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Abstract: Coffee Leaf Rust (CLR) is caused by Hemileia vastatrix in Coffea spp. It is one of the most dangerous phytopathogens for coffee plantations in terms of coffee productivity and coffee cup quality. In this review, we resume the problem of CLR in Mexico and the pathogenesis of H. vastatrix. The review abord plant-pathogen interactions which lead a compatible or incompatible interactions and result in CLR disease or resistance, respectively. The review abord Coffea spp. defense response pathways involved in H. vastatrix pathogenicity. Additionally, current measures to control H. vastatrix proliferation and germination were aborded focused on phytosanitary actions, and biological and chemical control. Finally, new trendlines to reduce the impact of CLR as nanoparticles and nanotechnology were analyzed.
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Nomenclature



	AgNPs
	Silver nanoparticles



	CLR
	Coffee Leaf Rust



	CBB
	Coffee Berry Borer



	CeNPs
	Cerium nanoparticles



	CeONPs
	Cerium oxide nanoparticles



	CLM
	Coffee Leaf Miner



	CMCS
	Carboxymethyl chitosan



	CSB
	Coffee Stem Borers



	CS
	Chitosan



	CuNPs
	Copper nanoparticles



	CuO-NPs
	Copper oxide nanoparticles



	Cu/Zn-NPs
	Bimetallic copper/zinc nanoparticles



	CWSB
	Coffee White Stem Borer



	DAMPs
	Damage Associated Molecular Patterns



	EO
	Essential oil



	ET
	Ethylene



	ETS
	Effector-Triggered Susceptibility



	HDT
	Timor Hybrid



	HR
	Hypersensitive response



	HMCs
	Haustorial Mother Cell



	ISR
	Induced Systemic Responses



	JA
	Jasmonic acid



	Ms
	Mentha spicata



	MnNPs
	Manganese nanoparticles



	NPs
	Nanoparticles



	OEE
	Orange essential oil



	PAL
	Phenylalanine ammonia-lyase



	PAMPs
	Pathogen Associated Molecular Patterns



	PbS NPs
	Lead Sulfide nanoparticles



	PE
	Penconazole



	PR
	Protein-related Pathogen



	PRRs
	Pattern Recognition Receptors



	PTI
	PAMPs triggered immunity



	RLKs
	Receptor-Like Kinases



	RLP
	Receptor-Like Protein



	ROS
	Reactive Oxygen Species



	SA
	Salicylic acid



	SeNPs
	Selenium nanoparticles



	SiNPs
	Silicon nanoparticles



	SNPs
	Silver nanoparticles



	TiNPs
	Titanium nanoparticles



	TiO2
	Titanium oxide nanoparticles



	ZnNPs
	Zinc nanoparticles



	ZnO-NPs
	Zinc oxide nanoparticles





1  Introduction

Coffee trade is one of the four main commodities in agricultural products, and it could be the second commodity in countries in development, especially for coffee export. Around the world, coffee commerce represents an income for over 20 million of families in 56 countries [1,2]. In 2022, Mexico was in the 7th place in Coffea arabica worldwide production with 702,686.02 ha dedicated to coffee planting with productivity of 1,025,034.80 tons as well as a significant income of 6,534,603.54 thousand Mexican Pesos [3,4]. In 2023, Mexico was in the 6th place of C. arabica worldwide production and in the 10th place of coffee in general (C. arabica and Coffea canephora) worldwide production [4]. In Mexico, the coffee commerce could significantly affect the economic dependence of 300,000 coffee producers where 96% of the cultivated surface is destined for C. arabica and 80% of the national production is focused on the exportation of coffee [2,5].

Coffee Leaf Rust (CLR) is caused by Hemileia vastatrix which belongs to the Basidiomycota phylum, Pucciniomycetes class, and Pucciniales order [6]. H. vastatrix uredinospores deposits in the leaf underside and is an obligate parasite, which means H. vastatrix feeds through on coffee leaves to live and complete their reproductive cycle while their host is alive (feeding from host nutrients). CLR disease symptomatology enlists the apparition of chlorotic spots in leaves, reduction of the potential photochemical yield of photosystems, defoliation, and reduction of coffee plants’ productivity and quality of produced coffee. Also, the disease interferes with plant growth and development because of the limitation of coffee plants in nutrient uptake. Even in controlled plantations, the symptoms of diseased plants can continually evolve and affect the growth and development of coffee plants in subsequent years [7–10].

The losses in coffee productivity are divided into primary losses and second losses, the primary losses involve fruit loss by defoliation and death of damaged branches, and the second losses are caused by the cost of energy to plants to recover from the primary losses [11]. Coffee productivity losses by CLR can lie between 15%–20% and increase up to 70% [9,10]. In Colombia, losses of about 31% were reported from 2008 to 2011 in comparison with the production of 2007 [12]. In 2016, Mexico reported losses of 50% of the national production due CLR outbreak struggling the country since 2012 [13,14]. Guatemala reported losses between 59%–70% in 2012 [15]. After the crisis of 2013, Peru reported losses of up to 60% of its coffee production [16]. Centro America reported losses of up to 30% in 2013 [17]. Recent CLR outbreaks report an annual loss between one to two billion US dollars [18,19].

H. vastatrix affects domestic and wild Coffea spp. in the majority of C. arabica varieties and some C. canephora varieties, the CLR can be considered the most severe disease in coffee plantations due to its high propagation rate, in records CLR has reported monumental losses as was informed in Ceylon (now Sri Lanka) at the first CLR reported apparition in 1869 when the island was one of three major coffee producers worldwide; the disease spread to the main coffee producers states in Ceylon quickly with devastating consequences, and near of a decade later, it forced the coffee producers to abandon their production and dedicate to other plantations as tea plantations [20–22].

After the first report of CLF apparition, H. vastatrix spores spread to other coffee-producing countries. By 1990, the presence of CLR was reported in all coffee-producing countries except the island of Hawaii in the U.S. where the first apparition of CLR was reported in 2020 [7,9,20–24].

The germination of H. vastatrix spores is favored by dark humid environments between 21°C–27°C and available water on the host leaves for 8 h. Other factors can influence the grade of severity, e.g., the cultivated genotype determines the compatibility of the H. vastatrix spores and coffee plant interactions. Typica and Borbon Coffea arabica varietals are more susceptible to CLR disease. Also, the plantation density impacts the disease severity due to the dark-wet microenvironment generation in high-density coffee plantations. Fruit load in coffee plants also impacts the severity of the disease, in high-loaded plants the phenolic compounds with antimicrobial activity are mobilized to coffee berries [7,8,25,26].

H. vastatrix-Coffea spp. Interactions begin with the first contact of uredinospores and leaves underside. In optimal conditions and scenarios to develop a compatible interaction, uredinospores stick to epidermal cells and the germination tube grows until reaches the raised lips of the subsidiary cells of stomata [11]. H. vastatrix uredinospores germinates between 10°C–35°C with an optimum germination growth between 21°C–23°C, at temperatures below 15°C and above 35°C the fungal growth is slowed [19,27]. Altitude and rainfall patterns also affect the severity of the disease, in higher rainfall seasons the germination of uredinospores is favored [11]. Altitudes negatively impact the CLR severity, since CLR severity decreases with the altitude increase [28]. This is related to the decrement in the mean annual temperature in highlands in comparison with lowlands crops [28].

Pale et al. analyze the relationship between altitude, rainfall, and temperature level with CLR severity, their study analyses the data sets available by government organs in Mexico in different coffee producer municipalities. The results show a positive relationship between CLR severity and harvest period related to consistent and ripe fruit phenological stage in the coffee plants, the vegetative growth stage shows the lower CLR severity, and in the stage of fruit ripening the severity starts to increase. The results also were consistent with the positive relationship between rainfall seasons to CLR severity, rainfall seasons increase CLR severity due to the incensement in environmental moisture and leaf wetness, as well as increase the CLR incidence by water droplets splashed from infected leaves to healthy leaves [11].

CLR Disease’s first symptoms show as small chlorotic spots with 1–3 mm diameter and turn to orange when the infection sorus is formed. The principal infection structures are the uredinospores which were produced at the infection sorus. As the severity increases, the uredinospore production increases at the underside leaf. H. vastatrix uredinospores spreads by direct contact and can be mobilized by wind or water splashes [7,8,25,27]. H. vastatrix uredinospores can ascend to the atmosphere and propagate to other coffee plantations by wind turbulence and rain [29].

Since coffee plantations are a complex agroecosystem, understanding how the factors at the agroecosystem interact and impact the CLR dispersion and severity can help to adapt some agronomic practices to disease control [16,29,30]. Several techniques exist to prevent H. vastatrix germination and control CLR disease, e.g., proper crop management can be adapted to the current agricultural practices at the coffee plantations [31].

For the chemical part, the producers can apply some foliar fungicides and is recommended to apply them at the vegetative growth stage when the CLR incidence is still low [11]. The protective fungicides usually are made of copper compound and generate a protective coating in the leaves, these fungicides just prevent the first infection stages of H. vastatrix and slow down their propagation. On the other hand, systemic fungicides usually compounded by triazoles are more aggressive than protective fungicides, systemic fungicides inhibit ergosterol production [8,32].

Another chemical treatment alternative is the emerging field of nanotechnology. Nanotechnology is based on the synthesis or modification of nanoscale materials [33]. Nanoscale materials as nanoparticles can be synthesized from two main approaches, bottom-up and top-down [33]. Among the main advantages of the use of nanotechnology is the easy surface modification of nanoparticles to specific functions or applications [34]. Nanotechnology has gained attention in several agriculture fields due the its potential application in food safety packages, crop productivity, phytopathogens control, and soil health [33,35,36].

The present review provides an overview of our current knowledge of the coffee-H. testatrix interaction, mainly regarding pathogen infection and variability, and multilayered host defense responses. This review also contains information about the main phytosanitary measures to control coffee H. vastatrix and the potential use of nanoparticles as a possible control of this pathogen.

2  Hemileia vastatrix Diseases

The Pucciniales (before named Uredinales) is a fungal order phytopathogen commonly known as Rusts. The Pucciniales represent one of the major severity and complex phytopathogens. The Pucciniales order is composed of 120 genera and 6,000 species. The main affected agriculture products are wheat, soja, and coffee crops which represent a high economic impact derived from crop losses [37]. Pucciniales are known for having a constant evolution with their host, which resulted in their adaptability and resistance. The Pucciniales infect their host as obligate biotrophic pathogens feed from the host cells’ nutrients, which means the pathogen feeds and grows only if the host is alive. In other words, rust depends on a living host to grow and reproduce [38]. Focused on H. vastatrix, their co-evolution with their host makes it more difficult to generate coffee resistance speciesn [39,40].

The rusts are categorized as specific host pathogens and their reproductive cycles are differentiated by their sporulation stages and how complete their reproductive cycle [39,41]. The rusts are caused by biotrophic fungi, and depend entirely on their living hosts, some rusts need two taxonomically different hosts (aecial and telial hosts) to complete their reproductive cycle (heteroecious), other rust (autoecious) as Hemileia vastatrix only have one kwon specific host and can complete their reproductive cycle above the same host or in different plant from the same species [23,37,42].

Fungi-caused rusts share some properties as they have highly developed infection structures, one of them is the haustorium a specialized structure to makes possible the nutrient uptake from the living cell host. Haustorium derives from haurire (in Latin), which means to drink or to draw [38]. Besides the haustorium role in nutrient uptake, they have limited secretory activity related to their lytic enzyme’s secretions and ensure the plant-pathogen compatible interaction due to the effectors delivery which suppresses the host defense signals for long periods and have a developed defense structure that separates the fungal and plant plasma membranes [23,43,44].

H. vastatrix is classified as primitive rust, since CLR discovery has a diverse catastrophe registered, the first registered apparition of H. vastatrix was in the Ceylon (now Sri Lanka) epidemic in 1869 [20–22,40]. It is a biotrophic pathogen and, hence needs a live host to live, feed, and complete its reproductive cycle. Besides C. arabica being susceptible to two rusts caused by H. vastatrix and H. coffeicola, only H. vastatrix has an economic worldwide impact on coffee cultivars countries [40].

H. vastatrix has ovoid/reniform uredinospores (single cell) with protuberances/spines at the dorsal and convex face and smooth surfaces in the ventral and concave face, uredinospores have thick walls and hydrophobic surfaces (Fig. 1). Mature uredinospores can develop up to 300 spines on average at their surfaces, their spines are grouped and functioned to grip and hold on into foliar tissues [42]. H. vastatrix teliospore has a smooth surface and its uredinospores and teliospores have hyaline walls with 1 um thickness. H. vastatrix forms supra stomatal sori with bouquet shapes [40].
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Figure 1: Hemileia vastatrix uredinospores isolated from a coffee plantation in Angel Albino Corzo, Chiapas, Mexico with coordinates 15°45′33.8′′N 92°38′03.3′′W

The life cycle of H. vastatrix is hemicycle with autoecious reproduction. When the uredinospores achieve the invasion of coffee leaves, start to produce reproductive structures such as uredinospores, teliospores, and basidiospores. Uredinospores are the principal inoculum source to spread H. vastatrix. Basidiospores cannot penetrate and infect coffee leaves and teliospores rarely reinfect their host [40,42].

H. vastatrix uredinospores resist harsh environmental conditions and can survive in long drought periods or nutrient shortages and low temperatures. Uredinospores can stay dormant until the environmental conditions change. Uredinospore germination requires free-water, dark-wet environments for periods of 6–8 h. Environments between 21°C–27°C with high relative humidity (up to 80%) improve uredinospores gemination. Uredinospores were renewing at the infection sorus and represent the most important infection structure for the asexual cycle of H. vastatrix [6,19,39,40,42,45].

At the end of colonization, mature uredinospores develop infection sori and generate new uredinospores, basidiospores, and teliospores [24]. Teliospores produced promycelium which produced basidiospores [40].

The infection by H. vastatrix begins at the penetration phase by the uredinospore’s adhesion to the underside leaf surface, a crucial step in the H. vastatrix pathogenesis because it prevents the pathogen displacement from their host and improves the thigmotropism. Uredinospores-host first contact is fundamental to the establishment of the signal chain via transmembrane proteins [42,46]. By signal chain activation H. vastatrix can receive and process extracellular information into transcription factors, activating protein synthesis pathways to maintain the cellular wall thickness and morphogenesis [42,46].

After the first contact, the germination tube is formed during the uredinospores germination in the dikaryotic phase, the germination tube end has a hypha hook shape tip which senses and transduces the leaf topography information via signal chain, and the appressorium is formed after the stomata identification [23].

The appressorium is the first structure formed above the stomata by the uredinospores germination; this makes the stomata penetration begin. During the appressorium formation, lipids and glycogen are transferred from the cell to the appressorium. Once it is over the stomata, a penetration hypha grows to penetrate the stomata and reach the substomatal chamber with the differentiation of the substomatal vesicle [23,40]. In the parasitic phase, the penetration hypha differentiates to produce lateral branches that subsequently differentiate into haustorial mother cells (HMC) to produce a haustorium after its first contact with the mesophyll cell wall. Each lateral hypha resembles an anchor [23,40,42]. After 36 h of inoculation, the first haustorium is formed, infecting the near subsidiary cells [23,40].

As pathogenesis progresses (Fig. 2), H. vastatrix continues to form intercellular hyphae, HMCs, and haustorium, to invade substomatal cavities such as lower epidermal cells, mesophyll, spongy and palisade cells. At this stage, a dense mycelium is formed under the penetration stomata; at this point, chlorotic spots may be visible [23,40,47]. 21 days left, the sporulation phase begins with uredinospores bouquet shape sori are formed through the stomata as suprastomatal sori (Fig. 3A), at this stage, the chlorotic spot turns orange (Fig. 3B) and the uredinospores sori produces new infection structures which can be propagate easily through wind, rain splashes, and insects to restart the cycle in other leaves or plants. In advance of the disease severity, new uredinospores sorus are produced in the same leaf and the near leaves (Fig. 3C) [23,38,40,42,47].
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Figure 2: Hemileia vastatrix reproductive cycle [23,40,47]
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Figure 3: Hemileia vastatrix uredinospores and Sorus viewed in stereoscope (A) the uredinospores were isolated from coffee leaves with CLR (B) in a coffee plantation in Angel Albino Corzo, Chiapas, Mexico with coordinates 15°45′33.8′′N 92°38′03.3′′W (C)

3  Hemileia vastatrix-Coffea spp. Interactions

Rust fungi’s reproductive cycle usually involves two parasitic stages, dikaryotic and monokaryotic. The monokaryotic phase is related to basidiospore germination, basidiospores penetrates directly the epidermal cells. The dikaryotic phase starts with uredinospores germ tube formation and elongation for surface recognition. When the germination recognizes the subsidiary cells of the stomata, forms the appressorium over the stomata. The rust fungi produce sophisticated infection structures well differentiated and divided by septum, these structures help the fungi to avoid host recognition and improve the pathogenesis [38,39,43,48].

The CLR disease development starts in the dikaryotic phase when uredinospores begin in contact with the leaf’s underside. For this phase the adhesion of the fungi to the leaf surface is crucial. The adhesion of uredinospores is improved by the hydrophobic nature of uredinospores and the cuticle wax layer in the host leaves. The spines at the uredinospores surfaces also improve the adhesion by mechanical grip. After the first contact, an extracellular matrix is formed with low molecular weight carbohydrates and glycosylated polypeptides. The formation of the adhesion pad seems to be by the activity of cutinases and esterases [42]. The germ tube recognizes the topography of the ridge stomatal lips and the leaf alcohols and sends the signals to start the appressorium differentiation from the germ tube, the surface recognition involves chemical and physical signals as topography, hydrophobicity, and the presence of cutin monomers [39,42,43,48,49].

The success of infection may be determined by the susceptibility of the host to the rust race. The differentiation of the infection hypha begins with one of the fungi’s defense mechanisms as the production of suppressors of defense to invade their host easily [39,42,48]. Independent of the plant-pathogen interaction results the H. vastatrix uredinospores and their complex; pre and post-penetration structures have an arrangement to evade the host chitinases, where the chitin is inside the structures and the outside in contact with the host environment are labels of β-1,3-glucans [49].

The morphological differentiation due to the formation of infection hypha is crucial in the pathogenesis successful. The penetration hypha enables nutrient uptake, otherwise, the growth of the germination tube depletes the fungi’s nutrients. After the first haustorium formation, the nutrient uptake is limited, hence, the fungi are forced to change their fungal wall composition. This event marks a change in protein synthesis, ribosome synthesis, and secretion of hydrolases [39,42,48].

Once the appressorium is formed above the stomata, an infected peg starts to grow from Haustorial Mother Cells (HMC). The infection peg grows between guard cells through substomatal space and forms the substomatal vesicle. After then the intercellular hypha is formed, the hosts start to detect the phytopathogen presence by the delivered elicitors. At the first contact of the HMC with mesophyll cells, the HMC starts to differentiate into haustorium to begin the host cell infection. The mechanisms of haustorium infection are similar to those of the appressorium, the HMC attaches to the host cell wall and forms a penetration hypha, the HMCs are protected with a thick multilayer wall, the mechanisms of appressorium penetration are related to the application of pressure and secretion of lytic enzymes over the penetration zone previously, cell wall degradation is restricted to the penetration zone [39,42,43,48,49].

The haustorium is involved in intimate communication with the host cells, as well are implicated in the suppression of host defense response and nutrient uptake [42]. This intimate communication between the haustorium and the cell hosts is possible due to the formation of an extra haustorial matrix and membrane which divides the haustorial plasma membrane and the haustorium body from the plant plasma membrane [42]. The extra haustorial matrix is composed primarily of biomolecules derived from the cell hosts and provided by the fungi during the infection, this matrix makes an intimate contact zone where the haustorium body is protected from the plant plasma [39,42,48].

The haustorium (Fig. 4) is formed from the neckband that maintains and connects the HMC with the haustorium. The neckband protects the haustorium by sealing the haustorium interfaces from the apoplast flux. The neckband is the first infection structure formed after HMC hypha penetration. The penetration hypha broke the cell host membrane due to the applied pressure and the secretion of lytic enzymes. After the haustorium formation, the extra haustorial matrix and membrane were formed. The absence of ATPase activity at the haustorial membrane implies an influx of solutes from the host cell without control [42]. The formation of the haustorial involves a re-organization of the cell host components and cytoskeleton, and a continued exchange and secretion of proteins, effectors, and elicitors from the haustorium [42,43].
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Figure 4: Schematic representation of Hemileia vastatrix infection structures in Coffea spp. leaves [42,43]

During the penetration, parasitic, and sporulation phases the fungi produce sophisticated highly specialized structures that produce proteins, enzymes, and secondary metabolites to adapt and evade the host defense mechanism and assure their sporulation phase and therefore, complete the reproductive cycle [38,42,43,50,51]. The secondary metabolite productions can alter the hormone pathways as auxins, gibberellic acids, jasmonic acid, and salicylic acid [43].

4  Coffea Defense Mechanisms

Plants’ susceptibility and resistance to pathogens is determined by the interactions between host plants and pathogens. Plants have their own recognition and defense mechanisms to identify and protect them from potential pathogens and dangerous conditions. Plant defense mechanisms are complex and involve passive and active defense lines. The passive (natural) or nonhost resistance mechanisms involved some barriers to prevent adhesion and penetration of infection structures. Whitin’s passive mechanism can be found in the deposition of wax cuticles, lignification of cell walls, the production of secondary metabolites, and silica accumulation [24,52–54].

The active defense lines involve the pathogen and damage recognition. The Pattern Recognition Receptors (PRRs) detect molecules related to pathogen invasion as Pathogen Associated Molecular Patterns (MAMPs or PAMPs) or related to host stress/damage as Damage Associated Molecular Patterns (DAMPs). PRRs are transmembrane proteins, in the presence of PAMPs or DAMPs that bind or release to a protein system to activate the downstream of immune signaling. PRRs detect microbial elicitors produced during the pathogen invasion (MAMPs or PAMPs), this recognition process is called PAMP-triggered immunity (PTI). PRRs are mainly receptor-like proteins (RLP), and receptor-like kinases (RLKs) [40,49,53,55].

Elicitors can be sourced from pathogen secretions (exogenous) or delivered molecules from wound plant tissues (endogenous) [49,55]. The elicitors can be specific or non-race specific. Usually, the elicitors are composed of peptides, proteins (esterases), glycoproteins, fatty acids derivatives, sterols, oligosaccharides, or polysaccharides [46,49,55]. Endogenous elicitors are linked to DAMPs and are produced in wound tissue by enzymatic lytic activity, blocking or detriment of mechanical barriers due to the advance of the disease [46,49,55].

DAMPs act as a long-distance immune mechanism and activate the local and systemic defense signaling. DAMPs are molecules released by damaged cells due to pathogen invasion or by cells being under attack. DAMP molecules are primarily fragments of polysaccharides cut off cell membranes, cytosolic proteins, and other macromolecules as peptides, amino acids, and nucleotides [53]. PAMPs and DAMPs can activate immune responses to PTI in synchrony to increase or amplify the immune signals, as well PTI and ETI can overlap to work in parallel or in synchrony to suppress the pathogen propagation [24,53].

Effector Immunity (ETI) is another active defense mechanism based on the pathogen invasion detection by pathogen effectors. Effectors are small proteins produced and mainly secreted by pathogens to achieve colonization [55–57]. Effectors can modify the structure and function of host cells and also can modify the host metabolism and defense pathways. Some effectors are capable of interfering with PTI and ETI which results in a compatible interaction due to the induced Effector-Triggered Susceptibility (ETS) to the host [24,55–58].

When the effector is detected by R protein receptors active ETI or PTI the invaded plant starts to alert the defense system. Hence the host cells activate a signal cascade related to increased ion fluxes. The increment of cytoplasmatic calcium concentrations is related to PTI. Calcium ions function as a secondary messenger for the production of stress-related hormones. This activates the signaling pathways of salicylic acid (SA), jasmonic acid (JA), and ethylene (ET). The SA pathway is the more related pathway to suppress the compatibility interaction due to the activation of defense enzyme mechanisms. SA activates the expression of phenylalanine ammonia-lyase (PAL), oxidative burst, ROS accumulation, and protein kinase cascade activation [24,32,55,56]. In coffee-resistant cultivars, the SA pathway is activated by the expression of resistance genes (CaNPR1, CaPR1, and CaPR5) [59]. ETI and PTI can induce similar defense mechanisms, e.g., both can activate the salicylic acid pathway considered as the main defense mechanism against H. vastatrix, but ETI responses seem to be more prolonged than PTI [24,55,56].

Other defense mechanisms involved in Coffea spp. response against H. vastatrix is the activity of the enzyme Polyphenol Oxidase (PPO), an enzyme containing copper as a cofactor and 5-caffeolyquinic acid (chlorogenic acid) as a substrate. PPO catalyzes the oxidation of phenolic compounds (monophenols → o-diphenols → quinones) near to wound site when the tissue is damaged stopping the germination by Hypersensitive Response (HR) acceleration, reducing the bioavailability of alkylate proteins and by the improvement of polymerization of proteins to form physical barriers [60–63]. Other post-haustorial defense mechanisms are related to the enzymatic activity of Plant Peroxidases (PODs) as PPO, PAL, β-1,3-glucanase, chitinase by the degradation of chitin at the H. vastatrix cell wall, and lipoxygenase [32,63–65].

Pathogens can respond to plant defense systems to avoid it and lead to a successful pathogenesis. In the same way, plants can prevent or respond on time to the pathogen invasion and break the pathogenesis. Therefore, leading a successful resistance to that pathogen. E.g., the HR activation by the expression of the gene CaNDR1b in coffee cultivars is involved in pathogen recognition [59]. The HR is activated with the first haustorium formation as an early defense mechanism by the detection of effectors by PRRs. This provokes the production of Reactive Oxygen Species (ROS) to “eliminate” the infected cell and cut the pathogen nutrient uptake. The activation of HR also is related to the deposition of callose, cell wall lignification, and synthesis of chlorogenic acid [49,51,53,58,66,67].

These responses are the result of the co-evolution of some plant pathogens and could provide some physical or chemical barriers and the production of elicitors or effectors to activate or deactivate the barriers of the counterpart [49]. In dependence of the organism’s genetic material, these barriers or defense mechanisms could be activated as preventive and protective mechanisms and others could be induced by the detection of pathogen attack. Some defense mechanisms are hypersensitive reaction, phytoalexins production, structural barriers, production of elicitors, and activation of systemic mechanisms [42,49–51].

H. vastatrix interactions with Coffea spp. respond to the gene-for-gene model proposed by Flor as Coffea spp. race-specific defense mechanism [68,69]. The gene-for-gene model explains how plant-pathogen interactions could lead to susceptibility or resistance because of specific parasite responses, the model explains the resistance when each elicitor produced by the virulence gene expression and interacts with a virulence gene receptor in the host organisms, this binding active a signal cascade and therefore plant defense system and produced an incompatible plant-pathogen interaction [55]. Each effector expressed by a specific Avr gene is recognized by a specific R gene, leading to an incompatible interaction. When the host and pathogen have a straight co-evolution relationship, the Avr genes tend to mutate to evade the recognition system by the host R genes leading to a compatible plant-pathogen interaction or a susceptibility case of the host to the pathogen [55,58,67,70].

In the gene-for-gene model, each dominant resistance gene (SH1-SH9) conferring coffee leaf rust resistance for coffee spp. is one virulence gene (v1-v9) in the H. vastatrix genome, and the genes are present individually or in groups for each Coffea species or H. vastatrix race [13,49,68–70]. The Severity of the pathogenesis is determined by the interaction of the genes in the Coffea species and H. vastatrix race. The recognition of H. vastatrix virulence genes by resistance genes in Coffea species tends to an incompatible plant-pathogen interaction. The v1-v9 genes’ presence in H. vastatrix races defines their severity, at now at least 50 H. vastatrix races are known worldwide, and the races with less genetic material are more dangerous as their sporulation times and capacity are shorter than the races with more virulence genes [13,49,56,68,70,71].

In Mexico and Brazil as in other coffee producers in Central and South America race II (v5) is the most common in coffee crops. In America races I (v2, v5), III (v1, v5), XV (v4, v5) and X (v1, v4, v5) are also common [13,72]. In pure arabicas are found genes SH1, SH2, SH4, and SH5, in C. liberica is found the gene SH3, in C. canephora, are found the genes SH6, SH7, SH8, and SH9, and also found in Timor Hybrid HDT (SH6-SH9) due its hybridization origin from C. arabica × C. canephora [13,69]. Coffea genotypes can be classified according to their resistance or susceptibility to H. vastatrix races, Group A is related to coffea genotypes with resistance to all known H. vastatrix races, while Group E is for the Coffea genotypes with susceptibility to all known H. vastatrix races [49,69].

Following the concepts in the gene-for-gene model, Coffea plants can perform a complete or partial resistance to CLR; complete resistance is achieved when the defense SH1-9 genes bind with virulence v1-9 genes in H. vastatrix. Incompatible plant-pathogen interaction is expressed in the resistance coffea genotype when homozygous dominant genes AA and RR are present in each organism (H. vastatrix and Coffea species respectively), dominant heterozygous Aa and Rr also result in an incompatible plant-pathogen interaction, while recessive genes aa and rr results in a compatible plant-pathogen interaction or a successful disease [46].

Plant-pathogen interaction between Coffea spp. and H. vastatrix leads to a compatible, incompatible, and partially compatible, thus as a result the balance of Coffea spp. defense mechanisms expressed and H. vastatrix adaptability and pathogenicity (Fig. 5). As mentioned above, Coffea spp. have different defense mechanisms involving their natural or passive and active mechanisms related to a specific host or no, and these mechanisms can be classified as those expressed before the first haustorial formation and those expressed after the first haustorial formation [24].
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Figure 5: Schematic representation of possible plant-pathogen interaction scenarios where (A) represents unsuccessful interaction due specificity of appressorium hypha to penetrate stomas as represented in (B). (C) represents an incompatible interaction due hypersensitive response of Coffea sp. due pathogen recognition system, which is avoided in (D) by the effectors liberation by haustorium leading in a full compatible interaction as is represented in (E) [42,43]

HR in Coffea species is one of the main defense responses and is activated in both cases, compatible and incompatible interaction, HR can be activated and amplified by PTI and ETI at the first contact with the uredinospores with host leaves, but the ETI mechanism is more related with a complete incompatibility interaction or disease resistant [24]. HR usually begins in stomata and subsidiary cells as guard cells and mesophyll cells [24]. Other effective defense mechanisms in incompatible interactions are associated with pathogenesis-related proteins (PRs) as PR2, PR3, PR10, PR15, and PR16 were related to incompatible responses, especially PR2 (β-1,3-glucanase) and PR3 (chitinase) [24,64].

Luján-Hidalgo et al. [73] reports in 2020 the biochemical responses of C. arabica plants to H. vastratrix infection where they found a significant increase in the amount of caffeine and gallic acid presence in infected leaves in comparison with uninfected ones which results can be related to Induced Systemic Responses (ISR), as well an increase of enzymatic activity (chitinases and β-1,3-glucanases) associated to protein-related pathogen (PR) [64,73]. An emerging alternative in the control of CLR is the technological development from the genomics perspective, e.g., the foliar application of RNA interference (RNAi) using spray-induced gene silencing (SIGS). SIGS can be applied to silence pre and post-exhaustorial effectors genes in H. vastatrix uredinospores germination [74].

5  Current Control of Coffee Leaf Rust (Hemileia vastatrix) in Coffee Plantations

The main phytosanitary measures to control CLR propagation are preventive and corrective actions, in the preventive action is the control of plant population density to prevent shadow excess by the overlapping of coffee plants. In some cases, the farmers tend to breed or cultivate CLR-resistant cultivars such as HDT, a resistant cultivar derived from the natural hybridization of Coffea arabica × Coffea canephora with the resistance genes SH6-SH9 [6,75]. In general, the main actions to control CLR can be divided into phytosanitary measures where the farmers take actions to prevent favorable germination and sporulation conditions of H. vastatrix, where the flowering cycles can be used as an indicator to start the phytosanitary actions [76]. Genetic control with resistance cultivars and breeding with new resistance cultivars by resistance genes present in Timor Hybrid HDT [6,75].

The management of shadow and pruning helps in the control of the disease, excess of shadow reduces the photosynthetic reactions in the lower coffee plants by the canopy, also, the overlap of branches in the canopy generates microclimates and promotes the germination of H. vastatrix spores [16,31]. Pruning as a renewal technique removes the old unproductivity branches, which could be a source of inoculum for several microorganisms, and promotes aeration and photosynthesis [16,31].

Gonzales et al. demonstrate the relationship between shadow system, pruning techniques, and cultivated genotype in a study conducted in 2022. The study analyzes the effect of pruning techniques (non-pruning, descope, medium pruning, and recipe) in susceptible C. arabica varieties such as Typica and Pache. Their results reduce de percentage of incidences of CLR from non-pruning by 37.81% in contrast with coffee plants pruning by recipe method by 16.15%. The reduction in the percentage of incidence was more representative in C. arabica Typica than in Pache varietal in the difference shadow system and pruning methods analyzed [16].

Reducing the plantation density also can reduce the CLR severity, in high-density plantations the environmental moisture between plants and the plant-to-plant interactions can be increased [29]. A studio simulated by Mora et al. analyses the interplay between harvesting, plant density, and ripening time in the dispersion of CLR. The results show an increment in CLR dispersion in high-density plantations analyzed from 500 plants/ha to 5000 plants/ha, where the rust incidence increases from 500 to 3000 plants/ha with the highest incidence at 2000 plants/ha. The study also shows the importance of caring about synchrony in the ripening, asynchrony ripening can lead the agricultures to work long distances per day, which increases the probability of spreading the uredinospores by contact [29].

Coffee plantations shadowed by trees also play a crucial role in CLR dispersion, planted trees in the agroforestry systems can improve the coffee plants metabolism and the physiological resistance [30,77]. The shape of trees at the canopy can increase the CLR severity by the microclimate generation and reduce the CLR dispersion. Planted trees at the periphery can reduce the CLR dispersion airborne [16,29,30]. In a study conducted by Daba et al. in 2015/16 and 2020/21 showed lower CLR incidence in a forest coffee system (FC) than in a semi-forest coffee system (SFC), in FC the human activity is limited so the dispersion of urediniospores is limited, also the dense canopy in the FC reduces the wind speed and penetration of water droplets [77].

Chemical control involves the use of organic or inorganic pesticides. Biological control involves the use of natural pesticides elaborated with plant extracts or by the application of antagonist microorganisms [41]. Chemical and biological control have special attention due to their function of elicitors with properties to active natural defense pathways in coffee plants. For, Lam et al. reported in 2019 the effectivity of methanolic extract of Baccharis glutinosa roots in C. arabica Var. Borbon and Caturra with significative inhibition of H. vastatrix uredinospores germination [41]. The results show a significant decrement in the germination capacity of uredinospores from 38.54 to 7.01, 1.67, and 2.2 in leaves treated with copper oxychloride and MEBs 100, 270, and 750 mg mL−1, respectively [41].

Ramirez et al. reported in 2020 a study conducted in 2018 in Oaxaca, Mexico. The study evaluates the CLR severity in C. arabica var. Geisha seedlings inoculated with H. vastatrix uredinospores. They compared the effect of 24 treatments by foliar application to Geisha seedlings. The treatments with the higher inhibition were Bacit-Sur+Nat-R composed of colonies of Bacillus subtilis and Trichoderma spp. with hepar sulfur at 15%, Bovista plumbea at 5% and homeopathic plant extract at 10% in water. The treatment Bacit-Sur+Nat-R shows a significative lower CLR incidence in contras of copper oxychloride (Oc) [10].

Besides the agronomic phytosanitary measures, the application of chemical products can lead to protecting coffee plants in a preventive or systemic way. Cupric pesticides usually are used in combination with systemic or systemic pesticides to avoid pathogen resistance to pesticides [78,79]. Cupric fungicides are the most used as protective or contact fungicides due to their capacity to make a coating over the treated leaves. Furthermore, copper improves the vigor and retention of coffee leaves [80]. The availability of copper ions in the foliar surfaces inhibits the first stages of infection of H. vastatrix.

If the used pesticide contains copper in its reactive chemical formula (Cu2+) the copper ions can reduce the germination of urediniospores and penetration of hyphae because copper inhibits the respiratory process, and protein synthesis and weakens the cell membrane, also the copper tends to interact with pathogen cell wall due their affinity to carboxyl groups available on the surface [6,8,31,79–81]. Cu ions can cause cell death by their capability to interrupt metabolic pathways, development of oxidative stress, and loss of membrane integrity due to Cu ions absorption which leads to the generation and accumulation of ROS [80,81].

Inside the main disadvantage of copper fungicides is the need to reapply constantly to protect new leaves and due their washability by rain or irrigation. Also, the copper fungicides start to lose efficiency at 10% of infection of H. vastatrix [6,8]. The main used copper fungicides are copper oxychloride, copper hydroxide, copper oxide, and copper sulfate [6,8,19].

The corrective or systemic fungicides can stop the infection in the early stages (before sporulation), in comparison with protective pesticides, the systemic pesticides are absorbed by the plant and transported to act on the infection site, in other words, the systemic pesticides work from inside the leaves instead the leaves surfaces. E.g., the triazole compounds inhibit ergosterol production but the effectiveness is reduced at the sporulation stage of the disease. Mesostemic fungicides as strobilurins work from the wax cuticle in the leaves and inhibit the sporulation of H. vastatrix. Hence is recommended the combined application of strobilurins and triazole compounds [6,8,78,79,82]. The mixture of triazoles and strobilurins can be applied in the soil or the foliar surface [78,79,82]. Some common triazoles used in Mexico and Latin America are epoxiconazole, cyproconazole, azoxystrobin, and tebuconazole which can be applied alone or in combination [83].

6  Potential Use of Nanoparticles in the Control of Pests and Diseases in Agriculture

The nanoparticles (NPs) can be defined as a particle with a length of 1 to 100 nm in any axis (x, y, or z), at this dimension the particles behave as “big molecules” instead of bulk materials. This improves the reactivity and the surface area making it more effective in the nanoparticulate form than in the bulk size [84,85]. The nanoparticles can be classified mainly by the precursor material or by the synthesis mechanisms. When the nanoparticles are obtained from a macroscopic source the synthesis route is called “top-down” and the mostly methods used are electrochemistry, nanolithography, laser ablation, and thermal decomposition [84,86,87]. The route is called “bottom-up” when the nanoparticle synthesis starts from chemical precursors as in sol-gel, photosynthesis, chemical reduction, and nano-emulsions among others. Otherwise, can be classified in order of their chemical source as organic or inorganic nanoparticles [84,86–88].

The application of nanoparticles has been popularized due to the surface-area ratio improving the efficacy over their bulk-size counterparts. The nanoparticles have been studied and applied in the agricultural industry in the development of technologies for food packaging, pesticides, and fertilizers. In these formulations, the nanoparticles are considered as an active ingredient or as a vehicle for active ingredients. The main studied inorganic nanoparticles in the control of phytopathogens are the nanoparticles from silver (AgNPs), copper (CuNPs), zinc (ZnNPs), Cerium (CeNPs), silicon (SiNPs), and titanium (TiNPs) [88–90].

Organic nanoparticles also have been applied in the control of phytopathogens, e.g., the application of salicylic acid and chitosan nanoparticles in the control of Punccinia triticina, the nanosystem report to causes the lysis of the uredinospores [91]. The functional groups in the surfaces of the nanoparticles can be modified to functionalize the nanoparticles or to synthesize a nanocomposite or a nanosystem [88–90]. SiNPs and TiNPs are commonly functionalized to use as vehicles for active compounds. E.g., the surface modification of SiNPs with chitosan oligosaccharides tested in-vitro in the inhibition growth of Fusarium spp. [90].

Recently has been reported the application of AgNPs and CuNPs in the suppression of germination of H. vastatrix uredinospores [92]. Little information has been reported on the application of nanotechnology in the control CLR or in the inhibition of germination of H. vastatrix uredinospores. Table 1 resumes recent publication information on the control of phytopathogens by nanotechnology.
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The main action mechanisms of nanoparticles involve the generation of ROS by the photocatalytic activity of nanoparticles, thus damaging the cell organelles, and biomolecules as oxidation of proteins and DNA degradation, inducing oxidative stress and interfering with the electron chain transport [107,108]. The concentration of produced ROS depends on the nanoparticle’s chemical nature and nanoparticle dose [107]. Metallic nanoparticles can release metal ions, the released ions can modify the structure of biomolecules by their interaction with thiol, amino, and carboxyl functional groups [108]. In photosynthesized nanoparticles, the released ions can carry antimicrobial compounds derived from the plant extract [108].

Nanoparticles interact with the whole environment after they apply to a plant, interacting with the plant of interest, the phytopathogens, the soil, and the habitats of the soil [109,110]. The nanoparticles can enter the plant depending on the application via the nanoparticle physicochemical properties [109]. Nanoparticles can enter to plant by leaves and root uptake [109]. Can be administrated in seed imbibition or seedlings/plants by foliar application or soil supply [111]. The uptake and assimilation of nanoparticles are carried out by roots and leaf tissues such as leaf epidermis and stomata, as well as by wounded tissues [109,111]. The applied nanoparticles can mobilize or translocate inside plants by the apoplastic and symplastic pathways [109,111].

Besides the positive effects of nanoparticles in the control of phytopathogens and promoting tolerance to biotic and abiotic stress, nanoparticles can be harmful to studied plants [111,112]. The main factors in the toxicity of nanoparticles are the size, morphology, chemical nature, and dose [110,111,113]. Penetration and translocation of nanoparticles inside the plants concern the uses of nanoparticles. Thus, can generate the bioaccumulation of nanoparticles in plant organelles such as vacuoles and vesicles [114,115].

The excessive generation of ROS conduces to an imbalance with the plant antioxidant system and leads to phytotoxic effects. The excess of ROS can lead to oxidative burst, cell death, and stomata closure, leading to a reduction in CO2 fixation [111,113,116]. The foliar application of nanoparticles in high concentrations can induce physiological damage as a reduction of the photosynthesis rate. This is related to stomatal closure and blockage of chloroplast and mitochondria electron transport chain [111,113]. Table 2 shows some phytotoxic effects of nanoparticles.
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The possible toxicological effects of nanoparticles concern the application of nanoparticles in organic and sustainable crops. Organic agriculture takes care of the soil, ecosystem, and people’s health [120]. Some requirements in organic and sustainable crop systems involve the integration of biological processes into the production chain, avoiding the use of toxic pesticides, reducing the use of non-renewable resources as much as possible, and implementing solutions derived from the farmer’s experiences and skills [120,121]. Since organic agriculture involves the use of innovative and scientific measurements combined with traditional practices, several studies must be done before applying nanoparticles to coffee farms with organic and sustainable systems [120–123].

To comply with organic and sustainable crop practices, it is important to assess the security of the crop environment. Before starting with applications of nanoparticles a comprehensive literature revision must be done. Understanding the action mechanism and the physicochemical properties of nanoparticles improves the comprehension of nanoparticle interactions. These interactions are related to how the nanoparticles impact the interest in phytopathogen, host plant, soil, and soil microbiome. The application of nanoparticles in phytopathogen control can be accompanied by biological control and sustainable crop practices with a complete overview of the nanoparticle’s impact on the farm environment.

The application of nanoparticles in the control of H. vastatrix germination is not been explored at now but has extreme potential in research, e.g., the phytotoxicity and safety amounts and types of nanoparticles in different phenological states of coffee plants or coffee seeds germination and how the nanoparticles applications can induce different responses in photosystems, secondary metabolites synthesis, and enzymatic activity or how nanoparticles can induce defense response pathways in coffee plants.

7  Conclusion

The disease caused by H. vastatrix represents a great problem phytosanitary in coffee plants that affects sustainable coffee production all over the world. Although there are various strategies for its control, it is a fact that integrated management is required to control this disease. In this sense, the use of new tools such as nanotechnology could be a possible alternative in the control of the disease. Therefore, future studies need to address an integrated approach to managing the disease with an international exchange of knowledge and biological materials and the implementation of new technologies.
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Table 1: Reported nanoparticles with inhibition growth of phytopathogens

Nanoparticle Morphology Size Zeta Synthesis route Phytopathogen Disease Phytopathogen Application Ref.
particle potential host
CuNPs Spherical 48.07 nm —26 mV Biosynthesis Tribolium - Stored grains  In-vivo [93]
castaneum
CuNPs Spherical 103.94 nm —2.2 mV  Photosynthesis with Tribolium - Stored grains  In-vivo [94]
Aloe vera gel extract castaneum
ZnO-NPs Spherical 20-70 nm - Controlled precipitation Collectotricum  Anthracnose Coffea spp. In-vitro [95]
method spp.
SiNPs Spherical 26.19 nm - Biosynthesis Aphis gossypii  — Bt cotton In-vivo [96]
Glover and
Phenacoccus
solenopsis
Cu/Zn-NPs  Spherical 59.46— 51.1 mV  Photosynthesis with P, solenopsis - Cotton In-vivo [97]
74.33 nm Prosopis juliflora leaf
extract
Chitosan NPs — - - - Puccinia Wheat leaf  Wheat Foliar [91]
triticina rust
AgNPs and - - - - Hemileia Coffee leaf  Coffea spp. Foliar [92]
CuNPs vastatrix rust
dA SeNPs Alternatia - Phaseolus Foliar [98]
and SiO,NPs alternata vulgaris
ZnO-NPs - - - Photosynthesis with Puccinia Wheat leaf  Triicum Foliar [99]
neem extract triticina rust aestivum
AgNPs Rectangular to 4-30 nm - Photosynthesis with Puccinia Wheat stripe  Wheat Foliar [100]
spherical Moringa oleifera leaf  striiformis (yellow)
extract rust
SeNPs Spherical 61 nm - Photosynthesis with Puccinia Wheat stripe Wheat Foliar [101]
Melia azedarach leaf striiformis (yellow)
extract rust
CeONPs Spherical 7425 nm - Photosynthesis with Puccinia Wheat stripe  Wheat Foliar [101]
Acorus calamusas striiformis (yellow)
rhizomes extract rust
TiO, NPs Round and 15 nm - Sol-Gel (T1), T2, and  Ustilago tritici  Wheat rust Wheat In-vitro [102]
clustered form T3 by photosynthesis
(T1 and T3). with Trianthema
Round, portulacastrum (T2) and
clustered, and Chenopodium quinoa
porous form (T3) plant extracts
(T2)
PE@CS/ Spherical 183.23 nm - Ionic crosslink Coleosporium  Plumeria Plumeria spp. Foliar [34]
CMCS-NPs plumeriae rust
Zein NP-OEE Spherical <200 nm 12.51 +2. Nanoprecipitation Stenocarpella  Dry rot Zea mays In-vitro [103]
48 mV macrospora
MsEO/ Spherical 200nm  —0.136 mV Ionic-gelation Callosobruchus — Stored legumes /n-vivo [104]
CSNPs maculates and and stored
Sitophilus grains
granaries
Poly(e- - 27533—- —6.76 to Emulsification/ H. vastatrix CLR Coffea spp. Foliar [105]
caprolactone) 402.13 nm —11.8 mV  evaporation technique
EO-NPs
Chitosan - 173.0+8. 274+ 1. Ionotropic gelation H. vastatrix CLR Coffea spp. Foliar [106]
loaded Cu 4 nm 6 mV method application
NPs in foliar
discs

Note: Nomenclature: CuNP: Copper nanoparticles, ZnO-NPs: Zinc oxide nanoparticles, SiNPs: Silica nanoparticles, Cu/Zn-NPs: Bimetallic copper/zinc nanoparticles, AgNPs: Silver nanoparticles,
MnNPs: Manganese nanoparticles, SeNPs: Selenium nanoparticles, CeONPs: Cerium oxide nanoparticles, TiO, NPs: Titanium oxide nanoparticles, PE@CS/CMCS-NPs Penconazole (PE) loaded in
chitosan (CS) carboxymethyl chitosan (CMCS) nanoparticles, Zein NP-OEE: Zein nanoparticles loaded with orange essential oil (NP-OEE), MSEO/CSNPs: Mentha spicata essential oil (MsSEO)
loaded chitosan nanoparticles, Poly(e-caprolactone) essential oils (EO) loaded nanoparticles.
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Table 2: Reported phytotoxic effect of nanoparticles

Nanoparticle Morphology Size Zeta Synthesis route Tested NPs dose ~ Phytotoxic effect Tested plant  Application Ref.
particle  potential
CuO-NPs - 51.81 nm — - 0.0to 75mg L'  Seed germination Echinacea Supplemented [117]
reduction at 75 mg L™ in purpurea seeds with
MS media without CuO-NPs
soaking the seeds
PbS NPs - Chemical route 5 to 50 mg L' Seed germination Zea mays Seed [114]
reduction and inhibition of seeds imbibition and
root biomass synthesis in hydroponic
the tested doses culture
ZnO-NPs 244+ - 300 mg L 9 nm ZnO NPs Zea mays Hydroponic [115]
0.16 mV accumulation in stem and
and 3.60 root cells vacuole
+0.
32 mV
AgNPs - - 0-1000 pg mL™"  Significative reduction in  Solanum Medium [118]
Chla, Chlb, and Lycopersicon enrichment
carotenoid content with
nanoparticles
dose
ZnO-NPs - - 0-1000 pg mL™"  Reduction in root length at Solanum Medium [118]
1000 pg mL™". Lycopersicon enrichment
Significative reduction in with
Chla, Chlb, and nanoparticles
carotenoid content dose
CuNPs - - 0-1000 pg mL ™' Reduction in seed Solanum Medium [118]
germination at 1000 pg  Lycopersicon enrichment
mL " and reduction in root with
length at 100 pg mL ™. nanoparticles
Significative reduction in dose
Chla, Chlb, and
carotenoid content
CuO-NPs - - 0-1000 pg mL ™' Reduction in seed Solanum Medium [118]
germination at 1000 pg  Lycopersicon enrichment
mL " and reduction in root with
length at 100 ug mL ™", nanoparticles
Significative reduction in dose
Chla, Chlb, and
carotenoid content
SNPs - Photosynthesis 20 mg L Significative reduction in  Vigna Seeds [119]
with aqueous seed germination, vigor  radiata L. imbibition for
extract of index, root and shoot 24 h and
Medicago length, fresh weight,
polymorpha chlorophyll, and

carotenoid content

Note: Nomenclature: CuO-NPs: Copper oxide nanoparticles, PbS NPs: Lead Sulfide nanoparticles, ZnO-NPs: Zinc oxide nanoparticles, AgNPs: Silver nanoparticles, CuNPs: Copper nanoparticles,
SNPs: Silver nanoparticles, MS: Murashige and sooge free hormone media, Chla: Chlorophyll a, Chla: Chlorophyll b.
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