
Chapter 5 
Arbuscular Mycorrhizal Fungi and Plant 
Secondary Metabolism 

Somayeh Rahmat and Zhaleh Soheilikhah 

Abstract Plants synthetize and accumulate a various class of organic compounds 
known as secondary metabolites (SMs). Although SMs do not play a crucial role as 
primary metabolites in plant growth and development, they are of high ecological 
significance. Humans use these compounds in the pharmaceutical industry. One of 
the results of mutual symbiotic association between plants and arbuscular mycor-
rhizal fungi (AMF) is the reprogramming of metabolic pathways and modulating the 
range and content of plant SMs such as phenolics, terpenoids, and alkaloids. Many 
of SMs act as signals for multiple interactions between plants and AMF, from the 
pre-symbiotic stage to the creation/formation of a functional symbiosis. This chapter 
briefly reviews the current research status in the field of SM changes under the 
influence of AMF. The plant association with AMF increases the production and 
accumulation of SMs directly through improving water and nutrient uptake and 
enhancing the photosynthetic capacity or indirectly by provoking the biosynthetic 
pathways of SMs through generation of signaling molecules and changes in the 
concentration of phytohormones. The extent to which AMF affect plant SMs 
depends on the plant and fungus species and environmental factors. 

Keywords AMF · Secondary metabolites · Phenolics · Flavonoid · Photosynthesis · 
Stress tolerance 

5.1 Introduction 

In the long path of evolution, plants have developed a wide range of organic 
compounds known as secondary metabolites (SMs). SMs have no direct role in 
plant fundamental processes such as photosynthesis, respiration, and transport of 
nutrients or in the biosynthetic pathways of carbohydrates, proteins, or lipids. Unlike
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primary metabolites, SMs have a limited distribution in the plant kingdom; in other 
words, specific SMs are often found only in one species or plants related to that 
species (Ghamarnia et al. 2022; Yousefi and Safari 2022). Lack or reduced level of 
SMs does not cause an immediate death of plants, but it causes disruptions in 
survival, fertility, and ecological distribution and resistance of plants to natural 
enemies (Agostini-Costa et al. 2012).
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SMs in plants are structurally and chemically diverse groups of products, and 
despite lack of an essential role for plant growth and development, they are eco-
nomically important for human well-being in various fields, including pharmaceu-
ticals, nutrients, food additives, and agrochemicals (Chandran et al. 2020). 
Meanwhile, medicinal plants, which are rich reservoirs of the main active ingredients 
of numerous medicinal compounds, have attracted special attention (Zhao et al. 
2022; Walid et al. 2021). 

The most significant and prevalent mutualistic symbiosis of microorganisms with 
plants is formed between roots and arbuscular mycorrhizal fungi (AMF). Mycor-
rhiza promotes plant growth; increases the uptake of micro- and macronutrients 
(Grümberg et al. 2015; Battini et al. 2017; Amani Machiani et al. 2021); improves 
water relations (Eulenstein et al. 2016; Li et al. 2019; Ostadi et al. 2022), soil 
fertility, and yield quality (Amani Machiani et al. 2022); enhances tolerance to 
environmental stresses, such as drought, salinity, and heavy metals; and boosts 
resistance to pests and pathogens (Moradtalab et al. 2019; Al-Arjani et al. 2020). 
As the most prevalent symbiotic relationship in nature, AMF symbiosis offers 
enormous potential for resource utilization in agriculture, especially in low-input 
and sustainable agriculture, and would cut agricultural expenses and further mini-
mize environmental degradation (Begum et al. 2019; Igiehon and Babalola 2017). 

A wide range of environmental (abiotic and biotic stresses) conditions and 
internal (morphological, developmental, and genetic) factors affect the production 
and accumulation of SMs (Simões et al. 2016). Moreover, the mutual relationships 
between plants and soil microorganisms, like AMF, also change the quality and 
quantity of plant SMs (Kapoor et al. 2017). AMF-mediated increase in the synthesis 
and accumulation of SMs may be one of the mechanisms for the positive effects of 
mycorrhization in host plants, particularly those associated with higher tolerance to 
suboptimal conditions (Kaur and Suseela 2020). 

Although the colonization of plant by the fungus takes place morphologically in 
the root, it affects the metabolism and physiology of the plant systemically 
(Schweiger and Müller 2015). Due to its dependence on plant carbon (carbohydrates 
and lipids), AMF are a powerful carbon sink in the roots. They allocate up to 30% of 
plant’s photosynthetic carbon in return for water and nutrient supply (Drigo et al. 
2010; Van Der Heijden et al. 2015). Such interaction regulates photosynthesis and 
other primary metabolic pathways to maintain the balance of carbon in plant. As an 
inevitable consequence of change in primary metabolism, the profile of plant SMs 
will change (Kaschuk et al. 2009; Kogel et al. 2010). 

A group of SMs act as mediators of AMF-plant interactions, from the 
pre-symbiotic step to establishing and maintaining a successful symbiotic associa-
tion. For example, in response to secretion of signaling compounds from roots



(strigolactones, flavonoids), AMF release lipocyto-oligosaccharide compounds 
called “Myc factors” that lead to the induction of symbiotic responses in the host 
plant (Kaur and Suseela 2020). In addition to the release of molecules necessary for 
identification and formation of a functional symbiosis, the AMF association leads to 
reprogramming of the secondary metabolic pathways in the host plants (Pozo et al. 
2009; Jung et al. 2012; Song et al. 2013). The host genome is affected by fungal 
metabolites, and thus, the microbe-host interaction causes changes in the 
transcriptome, proteome, and ultimately the metabolome of the plant (Mhlongo 
et al. 2018). This chapter briefly introduces the impacts of AMF on secondary 
metabolism in host plants and provides insights to achieve higher performance of 
commercial plants through AMF colonization in sustainable cultivation systems. 
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5.2 Secondary Metabolism 

Unlike primary metabolism, secondary metabolism includes metabolic pathways 
and their related molecules that are not necessary for plant life (Yang et al. 2018). 
Products of SMs originate from primary metabolites or their intermediate com-
pounds in the biosynthetic pathways (Piasecka et al. 2015). Methods such as mass 
spectrometry, gas chromatography, and liquid chromatography have made it possi-
ble to detect and identify a wide range of SMs in plants. By examining only 20–30% 
of all known plant species (Zhu et al. 2023), more than 100,000 different compounds 
have been isolated and identified (Wink 2008). Despite such a high diversity of SMs, 
there are limited numbers of corresponding basic biosynthetic pathways (Fig. 5.1). 
Substrates are usually derived from basic metabolic pathways such as the shikimic 
acid pathway, Krebs cycle, and glycolysis pathway (Wink 2008). According to the 
molecular structure and biological functions, three important classes of plant SMs 
are phenolics, terpenes or terpenoids, and alkaloids (Pandey et al. 2018). Terpenoids 
and phenolics are synthesized by almost all vascular plants, while alkaloids show a 
patchy occurrence pattern. So, specific alkaloid compounds are usually considered 
as indicators of specific taxonomic classes (Wink 2008). Another important group of 
SMs discussed in this chapter are saponins, a chemically heterogeneous group of 
triterpenoid and steroidal glycosides that are found in most medicinal plants and 
have a high molecular weight (Nasseri et al. 2020). 

Many SMs show positive effect on numerous aspects of plant growth and 
development including defense response (Isah 2019), innate immunity (Piasecka 
et al. 2015), and adaptations to environmental stress (Yang et al. 2018). Moreover, 
SMs act as signaling compounds for symbiosis between microorganisms and plants, 
including AMF (Guerrieri et al. 2019). 

Apart from their functional significance in plants, the high commercial value of a 
large group of SMs has caused them to be used as special chemicals such as 
flavorings, perfumes, insecticides, dyes, and all kinds of anticancer, antidiabetic, 
antihypertensive, anti-AIDS, heart and blood vessel improvers, memory boosters, 
and antidepressants (Chandran et al. 2020). Since symbiosis of plants with AMF
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significantly modifies production and the pattern of accumulation of SMs (Fig. 5.2) 
(Tsiokanos et al. 2022), the extent to which the quality and quantity of SMs are 
affected by AMF association is one of the significant aspects in the production of 
medicinal and aromatic plants.
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5.2.1 Terpenoids 

Terpenoids (or isoprenoids) are the most diverse class of plant metabolites, with 
more than 27,000 compounds (Sacchettini and Poulter 1997; Pandey et al. 2018). 
Terpenoids contain a ring or chain structure that is obtained from the fusion of 
isoprene units (C5). Based on the number of isoprene units used in their structure, 
terpenoids can be classified as hemiterpenes (C5), monoterpenes (C10, geraniol, 
linalool, limonene, etc.), sesquiterpenes (C15, abscisic acid, humulene, germacrene, 
bisabolene, etc.), diterpenes (C20, gibberellic acid), triterpenes (C30, ursolic acid, 
oleanolic acid, betulinic acid, etc.), tetraterpenes (C40, lupeol, diosgenin, stigmas-
terols, lanosterol, etc.), and polyterpenes (C > 40) (Pusztahelyi et al. 2015; Pandey 
et al. 2018). Terpenoids are synthesized and stored in trichomes and epidermal 
structures of leaf in plants (Covello et al. 2007). These compounds play an essential 
role in plant adaptation to adverse environmental conditions, and some of them (e.g., 
abscisic acid and gibberellic acid) regulate plant growth and stress responses 
(Pusztahelyi et al. 2015). Some sesquiterpenes (such as caryophyllene) and mono-
terpenes (such as linalool) are toxic to pathogens and herbivorous insects and can 
also act as a signaling molecule to attract natural enemies of insects (Kappers et al. 
2005; Bakkali et al. 2008; Sharma et al. 2017). In addition, when plants are attacked 
by pathogens or fungus-eating animals, AMF stimulate the production of some 
terpenoids (such as catalpol) by the host plant. Catalpol is transferred to soil or 
external hyphae and acts as a signal or defense substances to protect neighboring 
plants or symbiotic fungi (Babikova et al. 2013; Duhamel et al. 2013). Despite some 
reports regarding neutral (Morone-Fortunato and Avato 2008; Nell et al. 2009) and 
even negative effects (Khaosaad et al. 2006), many studies have shown that the 
symbiotic relationship between AMF and plants can stimulate the synthesis of 
terpenoids and affect the composition and content of terpenoids (Karagiannidis 
et al. 2011; Lermen et al. 2015; Weisany et al. 2015). The studies conducted so far 
show that the increase in the production of precursors through the methylerythritol 
4-phosphate (MEP) pathway (Fig. 5.2) is the reason for the increased concentration 
of terpenoids after inoculation with AMF (Kapoor et al. 2017). On the other hand, 
terpenoids, especially volatile mono- and sesquiterpenes with small molecular 
weight, play an important role in the symbiosis between plants and AMF (Duhamel 
et al. 2013; Babikova et al. 2013; Sharma et al. 2017). In addition, some terpenoids 
are bioactive and are the main active component of medicinal plants, such as the 
sesquiterpene artemisinin found in Artemisia annua (Mandal et al. 2015b).
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5.2.1.1 Carotenoid Pathway 

Carotenoids are members of the 40-carbon (tetraterpenoids) subfamily of terpenoids, 
which are made by connecting 8 isoprene units (Li et al. 2020). The important 
function of the carotenoid pathway is known in various plant processes including 
signaling, synthesis, and release of hormones, light protection, and photosynthesis 
(Shumskaya and Wurtzel 2013). Upregulation of the primary enzymes of this 
pathway, 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) and 1-deoxy-
D-xylulose 5-phosphate synthase (DXS) (Fig. 5.3), after inoculation with AMF was 
associated with the accumulation of the diterpene stevioside and sesquiterpene 
artemisinin in the leaves of Stevia rebadiana and Artemisia annua, respectively 
(Mandal et al. 2015a, b). 

A number of molecules derived from the carotenoid pathway (e.g., 
strigolactones) are released by mycorrhizal roots during the pre-symbiotic step and

Fig. 5.3 Biosynthesis pathway of DMAPP/IPP promoted or induced by AMF. GGPP 
geranylgeranyl diphosphate, FPP farnesyl diphosphate, SQC sesquiterpene cyclase, GPP geranyl 
diphosphate, DMAPP dimethylallyl diphosphate, IPP isopentenyl diphosphate, DXR 1-deoxy-D-
xylulose 5-phosphate reductoisomerase, MEP 2-C-methyl-D-erythritol 4-phosphate, DXS 1-deoxy-
D-xylulose 5-phosphate synthase, DOXP 1-deoxy-D-xylulose 5-phosphate, HMG-CoA β-hydroxy 
β-methylglutaryl-CoA. Redrawn after Zhi-lin et al. (2007)



after colonization (Al-Babili and Bouwmeester 2015). Strigolactones act as signal-
ing compounds and regulate spore germination, hyphal elongation, and 
hyphopodium formation leading to the start of AMF-plant symbiosis (Al-Babili 
and Bouwmeester 2015). Significant induction of PDR1 transporter (an ABC trans-
porter) which is involved in the transport of strigolactones is known in mycorrhizal 
plants (Kretzschmar et al. 2012). AMF also induce the synthesis and accumulation of 
some apocarotenoids, such as C14 acyclic polyene mycorradicin and C13 
cyclohexenone derivatives (e.g., blumenin) (Fig. 5.3), which are important regula-
tors of the establishment and maintaining of AM symbiosis in colonized roots 
(Schliemann et al. 2008; Fiorilli et al. 2019). The development of mycorrhization 
in Hordeum vulgare plants was associated with an increased accumulation of 
cyclohexenone derivatives (Peipp et al. 1997). Blumenols (glycosidic derivatives) 
are among the most common compounds derived from cyclohexenone that accu-
mulate in the mycorrhizal plants and act as biomarkers of AM symbiosis 
(Schliemann et al. 2006; Wang et al. 2018). In addition, increased levels of 
apocarotenoids in AM roots may be important in protecting plants against ROS 
and pathogens, self-regulation of fungal colonization, and synthesis of signaling 
molecules (Strack and Fester 2006). There are some reports that the activation of 
carotenoid biosynthesis is specific to the plant-AMF relationship (Fester et al. 2005; 
Maier et al. 1997). Furthermore, mycorrhization reduced the emission of volatile 
sesquiterpenes by herbivory in Plantago lanceolata, indicating that terpenoids are 
also involved in indirectly priming of the host defense system (Fontana et al. 2009).
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5.2.1.2 Essential Oils 

Plant essential oils (Eos) are aromatic and volatile oil compounds. Complex mixtures 
of monoterpenes, sesquiterpenes, diterpenes, and compounds derived from 
phenylpropene are the main bioactive components of Eos (Nurzynska-Wierdak 
2013). These compounds are important in the plant growth and development, 
resistance of plants against adverse environmental conditions, and attraction of 
pollinating insects. They are used as antiseptic, medicinal, and aromatic compounds 
in various industries (Chiej 1984; Chukwuka et al. 2011). In addition, studies show 
that different species of AMF cause different responses in the same plant; specific 
components of Eos are also affected by AMF in different aromatic plants (Kapoor 
et al. 2017). Rezaei-Chiyaneh et al. (2021) indicated that colonization by a combi-
nation of Rhizophagus irregularis and Funneliformis mosseae increased the main 
essential oil compounds such as trans-caryophyllene, borneol, p-cymene, thymol, 
and geranyl-acetate in Nigella sativa. The content of g-terpinene, p-cymene, and 
thymol in Eos of thyme (Thymus vulgaris) also increased after inoculation with 
Funneliformis mosseae (Amani Machiani et al. 2021). Similarly, Eo content was 
improved in Mentha requienii and Origanum onites plants inoculated with Glomus 
lamellosum and G. etunicatum, respectively (Karagiannidis et al. 2011). Moreover, 
after inoculation with Gigaspora rosea, the accumulation of linalool in Ocimum 
basilicum L. leaves declined, while the accumulation of eugenol and alpha-terpineol



enhanced, suggesting that AMF association changes the essential oil composition of 
plant leaves (Copetta et al. 2006). 
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5.2.2 Phenolics 

Phenolics or phenylpropanoids are a large class of SMs produced in plant tissues to 
protect against predators, parasites, pathogens, and UV radiation (Singla et al. 2019). 
They are synthesized by the pentose phosphate and shikimate pathways through the 
phenylpropanoid pathway (Fig. 5.1) (Michalak 2006; Zaynab et al. 2018). The five 
main groups of phenolics are phenolic acids, flavonoids, coumarins, stilbenes, and 
monolignols (Deng and Lu 2017). Most of the compounds have antioxidant activity, 
which, apart from their beneficial effects under stress conditions, give the plant 
valuable medicinal properties (Krishnaiah et al. 2011). In addition, they are impor-
tant signaling compounds in microbe-plant relationships and plant development. 
AMF create changes in the quantity and quality of different SMs by reprogramming 
the phenylpropanoid pathway, to establish a functional symbiosis (Schweiger and 
Müller 2015). Two important groups of compounds in the phenylpropanoid pathway 
are phenolic acids and flavonoids. 

5.2.2.1 Flavonoids 

Flavonoids form the largest group of phenolics and include flavonols, flavones, 
isoflavonoids, and anthocyanins (Reyes-Carmona et al. 2005). Flavonoids have 
high antioxidant activity and contribute to the flavor and color of plants (Mierziak 
et al. 2014). There are many reports of beneficial effects of AMF on flavonoid 
concentrations. Inoculation with Rhizoglomus intraradices and Funneliformis 
mosseae increased the flavonoid levels in the Solanum nigrum L. roots (Muniz 
et al. 2021). In inoculated corn plants, the appropriate combination of fungus-plant 
species is essential in determining the result of symbiosis and achieving higher yield. 
Moreover, the plants inoculated with Dentiscutata heterogama and 
Claroideoglomus etunicatum had higher flavonoid levels compared to the plants 
inoculated with Acaulospora longula (Silva et al. 2019; Avio et al. 2020). Further-
more, the levels of phenols and flavonoids in the weed Aphis gossypii elevated after 
inoculation with Septoglomus constrictum and Claroideoglomus etunicatum, and 
this was accompanied by a decrease in its herbivory (Wu et al. 2023). These findings 
indicate the ecological implications of AMF in weed management. 

In the AMF-plant relationship, changes in the flavonoid pattern are a function of 
the developmental stage of the symbiosis. These compounds are essential in initiat-
ing and limiting mycorrhization (Kaur and Suseela 2020). Different types of flavo-
noids affect the inoculation of different AMF species differently. Some flavonoids, 
including ononin and formononetin, are responsible for autoregulation of AM 
symbiosis, by limiting the fungal colonization after reaching to a threshold level



(Catford et al. 2006). In the same way, some isoflavonoids, such as malonylononin, 
ononin, and daidzein, are involved in the later stages of mycorrhizal development 
(Schliemann et al. 2008). AMF changed flavonoid accumulation in growing roots of 
Manihot esculenta Crantz 6 weeks after inoculation with Rhizophagus irregularis 
(Bag et al. 2022). Comparison of well-colonized roots of Medicago sativa and 
Medicago truncatula, and incompletely colonized roots of Medicago sativa, showed 
that the level of flavonoid 4′,7-dihydroxyflavone increased only in the roots with 
well-developed colonization (Harrison and Dixon 1993). In the same way, the levels 
of medicarpin, which were increased during initial colonization, were greatly 
reduced during the advanced stages of colonization. However, the abundance of 
medicarpin in incompletely colonized roots did not decrease, which means that 
growth-dependent changes in the flavonoid pattern are necessary for the formation 
and regulation of symbiotic association (Harrison and Dixon 1993). Moreover, the 
increase in the concentration of some types of flavonoids, such as coumestrol, 
daidzein, medicarpin malonyl glucoside, and formononetin malonyl glucoside, is 
related to the improved resistance of mycorrhizal plants to stressful conditions 
(Harrison and Dixon 1993). 
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5.2.2.2 Phenolic Acids 

Phenolic acids are considered as important mediators of plant-microorganism inter-
actions (Mandal et al. 2010). Higher level of these compounds in herbal products is 
an indication of their higher quality (Ghasemzadeh and Ghasemzadeh 2011). There 
are several reports of improved levels of phenolic acids by inoculation of AMF. 
AMF colonization enhanced the abundance of phenolic acids in Arachis hypogaea 
roots and leaves (Devi and Reddy 2002). The abundance of phenolic acid derivatives 
also changed in Cichorium intybus (Rozpądek et al. 2014) and Hordeum vulgare 
(Devi and Reddy 2002) plants inoculated with AMF. Hydroxycinnamate amides and 
caffeic acid derivatives were reported in mycorrhizal roots of chicory, and accumu-
lation of hydroxycinnamate amides in barley mycorrhizal roots. Total phenol content 
in Eclipta prostrata L. plants increased 8 weeks after inoculation with a combination 
of AMF species (Acaulospora lacunosa, Funneliformis mosseae, and Gigaspora 
albida) (Duc et al. 2021). Colonization in Passiflora alata Curtis plants with 
Gigaspora albida and Acaulospora longula increased the total phenol by 94% and 
111%, respectively (Muniz et al. 2021). In addition, resistance of Phoenix 
dactylifera against bayoud disease is improved through its colonization with various 
AMF species. This improvement was related to the increased enzymatic activities of 
polyphenol oxidases and peroxidases (Jaiti et al. 2007). Therefore, higher concen-
tration of phenolic acids in AMF-inoculated plants implies the improvement of plant 
defense system against pathogens. In addition, it has been found that artichoke plants 
inoculated with Funneliformis mosseae IMA1 and Claroideoglomus claroideum 
22W3 had higher phenolic compounds and antioxidant activities than control plants, 
while Glomus sp., Rhizophagus irregularis, and other varieties of Funneliformis 
mosseae had no effect on the plant antioxidant activity (Mandal et al. 2010). It has



been reported that while ferulic acid level in Solanum lycopersicum roots decreased 
with AMF, the accumulation of caffeic acids increased. Such different response to 
mycorrhizal association depending on fungus and plant species suggests certain 
degrees of specificity in the AMF-plant interaction (López-Ráez et al. 2010). Sim-
ilarly, Aliferis et al. (2015) and Maier et al. (2000) reported increased concentrations 
of other phenylpropanoid pathway compounds including coumarins and their 
hydroxyl derivatives, in mycorrhizal Salix purpurea L. leaves. These compounds 
have antioxidant and antimicrobial properties (Maier et al. 2000; Aliferis et al. 
2015). Inoculation with Acaulospora longula also increased the tannin level in 
Libidibia ferrea fruits (Santos et al. 2020). 
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5.2.3 Alkaloids 

Alkaloids are alkaline-like substances that contain one or more nitrogen atoms in the 
heterocyclic ring (Zhu et al. 2023). In plants, these metabolites are derived from 
amino acids, aromatic compounds, as well as terpenes (Herbert 2001). Based on their 
amino acid precursors, they are classified into pyridine, quinolizidine, indole-
quinoline, benzyl-isoquinoline, pyrrolizidine, pyrrolidine, and tropane groups 
(Song et al. 2014; Dey et al. 2020). So far, 600 bioactive alkaloid compounds 
have been identified out of a total 20,000 alkaloid compounds discovered (mainly 
from plants). Duo to toxic properties, alkaloids play an important role in strength-
ening the plant’s defense system against biotic stresses (Yeshi et al. 2022). Some 
types of alkaloids have medicinal properties with a wide application in the pharma-
ceutical industry. In this case, we can mention morphine, cocaine, nicotine, colchi-
cine, quinine, strychnine, and caffeine (Herbert 2001). Several studies reported the 
elevated concentrations of alkaloids after the inoculation of plants with AMF. For 
example, colonization with different species of AMF increased the concentration of 
alkaloid colchicine in different organs (aerial organ, tuber, and seed) of Gloriosa 
superba L. plant (Pandey et al. 2014). In addition, inoculation with Gigaspora rosea 
was associated with an increase in the content of alkaloid with therapeutic properties, 
trigonelline in Prosopis laevigata. Accumulation of alkaloids trigonelline (Rojas-
Andrade et al. 2003), castanospermine (Abu-Zeyad et al. 1999), and camptothecin 
(Wei and Wang 1989) was also enhanced in plants colonized with different AMF 
species. 

5.2.4 Saponins 

An important class of SMs produced in plants are saponins. Their structure is 
characterized by a carbohydrate part (an oligo or monosaccharide chain) attached 
to a steroid or triterpene (Hussein and El-Anssary 2019). The various biological 
functions of saponins explain their wide application in pharmaceutical, cosmetic,



and food industries (Isah 2019). An increase in saponin concentration has been 
reported in mycorrhizal plants. For example, inoculation of Glycyrrhiza glabra 
plants with Claroideoglomus etunicatum (Johny et al. 2021) and Funneliformis 
mosseae and/or Diversispora epigaea (Liu et al. 2007) was associated with the 
accumulation of triterpenoid saponin glycyrrhizic acid. Similarly, an accumulation 
of saponins was observed in the aerial parts of Anchusa officinalis L. (Cartabia et al. 
2021)  and  Passiflora alata (Muniz et al. 2021) plants inoculated with Rhizophagus 
irregularis and Acaulospora longula, respectively. 
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5.3 Mechanisms of AMF Effects on SM Production 
in Plants 

AM colonization alters the plant SM synthesis pattern in two different ways, 
nutritional (direct) and non-nutritional (indirect) effects (Fig. 5.4). In the nutritional 
mode of action, AMF improve water and nutrient uptake (phosphorus, nitrogen, 
copper, manganese, zinc) (Kapoor et al. 2017) and photosynthetic capacity and 
growth, which subsequently increase the production of precursor compounds 
required for the synthesis of SMs (Zhao et al. 2022). Some reports attribute the 
benefits of AMF on SMs to improved nutrient uptake, especially phosphorus. For 
example, inoculated and non-inoculated Foeniculum vulgare plants, with similar 
phosphorus levels, showed the similar essential oil content (Kapoor et al. 2017). 
Improved accumulation of glycyrrhizic acid in Glycyrrhiza glabra was also attrib-
uted to improved phosphorus uptake in these plants by AMF (Xie et al. 2018a, b). It 
seems that AMF cause C:N:P (carbon:nitrogen:phosphorus) stoichiometric changes 
in tissues by increasing phosphorus and nitrogen availability and regulating carbon 
distribution (Saia et al. 2014; Zhao et al. 2015). Based on the carbon-nutrient balance 
hypothesis, the synthesis of SMs is regulated by the ratio between carbon and 
nutrients. Low C:N ratios in plants lead to the synthesis of carbon-based SMs, 
while high C:N ratios increase the synthesis of nitrogen-based SMs (Gershenzon 
1994; Hamilton et al. 2001). A recent study supported this hypothesis. Xie et al. 
(2018a, b) indicated that AMF-mediated increases in the C:N ratio and decreases 
in N:P ratio in Glycyrrhiza glabra plants were associated with an accumulation of 
glycyrrhizic acid in the roots. On the other hand, the improved water and nutrient 
uptake and higher photosynthetic capacity lead to increased division and develop-
ment in the secretory ducts, glandular trichomes, and Eo channels (Amani Machiani 
et al. 2021). Moreover, some micronutrients act as cofactors for different enzymes. 
For example, manganese is an essential cofactor for the function of phytoene 
synthase, a key enzyme involved in the biosynthesis of carotenoids (tetraterpenoid) 
(Fraser et al. 2000). Two independent studies have reported increased manganese 
uptake in Stevia rebaudiana plants colonized by R. fasciculatus (Mandal et al. 
2015b) and R. intraradices (Mandal et al. 2013). In addition, improved phosphorus 
nutrition in AMF plants increases metabolic precursors such as ATP, NADPH,
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phosphoenol-pyruvate, erythrose-4-phosphate, pyruvate, glyceraldehyde phosphate, 
and acetyl coenzyme A, which are necessary for the synthesis of SMs (Kapoor et al. 
2017).
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Although the AM symbiotic relationship increases the availability of nutrients, 
especially phosphorus, leading to higher levels of primary metabolites, the levels of 
phenols, flavonoids, and tannins were not affected by the phosphorus nutritional 
status in cebil (Anadenanthera colubrina) plants (Pedone-Bonfim et al. 2013). 
Similarly, the accumulation of anthocyanins and flavonoids in Medicago truncatula 
leaves was observed in mycorrhizal plants in the absence of phosphorus uptake 
benefits (Adolfsson et al. 2017). These findings emphasize the reprogramming of 
SMs in the phenylpropanoid pathway by AMF colonization, regardless of its 
nutritional function (Kaur and Suseela 2020). Furthermore, it has been reported 
that inoculation with F. mosseae significantly increased Eo accumulation in two 
genotypes of Origanum sp., while the same effect was not observed when the 
non-mycorrhizal plants are supplied with phosphorus (Khaosaad et al. 2006). The 
authors concluded that AMF-mediated increase in Eo concentration in Origanum 
sp. plants was not due to nutritional benefits (Khaosaad et al. 2006). 

In non-nutritional (indirect) effects, AMF affect the biosynthetic pathways of 
SMs through modifications in the phytohormone levels such as cytokinins, 
gibberellic acid, and jasmonic acid (Erb and Kliebenstein 2020). For example, 
Liao et al. (2018) reported that gibberellic acid and jasmonic acid increased the 
levels of terpenoids by stimulating sesquiterpenoid biosynthetic gene expression and 
glandular trichome formation. Also, jasmonic acid stimulated two monoterpenes 
synthesis in Lycopersicon esculentum (Van Schie et al. 2007), and sesquiterpenoid 
biosynthesis gene in Foeniculum vulgare (Maes et al. 2011). In addition, the 
signaling molecules generated upon host plant-AMF interaction influence the levels 
of SMs in plant tissues. For example, the symbiosis between Trifolium repens and 
F. mosseae increased the levels of hydrogen peroxide, nitric oxide, and salicylic 
acid, which lead to enhanced enzyme activities in the biosynthetic pathway of 
phenolics (Zhang et al. 2013). 

The two modes of action described above are not independent of each other. The 
expression of key genes involved in the biosynthetic pathways of SMs can also be 
affected by plant nutritional status (Lillo et al. 2008; Lazzara et al. 2017). For 
example, the gene expression pattern of various enzymes such as phenylalanine 
ammonia-lyase, flavonol synthase, chalcone isomerase, chalcone synthase, and 
cinnamate-4-hydroxylase, from the biosynthetic pathway of flavonoids, has been 
shown to be affected by the level of phosphorus and nitrogen supply (Lillo et al. 
2008).
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5.4 The Importance of AMF in Medicinal Plants 

Medicinal plants are valuable and perpetual reservoirs of SMs, and in fact, they are 
the main effective sources of numerous medicinal compounds (Chandran et al. 
2020). Due to the lipophilic properties of active oils in several medicinal plants, 
these substances are capable to entirely disrupt the membrane structure of bacteria, 
particularly Gram-negative type (Nazzaro et al. 2013). Some other SMs have 
immune response properties and antibacterial, antioxidant, antiviral, anticancer, 
and many other capabilities (Chandran et al. 2020). 

The widespread approach of the world to the use of herbal medicines has 
increased the attention of most countries in the world to the identification and 
therapeutic use of medicinal plants and a return to nature. Chemical drugs as pure 
compounds, and despite their effectiveness, have several adverse effects, while the 
bioactive compounds found in medicinal plants are combined with other substances 
and thus have a state of biological balance. According to the statistics of WHO,1 

more than 80% of the people around the world, especially in developing and poor 
societies, meet their main medical needs from medicinal plants (Chandran et al. 
2020; Zhao et al. 2022). 

The growth of human and animal populations particularly in the developing 
countries, along with the constant increase in food, fodder, and fuel needs, put a 
huge pressure on the stability of the elements of the agricultural ecosystem. Since the 
fertility of the land is decreasing, farmers are turning towards the destruction of 
natural resource lands to obtain more crops. Therefore, if the current trend of 
population growth continues, in addition to the reduction of forests and rangelands, 
the production capacity of agricultural lands will also decrease (Shah et al. 2021). 
Thus, the utilization of phytomicrobiome components is suggested as one of the 
efficient and necessary solutions for the sustainable growth of crop production (Shah 
et al. 2021). 

5.5 Production of Medicinal Plants 

Despite the growing market demand, medicinal plants naturally have a very low 
performance in producing SMs (Thakur et al. 2019). So, several techniques have 
been developed aimed at improving the performance of these valuable metabolites in 
medicinal plants, such as Agrobacterium-mediated transformation, metabolic engi-
neering, and mass propagation (Oksman-Caldentey and Inzé 2004; Liu et al. 2005). 
However, each of these methods is associated with limitations such as low practi-
cality, high cost, and low effectiveness (Oksman-Caldentey and Inzé 2004; El-Sayed 
and Verpoorte 2007; Kapoor et al. 2017). On the other hand, plant productivity in 
intensive farming methods has a very close connection with the heavy use of

1 The World Health Organization.



chemicals including inorganic herbicides, pesticides, and fertilizers. Such wide-
spread use of chemicals, in addition to the risks for human health and environmental 
issues, reduce the quality and quantity of bioactive molecules in medicinal herbs 
(Amani Machiani et al. 2022). So, there is a necessity for using environmentally 
friendly strategies to improve the production of SMs (Li et al. 2023). Symbiosis of 
plants with AMF can change the pattern of production and accumulation of SMs 
(Fig. 5.2), depending on the fungus and plant species and the growth environment 
(Tsiokanos et al. 2022). Therefore, as many studies have confirmed (Chandran et al. 
2020; Zhao et al. 2022), inoculation of plants with AMF offers a promising tool and 
a simpler alternative to overcome these limitations (Kapoor et al. 2017).

114 S. Rahmat and Z. Soheilikhah

5.6 Conclusion 

It is well established that AMF symbiosis reprograms plant secondary metabolism. 
AMF affect the production and accumulation of SMs directly by improving the 
uptake of water and nutrients, enhancing the photosynthetic capacity, and increasing 
the biomass, or indirectly by stimulating the biosynthetic pathways of SMs through 
the production of signaling compounds and changes in the phytohormone levels. 
Some of these compounds show a characteristic pattern depending on the develop-
mental stage of colonization and act as signals between two partners over the 
pre-symbiosis stage to the formation of a functional symbiosis and in the mainte-
nance of AM symbiosis. In addition, modifications in secondary metabolism fol-
lowing plant mycorrhization increase the concentration of plant antioxidant 
compounds. As a result, plant’s ability to tolerate stressful conditions and the quality 
of plant products are improved. 

A wide group of SMs have nutritional and medicinal value for human. Wide 
application and increasing demand for these valuable biological reservoirs make it 
necessary to invest in research and development to optimize their production. The 
use of AMF technique is considered as a potential tool and a promising opportunity 
to improve the quality and yield of plant active ingredients. AMF technique is a 
potential tool in crop management and plays a prominent role in promoting new 
environmentally friendly products in low-input and sustainable agricultural systems. 
In general, three research priorities are suggested to advance future studies: (1) more 
in-depth studies for understanding the mechanisms through which AMF association 
changes the SMs quantities and qualities, especially in terms of the species-specific 
nature of AMF-plant symbiosis; (2) the effects of environmental factors and devel-
opmental stages of the symbiosis, which have been greatly underestimated in the 
current studies, and (3) development of strategies for the implementation of mycor-
rhiza in the production of aromatic and medicinal compounds for industrial and 
commercial purposes.
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