptible. Affected fruits, especially those with physical injuries 
from hail or thorn and branch abrasion, exhibit light brown spots that progressively 
darken and become markedly sunken, forming black pits typically less than 1 cm in 
diameter. During postharvest storage, these pits may enlarge, resulting in fruit loss 
[13, 41, 42]. The occurrence of blast and black pit is prominent in regions character-
ized by frequent wet, cool, and windy conditions in winter and spring [40].

2.4  Citrus variegated chlorosis (CVC)

X. fastidiosa, the first plant pathogen to undergo complete genome sequencing [43], 
colonizes the xylem vessels of citrus plants, thus compromising plant development 
by blocking water and nutrients and leading to CVC [44]. Xylem colonization by Xfp 
initiates when the insect vector, carrying the pathogen, feeds on the xylem sap of a 
healthy tree. This colonization is facilitated by enzymes that degrade xylem pit mem-
branes, preventing the obstruction of Xf movement [45]. Ultimately, Xfp coloniza-
tion leads to the blockage of sap flow [46, 47], and infected trees exhibit characteristic 
disease symptoms first on leaves and later on fruits.

Although X. fastidiosa can colonize a broad spectrum of hosts, encompassing over 
500 plant species, the disease itself is constrained to affecting sweet oranges (Citrus 
sinensis), tangerines, and their hybrids. Therefore, the range of host species suscep-
tible to infection by Xfp is delimited by the phytopathogen’s genome [3, 48]. Xfp can 
be transmitted naturally through root grafts [49] or by sharpshooters [3]. The vectors 
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of CVC are insects that feed on citrus xylem vessels, specifically leafhoppers of the 
Cicadellidae family, such as Bucephalogonia xanthophis and Macugonalia leucomelas, 
which are particularly effective in transmitting the pathogen. Additionally, transmis-
sion can occur through spittlebugs of the Aphrophoridae family [50, 51].

CVC affected leaves display small spots on both surfaces, progressing to orange 
gum in the centre of the lower surface spot, with yellow spots coalescing and turning 
necrotic in advanced stages. Highly affected leaves often abscise, leaving tufts of small 
leaves on affected branches resembling zinc deficiency. Fruits on affected branches 
mature earlier, are smaller and harder, with increased sugar content but higher acidity 
compared to fruits from asymptomatic branches of infected or healthy trees [52]. 
Smaller fruit size leads to direct losses, requiring more affected fruits to fill a standard 
commercial box. The harder fruits impede juice production, and their reduced size 
makes them less appealing to consumers in fresh markets. The progression of CVC is 
more rapid in younger trees and those exposed to seasonal water deficits. Under such 
conditions, tree development is significantly impacted by the disease, resulting in a 
substantial decrease in fruit production, reaching up to 75% compared to healthy or 
asymptomatic trees [53].

3.  Detection and management strategies for tackling diseases

3.1  Citrus canker

Despite the economic significance of citrus canker, there has been a lack of 
 effective and environmentally friendly treatments developed to date. The approach to 
controlling Asiatic citrus canker depends on whether the disease is newly introduced 
or if it has become endemic. In instances where the disease is recently introduced with 
low incidence, efforts are often directed towards eradication to restore the region to a 
disease-free state, aiming to avoid the expenses associated with quarantines and trade 
restrictions. The eradication process involves the prompt removal of infected plants 
at a rate faster than the rate of new infections, minimizing the chances of ongoing 
pathogen spread and hastening the extinction of the disease. However, practical 
implementation is intricate, as newly infected plants may not be readily recogniz-
able due to a common several-week incubation period before disease expression. 
Subclinical infections, where plants are infected but not displaying symptoms, can 
persist for 10–14 days for Asiatic citrus canker, making timely detection challenging. 
Detection in residential areas has been estimated to take 108 days post-infection, 
allowing ample time for polycyclic reproduction, and spread. Moreover, diseased 
plants are not always grouped conveniently for eradication, often presenting a diffuse 
pattern within a healthy population. Achieving eradication, therefore, requires the 
removal of not only recognized infections but also asymptomatic yet potentially 
latently infected plants within large radii. These eradication programs, aimed at 
Asiatic citrus canker epidemics, have occasionally faced resistance from commercial 
growers and residential homeowners due to the removal of seemingly healthy trees, 
impacting the social tolerance threshold and creating a challenge in garnering support 
for the benefit of the commercial citrus industry [3].

In regions where Asiatic citrus canker is endemic, effective mitigation involves 
the integration of suitable cultural practices, including the implementation of 
windbreaks and control measures against leaf miners. Regular applications of copper 
sprays, such as copper hydroxide and copper oxychloride, are recommended [54]. 
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Notably, grapefruit exhibits high susceptibility to Asiatic citrus canker, necessitating 
more frequent sprays for acceptable control compared to less susceptible varieties 
like oranges or mandarins. Antibiotics like gentamicin, kasugamycin, and strepto-
mycin show efficacy in canker control when properly formulated, although concerns 
about bacterial resistance and potential health issues for humans and animals arise 
with widespread antibiotic use in agriculture [55, 56]. Addressing the challenge of 
resistant Xcc populations could involve the implementation of strategies designed to 
mitigate resistance to copper bactericides, ultimately enhancing their efficacy and 
minimizing the need for frequent application [20, 57]. One viable alternative is the 
adoption of the tree row volume (TRV) methodology, initially proposed by Byers 
et al., which optimizes spray volume and copper application rates based on estimated 
canopy volume in a specific area [58]. Previous research on citrus canker control 
using TRV demonstrated a remarkable 73% reduction in water volume and a 50% 
reduction in copper rates compared to standard applications [59]. More recent find-
ings by Behlau et al. affirmed the efficacy of the TRV method, revealing that citrus 
canker control can be achieved with just 40 mL of water volume and a copper rate of 
36.8 mg/m3 [60].

Employing resistant Xcc citrus varieties is an effective means of pathogen control 
however, developing these varieties is both expensive and time-intensive. An environ-
mentally friendly alternative for managing citrus canker involves utilizing endophytic 
bacteria as a biological control method. The utilization of endophytic bacteria in 
biocontrol not only enhances resistance to diseases but also presents a promising 
substitute for chemical control strategies [61]. This approach offers a viable and 
ecologically sound option for combating citrus canker. An alternative approach with 
potential application involves the induction of Systemic Acquired Resistance (SAR) 
as a means of controlling phytopathogens [62]. SAR serves as an induced defense 
mechanism, triggered by salicylic acid, and leads to the accumulation of pathoge-
nicity-related proteins, bolstering the plant’s resistance to various microorganisms. 
Molecules analogous to salicylic acid, such as isonicotinic acid (INA) and acibenzolar-
S-methyl (ASM), can also induce SAR and serve as pathogen control agents. In a 
study on Swingle citrumelo, soil application of SAR inducers, including imidacloprid, 
INA, and ASM, reduced lesion numbers and altered their characteristics, resulting 
in smaller, darker, and less eruptive lesions. This reduction in lesions and a shift in 
phenotype were associated with a decrease in Xcc population, suggesting that induc-
ing SAR response in susceptible citrus species holds promise for controlling Xcc 
[63]. A recent investigation into novel approaches for citrus canker disease control 
focused on the application of penicillin acid to citrus leaves, which showed a decrease 
in disease lesions indicating the potential of penicillin acid as an effective agent for 
Citrus Canker disease control [64].

Presently, the identification of citrus canker relies on bacterial culture methods 
and PCR techniques. While PCR offers rapid results, it may yield false negatives due 
to PCR inhibitors in samples, and culture techniques, although more reliable, are 
time-intensive [65, 66]. Consequently, there is a pressing need for the development 
of an accurate and early field detection method for citrus canker. Haji-Hashemi et al. 
investigated an electrochemical immunosensor targeting the effector protein PthA for 
citrus canker diagnosis, demonstrating high selectivity, stability, repeatability, and 
considerable potential for real sample applications [67]. Abdulridha et al. explored 
the application of remote sensing technology, employing an unmanned aerial vehicle 
and hyperspectral imaging, achieving high accuracy in detecting citrus canker in 
infected leaves during asymptomatic developmental stages [65].
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3.2  Huanglongbing

At present, there are no citrus varieties displaying resistance to HLB, and no 
identified cure exists for this disease. Additionally, efforts to eradicate HLB from any 
specific area have not been successful [68]. HLB poses many challenges which include 
the similarity of its symptoms to those of other citrus diseases, a limited understanding 
of infection mechanisms, the uneven distribution of the pathogen within the host, and 
the inability to cultivate the bacterium in vitro; collectively presenting a significant 
hurdle for its study and thus management [30, 69–71]. Effective monitoring of psyllids 
in commercial areas and their control through insecticides is crucial for preventing 
the dissemination of HLB [72, 73] but persistent use of insecticides like imidacloprid, 
acetamiprid, nitenpyram, clothianidin, thiamethoxam, and cyantraniliprole, in excess, 
results in high production expenses, the emergence of resistant individuals, environ-
mental pollution, and potential disruption of the ecological balance between pests 
and their natural adversaries, leading to outbreaks and pest resurgence [74–77]. So 
regular general practices like removing infected trees from the orchard can be followed. 
Regular inspections are crucial to identify new symptomatic plants or those overlooked 
in prior assessments. Once visually identified, the removal of symptomatic plants is 
essential to reduce inoculum sources and prevent further spread [3]. Numerous alter-
native approaches have been explored for managing the issue, including the employ-
ment of chemotherapy, thermotherapy, the application of antibiotics, the utilization 
of natural enemies of the disease vector, and the injection of defense activators into 
the plant trunk [75, 76, 78]. Nevertheless, all these approaches have their limitations, 
thereby allowing citrus to persist as a source of inoculation for HLB disease [75, 78].

HLB detection using Polymerase Chain Reaction (PCR) [79] faces challenges due 
to the irregular distribution of CLas, leading to potential false-negative outcomes. 
Additionally, the method’s high cost and time-intensive sample preparation make 
its widespread implementation [38, 70]. Thus, no field-deployable device has been 
officially validated through PCR results for reliable use in diagnosing. Pagliai et al. 
demonstrated a potential therapeutic approach against CLas by selectively inhibit-
ing the transcriptional activator LdtR, a key regulator of the ldtP gene encoding a 
transpeptidase. Through screening over 1300 small molecules, including phloretin, 
hexestrol, and benzbromarone, they identified compounds that hindered the binding 
of LdtR to DNA. In vitro assays revealed that these molecules induced morphological 
changes and osmotic stress sensitivity in CLas cells, suggesting their potential efficacy 
in controlling HLB [80]. Recent techniques used for detection involve Raman spec-
troscopy (effective in discerning HLB in citrus by comparing CLas-infected, healthy, 
and nutritionally deficient samples. Its high sensitivity relies on detecting molecules 
secreted in early infection stages, surpassing PCR’s detection limits for low CLas levels 
[81], unique biomarkers like sec-delivered effector 1 (SDE1) (expressed highly in 
early-stage infected citrus tissues, systemic distribution of which in trees minimizes 
false negatives and the required sample collection per tree) [70] and use of desorption 
electrospray ionization coupled to mass spectrometer imaging (DESI-MSI) in HLB 
monitoring by studying various metabolites, including organic acids, phytohor-
mones, sugars, and amino acids, associated with the plant defense system [82].

Nevertheless, replicated field studies have shown that canines can achieve over 
99% accuracy in detecting CLas- and CLaf-infected plants. Preliminary findings also 
suggest that canines can effectively alert trained human handlers to CLam-infected 
plants [83]. The urgent need for early detection methods for CLas transmission, given 
its brief latency period, is a primary focus of current research efforts.
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3.3  Citrus blast

Reducing inoculum sources of Pss involves pruning dead or diseased twigs and 
shoots in spring and post-rainy seasons, which effectively diminishes the incidence and 
severity of citrus blast and black pit disease by curbing pathogen spread. Implementing 
wind protection measures, such as installing windbreaks to mitigate wind-induced 
injuries, is recommended, considering wind is a primary infection inducer. Monitoring 
tree nutritional status, coupled with adhering to a well-structured fertilization sched-
ule and regular pruning, proves essential to forestall excessive susceptible new growth 
in the autumn [41]. Opting for resistant or tolerant cultivars stands as an effective 
approach to disease control [13]. While no citrus cultivar exhibits complete resistance 
to blast and black pit, certain cultivars demonstrate lower susceptibility. ‘Eureka’, 
lemon cultivar displays the least susceptibility to citrus blast disease, whereas clem-
entine cultivars such as ‘MA3’ and ‘Cassar’ tend to be less susceptible to black pit [13]. 
Consequently, these cultivars are recommended for replanting affected citrus orchards, 
particularly in cold and wet environments conducive to citrus bacteriosis development. 
For new plantings, it is advisable to choose bushy cultivars with relatively few thorns to 
minimize vulnerability to injury during severe windstorms [13, 41].

The chemical management of Pss involves a preventive use of copper compounds 
[84]. The application of protective copper-containing sprays, such as Bordeaux mix-
ture or fixed copper compounds, is advised in conditions conducive to the disease. It is 
recommended to apply these sprays timely during the fall and early winter, before the 
initial rains, to safeguard leaves and shoots from Pss infections during late winter and 
spring [41]. While copper products prove highly effective against bacterial pathogens, 
their prolonged use may pose significant environmental and health risks, including 
the emergence of copper-resistant bacterial strains. Considering these concerns, 
biological control methods are strongly advocated [85, 86]. Biological control involves 
employing living organisms and their byproducts to restrict or suppress pathogen 
activities and populations [87]. Plant extracts and certain biological agents, such as 
Bacillus spp., can play a significant role in suppressing or managing citrus bacteriosis 
[61]. As noted by noted by Mougou et al., garlic extract and Bacillus spp. exhibit 
robust antimicrobial activity against the bacterial agents responsible for citrus blast 
[40] in both in vitro and greenhouse conditions. Additionally, a preliminary study 
explored the use of phage treatment for controlling bacterial blast in citrus species 
[88]. Consequently, biological control methods hold significant potential for pathogen 
management, although further research is required to assess their economic feasibility.

3.4  Citrus variegated chlorosis (CVC)

Management of CVC has traditionally involved preventive measures, primarily the 
eradication of symptomatic citrus trees, to diminish inoculum sources and minimize 
the risk of recurrent infections. While weeds and certain arboreal plants may host 
Xfp, their limited bacterial titer and short life substantially reduce their significance 
as CVC sources [89]. The accurate identification of diseased trees is crucial, demand-
ing frequent and meticulous inspections due to the continuous emergence of new 
symptomatic trees resulting from ongoing infections. Under specific conditions, 
the health of diseased trees can be restored through drastic pruning of symptomatic 
branches, but this approach is successful only for trees over 2.5 years old and exhibit-
ing symptoms on the tip of a single secondary branch [90].
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A novel mitigation measure “Scion substitution” strategy has been developed based 
on the observed high resistance to Xfp infection in the Cravo Rangpur lime rootstock 
[91]. Utilizing these rootstocks, where the bacteria do not move downward below the 
graft union, healthy scions can be generated by removing all infected scions, even from 
severely affected sweet orange trees, and grafting them with healthy budwood onto 
these rootstocks. Unfortunately, the rootstock’s immunity to CVC does not transfer 
to the scion. Nonetheless, the new shoots on the rootstock trunk produce fruits more 
rapidly and at lower costs than those on newly planted nursery trees [47]; but as there 
is inconsistent adoption of this technique by growers, certain areas may face elevated 
inoculum pressure from neighboring groves. Hence, effective control of the insect vec-
tor is vital for CVC control. Presently, this control involves the application of systemic 
insecticides to the trunk of younger trees designated for replanting [92].

Mauricio et al. conducted a 6-year study on the susceptibility of 264 Murcott 
tangor (Citrus reticulata Blanco × C. sinensis (L.) Osbeck) and Pera sweet orange 
(C. sinensis (L.) Osbeck) hybrids. Their research revealed that plants exhibiting high 
expression of isoflavone reductase displayed significant resistance to Xfp infection. 
Additionally, the study involved the assessment of 12 defense-related genes in both 
resistant and susceptible varieties to CVC disease. The findings indicated significantly 
elevated expression in resistant varieties, suggesting the involvement of these genes 
in conferring resistance against CVC. Among the identified resistance-related genes 
were those associated with disease resistance proteins (RGA2 and DRP), protein 
kinase activity (LRR-RK and FLS2), a nucleotide-binding protein (IFR2), and a tran-
scription factor (b-Zip). This outcome underscores that the resistance of these citrus 
hybrids to Xfp is attributed not to their anatomical structure but rather to the defense 
mechanisms inherent in these hybrids [93]. Recently, Pereira et al. identified that the 
CrRAP2.2 gene in C. reticulata is linked to resistance against X. fastidiosa infection in 
this citrus variety. This gene shares homology with Arabidopsis thaliana AtRAP2.2, 
associated with the transcriptional factor RAP2.2 and resistance to the pathogen 
Botrytis cinerea in A. thaliana [94, 95]. The expression of the CrRAP2.2 gene was 
found to induce resistance to CVC in C. sinensis, subsequently reducing disease symp-
toms [95]. Developing diagnostic methods for CVC during its asymptomatic phase 
is crucial for early citrus removal, preventing it from becoming an inoculum source 
for the bacteria. In this context, Soares et al. employed Liquid Chromatography 
coupled with Atmospheric Pressure Chemical Ionization-Mass Spectrometry-Selected 
Reaction Monitoring (LC/APCI-MS-SRM) to detect CVC before observable symp-
toms appeared in affected trees. The study analyzed samples of C. sinensis grafted on 
C. limonia, revealing elevated flavonoid concentrations in leaves and coumarins in 
roots of symptomatic plants compared to asymptomatic and healthy plants. Based 
on these findings, Soares et al. suggested that the LC/APCI-MS-SRM method could 
effectively detect CVC before symptomatic manifestations, offering a simple and 
accurate diagnostic approach [96].

4.  Conclusion and prospect for future

Understanding the pathogenicity mechanisms of these diseases remains an 
 ongoing challenge. The substantial genetic variability of phytopathogens like X. fas-
tidiosa and Xanthomonas spp., and difficulties in culturing the bacterium Candidatus 
Liberibacter spp. contribute to gaps in knowledge [14, 97–99]. Citrus canker, CVC, 
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