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ABSTRACT 

Being a good source of phytohormones fungal endophytes have been considered as 

potent plant growth promoters. The present report elucidates the isolation of endophytic 

fungi from medicinal as well as crop plants. In current study 46 endophytic fungal 

isolates were isolated from medicinal (Cannabis sativa, Chenopodium album, Oxalis 

corniculata, Euphorbia helioscopia, Amaranthus viridis, And Parthenium 

hysterophorus) and crop (Triticum asativum, Brassica compestris) plants. Culture 

filtrated (CF) and biomass was initially screened on maize in order to find the plant 

growth promoting endophytic fungi and for indole acetic acid. Among these isolate 

culture filtrate of 13 strains showed promotary effect on maize seedling. The isolates 

produced IAA via L-tryptophan-independent pathway in rage of 1.254ug/mL to 

26.73ug/mL and tryptophan dependent pathway in the range of 0.301ug/mL to 

35.434ug/mL. Other important secondary metabolites including phenolic, flavonoid 

and sugars were also detected in the culture media of these endophytes. The isolated 

endophytes also supported growth of maize seedlings grown in fungal biomass 

supplemented soil. Based on their plant growth promoting potential, the endophytes 

CSR1, CSR3, TS2, CSL1, CHS1, EUR1, TS1 and BRL1 were selected for further 

study. Culture filtrates of the selected endophytes were screened for gibberellins (GAs) 

by using GAs deficient mutant rice Waito-C. The results revealed that different plant 

growth characteristic such as chlorophyll content, root-shoot length, and biomass 

production of Waito-C rice was significantly promoted during endophyts treatment 

showing the presence of GAs in their culture filtrate. Majority of these endophytes 

produced iron chelating siderophores and solubilized phosphate which is among the 

known phytostimulant tools of the endophytes.  

These morphologically representative strains were identified further by means 

of molecular phylogenetic analysis based on ITS and D1/D2 regions. Molecular 

identification using ITS and partial 28S ribosomal DNA (D1/D2) sequences from the 

isolates revealed 4 genera including Aspergillus, Fusarium, Bioplaris and Curvularia. 

These fungi are curvularia lunata TS2, Aspergillus fumigatus TS1, Aspergillus terreus 

EUR1, Aspergillus flavus CHS1, Aspergillus niger CSR3, Fusarium proliferatum 



x 
 

BRL1, Fusarium oxysporum CSR1 and Bipolaris sp CSL1. The isolated strains 

belonged to division Ascomycetes and among these 2 species belong to order 

Pleosporales, 2 belong to hypocreals and 4 belong to eurotiales. 

The selected endophytes were further characterized by determining 

phytohormones including IAA and gibberellins (GAs) using GC/MS SIM. This study 

is the first report related to curvularia lunata, Aspergillus terreus and Fusarium 

proliferatum to produce IAA. This growth promotion was due to various types of GAs 

and presence of IAA in endophyte culture filtrate. The gas chromatography/mass 

spectrometry (GC/MS) analysis showed the presence of different gibberellins in various 

quantities (ng/ml). Nine kinds of GAs tested were biologically active: GA1, GA3, GA4, 

GA7, GA8, GA9, GA12, GA20 and GA24. Biologically active gibberellins include GA1, 

GA3, GA4, and GA7 were identified in almost all fungi. Moreover, GA1 was detected 

in high quantity in CSR1 (0.638±0.019 ng/mL), followed by BRL1 

(0.392±0.007ng/mL), CSL1 (0.753±0.005 ng/mL) and CHS1 (0.133±0.012ng/mL) 

respectively. Similarly, GA3 was found in high concentration in two fungi EUR1 

(0.352±0.012ng/mL) and TS1 (0.324±0.077ng/mL). Notably, GA4, important bioactive 

GA, was detected in almost all fungal cultures in significant amount, However, the 

highest concentrations were found in CSL1 (0.943±0.081ng/mL), CSR3 

(0.479±0.01ng/mL) and CHS1 (0.435±0.016ng/mL). Similarly, the fungal strains 

CSL1, CHS1, EUR1, and BRL1 produced 0.638±0.012, 0.476±0.082, 0.423±0.003 and 

0.492±0.005 ng/mL of GA7. Furthermore, Inactive types of GA present in the FCF were 

GA8, GA9, GA12, GA20 and GA24. The ABA contents were also checked in these 

isolates and among these fungal strains, CSR1 had the highest concentration of ABA 

(0.0903ng/ml) in its CF. Upon inoculation, these endophytes contributed significant 

amount of GAs to the endogenous pool of Waito-C rice. Among these endophytes, 

CSL1 increased GA1, GA3, GA4 and GA12 concentration up to several fold peaking at 

18.37ng/g DW, 11.37ng/g DW, 33.23ng/g DW and 25.534ng/g DW respectively. The 

isolate CSR3 enhanced endogenous level of GA4, GA7 and GA12 by up to 20.34ng/g 

DW, 28.264ng/g DW and 34.23ng/g DW as compared to the non-endophytes seedlings. 

Similarly, TS2 significantly increased the concentration of endogenous GA4 and GA12 

of the mutant rice. Along with GAs, endogenous ABA level was also significantly 

enhanced in Wiato-C rice inoculated with the isolated endophytes than the control. The 

percent increase by different strains TS2, TS1, BRL1, CSR1, EUR1, CHS1, CSL1 and 



xi 
 

CSR3 is, 14%, 46.6%, 6.5%, 14%, 67%, 39%, 60.7%, 77.9% respectively. Contrary to 

this, endogenous concentration of JA dropped significantly in the endophytes 

associated seedlings indicating involvement of fungal GA and IAA. The percent 

decrease of JA in treated seedlings as compared to non-treated Waito-C rice seedlings 

is TS2 (27%), TS1 (53.8%), BRL1 (23.9%), CSR1 (33.5%), EUR1 (61%), CHS1 

(49.9%), CSL1 (56%), CSR3 (68%). 

Furthermore, RT-PCR confirmed the presence of GA and IAA pathways genes 

(P50-1, P450-4, ggs2, des and iaaH) in the selected endophytic strains by positive 

expression. Moreover, the application of these fungal spore suspensions with 

uniconazole and yucasin on maize seedling revealed that like exogenous GA3 and IAA, 

the endophytic fungal strains CF application mitigated the inhibitory effect of both 

yucasin and uniconazole and promote growth attributes of maize seedling. Also, 

secondary metabolites of maize seedlings associated with the endophytic fungi were 

significantly enhanced recovering the seedlings from the suppressing effects of both 

uniconazole and yucasin. Besides, the selected strains were checked on cucumber 

cotyledon to check its cytokine like activity. In these strains some increase chlorophyll 

contents as compare to control which indicate the presence of cytokinin like compound 

in them.  

These finding suggest that these gibberellins and IAA producing endophytic 

strains plays important roles in plant growth promotion, which could be used for the 

improvement of crop growth under diverse environmental condition to mitigate the 

stresses.
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Chapter 1  

INTRODUCTION 

1.1 Endophytic microbes 

Population of the world is estimated to increase up to 8.3 billion by 2025. As a result 

of this rapid increase, the people will require 75 to 100 percent more food by 2050 

(Godfray et al., 2010). Hence more cereals will be needed for calories intake. The use 

of chemicals which work as plant growth regulators and as nutrients enhances plant 

growth. The major nutrients used in the soil are nitrogen and phosphorus. These 

nutrients together with potassium are used to increase the yield per acre. The present 

worldwide use of chemical nitrogen, phosphorous, and potash fertilizers is 130, 40, and 

35 million tons per annum, respectively (Roberts, 2009). 

To meet the food needs of rapid growing human populations, conventional 

agriculture plays a vital role. This has led to more use of chemical fertilizers and 

pesticides Santos et al. (2012). The use of these fertilizers and pesticides has caused air, 

soil and water pollution (Youssef and Eissa, 2014). As a result, this leads to soil 

degradation, loss of biodiversity and health hazards. When there is more emphasis on 

chemical fertilizers, soil is regarded as inert substance instead of a living one. The areas 

where there is monoclutural system of agriculture, more chemical fertilizers are used to 

increase productivity. This extra use causes environmental pollution (Rakshit et al., 

2015), as chemical fertilizers are known to be the possible sources of radionuclides and 

heavy metals and many fertilizers consist of heavy metal (Hg, Cd, As, Pb, Cu, Ni Cu) 

and  natural radionuclide (238U, 232Th, and 210Po) (Sonmez, 2007). This leads to 

accumulation of heavy metals and other pollutants in soil, which may subsequently 

make their way to plants and other components of food chain. Also, these pollutants 

enter water and air polluting these natural reservoirs. Chemical fertilizers are also 

known cause of eutrophication of water bodies. They are responsible for high nitrates 

in vegetables, reduce soil organic matter content and finally decrease quality of 

agricultural land. Due to environmental hazards, biofertilizers and microbial products 

should be frequently used, instead of chemical fertilizers (Raja, 2013), to make the 

agriculture industry feasible for the ecosystem (Araújo et al., 2008, Megali et al., 2014). 

Biofertilizers help in nutrients fixation  in the rhizosphere, secrete plants growth 
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stimulants (phytohormones), enhance stability of soil, give biological control, 

biodegradation of compounds, recycling of nutrients, help in mycorrhiza symbiosis, 

and improve the processes of bioremediation of contaminated soils (del Carmen Rivera-

Cruz et al., 2008). Moreover, biofertilizers spend lesser amounts of energy and their 

use can improve productivity per unit area in a relatively short time. Biofertilizers also 

alleviate pollution of soil and water, improve fertility of soil, and promote antagonism 

and biological control of phytopathogenic organisms (Mosa et al., 2014). 

Microflora is very essential for organic farming because it constitutes a verity 

of useful fungi and bacteria such as plant growth promoting rhizobacteria (PGPR) and 

endophytic fungi. Biofertilizers may serve a number of purposes to promote plant 

growth directly or indirectly. The use of biofertilizers increase availability of nutrients 

(both micro and macro nutrients) by solubilizing and mobilizing the unavailable form 

of these nutrients (Singh et al., 2014). Also, the biofertilizers may antagonize plant 

pathogens, both in soil and in plant by producing antimicrobial compounds or 

modulating plant immunity enabling them to resist the attacking pathogens (Yasir et 

al., 2009). Another important mechanism of enhancing plant growth is the ability of 

these plant friendly organisms to challenge of weeds which reduce competition for the 

host (Li and Kremer, 2006, Patil, 2013). Thus biofertilizers not only help in increasing 

agricultural products but also play a significant role in maintaining healthy environment 

by Maintaining soil fertility and strength, preventing pollution and also reducing the 

harmful influences of global warming (Adesemoye and Kloepper, 2009). 

Pakistan is basically an agricultural country. However, due to rapid urbanization 

and unplanned construction of housing schemes, cultivable land is rapidly shrinking. 

The threat of fast growing population and shrinkage of agricultural land has forced the 

farmers to exhaust agro-chemicals in higher amounts to fulfill the growing demands for 

food. Though, the agrochemicals (mineral fertilizers and pesticides) provide short-term 

benefits, but have severe deleterious effects on the environment in a long run. The use 

of biofertilizers in Pakistan is less than 2% which is harmful for healthy environment 

(Naveed et al., 2015). The ratio of biofertilizers should be increased in order to maintain 

sustainable agricultural systems. Pakistan presently spends more than 100 billion on the 

manufacture and import of 8.41 million tons on synthetic fertilizers (Naveed et al., 

2015). According to an estimate, only a 10% input of biofertilizers to the total fertilizers 

used can save up every year about 10 billion rupees in pakistan. Currently in Pakistan 
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several organizations are working for the development of biofertilizers. Mostly, plant 

growth promoting rhizobacteria, cyanobacteria and fungi are used to formulate 

biofertilizers. Among the microbial biofertilizers, endophytic fungal based 

biofertilizers are of great potential and the least explored (Maciá-Vicente et al., 2009, 

Le et al., 2009, Amin, 2016). 

 

1.2 Plants are reservoirs for endophytes 

Plants are considered as treasure of large number of endophytes (Bacon and White, 

2000). Endophytes may be fungi or bacteria that enter into the inner tissues of plants 

with no detrimental effects. The word endophyte for the first time was introduced by 

Bary in 1884 (Bary, 1884). According to Bary (1884), fungi, bacteria and yeast are 

among the common endophytes which live in the inner tissues of plants (Bary, 1884). 

These microorganisms mostly make their way from soil to the healthy plant tissues and 

live there without any harmful effects (Galippe, 1887). Carrol in 1986 defined 

endophytes in term of fungi and suggested that fungi that invade plant tissues and causes 

no symptoms are called endophytes (Carroll, 1986). Additionally, Hirsch and Braun 

(1992) describe endophytes as microbial communities that inhabit internal tissues of 

host plant and cause asymptomatic infections. These species are often called latent 

pathogens. Posada and Vega (2005) describe endophytes as, all those organisms that 

invade and colonize in plant tissues of different organs including roots, leaves, stems, 

and seeds fruits etc. The endophytic microbes cause asymptomatic infections inside the 

normal plants for whole or nearly whole life cycle and have no harmful effect on host 

tissues. However, endophytes may be provoked by stress conditions to become 

pathogenic (Firáková et al., 2007, Limsuwan et al., 2009). Nevertheless, there is a 

treasure of literature available on the ability of endophytic fungi to mitigate biotic and 

abiotic stress in their host plants (Barka et al., 2002, Khan et al., 2012a, Waqas et al., 

2014a). The PMI (plant microbe interaction) improves soil health, increases production 

and facilitates plants nutrient uptake (Mei and Flinn, 2010), this interaction also helps 

plants to tolerate different stress conditions (Gao et al., 2010). The endophytes also 

perform significant role in plant life and provide resistance to flood and drought stress, 

production of plant hormones, host adaptation to their environment and produce 

different product of interest which are applicable in biotechnology and pharmaceutical 

industry (Azevedo et al., 2000). On the basis of their activities, endophytes have been 
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classified by direct and indirect methods. In the first method that is direct method the 

effect of endophytes on plant is under natural conditions, while in the indirect method 

the isolated endophytic strains are reinoculated in to the same host plant or different 

host to promote its specific properties. 

Fungal endophytes are ubiquitous and polyphyletic group of fungi that in 

majority of cases belong to anamorphic fungi and ascomycetes (Huang et al., 2008, 

Arnold and Lutzoni, 2007). Currently approximately 300,000 plant species are known 

to exist on earth surface and every plant species is inhabited by one or more endophytic 

species. According to an estimate more than one million different fungal taxa are 

present, therefore endophytic fungi are considered as hyperdiverse (Strobel and Daisy, 

2003, Huang et al., 2007b). Endophytic fungi are cosmopolitan and present almost in 

all places, ranging from terrestrial to aquatic (Zhang et al., 2006). Different factors 

affect the diversity, presence and composition of endophytes in the host plant organs. 

Endophytic fungi are regarded as treasures of secondary metabolites which are 

used for host-endophytes symbiotic association (Strobel and Daisy, 2003), and have 

potential application in the field of agriculture, biotechnology and pharmaceutical 

industry (Strobel and Daisy, 2003, Bacon and White, 2000). Until now, only a limited 

population of endophytes was explored, and there is opportunity to explore new strains 

and discover novel products in endophytes that are present in diverse ecosystems and 

niches. 

 

1.3 Endophytic fungi biological characteristics 

1.3.1 Tissue specificity and colonization 

Endophytic fungi may be confined to localized tissues in their host or undergo systemic 

interaction. Some endophytes are tissue and organ specific and may be found in 

particular plant parts i.e. roots, stem, twigs or leaves while other may invade several 

plant organ and tissues (Stone et al., 2004). On the basis of host range endophytes are 

classified into two groups i.e. generalists and specialists. The specialists have a limited 

number of host and are confined to one or two plant species e.g. Neotyphodiums species. 

The generalists species, on the other hand, have a wide host range and are confined to 

different plant genera and families e.g. Alternaria, Penicillium (Stone et al., 2004, 

Waller et al., 2005). 
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1.3.2 Transmission and acquisition of endophytes 

Endophytes transmission into plants occurs either horizontally or vertically. Horizontal 

transmission occurs among individual plants through conidia or sexual spores. Vertical 

transmission occurs from parents to their offspring through fungal hyphae penetrated 

in the embryos within the host seeds. Some soil born potential fungi may also adopt the 

endophytic life style. The principal mechanisms of dispersal in endophytic species are 

horizontal transmission. It has been observed that seeds and seedlings are almost free 

from endophytes and their prevalence increase as the seeds or leaves become mature 

(Arnold and Herre, 2003, Gallery et al., 2007). Horizontal transmission determines this 

type of dynamics.  

The actual mechanism of horizontal transmission of endophytic fungi is not well 

understood. The endophytic inoculums must be produced and dispersed for horizontal 

transmission. For instance, some endophytes are latent saprophytes which grow in the 

dead tissues of host and produce fruiting bodies there. Such latent saprophytes have the 

ability to colonize new host. Many saprophytes that produce fruiting bodies in dead 

plant tissues have also been found as endophytes in healthy plant parts (Márquez et al., 

2007). In the light of this, leaf litter may be considered as essential source of endophytic 

species (Bills and Polishook, 1994). In some other conditions the endophytic inoculums 

are produced in a different manner in infected host plant e.g. endophytic Epichloë 

infects grass species forming a tiny layer of mycelia and conidia on the surface of hosted 

leaves. The conidia are source of inoculum that may infect a new host (Tadych et al., 

2007). Dispersion of endophytes may also occur by means of phytophagous insects 

because some fungal spores found in waste material of insects have resistance to gut 

digestion (Devarajan and Suryanarayanan, 2006). 

The study on mechanism of vertically transmission is limited and it was 

discovered by means of investigating seed transmitted fungi (Gallery et al., 2007). 

Examples of Vertically transmitted endophytes are Neotyphodium and species of 

Epichloë. They are transmitted vertically to the host progeny by way of seed infection. 

The seeds produced by infected host contain near to 100% infected seeds, having fungal 

mycelium close to embryo and aleurone layer. These infected seeds after germination 

give rise to symptomless infected plants. Consequently, these endophytic strains in such 

manner are vertically transmitted analogous to a maternally inherited character (Schardl 

et al., 2004). 
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1.3.3 Host - Endophytes interaction 

Complex associations occur in endophytes and the host plants. The plant-endophyte 

association may vary from mutualism through commensalism to parasitism, since 

phenotypes of the interactions are often plastic, it depends on genetic composition of 

host and endophyte, nutritional status and developmental phase, and also on ecological 

factors (Redman et al., 2001, Schulz and Boyle, 2005). Commensalism is the 

asymptotic and uninterrupted existence of endophytes in host plants. This association 

gives advantage to fungal endophytes by means of energy provision, nutrients supply, 

provision of habitat and also protection from harsh environmental conditions. 

Alternatively, endophytic fungi indirectly enhances plant growth by means of 

producing bioactive secondary metabolites and enzymes, which help host plant to adapt 

to different stressed conditions i.e. drought, light, and biotic stresses like insect, 

herbivore, and nematode attack and also prevent pathogens invasion (Kogel et al., 

2006). In parasitic interaction, the endophytes become pathogenic and cause 

symptomatic infection in host (Casadevall and Pirofski, 2000). By contrast and 

pathogenic fungi may lose virulence factor due to mutation to become endophyte. For 

instance, the pathogenic fungus Colletotrichum magna started living as endophyte in 

its host after losing virulence factor (Freeman and Rodriguez, 1993). Parasitism can be 

considered a type of unbalanced symbiosis. It occurs when physiological and 

environmental conditions favor virulence due to stressed conditions (Schulz and Boyle, 

2005, Kogel et al., 2006). Therefore, Parasitism in plant-endophytes interactions is 

found in exceptional cases. In certain cases endophytes of some plants could be harmful 

for others, depending on equilibrium between endophytism and of the microbes in 

different plant hosts (Saikkonen et al., 2004). 

According to Schulz and Boyle (2005), asymptomatic infection is a stable 

antagonistic association between endophyte and their host and so long as the endophyte 

virulence and plant defense are in equilibrium, their association remains asymptomatic. 

When this association becomes imbalanced between endophye and host, it causes 

disease in host plant or the plant defense system destroys the pathogenic endophytic 

fungi. This association depends upon the general status of host-endophyte, fungal 

virulence and defense of host plant. Both of these defense and virulence are changeable 

and affect ecological conditions, nutritional level and developmental stages of the host 
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and endophytes. Therefore, mutualism and commensalism involve a complicated 

balance between plant defense responses and endophytic nutrient demand (Kogel et al., 

2006). Both pathogen and endophytes hold structural resemblance and both have 

similar virulence factors like production of plant toxic metabolites and exoenzymes 

which is responsible for host colonization and subsequently infection. Thus endophytic 

species serve as an object of host’s non-self-recognition. In addition, when there is cell 

wall penetration of fungi, it is usually accompanied by the release of plant-elicitor. Thus 

to achieve successful penetration, endophytes must overcome non-specific resistance 

responses. By reprogramming, the infected cell is enabled to maintain host cell integrity 

for a long-term interaction and to accommodate infection structures (Kogel et al., 2006). 

 

1.4 Biological roles of endophytic fungi 

Endophytic species play essential role in different aspects of life. Its effects vary from 

host to environment and human life. Endophytes produce bioactive metabolites that 

protect host plant from pathogens attack and promote plant growth. Other bioactive 

compounds being produced by endophytes have been proven helpful in discovery of 

novel drugs. It has been reported that endophytic fungi produce numerous natural 

compounds that have unique structures and biological activity against different 

diseases. In short, endophytic fungi are source of vast variety of secondary metabolites 

that have potential application in the field of medicines, industry and agriculture. 

Recently, the challenges and goals in the field of endophyte are to explore new species 

of endophytic fungi to discover such microbial populations which enhance host plant 

growth and facilitate host plant to adapt to their environment. Endophytes also play 

important role in cycling of nutrients, biodegradation and bioremediation. A large 

number of biological activities of isolated natural compound of endophytic origin have 

been described. 

 

1.4.1 Plant growth promoting properties 

Since last few decades, exploitation of agrochemicals for increase crop protection has 

led to negative influence on crop production because of associated issues of resistance 

in the pathogens (Gerhardson, 2002). Also, such agrochemicals are responsible for 

contamination of the environment. Due to associated environmental concerns, there is 
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an urgent need of replacing agrochemicals with biofertilizers and biopesticides. In this 

regard plant growth stimulating potential of root endophytic fungi have been utilized to 

build feasible techniques for improving crop growth (Shoebitz et al., 2009). The 

endophytes that promote plant growth, use different growth stimulating traits such as 

nutrients solubalization, secretion of growth promoting hormones, also produce 

chitinase, antibiotics, cyanide and siderophore, (Pal et al., 2001). 

Growth and yield of crops is mostly affected by various stress factors, for 

example in saline soil the concentration of ions is very high which decreases the rate of 

nitrogen fixation. This unfavorable conditions leads to reduce water absorption and 

other metabolic changes in plant body thereby retard the rate of plant growth (Joseph 

et al., 2012). The inoculation of growth promoting endophytic fungi in such conditions 

play important role and enable host plant to show resistance to stresses. Plant growth 

promoting root endophytic fungi are those that inhabit their host roots and provide 

fitness benefit to them. The PGPF has crop specificity and have limited importance for 

plants because of alteration in environmental conditions and also inconsistency in soil 

(Khalid et al., 2004, Wu et al., 2005). The growth stimulating endophytic fungi 

Trichoderma virens was reported to produce auxin like compounds and promote growth 

and development of Arabidopsis thaliana (Contreras-Cornejo et al., 2009). This 

endophyte also produces ammonia, salicylic (SA), siderophores, HCN and makes host 

plant resistance to heavy metals. Besides, many factors such as type of soil, nutrient, 

moisture content and organic materials have influence on the activities of plant growth 

promoting endophytic fungi (PGPF) (De Freitas and Germida, 1992).  

 

1.4.2 Enhancing root growth 

Nutrient use efficiency is enhanced by a mechanism known as modulation of root 

growth. Branching of roots and hair formation are the key traits in this regards. About 

70% of total root length is due to root hair production. Although root development is 

genetic process, but many endophytes also have the ability in modulating root size and 

structure (Schulz, 2006). Endophytic fungal strains such as Neotyphodium 

coenophialum promote massive root systems and long root hairs which results in 

increasing the efficiency of absorbing soil phosphates (Malinowski and Belesky, 2000). 

Besides this, several other endophytic fungi promote development of plant roots, and 

many species live inside the plant tissues without affecting plant growth (Rodriguez et 
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al., 2009a). Moreover, searching for nutrients, the fungal species also increase lateral 

root development through other diffusible signals which are so far unknown (Berta et 

al., 2002). A number of mechanisms are known through which the endophytes enhance 

root growth and development, but the most popular mechanism is production of 

phytohormones including gibberellins, auxin, cytokinin and ethylene.  

It is reported that endophytic fungi promote root system, perhaps by providing 

a means to increase root area for colonization, and this is accomplished by producing a 

diffusible myc factor which are still unknown (Oláh et al., 2005). The myc factor was 

for the first time discovered while growing Graphicomassa margarita and Glomus 

intraradices together with Medicago truculata, but they are separated by cellophane 

membranes to avoid physical contact with roots. This factor is also responsible for 

promotion of nodule formation gene. Also, lateral root formation was significantly 

enhanced without affecting primary root growth as would be expected in response to 

high concentration of auxin (Kosuta et al., 2003). 

 

1.5 Role of endophytes in production of phytohormones 

A key role of endophytes in host plant growth enhancement is production of 

phytohormones. Fungal endophytes improve plant biomass by secreting growth 

promoting hormones or stimulate the hormones production of plant (Petrini, 1991, 

Schulz and Boyle, 2005). Fungal culture filtrate has been shown to contribute soluble 

agents (phytohormones) important in plant growth promotion. Endophytes have the 

ability to produce plant hormones both in vitro and in vivo. Phytohormones are often 

produced in host plant when stress conditions prevail. The train of phytohormones 

production is limited to endophytic fungi but phytopathogens are also know to produce 

a number of such compounds including GAs, CKs and IAA. Studies have shown that 

ratio of certain phytohormones are more important than their absolute concentration. A 

number of plant pathogens are known to produce phytohromones in above optimum 

concentration disturbing the balance in phytohromones and modulating plant immunity. 

Phytopathogenic fungi use same or similar biosynthetic pathways like that of host plant 

to prepare compounds from all classes of plant hormones. The similarity of biosynthetic 

pathways in both fungi and plant and their conservation proposed that these compounds 

evolve previously in the history of life, but during the course of evolution the selective 
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pressures maintained their synthesis, thus for survival and comfort of both fungi and 

plants they are important.  

 

1.5.1 Auxins 

Auxins are class of plant growth regulator with numerous promoting effects. Auxins 

manipulate different growth processes like stem elongation, cell differentiation and 

enlargement. Naturally they are indole derivatives and are synthesized by means of 

shikimic pathway. Auxin occurs in plants both in free and in bound form (bound to 

sugars) that serve for storage and active transport. Leaves and meristem are the main 

places for auxin production, in stem the auxin are transported in conjugates form to 

vegetative tips where free auxin is released. Auxin increases flexibility of cell walls as 

a result causes loosening of cell wall, thus allows cells for rapid elongation (Cosgrove, 

2000, Somssich et al., 2016, Cosgrove, 2016). It has been reported that auxin increases 

H+ ions concentration in cell walls, as a result damages the bonds between polymers. 

Some other proposed that auxins induce mRNA and enzymes that cause cell wall lysing 

(Yuan et al., 2001, Cosgrove, 1998, Steinwand et al., 2014). Several studies show that, 

auxins are produced by significant number of endophytic fungi and fungal pathogens. 

Most of the plants fungal diseases are due to increase concentration of auxins in infected 

tissues. This leads to extra tissue growth such as downward growth of shoots (epinisty), 

enhance cell size (hypertrophy) and to stimulate the cells division in uncontrolled 

manner simply called hyperplasia (Christian et al., 2006). The role of auxin is also 

significant in the formation of cankerous growth. The most excellent example cited in 

this regard, is the parasitic infection associated with elevated level of auxin is the club 

root disease of Brassica spp. and other diseases caused by plant pathogenic protest P. 

brassicae is crucifers. Their active zoospores enter the root through root hairs and 

disturb the IAA synthesis of plant which leads to root deformation in infected plant and 

formation of root galls. It has been recommended that the resting spores produce IAA 

and cause root distortion. 

The formation of mycorrhizae, a mutualistic association seems to be developed 

by the synthesis of plant hormones. This is exemplified by the production of IAA and 

other plant hormones in symbiotic association between Rhizoctonia sp. and 

Dactylorhiza incarnate (L.). The situations for pathogenic or mycorrhizal association 

between Rhizoctonia fungus and orchid were analyzed by using this system. Beyrle et 
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al. (1991) reported that increasing level of nitrogen can lead from mutualism to 

pathogenesis. The consequence of nitrogen on the association gives an experimental 

scheme to examine the hormone production during various steps of symbiosis by means 

of enzyme immunoassays. Under asymbiotic environment, plant hormones specially 

IAA and cytokinins are reported in low concentration. On the other hand the presence 

of fungi leads to considerable increase in plant hormones level, which proves that 

growth promotion occurs in mycorrhizal interaction. During pathogenesis, in 

parasitized protocorms, the level of auxins and cytokinins remain higher for long time 

than in mycorrhizal protocorms. The confirmation that fungal species  are involved in  

plant hormone production come from the previous report  that large quantity of auxin 

was noted in parasitized protocorms subsequent to the death of orchid tissue (George et 

al., 2008). 

 

1.5.2 Gibberellins 

Gibberellins (GAs) are a class of plant growth promoting hormones present throughout 

the plant and perform various metabolic functions essential for plant growth and 

development. These functions are germination of seeds, sex expression, seedling 

growth, flowering and senescence (Bömke and Tudzynski, 2009). Gibberellins were  

discovered in Gibberella fujikuroi  known as Fusarium fujikuroi, a pathogenic fungus 

causing foolish seedling or bakanae disease in rice (Sawada, 1917). In fungal infected 

plants, the shoot growth is higher but the grains are empty. The first three GAs i.e. GA1, 

GA2 and GA3 were isolated after World War II and activated international research 

which aimed to enhance plant growth (Takahashi, 1955). Currently, more than 136 GAs 

have been known (Bömke et al., 2008, Hedden et al., 2001) and their naming are based 

on their discovery (http://www.plant-hormones.info/ gibberellin_nomenclature.htm). 

Gibberellins are present in all higher plants in low concentrations. A lot of 

research has been conducted to analyze the Gibberellins biosynthetic pathways in 

plants. However, in microbes such as bacteria and fungi this work is slow as compared 

to plants. Bömke et al. (2008) found that fungi synthesized GAs from acetyl-CoA using 

mevalonic acid (MVA) pathway and are subsequently transformed to farnesyl 

diphosphate. Initially in GAs biosynthesis pathway, the intermediates products are 

formed such as ent-copalyl diphosphate (CDP), geranyl geranyl diphosphate (GGDP), 

entkaurene and ent-kaurenoic acid which lead to GA12-aldehyde synthesis (Bömke and 

http://www.plant-hormones.info/
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Tudzynski, 2009, Bömke et al., 2008). To this point plants and G. fuhikuroi share the 

GAs biosynthesis pathway. After formation of GA12 aldehyde, the fungal and plant 

pathways are different. In case of plants the GA12-aldehyde is used to synthesize GA12 

which is then converted to form GA53 or GA9, this is afterwards changed into GA20. 

The final step in plants for bioactive GAs formation is the 3b-hydroxylation of GA53 

and GA9 which finally produce GA1 and GA4 respectively (Bömke and Tudzynski, 

2009). Opposite to plants, in fungi (G. fujikuroi) the GA12-aldehyde is 3b-hydroxylated 

to GA14-aldehyde that is then oxidized to produce GA14. The succeeding conversion 

of GA14 to GA4 in fungi is identical to the production of GA20 and GA9 in plants. The 

formation of GA7 and then GA3 are the major products of G. fujikuroi occurred by the 

desaturation of GA4. The 13-hydroxylation of GA4 form GA1 and is a minor product 

of GA4 and is not changed into GA3 (Bömke and Tudzynski, 2009). While exploring 

endophytic fungi for GAs, interestingly GA5 has been investigated and is precursor for 

another bioactive GA that is GA3 (Khan et al., 2008). There are very limited reports 

about the presence of GA5 in fungal extract (Hamayun et al., 2010a). Perhaps, this 

might be remarkable point of chemotaxonomic variation between fungi and other 

endophytes since it has not been reported in Fusarium and Sphaceloma. 

It has been reported that several species of Basidiomycetes are endophytic 

where their potential for secondary metabolite production is known to a limited degree, 

regarding plant hormones there is very limited information. Example of these is P. 

indica (Verma et al., 1998) and Scolecobasidium tshawytschae (Hamayun et al., 

2009d). S. tshawytschae has been known to produce GAs while P. indica have been 

currently reported to produce indole-3-lactate and indole-3-acetic acid (Hilbert et al., 

2012). Moreover, the GAs production potential is so far not known and further research 

is needed in this regard. In case of Ascomycetes a limited work has been done on GA 

producing fungi. 

 

1.5.3 Cytokinins 

Cytokinins (CKs) are a derivative of adenyl which has isoprenoid side chain. It has been 

reported that in numerous plant species up to eight different kinds of cytokinins and 

their particular glucosides, ribosides and ribotides, can be detected. Up till now more 

than 40 types of cytokinins have been reported (Kakimoto, 2003, Kieber and Schaller, 

2014), among them the leading being zeatin and kinetin. The site of cytokinins 
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production is active root cells and from here it is transported to different plant organs 

through xylem. The key role of Cytokinins in plant is, to promote division of cells in 

dormant buds, stimulate differentiation and accelerate growth of plant cell cultures. In 

addition, Cytokinins increase stress resistance in plant and prevent senescence via 

promoting protein synthesis in plant tissues.  

The CKs to auxin proportion are imperative for plant growth and development. 

The high ratio in callus cultures is known to cause differentiation of shoot and bud 

tissue, while a low ratio stimulates the differentiation of roots from callus (Che et al., 

2002). Cytokinins are also reported in microbes such as fungi and bacteria (Yang et al., 

2006). Primarily study on cytokinins production in microbes has been concentrated on 

phytopathogenic fungi that produce tumors and gall disease. Similar abnormalities were 

recorded in plants when cytokinins were applied exogenously; this recommends a 

possible contribution of CKs in the regulation of organ differentiation. Sometimes, CKs 

concentration is elevated in plants infected by pathogenic fungi in comparison with 

normal healthy plants. In U. maydis infected tissue the auxin and cytokinin 

concentration significantly increases. In maize  apical meristems of infected plant with 

U. maydis has lead to enhance size and this is associated with higher cytokinin activity 

(Morrison et al., 2015) in six week old plants (Bruce et al., 2011). The authors 

concluded that fungal secreted CKs accumulate in infected plant tissues resulting in 

enlarged apical meristem. The abnormal growth and gall formation are also resulted 

from CKs accumulation. It was observed that less polar CKs were found both in normal 

and infected plant, where the polar are only produce by fungi and thus accumulated 

only in the infected plants.  

First report on the production of CKs like compounds by fungi came out in 1974 

(Johnston and Trione, 1974). Application of T. deformans culture filtrate and 

exogenous CKs to buds and leaves of peach won’t develop symptoms of disease. It was 

suggested that fungal hyphae have the potential to enter into the leaf tissues of plant 

and provide source of cytokinins where the cytokinins were found unable to enter into 

cuticle (Vadassery et al., 2008, Hardoim et al., 2015). Large numbers of fungal species 

have been screened for CKs production via soybean callus tissue assay. Among them 

species of Rhizopogon ochraceo rubens, Suillus cothurnatus and S. punctipes, stimulate 

callus growth and appear to produce CKs like compounds (Chanclud and Morel, 2016, 

Chanclud et al., 2016). 
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1.5.4 Abscisic Acid 

Abscisic acid (ABA) is responsible for growth inhibition and for the synthesis of RNA, 

stimulation of senescence, abscission (Finkelstein, 2013) and is implicated to adapt 

plants to different stressed environments (Shinozaki and Yamaguchi-Shinozaki, 2007). 

Besides, ABA causes dormancy in plants and prevents bud break activity of 

meristematic tissues. The most significant role of ABA its ability to controls stomatal 

closure (Lee and Luan, 2012, Bauer et al., 2013). Abscisic acid is an isoprenoid, 

produce through mevalonic acid, isopentenyl pyrophosphate, geranyl pyrophosphate, 

and farnesyl pyrophosphate. Natural ABA is completely positive enantiomer where 

synthetic is a negative enantiomer and exhibits similar physiological function like that 

of natural even at very low concentration. The ABA has identical chemical structure to 

gibberellic acid but both induce completely opposite effects on plant tissues.   

 The discovery of ABA synthesis by phytopatogenic fungi has been investigated 

since 1977 (Assante et al., 1977), and therefore the function of ABA in higher plants 

parasitized by fungus is probably least explored. Most of the ABA producing fungi 

known so far are phytopathogens and the fungus contributed ABA has a key role in 

phytopathogenesis. For instance, ABA production has been reported in Cercospora 

rosicola, C.cruenta, Fusarium culmorum, Alternaria brassicae, Botrytis cinerea and 

several other pathogenic fungi (Nambara and Marion-Poll, 2005). The role of ABA in 

disease formation in plant is ambiguous like other plant growth regulators, ABA acts 

together in combination with phytohormones. In addition, it is not easy to verify that 

whether more synthesis of ABA is due to plant infection or hormone production by 

fungal species during infection. It has been investigated that ABA metabolism in leaves 

of tomato infected with two pathogenic species of Botrytis cinerea, one has ability to 

produce ABA while the other does not. In tomato leaves infected with strain that has 

the ability of ABA production, their hormonal level increases significantly but does not 

increase after infection with non ABA producing Botrytis strain. It has been suggested 

that there are four major processes that modulate the concentration of ABA in Botrytis 

cinerea infected tomato leaves. By using ABA along with fungal spores to leaves of 

tomato lead to development of necrotic spot than only spore inoculation (Carroll and 

Tudzynski, 2012). 

Currently, ABA synthesis deficient mutant strain C. cruenta was isolated after 

an external gene transformation through incorporation into genomic DNA (Kitagawa 
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et al., 1995). In case of fungal infection some metabolic responses have been shown to 

be controlled by externally applied phytohormones (Carroll and Tudzynski, 2012). 

Therefore in potato tubers infected with fungus, the ABA sharply prevents the 

accumulation of the lubimin, rishitin and phytoalexins (Jeandet et al., 2013). Besides, 

external application, ABA also enhances receptivity of resistant tobacco to P. tabacina 

(Jeandet et al., 2013), on the other hand kinetin improved resistance. In addition 

gibberellins and ABA increased receptivity of bean leaves to non-host corn rust fungi 

that are usually not pathogenic on beans (Denancé et al., 2013, Chanclud and Morel, 

2016). 

 

1.5.5 New plant hormone like compound isolated from endophytes 

In a way to look for novel growth regulators among fungal secondary metabolites, 

Kimura et al. (2002) got success by isolating novel plant growth promoting metabolites 

that stimulate the growth of root and stems. Among them is an important novel 

metabolites 7-hydroxy-2-hydroxymethyl-5- methylchromone produced by Penicillium 

sp. that enhance root growth up to 50% (Tudzynski, 1997, Wang et al., 2013). The 

fungal strain Alternaria sp. Secretes 2 chromone type growth regulators that are 7-

dimethyl chromone, altechromones 5-hydroxy-2 and 2 acetonyl-5-hydroxy-7-methyl 

chromone. Both of these metabolites stimulate lettuce root growth about 50% (Kimura 

et al., 2002). Kimura et al. (1991) while screening culture filtrate of the fungus 

Sesquicillium candelabrum isolate another root growth promoting compound which 

was then named as sescandelin. It is analogues to isocoumarin. Its promoting effect was 

reported on Azukia cuttings (Kimura et al., 1991). Bioactive secondary metabolites 

ware also reported in culture filtrate of grasses pathogen Drechslera gigantean (Sharma 

et al., 2010). About 12 eremophilane sesqiterpenes were isolated and characterized. 

Among these terpenoids majority was toxic for plants, though the gigantenone and 

petasol take part in chlorophyll retention and associated with phytohormonal activity. 

Petasol is a famous eremophilane from higher plants (Sugawara et al., 1993). 

 

1.6 Endophytes role in nutrent uptake and host 

The important role of endophytic fungi particularly mycorrhizal fungi is the provision 

of plant nutrient uptake which then promote plant growth. The improve nutrient uptake 
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and growth stimulation lead to other positive effects on  important functions of plants 

i.e. increase resistance of plants to pathogens and other  stress conditions (Kageyama et 

al., 2008). Mechanisms by which endophytes improve plant nutrient uptake remained 

elusive, however the argument that is frequently used for mycorrhizal nutrient uptake 

is the extension of extramatrical mycelium from host roots system thereby increases 

surface area and subsequently increases host approach to nutrients of soil. Barrow and 

Osuna (2002) put forward another possibility in root exclusion experiment with limited 

source of phosphorus in substrate, they reported that Aspergillus ustus inoculated 

Atriplex canescens gained access to phosphate which remained unavailable to non-

inoculated plants. 

1.6.1 Nutrient pedaling 

In order to maintain balance of nutrients and make them accessible for each component 

of the ecosystem this essential process occurs constantly. In this regard the degradation 

of dead materials becomes one of the main step to transfer used nutrients back to the 

environment making them available to living organisms. Endophytes have vital 

contribution in biodegradation of the litter of its host plants (Terekhova and Semenova, 

2005) and have the efficiency to breakdown complex substances into simple one. 

Bioremediation is another vital role, it removes wastes materials from the environment 

by means of microorganisms. 

 

1.7 Mechanism to control phytopathogens 

Endophytes are known to antagonize plant pathogens by various ways making host 

plant resistant to the pathogens. The endophytes may directly antagonize plant 

pathogens by releasing antibiotic compounds or competing for nutrients within the host. 

Another way of antagonism between endophytes and plant pathogens in the ability of 

endophytes to stimulate plant defense mechanism against the pathogens or induce plant 

to release pathogens repelling compounds through root exudates (Gupta Sood, 2003, 

Pivato et al., 2008, Badri and Vivanco, 2009). 

 

1.7.1 Interactions with plant pathogenic fungi 

Large numbers of endophytes are known to secrete antibiotic substances (Strobel, 2002, 

Schulz and Boyle, 2005). It has been reported that culture filtrate of several endophytic 
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species inhibit the growth of many phytopatogenic fungi (Park et al., 2005, Kim et al., 

2007). Production of such type of compounds by endophytic species in plants 

constitutes defense mechanism against pathogenic fungi. The severity of Puccinia and 

Pyrenophora sp. Induced foliar disease symptoms was drastically reduced in wheat 

inoculated with the endophytes Chaetomium and Phoma. Similar defensive effect was 

reported in plants exposed to fluids culture of the endophytes (Dingle and Mcgee, 2003, 

Istifadah and McGee, 2006). 

When plant is infected with endophytes it may change plant internal 

environment in such a way that plant defense machineries are stimulated against 

pathogens. A root endophyte Piriformospora indica has an extensive host range, 

comprises of many species of cereals. Barley plants inoculated with this endophytic 

species showed resistance to Fusarium culmorum and Blumeria graminis. Also, the 

host barley had improved salts tress tolerance and crop production (Waller et al., 2005). 

The mechanism of induced resistance is responsible for protection against the leaf 

pathogen because in such plants there is defense response which leads to host cell death. 

It is concluded from above reports that the effect of many pathogen attacks may 

be connected with endophytic microorganisms associated to plant host. Hence, the 

endophytic population of a particular species may be a source of organisms with 

possible applications to control disease in the same plant species. Several species that 

have the ability to invade plant and cause infection, among which only a small 

proportion is pathogenic resulting symptoms of disease in their host plants. It has been 

observed that once a fungus penetrate plant organ, it can act as endophyte or as a 

pathogen. However, most of the fungi prefer to work as plant endophytes. One of the 

interesting questions for plant pathologists is to differentiate between infection 

processes produce by pathogens and endophytes? Several studies have been performed 

to respond to such questions and point out characteristics of both fungus and host. For 

example, a mutation in a single point can change virulent fungi to mutualistic endophyte 

(Freeman and Rodriguez, 1993). Though, few strains of this species (Colletotrichum 

magna) may act like a pathogen in cucurbits or in some other species of other plant 

families behave like an endophyte (Redman et al., 2001). 
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1.7.2 Siderophore production 

Mostly iron is inaccessible to microorganisms because inorganic iron is not soluble, 

found in low quantity in soil and is one of the essential element require for microbial 

growth. Many microbes help in iron sequestration and liberate low molecular weight 

iron binding substances called as siderophores. The bound form of iron is soluble and 

transportable into the microbial cell, there by stimulate its growth (Saharan and Nehra, 

2011). Endophytes may produce siderophores to make Fe unavailable to the plant 

pathogens because of their inability to uptake Fe bound to heterogonous siderophores 

(Sharma and Johri, 2003). 

 

1.7.3 Enzyme production 

Endophytic species secrete enzymes such as hydrolytic enzymes that can lyses cell wall 

of pathogenic fungi but do not lyses cell wall of plant and as a result protect plant from 

phytopathogenic attack. Several microbes have been shown to produce enzymes which 

are of commercial importance. Among these  large number of endophytic fungi such as  

Acremonium terricola, Aspergillus japonicas, Cladosporium cladosporioides, 

Cladosporium sphaerospermum, Fusarium lateritium, Monodictys castaneae, 

Nigrospora sphaerica, Penicillium aurantiogriseum, Penicillium glandicola, 

Pestalotiopsis guepinii, Phoma tropica, Phomopsis archeri, Tetraploa aristata, Xylaria 

sp. and numerous unidentified species have been reported to produce  pectinases, 

cellulases, xylanases, and proteases which have potential application in 

biotechnological processes (Bezerra et al., 2012). Similarly, another endophytic species 

Acremonium zeae isolated from Zea mays extreacellulary produce hydrolytic enzyme 

called hemicellulase, and is applicable in the bioconversion of lignocellulosic biomass 

into fermentable sugars (Bischoff-Ferrari et al., 2009). 

 

1.8 Endophytes role in host tolerance under abiotic stress 

conditions 

Endophytes may facilitate host plants to resists different stress conditions i.e. high 

temperature, salts and drought (Malinowski and Belesky, 2000). Several endophytic 

fungi with ability to mitigate abiotic stresses in their host plant are reported. Among 

such endophytes are Porostereum spadiceum AGH786 (Hamayun et al., 2017),  C. 
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protuberate, F. culmorum, Colletotrichum spp (Redman et al., 2002, Rodriguez et al., 

2009a). It has been shown that endophytic fungus Curvularia sp enable the host plant 

Dichanthelium lanuginosum to grow in temperature as high as 57°C. When plants are 

inoculated with endophytes they may increase plant vigor as it endure elevated soil 

temperature and drought conditions better than plants without associated with 

endophyte (Redman et al., 2002).  

Waller et al. (2005) investigated that endophytic species Piriformospora indica 

induce tolerance to salinity stress and resistance to fungal pathogens in barley. The 

positive influence on plant defense system was notice in distal leaves, representing a 

systemic initiation of resistance and tolerance by endophytic fungi of roots (Rodriguez 

et al., 2004). 

1.8.1 Endophytes re-program stress responses 

In spite of vast work in plant stress responses (Tuteja and Sopory, 2008), following two 

questions remain unanswered: first what mechanisms plant follows to tolerate different 

abiotic stress? And the second (ii) why in stress-tolerant plants there is little diversity 

and ecological distribution? The course of exploring mutualistic endophytic fungi will 

assist plant to grow up properly and resist to harsh environmental conditions (Schulz 

and Boyle, 2005). Due to repaid increase in human population, the demands for 

agriculture products also increases that give emphasis to research on such unique 

aspects. The role of endophytes has been known to be very crucial for plant growth 

particularly in grasses, though few reports have explained their association with crops. 

Since the ecological functions of several endophytes have begun to be explained 

(Waller et al., 2005, Arnold and Lutzoni, 2007). Limited studies have revealed that 

endophytes give stress tolerance to host species and play important role in some crop 

plants to survive in stressful conditions (Rodriguez et al., 2004). 

A member of basidiomycete, Piriformospora indica isolated from the 

rhizosphere of Zizyphus nummularia and P. juliflora in the Desert of India, have been 

reported to enhance growth of numerous crop plants (Oelmu¨ ller et al., 2009; Verma 

et al., 1998). This fungal species invades plant roots and increase biomass in monocot 

as well as in eudicot plants (Verma et al., 1998). In interaction with barely plant, it 

enhances seed production, germination and ripening whereas in Arabidopsis it 

improved tolerance against abiotic stress (Baltruschat et al., 2008; Oelmu¨ller et al., 

2009). Besides, the friendly association between P. indica and barley protect the host 
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from deleterious effect of salt stress (Waller et al., 2005). As Piriformospora indica 

was isolated from desert ecosystem, it was proposed that it might enable host plant to 

tolerate drought situations. When inoculated into Chinese cabbage, it effectively 

penetrates into plants while its constant association enhanced different growth 

parameters such root and shoot growth and development of lateral root (Druege et al., 

2007; Scha¨fer et al., 2007). 

Similarly, Khan et al. (2011a) isolated different fungal species from the roots of  

Glycine max L. and showed that their symbiotic relation with host plants lead to 

considerable increase in plant shoot length, fresh and dry weight and enhanced growth 

under salt stress. On the other hand, the non-inoculated plants had detectable symptoms 

of leaf necrosis retarded growth and photosynthesis efficiency in comparison with 

inoculated plants. Though the endophyte isolated in their study was a potential 

phytopathogen but like several other potential plant pathogens it preferred endophytic 

mode of life benefiting host plant. Furthermore, they argued that production of active 

GAs by the endophyte enabled the strain to contribute in plant growth promotion. 

Similarly, Neotyphodium produces alkaloids which supposedly have a role in 

promoting host tolerance against different environmental stresses when inoculated to 

Festuca arundinacea (Schardl et al., 2004). 

Redman et al. (2001) also reported stimulating effects of phytopathogenic fungi 

Colletotrichum species. The Colletotrichum musae (927), C. gloeosporioides (95-41A), 

C. orbiculare (683), C. magna (path-1), and C. magna (L2.5) colonized several crop 

plants without causing any symptoms in them, and set up nonpathogenic association 

with the plants. In addition to growth promotion, it also induces drought tolerance in 

the plants. Related to the above Fusarium inoculation to plants resulted in increased 

biomass and resistance in rice plants to drought and salinity stress (Redman et al., 

2001). The role of endophytes in bioremediation of heavy metals is also explored 

currently (Li et al., 2012). Several endophytic species have been found to mitigate the 

harmful effects caused by metal contamination. Endophyte strain Mucore sp. CBRF59 

in this regard was isolated from rapeseed plants that growing in soils contaminated with 

heavy metal. Another strain of Mucor has recently been reported to mitigate multiple 

heavy stress in Brassica campertris L. (Zahoor et al., 2017). Endophyte has the 

potential to give tolerance against metal stress to plants (Deng et al., 2011). 

Microsphaeropsis sp. LSE10, an endophytic fungus has been shown to have a role in 

cadmium biosorption from hyper accumulator Solanum nigrum L. (Xiao et al., 2010). 
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1.9 Phytohormonal regulations 

1.9.1 Abscisic acid regulation in stress condition 

The role of Abscisic acid (ABA) is fundamental in plant growth as it is responsible for 

stomata closure to reduce water evaporation  and also mediates stress damage by 

activating numerous stress related genes responsible for increase stress tolerance in 

plants (Mauch-Mani and Mauch, 2005). An elevated ABA concentration leads to 

increased cytosolic Ca2þ level and as results activation of anion channels located in 

plasma membrane (Yamaguchi-Shinozaki and Shinozaki, 2006). The higher ABA level 

causes H2O2 production which work as a signaling molecule to close stomata during 

stress conditions (Tuteja and Sopory, 2008). On the other hand, presently it was 

reported that during endophytic treatment under abiotic stress, the production of ABA 

is reduce (Waqas et al., 2012, Khan et al., 2012b, Khan et al., 2015). ABA responds 

similarly in all stress situations of heat, drought, salinity and heavy metal (Khan et al., 

2015). Together, these studies suggest that symbiotic endophytic fungi mitigate 

different abiotic stresses in their host via ABA-independent response. 

 

1.9.2 Jasmonic acid synthesis 

Jasmonic acid (JA) protects plant from harmful effects of biotic stresses as it act as a 

signaling molecule in plants (Kunkel and Brooks, 2002). It showed efficient response 

against various pathogens (Ren and Dai, 2012). It has been reported previously that 

application of exogenous JA prevents endophytes to colonize successfully in host 

tissues suggesting a negative role of JA in plant endophyte interactions. Yet, the JA 

content increased significantly when endophyte Gilmaniella sp. AL12 was inoculated 

into plantlets of Atractylodes lancea (Ren and Dai, 2012). Some other reports have 

shown that endophytic fungal species such as Penicillium sp. LWL3 and Phoma 

glomerata LWL2 promote cucumber growth under salt and drought stress accompanied 

enhanced accumulation of JA in endophyte associated plants than the control. 

Accumulation of JA has also been shown to be elevated in drought stressed plants as 

compared to salt stress and control treatments (Waqas et al., 2012). Khan et al. (2011c) 

also reported NaCl stressed soybean plants associated with A. fumigatus sp. LH02 grew 

normally and showed increased endogenous JA concentration than the control plants 
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(non-inoculated). All these studies proposed an active role of JA responses in symbiotic 

fungal association under abiotic stresses.  

 

1.9.3 Gibberellins regulation 

The status of endogenous gibberellins in different stress conditions is not known on a 

wider scale, especially when plant is in interaction with endophytes. The role of GAs 

synthesis within plant is in antagonistic relation with ABA biosynthesis in 

environmental stress (Hedden et al., 2001). The bioactive GAs like GA3 and GA4 are 

physiologically triggered to promote growth of plants. Since it is evident from previous 

studies that exogenous treatment of GAs not only improves plant growth but also make 

plant tolerant to unfavorable conditions. This take place because of increase production 

of endogenous GAs that enhance seedling growth by cell elongation (Gangwar et al., 

2011, Hamayun et al., 2010a, Tuna et al., 2008). It has been investigated that cucumber 

plants under salinity and drought stress has potentially increased GAs quantity in 

interaction with endophytic species. Interestingly, it has been recently shown that by 

down-regulating SA biosynthesis, the ABA negatively regulates SA-mediated defenses 

(Horváth et al., 2007). This is constant with the famous GAs/ABA antagonistic 

regulation of various feature of plant growth. Therefore, it appears that GAs and ABA 

are capable to regulate plant immune responses by regulating the SA level. To date, 

studies have suggested that endophytes increase further phytohormonal signaling to 

facilitate crop plants to offset unfavorable conditions. The higher raise in internal GAs, 

unusually down-regulate ABA, considerably increased SA inactivate biosynthesis of 

JA which might be accountable for extending tolerance to stress in crop plants. 

Nevertheless, these postulates require further research to explain the association and 

physiology during different ecological circumstances.  

 

1.10 Fungal biofertilizer 

Use of fungal biofertilizers include fungal inoculate either alone or in combination have 

direct or indirect beneficial effects on plant growth and production through diverse 

mechanisms. There are selected fungal species which are used as biofertilizers. A 

distinct morphological structure called Mycorrhiza form a mutualistic symbiotic 

association with more than 80% of plants root of important crops and forest tree species 
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(Rai et al., 2013). Mycorrhiza development is especially important for plants which 

experience nutrient insufficiency specially P , N, Zn, Cu, Fe, S and B. Plants which 

form mycorrhizal association belong to different plant groups (Zhu et al., 2008). 

Presently, artificially produced inoculum from two dominant mycorrhizal fungi 

has significant importance due to diverse role in plant growth and establishment and 

confers plant to resist various biotic and abiotic stresses. Their inocula can be produced 

and use as a vegetative mycelium in a peat or soil carrier. Piriformospora indica is one 

of the ectomycorrhizal fungus to be utilized as biofertilizer, having versatile role to 

enhance plant growth, resistance to abiotic and biotic stresses and improve biomass 

(Tejesvi et al., 2010)). Endomycorrhizae is a mutually symbiotic association between 

root of plant and fungi, in which the plant roots provide food to fungi in the form of 

carbohydrate while fungi transport nutrients as well as water to plant roots (Adholeya 

et al., 2005). Crop plants that are produced agriculturally may form endomycorrhizal 

associations with the vesicular-arbuscular mycorrhiza also known as arbuscular 

mycorrhizal (AM) fungi (Rai, 2006). The arbuscular mycorrhizal (AM) fungi belong to 

following nine genera including Acaulospora, Archaeospora, Enterophospora, 

Gerdemannia, Geosiphon, Gigaspora, Glomus, Paraglomus and Scutellospora. This 

group of fungi is cosmopolitan and is discovered from the arctic to tropics region and 

present mainly in agricultural and natural ecosystems. The members of this group are 

good phosphorus mobilizers, help in mobilization of soluble phosphorus from remote 

places in soil and thus make them available for plants. As mycorrhizal fungi are 

effective source of specific nutrients such as P, Ca, Zn, S, N, B and showed resistance 

to soil pathogens, the interest in utilizing these fungi as biofertilizers is rising at present 

as these fungi play multifarious role in growth and development of plants. 

Other fungal species are also used as a biofertilizers to enhance plant growth by 

improving phosphorus absorption in plants which are called phosphate solubilizing 

microorganisms. The fungi which are used as a biofertilizers on large scale include 

Penicillium, Aspergillus, Chaetomium and Trichoderma species. A number of 

biofertilizers are available in the market. Moreover, their applications depend on their 

capability to provide and mobilize plant nutrients, prevent plant diseases and enhance 

plant growth.  
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1.11 Future trend in fungal bio-fertilizers 

Fungi have been used since past two decades as a biofertilizers. Several studies manifest 

its success in plant growth promotion as a biofertilizers. This help to reduce the use of 

chemical fertilizers. Biofertilizers are beneficial as alternative to chemical fertilizers 

which are known to have harmful effect on human and on environment (Sarma et al., 

2012, Sarma et al., 2014). At present time fungal biofertilizers are used on a limited 

scale whereas chemical fertilizers are used at a wider scale. Due to unpublished works 

conducted in laboratories, there is limited use of biofertilizers (Keswani et al., 2014). 

There has been slight investment in the field of biofertilizers because these are thought 

to have weak field performance. In future, research should aim at developing fungal 

products to be used potentially in the field and be secure under storage. Features needed 

to be considered in this regard should comprise: 

 Valuable fungal strains to be utilized 

 The product to be produced on wide scale must be consistent and inexpensive   

 Strains may have no harmful effects to the environment  

 It must be secure both for human and environment 

 Possible patentability formulation 

There must be interaction between researchers and industry in the initial stages of 

development. Inocula should be used in combination with other beneficial fungi 

because in combinations they may be more efficient then than individual ones. The 

production of fungal biofertilizers should therefore aim at new focus to be used on 

commercial basis through the use of biotechnologies. In order to increase the 

commercial interest, its merits should be shown to the farmers through extension and 

proven field trials. Practice should be made to find new endophytic fungi that will be 

used as biofertilizers (Tejesvi et al., 2010). Endophytes play vital role in different 

processes of ecosystem like decomposition and nutrient cycling and therefore may be 

used as biofertilzers. They also form symbiotic beneficial associations with the seeds 

and roots of many plants e.g. orchids (Zhu et al., 2008) and could be used to enhance 

germination and growth of orchid. Endophytic fungi promote plant growth by 

improving nutrient uptake and production of plant growth hormones like gibberellins 

and auxins (Khan et al., 2012b). 

It has been observed that the use of mycorrhizal fungi as biofertilizers in limited 

scale is due to the fact that in artificial culture they will not grow. How can these fungi 



25 
 

grow up and produce inocula, various ways should be found in this regard. The solution 

may be that the mechanism of plate cultivation of these fungi with tissue culture plants 

should be adapted. Phlebopus portentosus, is mycorrhiza and forms relationship with 

numerous fruit trees such as coffee, mango, and jack fruit. Lumyong et al. (2009) have 

effectively grown strain on artificial media, and is considered to be more effective for 

in vitro cultivation. This fungus is ideal target for biofertilizer because it improves 

growth of trees and gives an annual crop of the expensive Black Bolete a good price 

demanding fungus. The increased use of biofertilizer will not only result in safe and 

organic food production but will also help in maintaining friendly ecosystem. In order 

to maintain ecosystem and develop sustainable agriculture the use of chemical 

fertilezers should be reduced. In order to promote plant growth through traditional and 

molecular techniques, emphasis should be given on the development of fungal 

biofertilizers to achieve effective stable strains. 

1.12 Objectives of current research 

There is little known about fungal endophytes from wild medicinal land plants grow in 

northern area of Pakistan. In this study, we aimed to isolate, identify, and characterize 

endophytes from wild and crop plants in District Swat and Mardan (Khyber 

Pakhtunkhwa). The isolated strains were initially screened for growth promoting 

characteristics, phosphorus-solubilizing efficiency, siderophore activity and IAA 

production. Positive strains having these characteristics were selected for further study.  

Furthermore, we assumed that such endophytic fungi might synthesize various 

plant hormones that could be accountable for plant growth under normal and even in 

unfavorable environmental conditions. To address this hypothesis, we analyzed the 

phytohormoes production of endophytic fungi in vitro, we reported that their culture 

filtrate contained phytohormones that significantly increase plant growth attributes of 

rice and maize plant. 

In addition, there is no information available about endophytic fungi used for 

alleviating the inhibitory effect of gibberellin and auxin inhibitors uniconazol and 

yucasin respectively. In our current study, uniconazole and yucasin was used to 

suppress the biosynthesis of their target phytohormones in plants, and endophytic fungi 

were introduced to assess its role in combination with these inhibitors to mitigate their 

effect and improve plant growth. Similarly, we hypothesized that the isolated 

endophytic fungi from these wild and crop plants would be suitable for use as 
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biofertilizer in agriculture fields because of their abilities. For this purpose, the isolated 

strains were inoculated in soil maintained under ambient conditions of temperature, 

light and humidity using non autoclave soil to identify such strains which may work as 

biofertilizers in agriculture fields. 
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Chapter 2  

MATERIALS AND METHODS 

 

2.13 Plant collection 

Different medicinal and crop plants were randomly selected from two different 

locations, District Swat and Mardan (Khyber paktunkhwa) for isolation of endophytic 

fungi. Medicinal plants include Cannabis sativa, Chenopdium Alba, Oxalis 

corniculata, Euphorbia helioscopia, Amaranthus viridis, and Parthenium 

hysterophorus and crop plants Triticum aestivum, Brassica comprestris. Plants were 

carefully uprooted and they were shifted to the Plant Microbe interaction lab in 

polyethene bags. 

 

2.14 Isolation of fungal endophytes 

Established protocol was followed for the isolation of endophytic fungi from the 

selected plants (Hamayun et al., 2009d, Khan et al., 2008). All plants ware firstly rinsed 

with water to clean it from soil particles and remove dust and then washed two to three 

times with DW (distilled water). Different plant tissues (leaves, stem, root) were cut 

into small segment about one cm under hygienic condition. The cut segments were then 

surface sterilized with 2.5% NaOCl for 30 minutes and with 70% EtOH for 1 minute. 

After surface sterilization, the plant segments were thoroughly washed three times with 

dH2O to remove traces of NaOCL and ethanol. The surface sterilized plant segments 

were then injured to expose the internal tissues and put on Petri plates having Hagem 

media (Table 2.1). pH of the media was maintained 5.6 ± 0.2. Control segments were 

put on Hagem agar without exposing their internal tissues in order to validate the 

process of surface sterilization (Khan et al., 2008). About 4 to 5 segments ware put in 

single Petri plat and for every plant part there were three replicates. The plates were 

placed in incubator (Labtec- LIB-030M) at 30°C checked after every 24h for seven 

days and the newly appeared endophytic fungal colony from the plant parts were 

isolated and sub cultured on potato dextrose agar (PDA) medium (Table 2.2) (Khan et 

al., 2008). Different strains of endophytic fungi were isolated and grown on potato 

dextrose agar medium.  
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2.15 Colonization frequency 

Colonization frequency of isolated endophytic fungi was found through the method of 

(Suryanarayanan et al., 2003). 

 

Colonization Frequency (%) =
Number of positive segmentd

Number of segments examined
× 100 

 

2.16 Rate of isolation frequency 

Percentage rate of isolation was calculated as described previously (Goveas et al., 

2011). 

Percentage isolation rate =
Total number of isolate

Total number of sample 
 × 100 

  

 

 

2.17 Preparation of fungal stock cultures 

Once pure fungal cultures were obtained, they were preserved in the form of glycerol 

stocks for prolong period of time. The pure cultures were grown on PDA under 

conditions mentioned above and 2mL of 15% (Table 2.3) autoclaved glycerol was 

added to each plate. The spores were scraped gently to prepare spore suspension. The 

spore suspension was taken in an autoclaved vial, immediately frozen in liquid nitrogen 

and kept upright in -80°C freezer.  

2.18 Determination of siderophore production 

The isolated strains were assayed for siderophore activity on CAS agar medium 

(Vellore, 2001). For the preparation of 100mL of CAS indicator solution, 60.5mg of 

chromeazurol S was liquefied in 50mL of distilled water (DW). About 10mL of iron III 

solution was mix with this solution. The Iron III solution was made by mixing 27mg of 

FeCl3. 6H2O and 83.3μl of concentrated hydrochloric acid (HCl) in 100mL of distilled 

water. In a separate beaker, 72mg of hexadecyl trimethyl ammonium bromide 

(HDTMA) was dissolved in 40mL of DW. Preparation of 100mL of basal agar media 
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had the following components; 3g of 3-(N-morpholino) propane sulfonic acid (MOPS), 

0.05g of NaCl, 0.03g KH2PO4, 0.01g of NH4Cl, 0.5g of L-asparagine dissolved in 83mL 

of distilled water. At the end, agar was added to the above solution at the rate of 1.5g. 

To the sterilized basal agar medium, 2mL of the 50% glucose solution and CAS 

indicator solution (10mL) was also added. Formation of orange zone around the fungus 

was positive indication for siderophore production. Each fungal isolate was inoculated 

in triplicate. 

 

2.19 Determination of phosphate solubalization 

Phosphate solubilization test of endophytic fungi was done on Pikovskaya’s agar 

medium supplemented with 1.5% agar (sigma) and pH of the media was maintained at 

7±2 (Table 2.4). The media was autoclaved under 15lb pressure and 121°C for 20 

minutes and poured in sterilized Petri plates using laminar flow cabinet. After 

solidification, the plate ware left for 24h in order to confirm sterilization. Now, 

endophytic fungi were inoculated on plats and incubated for seven days at 28°C. Each 

strain was inoculated in three petri plats. After seven days formation of transparent 

region around the fungal colony indicates the phosphate solubilizing capability of 

endophytic fungi (Gaur, 1990). 

  

2.20 Detection of plant growth regulating substances in cell free 

cultures 

2.20.1 Screening the isolates for IAA production 

For analysis of IAA, endophytic fungi were cultured in 500mL round bottom flasks 

containing 50mL Czapek broth (Table 2.5). Two sets of flasks were prepared. To one 

set of the fungal cultures tryptophan was added in different concentrations (100, 

500,100µ/mL). The second set was without tryptophan. The cultures were shaken in a 

shaking incubator (Labtech LSI-3016R) at 120rpm and 30°C for seven days. The 

culture was then filter to separate fungal culture filtrate and fungal mycelia. 

Colorimetric determination of IAA was carried out as initial screening by using 

Salkowski reagent (Table 2.6AB). To 2mL of fungal culture filtrate (FCF) 1mL of 

Salkowski reagent was added and the mixture was incubated in the dark for 30 minutes. 

Intensity of the pink color was measured at 450nm using a spectrophotometer 
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(PerkinElmer lambda 25 UV/VIs) (Ullah et al., 2013). Standard curve was prepared by 

plotting different concentrations of standard IAA against optical density (OD) to obtain 

straight line equation. The equation was then used to calculate the concentration of IAA 

in the FCF.  

 

 

2.21 Determination of IAA by GC/MS 

The fungal culture filtrate was examine for the presence of IAA by GC–MS/SIM 

(6890 N network GC system and 5973 network mass selective detector (Table 2.7); 

Agilent Technologies, Palo Alto, CA, USA) as described by Ullah et al. (2013). For 

this experiment, fungal isolates were cultured in 50mL Czapek broth having 0.5mg per 

mL of L-tryptophan. The culture was grown in shaking incubator at 200rpm for one 

week (7 days) at 28°C. After that cultures were filtered to obtain FCF which was then 

acidified (pH 2.8) using 1NHCL. To the acidified FCF, 40µg mL-1 of [D5]-IAA was 

added as internal standard for IAA. The acidified FCF was extracted three times with 

equal volume of ethyl acetate and the combined aliquots were completely evaporated 

through a rotary evaporator. The dried material was taken in 5mL 0.1 M acetic acid and 

subsequently passed through a reverse-phase C18 column. The extract was eluted with 

30% MeOH, 50% MeOH, and 100% MeOH. All the eluents were combined then 

evaporated to dryness under vacuum using a rotary evaporator with water bath 

temperature 45°C. In order to prepare methanol fraction, the residue was dissolve in 

1mL of methanol and the solution was mixed with 1.5mL diazomethane. Finally, these 

methylated samples were again dissolved in ethyl acetate before being analyzed by 

GC/MS with selected ion monitoring (SIM; 6890N network GC system, and 5973 

network mass selective detector; Agilent Technologies, Santa Clara, CA, USA). The 

results were measured in micro mole per 50mL and analysis was done twice. This 

experiment was performed thrice. 
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Table 2.1. Hagum media for isolation of endophytic fungi 

 

S.no Component  Quantity L-1 

1 Glucose  5g 

2 KH2PO4,  0.5g 

3 MgSO4.7H2O,  0.5g 

4 NH4Cl,  0.5g 

5 FeCl3 1g 

6 Agar  15g 

7 Streptomycin 80ppm 

pH of the media was maintained 5.6 ± 0.2. 

Table 2.2. Potato dextrose agar media (PDA) for fungi 

 

S.no Component  Quantity L-1 

1 PDA  39g 

 

Table 2.3. Glycerol stock (15%) 

 

S.no Component  Quantity  

1 Glycerol 15mL 

2 Fresh fungal colony  

 

Table 2.4. Pikovskaya’s medium for phosphate solubilization 

 

S.no Component  Quantity L-1 

1 Glucose  10g 

2 Ca3(PO4)2 5g 

3 (NH4)2SO4 0.5g 

4 NaCl 0.2g 

5 MgSO4.7H20 0.1g 

6 KCl 0.2g 

7 Yeast extract 0.5g 

8 MnSO4.H2O 0.002g 
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9 FeSO4.7H2O 0.002g 

10 Agar 15g 

 

Table 2.5. Czapek media for fungi 

S.no Component  Quantity L-1 

1 Glucose  10g 

2 Pepton  10g 

3 MgSO4.7H2O,  0.5g 

4 KCl  0.5g 

5 FeSO4.7H2 0.1g 

 

Table 2. 6. Salkowski reagent for colorimetric assay of IAA 

SOLUTION A: Ferric chloride solution  

S.no  

 

Component  10mL-1 (w/v) 

1 FeCl3 

 

0. 8125   

 

SOLUTION B: 35% Perchloric acid solution 

S.no  

 

Component  100mL-l (v/v) 

1 HClO4 

 

50 mL 

1 mL of solution A was mixed with solution B to prepare Salkowski reagent 
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2.22 Extraction and quantification of gibberellins (GAs) and ABA 

in culture broth 

A protocol set up by Lee et al. (1998) as formerly explained in Waqas et al. (2014b) 

was used to extract and quantify GAs and ABA. The GAs was extracted and processed 

further in reversed phase C18 HPLC for fractionation. For chromatography 3.9 × 300 

mm Bondapak, C18 Column (Waters corp., Milford, MA, USA) was used. Column was 

eluted at 1.5mL/min having the following gradient: 0-5 min, isocratic 28% MeOH in 

1% aqueous acetic acid; 5-35 min, linear gradient from 28 to 86% MeOH; 35-36 min, 

86-100% MeOH; 36-40min, isocratic 100%MeOH. Overall, 48 fraction of 1.5mL were 

obtained. These fraction were then prepared for GC/MS gas chromatography mass 

spectrometer with selected ion monitoring (SIM) (6890N network GC system, and 5973 

network mass selective detector; Agilent Technologies, Palo Alto, CA, USA), as 

mentioned before. 

Every GA sample of lµL was injected in 30m × 0.25 mm i.d., 0.25µm film 

thickness DB-1 capillary column (J & W Scientific Co., Folsom, CA, USA). The 

temperature of the GC oven was programmed as follow, hold at 60oC for 1min, after 

that rise at 15oC per min to 200oC followed by 5oC per min to 285oC (Table 2.8). Helium 

carrier gas was maintained at a head pressure of 30kPa. The GC was directly interfaced 

to a Mass Selective Detector with an interface and source voltage of 70eV and a dwell 

time of 100ms. First trial (full scan mode) the main three ions of the supplemented [2H2] 

GAs internal standards get from Prof. Lewis N. Mander, Austrlian National University, 

Canberra, Australia, and fungal GAs were monitored at once (Table 2.8). By the use of 

hydrocarbon standards, the retention time was find out to calculate the KRI (Kovats 

Retention Index) value, whereas the quantification of GAs was based on the ratios of 

peak area of non-deuterated (extracted) GAs to deuterated GAs (Table 2.9). Results 

were calculated in nanogram per gram of freeze-dried weight of plant materials. 

The fungal ABA (endogenous) contents was extracted and quantified following 

the protocol of Qi et al. (Qi et al., 1998). The ABA was extracted into an extraction 

solution having   isopropanol 95%, glacial acetic acid 5% and 20ng of [(±)-3,5,5,7,7,7-

d6]-ABA. First this suspension was filtered, and then by using rotary evaporator this 

filtrate was concentrated. The residue obtained was suspended in 4mL of 1N NaOH 

solution and wash three times with 3mL of methylene chloride to remove traces of 

lipophilic material. Subsequent to this pH of liquid phase was reduce to 3.5 by the 
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addition 6N HCl, it was extracted three times with ethyl acetate (EtOAc) by means of 

solvent-solvent extraction. The ethyl acetate (EtOAc) extracts were then evaporated, 

and the almost dehydrated samples was again suspended in phosphate buffer solution 

(pH 8.0), which was passed via polyvinylpolypyrrolidone (PVPP) column. The eluted 

phosphate buffered solution was once more partitioned thrice with EtOAc after 

decreasing the pH to 3.5 with 6N HCl. With the help of rotary evaporator, the three 

aliquots of ethyl acetate extracts were pooled and evaporated. This residue was 

dissolved in dichloromethane (CH2Cl2) and after that passed by means of silica 

cartridge (Sep-Pak; Water Associates, Milford, Massachusetts, USA) pre-rinsed with 

10mL of dichloromethane and 10mL of diethyl ether: methanol (3:2, v/v). The final 

extract was dehydrated with N2 gas and after that methylated by the addition of 

diazomethane for gas chromatography-mass spectrometry (GC-MS) analysis using 

selected ion monitoring (SIM) 6890N network GC system, and the 5973-network mass-

selective detector; Agilent Technologies, Palo Alto, CA, USA). The monitor responses 

to ions of m/z of 190 and 162 for Me-ABA, and 194 and 166 for Me-[2H6]-ABA, were 

obtained using Lab-Base (ThermoQuest, Manchester, UK) data system software (Table 

2.10). 
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Table 2. 7. GC/MS – SIM conditions used for analysis and quantification of the IAA 

 

Table 2. 8. GC/MS – SIM conditions used for analysis and quantification of the GAs 

Equipment Hewlett-Packard 6890, 5973N Mass Selective Detector 

Column HP-1 capillary column (30m×0.25mm i.d. 0.25 µm film thickness) (J & 

W Scientific Co., Folsom, CA, USA) 

Carrier gas He (40 ml/min.); head pressure of 30 kPa 

Source temperature 250°C 

Oven conditions 60°C (1 min.) → 15°C /min. → 200°C (1 min.) → 5°C /min. → 285°C (5 

min.) 

Injector temperature 200°C 

Ionizing voltage 70 ev 

 

 

 

 

 

 

 

 

 

 

 

Equipment Hewlett-Packard 6890, 5973N Mass Selective Detector 

Column HP-1 capillary column (30m×0.25mm i.d. 0.25µm film 

thickness)(J & W Scientific Co., Folsom, CA, USA) 

Carrier gas He (60 ml/min.); head pressure of 30 kPa 

Source temp. 230°C 

Oven conditions IAA : 70°C (2min.) → 20°C/min. → 280°C (5min)  

Injectortemp. 200°C 

Ionizing voltage 70 ev 
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Table 2. 9. GC/MS-SIM analysis of HPLC fractions of pure culture filtrate of endophyte 

HPLC 

fraction 

No 

RTa Sample/ 

Standar

d 

GAsb KRIc m/z (%, relative intensity of base peak)d 

32~33 24.31 Sample GA4 2506 284(100) 225(80) 289(70) 

standard [2H2] 

GA4 

2506 286(100) 227(76) 291(71) 

33~35 22.69 Sample GA7 2514 222(100) 416(18) 384(13) 

standard [2H2] 

GA7 

2514 224(100) 418(18) 386(12) 

37~38 23.49 Sample GA9 2305 298(100) 270(78) 227(48) 

standard [2H2] 

GA9 

2305 300(100) 272(77) 229(48) 

24~25 23.91 Sample GA20 2485 418(100) 375(45) 403(14) 

standard [2H2] 

GA20 

2485 420(100) 377(45) 405(13) 

37~38 19.41 Sample GA53 2450 448(47) 251(30) 389(25) 

standard [2H2] 

GA53 

2450 450(46) 253(28) 391(25) 

aRT – Retention time (in min); bGAs – Gibberellins; cKRI- Kovats retention indices; dIdentified 

as methyl ester trimethylsilyl ether derivatives by comparison with reference spectra and KRI 

data as elucidated by Gaskin and MacMillan (1991). Gibberellins are identified with three ions 

and quantified by first ion with comparison of labelled standards. About 50μL of CF extract of 

all six strains results in various HPLC fractions. 

Table 2. 10. GC/MS – SIM conditions used for analysis and quantification of the ABA 

 

Equipment Hewlett-Packard 6890, 5973N Mass Selective Detector 

Column HP-1 capillary column (30m×0.25mm i.d. 0.25µm film thickness)(J & 

W Scientific Co., Folsom, CA, USA) 

Carrier gas He (40 ml/min.); head pressure of 30 kPa 

Source temp. 250°C 

Oven conditions ABA : 60°C (1min.) → 15°C/min. → 200°C →5°C/min. → 250°C 

→10°C /min → 280°C 

Injectortemp. 200°C 

Ionizing voltage 70 ev 
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2.23 Endophyte identification, phylogenetic analysis and sequence 

divergence 

Genomic DNA from the selected strains of fungi was extracted and the ITS and 28S 

rDNA gene fragments were amplified by using specific primers. Composition of the 

Primers used for ITS gene amplification was following: ITS1 (5′-TCC GTA GGT GAA 

CCT GCG G-3′), and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) and for D1-D2 

region amplification primers used were NL1(5′-

GCATATCAATAAGCGGAGGAAAAG-3′) and NL4 

(5′GGTCCGTGTTTCAAGACGG-3′) (Park et al., 2002). In thermal cycler the 

amplification was performed under the following conditions: one cycle for 15 seconds 

at 95°C of denaturation succeeded by 30 denaturation rounds for 20 seconds at 95°C, 

40 seconds annealing at 50°C and for 1 min extension at 72°C, including last step of 

extension for 5 min at 72°C. Prior to sequencing, purification of the PCR products was 

carried out with the SolGent PCR Purification Kit-Ultra (SolGent, Daejeon, South 

Korea). The Purified PCR products were confirmed again by using size marker through 

electrophoreses on 1% agarose gel. Through incorporation of dideoxynucleotides (dd 

NTPs) in the reaction mixture these bands were eluted and sequenced. Sequencing was 

conducted in SolGent (Daejeon, Korea). By using BLAST from the National Center of 

Biotechnology Information (NCBI) website the Sequences were further analyzed. The 

aligned sequences were also submitted to the Gen Bank. 

Phylogenetic analysis of the obtained sequences was done by using MEGA 

version 6.06, software (Tamura et al., 2013). The neighbor joining (NJ) and maximum 

likelihood (ML) protocols embedded in MEGA 6 were used to construct phylogenetic 

trees. In phylogenetic tree the bootstrap replications (1K) were used as a statistical 

support for the nodes. Furthermore, the average pairwise sequence divergence of both 

ITS and D1-D2 region from all fungal strains (TS1, TS2, CSR1, CSR3, CHS1, BRL1, 

EUR1 and CSL1) were analyzed. After assembling a multiple sequence alignment, 

using comparative sequence analysis the missing and indistinct bases were confirmed. 

The neighbor–joining (NJ) was employed to construct phylogenetic tree, with MEGA 

6 after both ITS and D1-D2 sequence alignment with the ClustalW in MEGA 6.06 

software (Tamura et al., 2013) By default parameters. 
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2.24 RNA isolation and semi quantitative real-time PCR 

RNA was extracted from the lyophilized mycelia o’f endophytic fungi by using a 

modified protocol (Chan et al., 2004). In brief, fungal mycelium (1.0g) was pulverized 

in an ice-cold mortar and pestle under liquid nitrogen. The ground mycelia were 

immediately shifted to RNase-free falcon tubes that contained extraction buffer (0.25M 

NaCl, 0.05M Tris-HCl, pH 7.5, 20mM EDTA, 1% [w/v] sodium dodecyl sulfate, and 

4% [w/v] PVP). The resulting high-quality RNA was used to prepare cDNA with the 

help of DiaStar RT kit (SolGent, Korea), in accordance with, the manufacturer’s 

protocol. To confirm GAs and IAA biosynthesis in the endophytes, expression of 

several genes was then measured using quantitative real-time PCR (PCRMax Alpha 

Cycler, UK) with a 2XReal-time PCR Kit (BioFACT, Korea). To each 20µL reaction 

mixture, 10nM of allgene-specific primer and 100ng of template cDNA were added. 

The reactions were conducted using the standard Eco Real-Time PCR (Illumina) 

protocol, with a no template control as a negative control. The expression of each gene 

was compared with the relative expression of Actin which was used as an internal 

control. The experiment was repeated three times. These analyses were repeated three 

times for each sample. 

 

2.25 Screening endophytes on GAs deficient Waito-C dwarf rice 

Dwarf Waito-C rice (gibberellins biosynthesis dy mutant with a dwarf phenotype) 

system was used to screen CF of the isolated endophytes for GAs. Surface sterilization 

of seed was carried out with NaOCl (sodium hypochlorite) 2.5% for 30 min and then 

the seeds were washed three times with DW. The surface sterilized seeds were then 

incubated in 20mg/L of GAs biosynthesis inhibitor, the uniconazole, for 24h in order 

to get uniformly germinated seeds. To prevent the GAs pathway and check the effects 

of these endophytic fungal strains, mutant seeds were treated with GAs biosynthesis 

inhibitor (uniconazole). The already germinated Waito-C seeds were transfer to 

sterilized pots having 0.8% (w/v) water agar medium (Khan et al., 2011b, Redman et 

al., 2011). When the seedlings reached to a stage of two leaves, endophytes culture 

filtrate (20μL) was applied to the tip of the Waito-C rice seedlings. At the end of seven 

days, chlorophyll content (SPAD-502; Minolta, Tokyo, Japan), root and shoot length, 

and root and shoot biomass (fresh and dry) were measured. Also, the plants were 

collected and store in liquid nitrogen for phytohormonal analysis. 
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2.26 Quantification of Waito-C endogenous GAs, ABA and JA 

Three replicates for each treatment were used to analyze the endogenous GAs, ABA 

and JA of freeze-dried inoculated and non-inoculated Waito-C rice. GAs and ABA 

extraction and quantification was conducted as described above (Lee et al., 1998, Qi et 

al., 1998). In order to quantify the endogenous JA, the optimized method of McCloud 

and Baldwin (1997) was used. Initially the freeze-dried stem tissues were crushed to a 

homogenate, and 0.1g of this homogenate material was suspended in a mixture of 

acetone and 50mM citric acid (70:30, v/v). To this suspension also add Internal standard 

[9,10-2H2]-9,10-dihydro-JA (20ng). The resulting extracts were left for a night at low 

temperatures to permit the highly volatile organic solvent to evaporate however to keep 

the less volatile fatty acids. The aqueous phase was filtered, and then extracted three 

times with 10mL diethyl ether. The combined extracts were then loaded on a solid-

phase extraction cartridge (500mg of sorbent, aminopropyl), and rinse the cartridges 

with 7.0mL of trichloromethane and 2-propanol (2:1, v/v). The relevant standard and 

exogenous JA were eluted with 10mL of diethyl ether and acetic acid (98:2, v/v). The 

residue was esterified with excess diazomethane upon evaporation of the solvents, and 

finally makes its volume to 50µL with dichloromethane, and analysed the samples with 

GC-MS (6890N network GC system and the 5973-network mass selective detector; 

Agilent Technologies, Palo Alto, CA, USA) in the selected ion mode (Table 2.11). The 

ion fragment was monitored at m/z = 83 amu corresponding to the base peaks of JA and 

[9,10-2H2]-9,10-dihydro-JA; the endogenous JA contents was calculated from the peak 

areas compared with the respective standards. 
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Table 2. 11. GC/MS – SIM conditions used for analysis and quantification of JA 

Equipment Hewlett-Packard 6890, 5973N Mass Selective Detector 

Column HP-1 capillary column (30m×0.25mm i.d. 0.25µm film thickness)(J & W 

Scientific Co., Folsom, CA, USA) 

Carrier gas He (40 ml/min.); head pressure of 30 kPa 

Source temp. 250°C 

Oven conditions JA : 60°C (2 min.) → 10°C /min. →140°C(3min)→3°C /min 170°

C→15°C /min. → 285°C (8 min.) 

Injectortemp. 200°C 

Ionizing voltage 70 ev 
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2.27 Cucumber cotyledon bioassay for cytokinins 

For this bioassay cucumber (Cucumis sativus L.) seeds were germinated on filter paper 

saturated with autoclaved distilled water in the Petri dishes. Seeds were germinated in 

dark for seven days at room temperature according to the protocol of Fletcher et 

al.(Fletcher et al., 1982). Seven days later, cotyledons were separated from the 

seedlings. The cotyledons (@ 10 cotyledons per Petri plate) were then put incubated in 

Petri dishes containing different dilutions of FCF (25, 50 and 75%). Cotyledons treated 

with DW and kinetin (Sigma-Aldrich) (25ppm) was used as negative and positive 

control respectively for comparison. The plates were incubated at 25°C in the dark for 

24h followed by exposure to light, for this Petri dishes were incubated under fluorescent 

tube light for 3.5h at 25°C. After the mentioned duration passed, the cotyledons were 

picked from the Petri plates and crushed in 80% acetone. The debris was removed by 

centrifugation of the homogenate at 1792rcf for 10 minutes and absorbance of the 

supernatant was measured at 663nm and 645nm using spectrophotometer. The values 

of OD were then put in a formula to calculate the total amount of Chlorophyll (Fletcher 

et al., 1982). 

2.28 Screening bioassay on maize by using fungal culture filtrate 

To check the plant growth enhancing compounds in culture filtrate of fungal 

endophytes, screening bioassays was performed on maize seeds. For this screening 

experiment, first of all maize seeds were surface sterilized with 2.5% NaOCl (Merk) 

for 30 minutes and washed three times with distilled water. The effect of selected fungal 

endophytes CF was checked by applying different concentration of the culture filtrate 

(25, 50%) on maize seeds. Ten seeds were placed in Petri plates provided with 5mL of 

culture filtrate in different dilutions. Control seeds received DW. The rate of seed 

germination was noted. The seedlings were harvested 10 days’ post germination and 

different growth parameters including root, shoot length and fresh, dry weight was 

measured. 

 

2.29 Screening Bioassay on maize by using fungal biomass 

The experiment was conducted in pots provided with autoclaved soil (Khan et al., 

2008). The selected fungal strains ware added to the soil at the rate of 1grm per 100grm 

of soil and control pots were only provided with autoclaved soil. Healthy maize seed 
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was surface sterilized with method described above. Seeds were then placed in pots and 

kept at 28±2°C. Pots ware watered at regular interval. After three weeks, all growth 

attributes (shoot, root length, fresh and dry weight) was recorded. 

2.30 Estimation of total flavonoids content   

For colorimetric assay of total flavonoid content, 0.1mL of potassium acetate (sigma) 

(1M) and 0.1mL of 10% aluminium chloride (sigma) were added to 0.5mL of fungal 

culture filtrate. Volume of the mixture was brought to 5mL by adding 4.3mL of 80% 

methanol (Eom et al., 2007). The reaction mixture was vortexted and absorbance (OD) 

was recorded at 415nm through spectrophotometer. Flavonoid content present in the 

culture filtrate was calculated from the value of OD (optical density) using an equation 

derived from standard curve obtained by plotting different concentrations of Quercetin 

(Merck) against OD. Methanol (sigma) was used as a blank. 

2.31 Estimation of total phenol content 

Determination of total phenolic content was carried out by following the protocol of 

Qawasmeh et al. (2012). To 0.5mL of fungal culture filtrate 0.5mL of 80% methanol 

(sigma) was added and the mixture was centrifuged (Sigma 1-14) for 20 mints at 

11200rcf. The supernatant was then evaporated in a water bath at 30°C. The residue 

was taken in 0.5mL of folin-ciocalteau reagents (Merck) in test tubes and after three 

minutes, 2mL of 20% sodium carbonate was added to the samples. The test tubes were 

subsequently positioned in water bath for 1-2 minutes at 40°C. After heat treatment, 

optical density of the samples was recorded at 650nm by spectrophotometer against 

blank solution (methanol). Total phenolic content (mg/gm) was evaluated in catechol 

equivalent after comparing with standard curve prepared form distilled catechol (Riedel 

de Haen, Buchs-Switzerland). 

2.32 Estimation of total sugar 

For calorimetric determination of total sugar, phenol sulfuric acid method is simple and 

fast method to determine total sugar in sample. Fungal culture filtrate was diluted by 

taking 0.5mL of FCF in 9.5mL of DW and the mixture was then centrifuged at 1008rcf 

for 10 mints. After centrifugation, 0.5mL supernatant was added to 1mL of 80% phenol 

(sigma) and the mixture was incubated for 10 mints. After incubation, 5mL conc. 

sulphuric acid (Riedel de Haen, Buchs-Switzerland) was added to this mixture followed 

by incubation at room temperature (25°C) for four hours. Absorbance was recorded at 
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420nm and phenol was used as a blank. Standard curve was construct from different 

concentration of glucose (sigma) and absorbance was recorded at 420nm (Nielsen, 

2003).  

2.33 Bioassay for confirmation of IAA and GA producing 

endophytic fungi 

2.33.1 Experimental set up 

Stock solutions of different chemicals were prepared at the following concentrations: 

uniconazole ((E)-1-(4-Chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pent-1-

en-3-ol (M.W. 291. 776), WAKO, http://www.wako-chem.co.jp/english/) (Sigma), 

100ppm; yucasin (5-(4-chlorophenyl)-4H-1,2,4-triazole-3-thiol (M.W. 211. 67) 

(Sigma), (WAKO, Japan), 50mM; GA3 (Sigma) and IAA (Sigma) 1mM. Uniconazole 

and yucasin were dissolved DMSO, IAA and GA3 solution were dissolved in EtOH. 

The uniconazole solution was further diluted to 50ppm and yucaine was diluted to 

50µM for foliar application during treatment. 

2.33.2 Application of endophytic fungi, exogenous hormones and their 

inhibitors 

Screening bioassay for IAA and GA in fungal culture filtrate was assessed by following 

method of (Nishimura et al., 2014, Izumi et al., 1985). Plant growth promoting 

metabolites presence was assessed by performing screening experiment on maize 

seedlings treated with yucasin and uniconazole. These compounds are known to inhibit 

IAA and GA biosynthesis in plants resulting in growth retardation (Saito et al., 2006, 

Wijayanti et al., 1996, Nishimura et al., 2014). For this, eight different fungal 

endophytes were inoculated in Czapek medium for one week (7 days) at 27ºC at 

120rpm. Fungal culture was filtered through filter paper. Supernatant was freezed at -

70ºC and fresh fungal biomass was used for bioassay and to identified fungal isolates, 

whereas supernatant was used for secondary metabolites and phytohormones 

determination. The maize seeds were surface sterilized as mentioned previously. The 

seeds were then allowed to germinate in sterilized Petri plates in incubator at 28±2. The 

germinated maize seeds were shifted to 450mL pots (containing 3 seedlings per pot) 

having autoclaved soil and the pots were then divided into 6 sets (control), (hormones) 

(inhibitors), (hormones+inhibitors), (fungal isolate) and (fungal isolate+ inhibitors). 

Each set receiving one of the 6 treatments and each treatment was replicated two times. 

http://www.wako-chem.co.jp/english/
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After reaching the two-leaf stage, 10mL of yucasin (50µM) (Table 2.15 AB) or 

uniconazole (50ppm) (Table 2.13 AB) were sprayed on maize seedling two times for 

fourteen days. Fungal spore suspension (10mL) containing approximately 1000 spores 

was also sprayed on maize seedling as sole treatment as well as in co treatment with 

uniconazol and yuccasin respectively. Distilled water was applied to control plants 

(10mL) (Hassan et al., 2013). Water was added to plants when needed. All plant pots 

ware placed in growth chamber (Labtech model LGC-5101G) at 25°C. The plant 

growth characteristic; chlorophyll content (SPAD-502; Minolta, Tokyo, Japan), root 

and shoot length, and root and shoot biomass (fresh and dry) were measured after two 

week of treatments. Plants were washed with tap water to remove soil and the seedling 

was instantly transferred to liquid nitrogen and store in −80°C (SANYO MDF-U33V) 

for different tests.  Shoot and root was separated and their length was noted. After 

measuring fresh weight of root and shoot they were dried at 60°C in oven (Labtec –

LDO-031SF) for 2 days and weighed to measure dry weight (Gornall et al., 1979). 

2.33.3 Flavonoid determination in maize seedling 

Flavonoid determination was carried out by taking and crushing 0.5g of leaf tissue with 

the help of pestle and mortar with 80% methanol. Vortexesd plant material and 

flavonoid contents was determined  by the protocol of (Eom et al., 2007). 

2.33.4  Phenol determination in maize seedling 

For phenol determination 0.5g of healthy leaves were crushed with 2mL of 80% ethanol 

and subsequently centrifuged for 20 minutes at 11200rcf. Phenol content was measures 

in plant tissue by the method described above (Lister and Wilson, 2001). 

2.33.5  Sugar determination in maize seedling 

For determination of sugar, 0.5g of leaf sample was taken from maize seedling crushed 

with 70% ethanol and the debris were removed by subjecting the sample to 

centrifugation at 1008rcf for 10 minutes. Determination of sugars was carried out as 

described above. 

2.33.6  Statistical procedures for data analysis 

To compare the plant growth promoting effects of fungal endophytes on maize plants, 

the present study was performed in a completely randomized design. All the 
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experiments were repeated three times unless mentioned and every treatment was 

replicated two times. The treatment effects on various plant growth attributes were 

derived by calculating the mean ± standard deviation using Graph Pad Prism (Ver 6.0; 

Graph Pad Software, La Jolla, CA, USA) and subsequent comparisons were conducted 

through ANOVA and Duncan’s multiple range tests at P< 0.05 (SAS, Inc., Cary, NC, 

USA). 
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2.33.7  Solutions for Bioassay Experiment 

Table 2. 12 Sodium hypochlorite (2.5%) 

S.no  Component 

 

Quantity L-1 

1 Sodium hypochlorite 

 

50 g 

 

Table 2. 13 

A: 100ppm stock solution of uniconazol 

S.no  Component 

 

 50mL-1 (w/v) 

1 Uniconazol 

 

5mg 

 

B: Working solution  

Strength of solution 

 

Stock solution Distilled water 

50ppm 25 mL 

 

25 mL 

 

Table 2. 14 

 A: 1mM stock solution of GA3 

S.no  

 

Component 20mL-1 (w/v) 

1 GA3 

 

6.92mg 

 

B: Working solution   

Strength of solution  

 

Stock  Distilled water 

10µM 500µL 

 

50mL 
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Table 2. 15 

A: 50mM stock solution of yucasin 

S.no  Component 

 

 10mL-1 (w/v) 

1 Yucasin 

 

105.83mg 

 

B: Working solution  

Strength of solution  Stock  

 

Distilled water 

50µM 500µL 

 

500mL 

 

Table 2. 16 1mM solution of IAA 

S.no  Component 

 

Quantity L-1 

1 IAA  

 

0.175 g 
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Chapter 3  

ISOLATION AND CHARACTERIZATION OF ENDOPHYTES 

 

3.34 Introduction 

Higher plants are known to host endophytic including fungi, bacteria and actinomyces 

that enable the host plant to survive unfavorable environmental conditions (Strobel et 

al., 1999, Fisher et al., 1992, Rosenblueth and Martínez-Romero, 2006). These 

endophytes produce important secondary metabolites that protect their host plant from 

harsh conditions and other pathogens (Carroll and Carroll, 1978, Azevedo et al., 2000, 

Strobel, 2003). Endophytic fungi are well known for the great variety of secondary 

metabolites as evident by the latest estimates of about 4000 secondary metabolites 

determined in different endophytic fungi. Endophytic fungi perform different 

ecological (Tintjer and Rudgers, 2006, Malinowski and Belesky, 2006) and 

physiological (Malinowski et al., 2004) roles important for their host plant survival. 

Endophytic fungi promote their host growth by different process like production of 

growth regulators, improving mycorrhizal colonization, siderophore production and by 

nitrogen fixation (Bandara et al., 2006, Herre et al., 2007, Hamayun et al., 2010b, 

Verma et al., 2011, Rai et al., 2014). In the same way, endophytic fungi that produced 

bioactive secondary metabolites important in decreasing oxidative stress, as the 

production of radicals can slow down cellular functions (Xiao et al., 2014). It is believed 

that the anti-oxidative function of fungal endophytes may be due to its production of 

phenolic and flavonoid compounds into the growth medium. Besides, soluble sugars 

are very important from cellular to the whole organism levels, performing functions 

including host plant responses to various stresses, nutritive and signaling role and 

stimulation of hormones transduction pathways (Couée et al., 2006). Recently, it was 

revealed that plant growth promotion may occur due to production of plant growth 

promoting metabolites such as gibberellins, auxin, cytokinin by endophytic fungi (Khan 

et al., 2008, Hamayun et al., 2010b, Waqas et al., 2014b). 

Due to their immense importance in promoting plant growth and alleviation of 

environmental stresses, it is imperative to keep on exploring novel fungal endophytes 

which may be used as biofertilizers. For this purpose, endophytic fungi are isolated 

from different parts of the target plants and screen the isolates for plant growth 
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promotion. Plant growth promoting traits of endophytic fungi including IAA 

production, phosphate solubilization and siderophore production are used to identify 

PGPF. Current chapter describes isolation of endophytic fungi from medicinal and crop 

plants and screening the isolates for plant growth promotion. 

 

3.35 Isolation of fungal endophytes 

For the isolation of endophytic fungi, different wild and medicinal and crop plants was 

selected from two different locations, District Swat and Mardan (Khyber paktunkhwa, 

Pakistan). Among the selected plants were Cannabis sativa, Chenopodium album, 

Oxalis corniculata, Euphorbia helioscopia, Amaranthus viridis, and Parthenium 

hysterophorus (medicinal plants) and Triticum asativum and Brassica compestris (crop 

plants). Plants were carefully uprooted and kept in polythen bag which were then 

transported to the Plant Microbes Interaction laboratory of Botany department. From 

these plants, forty-six strains ware isolated. Among the isolated strains, 15 were isolated 

from plants collected from district swat and 31 were isolated from plants collected from 

District Mardan. The strains ware named according to the botanical name of plant and 

its part that yield the isolates. The selected strains were purified on PDA media and the 

pure fungal colonies were screened for IAA, phosphate solubalization and siderophore 

production. In the isolated strains 25 were recorded positive for tryptophan independent 

synthesis of IAA (Table 3.11). The selected isolates were also checked for growth 

promoting activity on maize. Different growth attributes such as root, shoot length and 

fresh, dry weight was measured (Table 3.10- 3.12). 

 

3.35.1 Isolation of endophytic fungi from Cannabis sativa 

The number of isolated strains from different parts of Cannabis sativa was 15. Among 

different parts of this plant, leaf tissues had highest diversity of endophytic fungi. 

However, heaviest colonization of endophytic fungi was noted in the root of C. sativa 

as evident from colonization frequency of 100%. Stem was the least colonized 

(42.85%) among the selected organs. Leaves were moderately colonized by endophytes 

as 77.7% of the leaf segments yielded fungal colonies (Table 3.9). Among the isolates, 

CSR3 was the most effective colonizer of C. sativa roots with a colonization frequency 

of 66.6%. The second best colonizer was CSR4, found in 41% of the root segments. 
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Colonization frequency of the remaining strains varied between 8-33% (Table 3.1). 

CSR3 was considered as the dominant isolates among all. All the isolates from the stem 

(02) were able to produce IAA. On the other hand, only 28% of isolates from leaves 

were screened positive for IAA synthesis. Majority of root inhabiting endophytes (80%) 

were among the IAA producing strains (Table 3.1).  

 

3.35.2 Isolation of endophytic fungi from Amaranthus viridis 

Overall, 10 endophytic fungi were isolated from different parts of Amaranthus viridis. 

Among different parts, leaves had great diversity of fungal endophytes, as evident from 

heaviest isolation frequency i.e. 75%. Stem were moderately colonized by endophytes 

as 37.5% of the stem segments yielded fungal colonies while root was the least 

colonized (12.5%) among the selected organs (Table 3.9). Among the isolates, AmrR1 

was the most effective colonizer of Amaranthus viridis roots with a colonization 

frequency of 33.3%. The other best colonizer was AmrS2, found in 33% of the stem 

segments. Colonization frequency of the remaining strains varied between 8-25% 

(Table 3.2). Fungal isolate AmrR1 and AmrS2 was found dominant among different 

tissues. No isolates from leaves and stem were screened positive for IAA synthesis. On 

the other hand, root inhabiting endophytes were among the IAA producing strains 

(Table 3.2). 

 

3.35.3 Isolation of endophytic fungi from Triticum asativum 

The number of isolated fungal species from Triticum asativum is 6. Among different 

parts of this plant, leaf and root tissues had high diversity of endophytic fungi. The 

colonization of endophytic fungi was noted in the root and leaf of Triticum asativum as 

evident from isolation frequency 42.85%. Among the selected organs no isolate was 

recorded in stem tissue (Table 3.9). Among the isolates, WhR3 was the most effective 

colonizer of roots of Triticum asativum with a colonization frequency of 33.33%. 

Colonization frequency of the remaining strains varied between 8.33-16.33% (Table 

3.3). WhR3 was considered as the dominant among all the isolates. On the other hand, 

all the isolates from the root and leaf were able to produce IAA (Table 3.3). 
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3.35.4 Isolation of endophytic fungi from Brasicca compestres 

Total 4 endophytic fungi were isolated from Brasicca compestres. Among different 

parts of this plant, leaf and stem tissues had endophytic fungi. Colonization of 

endophytic fungi was noted in the leaf and stem of Brasicca compestres as evident from 

isolation frequency of 28.57% while the root segments yielded no fungal colony (Table 

3.9). Among the isolates, BRL2 was the most effective colonizer of leaves with a 

colonization frequency of 25%. Colonization frequency of the remaining strains varied 

between 8.33-16.53% (Table 3.4). BRL2 from leaf tissue of Brasicca compestres was 

recorded dominant among all isolated strains. All the isolates from the stem and leaf 

were screened positive for IAA synthesis (Table 3.4). 

 

3.35.5 Isolation of endophytic fungi from Euphorbia helioscopia 

Total 6 strains were isolated from different parts of Euphorbia helioscopia. Among 

different parts of this plant, leaf tissues had diversity of endophytic fungi. Colonization 

of endophytic fungi was noted in the leaf of Euphorbia helioscopia as evident from 

isolation frequency of 37.5%. Root was also colonized by endophytes as 25% of the 

leaf segments yielded fungal colonies. On the other hand, no isolate was found in stem 

segments (Table 3.9). Among the isolates, EUL1 was the most effective colonizer of 

leaf with a colonization frequency of 58.33%. The second best colonizer was EUR1, 

found in 41.63% of the root segments. Colonization frequency of the remaining strains 

varied between 8-25% (Table 3.5). In all isolated strains EUL1 was found dominant. 

All the isolates from the roots (02) were able to produce IAA. On the other hand, only 

33% of isolates from leaves were screened positive for IAA synthesis (Table 3.5).  

 

3.35.6 Isolation of endophytic fungi from Parthenium hysterophorus 

Only 2 endophytic strains were isolated from parthenium hysterophorus. Among 

different parts of this plant, leaf tissues had endophytic fungi. Colonization of 

endophytic fungi was noted in the leaf of parthenium hysterophorus as evident from 

isolation frequency of 25%. However, root and stem tissues yielded no fungal colonies 

(Table 3.9). Among the isolates, ParL1 was the most effective colonizer of leaves with 

a colonization frequency of 33%.  On the other hand, the second colonizer ParL2, found 
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in 8% of the leaf segments. ParL1 was considered as the dominant isolate. No one of 

the isolates was screened positive for IAA synthesis (Table 3.6).
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Table 3. 1. Endophytic fungi isolated from different parts of Cannabis sativa their percentage colonization frequency and IAA screening results. 

 

S.no Fungal 

isolate 

Total no. of 

segment 

Total no. of positive 

segment 

Colonization 

frequency % 

IAA 

1 CSS1 12 3 25 + 

2 CSS2 12 4 33.33 + 

3 CSL1 12 1 8 + 

4 CSL2 12 2 16.53 + 

5 CSL3 12 3 25 _ 

6 CSL4 12 2 16 _ 

7 CSL5  12 3 25 _ 

8 CSL6 12 1 8 _ 

9 CSL7 12 2 16 _ 

10 CSR1 12 4 33.33 + 

11 CSR2 12 4 33.33 _ 

12 CSR3 12 8 66.66 + 

13 CSR4 12 5 41.53 + 

14 CSR5 12 1 8 + 

15 TS2 12 1 8.33 + 

 



54 
 

Table 3. 2. Endophytic fungi isolated from different parts of Amaranthus viridis their percentage colonization frequency and IAA screening results. 

 

S.no Fungal 

isolate 

Total no. of segment Total no. of 

positive 

segment 

Colonization 

frequency % 

IAA 

1 AmrL1 12 2 16 _ 

2 AmrL2 12 3 25 _ 

3 AmrL3 12 2 16 _ 

4 AmrL4 12 1 8 _ 

5 AmrL5 12 1 8 _ 

6 AmrL6 12 3 25 _ 

7 AmrS1 12 1 8 _ 

8 AmrS2 12 4 33 _ 

9 AmrS3 12 3 25 _ 

10 AmrR1 12 4 33.3 + 
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Table 3. 3. Endophytic fungi isolated from different parts of Triticum aestivum their percentage colonization frequency and IAA screening results. 

 

S.no Fungal 

isolate 

Total no. of segment Total no. of 

positive 

segment 

Colonization 

frequency % 

IAA 

1 WhR1 12 1 8.33 + 

2 WhR2 12 1 8.33 + 

3 WhR3 12 4 33.33 + 

4 WhL1 12 2 16.33 + 

5 WhL2 12 2 16.53 + 

6 WhL3 12 1 8.33 + 

 

 

Table 3. 4. Endophytic fungi isolated from different parts of Brasicca compestres, their percentage colonization frequency IAA screening results. 

 

S.no Fungal 

isolate 

Total no. of 

segment 

Total no. of 

positive 

segment 

Colonization 

frequency % 

IAA 

1 BRL1 12 2 16.53 + 

2 BRL2 12 3 25 + 

3 BRS1 12 1 8.33 + 
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4 BRS2 12 2 16.53 + 

 

Table 3. 5. Endophytic fungi isolated from different parts of Euphorbia helioscopia, their percentage colonization frequency IAA screening results. 

  

S.no Fungal 

isolate 

Total no. of 

segment 

Total no. of 

positive 

segment 

Colonization 

frequency % 

IAA 

1 EUL1 12 7 58.33 + 

2 EUL2 12 1 8 _ 

3 EUL3 12 1 8 _ 

4 EUR2 12 3 25 + 

5 EUR1  12 5 41.63 + 
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3.35.7 Isolation of endophytic fungi from Oxalis corniculata 

Only single strain was isolated from oxalis corniculata stem and their isolation 

frequency was noted as 25%. However, root and leaf segments yielded no fungal colony 

(Table 3.9). The colonization frequency was found 25%. It was able to produce IAA 

(Table 3.7).  

 

3.35.8 Isolation of endophytic fungi from Chenopodium album 

Total 3 strains were isolated from chenopodium album. Among different parts of this 

plant, stem tissues had diversity of endophytic fungi. Colonization of endophytic fungi 

was noted in the stem of chenopodium album as evident from isolation frequency of 

37.5% (Table 3.9). Among the isolates, CHS1 was the most effective colonizer of stem 

with a colonization frequency of 41.63%. The second colonizer was CHS2, found in 

25% of the root segments. CHS3 was the least colonizer with Colonization frequency 

of 16% (Table 3.8). CHS1 was found dominant among the isolates. On the other hand, 

only 33% of isolates from leaves were screened positive for IAA synthesis (Table 3.8). 
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Table 3. 6. Endophytic fungi isolated from different parts of Parthenium hysterophorus their percentage colonization frequency IAA screening 

results. 

 

S.no Fungal isolate Total no. of segment Total no. of positive segment Colonization frequency % IAA 

1 ParL1 12 4 33 _ 

2 ParL2 12 1 8 _ 

 

 

 

Table 3. 7. Endophytic fungi isolated from different parts of Oxalis corniculata their percentage colonization frequency and IAA screening results. 

 

S.no 

  

Fungal isolate Total no. of segment Total no. of positive segment Colonization frequency % IAA 

1 TS1 12 3 25 + 
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Table 3. 8. Endophytic fungi isolated from different parts of Chenopodium album their percentage colonization frequency screening results. 

 

S.no Fungal 

isolate 

Total no. of 

segment 

Total no. of 

positive 

segment 

Colonization 

frequency % 

IAA 

1 CHS1 12 5 41.63 + 

2 CHS2 12 3 25 _ 

3 CHS3 12 2 16 _ 
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Table 3. 9. Rate of Isolation frequency of endophytes isolated from different plant tissues. 

  

Plant  Plant tissue No.of positive 

segment 

No. of tissue 

segments 

No. of isolates Isolation freq % 

Cannabis sativa Leaves  7 9 7 77.77 

Stem 5 7 3 42.85 

Root  5 5 5 100 

Amaranthus viridis Leaves  7 8 6 75 

Stem  6 8 3 37.5 

Root  3 8 1 12.5 

Triticum asativum Root 4 7 3 42.85 

Leaves  5 7 3 42.85 

Brasicca compestres Leaves 3 7 2 28.57 

Stem 4 7 2 28.57 

Euphorbia helioscopia Root 3 8 2 25 

Leaves 3 8 3 37.5 

Oxalis corniculata Stem  2 8 2 25 

Chenopodium album Stem 4 8 3 37.5 

Parthenium hysterophorus Leaves 3 8 2 25 
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3.36 Screening bioassay on maize by using fungal culture filtrate 

To check the plant growth promoting metabolites in culture filtrate of endophytic fungi, 

screening bioassays was performed on maize seeds. For the screening experiment, 

maize seeds were surface sterilized with 2.5% sodium hypochlorite for 30 minutes and 

then washed two to three time with distilled water. The effect of selected fungal 

endophytes culture filtrate (CF) was checked by applying different concentration of the 

culture filtrate (25, 50%) on maize seeds. Ten seeds were placed in each Petri plate 

provided with 5mL of different dilutions of fungal culture filtrate and control plates 

received 5mL distilled water. After 10 days of growth, the seedlings were harvested 

and seedling’s root, shoot length, fresh and dry weight were measured. Germination of 

seeds was also scored daily. Endophytic fungi WhR1, BRL1, TS1, WhL3, EUR1 and 

CSR4 significantly increase germination percentage of maize seeds than the control 

(Table 3.10). Seedling’s shoot and root length was increase significantly by 13 

endophytic strains i.e. CSR1, CSR3, TS2, CSL1, CSR4, EUR1, EUL1, WhL3, WhR1, 

TS1, BRL1, CHS1 and CSL2 (Table 3.10). Among the selected dilutions, 50% FCF 

had the most promising effect on the overall growth responses of maize seedlings. 

Fungal isolates CSR1, CSR3, TS2, CSL1, CSR4, EUR1, WhL3, WhR1, TS1, BRL1 

and CHS1 significantly promoted shoot and root fresh biomass of the seedlings. Dry 

biomass of the roots and shoots were also positively influenced by the endophytes 

including CSR1, CSR3, TS2, CSL1, CSR4, EUR1, EUL1, WhR1, WhL3, TS1, BRL1 

and CHS1 (Table 3.10). The above results suggested that 13 out of 25 isolated were 

promoting different growth parameters of maize seedlings. These 13 strains were 

selected for further study. 
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Table 3. 10. Screening experiment on maize seeds with different endophytic fungi culture filtrate. Each value is Mean±SD of 

two replicates for every treatment. 

 Germ% Shoot length Root length Shoot fresh weight Shoot dry weight  Root fresh weight Root dry weight 

Cont 7±1.4ghi 1.92± .28cdefghij 3.31± .04efghi .39±  .12efghijklmno .07±  .01defghi .57± .09defghij .11±  .0a 

Media 6.25±1.06efghi 1.92± .18bcdefghi 3.27 ±1.40efghi .33 ±.12bcdefghijkl .07± .0 efghi .38±.13abcdefghi .07±.0a 

CSS1-25 7.5±0hij 2.01 ±.50defghijk 2.62±.06def .20±.0abcde .07 ± .0efghi .29±.01abcdef .09±  .0a 

CSS1-50 7±0.70ghi 2.0 7± .0efghijk 2.83 ±.08defg .18± .02abcd .08± .01fghij .52±.02abcdefghijk .09±  .0a 

TS2-25 6.5±0.70fghi 3.02± .12nopqrs 3.88±.14hijkl .57 ±.11nop .11 ±.02kl .54± .19cdefghij .18±  .01a 

TS2-50 6.5±0fghi 5.27± .07u 7.6±.02o .61 ±.09pq .33±.01o .71± .09hijk .58±  .02b 

CSR4-25 7±0 hij 2.34±  .41ghijklmno 3.95 ±.08hijkl .29 ± .09abcdefgh .07± .0defghi .69± .09hijk .14 ±  .04a 

CSR4-50 8±0ijk 3.11± .19nopqrs 4.65 ±.10hijkl .52 ± .02jklmnop .14 ±.02lm .58± .02defghij .18±.02a 

EUR1-25 6±0efgh 3.02± .05nopqrs 3.89 ±.18jklmn .47±.01ghijklmnop .08 ±.0 ghij .70± .01ijk .19 ±.0a 

EUR1-50 8±0.7011ijk 4.05±.07t 6.32 ±.15mn .50±.0ijklmnop .15 ±.02m .74± .0jkl .57±   .0a 

EUL1-25 5.5±0.70defg 2.38± .11ghijklmnop 3.54± .22hijkl .37±.0efghijklmn .07± .0 efghi .56± .0defghij .17±  .04a 

EUL1-50 5.5±0.7defg 3.41± .16rst 3.97± .09hijkl .41±.02efghijklmno .23± .02n .60± .02efghij .66±  .76b 

CHS1-25 4.5±0.70cde 3.01± .11nopqrs 3.81±.10hijkl .39±.08defghijklmno .09± .01hijk .62± .01efghij .14±  .02a 

CHS1-50 5.5±0defg 3.14±  .24opqrs 5.61±.07m .46 ±.07ghijklmnop .08± .0ghij .69± .0hijk .63±  .0b 

EUR2-25 6±0fgh 2.02±  .10defghijk 3.17±.50 efghi .31±.02abcdefghij .06± .0cdefgh .33± .02abcdefghi .07±  .0a 

EUR2 -50 4±0cd 2.01±  .07 defghijk 1.65±.21abc .27 ±.01abcdefg .04 ±.0bcd .25± .0abcde .05±  .01a 

CSL1-25 5±0.70cdef 2.87 ± .18lmnopqrs 4.37± .19jkl .45± .02ghijklmnop .080±.02ghij .65± .01fghijk .18±  .06a 

CSL1-50 5.5±0.70defg 3.29±  .18rst 7.01 ±.14no .47± .0ghijklmnop .09±.0ijk .68± .01ghijk .68±  .02b 

CSR1-25 4.5±0.70cde 2.95±  .07mnopqrs 5.78±.04m  .53± .0 lmnop .08 ±.0ghij 1.29± .0mn .58±   .01b 

CSR1-50 5.5±0.70defg 3.19 ± .29pqrs 4.76±.12l .58±.0op .08±.01ghij  1.16±.05mn .62±  .0b 

CSR3-25 4.5±0.70cde 2.82 ± .02klmnopqrs 4.09±.16ijkl .46±.03ghijklmnop .08 ±.01ghij .65± .04fghijk .15±  .01a 

CSR3-50 5.5±0.70defg 3.35 ± .12rst 5.82 ±.21m .52± .03klmnop .08 ±.0ghij .67± .01ghijk .58±  .0b 

CSS2-25 6.5±0.70fghi 1.60±  .03abcdefg 1.48±.11ab .21±  .0abcde .05±.0cdef .32± .08abcdefgh .06±  .01a 

CSS2-50 3.5±0bc 1.47± .03abcdef 1.50± .14ab .16± .0ab .05 ±.0cdef .165± .02abc .01±.0a 
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Amr1-25 2±0.70bc 1.58± .02abcdefg 2.66± .18def .17± .02abc .001 ±.0a .15 ±.0ab .06±  .01a 

Amr1-50 1.5±0.70a .96± .04a 1.10± .14a .12± .03a .001 ±.0a .50± .0abcdefghij .02 ±.0a 

CSL2-25 4.5±0cde 2.12±  .17fijkl 3.51±.12fghij .24± .0abcdef .05± .0cdef .49± .09 abcdefghij .07±  .0a 

CSL2-50 5±0.70cdef 2.84±  .07klmnopqrs 4.10±.15ijkl .39± .0efghijklmno .07± .0 efghi .60± .0 efghij j .09±  .0a 

WhL1-25 6.5±0.70fghi 1.46±  .13abcdef 2.08 ±.11bcd .32±  .02abcdefghijk .04±.01bc .50 ±.05abcdefghij .04±  .02a 

WhL1-50   5.5±0.70defg 1.29±  .21abcde 2.21 ±.50bcd .38±.06defghijklmno .02 .0ab .22±  .02abcd .04±  .0a 

WhL-25 6±1.41efgh 1.35± .02abcdef 3.47 ±.33efhij .35 ±.05bcdefghijklm .05± .01bcde .36±  .02abcdefghi .06±.0a 

WhL2-50  6.5±0.70fghi 1.55 ± .24abcdefg 3.40 ±.19efghij .28± .02abcdefg .05± .0cdef .51± .10 abcdefghij .07±  .0a 

WhR3-25  7±0hij 1.29 ± .05abcde 3.50± .16eghij .35 ±.09bcdefghijklm .06 ±.0cdefgh .44± .07 abcdefghij .07±  .0a 

WhR3-50   5.5±0.70defg 1.69± .78abcdefgh 3.02 ±.03defgh .36±.03 bcdefghijklm .08± .0ghij .45 ±.07abcdefghij .07±  .0a 

WhR1-25    8±0ijk 2.60± .78jklmnopqr 3.38 ±.16efghi .50± .0jklmnopq .08± .0ghij .61± .73efghij .12 ±.01a 

WhR1-50  9±1.41jk 5.29± .21u 7.26±.09o 1.32± .14r .13  .0lm 1.4± .07n .16±  .01a 

WhR2-25 6±1.41efgh 1.64 ± .89abcdefgh 3.26 ±.12efghi .37 ±.0cdefghijklmn .07 ±.0 efghi .57 ±.04defghij .07±  .01a 

WhR2-50  5.5±0.70defg 1.76 ± .65abcdefgh 2.58 ±.24def .31 ±.0abcdefghi .05± .0bcde .47 ±.04 abcdefghij .06±  .0a 

WhL3-25 5.5±0.70defg 2.18 ±.04fijkl 6.05±.35m .78 ±.04q .08 ±.0ghij 1.1± .14mn .13 ±.0a 

WhL3-50  9.5±0.70k 3.49 ±.48st 6.41 ±.35mn .44± .0fghijklmnop .07 ±.0efghi 1.05± .20lmn .14±  .0a 

BRS1-25   6.5±0.70fghi 2.08 ±.50efijk 3.49 ±.08efghij .36±.02defghijklm .06± .0cdefgh .55± .04defghij .07±  .0a 

BRS1-50  4.5±0.70cde 2.07 ± .09 efijk 3.37 ±.21efghi .30 ±.07abcdefghi .05±.0cdef .50± .12abcdefghij .07±  .01a 

BRS2-25   6±0.70efgh 1.20±.28abc 3.34 ±.31efghi .36 ±.0bcdefghijklmn .06 ±.0cdefgh .53 ±.02bcdefghijk .06±  .01a 

BRS2-50  6.5±0.70fghi 1.23 ±.16abcd 2.13 ±.45bcd .31 ±.12abcdefghij .05 ±.01bcde .30± .06abcdefg .04±  .0a 

BRL1-25   6±1.41efgh 3.55 ± .44st 11.00± 1.13q 1.18 ±.44r .09± .0ijk 1.24± .36mn .54 ±.0b 

BRL1-50  9±1.41jk 5.87± .0u 9.29 ±1.09p .55± .04mnop .08 ±.0fghij 1.0 ±.18klm .71±  .03b 

BRL2-25  6.5±0.70fghi 1.17± .29ab 2.53 ±.31cde .23± .03abcde .045± .0bcd .15± .01a .07±  .0a 

BRL2-50   5.5±0.7defg 1.43 ±.14abcd 2.30 ±.27bcd .37± 
.02bcdefghijklmn 

.06± .0cdefgh .33± .07abcdefghi .05±  .01 a 

TS1-25 8±1.41ijk 3.04± .13nopqrs 4.2±.77ijkl .50±.01hijklmnop .07± .0efghi 1.13± .40mn .17±  .03a 

TS1-50 9.5±0.7k  3.22±.43 qrs 7.7 ±.98o .62±.04pq .11± .0kl 1.16± .24mn 2.0 ±.14c 

CSR2-25 6±1.41efgh .74± .04a 3.40±.31efghi .33±.12bcdefghijkl .05± .0cdef .49± .09 abcdefghij .07±  .0a 

CSR2-50 6±.70efgh 1.47±.14abcd 2.42±.24def .30±.07abcdefghi .05± .007cdef .49± .04 abcdefghij .05±  .01a 
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3.37 IAA determination by calorimetric method 

The selected strains were cultured in two sets of Czapic broth (pH 6.5); one set was 

supplemented with tryptophan (a precursor for IAA biosynthesis via indole-3-

acetamide (IAM) pathway) and the second set was without any supplement (Brick and 

Bostock, 2004). The tryptophan (Tryp) set had three different concentrations of tryp 

including 100, 500 and 1000µg per mL. After seven days of growth in the mentioned 

media at 30°C in shaking incubator, culture filtrate was obtained by filtering the broth 

cultures. About one mL of culture filtrate from each treatment was mixed with 2mL of 

Salkowski reagent and the mixture was incubated in the dark at room temperature. 

Intensity of the colored complex was recorded at 540 to quantify IAA in the filtrate. All 

the selected strains were able to produce IAA via tryp dependent and tryp independent 

pathways. Among the strains, CSL1 were the most efficient IAA producing strains. 

Concentration of IAA was lowest in the culture filtrate of EUR1. In the presence of 

tryp, ability of the isolates to produce IAA was affected in different ways. For instance, 

supplement of tryp @100µg/mL reduced the amount of IAA in the culture filtrate of 

EUR1 strains (Table 3.11). However, increasing tryp concentration to 500µg/mL 

boosted IAA production to the level of tryp less media or even further beyond that. 

Further increase in tryp concentration (1000µg/mL) was either ineffective or associated 

with reduced IAA production by the selected endophytes. 

 

3.38 Plant-endophytes interactions for maize growth promotion  

The experiment was conducted in pots provided with autoclaved soil (Khan et al., 

2008). Biomass of the selected fungal isolates was added in the soil at the rate of 1grm 

per 100grm of soil and control pots were left without inoculation. The pots were laid 

down in completely randomized design. Healthy surface sterilized maize seeds were 

sown in the pots which were then incubated at 28±2°C. The seedlings were harvested 

after two weeks. Of the selected endophytes, eight strains including CSR1, CSR3, TS2, 

CSL1, CHS1, EUR1, TS1 and BRL1 significantly promoted shoot growth (37.5%, 

37%, 34%, 36.5%, 38.25%, 42%, 34.7%, 35.5%) of maize seedlings as compare to the 

control (26%) (Table 3.12). CHS1 and EUR1 significantly increase shoot length as 

compare to other strains. These strains were also proved useful for root growth of maize 

seedlings. But the most efficient root growth enhancer was CSR1, which induced an 
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increase of 28% in the root length than the control. These isolates also significantly 

enhanced other growth attributes of maize such as shoot, root fresh and dry biomass 

(Table 3.12). On the basis of these results these eight strains (Figure 3.5) were selected 

for further studies. 

3.39 Colorimetric assay for flavonoids, phenols and sugars in fungal 

cultures 

Endophytic fungi produce a number of secondary metabolites which are known to play 

important role in their interactions with plant root enabling them to promote plant 

growth. Among these important metabolites are flavonoids, phenols and sugars which 

are important signaling molecules, mediating endophytes interactions. Endophytic 

fungi ware culture in shaking Czapek broth for 7 days under conditions mentioned 

above. Their culture filtrate was then subject to specrophotemetric assay for phenols, 

flavonoids and sugars. Optical densities of the samples for flavonoids were compared 

with the standard curve prepared by plotting linear gradient of querecitin concentration 

against OD. Significant amount of total flavonoid was detected in the culture filtrates 

of plant growth promoting endophytes including CSR1, CSR3, TS2, CSL1, CSR4, 

EUR1, EUL1, WhL3, WhR1, TS1, BRL1 CHS1 and CSL2 (Figure 3.1). The most 

noticeable flavonoids producing strain was CSL1 which released 375µg/mL of total 

flavonoids in its culture filtrate. Other important strains producing good quantity of 

total flavonoids included CSR4, CHS1 and TS1 (Figure 3.1). Optical densities of the 

samples for phenols were compared with the standard curve prepared by plotting linear 

gradient of catechol concentration against OD. Significant amount of total phenol was 

detected in the culture filtrates of plant growth promoting endophytes including CSR1, 

CSR3, TS2, CSL1, CSR4, EUR1, EUL1, WhL3, WhR1, TS1, BRL1 CHS1 and CSL2 

(Figure 3.2). The most noticeable phenol producing strain was CSR3 which released 

744.24µg/mL of total phenol in its culture filtrate. Other important strains producing 

good quantity of total phenol included CSR4, TS1, BRL1, and CHS1 (Figure 3.2). 

Optical densities of the samples for sugar were compared with the standard curve 

prepared by plotting linear gradient of glucose concentration against OD. Significant 

amount of total sugar was detected in the culture filtrates of plant growth promoting 

endophytes including CSR1, CSR3, TS2, CSL1, CSR4, EUR1, EUL1, WhL3, WhR1, 

TS1, BRL1 CHS1 and CSL2 (Figure 3.3). The most noticeable sugar producing strain 

was TS2 which released 13.3ug/mL of total flavonoids in its culture filtrate. Other 



66 
 

important strains producing good quantity of total sugar included CHS1, EUR1 and 

BRL1 (Figure 3.3). 
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Table 3. 11. Colorimetric determination of IAA in fungal culture filtrate using Salkowski reagent 

  

Strain IAA without tryptophan 

Mean±SD 

IAA with tryptophan 

100ug/mL                500 ug/mL              1000 ug/mL 

Mean±SD                  Mean±SD              Mean±SD 

CSR1 2.726816±0.12 0.78563±0.0015 35.43436±1.257 13.74499±0.156 

CSR3 4.084367±0.015 1.96889±0.015 4.92704±0.0155 4.084367±1.398 

CSR4 3.305941±0.142 3.4766±0.1571 3.68851±0.298 3.98401±1.398 

CSL1 26.7374±0.015 6.20624±0.142 6.17426±0.0128 5.43872±0.1571 

CSL2 2.05312±0.015 3.04201±0.015 3.18871±0.0154 3.69946±0.1415 

EUL1 13.32499±0.1569 5.6588±0.15711 6.47982±1.2584 6.48872±1.257 

EUR1 1.254137±0.156 0.30144±0.00015 0.78563±0.0157 0.315524±0.0015 

WhL3 3.251288±0.014 13.0341±0.0169 14.6621±1.1001 14.88503±1.257 

WhR1 3.577484±0.156 15.3845±0.1586 20.1815±0.0142 14.72891±0.086 

CHS1 11.8667±0.157 13.0112±0.0001 13.4487±0.3128 15.8743±1.2556 

BRL1 1.231751±0.155 0.876773±0.154 1.460408±0.311 
5.819282±0.141 

TS1 2.106404±0.0015 4.10452±0.0015 4.10452±0.0015 5.0134±1.4126 

TS2 13.60481±0.142 6.1932±0.0015 6.2702±1.4000 6.4613±0.155 
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Table 3. 12. Screening bioassay on maize seed by using fungal biomass in soil. Each value is Mean±SD of two replicates for 

every treatment 

Strain Shoot length Root length Shoot fresh 

weight 

Root fresh 

weight 

Shoot dry weight Root dry weight 

Control 

26.625±1.9445abc 
 

12.75±1.060c 
 

0.515±0.0494ab 
 

0.355±0.007b 
 

0.065±0.0212a 
 

0.02±0.01414ab 
 

EUL1 

16.125±6.1871b 
 

9.8125±0.7954b 
 

0.275±0.0353a 
 

0.49±0.08485b 
 

0.175±0.0353ab 
 

0.045±0.00707bc 
 

WhR1 
27.25±1.7677abc 
 

13.005±1.9021cd 
 

0.6±0.0565ab 
 

1.09±0.0282e 
 

0.165±0.00707ab 
 

0.055±0.0212bc 
 

TS2 
34±1.4142de 
 

14.25±0.3535cd 
 

0.855±0.1484bc 
 

0.815±0.0636c 
 

0.26±0.05656cd 
 

0.08±0.02828cd 
 

CSR1 
37.5±0.7071ef 
 

28±2.8284f 
 

1.165±0.0777cd 
 

0.84±0.12727c 
 

0.28±0.02828cde 
 

0.195±0.00707g 
 

EUR1 
42±f 
 

17.25±1.0606e 
 

1.06±0.0424c 
 

0.895±0.0353cd 
 

0.345±0.0212ef 
 

0.185±0.0212fg 
 

CSR4 

29.75±1.7677cd 
 

9.5±0.7071b 
 

0.675±0.03535ab 
 

0.39±0.01414ab 
 

0.09±0.01414a 
 

0.06±0.01414bcd 
 

WhL3 28.505±1.0535c 

8.125±0.88388b 
 

0.99±0.01414bc 
 

0.075±0.03535a 0.115±0.00707ab 
 

0.0255±0.0205ab 
 

TS1 

 
34.75±1.0606e 

 

15.1225±1.2409cde 1.665±0.19091de 
 

1.03±0.042426de 
 

0.34±0.04242def 
 

0.155±0.02121fg 
 

CSL1 
36.5±0.7071e 
 

15.5±0.7071de 
 

2.095±0.00707ef 
 

0.835±0.07778c 
 

0.295±0.0636cde 
 

0.165±0.02121fg 
 

CSR3 

37 ± 1.4142e 
 

15.25±1.06066cde 
 

2.4±0.1414fg 
 

1.005±0.13435de 
 

0.34±0.05656def 
 

0.175±0.00707fg 
 

CHS1 

38.25±1.06066ef 
 

13.5±0.7071 cd 
 

2.45±0.2121fg 
 

1.65±0.02828f 
 

0.38±0.01414f 
 

0.105±0.00707ef 
 

BRL1 

35.5±1.4142e 
 

13.5±0.7071cd 
 

1.93±0.09899ef 
 

0.925±0.09192cd 
 

0.265±0.02121cde 
 

0.145±0.02121fg 
 

CSL2 8.25±2.47487a 4.75±0.3535a 0.16±0.07071a 0.185±0.021213a 0.045±0.00707a 0.001±0a 
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3.40 Phosphate solubalization and sedirophore production by the 

selected endophytes 

Plant growth promotion by endophytes is often linked with their ability to mobilize 

different nutrients by directly increasing their solubility or releasing siderophores which 

chelate metal ions making them available to their host plants. Therefore, we screened 

our isolates for these two important characteristics. The isolated strains were assayed 

for siderophore activity on CAS agar medium (Vellore, 2001). Orange zone around 

fungal strain indicated siderophore production. The fungal isolate TS1, TS2, CSR1, 

CHS1, CSL1 and CSR3 (Figure 3.4) were positive for siderophore production as 

indicated by orange zones around their colonies on CAS plates. The isolate CSR3 

showed greatest siderophore activity of the selected isolates. Fungal isolate was 

screened for phosphate solubalization on Pikovskya’s agar medium plates. Zones of 

soluble phosphate were clear area around the fungal colonies. Positive Isolates showing 

clear zones around the growing fungal colonies after three days of incubation at 25°C 

(Gour, 1990). Among selected strains BRL1 and CSR3 showed phosphate 

solobalization activity. The fungal isolate CSR3 and showed greater phosphate 

solublization activity than the BRL1 (Figure 3.4). 
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Figure 3. 1.Total flavonoid contents in culture filtrate of endophytic fungi. 

Each bar is mean of two replicates (Duncan multiple range test; p<0.05). For 

colorimetric assay of total flavonoid content, 0.1mL of potassium acetate (1M) and 

0.1mL of 10% aluminium chloride were added to 0.5mL of fungal culture filtrate. 

Volume of the mixture was brought to 5mL by adding 4.3mL of 80%.  The reaction 

mixture was vortexted and absorbance (OD) was recorded at 415nm through 

spectrophtopeter. 

 

 

 
 

Figure 3. 2 Phenols in culture filtrates of endophytic fungi. 

Bar represents Mean of two replicates (Duncan multiple range test; p<0.05). 
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Figure 3. 3. Total sugar contents in endophytic culture filtrate. 

Each value is Mean of two replicates. Fungal culture filtrate was diluted by taking 

0.5mL of FCF in 9.5mL of DW and the mixture was then centrifuged at 3000rpm for 

10 mints. After centrifugation, 0.5mL supernatant was added to 1mL of 80% phenol 

and the mixture was incubated for 10 mints. After incubation, 5mL conc. sulphuric acid 

was added to this mixture followed by incubation at room temperature (25°C) for four 

hours and sugar contents were checked (Duncan multiple range test; p<0.05). 

 

 

 

Figure 3. 4.  Siderophore activity of isolated endophytic fungi 

 (A), TS2 (B), TS1 (C), BRL1 (D), CHS1 (E), CSL1 and (F), CSR3 on CAS medium. 

(B) Phosphate solubilizing activity of (G) BRL1 and (H) CSR3 on PVK medium after 

7 days. 
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3.41 Cucumber cotyledon bioassay 

The selected endophytes were also assayed for cytokinins (CKs) like activity using 

cucumber cotyledon bioassay. Cucumis sativus L. seeds were germinated on filter paper 

saturated with autoclaved distilled water in the Petri dishes. Seeds were germinated in 

dark for seven days and at room temperature according to the protocol of (Fletcher et 

al., 1982). Seven days later Cotyledons were separated from seedlings under green 

light. Excised cotyledons were incubated in Petri plates containing fungal culture 

filtrate (25, 50, 75%) of selected endophytic fungal isolate. For comparison water 

control and kinetin (25ppm) sets of cotyledons were used. After an incubation of 3.5 

hours in light, the cotyledons were subjected to chlorophyll extraction and 

quantification (Fletcher et al., 1982). Extract from strains (CSR1, CSL1, TS1) showed 

greater CKs like activity as suggested by enhanced accumulation of total chlorophyll 

than the water control (Figure 3.6).  
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Figure 3. 5. Eight endophytic isolates 

(A) TS2 (B), TS1 (C), BRL1 (D), CSR1(E), EuR1(F), CHS1(G) CSL1 and (H) CR1 were selected on the basis of their plant growth promoting 

activities. 
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Figure 3. 6. Screening culture filtrates of endophytic fungi for CKs like activity by cucumber cotyledon bioassay. 

Data shown are mean chlorophyll values of cucumber cotyledons along with standard deviation.
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3.42 Discussion 

The current chapter explains isolation and characterization of endophytic fungi isolated 

from different medicinal and crop plants. As synthetic fertilizers are chemically 

synthesized and their utilization causes air and ground water pollution through 

eutrophication of water bodies (Youssef and Eissa, 2014). In this assessment, efforts 

have been made to produce high nutrient, good quality food in sustainable environment 

in order to make sure bio-safety. In  future increased focus would be on harmless and 

environmentally beneficial  techniques, such as the use of advantageous microbes in 

sustainable yield of crop  (Nina et al., 2014). Large numbers of beneficial endophytic 

fungi have previously been investigated, with the goal of identifying candidate 

organisms that have the ability to enhance host plant vigour and performance (Hamilton 

and Bauerle, 2012, Hamilton et al., 2012). Endophytes were previously isolated from 

different plant tissues such as leaves, peteiole, spines, seed, bark and wood (Petrini, 

1991). All vascular plants examined so far contained endophytes (Hu et al., 2007). In 

present report about forty-six fungal strains were isolated from different medicinal and 

crop plants (Cannabis sativa, Chenopodium album, Oxalis corniculata, Euphorbia 

helioscopia, Amaranthus viridis, Parthenium hysterophorus, Triticum asativum and 

Brassica compestris) majority of endophytic fungi was isolated from medicinal plants. 

About 15 strains were isolated from cannabis sativa different parts. Endophytic fungi 

isolated form medicinal plants are important, as reported previously, that endophytes 

associated with medicinal plants have the ability to synthesize host- like bioactive 

chemical constituents (Khan et al., 2017). Similarly, these endophytes can co-evolve 

with host and make a species-specific interaction (García et al., 2012). Furthermore, 

with the increasing demand for natural health product, biocontrol agents and plant 

growth promotory secondary metabolites the use of medicinal plants growing rapidly 

throughout the world (Chen et al., 2016). However, we are facing accelerated loss of 

wild medicinal plant species from overharvesting and natural anthropogenic habitat 

destruction (Chen et al., 2016). Similarly, the feasibility of access to plant bioactive 

compounds is challenged by the low levels at which these products accumulate in native 

medicinal plants, the long growth periods required for plant maturation, and the 

difficulty in their recovery from other plant-derived metabolites (Staniek et al., 2014). 

Therefore, it is important to find alternative approaches to produce the medicinal plant-
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derived biologically active compounds, in particularly those derived from endangered 

or difficult-to-cultivate plant species, to meet the future demand. This can be achieved 

by the application of plant cell and tissue culture, or by exploiting the ability of 

endophytic fungi residing in plants to produce the same or similar bioactive compounds 

as their hosts (Zhao et al., 2013a). 

In this study highest colonization frequency was recorded in leaf tissue and 

much greater in mature leaves as compare to young one. The colonization of 

endophytes varies with several factors such as environmental conditions and age of the 

host plant (Arnold and Herre, 2003). Similar results were investigated earlier that due 

to apparent receptivity to colonization by endophytic fungi, the mature leaves of 

tropical trees have high rate of infection as it is mostly exposed to a high abundance of 

inoculums in the air column (Van Bael et al., 2005, Arnold, 2002), hence plant with 

reduced exposure to Arial fungal inoculums will have low incidence of endophytic 

infection (Márquez et al., 2012). In selected endophytic fungi CSR3 and EUL1 showed 

highest colonization frequency (66.66% and 58.33%) as compare to other strains. The 

results obtained in this report are in almost perfect agreement with other investigation 

in which generally a greater number of endophytic species ware isolated from a given 

host but the frequency of only few endophytes are significantly high simply called that 

dominant species (Petrini et al., 1993). In present study, Characterization of the isolates 

for the selected traits such as IAA production, phosphate solubalization and siderophore 

production were investigated which may be useful in increasing crop plants production 

(Kleopper and Beauchamp, 1992). Endophytic fungi have been reported to have the 

ability to synthesize  a wide  variety of  bioactive secondary metabolites (Aly et al., 

2010, Debbab et al., 2012, Gunatilaka, 2006, Kharwar et al., 2011, Staniek et al., 2008). 

Sometimes, these endophytes produce metabolites identical to their associated host 

plants (Kusari and Spiteller, 2011, Kusari et al., 2008, Kusari et al., 2012), which may 

assist host plants to tolerate adversities and various environmental stresses (Porras-

Alfaro and Bayman, 2011, Rodriguez et al., 2008). It has been reported that some 

endophytic fungi could increase the fitness and growth of host plants by increasing 

hormones, such as indole-3-acetic acid, indole-3-acetonitrile, and cytokinins. 

Endophytic fungi could also promote the growth of  host plants by obtaining nutritional 

elements such as nitrogen and phosphorus useful for plants (Zhang et al., 2006, Hartley 

and Gange, 2009). According to a report more than one million endophytic fungal 

species associated symbiotically with plants throughout the world which secrete verities 
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of bioactive secondary metabolites for host such as benzopyranones, flavanoids, 

phenols, phytochemicals and anticancer agents (Aly et al., 2010, Kharwar et al., 2011). 

Fungal endophytes enhanced plant growth by means of IAA production, phosphate 

solubilization (Malla et al., 2004, Wakelin et al., 2004) and siderophore production 

(Costa and Loper, 1994). Ryan et al., (2008), also reported that endophytes promote 

plant growth by several mechanisms. These include plant hormone synthesis, 

siderophore production, phosphate solubilization, nitrogen fixation. The above 46 

fungal strains isolated from different plants were screened by using different plant 

growth promoting traits. Based on the observation that some endophytic fungi produce 

growth promoting hormone like IAA (Waqas et al., 2014b, Ansari et al., 2013), which 

play important physiological role in plants and therefore influence plant growth and 

development (Reinhart et al., 2000). The isolated fungal strains were screened initially 

for IAA production to make the selection of plant growth promoting endophytic fungi 

easy. About 25 strains were recorded positive for IAA production. These strains were 

checked on maize seeds to screen out plant growth promoting endophytic fungi (Table 

3.10). Different concentration (25%, 50%) of fungal culture filtrate was applied to 

maize seed in Petri dishes, out of these 25 isolates 13 fungal isolates promote different 

growth parameters i.e. Root, shoot length and fresh dry biomass in Petri plats. Further 

growth promotion abilities were screened in pots with fungal biomass, in which eight 

strains i.e. CSL3, CSR3, CSR1, CHS1, EUR1, BRL1, TS2 and TS1 significantly 

enhanced growth of maize (Table 3.12). These results were in accordance with other 

report who suggests that CF containing IAA can improve the germination and growth 

of various plants (Mandyam and Jumpponen, 2014). These results were also supported 

by previous studies that the endophytic fungi showed their effect on seed germination 

(Rai et al., 2014). Furthermore, it was also reported previously, that endophytic fungi 

degrade cuticle of seeds during germination and thus make carbon accessible for 

growing seedling, it play important role in seed germination and plant growth and 

development (Jerry, 2011). Moreover, endophytic fungi may have metabolic machinery 

to produce phytohormones i.e. cytokinins, auxins and gibberellins that enhance 

germination and growth in crop plants (Bhagobaty and Joshi, 2009a). These IAA 

positive strains were also checked for phosphate solubalization and siderophore 

production. About 6 fungal isolate showed siderophore production while two were 

recorded positive for phosphate solubalization (Figure 3.4 A, B). Isolate CSR3 and 

BRL1 are able to produce phytohormones such as IAA, phosphate solubalization and 
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siderphore production. Earlier studies stated that fungal species have more potential to 

solubilize bound nutrients than other microbes of soil (Gupta et al., 2007, Pradhan and 

Sukla, 2006). For instance, Gupta et al. (2007) reported that fungal strains are greater 

solubilizer of Ca3(PO4)2 and rock phosphate  than bacteria. Similarly, the phosphate 

solublizing ability of Aspergillus species was previously reported in various 

publications (Omar, 1997, Seshadri et al., 2004, Wakelin et al., 2004). Phosphorus play 

essential role in plant growth and it was reported that plant growth is restricted in 

condition where phosphors are deficient. Phosphorus plays role in numerous plant 

processes including energy generation, nucleic acid synthesis, photosynthesis, 

respiration and cellular signaling (Vance et al., 2003). Fungus species are studied to be 

more promising source of phosphate solubilization as compare to other microbial 

species. Therefore by using these species as a biofertilizers is a good approach to reduce 

reliance on chemical fertilizers (Rahi et al., 2010). Siderophore is another important 

trait that indirectly influences plant growth (Rosenblueth and Martínez-Romero, 2006). 

It has been suggested to be eco-friendly alternative to harmful pesticides (Schenk et al., 

2012). The microbial siderophores supply plants with Fe nutrition to improve their 

growth in conditions where Fe bioavailability is low (Crowley, 2006). Besides, 

siderophores protect plant from pathogen by forming bond with iron Fe3+ hence 

making it unavailable for plant pathogens (Siddiqui, 2005). In recent years, the 

siderophores producing fungal species such as Aspergillus niger, Penicillium 

citrinum and Trichoderma harzianum have been reported to enhance shoot and root 

growth of Cicer arietinum (Yadav and Agarwala, 2011). The isolated endophytic 

fungal strains showed other traits which indirectly support plant growth. These are 

production of secondary metabolite such as phenols, flavonoids and sugar, all these 

help in plant growth. These plant growth promoting endophytic fungi produced large 

quantity of phenol, flavanoids and sugar. Secondary metabolites secrete by endophytic 

microorganisms within plant tissue promote tolerance against abiotic ecological 

stresses (Guo et al., 2008, Khan et al., 2015). Phenol and flavonoid contents produced 

by endophytes are responsible for its anti-oxidative potential. It prevents lipid free 

radicals by scavenging hydroxyl groups, and reducing breakdown of hydroperoxides 

by inhibiting free radical formation (Nath et al., 2015). When Flavonoid and phenolic 

compounds are qualitatively evaluated for certain compounds, it was reported that both 

endophytes and host plant share origin for a compound (Hilbert et al., 2012). 

Endophytic fungi that produced phytohormone also influence the production of 
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secondary metabolites like flavonoids (Khan et al., 2011a) which collectively help host 

plant to tolerate stress  under harsh environmental conditions (Schulz et al., 2002a, 

Waller et al., 2005). These strains were further tested by using cucumber cotyledons 

bioassay to check its cytokinins like activity. Strains CSR1, CSL1, TS1 showed 

chlorophyll formation greater then control however their concentration is low from 

positive control kinetin. Similarly, endophytic bacteria were also screened by 

Cucumber Cotyledon Greening Bioassay for cytokinin-like compounds. Increasing 

chlorophyll content showed cytokinin producing ability of endophytic isolates (Bhore 

et al., 2010). 
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Chapter 4  

IDENTIFICATION AND PHYLOGENETIC ANALYSIS OF 

ENDOPHYTIC FUNGI 

4.43 Introduction 

Fungi play pivotal ecological roles as mycorrhizal partners of plants, saprotrophs, and 

agents of disease. The fungal kingdom is estimated to comprise millions of species, but 

a mere 2–10% have been formally described (Tedersoo and Nilsson, 2016). Many of 

the undescribed species probably form no fruit‐bodies or other conspicuous 

morphological structures, and remain uncultivable using conventional techniques 

(Tedersoo and Nilsson, 2016, Begerow et al., 2010). 

Traditionally, fungi have been both described and identified based on traits of 

fruit‐bodies and cultures obtained from abiotic or biotic environments. Due to the 

paucity of discriminatory, yet easily quantified, morphological characters of fruiting‐

bodies, species of microfungi and many groups of macrofungi, such as resupinate and 

hypogeous genera, remain difficult to separate, even for highly skilled taxonomists 

(Begerow et al., 2010). Although cultures and specific media may sometimes enable 

discrimination of strains and pathotypes within species, culturing and testing is labor‐

intensive and time consuming, and prone to contamination (Gardes et al., 1991). 

Therefore, rapid and accurate taxonomic and functional identification of fungi from 

complex environments such as soil, water, and tissues of plants and animals is of utmost 

importance (Gardes et al., 1991). 

To overcome the problems of morphology based identification, researchers 

started to explore the possibilities for molecular identification of organisms based on 

DNA, RNA, and protein data (Porras-Alfaro et al., 2014). The fungal genome sizes 

typically range from 30 million to 130 million bases and, therefore, genomic 

information provides a virtually infinite number of characters for discrimination among 

species, populations, and individuals (Porras-Alfaro et al., 2014, Simon et al., 1992). 

Due to its relatively high resistance to degradation, and the ease of reading the four 

constituent bases, DNA‐based identification of organisms emerged as a nascent 

paradigm in the very end of the 1980s (Begerow et al., 2010). The main hurdle was the 

choice of relevant DNA markers, which originally required exploratory testing for 

suitability based on the following criteria such as (a) sufficient length, (b) presence of 

universal primers sites and (c) sufficient discrimination power among target species 
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(Tedersoo and Nilsson, 2016). Therefore, researchers in nearly all disciplines focused 

on the DNA of externally acquired organelles, such as mitochondria and plastids, and 

on nuclear ribosomal DNA (rDNA). In early identification studies of fungi, both the 

mitochondrial rDNA and the Internal Transcribed Spacer (ITS) region, Small Subunit 

(SSU), and Large Subunit (LSU) of the nuclear rDNA were examined (Gardes et al., 

1991, Henrion et al., 1992, Simon et al., 1992). Synthesis of universal and fungus‐

specific primers enabled a great leap forward in identification of fungal communities 

(White et al., 1990, Gardes and Bruns, 1993). The ITS1‐5, ITS1F, and ITS4B primers 

developed in these seminal studies are still widely used, although several alternative 

and improved modifications are available for nearly all of these (Taylor and 

McCormick, 2008, Ihrmark et al., 2012, Tedersoo et al., 2014, Gherbawy and Voigt, 

2010).  

On the basis of ITS rDNA sequence homology (95%) to specify species 

boundaries operationally, about 277 fungal strains were recovered from 1,403 

endophytic species which were isolated from familiar plants located in different habitats 

like temperate, tropical, arctic and boreal regions, showing phylogenetically distinct 

plant groups (Arnold and Lutzoni, 2007). In the same way, about 439 species were 

isolated from symptomless leaves of Pinus taeda (loblolly pine) in North Carolina, 

USA representing 24 morphotaxa. Data obtained from Sequence of ITS region for 150 

strains exposed 59 distinctive ITS genotypes that represent 24 and 37 distinct groups 

based on 90% and 95% sequence homology, respectively (Arnold et al., 2007). 

For the identification of fungal endophytes at different taxonomic levels, in 

several studies not only ITS region but 18S as well as 28S rDNA fragments have been 

used. Based on 18S rDNA gene and ITS region sequences study, the diversity of fungal 

endophytes isolated from bamboos Phyllostachy and Sasa species were analyzed and 

were placed into Sordariomycetes and Dothideomycetes, 71 representative species. Out 

of these, the dominant group of fungi is Xylariales in bamboos plant and many rDNA 

gene sequences are different from the present sequence in the database and may 

possibly new strain or genera (Morakotkarn et al., 2006).  

To find the fungal endophytes in tissues of Heterosmilax japonica, a wide range 

of ITS sequences of fungi was directly amplified from host tissues extracted genomic 

DNA (Gao et al., 2005. Among these sequences of fungi, the Cladosporium, 

Phomopsis, Botryosphaeria, Aureobasidium, Botryosphaeria, Glomerella, Guignardia 

and Mycosphaerell were identified while the remaining were not exclusively associated 
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with any presently recognized sequences of fungi in the database of NBCI Gen Bank 

and shows considerably similarity to uncultured samples of environment. The fungal 

endophytes isolated from 12 Pinus taeda trees (North Carolina, USA) foliage after 

surface sterilization, and their rDNA fragments 28S and ITS regions were amplified 

(Arnold et al., 2007, Gao et al., 2005). The 28S rDNA Phylogenetic study suggest that 

cloned fungal endophytes spread across several lineages of Basidiomycota and 

Ascomycota (Gherbawy and Voigt, 2010). Some other earlier reports revealed that 

diversity of fungal endophytes find with molecular techniques vary from that found via 

conventional cultivation-dependent means (Gherbawy and Voigt, 2010). 

To determine diversity of endophytic fungi molecular techniques are used, but 

identification of endophyte morphotypes based on ITS sequence analysis is 

disadvantageous. In order to delimit species boundary of ITS sequence divergence, no 

criterion has been mention yet (Innis et al., 2012, Begerow et al., 2010). Since, a number 

of endophytic fungi possess great homology in the ITS sequences and group together 

with reference taxa with high bootstrap support, however, presently there is not enough 

data to reveal that whether in phylogenetic analysis the terminal clades contain one or 

more species (Begerow et al., 2010). In earlier reports various degrees of alterations 

have been investigated in different taxa. In many species of Armillaria (0.5%) of 

Northern Hemisphere (Anderson and Stasovski, 1992) and amongst Sclerotium species 

(Carbone and Kohn, 1993) comparatively low substitution percentage was noted in ITS 

sequences. Contrary to this, there is a relatively low level of homology (76.1%) between 

weakly virulent and highly virulent isolates of Leptosphaeriam aculans, while the ITS 

sequences differ in only four nucleotide positions within the highly virulent isolates and 

in two nucleotide positions within the weakly virulent isolates (Morales et al., 1993). 

Similarly, there is great divergence among three ITS types of Fusariumsam bucinum 

(4.6–15%), while the divergence is extremely low (0–2.3%) within each type 

(O'Donnell, 1992). Well-supported phylogenies have been constructed on the basis of 

600 bp of the 28S rDNA for 72 Basidiomycota and Ascomycota, 33 PCR samples from 

environment and 145 cultured fungal endophytes (Arnold et al., 2007). Reports 

demonstrated that ITS genotype groups on the basis of 90% sequence homology are 

accordant to 28S rDNA-delimited strains. On the other hand, currently it comes into 

view that there is lack of distinct conditions for interspecific and intraspecific degree of 

nucleotide divergence in fungi ITS region sequences. 
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4.44 ITS and 28S rDNA gene based identification of the fungi 

Genomic DNA from the fungal species was extracted and the ITS and 28S 

rDNA gene fragments were amplified by using specific primers. Compositions of 

primers used to amplify ITS gene are following: ITS1 (5′-TCC GTA GGT GAA CCT 

GCG G-3′), and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) and for amplification 

of D1-D2 region primers used were: NL1 (5′-

GCATATCAATAAGCGGAGGAAAAG-3′) and NL4 (5′ 

GGTCCGTGTTTCAAGACGG-3′) (Park et al., 2002). In a thermal cycler the 

amplification was perform in following conditions: single cycle of denaturation for 

15 seconds at 95°C succeeded by 30 denaturation rounds for 20 seconds at 95°C, then 

for 40 seconds annealing at 50°C and for 1 minute extension at 72°C, including end 

step of extension for 5 minutes at 72°C. Preceding sequencing, the products obtained 

from PCR were purified using SolGent PCR Purification Kit-Ultra (SolGent, Daejeon, 

South Korea). Using size marker, the purified PCR products were again confirmed by 

electrophoreses on 1% agarose gel. Finally, with the integration of dideoxynucleotides 

(dd NTPs) these bands in the reaction mixture were eluted and sequenced. Sequencing 

was conducted in SolGent (Daejeon, Korea). With the help of BLAST from the 

National Center of Biotechnology Information (NCBI) website, sequences were further 

analyzed. The aligned sequences were also submitted to the Gen Bank. There accession 

numbers are given in Table 4.1 and Table 4.2. Phylogenetic analysis of sequences was 

done by using software, MEGA version 6.06 (Tamura et al., 2013). 

 

4.45 Results 

4.45.1 Identification and Phylogenetic analysis of fungal strain CSL1 

To identify the CSL1 strain, comparison of sequenced ITS and D1/D2 region were 

made with sequences in the NCBI database using BLAST search analysis 

(http://www.ncbi.nlm.nih.gov/). The results revealed that the CSL1 fungal endophyte 

(Gen Bank accession numbers: KY781820) exhibited higher level of ITS sequence 

identity (99%) to Bipolaris species. Sequence (ITS and D1/D2) were aligned using 

ClustalW in MEGA 6.06 software (Tamura et al., 2013) and the aligned sequence was 

used to construct phylogenetic trees using maximum likelihood (ML) and neighbor-

http://www.ncbi.nlm.nih.gov/
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joining (NJ) embedded in MEGA 6. The results revealed that CSL1 form a single clade 

with Bipolaris sp. BAB-4690 (KR349645) supported by relatively strong bootstrap 

value of 100 and 94% for NJ and ML respectively (Figure 4.1). Based on morphology 

and phylogenetic relationship, strain CSL1 was classified as a member of the genus 

Bipolaris that show similarity to Bipolaris sp. BAB-4690. 

 

4.45.2 Identification and Phylogenetic analysis of fungal strain CSR3 

To identify the CSR3 strain and to infer its phylogenetic position, the sequenced 

ITS region (585bp, Gen Bank accession numbers: MF187478) and D1-D2 from 28S 

rDNA (1047bp, Gen Bank accession numbers: MF187479) were compared to 

sequences present in the database of NCBI through BLAST search analysis 

(http://www.ncbi.nlm.nih.gov/). Results showed that the CSR3 fungal endophyte 

exhibited higher level of ITS sequence identity (99%) and D1-D2 identity (100%) to A. 

niger. The neighbor–joining (NJ) was employed to construct phylogenetic tree, with 

MEGA 6 after both ITS and D1-D2 sequence alignment with the ClustalW in MEGA 

6.06 software (Tamura et al., 2013) by default parameters. The results revealed that on 

the basis of both ITS1 and D1-D2 regions CSR3 form a single clade with A. niger 

species supported by relatively strong bootstrap value of 100 and 99% respectively 

(Figure 4.2). Based on morphology and phylogenetic relationship, strain CSR3 was 

identified as a member of the A.  niger. 
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Table 4. 1. Homology and length of the ITS sequences from eight endophytic fungi to 

the ITS sequences in NCBI Gen Bank 

Strain Name Sequence 

length (bp) 

Maximum 

homology (%) 

NCBI accessin 

number 

TS2 Curvularia lunata 583 100 MF590116 

TS1 Aspergillus fumigates 592 100 MF590118 

BRL1 Fusarium 

proliferatum 

547 99  MF590159 

CSR1 Fusarium oxysporum 552 99 MF629741 

EUR1 Aspergillus terreus 599 99 MF590162  

CHS1 Aspergillus flavus 594 100 MF599088   

CSL1 Bipolaris sp. 551 99 KY781820 

CSR3 Aspergillus niger 585 99 MF187478 

 

Table 4. 2. Homology and length of the D1/D2 (28S rDNA) region sequences from 

eight endophytic fungus to the 28S rDNA region sequences in NCBI Gen Bank 

 

Strain Name Sequence 

length (bp) 

Maximum 

homology 

(%) 

NCBI accessin 

number 

TS2 Curvularia lunata 1070 99 MF590115  

TS1 Aspergillus fumigates 985 100 MF590117  

BrL1 Fusarium proliferatum 1064 100 MF590160   

CSR1 Fusarium oxysporum 1067 99 MF629742 

EUR1 Aspergillus terreus 987 100 MF590163 

CHS1 Aspergillus flavus 1056 100 MF590165   

CSL1 Bipolaris sp. 1064 99 MF590167 

CSR3 Aspergillus niger 1047 99 MF187479  
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4.45.3 Identification and Phylogenetic analysis of fungal strain TS2 

To identify the TS2 strain, the comparison of sequenced ITS and D1/D2 region 

were made with sequences in the NCBI database by means of BLAST search analysis 

(http://www.ncbi.nlm.nih.gov/). The results revealed that both the sequences from ITS 

region (583bp, Gen Bank accession numbers: MF590116) and D1-D2 from 28S rDNA 

(1070bp, Gen Bank accession numbers: MF590115) exhibited higher level of ITS 

sequence identity (99%) to Bipolaris species. Two techniques were used for 

construction of phylogenetic tree, comprised of maximum likelihood (ML) and 

neighbor-joining (NJ) with MEGA 6 after ITS and D1/D2 regions sequence alignment 

using ClustalW in MEGA 6.06 software (Tamura et al., 2013) by default parameters. 

The results revealed that on the basis of ITS region TS2 form a single clade with 

Curvularia lunata (KF94040) supported by relatively strong bootstrap value of 99% 

and 94% for NJ and ML respectively (Figure 4.3). Similarly, on the basis D1/D2 regions 

TS2 clustered with Cochliobolus lunatus which is anamorph of Curvularia lunata 

supported by relatively strong bootstrap value of 98% and 99% for NJ and ML 

respectively (Figure 4.3). Based on morphology and phylogenetic relationship, strain 

TS2 was classified as a member of the Curvularia lunata or Cochliobolus lunatus. 
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Figure 4. 1. Molecular phylogenetic analysis of fungal strain Bipolaris sp. CSL1 

and their respective sequences retrieved from NCBI for (A) ITS and (B) D1-D2 

region of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood 

techniques respectively. Numbers above the branches denote the percentage (%) of 

replicate trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Asprgillus species were selected as outgroup. Red and green dots represent 

the position of Bipolaris sp. CSL1 (ITS: KY781820, D1/D2: MF590167) respectively. 
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Figure 4. 2. Molecular phylogenetic analysis of fungal strain Aspergillus niger CSR3 

and their respective sequences retrieved from NCBI for (A) ITS and (B) D1-D2 region 

of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood techniques 

respectively. Numbers above the branches are denoting the percentage (%) of replicate 

trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Penicillum and Collectotrichum species were selected as outgroup. Red and 

green dots represent the position of Aspergillus niger CSR3 (ITS: MF187478, D1/D2: 

MF187479) respectively. 
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Figure 4.3. Molecular phylogenetic analysis of fungal strain Curvularia lunata or 

Cochliobolus lunatus TS2 and their respective sequences retrieved from NCBI for (A) 

ITS and (B) D1-D2 region of LSU rDNAs using neighbour joining (NJ) and Maximum 

Likelihood  techniques respectively. Numbers above the branches are denoting the 

percentage (%) of replicate trees in which the related taxa are grouped together in the 

bootstrap test (1000 replicates). Aspergillus species were selected as outgroup. Red and 

green dots represent the position of Curvularia lunata or Cochliobolus lunatus (ITS: 

MF590116, D1/D2: MF590115) respectively. 
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4.45.4 Identification and Phylogenetic analysis of fungal strain TS1 

To identify the TS1 strain and to infer its phylogenetic position, the sequenced 

ITS region (592bp, Gen Bank accession numbers: MF590118) and D1-D2 from 28S 

rDNA (985bp, Gen Bank accession numbers: MF590117) were compared with 

sequences present in the database of NCBI by means of BLAST search analysis 

(http://www.ncbi.nlm.nih.gov/). A result shows that the TS1 fungal endophyte 

exhibited higher level of ITS sequence identity (99%) and D1-D2 indentity (100%) to 

Aspergillus fumigatus. The neighbor–joining (NJ) and Maximum likelihood (ML) 

techniques were employed to construct phylogenetic tree, with MEGA 6 after both ITS 

and D1-D2 sequence alignment with the ClustalW in MEGA 6.06 software (Tamura et 

al., 2013) by default parameters. The results revealed that on the basis of both ITS1 and 

D1-D2 regions TS1 form a single clade with A. fumigatus species supported by 

relatively strong bootstrap value of 100 and 99% respectively (Figure 4.4). Based on 

morphology and phylogenetic relationship, strain TS1 was identified as a member of 

the A.  fumigatus. 

 

4.45.5 Identification and Phylogenetic analysis of fungal strain BRL1 

The phylogenetic analysis of the fungal strain BRL1 accomplished by 

phylogenetic tree analysis by means of the neighbor joining (NJ) and Maximum 

likelihood (ML) methods and the tree was constructed from 14 taxa and two outgroups 

and aligned ITS1 and D1/D2 sequences with replications of 1000 bootstrap. Isolated 

species were selected via the BLAST search exhibiting the maximum sequence 

similarity percentage (%), query coverage, and the small E values. In this tree based on 

ITS region, the fungal isolate BRL1 formed a single clade with Fusarium proliferatum 

species with 100% bootstrap value for both NJ and ML respectively. Similarly, on the 

basis of D1/D2 regions the BRL1 showed same results and clustered with Fusarium 

proliferatum species with 100% bootstrap value for both NJ and ML respectively 

(Figure 4.5). Therefore, based on sequence similarity and phylogenetic analysis, the 

strain TS1 was therefore recognized as a new isolate of Fusarium proliferatum TS1. 

Both the ITS and D1/D2 sequences of this fungal isolate has been submitted to the 

database of Gen Bank under accession numbers, MF590159 and MF590160 

respectively. 



91 
 

4.45.6 Identification and Phylogenetic analysis of fungal strain CSR1 

To identify the phylogenetic position of CSR1 strain, the comparison of 

sequenced ITS and D1/D2 region were made with sequences in the NCBI database by 

means of BLAST search analysis (http://www.ncbi.nlm.nih.gov/). The results revealed 

that both the sequences from ITS region (552bp, Gen Bank accession numbers: 

MF629741) and D1-D2 from 28S rDNA (1067bp, Gen Bank accession numbers: 

MF629742) exhibited higher exhibited higher level of sequence identity (99%) to F. 

oxysporum. Two techniques were used to construct phylogenetic tree, comprising 

maximum likelihood (ML) and neighbor-joining (NJ) with MEGA 6 after ITS and 

D1/D2 regions sequence alignment using ClustalW in MEGA 6.06 software (Tamura 

et al., 2013) through default parameters. The results revealed that on the basis of ITS 

region CSR1 clustered with F. oxysporum species with relatively high bootstrap value 

of 100% and 99% for both NJ and ML respectively (Figure 4.6). Similarly, on the basis 

D1/D2 regions CSR1 clustered with F. oxysporum species supported by relatively 

strong bootstrap value of 95% and 93% for NJ and ML respectively (Figure 4.6). Based 

on morphology and phylogenetic relationship, strain CSR1 was classified as a member 

of the F.oxysporum. 
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Figure 4. 4. Molecular phylogenetic analysis of fungal strain Aspergillus fumigates TS1 

and their respective sequences retrieved from NCBI for (A) ITS  and (B) D1-D2 region 

of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood  techniques 

respectively. Numbers above the branches are denoting the percentage (%) of replicate 

trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Fusarium and Penicillum species were selected as outgroup. Red and green 

dots represent the position of Aspergillus fumigates TS1 (ITS: MF590118, D1/D2: 

MF590117) respectively. 
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Figure 4. 5. Molecular phylogenetic analysis of fungal strain Fusarium proliferatum 

BRL1 and their respective sequences retrieved from NCBI for (A) ITS  and (B) D1-D2 

region of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood 

techniques respectively. Numbers above the branches are denoting the percentage (%) 

of replicate trees in which the related taxa are grouped together in the bootstrap test 

(1000 replicates). Aspergillus niger species were selected as outgroup. Green and 

brown dots represent the position of Fusarium proliferatum BRL1 (ITS: MF590159, 

D1/D2: MF590160) respectively. 

 



94 
 

 

Figure 4. 6. Molecular phylogenetic analysis of fungal strain Fusarium oxysporum 

CSR1 and their respective sequences retrieved from NCBI for (A) ITS and (B) D1-D2 

region of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood 

techniques respectively. Numbers above the branches are denoting the percentage of 

replicate trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Aspergillus niger species were selected as outgroup. Green and brown dots 

represent the position of Fusarium oxysporum CSR1 (ITS: MF629741, D1/D2: 

MF629742) respectively. 
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4.45.7 Identification and Phylogenetic analysis of fungal strain EUR1 

The phylogenetic analysis of the endophytic fungal strain EUR1 was 

accomplished by phylogenetic tree analysis with neighbor joining (NJ) and Maximum 

likelihood (ML) techniques and the tree was constructed from 14 taxa and two 

outgroups and aligned ITS1 and D1/D2 sequences with 1000 bootstrap replications. 

The EUR1 sequences from ITS region (555bp, Gen Bank accession numbers: 

MF590162) and D1-D2 from 28S rDNA (999 bp, Gen Bank accession numbers: 

MF590163) were compared to the sequences present in NCBI database through BLAST 

search analysis (http://www.ncbi.nlm.nih.gov/). Data showed that the EUR1 fungal 

endophyte exhibited higher level of ITS sequence identity (100%) and D1-D2 identity 

(100%) to Aspergillus terreus. The neighbor–joining (NJ) and Maximum Likelihood 

(ML) methods were employed to construct phylogenetic tree, with MEGA 6 after both 

ITS and D1-D2 sequence alignment with the ClustalW in MEGA 6.06 software 

(Tamura et al., 2013, Katoh and Standley, 2013) by default parameters. The results 

revealed that on the basis of both ITS1 and D1-D2 regions EUR1 form a single clade 

with A. terreus species supported by relatively strong bootstrap value of 100 % and 

99% respectively (Figure 4.7). Based on morphology and phylogenetic relationship, 

strain EUR1 was identified as a member of the A. terreus. 

 

4.45.8 Identification and Phylogenetic analysis of fungal strain CHS1 

The phylogenetic analysis of the endophytic fungal strain CHS1 was 

accomplished by phylogenetic tree analysis via the neighbor joining (NJ) and 

Maximum likelihood (ML) methods and the tree was constructed from 16 taxa and two 

outgroups and aligned ITS1 and D1/D2 sequences with replications of 1000 bootstrap. 

The isolated endophytes were selected by means of the BLAST search demonstrating 

the maximum sequence similarity percentage (%), query coverage, and the small E 

values. The results revealed that based on ITS region, the fungal isolate CHS1 clustered 

with Aspergillus flavus species with 100% bootstrap value for both NJ and ML 

respectively. Similarly, on the basis of D1/D2 regions the CHS1 showed same results 

and clustered with Fusarium proliferatum species with 100% bootstrap value for both 

NJ and ML respectively (Figure 4.8). Therefore, based on sequence similarity and 

phylogenetic analysis, the strain CHS1 was therefore identified as a new isolate of 
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Aspergillus proliferatum CHS1. Both the ITS and D1/D2 sequences of this isolate has 

been submitted to the database of Gen Bank under accession numbers, MF590159 and 

MF590160 respectively. 

4.45.9 Pairwise nucleotide sequence comparison of the ITS and D1-D2 

ribosomal regions among endophytes investigated in present study 

We calculated the average pairwise sequence divergence among the D1/D2 and 

ITS regions of the eight endophytic fungi. Table 4.3 explains the pairwise sequence 

divergence analysis results of ITS region, and Table 4.4 shows similar analysis for 

D1/D2 ribosomal region. Among these fungi the D1/D2 sequences were found to be 

greatly conserved. In these isolates two strains with lowest divergence in nucleotide 

sequence were TS2 and CSL1 (0.0041) having 99.53% identity; CSR1 and BRL1 

sequence were also very similar having 98.97% similarity and 0.0083 divergences 

(Table 4.3 and Figure 4.9). The Aspergillus species were found the most unlike in 

D1/D2 sequence having 0.020-0.353 divergence and from 95.5% to 96.7% sequence 

identity (Table 4.4 and Figure 4.10). 

Opposite to the D1-D2 region, there is considerably more variation in nucleotide 

sequences of the ITS1 region among these endophytes (Table 4.3). Moreover, contrary 

to D1/D2 region the ITS region shows different results and the Fusarium species BRL1 

and CSR1 showed highest similarity of 100% having 0.00022 divergence. Furthermore, 

the Aspergillus species (A. fumigatus, A. terreus, A. flavus, A. niger) were also found 

with high similarity in nucleotide sequences. The nucleotide sequence divergences in 

these species were detected from 0.06 to 0.09 having 85.62% to 90.33% sequence 

identity. However, similar to D1/D2 results the TS2 and CLS1 showed lowest 

divergence in nucleotide sequences having 92.1% sequence identity. 

 

 



97 
 

 

Figure 4.7. Molecular phylogenetic analysis of fungal strain Aspergillus terreus EUR1 

and their respective sequences retrieved from NCBI for (A) ITS and (B) D1-D2 region 

of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood techniques 

respectively. Numbers above the branches are denoting the percentage (%) of replicate 

trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Fusarium and Penicillium species were selected as outgroup. Green and 

brown dots represent the position of Aspergillus terreus EUR1 (ITS: MF590162, 

D1/D2: MF590163) respectively. 
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Figure 4. 8. Molecular phylogenetic analysis of fungal strain Aspergillus flavus CHS1 

and their respective sequences retrieved from NCBI for (A) ITS and (B) D1-D2 region 

of LSU rDNAs using neighbour joining (NJ) and Maximum Likelihood techniques 

respectively. Numbers above the branches are denoting the percentage (%) of replicate 

trees in which the related taxa are grouped together in the bootstrap test (1000 

replicates). Fusarium and Penicillium species were selected as outgroup. Brown and 

Green dots represent the position of Aspergillus flavus CHS1 (ITS: MF599088, D1/D2: 

MF590165) respectively. 
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Table 4. 3. Average pairwise sequence divergence among the ITS regions of the eight 

endophytic fungi 

 

ITS         

 TS2 CSL1 TS1 EUR1 CHS1 CSR3 CSR1 BRL1 

TS2         

CSL1 0.0224        

TS1 0.4454 0.44548       

EUR1 0.476 0.4763 0.060      

CHS1 0.4713 0.4752 0.0963 0.0916     

CSR3 0.4719 0.4719 0.0672 0.0649 0.087    

CSR1 0.4296 0.4336 0.3575 0.3604 0.362 0.3705   

BRL1 0.4295 0.4336 0.3575 0.3604 0.362 0.3705 0.0024  

 

 

 

Table 4. 4. Average pairwise sequence divergence among the D1/D2 regions of the 

eight endophytic fungi 

 

NL1/NL4         

 TS2 CSL1 TS1 EUR1 CHS1 CSR3 CSR1 BRL1 

TS2         

CSL1 0.0041        

TS1 0.1590 0.15513       

EUR1 0.1407 0.13691 0.0298      

CHS1 0.1573 0.1534 0.0386 0.0320     

CSR3 0.1469 0.14306 0.0353 0.0265 0.0201    

CSR1 0.1857 0.18586 0.1895 0.1867 0.1884 0.1868   

BRL1 0.1873 0.1874 0.1925 0.1883 0.1900 0.1898 0.0083  
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                                 Figure 4. 9. Sequence identity (%) among the ITS regions of the eight endophytic fungi 
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                                 Figure 4. 10. Sequence identity (%) among the D1/D2 regions of the eight endophytic fung
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4.46 Discussion 

In this study, a total of 8 endophytic fungal strains were selected for their 

potential to enhance plant growth characteristics and producing phytohormones such as 

IAA and gibberellins. Usually, we depend on both conventional and molecular 

techniques for identification of fungi. These morphologically representative strains 

were identified further by means of molecular phylogenetic analysis based on ITS and 

D1/D2 regions. Usually, a fine conformity exists between ITS-sequence based and 

morphological methods. In this study, four endophytic fungal isolates CSL1, CSR1, 

CSR3 and TS2 were isolated from leaves, roots and stem of Cannabis sativa. In 

addition, isolates EUR1, CHS1, BRL1 and TS1 were isolated from Euphorbia 

helioscopia, Chenopodium album, Brassica compestris and Oxalis corniculata. 

Currently, molecular method have been employed for identification of fungi effectively 

(Promputtha et al., 2005, Sette et al., 2006, Tedersoo et al., 2006, Morakotkarn et al., 

2006). For the investigation of complicated microbial populations, Culture-independent 

DNA techniques, for instance, denaturing gradient gel electrophoresis (DGGE), 

terminal restriction fragment length polymorphism (T-RFLP), and ITS sequencing, 

have been developed.  

This study also revealed that identification done on molecular basis using 

D1/D2 and ITS sequences can be employed to complete or confirmed morphological 

identification of endophytic species that are unidentified. Molecular identification using 

ITS and partial 28S ribosomal DNA (D1/D2) sequences from the isolates revealed 4 

genera including Aspergillus, Fusarium, Bioplaris and Curvularia. These fungi are 

curvularia lunata TS2, Aspergillus fumigatus TS1, Aspergillus terreus EUR1, 

Aspergillus flavus CHS1, Aspergillus niger CSR3, Fusarium proliferatum BRL1, 

Fusarium oxysporum CSR1 and Bipolaris sp CSL1 (Table 4.1). The isolated strains 

belonged to division Ascomycetes and among these, 2 species belonged to order 

Pleosporales, 2 belong to hypocreals and 4 belong to eurotiales (Figure 4.11 and Figure 

4.12). 
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Figure 4. 11. Molecular phylogenetic analysis of ITS sequences from eight endophytic 

fungi using neighbour joining (NJ) technique. Numbers above the branches are 

denoting the percentage (%) of replicate trees in which the related taxa are grouped 

together in the bootstrap test (1000 replicates). 
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Figure 4. 12. Molecular phylogenetic analysis of D1/D2 sequences from eight 

endophytic fungi using neighbour joining (NJ) technique. Numbers above the branches 

are denoting the percentage (%) of replicate trees in which the related taxa are grouped 

together in the bootstrap test (1000 replicates). 
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In several  conventional studies for identification of axenic cultures and for 

assessment of morphotaxon borders, the sequence data from the ITS region was used 

(Arnold, 2002, Lacap et al., 2003). This ITS data are thought to be valuable for the 

reason of fast evolution of the ITS. On the other hand, majority of fungal ITS sequences 

are not present in Gen Bank, and several are identify incorrectly in Gen Bank records 

or need taxonomic information (Arnold et al., 2007). Hence to enhance the accuracy in 

identification, use of a second marker is strongly recommended (Martin and Rygiewicz, 

2005, Raja et al., 2017). In present study, we carried out phylogenetic analysis on the 

basis of ITS and partial 28S ribosomal DNA (D1/D2) of the selected representative 

strains. Therefore, we successfully, identified seven endophytes up to species level. 

However, one of the eight taxa representing that these might be new endophytic fungi 

because these could not be identified at the species level. Therefore, further taxonomic 

study of these organisms is needed. 

It is found that with the help of DNA analysis, issues related with taxonomic 

identification of mycelia mycelia sterilia could be resolve. Conversely, only molecular 

analysis also has shortcoming. The molecular analysis cannot solve the difficulty of 

over-isolating rapid growing fungal strains at the cost of taxa that are slow growing. 

Also, the procedure fails to identify strains that can’t be cultured in the lab (Duong et 

al., 2006, Hyde and Soytong, 2007). The application of ITS and partial 28S ribosomal 

DNA sequences in phylogenetic analysis also has limits. Since the non-coding ITS 

sequence undergo a rapid evolving with several unpredictable characters, it is not easy 

to get an absolute sequence alignment at high taxonomic levels. Furthermore, it has 

been revealed that for comparative analysis 20-30% of the downloaded sequences from 

Gen Bank are not correct in their identification because these  were submitted with 

insufficient taxonomic identification and are incorrectly annotated (Hyde and Soytong, 

2007, Nilsson et al., 2006).  However, in our study, we did not observe this inaccuracy 

in the database and all fungal strains identified successfully with their phylogenetic 

analysis.  

Similarly, we calculated the average pairwise divergence in sequence among 

the D1/D2 and ITS regions of the eight endophytic fungi. As compared to D1/D2 

regions the ITS1 region confirmed considerably more variation in nucleotide sequences 

among these species. In both ITS and D1/D2 sequence the Bipolaris sp. CSL1 and 

Curvularia lunata TS2 having least sequence divergence 0.022 and 0.004 respectively 

(Table 4.3 and Table 4.4). The D1/D2 sequence analysis of various fungal strains shows 
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insignificant interspecies variability and noticeable interspecies divergence inside the 

D2 region as explained for other fungi (Guadet et al., 1989, Kurtzman and Robnett, 

1998, Kurtzman and Robnett, 1997, Peterson, 2000, Sandhu et al., 1995). However, in 

present study, comparison of the D1-D2 sequences with those in Gen Bank 

demonstrated complete identity with analogous reference data (Samson and Pitt, 2000). 

Contrasting to D1/D2 region, it was found that ITS regions showed localized 

hypervariable regions including most of the interspecies sequence diversity, though, in 

one or both spacer regions identical sequence lengths often existed, forming the whole 

size of ITS amplicons an incomplete tool to distinguish predominant endophytic fungi. 

In conclusion, the plant growth promoting endophytic fungal isolates examined 

in present study can mainly be identified with the help of ribosomal D1-D2 or ITS 

regions at the traditional group level. The present results revealed that identification by 

means of ITS sequence analysis to the species level should be practicable rather than 

D1/D2 regions. However, some species may need further analyses. The most correct 

identification of various fungal strains was allowed by such improved databases, 

encouraging further improvement in the molecular identification and phylogenetic 

analysis of endophytic fungal species. 
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Chapter 5  

DETECTION OF PLANT GROWTH REGULATING 

SUBSTANCES IN CELL FREE CULTURES 

 

5.47 Introduction 

Microbial phytohormones are among the major secondary metabolites that have 

an effect on plant vigor and improve their development. Several strains of fungi have 

been investigated to have the ability of producing  compounds like IAA (indole-3-acetic 

acid), abscisic acid (ABA) and GAs (gibberellins), predominantly strains that dwell in 

rhizosphere, are thought to exert a reliable influence on plant growth (Manici et al., 

2015). In the same way, it has been observed that endophytic fungal strains which in 

most case has the ability of establishing closer association with plant tissues, indicates 

possible functional meaning of mutualistic associations in certain cases, and thus paves 

the way for having direct impact of an exogenous provision of phytohormones. 

Contrary to what is commonly believed for other compounds produced by plants and 

endophytes, pervious investigations have revealed that the pathway for biosynthesis of 

these compounds may have separately evolved in both  fungi and plants (Kawaide, 

2006, Bömke and Tudzynski, 2009). 

The indole-3-acetic acid synthesizing fungi establishing a mutualistic 

association with plants was initially illustrated by some mycorrhizal strains that were 

isolated from the roots of pine and orchid (Ek et al., 1983, Barroso et al., 1986, 

Rudawska et al., 1992). Later on it has been investigated in species of Colletotrichum 

found in Artemisia annua (sagewort) (Lu et al., 2000), Talaromyces verruculosus 

present in roots of Potentilla fulgens (Bhagobaty and Joshi, 2009b), and Penicillium 

glabrum from fruits of Punica granatum (pomegranate) (Hammerschmidt et al., 2012). 

A yeast strain (Williopsis saturnus) isolated from maize root was reported to produce 

IAA (Nassar et al., 2005). Another important isolate that is responsible for IAA 

production is Piriformospora indica (Sirrenberg et al., 2007), which is the most famous 

Basidiomycetes species earlier described as a mycorrhizal agent of shrub growing in 

desert (Verma et al., 1998). However, later on it was found that it is ubiquitous and 

have the ability to inhabit roots of numerous plant hosts, and reveal its potential use in 

crop production (Qiang et al., 2012). However, considering the growth medium used to 
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culture the isolated species, all these reports should be thoroughly confirmed. Actually, 

it has been investigated that incorporation of tryptophan in growth medium stimulate 

auxin production by endophytes including two yeast strains  i.e. Rhodotorula graminis 

and R. mucilaginosa found in stems of poplar (Xin et al., 2009).  

Production of gibberellins (GAs) by endophytes has also been reported by 

several researchers. A plant growth promoting endophyte Fusarium proliferatum found 

in the roots of Physalis alkekengi var. francheti has the ability to producing a number 

of physiologically active GAs like GA1, GA3, GA4, and GA7, besides GA9, GA20 and 

GA24 (Rim et al., 2005). Another strain of this species isolated from roots of orchid 

plant produce the major type of physiologically active GAs i.e. GA4 and GA7  along 

with minor quantity of GA1, GA3, GA9, GA13, GA14, GA16, GA24, GA25, and GA36 

(Tsavkelova et al., 2008). Several other endophytes including Scolecobasidium 

tshawytschae found in soybean (Hamayun et al., 2009d), Penicillium citrinum found in 

Ixeris repens (dune plant) (Khan et al., 2008), Arthrinium phaeospermum found in 

Carex kobomugi (sedge species) (Khan et al., 2009) Aspergillus fumigatus, 

Cladosporium sphaerospermum and Talaromyces funiculosus recovered from soybean 

(Glycine max) (Hamayun et al., 2009a, Khan et al., 2011b, Khan et al., 2011c) and 

Chrysanthemum coronarium are also known to produce both physiologically active and 

inactive GAs (Yan et al., 2014).  

Production of Abscisic acid (ABA) is also wide spread among endophytic fungi. 

Some pathogenic fungi including Rhizoctonia solani (basidiomycete), Ceratocystis 

fimbriata (ascomycete) and Rhizopus nigricans (zygomycetes) have been known for 

ABA production (Crocoll et al., 1991, Dörffling et al., 1984). ABA was also reported 

in endophytic fungus Cercospora sp. The ABA biosynthetic pathway found in fungi is 

different from that of plants. Abscisic acid is produce from cleavage products of 

carotenoids in tracheophytes (Milborrow, 2001, Oritani and Kiyota, 2003). Contrary to 

this, the phytopathogenic fungi Botrytis cinerea and numerous species of Cercospora, 

produce ABA  through single pathway i.e.farnesyl diphosphate (FDP) pathway (Oritani 

and Kiyota, 2003). Nevertheless, different intermediate products have been isolated 

from different fungi. For example in Cercospora cruenta, 4-dihydroxy-

ionylideneacetic acid has been investigated as a main product (Oritani et al., 1984), 

whereas in C. rosicola the biosynthesis progresses with the help of 1-deoxy-ABA (Neill 

et al., 1982, Neill et al., 1987). The gene “bcaba1”involved in  fungal ABA biosynthesis 
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and encodes a putative P450 monooxygenase for the first time was identified in 

Botrytis  cinerea (Siewers et al., 2004). 

The current chapter reports the determination of phytohormones (GA, ABA and 

IAA) in our isolated endophytes using GC-MS analysis. Furthermore, here we report 

the GA and IAA biosynthesis gene cluster in these GA and IAA producing endophytic 

fungi. We checked the expression of five GA biosynthesis pathway genes and one IAA 

gene in these fungi by using Semi quantitative RT-PCR. 

 

 

5.48 Results 

5.48.1 Quantitation of IAA in fungal culture 

As mentioned in previous chapters, eight endophytic fungi were selected for 

further study on the basis of their plant growth promoting activities. Determination of 

IAA in the culture filtrate of fungal endophytes was carried out by using GC-MS. The 

isolated fungi were able to produce IAA. The strain CHS1 was the most efficient 

producer of IAA as its culture contained 1.32±0.07µg/mL of IAA (Figure 5.1). The 

strains BRL1 and CSR3 also produced significant amount of IAA. However, their 

cultures contained comparatively lower amount of IAA than the CHS1 strain. Amount 

of IAA produced by the strains CSL1 and CSR1 was 0.51µg/mL and 0.353µg/mL 

respectively. In the cultures of the remaining endophytes, the amount of IAA was either 

below detection limit or extremely low (Figure 5.1).  

5.48.2 Determination of Gibbrellins in fungal culture filtrate 

The selected isolates were grown in shaking broths for 10 days and their culture 

filtrates were tested for GAs using GC-MS/SIM. Culture filtrate of the selected 

endophytes contained both the biologically active and inactive forms of GAs (Table 

5.1). Nine types of biologically active GAs including GA1, GA3, GA4, GA7, GA8, GA9, 

GA12, GA20 and GA24 were found in the FCF (Table 5.1). Among the biologically active 

GAs, GA1, GA3, GA4, and GA7 common in the FCF of all the selected endophytes. 

Concentration of GA1 was highest (0.753±0.005ng/mL) in the CF of CSL1 as compared 

to the rest of the strains. Least amount of this biologically active GA (0.047±0.006 

ng/mL) was found in the CF of EUR1. In comparison to GA1, quantity of GA3 was 
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lower in the FCF. Highest concentration of GA3 was determined in the CF of EUR1 

(0.352±0.012ng/mL) followed by TS1 (0.324±0.077ng/mL). The strain CSL1 was 

among the endophytes which produced least amount of this GA 

(0.0001±0.00231ng/mL (0.0001±0.000002ng/mL). Notably, GA4 which is important 

bioactive GA was detected in almost all fungal cultures in significant amount. However, 

the highest concentrations were found in CSL1 (0.943±0.081ng/mL), CSR3 

(0.479±0.01ng/mL) and CHS1 (0.435±0.016ng/mL). In TS1 and TS2, concentration of 

GA4 was 0.323±0.003 ng/mL and 0.318±0.008ng/mL respectively. Similarly, the 

fungal strains CSL1, CHS1, EUR1, and BRL1 released relatively higher quantity of 

GA7 i.e. 0.638±0.012, 0.476±0.082, 0.423±0.003 and 0.492±0.005ng/mL in the culture 

media. Furthermore, Inactive types of GA present in the FCF were GA8, GA9, GA12, 

GA20 and GA24. The highest production of inactive GA9 was detected in BRL1 strain 

(0.195±0.01ng/mL), while in the rest of fugal strains cultures the inactive GAs found 

in very low quantity as compared to active GAs (Table 5.1). 

 



111 
 

 

Figure 5. 1. Indole acetic acid (IAA) producing endophytic fungal isolates 

The fungal culture filtrates were centrifuged, and 100mL of the CF was analysed for 

the presence of IAA using its respective protocols. The bar indicates standard deviation 

between replicates. Different labels show significant difference among the treatments 

(p < 0.05). 
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Table 5. 1. Determination of GAs in the culture filtrates of selected endophytic fungi using GC-MS/SIM. 

 GA1 GA3 GA4 GA7 GA8 GA9 GA12 GA20 GA24 

TS2 0.214±0.014b 0.126±0.0006b 0.318±0.008bc 0.224±0.015cd 0.002±0.001b ND 0.012±0.002b ND 
0.009±0.002b

c 

TS1 0.091±0.009d 0.324±0.077ab 0.323±0.003bc 0.023±0.002e 0.004±0.006a 0.001±0.006c 0.012±.0004b ND 
0.002±0.0007

d 

BRL1 0.392±0.007ab 0.089±0.0007c 0.223±0.003c 0.492±0.005b 
0.003±0.0008a

b 
0.195±0.01a ND 0.009±0.0008a 0.018±0.001a 

CSR1 0.638±0.019a 0.022±0.0003d 0.234±0.014c 0.164±0.033d ND ND 0.009±0.001c 0.008±0.0006ab 0.002±0.0001d 

EUR1 0.047±0.006e 0.352±0.012a 0.235±0.001c 0.423±0.003b 0.002±0.0001b ND 0.003±0.0001d ND 
0.009±0.004b

c 

CHS1 0.133±0.012c 0.042±0.002cd 0.435±0.016b 0.476±0.082b 0.002±0.0062b 0.001±0.0032c ND 0.002±0.003c 0.02±0.007d 

CSL1 0.753±0.005a 0.0001±0.002f 0.943±0.081a 0.638±0.012a 
0.0022±0.0002

b 
0.012±0.0001b 0.002±0.003d 0.006±0.007b 0.013±0.001b 

CSR3 0.082±0.001d 0.006±0.0002e 0.479±0.01b 0.244±0.03cd 0.002±0.0002b 0.006±0.001bc 0.064±0.002a 0.008±0.003ab 
0.007±0.0001

c 

 

Endophytic fungal strains (TS2, TS1, BRL1, CSRI, EURI, CHSI, CLSLI and CSR3); ND= not detected; Mean ± SD of bio-active/non-

active gibberellins detected and quantified in culture filtrate of selected endophytes followed by different letters in a column showed 

significant difference at p=0.05 by DMRT. 
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5.48.3 Quantitation of ABA in fungal culture 

Like GAs and IAA, the ABA production was determined in cultural filtrates of the 

selected endophytic fungi isolated during this study. The fungal strain CSR1 produced 

highest quantity of ABA (0.0903±0.005ng/mL), followed by CSR3 and CSL1 which 

produced 0.07704±0.015ng/mL and 0.06122±0.002ng/mL of ABA respectively (Figure 

5.2). Amount of ABA detected in the CF of TS1 and TS2 was 0.034 and 0.014 ng/ml 

respectively which was lower than the above isolates. The rest of the isolates did not 

produce any detectable amount of ABA (Figure 5.2).  

5.49 Expression of GA and IAA biosynthesis genes in fungal strains 

Expressions of GAs and IAA biosynthesis genes were determined in the selected 

endophytes by subjecting their RNA to semi quantative RT-PCR analysis using primers 

specific to GAs and IAA biosynthesis genes. Expressions of these genes in G. fujikuroi 

were used as a positive control (Figure 5.3). An internal control (Actin) with each gene 

displayed the same signal. The results revealed that that all GA biosynthesis genes i.e. 

P450-1, P450-3, P450-4, ggs2 and des were expressed in all strains and the positive control 

G. fujikuroi (Figure 5.3 and Figure 5.4). Expression of P450-4 was similar in all the 

selected endophytes (Figure 5.3). However, expression of this gene in the isolated strains 

was lower than the G. fujikuroi (G.f), a fungus used as positive control for the expression 

of GAs biosynthesis genes. Expression of P450-1 gene was highest in the BRL1, EUR1 

and CHS1. Least expression of this gene was observed in the CSL1 strain. Rest of the 

strains expressed intermediate levels of this gene which was comparable to the G.f. 

However, expression of P450-3 gene was very high in the TS2 strain, even higher than the 

positive control. The strains BRL1 and CSR1 expressed this gene to a level which was 

almost similar to the G. fujikuroi. The rest of the strains expressed the gene to a level 

producing only faint bands on the gel (Figure 5.3). Highest level of expression of the ggs2 

gene was noted in the strain CHS1 and G. fujikuroi. Expression of this gene was almost 

similar in the rest of the strains with the exception of TS2 where its expression was quite 

low. The des gene expressed well in all strains except TS1 and BRL1 where it showed low 

expression. Moreover, expression of IaaH was variable among different strains. The strains 

BRL1 and CHS1 expressed this gene very effectively producing the brightest bands of all 
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the tested strains including the prositive control (G.f). Expression of IaaH gene was similar 

in the rest of the strains including the G. fujikuroi (Figure 5.5).  
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Figure 5. 2. Abscisic acid (ABA) producing endophytic fungal isolates 

The fungal culture filtrates were centrifuged, and 100mL of the CF was analysed for the 

presence of ABA using its respective protocols. The bar indicates standard deviation 

between replicates. Different labels show significant difference among the treatments (p < 

0.05). 
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Figure 5. 3. Transcriptional analysis of GA biosynthesis genes P450-1, P450-3 and p450-

4 in endophytic fungal strains and G. fujikuroi (G. f) using semi quantitative RT-PCR. 

Actin was used as the positive control. 
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Figure 5. 4. Transcriptional analysis of GA biosynthesis genes ggs and des 

in endophytic fungal strains and G. fujikuroi (G. f) using semi quantitative RT-PCR. Actin 

was used as the positive control. 

 

Figure 5. 5. Transcriptional analysis of IAA biosynthesis gene iaaH 

 in endophytic fungal strains and G. fujikuroi (G. f) using semi quantitative RT-PCR.  
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5.50 Discussion 

Phytohormones like compounds are the important metabolites produce by 

endophytes. This chapter describes the determination of IAA, GAs and ABA in CF of the 

selected plant growth promoting endophytes. Also, expression of genes involved in the 

biosynthesis of GAs and IAA has been described. Majority of the selected endophytes were 

able to produce IAA, GAs and ABA. Indole acetic acid, a plant hormone is mainly 

concerned with the growth regulation of stem and root. The IAA producing potential is 

prevalent both in soil and plant inhabited microbes (Kumla et al., 2014, Sukumar et al., 

2013). IAA biosynthesis proceeds via 4 different pathways that differ in the intermediates 

indole-3-pyruvate (IPA) (Basse et al., 1996, Woodward and Bartel, 2005), tryptamine 

(TAM) (Winter, 1966), indole-3-acetaldoxime (IAOx) (Zhao et al., 2002), and indole-3-

acetamide (IAM) (Mano et al., 2009). These pathways starts from tryptophan (tryptophan 

dependent pathways) or other precursors (Tryptophan independent) (Chutima and 

Lumyong, 2012). During current study we found that our isolated endophytes were able to 

produce IAA. When grown in the absence of tryptophan precursor, the endophytes 

produced IAA in the range of 0.0234±0.053μg/mL to 1.3203±0.077μg/mL. Amount of 

IAA produced by the selected endophytes was lower than some previously reported fungal 

strains (Waqas et al., 2014b, You et al., 2015b). However, the concentration in which IAA 

produced was enough to compensate for the deficiency of IAA and restoring their normal 

growth.  Previously, production of IAA by endophytes was linked to culture conditions. 

For instance, concentration of IAA varied in culture of same fungus grown on various 

nutrients and pH (Waqas et al., 2014b). IAA production is thought to be an important tool 

of plant growth promoting microbes enabling them to promote root growth and root hair 

formation in their host plant for better absorption of soil nutrients. Due to this property, 

endophytes also offers protection to the host in different stress conditions like salinity and 

drought by enhancing various cellular defense systems (Sukumar et al., 2013, Kumla et al., 

2014). Phytopathogens also produce IAA and use this growth regulator to modulate host 

immunity in favor of the pathogens. However, amount of IAA produced by plant pathogens 

is so high that the phytohromones balance is disturbed in the host plants which negatively 

influence plant physiology. In the current study, we found that the synthesis of IAA 

tryptophan-dependent pathway, which is consistent with the reports by Rai et al. (2014) 
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and Waqas et al. (2014b). Among our selected endophytes, only Bipolaris sp. has been 

reported to produce IAA (Ali et al., 2016). The rest of the isolates including curvularia 

lunata, Aspergillus terreus, and Fusarium proliferatum are reported for the first time to 

produce IAA. Similarly, various IAA producing fungal strains Chaetomium sp. (Khan et 

al., 2012), Penicillium citrinum (Castillo et al., 2015; Khan et al., 2008), Thielavia 

arenaria, Phoma medicaginis and Dothideomycetes sp., are reported previously to have 

the IAA producing potential. Nimnoi et al., (2010) measured the amount of IAA produced 

by Nocardia Alba which was isolated from roots of Aquilaria crassna after surface 

sterilizations and demonstrate that this strain produce large amount of i.e. 14.53g/mL. 

The fungal biosynthesis of IAA had been controversial for a long time. It was believed that 

in fungal strains the biosynthesis of IAA is L-traptophan dependent, but information about 

what pathway (s) in fact are involved in IAA biosynthesis is limited. According to previous 

reports, various IAA biosynthesis pathways have been confirmed in Rhizoctania sp., 

Saccharomyces uvarum, Phycomyces blakesleenus, Colletotrichum sp., C. gloeosporioides 

and Fusarium delphinoides (Furukawa et al., 1996, SHIN et al., 1991, Robinson and 

Sharon, 1999, Kulkarni et al., 2013). Furthermore, F.delphinoides has been shown to 

synthesize IAA by three different pathways including indole-3-pyruvate (IPA), indole-3-

acetamide (IAM), and tryptamine (TAM) pathways (Tsavkelova et al., 2012, Kulkarni et 

al., 2013). While Fusarium proliferatum produces IAA via indole-3-acetamide (IAM) 

pathway only. During current study expression of the IaaH gene was tested and all the 

selected endophytes were able to express this gene confirming the existing of at least one 

IAA biosynthesis pathway, the IAM pathway.  

Ability of endophytes to produce GAs is another desirable character and researchers 

have been focused on this trait since the dawn of endophytes research  

 

 

 

 

 

 

 



120 
 

 

 

 

 

 

Figure 5. 6. Tryptophan-dependent biosynthesis pathways for IAA production in Fungi 
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(Hamayun et al., 2017, Priyadharsini and Muthukumar, 2017, Hedden et al., 2001, Khan 

et al., 2009). Endophytes act as a source of exogenous GAs which is utilized by the host 

plant for improved growth and resistance to different environmental stresses. Our isolates 

were able to produce this important class of phytohormones. Not only biologically active 

but also biologically inactive forms of GAs were detected in the selected endophytes. 

Among the active GAs were GA1, GA3, GA4, and GA7 Similarly, the inactive forms 

detected in the culture filtrate of the selected endophytes were GA8, GA9, GA12, GA20 and 

GA24. Production of GAs by our isolated endophytes was duly supported the gene 

expression study performed by semi-quantitative RT-PCR. The recognized GAs 

biosynthesis pathway in fungal species was initially explain in F. fujikuroi and the 

molecular  mechanism and enzymes involved were investigated in further studies 

(Tudzynski, 2005, Bömke and Tudzynski, 2009). Gibberellins (GAs) forming a large 

diterpenoids family that is based on the tetracyclic ent-gibberellane skeletal structure 

(Figure 5.7). Gibberellins are made either 19 or 20 carbon units that produce either four or 

five ring systems, where lactone is the fifth variable ring. The C19-GAs has pentacyclic 

20-nor-ent-gibberellane structure that is derivative of tetracyclic C20-GAs subsequent to 

CO2 exclusion. It has been observed that all physiologically active Gibberellins are C19-

GAs. The well-known biologically active GAs consist of  GA1, GA3, GA4, and GA7 (Figure 

5.7) (Sponsel and Hedden, 2010). 

Biosynthesis of fungal GAs occurs from acetyl-CoA via the MVA pathway 

(mevalonic acid pathway) using isopentenyl diphosphate (IPP) the fundamental isoprenoid 

unit. Generally, start with the common terpenoid biosynthetic pathway, the gibberellins 

biosynthesis deviate at farnesyl diphosphate (FDP) stage. Subsequently, production of 

intermediate compound i.e. geranylgeranyl diphosphate (GGDP) is activated by  two unlike 

GGDP synthases such as GGS1 and GGS2 (Mende et al., 1997, Tudzynski and Hölter, 

1998). For GA biosynthesis GGDP is entirely produce by GGS2, a GA pathway-specific 

GGDP synthase (Tudzynski and Hölter, 1998). Though, in majority of plants, at least in 

the green tissues, the mevalonic acid (MVA ) pathway found in cytoplasm, is not the only 

pathway to provide the fundamental isoprenoid unit IPP, but also provide by erythritol 
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phosphate (MEP) pathway found in plastids that start with pyruvate and glyceraldehyde 3-

phosphate (Eisenreich et al., 2001, Kasahara et al., 2002, Sponsel, 2001). 

The initial steps starting from GGDP up to the GA12-aldehyde formation are 

similar in fungi (F. fujikuroi) and in higher plants. Firstly, intermediate ent-kaurene is 

produce from GGDP in a two-step cyclization via ent-copalyl diphosphate (CPP). This is 

further converted to ent-kaurenoic acid (KA) through sequential oxidation, followed by 7b-

hydroxylation to give ent-7a-hydroxykaurenoic acid, and at the end oxidation of this 

compound at C-6 b and contraction of ring B results into GA12-aldehyde (Bomke and 

Tudzynski 2009 and Tudzynski, 2005). Once the GA12-aldehyde formed, then the 

pathways in fungi and plants diverge. In case of plants the GA12-aldehyde is changed to 

GA12 which is then converted to form GA53 or GA9, this is afterwards changed into 

GA20. The final step in plants for bioactive GAs formation is the 3b-hydroxylation of 

GA53 and GA9 which finally produce GA1 and GA4 respectively (Hedden et al., 2001) 

(Figure 5.7). On the other hand in fungi, the GA12-aldehyde is 3b-hydroxylated to GA14-

aldehyde that is then oxidized at C-7 to produce GA14 (Hedden et al., 1974, Urrutia et al., 

2001). The succeeding conversion of GA14 to GA4 in fungi is identical to the production 

of GA20 and GA9 in plants. The formation of GA7 occurred by the desaturation of GA4 

which is then converted by 13-hydroxylation to GA3 the major products of G. fujikuroi. 

The 13-hydroxylation of GA4 forms GA1 and is a minor product of GA4 and is not 

changed into GA3 (MacMillan, 1997). Therefore, the main difference in the GAs 

biosynthetic pathway of fungi (F. fujikuroi) and plants occur at 3b-and the 13-

hydroxylations stage. The GA biosynthetic pathway in fungi is shown in Figure 5.7. 

Expression analysis of genes involved in different steps of GAs biosynthesis 

pathway revealed that GAs biosynthesis pathway is common in G. fujikuroi and our 

isolated endophytes.  All the selected endophytes were expressing P450-1, P450-3, P450-

4, ggs2 and des which are important genes in the GAs biosynthesis pathway and previously 

reported by various researchers (Rim et al., 2013) (Figure 5.7). Previously, It was reported 

that the genes concerned with secondary metabolism of fungus have  common 

characteristic, the genes involved in biosynthesis in F. fujikuroi form a gene cluster 

(Tudzynski and Hölter, 1998, Linnemannstöns et al., 1999). This cluster include a pathway-

specific ggs2 gene (geranylgeranyl diphosphate synthase), which for GA biosynthesis 
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provides GGDP: removal of the ggs2 gene resulting into complete loss of GA biosynthesis, 

representing that activity of lost GGS2 cannot be carried out by GGS1 (Tudzynski and 

Hölter, 1998). 

In our study, majority of the isolated endophytes including CSR1, CSR3, CSL1, 

TS1 and TS2 also released ABA in their culture filtrate. Previously, various researchers 

reported ABA biosynthesis in fungi. In the beginning Assante et al. (1977) demonstrate 

that Cercospora rosicola synthesize ABA in great quantity. Similarly, various researchers 

reported that the ABA has been observed in several strains of basidiomycetes, ascomycetes 

and Deuteromycota. Tudzynski and Sharon (2002) has published a review on 

phytohormones in fungi including ABA and including a list of ABA producing fungi. In 

different species of Cercospora like Cercospora rosicola, Crenavolva cruenta, 

Cercospora pini-densiflori the biosynthesis of ABA has been studied in detail. It is clear 

from all studies that ABA  is synthesis directly by means of farnesyl-diphosphate, different 

derivates of ionyliden and deoxy ABA (Figure 5.8; for references see (Tudzynski and 

Sharon, 2002). 
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Figure 5. 7. The GA biosynthetic pathway in fungi 

Differences in the GA pathways of fungi and the end products of the pathway in F. 

fujikuroi, S. manihoticola and Phaeosphaeria sp., as shown. In all three fungi the common 

enzymes are marked in grey, enzymes present in F. fujikuroi and Sphaceloma manihoticola 

are marked in blue, enzymes exist just in F. fujikuroi or Phaeosphaeria are marked in dark 

green and light green, respectively (Bomke and Tudynski, 2009). 
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Kettner (1991), Kettner and DörfOing (1987) and Hartung and Eggeling (1984) were 

incapable to determine conversion of ABA to phaseic acid and dihydrophaseic acid, as was 

the case in autotrophic organisms including algae and bryophyte (liverworts) (Figure 5.8). 

However, the higher plants make use of isopentenyl diphosphate (IDP, 2) resulting from 

the non-mevalonate pathway via 2-C-methyl-D-erythritol 4-phosphate (3) for its 

production (Hirai et al., 2000); successively, the conversion of IDP to 9 Z-epoxycarotenoid, 

which is finally cleaved by dioxygenase to synthesis ABA (Schwartz et al., 2003). Contrary 

to higher plants, for fungi like Botrytis cinerea, Cercospora pini-densiflorae and 

Crenavolva cruenta, the IDP for ABA is biosynthesized by the mevalonate pathway using 

mevalonic acid (4) (Hirai et al., 2000, Yamamoto et al., 2000) (Figure 5.9). In fungi after 

IDP biosynthesis two pathways, the direct and carotenoid pathways have been suggested 

(Figure 5.9). 

Phytohormone ABA is responsible for the regulation of different physiological 

responses in plants, comprises of stimulation of adaptive responses to drought and low 

temperature (jakab et al., 2005;Maleki et al., 2011 (Leung and Giraudat, 1998). Merely 

limited published data are found on the effects of exogenous ABA on fungi. ABA may 

increase the resistance of plant to fungal infection (Adie et al., 2007; Hernandez-Blanco et 

al., 2007; Flors et al., 2008; Garcia-Andrade et al., 2011). Though the physiological role of 

ABA in fungi is not understood, the growth of two fungal species Cercospora rosicola and 

Crenavolva cruenta was not affected by ABA (Hartung and Eggeling, 1984). As it was 

seemed that ABA have not any role in fungi, but fungal ABA is possibly significant for 

plants infected by phytopathogenic fungi that are ABA producer, in mycorrhizal 

relationships and in lichens, respectively. The infected leaves with pathogenic fungi often 

have high ABA concentration, which appear to be partially due to fungal ABA (Kettner, 

1991, Schmidt et al., 2008). Besides, mycorrhizal fungi seem to be able to secrete ABA in 

plant roots (Murakami-Mizukami et al., 1991, Danneberg et al., 1993). In the present study 

the increase in ABA is very inadequate when compare to stress dependent increases to 

activate a stress physiological responses. 

Current advancement in biosynthesis of hormone in plants has been exciting. For 

the identification and measurement of minor quantity of hormones new physical-chemical 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B56
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techniques have been developed, and molecular genetic methods have permitted the 

cloning of numerous plant genes that is responsible for biosynthesis of hormone and signal 

transduction. In spite of this, fungi synthesis greater quantity of plant hormones, 

particularly in associations with plants, in present study only the genes involved in IAA 

and gibberellin biosynthesis have been isolated. Biosynthesis of hormones by fungal 

isolates may have influence on host plant growth and development in several manners. For 

example, in mutualistic relations with mycorrhizae, greater biomass production, vigorous 

growth and help plants to show resistance to pathogens.  
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Figure 5. 8 Outline of ABA biosynthetic pathway. 

 

 

 

 

 

 

 

Figure 5. 9. The direct pathway via ionylideneethane for ABA biosynthesis in Fungi 

especially in B. cinerea 

 
 
 



128 
 

Chapter 6  

SCREENING ENDOPHYTES ON GAS DEFICIENT WAITO-C 

DWARF RICE 

6.51 Introduction 

Endophytes are microbes that influence plant growth directly or indirectly. Fungal 

endophytes provide compounds to host plant and encourage the nutrients uptake of host 

plant from soil. Besides, it also plays a vital role to reduce or inhibit the harmful effect of 

phytopathogens. Previously it has been reported,  that fungal strain Piriformospora indica 

stimulate growth of numerous plant hosts suggesting that it may be effective for plant 

growth enhancement (Varma et al. (1999). Research carried out on two varieties of Glycine 

max (soybean) have revealed that they are inhabiting by many fungal endophytic genera 

(Mendes et al., 2001, Azevedo and Araújo, 2007), the fungal endophytes were isolated 

from different tissues such as leaf, stem, and root and many of these were able to improve 

the seedling growth. Analogous results was noted when Glycine max seeds were treated 

with endophytic fungi and bacteria (Pimentel et al., 2006);(Kuklinsky‐Sobral et al., 2004). 

Many endophytic species isolated from Eucalyptus have the ability to increase the seedling 

growth, thus inhibiting diseases at the initial stages of plant growth (Procópio, 2004). The 

inoculation of endophytes is effectively employed in Eucalyptus, as a result increasing 

better plantlets growth. Considering these, such endophytic species have been used in 

Brazil in cellulose and paper industries to improve the viability and development 

Eucalyptus seedling. 

A friendly association has been established between endophytic species and their 

host plant during the long term coexistence. Many of the endophytic species have the 

ability to produce similar type of chemical compounds like that originate from their host 

(Berdy, 2005, Kusari et al., 2012). The best  studied example is  production of Taxol 

(paclitaxel), the world’s first billion dollar anticancer drug from endophytic fungus 

Pestalotiopsis microspora (Strobel et al., 1996). Taxus wallichiana (Himalayan yew) tree 

was colonized by endophytic species without producing any visible symptoms in host 

plant. This potential increases interest in the field of  endophytic fungi (Kusari et al., 2012, 

Gallo et al., 2009). On the other hand, observing the metabolomic prospective of fungal 
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endophytes, the isolation and quantification of phytohormones have often been neglected. 

The role of phytohormones is crucial in  plant growth and development because it act as 

signaling molecules or chemical messengers in plants (Hedden et al., 2001). 

Phytohormones manipulate the responses necessary for varying ecological conditions, and 

produce biochemical, physiological and morphological responses. It has been documented 

from last decade, that endophytic species have the potential to produce certain 

phytohormones particularly gibberellins. 

Fungi do not have an absolute IAA biosynthesis like that of bacteria (Kumla et al., 

2014); though many fungi together with endophytic species were known to produce IAA 

in their growing medium studied in recent years (Khan et al., 2012a, Waqas et al., 2012, 

Hoffman et al., 2013). Indol acetic acid (IAA), a plant hormone, play vital role in different 

cell processes like cell elongation, division, and enlargement (Ishida et al., 2013, Kumla et 

al., 2014, Zhao et al., 2013b). GAs and IAA are active and carry out different physiological 

functions at cellular level within plant body (Davière and Achard, 2013, Ishida et al., 2013, 

Zhao et al., 2013b).  

Several fungal endophytic species are known as a GAs producers such as Porostereum 

spadiceum AGH786 (Hamayun et al., 2017), Gibberella fujikuroi, Fusarium proliferatum, 

Fusarium konzum, Fusarium sacchari (Albermann et al., 2013) Sesamum indicum (Choi 

et al., 2005), Phaeosphaeria sp. L487 (Kawaide, 2006), Penicillium citrinum (Khan et al., 

2008), and Penicillium funiculosum (Khan et al., 2011b). Mostly it has been reported that 

endophytic species improve plant growth. Endophytes manipulate important features of 

plant and also protect host plant from different environmental stress conditions (Khan et 

al., 2015, Mayerhofer et al., 2013). Under unfavorable conditions the production of 

bioactive secondary metabolites such as plant hormones by endophytes can offer benefits 

to the host plants (Khan et al., 2015) whereas, being environmental friendly, endophytes 

are also used on commercial basis. Application of such potential would meet dual benefits 

i.e. enhancing crop growth and maintaining sustainable agricultural production (Urbanová 

et al., 2013). 

In previous chapter we have analyzed the presence of GAs and IAA in the culture 

filtrate of endophytic fungi. Thus, interest has been developed to screen bioactive 

compounds of these endophytic fungi using GAs-pathway-deficient mutant rice cultivar, 
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Waito-C. Moreover, the isolated fungal strains were screened on mutant rice cultivar 

Waito-C seedlings to determine their plant growth stimulating potential. Also, modulation 

of endogenous phytohormones in endophytes associated mutant rice was determined via 

GC-MS (gas chromatography–mass spectrometry). 

 

6.52 Results 

6.52.1 Screening bioassay on Waito-C rice seedling 

In order to check the germination and growth stimulating potential and gibberellin 

production of the above endophytes, the experiment were carried out using mutant rice 

cultivar Waito-C (GA-deficient). Application of fungal culture filtrate significantly 

improved seed germination percentage and seedling length than the control seedlings 

(Figure 6.1 Figure 6.2). Among these strains, the CSR1, CSL1, CSR3 and TS1 significantly 

increased germination percentage of uniconazole treated Waito-C rice by up to 76.66%, 

80%, 76.66% and 73.33% respectively as compared to the control where 60% of the seeds 

germinated. Shoot length of Waito-C rice was also significantly greater in seedlings 

exposed to fungal culture filtrate as compared to the control seedlings. The most effective 

shoot growth promoting endophyte was CSR3, causing up to 100% increase in shoot length 

than the control (Figure 6.1B). Shoot length was also enhanced in mutant rice under the 

influence of CF from CSR1 and CSL1 by 64.91% and 52.63% respectively (Figure 6.1B). 

However, CF of EUR1 was detrimental to shoot growth, reducing shoot length to 9.7% of 

the control. Effect of fungal culture filtrate on root length was almost similar and most of 

the strains were proved to produce growth promoting substances in their CF (Figure 6.1C). 

Exceptions were the EUR1 and CHS1 which inhibited root growth significantly as 

compared to the control. 

 

 



131 
 

 

Figure 6. 1. Effects of culture filtrate (CF) from the fungal endophytes 

TS2, TS1, BRL1, CSR1, EUR1, CHS1, CSL1 and CSR3 on the growth characteristic (A) 

germination (B) shoot length and (C) root length of rice plant (Waito-C) in plate based 

experiment.
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Figure 6. 2. Effects of culture filtrate (CF) from the fungal endophytesTS2, TS1, BRL1, 

CSR1, EUR1, CHS1, CSL1 and CSR3 on seedling growth of rice plant (Waito-C) in plate 

based experiment. 
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Figure 6. 3. Effects of culture filtrate (CF) from the fungal endophytes TS2, TS1, BRL1, 

CSR1, EUR1, CHS1, CSL1 and CSR3 on the growth characteristic of rice plant (Waito-C) 

in plate based experiment. 
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6.53 Bioassay of fungal biomass for plant growth promotion Waito-C 

rice seedlings in pots 

The second experiment on Waito-C rice seedlings was perform to ensure plant 

growth promoting ability of these fungal strains in pots. After 5 days the uniform seedlings 

were shifted to small pots with autoclaved soil. All the fungal strains were checked for 

plant growth promotion. The results revealed that all strains significantly increased 

seedling growth of Waito-C as compared to the control. Here the TS1, CSR3, and EUR1 

significantly increase shoot length of Waito-C up to 72.66%, 58.82% and 52.94% as 

compared to control (Figure 6.4 and Figure 6.5). Similar results were observed in root 

length of Waito-C seedlings where the BRL1, CSR1 and CSL1 strain significantly 

enhanced root length of rice as compared to control (Figure 6.5 and Figure 6.6). Similar to 

seedling length the endophytic fungus also enhance seedling biomass as compared to 

control. In case of fresh weight all strains significantly enhance fresh weight of Waito-C 

seedlings as compared to control. Similar results were observed in dry weight. 

Furthermore, we observed the photosynthetic data and found that all fungal strain 

significantly increase chlorophyll contents as compared to control (Figure 6.4). 

 

6.54 Effects of symbiotic association on host GA 

Endogenous levels of GAs were determined in endophytes associated non 

endophytes Waito-C rice. In endophytes associated mutant rice, endogenous levels of GAs 

was significantly enhanced than the non-endophytes seedling (Table 6.1). Endogenous 

concentration of 10 different GAs including GA1, GA3, GA4, GA7, GA8, GA9, GA12, GA15, 

GA20, and GA24 was positively influenced by the rice associated endophytes. This was 

evident from several fold increase in the endogenous levels of the mentioned GAs in 

endophytes associated seedlings than the non-endophytes seedlings. However, some GAs 

was more influenced in response to the endophytes inoculation than the others. For 

instance, bioactive GAs (GA1, GA3, GA4 and GA7) and inactive GAs (GA9 and GA24) 

revealed the most drastic and positive response to fungal inoculation (Table 6.1). Among 

the selected endophytes, the CSL1, CSR3 and CHS1 were more efficient to promote GAs 

accumulation in the rice seedlings than the rest of the strains. For example, CSL1 
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associated rice seedlings had endogenous GA1, GA3, GA4 and GA12 concentration up to 

several fold greater than the control seedlings (Table 6.1). Another important strain was 

CSR3, which contributed huge amounts of GA4, GA7 and GA12 to the endogenous pool of 

mutant rice seedlings. Similarly, significant amount of GA4 and GA12 was added to the 

endogenous pool of GAs in seedlings inoculated with TS2 (Table 6.1). 
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Figure 6. 4. Effects of fungal endophytes TS2, TS1, BRL1, EUR1, CSR1, CHS1, CSL1 

and CSR3 on the growth characteristic 

 (A) germination, (B) shoot length, (C) root length, (D) fresh weight, (E) dry weight, and 

(F) photosynthesis of rice plant (Waito-C) in pots experiment. 
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Figure 6. 5. Effects of fungal endophytes TS2, TS1, BRL1, CSR1, CHS1, CSL1 and CSR3 

on the growth characteristic of rice plant (Waito-C) in pots experiment 

. 
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Figure 6. 6. Effects the fungal endophytes TS2, TS1, BRL1, CSR1, CHS1, CSL1 and CSR3 

on seedling growth of rice plant (Waito-C) in pots experiment. 
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.  

Table 6. 1. Effects of fungal endophytes TS2, TS1, BRL1, CSR1, CHS1, CSL1 and CSR3 on endogenous GA level of Waito-C 

rice. 

 GA1 GA3 GA4 GA7 GA8 GA9 GA12 GA20 GA24 

Control 1.6352±0.03 0.355±0.02 1.456±0.15 0.541±0.04 2.866±0.09 2.876±0.10 4.21±0.005 3.55±0.001 5.635±0.14 

TS1 12.443±1.23 5.655±0.65 15.342±2.1 6.373±0.23 20.363±1.23 16.353±1.23 8.534±2.1 4.362±0.34 14.543±0.23 

TS2 8.434±0.24 7.343±0.23 23.367±2.24 12.432±1.23 14.323±1.32 18.363±2.13 23.656±2.35 3.746±0.12 17.534±3.54 

CSR1 10.432±0.23 6.373±1.25 12.54±2.35 16.38±3.24 7.434±1.24 ND 3.534±2.35 ND 15.434±1.34 

CSR3 13.362±2.52 10.353±1.26 20.34±2.51 28.264±3.92 13.543±0.53 16.35±1.08 34.23±3.9 11.534±0.4 10.355±0.3 

BRL1 15.434±1.32 4.237±0.12 13.343±1.23 8.254±0.32 8.362±1.23 25.373±1.45 6.342±1.23 8.534±0.56 19.423±0.14 

EUR1 12.434±2.54 ND 21.545±3.24 15.392±3.12 15.434±2.35 ND 14.534±1.35 2.323±0.32 23.542±3.43 

CHS1 14.434±1.5 7.363±1.26 25.754±1.5 13.203±1.2 19.452±0.5 21.353±1.08 11.534±1.23 12.423±0.42 18.553±0.33 

CSL1 18.373±2.31 11.376±1.23 33.232±3.33 22.484±2.32 24.323±3.25 19.363±2.32 25.534±1.35 18.645±2.21 29.635±3.65 

 

Endophytic fungal strains (TS2, TS1, BRL1, CSRI, EURI, CHSI, CSLI and CSR3); ND= not detected; Mean ± SD of bio-active/non-active 

gibberellins detected and quantified in selected endophytes inoculated and non-inoculated Waito-C rice plants.  

 

 

 

 



140 
 

 

6.55 Effect of endophytic strains on endogenous ABA and JA 

content 

Endogenous levels of ABA and JA were also determined in both endophytes 

associated and non-endophytes Waito-C rice seedlings. Endogenous JA dropped 

significantly in rice seedlings as a result of endophytes inoculation. The strains EUR1 

and CSR3 were among the most influential inhibitors of in plant JA accumulation 

reducing its level to 61.7% and 68% of the control seedlings (Figure 6.7A). The rest of 

the strains also significantly reduced the endogenous levels of JA in their host than the 

control. Contrary to this, host endogenous ABA pool was significantly enhanced than 

the control seedlings (Figure 6.7B). Rice seedlings associated with EUR1 and CSR3 

has highest concentration of endogenous ABA among all other seedlings. This showed 

that influence of EUR1 and CSR3 was exactly opposite on the endogenous levels of JA 

and ABA in rice seedlings. TS1 and CSL1 associated seedlings also had higher amount 

of ABA than the control. The strains TS2, BRL1 and CSR1 did not influence plant 

ABA levels of mutant rice seedlings.  
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Figure 6. 7. Effect of different endophytic fungi on endogenous plant hormones 

 (A) Jasmonic acid (JA) and (B) abscisic acid (AB). The bar indicates standard 

deviation between replicates. 
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6.56 Discussion 

Ability of the isolated endophytic fungi to modulate host endogenous phytohromones 

was assayed by using Waito-C rice. Waito-C is a dwarf rice cultivar with mutated dy 

gene that controls the 3b-hydroxylation of GA20 to GA. Being GAs deficient mutant, 

Waito-C rice is recommended as an excellent surrogate for the detection of exogenous 

GAs (Khan et al., 2008). For this purpose, initial screening assays were performed by 

applying CF obtained from the isolates (Schulz et al., 2002b, Yuan et al., 2010). The 

Waito-C seeds were also treated with GAs biosynthesis inhibitor (uniconazol) to further 

suppress the GAs biosynthesis mechanism (Jang et al., 2006). After priming in fungal 

CF for 12 hours the seeds were put in Petri plates having simple distilled water to check 

the effect of these strains on seeds germination. Improvement in seed germination and 

growth of CF treated Waito-C rice suggested the ability of the isolates to supply 

exogenous GAs restoring the endogenous GAs pool (Hamayun et al., 2009b). The 

influence of culture filtrate from these fungal strains was homologous to that studied in 

G. fujikuroi, which hold a functional biosynthetic pathway for GAs (Bomke et al., 

2008). Among our isolates, the CSR1, CSL1, CSR3 and TS1 significantly increased 

germination percentage of uniconazole treated Waito-C rice to 21-33% of the control 

(Figure 6.1 and Figure 6.4). These isolates also improved shoot growth significantly.  

On the basis of plant growth promoting characteristics and detection of 

hormones in these endophytic, we performed another screening experiment by using 

Waito-C rice in pots. Various endophytic fungi were used previously in pots 

experiments as they act as external factories of phytohormones, and therefore, have a 

positive impact on growth parameters of Waito-C rice (Sturz et al., 2000, Guo et al., 

2015, You et al., 2015a). In the current research, impact of GAs producing fungi was 

also assayed on the endogenous concentration of different phytohormones including 

gibberellins (GAs), abscisic acid (ABA) and jasmonic acid (JA). We observed that 

endophytes associated Waito-C rice had elevated levels of endogenous GAs including 

GA1, GA3, GA4, GA7, GA8, GA9, GA12, GA15, GA20, and GA24. Interestingly, increase 

in the levels of GAs was several folds. Because Waito-C rice is mutant lacking gene of 

the biosynthesis pathway, elevated levels of GAs seems to be contributed by the 

associated endophytes. In line with this was the ability of our isolates to produce the 

mentioned GAs in vitro. 
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Contrary to their positive influence on the endogenous GAs of the mutant rice, 

endogenous pool of ABA was not affected in endophytes associated seedlings. 

However, in some fungal strains CSR3, CHS1, CSR1, TS1 and TS2 the ABA contents 

were found higher and in CSL1 it was found lower than control (Figure 6.7). Previously, 

both antagonistic and synergistic effect of gibberellins producing endophytic fungi have 

been describe by many researchers (Danneberg et al., 1993, Gonai et al., 2004). These 

reports indicated that diverse groups of fungal endophytes  might have caused diverse 

effects on plants internal ABA concentration (Mauch-Mani and Mauch, 2005). 

Reduced levels of endogenous ABA in endophytes associated mutant rice might be due 

to the antagonistic interaction between endophyte produced GAs and rice ABA. Earlier 

such antagonism has been reported in case of exogenously applied GA3 (Gonai et al., 

2004). GAs sponsored reduction in ABA level occurred due to enhanced breakdown of 

ABA as a result of GAs induce the expression of Arabidopsis CYP707A3 gene, that 

encodes ABA 8′-hydroxylases (Millar et al., 2006, Okamoto et al., 2006, Okamoto et 

al., 2010, Umezawa et al., 2006, Nambara and Marion-Poll, 2005). This GAs induced 

control of ABA catabolism is important for plant growth promotion, because ABA is a 

known antagonist of GAs in several plant growth responses (Razem et al., 2006, Weiss 

and Ori, 2007). For instance, seed germination, growth and flowering are promoted by 

GAs but ABA inhibits these processes (Razem et al., 2006). To induce seed 

germination, GAs induces the production of α-amylase in the aleurone layer of barley 

seeds nursing the developing embryos. Application of ABA antagonize the effect of 

GAs by suppressing α-amylase production (Achard et al., 2006). Beside the direct 

interaction between GAs and ABA, there is another unexpected way of interaction 

mediated through DELLA proteins, which are transcriptional regulators located in the 

nucleus. Plants perceive the GA signal by the GA receptor protein GID1 (GA 

INSENSITIVE DWARF1). DELLA proteins reprogram transcription by suppressing 

GA signaling. However, in the presence of GA-GID complex, DELLA proteins are 

rapidly degraded through the ubiquitin-proteasome pathway (Murase et al., 2008, 

Shimada et al., 2008, Sun, 2010). Contrary to this, ABA stabilizes DELLAs, which 

potentiate JA signaling and attenuate GAs and SA signaling. On the other hand IAA 

has got a role in GAs and ABA interaction through DELLAs as IAA is known to induce 

GA-mediated DELLAs degradation (Woodward and Bartel, 2005). This result in 

growth suppression and plant susceptibility to pathogens (Grant and Jones, 2009). Thus, 

in the present study, decrease ABA contents was due to the GA and IAA production by 
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the endophytes exemplifying the positive role of plant microbe association (Choudhary 

and Johri, 2009). our results showed agreement  with that of Khan et al. (2013) 

and Kang et al. (2014), who reported that GA producing microbes have low ABA and 

elevated GA under abiotic stress conditions. Similarly, soybean seedlings associated 

with endophytic fungus Porostereum spadiceum had significantly lowered ABA level 

as compared to non-inoculated soybean plants (Hamayun et al., 2017). 

An interaction between ABA and other signalling pathways, for example, JA 

and sugar, essential for fungal-plant interactions, has been investigated previously 

(Gazzarrini and McCourt, 2001, Audenaert et al., 2002, León and Sheen, 2003). The 

signalling pathway  of ABA associates antagonistically with the signalling pathway of 

JA, and vice versa, to weak plant growth (Beaudoin et al., 2000, Ghassemian et al., 

2000) and plant disease resistance (Anderson et al., 2004). 

On the other hand, the endogenous JA levels were reduced in plants treated with 

these endophytic strains. This reduction of JA in associated dwarf rice indicates the 

involvement of fungal GA and IAA (Kang et al., 2015, Waqas et al., 2015). Decreased 

JA biosynthesis under the influence of ectomycorrhizal fungus (ECM), Paxillus 

involutus, has been demonstrated previously (Luo et al., 2011). Both GA and JA play 

antagonistic roles to regulate balance of energy allocation between growth and defence 

(Yang et al., 2012a). As noted above, GA induced degradation of DELLA blocks JA 

signalling, which may reduce endogenous JA levels indirectly. Also, These endophytic 

strains produced IAA has an indirect role in reducing JA as basipetal transport of auxins 

is not only linked with the production of active forms of GA, including GA1 and GA4, 

but also with GA-mediated degradation of DELLA proteins (Woodward and Bartel, 

2005). The endophyte CSR3 may also reduce JA signalling and levels in a GA-

independent pathway. It has been shown that in contrast to biotrophic pathogens, plant 

growth promoting beneficial fungi promote symbiosis by suppressing host’s JA action. 

In all instances, ECM fungi release effectors, such as MiSSP7, which suppress JA 

marker genes involved in the cell wall modification rather than the defence genes, 

suggesting that cell wall chemistry is altered. This cell wall modification within root 

rhizodermal cells would then be sufficient to allow for the penetration of fungal hyphae 

into the root and establishment of symbiosis (Plett et al., 2014). Also, endophyte 

induced reduction in JA signalling and level is important for growth promoting 

potential of these endopthytes because JA antagonizes the positive effect of GA in many 

of plant growth aspects (Yang et al., 2012b, Hou et al., 2010, Hou et al., 2013) 
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Chapter 7  

APPLICATION OF ENDOPHYTIC FUNGI AND EXOGENOUS 

HORMONES TO MITIGATE THE INHIBITORY EFFECT OF 

UNICONAZOLE AND YUCASIN 

 

7.57 Introduction 

Owing to the exponential growth of the worldwide human population, current 

forms of agriculture mainly based on synthetic fertilizers must transform in order to 

fulfil the increasing food demand. Injudicious use of chemical fertilizers pollutes the 

soil and environment at a much faster rate. The annual chemical fertilizer demand 

worldwide is estimated to be more than 156 million tons (Ahmad et al., 2008, Naveed 

et al., 2015). Sole dependence on chemical fertilizers is not a feasible strategy not only 

because of the costs, but also owing to the requirement to set up fertilizer plants and the 

domestic and foreign resources needed to maintain production (Naveed et al., 2015). 

Therefore, a crucial need exists to explore cheaper alternatives to use natural resources 

for such production systems, which may be both human and environmentally friendly. 

Biofertilizers, which are an inexpensive and renewable resource, may be an important 

component of integrated nutrient management. Research based on the development of 

effective organic fertilizers consisting of applicable microorganism preparations for 

increased yield is a viable solution for this problem (Wijesooriya and Deshappriya). 

Plant endophytic fungi are those fungi that may spend their lifecycle partly or 

completely in a inter and/or intra-cellular mode in the tissues of  host plant with no 

symptoms of infection in the host (Tan and Zou, 2001, Rodriguez et al., 2009b). 

Approximately there are more than one million endophytic fungi surviving in nature 

and such fungal species have been investigated  in every plant species studied (Strobel 

et al., 2004, Verma et al., 2009). Endophytic fungi are the main source of natural 

bioactive compounds that have possible uses in different fields like agriculture, 

pharmacy, and the food industry (Verma et al., 2009, Strobel et al., 2004). Several 

endophytes have been examined for their ability to produce bioactive products, similar 

to that produced by their host plants (Zhao et al., 2010). Symbiotic endophytic fungi 

have been reported to promote plant growth in several  crops and also promote organic 

rice cultivation (Wijesooriya and Deshappriya, Angelard et al., 2010). 
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In recent years it has been documented that fungal endophytes can produce 

phytohormones, particularly gibberellins (GAs), that enhance crop growth and alleviate 

the harmful effects of abiotic stresses (Khan et al., 2011b). Gibberellins (GAs) are 

tetracyclic diterpenoid acids that regulate plant various developmental and 

physiological processes including germination of seeds, seedling development, growth 

of stem and leaf, initiation  of flowering, and development of flower and fruit (Davies, 

2010, Crozier, 2000, Pharis and King, 1985, King and Evans, 2003). GAs also promotes 

other important processes in plants such as root growth and root hair development, and 

in woody angiosperms it prevents floral bud differentiation. Besides, they regulate 

dormancy of vegetative and reproductive bud, and also in many plant parts it delay 

senescence in a variety of plant species (Tanimoto, 1987, Bottini and Luna, 1993, 

Fulchieri et al., 1993, Reinoso et al., 2002). Several endophytic fungi have been 

investigated to have the ability to  produce indole-3-acetic acid (IAA) (Waqas et al., 

2014b, Ansari et al., 2013). Similar to GA, IAA promotes several developmental 

processes in plants such as root development and axillary bud and flower formation and 

improve many other processes in plant, and is indispensable for plant growth and 

promotion (Reinhardt et al., 2000). Indole-3-acetic acid (IAA) is a valuable metabolite 

and is required from embryogenesis to senescence in plant growth. Advancement in the 

field of biotechnology has led to an awareness of the significance of many fungi owing 

to their use in industry and their ability to produce phytohormones. It has been reported 

that hormones such as Indole-3-acetic acid (IAA) and absacic acid (ABA) are produced 

by both plants and fungi (Blakesley et al., 1991, Lopez-Carbonell et al., 1994, ÜNyayar 

et al., 1997). 

Endophytic fungi are potential sources of phytochemicals, a property that has 

significance for both medicinal and agrochemical use. These phytochemicals include 

phenols and flavonoids, and may be responsible for antioxidant properties of the host 

plants (Hamilton et al., 2012). The huge diversity of antioxidant compounds produced 

by endophytic fungi might protect their host plants from different environmental 

stresses (Herrera-Carillo et al., 2009, Torres et al., 2009). Several studies support this 

claim that plants associated with endophytic fungi have improved production of 

antioxidant compounds like flavonoids and other phenolic compounds (Richardson et 

al., 1992, Harper et al., 2003, Huang et al., 2007a). In addition, fungal endophytes have 

metal sequestration or chelation properties may enhance their host plants tolerance to 

heavy metals. This property allows host plant to grow and survive in soil with heavy 
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metal-contamination (Weyens et al., 2009). Endophytic fungi can also enhance 

photosynthetic rate by modulating endogenous sugar and abscisic acid (ABA) 

signalling (Zhang et al., 2008). 

As we mentioned that plant hormone like Gibberellin and auxin play central 

roles in the regulation of plant growth and developmental processes. This includes  cell 

division, elongation, differentiation, tropisms, apical dominance, senescence, 

abscission, and floral initiation (Woodward and Bartel, 2005, Teale et al., 2006). 

Several biosynthetic pathways have been suggested for the production of these 

hormones. For indole-3-acetic acid (IAA), the most familiar in nature (Mashiguchi et 

al., 2011; Won et al., 2011; Dai et al., 2013). In Arabidopsis thaliana L. the main and 

best studied pathway is IPyA (indole-3-pyruvate) pathway (Figure 1a). Presently, the 

IPyA (indole-3-pyruvate) pathway was suggested as the main biosynthetic pathway in 

Arabidopsis thaliana L. for IAA production which is widest spread member of the 

auxin family. YUCCA, a flavin-containing monooxygenase (YUC) in this biosynthetic 

pathway catalyzes conversion of IPyA to indole-3-acetic acid (IAA) (Mashiguchi et al., 

2011; Dai et al., 2013). Nishimura et al. (2014) identified 5–(4–chlorophenyl)-4H-1, 

2,4–triazole-3–thiol as a effective inhibitor of IAA biosynthesis in YUC-expressing 

coleoptile tips,Via a chemical biology approach with maize coleoptiles. The enzymatic 

studyof recombinant AtYUC1-His proposed that yucasin greatly inhibited the activity 

of YUC1-His against the substrate IPyA in a competitive way. Similarly, in the 

cotyledons and phloem exudates of Pharhitis nil the researcher reported GAl' GAI9, 

and GA20 (Wijayanti et al., 1995) and Yang et al. (1995) has also reported the presence 

of these GAs. Uniconazol, a GA biosynthesis inhibitor would be an effective means for 

investigating the involvement of these endogenous GAs in the flowering of this plant. 

For this reason, a relationship between the endogenous GA quantity and flowering 

response should be examine in uniconazol treated plants. The GAs biosynthesis 

inhibitor (Uniconazole) is actually a growth retardant which prevent GAs biosynthesis 

at the stage where entkaurene is  converted to ent-kaurenoic acid (Izumi et al., 1985). 

Previously it was reported that uniconazole treatment inhibits the endogenous 

biosynthesis of GA and retardant the plant growth (Saito et al., 2006, Wijayanti et al., 

1996). To reverse the inhibitory effect of uniconazole exogenous GA was applied 

successfully (Wijayanti et al., 1996, Swain et al., 1997). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib57
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4902625/#bib11
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As auxin and gibberellin both are necessary for plant growth and improvement, 

this makes it tough to investigate the biological role of these hormones using deficient 

mutant. It has been reported that chemical genetics have the ability to overcome this 

problem by temporally inhibiting the auxin function via inhibitors. Therefore, in this 

chapter, we investigated that effect of gibberellin inhibitors uniconazole and auxin 

inhibitor yucasin on maize seedling growth attributes. Furthermore, by using 

gibberellin and auxin producing endophytic fungal strains (TS1, TS2, CSR1, CSR3, 

CHS1, BRL1, EUR1 and CSL1) spore suspension, reported in previous chapters to 

alleviate the inhibitory effects of both these inhibitors. Moreover, to compare these 

endophytic strains results with exogenously applied GA3 and IAA applied to mitigate 

the uniconazole and yacasin inhibitory affect.  

 

7.58 Results 

7.58.1 Effect of uniconazole on the growth of endophytes associated 

maize seedlings 

Application of uniconazole negatively affects all plant growth attributes, as well as 

secondary metabolites content. Uniconazole treated maize seedlings showed significant 

decrease in root and shoot length, fresh and dry weight, chlorophyll, flavonoids, and 

phenolic contents as compared to the control (Figure 7.1 and Table 7.1). Inhibitory 

effect of uniconazole was more striking on the biomass of maize seedling as evident by 

up to 75% decrease in the dry weight of uniconazole treated seedlings than the control. 

Uniconazole exposed seedlings also had reduced chlorophyll (19.1% less than the 

control). Interestingly, exogenous application of GA3 nullified the inhibitory effect of 

uniconazole restoring growth and biomass to the level of seedlings not exposed to this 

inhibitor. Endophyte association also benefited maize seedlings to avoid the inhibitory 

effects of uniconazole. For instance, root and shoot growth was not affected in 

endophytes associated seedlings. The most beneficial strains in this regard were EUR1 

and CSR3. The results revealed that shoot (10.46%) and root length (20%) of maize 

were significantly decrease by uniconazole treatment (Figure 7.1). Similarly, 34.38% 

and 75.41% decrease was observed in fresh and dry weight of maize seedling treated 

with uniconazole as compared to control. Moreover, the secondary metabolite of maize 

seedling also showed various results to uniconazole treatment. For instance, flavonoid, 
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chlorophyll, and phenol contents were decrease by 41.23%, 19.11% and 46.27% as 

compared to untreated plants. However, the effect of uniconazole on sugar content was 

different, and slightly increased the sugar content up to 5.04% as compared to control 

plants (Table 7.1). 

 

7.58.2 Effect of yucasin on growth, chlorophyll, sugars, flavonoids 

and phenolics contents of maize seedlings 

Like uniconazole, yucasin treatment on maize seedling significantly affected seedling 

growth, chlorophyll and phenol contents as compared to the control (Figure 7.3 and 

Table 7.2). Yucasin treatments significantly reduced shoot and root length of maize 

seedling up to 17.95% and 25.31% respectively as compared to control. Similar effect 

was observed on fresh and dry weight of maize seedling which was reduced by 21.21% 

and 20% respectively as compared to untreated plants (Figure 7.3 and Figure 7.4). A 

decrease of up to 22.93% was also observed in chlorophyll contents of yucasin treated 

plant. Similarly, the plant metabolites flavonoids, sugar and phenol contents were also 

reduced by 8%, 11.51% and 38.6% respectively in yucasin treated plants.  

7.58.3 Alleviation of the negative effect of uniconazole by endophytic 

fungi and exogenous GA3 

The effects of gibberellin and auxin producing endophytic fungal strains ((TS1, TS2, 

CSR1, CSR3, CHS1, BRL1, EUR1 and CSL1) and exogenous GA3 were evaluated on 

different growth attributes of uniconazole treated maize seedlings. The results revealed 

that exogenous application of GA3 significantly increased seedling growth and 

chlorophyll, flavonoid, and phenolic contents of plants both in sole treatment and 

combined with uniconazole. Similar results were observed in all fungal strains 

treatments in association with maize seedlings, which enhanced all these parameters as 

compared to control and uniconazole treated plants. Shoot length of maize seedling was 

significantly increase (34.24%) by GA3 in uniconazole treated plants. Similarly, the 

endophytic strains EUR1, CHS1, CSRI and CSL1 significantly increase shoot length 

of maize up to 34.95%, 33.7%, 33.1% and 29.89% in uniconazole treated plants (Figure 

7.1). Similar effect was observed on root length of maize seedling where GA3 and 

endophytic strains CSR3, CSR1, EUR1, TS1, and CHS1 revered the inhibitory effect 

of uniconazole and increase root length up to 80%, 86%, 78%, 57%, 61% and 44% 
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respectively. In case of seedling fresh and dry weight the GA3 and endophytic fungal 

strains application showed similar effect and mitigate the uniconazoel inhibitory effect 

and increase seedling fresh and dry weight up to several fold in as compared to control 

and uniconazole treated plants (Figure 7.1 and Figure 7.2). Like seedling growth, a 

similar trend was also observed for total chlorophyll, flavonoid, phenolics and sugars 

contents where the adverse effect of uniconazole was mitigated by exogenous GA3 and 

endophytic fungal strain treatment (Table 7.1). The flavonoid contents was increase in 

TS1, CSR3, BRL1, CHS1 and CSL1 up to 91%, 84.62%, 98.1%, 80.34% and 83.76% 

as compared to uniconazole treated plants. Similar trend was observed in sugar contents 

where the endophytic fugal strain reversed the inhibitory effect of uniconazole and 

increase sugar contents even more than exogenous GA3 treatment. 
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Figure 7. 1. Effect of endophytic fungi strains (TS1, TS2, CSR1, CSR3, CSL1, EUR1, 

CHS1 and BRL1) spore suspension culture, GA3 and uniconazole on maize seedling 

 (A) Shoot length (B) Root length. Shoots were treated with 10 ml uniconazole (50 

ppm) and (CSL1 spore suspension containing approximately 1000 spores). Bars 

labelled with different letters are different significantly (p < 0.05). 
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Figure 7. 2. Effect of endophytic fungi strains (TS1, TS2, CSR1, CSR3, CSL1, EUR1, 

CHS1 and BRL1) spore suspension culture, GA3 and uniconazole on maize seedling 

Fresh weight (A), dry weight (B). Shoots were treated with 10 ml uniconazole (50 ppm) 

and (CSL1 spore suspension containing approximately 1000 spores). Different labels 

show significant difference among the treatments (p < 0.05).  
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Figure 7. 3. Effect of endophytic fungi strains (TS1, TS2, CSR1, CSR3, CSL1, EUR1, 

CHS1 and BRL1) spore suspension culture, IAA and yucasin on maize seedling. 

shoot length (A), root length (B). Shoots were treated with 10 ml yucasin (50 µM) and 

(CSL1 spore suspension containing approximately 1000 spores). Different labels show 

significant difference among the treatments (p < 0.05). 
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Figure 7. 4. Effect of endophytic fungi strains (TS1, TS2, CSR1, CSR3, CSL1, EUR1, 

CHS1 and BRL1) spore suspension culture, IAA and yucasin on maize seedling 

fresh weight (A), dry weight (B). Shoots were treated with 10 ml yucasin (50 µM) and 

(CSL1 spore suspension containing approximately 1000 spores). Different labels show 

significant difference among the treatments (p < 0.05). 
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7.58.4 Alleviation of the negative effect of yucasin on maize seedling 

growth 

As the results mentioned above that yucasin significantly reduced plant root and shoot 

length, fresh and dry weights, chlorophyll, sugar, flavonoid, and phenolic contents 

(Figure 7.3 and Figure 7.4). To check the growth promoting ability, and to alleviate the 

inhibitory effects of yucasin, spore suspension of the endophytic fungi was applied to 

the plants after treating them with yucasin (IAA inhibitor). The results revealed that 

like exogenous IAA, the endophytic strain significantly mitigate the inhibitory effect of 

yucasin and increased seedling growth, chlorophyll, flavonoid, and phenolic contents 

of plants both in sole treatment and combined with ycasin. Shoot length of maize 

seedling was significantly increase up to 3-fold in CSL1 treated plant as compared to 

yucasin treated plant. Similar results was observed in other fungal strain CSR1, CSR3, 

CHS1 and BRL1 where it reversed the inhibitory effect of yucasin and increase shoot 

length up to 98%, 58%, 61.6% and 41.67% in yucasin treated plants. Similar effect was 

observed on root length of maize seedling treated with endophytic strains. Like seedling 

similar trend was observed in plant secondary metabolite where endophytic strains 

showed same effect like exogenous IAA and alleviated the inhibitory effect of yucasin 

and increased flavonoid, phenolics and sugars contents of maize seedling up to several 

fold as compared to control and yucasin treated plants. Furthermore, in case of sugar 

and flavonoids contents, the endophytic strains had an even more positive effect than 

seen with exogenous IAA. The endophytic strains and IAA treatment significantly 

mitigated the inhibitory effect of yucasin and increase all growth parameters as 

compared to control. 
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Table 7. 1. Effect of endophytic fungi, GA3 and uniconazole on maize seedling flavonoid, sugar chlorophyll and phenol contents 

 Flavonide Sugar Chlorophyll Phenols 

Cont 165.5±0.42 k 11.315±0.09h 22.55±1.4g 271.25±0.88m 

GA3 278.3±12.02ab 13.25±0.42bcde 34.9±4.1ab 418.125±3.5g 

Uni+GA3 194±4.5hi 12.56±0.18cdefg 33.9±2.4ab 291.875±0.4kl 

Uni 117.5±3.8l 11.97±1.3fgh 18.2±0.2h 145.625±3.5p 

CSR1 181.8±1.41j 14.11±0.2b 25.6±1.6fg 386.25±3.0h 

CSR1+Uni 187.8±4.2ij 13.53±0.02bcd 28.6±2.9def 497.5±4.7c 

TS2 179.3±4.9j 12.13±0.20efgh 25.35±1.2fg 453.12±2.1e 

TS2+Uni 274.8±2.8b 11.86±0.18fgh 32.45±0.07bc 450.12±3.8e 

CHS1 199.3±2.1gh 11.67±0.70gh 30.05±0.07cde 420.62±2.1f 

CHS1+Uni 211.8±1.4ef 12.57±0.16cdefg 32.05±1.06bcd 495±1.4c 

TS1 204.2±3.6gh 13.55±0.08bcd 33.65±0.9abc 426.2±5.8f 

TS1+Uni 284.8±4.2a 12.44±0.17defgh 35.3±0.2ab 401.25±0.8g 

BRL1 211.8±4.2ef 12.96±0.18bcdef 26.6±0.2ef 281.87±4.5lm 

BRL1+Uni 233.3±3.5c 13.486±0.18bcd 36.95±0.7a 295.62±6.7k 
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EUR1 198.3±2.1gh 11.84±0.27fgh 25.5±0.5ef 420.62±5.3f 

EUR1+Uni 208.8±2.8ef 11.94±0.31fgh 27.55±1.6ef 482.12±4.5d 

CSR3 222.8±1.4d 15.47±0.20a 26.8±1.4ef 346.25±2.6i 

CSR3+Uni 216.3±0.7de 13.67±0.17bc 25.08±0.5fg 326.25±4.4j 

CSL1 239±2.5c 12.89±1.2cdef 26.15±0.2fg 551.87±13.2a 

CSL1+Uni 215.5±2.4de 15.54±0.4a 31.9±2.1bcd 534.37±3.5b 
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Table 7. 2. Effect of endophytic fungi, IAA and yucasin on maize seedling flavonoid, sugar chlorophyll and phenol contents 

 

 Flavonide Sugar Chlorophyll Phenols 

Cont 165.8±1.4k 13.94±0.8cd 24.2±1.2g 430.6±3.1j 

IAA 225.88±3.6j 13.65±0.01cd 26.14±0.7cdef 628±2.8c 

IAA+Yuc 221.8±1.4j 13.15±0.4de 26.3±0cde 667.4±3.b 

Yuc 151.8±1.4l 12.36±0.09e 18.65±0.9h 264.3±2.1o 

CSR1 246.3±3.5efg 14.65±0.04c 27.25±0.2bcd 558.7±0.8e 

CSR1+Yuc 258.9±1.6c 14.76±0.21c 29.25±0.4a 334.3±2.8m 

TS2 248.8±2.8def 14.77±0.18c 25.4±0.2efg 558.6±2.4e 

TS2+Yuc 238.8±1.4hi 13.55±0.16cde 28.5±1.1ab 485.6±1.7g 

CHS1 238.3±3.5hi 16.47±0.01b 27.4±1.1bc 507.5±4.0g 

CHS1+Yuc 250.3±0.7de 12.38±0.29e 26.1±0.4cdef 326.2±5.4n 

TS1 280.3±0.7a 13.05±0.56cd 25.15±0.7efg 705±3.3a 

TS1+Yuc 243.3±3.5fgh 13.30±0.18de 26.15±0.6cdef 546.8±5.f6 

BRL1 285.8±4.2a 12.96±0.30de 25.6±0.7defg 508.7±3.0g 
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BRL1+Yuc 262.3±4.9c 12.96±0.30de 25.6±0.42defg 545.6±6.3f 

EUR1 259.3±2.1c 12.99±0.24de 26.1±0.28cdef 459.3±2.1i 

EUR1+Yuc 272.3±2.1b 10.92±1.31f 25.8±0.14cdefg 366.2±3.3l 

CSR3 282.8±1.4a 17.94±0.35a 25.75±0.7cdefg 601.2±1.9d 

CSR3+Yuc 236.8±1.4i 12.81±0.11de 24.4±0.42fg 513.7±1.5g 

CSL1 252.8±1.4d 13.16±0.60de 26.7±0.7cde 557.5±2.6e 

CSL1+Yuc 242.3±0.70ghi 14.77±0.20c 25.2±1.2gef 401.2±0.8k 
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7.59 Discussion 

To meet the food demands of increasing human population, the role of 

conventional agriculture is very important, which depends on synthetic or chemical 

fertilizers (Santos et al., 2012). The synthetic fertilizers are chemically synthesized and 

their utilization causes air and ground water pollution through eutrophication of water 

bodies (Youssef and Eissa, 2014). In this assessment, efforts have been made to produce 

high nutrient, good quality food in sustainable environment in order to make sure bio-

safety. In future decades increased focus would be on harmless and environmentally 

beneficial  techniques, such as the use of advantageous microbes in sustainable yield of 

crop (Nina et al., 2014). Large numbers of beneficial endophytic fungi have previously 

been investigated, with the goal of identifying candidate organisms that have the ability 

to enhance host plant vigour and performance (Hamilton and Bauerle, 2012, Hamilton 

et al., 2012). For instance, endophytic fungi have been reported to have the ability to 

synthesize  a wide variety of bioactive secondary metabolites (Aly et al., 2010, Debbab 

et al., 2012, Gunatilaka, 2006, Kharwar et al., 2011, Staniek et al., 2008). Sometimes, 

these endophytes produce metabolites identical to their associated host plants (Kusari 

and Spiteller, 2011, Kusari et al., 2008, Kusari et al., 2012), which may assist host plants 

to tolerate adversities and various environmental stresses (Porras-Alfaro and Bayman, 

2011, Rodriguez et al., 2008). 

To evaluate the growth promoting effect of endophytic fungal strains as GA and 

IAA producers, their impact were studied on maize seedlings treated with IAA and GA 

inhibitors. Uniconazole and yucasin were used to suppress the production of GA and 

auxins by maize seedlings respectively. These inhibitors are known to suppress the 

biosynthesis of their target phytohormones in various plants. Uniconazole, a GA 

biosynthesis inhibitor is a triazole-type of compound (Rademacher, 2000). This 

inhibitor (Uniconazole) inhibits GA biosynthesis and therefore is growth retardant, it 

inhibits P450 ent-kaurene oxidase (CYP701) and catalyses the oxidation of ent-kaurene 

to ent-kaurenoic acid in the biosynthesis of gibberellins (Izumi et al., 1985, Burden et 

al., 1987) (Figure 7.5). It is effectual at  low quantity (0.064ppm inhibit 50%)  to reduce 

the height of rice seedling (Wijayanti et al., 1996). On the other hand, uniconazole is 

revealed to stop the campestanol oxidation to 6-deoxocathasterone catalyzed by DWF4 

in the biosynthesis of brassinosteroid (BR) (Asami et al., 2001). Additionally, several 
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other studies showed that application of uniconazol change the degree of phytosterols, 

phenylpropanoids, polyamines, and other hormones i.e.  auxins, cytokinins, ethylene, 

jasmonate, and ABA (Saito et al., 2006). However, it is still unexplained that whether 

this is due to direct inhibition of several other P450s or to the indirect effect of alteration 

in brassinosteroid (BR) and gibberellins (GA) concentrations. In current study, the 

application of uniconazole to the seedlings of maize inhibits plant growth by reducing 

endogenous level of GAs. Furthermore, to mitigate the inhibitory effect of uniconazole 

exogenous GA3 and phytohormones producing endophytic fungal strains CF were 

applied. The results revealed that exogenous application of GA3 and all gibberellin 

producing fungal strains significantly increased seedling growth and chlorophyll, 

flavonoid, and phenolic contents of plants both in sole treatment and combined with 

uniconazole (Figure 7.1). Previously, various attempts have been made to 

understanding at molecular levels the GA perception transduction response pathway, 

where GAs affect a range of cellular and developmental processes in plants (Hooley, 

1994). The major apparent effect of GAs when applied exogenously on the growth of 

GA-deficient mutants was the mitigation of dwarfism by means of GA regulated growth 

responses. Similarly, an exogenous application of GA3 produce fast, high growth in  

pea and maize plants with dwarf varieties, enabled them to attain the height of normal 

varieties that is tall (Brian and Hemming, 1955, Chailakhyan, 1979, Phinney, 1956). 

Auxin is synthesized from tryptophan in plants and the major pathway of auxin 

is indole-3–pyruvic acid (IPyA) pathway, involving two enzymes i.e. tryptophan 

aminotransferase TAA1 and YUCCA (YUC) enzymes. It was reported that yucasin 

mainly targets a plant flavin-containing monooxygenase (FMO) or flavin-containing 

monooxygenase like protein, YUCCA (YUC) takes part in biosynthesis of IAA by 

means of catalysing the hydroxylation of the amino group of tryptamine (Dai et al., 

2013). Tryptophan aminotransferase TAA1 converts tryptophan to IPyA, and YUC 

changes IPyA to IAA is the main source of auxin in plants. Yucasin is a strong inhibitor 

of IAA biosynthesis as it is a competitive inhibitor of YUC having greater affinity of 

binding then IPyA, which is the substrate of YUC (Kakei et al., 2015) ( Figure 7.6). 

Therefore, the inhibitor (yucasin) was reported to be a strong inhibitor of YUC enzymes 

in vitro as well as in plants. It is also helpful to identify missing components of auxin 

biosynthesis and signalling (Dai et al., 2013). Inhibition of any of these two hormones 

caused growth retardation in the maize seedlings and affects secondary metabolites like 

phenol, flavonoids, sugar, and chlorophyll contents. Role of soluble sugars is very 
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important in plant structure and metabolism from cellular to complete organism levels. 

It acts as a nutritional  and metabolite signalling molecule that stimulate transduction 

pathways of hormone and also are involved in several stress responses (Couée et al., 

2006). Being an important component of photosynthesis chlorophyll is needed for 

absorption of sunlight and it is reported that arrest biosynthesis of chlorophyll can lead 

to various plants growth retardation and also cell death (Hörtensteiner and Kräutler, 

2011). On the other hand, exogenous application of IAA mitigates plants endogenous 

pool of IAA, facilitating the associated physiological stress and restoring plant growth 

and related attributes (Figure 7.3 Figure 7.4).  
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Figure 7. 5. GA biosynthetic pathway 

Names of enzyme are shown in bold face below or to the right of each arrow. A GA 

biosynthesis inhibitor, Uniconazole, blocks ent-kaurene oxidase activity. The bioactive 

GAs is GA1 and GA4, and GA8 and GA34 are their inactive catabolites, respectively. 

KAO, ent-Kaurenoic acid oxidase. 
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Figure 7. 6. IAA synthetic pathway catalyzed by TAAs and YUCCAs, and the site of 

action of yucasin and Kyn. 
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In present study, finding of gibberellins (GAs) in culture medium of endophytic 

strains (TS1, TS2, CSR1, CSR3, CHS1, BRL1, EUR1 and CSL1) (Chapter 3) proposed 

that during association gibberellins (GAs) were produced which leads to growth 

stimulation and mitigating ability to maize seedling in uniconazole stress. Earlier 

investigations also suggest that endophytic fungi secrete plant hormones. Moreover, 

various researchers reported that different fungal species have the ability to secrete 

GAs, among these strains Aspergillus flavus, Aspergillus niger, Fusarium oxysporum, 

Penicillium corylophilum, Penicillium cyclopium, Penicillium funiculosum and 

Rhizopus stolonifer are famous (Hasan, 2002). In the same way,  biologically active 

GAs and  IAA production was also reported in Penicillium funiculosum (Khan et al. 

(2011b). Another fungal strain Phaeosphaeria sp. L487 was also reported to have GAs 

biosynthesis machinery and can synthesize GA1 (Kawaide, 2006). As previously 

reported that CF of various fungal isolates have IAA, this compound is produce by 

plants as well as some microorganisms (Shahab et al., 2009), and it has been known for 

its effective performance in the regulation of plant growth (Kawaguchi and Syōno, 

1996), whereas in bacterial strain its biosynthetic pathway has been clarify (Spaepen et 

al., 2007). In endophytic fungal species Paecilomyces formosus the presence of IAA 

evidently proposed the occurrence of IAA biosynthetic pathway as investigated for 

many other fungal classes by Tuomi et al. (1993). Several studies showed that plant 

associated with endophytic species have often improved growth as compared to those 

plants without endophytic association (Bacon and White, 2000, Schulz et al., 2002b, 

Arnold, 2008, Waller et al., 2005), this may be due to phytohormones like IAA  

production of endophytic species (Khan et al., 2011b, Kawaguchi and Syōno, 1996) 

and GAs (Khan et al., 2008, Khan et al., 2011c, Khan et al., 2011b, Bömke et al., 2008, 

Kawaide, 2006, Hamayun et al., 2009d). In symbiotic association between endophyte 

and host plant, secondary metabolites may be contribute by endophytic partner in order 

to establish such a mutualistic association (Schulz and Boyle, 2005). 
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Figure 7. 7. Mechanism of endophytic fungi to promote plant growth. 

The negative effects of Yucasin and uniconazole were significantly reduced by these endophytic fungi application.  
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Interestingly, in our results the endophytic fungal strains CF application 

mitigated the inhibitory effect of both yucasin and uniconazole. Furthermore, the 

growth attributes and secondary metabolite of maize seedlings associated with the 

endophytic fungi were significantly enhanced and the inhibitory effect of both 

uniconazole and yucasin was restored (Figure 7.7). It has been previously reported that 

fungal endophytes live in the root tissues and producing growth regulating secondary 

metabolites, these growth regulators are of immense importance to promote crop 

production and its quality. These bioactive compounds also effect plant growth and 

assist plant to show resistance to different types of environmental stress conditions 

(Khan et al., 2012a). Similarly, previous reports suggest that that exogenous 

applications of GA-like substance reverses the inhibitory effect of uniconazole in rice 

plant (Izumi et al., 1984). Additionally, the application of exogenous GA3 in 

appropriate concentrations was found to mitigate the negative effect of uniconazole in 

Arabidopsis pollen tube growth (Swain et al., 1997). Similarly, the inhibitory effect of 

yucasin could be completely reversed by applying exogenous auxins (Nishimura et al., 

2014). Our results revealed that these endophytic strains (TS1, TS2, CSR1, CSR3, 

CHS1, BRL1, EUR1 and CSL1) facilitated host plant to enhance all growth attributes 

and mitigated the inhibitory effect caused by uniconazole and yucasin. Therefore, this 

endophyte may have possible application in agriculture to mitigate different types of 

stresses and in future decrease the agricultural cost. 
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Chapter 8  

DISCUSSION 

 

Endophytes have gained great importance in various fields, like agriculture and 

biotechnology over the last decades because of a valuable source of natural products 

(Aly et al., 2011, Kusari and Spiteller, 2011, Rajulu et al., 2011, Li et al., 2012). In the 

coming decades increased focus would be on harmless and environmentally friendly 

techniques, such as the use of beneficial microorganisms in sustainable crop production 

(Nina et al., 2014). Large numbers of beneficial endophytic fungi have previously been 

investigated, with the goal of identifying candidate organisms that have the ability to 

enhance host plant vigour and performance (Hamilton and Bauerle, 2012, Hamilton et 

al., 2012). For instance, endophytic fungi have been reported to have the ability to 

produce a wide range of biologically active secondary metabolites (Aly et al., 2010, 

Debbab et al., 2012, Gunatilaka, 2006).  

The current study explains isolation and characterization of endophytic fungi 

isolated from different medicinal and crop plants. Endophytes were previously isolated 

from different plant tissues such as leaves, petiole, spines, seed, bark and wood (Petrini, 

1999). All vascular plants examined so far contained endophytes (Hu et al 2007). About 

46 fungal strains were isolated from different medicinal and crop plants majority of 

endophytic fungi was isolated from medicinal plants. About 15 fungal strains were 

isolated from cannabis sativa different parts. The above 46 fungal strains isolated from 

different plants were screened by using different plant growth promoting traits. Based 

on the previous reports that some endophytic fungi produce growth promoting hormone 

like IAA (Waqas et al., 2014; Ansari et al.,2013), which play important physiological 

role in plants and therefore influence plant growth and development (Reinhardt et al., 

2000). The isolated fungal strains were screened initially for IAA production to make 

the selection of plant growth promoting endophytic fungi easy. About 25 strains were 

recorded positive for IAA production. These strains were checked on maize seeds to 

screen out plant growth promoting endophytic fungi (Table 3.10). Different 

concentration (25%, 50%) of fungal culture filtrate was applied to maize seed in Petri 

dishes, out of these 25 isolates 13 fungal isolates promote different growth parameters 

i.e. Root, shoot length and fresh dry biomass in Petri plats. Further growth promotion 

abilities were screened in pots with fungal biomass, in which eight strains i.e. CSL1, 
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CSR3, CSR1, CHS1, EUR1, BRL1, TS2 and TS1 significantly enhanced growth of 

maize (Table 3.12). These results were in accordance with other report who suggests 

that CF containing IAA can improve the germination and growth of various plants 

(Keerthi and Jumpponen, 2014). These results were also supported by previous studies 

that the endophytic fungi showed their effect on seed germination (Rai et al. 2014b). 

Furthermore, it was also reported previously, that endophytic fungi degrade cuticle of 

seeds during germination and thus make carbon accessible for growing seedling, it 

plays an important role in seed germination and plant growth and development (Jerry, 

1994). Moreover, endophytic fungi may have metabolic machinery to produce 

phytohormones i.e. cytokinins, auxins and gibberellins that enhance germination and 

growth in crop plants (Bhagobaty and Joshi, 2009). These IAA positive strains were 

also checked for phosphate solubalization and siderophore production.  

Usually, researchers depend on both conventional and molecular techniques for 

identification of fungi. Therefore, these morphologically representative strains were 

identified further by means of molecular phylogenetic analysis based on ITS and D1/D2 

regions. Generally, a fine conformity exists between ITS-sequence based and 

morphological methods. In this study, four endophytic fungal isolates CSL1, CSR1, 

CSR3 and TS2 were isolated from leaves, roots and stem of Cannabis sativa. In 

addition, isolates EUR1, CHS1, BRL1 and TS1 were isolated from Euphorbia 

helioscopia, Chenopodium album, Brassica compestris and Oxalis corniculata. 

Currently, molecular method have been employed for identification of fungi effectively 

(Promputtha et al., 2005, Sette et al., 2006, Tedersoo et al., 2006, Morakotkarn et al., 

2006). This study also reveals that identification done on molecular basis using D1/D2 

and ITS sequences can be employed to complete or confirmed morphological 

identification of endophytic species that are unidentified. Molecular identification using 

ITS and partial 28S ribosomal DNA (D1/D2) sequences from the isolates revealed 4 

genera including Aspergillus, Fusarium, Bioplaris and Curvularia. These fungi are 

curvularia lunata TS2, Aspergillus fumigatus TS1, Aspergillus terreus EUR1, 

Aspergillus flavus CHS1, Aspergillus niger CSR3, Fusarium proliferatum BRL1, 

Fusarium oxysporum CSR1 and Bipolaris sp CSL1 (Table 4.1). The isolated strains 

belonged to division Ascomycetes and among these, 2 species belonged to order 

Pleosporales, 2 belong to hypocreals and 4 belong to eurotiales (Figure 4.11 and Figure 

4.12). In several  conventional studies for identification of axenic cultures and for 

assessment of morphotaxon borders, the sequence data from the ITS region was used 
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(Arnold, 2002, Lacap et al., 2003). This ITS data are thought to be valuable for the 

reason of fast evolution of the ITS. On the other hand, majority of fungal ITS sequences 

are not present in Gen Bank, and several are identify incorrectly in Gen Bank records 

or need taxonomic information (Arnold et al., 2007). Hence to enhance the accuracy in 

identification, use of a second marker is strongly recommended (Martin and Rygiewicz, 

2005, Raja et al., 2017). In present study, we carried out phylogenetic analysis on the 

basis of ITS and partial 28S ribosomal DNA (D1/D2) of the selected representative 

strains. Therefore, we successfully, identified seven endophytes up to species level. 

However, one of the eight taxa representing that these might be new endophytic fungi 

because these could not be identified at the species level. Therefore, further taxonomic 

study of these organisms is needed. 

Phytohormones like compounds are the important metabolites produce by 

endophytes. This study also describes the determination of IAA, GAs and ABA in CF 

of the selected plant growth promoting endophytes. Also, expression of genes involved 

in the biosynthesis of GAs and IAA has been described. Majority of the selected 

endophytes were able to produce IAA, GAs and ABA. Indole acetic acid, a plant 

hormone is mainly concerned with the growth regulation of stem and root. The IAA 

producing potential is prevalent both in soil and plant inhabited microbes (Kumla et al., 

2014, Sukumar et al., 2013). IAA biosynthesis proceeds via 4 different pathways that 

differ in the intermediates indole-3-pyruvate (IPA) (Basse et al., 1996, Woodward and 

Bartel, 2005), tryptamine (TAM) (Winter, 1966), indole-3-acetaldoxime (IAOx) (Zhao 

et al., 2002), and indole-3-acetamide (IAM) (Mano et al., 2009). These pathways starts 

from tryptophan (tryptophan dependent pathways) or other precursors (Tryptophan 

independent) (Chutima and Lumyong, 2012). During current study we found that our 

isolated endophytes were able to produce IAA. When grown in the absence of 

tryptophan precursor, the endophytes produced IAA in the range of 

0.0234±0.053μg/mL to 1.3203±0.077 μg/mL. Amount of IAA produced by the selected 

endophytes was lower than some previously reported fungal strains (Waqas et al., 

2014b, You et al., 2015b). However, the concentration in which IAA produced was 

enough to compensate for the deficiency of IAA and restoring their normal growth.  

Previously, production of IAA by endophytes was linked to culture conditions. For 

instance, concentration of IAA varied in culture of same fungus grown on various 

nutrients and pH (Waqas et al., 2014b). IAA production is thought to be an important 

tool of plant growth promoting microbes enabling them to promote root growth and 



171 
 

root hair formation in their host plant for better absorption of soil nutrients. Due to this 

property, endophytes also offers protection to the host in different stress conditions like 

salinity and drought by enhancing various cellular defense systems (Sukumar et al., 

2013, Kumla et al., 2014). Phytopathogens also produce IAA and use this growth 

regulator to modulate host immunity in favor of the pathogens. However, amount of 

IAA produced by plant pathogens is so high that the phytohromones balance is 

disturbed in the host plants which negatively influence plant physiology. In the current 

study, we found that the synthesis of IAA, which is consistent with the reports by Rai 

et al. (2014) and Waqas et al. (2014b). Among our selected endophytes, only Bipolaris 

sp. has been reported previously to produce IAA (Ali et al., 2016). The rest of the 

isolates including curvularia lunata, Aspergillus terreus, and Fusarium proliferatum 

are reported for the first time to produce IAA. Similarly, various IAA producing fungal 

strains Chaetomium sp. (Khan et al., 2012), Penicillium citrinum (Castillo et al., 2015; 

Khan et al., 2008), Thielavia arenaria, Phoma medicaginis, and Dothideomycetes sp., 

are reported previously to have the IAA producing potential.  During current study 

expression of the IaaH gene was tested and all the selected endophytes were able to 

express this gene confirming the existing of at least one IAA biosynthesis pathway, the 

IAM pathway.  

Ability of endophytes to produce GAs is another desirable character and 

researchers have been focused on this trait since the dawn of endophytes research 

(Hamayun et al., 2017, Priyadharsini and Muthukumar, 2017, Hedden et al., 2001, 

Khan et al., 2009). Endophytes act as a source of exogenous GAs which is utilized by 

the host plant for improved growth and resistance to different environmental stresses. 

Our isolates were able to produce this important class of phytohormones. Not only 

biologically active but also biologically inactive forms of GAs were detected in the 

selected endophytes. Among the active GAs were GA1, GA3, GA4, and GA7. Similarly, 

the inactive forms detected in the culture filtrate of the selected endophytes were GA8, 

GA9, GA12, GA20 and GA24. Production of GAs by our isolated endophytes was duly 

supported the gene expression study performed by semi-quantitative RT-PCR. The 

recognized GAs biosynthesis pathway in fungal species was initially explain in F. 

fujikuroi and the molecular  mechanism and enzymes involved  were investigated in 

further studies (Tudzynski, 2005, Bömke and Tudzynski, 2009). Gibberellins (GAs) 

forming a large diterpenoids family that is based on the tetracyclic ent-gibberellane 

skeletal structure (Figure 5.7). Gibberellins are made either 19 or 20 carbon units that 
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produce either four or five ring systems, where lactone is the fifth variable ring. The 

C19-GAs has pentacyclic 20-nor-ent-gibberellane structure that is derivative of 

tetracyclic C20-GAs subsequent to CO2 exclusion. It has been observed that all 

physiologically active Gibberellins are C19-GAs. The well-known biologically active 

GAs consist of  GA1, GA3, GA4, and GA7 (Figure 5.7) (Sponsel and Hedden, 2010). 

Expression analysis of genes involved in different steps of GAs biosynthesis 

pathway revealed that GAs biosynthesis pathway is common in G. fujikuroi and our 

isolated endophytes.  All the selected endophytes were expressing P450-1, P450-3, 

P450-4, ggs2 and des which are important genes in the GAs biosynthesis pathway and 

previously reported by various researchers (Rim et al., 2013) (Figure 5.7). Previously, 

It was reported that the genes concerned with secondary metabolism of fungus  have  

common characteristic, the genes involved in biosynthesis  in F. fujikuroi form a gene 

cluster (Tudzynski and Hölter, 1998, Linnemannstöns et al., 1999). This cluster include 

a pathway-specific ggs2 gene (geranyl geranyl diphosphate synthase), which for GA 

biosynthesis provides GGDP: removal  of the ggs2 gene resulting into complete loss of 

GA biosynthesis, representing that activity of lost GGS2 cannot be carried out by GGS1 

(Tudzynski and Hölter, 1998). 

In our study, majority of the isolated endophytes including CSR1, CSR3, CSL1, 

TS1 and TS2 also released ABA in their culture filtrate. Previously, various researchers 

reported ABA biosynthesis in fungi. In the beginning Assante et al. (1977) demonstrate 

that Cercospora rosicola synthesize ABA in great quantity. Similarly, various 

researchers reported that the ABA has been observed in several strains of 

basidiomycetes, ascomycetes and Deuteromycota. Tudzynski and Sharon (2002) has 

published a review on phytohormones in fungi including ABA and including a list of 

ABA producing fungi. In different species of Cercospora like Cercospora rosicola, 

Crenavolva cruenta, Cercosporapini-densiflori the biosynthesis of ABA has been 

studied in detail. Phytohormone ABA is responsible for the regulation of different 

physiological responses in plants, comprises of stimulation of adaptive responses to 

drought and low temperature (jakab et al., 2005;Maleki et al., 2011 (Leung and 

Giraudat, 1998). Merely limited published data are found on the effects of exogenous 

ABA on fungi. ABA may increase the resistance of plant to fungal infection (Adie et 

al., 2007; Hernandez-Blanco et al., 2007; Flors et al., 2008; Garcia-Andrade et al., 

2011). Though the physiological role of ABA in fungi is not understood, the growth of 

two fungal species Cercospora rosicola and Crenavolva cruenta was not affected by 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B56
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662895/#B56
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ABA (Hartung and Eggeling, 1984). As it was seemed that ABA have not any role in 

fungi, but fungal ABA is possibly significant for plants infected by phytopathogenic 

fungi that are ABA producer, in mycorrhizal relationships and in lichens, respectively. 

The infected leaves with pathogenic fungi often have high ABA concentration, which 

appear to be partially due to fungal ABA (Kettner, 1991, Schmidt et al., 2008). Besides, 

mycorrhizal fungi seem to be able to secrete ABA in plant roots (Murakami-Mizukami 

et al., 1991, Danneberg et al., 1993). In the present study the increase in ABA is very 

inadequate when compare to stress dependent increases to activate a stress 

physiological responses.  

Various endophytic fungi can act as external factories of phytohormones, and 

therefore, have a positive impact on growth attributes of dwarf mutant Waito-C rice 

(Sturz et al., 2000, Guo et al., 2015, You et al., 2015a). To observe plant growth 

promoting characteristics and detection of hormones in the CF of these endophytes 

CSL3, CSR3, CSR1, CHS1, EUR1, BRL1, TS2 and TS1, Waito-C rice has been used 

in this study. Furthermore, the interaction of gibberellins produced by these isolates, 

and rice endogenous gibberellin (GA), abscisic acid (ABA) and jasmonic acid (JA) 

have also been investigated. The results illustrate the important role of GA production 

by these isolates in Waito-C rice growth. Also and internal hormonal modulation have 

been noticed that enables the dwarf Waito-C rice to achieve normal growth. Certainly, 

endogenous plant hormones perform important roles in plant growth and development 

(Wijayanti et al., 1996, Magome et al., 2013). The present investigation corroborated 

previous studies that reported the inhibition or promotion of rice shoot growth due to 

the presence of plant growth stimulatory or inhibitory secondary metabolites in culture 

filtrate of fungus (Hamayun et al., 2009c). After detection of GA by GC/MS-SIM 

analysis, expression of GA biosynthesis genes was determined by using semi 

quantitative RT-PCR analysis. Expression of GA related genes (P50-1, P450-4, ggs2 

and des) in these isolates suggested the presence of common GA pathways in the two 

fungi.  

Contrary to their positive influence on the endogenous GAs of the mutant rice, 

endogenous pool of ABA was not affected in endophytes associated seedlings. 

However, in some fungal strains CSR3, CHS1, CSR1, TS1 and TS2 the ABA contents 

were found higher and in CSL1 it was found lower than control (Figure 6.7). Previously, 

both antagonistic and synergistic effect of gibberellins producing endophytic fungi have 

been describe by many researchers (Danneberg et al., 1993, Gonai et al., 2004). These 



174 
 

reports indicated that diverse groups of fungal endophytes might have caused diverse 

effects on plants internal ABA concentration (Mauch-Mani and Mauch, 2005). 

Reduced levels of endogenous ABA in endophytes associated mutant rice might be due 

to the antagonistic interaction between endophyte produced GAs and rice ABA. Earlier 

such antagonism has been reported in case of exogenously applied GA3 (Gonai et al., 

2004). GAs sponsored reduction in ABA level occurred due to enhanced breakdown of 

ABA as a result of GAs induce the expression of Arabidopsis CYP707A3 gene, that 

encodes ABA 8′-hydroxylases (Millar et al., 2006, Okamoto et al., 2006, Okamoto et 

al., 2010, Umezawa et al., 2006, Nambara and Marion-Poll, 2005). This GAs induced 

control of ABA catabolism is important for plant growth promotion, because ABA is a 

known antagonist of GAs in several plant growth responses (Razem et al., 2006, Weiss 

and Ori, 2007). Thus, in the present study, decrease ABA contents was due to the GA 

and IAA production by the endophytes exemplifying the positive role of plant microbe 

association (Choudhary and Johri, 2009). Our results showed agreement with that of  

Khan et al. (2013) and Kang et al. (2014), who reported that GA producing microbes 

have low ABA and elevated GA under abiotic stress conditions. Similarly, significantly 

reduced ABA was reported in endophytic fungus (Porostereum spadiceum) inoculated 

soybean seedlings as compared to non inoculated soybean plants (Hamayun et al., 

2017). An interaction between ABA and other signalling pathways, for example, JA 

and sugar, essential for fungal-plant interactions, has been investigated previously 

(Gazzarrini and McCourt, 2001, Audenaert et al., 2002, León and Sheen, 2003). The 

signalling pathway of ABA associates antagonistically with the signalling pathway of 

JA, and vice versa, to weak plant growth (Beaudoin et al., 2000, Ghassemian et al., 

2000) and plant disease resistance (Anderson et al., 2004). 

On the other hand, the endogenous JA levels were reduced in plants treated with 

these endophytic strains. This reduction of JA in associated dwarf rice indicates the 

involvement of fungal GA and IAA (Kang et al., 2015, Waqas et al., 2015). Decreased 

JA biosynthesis under the influence of ectomycorrhizal fungus (ECM), Paxillus 

involutus, has been demonstrated previously (Luo et al., 2011). Both GA and JA play 

antagonistic roles to regulate balance of energy allocation between growth and defence 

(Yang et al., 2012a). As noted above, GA induced degradation of DELLA blocks JA 

signalling, which may reduce endogenous JA levels indirectly. Also, These endophytic 

strains produced IAA has an indirect role in reducing JA as basipetal transport of auxins 

is not only linked with the production of active forms of GA, including GA1 and GA4, 
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but also with GA-mediated degradation of DELLA proteins (Woodward and Bartel, 

2005). The endophyte CSR3 may also reduce JA signalling and levels in a GA-

independent pathway. It has been shown that in contrast to biotrophic pathogens, plant 

growth promoting beneficial fungi promote symbiosis by suppressing host’s JA action. 

In all instances, ECM fungi release effectors, such as MiSSP7, which suppress JA 

marker genes involved in the cell wall modification rather than the defence genes, 

suggesting that cell wall chemistry is altered. This cell wall modification within root 

rhizodermal cells would then be sufficient to allow for the penetration of fungal hyphae 

into the root and establishment of symbiosis (Plett et al., 2014). Also, endophyte 

induced reduction in JA signalling and level is important for growth promoting 

potential of these endopthytes because JA antagonizes the positive effect of GA in many 

of plant growth aspects (Yang et al., 2012b, Hou et al., 2010, Hou et al., 2013). 

To evaluate the growth promoting effect of the selected endophytes as a GA and 

IAA producer, its impact was studied on maize seedlings treated with IAA and GA 

inhibitors. Uniconazole and yucasin were used to suppress the production of GA and 

auxins by maize seedlings respectively. These inhibitors are known to suppress the 

biosynthesis of their target phytohormones in various plants. Uniconazole, a GA 

biosynthesis inhibitor is a triazole-type of compound (Rademacher, 2000). Uniconazole 

inhibits P450 ent-kaurene oxidase (CYP701) and catalyses the oxidation of ent-kaurene 

to ent-kaurenoic acid in the biosynthesis of GA (Izumi et al., 1985, Burden et al., 1987). 

It was reported that yucasin mainly targets a plant FMO or FMO like protein, YUCCA 

(YUC) takes part in biosynthesis of IAA by means of catalysing the hydroxylation of 

the amino group of tryptamine (Dai et al., 2013). Tryptophan aminotransferase TAA1 

converts tryptophan to IPyA, and YUC changes IPyA to IAA is the main source of 

auxin in plants. Yucasin is a strong inhibitor of IAA biosynthesis as it is a competitive 

inhibitor of YUC having greater affinity of binding then IPyA, which is the substrate 

of YUC (Kakei et al., 2015). Therefore, yucasin was reported to be a strong inhibitor 

of YUC enzymes in vitro as well as in plants. It is also helpful to identify missing 

components of auxin biosynthesis and signalling (Dai et al., 2013). It acts as a nutrient 

and metabolite signalling molecule that stimulate hormone transduction pathways and 

also are involved in the responses to a number of stresses (Couée et al., 2006). Being 

an important component of photosynthesis chlorophyll is needed for absorption of 

sunlight and it is reported that inhibition of chlorophyll biosynthesis can lead to some 
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plants growth retardation and also cell death (Hörtensteiner and Kräutler, 2011). On the 

other hand, exogenous application of GA3 and IAA mitigate plants endogenous pool of 

GA and IAA, respectively, facilitating the associated physiological stress and restoring 

plant growth and related attributes.  

In present study, finding of gibberellins (GAs) in culture medium of endophytic 

strains (TS1, TS2, CSR1, CSR3, CHS1, BRL1, EUR1 and CSL1) (Chapter 5) proposed 

that during association gibberellins (GAs) were produced which leads to growth 

stimulation and mitigating ability to maize seedling in uniconazole stress. Earlier 

investigations also suggest that endophytic fungi secrete plant hormones. Interestingly, 

in our results the selected strains application mitigated the inhibitory effect of both 

yucasin and uniconazole. Furthermore, the growth attributes and secondary metabolite 

of maize seedlings associated with the endophytic fungi were significantly enhanced 

and the inhibitory effect of both uniconazole and yucasin was restored. It has previously 

been shown that exogenous applications of GA-like substance reverses the inhibitory 

effect of uniconazole in rice plant (Izumi et al., 1984). Additionally, the application of 

exogenous GA3 in appropriate concentrations was found to mitigate the negative effect 

of uniconazole in Arabidopsis pollen tube growth (Swain et al., 1997). Similarly, the 

inhibitory effect of yucasin could be completely reversed by applying exogenous auxins 

(Nishimura et al., 2014). Our results revealed that these strains facilitated host plant to 

enhance all growth attributes and mitigated the inhibitory effect caused by uniconazole 

and yucasin. Therefore, these endophytes may have a potential use in agriculture to 

alleviate environmental stress and reduce agricultural cost in the future. 
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