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Abstract


        Maize is one of the most important crops to the world population and inhabitants of the Arabian Peninsula need as a staple food and in the view of the great need for its sustainability. The symbiosis relationship between the Arbuscular Mycorrhizal Fungi (AMF) and the plant plays a key role in natural and agricultural ecosystems. The present thesis focused on the Physiological Responses ( growth and nutrients acquisition) and Biochemical Responses ( secondary metabolite compounds and metabolic pathways ) of Arbuscular Mycorrhizal Fungi on a genotyped diversity panel of 18 Zea mays cultivars commonly grown in Saudi Arabia. using molecular markers to understand the genetic variation between the plant cultivars such as 18S rRNA, Ribulose bisphosphate carboxylase large chain (RBCL) gene, and inter simple sequence repeat (ISSR). This application is useful also in plant cultivars identification which helps to understand the relations and the genetic origin of the cultivars.
Our data presented that the mycorrhizal symbiosis positively in most cultivars increased shoot and root biomass, plant height, and uptake of phosphorus, nitrogen in Zea mays. We found a significant correlation between the mycorrhizal responsiveness and the nutrient uptake while not between colonization and the nutrient uptake the results showed a genetic relationship among the cultivars, but the mycorrhizal responsiveness was not affected by this relationship. Also, the results showed an increase in the secondary metabolic compounds in the inoculate plant, especially those that involve the jasmonic acid pathways that are responsible for the biotic and abiotic plant defenses.
Results of this study confirmed that the relationship between  Zea mays and  AMF is important to increase the productivity of maize agriculture in Saudi Arabia. 
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Chapter 1 : [bookmark: _Toc83751397] General Introduction

1.1 [bookmark: _Toc83751398]Introduction

[bookmark: _Toc83751399]1.1.1 Importance of corn 

Every year, more than 900 million people globally suffer from food instability and hunger (Langyan et al., 2021). People from poor and underdeveloped countries, as well as some developing countries, are more vulnerable. Every year, over 5 million hungry people worldwide die as a result of nutrient inadequacy (FAO, 2008; Glenn, 2007). Ensuring our staple crops are fertilized sustainably and are not damaged by pests and diseases using sustainable control methods are critical for future food security.
Corn (Zea mays) is the most grown cereal in the World, in general, cereal utilization in 2021/22 is forecast at 2 809 million tonnes (FAO, 2021). Corn is the third most important food crop after rice and wheat. This crop has played a very important role in human history, it contains both nutrients and phytochemical substances. Phytochemicals are useful in the prevention of chronic illnesses. It includes a variety of important phytochemicals, including carotenoids, phenolic compounds, and phytosterols (Rouf Shah et al., 2016).
In recent times, corn has been exposed to many risks such as, drought, disease and many chemicals treatment to face these risks, which negatively affected the growth rate. And the world destined to deal with natural and biocontrol methods to protect the corn crop (Huang et al., 2016).
Its appeal as a crop is due mainly to its different functions as a source of food for humans and animals. Maize was the main source of protein and calories in the globe (Lutz et al., 2001). 
Maize has the highest growth rate with the highest productivity of all cereals, and because it has the largest genetic yield potential, maize is known as the “queen of the cereals.” Normal maize has 8–13 % protein, 68–73 % starch, 2–5 % fat, 2–4 % sugar, fibers, minerals, and so on (Gupta, 1987; Lodha, 1976).

[bookmark: _Toc83751400]1.1.2 Defining mycorrhizal symbioses

The mycorrhizal symbiosis can be defined as an association formed between fungi and plants characterized by the reciprocal exchange of carbon (from the plant) and nutrients (from the fungus) (Miyasaka, 2003). Mycorrhiza is obligatory symbionts that rely on their host plants (up to 20% of fixed carbon) for the survival of carbon substrates (Johns, 2014). In exchange, the fungi increase the host plant's supply of water and nutrients such as phosphate and nitrogen via extraradical and intraradical hyphae, arbuscules, and the root apoplast interface (Parniske, 2008).
 In most cases, this can be considered as a mutualistic symbiotic relationship (Menge, 1983), however, in a minority of situations, such as those mycorrhizas formed by orchids, the nature of the symbiosis is less clear (Cameron et al., 2008). The basis of the symbiosis is not purely nutritional, however; mycorrhizal fungi can elevate plant defenses and thus protect the plant from pathogens, lead to the preservation of the soil aggregation through exudation of the glycoprotein glomalin (Rillig & Steinberg, 2002), increase drought resistance through manipulation of the phytohormone abscisic acid (ABA) (Cameron et al., 2013a) as well as promoting nutrient capture. As a result of these multi-faceted benefits, it may be more appropriate to define the mycorrhizal symbiosis as “a sustainable non-pathogenic biotrophic interaction between a fungus and a root'' (Fitter and Moyersoen, 1996). 
Mycorrhizas are formed by a diverse array of fungi falling into seven different functional classes; arbuscular, ectomycorrhiza, ectendomycorrhiza, ericoid, arbutoid, orchid and monotropoid (Smith & & Read, 1997) and this depends on the type of fungus that forms the complicated structures originated by this root-fungus association. In contrast (Miyasaka, 2003) limited the types of mycorrhizae just in two major groups; the ectomycorrhiza, formed by basidiomycete and ascomycete fungi that do not penetrate their host cell wall and endomycorrhizas, formed by fungi from Ascomycota, Glomeromycota and Endogonales that form biotrophic, intercellular structures which penetrate the host cell wall (but not the cell membrane (Smith & & Read, 1997).
(Tisdale et al., 1995) recorded the types of Mycorrhizae classified based on their morphological and physiological characteristics, including the ectomycorrhiza and endomycorrhiza. The ectomycorrhiza has the external sheath and this fungal cell penetrates between the area of the epidermis cells and the first external cells of the cortex and epidermis cells with the fungal hyphae, usually in the roots of forest trees, called the Hartig net. However, the endomycorrhizae do not have a sheath in, and instead infects the root system of most crops and often attacks many layers of the outer root cortex. The hyphae of the arbuscular mycorrhizal fungi (AMF) enter to the individual plant cells after which they develop arbuscules inside the cells. Both the extracellular Hartig net and intercellular arbuscules are considered to be the primary sites of carbon for nutrient exchange (Smith & & Read, 1997). AMF also form storage vesicles outside their host cells and from these structures that their original name, vesicular-arbuscular mycorrhiza, was taken (Tisdale et al., 1995). Recognition that vesicles were not a universal feature of the symbiosis let to the change in nomenclature to simply arbuscular mycorrhiza (Smith & Read, 2008).
[bookmark: _Toc381553516]Around 80 % of all plant species are involved in this Mycorrhizal association (Smith & Read, 2008). Most plants can be found sharing in this relationship simultaneously with a range of other endomycorrhizal fungi species. An additional feature of the AMF is that they are obligate biotrophs, requiring an association with the root of the plant because they cannot be grown in a pure culture.
[bookmark: _Toc83751401]1.1.3 The Arbuscular Mycorrhizal fungi (AMF)

Arbuscular Mycorrhizal fungi are one of the most ancient organisms that have been classified as an obligate symbiotic relationship and they colonize most soils, including agricultural land, the world over (Field et al., 2012). The in terms of human benefit, the importance of the AMF appears from their ability to build a beneficial association with a wide range of crop species (Burni et al., 2011), provisioning them with nutrients and representing a potential alternative to traditional chemical fertilizers. (Smith & & Read, 1997) suggested that around two-thirds of land plants form this type of fungi in the association while (Cairney, 2000) recorded that 90% of plant species across the globe engage in mutualistic symbioses with the AMF. Moreover, (Olsson et al., 1999) recorded that the AMF can form a staggering 50% of the biomass of the soil microbes.

[bookmark: _Toc83751402]1.1.4 Arbuscular mycorrhizal fungal history

This relationship originated from ancient times and was provides through fossil evidence and phylogenetic analyses (Field et al., 2012).The arbuscular mycorrhizal fungi (phylum Glomeromycota) are one of the oldest of terrestrial organisms. Recent reports using phylogenetic and fossil evidence date AMF back to the Ordovician era (460 million years ago) (Redecker, 2000). This places the emergence of the Glomeromycota between 1200 and 1400 million years ago based on molecular clock data (Heckman, 2001). Moreover, (Cairney, 2000) used AMF fossil and the molecular clock dating to imply that all the ancestral state of land plants was in partnership with AMF and today, most plants still form AM associations (Figure1.1).
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[bookmark: _Toc83751342]Figure ‎1.1 Evidence and possible geological times for evolution of the three main mycorrhiza types (reproduced from Cairney, 2000).



[bookmark: _Toc83751403][bookmark: _Toc381553518]1.1.5 The relationship between mycorrhizal fungi and their host plant

One of the most useful symbiotic relationship of the plant is its symbiotic relationship with arbuscular mycorrhizal fungi (AMF). this fungus is one of the soil fungi which can form the mutualistic symbiotic relationship and this relationship plays an important role in plant nutrition, because its increases the nutrient uptake, biomass growth, yield quality, productivity and resistance of plant (Yang et al., 2011). AMF also has the ability to enhance photosynthetic capability of the plant (Xie et al., 2014) and regulate accumulation of osmoregulation and water levels (Zhu et al., 2010). this soil fungi product structures as vesicles, arbuscules and hyphae (Koide & Mosse, 2004; Schüβler et al., 2001; Walker & Schler, 2004). the external mycelium of AMF described as a link between the plant root and soil minerals, so it helps plant to absorb the important nutrient from the soil (Bowles et al., 2016).
This symbiotic relationship between the mycorrhizal fungus and plant is usually beneficial for both partners, the plant supplies the fungus with the carbon compounds (fixed through photosynthesis) in the form carbohydrates, and on the other hand, the mycorrhiza helps the plant absorb water and essential elements such as phosphorus and nitrogen from the soil. (Gildon & Tinker, 1983) also suggested that the AMF take up many more minerals from the soil such as S, Cu, Ca, K and zinc. This is underpinned by the fungus' ability to extend from the plant roots throughout the soil and in so doing exploit a greater volume of soil than the root system which can investigate by itself (Bethlenfalvay & Barea, 1994; Miyasaka S.C., 2003; Silva & & Uchida, 2000). The association therefore increases the growth of the plant because of enhanced acquisition of P and other important minerals absorbed from the soil (Kwapata & Hall, 1985). 
The presence of AMF in the plant shows increasing in their biomass (Othira, 2012). (Pearson & Jakobsen, 1993) reported that AMF supplying the plant with phosphorus from the soil through the external mycelium and reciprocally the plant provides the fungi with carbon as a result of the photosynthesis process.
(Mustafa et al., 2010) suggested that AMF root colonization also changes the morphology of root maize in low and high levels of P in soil, (Gutjahr et al., 2009; Oláh et al., 2005; Paszkowski et al., 2002; Price et al., 1989; Yano et al., 1996) reported that the AMF causes amply branches of plant root which improve nutrient uptake of the plant from soil. 
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[bookmark: _Toc83751343]Figure ‎1.2 Under abiotic stress circumstances, mycorrhizal regulates several ecosystem processes and supports plant (This figure reproduced has been from Begum et al., 2019).
[bookmark: _Toc83751404]1.1.6 Uptake of mineral nutrients And Water relations

Arbuscular mycorrhizal fungi are members of the phylum Glomeromycota, which is the primary component of the soil microbiota in most agroecosystems and has a symbiotic relationship with the majority of plants. AM fungus may efficiently take mineral nutrients from the soil and transmit them to their host plants in return for carbohydrates by creating an extensive, complicated hyphal network. They improve nutrient uptake, particularly for immobile nutrients like phosphorus, and increase drought tolerance, disease resistance, soil microflora structure that allows water and air penetration and prevents erosion, photosynthesis, and stress reduction during micropropagation (Khadi & Rodrigues, 2009).
In order to generate a beneficial relationship between the mycorrhiza and the plant root, a sufficient level of P should be found in the soil because the extremely low level of P in the soil stimulates the fungus to be harmful and parasitic because the competition onto the P between the plant and fungus will occur. Also, when the P level is high in the soil the plant will grow independent without needing for the mycorrhizae and, as a result for that the beneficial association between the plant and the mycorrhiza will not be formed (Miyasaka, 2003).
Phosphorous is one of the most essential elements nutrients in the soil and the plant needs it in limited quantities. We find most of P in soil in organic forms such and inositol that is generally not plant available.  Instead, plants take up mobile mineral P in the form of orthophosphate. The phosphate ions can however become rapidly immobilized, sticking to negatively charged clay surfaces as will and forming insoluble complexes with metals such as aluminum. AMF can play a central role and in association with the plant it can increase the P level in soil by through solubilizing the insoluble inorganic P as well as mineralizing organic P and so increasing the concentration of P level in plants tissues (Koide & Kabir, 2000; Tawaraya et al., 2006).  
Increase concentration of soluble P in soil leads to increase in soil acidity. The availability of different sources of P in soil depends on changes in rhizosphere PH. Transformation of P in the soil occurs through mineralization. The P Ions are easily absorbed by soil organisms, resulting in immobilization of P in the biomass. Fixation processes have significant effects on the orthophosphate level in soil solution and enhance uptake by root plant and AMF (Smith & & Read, 1997).
Most plants including maize form symbiotic root associations with AM fungi, which are obligate biotrophic fungi from Glomeromycota (Smith & Read, 2008), providing key ecosystem services in agro ecosystems related with soil fertility and plant health and nutrition (Gianinazzi et al., 2010). Especially the importance of AM fungi in host P nutrition is well recognized (Smith & Smith, 2011a). In maize AM associations have resulted in both plant growth promotion and plant growth suppression depending on maize genotype (Kaeppler et al., 2000a; Sawers et al., 2017), environmental factors such as soil P levels (Grant et al., 2005), and farming practices such as tillage and crop rotation (Gavito & Miller, 1998). 
When a leguminous plant grows in low P soils, the concentrations of N2 in rhizobial root nodules was increased along with AMF (Asai, 1944). The AMF hyphae absorbed ammonium and nitrate from soil and mineralization of organic forms of N from soil enhanced decomposition of N and delivered it to plant (Hodge et al., 2001). (Toussaint et al., 2004) stated that external mycelium of AMF has glutamine synthesize activity which is necessary to transfer the N as a glutamate after adding more atom of N to the plant. Also, the absorbed N from the AMF to the plant through the AMF as inorganic ammonium with intraradical mycelium broken it down to form ammonium at the arbuscule and released it to transfer it to plant.
Drought stress also is an important factor that effects on the plant growth and there are some that AMF facilitate uptake of water by plants as well as reducing the damaging effects of drought stress on the plant  (Aroca et al., 2007). Although the mechanisms underlining this are not fully resolved.
It has been documented that the AMF relationship with plant can enhance water movement to the host plant. For example, higher leaf water potentials have been recorded in mycorrhizal plants with non-mycorrhizal plants under conditions of water stress (Porcel, 2004), Moreover, (Zhu et al., 2012) showed that AMF can mitigate the harmful effects of drought through enhancing the plant photosynthesis and the water balance in the maize, suggesting that the symbiosis between the maize plant and AMF increases the protection of maize from the drought stress conditions through improving the chlorophyll concentration and chlorophyll fluorescence, gas exchange capacity and water status. This may a result of enhanced the water supply to the plant by AMF (Augé, 2001; Sikes et al., 2009). This translates to promote the productivity of plants in the agriculture ecosystems (van der Heijden & Scheublin, 2007).
When the mycorrhiza is present in the soil, the surface area of the plant root system can be increased. As a result of this we can observe the plant increase their ability to absorb the water from the soil which leads to increased ability resist drought (Gemma & & Koske, 2006), However, other studies emphasized that the importance of mycorrhiza in drought resistance of occurring via an increase in root hydraulic conductivity thus reducing water stress in plant (Busse & Ellis, 1985; Graham & Syvertsen, 1984) . Furthermore, (Hallett et al., 2009) showed that the rhizosphere of some vegetables and fruit crops, such as wild-type tomato, was drier than the non-mycorrhizal species. Also, the transpiration rate in the wild type of tomato was higher than the non-mycorrhizal counterpart. Also (Marschner & Dell, 1994) stated that the AMF play an essential role in maintaining the balance of water in the plant root. 
A further possibility lies in the observation that mycorrhizal fungi can manipulate host hormone relations. Root colonization by AMF can generate a root to shoot ABA signal as a by-product of defense relations and consequently can indirectly reduce stomatal conductance and hence reduce water loss (Cameron et al., 2013).

[bookmark: _Toc83751405]1.1.7 The Role of breeding program in influencing the mycorrhization of plant

In general, plant and crop yield under high-input production systems tend to be maximized via breeding and selection programs, which may lead to loss of genes, phytochemicals and other plant traits necessary to develop efficient symbioses. In soils with high phosphorus availability, modern cultivars could absorb phosphate without AM support, reducing the level of AM dependency. As a result, AMF reacts to new lines less effectively. Recent studies have shown that domestication has reduced domesticated crop AM advantages in exposure to high P levels (Martín-Robles et al., 2018). However, recent breeding programs, which is highly mycorrhizal, may not inevitably lead to lower mycorrhizal colonization in maize. Replicated field tests were done for two consecutive years with 225 genotyping hybrids, inbred lines and landraces from different places to study the variation in mycorrhizal colonization (An et al., 2010).The results demonstrated a deep and continuing differentiation between genotypes of AM colonization with much higher values than traditional land and inbred lines in modern hybrids (Posta & Hong Duc, 2020).
Recently, there has been a growing body of research indicating that root functional features evolve in tandem with evolutionary history (Ma et al., 2018; Reinhart et al., 2012). Between 1900 and 2010, the total P pool per hectare rose due to long-term agricultural methods, particularly high fertilization and long-term organic residue deposition (Sattari et al., 2012; J. Zhang et al., 2017). Because current varieties are frequently selected under high-nutrient input conditions to achieve high yields, there is fear that advantageous characteristics for P uptake will gradually wane in elite varieties under a limited P supply. When all nutrients are immediately available to plants, genes or features associated to efficient nutrient acquisition may be lost, as plant adaptation qualities to nutrient deprivation frequently result in increased carbon costs (Wang et al., 2010; Wissuwa et al., 2009).
When comparing older varieties or landraces to modern lines, the loss of root features contributing to P uptake in wheat cultivars has also been noted, particularly for traits relating with mycorrhizal competence. It is assumed that high nutrition availability inside selection sites reduces the value of symbiotic relationships (Hetrick et al., 1993; Zhu et al., 2001). In homogenous and heterogeneous P soils, different maize genotypes (bred in P-rich or P-poor settings) perform differently. Genotypes produced in a P-rich environment have a competitive advantage under heterogeneous P soil distribution, whereas genotypes reared in a P-poor environment have a stronger competitive ability under homogeneous P soil distribution (Li et al., 2019). Soil microorganisms, which are stimulated in the rhizosphere and vary in number depending on nitrogen and P availability, also influence maize growth (Bradáčová et al., 2020). Optimized bacterial or fungal microbiome populations that rely on the carbon supplied by the plant's roots can result in improved maize growth (Bradáčová et al., 2019).
Thousands of maize varieties have been developed around the world, and they can be divided into three basic categories: landraces, open pollinated populations, and hybrids. Breeding appears to have influenced the degree of mycorrhizal colonization.
An analysis of mycorrhizal colonization in 141 inbred lines, 38 hybrids, and 76 maize landraces found that the percentage of colonization varies substantially. Inbred lines introduced in specific regions and years have much higher values than other lines. Modern hybrids outperform inbred lines and older landraces in terms of value, However, the year-of-release influence on colonization varies depending on the origin (An et al., 2010).
In modern well-managed agroecosystems, high maize yields are dependent on the usage of superior varieties and hybrids. Unfortunately, some beneficial traits, such as interaction with arbuscular mycorrhizal fungi or the release of organic acid anions for phosphate mobilization and attracting beneficial microorganisms, may be gradually declining in modern elite genotypes due to repeated selection at high fertilizer rates. However, old founder lines and landraces may contain genetic relics from pre-green revolution times that can be used to generate elite material for low-input agricultural systems. (Li et al., 2021) also suggested that Maize lines linked with higher P-acquisition efficiency in the presence of reduced P availability should be used to breed more sustainable varieties.
(Chu et al., 2013) concluded that maize breeding selection from the 1950s to the 2000s is not always against the AM association and that AMF perform beneficial functions in promoting the growth of some maize genotypes in high-P soil The colonization of root length by effective AMF could be a valuable measure for breeding types with improved mycorrhizal responsiveness.
Because modern crop varieties have been selected under circumstances of high soil fertility, they are less dependent on AMF than older types (Zhu et al., 2001). I In modern cereal breeding, for example, selecting high yielding crops usually entails selecting traits that result in adaptability to high soil fertility. Such efforts have resulted in a decrease in the dependence of modern cereal cultivars on AMF (Baon et al., 1993; Hetrick et al., 1992; Zhu et al., 2001). Although the application of fertilizers and pesticides is supposed to impede AMF, even with intensive crop management, the soil may still have a rich community of AMF (Oehl et al., 2004), even when the soil's available P concentration is high (Thomson et al., 1992; Vestberg et al., 2011).
Mycorrhizal responsiveness, defined as improved plant growth or P absorption as a result of AMF colonization, is an important functional trait of crops (Janos, 2007). recently it was proposed that P fertilizer availability is not always the most important factor determining the effectiveness of AMF to crop P nutrition and growth in different cropping systems. Mycorrhizal responsiveness does not depend on the fertility of soil, especially the P-level available in soil (Nogueira & Cardoso, 2006), but possibly other functional factors associated to P, such morphological properties or root exudates as (Yao et al., 2001) suggested. Crops or even cultivars with varying morphological or physiological root properties of the same species may differentially react to AMF at different soil P fertility levels (Tawaraya, 2003; Yao et al., 2001). For example, in cultivated wheat lines the mycorrhizal response was lower in P-deficient soil than in wild wheat, while the difference was due to the level of genetic affinity between wheat and AMF (Kapulnik & Kushnir, 1991). In Maize, some older maize cultivars did not respond to AMF colonization, whereas others showed an increase of 400% in P-deficient soils (Khalil et al., 1994). 
To date, most investigations in P-deficient soils have been carried out and little is known as to whether the mycorrhizal responsivity of maize in modern cultivars in high P conditions or the link between mycorrhizal response and morphological, physiological and mycorrhizal traits has been changed in modern cultivars. There is increasing evidence that mycorrhizal responsiveness among plant genotypes is really variable (An et al., 2010; Declerck et al., 1995; Hetrick et al., 1992; Kaeppler et al., 2000a; Krishna et al., 1985). For instance, (Wright et al., 2005) clarified that a corn variety which had not been acclimated to low P soils, but was well suited to high P soils, showed more mycorrhizal responsiveness than a culture which was well suited to low P soils. Some quantitative traits have been identified in maize that control mycorrhizal response. (Kaeppler et al., 2000). From these many studies we can understand that mycorrhizal responsiveness is unpredictable.
(Hohmann & Messmer, 2017) pointed out that as it knows, AMF can induce systems for the protection of plants, the major phytohormones which govern important signalling pathways appear to be jasmonic acid (JA) and salicylic acid (SA). As a result, defense-related chemicals can be activated locally or systemically, constitutively or primed. Genotyped plant reactions for mycorrhizal responsivity have been demonstrated (when based on biomass), But it is not understood very much when the AMF-mediated disease resistance genotypes variation is involved.
The microbial structure in the rhizosphere can be influenced by plants. The microbial population in the rhizosphere has been proved to be modified not only by different plant species, but also by various genotypes by Exuding chemicals which activate or inhibit specific pathogenic or beneficial microbial substances. This prove that the Genotypic variation can affect the mycorrhizal responsiveness, (Berg et al., 2006; Micallef et al., 2009; Parke & Kaeppler, 2000; Peiffer et al., 2013; Sawers et al., 2010; Viebahn et al., 2005) suggested that the Plants' ability to respond to AMF can vary greatly among plants and genotypes. 
[bookmark: _Toc83751406]1.1.8 Protection against biotic and other abiotic stresses

Nowadays the environmentally friendly system strategies tend to use the AMF are known as biological or biofertilizer for their great role in mitigation abiotic stress that affect plant growth ad increase its productivity as wrong agricultural practices, climate change and excessive use of chemical fertilizer led to the deterioration of the ecosystem.it was found that inoculation with AMF provide endurance against stressful condition. such as heat, salinity, drought, heavy metals and other factors, and because of the ability of the AMF to coexist with the roots of plant, it is thus considered very useful for the plant and enhances the quality and productivity of crops (Begum et al., 2019). As well as the ability to play an important and effective role with biotic stress also (Jan et al., 2021). Such as enhanced resistance to pathogenic microorganisms (Sreenivasa & Bagyaraj, 1989), priming plants also for effective defense activation against attackers (Heil & Ton, 2008), and induced the plant to regulate the secretion of the primary and secondary metabolites compounds and regulation of the plant defense mechanisms (Harrison, 1999; Hause & Fester, 2005).
[bookmark: _Toc83751407]1.1.9 Role of mycorrhization in influencing the plant defense

The intimate nature of this symbiosis involves extensive and quick adaptation of the fungus to the host plant's inducible defensive systems, which employ a large and complex array of defensive strategies similar to an animal's immune system, these defense responses might take the shape of broad-spectrum resistance or extremely specialized customized responses to invaders (Ausubel, 2005a).
Several fungi species such as genera such as Rhizoctonia, Phythium, Verticillium, Sclerotium and Phytophthora cause significant disease in crop plants (Veerabhadraswamy & & Garamoalli, 2011) , however (Azcón-Aguilar & Barea, 1997) showed that the presence of the AMF can reduce disease severity. The participation of plant defense systems has been highlighted by studies of systemic protection against infections in non-colonized root fragments of mycorrhizal plants and improved resistance of aerial parts to particular attackers (Cordier et al., 1998; Pozo et al., 2002; Pozo & Azcón-Aguilar, 2007). This system enables the plant to recognize non-self-alien species by identifying structurally conserved microbe-associated compounds such as flagellin, lipopolysaccharides, or peptidoglycans, which are referred to collectively as microbe-associated molecular patterns (MAMPs, or PAMPs in the case of pathogens) PAMPs are recognized by transmembrane pattern recognition receptors (PRRs). This results in the induction of appropriate responses in the host as well as PAMP-triggered immunity (PTI) (Ausubel, 2005b; Boller & He, 2009; Jones & Dangl, 2006a; Thomma et al., 2011).
 (Veerabhadraswamy & & Garamoalli, 2011) confirmed that the black bundle disease caused by Cephalosporium acremonium is decreased in maize upon the application of three species of AMF (Glomus fasiculatum, Glomus mossae and Acaulispora laevis). Consequently, it has been suggested that AMF can used as a bio-control agent because of its efficiency in reducing the soil borne plant pathogens and promoting the growth of the plant through their ability to supply the important nutrients to the host plant.  It is clear from the several studies that the AMF association plays a significant role in reducing the plant disease and the soil borne plant pathogens (Azcón-Aguilar & Barea, 1997). Though the mechanism is not fully resolved, AMF-induced changes in root secretions leading to the recruitment of Plant Growth Promoting Rhizobacteria (PGPR), induction of host defenses through the recognition of AMF microbe-associated molecular patterns (MAMPs) as well as other bacterial MAMPs have been implicated (Cameron et al., 2013). Along with providing resistance or tolerance to fungal pests, (Fitter & Garbaye, 1994) recorded that the presence of AMF in the soil decreases the root feeding nematode e.g., root-knot nematodes species (Meloidogyne spp.). This is in addition to the fact that plants can better resist the diseases when they receive the appropriate amount of the essential nutrition, and this is one of the mycorrhiza’s benefits when it supplies the plant with this important element. The mechanisms through which AMF enhance resistance are only now becoming clear but require further investigation (Gemma & & Koske, 2006).
In addition, AMF increase plant defenses against pathogens directly, (Cameron et al., 2013a) stated that the mycorrhiza-induced resistance (MIR) is a key line of defense against plant diseases. When plants are colonized by AMF, this can in turn increase and promote the response of plant immune system. It is well known that after the pathogen infection, the immune system of the plant is induced of through systemic acquired resistance (SAR). Rhizobacteria (Induced Systemic Resistance) and AMF (Mycorrhiza Induced Resistance - MIR) can also prime host plant defenses sharing similar characteristics as SAR. There is assumption that the fungus that stimulates the plant immune system is the only responsible for the (MIR). (Hause et al., 2007; Pozo & Azcón-Aguilar, 2007) Reported that result of a positive suppression of the components in the salicylic acid (SA)-dependent genes defense pathway leads to MI) and it causes a systemic priming of jasmonic acid (JA)-dependent defenses. From this, (Cameron et al., 2013a) presented a novel model of MIR proposing that there were two effects on plant immune system direct and indirect. The direct was appeared when the plant reacted to the infection with the mycorrhiza which reflected in the cumulative effect of MIR. And the indirect was generated when the plant respond to ISR-eliciting Rhizobacteria which are found in the mycorrhizosphere zone. We can conclude that the MIR is not the only determined by fungus, also the bacteria that found in mycorrhizosphere can contribute to the MIR response. 
This process occurs in 4 phases; Phase 1 the plant roots exudates strigolactones as important AMF recruiting signals and these signals at some times can stimulate both pathogenic and mutualistic soil microorganisms. For example, benzoxazinoid metabolites in root exudates of maize attract beneficial PGPRs such as Pseudomonas putida.  Phase 2 begins with mycorrhizal colonization at the start of the relationship and with the up regulation of the immune defenses of the plant led to occurrence of an immune response in localized places in the late stages. This initial induction of plant immunity is underpinned by the recognition of microbe - associated molecular patterns (MAMPs) from the AMF. These MAMPs generate a lot of signals that promote the production of the plant defense hormone SA. So, we can conclude that the localized MAMP) recognition and SA production generates a long-distance signal and produce a systemic priming of SA-dependent defenses. In Phase 3 the AMF act releases specific effectors molecules to inhibit the immune system of plant and help them colonize the host roots as well as inducing the host to generate chemical signals in the rooting zone that attract PGPRs. In, Phase 4 it is these mycorrhizosphere bacteria that induce induced further systemic resistance because of the (ISR)-eliciting signal like the (MAMPs) of the bacteria and cell density-dependent metabolites. And the systemic (ISR) signals promote the systemic priming of (JA) and ethylene- dependent defenses. In conclusion, (Cameron et al., 2013) explained that the ability of bacteria to resist plant diseases occurred by the immune response induced by fungi and help bacteria to carry out its mission through metabolites secretions of the root and by different signals such as JA-dependent defenses during which determined by ISR eliciting Rhizobacteria in the mycorrhizosphere Figure 1.2.
[image: ]
[bookmark: _Toc83751344]Figure ‎1.3 Four-phase model explaining the initiation of MIR (This figure reproduced has been from Cameron et al., 2013a).
Strigolactons (SLs) also contribute to signaling inside the plant by regulating shoot and root morphology. It is suggested that SLs, in conjunction with auxins, promote lateral root expansion, allowing the root system to reach new parts of the soil where phosphate may be present available (Stepanova & Alonso, 2009). The alterations in root architecture caused by SL may influence the dynamics of some pathogenic infections however there is no direct proof of such a correlation (Jung et al., 2012b) Figure 1.3.
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[bookmark: _Toc83751345]Figure ‎1.4 Model for hormonal changes in the roots associated to the arbuscular mycorrhizal symbiosis. At the early phase the strigolactone (SL) is high and the colonization increased the level of salicylic acid (SA).in the late phase the of colonization the production of SL and SA are repressed while biosynthesis of jasmonates (JA) increases (The figure has been reproduced from (Jung et al., 2012a).
In addition to defense against pathogenic organisms, some studies suggest that, along with the importance of the mycorrhiza in protecting the plants from the pathogenic organisms, they can also protect plants from the high concentrations of toxic heavy metals, (Wetterauer & & Killorn, 1996; Wu et al., 2005) suggested that over the past 60 years, the application of beneficial microbes in agricultural soil began, but only now has substantial evidence of the benefits of soil microbial populations in soil for plant health become accepted by the mainstream. Moreover, they provide evidence that these microbes, such as AMF, can enhance the plant resistance/tolerance to heavy metal contamination, pathogenic microorganisms, and nutrient limitation. 
Finally, AMF can reduce the occurrence of weeds, (Rinaudo et al., 2010) reported that the AMF stimulates the inhibition some of harmful weed’s species such as Amaranthus retroflexus, Chenopodium album, Digitaria sanguinalis, Echinochloa crus-galli, Setaria viridis and Sinapis arvensis, while, presumably enhancing host competition through the proportion of nutrient acquisition.  When the competing weeds species are non-mycorrhizal then the effects of AMF are even more pronounced (Cameron, 2010). For example, the presence of AMF can inhibit root hair production in non-mycorrhizal weeds such as fat hen (Chenopodium album) through the production of allopathic metabolites; suppressed root hairs reduce the competitive ability of non-mycorrhizal weeds allowing them to be out competed by thigh mycorrhizal counterparts (Cameron, 2010). AMF can even suppress parasitic weeds, (Othira, 2012) indicated that the germination of the obligate root hemiparasitic weed (Striga hermonthica) has been inhibited, and the growth of this species has been reduced because existence of the AMF, which also increased the amount of the maize growth.  Striga species require chemical cues from host roots, germination stimulants, to germinate.  AMF cause a reduction in parasite germination stimulants by the host and so reduce parasite infection (Cameron et al., 2013b).
[bookmark: _Toc83751408]1.1.10 Role of mycorrhization to influencing the plant secondary metabolite compounds

Secondary metabolites known as multifunctional metabolites play a role in plant defense and environmental communication (Hartmann, 2007). They are also involved with plant color, taste, and aroma. They are also crucially involved in plant stress responses and involve in infection termination, whether biotic or abiotic in nature (van Loon et al., 2006). also have a role in alleviating abiotic stresses such as temperature, drought, salinity, and UV radiation. (Akula & Ravishankar, 2011). Plants can reduce morphological traits like the number of leaves or branches, leaf area, height, and root volume when subjected to various biotic and abiotic pressures(Pradhan et al., 2017). Plants, in fact, have a wide set of defense mechanisms that allow them to cope with stress, alleviate abiotic stress at the metabolomic level, and increase Secondary metabolite accumulation during stress. Plant receptors and sensors recognize threat signals, allowing defensive reactions to protect them from these pressures. One of the responses is the accumulation of secondary metabolites. Transcriptional factors (TFs) aid in plant defense management by recognizing stress signals and guiding the expression of downstream defense genes. Similarly, the plant's life, durability, and productivity are all dependent on increased secondary metabolite synthesis, also known as elicitation, to protect plants against stress stimuli, several biotic (fungi, bacteria) and abiotic (exogenous hormones) elicitors are used to increase secondary metabolite production (Jan et al., 2021).
There have been qualitative and quantitative alterations in flavonoid content, with the modifications depending on the host plant, AMF, and developmental stage of the symbiosis (Akiyama et al., 2002; Vierheilig & Piché, 2002a). There have also been reports of changes in phenolic chemicals, defense-related phytohormones, and reactive oxygen species (Fester & Hause, 2005; López-Ráez, Flors, et al., 2010; López-Ráez, Verhage, et al., 2010a). Notably, the symbiosis has a significant impact on the aerial sections of mycorrhizal plants, with some of the documented modifications relating to defense or stress tolerance (Aloui et al., 2011; Fester et al., 2011; Fiorilli et al., 2009; Kaschuk et al., 2009; J. Liu et al., 2007; Pozo et al., 2009).
Small molecules that function as signal transducers and modify the coordinated expression of genes that code for defense-related proteins and chemicals coordinate plant defensive responses (Ausubel, 2005a; Jones & Dangl, 2006b). The phytohormones jasmonic acid (JA), salicylic acid (SA), abscisic acid (ABA), and ethylene (ET) are important among these molecules (Pieterse et al., 2009). One signaling pathway will gain over others, according on the challenging lifestyle. It is commonly considered that the SA-dependent system controls responses such as programmed cell death, which are efficient against biotrophic species, and the JA-dependent pathway regulates responses to necrotrophy and chewing insects (Glazebrook, 2005). However, these hormones signaling pathways do not act independently, but rather interact with one another via a complex network of regulatory interactions, with the JA and SA pathways being mutually antagonistic in general (Pieterse et al., 2008). Mycorrhizal fungi, as biotrophs, are comparable to biotrophic diseases in that they can trigger plant defensive responses in the early stages (Paszkowski, 2006).
As a result, in order to colonize successfully, the fungus must deal with these reactions and actively control plant responses, (Pozo & Azcón-Aguilar, 2007) proposed that this modulation would result in tissue pre-conditioning for optimal activation of plant defenses in the event of a challenger attack, a phenomenon known as priming. Priming places the plant in an "alert" state in which defenses are not actively expressed but the response to an attack is faster and/or greater than in plants that have not previously been exposed to the priming stimulus, and effectively enhancing plant resistance. As a result, priming provides significant fitness gains (Conrath et al., 2006; van Hulten et al., 2006; Walters & Heil, 2007). Many priming-causing substances have been discovered over the last decade. Some compounds that cause stress reactions in plants have been proven to induce priming when used at lower concentrations, and numerous fungicides have been found to prime defenses in treated plants in addition to their primary antifungal activity (reviewed in (Beckers & Conrath, 2007; Conrath et al., 2006)).
[image: ]
[bookmark: _Toc83751346]Figure ‎1.5 Plant growth and development are influenced by a variety of biotic and abiotic factors; to reduce these pressures, plants employ a variety of tactics and defense mechanisms. Four plant secondary metabolite types engaged in distinct modalities of resistance are exemplified to demonstrate the modulation of secondary metabolism by various transcription factors, which are regulated by intricate upstream signaling networks in response to stress. (This figure has been reproduced from Jan et al., 2021).

[bookmark: _Toc83751409]1.1.11 How can we use this in sustainable agriculture?

Sustainable agriculture is the act of farming using principles of ecology and the active agent in this environment are the microorganisms and their interaction with each other and the outputs of these effects in terms of plant health.  Sustainable agriculture and this sustainable agriculture plays a vital role in our life today reducing the need for chemical fertilizers and the damage to the soil, environment and human health that comes with them. Increased use of biofertilizers instead of the harmful chemicals is therefore central to sustainable agricultural practices (Singh et al., 2011). Awareness that health and the environment both benefit from sustainable agriculture has led to increased interest in the transition from the conventional intensive management to low input sustainable agriculture in Europe and the world (Johansson et al., 2004).  
The global human population will reach 8.9 billion by 2050 according to the United Nations estimates reports and statistics (Singh et al., 2011). Also (Sayyed et al., 2012) indicated that the population in India has been reached 1.16 billion in 2008, the world therefore needs to increase crop production to feed the growing population. Against this backdrop, my regions of the work have increasingly limited space for agriculture.  Simultaneously, the resources we use to achieve current yields are unstable; phosphorus is mined from P-rich rocks which are in short supply, current estimates suggest that P-baring rocks will be exhausted with the next 100 years leading to dramatic price increase.  Further, we currently us around 2% of all energy generated on the planet, mostly from fossil fuels, to produced nitrogen fertilizers. With the depletion of fossil fuels and concerns over CO2 emissions, N fertilizer derived from oil-energy is also unsustainable.  Again, this link with oil means that N fertilizer prices and oil prices are inextricably linked. There is consequently a need for more sustainable solutions (Wood, 2001).
The foundation of sustainable agricultures is the biofertilizers, this biofertilizers made up of many microorganisms which improve the plant growth and the soil health (Verma , 1993). (Hayat et al., 2012) reported that AMF and PGPR were the most important microorganisms involved in the forms of biofertilizers and the PGPR biofertilizers have been became more important day after day as they can inputs of the harmful chemicals (Tilak et al., 2005). (Schippers et al., 1995) suggested that sustainable agricultures production achieve many benefits from biofertilizers inoculations in different ways. This benefits have been clarified in three different ways: synthesizing the growth of some hormones for the plant (Dobbelaere et al., 2003) , inhibiting the pathogen of the plant (Saravanakumar et al., 2008) and promoting the nutrients uptake from the soil (Çakmakçi et al., 2006).
The microbial inoculants have been used frequently in agricultural cropping system because of their benefits on prevention the pathogenic fungi and controlling the disease through reducing the usage of the pesticides and chemical fungicides and transfer to the bio controlling products in order to preserve the human, soil, plant and environmental health. The researchers on AMF as biocontrol agents against pathogens keep going about 30 years (Johansson et al., 2004). Many mechanisms have been discussed such as, improvement of plant nutrition and competition for the photosynthesis (Azcón-Aguilar & Barea, 1997). The role of the AMF as a biocontrol in suppression root pathogen and promote plant growth(Kapoor & & Mukerji, 1998). For example, (Citernesi et al., 1996) reported that many bacterial species that isolated from different zones of the mycorrhizosphere have inhibited the growth of the soil borne pathogen (Fusarium and Phytophthora) also, (Niemira et al., 1996) who used a medium containing G.intraradices to test their ability to inhibit the pathogen Fusarium sammbucinum and proved the ability of AMF to reducing the tuber dry rot disease.
(Jaizme-vega et al., 2006)  suggested that the soil balance and the plant health inevitably be affected by the soil microbial communities, while (Singh et al., 2011) pointed out that microorganisms have been used in the past 50 years in several areas like in human and animal health, medical technology, environmental protection, agricultural biotechnology, food safety and food quality and productivity. The microbial interaction with plants thus plays a vital role in stability and productivity of the agriculture system and the natural ecosystem (Kennedy & Smith, 1995).

[bookmark: _Toc83751410]1.2 Aims and hypotheses

[bookmark: _Toc83751411]1.2.1 Aims and hypotheses of chapter 2

     The aim of chapter 2 was to investigate the diversity of the mycorrhizal capacity in the maize cultivars which extensively cultivated in the Arabian Peninsula. the histological, nutritional, and growth characteristics were examined.
      Our theory is based on the following criteria: There is a significant degree of diversity in the capacity of various maize cultivars to develop mycorrhizal colonization because they have been exposed to various selection pressures during the breeding program. (At least in part, mycorrhizal performance is related to differential expression of key genes within their signaling pathway). There is a connection and correlation between various maize cultivars and their influence on the existence of mycorrhiza inoculum, and this mycorrhizal association leads to an increase in plant development, parameters, and nutrient uptakes via colonization formation and mycorrhizal responsiveness.
[bookmark: _Toc83751412]1.2.2 Aims and hypotheses of chapter 3

       The purpose of chapter 3 was to investigate the utility of two genes (18s and RBCL) and ISSR markers in assessing relatedness among eighteen different maize samples, as well as the characterization of cultivar-specific markers, in order to identify genetically variable genotypes to be used in the future breeding program in Saudi Arabia to develop promising genetic materials with improved maize crop character. and connecting this to plant mycorrhizal response and will do so with the help of a molecular marker (18S, RBCL and ISSR analysis).
       The hypothesis for this chapter was based on: There will be genetic similarity between Zea mays cultivars, and mycorrhizal responsiveness will be related to this genetic similarity between plant cultivars, and the breeding program will influence this relationship between genetic similarity and mycorrhizal responsiveness, so we hypothesize two main points:
       1-The variability within positively responsive and neutral mycorrhizal clades will be less than the variability between those clades, 2- that the cultivars with negative mycorrhizal responsiveness will be genetically distinct from all other cultivars.
[bookmark: _Toc83751413]1.2.3 Aims and hypotheses of chapter 4

        Finally, untargeted fingerprint analysis was then used to explore the influence of mycorrhizal colonization on the modulation of plant secondary metabolism and phytochemical biosynthesis in chapter 4. and I will do so by analyzing Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) data. 
         We expected in our hypothesis here that mycorrhizal colonization enhances secondary metabolite accumulation in both the shoots and roots of the Zea mays plant. The expression of downstream defenses, specifically in the phenylpropanoid pathway and jasmonic acid pathway, will rise, as will the stimulation of the phenylpropanoid pathway. As a result of the inoculation with arbuscular mycorrhizal fungi, there will be an increase in secondary metabolite compounds.

Chapter 2 : [bookmark: _Toc83751414]The effect of Arbuscular Mycorrhizal Fungi on physiology of diversity panel of Zea mays varieties commonly grown in the Arabian Peninsula

[bookmark: _Toc83751415]2.1 Introduction

          Corn (Zea mays) is one of the most important agricultural crops in the world. Corn is the third most important food crop after rice and wheat (FAO, 2003). This crop has played a very important role in human history but climate change, especially drought, disease, and the loss of plant protection leads to a decrease in yields (Shang et al., 2019). As a response to these challenges, plant growth-promoting rhizobacteria (PGPRs) and fungi (PGPF) have been suggested as sustainable methods for enhancing crop yields (Raman, 2017).
           Most plants including maize form symbiotic root associations with AM fungi, which are obligate biotrophic fungi from Glomeromycota (Smith & Read, 2008), providing key ecosystem services in agroecosystems related to soil fertility and plant health and nutrition (Gianinazzi et al., 2010). Mycorrhizal colonization can be variable, as there are strong environmental and genetic controls over the mycorrhizal trait (Cameron et al., 2013a). (Walder & van der Heijden, 2015a) reported that symbiotic benefits are highly dependent on the relative amounts of phosphorus and nitrogen available in the soil. AM fungi were shown to enhance plants in phosphorus restricted soils, whereas the same AM fungi can suppress growth in nitrogen-limited soils. Furthermore, (Johnson et al., 2010a) suggested that most AM fungi are beneficial because they are capable of increasing plant growth and nutrition.
         Mycorrhiza researchers and plant geneticists speculate that fertilized soil breeding programs can result in selecting the suppressed form and dependence of AM colonization in crops (Kaeppler et al., 2000a; Tawaraya, 2003). In addition, in 13 inbred maize lines (Zea mays), colonization has decreased compared with susceptible lines for disease resistant lines (Toth et al., 1990a). These prior findings indicate that plant breeding programs affect AM colonization.

It is not surprising that maize, AM associations have resulted in both plant growth promotion and plant growth suppression depending on maize genotype (Kaeppler et al., 2000b; Sawers et al., 2017). This variability of maize in terms of its responsiveness to AMF is likely because the breeding program optimized yield in an environment with ample (Grant et al., 2005). The use of farming practices such as tillage that disrupts mycorrhizal networks (Gavito & Miller, 1998). Under these conditions the benefits of mycorrhiza for plant performance may be unimportant. Understanding the underlying physiological differences between maize cultivars that respond positively and negatively to AMF is a critical first step in understanding how AMF could be used to enhance maize production in lower input, more sustainable agricultural systems. 
          In order to get a robust understanding of the complexity of the variability of the interaction between different maize cultivars and their mycorrhiza it is important to collect a diverse array of physiological parameters. The earlier works focused on histological studies of roots but the increasing evidence that now shows that histological methods are often not very good predictors of the aboveground growth, so the mycorrhizal responsiveness has emerged.	
	 Mycorrhizal responsiveness, which is defined as the increased growth or phosphorus uptake of a plant resulting from AMF colonization, is an important functional trait of crops (Janos, 2007). Mycorrhizal responsiveness not only depends heavily on P level in soil (Nogueira & Cardoso, 2006), but also on other functional features related to P uptake, including morphological traits or root exudate releasing characteristics (Yao et al., 2001). There was increasing evidence that mycorrhizal responsiveness among plant genotypes is highly variable (An et al., 2010; Hetrick et al., 1992; Kaeppler et al., 2000b; Krishna et al., 1985). 
	Cereals are one of the most important agricultural crops in Saudi Arabia, including corn, wheat, rice, and barley (Abdel-Fattah & Asrar, 2012).There are many studies that dealt with the study of wheat, barley and rice, but maize was not fully understood and the studies about it in Saudi Arabia were scarce.  I specifically tested the cultivars that are commonly used in the Arabian Peninsula ( Saudi Arabia). Mycorrhizal occurrence in farmland in Saudi Arabia has been studied and six distinct mycorrhizal species have been found in the maize and onion genus Glomus (Al-Garni & Daft, 1990) .  In order to understand the functional drivers of the genotypic differences in Zea mays response to AMF, I focused my study on a diversity panel that I constructed based on maize cultivars that are regularly grown across the Arabian Peninsula.
          The aim is to investigate the variability in the mycorrhizal potential of maize cultivars that was widely grown in the Arabian Gulf region by using histological, nutritional and growth characteristics. 
           Our hypothesis is based on: There be high variability in the ability of different maize cultivars to form mycorrhizal colonization because able have been exposed to different selection pressures during the breeding program. (Mycorrhizal performance is associated with at least in some parts differential expression of the key genes within their signal’s pathway) There is a similarity and correlation between some of the maize cultivars in terms of their impact on the presence of the mycorrhiza inoculum and this mycorrhizal relationship leads to an improvement in plant growth and parameters and nutrient uptakes through the colonization formation and mycorrhizal responsiveness.
[bookmark: _Toc83751416]2.2 Materials and methods

[bookmark: _Toc83751417]2.2.1 Plant material

      Eighteen  maize cultivars were used in this study, listed in Table 2.1 provided by (AL KANAHIL AGRICULTURAL EST., Riyadh, Saudi Arabia), (SAUDI UNITED FERTILIZER Co., Jeddah, Saudi Arabia), (TWAIQ AGRICULTURAL Co., Jeddah, Saudi Arabia) and (MAIZADOUR Co., Paris, France) and the seeds were sterilized with fungicides from the providers, and we washed the seeds many times with tap water.




[bookmark: _Toc83750069]Table ‎2.1 Commercial manes of Zea mays cultivars 
	Cultivar No.
	company
	country

	(1) Alinea
	maizadour
	France

	(2) Panama
	maizadour
	France

	(3) Mas 46 A
	maizadour
	France

	(4) Aristo
	maizadour
	France

	(5) Mas 48 F
	maizadour
	France

	(6) Mas 70 F
	maizadour
	France

	(7) Calsio
	maizadour
	France

	(8) MAS 47 P
	maizadour
	France

	(9) Mas 73 E
	maizadour
	France

	(10) 4-5-653
	Golden West Comp
	USA

	(11) Egean
	Golden West Comp
	USA

	(12) Merit
	Seminis Comp  
	USA

	(13) Bonanza
	Seminis Comp  
	USA

	(14) SHG6RH1036
	Seminis Comp  
	USA

	(15) HY CORN 675
	Pacific seeds
	USA

	(16) Phssion
	Seminis Comp  
	USA

	(17) Abott Toleen
	Seminis Comp  
	USA

	(18) Merit Asgro
	Seminis Comp  
	USA




[bookmark: _Toc83751418]2.2.2 Mycorrhizal inoculum 

      The inoculum of mycorrhizal was obtained from ROOT GROW company, PlantWorks, Kent, United Kingdom and its 100% of arbuscular mycorrhizal fungi in equal proportions and spores of ectomycorrhizal fungi. The AMF species are showed in table 2.2
[bookmark: _Toc83750070]Table ‎2.2 The Arbuscular Mycorrhizal Fungi species that were used from ROOT GROW company
	Mycorrhizal inoculum 
	species
	company

	Funneliformis mosseae
	Glomus mosseae
	ROOT GROW company, PlantWorks, Kent, United Kingdom

	Funneliformis geosporus
	Glomus geosprum
	

	Claroideoglomus clarodeum
	Glomus claroideum
	

	Rhizophagus intraradices
	Glamous intraradices
	

	Rhizophagus intraradices
	Glomus micoraggregarum
	

	Ectomycorrhizal
	Scleroderma citrium
	






[bookmark: _Toc83751419]2.2.3 Experimental Design

      We used 180 pots with 12.5 cm diameter and 10.5 cm in depth were used.The soil  was sterilized at 121 °C for two hours, each pot was filled with 800 ml autoclaved sand soil which collected from King Fahad research center land in Jeddah, Saudi Arabia, then a hole was made in the middle of the soil to put about 75 ml of the mycorrhizal inoculum for the treated pots, and non-mycorrhizal inoculum was used for the control pots. three seeds of maize were sown in each pot, then the seedlings were thinned to one seedling per pot after one week of germination.   Each cultivar had 10 replicates, five replicates for treatment (inoculated with mycorrhizal) and five replicates for control (non-inoculated with mycorrhizal).The plant growth parameters were tested (dry root and shoot biomass, plant height and root colonization) 90 days after the planting. 
[bookmark: _Toc83751420]2.2.4 Planting and growth conditions

      The plants were watered with tap water for the first 2 weeks, then start watered with 100 ml of 40% full strength Long Ashton nutrient solution per pot three times a week and some tap water to keep plant moisture content  (hewitt 1966). The  pots were arranged in green house in completely randomized design. The plants were grown under greenhouse conditions at 18-25°C and 60% humidity.














[bookmark: _Toc83750071]Table ‎2.3 Preparation of 40% full strength Long Ashton nutrient solution 
	compound
	M.Wt
	(g) in 1L stock
	ml/L for 100%
	ml/L for 40%

	KNO3

	101.1
	50.6
	8
	3.2

	Ca(NO3)2 anhydrous


	164.15
	80.25
	8
	3.2

	NaH2PO4 · 2H2O

	156.01
	52
	1
	0.4

	MgSO4.7H2O
	246.5
	46
	8
	3.2

	FeNaEDTA
	367.1
	6.7
	5
	2

	micronutrients
	*
	
	1
	0.4

	*Preparation of micronutrients stock solution contains the following (g) in liter 

	MnSO4·4H2O
	
	2.23
	
	

	ZnSO4. 7H2O
	
	0.29
	
	

	CuSO4. 5H2O
	
	0.25
	
	

	H3BO3
	
	3.10
	
	

	Na2MoO4 · 2H2O
	
	0.12
	
	

	NaCl

	
	5.85
	
	




[bookmark: _Toc83751421]2.2.5 Growth measurements

      The height of the maize cultivares were measured weekly (cm) by placing a ruler at soil level and measuring to the highest point( stem tip or leaves).
[bookmark: _Toc83751422]2.2.6 Plant biomass

       The shoots and roots were separated, the fresh weight of the shoot and root were recorded, the disks from the shoot were immediately submerged in liquid nitrogen and stored in -80°C for metabolism analysis, the dry weight of roots and shoots were measured after drying in an oven for 2-3 days at 80°C, until constant weight was attained. Shoots and roots of maize were ground and prepared for the Total-N and P analysis by Hydrogen Peroxide method.
[bookmark: _Toc83751423]2.2.7 AMF root colonization

      The percentage of root colonization by AMF was estimated from a random subsample of fresh roots. The root segments were cut into 10 cm pieces, washed with water then placed in cassettes then cleared with 10% potassium hydroxide solution (KOH) for 60 min at 90 °C, Cassettes were removed from the KOH solution, washed with water several times, then soaked in 10 % hydrochloric acid (HCl) for 1 hour at 50 °C, then the cassettes were immediately transferred to a container of Trypan Blue Solution and kept at 90 °C for 1 hour. Cassettes were then removed from the Trypan Blue Solution to a 50% glycerol and kept overnight then 10 cm root length was placed on a microscopy slide with drop of 80% glycerol and examined at 40x for the presence of vesicles, arbuscules, and hyphae. Percentage root colonization was determined according to (Brundrett et al., 1996; Giovannetti & Mosse, 1980). The staining process was applied (Phillips & Hayman, 1970) with some modification (Koske & Gemma, 1989).



[bookmark: _Toc83751424]2.2.8 Shoot & Root nutrient uptake

[bookmark: _Toc83751425]2.2.8.1 Acid digestion for shoot and root tissue

The shoot and roots tissue of maize were ground (IKA A10 basic) until the tissue became very fine powder and then storied in vials for the acid digestion analysis. Total-N and P were measured by Hydrogen Peroxide method.
The grind powder (0.05gm) was weighted from each samples of shoot and root and placed in a test tube , 1 ml of Sulfuric acid (H₂SO₄) was added and vortex and kept covered with cold finger overnight, the tube was placed in the block heater (Grant-Bio BT5D series high temperature block heater) at temperature of 250 °C until the temperature reach 365 °C then when the vapor began to rise up the tube was lifted from the block heated and placed inside a metal rack till became cool, and the  hydrogen peroxide (H2O2) 30% was added (200 µl /time) and it was placed in the block heater again with repeating the same process with an increase every 10 minutes, the same amount of the hydrogen peroxide was added approximately  1000 µl until the sample become colorless, thus, the sample was digested. The  sample was left without cold finger overnight after that it was diluted by adding 9 ml distilled water and vortex then it stored at clean vials at -20 °C until use (Mizuno, 1980)
[bookmark: _Toc83751426]2.2.8.2 Phosphorus (P) and Nitrogen (N) analysis
[bookmark: _Toc83751427]2.2.8.2.1 Total P concentration 

     Total P concentrations were determined by colorimetric analysis (Spectrophotometer) using the P-molybdate blue color reaction the ammonium molybdate antimony potassium tartrate method adapted from (Matt K John, 1970; Murphy & Riley, 1962). An aliquot of 0.5 ml of each sample was transferred to 4 ml cuvettes. To each aliquot 0.5 ml (3.44 M Sodium Hydroxide) and 0.2 ml of 0.1M L-ascorbic acid and 0.5 ml of the color developing ammonium molybdate and antimony potassium tartrate solution were added, and a final volume of 3.8 ml were made up with d.H2O. 500 ml of the color developing solution contained 4.3ml sulphuric acid, 4.8 g of ammonium molybdate ((NH4) 6Mo7O24.4H2O) and 0.1 g of antimony potassium tartrate (C6H4O7SbK). The samples were left for 45 minutes for color development and absorbance subsequently measured on a spectrophotometer (Thermo Spectronic Helios Gamm UV-Vis Spectrophotometer 9423 UVG 1702E) at 882 nm. P concentrations were calculated by using a P standard curve with P concentrations between 0 and 20 ppm of sodium di-hydrogen orthophosphate (NaH2PO4.H2O). The total P content was calculated as the sum of the content of all tissue components. 
[bookmark: _Toc83751428]2.2.8.2.2 Total N concentration 

   Total N concentrations were determined by colorimetric analysis using the Sodium salicylate and DIC reagents. An aliquot of 0.05 ml of each sample was transferred to 4 ml cuvettes. To each aliquot 0.05 ml of (3.44 M Sodium Hydroxide) , 1 ml Sodium salicylate reagent and 0.25 ml of DIC coloring reagent were added and a final volume of 3.8 ml were made up with d.H2O. 500 ml of the Sodium salicylate reagent contained 20 g tri-sodium citrate (labelled Sodium citrate dihydrate Na3C6H5O7),17 g salicylic acid,5 g sodium hydroxide and 0.2 g sodium nitro-prusside (labelled sodium nitroferricyanide (III) dihydrate C5FeN6Na2O).and 500 ml of the DIC coloring reagent contained 5 g sodium hydroxide (NaOH),0.4 g dichlorosyonurate (labelled dichloro-isocyanuric acid sodium salt C3Cl2N3O3Na).The samples were left for 30 minutes for color development and absorbance subsequently measured on a spectrophotometer (Thermo Spectronic Helios Gamm UV-Vis Spectrophotometer 9423 UVG 1702E) at 650 nm. N concentrations were calculated by using a N standard curve with N concentrations between 0 and 100 ppm of ammonium chloride (NH4Cl) according to (Dong et al., 1987; Liu et al., 2013; Williams, 1964) with some modification.
[bookmark: _Toc83751429]2.2.9 Mycorrhizal responsiveness

         The mycorrhizal responsiveness was calculated by subtracting the average of non-inoculated shoot biomass for each cultivar from the individual replicate inoculated shoot biomass of the corresponding cultivar.
[bookmark: _Toc83751430]2.2.10 Statistical analysis

Root staining data reflecting AMF colonization percentage was transformed into the ArcSin-square root values then the differences in the mean were evaluated by employing a one-way and analysis of variance (ANOVA) (p < 0.05). Significant differences between means were determined by Tukey’s test (p < 0.05). 
Plant height and plant biomass data were analyzed using Minitab and Prism (Graphpad) software. Significant differences were detected by employing a two- way analysis of variance (ANOVA) (p < 0.05). Significant differences between means were determined by Tukey’s test (p < 0.05). 
plant nutrient uptake data were analyzed using Prism (Graphpad) software. Data were transformed into the ArcSin-square root values then the differences in the mean were evaluated by employing a two way analysis of variance (ANOVA) (p < 0.05). Significant differences between means were determined by Tukey’s test (p < 0.05). 




[bookmark: _Toc83751431]2.3 Results
[bookmark: _Toc83751432]2.3.1 Arbuscular mycorrhizal root colonization 
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[bookmark: _Toc83751347]Figure ‎2.1 percentage of root colonization (a) Arbuscules (b) Hyphae (c) Vesicles with and without AMF inoculum.


       The data in figure 2.1 revealed that the percentage of root colonization was the best in Arbuscules in the range of 53%-21.8%, followed by the Vesicles ( 43.8%-18.8% ) while in the Hyphae the range was from 25.8 to 5%.
        The comparing of the treated with non-treated cultivars we recorded that the colonization was increased with inoculum in all of the colonization structures, where it is recorded the highest percentage in Arbuscules in the cultivar No. 12 with 53% while the least was showed in the cultivar No. 11 with 21.8% compared with no colonization formation in non-treated cultivars.
        The Vesicles in treated cultivars recorded the highest percentage in the cultivar No. 11 with 43.8% and the least in the cultivar No. 10 with 18.8% compared with no colonization formation in cultivar No. 11  and 7% in the cultivar No. 10.
        While the hyphae percentage was the least, where the treated cultivars recorded the highest percentage in the cultivar No. 5 with 25.8% and the least percentage in the cultivar No. 14 with 5% compared with 6.2 and 0.2% in non-treated cultivars, respectively.
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[bookmark: _Toc83751348]Figure ‎2.2 percentage of root colonization (a) Arbuscules (b) Hyphae (c) Vesicles with AMF inoculum.



      The results in the inoculated cultivars showed a variation in the colonization percentage of the Hyphae, Arbuscles and Vesicles. And the colonization was formed in all cultivars.
      The highest percentage was in Arbuscles where it showed the highest in the cultivar No.12 where it reached 53% while it was the least in the cultivar No.11 where it recorded 21.8%.
      While in vesicles it was less that the arbuscules where it reached the highest percentage in the cultivar No.11 where it reached 43.8 % while it was the least in the cultivar No.10 where it recorded 18.8%.
      And the less colonization percentage was in hyphae where it recorded 25.8% in the cultivar No.5 where it was the highest percentage, and the least was in the cultivar No.14 where it reached only 5%.

[bookmark: _Toc83750072]Table ‎2.4 Results of 1- Way ANOVA statistical significance of the cultivars root colonization. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001). inoculated (AM+) maize crop plants.
	Results of the cultivar root colonization% (Hyphae)
	source
	DF
	F    VALUE
	P   VALUE

	
	Treatment (between column)
	14
	F (14,57) =1.448
	0.1619

	
	Residual (within column)
	57
	
	

	
	total
	71
	
	

	Results of the cultivar root colonization% (Arbuscules)
	source
	DF
	F    VALUE
	P   VALUE

	
	Treatment (between column)
	14
	F (14,57) =1.513
	0.1359

	
	Residual (within column)
	57
	
	

	
	total
	71
	
	

	Results of the cultivar root colonization% (vesicles)
	source
	DF
	F    VALUE
	P   VALUE

	
	Treatment (between column)
	14
	F (14,60) =0.7820
	0.6838

	
	Residual (within column)
	60
	
	

	
	total
	74
	
	



[bookmark: _Toc83751433]2.3.2 Plant height 
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[bookmark: _Toc83751349]Figure ‎2.3 Plant height with and without AMF inoculum for all cultivars. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05).

       To varify the effect of inoculation with Arbuscular mycorrhizal fungi on the plant height, the inoculated and non-inoculated mean of the plant height after 90 days were compared.  
       The plant height, in general, was in the range of 8 -26.5 cm when treated with the mycorrhizal compared to non-inoculated plants were recorded 13.6 – 33.4 cm. There was a difference in the effect of the inoculum on the plant height, where was recorded an increase in cultivars No. 2,9,10,14,16 and 18 compared to non-inoculated cultivars, while the inoculum did not affect cultivars No.1,3,4,5,6,7,8,11and 12, as the non inoculated cultivars had a longer length than the inoculated one. The cultivar No.16 showed a simple significant difference (P<0.05) while cultivars No.8 showed a less significant difference (P<0.1) Fig.2.3.
[bookmark: _Toc83750073]Table ‎2.5 Two-Way ANOVA statistical significance of the cultivars height (cm); Factor, (cultivar and treatment AMF) and their interaction (cultivar*treatment AMF); d.f., degrees of freedom; F, value for comparison with the critical value for significance; P, level of significance (P-value).
	Plant Height

	Factor
	d.f.
	F VALUE
	P VALUE

	cultivar
	15
	5.41
	<0.001

	treatment
	1
	1.08
	0.300

	Cultivar*treatment AMF
	15
	1.15
	0.324

	total
	159
	
	








               [image: ]
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[bookmark: _Toc83751350]Figure ‎2.4 Plant height with and without AMF inoculum for all cultivars. Error bars represent plus or minus one standard error. Significance was analyzed using a repeated measures ANOVA (Table 2.5).


      We observed that some cultivars were significantly affected with inoculation with Arbuscular mycorrhizal fungi and some not.
In the cultivars No.1 to the cultivars No.8 the differences starting from the beginning stage of the growth and remain to the end stage, but it was clear in the cultivar No.3 with a high diverge, where the plant height reached 13.6 cm in non-inoculated plant and 8 cm in inoculated one, but the converge was more in the cultivars No.6 and the cultivars No.7.
     While, the cultivars No.9, 10 and 12 showed no difference at any stage of their growth, where the plant height recorded 15.1- 17.7 and 22.8 cm in non-inoculated mean compared with 16.7 – 19.5 and 22.6 cm in inoculated plant respectively.
     In the cultivars No.11,14,17 and 18 the differences were disappeared by the end of the growth stage.
     The cultivar No.2 and No.16 were the most interesting one, where the inoculation with Arbuscular mycorrhizal fungi increased the height of the plant with time, where the plant height reached 18.5cm - 25.7 cm, respectively. The significant differences were showed in the cultivar No.16.





[bookmark: _Toc83751434]2.3.3 Shoot and root biomass
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[bookmark: _Toc83751351]Figure ‎2.5  (a) root biomass DWT(g) of maize with and without AMF inoculation in all cultivars, (b) shoot biomass DWT (g) of maize with and without AMF inoculation in all cultivars. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001).
      The root and shoot biomasses of inoculated maize were significantly higher than those of the non-inoculated maize. It can be observed that the biomass of all inoculated cultivars was increased in the plant root, while in shoot the biomass was differ. Also, the root biomass recorded a significant effect on the plant that inoculated with AMF compared with non-treated control which showed no significant differences. The cultivars No.6 and No.14 were significantly higher (P<0.001) than the cultivars No.1,10 and 12 which showed less significant (P<0.01). Moreover, the significant was decreased (P<0.05) in the cultivars No.8,9 and 16. The root biomasses of inoculated and non-inoculated maize ranged from 0.44 gm –1.24 gm and 0.23 gm –0.7 gm, respectively Figure 2.5.a 
     On the other hand, in Figure 2.5.b the shoot biomass ranged from 1.12 to 3.39 gm and from 0.94 to 2.76 gm, respectively. 
     In the shoot biomass the significant differences were less than the root biomass. the high significant (P<0.01) in the cultivar No.6,14 and 16 were recorded compared with less significant (P<0.05) in the cultivars No.3, 5 and 12 and the least significant in the cultivars No.8 and 11. So, the cultivars No.6 and No.14 showed the most significant differences in both root and shoot biomass in the treated plant with AMF.
 




[bookmark: _Toc83750074]Table ‎2.6 Two-Way ANOVA statistical significance of the shoot and root biomass (mg) ; d.f., degrees of freedom; F, value for comparison with the critical value for significance; Factor, (cultivar and treatment AMF) and their interaction (cultivar*treatment AMF);  P, level of significance (P-value).
	(Shoot biomass)

	Factor
	d.f.
	F VALUE
	P VALUE

	cultivar
	15
	12.79
	<0.001

	treatment
	1
	28.34
	<0.001

	Cultivar*treatment AMF
	15
	2.98
	<0.001

	total
	150
	
	

	(Root biomass)


	Factor
	d.f.
	F VALUE
	P VALUE

	cultivar
	15
	3.73
	<0.001

	treatment
	1
	64.49
	<0.001

	Cultivar*treatment AMF
	15
	1.28
	0.223

	total
	159
	
	






[bookmark: _Toc83751435]2.3.4 Nutrient uptake (P & N uptake)
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[bookmark: _Toc83751352]Figure ‎2.6  shoot tissue phosphorus concentration (a), total phosphorus (b), nitrogen concentration (c) and notal nitrogen (d) of maize plants with and without AMF inoculation in all cultivars inoculated (+AM) or uninoculated (- AM) with the arbuscular mycorrhizal (AM). Error bars represent ± 1 standard error. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).

      Inoculation with AMF treatment markedly increased shoot P content in all cultivars compared with non-treated, and the results recorded a highly significant differences P<0.0001 in P concentrations in the cultivar No. 1,8 and 12 and P<0.001in the cultivars No. 7,14 and 17 and less significant in the cultivars No.2,5,6 and 18. parallel as well the treatment also increased the total P in shoot tissue where the data showed that the significant differences were in the cultivars No. 1,2,3,5,12,14,16 and 17 but it was the most P<0.0001 in the cultivars No. 3,12 and 14 with recorded of total mass P 0.28, 0.2 and 0.2 ,respectively.
     On the contrary, the results of N uptake showed that the cultivar No. 2,3,10,11,12,14,16 and 18 were not affected by adding the AMF treatment as the N concentrations were recorded at the control 1.7,1,0.91,0.87,0.94,0.69,0.74 and 1.01 mg g-1, respectively. In the other hand, the total N was increased in all cultivars except the cultivar No. 18 where it was recorded 1.01 mg at the control and 0.69 mg in the treated but overall, there were no significant differences in N uptake at shoot tissues.  
The P uptakes were significantly higher in shoot tissues compared to the N uptakes, while the concentration was more in N uptakes. 












[bookmark: _Toc83750075]Table ‎2.7 Two-Way ANOVA statistical significance of Shoot tissue phosphorus, nitrogen concentrations of maize plants with and without AMF inoculation in all cultivars inoculated (+AM) or uninoculated (- AM) with the arbuscular mycorrhizal (AM)of the shoot and root biomass (mg); D.F, degrees of freedom; F, value for comparison with the critical value for significance; Factor, (cultivar and treatment AMF) and their interaction (cultivar*treatment AMF);  P, level of significance (P-value). 
	
	Source
	DF
	F VALUE
	P VALUE

	Results of the shoot P concentration
	Cultivar
	15
	F (15, 119) = 12.06

	0.0001


	
	Treatment
	1
	F (1, 119) = 282.7

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 1.523

	0.1075


	
	Total
	119
	
	

	Results of the shoot P mass
	Cultivar
	15
	F (15, 119) = 8.202

	0.0001


	
	Treatment
	1
	F (1, 119) = 232.3

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 3.026

	0.0004


	
	Total
	119
	
	

	Results of the shoot N concentration
	Cultivar
	15
	F (15, 119) = 1.761

	0.0483


	
	Treatment
	1
	F (1, 119) = 6.161

	0.0145


	
	Cultivar* Treatment
	15
	F (15, 119) = 1.371

	0.1727


	
	Total
	119
	
	

	Results of the shoot N mass
	Cultivar
	15
	F (15, 119) = 4.575

	0.0001


	
	Treatment
	1
	F (1, 119) = 39.81

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 1.437

	0.1411


	
	Total
	119
	
	





[image: ]
[bookmark: _Toc83751353]Figure ‎2.7 Root tissue phosphorus concentration (a), total phosphorus (b), nitrogen concentration (c) and notal nitrogen (d) of maize plants with and without AMF inoculation in all cultivars inoculated (+AM) or uninoculated (- AM) with the arbuscular mycorrhizal (AM). Error bars represent ± 1 standard error. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).



      Two-way ANOVA indicated a significant influences of both P and N concentration and total mass in the treated maize root compared with non-treated. The P and the N total mass dramatically increased in the most cultivars roots with highly significant differences P<0.0001 as it presented in the root total P in the cultivars No.4,6,10 and 14, whereas the total P mass recorded 0.12,0.13,0.10 and 0.12, respectively. The less significant P<0.05 was showed in the cultivars No. 7 and No.17 whereas the total P mass recorded 0.1 mg and 0.05 mg, while the uptake was not different in the cultivars No.2,8,9 and 18.
      The most affected cultivars by the AMF treatment in terms of total N uptake were clear in the cultivars No. 4,5,9,10,14 and 16 wherase Data recorded the highest significant value P<0.0001 and the highest N total mass was showed in the cultivar No. 8 where it recorded 1.1 gm. The root total N uptake of inoculated and non-inoculated maize ranged from 0.37 mg –1.1 mg and 0.11 mg –0.44 mg, respectively.
     While in P and N concentration the differences between inoculated and non-inoculated cultivars were less than the total P and N mass as the results showed, there was a high significant difference P<0.0001 in terms of  the P concentration in root tissues only in 2 cultivars,which were the cultivar No. 6 and No.12. The  highest P concentration wes recorded in the cultivar No.18 which reached 0.13 mg g-1, while it was P<0.001 only in the cultivar No. 9 in N concentration, with highest concentration in the cultivar No. 9 which recorded 1.20 mg.
              overall, inoculation with AMF caused an increse in the uptake of the  P and the N by the roots and the shoots in most of the maize cultivars. The P uptake in the shoot and the root of the maize cultivars was influenced significantly by the AMF inoculation ,also this effect was recorded for N uptake only in the root.








[bookmark: _Toc83750076]Table ‎2.8 Two-Way ANOVA statistical significance of Root tissue phosphorus, nitrogen concentrations of maize plants with and without AMF inoculation in all cultivars inoculated (+AM) or uninoculated (- AM) with the arbuscular mycorrhizal (AM)of the shoot and root biomass (mg); d.f., degrees of freedom; F, value for comparison with the critical value for significance; Factor, (cultivar and treatment AMF) and their interaction (cultivar*treatment AMF); P, level of significance (P-value).
	
	Source
	DF
	F VALUE
	P VALUE

	Results of the root P concentration
	Cultivar
	15
	F (15, 119) = 7.116

	0.0001


	
	Treatment
	1
	F (1, 119) = 202.5

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 3.367

	0.0001


	
	Total
	119
	
	

	Results of the root P mass
	Cultivar
	15
	F (15, 119) = 4.588

	0.0001


	
	Treatment
	1
	F (1, 119) = 342.7

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 2.377

	0.0049


	
	Total
	119
	
	

	Results of the root N concentration
	Cultivar
	15
	F (15, 119) = 6.446

	0.0001


	
	Treatment
	1
	F (1, 119) = 103.6

	0.0001


	
	Cultivar* Treatment
	15
	F (15, 119) = 2.430

	0.0040


	
	Total
	119
	
	

	Results of the root N mass
	Cultivar
	15
	F (15, 119) = 6.787

	
0.0001


	
	Treatment
	1
	F (1, 119) = 318.6

	0.0001



	
	Cultivar* Treatment
	15
	F (15, 119) = 1.946

	0.0250


	
	Total
	119
	
	



[bookmark: _Toc83751436]2.3.5 Mycorrhizal responsiveness
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[bookmark: _Toc83751354]                      Figure ‎2.8 Relationship between cultivars and mycorrhizal responsiveness





        Essentially the results presented in Figure 2.8 showed that only the cultivars No. 3,5,6,9,10,12,14 and 16 were positively affected by the AMF inoculum whereas the cultivar No.8 was affected negatively.
        The mycorrhizal responsiveness was showed a positive significant effect (P<0.01) in the cultivars No.3,5,10,12 and 14. And less significant effect (P<0.05) in the cultivars No.6,9 and 16,while it was showed a negative significant effect (P<0.05) in the cultivar No.8.
        The most responsiveness of mycorrhizal was in the cultivar No.3 where it reached 1.98 gm, and the least was in the cultivar No.9 where it recorded 0.18 gm. and ranged between 0.85, 0.77, 0.71, 0.67 ,0.59 and 0.0.29 in the cultivars No. 14,16,12,5,10 and 6, respectively.
        On the other hand, there were no mycorrhizal responsiveness effects on the cultivars No.1,2,4,7,11,17 and 18.
       Also, the one-way ANOVA test analysis presented that there was a very high significant difference (P<0.0001) between the cultivars and the mycorrhizal responsiveness.

[bookmark: _Toc83750077]Table ‎2.9 Results of 1- Way ANOVA statistical significance of the cultivars and mycorrhizal responsiveness. Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).
	source
	DF
	F value
	P value

	Treatment (between columns)

	15
	F (15, 58) = 7.705

	P<0.0001


	Residual (within columns)

	58
	
	

	Total

	73
	
	




[bookmark: _Toc83751437]2.3.6 correlation between Arbuscules percentage and nutrients uptake
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[bookmark: _Toc83751355]Figure ‎2.9 Regression between Arbuscules percentage and P, N content in the shoots of the arbuscular mycorrhiza inoculated (AM+) maize crop plants. 


When we do the regression analysis for the Arbuscules percentage of the treated plant and study the relationship between Arbuscules percentage and the nutrient uptakes for P and N in the shoot of the maize plant, our results presented that there were no significant results at all in the shoot nutrient uptake. The results indicated that the was no effect of the colonization structures (Arbuscules) on the nutrient uptakes of the plant.

[bookmark: _Toc83750078]Table ‎2.10 Results of regression statistical between mycorrhizal responsiveness and P, N content in the shoots of the arbuscular mycorrhiza.
	Source
	R squared

	F
	P VALUE
	Sy.x


	Shoot concentration P mg P /g dry weight
	0.009397

	0.6641

	0.4179

	0.01862


	Shoot mass of P
	0.6644

	0.1895

	0.6647

	0.05329


	Shoot concentration N mg N /g dry weight
	0.2205

	0.2283

	0.6343

	0.2244


	Shoot mass of N
	0.04196

	1.730

	0.1927

	0.4584








[bookmark: _Toc83751438]2.3.7 correlation between Mycorrhizal responsiveness and nutrients uptake      
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[bookmark: _Toc83751356]Figure ‎2.10 Regression between mycorrhizal responsiveness and P, N content in the shoots of the arbuscular mycorrhiza inoculated (AM+) maize crop plants. 


     When we do  the regression analysis for the only cultivars that were positively affected by the AMF inoculum and study the relationship between the mycorrhizal responsiveness and the nutrient uptakes for P and N in the shoot of the maize plant ,our results presented that the most significant results was in total shoot P mass where the P value recorded <0.0001 and the square root reached 0.6644, and also in the shoot concentration of N where P value recorded 0.0039 with 0.2205 for square root, while the total shoot N mass and the shoot concentration of P recorded less significant where the P value recorded 0.2307 and 0.6396, respectively.
      The results indicated that the effect of mycorrhizal responsiveness was very clear as it increased the total shoot P mass and decreased the shoot concentration of N, however it did not affect the total shoot N mass and the shoot concentration of P that much.

[bookmark: _Toc83750079]Table ‎2.11 Results of regression statistical between mycorrhizal responsiveness and P, N content in the shoots of the arbuscular mycorrhiza inoculated (AM+) maize crop plants.
	Source
	R squared

	F
	P VALUE
	Sy.x


	Shoot concentration P mg P /g dry weight
	0.006522

	0.2232

	0.6396

	0.01710


	Shoot mass of P
	0.6644

	67.31

	<0.0001

	0.02976


	Shoot concentration N mg N /g dry weight
	0.2205

	9.619

	0.0039

	0.1939


	Shoot mass of N
	0.04196

	1.489

	0.2307

	0.4522






[bookmark: _Toc83751439]2.4 Discussion
       To understand how the interaction between mycorrhiza and maize varied across diverse germplasm, we investigated a suite of physiological parameters associated with the mycorrhizal colonization of the maize plant. We know that the breeding program can create extraordinary impacts in terms of the extent to which a plant interacts with mycorrhiza in cereals including maize. The aim of this thesis is to understand the mechanistic and underlying genetic basics of this predicted variation in the mycorrhizal interaction arising from selective breeding, which is more focused on above ground traits, most notably yield, and rarely considers below ground traits such as interactions with rhizosphere organisms. From an applied perspective, it is critical to understand which varieties of maize that are used widely in the Arabian Peninsula show positive responses to arbuscular mycorrhiza in terms of crop health and nutrient acquisition that could potentially be used in low input, sustainable cropping systems. The study is timely because there is little information about the interaction between mycorrhiza and maize in cultivars that used in Arabian cropping systems.
Here we investigate the mycorrhizal colonization, plant height, root and shoot biomass, and root and shoot P and N contents for 18 cultivars that are common in the Middle East. We also calculated an integrated measure that has previously been referred to as mycorrhizal plant responsiveness (van der Heijden et al., 2006).
[bookmark: _Toc83751440]2.4.1 Colonization   

In our study 18 maize varieties were planted under the same conditions with an inoculum of AMF in a carrier of expanded clay and supplied with the carrier alone (inoculated). We observed root colonization by fine hyaline hyphae in all roots irrespective of the inoculum treatment or maize variety. These hyphae bore all of the cytological characteristics of fine root endophytes (Elliott et al., 2021). Evidence shows that fungi from Mucoromycotina fine-root endophytic (MFRE) are commonly linked to land plants and often found in dual association with Glomeromycotean fungi. (Field et al., 2019; Hoysted et al., 2019) reported that MFRE Fungi can be important for the assimilation of N and coexist with AMF because of their nutrient symbioses' functional complementarity.
In general, our experiments showed that the AMF inoculation dramatically increased the root colonization by fungi that were characteristically AMF in terms of their morphology; producing both vesicles and arbuscules however there was some degree of variation between the 18 varieties as has previously been recorded in some varieties of maize varieties (Köhl et al., 2015) and in other cereals such as wheat (Elliott et al., 2020). The percentage of root colonization in Arbuscules was in the range of 53%-21.8%, then in Vesicles it was from 43.8%-16.5 % while in Hyphae the range was from 25.8 to 5%. This variation in mycorrhizal colonization across the varieties is perhaps not surprising given the interaction with arbuscular mycorrhizal fungi due to repeated selection, maybe gradually degraded in modern elite genotypes which may explain the relatively low colonization we observed which was usually below 50%. 
That said, the modest variation in AMF colonization may be a function of the breeding program, with most varieties behaving similarly because of genetic convergence between the different varieties, with the breeding program not selecting strongly for lower colonization. Nevertheless, it is also possible that ancient and indigenous races carry genetic remnants that originated from ancient times such as before the Green Revolution that maybe beneficial and potentially useful in the context of breeding of elite material for low-input farming systems (Li et al., 2021).
(Li et al., 2017; Wen et al., 2019) also demonstrated that the loss of desirable traits for the acquisition of nutrients by the modern elite maize species is not substantiated by the maize flint pool. for breeding more sustainable varieties, lines associated with better P acquisition effectiveness under limited P available should be used. Also found that there occurred clear trade-offs between root traits and complementarity between lateral roots and mycorrhizal fungi in resource acquisition, thin-root species depend more on highly branched, fine lateral roots, to enhance P acquisition and to compensate for a low root absorptive surface and more P-mobilizing exudates in the soil while thick-root species rely more on mycorrhizal fungi. Their findings proved that root diameter is a good predictor of the relative expression of root functional traits and how they change when P is limited.
 Consequently, it is important to resolve whether AMF colonization drives other functional traits such as growth and nutrient uptake.

[bookmark: _Toc83751441]2.4.2 Plant height

In general, plants inoculated with AMF, the growth responses were positive with plants that were colonized with AMF growing much more rapidly throughout the season compared with non-mycorrhizal maize. This supports previous suggestions that maize is highly dependent on AMF for nutrient acquisition, particularly in the earlier stages of growth before the root system matured (Hamel & Smith, 1991). The positive growth response of AM-colonized compared with non-mycorrhizal maize has shown support of maize's high AM dependency (Mosse, 1957, 1973; Smith & Smith, 2011a, 2012a; Smith & Read, 2008).
  Although we observed a general trend for mycorrhiza to increase plant growth, this was by no means universal. The effect of the AMF inoculum on plant height was positive in varieties No. 2,9,10,14,16 and 18 with neutral or negative effects on growth rate in the remaining verities. Perhaps the reason for this is due to what was mentioned by (Hamel & Smith, 1991) where he explained that the knowledge of the AM effects of growth to normal reproduction and harvest times is comparatively limited in most laboratory growth experiments, therefore, despite the great differences at harvest between biomass and tissue P content of mycorrhizal and non-mycorrhizal plants, 35 days after emergence, the mycorrhizal corn and soybean plants had similar P contents in their tissues. This result suggests that the effect of mycorrhizal inoculation on plant P uptake was relatively slow to develop. 
While in general, the plants that colonized by AMF were growing on average 3.1 times larger than uncolonized plants (Smith & Smith, 2011; Smith & Smith, 2011b, 2012b), AMF can negatively affect plant growth in some cases (Smith & Smith, 2012b), presumably because of a high carbon demand and/or poor transfer of nutrients back to the plant and because plants colonized by AMF can have smaller root systems relative to shoot biomass. This if a particular fungal species – plant genotype combination has a poor efficiency of nutrient for carbon exchange than any AMF-induced reduction in root to shoot ratio will compound the ability of that variety to compete for nutrients (Field et al., 2012). 


[bookmark: _Toc83751442]2.4.3 Shoot and root biomass

  In contrast to other studies in the literature  (Janoušková et al., 2017) we observed an increase in biomass as a result of AMF colonization however this was, again, variety specific.  In terms of shoot biomass, we recorded a positive increase in response to AMF inoculation, except for the cultivars No.7,8 and 18 where no increase was recorded. This aligns with the observations of (Jeong et al., 2006) who reported that when their plants were inoculated with a mixed combination of AMF species, then both positive, negative, and neutral growth responses were recorded as a result of AMF inoculation suggesting a potential G by G   interaction where different plant varieties interact differently with different fungal genotypes or species.
   This hypothesis is supported by the fact that species specific- effects of AMF were recorded by (Smith et al., 2000) who found that AM fungi, S. calospora and G. caldonium have different strategies in symbiosis with their host plants with different functions in terms of nutrient uptake from the soil leading to certain combinations of the fungal species negatively affected the host plant growth while others positively increased plant growth.
    It has been observed that with increasing colonization of plant roots by AMF, the plant growth and P content are also increased as (Brundrett, 2004) found that an increased P transfer (and maybe other nutrients) through a greater number of transfer structures such as arbuscular and intra radical hyphae should facilitate greater resource transfer, so plants should support high PRLC levels only if AMF offers advantages as reviewed in(Smith & Smith, 2012a). However, (Miransari, 2011) reported physiological evidence of large P transfer differences by various AMF species which should influence the size (and direction) of AM-mediated growth and the overall P absorption. Furthermore, the major role in plant genetics determining differences in growth between crop cultivars has long been established  (Bruetsch & Estes, 1976; Marschener, 1998).



[bookmark: _Toc83751443]2.4.4 Nutrient uptake

    In our results both the content and concentration of shoot N and P were increased at all varieties as a result of mycorrhizal inoculation, however, this was only statistically significant for P and then in only in some varieties. Moreover, the magnitude of mycorrhizal enhanced shoot P concentration varied across varieties, again suggesting a potential G by G interaction. The role of arbuscular mycorrhizal enhanced nutrient uptake is hotly debated (Thirkell et al., 2019). Some studies reveal that arbuscular mycorrhizal fungi enhance both N and P uptake, for example (Follett et al., 1974) reported that in a field study that the increased concentration of shoot P was associated with an increased concentration of shoot N in maize production. This is further supported by (Bélanger & Richards, 1999) who reported that the P concentrations for given shoot biomass have significantly increased with the increasing rates of N fertilization; the direct positive effects on the P concentration of N fertilization however, it is difficult to tease apart the relative importance of these results because it is well known that fertilization of N limited plants is associated with a corresponding increase in P (Elliott et al., 2021; Thirkell et al., 2016). In our experiment, N was supplied at required levels based on the recommended requirements of Z. mays using Long Ashton solution thus our plants were not N limited. We did however used reduced P as high soil P is known to suppress mycorrhizal formation (Balzergue et al., 2013). 
    Our result recorded increasing in root N content cross all cultivars and significant in most of them, this finding agreed with (Wu et al., 2011) who suggested in their results that although maize growth has improved, root growth in China over the last 36 years of selective breeding has only improved under high N conditions, in order to increase N use efficiency of maize, improving root growth under Low N conditions may be necessary. Also (Wu et al., 2011) results indicated that the elongation of the root can be restricted, and root systems are usually shallower at high N. This finding reflects the outcome of  (Tian et al., 2005, 2008) who recorded those plants grown below high N may reduce root elongation through increased concentrations of cytokinin levels and reduced auxin levels. All these results proved that maize plants could adapt to low N environments by assigning more carbon assimilates to the root and enhancing axial root elongation to capture the nitrates moving down in the soil (Mi et al., 2010; Wiesler & Horst, 1993). But how important AM fungi actually are a capturing N in a dynamic soil N and therefore plant N absorption is a matter of discussion (Ingraffia et al., 2020). Thus maize breeding has adapted the crop for high levels of the very mobile nutrient N, to some extent these adaptations will favor P uptake as well, however P is far less mobile in soil and specific adaptations for P uptake are required, and this includes mycorrhizal fungi.
  In our results, mycorrhizal inoculated plants had higher P concentrations than non- inoculated plants for all maize genotypes. Many experiments have shown the important role of AM fungi in the improvement of plant uptake of P where both root and shoot concentrations of P have been reported to be significantly higher in AM than in non-mycorrhizal plants at different levels of P, while phosphorus uptake patterns have been shown to be genotype-specific for mycorrhizal and non-mycorrhizal plants (Singh et al., 2002).
In more general terms, (Treseder, 2013b) showed that when the plant roots are colonized with AMF, it seems that plant growth and tissue P content also increases and is correlated, although there is considerable variability among studies. As others have seen, an increase in the transfer of P (and maybe other nutrients) via prevalent mycorrhizal structures is a likely mechanism for this relationship however to demonstrate this it is important that the number of endophytic structures and tissue nutrient content is correlated (see section 2.3.6). also, some studies indicated that the high level of P in soil could decrease the colonization in the plant root (Olsson et al., 1997).
  Exogenous nutrient concentrations in the soil can significantly impact the functioning of AM symbioses. In the literature on AM, when the availability of P levels in the soil exceeds 200 mg kg−1 soil that considered high (Graham et al., 1981). published examples of total P concentrations clearly negatively impacting and inhibiting arbuscular mycorrhizal root colonization range from 228 mg kg−1 soil (Menge et al., 1978) to 600 mg kg−1 soil (Verhoeven et al., 1996) In our study, available soil P contents were mg kg−1. A similar pattern is true for N, crops in which the shoot N concentration is below 1.4% is considered N-limited (AzcÓn et al., 1982) Given Z. mays was bred under high nutrient conditions, the fact that high nutrients can suppress root colonization by AMF may lead to the mycorrhizal trait being selected against, especially given the artificial selection in the breeding program is focused on yield enhancement (Cameron & Bolin, 2010).
In support of this hypothesis, (Wu et al., 2011) found strong interaction effects of N×genotype on root traits. This indicates that the breeding process affected the root response to nutrition significantly, and that suggests that high N conditions for breeding programs may not enhance the root morphological. Also, in new hybrids under low N conditions, the root dry weight was significantly lower, this indicates that root dry weight 's adaptive response to low N stress has decreased as the hybrid release was increased, these findings can indicate that in the last 20 years of selective breeding, the adaptive root growth response to low N was negative. Moreover, (Fester & Sawers, 2011)suggested in their experiments that AMF acquired nutrient differences in the cultivar indicate that genetic variation within wheat germplasm can determine AMF acquired benefit, with many study reports showing significant differences in response to mycorrhizal associations among the crop varieties, suggesting that breeding programs can capitalize on these genetic differences.
     It is probable that during the breeding process crop plants were colonized by indigenous AMF even though the selections of crop growers never concerned themselves with mycorrhizal traits. These findings suggest that the breeding of recently developed maize genotypes involves the selection of new AMF-related plants, for which the high soil P conditions have been selected in recent decades. In the process of developing a new germplasm, genotype or variety for modern maize production, a better understanding should therefore be considered of the mycorrhizal traits as an unavoidable biological trait(Mi et al., 2010; Wang et al., 2010; Wu et al., 2011). 
  In order to understand if there was a strong relationship between plant nutrient uptake and the variable ability of the cultivars to form mycorrhiza (with the density of endophytic fungal structures a proxy measure), we correlated N and P content and concentration in the shoot with the density of arbuscules in each replicate plant we found absolutely no relationship.  We found this surprising given (Gaume et al., 2001; Zhu et al., 2005) both showed that increases in shoot growth and mycorrhizal colonization were correlated positively in low-P-soil, but not significantly in high-P-soil, while increases in shoot P concentration and mycorrhizal colonization in were correlated in both high and low P-soils.



[bookmark: _Toc83751444]2.4.5 Mycorrhizal responsiveness

  While the density of endophytic fungal structures such as arbuscules is an important trait to consider as there represent the surface area for nutrient exchange, the physiology of the interface may differ and lead to differences in the quality and quantity of resources exchanges between symbiotic partners. As a result of this, (Walder & van der Heijden, 2015a) suggested the mycorrhizal responsiveness.  We calculated the responsiveness by subtracting the non-inoculated shoot biomass from the inoculated shoot biomass such that a positive number represented a positive response to the AMF while a negative number represented a negative response to the colonization of AMF, presumably because there was an incompatible G by G interaction. We showed, in line with the conclusions of  (Walder & van der Heijden, 2015a), that most of the cultivars responded positively to AMF and only a few of them responded neutrally or negatively to AMF. Specifically, No 3,5,10,12 and 14 showed a highly significant positive response and only the cultivar No.8 showed a significant, negative response. 
From previous observation, we concluded that the mycorrhizal responsiveness is a much better indication of whether the plant is responsive to mycorrhizal than just looking at the colonization data percentage and this may be due to inaccuracy of the method of examining the colonization structures by the microscopy and it indicated that the mycorrhizal responsiveness is more accurate as mentioned by (Gange et al., 1999). Therefore, we subsequently hypothesized that mycorrhizal responsiveness would be a better correlate with nutrient uptake which was partially shown by our results. We found total shoot P was a significant and strong positive correlation with mycorrhizal responsiveness.  Interestingly, we found a strong and significant negative correlation between shoot N concentration and mycorrhizal responsiveness (see section 2.3.7). This could be explained by (Sawers et al., 2008) observation that mycorrhizal plant uptake may be divided into a mycorrhizal path and a direct path. (Smith et al., 2003) suggested that the mycorrhizal responsiveness differences in cereals are associated with the increased capacity to take P without the help of the AMF in modern lines. And (Sawers et al., 2008; Wright et al., 2005) recognized that the mycorrhizal Pathway partially substituted for the direct Root P Uptake may explain these results, although there were observed that there was no mycorrhizal growth response. The nitrogen response is more complex to explain but may be related to the suggestion by (Wu et al., 2011) that the maize breeding program has optimized plant root architecture to capture more mobile N (Field et al., 2019). 
[bookmark: _Toc83751445]2.5 Conclusion

Now we understand that we have a relevant measure of mycorrhizal responsiveness now we need to understand how mycorrhizal responsiveness is related to the underlying genetics of breeding program (chapter 3) and finer scale physiological (metabolic) consequences of different mycorrhizal responsiveness to the plant (chapter 4). 
To understand the genetic basis of mycorrhizal responsiveness within our diversity panel, we must link back to the genetics of the population by explaining this through placing this measurement (mycorrhizal responsiveness) with the dendrogram. 









Chapter 3 : [bookmark: _Toc83751446]The genetic relationship between Zea mays varieties and the effect of this on the plant mycorrhizal responsiveness

[bookmark: _Toc83751447]3.1 Introduction

Maize is an important crop all over the world; agricultural income and seed diversity increases in recent years. There are several examples in the literature of the patterns of diversity and the variation in maize and its adaptation to local growing conditions, farmers choice affected regarding conservation of seed diversity (Huang et al., 2016; Stromberg et al., 2010). The main source of seed is an important part of maize cultivation in any country, farmers obtaining seeds from their local markets depending on their shape and some knowledge base, Selection depending on agronomic performance and the delivery of specific products and properties (Flint-Garcia et al., 2009; Pascual & Perrings, 2007). The flow of information, trust for seed sharing, and about the quality of the seed do not have sufficient information for most farmers it always depending on just by looking at it and always they use the seeds from the previous harvest and store it (Badstue et al., 2007).  A variety of maize seeds appearance and diversity in local agro-biodiversity maintained is increasingly in the recent years depending on their quality parameters, such as oil content, sweetness, and degree of wax in seeds and its purity standards (Zhang et al., 2012). Little is known about the inter-species of maize and the seed diversity (Reyes-García et al., 2008). Large scale sequencing studies comparing Teosinte (a progenitor of Z. mays) to modern inbred lines have indicated 2–4% of the maize genome has experienced artificial selection throughout its history, i.e., during domestication and/or plant breeding (Wright et al., 2005; Yamasaki et al., 2005). There is little or no genetic variation remaining in inbred lines to contribute to crop improvement by traditional breeding or gene discovery by genetic analysis. Geneticists are just now beginning to understand the consequences of domestication and the breeding history of a crop species (Hamblin et al., 2006; Hyten et al., 2006; Tang et al., 2006).
The applications of molecular markers in the breeding programs of different plant crops have been significantly increased in the last few years. Molecular markers not only facilitated the production of novel varieties, but also strengthened identification of disease resistance genes and their related molecular marks by reducing the time needed to discover special properties in progeny plants (Debasis & and Paramjit, 2001). In addition, molecular markers are helpful tools to build genetic map (Qi et al., 2004), determine genetic diversity within the natural population (Abdel-Mawgood et al., 2005), establish evolutionary and taxonomic links (Crozier, 1997; Schaal et al., 1998), develop markers related to resistance to diseases (Bachman et al., 2001; Dubcovsky, 2004; J. Zhao et al., 1997), DNA fingerprints and registry cultivars and develop species-specific markers (Abdel-Mawgood et al., 2005; Camlin, 2003; Rao, 2004). There is a rising tendency in the production of hybrid maize, which offers higher yields, broad adaptability, and performance and quality reliability. The genetic purity of these hybrids must, however, be certain (Abdel-Mawgood et al., 2005). different molecular markers such as the 18S rRNA, RBCL gene and ISSR represent a newer and more reliable approach, based on which the phylogenetic positions of many plant species.
18S ribosomal RNA is commonly utilized in gene expression investigations such as End-PCR, Northern blotting and quantitative real-time PCRs as the internal control gene for normalization. One advantage of employing 18S rRNA is that it has a low turnover rate, and the large 18S rRNA pool is less prone to significant alterations from physiological perturbations. Numerous studies have verified its use by demonstrating its invariant expression across multiple species, tissues, developmental stages, and treatments (Bustin, 2000; Chen et al., 2012; Goidin et al., 2001; Jarošová & Kundu, 2010; Maroufi et al., 2010; Nicot et al., 2005). however, there are certain disadvantages to utilizing 18S rRNA as a reference gene. For example, because 18S rRNA is far more abundant than any other mRNA transcript, it must be diluted to attain a threshold value within the dynamic range of real-time PCR devices, introducing unpredictability into the result (Bogdanović et al., 2013).
  The RBCL gene, which encodes the large subunit of ribulose- 1,5-bisphosphate carboxylase / oxygenase (RUBISCO), has been widely sequenced from a variety of plant taxa, and the accompanying data set has tremendously assisted studies of plant phylogeny (Palmer et al., 1988). and  (Parson et al., 2000) clarified that RBCL gene can be recognized by genus and family level. 
Bioinformatical analysis technologies also have provided a more comprehensive analysis of genetic diversity and the genetic sequence analysis of species populations (Roy et al., 2010). The RBCL gene is part of DNA sequence located in cpDNA and can be used as a barcode for DNA because universality and ease of amplification and analysis in this coding region (Hasebe et al., 1994; Les et al., 1991; Newmaster et al., 2006). Based on the study of (Hollingsworth et al., 2009) the plant species could be observed because this gene RBCL is easily amplified and sequenced and has several phylogenetic characteristics because it is about 1400 bp in full length. Compared to other codes in cpDNA, this sequence is low in mutation and because the similarity between species is high (Kellogg & Juliano, 1997). And the plastid genome is acquired uniparentally, unrecombined and is structurally stable, and the rival gene of the plant DNA barcode is the most promising (Hebert et al., 2003). The RuBisCO large subunit (RBCL) plastic marker was commonly used to investigate the unknown taxonomic position of species to elucidate taxonomic linkage among species (Hollingsworth et al., 2011).
Molecular markers facilities by ISSR DNA markers in plants which involves amplification of DNA segment present at an amplifiable distance in between two identical microsatellite repeat regions oriented in opposite direction, have many advantages in plant genetic analysis, because they are simple, widely used techniques, highly polymorphic more in number, stable across different developmental stages, neutral to selection and least influenced by environmental factors (Vijayan, 2005). ISSR markers are highly polymorphic and valuable in genetic diversity, phylogeny, gene tagging, genome mapping, and evolutionary biology research (Pradeep Reddy et al., 2002). ISSR-PCR amplified sequences can be utilized for DNA fingerprinting. ISSR primers might occasionally be less specific to the genome being scanned, resulting in confusing fingerprints. Poor reproducibility of ISSR results is also caused by poor quality genomic DNA (Sarwat, 2012).
Previous efforts to develop molecular markers in Zea mays based on ISSR (Idris et al., 2012; Jana et al., 2013; Osipova et al., 2003), techniques are well documented. These markers are useful in cultivar identification and in studying genomic diversity and evolution. Different specific markers in crop plants were also successfully detected based on ISSR approaches (Edris et al., 2014; Sabir et al., 2014a). These markers can be utilized in marker-assisted selection and breeding programs in Zea mays. As little is known about the origin of Zea mays germplasm grown in Saudi Arabia.
 The aim of this study was to explore the usefulness of the two genes (18s and RBCL) and ISSR markers assessing relatedness among eighteen different maize samples and characterization of cultivar-specific markers was to identify the genetically variable genotypes to be utilized in the future breeding program in Saudi Arabia to develop promising genetic materials with improved maize crop characteristics, particularly with respect to plant mycorrhizal responsiveness. This will be achieved using the molecular marker (18S, RBCL and ISSR analysis)
Our hypothesis is based on: There will be a genetic similarity between the 18 Zea mays cultivars, and the mycorrhizal responsiveness will be related to this genetic similarity between the plant cultivars and the breeding program will affect this relationship between the genetic similarity and the mycorrhizal responsiveness, so we hypothesis 2 main points:
1-The variability within mycorrhizal positively responsive clades, neutral clades will be smaller than the variability between those clades.
2- that the negatively mycorrhizal responsiveness cultivars will be genetically different from all other cultivars.

[bookmark: _Toc83751448]3.2 Materials and Methods

[bookmark: _Toc83751449]3.2.1 Seeds collection

Eighteen different varieties of maize seed samples were collected from several different companies from the Kingdom of Saudi Arabia (samples from 1-9 form Al-kanahil Agricultural EST, samples from 10-19 from Saudi United Fertilizer co. and samples from17-18 from Twaiq Agricultural Co.) and the seeds were sterilized by the companies itself from fungicides to keep it’s without pollution. 18 different varieties of maize seeds have different characteristics were classified depending on their shape and color as shown in Figure 3.1. 
[bookmark: _Toc83751450]3.2.2 Seeds preparation and seedling

Seeds were washed with sterile distilled water to get rid from any debris of fungicides and planted each type of seed in one spot containing sterile soil with some perlite with 5 replicates. The duration of planting was 60 days watered every three days. 

[bookmark: _Toc83751451]3.2.3 Genomic DNA extraction and purification

  We have 18 samples for 18 varieties but the cultivars No.13,15 did not grow.100 mg fresh frozen shoot tissue was weighted for each sample and grounded in mortar with liquid nitrogen. Pipette 350 µL of Lysis Buffer A into 1.5 mL microcentrifuge tube then transferred the ground tissue to the Lysis Buffer A and vortex for 1 min, Add 50 µL of Lysis Buffer B and 20 µL RNase A and vortex for 1 min, the sample was incubated at 65°C for 10 min, 130 μL of Precipitation Solution was added and mixed by inverting the tube 2-3 times and Incubated 5 min on ice, then the sample was centrifuged for 5 min at 14,000 rpm, the supernatant (usually 450-550 µL) was collected and transferred to the clean microcentrifuge tube  and 400 µL of Plant gDNA Binding Solution then 400 µL of 96% ethanol were added and mixed well, half of the prepared mixture (600-700 µL) was transferred to the spin column. And centrifuged for 1 min at 8,000 rpm, the flow-through solution was discarded and applied the remaining mixture onto the same column, centrifuged for 1 min at 8,000 rpm, 500 μL of Wash Buffer I was added to the and centrifuged for 1 min at 10,000 rpm, the flow through was discarded and placed the column back into the collection tube, add 500 μL of Wash Buffer II was added to the column and centrifuged for 3 min at maximum speed 14,000 rpm, then the collection tube was emptied, the purification column placed back into the tube and re-spun the column for 1 min. at maximum speed ≥14,000 rpm and kept it open in the incubator at 37°C for 10 min for ethanol to evaporate. then the collection tube containing the flow-through solution was discarded and transferred the column to a sterile 1.5 mL microcentrifuge tube, 100 μL of Elution Buffer was added to the center of the column membrane and incubated for 5 min at room temperature and centrifuge for 1 min at 10,000 rpm and the purified DNA was ready to use. The DNA concentration in different samples was estimated by measuring optical density at 260 nm and 280 nm using spectrophotometer. The quality of extracted DNA was estimated by running on 1.5 % agarose gel electrophoresis, using ethidium bromide (5 μg/ml) in 1X Tris acetate Edita (TAE) buffer we prepared the buffer by adding 18.612 gm of Na-EDTA and 242.2 gm Tris-HCl (pH 8) and 57.1 ml acetic acid and   H2O (d.w) Up to 100 ml.Agarose was placed in 1X TAE buffer and boiled in water bath, then ethidium bromide was added to the melted gel after the temperature become 55 °C. The melted gel poured in the tray of mini-gel apparatus and the comb was inserted immediately, then the comb was removed when the gel become hardened. The electrophoresis buffer (1X TAE), then covered the gel. 10µl of dsDNA was loaded in each well and 5 µl of 1Kb DNA ladder from Gold Biotechnology and was run at 95 volts. Gel images were visualized using UV transilluminator and photographed using a Gel Documentation System (BIO-RAD 2000, USA). GeneJET plant genomic DNA purification kit  was used for the purification of amplified PCR using 1Kb DNA Ladder according to (George et al., 2004) with some modification (Azcárate-Peril & Raya, 2001).

[bookmark: _Toc83751452]3.2.4 Detection of PCR products for 18S and RBCL

[bookmark: _Toc83751453]3.2.4.1 18S

[bookmark: _Toc83750080]Table ‎3.1 presented the forward and reverse primers for 18S PCR
	oligo
	18S_F1_(20b) _Forward

	SEQ
	(5′-CAA CCA TAA ACG ATG CCG AC-3′) (20mer)

	GC%
	50.0
	Tm(c)
	58.4
	Vol.for 100pmol/ul
	416.0

	oligo
	18S_R1_(20b) _Reverse

	SEQ
	(5′-TTT CAG CCT TGC GAC CAT AC-3′) (20 mer)

	GC%
	50.0
	Tm(c)
	58.4
	Vol.for 100pmol/ul
	411.0



For 18S gene the PCR the reaction mixture 25 μ consisted of 1 μ of each primer ( forward and reverse), 1 μ of the sample, 12.5 μ master mix wich contain ( 15 mM MgCl2, 1× buffer (Promega), 0.2 mM dNTPs, 1 μ of Taq DNA polymerase (GoTaq, Promega)), and 9.5 dH2O.to a volume of 25 μL. PCR amplification was performed in 40 cycles (94°C for 5 mins, 94°C for 45 sec , 56.4°C for 1 min , 72°C for 2 mins , 72°C for 10  mins and 10 °C for ∞).. The amplification products were determined by electrophoresis in a 1.5% agarose gel. using ethidium bromide (0.5 μg/ml) in 1X Tris acetate Edita (TAE) buffer at 95 volts. For PCR product sizes determination, a marker CSL-MDNA-100BP DNA ladder RTU (cleaver scientific), was used as a molecular size standard. Gel images were visualized using UV transilluminator and photographed using a Gel Documentation System (BIO-RAD 2000, USA). GeneJET PCR Purification Kit (Catalog number: K0701) was used for the purification of amplified PCR. products using manufacturer’s manual. The extracted PCR products have been incubated for 2 min at ambient temperature, or at −20°C when stored. Macrogen Inc., Korea used Sanger DNA sequencing tech to perform the RBCL PCR products DNA sequencing (Romero et al., 2021; Taerum et al., 2020).

[bookmark: _Toc83751454]3.2.4.2 RBCL

[bookmark: _Toc83750081]Table ‎3.2 presented the forward and reverse primers For RBCL PCR
	oligo
	RBCL_F1_(21b) _Forward

	SEQ
	(5′-ACT CCT CAG CTC GGG GTT CCG-3′) (21mer)

	GC%
	66.67
	Tm(c)
	67.2
	Vol.for 100pmol/ul
	449.0

	oligo
	RBCL_R1_(20b) _Reverse

	SEQ
	5′-TCC CCA GGA ACG GGC TCG AT-3′) (20 mer)

	GC%
	65.0
	Tm(c)
	64.6
	Vol.for 100pmol/ul
	439.0



For RBCL gene the PCR the reaction mixture 25 μ consisted of 1 μ of each primer ( forward and reverse), 1 μ of the sample, 12.5 μ master mix witch contain( 15 mM MgCl2, 1× buffer (Promega), 0.2 mM dNTPs, 1 μ of Taq DNA polymerase (GoTaq, Promega), and 9.5 dH2O.to a volume of 25 μL. PCR amplification was performed in 40 cycles (94°C for 5 mins, 94°C for 45 sec , 63°C for 1 min , 72°C for 2 mins ,72°C for 10  mins and 10 °C for ∞). The amplification products were determined by electrophoresis in a 1.5% agarose gel using ethidium bromide (0.5 μg/ml) in 1X Tris acetate Edita (TAE) buffer at 95 volts. For PCR product sizes determination, a marker CSL-MDNA-100BP DNA ladder RTU (cleaver scientific), was used as a molecular size standard. Gel images were visualized using UV transilluminator and photographed using a Gel Documentation System (BIO-RAD 2000, USA). GeneJET PCR Purification Kit (Catalog number: K0701) was used for the purification of amplified PCR products using manufacturer’s manual. The extracted PCR products have been incubated for 2 min at ambient temperature, or at -20°C when stored. Macrogen Inc., Korea used Sanger DNA sequencing tech to perform the RBCL PCR products DNA sequencing (Khan et al., 2020).
And Purification of DNA from PCR mixture was performed using The QIAquick Gel Extraction Kit (Qiagen GmbH, Germany) according to the manufacturer’s instructions. First, we Excised the DNA fragment from the agarose gel with a clean, sharp scalpel, then we Weighed the gel slice in a colorless tube 3 volumes Buffer QG to 1 volume gel (100 mg gel ~100 μl) was added, the maximum amount of gel per spin column is 400 mg. Incubated at 50°Ch for 10 min (or until the gel slice has completely dissolved). Vortex the tube every 2–3 min to help dissolve gel. After the gel slice has dissolved completely, we checked that the color of the mixture is yellow (similar to Buffer QG without dissolved agarose). After the color of the mixture is orange or violet, 10 μl 3 M sodium acetate, was added. pH 5.0, and mixed. The mixture turns yellow. Then 1 gel volume isopropanol was added to the sample and mixed. a QIAquick spin column was placed in a provided 2 ml collection tube. To bind DNA, the sample to the QIAquick column was applied and centrifuged for 1 min all the samples passed through the column. flow was discarded through and the QIAquick column placed back into the same tube. If DNA will subsequently be used for sequencing, in vitro transcription, or microinjection, 500 μl Buffer QG added to the QIAquick column and centrifuged for 1 min. flow discarded through and place the QIAquick column back into the same tube. To wash, 750 μl Buffer PE was added to QIAquick column and centrifuged for 1 min flow discarded through and place the QIAquick column back into the same tube. Then QIAquick column placed into a clean 1.5 ml microcentrifuge tube. To elute DNA, 50 μl Buffer EB (10 mM TrisØCl, pH 8.5) was added or water to the center of the QIAquick membrane and centrifuged the column for 1 min. For increased DNA concentration, 30 μl Buffer EB was added to the center of the QIAquick membrane, kept for 1 min. then centrifuged for 1 min. After the addition of Buffer EB to the QIAquick membrane, the incubation time increased to up to 4 min. 
If purified DNA is to be analyzed on a gel, we added 1 volume of Loading Dye to 5 volumes of purified DNA. Mixed the solution by pipetting up and down before loading the gel (Zhou et al., 2018).
[bookmark: _Toc83751455]3.2.5 Analysis of 18S and RBCL 

Alignment of the 18 cultivars for 18 S and RBCL sequences was carried out using version 2 of Clustalx (Larkin et al., 2007). Exploratory data and phylogenetic analyses were carried out under R Project for Statistical Computing (R Core Team., 2021). Where Exploratory data analysis was done using Seqinr (Charif & Lobry, 2007) R package. Phylogenetic analysis was carried out by ape package (Paradis et al., 2004). Reconstruction of the phylogenetic tree was done using maximum likelihood inference of phylogenetic tree (Goldman N., 1990) .


[bookmark: _Toc83751456]3.2.6 Sequencing of 18S and RBCL

PCR amplification and sequencing of 18S rRNA gene, and RBCL isolated gene analysis were done. The amplified PCR products of the 18S rRNA gene fragments and  isolated from each cultivar were detected by electrophoresis in 1.5% agarose gel. The amplified fragments from 18S rRNA, gene and RBCL gene were purified and sequenced at MACROGEN sequencing company, Seoul, Korea using the automated sequencer ABI 3100 (Applied Biosystems) with Big Dye Terminator Kit v. 3.1 (Applied Biosystems). The sequences obtained were edited with the software Vector NTI Suite 9 and compared with the NCBI database through BLAST searches. In this comparison, sequences of type cultivars most closely related to the sequences of the isolates were searched. For the definition of operational taxonomic units (oTUs), a similarity limit of 97% was adopted.
[bookmark: _Toc83751457]3.2.7 Detection of PCR products for Inter-simple sequence repeat (ISSR)

five primers were utilized for ISSR analyses Table 3.3. PCR was performed, according to (Karapetsi et al., 2021).       
The PCR the reaction mixture 25 μl consisted of 1 μl of each primer ( forward and reverse), 1 μ of the sample, 12.5 μ master mix witch contain (15 mM MgCl2, 1× buffer (Promega), 0.2 mM dNTPs, 1 μ of Taq DNA polymerase (GoTaq, Promega)), and 10.5 dH2O.to a volume of 25 μL. PCR amplification was performed in cycles (94°C for 5 mins, 94°C for 1 min, 42°C for 1.5 min, 72°C for 2 mins, 72°C for 10 mins and 10 °C for ∞).
The amplification products were determined by electrophoresis in a 1.5% agarose gel using ethidium bromide (0.5 μg/ml) in 1X Tris acetate Edita (TAE) buffer at 95 volts. For PCR product sizes determination, a marker CSL-MDNA-100BP DNA ladder RTU (cleaver scientific), was used as a molecular size standard. Gel images were visualized using UV transilluminator and photographed using a Gel Documentation System (BIO-RAD 2000, USA). 

[bookmark: _Toc83750082]                Table ‎3.3 List of used primers, their nucleotide sequences, total number of produced bands
	Primer No.
	Primers
	Sequences

	1
	17898A
	CAC   ACA   CAC   ACA   AC

	2
	17898B
	CAC   ACA   CAC   ACA   GT

	3
	17899A
	CAC   ACA   CAC   ACA   AG

	4
	17899B
	CAC   ACA   CAC   ACA   GG

	5
	844B
	CTC   TCT    CTC    TCT   CTC   TGC



[bookmark: _Toc83751458]3.2.8 Analysis of ISSR products

ISSR products were visualized using agarose gel electrophoresis (1.5% in 1x TAE buffer) followed by staining with ethidium bromide (0.3 ug/ml). Amplicons were visually examined with a UV transilluminator and photographed using a CCD camera (UVP, UK). Data scored as (1) for the presence and (0) for the absence of a given fragment and sizes were estimated by comparison with a 100-bp ladder (Promega, USA), using Gel Works 1D advanced gel documentation system (UVP, UK). Binary data matrices were entered into TFPGA (version 1.3) and analyzed using qualitative routine to generate a similarity coefficient. Dissimilarity coefficients were used to construct dendrograms using unweighted pair group method with arithmetic average (UPGMA) and sequential hierarchical and nested clustering (Neighbor-Joining or NJ) routine using NTSYSpc (version 2.10, Exeter software) according to (Burgos et al., 2011; Rohlf, 1997; Sabir et al., 2014b; Sneath, 1973).














[bookmark: _Toc83751459]3.3 Results

[bookmark: _Toc83751460]3.3.1. seeds morphology

Regarding collective action and seed diversity, the results suggested that as shown in Figure 3.1 it could distinguish all varieties of maize seeds by shape and color variance these features help to discriminate a variety of collected maize seeds. Figure 3.1 shows the variation of 18 varieties of collective maize seeds. It could be seen that the color almost yellow the red color is due to antifungal treatment from its local market. All varieties showed obviously different shapes. 
          [image: ]
[bookmark: _Toc83751357]                   Figure ‎3.1 Diversity Image in 18 used varieties of maize seeds and its commercial named


[bookmark: _Toc83751461]3.3.2 Genomic DNA extraction and purification
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[bookmark: _Toc83751358]                         Figure ‎3.2 Agarose gel electrophoresis of genomic DNA extraction of 18 Zea mays cultivars

The genomic DNA extraction was successfully performed, and the agarose gel electrophoresis was run, and the results were clearly shown in Figure 3.2.
[bookmark: _Toc83751462]3.3.3 18S phylogeny relationship
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[bookmark: _Toc83751359]Figure ‎3.3 Agarose gel electrophoresis of 18S rRNA of 18 Zea mays cultivars

The Agarose gel electrophoresis of 18S rRNA of 18 Zea mays cultivars was successfully performed, and perfect results were obtained as showed in Figure 3.3.
The sequences length of the 18S for 18 Zea mays varieties averaged 93 pairs. The sequence length from 86 to 98 bases, with no outliers’ values were noticed in Figure 3.4.a. The GC content is shown in Figure 3.4.b.  The percentage of the GC content averaged 53%, ranged from 52 to 55%. However only one outlier value was noticed.
Figure 3.5 shows the base frequencies of the 18S for 18 Zea mays varieties, No great differences could be noticed. The maximum likelihood phylogenetic tree of the 18S for the 18 Zea mays varieties along with heat map is depicted in Figure 3.6. The phylogenetic tree consists of two large clades. One clade the lowest one comprised 7 cultivars distributed in many clusters, where the upper clade comprised 11 cultivars distributed in many clusters also. 
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[bookmark: _Toc83751360]Figure ‎3.4 Boxplot for sequence length and GC content of 18S for 18 Zea mays varieties   sequences, where the top and bottom of lines represent the maximum and minimum values, the top and bottom of each box represent the first quartile (Q1) and third quartile (Q3) where the line inside each box is the median (Second quartile Q2), dots above and below are outlier values
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[bookmark: _Toc83751361]Figure ‎3.5 Base frequencies of 18S for 18 Zea mays varieties
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[bookmark: _Toc83751362]Figure ‎3.6 Maximum likelihood method phylogenetic tree of 18S for 18 Zea mays varieties along with heat map

The phylogenetic tree consists of two large clades. The upper clade comprised 11 varieties.  The cultivars No.17 and 18 were related to each other even in the genetic relationship or in no responsiveness. Also, the cultivars No.16 and 6 had the same results. While the rest of the cultivars were different in terms of genetics relationships and their responsiveness.
The lower clade showed that there was correlation between the genetic relationship and the mycorrhizal responsiveness in the cultivar No.5 and 12 where the responsiveness was significantly high but the interesting result here was appeared in the cultivar No.8 and 10 where the genetic origin was similar, but the responsiveness was different.


[bookmark: _Toc83751463]3.3.4 RBCL phylogeny relationship  

                           [image: ]
[bookmark: _Toc83751363]Figure ‎3.7 Agarose gel electrophoresis of RBCL for 18 Zea mays varieties

The Agarose gel electrophoresis of RBCL of 18 Zea mays cultivars was successfully performed, and perfect results were obtained as showed in Figure 3.7.
Sequence length of the 18 RBLC sequences averaged 107 bases from 100 to 111 bases. Figure (3.8.a) showed the presence of an outlier of 100 bases.
Figure 3.8 shows the GC content of the 18 RBLC sequences. Percentage of GC content averaged 48% ranged from 45 to 50%. Again, outlier values are noticed in GC content.


Figure 3.9 shows base frequencies of RBCL for 18 Zea mays varieties.  No noticeable difference was in base frequencies.
Figure 3.10 shows the maximum likelihood phylogenetic tree of RBCL for 18 Zea mays varieties along with heat map. In general, the phylogenetic tree has short branches which reflect very close evolutionary relationship among all the RBCL for 18 Zea mays varieties.
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[bookmark: _Toc83751364]Figure ‎3.8 Boxplot for sequence length and GC content of 18 RBCL sequences, where the top and bottom of lines represent the maximum and minimum values, the top and bottom of each box represent the first quartile (Q1) and third quartile (Q3) where the line inside each box is the median (second quartile Q2), dots above and below are outlier values
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[bookmark: _Toc83751365]Figure ‎3.9 Base frequencies of RBCL for 18 Zea mays varieties
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[bookmark: _Toc83751366]Figure ‎3.10 Maximum likelihood method phylogenetic tree of RBCL for 18 Zea mays varieties along with heat map

The phylogenetic tree consists of two large clades. Each clade comprised 9 varieties. However, the upper clade consists of two clusters. It is also noticeable that the lower clade has no branches at all, the lower clade which contains genetically closely related varieties No.2,15,7,16,12,10,9,5 and 8 showed discrepancy in the mycorrhizal responsiveness, whereases most of them were responded and few did not. And it was clearly that No.8 was negatively responsiveness with average (- 0.7).
The upper clade which included varieties NO.14,3,4,17,6,1,11,13 and 18 presented a differ mycorrhizal responsiveness, where most of them were not responded and only three were responded in different ways, where No. 3 was the most responsiveness at all with average (1.9845). which is indicative of an, even more, close evolutionary relationship among members of this clade.
[bookmark: _Toc83751464]3.3.5 ISSR fingerprint phylogeny relationship
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[bookmark: _Toc83751367]Figure ‎3.11 PCR amplification profile of 18 Zea mays cultivars using (17898A) primer


                        [image: ]
[bookmark: _Toc83751368]Figure ‎3.12 ISSR Phylogenetic tree of 18 Zea mays cultivars using (17898A) primer
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[bookmark: _Toc83751369]Figure ‎3.13 PCR amplification profile of 18 Zea mays cultivars using (17898B) primer
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[bookmark: _Toc83751370]Figure ‎3.14 ISSR Phylogenetic tree of 18 Zea mays cultivars using (17898B) primer
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[bookmark: _Toc83751371]  Figure ‎3.15 PCR amplification profile of 18 Zea mays cultivars using (17899A) primer
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[bookmark: _Toc83751372]Figure ‎3.16 ISSR Phylogenetic tree of 18 Zea mays cultivars using (17899A) primer
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[bookmark: _Toc83751373]Figure ‎3.17 PCR amplification profile of 18 Zea mays cultivars using (17899B) primer
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[bookmark: _Toc83751374]Figure ‎3.18 ISSR Phylogenetic tree of 18 Zea mays cultivars using (17899B) primer
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[bookmark: _Toc83751375]Figure ‎3.19 PCR amplification profile of 18 Zea mays cultivars using (844B) primer
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[bookmark: _Toc83751376]Figure ‎3.20 ISSR Phylogenetic tree of 18 Zea mays cultivars using (844B) primer
The Agarose gel electrophoresis of the 5 primers of ISSR of the 18 Zea mays cultivars and the phylogenetic trees were presented in Figures (3.11-3.20) and the Agarose gel electrophoresis was successfully performed, and the results were clear.
In primer 1 the results showed the cultivars that were most closely related were No. (2, 3) and (17,18) then (4,6), (9,10), (5,12), (8,14), (15,17).
And we observed that (17,18) were similar in that there was no mycorrhizal responsiveness effect. While (5,12) were similar in the mycorrhizal responsiveness significant effect.
But (8,14) were different in terms of their response to the mycorrhizal responsiveness effects despite their closeness. 
In primer 2 the results showed the cultivars that were most closely related were No. (7, 12), (1,5,8,9,15) and (17,18).
The results showed that cultivars No.(17,18) were similar in that there was no mycorrhizal responsiveness effect. While the cultivars No. (1,5,8,9,15) and (17,18) showed a difference in their mycorrhizal responsiveness effects.
We were interesting with the results in primer 3 whereas they presented the most similarities and affinities between the verities. Since the cultivar No. 15 was added to No. (17,18), and they showed no mycorrhizal responsiveness effect. While the cultivars No. (1,13,16) showed a difference in their mycorrhizal responsiveness effects. And similar cultivars were increased as we found in the cultivars No. (2,3,6,7,8,9,10) with a variance in the mycorrhizal responsiveness effect.
The results in primer 4 showed affinity between the cultivars No. (14,15,16,17,18) and (1,8,10,11) with a variance in the mycorrhizal responsiveness effect.
The last primer 5 showed interesting results between two genetically similar cultivars No. (3,4) where the cultivar No.3 showed the most significant mycorrhizal responsiveness effect while the cultivar No.4 showed no mycorrhizal responsiveness effect. And there was a convergence between the cultivars No. (9,10) with significant mycorrhizal responsiveness effect. While the cultivars No. (5,7,12,13) and No. (16,17,18) showed a variance in the mycorrhizal responsiveness effect despite the genetic affinity.

[bookmark: _Toc83751465]3.4 Discussion 

[bookmark: _Toc83751466]3.4.1 seeds morphology

Based on shape, we conclude that the collective seeds are different from each other. The importance of its shape seed systems is important for maintaining seed diversity, and hence a precondition for agrobiodiversity conservation, for this to be at the national level in some countries to restrict local seed system exchanges (Nature e.g., 2004) However the legal rights of farmers to save and exchange their local seeds are an important issue if the conservation of agrobiodiversity is deemed important. Policymakers should therefore encourage farmers to engage in a relatively open exchange of seeds rather than aiming to restrict such flows.
[bookmark: _Toc83751467]3.4.2 18S phylogeny relationship

We concluded from the tree that genetic can play a role in influencing the mycorrhizal responsiveness, but it is not consistent for all varieties. so that’s mean there was not a strong selection with the breeding program.  But this analysis also proved that our cultivars were pure without any contamination as the bands appeared quite clearly when the gel electrophoresis was done and that’s a strong indicator that all cultivars were pure Zea mays.
[bookmark: _Toc83751468]3.4.3 RBCL phylogeny relationship

The RBCL present in maize and our results using this gene showed that the genetic origin was very close into these cultivars in almost the first clade, and the other clade also showed affinity, but not to the same degree of convergence in the first clade.
We concluded from this tree that the response varies by genetic type according to the evolutionary relationship, like varieties from the same clade were seen and were similar and genetically close, but in terms of response it was varied between significant responsive, non-responsive, and low significant  responsive, and what is interesting and surprisingly here is the cultivar No. 8 where it was negative response despite the response of most of the varieties in the same clade, and this may be due to the breeding programs that affect some traits in plants, including the trait of responding to form colonization with the AMF or perhaps there were special circumstances in terms of storage or cultivating this cultivar. And that proved that the colonization did not affect by the genetic origin of the plant. 
For exploring the phylogenetic relationships and classifications of unknown species of living organisms, molecular approaches based on DNA sequencing technology have been effectively established. A molecular technique using RBCL sequencing can be used to identify the phylogenetic and systematic analysis of Zea mays. We demonstrated that species-level identification is possible, and RBCL analysis yields a phylogenetic tree for these Zea mays cultivars (Wongsawad & Peerapornpisal, 2014).

[bookmark: _Toc83751469]3.4.4 ISSR fingerprint phylogeny relationship

The results that extracted from the ISSR analysis indicated that the differences that were found between the cultivars and each other indicated the evolution of the cultivars over years, and this means that the breed is stable. ISSR-PCR analysis of 18 samples of Zea mays cultivars showed that ISSR-primers used (17898A,17898B,17899A,17899B and 844B) were suitable and successfully produced polymorphic DNA bands pattern, represents the high genetic diversity of the samples.  although there are samples from several populations that have a low genetic distance. The trees divided the samples into many clusters, although some populations showed a close genetic relationship and the remainders were not, indicating the absence of geographical influence, and these results supported by (Uslan & Nur Jannah, 2020).
The results showed that ISSR markers may be utilized efficiently to access the genetic variation in maize germplasm quickly. In selecting the accessions for establishing a germplasm bank for the maize landscape and for developing breeding program information on genetic comparison and similarity will be helpful (Allier et al., 2020).
The results showed that the responsiveness was similar in the cultivars in the lower clade in the phylogenetic tree of RBLC, which were also genetically very closed. This indicates that the evolutionary relationship can play a role in the plant's response to symbiosis with AMF, but in some clades, we found that there was no relationship between the genetic origin and the responsiveness. We concluded from the 18S and RBCL that the effect on the responsiveness to the region in the RBCL is more than the effect on the region's response in the 18S. A common observation in the 18S and RBCL phylogenetic trees, that the cultivar No.8 was negatively responding, despite the close genetic ancestry of this cultivar with others that were highly responsive. also, that was observed in all primers of the ISSR analysis, except primer 5 which showed that the cultivar No.8 was genetically far from the responding cultivars, and here is an indication that the genetic origin may affect the response in the case of primer 5.
 But that was differ in primer 5 in ISSR, it was the only case that the negatively responding cultivar was far away from the positively or neutral responding cultivars, but that cannot be a strong indicator that the mycorrhizal responsiveness linked to genetic origin.
An analysis of the ISSR markers separated the Zea mays cultivars into many clusters. This result corresponds to the cluster analysis of the 18S gene and RBCL gene but with fewer differences in the sister clusters.  Such a high variation in the number of fragments produced by these primers may be attributed to the differences in the binding site throughout the genome of the genotype. (Ajibade et al., 2000) reported in their study that they found on the generation of the ISSR fragments ranging from 4 to 12 markers in Vigna and 8 markers in Phaseolus vulgaris (Galván et al., 2003). The distribution of the different microsatellite sequences in different living genomes determined the possibility of using this method for the purpose of DNA fingerprinting. This indicates that the ISSR marker is applicable in assessing molecular relativity among species of Zea mays.
In crop development, genetic diversity is a major determinant of germplasm efficiency. A population with a high level of genetic variety is an excellent resource for widening the genetic basis in any breeding program. The genetic variations discovered in some of the landraces were relatively narrow, which could have come from the species' long agricultural history as an adaptation to local agro-climatic conditions and could be related to a restricted genetic base (Seehalak et al., 2006).
[bookmark: _Toc83751470]3.5 Conclusion 

The results that we found in the trees disagree with our hypothesis because the results reflected that the clades sometimes included different mycorrhizal responses, and that suggests that there is no strong selection pressure against mycorrhization. This would also suggest that the mycorrhizal responsiveness is not strongly selected for either, and thus non-mycorrhizal cultivars came about because of the genetic drift and the reason is not selected against is that it still performs well in the high input agricultural systems that prevail across the Arabian Peninsula.  
Also, Maize has enormous genetic diversity that offers incredible opportunities for genetic enhancement despite the challenges mentioned above. ISSR markers differed in their ability to differentiate individuals and for detecting polymorphisms. Molecular methods by using ISSR molecular markers could be successfully applied for conducting fast variety identification of commercial maize seeds. This finding provides sufficient variation to identify the maize cultivars from Saudi Arabia that can be utilized in the future in breeding programs of maize will provide assistance for the future research analysis.






Chapter 4 : [bookmark: _Toc83751471]The effect of Arbuscular Mycorrhizal Fungi on the biochemical response of Zea mays shoots and roots

[bookmark: _Toc83751472]4.1 Introduction 

  In general Maize is highly responses to mycorrhiza (chapter 2) and its widely appreciated as a host for a range of different arbuscular mycorrhizal species (Ramírez-Flores et al., 2020).
    It is well known that this relationship provides numerous advantages, AMF has been found to increase growth and nutrient uptake, it is also well known to provide additional non- nutrients effect such as stimulation of pathogens resistance, increase water stress tolerance (Subramanian and Charest, 1995), saline stresses tolerance (Sheng et al., 2008) and temperatures stress-tolerant (Zhu et al., 2010). AMF affects various secondary metabolites, including those that mediate interactions between the two partners in plant-AMF symbiosis from the colonization phase to the development of AMF in root tissue, In the pre-symbiotic stage of association, secondary metabolites are released by AMF, which act as signaling molecules in plant-AMF symbiotic interaction(Daneshmand et al., 2010). These signaling molecules along with colonization of the plant root tissue led to a cascade of changes in the host plant’s secondary metabolism. the underlyning mechanism for the non-nutrient effects is through this reprogramming of plant secondary metabolism (Smith & Read, 2008) . including reducing oxidative stress (Mayer, 2019), and increasing a plant resistance to abiotic as well as biotic stress. It is interesting that AM fungi are induced a systemic protection mechanism called mycorrhiza (MIR) hypothesized by (Cameron et al., 2013)  and subsequently demonstrated by (Pérez-De-Luque et al., 2017) . (MIR) is linked to a transient induction of JA dependent and SA dependent metabolic pathways that are associated with both disease suppression and the mitigation of biotic and abiotic stresses on plant (Anjum et al., 2016; Chen et al., 2013). 
Downstream from JA and SA, AMF activates a 11number of other secondary metabolite pathways, such as carotenoids, phenylpropanoids and antioxidants ( Chen et al., 2013; Hill et al., 2018) .Compounds that are produced along these pathways indicate the different function in the different plant-AMF symbiosis (Kaur & Suseela, 2020). These Secondary metabolites are divided into three main groups based on the pathways of biosynthesis: phenolic compounds synthesized in the shikimate pathway, terpenes synthesized in the mevalonic pathway and nitrogen-containing compounds synthesized on the tricarboxylic acid cycle pathway (Jamwal et al., 2018b). and lastly a minor group of plant Secondary metabolites is Sulfur-containing secondary metabolites (Venditti & Bianco, 2020) . The importance of the first group (Phenolic) compounds plays a central role in plant defense against parasites and pests (Wuyts et al., 2006). These Phenolic compounds include (Coumarin, Lignin, Furanocoumarins, Flavonoids, Isoflavonoid, Tannins).
        A second important group of metabolites is (Terpenes and terpenoids) and steroids, terpenes are formed from the derivatives of glycolytic or acetyl CoA intermediates. they are the essential building blocks of various complex phytohormones, sterols, and pigments, and mainly they are responsible for their aromas and physiological effects. Some terpenes have a pleasant aroma, but are mostly defensive and herbivore damper, while they act as pollinator attractants  (Vranová et al., 2012).  
         The third major group is (Nitrogen-Containing secondary metabolites) Many plants secondary metabolites contain nitrogen in their skeleton. Nitrogen-containing secondary metabolites are synthesized from common amino acids and can be divided into main four categories: (alkaloids), cyanogenic glycosides, glucosinolates, and nonprotein amino acids.
         Finally, a relatively minor group of plant secondary metabolites is Sulfur-containing secondary metabolites it includes about 200 compounds. The group consists of well-known glucosinolates and their products of disintegration such as thiocyanates, isothiocyanates, epithionitrils, and oxacetic substances (Venditti & Bianco, 2020). This group is essential for protein synthesis, because with a lack of sulfur, protein synthesis is reduced.  Sulfur-containing secondary metabolites Significantly impac the health of plants since plants are unable to properly use nitrogen without sufficient sulfur (Bloem et al., 2007). Studies have reported that sulfur- and nitrogen-containing secondary metabolites are affected by sulfur and nitrogen supply, because the ideal amount of each respectively enhances the ability of the plant to deal with many of the environmental stresses. Sulfur-containing secondary metabolites include glutathione, glycosphingolipid (Mazid et al., 2011).
 While be above metabolic pathways have been recorded to be influenced by AMF in general terms, we do not understand which metabolite in maize with responded to AMF colonization and to what extent.
 A complete understanding of interacting effects on plant biochemistry can be achieved through the application of modern metabolomics technologies, through the analysis of plant metabolic profiles, it is possible to not only empirically measure the biochemical changes within a specific plant, but to also determine the relationship of the changes in the accumulation of the secondary metabolite compound as a system’s response to the mycorrhizal colonization and we can take advantage of these compounds and exploiting these compounds to benefit from them in many applications in a different field or regulating its accumulation after we know the effect of colonization on it.
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[bookmark: _Toc83751377]Figure ‎4.1 The probable paths by which arbuscular mycorrhizal fungi (AMF) reprogram the plant metabolome are depicted schematically. Plant–AMF symbiosis reprograms primary and secondary metabolites. Secondary metabolite reprogramming promotes AMF colonization in plants by altering the synthesis of signaling molecules. Plant interaction with AMF primes plant defense through alterations in secondary metabolic pathways, increasing plant tolerance to biotic and abiotic stresses. Key: LCOs—lipochitooligosaccharides; SPs—secreted proteins; SÁ—salicylic acid, JA—jasmonic acid. (This figure reproduced has been from  Kaur & Suseela, 2020)

  This study then investigated the effect of the mycorrhizal colonization on the regulation of plant secondary metabolism and phytochemical production through an untargeted metabolite fingerprint analysis. and I will do that using Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) analysis.
 We hypothesized that: The effect of mycorrhizal colonization increases the accumulation of secondary metabolite in both the shoots and roots of the Zea mays plant. The induction of jasmonic acid, the expression of downstream defenses particularly in the phenylpropanoid pathway and jasmonic acid pathway and the induction of the phenylpropanoid pathway will increase. Thus, there will be an increase in the secondary metabolite compounds because of inoculation with arbuscular mycorrhizal fungi.

[bookmark: _Toc83751473]4.2 Materials and Methods 

[bookmark: _Toc83751474]4.2.1 Shoot and root metabolite extraction 

Samples were extracted in methanol/ chloroform based on (Valle EM et al., 1998).  Plant metabolites for both shoot and root were extracted using a solvent A (methanol/chloroform/de-ionized water MeOH/CHCl3/H20 mixture) (2.5:1:1, v/v/v, pre-chilled at -20°C) (Overy, 2004). 25mg of Root and shoot samples were ground to a fine powder with a pestle and mortar using liquid nitrogen. For extraction 250 μl of solvent A was added to the tube while it was on ice. All samples were then mixed using a Vortex for 10 seconds and left on ice for 5 minutes. The tubes were then centrifuged for 2 minutes at 14000 rpm and 4°C and the supernatant transferred to new Eppendorf tubes which were pre- chilled to -20°C. The remaining tissue pellets were re-extracted with 90 μl of solvent B (methanol/chloroform) MeOH/CHCl3 (1:1, v/v, pre-chilled at -20°C), vortexed for 5 seconds, then the samples were stored on ice for 10 minutes. The samples were then spun in a centrifuge (14,000 rpm, 2 minutes, 4°C). After that the supernatant was added to the tube containing the first supernatant. The chloroform CHCl3 (organic) phase was separated from the aqueous phase by adding 87.5μl of solvent C (chilled and distilled H2O) and 50μl of CHCl3. To obtain the 2 clear phases (aqueous and organic) the samples were spun in a centrifuge (14,000 rpm, 15 minutes, 4°C). The organic and aqueous phases were then separated into separate tubes and spun again in a centrifuge (14,000 rpm, 2 minutes, 4°C) to ensure good separation of both phases. The samples extracts were then carefully transferred into new tubes and all extracts were stored at -80°C until analysis.
[bookmark: _Toc83751475]4.2.2 Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) analysis of shoot and root metabolites

The samples were lyophilized until fully dry and then re-suspended samples for the aqueous phase for shoot and root were prepared from lyophilized samples with 200 μl of Methanol and water MeOH / H20 mixture (1:1, v/v) pre-chilled at -20°C. This aqueous phase of the metabolite extracts was then diluted 1:100 with MeOH / H20 mixture (1:1, v/v), and then 10 μl from this diluted sample was mixed with 10 μl of the MALDI matrix CHCA (5mg/ml of α-Cyano-4-hydroxycinnamic acid dissolved in MeOH with 0.1% trifluoroacetic acid) in a new tube. 
The re-suspended samples for the organic phase for shoot and root were prepared from lyophilized samples with 120 μl of Chloroform CHCl₃ only. The organic phase of the metabolite extracts was then diluted 1:10 with methanol MeOH only, 5 μl from the diluted sample was mixed with 5 μl from the matrix CHCA (5mg/ml of α-Cyano-4-hydroxycinnamic acid dissolved in 67% MeOH and 33% H20 with 0.1% trifluoroacetic acid) in a new tube. 
All sample tubes for the aqueous and organic phases for shoot and root were then mixed using Vortex and 1μl volume of the sample/matrix mix was pipetted onto a 96-well target plate and allowed to crystallize. Three replicates’ spots were prepared per sample as technical replicates. All the process was done under a cold condition in ice container.
The polar phases of the metabolite extract for both shoot and root samples were then analyzed on a Waters G2 Synapt Mass Spectrometer using MALDI with a 2.5 KHz solid state laser in positive ionization mode. Each sample was analyzed in triplicate.
Nitrogen was used as carrier gas. The run-time for each sample was 2.5 minutes. Samples were ionized using an orthogonal MALDI ion source with the laser deployed in a spiral pattern on each spot for one second.
Masses were scanned within the range of 50 to 1000 m/z. The laser energy was set to 280 with a firing rate of 1000 Hz.




[bookmark: _Toc83750083]Table ‎4.1 MALDI Synapt-G2 method set up for metabolite extraction analysis
	Instrument Parameter

	Value


	Analyzer
	Sensitive Mode

	Sample plate
	0.0 V

	Extraction
	10.0 V

	Hexapole Bias
	11.0 V

	Aperture 0
	4.0 V

	Cooling Gas Flow 
	10.0 ml/min

	Mass Range 

	50-1200 Da

	Start Mass
	50.0 Da

	End Mass
	1200.0 Da

	Scan Time 

	1.00 sec

	Laser Firing Rate
	1000.0 Hz

	laser Energy

	280.0 J







[bookmark: _Toc83751476]4.2.3 Data processing and statistical analysis

Analysis of the effect of the mycorrhizal treatment on the shoot and root of the samples were conducted using a two-way ANOVA using the statistical software Minitab® version 17 (Minitab Inc.,2010)
                             [image: ]
[bookmark: _Toc83751378]Figure ‎4.2 Flow chart to demonstrate the step-by -step process of processing the raw data of the metabolite and the statistical analyzes.

  All the metabolites extract spectral data for shoot and root samples were centroided and converted into text files and transferred to a Microsoft Excel spreadsheet. As each sample was run in triplicate the 3 files were combined. This allowed not only the mean m/z and average total ion count to be found but also allowed for a noise reduction step. The noise reduction assumed that a peak had to be present in all 3 technical replicates for it to be real and not noise. Any peaks which were not present in all 3 replicates were removed from the final data set as it was assumed to be noise. This procedure followed was detailed in work from (Overy, 2004). 
    The data were grouped in mass bins because the huge quantities of mass to be identified.so that means the data from the positive ionization mode have been grouped at 0.2 Da.
      SIMCA (Umetrics) statistical analyzes package was conducted by using Principal Component Analyzes (PCA) to visualize if there are any differences in the metabolite data as an effect of using the mycorrhizal fungi as a treatment. The statistical analysis was managed on the normalized TIC of the samples in order to calculate the fold changes in identified the compounds relative to the treatment. 
     PCA is an unsupervised analytical tool as it determines variation inside a dataset without reducing the dimensionality of the data. It explains a dataset by using components, the fewer number of components the easier it is to explain differences between sample sets. From the clustering seen using this unsupervised approach the data can be used in a supervised multivariate analysis called Orthogonal partial least squares discriminant analysis (OPLS-DA).  This allows the underlying drivers of variation in metabolite to be interpreted more clearly and understand the differences between sample sets and identify masses that show any discriminations between the control and the mycorrhizal treatments. To obtain this information comparisons using OPLS-DA were performed.
        Mass bins that explained the most variation between samples after (OPLS-DA) analysis was then shown in observation and loading plots to classify them in order of the portion of the total variance they explained. The ten highest ranked mass bins for both aqueous and organic phases in positive ionization mode were selected to conduct putative compound identification of metabolites using online databases such as the metacyc database (https://metacyc.org/), and Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/). Since metabolite profiles were analyses in positive ionization mode, compound identification of masses was conducted for both hydrogen [M+H] +, sodium [M+Na] +and potassium [M+K] + adducts. The putatively identified compounds were selected if their error margin of the m/z values were below 50 ppm. 
[bookmark: _Toc83750084]Table ‎4.2  List of ion adducts used to distinguish accurate masses for positive ionization modes
	Mode
	Ion Adduct

	Positive 
	+H 
+Na 
+K 




A 2-way ANOVA statistical analysis was used to determine if the mycorrhizal treatments and the control had a significant effect upon the percentage of the total ion counts of the top 10 mass bins for positive ionization mode and metabolite extraction layers. Percentage differences were calculated between shoot and root for each sample in relation to the effects of each treatment. Intensities were log transformed if they did not fulfill the assumption of normality. 




[bookmark: _Toc83751477]4.3 Results 

[bookmark: _Toc83751478]4.3.1 Unsupervised analysis of metabolic fingerprints by Principal Component Analysis (PCA)

The PCA analysis for the metabolite of the root and shoot in both aqueous and organic phases in positive ionization mode for all mycorrhizal and control samples were considered to reveal a separation between the control (non-mycorrhizal) and the treatment (mycorrhizal).
In all cases we did not find any separation in multivariate space between the control and the mycorrhizal except in root aqueous phase, we found some separation in multivariate space between the control and the mycorrhizal These data can strongly indicate that the mycorrhizal treatment infect the root of the plant in the aqueous phase and interact to define the composition of the plant metabolome. but discriminations were not obvious (figures 4.3- 4.10).
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[bookmark: _Toc83751379]Figure ‎4.3 Principal Component Analysis plots of metabolite profiles of shoot samples for 18 Zea maize cultivars. Metabolite profiles of the shoot aqueous phase were analyzed in positive ionization mode. The cultivars have been given a color code in figures legend.
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[bookmark: _Toc83751380]Figure ‎4.4 Principal Component Analysis plots of metabolite profiles of shoot samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the shoot aqueous phase were analyzed in positive ionization mode. 0 =control 1= mycorrhizal
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[bookmark: _Toc83751381]Figure ‎4.5  Principal Component Analysis plots of metabolite profiles of shoot samples for 18 Zea maize cultivars. Metabolite profiles of the shoot organic phase was analyzed in positive ionization mode. The cultivars have been given a color code in figures legend.
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[bookmark: _Toc83751382]Figure ‎4.6 Principal Component Analysis plots of metabolite profiles of shoot samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the shoot organic phase were analyzed in positive ionization mode. 0 =control 1= mycorrhizal
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[bookmark: _Toc83751383]Figure ‎4.7 Principal Component Analysis plots of metabolite profiles of root samples for 18 Zea maize cultivars. Metabolite profiles of the root aqueous phase were analyzed in positive ionization mode. The cultivars have been given a color code in figures legend
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[bookmark: _Toc83751384]Figure ‎4.8 Principal Component Analysis plots of metabolite profiles of root samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the root aqueous phase were analyzed in positive ionization mode. 0 =control 1= mycorrhizal
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[bookmark: _Toc83751385]Figure ‎4.9 Principal Component Analysis plots of metabolite profiles of root samples for 18 Zea maize cultivars. Metabolite profiles of the root organic phase were analyzed in positive ionization mode. The cultivars have been given a color code in figures legend
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[bookmark: _Toc83751386]Figure ‎4.10 Principal Component Analysis plots of metabolite profiles of root samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the root organic phase were analyzed in positive ionization mode. 0 =control 1= mycorrhizal



[bookmark: _Toc83751479]4.3.2 Supervised multivariate analysis comparisons of metabolite fingerprints using Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) 

We did not perform a supervised multivariant analysis of the shoot aqueous data because we did not observe a separation in the principal component analysis. OPLS-DA analysis revealed separation in multivariance space between shoots of mycorrhizal plants and roots of mycorrhizal plants in the organic phase, as well as roots in both the aqueous and organic phases. This suggests a significant effect of mycorrhiza of the metabolome of the shoots when looking at the organic phase and the roots when looking at both phases. We did not observe any separation by cultivar, suggesting the cultivars metabolome was responding in a similar way to the mycorrhizal colonization. We expressed the loading plots for these OPLS-DA analysis in order to reveal the mass bins that will driving the separation for further analysis (figures 4.11-4.16).
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[bookmark: _Toc83751387]Figure ‎4.11 Supervised multivariate OPLS-DA plots of the metabolite profiles for shoot organic phase 18 Zea maize cultivars Metabolite profiles of the shoot organic phase were analyzed in positive ionization mode. cultivars have been given a color code in figures legend
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[bookmark: _Toc83751388]Figure ‎4.12 Supervised multivariate OPLS-DA plots of the metabolite profiles of shoot organic phase samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the shoot organic phase were analyzed in positive ionization mode. 0= control 1 = mycorrhizal. The corresponding loading plots underneath each OPLS-DA plot demonstrate the discriminate mass bins for control and mycorrhizal
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[bookmark: _Toc83751389]Figure ‎4.13 Supervised multivariate OPLS-DA plots of pair-wise comparisons of the metabolite profiles for root aqueous phase 18 Zea maize cultivars Metabolite profiles of the root aqueous phase were analyzed in positive ionization mode. cultivars have been given a color code in figures legend.
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[bookmark: _Toc83751390]Figure ‎4.14 Supervised multivariate OPLS-DA plots of pair-wise comparisons of the metabolite profiles of root aqueous phase samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the root aqueous phase were analyzed in positive ionization mode. 0= control 1 = mycorrhizal. The corresponding loading plots underneath each OPLS-DA plot demonstrate the discriminate mass bins for control and mycorrhizal.
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[bookmark: _Toc83751391]Figure ‎4.15 Supervised multivariate OPLS-DA plots of pair-wise comparisons of the metabolite profiles for root organic phase 18 Zea maize cultivars Metabolite profiles of the root organic phase were analyzed in positive ionization mode. cultivars have been given a color code in figures legend
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[bookmark: _Toc83751392]Figure ‎4.16 Supervised multivariate OPLS-DA plots of pair-wise comparisons of the metabolite profiles of root samples between the control treatment and mycorrhizal temperature. Metabolite profiles of the root aqueous phase were analyzed in positive ionization mode. 0= control 1 = mycorrhizal. The corresponding loading plots underneath each OPLS-DA plot demonstrate the discriminate mass bins for control and mycorrhizal

The separation of the control from the mycorrhizal treatments validates the justification for further interrogation of the data. To evaluate the effects of the mycorrhizal treatment on the plant metabolite. We generated the loading plots from the OPLS-DA analysis and 10 bins associated with the mycorrhizal treatment and 10 bins associated with the control. In order to identify the candidate compounds responsible for driving the separation in the OPLS-DA analysis, we compared the detected masses found in each mass bin with online databases in order to achieve a putative compound identification, which showed significant differences in their abundances, as listed in Tables (A 4.6 - 4.20) in appendix.
[bookmark: _Toc83751480]4.3.3 Average intensities of % total ion counts of metabolites 

In the order to quantify the effect of mycorrhizal on the individual mass bines identified for each cultivar we extracted the raw total ion count. In order to establish any significant effect of mycorrhiza on the total ion count of a given putatively identified compound we used the 2-Way ANOVA analysis to establish any effect of the mycorrhiza on the amount of each metabolite with the same for each for the cultivars. graphs of the average intensities of the discriminatory mass bins demonstrate a change in the percentage total ion count between the control and the mycorrhizal treatments through both up and down regulation of secondary metabolites. 
It was found according to the 2-Way ANOVA statistical test in Figure 4.17 that in shoot organic phase the significant mass Bins after the TIC% statistical analysis were 145, 335.2, 172 (P<0.01) ,174 and 333(P<0.05).it was noticed that the there was an increase in the % total ion counts of the treated samples in all cultivars except No.1,14,17,18 in some Bins but the cultivar No.6 was decrease in all Bins.
Figure 4.18 showed in root aqueous phase after the TIC% statistical analysis the significant mass Bins were 307.2, 393.2, 423.2 with high significant value (P<0.001) and 147, 235.2 with less significant value (P<0. 1; P<0.05).it was observed that the there was an increase in the % total ion counts of the treated samples in all cultivars except No.5,6,10,11and 12 in Bins No.307.2.
And Figure 4.19 showed that the significant mass Bins after the TIC% statistical analysis in root organic phase were 337.2, 284.4 with high significant value (P<0.001) and 381.2, 278.2, 274.2 and 279 with less significant value (P<0.01). the results were different between the samples in terms of increase and decrease, where there was no effect of treatment on some of them and some were affected.
and these Mass bins comprised various compound classes such as organic acids, amino acids, organic aromatic phenylpropanoid, glycosides, fatty acids, phosphoric acid, hormones alkenes, amide, carboxylic acid, amino sugar and purine, as well as nucleosides. several discriminating mass bins were secondary metabolites such as phenylpropanoids, flavonoids, terpenoids and alkaloids.
These chemical groups suggest that the metabolite pathways that potentially have been affected by the mycorrhizal treatment where the pathway for these groups include jasmonic acid pathways.






[bookmark: _Toc83751481]4.3.3.1 Shoot organic phase   
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[bookmark: _Toc83751393]Figure ‎4.17 Total % ion count of discriminatory mass bins (m/z) for mycorrhizal side for shoot organic phase in positive mode for cultivars and treatment. Two-Way ANOVA statistical significance of % ion count intensities of the mycorrhizal treatment and their pairwise comparison for the discriminatory mass bins for the shoot organic phase, positive mode.  D.F, degrees of freedom; F, value for comparison with the critical value for significance; P, level of significance (P-value).  Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).
[bookmark: _Toc83751482]4.3.3.2 Root aqueous phase   
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[bookmark: _Toc83751394]Figure ‎4.18 Total % ion count of discriminatory mass bins (m/z) for mycorrhizal side for root aqueous phase in positive mode for cultivars and treatment. Two-Way ANOVA statistical significance of % ion count intensities of the mycorrhizal treatment and their pairwise comparison for the discriminatory mass bins for the shoot organic phase, positive mode.  D.F, degrees of freedom; F, value for comparison with the critical value for significance; P, level of significance (P-value).  Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).
[bookmark: _Toc83751483]4.3.3.3 Root organic phase   
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[bookmark: _Toc83751395]Figure ‎4.19 Total % ion count of discriminatory mass bins (m/z) for mycorrhizal side for root organic phase in positive mode for cultivars and treatment. Two-Way ANOVA statistical significance of % ion count intensities of the mycorrhizal treatment and their pairwise comparison for the discriminatory mass bins for the shoot organic phase, positive mode.  D.F, degrees of freedom; F, value for comparison with the critical value for significance; P, level of significance (P-value).  Asterisk indicates significant differences within the same cultivar (+P<0.1; *, P<0.05; **, P<0.01;   ***, P<0.001; ****, P<0.0001).
[bookmark: _Toc83751484]4.3.4. Statistical significance of treatment interactions on mass bins

Figures (4.17, 4.18 and 4.19) showed the statistical significance of the average intensities of the mass bins in relation to the mycorrhizal treatment. although the mass bins chosen were deemed statistically significant through the supervised multivariate analysis, it is necessary to determine the significance of each bin using a two-way ANOVA with subsequent comparisons for the mycorrhizal treatment. 











[bookmark: _Toc83751485]4.3.5 Identification of metabolic fingerprints 

In order to find the identity of the important masses, any mass where there was no interaction between mycorrhizal treatment and cultivar I identified, For the positive ionization mode, the top mass bins (m/z) that were shown by the statistical analyses to being responsible for the separation between treatments in the metabolomic fingerprints were selected. Within each bin, several masses were detected and putatively identified. For several bins, more than one compound was identified and assigned due to the difference in the monoisotopic masses of compounds being smaller than the binning size (0.2Da for positive mode). Figure 4.17 and Tables (A4.6- A4.10) demonstrate an overview of the mass bins and their corresponding detected masses that were putatively identified for the shoot organic phase in positive mode. Figure 4.18 and Tables (A4.11-A4.15) demonstrate an overview of the mass bins and their corresponding detected masses that were putatively identified for the root aqueous phase in positive mode. also Figure 4.19 and Tables (A4.16-A4.20) demonstrate an overview of the mass bins and their corresponding detected masses that were putatively identified for the root organic phase in positive mode. The most frequently represented chemical groups were alkaloids, indole alkaloids, fatty acids, carboxy acids, amino acids, antibiotics, hormones, steroids, flavones, glucosides, riboflavin, flavonoids, vitamins, amide and phenylpropanoids. These chemical groups suggest that the metabolic pathways that potentially have been affected by the mycorrhizal treatments were the pathway responsible for jasmonic acid pathways.
Discriminant for all mass bins for (shoot organic -root aqueous and root organic phases) and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in the positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed in Tables (A 4:6- A 4:20) in Appendix.



[bookmark: _Toc83751486]4.4 Discussion

The effect of mycorrhiza on secondary metabolites in cereals is not particularly well known, however the effect of mycorrhizal on plants or generally has been tested to restructure secondary plant metabolism as a consequence colonization. This has commonly been linked to the induction of defensive compounds such as the SA and phenylpropanoid pathways they regulated by JA and ABA (Cameron et al., 2013a; Pusztahelyi et al., 2015).
The aim of this chapter was to get a more holistic understanding of the effect of mycorrhiza on the secondary metabolism in maize and the restructuring of secondary metabolic pathways as a consequence of colonization of the mycorrhizal fungus. This is because upon colonization the plants need to defend themselves against a potential invader in therefore to activate defense metabolism. Unsurprisingly then, the metabolic effect of mycorrhizas on plants, in general, seems to be the upregulation of defensive compounds under the control of JA including pathways such as the phenylpropanoid pathway. However, in successful colonization, these defenses need to be inactivated through molecular crosstalk where the plant and the fungus exchange information through chemical signals causing the restructuring of plant metabolism and potentially leaving the host plant in a primed state, And that able to defend themselves against the attacks of pests and diseases. this general understanding is reasonably well resolved, we do not currently understand whether this generalized due is applicable to maize, thus the aim of this chapter was to investigate whether mycorrhizas have similar effects on maize as has been shown in other plants and to do this we used an untargeted metabolomic approach (Cameron et al., 2013; Pérez-De-Luque et al., 2017).
The metabolic response of the maize 18 maize varieties shoots and root to the mycorrhizal treatment is different from that of control and can be seen in Figures (4.6, 4.8 and 4.10). But that did not include the shoot aqueous phase in Figures 4.4 as there was no effect of the mycorrhizal treatment on the shoot aqueous phase. but in Figures (4.12, 4.14 and 4.16) The clear separation between the mycorrhizal treatments is observed for shoot organic phase and root aqueous and organic phase in the multivariate analysis. The significant difference of the mycorrhizal treatment is also evident in the changes in the relative abundances of the discriminant mass bins Figures (4.17,4.18 and 4.19) where overall there is an increae in the abundance of the most discriminatory masses relative to the control. Putative identification of the most discriminatory masses that were increased in the mycorrhizal treatment revealed them to be associated with many of the bioactive chemical’s groups that we found in our study such as alkaloids, indole alkaloids, fatty acids, carboxy acids, amino acids, antibiotics, hormones, steroids, flavones, glucosides, riboflavin, flavonoids, vitamins, amide and phenylpropanoids and they are related to many pathways like shikimic acid pathway, jasmonic acid pathway, abscisic acid pathway (Cameron et al., 2013).
[bookmark: _Toc83751487]4.4.1 The effect of mycorrhizal colonization on plant shoot and root secondary metabolism

The study found the signature of the JA signaling in the shoot because the pathway is under control of the JA pathway has been upregulated and check what they are. From the observations, we strengthen the view that metabolite responses in the shoot of mycorrhizal treatment are largely due to mycorrhization OPLS-DA of the metabolomic analysis showed largely distinct metabolite profiles for mycorrhizal treated. Of the secondary metabolites that were significantly different in the mycorrhizal shoot as compared with the control shoot, we discovered that major changes in a shoot from mycorrhizal treatments compared with control fell mainly into the categories of alkaloids derivatives, indole, antibiotics, vitamins, hormones, fatty acid, terpenoids, glucoside aromatic compounds, carboxy acid, Terpene phenol, steroids, and amino acids.
  And in root it is fell into the categories of alkaloids derivatives ( alkaloid biosynthesis) , quinoline, isoquinoline, indole, imidazole , purine, anion, phenylpropanoids ( coumarin) , fatty acid ,hormone (jasmonate biosynthesis),flavonoid, riboflavin, isoflavonoid, terpenoids (vitamin A) , amide, ,isoprenoid quinoline antibiotics ( aurachin B),    phenylpropanoids ( carotenoid biosynthesis) ,monophosphate,isoprenoid, glucoside, carboxy acid, Terpene, ester, ketone, steroids and amino acids(glutamine), glycan, nucleoside, mycotoxin( aflatoxin G1) and phytohormone. 

  These findings were consistent with our previous knowledge that the infection with the mycorrhizal can create extraordinary impacts in terms of the extent to which a plant interacts with mycorrhiza in cereals including maize (Begum et al., 2019). Also, it is known that this relationship can induce the plant to increase and secrete many of the secondary metabolite compounds (F. A. Silva et al., 2019a), the production of the hormone (Copetta et al., 2006), increase the photosynthesis rate, improved the nutrient uptakes, (Kapoor et al., 2002; Toussaint, 2007), increased gene expression of the enzymes that involved in the major metabolic pathways (Mandal et al., 2015; Zhang et al., 2013).
To understand the crosstalk that occurred in our results we have to mention that the Biosynthesis is underpinned by the three essential amino acids they are tyrosine, tryptophane and phenylalanine, These amino acids are the entry molecules for multiple plant hormones and specific metabolites involved for plant defensive responses, including the phenylpropanoid (PP) pathway (Maeda & Dudareva, 2012),and each plant produces PPs, which carry out multiple functions in plants, notably with regard to plant interactions with ambient biotic and abiotic factors(Dixon & Paiva, 1995; A. Sharma et al., 2019).
Main groups of secondary compounds such as lignin, flavonoids, stilbenes, anthocyanin and condensed, are formed from PP pathway (Vogt, 2010; Wang et al., 2007).
Plant responses to biotic stress are regulated by phytohormone-mediated signaling pathways that have evolved over time, Phytohormone pathways and their interaction are extremely complex, for example, Salicylic acid (SA) concentrations have been shown to rise during piercing–sucking insect attacks and in response to biotrophic pathogen infection (Wang et al., 2007), while Chewing of herbivores and necrotrophic diseases causes jasmonic acid (JA) and ethylene (ET) whereby ET increases the JA induction by modifying the lipoxygenase pathway (LOX) that outcomes in the production of JA (Adie et al., 2007). Since SA and JA can be mutually antagonistic, higher resistance to chewing herbivores is commonly shown to be negatively linked with biotrophic resistance (Thaler et al., 2012). Some studies have revealed a number of different phytohormones involved in biotic interactions, such as abscisic acid (ABA), widely known as abscisic acid for its role in abiotic stress responses to plants and in growth and senescence mediation processes (Robert-Seilaniantz et al., 2011). Another example is (ABA, which has demonstrated to improve plant receptivity to most pests and diseases, is a common mediator of the plant responses to abiotic stress(Robert-Seilaniantz et al., 2011). It is probable that certain crosstalk phytohormones mediate this procedure further (Berens et al., 2017). Also Auxin, indole-3-acetic acid (IAA), largely engaged in the regulation of plant growth, may induce and be mutually antagonistic to decrease SA production. Auxin signaling is attenuated by external SA application (Wang et al., 2007) also can encourage production of ET and JA, and hence strengthen defenses mediated by the JA (Kazan & Manners, 2009; Lee & Dumas, 1983). The mediated regulation of various processes in developmental plants can lead to the accumulation of SA by Gibberellin (GA) and therefore to antagonistic defense responses mediated by JA (Robert-Seilaniantz et al., 2011).
 (Copetta et al., 2006; Kapoor et al., 2002; Khaosaad et al., 2006; Larose et al., 2002; Toussaint, 2007) proven in their studies that Various AMF species may produce different changes in secondary metabolite production in the same plant species or even their genotype. Also (Duc et al., 2021) suggested that the interaction between the plant and AMF different species caused a difference in the organic bioactive compounds. 
Enhanced secondary compound production induced by some AMF species and the absence of other species with the same root colonization levels by those species may indicate a plant defense reaction to AMF colonization depending on their fungal genotype, Accumulation of secondary metabolites is regulated at the molecular level by different genes and transcription factors (TFs), including phytohormonal pathways in response to stress conditions (Jan et al., 2021). 
(Vierheilig, 1998) suggested that compounds in roots colonized by different AMF, in addition to similar general signal requirements of all AMFs. Even certain species may also be subject to AMF genus or requirements for successful creation of symbiosis. This can be reflected in different accumulation patterns of secondary compounds in the roots colonized by different AMF.
Unsurprisingly, we conclude from our results that AMF does not necessarily enhance crops growth, Direct plant defense by secondary metabolites does not essentially decrease the potential benefits from AMF, and AMF can improve root chemical defense concentrations, and this response may be dependent on plant genotype and that was reported by (de Melo & Carrenho, 2017). Whereas the bin 307.2 in root aqueous phase proved no effect on the cultivars No.7,14 ,17 and 18. The effect of different mycorrhizal species, either negatively or positively, on the plant defense was discussed by (Frew & Wilson, 2021). Several other tests have now demonstrated how differing species alter several herbivore-associated defense chemicals (Ceccarelli et al., 2010; Frew & Wilson, 2021; Malik RJ et al., 2018; Nishida et al., 2010).  Furthermore, to genetic diversity, the outcome of AM fungal-plant-herbivore interactions can play a part in species genetic variation. Several examples show that the results of this multi-species interaction can change both plant and herbivore diversity (Bennett et al., 2016; Rasmussen et al., 2017).
 (Cameron et al., 2013; Jung et al., 2012) explained the impact on phytohormonal signs of the AM fungus species that support mycorrhiza-induced resistance. For example, F. mosseae has been discovered to be more expressive in JA marker genes and JA-associated defense chemicals than R. irregularis (Fernández et al., 2014; López-Ráez, Verhage, et al., 2010). This shows that F. mosseae has the higher potential to give herbivory a larger tolerance than R. irregularis (Borowicz, 2013), Proposal of F. mosseae can support both resistance and tolerance. As a secondary plant metabolism is also a driver for insect herbivores to choose host plants (Hopkins et al., 2017). All species-specific effects of AM fungus on various plant secondary chemical components would not only change the results of defense but have substantial environmental cascade effects (Babikova et al., 2014).
         All the previously mentioned compounds obtained from the roots and shoot of the Zea mays plant after analysis are belong to the basic groups of the secondary metabolites and we observed increasing of these compounds in plant shoot and root because of the mycorrhizal colonization, and these compounds belonged to the basic group which are phenolics, terpenes and alkaloids.
[bookmark: _Toc83751488]4.4.2. Role of phenolics (Coumarins) in plant secondary metabolite

        Phenolics have critical functions in plant development, particularly in the biosynthesis of lignin and pigments. They also provide structural integrity and scaffolding support to plants, as well as stress protection (Bhattacharya et al., 2010). most phenolic compounds derive from the phenylpropanoid and phenylpropanoid- acetate pathway, being phenylalanine ammonia lyase (PAL) considered as a key enzyme in this pathway. 
[bookmark: _Toc83751489]4.4.2.1. Coumarins

  Coumarins compound was discovered in root in our results, and its importance as a secondary metabolite of higher plants is well established. Coumarins' role in herbivore defense mechanisms and microorganism attacks is well known, these compounds are biosynthesized via shikimic acid from phenylalanine (Dewick, 2002) . Coumarins (2H-benzopyran-2-one), a class of simple phenolic compounds consisting of a large phenolic substance produced from the fusion of a benzene ring and pyrone rings, are widespread in vascular plants and considered as an antimicrobial and play an important role on plant defense and defensive effects on herbivores and fungi (Iranshahi et al., 2009).
 In higher plants, flavonoids consist of one of the most characteristic secondary metabolite classes. the chemical structure of Flavonoids is generally containing 15 carbon skeleton with a phenyl and heterocyclic ring. They play a vital role in plant defense and pigmentation systems, they also have a wide range of activities to promote the health and are essential components of drug products, medicinal products, and cosmetics. For instance, their anti-inflammatory, antioxidant, anticarcinogenic and antimutagenic properties can alter their key cell enzymatic functions; and they are effective inhibitors of numerous enzymes (Walker et al., 2000).
         The effect of the AMF on the growth in total phenols has been documented in several studies, (Seifi et al., 2014) observed that in Oleaeuropaea L and (Ceccarelli et al., 2010) in Cynara cardunculus L, Punica granatum L. also contains flavonoids, phenols and tannins (Silva et al., 2019), total flavonoids in Passiflora  alata Curtis (M. S. Oliveira et al., 2015), quercetin in Vitis vinifera L. (Eftekhari et al., 2012), leukopenia in Solanum Lycopersicon L. (Giovannetti et al., 2012), and phenols in Lactuca sativa L. (Baslam et al., 2011).
 Our finding agrees with (Silva et al., 2019) who found that AMF improved the metabolic state of Z. mays by increasing the of secondary metabolites compounds. (Oliveira et al., 2013) found a similar results in the aerial part of mycorrhizal seedlings of Myracrodruon urundeuva inoculated with AMF.
The foliar flavonoids increased by plants inoculated with AMF in relation to the control.  (Silva et al., 2019) found that in P. granatum, inoculation with G. albida strongly increased the concentration of flavonoids of 410.81% in relation to the control.
(Araim et al., 2009) suggested that AMF increased protein and mainly phenolic contents inside the roots. Therefore, the selected traits of AMF could play a major role in optimizing Zea mays growth by promoting secondary phytomedicinal metabolite production.
 (Araim et al., 2009) proved in their study that the increase of proteins in the mycorrhizal treated roots of E. purpurea is in accordance with other studies on maize (Boucher et al., 1999). In E. purpurea, the AM root colonization factor led to substantially increasing levels in most phenolics, especially cynarin and cichoric caftarin, and chlorogenic acids. Moreover, the content of these phenols was significantly increased in the root and shoots because of the enhanced biomass with AM colonization. These results correspond to other studies ,(Fester et al., 1999) indicated that AM colonization induces a synthesis in roots or in shoots of barley and wheat and tobacco of secondary compounds (phenol, cyclohexenone derivatives and bloumenin). And agree with our results which showed that AM colonization significantly increased the growth and most of the phenolics in Zea mays even in shoot or root found in form of flavonoids, isoflavonoids, terpenoids and carotenoids. In the plants of Zea mays, anthocyanin accumulation was promoted by low temperature (Zhao et al., 2016).
[bookmark: _Toc83751490]4.4.3. Role of terpenes or terpenoids (phytohormones) in plant secondary metabolite

 Multiple phytohormones were obtained in our study in the shoots and roots of the plant such as a zeatien, progesterone, traumatin, jasmonic acid and salicylic acid. most of these phytohormones play an important role in the plant’s defense against the pathogens. 
  The most prevalent and structurally diverse group of secondary plant metabolites are terpenes or terpenoids, which have an essential role in the pathogen resistance (Dubcovsky, 2004; Paschold et al., 2006). Terpenoids are present in more than 23 000 individual structures in plants, typically formed in vegetative tissues, flowers, and, rarely in roots (Dudareva et al., 2004). Terpenes or terpenoids group includes several hormones compounds, terpenes classified, according to their number of five-carbon units, and synthesized in the (acetate/mevalonate pathway) if produced in the cytosol and endoplasmic reticulum and synthesized in (glyceraldehyde phosphate/pyruvate pathway) if produced in plastids (Croteau et al., 2000). 
  Phytohormones like   jasmonic acid (JA), gibberellins (GA), abscisic acid (ABA), auxins, and cytokinins (CK), Play a role in the interaction between the AMF and plant.  for example, salicylic acid (SA) is involved in the establishment of plant systemic acquired resistance following pathogen pre-infection (Ludwig-Müller, 2000), also the idea of JA participation in mycorrhization has also been pinched first from application experiments, when (Regvar et al., 1996) tested the inoculation of  A. sativum with low concentrations of JA that stimulated mycorrhizal development, on the other hand when (Ludwig-Müller et al., 2002) inoculated the leaves of Tropus majus, Carica papaya and Cucumis sativus with high concentrations of JA, it reduced the mycorrhization of roots dramatically. and that may be due to the difference in plant species or in AMF species (Vierheilig, 1998). These results showed that JA has a concentration-dependent effect on mycorrhizal plants, mycorrhization may be controlled by JA homeostasis inside the plant. More recent findings showed that JA levels are higher in mycorrhizal plant roots than in non-mycorrhizal plant roots (Hause et al., 2002; Meixner et al., 2005; Stumpe et al., 2005; Vierheilig & Piché, 2002). This confirmed that jasmonates can have a role in AM development.

[bookmark: _Toc83751491]4.4.3.1. Jasmonic acid

(Ruan et al., 2019) considered Jasmonic acid as an endogenous substance which regulates plant growth, Jasmonic acid (3-oxo-2-20-cis-pentenyl-cyclopentane-1-acetic acid, abbreviated as JA). JA and its methyl ester (MeJA) are derivative of a class of fatty acids and is known collectively as Jasmonates (MeJA) (JAs).
 It should be noted that JA biosynthesis has been seen in fungus of various genera, including pathogenic and symbiotic species (Miersch et al., 1993, 1999). It seems that JA biosynthesis has originated independently for at least some fungi, but it has developed in ways resembling JA production (Tsukada et al., 2010). The ability of the fungus to create JA indicates that fungi alter plants through JA-mediated signaling to more appropriate hosts (Borrego & Kolomiets, 2016). Consequently, Fungi that produced JA may be exploited as molecular signals for resistance against a variety of pathogens (Borrego & Kolomiets, 2012).
 The jasmonate, consisting of methyl jasmonate and Jasmonic acid, is a group of cyclopentanone-containing chemicals that are essential to the system of plant protection and play important roles in plant defense, and improved the production of the secondary metabolites such as   rosmarinic acid terpenoid indole alkaloid, and plumbagin (Almagro et al., 2014; Krzyzanowska et al., 2012). Also, jasmonates are considered as elicitors for several plant secondary metabolic pathways (Pauwels et al., 2009), Methyl jasmonate can increase the production of many compounds such as the production rate of andrographolide compounds in cell cultures of Andrographis paniculate (Sharma et al., 2015), and the production of soyasaponin in Glycyrrhiza glabra (Hayashi et al., 2003). Also, enhance the production of the raspberry ketone benzalacetone in the seedlings of Rubus idaeus (Pedapudi et al., 2000).
(Norastehnia and Asghari, 2006) proven that Jasmonates stimulate maize oxidative stress genes. (Bandurska et al., 2003) observed that exogenous JA treatments, decreased salt damage to various plants by enhanced photosynthetic rate, proline content, ABA levels, also activated the antioxidant enzymes (Walia et al., 2007), and reduced Na+ shoot accumulation rates (Khan Shinwari, 2012). (Shahzad et al., 2015) reported that exogenous JA was increased root exclusion by decreasing absorption of Na+ to facilitate surface salt stress resistance for two Maize genotypes.
So yet, only a few JA biosynthetic enzymes in maize have been identified. (Borrego & Kolomiets, 2016) suggested further unidentified gene candidates with a high possibility of being involved in JA biosynthesis, most studies on JA production grew from research using the B73 yellow dent inbred line (Russell, 1972)and it was the first maize genome that has been sequenced. 


[bookmark: _Toc83751492]4.4.3.2. Salicylic acid

         Salicylic acid also improved the formation of the secondary metabolites in plants which is widely known for inducing systemic acquired resistance to numerous pathogens in plants. For example, with transgenic technology, salicylic acid can significantly induce the development of tanshinone in S. miltiorrhiza hairy roots (Hao et al., 2015). Also, salicylic acid was able to enhance the production of stilbene which is involved in cell suspension cultures of V. vinifera (Xu et al., 2015), Furthermore, salicylic acid is involved in the production of alkaloids including vinblastine and vincristine in periwinkle plants (Idrees et al., 2011), Rubia cordifolia has enhanced the production of anthraquinone when treated with salicylic acid (Bulgakov et al., 2002).
[bookmark: _Toc83751493]4.4.4. Role of alkaloids in plant secondary metabolite

         Alkaloids are mostly useful to stop insects from breeding prevent insects from eating act as Growth Stimulators and Inhibitors against pathogens, growth regulators and substitutes for some minerals in plants (Waller & Nowacki, 1978). they can be classified based on different characteristics, For example according to the amino acids from which derive, also according to the structure of the ring system containing the nitrogen atom like (pyrrolidine, piperidine, pyrrolizidine, tropane, quinoline, isoquinoline, indole, imidazole, diazocine, purine, steroidal, amino, and diterpene alkaloids).
The role of alkaloids in plants is mostly in defense against predators such as insects and herbivores, also against microorganisms. Most alkaloids derive from amino acid precursors (ornithine, lysine, tyrosine, tryptophan, and histidine) or from anthranilic acid or nicotinic acid. So, alkaloids synthesized in the tricarboxylic acid cycle pathway (Jamwal et al., 2018a). 
Alkaloids involved in the regulation of many of the abiotic stress such as high temperature, the plant increased the level of essential metabolites and thereby tolerate unfavorable conditions (Karwasara & Dixit, 2013). High temperatures improve alkaloid biosynthesis, on another hand, alkaloid synthesis (phthalisoquinoline, morphinane and benzylisoquinoline) is inhibited in plants at low temperatures such as Papaver somniferum. For example, alkaloid accumulation is induced considerably by different cultivars of Lupinus angustifolius subjected to high temperatures in the field (Jansen et al., 2009). Also, the alkaloid (hydroxycamptothecin) accumulation was reported as 6 times higher in Camptotheca acuminata seedling leaves when incubation at 40 °C for 2 h that supports that alkaloid could involve in the plant tolerance of the heat-shock (Zu et al., 2003), on the contrary, when exposed Catharanthus roseus leaves to low temperatures, the rose leaves of Catharanthus displayed lower amounts of alkaloids compounds (vindoline and catharanthine) (Dutta et al., 2007).
Changes in the concentrations in secondary plant metabolite of AM plants for may be (1) because of improved mineral nutrition, and/or (2) due to fungal colonization in plants (Ceccarelli et al., 2010; Copetta et al., 2006; Fontana et al., 2009; Kapoor et al., 2007; Mandal et al., 2013; Sbrana et al., 2014; Toussaint, 2007; Toussaint et al., 2007), The explanations for the impact of AMF on phenolic acid, jasmonic alkaloids and flavonoids in Zea mays in our study are both possible in these mechanisms.
There were important positive correlations found in shootings and roots of Zea mays between mycorrhizal parameters and element concentrations, A likely mechanism for this relationship is increased P, and other nutrients transfer through more abundant mycorrhizal structures ( Smith & Read, 2008; Treseder, 2013). Higher availability of nutrients in AM plants could therefore help to create both the amino acids that are the precursors for phenol compounds and enzymes in which this group of chemicals is synthesized (Toussaint, 2007).
Such a trend of biomass decline in mycorrhizal plants is usually explained by carbon drain for the maintenance of AM symbiosis ( Smith & Read, 2008). If the outflow of photosynthates to fungi is greater than the increase in productivity due to better plant nutrition, there may be a net decrease in carbon supply, leading to a decline in biomass (Fontana et al., 2009).
Enhanced production of V. Tricolor secondary metabolites can be caused by improved AMF mineral nutrition and/or by an overall plant defense reaction to fungal colonization The tendency towards biomass reduction in AMF therapies can be explained by allocating plant carbon to support symbiont and improved secondary compound production (Zubek et al., 2015).
The tendency towards biomass decrease in AM treatments might be explained by the distribution of plant carbon to maintain fungal symbiont and improved secondary metabolite production (Fontana et al., 2009).
A second possible mechanism of AMF influence on plant secondary metabolism is not related to hosting nutritional status. But connected with the formation of AM symbiosis is characterized by a chemical crosstalk mediated by genetic changes in plant and fungal in their molecular signals. Chemical defense is induced by the altering genetic expressions in hosts due to AMF colonization influence their metabolism (Cameron et al., 2013a; Fontana et al., 2009; Volpin et al., 1994), Roots colonized with AMF were found to have increased levels of transcripts encoding phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS) (Blilou et al., 2000; Bonanomi et al., 2001). PAL is involved in the synthesis of a variety of phenolic compounds on the phenylpropanoid pathway (MacDonald & D’Cunha, 2007),While CHS is the major flavonoid biosynthesis enzyme (Austin & Noel, 2003).
[bookmark: _Toc83751494]4.4.5 Pathways that play important role in the detected secondary metabolites compounds in shoots and roots of Zea mays

(Jan et al., 2021) discussed in their review that Plants generate secondary metabolites through multiple metabolism pathways which successfully adapt to stress conditions, these routes are started from primary metabolite pathways, which generate secondary metabolites' ultimate precursors. Shikimate pathway is the initial one for production of aromatic amino acids; shikimate pathway activated in stress conditions and produced tyrosine, tryptophan, and phenylalanine then these compounds enhancing the biosynthesis of secondary metabolites (Parker et al., 2009), Depending on stress conditions, different secondary metabolites build up conditionally in different plant parts (Ahuja et al., 2012). 
The prospector (initiator) (predecessor) of the shikimate pathway is Shikimic acid, its   produced from a combination of phosphoenolpyruvate (from the glycolytic pathway) and erythrose 4-phosphate (from the pentose phosphate pathway). Many compounds produced in the shikimate pathway like Phenylalanine, tyrosine, and tryptophan; these are the building blocks of protein synthesis and common precursors for plant secondary metabolites such as phenolics and nitrogen-containing compounds (Ahuja et al., 2012). The common precursor of flavonoids, lignans, lignins, condensed tannins and Phenylalanine, phenylpropanoid, benzenoid volatiles; tyrosine further produces isoquinoline alkaloids, pigment betalains, and quinones, and tryptophan is the precursor of alkaloids, phytoalexins, indole glycosinolates, and the plant hormone auxin (Maeda & Dudareva, 2012).
Mycorrhizal fungal colonization of diverse plants results in higher endogenous levels of jasmonates inside the roots. this was shown in our results also agreed with many studies, (Hause et al., 2002) observed that in H. vulgare, and (Vierheilig & Piché, 2002) in Cucumis sativus.
The increase in mycorrhizal roots jasmonates varied considerably between the different plant species compared with non-mycorrhizal roots.  the expression of JA biosynthetic genes that was used in H. vulgare and M. truncatula (Hause et al., 2002; Isayenkov et al., 2005). It may be considered a sign for high JA (Maucher et al., 2000). Furthermore, a protein encoded by the JA reactive gene could be used as a marker of high levels of JA that have the capacity to signal (Hause et al., 1996). While the non-mycorrhizal root cortex cells contained no detectable protein levels (Hause et al., 2002; Isayenkov et al., 2005). Spatial and coordinate expression means local JA increases, particularly in cells containing arbuscules. JA or derivatives from it could not be excluded though, since jasmonates have been demonstrated to be mobile signals in response to an injury and might migrate into other cells or organisms (Schilmiller & Howe, 2005). well-established rather than the recognition of mycorrhiza engaging partners or the formation of a symbiotic relationship, the interface may cause the production of genes coding for JA synthesis enzymes and an increase in JA levels. Enhanced JA levels can relate to a rise in the number of collapsed arbuscles in mycorrhizal roots (Vierheilig, 2004).
(Hause et al., 2002) mentioned that regarding mycorrhizal H. vulgare roots, the increased JA generation could be related to the stress from the shoot onto the mycorrhizal root, caused by an increased glucose inflow.  And this response could be because of sugar which can lead to the expression of JA biosynthesis enzyme genes and, ultimately, to an increase in JA level; then JA generated in mycorrhizal roots may improve their sink strength. an extracellular invertase enzyme could be the mediator, according to this possibility, because its expression is increased and induced in mycorrhizal roots (Schaarschmidt et al., 2006).

[bookmark: _Toc83751495]4.5 Conclusions

It was clear from the above and the results of our study that the jasmonate hormone shows a clear indication of a major role for this hormone in mycorrhizal roots among all phytohormones tested in mycorrhizal plants so far. Jasmonates have shown that they can have different effects on mycorrhization. Increased JA levels during mycorrhization may improve the defensive condition of mycorrhizal tissues. (Pozo et al., 2004) suggested that could be similar to the growth-promoting action of nonpathogenic rhizobacteria and induced systemic resistance (ISR). And several ISR elements in the roots of AM fungus have been observed (Hause & Fester, 2005). It remains to be clarified whether Jasmonates could act as a supposed endogenous signal in the ISR caused by mycorrhiza. It was concluded that jasmonates may mediate at least a portion of the maximum advantage that mycorrhizal plants derive from the symbiotic association.







Chapter 5 : [bookmark: _Toc83751496]General Discussion 


There is a lot of diversity between our cultivars, and we clarified from Figure 5.1 that the diversity, as it was clear in the morphological form of the Zea mays cultivars, was also clear in the genetic origin between them. And that is what is called the diversity panel.
The phylogenetic relationship showed that the cultivars were diverse from each other, so we are interested to understand how can this crop which was collected from South America and is now all over Europe, North Africa and Asia and planted also in the Arabian Peninsula how can happen this diversity and be also in the genetic and explore the ability of this diversity panel to manage the acquisition of nutrients and resistance to pests diseases and know the secret of that.

                             [image: ]
[bookmark: _Toc83751396]Figure ‎5.1 : shows the variation of 18 varieties of collective Zea mays seeds and the commercial names


And the first thing to understand is the relationship with the microbial world ,This very diverse panel is that a secret varied within it microbial world, and as we know (AMF), phylum Glomeromycota, are obligate root symbionts that live in most terrestrial ecosystems and form mutualistic symbioses with a variety of plant species worldwide (Lekberg et al., 2013), Plants are constantly interacting with other microorganisms in their environment (López-Ráez et al., 2011; Raaijmakers et al., 2009), Furthermore, they can form mutually beneficial relationships with some of the microorganisms found in the rhizosphere. One of the most well-studied beneficial plant microorganism associations is that established with AMF, Interestingly, the vast majority of land plants, including most agricultural crop species, are able to establish AM symbiosis which are soil fungi (Smith & Read, 2008). AMF may live symbiotically on the roots of approximately 80 % of different plant types (Koltai & Kapulnik, 2010). AMF work in poor soils to uptake and transport nutrients (macro and micro), although mycorrhizal association role related to carbon flux is less defined (Kayama & Yamanaka, 2016; Selosse & Roy, 2009), Plants invest 10-30 percent of their fungal symbionts in their photosynthetic outputs and obtain up to 90 % of their nutritional demands (Drigo et al., 2010; Walder & van der Heijden, 2015).

[bookmark: _Toc83751497]5.1 The influence of Arbuscular Mycorrhizal Fungi on the physiology of a diverse panel of Zea mays cultivars produced in the Arabian Peninsula.

Biofertilizers and biocontrol microorganisms are central low input sustainable agricultures, and every species of these microbes plays an important role in the soil nevertheless the interaction between AMF and PGPR is very necessary for the development and productivity of the sustainable agriculture. Although   the mechanisms of these interaction are still not fully understood, there are some processes used like PCR-based methods, molecular markers, that can help us identify and spatiotemporal location of bacteria in the mycorrhizosphere (Johansson et al., 2004).
In low input cropping agriculture system, the activities of the microorganisms promote the increase of crop production, enhance biocontrol against the pathogen factors and increase the amount of nutrients uptake, (Johansson et al., 2004) suggested that the AMF has been improved P nutrition, promoted disease resistance and increased N uptake. Also, it’s important in the soil with low inputs cropping system. Moreover, PGPR had benefits like N fixation in the soil, enhance P solubilization and this interaction between AMF and PGPR promote the soil health and plant development (Smith & & Read, 1997).
(Mathiyazhagan et al., 2004) reported that the PGPR play an important role also as a biocontrol against a various fungal disease. The studies also have been explained that the PGPR protect the plant from the pathogen. For instance, Bacillus strain has been inhibited the blight of squash disease (Zhang et al., 2010). Also, Bacillus subtilis ME 488 has been inhibited the soil borne pathogen of cucumber and paper (Chung et al., 2008).
         Perhaps the reason for the formation of colonization between AMF the root greatly in most species is because they are similar and closely related genetically, and studies have found that Thicker-rooted species, like young maize, are more likely to have AMF colonization (Wen et al., 2020). However, it contrasts with chickpea data, which showed a relatively higher AMF colonization in the thinner roots (Chu et al., 2013, 2020). These differences show the integration by various species and possibly by different genotype within one species of alternative AMF interaction strategies. It was expressed concern that, even during the rather short breeding period between 1950s and 2000s for cultures such as maize, mycorrhizal colonization and responsiveness had declined, even if only a very few lines of this trait were evaluated (Chu et al., 2013, 2020).
   There may be differences in the percentage of colonization root, the level of P and the total content of P for each type of maze's inherent genotypes (Zhu et al., 2005), While other varieties may increase nutrient absorption and form more root colonization in mycorrhizal symbiosis (Ortas & Akpinar, 2011). Several studies (Jansa et al., 2005; Munkvold et al., 2004; Thonar et al., 2011) showed a significant increase in the total P in the shoot treated with AMF inoculum. The AMF species were known to differentiate considerably in their P acquisition strategies (Smith et al., 2003).
(Ma et al., 2018) reported that on evolutionary time scale, since their first emergence in land ecosystems, plants have significantly reduced their dependence on symbiotic mycorrhized funguses (Wright et al., 2005). In fact, a landrace comparison with hybrid varieties of maize has shown a better reaction to AMF mycorrhization, while a mycorrhizal infection was more pronounced than an African line within a modern European elite (Li et al., 2021). But ( Li et al., 2021)showed that there has been no obvious trend in this field towards the loss of mycorrhization for European genotypes during the breeding process, but interestingly, several other doubled haploid (DH) lines from the same landrace have been colonized even less than modern flints. therefore, they may be effective breed candidates to superior AMF mycorrhization		 while such material could contribute interesting genetics in modern elite lines, landrace DH lines do not actually increase modern elite lines for these traits.  Also (Porter & Sachs, 2020b) Clarified that the period of intensive maize breeding in recent five decades appears to be little affected by the mycorrhizal colonization, but trends in the European elite flint maize for loss of citrate have been identified. Lack of mycorrhization effects and other features during intensive breeding may indicate (1) the pressure of selection on these features was low, (2) that those features were poorly inherited, or (3) the traits had little relation with the selected features. The second would argue that the mycorrhization is selectable without adversely affecting maize's agronomically important characteristics.
(Porter & Sachs, 2020b)have been attributed in thier review the reasons for the occurrence of the disruption of Plant–Microbial Symbiosis to artificial selection, breeding population dynamics and agriculturally neutral selectively and Because of the Domestication which is important for human food benefit, the disruption of interactions between plants and beneficial microbiota was occurred. and the theory in this review predicting that there are 3 reasons disrupt plant–microbial symbiosis under domestication and it is evolutionary trade-offs, genetic costs and relaxed selection. we note that not all traits deterioration under relaxed selection: symbiosis traits might not decay during domestication if new or secondary functions result in high yield, if symbiosis traits are positively genetically correlated with traits that result in high yield, or if crops retain gene flow with wild populations where the trait is under selection for function.  
 Due to these restrictions, variants that increase plant investment in symbiosis will be harmful to overall agricultural performance. However, trade-offs that are driven by genetic linkage can be improved by breeding programs that select for recombination events that break up such linkage. Trade-offs can also be improved by gene duplication, or by tissue-specific or ontogenetic stage-specific gene regulation(Gange et al., 1999).
(Walder & van der Heijden, 2015b) clarified that AMF can provide significant amounts of N and P to their host plants, especially those that have a lack of nutrients in the soil. (Jakobsen et al., 1992; Leake et al., 2004; S. E. Smith & Smith, 2011c) found in their experiments that Single plants and plant communities have demonstrated that up to 90% of plant P contribute to AM fungus, also (Hodge & Storer, 2015; Mader et al., 2000; Tobar et al., 1994) found that the contribution of AM fungi to plant N nutrition is less prominent, often minimal, and is dependent on soil water content, pH, and soil type. Furthermore, AM fungus may immobilize significant amounts of nitrogen in mycelia (Hodge & Fitter, 2010).
 (Ingraffia et al., 2020) reported that under the availability of N, the AMF had no effect on the plant biomass but N concentrations in plant tissue, plant N uptake, and total N recovered from the fertilizer were increased, AM fungi led to a reduction of overgrown biomass in N-deficient soil. that suggests that AM fungi and plants may have competed for N. their data showed that arbuscular mycorrhizae play an active role in favor of N-related traits of plants when N is not a limiting factor and indicate that this fungus helps to recover N of the fertilizer. these results have great potential to increase maize sustainability. Moreover, (Elliott et al., 2020) reported in their study that the N uptake did not increased when the AMF inoculum was added and that what we observed in our study, and that could be because of AMF is more beneficial for plant P uptake while not much for plant P uptake because inorganic N sources are more mobile in the soil and therefore not depleted in the rhizosphere, which limit root access (Smith & Smith, 2011).
(Gamper et al., 2004; Staddon et al., 2004) reported that reduced colonization of mycorrhizal root in plants grown in soil rich in nutrients, the plant can better satisfy its food requirements under nutrient-enriched conditions without photosynthesis being transferred to mycorrhizae, While the plant is stimulated to develop a symbiotic relation in N-deficient conditions, this will increase its chances of intercepting more nutrients. also, (Ingraffia et al., 2020)found in thier study that there was no association between the increase in mycorrhization percentage and the plant growth benefit and N uptake benefit. Indeed, mycorrhization resulted in lower plant growth, N concentration and uptake in the absence of fertilization (N0), which shows how AM fungi competes strongly for the low available N, however, when N fertilizer is applied, small benefits have sometimes been observed. Indeed, mycorrhizal colonization led to an increase in the N concentration and overall absorption of tissue from plants. when N was not a limiting factor. And that agree with our results. Contrasting results have indeed been reported for the relationship between AM colonization with its impact on plant performance   (Büscher et al., 2012; Corrêa et al., 2014; Fellbaum et al., 2014; van der Heijden et al., 2006). (Wu et al., 2011) reported that however, the mycorrhization led in regardless of plant growth to a more efficient acquisition of soil N, leaving soil with less residual N. It is remarkable that in the presence of AM fungi, N0 has a lower residual mineral N in the soil, although in the absence of inoculum plant N absorption is higher. This suggests that the limited amount of soil N has been used effectively by AM fungi for its own growth. Also, the expression of ammonium transporters was regulated by AM fungi when its growing in N-limiting conditions which acquire N from the soil retaining the N for their own metabolism, this behavior has been previously reported by (Guether et al., 2009; Pérez-Tienda et al., 2011).
There were some of studies regarding mycorrhizal colonization dealing with the percentage of P and N, (Bååth & Spokes, 1989) recorded that only a combination of high concentrations of P and N has resulted in decreased mycorrhization. (Mosse & Phillps, 1971) noticed that roots were only colonized at high levels of P when the N is not available in the medium. However, they did not realize that AMF might needed N nutrition. (Sylvia & Neal, 1990) established a later connection between P and N availability, as they recorded that the addition of P had no effect on mycorrhizal colonization under N-limiting conditions, while the colonization was suppressed by the addition of P when sufficient amount of N was provided. 
 The acquisition of phosphorus from soil to plant, including many significant farm crops is highly influenced by arbuscular mycorrhizal symbiosis (AM). It does not generally play a prominent or beneficial role in plant nitrogen (N) nutrition except for some situations where N is mainly available in organic forms. however, AM fungi (AMF) are unlikely to degenerate organic compounds by themselves as a result of their poor exoenzymatic repertoire, and therefore could rely on other microorganisms to release nutrients in those materials (Jansa et al., 2019).
(Chu et al., 2013) clarified that the Physiological, morphological, and mycorrhizal are three main kinds of functional characteristics that determine the acquisition of P in crops. Physiological and morphological features were the focus of the breeding of modern P-efficient varieties. This suggests that root exudate-related processes (phosphatase or proton extrusion) are the dominant pathway for P acquisition by maize seedlings on a low-P soil while improved surface absorption via AMF hyphae may be most important to acquire P in a high-p soil. and there was an indicator that the root diameter was same in both low and high P soils, which indicates that this is not one of the major traits of maize uptake(Chu et al., 2013).
 According to (Glassop et al., 2005; Paszkowski et al., 2002)AM symbiosis can modify the physiology and the environment of a plant in ways that can improve nutrient uptake, without direct P contribution by fungal hyphae. Plant P gene expression has been shown to change as a result of AMF colonization. (Grønlund et al., 2013) reported that his gene expression could potentially alert plant uptake, while changes in P transporter expression and P uptake changes were rarely associated.
Our results showed a correlation between the mycorrhizal responsiveness and the nutrient up takes while there was no correlation between the mycorrhization, and the nutrient up takes.
(Jiao et al., 2011)found in thier results that all genotypes maize that not treated with AMF showed the same growth response pattern against Olsen-P levels nevertheless of when they were released, while there was a different response in growth between the Old (HMY) and Modern (NE15) genotype when treated with AMF. This mycorrhizal-induced change in maize growth response to soil Olsen-P levels in the old to recently developed genotypes suggest a change in maize-AMF relationship in the breeding process. In low-P soil, symbiosis involving ancient genotypes was favored by low-P, while in high-P soil it was favored by high-P conditions involving modern genotypes (Grigera et al., 2007). In intensively managed and productive farms, diverse AMF communities can exist, and indigenous AMF can play an important role in the supply of P-to high-yield maize soil (Li et al., 2021).
      (Csathó et al., 2007) from the previous studies can revealed that mycorrhizal responsiveness varies among the crops genotypes that were bred at different times and that the modern verities lose the traits that responsible for colonization where they were against AMF association. While (Wright et al., 2005) have indicated that in modern cultivars mycorrhizal response was not lost. Nevertheless, previous studies were carried out mainly in P-deficient soils. The fertility of arable soils, especially the P content available, has increased considerably in recent decades because of the high application rates of chemical fertilizer (Oehl et al., 2005), and soil profile diversity of the AMFs can be significantly enriched (Chu et al., 2013).
 Although the mycorrhizal response has a heritage characteristic, (An et al., 2010) recorded that the trait of breeding P-efficient crops was not considered. Mycorrhizal colonization made the largest contribution in the first main component for high-P soils among all mycorrhiza-related features of the maize genotype studied. The results are similar to the ones of a previous study (Bolan et al., 1983), in which the AM colonization of maize was related to the year of release and modern hybrids showed significantly higher values than native lines and older landraces. It has been found that mycorrhizal plants require lower levels of P soil available to reach maximum growth in relation to non-mycorrhizal plants (Chu et al., 2013).
(Hohmann & Messmer, 2017) found a widely ranged among 104 pea genotypes for their ability to interact with the AM-fungus R. irregularis, from where mycorrhizal responsiveness and mycorrhization, However, the correlation between MR and Mycorrhization was not significant.
The mycorrhizal responsiveness is known as (MR: expressed as the difference in shoot dry weight between mycorrhized and non-mycorrhized plants), and mycorrhization is known as (expressed as % root length colonized (RLC) by arbuscules). This non-significant correlation between mycorrhization and mycorrhizal responsiveness (Based on biomass, shoot P or grain yield) was also shown in several other studies (Baon et al., 1993; Kaeppler et al., 2000a; Kitson & Mellon, 1944). 
And most of the cultivars had the same behavior in terms of high responsiveness to the mycorrhizal or were neutral except only one cultivar that was responding significant negatively to the mycorrhizal responsiveness. So we concluded from our results that most of the cultivars want to be mycorrhizal as (Walder & van der Heijden, 2015) hypothesized in their work that most of the plant prefer to be in relation with AMF because of the benefits they get from this relation, and that in terms of how mycotrophic these cultivars are. 
(Walder & van der Heijden, 2015)  proved in their review that the benefits that AM fungi provide to plants are diverse. AM fungi not only deliver nutrients to plants but can also provide pathogen protection, drought tolerance, trace elements, and vitamins (Newsham et al., 1995; Smith & Read, 2008). Therefore, besides the exchange of carbon for nutrients. Also AM symbiosis costs and advantages are strongly associated with the environmental and time context, for example, symbiosis positive effects rely heavily on phosphorus and nitrogen in the soil relative availability. AM fungi have proved advantageous for plants in phosphorus-limited soils, yet the same AM fungus can reduce growth in nitrogen -limited soils (Johnson et al., 2010). Moreover, most AM fungi have the potential to increase plant development and nourishment (proof of the trickery of AM fungi that prevent plant growth under all conditions has, to our knowledge, never been demonstrated (Hart et al., 2013). We concluded from (Walder & van der Heijden, 2015)that the AM symbiosis must therefore be viewed as a 'conditioned mutualism' (Bronstein, 2001), and in any situation it cannot be advantageous. Thus, the evolutionary value of a current AM relationship is difficult to measure for the AM symbionts because investment to a non-beneficial partner can be crucial later for survival under changing environmental conditions.
In general, mycorrhization is positive across the maize germplasm but we did not find a connection between the response of the plant to mycorrhization and its genetic affinity or from the same genetic origin. the results did not find a connection with the evolutionary history based on the results that we found. 
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(Porter & Sachs, 2020) suggested that Due to randomized genetic processes such as drift and increased breeding in agriculture, alleles that disrupt symbiosis accumulate, and certain alleles can disappear. Because selection does not oppose them, the lack of selection on symbiosis traits in agriculture accumulates randomly for alleles that disrupt symbiosis.
(Hetrick et al., 1992) discovered a significant genetic difference in colonization level between species. However, the variance in AM colonization among genotypes of each plant species, as well as the variables that determine genetic variation, are not thoroughly understood, even though the variation and factors are crucial components for analysis and optimization of AM symbiosis. Also (An et al., 2010)clarified that maize germplasms may help to clarify how AM colonization changes with plant genotype and may provide knowledge that can be used to construct sustainable agroecosystems. 
Furthermore (Toth et al., 1990) suggested that colonization decreased for disease-resistant lines relative to susceptible lines in 13 maize Zea mays inbred lines. These previous findings suggest that plant breeding programs influence AM colonization; however, the data analyzed in these studies were obtained by assessing a limited number and range of plant genotypes and cannot be used to determine conclusively if and how colonization varies in response to breeding programs.
(McCouch, 2004) recorded that Natural genetic diversity is a critical source for developing desirable traits in plant breeding programs. However, genetic heterogeneity in AM colonization was influenced by development stage and cropping year, thus, great attention must be used when selecting such locations and genotypes (An et al., 2010).
While mycorrhizal responsiveness is a heritage trait, it has not been considered to be a trait in breeding P-efficient crops (Kaeppler et al., 2000a; Kapulnik & Kushnir, 1991). Mycorrhizal colonization made the largest contribution to the first main component of high-P soil among all mycorrhizal traits in the study genotypes of maize. This is similar to the previous research (An et al., 2010), in which AM colonization of the maize was linked to the release year and modern hybrids displayed substantially higher values than inbred lines and older landraces.
In general, modern agriculture faces the challenge of increasing food production in times of declines in agricultural land and rapidly depletion of phosphate rock supplies (Gilbert, 2009). Attempts at improving the P nutrition of plants have led to variable result by adding the AMF in fields (Lekberg et al., 2008).Since AMF in agricultural soil and commonly colonize crop plants is ubiquitous, a better approach to improving the efficiency of P uptake may be to breed strongly reacting crop varieties to indigenous AMF. The results of this study show that the percentage of the colonized root length may be an important parameter for breeding varieties with increased mycorrhizal response in the presence of productive AMF.
Also (Li et al., 2021) clarified that Although modest trends occur, the notion that modern top maize varieties have lost advantageous features for nutrient uptake is unsubstantiated for the entire pool of maize, Lines linked with improved P-acquisition efficiency in the presence of limited P availability should be used to breed more sustainable cultivars.
(Hohmann & Messmer, 2017) clarified that there was no significant correlation between mycorrhizal responsiveness and mycorrhization, there were also several more studies which showed that there was no positive correlation between mycorrhization and mycorrhizal responsiveness by biomass, P in the shoot, or grain yield (Kaeppler et al., 2000a; Leiser et al., 2016; Smith & Smith, 2012).
The population of genetic variation for mycorrhizal responsiveness that can be attributed to differences in plant-microbe interaction vs. the population that can be attributed to the P test level is an essential issue in interpreting study results that was agree with (Kaeppler et al., 2000), and that is they can be a degree to which a genotype can respond.
Recently, plant genetic diversity was determined using RBCL gene sequences as a core plant DNA barcoding marker (Kesanakurti et al., 2011).  We found that RBCL will be very useful for the barcoding of Zea mays that grow in Saudi Arabia.
The genetic diversity found in this study is a resource that may be leveraged to successfully conduct hybrid breeding. This study found that employing ISSR markers to molecularly characterize genotypes is an effective method. (Júnior, 2011) discovered that genetic diversity among maize genotypes using 15 ISSR primers and amplified 266 bands, 228 (88.9%) of which were polymorphic. Similarly, (Najaphy et al., 2012) used ISSR markers to evaluate genetic diversity in wheat genotypes and detected adequate polymorphisms and reproducible fingerprint profiles.
This in terms that the people are familiar with the idea of plant-microbes relationship and its benefits and this is a nutritional relationship and under the modern agriculture systems, this nutrient relationship is important and for future facilities is going to be important, but what the people are forgotten and ignore that these symbioses reprogram the biochemistry of the whole plant not just the root system as our data showed that the whole plant was totally alerted by the presence of mycorrhizas. And these shoot and root signals that generated both above and underground metabolic phenotype could build a key to suppressing the disease sustainability.
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And how the SA and JA pathways feature very strongly among the most induced metabolite by mycorrhization as (Cameron et al., 2013) predicted model and the results that we found agreed with Duncan model, (Pérez-De-Luque et al., 2017)  suggested that there was strongly correlated between the defensive and phenotype.
(Pérez-De-Luque et al., 2017) discovered that particular alterations in root exudation chemistry could explain the low mycorrhizal and low microbial colonization phenotypes found in the ‘Avalon' cultivar. A notable advance occurred with the discovery that strigulates stimulated branching in mycorrhizal hyphae, hence improving root colonization (Akiyama et al., 2005).
AMF and PGPR can also systemically prime their host plants for enhanced plant defense. This induced resistance cannot be directly attributed to enhanced plant nutrition as a result of AMF and PGPR colonization of the roots (Fritz et al., 2006). But rather a result of symbionts modulating the host immune system (Cameron et al., 2013; Jung et al., 2012). This mycorrhiza-induced resistance (MIR) shares features with pathogen-induced systemic-acquired resistance (SAR), such as priming of salicylic SA-dependent genes, and rhizobacterial induced systemic resistance (ISR), which is often characterized by priming of JA-dependent defenses and cell wall defenses (van Wees et al., 2008). (Cameron et al., 2013) proposed that MIR is the cumulative result of AMF-induced and PGPR-induced priming processes.
Phytohormones are extremely important in all aspects of plant growth and development, including ABA, SA and derivatives, JA and derivatives, auxins, brassinosteroids, cytokinins, gibberellins, strigolactones, ethylene, peptide hormones, and polyamines. Phytohormones work as both local and long-distance signaling molecules, and they can act antagonistically and synergistically, affecting defense-related gene expression and transcription levels, cellular division, and growth, both locally and systemically (Bürger & Chory, 2019). 
Metabolomics techniques have shown previously unknown degrees of complexity in phytohormonal control and balance in biotic stress responses. SA and JA have traditionally related to positively regulating biotrophic and necrotrophic interactions, respectively, and are also thought to be mutually antagonistic. The use of transcriptome data in focused phytohormone analysis, on the other hand, revealed a vital early role for ABA, indicating that biotrophic diseases capture ABA to increase virulence (de Torres Zabala et al., 2015; de Torres-Zabala et al., 2007).
 For example, gibberellins are significant diterpenes with a central role in the germination of seeds, flowers and fruits, leaf expansion, production of biomass, stomatal conductance, and CO2 fixation (Mazid, Khan, et al., 2011). Diterpenes consisting of two terpene units are biosynthesized by plants via the isoprenoid pathway (like mevalonate path) using geranylgeranyl pyrophosphate (Mafu & Zerbe, 2018). Gibberellin Phytohormone is also an active enhancer in secondary metabolites production (Liang et al., 2013).
The gibberellic acid diterpenoid is synthesized by the same pathway for biosynthesizing artemisinin (Bertea et al., 2005; Liu et al., 2005). Different studies have studied the use of the elicitor of gibberellic acid. For example, the production of caffeic acid derivatives and tanshinones in hairy root cultures of Echinacea pupurea and S. miltiorrhiza has been improved when gibberellic acid is used (Abbasi et al., 2012; Yuan, 2008). Gibberellic acid has also been used in Artemisia annua to enhance amounts of artemisinin also to enhance the biosynthesis of polyphenolics (flavonoids and phenolics) in suspended Artemisia cells (Banyai et al., 2011).
 Also, mycotoxins are secondary metabolites and their production depends on the stress condition around the plant. Thus, in the case of antifungal compounds at sublethal levels, the fungus may become stressful and the production of mycotoxins may be stimulated, and ketone played important role in this field as (Pizzolitto et al., 2015) found that antifungal activities of nine ketones were tested against pests. Few studies report the antifungal activity of pure ketones and essential oils rich in these compounds against F. verticillioides (Dambolena et al., 2008; Dambolena et al., 2010). Similar results were obtained by phenolic compounds (Dambolena et al., 2012; Gallucci et al., 2014; Pizzolitto et al., 2015; Samapundo et al., 2007). And that is what we found in our results about the increas of the ketone and mycotoxin in the treated plant root. And that can be used widely as a biocontrol model to maintain the sustainability of corn cultivation.
(Pang et al., 2021) mentioned that many studies suggest that plants may influence the microbiome by secreting different metabolites, and that the microbiome can in turn also alter the host plant's metabolome. However, the communication between the interacting partners is not widely known to affect their phenotypic alterations. Most The bulk nature of these samples is the major material that represents average plant cells in a certain tissue or organ in the traditional investigations of plant secondary metabolites, which use extracts of representative plant tissues (Masuda et al., 2018). It is frequently difficult to distinguish between plant secondary metabolites produced by host plants and those produced by their associated microorganisms. However, there is currently a growing interest in limiting plant secondary metabolites investigations down to the single-cell level, allowing plant cells to be separated from potentially related microbial cells, Approaches such as matrix-assisted laser desorption ionization (MALDI) can be used to achieve such separations and personalized analysis (Bhattacharjee et al., 2020; Etalo et al., 2018), These methods, when combined with MS data alignment, molecular networking software, and relevant databases, enable the detection of a high number (hundreds to thousands) of metabolites obtained from a single plant cell (Brader et al., 2014). These platforms represent important advances in the discovery of in-situ metabolites as well as the dynamics of interactions between plant and microbial cells at the single-cell level. And we used (MALDI MS) in our study to discover the compounds of the secondary metabolite in shoot and root in Zea mays.
We can use ISR mechanism by AMF induced on priming of JA – dependent defenses and the result will be faster and stronger on plants resisted against a wild range of pathogenic organisms.
Also, rhizosphere signaling and the result of integration between the rhizosphere microbes (AMF and PGPR) on ISR on maize plant (Cameron et al., 2013), we can use this interaction in further studies and that the mycorrhiza-induced systemic resistance depends on plant beneficial Rhizobacteria.   
[bookmark: _Toc83561298][bookmark: _Toc83751500]5.4 Conclusion

This PhD thesis has enhanced our current understanding of the effect of inoculating the Zea mays plant with the AMF and its effective contribution to improving plant growth and utilization of nutrients in the soil such as P and N due to the formation of symbiosis with the AMF as well as the induction of secondary metabolic compounds like JA and SA that play a major role in resisting biotic and abiotic condition, also I terms of genetics and diversity panel among the Zea mays cultivars that were used, we concluded that the responsiveness was different despite the genetic affinity found in some cultivars and that the genetic origin was not affecting the mycorrhizal response of the plant. 
Furthermore, these data can help in the future to deducing the expected effect from using AMF in the pathogen experiment a prospective test to test the effectiveness of relationship in disease resistance, based on the data and pathways obtained from this thesis. That to be wonderful if we test the pathogen and from the results that we have obtained from this thesis, we have a strong evidence and suggestion that the mycorrhizas will affect and prime the pathways of defense against the pathogen such as SA and JA, and that inoculation with the mycorrhizal will help to resist the maize leaf blight disease caused by the pathogenic fungi (Setosphaeria turcica) that were planned to be used to test the ability of the mycorrhization to induce the immune system of the Zea mays before the Covid 19 pandemic and the experiment design was prepared.
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Table A 4.6: Discriminant mass bins (145) in shoot organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.

	adduct
	Mass detected
	COMPOUNDS NAME
	chemical group
	chemical formula
	pathway

	
	144.9284
	quinolin-4-ol
4-oxoglutaramate
2-oxoglutaramate
	
quinoline/alkaloids
carboxy acid/amines/peptides
carboxy acid

	
C9H7NO
C5H6NO4
C5H6NO4

	Biosynthesis of antibiotics
Histidine metabolism
Alanine, aspartate and glutamate metabolism

	
	144.9556
	
	
	
	

	
	144.9863
	
	
	
	

	
	145.0214
	
	
	
	

	
	145.0530
	
	
	
	

	
	145.0863
	
	
	
	

	
	144.9687
	
	
	
	

	
	144.9994
	
	
	
	

	
	145.0302
	
	
	
	

	
	145.0565
	
	
	
	

	
	145.0881
	
	
	
	

	
	144.9301
	
	
	
	

	
	144.9591
	
	
	
	

	
	144.9871
	
	
	
	

	
	145.0196
	
	
	
	

	
	145.0512
	
	
	
	

	
	145.0267
	
	
	
	

	
	145.0547
	
	
	
	

	
	144.9161
	
	
	
	

	
	144.9608
	
	
	
	

	
	144.9968
	
	
	
	

	
	144.9565
	
	
	
	

	
	145.0029
	
	
	
	

	
	145.0319
	
	
	
	

	
	144.9134
	
	
	
	

	
	144.9407
	
	
	
	

	
	144.9679
	
	
	
	

	
	145.0030
	
	
	
	

	
	144.9056
	
	
	
	

	
	144.9652
	
	
	
	

	
	144.9977
	
	
	
	

	
	144.9152
	
	
	
	

	
	144.9459
	
	
	
	

	
	144.9749
	
	
	
	

	
	145.0240
	
	
	
	

	
	145.0135
	
	
	
	

	
	145.0846
	
	
	
	

	
	144.9950
	
	
	
	

	
	145.0223


	
	
	
	

	H
	
	2-methyleneglutarate
dimethylmaleate
4-chlorocatechol
chlorohydroquinone
	carboxilic acid
carboxilic acid/ fatty acid
Benzenoids/phenols
Benzenoids/phenols
	
C6H6O4
C6H6O4
C6H5O2Cl
C6H5O2Cl

	

Nicotinate and nicotinamide metabolism

Nicotinate and nicotinamide metabolism

Chlorocyclohexane and chlorobenzene degradation/Degradation of aromatic compounds/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis

Chlorocyclohexane and chlorobenzene degradation/Degradation of aromatic compounds/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis

	
	143.9205
	
	
	
	

	
	143.9478
	
	
	
	

	
	143.9785
	
	
	
	

	
	144.0136
	
	
	
	

	
	144.0451
	
	
	
	

	
	144.0785
	
	
	
	

	
	143.9609
	
	
	
	

	
	143.9916
	
	
	
	

	
	144.0224
	
	
	
	

	
	144.0487
	
	
	
	

	
	144.0803
	
	
	
	

	
	143.9223
	
	
	
	

	
	143.9513
	
	
	
	

	
	143.9793
	
	
	
	

	
	144.0118
	
	
	
	

	
	144.0434
	
	
	
	

	
	144.0188
	
	
	
	

	
	144.0469
	
	
	
	

	
	143.9083
	
	
	
	

	
	143.9530
	
	
	
	

	
	143.9890
	
	
	
	

	
	143.9486
	
	
	
	

	
	143.9951
	
	
	
	

	
	144.0241
	
	
	
	

	
	143.9056
	
	
	
	

	
	143.9329
	
	
	
	

	
	143.9600
	
	
	
	

	
	143.8977
	
	
	
	

	
	143.9574
	
	
	
	

	
	143.9898
	
	
	
	

	
	143.9074
	
	
	
	

	
	143.9381
	
	
	
	

	
	143.9670
	
	
	
	

	
	144.0162
	
	
	
	

	
	144.0056
	
	
	
	

	
	144.0767
	
	
	
	

	
	143.9872
	
	
	
	

	
	144.0144






	
	
	
	

	NA
	
	4-hydroxybenzaldehyde
D-cysteine
L-cysteine
salicylaldehyde
benzoate
erythritol
nicotinamide
	carbonyl compounds/Hydroxybenzaldehydes /
amino acid/peptides/carboxy acid
amino acid/peptides/carboxy acid
aldehydes/ aromatic compounds
carboxy acids/aromatic carboxylate
alchohol/charbohydrate/glycan/ tetritol
amide/vitamin
	
C7H6O2
C3H7NO2S
C3H7NO2S
C7H6O2
C7H5O2
C4H10O4
C6H6N2O

	



Bisphenol degradation/Biosynthesis of phenylpropanoids /Biosynthesis of phenylpropanoids /Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Cysteine and methionine metabolism
/Terpenoid backbone biosynthesis/Histidine metabolism/Biosynthesis of amino acids/Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
/Biosynthesis of phenylpropanoids /Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Aminobenzoate degradation/Ubiquinone and other terpenoid-quinone biosynthesis/Degradation of aromatic compounds/Biosynthesis of antibiotics/Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Terpenoid backbone biosynthesis/Biosynthesis of antibiotics /Biosynthesis of plant hormones /Biosynthesis of terpenoids and steroids /Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Nicotinate and nicotinamide metabolism/Biosynthesis of alkaloids derived from ornithine, lysine and nicotinic acid/Tropane, piperidine and pyridine alkaloid biosynthesis/Vitamin digestion and absorption/ / Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis

	
	121.9386
	
	
	
	

	
	121.9658
	
	
	
	

	
	121.9965
	
	
	
	

	
	122.0316
	
	
	
	

	
	122.0632
	
	
	
	

	
	122.0966
	
	
	
	

	
	121.9790
	
	
	
	

	
	122.0097
	
	
	
	

	
	122.0404
	
	
	
	

	
	122.0667
	
	
	
	

	
	122.0983
	
	
	
	

	
	121.9404
	
	
	
	

	
	121.9693
	
	
	
	

	
	121.9974
	
	
	
	

	
	122.0298
	
	
	
	

	
	122.0614
	
	
	
	

	
	122.0369
	
	
	
	

	
	122.0650
	
	
	
	

	
	121.9263
	
	
	
	

	
	121.9711
	
	
	
	

	
	122.0070
	
	
	
	

	
	121.9667
	
	
	
	

	
	122.0132
	
	
	
	

	
	122.0422
	
	
	
	

	
	121.9237
	
	
	
	

	
	121.9509
	
	
	
	

	
	121.9781
	
	
	
	

	
	121.9158
	
	
	
	

	
	121.9754
	
	
	
	

	
	122.0079
	
	
	
	

	
	121.9255
	
	
	
	

	
	121.9561
	
	
	
	

	
	121.9851
	
	
	
	

	
	122.0343
	
	
	
	

	
	122.0237
	
	
	
	

	
	122.0948
	
	
	
	

	
	122.0053
	
	
	
	

	
	122.0325
	
	
	
	

	
	122.0615
	
	
	
	






Table A 4.7: Discriminant mass bins (172) in shoot organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.


	adduct
	MASS DETECTED
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	171.9037
	glycerol 1-phosphate
sn-glycerol 3-phosphate
sn-glycerol 1-phosphate
2-naphthoate
	

C3H9O6P
C3H9O6P
C3H9O6P
C7H11O2

	alkaloids/steroids
alkaloids/steroids
alkaloids/steroids
carboxlic acid
	Glycerolipid metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Glycerolipid metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Glycerolipid metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Biosynthesis of antibiotics/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis

	
	171.9333
	
	
	
	

	
	171.9620
	
	
	
	

	
	172.0041
	
	
	
	

	
	172.0748
	
	
	
	

	
	171.9104
	
	
	
	

	
	171.9400
	
	
	
	

	
	171.9696
	
	
	
	

	
	172.0079
	
	
	
	

	
	172.0461
	
	
	
	

	
	172.0767
	
	
	
	

	
	171.9180
	
	
	
	

	
	171.9677
	
	
	
	

	
	172.0069
	
	
	
	

	
	171.9581
	
	
	
	

	
	172.0117
	
	
	
	

	
	171.9238
	
	
	
	

	
	171.9524
	
	
	
	

	
	172.0050
	
	
	
	

	
	172.0088
	
	
	
	

	
	171.9285
	
	
	
	

	
	171.9582
	
	
	
	

	
	171.9314
	
	
	
	

	
	171.9601
	
	
	
	

	
	172.0031
	
	
	
	

	
	171.9219
	
	
	
	

	
	171.9514
	
	
	
	

	
	171.9161
	
	
	
	

	
	171.9448
	
	
	
	

	
	171.9735
	
	
	
	

	
	172.0098
	
	
	
	

	
	172.0796
	
	
	
	

	
	171.9562
	
	
	
	

	
	172.0805
	
	
	
	

	
	172.0777
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


Table A 4.8: Discriminant mass bins (174) in shoot organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K , NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.

.
	adduct
	MASS DETECTED
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	173.9211
	phenyl phosphate
L-dehydro-ascorbate
trans-aconitate
cis-aconitate
2-oxopimelate
(2S)-2-isopropyl-3-oxosuccinate
shikimate
suberate
5-guanidino-2-oxopentanoate
	
C18H15O4P
C6H6O6
C6H6O6
C6H6O6
C7H8O5
C7H10O5
C7H10O5
C8H14O4
C6H10N3O3

	terpene
lactons/vitamin c
carboxy acid
carboxy acid
carboxy acid
carboxy acid
glycoside/shikimic acid
carboxy acid/fatty acid
carboxy acid
	Biosynthesis of phenylpropanoids /Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis
Ascorbate and aldarate metabolism
Propanoate metabolism/C5-Branched dibasic acid metabolism
Biosynthesis of phenylpropanoids/Biosynthesis of terpenoids and steroids/Biosynthesis of alkaloids derived from shikimate pathway/plant hormone/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Methane metabolism/2-Oxocarboxylic acid metabolism
Valine, leucine and isoleucine biosynthesis/2-Oxocarboxylic acid metabolism/Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Biosynthesis of alkaloids derived from shikimate pathway/Ubiquinone and other terpenoid-quinone biosynthesis/ / Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
2-Oxocarboxylic acid metabolism/Methane metabolism
Arginine and proline metabolism/D-Arginine and D-ornithine metabolism

	
	173.9538
	
	
	
	

	
	174.0086
	
	
	
	

	
	174.0537
	
	
	
	

	
	174.0883
	
	
	
	

	
	173.9653
	
	
	
	

	
	174.0105
	
	
	
	

	
	173.9191
	
	
	
	

	
	173.9480
	
	
	
	

	
	174.0191
	
	
	
	

	
	174.0595
	
	
	
	

	
	173.9345
	
	
	
	

	
	173.9633
	
	
	
	

	
	173.9768
	
	
	
	

	
	174.0162
	
	
	
	

	
	174.0566
	
	
	
	

	
	174.0902
	
	
	
	

	
	173.9230
	
	
	
	

	
	173.9519
	
	
	
	

	
	174.0134
	
	
	
	

	
	173.9259
	
	
	
	

	
	173.9778
	
	
	
	

	
	173.9038
	
	
	
	

	
	173.9365
	
	
	
	

	
	173.9672
	
	
	
	

	
	174.0143
	
	
	
	

	
	174.0605
	
	
	
	

	
	173.9518
	
	
	
	

	
	173.9297
	
	
	
	

	
	173.9624
	
	
	
	

	
	174.0172







	
	
	
	

	NA
	150.9313
	N-methylanthranilate
	C8H8NO2
	aromatic amino acid/carboxy acids
	Acridone alkaloid biosynthesis/Biosynthesis of alkaloids derived from shikimate pathway/Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis

	
	150.9640
	
	
	
	

	
	151.0188
	
	
	
	

	
	151.0639
	
	
	
	

	
	151.0985
	
	
	
	

	
	150.9755
	
	
	
	

	
	151.0207
	
	
	
	

	
	150.9294
	
	
	
	

	
	150.9582
	
	
	
	

	
	151.0294
	
	
	
	

	
	151.0697
	
	
	
	

	
	150.9448
	
	
	
	

	
	150.9736
	
	
	
	

	
	150.9871
	
	
	
	

	
	151.0265
	
	
	
	

	
	151.0668
	
	
	
	

	
	151.1005
	
	
	
	

	
	150.9332
	
	
	
	

	
	150.9621
	
	
	
	

	
	151.0236
	
	
	
	

	
	150.9361
	
	
	
	

	
	150.9881
	
	
	
	

	
	151.0293
	
	
	
	

	
	150.9140
	
	
	
	

	
	150.9467
	
	
	
	

	
	150.9774
	
	
	
	

	
	151.0246
	
	
	
	

	
	151.0707
	
	
	
	

	
	150.9399
	
	
	
	

	
	150.9726
	
	
	
	

	
	151.0274
	
	
	
	












Table A 4.9: Discriminant mass bins (333) in shoot organic phase and their associated detected masses looking for compound accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	332.9173
	dihydrosanguinarine
	C20H15NO4

	quinoline/alkaloids
	Isoquinoline alkaloid biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis

	
	333.0343
	
	
	
	

	
	333.0928
	
	
	
	

	
	332.9266
	
	
	
	

	
	332.9691
	
	
	
	

	
	333.0317
	
	
	
	

	
	332.9093
	
	
	
	

	
	332.9505
	
	
	
	

	
	333.0463
	
	
	
	

	
	332.9293
	
	
	
	

	
	332.9731
	
	
	
	

	
	333.0330
	
	
	
	

	
	332.9345
	
	
	
	

	
	332.9798
	
	
	
	

	
	333.0370
	
	
	
	

	
	332.9306
	
	
	
	

	
	332.9704
	
	
	
	

	
	333.0449
	
	
	
	

	
	332.9771
	
	
	
	

	
	333.0357
	
	
	
	

	
	332.9519
	
	
	
	

	
	333.0450
	
	
	
	

	
	332.9532
	
	
	
	

	
	333.0410
	
	
	
	

	
	332.9439
	
	
	
	

	
	332.9864
	
	
	
	

	
	333.0397
	
	
	
	

	
	332.9744
	
	
	
	

	
	332.9997
	
	
	
	

	H
	331.9095
	sanguinarine
dIMP
laricitrin
	C20H15NO5
C10H13N4O7P
C16H12O8

	Isoquinoline alkaloid 
nucleotide/purine/alkaloids
flavone/flavonoid
	Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Purine metabolism
Flavone and flavonol biosynthesis

	
	332.0265
	
	
	
	

	
	332.0850
	
	
	
	

	
	331.9188
	
	
	
	

	
	331.9613
	
	
	
	

	
	332.0238
	
	
	
	

	
	331.9015
	
	
	
	

	
	331.9427
	
	
	
	

	
	332.0384
	
	
	
	

	
	331.9214
	
	
	
	

	
	331.9653
	
	
	
	

	
	332.0252
	
	
	
	

	
	331.9267
	
	
	
	

	
	331.9719
	
	
	
	

	
	332.0292
	
	
	
	

	
	331.9228
	
	
	
	

	
	331.9626
	
	
	
	

	
	332.0371
	
	
	
	

	
	331.9693
	
	
	
	

	
	332.0278
	
	
	
	

	
	331.9440
	
	
	
	

	
	331.9453
	
	
	
	

	
	332.0331
	
	
	
	

	
	331.9360
	
	
	
	

	
	331.9786
	
	
	
	

	
	332.0318
	
	
	
	

	
	331.9227
	
	
	
	

	
	331.9666
	
	
	
	

	
	331.9919
	
	
	
	

	
	332.0385
















	
	
	
	

	NA
	309.9275
	α-D-ribose 1,5-bisphosphate
	C5H12O11P2

	Carbohydrates and carbohydrate conjugates/
	Phosphonate and phosphinate metabolism

	
	310.0446
	
	
	
	

	
	310.1030
	
	
	
	

	
	309.9368
	
	
	
	

	
	309.9793
	
	
	
	

	
	310.0419
	
	
	
	

	
	309.9195
	
	
	
	

	
	309.9608
	
	
	
	

	
	310.0565
	
	
	
	

	
	309.9395
	
	
	
	

	
	309.9833
	
	
	
	

	
	310.0432
	
	
	
	

	
	309.9448
	
	
	
	

	
	309.9900
	
	
	
	

	
	310.0472
	
	
	
	

	
	309.9408
	
	
	
	

	
	309.9807
	
	
	
	

	
	310.0552
	
	
	
	

	
	309.9873
	
	
	
	

	
	310.0459
	
	
	
	

	
	309.9621
	
	
	
	

	
	309.9634
	
	
	
	

	
	310.0512
	
	
	
	

	
	309.9541
	
	
	
	

	
	309.9967
	
	
	
	

	
	310.0499
	
	
	
	

	
	309.9847
	
	
	
	

	
	310.0100
	
	
	
	



Table A 4.10: Discriminant mass bins (335.2) in shoot organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K , NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.

	adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	335.1070
	isopentenyl adenosine
senecionine
strychnine
	
C15H21N5O4
C18H25NO5
C21H23N2O2

	alkaloid/purine
alkaloid
alkaloid
	Zeatin biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis
Tropane, piperidine and pyridine alkaloid biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis
Biosynthesis of alkaloids derived from shikimate pathway jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis

	
	335.1631
	
	
	
	

	
	335.2031
	
	
	
	

	
	335.2431
	
	
	
	

	
	335.2831
	
	
	
	

	
	335.1604
	
	
	
	

	
	335.2004
	
	
	
	

	
	335.2404
	
	
	
	

	
	335.2804
	
	
	
	

	
	335.1577
	
	
	
	

	
	335.1978
	
	
	
	

	
	335.2378
	
	
	
	

	
	335.2778
	
	
	
	

	
	335.1123
	
	
	
	

	
	335.1550
	
	
	
	

	
	335.1951
	
	
	
	

	
	335.2351
	
	
	
	

	
	335.2751
	
	
	
	

	
	335.1617
	
	
	
	

	
	335.1097
	
	
	
	

	H
	334.0992
	penicillin G
vinorine
prostaglandin J2
prostaglandin A2
S-(hercyn-2-yl)-L-cysteine S-oxide
	C16H18N2O4S
C21H22N2O2
C20H30O4
C20H30O4
C12H21N4O5S



	antibiotic/amide/aminoacid/carboxilic acid/peptide
indole/alkaloid
fatty acid
fatty acid
carboxy acid/amino acid/Amine/amide
	Penicillin and cephalosporin biosynthesis/Lysine degradation
Indole alkaloid biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis
Oxytocin signaling pathway/Arachidonic acid metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Oxytocin signaling pathway/Arachidonic acid metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Histidine metabolism

	
	334.1553
	
	
	
	

	
	334.1953
	
	
	
	

	
	334.2353
	
	
	
	

	
	334.2753
	
	
	
	

	
	
	
	
	
	

	
	334.1526
	
	
	
	

	
	334.1926
	
	
	
	

	
	334.2326
	
	
	
	

	
	334.2726
	
	
	
	

	
	334.1499
	
	
	
	

	
	334.1899
	
	
	
	

	
	334.2299
	
	
	
	

	
	334.2699
	
	
	
	

	
	334.1045
	
	
	
	

	
	334.1472
	
	
	
	

	
	334.1873
	
	
	
	

	
	334.2273
	
	
	
	

	
	334.2673
	
	
	
	

	
	334.1539















	
	
	
	

	NA
	
	nivalenol
norajmaline
thebaine
a chlorin
9,10-12,13-diepoxyoctadecanoate
	C15H20O7
C19H24N2O2
C19H21NO3 Cl
C18H34O5

	lipid/terpinoid/terpenes/mycotoxin
terpinoid/indole/alkaloid
alkaloid
N/A
carboxy acid/fatty acid
	Sesquiterpenoid and triterpenoid biosynthesis
Indole alkaloid biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis
Isoquinoline alkaloid biosynthesis/Biosynthesis of alkaloids derived from shikimate pathway/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Porphyrin and chlorophyll metabolism/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis
Linoleic acid metabolism

	
	312.1172
	
	
	
	

	
	312.1733
	
	
	
	

	
	312.2133
	
	
	
	

	
	312.2533
	
	
	
	

	
	312.2933
	
	
	
	

	
	312.1706
	
	
	
	

	
	312.2107
	
	
	
	

	
	312.2507
	
	
	
	

	
	312.2907
	
	
	
	

	
	312.1679
	
	
	
	

	
	312.2080
	
	
	
	

	
	312.2480
	
	
	
	

	
	312.2880
	
	
	
	

	
	312.1226
	
	
	
	

	
	312.1652
	
	
	
	

	
	312.2053
	
	
	
	

	
	312.2453
	
	
	
	

	
	312.2853
	
	
	
	

	
	312.1720
	
	
	
	

	
	312.1199
	
	
	
	

	K
	296.0087
	dehypoxanthine futalosine

	C14H16O7

	aromatic compounds 
	Ubiquinone and other terpenoid-quinone biosynthesis/ Shikimate pathway/jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid biosynthesis/fatty acid biosynthesis

	
	296.0648
	
	
	
	

	
	296.1048
	
	
	
	

	
	296.1448
	
	
	
	

	
	296.1848
	
	
	
	

	
	296.0621
	
	
	
	

	
	296.1021
	
	
	
	

	
	296.1421
	
	
	
	

	
	296.1821
	
	
	
	

	
	296.0594
	
	
	
	

	
	296.0995
	
	
	
	

	
	296.1395
	
	
	
	

	
	296.1795
	
	
	
	

	
	296.0140
	
	
	
	

	
	296.0567
	
	
	
	

	
	296.0968
	
	
	
	

	
	296.1368
	
	
	
	

	
	296.1768
	
	
	
	

	
	296.0634
	
	
	
	

	
	296.0114
	
	
	
	










Table A 4.11: Discriminant mass bins (146) in root aqueous phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	146.9288
	













L-glutamine
D-glutamine














	amino acid
amino acid
	C5H10N2O3
C5H10N2O3

	Pyrimidine/Purine /Alanine, aspartate and glutamate /Arginine  metabolism/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate/fatty acid
Amino sugar and nucleotide sugar metabolism /Cyanoamino acid /Alanine, aspartate and glutamate metabolism /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate/fatty acid

	
	146.9561
	
	
	
	

	
	146.9835
	
	
	
	

	
	147.0188
	
	
	
	

	
	147.0542
	
	
	
	

	
	146.9057
	
	
	
	

	
	146.9341
	
	
	
	

	
	146.9606
	
	
	
	

	
	147.0171
	
	
	
	

	
	146.9261
	
	
	
	

	
	146.9729
	
	
	
	

	
	147.0047
	
	
	
	

	
	146.9182
	
	
	
	

	
	146.9447
	
	
	
	

	
	146.9712
	
	
	
	

	
	147.0189
	
	
	
	

	
	147.0489
	
	
	
	

	
	147.0056
	
	
	
	

	
	146.9455
	
	
	
	

	
	147.0197
	
	
	
	

	
	147.0754
	
	
	
	

	
	146.9146
	
	
	
	

	
	146.9411
	
	
	
	

	
	146.9676
	
	
	
	

	
	146.9941
	
	
	
	

	
	147.0215
	
	
	
	

	
	146.9022
	
	
	
	

	
	146.9570
	
	
	
	

	
	147.0162
	
	
	
	

	
	146.9287
	
	
	
	

	
	146.9553
	
	
	
	

	
	146.9535
	
	
	
	

	
	146.9800
	
	
	
	

	
	147.0807
	
	
	
	

	
	146.9818
	
	
	
	

	
	147.0224
	
	
	
	

	
	146.9093
	
	
	
	

	
	146.9358
	
	
	
	

	
	146.9623
	
	
	
	

	
	146.9888
	
	
	
	

	
	146.9270
	
	
	
	

	
	146.9385
	
	
	
	

	
	146.9765
	
	
	
	

	
	147.0153
	
	
	
	

	
	146.9004
	
	
	
	

	
	146.9252
	
	
	
	

	
	146.9526




	
	
	
	

	H
	145.9209
	






















selenate
1,4-dichlorobenzene
coumarin
2-oxoglutarate
2-hydroxyparaconate
methyloxaloacetate
oxaloacetate 4-methyl ester















	
anion
chloroaromatic compound
 organic aromatic phenylpropanoid
dicarboxyl acid/fatty acid
glycoside
fatty acid
Fatty acid
	


O4Se
C6H4Cl2
C9H6O2
C5H4O5
C5H5O5
C5H4O5
C5H5O5

	Selenocompound metabolism
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Phenylpropanoid biosynthesis/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
2-Oxocarboxylic acid metabolism/C5-Branched dibasic acid metabolism/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
C5-Branched dibasic acid metabolism
C5-Branched dibasic acid metabolism
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism

	
	145.9483
	
	
	
	

	
	145.9757
	
	
	
	

	
	146.0110
	
	
	
	

	
	146.0464
	
	
	
	

	
	145.8979
	
	
	
	

	
	145.9262
	
	
	
	

	
	145.9527
	
	
	
	

	
	146.0092
	
	
	
	

	
	145.9183
	
	
	
	

	
	145.9651
	
	
	
	

	
	145.9969
	
	
	
	

	
	145.9103
	
	
	
	

	
	145.9368
	
	
	
	

	
	145.9633
	
	
	
	

	
	146.0411
	
	
	
	

	
	145.9978
	
	
	
	

	
	145.9377
	
	
	
	

	
	146.0119
	
	
	
	

	
	146.0676
	
	
	
	

	
	145.9068
	
	
	
	

	
	145.9333
	
	
	
	

	
	145.9598
	
	
	
	

	
	145.9863
	
	
	
	

	
	146.0137
	
	
	
	

	
	145.8943
	
	
	
	

	
	145.9492
	
	
	
	

	
	146.0084
	
	
	
	

	
	145.9474
	
	
	
	

	
	145.9457
	
	
	
	

	
	145.9722
	
	
	
	

	
	146.0729
	
	
	
	

	
	145.9739
	
	
	
	

	
	146.0145
	
	
	
	

	
	145.9014
	
	
	
	

	
	145.9280
	
	
	
	

	
	145.9545
	
	
	
	

	
	145.9810
	
	
	
	

	
	145.9192
	
	
	
	

	
	145.9306
	
	
	
	

	
	145.9686
	
	
	
	

	
	146.0075
	
	
	
	

	
	145.8926
	
	
	
	

	
	145.9174
	
	
	
	

	
	145.9448
146.0093
	
	
	
	

	
	









	
	
	
	

	
NA
	
123.9390
	

propylphosphonate
phosphonoacetaldehyde
sulfoacetaldehyde
2-hydroxy-1,4-benzoquinone
	

alkaylphosphonate
organophosphonate
sulfonate
glycoside
	

C3H8O3P
C2H4O4P
C2H3O4S
C6H3O3

	

Metabolism of other amino acids
Phosphonate and phosphinate metabolism/Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate
Taurine and hypotaurine metabolism/Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate
Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate

	
	123.9664
	
	
	
	

	
	123.9938
	
	
	
	

	
	124.0291
	
	
	
	

	
	124.0644
	
	
	
	

	
	123.9159
	
	
	
	

	
	123.9443
	
	
	
	

	
	123.9708
	
	
	
	

	
	124.0273
	
	
	
	

	
	123.9363
	
	
	
	

	
	123.9832
	
	
	
	

	
	124.0149
	
	
	
	

	
	123.9284
	
	
	
	

	
	123.9549
	
	
	
	

	
	123.9814
	
	
	
	

	
	124.0591
	
	
	
	

	
	124.0158
	
	
	
	

	
	123.9558
	
	
	
	

	
	124.0300
	
	
	
	

	
	124.0856
	
	
	
	

	
	123.9248
	
	
	
	

	
	123.9513
	
	
	
	

	
	123.9779
	
	
	
	

	
	124.0044
	
	
	
	

	
	124.0317
	
	
	
	

	
	123.9124
	
	
	
	

	
	123.9673
	
	
	
	

	
	124.0264
	
	
	
	

	
	123.9655
	
	
	
	

	
	123.9637
	
	
	
	

	
	123.9902
	
	
	
	

	
	124.0909
	
	
	
	

	
	123.9920
	
	
	
	

	
	124.0326
	
	
	
	

	
	123.9195
	
	
	
	

	
	123.9460
	
	
	
	

	
	123.9726
	
	
	
	

	
	123.9991
	
	
	
	

	
	123.9372
	
	
	
	

	
	123.9487
	
	
	
	

	
	123.9867
	
	
	
	

	
	124.0255
	
	
	
	

	
	123.9106
	
	
	
	

	
	123.9372
	
	
	
	

	
	123.9355
	
	
	
	

	
	123.9628
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	










Table A 4.12: Discriminant mass bins (235.2) in root aqueous phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	H
	234.1235
	1-deoxypentalenate
geranyl monophosphate
	lipid/terpinoid
phosphoric acid/anion
	C15H21O2
C10H17O4P

	Biosynthesis of secondary metabolites - unclassified
jasmonic acid pathway/shikimate biosynthesis/flavonoid/flavonone/riboflavin/abscisic acid /fatty acid/aminosugar nuclotides metabolism

	
	234.1704
	
	
	
	

	
	234.2039
	
	
	
	

	
	234.2375
	
	
	
	

	
	234.1213
	
	
	
	

	
	234.1726
	
	
	
	

	
	234.2061
	
	
	
	

	
	234.2397
	
	
	
	

	
	234.2732
	
	
	
	

	
	234.1257
	
	
	
	

	
	234.1682
	
	
	
	

	
	234.1168
	
	
	
	

	
	234.1637
	
	
	
	

	
	234.1972
	
	
	
	

	
	234.2308
	
	
	
	

	
	234.2665
	
	
	
	

	
	234.1146
	
	
	
	

	
	234.1615
	
	
	
	

	
	234.1950
	
	
	
	

	
	234.2286
	
	
	
	

	
	234.2621
	
	
	
	

	
	234.1503
	
	
	
	

	
	234.1838
	
	
	
	

	
	234.2173
	
	
	
	

	
	234.2509
	
	
	
	

	
	234.2844
	
	
	
	

	
	234.1190
	
	
	
	

	
	234.1525
	
	
	
	

	
	234.1860
	
	
	
	

	
	 234.2643
	
	
	
	

	
	234.1660
	
	
	
	

	
	234.2017
	
	
	
	

	
	234.2353
	
	
	
	

	
	234.2688
	
	
	
	

	
	234.2319
	
	
	
	

	
	234.0945
	
	
	
	

	
	234.1280
	
	
	
	

	
	 234.2710
	
	
	
	

	
	234.2420
	
	
	
	

	
	234.2755
	
	
	
	

	
	234.1659
	
	
	
	

	
	234.1994
	
	
	
	

	
	234.2330

	
	
	
	

	NA
	212.1417
	traumatin
7-deoxyloganetin
	fatty acid plant hormone alkene
terpene
	C12H19O3
C11H16O4

	Jasmonic acid biosynthesis/ Flavanone flavonoid /riboflavin biosynthesis/Shikimate pathway,/alpha-Linolenic acid metabolism/
Monoterpenoid biosynthesis/Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate

	
	212.1886
	
	
	
	

	
	212.2221
	
	
	
	

	
	212.2557
	
	
	
	

	
	212.1394
	
	
	
	

	
	212.1908
	
	
	
	

	
	212.2243
	
	
	
	

	
	212.2579
	
	
	
	

	
	212.2914
	
	
	
	

	
	212.1439
	
	
	
	

	
	212.1863
	
	
	
	

	
	212.2198
	
	
	
	

	
	212.1350
	
	
	
	

	
	212.1819
	
	
	
	

	
	212.2154
	
	
	
	

	
	212.2490
	
	
	
	

	
	212.2847
	
	
	
	

	
	212.1327
	
	
	
	

	
	212.1796
	
	
	
	

	
	212.2131
	
	
	
	

	
	212.2467
	
	
	
	

	
	212.2802
	
	
	
	

	
	212.1685
	
	
	
	

	
	212.2020
	
	
	
	

	
	212.2355
	
	
	
	

	
	212.2691
	
	
	
	

	
	212.3026
	
	
	
	

	
	212.1372
	
	
	
	

	
	212.1707
	
	
	
	

	
	212.2042
	
	
	
	

	
	212.2825
	
	
	
	

	
	212.1841
	
	
	
	

	
	212.2534
	
	
	
	

	
	212.2869
	
	
	
	

	
	212.2501
	
	
	
	

	
	212.1126
	
	
	
	

	
	212.1461
	
	
	
	

	
	 212.2892
	
	
	
	

	
	212.2601
	
	
	
	

	
	 212.2936
	
	
	
	

	
	212.2176
	
	
	
	

	
	212.2512






	
	
	
	

	K
	196.0331
	3-(3,4-dihydroxyphenyl)pyruvate
2-amino-2-deoxy-D-gluconate
stilbene oxide
geranyl acetate
dopaquinone
L-gluconate
D-mannonate
D-gluconate
D-altronate
L-gulonate
D-galactonate
	carboxy   acid
carboxy   acid
epioxide
ester
ketone
carboxy   acid/glycan
carboxy acid/glycan
carboxy acid/glycan
carboxy acid/glycan
carboxy acid/glycan
carboxy acid/glycan
	C9H7O5
C6H13NO6
C14H12O
C12H20O2
C9H9NO4
C6H11O7
C6H11O7
C6H11O7
C6H11O7
C6H11O7
C6H11O7

	Tyrosine metabolism
Pentose phosphate pathway
Stilbenoid, diarylheptanoid and gingerol biosynthesis /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Terpenoid backbone biosynthesis/Diterpenoid biosynthesis/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Tyrosine metabolism/Betalain biosynthesis/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Inositol phosphate metabolism
Pentose and glucuronate interconversions/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Inositol phosphate metabolism/Pentose phosphate pathway /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Pentose and glucuronate interconversions/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Ascorbate and aldarate metabolism/Pentose and glucuronate interconversions/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Galactose metabolism/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism

	
	196.0800
	
	
	
	

	
	196.1135
	
	
	
	

	
	196.1471
	
	
	
	

	
	196.0309
	
	
	
	

	
	196.0823
	
	
	
	

	
	196.1158
	
	
	
	

	
	196.1494
	
	
	
	

	
	196.1829
	
	
	
	

	
	196.0354
	
	
	
	

	
	196.0778
	
	
	
	

	
	196.1113
	
	
	
	

	
	196.0264
	
	
	
	

	
	196.0733
	
	
	
	

	
	196.1068
	
	
	
	

	
	196.1404
	
	
	
	

	
	196.1762
	
	
	
	

	
	196.0242
	
	
	
	

	
	196.0711
	
	
	
	

	
	196.1046
	
	
	
	

	
	196.1382
	
	
	
	

	
	196.1717
	
	
	
	

	
	196.0599
	
	
	
	

	
	196.0934
	
	
	
	

	
	196.1270
	
	
	
	

	
	196.1605
	
	
	
	

	
	196.1940
	
	
	
	

	
	196.0287
	
	
	
	

	
	196.0622
	
	
	
	

	
	196.0957
	
	
	
	

	
	196.1739
	
	
	
	

	
	196.0756
	
	
	
	

	
	196.1449
	
	
	
	

	
	196.1784
	
	
	
	

	
	196.1415
	
	
	
	

	
	 196.0041
	
	
	
	

	
	 196.0376
	
	
	
	

	
	196.1806
	
	
	
	

	
	196.1516
	
	
	
	

	
	196.1851
	
	
	
	

	
	196.1091
	
	
	
	

	
	196.1427
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	















Table A 4.13: Discriminant mass bins (307.2) in root aqueous phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	307.1235
	feruloylagmatine
lupinate
glutathione amide
S-succinyl-dihydrolipoamide
	amide
alkaloids
amide
Fatty acyl thioesters
	C15H23N4O3
C13H18N6O3
C10H18N4O5S
C12H20NO4S2

	Arginine and proline metabolism
Zeatin biosynthesis /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway
Cyanoamino acid metabolism /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Citrate cycle (TCA cycle) /charbohydrate metablism

	
	307.1618
	
	
	
	

	
	307.2040
	
	
	
	

	
	307.2462
	
	
	
	

	
	307.1261
	
	
	
	

	
	307.1644
	
	
	
	

	
	307.2053
	
	
	
	

	
	307.1031
	
	
	
	

	
	307.1925
	
	
	
	

	
	307.2385
	
	
	
	

	
	307.2973
	
	
	
	

	
	307.1133
	
	
	
	

	
	307.1900
	
	
	
	

	
	307.1287
	
	
	
	

	
	307.1963
	
	
	
	

	H
	306.1156
	D-nopaline
(6S)-hydroxyhyoscyamine
dihydromonacolin L lactone
	amino acid
alkaloids
hydrocabons aromatic/ pyranon
	C11H19N4O6


C17H24NO4

C19H30O3

	Arginine and proline metabolism
Tropane, piperidine and pyridine alkaloid biosynthesis/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Biosynthesis of secondary metabolites - unclassified

	
	306.1539
	
	
	
	

	
	306.1961
	
	
	
	

	
	306.2383
	
	
	
	

	
	306.1182
	
	
	
	

	
	306.1974
	
	
	
	

	
	306.0952
	
	
	
	

	
	306.1846
	
	
	
	

	
	306.2306
	
	
	
	

	
	306.2894
	
	
	
	

	
	306.1054
	
	
	
	

	
	306.1821
	
	
	
	

	
	306.1208
	
	
	
	

	
	306.1884
	
	
	
	

	NA
	284.1337
	11-cis-retinal
morphinone
a retinal
methylene blue
androsta-1,4-diene-3,17-dione
	terpinoid/retinoid/lipid/vitamin A
alkaloid
terpinoid/retinoid/lipid/vitamin A
Thiazole/alkaloid
steroids
	C20H28O
C17H18NO3
C20H28O
C16H18N3S
C19H24O2

	Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate
Isoquinoline alkaloid biosynthesis /Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/Shikimate pathway, phosphoenolpyruvate/
Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/Shikimate pathway, phosphoenolpyruvate/fatty acid pathway
N/A
Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate

	
	284.1720
	
	
	
	

	
	284.2142
	
	
	
	

	
	284.2564
	
	
	
	

	
	284.1363
	
	
	
	

	
	284.1746
	
	
	
	

	
	284.2155
	
	
	
	

	
	284.1133
	
	
	
	

	
	284.2027
	
	
	
	

	
	284.2487
	
	
	
	

	
	284.3075
	
	
	
	

	
	284.1235
	
	
	
	

	
	284.2002
	
	
	
	

	
	284.1389
	
	
	
	

	
	284.2065
	
	
	
	

	K
	268.0252
	coumestrol
formononetin
neuraminate
S-ribosyl-L-homocysteine
inosine
	flavonoid/isoflavonoid
flavonoid/isoflavonoid
glycan / amino sugar
carboxy acid/amino acid
purine
	C15H8O5
C16H12O4
C9H17NO8

C9H17NO6S
C10H12N4O5

	jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Cysteine and methionine metabolism/Biosynthesis of amino acids/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
Purine metabolism/Cysteine and methionine metabolism/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism

	
	268.0635
	
	
	
	

	
	268.1057
	
	
	
	

	
	268.1479
	
	
	
	

	
	268.0278
	
	
	
	

	
	268.0661
	
	
	
	

	
	268.1070
	
	
	
	

	
	268.0048
	
	
	
	

	
	268.0942
	
	
	
	

	
	268.1402
	
	
	
	

	
	268.1990
	
	
	
	

	
	268.0150
	
	
	
	

	
	268.0917
	
	
	
	

	
	268.0304
	
	
	
	

	
	268.0980
	
	
	
	


Table A 4.14: Discriminant mass bins (393) in root aqueous phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	393.1250
	dihydromacarpine
	alkaloid
	C22H19NO6

	Isoquinoline alkaloid biosynthesis /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/fatty acid /Shikimate

	
	393.1683
	
	
	
	

	
	393.2261
	
	
	
	

	
	393.2695
	
	
	
	

	
	393.1279
	
	
	
	

	
	393.1712
	
	
	
	

	
	393.2232
	
	
	
	

	
	393.2724
	
	
	
	

	
	393.1235
	
	
	
	

	
	393.2203
	
	
	
	

	
	393.2666
	
	
	
	

	
	393.1192
	
	
	
	

	
	393.1625
	
	
	
	

	
	393.2059
	
	
	
	

	
	393.2493
	
	
	
	

	
	393.2926
	
	
	
	

	
	393.1163
	
	
	
	

	
	393.1596
	
	
	
	

	
	393.1134
	
	
	
	

	
	393.1568
	
	
	
	

	
	393.2001
	
	
	
	

	
	393.2435
	
	
	
	

	
	393.2868
	
	
	
	

	
	393.1221
	
	
	
	

	
	393.2146
	
	
	
	

	
	393.2579
	
	
	
	

	
	393.1654
	
	
	
	

	
	393.2088
	
	
	
	

	
	393.2522
	
	
	
	

	
	393.1264
	
	
	
	

	
	393.2175
	
	
	
	

	
	393.2608
	
	
	
	

	H
	392.1172
	macarpine
deoxycholate
chenodeoxycholate
	alkaloid
steroid/bile acid
steroid/bile acid
	C22H18NO6

C24H39O4
C24H39O4

	Isoquinoline alkaloid biosynthesis /jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism

	
	392.1605
	
	
	
	

	
	392.2183
	
	
	
	

	
	392.2617
	
	
	
	

	
	392.1201
	
	
	
	

	
	392.1634
	
	
	
	

	
	392.2154
	
	
	
	

	
	392.2645
	
	
	
	

	
	392.1157
	
	
	
	

	
	392.2125
	
	
	
	

	
	392.2588
	
	
	
	

	
	392.1114
	
	
	
	

	
	392.1547
	
	
	
	

	
	392.1981
	
	
	
	

	
	392.2415
	
	
	
	

	
	392.2848
	
	
	
	

	
	392.1085
	
	
	
	

	
	392.1518
	
	
	
	

	
	392.1056
	
	
	
	

	
	392.1489
	
	
	
	

	
	392.1923
	
	
	
	

	
	392.2357
	
	
	
	

	
	392.2790
	
	
	
	

	
	392.1143
	
	
	
	

	
	392.2068
	
	
	
	

	
	392.2501
	
	
	
	

	
	392.1576
	
	
	
	

	
	392.2010
	
	
	
	

	
	392.2443
	
	
	
	

	
	392.1186
	
	
	
	

	
	392.1171
	
	
	
	

	
	392.2096
	
	
	
	

	
	392.2530
	
	
	
	

	
	392.1055







	
	
	
	

	NA
	370.1352
	sinapaldehyde glucoside
(-)-bursehernin
(S)-1-hydroxy-N-methylcanadine
androsterone sulfate
docosanedioate
	Phenylpropanoids
phenylpropanoids
alkaloids
steroid sulfate
carboxy acid
	C17H22O9
C21H22O6
C21H24NO5
C19H29O5S
C22H40O4

	Phenylpropanoid biosynthesis/Flavanone biosynthesis, phenylalanine
Biosynthesis of secondary metabolites - unclassified
Isoquinoline alkaloid biosynthesis /Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis
Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate
Cutin, suberine and wax biosynthesis

	
	370.1785
	
	
	
	

	
	370.2363
	
	
	
	

	
	370.2797
	
	
	
	

	
	370.1381
	
	
	
	

	
	370.1814
	
	
	
	

	
	370.2334
	
	
	
	

	
	370.2826
	
	
	
	

	
	370.1338
	
	
	
	

	
	370.2306
	
	
	
	

	
	370.2768
	
	
	
	

	
	370.1294
	
	
	
	

	
	370.1727
	
	
	
	

	
	370.2161
	
	
	
	

	
	370.2595
	
	
	
	

	
	370.3028
	
	
	
	

	
	370.1265
	
	
	
	

	
	370.1699
	
	
	
	

	
	370.1236
	
	
	
	

	
	370.1670
	
	
	
	

	
	370.2103
	
	
	
	

	
	370.2537
	
	
	
	

	
	370.2970
	
	
	
	

	
	370.1323
	
	
	
	

	
	370.2248
	
	
	
	

	
	370.2681
	
	
	
	

	
	370.1756
	
	
	
	

	
	370.2190
	
	
	
	

	
	370.2624
	
	
	
	

	
	370.1337
	
	
	
	

	
	370.1367
	
	
	
	

	
	370.2277
	
	
	
	

	
	370.2710
	
	
	
	

	K
	354.0267
	5-amino-6-(5-phospho-D-ribosylamino)uracil
scopolin
xanthohumol
glyceollin IV
17-O-acetylnorajmaline
	nucleotide/aromatic amine
glucoside
flavonoid/keton
flavonoid
alkaloid
	C9H13N4O9P

C16H18O9
C21H21O5
C21H22O5

C21H26N2O3

	Riboflavin metabolism
Phenylpropanoid biosynthesis/jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway
Flavonoid biosynthesis
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid biosynthesis
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid biosynthesis/Shikimate pathway

	
	354.0700
	
	
	
	

	
	354.1278
	
	
	
	

	
	354.1712
	
	
	
	

	
	354.0296
	
	
	
	

	
	354.0729
	
	
	
	

	
	354.1249
	
	
	
	

	
	354.1741
	
	
	
	

	
	354.0252
	
	
	
	

	
	354.1220
	
	
	
	

	
	354.1683
	
	
	
	

	
	354.0209
	
	
	
	

	
	354.0642
	
	
	
	

	
	354.1076
	
	
	
	

	
	354.1510
	
	
	
	

	
	354.1943
	
	
	
	

	
	354.0180
	
	
	
	

	
	354.0613
	
	
	
	

	
	354.0151
	
	
	
	

	
	354.0585
	
	
	
	

	
	354.1018
	
	
	
	

	
	354.1452
	
	
	
	

	
	354.1885
	
	
	
	

	
	354.0238
	
	
	
	

	
	354.1163
	
	
	
	

	
	354.1596
	
	
	
	

	
	354.0671
	
	
	
	

	
	354.1105
	
	
	
	

	
	354.1539
	
	
	
	

	
	354.0281
	
	
	
	

	
	354.1192
	
	
	
	

	
	354.1625
	
	
	
	















Table A 4.15: Discriminant mass bins (423.2) in root aqueous phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	H
	422.1138
	lovastatin acid
chitobiose 6'-phosphate
	fatty acid
glycan
	

C24H37O6
C12H25N2O12P

	mevinolinic acid) biosynthesis fatty acid pathway
jasmonic acid pathway/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/Shikimate pathway/pyrovate/pyrimidine fatty acid biosynthesis/animonsugar nuclotides sugar metabolism

	
	422.1663
	
	
	
	

	
	422.2383
	
	
	
	

	
	422.2832
	
	
	
	

	
	422.1198
	
	
	
	

	
	422.1693
	
	
	
	

	
	422.2263
	
	
	
	

	
	422.2712
	
	
	
	

	
	422.1723
	
	
	
	

	
	422.2323
	
	
	
	

	
	422.2787
	
	
	
	

	
	422.1018
	
	
	
	

	
	422.1513
	
	
	
	

	
	422.2142
	
	
	
	

	
	422.2593
	
	
	
	

	
	422.2203
	
	
	
	

	
	422.2653
	
	
	
	

	
	422.1033
	
	
	
	

	
	422.1483
	
	
	
	

	
	422.1932
	
	
	
	

	
	422.1063
	
	
	
	

	
	422.1603
	
	
	
	

	
	422.2233
	
	
	
	

	
	422.2683
	
	
	
	

	
	422.1213
	
	
	
	

	
	422.2353
	
	
	
	

	
	422.2802
	
	
	
	

	
	422.1753
	
	
	
	

	
	422.2473
	
	
	
	

	
	422.1183
	
	
	
	

	
	422.1633
	
	
	
	

	
	422.2772
	
	
	
	

	
	422.1153
	
	
	
	

	
	422.2413
	
	
	
	

	
	422.2862
	
	
	
	

	
	422.1168






	
	
	
	

	NA
	400.1318
	3-hydroxyflavone glucoside
a flavonol 3-O-galactoside
S-adenosyl-L-methionine
(-)-yatein
	flavinoid
flavinoid
amino acid
phenylopropanoid
	

C21H20O8
C21H20O8
C15H23N6O5S
C22H24O7

	Flavone and flavonol biosynthesis
Flavone and flavonol biosynthesis
Arginine and proline metabolism /Zeatin biosynthesis /Biosynthesis of amino acids /Arginine biosynthesis/Jasmonic acid biosynthesis/Abscisic acid biosynthesis Flavanone flavonoid /riboflavin biosynthesis/fatty acid pathway/Shikimate pathway, phosphoenolpyruvate
Biosynthesis of secondary metabolites - unclassified

	
	400.1843
	
	
	
	

	
	400.2563
	
	
	
	

	
	400.3012
	
	
	
	

	
	400.1378
	
	
	
	

	
	400.1873
	
	
	
	

	
	400.2443
	
	
	
	

	
	400.2893
	
	
	
	

	
	400.1903
	
	
	
	

	
	400.2503
	
	
	
	

	
	400.2968
	
	
	
	

	
	400.1198
	
	
	
	

	
	400.1693
	
	
	
	

	
	400.2323
	
	
	
	

	
	400.2773
	
	
	
	

	
	400.2383
	
	
	
	

	
	400.2833
	
	
	
	

	
	400.1213
	
	
	
	

	
	400.1663
	
	
	
	

	
	400.2113
	
	
	
	

	
	400.1243
	
	
	
	

	
	400.1783
	
	
	
	

	
	400.2413
	
	
	
	

	
	400.2863
	
	
	
	

	
	400.1393
	
	
	
	

	
	400.2533
	
	
	
	

	
	400.2982
	
	
	
	

	
	400.1933
	
	
	
	

	
	400.2653
	
	
	
	

	
	400.1363
	
	
	
	

	
	400.1813
	
	
	
	

	
	400.2953
	
	
	
	

	
	400.1333
	
	
	
	

	
	400.2593
	
	
	
	

	
	400.3042
	
	
	
	

	
	400.1348
	
	
	
	










Table A 4.16: Discriminant mass bins (274.2) in root organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	H
	273.1325
	normaritidine
4'-O-methylnorbelladine
N-demethylgalanthamine
(-)-8-demethylmaritidine
	C16H19NO3
C16H19NO3
C16H19NO3
C16H19NO3
	alkaloids
alkaloids
alkaloids
alkaloids
	Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis
Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis
Isoquinoline alkaloid biosynthesis
Isoquinoline alkaloid biosynthesis

	
	273.1686
	
	
	
	

	
	273.2047
	
	
	
	

	
	273.2481
	
	
	
	

	
	273.0939
	
	
	
	

	
	273.1301
	
	
	
	

	
	273.1662
	
	
	
	

	
	273.2023
	
	
	
	

	
	273.2457
	
	
	
	

	
	273.2517
	
	
	
	

	
	273.2602
	
	
	
	

	
	273.2554
	
	
	
	

	
	273.2891
	
	
	
	

	
	273.0963
	
	
	
	

	
	273.1349
	
	
	
	

	
	273.1710
	
	
	
	

	
	273.2071
	
	
	
	

	
	273.2553
	
	
	
	

	K
	235.0420
	UDP-N-acetyl-D-mannosaminouronate
	C8H12NO7
	NUCLOTIDE SUGAR/PYRIMIDINE
Amino sugar
	Amino sugar and nucleotide sugar metabolism

	
	235.0781
	
	
	
	

	
	235.1142
	
	
	
	

	
	235.1576
	
	
	
	

	
	235.0034
	
	
	
	

	
	235.0396
	
	
	
	

	
	235.0757
	
	
	
	

	
	235.1118
	
	
	
	

	
	235.1552
	
	
	
	

	
	235.1613
	
	
	
	

	
	235.1697
	
	
	
	

	
	235.1649
	
	
	
	

	
	235.1986
	
	
	
	

	
	235.0058
	
	
	
	

	
	235.1613
	
	
	
	

	
	235.0444
	
	
	
	

	
	235.0805
	
	
	
	

	
	235.1167
	
	
	
	


Table A 4.17: Discriminant mass bins (278.2) in root organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed

	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	278.1057
	neopentalenolactone F
pentalenolactone F
pantetheine
L-saccharopine
crepenynate
γ-linolenate
α-ribazole
	C15H17O5
C15H17O5
C15H17O5
C11H19N2O6
C18H29O2
C18H29O2
C14H18N2O4
	isoprenoid
isoprenoid
amide
amino-acid
fatty acid lipid
fatty acid lipid
imidazole
	Biosynthesis of secondary metabolites - unclassified
Biosynthesis of antibiotics
Metabolism of cofactors and vitamins  Pantothenate and CoA biosynthesis/Shikimate pathway/jasnonic acid biosynthesis
Lysine biosynthesis
Linoleic acid metabolism Lipid metabolism
Linoleic acid metabolism Lipid metabolism
Porphyrin and chlorophyll metabolism

	
	278.1420
	
	
	
	

	
	278.1784
	
	
	
	

	
	278.2148
	
	
	
	

	
	278.2513
	
	
	
	

	
	278.1396
	
	
	
	

	
	278.1760
	
	
	
	

	
	278.2124
	
	
	
	

	
	278.2489
	
	
	
	

	H
	277.0979
	L-glutamyl-L-glutamate
	C10H14N2O7

	peptide anion of L animo acid
	Alanine, aspartate and glutamate metabolism

	
	277.1342
	
	
	
	

	
	277.1706
	
	
	
	

	
	277.2070
	
	
	
	

	
	277.2435
	
	
	
	

	K
	239.0074
239.0437
239.0801
239.1165
239.1530
239.0413
239.0777
239.1141
239.1506
	anatalline
	C15H17N3
	alkaloid
	Tropane, piperidine and pyridine alkaloid biosynthesis






Table A 4.18: Discriminant mass bins (337.2) in root organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	
	337.1095
	tabersonine
catharanthine
	C21H25N2O2
C21H25N2O2
	(indole) alkaloids
indole alkaloids
	Shikimate pathway/Fatty acid biosynthesis/Jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/
indole alkaloids biosynthesis
Shikimate pathway/Fatty acid biosynthesis/Jasmonic acid biosynthesis/Riboflavin/Flavanone/Flavonoid/Abscisic acid biosynthesis/
indole alkaloids biosynthesis


	
	337.1496
	
	
	
	

	
	337.1896
	
	
	
	

	
	337.2297
	
	
	
	

	
	337.2698
	
	
	
	

	
	337.1042
	
	
	
	

	
	337.1442
	
	
	
	

	
	337.1843
	
	
	
	

	
	337.2244
	
	
	
	

	
	337.2645
	
	
	
	

	
	337.1469
	
	
	
	

	
	337.1870
	
	
	
	

	
	337.2271
	
	
	
	

	
	337.2672
	
	
	
	

	
	337.1069
	
	
	
	

	
	337.0935
	
	
	
	

	H
	336.1017
	glyceollin V
palmitoyl phosphate
prostaglandin A1
prostaglandin C1
leukotriene B4
berberine
	C20H16O5
C16H31O5P
C20H31O4
C20H31O4
C20H31O4
C20H18NO4
	flavonoid
acyl monophosphate
fatty acid
fatty acid
fatty acid
alkaloids
	Isoflavonoid biosynthesis/shikimate pathway/jasmonic acid biosythesis
Sphingolipid signaling pathway/Biosynthesis of plant hormones/jasmonic acid biosynthesis /shikimate pathway
Arachidonic acid metabolism / shikimate pathway/jasmonic acid biosythesis
Arachidonic acid metabolism / shikimate pathway/jasmonic acid biosythesis
Arachidonic acid metabolism / shikimate pathway/jasmonic acid biosythesis
Isoquinoline alkaloid biosynthesis / shikimate pathway/jasmonic acid biosythesis

	
	336.1417
	
	
	
	

	
	336.1818
	
	
	
	

	
	336.2219
	
	
	
	

	
	336.2620
	
	
	
	

	
	336.0964
	
	
	
	

	
	336.1364
	
	
	
	

	
	336.1765
	
	
	
	

	
	336.2166
	
	
	
	

	
	336.2567
	
	
	
	

	
	336.1391
	
	
	
	

	
	336.1791
	
	
	
	

	
	336.2192
	
	
	
	

	
	336.2593
	
	
	
	

	
	336.0990
	
	
	
	

	
	336.1230
	
	
	
	

	
	336.1631
	
	
	
	

	
	336.2032
	
	
	
	

	
	336.2432
	
	
	
	

	
	336.2833
	
	
	
	

	
	336.0856





	
	
	
	

	NA
	314.1198
	cannabidiol
progesterone
9,10-epoxy-18-hydroxystearate
	C21H30O2
C21H30O2
C18H33O4
	isoprenoid
steroid hormone
fatty acid
	Biosynthesis of secondary metabolites - unclassified
Jasmonic acid biosynthesis/shikimate pathway/
Cutin, suberine and wax biosynthesis

	
	314.1598
	
	
	
	

	
	314.1999
	
	
	
	

	
	314.2400
	
	
	
	

	
	314.2801
	
	
	
	

	
	314.1144
	
	
	
	

	
	314.1544
	
	
	
	

	
	314.1945
	
	
	
	

	
	314.2346
	
	
	
	

	
	314.2747
	
	
	
	

	
	314.1571
	
	
	
	

	
	314.1972
	
	
	
	

	
	314.2373
	
	
	
	

	
	314.2774
	
	
	
	

	
	314.1171
	
	
	
	

	
	314.1411
	
	
	
	

	
	314.1812
	
	
	
	

	
	314.2212
	
	
	
	

	
	314.2613
	
	
	
	

	
	314.3014
	
	
	
	

	
	314.1037
	
	
	
	

	K
	298.0112
	neopinone
oripavine
codeinone
S-methyl-5'-thioinosine
	C18H20NO3
C18H20NO3
C18H20NO3
C11H14N4O4S
	alkaloid
alkaloid
alkaloid
Purine nucleoside
	Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis
Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis
Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis
Isoquinoline alkaloid biosynthesis/shikimate pathway/jasmonic acid biosynthesis

	
	298.0513
	
	
	
	

	
	298.0913
	
	
	
	

	
	298.1314
	
	
	
	

	
	298.1715
	
	
	
	

	
	298.0059
	
	
	
	

	
	298.0459
	
	
	
	

	
	298.0860
	
	
	
	

	
	298.1261
	
	
	
	

	
	298.1662
	
	
	
	

	
	298.0326
	
	
	
	

	
	298.0727
	
	
	
	

	
	298.1127
	
	
	
	

	
	298.1528
	
	
	
	

	
	298.1929
	
	
	
	

	
	297.9952
	
	
	
	

	
	
	
	
	
	







Table A 4.19: Discriminant mass bins (379) in root organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.

	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	NA
	355.9567
	aflatoxin G1
5-amino-6-(5-phospho-D-ribitylamino)uracil
	C19H16O7
C9H15N4O9P
	toxin /mycotoxin
Aromatic amine /riboflavin
	Aflatoxin biosynthesis /shikimate pathway/jasmonic acid biosynthesis
Riboflavin metabolism

	
	355.9992
	
	
	
	

	
	356.0417
	
	
	
	

	
	356.0885
	
	
	
	

	
	355.9171
	
	
	
	

	
	355.9596
	
	
	
	

	
	356.0021
	
	
	
	

	
	356.0828
	
	
	
	

	
	355.9511
	
	
	
	

	
	355.9936
	
	
	
	

	
	356.0361
	
	
	
	

	
	356.0856
	
	
	
	

	
	356.0842
	
	
	
	

	
	356.0446
	
	
	
	

	
	356.0899
	
	
	
	

	
	355.9539
	
	
	
	

	
	355.9964
	
	
	
	

	
	356.0389
	
	
	
	

	
	356.0870
	
	
	
	

	
	355.9142
	
	
	
	

	
	356.0884
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	








Table A 4.20: Discriminant mass bins (381.2) in root organic phase and their associated detected masses looking for compound identification accounts for protonated adduct (H) and K, NA in positive mode in the analysis. The putatively identified compounds, their chemical groups, and the associated pathways are displayed.
	Adduct
	Mass detected
	COMPOUNDS NAME
	chemical formula
	chemical group
	pathway

	H
	381.1207
	cis-zeatin-O-glucoside
trans-zeatin-O-glucoside
(R)-S-lactoylglutathione
sphingosine 1-phosphate
aurachin B
	C16H23N5O6
C16H23N5O6
C13H20N3O8S
C18H37NO5P
C25H33NO2
	glycoside
glycoside
oligopeptides
phosphosphingolipids
antibiotic alkaloids isoprenoid quinoline
	Zeatin biosynthesis
Zeatin biosynthesis
Pyruvate metabolism
Sphingolipid metabolism/shikimate pathway/jasmonic acid biosynthesis
Biosynthesis of antibiotics

	
	381.1648
	
	
	
	

	
	381.2074
	
	
	
	

	
	381.2500
	
	
	
	

	
	381.2927
	
	
	
	

	
	381.1335
	
	
	
	

	
	381.1762
	
	
	
	

	
	381.2188
	
	
	
	

	
	381.2614
	
	
	
	

	
	381.1250
	
	
	
	

	
	381.1676
	
	
	
	

	
	381.2102
	
	
	
	

	
	381.2529
	
	
	
	

	
	381.2955
	
	
	
	

	
	380.1129
	
	
	
	

	
	380.1569
	
	
	
	

	
	380.1995
	
	
	
	

	
	380.2422
	
	
	
	

	
	380.2848
	
	
	
	

	
	380.1257
	
	
	
	

	
	380.1684
	
	
	
	

	
	380.2110
	
	
	
	

	
	380.2536
	
	
	
	

	
	380.1342
	
	
	
	

	
	380.1769
	
	
	
	

	
	380.2195
	
	
	
	

	
	380.2621
	
	
	
	

	
	380.1172
	
	
	
	

	
	380.1598
	
	
	
	

	
	380.2024
	
	
	
	

	
	380.2451
	
	
	
	

	
	380.2877



	
	
	
	

	NA
	









358.1310
	pinoresinol
(+)-pinoresinol
(-)-pinoresinol
(-)-matairesinol
deacetylcolchicine
cannabidiolate
	C20H22O6
C20H22O6
C20H22O6
C20H22O6
C20H24NO5
C22H29O4
	phenylpropanoid/lignan
phenylpropanoid/lignan
phenylpropanoid/lignan
phenylpropanoid/lignan
alkaloid
isoprenoid
	Carotenoid biosynthesis Porphyrin and chlorophyll metabolism /shikimate pathway/jasmonic acid biosynthesis
Carotenoid biosynthesis Porphyrin and chlorophyll metabolism /shikimate pathway/jasmonic acid biosynthesis
Carotenoid biosynthesis Porphyrin and chlorophyll metabolism /shikimate pathway/jasmonic acid biosynthesis
Carotenoid biosynthesis Porphyrin and chlorophyll metabolism
Isoquinoline alkaloid biosynthesis/ shikimate pathway/jasmonic acid biosynthesis
Biosynthesis of secondary metabolites - unclassified

	
	358.1750
	
	
	
	

	
	358.2176
	
	
	
	

	
	358.2603
	
	
	
	

	
	358.3029
	
	
	
	

	
	358.1437
	
	
	
	

	
	358.1864
	
	
	
	

	
	358.2290
	
	
	
	

	
	358.2716
	
	
	
	

	
	358.1523
	
	
	
	

	
	358.1949
	
	
	
	

	
	358.2375
	
	
	
	

	
	358.2801
	
	
	
	

	
	358.1352
	
	
	
	

	
	358.1778
	
	
	
	

	
	358.2204
	
	
	
	

	
	358.2631
	
	
	
	

	
	358.3057









	
	
	
	

	K
	342.0224
	
                   penicillin K
	C16H25N2O4S
C12H24NO10






C12H26N2O9
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11
C12H22O11




C16H22O8
C20H24NO4
	
                             an amide /antibiotic
Glicoside




oligosaccharide/glucan/charbohydrate
oligosaccharide/glucan/charbohydrate
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
oligosaccharide/glucan/charbohydrate
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
carbohydrate/glycan/polysaccharide
carbohydrate/glycan/glycoside
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/
charbohydrate/glycan/oligosaccharids/


carbohydrate/glycan/glycoside
alkaloid
	Monobactam biosynthesis /Lysine degradation /shikimate pathway/jasmonic acid biosynthesis
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis






ABC transporters / shikimate pathway/jasmonic acid biosynthesis
ABC transporters
Starch and sucrosemetabolism/Amino sugar and nucleotide sugar metabolism// shikimate pathway/jasmonic acid biosynthesis
Starch and sucrose metabolism /ABC transporters // shikimate pathway/jasmonic acid biosynthesis
Glycerolipid metabolism
Starch and sucrose metabolism /ABC transporters // shikimate pathway/jasmonic acid biosynthesis
Starch and sucrose metabolism
Glycerolipid metabolism
Galactosemetabolism /ABC transporters / /Amino sugar and nucleotide sugar // shikimate pathway/jasmonic acid biosynthesis
Starch and sucrose metabolism
Starch and sucrose metabolism
Galactose metabolism









                                                      Phenylpropanoid biosynthesis
Isoquinoline alkaloid biosynthesis /shikimate pathway/jasmonic acid biosynthesis

	
	342.0665
	6-(α-D-glucosaminyl)-1D-myo-inositol




	
	
	

	
	342.1091
	chitobiose
	
	
	

	
	342.1517
	melibiose
	
	
	

	
	342.1944
	sucrose
	
	
	

	
	342.0352
	maltose
	
	
	

	
	342.0779
	gentiobiose
	
	
	

	
	342.1205
	trehalose
	
	
	

	
	342.1631
	isomaltose
	
	
	

	
	342.0438
	kojibiose
	
	
	

	
	342.0864
	lactose
	
	
	

	
	342.1290
	α-maltose
	
	
	

	
	342.1716
	levanbiose
	
	
	

	
	342.0267
	galactinol
	
	
	

	
	342.0693
	lactose
	
	
	

	
	342.1119
	gentiobiose
	
	
	

	
	342.1546
	Maltose



	
	
	

	
	342.1972
	coniferin
	
	
	

	
	
	pavine
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